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Occurrence and alteration of phosphate minerals at the Stewart Pegmatite,
Pala District,lSan Diego County, California
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Abstract

Parageiibtic relationships among lithiophilite Li(Mn, Fe)2 + PO4 and its alteration products
are described for one of the complex granitic pegmatites in the Pala pegmatite district, San
Diego County, California. At the Stewart pegmatite, lithiophilite occurs in the upper-
intermediate, microcline-quartz zone while spodumene and amblygonite are found in the
quartz core. The sequence of primary mineral formation within the pegmatite reflects an
increase in the activities of both lithium species and volatile components (phosphorus and
fluorine). Extensive alteration oflithiophilite involved oxidation, hydration, and cation leach-
ing, but suprisingly little metasomatism. Secondary minerals present include sicklerite, hu-
reaulite, purpurite, stewartite, phosphosiderite, several incompletely identified phases, and
various manganese oxides. Secondary phosphates formed during the initial stages of alter-
ation pseudomorphously replaced lithiophilite as a result of its limited hydrothermal interac-
tion with late-stage pegmatitic fluids. Later members of the alteration sequence represent
supergene weathering products. The Stewart pegmatite crystallized from a highly-
diflerentiated granitic magma at shallow crustal depths (about 3-5 km). The lack of extensive
metasomatic replacement, which is so evident among the phosphate mineral assemblages of
other granitic pegmatites, is thought to primarily be a result of the relatively rapid cooling
and volatile fluid loss at the shallow depths of formation of the Stewart pegmatite. Under
these conditions, there was little opportunity for metasomatic reaction to take place between
lithiophilite and residual pegmatitic fluids.

Introduction

For almost a century the granitic pegmatites of southern
California have been a well-known source of gemstones
and other minerals (Kunz, 1905; Merrill, 1914; Donnelly,
1936; Jahns and Wright, 1951; Sinkankas, 1957; Foord,
1976'). ln addition to gem material, some of these pegma-
tites contain interesting accessory minerals, The present
study of the primary phosphate mineral lithiophilite and its
secondary alteration products from the famous Stewart
pegmatite near Pala was undertaken to better understand
the occurrence and paragenesis of phosphate minerals in
granitic pegmatites.

Phosphate minerals such as apatite, amblygonite, lithi-
ophilite and others are common minor constituents of nu-
merous granitic pegmatites (Moore, 1973, 1982\. These peg-
matitic phosphates are generally found to be altered by
oxidation, hydration, cation leaching, and metasomatic re-
placement reactions. Such alteration is responsible for most
of the nearly 150 secondary phosphate species now recog-
nized from pegmatites. The extent of this phosphate alter-
ation appears to be somewhat greater than is the case for
many of the associated pegmatitic silicates. Because of this
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general susceptibility to alteration, the potential usefulness
of the phosphate minerals as indicators of changing con-
ditions during the post-crystallization history of a pegma-
tite has long been recognized (Mason, 1941 ; Fisher, 1958;
eerni, 1970; van Wambeke, l97L; Moore, 1982). More-
over, the widespread occurrence and diversity of the peg-
matitic phosphates also provide a rationale for using these
minerals to better understand the details of pegmatite crys-
tallization. However, the complex parageneses of these
phases have only recently begun to be elucidated (Moore,
197Q, 1971, 1972a, 1981, 1982; Moore and Molin-Case,
1974i Fontan et al., 1976i Fransolet, 1976; Shigley and
Brown, 1980; Miicke, 1981; Segeler et al., 1981; London
and Burt, l982al. While the broad outlines of phosphate
crystal chemistry and the crystal structures of a number of
phosphate minerals have been established as a result of
these recent studies, details of the thermodynamic relation-
ships among phosphate minerals have yet to be addressed
in a comprehensive manner.

Schaller (1912) first described the phosphate minerals
from Pala, but unfortunately his complete study of pegma-
tite mineralogy of this area was never published. Beyond
some additional information reported by Murdoch (1943)
and Jahns and Wright (1951), there has been little subse-
quent investigation of the Pala phosphates. This is in
nrarked contrast with the extensive recent studies of phos-
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Table 1. Primary and secondary phosphate minerals from the
Stewart pegmatite.

Minera l * Chmlca l  fomula**

consisting of hundreds of individual plutons ranging up to
several kilometers or larger in diameter. These plutons in-
trude into prebatholithic metasedimentary and metavolca-
nic rocks. They are composed of older gabbro grading to
tonalite, granodiorite, quartz monzonite, and younger
granite; with the first two rock types being the most vol-
uminous constituents.

The pegmatite dikes at Pala are generally confined to the
gabbroic plutons of the batholith, and are believed to rep-
resent products of the final stages of its magmatic differ-
entiation and crystallization (Jahns, 1947; Jahns and
Wright, 1951). The observed uniformity in the attitude and
tabular form of these pegmatites has been taken as evi-
dence for their formation by the crystallization of late-stage
residual magmas as vein fillings along sheetlike fractures
in the older and more competent gabbro. The pegmatites
range from centimeters to meters in thickness and up to a
kilometer in exposed length. They are composed primarily
of feldspars, qvartz, and micas, and most can be considered
"simple" pegmatites on the basis of their homogeneous
internal structure. However, several ofthe larger dikes such
as the Stewart have a more complex internal structure and
diverse mineralogy. Lithium minerals and gem materials,
as well as the more unusual accessory minerals such as the
phosphates, are virtually restricted to these "complex" peg-
matites.

The Stewart pegmatite

The Stewart pegmatite occurs as an elongate outcrop of
light-colored rock on the south-facing slope of Tourmaline
Queen mountain two kilometers north of Pala. It extends
over a distance of a kilometer with a northerly strike and a
moderate westerly dip, and attains a maximum thickness of
25 meters. The Stewart Lithia mine, near the southern end
of the diko, is a major gem producer (Jahns et al., 1974\.

While an accurate modal composition is unavailable,
Jahns (1953) published the following bulk composition for

Fig. 1. Map of San Diego County showing the location of the
Stewart Lithia mine near Pala.
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phate minerals from other granitic pegmatites (see Miicke,
1981; Segeler et al., 1981; London and Burt, 1982a). Thus,
the purposes of the present investigation were (1) to care-
fully reexamine the phosphate mineralogy of one of the
Pala pegmatites to extend Schaller's earlier work in light of
more recent ideas; (2) to use this information to evaluate
the geologic history of the pegmatite; and (3) to compare
these minerals with the phosphates reported from other
granitic pegmatites. The Stewart pegmatite was chosen for
study because it contains abundant lithiophilite crystals,
and its interior portions are partly accessible through the
existing underground workings of the Stewart Lithia mine.
Table 1 lists the phosphate minerals reported from the peg-
matite. Data gathered on the phosphate mineralogy and
alteration sequence are used to interpret aspects of the
overall geologic history of the Stewart pegmatite in the
context of the Jahns-Burnham model of granitic pegmatite
formation (Jahns and Burnham, 1969; Jahns, 1982).

Geologic setting
Pala is located in the northwest corner of San Diego

County (Fig. 1). Several hundred granitic pegmatites,
chiefly dikes, are exposed on the hillsides immediately sur-
rounding the town. The geology of the area has been de-
scribed by Larsen (1948, 1951) and Jahns (1954a 1954b,
r979\.

Much of the Pala pegmatite district is underlain by ig-
neous intrusive rocks of the Cretaceous-age Peninsular
Ranges (or Southern California) batholith. U-Pb and
K-Ar radiometric age dates for batholithic rocks fall
within the 130-90 m.y. time span (Banks and Silver, 1969;
Krummenacher et al,, 1975; Dalrymple, 1976). This
orogenic-type batholith is a large, composite intrusive body
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the southern portion of the pegmatite (in wt.% oxides):
SiOz 74.9, AlzO3 14.9, CaO 0.1, NarO 3.6, K2O 5.2, LizO
0.7, F 0.4, H2O 0.4, total 100.2. Major constituents include
microcline-perthite, albite, quartz, muscovite, lepidolite,
spodumene, amblygonite, and tourmaline, while additional
acc€ssory minerals are rich in Li, P, Be, B, and Mn (for
details, see Jahns and Wright, 1951). Within the pegmatite,
mineral assemblages are arranged in subparallel, layered
zones both above and below a discontinuous quartz-
spodumene core (Fig. 2). Zones above the core are gener-
ally coarser-grained and rich in microcline, whereas those
below contain both coarse- and fine-grained material and
have more albite. Gem-bearing pockets and massive
lepidolite orebodies are located directly underneath the
quartz core. This zonal arrangement corresponds to the
generalized internal zonal sequence of Cameron et al.
(1949) and Norton (1983).

Occurrence of phosphate minerals

Phosphate minerals can be recognized as dark-stained
masses or nodules on the tunnel walls in the Stewart Lithia
mine (Fig. 3). These masses are as much as 40 cm across,
are somewhat equidimensional in shape, and occur in the
upper quartz-microcline intermediate zone (Fig. 2). Al-
though quite altered, they represent large, subhedral to eu-
hedral crystals of lithiophilite whose exterior surfaces are
covered by either a few simple crystal faces (Fig. 4) or
irregular growth surfaces. We infer lithiophilite to be a
primary pegmatite constituent on the basis of its crystal
morphology, coarse grain size, textural relationships with
adjoining silicates, restricted zonal occurrence, and finally a
lack of evidence that it has replaced any earlier-formed
mineral. Some 130 crystals or crystal fragments from the
mine were examined during the course of this study and
are now housed in the Stanford University mineral col-
lection.

Amblygonite occurs as coarse-grained crystalline aggre-
gates with lepidolite in portions of the quartz-spodumene
core (Jahns and Wright, l95l). It is now virtually impossi-
ble to collect in the mine because it was largely removed

STEWART PEGMATITE GENEMLIZED VERTICAL CROSS SECTION

GABBRO PRESENT GROUND SUFFACE
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Fig. 3. Photograph of a lithiophilite crystal embedded in peg-

matite host rock in the old underground workings of the Stewart
Lithia mine. The outline of the crystal has been highlighted with a
dashed white line.

during early mining operations. Thus, neither it nor its
possible alteration products were characterized in this
study (see, however, information in Murdoch and Webb,
1966, p. 78 and 234).

Schaller (1912) and Jahns and Wright (1951) reported
small amounts of primary triphylite and triplite from the
mine, but samples of neither phase could be collected to
establish their parageneses.

Mineral characterization

Lithiophilite crystals from the pegmatite are extensively
altered. While a few contain small areas of remnant lithio-
philite, most are entirely composed of secondary phosphate
minerals and manganese oxides present as impure massive
areas, irregular grains, small veinlets, and rarely as tiny
crystals. Optical properties were measured from fragments
immersed in refractive index liquids. X-ray data, obtained
with a Philips-Norelco diffractometer, were refined using
the poDEx2 computer program of A. Sleight (Dupont Cen-
tral Research Laboratories). Compositional data (summa-
rized in Table 2) were primarily obtained using an mr
EMx-sM electron microprobe for all constituent elements
initially identified by wavelength scans. Reduction of
background- and drift-corrected data was carried out using
the MAGIC IV computer program of Colby (1968). Selected
samples were analyzed for lithium by atomic absorption
and water by a micro-coulometric technique (Table 3), and
for their trace elements by emission spectroscopy (Table 4).

To date only a small number of secondary phosphates
have been identified from the Stewart Lithia mine. In gen-
eral these phases are intergrown on a fine scale, and as
such could not be separated as homogeneous grains. Thus,
their complete characterization was impossible in some in-
stances. Phases that could not be fully identified are desig-
nated by a letter (e.g., phase 'K') in the following dis-
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WALL ZONEr MTCROCLINECUARTZ-MUSCoVITE-ALBITE (cRAPHIC GRANITE)

OUTER INIERMEDIATE ZONE MICROCLINE{UARTZ.MUSCOVITE,ALSITE SCHORL

MIDDLE INTERMEDIATE ZONE MICROCLINE-OUARTZ

INNER INTERMEDIATE ZONE OUARTZ

MIDDLE INTERMEDIATE ZONEr ALBITE{UARTZ-MICROCLINE

wALL zONEr ALBITE{UARTZ MICFOCLINE-SCHORL (LINE ROCK)

GABBRO

|_OCCU REN CE OF LITH IOPHI LII E

SYMBO6: A}MICROCLINE XOUARTZ a LEPIDOLITE . AMBLYGjNTE

. MUSCOVITE O SPODUMENE TOURMALINE

Fig. 2. Generalized vertical cross section through the southern
portion of the Stewart pegmatite illustrating the mineral assem-
blages that comprise the internal zoning structure.
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Table 2. Representative microprobe analyses of selccted primary and secondary phosphates from the Stewart p€gmatite.

Microprobe analyses (velght percent oxides)*

li"eef Lirhiophiltre
Sanple /l 7621 p54
/l of analyses I 2

45.87 (6t)+ 46.57 (99)
8 . 0 r ( 8 s )  8 . 0 2 ( r )

36.46(s2) 37.8r(44)

0 . 0 5  ( 2 )  0 . 0 6 ( r  )
n . d . !  n . d .
0 , 0 3 ( 2 )  n . d .
0 . 0 3  ( 3 )  0 . 0 4  (  r  )

46 .68(75)  47 .Ot l (46)

8 .  0 6  ( 3 6 )  9  . O 1  ( 7 ' )
37.12(32) 38.53(22)

0 . 1 2 ( 8 )  0 . 0 8 ( 3 )
n . d .  n . d .
0 . 0 4  ( 3 )  n .  d ,
0 .  r 3 ( 7 )  0 . 0 4  ( 1 )

Hureaulite I
P25 P54

6 3

39.36  (61  )  39 .49(37)
5 . 9 4  ( 1 6 6 )  7 . 8 9  (  1 8 )

3 9 . 2 6 ( 1 1 5 )  3 9 . 6 2 ( 3 5 )

0 . 8 0 ( 1 5 )  0 . 3 2 ( 4 )
0 . 0 8 ( 7 )  0 . 0 7 ( 3 )
n .  d ,  n .  d .
0 . 0 8  ( 4 )  n .  d .

l lureaullte II
P25 7621

1 3 8

3 1 . 3 6 ( 2 7 9 )  3 8 . 0 3 ( 1 6 3 )
9 . 3 7 ( 1 4 8 )  3 . 7 7 ( 2 8 9 )

3 1 . 9 8 ( 4 8 2 )  3 8 . 7 3 ( 3 2 8 )

1 . 8 s ( 7 6 )  r . s 2 ( r o s )
0 .  r0 (9)  0 .  r0 (3)
0 . 1 8 ( 2 3 )  0 . 0 4 ( 3 )
0 . 3 s  ( 2 0 )  0 . 2 7  ( 2 5 '

8 r .  1 9
1 8 .  8 l

20

3 , 5 4 6
0 . 8 7 6
3 .  040

o . 2 2 2
0 . 0 r  3
o .o27
0 .067

82.46
L7 .54

20

3 .662
0 . 3 5 5
3 .  730

0 .  184
0 . 0 I 4
0 .005
0 .055

Sicklerlte
P25 P54

1 2 2

x  9 0 . 4 5  9 2 . 5 0
(L i2GlH2o)  * *  9 .  55  7 .  50

CelI contents (nmber of atons)f+

Anlon basls 4 4 20 20

3 .  9 8 t  4 .  0 3 9
0 , 5 9 5  0 . 7 9 9
3 , 9 6 7  4 , 0 5 4

P2o5
FeO
Fe2O3
unO
Mn2O3

CaO
Mgo
K2o
Na2O

(Li+n)

t  cat lons

Mineral
Sauple /l
/ l  of  analyses

P205
FeO
Fe203
MnO
Mn203

CaO
Mco

K2o
Na2O

I  . 0 3 4
o . 1 7 6
0 .  8 4 0

0 .  0 0 1

0 .  0 0 2

o . 7 9 L
2 . 8 4 4

39 .  s  I  ( 49 )
o .27  (23 \

46  . 22 (18 )

o .27  (33 )
o . o 4 ( 2 )
0 . 0 3  ( 1 )
n .  d .

86 .34
1 3 .  6 6

0 .  1 0 0
0 . 0 1 4

0 . 0 1 4

8 7 .  3 9
t 2 , 6 1

0 .  0 4 3
0 . 0 r 4

rhase E
P25

I

3 6 .  6 l

30 .29

23.  05

o . 7  4
0 .  0 3
6 . 2 5
0 . 5 9

9 7  . 5 6
2 . 4 4

9 2 . t 5
7 . 8 5

4

l .  0 0 r
0 . 1 5 3
o . 7 9 6

o.  003

0 . 0 0 1
0 . 0 0 6

0 , 9 4 3
2 , 9 0 3

9 4 . 7 6

4

1 . O 2 3
o . t 7 4
0 . 8 3 8

0 . 0 0 2

0 . 0 0 2

o . 6 7  6
2 . 7 1 5

8 5 .  5 2
1 4 , 4 8

P  l .  0 0 8
F e  0 ,  I 7 3
M n  0 . 8 0 2

c a  0 . 0 0 1
Ue
K 0 .00r
N a  0 . 0 0 1

0 . 9 9 9
2 , 9 8 5

l o . 7  4 6  9 . 8 2 2
1 9 . 4 r 7  1 8 , 7 7 r

13 .859  t 3 .O77
21.650 2r .O82

P h o s p h o s l d e r i t e  P h a s e ' K '
P30 P30

2 L L

3 7 . 8 2 ( 9 5 )  4 0 . 8 4 ( r l 6 )

39 .72( r53)  7  .82<r16)

3 . r 5 ( 3 0 )  3 9 . 0 9 ( 3 4 0 )

0 . 0 8 ( 5 )  o . 2 9 ( 2 4 )
0 . 0 4  ( 2 )  n .  d .
0 . 1 r ( 1 4 )  0 . 0 6 ( 6 )
0 .  r 8 ( 1 7 )  - g  1 0 ( 1 3 )

P25
8

3 8 .  s 2  ( 9 3 )
0 .  4 8  ( 6 6 )

46.  r4  (ss )

0 . 2 r  ( 1 6 )
0 . 0 3  ( 1  )
n .  d .
n .  d ,

Purpurite I
P30

2

4 8 . 0 8  ( 6 6 )

8 . 2 2 ( 2 7  )

4 3 .  r 8 ( 3 8 )

0 . r 5 ( s )
n .  d .
0 . 0 s ( 1 )
o . 2 7  ( 2 )

9 9 .  9 5
0 , 0 5

4

1 . 0 1 2
0 .  r 5 4
0 . 8 1 8

0 . 0 0 4

0 . 0 0 1
0 .  0 1 2

0,  008
2 . O O 9

I lureaul i te I I I I {ureaul i te IV
8r22

2

8 6 .  5 8
1 3 , 4 2

9 7 . 3 1
2 . 6 9

4 ,  0 1 6
0 .  0 2 I
4 . 6 t 4

0 . 0 1 4
0.  007
0,005 

:

t o ,  5 9 2
t 9  . 2 9 6

P30
4

Phase 'F r

P30
8

40.13(6)  39 .7r (s2r )
o . 2 2 ( r )

-  8 . 94  (329 )
46.  0s (38)

-  3 1 . 3 7 ( 3 7 0 )

0 .  r 0 (1 )  16 .77  <s r9 )
0 . 0 4 ( 1 )  n . d ,
o . 0 4 ( 1 )  o . 0 6 ( 2 )
n .  d .  0 . 46 (26 \

x  8 5 , 3 8
(L i20{ r2o)  ra .62

Ce1l contents (nuber of atons)

Anion ba6is 20

P  3 . 8 3 6
F e  0 . 0 4 9
Mn 4 ,592

c a  0 . 0 2 8
Ms o. oo5
K -
Na

8 1 .  1 0
r 8 , 9 0

8 8 .  2 0
1 r . 8 0

(Li+n)
X cations

1 1 . 3 8 9
I  9 .  8 9 9

2 0

3 .  9 6 1
0 . 0 2 8
4 , 6 3 6

0 , 0 3 6
0.  007
0 . 0 0 4

1 0 , 7 8 8
1 9  . 4 6 0

6 -

1 . 0 0 1
0.  934
0 . 0 7 5

0 . 0 0 2
0 . 0 0 2
0 . 0 0 4
0 ,  0 1 1

3 . 9 4 2
5 . 8 9 6

* ARL EMX-SM electron nicroprobe, operat l .ng at 15 kV and O,l  uA (sample current 0.02 pA), spot dleeter < 10 un.
M l n e r a l  s t a n d a r d s  -  s p e s s a r t l n e  ( M n ) ,  a p a t i t e  ( P ) ,  w i l l e n i t e  ( M g ) ,  o l i v i n e  ( F e ) ,  a l b i t e  ( N a , K , c a ) ,  o r t h o c l a s e  ( N a , K ) .
t ' le lght Percentagea of Fe and l4n oxldes ref lned on the basls of asaumed ldeal stolchloDetry.

f  Nunber in parentheses represents the est imated standard deviat lon (esd) tn tems of least uni ts ci ted.
!  n . d .  =  n o t  d e t e c t e d ;  v a l u e s  l e s s  t h a n  0 . 0 3  w t . Z .
** Volat l le content calculated by dl f ference,
t+ calculated on the basis of assued volat i le content (H2o:Li2o in wt.Z) der ived from atomic absorpt ion results -

l l t h i o P h t l i t e  ( 0 : t o t a l ) ,  s l c k l e r l t e  ( 2 : t o t a l - 2 ) ,  h u r e a i l t t e - r  ( 1 2 : t o t a t - I 2 ) ,  a l l  o r h e r  p h a s e s  ( e o t a 1 : 0 ) .



Table 3. Data on water and lithium content for selected minerals
from the Stewart pegmatite.

M i n e r a l  H 2 0 ( w t . Z ) *  N o . * * L ! 2 o ( w E , 7 . ) r  N o ,  * *

Average Range
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of lithiophilite from the pegmatite, nor for any compo-
sitional zonation within a given crystal. Compared to
specimens from other pegmatites, Stewart lithiophilite is
most similar to material from Branchville (Brush and
Dana, 1878), Varutriisk (Quensel, 1940), Wodgina (Mason,
1941), Viitaniemi (Volborth, 1954), and the White Picacho
area (London and Burt, 1982a). At these occurrences, lithi-
ophilite is somewhat more abundant than triphylite, thus
reflecting their overall "manganese-rich" pegmatite chemis-
try. In contrast, triphylite and its secondary alteration
products dominate the phosphate parageneses at more
"iron-rich" granitic pegmatites such as those in the Black
Hills (Moore, 1973, 1982), in the New England area
(Moore, 1973; Segeler et al., 1981), and at Hagendorf
(Strunz, 1952; Miicke, 1981).

Sicklerite Li, -,( Mnl! * F el* I PO n
Based on textural relationships, sicklerite appears to be

the initial replacement product of Stewart lithiophilite.
Sicklerite is typically referred to as a species with the above
simplified formula where the iron is supposedly all triva-
lent, the manganese all divalent, and with a proportionate
amount of lithium removed by leaching (Mason, 1941;
Fleischer, 1983). However, analyses of sicklerite frequently
show appreciable Mn3* (e.g., Schaller, 1912; Mason, 1941;
Fontan et al.,1976), and considering the potential dillicul-
ties of analyzing impure materials such as some secondary
phosphates for several valence states ofiron and/or manga-
nese, this formulation for sicklerite may not be entirely
correct. Sicklerite is structurally and chemically very simi-
lar to lithiophilite, and may not represent a distinct species
but rather only a less well defined intermediate stage be-
tween lithiophilite and purpurite (see Moore, 1982). Thus,
further work on pure material, if such becomes available,
appears necessary to establish a suitable formula for sick-
lerite.

Table 4. Data on trace elements in a sample of lithiophilite from
the Stewart pegmatite.

Concent ta t lon Elenents*
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l - l th ioph111te

S lck le r iEe

Hureau l i te  1

Hureeu l i te  I l

l {u reau l i te  I I I

Phosphos ider i te

P h a s e  ' F '

Manganese Ox ide(s )

6 . 4 7  4 , 3 6 - 9 . 6 1

. 3 . 7 r  2 . 2 7 - 5 . s 2

0 . 8 3  0 . 3 2 - 3 .  r 0

0 . 3 8  0 . 3 7 - O , 7 8

0 . 0  0 . 0

f , .  d .  n .  d .

0 .  1 8  0 . 0 0 - 0 .  3 7

0 . 0  0 . 0

2 . 0

1 2 . 0

t4 .9

5

r l

3

r r o

1

I

I

I

0

2

8

1 2 . 0  l

1 8 . 0  I

3 . 7  I

3 5 . 0  I

*  l laEer  conten ts  oeasured on  representa t lve ,  one-n i l l i g ram
smp1e6 o f  the  ind ica ted  n inera ls  by  a  n ic rocou lomet r ic
techn lque us lng  a  Dupont  Mo is tu te  ha lyzer .  Per fomed by
M.  Cremer ,  Ana ly t i ca l  Branch,  U.S.  ceo log ica l  Suney,
Men lo  Park  (Job / lKS42) .

* *  Number  o f  sanp les  ana lyzed fo r  each n lnera l .
t  L i th lun  contenEs measured on  representa t ive  samples  o f  Ehe

ind ica ted  n lnera ls  by  the  a tomic  absotp t lon  ne thod.  Us ing
a Perk ln -E luer  Mode l  303 Spec l rophoEmeter ,  s tandard  so lu l ions
covering lhe range of 1-20 ppn Ll were tun agalnst unknom
so lu t ions  conta in lng  the  d isso lved n1nera1s .  Va lues  l i s ted
rep iesent  caLcu la ted  I - i20  conten ts  fo r  each n lnera l .

t t  n .d .  =  no t  Deasured.  Suf f i c len t  una l le red  l iEh ioph i l i re  cou ld
not  be  ob ta ined fo r  a  water  conten t  deEer f r ina t ion .

cussion. Table 5 summarizes mineralogical data on the
various secondary phosphates examined during this study.

Descriptions of individual minerals

Lithiophil ite Li(Mn, Fe)2+ POn

The large crystals of lithiophilite from the mine are
equant to tabular in shape and have a simple morphology
(similar to that noted by Goldschmidt (1923) and Chapman
(1943). From measurements with a contact goniometer on
68 crystals, the more important crystal faces in terms of
both development and frequency of occurrence are: d
{011}, I {02U, b {010}-present on all crystals; e {120}, t
{110}, e {101}-present on some crystals; and a {100}, v
{203}-rarely present. Most specimens represent single
crystals, but a few consist of two or more intergrown crys-
tals (Fig. 4). No twinning relationships were noted in such
instances. Frequently, crystal faces are slightly curved or
otherwise deformed due perhaps to uneven initial growth
or to secondary alteration ofthe parent lithiophilite.

In hand specimen, remnant lithiophilite has a pale
pinkish-brown color, while under the microscope it is seen
as colorless, blocky areas replaced by either reddish-orange
hureaulite (Fig. 5) or pale yellow sicklerite. Microprobe
analyses (Table 2) show Stewart lithiophilite to have an
Mn/(Mn + Fe) ratio of about 0.8; it displays optical and
physical properties and unit-cell parameters consistent with
values expected on the basis of this composition (Penfleld
and Pratt, 1895; Blanchard, 1981; Fransolet et al., 1982).
All lithiophilite crystals examined have a similar Mn-Fe
content. There is no evidence for more than one generation

* S@iquant l tat lve spectrographic analysis of a
representat ive sample of l l th iophl l i te from the
Stevart  peg@li te.  Sample prepared and analyzed
by M. Pyzyna (Center for Mater lals Research, Stanford
Unlversi ty) usi trg a Jar lel l -Ash 3.4-meter eoission
spect lograph. Analyses of sevelal  secondary pho6phates
frofr  the pegnat i te gave shi lar results.

maj or

> o. 17,

< 0 . t 7 ,

< 0 .  0 1 2

< 0 . 0 0 r 2

not  de tec ted

P ,  M n ,  F e ,  L I

A l ,  C a ,  N a , (

G e ,  H f  , U ,  L a

S b ,  A s , 8 i , 3 ,  C d ,  C s ,  C r ,  C o ,  C u ,  A u ,
l n ,  I r ,  P b , 1 4 9 , H g , M o , N i ,  O s , P d ,  ? t ,
S t ,  S n , V , Y ,  Z n ,  Z r ,  T h

B a ,  B e , G a ,  A g ,  S ! ,  C e

R e ,  R b ,  R h ,  R u ,  S c ,  T a ,  T e ,  T I ,  T i ,  W
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Table 5. Mineralogical data for selected primary and secondary phosphate minerals from the Stewart pegmatite.

Mineral
Sample /l

L i t h l o p h l l i t e
7 62r

Sickler i te
7 62r

0 .  80-0 .  82
3 . 3 7  ( 2 5 )

6 . 0 3 0 ( 1 s )
1 0 . 0 8 2 ( 9 )
4 .  7 s 0  ( s  )

288.7 6 (s2)
I 7

t  . 7  I O - t  , 7 2 0
r , 7 3 0 - r . 7 3 8
>  l .  7 3 8
'  600
(-)

moderate
node!ate

Hureaulite III
P25

0 ,  9 9
3.28(6s)

1 7 . 6 2 3 ( 3 )
9 . r27 (3)
9 . 4 9 0 ( 4 )

9 6 .  s 7  ( 3 3 )
r516.62(64)
3 7

1 . 6 5 2 - r . 6 5 4
I . 6 5 6 - r . 6 5 7
>  1 . 6 6 0
> 700
(-)

n , d .
nodera t  e
nodera t  e

Hureaul i te IV

862 r

o . 9 9

t7  . 598
9 .  066
9 .  398

96 .58
r489 .50

r . 6 4 0 ( 2 )
r . 6 4 9  ( 2 )
r .  6ss  ( 2 )
7 7 "
(-)

mod erate
moderate

Phosphos iderite
8669

0 . 0 7 - 0 . 0 8
2 . 6 5 ( r 0 )

s . 3 3 1 ( 6 )
9 . 7 9 5 ( 7 )
8 . 7 1 0 ( 8 )

9 0 . 9 1  ( r 9 )
4 5 4 .  8 1  ( 5 6 )

1 6

> r . 6 9
> 1 . 6 9
> r , 6 9
moderate
n ,  d .

n .  d .
moderate
modera te

(Mn/Mn+Fe) rarlo 0.82
D  3 . 4 2 ( 1 9 ) +

a (8)
!.(4)
c  ( H )

B  ( o )

V  ( R 3 )

/ i  of  ref lect lons

o

B

Y
2V

d i s p e r s i o n
rel ief
birefr ingence

c o l o r
hand specimen pidk-brom

t h l n  s e c t i o n  c o l o r l e s s

pleochrois none

Hureau l l te  I  Hureau l i te  I I
P25 P25

0 . 8 3 - 0 . 9 2  0 . 7 1 - 0 , 9 1
3 . 0 4 ( 2 6 )  2 . 7 6 ( 2 s )

Unit-cel1 parametersS

r 7 . s 8 9 ( 3 )  r 7 . 5 4 7 ( r 3 )6 . 0 7  4 ( 2 )
r0 .  4sr  (2 )

4 . 7  2 7  ( L )

300.  1  l  (8 )
T 9

1 . 6 6 9 ( 1 )
1 . 6 7 3 ( 1 )
1 . 6 8 0 ( 1 )
7oo
(+)

moderate
1ow

9  . 0 9 7  ( 2 )
9  . 4 3 3  ( 3 )

9  .O7  7  ( 2 r )
9 .437  ( r 4 )

9 6 . 7 8  ( 4 )  9 6 .  5 7  (  r  3 )
1498.79(54)  1493.2r (23r )

3 3  2 5

Optical parameters

r . 6 4 8 ( r )
r . 6 s 9 ( 1 )

n .  d .
n .  d .

r . 6 6 2 l l )  n . d .
7o-8ou '600
(-)

mode!ate
moderate

(-)

mooeiaEe
noderate

yel low- to yel low- to
red brom red brom
b r o m - y e 1 l o {  c o l o r l e a s t o

yel low-green
pale to deep color less to
yel low red-orange

brom- to plnk- to
gray-yel low red-btom
ye11ow-green color less

pale green to none
red-orange

n l n L - r a d  v J ^ l  o r  r ^

blue-violet
c o l o r l e s s  p a l e  b l u e  t o

p a l e  v l o l e t
n r l a  h l ' r a  t ^

pale vlolet

t

T T
5

Nubers in parentheses represent the est i rated standard devlat ion (eed) in tems of least uni ts ci ted for the value
to thel-r  imediate 1eft ,
n . d .  =  n o t  d e t e m l n e d  d u e  t o  a  l a c k  o f  s u l t a b l e  n a t e r l a l .
Ref lned unit-cel l  paraneters derlved from X-ray powder di f f ract ion patterns for al l  minerals shom *cept Hureaul i te
IV, whose pa!4eters were neasured from precesslon photographs. A si l icon metal  lnternal standard (Hubbard gLg,L,,
1975) was used in the preparat l .on of the di f f ractometer patterns.

In hand specimen sicklerite is present as dark brown
masses. Under the microscope it is usually seen as being
intergrown with other secondary phosphates (Fig. 6). The
brownish-yellow sicklerite has an optical orientation and
faint relict cleavage inherited from the parent lithiophilite.

Sicklerite compositional data (Table 2) agree with earlier
published information of Schaller (1915). The consistent
Mn/(Mn+Fe) ratio (0.80-0.82) in this material confirms

L - J .

Fig. 4. Photograph and superimposed drawing of a lithiophi-
lite crystal group from the Stewart Lithia mine. The group con-
sists of several intergrown crystals oriented in a parallel fashion.
Crystal faces are outlined and are identified by conventional letter
designations (see text).

that these two cations are relatively immobile during the
lithiophilite alteration sequence when little metasomatism
is involved (Mason, 1941 ; Moore, 1973, 1982). Stewart
sicklerite resembles material from the pegmatites at Viita-

Fig. 5. Photomicrograph showing the alteration of lithiophilite
(lith) to hureaulite I (hurl). The lithiophilite appears as colorless,
high-relief grains surrounded by colorless hureaulite and other
minor secondary phosphates. Plain light.
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niemi (Mason, l94l; Volborth, 1954), Wodgina (Mason,
1941), the White Picacho district (London and Burt,
1982a), and a locality in Siberia (Kosals, 1968), and repre-
sents one of the more Mn-rich members of the sicklerite-
ferrisicklerite series yet described (see Fontan et a1.,1976\.

Hureaulite ( Mn,Fe)!+ ( H 20 ) 4( pO) 2( pO3OH ) 2
Hureaulite has previously been reported from Pala

(Schaller, 1912, l9l5;' Mason, 1941; Jahns and Wright,
1951). However, from data gathered during this study, four
types of hureaulite (labeled I-IV) can be distinguished on
the basis of their chemistry and appearance. We suggest
that these are only compositional varieties of the same
mineral (or an impure mixture of it and some unknown
phase(s) in the case of hureaulite II) that may or may not
be represented in phosphate material from other pegma-
tites. We do not propose that these type designations be
formally adopted unless it could be shown that their
Stewart occurrence in not unique. With the exception of
hureaulite II, powder diffraction data for the other varieties
of hureaulite are consistent with the calculated and ob-
served X-ray patterns for this mineral (Fisher, 1964; Moore
and Ito, 1978) with no indication of other admixed phases.

Hureaulite I is a pinkish-, reddish-, or yellowish-brown
massive phase associated with lithiophilite and sicklerite.
Although normally colorless in thin section, it sometimes
displays vivid orange-red pleochroism. The cause of this
color variation is probably due to differences in the Mn/Fe
content or to the incipient oxidation of these cations. Com-
positional data (Table 2) indicate this material is an Fe-
bearing hureaulite, Mn/(Mn+Fe) : 0.83-0.92. This range
of Fe content is consistent with both the Mn-Fe variabilitv
noted in lithiophilite and sicklerite, and what has been re-
ported for hureaulite from other localities (Moore and
Araki, 1973; Fransolet, 1976).

Hureaulite II is more difficult to clearly identify because
of its intergrown association with other secondary phos-
phates. In hand specimen it appears brownish- or
yellowish-gray, while under the microscope it is pale green
with occasional orange-red pleochroism (Figs. 6 and 7).
With crossed nicols, a random, mosaic arrangement of
irregular-shaped grains or "domains" exhibiting anoma-
lous birefringence and extinction is visible. Like hureaulite
I, hureaulite II contains some Fe, Mn/(Mn+Fe) : 0.71-
0.91, but it exhibits Ereater variability in other constituent
oxides. Both types may represent the same generation of
this mineral, but the lack of uniform extinction, greater
variation in composition, and apparent inhomogeneity of
the type II material suggest that they are not the same.
Hureaulite II may possibly be a mixture of hureaulite and
some other unknown phase, although the identity of this
other phases(s) could not be clearly established from X-ray
data.

Hureaulite II seems to be related to the enigmatic min-
eral "salmonsite" reported by Schaller (1912). While his
description matches the observed appearance of our hu-
reaulite II, X-ray diffraction peaks attributed to "salmon-
site" by Fisher and Atlas (rcros File 13-337) could not be

Fig. 6. Photomicrograph of massive, yellow sicklerite (sckl)
being replaced by pale green hureaulite II (hur2). Both minerals
are cut by narrow veinlets of colorless hureaulite III (hur3). Plain
light.

identified in hureaulite II powder patterns. From a reexam-
ination of Stewart material studied earlier by Fisher (1958),
Moore and Ito (1978) showed "salmonsite" to be a mixture
of hureaulite and jahnsite. Our hureaulite II may be the
same as the material they described, but jahnsite could not
be recognized in thin section or X-ray diffraction patterns.
A lack of suitable samples of hureaulite II prevented its full
characterization. We suggest it is the same phase as Schal-
ler's "salmonsite" and, at least in part, the same as the
material examined by Moore and Ito (1978).

The third type of Stewart hureaulite, which occurs as
pinkish veinlets, is equivalent to the phase "palaite" of
Schaller (1912; also Mason, 1941 ; Moore and Araki, 1973).
Under the microscope, these veinlets are colorless and have
a fibrous appearance (Figs. 6, 7, and 8). In contrast to the
two previous types, hureaulite III has almost no Fe,
Mn/(Mn+Fe) : 0.99, or other minor constituents (Table

Fig. 7. Photomicrograph of massive, pale green hureaulite II
(hur2) containing small areas of violet-red purpurite II (pur2),

greenish-yellow veinlets of phase 'K' (K), and transected by later
veinlets of colorless hureaulite III (hur3). Plain light.
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2). Textural evidence suggests that material on either side
of hureaulite III veinlets was either spread apart or some-
what replaced during veinlet formation.

Hureaulite IV occurs as small, rose-red euhedral crystals
as much as I mm across. It is found in exterior cavities in
the altered lithiophilite along with phosphosiderite and
stewartite (see Murdoch, 1943). It is the least abundant of
the four varieties, and like type III, it contains little Fe
(Mn/(Mn+Fe) : 0.99; see Table 2).

These four types of Stewart hureaulite correspond to
material from the pegmatites at Hagendorf (Strunz, 1954),
Mangualde (M6rio de Jesus, 1933), La Vilate (Des Cloi-
zeaux, 1858), Viitaniemi (Volborth, 1954), and Branchville
(Brush and Dana, 1890). From a study of lithiophilite alter-
ation at several localities, Fransolet (1976) distinguished
two genetic types of hureaulite: (1) an early iron-bearing
colorless variety similar to our types I and II, and (2) a
later, iron-poor reddish variety that corresponds to our
types III and IV.

Purpurite ( Mn,F e )3 
+ PO n

Purpurite, first described from Pala by Graton and
Schaller (1905), is found in two forms in the altered lithio-
philite. Purpurite I occurs as bright red rims on some
yellow sicklerite-these rims are optically continuous with
the sicklerite and display a vivid red-green pleochroism.
Purpurite II is present as red- to brownish-violet areas with
a fibrous, radiating habit (Fig. 7). Neither type was found
in sufficient, homogeneous amounts for complete
characterization, but compositional data (Table 2) indicate
both have similar chemistry, Mn/(Mn+Fe) : 0.80. We
believe that both types represent the same generation of
purpurite.

Phosphosiderite Fe3 + ( H 2 O ) 2 PO 4
Phosphosiderite is occasionally found as conspicuous,

bright, blue-violet microcrystalline aggregates along with
stewartite in exterior cavities in the altered lithiophilite.
Schaller (1912) referred to this material as "strengite."
Phosphosiderite can sometimes be confused with purpurite
II because of their similar appearance, but it is more
bluish-violet in color whereas the latter is reddish-violet.
Phosphosiderite is the most Fe-rich secondary phosphate
from the pegmatite (Table 2; also Schaller, 1915), which
serves to further differentiate it from purpurite. In compari-
son to material from the pegmatites at Boqueirio (Mur-
doch, 1958) and Pleystein (Wilk, 1960), Stewart phos-
phosiderite is remarkably Mn-rich (about 3 wt.% MnO). In
spite of this, X-ray data are consistent with the Pleystein
material (McConnell, 1939; Wilk, 1960).

Stewartite Mnz+ 1 H, O ) n( Fe3r+ ( OH ) 2( H zO ) z
(PO+)r)  .  2H2O

Stewartite is perhaps the most noticeable but at the same
time one of the rarest of the Pala phosphates described by
Schaller (1912). It was found as small, bright yellow crystals
on only two altered lithiophilite crystals, and was identified
primarily by its described association with phosphosiderite.
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Fig. 8. Photomicrograph of massive, yellow sicklerite (sckl)
and minor pale green hureaulite II (hur2) cut by veinlets of
yellowish-green phase 'K' (K) and then by veinlets of colorless
hureaulite III (hur3). Plain light.

Insufficient material could be found for complete
characterization, thus making it one of the least well docu-
mented of the Stewart phosphates.

Minor phases

Several additional secondary phosphates were noted in
the altered lithiophilite but could not be fully identified
because of their limited abundance and impure condition.
Phase 'K' (Fig. 7, 8) occurs as thin, greenish-yellow vein-
lets, and may be related to a second type of stewartite
according to Schaller (1912). Phase 'F'(Fig. 9), found as
reddish-brown areas in sicklerite, appears to be a calcic-
sicklerite similar to the material described by Jahns (1952).
Several violet grains, referred to as phase'E', have a rela-
tively high potassium content, and may be leucophosphite
(Moore, 1972b\, but this could not be further substantiated.
The abundant manganese oxides that coat the altered lithi-
ophilite crystals were examined in a preliminary manner by
infrared spectroscopy, which indicated this material to be a

Fig. 9. Photomicrograph of
massive, yellow sicklerite (sck1).

reddish-brown phase 'F' (F) in
Plain lieht.
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mixture of several phases (G. Rossman, oral comm., 1980).
Characterization of these minor phases awaits their dis-
covery in quantities suitable for complete study.

Several silicate minerals were discovered in small
amounts within the altered lithiophilite crystals. Thin
quartz veinlets with minor pale green muscovite and blue
tourmaline fill fractures in several altered crystals. In addi-
tion, small euhedral crystals of blue tourmaline within the
massive lithiophilite is evidence for the contemporaneous
crystallization of both minerals.

Secondary alterarion of lithiophilite

General obseruations

The overall extent of lithiophilite alteration seems to
have been independent of the size of the original crystals.
There is no apparent difference in the nature or extent of
this alteration with respect to either the kinds of sur-
rounding silicates or the relative position of a particular
crystal within the intermediate zone of the pegmatite. Due
to limited accessibility of the older mine workings, the
degree of alteration relative to the proximity of either the
present-day topography or the ground-water level could
not be fully evaluated, but no such differences were noted.

A similar suite of secondary phosphates was found in
each of the altered crystals, suggesting that they were all
originally lithiophilite and not some other primary phos-
phate. The temporal and spatial succession of secondary
phosphate formation was established on the basis of tex-
tural relationships. While there are different degrees of
alteration evident among various crystals, the same relative
paragenetic sequence among the secondary phosphates was
always observed. We conclude that the Stewart lithiophilite
crystals were all subjected to similar alteration conditions.

Replacement reactions proceeded from the outside of the
original crystals inward at rates that varied with direction.
This variation is apparent in the non-uniform width of the
concentric bands of secondary phosphates that rim the cen-
tral, remnant areas of lithiophilite. No preferential crystal-
lographic or compositional control of alteration was evi-
dent. Initial lithiophilite alteration involved gradual but
pervasive replacement by sicklerite, followed at some later
time by the formation of more hydrated and more oxidized
phases such as hureaulite and purpurite. One important
factor governing alteration was the location of fractures
and cleavage planes in the original lithiophilite, since many
of the secondary phosphates replaced one another along
such features. Small-scale transport of components by solu-
tion also played a role as indicated by the extensive veinlet
formation in the altered crystals. However, there is little
evidence for the introduction of externally-derived constit-
uents into the lithiophilite alteration products (except for
several of the uncommon phases such as 'F'). Neither is
there any indication for the transport and redistribution of
lithiophilite-derived components to other nearby portions
of the pegmatite, since secondary phosphates have so far
only been found within the altered crystals. The staining of
silicate minerals around phosphate nodules by secondary

phosphates noted at other pegmatites seems to be absent at
the Stewart mine.

Secondary replacement of lithiophilite was not a con-
stant volume process, since most of the altered crystals
exhibit evidence for changes in size and shape (bulging
surfaces, curved fractures, filled veinlets, etc.). However,
there are few if any open cavities or boxwork structures
from which material was leached out on a large scale.

Alteration sequence

Based on their own observations and those of Schaller
(1912), Jahns and Wright (1951) suggested the following
alteration sequence for Stewart lithiophilite: lithiophilite -
hureaulite - sicklerite + "salmonsite" + purpurite +
"palaite" + stewartite * phosphosiderite + manganese
oxides. Our modifled sequence is shown in Figure 10. The
replacement of lithiophilite by sicklerite, purpurite, and
manganese oxides, first proposed by Quensel (1937,1940\
and then Mason (19a1), is commonly recognized at numer-
ous localities (Palache et al., L95l; Moore, 1973). The ini-
tial Mn/(Mn + Fe) ratio of the Stewart lithiophilite is main-
tained in the secondary phosphates in the early stages of
the sequence, but departs from this value in later phases (as
noted by Mason, l94l; and since by others). Thus, Mn-rich
lithiophilite is eventually replaced by both Mn-rich and
Fe-rich secondary phosphates.

Alteration reactions affecting the Stewart lithiophilite in-
volved oxidation of Fe and Mn, concomitant leaching of Li
(and ultimately P), and hydration. With the exception of
certain minor phases, none of the secondary phosphates
seems to have resulted from the metasomatic introduction
of externally-derived components. Thus, almost all of the
constituents required for the formation of the observed sec-
ondary phosphates originated within the lithiophilite crys-
tals themselves.

Discussion

While the alteration sequence in Figure 10 shows an
overall temporal relationship among the various secondary
phosphates, their intergrown nature indicates that they
probably formed in part contemporaneously. Thus, there
appears to be no strictly sequential development of alter-
ation reactions, but rather a tendency for them to partly
overlap one another in time.

It has been suggested that lithium-rich granitic pegma-
tites containing gem pockets, such as the Stewart, crystal-
lized at shallow crustal depths of only several kilometers
(Ginzburg, 1960; Jahns and Burnham,1969; (ern!, 1982;
Jahns, 1982). If correct, this would indicate that lithiophi-
lite alteration in the Stewart pegmatite occurred at the
shallow depths of pegmatite formation, and then in a near-
surface weathering environment when the pegmatite was
exposed by uplift and erosion. All secondary phosphates
were formed within the original lithiophilite crystals. We
believe that lithiophilite replacement began during the final
stages of pegmatite crystallization.

Although available data are limited, the neighboring sili-
cates in the pegmatite appear to have undergone alteration
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Fig. 10. A two-dimensional representation of the proposed alteration sequence for Stewart lithiophilite. Time succession proceeds
from the lower left to upp€r right. In general, more hydrated phases (water and/or hydroxyl) are shown progressively to the right, while
more oxidized and cationleached phases are shown progressively upward. Symbols next to each element indicate its relative loss (f) or
gain ( f) during alteration reactions. Phase 'F' is shown as calcic-sickterite.

similar to that of the lithiophilite. The intermediate zones
of the pegmatite contains some clays of hydrothermal
origin, but there are few indications of extensive metasoma-
tic replacement since most primary silicates in this portion
of the pegmatite are relatively fresh.

This lack of extensive metasomatism among the second-
ary phosphates was the most surprising result ofthis study,
since most secondary phosphates seem to form by such
processes (Moore, 1973, 1982). Thus, the extent of meta-
somatism is largely responsible for the diversity of second-
ary phosphate assemblages at various pegmatites (see Shi-
gley, 1982). Since the types of secondary phosphates reflect
the conditions and environment of pegmatite paragenesis,
the phosphate assemblage of the Stewart pegmatite sug-
gests a different set ofalteration conditions as compared to
many other localities. We believe these different conditions
are primarily the result of rapid cooling and volatile loss
from the pegmatite at the shallow depth of its formation.

Conditions of lithiophilite formation

The Stewart pegmatite is a typical example of a complex
granitic pegmatite (Cameron et al., 1949; Jahns, 1955;
Stewart, 1978; Norton, 1983), and its formation seems
compatible with the Jahns-Burnham genetic model (1969;
Jahns, 1982). The granitic pegmatites around Pala crystal-
lized from residual, highly-differentiated magmas left over
following the consolidation of the Peninsular Ranges

batholith. These magmas were injected into pre-existing
near-surface fractures in the batholithic host rocks, and
there began to crystallize at temperatures around 800"C
and pressures of 1-1.5 kbar (3-5 km; see Jahns and Wright,
1951 ; Foord, 197 6; Taylor et al., 1979).

The primary nature of Stewart lithiophilite is clearly
demonstrated by its textural relationships, and we infer a
similar origin for amblygonite. Both minerals crystallized
within the pegmatite magma system along with their re-
spective associated primary silicates. Their restricted spa-
tial distribution within the pegmatite suggests that they
formed at specific and possibly limited periods of time. In
both instances their occurrence is related to the internal
zonal structure of the pegmatite, and not to the locations of
later replacement mineralization.

The absence of primary phosphates among the first-
formed mineral assemblages of the pegmatite wall and
outer intermediate zones suggests the need for a period of
magmatic differentiation to take place within the pegmatite
magma before the phosphorus content reaches a suffrcient
level to permit the crystallization of lithiophilite and
amblygonite. The exact level of phosphorus saturation in
granitic pegmatitic magmas is unknown, but experimental
results of Shigley and Brown (1982) demonstrate that lithi-
ophilite can be crystallized from hydrous aluminosilicate
melts containing about 2 wt.oh PrOt. For less siliceous
felsic magmas, Watson and Capobianco (1981) suggest a
saturation level of 1.4 wt.Yo.



Mutual textural relationships imply that lithiophilite
crystallized along with the surrounding microcline and
quartz. These features also indicate that the lithiophilite
crystals did not grow outward into the magma from some
point of attachment, as is thought to be the case for min-
erals in the later-formed gem pockets. Rather, field evi-
dence suggests that both lithiophilite and the surrounding
silicates formed contemporaneously in the presence of both
pegmatite magma and exsolved volatile fluid during the
intermediate stage of the Jahns-Burnham model (1969).
We suggest that phosphorus and other components neces-
sary for lithiophilite formation were selectively partitioned
into and transported through this interconnected volatile
fluid to the growing crystals. Similar mechanisms presum-
ably contributed to the growth of the neighboring primary
silicates. This magmatic behavior on the part of phos-
phorus is supported by the observation that lithiophilite
and amblygonite are absent from the lower, albite-rich in-
termediate zones below the quartz core of the Stewart peg-
matite that are believed to have formed at the same time
but not in the presence ofthe volatile fluid (Jahns, 1982).

Moore (1973) concluded that formation of lithiophilite
and amblygonite takes place over a temperature range of
500-700'C. Experimental results of Shigley and Brown
(1982) suggest a lower interval of 400-500"C for the crys-
tallization of lithiophilite. Deganello (1976) found triphylite
to be unstable at temperature near 200"C in an oxidizing
atmosphere. The presence of reduced phases such as lithi-
ophilite may imply that relatively low oxygen fugacity con-
ditions prevailed during the formation of the Stewart peg-
matite, but this requires conformation. Finally, the crys-
tallization of only anhydrous phosphates such as lithiophi-
lite from water-rich pegmatite magmas suggests that hy-
drated phosphates are not stable at temperatures ofseveral
hundred degrees Centigrade that are thought to exist
during the formation of the intermediate zones of a pegma-
tite (Moore, 1973, 1982).

The scattered distribution of lithiophilite crystals within
the intermediate zone of the pegmatite may be indicative of
a rather slow rate of crystal nucleation with a more rapid
growth once crystallization is initiated. Conversely, the
components necessary for lithiophilite formation may have
been limited in the pegmatite magma. The amount of P2Os
was apparently suffrcient during lithiophilite formation
since it was also plentiful during the later formation of
amblygonite. The crystallization of lithiophilite could
rather have been governed by the limited availability of
iron or manganese. Small amounts of both elements could
easily be taken up in garnet or tourmaline, whereas they
would have been needed as major constituents in lithio-
philite where MnO + FeO : 45 wt.%,. This may account
for the absence of lithiophilite as a mineral in the gem
pockets, which formed during a later stage when the avail-
ability of iron and manganese was somewhat reduced.
Amblygonite, however, is known as a pocket phase in other
pegmatites (Palache et al., 1951).

Because of limited access to the Stewart pegmatite and
the lack of observable amblygonite, it is diflicult to es-
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tablish the crystallization sequence among the primary
phosphates. Moore (1973, 1982) proposed the sequence
apatite + triphylite + amblygonite. In contrast, London
and Burt (1982a) suggested the lithiophilite crystallized
after montebrasite in pegmatites of the White Picacho dis-
trict. This discrepancy may be a result of differing crys-
tallization conditions at different pegmatites. Our observa-
tions at the Stewart pegmatite suggest that lithiophilite for-
mation proceeded and may have been in part concomitant
with the formation of amblygonite, which reflects the in-
creasing activity of phosphorus and fluorine in the pegma-
tite magma system (London and Burt, 1982a, 1982b,
1982c).

Conditions of lithiophilite alteration

Secondary phosphates generally result from the solution,
recrystallization, or oxidation of parent phosphate min-
erals, or by their metasomatic replacement (eernf, 1970).
However, relating the phosphate paragenesis to the overall
geologic history of a particular pegmatite is complicated
because one cannot always directly link the occurrence of
specific secondary phosphates to unique alteration con-
ditions. A further hinderance is the lack of thermodynamic
data for most phosphate minerals. Thus, while at the pres-
ent time the phosphate mineralogy of a pegmatite at best
gives a general indication of the alteration history, it does
provide evidence regarding this history that is often less
clearly reflected in other pegmatite mineral assemblages.

From our observations, all Stewart lithiophilite crystals
were initially altered in a late-stage hydrothermal environ-
ment, and later under near-surface weathering conditions.
Secondary phosphate formation took place entirely within
the altered primary crystals, with released components, if
any, being carried off by hydrothermal or gtoundwater
solutions. Oxidation and cation leaching occurred in con-
junction with hydration and limited introduction of some
components from outside sources.

Referring to Figure 10, an indication of the particular
conditions of lithiophilite alteration can be gained from
several considerations. Both sicklerite and purpurite form
under hydrothermal conditions during the final stages of
pegmatite consolidation (Moore, 1973; Leavens and Simp-
son, 1975; Fontan et al., 1976). Temperatures during this
stage of alteration are assumed to have been approximately
300-500'C on the basis of secondary fluid inclusions in
some unaltered lithiophilite. Pressure-corrected homogen-
nation temperatures (using the salinity equations of Potter
et al., 1978) fall in the range of 275-350"C for these in-
clusions. Such temperatures for the hydrothermal alter-
ation of lithiophilite agree with those of late-stage gem
pocket formation in the nearby Himalaya pegmatite at
Mesa Grande (Taylor et al., 1979). Subsequently-formed
secondary phosphates apparently crystallized at even lower
temperatures. Hureaulite and phosphosiderite crystallized
in the range of about 150-200'C, which seems to roughly
be the upper stability limit for hydrated secondary phos-
phates (Moore, 1973). The final alteration products like
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stewartite and the manganese oxides formed under super-
gene weathering conditions.

Internally-generated hydrothermal fluids seem to have
been responsible for some of the lithiophilite replacement.
The changing chemistry of these residual fluids is reflected
in the compositions of the several hureaulites-types I and
II contain some iron while types III and IV are iron-free. A
similar manganese enrichment of late-stage pegmatitic
fluids was noted by Moore and Araki (1973), Fransolet
(1976), and Foord (1976). On the other hand, the presence
of stewartite and phosphosiderite indicates at least some
local enrichment of iron in these late pegmatitic fluids.

The lack of extensive metasomatism among the second-
ary phosphates suggests that the conditions conducive to
such phosphate alteration apparently did not exist for ex-
tended periods during the crystallization of the Stewart
pegmatite.

Summary

The Stewart pegmatite is an outstanding exarnple of a
complex, lithium-rich granitic pegmatite which exhibits a
vertical asymmetry in terms of many of its internal features.
The sequence of primary mineral formation is diffrcult to
ascertain, but assuming that crystallization generally pro-
ceeded from the border zone towards the core, then this
sequence reflects an increase in Li-species (spodumene fol-
lows microcline) and in volatile content (lepidolite and
amblygonite occur along with spodumene). Lithiophilite
and presumably amblygonite represent primary pegmatite
minerals.

Secondary alteration of lithiophilite involved oxidation,
hyration, and cation leaching but little metasomatism. As a
result of this study, most of the phosphate minerals first
described from this area by Schaller (1912)have been more
fully characterized. The phosphate assemblage at the Stew-
art pegmatite represents a classic lithiophilite alteration se-
quence similar to that reported from other pegmatite local-
ities. No new phosphate mineral assemblages or paragene-
tic relationships were noted. Further study of the possible
alteration of amblygonite, as well as the phosphate miner-
alogy of the other important Pala pegmatites, is needed.

The phosphate mineralogy of the Stewart pegmatite pro-
vides clues regarding mineral alteration during its late- and
post-crystallization history in both hydrothermal and near-
surface weathering environments. The limited nature of the
phosphate assemblage appears to be primarily due to the
lack of metasomatism which is so apparent in the phos-
phate mineralogy of other pegmatite localities. R. H. Jahns
(oral comm., 1978) has suggested that the extent of meta-
somatism can be related to the depth of pegmatite forma-
tion. In shallow pegmatites, such as the Stewart, there ap-
parently was little opportunity for residual pegmatitic
fluids to interact with the primary phosphates under elev-
ated temperature and pressure conditions for an extended
period. Such conditions that favor extensive metasomatism
are more likely to exist in pegmatites formed at greater
depths.

Despite its notoriety as a gem producer, certain aspects
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of the geology of the Stewart pegmatite have yet to receive
careful study. There is little published information regard-
ing the lithium aluminosilicate minerals of the pegmatite
which Stewart (1978) and London and Burt (1982a,1982b,
1982c) have shown to provide key information on the geo-
logic evolution of complex granitic pegmatites. In addition,
further laboratory experimental studies of pegmatite crys-
tallization, such as those of Shigley and Brown (1982) to be
described in detail in a forthcoming article, are needed to
better understand granitic pegrnatite genesis.
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