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Abstract Examination of schorlomite from ijolite at
Magnet Cove (USA) and silicocarbonatite at Afrikanda
(Russia), using electron-microprobe and hydrogen
analyses, X-ray diffraction and Mössbauer spectros-
copy, shows the complexity of substitution mechanisms
operating in Ti-rich garnets. These substitutions involve
incorporation of Na in the eightfold-coordinated X site,
Fe2+ and Mg in the octahedrally coordinated Y site,
and Fe3+, Al and Fe2+ in the tetrahedrally coordinated
Z site. Substitutions Ti4+Fe3+Fe3+�1Si�1 and
Ti4+Al3+Fe3+�1Si�1 are of major significance to the
crystal chemistry of schorlomite, whereas Fe2+ enters
the Z site in relatively minor quantities (<3% FeP).
There is no evidence (either structural or indirect, such
as discrepancies between the measured and calculated
Fe2+ contents) for the presence of [6]Ti3+ or [4]Ti4+ in
schorlomite. The simplified general formula of schorlo-
mite can be written as Ca3Ti

4+
2[Si3-x(Fe

3+,Al,-
Fe2+)xO12], keeping in mind that the notion of end-
member composition is inapplicable to this mineral. In
the published analyses of schorlomite with low to
moderate Zr contents, x ranges from 0.6 to 1.0, i.e. Ti4+

in the Y site is <2 and accompanied by appreciable
amounts of lower-charged cations (in particular, Fe3+,
Fe2+ and Mg). For classification purposes, the mole
percentage of schorlomite can be determined as the
amount of [6]Ti4+, balanced by substitutions in the Z
site, relative to the total occupancy in the Y site:
([6]Ti4+–[6]Fe2+–[6]Mg2+– [8]Na+)/2. In addition to the
predominant schorlomite component, the crystals

examined in this work contain significant (>15 mol.%)
proportions of andradite (Ca3Fe

3+
2Si3O12), morimoto-

ite (Ca3Fe
2+TiSi3O12), and Ca3MgTiSi3O12. The

importance of accurate quantitative determination and
assignment of Fe, Ti and other cations to the crystallo-
graphic sites for petrogenetic studies is discussed.

Keywords Schorlomite Æ Garnet Æ Mössbauer
spectroscopy Æ Crystal-structure refinement

Introduction

Very few minerals have generated as much nomencla-
tural controversy as schorlomite. This Ti-rich member of
the garnet family ([8]X3

[6]Y2
[4]Z3O12) was discovered in ij-

olite (?) at the Magnet Cove alkaline complex, Hot
Spring County, Arkansas (Shepard 1846). In 1852, a
similar mineral was reported by Nordenskiöld from fo-
idolitic rocks of the Iivaara complex (Finland) under the
name iivaarite (Lehijarvi 1960, p. 51). The latter name
was subsequently discarded in favor of schorlomite
which had the historical priority. In the past 50 years,
Ti-rich garnets have been observed in a large variety of
rocks, including alkali-feldspar and nepheline syenites,
phonolites, foidolites (especially melteigites and ijolites),
nephelinites, melilitolites (sensu lato), melilitites, plu-
tonic ultramafic rocks of alkaline affinity, carbonatites,
phoscorites, alnöites, kimberlites, orangeites, fenites,
and diverse calc-silicate metamorphic parageneses
(principally, rodingites and skarns). A comprehensive
list of relevant literature references is available from the
corresponding author upon request. The composition of
titaniferous garnets and their paragenetic relationships
are considered important petrogenetic indicators. They
have been used, for example, for constraining a(SiO2)
and f(O2) in magmas and hydrothermal fluids (Russell
et al. 1999), mobility of Ti during metamorphism
(Müntener and Hermann 1994), provenance of metaso-
matic fluids (Ulrych et al. 1994), and magma differenti-
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ation processes (Brod et al. 2003). Unfortunately, many
of these studies exclusively use electron-microprobe data
to derive element concentrations or element ratios of
petrogenetic significance. The shortcomings of this sim-
plistic approach are discussed below.

Depending largely on their Ti content, titaniferous
garnets have been referred to as schorlomite or titanian
andradite (a.k.a. ‘‘melanite’’). There is a continuous
series of compositions from Ti-free andradite
(Ca3Fe

3+
2Si3O12) to calcic garnets with >20 wt% TiO2

(e.g., Grapes et al. 1979), but examples containing
>18 wt% TiO2 are exceptionally rare. A garnet with ca.
18.5 wt% TiO2 and apparent enrichment in Ca3(Ti

4+

Fe2+)Si3O12 component was described recently as the
new mineral morimotoite (Henmi et al. 1995). However,
neither crystal-structure refinement, nor spectroscopic
investigation of this material have been attempted to
confirm the proposed assignment of cations to crystal-
lographic sites, or the proportion between Fe and Ti in
different oxidation states (for more detailed discussions,
see Fehr and Amthauer 1996; Rass 1997; Armbruster
et al. 1998, p. 920). Clearly, a re-examination of the type-
material morimotoite is warranted to validate it as a
mineral species distinct from schorlomite.

To date, there has been no consensus as to where the
boundaries between schorlomite and other garnet spe-
cies should be drawn, or what to consider the end-
member formula of the latter. For instance, the X-ray
powder diffraction (XRD) data reported for schorlomite
in PDF 33-0285 were obtained on material from San
Benito, California. However, garnets from this locality
are invariably referred to in the literature as titanian
andradite (e.g., Moore and White 1971; Armbruster
et al. 1998). Further, there are cases where schorlomite
has been single-handedly discarded as a valid mineral
species (e.g., Roberts et al. 1974), or garnets with iden-
tical Ti contents referred to as both schorlomite and
melanite (e.g., Schwartz et al. 1980). Some examples of
the previously proposed definitions of schorlomite are
compiled in Table 1.

To a great extent, the controversy surrounding
schorlomite is due to the complex nature of atomic
substitutions responsible for the incorporation of Ti in
the garnet structure (see below). The available compo-
sitional data (principally, inter-element correlations)
indicate that these substitutions typically involve more
than one cation site (e.g., Scordari et al. 1999). The
principal sources of uncertainty are:

1. Lack of any structural information for the majority
of Ti-rich garnets described in the literature, resulting
in ambiguous assignment of elements to specific cat-
ion sites. In particular, many contemporary works
rely on the definitions proposed in the older studies,
which involved neither accurate structural refinement
nor in-depth spectroscopic analysis of schorlomite
(Table 1).

2. Different individual approaches to recalculation of
garnet compositions to end-member proportions

(arising from the multiplicity of substitution mecha-
nisms and, hence, potential end-members).

3. Possible presence of Ti3+ in garnets (e.g., Schwartz
et al. 1980), resulting in incorrect estimations of
Fe2+/Fe3+ ratio from electron-microprobe data (i.e.
higher-than-actual Fe2+ contents).

4. Presence of (OH)1� in some titaniferous garnets (e.g.,
Lager et al. 1989; Müntener and Hermann 1994),
resulting in incorrect estimations of Fe2+/Fe3+ ratio
from electron-microprobe data (i.e. lower-than-actual
Fe2+ contents).

5. Significant intragranular variation in Ti, Fe and Si
contents commonly exhibited by Ti-rich garnets (e.g.,
Flohr and Ross 1989; Dawson et al. 1995; Gwalani
et al. 2000).

The major objective of the present work is to provide
an integrated analysis of the crystal chemistry of
schorlomite, including material from the type locality at
Magnet Cove. A similar assessment has been recently
done for titanian andradite (Armbruster et al. 1998), but
not for compositions with >13 wt% TiO2. We shall also
address discrepancies in the previously published inter-
pretations of Ti incorporation in garnets, and attempt to
redefine schorlomite in the context of these new and
existing data. For this purpose, we examined a collection
of eight garnets (four from Magnet Cove, and four from
northwestern Russia), and selected for more detailed
investigation two crystals that differ in provenance, have
relatively homogeneous composition, lack minute
inclusions of other minerals, and would be classified as
schorlomite, regardless of which of the existing classifi-
cation schemes was chosen (Table 1).

Table 1 Definition of schorlomite: some examples from the litera-
ture

Proposed definition, formulaa,
or compositional criterion

Reference

>15 wt% TiO2 Zedlitz (1933)
>0.75 apfu Tib(>ca. 11.5 wt% TiO2) Kukharenko and

Bagdasarov (1962)
Ca3Ti

4+
2(Fe

3+
2Si)O12 Ito and Frondel (1967)

Ca3Ti2(Fe
3+

2Ti)O12 Rickwood (1968)
>0.5 apfu Ti (>ca. 8 wt% TiO) Howie and Woolley

(1968)
Ca3(Al,Fe,Ti)2(Si,Ti)3O12 Yakovlevskaya (1972)
Ti-rich andradite Roberts et al. (1974)
[6]Ti >[6]Fe3+ Deer et al. (1982)
Ca3(Fe,Ti)2(Si,Ti)3O12 PDF 33-0285
Ca3(Ti

4+, Fe3+)2(Si, Fe
3+)3O12 Anthony et al. (1995)

Ca3(Ti
4+, Fe3+, Al)2

(Si, Fe3+, Fe2+)3O12

Gaines et al. (1997)

Ca3Ti
3+

2Ti
4+

3O12 Rass and Dubrovinskii
(1997)

Ca3(Ti, Fe
2+)2[(SiO4)2(OH)4] Yakovenchuk et al.

(1999)
Ca3Ti2(Al2Si)O12 Gwalani et al. (2000)

Definitions most commonly used in the mineralogical literature are
given in bold
aFor clarity, cations accommodated in the same site are enclosed in
parentheses
bAtoms per formula unit (apfu) relative to 12 atoms of oxygen
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Crystal chemistry of Ti-rich garnets: background
information

At ambient pressures, only Fe-dominant granditic gar-
nets contain appreciable levels of Ti. The crystal-chem-
ical reasons for such selectivity were addressed in detail
by Armbruster et al. (1998). Ti in the structure of natural
garnets (Fig. 1) is typically interpreted as tetravalent and
accommodated predominantly in the octahedrally
coordinated Y site (ibid.; Amthauer et al. 1977; Locock
et al. 1995). In a number of studies, the presence of
significant [6]Ti3+ (up to 50% of total Ti) has been
advocated on the basis of discrepancies between the
Fe2+/Fe3+ values obtained by chemical and Mössbauer
methods (Schwartz et al. 1980; Wu and Mu 1986), or
X-ray photoelectron spectra (Malitesta et al. 1995). In
these studies, Ti4+ is assigned to both Y and tetrahe-
drally coordinated Z sites. In contrast, the near-edge
X-ray absorption spectra revealed no compelling evi-
dence for detectable [6]Ti3+ or [4]Ti4+ in garnets with a
wide range of Ti contents (Waychunas 1987; Locock
et al. 1995). This is in agreement with the experimental
data of Povarennykh and Shabalin (1983) showing that
[4]Ti4+ occurs only in garnets with insufficient Fe3+ to
completely fill the Z sites. Synthetic Ca3Ti

4+
2(Fe

3+
2

Si)O12, equivalent to one of the proposed end-member
compositions for schorlomite, appears to contain only
[6]Ti4+ (ibid.). Waychunas (1987, p. 89) also suggested
that ‘‘Ti4+ can enter tetrahedral coordination in special
cases where Si4+, Al3+, or Fe3+ are unavailable in

sufficient amounts.’’ Clearly, very few natural environ-
ments would meet these ‘‘special’’ requirements. Moore
and White (1971) ruled out [4]Ti4+, but proposed the
existence of both [6]Ti3+ and [6]Ti4+ in schorlomite from
Magnet Cove and Iivaara. According to Armbruster
et al. (1998), the presence of [6]Ti3+ in a garnet would be
evident from a lower-than-expected (i.e., for the given Ti
content) unit-cell parameter, and X-Y interatomic dis-
tance.

Incorporation of Ti4+ in the garnet structure must be
accompanied by substitution of the proportional
amount of [8]Ca, [6]Fe3+ or [4]Si by lower-valence ca-
tions. Of all alkalis, only Na is present in Ti-rich garnets
in amounts detectable by EMPA. Although this element
is rarely included in garnet analyses, the available data
seem to indicate that the Na2O content typically does
not exceed 0.4 wt%, even in the most Ti-rich composi-
tions (Flohr and Ross 1989; Dawson et al. 1995; Locock
et al. 1995; Gwalani et al. 2000). The highest Na2O
content reported to date is ca. 0.7 wt% in samples from
Ozernaya Varaka in Russia (Yakovlevskaya 1972) and
Swartruggens in South Africa (described as a Ca–Ti–Fe
silicate: Hammond and Mitchell 2002). However, even
in the latter cases, the NaTi4+Ca�1Fe

3+
�1 substitution

accounts for only about 0.13 apfu Ti.
Substitutions in the Y site are more extensive, but

effectively limited to Fe2+Ti4+Fe3+�2 (delineating a
trend toward the putative morimotoite end-member)
and MgTi4+Fe3+�2. The range of FeO contents re-
ported in the literature for Ti-rich garnets is from nil to
9.8 wt% in morimotoite (Henmi et al. 1995). In this and
most other studies, the FeO value was simply calculated
from the total Fe content on the basis of ideal stoichi-
ometry and assuming that neither Ti3+ nor (OH)1� were
present in the sample (see Introduction). Where struc-
tural information is available, Fe2+ may be assigned to
X and Y (Schwartz et al. 1980; Scordari et al. 1999), Y
and Z (Locock et al. 1995), or all three cation sites
(Kühberger et al. 1989). Hence, it is difficult to assess the
actual extent of morimotoite substitution in natural
garnets. The MgTi4+Fe3+�2 substitution is compara-
tively less important because the MgO content rarely
exceeds 1.4 wt% (references as above). One notable
exception is zirconian schorlomite from Polino (Italy)
containing 2.0–2.6 wt% MgO (Lupini et al. 1992).
Considering that in all these cases, the X site is almost
completely occupied by Ca (± minor Na, Mn, Fe2+

and REE), at least 0.30 apfu Ti can potentially be
accommodated in the garnet structure via the
MgTi4+Fe3+�2 substitution.

Cation substitutions in the Z site are the most con-
troversial aspect of the crystal chemistry of Ti-rich gar-
nets. The overwhelming majority of studies agree that
[4]Fe3+ is one of the major substituents for Si (e.g.,
Amthauer et al. 1977; Schwartz et al. 1980; Wu and Mu
1986), but it is still debated what other cations can be
accommodated at this site in significant amounts. Hug-
gins et al. (1977), Schwartz et al. (1980) and several other
workers proposed that Al3+ and Ti4+ also substitute for

Fig. 1 Crystal structure of garnet as seen down the [100] axis (slice
ca. 16 · 16 · 8 Å is shown). Note large XO8 polyhedra sharing
edges with YO6 octahedra and ZO4 tetrahedra (shaded), and zigzag
chains of corner-sharing YO6 and ZO4 parallel to [100]. See
Discussion for the potential routes of electron transfer among
[8]Fe2+, [6]Fe2+ and [4]Fe3+
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Si, but disagreed on the relative preference of these ca-
tions for the Z site. The three contrasting models are
Al3+ ‡ Fe3+ > Ti4+ (Huggins et al. 1977), Fe3+ >
(Al3+, Ti4+) (Schwartz et al. 1980; Wu and Mu 1986),
and Fe3+ ‡ Ti4+ > Al3+ (Scordari et al. 1999). The
significance of Al-for-Si substitution is believed to in-
crease with enrichment of the garnet in Zr owing to
structural constraints (e.g., Armbruster et al. 1998). In a
number of studies, [4]Fe2+ has been identified as a species
next in abundance to [4]Fe3+ (Amthauer et al. 1977;
Kühberger et al. 1989; Locock et al. 1995). Because 57Fe
Mössbauer spectroscopy was utilized in most of the
aforementioned studies, the observed discrepancy in re-
sults can only be explained by ambiguities in interpre-
tation of the spectroscopic data (see Discussion).

In addition to the work cited above, there have been
many publications where the mechanism of Ti incor-
poration in the garnet structure is analyzed exclusively
on the basis of inter-element correlations (e.g., Russell
et al. 1999; Gwalani et al. 2000). We do not discuss these
data here because cation substitutions in Ti-rich garnets
affect two crystallographic sites simultaneously, and in-
volve elements that can potentially enter more than one
site (e.g., Fe, Ti, Al, Mg). One typical example is a
negative correlation between Ti and Si commonly
interpreted to indicate a simple homovalent substitution
between these two elements (ibid.). Note, however, that
substitution Ti4+Fe3+Fe3+�1Si

4+
�1 will also generate

an antipathetic Ti/Si trend, regardless of the fact that no
Ti is accommodated in the Z site. Clearly, crystallo-
graphic and spectroscopic data are required in addition
to chemical analyses to constrain the distribution of Ti,
Fe and other elements among the different cation sites.

Sample description and analytical methods

Sample AF-05 is a large (�2 cm across) black dodeca-
hedral crystal collected from silicocarbonatite at Afrik-
anda, Kola Peninsula. Associated minerals are
magnesiohastingsite, calcite, magnetite, perovskite, tita-
nite, clinochlore and various Zr phases. Further details
on this paragenesis and the geology of Afrikanda are

provided elsewhere (Chakhmouradian and Zaitsev 2002,
2004). In thin section, this garnet is reddish brown and
isotropic, with very subtle oscillatory-type zoning
involving minor variations in Ti (Table 2); this zoning is
undetectable in back-scattered-electron images (BSE).
The primary Ti-rich garnet is overgrown by thin mantles
of titanian andradite with <8 wt% TiO2 (ibid.). These
late-stage overgrowths are optically distinct from the
primary garnet and were discarded during the sample
preparation.

Sample MC-04, donated by Howard (Arkansas
Geological Commission), is a crystal fragment collected
from regolith covering garnet-bearing ijolites in the
western part of the Magnet Cove complex. A detailed
description of the ijolites and Magnet Cove complex as a
whole is given in Flohr and Ross (1989). Garnet MC-04
is macroscopically black, and dark reddish brown and
isotropic in thin section. Zoning is undetectable either
optically or in BSE.

Both samples were sawn approximately in half; one
of the off-cuts was used for the preparation of polished
sections, and the other crushed and sieved to fragments
ranging between 0.03 mm and 0.80 mm in size. From
these, homogeneous fragments were hand-picked for
crystal-structure, spectroscopic and X-ray powder dif-
fraction (XRD) studies, and for hydrogen analysis. The
polished sections were used for electron-microprobe
analysis (EMPA). The composition of both garnets
(Table 2) was determined by wavelength-dispersive
X-ray spectrometry using a Cameca SX-50 instrument
operated at 15 kV and 20 nA, with a beam diameter of
5 lm. The following natural and synthetic standards
were employed for the analysis: albite (Na), andalusite
(Al), diopside (Ca, Si), fayalite (Fe), forsterite (Mg),
spessartine (Mn), titanite (Ti), zircon (Zr), and
MnNb2O6 (Nb). The Ka line was used for all elements,
except Zr and Nb (La line for both). V was not detected
in either of the samples. The hydrogen content was
determined in pulverized samples by combustion in an
O2 stream using a CEC 240-XA elemental analyzer. Mg
perchlorate was used for hydrogen removal.

Small fragments of MC-04 and AF-05 chosen for the
structural analysis were ground to spheres 150–180 lm

Table 2 Representative
electron-microprobe analyses of
schorlomite from Afrikanda
and Magnet Cove

Wt% Sample AF-05 Sample MC-04

Low-Ti High-Ti Average
(n=10)

Low-Ti High-Ti Average
(n=7)

Na2O 0.08 0.32 0.14 0.09 0.09 0.12
CaO 31.71 31.79 31.86 31.63 31.54 31.53
MnO 0.27 0.31 0.28 0.44 0.48 0.47
MgO 1.28 1.10 1.23 1.22 1.21 1.23
Al2O3 2.48 1.49 2.20 1.53 1.60 1.55
(Fe2O3)S 20.43 20.47 20.48 20.59 20.89 20.65
SiO2 27.39 26.89 27.11 26.29 26.16 26.22
TiO2 13.52 15.52 15.02 15.74 16.52 16.24
ZrO2 2.88 2.31 1.93 1.39 1.31 1.34
Nb2O5 0.15 0.07 0.07 0.12 ND 0.05
Total 100.19 100.27 100.32 99.04 99.80 99. 40
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across, and mounted on a Bruker P4 automated four-
circle diffractometer equipped with a serial detector and
MoKa X-ray source. Ten reflections over the range
15� £ 2h £ 60� were automatically centered, and the
unit-cell parameters and orientation matrices were
determined by least-squares refinement of the setting
angles. A total of 1,489 reflections was measured be-
tween 4� and 60� 2h, in the index range 0 £ (h, k,
l) £ 17, using a variable scan speed (3–30� 2h/min).
Data for empirical absorption correction were collected
in w-scan mode at intervals of 10� along the diffraction
vector, and the crystal shape was modeled as an ellipse.
The same method was then used to correct the h-2h data.
The data were corrected for Lorentz, polarization and
background effects, and reduced to structure factors. All
224 unique reflections were classed as observed. The
structure was refined in space group Ia3d using the
Bruker SHELXL-93 software. Scattering factors were
taken from Ibers and Hamilton (1992). Further infor-
mation relevant to the single-crystal X-ray data collec-
tion and structure refinements is provided in Table 3.

Two samples selected for Mössbauer studies were
gently ground to powder in an agate mortar with ace-
tone mixed with benzophenone, and loaded into a
sample holder. The sample weight was determined based
on the iron composition such that the dimensionless
effective sample thickness was equal to 2 (corresponds to
5 mg Fe/cm2). Mössbauer spectra were recorded in
transmission mode on a constant acceleration Möss-
bauer spectrometer with a nominal 50 mCi 57Co source
in a 6 micron Rh matrix. Spectra were recorded at room
temperature (293 K) and 80 K, the latter using a con-
tinuous-flow cryostat with the sample in nitrogen vapor.
The velocity scale was calibrated relative to 25 lm a-Fe
foil using the positions certified for National Bureau of
Standards standard reference material no. 1541; line

widths of 0.28 mm/s for the outer lines of a-Fe were
obtained at room temperature. The spectra were fitted
using the commercially available fitting program
NORMOS written by Brand (distributed by Wissens-
chaftliche Elektronik GmbH, Germany). The spectra
took one day each to collect.

Small crystal fragments of AF-05 were ground in
acetone in an agate mortar, the powder loaded in an
aluminum sample holder and gently compressed with a
glass slide. X-ray powder diffraction (XRD) data were
obtained using a Phillips 3710 diffractometer (CuKa
radiation) operated at 30 mA and 40 kV in a step-
scanning mode. The data were collected over a 2h range
of 20�–140� with a step size of 0.02� 2h and a step time of
2 s. The unit-cell parameter was refined using the
UnitCell software (Holland and Redfern 1997), which
utilizes a non-linear least-squares method.

Results

Chemical composition

EMPA confirmed that the Magnet Cove sample is
essentially homogeneous in composition (Table 2). It
contains lower Al and higher Zr contents in comparison
with the ijolitic schorlomite studied by Flohr and Ross
(1989). None of the three CHN analyses performed on
this material detected hydrogen. Sample AF-05 is
slightly poorer in Ti, and richer in Si, Al and Zr relative
to MC-04. The Afrikanda garnet also shows a wider
compositional range (Table 2), but the bulk of the
crystal contains 14.9–15.4 wt% TiO2. Sample AF-05
contains an amount of hydrogen equivalent to 0.21 wt%
H2O (average of three measurements). The average
analyses of both garnets have >15 wt% TiO2 (Table 2)
and, thus, correspond to schorlomite according to the
classification criteria of Zedlitz (1933), Kukharenko and
Bagdasarov (1962), and Howie and Woolley (1968)
(Table 1). Both samples (especially MC-04) are similar
in chemistry to schorlomite from the Ice River complex
(Canada), studied by Locock et al. (1995).

Crystal structure

The topology of garnet structure (Fig. 1) is described
elsewhere (e.g., Schwartz et al. 1980), and is not dis-
cussed here in any detail. The atomic positional and
displacement parameters, as well as selected interatomic
distances of the examined schorlomite samples are listed
in Table 4. The oxygen positions do not deviate signifi-
cantly from those reported in the literature for Ti-rich
garnets from other localities (e.g., Armbruster et al.
1998, their Table 3). The calculated X-Y distance, and
the length of the polyhedral edge shared between XO8

and YO6 (Table 4) correlate with the general trends
observed by Armbruster et al. (1998). There is no indi-
cation of X-Y or unit-cell ‘‘contraction’’ that would

Table 3 Details of crystal-structure refinement for schorlomite
from Afrikanda and Magnet Cove

Space group
Ia3d Ia3d
Unit-cell parameters:
AF-05 a 12.1464(5) Å MC-04 a 12.1524(10) Å

V 1792.0(2) Å3 V 1794.7(4) Å3

Calculated density (Dx)
AF-05 3.787(1) g/cm3 MC-04 3.800(1) g/cm3

Linear absorption coefficient (l)
AF-05 5.03 mm�1 MC-04 5.02 mm�1

R1
AF-05 0.0206 MC-04 0.0189

for 208
| Fo| >4rF

for 207
| Fo| >4rF

0.0213 0.0191
for all 224
unique data

for all 224
unique data

wR2
AF-05 0.0309 MC-04 0.0302
Goodness-of-fit
AF-05 1.240 MC-04 1.254
Difference peaks
AF-05 �0.19,

+0.21 e� Å�3
MC-04 �0.19,

+0.24 e� Å�3
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suggest the presence of substantial [6]Ti3+. Good
agreement between the measured and calculated Fe2+/
FeS values (see Discussion) confirms the paucity (or
absence) of Ti3+ in our samples.

To constrain the distribution of cations among the
different sites, we used the refined electron density at
each site (expressed in electrons per formula unit, or
epfu), cation–oxygen distances (Table 4), and the
Mössbauer data (see below). As could be expected, the
electron density in both garnets is significantly lower in
the Y site ( £ 46.7) and higher in the Z site (‡47.5) rel-
ative to the case of full occupancy of these sites by Fe3+

and Si, respectively. The X site contains more electrons
than the ideal value (60), but the deviation is within 2%
of the latter. In AF-05 and MC-04, the Z-O distance is
larger, whereas Y-O is slightly shorter than the corre-
sponding distances in andradite (ca. 1.65 and 2.02 Å:
Armbruster and Geiger 1993). The X-O distance in both
garnets deviates from the Ca-O distance in andradite by
less than 0.5%. These data indicate that the samples
studied contain a significant proportion of cation(s)
lighter and somewhat smaller than Fe3+ in the Y site, as
well as of heavier and larger cation(s) substituting for Si
in the Z site; the X site is only subtly affected by sub-
stitution of Ca by heavier elements.

Mössbauer spectroscopy

The spectra at room temperature consist of two promi-
nent doublets with an extremely broad absorption seen
on the high-velocity shoulder (Fig. 2). In order to re-
solve the individual components more effectively, a
spectrum of each sample was taken at 80 K. The two

spectra collected at 80 K are similar, and can be resolved
into four main doublets, which from center- shift values
can be assigned to Fe3+ and Fe2+ (two doublets each)
(Fig. 3). The residuals are large when purely Lorentzian
line shapes are used to fit the spectra, whereas a com-
bination of Lorentzian and Voigt lines gives significantly
smaller residuals. Several models were explored to
determine the sensitivity of parameters. The line posi-
tions are relatively insensitive to the fitting model, while
the relative areas of the Fe3+ doublets are slightly more
sensitive. The overall Fe2+/Fe3+ ratio is relatively
model-independent. The final fitting model was chosen
to be the one that was most simple, yet realistic, and fit
the data: Lorentzian doublets for Fe2+ absorption and
Voigt doublets for Fe3+ absorption with the linewidths
of the Voigt components constrained to the natural
linewidth (0.195 mm/s). The conventional constraints
among components were applied to all doublets (equal
component widths and areas). The uncertainties in the
hyperfine parameters were estimated based on their
variation among models.

Two models, each with four doublets, were explored
for fitting the 80 K spectra. The positions of three of the

Table 4 Structural parameters and key interatomic distances for
schorlomite from Afrikanda and Magnet Cove

Site Coordinates Ueq Interatomic distances (Å):

Sample AF-05
X (1/8, 0, 1/4) 0.0110(2) X-O (· 4) 2.368(1)
Y (0, 0, 0) 0.0074(2) X-O¢ (· 4) 2.515(1)
Z (3/8, 0, 1/4) 0.0077(2) X-O 2.442(1)

Y-O (· 6) 2.006(1)
O 0.0122(3) Z-O (· 4) 1.689(1)
x 0.0373(1) X-Y 3.395
y 0.0483(1) shared edge

XO8/YO6

2.843(1)

z 0.65348(9) shared edge
XO8/ZO4

2.622(1)

Sample MC-04
X (1/8, 0, 1/4) 0.0097(2) X-O (· 4) 2.367(1)
Y (0, 0, 0) 0.0059(2) X-O¢ (· 4) 2.517(1)
Z (3/8, 0, 1/4) 0.0060(2) X-O 2.442(1)

Y-O (· 6) 2.005(1)
O 0.0112(3) Z-O (· 4) 1.693(1)
x 0.03706(9) X-Y 3.397
y 0.04822(9) Shared edge

XO8/YO6

2.839(1)

z 0.65335(8) shared edge
XO8/ZO4

2.625(1)

Fig. 2 Mössbauer spectra of schorlomite samples at room temper-
ature: a AF-05, b MC-04. The spectra were fit to three doublets
corresponding to [4]Fe3+ (speckled), [6]Fe3+ (unshaded) and
thermally activated electron transfer (grey). Small peaks corre-
sponding to [8]Fe2+ and [4]Fe2+ are indicated by arrows, but were
not fit due to their weak intensity. The fit should be considered
approximate because the exact line shape for electron transfer is
unknown
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doublets were essentially insensitive to the fitting model,
while the position of the fourth doublet varied. The first
model yields a lower center shift for the fourth doublet
(ca. 1.09 mm/s relative to a-Fe) relative to the second
model (ca. 1.19 mm/s). Both models give equally good
statistical fits to the data, and the positions and inten-
sities of the other three doublets in the spectrum are
essentially unchanged between the two models (Table 5).
The room temperature spectra differ from the 80 K
spectra in that the high-velocity component of the fourth
doublet is absent, and is replaced by an extremely broad
absorption on the high-velocity shoulder of the Fe3+

doublets. As a first approximation, we fit three doublets
to the room-temperature spectra: two Voigt doublets
corresponding to Fe3+, and one broad Lorentzian
doublet representing the remainder of spectral absorp-
tion (Fig. 3).

X-ray powder diffraction

The XRD data reported for schorlomite in PDF 33-285
were obtained on material from San Benito, CA, USA.
However, garnets from this locality are referred to in the
literature as titanian andradite or melanite (Moore and
White 1971; Waychunas 1987; Lager et al. 1989; Arm-
bruster et al. 1998). No chemical analysis is provided in

PDF 33-285, but a comment is made that a TiO2 content
of 13 wt% was determined by X-ray fluorescence, which
is consistent with the reported unit-cell parameter
(12.128 Å). Comparison with the published data (Arm-
bruster et al. 1998; Wu and Mu 1986; Kühberger et al.
1989) shows that this amount of TiO2 is insufficient to
make Ti the predominant cation in the Y site. Conse-
quently, we recommend that PDF 33-285 be replaced
with new XRD data, e.g. those listed in Table 6 for
schorlomite AF-05, which is well characterized both
chemically and structurally (see Discussion).

Discussion

Cation distribution

Recalculation of the chemical analytical data on the
stoichiometric basis, with all Ti cast as Ti4+ and H2O (in
sample AF-05) as hydroxyl groups, gives formulae with
a significant deficit of Si atoms (ca. 25% of the total
occupancy at Z). In the Afrikanda garnet, only 4% of
that deficit can be accounted for with (OH)4 groups
(Table 7). If the (remainder of) ‘‘missing’’ Si is com-
pensated entirely with Fe3+, the calculated electron
density at Z exceeds the refined value by 5% in both AF-
05 and MC-04, whereas the calculated electron density
at the Y site is smaller than the refined density by 5%.
Also, this model implies almost twice as much [4]Fe3+ as
[6]Fe3+ and, hence, is at variance with the spectroscopic
data (see above). These discrepancies clearly indicate
that, in addition to Fe3+, the Z site accommodates a
lighter element or elements (e.g., Al and/or Ti). At-
tempts to compensate for the Si deficiency with Fe3+

and Ti4+ (i.e., following the model of Scordari et al.
1999) give unsatisfactory results because the calculated
and refined electronic densities at the Y and Z sites differ
by more than 3%.The best agreement between the cal-
culated and refined epfu’s is achieved when some of the
Si deficiency is compensated with Al (ca. 5–6% of the
total occupancy at Z), Fe2+ is distributed between X
and Y, and all Ti is assigned to Y. The X site is assumed
to accommodate the largest cations in the order of
decreasing radius (i.e., Na > Ca > Mn > Fe2+). This
cation-distribution model (Table 7) provides good
agreement between the Y-O and Z-O distances calcu-
lated using the ionic radii of Shannon (1976)1 and those
obtained from the crystal-structure refinements (within
1% of the smallest value). The calculated X-O distances
exceed the actual mean distances by about 2%. How-
ever, analysis of the literature shows that the X-O dis-
tance in Ti-rich granditic garnets is consistently smaller
than that expected from the ionic radius of [8]Ca2+

(2.50 Å), and virtually insensitive to substitutions at the
Y and Z sites. For example, garnets containing 6.9–

Fig. 3 Mössbauer spectra of schorlomite samples at 80 K: a AF-
05, bMC-04. The spectra were fit to four doublets corresponding to
[4]Fe3+ (speckled), [6]Fe3+ (unshaded), [6]Fe2+ (grey) and [8]Fe2+

(black). Hyperfine parameters are listed in Table 5 as model #2

1For (OH)4 tetrahedra in sample AF-05, a Z-O distance of 1.94 Å
was used; it was calculated from the published data for ‘‘hydro-
garnets’’ (Basso et al. 1983; Lager et al. 1987, 1989)
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16.4 wt% TiO2 all have an X-O distance of 2.44 Å (Wu
and Mu 1986; Peterson et al. 1995; Armbruster et al.
1998; this work).

It is also noteworthy here that the refined epfu values
at the X site exceed the calculated by 1–2% (Table 7); a
similar ‘‘excess’’ of electron density has been docu-
mented for high-Ti andradite (12.4-12.9 wt% TiO2) by
Armbruster et al. (1998, their Table 5). Although this
discrepancy is probably well within the accumulated
analytical error, the fact that it has been observed in
samples of different provenance suggests that it may be
real and not fictitious. One possible explanation is that a
small proportion of Zr is accommodated in the X site
(ca. 1% of the total occupancy at X), because this ele-
ment has a known affinity for high coordination (e.g.,
seven in baddeleyite and eight in zircon). Garnets with
both [6]Zr4+ and [8]Zr4+ replacing Ca in the X site have
been synthesized (Mill’ et al. 1966). In our case, a more
accurate site-assignment for Zr is difficult due to its
generally small concentration, and uncertainties in the
distribution of other cations. Unfortunately, the high-Ti
material of Armbruster et al. (1998) has not been ana-
lyzed for Zr.

Three of the doublets in the Mössbauer spectra col-
lected at 80 K can be unambiguously assigned based on
comparison of hyperfine parameter data at 80 and
293 K to the following: (1) Fe3+ in the Z site, (2) Fe3+

in the Y site, and (3) Fe2+ in the X site. The relative
proportions of these spectroscopically distinct Fe species
are in good agreement with those derived from the

structural analysis (Table 7). The fourth doublet, which
is relatively well-resolved at 80 K, has center-shift values
predominantly corresponding to tetrahedrally-coordi-
nated Fe2+ (model 1) or octahedrally-coordinated Fe2+

(model 2). As can be seen from Table 5, the relative
intensities of all four doublets are essentially identical
for both models. The two narrow doublets in the room-
temperature spectra can be assigned to Fe3+ in the Z
and Y sites, respectively. The broad doublet has a cen-
ter-shift of ca. 0.6 mm/s, which is intermediate between
values for Fe2+ and Fe3+. Based on the published lit-
erature, this doublet likely represents an intermediate
valence due to thermally activated electron delocaliza-
tion. The intensity ratio [4]Fe3+/[6]Fe3+ is much smaller
at room temperature than at 80 K (which is most easily
seen by looking at the well-resolved low-velocity com-
ponents), which implies that electron transfer involves
Fe3+ in the Z site. From the structural constraints
(Fig. 1), there are two possible routes for electron
transfer involving tetrahedrally coordinated Fe3+: (1)
[8]Fe2+, [4]Fe3+, and (2) [6]Fe2+, [4]Fe3+. The inten-
sity data support the latter mechanism. Route (1) is
inconsistent with the weak intensity of the [8]Fe2+ dou-
blet at 80 K, whereas the relative area of the interme-
diate-valence doublet at room temperature is roughly
equivalent to the total relative area reduction of the
[4]Fe3+ and [6]Fe2+ doublets in going from 80 K to room
temperature. We therefore favor assignment of the
fourth doublet in the 80 K spectra to predominantly
octahedrally coordinated Fe2+, which corresponds to
our fitting model 2 (Table 5). The Fe2+/FeS values cal-
culated from the EMPA analyses on the basis of stoi-
chiometry, as well as the relative proportion between
Fe2+ and Fe3+ assigned to the different sites using the
structural and compositional data (see above), are
within the estimated SD from the values derived from
the Mössbauer spectra (Table 7). The calculated Fe2+/
FeS ratios are, in fact, slightly lower than the measured
Fe2+/FeS ratios for both AF-05 and MC-04, further
indicating that our samples lack detectable Ti3+ (cf.
Schwartz et al. 1980).

Table 5 Mössbauer spectroscopic data for schorlomite from Af-
rikanda and Magnet Cove: Comparison of hyperfine parameters
for two different four-doublet fitting models to 80 K spectra

Doublets Parameters Sample AF-05 Sample MC-04

Model 1 Model 2 Model 1 Model 2

[4]Fe3+ CS (mm/s) 0.33(1) 0.34(1) 0.33(1) 0.33(1)
QS (mm/s) 1.17(2) 1.15(2) 1.16(2) 1.15(2)
r (mm/s) 0.17(1) 0.17(1) 0.13(1) 0.13(1)
area (%) 35(3) 38(3) 39(3) 41(3)

[6]Fe3+ CS (mm/s) 0.51(1) 0.50(1) 0.49(1) 0.48(1)
QS (mm/s) 0.65(2) 0.66(2) 0.62(2) 0.66(2)
r (mm/s) 0.09(1) 0.08(1) 0.10(1) 0.10(1)
area (%) 44(3) 41(3) 43(3) 41(3)

[4]Fe2+ CS (mm/s) 1.09(3) 1.09(3)
QS (mm/s) 2.05(5) 2.09(5)
G (mm/s) 0.63(2) 0.40(2)
area (%) 18(3) 15(3)

[6]Fe2+ CS (mm/s) 1.19a 1.19(3)
QS (mm/s) 1.89(5) 1.91(5)
G (mm/s) 0.58(2) 0.39(2)
Area (%) 18(3) 15(3)

[8]Fe2+ CS (mm/s) 1.40(3) 1.40(3) 1.41(3) 1.41(3)
QS (mm/s) 3.47(5) 3.49(5) 3.49(5) 3.51(5)
G (mm/s) 0.25(2) 0.29(2) 0.31(2) 0.30(2)
area (%) 3(1) 3(1) 3(1) 3(1)
Reduced v2 1.4 1.6 1.6 1.7

Hyperfine parameters: CS center shift relative to a-Fe, QS quad-
rupole splitting, r Gaussian width of QS distribution, G Lorentzian
line width
aThis value was held fixed during the fitting process

Table 6 XRD powder data for schorlomite from Afrikanda

d(Å) I hkl d (Å) I hkl d (Å) I hkl

4.30 2 220 1.685 22 640 1.227 1 941
3.247 1 321 1.653 1 633 853
3.038 74 400 1.624 52 642 1.128 6 10.4.0
2.717 100 420 1.519 5 800 864
2.590 7 332 1.500 1 741 1.109 13 10.4.2
2.480 38 422 1.432 1 822 1.074 6 880
2.383 10 431 1.358 33 840 1.012 6 12.0.0
2.218 12 521 1.326 13 842 884
1.971 8 611 1.310 1 921 0.999 9 12.2.0

532 1.295 12 664 0.986 8 12.2.2
1.921 11 620 1.281 1 851 10.6.4
1.754 6 444 754

a = 12.1503(4) Å; V = 1793.8(2) Å3. Five strongest lines are
given in bold
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The presence of thermally activated electron delocal-
ization between [6]Fe2+ and [4]Fe3+ is unusual. Amthauer
and Rossman (1984) conclude that, for such thermally
activated electron transfer to take place, it must occur
over essentially infinite structural units, where the coop-
erative exchange between a large number of Fe2+ and
Fe3+ cations enables the activation energy to be de-
creased to the point where the transfer can occur at room
temperature. Such structural units exist in the garnet
structure, where corner-shared YO6 octahedra and ZO4

tetrahedra alternate. The [6]Fe2+�[4]Fe3+ interatomic
distance is �3.40 Å, which is within the range over
which electron transfer has been observed to occur
(Burns 1993). Extended [6]Fe2+�[4]Fe3+ units would

imply a degree of short-range order and, hence, local
reduction of symmetry.

On the possibility of [4]Fe2+

It is noteworthy that there are some indications that the
intermediate-valence doublet may represent Fe2+ in
more than one coordination setting. The doublet center
shift is slightly lower than typical values for [6]Fe2+ (ca.
1.25 mm/s at 80 K relative to a-Fe), and the linewidth is
broader than that of the [8]Fe2+ doublet. This suggests
that minor [4]Fe2+ is likely to be present in both garnets,
although its amount cannot be quantified due to the lack

Table 7 Crystal-chemical analysis of schorlomite: a summary

Afrikanda sample AF-05 Magnet Cove sample MC-04

wt% X site: apfu wt% X site: apfu

Na2O 0.14 Na 0.023 0.12 Na 0.020
CaO 31.86 Ca 2.899 31.53 Ca 2.915
MnO 0.28 Mn 0.020 0.47 Mn 0.034
FeOa 3.60 Fe2+ 0.058 3.19 Fe2+ 0.031
MgO 1.23 Y site: 1.23 Y site:
Al2O3 2.20 Fe2+ 0.197 1.55 Fe2+ 0.200
Fe2O3

a 16.48 Mg 0.156 17.10 Mg 0.158
SiO2 27.11 Al 0.049 26.22 Al –
TiO2 15.02 Fe3+ 0.556 16.24 Fe3+ 0.530
ZrO2 1.93 Ti 0.959 1.34 Ti 1.054
Nb2O5 0.07 Zr 0.080 0.05 Zr 0.056
H2O

b 0.21 Nb 0.003 n.d Nb 0.002
Z site: Z site:

Total 100.13 Si 2.302 99.04 Si 2.263
Al 0.171 Al 0.157
Fe3+ 0.497 Fe3+ 0.580
H 0.119 H -

Comparison of measured and calculated electron densities (epfu), cation- oxygen distances (Å), and Fe distribution among different sites
(% of FeS):
X site measured calculated X site measured calculated
epfu 61.3(4) 60.2 epfu 60.8(4) 60.2
X-O 2.442(1) 2.496 X-O 2.442(1) 2.497
Y site Y site
epfu 46.7(3) 46.5 epfu 46.6(3) 46.4
Y-O 2.006(1) 2.025 Y-O 2.005(1) 2.025
Z site Z site
epfu 47.5(4) 47.5 epfu 48.5(4) 48.8
Y-O 1.689(1) 1.689 Y-O 1.693(1) 1.691
Fe2+/FeS 21(3) 19 Fe2+/FeS 18(3) 17
[8]Fe2+/FeS 3(1) 4 [8]Fe2+/FeS 3(1) 2
[6]Fe2+/FeS 18(3) 15 [6]Fe2+/FeS 15(3) 15
[6]Fe3+/FeS 41(3) 43 [6]Fe3+/FeS 41(3) 40
[4]Fe3+/FeS 38(3) 38 [4]Fe3+/FeS 41(3) 43

Mol% components
Schorlomite 29.2 Schorlomite 33.8
Andradite 26.7 Andradite 24.4
Morimotoite 19.7 Morimotoite 20.0
Ca3(MgTi)Si3O12 15.6 Ca3(MgTi)Si3O12 15.8
Kimzeyite 4.0 Kimzeyite 2.8
Otherc 4.8 Otherc 3.2

aFeO and Fe2O3 values calculated from EMPA data assuming
stoichiometry
bwt% H2O calculated as an average of three H analyses by com-
bustion

cIncluding (Na2Ca)Ti2Si3O12, Fe2+3Fe
3+

2Si3O12, calderite
Mn2+3Fe

3+
2Si3O12, almandine Fe2+3Al2Si3O12, and katoite

Ca3Al2(OH)12 (<1.5 mol% each)
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of spectral resolution. For example, the results for
sample MC-04 (i.e., match between the calculated and
measured epfu’s) could be improved slightly by replac-
ing ca. 0.025 apfu [4]Fe3+ with [4]Fe2+. However, this
amount corresponds to less than 2% of FeS, which is
well within the e.s.d. for [6]Fe2+ or [4]Fe3+ refined from
the Mössbauer data. Hence, any ‘‘improvement’’ of the
results presented in Table 7 through partial allocation of
Fe2+ to the Z site would be speculative.

On the significance of (OH)� groups

Very few Ti-rich garnets described in the literature have
been analyzed for H2O either chemically or using IR
spectroscopy (e.g., Locock et al. 1995). On the basis of
crystal-chemical arguments, Armbruster et al. (1998, p.
919) proposed that ‘‘crystals with dominant schorlomite
substitution ...show only a low degree of additional hy-
drogarnet substitution (O4H4�SiO4).’’ Although this
statement is generally true, especially when such scho-
rlomitic compositions are compared with hydrothermal/
metamorphic andradite containing moderate levels of Ti
(e.g., Flohr and Ross 1989; Lager et al. 1989), there are
many examples where schorlomite crystallized from
H2O-richmelts, and can thus be expected to contain a fair
proportion of (OH)�. Examples are carbonatitic magmas
(such as produced the Afrikanda rock), melilititic,
nephelinitic, alnöitic and other alkali-ultramaficmagmas.
Simple calculations show that even small amounts of
unaccounted-for H2O significantly affect the Fe2+/FeS
ratio calculated from the EMPA data on the basis of
stoichiometry. On average, each undetected 0.4(OH)�,
equivalent to 0.1 apfu of substituted Si, will give a 6%
decrease in Fe2+ /FeS ratio relative to the actual value.

On the schorlomite formula and inter-species boundaries

At present, there is no definitive, universally adopted
formula for shorlomite; its compositional boundaries
relative to other species (especially andradite) are not
constrained either (Table 1). The inter-species bound-
aries defined in terms of wt% TiO2 (e.g., Zedlitz 1933)
have the following shortcomings:

1. They do not account for minor proportions of gros-
sular, kimzeyite and other end-members commonly
present in Ti-rich garnets, in which case garnets with
TiO2 <15 wt% may still show the prevalence of
schorlomite over andradite.

2. They do not account for the Ti components other
than schorlomite; however questionable the status of
morimotoite, there is no doubt that the
Fe2+Ti4+Fe3+�2 and MgTi4+Fe3+�2 substitutions
are ubiquitous in Ti-rich garnets (see above).

3. They are inapplicable to compositions with low or
high analytical totals; given that Ti-rich garnets may
contain H2O, and garnet analyses are usually re-

ported with total Fe as either FeO or Fe2O3, appre-
ciable deviations of analytical totals from 100% are
not uncommon in the literature.

Another commonly used discriminant is the preva-
lence of Ti over Fe3+ in the Y site (Deer et al. 1982).
This criterion enables the distinction of schorlomite
from andradite, but does not account for
Fe2+Ti4+Fe3+�2 and other alternative substitutions
involving [6]Ti4+; for example, the morimotoite of
Henmi et al. (1995) also has [6]Ti > [6]Fe3+.

The end-member formula of Ito and Frondel (1967)
is an accurate reflection of the schorlomite crystal
chemistry in that it shows Ti4+Fe3+Fe3+�1Si�1 to be
the principal substitution in this mineral (e.g., Table 7).
However, this formula is ambiguous: it may be inter-
preted as stipulating that a garnet has both
[6]Ti > [6]Fe3+ and [4]Fe3+ > [4]Si to be termed schor-
lomite. None of the published schorlomite analyses meet
the latter requirement, with the overwhelming majority
of compositions having 2.05–2.35 apfu Si (Lupini et al.
1992; Locock et al. 1995, among others). The most Ti-
rich composition reported to date (Grapes et al. 1979)
has 1.8 apfu Si if recalculated on the stoichiometric
basis, but this single analysis is most likely at error, as
indicated by the anomalously low Ca and high Fe2+

contents (1.5 and 2.2 apfu, respectively). Given that this
garnet replaces ilmenite (ibid.), it is likely that the re-
ported EMPA data were ‘‘contaminated’’ by excitation
of the ilmenite, which would readily explain the high
Fe2+ and Ti, but low Ca and Si contents. It is note-
worthy that Si deficiency increases proportionately with
Zr content, reaching ‡50% of the total Z-site occupancy
in kimzeyite (Lupini et al. 1992, their Fig. 1).

Another weakness of the formula-based nomencla-
tural approach is that Fe3+ is not the only substituent in
the Z site. Despite the ambiguities in interpretation of
structural and spectroscopic data, there seems little
doubt that both Al3+ and Fe2+ can also enter this site
(see the discussion above). If schorlomite is defined as
one of the three potential end-members, i.e. Ca3Ti

4+

2(Fe
3+

2Si)O12, Ca3Ti
4+

2(Al2 Si)O12 or Ca3Ti
4+

2(Fe
2+

Si2)O12, none of the schorlomite samples described in the
literature, for which site occupancies are reasonably well
constrained, will have enough of any one of these
components to outbalance the proportion of andradite.
For example, sample AF-05 would have to be termed
andradite because it contains ca. 25 mol% Ca3Ti

4+

2(Fe
3+

2Si)O12, 9 mol% Ca3Ti
4+

2(Al2 Si)O12 and
28 mol% Ca3Fe

3+
2Si3O12, and MC-04 would only

marginally qualify as schorlomite.
Taking into consideration the above arguments, we

propose that schorlomite be defined as a calcic garnet, in
which (1) Ti4+ is the predominant cation in the Y site,
and (2) the incorporation of Ti4+ in this site is balanced
predominantly by substitution of Si by lower-charged
cations (especially Fe3+ and Al) in the Z site. Condi-
tion (1) distinguishes schorlomite from andradite,
kimzeyite and grossular, whereas condition (2) allows us
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to discriminate between schorlomite and other garnets
in which the accommodation of Ti4+ in the structure is
accompanied by substitutions in the X or Y site, i.e.
NaTi4+Ca�1Fe

3+
�1, Fe2+Ti4+Fe3+�2, and MgTi4+

Fe�2
3+. Among the three garnets defined by these substi-

tutions, only Ca3(Fe
2+Ti4+)Si3O12 has been described as

a mineral species (morimotoite). Garnets, in which
Ca3(MgTi4+)Si3O12 is the predominant component, can
potentially exist in nature, especially in such Mg–Ti-rich
settings as rodingites and other strongly metasomatized
meta(-ultra)mafic rocks. (Na2Ca)Ti

4+
2Si3O12 is not

likely to be the principal component in any naturally
occurring garnets because of significant mismatch be-
tween the large NaO8 and small TiO6 polyhedra.

Thus, the generalized formula of schorlomite may be
written as Ca3Ti

4+
2[Si3-x(Fe

3+, Al,Fe2+)xO12], where the
order of elements in parentheses reflects their relative
abundance (i.e. Ti4+Fe3+Fe3+�1Si�1 is the principal
substitution mechanism). The published analyses of
schorlomite all have x=0.6–1.0, although the available
experimental data (e.g., Povarennykh and Shabalin 1983)
indicate that compositions with x>1.0may also exist.We
purposefully omitted [6]Ti3+ and [4]Ti4+ from the pro-
posed formula because, in our opinion, neither has been
conclusively demonstrated to exist in natural schorlomite
(Waychunas 1987; Locock et al. 1995; this work).

The mole percentage of schorlomite component can
be determined as the proportion of [6]Ti4+ (apfu) bal-
anced by substitutions in the Z site, relative to the total
amount of cations in the Y site: ([6]Ti4+–[6]-

Fe2+–[6]Mg2+– [8]Na+)/2 (Table 7). Our calculations
show that schorlomite, andradite, morimotoite and
Ca3(MgTi4+)Si3O12 (Mg-analogue of morimotoite) are
the major components in both AF-05 and MC-04, ki-
mzeyite is present in appreciable amounts, and other
garnet-type components total less than 5 mol%. In ac-
cord with the crystal-chemical considerations (Armbr-
uster et al. 1998), we used for kimzeyite the end-member
formula Ca3Zr2(Al2Si)O12. Natural kimzeyite invariably
contains a significant proportion of Ca3Zr2(Fe

3+
2Si)O12

(e.g., Schingaro et al. 2001), indicating that our discus-
sion of schorlomite formula may also be relevant to this
mineral. Clearly, the choice of kimzeyite formula will
not affect the mole proportion of schorlomite calculated
using the above-described approach.

That schorlomite cannot be assigned a definite end-
member formula is not irrational, and nor is it unique to
this mineral species. There is actually a great number of
minerals (most of the rare-earth phases, pyrochlores, Ca-
deficient clinopyroxenes, etc.), whose crystal chemistry is
so complex that it can only be defined in terms of two or
more end-members, whereas near-end-member compo-
sitions are unlikely to be ever found in nature.

Tentative identification of Ti-rich garnets from EMPA

Ultimately, a multi-analytical study involving spectro-
scopic and single-crystal diffraction methods, would be

required to establish with certainty whether a Ti-rich
garnet is schorlomite. However, if site-occupancy data
are unavailable, the approximate schorlomite content
can be estimated from EMPA-based stoichiometric
formula (i.e., 12 oxygen atoms and eight cations), in
which cations have been assigned to the individual sites
in the following order:

1. [8]X site: Na + Ca + Mn + Fe2+ required to bring
the cation total to 3

2. [4]Z site: Si + Al + Fe3+ required to bring the
cation total to 3

3. [6]Y site: Zr + Ti + Nb + Mg + Mn [leftover
from (1)] + Fe2+ [leftover from (1)] + Fe3+. [left-
over from (2)]. Other elements that could potentially
be present in Ti-rich garnets in minor quantities,
should be assigned as follows: lanthanides, Y and Th
to the X site; V, Cr, Sn and Hf to the Y site; P and S
to the Z site.

Although this approach does not account for
[4]Fe2+, our data show that its proportion is small and
comparable to the accuracy of Fe2+/Fe3+ measure-
ments by spectroscopic techniques (i.e., �3% FeP).
The above method will give higher-than-actual mor-
imotoite (and lower schorlomite) contents for samples
containing significant [4] Fe2+, which, in our opinion,
has not been conclusively demonstrated for any of the
Ti-rich garnets studied to date. Unaccounted-for water
is of greater concern as it will produce spurious Fe2+/
Fe3+ results (see above) and, in addition, higher-than-
actual apfu values for all other cations. In some cases,
the presence of undetected H2O can be readily recog-
nized from unrealistic Ca contents exceeding 3 apfu, as
neither Y nor Z site can accommodate any Ca (cf.
Müntener and Hermann 1994). Distinctly birefringent
garnets should also be suspect of containing (OH)�

groups (e.g., Flohr and Ross 1989; Ulrych et al. 1994).
With these reservations in mind, the proposed calcu-
lation method can be reasonably used for provisional
identification. For example, the schorlomite, andradite
and morimotoite contents of sample AF-05 calculated
from the average analysis (Table 1) on a water-free
basis deviate from the values in Table 7 by +1.1, +2.1
and �1.6 mol%, respectively. In many cases, such
minor deviations are probably comparable to varia-
tions due to analytical errors and/or compositional
heterogeneity of crystals. However, any petrogenetic
study building on the composition of titanian garnets
[e.g., studies of magma-fractionation trends or f(O2)
evolution in the melt] must involve an independent
determination of Fe2+/FeS and H2O by spectroscopic
or other analytical methods.

Conclusions

Examination of two schorlomite samples from different
rocks (one from the type locality at Magnet Cove) using
a combination of analytical methods, and comparison of
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these data with those available in the literature show
that:

1. Incorporation of Ti in the garnet structure involves
several substitution mechanisms, i.e., NaTi4+

Ca�1Fe
3+
�1, Fe2+Ti4+Fe3+�2, Mg2+Ti4+Fe3+�2,

Ti4+Fe3+Fe3+�1Si�1, Ti4+Al3+Fe3+�1Si�1, and
Ti4+2Fe

2+Fe3+�2Si�1.
2. Ti4+Fe3+Fe3+�1Si�1 is the principal substitution in

schorlomite, followed by Ti4+Al3+Fe3+�1Si�1;
[4]Fe2+ is present in minor quantities that cannot be
quantified by the conventional Mössbauer tech-
niques. Although [4]Ti4+ cannot be ruled out con-
clusively, the spectroscopic data, observed electron
densities and cation–anion distances at the Z site are
best explained by accommodation of Fe3+ and Al in
this site, rather than any combination involving Ti4+.
This observation is in agreement with the near-edge
X-ray absorption spectroscopic data of Waychunas
(1987) and Locock et al. (1995).

3. Our interpretation of the Mössbauer spectra as
indicating thermally activated electron delocalization
between [6]Fe2+ and [4]Fe3+ agrees with the spectro-
scopic analysis of Ti-rich garnets (9.7–15.3 wt%
TiO2) from China (Wu and Mu 1986), but is at
variance with the interpretation offered for the Ice
River schorlomite by Locock et al. (1995). Assign-
ment of the doublet with a center shift of 1.1–
1.2 mm/s to [4]Fe2+, as proposed in the latter study,
would be inconsistent with the observed electron
densities and cation-anion distances at the Y and Z
sites.

4. The crystallographic data, as well as good corre-
spondence between the Fe2+/FeS values measured
from the Mössbauer spectra and those calculated
from EMPA assuming stoichiometry, indicate that
our schorlomite samples lack detectable Ti3+. This
conclusion is in accord with the near-edge X-ray
absorption spectroscopic data of Waychunas (1987)
and Locock et al. (1995).

5. Na and Zr are common substituents in Ti-rich gar-
nets and should be included in the chemical analysis.

6. The formula of schorlomite may be generalized as
Ca3Ti

4+
2[Si3-x(Fe

3+, Al,Fe2+)xO12]; for classifica-
tion purposes, the mole percentage of schorlomite is
determined as the amount of [6]Ti4+, balanced by
substitutions in the Z site, relative to the total occu-
pancy in the Y site: ([6]Ti4+–[6]Fe2+–[6]Mg2+–
[8]Na+)/2.

7. Provisional identification of a garnet as schorlomite
or titanian andradite can be done on the basis of
electron-microprobe analyses recalculated to a stoi-
chiometric formula, i.e., X3Y2Z3O12. However, the
atomic amounts of Fe2+, Fe3+, Ti4+ and Si4+ so
obtained cannot be used as a basis for petrogenetic
analysis. It is essential to constrain at least some of
these compositional variables using spectroscopic and
crystallographic methods.
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