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Abstract
Study of K-feldspars from high-grade migmatitic rocks in northwest Maine reveals distinct

interrelations among paragenesis, composition, and structural state of the K-feldspars. Struc-
tural state has been characterized in the manner suggested by Wright and Stewart (1968) and
using the ADc plot of Crosby (197 l\.

Petrographically the rocks have been subdivided into eight groups. These are:

Group Rock Type
Ablsin

K-feldspar abc

I Coarse mica schist with groundmass K-feldspar and sillimanite 14 .765
II Biotite granulite with groundmass K-feldspar 9.5 .86

III Calc-silicate granulite with groundmass K-feldspar 6.5 .86
IV K-feldspar from sillimanite-bearing, coarse, leucocratic bands and

megacrysts 14.5 .80
IV' K-feldspar from sillimanite-free, coarse, leucocratic bands and megacrysts 10 .83

V Retrograded specimens 8. 5 .88
VI Specimens with resorbed sillimanite 9 .85

VII Specimens with retrograding concentrated along well defined veinlets 2 ,7O
Vm K-feldspar from adamellite - .912

K-feldspar from diorite .827

K-feldspar compositions for specimens from Groups I, II, and III are believed to represent the
original, high temperature, homogeneous feldspars. Several models explain the observed differences
in structural state and their obvious relation to Ab content. The favored model involves disequilib-
rium ordering interrelated with the Al/(K + Na) ratio in the surrounding pore fluid.

fntroduction
Wright (1968) and Wright and Stewart (1968)

have provided field petrologists with incentives to
measure cell parameters of alkali feldspars in order
to relate feldspar structural states to the petrogenesis
of igneous and metamorphic rocks. These parameters
enable quite accurate assessment of alkali feldspar
structure states (Stewart and Ribbe, 1969). Thus
far, only a few papers have appeared which make
use of these procedures. These include Ragland

(1970), Till ing (1968), Crosby (1971), and Hip-
p l e  ( 1 9 7 1 ) .

The objectives of this paper are to try to inter-
relate K-feldspar structure states, compositions, and
petrogenesis in a suite of closely related metamory)hic
rocks. Parameters correlated with the K-feldspar
properties are metamorphic grade, metamorphic his-
tory, and mineral assemblage. Study of K-feldspars
from metamolphic terranes such as the one consid-
ered here seems desirable because the minerals may
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have had a relatively simple history compared to
many igneous parageneses, and at least some ap-
proach to chemical equilibrium can be demonstrated.
Many earlier works have tried to interrelate feldspar
compositions and structure states with metamor-
phism (e.g., Heier, 1961) but they have been ham-
pered by inadequate X-ray parameters to measure
and lack of the abundant compositional data now
available by means of electron probe analyses.

Geologic Setting

The area covered in this repoft lies in the Buck-
field and Bryant Pond quadrangles in N. W. Maine
(Fig. 1). Details on the stratigraphy, structure, and
petrography of these rocks are given in Guidotti
(1965), Evans and Guidotti (1966), and Warner
(1967). Geologic description presented here in-
volves only features pertinent to this study.

Stratified and layered rocks have steep dips and
NE to NW trends. Most are highly deformed and

consist of interbedded coarse-grained micaceous and
migmatitic gneisses, biotite granulites, and a few thin
calc-silicate units. The leucocratic layers of the mig-
matites are interlayered with coarse mica schist and/
or biotite granulite and range from diffuse stringers
to distinct lit-parJit pegmatitic layers having highly
variable thickness from band to band. Irregular
crystals of subhedral feldspars up to 5 cm in diam-
eter occur in some of the mica schist layers.

Figure 1 shows the location of the K-feldspar *
sillimanite isograd. Most specimens were subjected
to metamorphic temperatures higher than that of the
isograd. It is likely that rocks to the S. and S.W. of
this isograd crystallized at progressively higher tem=
peratures but as developed in Evans and Guidotti
(t966) tempgratures never exceeded the upper sta-
bility limit of pure K-muscovite. Using the experi-
mental curve of Evans (1965) for the breakdown
of muscovite, it is evident that the maximwn tem-
peratures attained, (at 34 kbar) would be 650-
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685'C. It is estimated that the metamorphic rocks
at the isograd and above crystallized between 635"C
and 685oC with rocks at the isograd forming at the
lower end of this temperature range.

Many small to large bodies of adamellite and peg-
matite intrude the metamorphic rocks. One large
body of diorite ("Songo Granodiorite") is present in
the western portion of the Bryant Pond quadrangle
(see maps in Warner, 1967, and Guidotti, 1965).

Descriptive petrography and mineralogy

All specimens considered in this study were stained
to ascertain the presence and distribution of K-feld-
spar and virtually all were studied in thin section.
Descriptive categories which can be distinguished
are:

L Coarse mica schist with groundmass K-feldspar
and sillimanite

In these rocks K-feldspar and sillimanite are in
intimate association and well distributed throughout
the groundmass. The usual assemblage is Qtz *
Plag * Musc * Ksp * Sill + Bio :t Garn, but
muscovite is usually present in only small amounts
(<5Vo ). Plagioclase compositions are near An2e to
Anzs and the data of Evans and Guidotti (1966)
suggests that the An content increases with meta-
morphic grade.

In terms of the system Al2Os-K2O-NasO-CaO
with quartz present, it is apparent that these rocks
plot within the 4 phase volume Sill-Musc-Ksp-Plag
shown in Figure 9C of Evans and Guidotti (1966).

Although clear exsolution of Ab is present in a few
specimens of K-feldspar, in general it is not a promi-
nent feature. Only about l/2 of the specimens dis-
play some minor development of exsolution, and it is
usually restricted to just a small fraction of the K-
feldspar grains in a given thin section.

A few K-feldspar samples show undulatory ex-
tinction and rarely a weaHy developed grid twinning.

IL Biotite granulites with groundmass K-feldspar

These rocks are medium grained and only weakly
schistose. They contain Qtz I Plag * Bio * Ksp *
Musc i Garn. Plagioclase compositions, as deter-
mined by refractive indices, optical measurements
on twinned crystals, and some X-ray data, range
from An3a to An5. K-feldspar grains have little ex-
solution (only one specimen) but undulatory extinc-
tion and grid twinning are seen in many specimens.

In terms of the components AlzOa, K2O, Na2O,

and CaO, these specimens plot on the CaO side of
the four-phase volume mentioned above. Those with
muscovite plot on the three-phase tie planes, Mus *
Ksp * Plag; those without muscovite plot on the
feldspar plane of this system.

III. Calc-silicate granulites with groundmass K-
leldspar

Most of these specimens are medium grained di-
opside granulites that commonly contain diopside,
quartz, plagioclase, calcite, biotite, hornblende,
sphene, and groundmass K-feldspar. K-feldspar usu-
ally shows strong grid twinning but only very minor
exsolution. Plagioclase compositions range from Anso
to An76 based upon optical data and some probe
analyses (Evans and Guidotti, 1966).

These rocks pTot on the feldspar plane of Figure
9C in Evans and Guidotti (1966). Moreover they
lie closer to the CaO corner than do specimens from
the two preceding groups.

IV. K-feldspar from coarse grained, Ieucocratic
bands and megacrysts

K-feldspar in these specimens usually occurs as
translucent to transparent grains, whereas associated
plagioclase has a milky white color. Many specimens
have sillimanite intimately associated with the K-
feldspar, others do not. Table 1 Part D1 distinguishes
these two cases. Exsolution is better developed than
in K-feldspar from Group I. In some cases albite
twins are developed in the exsolution lamellae. Well
developed undulose extinction is common, and small
patches of good grid twinning are present, especially
near exsolution patches.

V. Specimens showing euidence ol retrogression

These rocks are characterized by the typical evi-
dence of retrogression such as biotite altering to
chlorite, and sericite replacing plagioclase and silli-
manite. K-feldspar occurs in the groundmass and in
a few cases as sheaves in chlorite after biotite. Due
to the retrogression it is difficult to discern the tex-
tural and optical appearance of the K-feldspar. Some

'Table 1, Parts A-I, is available from ASIS,/NAPS. To
obtain a copy, order NAPS Document Number 02117 by
remitting $1.50 for microfiche or $5'00 for photocopies,
payable to Microfiche Publications, 305 East 46th Street,
New York, N.Y. 10017. Please check the most recent issue
of this journal for the current address and prices.

Table l, Part J is representative of the information given

in Table 1. Parts A-I.
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do have well developed grid twinning. It is clear
that many of these rocks are retrograde products of
Group I rocks.

VI. Specimerc with resorbed sillimanite

These specimens are quite similar to those of
Group I with the exception that they have consider-
ably more muscovite. Sillimanite is present but in
rather peculiar textural arrangements. (1) It is not
in contact with biotite. (2) Sillimanite needles do not
cross grain boundaries. (3) Sillimanite occurs as
sharply bounded patches of prisms in the cores of
q\artz and feldspar grains and in some cases also in
the cores of large muscovite tablets. Guidotti (1966)
found that muscovite in such rocks is K-enriched.
The unusual sillimanite textures indicate that the
rocks have undergone pr@esses differing from sim-
ple retrogression; perhaps they are products of local
K-metasomatism or late re-equilibration. There seems
little doubt, from the above described sillimanite tex-
tures, that these rocks once passed through a stage
equivalent to those of rocks in Group L Guidotti
(1966, p. 1783) presented arguments suggesting
that these rocks formed at about the same time and
in approximate equilibrium with the rocks containing
abundant sillimanite within the micas. Grid twinning
is well developed in the K-feldspar of most (but not
all) specimens. Most of these K-feldspars contain
only faint exsolution lamellae.

VII. Specimens showing retrogression along well de-
fined oeinlets

Retrogression in these specimens seems concen-
trated along and emanating out from well defined
"alteration" veinlets. In this respect they differ from
Group V rocks in which retrogression seems to be
randomly distributed throughout the specimen. Stain-
ing of rock slabs shows that the K-feldspar is lo-
cated near the central part of the vein and in sorne
cases occurs as a thin seam along the core of the
veinlet. In outcrop these veinlets look like fine joint-
ing along which alteration has occurred. Spacing of
these "joints" is on the order of 0. 1 to 3 meters and
the alteration band on either side of the joint is only
I to 2 cms thick.

VIII. In:trusiae granitic rocks

These specimens include Fisher's (1962) "Songo
Granodiorite" and Evans Notch quartz monzonite
(adamellite). The Songo pluton consists of coarse
grained plagioclase (-Annu), biotite, quartz, horn-

blende, sphene, and in a few specimens K-feldspar
in amounts ranging up to 5 modal percent. Only
weak twinning is evident in this K-feldspar.

The adamellite has sharp to gradational contacts.
Specimens from the gradational contacts commonly
contain large muscovite megacrysts and schistose
schlieren which appear to be "undigested" remnants
of inclusions of the country rock. Muscovite is pres-
ent in most specimens of the adamellite and that
occurring as coarse megacrysts commonly has silli-
manite associated with it. Sillimanite is relatively
abundant in specimens from gradational contacts
and may occur as "resorbed" remnants included in
other minerals or in some cases as a groundmass
mineral crossing grain boundaries. In specimens with
abundant sillimanite, K-feldspar is only weakly
twinned whereas it is strongly twinned in the silli-
manite-free specimens.

Analyticatr Procedures

X-ray procedures. The procedures for running
and measuring X-ray diffraction patterns recom-
mended by Wright and Stewart (1968) were fol-
lowed as closely as possible in this study. The struc-
tural state has been estimated both by the 3 peak
method (Wright, 1968) and from cell dimensions
obtained from the Evans, Appleman, and Hand-
werker (1963) variable indexing program.

Patterns were run on purified mineral separates
or, in the case of megacrysts, on crushed fragments.
Based upon the absence of quartz peaks, absence or
weakness of plagioclase peaks, and the fact that other
phases were rarely encountered in probe traverses,
the mineral separates appear to have been quite pure.
(See below for specific details regarding the various
petrographic groups)

Separation work and X-ray diffraction work was
largely done by H. H. H. Measurement of the patterns
and computer processing was largely done by C. L. T.
Measurement of 20 for 201,204, and 060 was carried
out by both H. H. H. and C. L. T. All peaks were
corrected with reference to three peaks of fluorite
(28.280o, 47.015o, and 55.771").

The vast majority of patterns were quite good,
enabling the use of about twenty 20 values for each
refinement calculation. Table 1, Parts A-J, give the
ratio of the number of peaks entered and accepted
by the computer for each K-feldspar specimen.

X-ray running conditions on a General Electric
unit include: Cu Ka, radiation with a Ni filter,
M.A. 16, K.V. 50, slit detector .04o, and beam slit 3o.
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Each pattern was refined on the basis of the struc-
tural state suggested by the three peak method taking
into account whether 131 and 130 are single peaks
(monoclinic) or split (triclinic). This procedure seemed
to work well, and the structural state estimated from
the refined cell parameters usually agreed with that
estimated by the 3-peak method. However, problems
occur for some samples which are actually mixtures
of structural states as indicated by broadened or
irregularly split l3l and 130 peaks (in some cases
showing three distinct peaks). Strictly speaking such
specimens are not amenable to the Wright and
Stewart method unless the peaks are sufficiently
distinct to permit a monoclinic and then triclinic
refinement using the appropriate l3l, l3l, 130 and
130 peaks. Nonetheless, refinements based upon our
patterns were carried out using average values for
130 and l3l even if they were only broadened or
just slightly split. If strongly and irregularly split,
130 and 131 were omitted from the refinement. The
majority of patterns show only varying degrees of
broadening of l3l and 130. The results of this
procedure are discussed below for the appropriate
$oups of specimens.

Electron probe procedures. Probe analyses were
run on grain mounts of a portion from the same
mineral separates used for the X-ray diffraction pat-
terns. K, Na, and Ca were determined simultaneously
on the anl microprobe at Wisconsin. Machine con-
ditions include: beam Current2p,beam width 10p,
K.V. 15. Counting time was based upon the time re-
quired for 100,000 counts of sample current to ac-
surnulsfs-rlsually near 30 seconds. Standards used
include: (1) Albite from Tiburon; (2) sodic plagio-
clase from Emmons (1953) collections; (3) Labra-
dorite; (4) Or 5-168; (5) Microcline. Standards 1,
3, and 4 were kindly provided by Dr. B. W. Evans,
and Standards 2 and 5 were provided by E. D.
Glover of the University of Wisconsin Probe Lab.
All of the standards appear to be quite homogeneous.

Two separate counts on each of 5 to 7 randomly
chosen grains were made for each specimen. The re-
sults were then averaged. Table 1, Parts A-I give in-
formation on the counting variability and hence
sample variability. The compositional homogeneity
of individual samples is discussed later for each of
Groups I to VII. Na loss was not observed in re-
peated counts made on the same spot.

Table 2 gives the results of several duplicate runs
of samples from this study. Table 3 compares probe
results from this study with results from Evans and

T$r-e 2. Duplicate Analyses (in wt percent) of Selected
Specimens
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Guidotti on the same sample (but not the same K-
feldspar separate). Most of the results compare quite
well. Any significant difierences may well result from
the analyses being carried out on different portions
of the same hand specimen. Such local compositional
variation within a hand specimen is now being recog-
nized in studies of metamorphic rocks, e.g. Blackburn

Tenr,n. 3. Comparison of K-feldspar Analyses in Evans and
Guidotti (1966) and This Study
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( 1968 ). The five specimens showing the largest ( * )
or (-) discrepancy in the NazO values (indicated
by * on Table 3) always have similar discrepancies
in K2O but with the opposite sign. This strongly sug-
gests that the two analyses of each specimen do vary
in composition and the differences are not due to
analytical error.

Analytical Results

Table 1, Parts A-J present the details of the X-
ray and electron microprobe analyses grouped ac-
cording to the eight descriptive categories discussed
previously. The most important data on these tables
are the Ab percents and structural states as indicated
by A,bc value (see Figure 1 of Crosby, 1971). These
data arc summarized by histograms in Figures 2A
and2B.

Before considering the details of Groups I-VI[
it is necessary to consider the meaning of the Ab per-
cent given, especially for Groups I-IV. In Group I
the Ab content given is for the bulk phase. This is
evident from the following:

(l) Probe points rarely hit Ab-rich points within
K-feldspar grains.'
(2) Optically, very little exsolution is evident in these
specimens.
(3) X-ray patterns show variable and, not un-
commonly, only weak development of the 201 peak
of albite (See Table l). Many specimens show no
development of the 201 peak (or any other recog-
nizable plagioclase peaks). Nonetheless, these as
well as the few specimens showing a distinct 201
albite peak, have essentially the same Ab percent as
determined by probe analysis. Moreover, there is
also no correlation between those few specimens
showing "relatively" well developed exsolution and
the degree of development of the Ab 201 peak.

Points 1-3 strongly suggest that the compositions
given for Group I K-feldspars are very close to that
of the homogeneous phase produced during the
peak of metamorphism. Any plagioclase peaks
present on the X-ray patterns are likely due to in-
complete heavy liquid separation of plagioclase
and quartz from K-feldspar.

'A few specimens do show a substantial range in Na
counts (see Table lA) but the vast majority do not. More-
over, the percent standard deviation of Na counts given in
Table 1, Parts A-G, must take into account the fact that
Na counts are only in the range of 100 to 500. Hence the
seemingly large percents.
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In Groups II and III, the Ab percent given is )gain
for the homogeneous K-feldspar produced during
the peak of metamorphism. Thin section study
shows virtually no exsolution in these specimens,
and the X-ray patterns usually lack albite peaks.
Moreover, probe points never hit Na-rich points
within K-feldspar grains. The lack of plagioclase
impurity to give any Ab 201 peak is probably due
to cleaner separation for these specimens because
the plagioclase is more calcic and hence more dense.
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showing development of Ab-twinning within lamellae.
Commonly, points probed hit Na-rich areas within
K-feldspar grains. The Ab 201 peak is usually fairly
well developed in the X-ray patterns of these spec-
imens. Moreover, the plagioclase peaks necessarily
represent exsolved albite because the patterns were
run on fragments from large, clean K-feldspar
megacrysts. Because the counts from probe points
on highly sodic areas were deleted from the final
data reduction, the compositions for Group IV
specimens give some approximation to the K-enriched
phase produced by exsolution. It is noteworthy that
these compositions are still somewhat more sodic
than the compositions of specimens from Group I.

Group I: Coarse mica schist with groundmass
KJedspar and sillimanite

From Figure 2 (and, Table 1A) it is quite ap-
parent that in these specimens the K-feldspar is
fairly uniform in composition (-Ab14) and struc-
tural state. Structural states range from Spencer B
to Benson on Figure 2b of Wright and Stewart
(1968) (,A,bc - .850 to .735 on Figure 1 of Crosby,
1971,), but most are near SH 1070 to Benson
(,tbc = .78 to .75). All have monoclinic symmetry
and can be called orthoclase. A large fraction of
these feldspars are equivalent to the o,rthoclase
(SH 1070) described by Wright (1967) from a
metamorphic environment. However, many of the
feldspars listed in Table 1A are anomalous in the
sense that the acell dimension calculated exceeds
by >.05A the c-cell dimension predicted from Fig-
ure 2b of Wright and Stewart.

Group II: Biotite granulite with groundmass
K-leWspar

The average Ab content of K-feldspar in this
group is -9.5 percent but the range among the
different specimens is from Abr.ru to Ab13.65 (see
Table 18 and Fig. 2A). This range is certainly to
be expected considering that the assemblage is not
one which fixes (at a given PT) the mineral com-
positions (i.e., the number of phases * number
of components). With minor exception these feld-
spars are less sodic than those in Group I. Indi-
oidaal specimens show little compositional variation
as indicated by the low Na-count variability shown
in Table 1B for specimens in this Group. the low
percent deviation in Na counts for specimens in
biotite granulites is especially notable considering
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the low mean values of count totals for Na in this
group.

Structure state determination poses a problem in
this group because broadening to partial splitting
of (131) and (130) clearly suggests mixtures of
different structural states. as have been observed
also by Steiger and Hart (1967) and Wright (1967).
The previously mentioned grid twinning in these
specimens is consistent with the presence of at
least some more highly ordered structure states.

Despite some question on the meaning of the
cell refinement of these specimens, one can state
that these feldspars are more ordered than those
in Group I as indicated by (1) the broadening and
splitting of 131 and 130; (2) the occurrence of
some microcline twinning; (3) the 3 peak and
abc designation (see Fig. 2B).

Of particular note, despite the range in struc-
ture states, the low values of percent deviation Na
counts suggests that the various structural states
present all have the same composition.

Group III: Calc-Silicate granulites
with groundmass K-feldspw

In this group the K-feldspars are more K-rich
than those of Group II (Fig. 2A)-most being
near Ab6.5. Variability in their Na count is low.
The structural states recorded (Fig. 28) suggest
greater ordering than for the K-feldspars of Group
II, this greater ordering coinciding with the rather
common occurrence of grid twinning. Again, how-
ever, broadening and irregular splitting of 131 and
130 indicate ranges or mixtures of structural states,
the splitting being more pronounced than that
observed in Group II.

Group IV: K-feldspar from coarse leucrcratic
bands and megacrysts

Ab percent in this gfoup of specimens is similar
or slightly greater than that in Group I. (See Fig-
ve 2A and Table 1D). However, the range of
Ab percentages is somewhat more variable and
for individual specimens the percent deviation Na
counts is generally greater. This latter point seems
to relate to the obviously better developed exsolu-
tion in this group. The above comments exclude
these speciniens (Group IV' in abstract) showing
evidence of retrogression, resorption, or absence
of sillimanite inasmuch as they clearly have lower
Ab contents (note especially some of the mega-
crysts from the Buckfield quadrangle).
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Specimens in Group IV showing evidence of
retrogression or resorption, as well as those lacking
sillimanite, clearly have more ordered structure
states, as seen in Figure 28 (and Table 1D). How-
ever, those designated as "Sillimanite migmatites"
also appear to have somewhat more ordered struc-
tures, when compared with Group I, despite the
fact that Ab contents are similar in both groups.
Generally the structural states in this group tend
to lie between those in Group I and II. However,
a few have well ordered structure states, usually
with broadened-to-split 130 and 131 peaks.

Group's V and VI

As seen in Figure 2A (and Tables lE and 1F),
these specimens show a wide range of Ab contents
and individual specimens commonly have rather
large values of percent deviation Na counts.

The structure states (Fig. 28) are generally
somewhat more ordered than the other groups, but
specimens range from maximum microcline to
to orthoclase. Many individual specimens exhibit
a range of structure states.

The presence of remnant sillimanite and the
general textural appearance clearly show that most
of these specimens are derived from rocks initially
in Group I. Hence the obvious changes of compo-
sition and structure state are clearly the result of
the retrogression and resorption processes.

Group VII

These K-feldspars are interesting in that they
appear related to retrogressive effects but none-
theless have the most disordered structures observed
in the study. As seen in Figure 28 (and Table IG),
they have structure significantly more disordered
than the "orthoclases" of Group I. Also particularly
notable is their very low Ab contents (Fig. 2A).

The occurrence of these K-feldspars along "alter-
ation veins" suggests a metastable development of
feldspars with disordered structural states. Inter-
estingly, these specimens plot in the same position
as some of the authigenic K-feldspars of Woodard
(1972, Fig. 2).

Group VIII

No chemical data is available for these speci-
mens. Figure 2B (and Table 1, Part I) shows that
K-feldspar from the Songo granodiorite is moder-
ately disordered. However, no splitting of (131) or

(130) is present-at most there is only very slight
broadening of these peaks.

Of the specimens from the Evans Notch adamel-
lite, the two with "relatively abundant" sillimanite
have the most disordered K-feldspars (and no
splitting of 131 or 130 peaks) but these are still
significantly more ordered than specimens from
Group I. The four specimens without sillimanite
(or sillimanite only as trace inclusions) have sig-
nificantly ordered structural states and strong (com-
monly multiple) splitting of the 131 and 130 peaks.

Discussion of Analytical and Observational Data

Petrologic considerations

( 1 ) In Groups I, II, III, and IV, the close rela-
tion between the K-feldspar's Ab content and the
mineral assemblage (and hence bulk composition)
reinforces the suggestion of Evans and Guidotti
(1966) that these rocks have approached chemical
equilibrium. (See earlier discussion relating K-feld-
spar composition and assemblages to the system
CaO-NagO-K2O-Al2O3 shown in Figure 9C of
Evans and Guidotti, 1966).

(2) The rather uniform Ab contents in Group I
are consistent with the assemblage being one where
phase compositions are dependent upon P, T, and
aH2O and independent of bulk composition, (i.e.,
the number of phases equals the number of
components).

(3) No systematic regional variation of Ab per-
cent or structure state was observed although such
variation as a function of metamorphic grade was
sought for specimens in Group I. According to
Evans and Guidotti (7966, p. 53), one might
readily expect a continuous decrease of the Ab con-
tent in orthoclase in Group I rocks as grade rises.
(See Thompson, 1957 and 1961, for theory and
details of "continuous reactions"). Two possible
explanations for this apparent lack of Ab decrease
are (a) variation of the plagioclase An content
effects a shift of the plagioclase-orthoclase tie lines;
(b) the fixed composition of muscovite at Pge
by a bufter reaction, Evans and Guidotti (1966),
may also serve to fix the Ab content in the co-
existing orthoclase.

(4) The obvious contrast of Ab-content and
structure state of K-feldspars in Groups V and VI
compared to Group I seems cle.arly related to the
retrograding and resorption effects. Both processes
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have affected rocks formerly in Group I and caused
distinct changes in the mineralogy of the rocks
and compositions of the minerals. The resorption
process is not understood but probably occurred
at temperatures similar to these producing Group I
rocks (see earlier discussion). If such is the case,
a question arises as to when the increased ordering
took place in these K-feldspars. For the retrograded
specimens it seems likely that the ordering resulted
from low temperature effects.

M ineralo gic considerations

Data in Figures 2A and 28 (and Table l,
Parts A-D) show an obvious relation between
structural state and K/Na ratio for K-feldspars of
Groups I-IV. Attempts to understand this relation
in terms of hypothetical equilibrium phase diagrams
have been unsuccessful. Indeed, two groups of
observations suggest that many if not all K-feldspars
of Groups II and III presently have neither high
nor low temperature equilibrium structural states.

( 1) The similarity of these K-feldspars with
those from Group V, in terms of composition,
structural states, and especially mixture of structural
states in individual specimens, is suggestive of non-
equilibrium. These is little doubt that Group V
specimens are not at equilibrium and so by analogy
the same can be implied for Groups II and III.

(2) Because specimens from Groups II, ilI, and
V contain plagioclase, there is little doubt that the
initial K-feldspar would plot on the solvus. The
X-ray patterns from the present mixture of struc-
tural states in such specimens commonly include
a single "monoclinic" l3l and 130 peak among
split or broadened 131 and 130 peaks. This clearly
suggests that the initial K-feldspars (which plotted
on the solvus and so had to have a single structural
state) had monoclinic symmetry. On cooling, all
of these K-feldspars must have followed paths within
the solvus. If equilibrium ordering had been main-
tained, each specimen would have achieved a new,
uniform structural state. Individual specimens pres-
ently have mixtures of structural states and hence
must not represent equilibrium ordering. The fact
that K-feldspars from Groups II and III have quite
uniform composition and virtually no exsolution
indicates, however, that the initial high temperature
compositions have been retained despite the varying
degrees of readjustment of the structural state.

Martin (1.967) suggests that rates of ordering
upon recrystallization of an alkali feldspar depend

upon the AI/(K * Na) ratio of the fluid phase
surrounding the feldspar. High Al inhibits ordering
and high (K + Na) facilitates ordering. It is ap-
parent (considering Groups I-IV) that K-feldspars
coexisting with groundmass sillimanite are the most
disordered. Feldspars from megacrysts, usually with
associated sillimanite, are almost as disordered.
Feldspars from sillimanite-free rocks (i.e., not Al-
saturated) are consistently the most ordered. Hence,
a relation exists between the inferable degree of
Al-saturation in the rocks and the structural state
observed.

It is tentatively suggested here that a control on
ordering such as that proposed by Martin (1967)
was operative during cooling of the K-feldspars
considered in this study. That is, in specimens from
Groups II, ilI, and some from IV, lower structural
states and the mixtures of structural states may have
resulted from recrystallization during cooling, which
produced variable degrees of ordering; however, uni-
form equilibrium structural states were not attained.
In specimens from Group I and many from IV,
recrystallization to more ordered structural states
was inhibited due to relatively high alumina in the
fluid phase.

Further information bearing on the above sug-
gestion is found in the fact that K-feldspar from
adamellite is more ordered than that in Group I
metamorphic rocks which are intruded by the ada-
mellite. Surely the adamellite formed initially at
temperatures at least somewhat greater than those
of the Group I rocks. The observation that the most
disordered K-feldspar in the adamellites comes from
sillimanite-bearing specimens lends additional sup-
port to the model. The mixture of structural states
present in K-feldspars from the other specimens of
adamellite suggests a cooling history similar to that
for Group II and III specimens, i.e., from an initially
monoclinic form on the alkali feldspar solvus.

The specimens from the Songo granodiorite pre-
sent some problem inasmuch as they are Al-under-
saturated rocks (e.9., hornblende present and no
muscovite), yet the K-feldspar present is more
disordered than that in the adamellite and many
Group II and III specimens (but not Group I
specimens). In this respect they fit into the pattern
described by Parsons and Boyd (1971) who note
that K-feldspar tends to be more disordered in early
members than in later members of an intrusive
sequence. The model of Parsons and Boyd, like
that employed in this study, relates alkali feldspar



COMPOSITION AND STRUCTURAL STATE OF K-FELDSPARS 715

structural states to cornpositional factors in the en-
vironment (e.9., alumina us alkali content). How-
ever, their model suggests that these factors operate
during the early crystallization of the feldspars and
influence the susceptibility of initially monoclinic
forms to order during later cooling. This differs from
the view preferred in this study in that composition
factors in the environment during cooling are pre-
sumed to influence the approach to ordering.

Conclusions

( 1) The K-feldspar-bearing rocks considered in
this study are readily divisible into distinct petro-
graphic groups (I-VIII). The observed structure
states and compositions of the K-feldspars are
closely tied to the petrographic groupings.

( 2 ) Excluding the retrograded and resorbed rocks,
the data suggest some approach to chemical equilib-
rium.

(3) A model appealing to All(K * Na) ratio in
the pore fluid as the control on rates of ordering
during cooling seems most appropriate to explain
the greater ordering and mixture of K-feldspar
structural states in the biotite granulites and calc-
silicates than in Group I rocks. The observational
data suggest that the initial K-feldspar in all of these
rocks was near orthoclase.

(4) The absence of any relation of Group I
structural states to metamorphic grade probably re-
sults from partial readjustment (i.e., ordering) of
the structural state during cooling. However, high
Al/(K * Na) in the po're fluid of these rocks may
have prevented the significant ordering attained dur-
ing cooling of the K-feldspars in the biotite granulites
and calc-silicates.

(5) The results of this paper would tend to sug-
gest that much microcline now observed in granitic
rocks originally crystallized as orthoclase but in-
verted because of a low Al/(f * Na) ratio in the
environment. Moreover, for region:al metamorphic
rocks, the data of this paper suggest that, with the
possible exception of Al-silicate bearing rocks, the
K-feldspar structure states (but not composition)
will usually reflect cooling history rather than the
conditions of formation. It should be noted, how-
ever, that some Al-silicate bearing roclcs have micro-
cline (e.9,, Barker, 1962). Conceivably, low PH2O
in such environments may permit compatibility of
Al-silicate * K-feldspar at temperatures sufficiently
low to stabilize microcline. However, the possibility

of polymetamorphism producing the microcline must
also be considered.
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