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Abstract

The crystallization sequence and metasomatic alteration of spodumene (LiAlSizOe),

montebrasite (LiAIPO4(OH,F)), and lithiophilite (Li(Mn,Fe)PO+) are described for nine
zoned lithium pegmatites in the White Picacho district, Arizona. The observed crystalliza-
tion trends suggest a progressive increase in the activities of lithium species (spodumene

follows microcline as the principal alkali aluminosilicate), as well as an increase in the
activities of the acidic volatiles phosphorus and fluorine (montebrasite succeeds spodu-
mene as the stable primary lithium phase). Much of the lithiophilite occurs with columbite,
apatite, beryl, zircon, and tourmaline in cleavelandite complexes that formed in part at the
expense of quartz-spodumene pegmatite. Fracture-controlled pseudomorphic alteration of
the primary lithium minerals is widespread and apparently is the result of subsolidus
reactions with residual pegmatitic fluids. Spodumene has been replaced by eucryptite,
albite, and micas. Alteration products of montebrasite include low-fluorine secondary
montebrasite, crandallite (tentative), hydroxylapatite, muscovite, brazilianite, augelite
(tentative), scorzalite, kulanite, wyllieite, and carbonate-apatite. Secondary phases identi-
fied in altered lithiophilite include hureaulite, triploidite, eosphorite, robertsite, fillowite,
wyllieite, dickinsonite, fairfieldite, Mn-chlorapatite, and rhodochrosite. Initial subsolidus
metasomatism of the lithium minerals took place in an alkaline environment, as evidenced
by albitization of spodumene and calcium metasomatism of the phosphates. The formation
of secondary micas in spodumene, montebrasite, tourmaline, and much feldspar reflects a
change from alkaline to relatively acidic postmagmatic fluids, as (K+H)-metasomatism
produced greisen-like or sericitic alteration. The abundance of minerals containing Li, Be,
Mn, Nb, Ta, and Bi indicate that these pegmatites originated from a highly differentiated
granitic source. These pegmatites were not fluorine-rich, as evidenced by the low fluorine
contents of primary and secondary montebrasite, by the formation of OH- and Cl-apatites,
and by the absence of topaz and the rarity of lepidolite, triplite, and fluorite.

Introduction

The White Picacho pegmatite district lies near the
southeast end of the Arizona pegmatite belt (Jahns,
1952; see Fig. 1). The district, which is located
mostly on the Red Picacho 7.5' topographic quad-
rangle map (U.S. Geological Survey, 1964), con-
tains several hundred pegmatites. These pegmatites
intrude low- to medium-grade Precambrian schists,
gneisses, and amphibolites that Jahns (1952) tenta-
tively correlated with the Yavapai Series in the
Jerome and Prescott areas (Jagger and Palache,
1905; Anderson et al., l97l). The pegmatites are

rPresent address: Geophysical Laboratory, 2801 Upton Street,

N.W., Washington, D.C. 20008.

also Precambrian (Laughlin, 1969), although a pre-
cise age has not been established.

Only nine lithium pegmatites have been identified
in the district. Most of these were mapped and
described by R. H. Jahns (1952), and his work
provided a foundation for subsequent studies by us
(Burt, London, and Smith, 19771'London, Bandy,
and Kealy, 1978; London and Burt, 1978; London,
1979). At present, most of Jahns' maps are still
usable, inasmuch as only minor mining and devel-
opment have been carried out in the district over
the past thirty years. Additional maps of the region
and of the pegmatites are available in London and
Burt (1978) and in London (197il.

In the White Picacho pegmatites, as at many
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Moore, 1971, 1972; 1973, 1974), the significance of

these replacements as indicators of pegmatite

chemistry and evolution remains poorly under-

stood. In the White Picacho lithium pegmatites, the
paragenetic sequence of these secondary minerals

can be determined for each of the parent lithium

minerals. Each paragenesis is interpreted as indicat-

ing systematic changes in the geochemistry of the
postmagmatic fluids. The central purpose of this
paper is to characterize these pseudomorphic re-
placements and to evaluate their geochemical sig-
nificance. Seventy-eight representative electron mi-

croprobe analyses and refined X-ray powder dif-

fraction data for most of these phases are listed in

Appendices I and2, respectively.I Some theoretical

rTo receive copies of these Appendices, order Document AM-
82-187 (analyses, Appendix l) and AM-82-188 (X-ray data,
Appendix 2) from the Business Office, Mineralogical Society of
America, 2000 Florida Avenue, N.W., Washington, D.C. 20fi)9.
Please remit $1.00 in advance for each microfiche.

Table l. Alteration products of spodumene, montebrasite, and
lithiophilite in pegmatites of the White Picacho district.
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Fig. 1. Map showing the location of the White Picacho district

in the Arizona pegmatite belt (stippled area) as defined by Jahns
(r95D.

other localities, the lithium minerals have been
metasomatically altered to a large number of rare
and mineralogically complex phases (Table 1). This
cleavage-controlled pseudomorphic replacement of
the primary lithium minerals is pervasive at most of
the pegmatites and apparently is the result of sub-
solidus reactions with residual aqueous pegmatitic
fluids. The sporadic distribution of alteration within
individual pegmatites and even within single unde-
formed crystals suggests that the replacement was
not produced by regional metamorphism or by local
hydrothermal alteration related to brittle deforma-
tion.

This mainly descriptive paper focuses on the
mineralogy of replacement assemblages observed in
primary spodumene, montebrasite, and lithiophilite
from the White Picacho pegmatites. Although meta-
somatic replacement features such as those that
occur in the White Picacho pegmatites have re-
ceived considerable attention from mineralogists
(e.9., Brush and Dana, 1878, 1879a, 1879b, 1880;
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models developed in two other papers (London and
Burt, 1981a, 1981b) are based in part on observa-
tions from the White Picacho pegmatites.

Table 2. Occurrences of spodumene, montebrasite, and

lithiophilite at individual pegmatites in the White Picacho

district. *

Geology of the lithium pegmatites

Of the nine known lithium pegmatites in the
district, the Homestead, Independence, Midnight
Owl, North Morning Star, and White Ridge were
chosen for detailed study, as these five pegmatites
appear to encompass all variations in general geolo-
gy and in the occurrence and alteration of primary
lithium minerals (see Jahns, 1952, and London,
1979, for index maps and detailed geologic maps
and desqriptions of the pegmatites). The lithium
pegmatites display highly irregular outcrop patterns
and usually occur as clusters of small steeply dip-
ping pods or lenses rather than single, isolated
bodies. Spodumene (LiAlSi206), montebrasite
(LiAIPO4(OH,F)), and lithiophilite (Li(Mn,Fe)pOa)
are the primary lithium minerals in these pegma-
tites. Micas generally are not abundant, and true
lepidolites occur only as replacements of primary
lithium minerals. Green lithium tourmaline (verde-
lite) occurs at one locality but dobs not figure
prominently in the paragenesis of the lithium miner-
als.

All of the lithium pegmatites are sharply zoned by
grain size and by composition. With few excep-
tions, the lithium minerals are concentrated in the
inner zones and cores of essentially granitic pegma-
tite. The distribution of zones within each pegmatite
is somewhat irregular (nonconcentric), but a gener-
al zonation sequence can be established (Fig. 2).
Based on the assumption that crystallization pro-
ceeded sequentially from borders to core, spodu-
mene was the first lithium mineral to crystallize.

Quartz-spodumene pegmatite appears to grade in-
ward into quartz-montebrasite pegmatite, suggest-
ing that montebrasite succeeded spodumene as the
stable primary lithium phase. Lithiophilite typically
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Fig. 2. General sequence of primary crystallization for the
White Picacho lithium pegmatites.
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occurs in the quartz cores and apparently was the
last primary lithium mineral to crystallize. Lithio-
philite also occurs with columbite, manganoan tour-
maline, zireon, and manganoan apatite in masses of
relatively coarse-grained albite (cleavelandite) or
cleavelandite * mica. Although lithiophilite nod-
ules are abundant in these complexes at the White
Ridge, Homestead, and Midnight Owl pegmatites,

the primary phosphate is usually highly altered.
In the White Picacho pegmatites, cleavelandite or

cleavelandite * mica complexes usually are located
at the margins of quartz-spodumene pegmatite

zones; however, they crosscut all other zones at the
North Morning Star and Homestead pegmatites,

and they are the only units that do so. At the
Independence pegmatite, a cleavelandite-lepidolite
complex contains rounded relicts of spodumene in a
textural relationship similar to that of the "spotted
rock" zone at the Harding pegmatite, New Mexico
(Jahns and Ewing, 1976). At the Independence, the
interior portions of the rounded spodumene relicts
have been replaced by fine-grained eucryptite +
albite, whereas the rims of these crystal fragments,
and medium-grained (5 cm along the c axis) second-
ary spodumene crystals in the complex, have been
replaced by mica + albite. These features are
sufficient to indicate that the cleavelandite units
crystallized late in the history of these pegmatites,

and that they formed at least in part at the expense
of pre-existing quartz-spodumene pegmatite.
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Occurrences of primary spodumene, montebrasite,
and lithiophilite

Spodumene is the only primary lithium alumino-
silicate present in the district, and it occurs at all of
the known lithium pegmatites (Table 2). It usually
forms subhedral, prismatic crystals up to two me-
ters in maximum dimension; however, unaltered
spodumene is relatively rare.

Montebrasite occurs at most of the pegmatites as
blocky, subhedral crystals or rounded nodules up to
a meter in dimension. The fluorine content of White
Picacho montebrasite was determined using the X-
ray technique of eern6 et al. (1973). Representative
samples were analyzed by electron microprobe for
Na, K, and Ca, to ensure that no substitutions other
than those involving F and OH affected the position
of the 2e(131) reflection (Cernr4 et a\.,1973); in all
cases, the contents of Na. K. and Ca in White
Picacho montebrasites were at or below the detec-
tion limits for these elements (less than 0.l0wt.Vo as
oxides). Table 3 indicates that most primary materi-
al examined in this study contains from about 4.5-
6.5 wt.Vo F, corresponding to 30-50 mole Vo of the
amblygonite component. Similar findings for blocky
white crystals are reported from the Varutrdsk
pegmatite, Sweden (Quensel, 1937) and from the
Tanco pegmatite, Manitoba, Canada (Cernr4 et al.,
1972).

Lithiophilite occurs at several pegmatites as nod-
ules or crude prismatic crystals up to twenty centi-
meters in dimension. Microprobe analyses of repre-
sentative samples (Appendix 1) indicate that except
for material from the White Ridge pegmatite, most
White Picacho lithiophilite is very near the
LiMnPOa end member of the lithiophilite-triphylite
series. Such iron-free lithiophilite is not common
(c/. analyses of Palache et al., 1951, p. 666), but
comparable material has been described from a few
localities (e.9., Thomssen and Anthony, 1977).

Determination of secondary mineral parageneses

The metasomatic alteration of spodumene, mon-
tebrasite, and lithiophilite occurred along cleav-
ages, fractures, and crystal borders of the host
primary phases. Veinlets are composed of one or
more fine-grained replacement minerals. In some
cases, individual veinlets contain two or more dis-
crete assemblages that are bilaterally symmetrical
about the center of the veinlet. Individual mineral
grains average 25 microns in dimension, and several
assemblages, each containing two or three miner-

Table 3. Fluorine contents of montebrasite from the White
Picacho pegmatites.
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als, commonly are themselves intimately inter-
grown. A combination of petrographic, X-ray dif-
fraction, and electron microprobe analyses was
required to identify the secondary assemblages. A
few secondary phases still are not fully character-
ized because of a lack of suitable material for study.
Nevertheless, most of the secondary minerals have
been positively identified, and the crosscutting rela-
tionships observed among veinlets indicate the se-
quence of replacement.

Alteration of spodumene

The metasomatic alteration of spodumene in
these pegmatites has been discussed in several
other publications (Burt et al., 1977; London and
Burt,1979,1980, 1981b), so only a brief description
is presented here. At the Independence and Mid-
night Owl pegmatites, much spodumene in contact
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SPODUMENE-----'-+ * -'------> * +MUSCO\rITE

A]JITE ALBITE

Fig. 3. General alteration sequence for spodumene.

with primary quartz displays a thin reaction rim of

fine-grained albite, whereas the interiors of the

spodumene crystals are replaced to varying degrees

by a very fine-grained, fibrous intergrowth of eu-

cryptite * albite (Fig. 3). This initial replacement
produced bilaterally symmetrical veinlets of eu-

cryptite + albite whose long fiber axes are oriented
perpendicular to the {110} cleavage of the host

spodumene (Fig. a). In some samples, eucryptite

near veinlet centers and spodumene crystal borders

has been subsequently altered to muscovite or

lepidolite, resulting in the intergrowth of albite +

mica called "cymatolite" by Brush and Dana
(1880). Finally, remnant spodumene and secondary

albite have been converted to lithian muscovite or

lepidolite, producing soft, waxy pseudomorphs of

nearly pure mica after spodumene (referred to as

"killinite" by Julien, 1879). At all of the pegmatites,

spodumene also appears to have been converted

directly to albite * mica or to pure mica, but the

alteration sequence described above and illustrated

in Figure 3 represents the most complete history of

metasomatic alteration of spodumene at these peg-

matites.

Alteration of montebrasite

At all of the pegmatites, montebrasite has been

replaced by a number of secondary phases (Table 1)

in the general sequence illustrated in Figure 5.

Incipient alteration of primary montebrasite in-

Fig. 4. Photomicrograph showing the cleavage-controlled

alteration of spodumene (Spd) to a fibrous intergrowth of

eucryptite (Ecr) + albite (Alb). The specimen is from the

Midnight Owl pegmatite. Crossed polars.

volved hydroxyl exchange for fluorine, producing

low-fluorine, secondary montebrasite along frac-

tures and cleavages in the host primary phase (Fig.

6). Based on values of 20(131), the secondary

montebrasite contains about 1.5-3' 5 wt.Vo F (Table

3). As at the Tanco pegmatite, Manitoba (Cetnd et

aL, 1972), replacement by secondary low-fluorine

montebrasite is extensive in fresh-appearing materi-

al, but the primary and secondary phases are virtu-

ally impossible to distinguish in hand specimen.

Subsequent alteration of primary and secondary

montebrasite produced fine-grained hydroxylapa-

tite, muscovite, and minor amounts of a calcium

aluminum phosphate that appears to be crandallite

(Fig. 7). Positive identification of crandallite is

hampered by the fact that the phase usually is

disseminated in and subordinate to apatite and

montebrasite; thus it cannot be clearly distin-

guished in X-ray powder patterns. In addition, its

fine grain size requires the use of a narrow (2

micron) beam diameter for microprobe analyses;

this results in rapid volatilization and sample de-

struction. Although these three secondary minerals

occur in grain contact with montebrasite, the cran-

dallite invariable occurs at montebrasite borders

and probably was the first mineral to crystallize. In

a typical specimen (Fig. 8), a thin reaction rim of

crandallite at montebrasite borders grades outward

into veinlets of grayish-white hydroxylapatite, fol-

lowed by an intergrowth of apatite * muscovite,

and finally fine-grained green muscovite at the

centers of replacement veinlets and near the crystal

boundaries of the primary phase.

Various combinations of scorzalite, brazilianite,

augelite (tentative), wyllieite, and kulanite (Table 3)

occur as scattered crystals in the apatite + musco-

vite replacement intergrowth and also form veinlets

that clearly cut the apatite * muscovite assem-

blage. Thus these rare phosphates formed late in the

alteration history of montebrasite (Fig. 5)' Based on

available samples, augelite, wyllieite, and kulanite

are very rare in montebrasite from all of the White

Picacho pegmatites, but scorzalite and brazilianite

are fairly common. Scorzalite occurs as anhedral

disseminated grains that give specimens a light blue

tint. Brazilianite forms relatively large (2 mm-l cm)

subhedral yellowish green crystals in specimens

from several pegmatites. A few colorless grains of

an aluminum phosphate that appears to be augelite

have been found in two specimens; this phase is

associated with scorzalite, muscovite, and apatite,

but positivg identification of this aluminum phos-
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HYDROXYLAPATITE
MONTEBMSITE---+SECONDARY MONTEBRASITE----> +

CR3NDALLITE

Fig. 5. General alteration sequence for montebrasite.

HYDROXYLAPATITE
------> + ----> MUSCOVITE ->CARBONATE-A?ATITE

MUSCOVITE
+

BRAZILIA}IITE
+

AUGELITE
+

SCORZALITE
+

KULANITE
+

WYLLIEITE

phate awaits a find of more material. Kulanite also
has been found in two specimens as forest green
subhedral crystals in association with apatite, mus-
covite, quartz, and brazilianite. Its composition
(analyses 56-58, Appendix l) is similar to that of the
type material (Mandarino and Sturman, 1976), and
this represents the second reported occurrence of
kulanite. Wyllieite was identified in thin section and
by microprobe analyses (analyses 69-72, Appendix
1) as a few grains that occur with scorzalite and
brazilianite in one montebrasite specimen. The lat-
est-forming phase in the montebrasite alteration
sequence is fine-grained carbonate-apatite that
forms banded, colloform rinds that surround monte-
brasite nodules and veinlets that crosscut all other
replacement assemblages (Fig. 9).

Alteration of lithiophilite

Lithiophilite displays two different replacement
sequences, depending on whether the lithiophilite is
embedded in quartz or in albite (Fig. 10 and Table
3). The least-altered crystals occur in quartz (Fig.
l1). In this association, the initial replacement
involved hydration and removal of lithium to form

Fig. 6. Photomicrograph showing the replacement of primary
montebrasite (l' Mbs) by secondary, low-fluorine montebrasite
(2" Mbs). Both phases are polysynthetically twinned. Specimen
is from the North Morning Star pegmatite. Crossed polars.

intergrowths of hureaulite and triploidite (Fig. 10,
Scheme A, and Fig. l2). Along more extensively
altered veinlets, hureaulite becomes more birefrin-
gent in thin section; this change in optical properties
appears to correlate with small but increasing
amounts of calcium (analysis 12, Appendix 1).
Frequently, calcium-rich hureaulite is associated

Fig. 7. Photomicrograph (top) showing the replacement of
twinned primary montebrasite (Mbs) by a fine-grained aggregate
of hydroxylapatite (Apt) with minor crandallite (Crn). Notice in
the lower right corner that the twinning present in the host phase

has been preserved in the pseudomorphic replacement.
Specimen is from the Midnight Owl pegmatite. Crossed polars.

Photomicrograph (bottom) showing a veinlet of muscovite (Mus)

t apatite (Apt) that cuts twinned primary montebrasite (Mbs).

Sample is from the Independence pegmatite. Crossed polars.
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Fig. 8. Arizona State University specimen #3288 from the

Midnight Owl pegmatite, showing the typical alteration observed

in montebrasite nodules. Phases present in this specimen include
primary and secondary montebrasite (Mbs), crandallite (Crn),

hydroxylapatite (Apt), muscovite (Mus), and carbonate-apatite
(Cpt). The approximate boundaries of assemblages are outlined

by dotted lines.

with eosphorite and fairfieldite; identification of
eosphorite and fairfieldite was verified by micro-
probe analysis (numbers 15, 16 and 3l-34, Appendix
1). Fairfieldite also forms thin veinlets in close
association with dark reddish-brown robertsite; ro-
bertsite was identified by its distinctive micaceous
habit, by its intense pleochroism in plane-polarized

light, and by X-ray and microprobe analyses. This
represents the second reported occuffence of ro-
bertsite (Moore, 1974). Finally in this association,
robertsite and all other earlier-formed replacement
phases have been altered to fibrous Mn-rich chlora-
patite (Fig. 13).

Relict subhedral lithiophilite crystals in albite
display crude prismatic [001] forms, but these crys-
tals are almost completely replaced (Scheme B, Fig.

10). Cores of hureaulite + triploidite and minor
lithiophilite are veined and replaced by fillowite,
dickinsonite, and wyllieite (Fig. 14). Fillowite has
been reported previously only from the pegmatite at
Branchville, Connecticut (Brush and Dana, 1879a)
and from the Buranga pegmatite, Rwanda (von

Knorring, 1963); in the White Picacho district, it
occurs abundantly as massive, fine-grained beige
crystal aggregates wherever lithiophilite nodules
are embedded in albite and was identified on the

basis of optical properties and by X-ray and micro-

probe analysis. Olive-green dickinsonite and yel-

lowish-brown wyllieite usually occur together and

were distinguished principally on the basis of micro-

probe analyses; both phases commonly are inter-

grown with fillbwite. Fairfieldite commonly forms

thin veinlets that clearly cut the fillowite + dickin-

sonite + wyllieite assemblage. As in the montebra-

site alteration sequence, fibrous colloform apatite

forms bands that surround lithiophilite nodules and

veinlets that cut all other secondary assemblages.

This apatite is Mn-rich chlorapatite that contains

almost 14 wt.% MnO; the presence of abundant

chlorine was determined qualitatively by energy-

dispersive microprobe analyses. Along with Mn-

chlorapatite, rhodochrosite forms masses and vein-

lets of pink crystals that represent the latest prod-

ucts of metasomatic alteration of lithiophilite

crystals.
Spongy masses of Mn-oxides, purpurite, stewar-

tite, and strengite (Jahns, 1952) also replace lithio-

philite, but this assemblage of secondary phases is

not present in any freshly mined lithiophilite from

subsurface excavations. These oxidized minerals

Fig. 9. Photomicrograph showing a rim of carbonate-apatite

(Cpt) surrounding primary montebrasite (Mbs). The fine-grained

assemblage above the apatite is an intergrowth of muscovite

(Mus) + albite (Alb) after spodumene. As illustrated in this

sample from the Midnight Owl pegmatite, wherever spodumene

occurs with montebrasite (or near lithiophilite), the spodumene

is invariably more extensively altered than the phosphate.

Crossed polars.
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HUREAULITE Ca-HIJREAIJI.ITE FAIRFIELDITE
SCHEME A: LITIIIOPHILITE -+ * .------) * -----) * ------) }h-CHIORAPATITE

TRIPLOIDITE EOSPEORITE ROBERTSITE

Mn-CHLoRAPATITE
SCHEME B: LITHIOPHIIITE----> * +DICKINSONITE----+FAIRFIELDITE ----_-+ +

TRIPLOIDITE + P.ITODOCHROSITE

WY1LIEITE

Fig. 10. General alteration sequence for lithiophilite. Scheme A pertains to lithiophilite embedded in massive quartz. Scheme B is
for lithiophilite embedded in coarse-grained albite (cleavelanditet

FILLOI'ITE

HTJREAI'LITE +

appear to be the result of weathering rather than of
postmagmatic pegmatitic alteration.

Jahns (1952) reported sicklerite as a common
alteration product of lithiophilite in these pegma-
tites, but most such material probably was robert-
site. Sicklerite does occur as the principal alteration
product of lithiophilite at the White Ridge pegmatite
(which was not exposed during Jahns' study). The
White Ridge is the only lithium pegmatite in this
district that did not undergo appreciable postmag-
matic cation metasomatism. Spodumene and mon-
tebrasite from this pegmatite are relatively fresh
and unreplaced.

Discussion

Alteration of spodumene

The alteration sequence for spodumene from the
White Picacho pegmatites and from other localities
(London and Burt, 1980, 198lb) implies that initial
replacement involved sodium-for-lithium ion ex-
change (as evidenced by the formation of albite),
followed by potassium * hydrogen metasomatism

Fig. 11. Lithiophilite specimen from the Midnight Owl
pegmatite, showing the alteration assemblages observed in
specimens embedded in quartz (Scheme A, Fig. l0). The phases
include lithiophilite (Lth), hureaulite (Hur), triploidire (Tpd),
eosphorite (Eos), robertsite (Rob), fairfieldite (Fld), Mn-
chlorapatite (Mpt), and rhodochrosite (Rho).

(resulting in the conversion of eucryptite, then
spodumene and albite, to mica). Albitization of
spodumene may be described by two reactions:

LiAlSirou + Sio2 + Na* : NaAlSi3o3 + Li+,
spodumene quartz albite

which explains the thin reaction rims of pure albite
separating altered spodumene from quartz, and

2LiAlSi2O6 + Na+ : LiAlSiOa + NaAISi3Os + Li+,
spodumene eucryptite albite

which accounts for the formation of eucryptite *
albite intergrowths within spodumene crystals
(London and Burt, 1980, 1981b). Whether spodu-
mene breaks down to albite or to eucryptite * albite
depends primarily on the presence or absence of
quartz, and thus on the activity of silica within and
around large spodumene crystals (London and
Burt, 1980, 198lb).

The conversion of eucryptite to muscovite is
facilitated by the fact that the Al:Si ratios are the
same in both minerals, and thus the formation of
pseudomorphic mica in spodumene is enhanced by
a local lowering of silica activity (London and Burt,

Fig. 12. Photomicrograph showing the incipient replacement
of lithiophilite (Lth) by hureaulire (Hur) + triploidite (Tpd).

Specimen is from the Midnight Owl pegmatite. Crossed polars.
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Strafford, New Hampshire (see London and Burt,

1981b). Various replacement assemblages in the

alteration sequence described above (i.e., albite,

eucryptite + albite, mica * albite, and pure mica)

have been documented from many pegmatites,

some of which are listed in Table 2 of London and

Burt (198lb). These reported occurrences indicate

that the type of spodumene alteration observed in

the White Picacho lithium pegmatites is common in

zoned lithium pegmatites elsewhere, especially in

those pegmatites that contain cleavelandite or

cleavelandite-mica complexes near spodumene-

bearing zones.

Alteration of monte brasit e

The formation of secondary montebrasite by OH-

for-F exchange in the primary phase presumably

reflects an increase in the ratio asrslallp in the

residual fluid. Increase in this activity ratio implies

a depletion in fluorine (perhaps due to crystalliza-

tion of apatite or of micas, or of the montebrasite

itselfl or a relative increase in asr6 with decreasing

Fig. 13. Photomicrograph showing the late-stage replacement

of robertsite (Rob) by Mn-chlorapatite (Mpt). The veinlet cuts

hureaulite (Hur). Sample is from the Midnight Owl pegmatite.

Crossed polars.

1980, 1981b). The direct conversion of spodumene

to muscovite liberates silica:

3 L i A l S i 2 O 6 + K * + 2 H -
spodumene

: KAlrSi:Oro(OH)z + 3SiO2 + 3Li+

muscovite qtartz

but quartz usually is not present in muscovite

pseudomorphs after spodumene from the White

Picacho district or from other localities (e.9., Gra-

ham, 1975). Graham (1975) suggested that some,

but not all, of the silica liberated by mica-forming

reactions could be incorporated in secondary micas

with high Si:Al ratios. Another possible explana-

tion lies in the fact that mica pseudomorphs after

spodumene in the White Picacho pegmatites (and at

other localities) usually are embedded in nearly
pure cleavelandite that in some cases appears to

have replaced pre-existing pegmatite. The replace-

ment of quartz-spodumene pegmatite by large

masses of cleavelandite (with locally complete con-

sumption of quartz) may facilitate the conversion of

remnant spodumene to mica without producing

additional qtrartz (see Figs. 7 and 8, London and

Burt. 1981b).
The pseudomorphic replacements of spodumene

in the White Picacho pegmatites are identical in

mineralogy and texture to those observed in pegma-

tites at Branchville, Connecticut, and at Center

Fie. 14. Photomicrograph showing the replacement of

hureaulite (Hur) + triploidite (Tpd) by dickinsonite (Dck) (top)

and followite (Fil) (bottom). Homestead specimen, in crossed

polars.
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temperature (Korzhinskii, 1957 Munoz and Eug-
ster. 1969).

The initial cation metasomatism of primary and
secondary montebrasite involved Ca-for-Li ex-
change, producing hydroxyl-apatite and minor
crandallite. Subsequent conversion of montebrasite
to muscovite was far more extensive and reflects a
high mobility of Li, K, Si, and P, but not Al.

In spite of their rarity in these pegmatites, the
occurrences of scorzalite, kulanite, wyllieite, auge-
lite, and brazilianite offer additional insight into the
chemistry of the postmagmatic fluids. Except for
early formed schorl near the pegmatite borders,
scorzalite, kulanite, and wyllieite are the only Fe-
rich phases in the White Picacho pegmatites. The
rarity and volumetric insignificance of these three
phosphates emphasizes the extreme depletion in Fe
(and enrichment in Mn) found in these pegmatites.
The composition of White Picacho wyllieite is nota-
ble in that the weight ratio MnO:FeO is nearly 3:1
(analyses 69-:72, Appendix l), implying that the
M(1) and M(2a) sites are occupied predominantly
by Mn (c/. Moore and Ito, 1979). Kulanite was
identified in altered montebrasite from the Midnight
Owl pegmatite by a comparison of properties re-
ported by Mandarino and Sturman (1976) for kulan-
ite and by Moore et al. (1973) for bjarebyite,
(Ba,Sr)(Mn2*,Fe2*,Mg;2A12(PO4)3(OH)3, from the
Palermo #1 pegmatite, New Hampshire. As in its
type occurrence, kulanite from the White Picacho
pegmatites contains no Sr, and this fact may indi-
cate that the White Picacho pegmatites were rela-
tively depleted in Sr (as compared to the phospho-
rus-rich Palermo #l pegmatite, which contains
bjarebyite, goyazite, and other Sr-bearing phases:
Kampf, 1981). The general absence of aluminum
phosphates such as augelite, trolleite, etc., in the
White Picacho pegmatites may be explained by the
fact that the postmagmatic fluids were relatively
rich in K, Ca, and Si, thus favoring formation of
apatite * muscovite over augelite. Of the five rare
secondary phosphates noted above, brazilianite is
the most abundant. Its occurrence late in the mon-
tebrasite alteration sequence suggests that its stabil-
ity is analogous to that of lacroixite, NaAIPO+
(F,OH). Lacroixite is incompatile with lithium alu-
minosilicates in the presence of quartz (Burt and
London, 1978; London and Burt, 1981b). In the
White Picacho pegmatites, the presence of spodu-
mene with albite and quartz probably buffered the
a14r*layi* ratio in the co-existing fluid at values
sufficiently low that brazilianite, like lacroixite, was

unstable throughout most of pegmatite crystalliza-
tion. Because montebrasite occurs near or with
spodumene + quartz in these pegmatites, the alter-
ation of montebrasite to brazilianite probably took
place only after spodumene had been locally de-
stroyed (i.e., converted to albite and/or muscovite).

The alteration sequence of montebrasite from the
White Picacho pegmatites has few known parallels
in other districts. Extensive replacement of the
primary phase by low-fluorine secondary montebra-
site has been documented only from the Tanco
pegmatite, Manitoba (eernii et al., 1972), but this
alteration probably is more common than is pres-
ently recognized. Products of Ca-for-Li ion ex-
change (e.g., foggite, crandallite, and especially
apatite) have been reported from numerous local-
ities (e.9., Ginzburg, 1950; Fisher and Runner,
1958; Gallagher, 19671' Moore et a|.,1975), but the
extensive replacement of White Picacho montebra-
site by apatite * muscovite and by pure muscovite
appears to be unique. Late-stage rims of colloform
gray carbonate-apatite surrounding amblygonite-
montebrasite may be common in pegmatite districts
other than the White Picacho (Moore. 1973). but
they are not well documented.

Alteration of lithiophilite

The incipient alteration of lithiophilite coupled
hydration with removal of lithium to form hureau-
lite and triploidite. These secondary phosphates are
abundant in most of the pegmatites that contain
lithiophilite, and most subsequent alteration of lith-
iophilite apparently involved replacement of these
two phases. Following the formation of hureaulite
and triploidite, alteration of lithiophilite nodules
essentially involved progressive Ca-for-Mn cation
exchange (Fig. 15). Dickinsonite, fillowite, and wyl-
lieite occur only in lithiophilite nodules embedded
in albite. Formation of these three phases reflects
an increasinS aguz*fo*rz* in the aqueous fluid, as
well as a locally high activity of Na*. In the same
way that brazilianite is chemically analogous to
lacroixite, dickinsonite, fillowite, and wyllieite can
be considered analogous to natrophilite, NaMnPOa
(i.e., they are principally Na-Mn phosphates). Na-
trophilite, like lacroixite, is incompatible with spo-
dumene in the presence of quartz (Burt and Lon-
don. 1978: London and Burt. l98l) and is absent in
the White Picacho pegmatites. In its only known
occurrence at Branchville, Connecticut (Brush and
Dana, 1890), natrophilite appears to be the direct
product of Na-for-Li exchange in lithiophilite, and
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Fig. 15. Compositions of lithiophilite replacement minerals (in

wt.Vo) on the ternary CaO{MnO + Mn2O3)-(FeO + FezOr).
Numbers in parentheses indicate the number of specimens

analyzed (by electron microprobe). Representative analyses are
given in Appendix l.

the structural similarities between these two miner-
als seems to confirm this (Moore, 1972). In the
White Picacho pegmatites, it appears that the pres-

ence of spodumene with albite and quartz kept
values of a5i,*/cs;* in the fluid sufficiently low that
lithiophilite was not converted to natrophilite. By
the time the ratio ayuJayy had increased sufficient-
ly to promote the growth of Na-rich phosphates
(i.e., after spodumene had been destroyed by albiti-
zation), most lithiophilite probably had been con-
verted to hureaulite + triploidite, and the activity of
Caz* may have increased in the fluid. This circum-
stance apparently led to the formation of dickinson-
ite, fillowite, and wyllieite from hureaulite and
triploidite.

Fillowite, dickinsonite and wyllieite are usually
intimately intergrown, and this fact suggests that
they formed contemporaneously. In the White Pica-
cho material, these three phases possess sharp
crystal boundaries and appear to be optically homo-
geneous; however in some respects, the distinction
between phases is unclear. For example, some
material that possesses the optical properties and
composition (analyses 2l-24, Appendix 1) of dick-
insonite apparently has the unit cell (both symmetry
and dimensions) of wyllieite. Fisher (1965) has
demonstrated that a complex paragenetic relation-
ship exists among these minerals that depends on
temperature and asr6. There is little doubt that the
crystal-chemical relations among these three phases

are very complex (Moore and Ito, 1979; Moore,
1981), and an understanding of their stability rela-

tions suffers from their extremely limited occur-

rences. The subsequent formation of fairfieldite,

robertsite, and apatite implies that ag^z+laMnz* irl-

creased throughout the alteration episode.

Chlorine-rich apatites produced at this stage of

alteration further reflect that postmagmatic fluids in

these pegmatites were F-deficient. Although pri-

mary apatite containing 5-7 wt.% MnO is common

in these and other pegmatites, the secondary apatite

in this association contains almost 14 wt'%o MnO

and is the most Mn-rich apatite known to us. The

high Mn contents of these apatites can reasonably

be attributed to the locally high activity of Mn2*

(liberated by the breakdown of hureaulite, triploi-

dite, etc.). The highly oxidized phases, such as

purpurite, stewartite, strengite, etc., reported by

Jahns (1952) appear to be weathering products.

Sicklerite at the White Ridge pegmatite also may be

the result of weathering or of near-sutface reactions

with meteoric water, inasmuch as spodumene and

montebrasite from this pegmatite do not exhibit the

metasomatic alteration observed in the other peg-

matites.
The metasomatic replacement assemblages iden-

tified in the White Picacho lithiophilite are most

similar to those described by Brush and Dana (1878,

1879a,1879b, 1890) from the Branchville pegmatite,

Connecticut; however, the sequence of replace-

ments in Branchville lithiophilite has not been clear-

ly established, largely because the replacement

products are relatively coarse grained and occur as

irregularly distributed patches in nodules rather

than in the discrete veinlets often observed in the

White Picacho material. These suites of Mn-rich

secondary phosphates reflect the high MnO/(MnO

+FeO) ratios of the primary lithiophilite at these

localities. They are similar to the products of meta-

somatically altered lithiophilite from other localities
(e.g., Matsubara and Kato, 1980), except that the

higher Fe content of primary lithiophilite in most

other pegmatites leads to a somewhat different suite

of alteration minerals that contain essential Fe3*
(see Moore, 197 3, for a list of secondary phosphates

containing Fe'*).
Na- and Ca-rich phosphates similar to those

identified in the White Picacho district are common

products of metasomatic alteration of lithiophilite-

triphylite. Moore (1971) has identified large masses

of alluaudite that replace triphylite in several peg-

matites of the Black Hills district, South Dakota. In

an occurrence similar to that described from the

White Picacho district, Moore (1973) also reported
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an occurrence oflarge, partially replaced crystals of
triphylite from the Pleasant Valley pegmatite, South
Dakota, in which relict cores of triphylite were
surrounded by a thick mass of secondary alluaudite,
which is finally rimmed by secondary apatite.

Sicklerite is a common product of oxidation and
alkali leaching in Fe-rich lithiophilite and triphylite,
as at the Stewart pegmatite, California (Shigley and
Brown, 1980), and the Varutriisk pegmatite, Swe-
den (Quensel, 1957). Sicklerite occurs sparingly at
the White Ridge pegmatite in the White Picacho
district; lithiophilite from the White Ridge also is
much more Fe-rich than at the other localities in the
district (analysis 3, Appendix l), a factor that
undoubtedly facilitated its oxidation and conversion
to sicklerite. As at most other lithiophilite-triphylite
localities, highly oxidized and alkalileached phases
such as purpurite, stewartite, and strengite are
common in White Picacho lithiophilite (Jahns,
1952); however, as noted above, these phosphates
and sicklerite appear to have been formed by
weathering.

Geochemical trends

Crystallization of the primary lithium minerals

The primary textural and zonal features observed
in the White Picacho pegmatites are typical of
steeply dipping, zoned lithium pegmatites else-
where. Nevertheless, a few details are worthy of
emphasis. Primary montebrasite (or amblygonite)
and lithiophilite (or triphylite) are commonly em-
bedded in massive quartz in the White Picacho
pegmatites, as at other well-known, P-rich pegma-
tites such as the Palermo #l pegmatite, New
Hampshire, and the Newry pegmatite, Maine (Cam-
eron et al., 1954).In the White Picacho pegmatites,
the primary lithium phosphates appear to have
crystallized after spodumene and primary feldspars,
but this relationship has not been demonstrated in
pegmatites from most other districts (c/. zonal
assemblages 6 through 1l in the generalized crystal-
lization sequence proposed by Cameron et al.,
1949). These observations imply that successive,
fluid-saturated magmas in the White Picacho lithi-
um pegmatites became increasingly rich in phos-
phorus, and phosphates, rather than silicates, were
the last primary minerals to crystallize with qtrartz.
Thus montebrasite and lithiophilite apparently suc-
ceeded spodumene as the stable primary lithium
phases in the White Picacho pegmatites. This se-
quence implies that the activities of the acidic

MO NTEBRA S ITE AND LITH I OP H I LITE

volatiles P and to a lesser extent F increased as
crystallization proceeded, and that spodumene
eventually became unstable with respect to monte-
brasite * quartz:

LiAlsi2o6 + [P2o5 + H2o + HF]
spodumene components of fluid

: LiAIPO4(OH,F) + 2SiO2
montebrasite quartz

The composition of primary montebrasite indi-
cates that the White Picacho pegmatites were not F-
nch (cf. Loh and Wise, 1976). Although Jahns
(1952) reported F-rich minerals such as lepidolite,
triplite, and fluorite from the White Picacho district,
lepidolite is not abundant, and triplite and fluorite
must be very rare (the latter two phases were
sought but not found during this study). Topaz was
not observed by Jahns or by us.

The abundance of minerals containing Li, Be,
Mn, Nb, Ta, and Bi in these pegmatites implies that
they originated from a highly differentiated source
magma. The very high MnO/(MnO + FeO) ratio in
lithiophilite and other Fe-Mn minerals (columbite

and tourmaline) with which it occurs indicates that
the White Picacho pegmatites were highly differen-
tiated with respect to Mn ys. Fe when they were
emplaced. Foord (1976) similarly observed that
garnets and tourmalines from the Mesa Grande
district, California, show increasing enrichment in
Mn vs. Fe at successively later stages of pegmatite
development. The sudden and late appearance of
Mn-rich minerals in the White Picacho pegmatites
remains unexplained.

Relatively coarse-grained cleavelandite units
containing lithiophilite, columbite, beryl, apatite,
zircon, tourmaline, and some mica are present in
most of the White Picacho lithium pegmatites.
Cleavelandite units with similar mineralogy and
texture have been described from at least fiftv
pegmatites in the United States alone (e.g., by Page
et al., 1953; Cameron et al., 1954; Norton et al.,
1962; Jahns and Ewing, 1976), and summaries of
pegmatite occuffences elsewhere (e.g., Vlasov,
196l; Beus, 1960) indicate that these units are
present in highly differentiated lithium pegmatites
throughout the world. The origin of cleavelandite
bodies has been a subject of considerable specula-
tion. For example, their formation may be ex-
plained by the separation of a volatile- and silica-
rich fluid from primary magma, in a model of
differentiation similar to that proposed by Jahns and
Tuttle (1963) and by Osieki and Jahns (1980) for the



LONDON AND BT]RT: SPODUMENE, MONTEBRASITE AND LITHIOPHILITE 109

segregation of large K-feldspar masses from finer-

grained albite. In this context, cleavelandite units

may be analogous to sodic aplite from which a K-,

Li-, and Si-rich fluid separated but did not escape

the closed pegmatite system. These cleavelandite

units may have crystallized from essentially albitic

melts that also might be enriched in less volatile,

residual elements such as Ca and Mn; such melts

also would be enriched in the elements F, P, Zr,

Nb, and LREE that form especially stable complex-

es with alkalis and alkaline earths (e.g., see Ko-

garko et al.,1968; Fleischer and Altschuler,1969;

Watson, 1979). Alternatively, cleavelandite com-

plexes may be produced by reaction of solid phases

(especially spodumene * quartz) with residual mag-

ma (magmatic replacement) or with residual fluids

(postmagmatic replacement). Although albite com-

plexes clearly replaced pre-existing pegmatite at a

few localities (e.g., Norton et al',1962; Jahns and

SPODIJMENE EUCRY?TITE

+
AIAITE

Ewing, 1976), textural evidence usually does not

provide sufficient proof of an origin by replacement.

In the White Picacho pegmatites' however, textural

features (described above) indicate that at least

some parts of cleavelandite or cleavelandite-mica

complexes replaced quartz-spodumene pegmatite'

It is not clear if spodumene reacted with residual

magma or aqueous fluids, but the formation of these

complexes seems to represent the last stage of

coarse-grained crystallization that preceded the

fine-grained, postmagmatic pseudomorphism of the

primary lithium minerals.

Postmagmatic fluids

The initial subsolidus metasomatism of lithium

minerals in these pegmatites took place in an alka-

line environment (Fig. 16), as evidenced by Na-for-

Li exchange (albitization) in spodumene and Ca-for-

Li and Ca-for-Mn exchange in the phosphateg: This

MUSCOVITE MUSCOVITE

A]AITE

orDEsr TrME Yo1'NGEST

SEQUENCE

MONTEBMSITE _>LCI^I-FLUORINE .-> CMNDALLITE --> HYDRO)ffLAPATITE --+ MUSCO1IITE ---) CARBONATE-APATITE

MONTEBRASITE +
MUSCOVITE

+
BRAZILIANITE

LITITIOPHILITE -->TRIPLOIDITE -+ Ca-HUREAULITE --)FAIRFIEIDITE -----> Ih-CHLOMIATITE --) RITODOCITROSITE

+ + t

HUREAULITE DICKINSONITE ROBERTSITE

FILLq,'ITE

-----)

PROCESS

OII-F EXCHANGE

Lt-LEACI{ING

Ca-METASOMATISM

Na-METASOMATISM

K + H METASOMATISM

REPLACEMENT OF

PIIOSPIIATE BY

CARBONATE

A].KALINE METASOMATISM
(ALBITIZATION)

ACIDIC METASOMATISM
(WEAK GRXISENIZATION
OR SERICITIZATION)

Fig. 16. Generalized replacement sequences for spodumene, montebrasite, and lithiophilite, and the inferred chemical processes

that give rise to the observed alteration assemblages. The replacement sequences for montebrasite and lithiophilite have been

abbreviated to show the essential mineralogy. The assemblages are laid out along the time axis in the order and relative timing in

which they seem to occur. The beginning of acidic metasomatism is marked by the appearance of muscovite in spodumene and

montebrasite.
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observation implies that the fluid chemistry
changed significantly from the later primary stage,
when acidic P- and F-rich fluids promoted the
formation of montebrasite + quartz, to subsolidus
conditions sufficiently alkaline to stabilize eucryp-
tite + albite (cf. the stabilities of eucryptite, spodu-
mene, and amblygonite in Fig. 14 of London and
Burt, 1981b). The sodium phosphates brazilianite,
fillowite, wyllieite, and dickinsonite occur late in
the alkaline stage of metasomatic alteration, and
these phases probably formed only after spodu-
mene had been converted to albite and/or micas.

The widespread formation of secondary mica in
spodumene, montebrasite, tourmaline, and much of
the feldspar (especially in oligoclase of the granitic
zones) signifies a gradual change from alkaline to
relatively acidic postmagmatic fluids, as (K+H)-
metasomatism produced alteration characteristic of
sericitization or weak greisenization. Late-stage
fluids were not F-rich, however, as evidenced by
the low F contents of secondary montebrasite, by
the formation of OH- and Cl-apatites, and by the
absence of F-rich phases.

Fluid composition probably varied with location
(as well as time) in these pegmatites. The large,
sharply bounded pegmatitic zones are essentially
mono- or bi-mineralic, and with respect to the fluid
phase, each zone may have constituted its own
chemical system. As a result of this isolation, much
of the observed pseudomorphic alteration may have
been produced as (upwardly) migrating fluids at-
tempted to re-equilibrate with different solid-phase
assemblages from zone to zone. The movement of
fluids through the crystallized pegmatite appears to
have been controlled by fracturing, with the result
that fluids almost certainly moved across zonal
boundaries as channelways opened up. As an exam-
ple, the albitization of spodumene observed in these
and other pegmatites may have been produced as
Na-rich fluids escaped along fractures from cleave-
landite complexes into (overlying) quartz-spodu-
mene pegmatite. The sporadic distribution and the
variations in observed alteration assemblages are
further confirmation that the fluid composition was
non-uniform with location (and with time).

Lithium was removed from the pegmatites during
the alteration episode. Although some Li was incor-
porated in the fine-grained secondary micas, spec-
troscopic evidence indicates that much Li (perhaps
liberated by the pseudomorphic replacement of the
primary lithium minerals) was trapped in large
masses of metasomatic micas and tourmalines at

the exocontacts of these pegmatites. The lithium
amphibole holmquistite, common in some districts
(reviewed by Heinrich , 1965), appears to be absent
in the White Picacho district.

Summary and conclusions

As in most other pegmatite districts, the vast
majority of pegmatites exposed in the White pica-

cho district are granitic in composition, poorly
zoned, and do not contain lithium minerals. The
nine lithium pegmatites that have been recognized
in the district are complexly zoned and contain
minerals of the elements Li, Be, P, Nb, Ta, Bi, and
probably other rare elements. Spodumene, monte-
brasite, lithiophilite, lithian muscovite, and lithian
tourmaline are the primary lithium minerals found
in these pegmatites; however, only spodumene and
montebrasite occur in abundance (Table 2). ln
general, the lithium minerals are restricted to the
inner zones and cores of essentially granitic pegma-
tite.

If crystallization proceeded sequentially from
borders to core, then the primary crystallization
sequence in these pegmatites reflects the usual
increase in activities of Li species (spodumene
follows perthitic microcline as the stable alkali
aluminosilicate), as well as an increase in the activi-
tieS of the acidic volatiles P and F (montebrasite
succeeds spodumene as the stable primary lithium
phase). Coarse-grained cleavelandite units, com-
monly containing major or accessory lithiophilite,
apatite, columbite, beryl, and zircon, occur in all of
the lithium pegmatites and are located near the
margins of quartz-spodumene zones. These appear
to be the latest-crystallizing coarse-grained units,
and they formed at least in part by replacement of
quartz-spodumene pegmatite.

Subsolidus metasomatic alteration of spodu-
mene, montebrasite, and lithiophilite was pseudo-
morphic in nature and produced a large number of
fine-grained secondary phases and replacement as-
semblages. As summarized in Figure 16, the subsol-
idus replacement of the primary lithium minerals in
these pegmatites can be divided into two stages: an
alkaline stage (principally involving albitization),
followed by an acidic stage (with alteration charac-
teristic of greisenization or sericitization). The in-
cipient alteration of these primary lithium minerals
involved cation exchange with a fluid rich in Na and
Ca relative to Li. This initial stage of alteration
seems to indicate that in some interval between late
primary crystallization and the onset of postmag-
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matic alteration, the pegmatitic fluid possibly

evolved from a relatively acidic phase (rich in

volatile P- and F-species) to an F-deficient but

presumably saline fluid dominated (chemically) by

alkalis and alkaline earths. Albitization of spodu-

mene may have been contemporaneous with Ca-

metasomatism of the phosphates, but the formation

of the Na-rich phosphates brazilianite, fillowite,

dickinsonite, and wyllieite probably occurred only

after nearby spodumene had been converted to

albite or micas. The subsequent replacement of

eucryptite, spodumene, and montebrasite by mus-

covite records the development of a weakly acidic

K- and H-rich fluid. This sericitic or greisen-like

alteration also is widespread in tourmaline and in

much feldspar (mostly in plagioclase of the outer,

granitic zones). Finally a more COz-rich fluid de-

posited carbonates (mostly rhodochrosite in lithio-

philite) and carbonate-rich apatite as rims on mon-

tebrasitenodulqs. Similar rims of apatite surround-

ing altered lithiophilite are very manganese- and

chlorine-rich.
The extremely high MnO/(MnO + FeO) ratios

observed in White Picacho lithiophilite, columbite,

e/c. suggest that these pegmatites originated from a

highly differentiated granitic source. The pegma-

tites introduced Li, K, and B to the metamorphic

rocks, producing masses and veins of metasomatic

micas and tourmaline at the pegmatite exocontacts.

All of the minerals and most of the assemblages

identified in the White Picacho pegmatites occur in

complex lithium pegmatites elsewhere. In fact,

many of the textures and assemblages in these

pegmatites are characteristic of lithium pegmatites.

However, we know of no other pegmatite or group

of pegmatites where the history of subsolidus meta-

somatism involving cation exchange between crys-

tals and fluid is so complex, yet decipherable' To

encourage further studies of these and other pegma-

tites, we have made representative samples from

the White Picacho pegmatites available for study

from the museums listed below:

Department of Geology, Arizona State Universi-

ty, Tempe, Arizona 85281; collection numbers

3288-3303.
U.S. National Museum, Division of Mineralogy,

Smithsonian Institution, Washington, District of

Columbia 20560; collection numbers 145123-

145130.
Mineralogical Museum, Harvard University, 24

Oxford Street, Cambridge, Massachusetts 02138;

collection numbers ll7 233-117244.
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