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                                  Abstract

     Monazite Iattlce is found to be stable up to tke temperature Iiigher t}ian those at wkic}i
zircon, gadoliiiite aiid allanite lattices are })reken clown.

                               Introduetion

     The radioactive minerals are apt to be transformed into metamiet state.

     The term "metamiet state" is somewhat ambiguous. The writers give to t}ie terin a
definitlon as foilows; the metamiet state is that which shows itself only in radioactive mine-

rals, and in which state the oTiginal crystallinity is redueed to some extent and in the extreme
ease to glassy state. '

     }t is interesting, however, that monazite in the metamict state has not
been feund, notwit}astanding its l]igl] content of Th. ']rhe writers]) sta(lied,
in 1954, en allanites with Norelce Xi -ray diffractometer and obtained eiffraction
patterns of the minerals which were in tl]e various stages of the rr}etamict state,

from a}most completely in a crystalline state to completely in a glassy state.
From the patterns it was found that the al}anite Iattice was transformed into
metamict state, being accompanied with lattice expansion.
    In view of the experimental result, the writers thought that the meta-
mictization rnight be no more than the phenomenon of expansion folloxved by
melting. Of course, the expansion and melting were.not understood in the
sense that eaeh ef them extends over all portions of the substance unjformly ancl
simultaneou$ly, but in the sense that, subdividing the substance into small statistical

portions, in the ear]ier stage of the metamictization the ex?anded pertions prevail

and in the ]ater stage the melted portions. The expansion was conceived
to be due to the atoms which, knoeked by the alpha-particles, }eft their normal
positions and occupied their places interstitiaily; and the melting to be due to
the heat generated at the time when the a]pha-particles, .at the encl of their
travels, or the recoil atoms came into collisions willi atoms.
    The writers2) examined, in the same year, tlte effects ef tlie heat-treatment
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on allanites which were in the metamict state, but not in its extrernity, at the

temperature of several l]undred degrees and in the vacuum, expecting that the
effects might be revealed in the }attice centraetion and the increase'of eris-
taMnity. The results were jtist as expecte(l. The same results were ebtained
with gadolinite.

     According te the writers' view of the metamietizatien, 'svhy mo}iazite is not

transtbrmed into metamict state may be due to ils high melting temperalure,
and if so, the lattice expansion must take place in inonazite too. The writers
also examined the spacings of monazites which differed in lecalities, and found
sligkt differei]ces in the spacings among them. The effect ef the heat•treatment
on the specimens was revealed in the Iattiee contraction only, the specimen
greateT in spacings showing more remarkahle eontraction. 'I'he ]attice eontraction
in this ease was, of course, very slight compared witli those of allanite and
ga(lo}inite. [I'he writers rer}erted in t})e previous paper t}]at the elTect of the

metamietizatien on menazite was revealed in the Iattice exvansion only.
     }{ecently, the writers measured, aithoagh only in a qualitative way, lhe
temperattires at which crystal lattiees were broken down on some raclioactive
minerals. The resuits are all favoarable to the writers' view of the metamic-
tizatien.

                                Expemimental

     Specimens submitted to the experiments were allanite frorr} Anak-ub, Korea,
gadolinite from Arendal, Norway, monazite from Nogizawa-mura, Japan ancl zircon

from Burma. These specimens were those in the }east melamict state among
the respective ones in the writers' hantl. Zireon from Mineyama-ch6, Japan was
also submitted to the experiment. The specimen was more, however by a litt]e,
metamictized than that from Burma. rÅíhe degree of the metamictization was
examined by the X-ray diffraction patterns. In the l.Xl-ray cliffractometry, Geiger
counter X-ray diffractometer of Nerth American Philips Co. was usecl, radiating
Cu, -Ktz wit]}'tVi-fi}ter, throug}]ont.

     Each of the erystals of allanite, gadelinite, monazite and zircon from Japan
which amounts to about 0.5g in weight was kept in a erucib]e without cover,
made of Al,,0,, (98.5-"o-) togetl]er xvith the seger eenes. The crueibles were put
into the furnace ancl they were heatecl on the outside by the oxyacetylene fiarne,

witli care so that the fiame might not touch the specimens. The temperature
in the crucibles were thus measured by the seger cones as well as by means of
the optieal pyremetry. The specimens were heated up to ca 1800Åé ancl taken
out of the furnace anci quenchecl in the air.
    In this experiment, allanite melted eompletely ancl soake{1 into the crucib]e.
Se clid gadolinite too, biit the boltom of the crucihle in wbicl] gadolinite had been

put was bitterly eroc{ed. Zirceix lnresented an appearanee of siight melting witl}
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 several pinheles on the surface, wliile monazite showed only a slight change
 iR celeur. The zircon and monazite heated te 'ca 18eOOC were crushed into
 pewders and submitted to the X-ray diffractometry. In Fig. 3 are shown the
 diffraetion pattems of the heated and the unheated zircon for comparison and in
 Table 3 the spacings ealculated from t}ae peaks ef the diffraction patterns. In
 Fig. 5 are shown the diffTaction patterns of the heated and the unheated menazite
 and in Table 4 the spacings ealculated from the peaks of ihe diffraetion patterns.
 Spacings were calibrated by the melhocl of the least sguares using silieon dlffrae-
tion patterns. Frern the tables, tlierefore, are excluded the spac;ngs ef the peaks
of the diffraetion patterns whose values of 2e are less than 25.65". Considera-
tions to tl]e results wil} be given together with those ebtained in the subseqtient

expenments.
     The crystals of allanite, gadolinite, monazite and zireon were crushecl into
powders and Ibrmed into cones out of the pewders as ]arge as the seger cone.
Zircon submitted to this experiment was that frem Burma. Each of the cei]es
was stood in the crucib}e without cover, macle of the same material as in the
preceding expgriment tegether wit}i the seger cones andl the criicibles were heated

in the same mam}er said above. The measurements of the temperatures at
wl]ich cones of the specimens curve were also carried out in the same iiv rvL ry .
As soon as the cone of the spQeimeR curved, the crucible was taken out of the
furnaee and quenchecl in the air. The eenes were crilshed into pewclers and
submitted te the X-ray cliffractometry. The spaeings were calenlatecl from the
peaks of the diffraetion patterns. Tl)ey were ca]ibrated in the same methed.

    All(tnite

    The cene of allanite from Anak-ub. Kerea has been found te curve at the
temperature ef ca l4,000C. In Fig. I is sl]own the diffraetioii I)attern ef the
cone eurved, ancl are also shown the diffractien pattern of the unheated specirnen

and that of the heated at ca 8000C for two hours in the vaouum for com?arison.

    In Tahle l are shown the spacings whose values of 2e are in a range from
25.65" to 35.50. The inclices of the spacings are caleulated with lattice constants

determined by UEDA.:')

                Tahle l. Spacings of allafiite from Anak-ub, Korea

hkl t.....tt.tt

2el

d (nnheated) a (sooec> al g4ooec)

 Zl :3(
 :-IO'2'

3.2gg A

2.9I6

3.24.o A

2.9C)9

3.2ss A

3.k93
3.l3,r)

3.037
2.947
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Table ].. (cont.)

hlr,l d (unhe'ated) d ' (seoac) d (1<looec)

020

 211.

 013(
 300

31.li.

202

2.872

2.816

2.709

Lt.6].9

2.554,

2.870

2.819

2.704•

2.6i7

2.554

2.870

2.840

2.709

 2.669(
 2.662

2.51I.8
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C
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                                      2e
       Fig. I. Diffraetion patterns ef allanite .from Anak-ub, Kerea. Cu-Kec (with
           2Vi-filter), 351" l?r, l.5ntA. Sean speed ]O per mlnute, sca}er 4, tkne eofislant
         - 8, chart speec'1 Y_ ;nch perminute, slits l"-O.O06t/-1". A. I'leated to ea
           l4•OO"C. B. Heated at ca 800"C for iwo hours in the vacumn. C. Unheated.

From this result allanite lattice has provecl to break dewn at the temperature
below 14tooOC.

    Gaclolinite

    Tl}e cone of gadolinite from Arendal, Norway has })een founcl to curve at
the temperature Qf ca 1500eC. In Fi.cr. 2 is shown the diffractien pattern of
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the cone eurved,
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        Fig. 2. Diffraction patterns of gadolinite from Arenaal, Norway. Cu-Ka
           (with Ni-filter), 351eV, ]5md. Scan speecl l" per minute, seuler 4i, tirne
           conslant 8, ckart speed x'2- hach per mSnute, slils 10-O.O06M-l". A. Heated
           te ca ]500"C. B. Iiealed at ea 800eC for two houz"s in t})e vaeuum. C.
           Unheatec].

    In Tab]e 2 are shown the spacings whose values of 2e are in a range from
25.65e to 45". The indices of the spacings are caleulated with ]attice eonstants

determined by ITo and MoRi.`)

                Table 2. Sptteings of gadolinite from Arendal, Norway

Ws

  -+

hlgl d (unheated) d {8ooO C) d G5000 C>

     o.3.262 A
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     -3.17.l. A

3.153
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2 (cont.)

hl,l d (unheated) {l (800" C) d (.lr)ooe c)

(

(

(

(

]2I
].21

llg
ll.l.3

I2' i
122

031.

200
O.l.tf,

2gg

 l..1E(
 1 1{ 4,

 132(
 l32

2.864,

2.597

2.orso

2.464,

2.4eo

2.276

2.240

2.l28

2.834,

2.568

2.554•

2.4,36

2.366

2.243

2.212

2.108

2.024,

2.826

2.694,

2.561

2.,5].9

2.378

2.go7
2•-9j67

2.236
2•LtOr5

2.163

2.l]0

2.074,

2.024,

    From this result gadolinite lattice has proved to be persistenl even
temperature of ca l500eC, although with otlier phase.

    To the spacing$ of the phase here prodt;ced ean be given indices as follows,
that t'lie phase is isometeic. Doing so, a= 9.23A is obtained.

 at the

assum)ng

d sine e (obs.) sin2 e (ealc.) l, i,l

p..262 A

2.897

2.694

2.307

2.267

2.074,

1.92I

1.718

l.6].6

e.es6
f).e7].
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O.ll2

O.ll6

0.138

O.l6I

o.2el

0.227

O.056

O.07o
O.084,

0.l12

O.I].9

0.140
0.167

o.2e2

0.223

(

(

220
310
222
400
4s30

322
4,20

422
520
4,32

4,4,0

at

of

 Zircon

 The cone of zircoii from Burraa has been found that it does not eurve even
the temperature of ca l950Åé. In Fig. 3 are shown the difYraetion patterns
the cone heated to that temperature and the imheated specimen fer comparison.
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    ITig. 3. Diffraetion patterns of zireon fyom Mineyama-ch6, Japan and Bttrma.
       Cts-Kct (wlth IVi-fitter), 35kY, 15m.A. Scatt speed I" per minute, scaler 4,,
       time eonsta!it 8, chart speed Y-_ ineh per minute, s}its 10-O.O06tt-1.". A.
       }Iealed to ca 1950"C (fr{}m Burma). B. Unheated (from Btirma). C.
       Heated to ca 18oo"C (frem Mineyama-ch6, Japan). D. Unheated (from
       Mineyama-cb6, Japan).

In [rable 3 are shown the spaelngs whese values of 2e are in a
 25.65" to 4,6e.

     Table 3. Spacings of 'Aireon frem MineyaTna-ch6, .}apan anG Bt}rma

45

range

From Mineyama-ch6, laPan

hkl
    d
(unheated)

  d
(lseeec)

2oe      "3.334 A      e3.319A
3.l7I

2.968

2.855

From Burma

        ddhkt (unlteated) UgseeC)

Baedeleyite

hkl d

200      e3.306 A
     e3.l71 A

2.8ti,3

l
i

l
l

1]T

III

3J8

2.85

KX
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Table 3. (cont).

From Mineyama-eh6, .Ia})an From Burma

hthl
    d
(unheated)

   d
(1800toC)

2il

l.I2

220

202

301

2.680

2.54,3

2.34,2

2.233

2.086

2.635

2.52tl,

2.34,2

2.221

2.e73

       ddhhl (un}ieatecl) (l950"C)

E

211

ll2

220

202

3el

2.6449

2.51.9

2.335

2.227

2.063

2.624

2.5irs

2.330

2.2}.r,

2.184

2.e2o

ll.992

BaddeleyS!e

lihl d

 020

 200( 102im

•Ol2( 120

2il

 [l21

 ll.12

 202

2.63

2.55

2.34,

2.2S

2.20

2.e lt

2.eo

    In Table 3 are inserted the spacings ef baddeleyite which are introdueecl
from the cards ef the vX-ray {"t'fraction clata (A. S. T. M.). Camparinbr the
spacings of the products of heating to ca 180eÅé and ca 1950Åé with those of
unkeated zircon ancl of baddeleyite, it is seen tliat at the temperatuye of ca
1800Åé zircon coexists with bad{leleyite ancl probably one more phase and that
at the temperature of ca l950C'C zircon }attice is ceinpletely broken down. The
indices of the spacings of zircon are calculated with lattice constants deterrnined
by VEGARD5) and tliese of baddeleyite witli lattice constants deterniined by RuyF

a 
                       '
   t

C

 2o" 2s 3o 15' 2o' as' 30' 35         2o 2e1'"{g. 4,. Diffvation pattems ef (A) eommercial silica glass, (B) cemmereial
   baddeleyite, (C) mixture of the above two cempenent$ (Mo}. ratip, ]. : 1).
   Ctt-Kut (svith iVi-filte}r), 35kV, 10ni•A. Scan $peed 2" per iiiinute, scaler
   8, time eonsl'an't 4+, chttrt speed I/2 ineh per minute, slits ]f"--O.O06tt-1Åë. -

IS
4e
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and EBER r6).

     Fiee silica is presumable to be present ifi the product which is yieldea by heating zireon
to .1950eC, notwithstanding ne suggestion of its being in the diffraction pattern. XVith regard
te this point, following patterns shown in Fig. 4, are very instructive.

     Monaxise
     The cone of menazite from Nogizawa-mura, Japan has alse been found that
it dees not curve at the temperature of c.a 1950crC. In Fig.5 are shown t}ie
diffraction patterns of the cene heated to that temperature and the unheated
speeimen fer comparison.

?1

i/l

li

A

B

c

 25" 30" . 35" 4e"                                 2e

Fig• 5. Diffractien patterns of monazite from A'egizawa-mura, Japan. Cu-Kec
   (with Ni-filter), 35kV, ]5TnA. Scan speed le per minute, scaler 8,
   time constant 8, chart speed Y2 inch per minute, slits !cr-O.O06t/--XO. A.
   I'Ieated to ca 1950eC. B. Heated to ca 18000C. C. Unheated.

4so

     In
25.6se

 Table 4 are shown the spacings whese values
to 4t5" calculated'frem the diffraction patterns.

of 2e are in a
 The indices of

range frem
the spacings
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are ca}culated with

             Tabie
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Iattice constants determii}ecl by UEDA7).

4t. Spac:ngs of mona'zite from Nogizawa-mura, Japan

ltlgt d (unheated) d 0.800Åé) d (195eL'C)

 200
 120
 oi?
 'll2(
 ll.I2

 220
 .l.]3(
 e3 .l.

'

212

gl-9

 23e( 222
5'S`g

 Otl,{ww/

 ]23(
x:312

 l40(
 04•].

3.294, A

3.092

2 870

2.604

2.447
2.4,00

2.186

2.l.r,].

2.138

2.l22

I.962

11 .895

].87:3

l.860

L765
II .7(I8

I.74.0

1.690

3.2s2 A

3.e82

2.860

L).595

2.4,133

2.394,

2.[E.8i

2.].40

2.l31

2.Il6

].957

1.889

l.866

].853

]..755

L744

I.733

1.686

 3.282 A

• 3D82
 2.855

 2.595

 2.4;33

 2.392

 2.J.81.

 2.131
 2.l17
 i.957

 l.891

 L866
 1.854
 ].756
 1.744

 L7:33

 1.687

    Iirom this re$u}t it is seen that monazite lattice is evidently persistent even
at tlie temperature ef ca 1950Åé.

                                Diseussion

    Many aathors have kitherte observed the effect of the heat-treatment at
high temperature en zircor], however, ne one has ever observed en allanite,
gadolinite and monazke so far as literatures are concerned. STAcKELBERGS) and his
coworkers observed tl]at slighlly metamictized zircons (sp. gr., 4.32 aRd 4,.l7)
heated at 14500C fer 6 heurs gave better cliffraclion pattems and increased in
specifie gravities. These authers") Iater ohserved that bitterly metamictized zireons

(sp. gr., 3.972 and 3.94i5) heated aI !4,500C lbr 6 hours recovered their own
lattices and also iitcreased in speeific gravities. Sirr}ilar experiments were earried

out by KosTyLEvAtO)ii> and PABsTi2). In the present investigation, the cone
of zircon has not curved at the temperature ef ca l950eC, nevertheless the product
of heating to ca 1800eC has proved to consist of zircon and ether phases and
that te ea l950Åé has proved no presence of ziycon. Zircen lattice is, therefore,
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likely to be broken down at the temperature in ihe neighbogrheed ef l8000C.
Accercling to the Iiterature,* the melting point ef zircon is 2430ÅëÅ}20eC. The
temperature, however, must probably be the eutectic point of baddeleyite (melting
point 2690"de20Åé) with SiO, in tl]e molecular ratio of 1 : 1.

    The cone of allanite l]as curved ali the temperature of ca 14,COOC and the
prodnct of heating te that temperature has proved absence of allanite. The
cone of gado]inite has curved at the temperatnre of ea 1500"C and the prociuct
of heating to that temperatuye ]-as proved to consist ef gadolinite and other
phase. A. ccordingly, alianite lattice must• be broken down at tlie temperature
lower than l4,000C, and bqadolinite Iattice is likeiy to be breken dewn at tlie
ternperature in the neighbourhoocl of l5000C.
    The cene of menazke has net curved even at the temperatuye of ca 1950Åé
anci the preduct ef heating t.o that temperatare has proved to be moltazite•
Unfortunately, tke writers eoald not earry on the experiment at a higlier tem-
l)erature, none the less, it is found that monazit;e ]attice is stable at the tem})eratiire

higher than those at which zircon, gadolinite ancl a]lanite lattiees are broken down.

Ti}e writer$ conceive that why monazlte is not transformed into metamict state
is due to the faet t.hat it is stable up to higber ternpexature.

    SLATERi3) has sumrnarized the tl]eoretical consideration with respeet to the
rcadiation damage of the }attlce. Aceorcling te I]im, the kinetic en'rgy of the
alpha-partiele at the time when it is projeeted is ca 6Å~10" ev. During the
time that the particle has high energy, it clisplaces atoms, knocking en them,
and produces interstitial atoms aiicl vacant sites. The enerbffy of the alpha-partiele

aÅí the end of the txavel is clropped to ea 4,xlO'! ev. and that ef the receil atom
is ca XOr' ev. These energies are dissipated in the col]ision with atoms. The
kinetic energy passed en to the atoms is so great as to correspond to an ex-
ceeclingly high temperature, of the order of several hundred thousalld degrees.
HuRLEy and I?AiRBAmNU) have stated, in this cenneetion, thcftt even if the
energy is shared by one ev. to the neighbouring atoms the energy of each atom
still cerresponds to moxe than the boi}ing point even for a refraetoxy ma{erial.
    At tine present time, the energy of the a]pl]a-partic]e, at the end ef tl]e
travel, ancl that of the recoil atom are usually presumed te be exceeding}y great.
Accordingly, the fact that certain Tadieactive minerals are not transformed hato
metamict state is apt to be eonsiderecl to be due to tl]e easiness of their reery-

stallization. It may be trae in the case of the secondary minerals, such
as autunite, howexrer, may be inapplicable to the case of the primary mlnera]s,
such as monazite. If the reasen why menazite is not transformed into
metarr}ict stat3 is the easiness of its recrystallization, ]attice expansion would
not t.ake place in that mineral. T.he writers are cor.vince{l that the energies
said above arn. corresponding to the temperature in the neiglibouxhoed of the

N ffanclbook of 1'hysical Con$tants, Geol. Soc. Atn., Specjal Papers. ATo. 36 (l954•).
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melting point of monazlte at most.

     Ju.st as tl}e Nyriters finished writing the present paper, they areceive{il the

"t!ineralogical Abstract, Vel. 12, No. 10. Accerding to the Abstract, KARK-
HANAvALA and SNANKARi5) have recently found a partly metamictizecl monazite.
The discovery js indeed favourab]e to the writer$' view of t]]e metamictization.
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