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Abstract

The crystal structures and compositions of the phases in a natural cryptoperthite from the
Rabb Canyon pegmatite, Grant County, New Mexico, have been determined using single-
crystal X-ray diffraction, transmission electron microscopy, and electron microprobe analysis.
The cryptoperthite consists of an untwinned, monoclinic sanidine [cell dimensions: a =
8.558(1), b = 12.997(1), ¢ = 7.179(1)A, 8 = 116.07°(1)] and a pericline-twinned, triclinic high
albite [cell dimensions: a = 8.144(2), b = 12.989(3), ¢ = 7.160(2)A, a = 92.10°(2), 8 =
116.56(2)° and v = 90.21(2)°]. The similarity of the b and ¢ cell dimensions and precession X-
ray photographs indicate that the phases are partially, but not completely, coherent in the
intergrowth plane, ~(601). The bulk composition of the crystal determined by microprobe
analysis is Org5,AbgsAnNe g, and the mole fraction of the sanidine phase in the crystal
determined by X-ray scale factor refinement is 0.68(1). TEM examination showed that the
high-albite lamellae are ~500A wide with ~50A-wide pericline twin lamellae. The sanidine
lamellae are ~1000A wide. The composition of the sanidine phase, as determined by direct
crystallographic site refinement, is Org 51)Ab, 35. The composition of the high-albite phase, as
determined by mass-balance, is Org 253 Abyg 7.

Both phases in this cryptoperthite are strained, although the nature and amount of strain
differ from predictions of models of elastic strain in perfectly coherent feldspars. No pre-
viously-reported method of predicting the composition of the phases in a cryptoperthite from
the cell dimensions yields correct results for this specimen. The observed compositions lie on

an experimentally-determined coherent solvus at a temperature of 465 + 20°.

Introduction

Cryptoperthites are submicroscopic intergrowths
of sodic and potassic alkali feldspars resulting from
exsolution of a homogeneous feldspar of inter-
mediate composition. The unit-cell dimensions of the
intergrown phases commonly differ significantly from
those of compositionaliy-similar non-intergrown
phases (Stewart and Wright, 1974). This discrepancy
is attributed to elastic strain induced by preservation
of a partially to completely coherent aluminosilicate
framework across the phase boundary during ex-
solution (Owen and McConnell, 1974; Yund, 1974).
Efforts to determine the amount of strain and how it
affects exsolution have been hampered by the diffi-
culty of determining the composition of the exsolved
lamellae, which are too small to be chemically ana-
lyzed with an electron microprobe. The compositions
of such intergrown phases are commonly estimated
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from the cell volumes (Stewart and Wright, 1974).
Cell volumes are, however, affected by elastic strain
and thus do not yield a correct estimate of composi-
tions for coherent cryptoperthite. Robin (1974) and
Tullis (1975) have developed methods for correcting
these compositional estimates by calculating the elas-
tic strain of the unit cell caused by coherency. How-
ever, their corrections apply only in the case of com-
plete coherency of monoclinic phases, and they have
not been verified experimentally. Previous attempts
to refine the crystal structures of the individual
phases of a cryptoperthite have not been wholly suc-
cessful because of the difficulties in resolving the dif-
fraction maxima of the intergrown phases, one or
both of which are usually twinned (Ribbe and Gibbs,
1975).

In this study, both intergrown phases of a crypto-
perthite were examined by single-crystal X-ray dif-
fraction and transmission electron microscopy with
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the following objectives: (1) to develop techniques by
which the structures of the phases in such an inter-
growth may be determined; (2) to determine the com-
position of the individual phases using X-ray diffrac-
tion techniques and data on the bulk composition; (3)
to investigate the structural changes caused by partial
coherency; and (4) to use these data as a basis upon
which to evaluate methods of determining the com-
position and amount of strain of the phases in crypto-
perthite from the cell dimensions.

Experimental

The material used in this study came from the
Rabb Canyon pegmatite, Grant County, New Mex-
ico (Kuellmer, 1954). The pegmatite occurs in por-
phyry that is the vent facies of a rhyolite dome (J.
O’Brient, personal communication, 1976). The
cryptoperthite occurs in a matrix of coarsely crystal-
line quartz as clear, colorless single-crystal fragments
about lem in diameter, which display perfect cleav-
age parallel to (010) and (001).

Precession X-ray photographs of a specimen (0.34
X 0.20 X 0.14mm) taken from a crystal fragment
show that the cryptoperthite consists of an un-
twinned, monoclinic sanidine phase and a pericline-
twinned, triclinic high-albite phase’ (Fig. 1). The ma-
jority of diffraction maxima from both phases are
distinct and generally well resolved, although slight
streaking between the maxima is observed. This crys-
tal was later used for integrated intensity measure-
ments on the intergrown phases. A transmission elec-
tron micrograph of the material is shown in Figure 2.

All measurements of the X-ray diffraction in-
tensities were made on a Picker Facs-1 four-circle
diffractometer with graphite monochromatized
MoK« radiation (A = 0.71069A). The unit-cell di-
mensions at 23°C of all three lattices were determined
by least-squares fit to the angular coordinates of re-
flections centered by the Facs-1 programs. Eighteen
reflections in the range 12-49° 28 were used for the
sanidine phase and 15 reflections in the range 12-49°
20 were used for each of the high-albite twins. The
cell dimensions of the high-albite twins differ by less
than one standard deviation. The observed cell di-
mensions are given in Table 1, together with cell
dimensions calculated from the observed composi-

! The terms sanidine and high albite refer to potassic and sodic
feldspars, respectively, in which the Al-Si distribution among the
non-equivalent tetrahedral sites is nearly fully disordered. A peri-
cline twin is a rotation twin with a twin axis of [010] and a
composition plane near (001), the so-called rhombic section.

.
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Fig, 1. Zero-level precession X-ray photograph (MoKa

radiation) of the b*-¢* net of the cryptoperthite. The most intense
lattice is thal of sanidine. The two less intense lattices are those of
high-albite twins.

tions using Luth and Querol-Sufi€’s (1970) regression
equations.

Precession photographs show that the space group
of the sanidine phase is C2/m (hkl systematically
absent when 2 + k = 2n + 1). The high-albite phase
was referred to the nonstandard space group C1 (hkl
systematically absent when A + k = 2n + 1) which is
conventionally used for triclinic feldspars to facilitate
comparison of the monoclinic and triclinic structures.

Integrated intensities in the range 5-60° 26 were
measured for the sanidine phase with a §-26 scan at a
1°/min scan rate using a 1.5° take-off angle and a
2.6° 20 scan width compensated for a;-a, splitting.
Backgrounds were estimated from 20-second counts
made at each end of the scan. Intensities in the range
30-75° 20 were measured for one of the high-albite
twins using a 0.5°/min scan rate, a 2.3° 26 scan
width, and 100-second background counts. Other
conditions were the same as those used for data col-
lection on the sanidine phase.

The diffraction intensities from each lattice in the
range 40-45° 26 (160 observations for the sanidine
and 270 for each of the high-albite twins) were remea-
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Fig. 2. Bright-field transmission electron micrograph of a section
from the fragment cut parallel to the (001) cleavage plane. The
sanidine lamellae have a maximum width of 1000A and alternate
regularly with high-albite lamellae whose maximum width is 500A.
The intergrowth plane is approximately parallel to (601) and
normal to this section. Micrographs were made on a 100 kV
Philips 200 microscope in the Départment of Materials Science
and Engineering at the University of California, Berkeley.

KEEFER AND BROWN: CRYPTOPERTHITIC SANIDINE AND HIGH ALBITE

sured using identical instrument settings. These ob-
servations were used to determine the relative
amounts of each phase in the sample, as discussed
below. The intensities from each high-albite twin
were the same to within 0.1 percent, confirming that
both twins have the same structure and are present in
equal amounts.

Observed intensities were corrected for back-
ground, Lorentz, and polarization effects, the latter
assuming a 50 percent mosaic monochromator crys-
tal. The observations were scaled to normalized stan-
dard observations to correct for instrument drift;
maximum and minimum scaling factors were 1.03
and 0.96, respectively. Corrections for absorption
were made using an analytical method® (u = 8.0°
cm~!, calculated from the bulk composition of the
crystal; minimum and maximum transmissions were
0.91 and 0.95, respectively). Standard deviations were
estimated using the formula of Corfield et al. (1967),
which employs an instrumental instability constant of
0.04.

The crystal used in the diffraction experiment was
analyzed with an electron microprobe. The bulk com-
position was: (weight percent) 66.81 SiO,, 18.67
ALO,, 891 K,O, 5.39 Na,O, 0.20 CaO, 0.13 FeO,
corresponding to Org5,Abg 48ANg ;.

2 Using the formula of De Meulenaer and Tompa (1965) in the

program AGNOST. Programs used for other calculations were A.
Zalkin’s ForbpaP, a modified version of Finger’s RFINE, and lo-
cally-written programs by K. Keefer for reducing and correcting
the data.

Table 1. Comparison of observed and calculated cell parameters for sanidine and high albite in cryptoperthitic intergrowth

SANIDINE HIGH ALBITE

Observed Calculated Az Strain(%) Observed Calculated A Strain(%) AOBS9 ACALC“
a(f 8.558(1)1 8.452(5) 0.106 1.25 8.144(2) 8.248(8) -0.104 -1.26 0.414 0.204
b(£) 12.997(1) 13.004(1) -0.007 -0.05 12.989(3) 12.932(6) 0.057 0.44 0.008 0.072
e(£) 7.179(1) 7.169(1) 0.010 0.14 7.160(2) 7.140(3) 0.020 0.28 0.019 0.029
al(®) 90.00 90.00 0.00 92.10(2) 92.05(18) 0.05 -2.10 -2.05
B(*) 116.07(1) 116.07(1) 0.00 116.56(2) 116.37(1) 0.19 -0.48 -0.30
Y(°) 90.00 90.00 0.00 90.21(2) 90.20(2) 0.01 -0.21 -0.20
v 717.2 708.0 87 1.30 676.9 681.7 ~4.8 -0.70 40.3 26.3

1 . Al
Wumber in parentheses are e.s.d.'s (16) in the least significant digits.

?A= observed - caleulated
3AOBS= OBS(SANIDINE) - OBS(HIGH ALBITE)
“ACALC= CALC(SANIDINE) - CALC(HIGH ALBITE)
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Structure refinement

Strip-chart recording of diffraction maxima during
the intensity measurements did not permit unequivo-
cal determination of interference among diffraction
maxima from the three lattices. Therefore, the differ-
ences in the x, w, and 20 instrument-setting angles
between any reciprocal lattice point under observa-
tion and the nearest one of each of the other two
lattices were calculated. An observation was excluded
from the refinement if all three angular differences
were less than the instrumental resolution (1.2° in y,
0.5° inw, and 1°in 20). In the A0/, h + 1/, and b £ 2/
zones, many points in the high-albite reciprocal lat-
tice were very narrowly separated from points in the
twin lattice. If the angular separation of points was
sufficiently small to assure that both diffracted in-
tensities were measured completely in a single obser-
vation, such an observation was included in the re-
finement and treated as follows.

Because both high-albite twins have the same
structure, a single observation which includes more
than one intensity from different twins may be treated
as a combination of different intensities from the
same twin. If the individual diffracted rays do not
interfere, the intensity of the combination is given by
the equation:

I =k 2ZF%

where I is the combined, unresolved intensity, F; are
the structure factors of the contributing diffraction
maxima and k is a constant which includes the Lp
factors, absorption corrections, and a scaling factor.
(The differences among the Lp and absorption fac-
tors that would have then applied to the F; individ-
ually are negligible.) For the case in which the in-
tensity is due to a single diffraction maximum, least-
squares refinement requires evaluation of derivatives

of the form:
2Ky _ 21| _ g (24, 2B )
oP, P, oP, ' 2P,

where A and B are the real and imaginary parts of the
structure factor and P, are the parameters being var-
ied. For refinement on combined intensities, these
derivatives may be computed from the equation:

3(1/]()1/2 a 3(2 F2)1/2 _ ( 2)—1/2
oP, 2P, Z i

2 (A’a_P, + B"a_P,)

The full-matrix least-squares program RrINE (Finger
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and Prince, 1975) was modified to calculate these
derivatives for combined intensities.

The initial model used in the least-squares refine-
ment of the sanidine structure was the feldspar struc-
ture reported by Fenn and Brown (1977). The neutral
atom form factors of Cromer and Mann (1968) were
employed, and complete disorder of the Al/Si distri-
bution (SiprsAle25) in the tetrahedral sites was as-
sumed. Refinement converged after 10 cycles with
anisotropic thermal parameters and an alkali-site oc-
cupancy of KgsNa,, [estimated from the Tullis
(1975) model]. The alkali-site occupancy was then
refined for 7 more cycles to yield Kq g5.40.02Na0.35° With
the constraint that the total site occupancy be 1.00.
Refinement was performed on F using weights of 1/
aZ. 140 observations were excluded from the refine-
ment on the basis of the resolution calculation, and
13 other observations were rejected because F/gg >
8, leaving a total of 924 observations in the final
sanidine refinement (Table 2a)*. The final conven-
tional R = 0.029 (R = 0.033 including observations
rejected because of poor fit), weighted R,, = 0.039
{Rw = EZwW(|Fs| — |F¢|)/Zw|Fo|*]"%, and the
standard deviation of a unit weight observation was
1.56. Because of the importance of the refined sani-
dine K/Na occupancy in our calculation of the com-
position of the albite phase, an analysis of weights
was performed. Weights of 1/6% gave essentially
equal values of (AF/¢) for equal-sized groups of Fops
and hence are preferable to a non-statistical weight-
ing scheme. Positional parameters are given in Table
3a.

The initial model used in the high-albite refinement
was the structure reported by Ribbe er al. (1969),
with the same form factors and tetrahedral site occu-
pancies that were used in the sanidine refinement. A
single alkali site with an occupancy of Na, (K, ; was
assumed. After convergence of refinement with ani-
sotropic temperature factors, the much poorer fit of
observations at larger values of sinf/A coupled with
residual electron density in a difference Fourier syn-
thesis suggested that a model with a disordered alkali
site might be more appropriate than a model with a
single alkali atom position. Both the two-site, half-
atom model of Ribbe et al. (1969) and the four-site,

® The quoted error is +2¢, a convention used throughout the
paper.

¢ Structure factor tables for both refinements have been placed
on deposit. To receive a copy of Table 2 order document AM-78-
079 from the Business Office, Mineralogical Society of America,
1909 K Street N.W., Washington, D.C. 20006. Please remit $1.00
in advance for the microfiche.
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Table 3a. Sanidine fractional coordinates and thermal parameters

R = Y 2 Bl1 ) Bys B2 f13 B3
M 0.2844(1)'  0.0000 0.1383(1) 51(1) 45(1) 118(2) 0 23(1) 0
1, 0.0091(1) 0.1834(1) 0.2236(1) 49(1) 19(1) 35(1) -4(1) 22(1) -2(1)
53 0.7069(1) 0.1177(1) 0.3431(1)  46(1) 14(1) 45(1) -1(1) 20(1) 0(1)
0,,  ©0.0000 0.1443(2) 0.0000 104(3) 31(1) 76(4) 0 50(3) 0
0,,  0.6308(3) 0.0000 0.2832(3) 87(3) 19(1) 113(5) 0 21(3) 0
0p 0.8270(2) 0.1448(1) 0.2255(2) 78(2) 44(1)  120(3) -9(1) 58(2) 5(1)
0c 0.0327(2) 0.3092(1) 0.2568(2) 71(2) 25(1) 98(3) -5(1) 30(2) -6(1)
N 0.1814(2) 0.1256(1) 0.4049(2) 80(2) 28(1) 63(3) 2(1) 13(2) 2(1)

'Wumbers in parentheses are e.s.d.'s (16) in the least significant digits.
2Thermal parameters (x10) ave of the form T=exp (-LTh h.B..).

i°j71]

quarter-atom model of Prewitt er al. (1976) were
tried; neither gave any significant improvement in the
refinement. On the basis of simplicity and ease of
interpretation, the single alkali site model was chosen
for the final refinement. Several cycles of refinement
in which the Na fraction of the alkali site occupancy
was varied (the K fraction was constrained so that the
total site occupancy was 1.00) failed to produce a
chemically reasonable Na fraction. Therefore the
alkali site occupancy was fixed at Nay 3K, », based on
tentative results of the calculation of the analbite
composition described below. Refinement was per-
formed on F with weights of 1/6Z, which were found
to be satisfactory after making the same analysis as
was made of the sanidine weights. Because of the
large number of observations, many of which were
extremely weak, only observations for which F > 305
were used in the refinement. Of the 2306 observations
which met this criterion, 479 were excluded on the
basis of the resolution calculation and 129 were re-
jected because AF/cy > 8, leaving a total of 1698
observations in the final cycle of refinement (Table
2b). The final conventional R = 0.083 (R = 0.107
including observations rejected due to poor fit), Ry, =
0.096, and the standard deviation of a unit weight
observation was 2.87. Positional parameters are given
in Table 3b.

These large residuals and large number of observa-
tions rejected due to poor agreement reflect the exper-
imental difficulties encountered in measuring the
high-albite intensities. Ninety percent of the Fpe re-
jected were much smaller than F.,.. Although no

experimental source of error could be found, the
high-albite twin studied comprised only 16 percent of
the total volume of the crystal; thus the effects of any
interference of the sanidine intensities with the in-
tensities of the high albite were exacerbated. One
likely, although unproven, explanation for this poor
agreement is that the structure within each albite
lamella may vary in distortion from the intergrowth
boundary to the center, resulting in the high thermal
parameters reported below. Such a structure would
not diffract as well as an undistorted one, and the
anisotropic thermal model used does not adequately
account for this effect.

Results

The mole fraction of each phase in the crystal was
calculated from the relative diffraction intensities of
each phase. The observed X-ray diffraction intensity
may be expressed as:

= eNkF?

where N is the number of unit cells diffracting, k is
the combined Lp and absorption correction, F is the
structure factor, and e is an instrumental constant
which is the same for sets of observations measured
under identical experimental conditions. The product
eN is then the scaling factor used as a parameter in
least-squares refinement. These values for each phase
were determined by least-squares refinement of the
scaling factor of each of the fully refined structures,
using observations of each phase measured under
identical experimental conditions. The fraction of

Io bs



KEEFER AND BROWN: CRYPTOPERTHITIC SANIDINE AND HIGH ALBITE 1269

unit cells which constitute the sanidine phase may
then be calculated from the equation:

Fraction of sanidine cells = ¢Nsanidine/(eNsanidine
+ 2¢Nhigh albite)

(the factor 2 appears in the denominator because
there are two high albite twins). Because Z = 4 for
both structures, the result is the mole fraction of the
sanidine, found to be 0.68+0.02 for this specimen.
This figure is in excellent agreement with an estimate
(0.67) derived from the electron micrographs of this
material.

As noted above, the composition of the high-albite
phase could not be determined by site refinement.
However, because the sanidine composition, the mole
fractions of sanidine and high albite, and the bulk
composition of the crystal are known, the composi-
tion of the high-albite phase may be determined by
mass-balance. The result obtained is Nag 5.0.05Ko.22
AlSisOs. The Ca and Fe content of the crystal is neg-
lected, because there is no practical way of estimat-
ing the Ca or Fe content of either phase. The bulk
CaAl,Si,Os component determined by microprobe
analysis is only 1 percent of total components and the

percent bulk FeO is even less; thus the error due to
the neglect of these components is within the esti-
mated errors noted above. The calculated density of
the crystal is 2.55 g/cm® and the density determined
by flotation is 2.57 g/cm?®.

The sanidine structure

The structure of the intergrown sanidine phase is
virtually identical to the structure of a non-inter-
grown sanidine of composition Kg g5Nay, 15A1Si,04 re-
ported by Phillips and Ribbe (1973). This similarity,
reflected by the small differences of the cell dimen-
sions (>0.02A), is probably coincidental, considering
the large difference in composition between the
phases. Because no structure has been reported for a
non-intergrown sanidine closer in composition to the
sanidine examined in this study, there is no reference
structure available for ready comparison. Fenn and
Brown (1977) found that the mean alkali-oxygen
distance, (M-0), varies almost linearly with the K
content of alkali feldspars containing little or no Ca.
For the composition of the sanidine in this study,
their results predict an (M-O) 0.02A shorter than that
observed. This difference is consistent with the elon-

Table 3b. High-albite fractional coordinates and thermal parameters

Atom ® Y . Bl1 Baa B33 B1a B13 Ba3
M 0.2690(4)2  0.0048(5) .1319(8)  101(4)  143(4)  357(12)  9(3) 26(5) -113(6)
T,,  0.0078(2) 0.1694(1) .2182(2) 63(2) 30(1) 36(3)  -2(1) 23(2) 0(1)
T, 0.0057(2) 0.8175(1) .2261(2) 59(2) 30(1) 36(3) 6(1) 17(2) 5(1)
T,,  0.6893(2) 0.1104 (1) .3287(2) 50(2) 29(1) 50(3) 0(1) 12(2) 3(1)
T,  ~ 0.6857(2) 0.8802(1) .3484(2) 51(2) 29(1) 45(3) 3() 13(2) 3(1)
0,  0.0035(7) 0.1359(3) .9914(8)  125(6) 42(2) 88(8)  -1(3) 59(5) -3(3)
0,,  0.5913(5) 0.9943(3) .2821(6) 71(5) 35(2) 91(7)  -2(2) 26 (4) 1(3)

s 0-8216(6) 0.1145(4) .2108(8) 81(6) 54(3)  154(11) -11(3) 74(7) -3(4)
0y 0.8184(6) 0.8552(4) .2378(8) 89(6) 61(3)  122(10) 13(3) 48(6) -1(4)
0o 0.0152(6) 0.2959(3) .2658(7) 90(6) 40(2) 97(9) -10(3) 32(6) -4(3)
Ocm  0-0202(6) 0.6893(3) .2329(7) 89(6) 34(2) 96(9)  10(3) 15(5) 6(3)
00 0.1965(6) 0.1168(3) .3950(7) 91(6) 40(2) 77(9) 9(3) 18(5) 8(3)
Opy  0-1918(6) 0.8710(3) .4190(7)  100(6) 39(2) 69(8)  -4(3) -10(5) -6(3)

\Wumbers in parentheses arve e.s.d.'s (15) in the least significant digits.

*Thermal parameters (x10") arve of the form T=exp( -33hh

jBij).
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gation of the intergrown sanidine along a (see Table
1). The Ribbe and Gibbs (1969) equation estimates a
slight ordering of Al into the T, site (t; = 0.28Al) and
estimates a total Al content (t; + t;) of 1.03. T-O and
K-O interatomic distances in this structure are given
in Table 4.

The high-albite structure

The structure of the intergrown high-albite phase is
significantly different from that of a synthetic, non-
intergrown albite (composition Na, gsK.0;Cag.0:AlSis
Oy, 24°C) reported by Prewitt et al. (1976). This dif-
ference manifests itself as a lesser deviation from
monoclinic symmetry in the intergrown phase. This is
in large part accounted for by the higher K content
of the high albite in this study, although partial co-
herency of the high albite with the monoclinic sani-
dine is expected to have a similar effect.

As in the case of the sanidine, no study of a non-
intergrown high-albite structure similar in composi-
tion to the albite in this study has been reported to
date, which restricts discussion of the effect of inter-
growth to general features. The mean alkali-oxygen
distance of the nine nearest oxygen atoms is within
0.002A of that reported by Prewitt et al. (1976), al-
though individual M-O distances differ by as much
as 0.125A (for M-Op,, Table 4). The mean M-O
distance predicted by Fenn and Brown’s work for the
observed high-albite composition is 0.03A larger than
that observed.

The T1,-O¢o and Ty;n—Ocm bonds in the intergrown
phase are 0.022 and 0.027A longer, respectively, than
in the non-intergrown phase. These differences are
significantly larger than would be expected solely due
to the effect of the different Na/K ratio on these
bonds®. This elongation of the T;,—Oc¢, and T1m-Ocm
bonds, which are essentially parallel to the b axis,
contributes roughly 80 percent of the elongation of
the b axis indicated in Table 1. A further consequence
of this elongation is an average T-O distance which
yields a total Al content (as predicted by the Ribbe
and Gibbs equation) of 1.13, thereby invalidating
estimates of the degree of Al-Si ordering in the inter-
grown high albite.

® For example, the T,,-Oc, distance in the non-intergrown sani-
dine structure of Phillips and Ribbe (1973) is 0.020A longer than
that of the non-intergrown high albite, which contains 84 mole
percent more Na than the sanidine. The T,,-Og, distance in the
intergrown high albite is 0.027A longer than that of the non-
intergrown high albite, which has only 21 mole percent more Na
than the intergrown phase.
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Table 4. T-O and M-O interatomic distances (in A) in the
intergrown phases

Sanidine High Albite
_ 1

Tlo OAl 1.653(1) 1.651(5)
OBo 1.643(2) 1.651(4)
0Co 1.651(1) 1.660(5)
ODo 1.657(1) 1.663(4)

mean 1.651 1.656
T]_‘n = OAl 1.653(1) 1.662(5)
oBm 1.643(2) 1.640(5)
OCm 1.651(1) 1.671(4)
ODm 1.657(1) 1.654(4)

mean 1.651 1.657
T20 - 0A2 1.644(1) 1.656(4)
OBo 1.629(2) 1.641(4)
OCm 1.642(1) 1.623(4)
ODm 1.636(1) 1.631(4)

mean 1.638 1.638
sz = OAZ 1.644(1) 1.656(4)
OBm 1.629(2) 1.628(5)
OCo 1.642(1) 1.638(4)
oDo 1.636(1) 1.648(4)

mean 1.638 1.643
M - oA(lOOO) 2.882(1) 2.607(7)
0A(100c) 2.882(1) 2.671(7)
OA(ZOOO) 2.676(2) 2.357(4)
OB(OOOC) 3.014(2) 2.659(7)
OB(mOOc) 3.014(2) 3.083(9)
06(021'0) 3.131(1) 3.289(7)
OC(mZiO) 3.131(1) 2.996(7)
OD(OOOO) 2.931(2) 2.610(7)
OD(mOOO) 2.931(2) 3.008(9)

mean 2.955 2.809

' Numbers in parentheses are e.s.d.'s (18) in the
least significant digits.

Discussion

Coherency strain

Robin (1974) and Tullis (1975) have calculated the
elastic strain induced by perfect coherency between
intergrown monoclinic alkali feldspars of different
compositions. Knowledge of this strain is important
because the compositions of submicroscopically in-
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tergrown alkali feldspars are often estimated from
observed a and d,g, values and nomograms derived
from cell parameters of unstrained phases (cf. Stew-
art and Wright, 1974). Intergrown phases are com-
monly strained, so compositional estimates based on
such nomograms are incorrect.

The compositional and structural data from our
study provide the first test of these theoretical models
used to predict strain and the effects of strain on the
compositional estimates of intergrown alkali feldspar
lamellae. Because experimentally-determined cell di-
mensions for unstrained feldspars with the same com-
positions as our intergrown phases are not available,
we have used as a reference state for strain analysis
cell dimensions calculated from the regression equa-
tions of Luth and Querol-Suiié (1970) for the Orville
(1967) synthetic sanidine-high albite series (Table 1).
The major and minor axes of the strain tensor calcu-
lated with Ohashi and Finger’s (1973) STRAIN pro-
gram are essentially parallel to the @ and b cell axes,
respectively. Further references to strain will there-
fore be made in terms of the components along the
direct cell axes rather than the axes of the strain
ellipsoid.

The cell dimensions and crystal structures of the
intergrown phases reported in this study represent
average structures of the phases. If strain due to
partial coherency decreases away from the phase
boundary, the structures at the boundary may be
quite different from those at the center of the la-
mellae. Robin (1974) has shown that if the lamellae
are elastic, perfectly coherent, and have large aspect
ratios, strain is uniform throughout the lamellae.
However, the very large r.m.s. amplitudes of atomic
vibration found in the refinements of the intergrown
structures suggest that structural distortion varies
within the lamellae. These amplitudes are almost an
order of magnitude larger than the dimensional mis-
match of the average lattices of the intergrown
phases, and are more likely due to a space-averaged
disorder caused by a variation in strain than to true
thermal motion. This interpretation implies that
strain is not uniform throughout the lamellae.

The b and ¢ cell dimensions of the intergrown high
albite are more nearly equal to those of the inter-
grown sanidine than would be the case for the two
non-intergrown phases. Therefore, the sanidine and
high-albite phases are inferred to be strained and
partially coherent in the intergrowth plane, ~(601).
Comparison of the observed and calculated values of
b and ¢ shown in Table 1 suggests that the vol-
umetrically-dominant sanidine phase is less strained
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than the high-albite phase, although comparison of V'
suggests the reverse to be true. The g axes of both
phases are highly strained. The strain in the a direc-
tion predicted by the models of Robin (1974) and
Tullis (1975) for both phases is less than half of that
actually observed. The observed volumetric strain is
positive in the sanidine phase and negative in the
high-albite phase, exactly the reverse of theoretical
predictions. Furthermore, both models predict a
lesser magnitude of volumetric strain in the vol-
umetrically-dominant phase, in this case the sanidine,
and again the opposite is observed.

The most probable reason for the discrepancy be-
tween our observations of the strain of the phases of
cryptoperthite and the predictions of the models of
Robin (1974) and Tullis (1975) is that our natural
system consists of a monoclinic phase and a twinned
triclinic phase, whereas both models are derived for a
system of two untwinned monoclinic phases. The
inversion of the high-albite phase from a monoclinic
to a triclinic structure (¢f. Smith, 1974, pp. 301-305)
probably allows some relaxation of the strain in that
phase, and also produces a different set of stresses on
the sanidine than exist when both phases are mono-
clinic. Our results demonstrate that models of strain
derived for coherent monoclinic feldspars are not
generally valid, even as approximations, for strain in
intergrowths of a monoclinic and a triclinic feldspar,
and that predicted compositions based on cell dimen-
sions corrected for these strain effects are also invalid
(Table 5).

Table 5. Estimates of the compositions of the phases in the
cryptoperthite of this study

Sanidine High Albite Comments

0.65(1)! 0.22(2)2 Composition determined in this study.
0.85 -0.242 Estimated® from sanidine cell volume.
0.88 -0.312 Estimated® from sanidine g cell edge.
0.682 0.16 Estimated® from high albite cell volume.
0.752 ~-0.01 Estimated® from high albite a cell edge.
0.92 0.14 Estimated using method of Robin (1974).
0.79 0.07 Estimated using method of Tullis (1975).

icompositions arve given as mole fraction of the formula unit
KALST 505.

2These values computed by mass balance, based on bulk compo-

- 4 . +h
sition of KO. 51Na0. 480:10. OJAZS'L’SOE, a mole fraction of the

sanidine phase in the crystal of 0.68, and the composition
estimated for the other phase.

3Composition estimates from cell dimensions caleulated from
the regression equations of Luth and Querol-Sune (1970) for the
Orville (1967) sanidine-high albite series.
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Another possible contribution to the discrepancy
between the theoretical calculations and the observed
results is that neither model treats thermal strain
effects. Thermal expansion of feldspars does vary
significantly with composition (Stewart and von Lim-
bach, 1967; Brown and Fenn, 1975; Prewitt et al.,
1976). The intergrowth boundary between the phases
is established at temperatures on the order of 400-
550° higher than room temperature at which cell
dimensions are usually measured. Hence, differential
thermal contraction might contribute an additional
strain to systems studied at room temperature.

Solvi and exsolution

Solvi for coherent alkali feldspar systems have
been calculated by Robin (1974) for a pressure of 1
kbar and measured by Sipling and Yund (1976) at a
pressure of 1 bar®. These solvi and the equilibrium
solvus calculated from the Margules parameters de-
termined by Luth et al. (1974) are shown in Figure 3.
Both calculated solvi have been extrapolated to 200
bars, the estimated pressure at which the cryptoper-
thite in the present study cooled (J. O’Brient, per-
sonal communication). Within experimental error,
the compositions of the phases in the present study lie
on the experimental coherent solvus of Sipling and
Yund (1976) at a temperature of 465+20°C and do
not, at any temperature, lie on the other two solvi
(Fig. 3).

Smith (1974, p. 305) has used Kroll and Bam-
bauer’s (1971) data to construct the phase boundary
between monoclinic and triclinic sodic feldspars,
which is also shown in Figure 3. This phase boundary
intersects the coherent solvus of Sipling and Yund in
the temperature range 465+20°C, the same temper-
ature at which our observed compositions lie on that
solvus. The compositions observed in our study may
be explained by the following exsolution path, illus-
trated in Figure 3.

As the crystal of bulk composition
Ory.5:1AN, 1Aby 4 cooled from ~570° to ~465°C, co-
herent monoclinic phases with compositions lying on
the coherent solvus exsolved. At ~465°C the sodic
phase inverted to triclinic symmetry and pericline
twinned. Consequently coherency with the mono-
clinic potassic phase was reduced. After this reduc-

¢ The compositions for the Sipling-Y und solvus were determined
using cell dimensions corrected for strain effects by Tullis’s (1975)
strain model. Although we question the validity of this model for
an intergrowth of a triclinic sodic and a monoclinic potassic feld-
spar, we have no reason to doubt its validity for an intergrowth of
two monoclinic feldspars.
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Fig. 3. Curve a is the equilibrium solvus at 200 bar, curve b is the
coherent solvus at 200 bar calculated by Robin (1974), curve ¢ is
the coherent solvus at 1 bar experimentally determined by Sipling
and Yund (1976). The dashed line is the monoclinic-triclinic
inversion boundary based on the data of Kroll and Bambauer
(1971). The compositions of the phases in this study are shown
plotted on curve ¢ with 2 error bars.

tion of coherency, metastable equilibrium as defined
by the coherent solvus can no longer exist, and the
only equilibrium which does exist is between phases
whose compositions lie on the equilibrium solvus.
Because the system is presumably closed and the
composition of the potassic phase lies outside the
chemical spinodal at 465°C, further phase separation
will not, in theory, occur without nucleation and
growth of phases whose compositions lie on the equi-
librium solvus. At these relatively low temperatures
nucleation and growth is kinetically inhibited. Thus
phases whose compositions lie on the coherent solvus
at 465°C will tend to persist metastably when cooling
is complete, accounting for the compositions ob-
served in this study.
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