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SYNTHETIC ZIRCONIUM AND TITANIUM GARNETS
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Department oJ Geological Sciences, Haraard (Initersity,

C ambrid.ge, M assachusetts.2

Aesrnecr

Nearly complete soiid solubility is found at 1050"C in the ternary system Ca3FezSi3Orz
(andradite)-Ca3zr2Feesior2 (kimzeyite)-Ca3Ti2Fe2sio1s (schorlomite). A small solubility
gap exists near the center of the field, and is associated with abnormal changes of o with
composition. Some compositions in this region break down on prolonged heating at
1050'C into a mixture of two garnet solid solutions. The syntheses were effected by sin-
tering co-precipitated gels of the desired composition at 1050'C in air for 20 hours.

Thirteen successful and 12 unsuccessful syntheses of garnets containing Zr but with
compositions outside of the ternary field stated also are reported. Evidence is given that
Zr can go into both 8 and 6 coordination and Ti into both 6 and 4 coordination in garnets.

Tanrn 1. GenNnr CoupostrroNs SvNtmsrzrl

A:CarFesSLOu; K:CasZr2FeeSiOD; S:CasTizFezSiOrz

Composition a, (A) Composition @, (A)

A75-S25
A50-S50
A25-S75
A75-K25
A50-K50
A25-K75
s75-K25
s50-K50
s25-K75
A33 .3-K33 .3-533 .3
A66.6-K16.6-516.6
A16.6-K66.6-516.6
A16.6-K16.GS66.6
A20-K40-S40
A30-K35 S35
A31.9-K36.2-531.9
A30-K30-S40
A30-K40-530
A35-K50-S15

A
K
S
A25-K40-535
A32.8-K34 5-532.8
433 . 1-K33 .9-533 . 1
A33 .8-K32. 5,533 .8
A32.5-K32. 5-535
A35-K35-S30
A'35-K30-535
A37 .5-K37 . s-S2s
A40-K30-530
A40-K26. 5-533 . 5
A37-K31.5-S31 .5
A42 .5-K42 .5-515
A10-K80-S10
A15-K45-S40
A22 .5-K55-S22 . 5
A42.5-K15-542 .5

t 2 . t 2
12.18
12.24
t 2 . 2 2
12.38
12.51
t 2 . 3 8
1 2 . 4 7
t 2 . 5 7
t2 43
1 2 . 2 3
t 2 . 4 7
12.34
I Z .  J J

12.36
12.36
12 36
1 2 . 3 8
1 2 . 3 9

12 06
12.62
1 2 . 2 7
12.38
t2 .34
t2 .34
t2 .34
1 2 . 3 5
t2 .36
12 .34
t 2 . 3 7
t2 .32
12.32
12 .33
12.38
12.57
1 n  A a

t 2 . M
1 2 . 2 7

This study was undertaken to contribute to the knowledge of the role
oI Zt and Ti in garnets. The garnet compositions synthesized include the
end-compositions CaaFezSisOrz (andradite), CasZrzFezSiOrz (kimzeyite),
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CaaTizFezSiOrz (schorlomite), and 35 intermediate compositions as l isted
in Table 1 and shown graphically in Figure 1. The end-compositions will
be referred to hereafter as A, K and S. A number of additionalZr garnet
compositions outside of the A-K-S field also were synthesized. These are
Iisted in Tables 2 and 3.

K

C o 3 2 1 2 F e z S i O t 2

c o 1 f . 2 s i 3 o r 2  c q 3 T i 2 r ' 2 s i o r 2

Frc 1' variation;H,T 
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D o tted trian gre

Mnruon or PnppeurtoN

The garnets were prepared as microcrystall ine powders by sintering

coprecipitated gels at 1050'C in air. The heating period in general was 20

hours. It was found that crystallization proceeded rapidly at 1050oC, and

there was little significant increase in crystallinity in heating periods

longer than about 10 minutes (Figure 3). The gels were made from appro-

priate amounts of the following solutions: 0.2M sodium stlicate, 0.2M

calcium nitrate, 0.2M ferric chloride, 0.2M zirconvl nitrate, and 0.2M

titanium tetrachloride in 6N HCl. Exact amounts of the required stock
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Tasln 2, Suppr,ruuqreav G,qnNnr SvNrnrsrs

Composition Temp., oC Pressure, atm. Time, hours o, A

1 7 <

CazLaZrzFeaOn
CazThZrFeqOn
Ca:ZrzAlzSiOrg
CaaAlzSLOrz
CasZrzFezSiOrz
CatZrtFeo sAL sSiOrs
CasZrrFerAlrSiOrz
CatZrzFet rAlo aSiOrz
Caz rZro 6Zr2FqO12
Cas rTho sZr2FqOp
Caz sCeo 5Zr2FesOe
CasZrr-sTir sF-ezOrz
CaaZrrTiFezOrz

10500
10500
6900
550"
680'
6800
680"
6800

12000
12000
1200"
12000
12000

I
1

2000
2000
2000
2000
2000
2000

12.82
12.68
12.M
1 1 . 8 7
1 2 .  5 8
12.56
12.52
12.50
12.65
1 a  , A

t 2 . 6 9
1 2 . 6 8
L Z , I J

20
a A

48
48
48
48
48
48

20
J

J

20

solutions were pipetted into a 250 ml. beaker and were diluted with H2o
to 150 ml. The solution was brought to pH 12 by addition of 7 M NaoH
and a 10 ml. excess of NaoH was added. The gelatinous precipitate was
stirred magnetically for one minute and was centrifuged. rt was then
washed twice with cold distilled HrO to a total of 300 ml. fn this proce_
dure all of the required elements are retained quantitatively in the pre-
cipitate. After washing, the gels were spread on filter paper and dried at
110'. They were then ground thoroughly in an agate mortar. The dried
gels are not hygroscopic. Approximately 100 mg samples were used in the
furnace runs. A few runs on gel compositions outside of the A-K-S field
were made hydrothermally; these are indicated in Table 2.

T^"* 3.U-."""".rt

Composition Temp., oC Pressure, Time,
- 

atm. hours
Other phases

CasZro s\lt dl:SiOrz
CaaZrr sAlo sAlrSiOrz
Ca:ZrrALAlzSiOrz
C,t"zZrZrFeFetOn
CazThZrFeFesOrz
CazZrTiFeFesOrz
CatZrzZrFezOn
CaaTizTiFezOrz
CaszrTiTiFesor2
Caz tZr tTizFezOp
Cat.sZrt sFe:FeaOr:
CaBZrFeFe2SiOr2

6800
6900
680"

12000
12000
12000
12000
12000
12000
1200.
12000
10500

2000
2000
2000

48
48
48

J

3
3

20

Two garnets, a t2.31 and 11.86
Two garnets, o 12.34 and 11.88
Two garnets, a 12.34 and 11 85
Garnet o 12.65, CaZrOs, FezOa
Garnet o 12.68, ThO,
Garnet o 12.65, FezOr
CaZrOs, Fe2O3, trace garnet

CaTiOa, FezOs

Garnet a 12.66, FezOt
Garnet @ 72.66, FezOz, ZrOz
CaZrOz, Fezos, trace garnet

CaFe2Oa, garnet a 12.55
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ExpBnrurNrer Resur,rs

X-ray diffractometer charts were taken of all runs in filtered Cu radia-

tion, with Si as internal standard. The unit cell dimension was obtained

by numerical averaging of values obtained from the reflections (400),

(420), (422), (611), (640) and (642). The precision is not high because of

^to *" t"uro. 

2. Enlargement of dotted area in Fig. 1, showing solubility gap

and associated variation in o.

poor i ine quaiity at high angles and is estimated at +0.01 A. The varia-

tion in o as a function of composition is shown in Figure 1.

In the central part of the ternary field there is a small area, interpreted

as a solubility gap, in which the value of o remains essentially constant.

This area is shown in enlarged scale in Figure 2. The contouring of o in

this region is uncertain, but does indicate that the gap is associated with

Iocal abnormalities in the otherwise rather uniform rate of change of o

with composition.
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The garnets within the gap all have o of approximately 1234 h on
heating periods of 20 hours. There was no clear evidence of admixture in
the X-ray patterns. One of the garnets in this region, with the composi-
tion A33-K33-S33, was studied as a function of heating time of the gel at
1050oC, as shown in Figures 3 and 4. The gel gives a good pattern after
heating for only a few minutes. The initial value of a, !2.43 A, gradually

Frc.3. Crystallization of synthetic garnets as a function of time. Ordinate is heating
period of sample in minutes at 1050'C, abscissa is the peak height of (420) in arbitrary
chart units.

decreases to 12.34 and after about 20 hours line broadening and splitting
begins. The material finally separates into two garnet phases. Line broad-
ening at heating periods of 20 hours also was observed in the compositions
A37-K31.5-S31.5,  A25-K40-S35,  K50-A50 and K75-S25.
t The fqllowing melting phenomena in air at 1 atmosphere were ob-
served: CaaZrrFezSiOrz stable at 1280o + 10", melted at 1290" * 10";
CaaTizFezSiOp, stable at 1180o+ 10o, melted at 1190o+ 10o; Ca3Fe2SfuOp
broke down to hematite and o-CaSiOa at 1150o*10o, melted at 1180o
t 10"c.

( r x l 3 3 3 a N D ! 3 3  s c H 3 3 3
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r o s o ' c
3 h

3 3  3 2 3 3

l o 5 0 ' c
2 0  h

lo50 'c
3 0 0 h

3 3  3 2
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DrscussroN

The interpretation of the crystallochemical mechanisms by which the

observed. compositional variation is effected is not wholly apparent, par-

ticularly with regard toZr. Garnet belongs to the space group 1o3d and

contains 8 units of the formula-type AgBzXeOu. The cations are in special

positions with 24 A in c, 16 B in a,24X in d and the 96 oxygens are in the

( 4 2 0 1 Go 
" 
(Zr."otiliore,'"*. I Fef.i 

" 
5r,.ooo,,

I o5o'c
7 2  h

c'ia

3 2  3 3  3 2

zc  Cu x ( .N i ,

Fro' 4' Line broadening 
iJffiJt:,Tf,jltffi;;:t"',T.:;u:sition 

A33-K33-s33

general position Z. In terms of coordination polyhedra, the independent

(XO) tet.atredra are linked by octahedra of the B ions, and the large A

ions are in 8-coordination in this framework. The oxygen polyhedra are

more or less distorted depending on the sizes of the cations present.

About 40 different cations (including all of the rare-earths) have been

found to enter the garnet structure-type as major constituents in syn-

thetic or natural material. The site preferences of these cations have been

discussed by Geller (1960) and need not be summarized here. In some

garnets individual cations may be distributed between two different sites,

usually a and d.. Ordered distributions within a single site have not been

demonstrated.
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Zr prefers exclusively the 6-coordinated sites in yttrium-iron garnet
(Geller et a|.,1960,1964). This coordination number also is indicated in
certain compositions synthesized in the present study, including
CazLaZrzFesOn, CazThzrFeaOrz and the aluminous Zr-garnets listed in
Table 2. rn these garnets, the well established preference of Fea+ and Al for
tetrahedral coordination in the absence of si, and the relatively large size
of La and rh, which both normally enter S-coordination in synthetic
garnets, relegate the zr to 6-coordination. other synthetic garnets for
which 6-coordination is indicated for the Zr include casZrMgGeaorz
(Geller and Miller, 1960), CaGdzZrFeFeaOn (Geller et al., 1965) and,
CazYZrFeFezGeOl2 (Geller, et al., 1964).

The possibility that zr rnay enter 8-coordination in place of ca also
should be considered. zr is the closest in size to ca of the ions involved in
the A-K-S series, and, like Ca, goes into both 6 and higher coordination
with oxygen. Zr is S-coordinated in ZrSioa and in the high temperature
polymorph oIZrOz (where Ca is present as a stabil izing ion). It is 7-co-
ordinated in the low temperature polymorph of zro2, and. it is 6-coor-
dinated in ZrO and other compounds. We have synthesized Caz rZro.rZrz
Fe3op, in which the site preferences indicate that the 8-coordinated site is
occupied by (Ca2.sZrs 5) and the 6-coordinated site by Zr2. The garnets
Caz rTho.sZrzFeaOrz and Car.sCe o tZrzFetOrz also were prepared. Ef-
f orts failed to make CazZrZrF eF tuOp, Ca1.sZr1.6Fe2Fe3Op, Ca3Zr sF e2O p,
CaZrzCuFeFesOrs and CaZrzNiFeFeeOrr. Efforts by Geller and Miller
(1960) to synthesize CaGdzCozzraorz also failed. rt may be noted that the
Mn2 ion, somewhat larger than zra, goes into both 8 and 6 coordination in
synthetic garnets.

The site preferences of Ti in synthetic and natural garnets are nor yer
well understood. Ti generally takes 6-coordination with oxygen, and it
enters the 6-coordinated site in the synthetic garnets Ca3TiNiGe3Op,
CaaTiCoGeaOrz and Ca3TiMgGe3Orz (Geller and Miller, 1960), and in
CazYTizGaeOrz (Espinosa,1964). A special situation, however, exists in
iron garnets where the tetrahedral site is not wholly occupied by Si, as in
the A-K-S series here described, or in garnets of the yttrium-iron type,
where si is wholly lacking. Here the competition for the tetrahedral sites
is with Fe3+, and ri may be favored because of its slightly smailer size.
The site preference is not influenced by the electronic configuration of the
Tia+ ion, which should be spherical in both octahedral and tetrahedral
fields. However, our efforts to synthesize caaTizTiFezorz failed. Both
octahedrally and tetrahedrally coordinated ri is present in the garnet
(Ca2.6Ys.s)ZrTi(Ga2.6Ti6.5)Op (Espinosa, 1964). We also have syn-
thesized CaaZrzTiFezOl2, in which 4-coordinated Ti is clearly indicated.
Tarte (1960) states that infrared spectra indicate both tetrahedral and
octahedral Ti in andradite.
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We believe that the anomalies in o found in the central area of the

A-K-S fi,eld may be connected with the distribution ol zr andf or Ti be-

tween two different sites or with ordering in a shared site.

Narunal Ti aNl Zr GanNBrs

Natural calcium garnets high in ferric iron (andradite) and containing

more or less Ti are well known. The highest content of Ti yet reported is

in the orginal schorlomite from Magnet Cove, Arkansas. The analysis by

Koenig (1336) of this material corresponds to

(Ca2 seMgo 16Mn.s3)(Ti1 rzFeo az)(Siz 22Fe6 6sAl6 to)Ot , '

Some older analyses are higher in Ti but are unsatisfactory. Analyses of

material from other localit ies, cited by Dana (1892), Kunitz (1936) and

by Deer, Howie and Zussman (1962),leave no doubt that a continuous

series extends from schorlomite to andradite. This series corresponds to

the A-S join in the ternary A-K-S solid solution described above. Some of

the natural material is rather aluminous, but with Fe) Al in all instances.

Two calcium garnets high in Zr in addition to Ti and Fe8+ have been

described by Borodin and Bykova (1961) from the Guli and Vuoriyarvi

massifs of ultrabasic-alkalic rocks in Russia. The formulas derived by

these authors in which Ti is assigned to the tetrahedral positions are

(Ca2.e1Mgo on)(Fel+ruZro rnFeS+rrTio. r ,Mgo or) (Si ,  11Ti6 3e)O12

and

(Ca2.7eNae.13Ms, ,r)(Fel-+n sZrs 5TMgs rrF.o'lnTio'rr)(Si, 02Ti0 ssAlo re)orr'

These garnets contain small amounts of Fe2+ and Na in the 6-coordinated

position, which contribute to valence compensation in the structure, but

the main mechanism of compositional variation conforms to the ternary

A-K-S series described. Zr also has been reported in amounts up to a few

weight percent in titanian andradite (melanite) and schorlomite from

other localities.
The only known garnet containing Zt as a' major constituent, kim-

zeyite, was described by Milton, Ingram and Blade (1961) from Magnet

Cove. The composition is close to

Cat r(Zr ta2Tie aeM go. ozFeo. ozNbo or) (AIr. roFei gasi o. g+) Orz'

This garnet has AI)Fe in atomic percent in the tetrahedral position as

formulated. The data cited in Table 1 indicate that a complete series ex-

tends between CaeZrrFezSiOrz and CalrzAIzSiOD under hydrothermal

conditions at 680o and 2000 atm. (A complete series involving Fe3+ and

Al also is found between Ca:rFezSirOrz, andradite, and CaaAlzSi3op, $ros-
sularite, but here in the 6-coordinated rather than the 4-coordinated
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position). A series probably also extends from CaaTizFezSiorz to CarTiz
Al2SiOD but we have no experimental data.

The nomenclature to be applied to the natural Ti and Zr garnets pre-
sents difficulties in view both of the uncertainities as to the actual cation
distribution, and in limiting, if this is desired, the total amount of (Fe3+,
Al) and ,n. p.r+/Al ratio in the tetrahedral position. It is suggested that
the species names andradite, schorlomite and kimzeyite be applied to
calcium garnets with Fe3+, Ti or Zr dominant in atomic percent when re-
ferred to the 6-coordinated position, and containing either Fe or AI as the
compensating ion in the 4-coordinated position. In andradite containing
significant amounts of Ti the existing varietal name melanite or, prefer-
ably, the term titanian andradite may be employed. The garnets de-
scribed by Borodin and Bykova (1961) correspond to zirconian schorlo-
mite in our definition.

The substitution of Ti in some natural silicate garnets is limited, as
shown by the presence of exsolved ruti le needles (Brauns, 1907; Walcott,
1e37) .

This research was supported by the Advanced Research Projects
Agency under contract SD-88.
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