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CHEVKINITE AND PERRIERITE: SYNTHESIS,  CRYSTAL
GROWTH AND POLYMORPHISM1

JUN Iro AND JoEL E. AnBlr,2 Dept. of Geological, Sciences.
Haraard Un'irersity, Cambridge, Mass. 02138.

Assrn,rct

S1'nthetic chevkinite and perrierite, Ln3+4M2+ (Ti4+X['?+)r(Ti4+O.)z'(SizOz):;M2+:Fe:+.

Co, Ni and Mg; Ln3+:La, Ce, Pr, Nd and Sm, demonstrate polymorphism (1 st order

transition) r'ithin certain chemical cornpositions. IIgrPraTi3SiaOzz and NizPnTiaSirOzz,
crystalliz,ed from the gels as perrierites (low temperature form) at temperatures of ap-

proximately 990'C in air, transform to chevkinites (high-form) by elevating temperatures

above 1070'C. The unit-cell dimensions for these two sets of perrierite-chevkinite poll-

morphs lvere obtained from computer refined X-ray powder diffractometer data.

Nearly all of the chevkinites and perrierites are primary phases. Single crystal gror,vth

was effected directly from melt either by slow cooling or pulling. The crystals of all the

probable end members have been obtained up to maximum size 2mm.
Single crystal X-ray studies using the precession method indicate space grotp P21f a for

lhe synthetic Co-Pr and Mg-Nd chevkinite, and Mg-La perrierite. The space group

originally reported for the natural specimens is C2/m.
Wet chemical analyses of the synthetic crystals for Mg-La perrierite and Mg-Nd

chevkinite confirmed the existing structural formula for both minerals.
Infrared spectra of chevkinite and perrierite are very similar except very small changes

in absorption frequencies accompanied with the polymorphic transitions.

Chevkinite and perrierite are structurally similar minerals bearing a
superficial resemblance to members of the epidote group. It has been
suggested (Gottardi, 1960; Bonatti and Gottardi, 1966; Pen and Pan,
1964) that they offer an example of layer polymorphism in sorosilicates
involving a translation of half a cell period.

In a previous synthesis study (Ito, 1967) using gels that had been
precipitated from a sodium-containing solution it was shown that under
isothermal and isobaric conditions, the transition between perrierite and
chevkinite is a function of ionic size in the ,4 (rare earth), B (divalent
metal) and C (trivalent metal) sites of the idealized formula:

l -  x r -  l r  d L

" r ;  (x)B (vr )c ;  (vr )T i ,  oa(Vr) (Si ,  oz) , : X, VI, IV : Coord. no.

C : Tja+, Fe2+, AI3+,-4  :  Lnz+,  Ca,  Sr : B : Fe2+, \{g, }t ln2+:

FeB+, Mg

The author (Ito) stated at that t ime that chevkinite and perrierite are
strictly speaking not polymorphs.

1 Mineralogical Contribution No. 477.
2 Present address: Dept. of Mineral Sciences, Smithsonian Institution Washington,

D. C.  20560.
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The results of new phase syntheses in air (980-1,300oC) and under
water pressure 1250-3,000 bar, 550 720'C) using alkali-free gels pre-
pared by an iotr exchange resin method (Ito and Johnson, 1968) reveal
that chevkinite and perrierite exhibit thermal polymorphism only within
certain compositional ranges.

Although nuruerous chemical analyses of naturally-occurring chev-
kinite and perrierite have been reported, and the structural formulas
(given above) determined, some ambiguities remain because of the rather
complex chemical composition of natural material. Chemical analysis
of separated grains of the synthetic minerals may confirm that chevkinite
and perrierite do have the same formula.

Stnrctural analysis (Bonatti and Gottardi,1966; Pen and Pan, 1964)
suggested that chevkinite and perrierite are polymorphs but natural
chevkinite and perrierite are often metamict, resulting in poor X-ray
difiraction photographs. Heating experiments used to improve their
crystallinity have been inefiective. While the structure determination
reported to the literature may be basically correct, the superior crystal-
linity of synthetic chevkinite and perrierite has revealed additional
structural information. Results are reported here of space group deter-
minations for synthetic chevkinite and perrierite, as deducted from
precession photographs.

SvNumsrs
'Ihe 

starting materials were prepared by slow evaporation (in a teflon container) of
stoichiometric mixtures of reagent grade Mg(OH)r, NiCOs or CoCo3, freshly prepared
mixed hydroxides of titanium and rare earths (La, Pr, Nd, and Sm), and resin-prepared
silicic acid solution (Ito and Johnson, 1968).

The phase synthesis experiments were carried out in air. Temperatures lvere regulated
to within 5oC with a soiid state or proportional controller, and calibrated periodically using
a digital millivoltmeter \,vith a Pt-Pt+Rh 10 percent thermocouple. The results are sum-
marized in Figure 1, in terms of temperature, ionic radii of rare earths occupying ,4 sites,
and the divaient ions occupying B and C sites. Ie2+ and Ce3+ were excluded, because the
experiments q''ith these elements cannot be performed in air. Data sholvn in Figure 1 for
Fe2+ and Ce3+ r'ere therefore extrapolated using the results obtained il'ith other ions.

Several experiments using cold seal bombs were carried out in order to study the chevki-
nite-perrierite transition under hydrothermal conditions.

The detailed results of the above experiments, including those of the reaction reversal,
summarized in Tables I and II. have been deoosited with the National Auxiliarv Publica-
tion Service.l

SrwcrB Cnvs'rar, Gnowru

We found that nearly all of the chevkinite and perrierite of the com-
positions studied crystallize as a primary phase. Single crystal growth

l Order NAPS Document 01223 fuon ASIS National Auxiliary Publications Service,
c/o CCM Informat ion Sciences Inc. ,22 West 34 Street ,  N.  Y. ,  N.  Y.  10001;remit$1.00for
microfiche or $3.00 for photocopies, in advance to ASIS-NAPS.,
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Frc. 1. Phase relation between chevkinite and perrierite. The diagram is drawn thre:

dimensionally in terms of temperature, the ionic radii of rare-earth ions occupying .l sites-

and the divalent ions occupying B sites and a half of C sites according to the crystal struc-

ture analysis. Block X:perrierite single phase region; Block Y:the compositional range

where polymorphic transitions from perrierite to chevkinite occur; Block Z:chevkinite

single phase region. Shaded curved plane in block Y shows an idealized transition tem-

peratures. The values for Fe2+ and Ce3+ given are extrapolated.

experiments were carried out using oxides as starting materials by slow
cooling, from 1,4800C to 1,0000C at a rate of 2-5o per hour of a clear melt

having the compositionl Mz2+Zp+3+TiaSi+Ozz (Mz+:Mg, Ni and Co;
Ln'+:La, Pr, Nd and Sm). The results are given in Table 1.

Attempts were made to grow a large single crystal of Mgzla+TisSiaOzz,
perrierite, by pull ing from melt at the temperatures above 1,480"C by
W. S. Brower at the National Bureau of Standards. The boules of ap-
proximately 1.5 cm diameter consisting of greyish aggregates of perrierite
crystals (maximum size 2 mm) have been obtained.

Cnnlrrcel AN-a.rvsrs

Chemical analyses of hand-picked samples (approx. 100 mg) were
performed for pure Mg-Nd chevkinite and Mg-La perrierite. The results
for Mg-Nd chevkinite are: MgO:6.6 percent, Nd2O3:53.6 percent,
TiOz:19.5 percent, SiO2:19.0 percent or, expressed as a {ormula:
Mgz.osNda esTi3 obsia.ebozz. The Mg-La perrierite gave: MgO:6.4 per-

cent, La2OB: 53.3 percent, TiO2: 19.7 percent, SiO2: 19.4 percent

lThe structural formula has been given by Gottarcli (1960) as Mt+Lnl'(Tir+1t42+;
(TiOr)g(Siror)z but for simplification the chemical formula wili be written hereafter

M;"LnltTi,si40r:.
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Tenr,r 1. Srncr-r Cnvsrer-s OsrllNxo lon SyNnrnrrc Cnl'vrrxrm; .rno Pnnmrnrm

Formulas
Temp Soaking Cooling rate
(C') (hr) (C'lh)

Size Other minor phases

imm) identified

Perri,erite

MgrlarTiaSirOz 14001200
NizLa+TisSiOz 1460-1200
CorLarTirSiO* 1.100-1050

Che.rkinite

MgzNdrTirSiOp 1460-1280
MgrPrrTiaSirO* 1460'1280
MgrSm{Ti3Si4Or2 1460-1280
NizNdrTigSinOp 1460-1280
NizPrrTiaSirOu 1460 1280
NizSmrTiaSi0u 1460-1100
CozNdrTiaSinOz 14001050
CorPr4TiaSi4O22 14001050
CozSmrTiaSirO:z 14001050

1 0
1 0
2 0

1 0
10
10
10
1 0
10
20
20
20

Pale Pink 2
Green I
Red-brown 1

Purple 3
Light green 1
Light green 2
BIue green Massive
Dark green Massive
Green 1
Red-brown 2
Red-brown 2
Red-brown 2

High-La2SizOz

High-LarSizOr &

unidentifred Cryst.

Apatitea

Apatitea

Apatite,a SeTi2O?

Apatitea

Apatitea

Apatite4

Apatitea, High NdrsiroT

Apatitea

Apatitea, SmrTirO?

& Oxy-silicate apatites (Ito, 1068)

result ing in the formula: Mgr.sl-a+ oTia orSis oOzz. Both analyses con-
f irmed the structural formula tobe Mz2+Ln+3+TieSiqOzz (Gottardi,  1960;
Pen and Pan,  1964) .

X-Rey Dera

Unit cell dimensions were measured for two sets of chevkinite-per-
r ier i te polymorphs:

1070 + 10"c
perrierite -' chevkinite

1060 + 100c
perrierite - - chevkinite

X{gzPr+'f iaSi+Orr

N i :Pr+T i ;S iaOz:

Trw.n 2. UNrr-Cnr,r, DrlmwsroNs oF Two Snrs ol Syrrnuuc
Por,vltolpns roR CHEVKTNTTE AND PERRTERTTE

. t
Io rmuras  d(A) b(A) ,(A) B 1ocnloi v1fua1

MgrPrllirSirOrr
Perrierite, lou 13.57 (1) 5 643 (3)
Chevkinitc, /zis, 13 376 (2) S 1074 (1)

(Transition at 1 ,070'C in air)

11  66  (1 )  113 1  (1 )  101 2  822 (2 )

1 1  0 1 6 ( 2 )  1 0 0  7 1  ( 1 )  1 1 2 . 7 0  8 2 6 . 3 ( 2 )

NirPreTiaSirOr
Perrierite, lou 13 57 (1) 5 655 (3)
chevkinite, ,igir 13 362 (3) 5 683 (1)

(Transition at 1,060'C in air)

11  70  (1 )  1 r3  34(4)  101 30  82s  (1 )
11  008 (3 )  100 69  (3 )  1 r3  21  821 4(4)

MgzlaaTirSirOz: 13 786 (4)
(Perrierite)

s 6766 (9) 1 1 . 7 9 1  ( 3 )  1 1 3  8 8  ( 2 ) 843 7 (4)
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Indexing of powder diffractometer data was facilitated by the results of
single-crystal precession studies. Cell dimensions in Table 2 were refined
using the least-squares program of Burnham (1962). Powder data clearly
revealed differences between chevkinite and perrierite, and the mono-
clinic angle, beta, is especially characteristic to variations in these
minerals. Details of the refinement methods used are summarized in a
previous paper (Ito and Arem, 1970). Unambiguously indexed powder
data for two typical compounds: MgzLa+Ti3SiaO22 (perrierite) and
MgzPraTiaSi+Ozz (chevkinite) are given in Table 3.

Single crystal diffraction studies were carried out using precession
techniques with Mo radiation. The photographs indicate space group

Taslr 3. X-nev Powonn Dare ron SvNrnnrrc Cnrvrrmrrn
ano Prnntnnrtp

Cu radiation (Ni-filtered)

MgsPraTLSiaOzz, Chevkinite
P2t /a ,  a :13 .376 (2 ) ,b :5 .7074 (7 ) ,

c :  11. 015 (2) B : 1o0.7 1 (r)

MgzlarTiaSLOzz, Perrierite
P21/a ,  a :13 .786 (4 ) ,b :5 .6766 (9 ) ,

c :  rr.791 (3)B: 113. 88 (2)

I / Io d(obs.)  d(calc.) I/Io d (obs.) d. (calc.)

002
1 1 1
1 1 1
003
310
311
400
3 1 1
312
I  I J

402
40r
t1'
o2L
021
312
004
4r2
403
402
022
22r
t t4
404
o23

60
50
J U

30
50
50

a

80
60
10
40
59
20
60
10
70

100
10
20
10
20
10
I J

10
10

5 . 4 2
4.  85
a l .  J 6

3 .60
J . + /

J . 4 0

3.285
J .  I  / J

3.  140
3.  081
3 .076
2.992
2 .872
2.854
2 . 7 5 9
n  1 i A

2 .708
2 .705
2.690
2.602
2 .525
2.499
2 .336
2 . 3 W
2.238

5  . 4 1
4.  85
4 . 5 8
3 . 6 0
s . 4 7
3 .46
s.286
3 . 1 7 5
3 . t42
3 .079
3 .O73
2.993
2 .873
2 .854
2 .759
2 .746
2 .706
2 .706
2 .691
2.602
2 .524
2.502
2.334
2 .310
2.238

002 20
110 15
111 5
111  10
112 20
003 20
311 60
112 10
113,021 5
400 5
403 10
313 40
311 100
020 60
113 40
004 80
404 3
22r 2
220 3
Tt4 10
312 10
022 10
J I Z  J

402 5
OUJ J

5 . 3 9  5 . 3 9
5 . r 7  5 . r 7
5 .01  5 .00
4.40  4 .39
4 . W  4 . 0 9
3 . 5 9  3 . 5 9
3 . 5 7  3 . 5 7
J . 4 J /  J - { t J /

3 . z t t  3 . 2 1 2
3 .  155  3 .151
3.064 3 -062
2 .99r  2.99s
2.962 2.gffi
2 .831 2.838
2 .746  2 .746
2 .695 2.695
2.645 2.644
2.6t8 2.617
2 .585  2 .588
2 .571  2 .572
2 .513  2 .517
2 .509  2 .511
2 .476  2 .475
2.337 2.339
2 .253  2 .254
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'faera 3. (Continued)

MsrPraTLSiaOn, Chevkinite
P 2 1 f  o ,  a : 1 3 . 3 7 6  ( 2 ) , b : 5 . 7 O 7 4  ( 7 ) ,

c  :  1  1 .  015 (2 )B :  1oo.  7  1  ( r )

Mgzl-anTi3SirOz:, Perrierite
P21f  a ,  o :13  786 (4 ) ,  b :5 .6766 (9 ) ,

c : r t  7 9 1  ( 3 ) B : 1 1 3 . 8 8  ( 2 )

I/Io d (obs.) d (calc ) I /Ir d (obs.) d (calc )

601
602
421
420
422
601
421
223
314
315
024
423
1 1 5
230
))4

712
710
232
22s

232 15
331 10
333 s
803 s
424 5
007 3
811  5
713 5
426 3
425 5
040 5
335 2
340 5
732 5

30
5

35
10
5
8

10
3

10
8

20
10

5

8
10

J

(

2.230
2 . 1 7 6
2.164
2 . t 5 7
2.O91
2 . O 7 4
2.067
2.O49
1.997
t . 9 7 2
t .963
r . 957
1 .950
r .827
1 . 8 1 5
1.790
1 .783
1 .758
I .  ' J J

1 . 7 0 5
1 . 7 0 2
t .619
1 . 6 1 3
1.593
1.545
1 . 5 2 4
1 . 4 9 7
r . 4 7 4
1.442
1  4 1 7

1 .410
1 .356
1 .339

2 . 2 2 9
2 . 1 7 6
2 t64
2 .  1 5 5
2.091
2 073
2.065
2.0+8
t .997
t . 9 7 2
1 .963
1 .958
1 .950
1.827
1  . 8 1 5
t . 7 9 0
r . 7 8 3
1 . 7 5 9
t . 7 3 2

1 . 7 0 5
1 . 7 0 3
1 619
t . 6 1 2
1 . 5 9 3
I .  J 4 O

1 . 5 2 4
t .+97
1.474
l . M 2
1 . 4 2 7
1 .410
1 .356
1 .339

1t4 5
023 5
42r 8
422 10
313 8
420 5
604 5
423 5
42t 5
024 40
T31 5
Bt6,7t2 2
7t3 20
225 5
006,714 10
622 8
616 s
404 8
624,133, 5
/ I J

620 5
407 20
333 5
J J I  J

317 i0
625 5
426 8
607,716 s
007 5
026 8
622 3
432,335 5
227 20
040 8
140,825, 5
D J J

207 10
623 10
142 5

2 .244 2 .243
2 . 2 2 5  2 . 2 2 7
2. t85  2 .184
2 . 1 7 4  2 . 1 7 4
2. t39  2 .138
2 . 1 1 0  2 . 1 0 9
2 . 1 2 7  2 . 1 2 6
2.083 2 .082
1 . 9 7 3  1 . 9 7 2
1 .954 1  .954
1 . 8 6 2  1 . 8 6 3
1 855 1 .855
1 851 1  851
1 . 8 1 1  1  8 1 1
|  797 r .797
1.788 |  786
r . 7 6 9  1 . 7 6 9
r . 7 3 t  1 . 7 3 r
|  102 r .702

1.688 1 .688
I  6 7 7  1 . 6 7 7
1 . 6 6 8  1 . 6 6 7
1.662 1 .661
1 . 6 1 3  1 . 6 1 3
| . f f i7  1 .607
1 . 5 9 9  1 . 5 9 8
1 . 5 8 5  1 . 5 8 5
1 . 5 4 1  i . 5 4 0
1 . 5 1 8  1 . 5 1 8
1 . 4 8 0  1 . 4 8 0
I . 4 7 0  r . 4 7 1
1 . 4 3 3  1 . 4 3 2
1.4 t9  1 .419
1 , 4 1 0  l , 4 l o

1 . 3 7 4  1 . 3 7 3
1 . 3 6 5  1 . 3 6 7
| . 3 4 9  | . 3 4 9

Kor: 1 . 54051 A. en a values calculated with computer program (IBM-7094) and are

given in Angstroms.
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P21/a for both chevkinite (MgzNd+TiaSirOzr and also CozpraTirsinOrr)
and for perrierite (MgrlaaTi3SirOzz). The space group previously re_
ported for natural material rs C2/m.

Many relatively weak reflections violating the c-centering extinction
criteria in the space group C2f m (class hkl, h+n:2n) were observed in
photographs of the synthetic crystals. Diffraction maxima observed with
the synthetic crystals obey the following restrictions: 0k0, k:2n and.
hjl, h:2n,indicating that both minerals possess a primitive, rather than
a face-centered lattice, but an o-glide plane is present. This was, in fact,
predicted by Bonatti (1959) for perrierite-,,If stronger photographs
should reveal more spots, perrierite would have a primitive cell.', We
do not conclude at this stage, however, that all naturally-occurring crys-
tals of perrierite and chevkinite should have the same space group as the
synthetic crystals, owing to the far greater complexity in chemicai com-
position of the natural materials. Further crystal structure refi.nement
work, using data from well crystallized synthetic crystals, will doubtless
vield more information on the structure of both perrierite and chev-
kinite.

Ixnnnnpn SpBcrn,q,

rnfrared spectra of synthetic chevkinite and perrierite are very similar,
and resemble closely to that of epidote (Figure 2). The spectra consist
of a characteristic triplet (1110-990 cm-1) which may be due to a TiO+
group and a quadruplet (940-825 cm-r) which is definitely due to a bent
Si2O7 groupl. This is expected from the structural similarity demon-
strated by the X-ray studies. There are, however, distinguishable and
consistent differences in the frequencies between the two types of struc-
ture (Table 4). One peak of the triplets at 1,100 cm-r and less promi-
nently one peak of the quadruplets at 840 cm-l shift significantly toward
the high frequency side with the structural change from perrierite to
chevkinite. As might be expected, these shifts are more pronounced with
the structural change which would affect the Si2o7 configuration than to
effects of the replacement of the ions occupying,4 (lanthanides) and (B
and C) (divalent ions) sites.

Pnasp SrunrBs

A polymorphic transition (in air) from perrierite (low temperatures)
to chevkinite (high temperatures) occurs within a compositional range
shown as block Y in Figure 1. Typical examples of this transition in air
are as f ollows:

l These interpretations were made by K. H. Butler, Sylvania Electric products rnc.,
Danvers, Mass.

313
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F R E Q U E N C Y  (  . t - r )

Frc. 2. Infrared absorption spectra of synthetic chevkinite, MgrPr4TiaSi{O22, perrierite

MgzlarTiasipzz and epidote from Poison Creek, Plumas County, California. Sample

(1 mg) in potassiun bromide disks (99 mg).

ul
o
z
@

E

o
tt,
o

Mg:Pr+TiaSirOzz
Derrlente - + cnevKlnlte'  1070 + 10"c

NizPraT iaS iaOzz
Derner r te  - -  -+  cnevKln l te'  

1060 + 100c

E P I D O T E

P E R R I  E R  I  T E
MgrLo.Ti.SioQ,

C H E V K I  N  I  T E

MgrPrrT i3S



CHEVKINITE AND PERRIERITE

Tlnrn 4. h.rrnenoo Spncrne ol Svrrnnrrc CrrovrrNrln erqo
Pnnnmmrn (RaNcn 1200 cm-r ro 700 cm-l)

S:Strong,  M:Medium and W:Weak

315

Frequencies (cm-r)

Triplet Quadruplet
Composition

Perrierite

a CorLa4TLSi4O22 11011m) 1047(s)
b NizLarTirSLOzr 1090(m) 1045(s)
c Mg2La4TiiSi4O22 10971m) 10a6(s)

Chevki.nite

d CorPr4TLSr4OD 1119(m) 1040(s)
e CorNd4TLSr4Or, ll22(m) 1042(s)
f CosSmaTisSLOzz 1114(m) 1035(s)
g NirPraTLSiaOn 1126(s) 1049(s)
h NirNd4TisSi4On 1113(m) 1036(s)
i NigSmaTLSiaOzz 1120(m) 1046(m)
j MSrPraTLSiaOn 1116(m) 1048(s)
k MgzNdaTisSrOzz 1122(m) 1046(s)
I MgrSm4TLSrrOn 1126(m) 1057(s)

1005(w) 920(w)
100s(w) 924(w)

923(w)

1000(w) 936(w)
1010(w) 93s(w)
1007(w) 928(w)

934(w)
1003(w) 923(w)
1000(w) 930(w)
1004(w) 933(w)
1000(w) 934(w)

940(w)

880(w) 834(m)
868(w) 832(m)
88a(w) 83s(m)

887(w) 872(m)
878(w) 847(m)
870(w) 840(m)
886(w) 850(m)
870(w) 840(m)
880(w) 848(m)
880(w) 845(m)
873(m) 841(m)
871(w) 8s4(m)

872(w) 832(m)

886(w) 850(m)

876(w) 832(m)

880(w) 84s(s)

900(s)
897(s)
OOzlr'c)

910(s)
904(s)
900(s)
907(s)
896(s)
904(m)
905(s)
903(m)
916(m)

P errierite-C heokini.te,,is oclrewi.cal polymor ph

m NisPraTLSLOzz (perrierite, low)
1107(m) 1046(s)

g NirPr4Ti3SiaOzz (chevkinite,high)

1126(m) 1049(s)
N MgsPraTLSiaO22 (perrierite,low)

1107(m) 1052(s)
i Mg2Pr{TiaSi4O2z (chevkinite,high)

1116(m) 1018(s)

1005(w) 922(w)

934(w)

1001(vJ 923(w)

1004(w) 9331w)

900(s)

907(s)

906(m)

905(s)

A mechanism has been proposed (Bonatti and Gottardi, 1966) for the
transition from perrierite to chevkinite, involving structural translation
of a period of half a cell on octahedral Iayers parallel to (001). A result
of this relationship is the equivalence of the direction [001] in perrierite
and [102] in chevkinite. Therefore the B angle in chevkinite corresponds
to the angle [100]A[102] in perrierite, and vice versa. The apparent
change in p in the polymorphic transition reflects the difierence in axial
orientation between chevkinite and perrierite. Significant variations
were also observed (Table 2) in cell dimensions a and c, while D and the
unit cell volume remained fairly constant.

It is also clear that the transition temDeratures can be related to the
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ratio of the ionic radii of the ions occupying the ,4 (rare earth) sites and
the B and C sites (divalent ions).

The transition temperatures given as a curved plane in the diagram
(Figure 1) are somewhat idealized. The actual plane of equilibrium tem-
peratures in terms of ionic radii of these sites do not actually follow a
smooth curve as given in the diagram. This may be due in part to the
difficulty in assigning correct radius values to the divalent ions, especially
Ni2+ which, in oxides, tends to cause octahedral distortion (Dunitz and
Orge l , 1957 ) .

Another likely explanation is that part of the low temperature region
(Fig. 1) of the perrierite field may be metastable because the reaction
reversal was not effected at that temperature. The perrierite in this
region may be converted to chevkinite by longer heating. The curved
transition plane might actually thus be a nearly flat section in the three-
dimensional diagram (Fig. 1).

Attempts were made to reverse the reaction of perrierite to chevkinite
for materials of three compositions: NizPrslaTisSiaOzz, MgzPrrlaTiaSi+
Ozz and ColaaPrTiaSiaOzz. Reversal was not achieved in a period of 10
days when precrystallized chevkinite was heated at 1,100oC much below
the transition temperature (approximately 1,200oC). As shown in Figure
1, a distinct region should exist in which thermal polymorphism between
chevkinite and perrierite occurs. Results of slow cooling (from 1,460 to
1,050oC) of the melts having the composition of Mgz(Prso-rol-aro-ro),
TirSiaOzz show (Table II) that the reaction is in fact reversible. Within
this compositional range, for the composition where transition tempera-
tures are above 1,250oC, the reverse reaction from chevkinite to per-
rierite seems complete, and only perrierite is found in the fi,nal cooled
run products. For the composition where the transition occurs below
1,200oC, the reverse reaction is sluggish, and chevkinite does not totally
transform to perrierite.

The results of the cooling experiments are consistent with the phase
boundary predetermined by the gel syntheses. Ilowever, the cooling
experiments always produced perrierites and chevkinites accompanied
by a small amount of additional phases such as oxysilicate-apatites
(Ito, 1968) or Lnz\+Tizoz (Ln:Lanthanides).

Despite the considerable structural similarity of the two minerals,
the sluggishness of transformation and the persistent presence of a two-
phase region suggests that this transition is of the first order, recon-
structive type.

The results of hydrothermal experiments for the Mg-Pr analogs
showed that under water pressure the chevkinite structure is more stable
than that of perrierite of equivalent composition. Much higher P11r6 at
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Iower temperatures favors the formation of silicate hydroxy apatites,
LnzSizOz (Felsche and Hirsiger , 1969) or cerite (Ito, 1968). Neither chev-
kinite nor perrierite was obtained at temperatures below 550o, regardless
of water pressure.

Previously reported heating experiments of two metamict samples
(Lima de Faria, 1962; Mitchell, 1966) did not succeed in converting
perrierite to chevkinite, even hydrothermally (Ito, 1967). These facts
are consistent with our experiments, which proved that there are large
compositional ranges where perrierite is the only stable phase up to the
melting point.

Our experimental results have not shown any indication that chev-
kinite can be converted to perrierite by elevating temperature or pres-
sure. The range in which the reverse reaction from chevkinite to perrierite
occurs is limited, and the reaction is rather sluggish. Therefore, an inter-
pretation previously given (Ito, 1967) seems more l ikely. That is, the
formation of perrierite from the natural chevkinite by heating in air is
not a polymorphic transition, but rather the result of a process of de-
composition, oxidation and recrystallization after the expulsion of CeOz
and oxidation of FeO to FezOa.

The observation that most chevkinites remained unchanged by heat-
ing (Lima de Faria, 1962) up to 1,300oC is consistent with our experi-
ments. These chevkinites will probably melt congruently with further
elevation of temperature. It should be remembered, however, that the
present experiments do not use a composition range including all the
elements present in the naturally-occurring minerals. These other ele-
ments may also play a role in determining the stability of the chevkinite
versus the perrierite structure.

Narunar, OccunnBNcBs

Perrierite and chevkinite occur chiefly in pegmatites, but they have
also been found in other igneous rocks as accessory minerals (Jaffe,
Evans, and Chapman, 1956; Izett and Wilcor, 1968). Among all the
known localit ies, only a Virginia pegmatite (Mitchell, 1966) and the
Cenozoic ash beds of the Western United States (Izett and Wilcox, 1968)
contain both minerals. Coexisting chevkinite and perrierite have not yet
been reported.

The chemical and spectrographic analyses of these minerals found in
adjacent localities do not reveal distinct differences in chemical compo-
sition. If these chevkinites and perrierites are indeed chemically similar,
chevkinite is most likely to have crystallized at an earlier stage (higher
temperature and presumably higher pressure) of magmatic differentia-
tion or pegmatite f ormation than did perrierite. There is a possibil i ty that
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previously-crystallized chevkinite could have been converted to per-
rierite, if a very slow cooling process were involved.

On the other hand, if these two minerals occur in localit ies where no
great temperature-pressure changes occurred during the course of crystal-
Iization, the formation of chevkinite versus perrierite must be due to a
considerable variation in composition. Such a change would be represented
as a horizontal traverse across the idealized boundary in the three-
dimensional diagram (Figure 1). This interpretation was already implied
to some extent in the previous study (Ito, 1967), and seems valid f or most
of the natural occurrences.

It seems worth mentioning in passing that in the growth runs of
chevkinite, good crystals of oxy-apatite (up to 2-3 mm with well-formed
prisms, often terminated at one end) were formed, embedded in a large
mass of chevkinite (Table 3). Chevkinite found in Cenezoic ash beds of
the Western United States (Izett and Wilcox, 1968) contain needle-
Iike inclusions of apatite. These inclusions could be one of the silicate
apatites (Ito, 1968).
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