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Titanium-containing silicate garnets. II. The crystal chemistry of melanites and schorlomites
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Abstract

A suite of eleven melanite and schorlomite garnets, mostly from alkaline igneous rocks, has
been studied by means of the electron microprobe and Mdssbauer spectroscopy. The TiO,
contents of these garnets ranged from 2.5 to 16.5 weight percent. The Mdssbauer spectra
showed the presence of up to five distinct kinds of iron absorption doublets within the garnet
structure: ferric iron in octahedral and tetrahedral coordination, and ferrous iron in dode-
cahedral. octahedral. and tetrahedral coordination. Fe2+ in octahedral or tetrahedral coordi-
nation, rather than Ti, is responsible for the deep red-black color and correlated features in
the optical absorption spectrum of these garnets. The Mdssbauer parameters of the absorp-
tion due to tetrahedral ferrous iron are unusually small and are consistent with electron-
hopping phenomena. The coexistence offerrous and ferric iron on both the octahedral and the
tetrahedral sites is unusual for the garnet structure, and is believed to be suggestive of low
oxygen fugacities at the time of formation of the garnets. The Fes+/)Fe as determined by
Mdssbauer spectroscopy varied from 0.00 to 0.26 and agreed generally with the total number
of reducing cations as determined by wet chemistry or by calculation from the electron
microprobe analysis, but in some of the samples, small amounts of other reducing species,
presumably Ti8+, were also required to account for significant differences between the meth-
ods. Estimates of Ti8+/2Ti for these garnets exceeded 0. l0 in only one sample, for which the
rat io  was as h igh as 0.25.

No one coupled-substitution mechanism can account for all the Ti in the garnet structure,
and two or more of the following substitutions have to be invoked to account for the Ti
substituted into the garnet:

Tio+ a Sio+ or M2+ + Tia+ e 2M3+ ot Ti3+ = Mx+.

The distribution of iron between the octahedral sites and those tetrahedral sites not occupied
by Si is compatible with the scheme established for Fe3+ in synthetic garnets only if the
oxidation states of the iron cations are disregarded. This implies that, at high temperatures,
extensive electron-hopping between Fe cations and presumably Ti cations occurs rapidly so
that no distinction of diflerent valence states of the Fe and Ti cations can be made with respect
to cation exchanse.

Introduction

Published investigations have shown that the crys-
tal chemistry of naturally occurring, Ti-rich sil icate
garnets is quite complex. Such investigations have
attempted primarily to establish the oxidation states
of Fe and Ti and the location of Al, Fe, and Ti
cations within the garnet structure, but have not been
entirely successful because the techniques used were
not sufficient to overcome the complexities (Dowty,
l97l ;  Huggins et  a l . ,  1977),

Mrissbauer spectroscopy is specific for elucidating
details of the crystal chemistry of Fe cations and

therefore provides a convenient base for interpreting
the crystal chemistry of the elements in the garnet
structure. In the present study, Mtissbauer spectra of
melanites and schorlomites were used in conjunction
with electron microprobe analyses and data on syn-
thetic Ti-rich garnets (Huggins et al.,1977) to obtain
or infer crystallochemical information concerning all
the major elements in titanium garnets.

Silicate garnets lacking Ti usually have a very regu-
lar crystal chemistry, which can be represented by the
general formula (after Novak and Gibbs, l97l)

lM,* l" IM*1,Si3012.

It is inferred from this formula that divalent cations
I Permanent address: Mineralogisch-Petrographisches' Institut
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are found in the eight-coordinated site, trivalent cat-
ions are found in the octahedral site and quad-
rivalent cations. i.e., Sia+, are found in the tetrahedral
sites, exclusively. Almost all chemical analyses of Ti-
free garnets do indeed indicate a 3'.2:3 ratio for
M2+ : M3+ ..5i4+ .

On the other hand, chemical analyses of natural Ti-
rich garnets deviate from the above general formula,
usually in one or more of the following ways (Zedlitz,
1933; Dowty, l97 l; Huckenholz, 1969): The number
of divalent cations exceeds 3.0; the number of triva-
lent cations is less than 2.0; the number of quad-
rivalent cations (Si + Ti) exceeds 2.0. Owing to these
deviations, it may be concluded that the substitution
of Ti into the garnet structure comes about not only
at the expense of Si but at the expense of other
elements as well. Huckenholz (1969) advocated the
following coupled substitution at the octahedral site:

2M3+VI= M1+VI + Ti4+VI

This substitution is, of course, indicated by the devia-
tions of the composition of Ti-rich garnets from the
ideal garnet stoichiometry. Much earlier, however,
Zedlitz (1933) suggested that if the reduced cations
that are oxidized in the course of a wet-chemical
analysis are Ti3+ rather than Fe2+, the deviation from
the ideal garnet formula is minimized. Subsequently,
earth scientists have been undecided on whether to
treat the reduced cations in melanite and schorlomite
analyses as all Fe2+, all Ti3+, or some combination,
until studies could be made that characterize the oxi-
dation states of the two elements. Investigations us-
ing optical absorption spectroscopy have been con-
ducted for this purpose (Manning and Harris, 1970;
Moore and Whi te,  l97 l ;  Dowty, l97l1,  Burns,  1972),
but interpretation of the spectra is ambiguous, and
the technique is not sufficiently quantitative to pro-
vide accurate values for Fe2+/Fe3+ or Ti3+/Ti4+.

Calibrated Mdssbauer studies provide accurate es-
timates of Fe'z+,/Fe3+, and hence, by subtracting the
amount of Fe2+ from the total reducing capacity (that
is, the number of reduced cations oxidized in the
course of a wet-chemical analysis), the amount of
Ti3+ can be estimated. No difference between the
Mdssbauer and wet-chemical determinations for one
schorlomite led Dowty (1971) to suggest that the
amount of Ti8+ was negligible; however, significant
differences from other garnets were found by Burns
and Burns (1971),  Burns (1972),  and Whipple (1973),
indicating that Fe2+ did not account for all the reduc-
ing capacity of natural Ti-containing garnets. In this
study, a similar comparison for eleven melanites and
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schorlomites is made between Mdssbauer determina-
tions and determinations based on chemical methods,
principally electron microprobe analyses calculated
according to the garnet stoichiometry, to determine
the oxidation states of the Fe and Ti cations. In
addition, by using the site preference data established
for Al, Fe3+, and Tia+ cations in synthetic Ti-contain-
ing garnets (Huggins et al., 1977), the location of the
cations in these natural garnets is investigated.

Determination of the location and oxidation states
ofcations in the garnet structure is useful not only for
establishing crystal-chemical principles, but also for
providing data of importance to the petrology of the
host rocks. It is well known that the distribution of
two or more cations between nonequivalent sites in a
mineral structure can be related to the thermal his-
tory of the mineral. In a similar fashion, the coexis-
tence of cations of different oxidation states at similar
crystallographic positions may reflect the conditions
of oxygen fugacity under which the mineral crystal-
lized.

Experimental techniques

E le ct ron mi cro p robe analy ses

Chemical analyses were performed using a MAC
electron microprobe operating at l5 kV. Automatic
operating procedures and data-reduction techniques
based on the Bence-Albee matrix corrections and
standards of known composition were used. These
techniques are similar to those described by Finger
and Hadidiacos (1972). Seven elements (Ca, Mn, Mg,
Fe, Ti, Al, Si) were measured in this manner and were
assumed to approximate the total chemical composi-
tion of the garnet. An additional fourteen elements
were analyzed on a qualitative basis (i.e., no matrix
corrections), so that elements would not be over-
looked that might possibly be present in significant
quantities (see, for example, the minor-element con-
centrations reported by Erickson and Blade (1963)
for schorlomites from Magnet Cove, Arkansas).

M'6ss bauer spe ct roscopy

Mdssbauer data were obtained and fitted in a man-
ner similar to that described previously (Huggins er
al., 1977). The presence of Fe2+ in the garnets, how-
ever, necessitated fitting the data with up to six un-
constrained Lorentzian peaks. In order to reduce the
differences between the ferrous and ferric recoil-free
fractions, which are known to be significantly differ-
ent for garnets at room temperature (Whipple, 1973;
Amthauer et al., 1976), and to improve the resolution
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of the ferrous peaks, experiments were carried out
with the samples cooled to 77K by using an evac-
uated, l iquid-nitrogen cooled Dewar system.

Description of samples

Sixteen melanite and schorlomite garnets were in-
vestigated in the course of this study. Macroscop-
ically, all garnets were either very deep brown or
black, and their morphology varied from euhedral to
anhedral. Broken surfaces generally were highly re-
flective; some of the garnets had a metall ic luster. In
powder form, the colors varied from pale yellow-
brown to dark gray with a purple tint; in grain
mounts, the color varied from orange-brown to al-
most opaque with a deep smoky-purple at the edges.

All except two of the samples came from alkaline
igneous rocks, of which about half were associated
with carbonatite complexes. The two exceptions were
from a skarn (sample DW) and from a serpentinized
peridotite body (sample SB). In Table I the samples
are described in more detail.

The garnets were separated from the host rocks,
when necessary, by magnetic or heavy-liquid tech-
niques, or both; f inal hand-picking of the crushed
garnets under a binocular microscope ensured a high
degree of purity for all samples.

Results

Elect ron microprobe expe riments

Qualitative analyses (Table 2) established that Na,
V, and Zr were the only elements l ikely to be present
in measurable amounts, except for the seven major
elements. The amounts of these minor elements were
less than 0.3 weight percent, however, and hence
more quantitative analyses for these elements were
not performed. Quantitative analyses for all seven
major oxides are l isted in Table 3 for samples that
were also subjected to Mdssbauer experimentation.
Electron microprobe results for other garnets, mostly
strongly zoned samples that were not useful for
Mdssbauer experimentation, are l isted in Table A I
of the Appendix.

The oxide weight-percentage data were first re-
duced on a formula basis assuming eight cations per
formula unit. The cation-to-anion ratios were then
adjusted to 8: 12, the regular garnet stoichiometry, by
"reduction" of some of the ferric iron to ferrous. This
adjustment could, of course, also be achieved by re-
duction of TiO, to TirOr, as this element may possi-
bly exhibit variable valency in the garnets. Never-
theless. in this wav the total number of reduced

cations, assuming a stoichiometric formula, can be
estimated. The formulae of the garnets, with all the

calculated reduced cations as Fe2+, are shown in

Table 3. Although such calculations of Fe'+ accumu-
late all the errors associated with the electron micro-
probe analysis, making the values somewhat impre-

cise (Finger, 1972), a more serious systematic error

may arise from possible omission of minor elements,
particularly sodium. By omitting quadrivalent ele-
rhents. such as Zr. Ihe calculation of the actual
amount of Fe2+ is an underestimate, whereas by

omitting monovalent or divalent cations, the calcu-
lation is an overestimate. For instance, the addition

of about 0.30 weight percent NarO to sample OL, as

indicated by qualitative analysis (Table 2), causes the

calculated Fe2+ /2Fe to be lowered from 0.l7 without
Na to 0.11. Hence, each 0. I weight percent NarO

ignored would reduce the Fe'z+/)Fe by about 0.02;
the effect of other elements, however, is much

smaller. Of the samples investigated here, the effect of
sodium would appear to be significant for sample

OL, but within the precision of the calculation for all

other samples.
Of the eleven analyses in Table 2, two (SB and

DW) apparently do not f it the usual garnet formula
because calcium exceeds.3.0 cations per formula unit.
The reason for this discrepancy is not obvious. The

presence of significant amounts of other elements is
unlikely, given the oxide totals and the qualitative.

search for other elements (Table 2); the only ex-

ception might be H2O, present in the f,orm of a hydro-
garnet component. Infrared spectra of these garnets,

dried overnight at 180"C, however, did not show any
peaks at -3400-3600 cm-l that might be attributed
to a hydrogarnet component.

In all samples except Ar, the sum Caf Mn*Mg

exceeds 3.0 cations per formula unit, implying that

some divalent cations must be on octahedral sites or

that some of the Mn in these analyses may in fact be

octahedral Mn3+ or some combination. Also, in all

samples, the sum Si*Ti exceeds 3.0 cations per for-
mula unit, demonstrating that some Ti must be on

octahedral sites. As concluded in most previous stud-
ies, on the basis of just the chemical evidence, it

appears necessary that the coupled substitution

IW+ + Tia+ = 2Ma+ (M2+ : Mg'*
or possibly Mn2+ or Ca2+)

is operative at the octahedral sites in the garnet struc-

ture. The question of whether a similar substitution
occurs with Fe2+ is answered in the next section,

using evidence from M6ssbauer spectroscopy.
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Table l. Description of samples

Des c r lp t  lon
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Symbol*

o
( 2 . 4 8 ) l

F
( 2 . 5 3 )

LB
(  3 . 5 6 )

OL
( 8 . 5 7 )

DIJ
( 1 0 . 8 4 )

K
( L 2 , 3 7 )

Iv
( 7 2 . 7  2 )

ML
(  1 3 . 1 8 )

4 ) O  Z

( r 3 . 7 5 )

R
(L4.34)

A I
( 1 6 . 4 6 )

AD

47 L8

KO

MC

Unzoned Samples

I jo l t te  f rm oka carbonat i te  cmpldx ,  Quebec.  Anhedra l  c rys ta ls .  Var iab le  o range-brown co lo r  ln  th in
sec t ion .  Garnets  conta ined ca lc l te  and zeo l l te  (? )  lnc lus ions .  Rock  eupp l led  by  M.  Rosenhauer .

Ca lc -s i l i ca te  bomb ln  pyrac las t lcs  f rm the  A lban H i1 ls ,  F rascat i ,  I ta ly .  Euhedra l  c rys ta ls  (up  lo  20
m) .  Brown ln  g ra ln  mount .  Co l ldc ted  by  H.  c .  Huckenho lz .

Nephe l lne  syen i te  f rm Loch Boro lan ,  Scot Iand.  Same sample  as  No.  4 ,  Howle  and woo l ley  (1968) .  Coarse
gra lns  supp l ied  by  R.  A .  l tow le .

Vo lcan lc  ash  f rm o ldo inyo  Lenga i ,  ' Ianzan ia .  Smal l  euhedra l  c rys ta ls .  Deep
Magnet ic  separa te  o f  ash  supp l led  by  Th.  G.  Sahama.

Frm a  monminera l i c  ve ln  ln  a  masg lve  skarn  depos iq  w i th ln  the  Precambr ian
Red Sea H111s,  Sudan.  Brown ln  g ra ln  mount .  Same loca l l t y  as  No.  9 ,  Howie
powder  supp l ied  by  R.  A .  Howie .

b lu ish  red  ln  g ra in  mount .

basement  cmplex ,  norEhern
a n d  W o o l l e y  ( 1 9 6 8 ) .  c o a r s e

Phono l i te  d ike  f rm Ober ro twe l l ,  Ka isers tuh l ,  West  Gemany.  Euhedra l  c rys ta ls  (3 -5  m) .  Deep purp le
in  g ra ln  mount .  Co l lec ted  by  H.  c .  Huckenho lz .

Pegmato ld  ln  i jo l l te  f rm I i vaara  a lka l lne  igneous complex ,  F ln land.  Brom-orange ln  g ra ln  mount .
Mass ive  s ing le  c rys ta l  supp l led  by  Th.  G.  Sahama.

Mel te lg i te  f rm I i vaara  a lk 'a1 lne  lgneous cmplex ,  F in land.  Anhedra l  c rys ta ls .  Deep brown i r )  g ra in
mount .  Same spec imen (W-  9154)  as  descr ibed by  Leh i je rv i  (1960) .  Rock  supp l ied  by  Th.  c .  Sahama.

Nephe l ine  pegmat i te  d lke  in  pyroxen i te ,  f rm Af r l kanda,  Ko la ,  USSR.  Anhedra l  c rys ta ls .  Rock  supp l led
by  Th.  G.  Sahama.

Agg lmera te  f rm Rus inga Is land,  Uganda.  Euhedra l  s lng le  c rys ta l  ( -10  m) .  Deep purp le  in  g ra in  nount .
U S N M  1 0 7 2 7 2 ,  s u p p l i e d  b y  J . . S .  W h t t e ,  J r .

Schor lomi te -wo l las ton l te - t lFanaug l te  ve ln  ln  pegmat iE ic  pyroxen l te  f rm Ardnamurchan,  Scot land.  Deep
purp le  in  g ra ln  mount .  S iml la r  to  sample  No.  10 ,  Howie  and WoolLey  (1968) .  Rock  sec t lon  supp l ied  by
S .  O .  A g r e 1 1 .

Zoned Samples

In  a  ch lo r i te  mat r ix  w i th in  b locks  o f  serpent ln ized  per tdo t i te  near  the  Da l las  Gem Mlne,  San Ben i to
County ,  Ca l i fo rn la .  Euhedra l  c rys ta ls  (2 -10  m) .  In  g ra in  mount  c rys ta ls  have pa le  ye l low r im tha t
abrupt ly  g rades  in to  opaque except  fo r  deep red-b lue  t lnge  a t  b roken edge o f  g ra ln .  USNM R15546-5 ,
s u p p l l e d  b y  J .  S .  W h i t e ,  J r .

l jo l i te  f rm Amba Dongar  carbonat l te  complex ,  Ind ia .  Same smple  as  No.  6 ,
Coarse  gra ins  supp l led  by  R.  A .  Howle .

Schor lmi te  in  ca lc i te  f rm carbonat l te  cmplex ,  Habazero ,  Ko la ,  USSR.  Rock
Sah ama.

Howle  and Wool ley  (1968) .

supp l led  by  Th.  G.

Frm carbonat l te  cmpl -ex ,  KurovnL,  Ko la ,  USSR.  USNM 103154,  supp l led  by  H.  c .  Huckenho lz .

l jo l l te  f rm carbonat i te  complex ,  Magnet  Cove,  Arkansas .  USNM 97012,  supp l ied  by  H.  G.  Huckenho lz .

*Unzoned smples  l l s ted
tNmbers ln Darentheses

in  o rder  o f  inc reasLng t i tan ium conten t .
are \]t 7" T1O2 in garnet.

Mbssbauer data and interpretation

Mdssbauer spectra of some of the samples, repre-
senting the range of chemical variation of the garnets,
are shown in Figures 1-5. The spectra were fitted
without constraints, using as many peaks as were
apparent visually; if more complicated fits are at-

tempted, convergence is not achieved unless con-
straints are applied to certain peak parameters. By
using the unconstrained fitting procedure, the spectra
were fitted with up to six peaks, although usually one
or more of the peaks either were absent or could not
be adequately resolved. Except for spectra in which
minor peaks were not adequately resolved, the distri-
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Table 2. Minor element data for melanites and schorlomites*

*Mlnus sign indicates that element was not detecEed; plus
sign, elemenE detected, but less than 0.1%. Numelica1 values are
no nore accurate lhan +507". other elements soueht but not found
l n  a n y  s a m p l e  w e r e  P ,  3 ,  C I ,  C o ,  C u ,  Z n ,  B a .

bution of ferrous and ferric iron between the different
sites could be determined using the fitt ing scheme
described above. Data on peak positions, areas, and
widths are l isted in Table 4.

The assignment of the spectral peaks to specific Fe
cations and coordination numbers was based on the
spectrum of sample Ar (Fig. 5), which is the only one
requiring a fit with six peaks. The three peaks at low
velocity (Arr, Aur, and A") are similar in position to
the peaks in the synthetic ferric garnets (Huggins er
al., 1977), and correspond, respectively, to the low-

velocity tetrahedral and octahedral peaks and the
composite high-velocity peak of the ferric absorption.
The three peaks Bly, By1, ond 8y111 €tfe at velocities
too high for ferric iron and must therefore involve
ferrous iron. They are also all at velocities too high to
be possibly paired with each other: any such pairing
results in an isomer shift that is much too high for
ferrous iron. The only acceptable interpretation is
that these peaks are high-velocity components of
three distinct ferrous doublets, the low-velocity com-
ponents of which are hidden under the ferric absorp-
tion. In keeping with general trends concerning the
isomer shift (IS) and quadrupole splitt ing (QS) values
of Fe2+ as a function of coordination (see, for ex-
ample, Burns et al., 1972), these peaks are assigned to
tetrahedral, octahedral and dodecahedral ferrous
iron with increasing velocity. The low-velocity peaks
of these ferrous doublets are assumed to be primarily
located underneath peak ,4tu at 77 K. The evidence
for this assumption is as follows: f irst, on the basis of
known IS and QS data for ferrous iron in 4, 6, and 8
coordination in sil icates and the measured position of
the high-velocity peaks, the position of peak As cor-
responds quite closely to the anticipated positions of
the low-velocity components of the ferrous doublets.
Secondly, the difference in position of peak Brv be-

SB OL I v

Na
Z t
v  0 . 2
K -

-  0 . 1
0 . 2  0 . 1

0 . 3
0 , 1  +
0 .  t  +

0 . 1  0 . 1  0 .  1  +
0 . 1  0 . r
o . 2  0 , 1

0 . 1

+

+

C r
Sc
N i + -
C e + + + -

0 1  +
+ +

+ + +

Table 3. Chemical analyses and formulae of garnets

S1O2
TLO2
A 1 2 0 3
Fe 203 t
Mco
Mn0
CaO

Tota ls

s 1
T t
A I
F e h
r rp"2+r rq

Mn
C a
t f e

"Fe2+, , /XFe

2 . 4 8
4 . 6 8

, 1  1 1

u .  + )
0 .  9 9

t'6-T5

35.49
,  5 1

0 . ) l

20 .62
0 . 5 7
0 .  28

3 3 . 0 1
99.07

34.57
J .  ) O

2 . 6 9
2 5 , 4 3
0 . 4 0
o , 6 4

33 .36
Too:65

28 .70
1 2 . 7  2
2 . 2 4

t t  1 0

0 . 8 9
0 . 4 1

3 1  . 4 3
v 6 .  ) 6

28 .  38
1 3 . 1 8
0 . 9 3

2 3 . 4 2
0 . 8 5
0 .  20

3L.54
9 8 . 5 0

2A  q  s
L3.20
r . 0 2

2 2 . 8 4
0 .  96

31.7 7
q c  l ,

28 . I 7
L 4 , 3 4

r .  0 5
2 2 . 0 4
0 .  8 9
0 . 3 3

J I . O )

98.47

Ana l yses ,  w t  %

33 .44  30 .89  27 . r4
8 . 5 7  1 0 . 8 4  t 2 . 3 7
1 . 5 5  0 . 7 0  5 . 2 3

20 .58  24 .36  20 .41
0 .  7  1  0 . 4 7  0 .  8 6
0 . 1 3  0 , 4 0  0 . 0 9

33 .66  32 .64  30 .66
98 .64  100 .30  99 .79

0 .  r 7

2 6 . 1 , 5
1 6 . 4 6

3 .  5 1
Z L . L )

0 .  3 8
3 1 . 1 8
q q  ? 5

2 .  900
0 . 1 5 4
0 .458
I .  + J J

0 . 0 2 0
0 .  054
0 .  069
)  o 1 t

r . + J J

0 . 0 r 5

2 . 9 2 4
0 .  157
0 . 6 3 8
l  n l

0 . o 7  7
0 . 0 7 0
0 . 0 2 0
2.9L4
L - Z t 6

0 .06

2 . 4 7  2
0 . 8 6 3
0 .  I 0 t
r  , 2 2 8
o  . 268
0 .  120
0 .  0 1 6
)  a a ?

t . 496
0 .  1 8

2 . 4 9 2
0 .  854
0 .  103
t . 204
o . 2 7  5
o , ) . 23
0 .  0 1 8
2 ,930
r . 4 7  9
0 .  1 9

Fomu lae ,  assum lng  8 :12  ca t l on - t o -an ion  ra t i o

2 . 8 6 8  2 . 8 3 4  2 . 6 2 3  2 . 2 7 6  2 . 4 7 0
Q . 2 2 2  0 . 5 4 6  0 . 6 9 2  0 . 7 8 0  0 . 8 2 3
0 . 2 6 3  0 . 1 5 5  0 . 0 7 0  0 . 5 1 7  0 . 2 2 1
L .557  1 .083  L .299  r . 290  1 .186
0 . 0 3 0  0 , 2 2 9  0 . 2 5 7  0 . 0 0 0  0 . 2 5 1
0 . 0 4 9  0 . 0 9 0  0 . 0 5 9  0 . 1 0 7  0 . 1 1 4
0 .04s  0 .009  0 .029  0 .006  0 .030
2 ,965  3 .055  2 .970  3 .024  2 .898
1 .587  r . 3L2  L .566  1 , . 290  L ,437

2 ,442  2 .250
0 . 9 3 5  1 . 0 6 5
0 . 1 0 7  0 . 3 5 3
t .  140  L .077
o . 2 9 8  0 . 3 5 1
0 . 1 1 5  0 . 0 6 5
0 . 0 2 4  0 . 0 2 5
2 . 9 3 9  2 , 8 7 4
r . 4 3 8  r . 3 6 8
o . z L  0 . 2 60 . 0 2  0 . 1 7 0 . 0 0 $  0 . 1 7

*SB is  an  average o f  a l l  zones- -see Tab le  A l  o f  the  Append ix  fo r  de ta l l s  on  chemlca l  d i f fe rences  o f  zones .
iA l l  l ron  as  Fe2o3.
$Tota l  nunber  o f  reduced ca t ions ,  no t
l X  o x y g e n  =  1 1 . 9 6 .

j u s t  F e 2 +  ( s e e  t e x t ) .



tween 298 and 77 K (Fig. 6, Table 4) indicates that
this peak shifts very rapidly to high velocity with
decreasing temperature, reflecting a very temper-
ature-sensitive quadrupole splitting. Another obvious
difference between the two spectra is the enhance-
ment in area of peak As at 77 K relative to that at
298 K, as a result of the low-velocity component of
B1y moving under l1y. Hence, in Table 5 the isomer
shift and quadrupole splitting values for the ferrous
absorptions are calculated on the assumption that the
position of A1y corresponds to the position of the
low-velocity peaks of the ferrous doublets, as in-
dicated in Figure 5.

In theory, these garnet spectra should be fitted with
two peaks for each different kind of Fe cation in the
mineral, implying that the spectra should be fitted
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with up to ten peaks, reflecting up to five different
kinds of Fe cation. By reptesenting the low-velocity
region of the spectrum simply by two peaks, Aw and
Avt, rdther than up to five peaks, deviations of the
calculated envelope from the observed data in this
region of the spectrum can be seen from the residuals
in Figures l-4. Adding more peaks to the fit with or
without constraints on some of the parameters does
not result in a better fit, because their vatiable para-
meters are influenced by another source of discrep-
ancy between calculated fit and observed data, namely
peak broadening due to next-nearest neighbor inter-
actions about the ferric iron, which is apparent even
when no Fe2+ is present (e.g.,Fig.3). For this reason,
constrained fits with additional peaks are probably
no more correct or informative than the uncon-
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Fig 2 Mdssbauer spectrum of melanite from Dallas Gem Mine, San Benito County, California; sample SB. Spectrum is fitted to four
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strained fits used here. As a result of adopting the
unconstrained fitting procedure, the values of isomer
shift and quadrupole splitting shown in Table 5 may
be subject to small but significant systematic errors;
however, the choice of fitting procedure is not ex-
pected to affect significantly the ratios for the differ-
ent kinds of Fe cations in the garnets (Table 4). It is
these ratios, of course, that are of prime interest in
this study.

Although sample Ar is the only one that provides
convincing evidence for both octahedral and dode-
cahedral ferrous iron in the same sample, a number
of other samples was found to have the peak at
highest velocity at a position intermediate to octahe-
dral ferrous and dodecahedral ferrous positions. As

indicated in Tables 4 and 5, this peak most probably
represents a composite Fe2+VI and Fe2+VIII absorp-
tion. As a result of the weak absorption of these
peaks (( l7o), the data for such peaks are statistically
of low quality, so that fitting them to more than one
Lorentzian peak is usually not warranted.

The presence of small peaks in the Md'ssbauer
spectrum resulting from ferrous iron in octahedral
coordination in the garnet indicates that the follow-
ing coupled substitution, similar to that suggested for
other M2+ cations, is operative at the octahedral sites
in the garnet: Fe2+ + Tio+ = 2W+. Other possible
substitutions that have been suggested for melanites
and schorlomites, such as Fe3+VI = Tis+VI (Man-
ning and Harris, 1970; Burns, 1972) and 2Ti1+VI +
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Fe2+IV = 2M3+Vl + Si1+IV (Dowty, l97l), are dis-
cussed in the next section.

Discussion

Comparison of ferrous-ferric ratios and the presence of
Ti8+

In this study, the ferrous-ferric ratio can be esti-
mated in two ways, by Mdssbauer spectroscopy and
from chemical analyses. A comparison of the values
for garnets analyzed by chemical and Mdssbauer
methods is made in Table 6. As may be inferred from
this table and Figure 7, most of the reduced cations
do indeed appear to be Fez+. However, there is a
definite bias in the data to one side of the I : I l ine in
Figure 7, which indicates the presence of other re-

duced cations. This bias is particularly evident when
the Mdssbauer Fe2+ content is low. Even allowing for
possible differences in recoil-free fractions (that
might increase Fe2+/)Fe, as measured by Mdssbauer
spectroscopy, by up to 10 percent of the value), and
the effect of Na and other trace elements (negligible
except possibly for sample OL), it appears likely that
samples SB, GN4, and GN3, and possibly Iv have
small but significant amounts of another reducing
cation present, most probably Ti3+. Hence, it appears
possible that in titanium garnets the substitution Ti3+
= fu13+ may occur, but in most of the specimens
studied it amounts to no more than 5 percent of the
total trivalent cations. For sample SB, on the basis of
microprobe data, this substitution may be somewhat
higher, about 8 percent. This finding agrees in prin-
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Fig 4 Mdssbauer spectrum of schorlomite from livaara alkaline igneous complex, Finland; sample ML Spectrum is fitted to five
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ciple with the results of Manning and Harris (1970),
who, on the basis of optical absorption spectroscopic
and electron microprobe data, suggested that Ti3+ is
abundant in some samples from this locality (San
Benito County, California). The results of the present
study indicate that considerably smaller amounts of
Ti3+ are present, approximately one third to one
quarter of those estimated by Manning and Harris.
Their estimate of the optical absorption extinction
coefficient for Ti3+ in garnets may be much too small,
resulting in large overestimates of the amount of Ti3+
in the melanites and schorlomites that they in-
vestigated. Alternatively, there may be a large varia-
tion in composition of specimens from this locality.
Nevertheless, the results of both studies indicate that

a substantial amount of Ti3+ is present in these sam-
ples.

Interpretation of peak Bp in the M'dssbauer spectrum

Except for the two samples lowest in Ti (samples O
and F), which showed Mdssbauer peaks due to dode-
cahedral ferrous iron only, and the Fe2+-free sample
(DW), the remaining samples exhibited a peak in
theil Mdssbauer spectra at about 1.6-1.8 mm/sec,
which has been attributed to tetrahedral ferrous iron.
The temperature dependence of this peak indicates
that it must be associated with Fe'+ (ferric peaks are
usually invariant with respect to temperature); how-
ever, the value for the isomer shift (0.7-0.9 mm,/sec at
77 K) appears to be anomalously low, even for tet-



rahedral Fe'+. Such low values may in part be an
artifact of the fitting procedure, because the exact
position of the low-velocity peak is not known. On
the basis of the change of the low-velocity region of
the spectra between 77 K and 298 K (for example,
Fig. 6), however, it can be stated that the position of
the low-velocity peak could not be in error by as
much as 0.3-0.8 mm/sec, which is required to bring
the isomer shift into agreement with that of other
minerals  conta in ing tet rahedral  Fe '*  ( -  L05- l .10
mm/sec at 77 K).

Unusually low values of the isomer shift are often
associated with electron-hopping between neighbor-
ing Fe cations in a crystal structure. The classic ex-
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ample is magnetite (Kundig and Hargrove, 1969),
which has an isomer shift at 298 K of 0.66 mm,/sec

for octahedral iron cations of average valency, Fe2'5+.

Iron-rich sil icate minerals that may also show this

effect include deerite (Frank and Bunbury,1974) and

ilvaite (Grandjean and Gerard, 1975), both of which

contain cations with Mdssbauer parameters that not

only are unusual in value but also have an unusual

temperature dependence. Grandjean and Gerard
(1975) postulate for i lvaite that the Fe cations, as a

result of electron-hopping, change from having a pre-

dominantly ferrous-like character at low temperature

to having an increasingly ferric-l ike character as the

temperature increases.
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Table 4. Mdssbauer data (peak positions, areas and widths) for garnet samples

A IR *MLSB

4 f V  P o s i t i o n +  - 0 , 6 3 0
A r e a  O . O 2 9
w t d r h +  0 . 3 0

A V t  P o s i t i o n  0 . 0 1 6
A r e a  O . 4 7 O
w i d r h  0 . 2 9

A "  P o s i E i o n  0 , 6 0 2
-  A r e a  0 . 4 8 4

w i d t h  0 . 3 0

BtV Pos l t ion  abs
A r e a
Lrid ch

lV f  Pos i t ion  abs
Area
l.ridrh

P o s i t i o n +
A r e a +
i"lid Eh +

l V f f f  P o s i t l o n  3 . 0 1 6
A r e a  0 . 0 1 7
W i d r h  O . 3 4

- 0 . 6 2 9  - 0 . 5 3 7  a b s
0 . 0 3 9  0 . 0 6 1
0 , 3 0  0 . 5 3

0 . 0 1 0  - 0 , 0 4 8  0 , 0 0 I
0 . 4 5 8  0 . 4 4 6  0 . 5 1 0
0 . 2 9  0 . 3 1  0 . 3 2

0 . 6 0 7  0 . 5 7 2  0 . 6 0 5
o . 4 7 9  0 . 4 7 8  0 . 4 5 5
0 , 3 0  0 . 3 3  0 , 2 9

a b s  ! 1 . 8 0  1 . 6 5 6
r 0 . 0 0 5  0 . 0 1 8
r 0 . 5 0  0 . 3 1

a b s  2 . 6 3 2
0 .  0 1 7
0 . 3 9

ru2.  80
ruO.  010
r 0 . 5 0

3 . 0 0 0  a b s
o, o24

- 0 . 5 3 9  - 0 . 6 0 9  - 0 , 5 3 0
o . L 2 t  0 . 1 4 8  0 . 1 4 8
0 . 4 1  0 . 3 6  0 . 4 3

- 0 . 0 4 6  - 0 . 1 1 6  - 0 . 0 3 4
o . 3 6 1  0  , 3 6 2  0 .  3 5 0
0 . 3 3  0 . 3 4  0 , 3 8

- o . 5 2 r  - 0 . 5 1 5
0 . 1 3 9  0 . t 2 3
0 . 3 6  0 . 3 7

- o  . o 4 2  -  0 .  0 3 8
0 . 3 5 5  0 . 3 6 9
o . 3 4  0 . 3 4

o . 6 2 1  0 . 6  1 3
0 . 4 3 6  0 . 4 2 8
o . 3 4  0 . 3 3

r . 6 1 7  1 . 6 3 0
0 . 0 4 6  0 . 0 5 2
0 . 5 7  0 . 6 0

- 0 . 0 0 6  - 0 . 1 0 3  - 0 . 0 3 5
0 . 3 2 8  0 . 3 6 9  0 . 3 0 9
0 , 3 5  0 . 3 8  0 . 3 9

0 . 6 6 8  0 . 5 7 2  0 , 6 7 0
0 . 3 9 0  0 . 4 2 2  0 . 3 7 0
0 .  3 4  0 . 3 7  0 .  3 8

- o . 4 6 4  - O . 5 7 9
0 . 1 8 8  0 . 1 2 0
0 . 4 6  0 . 3 8

I , 8 5 4  1 .  3 3 0
o . o 4 2  0 . 0 4 1
o . 3 7  0 .  6 1

2 . 7  r O  2 . 5 0 1
0 , 0 5 3  0 . 0 4 2
0 . 5 5  0 . 6 8

0 . 6 0 0  0 , 5 7  2
0 . 4 1 8  0 . 4 9 0
o . 3 4  0 . 3 6

0 . 6 4 8
o .423

a b s  1 . 6 6 5
o. o27
o . 4 4

-  o . 4 9 3
0 .  1 9 1
o . 4 3

1 . 8 7 8
0 .  0 6 6
0 .  5 3

2 . 6 4 8
0 . 0 3 8
o . 4 5

2 . 9 7  3
o .026
0 , 3 0

1 , 5 6 3
0 . 0 4 5
o . 6 4

2 .6L9  abs
o ,o49
0 , 5 3

2 . 7  2 0
0 .  053
o . 6 6

a b s

2 . 8 7 6  2 . 7 0 2
o . 0 2 4  0 . 0 2 8
0 . 7  2  0 , 1 9

)L

F e - '  / E F e 0 .  0 3 0 . 0 5  ^ 4 . 0 3  0 . 0 7 0 . 1 9  0 . 0 0 o . r 4  0 . 1 6 0 . 1 9  0 . 1 9  0 . 2 60 ,  1 6

F"3+rv 0

F u ' ' v r  l l
)L

F e -  I V i
?!

F e - ' V I i

F e - ' V I t t ! l

7 . 8  0 . 0

8 9 . 2  9 3 . 0

r 1 . 0  3 . 6

3 . 4
12.  0**

0 . 0

2 . 6

9 4 .  0

3 . 6

9 r . 6

0 , 0

0 . 0

4 . 8

7 . 8

7  3 . 4

2 7  . 6

7  2 , 4

0 . 0

0 . 0

0 . 0

9 . 0

9 , 8

0 . 0

0 . 0

0 , 0

3 . 4

1 4 . 1  1 5 . 0  t 0 . 2

7 0 . o  7 I . O  7 3 . 8

5 . 4  9 . 2  1 0 . 4

1 0 . 6 > ! *  4 . 8 * *  5 , 6 * *

7 7 . 8  I 2 . 2

6 5 . 6  6 4 . 4  6 1 . 8

8 . 4  9 . 4  t 3 , 2

7 , 6
10.6* r .  8 .4 ) t r .

\ 2

* D a t a  f o r  s a m p l e  a !  r o o m  t e m p e r a t u r e ,
1 ' P o s l t i o n s  a n d  w i d t h s  l n  m m / s e c .
* f t 7 ,  a n d  B v I I I  w e r e  n o t  d l f f e r e n t i a t e d .

$ C a l c u l a t e d  a s  a r e a  ( A I V  -  B t v  -  B V t  -  l v f f f )  +  a r e a  ( A "  -  A y 1 ) .

l C a l c u l a e e d  a s  2  X  a r e a  ( 4 V l )  e x c e p r  f o r  S B ,  w h i c h  v a s  i a l c u l a t e d

t i C a l c u l a t e d  a s  2  x  a r e a  ( - E i ) ,  w h e r e  i  =  I V r  V I  o r  V I I I .
* * F u \ t  a n d  F e 2 + y 1 1 1  w e r e  i o t  d i f t e r e n r i a r e d .

as area  (Ac)  +  a rea  (AVI  -  l fV  -  nVf ) .

Hence, it is probable that the low value of the
isomer shift and the rapid change in quadrupole
splitt ing with temperature of peak .Brv in the garnet
spectrum may be related to a change in the character
of the cation as a result of electron-hopping between
adjacent cations. Most l ikely this hopping would take
place between Fe cations at tetrahedral sites and Fe
or Ti cations at adjacent octahedral sites.

Correlation of color and features in the optical absorp-
tion spectrum with chemistry

We observed that the color of the garnets varied
from orange-brown, which was reasonably trans-

parent in thin section or grain mounts, to a deep
purplish red, which was almost opaque. Generally,
the variation in color can be correlated with the Ti
content, as suggested by Howie and Woolley (1968),
but not exactly. Samples DW and Iv, respectively,
were orange-brown and deep orange-brown, whereas
samples of comparable titanium content (e.g., OL
and K) were of the deep red, almost opaque variety.
We suggest, however, that a more exact correlation is
found between the color and the Fe2+VI content,
rather than the Ti content, because the orange-brown
colors are found in garnets with only very small
amounts of Fe2+VI, whereas the much deeper, redder
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Table 5. Isomer shift and quadrupole splitting data (in mm/sec) for melanites and schorlomites

. -  
T V

1+- -  v r

,L' -  v r

7L
.  _  

V I I I

0 .  16
t . 2 3

0 . 4 9
0 . 5 9

abs

1 . 3 7
3  . 6 5

a b s

o . 4 a
0 .  6 0

t

+

0 . 2 I
L . 1 4

0 . 4 5
0 . 6  5

0 . 6 9
2 .  1 0

7 . 2 2
3 .  t 6

0 .  1 6
1 .  1 8

0 . 4 1
0 . 6 9

abs

o . 2 4
1 . 1 8

0 .48
0 .  6 8

0 . 7 4
2 . 2 0

| , 2 7
3 , 2 6

o . 2 3
1 . 1 5

o . 4 1
0 . 6 7

o . 7  3
2 . 7 4

1 . 3 5
3 . 4 0

0 . 2 3
1 . 1 3

o . 4 6
u . o )

o . 7  3
2 . 1 5

1 . 2 7
a  ? 1

0 . 2 8
1 .  1 3

0 . 5 1
0 , 6 1

0 . 8 7
2 . 3 2

1 .  3 0
3 . 1 7

a b s

I S

Qs

I S
Qs

I S

Qs

I S

QS

I S $
as$

I S
QS

0 .  1 7  0 . 1 9
t . 2 4  I  .  1 1

0 . 4 9  0 . 4 4
0 . 5 9  0 . 6 2

a b s  ! 0 . 8 0
N 2 . 3 5

abs

t u 1 , 3 0
tu3 ,  35

t . 3 6

0 . t 7  0 . 2 7
1 .  1 5  L . L 1

0 . 4 r  0 . 5 0
0 . 6 8  0 . 7 0

0 . 7 9 +  0 . 8 7
I . + J  a . J /

r . 2 6
J .  t )

1 .  14
3 .  09

r . 4 2
3 . 4 7

t ' S a m P L e  a t  r o o m  t e m p e r a t u r e .  A d d  o 0 . 0 9  m / s e c  t o  I S  E o  m a k e  i t  c o m p a t i b l e  w i t h  s a m p l e s  a t  7 7 ' K .
T L o w - v e l o c i t y  p e a k  n o t  f i t t e d ;  n o  c a l c u l a t l o n  p o s s l b l e .
t B a s e q  o n  c h e  p o s i t i o n s  o f  p e a k s  { y 1  a n d  B I V  r a t h e r  t h a n  A I V  a n d  B 1 y  u s e d  f o r  s a m p l e s  a t  7 7 " K .
r ^ ) +  , - 2 L
9 F e ' - V I  a n d  F " ' - V T I I  w e r e  n o E  d i f f e r e n t i a t e d .

colors are found in garnets containing substantial
Fe'z+VI. Further evidence for this point of view is as
follows: samples synthesized by Huckenholz (1969),
which contain up to 20 weight percent Ti but negli-
gible Fez+, all exhibit l ight yellow to orange colors
in grain mounts. Furthermore, a sample of SB, which
was heated in aZrO" electrochemical cell to measure
its intrinsic oxygen fugacity (Virgo et al., in prepara-

tion), underwent a color change from almost opaque
to pale yellow without apparently decomposing.
Whereas X-ray and electron microprobe analyses in-
dicated that the overall composition of this garnet
did not change, the M6ssbauer spectrum (Fig. 8) and
the optical spectrum (Fig. 9) before and after treat-
ment in the cell were obviously different. The loss of
the Fe2+ peaks in the Mrissbauer spectrum correlates

Table 6. Fe'z+/) Fe ratios for melanites and schorlomites

2L
r e  / L I e

u
Ti-  /Dr i

Sanple
Reference fo r  wet
Chemica l  Ana lys is

MUss EMP EMP-l'fds s trIet-Mds s

o
F
LB
SB

OL
DW

I v

0 .03
0 . 0 5

^-0. 03
0 .  07

0 .  1 8
0 .  00
0 .  L6
0 .  14

0 .  16
0 . 1 9
0 . 2 6

0 .  00
0 . 0 1
0 . 0 3
0 .  I 3

0 . 0 1
0 .  06
0 .  0 2
0 .  17

0 .  1 7
0 .  00
0 .  I 7
0 .  18

0 . 2 1
o . 2 6

( 0 . 0 6 )
0 . 0 7

(0 .  t  2 )

( 0 .04 )

3. i'
0 .  1 8

(0 .20 )
0 . 2 7

0 ,04
0 .  0 9
0 .  05
0 . 1 5

0 . 0 0
0 .  I 0
0 .  00
o , 2 4

0 .  00
0 . 0 0
0 . 0 2
0 .07

0 . 0 5
0 .03
0 .00

ro.  io l
0 .  20

(0 .  1  2 )

(0 .  07  )

l: ?'
0 .04

( 0 . 0 2 )
0 . 0 r

v a r *

v a r +

0 . 1 7
0 .  0 3

(1e68 )
(  1 968)

c .  Camann iunpub l fshed)
Howle  and Wool ley  (1968)
Howie  and Woot ley  (1968)

Howie  and Wool ley  (1968)
c .  Camann.  (unpub l lshed)

ML
R
A r

GN3t
GN4t
GN6 T
N o .  8 ,  E . D . $

Leh l l? i rv l  (1960)
Howie and l{oolley
Howle and Woolley

l rh lpp le  (1973)
wh ipp le  (1973)
wh lpp le  (1973)
Dowty  ( I97 I )

xva lues  Ln  parentheses  are  fo r  sample  f rom same loca l i t y ,  ra ther
fSamples  lnves t tga ted  by  E.  R.  Whipp le  (see Whipp le ,  1973) .  cN3
a lso  Burns ,  1972) ;  cN6 f rm Oka,  Quebec,  Canada.
*Var lab le  owlng  to  zon ing .

than fo r  same sample .
f rm Magnet  Cove,  Arkansas ;  cN4 f rom Morocco (see

oSmple  lnves t iga ted  by  E.  Dowty  (see Dowty ,  1971) .  No.  8  f rm I ron  H i l1 ,  Cq lorado.
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with the change from a very deep red to yellow,
which is also indicated by a shift of the absorption
edge in the optical spectrum to much higher energy.
The band at 5000 cm-' also disappears from the
spectrum, suggesting that this band is also related to
ferrous iron. Based on its position, this band is in-
terpreted as due to the e-tz transition in tetrahedral
Fe2+.

It appears that the presence of octahedral and tet-
rahedral Fe2+ in the garnet is largely responsible for
the important features in the optical absorption spec-
trum, as well as the color of the garnet. The shift of
the absorption edge to lower energy, and similar
color changes with increasing Fe'+, are also observed
in Sin+-doped yttrium iron garnets, where Fe2+ is
present to preserve charge-balance requirements in
the garnet structure (Wickersheim and Lefever,
1962). In both cases, the presence of Fe2+ must en-
hance the cation-anion charge-transfer process re-
sponsible for the absorption edge.

Summary of the crystal chemistry of melanites
and schorlomites

The M<issbauer spectra of the garnets are in-
valuable for locating the different Fe cations in the
garnet structure. By making use of known crystal-
chemical principles in conjunction with these data,
details of the location of all elements in these garnets
can be inferred, except for the distribution of Al and
Tia+ between octahedral and tetrahedral sites and in
certain cases the distribution of Fe2+ and Mg between
the dodecahedral and octahedral sites.

The assumptions that are inherent in the summary
of the location of cations in the garnets (Table 7)
include:

(l) The order of assigning of divalent cations be-
tween dodecahedral and octahedral sites is according
to ionic radii; i.e., Mg'+ was assigned to the octahe-
dral sites first, and Ca2+ last. This assumption ignores
the possibil i ty of an order-disorder phenomenon, es-
pecially for Fe2+ and Mg'+, between the two sites.

(2) Any Ti3+ is located exclusively in the octahedral
site. On the basis of ionic size and octahedral prefer-
ence energy, as a result of the crystal-field stabiliza-
tion energy for Ti3+, it appears unlikely that Ti3+
would substantially populate the tetrahedral site, in
view of the lack of preference that Tia+ shows for the
tetrahedral site (Huggins et al., 1977).

(3) The site populations of Fe cations are assumed
to be directly proportional to the area ratios shown in
Table 4. This requires that there be no significant

430
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0t5
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"re2'f/>re 1ct emical)

Fig 7. Comparison of Fe'?+/)Fe ratios as determined by Mdss-

bauer spectroscopy and by chemical methods for melanite and

schor lomite garnets.  Signi f icant  deviat ion to the r ight  of  the l :  l

l ine probably indicates the presence of  Ti ' * .

difference between Fe'+ and Fe3+ recoil-free fractions
a t 7 7  K .

In all samples, it is necessary to have some M92+ or
Fe2+ or both in the octahedral sites, but in only three
samples (O, SB, and DW) is Mn required to be on the
octahedral site, and in only two samples (SB and
DW) is Ca required to be on that site. This anoma-
lous property of DW and SB has already been noted,
and any explanation other than the coupled sub-
stitutions

Ca2+VI  +  T i4+V I  e2W+Y l

Mn '+V I  +  T i4+V I  e2 t r f+Y l

does not appear plausible. Previous evidence for
Mn2+ at the octahedral sites in garnets has been
presented by Geller (1967), but evidence for octahe-
dral Ca2+, except possibly in garnets formed at very

high pressures (Ringwood and Seabrook, 1963)' is
lacking. Sample O indicates that Fe'?+ is found in the
dodecahedral site at the expense of Mn, in contrast to
all other samples investigated in this study. This dif-
ference may be best explained if the octahedral Mn is
in fact in the trivalent state. Consequently, the
Fe2+ /2Fe calculated from the electron microprobe

analysis would be increased from 0.015 to 0.034, and
this result would be in exact agreement with the value
for Fe'+/DFe as measured by M6ssbauer spectros-
copy.
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At the tetrahedral site, only Fe2+ of the divalent
cations is considered as substituting. Dowty (1971)
proposed the substitution

2I4i+Vl + Si4+IV = 2Tia+VI * Fe2+IV

to account for tetrahedral Fe2+. However, in view of
the incompatibil i ty of the size of Fe2+ cations and
tetrahedral sites usually occupied by Sia+, it is likely
that the Fe cation actually entered the tetrahedral site
not as Fe2+, but as Fe3+. Hence, it is suggested that
the extra electron now on this tetrahedral Fe cation
results from its being trapped in one of two possible
electron-hopping centers,

Fe2+VI * Fe3+IV a Fe3+VI * Fe2+IV

Ti8+VI f Fe8+IV a Tia+VI* Fe2+IV

and that the original coupled substitutions actually
resulted in Fe'+VI or Ti3+VI by means of the follow-
ing mechanisms:

Fe '+V I  +  T i4+V I  e2W+YI

Ti3+VL.t trf+Yl.

In this respect, the unusual Mcissbauer parameters
for the Fe2+IV absorption, suggestive of electron-
hopping, have already been discussed. Obviously, be-
cause similar electron-hopping and substitution
mechanisms are not possible, other tetrahedrally-
coordinated divalent cations need not be considered.

t5000
Woveramber in cm-l

noo0

s
$

600 800 too) tnO Hoo bm 800
Wovelaglh n nm

Fig. 9. Optical absorption spectra of sample SB before and

after treatment in the ZrOz electrochemical cell (Virgo et al., in

preparatlon ).

Distribution of Fe cations between octahedral
and tetrahedral sites

In order to compare the distribution of Fe cations
between the octahedral and tetrahedral sites for the
natural garnets with that for the synthetic Ti garnets
(Huggins et al., 1977), additional crystal-chemical
complexities of the natural garnets must be consid-
ered. For this reason, a number of different Fe distri-
bution models have been considered for the natural
garnets to allow for the presence of Fe2+ and in-

Table 7 Location of cations at crystallographic positions in natural melanite and schorlomite garnets*

DI.J K IV ML R A r

a 0 L
400

25,O00

s l
Fe$
Fe2+
A 1  +  T i 4 i

r i $
Fe$
e 1  +  r i 4 +
Fe2+

Mn
C a

Fe 'T
Mn
C a

2 .  900
0 .038
0 .000
0 .06  2

0 .000
1 . 3 6 6
0 . 5 s 0
0 .000
0 .054
0 .  0301
0 .000

0 .  000
0. 049
0 .039
2  0 1  t

2 .924
0. 046
0. 000
0 .030

0 . 0 r 5
1 .  1 7 1
o . 7  4 9
0 .000
0 .065
0 .000
0 .000

0 .  005
0 . 0 6 1
0 . 0 2 0
2.9t4

2.834
0. 000
0.047
n  l l o

0 . 1 3 1
r . 2 2 0
0 .4s0
0. 045
0 .  090
o.009
0 .  055

0. 000
0 .  000
0. 000
3 ,  000

2 .47  0
0 .203
0 .  078
0 . 2 5 0

0 . o 2 2
r . 006
o . 7 7 5

o.L97

0 .000
0. 000

0 . 0 7  2

0 .  030
2.898

0 .224
0 .  138
0 .  166

0 .060
L . 0 6 2
0 . 7 3 8

0 .  140

0 ,000
0 .000

0 . 0 5 2

0 . 0 1 6
?  o a ?

2.492
0 . 1 5 r
0 .154
o.203

o.044
r .092
0 . 7  1 0

0 .  154

0 .000
0 .000

0 . 0 5 2

0 . 0 1 8
?  o 1 n

2.442
o . 2 2 3
n  1 ? l

o.2r4

z .  z )u
0 .  167
0 . 1 8 1
0 .402

Tetrahedral  Cat lon€

2 .623  2 .276
0 . 1 2 1  0 . 3 5 6
0 .140  0 .000
0 . 1 1 6  0 . 3 6 8

octahedral  Cat lons

0 .000  0 .000
L .L42  0 .934
0 .647  0 .929
o.L5z o.ooo l
0 .  059  0 .  107  J
0 .000  0 .006
0 .000  0 .024

Dodecahedral  cat ions

Q.doo  o .ooo  ]
0 .001  0 .000  )
0 .029  0 .000
2 . 9 7  0 3.  000

0 .029  0 .000
0 .943  0 .845
0 . 7 9 8  1 , 0 1 6

^ ?a^ f  o '  104' I  
0.  035

0 .000  0 .000
0 .000  0 .000

n  ^?7  [  o . o ro
I  o . 0 7 1

0 .024  0 .025
2 .939  2 .874

*Garnet specimen LB not included as small mounts of Fe2+ cannot be measured accurately.

foc tahedra l  l4n  is  poss lbLy  in  t r l va lenE s ta te  ln  th is  garne t .
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o8

R1  o ' 7

\J.  O

o .5

o.4
o.o o . 2  0 . 4  0 . 6  0 . 8  l . o  t . ?  t . 4

Si def ic iency or Ti  content per formulo uni t
Fig. I 0. Comparison of three different ferric distri bution parameters for the natu ral samples w ith the distrib ution trends estab lished f o r

synthetic garnets synthesized above 1200"C (Huggins et al , 1977).

equality of the Si deficiency and Ti content. Three
such models are shown in Figure 10.

Figure l0 is a composite plot of Fe8+VIl(Fe'z+IV *
)Fe3+) against t itanium content. The data for the
natural samples are compared with curves represent-
i ng  Fe3+VI , / )Fe3+  va lues  fo r  t he  syn the t i c
GR-TIAN and AN-TIAN joins based on the distri-
butions quenched at temperatures above 1200"C
(Huggins et al.,1977).In view of the order of tetrahe-
dral-site preference, Al ) Fe ) Ti, these curves are
not expected to change greatly with decreasing tem-
perature, because Fe has the intermediate site prefer-
ence; i.e. most of the change in distribution with
temperature can be expected to involve Al and Ti,
rather than Fe. Figure l0 shows that the ratio
Fe3+VIl(Fe'+IV + )Fe3+) plotted against Si defi-
ciency agrees best with the curves for the synthetic
samples. It is not unexpected that Si deficiency rather
than Ti content is the proper parameter for the ab-
scissa because, of course, Si deficiency rather than Ti
content is the correct measure of the number of tet-
rahedral sites available for exchange. However, the
fact that the best-fitting ordinate parameter is
Fe3+VI/(Fe'?+IV + )Fe8+) and not Fe3+VI,/)Fe'+
implies that Fe2+IV cannot be differentiated from
Fe3+IV for the purposes of the cation-exchange pro-
cesses, and that all tetrahedral and octahedral cations,

except Sio* and probably Mg2+VI, take part in the
cation-exchange phenomena between the octahedral
and tetrahedral sites. For this latter reason, at high
temperatures the Fe and Ti cations are probably es-
sentially Fes+ or Tia+. This observation implies that

the extra electrons associated with Fe2+ or Tis+ at
room temperature are not localized but are able to
move rapidly from one cation to another at high
temperatures.

Of the ten samples plotted in Figure 10, only SB
appears to be significantly removed from the curves
for the synthetic garnets. Because this sample may
have a much lower temperature paragenesis than the
other samples, its cation distribution probably did
not reach equil ibrium. As discussed pieviously (Hug-
g ins  e t  a l . ,  1977 ) ,  t he  anoma lous  va lue  fo r
Fe3+VIl(Fe'+IV + )Fe3+) for this sample may be a
reflection of the distribution init ially generated by the
low-temperature reaction responsible for the forma-
tion of the garnet. Subsequently, owing to the low
temperature of origin, this init ial distribution was
never equil ibrated.

The other samples, however, appear to be consist-
ent with a higher-temperature origin at which an
equil ibrium cation distribution could be attained. In-
deed, as might be predicted from the order of tetrahe-
dral-site preference, Al ) Fe ) Ti, those garnets with

Grossu lor -T i tonondrod i te  jo inR, = ref f/ ( re,3"++ reruf )
v s .  S i  d e f i c i e n c y

n. = reff z(refl+ ref'f+ref

n, = re3ufz(refj+ re3ui+ ref$)
v s .  S i  d e f i c i e n c y

vs.  T i  content
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greater total Al contents (e.5., K, DW, Ar) do have
values of Fe3+VIl(FeaIV + 2Fe3+) significantly
higher with respect to the curves for the synthetic
samples (Fig. 10) than the Al-poor samples (e.g., OL,
ML, Iv, and R). This observation reinforces the con-
clusion that the order of tetrahedral-site preference
for both natural and synthetic t itanium sil icate gar-
nets is  Al  )  Fe )  T i .

Conclusions

The presence of up to five distinct Fe absorptions
in the Mrissbauer spectrum and the deviation of the
chemistry of natural melanites and schorlomites from
the regular silicate garnet crystal chemistry indicate
that no single coupled substitution is responsible for
the introduction of all the Ti into the garnet struc-
ture. Rather, it appears that a combination of the
following coupled substitutions may be used for in-
troducing Ti into the structure:

(l) Tin+ = Si4+ (concomitant with Al, Fe, and Ti
exchang.e reactions between the octahedral and tet-
rahedral sites).

(2)  W+Yl  + Ti4+ Yl  e 2W+ (W* :  Mg,  Fe2+,
Mn?,  Ca?).

(3) Ti3+VI et A'f+ Yl.
(4) Substitutions l ike 2 and 3 responsible for the

formation of Fe2+IV.
(5)  NaVII I  + T i4+VI at  W+Yl l I  *  I f+VI  ( to

account for the possible presence of any Na).

The relative proportions of the different substitution
mechanisms (l-4) for the garnets investigated are
shown in Figure 11. The substitution of type I domi-
nates; next in importance is usually type2, although
as the Ti and Fe2+ contents increase type 4 becomes
increasingly important. Owing to electron-hopping at
high temperatures, the relative amounts of sub-
stitutions 2 and 3 found at low temperature probably
bear no relation to the amounts of these substitutions
occurring at the time of the garnet's formation.

This study has also shown (Fig. 7) that most of the
reduced cations found in chemical analyses of the
garnets are Fe2+ cations. However, the presence of
minor amounts of Ti3+ in some samples, and signifi-
cant amounts in sample SB, appears necessary to
account for the additional amounts of reduced cat-
ions found in chemical analyses compared with the
number of Fe2+ cations found in the M6ssbauer
spectra.

The presence of Fe2+ and possibly Ti3+ on octahe-
dral sites suggests that the garnets formed under con-
ditions of oxygen fugacity lower than that which
ensures only Fe'+ or Tia+ at the octahedral site. Evi-
dence reinforcing this inference is presented by Huck-
enholz et al. (in preparation) and Virgo et al. (in
preparation), who found that natural melanites and
schorlomites do indeed form under conditions of low
oxygen fugacity. From these studies, we conclude
that the small amounts of Fe2+ in unusual sites for

Ti3++ M3+

Assoc io ted  w i ih

t.,'u*

O  F  L B S B O L D W  K  I v M L  R  A T  K E Y

F ig .  l l .H i s t og ram ind i ca t i ng the re l a t i vep ropo r t i onso f  t hed i f f e ren t coup led -subs t i t u t i on reac t i ons fo r t heme lan i l eandscho r l om i t e
garnets as found at low temperature.
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Table Al. Supplementary electron microprobe analyses: zoned garnets and No.4562

47 18*

s  102
TLO2
AI2o3
Fe2O3t
Mgo
Mn0
CaO

TotaIs

3 3 . 5 0
o .  J )

2 . 2 2
25,06
0 . 3  5
0 . 4 L

33  . 24
1 0 1 .  2 1

I  . 7 I
2 . 0 3

24 .02
0 .  3 9
0 .43

33.34
1 0 0 . 9 9

) ) .  ) a

0 . / )
, ) 1

24 .26
0 .  37
n  ?o

3 3 . 6 0
lom't

?  2  ? 9

9 , 4 L
2 . 1 3

23 . t 7
0 .41
0 . 4 3

33 .39
1 0 1 . 3 0

32.58
6 . 9 7
2 . 4 7

2 4 . L 0
0 . 6 3
0 .  34

a "  t )

100 .  30

a )  ) a

9 . 0 6
2 . 8 6

2 2 .  L 7
0 . 8 3
0 .  3 6

? ?  q ?

loiE

30.7 5
10 .  57

) t 1

) 2  0 1

o . 7 7
o . 3 7

33. 04
100 .  7  5

28.66
t 4 . 2 1

)  1 n

21.54
1 .  04
0 . 2 8

3 2 . 5 4
100 .  39

+ ) o  z

s  102
T io2
A12O3
Fe203 ' l
Mgo
Mn0
Ca0

Tota Is

34.42
2 . 8 7

25 .QL
0 . 5  3
0 . 2 8

34.O7
o o  6 q

28 .  16
1 4  . 8 1

L . 2 0
, t  ) 7

r . 0 5
0 . 6 6

3 2 . 7  6
100 .  9  r

27  . 85
I  ?  7 5

)  1 )

20.54
1 .  09
0 . 3 0

32.67
o q  < ?

34.85
R  ? q

6 . 4 L
1 4 . 6 0

I . 1 3
0 .  1 4

34.96
100.  34

3 3 . 0 1
9 . 6 0
t . 2 8

19.94
o . 7 3
0 . 1 4

98 .48

34. 10
o . ) 4

0 . 6 7
23.7 9
o . 5 2
0 .  1 0

33.07
98 .79

J t . t 0
5 . 7 0
0 . 3 5

24 .64
0 .  5 3
0 .  09

a t  a \

ttdL

t rzoned sample .  Ana lyses  shown are  averages  fo r  d is t inc t  zones .
iA l1  l ron  as  Fe2O3.

Fe2+ in the garnet structure, rather than the larger
amounts of Fe8+, are diagnostic of the oxygen fugac-
ity at the time of formation. As discussed elsewhere
(Virgo et al., in preparation), this result has impor-
tant petrological implications for the origin of rocks
containing melanites and schorlomites, which have
hitherto been thought to originate under oxidizing
conditions.

The distribution of cations between the octahedral
and tetrahedral sites may also have important impli-
cations for obtaining information concerning the
thermal history of rocks containing titanium-silicate
garnets. Unfortunately, the effect of temperature is
likely to be more pronounced with the Al and Ti
distribution rather than Fe, because of the order of
tetrahedral-site preference, Al > Fe ) Ti, in which Fe
is intermediate. This order of site preference, estab-
lished for the simpler synthetic garnet systems, is
compatible with most of the natural samples, in-
dicating that such melanites and schorlomites have
an equilibrated cation distribution.

Finally, the crystal chemistry of melanites and
schorlomites results from two processes that occur
simultaneously at high temperatures. These processes
are cation-exchange reactions, which involve the dis-
tribution of Al. Fe. and Ti cations between octahe-
dral and tetrahedral sites, and electron-hopping be-
tween Fe and Ti cations. The crvstal-chemical details

observed at room temperature reflect these two pro-
cesses. However, the observation of certain of these
details, such as Fe2+IV and the inferred coexistence
of Ti8+ and Fe3+, possibly results from the arrested
state of the processes at room temperature. Hence,
the observed complexity of the crystal chemistry of
melanites and schorlomites can be understood in
terms of both processes if allowance is made for the
temperature o f observation.

Appendix

Electron microprobe analyses for garnets that are
zoned or were not used for Mdssbauer experiments
are given in Table Al.
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