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PHYSICAL PROPERTIES OF CALCIC LABRADORITE
}-ROM LAKE COUNTY, OREGON1

D. B. Srow.q.nt, G. W. War.rnn, T. L. Wnrcrn AND J. J. Fanev,

LI . S. Geologicol Surttey, Washi,ngton, D. C.

Ar;srnact

'I'he physical properties of transparent calcic labradorite phenocrysts, USNM 115900,

found in basalt in Lake County, Oregon, are described in detail. The phenocrysts occur in a

groundmass of labradorite, augite, olivine, magnetite, and the alteration products of these

minerals The cores of the phenocrysts are not zoned and comprise at least 9O/o of the

volume; the rims are complexll' zoned toward more sodic compositions. The high-inter-

mediate structural state of the feldspar as deduced by optical and X-ray measurements

seems to be typical of the plagioclase in rapidly quenched hylibyssat and volcanic basaltic

rocks.

Chemica lana l ys i ssho rved thecompos i t i on tobe (mo l  pe rcen t )  An672Ab31  5Or1 .3 .

Observed S G.2 720, calculated density 2 7 10 g/cm3. Space group 11. Unit cell parameters:

o :8176  A ,a : t z . goS ,  c : 14204 ,a :93 "27  l ' ,A :116 "2 .9 ' , n : 9p1 "  30 .6 ' ,mo la r vo lume :

100.84 cm3/mol A powder diffraction pattern indexed on the CI sub-cell is given. Optically

(+ ) ,  2V :85 ' ,  o :  1 . 5625 ,  B :1 .5668 , . y :  1 . 5718 .

The cell-edge parameters and linear and volume expansion were determined for 10

temperatures up to 11410 C. An equation is given for the variation of molar volume with

absolute temperature; difierentiation of the equation yieids the thermal expansion, but the

values may not be useful at high temperatures because of complications introduced by a

possible step on the volume curve that may be caused by a reversible high-order trans-

formation between 650o and 1050o c. It is suggested that this transformation may be the

change from a body-centered lattice to a C-centered lattice It may be possible to estatrlish

an equilibrium phase diagram for calcic plagioclases by high temperature X ra1' mgr.rr.-

ments, and to determine the kind and order of the transformations that occur.

Iurnooucrton

Correlation of the physical properties of feldspar with composition has

been greatly aided b1' the availabil itv of samples of uniform high quality

and purity, such as the suites described by Spencer (1937) and bv Em-

mons and his coworkers (1953). We here record some of the ph1'sical

properties and the availabil ity of a sample of calcic labradorite of high

quality and a somewhat unusual structural state, intermediate between

high and low, but more similar to the high structural state. Manl', but

not all, of the physical properties of this feldspar, or of material ver-v

similar to it, have been recorded earlier (Cole, eL a|,.1951, No. 10, Table 2;

Emmons,  ed. ,  1953,  No.  19,  Table 1;Smith and Yoder,  1956,  No.  19(61) ,

Table 2). Remarkabll '  similar crystals also have been obtained from dikes

at St. John's Point, near Ardglass, Countv Down, Ireland (Hutchinson

et  o l . ,  I9 l2;  Barber ,  1936;  Muir ,  1955;Gay,  1956;Joel  and Muir ,  1964),

and from a number of other gabbroic or basaltic rocks mostlY of hvpabl's-

1 Publication authorized by the Director, U. S. Geological Survey.
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sal or extrusive origin. The composition of our sample is representative of
the petrologicallv important plagioclase from iayered mafic intrusives,
gabbros and basalts, and the data presented shouid be widell 'applicable.

Avatlability of Loke county plagioclase. A number of cr1'stal fragments
and several small bottles of cieaned and sized powdered sampres have
been deposited in the U. S. National Museum under USNM number
1 15900.

GBocnlpnv aNo GBor-clev

Erosion of highl,"* porphvrit ic basalt f lows in south-central Oregon
resulted in lag graveis and poorll '  developed desert pavement that con-
tain abundant large fragments of exceptionally pure calcic labradorite.
The labradolite, locailv referred to by mineral collectors as sunstone, is
readily obtainable at about 42o43'20', N., 119o51,50,, W., in east-central
Lake Countv,22 rniles N. 5' E. of the hamlet of plush. The locality is in
sec. 10 (projected) T. 33 S., R 24 E., Willamette meridian. This ma1,. be
the same locality brieflv mentioned by Aitkens (1931, p. g). Emmons'
sample (1953, No. 19, Table 1) of similar labradorite from Lake Count1,,
Oregon, was purchased from a mineral supply- house, and the localitv was
no l  f u r l he r  spec i f i ed .

The labradorite described in this paper occurs both as phenocrl,sts in
highly porphvrit ic basalt f lows, mostl-u- about 10 to 20 feet thick, of mid-
dle or late Miocene age, and as ab'ndant detrital pebbles and crl.stal
fragments in lag gravels and desert pavement of late pleistocene (?) age
on a gentle dip siope of the basalt. concentrations of the detrital labra-
dorite are found in pluvial (lake) beach gravels, which are part of an
extensive, though thin and discontinuous, veneer of siltv and gravelly
lacustrine sediments deposited on a weathered and eroded surface on the
basalt.

Petrographically, the basalt f lows are similar to some plagioclase-rich
basalts described from adjacent areas, as for example the Steens Moun-
tain Basalt of Fuller (1931), widel1'exposed 60 miles to the east, and the
Lake Basalt of Powers (1932, p.286-287), exposed in the Modoc Lava
beds about 100 miies to the southwest. Highly porphyrit ic basalts with
nearly identical modes also are exposed on Abert Rim, about 10 to 15
miles to the southwest. T1,-picallv these basaits contain about 48 to 50/6
SiO2, 18 to 19/6 AlzOu I07o combined FezOs and FeO, 10/6 CaO, 5/6
MgO, 3/6 Na2O, and iess than l7o KrO (Fuller, Table 8, 1931; powers,
Table 1, 1932;unpublished anall.ses b1, U. S. Geological Survey).

Pelrography of the basalt. The basalt that contains the large labradorite
phenocrysts typicallv is holocrl 'stall ine (Fig. 1) and exhibits intergranu-
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lar and, locallv, diktytaxitic textures; ophitic to subophitic clinopvroxene
is characteristic. The plagioclase phenocrysts are sporadically distributed

and represent l\/s oI the rock in some places and as much as 5516 of the

rock in other places. Concentrations of plagiociase phenocrysts are pres-

ent in the somervhat vesicular upper parts of f lows, or, less commonly,

near the bottom of f lows. In some parts of f lows the phenocrvsts are

pleferentiall l '  oriented either parallel to the main cooling surfaces or to

internal zones of f low-contorted rock. The labradorite phenocrysts occur'

Frc. 1. Photomicrograph of porphyritic basalt showing partly corroded, rounded,

and fractured calcic labradorite phenocrysts in basaltic groundmass.

in place, as idiomorphic crystals, partl l '  the result of late overgrowths of

somewhat more sodic labradorite, as rounded and embayed crystals or
parts of crvstals, and, in a few places, as glomeroporphyrit ic aggregates.

The groundmass is composed of labradorite ( = An66) microlites (about

50/), augite with a measured (+) 2V:46o+3" (about 2I/), olivine
that is partll' altered to iddingsite (about 16/), nagnetite (8/), and

abofi 2/6 each of calcite and nontronite(?) The groundmass also contains
abort 2/6 of voids that characterize the diktytaxitic texture.

Most of the feldspar microlites are approximatel)' Anoo in composition
as determined by extinction angle measurements. 'fhe structural state
could not be determined directly but is probably intermediate to high by

analogy with the structural state of the rims of the phenocrysts (see Fig. 4

and. later discussion).
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Prrvsrc.q.r PnopBnrtns oF THE Lann.loonrro Pnn'xocnysrs

Appearance, s,ize, habit. Manv of the plagioclase phenocrysts are tabular
plates or large laths ranging greatly in size and shape. The smallest are
about 1 mm in greatest dimension whereas the largest cr1'stal observed
during the present study is a giant lath 8.3 cm long, 2.6 cm wide and 0.8
cm thick. Some large feldspar pebbles in the lag gravels indicate that
thicker and wider phenocrysts are present in some parts of the basalt
flows.

a .

t  mi / / taefer

Frc. 2 Photomicrograph showing thin peripheral zone and overgrotvth on large
labradorite phenocryst Transmitted light; partly crossed polars.

Most of the labradorite is exceptionally clear, translucent, and nearly
colorless or pale golden 1'ellow; flecks of hydrated iron oxides on indistinct
and poorly developed cleavage impart a faint yellowish-pink hue to some
crystals. Both phenocrysts and detritai pebbles generally- have subcon-
chiodal fractures. Many of the detrital fragments are partly rounded by
erosion and commoniy have frosted surfaces.

Twinning and zoning. Coarse poiysynthetic twins are present in most
crvstals and are visible in some detrital pebbles as very broad, indistinct
lamellae. Some of the broad lamellae may be twinned on the Carlsbad
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law but most are albite twins;the latter are found as thin plates in most

crvstals observed in thin sections.
The labradorite phenocrysts exhibit some evidence of compositional

zoning in thin section. In nearly all crystals, however, the zoning is re-

stricted to a very thin peripheral shell; a part of one of the thicker and

more continuous zoned sheils is shown in Fig. 2, and schematically in Fig.

3. Several measurements on individual medium- to small-sized labrador-

ite crl.stals indicate that the zoned material in the peripheral shells repre-

2A

-2B

Frc. 3 Sketch of a zoned labradorite crystal. The albite-twinned crystal contains an

unzoned core (1A; 18) oi approximately An63 composition and intermediate structural

state. 
'l'he border of the core is marked by resorption and a change in the extinction angle.

The core is commonll, covered by a rim of plagioclase with intermediate to high structural

state and v'ith oscillatory zoning from about An6a to An66. The outer margin of the rim

shorvs resorption and slight change in the ertinction angle, or intergrowth with the ground-

mass. Additional feldspar (3A, 38) is locally present on some crystals. This feldspar is

strongly zonecl normally from approximately An66 to An31, as estimated from the maximum

extinction angle in the zone perpendicular to (010). This material probably has a high

structural state

sents between 3 and 8 volume per cent of the phenocrysts; on the largest

labradorite phenocr), 'sts the volume percentage of the zoned material in

the outer shells is vanishingly small. A few crystals have central, periph-

eral, or intermediate zones sparselv speckled with minute inclusions of

groundmass material. The peripheral zoned shell has been largely re-

moved by erosion from most of the detrital labradorite pebbles, and in

the detrital material that was analyzed in this study no feldspar less

calcic than An6e w&s detected.

Chemical composition and specifc graaity. Table 1 gives a chemical analv-

sis of our sample together with analyses of Emmons' Oregon sample and

the material from St. John's Point, Ireland. The two analyses of Oregon

rnaterial agree reasonably well, and both require the Fe2+ and Mg2+ ions

181
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Teero 1. ANelysas nNt Oprrc,q,l Pnopnnrrrs ol Cer,crc
Lllteoonrrn or INrnnMsorarr Srnucruner, Stern

Oxide
Lake County,
Oregon, J. J

Fahey, analyst

Lake County,l
Oregon, L. C.
Peck, anal)'st

St. John's Point, Ireland,
IV, Hutchinson and

Campbel l  Smith (1912)

Sio:
Tio:
Al:O:
Fezo:
FeO
MnO
N{gO
CaO
Nato
KiO
)HzO

Total

a

2Yt

S.G.

< 1  t a

0 0 4
30.76
0 2 4
0 . t 7

not reported
0 . 0 5

13 +2
3 . 5 2
o . 2 3
0.  04

9 9 . 8 9

9.341
6.628
0 033
0.005

. 0 1 3
026

t . 2 4 8
2 628

0 053

1 6 . 0 1
3 . 9 7

6 7 2
3 1 . 5

1 . J

1..562.5
+ 0005
1 .5668

+ .0005
1 5718

+ 000.5
85' obs
83.9  ca lc .
2 . 7 2 0

+ 0 .005

9 293
6 . 6 5 9
0.0.59
0.007

.060

. 0 1 8

.0t)2
r . 1 9 2
2 616

. 0 1 5

.o28
001

16.02
3 . 9 3

6 8 9
3 0 3
0 7
1 .5634

(Av. 4 determ.)
1 .5682

(Av 4 determ.)
1 5725

(Av. 4 determ.)
80-90'
8 5 . 3  a v .

2 .713-2  718

52 .33
not reported

30 22
0 . 4 0

not reported
not reported
not reported

12  52
3 6 2
0 . 8 5
0 3 6

100.  30

9  5 1 4
6 . 1 7 6
0.054

1 276
2 439

0.197

1 6 . 0 4
3 9 1

6 2 +
3 2 . 6
5 . 0
1  .5630

1 . 5 6 6 5

1 5712

81"48',
calc
2 706

51 08
0 0 5

31 05
0 . 4 3
4 . f l
0 .  0 1
0 . 2 2

1 3 . 8 5
3 3 8
0 . 1 2
0 0 6

100. 52'

Numbers of ions on the basis of 32(0)
Si
A1
Fe+3
Ti
Mg
Fe2+
Mn
Na
Ca
Sr
K
Ba
>23
>x3
Mol fl" An
Mol lo Ab
Mol ol Or
a

ts

I !n E-nlmonq (1953), analysis 19, Table 2, p. 18.
2 Inc l udes  0 .011  BaO.0 . l 42  S rO ,0 .0013  L i ;O .
3 Calculated on the basis of 32 oxygens by procedure used in Deer et aI. (1963, 107-l1l) .

to be in solid solution in the feldspar. The small amount of Or in solid
soiution despite the relatively high structural state of the Oregon samples
suggests that the Or content of the sample from St. John's Point indi-
cated by the old analysis may be too high.

The density calculated for our Oregon sample, using the unit-cell
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parameters in Table 3 and Fahey's analysis (Table 1), is 2.710 g/crl; l ' ,
in good agreement with the pycnometric determination of the specific
gravi ty  as 2.720 *  0.005.

Optical properties. The optical properties of our material are compared
in Table 1 with those of the two other samples. Allorvance being made
for the difierent methods of computation, our data rvould agree better
with the curves of Chayes (1952, p. 96,), Crump and Ketner (in Emmons,
1953, Fig. 6), and J. R. Smith (in Hess, 1960, plate 12), if our material
were taken to be approximately 1.5/6 richer in An. No reason for the
disclepancy is apparent.

It is not believed possible to determine the structural state of calcic
labradorite bv measurements of the refractive indices (Muir, 1955, p.
547; J. R. Smith, 1958). The value of 2V is lower for high plagioclase in
the compositional range under discussion, and 2V ma1'be used to esti-
mate the structural state if the composition is known (J. R. Smith, 1958,
1188-1 189). So estimated, our material is of intermediate structural
state.

The optical method of determining structural state perfected by Uruno
(1963) for albite twins was used to determine the structural state of our
material (Fig. a). The results indicate that the unzoned cores are close
to An76 in composition, and that they' are of intermediate structural
state. The rims on the phenocrysts are more sodic (An 67-56), and are
either of higher structural state than the cores, or about the same.

The maximum extinction angle of our sample in the zone perpendicular
to (010)  is  -44o.

Muir  (1955,  Table 1,  p.  551,  F ig.  6. { ,  p .555)  showed that  the labra-
dorite from St. John's Point has an intermediate structural state because
the (010) pole falls between the curves for (100) of the high and low
structural statesl heating at 1000o C. lor 72 hours resulted in the migra-
tion of the pole to the curve for the high structural state, and a slight
decrease in 2Y. Secondary albite twinning developed during the heat
treatment.

X-ray crystallography. Our colleague, Daniel E. Appleman, examined
several single crystais of Lake Countv plagioclase at room temperature
by the precession method. The unit cell was found to be tricl inic, 11,
w i t h  o : 8 . 1 7  A ,  b : 1 2 . 8 7 ,  c : 1 4 . 1 9 ,  a : 9 3 "  1 7 . l ' ,  9 : 1 1 6 o  0 . 0 ' ,  a n d
"y:90" 46.0'. The crystals showed strong type "a" reflections,l and weak

1 For a recent review of the definitions and significance of the various types of reflec-
tions shown by plagioclase, see Gay (1962).
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but sharp t1.'pe "b" reflections. No other types of reflections were present.

Similar results were obtained by Cole, Sorum, and Ta1'lor (1951, No. 10
of Table 2, p. 22) for Emmons' material from Lake County.

Calcic labradorite from the basalt at Clear Lake. Utah, and from
basaltic dikes at St. John's Point, freland, also has strong type "a"
reflections, and weaker but sharp and single tvpe "b" reflections (Ga1',

y=7^I(OlO)
T _

Frc. 4. Orientation of axes of optical indicatrix against (010) for albite twins plotted

on the pertinent portions of the curves in orthogonal coordinates of Uruno (1963), modified

by taking the angles for each individual of the trvins (half of the Kohler angles). 'I'he un-

zoned cores arc shown bl' solid squares and the outer shells (in reality individual zones

within sequences of oscillatory zones) are sholvn by boxes that are connected by lines to the

respective cores. The cores are of intermediate structural state, and the more sodic outer

shells are of higher structural state than the cores

1956,  p.32) .  Ga1'noted that  a l though associat ions of  type ( 'a"  andt 'b"
reflections were common in plagioclase with composition lf ing between
Anzo.6 &nd Ans0.s5, this association was rare in plagioclase less calcic
than Anrz. It occurs onlv in specimens from volcanic or h1-pabl'ssal en-
vironments; all labradorites from plutonic rocks characteristically have
doubled, or "split," "b" reflections (now called "e" reflections).

The pon-der-diffraction l ines from Lake County labradorite all cor-
respond to "a" reflections. The strong "a" reflections describe a C1
sub-cell with nnit-cell parameters l ike those of the true cell except that
the c-dimension is halved (c,,,":7.102 A). ' fhis sub-cell corresponds to

6 5

F= Yn I (OlO)

f

o
f
t
F

o

o



PROP]'RTIES OF CALCIC LABRADORITE

the true cell of sodic plagioclases l ike aibite. The unit cell parameters
of the sub-cell were obtained by least-squares refinement of 20 powder-

diffraction l ines collected at 26o C. The refinement was accomplished
u,ith the fixed index routine of a computer program developed by Evans
et al. (1963).

We prefer to use the refined sub-cell dimensions to describe our mate-
rial because the powder-diffraction data are more precise. The sub-cell
parameters obtained at 26o C. and the standard errors are given in the
first l ine of 'fable 3. An indexed powder diffraction pattern is given in

Table 2.
Our sample has an intermediate structural state as characterized by

the parameters I and B of Smith and Gay (1958). The value of I is

1.055, and B is 0.790. These values are t1'pical of those found in plagio-
clase of the same general composition from volcanic and hypabyssal
rocks. For example, the very similar plagioclase fron the dikes at St.

John's  Point ,  I re land,  has f  :1 .08 and B:0.800.  (op.  c i t . ,  I 'ab le 1) .
After the high-temperature measurements described below, the values

of  I 'and B were 1.131 and 0.777,  respect ive ly ,  ind icat ing that  a h igher
structural state, close to the highest possible in natural material, had

been obtained.
Smith and Yoder (1956, p. 638) reported that the angular separations

of the (131) and (131) Iines and of the (131) and (220) l ines for Emmons'
sampie of  Lake Countr ' labrador i te  were 2.10o and 1.00" 20 CuKa,  re-

spectivell,-. Our best values are 2.06"n and 1.00o5, respectivell ' . Our values
piot tor,vard a lower (intermediate) structural state than Yoder and

Smith's and are in better agreement with our other data. Their values
fall on the curves for the highest structural states yet observed, those of
plagioclase s1'nthesized dry from glass.

Thermal erpansion. The thermal expansions of a series of plagioclases
were measured by Kozu and Ueda (1933), but thel' lacked suitable ma-

terial between Anaa and Ane5. The composition of our sample is appro-
priate to help fi l l  this gap, and is representative of the petrologically
important plagioclase from layered mafic intrusives, gabbros and basalts.

Data were coilected using a heating stage for the *-ray diffractometer
(Skinner el al., 1962). The thermocottple was calibrated in the measuring
circuit used b1' reference to the melting points of t in, silver, and gold.

Temperature control was within 7/o oI the value given. The movement
of the stage with temperature was corrected by calibration rvith the
position of the (200) l ine of MgO(CuKa:12.938o 20 at 25" C.) using

Campbell 's t 'alues for the l inear expansion (Campbell, 1962, Table 10)

and lIgO from a split of Campbell 's interlaboratory standard. Refine-
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Ttrl-E 2. Ixorxnn Poworn-DrrlnecrroN PartnnN ron C.q.tcrc
Le.nnaoonrrr lnolr LexB CouNrv, OnncoN

T r i c l i n i c  C a o  , N a u  r A h  z S i r  r O s ;  1 l ,  b u t  i n d e x e d  o n  a  C l  s u b - c e l l  $ i t h  d : 8  l ; o  . \ ,  , :  I  2  8 o 5 ,  .  -  7 . 1 0 2 ,

a  : 9 3 o  2 7  1 ' ,  B  : 1 1 6 0  2  q / ,  7 : 9 0 o  3 0 . 6 ' . 1

Calculatedz Measured3

d.n*r (A) 2dc"tca I"/ luo

1 1 0
020
001
1 1 0
1 1 1
1 1 1
02I
o2l
201
l l l
130
l l l
200
130
1 3 1
l 3 l
l12
221
22r
l t 2
220
040
202
oo2
220
1 3 1
041
022
222
1 3 1
222
r32
041
022
201
3 1 1
3 1 1
132
221
tt2
3r2
211
241
312

6 182
6 416
6 364
6 266
5  8 1 7
5 645
4 689
4 365
4 0+2
.3 904
3 761
3 759
3 . 6 7 0
3 . 6 3 4
3 620
3 49i
3  4 7 1
3 423
3 417
3 365
3 211
3 208
3 201
3 .182
3  1 3 3
3 029
2 9s0
2 935
2 908
2 834
2 823
2 814
2 786
2 773
2 705
2 668
2 . 6 5 4
2 . 6 5 2
2 5+1
2 . 5 2 6
2  5 1 8
2 . 5 1 5
2 . 5 1 0
2 502

13 660
13 802
1 3  9 1 4
1 4  1 3 5
1.5  231
1 5  6 9 7
r 8  9 2 6
2 0 . 3 4 3
21, 992
2 2  7 7 5
23 6.5q1
23 668)
24 252
21 197
24 593
2 5  4 7 2
25 666
26 031
26 080
26 490
2i- 520
27 810
27 867
28 040
28 491
29 492
30 292
30 4.52
30 741
3 1  5 7 1
31 698
31. i99
s2 130
32.281,
3 3  1 1 5
3.3 589
33 776
33.  804
35 231
35 54.5
35 659
35 699
35 769
35 888

1 3  6 4

18.942

2t  987
2 2  7 7 7

23 669

2+ 509

25 667
26 o0i

26 492
2 1  . 5 1 7
27 195
27 857
28 047
28 502
29 50i
30 282
30 442
30 726
3 1  5 6 7

31 797

3 3 . 8 1 8
3 5  2 3 7

35 702

5

3.i
1 5

7 0

1 2

20
2

.30
40
70
70

100
3 5
2 5
32
2 8
1 0
3 2

1 5

1 7
5

40

1 From least squares refinement of data measured.
z A l l c a l , u l a t e d s p a c i n g s a r e s h o u n l o r d > 2 l 0 0 A . c a l , u l a t e d s l , r t i n g s l e ' s t h a n 2 l 0 0 A a r e l i s t e d o n l y

when they correspond to an indexed observed reflection
3 Average of three observat ions with annealed CaFr as internal standard, a:5.4622 A at 25"C. N!f i l tered

CuKa radiat ion ( tr :1 54180 A).  Lorver l imit  of  2d measured:13o CuKa (6 809 A).  Pattern obtained at 26oC.
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Trnt-n 2-(continued.)

Triclinic Cao zNao aAlr zSir aOs; 1T, but indexed on a C1- sub-cell with o:8.176 :\, b:12.865,.:7.1O2,
d :93"  27  . l ' ,  I  :1160 2 .9 ' ,  ?  :90o 30 .6 ' . r

Calculateil2 Measuredr

r87

du,t (A) 20ClKa 2ocrxa Io /Ino

240
1. t2
150
2 2 1
3 1 0
151
150
3 1 0
240
1 5 1
o12
203
113

331
331
1 1 3
r32
223
151
242
332
o42
332
330

152
060
241
003
t32
313

1 5 1
402
422

333
260
2 2 2
3 5 1
403
243
400
1 1 3
260
1 1 3
204
212
o43
+42
441
242

2 464
2 459
2 +53
2 +41
2 42r
2 41+
2 . 3 9 3
2 386
2 369
2 .352
2 344
2 336
2 . 3 2 0
2 310
2.309
2.281
2 267
2 . 2 5 5
2 234
2 . 2 3 0
2 225
2  2 t 2
2 . 1 8 3
2 . 1 8 1
2 . 1 6 r
2 .  1 5 8
2.  t4 l
2 . t 3 9
2 . 1 3 1
2 . t 2 1
2 119
2 718
2 105
2 099
2.O21
1 929
1 . 9 2 6
1 882
1 . 8 8 0
1 .  8795
1 . 8 7 9 1
1 848
| 842
1 835
1 . 8 3 4
1 . 8 1 7
1 ',r98

1 772
1 754
1 . 7 1 4
1 . 7 1 1 ,
1  .691
| 652

36 466
36 548
.36 636
3 6 . 8  1 6
37 136
37 254
3 7 .  5 8 1
37.699
37 983
38.268
3 8 . 3 9 5
38 543
3 8 . 8 2 1
38.995
39 005
39 498
39 769
3 9 . 9 8 5
40 381
40 441
40 547
40 791
41 366
41 .403
41 805
41 859
42,207
42 258
42 4rO
42 616
42.666
42.681
42 960
43 084
4 4 . 8 5 1
47.  123\
47 .1781
48.366\
48 4osl
48 429)
48.4n1
49 316
49 483
49 684
49.71+
50.213
5 0 . 7 9 1
5 1 . 5 6 9
52.136
53 453
53 548
5,r 253
5 5 . 6 2 3

36.454

3 6  . 6 7  7
36 847
37 178

39.026
39.486

40. +79

40.838

4t.842

42 235
42.387
42 .532

43.060
44.898

48.372

48 437

19.272
L9 432
49.684
+9 7t9
50 165
50 762
51 579
5 2  1 1 5
53 .397
53 547
54 1,67
J 5 . 5 /  /

2

l )

3 5
20

1 2
2

3

5

2

2
1

1 0
1
1

10
1 2

1
3
3
1
.)
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Terrn 3 Llr-'rr-Crrr, P'\n.{lrErnns or rno Sus-Crr.l oI Cer-crc Lr\BRADORTTE

Rnrrxrl sY FrxED Iulrxrsc

\ o  S t a n d -
M e a s u r e -  T  ^  4 V o l  Y o l u m e  

- ]  

a r d
m e n t  ^ ' :  , , . i  , 1 ,  A  .  2 . \  a  B  )  u m e  c m i .

(  l  l lnes l . I IOr
Sequence Ar mol 

used "20

( 1 )  2 6  8 1 1 6  1 2 8 6 . 5  7 1 0 2  9 3 2 7 r  1 1 6  2 9  9 0 3 0 6  6 6 9 5  1 0 0 8 4  2 0  . 0 1 4 6

t  0 0 3  0 0 3  0 0 2  1 4  1 5  1 3  ' l  0 6

(11)  26*  8  173 12  811 7  t (J t  93  23  9  115 59  6  90  3 .5  3  669 7  100 87  21  0236

t  . 0 0 5  0 0 5  0 0 3  2 . 3  2 . +  1  I  0 6

( 2 )  1 9 0  8 1 7 6  1 2 8 8 2  i 1 0 6  9 s 2 1 8  1 1 6  2 O  9 0 2 9 4  6 7 0 8  1 0 1 0 3  3 . 1  . 0 2 4 7
+  0 0 3  0 0 3  O O 2  7 t '  1 6  1 7  . 5  0 6

( 4 )  3 3 0  8 1 8 6  1 2 8 8 7  7 1 0 8  9 3 1 8 1  1 1 6  0 8  9 0 2 4 8  6 7 2 3  1 0 t 2 6  3 0  . 0 1 5 2

1  0 0 2  0 0 2  0 0 1  1 3  1 1  1 2  4  . 0 6

(8)  429 8  r93  12  888 7 .111 93  13 .8  116 0  5  90  26  1  673 3  101 41  22  .0235

I  0 0 , 1  0 0 4  0 0 3  2 2  2 3  2 1  4  . 0 6

(3)  508 8  198 12  90O 7  r l r  93  r2 .1  116 2  2  90  21  2  674 2  101 55  28  .0234
+ .003 .00 ,1  002 1  9  1  7  1 .8  .4  .O7

( 5 )  6 5 4  a n 4  1 2 9 0 4  7 r 1 7  9 3 1 0 9  1 1 6  1 8  9 0 1 7 3  6 7 6 4  1 0 1 8 8  2 1 ,  0 2 3 1

I  0 0 4  0 0 5  0 0 3  2 . 5  2 3  2 2  4  0 6

(6)  813 I  22O 12 901 7  118 93  1 .8  115 58  8  90  1 , i  7  6 i i  6  102 0( t  22  0238

t  0 0 5  0 0 4  0 0 3  2 . 2  2 5  2 1  4  0 6

(7) 961 8 222 12 9r4 7 123 q2 58 4 115 58 8 90 10 1 678 i 1O2 22 21 .0290
t  . 0 0 5  . 0 0 6  0 0 3  2  6  2 . 6  2 . 5  . 5  . 0 8

(9) 1051 8 22r 12 923 7.118 92 53 3 115 51 1 90 10 9 6i9 4 1O2 33 21 0298
1  0 0 s  0 0 5  0 0 3  2 7  2 8  2 6  . 6  . 0 9

(10)  1141 8  233 12  927 7  12O 92 48 .7  115 49  4  90  7  6  681 0  102 .57  2+ 0178
t  . 0 0 3  . 0 0 3  . o 0 2  1 6  7 6  1 6  . 4  0 6

Linear and volume expansion in ner cent

260 0.000 0 000 0 000
2 6 *  - . O 3 7  . 0 4 6  - . 0 1 5

190 0 .000 .132 .056
330 .122 171 084
429 .208 .178 .126
508 269 272 t26
654 464 303 211
813 538 326 225
961 562 380 295

1051 .550 450 .225
1141 .697 481 .253

0 000
.029
. 1 9 1
4 1 8

t-02
1 030
1 209
1 . 3 7 4
1 . 4 7 8
1 . 7  ! t -

* After heating to 11410 C

ment of the data was accomplished rvith a digital computer b1'alternately

using the fixed and variable indexing options of the cr)'stallographic

indexing program developed by Evans eL al.  (1963). Feldspar l ines that
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were interfered with by mullite l ines from the sample holder or by plat-

inrim lines from sublimed platinum from the furnace windings were

omitted from consideration. Data were collected in the sequence shown

in Table 3 so that any irreversible changes that might have occurred

could be detected from the refined results.
At least 20 uniquelv indexed lines within the range 22o to 56" 20

(CuKa) rvere used in the linal cvcle of fi.xed indexing. The number of

l ines used, the unit-cell parameters, the unit cell and molar volumes, and

the standard error associated with the measuremenls for each tempera-

ture are indicated in Table 3,1 together with the per cent l inear axial and

volume expansions for each measurement. It is interesting that the three

non-orthogonal l inear expansions sum to less than the true volume ex-

pansion (compare Yoder and Weir, 1951, p. 684).
The sample remained tricl inic throughout the heating interval, and

the change of the interaxial angles rvas small. The per cent l inear axial

expansion is greatest along a, and least along c.
The change of molar volume with increase of absolute temperature

was fitted by the method of least squares with a digital computer to the

equa t i on  (Sk inne r  e t  a l . , 1961 ,  p .  665 )

A

v : ;+B+c r+D l

The value at room temperature was given three times unit-weight; all

others were given unit-weight. The value of A is 160.99 cm3 oK/mol,

B:99.528 cm3/mol ,  C:2.7331X10 3 cm3/moloK,  and D:  -5.0064

X10-z cm3Tmol ('K)'z. The standard deviation of the array is 0.0523

cm3/mol. The observed molar volumes and the least-squares curve of

molar volume are shown on Fig. 5. The molar volume calculated from

the least-squares equation, the two expressions of the thermal expansion
((dv/dt)" and cy), and the calculated per cent volume expansion given

in Table 4 must be regarded with suspicion for high temperatures be-

cause the equation for the curve of the molar volume takes no account

of the possible transformation to be described below' Comparison of the

calculated per cent volume expansion (AV, Table 4) with the results of

Kozu and Ueda (1933, Fig. 2) for plagioclase shows good agreement up

to 800o; at higher temperatures our observed and calculated values are

1 A document listing the computer input (fixed Miller index and associated observed

29) and the final cycle of refinement for each temperatule studied has been deposited as

Document No. 8673 with the American Documentation Institute, Auxiiiary Publications

Project, Photoduplication Service, Library of Congress, Washington, D. C. Copies may be

received by citing the clocument number, and remitting $2 50 for photoprints or $1.75 for

35 mm. microfiln. Advance payment is required.
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both lolver than predicted bv their f igure, and the high-temperature
volume therrnal expansion of labradorite appears to be almost the same
as that of anorthite.

Changes ' in lw'inn'ing relat,ions on healing. J. V. Smith (1958) summarized
both old and new studies on the effects of temoerature. structural state.

0 200 400 600 800
Temperoture, oC

Frc. 5. Observed n.rolar volume of caicic labradorite at various temperatures, and the
Ieast-squares curve derived for these observalions (heavy line). 'I 'he dashed curve indicates
the volume through a possible high order transformalion 'I'he 

size of the spot is propor-
tional to the standard error; numbers indicate the sequence of measurement in data
collection. The curve for X{iyake anorthite is approximate and is displaced by -02 cmt/
mol in order to separate it from the curves for calcic labradorite; it is discussed in the tert.

and composition on the obiiquitl '  of albite twins, d, at room temperature.
It is pertinent to inquire what changes occur on heating to the tempera-
ture range where feldspars commonlv are formed, because as the obliq-
uity decreases the l ikelihood that twinning u'i l l  occur increases. The data
in Table 3 have been used to calculate f for our sample as a function of
temperature (Table 5). The obliquitl '  decreases appreciablv as a nearly
linear function of temperature. Twinning ought to be verv common in
crystals formed at high temperature; the relative scarcitv of twinning
in our material is noL easilv interpreted. It should also be recalled that

t02

tor.

rooo t200

c A L C t C
L A B R A D O R I T E

M  I  Y A K E  A N O R T H

( K O Z U  8  U E D A ,

I T  E  ( A N

r 9 3 3 )
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the heating and cooling of calcic plagioclase resulted in the formation of
secondarv albite and pericline twinning (Muir, 1955, p. 563-566).

Tunell (1952) and NlacKenzie (1956) discussed o, the angle between
the o-axis and the trace of the rhombic section on [010], which is of
interest because the rhombic section is the composition plane of pericline
twins. We have used our data to calculate o for the temperature range
we investigated. A large scatter is obvious because o is very sensitive to
slight errors in the determinations of the lattice angles, but a marked

Teera 4. CAlcur,erro Molen Voruues aNo Tqprlrer, Exp,q.nsrom or Cer-crc
Lanneoonr:ro er Hrcn Tnupenerutrs

V
cm3/mol

(dY /dt)p
cm3/mol oC.

x 1 0  3
og-ry 10-s

A V
(% oIYzt

U
26

100
200
300
400
500
600
700
800
900

1000
1 100
1200

100 827
100. 839
100 909
101 049
101 211
101 .380
1 0 1 . 5 5 0
10r .7 r7
101 879
102 034
102.182
102.322
102.454
r02 .577

0 300
0. 633
1 . 2 0 1
1 540
1 . 6 6 9
1 . 7 0 4
1 . 6 8 9
1 648
1 589
1  . 5 1 9
1 442
1 359
1 . 2 7 3
1 . 1 8 4

0 3 5
0 . 7 2
1 . 1 9
)  J Z

7 6 1
1 .68
1 .66
1 . 6 1
1 5 5
1 .48
1  t 1

1 3 2
1 . 2 1
1 1 5

-0  01
0 .00
0.  07
o . 2 l
o . 3 7
0.  54
0 . 7 1
0 .87
1 .03
1 . 1 9
I . J J

r . 4 7
1 . 6 0
1 . 7 2

decrease of o with increasing temperature is clear. These observations
may be useful in optical studies of the formation of secondary tlvins on
heating.

Possible transformation in Lake County labradori,te at high te?n|eratures.
The least-squares curve falls outside the interval of standard error for

the observation at 654o C., and the observation at 1141o C. is colinear
with the three observations at lower temperatures. Further work to con-
firm the reality of this irregularity is needed. A possible explanation of
the irregularit-v and the fact that the rate of change of volume with
temperature (AV/dT)p, 'Iable 4, decreases at high temperature is that a
transformation takes place above 654' C. and causes a step on the vol-
ume curve as shown bv the dashes on Fis. 5. The sequence of measure-



192 STL,WART. WALKL.R. WRIGI]T AND FATIL,Y

ments rvas such that the changes that occurred at high temperatures
are known to be reversible; observation 8 falis smoothl1. betrveen obser-
vations 4 and 3, and 9 fails on a smooth extension of 5, 6 and 7. The
apparent step, if real, may result because antiphase domain boundaries
(Megaw, 1962) or the Al: Si order are changing in a continuous and re-
versible wa1- in the interval between 650' and 1050" C. 'Ihis proposal
could be evaluated by an r-ray studl'of the "b" reflections from single
crystals at high temperatures, but r 've are not equipped to c1o this. The
"b" reflections are two weak to be recorded on our diffractometer pat-
terns. Megar,v recognizes and emphasizes the importance of geometrical
arrangements of formula units in plagioclase that are to a first approxi-

Teelr 5. Ellecr or Hrarruc Cer-crc La.rnmoRrrE oN rue Orlr-rqurrv, d, A\D THE

ANcr,o Brrwnrx rrrr a-Axrs AND TrrE Tna.cr on rrrn RrroMetc Sr:crroN oN

{ 0 1 0 } .  o

T. C. 190

6 -4"  7 .3 ' ,  -4o  6  8 ' ,  -4o  1 .0 ' ,  -3o  53 .7 '
o  - 7 "  6  6 '  - 8 "  1 4  2 '  - 7 "  1 . 5 '  - 6 '  5 . 6 '

To c 813 96t 105i
d -3' 31 s' ,  -3" 23 8',  -3o 18.
o  -4"  48 .3 '  2o  50 .8 '  -3 "  9 .

-3" 49 ?', -3" 46 7', -3" 47 4'
-5" 31 2', -5' 23 5', -4' 29 2',

11+1
5' ,  -3"  11 .z ' ,
3', -20 16.7',

I After heating to 1141o C.

mation independent of the degree of ordering of sil icon and aluminum
atoms, or even of the Al:Si ratio. At high temperatures increased ther-
mal vibrations may lead to a greater variation in bond angles rvithin the
feldspar structure and a transition from a "puckered" structural ar
rangement to a straightened arrangement with an effective increase of
symmetry even though the space group may remain unaltered.

The cell volume appears to increase continuously with rising tempera-
ture over a long temperature interval, so that the possible phase trans-
formation is at least second order, analogous to the symmetrl, change in
anorthoclase (MacKenzie, 1952; Donnay and Donnal', 1952).

High temp'erature transformat'ions oJ other plag'ioclase sd.m|les. ft is clear
that because nonquenchable transformations occur in plagioclase feldspar
measurements of the physical properties of feldspar must be made at
high temperatures. Such measurements can lead to an equil ibrium phase
diagram for the plagioclase series, and aid in the interpretation of thermal
expansion measurements. Diagrams constructe.l from the available data
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collected at room temperature such as that of Megalv (1962, p. 120) are

vital to the formulation of significant experiments, but are already in

need of revision to accommodate our results and those of Brown et al.
(  1963 ) .

Although there have been several investigations in which plagioclases

have been examined before and after heating (summarized by Brown,

1959), no one has reported on enough data collected at high enough

temperatures to be directly comparable to ours.1 However, the heating

experiments of Gay and Bown (1956, Table 1b, nos. 5 and 7, and p. 310)

on the phenocrysts (An65) from basaltic f lows at Clear Lake, Utah, and

the phenocrvsts (An63) from basaltic dikes at St. John's Point, Ireland,

are significant, because these materials are both comparable to ours and

show the anomalous optical and x-ray properties of the material under

discussion. For their samples, no changes in optical or rc-ray properties

toward higher structural states could be detected at room temperature

after heating at up to 950' C. for 3 days, but changes were detected after

heating to 1000' C. and higher for 3 days. The "b" reflections, as ob-

served after cooling to room temperature, on heating above 1000" C.

become weaker with increasing heat treatment and finally disappear, so

that the lattice symmetrv becomes C face-centered (C1), which is char-

acteristic of sodic plagioclases. J. R. Smith (1958, p. 1190) found that

irreversible changes toward higher structural states that were measur-

able at room temperature could be induced by hydrothermal experiments

in plagioclases of Anao-An86 composition only at temperatures above

990' C. The heating time for any particular temperature was less than

4 hours in our experiments, so the higher temperature (>1051'C.) at

which irreversible effects become apparent in our investigation is quite

compatible with the earlier results. The temperature after which "b"
reflections wil l be absent at room temperature is probably different from

the temperature at which "b" reflections disappear during heating. The

Iatter temperature is presumably closer to the equil ibrium temperature

for the transition, and thus it is probable that the equil ibrium diagram

for calcic plagioclase can only be determined b1. measurements of phvsical

parameters made at high temperatures.
The importance of combining thermal expansion measurements with

I Gay (1961, p 161) mentions that Bown has investigated the rate of disappearance of

split "b" reflections at 1050o C. in plagioclase, An63, from the Stillwater intrusive, but no

further details are given. Gubser, Hofiman, and Nissen (1963) have determined the varia-

tion of a+ of anorthite with temperature up to 1400o C, and have also measured the

relative intensities of several "a" reflections as a funCtion of temperature. We are also

aware that thermal expansion measurements have been made at the University of Chicago

by A. A Kayode.



794 STEWART, WALKER, WITIGHT AND FAIIL.Y

high temperature studies of single crr.stals is well demonstrated by a
comparison of the results of Kozu and Ueda (1933) on the thermal ex-
pansion of sodic anorthite with the single crvstal :r-ra1' studies of anor-
thite by Brown, et al. (1963) at elevated temperatures.'Ihe molar volume
of anorthite (taken as 100.827 cm3 from the data of Cole et ol., l95I) was
multiplied b)' the per cent volume expansion given by- Kozu and Ueda for
Ane5 from Miyake Jima. The resulting molar volumes, Iess 0.2 cm3/mol
to separate them from the results for Lake Countl ' labradorite, are
plotted in Figure 5. The volume curve of Miya,ke anorthite has a step
in the interval between 200 and 500" C.l Laves and Goldsmith (1954a,
p.4O7;1954b,  p.  a69-471) showed that  Nl iyake anorth i te  has d i f fuse
"c" reflections. Brown et al. showed that "c" reflections of sodic anor-
thite weaken and disappear on heating from 25" to 350o C., and it is
probable that the step on the volume curve and the diasppearance of
the "c" reflections are related because both occur in the same tempera-
ture interval. Furthermore, Bloss (1964) found reversible changes in the
orientation of the optical indicatrix corresponding to the same tempera-
ture interval, and located an additional displacive transformation at
about 800o. Kohler and Weiden (1954) gave DTA curves for two anor-
thite samples that show peaks in these same two temperature ranges.
While it is not possible yet to state structurally exactl l- what both of
the transformations are that take place, it is interesting to observe that
the temperature of the continuous and reversible loss of "c" reflections
in sodic anorthite deduced from samples quenched from 1100o C. and
studied by Laves and Goldsmith (1954a) at room temperature and by
the measurements of Brown et al. at high temperatures differ by more
than 750o C. !

Kohler and Weiden (1954) also gave a DTA curve for sodic labradorite
from Labrador. An exothermic peak centered at -350o C. was at-
tributed by them to admixed hematite or i lmenite, and an endothermal
peak at -790" C. was attributed to a transformation to a high-temper-
ature form. Our results cannot be correlated simply- with these thermal
effects. No effect was discernible in our more calcic material at 350" C.
The peak at 790" C. fails within the temperature interval of our supposed
transformation, but does not appear to cover as much of the temperature
range as we would have expected. There is, furthermore, no correlation
between the differential thermal effects the.v reported in albite and the
cell parameters of low albite at high temperatures as determined hw
Stewart and von Limbach (1964\.

I A somewhat less pronounced step at somewhat higher temperatures r,vas observed by
Kozu and Ueda (1933) in the per cent volume expansion curve for sodic anorthite from
Mitaki, Japan.
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DrscussroN

History oJ crystallization of Jeldspar. The petrographic observations de-
scribed earlier can now be interpreted in view of the physical measure-
ments that have been made on the calcic labradoi' i te. The lack of zoning
and mineral inclusions in the large cores of the phenocrysts indicate that
these formed bv primary crystall ization in a magma chamber at depth
under relatively uniform conditions. The temperature was probably
greater  than 1100o C. ,  because spl i t , ,b , ,  ref lect ions and other  changes
in physical properties occur in calcic labradorite that has been exposed.
for long periods of t ime to lower temperatures (Gay and Bown, 1956;
Laves and Goldsmith, 1955; Gay and Muir, 1962).'the release of pres-
sure accompanving eruption init iated the resorption observed on the
surface of the core (zone, I Fig. 3), and the rapid fluctuations of temper-
ature and pressure during eruption and extrusion caused the oscil latory
zoning and resorptions observed in the rims of the phenocrysts. The
temperature changes involved were probablv small, because the differ-
ence in composition and structural state of the core and the outer shells
is also small. The outer shells, =O to 87o of the volume of the pheno-
crysts, represent crystail ization that took place during eruption to the
surface, and the intermediate structural state of the core and rim feldspar
is evidence that rapid cooling and low vapor pressure of vorati les fol-
lowed this process, which would be expected in flows only a few tens of
feet thick. The mechanical fracturing of the cores and outer sheils (Figs.
l, 2) and the presence of some bent twin lamellae testify to rapid and
violent f low movements during extrusion, though it is also possible that
cataclasis mav have occurred in the magma chamber in crvstarJiquid
mush. Microlites of the same composition as found in the rims of the
phenocrl,-sts were formed in part during the interval of extrusion and
flow. After the rock had become sufficiently rigid to resist deformation,
the outermost shell of the phenocrysts formed bv crystall izatjon in sitw
with strong fractionation of the residual l iquid. The higher structural
state of the feldspar of the outermost shell and groundmass is not a con-
sequence of a higher temperature of crystall ization, but rather reflects
a compositional effect on the rate of attaining a given structural state
dur ing cool ing (Wright ,  1963;  Gay and Muir ,  1962;  Uruno,  1963).

rt is probable that much of the calcic plagioclase in extrusive rocks
and hypabvssal rocks has undergone a thermal quench on emplacement.
Such material can be expected to have ph-vsicai properties l ike those
described above.
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