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Assrnact

The physical properties of the metamict minerals are discussed and tabulated. Because

of tieir isotropy and the variability of the index of refraction of these minerals, ttre petro-

graphic microscope has limited value for their identification. Ordinarily, *-ray difiraction
yields little additional information. Heating of certain specimens, however, induces some

crystallinity in many of these "amorphous" minerals. A technique was developed for

treating the metamict minerals to facilitate their systematic study for purposes of identi-

fcation. Data are given for metamict zircon, thorite and uranottrorite, euxenite, brannerite,

f ergusonite, samarskite, davidite, and allanite.*
ft is also observed that some of the "more stable" related minerals that ordinarily

occur in the crystalline state are structurally changed when subjected to temperatures at

which many of the metamict minerals crystallize. This may indicate that the crystallized
(by heating) metamict material is not reconstituted to the original crystal structure.

INtnonuctroN

Although the minerals that occur in the metamict condition have
aroused increasing interest in recent years, Iittle information has been
published on methods of identification of the various minerals of this
type. It is recognized that several naturally occurring substances having
external crystallographic form nevertheless lack internal order and in
many cases are amorphous to #-rays. The word "metamict" has been
applied to these noncrystalline pseudomorphs of material presumed to
have been crystalline originally. This term has been widely used, but it
has been only recently that a detailed discussion of the subject has been
published by Pabst (47). Brooker and Nuffield (10, 11) discuss the term
as it has been applied to uraninite. These two readily available recent
articles give a rather complete history and description of the word meta-
mict, and nothing further on its origin and use will be included herein.

Pgvsrcar- PnopnntrBs oF METAMTcT MTNERALS

The following list of physical properties of the metamict minerals is
presented because it should be a useful guide to understanding of the
difficulties and limitations of the problem of identification and classifi-
cation.

x Tables are presented comparing in detail the *-ray difiraction patterns of tbese and

related minerals after various heat treatments. An extensive bibliography of ttre general

subject of metamictization is included.

805



806 JOSEPH BERMAN

l. Optically i.sotropic and, lacking in Debye-Scherrer X-ray d,ifraction
(2, 3, 4, others).

This is generally true. There are minerals, such as some allanites,
however, that have a definite birefringence but give no rc-ray diffraction
pattern. Specimens are found in difierent stages of isotropism from rela-
tively well crystallized to completely "amorphous"l some show hetero-
geneity in the same specimen. It is important to note that isotropism
alone is no criterion as to the metamict condition of minerals that crystal-
lize in the cubic system.

2. Bril,tle utith a conchoid,al Jracture and, no cleaaage. Many of these non-
crystalline "minerals" are clear, fresh appearing, and glassy. Some, how-
ever, appear altered and weathered in both the hand specimen and under
the microscope. Many samples are filled with close fractures.

3. Density increases whenigni.ted,. This is usually true, but the dificulty
of measurements on fractured or powdered material has probably led to
some apparent contradictions. Consequently, this is not a particularly
reliable criterion.

4. Become incandescent on heating (18, 36, 47, others). This phenomenon
is included here, although it has been possible to crystallize all the meta-
mict minerals studied by the author at temperatures appreciably below
that required for glowing. In many instances this pyrognomic efiect is
not observed at any temperature.

5. Crystallization by ignition below fusi.on or sinteri.ng ternperature (2, 6,
47, others). Crystallization may be very complex. With the possible
exception of some zircons, no case of reconstitution of a single crystal
has been observed. Some authors, however, have reported the re-forma-
tion of single crystals.

6. Contain rod.iooctite element (20,21, others). The radioactivity may be
very low as in some allanites, gadolinites, and zirconsl or it may be very
high, as in thorites, brannerites, euxenites, etc. It is, however, apparently
present in every instance in the metamict mineral. Not all radioactive
minerals become metamict, as note thorianite, which is always found well
crystallized.

This paper is not concerned with the causes and processes of meta-
mictization, but only with the methods of identification of the metamict
minerals. However, the author is firmly convinced that radiation from
elements within predisposed minerals causes the metamict condition.
Those references in the bibliography that are marked with an asterisk
contain material on this phase of the metamict problem. The articles
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by J. C. Slater (54) and F. Seitz (53) are particularly informative as to

the efiects of radiation.

Mnrnors ol InBNrrlrcATroN

Because of their isotropy and the variability of the index of refraction

of metamict minerals the petrographic microscope has very limited value

for their identification (17, others). Likewise, because of the complete

disorder and consequent noncrystallinity of many of these naturally oc-

curring compounds, r-ray difiraction yields little additional information
(6, 47 , 58, others). Ilowever, early in the study of these minerals mineral-

ogists found that heating of certain specimens would give some crystallin-

ity to many of these "amorphous" minerals (25, 46) .
To make a systematic study of these heating efiects, the following

technique was developed (5).
1. All samples were handpicked with the aid of a microscope to remove

contaminants.
2. Each sample was studied with the petrographic microscope to

ascertain itsgeneralopticalcharacteristics. Detailedoptics were not deter-

mined because of the great variations occurring in similar specimens
or sometimes in different parts of the same specimen.

3. Each sample was carefully split into several fractions to assure that

the difierent tests would be run on identical materials.
4. One fraction was used for a semiquantitative spectrochemical

analysis.
5. Other fractions were heat-treated as follows:

(o) Crushed material was heated in an open crucible over a Meker

burner for approximately 5 minutes.
(D) Different portions of each specimen of crushed material were

heated to difierent controlled temperatures in air for definite
periods of time in an electric furnace.

(c) Duplicate portions of the crushed material were heated to the
same controlled temperatures in an inert atmosphere'

Difficulty was encountered in maintaining an inert atmosphere be-
cause it was found that both tank nitrogen and helium contained enough

impurities to allow oxidation of the sample. Oxygen-bearing impurities
were eliminated by passing the gas through a drying tube and then

through a plug of heated steel wool before it reached the specimen being

treated. This method had been suggested by F. A. Bannister and J. E.

T. Horne (3).
DAra Ossrnvno

It has been found that the only reliable method that can be used for the
identification of the metamict minerals is the use of r-ray diffraction pat-
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terns of heat-treated samples. Therefore, Tables 1 through 7, which con-
tain pertinent and reproducible o-ray powder patterns of these minerars,
are included. where the author's results correspond to those previously
published, the proper reference is noted and the data are not repeated
here.

Since only semi-quantitative spectrochemical analyses were used as a
check on the samples studied, the r-ray data may be open to some ques-
tions. However, the *-ray patterns tabulated herein are only those that
have been reproduced on other samples from the same and other locali-
ties. No criterion was set up as to the number of difierent samples studied,
but no table is included that has not been reproduced from at least five
localities. For example, nearly identical fergusonite patterns have been
produced by at least ten samples from difierent deposits.

The powder patterns of heat treated originally metamict zircon,
thorite, and fergusonite can be indexed using the lattice parameters re-
ported in the literature. However, attempts to index heat treated euxen-
ite, davidite, brannerite, and samarskite were unsuccessful. Arnott (2)
obtained similar (to those listed here) r-ray powder patterns of euxenite
and states (( . . . it was found that all but a few very weak lines could be
satisfactorily indexed." our data show some of these extraneous lines
(which are invariably present) were too strong to be ignored. Efforts to
relate these patterns to other ABOr or ABzOo compounds (9) were like-
wise unsuccessful.

A, .  Z i rcon:  (7, t5,30,35,  56,61,  others)  (x- ray data in  Table 1) .
Specimens examined varied from completely ,,fresh,,, with sharp

powder difiraction patterns in the small interplanar region as well as in
the large interplanar region, through specimens with slight disorder (line
broadening and poor diffraction in the small interplanar region), to those
samples which appeared completely metamict and gave no powder dif-
fraction pattern. Observations with the petrographic microscope dis-
closed that the fresh zircon had consistent optics that agreed well with
those in the literature. rn those specimens that are somewhat metamict,
both the index of refraction and the birefringence decreasedl complete
isotropy was reached in the totally metamict specimens. Many zircons
were studied, including the specimens labeled with the varietal names
alvite, cyrtolite, and hagatalite. Heat treatment of these specimens gen-
erally resulted in well crystallized microcrystalline tetragonal zircon.
rrowever, there were exceptions and more detailed data on zircon have
been included in another paper (35).

B. Thor,i,tes andUranothorites: (8,45,46, others) Qc-ray data in Table 2)
These minerals occur in nature in all stages of metamictization from
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comparatively well crystallized to completely metamict material. X-ray
diffraction data corroborated the petrographic data that all available
thorites showed some degree of change to the metamict state.

The comparatively unchanged thorites give a powder pattern of the
tetragonal zircon type. One of these samples studied has a unit cell that
can be indexed with tetragonal lattice parameters oI as:7.15+.01 A,
co:6.29i.01 A. This material, heated to 1300o+20" C. in an inert
atmosphere, gives an excellent pattern with oo:7.tI+ .01 and co:6.32
+.01 A. The latter figures agree well with those reported by Pabst (46)
for an unaltered uranothorite.

Pabst (45, 47) has discussed the dimorphism of thorium silicate and
has presented data on the heat treatment of some thorites. The experi-
ments carried out in our laboratories give data in general agreement with
his, but some significant difierences probably result mainly from varia-
tions in method of treatment of the original sample and possibly from the
condition of the mineral before heat treatment.

These investigations disclosed the following results: when completely
metamict thorites were heated to ca 8000 C. for one minute or longer,
face-centered cubic thorium oxide crystallized. The powder patterns of
the heated samples always showed broad, diffuse lines resulting from
either small particle size or internal disorder. When these same or similar
samples were heated to higher temperatures (ca 1100o C.) in air for longer
periods, tetragonal thorite or monoclinic huttonite was formed in addi-
tion to the thorium oxide. Spectrochemical analysis did not disclose any
significant compositional difference in the specimens that crystallize
differently when heat treated. Upon increase in temperature of heat
treatment to ca 13500 C. in air, the original completely metamict material
always became the monoclinic variety of thorium silicate plus some crys-
talline thorium oxide (present in all specimens ignited). When these
samples were heated in a completely inert atmosphere at temperatures
up to ca 12500 C., the monoclinic dimorph of thorium silicate was formed
in some and the tetragonal variety in others. However, if the tempera-
ture in the inert atmosphere is raised above ca 13500 C., the tetragonal
variety of thorium silicate plus some thorium oxide crystallizes and re-
mains until the temperature of dissociation into thorium oxide and
amorphous silica is reached at a temperature probably between 1600"
C. and 17000 C.

Although the x-ray powder patterns of heated originally metamict
thorium silicate differ in accordance with the method of heat treatment,
our data indicate that this material can be definitely identified when
heated under controlled conditions. However, evidence is as ye i inconclu-
sive as to whether the original mineral was huttonite or thorite.
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C. Eurenite: (2, 14) (r-ray data in Table 3)

All euxenites examined and all that have been reported in the litera-
ture have been completely metamict. When powdered euxenites were
heated in a crucible over a Meker burner, considerable variations in the
resulting powder patterns occurred in material with almost identical com-
position, However, it was found that, when the same original material
was heated at temperatures between ca 4000 C. and 8000 C. for extended
periods (6f hours), reproducible r-ray patterns could be made. Heating
to ca 12000 C. in air for a short period (5* minutes) produced sharp
powder patterns that are likewise specific for euxenite but differ from
those of the same samples heated at the lower temperatures. Ignition at
this high temperature in an inert atmosphere produced still another
structure. However, all three diffraction patterns are specific for the
metamict mineral euxenite.

D, Brannerite: (48)

The brannerites examined were either completely metamict or pro-
duced only very weak and diffuse r.-ray patterns that were useless for
accurate identification. All metamicl brannerites that were heated crys-
tallized below ca 1000o C., and most of them became crystalline at tem-
peratures somewhat less than 750oC. in only a few minutes. There is no
discernible difierence in the crystallization of the brannerites when they
are ignited in an inert atmosphere.

E. Fergusonite: (4,6) (r-ray data in Table 4)

Crystalline fergusonite has been reported from only one locality (60).
This occurrence is of doubtful authenticity, and in all other described
localities the mineral is found in the metamict state.

Fergusonite begins to crystallize at ca 4000 C. and, if heated between
this temperature and ca 800o C. for some time, will form a structure that
can be indexed with a tetragonal unit cell (ao:5.18, co:5.48*.02 A-
Table 3). Because of originally poor diffraction patterns it was at first
believed to have an orthorhombic cell (7). However, more precise meas-
urements indicate that the tetragonal cell noted above is the correct one.
If the temperature is raised above ca 8000 C., fergusonite crystallizes with
a structure identical to that formed when equimolecular proportions of
YzOa and NbzOo are sintered or fused together. Barth (4) has indexed
the pattern of this high-temperature modification on the basis of a tetrag-
onal unit cell and states that it is the original fergusonite structure.
The author believes, however, that more detailed work on both the high-
temperature and low-temperature dimorphs described above is necessary



IDENTIFYING METAMICT MINERALS BY X-RAY DIFFRACTION 811

before a defi.nite decision can be reached as to the original fergusonite
structure.

It is of interest to note that if the oo of ignited fergusonite (ca 7 .? 5 L-
Barth) is divided by the square root of 2 the result is nearly identical to
what has here been indexed as the co of this smaller tetragonal unit cell
(5.48 A). This suggests some structural relation between the two poly-
morphs of fergusonite.

F. Samarskite: (42) Qc-ray data in Table 4)

AII samarskite specimens examined were found to be metamict. Upon
ignition the samples crystallized in a manner that depended largely on
the method and temperature of ignition. Samarskite heated to ca 10000
C. in air gives consistently reproducible patterns for identification pur-
poses.* When heated to approximately 1200" C. the specimens began to
fuse, and the resultant powder patterns were poor and unreliable.

G. Daui.d.ite

The few samples studied were metamict. They crystallized readily
when heated in air over a Meker burner or at higher controlled tempera-
tures (to ca 1200o C.) to one structural type regardless of the temperature.
The specimens examined give the same f-ray pattern as the Tete mineral
described by Bannister and Horne (3).

H. Allanite: (r-ray data in Table 5)

Although allanite does occur fairly well crystallized, it very often is
found in the metamict state. Some specimens may appear to be crystal-
line optically, having birefringence and giving an interference figure.
Ilowever, this same material may give no difiraction pattern. Usually
the specimens that do give a pattern have weak and difiuse peaks in the
large 20 region, indicating at least partial disorder.

When this mineral occurs in the metamict state it usually can be crys-
tallized by heating to red heat in air or in an inert atmosphere. The re-
sultant o-ray powder pattern is similar to that given by nonmetamict
material. Although all nonmetamict allanites gave similar patterns,
many showed significant differences in d-distances. Likewise, when crys-
talline allanite was ignited, the lattice parameters did not remain con-
stant. Allanites fuse or decompose at relatively low temperatures so that,
in order to get reliable r-ray patterns, the material must not be heated
over ca 850o C.

* It is noted that the samarskite pattern in Table 4 does not correspond to that pub-
lished by Murdock. Ifowever, because this pattern has been consistently reproduced for
numerous samples of National Museum and other material labeled samarskite, it is be-
lieved ttris pattern is representative of that metamict mineral.
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DrscussroN

Data have been presented to aid in identifying some of the metamict
minerals. This information is necessarily incomplete and may require
subsequent revisions. It is believed, however, that enough new informa-
tion has been obtained to serve as an aid to any future systematic work
in this field.

In any study on these materials one must bear in mind that many of
these metamict minerals have such complete internal disorder that they
no longer fit the definition usually applied to the term "mineral," and
that many have had certain constituents either added or subtracted since
they were originally deposited. Ilence, the term "recrystallization" is not
strictly applicable in most instances, and "crystallization" would be
more appropriate.

When metamict minerals are heated to comparatively low tempera-
tures, structural changes take place at a slow rate. This sluggish crystal-
lization becomes much more rapid with increase in temperature. Whereas
crystallization of fergusonite may take place in less than 5 mintues at
8000 C., the identical crystallization at 5000 C. may take 24 hours. It
has been observed that changes due to ignition are not confined to the
metamict minerals. Data on the columbite-tantalite group (Table 6)
and a barium-containing pyrochlore (Table 7) are included to show what
happens to "nonmetamict" related minerals when subjected to elevated
temperatures.

It is generally accepted (I7,23,31 others) that the metamict condition
is brought about by radiation from radioactive material included in the
crystal, or from radioactive elements contained in the structure of the
crystal. It is, however, a possibility that some of the massive varieties of
metamict minerals may never have formed as crystalline material. Like-
wise, many of these minerals may have been stable only at the physical-
chemical conditions at the time of formation; subsequent changes in
these conditions, together with the included radioactivity, may have
led to a rapid destruction of the metastable structures. This would ex-
plain why some of these minerals have never been found in a crystalline
condition.

Data presented so far indicate that many metamict minerals may nor
recrystallize to the structure which they had when originally formed in
nature. Hence, "reconstitution" data should be used with caution be-
cause such data in many instances may have no relation to the original
structure of the mineral.

More work on the synthesis of those minerals that become metamict
and artificial metamictization of these synthesized minerals would
supply much valuable information on this problem.
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T,q.sr,E 1. X-R.q.v Drrlnecrror Derl

Zirconx from Lincoln
Countv. Calif. Not metamict

Cyrtolite( Hybla, Ont.)
Not heated

Cyrtolitet (Hybla, Ont.)
heated to ca 950' C. in air

d(A) I.

4 .43 50
3 .3 t  100
2.97 ZrOz N
2 .65  s
2.52 "  60

d(A),

4.43
3  .30

2 .65
2 . 5 2

2 .33
2 . 2 2
2 .06
1 .908

r . 75 r
t .7r2
1 .651

70
100

60
100

4.48VB
3.34VB

2.54V8
Traces j

10
60

20
t5
40
I J

20
70
60

2.348
2.22V8
2.078
1 .918

l:3iB),'o,
1 .7 548
r . 7 t 4
1 .656
I .5558 ZrOz
1 .5488

. 1 0
(

20
15

10

10
. 3 0

10
10

B:Broad peak, VB:Very broad.
* Tetragonal cell. do : 6.60 +.012, c6 : 5.98 * .01.

t  Tetragonal  cel l .  ao:6.62*.03,  t0:5.98+.03.
1 Intensities in all of the Tables are relative based on 100 for the strongest line'
2 In this and all of the following tables lattice spacings and unit cell dimensions are in

Angstrom units. CuKo, wavelength of 1.5405 A, is used to calculate ttre d values' The

data have been obtained by a Norelco wide ra"nge goniorneter using a silicon standard and

having a 3o take-ofi. The goniometer was run at lo per minute.



814 JOSEPE BEKMAN

Tmnn l-(continueil)

Zirconx from Lincoln
County, Calif. Not metamict

d.(A1z

Cyrtolite (Hybla, Ont.)
Not heated

Cyrtolitef (Hybla, Ont.)
heated to ca 950" C. in air

d.(il r.d.6)

r .494
1.476
1 . 3 8 1
1.362
1.290
1.259
7.249
1.246

1 . 1 8 8
r . t67
1 . 1 0 9
1 . 1 0 1
1.068
1.059
1 . 0 5 1
1.048
1.045
1.042
1.002
0.975 1

.97t9

.9538

.9321

.9200

.9160

.8999

.8975

.8919

.8867

.8829

.8562

.8530

.8398

.8331

.8256

.8118

.801 1

.79018

.7811

1
) <
20

7

7

5

1.508 5
1.4838 10
1.3858 5
1.3658 5
1.289VB I
1.259V8 3

l . r91B
1 . 1 8 6 8

1.109VB

1.054V8

0.976WB
Broad
Traces

.897VVB

.8s7WB

5
I20

J

5
7 ?

3
I J

5
5
5
J

2
2
3
J

2
3
J

3
10

5

2

z

10
5

7
7

10
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Tesre 2

d.6)d(A)d(A)

Thoritex-partly
metamict

from Nigeria

Thoritef heated to

ca 1050o C. in air
Same material

from Nigeria

3.53 100

3.34(SiOt s
3.18(ThOr) 20

2.831
2.ul

2 . 6 6

2 . 5 1

2 . 2 1

2.005
1.948(U, Thor?)

1 .8778 \
1 .8658.'

1 .823

Uranothorite| (Mostly

metamict) heated to

ca 1300o C. in air.

Locality unknown

I  q t l

2.82)

4.68

J . J J

2 .658

2.50B

2.228

2.00B

1 .88B

1 .825B

20

60

I J

20

60

20

5.25 20
4 .7 r  10
4.65 50
4 .18  90
4.03 40
3 .56  10
3.49 40
3 .27  60
3.138(U, ThOt 2
3.07 100
2.96 30
2 .88  10
2.86 70

2.708(U, ThO' 2
2 .67  5
2 .8  20
2 . 5 t  2
2.46 20
2.42 15
2 .38  5
2 .34  5
2 . r7  20
2 .16  20
2 . 1 4  2 5
2 . l o  20

1.940(U,ThOr?) 25
1.914 10
1.891 15
1.870 20

1.847 15

20

20 10
I

10

30

B:Broad peak.
* Tetragonal cel l .  do:7.10+ .O2, cs:$.J2+.92.
t Tetragonal cell. d0:7.051 .02, co:6.32+ .02.
f Monoclinic cell. Using Pabst's value for g:104"55/(45) this pattern gives: as:6'74

+.02, bo: 6.95+.02, ca:f. fQ1.Q2.
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Trare 2-(continued)

Thorite+-partly
metamict

from Nigeria

Thoritet heated to
ca 1050" C. in air.

Same material
from Nigeria

d.6) d(A) I.

Uranot}oritef (Mostly)
metamict) heated to
ca 1300" C. in air.
Locality unknown

I,d.(A)

r .7608

1.6608

1 .5808

1.4808
1.437\
r.B3l

1 .3308

1.2708
1.1708
1.1208

1.0608
1.028

10

10

10

10

I

2
/,

2
2

1 . 7 9 3
t . 7 7 0

1.7548
1 . 7 4 0
L.720
7 . 6 7 9

I .6338
1.5898

1 .5688
1.5408
Traces

1.3698
1.3308
7.3238
r.292\
r.28e)
1.2838
1.2738
Traces

1 .0788
1.0608
1 0308

.96788

.95638

.86298

.81668

.80758

.80708

.78948

2
10

10
15

15
20
5

10
l0

10
10
10

10

2
5

(

10
(
(

10
(
5
5

5



TesLE 3

Euxenite (No. BM 26)*
heated to ca 1200" C.

in air

Euxenite (No. BM 26)
heated to ca 430" C.

in air

d.(L) d(A) I.

7  .28
Weak
broad peaks
3 . 6 6
J . J /

3 . 2 8

2 . 9 9
2 . 9 5
2 . 7 8
2 . 6 3
2 . 6 0
2 . 5 5
2 . 5 2
2.4s+ l' t

2 . 4 s -  )
2.43
2 . 3 t
2 . 2 1
2 . 1 9
2 . L 2
2 .08
2.04
r .979
1 .941 \
r.e3e)
1.897
I .8808
1 .830
1.806
1 . 7 7 4
l .  / J l

1 . 7 2 7
1 . 7 0 4
1 .683

1.643
r .625
l .6t4B
I .590
1 .565
1 .540
1 .505

J . 4 /

4 . 6 2
4 . 4 6
4 . 4 1
4 . 2 5
3 . 9 6

3 . 7 6
s .70
3.34B
3 .07
2 .98
2 . 9 r
2 . 7 7
2.598
2 .43
2 . 2 3
2 . 2 1
2. t tB
2.03B
1.980
1.950
Weak
Peaks
1 .855
1 .8208
| .7328
1 .681
1 .676
1 .638B
r . 5 7 6
1 .5638
1.505V8
Weak
Peaks

1 . 1 9 5 8
1.1858
1.1668
1 . 1 5 0 8
1.1488
1 . 1 4 1 8
1.1288

20
7
7

20
10
10

40
20
10

100
40
t <

10
30
20
(

1 <

20
L I

13
13
20
3
5

10

1 J

25
3

30
20
z 5

25
27
3
3

25

10
l 1
15
15
10

7
10
30
70

100
20
20
5

20
10

7
20
10

20
10
5

15
15

15

10

10
3
5
J

3
2

B:Broad peak, VB:Very broad.
x Sample from Risd, Norway; very similar patterns are given by euxenites from Kra-

gerd, Norway; Ly'ndoch, Ontario; Perttr, Ontario; Swaziland, South Africa; Spruce
Pine, N. C.; Iveland, Norway, Hiter6, Norway; and other unknown localities,

Euxenite (No. BM 26)
heated to 1250'C.

in helium

d.(L) I.

3 .67

3 .30
3 . 1 3
2.998
2 .96
2 . 7 5
2 .65

2 .53

2 .34
2 . 2 3
2 . 1 7

Faint
Traces
1 .98

1 .91
1 . 8 7
1.848
1 . 8 1
1 . 7 7 8

r . 7 r

1 . 6 5 5
1 .651

1.5728
t . 5 M
1 . 5 1 1 8

40
60

I

100
30
20

10
10
10

50
30
I

60
2

40

30
20

20
60
10



Trsra 3-(continaeil)

Euxenite (No. BM 26)*
heated to ca 1200'C.

in air

Euxenite (No. BM 26)
heated to ca 430o C.

in air

Euxenite (No. BM 26)
heated to 1250'C.

in helium

d(A) r.d.(A)

t .496
t.492\
1.488J
1.476\
r .474)
1 .462
t .441
1.437

15

25

5
,7

10
10

1.0958
1.0698
1.0618
1.054
Weak
peaks

.9438

.8868

J

20

Weak peaks
1.344
1 .336

1.296
1 .278\
|  . 2 7 7  )

1 .246
1.2248
1.2098

1 . 1 8 7 8
1 . 1 7 3 8
1.160\
t .r57 J
1.1438
1 . 1 1 9 8
1.1028
1.0828
1.0588
1.0568
1.0438
1.0398
1 0348
1.02358
1.02058
1.01708

.99918

.99668

.98928

.98328

.9630B

.94308

.91558

.91018

.86268

.85928

1 .385
L.369

T,3268

1.2808

t.2628
t.2438
t.2248

1 . 1 9 5 8

t . r74B

1.1588
t . t42B
1 . 1 1 4 B

1.086B
1.0608
I .0538
1.0468

20
10

10

5

10
J

5
5

1
10

J

10

a

3
J

20

J

7

J

3
3

J

3
2
3
J

.t

3
2
2

3
J

2

)

2
2

10

.90588

.89588

.86528

10
2

10
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Tasr,B 4

Fergusonite* (No. LM-l)z
heated to ca 1200" C.

in air

Fergusonite (No. LM-1)1
heated to ca 700' C.

in air

Samarskitet
heated to ca 1050'C.

in aiC

d($ r' d(A) d(A) r.

5 .47  3
4 .58  3
4 .02  3

3 . 2 9
3 . 1 2
3  .01
2 .96

2 . 7 4
2 . &
2.598
2.538
2 .52

2 . 2 2
2 . t 6

2 . 0 1
1.901

20
20
30
40

100
90

10

20

10
5
5
2
3

20
10
20

100
30
30
40
10

2
2

3
100
20
90

40
20

10
10

3
5

50

3 .04
a  , A

2.59V8
I .888
1 .63
1 .s7 \B
l .s6J
L.228

4.03
3 .59
3.238

2 . 9 8
2 . 9 2
2.818
2 . 7 5
2.648
2 . 5 9
2.528

2 . 4 5
2 . 3 3
2 . r 7 8
2.O78
2.058
1.909
1 .8908
1 .863

I .830

1 . 7 3 9
1 . 7 0 9
1.689
1 .654
1 .650

1 , 7 5 4 8
20

10
20
20

r.646
t .&38

B:Broad peak, VB:Very broad.
* Sample supplied by Louis Moyd from Madawaska, Ontario. Nearly identical pat-

terns are given by fergusonite from: Ahikambara, Madagascar; Llano Co., Texas; Am-

herst Co., Va. (2 localities); Arendal, Norway; Hiter,ii, Norway; Mitchell Co., N. C.;

and otler unknown localities.

t Locality unknown. Nearly identical patterns are given by samarskite from: Wheat-
land, Wyo.; Glastonbury, Conn.; Molinda, Ga.; Mitchell Co., N. C. and other localities.

1 Tetragonal cell. o0:5.18+ .02, cs:5.48*.02.
2 Tetragonal cell. Unit cell as indexed by Barth. oo:7.74, co:11.34.
8 Could not be indexed.
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Trr.tn 4-(conlinued,)

Fergusonitex (No. LM-l),
heated to ca 1200'C.

in air

Fergusonite (No. LM-l)r
heated to ca 700'C.

in air

Samarskitet
heated to ca 1050'C.

in aiC

d(A) d(L) d.(A) I.

1 .6278
1.620
1 .569
1 .5638
1 .559
1.5088
1 .504
1.5008
t .4788

1 .369
t . 3 2 l B
1 .2888
r.2638
1.2458
t.2368

t.2r3vB
1 . 1 8 9
1.146V8
1.1078
1.0888
1.0828
1.0798
1 .0538
1.0488
1.0468
1.0418
1.0368
1.0258
1.0018
0.98568
0.91688
0.9rr2B
Traces

1.630V8

1 . 5 7 3 8
1 .561

1 .5158

1 .5008
1,4788
1.4628
t .4378
I .A5B

15
15
10
15
10
(

5
J

10
30

10

(
3
(

10
q

2

I

I

2

J

J

J

J

2
3
3
I
2
3
2
a

1
J

I
z

2

t . 22 rB

1.1888

1.056V8
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Taar-n 5

d.(A)d(L)

Allanite-mostly
metamict

(No. H.  M.86077)

3.52V8

2.93V8 100

2.69V8
2.62V8

Allanite-not
metamict

(supplied by
Brian Mason)

I .

30
10

9 .20
8 .05
7 .96
5.09
5 .01
4 .87
4.69

s .78
3 .s9
3 .52

3 .30
3 .23

2.92
2 .91
2 .86
2 .82

2.68
2 .62
2 . 5 1
2.50B

2.338

2 .20
2.r8B
2 . 1 5
2 . 1 4
2 .108
2.05B

20
20
20
10
10
5

20

10

10
20
10
10
2
2

10
10
40

10
20

90
100
50
10

40
40
20
10

Metamict allanite*
(No. H.  M.86077)

heated to ca 80Oo C.

in air ] hr.

Metamict allanite
(No. H.  M.86077)

heated to ca 850'C.

for 14 hr.

3.798
3 .598
3  . 5 1

3.288
3.22B
2.95B

2.84B

2.688
2.618

5 .07

4.84
4 .67
4.62
4.438
4.10B
4.00
3 .81B
3.608
3 .50
3 .34
3 . 2 7
3 .20
2 .96

2.83 30
2.798 2
2.74 30
2.67 80
2.60 40
2.54 30
2.488 2
2.43 30
2.408 2
2.338 10
2.248 10
2.208 10
2. t68 30
2.138 30

2.068 10

B:Broad peak, VB:Very broad.
* Similar patterns given by samples from Arendal, Norway (orthite); Johannesburg,

So. Africa, and numerous other unlisted localities.

I .d.(A)

9.30

d(A)

5.09

10
10
50
2
2

20
10
I

80
30
20
10

100

2
1

80

2
2

100

4.65

60
50



Trfi,n S-(continueD

Allanite-mostly
metamict

(No. H. M. 86077)

Allanite-not
metamict

(supplied by
Brian Mason)

1 . 9 1 8
1.89B
1.788
T . 6 7 8
1 .658
1.648
I .568

t . t 2 B

Metamict allanite*
(No. H.  M.86077)

heated to ca 800' C.
in air I hr.

Metamict allanite
(No. II. M. 86077)

heated to ca 850o C.

for 14 hr.

1.908

1.658
1.638

r .47vB
1.428

I.d(A)d.6)

30
60

10
20

a

20
a

10
10
20
20

Tesrn 6

Columbite llt heated
to ca 1250" C. in air

Columbite-Tantalitd{
(No. Ta 14)-high

tantalum

d.(A)d.(A)

2 . 9 7

2 .87

7 . 1 5

5 .  r5
4 .78
s.74.
J - O /

3 .601
J - 5 /

3 .03
2 . 9 7
2.93 .
2 . 8 7
2 . 8 6
2 . 8 3
2.82 .
2 . 7 8

2 . 7 7
2 . 5 4
2 . 5 3

20
10
10
10
20
50
30
25
10

100
5U

10
10

q

10

7  . 1 5
5 .33

3 . 6 7

J . J d

2 . 9 8

2 . 8 7

2 .55 10
5

":FeNbzOo.
B:Broad Peak.
* Orthorhombic cel l .  d0:5.10+.01, bo:14 24+.01, co:5.73+.01.
I Mitchell Co.. N. C.
2 Black llills, South Dakota,
t More than one compound.
I Orthorhombic cell. os = 5. 10 * .01, b o: 14.24 a.01, co : 5.73 +.01.



Ter;rg 6-kontinu.eA

Columbite flf*
Columbite l1t heated
to ca 1250o C. in air

Columbite-Tantalitdf
(No. Ta l4)-high

tantalum

d(A)d(A) I .d(A)

2 .50

2.388

2 . 2 r

2.09

1 . 9 1
1.838

r . 7 7 8

r .748

1 .72B

2 .50
n  A a

2 .43
2 .39
2 .34
2 . 2 4
2 . 2 1
2 . 1 8
2 .O9
2 .06
2 .05
2.00
r .907
1 .834
1.805
1 .780
1 .773
1.7408
I . I J '

1 . 7 2 6
I .698
I .580
I . J / J

1 .562
1.532
1.487
1.467
r.456
t .M0
Traces
r . 2 M
1 .224

1 .198
t . r79

1 .136
r . t z l
1 .103

1.0808

t .o32B
1.0208
Traces

2 .50

2.38F

2 . 2 5
2 .22

2 .09

r .9r
1 .836

r . 7 7 7

1.745

1 . 7 2 7

25
10

10

10
10
10
10
10
10
10
15

20
30
20
n
40
20
10
10
10
20
10
20
20
20

7

3
7

7

15

10
a

15
20

J

2

30

r.5428

1.4648

1.3808
Traces J

1 .542
1.490
1.466
1.459

1.384
t .248
r rr<)

r .223)
| . 1 9 6

1 . 1 4 0

1 . 1 0 3
1.0928
1.0798
1.0678
1.0488
1 .0368
1.0248

.9978

.9258

.8838

.8408

10
10

20
10

q

q

10
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T,q,stn 7

B arium-bearing pyrochlore* Sample heated to ca 900o C. in air

I,d.(A)

3 .  1 8

3.04

2 . 6 4

2 . 4 2

2 . 0 3

1 .86

1 . 7 8

1 . 6 1 8

1 .590

1.541B
1 .5218

1.4788

1.3748

1 . 3 1 9 8
1.2t08
1.1808
1 . 1 5 8 8

d.(A)

7  . r 4

5 .97
5.348
3 .87
3.59B
3 . r 9
J . I J

3 .01
2 . 7 7

2 .59
2 . M
2 .39
Traces
2.00B
1.qrcB
1.8608
1 .8388
1 .8088

1.7638
7.&28

1.609\
1.ff iz|

1 .5688

1.4998

1.4568
Traces

1.3268
1.3208

r. l82B

100

30

10

10

30

10
50
10

20
2

80
1

10
100
60
20

2
10
1

10
10

20

30

I
l0

q

1

10

10

2

B:Broad peak, VB:Very broad.
* Sample from Alaska; exact locality unknown.
oo:  11.53 * .02.
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Tlotn 7-(conti.nueil)

Barium-bearing pyrochlore*

d.(A) r.

Samnle heated to ca 900o C. in air

d.(A) r.

1.0768 5
1 . 0 1 6  1 0
Traces

.893VB 10

.881V8 5

.836V8 2
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