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Abstract

Plagioclase-sanidine intergrowths that resemble perthite have been grown directly from

ternary feldspar melts. Synthetic feldspar starting materials initially either saturated or under-

saturated with water were cooled from a liquid and crystallized. The cooling histories were

either continuous at some linear cooling rate or step-cooled at 50oC intervals with isothermal

crystallization plateaus. The intergrowths occur as thin, parallel lamellae that resemble

microperthite, or in patches that resemble patch perthite. The plagioclase in the intergrowths

is Anru ,u Oru ,o and the sanidine is OrTu ,oAn, -r.  Both are often zoned normally within the

stated ranges. The compositions, the presence of zoning, and the short run times indicate that

the intergrowths grew directly from the melt and did not develop by exsolution. The lamellae

most likely result from the breakdown of a planar plagioclase interface into a cellular interface

comprising parallel projections. Not all lamellae can be explained this way, nor can the
patches whose growth mechanism is not understood. Phenocrysts in volcanic rocks that show

no evidence of an extended high-temperature, subsolidus history and have microperthitic or
patch-perthit ic intergrowths are l ikely candidates for natural occurrences.

Introduction

The simultaneous crystallization of two feldspar
phases directly from the melt is commonly men-
tioned, but rarely seriously considered as an origin
for perthitic intergrowths. In Smith's (1974a) review of
perthites, he points out that little convincing evidence
exists that perthite (including crypto, micro, and anti)
can be produced by simultaneous growth. The evi-
dence in natural samples is ambiguous, and Smith
concludes that even if primary perthite had existed,
subsequent solid-state reactions would have erased
the original textural evidence. The only attempt to
synthesize perthite discussed by Smith (1974a, p. a9l)
is the unpublished work of D. L. Hamilton and W. S.
MacKenzie. They melted, then crystallized two feld-
spars simultaneously from a gel of composition

1 Present Address: Geosciences Group Q-21, Los Alamos Scien-
tific Laboratory, University of California, Los Alamos, New Mex-
ico 87544

OrrrAbrAnro. X-ray scanning pictures for K and Ca
revealed a coarse and irregular intergrowth unlike
most perthites.

As part of a larger dynamic crystallization study of
the ternary system, the formation conditions, tex-
tures, and compositions of feldspar intergrowths
have been studied. The crystallization experiments
were performed with feldspar compositions appropri-
ate for monzonite and monzodiorite rock composi-
tions. Intergrowths of plagioclase and sanidine have
been produced that resemble some naturally-occur-
ring microperthites and patch perthites. The compo-
sitions of the intergrown phases, however, reflect
their melt growth history and are inappropriate for
perthitic feldspars. Thus, these intergrowths are not
perthites even though they are similar in appearance.
The purpose of this paper is to detail the composi-
tions of the melt-grown intergrowths and establish
criteria to distinguish them from exsolution perthites
in naturally-occurring feldspars.
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Experimental techniques

Ternary feldspar starting materials were prepared
by the gel method (Luth and Ingamells, 1965) and
their compositions are listed in Table l. Approxi-
mately 70 mg of the gel was combined with a mea-
sured amount of water (Table l) and sealed in a
platinum capsule. The runs were made in internally
heated pressure vessels (Holloway, l97l). The
charges were first melted (6-24 hrs) and then the
temperature was decreased either at linear cooling
rates (lo to 20"C/hr) or in 50oC steps, with the
temperature being maintained at each step for 4 to 6
days. Pressure was constant during melting, but de-
creased during cooling according to the PVT rela-
tions at constant volume (Table I ).

A polished thin section was prepared from a por-
tion of each charge for examination of textures and
phase chemistry. Analyses were made on an ARL-
EMX-SM electron microprobe at an accelerating po-
tential of 15 kV and a sample current of 0.02 mA.
Analyzed mineral standards were used. Corrections
were made for background, drift, and deadtime; ma-
trix corrections were made using a Bence-Albee al-
gorithm (Bence and Albee, 1968). Because of the
mobility of Na and K in glasses under the electron
beam, the glasses were analyzed by continuously
moving the sample under the beam during each 20-
second counting period. The glass analyses were re-
producible, and the values are believed accurate to at
least 5 weight percent of the oxide present. The
glasses appeared homogeneous at distances of at least

TlsLr 1. Run data and textural descriotions

Ab-An -0r
Capsu le  No .

| ! I t .% Cool  jng History/  Pressure
HZ0 Run No. Var iat ion

( kbar )

Descr ipt ion of  Intergrowth
Textu re

68 - r2 -20 (F - r  )
264  4 .9  6 .6 "C /h r  ( 40 )  5 .2  t o  4 .5  f i b rous ,  r a re
509  l  l . 9  50 "C  d rops  (75 )  5 .3  t o  4 .4  f i b rous ,  r a re
5 1 0  6 . 0  5 0 ' C  d r o p s  ( 7 5 )  5 . 3  t o  4 . 4  f i b r o u s ,  r a r r
5 3 4  6 . 6  1 " C / h r  ( 7 7 )  5 . 3  t o  4 . 7  f j b r o u s

---993--------- --?,s-----?191\r- iZ9)---------9.9-!g-9.?----I i l rss:,-rere----
60-20-20(F -7 )

265  6 .6 "C /h r  ( a )
296  7 .0  20 ' c / h r  ( 44 )

5 .2  t o  4 .5  f i b rous ,  f ew
5 . 2  t o  4 . 7  f i b r o u s ,  r a r e

2 . 0  z ' C / h r  ( 4 9 )  5 . 3  t o  4 . 7  f i b r o u s
12 .0  50 'C  d rops  (75 )  5 .3  t o  4 .4  f i b rous  ( r ad ia te )  and  pa t chy

o r  s t r i ng - l  i  ke
6 .0  50 'C  d rops  (75 )  5 .3  t o  4 .4  f j b rous  and  s l i gh t l y  pa t chy

12 .0  50 'C  d rops  (76 )  5 .0  t o  4 .0  b ra i d - l  i ke  t o  pa t chy ,  r a re l y
f i b rous  ( s l .  r ad ia te )

6 .4  50 'C  d rops  ' ( 76 )  5 .0  t o  4 .0  f i b rous  ( coa rsen  ou twa rds )  o r
Patchr

350
512

5 1 3
524

525

; ; - i ; : ; ; i ; - ; j - -  

Da t chv

351  4 .6  z 'C /h r  ( 49 )  5 .3  t o  4 .7  f i b rous ,  some  a r ranged  i n
sectors about p lag,  core

514  l l  . 7  50 "C  d rops  (75 )  5 .3  t o  4 .4  f i b rous  ( coa rsen  ou twa rds ) ,
patchy

f i b rous ,  b l ebby
f ibrous to extremely patchy

in  d i s t i nc t  doma ins ,
f i be r s  r a re l y  i n  sec to r

536 12 .0  1 'c /h r  (77)

s37 6 .0  1"c /h r  (77)

s s s  4 . 0  z ' C / h r  ( 7 9 )

5 3 8  l l . 9  1 " c / h r  ( 7 7 )
5 5 6  s . l  Z " c / h r  ( 7 9 )

5 .2  t o  4 . ' l  f i b rous  ( r ad ia te ) ,  pa t chy
( ra re  )

5 . 2  t o  4 . 1  f i b r o u s  ( s l i g h t l y  r a d i a t e )
b l e b b y . ( r a r e )

5 . 5  f , O  J . Z  T t o r O U S  ( r a o l a E e / ,  r r r e g u t a r t y

5 . 2  t o  4 . ' l
5 .  5  t o  3 . 2

5 . ' ]  t o  4 .8  f i b rous ,  i r r egu la r l y  d i s t r i -
bu ted  i n  sma l l  c l us te r s
o f  f i be r s

5 . 5  t o  3 . 2  f i b r o u s ,  f e w , 2 - 7  J ;  p a t c h e s

5 . i  t o  4 . 8  f i b r o u s ,  i r r e g u ] a r l y  d i s t r i -
bu ted  i n  sma l l  c l us te r s
o f  f i be r s

5 .5  t o  3 .2  f i b rous ,<4u ;  no  pa t ches

d i s t r i b u t i o n .

45 -3 0-25 (  F- l  0 )
479  3 .  0

557  7 .9
r r n a  6 - l  A  , ,

4 s - 3 7 - 1 8 ( F - l  I  )
4 8 0  s . 0 50 'C  d rops  (69 )

50 'C  d rops  (69 )

z "C /h r  ( 79 )

s58 9 .6  z "c lh r  (79)
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100 pm from the larger crystals. For zoning profiles,
only Na, K, and Ca were analyzed, and only back-
ground, drift, and deadtime corrections were made.

Analysis of the lamellar intergrowths presents a
problem. The lamellar spacing is generally less than 5
microns, and it is thus impossible to analyze them
individually. We have obtained what we consider to
be good approximate compositions in the following
way. An area of lamellar intergrowth in a given crys-
tal is selected that is free of fractures and other sur-
face imperfections and is at least 0.1 mm long. The
lamellae are traversed perpendicular to their long
dimension with a beam spot of approximately one
micron. An analysis for Na, Ca, and K is made every
two microns, and the molecular amounts of An, Ab,
and Or are calculated and plotted. The data generally
plot on a mixing line between the lamellae and host
compositions. Data points that fall between the end
members represent analyses where the beam spot
overlaps significantly onto both the host and the la-
mellae, and data points at the endpoints of the mixing
line represent analyses where the beam spot is cen-
tered as well as possible on either the host or la-
mellae. If the lamellae are significantly smaller than
the volume of excitation of the microprobe beam,
then the end-member analyses will be minimum val-
ues and the actual values must be along extentions of
the mixing line established by the available data. The
reproducibility of the mixing line for same traverse
and the reasonable values obtained convince us that
this is a viable technique to obtain compositional
data on very fine, closely-spaced lamellae and host.

Experimental results

Textures

The experimentally-grown feldspar crystals are
elongate, or tabular and nearly equant on (010).
Nearly all crystals have plagioclase cores and sani-
dine overgrowths. Intergrowths of plagioclase and
sanidine are present in crystals grown from each of
the starting compositions listed in Table l. The run
conditions and a brief textural description for each
occurrence are given in Table 1. The intergrowths are
of two general types: regularly-spaced, parallel la-
mellae up to l0 pm wide that resemble microperthite
(Smith, 1974a, p. a23) and irregular or patchy inter-
growths that resemble patch perthite (Smith, 1974a,
p .  410) .

The fine lamellar intergrowths are most common in
crystals grown from F-I ,  F-7, F-10, and F-l l .  The
lamellae are generally perpendicular to the core

plagioclase and the crystal growth face they subtend
(Figs. 1-4). The lamellae in some crystals are visibly
connected to the plagioclase core (Fig. 2), but in
many cases they do not appear to be connected. In
other crystals, the lamellae terminate within the crys-
tal (Fig, 5). The lamellae in F-9 (especially charge
351 ) are often arranged in sectors (Fig. 2) resembling
compositional sector zoning in plagioclase and
pyroxene. In step-grown crystals (Figs. 3 and 4), the
lamellae terminate within each zone and apparently
nucleate anew in succeeding zone. In charge 479 (Fig.
4), the lamellae are quite regular in the (100) direc-
tion, but occur only as isolated patches in the (001)
direction.

The plagioclase lamellae do not always occur with
regular spacing, especially in crystals that also have
plagioclase patches. In the crystal shown in Figure 6
the plagioclase lamellae vary considerably in spacing
and width, and in the crystal shown in Figure 5 they
occur as isolated thin stringers. Some crystals have
fine lamellae behind the (001) face and patchy inter-
growths behind (010).

Frc. l. Feldspar crystal with skeletal plagioclase core (light gray)

and sanidine mantle (dark gray); overgrowth has fine lamellar

plagioclase-sanidine intergrowth Capsule 351.
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FIc. 2 Feldspar crystal with equant plagioclase core (dark gas
bubble in center) from which fine lamellae extend in two sectors
into the enclosing sanidine ( lower re l ief ) .  Capsule 351

Patchy intergrowths are common only in F-8 and
F-9 and are more variable in character than the la-
mellar intergrowths. Three major varieties are shown
in Figures 5-7. The patches may be in optical conti-
nuity, as shown in Figure 5; all the patches on one
side of the crystal extinguish simultaneously under
crossed nicols, while those on the other also extin-
guish together, but at a slightly different angle. The
patches appear to be connected by thin lamellae
which may not appear continuous in the plane of the
thin section (Figures 6 and 7). There were no crystals
in which there were only patchy intergrowths. The
patchy intergrowths are better developed in the con-
tinuously cooled runs.

There are no prominent plagioclase cores in the
crystall ization products of F-8. In charge 350, there
are very small plagioclase cores, but in most other F-
8 products the plagioclase and sanidine either nucle-
ated and precipitated together or sanidine appeared
slightly earlier.

Mineral compositions

The compositions of the intergrown phases most
readily distinguish crystall ization intergrowths from

exsolution perthites. The compositions of the inter-
grown phases are shown for each bulk composition in
Figures 8-12. The complete zoning profi les are also
shown, but they are included only to set the context
for understanding the intergrowths and wil l not be
discussed in detail in this paper. Nomenclature wil l
follow Smith (1974b, p. aa1). All cell edges and axial
angles measured from X-ray precession photographs
of the phases in Run 351 indicate that both the K-
feldspar and plagioclase are in their high structural
state (J. R. Smyth, personal communication). Since
all the feldspars in the other runs were grown at
similar temperatures for similar lengths of t ime, the
crystals are most l ikely all in the high structural state.
Thus, the adjective "high" wil l be assumed through-
out  th is  paper and not  expl ic i t ly  s tated.

The crystal shown in Figure 3 comprises four zones
that  grew isothermal ly  at  50 'C intervals .  Zones 1,2,
and 3 are reverse zoned,  i .e . , lhey become cont inual ly
richer in An from the inside to the outside edge (Fig.
8). Zones I and 2 are oligoclase and do not have
intergrowths. Zone 3 is potassian albite, and parts of
the zone contain fine lamellae (Fig. 3). The composi-
tions of the lamellae and host are best estimated from
the end points of the mixing l ine shown in the lower
part of Figure 8. The lamellae are sodian sanidine
(nomenclature after Smith 1974b, p. 447), and the
host is similar in composition to the intergrowth-free
parts of zone 3. Znne 4 is sodian sanidine, but has a
complex zoning pattern (Fig. 8) which init ially shows
an increase in Or (reverse) followed by an increase in
Ab (normal). Portions of zone 4 also have fine lamel-
lar intergrowths (Fig. 3) with potassian albite la-
mellae in a host comparable to the intergrowth-free
parts of zone 4.

Zones 3 and 4 are adjacent (Fig. 3b), and it is not
clear whether they grew simultaneously or sequen-
tially. The more Ab-An-rich composition of zone 3
suggests that it grew at a higher temperature and thus
before zone 4. The lamellae in zone 4, however, are
richer in An than the bulk composition of zone 3,
suggesting the reverse order of crystall ization. The
bulk composition of each zone, however, should be
diagnostic, and zone 3 probably crystall ized before
zone 4. The An-rich lamellae in zone 4 may result
from An enrichment in the boundary layer preceding
the crystal growth front. This possibil i ty is not very
satisfying, however, because a similar behavior is not
observed in the zone 3 lamellae.

The temperature at which each zone grew can be
determined only if the relationship between zones 3
and 4 is clear. Assuming zone 3 grew first, then zone 4
would have grown at the final isothermal plateau,
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FIc. 3. Feldspar crystal with sharply defined zones that reflect the step-cooled history (see text for details): (a) photomicrograph; (b)

sketch del ineat ins the zones.  Caosule 510.

650oC, and each preceding zone at successive 50oC
higher increments. We have observed empirically
that, once nucleation takes place and the crystal
starts to grow at one isothermal plateau, each suc-
ceeding plateau will be represented by a zone of crys-
tallization. Thus for this bulk composition, the crys-
tal did not nucleate until the 800"C plateau was
reached. 

'

Bulk composition F-7 was cooled at a linear rate of
6.6"C/hr, and thus the zoning profile is continuous
except for the abrupt change from oligoclase to so-
dian sanidine (Fig. 9). The lamellae are extremely
fine, less than 5 pm, and are rare. The traverse used to
analyze the lamellae crossed the profile at the x, but
the composition is changing so rapidly that the limits
of error in placing the x are shown by perpendicular
hachures. It is thus impossible to define a
host-lamellae relationship, and the compositions of
the alternating fine fibers or lamellae are shown by
the end points of the mixing line (An,oOr1' ur.
AnrOr.u).

The nearly equal proportions of the intergrown
phases in bulk composition F-8 reflect the nearly
equal proportions of the two feldspars in the starting
material; Sanidine is slightly dominant in the crystal

(Fig. 6) and is considered the host. The oligoclase
lamellae and patches are the same composition. The
sanidine enclosing the patches is slightly more Or-
rich than the sanidine intergrown with the oligoclase
lamellae (Fig. l0). The crystal grew in a linear cooling
experiment that covered nearly 250oC, but actual
growth must have taken place within a more limited
temperature interval to account for the narrow com-
positional range throughout the crystal.

The crystals grown from F-9 showed the widest
variety of intergrowth textures. Analyses of the
patchy intergrowths are shown in Figure 1la. The
patchy intergrowths (Fig. 5) developed best in a step-
cooled run. A separate plagioclase crystal with a sani-
dine overgrowth is significantly more An-rich than
the patches, indicating that it nucleated and grew at a
higher isothermal plateau than the intergrowths. The
two tie lines join patch-host compositions from each
side of the crystal.

Parallel lamellae are the dominant intergrowth in
continuously cooled melts of F-9 composition (Figs.
I and 2). Both the plagioclase cores and sanidine
mantles are normally zoned (Fig. llb). Analyses of
the lamellar intergrowth close to the plagioclase core
and near the edge of the crystal show that the la-

O B S C U R E D

A D J A C E N T
C R Y S T A t
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FIc. 4. Feldspar crystal with five plagioclase zones and three
sanidine zones each containing plagioclase intergrowths. Capsule
479.

mellae and host are both normally zoned. The la-

mellae continue the normal zoning trend of the
plagioclase core, and reflect the appearance of sani-
dine by trending toward the Ab corner. The zoning
range of the host is the same as the parts of the
sanidine overgrowths that have no lamellae, such as
the crystals with the sector-arranged lamellae (Fig.
2).

Composit ions F-10 and F-l l  have high An con-
tents and thus have large plagioclase cores (Fig. a)
and extensive zoning profiles (Fig. l2). The crystals
analyzed were step-cooled in 50oC intervals. The
plagioclase is reverse-zoned with each zone similar to
the profiles in Figure 8, and the normal zoning trend
indicated in the figure shows the decreasing average
An content of each zone grown at decreasing temper-
atures. The plagioclase in the more Or-rich F-10 has a
slightly higher Or content and three sanidine zones as
opposed to one. The sanidines are complexly zoned;
the initial trend is normal, followed by a reversal or
enrichment in Or content. Individual profiles are not
shown in Figure 12, in which the arrow indicates the
overall trend for the three sanidine zones with de-

creasing temperature. The lamellae compositions in
F-10 and F-ll are very similar to each other and to
those for other bulk compositions.

Evidence for simultaneous growth

Several lines of evidence lead to the conclusion that
the intergrowths develop by simultaneous growth
and not through exsolution or replacement. Replace-
ment can be ruled out, because the composition of
the system remains constant and because of the short
times available. Exsolution is not so easily dismissed,
and the following discussion will hopefully resolve
the question.

The intergrowths produced in the crystallizalion
experiments possess several rare, if not unique attri-
butes: ( I ) their thermal histories are accurately
known; (2) both of the principal phases are exten-
sively zoned; and (3) the compositions of these phases
are unusual for exsolution perthites.

For exsolution to take place, a high-temperature
feldspar must be cooled sufficiently slowly below the
solvus. Based on the data of Yoder et al. (1957) and
Morse (1970), which place the alkali feldspar eutectic
within 5' of 700'C at 5 kbar, charges 351 and 350,

Ftc. 5. Sanidine crystal with patch-plagioclase intergrowths; the
patches on each side have a common extinction angle. Capsule 514.
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mechanism is called upon. Diffusion sufficient to
cause exsolution should certainly eliminate the zon-
ing in sanidine, where it is not necessary to alter Si-O
or Al-O bonds, especially when, as shown in Figure
llb, both the plagioclase lamellae and the sanidine
host are normally zoned in the same range as the
nonperthitic areas of the same crystals. The last and
strongest point in favor of simultaneous growth is the
composition of the sanidine host. The sanidine is
zoned from Orru toward the Ab corner with an aver-
age near Oruo to Oruu. Sanidines of this composition
would be capable of exsolving the classical perthite
compositions of greater than Orro and less than Orro.
There is little data on plagioclase lamellae composi-
tions that have significant An content, but they cer-
tainly represent higher temperatures of formation
than the usual Abr, ,nAn, , typical of exsolution per-
thites.

Growth model

The simultaneous growth of two phases from the
melt is usually considered eutectic (or cotectic) crys-
tallization. Because the liquid fraction does not ap-

Ftc 6. Sanidine-plagioclase intergrowths, both patch and lamel-
lar; sanidine is dark gray, and the plagioclase is lighter gray.
Capsule 524.

which were quenched at 765oC, never entered the
solvus region except on the quench. The crystals in all
other charges must have entered the solvus region,
but only for short periods of time. The three sanidine
zones in 419 (Fig.4) crystallized at 800", 750o, and
700"C. The data of Morse (1970) show that only the
700"C zone could have possibly crystallized below
the solvus. The 700"C zone shows the best inter-
growth development, while the previous two zones,
which had the advantage of the full time period at
700"C to exsolve, have poorly developed inter-
growths. If exsolution were the mechanism, the oppo-
site would be expected.

There are no distinctive differences between the
intergrowths in runs that did not go below the sol.vus
except on the quench and those that spent a few
hours or days below the solvus; and there is no reason
to suppose a different mechanism caused the remark-
ably similar intergrowths. Furthermore, it is unlikely
that exsolution could take place rapidly enough for
lamellae up to l0 pm or patches up to 50 pm to form
in less than 10 days. The extensive zoning of the
sanidine is also difficult to explain if an exsolution

Ftc. 7. Sanidine crystal with isolated lamellae connecting plagio-
c lase patches.  Capsule 512.
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Frc .8 .P lo to fmic roprobeana lysesof thecrys ta l inF ig .3grownf romcompos i t ionF-1  Theopenandc losedsymbols in the lowerpar t
define mixing lines as defined in the methods section. See text for further explanation.

pear to have reached the cotectic in this system before
nucleation and growth of sanidine, and because the
compositional variation of the intergrowths is consid-
erable, it is difficult to call on eutectic growth to
explain the intergrowths. There are lamellar inter-
growths similar to eutectic crystallization, however,
whose growth is kinetically controlled and not an
equilibrium process (Tiller, 1964; Lofgren, 1974).
This kinetic process combined with the cotectic na-
ture of the ternary feldspar system may produce in-
tergrowths similar to those found in eutectic growth.

During growth of the plagioclase, a boundary layer

of melt rich in rejected K-feldspar components devel-
ops adjacent to the plagioclase. The presence of such
a zone, l0 to 20 pm wide, has been documented by
analyses of the glass immediately adjacent to the
plagioclase crystals that do not have sanidine over-
growths. Sanidine nucleation will occur first in this
boundary layer, because this liquid approachs the
cotectic composition in the ternary system before the
bulk liquid and is at all times more highly super-
cooled and supersaturated (Tarshis and Tiller, 1967).
It is impossible to say whether nucleation takes place
at the plagioclase melt interface or a few microns

A n 3 9  O r  7 9

o  P L A G I O C L A S E  C O R E
o S A N I D I N E  M A N T T E
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Z O N E  4
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r  M I X I N G  L I N E

Frc. 9. Plot of microprobe analyses of a crystal from charge 265 grown from F-7.
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Ftc. 10. Plot of microprobe analyses of the crystal in Fig 6 grown from F-8
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away. The crystalline boundary is very sharp, how-
ever, so that once sanidine nucleates, it takes over
instantaneously and completely. Sanidine growth
must be metastable, because the bulk liquid is not
within the two-feldspar stability field as defined by
Yoder et al. (1957).

The presence of the boundary layer is instrumental
in causing a breakdown of the planar interface of a
growing crystal to an array of parallel projections for
a variety of materials (Tiller, 1963; Keith and Pad-
den, 1963; Lofgren and Weeks, 1969). The planar
interface becomes unstable when the crystal growth
rate is sufficiently rapid so that the constitutional
supercooling gradient is steep within a narrow
boundary layer. When the boundary layer is suf-
ficiently narrow, random nucleation clusters on the
crystal surface that might otherwise relax and dis-

appear will encounter a large gradient in super-
cooling and begin to grow rapidly. The diameter and
spacing of the resulting projecting fibers will depend
on the nucleation density and diffusive properties of
the melt and so on the temperature and growth rate
of the crystal. Thus for rapid growth rates the la-
mellae will be finer and more closely spaced than for
slower growth rates; the lamellae will no longer be
stable if growth slows sufficiently. This is consistent
with the observation that the lamellae generally coars-
en outwards in a crystal and often cease within the
outer boundaries of the crystal. If the plagioclase
lamellae form in this manner, then sanidine nucle-
ation must occur within the three-dimensionally con-
tinuous melt enclosing these fibers and grow nearly
simultaneously with them.

In many crystals, plagioclase lamellae are appar-

OrA b

Frc. l1a. Microprobe analyses of crystals grown from F-9. Analyses of crystal shown in Fig. 5 (the tie lines connect analyses of
plagioclase patches and the enclosing sanidine from each side of the crystal).
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ently not continuous with or projecting from the
plagioclase core. This may be only apparent, because
the lack of crystalline continuity between the core
and the lamellae might be an artifact of the particular
plane of the thin section. Alternatively, the plagio-
clase core and lamellae may be continuous, but below
the resolving power of the microscope. The lamellae
coarsen away from the plagioclase core and become
resolvable. If they are, indeed, not continuous, the
mode of growth must be somewhat different. The
lamellae must nucleate within a boundary layer en-
riched in plagioclase component that encloses the
recently nucleated and growing sanidine, rather than
on, and projecting from, a crystalline plagioclase
host. The details of such a growth process are not
well understood.

The patchy intergrowths may also represent nucle-
ation of plagioclase at or near the interface of a
growing sanidine but the nucleation sequence is less
clear. Patchy as opposed to lamellar morphology
probably represents local differences in the crystal
growth conditions. The optical continuity of the
patches suggests that they are connected in the third
dimension by the thin stringers evident in Figure 7
such that they are a single crystal. The presence of
both patchy and lamellar intergrowths in a single
crystal indicates that the crystal growth conditions in
these runs must be near the transition between the

LOFGREN AND GOOLEY: CRYSTALLIZATION OF FELDSPAR INTERGROWTHS

Ftc. 1lb. Microprobe analyses of crystals grown from F-9. Analyses of crystals shown in Figs. I and 2

two modes of growth. The association of these differ-
ing intergrowth morphologies with different growth
sectors of a single crystal suggests that different crys-
tal faces do encounter different kinetic growth prob-
lems.

Petrologic applications

The lamellar and patchy intergrowths grown di-
rectly from the melt can be distinguished from ex-
solution micro- and patch perthite by determining the
compositions of the two feldspars. The feldspars
grown from the melt will generally show higher
degrees of solid solution than feldspars that exsolved
to form perthite; the plagioclase will be more An- or
Or-rich, and the sanidine will be much more Ab-rich.
The intergrown feldspars may also show zoning that
is incompatible with an exsolution origin. The shapes
of the crystals can also be diagnostic. Skeletal plagio-
clase cores, for example, suggest that the original
growth shape has not been subsequently modified, as
it probably would be by exsolution.

Feldspar phenocrysts in volcanic rocks with
plagioclase cores and sanidine rims similar to ones
produced in this study have been reported by Tuttle
and Bowen (1958),  Carmichael (1965),  Rahman and
MacKenzie (1969),  and Ridley (1971).  The zoning in
the plagioclase varies from strongly normal to nonex-
istent, while the sanidine is unzoned or only weakly
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Frc. 12. Microprobe analyses of a crystals from charge 479, one of which is shown in Fig' 6 and grown from F-10.
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normally zoned. Rahman and MacKenzie (1969)
show a photomicrograph of a sanidine phenocryst
with a patch of lamellar intergrowth that resembles
the experimentally grown lamellar intergrowths
shown in Figure 2. Microperthitic sanidine enclosing
a plagioclase core has also been reported in dolerites
and syenites by Buddington (1939) and Yagi (1953);
these are likely candidates for melt growth.

Feldspars that crystallized within the upper por-
tion of the melt sheet at Manicouagan Crater, Que-
bec, have fine lamellar intergrowths (R. Floran, per-
sonal communication). The composition of the
lamellae have not been determined, but the inter-
growth-free plagioclase is approximately Anro-zu
Oru-,0, and the sanidine is Or.o-ruAnr-u. These com-
positions are similar to the experimentally grown
crystals that contain lamellar intergrowths, and it is
unlikely that exsolution has occurred.

These experiments cannot set lower limits on the
cooling rates at which the intergrowths could de-
velop. If they were produced in plutonic rocks, it is
unlikely that they would be preserved throughout the
subsolidus cooling history during which exsolution or

other solid-state reactions would tend to eliminate
the original intergrowth (Smith, 1974a, p. 505). It is
possible, however, that the texture of the original
intergrowth may affect the nature of the exsolution
texture and could be identified in that way.

Acknowledgments
J. R. Smyth kindly determined the structural state of the feld-

spars in one of the charges. R. Gooley is supported by an NRC-

NASA resident research associateship. C. H. Donaldson read and

considerably improved the manuscript.

References

Bence, A. E. and A. L. Albee (1968) Empirical correction factors

for the electron microanalysis of silicates and oxides. J. Geol ,
76,382-403.

Buddington, A. F. (1939) Adirondack igneous rocks and their

metamorphism . Geol. Soc. Am Mem., 7 ' 354 p.

Carmichael, I. S. E. (1965) Trachytes and their feldspar
phenocrysts. Mineral. Mag., 34, 107-125.

Holloway, J. R. (1971) Internally heated pressure vessels. In, G' C.

Ulmer, Ed., Research techniques for high pressure and high

temperature. Springer-Verlag, New York, p. 217 -258.

Keith, H. D. and F. J. Padden, Jr. (1963) A phenomenological

theory ofspherulite crystallization' J- Appl. Phys. 34,2409-2421'
Lofgren, Gary (1974) An experimental study of plagioclase crystal

A n , ,  O r  t U

P t A G I O C t A S E  C O R E

S A N I D I N E  M A N T I E

O  I N I I I A L

.  M I X I N G  L I N E

H O S T[ A M E [ [ A E  .  '



228

morphology: isothermal crystallization. Am J 5ci.,274,
243-273.

Lofgren, Gary, and W. F. Weeks (1969) Effect of growth parame-
te r s  on  subs t ruc tu re  spac ing  i n  NaC l  i ce  c r ys ta l s .
J.  Glacio l  ,8.  153-164.

Luth,  W. C. and C O. Ingamel ls (1965) Gel  preparat ion of  star t ing
materiafs for hydrothermal experimentation. Am Mineral , 50,
255-258.

Morse, S. A. (1970) Alkali feldspars with water at 5kb pressure "/.
Petrol., I 1, 221-251.

Rahman, S.  and W. S.  MacKenzie (1969) The crystal l izat ion of
ternary feldspars: a study from natural rocks. Am J ici.,267,
39 l -406.

Ridley, Ian (1971 ) The petrology of some volcanic rocks from the
British Tertiary Province: The islands of Rhum, Eigg, Canna,
and Muck.  Contr ib Mineral  Petro l  ,32,251-266.

Smith, Joseph V. (1974a) Feldspar Minerals, Vol. 2. Springer-Ver-
lag,  New York.  690 p.

Smith, Joseph V (1974b) Feldspar Minerals, Vol. l. Springer-
Ver lag,  New York.627 p.

LOFGREN AND GOOLEY, CRYSTALLIZATION OF FELDSPAR INTERCROWTHS

Tarshis, L. A. and W. A. Tiller (1967) The effect of interface-
attachment kinetics on the morphological stability of a planar
interface during solidification. In, H. S. Peiser, Ed., Crystal
Growth. Pergamon, Oxford, p. 709-7 19.

Ti l ler ,  W. A.  (1963) Pr incip les of  sol id i f icat ion.  In,  J.  J .  Gi lman,
Ed., The Art and Science of Growing Crystals John Wiley and
Sons,  New York.  p.  2 '16-312.

Ti l ler ,  W. A (1964) Dendr i tes.  Science,  146,871-879.
Tut t le,  O. F ,  and N. L.  Bowen (1958) Or ig in of  grani te in l ight  of

experimental studies in the system NaAISLO,-KAISisOE-SiO,-
HrO. Geol Soc Am. Mem , 74, 153 p

Yagi, K. (1953) Petrochemical studies in the alkalic rocks of the
Morotu Distr ic t ,  Sakhal in.  Geol .  Soc Am 8u11.,64,769-810.

Yoder,  H S. ,  D.  B.  Stewart  and J.  R.  Smith (1957) Feldspars.
Carnegie Inst Wash Year Book, 56,206-214.

Manuscript receiued, May 21, 1976; accepted

for publication, October 14, 1976




