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induced by heating 
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MuLLER, W. F. & WENK, H. R. : Changes in the domain structure of anorthites 
induced by heat in g. - N. Jb. Miner. Mh ., 1973, H . 1, 17-26, Stuttgart 1973 . 

Abstract: The effects of heat-treatment on domains in natural anorthites was 
studied by means of high voltage (650 kV) transmission electron microscopy. No 
significant change in texture and diffraction contrast of the c-domains was observed 
in anorthite (An 94.5) heated at 500 and 600° C for 7 days and then quenched or 
slowly cooled down, but c-domains could not be observed in samples heated at 
1200° C for 7 days or at 1430° C for 112 hour and subsequently quenched . 

Heating of anorthite specimens (An 97 and An 100) inside of the electron 
microscope with a hot stage up to about 575° C showed that the diffraction con
trast of the c-antiphase domain boundaries disappears at temperatures above 
200-250° C. It reappears , however, after cooling and there is no change in 
position, shape and size of the antiphase domain boundaries. These observations 
strongly suggest that the antiphase domain structure as ob~erved at room tempera
ture is not affected by the processes at 200-250° C but controlled by the pattern 
of structural disorder formed at much higher temperatures. 

Electron irradiation of heated anorthite caused structural disorder. 

K ey words : Electron microscopy, high temperature, antiphase domains , 
anorthite. 
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Introduction 

Recent transmtsston electron microscopic studi es of the feldspars bytow
nite and anorthite ha ve revealed antiphase domains up to several ,u in size 
wh ich were separated by antiphase domain boundaries (CHRISTIE et a!., 
1971; C zAN K et al., 1972 ; HEUER et al., 1972; LALLY et al., 1972; MuLLER 
et al., 1972, 1973 ; WENK eta!. , 1972). While such domains were the fir st time 
directly seen in the transmission electron microscope, X -ray crystallogra
phers had postulated their presence years ago (LAVES & GOLDSMITH, 1954; 
GoLDSMITH & LAVES, 1955; MEGAW, 1962). We abstain f rom giving com
plete satisfaction to the literature and refer the reader to references listed 
in the above-mentioned papers and to the review on structural studies of 
plagioclase fe ldspars by SMITH & RIBBE (1969). Our study is part of a 
research program to investigate the domain structure of anorthite and to 
eva luate its use as an indicator for the geological history of rocks. In our 
previous work, we discussed structu ral variations in natural anorthites and 
related them to their geological history (MuLLER et a!., 1972; WENK et a!., 
1972). Presently, we report on electron microscopic res ults from heating 
experiments of well -defined natural anorthites. 

Two different types of antiphase domains and their corresponding anti
phase domain boundaries may occur in anorthite: Type b ones which can be 
imaged by b-retlections (h + k odd, £ odd) and type c ones which can be 
imaged by type c-reflections (h + k even, £ odd). As will be discussed in 
detail in a separate publication (MuLLER et al., 1973), the antiphase vector 
of the b-an tiphase domain boundaries is 1/2 [a + b] and that of the c-anti
phase domain boundari es is 1/2[a + b + c]. The latter vector was predicted 
from X-ray work (cf. LAVES & GoLDSMITH, 1955; RIBI3E & CoLVILLE, 1968) 
and a preliminary electron microscopic determination has already been 
published (MuLLER et a l. , 1972). 

In the present paper, we are concerned with the c-domains. The structural 
va riations in anorthite are best revealed in reciprocal space by the intensity 
and diffuseness of the c-reflections and in direct space in the presence, size 
and shape of the c-domains. The structural interpretation of the observations 
on the basis of atomic coordinates wi ll be attempted later along with a quan
titative analysis of X-ray data. 

Material and experiments 

The heating experiments have been done w ith three na tural anorthites which 
showed little zoning according to microprobe analyses . Tab. 1 gives some para
meters of these specimens. 

G r ass Valley anorthite occurs as intenseley twinned crystals in an 
anorthosite on the western border of the Sierra Nevada batholite in California . 
The crystals are partly decomposed to sericite but there are sufficiently large 
areas of unaltered material. The c-domains range in size from a few hundred to 
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about 2000 A (Fig. 1 a). The usually elongated domains can be imaged in the 
electron microscope in dark field using c-reflections but were also observed under 
corresponding bright field conditions. Electron diffraction patterns (Fig. 1 b) show 
very slightly diffuse c-reflections as can be seen in the original plates. 

The structure of the P as me d a anorthite has recently been refined by 
WAINWR IGHT & STARKEY (1971). The large size of the c-antiphase domains (up ro 
several ft) point to the high anorthite content and to slow cooling (Fig. 2 a and 
3 a). The c-reflections are sharp. 

Tab. 1. Starting material used in the heating experiments. 

Locality 

Grass Valle y1 

(Calif. Sierra 
Nevada) 
Schiesone2 

(Bergell AI ps, 
N-Italy) 
Pasmeda3 

(Predazzo, 
N-Italy) 

Geological 
occurrence 
(rock type) 

pluronic 
(anorthosite) 

regional 
metamorphic 
(calcsilicate rock) 

contact 
metamorphic 
(marble) 

1 LAvEs & GoLDSMITH (1954), GAY (1953) 
MuLLER et a!. (1972) 

3 WAINWRIGHT & STARKEY (1971) 

Chemical c-reflections c-domains 
composit ion (size) 

An 94.5 slightly 500-2000 A. 
diffuse 

An 97 sharp up to 

several !~ 

An 100 sharp up to 

several ,tt 

S chi e son e a n o r t h i t e has similar characteristics as the anorthite from 
Pasmeda. Electron micrographs of the large c-domains have been shown previously 
(MULLER et a!., 1972). 

The contrast responsible for the visibility of c-domains in Grass Valley anorthite 
is thought tO be partly due tO differences in crysta l structure. The c-domains which 
shine up bright in dark field possess a (re latively) ordered structure which gives rise tO 

c-reflections ("primitive anorthite"). Those areas w hich remain dark do less or do 
not contribute to the c-reflections and have a structure main! y of the " body
centered" type. Fig. 1 which shows c-domains in the anorthite from Grass Valley 
may be compared with the antiphase domains in the anorthite from P asmeda 
(Fig. 2 a and 3 a). In this case, all domains have lon g range order, i.e. the "primitive 
anorthite" structure, and are separated by antiphase domain boundaries. 

Heating experiments have been done at high (1200° C) and intermediate tem
peratures (500-600° C) for the duration of one week or longer. After the experi
ment, the specimens (2-5 mm in size) were quenched in water. The high tempera
ture heating was done in an atmospheric furnace, the intermediate and lower tem
perature annealing was done in bombs at 1 kb pressure dry and with water. One 
heating experiment was done at 1430° C in an Argon atmosphere for half an hour ; 
the specimen has been subsequently airquenched. Other heating experiments up to 
575° C were done directly in the electron microscope in order to observe immediate 
changes during heating. Some experimental details wi ll be given along with the 
description of the results . 
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Sui tably thin specimens for the transmission electron microscope were prepared 
by the ion-thinning technique (cf. BARB ER , 1970) . The prepara tion conditions were: 
Ar-beam, accelerated by 5-6 keV, 1-1.3 f£ Amp/ mm2 beam currenr ; 15-20° angle 
tilt of the specimen aga inst the ion beams. The specimens were coated with carbon 
and then stud ied with a hi gh voltage (650 k V) electron microscope of the type 
Hitachi H U 650. 

Results 

Changes produ ce d by h ea ting o ut s ide of the electron 
m1cr oscope 

The start in g material for these experiments was the anorthite from Grass 
Valley. The results of the electron microscopic study are summarized in 
Tab. 2. 

Tab. 2. E lectron microscopic observat ions of hea t- treated Grass Valley anorrhite. 

H eat treatment 

1430° c 
1/ 2 hour 

1200° c 
7 days 

1200° C; 7 days 
500° C; 7 days 

500° C; 7 days 

500° C; 7 days 
1 kb, hydrothermal 
conditions 

600° C, 7 days ; 
cooled down in steps of 
100° C/day; 1 kb , hydro
thermal conditions 

Result 

No c-domains observed ; 
c-re fl ections ve ry d iffuse and weak 

No c-domain observed 
c-reflect ions very diffuse 

lamellar domains, 150 A in w idth, 
vis ible in dark field with c-reflections operating; 
c-reflections diffuse 

No significant chan ge compared to the un treated 
sample 

No significant change 

No significant change 

1430° C: T he anorthite heat-trea ted at this temperature for 1/2 hour and 
subsequ en tl y a ir-quenched to room temperature showed very weak and 
diffu se c-refl ections (Fig. 1 d). No c- nor b-domains were observed in the 
electron microscope. 

1200 ° C: After heating the anorthite for one week at 1200° C und er 
atmospheric conditions and then quenching it to room temperature the c
reflections became very diffuse . No c- nor b-domains were observed. 

500 and 600° C: Heatin g of the samples at these temperatures under dry 
and hydrothermal conditions and quenching them to room temperature or 
cooling down in steps did not produce any significant change in the domain 
structure (Fig. 1 c). 
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Fig. 1. Grass Valley anorthite. Dark field electron micrographs and electron 
diffraction patterns. (a) c-domains in anorthite· not heat-treated. (b) Selected area 
electron diffraction pattern of the area shown in (a) . (c) c-domains in anorthite 
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1200, 500 ° C: Disordering of the anorthite a t high temperatu res and 
subsequ ent annealing at intermediate temperatures produced diffuse and 
elongated c-ueflections and a fine barely resolvable lamellar domain structure 
which could only be imaged with c-reflections (Fig. 1 e and f). It appears 
to be the beginning stage of formation of c-domains but its exact nature is 
not yet clear. The diffraction pattern (degree of diffuseness of the c-reflec
tions) seems to be intermediate between the anorthite from lunar basalt 
1431 0 and the Miyake anorthite (Fig. 3 a a nd bin MuLLER et al., 1972). 

Changes produced by h e ating in sid e of the electron 
microscope 

H eat-treatments of anorthite foils inside of the electron microscop e up to 

575 ° C were performed using a hot stage which could be tilted up to 10° 
and rotated. The samples studied were the anorthite from Schiesone and from 
Pasmeda (see Tab. 1). Both anorthites exhibit long ran ge ordered domains 
up to several /-L in size and sharp c- reflections. Heating of the anorthite 
foil s causes an increasing diffuseness and elongation in the electron diffrac
tion pattern until they nearly disappear at about 200-300° C. This observa
tion agrees with X -ray results of BROWN et al. (1963 ), Fon & PEACOR 
(1967), and LAVES et al. (1970). No c-antiphase domain boundaries could be 
imaged at temperatures higher than about 200-250° C. After cooling the 
c-reflections reappear and the antiphase domain boundaries are again 
observable. P reliminary experiments indicated that electron irradiation of 
heated anorthite causes radiation damage (see a lso LALLY et al., 1972). In 
order to be able to sepa ra te possible heating effects from radiation damage, 
we did not irradi ate some a reas at all durin g heating and studied them only 
at room temperature befo re and after heating. The detailed stud y of 
heating effects in a foil of Pasmeda anorthite is particularly interestin g and 
we describe the res ul ts in the following paragraphs. 

a) Anorthite not irradiated during heating 

A set of heat ing experiments to 275, 330, 400, 500, 575 , 375 , and 375 ° C 
was carried out. At every given temperature the sample was hea ted for 
10 minutes and cooled to room temperature before the next heating step 
was taken. The heat-treatments did not produce any change in position, 
shape and size of the antiphase domains as can be seen in Fig. 2 where the 

heated at 500° C for 7 days. (d) Anorthite heated at 1430° C for 1/ 2 hour. Th e 
arrow points to the c-reflection (111 ). (e) c-domains (?) in anorthite heated at 
1200° C fo r 7 days and annealed at 500° C fo r 7 days. (f) Selected area electron 
diffraction pattern of the area shown in (e) . All dark field elec tron mi crographs 
were imaged wi th c-reflections operating. (a, b, e, f): 300 kV acceleration voltage ; 

(c, d): 650 kV. 
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same area before and after heating up to 575 ° C is shown. No radiation 
damage was observed. L ALLY eta!. (1972) found that the domain structure in 
anorthite (An 94-96) from lunar sample 15415 after cooling from 400 ° C 
was simi lar in scale to the initial one but there was no evidence for the 
preservation of the shape. CZANK et al. (1972) heated anorthite (An 97.6) 

~· from Monte Somma, Vesuvius, to different temperatures w ith the electron 
beam current and found that the size of the c-domains decreases with rising 
temperatures and becomes larger with fall ing temperatures. These results are 
difficult to compare with those obtained by us, because in the experiments of 
C zANK eta!. (1972) the heating temperatures are not well known ; they may 
have been much higher than in our experiments. 

Fig. 2. Pasmeda anorthite. D ark fi eld electron micrographs of c-antiphase domain 
boundaries imaged with c-reflections operating. (a) Before hea ting. (b) Same a rea 
as in (a); after heating up to 575c C for 10 minutes. See text. 650 kV accelera tion 

voltage. 

b) Anorthite irradiated during heating 

Irradiation of the specimen by the electron beam during heating to tem
peratures higher than about 250 to 300° C caused radia tion damage. After 
cooling diffuse and little dark p atches (about 100 to 400 A in diameter) 
appeared in dark field micrographs taken with c-reflections (Fig. 3). They 
were out of contrast using a-reflections (h + k even, 1 even). Therefore, 
these areas are disordered regwns in a fairl y long-range ordered structure 
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Fig. 3. Electron rad iation damage in anorthite. Same foi l as in Fig. 2. (a) Not 
irradiated during heating. (b) Irradiated with rhe electron beam during hearing 
up to 375° C. The micrograph was taken at room temperature. Note the lirrle dark 
patches of disordered anorthite. - Dark field micrographs imaged with c-reflections 

oper ating. 650 kV. 

with the in itial antiphase domain boundaries still present. No dark field 
images with b-reflect ions have been obtained, because with the limited 
t ilting capability of the hot stage no suitable crysta llographic zo ne was 
reached. The electron radiation damage as described occurred after about 
5 minutes of observation of the heated anorthite; the condenser aperture 
was inserted. In another area of the same anorthite foi l the antiphase domain 
boundaries were completely destroyed after about 10 min utes of ir radiation. 
Similar results were obtained in experiments wi th a foi l from anorthi te from 
Schiesone. 

Conclusions 

The electron microscopic observations on anorthite samples heat-treated 
outside of the electron microscope are consistent with the X -ray results of 
LAVES & GoLDSMITH (1954). Heating of Grass Valley anorthite (An 94.5) 
to high temperatures (1200° C for 7 days and 1430° C for ~ hour) produced 
a structural state which gives rise to very diffuse and weak c-reflections; 
no c-domains have been observed . These heat-treatments obviously cause a 
degree of structural disorder which is incompatible with the formation of 
sufficiently large and ordered c-domains which can be revealed by means of 
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electron microscopy. May be the Al/Si distribution which is probably 
partially disordered under these conditions is an important factor for the 

~ formation of c-domains. 

A series of heating experiments in si tu up to about 575 ° C on anorthite 

from Schiesone and Pasmeda (An 97 and An 100, resp.) showed that at 
temperatures above about 200-250° C the c-reflections become very weak 

and diffuse and accordingly the antiphase domain boundaries become 

invisi ble and apparently disappear. Yet, upon cooling the c-antiphase 
domain boundaries are seen again exactly at the same position in the same 

shape and size as before. It is clear, therefore, that the antiphase domain 

structure at room temperature is not affected by the processes taking place 
around 200-250° C but controlled by structural changes w hich occur at 

much higher temperatures and which are not influenced by heating to a 

few hundred 0 C. 
Note added in proof: Prof. Dr. F. LAvEs kindly informed us that 

M. CZANK, J. VAN LANDUYT, H. ScHULZ, F. LAVES & S. AMELINCKX have 

submitted a paper entitled "Electron microscopic study of the structural 

changes as a function of temperature in anorthite" to. Z. Kristallogr. We refer 

the reader also to the paper "Temperature dependence of domains in 
anorthite" by the same authors which appeared very recently in Naturwiss. 

52, 646 (1972) . 

Acknowledgements 

We wish to thank Dr. ]. E. WAINWRIGHT for the Pasmeda anorthite sample and 
Messrs. ]. HOLTHUIS, H. ULBRICH and W. WILDE for heating experiments and 
microprobe analyses. H. R. W. acknowledges support from NASA (grant NGL 
05-003-410). W. F. M. ist greatly indebted to Prof. Dr. G. THOMAS for hospitality 
and advice during his stay at Berkeley. He also thanks Messrs. Dr. M. BoucHARD, T. 
ASTRUP and D. JuRICA for discuss ions and help with the electron microscope and 
Prof. Dr. M. KoREKAWA at the University of Frankfurt for critical reading of the 
manuscript. He is very grateful ro the Deutsche Forschungsgemeinschaft for his 
research stipend and acknowledges support by the U.S.A.E.C. through the Lawrence 
Berkeley Laboratory. 

References 

BARBER, D. ]., 1970: Thin foils of non-metals made for electron microscopy by 
sputter-etching.-]. Mat. Sci. 5, 1-8. 

BROWN, W. L., HoFFMANN, W. & LA VES, F., 1963: Ober kontinuierliche und rever
sible Transformationen des Anorthits (CaAl2Si20 8) zwischen 25 und 350° C. 
- Naturwiss. 50, 221. 

CHRISTIE, J . M., LALLY, ]. S., HEUER, A. H., FISHER, R. M., GRIGGS, D. T. & RAD
CLIFFE, S. V. , 1971 : Comparative electron petrography of Apollo 11, 
Apollo 12 and terrestrial rocks. - Proc. Second Lunar Sci. Conf., Geochim. 
Cosmochim. Acta, Suppl. 2, vol. 1, 69-89, M. I. T. Press. 

CZANK, M., ScHULZ, H., LAvEs, F. & GRoss, W., 1972 : Investigation of domains in 
anorthite by electron microscopy. - Naturwiss. 59, 77- 78 . 



26 W. F. Miiller and H. R. Wenk, Domain structure of anorthites 

FaiT, F. F. & PEACOR, D. R., 1967: High temperature diffraction data on se lected 
reflections of a n andesine and anorthite.- Z. Krist. 125, 147-156. 

GAY, P. , 1953 : The structures of plagioclase feldspars: III. An X -ray srudy of 
anorthites and bytownites. - Miner. Mag. 30, 169-177. 

GoLDSMITH, ]. R. & LAVES, F., 1955: Cation order in anorthite (CaAI 2Si;08) as 
revealed by Gallium and Germanium subs titutions. Z. Krist. 106, 
213 - 226. 

HEUER, A. H. , LALLY, ]. S., CHRISTIE, ]. M. & RADCLIFFE, S. V., 1972: On phase 
transformations and exsolution in lunar and terrestrial plagioclases. - Phil. 
Mag. 26, 465-482. 

LALL Y, J. S. , FISHER, R. M. , CHRISTIE, J. M., GRIGGs, D . T., HEuER, A. H., NoRD, 
G. L., Jr. & RADCLIFFE, S. V., 1972: Electron petrography of Apollo 14 and 15 
rocks. - Third Lunar Sci. Conf., Geochim. Cosmochim. Acta, Suppl. 3, 1, 
401-422, M. I. T. Press. 

LAVES, F. & GoLDSMITH, J. R., 1954: Long-range short-ran ge order in calcic 
plagioclases as a continuous and reversible function of temperature. -
Acta Cryst. 7, 465-472. 

LAVES, F., CzANK, M. & ScHULZ, H. , 1970: The temperature dependence of the 
refl ection intensities of anorthite (CaAI 2Si 20 8) and the corresponding forma
tion of domains.- Schweiz. Miner. Petrogr. Mitt. SO, 519-525. 

MEGA w, H . D ., 1962: Order and disorder in feldspars. - Norsk Geol. Tidsskr. 42, 
104-137. 

MuLLER, W . F., WENK, H. R. & THoMAS, G. , 1972: Structural variations 1n 
anorthites.- Conrr. Miner. Petrol. 34, 304-314. 

MuLLER, W. F., WENK , H. R. , BELL, W. L. & THOMAS, G ., 1973 : Analysis of 
the d isplacement vectors of anthiphase domain bound ari es in anorthites 
(CaAl2Si20 8). - Contr. Miner. Petrol. (in press). 

RADCLIFFE, S. v., HEUER, A. H., FISHER, R. M., CHRISTIE, J. M. & GRIGGS, D. T. , 
1970: High voltage (800 kV) electron petrography of type B rock from 
Apollo 11. - Proc. Apollo 11 Lunar Sci. Conf., Geochim. Cosmochim. Acta, 
Suppl. 1, vo l. 1, 731-748, Pergamon. 

RmBE, P. H. & CoLVILLE, A . A., 1968: Orientation of the boundaries of out of 
step domain s in anorthite.- Miner. Mag. 36,814-819. , t 

SMITH, J. V. & RIB BE, P. H., 1969: Atomic movements in plagioclase fe ldspars : 
Kinetic interpretation.- Contr. Miner. Petrol. 21, 157-202. 

WAINWRIGHT, ]. E. & STARK EY, ]., 1971: A refinement of the structure of a northite. 
- Z. Krista!!. 133, 75 - 80. ' , 

WENK, H. R ., ULBRICH, M. & MuLLER, W. F., 1972: Lunar plagioclase (a mineral- ( 
ogical study). - Third Lunar Sci . Conf. , Geochim. Cosmochim. Acta, Suppl. 
3, 1, 569- 579 , M. I. T. Press. 

Received by the editor November 8, 1972. 

Aut hor s' addresses : 

Dr. WoLFGANG F. MuLLER , D epartment of Materia ls Science and Engineering, 
University of Californi a, Berkeley, California 94720, U.S.A. 

Pr ese nt address : Insti tut fiir Krista llographie, Mineralog. Institute der 
Universitat, D-6000 Frankfurt (Main) Senckenberg-Anlage 30. 

Prof. Dr. H . R . WENK, D epartment of Geology and Geophysics, 
Univers ity of California, Berkeley, California 94720, U.S.A. 



. . " 

r------------------LEGALNOTICE---------------------. 

This report was prepared as an account of work sponsored by the 
United States Government. Neither the United States nor the United 
States Atomic Energy Commission, nor any of their employees, nor 
any of their contractors, subcontractors, or their employees, makes 
any warranty, express or implied, or assumes any legal liability or 
responsibility for the accuracy, completeness or usefulness of any 
information, apparatus, product or process disclosed, or.represents 
that its use would not infringe privately owned rights . 



TECHNICAL INFORMATION DIVISION 

LAWRENCE BERKELEY LABORATORY 

UNIVERSITY OF CALIFORNIA 

BERKELEY, CALIFORNIA 94720 

/ . . 
·": ., 
,I' I ~~-

• ~-~ -~ -;_. ... 
"-': ... 

'' .; 

';. 

n 
f ~ ;L 

. ~ ~ 
'·r 
''I I'' 

~:;; .· 

..-< ,, /• 

.. ~ ;::. 
::1 ,.c 

1.· ,, 

" 


