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ABSTRACT

The abundance and distribution of phosphorus were
determined in plagioclase and K-feldspar samples from 59
localities of nine types and subtypes of rare-clement peg-
matites. The incorporation of phosphorus in natural feld-
spars is represented by the coupled exchange AI3* + P5+
= 2 Si4*. For optically inclusion-free samples, the phos-
phorus content of feldspars varies inversely with calcium,
which indicates that submicroscopic inclusions of apatite
are not the cause of phosphorus enrichment. The distribu-
tion of P within individual samples is commonly variable
within and among associated feldspar grains. In associated
K-feldspar + plagioclase pairs, phosphorus is slightly
enriched in the K-feldspar. As expected, feldspars from
gadolinite-type pegmatites (A-type affinity) contain < 0.15
wt.% P,0;, and commonly below detection limit (0.002
wt.% P,Os by spectrophotometry, 0.01 wt.% P,O5 by
EMPA). Feldspars from all other types of pegmatite (gener-
ally S-type affinity) range from below detection limit to 1.20
wt.% P,0;s, with approximately 60% of the data indicat-
ing greater than 0.30 wt.%. For the cases studied, the mean
phosphorus content increases from early to late generations
of primary feldspars within individual pegmatites.
Phosphate-rich peraluminous pegmatites generally have the
most phosphorus-enriched feldspars (Hagendorf, Peerless,
Black Mountain, White Picacho district). Except for the
uniformly low phosphorus contents of feldspars from
gadolinite-type pegmatites, few other systematic differences
are evident among the other different pegmatite types, or
among different subtypes of cogenetic pegmatites within
a given field. The abundance of phosphorus in source lithol-
ogies, activity of apatite or other phosphates in parental
and derivative granitic magmas, and the aluminum satu-
ration of the magmas are important factors in controlling
the phosphorus content of pegmatite feldspars. The phos-
phorus content of pegmatites and related granitic rocks
generally increases with bulk peraluminosity, as reflected
by high whole-rock P,Os, and an abundance of phos-
phates other than apatite. An increase in the solubility of
apatite in the melt with increasing Al content, and a decreas-
ing Ca/P ratio in the melt, caused by plagioclase fractiona-
tion, may promote high P contents of alkali feldspars.
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SOMMAIRE

Nous avons déterminé ’abondance et la distribution du
phosphore dans le plagioclase et le feldspath alcalin d’échan-
tillons de 59 exemples de pegmatites granitiques, subdivi-
sés en neuf types et sous-types. L’incorporation du phos-
phore dans les feldspaths naturels résulte de I’échange
couplée A3+ + P5* = 28i4*, Dans le cas des échantil-
lons limpides, sans inclusions, la teneur en P varie inver-
sement avec la teneur en Ca, ce qui prouve que ce ne sont
pas des micro-inclusions d’apatite qui causent ’enrichis-
sement en P, La distribution du P est généralement varia-
ble a P'intérieur d’un seul grain ou d’un grain 3 Pautre. Dans
un couple plagioclase - feldspath alcalin, le P favorise 1ége-
rement le feldspath alcalin. Comme prévu, les feldspaths
de pegmatites de type gadolinite (2 affinité avec les grani-
tes de type A) contiennent moins de 0.15% de P,Os, et
couramment moins que le seuil de détection, soit 0.002%
de P,0s (poids) par spectrophotométrie, ou 0.01% par
microsonde électronique. Les feldspaths de toute autre
variété de pegmatite granitique, en général & affinité avec
les granites de type S, ont des teneurs variables, de moins
que le seuil de détection 4 1.20% en P,Os; dans environ
60% des cas, la teneur dépasse 0.30% en P,Os. Dans les
exemples étudiés, la teneur moyenne augmente d’une géné-
ration précoce de feldspaths & une génération tardive. Les
pegmatites hyperalumineuses riches en phosphates (e.g., cel-
les des districts de Hagendorf, Peerless, Black Mountain
et White Picacho) possédent les feldspaths les plus enrichis
en P, Sauf pour les faibles teneurs des pegmatites & gado-
linite, il n’y a pas de généralisations 3 faire parmi les autres
types de pegmatites, ou parmi les sous-types cogénétiques
de pegmatites d’une région. L’abondance du phosphore a
la source, Vactivité de ’apatite ou d’autres phosphates dans
les magmas granitiques primaires ou dérivés, et la satura-
tion des magmas en aluminium seraient des facteurs impor-
tants pour expliquer la teneur d’un feldspath en P. La teneur
en P des pegmatites et des roches granitiques affiliées aug-
mente généralement avec le degré d’hyperaluminosité du
systéme, comme le révélent un niveau élevé de P,O; dans
la roche globale et la proportion élevée de phosphates autres
que P’apatite. Une augmentation dans la solubilité de I’apa-
tite dans le magma avec enrichissement de celui-ci en Al,
ainsi qu’une diminution dans le rapport Ca/P du magma
due au fractionnement du plagioclase, pourraient promou-
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voir I’incorporation de quantités importantes de P dans le
feldspath alcalin.

(Traduit par la Rédaction)

Mots-clés: pegmatite granitique, feldspaths, phosphore,
géochimie, systémes hyperalumineux.

INTRODUCTION

In basic to intermediate magmas, the relative
abundance of Ca (in the presence of F, H,O and CI)
promotes the crystallization of apatite, such that the
activity of phosphorus in residual melts is buffered
at low and decreasing values. Watson & Capobianco
(1981) demonstrated experimentally that the solubi-
lity of phosphorus in metaluminous felsic melts (as
controlled by apatite saturation) decreases with the
normal trend of fractionation toward increasing silica
content of melt.

It is significant, therefore, that certain types of
highly differentiated, Ca-poor silicic igneous rocks,
in particular peraluminous leucogranites and their
derivative pegmatites, possess high whole-rock phos-
phorus contents (sometimes in excess of 1.0 wt.%
P,0,), and that the phosphorus content of these
rocks increases with differentiation to the point that
normal silicate assemblages (e.g., of lithium alumi-
nosilicates, garnet) are replaced by analogous
phosphate assemblages (e.g., amblygonite-
montebrasite, Fe-Mn phosphates, efc.: London &
Burt 1982b). By implication, the activity of apatite
in highly fractionated, Ca-poor peraluminous melts
is strongly reduced from the early stages of their
crystallization. In such evolved melts, phosphorus
(along with H,0, B and F) may exert a significant
influence on bulk phase-equilibria, liquid lines of
descent, and abundances and distributions of trace
elements. Some preliminary data on the network-
modifying role of phosphorus, its possible interac-
tion with alkalis, H,O, and various other incompa-
tible lithophile trace elements, and other aspects of
its behavior in differentiated silicic magmas, are pro-
vided by Ryerson & Hess (1980), Mysen ef al. (1981),
London (1987, 1990a), Gan & Hess (1989), and Lon-
don et al. (1988, 1989, 1990).

At the high phosphorus contents evident in many
leucogranitic and pegmatitic rocks, it is reasonable
to expect that an increasing chemical activity of phos-
phorus should lead to incorporation of this element
into crystalline phases that otherwise do not contain
it in significant amounts. In glasses and minerals,
phosphorus forms distorted tetrahedral PO, oxy-
anions with mean P-O bond lengths of 1.54 A (a
resonant structure of three singly bonded and one
doubly bonded oxygen atoms with a high degree of
covalent bond character: Corbridge 1985). Thus,
PO, might be expected to substitute for other tetra-
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hedrally coordinated species (Al, Si, possibly Fe) in
silicate minerals. The most likely charge-balanced
mechanism for phosphorus substitution in
aluminosilicates is AR + P5* = 2 Si**. Although
solid solutions between quartz (SiO,) and isostruc-
tural berlinite (AIPO,) have not been observed or
well studied, Simpson (1977) demonstrated
experimentally that this mechanism of substitution
leads to complete miscibility between alkali feldspars
and their phosphorus analogues, NaAL,PSiOg and
KALPSiOq, at geologically relevant conditions of
elevated fluid pressures.

The structural details of phosphorus substitution
in feldspars are not known. Simpson (1977) noted
that the unit-cell dimensions of P-substituted alkali
feldspars are greater than those of albite and K-
feldspar of the same structural state. An increase in
unit-cell volumes can be rationalized by the substi-
tution of the slightly larger AlO, for SiO, tetra-
hedra, and by distortion caused by the one doubly
bonded oxygen atom in each PO, tetrahedron.
Although the feldspars possess fully polymerized
structures that contain four-coordinate tetrahedra,
note that the existence of a P = O double bond for-
mally limits PO, coordination to not more than
three other cationic species (forming sheet structures)
and thus precludes framework structures. Some of
the data presented here suggest preliminarily that the
AR + Pt = 2 Si** substitution may not be
strictly stoichiometric.

Because of extensive solid-solution with P-bearing
analogues, feldspars should be useful monitors of
phosphorus activity in melt, once the partition coeffi-
cients for phosphorus between feldspar and melt are
known for compositions of varying silica content,
aluminum saturation index (ASI), and Ca content.
As a complement to a current experimental study of
phosphorus in granites and feldspars (London et al.
1990), this paper serves to document the abundance
and distribution of phosphorus in natural alkali feld-
spars from granitic pegmatites. The new analytical
data presented here corroborate the experimental evi-
dence of London et al. (1989) in showing that the
phosphorus content of natural alkali feldspars in peg-
matites is not negligible, and that feldspars may in
fact represent the principal reservoirs of phospho-
rus in many such rocks. This paper, expanded from
the initial study of Pan (1988, Pan & Cerny 1989),
provides the first reconnaissance assessment of phos-
phorus in feldspars from a broad spectrum of peg-
matite types from a variety of localities.

PREVIOUS WORK

A survey of the literature reveals only scanty infor-
mation on the phosphorus content of feldspars. The
few data available indicate, however, that pegma-
tite feldspars are significantly enriched in phospho-
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rus relative to those of mafic and intermediate plu-
tonic rocks. Plagioclase of mafic rocks contains
0.001 to 0.140 wt.% P,Os; plagioclase and K-
feldspar (including anorthoclase and sanidine) of
intermediate to granitic rocks carry 0.01-0.18 and
0.01-0.21 wt.% P,Os, respectively (Corlett & Ribbe
1967, Smith 1974, 1983, Mason 1982, Mason et al.
1982, unpubl. data of Petr Cerny). In contrast,
albite from granitic pegmatites has been reported to
contain up to 0.89 wt.% P,O; (Corlett & Ribbe
1967, Strunz et al. 1975), and pegmatitic K-feldspar,
up to 0.86 wt.% P,O; (Strunz et al. 1975). In feld-
spars from Bavarian granites that spawned rare-
element pegmatites, Strunz ef al. (1975) reported 0.34
to 0.65 wt.% P,0;. The enhanced phosphorus con-
tents of the few samples of feldspars from pegma-
tites examined to date, and the general lack of a
meaningful data-base, indicate a need for systematic
study.

PEGMATITES EXAMINED

Appendix 1 lists localities from which feldspars
were sampled for this study. They were selected to
represent all types and subtypes of the rare-clement
class of granitic pegmatites, from a broad range of
geographic locations and geological environments.
In total, data on feldspars from 59 localities of nine
pegmatite types and subtypes are presented here.
Because of the complexities and variations inherent
in rare-element pegmatites, however, this should not
be construed as a large or necessarily representative
data-set.

The gadolinite type of pegmatite is characterized
by an alkaline to metaluminous signature and enrich-
ment in Nb, Y, F (Ti, REE, Zr, U, Th); it is com-
monly associated with post-tectonic to anorogenic
A-type granites, locally with a probable mantle com-
ponent @erny 1990a, b). The Lovbole pegmatite
belongs to a hybrid pegmatite group transitional into
the beryl-columbite-phosphate subtype. The Crys-
tal Peak pegmatites are properly classified into the
shallow-seated miarolitic class, but their geochemi-
cal features and genetic affiliation rank them with
the gadolinite type (cf. the South Platte pegmatites
of Simmons & Heinrich 1980, Simmons ef al. 1987).

The beryl type of pegmatite is the least fractionated
of the granitic pegmatites found in association with
late- to post-tectonic peraluminous granites. The
beryl-columbite and beryl-columbite-phosphate
subtypes represent a more advanced stage of evolu-
tion, which culminates in precipitation of triphylite
as the first Li-bearing mineral.

The complex pegmatite type is characterized by
substantial contents of lithium minerals. The spodu-
mene subtype represents a high-pressure, low-
temperature counterpart to the low-pressure, high-
temperature petalite subtype, as shown by Stewart
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(1978) and London (1984). The amblygonite subtype
is generated under conditions of high activity of
phosphorus, such that lithium aluminosilicates are
unstable with respect to amblygonite-montebrasite
vig equilibria such as LiAlSi,O4 + PO,(OH,F) =
LiAIPO,(OH,F) + 2 SiO, (London & Burt 1982b).
The lepidolite subtype requires high activity of LiF
and KF at relatively low acidity, with low pKF/uHF
stabilizing topaz also (London 1982). Extreme ‘‘end-
member’’ bulk compositions are, of course, rather
uncommon; spodumene and petalite subtypes rou-
tinely contain amblygonite-montebrasite or
lepidolite-enriched units, or both (e.g., Harding,
Tanco, Varutrisk, Ut6), whereas amblygonite and
lepidolite subtypes are occasionally enriched in
lepidolite and amblygonite, respectively (e.g., Peer-
less, Bob Ingersoll, Riber). Consequently, the clas-
sification shown in Appendix 1 is based on the
volumetrically dominant Li-bearing phase.

By comparison to the zoned complex subtypes, the
albite-spodumene type is nearly homogeneous, high
in bulk Li content but usually rather poor in Be, Nb-
Ta and Sn (e.g., Heinrich 1978, Solodov 1971). The
three localities to be examined here contain apatite,
minor altered triphylite, or other secondary phos-
phates.

Pegmatites of the albite type also tend to be
homogeneous, composed dominantly of saccharoi-
dal to tabular albite with minor K-feldspar or lithium
minerals, and occasionally prominent Be, Sn, Nb-
Ta or Ti mineralization. The Tin Dyke is rich in apa-
tite, but the other two pegmatites of this type listed
in Appendix 1 are poor in this mineral.
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FiG. 1. Comparison of analytical data obtained by electron
microprobe and spectrophotometry, University of
Manitoba. Stars denote feldspars containing percepti-
ble quantities of microscopic inclusions of apatite.
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Further details of the general features of the above
types and subtypes of rare-element pegmatites are
discussed in éerng’r (1989a, b).

SAMPLING AND ANALYTICAL METHODS

Where possible, blocky K-feldspar from cores,
core-margins, or other late-stage internal units were
used in the present study to facilitate meaningful
comparisons among different localities. For all ana-
lyses of K-feldspar, the samples chosen and areas
analyzed were free of perthitic albite lamellae. Some
K-feldspar and albite samples from a given pegma-

TABLE 1. SUMMARY OF THE P,0g CONTENTS OF FELDSPARS

SPECTROPHOTOMETRIC ANALYSES

K-feldspar
N x{wt.%)

plagioclase

Locality range(wt.%) N x(wt.%) range(wt.%)

GADOLINITE SUBTYPE:

Shatford Lake 7 0.012 bdl -0.015 4 0.010 bd1 -0.010
Huron Claim 8 0.123 0.11 -0.14 3 o0.081 0.060-0.110
Rode Ranch - bd1 - - bd1 -
Yiterby 4 0.013 0.012-0.014 3 0.013 0.010-0.021
Lévbble 4 0.116 0.078-0.148 2 0.111 0.096-0.126
Crystal Peak 4 0.006 0.001-0.013 3 0.003 0.001-0.006
BERYL-COLUMBITE SUBTYPE:
Greer Lake 10 0.056 0.022-0.075 § 0.058 0.025-0.081
Bil1 2 0.569 0.541-0.597 - - -
Plex 5 0.159 0.124-0.185 3 0.122 0.104-0.141
Vezna 6 0.074 0.054-0.101 5 0.104 0.087-0.146
BERYL-~COLUMBITE-PHOSPHATE SUBTYPE:
Cross Lake #22 4 1,081 0.861-1.203 - - -
Dan Patch 4 0.439 0.382-0.523 - - -
Bull Moose 5 0.442 0.371-0.536 3 0.3719 0.360-0.410
Big Chief 5 0.429 0.310-0.542 - - -
Hagendorf-Std 6 0.636 0.554-0.782 3 0.373 0.24 -0,51
Dolni Bory 6 0.387 0.304-0.465 5 0.355 0.306-0.410
Pey 4 0.507 0.402-0.562 - - -
COMPLEX - SPODUMENE SUBTYPE:
Bet 3 0.588 0.510-0.584 - - -
Helen Beryl 4 0,182 0.092-0.181 2 0.110 0.080-0.141
Tin Mountain 4 0.545 0.486-0.603 2 0.426 0.420-0.433
Etta 4 0.340 0.270-0.433 2 0.301 0.280-0.323
Tip Top 3 0.336 0.292~0.400 1 0.268 -
Harding 3 0.081 0.073-0.108 - - -
Kamatiwi 7 0.563 0.065-0.732 - - -
COMPLEX - PETALITE SUBTYPE:
Tanco 4 0.518 0.450-0.610 2 0.323 0.280-0.367
Hirvikallio 5 0.325 0.264-0.378 2 0.263 0.220-0.306
Luolaméki 3 0.435  0.408-0.481 2 0.363  0.356-0.370
Varutrisk 12 0.490 0.364-0.590 4  0.34] 0,316-0.371
5 0.472 0.389-0.532 2 0.320 -
COMPLEX - LEPIDOLITE SUBTYPE:
High Grade Dike 2 0.063  0.028-0.099 - - -
Riber 1 0.33 - - - -
Bob Ingersoll 3 0.501 0.440-0.542 2 0.350 0.315-0.385
Radkovice 2 0.413 0.412-0.414 - - -
Biskupice 1 0.669 - - - -
COMPLEX - AMBLYGONITE SUBTYPE:
Peerless 3 0.567 0.402-0.677 2 0.310 0.300-0.320
Vittaniemi 5 0.409 0.327-0.482 3 0.283 0.286-0.311
ALBITE - SPODUMENE TYPE:
Violet 4 0.071 0.063-0.088 - - -
Nite 3 0.413 0.364-0.445 - - -
ALBITE TYPE:
Tin Dyke - - - 3 0.01 -
0dd - - - 3 0.447 0.410-0.470
Hengshan - - - 3 0.317 0.240-0.370
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tite come from the same textural-paragenetic zone,
but are not necessarily paired in mutual contact. In
many samples, albite (commonly with Li-micas,
tourmaline, apatite, efc.) is interstitial to blocky K-
feldspar, and hence may not be strictly cogenetic with
the megacrystic K-feldspar phase. Consequently,
these K-feldspar - albite pairs are designated as
associated rather than coexisting feldspars. A num-
ber of albite samples come from saccharoidal to
coarse-grained albitic units with no directly
associated K-feldspar. Representation of more-or-
less complete sequences of crystallization was
attempted only in a few cases, to further explore
changes in phosphorus content during crystallization
of individual pegmatite bodies (as examined initially
by (vJern)" et al. 1984). Finally, note that the fre-
quency distribution of feldspars sampled for this
study is not weighted to the relative abundance of
different types and subtypes of pegmatite in nature.
Were they so weighted, there would probably be
more values for the more common types of pegma-
tite (e.g., beryl-columbite and complex-spodumene
categories) and fewer data for less widespread types
of pegmatite (e.g., gadolinite type, amblygonite and
albite subtypes).

Analyses conducted at the University of Manitoba
utilized a UNICAM Sp 500 series 2 spectrophotom-
eter for colorimetric determination of phosphorus

TABLE 2. SUMMARY OF THE P,05 CONTENT 05 FELDSPARS

ELECTRON MICROPROBE ANALYSES

K-feldspar plagfociase
Locality N X(wt.%) ran N_ X{wt. range(wt.%,
ERYL-COLUMB SUBTYPE:
Case - - - 3 bd1 bd1 -0.051
Gotta-Apple Orchd 3 0.107 bd1 -0.173 7 bd1 bdl -0.117
Hale 1 0.129 - 7 0,068 bdl -0.832
White Rocks 2 0.083 bdl -0.196 5 bd1 bdl -0.148
ERYL -COLUMBITE-PHO: TE SUBTYPE:
Palermo - - - 2 0.227 bd1 -0.588
COMPLEX - SPODUMENE SUBTYPE:
Bennet - - - 3 0.061 bdl -0.107
Black Mountain 8 0.417 0.318-0.508 35 0.200 bdl -0.657
Branchville 3 bd bdl -0.068 10 0.114 bdl -0.398
Etta - - - 2 0.103 bdl -0.352
Gotta-Walden - - - 6 0.066 bdl -0.142
Helen Beryl - - - 2 bd1
Harding 1 bd1 bdl 7 bdl bdl -0.147
Homestead - - - 6 0,153 bdl -0.827
HMidnight Owl 2 0.398 0.334-0,470 1 bdl -0.044
Strickland 3 0.187 bdl -0.257 8 0,066 bdl -0.175
Tin Mountain - - - 2 0.086 bdi -0.125
¥hite Ridge 2 0.359 0.196-0.428 3 0.100 bdl -0.355
COMPLEX - PETALITE SUBTYPE:
Tanco 1 bd1 bdl 7 0N bdl -0.443
COMPLEX -~ LEPIDOLITE SUBTYPE:
Swanson - - - 8 0.178 5d1 -0.5670
Bob Ingersoll - - - 3 0.312 bdl -0.443
Himalaya/S. Diego - - - 12 bd1 bdl -0.215
Little Three - - - 5 bdl bdl -0.145
Stewart - - - 3 0.142 bd1 -0.203
ALBITE - SPODUMENE TYPE:
Kings Mountain 3  0.336 0.010-0.601 9 0.169 bdl -0.491

* no analyses: -~ 3 below detection: bdl; University of Manitoba

* no analyses: - ; below detection: bdl; University of Oklahoma
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as molybdenum blue (Jeffery & Hutchison 1981).
Dissolution of 0.5 to 1.0 g of powdered feldspar,
manually separated from 1-3 mm chips under a
binocular microscope, was achieved by acid diges-
tion. A calibration curve was constructed from read-
ings on standards prepared from a KH,PO, stock
solution. The detection limit proved to be 0.002 wt.%
P,0s.

For comparative purposes, these same feldspars
were analyzed by electron microprobe (EMP); the
analyses were performed on a MAC-5 instrument
in wavelength-dispersion mode, with 120 seconds
counting time at 15 kV accelerating potential and
0.04 nA sample current. Taylor Wilberforce apatite
was used as the phosphorus standard, calibrated
against orthoclase or albite background. The detec-
tion limit was found to be close to 0.01 wt.% P,Os
at two standard deviations above mean background.
Because of phosphorus variability from point to
point, multiple points were analyzed and averaged
for each grain to facilitate a comparison with the
results of spectrophotometry.

Figure 1 compares the results obtained by the two
methods. The match is in general very good, except
for a few samples that proved to contain relatively
abundant microinclusions of apatite. Optical
microscopic checks of samples plotting close to the
1:1 reference line showed only traces of apatite or
its total absence.

Additional electron-microprobe analyses (EMPA)
of feldspars from other localities were performed on
a CAMECA SX-50 microprobe at the University of
Oklahoma. Beam conditions were 15 kV, beam cur-
rent of 10 nA, spot size of 5 um. Apatite from
Durango was used as the phosphorus standard, with
a live counting time of 120 seconds on samples. Data
were reduced by the PAP procedure (Pouchou &
Pichoir 1985). The detection threshold for phospho-
rus, taken conservatively as three standard deviations
above mean background, was 0.04 wt.% P,Os.

The analytical results are summarized in Tables
1 and 2. Again to facilitate comparisons, the EMPA
results listed in Table 2 and used in subsequent
figures (except where noted) represent averages of
multiple points on individual grains. Complete list-
ings of all data condensed here may be obtained at
nominal cost from the Depository of Unpublished
Data, CISTI, National Research Council of Canada,
Ottawa, Ontario K1A 0S2.

RESULTS AND DiSCUSSION
Phosphorus distributions within individual grains
The results of EMPA reveal that the distribution
of phosphorus in individual grains (1-2 mm portions

of larger crystals) is commonly patchy (also see
Corlett & Ribbe 1967), and may vary from near
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FiG. 2. Comparison of CaO content versus P,O5 content
in feldspars (EMPA, all data from Table 2), Univer-
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FiG.. 3. The P,0O5 contents of associated K-feldspar and
plagioclase, showing slight preference for incorporation
of P in the K-feldspar. Results of spectrophotometric
analyses (+) from Table 1, University of Manitoba;
EMPA results (A) from Table 2, University of
Oklahoma.

detection to >0.5 wt.% P,0s. There is no positive
correlation of phosphorus with Ca, indicating that
microinclusions of apatite are not responsible for this
variability (Fig. 2). Also, the P,Os contents of some
grains are internally homogeneous, but different by
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FiG. 4. Increase in P,O5 content in crystallization sequences of K-feldspar in the
Tanco (T), Biskupice (B), Radkovice (R) and Dolni Bory pegmatites (DB), and

in the
(from Cerny et al. 1984).

TABLE 3. THE PHOSPHORUS CONTENT IN FELDSPAR CRYSTALLIZATION SEQUENCES
PEGMATITE
ZONE N x range

TANCQ (K-Feldspar)

wall 0.356 0.291 - 0.394
intermediate 5 0.340 0.363 - 0.483
core 4 0.516 0.450 - 0,610
BISKUPICE (K-Feldspar)

border 2 0.426 0.390 - 0,462
wall 1 0.580 -
intermediate 2 0.592 0.580 - 0.604
core 1 0.669 -
RADKOVICE (K-Feldspar)

border 1 0.111

wall 1 0.133 -
intermediate 2 0.160 0.112 - 0.209
intermediate 2 0.281 0.281 - 0.281
core 2 0.413 0.413 - 0.414
DOLNI BORY (K-Feldspar)

border 1 0.110 -
intermediate 2 0.225 0.182 - 0.268
core § 0.387 0.304 - 0.485
YEZNA {K-Feldspar)

wall 3 0.011 0.006 - 0.01%
intermediate 5 0.012 0.007 - 0.018
graphic 4 0.037 0.008 - 0.064
core 1 0.074 0.054 - 0.101
vugs 2 0.172 0.092 - 0,251
adularia 1 0.078 -
VEZNA (Plagioclase)

wall 4 0.024 0.023 - 0,026
intermediate 2 0.027 0.024 - 0.029
graphic 5 0.097 0.076 - 0.118
tore § 0.104 0.087 - 0.146
vugs 2 0,157 0.146 ~ 0.168
border with apatite 4 0.022 0.018 - 0.026

more than an order of magnitude from other grains
taken several millimeters away in the same sample.
Patchy, heterogeneous distributions of phosphorus
within and among associated feldspars could arise

JK-feldspar and plagioclase sequences of the Vezna (VEZ) pegmatite

from: (i) rapid, disequilibrium growth of feldspars
(e.g., Cerny et al. 1984, London et al. 1989); (ii)
local gradients in concentration in the melt stemming
from chemical potential gradients induced by crys-
tallization of phosphates; or (iii) localized gain or
loss of phosphorus as a result of sporadic but exten-
sive feldspar re-equilibration along cleavage or frac-
ture surfaces. The variability observed in this study
points to a complex but potentially very informative
behavior of phosphorus in feldspars of differentiated
granite-pegmatite systems.

The EMPA data represented in Table 2 show close
conformity to the Al + P = 2 Si substitution
mechanism, i.e., XP/(XAl - 1) = 1 for most sam-
ples, but exceptions appear to exist. Specifically, the
ratio XP/(XAl - 1) tends to be slightly greater than
1 for K-feldspar (those data summarized in Table 2),
which tends to be richest in phosphorus, with con-
sequently good X-ray counting statistics. Experimen-
tally grown P-rich alkali feldspars with 1 to 3 wt.%
P,0; consistently show XP/(XAl - 1) greater than
1 (London & Loomis, unpubl, data). Given that dis-
torted PO, tetrahedra with one P =0 bond are not
truly isostructural with SiO, or charge-balanced
AlO, tetrahedra, the structural incorporation of
phosphorus in feldspars could involve vacancy- or
other defect-generating schemes that promote other
substitutions in addition to the isovalent Al + P =
2 Si substitution.

Partitioning of phosphorus
between K-feldspar and plagioclase

Figure 3 shows data averaged for associated K-
feldspar + plagioclase pairs, indicating a slightly to
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distinctly preferential incorporation of phosphorus
into the K-feldspar structure. This is in agreement
with previous results obtained on truly coexisting
feldspars, including perthitic exsolution pairs (e.g.,
Smith 1974, 1983, Mason 1982). In most samples
studied, however, albite is interstitial to the blocky
K-feldspar, and hence is paragenetically later than
the substrate K-feldspar megacrysts. Preliminary
experimental results fail to show fractionation of
phosphorus between potassic and sodic feldspars in
appropriately constructed comparisons (London et
al. 1990).

Internal evolution within individual pegmatites

Figure 4 and Table 3 show P,0; contents in K-
feldspar crystallization sequences from four pegma-
tites, and in K-feldspar and plagioclase sequences
from the Vezna pegmatite, taken from (Ylem)’r et al.
(1984). With progress of pegmatite consolidation, the
P,O; content of the feldspars invariably increases.
However, two deviations from this trend are not
illustrated in Figure 4. Firstly, feldspars coprecipi-
tated with abundant apatite can be severely depleted
in phosphorus, as shown by (‘Jern& et al. (1984) on
an oligoclase + apatite pair of the Vezna pegma-
tite, generated locally by reaction with serpentinite
wallrock and not easily correlated with the internal
zoning sequence illustrated in Figure 4. This
oligoclase contains only 0.018-0.026 wt.% P,O;.
Secondly, late low-temperature K-feldspar of secon-
dary origin is commonly poor in phosphorus, as
shown by the Vezna adularia (éermj et al. 1984:

0.078 wt.% P,0s), and by other samples of adularia
from granitic pegmatites (Cerny & Chapman 1984).

Range and frequency

Figure 5, which includes data from all pegmatite
types and subtypes, shows that the P,O; contents of
plagioclase range from below detection to 0.57 wt. %,
and those of K-feldspar from below detection to 1.20
wt.%.

Frequency distributions of P,O5 contents of both
K-feldspar and plagioclase are distinctly bimodal.
Both histograms in Figure 5 contain a prominent
mode at or slightly above detection level. The mean
values of modes corresponding to higher P,O; con-
tents lie near 0.45 wt.% P,0; for K-feldspar, and
0.20 wt.% P,0; for plagioclase. The lower mean
value for plagioclase may stem partly from incom-
plete sampling (i.e., a lack of plagioclase data from
pegmatites with the highest P,O; contents in K-
feldspar).

As shown below, the mode at low phosphorus
values is populated by feldspars from gadolinite-type
pegmatites, with a substantial proportion of the data
from the peraluminous types and subtypes (Fig. 5).
In contrast, the high-P,Os mode consists solely of
feldspar data from peraluminous pegmatites.

Feldspars of pegmatites of the gadolinite type
The data for feldspars from the gadolinite pegma-

tites, condensed within the P,Os-poor maxima of
Figure 5, are spread out and subdivided in Figure
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6. All feldspars from four typical pegmatites or peg-
matite groups of this type contain less than 0.02
wt.% P,Os, and most are near or below the detec-
tion limit. The only feldspars with higher concen-
trations of P,0O; (0.06-0.15 wt.%) come from the
Huron Claim pegmatite (the most fractionated and
mineralized member of the Shatford Lake Group,
Manitoba), and from the Lévbole pegmatite, Fin-
land, which belongs to a group of atypical pegma-
tites transitional into Li-enriched peraluminous mem-
bers. In general, it appears that the P,O5 contents
of feldspars in gadolinite pegmatites are consistently
low relative to those in other types or subtypes.

Feldspars of the peraluminous pegmatites

With very few but significant exceptions, mean
P,0; contents of these feldspars are much higher
than those of the gadolinite category. Internally,
however, they are much more variable.

Figure 7 shows a broad spread of P,0O;s values
among feldspars of virtually all subtypes of per-
aluminous pegmatites. For the existing data, mean
values of P,Os in alkali feldspars appear to be
lowest for the beryl-columbite subtype, highest for
the beryl-columbite-phosphate and all complex
categories, then decreasing again for albite-
spodumene and albite subtypes (Table 4). Some over-
lap between populations exists, however, at the lo

deviation about mean values (Table 4). Also, the
histograms for the albite-spodumene and albite sub-
types are so sharply bimodal that statistical averages
for these data appear to be meaningless in the
absence of more data. In addition to the unbalanced
sample-base for this study, other factors present
problems for such general comparisons of pegma-
tite subtypes. There may be (and in fact are) signifi-
cantly different degrees of fractionation among
individual pegmatite bodies within the same subtype.
Also, the absolute abundance of phosphorus (as
manifested by phosphate minerals) varies dramati-
cally for similar types of pegmatites from different
pegmatite fields. Thus, only limited conclusions can
be drawn, and interesting features pointed out, from
the present data.

In general, the phosphorus content of feldspars
is low in pegmatites that contain abundant apatite
as the only or principal phosphate phase. This is to
be expected from the fact that continuous crystalli-
zation of apatite (in rare-element pegmatites that are
anomalously enriched in Ca) should buffer the phos-
phorus content of residual melts at low and decreas-
ing values (Watson & Capobianco 1981). Apatite
abundance is moderately to remarkably high in the
Harding, Violet and Tin Dyke pegmatites. These peg-
matites are conspicuous by the very low abundances
of P in their feldspars relative to their counterparts
in their respective categories. However, the phospho-
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rus content of feldspars is uniformly higher in leu-
cogranites and associated pegmatites that contain
apatite or other phosphates than in granites that con-
tain no phosphates at all. In the Winnipeg River dis-
trict, Manitoba, the Greer Lake leucogranite and its
pegmatite aureole are extremely depleted in phospho-
rus, whereas the neighboring Osis Lake and Bernic
Lake systems (represented in this study by the Tanco
pegmatite) are enriched in phosphorus in all their
members (éerny et al. 1981, Goad &(Vlern}" 1981).
In the first case, apatite is extremely rare, no other
phosphates were encountered, and phosphorus con-
tents of feldspars are negligible. In the other intru-
sive suites, apatite is present with other phosphates
in both the leucogranite and pegmatites of all types
or subtypes, and the phosphorus content of feldspars
is moderate to high. Within a single deposit, feld-
spars that coprecipitated with phosphates may con-
tain more phosphorus than in similar but phosphate-
absent assemblages. For example, tabular albite crys-
tals intergrown with phosphates (triphylite,
amblygonite-montebrasite) from Black Mountain,

TABLE 4, MEAN CONCENTRATION AND STANDARD
DEVIATION FOR PHOSPHORUS IN FELDSPARS FROM
PERALUMINOUS PEGMATITES (SEE FIGURE 7)

pegmatite types/subtyvpes X 18.0.
beryl-columbite 0.137 0.148
beryl-columbite-phosphate 0.592 0.229
complex spedumene 0.352 0.204
complex petalite 0.422 0.130
complex lepidolite 0.383 0.197
complex amblygonite 0.47% 0.120
albite-spodumene 0.255 0.171
albite 0.250 0.197

Maine, contain significantly higher phosphorus con-
tents than does albite from phosphate-free, albite-
rich portions of the pegmatite (albite-lepidolite-
tourmaline masses interstitial to spodumene). Fine-
grained, saccharoidal albite from this pegmatite con-
tains more phosphorus than do coarse-grained, tabu-
lar crystals from the same unit with the same miner-
alogical assemblage and mode.
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TABLE 5. MEAN AND STANDARD DEVIATIONS FOR
PHOSPHORUS IN PLAGIOCLASE FROM PEGMATITES
OF THE MIDDLETOWN FIELD (SEE FIGURE 8)

pegmatites X 18.D.
White Rocks 0.060 0.082

Case, Hale, Gotta-Apple Orchard 0.047 0.051
Strickland, Gotta-Walden 0.064 0.041
Swanson 0.181 0.141

Comparisons among cogenetic
pegmatites within the same field

Different but cogenetic pegmatites from the same
field may provide more meaningful comparisons
than the groupings by pegmatite type or subtypes dis-
cussed above. The variability of P,O5 contents of
feldspars is extensive even in genetically constrained

populations. Three of the four fields illustrated in
Figure 8 show broad overlaps among the different
categories of pegmatite, with no consistent shifts
from one to another. One possible exception is the
Yellowknife field, which shows a relatively restricted
range. This probably results from the rather simple
array of pegmatite types and subtypes in this field
and its overall geochemical uniformity (Meintzer
1987). In the Middletown pegmatite field, Connec-
ticut, average phosphorus contents of plagioclase
appear to be similar (Table 5), from the source peg-
matitic granite (White Rocks) through a group of
weakly to modestly differentiated complex pegma-
tite bodies (Hale, Case, Gotta Apple Orchard, and
Gotta-Walden and Strickland, the latter two of
which contain minor spodumene and traces of
lithium phosphates). However, the P,O, content of
albite from the Swanson pegmatite, a complex
lepidolite subtype and the most differentiated peg-
matite in the field, is conspicuously higher than the
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rest. Interestingly, the Swanson body is also one of
the most phosphate-rich pegmatites in this field, and
albite from this pegmatite is clearly cogenetic with
very abundant apatite and minor triplite.

SUMMARY

The extreme variability of phosphorus in feldspars
at all scales of examination (individual small grains
to pegmatite fields) points to a very complex history
and behavior of phosphorus in rare-clement pegma-
tites. With additional analytical and experimental
data, however, the phosphorus content of feldspars
from pegmatites and compositionally similar leu-
cogranites has the potential for revealing much infor-
mation on many facets of crystallization, melt
differentiation, and trace-element fractionation
(especially for the REE) in evolved silicic melts.

The distinctly low P,Os content of feldspars from
the gadolinite-type pegmatites may result from
cumulative effects of protolith composition,
‘‘orthomagmatic™® crystallization of apatite, and
approximately subaluminous chemistry of the peg-
matites, for the following reasons:

(i) Metamorphic protoliths of A-type granites,
which typically yield the gadolinite pegmatites, are
depleted in mobile components that are lost to gra-
nitic melts generated by preceding anatectic event(s)
(e.g. Collins ef al. 1982, Jackson ef al. 1984, Whalen
et al. 1987). In addition to the rare alkalis and other
elements, this depletion also applies to phosphorus.
The A-type melts are commonly regarded as dry
(Collins et al. 1982), in which case diffusivity of
phosphorus and incorporation of the apatite com-
ponents into the H,O-poor melts might be com-
mensurately slow (Harrison & Watson 1984).
However, the relatively high abundance of F in A-
type melts would compensate for H,O by enhance-
ment of diffusivity of cations (Johnson et al. 1974).

(ii) Importantly, the relative enrichment of A-type
melts in Ca and F promotes crystallization of apa-
tite during early plutonic crystallization, further
reducing the abundance of phosphorus in residual
melts (e.g., Simmons ef al. 1987). Relatively high
levels of Ca promoting precipitation of apatite also
are characteristic of M-type melts (e.g., Whalen
1985, Whalen et al. 1987), which may contribute to
the composition of postorogenic to anorogenic
granites that generate gadolinite pegmatites (e.g.,
Fowler & Doig 1983, Baadsgaard et al. 1984).

(iii) The traces of phosphorus surviving the early
stages of granite crystallization tend to form phos-
phates of Y, REE (e.g., xenotime and monazite) in
derivative pegmatites. As phosphorus rather than
REE appears to be the limiting component (i.e., the
REE are sufficiently abundant to attain saturation
in REE silicates and fluorides), the comparatively
low solubility of REE phosphates (e.g., Ellison &
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Hess 1988, Rapp & Watson 1986) should buffer the
phosphorus content of the residual melt at low
values.

(iv) Perhaps most importantly, the Al-poor com-
positions of these melts will necessarily limit the
extent of the Al + P = 2 Si substitution in feldspars.

In contrast, feldspars from peraluminous pegma-
tites are largely enriched in P because of favorable
circumstances: phosphorus-bearing protoliths,
reduced importance of ‘‘orthomagmatic’’ precipita-
tion of apatite, and peraluminous compositions that
favor the Al + P = 2 Si exchange:

(i) Metamorphic country rocks yielding per-
aluminous fertile granitic melts are generally
undepleted in mobile elements (éern}" & Meintzer
1988, éern)” 1990b). The hydrous nature of anatexis
generating these melts facilitates dissolution of apa-
tite and diffusion of phosphorus (Harrison & Wat-
son 1984).

(ii) The melts are Ca-poor throughout most of
their crystallization. Incipient crystallization of abun-
dant plagioclase effectively decreases the Ca/P ratio
of residual peraluminous melts [éern}" & Meintzer
1988, Sawka, 1989, see London ef al. (1989) for par-
tition coefficients of Ca and P between plagioclase
and melt]. The chemical activity of F is probably also
lower than in the A-type melts, at least relative to
that of H,0O. Regardless of the mechanisms, Lon-
don et al. (1989) have shown experimentally that
crystallization of apatite is suppressed in chemically
differentiated peraluminous melts, and that in the
absence of apatite, P is highly compatible in alkali
feldspars.

(iii) An increase in the compatibility and hence
solubility of P in peraluminous melts may be
explained by the formation of AIPO, melt species
(Mysen et al. 1981). Such speciation would decrease
the activity of apatite in melt, and would serve to
enhance the incorporation of P in feldspars.

(iv) Consequently, phosphorus is available in rela-
tively high concentrations for incorporation into feld-
spars, its entry facilitated by the availability of Al
in excess of the normal feldspar stoichiometry.
Mineralogy, bulk chemistry and P,0Os contents of
feldspars (0.45-0.75 wt.% P,0) in experiments
with Macusani glass (equivalent of highly fraction-
ated rare-element pegmatite magmas) are in full
agreement with this interpretation (London et al.
1989).

Significant exceptions to the generally high P,Os
contents in feldspars of peraluminous pegmatites
clearly do exist. These variations are undoubtedly
controlled by combinations of source-rock compo-
sition, nature and degree of anatexis involving phos-
phates in the protoliths, and trends of crystal frac-
tionation in derivative granites and pegmatites
(especially with regard to phases that may modify
the concentrations of Ca, P, Al, volatile contents,
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and the ASI of residual melts). This heterogeneity
in phosphorus abundance exists among broadly
related but geochemically distinctive granite + peg-
matite subsystems within a single field (e.g., Black
Hills, South Dakota), and among spatially associated
but compositionally distinct leucogranites and their
pegmatite aureoles (e.g., Winnipeg River district,
Manitoba).

CONCLUDING REMARKS

This reconnaissance study demonstrates that the
phosphorus content of alkali feldspars, especially in
P-rich peraluminous leucogranites and related peg-
matites, is not negligible, and in fact that feldspars
may represent the principal reservoirs of phospho-
rus in such systems. Moreover, high phosphorus con-
tent is not restricted to the alkali feldspar of pegma-
tites, but is found in other geochemically similar
systems. Kontak & Strong (1988) found more than
1 wt.% P,Oy in feldspars from the South Mountain
Batholith, Nova Scotia. Phosphorus contents of
alkali feldspar from granites of Cornwall, England,
average 0.4 to 0.7 wt.% P,0s, those from the
amblygonite-bearing Beauvoir granite, France, range
from 0.4 to 1.0 wt.% P,0Os, and sanidine from the
peraluminous Morcocala rhyolite province, Bolivia,
also shows marked enrichment in phosphorus (Lon-
don 1990b).

We hope that this survey stimulates our colleagues
working in similar granite-pegmatite systems to pur-
sue more detailed studies of phosphorus contents and
distributions in the feldspars, and ultimately the fate
of phosphorus from anatexis of protoliths, through
crystallization of the felsic melt, and eventual
production of pegmatites. These studies are impor-
tant not just for an understanding of feldspar chemis-
try, but potentially for a very effective means of rock
correlation, a modeling of differentiation paths, and
an assessment of the timing and consequences of
phosphate-buffered versus unbuffered evolution of
peraluminous silicic melts. As an important corol-
lary, we caution others that normative whole-rock
calculations, in which P,Oy is removed first as apa-
tite, may be erroneous for these rock types. Among
other inaccuracies, such removal may lead to over-
estimation of the modal abundance of apatite and
to increase of the ASI values in subsequent numeri-
cal modeling. The implications of phosphorus in
feldspars are particularly great for modeling REE
fractionation in evolved silicic systems.
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APPENDIX 1. SAMPLE LOCALITIES

GADOLINITE SUBTYPE:
Shatford Lake, Manitoba SHL)
Huron Claim, Maniteba HC)
Rode Ranch, Texas (RR)
Ytterby, Sweden YTT.
Lovbble, Finland LOV
Crystal Peak, Colorado cP)
L~COLUMBITE 3
Greer Lake, Manitoba 6L)
Bi11, Yellowknife, NWT YKF-8L)
Plex, Baffin Island, NWT PX)
Vezna, Czechoslovakia VEZ
White Rocks, Connecticut WRX
Case, Connecticut CAS
Hale, Connecticut HAL
Gotta-Apple Orchard, Conn. GAD.
'L~-COLUMBITE-PHOSPHATE TYPE:
Cross Lake #22, Manitoba (cL)
Dan Patch, S. Dakota DP,
Bull Moose, S. Dakota BY
Big Chief, S. Dakota BCH
Hagendorf-Sild, Bavaria HAG,
Dolni Bory, Czechoslovakia 0B)
Peg, Yellowknife, NWT YKF-PEG)
Palermo, New Hampshire PMO)
o - ENE_SUBTYPE:
Bet, Yellowknife, NWT YKF-BET)
Helen Beryl, §. Dakota HB)
Tin Mountain, s. Dakota ™)
Etta, S. Dakot: ETT)
Tip Top. $. Dakota )
Harding, N. Mexico HRD'
Kamatiwi, Zimbabwe KAM
Bennet, Maine BNT
Gotta-Halden, Connecticut 6W)
Strickland, Connecticut STK
Branchville, Connecticut BVL
Black Mountain, Maine BKM,
Homestead, Arizona HOM
Midnight Owl, Arizona (MNO)
White Ridge, Arizona (WHR}
C - PETAL: PE:
Tanco, Manitoba TC)
Hirvikallio, Finland
Luolamgki, Finland LU0
Varutrisk, Sweden VAR
Uts, Sweden ury
coN - LEPIDOLT :
High Grade Dike, Manitoba HED)
Riber, Yellowknife, NWT YKF-RIB)
Bob Ingersoll, S. Dakota BI)
Radkovice, Czechoslovekia R)
Biskupice, Czechoslovakia BSTC)
Swanson, Connecticut S¥N)
Himalaya/San Diego, CA HIN-SDG)
Little Three, California L13
Stewart, California STH,
COMPLEX - AMBLYGONITE SUBTYPE:
Peerless, S. Dakota PRL
Viiteniemi, Finland VIT
ALBITE - SPODUMENE TYPE:
Violet, Manitoba V1)
Nite, Yellowknife, NWT YKF-NT)
Kings Mountain, NC (kaM)
ALBITE TYPE:
Tin Dyke, Manitoba ™
0dd, Manitoba aD
Hengshan, China HN

ferny et a1, (1981)

Paul (1984), Lerny ot al.
(1981)

a'{mnn et al. (1964), Ewing &
Nordens! d'ld (1908}

Pehrman (1945)

Foord (1982)

terny et al. (1981)
Meintzer (1987), Wise (1987)
Cerny & Trueman (1990)
Cerny et al. (1984)

London 21985)

Anderson (1984), Ercit et al.
1986

Norten et al. (1964

Shearer et al. {1985)
Morton et al. (1964

Strunz et al. (1975

Stanek (1954)

Meintzer (1987), Hise (1987)
Cameron et al. (

Heintzer (1987), Wise (1987)
Roberts et al. (1982), Staatz et

al. (1963

Walker et al. (1986
Norton et al. (1964
Shearer et al. (1985)
Jahns & Ewing (1976)
Rijks & v.d. Veen (1972)
Cameron et al. (1954
Cameron et al. (1954
Cameron et al. (1954
Brush & Dana (1878)
Cameron et al. (1954)
Londen (1979)

London & Burt (19823)
Jahns (1979)

London & Burt (1982a)
London

London & Burt (1982a)

Cerny (1982)

Vesasalo (1959

Neuvonen & Vesasa’lo (1960)
Quensel é

Smeds & Cerny (1989)

Cerng et al. 81)

Heintzer (1987), Wise (1987)
Jo114ff et al. (1987)

Cerny & Macek (1974;

Cerny & Macek (1974

)
Stern et al. (1986)
Jahns (1979)

Sheridan et al. (1957)
Lahti (1981)

Cerny et al. 81)
Meintzer (1987). Wise (1987)
Kesler (1961}

Chackowsky (1987)
Cerny ot al. (1981)
Corny (1989a)






