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A Microsoft Excel spreadsheet has been programmed that allows users to calculate with
ease the molar proportions of garnet end-members from chemical analyses. Recent
advances in the understanding of the crystal chemistry of natural garnets, especially of
the Ti-bearing garnets, are used to evaluate 29 end-members (15 species and 14
hypothetical end-members) for each analysis. The amounts of Fe?* and Fe3* (and Mn?*, if
necessary) are calculated by stoichiometric constraints if these quantities have not been
measured. The input data can include: SiO;, TiO,, ZrO,, SnO,, Y03, Al;03, Sc;03, Cr03,
V,03, FeO, Fe,03, MnO, MgO, Ca0, Na,0, H,0+ and F. The spreadsheet can be used with
large data sets (up to 100 analyses at a time), and is accompanied by results calculated for
470 garnet analyses taken from the literature. The spreadsheet employs a simple scoring
algorithm to measure the quality of a garnet analysis. The propagation of error from the
input chemical data to the calculation of end-member proportions is also discussed

briefly.

© 2008 Elsevier Ltd. All rights reserved.

1. Introduction

Natural garnets are an important group of orthosilicate
minerals that occur in a wide variety of geologic environ-
ments (Deer et al., 1997), and whose chemical composi-
tions are of particular significance in geothermobarometry
(e.g., Spear, 1993). The general formula of anhydrous
garnet may be expressed as {X3}[Y2](Z3)¢12, where X, Yand
Z are cations, {} indicates eightfold coordination of the
cations, [] denotes octahedral coordination, () signifies
tetrahedral coordination and ¢ corresponds to the anion
site. The garnet crystal structure has been described as
one of considerable chemical compliance (Hawthorne,
1981): it can accommodate a wide variety of elements,
with the result that a large number of synthetic
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compounds adopt this structure type (Geller, 1967;
Hawthorne, 1981). In natural systems, specimens of garnet
exhibit extensive solid solution; consequently, their
chemical compositions are often expressed in terms of
the molar proportions of end-member components
(Hawthorne, 2002). Although there are 15 cubic mineral
species in the garnet group (Mandarino and Back, 2004),
the chemical compositions of natural garnets commonly
cannot be fully expressed in terms of these species.
Hypothetical end-members (those end-members that
have not been shown to form individually a majority of
any natural garnet specimen, and thus do not warrant the
status of mineral species) are also required to describe the
chemical complexity inherent in many natural specimens
of garnet.

Several procedures have been presented for the
recalculation of analyses of garnet into molar proportions
of end-member components. Rickwood (1968) presented
a thorough discussion of the difficulties inherent in
recasting garnet analyses, including a discussion of which
end-members are appropriate and the influence of the
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calculation sequence upon the results. The recursive
procedure of Rickwood (1968), which uses 19 end-
members, was programmed into an early mainframe
computer and is the foundation of the BASIC program of
Knowles (1987), the Lotus 1-2-3 spreadsheet of Friberg
(1989) and the linear programming method of Yang
(1991). Although Rickwood’s procedure has been widely
used (cf. the compilation of Deer et al., 1997), it was
criticized by Muhling and Griffin (1991), largely on the
basis of its inappropriate treatment of titanium. The latter
authors presented a QuickBASIC program that makes use
of 16 end-members, and which produces results that
differ from those of Rickwood (1968), most notably in the
treatment of chromium, iron and titanium.

The Excel spreadsheet described here takes advantage
of recent advances in the understanding of the crystal
chemistry of natural garnets, especially of the Ti-bearing
garnets (Chakhmouradian and McCammon, 2005; Henmi
et al., 1995). It is intended to be used with chemical
compositional data, rather than with the results of
structure refinement or spectroscopic experiments. In
order to accommodate the range of major-element
compositions observed in nature, 29 possible end-mem-
bers are evaluated for each analysis (15 mineral species
and 14 hypothetical end-members). If the amounts of FeO
and Fe,03; have not been measured, stoichiometric
constraints are applied to try to achieve charge balance;
Mn3* is calculated only for compositions that cannot
charge balance with Fe*" alone. Care was taken to ensure
that, in so far as is possible, the results are in substantial
agreement with those generated by the widely adopted
procedure of Rickwood (1968), but with the advantage of
a more realistic set of end-members, and the ability to
accept a wider range of composition. The spreadsheet can
be used with large data sets (up to 100 analyses at a time),
and is accompanied by results calculated for 470 garnet
analyses from both the recent literature and from
Deer et al. (1997). The Microsoft program Excel was
selected for this work because of its wide distribution and
its ease of use.

2. Crystal chemistry
2.1. Chemical composition

The chemical compositions of natural silicate garnets
are dominated by the following elements (listed in order
of increasing atomic number): H, O, F, Na, Mg, Al, Si, Ca, Sc,
Ti, V, Cr, Mn, Fe, Y, Zr and Sn (Amthauer et al., 1979;
Chakhmouradian et al., 2008; Deer et al., 1997; Galuskina
et al., 2005). Conventionally, the cations are expressed as
oxides in percent by weight. Several other elements are
reported only occasionally and only in low concentrations:
Li, P, S, Cl, K, Ni, Zn, As, Sr, Nb, Te, Ba, REE, Hf, W and Th.
These minor elements are not considered further as they
do not normally contribute significantly to the composi-
tions of natural silicate garnets. The non-silicate
minerals that are isostructural with the garnet
group: berzeliite, {Cay,Na}[Mg,](As3)0, (Bubeck and
Machatschki, 1935); cryolithionite, {Nas}[Aly](Li3)Fq>

(Menzer, 1927); manganberzeliite, {CaNa}[Mn;](As3)012
(Ito, 1968); palenzonaite, {Ca,Na}[Mn;](V3)O;> (Basso,
1987); schdferite, {CayNa}[Mg,](V3)O1> (Krause et al.,
1999); and yafsoanite, {Cas3}[Te2](Zn3)01> (Jarosch and
Zemann, 1989) are rare and have not been demonstrated
to show extensive solid solution toward the silicate
garnets, and are therefore disregarded for the purposes
of this work.

2.2. General valence states

The formal valence states of most of the main
constituent elements are invariable in the garnet struc-
ture: H*, 02—, F~, Na*, Mg?*, A", si**, Cca?*, sc®*, cr**, Y3,
Zr*" and Sn**. However, at least in principle, the first-row
transition elements V, Mn, Fe and Ti can adopt two
(or more) valence states. In practice, despite the existence
of such rare vanadate minerals as palenzonaite,
{Ca,Na}[Mn3*](V3")01> and schiferite, {Ca,Na}[Mgs]
(V3")015, which have the cubic garnet structure, vanadium
in most natural silicate garnets is considered to be present
as V3*, as in the mineral species goldmanite, {Cas}[V5]
(Si3)042, and even when the element is present in only
minor or trace quantities (Locock et al., 1995). Similarly,
manganese generally occurs as Mn?*, with the exception
of highly oxidized compositions in which Mn>* is present,
e.g., the garnet-related tetragonal mineral henritermierite,
{Ca3}[Mn3*](Si04)2(OH), (Armbruster et al., 2001). The
relative concentrations of Fe3* and Fe?* in garnet can be
determined by several methods including classical titri-
metry, colorimetry, >’Fe Mdssbauer spectroscopy, syn-
chrotron-based X-ray absorption spectroscopy or by
calculation from stoichiometric constraints. The topic of
the valence state of Ti in garnet is more contentious and is
addressed below.

2.3. The valence state of Ti

The major redox couple in natural garnet is the
Fe3*—Fe?* pair. Yet, for some natural Ti-rich garnets, the
presence of both Ti** and Ti>* has occasionally been
invoked, generally to satisfy the requirement of exact
charge balance (and usually without consideration of the
effects of propagated analytical uncertainty). The crystal
chemistry of Ti-bearing garnets has been carefully
evaluated in recent years (Armbruster et al., 1998;
Chakhmouradian and McCammon, 2005; Locock et al.,
1995), and the existence of Ti>* in natural garnets is not
supported by these investigations.

From the perspective of both standard reduction
potentials and of geologically relevant oxygen fugacity
buffers (cf. Frost, 1991), the reducing conditions required
for Ti*-in-garnet are not likely to occur in terrestrial
garnet-forming environments: e.g., the Ti305-TiO, oxygen
fugacity buffer is ~4-5log units below the iron-wiistite
buffer at ~1400K (Ihinger and Stolper, 1986). Although
measurement of the intrinsic oxygen fugacities of natural
Ti-bearing garnets yielded results close to the iron-
wiistite buffer and the iron-quartz-fayalite buffer (Virgo
et al, 1976); such types of measurements have been
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shown to be less than reliable, based on subsequent
investigations and on comparisons with the results of
thermodynamic calculations based on heterogeneous
mineral equilibria (Luth et al., 1990; Virgo et al., 1988).

Direct experimental evidence of significant amounts
of reduced titanium in garnet is lacking. Synthesis of
pyrope in the presence of a mixture of TiO3; and Ti metal
has demonstrated that Ti*>* can be incorporated by the
garnet structure (Geiger, 2004; Rager et al., 2003).
However, despite the extremely reducing conditions of
synthesis, Ti** constitutes the majority of the titanium
content in this synthetic pyrope: Ti>* could not be
detected by optical absorption spectroscopy (Geiger
et al.,, 2000; Geiger, 2004). Reduced titanium was only
found by means of the hypersensitive technique of
electron paramagnetic resonance spectroscopy, and
the concentration of Ti*>* in this specimen is considered
to be very low (Geiger, 2004; Rager et al., 2003). By
inference, Ti>* is therefore quite unlikely to occur
in natural garnets, which form at significantly higher
oxygen fugacities than those in equilibrium with Ti metal
or with Ti,Os.

X-ray photoelectron spectra of natural Ti-bearing
garnet have been interpreted to demonstrate the
presence of substantial Ti** (Malitesta et al., 1995;
Schingaro et al., 2004). However, the poor signal-to-noise
ratios of these spectra do not support the extensive
curve fitting of multiple Ti species presented by these
authors (cf. Atuchin et al., 2006; Carley et al., 1987).
In contrast, the results of synchrotron-based X-ray
absorption spectroscopy are consistent with Ti** as the
valence state of titanium in garnet (de Groot et al., 1992;
Farges et al., 1997; Locock et al., 1995; Waychunas, 1986,
1987).

As inspection of oxygen fugacity buffers, and the
results both of synthesis experiments and of investiga-
tions using X-ray absorption spectroscopy do not support
the presence of Ti>* in garnet, it will not be considered
further here. Instead, Ti*" is deemed the sole valence state
of titanium in garnet, in agreement with the preponder-
ance of experimental evidence.

2.4. Structure and site occupancies

It is possible to view the chemical substitutions that
occur in garnet from the perspective of chemical exchange
vectors (Burt, 1991). Such an approach does not explicitly
take into account the crystal chemistry of garnet, and may
mislead the unwary as to the nature of the complex
substitutions (both homovalent and coupled-heterovalent)
that occur. In this work, the chemical substitutions in
garnet are instead considered in the context of its crystal
structure.

In the structure of anhydrous cubic garnets, general
formula {X3}[Y>2](Z3)¢12, space group Ia3d (#230),
there are only four symmetrically unique atomic sites
(Geller, 1967). Three of these are on special positions fixed
by symmetry, and are occupied by cations: the X site
is on Wyckoff position 24c, the Y site corresponds to
Wyckoff position 16h and the Z site occupies Wyckoff
position 24d. The fourth site is on a general position, 96h,

and is usually occupied by oxygen, and more rarely by
fluorine (Chakhmouradian et al., 2008 and references
therein; Smyth et al., 1990). The positional coordinates of
the anion site can be related to the mean ionic radii of the
cations in the structure (Hawthorne, 1981; Novak and
Gibbs, 1971). As described by Deer et al. (1997), “the
structure consists of alternating ZO, tetrahedra and
YO octahedra which share corners to form a three-
dimensional framework.... Within this there are cavities
that can be described as distorted cubes, or alternatively
as triangular dodecahedra, of eight oxygens [anions]
which contain the X ions.”

In hydrous garnets, the major mechanism of hydrogen
incorporation is by coupled substitution of H with
tetrahedral vacancies in place of Si (Ferro et al., 2003;
Lager et al., 1989). In such garnets (in the case of cubic
symmetry), the tetrahedral site is not fully occupied, and
H partially occupies a separate site of general symmetry,
Wyckoff position 96h, giving rise to the hydrogarnet
substitution mechanism: (O4H4)*~ = (Si04)*~ (Ferro et al.,
2003; Lager et al., 1989). From a purely chemical point of
view, this can be considered a direct substitution in the
form: H3" = Si**, and for convenience this simplification
has been adopted in the spreadsheet. Some hydrous
garnets show optical evidence of lower symmetry, which
may result from cation ordering in the structure (Kingma
and Downs, 1989; Pertlik, 2003). Lower symmetry
may help explain observations of complexity in the
OH-stretching region of the infrared absorption spectra
of some hydrous garnets (Amthauer and Rossman, 1998;
Pertlik, 2003). Such spectral complexity has been con-
strued alternatively as indicating additional types of H
incorporation (Libowitzky and Beran, 2004), but the
hydrogarnet substitution is nevertheless widely accepted
as the dominant mechanism. The occurrence of significant
vacancies on the {X} and [Y] sites is not well supported by
the literature and is not considered here. The hydrous
garnet-related minerals henritermierite, {Cas}[Mn3*]
(Si04)2(OH)4 (Armbruster et al., 2001) and holtstamite,
{Cas}[(ALMn3*),](Si0O4)2(OH), (Halenius et al., 2005) have
tetragonal symmetry, but are closely related to the cubic
garnet structure, and may be considered, for the purposes
of this work, to be examples (in a chemical sense) of the
hydrogarnet substitution.

In natural silicate garnets, fluorine can substitute for
oxygen with charge balance maintained by vacancies in
the tetrahedral site (Chakhmouradian et al.,, 2008 and
references therein; Smyth et al., 1990). This is in contrast
to the tetrahedral Li content observed for cryolithionite,
{Nas}{Aly](Li3)F;> (Menzer, 1927).

The site preferences of the cations (H, Na, Mg, Al, Si, Ca,
Sc, Ti, V, Cr, Mn?*, Mn>*, Fe?*, Fe3*, Y, Zr and Sn) for the
dodecahedral {X}, octahedral [Y] and tetrahedral (Z)
sites have been reported in the literature from the
results of many crystal structure refinements and
spectroscopic investigations of silicate garnets, and iso-
structural species such as berzeliite, {Ca,Na}[Mg,]
(As3)012 (cf. Amthauer et al, 1979; Chakhmouradian
et al, 2008; Deer et al.,, 1997; Galuskina et al., 2005;
Geller, 1967; Hawthorne, 1981; Novak and Gibbs, 1971;
Smyth et al., 1990). The site occupancies used in the
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spreadsheet follow (listed for each cation site in order of
increasing atomic number):

{X} = Na, Mg, Ca, Mn2*, Fe2+ Y;
[Y]= Mg, Al, Si, Sc, Ti, V, Cr, Mn3+, Fe**, Fe3*, Zr, Sn;

(Z2) = Al, Si, Fe3*, the hydrogarnet substitution:
H,4, and vacancies associated with F content;

=0, F.

As the purpose of this spreadsheet program is to recast
garnet analyses into their most abundant and common
end-member components, this scheme of site occupancies
does not take into account controversial or rare site
assignments such as divalent iron on the tetrahedral site,
(Fe?*), or divalent manganese on the octahedral
site, [Mn?*]. In particular, Ti is assigned solely to the
octahedral [Y] site, and is considered to occur only as Ti**,
as discussed above. In addition, although Sc has been
shown in synthetic systems to have mechanisms of
substitution that depend on the bulk composition of the
garnet (Oberti et al., 2006; Quartieri et al., 2006), for
simplicity, Sc has been assigned solely to the octahedral
[Y] site, in agreement with results for natural and
synthetic Ca-rich scandian garnets (Galuskina et al.,
2005; Quartieri et al., 2006).

Several cations can occupy more than one crystal-
lographic site in the garnet structure (e.g., Mg, Al, Si, Sc,
Fe?*, Fe*"). In principle, their distribution between sites
should be determined by crystal structure refinement
and/or spectroscopic methods in combination with their
abundances. However, it must be emphasized that as the
current work depends on calculation solely from chemical
analyses, some reasonable restrictions must instead be
applied, the details of which are discussed in Section 4.
Similarly, although both Mn and Fe can adopt more than
one valence state, the relative concentrations of which can
be measured by spectroscopic or chemical methods, most
analyses of garnet do not distinguish between the valence
states and instead provide only the total concentrations of
each element. For such cases, the proportions of Mn?*,
Mn3*, Fe?* and Fe** are calculated by stoichiometric
constraints (Droop, 1987) as reported in Section 4.

3. Garnet end-members

The 15 mineral species of the garnet group form the
basis from which to determine the end-member compo-
nents necessary to describe the chemical complexity of
natural garnets. Mineral species are generally defined in
accordance with the dominance principle of the (recently
renamed) Commission on New Minerals, Nomenclature
and Classification (CNMNC) of the International Mineralo-
gical Association: a mineral species is defined by the
predominant atoms that occupy its various structural sites
(Nickel and Grice, 1998). The CNMNC does not require the
author(s) of a new mineral species to report an end-
member formula. As detailed by Hawthorne (2002), the
requirements for an end-member formula are more

rigorous: (1) the chemical formula must be fixed, (2) the
formula must be compatible with the crystal structure
and (3) the chemical composition at each structural site
must be fixed; an end-member formula may have two
types of cation or anion (in a fixed ratio) at one structural
site if required for electroneutrality; two cations or anions
at more than one site are not allowed.

Many of the formulas of the mineral species of the
garnet group are expressed commonly as end-members:
almandine, {Fe3"}[Al;](Si3)O12; andradite, {Cas}[Fe3’]
(Si3)042; calderite, {Mn3*}[Fe3*](Si3)012; goldmanite, {Cas}
[V2](Si3)043; grossular, {Cas}[Al;](Si3)O12; knorringite,
{Mg3}[Cr,](Si3)012; morimotoite, {Cas}[TiFe?*]|(Si3)012;
pyrope, {Mgs3}[Al>](Si3)O12; spessartine, {Mns}{Al;](Si3)
0O12; and uvarovite, {Ca3}[Cr,](Si3)0;, (Mandarino and
Back, 2004). For the remaining mineral species, idealized
end-members have been assumed for the purposes of this
work in accord with the requirements set forth by
Hawthorne (2002). Thus, the katoite end-member is
defined here as {Cas}[Al;](OH).2; kimzeyite, {Cas}[Zr5]
(SiAl)0q,; majorite, {Mg3}[MgSi](Si3)O12; and schorlo-
mite, {Ca3}[Ti,](SiFe3*)0;,. It should be noted that
Chakhmouradian and McCammon (2005) have discussed
in detail the topic of the proper formula and interspecies
boundaries for schorlomite, and concluded that this
species cannot be entirely represented by a single end-
member formula and is best expressed in general form as:
{Ca3)[Tis*](Siz_,)(Fe** Al,Fe?**),01,. The current work is
mainly in agreement with such conclusions with regard
to the mineral species; from consideration of the chemical
data in the literature, the compositions of Ti-rich silicate
garnets may require up to six Ti-bearing end-member
components for their description. The dominant compo-
nent in the generalized species formula of Chakhmour-
adian and McCammon (2005) is {Ca3}[Ti-](SiFe3")0;,, and
for convenience, this is referred to herein as the
schorlomite end-member. Morimotoite, {Cas}[TiFe?*]
(Si3)01y, is the only other Ti-bearing end-member that
corresponds to an actual mineral species. The four
hypothetical end-members that are also needed
(with their names shown in italics to reinforce that they
are not mineral species names) are: schorlomite-Al,
{Cas}[Ti>](SiAl;)043; morimotoite-Mg, {Cas}[TiMg](Si3)01>
(the Mg-melanite of Platt and Mitchell, 1979); morimo-
toite-Fe, {Fe$*}[TiFe®*](Si3)012; and NaTi garnet, {Na,Ca}
[Ti»](Si3)O12. The Na content of some silicate garnets has
been suggested to be related to heterovalent substitutions
involving Y or P (e.g., Enami et al., 1995), but is expressed
here by the end-member NaTi garnet, {Na,Ca}[Ti,](Si3)012,
as the Ti-rich garnets are frequently both Na-bearing and
Ca-rich (Deer et al., 1997). The assignment of this end-
member is also supported by analyses of pyrope-rich
garnets from Bohemia, in which Na content is positively
correlated with increasing Ti content (Seifert and Vrana,
2005).

From the perspective of end-members, the species
hibschite—{Cas}[Al;](Si04)3_x(OH)4x, 0.2 <x<1.5—can be
expressed as a mixture of grossular and katoite compo-
nents. Similarly, from a purely chemical point of view,
although henritermierite, {Cas}[Mn3*](SiO4)>(OH)s, can be
adopted as an end-member component, the related
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tetragonal species holtstamite, {Cas}[(AlMn3*),](Si04),
(OH)4, is not an end-member as it can be represented
compositionally as a mixture of grossular, katoite and
henritermierite components.

Aside from the mineral species, and the various end-
members required by the presence of Ti, several hypothe-
tical end-members (some of which have long-established
informal names) are also required to accommodate the
range of major-element compositions of natural garnets
including: blythite, {Mn3"}[Mn3*](Si3)012; khoharite, {Mg3}
[Fe3*1(Si3)012; kimzeyite-Fe, {Cas}[Zr,](SiFe3*)0;; (the fer-
ric-kimzeyite of Rickwood, 1968); skiagite, {Fe3"}[Fe3*]
(Si3)0q2; yamatoite, {Mn3}[V,](Si3)0,2; and yttrogarnet,
{Y5}[Al5](Al3)O12 (known commonly in the solid-state
science literature as YAG). The Sc end-member is taken to
be {Ca3}[Scz2](Si3)O12 (Galuskina et al., 2005; Quartieri
et al., 2006), whereas the mechanism of Sn incorporation
is similar to that of Ti in morimotoite: {Cas}[SnFe®*]
(Si3)012 (Amthauer et al., 1979). Two fluorine-bearing
end-members (with completely vacant tetrahedral sites)
are required, based on structure refinements of natural
specimens (Chakhmouradian et al.,, 2008; Smyth et al.,
1990): {Cas}[Al>]( )sF12 and {Mns}[Al>]( )sF2, respectively,
where () = vacancy.

The complete list of end-member components
(Table 1) differs from those established by Rickwood
(1968) because of the greater range of elements consid-
ered and the different treatment of H, Mn**, Ti and
octahedral Si.

Table 1
Cation site occupancies for garnet end-members

End-members?® Dodecahedral Octahedral Tetrahedral Anion

Henritermierite Cas Mn3* Sio(Hy) 012
Blythite Mn3* Mn3* Sis 012
Katoite Cas Al (Ha)s O12
FCa garnet Cas Al ()3 Fio
FMn garnet Mnsz Al ()3 Fi2
Yttrogarnet (YAG) Y3 Al Als O12
Kimzeyite Cas Zr; SiAl, 012
Kimzeyite-Fe Cas 7r, SiFe3* 012
Tin garnet Cas SnFe?* Sis 012
Schorlomite Cas Tiy SiFe3* 012
Schorlomite-Al Cas Ti, SiAl, O12
Morimotoite Cas TiFe?* Sis 012
NaTi garnet NayCa Tiy Si3 O12
Morimotoite-Mg Cas TiMg Si3 O12
Morimotoite-Fe Fe3* TiFe?* Sis 012
Majorite Mgs MgSi Sis O12
Sc garnet Cas Sc, Si3 O12
Goldmanite Cas V, Sis O12
Yamatoite Mn3* Vs Sis 012
Uvarovite Cas Cry Sis O12
Knorringite Mgs Cry Sis O12
Spessartine Mn3* Al, Sis 012
Pyrope Mgs Al Sis 012
Almandine Fe3* Al, Sis 012
Grossular Cas Al Sis O12
Andradite Cas Fe3* Sis 012
Calderite Mn3* Fe3* Sis 012
Skiagite Fe3* Fe3* Sis 012
Khoharite Mgs Fe3* Sis 012

2 Mineral names listed in regular font, hypothetical end-members in
italics.

4. Spreadsheet description

The Excel spreadsheet consists of six worksheets. The
main three worksheets include the Instructions work-
sheet, the Data worksheet that contains both the input
chemical data and the output molar proportions of end-
members, and the Calculation worksheet in which the
details of the cation assignments and calculation of the
end-members have been programmed. The remaining
three worksheets contain compositional data from both
Deer et al. (1997) and from the literature. In worksheet
DHZ, results are calculated for 250 analyses listed by Deer
et al. (1997), with the proportions of Fe?" and Fe**
maintained as originally reported. In worksheet DHZfer-
rous, the results are calculated for the same set of 250
analyses but with the Fe contents taken to be initially Fe?*
and the final proportions of Fe?* and Fe3" calculated by
stoichiometry. The Literature worksheet lists composi-
tional data and results for an additional 220 analyses
taken from 27 literature references: (Amthauer et al.,
1979; Armbruster et al., 1998; Berger et al., 2005; Boctor
et al, 1982; Biihn et al., 1995; Cenki-Tok and Chopin,
2006; Chakhmouradian and McCammon, 2005; Chakh-
mouradian et al., 2008; Dwarzski et al., 2006; Enami et al.,
1995; Ferro et al., 2003; Flohr and Ross, 1989; Galuskina
et al., 2005; Geiger and Armbruster, 1997; Halenius, 2004;
Labotka, 1995; Locock et al., 1995; Luth et al., 1990; Platt
and Mitchell, 1979; Quartieri et al., 2002; Seifert and
Vrana, 2005; Smith and Mason, 1970; Smyth et al., 1990;
Stachel, 2001; Stachel et al., 2006; Tappert et al., 2005;
Uher et al., 1994).

4.1. Data input

Compositional data are entered as oxides in weight
percent (preferably to two decimal places) in the columns
of the Data worksheet, as illustrated in Table 2 with select
analyses from Friberg (1989), Knowles (1987), Muhling
and Griffin (1991) and Rickwood (1968). Up to 100
analyses can be entered in the Data worksheet. The user
should assign to each chemical analysis a unique
identifying label in the cell above the SiO, content to
enable quick location of that analysis in the Calculation
worksheet. In the examples shown in Table 2, the labels
used correspond to the publication dates. Unless the
proportions of FeO and Fe,03; have been determined, the
iron content should be entered as FeOi,. In the case of
manganese, the entire content must be entered as MnO;
the (Mn,03) field shown is only a placeholder for
calculations taking place elsewhere in the spreadsheet.
The correction for O=—F and the total are calculated in the
worksheet and should not be entered by the user.

4.2. Atomic proportions and charge balance

In the Calculation worksheet, the analyses input in the
columns of the Data worksheet are reproduced auto-
matically. For each individual analysis, the atomic propor-
tions of the elements are calculated in the following
manner: molar proportions of the cations, oxygen and
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Table 2
Examples of input data for garnet analyses

Analysis Rickwood Knowles Friberg Muhling and Griffin
(wt%) (1968) (1987) (1989) (1991)
SiOo, 41.97 37.39 41.50 41.40
TiO, 0.24 0.16 0.08 0.42
ZrO,

Sn0,

Y,03

Al,03 21.73 20.72 22.35 20.00
SC203

Cry03 0.72 3.85
V503

FeO/ 6.17 36.37 14.56 7.50
FeOor®

Fe,03/calc 2.36 0.83 0.95

MnO 0.97 0.86 0.29 0.34
(Mn,03)°

MgO 20.45 3.85 14.82 21.50
Cao 5.52 0.41 5.36 4.50
Na,0 0.12
H,0+ 0.02 0.36

F

O—F

(calc)

Total (calc) 100.15 100.59 100.27 99.63

2 Enter all Fe as FeOy unless both FeO and Fe,03 are known.
® Enter all Mn as MnO only; (Mn,03) field is a placeholder.

fluorine are calculated from the weight-percent values;
the molar proportions are converted to atoms per formula
unit (apfu) on the basis that the sum of the cations
(including vacancies in the tetrahedral site associated
with the presence of F) is set to exactly 8apfu. In this
calculation, hydrogen is treated as a cation (H4") for
convenience. It should be noted that Excel carries
numerical values to more than 10 decimal places in its
calculations, and no truncation or rounding takes place in
the spreadsheet until the report of the end-member
proportions.

For chemical analyses in which both FeO and Fe,03 are
given, exact electroneutrality will be achieved only
infrequently in the calculation of the atomic proportions.
Therefore, the sum of the oxygen will generally deviate
slightly from 12 apfu (either higher or lower than 12). This
deviation is reported on the Calculation worksheet as
either an excess or a deficit of O pfu, along with a caution
that the analysis does not charge balance.

Following Droop (1987), for the analyses in which the
iron content has been input solely as FeO, stoichiometric
constraints are used to calculate the proportions of Fe?*
and Fe3* (and Mn>", if necessary). If all of the iron content
is presented initially as Fe?* and an oxygen surplus still
results, all of the iron is kept as Fe?*, no Mn>" is calculated,
and the caution that the analysis does not charge balance
is reported. If the iron content has been input solely as
FeO, and an oxygen deficit is calculated initially, then
some or all of the iron (as necessary) is recalculated as
Fe3* in an attempt to achieve electroneutrality. If charge
balance still has not been reached with the entire iron
content recalculated as Fe>*, some or all of the manganese
is recalculated as Mn>*.

4.3. Assignment of cations to crystallographic sites

In order to assign elements without ambiguity to the
three cation sites in the garnet structure, certain simplify-
ing assumptions must be made and restrictions imposed.
For example, Fe?" generally occurs in the dodecahedral {X}
site (e.g., almandine), and also in the octahedral [Y] site
(e.g., morimotoite), and although it has been reported to
occur in the tetrahedral (Z) site in certain Ti-rich garnets
(Locock et al., 1995), this interpretation has been ques-
tioned (Chakhmouradian and McCammon, 2005). For this
reason, and due to the difficulty in determining the
distribution of a given element among three sites (in the
absence of spectroscopic or site-refinement data), each
element of a given valence state is restricted in this
scheme to either one or two sites. The cations are
allocated to the tetrahedral (Z) site as follows:

e the entire hydrogen content is assigned as H,4 and this
moiety treated as a single cation;

e if Fis present, tetrahedral vacancies, ( )y, are assigned in
the proportion 0.25 Fapfu;

e if the entire content of Si>3apfu, then 3 Si are
assigned here, with the remaining Si placed on the
octahedral [Y] site. (Only with inferior analyses of
hydrous garnets will the case occur where Si >3 apfu
in the presence of hydrogen);

e if Si+( )r+tHy<3apfu, then Al is used to fill the
remainder of the (Z) site, if possible;

e if necessary, Fe3" is finally used to fill the remainder of
the tetrahedral site.

The octahedral [Y] site is filled in the following fashion:

e any Si in excess of 3 apfu is assigned to this site;

e all of the Ti, Zr, Sn, Sc, Cr, V and Mn*" are allocated
here;

e the Al and Fe** remaining after the completion of the
(Z) site are assigned;

e Mg may be assigned here if Si is present on this site, or
if the sum of the entire contents of Mg+Ca+Mn?*+Na
exceed 3 apfu,

e if necessary, Fe?* is used to fill the remainder of the
octahedral site.

The dodecahedral {X} site has the following cation
assignments:

e all of the Na, Ca, Mn?* and Y are allocated here;
o all of the remaining Mg and Fe?* are assigned to this
site.

Table 3 shows the example of an analysis quoted by
Friberg (1989) with its cation assignments. The sums for
the dodecahedral and octahedral site are not quite ideal
(as a result of the inflexible allocation of the various
cations), which is flagged in the Calculation worksheet by
the caution: “cation proportions not ideal”. As this
analysis does not achieve exact electroneutrality, the
nature and magnitude of the deviation are marked
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Table 3
Assignment of cations to crystallographic sites (analysis of Friberg, 1989)

Chemical analysis 1989 wt% oxide Cations Cation assignments (apfu)
Dodecahedral Octahedral Tetrahedral
SiO, 41.50 Si 0.0327 3.0000
TiO, 0.08 Ti 0.0044
Zr0, 0.00 Zr 0.0000
SnO, 0.00 Sn 0.0000
Y,03 0.00 Y 0.0000
Al,03 22.35 Al 1.9249 0.0000
Sc,03 0.00 Sc 0.0000
Cr,03 0.00 Cr 0.0000
V,03 0.00 \% 0.0000
FeO/FeOyor 14.56 Fe?* 0.8898 0.0000
Fe,05/calc 0.95 Fe** 0.0522 0.0000
MnO 0.29 Mn?* 0.0179
(Mn,05) 0.00 Mn3* 0.0000
MgO 14.82 Mg 1.6145 0.0000
Ca0 5.36 Ca 0.4197
Na,O 0.00 Na 0.0000
H,O0+ 0.36 Hy 0.0439
F 0.00 vac () 0.0000
O —F (calc) Subtotal 2.9419 2.0142 3.0439
Total (calc) 100.27 Cation proportions not ideal
Fe**[Fecor 5.55%
Mn>*/Mno; 0.00%

0.070 O excess pfu, does not charge balance

O anions 12.0695

F anions 0.0000

by the caution “0.070 O excess pfu, does not charge
balance”.

4.4. Sequential calculation of end-member proportions

In the Calculation worksheet, the end-member pro-
portions are generated by successive calculation in the
order shown in Table 1. This sequence was determined
from several considerations: the imperative to minimize
the number and proportions of hypothetical end-mem-
bers, the desire to represent minor chemical constituents
(e.g., Na) by plausible end-members, and the requirement
for the results to be in substantial agreement with those
generated by the procedure of Rickwood (1968) despite
the wider range and somewhat different sequence of end-
members used here. In schemes that involve serial
calculation, the sequence will always influence the results,
as discussed in some detail by Rickwood (1968), who
emphasized the need for a standard method of calcula-
tion. The details of the calculation sequence used in the
spreadsheet are described below.

In the garnet structure, the tetrahedral site has the
highest bond-valence, and so substitutions on this
site (H, Al, Fe and vacancies in place of Si) are assigned
precedence. As hydrogen is presumed not to be involved
with substitutions on any other sites, the hydrogen-
bearing end-members are assigned first. As henritermier-
ite also requires the uncommon constituent [Mn>"], it is
calculated before katoite and is followed by blythite,
as it is the only other component that requires [Mn>*].
The other hydrogen-bearing end-member, Kkatoite,
is then calculated, followed by the fluorine-bearing

end-members (in the order Ca, Mn), and then by
yttrogarnet.

The octahedral cation site has the next-highest bond-
valence in the garnet structure, and substitutions invol-
ving this site guide the ordering of the remaining end-
members in the sequence. These are generally organized
in order of decreasing valence state and decreasing ionic
radius of the octahedral cations: Zr**, Sn**, Ti**, Sc3*, v3*,
Cr3*, AP?*, but with the Fe** end-members located at the
end of the sequence. This placement results from an
attempt to reduce propagated analytical uncertainty. The
entire analytical uncertainty associated with a chemical
analysis is propagated (and magnified) in the calculation
from stoichiometric constraints of the proportion of Fe3*,
and it can therefore be expected that the Fe*' end-
members will inherently have higher relative uncertainty.
Their placement at the end of the calculation sequence
therefore minimizes the effects of error propagation on
the calculation of the other end-members.

For a given octahedral cation, the end-members are
organized by the nature of their substitutions and their
perceived abundance in natural systems. Thus, for Zr,
kimzeyite is calculated before kimzeyite-Fe. In the case of
Ti, schorlomite and schorlomite-Al, both of which have
substitutions on the tetrahedral site, are calculated before
morimotoite, NaTi garnet, morimotoite-Mg and morimo-
toite-Fe. The calculation of majorite immediately after the
Ti end-members is an exception to the arrangement of
decreasing valence state and ionic radius for the octahe-
dral cations. It follows the Ti-bearing morimotoite-type
end-members (Table 1), and has a similar coupled
substitution on the octahedral site: [Y*'Y?*], where
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Y* =Ti for the morimotoite-type end-members with
Y?* = Fe or Mg, and Y*" = Si for majorite with Y>* = Mg.
In the cases of the V- and Cr-bearing end-members, the
order again reflects their perceived abundance in natural
systems: goldmanite comes before yamatoite, and uvaro-
vite comes before knorringite. For the Al-bearing end-
members, pyrope and almandine are calculated before
grossular and andradite. As more than half of the end-
members in Table 1 are Ca-bearing, as a result of error
propagation by the end of the calculation sequence the
Ca-bearing end-members are expected to have higher
relative uncertainty than the other end-members. Pyrope
and almandine are therefore determined prior to grossular
and andradite to avoid unnecessarily increasing the
uncertainty of the former two end-members. Finally, the
Fe*-bearing end-members are also arranged by their
perceived abundance in natural systems: andradite,
calderite, skiagite and khoharite.

4.5. Data output

The proportions of the garnet end-members deter-
mined in the Calculation worksheet are expressed as
percentages (rounded to two decimal places), and are
reproduced automatically in the Data worksheet, below
the chemical analysis with which they correspond. The
results calculated for the select analyses listed in Table 2
can be found in Table 4, along with the end-member
proportions presented by the original authors and by Deer
et al. (1997) for the same chemical data. The calculation
scheme used in the current spreadsheet yields results
similar to those of Deer et al. (1997), Friberg (1989),
Knowles (1987), Rickwood (1968) and Yang (1991),
despite the wider range of composition considered here,
and the somewhat different set and order of end-
members used in the spreadsheet. The most significant
differences involve the presence of Ti-bearing end-
members, and the explicit calculation in the spreadsheet
of a remainder—the proportion of cations that could not
be allocated to any electroneutral end-member.

In contrast, there are considerable differences between
the results from the current procedure, and those
generated by the method of Muhling and Griffin (1991).
These discrepancies are attributable mainly to the
different treatment of Cr in the latter method. Their
scheme under-estimates the amount of uvarovite and
consequently inflates the quantity of knorringite; this also
results in an under-estimate of pyrope, and an over-
estimate of almandine and andradite. It is considered
preferable in the current work to follow Rickwood (1968),
and maximize the proportion of uvarovite relative to
knorringite, in agreement with their perceived abun-
dances in natural systems.

4.6. Remainder and quality index

Almost all garnet analyses are imperfect: the analytical
sum may be outside normal ranges, the proportion of
cations allocated to a given site may be too high or too
low, the amount of Si may be greater than 3apfu in a

Table 4

Comparison of end-member proportions between current work, original references and Deer et al. (1997)

Muhling and Griffin (1991)

Friberg (1989)

Knowles (1987)

Yang (1991)

Rickwood (1968)

Source

Original DHZ-3 Alm Current Original DHZ-18 Prp Current Original DHZ-2 Cr-Prp

Current

Original DHZ-3 Prp

Current

0.0 1.6

1.46

0.0

0.0
0.0
2.0

0.00
0.00
2.04

0.08
0.64
2.02

Katoite

0.0
114

1.14
4.95
6.00
0.25
70.81

1.13
10.35

0.0

0.00

0.26

0.0

Schorlomite-Al
Uvarovite

2.0

0.0
0.7
80.1

0.52
0.69
75.79

Knorringite

0.6
54.9

0.6
54.9

0.60
53.82
29.66
10.71

1.9
5.4

1.97
15.48
81.37

1.94
15.32
80.27

2.0
72.3

2.0
72

1.96
72.67

1.95
72.25

Spessartine
Pyrope

1

7

7.2
0.6
0.0
0.0
0.0
100.0

5.57 11.39
0.00
0.00

4.17
1.78

100.00

303

30.2

80.8

11.7

11.3

11.27

11.79

Almandine

0.00
5.48
0.00
0.00

100.02

9.9
2.7

114

5.7

5.71 5.7

6.35

4.30
6.31

Grossular

2.9

1.82

1.2
0.7

1.19
0.00
0.00

100.01

0.91
0.94
0.35
99.99

6.3

6.4

Andradite
Skiagite

0.0
100.0

0.0
100.0

1.94
100.01

0.0
100.0

0.0
100.0

0.0
100.1

0.00
100.00

0.66
100.00

Remainder

Total

Note: End-members with null values for all entries have been omitted.
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Table 5
Remainder after calculation of end-members (analysis of Friberg, 1989)

Remainder (apfu)

Cations Dodecahedral Octahedral Tetrahedral

Si 0.0327 0.1019
Ti 0.0044
Zr

Sn

Y

Al

Sc

Cr

\Y

F62+

Fe3* 0.0159
Mn2+

Subtotal 0.0529 0.1019

garnet that should not have a majorite component, or the
analysis may not charge balance. It is for such reasons
that, after the proportions of the end-members have been
calculated, there are often cations left over that could not
be allocated: the remainder. In the case of the analysis of
Friberg (1989) presented in Tables 2-4, the remainder
sums to 1.94%. The details of the remainder for a given
analysis are given in the Calculation worksheet. Table 5
displays the remainder for the analysis of Friberg (1989),
in which it can be seen that the 1.94% remainder
corresponds to: unallocated Si (on both the tetrahedral
and octahedral sites); Ti that could not be allocated to an
end-member (schorlomite-type end-members require a
coupled substitution with the tetrahedral site that is
prevented by the surplus Si, morimotoite-type end-
members require a coupled substitution on the octahedral
site that is prevented by the surplus octahedral cations);
and surplus Fe**. Inspection of the remainder of a given
analysis may assist the user in detecting an undescribed
component, or may indicate possible analytical difficul-
ties. However, the magnitude and nature of the remainder
alone is not a sufficient measure of the quality of a garnet
analysis.

In order to have some objective measure of quality, a
simple scoring algorithm, referred to as the Quality
Index, is calculated in the Data worksheet for each
analysis. The Quality Index takes into account the original
analytical total, the deviation from ideality of the cation
proportions, the presence of superfluous octahedral Si, the
extent of charge balance and the magnitude of the
remainder. The vocabulary of the Quality Index is based
on the compatibility concept used in Gladstone-Dale
calculations (Mandarino, 1981), and is calculated as
follows:

e if the analytical total is outside the range of 97-101%,
add 1 point

e if the proportions for one or more cation sites are not
ideal, add 1 point

e if octahedral Si is present for an analysis with
dodecahedral Mg<0.75apfu, add 1 point (majorite
should only occur in Mg-rich analyses)

e if the analysis does not charge balance, add 1 point

e if the magnitude of the remainder is: >8%, add 5
points; >4%, add 3 points; >2%, add 2 points; >1%,
add 1 point

e for a given point total, the Quality Index designation is:
0-1, superior; > 1, excellent; >2, good; >3, fair; >4, poor.

If an analysis merits a Quality Index of “poor” (or even
“fair”), the remainder should likely be examined in detail,
and consideration should be given to possible analytical
difficulties encountered during data acquisition.

5. Testing of the spreadsheet

In order to test the capability and utility of the
spreadsheet, 250 garnet analyses tabulated in Deer et al.
(1997) were entered, disregarding any atypical contents
such as P, K, Ni or Zn, etc. End-member proportions were
calculated both for the analyses with the proportions of
Fe?* and Fe®*' maintained as originally reported (work-
sheet DHZ), and for the same analyses but with the Fe
contents taken to be initially Fe?* and the final propor-
tions of Fe?* and Fe®* calculated by stoichiometry (work-
sheet DHZferrous). In general, the end-member
proportions are similar to those presented by Deer et al.
(1997). Interestingly, the values of the Quality Index in the
DHZferrous worksheet are often slightly more favorable
than in the DHZ worksheet, likely because the calculation
of Fe?* and Fe3" from stoichiometry allows the results to
more easily charge balance and to more closely approach
ideal cation proportions.

A further 220 analyses, mostly electron-microprobe
data, from 27 literature references (cited above in Section
4) are tabulated in the Literature worksheet, covering a
wide range of compositions. Inspection of these data
reveals that the end-member morimotoite-Mg, {Cas}
[TiMg](Si3)O12, is apparently the dominant component in
several garnet analyses (using the sequence of calculation
shown in Table 1), and that this hypothetical component
may therefore require species status. The end-member
morimotoite-Mg is most frequently found in Ti-bearing
garnets (e.g., Armbruster et al., 1998; Chakhmouradian and
McCammon, 2005; Flohr and Ross, 1989; Labotka, 1995;
Locock et al., 1995; Quartieri et al., 2002), and is the most
abundant component in ten of the 16 analyses (with a
maximum of 29.4%) of Platt and Mitchell (1979), and is a
similarly major component in their remaining six analyses.
Further investigation, ideally involving spectroscopic and
structural data, is needed to determine whether morimo-
toite-Mg should be awarded the status of a mineral species.

5.1. Propagation of analytical uncertainty

Rigorous evaluation of the propagation of analytical
uncertainty from the initial chemical data through to the
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calculation of the end-member proportions is beyond the
scope of this work; only a brief discussion of error
propagation follows. Giaramita and Day (1990) presented
a thorough analysis of error propagation in the calculation
of a structural formula, and noted that the “uncertainty in
multisite and multivalent cations cannot be estimated
directly from the uncertainty in the corresponding oxide
concentrations.” Rather, partial-, or preferably, complete-
error propagation methods are required. Even so, un-
certainties in the structural formula (and thereby the end-
member proportions) are commonly magnified in a
complex fashion. According to Giaramita and Day (1990),
such “error magnification depends not only on the
composition of the mineral, the normalization scheme
used and the structural formula to which the cations are
assigned, but also on the relative sizes of uncertainties in
the oxides and the contribution of covariance”.

As an example of error propagation and magnification,
the chemical analysis of a quinary garnet, almandine-
grossular-spessartine-pyrope-andradite (#48 from Table
55 of Deer et al, 1997), was assigned a Gaussian
distribution of analytical uncertainty (Table 6). The mean
was set equal to the original data set, a standard deviation
of ~1% relative error was assigned to the major oxides and
a standard deviation of ~5% relative error was assigned to
the minor oxides (TiO,, Na,0) as a proxy for the analytical
uncertainty expected in a set of high-quality analyses
obtained with the use of an electron microprobe. The
end-member proportions were calculated for 20,000 trials
(i.e., 20,000 fictive electron-microprobe analyses).

As might be expected, the proportions of the major
end-members are normally distributed, with low skew-
ness and kurtosis (Table 6), with the exception of pyrope
(Fig. 1), which shows a significant tail to low proportions.
This tail results from the calculation of majorite prior to
pyrope. Majorite and pyrope are almost perfectly anti-
correlated in these trials (correlation coefficient —0.992).
The relative uncertainty in majorite is very large (317.9%),
as it requires both octahedral Si and octahedral Mg, which
only occur occasionally (15.5% of the trials) because of
fortuitous statistical fluctuations in the set of 20,000 trials

Table 6
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(Fig. 2). The uncertainty in the proportion of majorite
affects the amount of Mg remaining available to calculate
pyrope, and thus magnifies its uncertainty in turn.

6000 DTope
s 5000
=3
<
S 4000
n
£
E‘ 3000 spessartine
o
& 2000
) . / grossular .
1000 andradne‘ N almandine
0 et y t t t
0% 5% 10% 15% 20% 25% 30% 35%

Abundance of major end-members (bin size 0.1%)

Fig. 1. Propagation of analytical uncertainty for major components:
distribution of proportions of andradite, pyrope, spessartine, grossular
and almandine in 20,000 trials. Both raw data (symbols) and ideal
Gaussian curves are shown for each component, except for pyrope, for
which only a raw curve is exhibited.

70

n=16,902
60 +
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40 . 3 .

30 -

20

Frequency (n = 20,000)

0.01% 0.10% 1.00%
Abundance of majorite (bin size 0.02%)

10.00%

Fig. 2. Propagation of analytical uncertainty for a minor component:
distribution of majorite in 20,000 trials. A best-fit line is shown. Note
that 84.5% of trials have less than 0.01 mol% majorite.

Example of propagation of error into end-member proportions in a quinary garnet: Gaussian distribution of initial error

Input? Si0, TiO, Al,O3 FeOqor MnO MgO Ca0 Na,0 Total
Initial composition (wt%)  37.75 0.14 19.36 17.04 11.06 2.28 12.04 0.15 99.82
Std deviation (wt%) 0.3782 0.0076 0.1945 0.1699 0.1110 0.0231 0.1204 0.0081 0.4853
Relative error (%) 1.0 5.4 1.0 1.0 1.0 1.0 1.0 5.4 0.5
Output Schorlomite-Al ~ NaTi garnet Majorite  Spessartine  Pyrope® Almandine Grossular Andradite Remainder
Exact result (mol%)© 0.32 0.10 0 24.76 8.98 30.68 25.72 8.02 1.41
Average (mol%)? 0.23 0.19 0.17 24.76 8.75 30.67 25.69 8.09 1.45
Std deviation (mol%) 0.20 0.20 0.55 0.26 0.75 1.02 0.71 0.78 0.69
Relative error (%) 86.8 103.8 317.9 1.0 8.6 33 2.8 9.7 473
Skewness -0.16 0.20 4.12 —-0.01 -3.98 —-0.04 0.04 -0.10 0.51
Kurtosis -1.86 -1.85 19.63 0.21 18.58 —0.03 0.33 0.40 —0.63

2 Analysis #48 from Table 55 of Deer et al. (1997), with all iron expressed as FeOyo.

b For 17,290 trials with <0.4% majorite: average 8.99, std deviation 0.10, relative error 1.1%, skewness —0.02,

¢ Result for initial chemical composition.
4 Average of results of all 20,000 trials.

kurtosis —0.05.
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The trials that are devoid of significant majorite content
(<0.4mol%) exhibit a Gaussian distribution for pyrope
(cf. footnote of Table 6).

The magnification of error can be observed by
comparing the relative error of the input concentrations
with the relative error of the output proportions in Table
6, and may be understood in a qualitative sense as a result
of the distribution of elements among more than one
structural site, more than one valence state, and among
more than one end-member. Thus, the distribution of Ca
among four end-members, and the calculation by stoi-
chiometry of Fe®* and Fe?', lead to higher relative
uncertainty for andradite, grossular and almandine then
is observed for spessartine (Table 6). As a rule, the
abundance of end-members is negatively correlated in a
rough fashion with their uncertainty, i.e.,, minor end-
members will tend to have high uncertainty, and
this tendency should be taken into consideration by any
user of this spreadsheet. In addition, the minor compo-
nents may not exhibit truly Gaussian distributions
because their proportions have been rounded to two
decimal places.

6. System requirements and program availability

In order to make use of the spreadsheet, Microsoft
Excel must be installed on the computer, which should
have at least 256 MBRAM, and a Pentium Ill-equivalent
(or faster, preferably much faster) processor, because of
the size of the spreadsheet. This large spreadsheet
(~12 MB) is available from www.iamg.org as an electronic
deposit item in the form of a compressed file (~3 MB), or
from the author.
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