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PREAMBLE

It was exactly 20 years ago that Robert F. Martin, then editor of The Canadian Mineralogist,
proposed to the Mineralogical Association of Canada that a compilation of published IMA
recommendations on mineral nomenclature could be a worthwhile project. This booklet was
distributed during the 17" General Meeting of the International Mineralogical Association
(IMA) in Toronto in 1998 and became a great success. Over the years it has graced the
shelves of many colleagues. A digital version became available on the IMA web-site. This
quick and handy reference guide was of great help to authors and editors alike.

The source of IMA nomenclature recommendations can be traced back to the diligent
work of the Commission on New Minerals and Mineral Names (CNMMN), which was
established in 1959 for the purpose of supervising the introduction of new minerals and
mineral names, and of rationalizing mineral nomenclature. The Commission on Classification
of Minerals (CCM) was created to review existing systems of mineral classification and to
provide advice on the classification of minerals to the mineralogical community. Both
Commissions were merged into the Commission on New Minerals, Nomenclature and
Classification (CNMNC) in 2006. The CNMNC consists of representatives appointed from the
39 national mineralogical societies of IMA and thus represents the combined expert opinions
of the world’'s most eminent and active mineralogists. The work of this Commission has been
documented in many international publications (see the CNMNC link at “https://www.ima-
mineralogy.org/CNMNC_ Strategy.htm®).

It must be stressed here that the goal of the CNMNC is not to impose an arbitrary set
of rigid rules on the mineralogical community, but rather to provide a set of coherent
guidelines for the introduction of new minerals and to provide internally consistent
nomenclature schemes for mineral groups with complex solid-solutions that are sufficiently
proactive to allow integration of new mineral species as they are found and described.

Since the first compendium in 1998, nomenclature protocols have been honed and
improved. Many rational, internally consistent nomenclature schemes have been worked out
for the most complex mineral supergroups. All of these results are published, but are
scattered in the literature. They can also be looked up on-line on the CNMNC web-site, but
the path to this trove of knowledge is not a standard one for many authors and editors. The
goal of this compendium is therefore to provide a quick and handy reference guide. We have
concentrated on some of the most significant and common rock-forming minerals, but have
also included examples of technical and economic interest. There are of course numerous
additional mineral groups that have been processed by the CNMNC, but not all of them could
be included; examples are the eudialyte, arrojadite, lovozerite, dumortierite and sapphirine
groups. The work of the CNMNC will always be a work in progress. At this time there is no
IMA-approved nomenclature for the chlorite or mica groups that incorporates recent
developments. We have also included the paper by Whitney and Evans (2010), who revised
the older version of Kretz (1983), to provide an expanded, systematic list of abbreviations for
rock-forming minerals and mineral components.

The printing of this booklet would not have been possible without the support and
permission of various scientific journals and mineralogical associations. Many thanks are due

e J. Alexander Speer from American Mineralogist
(http://www.minsocam.org/msa/AmMin/AmMineral.html; Mineralogical Society of
America),

e Jodi J. Rosso (Elements; http://elementsmagazine.org/),
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e Lee Groat from The Canadian Mineralogist (https://canminportal.wordpress.com/;
Mineralogical Association of Canada),

e Kevin Murphy from Mineralogical Magazine
(https://www.cambridge.org/core/journals/mineralogical-magazine; The Mineralogical
Society of Great Britain & Ireland),

e Christian Chopin and Schweizerbart’sche Verlagsbuchhandlung from European
Journal of Mineralogy (https://www.schweizerbart.de/papers/ejm/list?|=EN),

¢ |IMA Council, who provided mental and financial support and made the printing of this
nomenclature compendium possible.

Finally, we would like to address an important point concerning so-called varietal
names. As noted by Nickel and Grice (1998), these do not fall under the direct jurisdiction of
the CNMNC, so that designations such as ‘kunzite’, ‘amethyst’ or ‘ruby’ are IMA-unregulated.
Similarly, designations for transitional phases observed experimentally in minerals at non-
ambient conditions also do not fall under CNMNC jurisdiction. Problems arise when the
dominant-constituent-rule (Hatert and Burke, 2008) is imposed and the names of
intermediate solid-solution members become redundant in terms of nomenclature. Very often
some of these classical names, such as ‘bronzite’, ‘labradorite’, ‘hornblende’, etc. are
extremely helpful to petrologists and provide important compositional information simply on
the basis of optical appearance or other physical characteristics. In keeping with the
statement above, i.e. that the goal of the CNMNC is not to impose an arbitrary set of rigid
rules but rather to provide a set of coherent guidelines, it should be stressed that such varietal
names may be used as long as their informal character is made clear and their names do not
conflict with regulated CNMNC nomenclature.

Hans-Peter Schertl (IMA Secretary)
Stuart J. Mills (IMA 2™ Vice-President; CNMNC secretary)
Walter V. Maresch (IMA President 2012-2014)
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HOW TO DEFINE, REDEFINE OR DISCREDIT
A MINERAL SPECIES?

The Commission on New Minerals, Nomenclature and Classification
(CNMNC) was created by the International Mineralogical Association
(IMA) in 2006 by merging the Commission on New Minerals and Mineral
Names (established in 1959) with the Commission on Classification of
Minerals (established in the 1980s). The CNMNC is one of the most
active commissions within the IMA because it is in charge of all aspects
of mineral species definition, naming, nomenclature, and classifica-
tion. It is constituted by four officers and 34 members, representing
the countries affiliated to the IMA. The national representatives are
designated by the national mineralogical societies; their nominations
are independent of the CNMNC itself. However, when a member is
not active, or does not follow the CNMNC rules, the IMA officers may
contact the corresponding national society to ask for a replacement
of the member.

To define a new species, it is necessary, prior to publication, to pass a
new mineral proposal through the CNMNC. A new mineral checklist is
available on the CNMNC website (http://nrmima.nrm.se/), comprising
a template in which all key data on the potential new species have
to be reported: occurrence, appearance, physical and optical proper-
ties, chemical data, X-ray powder diffraction data, unit-cell parameters
and space group, crystal structure and relationship to other species.
Proposals are handled by the chairman, who carefully checks the data
before assigning an official IMA number to the proposal. It is then
forwarded to the CNMNC members for direct voting, with a two-month
deadline. The members have to vote separately on the validity of the
mineral, and on its name. A two-thirds voting majority is required for
the acceptance of both.

Nomenclature proposals have to be submitted to the 1% Vice-Chairman,
in a free publication-type format. These proposals mainly concern name
modifications, species discreditations, revalidations or redefinitions,
as well as type/neotype sample (re)definitions. To change a mineral
name, good scientific arguments are necessary: a name cannot be
modified for personal conflicts of interest. The CNMNC guidelines
require authors to preserve historical and well-established mineral
names (Hatert et al. 2013). For species revalidations or discreditations,
it is recommended that the original type specimens, if available, be
investigated in detail. If the type samples are missing, historical samples
from the type locality, and/or investigations by the original authors of
the mineral, may also be used. The redefinition of chemical formulae
must pass through the CNMNC when some significant modifications
occur, as for example when a new chemical element is added to or
subtracted from the formula. However, if new data just show slight
modifications of atomic ratios in the formula, as for example when
the number of water molecules is revised, it is generally not necessary
to submit a nomenclature proposal. In such cases, the data may be
published without CNMNC approval, though we encourage authors
to send a copy of the paper to the CNMNC 2" Vice-Chairman in
order to update the CNMNC official mineral list (http://ima-cnmnc.
nrm.se/imalist.htm). Such modifications are then noted in the CNMNC
Newsletter (Mills, 2010).

The procedure to handle nomenclature proposals depends on the
complexity of the proposal. When the proposal is quite simple and
straightforward, a direct voting procedure is applied, with a maximum
deadline of two months. However, if the proposal is more complex, a
two-step procedure is applied, with a first round of comments, and a
second round for voting. The comments of the CNMNC members are
sent to the authors after the first round, and the new proposal, which
takes these comments into account, is sent to the members for voting.
This long procedure may take approximately four months.

ELEMENTS

L

International Mineralogical Association

Group nomenclature and classification proposals are handled by the
Secretary. The guidelines for the classification of mineral groups were
published by the CNMNC in 2009 (Mills et al. 2009). The establish-
ment of an official CNMNC list of mineral (super)groups is in progress.

The commission’s website is handled by the Chairman, and contains the
new mineral checklist, all CNMNC published nomenclature and groups
proposals, a list of unnamed mineral species, an official mineral list,
and the CNMNC Newsletter. This newsletter presents recently accepted
new minerals and changes to nomenclature, and it is published on a
bimonthly basis in the Mineralogical Magazine and European Journal of
Mineralogy. Tts editor is the 2" Vice-Chairman, who also updates the
official IMA-CNMNC mineral list at the same time. We encourage all
members of the mineralogical community to visit our website (http://
nrmima.nrm.se/), where all documents are freely available.

Finally, we would like to underline the involvement of the CNMNC
members, who work on a volunteer basis for the commission: thank you
so much! This represents a huge task: nowadays, no less than 120 new
mineral, ten nomenclature and two group proposals are handled each
year. The work of the CNMNC can be compared to a classical review
process in scientific journals. The main difference is that the proposals
are evaluated by up to 34 reviewers, thus ensuring a good reliability of
the CNMNC evaluation process. All authors are encouraged to submit
their proposals to the CNMNC. They will be forwarded to the members
if they are scientifically grounded and follow our guidelines. However,
as in all scientific publications, it may appear that some mineralogists
do not agree with our decisions; this is particularly sensitive when
mineral species are discredited or renamed. In that case, the authors
are free to submit a proposal to revalidate or rename the species; if it is
scientifically grounded, the CNMNC may modify its decision. Neither
the IMA, the CNMNC, nor its individual members and officers may
be considered as legally responsible for any decision. We all act as
volunteers to ensure a consistent mineral nomenclature, in order to
facilitate the progress of mineral science.

Frédéric Hatert (1% Vice-Chairman, CNMNC)!
Marco Pasero (2" Vice-Chairman, CNMNC)?2
Stuart J. Mills (Secretary, CNMNC)?3

UIf Halenius (Chairman, CNMNC)#4
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ABSTRACT

Mineralogical nomenclature in solid-solution series follows a system that has been called the 50% rule, more correctly the
100%/n rule or the dominant-constituent rule, in which the constituents are atoms (cations or anions), molecular groups, or vacan-
cies. Recently developed systems of nomenclature for the arrojadite and epidote groups have shown that a group of atoms with
the same valency state must also be considered as a single constituent to avoid the creation of impossible end-member formulae.
The extension with this dominant-valency rule is imposed by all cases of coupled heterovalent-homovalent substitutions. End
members with a valency-imposed double site-occupancy may result from single-site heterovalent substitutions and from coupled
heterovalent substitutions at two sites where there is a disparity in the number of these two sites.

Keywords: mineral nomenclature, solid-solution series, dominant-constituent rule, dominant-valency rule, IMA-CNMNC.
SOMMAIRE

La nomenclature minéralogique au sein des solutions solides suit une régle généralement connue sous le nom de “régle des
50%”, mais qui devrait plus exactement s’appeler “régle des 100%/n” ou “régle du constituant dominant”. Le terme “consti-
tuant” peut désigner des atomes (cations ou anions), des groupements moléculaires ou des lacunes. Récemment, les révisions de
nomenclature au sein des groupes de I’arrojadite et de I’épidote ont démontré que des groupes d’atomes homovalents devaient
également étre considérés comme un seul et unique constituant, de manicre a éviter 1’apparition de formules chimiques aberrantes
pour les termes extrémes. Cette extension vers une “régle de valence dominante” est absolument nécessaire lorsque des substitu-
tions couplées homovalentes et hétérovalentes sont impliquées. Des termes extrémes présentant une occupation double de sites
cristallographiques peuvent résulter soit d’une substitution hétérovalente affectant un seul site, soit de substitutions hétérovalentes
couplées affectant deux sites, lorsqu’il existe une différence de multiplicité entre ces deux sites.

Mots-clés: nomenclature des minéraux, solutions solides, régle du constituant dominant, régle de valence dominante, IMA—
CNMNC.

INTRODUCTION

The Commission on New Minerals, Nomenclature
and Classification (CNMNC) of the International
Mineralogical Association (IMA) has defined the
nature of minerals (Nickel 1995). The IMA-CNMNC
considers the terms “mineral species” and “mineral” to
be identical (Dunn & Mandarino 1987, Nickel & Grice
1998). The criteria for the definition of a new mineral
(species) currently used by the IMA—CNMNC (Nickel

8 E-mail address: fhatert@ulg.ac.be

1992, Nickel & Grice 1998) involve what should now be
called the rule of the dominant constituent: a mineral is
a distinct species if the set of dominant constituents at
the sites in the crystal structure is distinct from that of
any other mineral with the same structural arrangement.
Nickel (1992) called this rule for the sake of brevity
the 50% rule, a name that unfortunately is a source of
confusion, as this name can of course only be applied in
binary systems: the predominant occupancy of a site in
multicomponent (three and higher) systems is of course
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much lower than 50%. Wenk & Bulakh (2004) proposed,
therefore, to use the name 100%/n rule (with n being the
number of components). But it is recommended to use
the more descriptive name dominant-constituent rule,
in which the term “constituent” may designate atoms
(cations or anions), molecular groups, or vacancies.

The earlier guidelines for mineral nomenclature
recommended by the then Commission on New
Minerals and Mineral Names (CNMMN) of the IMA,
as published by Nickel & Mandarino (1987), did not
cover the nomenclature problems related to solid-
solution series. There was only a general guideline for
compositional criteria: “At least one major structural
site should be occupied by a different chemical compo-
nent than that which occurs in the equivalent site in an
existing mineral.”

Nickel (1992) published the current CNMMN-
CNMNC guidelines for mineral nomenclature within
three categories of solid-solution series (complete
solid solutions without structural order, solid solutions
with structural order and partial solid solutions). These
guidelines focused mainly on the general influence of
compositional ranges, not on the occupancies of indi-
vidual crystallographic sites.

In the more recent CNMMN procedures and guide-
lines on mineral nomenclature, Nickel & Grice (1998)
broadened the general guideline for compositional
criteria by omitting the word “major” from the previous
ones: “At least one structural site in the potential
new mineral should be predominantly occupied by a
different chemical component than that which occurs
in the equivalent site in an existing mineral species.”
Nickel & Grice (1998) also regarded site vacancies as a
component in the dominant-constituent rule, prescribed
crystal-structure analysis to apply this rule for sites in
minerals with complex structures, and suggested the
grouping of sites in such structures.

The current dominant-constituent rule is applied in
most approved new-mineral proposals. On the one hand,
this rule has in some instances been applied rigorously,
thus leading to some (substantiated) proliferation of new
mineral species as, e.g., in the complex labuntsovite
and eudialyte groups (Chukanov et al. 2002, Johnsen
et al. 2003). However, on the other hand, besides the
well-known problems in the nomenclature system in the
complex amphibole group (Hawthorne & Oberti 2006),
new nomenclature systems for minerals of the arrojadite
and epidote groups have recently been approved by the
CNMNC that do not follow the current definition of the
dominant-constituent rule (Cdmara et al. 2006, Chopin
et al. 2006, Armbruster et al. 2006). In these systems,
the dominant-constituent rule has been extended by
considering “a group of atoms with the same valency
state” as a single constituent.

Moreover, Hawthorne (2002, and pers. commun.)
had already pointed out several problems in the nomen-
clature of certain end-members in complex mineral
groups (e.g., tourmaline and milarite).

THE CANADIAN MINERALOGIST

Our aim in this paper is to clarify, revise and extend
the dominant-constituent rule, taking into account the
recent problems encumbering or prohibiting a strict
application of the rule. Mineralogists wishing to define
members of known solid-solution series are required
to follow the recommendations set out in this paper.
However, mineral names previously accepted by the
IMA-CNMMN-CNMNC that contravene the recom-
mendations should not be changed without a formal
vote of members of the CNMNC.

COMPLETE SOLID-SOLUTIONS
WITHOUT STRUCTURAL ORDER

Homovalent substitutions at a single site

The simplest binary case is where an atom B"*
replaces the atom A™ at a defined crystallographic
M site, according to the substitution mechanism A",
«— B"™,,. Such a solid-solution series, which involves
mutual substitution of only two kinds of atoms, leads
to two different mineral names for each compositional
range from the end members to the 50 mol.% mark
(Fig. 1a).

Example 1: Mg < Fe?" in the series diopside—
hedenbergite, CaMgSi,Og < CaFeSi,Og.

Example 2: As < Sb in the series luzonite—fama-
tinite, CuzAsSy; < CuszSbS,.

The example usually given for this type of solid
solution, Mg,Si04 < Fe,SiO4 (forsterite—fayalite in
the olivine series), is not appropriate, as the substitu-
tion takes place at two different crystallographic sites
(see below).

Where more than two kinds of homovalent atoms
occur at a single crystallographic site, the predominant
atom has to be considered in defining the mineral
species. Consequently, the 50% mark is not applicable
any longer, and instead the limit becomes 33.3% (three
atoms, Fig. 1b), 25% (four atoms) or 20% (five atoms)
marks in the dominant-constituent rule.

Example 1: In the preisingerite group, mutual
substitution of the anionic groups (AsOy), (VO,4) and
(POy) leads to three fields in the composition triangle,
with the end-members preisingerite, Biz(AsO4),O0H,
schumacherite, Biz(VO,4),O0H, and petitjeanite,
Bi3(PO,4),O0H.

Example 2: In the structure of schoenfliesite-group
minerals, with formula XSn(OH)g, one octahedral site
can be dominated by six different homovalent cations,
whereby X = Mg is dominant in schoenfliesite, Fe?* in
natanite, Mn?* in wickmanite, Cu?* in mushistonite, Zn
in vismirnovite, and Ca in burtite.

Independent homovalent substitutions at several sites
The simple binary case (Fig. 1a) of homovalent

substitution can take place at more than one site in a
crystal structure.
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Diagrammatic representations of homovalent substitutions. a. Complete binary

solid-solution series. b. Complete ternary solid-solution series.
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Example: The substitutions Mn?* < Fe?* at the A
site and Nb>* < Ta’* at the B site in the columbite group
lead to four end members (using the new nomenclature:
Burke 2008): columbite-(Fe) (FeNb,Oy), tantalite-(Fe)
(FeTay0g), columbite-(Mn) (MnNb,Og), and tantalite-
(Mn) (MnTay0g).

Coupled heterovalent substitutions at a single site

In a coupled heterovalent substitution at a single
crystallographic site (Fig. 2), the A™ atom, located at
an M site, is progressively replaced by an equal amount
of B™D+ and C™D* according to the substitution
mechanism A™,, < 0.5 B®™D+, + 0.5 ™D+, The
composition of one end member contains only A™ at
the M site, but the other end member contains an equal
amount of B™D* and C™D* at this site. The dominant-
constituent rule in such a series leads to the boundary
mark [A" sB™ D+, ,sCM=D*, 5517, between the two
end members.

Example 1: The substitution Ce** — 0.5 Ca®*
+ 0.5 Th** in monazite-(Ce), Ce(POy,), leads to the
end member cheralite (formerly called “brabantite”),
(Ca%**) sTh*( 5)(POy) (Linthout 2007).

Example 2: The substitution Fe** — 0.5 Li'*
+ 0.5 AIP* at the Y sites of the tourmaline mineral
schorl, NaFe?*3Al4(Sis015)(BO3)3(OH),, leads to

the end member elbaite, Na(Li; 5Al; 5)Alg(SigO1g)
(BO3)3(OH)s4.

Single-site heterovalent substitutions lead thus to
end members with (disordered) sites occupied by two
constituents, imposed by the differences in valency of
the two constituents: this is valency-imposed double
site-occupancy.

Coupled heterovalent substitutions at two sites

Where a heterovalent substitution occurs at a given
crystallographic site, the charge balance can also be
maintained by coupling this substitution to another
heterovalent substitution at a different site (Fig. 3a). At
the M site, the atom A™ is progressively replaced by
B™D* and to maintain charge balance, the atom C®*D+
is progressively replaced by D" at the N site. The
substitution mechanism is A™); + C+D+y — BO+D+
+ D™y, and the boundary site-occupancies between
the two members of the series are [A™(sB™ D%, 5]y
[CT+D* sD™ 5]y

Example 1: The two-site coupled substitution Na'*
+ Si** > Ca?* + AI** leads to the end members albite,
Na(AlSi30s), and anorthite, Ca(Al,Si,0s), in the plagio-
clase series.

Example 2: The two-site coupled substitution Cu'*
+ As>* — Zn> + Ge** leads to the compositional
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variation Cu;;GeAsFesSi¢ — Cuj0ZnGe,FesSig in the
mineral renierite (for which no separate names for the
end members have been used or proposed).

Example 3: The two-site coupled substitution
Mn?*4 + Sn**p « Li'*, + Ta’*; leads to the end
members wodginite, MnSnTa,Og, and lithiowodginite,
LiTaTazOg.

Coupled heterovalent substitutions at two sites lead
to end members with valency-imposed double site-
occupancy (see above) where there is a disparity in the
multiplicity of these two sites.

Example 1: The substitution [J4 + Ca’>*p «
Na'*, + Na'*z in the amphibole mineral tremolite,
[ICayMg5(Sig022)(OH),, leads to a valency-imposed
double occupancy of the B site in the end member
richterite, Na(CaNa)Mgs(SigO,,)(OH), (Hawthorne &
Oberti 2006) because there are two atoms at the B site,
but only one at the A site.

Example 2: The substitution Ti*"; + Ca%*y —
Al’*; + REE**y in the hellandite-group mineral
tadzhikite-(Ce), CasCe,rTil_1x(Si4B402,)(OH),, leads to
a valency-imposed double occupancy of the X sites in
hellandite-(Ce), (CazREE)s4Ces Al ](Si14B402,)(OH),
(Oberti et al. 2002) because there are four atoms at
the X sites, but only one at the Z site. The hellandite
group has more examples of such heterovalent pairs at
a single site.

Hawthorne (2002) has extensively discussed such
valency-imposed double site-occupancy for some end
members, notably in the milarite group.

Example: The end-member formula of milarite
(omitting H,O for simplicity) is CaK[(Be,Al)Sij2030].
The coupled substitution Ca** + AI’** — Sc* + Be?*
leads to the end member (ScCa)K[Be3Si;,03] in
which the A site must have a double occupancy (ScCa)
because there is only one Al that can be replaced by

THE CANADIAN MINERALOGIST

Be at the 72 site. This end member is to be named
oftedalite. On the basis of the strict application of
the current dominant-constituent rule, however, the
IMA-CNMNC approved in 2004 the mineral oftedalite
as being Sc-dominant at the A site with the formula
(Sc,Ca,Mn),K[(Be,Al)3S11,039] (Cooper et al. 2006).
But milarite can only become Sc-dominant (and thus be
named oftedalite, according to the rules valid in 2004)
if some Ca is partly replaced by a third cation at that
site; otherwise Ca will usually have more than 50%
occupancy, and such specimens are then simply Sc-rich
milarite. The adoption of the new dominant-valency
rule, however, causes additional problems about the
current definition of oftedalite (see below).

Remark: Spinel-group (AB,04) and thiospinel-group
(AB,S4) minerals occur in “normal” and “inverse”
spinel structures. End-member magnesiochromite has
a normal spinel site-occupancy, Mg?*Cr3*,04; end-
member magnetite has an inverse spinel site-occupancy,
Fe3*(Fe?*Fe3*)0,. There is a complete solid-solution
series between magnesiochromite and magnetite, but
without certainty about the cation distribution in the
intermediate members. For the sake of nomenclatural
simplicity, divalent and trivalent cations are kept
separate in (thio-)spinels, regardless of their (double)
site occupancies, as these are not imposed by valency
considerations.

Coupled heterovalent—homovalent substitutions

Coupled heterovalent substitutions, at a single site
or at two sites, become more complex if an additional
homovalent substitution takes place. In the case of
a coupled heterovalent substitution at two sites, a
homovalent substitution at one of these sites causes the
following problem (Fig. 3b). Starting from a composi-

HETEROVALENT SUBSTITUTIONS
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Fic. 2. Diagrammatic representation of heterovalent substitution at a single site.
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Diagrammatic representations of heterovalent substitutions involving two sites.

a. Coupled heterovalent substitution at two sites. b. Coupled heterovalent—-homovalent
substitution, leading to the dominant-valency rule.

tion [A™ 4B D 6] [CT+D*g 4D 6]n. the homovalent
substitution E™y— D™y could progressively take place,
leading to an eventual composition [A™4B™ % ¢y
[C™+D*) 4D™ o 3E™ 3]y. The strict application of the
dominant-constituent rule would indicate that this
composition corresponds to a new species, with C+D+
instead of D"* as the dominant constituent at the N site.
However, the end-member formula for this supposedly
new species, [B™D+],,[C™*D*]y, is impossible because
it is not charge-balanced.

This valency-nomenclatural problem can be solved
by considering the elements of the homovalent substi-
tution E™y — D™y as a whole, so that the group of
cations with n* valency are still dominant at the N site,
in spite of the majority of C™*D. Consequently, species
with such coupled heterovalent-homovalent substitu-
tions must be defined by the most abundant amongst
the cations with the same valency state at this site, here
n*. This rule is called the dominant-valency rule, as
it is necessary to preserve charge balance in any end-
member formula. This rule is thus an extension of the



10

IMA-compendium, Melbourne, 2018

722 THE CANADIAN MINERALOGIST

current dominant-constituent rule, brought about by
considering a group of atoms with the same valency
state as a single constituent.

An important implication of this valency rule
becomes evident if compositions of such minerals are
plotted in a triangular diagram. As shown in Figure
3b, the usual boundaries crossing at the center of the
diagram (33.3% of each component, Fig. 1b) are signifi-
cantly displaced, and atom C needs dominance over the
group (D + E) at the N site to allow the definition of
a new species.

This dominant-valency rule is not new, as it was
already applied (albeit without this specific name) by
the CNMMN for rare-earth minerals (Nickel & Grice
1998): “An example of a situation that may arise is
one in which a mineral with a particular structural site
is occupied by both Ca and REE, and the sum of the
REE elements (in molar proportions) is greater than that
of Ca, but individual REE elements are subordinate to
that of Ca. In such a case, the mineral is regarded as a
rare-earth mineral, with a Levinson modifier specifying
the predominant REE.”

The dominant-valency rule should also be applied
to minerals with coupled heterovalent—-homovalent
substitutions at a single site.

Example: The Y-site composition (Fe>*| sLig 75Aly.75)
is the boundary between schorl and elbaite series in
their solid-solution series (see above). A composition
(Fe?*| goLig.70Alp.70) represents thus schorl, but what
about the COIIlpOSitiOIl (F62+0.60Mg0_50MI]0'5()Li0_70A10_70)
caused by a multiple homovalent substitution? Applica-
tion of the current dominant-constituent rule would lead
to the name elbaite (as Li and Al are now the dominant
elements at the site). But this is erroneous: the divalent
ions (Fe + Mg + Mn) are still dominant (3 = 1.60),
with Fe?* as the dominant ion, and the composition
corresponds to schorl.

A number of examples illustrate the application of
the dominant-valency rule to coupled heterovalent—
homovalent substitutions at rwo sites.

Example 1: A simple case is given by the plagioclase
feldspars. Albite, NaAlSi3Og, is related to anorthite,
CaAlSi,Og, by the substitution mechanism Na!* + Si**
— Ca® + AI’**. This coupled heterovalent substitution
at two sites of the feldspar structure may lead to an
empirical composition (Nag ¢Cag 4)Al; 4Sis ¢Og, which is
clearly albite. A second, homovalent substitution Nal*
— K!* may lead to a (high-temperature) composition
(Cag.4Nap 35K .25)Al; 451 60s. According to the current
dominant-constituent rule, this mineral is Ca-dominant
and would thus be anorthite. But its idealized end-
member formula, CaAlSi;Og, is not charge-balanced!
Application of the dominant-valency rule, however,
clearly shows that the monovalent cations are dominant
at the large crystallographic site, not Ca. Amongst these
monovalent cations, Na is the dominant one, and this
sample is thus simply a Ca- and K-rich albite.

More complex examples of minerals for which this
dominant-valency rule has to be applied have recently
been provided by Cdmara et al. (2006) and Chopin et
al. (2006) in the arrojadite group. The application of
this dominant-valency rule has been approved by the
CNMNC.

Example 2: On considering a solution for the
nomenclature problems in the arrojadite group, the
dominant-constituent rule is implemented as follows:
in a relevant site, the dominant cation of the dominant
valency state is considered for nomenclature. Note
that in case of multiple occupancy of a site involved
in a heterovalent-homovalent exchange, the dominant
cation of the dominant valency state may not be the
site-predominant cation.

An arrojadite-group mineral has a formula:
A1A2B2C3N32+XM13A1(PO4)11(PO3OH)1,XW2. The
mineral arrojadite-(KNa) is thus KNaNa,CaNa,
Fe3Al(PO4);1(PO3sOH)(OH),. Substitutions at the Al
site lead to (Bag 40K 35Nag 25)(Nag ¢[_lo.4)NayCaNa,Fe 3
Al(PO4);1(PO3OH)(OH);. This specimen does not
receive the name arrojadite-(BaNa), but remains
arrojadite-(KNa) because K is the dominant cation of
the dominant valency at site Al.

Also, the many coupled heterovalent-homovalent
substitutions in the epidote-group minerals require
the application of the dominant-valency rule in the
solid-solution series. This is necessary because strict
adherence to the rule based on the dominant ionic
species leads to inconsistencies and unbalanced
formulae (Armbruster et al. 2006). The application of
this dominant-valency rule has been approved by the
CNMNC.

Example 3: In the clinozoisite subgroup, the domi-
nant trivalent cation at the M3 site determines the name,
whereas the cation at the A2 site appearing in the suffix
has to be selected from among the divalent cations.
An epidote-group mineral has the generic formula:
A1A2M1M2M3(T,07)(TO4)(O,F)(OH,0). Following
this sequence, clinozoisite is CaCaAlAlAl(Si;07)(SiO4)
O(OH). Consider now the A2 occupancy (Ceg3sLag s
Cayp.30Sr0.20Pbo 10). Because (REE)* < 0.5, the mineral
belongs to the clinozoisite subgroup. Although Ce is
the dominant cation at A2, the critical cation is Ca, the
dominant divalent cation. No suffix is needed because a
suffix is only added for a dominant A2 cation other than
Ca. The A2 occupancy (Ceo,35La0.05Sr0,3OCa0_20Pbo'10)
would thus lead to the name clinozoisite-(Sr). Similarly,
with the M3 occupancy (Mgg 40Alg 35Fe3*0.25), the domi-
nant M>* ion (i.e., Al, not Mg) is decisive for the root
name of the species, again clinozoisite (with Ca domi-
nant in A2). The M3 occupancy (Mgg40Fe**(35Al025)
would thus lead to the name epidote.

Example 4: In the allanite and dollaseite subgroups,
for the sites involved in the charge compensation of
a heterovalent-homovalent substitution involving A2
and O4 (i.e., M3 in the allanite subgroup; M3 and also
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M1 in the dollaseite subgroup), identification of the
relevant end-member formula must take into account
the dominant divalent charge-compensating octahedral
cation (M**) and not the dominant cation at these sites
(Armbruster et al. 2006).

An epidote-group mineral has the generic formula:
ALA2M1M2M3(T,07)(TO4)(0O,F)(OH,0).

Following this sequence, allanite-(Ce) is
CaCe**AlAIFe?*(Si,07)(Si04)O(OH). For an allanite-
subgroup mineral where M3 is not dominated by a
single divalent cation but by several, so that a trivalent
cation is the most abundant one, e.g., Ca(Cey¢Cag.4)
AIAI(Alp 4Fe?*) 3Mgo 2 Mn?*)1)(Si»07)(Si04)O(OH),
Fe?* is dominant among the M** cations, i.e., Fe?* is
the dominant charge-compensating cation. Thus the
mineral would properly be named allanite-(Ce). The
M3 occupancy (Alg4Mgg3Fe**o,Mn**y ) leads to the
name dissakisite-(Ce).

The dominant-valency rule is also valid for anionic
sites.

Example 1: Oxidation of iron in annite,
KFe?*3(AlSi30,0)(OH),, evolves along the reaction Fe>*
+ (OH)- — Fe** + 0% (Dercourt et al. 2001). Partial
oxidation of iron and some substitution of (OH) by F
could lead to a composition K(Fe?*; ,Fe3* §)(AlSiz01)
[00.8(OH)o.7F¢5)]. In spite of oxygen dominance at the
anion A site, this specimen cannot be called “oxyan-
nite”, as the sum of monovalent anions at the A site is
higher than the oxygen occupancy. The name is thus still
annite or, using some modifiers of Bayliss ez al. (2005),
iron(3+)-enriched F-bearing annite. On the other hand,
using the same dominant-valency rule for the composi-
tion K(Fe?*; ;Fe? 8)(A1Si3010)[Op sFo.7(OH)g 5] would
result in the name fluorannite. The end-member formula
of “oxyannite” is K(Fe**,Fe?*)A1Si30,¢0,, an example
of “valency-imposed double site-occupancy”.

Example 2: The end-member formula of stanékite is
Mn?*Fe3*(PO4)0, and that of triploidite is Mn>*»(POy)
(OH). The composition (Mn?*| ¢gFe3*(.40)(PO4)
[00.40(OH)0.35F0.25] has oxygen as the dominant
constituent at the additional anion site. Nevertheless, the
specimen does not get a new mineral name (“oxytrip-
loidite”); it is simply triploidite because the sum of the
monovalent additional anions is higher than that of the
divalent ones. The end-member formula of stanékite
is also an example of “valency-imposed double site-
occupancy’.

The adoption of the extension of the dominant-
constituent rule with the dominant-valency rule for the
description of new minerals in the future has possible
implications for minerals that have been approved in the
past on the basis of the old dominant-constituent rule.

Example 1: The pumpellyite series consists of
five end members [pumpellyite-(Mg), pumpellyite-
(Fe?*), pumpellyite-(Mn>*), pumpellyite-(Fe**) and
pumpellyite-(Al)], based on the dominant cation at
the M1 site. The dominant presence of trivalent ions
at that site is balanced by the replacement of the H,O

molecule by (OH), e.g., CayAlAlx(SiO4)(Si,07)(OH);.
The empirical formula of the IMA-CNMNC-approved
pumpellyite-(Al) is (Caj.99Nago1)s2.00(Alg42Fe?*0.33
Mg.24Mng 01)31.00AL2,00(Si04)(Si207)(OH); 42°0.58H,0
(Hatert ef al. 2007). Aluminum as a single element is
dominant at the M1 site (0.42 apfu Al), but the sum of
the divalent ions (Fe + Mg + Mn) is greater (0.58 apfu).
If the dominant-valency rule is applied, the name of this
mineral is not pumpellyite-(Al) but pumpellyite-(Fe*),
because Fe?* is the dominant cation of the dominant
valency at that site. Crystal-structure refinement of the
same pumpellyite-(Al) specimen showed, however, that
the occupancy of the M1 site is 75% Al, 12.5% Mg and
12.5% Fe?*. A similar discrepancy between chemical
and crystal-structure-derived M1 site occupancies has
been described for a sample of pumpellyite by Yoshiasha
& Matsumoto (1985), (Alg47Mgo33Fe**023)s1.03
and (80% Al, 20% Fe**), respectively; on the basis of
its chemical composition, this specimen would now be
named pumpellyite-(Mg). Several chemical composi-
tions of pumpellyite-group minerals (e.g., Passaglia &
Gottardi 1973), however, show Al to be dominant at
the M1 site; these are examples of real pumpellyite-
(Al) specimens.

Example 2: Ganterite has been approved as the
Ba-dominant analogue of muscovite (Graeser et al.
2003). The empirical formula is (Bag 44K.28Nag 27)s0.99
(AL} 8aMg 00Fe* 0,04 Tio.04)52.01 [Si272Al1 25010](OH) 1 0.
Barium is indeed the dominant constituent at the 7 site
(0.44 apfu), but the sum of the monovalent ions (K +
Na) is greater (0.55 apfu). Application of the dominant-
valency rule in the scheme of mica nomenclature would
not lead to a new mineral, but its name would be a
Ba-rich muscovite, although the amount of VSi and Y'Al
in apfu fall outside the range indicated for muscovite
by Rieder et al. (1998).

As stated in the introduction, it is not our aim in this
paper to automatically change mineral names previously
accepted by the IMA-CNMNC, even where this new
dominant-valency rule is to be applied in the future.
There is even an example where the old dominant-
constituent rule is to be maintained because application
of the dominant-valency rule would make the existence
of the mineral almost impossible.

Example: This very special case is oftedalite. It is
unique, perhaps with the exception of the hypothetical
Y-dominant analogue of milarite and oftedalite, which
may also exist in nature (Hawthorne 2002). It has
been stated (see above) that milarite can only become
Sc-dominant at the A site (and thus be named oftedalite
following the old dominant-constituent rule) if some
Ca is replaced by a third cation at that site, otherwise
Ca will usually have more than 50% occupancy,
such specimens are then simply milarite. But if that
third cation also is divalent, then the application of
the dominant-valency rule changes oftedalite back to
milarite! The empirical formula of oftedalite is (Scy g6
Cag70Mn**g 15Fe**0.04Y0.03)32.00K0.98(Be2.91Alo09)53.00
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Si11.98030 (Cooper et al. 2006). It is true that Sc is
dominant as a single element at the A site, but the sum
of divalent ions (Ca+Mn+Fe) is greater (1.01 apfu) than
the sum of the trivalent ions (Sc+Y = 0.99 apfu). The
new valency-dominant rule implies that in oftedalite Sc
must be the dominant cation of the dominant valency
at the A site (except for the end member, which has a
valency-imposed double site-occupancy; see above).
Current samples of “oftedalite”, as previously defined
by the old constituent rule, are thus simply Sc-rich
milarite as defined by the new constituent rule. It is
of course possible, however, that Ca is replaced by a
monovalent ion, e.g. Na'*, so that Sc is the dominant
cation of the then dominant trivalent ions, in that case
producing an oftedalite specimen that obeys both the
dominant-constituent and the dominant-valency rules.

Grouping of crystallographic sites

It is frequently observed that a group of similar
cations or anions can occupy more than one crystal-
lographically distinct site. Such sites with similar
crystal-chemical roles may be considered as a whole
in nomenclature proposals.

Example 1: The olivine structure has two octahedral
sites, M1 and M2, which in the forsterite—fayalite series
are occupied by Mg and Fe?*, in a not completely disor-
dered way. However, recognition of only two species
is deemed to be appropriate, as the two intermediate
compositions and their implied arrangements are not
approached in nature (Hawthorne 2002).

Example 2: In the structure of wiluite, a vesuvianite-
group mineral, there are four 71 sites and one 72 site.
Ideally, only one of these sites needs to be more than
half-occupied by boron to give rise to a new mineral
species; thus there are four potential end-members
involving the T sites. However, some of the resulting
species can only be identified via crystal-structure
refinement to derive B occupancies at the 71 and 72
sites. This is obviously not practical, and therefore
wiluite was defined as containing > 2.5 B apfu, such
that the 71 and T2 sites have an aggregate occupancy
of greater than 0.5 (Groat et al. 1998).

Example 3: The nomenclature of the amphibole
group is based on the formula AB,CsTsO0,W,, where C
represents the group of five apfu in the three M(1), M(2)
and M(3) crystallographic sites (Leake et al. 1997).
Grouping these sites had to be done to avoid an unnec-
essary proliferation of mineral species in this complex
group, which would have been caused by the strict
application of the dominant-constituent rule to each
crystallographic site. The 1997 amphibole nomenclature
is based on the A, B and T groups of sites. Hawthorne
& Oberti (2006) argued that a nomenclature based on
the A, B and C groups of sites is to be preferred, as it is
in these groups that the maximum variation in chemical
composition occurs, and this scheme would thus also
be more in accord with the IMA-sanctioned dominant-

constituent principle. In their proposed scheme,
Hawthorne & Oberti (2006) deviate considerably from
the end-member rules of Hawthorne (2002), as most of
their proposed amphibole end-members need more than
one type of cation at more than one group of sites, even
up to three groups of sites, e.g., Na(CaNa)(Fe?*,Al)
(Si7A1)O22(OH); for katophorite. The C-site group may
have four different cations in the end-member formula,
e.g., NaNa,(MgMn>*,LiTi*)Si30,,0, for dellaven-
turaite; for valency reasons, this end-member formula
must have Mn?**, although the empirical formula has
only 0.85 apfu Mn>* (Tait et al. 2005). The amphibole
subcommittee of the CNMNC is working to establish an
acceptable scheme of nomenclature for this important,
but very complex group of minerals.

According to the current CNMNC rules (Nickel
1992, Nickel & Grice 1998), all crystallographically
distinct sites, even minor ones, may play a role in
mineral nomenclature. It might be a matter of discussion
whether it is desirable to return to the restriction in the
Nickel & Mandarino (1987) guidelines of using only
“major” structural sites. Meanwhile, there are examples
of both views in our nomenclature systems.

Example 1: The mineral stornesite-(Y) has recently
been described by Grew et al. (2006). This mineral
belongs to the fillowite group of phosphates, char-
acterized by the general formula (M>*Y,REE,Na)
(Na,K,[)2(Na,K)s(M**,Na,K)g(M>*,M**)43(PO4)36.
Depending on the dominant divalent cation at the 43 M
sites, the three minerals fillowite (M?* = Mn?*), john-
somervilleite (M?* = Fe?*), and chladniite (M** = Mg?*)
are defined. The main difference between chladniite
and stornesite-(Y) is the presence, in the latter, of small
amounts of Y and Yb occurring at the (0,0,0) position.
This position has a multiplicity of 3, whereas the other
M sites have generally multiplicities between 6 and
18. As a consequence, the amount of Y is 0.460-0.870
apfu or 0.97-1.85 wt.% Y,0s3, and the amount of Yb
is 0.056-0.105 apfu or 0.20-0.39% Yb,0s. A better
knowledge of the crystal chemistry of the fillowite
group is now required to confirm that the substitution
of divalent cations by Y and REE at the (0,0,0) position
really plays a significant role.

Example 2: In order to restrict the number of species
in the eudialyte group, it was decided to ignore the X
anion sites in nomenclature as a rule. To assist in the
evaluation of future proposals of these complicated
eudialyte-group minerals, however, it was recom-
mended that refined site-scattering data and a table of
site assignments for all sites relevant to the space group
in question should be submitted with the proposal.

Example 3: The fundamental structural formula
for arrojadite-group minerals is A,B,CaNay.M;3Al
(POy4)11(PO30H)_ W,. If the content of each site is
considered for nomenclature, the number of indepen-
dent cation sites in the formula unit has the potential to
yield a wealth of mineral names in the arrojadite group.
Regardless of whether or not such proliferation would
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be a service to Mineralogy, the mixed occupancy of
most sites (by Fe, Mn, Mg, and Li in the M sites; by
Ca, Na, Fe, and vacancies in the A, B, Ca and Na sites)
makes a unique assignment of site population impos-
sible in most instances, even if individual site-scattering
values are known through crystal-structure refinement.
Therefore, some sites were grouped, and in others, the
dominant-constituent rule was adapted to a dominant-
valency rule, as above.

There are thus divergent tendencies in establishing
systems of nomenclature for mineral groups, especially
in complex ones. On the one hand, crystal-structure
refinement allows in principle to determine occupancies
of all sites, and thus to use all of these in a system of
nomenclature. On the other hand, there is a definite need
for practical systems of nomenclature, i.e., systems that
can be applied on the basis of chemical data (usually
obtained by electron microprobe) or X-ray powder
diffraction alone, without having to resort to structure
refinement (which, as shown by the arrojadite-group
example, is not unequivocal in every case). To assist
the mineralogical community in its work, nomenclature
systems enabling mineral identifications with relatively
simple methods are certainly to be preferred.

PARTIAL SOLID-SOLUTION
WITHOUT STRUCTURAL ORDER

Binary partial solid-solution series

The case of partial solid-solution series has already
been addressed in detail by Nickel (1992), and only
an overview of the issue will be given here. If there
is limited solid-solution in the vicinity of one or both
end-members, and the solid solution does not extend to
the 50% boundary (in a binary system), then the domi-
nant-constituent rule is generally applied (Fig. 4a). For
purposes of nomenclature, it does not matter whether
or not both end-members are isostructural.

Example: Solid solution in the system hematite—
ilmenite, Fe**,03 — Fe>*Ti**0;, at low temperatures is
limited to small ranges near the end members.

If the miscibility gap in a binary solid-solution
series between non-isostructural phases is to one side
of the 50% mark, the composition of one of the two
members will extend beyond the 50% mark (Fig. 4b).
Nickel (1992) made a distinction in these ranges beyond
50% between a “small” one and a “substantial” one,
the dividing line between these being “about 10 mol.
%, although each situation should be regarded on its
own merits”. Only “substantial” ranges would merit
a separate name. A new name, however, should be
given to any range beyond the 50% mark if it can be
satisfactorily demonstrated that a given composition
exceeds the 50% mark. There is, after all, not such
a 10% “no-name-land” for members around the 50%
mark in complete solid-solution series.

Example: The system ZnS (sphalerite) — FeS is a
partial solid-solution series, with solution of FeS in ZnS
ending at 66 mol.% FeS. The Fe-dominant phase with
a sphalerite-type structure and compositions between
Zny sFeosS and Zng 34Feg 66S has been approved as the
mineral rudashevskyite.

A different approach to nomenclature has to be
considered if the known compositions in a binary partial
solid-solution series cluster around the 50% mark, but
do not appear to extend to either end-member (Fig.
4c). In principle, only one name should be given to
such a limited compositional range because the situa-
tion also applies to small deviations from the fixed 1:1
ratio in valency-imposed double site-occupancies (see
above). The distinction in these cluster ranges made by
Nickel (1992), now between “small” and “large”, for
the eventual use of separate names might have to be
used if the range is shown to extend beyond the cluster
conception.

Example: In pentlandite, Fe(Fe,Ni)sSg, Fe and
Ni substitute for each other to a limited extent, with
compositions centered around Fe:Ni = 1:1; composi-
tions near the Fe and Ni end members are not known.
It has not been found necessary to divide pentlandite
into two species.

Ternary partial solid-solution series

Similar considerations should be applied to ternary
or higher-order partial solid-solution series (Figs. 5a, b).
It is evident that analysis of new mineral specimens
may enlarge the compositional range within a partial
solid-solution series, thus bringing a mineral from the
left side to the right side of Figure 5 (or from the upper
to lower level in Fig. 4c), and eventually necessitating
a change in nomenclature.

SOLID SOLUTIONS WITH STRUCTURAL ORDER

If there is structural order involving the ions that
define the end members within an otherwise disordered
solid-solution series, the ordered phase is to be given a
mineral name different from those of the end members.
Where structural ordering occurs, at least one crystal-
lographic site is split in two distinct positions, thus
leading to a change of symmetry and also commonly
to a doubling of some unit-cell parameters. A somewhat
artificial ordering of cations, without a specific table
of site occupancies, but with a concurrent artificial
lowering of symmetry, should be avoided as the key
point in new-mineral proposals.

Example 1: Ordering of Ca and Mg ions in dolomite,
CaMg(COs3),, results in a crystal structure distinct from
those of the end members calcite, CaCOs, and magne-
site, MgCO; of the (Ca,Mg)COj; series.

Example 2: At temperatures below 700°C, Mg and
Al atoms are disordered in the diopside, CaMgSi,Og,
and jadeite, NaAlSi,Og, end members with C2/c space
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BINARY PARTIAL SOLID SOLUTIONS

« 50 % mark »

a

A ‘ B
Mineral 1 Mineral 2

50 %

« 50 % mark »

A ‘ B
Mineral 1 / Mineral 2

50 %

b Mineral 3
« 50 % mark not applicable »
50 %
A B
Mineral 1
« 50 % mark »
50 %

Mineral 1 Mineral 2

FiG. 4. Diagrammatic representations of partial binary solid-solution series. a. Series with
a miscibility gap. b. Series with a miscibility gap, but with one member encompassing
the midpoint. c. Series with members limited around the midpoint.

group, but ordered in the intermediate member ompha-
cite, ideally (CagsNag s)(MgosAlys)SinOg, with P2/n
space group.

Both are examples of so-called “non-convergent
order” in thermodynamics.

CONCLUSIONS

The nomenclature of members in complete solid-
solution series remains in principle determined by the
application of the dominant-constituent rule, but the
rule has been extended with the dominant-valency
rule by considering a group of atoms with the same
valency state as a single constituent. The old dominant-
constituent rule (with only atoms, molecular groups or
vacancies as constituents) can only be applied without
problems or errors to solid-solution series involving

homovalent substitutions or singular coupled heterova-
lent substitutions. The extension with the dominant-
valency rule is imposed by all cases of coupled
heterovalent-homovalent substitutions. The application
of the old dominant-constituent rule in such systems is
a possible source of problems or errors, as illustrated
by examples given in this paper. The extension with the
dominant-valency rule is necessary to establish charge-
balanced end-member formulae for solid-solution series
with complex mechanisms of substitution.

Although these general guidelines are recom-
mended, a certain degree of flexibility might be neces-
sary in the cases of conflicting dominant-constituent and
dominant-valency rules, and in partial solid-solution
series. Proposals for mineral names in this category
will be judged by the CNMNC on the merits of each
particular case.
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A

Nz

A

1 mineral

3 minerals

Mineral 1

Mineral 2

1 mineral

3 minerals

Fig. 5. Diagrammatic representations of partial ternary solid-solution series. a. Series
with members encompassing geometrical boundaries. b. Series with members having
compositions about the geometric midpoint.
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Abstract: New CNMNC guidelines are established, in order to standardize the use of prefixes and suffixes in mineral nomenclature,
and to preserve historical names. The recommendations for the use of suffixes are: (I) chemical suffixes have to be in parentheses,
except for extra-framework cations; (II) a maximum of three chemical suffixes is allowed; (III) cations and anions should never be
used together in the parentheses. For the use of prefixes, the following guidelines were adopted: (I) for common names, prefix-type
nomenclature is preferred to facilitate the pronunciation; (II) an unnecessary proliferation of prefixes must be avoided, and a
maximum of three chemical prefixes is recommended; (III) it is allowed to use a combination of chemical, structural or other
descriptive prefixes; (IV) when Levinson modifiers are used as suffix for REE, then other cations or anions have to be placed as a
prefix; (V) in case of polytypes and topologically similar polymorphs, a chemical prefix-type nomenclature is preferred, since the
polytype and polymorph symbols have to be suffixes. When possible, the CNMNC recommends to avoid changing names, especially
for grandfathered species. Well-established mineral names or names dedicated to localities or persons have to be preserved, except if
the species is shown to be not valid. Historical names cannot be changed in order to standardize the nomenclature of a group or

supergroup, since mixed nomenclature systems are now accepted by the CNMNC.

Key-words: IMA-CNMNC, new guidelines, prefixes, suffixes, mineral nomenclature, historical mineral names.

1. Introduction

Mineralogical nomenclature is a particularly complex mat-
ter, because the procedures to define mineral species have
become more elaborate since the development of chemis-
try in the 18th century, and of X-ray diffraction in the 20th
century. During Antiquity, minerals were already observed
and described by scientists, but their definitions were
exclusively based on some physical properties like colour,
streak, lustre, hardness, density, or morphology, for exam-
ple. A mineral is essentially defined as a naturally occur-
ring solid that has been formed by geological processes,
with a well-defined chemical composition and crystallo-
graphic properties, and which merits a unique name
(Nickel & Grice, 1998).

Mineral names are chosen by authors of new mineral
species, according to the guidelines established by Nickel
& Grice (1998), and are then voted on by the Commission on
New Minerals, Nomenclature and Classification (CNMNC).
These names may reflect the morphology of minerals (e.g.
anatase, axinite, auriacusite, fibroferrite, pyromorphite,
staurolite or tetrahedrite), their colour (e.g. albite, azurite,

DOI: 10.1127/0935-1221/2013/0025-2267

chlorite, crocoite, erythrite, euchroite, hematite, lazulite, leu-
cite, orpiment, purpurite or rutile), their chemical composi-
tion (e.g. anhydrite, arsenopyrite, chalcocite, cobaltite,
cuprite, cavansite, fluorapatite, pharmacolite, rutheniridos-
mine, siderite, sodalite or uraninite), their physical properties
(e.g. barite, euclase, orthoclase, periclase or scorodite), their
use (e.g. fluorite, graphite, muscovite, pyrite or pyrolusite),
similarity to biological objects (e.g. garnet, malachite or
oursinite) or some of their structural features (e.g. clinoen-
statite, clinomimetite, orthoserpierite or parahopeite); they
are also frequently given to remember the type locality,
geographical or administrative name (e.g. andalusite, ataca-
mite, brazilianite, ettringite, ilmenite, lakebogaite, lovozer-
ite, montebrasite, tyrolite or vesuvianite), to honour
outstanding scientists by first or family name, or both (e.g.
bobfergusonite, breithauptite, eskolaite, goethite, haiiyne,
hurlbutite, mandarinoite, melonjosephite, millerite, moissa-
nite, nielsbohrite, sillimanite or wollastonite) or companies,
societies, journals and institutions (e.g. afmite, imgreite,
minrecordite, museumite, nimite, philolithite or tsumcorite),
as well as related to mythology (e.g. aegirine, atheneite or
neptunite) (e.g. Mitchell, 1979). Besides these descriptive
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names, recent CNMNC guidelines allowed one to use che-
mical prefixes and suffixes in mineral names (Nickel &
Grice, 1998; Burke, 2008), thus leading to a hybrid miner-
alogical nomenclature in which descriptive names, prefixes,
and suffixes coexist.

In an attempt to rationalize mineralogical nomenclature,
the CNMNC has suggested, in 2008, to progressively
evolve towards a suffix-based nomenclature (Burke,
2008), in order to better reflect the chemical complexity
occurring in some mineral groups like the labuntsovite
group (Chukanov et al. 2002), the epidote supergroup
(Armbruster et al. 2006; Mills et al. 2009), or the arrojadite
group (Camara et al. 2006; Chopin et al. 2006). However,
strict applications of these new guidelines have sometimes
been negatively understood by the mineralogical commu-
nity, particularly when historical or well-established
names were modified, as for example when hancockite
was renamed epidote-(Pb) (Armbruster er al. 2006), or
when the nomenclature of the apatite-supergroup minerals
was modified (Burke, 2008). The latter was revisited in
considerable detail for this and several other reasons as
outlined by Pasero et al. (2010).

During the IMA2010 meeting in Budapest, a discussion
was initiated among the CNMNC members, in order to
establish firm nomenclature guidelines which will guide
the mineralogical community into the appropriate uses of
prefix- and suffix-based nomenclature, whilst promoting the
preservation of historical and well-established names.
Authors of nomenclature or new mineral species proposals
are asked to follow these recommendations, but retroactivity
will not be applied. Every change in nomenclature has to go
through the CNMNC, and is examined on its own merit.

2. General guidelines

In mineral groups or supergroups (see Mills et al. 2009),
flexibility is allowed by the CNMNC when choosing
between suffix- and prefix-based nomenclature systems.
The CNMNC has no preference about this choice, and the
authors can choose according to the nomenclature of pre-
existing mineral species in the group/supergroup, and
according to the recommendations given below. Mixed
nomenclature systems are allowed, even within mineral
groups or supergroups; however, authors should provide
strong arguments to support such mixed systems. For new
mineral proposals, it is recommended to follow the estab-
lished nomenclature scheme.

Example: A mixed nomenclature system exists in the
jahnsite supergroup, in which jahnsite-(CaMnFe) and
whiteite-(CaMnMg) coexist with rittmannite and keckite
(Kampf et al. 2008).

3. Recommendations for the use of suffixes

The following recommendations have to be applied for the
use of chemical suffixes in mineralogical nomenclature:

F. Hatert, S.J. Mills, M. Pasero, P.A. Williams

(I) Chemical suffixes have to be in parentheses, except
for extra-framework cations. Extra-framework
cations and framework cations cannot be mixed in
the suffixes, and if such a situation would occur, we
would recommend to use a suffix for the extra-frame-
work cations, and a prefix for the framework cations.
Example: Na and Ca are extra-framework cations in
chabazite-Na and chabazite-Ca, whereas they occur
in the framework of arrojadite-(KNa) (Chopin et al.
2006) and of jahnsite-(CaMnMn) (Grice ef al. 1990).
A maximum of three chemical suffixes is allowed.
The chemical suffixes must appear in the same order
as in the chemical formula; generally, they must be
classified by decreasing ionic radii.

Example: The nomenclature of the whiteite-jahnsite
group is based on a root name followed by parenth-
eses containing three chemical suffixes: whiteite-
(CaMnMg), jahnsite-(CaMnMg), and jahnsite-
(CaMnMn) are valid names (Kampf et al. 2008).
Cations and anions should never be used together in
the parentheses. In the case where both anions and
cations have to appear in the name, then the anions
have to be placed as a prefix.

Example: In the apatite supergroup, the names ‘‘apa-
tite-(CaCl)”” and ‘‘apatite-(CaF)”” were introduced
by Burke (2008), but the recent report of the apatite
subcommittee has re-validated the previous names
chlorapatite and fluorapatite, in which the anions
occur as prefixes (Pasero et al. 2010).
Fluorbritholite-(Y) and fluorbritholite-(Ce) are also
valid names of minerals in the apatite supergroup.

I

(I1D)

Remark: In the apophyllite group, Burke (2008)
replaced the names ‘‘fluorapophyllite”’, ‘‘hydroxyapo-
phyllite”’, and ‘‘natroapophyllite’” by apophyllite-(KF),
apophyllite-(KOH), and apophyllite-(NaF), in which
cations and anions are grouped in the suffix. We propose
here, for the sake of consistency, to re-name these minerals
fluorapophyllite-(K), hydroxyapophyllite-(K), and fluora-
pophyllite-(Na).

4. Recommendations for the use of prefixes

The following recommendations have to be applied for the
use of chemical prefixes in mineralogical nomenclature.
() For common names, prefix-type nomenclature is
preferred to facilitate the pronunciation.
Example: The names ‘‘apatite-(CaOH)*’ and ‘‘apa-
tite-(CaF)”” are more difficult to pronounce than the
approved names hydroxylapatite and fluorapatite.
An unnecessary proliferation of prefixes must be
avoided, and a maximum of three chemical prefixes
is recommended. Hyphenated names may be chosen
to assist in deciphering the name.
Example:  Chromo-alumino-povondraite  (Henry
et al. 2011), fluorphosphohedyphane (Pasero et al.

ax)
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2010), oxycalciopyrochlore, and oxystibiomicrolite
(Atencio et al. 2010) are valid mineral names.

It is allowed to use a combination of chemical, struc-
tural or other descriptive prefixes.

Example: Clinoferroholmquistite (Leake et al.
2003), hydroxylclinohumite, strontio-orthojoaqui-
nite, bario-orthojoaquinite, and para-alumohydrocal-
cite are valid mineral names.

(IV) When Levinson modifiers are used as suffix for REE,
then other cations or anions have to be placed as a
prefix. A new root-name can also be used.

Example: Manganiandrosite-(Ce), vanadoandrosite-
(Ce) (Armbruster et al. 2006), fluorbritholite-(Y),
fluorbritholite-(Ce) (Pasero et al. 2010), arsenoflor-
encite-(Ce) and arsenoflorencite-(La) (Bayliss et al.
2010; Mills et al. 2010), calcioancylite-(Ce), hydro-
xylbastndsite-(Nd), and nioboaeschynite-(Ce) are
valid mineral names.

In case of polytypes and topologically similar poly-
morphs, a chemical prefix-type nomenclature is pre-
ferred, since the polytype and polymorph symbols
have to be suffixes. It must be remembered, however,
that polytypes and topologically similar polymorphs
are not considered as separate mineral species
(Nickel & Grice, 1998).

Example: In the apatite supergroup, prefixes are pre-
ferred, since the polytypes chlorapatite-M and hydro-
xylapatite-M have been reported (Pasero et al. 2010).
In the alunite supergroup, a prefix-type nomenclature
is applied for natroalunite, since the polymorphs
natroalunite-1c and natroalunite-2¢ exist (Bayliss
et al. 2010).

(I1D)

V)

5. Preservation of historical and well-established
names

When possible, the CNMNC recommends to avoid chan-
ging names, especially for grandfathered species. Well-
established mineral names or names dedicated to localities
or persons have to be preserved, except if the species is
shown to be not valid. In this case, a renaming, redefinition
or discreditation procedure has to be submitted to the
CNMNC. Historical names cannot be changed in order to
standardize the nomenclature of a group or supergroup,
since mixed nomenclature systems are accepted by the
CNMNC (see above). However, modern reorganisation
of a group or supergroup may require re-examination of
incompletely or ambiguously characterised type material,
so that its associated historical name can be redefined to fit
with a particular species composition field in the new
classification scheme. If this cannot be done, then the
name may need to be discredited as a species name,
although it may be retained as a group name.

Acknowledgements: Many thanks are due to the CNMNC
members for their support to this proposal. F.H. thanks the
FRS-F.N.R.S. (Belgium) for a position of ‘‘Chercheur
qualifié”.
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Abstract: A simplified definition of a mineral group is given on the basis of structural and compositional aspects. Then a hier-
archical scheme for group nomenclature and mineral classification is introduced and applied to recent nomenclature proposals.
A new procedure has been put in place in order to facilitate the future proposal and naming of new mineral groups within the

IMA-CNMNC framework.
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Introduction

There are many ways which are in current use to help with
the classification of minerals, such as: Dana’s New Miner-
alogy (Gaines et al., 1997), the Strunz classification (Strunz
& Nickel, 2001), A Systematic Classification of Minerals
(Ferraiolo, 2003) and the various volumes of Deer, Howie
and Zussman (Rock-forming Minerals series), which use
combinations of mineral structure and chemical composi-
tion to classify minerals. There is also Fleischer’s Glossary
of Minerals (Mandarino, 1999; Back & Mandarino, 2008)
which lists ‘groups’ of minerals in the back section of the
glossary. All are useful aids, however, there has been no
systematic approach to mineral group naming or a definite
hierarchical system put in place. There is also no system
for the proposal and approval of mineral groups and group
names.

In the past, some mineral groups have been referred to by
different names and some mineral species have been pro-
posed as members of more than one group. This proposal
aims to standardise group nomenclature by introducing a
hierarchy in which to classify mineral species (applied to
recent nomenclature proposals) and to introduce a new pro-
cedure for the approval of new mineral groups. The follow-
ing proposal has been approved by the IMA Commission
on New Minerals and Mineral Names prior to publication
(Voting Proposal 09-A).

** Deceased, July 18, 2009.

DOI: 10.1127/0935-1221/2009/0021-1994

History

From time to time, the issue of how the names of groups
have been applied and its consistency has been discussed
by both the CNMMN/CNMNC and the Commission on
Classification of Minerals (CCM)!. In 2004, a proposal was
prepared by Drs Pushcharovsky, Pasero, Nickel and Fer-
raris which set out some definitions and criteria for estab-
lishing a standard set of group names. This document was
circulated for comment at that time; however, there were
many competing views. A revised version of this document
was commented on by the CNMNC in 2008 and the defi-
nition of a mineral group in this scheme has been incorpo-
rated from that document.

Definition of a mineral group

Mineral species can be grouped in a number of different
ways, on the basis of chemistry, crystal structure, occur-
rence, association, genetic history, or resource, for exam-
ple, depending on the purpose to be served by the classifi-
cation. However, if the classification is to adequately meet

!'The Commission on New Minerals, Nomenclature and Classification
(CNMNC) was formed in July 2006 by a merger between the Commission on
New Minerals and Mineral Names (CNMMN) and the Commission on Clas-
sification of Minerals (CCM), at the request of both commissions (Burke,
2006).

0935-1221/09/0021-1994 $ 3.60
© 2009 E. Schweizerbart’sche Verlagsbuchhandlung, D-70176 Stuttgart
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the needs of the CNMNC, it is proposed that the grouping
be based on chemical composition and crystal structure, as
these are the two essential components in the characteri-
sation of a mineral species. Consequently, the simplified
definition of a mineral group is:

A mineral group consists of two or more minerals
with the same or essentially the same structure, and
composed of chemically similar elements.

Structural aspects of a mineral group

The expression “the same structure” means isotypic struc-
tures, i.e., structures belonging to one structural type. Crys-
tal structures regarded as being ‘essentially the same’ can
be encompassed by the term ‘homeotypic’. As defined by
the IUCr, “two structures are considered as homeotypic if
all essential features of topology are preserved between
them” (Lima-de-Faria et al., 1990). In particular, homeo-
typic structures do not necessarily have the same space
group. Therefore crystallographic variants such as super-
structures, substructures and differences in the ordering of
atoms that may give rise to multiple cells and/or different
space groups, are considered to be homeotypic (e.g., as in
the recently defined labuntsovite (Chukanov et al., 2002)
and eudialyte (Johnsen et al., 2003) groups). Some poly-
morphs, such as triclinic and monoclinic feldspars, can be
regarded as homeotypic and can therefore be included in a
group; others, such as the carbon polymorphs diamond and
graphite, are topologically too dissimilar (i.e., they are not
homeotypic) and should not belong to the same group.

Homologous series (e.g., lillianite and pavonite series),
polysomatic series (e.g., biopyriboles, heterophyllosili-
cates) and other structural categories that comprise mod-
ular structures (Ferraris et al., 2008) go beyond the strict
definition of a homeotype, and therefore are not to be re-
garded as groups. However, some mineral species in these
categories may belong to groups if they meet the necessary
criteria.

Polytypic variations within mineral species, as defined
in Guinier et al. (1984), are not regarded as comprising
groups.

Compositional aspects of a mineral group

“Chemically similar elements” is taken to mean elements
that have similar crystal-chemical behaviour. Thus, isocon-
figurational minerals composed of elements with dissim-
ilar crystal-chemical behaviour, such as galena, periclase
and halite, are not to be regarded as belonging to the same
group. Unoccupied structural sites are to be treated in the
same way as chemical elements for the purpose of group
placement.

A hierarchical scheme for group
nomenclature

The hierarchical scheme draws on the strengths of the vari-
ous publications mentioned above. We have subdivided the

S.J. Mills, F. Hatert, E.H. Nickel, G. Ferraris

scheme into six levels, however, because some of these lev-
els are described differently in various texts, we provide the
following definitions:

1. Mineral class.

2. Mineral subclass.
Mineral family.
Mineral supergroup.
Mineral group(s).

Mineral subgroup or mineral series?.

AR

Definitions of the group levels

1. At the highest level, mineral species can be classified
primarily on the main anion (O*~, S*~ etc.), anionic
complex (OH™, SOZ‘, CO%‘, POi‘, BxOf‘, SixO}Z,‘
etc.) or lack of an anion (native elements) to form
classes. The most common mineral classes are: native
elements, sulphides, sulphosalts, halides, oxides, hy-
droxides, arsenites (including antimonites, bismuthites,
sulphites, selenites and tellurites), carbonates, nitrates,
borates, sulphates, chromates, molybdates, tungstates,
phosphates, arsenates, vanadates, silicates and organic
compounds.

2. Mineral subclasses apply to the borate and silicate
classes, where the configuration and bonding of tetra-
hedra are used to group structurally similar minerals.
The subclasses are: neso-, soro-, cyclo-, ino-, phyllo-
and tectosilicates(borates). Traditionally the borates are
divided into monoborates, diborates, triborates, tetrabo-
rates etc. (e.g. Strunz & Nickel, 2001), however, enough
structural data is known to base classification of borates
on the polymerisation of the borate anion.

3. Mineral families apply to groups and/or supergroups
having similar structural and/or chemical features that
make them unique. A mineral family can also consist
of two or more supergroups. An example of a mineral
family established on the basis of structural criteria is
the zeolite family, where all members are characterised
by their framework structures containing cavities, but
individual minerals themselves may also belong to dif-
ferent groups (and supergroups). The feldspathoid fam-
ily also belongs to this type of ‘structural’ family. Other
families are defined on the basis of chemical features, as
for example the pyrite—marcasite family (which would
consist of the pyrite and marcasite supergroups).

4. A mineral supergroup consists of two or more groups
which have essentially the same structure and com-
posed of chemically similar elements. Generally, a su-
pergroup will contain members from the same mineral
class (e.g. the epidote supergroup, Table 1c), however
in rare cases a supergroup may also contain groups be-
longing to different classes, as for example in the alu-
nite supergroup (Table 1a). A supergroup may also con-
tain isolated mineral species which do not belong to any
mineral group, as for example vanadinite, which is the
only vanadate in the apatite supergroup.

2Due to the definition of a group as containing two or more minerals, it
negates the need for a lower level classification. A mineral subgroup/series
must also contain two or more members.
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Table 1a. Group nomenclature for the alunite supergroup.

Alunite supergroup'

Alunite group Beudantite group

Alunite Beudantite
Ammonioalunite Corkite
Ammoniojarosite Gallobeudantite

Argentojarosite Hidalgoite
Beaverite-(Cu) Hinsdalite
Beaverite-(Zn) Kemmlitzite

Dorallcharite
Huangite

Svanbergite
Weilerite
Hydroniumjarosite Woodhouseite

Jarosite
Natroalunite
Natroalunite-2R
Natrojarosite
Osarizawaite
Plumbojarosite
Schlossmacherite
Walthierite

Dussertite group

Plumbogummite group

1075

Arsenocrandallite Benauite
Arsenoflorencite-(Ce) Crandallite
Arsenogorceixite Eylettersite
Arsenogoyazite Florencite-(Ce)
Dussertite Florencite-(La)

Graulichite-(Ce)
Philipsbornite
Segnitite

Florencite-(Nd)
Gorceixite
Goyazite
Kintoreite
Plumbogummite
Springcreekite
Waylandite
Zairite

! References: Scott (1987), Birch et al. (1992), Jambor (1999), Scott (2000), Back & Mandarino (2008), Sato et al. (2008); Bayliss et al.

(2009).

Table 1b. Group nomenclature for the astrophyllite group.

Astrophyllite group?

Astrophyllite
Magnesioastrophyllite
Hydroastrophyllite

Niobophyllite
Zircophyllite
Kupletskite
Kupletskite-(Cs)
Niobokupletskite

2 Reference: Piilonen et al. (2003).

5. A mineral group consists of two or more minerals with
the same or essentially the same structure and com-
posed of chemically similar elements (see above).

6. A mineral subgroup or mineral series should be used
for minerals of a homologous series (e.g., the lillianite
and pavonite series and other sulphosalt series, Moélo
et al., 2008) or polysomatic series (e.g., biopyriboles
and heterophyllosilicates, Ferraris et al., 2008), where
they do not meet the strict definition of a mineral group.

The naming of the group and supergroup levels

It is desirable that the group name be that of the first min-
eral to have been adequately characterised. This will gen-
erally require full structural characterisation. However, in
some cases it may be preferable to name a group by a par-
ticular chemical or structural attribute (e.g., sodic-calcic

amphiboles, Leake et al., 2003) rather than by a specific
species name. The historical name should be used as the
group name wherever possible.

The supergroup name should also be taken from the first
mineral to have been adequately characterised (i.e. the first
group name) or a historically significant name which no
longer defines a single mineral species, such as tourmaline.

In a few cases, a group or a supergroup name can be se-
lected contrary to the precedence rule because the name of
this group (supergroup) is very firmly established in the lit-
erature. For example, it would be confusing to refer to the
alunite supergroup as the “plumbogummite supergroup”,
even though plumbogummite was described in 1819 and
has precedence over alunite which was described in 1824.

Procedure for the introduction of mineral
groups and supergroups

A mineral group (or supergroup) can be introduced in the
following different ways:

1. If an author (or group of authors) is submitting a new
mineral proposal to the CNMNC Chairman, whereby
the new mineral would either become the second min-
eral of a new group, or a group has not been validated
previously (and has more than two members), the au-
thor(s) can submit at the same time as the new mineral
proposal, a proposal for the creation of a new group.

2. During a nomenclature report by a CNMNC subcom-
mittee handled by the CNMNC Secretary.

3. In a proposal by an author (or group of authors) to the
CNMNC Vice-Chairman (responsible for changes to
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Table 1c. Group nomenclature for the epidote supergroup.

S.J. Mills, F. Hatert, E.H. Nickel, G. Ferraris

Epidote supergroup’
Epidote group Allanite group Dollaseite group
Clinozoisite Allanite-(Ce) Dollaseite-(Ce)
Epidote Allanite-(La) Khristovite-(Ce)
Epidote-(Pb) Allanite-(Y)
Mukhinite Dissakisite-(Ce)
Clinozoisite-(Sr) Dissakisite-(La)
Piemontite Ferriallanite-(Ce)

Piemontite-(Sr)
Manganipiemontite-(Sr)

Manganiandrosite-(Ce)
Manganiandrosite-(La)

Vanadoandrosite-(Ce)

3 Reference: Armbruster et al. (2006).

Table 1d. Group nomenclature for the eudialyte group.

Eudialyte group*
Carbokentbrooksite
Eudialyte
Feklichevite
Ferrokentbrooksite
Georgbarsanovite
Golyshevite
Ikranite
Johnsenite-(Ce)
Kentbrooksite
Khomyakovite
Manganokhomyakovite
Mogovidite
Oneillite
Raslakite
Rastsvetaevite
Taseqite
Zirsilite-(Ce)
Alluaivite
Andrianovite
Aqualite
Dualite
Labyrinthite

4 References: Johnsen et al. (2003), Nickel & Nichols (2007), Back
& Mandarino (2008).

Table le. Group nomenclature for the arrojadite group.

Arrojadite group’
Arrojadite-(KFe)
Arrojadite-(KNa)
Arrojadite-(PbFe)
Arrojadite-(SrFe)
Arrojadite-(BaFe)

Dickinsonite-(KMnNa)
Fluorarrojadite-(BaFe)
Fluorarrojadite-(BaNa)

5 Reference: Chopin et al. (2006).

Table 1f. Group nomenclature for the joaquinite group.

Joaquinite group’
Bario-orthojoaquinite
Byelorussite-(Ce)
Joaquinite-(Ce)
Orthojoaquinite-(Ce)
Orthojoaquinite-(La)
Strontiojoaquinite
Strontio-orthojoaquinite

7 Reference: Matsubara et al. (2001).

existing nomenclature) to create a new mineral group
(or supergroup) based on data collected by those au-
thor(s).

Subgroup vs. Group in previous
publications

The term ‘subgroup’ has been used in a number of differ-
ent nomenclature proposals (e.g. the epidote nomenclature
report, Armbruster et al., 2006), which is the equivalent of
‘level 5 mineral group’ in the hierarchical system described
above. The term ‘subgroup’ is often applied where ‘group’
has been used as the equivalent of ‘level 4 mineral super-
group’. Thus, there is a simple transformation between this
style of mineral group naming and the one described here.

Family vs. Supergroup vs. Group
in previous publications

The terms ‘family’, ‘supergroup’ and ‘group’ have been
used interchangeably in several different schemes; in par-
ticular when referring to the alunite (jarosite) supergroup,
which has been called the alunitejarosite family, alunite
and jarosite supergroups, alunite—jarosite supergroup or the
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Table 1h. Group nomenclature for the labuntsovite supergroup.

Labuntsovite supergroup’

Nenadkevichite group Vuoriyarvite group

Korobitsynite
Nenadkevichite

Gutkovaite group

Alsakharovite-Zn
Gutkovaite-Mn

Tsepinite-Ca
Tsepinite-K
Tsepinite-Na
Tsepinite-Sr
Vuoriyarvite-K

Kuzmenkoite group

Gjerdingenite-Ca
Gjerdingenite-Fe

Paratsepinite group
Paratsepinite-Ba
Paratsepinite-Na

Organovaite group

Organovaite-Mn
Organovaite-Zn

Lemmleinite group

Labuntsovite group

Labuntsovite-Fe
Labuntsovite-Mg
Labuntsovite-Mn

Lemmleinite-Ba
Lemmleinite-K

Unassigned member
of the labuntsovite
supergroup

Paralabuntsovite-Mg

Neskevaaraite-Fe Gjerdingenite-Mn Parakuzmenkoite-Fe
Gjerdingenite-Na

Karupmgllerite-Ca

Kuzmenkoite-Mn

Kuzmenkoite-Zn

Lepkhenelmite-Zn

9 References: Chukanov ef al. (2002) , Raade et al. (2004), Back & Mandarino (2008).

Table 1i. Group nomenclature for the sapphirine supergroup.

Sapphirine supergroup'®

Sapphirine group  Aenigmatite group  Rhénite group  Unassigned member of the sapphirine supergroup
Khmaralite Aenigmatite Dorrite Surinamite
Sapphirine Krinovite Hggtuvaite
Wilkinsonite Makarochkinite
Rhonite
Serendibite
Welshite
10 References: Grew et al. (2008).
Table 1j. Group nomenclature for the hogbomite supergroup.
Hogbomite supergroup'’
Hogbomite group Nigerite group Taaffeite group

Ferrohtgbomite-2N2S
Magnesiohogbomite-2N2S
Magnesiohogbomite-2N3S
Magnesiohdgbomite-6N6S

Zincohtgbomite-2N2S§

Zincohogbomite-2N6S

Ferronigerite-6N6S
Magnesionigerite-6N6S
Ferronigerite-2N1S
Magnesionigerite-2N 1S

Magnesiotaafteite-6N’3S
Ferrotaaffeite-6N’3S
Magnesiotaaffeite-2N’2S

I References: Armbruster (2002), Back & Mandarino (2008).

alunite supergroup. There have also been many different al-
locations of minerals into various groups within the ‘super-
group’ (Mills, 2007). In this case, the terms family and su-
pergroup are equivalent to ‘level 3 mineral supergroup’ in
the hierarchical scheme described above. The new scheme
provides a way of simplifying large mineral groups so that
confusing and inconsistent terms cannot be used to indicate
the same thing.

Application of mineral group hierarchies
to recent nomenclature proposals

As a test that the new hierarchical scheme can classify all
minerals, we have applied it to recent nomenclature propos-
als (Table 1a to 1j). Here, we have created new groups and
supergroups where they were previously ‘subgroups’ and
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‘groups’, such as the new hogbomite, labuntsovite, epidote
and sapphirine supergroups.

In the case of the hogbomite supergroup, the ‘subgroups’
that were established on the basis of Mg?*, Fe?* or Zn**
by Armbruster (2002) have been combined so that they fall
within the hogbomite, nigerite or taaffeite groups. Like-
wise, the alunite supergroup has been simplified (from
Scott, 1987; Birch et al., 1992; Bayliss et al., 2009), so that
all members fall within the alunite (SO4-dominant), dusser-
tite (AsO4-dominant), plumbogummite (PO4-dominant), or
beudantite (mixed SO4-PO4 and SO4-AsQ,) groups.

In the sapphirine supergroup, surinamite is an unassigned
member because there is no other member to allow a
group to be established. Paralabuntsovite is also an unas-
signed member of the labuntsovite supergroup, for the
same reason.

Conclusion

The new hierarchical scheme has been successfully applied
to recent nomenclature reports in order to standardise the
way in which minerals are organised into groups. A new
procedure has been put in place in order to facilitate the
future proposal and naming of new mineral groups within
the IMA-CNMNC framework.

The next step is to apply the hierarchical scheme to all
known minerals (via a CNMNC subcommittee) and to
compile a list of mineral groups, supergroups, etc., which
should be published in an appropriate mineralogical jour-
nal and on the CNMNC website.
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Nearly 30 years have elapsed since Kretz (1983) provided
the mineralogical community with a systematized list of abbre-
viations for rock-forming minerals and mineral components. Its
logic and simplicity have led to broad acceptance among authors
and editors who were eager to adopt a widely recognized set of
mineral symbols to save space in text, tables, and figures.

Few of the nearly 5000 known mineral species occur in
nature with a frequency sufficient to earn repeated mention in
the geoscience literature and thus qualify for the designation
“rock-forming mineral,” but a reasonable selection of the most
common and useful rock-forming minerals likely numbers in
the several hundreds. The original list by Kretz (1983) contained
abbreviations for 193 of these.

‘We propose an expansion to the list initiated by Kretz (1983)
(see next page). Modest expansions and revisions were made by
Spear (1993), Holland and Powell (1998), the Mineralogical As-
sociation of Canada, and Siivola and Schmid (2007). Our revised
list of abbreviations has 371 entries. Significant numbers of the
new entries are the result of three decades of research in high- and
ultrahigh-pressure metamorphic terrains, the explicit inclusion of
Mg and Fe end-members of solid-solution series (as in the amphi-
boles), recent work on extraterrestrial samples, and the increased
relevance to petrology of numerous accessory minerals.

The two systems of abbreviations currently most in use—
Kretz (1983), including modifications; and Holland and Powell
(1998)—difter in terms of style and concept. Kretz abbreviations
are 2-3 letters and use uppercase first letters for minerals and
lower case letters throughout for mineral components (e.g., the
almandine component of garnet); the Holland and Powell sys-
tem varies from 1-5 letters and uses lowercase throughout. The
Kretz system provides abbreviations for selected intermediates
in solid-solution mineral series. The Holland and Powell system
is restricted to abbreviations for end-members for which there
are available thermodynamic data that have been included in the
Holland and Powell database. The two systems have the same
abbreviations for some minerals (other than capitalization), but
in many cases use different symbols for the same mineral, for
example, “Crn” (Kretz) and “cor” (H&P).

The selection of minerals to include in a list of abbreviations
is subjective, but we have tried to err on the side of being inclu-
sive, listing some minerals for which the status is questionable
according to the International Mineralogical Association. For
example, we accommodate alternative choices such as titanite
(Ttn) and sphene (Spn); hypersthene (Hyp), enstatite (En), and
orthopyroxene (Opx); glaucophane (Gln), crossite (Crt), and
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riebeckite (Rbk); and albite (Ab) and anorthite (An) as well as
plagioclase (P1), recognizing that some petrologists have uses for
these mineral names. In addition, although our focus is on rock-
forming minerals, some hypothetical and/or synthetic phases are
included in our list, as well as an abbreviation for “liquid” (Liq).
We have also included some abbreviations for mineral groups,
e.g., aluminosilicates (Als, the AL,SiOs polymorphs), and other
descriptive terms (e.g., opaque minerals). The choice of abbre-
viations attempts as much as possible to make the identity of the
mineral instantly obvious and unambiguous.

UPDATED LIST OF MINERAL ABBREVIATIONS

In this contribution, abbreviations from Kretz (with some
modifications) and new abbreviations are listed (Table 1, next
page). The following format was used for assigning abbrevia-
tions:

(1) The first letter is capitalized; the other letter(s) are lower
case, with the exception of Phase A, abbreviated as PhA.

(2) The first letter of the abbreviation is the first letter of the
mineral name; subsequent letters are selected from the mineral
name.

(3) Most abbreviations consist of 2 or 3 letters, but a 4-letter
abbreviation is used when the addition of F for ferro- or M for
magnesio- resulted in ambiguity in the 3-letter version (e.g.,
Mcar for magnesiocarpholite).

(4) Mineral abbreviations were selected so as not to corre-
spond to abbreviations for elements. Note that rule 4 was violated
by a few of'the original Kretz abbreviations (Mo for molybdenite;
Ne for nepheline), so some original Kretz abbreviations have
been changed to follow this rule. Others have been modified to
avoid ambiguity with minerals added to the list.
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TABLE 1. Updated list of abbreviations Symbol Mineral Name IMA status* Symbol Mineral Name IMA status*
Symbol Mineral Name IMA status* Chu clinohumite G Ged gedrite Rd
Acm acmite D Cpt clinoptilolite A Gh gehlenite G
Act actinolite A Cpx clinopyroxene GROUP Gk geikielite G
Adl adularia | Czo clinozoisite G Gbs gibbsite A
Aeg aegirine A Cln clintonite A Gis gismondine A
Ak skermanite G Coe coesite A Glt glauconite GROUP
Ab albite G Coh cohenite G GIn glaucophane Rd
Afs alkali feldspar GROUP Crd cordierite G Gme gmelinite A
Aln allanite A Crr corrensite G Gth goethite A
Alm almandine G Crn corundum G Gdd grandidierite G
Als aluminosilicate Cv covellite G Gr graphite G
(ALLSIO; polymorphs)  GROUP Crs cristobalite G Gre greenalite G
Alu alunite Rd Crt crossite D Grs grossular A
Amk amakinite Rd Crl cryolite G Gru grunerite Rd
Ame amesite G Cbn cubanite G Gp gypsum G
Amp amphibole GROUP Cum cummingtonite Rd
Anl analcime (analcite) A Cpr Cuprite G HI halite G
Ant anatase A Csp cuspidine G Hrm harmotome A
And andalusite G Hst hastingsite Rd
Adr andradite G Dph daphnite not listed Hsm hausmannite G
Ang anglesite G Dat datolite G Hyn hatiyne G
Anh anhydrite G Dbr daubreelite G Hzl heazlewoodite G
Ank ankerite G Dee deerite A Hd hedenbergite A
Ann annite A Dia diamond G Hem hematite A
An anorthite G Dsp diaspore G Hc hercynite G
Ano anorthoclase I Dck dickite G Hul heulandite A
Ath anthophyllite Rd Dg digenite A Hbn hibonite G
Atg antigorite Rn Di diopside A Hbs hibschite Rn
Ap apatite GROUP Dpt dioptase G Hgb hégbomite D
Apo apophyllite GROUP Dol dolomite G Hol hollandite G
Arg aragonite G Drv dravite G Him holmquistite Rd
Arf arfvedsonite A Dum dumortierite G Hbl hornblende GROUP
Arm armalcolite Rd ) Hw howieite A
Apy arsenopyrite A Eas eastonite Rd Hu humite G
Aug augite A Ec ecandrewsite A Hgr hydrogrossular GROUP
Awr awaruite G Eck eckermannite A Hyp hypersthene D
Ax axinite GROUP Ed edenite A
Elb elbaite G It illite GROUP
Bab babingtonite G Ell ellenbergerite A Ilm ilmenite G
Bdy baddeleyite G Eng enargite G llv ilvaite G
Brt barite (baryte) A En enstatite (ortho-) A
Brs barroisite Rd Ep epidote GROUP Jd jadeite A
Bei beidellite G Eri erionite A Jrs jarosite Rd
Brl beryl G Esk eskolaite G Jim jimthompsonite A
Bt biotite GROUP Ess esseneite A Jhn johannsenite A
Bxb bixbyite G Eud eudialite A
Bhm béhmite (boehmite) G Krs kaersutite Rd
Bn bornite A Fas fassaite D Kls kalsilite G
Brk brookite G Fa fayalite G Kam kamacite (o-FeNi) D
Brc brucite G Fsp feldspar GROUP Kln kaolinite A
Bst bustamite G Fac ferro-actinolite Rd Ktp katophorite Rd
Fath ferro-anthophyllite Rd Kfs K-feldspar informal
Cal calcite G Fbrs ferrobarroisite A Khl K-hollandite H
Cen cancrinite G Fear ferrocarpholite A Kir kirschsteinite G
Cnl cannilloite H Fcel ferroceladonite A Krn kornerupine G
b carbonate mineral GROUP Fec ferro-eckermannite Rd Kos kosmochlor A
Car carpholite G Fed ferro-edenite Rd Kut kutnohorite (kutnahorite) G
Cst cassiterite G Fgd ferrogedrite Rd Ky kyanite A
Cel celadonite A Fgl ferroglaucophane Rd
Clt celestine A Fkrs ferrokaersutite A Lrn larnite G
Cls celsian G Fny ferronyboite H Lmt laumontite A
Cer cerussite G Fprg ferropargasite Rd Lws lawsonite G
Cbz chabazite A Frct ferrorichterite A Lzl lazulite A
Cct chalcocite G Fs ferrosilite Rn Lzr lazurite G
Cep chalcopyrite G Fts ferrotschermakite Rd Lpd lepidolite GROUP
Chm chamosite G Fwn ferrowinchite Rd Lct leucite G
Chs chesterite A Fi fibrolite (fibrous Lm limonite not listed
Chl chlorite GROUP sillimanite) informal Liq liquid
cld chloritoid G Fl fluorite G Lz lizardite G
Chn chondrodite G Fo forsterite G Lo 16llingite (loellingite) G
Chr chromite G Fos foshagite G
Ccl chrysocolla A Frk franklinite G Mgh maghemite G
ctl chrysotile Rd Ful fullerite N Marf magnesio-arfvedsonite ~ Rd
Cin cinnabar G Mcar magnesiocarpholite A
Cam clinoamphibole GROUP Ghn gahnite G Mfr magnesioferrite G
Clc clinochlore G Glx galaxite G Mhs magnesiohastingsite Rd
Cen clinoenstatite A Gn galena G Mhb magnesiohornblende Rd
Cfs clinoferrosilite A Grt garnet GROUP Mkt magnesiokatophorite Rd
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Symbol Mineral Name IMA status* Symbol Mineral Name IMA status* Symbol Mineral Name IMA status*®
Mrbk magnesioriebeckite Rd Pgt pigeonite A
Msdg magnesiosadanagite Rd Pl plagioclase GROUP Tae taenite (y-Fe, Ni) G
Mst magnesiostaurolite A Prh prehnite G Tlc talc G
Mtm magnesiotaramite Rn Prm prismatine Rd Trm taramite Rd
Mws magnesiowustite not listed Psb pseudobrookite Rd Tnt tennantite G
Mgs magnesite A Pmp pumpellyite-(Al) A Tnr tenorite A
Mag magnetite G Py pyrite G Tep tephroite G
Maj majorite A Pcl pyrochlore A Ttr tetrahedrite A
Mic malachite G Prp pyrope G Thm thomsonite A
Mng manganosite G Pph pyrophanite G Thr thorite G
Mrc marcasite G Prl pyrophyllite G Tly tilleyite G
Mrg margarite A Pxf pyroxferroite A Ttn titanite (sphene) A
Mar marialite G Pxm pyroxmangite G Tpz topaz G
Mei meionite G Po pyrrhotite G Tur tourmaline GROUP
Ml melilite GROUP Tr tremolite Rd
Mw merwinite G Qnd gandilite A Trd tridymite G
Mes mesolite A Qz quartz A Tro troilite G
Mc microcline G Ts tschermakite Rd
Mir millerite G Rnk rankinite G
Mns minnesotaite G Rlg realgar G Usp ulvospinel G
Mog moganite A Rds rhodochrosite A Urn uraninite G
Mol molybdenite G Rdn rhodonite A Uv uvarovite A
Mnz monazite A Rct richterite A
Mtc monticellite G Rbk riebeckite Rd Vtr vaterite A
Mnt montmorillonite G Rwd ringwoodite A Vrm vermiculite G
Mor mordenite A Rdr roedderite A Ves vesuvianite A
Mul mullite G Rsm rossmanite A
Ms muscovite A Rt rutile G Wds wadsleyite A
Wag wagnerite Rd
Ntr natrolite A Sdg sadanagaite Rd Wrk wairakite A
Nph nepheline G Sa sanidine G Wav wavellite A
Nrb norbergite G Sap saponite G Wht whitlockite G
Nsn nosean G Spr sapphirine G Wim willmenite G
Nyb nybdite Rd Scp scapolite GROUP Wnc winchite Rd
Sch scheelite G Wth witherite G
ol olivine GROUP Srl schorl G Wo wollastonite A
Omp omphacite A Scb schreibersite G Wur wurtzite G
Opl opal G Sep sepiolite G Wus wiistite G
Opq opaque mineral informal Ser sericite D
Orp orpiment G Srp serpentine GROUP Xtm xenotime A
Oam orthoamphibole GROUP Sd siderite G Xon xonotlite G
Or orthoclase A Sil sillimanite G
Oen orthoenstatite D Sme smectite GROUP Yug yugawaralite A
Opx orthopyroxene GROUP Sdl sodalite G
Osm osumilite G Sps spessartine A Zeo zeolite GROUP
Sp sphalerite A Znw zinnwaldite GROUP
Plg palygorskite G Spn sphene (titanite) D Zrn zircon G
Pg paragonite A Spl spinel G Zo zoisite G
Prg pargasite Rd Spd spodumene A
Pct pectolite G Spu spurrite G * International Mineralogical Association (IMA)
Pn pentlandite G St staurolite G abbreviations: A = Approved; D = Discredited; G
Per periclase G Stv stevensite Q = Grandfathered (generally regarded as valid min-
Prv perovskite G Stb stilbite A eral name); GROUP = Name designates a group of
Ptl petalite G Stp stilpnomelane A mineral species; H = hypothetical (e.g., synthetic);
PhA phase A not listed Sti stishovite A | = intermediate in a solid-solution series; Q =
Ph phengite G Str strontianite G questionable; Rd = Redefinition approved by IMA
Php phillipsite A Sud sudoite Rd Commission on New Minerals, Nomenclature and
Phi phlogopite A Syl sylvite G Classification (CNMNC); Rn = Renamed with ap-
Pmt piemontite A proval of the CNMNC.
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ABSTRACT

The garnet supergroup includes all minerals isostructural with garnet regardless of what elements
occupy the four atomic sites, i.e., the supergroup includes several chemical classes. There are pres-
ently 32 approved species, with an additional 5 possible species needing further study to be approved.
The general formula for the garnet supergroup minerals is {X;}[Y>](Z;)@,, where X, Y, and Z refer
to dodecahedral, octahedral, and tetrahedral sites, respectively, and ¢ is O, OH, or F. Most garnets
are cubic, space group /a3d (no. 230), but two OH-bearing species (henritermierite and holtstamite)
have tetragonal symmetry, space group, /4,/acd (no. 142), and their X, Z, and o sites are split into
more symmetrically unique atomic positions. Total charge at the Z site and symmetry are criteria for
distinguishing groups, whereas the dominant-constituent and dominant-valency rules are critical in
identifying species. Twenty-nine species belong to one of five groups: the tetragonal henritermierite
group and the isometric bitikleite, schorlomite, garnet, and berzeliite groups with a total charge at Z
of 8 (silicate), 9 (oxide), 10 (silicate), 12 (silicate), and 15 (vanadate, arsenate), respectively. Three
species are single representatives of potential groups in which Z is vacant or occupied by monovalent
(halide, hydroxide) or divalent cations (oxide). We recommend that suffixes (other than Levinson
modifiers) not be used in naming minerals in the garnet supergroup. Existing names with suffixes have
been replaced with new root names where necessary: bitikleite-(SnAl) to bitikleite, bitikleite-(SnFe)
to dzhuluite, bitikleite-(ZrFe) to usturite, and elbrusite-(Zr) to elbrusite. The name hibschite has been
discredited in favor of grossular as Si is the dominant cation at the Z site. Twenty-one end-members
have been reported as subordinate components in minerals of the garnet supergroup of which six have
been reported in amounts up to 20 mol% or more, and, thus, there is potential for more species to be
discovered in the garnet supergroup. The nomenclature outlined in this report has been approved by
the Commission on New Minerals, Nomenclature and Classification of the International Mineralogical

Association (Voting Proposal 11-D).

Keywords: Garnet group, schorlomite group, bitikleite group, berzeliite group, henritermierite

group, katoite, nomenclature, crystal chemistry

INTRODUCTION

The garnets pose somewhat different nomenclature prob-
lems than other mineral supergroups recently considered for
nomenclature review, i.e., sapphirine (Grew et al. 2008), apatite
(Pasero et al. 2010), pyrochlore (Atencio et al. 2010), tourmaline
(Henry et al. 2011), and amphibole (Hawthorne et al. 2012),
where a supergroup is defined as “consisting of two or more
groups that have essentially the same structure and composed
of chemically similar elements” (Mills et al. 2009). Compared
to the structures of the minerals in these groups, the archetypal
garnet structure, cubic space group /a3d (no. 230) has few sites:
only three cationic and one anionic (e.g., Menzer 1928; Novak
and Gibbs 1971; Merli et al. 1995; Geiger 2008), and the most
common garnets have relatively simple chemical compositions.

* Chair, E-mail: esgrew@maine.edu
T Vice-Chair.
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However, the garnet structure is remarkably flexible in a chemi-
cal sense: 53 elements were reported in the Inorganic Crystal
Structure Database (Allmann and Hinek 2007) and five more
are reported in synthetic garnets (Geller 1967; Ronniger and
Mill” 1973; Yudintsev 2003; Yudintsev et al. 2002; Utsunomiya
et al. 2005). In the period 2009-2010, 10 new species of garnet,
with constituents such as Sc, Y, Sn, Sb, and U, which have not
been previously reported in significant quantities in natural
garnet, were approved by the Commission on New Minerals,
Nomenclature and Classification (CNMNC) of the International
Mineralogical Association (IMA), resulting in a nearly 50% in-
crease in the number of accepted species with the garnet structure.
There are four more possible species, bringing to 26 the number
of elements essential to defining existing and possible mineral
species with the garnet structure.

In view of this situation, it seemed an opportune time to con-
vene a subcommittee to review the nomenclature of garnets. The
garnet group traditionally included only silicate minerals (e.g.,
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Yakovlevskaya 1972; Strunz and Nickel 2001; Back and Man-
darino 2008). However, there are minerals from other classes,
such as arsenates, vanadates, oxides, and even fluorides that are
isostructural with the silicate garnets, and whose major con-
stituents show chemical similarities with constituents in silicate
garnets, i.e., these minerals meet the criteria for inclusion in a
broader entity, the garnet supergroup (Mills et al. 2009). McCon-
nell (1942) introduced the term “garnetoid” to “designate those
substances which are not primarily silicates but have structures
similar to that of true garnets,” such as “hydrogarnet,” berzeliite
and the phosphate griphite (Headden 1891). It does not appear
that garnetoid was discredited as a group name (Clark 1993),
but our preference is to use the term garnet for the supergroup.
Rinaldi (1978) showed that griphite is not isostructural with
garnet, although he found that there are some structural features
in common, which were also discussed by Sokolova and Haw-
thorne (2002), and thus griphite is not considered to be a garnet.
In addition, the silicate mineral wadalite had been thought to be
related to garnet because of similarities in cell dimensions and
diffraction intensities (Feng et al. 1988; Tsukimura et al. 1993;
Glasser 1995). Although wadalite lacks a center of symmetry,
so that the single tetrahedral site found in grossular is split in
wadalite into two sites, one of which is vacant, it still can be con-
sidered a derivative of grossular, but Glasser (1995) emphasized
the much closer relationship of wadalite to mayenite. Recent
crystal structure refinements make no mention of a relationship
of wadalite or mayenite to garnet (Boysen et al. 2007; Iwata et
al. 2008; Ma et al. 2011), and the structural relationship between
garnet and wadalite (or mayenite) is sufficiently distant that
these minerals are not included in the garnet supergroup. The
so-called “tetragonal almandine-pyrope phase” (TAPP) has the
stoichiometry, but not the structure of garnet (Harris et al. 1997,
Finger and Conrad 2000), i.e., TAPP has edges shared between
tetrahedra and octahedra, a feature not found in garnet (see be-
low) and thus is not considered further in this report. Similarly,
although some natural and synthetic arsenates of the alluaudite
group, e.g., caryinite, are approximately polymorphous with the
garnet supergroup mineral manganberzeliite (Ercit 1993; Khorari
etal. 1995, 1997), the structures of alluaudite-group compounds
are too different from garnet to warrant further consideration of
the alluaudite group in this report.

Twenty-nine of the thirty-two approved species of the garnet
supergroup are divided here into five groups on the basis of
the total charge of cations at the tetrahedral site, leaving three
ungrouped species (Table 1); four potential new species can be
accommodated in two of these groups (see below). One group
is also distinguished on the basis of symmetry: the tetragonal
henritermierite group (Fig. 1a). The classification in Table 1
keeps the number of groups at a practical level that still reflects
crystal-chemical relationships. Table 1 also gives the class for
the five groups and ungrouped species to emphasize that the
garnet supergroup comprises not only silicates (Figs. la, lc,
1d, and le), but also a halide (Fig. 1b), hydroxides, oxides,
vanadates, and arsenates (Fig. 1g). The groups are listed in
order of increasing charge of cations that occupy the Z site of
the end-members. Species within each group are listed as end-
members with increasing atomic number of the Z site, followed
by increasing atomic number of the Y site and last, by increasing

atomic number of the X site, whereas species with joint occupan-
cies at the Y site are placed last. Table 2 lists the 32 species as
end-members in the same order and compares formulas given
in the 2009 list (updated in 2012) of minerals approved by the
CNMNC with the end-member formulas approved with the
classification presented here.

Subdivision of the groups into mineral subgroups or mineral
series is not recommended, as these terms should be reserved
for homologous or polysomatic series (Mills et al. 2009). This
restriction constitutes another rationale for discouraging the
traditional division of the garnet group into the “pyralspite” and
“ugrandite” species (Winchell 1933) or series (Strunz and Nickel
2001), although there could be some fundamental structural dif-
ferences that limit solid solution between the two groupings (e.g.,
Ungaretti et al. 1995; Boiocchi et al. 2012; cf. Geiger 2008).

Our procedure for distinguishing species relies heavily on the
dominant-valency rule, which is an extension of the dominant-
constituent rule (Hatert and Burke 2008). The latter rule states
that species designation is based on the dominant constituent
at a given crystallographic site, which works well when all
constituents have the same valence. However, when ions at a
given crystallographic site have different valences, it is essential
that the dominant valence be determined first, and then species
and group designation is determined by the dominant ion hav-
ing this valence. Traditionally, identifying a garnet species has

TaBLE 1. A classification of the 32 approved species in the garnet
supergroup
Zcharge  GROUP or species name Class X Y z [
0 Katoite Hydroxide Ca; Al, O (OH)y,
3 Cryolithionite Halide Na; Al, Lis Fi,
6 Yafsoanite Oxide Ca; Te$*  Zn, 0,
8 HENRITERMIERITE Silicate
Holtstamite Ca; Al,  Si,| O Og(OH),
Henritermierite Ca; Mn3" Si,| O Og(OH),
9 BITIKLEITE Oxide
Bitikleite Ca; Sb**Sn* Al, Oy,
Usturite Ca; Sb*Zr Fe¥ 0O,
Dzhuluite Ca; Sb*Sn* Fe}t O,
Elbrusite Ca; USsZr,s Fedr 0O,
10 SCHORLOMITE Silicate
Kimzeyite Ca; Zr, SiAl, O,
Irinarassite Ca, Sn% SiAl, Oy,
Schorlomite Ca; Ti, SiFey* O,
Kerimasite Ca; Zr, SiFe3* 0,
Toturite Ca, Sn%*  SiFedt Oy,
12 GARNET Silicate
Menzerite-(Y) Y,Ca Mg, Sis [o2%%
Pyrope Mg; Al, Sis (%%
Grossular Ca; Al, Siz 0,,
Spessartine Mn% Al Sis 0,
Almandine Fed Al, Si, 0,
Eringaite Cas Sc, Sis 0,
Goldmanite Ca; %y Siy 0,
Momoiite Mn3 V3t Si, 0,
Knorringite Mg; Cr3* Sis 0,
Uvarovite Ca; Cr3* Sis 0,
Andradite Ca; Fed*  Si; [
Calderite Mn%"  Fed* Sis O,
Majorite Mg; SiMg  Si; 0,
Morimotoite Ca; TiFe** Si, 0,
15 BERZELIITE  Vanadate, arsenate
Schaferite Ca,Na Mg, V3 0,,
Palenzonaite Ca,Na Mn3  V3* 0,
Berzeliite Ca,Na Mg, Asy O
Manganberzeliite Ca,Na Mn3  Asy O

Notes: Formulas are given in the form {X;}[Y,](Z;)¢;,. Group names are given
in capitals.
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FIGURE 1. Photographs of representative garnet supergroup minerals
illustrating the diversity in appearance exhibited by the supergroup. (a)
Holtstamite, formula {Ca;}[Al,Mn3"](Si,)(C0)Og(OH),, as a yellow brown
crystal between grains of Mn- and Cu-rich vesuvianite (purplish black)
and calcite (white) in the holotype specimen from Wessels Mine, South
Africa. Swedish Museum of Natural History specimen no. 19960380.
Photo by U. Halenius. (b) Cryolithionite, end-member formula {Na;}
[AL](Li;)F,,: a transparent, colorless single grain in yellowish-white
fine-grained cryolite. Specimen size is 4.5 x 2 x 1.7 cm. From the type
locality, Ivigtut Cryolite deposit, Ivittuut (Ivigtut), Kitaa, Greenland.
Pavel M. Kartashov collection and photograph. (¢) Grossular, end-
member formula {Ca;}[Al,](Si;)O,,: a trapezohedron {211}, 3.5 cm
across on the left and crystals in a cyclic intergrowth on the right, from
the type locality, Wiluy River, Sakha-Yakutia Republic, Russia. The
distinctive brown color is due a 30—-50 um zone of brown andradite a short
distance under the crystal faces. Evgeny and Irina Galuskin collection
and Evgeny Galuskin photograph. (d) Uvarovite, end-member formula
{Ca;3}[Cr3'](Si3)Oy,: green dodecahedral crystals on chromite, from the
type locality, Saranovskii Mine, Permskaya Oblast, Middle Urals, Russia.
Largest crystal is 4 mm across. Museum of the Faculty of Earth Sciences,
University of Silesia, no. WNoZ/M/9/19. Evgeny Galuskin photograph.
(e) Almandine, end-member formula {Fe;}[Al,](Si;)O,: a crystal
group 2.5 cm across on granite, Mount Lady Franklin, Barnawartha,
Victoria, Australia. Museum Victoria registration no. M34200. Frank
Coffa photograph. (f) Schorlomite, end-member formula {Ca;}[Ti,]
(SiFe3")O,: an incomplete crystal from the type locality, Magnet Cove,
Hot Spring County, Arkansas. E.S. Grew collection and photograph.
(g) Manganberzeliite, end-member formula {Ca,Na}[Mn3"](As;")O,,
from the type locality, Langban, Sweden. The largest crystals are 3 mm
across. Swedish Museum of Natural History specimen no. 19170722.
M. Cooper photograph.

cm /1]

relied heavily on the proportion of end-member components,
and therefore depended on a specific sequence of calculating
end-member proportions: garnet end-member proportions
constitute an underdetermined system from the point of view of
linear algebra: there are more end-members than oxides (e.g.,
Rickwood 1968; Locock 2008).

The purpose of this report is to present the essential elements
of garnet nomenclature, to define concepts that are central to

TABLE2. Former formulas and end-member formulas approved in
the present report

Name Former formula Approved
end-member formula
Katoite Ca3AlL(Si0,);_(OH),y (x = 1.5-3.0) {Ca;}AL)(O,)(0H),,
Cryolithionite Na,Al(LiF,); {Naz}AL](Lis)F,,
Yafsoanite Ca;Te$"Zn;0;, {Ca;}[Te$"1(Zn;)0;,
Holtstamite Ca,Al,(Si0,),(OH), {Ca;}AL](Si,)(O)04(OH),
Henritermierite Cas(Mn*),(Si0,),(0H), {Ca3}[Mn3*1(Si,)(00)O4(OH),
Bitikleite* Ca;SbSnAl;0,, {Cas}[Sb°*Sn*](Al;)O;,
Usturite* Ca;SbZrFe;0,, {Cas}[Sb**Zr](Fe3*)Os,
Dzhuluite* Ca3(SnSb**)Fe3*0,, {Ca;}[Sb**Sn*1(Fe3*)O;,
Elbrusite* Cas(U%*Zr)(Fe3*Fe?)0,, {Caz}[U§5s2Zr, 51(Fe3)Os,
Kimzeyite Cas(Zr,Ti),(Si,AlFe**);0,, {Ca3}[Zr,](SiAl,) O,
Irinarassite Ca;Sn,Al,SiO;, {Ca;}[Sn3*1(SiAl,)O;,
Schorlomite Cas(Ti,Fe**),[(Si,Fe)0,1;0;, {Ca,}[Ti,(SiFe3*)0s,
Kerimasite CasZry(Fe3*Si)0;, {Cas}[Zr,](SiFe3*)0,,
Toturite Ca;Sn,Fe,Si0;, {Ca;}[Sn3*](SiFe3")O,,
Menzerite-(Y) {CaY,}Mg.l(Sis)Oy, {Y,Ca}Mg,](Si5)O;,
Pyrope Mg;AL(SiO.); {Mg3}AL](Si5)O,,
Grossular Ca,AlL(Si0,); {Ca3}[ALL](Si5)0;,
Spessartine (Mn?%),;Al,(Si0,); {Mn3+}AL](Si5)O,,
Almandine (Fe?);Al,(Si0,)s {Fe3*}[AL,](Si5)O:,
Eringaite Ca;Sc,(Si0,); {Cas}[Sc,](Sis)0,
Goldmanite Cas(V?),(Si0,); {Cas}[V31(Sis) 0,
Momoiite (Mn2*,Ca),(V3*,Al),Si;0;, {Mn31}[V3*1(Sis) Oy,
Knorringite Mg;Cr,(SiO,)s {Mgs}[Cr3*](Si5) 05,
Uvarovite Ca;Cry(Si0,); {Ca3}[Cr3*1(Sis)0;,
Andradite Cay(Fe?),(Si0,)s {Ca;}[Fe3*1(Sis)O,
Calderite (Mn?%)5(Fe®*),(Si0,)s {Mn3*}[Fe3*1(Si5)O,,
Majorite Mgs(Fe?",Si),(Si0,); {Mgs}[SiMg](Sis)O;,
Morimotoite Cas(Ti,Fe?",Fe*),(Si,Fe*);0,, {Ca,}[TiFe*1(Si;)Os,
Schéferite NaCa,Mg,(VO,); {Ca,;Na}[Mg,](V3")Os,
Palenzonaite NaCa,(Mn?*),(VO,); {Ca,Na}Mn3*](V5") O,
Berzeliite NaCa,Mg,(AsO,) 5 {Ca,Na}[Mg,](As3)0;,
Manganberzeliite NaCa,(Mn?*),(AsO,) ; {Ca,Na}[Mn3*](As3*)O;,

Note: Former names from IMA-CNMNC List of Mineral Names compiled in
March 2009 by E.H. Nickel and M.C. Nichols and from the Official IMA list of
mineral names (updated from March 2009 list) at http://pubsites.uws.edu.au/
ima-cnmnc/. Names of minerals approved after the list was published are taken
from the original description.

* Table 5 lists the names under which these four minerals were originally
described.

garnet classification, and to provide practical guidelines for
application of the nomenclature in distinguishing species. The
nomenclature outlined in this report has been approved by the
CNMNC (Voting proposal 11-D, April 3, 2012).

CRYSTALLOGRAPHIC AND CRYSTAL-CHEMICAL
ASPECTS OF GARNET-SUPERGROUP MINERALS

In the structure of cubic garnets (e.g., Menzer 1928; Novak
and Gibbs 1971; Hawthorne 1981; Merli et al. 1995; Geiger
2008), space group la3d (no. 230), there are only four symmetri-
cally unique atomic sites (not including hydrogen): dodecahedral
{X}, octahedral [Y], and tetrahedral (Z) cation sites, as well as
an anionic site designated ¢ to indicate O, OH, and F, giving a
generalized chemical formula for the garnet supergroup, {X;}[Y,]
(Z3)p12 (modified after Geller 1967). The three cation sites are at
special positions fixed by symmetry, with the Wyckoff positions
24c, 16a, and 24d, respectively, whereas the anion site is located
at a general position, 964. The structure consists of alternating
Z, tetrahedra and Yo, octahedra, which share corners to form a
three-dimensional framework (Fig. 2). Cavities enclosed in this
framework have the form of triangular dodecahedra surrounding
the X'site (Novak and Gibbs 1971). Each anion is coordinated by
one Z, one Y, and two X cations, resulting in a high percentage of
shared edges between the dodecahedra on the one hand and the
octahedra and tetrahedra on the other. However, the octahedra
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FIGURE 2. Portion of the garnet structure projected along [001].

and tetrahedra do not share edges with each other (cf. TAPP:
Harris et al. 1997; Finger and Conrad 2000).

In hydrous garnets, the major mechanism of hydroxyl incor-
poration is by the coupled substitution 4H+0 — O+7Si, i.e.,
the hydrogen ions occupy a separate site of general symmetry
(Wyckoft position 96/) coordinated to O defining the tetrahedral
site, which is vacant (e.g., Ferro et al. 2003; Lager et al. 1987,
1989). The hydrogen ions lie approximately on the faces of the
tetrahedron of O around a vacant center, as do the deuterium
ions shown in Figure 3. The O-H and O-D distances reported
for minerals or their synthetic analogues range from 0.65 A in
synthetic deuterium katoite (X-ray diffraction, Lager et al. 1987)
and 0.68 A in natural katoite (X-ray diffraction, Sacerdoti and
Passaglia 1985) to 0.75 A in henritermierite (X-ray diffraction,
Armbruster et al. 2001) to 0.904-0.95 A in synthetic katoite
(neutron diffraction, Lager et al. 1987; Cohen-Addad et al. 1967).
Allowing that O-H and O-D distances obtained by X-ray diffrac-
tion are shorter than those obtained by neutron diffraction, Lager
etal. (1987) concluded that the reported distances are consistent
with isolated OH groups (lacking H-bonding) and assumed that
the residual density located near oxygen can be attributed to the
displaced (bonding) electron between O and H and not to the
hydrogen itself.

However, compositional data, nuclear magnetic resonance
(NMR) spectra, and infrared (IR) spectra have been cited as
evidence for multiple H occupancy in grossular and garnets in
the hydrogrossular series. Cation vacancies at the X and Y sites
calculated from electron microprobe analyses without direct
determination of H,O have been cited as evidence for the pres-
ence of H in these polyhedra, either without crystallographic data
(Birkett and Trzcienski 1984), or in conjunction with single-crys-
tal refinements of Ca, Al, Fe, and Si, whereas H could be located
only in a few of the crystals studied and not quantified (Basso
et al. 1984a, 1984b; Basso and Cabella 1990). Kalinichenko
et al. (1987) interpreted NMR spectra obtained on a grossular
to indicate 2H in the octahedra and 1H in the tetrahedra. In a
comprehensive IR study of the hydrogrossular series, Rossman
and Aines (1991) reported that samples containing substantial

oxygen

\\ deuterium

center
(vacant)

@

FIGURE 3. Local coordination environment of the tetrahedral position
from the low-7" (200 K) refinement of synthetic deuterated katoite (Lager
et al. 1987) showing that the deuterium ions are approximately on the faces
of the O tetrahedron and ~1.3 A from the ideal tetrahedral cation position,
which is vacant. O-O distances shown as thin rods, O-D bonds as thick rods.

H (>11.7 wt% H,0 equivalent to >5.43 OH per formula unit)
gave spectra consistent with the substitution 4H+“0 — O+7Si,
whereas samples with much less H (<3.6 wt% H,O, mostly
<0.5 wt%) gave 7 different types of IR spectra, suggesting OH
groups were present in multiple site environments, an inference
supported by NMR spectra on three grossular samples (Cho and
Rossman 1993). On the basis of Fourier-transform IR spectra,
Eeckhout et al. (2002) concluded that there is no evidence for
a multisite OH substitution in spessartine-almandine garnets
from Brazilian pegmatites, leaving the hydrogarnet substitution
as the only proposed mechanism for the incorporation of H. In
summary, garnet samples in which concentrations of H are too
low to be studied by conventional X-ray and neutron diffraction
techniques give conflicting and equivocal results, whereas H-
rich samples in which H can be determined by these techniques
give data consistent with 4H+“[0 — O0+“Si. Consequently, for
nomenclature purposes, we have assumed that H is incorporated
exclusively by 4H+?00 — O+7Si.

The symmetry of garnet is predominantly isometric, space
group Ila3d (no. 230) but the two species in the henritermierite
group have tetragonal symmetry /4,/acd (no. 142), and the X, Z,
and ¢ sites are split into more symmetrically unique sites, without
altering the topology such that the idealized formula becomes
{Cal,} {Ca2}[R3"](Sil,)(O2)01,02,(O3H),, where R** = Mn or
Al. Armbruster et al. (2001) concluded that Jahn-Teller distortion
resulting from Mn*" occupancy of Y and the arrangement of the
hydroxyl tetrahedra are coupled, and together are responsible for
the lowering to tetragonal symmetry in henritermierite. More-
over, stabilization of the Al-dominant analog holtstamite has been
thought to require a minimum Mn®** content, which is estimated to
be at least 0.2 Mn** per formula unit (pfu), the amount reported
in an isometric andradite (Armbruster 1995) and no more than
0.64 Mn*" pfu, the lowest amount found in holtstamite, i.e., be-
tween 10 and 32% of the henritermierite end-member must be
present to stabilize the tetragonal form (Halenius 2004; Halenius
et al. 2005). However, these arguments are not supported by a
Si-deficient spessartine containing no Mn**, but showing 74,/acd
symmetry attributed to (OH,F), groups (Boiocchi et al. 2012),
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implying symmetry lowering could have more than one cause.

In addition, there are numerous reports of natural garnets
having orthorhombic, monoclinic, or triclinic symmetry, which
have been attributed to crystal growth phenomena, multiple
diffraction, strain, and/or cation ordering (e.g., Griffen et al.
1992; McAloon and Hofmeister 1993; Armbruster and Geiger
1993; Rossmanith and Armbruster 1995; Hofmeister et al. 1998;
Wildner and Andrut 2001; Shtukenberg et al. 2005; Frank-
Kamenetskaya et al. 2007). As these structures have essentially
the same topology, they are not regarded as separate species
(Nickel and Grice 1998).

Table 3 gives the relative abundance of the generalized cat-
ions (R™ with n = 1-6) and anions (¢'-, ¢*) at each of the sites
reported in the /a3d structure, and presents the major reported
cation and anion substituents in natural garnets for each of the
valence states of the ions. Table 4 summarizes significant het-
erovalent substitutions in natural garnet, as well as some chemical
relations among species.

SPECIFIC NOMENCLATURE ISSUES IN THE GARNET
SUPERGROUP

Historical information on the 32 approved species of the gar-
net supergroup is summarized in Appendix 1. A more complete
list of 715 synonyms, varietal, obsolete, and discredited names
applied to minerals in the garnet supergroup since antiquity has
been compiled in Appendix 2'. This list includes the synonyms

TaBLE 3. Relative site abundances of cations and anions in garnet-
supergroup minerals
Site Relative abundance of ions

Cations and anions at each
site in order of relative abundance
R**:Fe ~Mn ~ Ca > Mg >> Pb
R*:Y > HREE > LREE
R™:Na
R*:Th
R**: Al ~ Fe >V, Cr, Mn > Sc >> Ga
R*:Ti>Zr > Si,Sn
R**: Mg > Fe, Mn
R**: Sb, Nb
R**:Te, U
R#*:Si>>Ti>Ge
R**:Fe ~ Al
R*:As>V>P
R*:Zn, Fe
R™: Li

P @ >> ¢ 0
@' TOH>F

X R* >> R¥* >> R'* >> R%

Y R3* > R* > R2* > RS+ > Ro*

Z R*>PR*>R*~DO(vacancy) > R*, R™

of current names that have been used in the mineralogical and
gemological literature. In the following section, we discuss only
those species in which there were problems or difficulties in their
original characterization or where the name or formula has had
to be significantly modified since the original description.

Suffixes

With the exception of manganberzeliite (see below), up until
2009, garnets have been given new root names, without prefixes
or suffixes. However, since 2009 five new names with suffixes
have been approved by the CNMNC. For one of these, menzerite-
(Y), the suffix is a Levinson modifier for the rare earth elements
(Levinson 1966), whereas the suffixes for the other four garnets
identified the dominant tetravalent cation at the Y site, i.e., Sn
vs. Zr in two bitikleite species [formerly bitikleite-(SnFe) and
bitikleite-(ZrFe)] and elbrusite [formerly elbrusite-(Zr)], and the
dominant trivalent cation at the Z site, i.e., Al vs. Fe [formerly
bitikleite-(SnAl) and bitikleite-(ZrFe), Table 5]. In the present
report we restrict the term “rare earth elements” to the elements
from La to Lu (atomic numbers 57-71) and Y (atomic number
39) as defined by Levinson (1966), rather than calling La-Lu
“lanthanoids” and including Sc as well as Y in the rare earth
elements as recommended by the International Union of Pure
and Applied Chemistry. With the exception of the Levinson
modifiers for the rare earth elements, e.g., menzerite-(Y), the
application of suffixes results in unnecessary complexity in the
nomenclature and could lead to confusion as further new spe-

! Deposit item AM-13-036, Appendixes 2—4. Deposit items are available two
ways: For a paper copy contact the Business Office of the Mineralogical Society
of America (see inside front cover of recent issue) for price information. For an
electronic copy visit the MSA web site at http://www.minsocam.org, go to the
American Mineralogist Contents, find the table of contents for the specific volume/
issue wanted, and then click on the deposit link there.

TABLE5. Former names, new names and approved end-member for-
mulas for renamed/discredited minerals listed in this report

Former name New name Formula (approved by CNMNC)
(approved by CNMNC)

Bitikleite-(SnAl) Bitikleite {Ca,}[Sb**Sn*](Al;)O,,

Bitikleite-(SnFe) Dzhuluite {Ca3}[Sb**Sn**](Fe3*)O;,

Bitikleite-(ZrFe) Usturite {Ca3}[Sb**Zr](Fe3")O;,

Elbrusite-(Zr) Elbrusite {Cas}[U§52Zr, s1(Fe3)O,

Hibschite* Grossular {Cas}AL](Sis )01, 4(OH).y

where x< 1.5

Notes: The cations and anions shown in bold type represent the most common
ions at these sites. HREE and LREE are heavy and light rare-earth elements,
respectively, excluding Y.

*Former formula: Ca;Al,(Si0,);(OH)., where x=0.2-1.5.
t Includes OH-bearing grossular. Ideal anhydrous grossular has the formula:
{Cas}AL](Sis)Os,.

TABLE4. Significant garnet coupled heterovalent substitutions

Generalized coupled substitution

Relationship

O+ g~ — %Si* + 40>

YR2+ 4 YR s QYR+

ZRA+ 4 YR3F s ZR3+ 4 YRAH

X(Y, REE)3+ + ZR3+ — XR2+ + ZR4+
X(Y, REE)* + *Na'* — 2¥R>*
X(Y, REE)* + "R?* — *R?* + YR%*
YRS+ 4+ ZR3+ —> YRA+ 4 ZR4+
YO.5R6* + 2R3+ —> Y0.5R4 4 ZR4+
YUS* 4 ZR2+ —> YR 4 ZRA+
0.5"Th* + ZR® — 0.5%R?" + 2R*
'R* + 0.52V** — 0.5%R** + "Sb**
YR# 4 2\f5+ s YJO6+ 4 ZR3+

XNa'™* + YR —> XR2+ 4 YR3+
XNa'* + ZR5+ —> XR2+ 4 ZR4+

relates katoite, henritermierite and holtstamite to OH-free minerals in the garnet group
relates morimotoite (*'Ti) and majorite ('Si) to other garnet-group minerals

relates the schorlomite group to the garnet group
introduces Y + REE as a YAG, {Y3}[Al,](Al;)O,,-type component
introduces Y + REE into garnet-group minerals
relates menzerite-(Y) to other garnet-group minerals

relates bitikleite, dzhuluite and usturite with schorlomite-group minerals

relates elbrusite with schorlomite-group minerals

observed relationship between elbrusite and schorlomite group minerals (Fig. 4)

introduces Th into minerals of the bitikleite and schorlomite groups
introduces V into bitikleite
introduces V into elbrusite
introduces Na and ©Si or ®Ti into the garnet group
relates the berzeliite group to the garnet group

Note: R represents generalized cations (see Table 3).
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cies are discovered. Consequently, we recommend that suffixes
(except Levinson modifiers for the REE) not be used for names
of minerals in the garnet supergroup. Moreover, as the four gar-
nets with suffixes, which are not Levinson modifiers, have only
recently been described and are not entrenched in the literature,
we have given these garnets new names without suffixes. This
renaming has been approved by the CNMNC as part of the overall
nomenclature (Table 5). The etymology of the new names can
also be found in Appendix 1.

“Hydrogarnets”

The nomenclature of naturally occurring garnet containing
substantial amounts of the hydroxyl ion has had a complex
history (e.g., Pertlik 2003). Many of these garnets have com-
positions intermediate between grossular (x = 0) and katoite
(x = 3), i.c., {Cas}[ALI(Sis 0,00, (OH),, where 0 < x < 3
and O is vacancy. For the majority of these garnets, x < 1.5
(e.g., Passaglia and Rinaldi 1984). “Hibschite” was approved
by the then Commission on New Minerals and Mineral Names
(CNMMN, the predecessor of the CNMNC) as a name for
OH-bearing grossular with x < 1.5 (Dunn et al. 1985) because
“hibschite” had priority (Cornu 1905, 1906) over “plazolite”
(Foshag 1920) and “hydrogrossular” (Hutton 1943). However,
“hibschite” is not distinct from grossular according to the
dominant-constituent rule, i.e., Si > [ at the Z site, therefore
“hibschite” is discredited in favor of grossular (Table 5). Dunn
etal. (1985) allowed that “the name hydrogrossular may still be
applied to members of the series with appreciable OH content
but undetermined SiO,/(OH), ratio.”

Several names have also been used describe the OH-bearing
garnets considered together, including the “grossularoid group”
(Belyankin and Petrov 1941) and the “hydrogarnet series” (Flint
etal. 1941). Dunn et al. (1985) implied that the term “hydrogros-
sular group” and “hydrogrossular series” would be acceptable
for compositions along the grossular katoite join, but in our
classification the binary would no longer qualify as a group,
whereas the term “series” has a more restrictive meaning than
a simple binary solid solution (Mills et al. 2009; see above).

The tetragonal hydroxyl-bearing garnets henritermierite
and holtstamite (Fig. 1a) are considered to constitute a distinct
group because of their lower symmetry and because one tetra-
hedral site is largely vacant, i.e., 1 > Si at one of the two sites
corresponding to Z in the archetypal garnet structure (Aubry et
al. 1969; Armbruster et al. 2001; Hélenius et al. 2005). Optical
determinations are sufficient to distinguish this group from
members of the garnet group, and crystal structure determina-
tions are not necessary. Holtstamite is uniaxial and shows a high
(0.030) birefringence. In contrast birefringent grossular garnets
are normally biaxial (as a consequence of symmetry lowering
to orthorhombic, monoclinic, or triclinic symmetries) and show
low to moderate (0.001-0.010) birefringence (Shtukenberg et
al. 2001, 2005), although birefringence as high as 0.015 has
been observed for compositions with considerable andradite
component. In addition, the powder XRD pattern for holtstamite
and grossular are distinct because they show different d-spacings
for their respective 5 strongest reflections. Henritermierite and
holtstamite are distinguished from each other on the basis of the
dominant cation at the ¥ site, respectively Mn** and Al.

Elbrusite

Elbrusite was originally described as “elbrusite-(Zr)” with
the formula {Ca;}[U*Zr](Fe3'Fe*")O,, (Table 2 from Galuskina
etal. 2010a). Determination of the site occupancies and valence
states were hampered by its metamict state, which was nearly
complete in elbrusite containing 24 wt% UO; (0.62 U per for-
mula unit) and well advanced in U-rich kerimasite (Fe-dominant
analog of kimzeyite in the original description) (15-17 wt%
UO;, 0.37-0.42 U pfu); single-crystal X-ray diffraction was
only practical for kerimasite containing 9 wt% UO; (0.21 U
pfu) (Galuskina et al. 2010a). The authors noted that a Raman
band below 700 cm™ could indicate the presence of some Fe?*
in elbrusite, but the only evidence for U being hexavalent is the
association with vorlanite, CaU™Q,, for which the hexavalent
state of U could be determined (Galuskin et al. 2011a).

The composition {Ca;}[U*Zr](Fei'Fe**)O,, is not a valid
end-member because more than one site has two occupants
(Hawthorne 2002). Instead, it can be considered as the sum of
two valid end-members, % {Ca;}[U§5Zr, s](Fe3)O,, + %4{Ca;}
[US'](Fe?")O,, (Fig. 4). Compositions of elbrusite and U-rich
kerimasite plot in a linear trend in terms of U and the sum
of tetravalent cations between the composition representing
kerimasite, {Ca;}[R$"](R*R3)O,,, and {Ca;} [U*R*|(R3'R*)O,
(Fig. 4). The trend is very close to the substitution mechanism
U*+R?" = 2R*, and thus is consistent with the interpretation by
Galuskina et al. (2010a) that U is hexavalent and Fe*" is present.
Moreover, the compositions that Galuskina et al. (2010a) identi-
fied as elbrusite and kerimasite plot in the fields for {Ca;}[U®*R*]
(R3'R*")0O,, and {Cas} [RST(R*'R3")O,,, respectively, requiring no
revision of their species identifications if {Ca;}[U§5Zr, s](Fei")
O,, is considered to be the end-member of elbrusite. Therefore
{Ca3}[U§5Zr, 5](Fe3)O,, should now be used as the elbrusite
end-member formula.

Yudintsev (2001) and Yudintsev et al. (2002) reported a
U-rich garnet, one of three compounds synthesized in corundum
crucibles from a (Ca, sU, 5)Zr,Fe;0,, bulk composition at 1400 °C
in air: {Ca, U6} [Z11.66F€030Uo0s](Fei55Al, 15)O1, whereas Ut-
sunomiya et al. (2002) reported synthesis of a U-rich garnet with
a slightly different composition, {Ca, ;U 7} [Zr1)5,Up47F€001]
(Fe,s3Al,17)O1,, under unspecified conditions, but presumably
similar. Uranium is largely tetravalent in the starting material,
and despite having been heated in a relatively oxidizing envi-
ronment, was assumed by Yudintsev (2001) to have remained
mostly tetravalent in the garnet because of its association with
cubic oxide with the fluorite structure typical of U*". However,
charge balance requires that 72—-81% of the U be hexavalent in
the two synthetic garnets. If U is assumed to be tetravalent at
the X site and hexavalent at the Y site, a distribution consistent
with the relative sizes of the two U ions, the two formulas give
11.754 and 12.030 positive charges, respectively. The formula of
the garnet synthesized by Utsunomiya et al. 2002) is very close
to the proposed elbrusite end-member (Fig. 4), and thus provides
support for use of this end-member for elbrusite.

Ti-rich garnets: Schorlomite and morimotoite

The site occupancies of Ti-rich garnets have been the subject
of considerable controversy despite being extensively studied
using a diverse arsenal of spectroscopic techniques as well
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FIGURE 4. Compositions of U-rich garnets from the Upper Chegem
caldera, Northern Caucasus, Russia (Galuskina et al. 2010a; Utsunomiya
et al. 2002). The red lines mark the boundaries between elbrusite,
kerimasite and an unnamed species based on the relative proportions of
the kerimasite end-member, new elbrusite end-member and the unnamed
{Ca;}[US" (R3O, end-member. Yellow circle indicates the Sn-dominant
analog of elbrusite, which was included in the least-squares fit.

as X-ray diffraction (e.g., Chakhmouradian and McCammon
2005). The two species currently accepted by the CNMNC
are schorlomite, Cas(Ti,Fe*'),(Si,Fe);0,,, and morimotoite,
Cas(Ti,Fe?" Fe*"),(Si,Fe*");0,, (Table 2). These formulas, which
are listed as approved by the CNMNC, are too generalized to
indicate what the distinction is between the two species, and
clearly new formulas based on end-members are needed.
Schorlomite (Fig. 1f) was first described and named by
Shepard (1846), who reported it to be a hydrous silicate con-
taining Y, Fe, and possibly Th from Magnet Cove, Arkansas,
U.S.A. However, Whitney (1849) and Rammelsberg (1850a,
1850b) showed schorlomite to be a silicate of Ca, Fe, and Ti,
reporting compositions approaching those obtained by modern
techniques. Chemical data obtained subsequently of Ti-bearing
andradite, often called by the varietal name “melanite,” showed
that TiO, content ranged continuously from 0 to 19 wt%, whereas
Labotka (1995) reported immiscibility at one locality. Grapes
et al. (1979) and Laverne et al. (2006) reported up to 30 wt%
TiO, in garnets having anomalous compositions, which will be
discussed separately below. Chakhmouradian and McCammon
(2005) summarized the criteria proposed by various authors for
distinguishing schorlomite from Ti-bearing andradite; among
the most frequently used have been 'Ti > "Fe** (Ito and Frondel
1967a; Deer et al. 1982), approximately the same as TiO, > 15
wt% (Zedlitz 1933) and about twice the minimum Ti content
suggested by Howie and Woolley (1968). Chakhmouradian
and McCammon (2005) recommended that the proportion of
schorlomite be determined as the amount of 'Ti, balanced by
substitutions at the Z site, relative to the total occupancy in the
Y site, ('Ti—'"Fe*"Mg—Na)/2, i.e., deducting a morimotoite
component (see below) together with a contribution from a hy-
pothetical {Na,Ca}[Ti,](Si;)O,, component. Several end-member
formulas have been proposed for schorlomite, e.g., {Ca;}[Ti,]
(Fed'Si)O,, (Ito and Frondel 1967a) and {Ca;}[Ti,](Fe3'Ti)Oy,
(Rickwood 1968), whereas Chakhmouradian and McCammon

(2005) argued that the crystal chemistry was too complex to be
represented by a single end-member, and proposed a generalized
formula instead, {Ca;}[Ti,](Si;.)(Fe*",Al,Fe*),0,..

Morimotoite was introduced by Henmi et al. (1995) with
an end-member formula Ca;TiFe?*'Si;O,,, based entirely on
electron-microprobe data of garnet containing nearly 20 wt%
TiO, from Fuka, Okayama Prefecture, Japan. Formulas that we
recalculated assuming 8 cations and 12 O anions from three
analyses in Henmi et al. (1995), including the one designated as
type, gave 1-8% andradite, {Ca;}[Fe3"](Si;)O,,, 27-34% {Ca;}
[Ti,](Fe3'Si)O,, and 58—71% {Ca;}[TiFe**](Si;)O,, with minor
Zr,Mg, Mn, and Al included with Ti, Fe*", Ca, and Fe** according
to valence. Garnets synthesized by Henmi et al. (1995) under
reducing conditions (iron-wiistite buffer) have compositions very
similar to the natural material; end-member morimotoite could
not be synthesized. However, no structural or spectroscopic
data were obtained to confirm the assumed site occupancies and
calculated Fe valence, and thus the report raised objections. Fehr
and Amthauer (1996) and Rass (1997) questioned the assumption
that Ti was all Ti*". The latter authors also dismissed the infrared
evidence that Henmi et al. (1995) used to justify their conclu-
sion that OH was absent, and cited experiments by Kiithberger
et al. (1989) that OH is likely to be present in morimotoite.
Their conclusion is supported by the report by Armbruster et al.
(1998) that the morimotoite substitution, Fe*+Ti*" — 2Fe*" at
the Y site is coupled with 4OH- — SiOj" at the tetrahedral site
in Ti-bearing andradite.

Despite the variety of methods deployed to locate cations
in the structure of Ti-rich garnets, authors have yet to reach a
consensus, which reflects not only differing interpretations of
the spectroscopic and structural data, but probably also varia-
tion between samples. Nonetheless, the question confronting
us is whether we can still propose a meaningful classification
based on formulas calculated from a full electron microprobe
analysis assuming 8 cations and 12 oxygen anions. There is
little disagreement on the occupancy of the X site, which with
rare exception contains at least 2.7 (Ca+Na) atoms per formula
unit (apfu), to which are added sufficient Mn and Mg to bring
total X site occupancy to 3, but fewer authors (e.g., Chakhmou-
radian and McCammon 2005) would also place Fe*" at the X
site. Problematic issues include the valence and location of Ti
and Fe, as well as the location of Al. Locock (2008) reviewed
the literature on Ti** in garnet and concluded that the oxygen
fugacities required for this valence were far too low to be found
in most geologic environments. This conclusion is consistent
with most spectroscopic studies, for example, X-ray absorption
near-edge structure spectroscopy (XANES) has revealed little
or no Ti*" in natural garnet (Waychunas 1987; Locock et al.
1995), whereas electron spin resonance spectroscopy revealed
that Ti*" is much subordinate to Ti*" in pyrope synthesized under
relatively reducing conditions (Rager et al. 2003; Geiger 2004).
In contrast, Malitesta et al. (1995) and Schingaro et al. (2004)
reported significant Ti*" in Ti-bearing garnet by X-ray photoelec-
tron spectroscopy (XPS). Since XPS examines the near-surface
of a solid, i.e., to a depth of a few tens of angstroms (Hochella
1988), the discrepancy between the XPS and XANES results
could be due to differences at the mineral surface not detected by
XANES, and consequently we are inclined to accept the conclu-
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sion that Ti* plays a negligible role in natural terrestrial garnet,
although it could be significant constituent in some meteoritic
garnet (e.g., Ma 2012).

As regards the location of Ti, Armbruster et al. (1998) located
Ti at Z as well as Y, but most authors place Ti only at ¥, which
seems reasonable in the relatively Si-rich and Ti-rich garnets
(Si > 2 apfu) because of the rarity of Si = Ti substitution at
tetrahedral sites (Hartman 1969). Nonetheless, combined low
pressure and high temperature could favor Ti substitution for Si
at a tetrahedral site as it does in lamproitic richterite (Oberti et
al. 1992). The most robust element-specific technique, XANES,
yields results consistent with the bulk of Ti occupying the oc-
tahedral site in most natural garnets (Waychunas 1987; Locock
et al. 1995). Significant Ti may occupy the Z site in Si-poor
garnets such as elbrusite and bitikleite (e.g., Galuskina et al.
2010a, 2010b), and its presence has been demonstrated in Si-
free synthetic garnets (Povarennykh and Shabilin 1983; Cartie
etal. 1992; Yamane and Kawano 2011). Another question is the
possible presence of tetrahedrally coordinated Fe*". Some studies
reported Mdssbauer spectroscopic evidence for significant Fe?*
at the Z site (e.g., Locock et al. 1995; Koritnig et al. 1978), but
the spectroscopic data do not always give unequivocal site as-
signments (Chakhmouradian and McCammon 2005). Last, there
is the role of the hydroxyl ion; ignoring hydroxyl results in an
underestimate of Fe?" in the formulas calculated by the method
of Droop (1987). However, the effect would be serious only if
>0.4 wt% H,O were present, in which case at least 0.1 Fe** per
formula unit would not show up in the calculated formula unless
OH were included in the formula calculation, i.e., (OH)+O = 12
and Z{X}+2[Y]+Z(2) 0oy = 8, or if F present, O+(OH)+F =
12 and Z{X}+E[Y]+2(2)+0 onysat?Oru = 8. The few analyses
available in the recent comprehensive studies give 0.02-0.21
wt% H,O for natural Ti-rich garnets with >12 wt% TiO, (Kiih-
berger et al. 1989; Locock et al. 1995; Amthauer and Rossman
1998; Chakhmouradian and McCammon 2005). An exception is
“hydroschorlomite” with 5 wt% H,0 (Galuskin 2005); such H,0-
rich garnets cannot be treated in the approach discussed below.

To identify end-member formulas for the two Ti-rich garnet
species schorlomite and morimotoite, we should compare the
results from as many studies as possible, which necessitate our
relying on chemical data. Few authors have supplemented chemi-
cal data with structure refinements using X-ray diffraction and
with spectroscopic methods to determine site occupancy, and thus
we think that reliance on chemical data is the most consistent
approach for treating compositional data from different studies.
In addition, we have made the following assumptions in treating
the chemical data.

(1) Ti is Ti*" and preferentially occupies the Y site, which
rules out the end-member {Ca;}[Ti,](TiFe3")O,, proposed by
Rickwood (1968).

(2) H,O content is <0.2 wt%.

(3) Site occupancies are estimated using formulas calculated
for 8 cations and 12 oxygen anions and the procedure outlined
in the next section (see below).

Figure 5 is a plot of Y-site compositions for garnets contain-
ing >12 wt% TiO, and Ti > Zr apfu in terms of the following

generalized end-members {Ca;}[R37](Si;)Oy,, {Cas} [RI](SiR3)
Oy, and {Ca;}[R* R*"](Si3)Oy,. For R*" =Ti, R*" =Fe*', and R*
=Fe*, these generalized end-members correspond, respectively,
to andradite, the schorlomite end-member of Ito and Frondel
(1967a), and the morimotoite end-member of Henmi et al. (1995),
i.e., the same components plotted by Henmi et al. (1995, their Fig.
1). It turns out that 15 wt% TiO,, which Zedlitz (1933) suggested
as a cutoff for schorlomite, is a good estimate of the minimum
TiO, content of compositions plotting in the morimotoite and
schorlomite fields unless significant Zr is present.

Three reports of garnets reported to contain over 20 wt%
TiO, have not been plotted in Figure 5 either because of their
high-H,O content or because of their questionable identity as
garnet. Galuskina and Galuskin (unpublished data) were able to
confirm the identity of an OH-bearing schorlomite in a xenolith
from the upper Chegem caldera, northern Caucasus by Raman
spectroscopy. Analyses of the cores of two honey-colored
crystals about 30 wm across enclosed in grossular-katoite give
12.61-13.75 wt% SiO,, 25.42-25.86 wt% TiO,, 0.41-0.49 wt%
Sn0,, 2.20-2.28 wt% AlL,0s, 24.86-26.09 wt% Fe as Fe,0;,
31.03-31.71 wt% CaO, =< 0.03 wt% MgO, and 0.27 to 1.2 wt%
H,O (calculated); Mn, Cr, Zr, Nb, V, Ce, La, Na, F, and Cl were
below the detection limit. These data correspond approximately
to 73-76% {Ca;}[Ti$"](SiFe3")O,,, the highest proportion of the
schorlomite end-member reported in a natural garnet, 12-13%
{Ca;}[Tid"](SiAly)O,, and 12—14% andradite plus its OH analog.
Grapes et al. (1979) reported an electron microprobe analysis
of a garnet from Morotu, Sakhalin Island, Russia, containing
27.38 wt% TiO, and 33.50 wt% Fe as FeO, but deficient in Si
and Ca with the formula: {Ca, s;Fet’,sMny g, }[Ti; 2sFed71Mgooi]
(Si, 84 TiggoFed33Al5,15)O1a, 1.€., @ morimotoite from site occupan-
cies, but anomalous because so much Ti (or Fe*") is forced by
the formula calculation onto the Z site. A possible explanation
for the high-Fe and Ti contents is X-ray fluorescence from con-
tiguous phases (Chakhmouradian and McCammon 2005). In a
study of altered basalt from the equatorial east Pacific, Laverne
et al. (2006) described a “hydroschorlomite” with 22.0-28.6
wt% TiO,, 6.2—12.9 wt% Fe as FeO and 22.5-26.5% wt% CaO.
Laverne et al. (2006) tried to correct for celadonite impurities,
which were manifested by the presence of ~1 wt% K,O in the
analyses. The study included SEM and TEM, as well as micro-
Raman spectra, but none provided corroborative evidence that the
mineral was indeed a garnet; the reported compositions suggest
the mineral could be titanite.

Three analyses, including the holotype, from the type locality
of morimotoite in Fuka, Japan, plot in the morimotoite field and
show that Ti and Fe?" are the dominant R*" and R** cations at Y'if
we assume that Ti and Fe?* do not occupy the Z site, whereas four
of the five analyses of garnet from the type locality of schorlomite
at Magnet Cove, U.S.A., plot in the schorlomite field and show
that Ti is the dominant R*" cation, and Fe** is the dominant “R**
cation. The latter situation holds even if Al is assumed to pref-
erentially occupy the Z site (e.g., Chakhmouradian and McCam-
mon 2005), which is not supported by all studies (e.g., Locock
et al. 1995; Armbruster et al. 1998). Thus, we recommend that
{Ca;}[Ti*'Fe*](Si;)0,, and {Ca;}[Ti4"](SiFei")O,, be the end-
member formulas for morimotoite and schorlomite, respectively.
Despite the assumptions and simplifications discussed above,
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FIGURE 5. Plot of the Y-site contents of 40 natural garnets with TiO, > 12 wt% based on formulas normalized to 8 cations and 12 O anions
(excluding H); BaO and ZnO not included. Y-site contents were calculated from the relative proportions of (1) Ti+Zr (=R** at Z), (2) remaining
Ti+Zr as R*'R*, and (3) R**, which correspond to schorlomite, morimotoite and andradite, respectively. Sources of data: Zedlitz (1935); Lehijérvi
(1960); Gnevushev and Fedorova (1964); Howie and Woolley (1968); Dowty (1971); von Eckermann (1974); Amthauer et al. (1977); Huggins et al.
(1977); Koritnig et al. (1978); Platt and Mitchell (1979); Flohr and Ross (1989); Lupini et al. (1992); Henmi et al. (1995); Labotka (1995); Locock et
al. (1995); Chakhmouradian and McCammon (2005); Marks et al. (2008); Melluso et al. (2010); Saha et al. (2010). Circles for Mg > Fe?* (total for
analysis) have been added only for compositions plotting in the morimotoite field. The square enclosing a triangle indicates the schorlomite in which
ZAl > “Fe** and 0.55 Zr pfu reported by Koritnig et al. (1978); it is a possible new species, the Al-dominant analog of schorlomite. Compositions
are plotted under the assumption that Al preferentially is incorporated at the Z site (except from Fuka, see text).

we believe that Figure 5 can be used to distinguish schorlomite
and morimotoite in the absence of structural and spectroscopic
studies if allowance is made for the uncertainties in attempting
to identify borderline cases.

Figure 5 shows that many garnets reported as schorlomite
plot in the morimotoite and andradite fields; garnets plotting
in the schorlomite field other than those from Magnet Cove
are from Ardnamurchan, Scotland (Huggins et al. 1977), the
Tamazeght complex, Morocco (Marks et al. 2008), the Polino
carbonatite, Italy (Lupini et al. 1992), and Alné Island, Sweden
(von Eckermann 1974). The dominant “R*" cation in these
garnets is Fe’*, even if Al is assumed to preferentially occupy
the Z site. Using the above assumptions, garnets plotting in the
morimotoite field (with Fe?* > Mg at the Y site) are from livaara,
Finland (Zedlitz 1935), Afrikanda, Russia (Chakhmouradian
and McCammon 2005), Ice River, Canada (Locock et al. 1995;
Peterson et al. 1995), Sung Valley, India (Melluso et al. 2010),
and Rusing Island, Kenya (Howie and Woolley 1968). However,
Mossbauer spectroscopy of the Ice River garnet indicates that
a significant proportion of the Fe?" is located at the Z site and
dominance of [(Ti,Zr),] over [(Ti,Zr)R*"] at ¥, so Locock et al.
(1995) and Peterson et al. (1995) had reason to call this garnet
schorlomite. Two relatively Zr-rich garnets from the Marathon
Dikes, Ontario, Canada (Platt and Mitchell 1979), also plot in
the morimotoite field, but are unique in that total Mg > Fel,
(circled in Fig. 5) suggesting the possibility of a Mg-dominant
analog of morimotoite (see the section on Possible new species

and compositional variations in natural garnet).

All the analyses plotted in Figure 5 have Si > 2 and total
charge at Z > 11, i.e., all the garnets would be classed as garnet
group, including compositions of schorlomite from the type lo-
cality (e.g., Appendix 3'). This contradiction arises because the
compositions include more garnet-group components, largely
andradite, {Ca;)[R3"](Si;)O,,, and morimotoite, {Ca;}[R* R*]
(Si3)O,,, than schorlomite-group components, largely, {Ca;}
[R 1(SiRE)O .

Menzerite-(Y)

The validity of menzerite-(Y) has been questioned because
the end-member formula proposed for menzerite-(Y), {Y,Ca}
[Mg,](Si3)O,, is quite far from the measured compositions of the
type and only known material, which averages much closer to
{Y(Ca,Fe?"),}[(Mg,Fe*")(Fe*",Al)](Si;)O,, an empirical formula
that can be simplified to {YCa, }[MgFe**](Si;)O,.. This simplified
formula is not a valid end-member because it has two sites with
two occupants (Hawthorne 2002). Instead, it can be resolved into
an equal mixture of {Y,Ca}[Mg,](Si;)O,, [menzerite-(Y)] and
{Ca;3}[Fe3"](Si3)O,, (andradite). Type menzerite-(Y) composi-
tions are close to the midpoint between these two end-members,
but in two grains divalent cations are dominant at the Y site and
Mg is the dominant divalent cation at this site (e.g., Appendices
3 and 4), confirming that menzerite-(Y) is a valid species (Grew
et al. 2010). Of course, this approach depends on the accuracy
of the electron microprobe analyses and calculation of Fe**/Fe*"
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ratio from stoichiometry (Droop 1987). The calculated Fe**/Fe**
ratios are consistent with single-crystal X-ray diffraction data
although not with preliminary micro-X-ray absorption near-edge
spectroscopy (Grew et al. 2010).

A second argument forwarded to challenge the validity of
menzerite-(Y) is that trivalent cations, i.e., Y+REE, are not
dominant at the X site in any of the analyzed menzerite-(Y)
grains, the maximum being 1.1 Y + REE per formula unit. Simple
application of the dominant-valency rule gives {Ca;}[Mg,](Si;)
O,,, which is not balanced in charge. Charge balance allows only
2 (Y+REE) per formula unit, i.e., the menzerite end-member
should be {Y,Ca}[Mg,](Si;)O),. The presence of >1 (Y+REE)
means that [(Y,REE),Ca] exceeds 50% of the maximum possible
consistent with valency-imposed double site-occupancy.

Rates of diffusion of Y and REE in garnet provide evidence
for the importance of the menzerite component in garnet, i.e.,
mobility of Y and REE at the X site is closely linked to mobility
of Al at the Y site (Carlson 2012).

Majorite

The current list of CNMNC approved minerals (http://pub-
sites.uws.edu.au/ima-cnmnc/) gives the formula for majorite as
Mg;(Fe?*,Si)(Si0,); (Table 2), equivalent to {Mg;}[SiFe*"](Sis)
O,,, which indeed is a good approximation of the empirical for-
mula of the type material reported by Smith and Mason (1970),
(Mg,Na);(Fe,Si,Al,Cr),Si;0,,. It was assumed that Fe occupied
the Y site, but the valence and distribution of the Fe were not
determined. Recalculating a formula for 8 cations and 12 oxy-
gen anions from the published analysis and listing cations at a
given site in order of decreasing abundance gives: {Mg, ;Nag o}
[(Sip7iFeqsoFedsiAly22Cro o Mgo.02](Siz)O1,.

However, the assumption regarding Fe*" occupancy is not
supported by Mdssbauer spectroscopic data on synthetic majorite
(Geiger et al. 1991a, 1991b; O’Neill et al. 1993a, 1993b; Mc-
Cammon and Ross 2003). In a study that included samples that
Geiger et al. (1991a, 1991b) and O’Neill et al. (1993a, 1993b)
had investigated, McCammon and Ross (2003) reported that
YFe*'/ZFe*" = 0.89-0.95, and Fe?"/(Fe*+Mg) at X (0.05-0.22)
is three to seven times Fe*”/(Fe*+Mg) at Y (0.01-0.08) in 15
synthetic tetragonal majorite samples, and *Fe?’/ZFe*" = 1.0
in one isometric synthetic sample, demonstrating that Fe>* is
strongly fractionated onto the X site. Because the compositions
of'the type specimen and these synthetic samples are similar, we
think it is reasonable to assume that Fe distribution is the same
in synthetic and natural majorite, and the partial ordering at the
X and Y sites in tetragonal samples does not significantly affect
the Fe distribution. Assuming that Fe?* occupies only the Xsite,
the formula of the type material becomes {Mg, s Fe3'soNag oo}
[(Sip7: Mg s:Fedlsi Aly2,Cro04](Siz)O)s, i.€., the dominant compo-
nent is {Mg;}[SiMg](Si;)O,,. Consequently, we recommend that
{Mg;}[SiMg](Si;)O,, be used as the end-member formula for
majorite. A natural “Fe?" analog has not been reported, and as far
as we are aware, it has not been synthesized (e.g., Kato 1986).

Although synthetic majorite has tetragonal symmetry (space
group /4,/a, no. 88) resulting from a high degree of ordering of
Mg and Si at the two symmetrically unique octahedral sites (e.g.,
Angel et al. 1989), no naturally occurring tetragonal majorite has
been reported. Apparently, majorite in shocked meteorites was

quenched with sufficient rapidity to preserve cubic symmetry
(Tomioka et al. 2002). The problem of preserving cubic sym-
metry on cooling would probably not arise in terrestrial majorite,
which contains substantial Al, because incorporation of Al at
the Y site is thought to stabilize the cubic structure (Hatch and
Ghose 1989). Moore and Gurney (1985) confirmed isometric
symmetry for garnet from the Monastery Mine kimberlite pipe,
South Africa, one of which we calculated to contain 36% of a
generalized majorite component, {R3"} [MgSi](Si;)O,..

The term “majoritic” has found wide use in the literature on
garnets included in diamond (e.g., Harte 2010; Collerson et al.
2010), i.e., garnet is described as “majoritic” if Si is incorporated
at the Y site through the “majorite” substitution YR*"+'Si — 27Al
(Table 4). Collerson et al. (2010) also include the contribution
from the generalized component {R*'Na,}[R3"](Si;)O,, in their
majorite substitution parameter, X“*Mj. In contrast to majorite
reported from shocked meteorites, in which the majorite com-
ponent is clearly dominant (Collerson et al. 2010), none of the
“majoritic” garnets occurring in diamonds are properly majorite,
i.e., the majorite component {Mg;}[SiMg](Si;)O, or (R*'+R*")
> 2R at the Y site, is not dominant, even in sample JF-22 from
the Jagersfontein kimberlite, South Africa (Tappert et al. 2005;
Harte 2010), which has the highest content of Si at the Y site
among terrestrial garnet as far as we are aware: a maximum
47.2% {R3"}[R*"Mg](Si3)O0,, or 44.9% {R3"}[SiMg](Si;)O,,
(Appendix 3', example 5). The “Ca-rich majorite” in shock veins
of crustal rocks from the Ries impact crater, Germany (Stéhle et
al. 2011), is not majorite because (*Si+'Ti) < (*Al+'Fe**+'Cr);
instead, the three average compositions comprise about 58-71%
pyrope-grossular-almandine, 17-33% {R3"}[R*Mg](Si;)O,
(generalized majorite), and 10-13% {R*'(Na,K),}[R3"](Si3)O1,,
where "R*" = 90-93% Si.

Manganberzeliite

Manganberzeliite, {Ca,Na}[Mn3"](As3")O,, (Fig. 1g) has
a complicated history revolving around the use of its name,
which is briefly described below. Over 40 yr after the original
description of berzeliite from Langban, Filipstad district, Sweden
(Kiithn 1840), Igelstrom (1886) described a Sb-bearing, Mn-
rich berzeliite-like mineral from the nearby Sjogruvan mine,
and named it “pyrrhoarsenite.” On the basis of a new chemical
analysis giving 28.38 wt% MnO, Igelstrom (1894) concluded that
“pyrrhoarsenite” is a manganese-dominant variety of berzeliite
and could also be referred to as “Mangan-Berzeliit.”

In summarizing his discussion of the mineral, Hintze (1922)
wrote that Igelstrom (1894) had found no antimony and had
concluded from his studies that “pyrrhoarsenite” is just a Mn-rich
variety of berzeliite. Hintze (1922) cited Igelstrom’s (1894) con-
clusion that the mineral containing 28% MnO can be referred to
as “Manganberzeliit,” but Hintze (1922) wrote the name in bold
type and unhyphenated.

Landergren (1930) used the terms “Mg-berzeliit” and “Mn-
berzeliit” for the end-members of the series. These names were
later used by other mineralogists studying this series, e.g., Blix
and Wickman (1959).

Moore (1972) reported powder XRD data for the type
specimen of “pyrrhoarsenite” studied by Igelstrom (specimen
NRM18870324 at the Swedish Museum of Natural History)
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from Sjogruvan. He concluded that “pyrrhoarsenite” = berzeli-
ite. However, recent energy-dispersive spectroscopic analyses
(Halenius, unpublished data) of fragments of the mineral from
this specimen, as well as cell parameter refinement (Locock,
unpublished data) of Moore’s powder X-ray diffraction data,
show that it is in fact Mn-dominant berzeliite, i.e., manganber-
zeliite (or “pyrrhoarsenite”). Prior to publication, Moore in 1971
submitted to the CNMMN a proposal to discredit several of the
minerals outlined in his 1972 paper. After Moore published his
paper, it was subsequently abstracted by Fleischer (1973), who
noted that these minerals were discredited by the CNMMN and
that “pyrrhoarsenite” was equivalent to berzeliite. However,
the discreditation of pyrrhoarsenite was actually not included
in Moore’s proposal to the CNMMN. Therefore, the report by
Fleischer (1973), which was then carried forward by Nickel and
Mandarino (1987), was in error.

This raises the question whether “pyrrhoarsenite” has prior-
ity over manganberzeliite and should be reinstated, although
manganberzeliite has been the preferred name since 1894 (e.g.,
Hintze 1922; Palache et al. 1951). Given that Igelstrom’s original
description of the mineral was poor even by the standards of the
late 19th century, e.g., he did not detect the appreciable sodium
content, in contrast to his contemporary Sjogren (1894), we
conclude that priority does not justify reviving “pyrrhoarsenite”
at the present time and manganberzeliite should remain the name
for the Mn analog of berzeliite.

APPLYING THE NOMENCLATURE OF THE GARNET
SUPERGROUP

Assumed cation occupancies

A major objective of the classification is to provide a basis
for identifying the species of an analyzed garnet from its chemi-
cal composition. As is the case for the tourmaline supergroup
(Henry et al. 2011), chemical analyses of garnet establish which
elements are present, but provide no information on which site(s)
they occupy in the structure. Proper site allocation requires
single-crystal or Rietveld structure refinement using X-ray or
neutron diffraction methods, and spectroscopic data are often
also needed for unambiguous site assignment, particularly when
constituents could be present in more than one valence state,
which is not rare in garnet. However, most investigators have only
electron microprobe analyses, which provide no direct evidence
of valence state. An added difficulty is that as a result of charge
balance requirements, several garnet end-members have one site
with mixed occupancy, the so-called valency-imposed double
site-occupancy of Hatert and Burke (2008).

For all garnet-supergroup minerals we recommend that cat-
ions be allocated from a chemical analysis with the procedure
given in the next section. This procedure is analogous to that
proposed in connection with the nomenclature recommended
for the tourmaline supergroup of Henry et al. (2011). It includes
only constituents found in known end-members (Table 1) or
some potential end-members (Tables 6—7). Examples illustrat-
ing our recommended procedure are given in Appendix 3!, and
a spreadsheet is given in Appendix 4'.

As in the case of many mineral groups, some reasonable as-
sumptions can be made concerning site assignments of specific

cations on the basis of relative abundance (Table 3). Lithium and
hydrogen are the only light elements (atomic number < 8) that
have been reported in major amounts in garnet supergroup miner-
als, e.g., cryolithionite and katoite, respectively. When common
silicate garnet species are checked for light elements, generally
very little is found, i.e., Li contents are reported to not exceed 121
ppm, and Be and B contents, not to exceed 20 ppm (e.g., Grew
etal. 1990; Grew 2002a, 2002b; Steppan 2003; Marschall 2005).
An exception are the 259—1113 ppm Li in almandine from leu-
cocratic granulite at Horni Bory, Czech Republic, corresponding
t0 0.019-0.079 Li pfu, determined by laser ablation-inductively
coupled plasma-mass spectroscopy (Cempirek et al. 2010 and
unpublished data). According to Cempirek et al. (2010), Li could
occupy either the X site as it does in synthetic {Li,Mg}[Si,](Si;)
O, (Yang et al. 2009) or sites occupied by Li in synthetic garnets.
The majority of synthetic Li garnets are compounds of Li with
REE, Ta, Nb, Te, Zr, and Ba that are valued for their high-ionic
conductivity (e.g., Cussen 2006, 2010; O’Callaghan and Cussen
2007; Wang and Lai 2012). Lithium occupies not only the Z
site, but also octahedral sites that are vacant in natural garnet,
resulting in Li contents up to 6.8 apfu and cation totals up 11.8
apfu. Other exceptions involving light elements are the reports
of 4.40 wt% B,0; determined by electron microprobe analysis
(EMPA) in andradite (Galuskin et al. 1995) and 0.45-2.09 wt%
B,0O; by EMPA in OH-bearing grossular (Galuskina et al. 1998,
2001) from the Wiluy River, Yakutia, Russia. Pending studies
of Li and B in silicate and hydroxyl garnet, it would be best to
assume Li and B, as well as S¢ (up to 2.27 wt% SO;, equivalent
to 0.11 S pfu, Passaglia and Rinaldi 1984; Galuskina et al. 2001),
are located at the Z site.

Calcium has been assumed to occupy only the X'site in natural
garnet; even in synthetic garnets there are very few reports of
Ca at the Y site and none can be considered unequivocal (Geller
1967; Lobanov et al. 1989). Nonetheless, it should be noted that
Huggins et al. (1977) and Pieper et al. (1983) concluded that a
small excess of cations at X and a correspondingly small deficit
at Y could be explained in some cases by small amounts of Ca
at ¥, 0.024-0.055 apfu in andradite and 0.04 apfu in grossular,
respectively. Gadas et al. (2012) reported up to 3.15 Ca pfu in
grossular from pegmatite at Ruda nad Moravou, Czech Republic.

Scandium is assumed to occupy only the Y site as in eringaite,
although its role could depend on the occupancy of X if synthetic
garnets are any guide, where Sc preferentially occupies Y only
in andradite, whereas in pyrope, X is favored and in grossular, a
more even distribution (Oberti et al. 2006; Quartieri et al. 2006).
Titanium is assumed to be tetravalent, and V, either pentavalent or
trivalent. The last assumption received validation from Bordage
et al. (2010), who reported that V was entirely V*" in a grossular
(variety “tsavorite” containing 0.14 V pfu) based on the K-edge
X-ray absorption near-edge structure (XANES) spectra obtained
with high-energy resolution fluorescence-detected X-ray absorp-
tion spectroscopy. In contrast, Righter et al. (2011) reported mixed
valences also based on the K-edge X-ray absorption near-edge
structure in other garnets, viz. 2.46-2.55 +0.15 in pyrope of mantle
origin and 2.56-2.67 (x0.15) for V valence in a goldmanite from
the Czech Republic, i.e., 40% of the V in the goldmanite is V*',
the remainder V**. However, this conclusion is in contrast to the
structural and chemical data reported by these authors.



IMA-compendium, Melbourne, 2018

796

GREW ET AL.: NOMENCLATURE OF THE GARNET SUPERGROUP

TABLE6. Components and end-members reported in the literature, but not yet found to be dominant in natural garnet

Name X Y V4 [ Syn? Occurrence in natural garnet Source
“Kenogarnet” group

Fe** analog of katoite Ca, Fe3t [ (OH),, Yes <35 mol% in andradite (1)

F analog of katoite Ca; Al, O, Fis No <11 mol% in OH-bearing grossular 2)

Mn2*, F analog of katoite Mn2+ Al, O, Fi, - <8 mol% in spessartine (3)
Unnamed group

Pb?* analog of yafsoanite Pb, Tes+ Zn, (1% - 9 mol% in yafsoanite (4)

unnamed Ca; us* Fe? 0, - <24 mol% in elbrusite (5)

Henritermierite group

Mn?* analog of holtstamite Mn%+ Al, Si,| O Og(OH), - 28 mol% in spessartine (6)

Mn2*, F analog of holtstamite Mnz+ Al, Si,| O OsF, - 20 mol% in spessartine (6)
Bitikleite group

unnamed ThesCays R%* R (2% Yes <20 mol% in kerimasite (7)
Unnamed group

Y;Al;0,,, Y;sFesO;, (Y,REE)3* R3+ R+ [ Yes <8 mol% in menzerite-(Y), spessartine, andradite  (8)

Garnet group

“Blythite”in part R%* Mn3* Sis 0, Yes <9 mol% in calderite-andradite+spessartine 9)

Fe analog of menzerite-(Y) Y,Ca Fe3* Sis 0, - <20 mol% in menzerite (Y) (10)

unnamed (Y,Yb),sNa, 5 R3* Si; (2% - <7 mol% in almandine, spessartine, grossular 11)

unnamed R**Na, Si, Si, O, Yes <12 mol% in pyrope-grossular (1
Berzeliite group

unnamed Na; Al, P; (2% Yes <1 mol% in almandine and pyrope (13)

unnamed Ca,Na Fel* As3* (1% No <6 mol% in berzeliite (14)

Note: Syn? = has compound been synthesized? Yes: synthesis in which component is dominant as well as syntheses in which component constitutes 100%. No:
synthesis attempted but failed. Sources for contents in natural garnets and syntheses of end-members:

(1) Armbruster (1995); Cohen-Addad (1970).

(2) Chakhmouradian et al. (2008); Takamori et al. (1987).
(3) Smyth et al. (1990).

(4) Mills et al. (2010).

(5) Galuskina et al. (2010a).

6,

(7) Ito and Frondel (1967a); Yudintsev (2003); Galuskina et al. (2010e and unpublished).
(8) Yoder and Keith (1951); Geller (1967); Jaffe (1951); Kasowski and Hogarth (1968); Grew et al. (2010).
(9) Fursenko (1982); Nishizawa and Koizuma (1975); Biihn et al. (1995); Amthauer et al. (1989); Arlt et al. (1998).

)
)
(6) Si and O are not fully ordered at Z1 and Z2. Boiocchi et al. (2012).
)
)

(10) Grew et al. (2010).
(11) Enami et al. (1995); Rehr et al. (2007).
(12) Ringwood and Major (1971); Stahle et al. (2011).

(13) Bishop et al. (1978); Ye et al. (2000); Breiter et al. (2005); Brunet et al. (2006).

(14) Nagashima and Armbruster (2012); Ito (1968).

Site allocation of cations

The assumed occupancies, most importantly, “Li, “Ca, 'Sc,
Ti**, "V3*, and ?V*' in conjunction with Table 3, lead to the fol-
lowing procedure for recasting chemical data into idealized site
occupancies for purposes of classification.

(1) Calculate formulas from the chemical analysis assuming
8 cations and 12 anions and apportion Fe*" and Fe’* or Mn?* and
Mn?* if calculations give negative values for Fe** (method of
Droop 1987). If quantitative F or H data are available, assume
20 = Y4F + “H. In this case, the basis for formula calculation be-
comes O+(OH)+F = 12 and Z{X}+Z[ Y]+Z(2) O opryat*Trs = 8.

(2) Li, Zn, P, As**, and V** to Z. If Li < Y4F, assume sufficient
vacancies to make up the deficit (see step 1).

(3) Si and Ge: First to Z to a maximum of 3 apfu, including
O, overflow to Y.

(4) Al: First to Z to bring total to 3 apfu, then Y.

(5) Fe*: First to Z to bring total to 3 apfu, then Y.

(6) Ca, Na, K, Y, REE, Th, Pb to X.

(7) Al (remainder after deducting Al at Z), Sc**, Ti*", V¥, Cr*,
Mn?*, Fe’* (remainder after deducting Fe’* at Z), Ga, Zr*', Hf*,
Nb*, Sn*", Sb*¥*, Te®, and U to Y. If Z is still <3 apfu, then add
Fe?" to bring Z total to 3 apfu. If the content of ¥ exceeds 2 apfu,
and Z is <3 apfu, then move Ti to Z to bring Z total to 3 apfu.

(8) Mg: First to Y to bring total to 2 apfu, then to X.

(9) Fe?* (remainder after deducting Fe*" at Z): First to Y to
bring total to 2 apfu, then to X.

(10) Mn?": First to Y'to bring total to 2 apfu, then to X. This should
bring total X to 3 apfu, if calculations were done correctly.

If H is suspected, but no quantitative data are available, as
is the case with electron microprobe analyses, then either its
content must be assumed so that Fe**/Fe’*" ratio can be calculated,
or the Fe*"/Fe’* ratio must be assumed so that H content can be
calculated. In garnets containing significant Si, it is reasonable
to assume that H is incorporated at the expense of Si, that is,
H=4*0).

The site allocation procedure above, based solely on chemi-
cal data, fails to differentiate holtstamite from grossular, which
would require additional information such as optical properties
or crystallographic data, although henritermierite is uniquely
determined because there is no report as yet of an isometric
garnet having the composition {Ca;}[Mn3"](Si"T)O4(OH),.

We have also prepared an Excel spreadsheet (Appendix
41) to perform the above cation allocation, species and group
determination, but have omitted several elements that rarely
exceed 1 wt% in natural garnets: B, S, K, Ni, Sr; or which occur
in significant amounts but whose occurrence is rare: Ga, Ge, and
Pb (Tables 6 and 8).

Identifying a garnet species
Once the cations have been allocated, then the dominant

valence is determined for each site by summing the ions for each
valence, e.g., Ca+tMg+Mn at the X site, and then the dominant
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cation identified. As species are defined in terms charge-balanced
end-members (Hawthorne 2002), the possibility of valency-
imposed double site-occupancy (Hatert and Burke 2008) must
be considered. The dominant ion for each valence determines the
species (e.g., bitikleite group, Fig. 6). Six examples are given in
Appendix 3', and a calculation procedure for species and group
determination in Appendix 4'. Our discussion below is limited to
the schorlomite and garnet groups because these are most likely
to cause difficulties in identifying species.

Applying the nomenclature to the schorlomite group

Characteristic of the end-member formulas in this group is
Si =1 apfu; there are no divalent and trivalent cations at the Y
site and no divalent or pentavalent cations at the Z site. How-
ever, in most analyses of Ti-, Zr-, or Sn-rich garnets containing
minor Sb’*, Nb*', or U, Si commonly exceeds 1 apfu, e.g., all
the analyses plotting in the schorlomite field in Figure 5 have
Si>2 apfu and total charge at the Z site >11, because all contain
substantial proportions of garnet group components (see above).

The primary criterion for a composition to belong to the
schorlomite group is that the generalized schorlomite component
{R3}[RY](R*R3")0O,, be the most abundant (Fig. 7); i.e., the
spreadsheet gives this as the most abundant component possible.

TABLE7. Summary of specific components potentially significantin
natural garnets

Name Synthesis Formula
- 62 to 90% {Fe3*}[AL,)(00:)(OH);,
- No {CalAL)(O,)F;,

{Mn3HALI(O,)F;,
{Fe3*}ALI(O,)F,,
{Pb3"}HTe51(Zn;)0;,
{Ca3}{US'](Fe3")Oy,
{MNIHAL](Si,) (C0)Og(OH),
{Mn3HAL](Si,) (C1)OgF,

- 100% {ThosCa,s}[Zr,)(Fe3') Oy,
YIG 100%

{Y3}HALI(AL)O,,
YAG 100% {Ys}[Fe3](Fe3")O,,
“Blythite” 100% {Mn3*}[Mn3*1(Si5)O,,
- 100% {Ca3}[Mn3*1(Si;)O,
“Khoharite” 100% {Mg;}Fe3*1(Sis)Os,
“Skiagite” 100% {Fe3'}[Fe371(Sis)O,
. - {Y,Ca}[Fe3*1(Sis)O0;,
- - {Y;sNa; s}AL](Sis)Oy,
- 100% {CaNa,}[Si,](Si;)O;,
- 100% {CaNa,}[Ti,](Si5)O;,
- 100% {Nas}AL](P;)O;,
- No {Ca,Na}[Fe?*1(As3")O;,

Note: Syntheses: percentage gives the amount of the component reported in the
synthesis; no = synthesis attempted but without success, dash = synthesis has
not been not attempted. Sources are given in the text and Table 6.

TABLE8. Possible new species in the garnet supergroup

In the worked example of schorlomite from the type locality,
Magnet Cove, Arkansas (Example 2), the schorlomite component
is dominant, with R*" > R3" > R?" at the Y site in the empirical
formula (Example 2), whereas in the garnet-group mineral mo-
rimotoite, the generalized morimotoite component, {R3'}[R*"
R*(R%)0,,, is dominant with R* > R?>* > R*" at the Y site in the
empirical formula (Example 5). Homovalent substitutions at the
Y and Z sites distinguish species within the schorlomite group
(Figs. 7 and 8), whereas the X site remains occupied exclusively
by Ca in all end-members (Table 1).

Applying the nomenclature to the garnet group

In contrast to the schorlomite group, heterovalent substitu-
tions relating species within the garnet group involve only the
Y site, or the X and Y sites. Figure 9 illustrates the division of
the garnet group in terms of valence of the Y site cations: R**
= menzerite-(Y), R*" = the familiar silicate garnets, and R>'R**
= majorite, morimotoite, which results from valency-imposed
double site-occupancy.

Figure 10 illustrates one approach to identification of spe-
cies in complex garnet-group minerals. It is the same as Figure
9, but adapted specifically for compositions of menzerite-(Y)
reported by Grew et al. (2010), i.e., R*" = Ti, R*" = Fe*', Al,

Y, 6+ 4+
Uos Ris

Elbrusite unnamed
Y mas (Fel atz) |[(Fel atZz)

1.25

Bitikleite (Al; at Z)

Usturite (Fe3'at 2) Dzhuluite (Fe3" at 2)

'Sb>zr* 0.5

'Sb™Sn*

FIGURE 6. Y-site occupancy in species of the bitikleite group,
including the possible unnamed Sn-dominant analog of elbrusite.
Placement of the divisions is indicated.

Relationship to known species UM no.

End-member formula Criteria Source

Bitikleite group

Sn analog of elbrusite {Ca;}U%:Sn%s](Feih) Oy, Sn/(Sn + Zr) =0.93 (1)
Nb analog of usturite {Cas}[NbZr](Fe3")0;, 1.33 Zr, 0.05Ti, 0.48 Nb pfu at Y site )
Schorlomite group
Al analog of schorlomite {Ca}[Ti,I(SiAl,)O;, Al/(Al+Fe**) = 0.65 3)
(Ti analog of kimzeyite)
Garnet group
Mg analog of morimotoite {Ca3}[TiMg](Si5)O,, Mg/(Mg + Fe*) = 0.63-0.64 (4)
Ga-Ge analog of grossular UM1986-19 {Ca;}[Ga,](Ge;)O;, ZGe > %Si; 'Ga > "Fe*, YAl (5)
Ge analog of grossular UM1986-20 {Ca;}[AL](Ge;)O;, Criterion of ?Ge > “Si not met. (5)

Note: UM no. refers to the list of valid unnamed minerals, update 2011-01 (Smith and Nickel 2007). Sources: (1) Galuskina et al. (2010a); (2) Zaitsev et al. (2010); (3)
Koritnig et al. (1978); (4) Platt and Mitchell (1979); (5) Johan and Oudin (1986); Jambor et al. (1988b).
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and R* = Mg, Fe*, and differs from Figure 7a of Grew et
al. (2010) in that the Ti corner is now TiR?**, representing a
component in garnet, morimotoite. However, menzerite-(Y)
is a four component system because of the substitution of R**
for Si at the Z site, and compositions must be projected from
four-component space onto the three-component plane shown
in Figure 10. Appendix 3' (Example 3) gives the five possible
generalized components in menzerite-(Y), of which only four
are independent. We have selected the {Y;}[AL](AL)O,,-type
component to project menzerite-(Y) compositions. The {Y;}
[AL](AL)O;,-type component comprises 4-8% of the analyzed
menzerite-(Y) grains. Despite the differences between Figure
10 and Figure 7a of Grew et al. (2010), the disposition of the
points is very similar.

The most widespread garnet-group minerals are related by
homovalent substitutions at the X and Y sites, i.e., {R3'}[R3']

{Ca,iIR* R 1(Si3)0,,

Morimotoite (Ti**Fe?* at Y)

Kimzeyite
(ZratY,Alat2)
Irinarassite

(SnatY,AlatZz)
Schorlomite
(Tiat Y, Fe**at 2)
Kerimasite
(ZratY, Fe**at2)
Toturite
(Sn at Y, Fe* at 2)

Andradite (Fe®*at Y)
Eringaite (Sc at Y)
Goldmanite (V> at Y)
Grossular (Al at Y)
Uvarovite (Cr¥*at Y)

{Ca3}[R%1(Si5)0 12 {Cas}IRSI(SIR3)O0:,

FIGURE 7. Diagram for discriminating the five species of the
schorlomite group from Ca species in the garnet group.

"Sn

Irinarassite (SiAl, at Z)
Toturite (SiFe" at )

Kimzeyite (SiAl, at Z)
Kerimasite (SiFe3" at Z)

Schorlomite (SiFe]’at Z)

Zr "Ti

FIGURE 8. Y-site occupancy in species of the schorlomite group.

(Si$")0,,. Since only four constituents occupy the X site, the
compositions can be plotted in a tetrahedron with Ca, Mg,
Mn?*, and Fe?" as vertices (Fig. 11a). Garnets with one of these
cations dominant at the X site fill a volume whose edges inside
the Ca-Mg-Mn?'-Fe?* tetrahedron are shown as lines inside this
tetrahedron. Figures 11b and 11c show compositions projected
from the Mn and Ca vertices of the tetrahedron, respectively.
These two faces of the tetrahedron suffice to illustrate the dis-
positions of the species. Final characterization will depend on
the dominant occupancy of the Y site.

{RENRYR™1(S1,)0,

Majorite (SiMg at Y, Mg at X)

Morimotoite (Ti**Fe?" at Y:
CaatX)

All other garnet group

Menzerite-(Y) (Mg at Y;
Ca, Y and REE at X)

{REHRS1(SI5)0 4, {(Y,REE),R*}[R5 1(Si3)O 12

FIGURE 9. Diagram distinguishing menzerite-(Y) from species
within the garnet group.

Y. 4+

Ti

2+
R
Y-site occupancy

m SREF (#2)

—+ Optic (#1)

@ Mzr sensu stricto (#5, #6)
$ Other

Morimotoite

Andradite

Menzerite-(Y)

YR g+ 0.5 YR g‘f

FIGURE 10. Plot of menzerite-(Y) compositions at the Y site projected
from {Y;}[R3'](R3)O,, onto the plane defined by the components
{Cas}[Ti*R¥](Sit)O00, {Cas}[RI](Sif)O0,,, and {(REE),Ca}[R3']
(Sit")Oy, (cf. Fig. 7a, Grew et al. 2010). R*" = Fe in morimotoite, Mg
in menzerite-(Y); R** = Fe in andradite. Numbers refer to grains used
for the crystal-structure refinement (SREF), optical measurements, and
menzerite-(Y) sensu stricto (Mzr), including grain no. 5 used as the
holotype to characterize the mineral. The points for SREF and Optic are
superimposed. Open diamonds indicate the other nine grains analyzed
(data from Grew et al. 2010).
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Possible new species and compositional variations in
natural garnet

The compositional variations found in the 32 approved spe-
cies by no means exhaust the compositional variations observed
in natural garnet, which is greatly exceeded by the very extensive
variations in synthetic garnet. In the present section we will con-
sider these variations, note compositions containing components
that could be new species if they were present in larger amounts
(Tables 6 and 7), and briefly describe possible new species (Table
8). Synthetic garnets will be considered only in so far that they
relate to natural garnets. The components are discussed under
the group to which they would belong.

Vacancy-dominant garnets—A “kenogarnet” group?

Vacancy-dominant garnets are distinguished by ¢ being a mon-
ovalent anion such as OH or F, as well as low content of cations
at the Z site. Katoite is the only known garnet that is vacancy-
dominant. However, there is considerable potential to discover
more species, and thus a group could be recognized following
the procedures outlined in Mills et al. (2009). In anticipation, we
suggest the name “kenogarnet” from the Greek kenos, meaning
“empty,” a term introduced as a prefix in pyrochlore supergroup
nomenclature (Atencio et al. 2010).

ng

The most abundant vacancy-dominant garnets are the so-called
“hydrogarnets,” an informal term (Appendix 2) introduced by Flint
et al. (1941) and generally used for any garnet containing OH
incorporated by the substitution of (O4H,) tetrahedra for (SiO,)
tetrahedra (Fig. 3). Significant incorporation of OH by this substi-
tution is largely limited to garnet in which the X site is occupied
by Ca, e.g., katoite, henritermierite, and holtstamite. Up to 10 wt%
H,O0 has also been reported in andradite (Peters 1965; Lager et al.
1989; Armbruster 1995; Amthauer and Rossman 1998), leading to
compositions with up to 35% of the Fe** analog of katoite (Table
6) and 4.5% of its Mn*" analog (H content calculated by differ-
ence from Si occupancy determined by single-crystal refinement,
Armbruster 1995). Galuskina and Galuskin (2003) and Galuskin
(2005) calculated OH contents of 2.6-2.9 apfu (equivalent to
4.8-5.1 wt% H,0) from charge balance in “hydroschorlomite”
containing 13.5-14.5 wt% TiO, from the Wiluy River, Yakutia,
Russia, the highest reported in Ti-rich garnets (cf. Chegem caldera
schorlomite discussed above). In contrast, H,O contents in pyrope,
almandine, and uvarovite are reported not to exceed 0.3 wt%, and,
in spessartine, not above 0.64 wt% (e.g., Aines and Rossman 1984;
Rossman et al. 1988; Smyth et al. 1990; Andrut and Wildner 2001,
Maldener et al. 2003; Beran and Libowitzky 2006; Johnson 2006).
Wilkins and Sabine (1973) reported 2.5 wt% H,O in spessartine,

Knorringite (Cr3*at Y)
Pyrope (Al at Y)

Andradite (Fe®*at Y)
Eringaite (Sc at Y)
Goldmanite (V **at Y)
Grossular (Al at Y)
Uvarovite (Cr¥*at Y)

Almandine (Al at Y)

Knorringite (Cr®*at Y)
Pyrope (Al at Y)

Calderite (Fe** at Y)
Momoiite (V ** at Y)
Spessartine (Al at Y)

Almandine (Al at Y)

X X

Fe Ca

X X

Mn Fe

FIGURE 11. (a) Tetrahedron illustrating divisions in the garnet group based on occupancy of the X site. One compositional volume is shown
with shading. (b) Projection from the Mn vertex onto front face of the tetrahedron to distinguish species. (¢) Projection from the Ca vertex onto

left face of the tetrahedron to distinguish species.
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but this high content is anomalous and needs confirmation.

Only “hydrogarnets” with the large cations Ca and Sr (Ito
and Frondel 1967b; Ivanov-Emin et al. 1982a, 1982b) at the X
site have been synthesized, including katoite (Flint et al. 1941;
Cohen-Addad et al. 1967). Syntheses of the hydroxyl-dominant
analogues of uvarovite (Moran-Miguélez et al. 1986) and eringaite
(Ivanov-Emin et al. 1982a); as well as of {Ca;}[Mn3"](0;)(OH),,
(Ivanov-Emin et al. 1982b), {Ca;}[TiFe**](Fe**d,)(OH):0, (Ito
and Frondel 1967b), and {Ca;}[ZrFe**](Fe**O,)(OH)s0, (Ito and
Frondel 1967b) have been reported. However, attempts to synthe-
size the end-member {Ca;}[Fe3"](O;)(OH),, failed, although a
garnet with about 90% {Ca;}[Fe3"](O;)(OH),, and 10% andradite
could be synthesized (Flint et al. 1941; Ito and Frondel 1967b).
The reported compositions are based on starting materials; only
the compositions of katoite and a hydroxyl-dominant analog of
andradite, {Ca;}[Fe3"|(Si; 150, s5)(OH); 40,6, have been confirmed
independently (e.g., by structure refinement, Cohen-Addad 1970;
Cohen-Addad et al. 1967). In summary, the H,O contents of
natural and synthetic garnets are consistent with the conclusion
reached by Lager et al. (1989) that the extent of OH substitution
in garnets appears to be structurally controlled, i.e., it is greater,
when the effective ionic radius (Shannon 1976) of the X-site cation
exceeds 1.0 A and the shared octahedral edge is longer than the
unshared edge, which is the case for natural and synthetic garnets
with Ca dominant at the X site (Novak and Gibbs 1971; Quartieri
et al. 2000).

Fluorine contents up to 6 wt% F, equivalent to about 11
mol% of a {R}"}[R3"](0;)F,,, have been reported in grossular,
spessartine, and andradite (Valley et al. 1983; Flohr and Ross
1989; Manning and Bird 1990; Smyth et al. 1990; Barbanson
and Bastos Neto 1992; Visser 1993; Wtodyka and Karwowski
2006; Chakhmouradian et al. 2008). Only Smyth et al. (1990)
measured H,O content, reporting 0.64 wt% in the F-bearing
spessartine (Table 6), equivalent to 3% {R3"}[R3"](0;)(OH),,,
but Flohr and Ross (1989) and Chakhmouradian et al. (2008)
reported evidence for H,O in the infrared and Raman spectra.
Attempts to synthesize an F-dominant analog of katoite have not
been successful (Takamori et al. 1987).

Chlorine was sought in four of the studies of F-bearing garnet
cited above, but no more than 0.01 wt% Cl was reported. Up
to 0.2 wt% CI was reported in OH-bearing grossular from the
Wiluy River, Yakutia, Russia (Galuskina et al. 2001). Chesno-
kov (1996), Chesnokov and Bushmakin (1995), and Chesnokov
et al. (1994, 2008) described “igumnovite,” ideally {Ca;}[Al]
(Si,0)O04Cl,, and “chlorhibschite,” ideally, {Ca;}[AlL](SisO,)
0O;Cl,.,, from burned material in the Chelyabinsk coal basin, Urals,
Russia, but these compounds are not considered to be naturally
formed, and thus do not qualify as minerals (e.g., “igumnovite,”
Jambor et al. 1997). The reported cell parameter of 12.008 A for
“igumnovite” is smaller than expected for a Cl-rich garnet from
the relationship of Langley and Sturgeon (1979). Although the
measured composition for “igumnovite,” Ca; o,Al,; 7,Feq 13Mgo01
Si5.07F0.0307.00Cly o7 approaches ideal garnet stoichiometry, it is
doubtful that either “igumnovite” or “chlorhibschite” are garnets.
More likely, “igumnovite” is related to mayenite, wadalite, and
the new mineral eltyubyuite (Galuskin et al. 2011b), whereas
“chlorhibschite” could be a mixture of grossular, wadalite, and,
perhaps, chlorides.

Yafsoanite

The 9% proportion of the component {Pb3"}[Te$](Zn;)0,,
listed in Tables 6 and 7 is based on the single-crystal structure
refinement of material from the type locality (Mills et al. 2010;
cf. Jarosch and Zemann 1989). Electron microprobe analyses
reported in the original description gave 11-16% of the Pb
analog (Kim et al. 1982), but the formulas deviate from ideal
stoichiometry, possibly as a result of using sulfides, a silicate
and a native element for standards. Ronniger and Mill’ (1973)
reported synthesis of several Pb*'-bearing vanadate garnets
(berzeliite group) with Pb at the X'site, and Mill’ (1970) reported
synthesis of yafsoanite and other Te-bearing garnets, but neither
reported attempts to synthesize the Pb?" analog of yafsoanite.

The unnamed end-member {Ca'}[U$"](Fe?")O,, is calculated
to be major constituent of elbrusite (Fig. 4; Table 6) and dzhuluite
(Appendix 3"), but has not yet been synthesized.

Henritermierite group

Boiocchi et al. (2012) reported nearly end-member spes-
sartine containing 0.09 Fe and 0.04 Ca pfu, but only 2.52 Si
pfu, the deficiency being made up by OH and F in nearly equal
proportions (Table 6). The /4,/acd symmetry indicates that the
mineral is more closely analogous to holtstamite rather than
katoite. The spessartine is the first example of a garnet showing
I4,/acd symmetry but containing no Mn**, and thus Boiocchi et
al. (2012) attribute the lower symmetry to (OH, F), groups. Si
is partially ordered, preferentially occupying the Z1 site (93.0%)
vs. the Z2 site (73.8%).

Bitikleite group

Given the large number of elements found in analyses of gar-
nets of the bitikleite group, the potential for new species is great.
For example, analysis 10 of elbrusite in Table 2 of Galuskina et
al. (2010a) corresponds to the Sn-dominant analog of elbrusite
(Fig. 4), and is possibly a new species (Table 8). Zaitsev et al.
(2010) reported a zone with up to 10.1 wt% Nb,Os in a kerimasite
crystal, this amount corresponds to 0.48 Nb per formula unit, or
nearly 50% ofa {Ca;}[NbZr](R3")O,, component, which implies
the possibility of new species for R** = Fe and Al, the Nb analog
of usturite (Table 8).

Up to 4 wt% ThO, (0.1 Th pfu) has been reported in bitikleite
and schorlomite-group minerals (Lupini et al. 1992; Galuskina
et al. 2010a, 2010e), which would correspond to 20 mol% of a
{ThysCa,s}[RS](R3")O,, component. The end-member with Zr
and Fe, i.e., {ThysCa,s}[Zr4"](Fe3")O,, has been synthesized (Ito
and Frondel 1967a; Yudintsev 2003; Utsunomiya et al. 2005).

Yttrium-aluminum (YAG) and yttrium-iron (YIG) garnets

The rare earth elements can form a large number of synthetic
compounds having general formulas of the type {R3"}[R3"](RY)
O,, and isostructural with garnet (e.g., Yoder and Keith 1951;
Geller 1967), of which {Y;}[AL](AL)O,, (yttrium aluminum
garnet or YAG) and {Y;}[Fed ](Fei")O,, (yttrium iron garnet or
YIG) are the most relevant to minerals (Tables 6 and 7). Although
the total charge at Zis 9, the garnet end-members YAG and YIG
have not been placed in the bitikleite group because of the very
different occupancies at ¥ and X. Up to 5 mol% of the YAG
component has been reported in spessartine and almandine (e.g.,
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Jaffe 1951; Rohr et al. 2007), and 5 mol% of the YIG component
has been reported in andradite (Kasowski and Hogarth 1968), but
the maximum proportion of a generalized {(Y,REE);} [(Fe**,Al),]
(AL;)O,, component in a natural garnet is 8% in menzerite-(Y)-
andradite solid solution (Grew et al. 2010).

Schorlomite group

Koritnig et al. (1978) reported Zr-rich schorlomite from
calc-silicate inclusions in gabbro of Radautal, Harz Mountains,
Germany. Analyses of three samples gave 6.2-6.8 wt% ALO; and
23.1-25.6 wt% SiO, contents; the sample giving the highest ZrO,
content (Zr = 0.55 apfu) is plotted in Figure 5. Our calculations for
this sample give 48.9-49.0% {Ca;}[R4")(SiR3")O,, with Ti > Zr
at Yand Al>Fe*" at Z, i.e., a possible Al analog of schorlomite or
Ti analog of kimzeyite. Using Mdssbauer spectroscopic data, Ko-
ritnig et al. (1978) gave the Z site composition as (Si,gAly ssFefas
Tip6Fedlns). Ito and Frondel (1967a) synthesized end-member
schorlomite and kimzeyite, but we are not aware of a successful
synthesis of the end-member {Ca;}[Ti,]|(SiAl)O,.

Garnet group

Formulas calculated from the two analyses richest in Ti
from garnets of the Marathon dikes, Ontario (Platt and Mitchell
1979), plot in the morimotoite field (Fig. 5) and have total Mg/
(Mg+Fe*) = 0.63-0.64, i.e., the end-member {Ca;}[TiMg]
(S13)0O,,, the Mg analog of morimotoite, is dominant (Table
8). However, the Marathon dike compositions plot close to the
boundary with schorlomite and calculation of Fe**/Fe’* ratio from
stoichiometry has a large uncertainty (Giaramita and Day 1990);
thus a clear dominance of {Ca;}[TiMg](Si;)O;, in a natural garnet
remains to be demonstrated.

Gallium and germanium can form a large number of synthetic
compounds isostructural with garnet (Geller 1967), but only
{Ca;}[Ga,](Ge;)0,, might have a natural analog. Johan and
Oudin (1986) reported from the Pyrenees of France equant, six-
sided crystals up to 10 wm across of a Ca-Ga-Ge mineral having
compositions consistent with garnet stoichiometry (abstract in
Jambor et al. 1988b). Cores of the highly zoned grains are close
to {Ca;}[Ga,](Ge;)Oy, in composition, whereas the rims have
compositions approximately intermediate between this composi-
tion and grossular. The list of valid unnamed minerals (Smith
and Nickel 2007) also gave {Ca;}[Al](Ge;)O,, as a possible
new species (Table 8), but our recalculation of formulas from
the two compositions closest to this end-member (Johan and
Oudin 1986) gave Si > Ge at the Z site and minor Ge at the Y
site assuming Si is preferentially incorporated at the Z site. The
crystals were too small to confirm the identification as a garnet
by the technologies available at the time.

Fermor (1926, 1938) introduced three hypothetical garnet end-
members (Tables 6-7; Appendix 2): “blythite,” {Mn3"}[Mn3](Sis)
0,,, as a subordinate component in a garnet from Cargoan, Nag-
pur, India; “khoharite,” {Mg3"} [Fe3"](Si;)O,,, as the precursor to
enstatitic chondrules in the Khohar meteorite and as a subordi-
nate component in a pyrope from a “garnet-diopside” xenolith
(eclogite?) in kimberlite from South Africa; and “skiagite,”
{Fe3'}[Fe3](Si;)0,,, as a component in almandine from Glen
Skiag, Scotland. Although later studies have reported up to nearly
9 mol% “blythite” based on measurement or stoichiometric

calculation of Mn*" in andradite from manganese formations,
Otjosondu, Namibia (Amthauer et al. 1989; Biihn et al. 1995),
“khoharite” and “skiagite” have been elusive, e.g., Virgo and
Yoder (1974) failed to find “skiagite” in spessartine-almandine
from the type locality at Glen Skiag, Scotland. The main prob-
lem in identifying these components in complex natural garnets
is that the calculation depends on the sequence of calculation
(Rickwood 1968; Locock 2008), i.c., Fe" is first assumed to be
present as the andradite component; only leftover Fe** would
be combined with Fe?" or Mg in the “skiagite” or “khoharite”
components, respectively, and Mn** could be present as {Ca;}
[Mn3*](Si3)Oy, as well as {Mn3'}[Mn3](Si;)O,, in the Otjosondu
garnet (Table 6). Garnets containing a significant proportion of
the {Ca;}[Mn3"](Si;)Oy,, blythite,” “khoharite,” and “skiagite”
end-members have been synthesized at relatively high pressures,
i.e., above 30 kbar (Coes 1955; Nishizawa and Koizumi 1975;
Karpinskaya et al. 1982; Fursenko 1983; Woodland and O’Neill
1993, 1995; Arlt et al. 1998), and could become more abundant
under mantle pressures.

Rudashevskii and Mochalov (1984) reported a Mn-Cr-Si
mineral thought be a garnet in heavy concentrates from eluvium
of Pt-bearing serpentinite in the Far East of Russia (summary in
Jambor et al. 1988a). The mineral forms highly zoned grains 1-30
um across enclosed in Cr-Ni-bearing y-Fe. The formula (with
cations grouped by valence) for the analysis with the highest Cr
content is {Mn35} [(Cri1,Mngs) Tip 5] {(Siz 22 Tioss)(AlpasFedlos) |
O,,, i.e., a {Mn3}[Cr37](Si;)O,, component can be considered
dominant, whereas that for the lowest Cr content is {Mn3'}
[(Mng7CrisoAly oFedlos) Tio22Mng,](Si5.01)O1a, i.€., With “bly-
thite” dominant. The presence of significant Mn** in association
with Fe’ is unexpected, as is the preservation of metallic Fe in
eluvium. In the absence of X-ray or electron diffraction patterns
and clearer evidence for the natural origin of the concentrates, the
natural occurrence of a {Mn3"}[Cr3*](Si)O,,-dominant or {Mn2*}
[Mn3*](Si3)O,,-dominant garnet remains to be demonstrated.

Three components have been proposed for incorporation of
Na in garnet-group minerals (Tables 4 and 6), all of which have
been inferred to be favored by increasing pressure, “Na+*(Y,
Yb) = 2*R*" (Enami et al. 1995; Rehr et al. 2007) and “Na+'Si
=*R>*+YAl or “Na+'Ti = *R>*+"Al (Ringwood and Major 1971;
Sobolev and Lavrent’ev 1971; Bobrov et al. 2008; Harte 2010;
Collerson et al. 2010).

Berzeliite group

Phosphorus contents generally do not exceed 1 wt% P,Os in
pyrope, almandine, and spessartine, both in wet chemical (e.g.,
Koritnig 1965; Deer et al. 1982) and in electron microprobe
analyses (e.g., Bishop et al. 1978; Hiroi et al. 1997; Breiter et al.
2005; Kawakami and Hokada 2010). Mason and Berggren (1942)
reported 4.1 wt% P,Os in spessartine from Wodgina, Australia
(sample no. NRM 884695, Swedish Museum of Natural His-
tory), but Breiter et al. (2005) found only 0.24-0.27 wt% with
the electron microprobe. An energy-dispersive spectroscopic
analysis of the spessartine in this specimen (normalized to 100%)
with an SEM gave P contents closer to the amounts reported by
Breiter et al. (2005): SiO, 35.78, Al,0; 20.52 FeO 3.91, MnO
39.15, CaO 0.20, P,Os 0.42 (+0.12) (Hélenius, unpublished
data). The spessartine grains are cut by microfissures ranging
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from <1 um to ca. 10 um thick filled with Ca-Mn-phosphates.
In some grains, the microfissures are sufficiently abundant to
form networks, whereas in other grains they occurred singly up
to 100 wm apart. It would have been nearly impossible to obtain
a pure spessartine concentrate suitable for wet chemical analyses
from this specimen.

Thompson (1975) reported experimental evidence for in-
creased incorporation of P and Na with increasing pressure, a
relationship consistent with the presence of up to 0.25 wt% P,Os
in pyrope associated with coesite at Dora Maira, Italy (Brunet and
Lecocq 1999), exsolved apatite in garnet from mantle eclogite
(Haggerty et al. 1994) and with the synthesis of {Na;}[Al]
(P;)0O,, at 150-170 kbar by Brunet et al. (2006). Thilo (1941)
reported synthesis of {Na;}[Al,](P;)O,, at atmospheric pressure,
but subsequent attempts to reproduce such syntheses failed
(Schwarz and Schmidt 1971). On the basis of a large number
of analyses yielding up to 1.21 wt% P,Os (equivalent to 0.086
P pfu) in almandine and spessartine from granitic rocks, Breiter
et al. (2005) showed that: (1) P content varies inversely with Si;
(2) Na/P ratio to be approximately 1/5; and (3) Al is relatively
constant, consistent with the substitutions *[0+27P = *R**+27Si
and much subordinate *Na+“P =*R*+7Si. There was no evidence
in their data for the substitution #(Al,Fe**)+“P = 2“Si reported in
an almandine-spessartine containing up to 2.1 wt% P,Os from
rhyolite, Tanzawa Mountainland, Japan (Arima and Yamashita
1994). Breiter et al. (2005) also concluded that the main control
on incorporation of P seems to be the P contents in melt or post-
magmatic fluid instead of pressure.

The maximum FeO content reported in a berzeliite-group
mineral is 1.52 wt% in berzeliite from Montaldo mine, Italy,
equivalent to 6% of the {Ca,Na}[Fe3'](As3")0,, end-member
(Nagashima and Armbruster 2012). Attempts to synthesize the
Fe*" analog of berzeliite have not been successful (Ito 1968;
Schwarz and Schmidt 1971).

SUMMARY OF CONCLUSIONS, ACTIONS, AND
RECOMMENDATIONS

®  The garnet supergroup comprises 32 approved species, with
an additional 5 possible species needing further study to be
approved.

®  The supergroup includes all minerals isostructural with
garnet regardless of what elements occupy specific cation
or anion sites.

®  We have subdivided the supergroup into groups based on
symmetry and total charge at the tetrahedral Z site. Twenty-
nine species belong to one of five groups, one tetragonal
(henritermierite), and four isometric—bitikleite, schorlo-
mite, garnet, and berzeliite, in which the total Z charge is
8,9, 10, 12, and 15, respectively. Three species are single
representatives of potential groups in which total charge at
Z is 0 (katoite), 3 (cryolithionite), and 6 (yafsoanite).

®  Species are identified on the basis of the dominant-constit-
uent and dominant-valency rules, and in some cases, by
valency-imposed double site-occupancy.

®*  We recommend that suffixes (other than Levinson modi-
fiers) not be used in naming minerals in the garnet su-
pergroup. We have discredited existing names that have
suffixes and replaced them with new root names where

necessary, specifically, bitikleite-(SnAl) with bitikleite,
bitikleite-(SnFe) with dzhuluite, bitikleite-(ZrFe) with
usturite, and elbrusite-(Zr) with elbrusite.

®  Wehave discredited the name hibschite in favor of grossular,
as Si is the dominant cation at the Z site.

*  Twenty-one end-members have been reported as subordi-
nate components in minerals of the garnet supergroup of
which six have been reported in amounts up to 20 mol%
or more, whereas several others have been synthesized,
which implies the potential for more species in the garnet
supergroup.
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APPENDIX 1. LIST OF GARNET SPECIES, END-MEMBER
FORMULAS, MODIFICATIONS, ETYMOLOGY, TYPE
LOCALITIES; CRYSTAL STRUCTURE REFINEMENTS

The following garnet species either have been previously ac-
cepted by the IMA-CNMNC or have been modified by the current
garnet subcommittee. Modifications to the original garnet species
descriptions are noted except for grandfathered species. One or two
references are given for the crystal structure, either of natural material
(when available) or of synthetic material, or both.

Almandine

End-member formula: {Fe3"}[AL](Si;)O),

Group: Garnet

IMA number: Grandfathered

Modifications: None

Etymology: The “Alabandic carbuncles” of Pliny were so named as they were cut
and polished in Alabanda (Dana 1837, 1892), an ancient city in what is presently Aydin
Province, Turkey.

Type locality: Not known _

Crystal system, space group and structure refinement: Isometric, /a3d. Novak and
Gibbs (1971); synthetic material: Armbruster et al. (1992).

Original or oldest description: Known in ancient times. Name first used by D.L.G.
Karsten in 1800 (Dana 1892).

Andradite

End-member formula: {Ca;}[Fe3'](Si;)O;,

Group: Garnet

IMA number: Grandfathered

Modifications: None

Etymology: For José Bonifacio de Andrada e Silva (1763-1838), the Brazilian
mineralogist who described a variety under the name “allochroite” in 1800 (Dana 1892;
Clark 1993).

Type locality: Not known _

Crystal system, space group and structure refinement: Isometric, /a3d. Armbruster
and Geiger (1993). Original or oldest description: “allochroite” of de Andrada in 1800
and “melanite” of Werner in 1800 (Dana 1892).

Berzeliite

End-member formula: {Ca,Na}[Mg,](As3)O,,
Group: Berzeliite
IMA number: Grandfathered

Modifications: None

Etymology: For Jacob Berzelius (1799-1848), a Swedish chemist.

Type locality: Langban, Filipstad district, Varmland, Sweden.

Crystal system and structure refinement: Isometric, /a3d. Hawthorne (1976); Na-
gashima and Armbruster (2012).

Original or oldest description: Kiihn (1840)
Bitikleite

End-member formula: {Ca;}[Sb*"'Sn*](AL)O,,

Group: Bitikleite

IMA number: 2009-052

Modifications: Originally described as bitikleite-(SnAl) with the same formula.

Etymology: From Bitikle, the name of an old fortification near the type locality.

Type locality: Upper Chegem caldera, Kabardino-Balkaria, North Caucasus, Russia.

Crystal system, space group and structure refinement: Isometric, /a3d. Galuskina
etal. (2010b)

Original or oldest description: Galuskina et al. (2010b)

Calderite

End-member formula: {Mn}"} [Fe3](Si;)O,,

Group: Garnet

IMA number: Grandfathered

Modifications: None

Etymology: For James Calder, amember of the Asiatic Society of Bengal, originally
applied to the rock containing the mineral (Piddington 1850).

Type locality: Either in Burdwan (Bardhaman) district, West Bengal State, or near
Hazaribagh, Jharkhand State, India. _

Crystal system, space group and structure report: Isometric, /a3d. No structure refine-
ment; structure optimization by distance least-squares refinement (Ottonello et al. 1996).

Original or oldest description: Fermor (1909, 1926)

Cryolithionite

End-member formula: {Na;}[AL](Li;)F,,

Group: ungrouped

IMA number: Grandfathered

Modifications: None

Etymology: From the presence of Li and its relation to cryolite

Type locality: The Ivigtut cryolite deposit, Ivittuut (Ivigtut), Arsuk, Kitaa Province,
Greenland. _

Crystal system, space group and structure refinement: Isometric, /a3d. Geller (1971).

Original or oldest description: Ussing (1904)

Dzhuluite

End-member formula: {Ca;}[Sb**Sn*'](Fei")O,,

Group: Bitikleite

IMA number: 2010-64

Modifications: Originally described as bitikleite-(SnFe) with the same formula.
Etymology: After Dzhulu Mountain near the type locality.

Type locality: Upper Chegem caldera, Kabardino-Balkaria, North Caucasus, Russia.
Crystal system and space group: Isometric, /a3d. Structure not yet refined.
Original or oldest description: Galuskina et al. (2011a)

Elbrusite

End-member formula: {Ca;}[U§5Zr, 5](Fei")O,,

Group: Bitikleite

IMA number: 2009-051

Modifications: Originally described as elbrusite-(Zr) with a formula {Ca;}[U*Zr]
(Fe'Fe*)O,.

Etymology: From the highest peak in Europe - Mount Elbrus (5642 m).

Type locality: Upper Chegem caldera, Kabardino-Balkaria, North Caucasus, Russia.

Crystal system, space group and structure refinement: Isometric, Za3d. The structure
of elbrusite has not yet been refined, but that of U-rich kerimasite has been refined [under
the name “Fe-dominant analog of kimzeyite”, Galuskina et al. (2010a)].

Original or oldest description: Galuskina et al. (2010a)

Eringaite
End-member formula: {Ca;}[Sc,](Si;)O),
Group: Garnet
IMA number: 2009-054
Modifications: None
Etymology: From the Eringa River, a tributary of the Wiluy River.
Type locality: Wiluy River, Sakha-Yakutia Republic, Russia. (63.0°N, 112.3°E).
Crystal system, space group and structure refinement: Isometric, la3d.
Synthetic material: Mill’ et al. (1977), Quartieri et al. (2006)
Original or oldest description: Galuskina et al. (2010d)

Goldmanite
End-member formula: {Ca;}[V3](Si;)O),
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Group: Garnet

IMA number: 1963-003

Modifications: None

Etymology: For Marcus I. Goldman (1881-1965), a sedimentary petrologist with
the U.S. Geological Survey.

Type locality: Sandy (or South Laguna) mine area, Laguna, New Mexico, U.S.A.

Crystal system, space group and structure refinement: Isometric, /a3d. Novak and
Gibbs (1971); Righter et al. (2011).

Original or oldest description: Moench and Meyrowitz (1964)

Grossular

End-member formula: {Ca;}[AL](Si;)O,,

Group: Garnet

IMA number: Grandfathered

Modifications: None

Etymology: From the color resembling gooseberry, Ribes grossularia (Dana 1892;
Clark 1993).

Type locality: Wiluy River, Sakha-Yakutia Republic, Russia. _

Crystal system, space group and structure refinement: Isometric, /a3d. Novak and
Gibbs (1971).

Synthetic material: Geiger and Armbruster (1997).

Original or oldest description: A.G. Werner in 1808-1809. However, grossular
was described earlier under other names, viz. as “Cinnamon Stone” (Kanelstein) from
Sri Lanka by Werner in 1803—1804 and as “Granat” by Pallas in 1793 (Dana (1892).

Henritermierite

End-member formula: {Ca;}[Mn3*](Si,)(C0)Og(OH),

Group: Henritermierite

IMA number: 1968-029

Modifications: None

Etymology: For Henri-Frangois-Emile Termier (1897-1989), a French geologist.

Type locality: Tachgagalt mine, Morocco.

Crystal system, space group and structure refinement: Tetragonal, /4,/acd. Arm-
bruster et al. (2001).

Original or oldest description: Gaudefroy et al. (1969)

Holtstamite

Formula: {Ca;}[AL,Mn3}"](Si,)(0)O4(OH),

Group: Henritermierite

IMA number: 2003-047

Modifications: None

Etymology: For Dan Holtstam (b. 1963), a Swedish mineralogist.

Type locality: Wessels Mine, Kalahari manganese field, South Africa.

Crystal system, space group and structure refinement: Tetragonal, /4,/acd. Halenius
etal. (2005)

Original or oldest description: Halenius (2004), Hélenius et al. (2005)

Irinarassite

End-member formula: {Ca;}[Sn3*](SiAL)O,,

Group: Schorlomite

IMA number: 2010-73

Modifications: None

Etymology: For Irina Rass (b. 1940), a Russian mineralogist.

Type locality: Upper Chegem caldera, Kabardino-Balkaria, North Caucasus, Russia.
Crystal system and space group: Isometric, /a3d. Structure not yet refined.
Original or oldest description: Galuskina et al. (2011b)

Katoite

End-member formula: {Ca;}[AL](0;)(OH),,

Group: ungrouped

IMA number: 1982-080

Modifications: None

Etymology: For Akira Kato (b. 1931), a Japanese mineralogist.

Type locality: Campomorto quarry, Pietra Massa, Viterbo, Lazio, Italy.

Crystal system, space group and structure refinement: Isometric, /a3d. Sacerdoti and
Passaglia (1985); synthetic material (Lager et al. 1987).

Original or oldest description: Passaglia and Rinaldi (1984)

Kerimasite

End-member formula: {Ca;}[Zr,](SiFe3)O,,

Group: Schorlomite

IMA number: 2009-29

Modifications: None

Etymology: For the Kerimasi volcano.

Type locality: Kerimasi volcano, Gregory Rift, northern Tanzania. _

Crystal system, space group and structure refinement: Isometric, /a3d. Zaitsev et al.
(2010), and under the name kimzeyite, Schingaro et al. (2001); synthetic material under
the name kimzeyite (Whittle et al. 2007).

Original or oldest description: Zaitsev et al. (2010). Under the name kimzeyite:
Schingaro etal. (2001) and Galuskina et al. (2005); under the name “Fe-dominant analog
of kimzeyite” (Galuskina et al. 2010a, 2010b, 2010c).

Kimzeyite

End-member formula: {Ca;}[Zr,](SiAl,)O,,

Group: Schorlomite

IMA number: Not recorded

Modifications: None

Etymology: For members of the Kimzey family, who were instrumental in obtaining
and preserving mineral specimens from Magnet Cove.

Type locality: Kimzey quarry, Magnet Cove, Arkansas, U.S.A. _

Crystal system, space group and structure refinement: Isometric, /a3d. Munno et
al. (1980)

Original or oldest description: Milton and Blade (1958), Milton et al. (1961)

Knorringite

End-member formula: {Mg;}[Cr3"](Si;)O,,

Group: Garnet

IMA number: 1968-010

Modifications: None

Etymology: For Oleg von Knorring (1915-1994), a Russian mineralogist who
worked in Finland and the United Kingdom.

Type locality: Kao kimberlite pipe, Butha-Buthe, Lesotho. _

Crystal system, space group and structure refinement: Isometric, /a3d. Synthetic
material: Juhin et al. (2010).

Original or oldest description: Nixon and Hornung (1968)
Majorite

End-member formula: {Mg;}[SiMg](Si;)O,,

Group: Garnet

IMA number: 1969-018. Modifications: Formula originally given as {(Mg,Na);}
[(Fe,Si,ALCr),](Si5)O..

Etymology: For Alan Major, who assisted A.E. Ringwood in experiments.

Type locality: Coorara L6 chondrite (recovered in Western Australia).

Crystal system, space group and structure refinement: Isometric, /a3d.

Synthetic material: Hazen et al. (1994)

Original or oldest description: Smith and Mason (1970)

Manganberzeliite

End-member formula: {Ca,Na}[Mn3"](As3")O,,

Group: Berzeliite

IMA number: Grandfathered

Modifications: See text.

Etymology: The manganese analog of berzeliite.

Type locality: Langban, Filipstad district, Varmland, Sweden. _

Crystal system, space group and structure refinement: Isometric, /a3d.

Qualitative description of the structure: Bubeck and Machatschki (1935); Nagashima
and Armbruster (2012)

Original or oldest description: Igelstrom (1886, 1894)

Menzerite-(Y)

End-member formula: {Y,Ca}[Mg,](Si;)O,,

Group: Garnet

IMA number: 2009-050

Modifications: None

Etymology: For Georg Menzer (1897—1989), the German crystallographer who was
the first to solve the structure of garnet (Menzer 1928); the suffix Y is a Levinson modi-
fier that indicates that Y is dominant among the sum of Y and the rare-carth elements.

Type locality: Bonnet Island in Georgian Bay, near Parry Sound, Ontario, Canada.

Crystal system, space group and structure refinement: Isometric, /a3d. Grew et
al. (2010)

Original or oldest description: Grew et al. (2010)

Momoiite

End-member formula: {Mn3"}[V37](Si;)O),

Group: Garnet

IMA number: 2009-026.

Modifications: None; see the “yamatoite” of Momoi (1964), which was not ap-
proved because this component was not dominant in the material that they investigated
(Fleischer 1965).

Etymology: For Hitoshi Momoi (1930-2002), the Japanese mineralogist who was
the first to recognize {Mn3"}[V37](Si;)O,, as a component in garnet

Type locality: Kurase mine, Ehime Prefecture, Japan.

Crystal system and space group: Isometric, /a3d. Structure not yet refined, but the
atomic coordinates were predicted by Novak and Gibbs (1971).

Original or oldest description: Tanaka et al. (2010)
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Morimotoite

End-member formula: {Ca;}[TiFe?*](Si;)O),

Group: Garnet

IMA number: 1992-017

Modifications: None

Etymology: For Nobuo Morimoto (b. 1925), a Japanese mineralogist.
Type locality: Fuku, Bitchu-Cho, Okayama Prefecture, Japan.

Crystal system and space group: Isometric, /a3d. Structure not yet refined.
Original or oldest description: Henmi et al. (1995)

Palenzonaite

End-member formula: {Ca,Na}[Mn3](V3"O,,

Group: Berzeliite

IMA number: 1986-011

Modifications: None

Etymology: For Andrea Palenzona (b. 1935), an Italian chemist.

Type locality: Molinello mine, Ne, Val Graveglia, Liguria, Italy. _

Crystal system, space group and structure refinement: Isometric, Za3d. Basso (1987);
Nagashima and Armbruster (2012)

Original or oldest description: Basso (1987)

Pyrope

End-member formula: {Mg;}[AL](Si;)O;,

Group: Garnet

IMA number: Grandfathered

Modifications: None

Etymology: From the Greek rtvpwrtdg (pyropos) — firelike for its deep-red color.

Type locality: Bohemia (Czech Republic). _

Crystal system, space group and structure refinement: Isometric, /a3d. Novak and
Gibbs (1971)

Synthetic material: Armbruster et al. (1992)

Original or oldest description: Recognized by Georgius Agricola (1546), but the name
pyrope was introduced by A.G. Werner in 1800 (Dana 1892; Clark 1993).

Schiiferite

End-member formula: {Ca,Na}[Mg,](V3)O,,

Group: Berzeliite

IMA number: 1997-048

Modifications: None

Etymology: For Helmut Schifer (b. 1931), an amateur German mineralogist who
discovered the mineral.

Type locality: Bellberg volcano near Mayen, Eifel, Germany. _

Crystal system, space group and structure refinement: Isometric, /a3d. Krause et
al. (1999)

Original or oldest description: Krause et al. (1999)

Schorlomite

End-member formula: {Ca;}[Ti,](SiFe}")O,,

Group: Schorlomite

IMA number: Grandfathered

Modifications: Extensive; see main text.

Etymology: For its resemblance to schorl.

Type locality: Magnet Cove, Hot Springs County, Arkansas, U.S.A.

Crystal system, space group and structure refinement: Isometric, /a3d. Chakhmou-
radian and McCammon (2005)

Original or oldest description: Shepard (1846), Whitney (1849), and Rammelsberg
(1850a, 1850b)

Spessartine

End-member formula: {Mn3'}[AL](Si;)O;,

Group: Garnet

IMA number: Grandfathered

Modifications: None

Etymology: From the Spessart Mountains, Germany.

Type locality: Sommer quarry, Wendelberg Mt., Spessart Mountains, Bavaria,
Germany. _

Crystal system, space group and structure refinement: Isometric, /a3d. Novak and
Gibbs (1971); for F-bearing, Smyth et al. (1990).

Synthetic material: Geiger and Armbruster (1997)

Original or oldest description: Recognized by M.H. Klaproth (1797), but the name
spessartine was introduced by F.S. Beudant (1832) according to Dana (1892) and Clark
(1993).

Toturite

End-member formula: {Ca;}[Sni"](SiFe3")O,,

Group: Schorlomite

IMA number: 2009-033

Modifications: None

Etymology: From both the Totur River situated in Eltyubyu village near the type
locality and the name of a Balkarian deity and ancient warrior.

Type locality: Upper Chegem caldera, Kabardino-Balkaria, North Caucasus, Russia.

Crystal system and space group: Isometric, /a3d. Structure not yet refined.

Original or oldest description: Galuskina et al. (2010c)

Usturite

End-member formula: {Ca;}[Sb*'Zr](Fe}")O,,

Group: Bitikleite

IMA number: 2009-053

Modifications: Originally described as bitikleite-(ZrFe) with the same formula.
Etymology: From the Ustur Mountain near the type locality.

Type locality: Upper Chegem caldera, Kabardino-Balkaria, North Caucasus, Russia.
Crystal system and space group: Isometric, /a3d. Structure not yet refined.
Original or oldest description: Galuskina et al. (2010b)

Uvarovite

End-member formula: {Ca;}[Cr3"](Si;)O,

Group: Garnet

IMA number: Grandfathered

Modifications: None

Etymology: For Count Sergei Semenovich Uvarov (1786-1855), a Russian historian.

Type locality: Saranovskiy mine Biserskoye chromite deposit, Perm district, Urals,
Russia (Pekov 1998). _

Crystal system, space group and structure refinement: Isometric, /a3d. Novak and
Gibbs (1971)

For birefringent uvarovite: Wildner and Andrut (2001)

Original or oldest description: Hess (1832)

Yafsoanite

End-member formula: {Ca;}[Te$](Zn;)Oy,

Group: ungrouped

IMA number: 1981-022

Modifications: Introduced with the idealized formula (Zn, 33Ca; 35Pbg6)5-3.00TeOg;
current formula from Jarosch and Zemann (1989) and Mills et al. (2010).

Etymology: From the acronym Yakytskii Filial Sibirskogo Otdeleniya Akademii
Nauk (Yakyt Filial of the Siberian Branch of the Academy of Sciences).

Type locality: Kuranakh gold deposit, near Aldan, Yakutia, Russia (Pekov 1998).

Crystal system, space group and structure refinement: Isometric, /a3d. Mills et
al. (2010)

Original or oldest description: Kim et al. (1982)
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Abstract: Epidote-group minerals are monoclinic in symmetry and have topology consistent with space group P2,/m and the general
formula A,M;[T,07][TO4](O,F)(OH,0). Zoisite is an orthorhombic polymorph of clinozoisite Ca,Al;[Si,0;][SiO4]O(OH) and is
thus not considered a member of the epidote-group. Epidote-group minerals are divided into three subgroups. (1) Members of the
clinozoisite subgroup are derived from the mineral clinozoisite Ca,Al;[Si,0,][Si04]O(OH) by homovalent substitutions only. The
key cation- and anion-sites are A1 = M2+, A2 = M2+, M1 = M3+, M2 = M3+, M3 = M3+, 04 = 02, O10 = (OH)-. In other words, the
dominant valence as listed above must be maintained. (2) Members of the allanite subgroup are REE-rich minerals typified by the
eponymous mineral “allanite”. This subgroup may be derived from clinozoisite by homovalent substitutions and one coupled
heterovalent substitution of the type A2(REE)3* + M3M2+ — A2Ca2* + M3M3+, Thus the valences on the key sites are: A1 = M2+, A2
= M3+, M1 = M3+, M2 = M3+, M3 = M2+, 04 = O2-, 010 = (OH)-. (3) Members of the dollaseite subgroup are REE-rich minerals
typified by the eponymous mineral “dollaseite”. This subgroup may be derived from clinozoisite by homovalent substitutions and
two coupled heterovalent substitutions of the type A2(REE)3* + M3M2+ — A2Ca2+ + M3M3+ and MIM2+ + O4F~ — MIM3+ + 040-2, Thus
the valences on the key sites are: Al = M2+, A2 = M3+, M1 = M2+, M2 = M3+, M3 = M2+, 04 = F-, 010 = (OH)-.

The key cation-sites M3 and A1 (and, in principle, M2) determine the root name. In both clinozoisite and allanite subgroups no
prefix is added to the root name if M1 = Al. The prefixes ferri, mangani, chromo, and vanado indicate dominant Fe3+, Mn3+, Cr3+,
and V3* on M1, respectively. In the dollaseite subgroup no prefix is added to the root name if M1 = Mg. Otherwise a proper prefix
must be attached; the prefixes ferro and mangano indicate dominant Fe2* and Mn2+ at M1, respectively. The dominant cation on A2
(other than Ca) is treated according to the Extended Levinson suffix designation. This simple nomenclature requires renaming of the
following approved species: Niigataite (old) = clinozoisite-(Sr) (new), hancockite (old) = epidote-(Pb) (new), tweddillite (old) =
manganipiemontite-(Sr) (new). Minor modifications are necessary for the following species: Strontiopiemontite (old) = piemon-
tite-(Sr) (new), androsite-(La) (old) = manganiandrosite-(La) (new). Before a mineral name can be assigned, the proper subgroup
has to be determined. The determination of a proper subgroup is made by the dominating valence at M3, M1, and A2 expressed as
M2+ and or M3+, not by a single, dominant ion (i.e., Fe2*, or Mg, or Al). In addition, the dominant valence on O4: X or X?> must be
ascertained. [M2+],, > 0.50, [M3*]y;3 > 0.50 — clinozoisite subgroup, [M3*+ M4*],, > 0.50, [M2*]y3 > 0.50 — allanite subgroup,
{[M2+]\3m1 — [M3T4 M4] 55 > 0.50 and [X]o4 > 0.5 — dollaseite subgroup. Coupled heterovalent substitutions in epidote-group
minerals require a special application of the so-called 50 % rule in solid-solution series. (1) Clinozoisite subgroup: The dominant
trivalent cation on M3 determines the name, whereas the A2 cation appearing in the suffix has to be selected from among the diva-
lent cations. (2) Allanite and dollaseite subgroups: For the sites involved in the charge compensation of a heterovalent substitution
in A2 and O4 (i.e. M3 in the allanite subgroup; M3 and M1 in the dollaseite subgroup), identification of the relevant end-member
formula must take into account the dominant divalent charge-compensating octahedral cation (M2+*) and not the dominant cation
in these sites.

Formal guidelines and examples are provided in order to determine a mineral “working name” from electron-microprobe analyt-
ical data.

Key-words: Nomenclature, epidote-group minerals, clinozoisite, allanite, dollaseite.
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1. Introduction
1.1. Some obvious problems

Deer et al. (1986) concluded in their Rock-forming
Minerals: “There is no universally accepted nomenclature of
the monoclinic Fe—Al members of the epidote group. Some
earlier names, e.g. fouquéite for compositions containing up
to about 10 mol. % of the Ca,Fe;Si;0,,(OH)! component,
have fallen into disuse and clinozoisite is now used to
describe those members of the series that are optically posi-
tive, corresponding with approximately 15 mol.%
Ca,Fe;Si301,(OH). For the more iron-rich, optically nega-
tive members, the name pistacite is used by some authors;
the majority, however, describe those members with between
15 and 33 mol.% Ca,Fe;Siz0,(OH) as epidote. This
common use of the name is preferred in spite of its use to
designate the group as a whole. The optical distinction of
members of the clinozoisite-epidote series around the 15
mol.% composition is difficult, and in the absence of a
chemical analysis is generally based on color and
pleochroism. Where the composition is known it is usually
expressed in terms of the theoretical pistacite end-member,
ps = 100 x Fe3*/(Fe3+ + Al).”

The nomenclature problems discussed by Deer et al.
(1986) were only partly solved after publication of the
criteria for new mineral names (Nickel & Mandarino, 1987).
Are these “rules” only applicable to new minerals (the corre-
sponding paragraph was entitled “criteria for new mineral
names”)? What about the “grandfathered” mineral names
epidote and clinozoisite described in the past and generally
believed to represent valid species names? How are the
boundaries between epidote and clinozoisite defined?

Of the 22 “piemontite” analytical data reported by Deer
et al. (1986) only seven meet the minimum criterion of Fe <
Mn > 0.5 required to satisfy the rule given by Nickel &
Mandarino (1987): “At least one major structural site is
occupied by a different chemical component.”

Ercit (2002), in his article “The mess that is allanite”,
asks the provocative question: What is “allanite”? He states
that the name “allanite” is often incorrectly used to describe
any REE-bearing epidote. Investigators were additionally
confused by introduction of new mineral names for REE-
bearing epidote-group minerals such as dissakisite-(Ce),
dollaseite-(Ce), khristovite-(Ce), and androsite-(La). Until
1988, the mineralogy of REE-rich epidote-group minerals
was very simple because there was only the one official root
name allanite with the end-member formula
CaREEAIFe2*[Si,05][Si04]O(OH). An additional source
of confusion (Ercit, 2002) is that cations in the formula of
REE-rich epidote-group minerals are commonly grouped
rather than assigned to specific sites. However, specific site
assignments determine the species. In the absence of appro-
priate guidelines, Ercit (2002) discusses several approaches
for using electron-microprobe analytical data to calculate
formulae of REE-bearing epidote-group minerals. Then he

uses analytical data from the literature to obtain a simplified
end-member formula corresponding to a mineral name.
There are two major criticisms to his approach: (1)
Analytical data from the literature that had been obtained on
metamict materials were used, which do not fulfill the crite-
rion that a mineral be crystalline; (2) Standard guidelines for
mineral nomenclature (Nickel & Grice, 1998) were uncriti-
cally applied, resulting in end-member formulae [e.g.,
CaLaAl,V3+[Si,0,][Si0O4]O(OH)] that are not charge-
balanced and thus meaningless.

1.2. Objectives

The Commission on New Minerals and Mineral Names
(CNMMN) of the International Mineralogical Association
(IMA) established at the beginning of 2003 the
Subcommittee on Epidote-Group Mineral Nomenclature.
This subcommittee defined following aims: (1)
Development of a consistent nomenclature system to mini-
mize proliferation of unrelated mineral names; (2) to explain
appropriate use of existing and new names within this
mineral group by defining simple rules for nomenclature
based on chemistry and ion (cation and anion) order; (3) to
provide a simple but powerful scheme to derive a “working
name” of an epidote-group mineral based on electron-
microprobe analytical data.

Finally, this report supplies an Appendix with specifi-
cally selected chemical data of epidote-group minerals
representing either borderline cases, or incomplete or erro-
neous analytical data, or data originating from partly
metamict minerals. These examples have been chosen to
demonstrate naming of epidote-group minerals in non-trivial
cases.

It is not the intent of this nomenclature recommendation
to provide a complete view of chemical variations reported
for epidote-group minerals. For additional references on this
subject we refer to Liebscher & Franz (2004).

2. Historical synopsis

2.1. Epidote and clinozoisite

Epidote, a monoclinic mineral with the idealized formula
Ca,Al,Fe3*[Si,04][Si04]O(OH), was named by Haiiy (1801). The
type locality is Bourg d’Oisans, Dauphiné, France. The name
comes from the Greek epi over plus dotds given (verbid of didoni),
i.e., given besides, “increased”. A related noun is epidosis, i.e.
“increase”. This refers to Haiiy's observation that the base of the
mineral's prism has one side longer than the other. The rationale for
the name epidote may appear quaint to us today, but it has to be
understood in the context of criteria for distinguishing minerals at
the beginning of the 19th century (mainly crystal forms, density, and
optical properties, as well as chemical composition). Dana (1896)
stated that Haily set aside several older names: Thallite, derived
from the Greek noun thallos meaning young twig (alluding to the
green color), was rejected because of color variation; delphinite,

1Given as Ca,FeAl,Si;0,,(OH) in the text by Deer ef al. (1986). However, it is clear from the molar percentage values (15 -33) cited by
these authors for the epidote (sensu stricto) compositional range that they are actually referring to a Ca,Fe;Si;O1,(OH) component.
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and arendalite (also named akanticone) were rejected because they
were derived from specific localities. A synonym for epidote,
pistacite, comes from the Greek for pistachio nut, a reference to the
distinctive yellowish-green color of some epidote. The name
pistacite was introduced by Ludwig (1803-1804), who extended the
systematic nomenclature of Abraham Gottlob Werner (1750-1817).
This timing gives epidote precedence. Pistacite is not listed among
accepted mineral names (in spite of its frequent use) by Hey (1955)
but referenced as synonym of epidote. Other obsolete names (Dana,
1896) are oisanite, puschkinite (six other spellings have also been
used, e.g., pushklinite in Dufrénoy, 1856), achmatite, beustite and
escherite. Withamite was used for a strongly pleochroic deep
crimson and straw yellow epidote-group mineral from Glen Coe,
Strathclyde (Argyllshire), Scotland, UK and sometimes referred to
as piemontite. However, chemical analyses gave only 0.24 wt.%
MnO - equivalent to 0.27 wt. % Mn,0; — (Dana, 1896). Thus this
low Mn3+ content is already sufficient for piemontite-like
pleochroism. Subsequent chemical analyses of “withamite”
(Hutton, 1938) clearly suggest its identity with epidote. Withamite
from the Yamanaka mine (Japan) described by Yoshimura & Momoi
(1964) is manganian clinozoisite.

Weiss (1820) presented the first complete indexing of crystal
faces of monoclinic epidote, which may be considered the begin-
ning of systematic crystallographic work on this mineral group.
Dufrénoy (1856) used epidote as the group name and distinguished
thallite (green iron-bearing epidote) and zoisite on the basis of
different cleavage and habit. Ito (1950) and Ito ef al. (1954) first
deduced the correct atomic arrangement in epidote, which they
showed to contain both single SiO, tetrahedra and double-tetrahe-
dral Si,O5 groups (c¢f Ito, 1947). Systematic structural studies by
Dollase (1968, 1969, 1971) clarified the crystal-chemical relation-
ships of the epidote group.

The name clinozoisite was given by Weinschenk (1896) to Fe-
poor epidote from Préagratten, Tyrol, Austria. The name is for the
polymorphism with zoisite, Ca,Al;[Si,O4][Si04]O(OH) (see
below). However, Lacroix (1889) was probably the first to describe
this mineral under the name fouquéite. We quote Dana (1896):
“Composition like zoisite from which it differs in form; it appears
to be an epidote essentially, containing but little iron... Occurs in
anorthite-gneiss at Salem, and less often at Kandy, Ceylon. The
rock also contains ordinary epidote (but not immediately associated
with fouquéite)... Named for M. Fouqué.” The analysis reported by
Lacroix (1889) is given in Table 1.

According to the structural studies of Ito et al. (1954) and
Dollase (1968, 1969, 1971) monoclinic members of the epidote
group have three distinct octahedral sites (M1, M2, M3), each
contributing with the same multiplicity to the formula. If one of
these sites in an unnamed mineral were found to be dominantly
occupied by a chemical component that is not dominant at the
equivalent site in an existing mineral, then the unnamed would be a
new mineral species with its own name (Nickel & Mandarino,
1987). Application of this rule requires detailed crystal-chemical
knowledge of the various mineral groups and particularly of the
cation site-preference. In the epidote group, if by chance ferric iron
did not order onto the largest and most distorted octahedral site M3,
but were randomly distributed over the three available sites, the
composition Ca,Al,Fe3*[Si,0,][Si04]O(OH) could not be given an
independent mineral name. Instead, it would have to be called
ferrian clinozoisite because Al would be dominant at all three octa-
hedral sites (M1, M2, M3). However, structure refinements and
spectroscopic investigations of epidote-group minerals have consis-
tently shown a strong preference of Fe3t for M3 (e.g., Ito ef al.,
1954; Dollase, 1971, 1973). Thus, the old name epidote is retained.

Table 1. Historical chemical data (wt.%) of epidote (Laspeyres,
1879), fouquéite (Lacroix, 1889), and piemontite (Rammelsberg,
1875), all data cited from Dana (1896).

Sample Epidote Fouquéite = Piemontite

(Bourg Clinozoisite (St. Marcel)

d’Oisans) (Sri Lanka)

SiO, 36.49 38.6 38.64
Al,0O4 22.45 325 15.03
Fe,05 14.93 2.1 8.38
Mn,04 0.03 15.00
CaO 23.52 23.9 22.19
LOI 1.91 2.7 1.78
Sum 99.35 99.8 101.02
Si 2.94 2.97 3.16
Al 2.13 2.94 1.45
Fe 0.91 0.12 0.52
Mn 0.00 0.93
Ca 2.02 1.97 1.94
O(calc.) 12.45 12.50 12.61

Formula normalized on 8 cations. LOI — loss on ignition.

2.2. Zoisite

Originally this mineral was named saualpite for the locality
Saualpe in Carinthia, Austria, where it occurs in eclogites. The
name zoisite was chosen by A.G. Werner in 1805 to honor
Siegmund Zois, Baron von Edelstein (1747-1819), the Austrian
mineral collector from whom Werner obtained the holotype spec-
imen from Saualpe (Dana, 1896). Zoisite is the orthorhombic poly-
morph of clinozoisite. Other obsolete names or synonyms cited by
Dana (1896) are: Illuderite, lime-epidote, thulite, unionite. Hey
(1955) also cited chrome-zoisite and manganese-zoisite. Tanzanite
is a gem name for vanadium-bearing zoisite from Tanzania, which
turns from brown into blue upon heat-treatment at 400-500°C. A
dense green chromium-bearing zoisite in a zoisite amphibolite
associated with mostly non-transparent ruby also from Tanzania
was named “anyolite” meaning green in the language of the Massai
(Eppler, 1984). Ito (1950) first proposed a structural model for
zoisite, which was subsequently confirmed by Fesenko et al. (1955)
and Dollase (1968). Zoisite is the only orthorhombic mineral
species originally assigned to the epidote group.

2.3. Piemontite, strontiopiemontite, and tweddillite

A Mn-rich, epidote-related mineral from Praborna mine, St.
Marcel, Aosta Valley, in the Italian Western Alps, was named
piemontite (originally “Piemontit’) by Kenngott (1853). The
English spelling of the Italian word Piemonte is Piedmont, and
Dana (1896) arbitrarily anglicized the mineral name to piedmontite.
However, the Italian region of the type locality, St. Marcel, was
called Piemonte when the mineral was first described, and for this
reason the name piemontite is correct. Today, St. Marcel belongs to
Valle d’Aosta, which was established as an autonomous region in
1945. Dufrénoy (1856) stated that the “variété manganésifére” from
Piemonte is named “piemonite”. Hey (1955) considered both pied-
montite and manganepidote to be synonyms of piemontite.

Dollase (1969) demonstrated by single-crystal X-ray structure
refinement that Mn3* in piemontite, ideally Ca,Al,Mn3+[Si,0/]
[SiO4]O(OH), is preferentially ordered on the octahedral M3 site,
thus confirming the interpretation of spectroscopic data by Burns &
Strens (1967). Nonetheless, there seems to be a general problem
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with the assignment of the name piemontite (Catti et al., 1989).
Dana (1896) included under the name piemontite monoclinic, dark-
red epidote-group minerals with characteristic red — pink to
amethyst — orange to yellow pleochroism, even if the molar Mn,03
content was less than Fe,O; content. Mottana & Griffin (1986)
showed that piemontite from the type locality (the Praborna
manganese mine) is rather heterogeneous. Nonetheless, the compo-
sitions of most samples fall in the vicinity of Al:Mn = 2:1 with a
general trend of some excess Mn extending to Al:Mn = 1.3:1. In
addition, Mottana & Griffin (1986) found that piemontite from St.
Marcel is frequently strontian piemontite with up to 0.47 Sr pfu.
Catti et al. (1989) and Ferraris et al. (1989) reported structural data
on this strontian piemontite.

Strontiopiemontite, ideally CaSrAl,Mn3+[Si,0,][SiO4]O(OH),
is the analogue of piemontite with Sr dominant in the structural site
A2, as shown by X-ray single-crystal structure refinement (Bonazzi
et al., 1990). It is a low-temperature metamorphic product and
occurs in the manganese ore at Molinello and Cassagna mines of Val
Graveglia, Northern Apennines, Italy.

Tweddillite, CaSrMn3+AIMn3+[Si,0,][SiO4]O(OH), is a
mineral related to strontiopiemontite (Armbruster et al., 2002). It is
found as a hydrothermal alteration product of primary manganese
ore in the Wessels mine of the Kalahari manganese field, Republic
of South Africa. It was named tweddillite in honor of S. M. Tweddill,
the first curator (from 1897 to 1916) of the Museum of the
Geological Survey at Pretoria, RSA. Definition of this new mineral
species was justified, as shown by structure refinement, because
Mn3+ dominates both octahedral M1 and M3 sites, different from
just M3 in strontiopiemontite and piemontite.

2.4. “Tawmawite” and mukhinite

The name “tawmawite” was introduced by Bleeck (1907) in his
description of jadeite deposits in Upper Burma (now Myanmar).
Tawmaw was a major jadeite mining-district in this area at the
beginning of the 20t century. Bleeck (1907) described “tawmawite”
as an emerald green, chromium-rich epidote mineral. However, the
chemical analysis did not correspond to epidote-group stoichiom-
etry, mainly due to contamination with chromite. The existence of a
mineral with idealized composition Ca,Al,Cr3*[Si,O4][SiO4]JO(OH)
has been shown by electron-microprobe analyses of epidote-group
minerals occurring as inclusions in calcic plagioclase in a kyanite
amphibolite from Southern Alps, New Zealand (Grapes, 1981), and
in a quartzite from Outokumpu, Finland (Treloar, 1987). Chromium-
rich epidote-group minerals are commonly zoned on a very fine
scale (oscillatory zoning) so that determination of specific site pref-
erence of Cr using crystal-structure refinement has not been
possible to date. Burns & Strens (1967) provided spectroscopic
evidence that Fe3*, and Mn3+ in epidote-group minerals order pref-
erentially on M3, but assumed that Cr3+ orders preferentially on M1.
However, Liebscher (2004) concluded that the derived A, with the
position of vy (Burns & Strens, 1967) results in a Racah parameter
B that is higher than that of the free Cr3* ion and therefore physically
meaningless. The interpretation of the spectra by Burn & Strens
(1967) is thus open to question. Armbruster & Lahti (in prep.) have
recently performed a combined electron microprobe - crystal-struc-
ture study on V3*-rich “tawmawite” from Outokumpu, Finland, first
described by Eskola (1933). Preliminary results indicate that Cr is
disordered over M3 and M1 (with a slight preference for M3), which
cast doubts on the species character of “tawmawite” if the Cr content
is below 1 Cr pfu. To our knowledge the highest Cr content in chro-
mian clinozoisite was reported as 15.37 wt.% Cr,O5 (Treloar, 1987),
corresponding to 0.98 Cr pfu, which is still slightly below the limit

required for highly disordered partition of Cr between M1 and M3.
On the basis of available data “tawmawite” cannot be considered a
valid species. Such samples have to be described as chromian (or
better Cr3+-rich) clinozoisite until new evidence is presented.

Mukhinite, Ca,Al,V3+[Si,0,][SiO4]O(OH), was described by
Shepel & Karpenko (1969) from marbles (Gornaya Shoriya,
Kemerovo Oblast, Siberia, Russia). The name is for the geologist
A.S. Mukhin of the West Siberian Geological Survey. In the absence
of crystallographic data ordering of V3+ on M3 may be assumed by
analogy with Fe3*. Structural data including cation site-distributions
are highly desirable for mukhinite.

2.5. Hancockite and niigataite

Hancockite is another old name. Penfield & Warren (1899)
named a Pb-rich monoclinic epidote-group mineral discovered at
Franklin, N.J., USA after Elwood P. Hancock (1836-1916) of
Burlington, N.J., a collector of Franklin minerals. At the type
locality the mineral contains appreciable amounts of Sr, and of
Mn3+, the latter being responsible for the strong red color (Dunn,
1985). Holtstam & Langhof (1994) reported a second occurrence of
this very rare species from Jakobsberg, Filipstad, Sweden (skarn
enclosed in dolomitic marble). Hancockite, CaPbAl,Fe3*
[Si,07][Si04]O(OH), may be considered an epidote (sensu stricto)
with Ca on A2 substituted by Pb.

Niigataite, CaSrAl;[Si,0,][SiO4]O(OH), is related to clino-
zoisite but with Ca on the A2 site substituted by Sr (shown by single-
crystal X-ray structure refinement). The name is for the Japanese
prefecture where the mineral was discovered. Niigataite was found
in a boulder of prehnite rock, where the mineral occurs interstitially
with diaspore and chlorite in close association with strontian clino-
zoisite (Miyajima et al., 2003).

2.6. REE-rich epidote-group minerals

In the following text REE represents the lanthanides (elements
57 to 71) and Y because of its chemical similarity to the lanthanides.

Historically, “allanite” (Thomson, 1810) is the second mono-
clinic mineral of the epidote group with a name that is still in use.
The name is for Thomas Allan (1777-1833), a Scottish mineralogist
who discovered the mineral. The type material is allegedly from
Iglorsoit, East Greenland. However, studies of Giesecke’s diaries
from 1806 suggest that the type locality is most likely
Qagqarssuatsiaq, Aluk, East Greenland (Petersen & Johnsen, 2005).
Dana (1896) listed following synonyms or varieties of “allanite”:
Cerine, bucklandite, tautolite, uralorthite, bagrationite, orthite,
xanthorthite, pyrorthite, and wasite. Those names describe partly
altered “allanites” or solid-solution members between “allanite” and
epidote from specific localities with more or less characteristic
crystal forms. In addition, the Y-rich minerals muromontite (5.52 %
BeO) and bodenite were considered varieties of “allanite” (Dana,
1896). The latter two names are nowadays no longer listed among
minerals and their relation to “allanite” is also under question [for a
discussion on muromontite and Be in “allanite” ¢/ Grew (2002)].
Nagatelite is supposedly a phosphatian “allanite” (limori et al.,
1931). However, X-ray diffraction data are mandatory to confirm
this relationship. Hey (1955) referenced also treanorite as synonym
for “allanite” and additionally the following “allanite” varieties:
Cerepidote, cerorthite, yttrio-orthite, magnesium-orthite, and
mangan-orthite. The “orthite” vs. “allanite” controversy was
resolved in 1986 by the Commission on New Minerals and Mineral
Names, IMA, in favor of “allanite”. Taking into account Levison’s
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nomenclature (1966) for rare-earth minerals, the mineral from
Greenland originally described by Thomson (1810) is actually
allanite-(Ce) and, citing that priority, the CNMMN formally
approved the name allanite-(Ce) (Nickel & Mandarino, 1987).
Cerium is the dominant REE in most “allanite”. However, chemical
data are available in the literature for La- and Y-dominant “allanite”,
which should be properly considered as distinct mineral species.
Their status has not until recently been formally approved, although
the corresponding mineral names allanite-(La) and allanite-(Y) have
been in circulation (Levinson, 1966) and are included in the IMA
list of minerals. With the aim of securing official status for such
unapproved epidote-group minerals, Orlandi & Pasero (2006)
recently defined the “new” mineral allanite-(La), which has now
the status of an IMA-approved species (proposal # 2003-065).

Lombaardite was first described by Nels et al. (1949) from the
Zaaiplaats tin mine, central Transvaal, and re-examined by
Neumann & Nilssen (1962) reporting ca. 10 -15wt.% (REE),0;.
Neumann & Nilssen (1962) suggested that lombaardite is very
similar or even identical to a Y,0; dominant “allanite” (with 22.16
wt.% (REE),0; including 5.39 wt.% Y,0;) from a pegmatite at
Askagen, Virmland, Sweden. Thus the Askagen, Virmland, sample
represents allanite-(Y).

“Allanite” is characterized by one coupled heterovalent substitu-
tion where the higher charge of (REE)3* replacing Ca on the A2 site
(Dollase, 1971) is compensated by ferrous iron occupying the octa-
hedral M3 site. Peacor & Dunn (1988) restudied material first inves-
tigated by Geijer (1927), which was originally named “magnesium
orthite” and therefore considered the Mg-dominant analogue of
“allanite”. However, chemical analyses accompanied by crystal-
structure refinement showed that the true composition of this mate-
rial is close to CaREEMgAIMg[Si,0,][SiO4]F(OH), an
epidote-group mineral characterized by two different types of
coupled heterovalent substitutions: (1) A2(REE)3* + M3Mg — A2Ca
+M3Al and (2) MIMg + O4F- — MIA] + 0402-, This new type of REE-
rich epidote-group mineral was given the root name dollaseite in
honor of Wayne Dollase for his crystal chemical research on
epidote-group minerals. The type material for dollaseite-(Ce) is
from the Ostanmossa mine, Norberg district, Sweden, originally
studied by Geijer (1927).

However, Geijer (1927) also analyzed Mg-rich material with F <
0.5 apfu, which seemed close to the Mg analogue of “allanite”.
Subsequently, in a literature review Grew et al. (1991) found several
reports of “allanite” analogues with Mg > Fe2* and compositionally
distinct from “dollaseite”. The corresponding mineral with the end-
member formula CaCeAl,Mg2*[Si,O,][SiO4]O(OH) was named
dissakisite-(Ce) from the Greek dissakis = “twice over” in reference
to the Mg equivalent of “allanite” being described twice. The type
material was found in marble from Balchen Mountain in the eastern
Ser Rondane Mountains, Queen Maud Land, Antarctica. The type
material of the newly discovered dissakisite-(La) is from a peri-
dotite body of the Ulten zone, Austroalpine domain, Eastern Alps
(Tumiati et al., 2005).

Sokolova et al. (1991) described the structure of a Ce-rich
epidote-group mineral from the Inyl'chek Massif, Kyrgyzstan
(former Kirghiz SSR), which was also F-rich and thus closely related
to “dollaseite” but with the octahedral M3 site dominated by Mn?2*.
Pautov ef al. (1993) later defined this mineral as a new species, khris-
tovite-(Ce), CaCeMgAIMn2+[Si,0,][SiO4]F(OH), which was named
after the Russian geologist Evgenia Vladimirovicha Khristova.

It has been known for a long time that piemontite may incorpo-
rate significant amounts of REE (for a literature review see Bonazzi
et al., 1992). Bonazzi et al. (1996) defined a new end-member from
Andros Island, Cyclades, Greece named androsite-(La) with the

end-member composition Mn2*LaMn3+AIMn2+[Si,0,][Si04]O(OH).
This REE-rich epidote-group mineral with La on A2 has the smaller
of the two A sites (A1) occupied by Mn2+ and the largest octahedral
site (M3) also occupied by Mn2*, whereas the M1 octahedron is
dominated by Mn3*. In addition, epidote-group minerals with
compositions corresponding to vanadoandrosite-(Ce) and
(mangani)androsite-(Ce) (Cenki-Tok et al., 2006) have been
approved by CNMMN (IMA 2004-015 and IMA 2002-049).

Ferriallanite-(Ce), ideally, CaCeFe3*AlFe2+[Si,0,][SiO4]O(OH),
is the analogue of allanite-(Ce) with Fe3* dominant in the octahe-
dral M1 site. It is of metasomatic origin and occurs in an alkaline
granitic pegmatite of Mount Ulyn Khuren in the Altai Range,
Mongolia (Kartashov et al., 2002). Furthermore, ferriallanite-(Ce),
previously reported as “cerine” or iron-rich “allanite” is the most
common lanthanide mineral next to cerite-(Ce) at the Bastnds Fe-
Cu-REE deposit, Skinnskatteberg, Vastmanland, Sweden (Holtstam
et al., 2003).

2.7. Epidote modules in polysomatic series

As exemplified by the minerals gatelite-(Ce) (Bonazzi et al.,
2003) and vastmanlandite-(Ce) (Holtstam et al., 2005) the epidote-
type structure (E) easily matches with that of térnebohmite,
(REE),Al[Si04],(OH), (7) to form a polysomatic series (E, ET, T).
Sequences in addition to ET are to be expected because £ and T
modules fit together in any order and the E-T interface does not
require significant structural distortions. Both gatelite-(Ce) and
véstmanlandite-(Ce) represent iso-topological ET type polysomes
distinct by space-group symmetry and composition of the epidote-
type module. The £ module in gatelite-(Ce) is of dissakisite-(Ce)
composition whereas the £ module in vastmanlandite-(Ce) is of
dollaseite-(Ce) composition. To clarify the structural relationship
between E and 7 modules Bonazzi ef al. (2003) have chosen a unit-
cell setting for gatelite-(Ce) where ag, = 2a.y; = [201]i5:; byt = Depi.
= by Coar, = (cepL + Cr); Bgat R Bepis Unfortunately, a corre-
sponding setting was not used for vistmanlandite-(Ce) by Holtstam
et al. (2005). Their original setting, @ = 8.939, b =5.706, ¢ = 15.855
A, B =94.58°, space group P2,/m may be transformed by the matrix
[-100 1010 101] to obtain a setting in space group P2,/m with a =
8.939, b = 5.706, ¢ = 17.568 A, B = 115.90° corresponding to
gatelite-(Ce) with a = 17.770, b = 5.651, c = 17.458 A, B = 116.18°
(space group P2,/a).

3. Recommended nomenclature
3.1 Definition of an epidote-group mineral

The oldest, still accepted mineral name of the mineral
group under review is epidote (Haiiy, 1801). For this reason
the name epidote is used to not only describe a mineral
species of idealized Ca,Al,Fe3*[Si,0,][Si04]O(OH)
composition but also to designate the entire group. The
subcommittee discussed the point whether zoisite should be
regarded a member of the epidote group (e.g., Franz &
Liebscher, 2004). However, given that ca. 20 mineral
species are presently recognized as isostructural with
epidote but zoisite stands alone, the subcommittee decided
to limit the epidote group to closely related species having
monoclinic symmetry so as to avoid having to mention
repeatedly the one exception having orthorhombic
symmetry. Exclusion of zoisite from the epidote group has
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M2(AI)

Fig.1, Top: Polyhedral model of the clinozoisite structure (space
group P2,/m) projected along the b-axis. TO, tetrahedra are in
yellow, T,0O; groups are in red, octahedra in green, A sites are
shown as blue spheres (Al dark blue, A2 light blue); Bottom:
Linkage of octahedral sites forming chains parallel to the b-axis. H
atoms on the chain formed by M2 octahedra are shown as small
white spheres.

a historical precedent (Tschermak, 1905) and was followed
in the most recent edition of Strunz Mineralogical Tables
(Strunz & Nickel, 2001).

Definition

An epidote-group mineral is described with the generic
formula A,M;[T,0,][TO4](O,F)(OH,0). The monoclinic
crystal structure is composed of T,0; (usually Si,05) and
TO, (usually SiO,) units linked to two kinds of chains
(parallel to the b-axis) built by edge-sharing octahedra
(Fig. 1). One chain consists of M2 octahedra while the
other chain is formed by M1 octahedra with M3 octahedra
attached on alternate sides along its length. M octahedra
are mainly occupied by trivalent ions such as Al, Fe3*,
Mn3+, Cr3+, V3+. Divalent cations (e.g., Mg, Fe2*, Mn2+)
may occupy M sites (preferentially M3) if various heterova-

lent substitutions come into play. M2 has a strong prefer-
ence for Al whereas the occupancy of M1 and M3 depends
on competing ions. Usually an OH group is bonded to the
M2 cation. The overall structural arrangement gives rise to
two types of cavities, a smaller one named Al, usually
occupied by Ca or Mn2+ and a larger one named A2,
usually occupied by Ca, Sr, Pb, and REE. The resulting
connectivity (topology) is consistent with space group
P 21/ m.

The P2,/m structure of epidote-group minerals displays
ten symmetry independent anion sites, commonly labelled
O1 — 0O10. In natural samples the site O10 represents O
bonded to H (hydroxyl group) whereas the O4 site may be
occupied by O2- (clinozoisite and allanite subgroups) or by
F- (dollaseite subgroup).

Annotation

Zoisite is a  polymorph of clinozoisite
Ca,Al5[Si,04][Si04]O(OH) of orthorhombic symmetry
(space group Pnma) with only one type of edge-sharing
octahedral chain and M3 octahedra attached only on one
side along its length. Alternatively, zoisite and clinozoisite
may even be interpreted to have polytypic relations (Ito,
1950; Merlino, 1990).

3.2. Definition of subgroups

For better and easier distinction of epidote-group
minerals we introduce three subgroups based on the
existing accepted mineral species. Additional subgroups
may be defined if new species are not accommodated in the
following three.

Members of the clinozoisite subgroup are derived from
the mineral clinozoisite Ca,Al;[Si,0,][SiO4]O(OH) solely
by homovalent substitutions. The key cation and anion sites
are Al = M2+, A2 = M2+, M1 = M3+, M2 = M3+, M3 = M3+,
04 = 02, 010 = (OH)-. In other words, the dominant
valence as listed above must be maintained.

Members of the allanite subgroup are REE-rich
minerals typified by the eponymous mineral “allanite”.
This subgroup is derived from clinozoisite by homovalent
substitutions and one coupled heterovalent substitution of
the type A2(REE)3* + M3M2+ — A2Ca2* + M3M3+, Thus the
valences on the key sites are: Al = M2+, A2 = M3+, M1 =
M3+, M2 = M3+, M3 = M2+, 04 = 02, 010 = (OH)-.

Members of the dollaseite subgroup are REE-rich
minerals typified by the eponymous mineral “dollaseite”.
This subgroup is derived from clinozoisite by homovalent
substitutions and two coupled heterovalent substitutions of
the type A2(REE)3* + M3M2+ — A2Ca2+ + M3M3+ and MIM2+
+ O4F- — MIM3+ + 040-2, Thus the valences on the key sites
are: Al = M2+, A2 = M3+, M1 = M2+, M2 = M3+, M3 =
M2+, 04 =F-, 010 = (OH)-.

3.3. Role of U4+ and Th4+* in the allanite and dollaseite
subgroups

Gieré & Sorensen (2004) reviewed Th4+ and U4+
contents in “allanite”. According to their literature review
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the maximum reported ThO, content is 4.9 wt.% corre-
sponding to ca. 0.07 Th pfu. The maximum UO, content is
0.82 wt.% in a crystal containing additionally 1.09 wt.%
ThO,, corresponding to 0.02 apfu each. Thus, Th and U are
minor constituents of the actinides (ACT) group of
elements. The recommended chemical criterion to assign
minerals to the allanite and dollaseite subgroups is REE
+ACT > 0.5 pfu. The major argument for adding U and Th
to REE is that the coupled heterovalent substitution mech-
anism is presumably: A2(Th4+,U4*) + 2 M3M2+ — A2Ca + 2 M3M3+,
Comment: The IMA CNMMN guidelines for new minerals also list
Sc3+ together with Y3+ and lanthanides as candidates for which the
Levinson extension should be used. However, Sc3* has also a strong
preference for octahedral sites (E.g., bazzite is a beryl analogue
where Sc replaces Al). For this reason a special treatment of Sc-rich
epidote-group minerals seems necessary, and, if such compositions
were found in nature, the Sc distribution will have to be studied.

3.4. Derivation of mineral names

Considering members of the clinozoisite subgroup,
most frequent are homovalent substitutions on M3 by Fe3,
V3+, Cr3+, and Mn3+ (replacing Al) as well as on A2 by Sr,
Pb2*, and less commonly, Ba (replacing Ca). These substi-
tutions, in principle, yield 20 combinations each corre-
sponding to a distinct mineral species. If we further
consider that homovalent substitutions may also occur on
M1 as exemplified by the mineral tweddillite (Armbruster
et al.,2002) and that Mn2* can also substitute for Ca on A1,
the number of potential species increases further. For this
reason we believe that the free choice of a mineral name
needs to be restricted in order to avoid proliferation of
unrelated mineral names. Relationships among minerals
should be evident in the names. For example, the chemical
relation between piemontite and strontiopiemontite is
obvious, whereas the name tweddillite obscures its relation
to strontiopiemontite.

In the recommended new nomenclature the key cation-
sites M3 and A1 (and, in principle, M2) determine the root
name. If the dominant cations at A1, M3 (and M2) exactly
match those of an approved species, the same root name
must be given. If at one of these sites the dominant cation
is different a new root name may be suggested.

In both clinozoisite and allanite subgroups no prefix is
added to the root name if M1 = Al In the dollaseite
subgroup no prefix is added to the root name if M1 = Mg.
Otherwise a proper prefix derived from the name of a
chemical element must be attached. The prefixes ferri,
mangani, chromo, and vanado indicate dominant Fe3+,
Mn3+, Cr3+, and V3* on M1, respectively (clinozoisite and
allanite subgroups). The prefixes ferro and mangano indi-
cate dominant Fe2* and Mn2* at M1, respectively (dolla-
seite subgroup). The dominant cation on A2 in the
clinozoisite subgroup (other than Ca) is defined as
extended Levinson suffix (Levinson, 1966; Bayliss &
Levinson, 1988). Note that A2 in the allanite and dollaseite
subgroups is occupied by REE. Thus for those minerals
Levinson suffixes per se apply to the dominant REE. This
simple nomenclature requires complete renaming of
following species:

Table 2. Clinozoisite subgroup: accepted mineral species (in bold)
along with selected examples of recommended names for possible
new members of epidote-group minerals.

Name Old name Al A2 M1 M2 M3 04 010
Clinozoisite Ca Ca Al Al Al O OH
Clinozoisite-(Sr)* Niigataite Ca Sr Al Al Al O OH
Clinozoisite-(Pb) Ca Pb Al Al Al O OH
Epidote Ca Ca Al Al Fe3* O OH
Epidote-(Pb)* Hancockite Ca Pb Al Al Fe3* O OH
Epidote-(Sr) Ca Sr Al Al Fe>* O OH
Ferriepidote Ca Ca Fe3* Al Fe3* O OH
Ferriepidote-(Sr) Ca Sr Fe3* Al Fe3* O OH
Ferriepidote-(Pb) Ca Pb Fe¥* Al Fe3* O OH
Vanadoepidote Ca Ca V3* Al Fe3* O OH
Vanadoepidote-(Sr) Ca Sr V3* Al Fe3* O OH
Vanadoepidote-(Pb) Ca Pb V3* Al Fe3* O OH
Mukhinite Ca Ca Al Al V¥ O OH
Mukhinite-(Sr) Ca Sr Al Al V¥ O OH
Mukhinite-(Pb) Ca Pb Al Al V3 O OH
Tawmawite # Ca Ca Al Al Cr* O OH
Chromotawmawite Ca Ca Cr¥* Al Cr3* O OH
Piemontite Ca Ca Al Al Mn3*O OH
Piemontite-(Sr)* Strontiopiemontite Ca Sr Al Al Mn3*O OH
Piemontite-(Pb) Ca Pb Al Al Mn3*O OH
Manganipiemontite Ca Ca Mn3*Al Mn*O OH
Manganipiemontite-(Sr)* Tweddillite Ca  Sr Mn3*Al Mn3*O OH
new root name Mn2*Ca Mn3*Al Mn3*O OH

Notes: * recommended new mineral names for accepted species; #
not a valid species until clear evidence for Cr > 0.5 pfu on M1or M3
is presented.

Niigataite (old) = clinozoisite-(Sr) (new),

hancockite (old) = epidote-(Pb) (new),

tweddillite (old) = manganipiemontite-(Sr) (new).
Fortunately, two of these species were very recently
described and all three species are rare, so that the miner-
alogical community is not familiar with the original names.
Minor modifications are necessary for following species:

Strontiopiemontite (old) = piemontite-(Sr) (new),

androsite-(La) (old) = manganiandrosite-(La) (new).
Comments: “Androsite” is an example for a root name derived from
the occupancy of two key sites Al (Mn2*) and M3 (Mn2*).
Additional root names are required for corresponding compositions
with either A1 occupied by Ca or M3 occupied by any other diva-
lent cation.

Kartashov et al. (2002) list analytical data for a mineral of
idealized composition CaCeFe3+,Fe2+ [Si,O4][SiO4]O(OH) but the
available data were not considered sufficient for naming a new
species. On the one hand, such a hypothetical mineral would qualify
for a new root name due to its unique occupancy of M3 and M2.
The strong relation to ferriallanite-(Ce) could also be expressed by
the possible name “ferriferriallanite-(Ce)” where the dominant
occupancy on M2 is expressed by a second prefix. If the two
prefixes are identical an alternate choice could be the name “difer-
riallanite-(Ce)”. Because there are yet no accepted examples for
such species with M2 # Al we defer the naming decision to the
authors proposing the new species and to the CNMMN members
reviewing the proposal. We believe that awkward doubly prefixed
names should be the exception rather than the rule in epidote-group
minerals.
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Table 3. Allanite subgroup: accepted mineral species (in bold) along with selected examples of recommended names for possible new

members of epidote-group minerals.

[Name Old name Al A2 Ml M2 M3 04 010
Allanite-(Ce), -(La), -(Y) Ca (REE)¥* Al Al Fe2+ (0] OH
[Ferriallanite-(Ce) Ca Ce3* Fe3+ Al Fe2+ (0) OH
Vanadoallanite-(REE) Ca (REE)3+  V3+ Al Fe2+ (0) OH
Chromoallanite-(REE) Ca (REE)3*+ Cr3+ Al Fe2+ (0) OH
IDissakisite-(Ce),-(La) Ca (REE)3*+ Al Al Mg (0} OH
Ferridissakisite-(REE) Ca (REE)3*+ Fe3+ Al Mg (0) OH
Vanadodissakisite-(REE) Ca (REE)¥  V3+ Al Mg 0] OH
Manganidissakisite-(REE) Ca (REE)3*+ Mn3+ Al Mg (0] OH
Chromodissakisite-(REE) Ca (REE)3*+ Cr3* Al Mg o) OH
Androsite-(REE) (new def.) Mn2* (REE)}* Al Al Mn2* (0) OH
[Manganiandrosite-(La)*, -(Ce)® androsite Mn2+ (REE)3* Mn3+ Al Mn2+ O OH
Ferriandrosite-(REE) Mn2+ (REE)3* Fe3+ Al Mn2* 0] OH
'Vanadoandrosite-(Ce) ® Mn2+ Ce3+ V3+ Al Mn2+ (0] OH
IChromoandrosite-(REE) Mn2+ (REE)3*+ Cr3+ Al Mn2+ (0] OH
[New root names Ca (REE)** Al Al Mn2+ (0] OH

Ca (REE)3*  Fe3* Fe3* Fe2+ 0] OH

Mn2+ (REE)¥* Al Al Mg2+ 0] OH

Mn2+ (REE)}* Al Al Fe2+ 0 OH

Notes: * recommended new mineral names for accepted species; ® approved by CNMMN (Cenki-Tok et al., 2006); vanadoandrosite-(Ce)

has originally been approved as vanadio-androsite-(Ce).

Table 4. Dollaseite subgroup: accepted mineral species (in bold)
along with selected examples of recommended names for possible
new members of epidote-group minerals.

Name Al A2 Ml M2 M3 04 010
Dollaseite-(Ce) Ca Ce3* Mg Al Mg F OH
Khristovite-(Ce) Ca Ce3t Mg Al Mn2* F OH
Ferrokhristovite-(REE) ~ Ca  (REE)3* Fe2* Al Mn2* F OH
Manganokhristovite-(REE) Ca  (REE)3* Mn2* Al Mn2* F OH
New root name Ca (REEy* Mg Al Fe2* F OH
New root name Mn2* (REE)** Mg Al Mn2* F OH

Occupancy of the key sites and recommended names for
all hitherto defined epidote-group minerals and for some
examples of possible compositions not yet found are
summarized in Tables 2-4. In addition, cell dimensions of
approved species are given in Table 5.

Comment: In particular, our subcommittee discussed the use of
proper prefixes for V3 and Cr3*. The ending for both prefixes
should be —o because V3+ and Cr3* are the predominant low
valences of V and Cr in mineral formulas (V2*, although reported
in minerals, is not considered a potential constituent because it is so
rare). We have chosen the prefix “chromo” for Cr3+ by analogy with

Table 5. Cell dimensions of epidote-group minerals (space group P2,/m).

Name a(A) b (A) c(A) B (°) V (A3) Ref.

Clinozoisite 8.861 5.5830 10.141 115.46 453.0 Pawley et al. 1996
Clinozoisite-(Sr) 8.890 5.5878 10.211 115.12 459.3 Miyajima et al. 2003
Epidote 8.908 5.663 10.175 115.35 463.9 Bonazzi & Menchetti 1995
Epidote-(Pb) 8.958 5.665 10.304 114.4 476.2 Dollase 1971

Mukhinite 8.90 5.61 10.15 115.5 457 Shepel & Karpenko 1969
Piemontite 8.844 5.577 10.167 115.54 460.6 Langer et al. 2002
Piemontite-(Sr) 8.870 5.681 10.209 114.88 466.7 Bonazzi et al. 1990
Manganipiemontite-(Sr) ~ 8.932 5.698 10.310 114.56 477.3 Armbruster et al. 2002
Allanite-(Ce) 8.927 5.761 10.150 114.77 474.0 Dollase 1971
Allanite-(La) 8.914 5.726 10.132 114.87 469.1 Orlandi & Pasero 2006
Allanite-(Y) $ - - - - -

Ferriallanite-(Ce) 8.962 5.836 10.182 115.02 482.6 Kartashov et al. 2002
Manganiandrosite-(La) 8.896 5.706 10.083 113.88 468.0 Bonazzi et al. 1996
Manganiandrosite-(Ce) 8.901 5.738 10.068 113.43 471.8 Cenki-Tok et al., 2006
Vanadoandrosite-(Ce) 8.856 5.729 10.038 113.09 468.5 Cenki-Tok et al., 2006
Dissakisite-(Ce) 8.905 5.684 10.113 114.62 465.3 Rouse & Peacor 1993
Dissakisite-(La) 8.962 5.727 10.235 115.19 4753 Tumiati et al. 2005
Dollaseite-(Ce) 8.934 5.721 10.176 114.31 474.0 Peacor & Dunn 1988
Khristovite-(Ce) 8.903 5.748 10.107 113.41 474.6 Pautov et al. 1993

Srefined cell dimensions for allanite-(Y) are not available. However, Neumann & Nilssen (1962) published an X-ray powder pattern, indi-
cating that the cell dimensions of allanite-(Y) are similar to other “allanites”. All mineral names are according to the new nomenclature

suggested in this paper.
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the common use of this Greek root meaning color in scientific
terms (chromophore, chromosome, efc.). For V3*+ we have agreed
on “vanado” although we were aware that the element name is
derived from the goddess Vanadis in Norse mythology. “Vanado”
was preferred over “vanadio” because this prefix implies “vanadii”
would be the prefix for V4+. Both prefixes would lead to awkward
mineral names, in particular if the root name begins with a vowel.
We also discussed the possibility of hyphenation between prefix
and root name for certain epidote-group mineral names and
concluded that hyphenation should be avoided. Nevertheless, we
concur with the IMA CNMMN guidelines (Nickel & Grice, 1998)
and recommend that a hyphen be used if an unhyphenated name is
awkward and the hyphen assists in deciphering the name.

3.5. Definition of new species of epidote-group minerals

The definition of mineral species of the epidote-group
of minerals depends on the preferred occupancy of various
structural sites. Therefore, submission of any new species
to CNMMN must be accompanied by crystal-structure
refinement and/or spectroscopic experiments indicating the
extent of order of a chemical species on a given structural
site. Exceptions are permissible only for new species
distinguished by REE cation, or for simple compositions
where the cation distribution is unambiguous from the
chemical composition alone. In such cases high-quality
chemical data would be considered sufficient. Given the
role of F in the dollaseite subgroup, a fluorine analysis is
mandatory for epidote-group minerals.

It is emphasized that all new species, for which names
(e.g., “clinozoisite-(Pb)”, “epidote-(Sr)”, for additional
examples see Tables 2-4) are already defined in this recom-
mended nomenclature, require approval of a formal new-
mineral proposal submitted to IMA CNMMN.

3.6. Assigning subgroups and mineral names to solid-
solution members

3.6.1. Assigning subgroups

In order to name an epidote-group mineral, priority
should be given to the choice of subgroup, then root name,
and last the specific name. The starting point will be a table
reporting the cations on Al, A2, M1, M2 and M3 and the
anions on O4 and O10 (key sites).

For a proper subgroup assignment one has to determine
the dominant valence at M3, M1 and A2 expressed as M2+
and M3+, not just specify a single dominant ion (i.e., Fe2*
or Mg or Al). In addition, the dominant valence on O4: X-
or X2- must be evaluated.

[M2#]5, > 0.50, [M3*]3> 0.50 — clinozoisite subgroup,

[M3++ M#4+] 5, > 0.50, [M2*]y3> 0.50 — allanite subgroup,

{IM> Ivzemn — [M3*+ M#*] 5 § > 0.50 and [X]o4> 0.5 —
dollaseite subgroup.

Comment: The structural refinement of both dollaseite-(Ce) and
kristovite-(Ce) convincingly showed F- to be ordered at the O4 site.
Thus, the presence of more than 0.5 F per formula unit corresponds
to the dollaseite subgroup. Assigning F to O4 and not to O10 has
major implications; substitution of F- for O2- reduces total negative
charge and thus must be balanced by decreasing the M3+: M2+
value.

The above definition of the dollaseite subgroup may at first
glance appear unduly complex. A simpler scheme based solely on
cation occupancy would be:

[M2+]40 > 0.5, [M3*]y; > 0.5, [M3*]y3 > 0.5 — clinozoisite
subgroup (with [X-]o4 < 0.5 implicit),
[M3++ M4+],, > 0.5, [M3*]y; > 0.5, [M2t]y3 > 0.5 — allanite
subgroup (with [X-]o4 < 0.5 implicit),
[M3++ M4+] 4, > 0.5, [M2+]y; > 0.5, [M2*]y3 > 0.5 — dollaseite
subgroup (with [X-]o4 > 0.5 implicit).

The above alternate scheme is not recommended although it is
correct for ideal end-members. For members with 0.5 <(REE)3* <<
1.0 the scheme might fail. There are only two structure refinements
addressing cation order on M1 and M3 in dollaseite subgroup
minerals (Peacor & Dunn, 1988; Sokolova et al., 1991). These are
not sufficient for us to provide a more rigorous definition of the
dollaseite subgroup.

3.6.2. Assigning mineral names

As mentioned in the introduction, the traditional
distinction between clinozoisite and epidote is based on
their optical character. Clinozoisite was defined as opti-
cally positive whereas epidote was shown to be optically
negative. The change over occurs at ~ 40 % epidote compo-
nent (Ca,Al,Fe3*[Si,O;][SiO4]O(OH)). In a similar way,
the name piemontite has been commonly assigned to
monoclinic, Mn-bearing epidote-group minerals exhibiting
the characteristic pleochroism, even if the molar Mn,04
content is less than Fe,0O; content.

There is a wealth of optical data on epidote-group
minerals, recently summarized by Franz & Liebscher
(2004). Crystal optics is a fundamental tool in analyzing
and describing rocks and minerals, and good optical data
may be used in some cases to identify a species or even to
quantify a solid-solution member. Nevertheless, binary
behaviour should not be assumed a priori for complex
systems such as the epidote-group minerals. If the chem-
ical composition becomes too complex optical data are
ambiguous and have their limitations in mineral identifica-
tion. As an example, different species of the allanite and
dollaseite subgroups are very difficult to distinguish on
optical grounds. For a proper evaluation of capabilities and
limitations of optical methods for the identification of
epidote-group minerals comparative studies are necessary.

The subcommittee, therefore, strongly recommends
that optical criteria alone not be used for distinguishing
epidote-group minerals. Although optical tests (e.g., deter-
mination of the optical sign, optical orientation or
pleochroism) are useful for preliminary species identifica-
tion, we recommend that electron-microprobe analytical
data be used to determine a mineral name of a solid-solu-
tion member. The dominant cation at key structural sites,
with the restriction described below, determines the name
(e.g., Nickel & Grice, 1998; Nickel, 1992).

3.6.2.1. Clinozoisite subgroup

If only homovalent substitutions take place, the domi-
nant cation at key structural sites simply determines the
name. Coupled heterovalent substitutions in epidote-group
minerals require a special treatment of the so-called 50 %
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rule in a solid-solution series. Even for the REE-bearing
minerals, the A2 cation appearing in the suffix has to be
selected from among the divalent cations in order to name
a species belonging to the clinozoisite group. The root
name depends on the dominant trivalent cation on M3.
Example:

Consider the A2 occupancy (0.35 Ce, 0.05 La, 0.30 Ca, 0.20 Sr,
0.10 Pb). Because (REE)3+ < 0.5 the mineral belongs to the clinozoisite
subgroup. Although Ce is the dominant cation on A2, the critical cation
is Ca, the dominant divalent cation. No suffix is needed in this case
because a suffix is only added for a dominant A2 cation other than Ca.

The above hypothetical mineral might have the M3 site occupied
by 0.4 Mg, 0.25 Fe3+, 0.35 Al. Because this mineral is a member of the
clinozoisite subgroup the dominant M3+ ion (i.e. Al, not Mg) is deci-
sive for the root name of the species. Formal derivation of the proper
name gives clinozoisite. The adjectival modifiers cerian and magnesian
(Schaller, 1930; Bayliss et al., 2005) may be added to emphasize the
high Ce and Mg contents.

This deviation from the common procedure of naming minerals is
necessary because strict adherence to the rule based on the dominant
ionic species leads to inconsistencies and unbalanced formulas. For
example, the above mineral would have the idealized formula
CaCeAl,Mg[Si,07][SiO4]O(OH), which is the same as the formula for
dissakisite-(Ce), a member of the allanite subgroup. If 0.1 Fe2* were to
replace 0.1 Mg, M3 composition becomes 0.3 Mg, 0.1 Fe2*, 0.25 Fe3+,
0.35 Al, and the idealized formula becomes CaCeAls[Si,0]
[Si04]O(OH). The latter formula is not charge balanced and thus
nonsensical. Furthermore, the requirement to name clinozoisite-
subgroup minerals on the basis of dominant M2+ on A2 and dominant
M3+ on M3 reduces proliferation of unwanted mineral names.

3.6.2.2. Allanite and dollaseite subgroups

For the sites involved in the charge compensation of a
heterovalent substitution in A2 (i.e. M3 in the allanite
subgroup, and also M1 in the dollaseite subgroup), the identi-
fication of the relevant end-member formula must take into
account the dominant charge-compensating octahedral cation
(M2*) and not the dominant cation in these sites.

Example:

An allanite-subgroup mineral where M3 is not dominated by a
single divalent cation but by several, so that a trivalent cation is the
most abundant one: eg., Ca(Lay4Cag4)Aly(Fe2tg3Mgg,
Mn2* Al 4)[S1,07][SiO4]O(OH) [One might be tempted to write a
meaningless, non-charge-balanced end-member CalaAl;[Si,0/]
[Si04]O(OH)].

Within the framework proposed above, the correct way to proceed
is: First assign the mineral to the allanite subgroup ([M3+]4, > 0.5,
[M2+]y3 > 0.5, [F-]os < 0.5). Thus the end-member formula is:
CaLaAl,M2*[Si,07][SiO4]O(OH). Fe2* is dominant among the M2*
cations (i.e. Fe2* is the dominant charge-compensating cation). Thus
the mineral would properly be named allanite-(La). Likewise, another
allanite-subgroup mineral with the same formula except for 0.4 Al
replaced by 0.4 Cr must be given the same name, i.e. allanite-(La). The
adjectival modifier Cr-rich (chromian) may be added to distinguish this
mineral from Cr-poor allanite-(La).

4. Deriving a mineral name from electron-
microprobe analytical data

One of the pitfalls in epidote-group mineralogy has
been the derivation of a mineral name from chemical data.

There are four major problems. (1) Rules of finding a
proper root name depend on the subgroup because of inter-
ference between homovalent and coupled heterovalent
substitutions (discussed above). Thus, before a mineral
name can be assigned, the subgroup has to be determined.
(2) Epidote-group minerals are frequently mixed-valence
Fe and/or Mn compounds and the charge of the respective
cations has to be calculated on the basis of assumed nega-
tive charges. (3) Frequent oscillatory zoning may be
masked if the zoning is perpendicular to the incident elec-
tron beam. (4) Minerals of the allanite and dollaseite
subgroups are commonly metamict, in some cases with
complete loss of crystallinity (for a review, see Gieré &
Sorensen, 2004). Strongly metamict materials significantly
deviate in composition and stoichiometry from their non-
metamict equivalents. Metamictization is accompanied
with hydration, swelling, and selective leaching. The tran-
sition from an ideal crystal to amorphous material during
metamictization is continuous. The question of crystal
quality remains open if electron-microprobe analytical data
are applied without accompanying diffraction experiment.

A central question intimately associated with the
problem of metamictization concerns the existence of
significant vacancies, in particular on the A sites. This
issue becomes important when discussing how the mineral
formula should be normalized. Ercit (2002) states two
arguments in favor of A-site vacancies: (1) the structure
refinement of Sokolova ef al. (1991) and (2) the electron-
microprobe analyses by Peterson & MacFarlane (1993) and
Chesner & Ettlinger (1989).

Ad (1). We believe that the structure refinement by
Sokolova et al. (1991) on a very Mn-rich sample does not
unambiguously demonstrate the presence of vacancies on
A sites if the cation distribution is critically scrutinized.
Normalization of the corresponding electron-microprobe
analysis to Si = 3 leads to an excess of M-type cations.
Coordination of the Al site, for which vacancies are
assumed, is approximately six-fold, which is characteristic
of Mn2+ on Al (Bonazzi & Menchetti, 2004). Furthermore,
the determined scattering power at Al is 23 electrons,
which is intermediate between Ca (20 electrons) and Mn
(25 electrons).

Ad (2). Allanites from granitic pegmatites and uranif-
erous calcite veins in the Grenville Province of the
Canadian Shield (Peterson & MacFarlane, 1993) contain
up to 4.16 wt. % ThO, and are mostly metamict. Thus the
analyzed deficit of A-site cations might be associated with
partial metamictization. Interestingly, significant A-site
vacancies were also calculated from electron-microprobe
analytical data (Chesner & Ettlinger, 1989) on young (75
000 y. to 1.2 m.y) volcanic allanites (ThO, up to 2.17
wt.%). These allanites appear optically rather fresh and
metamictization is certainly not advanced. Thus the A-site
substitution vector (REE)3*,; + Vacy; <> Ca should not be
ignored.

4.1. Formula normalization

We recommend normalization of electron-microprobe
analytical data on the basis of £(A+M+T) = 8. This method,
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however, is inadequate whenever A-site vacancies are
present or if not all elements have been analyzed. In either
case, the assumption X cations = 8.0 leads to Si> 3.00 apfu.
If Si becomes > 3.05 apfu, the formula may be renormal-
ized on Si = 3. One should be aware that normalization to
3 Si transfers all errors of the Si determination to the other
cations in the formula, resulting in larger absolute errors on
the number of cations (Ercit, 2002). We discourage normal-
ization on X (M+T) = 6 because Mn2*+ and probably also
Fe2+ (to a lesser extent) may occupy M1, M3, and Al
(Bonazzi et al., 1996)

4.2. Determination of negative charges

Because refinement of the dollaseite-(Ce) and kris-
tovite-(Ce) structures convincingly showed F- to be ordered
at the O4 site, the total sum of negative charge should be
assumed as follows: X (anion charge) =2 (12 —x) +x + 1,
where x = F + Cl (apfu).

Comment: Significant amounts of Cl have been rarely reported,
except for Cl up to 0.86 wt.% (0.126 apfu) in the halogen-bearing
“allanite” from the Hemlo area, Ontario (Pan & Fleet, 1990). We have
no knowledge about the role of Cl in the epidote structure. By analogy
with F, we recommend the simplest scheme: Assign Cl to the O4 site.

4.3. Charge-balance of the empirical formula

The Fe2*/Fe3* and Mn2*/Mn3+ values are varied until X
(cation charge) equals X (anion charge), oxidizing first
Fe2+, then Mn2*, in order to account for their different
redox potentials. The assignment of all Mg to the M sites
also contributes to the balancing of excess positive charge
in the REE-bearing members. One must be aware that this
step introduces considerable errors if not all cations have
been analyzed (one possible indicator is Si > 3.05 apfu).
Furthermore, this step assumes that there is no “oxyal-
lanite” component.

4.4. Assignment of ionic species to the various key sites

i) All Si is assigned to the T sites. If Si < 3.00 apfu (or
Si4++P5++Be2++B3+ < 3.00 apfu), [IVIAl is calculated as 3 —
Si. However, if Si is significantly? below 3.00, the analysis
is probably not reliable.

ii) If there is sufficient Al after step i), the M2 site is
fully occupied by Al. Otherwise, any deficit (1 — Al) is to
be compensated by Fe3+.

iii) Any excess (oct — 2) of octahedral cations (oct = Al,
Fe3+, Mn3*, V3+, Cr3+, Ti4*, Sn4*, Fe2*, Mn2+, Mg, Cu?+,....)
is to be assigned to A1. Priority must be given to Mn2*. If the
amount of Mn2* is not sufficient preference should be given
to Fe2* or other available cations with large ionic radii.

iv) The Al site is filled with Ca to sum up to 1.0 apfu.
(minor Na will also be assigned to Al). Exception: If

Table 6. Effective octahedral ionic radii in A (Shannon, 1976).

Ion Octahedral radius
A)
A+ 0.535
Ti4+ 0.605
Cr3* 0.615
V3t 0.640
Fe3+ 0.6451 (high spin)
Mn3+ 0.6451 (high spin)
Sn#4+ 0.690
Mg 0.720
Cu2* 0.730
Zn 0.740
Fe2+ 0.780 (high spin)
Mn2+ 0.830 (high spin)

Ito avoid ambiguity Mn3* (Jahn-Teller distortion) should be
regarded larger than Fe3+ although the average ionic radii are equal.

Y(REE+ACT+Ba+Sr+Pb2+) > 1.0, excess cations may be
assigned to Al (preferentially those with the smaller ionic
radii).

v) All (REE)3* (together with Th4* and U#4*) are

assigned to A2. Larger divalent cations such as Sr, Pb2*,
Ba, and K are also added to this site. Remaining Ca is
added to A2.
Comment: In the absence of knowledge on octahedral REE in
allanite and dollaseite-subgroub minerals we ignore this possibility
in this simplified procedure. Cressey & Steel (1988), on the basis
of L;; edge extended X-ray absorption fine structure (EXAFS),
suggested that Lu in synthetic dissakisite-(La) is located at the M3
site and that Gd and Er reside at the A2 and A1 sites, respectively.
These results, while interesting, require confirmation.

vi) If any, F and Cl must be assigned to the O4 site.

vii) The remaining 2.00 octahedral cations are assigned
to M3 and MI1. In the lack of structural information, a
sequence based on decreasing ionic radii could be written
to fill first M3 and then MI1. Octahedral ionic radii
according to Shannon (1976) are listed in Table 6.
Comment: In particular, we do not know how M2+ is ordered
between M1 and M3 if O4 is partly occupied by F. Because M1 has
two bonds to O4 whereas M3 has only one, we would expect that
M1 would have a rather strong selectivity for M2+ if O4 = F. The
method must be certainly refined if additional information on
cation order in minerals of this subgroup is available.

4.5. Subgroup and root name

Before a name can be given to a mineral species the
subgroup has to be determined (see above). In case of
dollaseite-subgroup minerals, assigning an individual
name may fail for compositions 0.5 <REE + ACT << 1 and
1 >> (F on O4) > 0.5. This shortcoming results from our

2A good and complete electron-microprobe analysis of an epidote-group mineral should reproduce the stoichiometric constrains within 1 % relative,
i.e. S1=2.97 to 3.03 pfu. Thus, analyses yielding < 2.97 Si pfu may indicate T-site substitution. However, Si values below 2.9 pfu should be regarded
as anomalous and probably erroneous. Si values > 3.03 pfu may indicate either A-site vacancies (partial metamictization?) or incomplete analyses.
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limited knowledge about order of M2+ between M1 and M3
for this subgroup. In the Appendix several examples are
presented to illustrate how a “working name” can be
derived from an electron-microprobe analysis. The term
“working name” is used to emphasize that a strongly
simplified scheme for the naming procedure was applied.
The “working name” may be used in any mineralogical or
petrological investigation as long as the derived mineral
name agrees with the recommendations of this IMA
CNMMN subcommittee. No quotation marks are needed in
case the name is already that of an approved species; other-
wise they are mandatory. Of course, the “working name”
procedure is not sufficient to define a new species of the
epidote-group minerals.

4.6. Usage of the term “pistacite”

The term “pistacite” is not an accepted mineral name and
should therefore not be used as a synonym for epidote. There
is a tradition among petrologists to name the hypothetical
composition Ca,Fe3*;[Si,04][SiO4]O(OH) “pistacite”
component in clinozoisite — epidote solid solutions. If the
term “pistacite” is used in this sense it should be written in
quotation marks accompanied by the word component to
indicate its theoretical meaning [“pistacite” component]. We
firmly discourage from using “pistacite” component and
recommend an alternative, less confusing expression Xg, =
Fe3+/( Fe3* + Al) to quantify a solid-solution member.

4.7. Usage of the term “oxyallanite”

It has been shown by several investigators (e.g.,
Dollase, 1973; Bonazzi & Menchetti, 1994) that “allanite”
dehydroxylates in air between ca. 600 and 700°C where
charge balance is maintained by oxidation of ferrous to
ferric iron according to: M3Fe2+ + OI0QH- — M3Fe3*+ +
01002- + 1/, H,. This substitution has been achieved exper-
imentally, but it has not yet been demonstrated to occur in
nature. The term “oxyallanite” may be used for the theoret-
ical end-member CaREEAIFe3*[Si,04][Si04]0,. If the
term “oxyallanite” is used in this sense it should be written
in quotation marks accompanied by the word component to
indicate its theoretical meaning [“oxyallanite” component].
A recommended more descriptive term is oxidized or dehy-
droxylated allanite-(REE).

5. Metamictization

Metamictization is a major problem in assigning a
proper species name, in particular for REE-bearing
epidote-group minerals. Metamict samples tend to be more
reactive than well-crystallized minerals (for a review see
Gieré & Sorensen, 2004) and exhibit anion- and cation-
exchange properties (e.g., possibly leading to vacancies on
A sites). There is no sharp borderline between a completely
X-ray amorphous substance (due to metamictization) and a
mineral with a well-ordered crystal lattice. Subsequent
heat-treatment under inert conditions to reestablish an
ordered crystal lattice seems to be questionable if the

resulting “mineral” adopts a composition that is character-
istic of a partly ion-exchanged poorly crystalline
(metastable) substance, but not of the original mineral.
There is at least some suspicion that such “mineral”
compositions are influenced by the experimenter and are
not an unaltered product of nature. These problems are not
specific of epidote-group minerals but are much more
prominent in other mineral groups with higher concentra-
tions of radioisotopes. For this reason the issue of metam-
ictization is out of the scope of this subcommittee and
should be treated in a general way by a different working
group. We recommend exercising caution with composi-
tions of “partly” metamict epidote-group minerals in
naming new species, even if the “faulty” lattice has been
mended by subsequent heat treatment.

6. Appendix

Some selected electron-microprobe analytical data cited from
the literature are summarized in Table 7. Those data have been
selected because they represent either borderline compositions
(approximately intermediate between two species), or the data are
incomplete and/or erroneous, or they originate from partly
metamict samples. The aim of this appendix and the data in Table 7
is to demonstrate how a mineral name (Table 8) can be derived in
non-trivial cases, based on the formal ion assignment to the key
sites as discussed in Chapter 4.

The selected analytical data by Chessner & Ettlinger (1989) and
Treloar & Charnley (1987) had to be normalized to Si = 3 because
normalization on X (A + M + Z) yielded Si > 3.05. The Chessner &
Ettlinger (1989) data suggest either A-site vacancies or incomplete
analyses of A-site cations, whereas the Treloar & Charnley (1987)
analytical data on dissakisite-(Ce) (originally described as allanite)
from Outokumpu (Finland) indicate significant M-site vacancies,
which are most probably related to incomplete analyses. In partic-
ular, the presence of V in the Outokumpu deposit suggests that V3+
could have been incorporated in the epidote-group minerals, but
Treloar & Charnley (1987) did not analyze V. Another indication of
missing cations in the analytical data of Treloar & Charnley (1987)
is the sum of positive charges, which is insufficient to balance 25
negative charges even if all iron is calculated as ferric. A less likely
alternative is significant F replacing O on O4 and thus lowering the
sum of negative charges. F on O4, however, would not explain the
low sum of M cations. There is also a deficit of positive charges
(with all Fe as ferric) in some analytical data of “epidote-(Sr)”
reported by Ahijado et al. (2005) (e.g., analysis Nr. 8). Furthermore,
analysis ACNF-8 (Table 7) gives only 2.847 Si pfu, which is anoma-
lously low and probably is an analytical artifact.

What to do if subgroup and/or mineral name assignment fails?

(1) Poor or incomplete analyses or analyses from metamict mate-
rials are not expected to lead to the correct species name. There are
several indicators for questionable analytical data such as Si > 3.0
or Si < 2.9, vacancies on M sites, or unbalanced charge (A charge).
(2a) Border-line case (REE + ACT > 0.5, close to 0.5 apfu): It may
happen that, due to small amounts of Na, and/or vacancies on the A
sites, and/or minor amounts of tetrahedral Al, the charge balance of
the formula requires M3[M3+] to slightly exceed M3[M2*] even if
A2[REE +ACT] > 0.5. In other words, the dominant valence on M3
is not in agreement with the definition of the allanite subgroup
(example: Analysis PF6 in Tables 7 and 8).

Solution. Priority must be given to the A2 key site. Because A2[REE
+ACT] > 0.5 and O4F < 0.5 the mineral is assigned to the allanite
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Table 7. Formula calculation based on electron-microprobe analytical data.
Analysis PF1!  PF2! PF6! PF8! PF11! ACNF ACNF Analysis BAOZ BAOZ OTT 16 MTT8 YTT S1AS

2 -82 113 -C3.73 .14 .14 4 5 5
SiO, 3438 33.62 33.52 3214 3123 3476 32.80 17 37 ! ! 2 TE» T
TiO, 049 031 044 021 034 000 006 Sio, 31.81 30.77 32.61 31.40 3121 3439 34.90

ALO; 1393 1688 1816 1561 1833 1935 17.79| |TiO: 0.03 004 08 078 090

CrO; 071 070 082 040 042 ALO; 1434 1341 1399 1370 13.15 1855 18.89
V,0;5 889 8.06 678 846 0.97 Cr, 05 491 495
Fe, 05 1542 18.42| |FeOs 752 7.62

FeO* 1142 655 439 834 958 Mn,O; 13.93 13.27

MgO 009 125 062 04 014 000 005[ [FeO* 1557 16.10 1548 284 270
MnO 190 140 114 126 121 0.14 044 [MeO 056 0.54 084 041 090 3.01 292
gaé) 17.78 1424 1482 11.76 10.99 }g.gé }?.;3‘ MnO 066 067 099

T . .

BaO 010 004l 2O 0.74  0.69

NayO 006 012 006 017 014 000 o0o01] |CO 12.08 11.16 995 9.13 954 1395 14.19
K,0 001 oo01] [PpO 6.08 9.86

La,O; 388 674 748 423 4095 Na,0 019 0.13

Ce,0; 354 556 678 876 12.18 K,0 0.02  0.00

Pr,0; 020 033 038 1.43 1.06 La,0; 388 455 577 4.80 595 924 921
Nd,05 050 1.00 0.78 3.95 432 Ce,03 3.11 1.20 11.25 1081 11.76 943 9.08
Sm,0;  0.10 021 021 057 0.6] Pr)0; .09 121 117

Gd,0; 028  0.52 Nd,0; 157 1.07 361 451 383 129 131
Dy,0; 030  0.34 Sm,0;4 047 080 046 024 024
Y,0,4 0.11 014 017 012 0.12 Dy,0;5

F nd 031 028 nd  0.19 Y,0; 029 048 043 0.14 0.16
O=F 0 013 0.12 0 008 ThO, 175 217 183

Total 97.98 97.29 96.71 98.39 97.56 96.45 97.39
Norm. X=8 X=8 X=8 X=8 X=8 X=8 X=8

Total 95.86 9431 98.74 96.97 97.60 97.99 98.55

Si 2977 2997 3.023 2972 2965 3.003 2847| |Norm. X=8 X=8 Si=3 Si=3 Si=3 Si=3 Si=3

Al 0.023 0.003 0 0.028 0.035 0 0.153| |[Si 3.012 3.035 30 30 3.0 30 30

>z 3 33.023 3 33.003 M E 0.002 0.003 0.062 0.056 0.065

Ti 0.032 0.021 0030 0015 0024 000 0.004| [Al 1600 1.559 1.518 1.543 1491 1.907 1.914

Al 1399 1770 1930 1.673 2016 1970 1.667| |y 0339 0336

Cr 0.049°-0.0490.059 - 0.0290.032 Fe* 0536 0566 1.080 0912 0735 0207 0.194

v 0.617 0576 0490 0.627 0.074 b o117 0375 0509

Fe3* 0636 0.045 0.040 0.004 1.002 1.203 : ' :

Fe* 0191 0373 0331 0561 0757 Mg 0079 0079 0.115 0058 0.129 0391 0.374

Mg 0012 0.166 0.083 0055 0.020 0.006| [Mn¥* 0576 0.579

Mn2  0.064 0 0.077 0 0073 Mn2 0155 0.164 0.051 0.054 0.081

Mn3* 0.010 0.032| |zn 0.052  0.050

i/[Ni 0072 0102 0013 009; 002431 2982 2912] M 3.000 3.000 2.943 2998 3.010 2.844 2818
nz+ . . . . .

ror 0070 0.044 Mn2 0273 0.253

Ca 1.650 1360 1432 1.165 1118 1472 1.500| |€2 1226 1179 0981 0935 0982 1.304 1307

Sr 0.539 0.585| |Pb 0.155 0.262

Ba 0.003 0.001| |Na 0.035 0.025

Na 0.01 0.015 0011 0.030 0.026 0.001| [REE 0299 0246 0761 0793 0.835 0.651 0.632

K 0.001 0.001f |p 0.037 0.047 0.040

REE 0.265 0.449 0.525 0.662 0.832
A 2.000 2.000 1.978 2.000 2.000 2.015 2.088

F 0 0.087 0.080 0 0.057

REE+Th 0.299 0.246 0.798 0.840 0.875 0.651 0.632
TA 1.988 1.965 1.779 1.775 1.857 1.955 1.939

Scatcharge 25 2491 2510 25 2494 2499 2475 |Zcatcharge 25252525 25 2470 2459
Tancharge 25 2491 2492 25 2494 25 25| |Zancharge 25 25 25 25 25 25 25
A charge 0 0 +0.18 0 0 -001 -025| [Acharge 0 0 0 0 0 -030 -0.41
IPan & Fleet (1991) ; 2Ahijado et al. (2005); 3Bermanec et al. (1994); 4Chesner & Ettlinger (1989); STreloar & Charnley (1987); * total
iron content given as FeO. All calculations were done for three decimals to reduce rounding errors (although only two decimals may be
significant).




IMA-compendium, Melbourne, 2018

564 T. Armbruster et al.

Table 8. Distribution of ions on key sites and derivation of mineral name based on electron-microprobe analytical data listed in Table 7.

Al A2 M1 M2 M3 04 subgroup
mineral name
2+ 2+ 3+ 3+ 3+ 2- clinozoisite
PF1! 0.075 Mn2+ 0.726 Ca 0.520 V3+ Al 0.064 Mn2+ 0.000
0.010 Na 0.265 REE 0.049 Cr 0.191 Fe2* F
0.925 Ca 0.032 Ti 0.012 Mg
0.399 Al 0.636 Fe3+ vanadoepidote*
0.097 V3+
2+ 2+ 3+ 3+ 2+ ! 2- clinozoisite$
PF2! 0.106 Mn2+ 0.551 Ca 0.160 V3+ Al 0.373 Fe2* 0.087
0.070 Fe2* 0.449 REE 0.049 Cr 0.166 Mg F
0.015 Na 0.021 Ti 0.045 Fe3*
0.809 Ca 0.770 Al 0.416 V3+ mukhinite$
2+ 3+ 3+ 3+ 3+ 1! 2- allanite$
PF6! 0.010 Mn2+ 0.453 Ca 0.040 Cr Al 0.077 Mn2+ 0.080
0.011 Na 0.525 REE 0.030 Ti 0.331 Fe2t F
0.979 Ca 0.022 # 0.930 Al 0.083 Mg (V3+-rich)
0.490 V3+ allanite-(La)$
0.019 Cr
2+ 3+ 3+ 3+ 2+ 2- allanite
PF8! 0.099 Mn2+ 0.338 Ca 0.283 V3+ Al 0.561 Fe2+ 0.000
0.044 Fe2* 0.662 REE 0.029 Cr 0.055 Mg F
0.030 Na 0.015Ti 0.040 Fe3+ (V3+-rich)
0.827 Ca 0.673 Al 0.344 V3+ allanite-(Ce)
2+ 3+ 3+ 3+ 2+ 2- allanite
PF11! 0.024 Mn2+ 0.168 Ca 1.000 Al Al 0.073 Mn2+ 0.057
0.026 Na 0.832 REE 0.757 Fe2t F
0.950 Ca 0.020 Mg
0.004 Fe3+
0.074 V3+ allanite-(Ce)
0.032 Cr
0.024 Ti
0.016 Al
2+ 2+ 3+ 3+ 3+ 2- clinozoisite
ACNF-22 0.001 Na 0.473 Ca 0.012 Fe3+ Al 0.010 Mn3+ 0.000
0.999 Ca 0.539 Sr 0.970 Al 0.990 Fe3+ F epidote-(Sr)*
0.003 Ba 0.018 #
0.001 K
2+ 2+ 3+ 3+ 3+ 2- clinozoisite
ACNF-82 0.001 Na 0.501Ca 0.241Fe3+ Al 0.006 Mg 0.000
0.999 Ca 0.585 Sr 0.667A1 0.032 Mn3+ F epidote-(Sr)*
0.001Ba 0.004 Ti 0.962 Fe3t
0.001K 0.088 #
2+ 2+ 3+ 3+ 3+ 2- clinozoisite
BAOZ-113 0.273 Mn2+ 0.534 Ca 0.398 Fe3* Al 0.155 Mn2+ 0.000
0.035 Na 0.299 REE 0.002 Ti 0.576 Mn3+ F
0.692 Ca 0.155 Pb 0.600 Al 0.052 Zn
0.012 # 0.079 Mg piemontite
0.138 Fe3
2+ 2+ 3+ 3+ 3+ 2- clinozoisite
BAOZ- 0.253 Mn2+ 0.457 Ca 0.438 Fe3* Al 0.164 Mn2+ 0.000
C3-73 0.025 Na 0.246 REE 0.559 Al 0.579 Mn3+ F
0.722 Ca 0.262 Pb 0.050 Zn
0.035 # 0.079 Mg piemontite
0.128 Fe3*
2+ 3+ 3+ 3+ 3+ 2- allanite$
OTTl16-14 0.981 Ca 0.798 0.363 Fe3+ Al 0.051 Mn2+ 0.000
0.019 # REE + Th 0.062 Ti 0.117 Fe2+ F
0.202 # 0.518 Al 0.115 Mg allanite-(Ce)$
0.057 # 0.717 Fe3+
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Table 8. (continued)

Al A2 M1 M2 M3 04 subgroup
mineral name
2+ 3+ 3+ 3+ 3+!! 2- allanite$
MTT8-14 0.935 Ca 0.840 0.399 Fe3+ Al 0.054 Mn2+ 0.000
0.065 # REE +Th 0.056 Ti 0.375 Fe2t F
0.160 # 0.543 Al 0.058 Mg allanite-(Ce)$
0.002 # 0.513 Fe3+
2+ 3+ 3+ 3+ 2+ 2- allanite
YTT51A5-24 | 0.982 Ca 0.875 0.454 Fe3+ Al 0.081 Mn2+ 0.000
0.018 # REE +Th 0.065 Ti 0.509 Fe2* F
0.125 # 0.491 Al 0.129 Mg allanite-(Ce)
0.281 Fe3+
2+ 3+ 3+ 3+ 3+ 1 2- allanite$
TC-35 1.000 Ca 0.304 Ca 0.844 Al Al 0.391 Mg 0.000
0.651 REE 0.156 # 0.207 Fe3+ F
0.045 # 0.339 Cr dissakisite-(Ce)$
0.063 Al
2+ 3+ 3+ 3+ 3+ 1! 2- allanite$
TC-95 1.000 Ca 0.307 Ca 0.818 Al Al 0.374 Mg
0.632 REE 0.182 # 0.194 Fe3+ dissakisite-(La)$
0.061 # 0.336 Cr
0.096 Al

Note: * Recommended names: However, these names are not acceptable without corresponding new mineral approval by IMA
CNMMN ; Ssubgroup and/or name assignment fails with the standard procedure (for solution see appendix).
IPan & Fleet (1991); 2Ahijado ef al. (2005); 3Bermanec ef al. (1994); 4Chesner & Ettlinger (1989); 5STreloar & Charnley (1987).

subgroup and the species name is determined by the dominant M2+
on M3.

(2b) Border-line case (REE + ACT < 0.5, close to 0.5 apfu); it may
happen that, due to small amounts of Th4* on the A2 site, and/or Si
slightly exceeding 3.00, and/or minor amounts of octahedral Ti4*,
Sn#+, and/or significant F on O4, the charge balance of the formula
requires M3[M2*] to slightly exceed M3[M3+] even if A2[REE3+] <0.5
(example: Analysis PF2 in Tables 7 and 8).

Solution. Priority must be given to the A2 key site. Because A2[REE
+ACT] < 0.5 the mineral is assigned to the clinozoisite subgroup
and the species name is determined by the dominant M3+ on M3.
(3) A2[REE +ACT] partly charge-balanced by vacancies: We may
suspect a certain degree of metamictization (examples OTT16-1
and MTT8-1 in Tables 7 and 8).

Solution: In analogy to (2a).
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ABSTRACT

A nomenclature for tourmaline-supergroup minerals is based on chemical systematics using the
generalized tourmaline structural formula: XY;Z4(TO,5)(BO;);V;W, where the most common ions
(or vacancy) at each site are X = Na!*, Ca*", K'*, and vacancy; Y = Fe*", Mg*, Mn*", AI**, Li'*, Fe**,
and Cr*'; Z = Al¥, Fe¥', Mg?, and Cr**; T = Si*, Al*, and B3*; B=B%; V=0H!" and O*; and W =
OH'", F', and O*. Most compositional variability occurs at the X, Y, Z, W, and V sites. Tourmaline
species are defined in accordance with the dominant-valency rule such that in a relevant site the
dominant ion of the dominant valence state is used for the basis of nomenclature. Tourmaline can
be divided into several groups and subgroups. The primary groups are based on occupancy of the X
site, which yields alkali, calcic, or X-vacant groups. Because each of these groups involves cations
(or vacancy) with a different charge, coupled substitutions are required to relate the compositions of
the groups. Within each group, there are several subgroups related by heterovalent coupled substitu-
tions. If there is more than one tourmaline species within a subgroup, they are related by homovalent
substitutions. Additionally, the following considerations are made. (1) In tourmaline-supergroup
minerals dominated by either OH'- or F!- at the W site, the OH'"-dominant species is considered the
reference root composition for that root name: e.g., dravite. (2) For a tourmaline composition that
has most of the chemical characteristics of a root composition, but is dominated by other cations or
anions at one or more sites, the mineral species is designated by the root name plus prefix modifiers,
e.g., fluor-dravite. (3) If there are multiple prefixes, they should be arranged in the order occurring in

the structural formula, e.g., “potassium-fluor-dravite.”
Keywords: Tourmaline, mineral chemistry, nomenclature, substitutions, order-disorder

INTRODUCTION

The Subcommittee on Tourmaline Nomenclature (STN) of
the International Mineralogical Association’s Commission on
New Minerals, Nomenclature and Classification (IMA-CNMNC)
has reconsidered the nomenclature of tourmaline-supergroup!
minerals. This was prompted by the general ambiguity in the
assignment of mineral names to specific tourmaline composi-
tions. There are several reasons for this uncertainty (Hawthorne
and Henry 1999). (1) Formal descriptions of tourmaline miner-
als often specify the ideal end-member compositions, but do

! Tourmaline is considered to be a supergroup in terms of nomen-
clature procedures because it “consists of two or more mineral
groups, which have essentially the same structure and composed
of chemically similar elements” (Mills et al. 2009).

* E-mail: glhenr@lsu.edu

0003-004X/11/0506-895$05.00/DOI: 10.2138/am.2011.3636 895

not specify the limits for the use of the name. (2) Some of the
formal descriptions of tourmaline minerals specify the general
composition, but do not specify the end-member composition. (3)
Tourmaline is commonly incompletely chemically characterized,
with critical light elements (H, Li, F, and B) and the oxidation
states of transition elements (Fe, Mn) often being undetermined.
(4) Site assignments can be equivocal in the absence of crystal-
structure refinements. (5) Current graphical representations of
tourmaline compositional variations are inadequate to express
the actual substitutional nature of tourmaline. These consider-
ations motivated Hawthorne and Henry (1999) and the STN
to re-examine and, where necessary, redefine end-members
and potential new end-members and species, which led to the
development of several compositional diagrams that aid in clas-
sification of the tourmaline-supergroup minerals. The proposal
for systematic classification of the tourmaline-supergroup miner-
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als submitted by the STN was accepted by the IMA-CNMNC
(Novék et al. 2009).

The purpose of this paper is to present the essential elements
of tourmaline nomenclature, to define concepts that are central
to tourmaline classification, and to provide practical guidelines
for application of the nomenclature.

CRYSTALLOGRAPHIC AND CRYSTAL-CHEMICAL
ASPECTS OF TOURMALINE-SUPERGROUP MINERALS

Tourmaline is a crystallographically acentric borosilicate
mineral with the generalized chemical formula XY;Z(TO5)
(BO;);V;W (Hawthorne and Henry 1999). This general formula
makes no assumptions about site occupancy, besides those sites
known to be occupied exclusively by O*. Consequently, as
knowledge of site occupancy in tourmaline progresses, it will be
unnecessary to change the general formula. Only the assignment
of the cations and anions to the letters of the general formula
will be changed. The symmetry of tourmaline is predominantly
rhombohedral in the R3m space group. However, there are some
reports of tourmalines, or sectors within tourmaline crystals,
having orthorhombic, monoclinic, or triclinic symmetry (e.g.,
Akizuki et al. 2001; Shtukenberg et al. 2007; Williams et al.
2010; IMA no. 2009-46).

Table 1 gives the relative abundance of the generalized cations
(R, R¥, R¥, R*) and anions (S', S*) at each of these sites,
and presents the most common cation and anion substituents
for each of the valence states of the ions. Although tourmaline
can accommodate a great variety of cations in minor or trace
amounts, all current tourmaline species are, and most prospec-
tive species will likely be, represented by combinations of the
cations, anions, or vacancies listed in Table 1.

In addition to the ionic size and charge of the cations and
anions, two related factors influence the content and location of
these ions in the tourmaline structure: short-range bond-valence
requirements and order-disorder reactions. (1) In the Y site, the
incident bond-valence requirements at the W site mandate that
only certain short-range configurations are stable (Hawthorne
1996). Table 2 gives the possible stable local cation configura-
tions at the Y site for generalized Li-free and Li-bearing tour-
malines. For a given Y-site bulk composition, the tourmaline can
have a single local Y-site cation configuration or a mixture of
possible local cation configurations. For example, the chemical
composition of end-member liddicoatite has the stable Y-site

TABLE 2. Stable local short-range Y-site cation configurations for anions
of different charge at the W site

General chemical type W-site anion Y-site stable short-
of tourmaline range configurations
Li-free tourmaline (OH)- or F'- 3R?* or R>* + 2R**
Li-free tourmaline o* 3R3 or 2R** + R?*
Li-bearing tourmaline (OH)'- or F'~ 2AP*+ Li™ or AP+ 2Li™
Li-bearing tourmaline 0> 3APT and APt + 2Li'*

Note: Ris a generalized divalent cation (R?*) or trivalent cation (R*').

configuration of Li,Al, whereas end-member elbaite, with a Y-
site bulk composition of Al, sLi, 5, will have equal proportions
of ALLLi and AlLi, clusters at the Y site (Hawthorne 1996).
These relatively few local cation configurations will constrain
the number and type of potential stable end-members possible
in tourmaline. (2) Order-disorder reactions control the actual
location of ions in the tourmaline structure. When O* is located
at the W site, disordering tends to develop at the Y and Z sites
(Hawthorne and Henry 1999). For example, Hawthorne (1996)
showed that in Li-free tourmaline the occurrence of Mg at the
Z site and Al at the Y site is commonly due to disorder reactions
associated with the occurrence of O at the W site, and this can
be expressed as 2YMg?" + 2A1% + W(OH)'~ <> 2YADP¥ + ZMg>" +
WO?. For the 3R Y-site configuration in Li-free tourmaline
the disorder relation is 3YMg?" + 2ZA1* + W(OH)'" <> 3YAP* +
2°Mg* + VO, Effectively, the disordering substitution enhances
the amount of Mg that is located at the Z site and Al at the Y
site with the maximal amount being 2 Mg atoms per formula
unit (apfu) at the Z site (e.g., Bosi and Lucchesi 2007). Similar
arguments have been put forward for the disordering of Fe* to
the Z site (Bosi 2008).

In terms of a classification scheme, most of the compositional
variability occurs at the X, Y, Z, W and, to a lesser extent, V sites.
The T site is typically dominated by Si and the B site exclusively
contains B, such that the cationic occupancies at these sites do
not serve as primary parameters for classification, except in some
unusual tourmaline species. The atomic ordering in the struc-
ture will be confidently established only with crystal-structure
refinement data and information from allied techniques such
as Mossbauer and NMR spectroscopy. The influence of W-site
O appears to require disordering reactions to occur such that, in
this paper, the recognized or prospective W-site O*-tourmaline
species are presented in their disordered form—their most likely
actual cation distribution. However, when oxy-tourmalines are
considered for classification purposes, they are recast in their

TABLE 1. Relative site abundances of cations and anions in tourmaline-supergroup minerals

Site Relative abundance of ions with different valence states Common cations and anions at each site in order of relative abundance
X R > R?* > O (vacancy) R™: Na™>>K'*
R2+: ca2+
Y R?* > R3* > R'*> R* R*": Fe?* ~ Mg?* > Mn?* >>> Zn?*  Ni?*, Co*, Cu*
R¥*: AP+ >> Fe®* > Cr¥t >> V3
R'\+: Li1+
R4+: Ti4+
z R >> R R¥*: AP+ >> Fe® > Cr¥t > 3+
R2*: Mg?* > Fe?*
T R* >> R3* R*: Si**
R3+: A|3+ > BS+
B R3+ R3+: B3+
\ S>> S S OH™
S$*:. 0%
w S-~ S S OH' ~F"
S 0%

Note: The bolded cations and anions represent the most common ions at these sites.
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ordered form. Tourmaline species that contain OH'~ and F'~ at
the W site are also presented in their ordered form.

DEFINITIONS AND CLASSIFICATION PRINCIPLES

There are several terms associated with mineral classification
schemes that should be elucidated. Mineral species (minerals)
are defined on the basis of their unique chemical and crystal-
lographic properties (Nickel and Grice 1998). In most cases
tourmaline-supergroup minerals are isostructural (space group
R3m), with the exceptions previously noted. Consequently, the
primary criterion for classification is such that most tourmaline
species are defined in terms of chemical composition, with the
dominance of a chemical constituent of the dominant valency
state at a given crystallographic site being the primary criterion
for classification. A “chemical constituent” designates a specific
cation or anion, group of atoms with the same valency state, mo-
lecular group, or vacancies. This dominance criterion is a state-
ment of the dominant-constituent rule (Hatert and Burke 2008).
Tourmaline solid solutions involve both homovalent substitutions
at a given site and heterovalent coupled substitutions over single
or multiple sites. An extension of the dominant-constituent rule
is the dominant-valency rule that states that in a relevant site,
the dominant ion of the dominant valence state is considered for
nomenclature (Hatert and Burke 2008). Additional complexity is
encountered where heterovalent coupled substitutions occur on
single or multiple sites such that end-members are produced in
which two constituent ions occupy a single site: this is termed the
valency-imposed double-site occupancy (Hatert and Burke 2008).
For example, in the case of the chemical substitution that occurs
from schorl to elbaite, there is a single-site coupled substitution
that involves the incorporation of Li'* and AP in equal amounts
for Fe?" to produce an end-member with two cations at the Y site
of elbaite, i.e., Y(Al, sLi, 5). In the case of two-site coupled substi-
tution, dravite can be transformed to uvite by the substitution of
Ca?" for Na'* at the X site, coupled with the substitution of Mg**
for AI** at the Z site, resulting in multiple-cation occupancy of
the Z site as 4(MgAl;) for the uvite end-member.

An end-member is an algebraic and chemical construct® that
is irreducible and is conformable with the crystal structure under
consideration (Hawthorne 2002; see also Appendix 1 for more
details). For example, the dravite end-member [NaMg;Al¢(SigO5)
(BO;);(OH);0H] is irreducible in that it cannot be expressed as
a combination of other tourmaline end-members. In the case in
which a tourmaline is determined to have dominant cation and
anion occupancies of the crystallographic sites in accordance
with this end-member, it is given the root name dravite and is,
by implication, considered to be the dravite mineral species.

In determining the systematics of tourmaline-supergroup
mineral species, the STN recommends the following general
procedure be considered:

(1) In tourmaline-supergroup minerals that are dominated by
S'" anions (OH'" and F'") in the W site, it is recommended that

* End-members are important in a thermodynamic sense be-
cause the thermodynamic properties of end-members can be
determined, regardless of whether they exist as stable minerals.
Thermodynamic properties are essential for modeling the behav-
ior of solid solutions in petrological and geochemical processes.

the OH'" species be the reference root composition for that root
name. As such, this OH'~ species becomes the root name without
a “hydroxyl-" prefix e.g., dravite.

(2) For a tourmaline composition that has most of the chemi-
cal characteristics of a root composition, but is dominated by
other cations or anions at one or more sites, the mineral species is
designated by the root name p/us the appropriate prefix modifiers.
For example, a tourmaline with a composition that is generally
consistent with dravite, but that contains F'~ as the most preva-
lent S'~ anion where S'~ anions are dominant over S*~ anions at
the W site, the mineral species is termed fluor-dravite. To take
advantage of search capabilities, it is recommended that any
modifiers to tourmaline root names be separated by hyphens.
Hyphens are considered important to clarify the components of
the species name.

(3) If there are multiple prefix modifiers, the modifiers should
be arranged in the order in which it occurs in the structural for-
mula i.e., X-site modifier, Y-site modifier, Z-site modifier, T-site
modifier, and then W-site modifier. This has the advantage of
ordering the modifiers in a consistent and intuitive manner. For
example, a composition that is generally consistent with dravite,
but with K'* being the most prevalent R!* cation for R'*-dominant
X-site occupancy and F'~ being the most prevalent S'~ anion for
S'"-dominant W-site occupancy, the hypothetical mineral species
would be termed “potassium-fluor-dravite.”

(4) Consistent with the IMA-CNMNC and the International
Union of Crystallography procedures, any deviation from the
reference rhombohedral space group R3m symmetry is accom-
modated in the nomenclature by adding a suffix to the root
name that indicates any atypical symmetry i.e., orthorhombic
(-0), monoclinic (-M), or triclinic (-T) (Bailey 1977). For ex-
ample, an elbaite exhibiting triclinic symmetry would be termed
“elbaite-T.”

The cationic and anionic occupancy of the X and W sites
serve as particularly convenient and petrologically meaningful
ways to define the primary tourmaline groups and a subset of
general series of tourmaline species.

PRIMARY TOURMALINE GROUPS: X-SITE OCCUPANCY

Tourmaline can be classified into primary groups based on
the dominant occupancy of the X site. Tourmalines have been
described that contain dominant Na'*, Ca?*", X, and, rarely,
K. However, because of the relatively rare occurrence of
K-rich tourmalines, it is practical to combine the cations with
like charges, Na'* and K'*, into an alkali group. This results
in primary groups that are termed the alkali-, calcic-, and X-
vacant-tourmaline groups. This general grouping makes pet-
rologic sense because X-site occupancy generally reflects the
paragenesis of the rock in which these tourmalines crystallize,
analogous to similar general groupings in the amphibole- and
pyroxene-supergroup minerals. The alkali-, calcic-, X-vacant
ternary system for X-site occupancy can be plotted on the simple
ternary diagram illustrated in Figure 1. Arithmetically, the pri-
mary X-site groups are defined as follows: alkali if (Na'*+K'")
> Ca? and (Na'"+K'") > *[; calcic if Ca** > (Na!'"+K'") and
Ca?" > *[O; and X-vacant if XO > (Na'*+K'*) and *O > Ca*".
The dominance of Na'* or K'* in alkali-group tourmaline is an
example of the dominant-valency rule. In the uncommon case,
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in which tourmaline is classified as an alkali-group tourmaline
and K" dominates over Na'*, it is considered a “potassium-"
tourmaline. In this case, the root name should be prefixed by
“potassium-" e.g., “potassium-povondraite.” Arithmetically, to
be considered a “potassium-"tourmaline the following condi-
tions must be satisfied: (Na'*+K'") > Ca?’, (Na'*+K'") > X[,
and K'"> Na'". If there are other cations with relatively large
ion ionic radii that are found in significant amounts at the X site
(e.g., Pb?"), they should be included with the cations of the same
charge to establish the dominance of the valency at the X site

Primary tourmaline groups - X site

Z+
Ca
0.00, 1.00

Calcic

rou
0.50 o 0.50

Alkali
group

X-vacant
group

0.00 0.25 0.50 0.75 1.00
X-site vacancy Na'* (+K**)

FIGURE 1. Ternary system for the primary tourmaline groups based
on the dominant occupancy of the X site.

General tourmaline species - W site
o”
0.00 1.00

species

950 0.50
0.75 Fluor Hydroxy \ g5
species species
L5 A— ————%0.00
0.00 0.25 0.50 0.75 1.00
= 1-
F* OH

FIGURE 2. Ternary system for a general series of tourmaline species
based on the anion occupancy of the W site.

in accordance with the dominant-valency rule. Consequently,
X-site occupancy as it relates to tourmaline nomenclature can
be extended as needed.

GENERAL SERIES OF TOURMALINE SPECIES:
‘W-SITE OCCUPANCY

Three distinct anions (OH'-, F', and O%) can occur at the
W site, and the occupancy of the W site forms the basis for
a general series of tourmaline species: hydroxy-, fluor- and
oxy-species (Fig. 2). These are defined as follows: Aydroxy if
OH'" + F'- > O* and OH" 2 F*; fluor if OH'- + F'-> O* and
F=> OH'; and oxy if O> > OH!" + F'~. The appearance of the
general series of tourmaline species based on W-site occupancy
differs from the X-site grouping shown in Figure 1 because it
involves two anions with a common 1~ charge (OH!~ and F'-) and
a single anion with a 2~ charge (O*). Consequently, for O* to be
the dominant anion of the W site, there must be >50% O* (cf.
Nickel 1992; Chopin 2006). Despite the difficulty of measuring
H content in tourmaline, H must be considered in the tourmaline
nomenclature because its content does vary, and it can result in
oxy-tourmaline species. In the case of an oxy-species, a coupled
substitution involving another site is required, and a new root
name is typically warranted rather than placing a modifying
prefix on the root name.

SPECIFIC TOURMALINE SPECIES

At the time of the revision of this paper, the IMA-CNMNC
has recognized 18 tourmaline species with an additional spe-
cies having a different structure (Appendix 2). Hawthorne and
Henry (1999) and the STN re-examined the compositions of the
holotype material of these species and, in some cases, redefined
the end-member formulas and mineral species in accordance
with guidelines suggested by Hawthorne and Henry (1999),
Hawthorne (2002), and this paper (Appendix 2). In addition to
the IMA-CNMNC-accepted tourmaline species, several varietal
names based on the color of tourmaline in hand sample have been
used in describing tourmaline, but these were not considered as
part of the IMA-CNMNC classification scheme (see Appendix
3). Furthermore, there are a series of names that have been
used for tourmaline that are obsolete or have been discredited
(Appendix 4).

Tourmaline can be broken into several groups and sub-
groups that are useful for classification purposes. The primary
tourmaline groups are based on occupancy of the X site, which
serves as a convenient division into the alkali-tourmaline group,
calcic-tourmaline group or the X-vacant-tourmaline group (Fig.
1). Because each of these groups involves a cation or vacancy
with a different charge, coupled substitutions are required to
compositionally shift among the groups (Tables 3—6). Within

TABLE 3. Significant tourmaline heterovalent coupled substitutions and associated exchange vectors

Generalized coupled substitutions

Corresponding exchange vector

Resulting actions

XR1* 4+ R2 ¢ X[ + R3* (*OR*)(R™ R,
XR* 4+ R3*¢> *Ca + R2* (CaR¥)(R™ R*)_,
(Li Al) (2R?) ,

R?*+ OH'" < R** + 0%
0.5Li"* + OH'" ¢» 0.5"Al + O*
) R2* + TSj* ¢« R3* + TR3*

(R** O*)(R** (OH™))4
(Alos0)(Lios(OH)).
(R* R*)(R** Si**)

)
)
) 2YR2 ¢ YLiT + YA
)
)

1
2
3
4
5
6

relates alkali-vacant groups
relates alkali-calcic groups
relates incorporation of Li in all groups
relates deprotonation in all groups
relates deprotonation in Li species
relates Tschermak-like tetrahedral-octahedral substitution in all groups

Note: R represents generalized cations such that*R™ = Na'*, K'*; R* = Mg?, Fe?, Mn?", Co?, Ni**, Zn*;; R** = AI>*, Fe*, Cr**, 3+, B** (T site); and no site designation

reflects possibilities involving multiple sites.
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TABLE 4. Generalized structural formula types for recognized or prospective tourmaline species listed by X-site alkali-group tourmaline

General formula (X) (Ys) (Zs) TeO:s (BOs); Vs w
Alkali-subgroup 1 R™ R R R#0, (BOs); Sy s
Dravite* Na Mg; Alg SisOss (BO3)s (OH); (OH)
Schorl* Na Fe%* Alg SisOsg (BO;); (OH); (OH)
Chromium-dravite* Na Mgs; Crg SigOss (BO5)s (OH); (OH)
Vanadium-dravite* Na Mg; Ve SigOns (BO); (OH); (OH)
Fluor-dravite* Na Mg; Alg SigO4s (BOs); (OH), F
Fluor-schorl* Na Fe3* Alg SigOsg (BOs); (OH); F
“Potassium-dravite”"t K Mgs; Alg SisOsg (BO;); (OH); (OH)
“Tsilaisite”+ Na Mn3* Alg SigOe (BOs); (OH); (OH)
Alkali-subgroup 2 R™* 45 R RZ R#0;5 (BO3); sy s
Elbaite* Na Lits A% Alg SisOsg (BO;); (OH); (OH)
“Fluor-elbaite"t Na Lils Al Alg SigOqg (BO3)s (OH); F
Alkali-subgroup 3 R™* R3* R3* R3S R#0;5 (BO5)s sy §*
Povondraite* Na Fej Fei* Mg, SigO1g (BOs); (OH); o
Chromo-alumino-povondraite* Na Cry Al,Mg, SigOss (BO3)s (OH); o
“Oxy-dravite”t| Na Al Al,Mg, SieOss (BO,), (OH), o)
“Oxy-schorl"t| Na Al Al,Fe3* SisOsg (BOs); (OH); [¢]
“Na-Cr-O root name”t Na Cry Cr, Mg, SigOqg (BOs)s (OH); (0]
“Potassium-povondraite”t K Fed* Fei* Mg, SisOng (BOs); (OH); ]
Alkali-subgroup 4 R™* RI*R3* RZ R#0;s (BO3); sy s
“Na-Li-O root name "t Na Li; Al, Alg SisOsg (BO;)s (OH); o
Alkali-subgroup 5 R™ R} R:* R3O, (BO;); 3 s
Fluor-buergerite* Na Fei* Alg SigOsg (BOs); (0); F
Olenite* Na Al; Alg SisOsg (BO;); (0); (OH)
“Buergerite”# Na Fei* Alg SigO1g (BOs)s (0); (OH)
“Fluor-olenite”$ Na Aly Alg SigOns (BO); 0)s F
Alkali-subgroup 6 R™* R3* RZ* Ri*R$*0;4 (BO3); s s
“Na-Al-Al-Al root name”+ Na Al; Alg Al;Si;04g (BO;); (OH); (OH)
“Na-Al-Al-B root name”+ Na Al Alg B;Si;014 (BOs); (OH); (OH)
“Fluor-Na-Al-Al-Al root name"$ Na Aly Alg Al3Si;04g (BOs); (OH), F
“Fluor-Na-Al-Al-B root name”# Na Al Alg B;Si;0;4 (BOs)s (OH), F

*Tourmaline species currently recognized by the IMA-CNMNC in the original or modified form (Appendix 2).

T Tourmaline species with compositions found in natural settings, but, as of the time of manuscript revision, not currently recognized by the IMA-CNMNC. Ex-
amples of reported compositions consistent with prospective tourmaline species include: “potassium-dravite” (Ota et al. 2008), “fluor-elbaite” (Lussier et al. 2009),
“oxy-dravite” (Zacek et al. 2000), “oxy-schorl” (Novék et al. 2004), “Na-Cr-O root name” (Bosi and Lucchesi 2007) and “potassium-povondraite” (Grice et al. 1993), and
“Na-Li-O root name” (Quensel and Gabrielson 1939).

$Tourmaline species produced experimentally (e.g., Schreyer et al. 2000; Marler et al. 2002) or found in natural settings in which the tourmalines show a tendency
for development of these compositions, and not recognized by the IMA CNMNC.

§ For the oxy-tourmaline species the formula is given as the disordered form, consistent with the Y- and Z-site occupancy demonstrated for povondraite, and
implied by the short-range disordering effects of 0> at the W site. However, for the verification of each prospective oxy-tourmaline species the disordering on the
Z site should be demonstrated for the proper determination of the structural formula.

|| Although a new root name is appropriate, because the species names “oxy-dravite” and “oxy-schorl” have been used relatively commonly in the literature (e.g.,
Zacek al. 2000; Novak et al. 2004; Henry et al. 2008), it is recommended that these names be formally accepted as the species names for these end-members.

TABLE 5. Generalized structural formula types for recognized or prospective tourmaline species listed by X-site calcic-group tourmaline

General formula (X) (Y3) (Zg) Te¢Oss (BOs); V; W
Calcic-subgroup 1 Ca** R% R**R3* R¥0, (BO;); S s’
Fluor-uvite* Ca Mgs; MgAls SisOss (BO;); (OH); F
Feruvite* Ca Fe3* MgAls SigOsg (BOs); (OH); (OH)
Uvite* Ca Mg; MgAl; SigOsg (BOs); (OH); (OH)
“Fluor-feruvite"t Ca Fe?* MgAls SigO45 (BOs); (OH)4 F
Calcic-subgroup 2 Ca* RI*R3* R# R#04, (BO;); Si s
Fluor-liddicoatite* Ca Liyr AP+ Alg SigO1g (BOs); (OH); F
“Liddicoatite”t Ca Lis+ AP+ Alg SigOsg (BOs); (OH), (OH)
Calcic-subgroup 3 Ca* R} R¥ R#04, (BO;); Si s
“Ca-Mg-O root name”# Ca Mags Alg SigO1g (BOs); (OH); 0
“Ca-Fe-O root name”# Ca Fe3* Alg SisOss (BO3)s (OH); 0]
Calcic-subgroup 4 Ca* sRIs R3* R%04, (BO;); Sy s
“Ca-Li-O root name "+ Ca Liys Al Alg SigOis (BOs); (OH); 0]

*Tourmaline species currently recognized by the IMA-CNMNC in the original or modified form (Appendix 2).

T Tourmaline species with compositions found in natural settings, but, as of the time of manuscript revision, not currently recognized by the IMA-CNMNC. Ex-
amples of reported compositions consistent with prospective tourmaline species include: “fluor-feruvite” (Breaks et al. 2008) and “liddicoatite” (Breaks et al. 2008).
# Tourmaline species produced experimentally or found in natural settings in which the tourmalines show a tendency for development of these compositions,
and not recognized by the IMA-CNMNC.
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each group there is a fundamental subgroup, subgroup 1, from
which additional subgroups can be generated. Incorporation of
Li'" via coupled substitution (3) of Table 3 can result in additional
Li-bearing subgroups, which will warrant new root names (e.g.,
elbaite in alkali-subgroup 2 of Table 4). Likewise, the coupled
substitution (4) of Table 3 can result in deprotonated tourmaline
species (e.g., alkali-subgroups 3 and 4 of Table 4), and these
species should, by analogy, have distinct root names. Coupled
substitution (6) of Table 3 could yield species with trivalent
cations in up to 50% of the T site. Although such species have
not been reported from natural settings, experimental syntheses
(e.g., Schreyer et al. 2000; Marler et al. 2002) or compositional
tendencies in natural tourmaline warrant their inclusion as pro-
spective species. Within a given tourmaline subgroup there can
be several homovalent substitutions that result in extensive
or complete solid solution, but it does not change the funda-
mental character of a tourmaline subgroup (e.g., Fe** for Mg*
substitution that relates schorl and dravite in alkali-subgroup 1
tourmaline). Within each group, subgroup 1 generally has the
most species. For instance, alkali-subgroup 1 contains 8 possible
species, mostly variants with dravite or schorl root names. Table
7 presents several additional considerations associated with
various substitutions in the tourmaline-supergroup minerals.

This approach of identifying subgroups based on operation of
general heterovalent coupled substitutions is similar to that used
for the epidote-group nomenclature (Armbruster et al. 2006).
The hypothetical tourmaline species in Tables 4-6 (in quota-
tion marks) are considered to be species likely to be found natu-
rally with many published tourmaline analyses being consistent
with these species (see footnotes of Tables 4—6). The hydroxy-
and fluor-species are written in the ordered form at the Y and Z
sites. The oxy-species are written in the disordered form, with
the understanding that disorder over the Y and Z sites is likely
(e.g., Hawthorne 1996). Additional end-members that have other
cations dominant at one or more sites are likely, and these can be
added as new tourmaline species when/if they are discovered and
characterized. This proposed scheme is therefore, readily expand-
able. Whenever possible or reasonable, new tourmaline species
should be named using currently recognized root names with
appropriate prefix modifiers concatenated to the existing root
name. For example, the IMA-CNMNC-accepted Mg-equivalent
of foitite is magnesio-foitite (Table 6). Tourmaline compositions
generated through heterovalent coupled substitutions of existing
root compositions will generally mandate the introduction of new
root names. All proposed mineral species must be submitted to
the IMA-CNMNC and fulfill the requirements for new mineral

TABLE 6. Generalized structural formula types for recognized or prospective tourmaline species listed by X-site vacant-group tourmaline

General formula (X) (Y3) (Zo) TeO1g (BOs); Vs w
Vacant-subgroup 1 O R3* R R R0, (BOs); s s
Foitite* O Fe3 Al Alg SigOsg (BO;)s (OH); (OH)
Magnesio-foitite* O Mag,Al Alg SigO1g (BOs); (OH), (OH)
Vacant-subgroup 2 O RI*R3* R# R& 0,5 (BO;); I s
Rossmanite* O Li™ Al3* Alg SigOsg (BO;); (OH); (OH)
Vacant-subgroup 3 O R3*R3* RZ* R$0;5 (BOy)s 1 s+
“0O-Mg-O root name”+ O MgAl, Alg SigO15 (BO;); (OH); o
“0-Fe-O root name”+ O FeZAl, Alg SigO1g (BOs); (OH); (0]
Vacant-subgroup 4 O Ry5 R3S R¥ R#0;4 (BO3); s s>
“O-Li-O root name”t O Lios Alys Alg SisOsg (BO;); (OH); (¢]

*Tourmaline species currently recognized by the IMA-CNMNC in the original or modified form (Appendix 2).

tTourmaline species with compositions found in natural settings, but, as of the time of manuscript revision, not currently recognized by the IMA-CNMNC. Examples
of reported compositions generally consistent with prospective tourmaline species include: “[0-Fe-O root name” (Medaris et al. 2003) and “0-Li-O root name” (Ertl
et al. 2005).

+ Tourmaline species produced experimentally or found in natural settings in which the tourmalines show a tendency for development of these compositions,
and not recognized by the IMA-CNMNC.

TABLE 7. Additional considerations associated with homovalent and heterovalent substitutions in tourmaline-supergroup minerals

(a) The most common R’ homovalent substitution in the X-site is Na'* <> K'*. The tourmaline is considered to be a member of the alkali group if (Na'*+K'*) = Ca**
and (Na™*+K') > *[. In the uncommon case in which tourmaline is classified as an alkali-group tourmaline and K'* > Na'*, it is considered a“potassium-tourmaline”.
The tourmaline is considered part of the calcic group if Ca?* > (Na'*+K'*) and Ca?** > *O. The tourmaline is considered part of the X-site vacancy group if *O0 >
(Na'*+K'*) and X0 > Ca*".

(b) R?* homovalent substitutions involve a number of divalent cations such as Mg?*, Fe?*, Mn?*, Co?*, Ni?*, and Zn?*. For example, the most common substitution is prob-
ably Mg?* <> Fe?". In this case the complicating factor is that Mg** and possibly Fe?* are generally the primary R?* cations that can be significantly accommodated on
the Z site at concentrations up to 2 apfu, most commonly associated with disordering related to incorporation of 0> on the W site. Within a divalent group of elements
on a given site, the dominant R?* cations lead to a different modifier/root names. For classification purposes the tourmaline formula should be cast in its ordered form.

(c) R** homovalent substitutions occur on both the Y and Z sites and include trivalent cations such as AP**, Fe**, Cr**, and V3*. For example, a common substitution is
Fe* <> AI**. The R** cations are most commonly found on the Z site, but the Y site and T site can contain up to 3 apfu R** cations. If there is O* on the W site, there
is likely to be a disordering resulting in the displacement of the R** to the Y site with a concomitant substitution of Mg?* on the Z site. For classification purposes
the tourmaline formula should be cast in its ordered form.

(d) If there is Li in the tourmaline it is typically introduced via heterovalent substitution (3) Y2R?** < YLi'* + YAI**. Note that for each Li that is introduced there is 2 R*
displaced. That means that plotting parameters in the ternary elbaite-schorl-dravite subsystem are 2Li-Fe*-Mg.

(e) The introduction of O* in the W or V site can take place via the heterovalent-deprotonation substitution (4) R** + OH'- <> R** + O*". Note that for each O* there
must be the introduction of an R** at the expense of R**.

(f) The introduction of R** (typically Al or B) into the tetrahedral site can take place via a Tschermak type of heterovalent substitution (5) R** + TSi* <> R** + R**.
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species prior to IMA-CNMNC approval as a new mineral species.

For classification, it is recommended that a tourmaline be
named for the dominant species in the dominant subgroup,
i.e., consistent with the dominant constituent of the dominant-
valency state (the last adapted from Hatert and Burke 2008).
For example, if there is a mixture of 40% elbaite, 35% schorl,
and 25% dravite, the resulting subgroups would be 100%
alkali-group tourmaline. However, within this group 60% will be
alkali-subgroup 1 tourmaline species and 40% alkali-subgroup 2
species. Alkali-subgroup 1 is the dominant subgroup and schorl
is the dominant species within this dominant subgroup such that
the tourmaline should be considered a schorl. In this case, these
relations for this ternary subsystem can be graphically illustrated
(Fig. 3). The addition of other cations beyond the three shown
graphically will complicate the application of these subsystem
diagrams, but the grouping of common valency components can
extend the generality of this approach and allow determination
of the proper tourmaline species.

For identification of the wider range of possible natural and
synthetic tourmaline species there are general procedures that
should be followed. After the primary X-site group is established,
the appropriate subgroup should be determined within each of the
primary groups. This can be done graphically or by considering
the numerical thresholds that serve to separate the subgroups.
Identification of the appropriate subgroup 1-4 within each of
the primary X-site group tourmalines can be established with a
series of diagrams that use the X-site occupancy and Y/R*"/(Y/R**
+2Li'") ratio as the primary discriminating factor, with the W-site
occupancy as a further discriminator, which will further refine
the species within the subgroup (Fig. 4). An alternative diagram
of YZR?"/(Y?R?" + 2Li"") vs. YO*/(WO* + WOH"" + F") results
in a comparable discrimination diagram (Fig. 5). Significant
variability of T-site and V-site occupancy can result in other
relatively uncommon tourmaline species or prospective species.
For tourmalines in which the V site contains more than 50% O*,
tourmaline in the alkali group will fall in alkali subgroup 5 and

™
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%re Schorl Dravite \0.25
1.00, , , }0.00
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FIGURE 3. Ternary dravite-schorl-elbaite subsystem. Note that dravite
and schorl are species within alkali-subgroup 1 and elbaite is a species
within alkali-subgroup 2.

901

X-site = Na+K or Ca dominant; Z site = Al dominant

a W site = measured, inferred or calculated
1 === T L E e 1]
0.9 -
T il Ca - Li species Ca - R* species
+ J
f 0.7 Calci group 2 [OneF | | Calcic-subgroup 1 [oHsF ]
- Calcic-subgroup 4 (O daminant] Calcic-subgroup 3 [0 dominant
“m 0.6+ B
=
+ 05
&
m 0.4- -
Q 03 (Na + K) - Lispecies | (Na+K)- R* species ]
s il -4
‘t'a 0.2 Alkali-subgroup 2 [OH+F dominant} | Alkali-subgroup 1 [OH+F dominant]
Q Alkali-subgroup 4 [0 dominan Alkali-subgroup 3 [0 dominan]
0.1 -
0.0 {l’ . T r T T T 14 T ‘w’

1.0

LI S |
00 01 02 03 04

T —
05 06 07 08 0% 10

YZRZ*I(YZRiﬁ + 2Li1+)

X-site = Na+K or "0 dominant; Z site = Al dominant
W site = measured, inferred or calculated

o T T T T T T T T ol
0.9 4 4
] P . 2
sl O Lispecies 'o- R* species
+ 074V t group 2 [OH+F dominant] | Vacant group 1 [CH+F i
"x Vacant-subgroup 4 [0 Vacant group 3 |0 dominant]
4+ D064 s
&
w 0.5
= i
+ 044 -
1 i 3 2 .
,E 0a.] (Na+K)-Lispecies | (Na+K)-R " species ]
= 0.
0
L 0.2 | Alkali-subgroup 2 [OH+F dominan] Alkali-subgroup 1 [OH+F dominant] _|
Alkali-subgroup 4 [0 dominant] Alkali-subgroup 3 [0 dominan(]
0.1 <
0.0 $———————1— S ——

00 01 02 03 04 05 06 07 08 09 1.0
YZRZW(YZRZ*' + 2Li1+)

FIGURE 4. Diagrams useful for establishing the appropriate
tourmaline subgroups within the alkali, calcic, and vacant groups. (a)
Determination of subgroups 14 for alkali- and calcic-group tourmalines
use parameters Y2/R*"/(Y2R*" + 2Li'") vs. Ca*"/(Ca’* + Na'" + K'*) together
with the dominant valency anion(s) in the W site i.e., (OH'" + F") vs.
O%. YZR*" represents the total number of divalent cations in the Y and
Z site. (b) Determination of subgroups 14 for alkali- and X-vacant-
group tourmalines use parameters Y#R>"/(Y/R?>" + 2Li"") vs. X0O/(*0O +
Na'" + K'") together with the dominant valency anion(s) in the W site
i.e., (OH"+F") vs. O*.

species such as fluor-buergerite and olenite can be recognized.
In the alkali-group tourmalines, up to 3 apfu (AP + B**) can
substitute for Siassuming Y and Z are fully occupied by trivalent
cations and W and V sites, by monovalent cations. Thus, the
criterion for distinguishing alkali subgroup 6 is Si** < 4.5 apfu.
In this case, the dominant tetrahedral trivalent cation (AP" or
B**) becomes the basis for discriminating the species (Table 4).
Once the subgroup is determined, the appropriate species name
is given as the dominant species within that subgroup (Tables
4-6). Uncertainties arise when the tourmalines are incompletely
analyzed and procedures for dealing with this possibility are
addressed in the discussion below.
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FIGURE 5. Alternative diagram useful for establishing the appropriate
tourmaline subgroups within the alkali-, calcic- and vacant groups. The
determination of subgroups 1-4 for alkali-, calcic- and vacant-group
tourmalines use parameters Y2R>"/(Y/R?* + 2Li'") vs. VO*/(YO* + OH'- +
F'") together with the dominant cation in the X-site and dominant valency
anion(s) in the W site, i.e., (OH' + F") vs. O*.

Additional adjectival modifiers

Although not required, tourmaline species can be further
modified with various adjectives that precede the species names
(Tables 4-6). In the past, the IMA-CNMNC recommended use of
the “Schaller modifiers” in which the valency of the substituent
ion is indicated by the suffix “-oan” (for the lower valency cation)
and “-ian” (for the higher valency cation). However, this scheme
has several shortcomings that have prompted the approval of
alternative chemical-element adjectival modifiers in place of the
Schaller-type modifiers (Bayliss et al. 2005). In the most general
case, it is recommended that adjectival modifier such as “-rich”
or “-bearing” be used together with the specific element(s) and,
where known, an indication of the oxidation state of the cation
and/or the site it occupies, e.g., “Fe?*-rich,” “K-bearing,” or “TAl-
rich.” The chemical-element adjectival modifiers are not part of
the name of the tourmaline species, and, consequently, authors
are free to use chemical-element modifiers that are chemically
correct and meet the needs of the author in expressing significant
chemical information about the mineral species (Bayliss et al.
2005). However, it is recommended that the authors define the
magnitude of the compositional parameters implied by these
adjectival modifier terms. Multiple modifiers are possible, and
the order of the modifiers should be such that the modifier with
the greatest percentage of site occupancy is next to the mineral-
species name, the modifier with the second most percentage
preceding that one, etc. For example, a hypothetical tourmaline
solid solution with 60% dravite-schorl, 40% uvite-feruvite and
2/1 ratio of Mg-Fe*" at the Y site, has a structural formula of
(NagsCap)(MgFe*) (Mg 4Als 6)(Sig015)(BO5);(OH);(OH) and
the appropriate name could be expressed as Fe*"-,Ca-rich dravite
i.e., reflecting 33% Fe** at the Y site and 40% Ca at the X site.

SITE ALLOCATION OF CATIONS AND ANIONS

Hawthorne (1996) notes that chemical analyses of tourmaline
merely establish which elements are present, but do not determine

where they are located in the structure. Structural refinement and
site assignment based on crystallographic evidence is required for
accurate site allocation. Furthermore, tourmaline site occupancies
can be modeled with appropriate optimization procedures (e.g.,
Wright et al. 2000). In the absence of site assignments directly
established by crystal structure refinements, it is possible to make
some “reasonable” assumptions concerning site assignments of
specific cations and anions (Table 1). With this basic informa-
tion, it is recommended that cations and anions in tourmaline be
allocated with the following procedure:

(1) Based on the type of analytical techniques and data gener-
ated, the most appropriate normalization scheme is used and any
significant unanalyzed cations or anions are calculated whenever
possible (see procedures in Appendix 5).

(2) Only B*" is allocated to the B site. With compelling
chemical, crystallographic, or spectroscopic evidence, excess B**
(B*" > 3.0 apfu) may be assumed to be in the T site. Compelling
evidence includes NMR spectra indicating tetrahedral B*, struc-
tural refinements with tetrahedral bond length determinations
and well-constrained analytical evidence that demonstrate B>
> 3.0 apfu (e.g., Tagg et al. 1999; Hughes et al. 2000; Schreyer
et al. 2002; Ertl et al. 2006a; Lussier et al. 2009).

(3)Na!*, Ca*, and K'" are assigned to the X site with any site
deficiency assumed to represent X-site vacancy (*[). Additional
large cations, such as Pb?', are likely located in the X site and
should be assigned to that site.

(4) Si*" is assumed to be exclusively located in the T site with
any deficiency made up by AI** (MacDonald and Hawthorne
1995). If there is compelling chemical, crystallographic, or
spectroscopic evidence for tetrahedral B*', this tetrahedral B**
should be assigned to the T site prior to the assignment of the
tetrahedral AI** (e.g., Lussier et al. 2009).

(5) The relative distribution of anions in the V and W sites
is reasonably well established. F'~ is exclusively contained in
the W site and O* tends to be preferentially contained in this
site (Grice and Ercit 1993). Consequently, it is appropriate
that all F'~ be assigned to the W site, and then O*. Any excess
O7 is assigned to the V site. To date, evidence from bond angle
distortion of the ZO; octahedron and Y-O distances and bond-
valence sums at the V site indicate that most of the tourmaline
species (except buergerite and some olenitic tourmalines) have
~ 3(OH") at the V site (Ertl et al. 2002; Cempirek et al. 2006;
Bosi and Lucchesi 2007).

(6) The Y and Z site assignments can be more ambiguous.
The least problematic assignment is the exclusive allocation of
Li'*, Mn?", Zn*", Ni**, Co**, Cu*', and Ti*' to the Y site. However,
the smaller cation allocation between the Y and Z sites can be
more uncertain. Based on crystallographic and mineral chemical
information, it is considered that, with the presence of O*" at the
W site, Mg?" and possibly Fe* may be disordered into the Z site
and trivalent cations (especially AI** and Fe*") may be disordered
into the Y site (Henry and Dutrow 1990, 2001; Hawthorne et
al. 1993; Taylor et al. 1995; Ertl et al. 2003a; Bosi et al. 2004).
Consequently, actual tourmaline structures can exhibit a signifi-
cant amount of disordering.

For the purposes of classification of tourmaline species only,
the ordered form of the tourmaline is assumed for all tourmaline
species including the oxy-tourmaline. Consequently, the proce-
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dure that is recommended for classification involves allocation
of the small cations among the Z and Y sites as follows: Initially
assign the most abundant R*" cations to the Z site (not includ-
ing any AI*" and B*" assigned to the tetrahedral site). Next, the
remainder of the R** cations should be assigned in accordance
with their abundance. If there is an excess of R*" cations on
the Z site, the excess R¥ cations go into the Y site. If there is a
deficiency in the Z site after assigning all of the R** to that site
(i.e., <6.0 cations), assign Mg*" and then Fe*" to the Z site up to
2 apfu (Bosi and Lucchesi 2007).

TOURMALINE CLASSIFICATION PROCEDURE: A
HIERARCHICAL APPROACH

Tourmaline investigations generally have varying levels of
information available. The tourmaline information may range
from complete analytical and crystal structural data to incom-
plete chemical data. However, it is important that a hierarchical
classification procedure be used to accommodate the levels of
information that are accessible.

Level 1—complete analytical and structural data

This level considers those tourmalines in which all elements
are measured, including the oxidation states of transition ele-
ments, and the specific cation and anion site occupancies are
established by crystal-structure refinement. Note that an ordered
structural formula is assumed for classification purposes only,
and proper site occupancies should be included in the ultimate
tourmaline structural formula, whenever possible (e.g., Ertl
et al. 2003a; Bosi and Lucchesi 2004). This level of complete
characterization of tourmaline is the optimal situation, but one
which is currently relatively uncommon.

Level 2—complete analytical data

This level implies direct knowledge of all elements (light
elements and oxidation states of transition elements), but
generally with assumed site assignments. Because an ordered
structural formula is assumed, the site allocation procedure in
the previous section can be used and is appropriate for clas-
sification purposes.

Recommended classification procedure for tourmaline
with Level 1 and Level 2 data. With complete analytical data,
the following procedure for systematically naming tourmaline
species is suggested:

(1) Cast the structural formula in an ordered form consistent
with the site allocation procedures given above.

(2) Determine the dominant X-site cation or vacancy to
establish the primary tourmaline group (Fig. 1).

(3) Establish the dominant anion (OH'", F'-, or O*) at the
W site (Fig. 2).

(4) Ascertain the dominant anion (OH'~ or O*) at the V site.
The current state of knowledge is that most tourmalines are
dominated by OH'~ at the V site. The exceptions are buergerite
and some olenitic tourmalines (Ertl et al. 2005; Cempirek et
al. 2006; Bosi and Lucchesi 2007).

(5) Determine whether Si** <4.5 apfu with the remainder of
the tetrahedral site being occupied by TAI** and "B**. Although,
natural tourmalines with these characteristics have not been
identified, tourmalines with these characterizations have been

synthesized (Schreyer et al. 2000; Marler et al. 2002).

(6) Establish the dominant Z-site cation (AI**, Cr**, Fe*', or
V*%). This can be done simply by inspection or calculation, or
can be illustrated graphically. For example, in tourmaline with
low amounts of Fe** at the Z site of the ordered formula, the
Al-V-Cr ternary can be used to graphically display the Z-site
dominant cation (Fig. 6). The most common Z-site dominant
cation is AI**, and a procedure for graphically classifying 24
possible “?Al-dominant tourmaline species is given in Figures 7
to 9. There are only a few Cr*'-, Fe**-, V- end-members that
have been described at this time (e.g., chromium-dravite, povo-
ndraite, and vanadium-dravite) so comparable diagrams were
not generated for these chemical systems. The Fe**-dominant
end-member povondraite is commonly in solid solution with
the “oxy-dravite” and dravite and the distinction between these
species can be evaluated by examining the dominant Y2R** cat-
ioni.e., Fe** or AI** (Henry et al. 1999, 2008; Zacek et al. 2000).

(7) Determine the Y-site cation occupancy, recalling that an
ordered form of the structural formula is used for classifica-
tion purposes only. The dominant subgroup (subgroupl1—4 of
each of the three groups) can be established graphically from
Figures 4 and 5.

(8) Once the dominant subgroup is determined, the domi-
nant species in that subgroup defines the species name. In
many instances, this can be done simply by comparing the
structural formula with the possible species found within the
appropriate subgroup (Tables 4-6). If tourmaline composi-
tions fall within the appropriate subsystems, the species can
also be generally established through the use of compositional
diagrams such as Figures 7-9. A more inclusive approach is to
calculate the dominant cation or anion of the dominant valency
on given sites to directly establish subgroup and species. An
Excel spreadsheet program (TourmalineSpecies-Henry1-1) is
available® for these calculations and species determinations.

* Deposit item AM-11-036, Excel spreadsheet program. Deposit items are available
two ways: For a paper copy contact the Business Office of the Mineralogical Society of
America (see inside front cover) for price information. Online, visit the MSA web site at
http://www.minsocam.org, go to the American Mineralogist Contents, find the table of
contents for the specific volume/issue wanted, and then click on the deposit link there.

Z site cation dominance; Al-Cr-V subsystem (low Fe’*)

Vv
0.00, 1.00

3+

0.00 0.25 0.50 0.75 1.00
cr’t A"
FIGURE 6. Ternary diagram for the Al-V-Cr subsystem of the Al-Fe-
V-Cr quaternary system used for illustrating the dominant occupancy of
the Z site for tourmaline, assuming minor Fe** on the Z site.
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FIGURE 7. Ternary diagrams useful for plotting and classifying
alkali-group tourmaline species with AI** dominance at the Z site and
OH'" dominance at the V site. The three ternary subsystems represent
dominance of OH'-, F'-, or O* at the W site, respectively. Determination
of the species is made by plotting Y-site cations on the appropriate ternary.
The Y site occupancy is determined by an ordered structural formula.
Significant deviation from this chemical subsystem will result in greater
uncertainty of species designation.

Calcic group
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FIGURE 8. Ternary diagrams useful for plotting and classifying calcic-
group tourmaline species with A" dominance at the Z site and OH'~
dominance at the V site. The three ternary subsystems represent dominance
of OH'-, F'-, or O* at the W site. Determination of the species is made by
plotting Y-site cations on the appropriate ternary. The Y site occupancy is
determined by an ordered structural formula. Significant deviation from this
chemical subsystem will result in greater uncertainty of species designation.

In addition, a table of representative tourmaline analyses with
diagnostic parameters for identification of tourmaline species
is given in Appendix 6.

Level 3—Partial tourmaline compositional data without
direct measurement of B, H, Li, and the oxidation states of
transition elements

This is the most common situation, typical of tourmalines
analyzed only by the electron microprobe. The procedures out-

Z site = Al dominant
V site = OH dominant
‘R* = Fe” or Mg** dominant

it A
W site = OH dominant 990, 5 W site = O dominant 909, 4 5

0.00 0.2 080 (3] 1.00
e’ Mg

Voo ta
Mg

FIGURE 9. Ternary diagrams useful for plotting and classifying
vacant-group tourmaline species with A dominance at the Z site and
OH'~ dominance at the V site. The two ternary subsystems represent
dominance of OH'" or O* at the W site. F'~ is likely not a dominant anion
at the W site. Determination of the species is made by plotting Y-site
cations on the appropriate ternary. The Y-site occupancy is determined by
an ordered structural formula. Significant deviation from this chemical
subsystem will result in greater uncertainty of species designation.

lined in Appendix 5 allow estimation of some of the unmeasured
cations and anions found in tourmaline. However, there can be
considerable uncertainty associated with these procedures. As
noted earlier, an ordered structural formula is assumed and the
cations allocated accordingly.

Recommended classification procedure for tourmaline
with Level 3 data. With the appropriate analytical data, esti-
mation of unanalyzed elements and assumed site occupancies,
the following procedure for systematically naming tourmaline
species is suggested:

(1) Cast the structural formula in an ordered form consistent
with the site allocation procedures outlined above.

(2) Determine the dominant X-site cation or vacancy to
establish the principal tourmaline subgroup (Fig. 1). This data
are readily accessible from a good-quality electron microprobe
analysis.

(3) Establish the dominant anion (OH", F'-, or O*) at the
W site (Fig. 2). In the absence of direct measurement of H, the
uncertainty associated with estimating H can be large, and the
resultant YO?" estimate inaccurate. In contrast, F'~ can be accu-
rately measured with the electron microprobe if proper care is
taken in the analytical procedure. If H is undetermined (measured
or calculated), it is recommended that the criterion F'=> 0.5 apfu,
be met for the tourmaline to be considered a fluor-species.

(4) Estimate the dominant anion (OH'~ or O%) at the V site.
The current state of knowledge is that most tourmalines are
greatly dominated by OH'" at the V site. Consequently, the as-
sumption of Y(OH)!~ = 3 is generally correct. The exceptions
are buergerite and some olenitic tourmalines (Ertl et al. 2002;
Cempirek et al. 2006; Bosi and Lucchesi 2007).

(5) Determine whether Si** < 4.5 apfu with the rest of the tet-
rahedral site being occupied by TAI** and TB3*. Although, natural
tourmalines with these characteristics have not been identified,
tourmalines with these characterizations have been synthesized
(Schreyer et al. 2000; Marler et al. 2002).

(6) Establish the dominant Z-site cation (AI**, Cr**, Fe*', or
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TaBLE 8. Recommended names for incompletely or inadequately
determined tourmalines

General formula (X) (Y3) (Zg)  Vs(likely)* W (unknown)t
Alkali-group tourmaline

Elbaitic tourmaline Na Liand Al Al (OH™) unknown
Schorlitic tourmaline Na Fe?* Al (OH™) unknown
Dravitic tourmaline Na Mg Al (OH™) unknown
Buergeritic tourmaline Na  Fe** Al (0%) unknown
Olenitic tourmaline Na Al Al (OH™) unknown
Povondraitic tourmaline  Na Fe’*  Fe’* (OH™) unknown
Chromium-dravitic Na Mg Cr (OH™) unknown
tourmaline
Vanadium-dravitic Na Mg \Y (OH™) unknown
tourmaline
Calcic-group tourmaline
Liddicoatitic tourmaline ~ Ca Liand Al Al (OH™) unknown
Uvitic tourmaline Ca Mg Al (OH™) unknown
Feruvitic tourmaline Ca Fe?* Al (OH™) unknown
Vacant-group tourmaline
Rossmanitic tourmaline O Liand Al Al (OH™) unknown
Foititic tourmaline m] Fe?* Al (OH™) unknown
Magnesio-foititic [m] Mg Al (OH™) unknown
tourmaline

* Anion presumed to occupy the V site.
1t Unknown amounts of OH'-and O*. However, F'- >0.5 apfu will signify a fluor-
species, and earlier species-designation procedures are warranted.

X
X site = Na+K or Odominant; (Mg+Fe)/(Mg+Fe+2Li) > 0.5
W site = occupancy unknown

109 T T T T T T T o
0.9 - E

_ 0.8+ Foititic Magnesio-foititic

+

W 07+ tourmaline tourmaline §i

R TR ]

"

2 05

b 04l ]

T 109 Schorlitic Dravitic 7
0.2 - tourmaline tourmaline il
0.1 4
007771 LAY TS Q

00 01 02 03 04 05 06 07 08 09 10
Mg/(Fe+Mg)

FIGURE 10. Example of a diagram that can be used to illustrate the
generalized tourmaline species based on Mg/(Mg + Fe) vs. *00/(*0 +
Na'* + K') ratios.

V3). This can be done simply by inspection or calculation, or
can be illustrated graphically. For tourmaline with low amounts
of Fe** at the Z site of the ordered formula, the Al-V-Cr ternary
can be used to graphically establish this Z-site subgroup (Fig. 6).
The most common Z-site dominant cation is A%, and a graphical
approach for classifying 24 possible “Al-dominant tourmaline
species is given in Figures 7 to 9. The Fe**-dominant end-member
povondraite is commonly in solid solution with the “oxy-dravite”
and dravite species (Henry et al. 1999, 2008; Za&ek et al. 2000).

(7) Determine the Y-site cation occupancy, recalling that an
ordered form of the structural formula is used for classification
purposes only. The dominant subgroup (subgroup 1-4 of each
of the three subgroups) can be roughly established graphically
from Figures 4 and 5.

(8) With the determination of the dominant subgroup, the
dominant species in that subgroup can be identified with the

same procedure given in the previous section.

The user must decide whether the results of the assumptions
used in calculating unmeasured elements are accurate enough to
adequately characterize the tourmaline composition. If the user
considers the calculated unanalyzed elements inadequate, it is
recommended that a more generalized name be used (Table 8§,
Fig. 10). However, if F'-> 0.5 apfu the tourmaline will necessar-
ily be a “fluor-tourmaline” species and the earlier classification
procedures can be followed.
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APPENDIX 1. TOURMALINE END-MEMBERS: GENERAL
CHARACTERISTICS

There are inconsistencies in the earlier definitions of several of
the tourmaline end-member formulas that prompt redefining some
of these end-members (Hawthorne and Henry 1999). In defining
end-member compositions there are several characteristics that
should be considered (Hawthorne 2002).

(1) An end-member composition must be fixed. Consequently,
formulas expressed with variable cations or anions on a given site,
such as (AI*, Fe*") on the Y site or (F-, OH") at the W site, can
be factored into two or more end-member components of fixed
composition. For example, in the case of the original end-member
definition of foitite, the composition was expressed as O [Fe3"
(AL, Fe*)] Al (SigO15) (BO;); (OH), (MacDonald et al. 1993).
However, this definition is incorrect because the composition is
variable and can be factored into the two fixed compositions: O
[Fe3™ Al] Al (SigO)5) (BO3); (OH), and O [Fe3™ Fe**] Aly (SiO5)
(BOs); (OH),.

(2) An end-member may have more than a single cation or
anion at a single given site if it is necessary to attain electroneutral-
ity in the crystal structure. Electroneutrality in crystal structures
mandate that, in some instances, two cations or anions may be
required for charge balance on a single site. One of the best ex-
amples is the tourmaline end-member elbaite: Na [Li, s Al 5] Alg
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(SisOy5) (BO;); (OH); (OH). The X, Z, T, B, V, and W sites are
completely ordered (occupied by only one type of cation or anion)
such that the aggregate charge is 6. This requires that cations on
the Y site have a total charge of 6. In the case of elbaite, with
a mix of Li" and AI**, the aggregate charge is only met with the
Y-site composition of [Li; 5 Al s].

(3) Anions are critical in defining end-members, and similar
anions can occupy more than one crystallographically distinct site
in a crystal structure. Anions such as OH-, F~, and O* can define
distinct end-members. Anions sites can have crystallographic
distinctions that mandate preferences of certain anions for specific
anion sites. For example, in the tourmaline structure the V site can
be occupied by O*~and OH-, but the W site can be occupied by F-,
07, and/or OH". In the case of homovalent anion substitution of
F- for OH~, tourmaline will range from (OH),(OH) to (OH);(F),
thus defining the OH (hydroxy) and F (fluor) end-members. In
the case of heterovalent anion substitution of O*~ for OH™ or F-,
coupled substitutions must involve other cations in the crystal
structure to define an “oxy” end-member.

APPENDIX 2: TOURMALINE SPECIES, END-MEMBER
FORMULAS, MODIFICATIONS, ETYMOLOGY, TYPE
LOCALITIES, AND REPRESENTATIVE CELL DIMENSIONS

The following tourmaline species have either been previously
accepted by the IMA-CNMNC or have been modified by the STN
for internal consistency among the tourmaline species. Modifica-
tions to the original tourmaline species descriptions are noted.

Chromium-dravite

Structural formula: Na Mg; Cr; (SisO,5) (BO;); (OH); OH

IMA number: IMA 82-055. Original name: chromdravite.

Modifications: Due to its distinction in the tourmaline structure, the structural formula
is written to designate two OH-bearing sites (the V and W sites). This contrasts
with the earlier formula that combined these two sites into a single “OH” site
with four possible OH'~ anionic groups. The full term “chromium” is used as a
prefix for consistency among species.

Etymology: Named for its relationship to dravite and chemical composition.

Type locality: Velikaya Guba uranium occurrence, Zaonezhskiy Peninsula, Karelia,
Russia.

Crystal system: Trigonal; R3m

Representative cell dimensions (type material): a = 16.11 A, c =727 A, V =
1634 A®

Selected references: Rumyantseva (1983)

Chromo-alumino-povondraite

Structural formula: Na Cr; (Al,Mg,)(SisO;5) (BO;); (OH); O

IMA number: IMA 2009-088

Modifications: none

Etymology: Named for its chemical composition and its relationship to povondraite.

Type locality: Chromite deposits of Nausahi, Keonjhar District, Orissa, India.

Crystal system: Trigonal; R3m

Representative cell dimensions (type material): = 16.036 A, c =7.319 A, V
=1589.9 A°

Selected references: Williams et al. (2010)

Dravite

Structural formula: Na Mg; Al (SisOy5) (BOs); (OH); OH

IMA number: First described prior the establishment of IMA in 1958—Grandfa-
thered status.

Modifications: Due to its distinction in the tourmaline structure, the structural formula
is written to designate two OH-bearing sites (the V and W sites). This contrasts
with the earlier formula that combined these two sites into a single “OH” site
with four possible OH' anionic groups.

Etymology: Named in 1884 by Tschermak for the Drava river area, the location
of a Mg- and Na-rich tourmaline. The Drava river area, which is the district
along the Drava River (in German: Drau; in Latin: Drave) is in Austria and
Slovenia (Ertl 2007).

Type locality: Unterdrauburg, Carinthia, Austria (today Dobrava pri Dravogradu,
Slovenia); Ertl (2007).

Crystal system: Trigonal; R3m

Representative cell dimensions (type material): a = 15.96 A, c =721 A, V =
1590 A

Selected references: Tschermak (1884), Kunitz (1929), and Dunn (1977)

Elbaite

Structural formula: Na (Li, sAl 5) Al (SiO,5) (BO;); (OH); OH

IMA number: First described prior the establishment of IMA in 1958—Grandfa-
thered status.

Modifications: Due to its distinction in the tourmaline structure, the structural formula
is written to designate two OH-bearing sites (the V and W sites). This contrasts
with the earlier formula that combined these two sites into a single “OH” site
with four possible OH'~ anionic groups.

Etymology: Named after the type locality, on the island of Elba, Tuscany, Italy

Type locality: San Piero in Campo, Campo nell’Elba, Elba Island, Livorno Province,
Tuscany, Italy.

Crystal system: Trigonal; R3m

Representative cell dimensions (type material): a = 15.85A, c = 7.11 A, V =
1546.9 A3

Selected references: Vernadsky (1913), Donnay and Barton (1972), Novak et al.
(1999), and Ertl (2008)

Feruvite

Structural formula: Ca Fe?" (AlsMg) (SisO;5) (BO;); (OH); OH

IMA number: IMA 87-057

Modifications of the end-member definition: The original formula for feruvite is
Ca Fe; (ALLMg)s (SisO15) (BOs); (OH), (Grice and Robinson 1989). This is not
considered to be an appropriate end-member and it does not specify the valence
state of Fe. The Z site was determined to be (Al ,,Feji,Mgys,Fesi,), which is
close to an (Al;Mg) end-member.

Etymology: Named for its relationship to uvite and chemical composition.

Crystal system: Trigonal; R3m

Type locality: Repanga Island (Cuvier Island), Waikato, North Island, New Zealand.

Representative cell dimensions (type material): a = 16.01 A, c =725 A, V =
1609 A

Selected references: Grice and Robinson (1989) and Selway et al. (1998a)

Fluor-buergerite

Structural formula: Na Fei" Al (SiO;5) (BO;); O; F

IMA number: IMA 65-005. Original name: buergerite

Etymology: Named for Martin Julian Buerger (1903-1986), a professor of min-
eralogy at the Massachusetts Institute of Technology and a pioneer of crystal
structure analysis.

Modifications: For consistency among tourmaline species, the STN advocates that
hydroxy species becomes the root name of a species. For those tourmalines in
which the W site exhibits dominance of S' relative to S*~ anions and dominance
F'" relative to OH', the species becomes the fluor-species equivalent.

Type locality: Mexquitic, San Luis Potosi, Mexico.

Crystal system: Trigonal; R3m

RepresentAative cell dimensions (type material): a = 1587 A, c=7.19 A, V=
1568 A3

Selected references: Donnay et al. (1966), Barton (1969), and Tippe and Hamilton
(1971)

Fluor-dravite

Structural formula: Na Mg; Al; (SiO;5) (BO;); (OH); F

IMA number: 2009-089

Modifications: For consistency among tourmaline species, the STN advocates that
hydroxy species becomes the root name of a species. For those tourmalines in
which the W site exhibits dominance of S'~ relative to S*~ anions and dominance
F'~ relative to OH', the species becomes the fluor-species equivalent.

Etymology: Named for its relationship to dravite and chemical composition.

Type locality: Crabtree Emerald mine, Mitchell County, North Carolina, U.S.A.

Crystal system: Trigonal; R3m

Representative cell dimensions (type material): a = 15.955 A, ¢ = 7.153 A, V/
=1576.9 A°

Selected references: Williams et al. (2010)

Fluor-liddicoatite

Structural formula: Ca (Li,Al) Al, (SisO,5) (BOs); (OH); F

IMA number: IMA 76-041. Original name: liddicoatite

Modifications of the end-member definition: Dunn et al. (1977b) gave the struc-
tural formula for the holotype liddicoatite material as (Ca,,,Nag,7) (Li; s0Al; 13
Fe.11Ti0sMno0aMgos) Also SigO1s (BO3); [(OH)27300.27] [Fos7(OH) 15]. Based
on this composition and the structural analogy with elbaite, they extrapolated the
end-member composition of liddicoatite as Ca (Li; 74Al 25) Als (SiO15) (BO3);
[(OH), 450, 5.] (F,OH), but stipulated that this is not a “pure end-member.” Fur-



IMA-compendium, Melbourne, 2018

91

HENRY ET AL.: TOURMALINE NOMENCLATURE 909

thermore, they gave the “ideal” composition of liddicoatite as Ca (Li,Al); Alg
(SigOi5) (BO;); (O,0H); (OH,F). Several aspects of this formula warrant modi-
fication of the end-member structural formula to the one given here. (1) Because
F partitions exclusively in the W site, the holotype material is an F-dominant
species. (2) Any oxygen at the W and V sites should be assigned to the W site
in the holotype material structural formula (Hawthorne 1996). (3) The divalent
charge of Ca requires an adjustment of the Li:Al ratio so the Y-site is (Li,Al).

Etymology: Named for Richard T. Liddicoat (1918-2002), gemologist and president
of the Gemological Institute of America.

Type locality: Pegmatitic area southwest of the towns of Antsirabé and Betafo,
Vakinankaratra region, Antananarivo Province, Madagascar.

Crystal system: Trigonal; R3m

Representative cell dimensions (type material): a = 1587 A, c=7.14 A, V =
1557 A

Selected references: Dunn et al. (1977b), Nuber and Schmetzer (1981), and Au-
risicchio et al. (1999)

Fluor-schorl

Structural formula: Na Fe?" Al (SisOy5) (BOs); (OH); F

IMA number: 2010-067

Modifications: For consistency among tourmaline species, the STN advocates that
hydroxy species becomes the root name of a species. For those tourmalines in
which the W site exhibits dominance of S'" relative to S anions and dominance
F' relative to OH", the species becomes the fluor-species equivalent.

Etymology: Named for its relationship to schorl and chemical composition.

Type locality: Area near Zschorlau, Erzgebirge, Saxony, Germany and area near
Grasstein, Trentino, South Tyrol, Italy.

Crystal system: Trigonal; R3m

Representative cell dimensions (type material): « = 15.996 A, c = 7.186 A, V/
=1576.9 A°

Selected references: Ertl et al. (2006)

Fluor-uvite

Structural formula: Ca Mg; (AlsMg) (SicO5) (BOs); (OH); F

IMA number: First described prior the establishment of IMA in 1958—Grandfa-
thered status. Original name: uvite.

Modifications of the end-member definition: Uvite, originally defined by Kunitz
(1929), was considered to have an ideal formula of Ca Mg; (AlsMg) (SisO5)
(BO;); (OH),. This formula was based on the examination of tourmalines from
Uva (Sri Lanka), De Kalb (New York), and Gouverneur (New York) with OH
contents of approximately 4 apfu. However, all other analyses from these locali-
ties contain F in the 0.5-1.0 apfu range. Dunn et al. (1977a) designated a sample
of uvite from Uva, Sri Lanka as a neotype, and this sample has an anion content
of (OH,.99F 7600 34). This anion content would mandate that the W site would be
dominated by F and that uvite should be an F-end-member.

Etymology: Named for the type locality area, Uva Province, Sri Lanka.

Type locality: Uva Province, Sri Lanka.

Crystal system: Trigonal; R3m

Represenj;\tive cell dimensions (type material): @ = 15.97 A, c =721 A, V =
1592 A3

Selected references: Kunitz (1929), Schmetzer et al. (1979), and Dunn et al. (1977a)

Foitite

Structural formula: O (Fe3'Al) Al (SigO,5) (BO;); (OH); OH

IMA number: IMA 92-034

Modifications of the end-member definition: The original end-member composi-
tion of foitite was given with a variable cation occupancy at the Y site i.e., Y3
= [Fe}'(Al,Fe*")] (MacDonald et al. 1993). Because Al is dominant relative
to Fe** in the holotype material, the Y-site composition of the end-member is
considered Fe3'Al.

Etymology: Named for Franklin F. Foit Jr. (1942-), mineralogist at Washington
State University, Pullman, in recognition of his work on tourmaline-supergroup
minerals.

Type locality: Found as museum specimens designated only as from “southern
California”, U.S.A., probably from White Queen mine, Pala district, San Diego
County, California, U.S.A. (Anthony et al. 1995; Novak and Taylor 2000).

Crystal system: Trigonal; R3m

Representative cell dimensions (type material): « = 1597 A, c = 7.13 A, V =
1575 A®

Selected references: MacDonald et al. (1993) and Pezzotta et al. (1996)

Magnesio-foitite

Structural formula: 00 (Mg,Al) Al (SicO15) (BO;); (OH); OH

IMA number: IMA 98-037

Modifications: Due to its distinction in the tourmaline structure, the structural formula
is written to designate two OH-bearing sites (the V and W sites). This contrasts
with the earlier formula that combined these two sites into a single “OH” site
with four possible OH'~ anionic groups.

Etymology: Named for its relationship to foitite and chemical composition.

Type locality: Kyonosawa, Mitomi-mura, Yamanashi Prefecture, Chubu region,
Honshu Island, Japan.

Crystal system: Trigonal; R3m

Representative cell dimensions (type material): a = 1588 A, c = 7.18 A, V' =
1568 A®

Selected references: Hawthorne et al. (1999)

Olenite

Structural formula: Na Al; Al (SiO5) (BO;); (O;) OH

IMA number: IMA 85-006

Modifications of the end-member definition: Sokolov et al. (1986) gave the formula
for the type olenite as Na,  Al; Al B; Si O,; (O,0H),. To create an end-member
formula with the ideal occupancy of one Na at the X site, three Al at the Y site,
and where the T site is completely occupied by Si, the V and W site can only
be occupied by [O;(OH)]. To create an ordered formula, the (OH) is eventually
assigned to the W site, while O; is assigned to the V site.

Etymology: Named for the type locality area, Olenek River basin, Russia.

Type locality: Olenek River basin, Olenii (Oleny) Range, Voron’i Tundry, Kola
Peninsula, Murmansk Oblast region, Russia.

Crystal system: Trigonal; R3m

Repr ive cell di
1533 A3

Selected references: Sokolov et al. (1986), Ertl et al. (1997), Hughes et al. (2000
2004), Schreyer et al. (2002), and Cempirek et al. (2006)

(type material): « = 15.80 A, c = 7.09 A, V =

Povondraite

Structural formula: Na Fei” (Fej"Mg,) (SigO5) (BOs); (OH); O

IMA number: Renamed/redefined by IMA 90-E

Modifications of the end-member definition: Povondraite was redefined from the
original “ferridravite” (Walenta and Dunn 1979) because the initially assumed
site assignments were incorrect and did not correspond to the Fe**-equivalent of
dravite (Grice et al. 1993). Hawthorne and Henry (1999) suggested that Mg is
ordered at the Z site and should be part of the end-member formula.

Etymology: Named for Pavel Povondra (1924-), mineralogist and chemist at the
Charles University, Prague, Czech Republic, for his extensive work on the
tourmaline supergroup.

Type locality: Alto Chapare district, Chapare Province, Cochabamba Department,
Bolivia.

Crystal system: Trigonal; R3m

Represenf;tive cell dimensions (type material): a = 16.19 A, c =744 A, V =
1689 A3

Selected references: Walenta and Dunn (1979), Grice et al. (1993), and Zacek et
al. (2000)

Rossmanite

Structural formula: O (LiAl) Al, (SisO;5) (BO;); (OH); OH

IMA number: IMA 96-018

Modifications: Due to its distinction in the tourmaline structure, the structural formula
is written to designate two OH-bearing sites (the V and W sites). This contrasts
with the earlier formula that combined these two sites into a single “OH” site
with four possible OH'~ anionic groups.

Etymology: Named after George R. Rossman (1945-), California Institute of
Technology, Pasadena, California, U.S.A., in recognition for his work on the
spectroscopy of the tourmaline-supergroup minerals.

Type locality: Hradisko quarry, Rozna, Morava (Moravia), Czech Republic.

Crystal system: Trigonal; R3m

Repr ive cell di
1527 A3

Selected references: Selway et al. (1998b)

(type material): = 15.77 A, c = 7.09 A, V =

Schorl

Structural formula: Na Fe3" Al (SisO,5) (BO;); (OH); OH

IMA number: First described prior the establishment of IMA in 1958—Grandfa-
thered status.

Modifications: Due to its distinction in the tourmaline structure, the structural formula
is written to designate two OH-bearing sites (the V and W sites). This contrasts
with the earlier formula that combined these two sites into a single “OH” site
with four possible OH'" anionic groups.

Etymology: Name probably derived from the early German mining term “Schor”
(mud) or after the name of the former village “Schorl* (today: Zschorlau) in
Saxony, Germany. The first relatively detailed description of schorl with the name
“schiirl” and its occurrence (various tin mines in the Saxony Ore Mountains)
was written by Johannes Mathesius (1504-1565) in 1562 under the title “Sarepta
oder Bergpostill” (Ertl 2006).

Type locality: Saxony Ore Mountains, Germany.

Crystal system: Trigonal; R3m
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Representative cell dimensions: a = 15.98 A, c=7.16 A, V= 1583 A3,

Selected references: First described in 1562 by Mathesius (Mathesij 1562) as re-
ported in Wallerius (1747), Romé de I’Isle (1772), Werner (1780), Fortier and
Donnay (1975), Foit (1989), and Ertl (2006)

Uvite

Structural formula: Ca Mg; (AlsMg) (SicOy5) (BO;); (OH); OH

IMA number: IMA 2000-030a

Modifications of the end-member definition: Uvite, originally defined by Kunitz
(1929), was considered to have an ideal formula of Ca Mg; (AlsMg) (SisO5)
(BOs); (OH),. This formula was based on the examination of tourmalines from
Uva (Sri Lanka), De Kalb (New York) and Gouverneur (New York) with OH
contents of approximately 4 apfu. However, all other analyses from these
localities contain F in the 0.5-1.0 apfu range. Dunn et al. (1977a) designated a
sample of uvite from Uva, Sri Lanka as a neotype, and this sample has an anion
content of (OH,4F760034). This anion content would mandate that the W site
would be dominated by F and that the type uvite should most properly be termed
fluor-uvite. More recently, uvitic species with OH dominant on the W site were
described by Christine M. Clark, Frank C. Hawthorne and Joel D. Grice from
the Brumado mine, Brazil locality.

Etymology: Named for the type locality area of the currently defined fluor-uvite, Uva
Province, Sri Lanka. Uvite is redefined as the hydroxy equivalent to fluor-uvite.

Type locality: Brumado mine, Bahia, Brazil.

Type material: deposited in the Royal Ontario Museum (Toronto, Canada), speci-
men number M55101.

Crystal system: Trigonal; R3m

Representative cell dimensions (type material): @ = 15.954 A, c =7.214 A, V
=1590.2 A3

Selected references: Williams et al. (2010)

Vanadium-dravite

Structural formula: Na Mg; Vi (SiOy;) (BO;); (OH); OH

IMA number: IMA 1999-050

Modifications: Due to its distinction in the tourmaline structure, the structural formula
is written to designate two OH-bearing sites (the V and W sites). This contrasts
with the earlier formula that combined these two sites into a single “OH” site
with four possible OH' anionic groups.

Etymology: Named for its relationship to dravite and chemical composition.

Type locality: Slyudyanka complex, Lake Baikal region, Siberia, Russia.

Crystal system: Trigonal; R3m

Representative cell dimensions (type material): a = 16.12 A, c =739 A, V =
1663 A3

Selected references: Reznitsky et al. (2001)

Additional Potential, but Unnamed, Tourmaline Species

At the time of the manuscript revision the following tourma-
lines are described either in a proposal to IMA or via the codifica-
tion for unnamed minerals (Smith and Nickel 2007) and further
expanded in the IMA-CNMNC website (http://pubsites.uws.edu.
au/ima-cnmnc/).

IMA No. 2009-046

Proposed structural formula: (Na,[0)(Fe?', Mg);Aly(BO3);Sic0,3(OH),

Localities: Cleveland tin mine, Luina, Waratah, Tasmania, Australia (41°28'57"S,
145°23"7"E; type locality); Mount Bendoc, Victoria, Australia (37°7°60”S,
148°54’0”E); Mount Bischoff, Tasmania, Australia (41°25’S, 145°31E); Blue
Mountain Saddle (Bald Hornet Claim), North Bend, King County, Washington,
U.S.A. (47°31'N, 121°43'W).

Crystal system: Monoclinic: Cm; structure determined.

Representative cell dimensions (type material): a = 10.408(3), b = 15.991(5), ¢
=7.189(2) A, B 117.44(2)°, ¥ =1061.88 A

UM?2000-//-SiO:AIBFLiNa (invalid list)

Proposed structural formula: Na(ALLi); Als (BO;); Sis Oy5 (F,OH),

Comment: This is the fluorine-dominant analog of elbaite (e.g., Lussier et al.
2009). The suggested name “fluor-elbaite” has not yet been approved by the
IMA-CNMNC.

UM?2000-64-SiO:BFeHKMg

Proposed structural formula: (K,Na) (Fe*"), V(F e, Mg)s (BO;); Si; Oy (OH,0),
Comment: This is a K-dominant tourmaline (Zacek et al. 2000).

APPENDIX 3. COLOR-BASED TOURMALINE
VARIETAL NAMES

Although mineral varietal names are not under the jurisdiction
ofthe IMA-CNMNC, the STN acknowledges the use of the color-
based tourmaline varietal names. Appendix Table 1 is a listing
of some of the varietal names that have been used, with possible
tourmaline species associations.

APPENDIX 4. OBSOLETE OR DISCREDITED
TOURMALINE NAMES

Throughout the history of tourmaline investigations several
names have been used for tourmaline or minerals that were con-
sidered to be tourmaline. A list of former tourmaline names that
are considered obsolete or have been discredited are presented in
Appendix Table 2.

APPENDIX 5. ANALYTICAL CONSIDERATIONS AND
NORMALIZATION PROCEDURES

The crystal chemistry of tourmaline can be evaluated utilizing
various analytical procedures, each with strengths and weaknesses
that should be carefully considered when assessing the results and
classifying a given tourmaline. Several of the techniques used
specifically for tourmaline analysis are briefly mentioned below.
Special attention is given to normalization procedures used for
the electron microprobe data of tourmaline.

Bulk tourmaline analysis techniques

Several “bulk” sample techniques have been used to analyze
tourmaline. The general disadvantage of these techniques is the
averaging effect of “bulk” samples in which chemical zonation
may be masked, and mineral and fluid inclusions may introduce
contamination. (1) Wet chemical analysis was the standard pro-
cedure for analysis of materials prior to the widespread use of the
electron microprobe (e.g., Peck 1964; Jarosowich 1966; Povondra
and Cech 1976). The chief advantages were that light elements
could be analyzed and oxidation states of transition elements were
determined. (2) Inductively coupled plasma-atomic emission
spectroscopy (ICP-AES) has commonly been used to supplement
electron microprobe analysis by determining light element concen-
trations as well as trace element levels in tourmaline (e.g., Shearer
and Papike 1986; Kantipuly et al. 1988). Sample amounts as small
as 200-300 mg have been analyzed. (3) Induced neutron activation
analysis (INAA) has been successfully used to determine REE in
tourmaline (e.g., King et al. 1988; Roda et al. 1995).

Tourmaline structural refinement and spectroscopic
analysis techniques

Single crystal refinement and spectroscopic techniques provide
valuable information about the local environments of specific
cations, trace elements and oxidation states of transition elements.
(1) Crystal structure refinement is an electron-counting technique
that, in combination with chemical analysis, helps determine the
site assignments through definition of stereochemical relationships
and refined site-scattering values (e.g., Hawthorne and Grice
1990; Hawthorne et al. 1995; Camara et al. 2002). This technique
exhibits spatial resolution that will work on well-constrained
analytical problems such as those encountered in elbaite (Burns
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APPENDIX TABLE 1. Color-based tourmaline varietal names

Varietal name Description
Achroite colorless tourmaline, probably elbaite or rossmanite
Aphrizite dark gray schorl

Brazilian chrysolite
Brazilian emerald

yellow-green tourmaline resembling chrysolite
green and transparent tourmaline
resembling emerald
honey-brown to green tourmaline
resembling peridot
transparent red tourmaline resembling ruby
transparent blue tourmaline resembling sapphire
bright yellow tourmaline
chatoyant tourmaline in a variety of colors
yellow-green tourmaline resembling chrysolite
honey yellow tourmaline resembling peridot
alexandrite-like tourmaline; color changes
under different lighting conditions

Brazilian peridot

Brazilian ruby
Brazilian sapphire
Canary tourmaline
Cat's eye tourmaline
Ceylon chrysolite
Ceylon peridot
Chameleonite

Cromolite green tourmaline, originally considered
Cr-bearing tourmaline
Deuterolite alexandrite-like tourmaline, probably a Cr-bearing
dravite; color changes under different
lighting conditions

Emeralite emerald-green tourmaline

Indicolite blue tourmaline, probably elbaite-schorl series

lochroite violet tourmaline

Moor’s Head tourmaline light-colored tourmaline with black top

Paraibaite blue-green (neon blue) Cu-bearing elbaite, originally
described from the Paraiba State of Brazil

Rubellite pink or red tourmaline, probably elbaite

Siberian ruby red tourmaline resembling ruby

Siberite purple rubellite, probably elbaite

Verdelite green tourmaline, probably elbaite-schorl series

Watermelon tourmaline color-zoned tourmaline with pink interiors
and green rims, generally elbaite

Note: Source of terms: Dietrich (1985).

APPENDIX TABLE 2. Obsolete, discredited, or misidentified tourmaline
species
Name Additional information
Aluminobuergerite Term for suggested end-member Na,_, Al; Al
(BO3); 05 (OH),_, or synthetic Na Al; Als (BO5); O; (OH)

Alumoelbaite Elbaite
Chrome tourmaline Green Cr-bearing tourmaline or chromdravite
Cockle Schorl
Coronite Dravite

Tourmaline-like mineral without boron
Povondraite

Eicotourmaline
Ferridravite

Ferroelbaite Schorl
Ferroschorlite Schorl
Gouverneurite Dravite
lochroite Tourmaline
Jochroit Tourmaline
Lithia tourmaline Elbaite
Magnesioschorlite Dravite

Magnodravite
Mineral H
Oxytourmaline

Extremely Mg-rich uvite-like tourmaline
Ti-rich tourmaline from pegmatites
Tourmaline with noteworthy replacement of O for (OH,F)

Pierrepontite Schorl
Schirl Schorl
Schorlite Schorl
Schorlomite Name mistakenly used for schorl; schorlomite

is an accepted garnet group mineral
Taltalite Mixture of tourmaline with Cu-ore or green tourmaline
Titanschorl (schorl) Rutile
Titantourmaline Ti-rich tourmaline
Titanturmaline Ti-rich tourmaline
Tsilaisite Mn-rich tourmaline, mostly in solid solution with elbaite
Zeuxite Acicular tourmaline, Fe**-rich tourmaline, green tourmaline
Note: Sources of terms: Wang and Hsu (1966); Fleischer (1969); Chukhrov (1981);
Dietrich (1985); Bayliss (2000).

et al. 1994). (2) Secondary ion microprobe spectroscopy has
provided information on spatial distribution of light elements as
well as trace and minor elements in tourmaline (e.g., Wilson and
Long 1983; Grew et al. 1990; Harris et al. 1992; Hawthorne et
al. 1995). (3) Mdssbauer spectroscopy has been used to evaluate

Fe*'/Fe*" ratios as well as the locations of Fe** and Fe** in the
tourmaline structure (e.g., Hermon et al. 1973; Gorelikova et al.
1978; Saegusa et al. 1979; Ferrow et al. 1988; Ferrow 1994; Dyar
etal. 1998; Andreozzi et al. 2008), but this approach is also a bulk
technique. (4) Proton-induced y-ray emission has also been used
for light-element analysis in tourmaline (e.g., Dyar et al. 1998).

Tourmaline electron microprobe analytical techniques

The electron microprobe is currently the most commonly used
analytical tool for tourmaline analysis. However, there are several
analytical limitations that must be considered when calculating a
structural formula from electron microprobe data. Although it is
possible to analyze most of the major elements in tourmaline, Li
and H as well as the valence states of transition elements, cannot be
directly measured. In addition, a critical constituent of tourmaline
is the light element B. Boron has been analyzed with the electron
microprobe (e.g., Bastin and Heijligers 2000; McGee and Anovitz
1996; Hawthorne et al. 1995), but the analytical accuracy and
precision remain unsatisfactory for confident structural formula
calculations. These shortcomings require that the normalization
procedure for tourmaline be carefully considered to minimize
the limitations of electron microprobe analysis. Because of a
greatly improved understanding of tourmaline’s crystal structure
and chemistry as well as the constraints imposed by geochemical
settings of tourmaline, estimation techniques for unanalyzed light
elements and oxidation states are possible.

Normalization procedures, and light element and ferric Fe
estimation

A variety of tourmaline normalization procedures have been
used. Each procedure has strengths and weaknesses. However, the
most appropriate procedure depends on the completeness of the
tourmaline analysis, the quality of the analysis, the assumptions
for unanalyzed elements and the petrologic environment in which
the tourmalines develop.

Normalization of tourmaline with complete chemical
characterization.

Ultimately, the best approach for determination of the structural
formula of tourmaline is to analyze tourmaline as completely as pos-
sible and by using as many techniques as possible. With a complete
analysis, normalization can be properly done on a 31 anion basis
(Henry and Dutrow 1996; Clark 2007). The most accurate site as-
signments are made by means of crystal structure refinements with
a combination of site-scattering and mean bond-length information
and structural formula optimization procedure (e.g., Hawthorne and
Grice 1990; Hawthorne et al. 1993; Taylor et al. 1995; Hawthorne
1996; Ertl et al. 2003a, 2003b; Bosi and Lucchesi 2004).

Normalization of electron microprobe data and estimation
of light elements and oxidation states of elements.

Most widespread tourmaline normalization procedures make
assumptions concerning the anionic and cationic assignments. In
the absence of accurate analyses of B, O, H, Li and the oxidation
states of transition elements, several procedures can be used to
calculate a structural formula. Each of these procedures, in turn,
can provide the basis for estimation of light elements and oxidation
states of transition elements.
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Normalization procedure 1—fixed number of O atoms.
Assume OH fills the four V+W sites after accounting for F and Cl.
In essence, this implies normalization of the cations on the basis
of 31 anions (O + F + OH), 29 oxygen atoms (both normalization
assuming B is calculated by stoichiometry, B = 3 apfu) or 24.5
oxygen atoms (without B calculation). Generally, this approach
provides a good first approximation (Clark 2007). However, if
there is significant O*" substitution for OH', the oxygen nor-
malization factor will be underestimated as will be the number
of cations. In fact, significant amounts O* substitution for OH™!
have been demonstrated in uvite (Taylor et al. 1995) and in several
other tourmaline compositions (e.g., Povondra 1981; Povondra
and Novak 1986; Dyar et al. 1998). Consequently, this approach
should be used with those tourmalines in which it is reasonably
assured that OH+F+Cl~4 (e.g., Burns et al. 1994).

Normalization procedure 2—fixed Y+Z+T cations. Normal-
ize the sum of the T+Z+Y cations to 15. This is the recommended
normalization approach for tourmaline with low Li contents
and minor B in the tetrahedral site. It assumes that there are no
vacancies in the Y, Z and T sites, a valid assumption based on a
majority of crystal structure refinement data. It also assumes that
the amount of tetrahedral B is not significant. However, some
recent refinement results indicate small numbers of vacancies in
Y and Z sites (<0.22 apfu; Ertl et al. 1997, 2003b; Prowatke et al.
2003). To the extent that all of the significant cations on these sites
are accurately analyzed, the structural formula can be calculated
without having to rely on estimates of the OH content or valence
states of transition elements. Fortunately, those tourmaline contain-
ing even a moderate amount of Mg (>0.02 apfu) and that coexist
with minerals such as biotite, muscovite and staurolite typically
have minor-to-insignificant amounts of Li due to the preferential
partitioning of Li into these coexisting minerals (Henry and
Dutrow 1996). This normalization procedure will be appropriate
for almost all metamorphic and most igneous tourmalines.

Normalization procedure 3—fixed Si. Normalize on the basis
of Si= 6. This procedure is useful for normalization of tourmalines
with significant amounts of unanalyzed elements, particularly Li.
It assumes that there is no significant tetrahedral Al or B. For many
Li-rich tourmalines this general assumption is probably reasonable
(e.g., Dutrow and Henry 2000). However, many low-Li tourma-
lines are known to contain significant amounts of tetrahedral Al
and B, so that this procedure should be used with care in these
instances (e.g., Hawthorne et al. 1993; Lussier et al. 2009).

Estimation of B. Based on the total B found in a series of
high-quality wet-chemical analyses of tourmaline from various
lithologies, Henry et al. (2002) indicate that the assumption that
B fully occupies the triangular B site and can be calculated using
stoichiometric constraints (i.e., B = 3) is likely to be valid for
most petrologic occurrences of tourmaline (see also Clark 2007).
Furthermore, crystal structure refinements and bond valence
calculations indicate that there are essentially 3 B apfu in those
tourmalines that have been determined to date (Hawthorne 1996).
However, there are a few uncommon instances involving Al-rich
tourmaline (e.g., olenite) in which some B may also be tetrahedral
(Ertletal. 1997,2006a; Tagg et al. 1999; Hughes et al. 2000). This
feature indicates that the assumption of 3 B may not be valid in all
cases, but is likely to be reasonable for most tourmalines.

Estimation of Li. Li can be approximated by assuming that

Li fills any cation deficiency in the Y site. However, this requires
that the formula be calculated either on a fixed cation basis (e.g.,
Si = 6, see Dutrow and Henry 2000) or that Li be iteratively cal-
culated using a fixed number of oxygens and assuming OH+F =
4 (e.g., Burns et al. 1994; Clark 2007). (1) The Si = 6 approach
appears to work well for some Li-rich tourmaline (Li >0.7 apfu),
but tends to underestimate the Li contents (Henry et al. 2002). The
underestimate of Li is likely due to the existence of tetrahedral Al
substituting for Si will result in calculated Li being too low. Henry
et al. (2002) indicate that this procedure should be within 0.1-0.3
apfu of the correct Li values. (2) The Li by iteration and OH+F =
4.0 approach tends to result in high estimates of Li (Henry et al.
2002). For tourmalines with high values of Li (>0.7 apfu) this gen-
erally results in an overestimate of 0.1-0.3 Li apfu. This is a more
significant problem in low-Li tourmalines, and generally appears
to indicate that these tourmalines contain significant amounts of
Li. The Li overestimates are a consequence of substantial amounts
of substitution of O for OH+F in the W and V sites in many
tourmalines or can result because of the occurrence of significant
vacancies at the Y site in Al-rich tourmalines. Nonetheless, this
procedure is very useful for tourmaline developed in Li-enriched
environments (e.g., highly fractionated granitic pegmatites).

Estimation of H. H contents can be determined by charge
balance if oxidation states can be measured or inferred, and Li
contents can be estimated or inferred. Putative oxidation state
evidence can be derived from tourmaline optical properties or by
mineral assemblages, particularly graphite-bearing assemblages
(Dyar et al. 1998). Minimal Li contents can be generally inferred
by presence of significant Mg in tourmaline, which is a function
of coexisting mineral assemblages that tend to efficiently partition
Li (Henry and Dutrow 1996). Charge-balance estimates of H are
subject to significant amounts of uncertainty, and likely result in
minimum values of H. Despite the larger amounts of uncertainty,
useful information on H contents can be derived using electron
microprobe data (e.g., Henry et al. 2002).

Estimation of Fe oxidation states. Fe’* contents can be deter-
mined by charge balance if H contents can be measured or inferred,
and Li contents can be estimated or inferred. Despite the larger
amounts of uncertainty, useful information on Fe** contents can be
derived using electron microprobe data (e.g., Henry et al. 1999).
However, all these procedures can have relatively large errors.
The best way would be to employ techniques such as Mdssbauer
spectroscopy to determine the Fe*'/Fe* ratio (e.g., Dyar et al.
1998). In some instances, the Fe?'/Fe*" ratio can be inferred for
tourmalines found in certain mineral assemblages. For example,
Dyar et al. (2002) found that tourmaline from graphite-bearing
metapelites contained 20-34% of the total Fe as Fe*".

APPENDIX 6. REPRESENTATIVE TOURMALINE
ANALYSES WITH DIAGNOSTIC PARAMETERS FOR
CLASSIFICATION

To illustrate the manner in which various parameters are de-
termined for use in the tourmaline nomenclature scheme, several
tourmaline analyses from the literature are given in Appendix Table
3. These represent a range of tourmaline species and demonstrate
the manner in which an ordered tourmaline is written and presents
some of the important chemical parameters used for classification.



IMA-compendium, Melbourne, 2018

HENRY ET AL.: TOURMALINE NOMENCLATURE 913

APPENDIX TABLE 3. Examples of complete tourmaline analyses with ordered structural formula and important parameters used for classification

Data source Grice and Ercit (1993) Povondra et al. (1998)
Sample no. 144478 49356 43293 43167 43873 55224 PAFG - Pr1
Oxides
B,O; 9.17 10.36 10.14 10.83 10.33 11.56 10.18
Sio, 30.74 33.58 32.92 34.04 35.27 36.50 34.88
Al,O; 1.40 30.62 30.70 27.33 26.69 40.07 32.31
TiO, 1.63 0.54 0.39 0.52 0.67
V,0, 0.04
Fe,0; 43.89 0.86 12.37 7.63 5.46 1.20
FeO 2.69 12.65 5.98 491 2.20 0.22 12.66
MnO 0.06 0.11 3.07 0.21
MgO 6.45 2.69 0.16 734 10.77 1.60
Li,O 0.03 0.01 0.00 1.61 0.06
Cao 0.20 0.99 1.67 0.20 0.41
Na,O 2.12 2.84 249 235 2.15 2.15 2.24
K,0 1.04 0.06 0.07 0.05 0.23
F 0.34 1.32 0.79 1.24 0.61
H,O 2.56 2.96 1.15 3.18 2.92 3.13 2.57
Subtotal 100.10 98.68 98.15 99.00 98.82 99.75 99.83
O=F 0.14 0.56 0.33 0.52 0.26
Total 100.10 98.54 97.59 99.00 98.49 99.22 99.57

31 0 atoms normalization

Total B 3.059 3.089 3.099 3.173 3.001 3.181 3.007
B site: B 3.000 3.000 3.000 3.000 3.000 3.000 3.000
Tsite: Si 5.941 5.801 5.829 5.778 5.935 5.818 5.969
B 0.059 0.089 0.099 0.173 0.001 0.181 0.007
Al 0.000 0.110 0.072 0.049 0.064 0.001 0.025
T-site Total 6.000 6.000 6.000 6.000 6.000 6.000 6.000
Al (Total) 0.319 6.234 6.407 5.467 5.294 7.528 6.516
Zsite: Al 0319 6.000 6.000 5418 5.230 6.000 6.000
V3 0.006
Fe** 5.675 0.582 0.691
Mg+ 0.079
Z-site Total 6.000 6.000 6.000 6.000 6.000 6.000 6.000
Y site: Al 0.125 0.335 1.526 0.491
Ti 0.212 0.072 0.050 0.066 0.086
Fe3* 0.707 0.112 1.648 0.392 0.155
Fe?* 0.435 1.828 0.886 0.697 0.310 0.029 1.812
Mn?* 0.009 0.016 0414 0.030
Mg 1.858 0.693 0.042 1.857 2.623 0.408
Li 0.022 0.003 0.002 1.030 0.041
Y-site Total 3.000 3.000 3.000 3.000 3.001 3.000 3.024
Ca 0.038 0.180 0.301 0.034 0.075
Na 0.794 0.951 0.855 0.773 0.702 0.664 0.743
K 0.256 0.013 0.016 0.011 0.050
X-site vacancy 0.036 0.091 0.047 0.301 0.131
X-site Total 1.051 1.000 1.000 1.000 1.013 1.000 1.000
V+W site: OH 3.300 341 1.358 3.600 3.278 3.328 2933
V site: OH 3.000 3.000 1.358 3.000 3.000 3.000 2.933
Vssite: O 1.642 0.067
W site OH 0.300 0411 0.600 0.278 0.328
W site: F 0.186 0.739 0.420 0.625 0.330
W site O 0.700 0.403 0.261 0.400 0.302 0.047 0.670
V,W-site Total 4.000 4.000 4.000 4.000 4.000 4.000 4.000
X-site primary group: Alkali Alkali Alkali Alkali Alkali Alkali Alkali
W-site species series: Oxy- Hydroxy- Fluor- Hydroxy- Fluor- Fluor- Oxy-
V-site dominant anion: OH OH (0] OH OH OH OH
Y-site dominant divalent cation: Mg? Fe?* Fe?* Mg? Mg? Mn? Fe?*
Y-site dominant trivalent cation: Fe3* AP+ Fe3* Fe3* AP+ AP+
Z-site dominant trivalent cation: Fe3* AP+ AP+ AR+ AP+ AR+ AP+
Plotting parameters
R**/(R?* + 2Li) 1.000 0.983 1.000 0.997 0.999 0.177 0.965
Ca/(Ca+Na+K) 0.042 0.189 0.297 0.049 0.087
Vac/(Na+K+Vac) 0.036 0.095 0.057 0.312 0.142
W site O/(0O+OH+F) 0.700 0.403 0.261 0.400 0.302 0.047 0.670

Alkali group
Subgroup subgroup 3 subgroup 1 subgroup 5 subgroup 1 subgroup 1 subgroup 2 subgroup 3

Tourmaline species Povondraite Schorl Fluor-buergerite Dravite Fluor-dravite “Fluor-elbaite” “Oxy-schorl”
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ABSTRACT

This is the final report on the nomenclature of pyroxenes by the Subcommittee on
Pyroxenes established by the Commission on New Minerals and Mineral Names of the
International Mineralogical Association. The recommendations of the Subcommittee as
put forward in this report have been formally accepted by the Commission. Accepted and
widely used names have been chemically defined, by combining new and conventional
methods, to agree as far as possible with the consensus of present use. Twenty names are
formally accepted, among which thirteen are used to represent the end members of definite
chemical compositions. In common binary solid-solution series, species names are given
to the two end members by the “50% rule.” Adjectival modifiers for pyroxene mineral
names are defined to indicate unusual amounts of chemical constituents. This report in-
cludes a list of 105 previously used pyroxene names that have been formally discarded by

the Commission.

INTRODUCTION

The Subcommittee on Pyroxenes has, after a thorough
evaluation of the group of pyroxene minerals, presented
its recommendations for a new classification and nomen-
clature to the Commission on New Minerals and Mineral
Names (hereafter abbreviated as CNMMN). These rec-
ommendations have been approved by the Commission
by a formal vote (May 20, 1987).

The classification and nomenclature of the pyroxenes
have been largely based on their crystal chemistry. In
practice the chemical content of the pyroxene formula
unit calculated to six oxygens, or to four cations (Vieten
and Hamm, 1978), is essential for the classification. This
formula unit corresponds to one-quarter of the unit cell
for the monoclinic pyroxenes and to one-eighth of the
unit cell for the orthorhombic pyroxenes. The basic prin-
ciple adopted for amphibole nomenclature (Leake and
Winchell, 1978) is to denote principal stoichiometries by
generally well-established names, with adjectival modi-
fiers to indicate the presence of substantial substitutions
that are not essential constituents of the end members;
this principle has been followed as far as possible in the
pyroxene nomenclature.

No new names have been introduced in the proposed
nomenclature. Accepted and widely used names have been
chemically defined by combining new and conventional
methods to agree as far as possible with the consensus of

present use. Two kinds of adjectival modifiers are used:
one to specify a part of the compositional range shown
by a mineral that forms a wide solid solution [¢.g., mag-
nesium-rich (or Mg-rich) augite and iron-rich (or Fe-rich)
augite]; the other to specify elemental substitutions that
are not essential constituents (e.g., titanian augite). The
CNMMN has formally discredited 105 previously used
pyroxene names—mostly synonyms, obsolete or almost
unused, or recommended for rejection.

General publications dealing with the pyroxene group
include Rock-Forming Minerals (Deer et al., 1978), Min-
eralogical Society of America Special Paper 2 (Papike,
1969) and MSA Reviews in Mineralogy, volume 7 (Prew-
itt, 1980), which provide references to the voluminous
literature.

CRYSTAL CHEMISTRY OF THE PYROXENES

Pyroxenes are silicates that, in their simplest form,
contain single SiO, chains of linked SiO, tetrahedra. Gen-
erally, small amounts of Si are replaced by Al and other
small cations. The repeat along the chain (¢ axis) com-
prises two tetrahedra and is approximately 0.52 nm in
length. The general chemical formula (formula unit) for
all pyroxenes! is M2M1T,0,, where M2 refers to cations

1 In ompbhacite-P2/n, the M1 and M2 sites are further divided
into M1a and M1b (for M1) and M2a and M2b (for M2).

0003-004X/88/0910-1123$02.00 1123
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Fig. 1. Flow chart for ideal site occupancy of cations between
the T, M1, and M2 sites of pyroxenes. Only representative cat-
ions are included. Arrows indicate order of filling of sites. Real
site occupancy is usually slightly different from the ideal site
occupancy.

in a generally distorted octahedral coordination, M1 to
cations in a regular octahedral coordination, and T to
tetrahedrally coordinated cations.

Any pyroxene belongs to either the orthorhombic or
the monoclinic crystal system. There are two orthorhom-
bic pyroxene types: orthopyroxene (Pbca) and orthopy-
roxene (Pbcn).2 Only the former has been found in nature.
Monoclinic pyroxenes are called clinopyroxenes. Their
space groups are C2/c, P2,/c, and P2/n, depending on
their chemical composition and petrogenetic history.

Throughout this report, the standard pyroxene formula
is used with superscripted arabic numerals (e.g., Fe**) re-
ferring to charges and subscripted numerals (e.g., Mg,)
referring to numbers of atoms.

In order to derive a pyroxene formula from a chemical
analysis, the calculation should be based on six oxygen
atoms when Fe?* and Fe** are both determined. In mi-
croprobe analyses, only total Fe is determined, and the
option of calculating to four cations should at least be
permitted if not actually preferred. Vieten and Hamm
(1978) have shown that calculation to four cations will
be more reliable for microprobe analyses of the majority
of pyroxenes. Therefore, for microprobe analyses, it is
recommended that the components be totaled to six oxy-

2 Orthopyroxene (Pbcn) is stable only at elevated temperatures
for a limited composition near MgSiO,.

gens and four cations by adjusting the ratios Fe?*/Fe3*,
Ti*+/Ti*+, etc.

The standard pyroxene formula M2M1T,O, contains
two tetrahedral sites. In the allocation of the cations to
obtain a pyroxene formula, the following procedure is
recommended:

1. Sum T to 2.000 using Si*+, then Al**, and then Fe3*.

2. Sum M1 to 1.000 using all AI** and Fe3* in excess
of that used to fill the T sites. If there is insufficient Al3*
and Fe** to sum to 1.000, then add Ti**, Cr3+, V3+, Ti3*,
Zr+, Sc**, Zn**, Mg*t, Fe**, and finally Mn?* until the
sum is 1.000.

3. Sum M2 using all Mg?*, Fe**, and Mn?* in excess of
that used to fill the M1 sites. Then add Li*, Ca?*, and
Na+ so that the sum becomes 1.000 or close to it. If the
sum is far from 1.000, one must be suspicious about the
results of the analysis.

A flow chart (Fig. 1) gives a diagrammatic representa-
tion of the site allocation of the principal cations in py-
roxenes. However, because the distribution of cations
among the M1, M2, and T sites in a given pyroxene is
partly a function of temperature, the accurate site occu-
pancy must be determined by structure determination.
The site occupancy given in Figure 1 is called ideal site
occupancy to distinguish it from real occupancy. A meth-
od for classifying pyroxenes by their ideal site occupan-
cies has been proposed by Bokij and Ginzburg (1985). In
the present classification of pyroxenes, the M1 and M2
sites are considered together as a single M site in order
to avoid the difference between the real and ideal site
occupancies.

Starting from the most common pyroxene formula,
M2(R**)M1(R**)T,(2R**)O,, four coupled substitutions
are possible if one assumes more than one R** in the T
site. They are listed in Table 1, where the elements in
parentheses are coupled substitutions.

Substitution 1 encompasses the end members jadeite
(NaAlSi,Og), aegirine® (NaFe3*Si,O¢), kosmochlor*
(NaCr**8i,0,, Ko), and jervisite (NaScSi,Oq, Je). Substi-
tution 2 results in components such as NaFe2$Ti2tSi,O,
but is less important than the other substitutions.

In substitution 3, the Al-Al couple is often referred to
as “Tschermak’s component™; CaAlAlSiO, in particular,
is called “calcium Tschermak’s component.” Substitu-
tion in esseneite,> CaFe’*AlSiQ, is obtained by this type
of substitution. This substitution is also important in

3 “Aegirine” is used in preference to “acmite” in this report.
“Aegirine” is in common usage in the literature and is consistent
with the almost universal use of “aegirine-augite” for minerals
of intermediate compositions, though “acmite™ has priority by
14 years (Dana, 1892). Common practice in experimental pe-
trology has been to use the abbreviation Ac for NaFe3**Si,Oq; Ae
should now be used instead.

4 The CNMMN, IMA, has recently voted in favor of the name
“kosmochlor” instead of “ureyite” for the pyroxene of general-
ized composition NaCrSi,O,.

> Esseneite is a new pyroxene with the composition Ca-
Fe*+AlSiO, (Table 2, no. 13).
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TaBLE 1. Four coupled substitutions* of pyroxenes in the stan-
dard chemical formula R2*R2*R4+ O,
Substitution site
M2 M1 T Examples
Standard occupancy R+ R+ 2R+
Substitution 1 (RY)  (R%) 2R* Na-Al
Na-Fe3+
Na-Cr3+
Na-Sc**
Substitution 2 (RY)  R3iREE) 2R+ Na-(Ti**/2)
Substitution 3 R2+ (R*) (R*R*  Al-Al
Fe**-Al
Cra+.Al
Substitution 4 R+ R3I(REE)  (R*HR*  (Ti*/2)-Al

* Shown by parentheses.

“fassaite.””s Substitution resulting in CaTi3*AlSiO, was
reported by Dowty and Clark (1973) and Mason (1974)
in pyroxenes from the Allende meteorite (Table 3, no. 4).
In substitution 4, the component CaMg, ;Tij;AlSiO; is
found in some pyroxenes. There are a few instances of
the component of substitution 2 or 4 amounting to nearly
50%, as described later (Table 3). However, no particular

¢ “Fassaite” has the general formula Ca(Mg,Fe**, Al)(Si,Al),0O,.
This name has been rejected as a formal name in this report.

names are given for the end-member components of sub-
stitutions 2 and 4.

MINERAL NAMES OF THE PYROXENES
Twenty (20) mineral names and their grouping

The pyroxenes form extensive solid solutions by var-
ious types of ionic substitutions, some of which are de-
scribed above. To cope with the problem of pyroxene
nomenclature, it is necessary to subdivide the solid-so-
lution series into ranges with specified compositions and
names. Whenever there is a complete solid-solution se-
ries between two end members, it is customary in mineral
nomenclature to use only two names, and the division
between them should be at A;,Bs, (the ““50% rule”). How-
ever, this “50% rule” cannot be applied rigorously to the
large groups of pyroxenes that show wide ranges of cou-
pled substitutions. This is particularly so when the min-
erals concerned are abundant and widespread and have
a historically established nomenclature in mineralogical
and petrological circles. Taking this situation into consid-
eration, 20 accepted and widely used names have been
adopted as mineral species names of the pyroxenes (Table
2).

The definition of the pyroxene species has been based
on 13 end members, or chemical components (given in

TaBLE 2. Accepted pyroxene mineral names and their chemical subdivisons

Mineral names Composition as end member Main composition as solid solution Space group
A. Mg-Fe pyroxenes

1. enstatite (En) Mg.Si,0 ;

2. ferrosilite (Fs) Fe2+Si,0, (Mg,Fe).Si.0 S

3. clinoenstatite f

4. clinoferrosilite (Mg.Fe),Si:0, P2c

5. pigeonite (Mg,Fe,Ca),Si,0, P2,/c
B. Mn-Mg pyroxenes

6. donpeacorite (Mn,Mg)MgSi.O¢ Pbca

7. kanoite (Ka) MnMgSi,O¢ (Mn,Mg)MgSi,O, P2,/c
C. Ca pyroxenes

8. diopside (Di) CaMgsSi,0, 1 .

9. hedenbergite (Hd) CaFe*'Si,0, f Ca(Mg,Fe)Si,0, s

10. augite (Ca,Mg,Fe),Si,04 C2/c

11. johannsenite (Jo) CaMnSi,0, C2/c

12. petedunnite (Pe)* CaZnSi,0q C2/e

13. esseneite (Es)** CaFe*AlSiO, C2/c
D. Ca-Na pyroxenes

14. omphacite (Ca,Na)(R?+,Al)Si,0¢ C2/e, P2/n

15. aegirine-augite (Ca,Na)XR?*,Fe*")Si,0, C2/c
E. Na pyroxenes

16. jadeite (Jd) NaAlSi.O, nai

17. aegirine (Ae) NaFe®5i,0, } Na(ALF&*)Siz0s i

18. kosmochlor (Ko) NaCr3+8i,0, C2/c

19. jervisite (Je)t NaSc**8i,0, C2/c
F. Li pyroxene

20. spodumene (Sp) LiAISi,Oq C2/c

Note: Name, abbreviation, and composition are given for any pyroxene that is used as an end member of a pyroxene solid solution; such end members
are printed in boldface type. Main compositions are given for solid solutions. Space groups are also given.

* Petedunnite has been determined by Essene and Peacor (1987) to have the composition (Cay s,Nag MmNy 02)(ZNo 27 MNg 1oFEZ 4sFE31:M0 14)(Si; 54l 06)O6
by means of an electron microprobe. This mineral was approved as a valid species by the CNMMN, IMA, in 1983.

** Esseneite has been determined by Cosca and Peacor (1987) to have the composition (Ca, 1Nag o XFedt2Mo 16Ak 04 Tio 0sFE352)(Si1 10Al081)O6.00 DY
means of an electron microprobe. This mineral was approved as a valid species by the CNMMN, IMA, in 1985.

T Jervisite has been determined by M. Mellini et al. (1982) to have the composition (N :,Caga1F€314 s 12)(SCoseF€31sMT0 19)Si:0 by means of an
electron microprobe. This mineral was approved as a valid species by the CNMMN, IMA, in 1982.
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bold face in Table 2) and the component Ca,Si,Os (Wo).”
These end members are given the names of the minerals
whose compositions they most closely approximate. The
20 pyroxene species are grouped into six chemical sub-
divisions on the basis of the cation occupancy of the M2
sites and crystal-chemical similarity. This classification is
a slight modification of the widely used scheme proposed
by Deer et al. (1978).

For the precise classification of the pyroxenes into 20
mineral species, however, the following characteristics of
the pyroxenes must be considered. First of all, the Mg-
Fe pyroxenes and some of the Ca pyroxenes are the most
common rock-forming pyroxenes and form wide solid
solutions that cover the pyroxene quadrilateral of the ter-
nary Ca,Si,0, (Wo)-Mg,S1,0, (En)-Fe,Si;O; (Fs) system.
Therefore, these pyroxenes are better treated together as
the Ca-Mg-Fe or “quadrilateral” pyroxenes. Second, Na
pyroxenes form continuous solid-solution series with the
Ca-Mg-Fe pyroxenes, forming the Na-Ca pyroxenes.
Third, donpeacorite and kanoite in the Mn-Mg pyrox-
enes, johannsenite, petedunnite, and esseneite in the Ca
pyroxenes, and spodumene are rare in occurrence and
unique in chemistry. For simplicity they are treated to-
gether as “other” pyroxenes.®

All the pyroxenes are thus divided into four chemical
groups for the purpose of broad classification: Ca-Mg-Fe
pyroxenes (Quad, 8), Ca-Na pyroxenes (Ca-Na, 2), Na
pyroxenes (Na, 4) and other pyroxenes (Others, 6). The
abbreviations of the groups and the numbers of the ac-
cepted species are given in parentheses. Quad represents
“quadrilateral” for the Ca-Mg-Fe pyroxenes. The four
chemical groups are further divided into 20 mineral
species by using 12 components (the Wo component is
used for the Di and Hd components). The composition
ranges for the accepted names will be given later in this
report.

The pyroxene names may be qualified by one or more
adjectival modifiers according to definite rules described
later in this report to specify important (though relatively
minor) departures from the composition ranges. When
the composition range of the mineral species is large, as
in augite, one or more adjectival modifiers are used to
specify the composition more clearly (e.g., subcalcic au-
gite, Fe-rich augite).

Application of 50% rule

The 50% rule has been applied to complete solid-so-
lution series between two end members as far as possible.
They are the Mg-Fe pyroxene series (enstatite-ferrosilite
and clinoenstatite-clinoferrosilite series), Ca pyroxene se-
ries (diopside-hedenbergite series) and Na pyroxene se-

7 Ca,Si, 0y exists as wollastonite in nature, which belongs not
to the pyroxenes but to the pyroxenoids. To represent the com-
positions of the Ca-Mg-Fe pyroxenes, the ternary Ca,Si,O; (Wo)~
Mg,Si,04 (En)-Fe,Si,04 (Fs) system has been used, e.g.,
En,oFs33Wo,,.

¢ Definition of the “Other pyroxenes” is different from that
given by Cameron and Papike (1981).

MORIMOTO: NOMENCLATURE OF PYROXENES

ries (jadeite-aegirine series). Subdivision names of the in-
termediate solid-solution ranges, such as bronzite,
hypersthene, and eulite of the enstatite-ferrosilite series
and salite and ferrosalite of the diopside-hedenbergite se-
ries, have been discarded. However, the 50% rule was
not applied rigorously to the Ca-Mg-Fe pyroxenes and
Na-Ca pyroxenes. The widely accepted terms such as au-
gite, pigeonite, omphacite, and aegirine-augite® have been
retained.

Gem names of spodumene

Two names, “hiddenite’” and “kunzite,” are often used
for (pale) emerald-green— and lilac-colored spodumene of
gem quality, respectively. They are not accepted as for-
mal pyroxene names, but can be used as varietal gem
names.

Relationships with the pyroxenoids

Pyroxenoids are closely related to pyroxenes in that
they have a similar type of chemical composition and a
structure that also consists of SiO; single chains. How-
ever, the repeat of the chains, which is two SiO, tetra-
hedra in the pyroxenes, is three or more SiO, tetrahedra
in the pyroxenoids. Although the tetrahedral sites in both
the pyroxenes and the pyroxenoids are mostly occupied
by Si ions, the large cations in the pyroxenoids are mostly
Ca, Mn, and Fe?* ions. The classification and nomencla-
ture of the pyroxenoids are beyond the scope of this re-
port. However, the following two points may be noted.
First, there is a polymorphic relationship with some py-
roxenes such as ferrosilite, hedenbergite, and johannsen-
ite. These show pyroxenoid structures at high tempera-
tures or pressures. Second, the wollastonite chemical
component (Ca,Si,0y) is used to express the composition
of the Ca-Mg-Fe pyroxenes, though wollastonite belongs
to the pyroxenoid structural group.

CLASSIFICATION AND NOMENCLATURE OF THE
PYROXENES

Preliminary classifications: Construction of the Q-J
diagram and application of pyroxene data

Before classifying the pyroxenes into the 20 mineral
species listed in Table 2, the following procedure is rec-
ommended to divide them into four chemical groups: Ca-
Mg-Fe pyroxenes (Quad), Na-Ca pyroxenes (Na-Ca), Na
pyroxenes (Na), and other pyroxenes (Others) (Morimoto
and Kitamura, 1983).

In this procedure the pyroxenes are classified by using
the total numbers of specified cations at the M (M1 and
M2) sites on the basis of six oxygens. The M1 and M2
sites are considered together as M sites, without consid-
ering the site preference of atoms between the two sites.

The numbers of Ca, Mg, Fe?*, and Na cations in the
M sites are plotted in the Q-J diagram (Fig. 2) as Q = Ca
+ Mg + Fe?* and J = 2Na. The lines representing the

° The name ‘“‘aegirine-augite” appears to be in more common
usage than “aegirineaugite,” and “acmite-augite.”
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Fig. 2. (Q-J diagram for the pyroxenes, on which the posi-
tions of the 13 accepted end members have been indicated. Ab-
breviations and compositions of the end members are listed in
Table 2.

following equations are used to subdivide the Q-J dia-
gram:

Q+J=20 (1)
Q+J=15 0]
JNQ +J)=02 3)
JAQ + J)=0.8. (@)

The areas corresponding to the Ca-Mg-Fe pyroxenes, Ca-
Na pyroxenes, Na pyroxenes, and other pyroxenes are
labeled (Fig. 2) Quad, Ca-Na, Na, and Others, respec-
tively.

In this diagram, J is meant to include the total number
of Na and R3*, usually Al, Fe**, Cr**, and Sc?*, that cou-
ple with Na in substitution 1 mentioned in Table 1. When
the coupled substitution in the pyroxene is not of type 1
but of type 2 or 3, the J value apparently does not rep-
resent the real numbers of Na and R** at the M sites.
However, substitution 3 (e.g., Al-Al) works to move the
J and @ values closer to the origin of the Q-J diagram,
and substitution 2 (e.g., Na-Ti**) to move the J value
farther away from the Q axis of ordinates. Therefore, the
effects of substitutions 2 and 3 tend to cancel each other
out in and near the area of the Na pyroxenes. Thus the J
(= 2Na) values in the Na-rich pyroxenes represent, to a
good approximation, the total number of Na and R3* (Al,
Fe+, Cr3+, and Sc?*) at the M sites.

The boundary Q + J = 2.0 represents the upper limit
of Q + J at the M sites. The boundary @ + J = 1.5
represents the limit below which more than half of the
M1 or M2 sites may be occupied by ions other than Q
and J ions. In this case, the pyroxenes are considered as
belonging to Others, which include the Mn-Mg and Li
pyroxenes, johannsenite, pétedunnite, and esseneite.
Equations 3 and 4 represent the lines dividing the area
limited by the two above-mentioned Q + J lines into Ca

1127
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Fig. 3. The 103 pyroxenes from Deer et al. (1978) selected

by Cameron and Papike (1981) plotted on the Q-J diagram. For

these pyroxenes, the Q values are less than 1.90, and Mn is less
than 0.08 atoms per formula unit.

+ Mg + Fe (Quad), Ca-Na, and Na pyroxenes. The
boundaries defined by J/(Q + J) = 0.2 and 0.8 are used
by Deer et al. (1978) and Cameron and Papike (1981).

Because the Mn-Mg pyroxenes and johannsenite (Ta-
ble 2) have Mn ions occupying more than half of the M2
and M1 sites, respectively, they have Q values between
1.0 and 1.5 in the Q-J diagram. Similarly, petedunnite
and esseneite plot along the Q axis with Q values between
1.0 and 1.5. Spodumene plots at the origin of the Q-J
diagram because both Q and J are zero. Thus, the thirteen
end members (Table 2) and Wo are located in the Q-J
diagram (Fig. 2).

Application of this classification procedure to 406 py-
roxene analyses presented in Deer et al. (1978) has shown
that most of the analyses, except those of johannsenite
and spodumene, are included in the area between the
lines Q + J= 2.0 and @ + J = 1.5. The 103 Deer et al.
(1978) pyroxenes selected by Cameron and Papike (1981),
for which the Q values are less than 1.90 and Mn is less
than 0.08 atoms per formula units, are plotted in the Q-J
diagram of Figure 3. The “CaMgTAL” pyroxene (Cam-
eron and Papike, 1981) is included in the Quad area as
described later in this report (Table 3, no. 1). Only 20
analyses among 406 plot slightly over the line Q + J =
2.0, and most of these show unusual total numbers of
cations. The results of the classification of the pyroxenes
into the four chemical groups by this procedure are in
almost complete agreement with the results obtained by
Deer et al. (1978) and by Cameron and Papike (1981). A
few unusual pyroxenes with Mn less than 0.08 atoms for
the chemical formula unit have been found to lie outside
the area between the lines Q + J=20and Q + J= 1.5
in the Q-J diagram. The classification of these unusual
pyroxenes will be discussed later in this report.

The pyroxenes that plot in the area between Q + J =
2.0 and Q + J = 1.5 have components than Q and J ions
at less than 25% of the M sites. Therefore, we can classify
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TaBLE 3. Chemical composition and classification of eight unusual pyroxenes
A. Ca-rich group related to S3 and S4 B. Na-rich group related to S2
1: 320-8 7: 49219
(406-16) 2: 4038-3 3:Dand 8* 4:Tand R** 5: 488-9 6: 491-14 C and Gf 8: C and Gi
Si 1.443 1.506 1.434 1.196 1.994 2.024 2.026 2,009
2.00 2.00 2.00 2.00 2.00 2.02 2.03 2.01
Al 0.577 0.494 0.566 0.804 0.032 0.000 0.000 0.000
Al 0.091 0.171 0.306 0.186 0.000 0.021 0.098 0.348
i 0.165 0.0865 0.022 0.111 0.265 0.023 0.227 0.104
Tie+ 0.394
Fe3+ 0.128 0.159 0.218 0.458 0.728 0.192 0.031
Mg 0.385 0.570 0.408 0.289 0.150 0.070 0.070 0.168
Fe2* 0.229 2.00 0.063 2.02 0.060 2.00 2.00 0.107 2.00 0.113 2.00 0.420 1.98 0.356 2.00
Mn 0.005 0.007 0.005 0.003 0.006 0.021 0.011
Ca 0.992 0.975 0.979 1.021 0.083 0.155 0.152 0.361
Na 0.006 0.007 0.002 0.933 0.872 0.794 0.610
K 0.000 0.001 — e 0.009 — 0.006
Q 1.61 1.61 1.45 1.31 0.34 0.34 0.64 0.89
J 0.01 0.01 0.00 0.00 1.87 1.74 1.59 1.22
Mineral subsilicic titanian  subsilicic subsilicic subsilicic ti- titanian calcian fer-  titanian aegirine- titanian fer-
names ferrian diop- aluminian aluminian tanoan magnesian roan ae- augite roan om-
side ferrian ferrian aluminian ferroan ae- girine phacite
diopside diopside pyroxene girine
Names in titanaugite (320-  fassaite fassaite titanaugite titanian aegir-  aegirine- titanian aegirine-  titanian ferro-
literature 8) ine augite augite (492- omphacite
titanium fassaite 19)
(406-16) titanian aegirine
CaMgTAL (C (C and G)f
and P)t

Note: Numbers such as 320-8, etc. represent pages and analysis number in Deer et al. (1978). Other references are in text. With the exception of
320-8 (= 406-16), all the Deer et al. (1978) analyses in this table were not included in the 103 selected analyses of Cameron and Papike (1981). All
pyroxenes in the table are shown with their numbers in the Q-J diagram (Fig. 7). S2, S3, and S4 represent the following components of substitutions
2,3, and 4, respectively: S2 = NaR3: Ti¢£Si,0,, S3 = CaR**AlISiO,, and S4 = CaR3:Ti¢;AlSiO,. To indicate R ions explicitly in these components, the
notation S(R), such as S2(Mg) and S3(Al), is used. S3(Fe) is a new pyroxene, esseneite (Es). Component ratios for the eight samples are as follows:
(1) (W02En,5Fs,0)iS4(MQ),sS4(Fe),eEs 3 S3(Al)s, (2) (W0p6EN,5FS,)5sS3(Al),,ES1484(MQ)12S4(Fe),, (3) (WO02EN,oFS,)sS3(Al)s, ES2 S4(Mg),,
(4) S3(Ti)ssS4(MQ)2o(WO,(FSe)26S3(Al)rg, (5) AC4eS2(MY)asS2(F)s0ls, (6) (A€sddaWORFSGEN;):,S2,8,, (7) (A4sddyoFS,,WOLEN,)s, S2(FE).S2(M)sLe,
(8) (JdssAe;W0,4Fs 5EN,)76S2(Fe)iS2(Mg)sr,. The symbol A represents minor components, some of which have unusual metal ratios for the pyroxene

structure.
* Devine and Sigurdsson (1980), Table 1 for fassaite.

** Tracy and Robinson (1977), Table 3, analysis | for pyroxene from the Allende meteorite (Mason, 1974).

 Cameron and Papike (1981), Table A3, analysis 320-8 and 406-16.

¥ Curtis and Gittins (1979), Table 2, analysis 5 for no. 7 and Table 5, analysis 5 for no. 8.

such pyroxenes on the basis of the normalized Q and J
components, thereby neglecting the effects of the other
components. The following procedures are adopted for
further classification: (1) The pyroxenes in the Quad area
are classified on the pyroxene quadrilateral Wo-En-Fs
diagram with normalized Ca, Mg, and ZFe (= Fe?* + Fe**
+ Mn) atoms. (2) The pyroxenes in the Na area are jad-
eite, aegirine, kosmochlor, and jervisite. Because kos-
mochlor and jervisite show little or no solid solution to-
ward other end members, they play no role in the
classification. Jadeite and aegirine are classified on the
Quad-Jd-Ae diagram together with the Ca-Na pyroxenes,
aegirine-augite and omphacite.

Classification of the Ca-Mg-Fe “quadrilateral” pyroxenes

The common rock-forming pyroxenes form wide ranges
of solid solutions of the Ca-Mg-Fe pyroxenes and can be
expressed by the pyroxene quadrilateral of the Mg,Si,O,
(En)-Fe3'Si,O4 (Fs)}-CaMgSi,O; (Di)}-CaFe?*Si,O, (Hd)
system. The Ca-Mg-Fe pyroxenes include varieties that
have orthorhombic symmetry. These orthopyroxenes
consist essentially of a simple chemical series
(Mg,Fe),S1,05 and thus contrast with the Ca-Mg-Fe cli-

nopyroxenes, which have wide ranges of chemical com-
position. Therefore, the Ca-Mg-Fe pyroxenes are defined
on the basis of symmetry and relative amounts of Ca,Si,O,
(Wo), Mg,S1,04 (En), and Fe3+Si,O (Fs). The composi-
tion ranges of the clinopyroxenes and orthopyroxenes are
indicated in Figures 4 and 3, respectively, where the com-
position is normalized to Ca + Mg + ZFe = 100 with
ZFe = Fe?* + Fe** + Mn?*.10

' For the nomenclature of the Ca-Mg-Fe pyroxenes, normal-
ization must be made to Ca + Mg + ZFe = 100, where ZFe =
Fe** + Fe’* + Mn. Hereafter the mole percent of the end mem-
ber components is always used without remark and is repre-
sented simply by %. If the mole percents of quadrilateral com-
ponents are calculated by the atomic percent of Ca to the total
cations at the M sites, no pyroxenes should contain more than
50% Ca,Si,0,. However, if Ca, Mg, and Fe are normalized, or
calculated as 100Ca/(Ca + Mg + ZFe), 100 Mg/(Ca + Mg +
ZFe), and 100 ZFe/(Ca + Mg + ZFe), respectively, then some
augites will plot on a Wo-En-Fs triangular diagram above the
50% Ca,Si,0; line. Especially when the plot in the Q-J diagram
is very close to or outside of the boundary Q + J = 1.5, the
effect of johannsenite and petedunnite components must be con-
sidered. If the effect is negligible, the pyroxene must be consid-
ered to have an unusual composition and must be referred to
the section of unusual pyroxenes.
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Ca,Si,04 (Wo)

Y diopsiae | nedenbergite \_. N
45/ 2 Lhedenbergite N o \
augite C2/c¢
20/ 20 —\\
pigeonite \\ P27/C
5 5
/ clinoenstatite | clinoferrosilite \ \_

Mg,Si,04(En)

50
Fe,Si,04(Fs)

Fig. 4. Composition ranges of the Ca-Mg-Fe clinopyroxenes with accepted names.

The distinction between augite and pigeonite in the Ca-
Mg-Fe pyroxenes is primarily structural, their space groups
being C2/c and P2,/c, respectively. There is a miscibility
gap between augite and pigeonite, and many pyroxenes
with 15-25% Wo have proved to be mixtures of the two.
Augite with less than about 25% Wo is often called sub-
calcic augite. On heating, pigeonite undergoes a rapid dis-
placive transformation to a C2/c structure, which cannot
be quenched. Augite does not show this type of transfor-
mation.

The most Ca-rich orthopyroxene contains approxi-
mately 5% Wo. The high-temperature form of enstatite
has the space group Pbcn and can be expressed as “en-
statite-Pbcn.” This form is not quenchable and has not
been found in nature. “Protoenstatite” has been used
conventionally to describe this form, but this name is not
adopted as a mineral name. The Wo value of “enstatite-
Pbcr” does not exceed 2%, and the En value commonly
exceeds 90%. Thus the composition field of “enstatite-
Pbcn” is different from that of enstatite-Pbca.

Classification of the Na and Ca-Na pyroxenes

The Na pyroxenes, jadeite and aegirine, commonly
contain more than 90% of the NaAlSi,O, or NaFe3*Si,O,
component, respectively, but contain neither the Ko nor
the Je component. Because kosmochlor is a rare acces-
sory constituent of some iron meteorites and only one
terrestrial locality is known for each of kosmoch]or and

Ca;5i;0:(Wo)

/ !

i enstallte |

N
Mg, Si;06(En)

\\‘
Fe,Si,06(Fs)

ferrosilite

Fig. 5. Composition ranges of orthopyroxenes with accepted
names.

jervisite, these two species are separately treated in the
classification of the Na pyroxenes. Both jadeite and ae-
girine, however, show extensive solid solution with the
Ca-Mg-Fe pyroxenes, especially with the diopside-hed-
enbergite series and augite, leading to the Ca-Na pyrox-
enes. The Na and Ca-Na pyroxenes are classified on the
Quad-Jd-Ae diagram (Fig. 6) with normalized Q (Wo +
En + Fs), Jd, and Ae components.!! The arbitrary divi-

1 To normalize Q, Jd, and Ae components, the sum of Ca +
Mg + Fe?* + 2Na at the M sites must be made to total 100%.
Then the normalized percentage of 2Na must be divided into
the ratio of Al/Fe’* to give the ratio of Jd/Ae. Thus @ + Jd +
Ae must always give 100%. When the plot in the Q-J diagram
is significantly outside the boundary Q + J = 2.0, the effect of
substitution 2 must be considered, as in the section of unusual
pyroxenes.

Q(Wo,En,Fs)

ﬁ

omphacite qegirine - augite
0 20
/ jadeite aegirine \\
NaAlSi, 0g (Jd) b NaFe®*Si, 0 (Ae)

Fig. 6. Ca-Mg-Fe and Na pyroxenes with accepted names.
Quad represents the Ca-Mg-Fe pyroxene area (see Fig. 4).
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1

T o
1.0 20

Fig. 7. (-J diagram for eight unusual pyroxenes with Q value
less than 1.62 and Mn less than 0.08 atoms per formula unit
(Table 3). The components formed by the substitutions 1 to 4,
as indicated in Table 1, are plotted in the diagram. They repre-
sent the following compositions: S1 = NaR3**S8i,0, S2 =
NaR3$TigtS8i,06, S3 = CaR3>*AlSiO;, and S4 = CaR3:TidtAl-
SiOs.

sions between the Ca-Mg-Fe pyroxenes, Na-Ca pyrox-
enes, and Na pyroxenes are defined at 20% and 80% of
Q. Omphacite displays a C2/c = P2/n polymorphic tran-
sition, and both high-temperature C2/c and low-temper-
ature P2/n polymorphs appear in nature. Omphacite can
thus be divided into two subspecies: omphacite-C2/c and
omphacite-P2/n. Because omphacite-P2/n shows a unique
crystal structure different from that of jadeite and augite,
it is accepted as an independent pyroxene species. Aegir-
ine-augite is also accepted as an independent species to
keep balance with omphacite, though it is not known to

TasLE 4. Extreme chemical compositions of pyroxenes in Deer

et al. (1978)
Mg-Fe
pyroxenes Ca pyroxenes Na pyroxenes
Si 1.76 (42-9) 1.44 (320-8)* 1.94 (488-9)
AR+ 0.24 (42-9) 0.56 (320-8) 0.07 (488-8)
Fe’+ 0.04 (49-8) 0.09 (320-11) 0.02 (488-9)
AR+ 0.15 (49-6) 0.35 (320-11) 0.98 (464-1)
Ti*+ 0.04 (40-30) 0.17 (320-8)® 0.27 (488-9)°
Fe3* 0.12 (170-8) 0.37 (321-5) 0.97 (487-1)
Mg? 1.99 (41-1) 1.27 (208-4) 0.15 (488-9)
Fe?* 1.72 (47-33)¢ 1.09 (220-13) 0.11 (488-9)
Mn2* 0.27 (45-21)F 0.36 (217-5)° 0.03 (487-4)
Crz+ 0.02 (36-9) 0.06 (207-11) —H
Niz+ — 0.003 (317-1) =
Zn?* — 021 (216-11y —_
Ca** 0.26 (169-2) 1.03 (202-4) 0.16 (466-14)
Na* 0.10 (169-2) 0.31 (323-7) 0.98 (464-1)

Note: Given are the number of cations per formula unit, minimum values
for Si, and maximum values for other cations. Bold numbers are for the
main constituent elements. Numbers in the parentheses such as 42-9, etc.,
indicate pages and analysis numbers in Deer et al. (1978). Other references
are in text.

ATable 3, no. 1; Table 3, no. 4: Pyroxene from the Allende meteorite
1.20 (Mason, 1974; Tracy and Robinson, 1977).

8 Probe analyses 0.252 and 0.282, half of CaR3;Tist AISiO, (S4) (Tracy
and Robinson, 1977; Robinson, 1980).

¢ Table 3, no. 5. Half of NaR3:Tig% Si, O, (S2).

2 406-15 0.67, omitted because of possible errors in chemical analysis.

€ Probe analysis 1.880 (Jaffe et al., 1978).

£ Probe analysis 0.301 (Robinson, 1980), kanoite 1.04 (Kobayashi, 1977).

¢ Johannsenite 0.963 (417-2).

# Kosmochlor 0.90 (522-1).

 Petedunnite 0.37 (Table 2, footnote with asterisk).

MORIMOTO: NOMENCLATURE OF PYROXENES

TaBLE 5. List of adjectival modifiers to be used for pyroxene
mineral names

Catlon Content* Name
AR+ >0.10 aluminian
Ca** >0.10 calcian
Cre+ >0.01 chromian
Fe?+ >0.10 ferroan
Fes* >0.10 ferrian
Li* >0.01 lithian
Mg* >0.10 magnesian
Mn2+ >0.10 manganoan
:\\llln* > g% ma:jr}ganian

at >0. sodian
Niz+ >0.01 nickeloan
Sit+ <1.75 subsilicic

Tie+ >0.01 titanoan
T+ >0.10 titanian
Zn?* >0.01 zincian

Note: The limit of the content is based on the values listed in Table 4.

* Number of cations per formula unit M2M1T,0,. If the mineral name
itself implies the presence of certain cations, adjectival modifiers for these
cations should not be used (*‘subsilicic” is an exception).

occur with the P2/n structure. The classification of the
Ca-Na pyroxenes by Essene and Fyfe (1967) is not fol-
lowed in this report.

Classification of other pyroxenes

Most naturally occurring pyroxenes in the Others area
are johannsenite (CaMnSi,0q), petedunnite (CaZnSi,Oy),
and spodumene (LiAlSi,Oq) (Fig. 2). Recent investiga-
tions of natural Mn-bearing pyroxenes have yielded two
new minerals, kanoite and its dimorph donpeacorite,
(Mn,Mg)MgSi,0,, which seem to form a solid solution
with En (Peterson et al., 1984). They too occur in the
Others area. These results suggest a possible Mn-Mg-Fe
pyroxene quadrilateral. Esseneite (CaFe**AlSiOy) is the
first pyroxene with the substitution 3 as described in Ta-
ble 1.

Classification of unusual pyroxenes

Several pyroxenes with unusual chemical compositions
(Table 3) appear outside the area between the lines Q +
J=2.0and Q + J = 1.5 in the Q-J diagram, though they
do not belong in the area of Other pyroxenes mentioned
above (Fig. 7). They contain large amounts of chemical
components involved in substitutions 2, 3, and 4 men-
tioned in Table 1.

These pyroxenes can be divided into two groups: first,
Ca-rich pyroxenes with CaR3*AlSiO; (S3, Fig. 7) and
CaR2:Ti4tAlSiO4 (S4, Fig. 7) components representing
substitutions 3 and 4, respectively, and second, Na-rich
pyroxenes with the NaRZ$Ti¢$Si,Os component repre-
senting substitution 2 (S2, Fig. 7). The former shows a
significant deficiency of Si atoms such as Si < 1.60 in the
standard formula resulting in the Q value close to or less
than 1.5 (S4, Fig. 7). The latter appears outside the line
Q + J = 2.0 approaching point S2 in Figure 7. All these
unusual pyroxenes are classified by using the accepted
pyroxene names and the adjectival modifiers mentioned
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TABLE 6— Continued

acmite = aegirine

aegirite (aegyrite) = aegirine

aegerine-hedenbergite = augite

agalite = probably enstatite partly altered to talc

aglaite = altered spodumene

alalite = diopside

alkali augite = aegirine-augite

amblystegite = enstatite

anthochroite = augite

asteroite = iron-rich (or Fe-rich) augite

baikalite = diopside

bastite = enstatite that has altered to serpentine, talc, or perhaps antho-
phyliite

blanfordite = manganoan aegirine-augite

bronzite = enstatite

calc-clinobronzite = pigeonite

calc-clinoenstatite = pigeonite

calc-clinohypersthene = pigeonite

calc-pigeonite = subcalcic augite

canaanite = diopside

chladnite = enstatite

chloromelanite = omphacite or aegirine-augite

chrome-acmite = chromian aegirine

chromejadeite = chromian jadeite

clinohypersthene = clinoenstatite or clinoferrosilite

coccolite (kokkolith) = iron-rich (or Fe-rich) augite

cymatolite = altered spodumene

diaclasite = altered enstatite

diallage = diopside that has altered or that has good (100) parting; also
used for alteration products of other pyroxenes

diopsidjadeite = omphacite

endiopside = magnesium-rich (or Mg-rich) augite

enstatite-diopside = magnesium-rich (or Mg-rich) augite

eulite = ferrosilite

eulysite = ferrosilite

fassaite = ferrian aluminian diopside or augite

fedorovite = diopside

ferroaugite = augite

ferrohedenbergite = augite

ferrohypersthene = ferrosilite

ferro-johannsenite = iron-rich (or Fe-rich) johannsenite

ferropigeonite = iron-rich (or Fe-rich) pigeonite

ferrosalite = hedenbergite

ficinite = enstatite

funkite = hedenbergite

germarite = altered enstatite

hiddenite = spodumene

hudsonite = hedenbergite

hypersthene = enstatite or ferrosilite

jadeite-aegirine (jadeite-aegirite) = jadeite or aegirine

jeffersonite = zincian manganoan diopside or augite

killinite = altered spodumene

korea-augite = augite

kunzite = spodumene

lavroffite = diopside

lavrovite = diopside

lawrowite = diopside

leucaugite = diopside

lime-bronzite = probably pigeonite or enstatite plus augite (“‘inverted”
pigeonite)

loganite = diopside + actinolite + talc

lotalite = hedenbergite

malacolite = diopside with good (001) parting, also diopside from Sala,
Sweden

mansjoite = augite or diopside or hedenbergite

mayaite = omphacite

mellcrite = orthopyroxene

mondradite = probably an altered pyroxene

mussite = dipside

orthobronzite = enstatite

orthoenstatite = enstatite

orthoeulite = ferrosilite

orthoferrosilite = ferrosilite

orthohypersthene = enstatite or ferrosilite

paulite = enstatite

peckhamite = enstatite

phastine = altered enstatite

picrophyll = altered pyroxene?

pigeonite-augite = probably subcalcic augite

pitkarantite = pyroxene?

potash-aegirine = synthetic product, probably not properly characterized

protheite = augite

protobastite = enstatite

pyrallolite = altered pyroxene?, taic?

pyrgom = pyroxene

sahlite = diopside

salite = diopside

schefferite = manganoan diopside

schillerspar (schillerspat) = enstatite that is altered to serpentine, talc, or
anthophyllite

shepardite = enstatite

soda-spodumene = sodian spodumene

strakonitzite = altered pyroxene, steatite?

szaboite = partly altered enstatite

titanaugite = titanian augite

titandiopside = titanian diopside

titanpigeonite = titanian pigeonite

trachyaugite = augite

traversellite = diopside

triphane = spodumene

tuxtlite = omphacite

uralite = pseudomorph of amphibole after pyroxenes

urbanite = iron-rich (or Fe-rich) augite or aegirine-augite

ureyite = kosmochlor

vanadinaugite = vanadium-bearing (or V-bearing) augite

vanadinbronzite = vanadium-bearing (or V-bearing) enstatite

vargasite = altered pyroxene?

victorite = enstatite

violaite = augite

violan = magnesium-rich (or Mg-rich) augite or dipside

Note: The above pyroxene mineral names, or names that refer to altered
pyroxenes, have been formally discarded by the CNMMN. The correct
names are italicized. The original form of this table was compiled by Mal-
colm Ross using the following references: Dana (1892); Tschermak (1897);
Chester (1886); Ford (1932); Winchell and Winchell (1951); Deer et al.
(1963, 1978); Strunz (1970); and the unpublished Thesaurus of Mineral-
ogical Terms of the International Mineralogical Association, which has been
available since August 1974.

below, except the Allende pyroxene (Table 3, no. 4), which
is called subsilicic titanoan aluminian pyroxene.

The Allende pyroxene (no. 4) contains 39% of the S3(Ti)
(for notation, see note in Table 3) component
CaR**AlSiOq, where R3* = Ti, and can be considered as
a new mineral. However, we have decided only to use
the accepted names in this report and if a species has not
yet been approved, we use “pyroxene” as for no. 4 in
Table 3. The names used in literature for the unusual
pyroxenes are listed in Table 3 in comparison with those
in this report. The “CaMgTAL” pyroxene (no. 1) is
“diopside™ in this classification.

ADJECTIVAL MODIFIERS

Adjectival modifiers for mineral names are used to in-
dicate unusual amounts of chemical constituents. In or-
der to define the unusual amounts for the pyroxene min-
eral group quantitatively, extreme compositions of
pyroxenes have been listed in Table 4, where the values
for the main cations are shown as well as those for the
accessory cations. Deer et al. (1978) and Robinson’s (1980)
table were mainly used in constructing Table 4.

An element specified as a modifier should be present
as a general rule in a quantity larger than 0.1 atoms (or
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0.01 for less abundant elements) in the standard chemical
formula of 6 oxygens or 4 metal atoms (Table 5) depend-
ing on the maximum content in Table 4.

The suffixes are those proposed by Schaller (1930) and
adapted by CNMMN (Nickel and Mandarino, 1987). The
suffix “-ian” is used for the higher valence state (e.g.,
ferrian) or for an element with a nonvariable state (e.g.,
lithian). The suffix “-oan’” implies the lower valence state
(e.g., ferroan). It is recommended that such modifiers
never be used for main cations normally contained in the
named mineral, for example, in terms like “calcian au-
gite,” “aluminian omphacite,” and “sodian aegirine-au-
gite,” in which the modifiers are obviously superfluous.

If there is less than the amount necessary for the as-
signment of the modifiers such as “aluminian” in Table
5, or <0.1 Al, but if the increased content of the element
must be stressed, a modifier “Al-bearing” may be used.
This second type of modifier should be used also (1) if
only an incomplete analysis is available, preventing the
calculation of a full chemical formula, or (2) for pyrox-
enes where the valence state of a cation is unknown. With
regard to the Si content in pyroxenes, it is suggested that
Si < 1.75 is a suitable limit for use of the term “subsili-
cic,” though one should bear in mind that the limit of Si
< 5.75 for “subsilicic” in amphiboles corresponds to Si
< 1.5 for pyroxenes.

In certain cases, particularly for the augite series, it is
convenient to use the following adjectival modifiers: Fe-
rich, Mg-rich, and subcalcic. A prefix actually attached
or hyphenated to a mineral name, however, is incorrect
and should be avoided (Nickel and Mandarino, 1987),
because it would cause the mineral to be indexed alpha-
betically under the prefix rather than under the proper
mineral name. This is why such terms as “ferropigeon-
ite,” “ferro-augite,” etc., should not be used as mineral
names.

It is often useful to give the space group of the mineral,
particularly when it can occur in two or more forms. For
example, we could distinguish between the two forms of
omphacite by adding the space-group symbol., i.e., om-
phacite-C2/c vs. omphacite-P2/n, or by adding the lat-
tice-type symbol, i.e., omphacite-C vs. omphacite-P (Bai-
ley, 1977).

OBSOLETE PYROXENE NAMES

The names of 105 pyroxenes or altered pyroxenes listed
in Table 6 have formally been discarded by the CNMMN
and are therefore obsolete. The preferred name is itali-
cized in the same table.
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ABSTRACT

Anew classification and nomenclature scheme for the amphibole-supergroup minerals is described,
based on the general formula AB,CsT;0,W,, where A = O, Na, K, Ca, Pb, Li; B = Na, Ca, Mn*,
Fe?*, Mg, Li; C = Mg, Fe*', Mn?*, Al, Fe*', Mn**, Ti*', Li; T = Si, Al, Ti*, Be; W = (OH), F, CI, O*.
Distinct arrangements of formal charges at the sites (or groups of sites) in the amphibole structure
warrant distinct root names, and are, by implication, distinct species; for a specific root name, differ-
ent homovalent cations (e.g., Mg vs. Fe*") or anions (e.g., OH vs. F) are indicated by prefixes (e.g.,
ferro-, fluoro-). The classification is based on the A, B, and C groups of cations and the W group of
anions, as these groups show the maximum compositional variability in the amphibole structure. The
amphibole supergroup is divided into two groups according to the dominant W species: "(OH,F Cl)-
dominant amphiboles and " O-dominant amphiboles (oxo-amphiboles). Amphiboles with (OH, F, Cl)
dominant at W are divided into eight subgroups according to the dominant charge-arrangements and
type of B-group cations: magnesium-iron-manganese amphiboles, calcium amphiboles, sodium-calcium
amphiboles, sodium amphiboles, lithium amphiboles, sodium-(magnesium-iron-manganese) amphi-
boles, lithium-(magnesium-iron-manganese) amphiboles and lithium-calcium amphiboles. Within
each of these subgroups, the A- and C-group cations are used to assign specific names to specific
compositional ranges and root compositions. Root names are assigned to distinct arrangements of
formal charges at the sites, and prefixes are assigned to describe homovalent variation in the dominant
ion of the root composition. For amphiboles with O dominant at W, distinct root-compositions are
currently known for four (calcium and sodium) amphiboles, and homovalent variation in the dominant
cation is handled as for the V(OH,F,Cl)-dominant amphiboles. With this classification, we attempt to
recognize the concerns of each constituent community interested in amphiboles and incorporate these
into this classification scheme. Where such concerns conflict, we have attempted to act in accord with
the more important concerns of each community.

Keywords: Amphibole, nomenclature, classification, chemical composition, crystal chemistry

INTRODUCTION

Leake (1968) presented a classification for calcic amphiboles,
and this was expanded into the International Mineralogical
Association (IMA) classification of Leake (1978), henceforth
referred to as IMA1978. An IMA Subcommittee on Amphibole
Classification was formed, and Leake et al. (1997), henceforth
referred to as IMA1997, presented the current classification,
as modified by Leake et al. (2003), henceforth referred to as
IMA2003, to incorporate new discoveries in amphibole com-
positions in the intervening years. However, these schemes of

* E-mail: frank hawthorne@umanitoba.ca; oberti@crystal.
unipv.it
+ Co-Chairs IMA Subcommittee on Amphibole Classification.

classification do not adequately address subsequent discover-
ies of new compositional types of amphibole (e.g., Oberti et
al. 2000, 2003, 2004, 2006; Caballero et al. 2002). Moreover,
increasing appreciation of the crystal-chemical and petrological
importance of compositional variables not incorporated into the
previous schemes [e.g., Fe’*, Fe?', Li, and YO contents] forced
reconsideration of the basis of amphibole classification. To focus
on the classification and nomenclature, any extensive discussion
of specific points is given in a series of Appendices.

GENERAL STATEMENT

Any classification scheme, particularly one involving a
supergroup of minerals as complicated as the amphiboles, is of
necessity a compromise: simplicity commonly conflicts with

0003-004X/12/1112-2031$05.00/DOI: http://dx.doi.org/10.2138/am.2012.4276 2031



110

IMA-compendium, Melbourne, 2018

2032

convenience of use. Moreover, crystallographers, mineralogists,
and petrologists will generally have different expectations of a
classification. Crystallographers will want a classification that
encompasses all aspects of the crystal chemistry of the amphi-
boles in as concise a way as possible, whereas petrologists will
be more concerned with utility and convenience of use from a
petrological perspective. We have attempted to recognize the
concerns of each constituent community interested in amphiboles
and incorporate these into this new classification scheme. Where
such concerns conflict, we have attempted to act in accord with
the more important concerns of each community.

THE NEW CLASSIFICATION

The new classification presented here is based on the chemi-
cal formula of an amphibole measured by electron microprobe
or wet-chemical techniques, possibly augmented by additional
analytical, structural and spectroscopic data. It does not address
classification or nomenclature of amphiboles characterized solely
in hand specimen or in thin section; these issues need to be ad-
dressed in separate classifications.

This new classification scheme is based on the concept of
dominance, and hence:

(1) All distinct arrangements of integral charges over the
amphibole formula are considered as root charge arrangements.

(2) Specific ions [Na®, Mg?", AI**, Si**, (OH)"] of appropriate
charge are associated with sites in the structure, and each distinct
chemical composition is a root composition. These compositions
are assigned trivial' names.

(3) Where another homovalent ion is dominant at a site (or
group of sites) in the structure, a prefix (see Table 1) is used
in conjunction with the root name to indicate the composition
(except where well-established names of common species, e.g.,
grunerite, riebeckite, are involved).

(4) The approach described in 1-3 was applied to the am-
phiboles by Hawthorne and Oberti (2006), and has since been
adopted by the IMA as being broadly applicable (Hatert and
Burke 2008).

' The word #rivial is defined by the International Union of Pure and Applied
Chemistry to denote a non-scientific name that does not follow directly from the
systematics of composition, and it is used thus in this report.
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AMPHIBOLE CLASSIFICATION BY CHEMICAL
FORMULA

The general chemical formula of the minerals of the am-
phibole supergroup can be written as A B, Cs Ty Oy, W,, where

A =10, Na, K, Ca, Pb, Li;

B =Na, Ca, Mn*", Fe*", Mg, Li;

C =Mg, Fe*, Mn?", Al, Fe’*, Mn**, Cr**, Ti*', Li;
T =Si, Al, Ti*, Be;

W = (OH), F, Cl, O*.

In addition, minor elements such as Zn, Ni**, Co*", V**,Sc, and
Zr are also observed as C cations. Note that we use non-italicized
letters to represent groups of cations in the general formula, thus
distinguishing between groups of cations and crystallographic
sites (which are denoted by italicized letters). The monoclinic
C2/m amphibole structure is illustrated in Appendix I. In minerals
as chemically complicated as the amphiboles, particularly where
not all constituents are determined (e.g., H, Li, Fe**), there is the
significant problem of how to calculate the chemical formula
from the chemical composition; this issue has been addressed
by Hawthorne (1983) and Schumacher (1991, 1997, 2007), and
is also discussed in Appendices II and III.

SIGNIFICANT ISSUES INVOLVED IN THE
CLASSIFICATION OF AMPHIBOLES

Root names

Compositional variation may involve cations of the same
valence [homovalent variation] or cations of different valence
[heterovalent variation]. Previous classifications are based on the
premise that distinct arrangements of formal charges at the sites
(or groups of sites) in the amphibole structure warrant distinct root
names, and are, by implication, distinct species; for a specific root
name, different homovalent cations (e.g., Mg vs. Fe?") or anions
(e.g., OH vs. F) are indicated by prefixes. The definition that only
distinct arrangements of formal charges for each amphibole group
warrant distinct root names implicitly applied only to the A, B, and
T cations in IMA1978 and IMA 1997, and it explicitly applies only
to the A, B, and C cations in the present classification.

TABLE 1.  Prefixes to be used in naming amphiboles

Prefix Meaning (apfu) Not applicable to

Chloro Cl>OH,F Oxo-amphiboles

Chromio Cr > CAl, “Fe**, “‘Mn3* Amphiboles which do not contain trivalent cations in their root formulae*

Ferrit CFe3* > CAl, °Cr, “Mn3* Amphiboles which do not contain trivalent cations in their root formulae*, plus riebeckite, arfvedsonite, hastingsite

Ferro Fe?* > ‘Mg, ‘Mn?* Any amphibole whose ferro-end-member has a trivial name: tremolite, cummingtonite, grunerite,
hastingsite, riebeckite, arfvedsonite, rootname 16

Fluoro F>OH,Cl Oxo-amphiboles

Magnesio Mg > Fe?", ‘Mn?* All amphiboles except riebeckite, arfvedsonite, hastingsite, hornblende

Mangano ‘Mn2* > ‘Mg, Fe?*

Mangani Mn3* > CAl, “Cr, ‘Fe3* Amphiboles that do not contain trivalent cations in their root formulae*

Oxo WO*>O0H+F+Cl
Potassic AK > *Na, *Ca, "0
Zinco Zn > ‘Mg, ‘Fe?*

Oxo-amphiboles where Ti = 1 apfu in the root formula#, plus ungarettiite
Amphiboles that do not contain A-site cations in their root formulae§

*Tremolite, actinolite, edenite, richterite, anthophyllite, rootnames 1 and 3, cummingtonite, grunerite.
T Where it is known that Fe** is involved in dehydrogenation via the oxo-component (*O?), the prefix ferri- is assigned on the basis of [‘Fe* — M1Fe3] if M1 3Fe3* js

known. If the oxo-component is not known, ferri- is assigned on the basis of Fe’*.

# Obertiite, dellaventuraite, kaersutite.

§Tremolite, actinolite, magnesio-hornblende, tschermakite, winchite, barroisite, glaucophane, riebeckite, clino-holmquistite, cummingtonite, grunerite, rootname

3, anthophyllite, gedrite, holmquistite.
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It would be good to have consistent use of prefixes in am-
phibole names. Most root names apply to the Mg-Al-dominant
species, e.g., tremolite, pargasite, glaucophane. However, (1)
some amphiboles were originally described as the ferro- and/
or ferri- equivalent of the Mg-Al-containing species, and
(2) some amphiboles are presently defined without specify-
ing the dominant trivalent cation [e.g., winchite = CJ(NaCa)
Mg, (AlFe’)Siz0,(0OH),]. We could define all root names
as referring to the Mg-Al-dominant compositions; thus, for
example, leakeite, currently NaNa,(Mg,Fe3'Li)SizO,,(OH),,
becomes NaNay(Mg,Al,Li)SizO,(OH),, and winchite becomes
O(NaCa)(Mg,Al)Si;O,,(OH),. If this were done, we could dis-
pense with the prefixes magnesio and alumino. However, such
a course of action would result in the loss of some common and
petrologically important names (e.g., riebeckite would become
“ferro-ferri-glaucophane” and arfvedsonite would become
“ferro-ferri-eckermannite”, and a riebeckite-arfvedsonite granite
would become...). On the other hand, uncommon amphiboles
may be redefined without hardship (e.g., alumino-leakeite be-
comes leakeite, and sodic-kornite becomes mangani-leakeite).
Thus except for some common amphiboles of major petrological
significance (e.g., riebeckite, arfvedsonite, actinolite, hasting-
site), we define all root names as the equivalent Mg-Al-dominant
species.

Prefixes

The topic of prefixes and adjectival modifiers has gener-
ated much discussion since IMA1978 formalized their use for
amphiboles. First, it must be noted that the use of prefixes has
nothing to do with the number of species; the number of species
is dictated (1) by the details of the classification criteria, and
(2) by Nature herself. The issue here is what kind of names are
preferable. There are two strategies that we may use: (1) each
distinct species is a trivial name; (2) we may identify root names
corresponding to distinct charge arrangements, and indicate ho-
movalent variants by prefixes. In the amphibole classifications of
IMA1978 and IMA1997, the authors chose the second option and
discredited 220 trivial names for amphiboles. Few would wish
to return to a situation where there are several hundred trivial
names for amphiboles. Here, we use root names plus indicators
of homovalent variants.

Prefixes are listed in Table 1; note that we have attempted to
make the use of prefixes more homogeneous among the groups
and subgroups. Burke and Leake (2004) specified in which
order prefixes (where more than one is used) must be attached
to the root name. We use a different sequence, which follows
the order of the amphibole formula itself: A B, Cs Tz Oy, Wa;
hence, potassic-ferro-ferri-fluoro- followed by the root name.
The one exception is the prefix oxo-, which is put first because
this involves the primary division between the two amphibole
groups: amphiboles with (OH, F, Cl) dominant at W and am-
phiboles with O*~ dominant at W. The prefix proto- is used to
denote orthorhombic amphiboles with a ~ 9.8 A and the space
group Pnmn, and should precede all chemical adjectival modi-
fiers. All prefixes must be followed by a hyphen (thus root names
are easily identified in the complete name and can be found by
computer search).

Adjectival modifiers

Although their suggested ranges were specified by adjectival
modifiers, these modifiers were not part of previous classifica-
tions of amphiboles (IMA1978, IMA1997, IMA2003); their use
was optional, and they are used to provide more information
about an amphibole composition than is present in its formal
name. For example, the presence of 0.54 Cl apfu (atoms per
formula unit) in an amphibole is obviously of considerable
crystal-chemical and petrological interest, but is not represented
in the name of the amphibole; in the interest of propagating this
information (particularly in this age of databases and keywords),
the use of the adjectival modifier is a useful option both for an
author and for a reader interested in Cl in amphiboles. However,
arecent International Mineralogical Association Commission on
New Minerals and Mineral Names (IMA-CNMMN) decision
(voting proposal 03A; Bayliss et al. 2005) discredited the use
of Schaller modifiers, and recommended using expressions of
the type Cl-rich or Cl-bearing preceding the amphibole name
(including the valence state of the species where appropriate
and where known, e.g., Fe’*-rich). Use of such descriptors is at
an author’s discretion.

Named amphiboles

The IMA-CNMMN introduced a new category of amphibole:
named amphiboles (Burke and Leake 2004). These are names
that are in accord with the current IMA-approved nomencla-
ture scheme (i.e., involve no new root names) but have not
been formally approved as accredited mineral species by the
IMA-CNMMN or its successor, International Mineralogical
Association Commission on New Minerals Nomenclature and
Classification (IMA-CNMNC). The use of these names is thus al-
lowed, but formal description for official recognition is desirable.

Synthetic amphiboles

There are many recent studies focusing on the synthesis and
characterization of amphibole compositions, which are important
in understanding such issues as (1) stability, (2) symmetry, (3)
thermodynamics, and (4) short-range order. Some of these studies
have produced compositions that have not (as yet) been observed
in nature, either because the chemical systems in which they oc-
cur are enriched in geochemically rare elements or because the
synthetic system is chemically simpler than is usual in geological
systems. As a result, there is need for a way to name synthetic
amphiboles. Bayliss et al. (2005) stated that any synthetic species
that is still unknown in Nature should be named with the mineral
name followed by a suffix indicating the exotic substitution,
and that the whole name must be given within quotation marks,
e.g., “topaz-(OH)”. In the case of the amphiboles, the situation
is more complicated, as new root compositions may occur only
in synthesis experiments. Obviously, it is inappropriate to desig-
nate a new name for such compositions (until or unless they are
discovered as minerals). It seems appropriate to designate such
compositions by their chemical formula, possibly preceded by the
word synthetic to distinguish it from hypothetical compositions
(such as end-members) or suggested formulas. Where the natural
analogue of the root composition of a synthetic amphibole does
exist, the approach of Bayliss et al. (2005) seems appropriate.
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However, the use of suffixes is not compatible with the use of
prefixes in the current classification, and we recommend the use
of chemical symbols denoting the substitution [e.g., Na(NaCa)
Ni;SizO(OH), = synthetic Ni-richterite]. Note that the use
of element symbols as a prefix to the name is not allowed for
minerals (as distinct from synthetic materials).

Other issues

Issues such as the role of L1, justification for the existence of
the sodium-calcium subgroup, and the role of the oxo-component
[VO], are discussed at length in Appendix II; recommendations
for the calculation of the chemical formula, OH content and Fe**/
(Fe*+Fe*) values are given in Appendix III.

THE PRINCIPAL VARIABLES USED IN THE
CLASSIFICATION PROCEDURE

The total variation in amphibole composition can be described
by the quinary system A—B—C—T—W. However, authors of previ-
ous IMA classifications of amphiboles did not explicitly define
the meanings of A, B, C, T, and W. Inspection of the general
formula given above shows that each of these symbols represents
several compositional variables, and we must be clear which of
these variables we use to represent A, B, C, T, and W. The authors
of IMA1997 used Si apfu to represent T, but used (Na + K) to
represent A and (Ca + Na) to represent B. The latter two examples
make it clear that in IMA1997, the aggregate charges at A, B,
C, T, and W are used as classification variables (as T contains
only Si and Al, plus very rarely Ti*', the Si content proxies as the
aggregate charge). Here, we follow the same practice, and use
aggregate charges as classification parameters. The variation of
these parameters is constrained by the electroneutrality principle,
and hence only four parameters are needed to formally represent
this variation. In IMA1978 and IMA1997, variations in A, B,
T, and W are the primary classification parameters. Here, we
use variations in A, B, C, and W as our primary classification
parameters; the reasons for this are discussed in Appendix IV, and
the major differences between this classification and IMA1997
and IMA2003 are outlined in Appendix V. The classification
diagrams introduced below involve the A and C cations, and we
write the aggregate charges in the following way:

A" =*(Na + K + 2Ca)
C* = S(Al + Fe* + 2Ti*)t

where the cations are expressed in apfu. Thus the axes of the
diagrams involve amounts of cations in apfu and are convenient
for plotting amphibole formulas. Note that in all diagrams, am-
phibole names are for Na as the dominant monovalent A-cation
and Al as the dominant trivalent C-cation. These diagrams
provide the root name, and homovalent analogues are named by
addition of the appropriate prefixes (except where trivial names
of petrological significance have been retained, e.g., riebeckite,
hastingsite, see Appendix VI? for details).

A NEW SCHEME FOR THE CLASSIFICATION OF
AMPHIBOLES?®

First, the amphibole supergroup is divided into two groups
according to the dominant W species. This scheme is consistent

HAWTHORNE ET AL.: NOMENCLATURE OF THE AMPHIBOLE SUPERGROUP

with the CNMNC guidelines (Mills et al. 2009) for mineral
groups. The groups are:

(1) Y(OH, F, Cl)-dominant amphiboles;
(2) YO-dominant amphiboles (oxo-amphiboles).

AMPHIBOLES WITH (OH, F, CL) DOMINANT AT W

We use the symbols of Kretz (1983) for the amphiboles,
and introduce new symbols for amphiboles not included in the
original list of symbols. The full list of symbols used here for
amphiboles is given as Appendix VII.

Amphiboles with (OH, F, Cl) dominant at W are divided
into subgroups according to the dominant charge-arrangements
and type of B-group cations. To make the notation simpler, let
us write the sum of the small divalent cations at B as BXM?*" =
BMg + BFe?* + 5Mn?*, and the sum of the B cations as XB =®Li +
BNa + BXM?" + BCa (which generally is equal to 2.00 apfu). End-
member (root) compositions may involve monovalent cations
(Na, Li), divalent cations (Ca, ZM?"), and both monovalent and
divalent cations in 1:1 proportion (e.g., Na + Ca, Li + BXM?").
The necessity for end-member compositions involving cations
of different charge at one site is discussed in Appendix IV. There
are eight subgroups, the first four of which comprise the most
common rock-forming amphiboles:

Magnesium-iron-manganese amphiboles

Calcium amphiboles

Sodium-calcium amphiboles

Sodium amphiboles

Lithium amphiboles
Sodium-(magnesium-iron-manganese) amphiboles
Lithium-(magnesium-iron-manganese) amphiboles
Lithium-calcium amphiboles.

The dominant B constituents may be represented as fol-
lows:

Magnesium-iron-manganese ®XM?*"

Calcium 8(Ca + Na)

Sodium-calcium B(Ca + Na)

Sodium B(Ca + Na)

Lithium PLi

Sodium-(magnesium-iron-manganese) ®Na + BXM?*
Lithium-(magnesium-iron-manganese) ®Li + BXM?*
Lithium-calcium BLi + BCa.

The dominant constituent (or group of constituents) defines
the subgroup. For example, B(Ca + Na) defines only the domi-
nance of the calcium, sodium-calcium, and sodium subgroups

F This expression for C is somewhat simplified here; a more detailed discussion
of its definition is given in Appendix IV.

2 Deposit item AM-12-091, Appendix V1. Deposit items are available two ways: For
a paper copy contact the Business Office of the Mineralogical Society of America
(see inside front cover of recent issue) for price information. For an electronic
copy visit the MSA web site at http://www.minsocam.org, go to the American
Mineralogist Contents, find the table of contents for the specific volume/issue
wanted, and then click on the deposit link there.

3 A program for assigning amphibole names, using the content of the formula as
input, is available at http://www_crystal.unipv.it/labcris/ AMPH2012.zip.
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collectively. Once the dominance of a collective group of con-
stituents is established, which amphibole subgroup occurs is
defined by the ratio of the constituents as indicated below for
BCa/®(Ca + Na):

Calcium BCa/®(Ca + Na) > 0.75
Sodium-calcium 0.75 > BCa/®(Ca + Na) > 0.25
Sodium 0.25 > BCa/®(Ca + Na).

Boundaries at 0.25 and 0.75 apfu separate root compositions
at 0.0, 0.5, and 1.0 according to the dominant cation or group
of cations.

The magnesium-iron-manganese amphiboles
Defined by

B(Ca + IM>)/EB > 0.75, BEM>'/EB > BCa/EB

Amphiboles of this subgroup may be orthorhombic (space
groups Pnma or Pnmn) or monoclinic (space groups C2/m or
P2,/m). Although we distinguish between the B and C cations
in amphiboles in general, we cannot identify accurately the
relative amounts of Mg and Fe*" in the B- and C-cation groups
in the magnesium-iron-manganese amphiboles without crystal-
structure refinement or Mdssbauer spectroscopy. Hence for this
subgroup, we treat the divisions between Mg-Fe?" homovalent
analogues in terms of the sum of the B and C cations. However,
Mn?* has a significant preference for the M(4) site, and hence
distinct species are recognized with Mn?* assigned as the domi-
nant B-cation (where direct experimental data are available, they
take precedence over such an assignment).

Orthorhombic magnesium-iron-manganese amphiboles.
The space group Pnma is assumed, and the space group Pnmn
(where determined) is indicated by the prefix proto. There are
four root compositions with Mg dominant at C (Table 2). The
composition NaMg,Mg;(Si;Al)O,,(OH), was named sodicantho-
phyllite in IMA1997. However, this composition has a different
charge arrangement from other root compositions for orthorhom-
bic amphiboles and hence warrants a new root name, rootname
1. The composition Na Mg, (Mg; Al,) (Sis Al;) O, (OH), is
introduced as a new root composition, rootname 2, replacing so-
dicgedrite, NaMg,(Mg,Al)(SisAl,)O,,(OH), in IMA1997. There
are four homovalent analogues involving Fe?* dominant at (B +
C). The compositional ranges of the orthorhombic magnesium-
iron-manganese amphiboles are shown in Figure 1.

Monoclinic magnesium-iron-manganese amphiboles. The
space group C2/m is assumed, the space group P2,/m (where
determined) is indicated by the hyphenated suffix P2,/m. There is
one root composition with Mg dominant at (B + C), one analogue
involving Fe?" instead of Mg dominant at (B + C), and two ad-
ditional analogues with Mn?" dominant at (B + C) and at B only.
IMA 1997 designated the Mn?" analogues by the prefix mangano.
However, it is not consistent to apply the prefix mangano to the
composition OMn3"MgsSizO,,(OH), as all other prefixes are
used to indicate compositions of the A and C cations. Thus the
composition O0Mn3"MgsSizO,,(OH), warrants a new root name:
rootname 3, OOMn3"Fe3'Sis0,,(OH), is ferro-rootname 3, and
OMn3'Mn3'Siz0,,(OH), is mangano-rootname 3; note that the

TABLE 2. End-member compositions in magnesium-iron-manganese
amphiboles

End-member formula Name
Orthorhombic

OMg,MgsSigO,,(0H), Anthophyllite

NaMg,Mgs(Si;Al)O,,(OH), Rootname 1
OOMg,(Mg;AL)(SisAl)O,,(0H), Gedrite
NaMg2(MgaAlz)(SisA|3)ozz(OH)z Rootname 2

OFe3Fe'Siz0,,(0H),
NaFe3Fe3*(Si;Al)O,,(OH),
OFe3(Fe3Al,)(SisAl,) 0., (OH),
NaFeZ+(Fe3*Al,)(SisAl;)O,,(OH),

Ferro-anthophyllite
Ferro-rootname 1
Ferro-gedrite
Ferro-rootname 2

Monoclinic
[OMg,MgsSigO,,(0H),
OFe3Fe?'Sig0,,(0H),
OMn3*Mg;Siz0,,(OH),
OMn3Fe?Sig0,,(0H),
OMn2*Mn#Siz0,,(0OH),

Cummingtonite
Grunerite

Rootname 3
Ferro-rootname 3
Mangano-rootname 3

prefix mangano is used only where “Mn?" is dominant.

The compositional ranges of the monoclinic magnesium-iron-
manganese amphiboles are shown in Figure 2, and end-member
compositions are given in Table 2.

The calcium amphiboles
Defined by

B(Ca + IM*)/ZB 2 0.75, BCa/2B 2 BXM*"/2B

The eight root compositions are given in Table 3, and six of
them are shown in Figure 3. Rootname 4, Na Ca, (Mg, Ti) (Sis
Al;) Oy, (OH),, is discussed in Appendix IV in the section on
amphiboles with Ti >0.50 apfu. Note that the name hornblende
is never used without a prefix, as was the case in IMA1997,
as hornblende is routinely used as a term when working in the
field. Also, kaersutite is no longer considered as an V(OH, F,
Cl)-dominant calcium amphibole; it is classified as an YO*
-dominant amphibole. Ferrous-iron and ferric-iron analogues
are generally named by the prefixes ferro- and ferri- (Table 1),
although some compositions retain their traditional name (e.g.,
hastingsite, magnesio-hastingsite) because of the petrological

Orthorhombic magnesium-iron-manganese amphiboles

B(Ca+2M?*")/5B20.75 B=Mm?**/sB>BCa/:B
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FIGURE 1. Orthorhombic magnesium-iron-manganese amphiboles
and their compositional boundaries. Filled black squares are the locations
of named and unnamed Mg end-members.
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importance of these names.

Note that the IMA1997 definition of actinolite is retained
for petrological reasons. In the tremolite—ferro-actinolite series,
OCa,Mg;Siz0,(OH), — OCa,Fe?'Siz0,,(OH),, the composi-
tional range of tremolite extends from [0Ca,Mg;SizO,,(OH),
to OCa,Mg, sFe%’sSis0,,(0OH),, actinolite extends from
OCa,Mg., sFeZ; sSis0,(OH), to [OCa, Mg, sFe3’sSis0,,(OH),,
and ferro-actinolite extends from OCa,Mg., sFeZ} s Sig O,,(OH),
to OCa,Fe?'Siz0,, (OH),.

Monoclinic magnesium-iron-manganese amphiboles

B(Ca+=M*")/ £B =2 0.75, B=M?*/ 5B >BCa/®’sB

2+

EMn,

2+
s

‘Mn

MANGANO-
ROOTNAME 3

EMn2* ¢(MnZt Mg, )

B| 2+ C 2+ 2+
L3 MnZ (Mnli FeZAS)

FERRO-

ROOTNAME 3 ROOTNAME 3

*Mn2* ‘Mg,

/ CUMMINGTONITE

*Mg, ‘Mg,

*Mn2* CFe2*

GRUNERITE \

8Fe2* CFe2*

FIGURE 2. Monoclinic magnesium-iron-manganese amphiboles and
their compositional boundaries. Filled black squares are the locations of
named and unnamed Mg-Fe?*-Mn end-member compositions.

TABLE 3. End-member compositions in calcium amphiboles

End-member formula Name
OCa,MgsSig0,,(0H), Tremolite
OcCa,(Mg,Al)(Si;Al)O,,(0H), Magnesio-hornblende
OCa,(Mg;AL)(SisAl;)O,,(OH), Tschermakite
NaCa,Mgs(Si;Al)O,,(0H), Edenite
NaCa,(Mg.Al)(SisAl,)O,(0OH), Pargasite
NaCa,(Mg;Al)(SisAl;)O5,(0OH), Sadanagaite
CaCa,(Mg,Al)(SisAl;)0,,(0OH), Cannilloite
NaCa,(Mg,Ti)(SisAl;)O,,(0OH), Rootname 4
Pb*Ca,(Mg;Fe3")(SisBe,)0,,(0H), Joesmithite

[Ca,Fe?'Sig0,,(0H),
OCa,(Fe?*Al)(Si;Al)O,,(OH),
[Ca,(Fe3*Al,)(SisAl,)0,,(OH),
NaCa,Fe?(Si;Al)O,,(0H),
NaCa,(Fe3Al)(SisAl,)O,,(OH),
NaCa,(Fe3'Al,)(SisAl;)0,,(0OH),
CaCa,(Fe?*Al)(SisAl;)O,,(OH),
NaCa,(Fe%Ti)(SisAl;)O,,(OH),
OCa,(Mg,Fe**)(Si;Al)O,,(0H),
OCa,(MgsFe3)(SisAl,)O,,(OH),
NaCa,(Mg.Fe**)(SisAl,)0,(OH),
NaCa,(Mg;Fe3")(SisAl;)O,,(0H),
CaCa,(Mg,Fe*)(SisAl;)0,,(0OH),
OCa,(Fe3Fe**)(Si;Al)O,,(0OH),
OCa,(Fe3Fed")(SisAl)O,,(0H),
NaCa,(Fe3Fe®*)(SisAl,)O,,(OH),
NaCa,(Fe%Fe3)(SisAl;)O,,(OH),
CaCa,(Fe3'Fe*)(SisAl;)0,,(OH),

Ferro-actinolite
Ferro-hornblende
Ferro-tschermakite
Ferro-edenite
Ferro-pargasite
Ferro-sadanagaite
Ferro-cannilloite
Ferro-rootname 4
Magnesio-ferri-hornblende
Ferri-tschermakite
Magnesio-hastingsite
Ferri-sadanagaite
Ferri-cannilloite
Ferro-ferri-hornblende
Ferro-ferri-tschermakite
Hastingsite
Ferro-ferri-sadanagaite
Ferro-ferri-cannilloite

Joesmithite is an amphibole of unusual composition, ide-
ally Pb**Ca,(Mg;Fe3")(Sis Be,)O,,(OH),, and space group P2/a
(Moore etal. 1993). It is a calcium amphibole but, because of the
presence of Be as a T-group cation, it does not fit the composi-
tional diagrams used here for calcium-amphibole classification;
however, it is included in Table 3. It has been found only at one
locality (Langban, Vdarmland, Sweden), and there is no informa-
tion as to the extent of any solid solution.

Cannilloite, ideally CaCay(Mg,Al)(SisAl;)O(OH), (Haw-
thorne et al. 1996), is also an unusual composition with Ca as the
A cation and hence with 3 Al apfu as T cations. It does not fit the
compositional diagrams used here for amphibole classification;
however, it is included in Table 3. Its fluoro- counterpart has
been found only at one locality (Pargas, Finland).

The sodium-calcium amphiboles
Defined by

0.75 > B(Ca + IM?*")/2B > 0.25, BCa/ZB = "XM?*'/ZB
and

0.75 > B(Na + Li)/ZB > 0.25, "Na/2B 2 BLi/ZB.

There are five root compositions with Mg and Al dominant at
C, together with their ferrous-iron, ferric-iron, and ferrous-ferric-

iron analogues (Table 4). The compositional ranges of the root
sodium-calcium amphiboles are shown in Figure 4.

The sodium amphiboles
Defined by

B(Na + Li)/ZB > 0.75, ®Na/B > PLi/SB.

Three root compositions are shown in Figure 5, and all end-
member compositions are listed in Table 5. Leakeite, ideally,

Calcium amphiboles

B(Ca+=M?) /5B 20.75, BCa /=B >8sM?/ 5B
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FIGURE 3. Calcium amphiboles and their compositional boundaries.
The heavy solid black line is a two-dimensional section of amphibole
compositional space (see Appendix Fig. 3) at ®°Ca/®(Ca + Na) = 1.0 that
contains the calcium end-member compositions.
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NaNa,(Mg,AlLi1)Si30,,(OH),, occupies the same compositional
space as eckermannite, ideally NaNa,(Mg,Al)Siz0,,(OH),, in the
compositional diagrams used here for amphibole classification
[after subtracting from “(Al,Fe)*" the same amount as “Li; cf.
Appendix IV for more detail]. Riebeckite and arfvedsonite retain
their traditional names because of their petrological importance.

The lithium amphiboles
Defined by

B(Na + Li)/ZB > 0.75, PLi/SB > *Na/B

Amphiboles of this subgroup may be orthorhombic (space
group Pnma) or monoclinic (space group C2/m).

TABLE 4. End-member compositions in sodium-calcium amphiboles
End-member formula Name

O(NaCa)(Mg,Al)SigO,,(OH), Winchite
O(NaCa)(Mg;Al,)(Si;Al)O,,(OH), Barroisite
Na(NaCa)MgsSigO,,(0OH), Richterite
Na(NaCa)(Mg,Al)(Si;Al)O,,(0H), Katophorite
Na(NaCa)(MgsAl,)(SisAl,)O,,(0H), Taramite

Ferro-winchite
Ferro-barroisite
Ferro-richterite
Ferro-katophorite
Ferro-taramite
Ferri-winchite
Ferri-barroisite
Ferri-katophorite
Ferri-taramite
Ferro-ferri-winchite
Ferro-ferri-barroisite
Ferro-ferri-katophorite
Ferro-ferri-taramite

O(NacCa)(Fe3*Al)SigO,,(OH),
O(NaCa)(Fe3*Al,)(Si;Al)O,(0OH),
Na(NaCa)Fe?'Siz0,,(0OH),
Na(NaCa)(Fe% Al)(Si;Al)O,,(OH),
Na(NaCa)(Fe3*Al,)(SisAl,)0,,(0OH),
O(NaCa)(Mg,Fe®")Sig0,,(0H),
O(NaCa)(MgsFe3")(Si;Al)O,,(0H),
Na(NaCa)(Mg,Fe**)(Si;Al)O,,(OH),
Na(NaCa)(MgsFe3")(SisAl,)O,,(0H),
O(NaCa)(Fe?Fe**)Sig0,,(0H),
O(NaCa)(Fe3'Fe3")(Si;Al)O,,(OH),
Na(NaCa)(Fe3'Fe**)(Si;Al)O,,(OH),
Na(NaCa)(Fe3Fe3")(SicAl,)O,,(OH),

Sodium-calcium amphiboles
0.75>58Ca+ =M?")/ £B > 0.25, BCa/ 3B 2=°sM*'/ B
and
0.75>%Na + Li)/ £B > 0.25, ®Na/ =B >°Li/ 5B
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FIGURE 4. Sodium-calcium amphiboles and their compositional
boundaries. The heavy solid black line is a two-dimensional section of
amphibole composition space (see Appendix Fig. 3) at 5Ca/®(Ca + Na)
= 0.5 that contains the sodium-calcium end-member compositions. The
thick solid lines show the possible range of amphibole compositions at
BCa/B(Ca + Na) = 0.5 and the solid lines to the left of the diagonal heavy
solid black line show the possible range of amphibole compositions
at ®Ca/®(Ca + Na) = 0.75, the boundary between the sodium-calcium
amphiboles and the calcium amphiboles.

Orthorhombic lithium amphiboles. There is one root com-
position plus its ferro-, ferri-, and ferro-ferri- analogues (Table 6).

Monoclinic lithium amphiboles. There are two root composi-
tions plus their ferro-, ferri- and ferro-ferri- analogues (Table 6,
Fig. 6). Note that “clinoholmquistite’ has recently been discred-
ited (Oberti et al. 2005); also, current knowledge and comparison
with cummingtonite suggest that compositions close to that of the
end-member clinoholmquistite formula (if stable) should have the
space group P2,/m. The composition NaLi,(Mg,Al)Si;0,,(OH),
has not yet been described as a mineral; it is a root composition
and warrants a new rootname: rootname 5.

The sodium-(magnesium-iron-manganese) amphiboles
Defined by

0.75 > B(Ca + XM?")/2B > 0.25, BXM?"/%B > BCa/IB
and

0.75 > B(Na + Li)/ZB > 0.25, BNa/SB > Li/SB.

TABLE 5. End-member compositions in sodium amphiboles
End-member formula Name

ONa,(Mg;Al,)SigO,,(0H), Glaucophane
NaNa,(Mg,Al)SigO,,(OH), Eckermannite
NaNa,(Mg;AL)(Si;Al)O,,(0OH), Nybgite
NaNa,(Mg,AlLi)SigO,,(0H), Leakeite
OOINa,(Fe%Al,)Sis0,,(0OH), Ferro-glaucophane
NaNa,(Fe3"Al)Si;O,,(0OH), Ferro-eckermannite
NaNa,(Fe3"Al,)(Si;Al)O,,(OH), Ferro-nybgite
NaNa,(Fe2*Al,Li)Siz0,,(OH), Ferro-leakeite
ONa,(Mgs;Fe}?)Sig0,,(0H), Magnesio-riebeckite
NaNa,(Mg,Fe**)Sig0,,(OH), Magnesio-arfvedsonite
NaNa,(Mg;Fe3")(Si;Al)0,,(0H), Ferri-nyboite
NaNa,(Mg,Fe3'Li)Siz0,,(0H), Ferri-leakeite
ONa,(Fe3'Fe3)Sig0,,(0OH), Riebeckite
NaNa,(Fe3'Fe®)Siz0,,(0H), Arfvedsonite
NaNa,(Fe%Fe3)(Si;Al)O,,(OH), Ferro-ferri-nybaite
NaNa,(Fe3Fe3Li)Sis0,,(0H), Ferro-ferri-leakeite

Sodium amphiboles

B(Na + Li)/ £B20.75, ®Na /B >"Li/ 2B
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FIGURE 5. Sodium amphiboles and their compositional boundaries.
The heavy solid black line is a two-dimensional section of amphibole
compositional space (Appendix Fig. 3) at BCa/%(Ca + Na) = 0.0 that
contains sodium end-member compositions. The thick solid lines show
the possible range of amphibole compositions at ®Ca/?(Ca + Na) = 0.0
and the solid lines to the left of the diagonal heavy solid black line show
the possible range of amphibole compositions at *Ca/?(Ca + Na) = 0.25,
the boundary between the sodium amphiboles and the sodium-calcium
amphiboles.
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TABLE 7.End-member compositions in the sodium-(magnesium-iron-

End-member formula Name manganese) amphiboles

Orthorhombic End-member formula Name
OLi,(Mg;Al)Sis05,(0H), Holmaquistite O(NaMg)(Mg,Al)Sis0,,(OH), Rootname 6
OlLiy(Fe3'Al,)Siz0,(0H), Ferro-holmquistite O(NaMg)(MgsAL)(Si;A)O,,(OH), Rootname 7
OLi,(Mg;Fe3?)Siz0,,(0H), Ferri-holmquistite Na(NaMg)Mg;Sis0,,(OH), Rootname 8
OLi,(Fe3Fe3)Siz0,,(0H), Ferro-ferri-holmquistite Na(NaMg)(Mg,Al)(Si,Al)O,,(OH), Rootname 9

Monoclinic
[Li,(Mg;Al,)Sis0,(0H),
NaLi,(Mg,Al,Li)Siz0,,(OH),
NaLi,(Mg,Al)Siz0,,(OH),
OLi,(Fe3'Al,)SigO,,(0H),
NaLi,(Fe3*Al,Li)SigO,,(OH),
OLi,(Mg;Fe3)Sis0,,(0H),
NaLi,(Mg,Fe3Li)Sis0,,(0H),
OLi,(Fe3Fed")Sig0,,(0H),
NaLi,(Fe}'Fe3'Li)SisO,,(OH),

Clino-holmquistite

Pedrizite

Rootname 5
Clino-ferro-holmquistite
Ferro-pedrizite
Clino-ferri-holmquistite
Ferri-pedrizite
Clino-ferro-ferri-holmquistite
Ferro-ferri-pedrizite

Lithium amphiboles

B(Na + Li)/ £B =2 0.75, BLi/ B >®Na/ 3B

Na Li, (Mg,Al) Si 0, (OH), NaLi,(Mg,ALLi)Si 0,,(OH),
1.0
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FIGURE 6. Monoclinic lithium amphiboles and their compositional
boundaries. The filled black square is the location of a named end-
member composition, white squares are as-yet un-named end-member
compositions, and the solid black lines show the ranges of possible
amphibole compositions. Note that “clino-holmquistite” is currently
not an accredited species.

These amphiboles are the (Mg-Fe-Mn) analogues of the
sodium-calcium amphiboles, where Ca is replaced by (Mg, Fe,
Mn). The root compositions and compositional ranges are given
in Table 7. Where possible, we recognize the dominant divalent
B-cation: Mg, Fe?*, or Mn*". The 5(Na Mg) root compositions
(Table 7) are labeled rootnames 610 and are shown in Figure
7; note that rootname 8 is the BMg analogue of richterite (Table
4); note that its synthetic analogue has P2,/m symmetry (Camara
et al. 2003). ®Mn analogues of the BMg root compositions may
be recognized from electron-microprobe data as Mn*" orders
very strongly at M(4) (where the B cations reside) relative to
Mg or Fe?*. Note that this requires another set of root names as
the prefix mangano- refers to the “Mn analogue of a “Mg root
composition (rootnames 11-15, Table 7). However, we cannot
recognize PFe?" analogues of BMg root compositions from a
chemical analysis as we are unable to assign Fe*" as a B or C
cation; crystal-structure refinement or Mossbauer spectroscopy

Rootname 10
Rootname 11
Rootname 12
Rootname 13
Rootname 14
Rootname 15
Rootname 16

Na(NaMg)(Mg3A|z)(SieAlz)Ozz(OH)z
O(NaMn?*)(Mg,Al)Sis0,,(OH),
O(NaMn2*)(Mg;AL)(Si,Al)O,(OH),
Na(NaMn?)Mg;SizO,,(OH),
Na(NaMn2*)(Mg,Al)(Si,Al)O,,(OH),
Na(NaMn2*)(Mg;Al,)(SisAl,)0,,(OH),
O(NaFe?*)(Fe3'Al)Siz0,,(0H),

Sodium-(magnesium-iron-manganese) amphiboles
0.75 > 8(Ca + IM?) / £B > 0.25, ®sM?*/ 5B > BCa / B
and
0.75>®%Na + Li)/ 2B > 0.25, ®Na/ 2B > ®Li/ =B
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FIGURE 7. Sodium-(magnesium-iron-manganese) amphiboles and
their compositional boundaries. Filled black squares are the locations
of presently unnamed end-member compositions. The thick solid line
refers to end-member compositions at *Na/®(Na + ZM?") = 0.5. The solid
lines to the left of the diagonal thick solid line show the possible range
of amphibole compositions at BNa/®(Na + ZM?*) = (.25, the boundary
between the sodium-(magnesium-iron-manganese) amphiboles and the
magnesium-iron-manganese amphiboles.

is necessary. Should B(Na Fe*") compositions be detected, they
would deserve new rootnames. Moreover, intermediate compo-
sitions can be named only using crystal-structure refinement or
Maéssbauer spectroscopy. The one exception is the root composi-
tion O(NaFe?")(Fe3Al)SisO»(OH), as Fe?* is the only divalent
B- and C-cation present (rootname 16, Table 7).

At the moment, there is only one known amphibole in this
group, and that is close to the root composition, CJ(NaMn**)
(Mg,Fe’")Siz0,,(OH), (Oberti and Ghose 1993). A new name
for this amphibole must be assigned via submission to IMA:
rootname 11. The analogues with Fe?* at C will be named by
the prefix ferro-, and the sample of Oberti and Ghose (1993)
with Fe** dominant at C should be named with the prefix ferri-.

The lithium-(magnesium-iron-manganese) amphiboles
Defined by

0.75 > B(Ca + XM?")/2B > 0.25, BXM?*"/XB > BCa/IB
and

0.75>5(Na + Li)/ZB > 0.25, BLi/~B > BNa/ZB.
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These amphiboles are the lithium analogues of the sodium-
(magnesium-iron-manganese) amphiboles, where Na is replaced
by Li. The root compositions and compositional ranges are given
in Table 8 and Figure 8. As these amphiboles are only known
as synthetic phases (Iezzi et al. 2006), only the 5(Li Mg) root
compositions are listed and are labeled rootnames 17-21; note
that rootname 19 is the (Li Mg) analogue of richterite (Table 4).

The lithium-calcium amphiboles
Defined by

0.75 > B(Ca + XM?")/2B > 0.25, BCa/XB > PXM*'/ZB
and
0.75 > B(Na + Li)/ZB > 0.25, BLi/ZB > Na/XB.

These amphiboles are the lithium analogues of the sodium-
calcium amphiboles, where Na is replaced by Li. The root
compositions and compositional ranges are given in Table 9 and
Figure 9. The B(Li Ca) root compositions (Table 9) are labeled
rootnames 22-26; note that rootname 24 is the (Li Ca) analogue
of richterite (Table 4).

AMPHIBOLES WITH O* DOMINANT AT W

Dominance of W by O*" is accompanied by the occurrence of
additional high-charge (=3*) C-cations ordered at the M(1) and/or
M(3) sites; the aggregate charge at C may thus exceed 12*. There
are four distinct root-compositions currently known for calcium
and sodium amphiboles (Table 10), and Fe*" and Fe*" analogues
can be indicated by the prefixes ferro- and ferri-.

Three of these amphiboles (root names obertiite, ungarettiite,
and dellaventuraite) are rare, and analysis for H to characterize
these species should not be regarded as unduly onerous. How-
ever, this is not the case for kaersutite, which is a reasonably com-
mon and petrologically important amphibole. Thus a different
criterion would be convenient for the classification of kaersutite;
this can be done on the basis of the Ti content. Although Ti is not
completely related to the oxo component in amphibole, it is a
useful indicator. Consequently, we use Ti content as a proxy for
the oxo component in pargasite, and define kaersutite as having
CTi>0.50 apfu (=0%* > 1.00 apfu). However, if the O* content is
known from chemical or crystal-chemical analysis, it takes pre-
cedence over use of the Ti content as a proxy (see Appendix II).

TABLE 8.End-member compositions in the lithium-(magnesium-iron-
manganese) amphiboles
End-member formula Name
O(LiMg)(Mg,Al)SigO,,(OH), Rootname 17
O(LiMg)(Mg;ALL)(Si;Al) O, (0H), Rootname 18
Na(LiMg)Mg;SisO,,(OH), Rootname 19
)
)

Na(LiMg)(Mg,Al)(Si;Al)O,,(OH), Rootname 20
Na(LiMg)(Mgs;Al,)(SisAl,)O,,(OH), Rootname 21

TABLE 9. End-member compositions in the lithium-calcium amphiboles
End-member formula Name

O(LiCa)(Mg,Al)SisO,,(0OH), Rootname 22
O(LiCa)(Mg;AlL)(Si;Al)O,,(OH), Rootname 23
Na(LiCa)MgsSigO,,(OH), Rootname 24
Na(LiCa)(Mg,Al)(Si;Al)O,,(OH), Rootname 25
Na(LiCa)(Mg;Al,)(SisAl,)O,,(OH), Rootname 26

Amphiboles with O* dominant at W are commonly charac-
terized by Ti as the dominant high-charge C-cation. However,
Fe’* may also be the principal high-charge C-cation related to
the presence of YO, and we need to recognize such amphiboles.
In oxo-amphiboles, Fe** balancing YO*" is ordered at the M(1)
[and less commonly at the M(3)] site, so that the sum of high-
charge cations does exceed 2.0 apfu and may reach 4.0 apfu. The

Lithium-(magnesium-iron-manganese) amphiboles
0.75 > %(Ca + sM?*)/ £B > 0.25, ®sM?*"/ 5B > 8Ca / 5B
and
0.75>8(Na + Li)/ £B > 0.25, ®Li/ 2B >®Na/zB
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FIGURE 8. Lithium-(magnesium-iron-manganese) amphiboles and
their compositional boundaries. Filled black squares are the locations
of presently unnamed end-member compositions. The thick solid line
refers to end-member compositions at BLi/%(Li + XM?>") = 0.5. The solid
lines to the left of the diagonal thick solid line show the possible range
of amphibole compositions at Li/5(Li + M?") = 0.75, the boundary
between the lithium-(magnesium-iron-manganese) amphiboles and the
magnesium-iron-manganese amphiboles.

Lithium-calcium amphiboles
0.75 > 5Ca + $M?) / 5B > 0.25, Ca /5B >®sM?*'/ 5B
and
0.75>8Na+ Li)/ 2B >0.25, BLi/ =B >®Na/sB
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FIGURE 9. Lithium-calcium amphiboles and their compositional
boundaries. Filled black squares are the locations of presently unnamed
end-member compositions. The thick solid line refers to end-member
compositions at BLi/®(Li + Ca) = 0.5. The solid lines to the left of
the diagonal thick solid line show the possible range of amphibole
compositions at ®Li/®(Li + Ca) = 0.75, the boundary between the lithium-
calcium amphiboles and the calcium amphiboles
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TABLE 10. End-member compositions in oxo amphiboles
End-member formula
NaNa,(Mg;Fe**Ti*)Sis0,,0,
NaNa,(MgMn3Ti*Li)Sis0,,0,
NaNa,(Mn2*Mn3"Si;0,,0,
NaCa,(Mg;Ti**Al)(SisAl,)O,,0,
NaCa,(Fe3Ti**Al)(SisAl,)O,,0,
NaCa,(Fe3Ti*Fe)(SisAl,)0,,0,
NaCa,(MgsTi*Fe**)(SigAl,) 0,0,

Name

Ferri-obertiite
Mangani-dellaventuraite
Mangano-mangani-ungarettiite
Kaersutite

Ferro-kaersutite
Ferro-ferri-kaersutite
Ferri-kaersutite

site preference of the C cations is not relevant for classification
purposes. However, the prefix ferri- cannot be used to deal
with Fe** related to the presence of YO>~. This is done by using
the prefix oxo- with the appropriate rootname, e.g., Na(NaCa)
(Fe3'Feld")Sis0,,0,: oxo-ferro-richterite; OCa,(Mg,Fei")(Si;Al)
0,,0,: oxo-magnesio-ferri-hornblende; Na(NaCa)(Mg,Fe3'Al)
(Si;A1)0,,0,: oxo-katophorite; NaNa,(Fe? Fe3"Al,)(Si;Al)0,,0,:
oxo-ferro-nybaoite.

CopA

The amphiboles are chemically and structurally complicated,
petrologically important, and they are the subject of extensive
ongoing scientific attention. The classification and nomenclature
of the amphiboles are obviously influenced considerably by this
work: as we discover more about them, there is a need to incorpo-
rate this knowledge into their classification and nomenclature. Of
particular importance in this respect is the extensive amphibole
synthesis that has been done in the past 10—15 yr. This work has
indicated major new chemical fields in which the amphibole
structure is stable. Although from the point of view of the formal
definition of a mineral, such synthetic compounds are not miner-
als, it is our view that the classification of the amphiboles should
be able to incorporate such information, as it will deepen our
understanding of this group. Thus we have expanded the number
of subgroups from four (IMA1997) to eight. Minerals from one
of the new subgroups, the lithium amphiboles, have since been
found to be reasonably common rock-forming minerals (e.g.,
Oberti et al. 2000, 2003, 2004, 2006; Caballero et al. 2002),
and synthesis work (e.g., lezzi et al. 2004, 2005a, 2005b, 2006;
Maresch et al. 2009) has resulted in new compositions (Oberti
et al. 2007). There have been several amphibole classifications
produced in the last 50 yr, and the introduction of these new
schemes has caused some irritation in the mineralogical and
petrological communities. Here, we have tried to minimize such
problems by introducing a scheme that can accommodate future
compositional and structural discoveries in the amphiboles.
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APPENDIX I: THE C2/M AMPHIBOLE STRUCTURE

A schematic representation of the C2/m structure type is
shown in Appendix Figure 1 (below). There are two distinct 7'
sites that are occupied by the T cations, 7(1) and 7(2), that are
tetrahedrally coordinated and link to form one distinct type of
double chain of tetrahedra. The 7(1) and 7(2) tetrahedra alternate
along the length of the double chain, and the 7(1) tetrahedra
bridge across the double chain. There are three distinct octahe-
drally coordinated M sites that are occupied by the C cations.
The M(1) site is coordinated by two O(1) and two O(2) O-atoms,
and by two O(3) W anions (OH, F, Cl, O) in a cis arrangement,

and the M(3) site is coordinated by four O(1) oxygen atoms and
two O(3) W anions in a trans arrangement. The double chain
of tetrahedra links to the strip of octahedra in the b direction
through 7(2)-M(2) linkage via common O(4) O-atoms, and in
the a direction through 7(1) and 7(2) linkage to the strip via
common O(1) and O(2) O-atoms. The M(4) site is situated at the
periphery of the strip of octahedra and is occupied by B cations.
Note that the cation occupancy of this site (1) is the primary
feature on which the major subgroups of amphiboles are classi-
fied, and (2) correlates strongly with the space-group variations
in amphiboles. The A4 site occurs at the center of a large cavity
between the back-to-back double-chains of the structure. The
center of the cavity has point symmetry 2/m, but the A cations
actually occupy off-centered sites of point symmetry 2 or m,
A(2), and A(m), respectively.

APPENDIX II: THE ROLE OF FE, H, AND LI

Prior to the development of the electron microprobe, all
major and minor constituents in amphiboles were analyzed as a
matter of course, and compilations such as that of Leake (1968)
are invaluable sources of complete results of chemical analysis.
The advent of the electron microprobe completely changed the
situation with regard to mineral analysis. It became relatively
easy to make numerous chemical analyses at a very fine scale,
making available chemical data on finely zoned materials. How-
ever, this step forward came at a cost: the concentration of some
elements (e.g., H, Li) cannot be so established, and valence state
is not accessible. For many minerals, these limitations are not
relevant; for amphiboles, they are major disadvantages. Recent
work has shown that (1) Li is a much more common constituent
in amphiboles than had hitherto been realized (Hawthorne et al.
1994; Oberti et al. 2003), and (2) H, as (OH), can be a variable
component in amphiboles unassociated with the process of
oxidation-dehydrogenation (Hawthorne et al. 1998). Moreover,
the role of Fe in amphiboles is very strongly a function of its
valence state and site occupancy. Lack of knowledge of these
constituents results in formulas that generally must be regarded
as only semiquantitative. Of course, if Li and Fe** are not present
and (OH + F) = 2 apfu, the resulting formula can be accurate.
However, such a situation is uncommon [few amphiboles have
Li=Fe* =0 and (OH + F) = 2 apfu], resulting in formulas with
significant systematic error.

All previous classifications have obscured this issue by not

APPENDIX FIGURE 1. The crystal structure of a monoclinic C2/m
amphibole projected onto (100). (Color online.)
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incorporating C cations into the classification procedure, and
thus the problem is not visually apparent in the classification dia-
grams. However, the problem is still present in that the formulas
are still inaccurate, and the lack of H, Li, and Fe** seriously dis-
torts the amounts of other constituents, particularly those that are
distributed over two different groups of sites (e.g., "Al and “Al,
BNa, and “Na). There are methods available to determine these
components, and amphibole analysts should be acquiring or using
these on a routine basis. For “small-laboratory” instrumentation,
secondary-ion mass spectrometry (SIMS) can microbeam-ana-
lyze amphiboles for H and Li (using the appropriate methodology
and standards); laser-ablation inductively coupled plasma mass
spectrometry (LA-ICP-MS) can microbeam-analyze amphiboles
for Li; single-crystal-structure refinement (SREF) can charac-
terize the levels of Li, Fe*" and Fe*" at a scale of 230 um, and
with structure-based equations, one can estimate the amount of
WVOZ; electron energy-loss spectroscopy (EELS) can measure
Fe¥'/(Fe** + Fe’") at a scale of 21 pm; electron microprobe (the
Flank method, Hofer et al. 1994; the peak-shift method, Fialin
et al. 2004) can measure Fe*'/(Fe?* + Fe*') at a scale of 21 um
where FeO,,, > ~6-8 wt% with reasonable accuracy in amphi-
boles (Enders et al. 2000; Lamb et al. 2012); milli-Mssbauer
spectroscopy can measure Fe¥'/(Fe?" + Fe’*) at a scale of 250
wm. For “big-laboratory” instrumentation, usually involving a
synchrotron light-source, single-crystal refinement of the struc-
ture can characterize Li, Fe?* and Fe*" at a scale of 22 um, and
milli-X-ray photoelectron spectroscopy (XPS) can measure Fe*'/
(Fe*" + Fe¥") at a scale of 240 um. Where only small amounts of
separate are available (a few milligrams), hydrogen-line extrac-
tion and Karl-Fischer titration can give accurate values for H (as
H,0) content. Values for Fe**/(Fe?*" + Fe’") can also be calculated
using assumed site-occupancy limitations and the electroneutral-
ity principle (Appendix I1I), and although the values obtained are
not very accurate (Hawthorne 1983), they are in general better
than assuming Fe*'/(Fe?" + Fe*") = 0.0 (Schumacher 1991, 1997).
Values for YO? can be calculated also using Ti*" as a proxy (Ap-
pendix III), although it is probable that the proxy relation does
not always hold. As noted in the main text, if the YO? content
is known from chemical or crystal-chemical analysis, it replaces
use of the Ti content as a proxy. To give an example, analyses
done by EMP, SIMS, SREF, and Mgssbauer spectroscopy on
a sample from Kaersut, Greenland (rather ironically, the type
locality of kaersutite) gave “Ti 0.62-0.69 and YO* 0.88-0.95
apfu with half of the Ti ordered at M(2) (Oberti et al., in prep).
In terms of attributing a name, the YO*~ content dominates over
the Ti content, and this is an (OH, F, Cl)-dominant amphibole,
despite the fact that Ti >0.50 apfu.

Hydrogen in excess of 2 apfu was long suspected in amphi-
boles, but was never considered as confirmed because of the
difficulty in obtaining reliable and accurate analytical data for H
in solids. Maresch et al. (2009) reviewed the synthesis and spec-
troscopic evidence for H > 2 apfu in synthetic amphibole in the
system Na,0-MgO-SiO,—H,0, and Camara et al. (2004) solved
the structure of a triclinic synthetic amphibole of composition
Na;Mg;Siz0,,(OH);. Thus the evidence is now incontrovertible
that H > 2 apfu can occur in amphiboles. However, it is likely
that the additional H is itinerant (i.e., not associated with a spe-
cific anion longer than a few picoseconds); if this is the case,
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then such an amphibole would have a high ionic conductivity
relative to other amphiboles, and the formula should then be
written as Na;MgsSigO,(OH),H. According to our principles of
nomenclature, Na;MgsSi;O,,(OH),H is a V(OH, F, Cl)-dominant
amphibole and would require a new root name if found in Nature.
Homovalent variants and new root compositions can be named
according to our general rules.

Here, we make the case for basing amphibole classification on
the contents of the A, B, and C cations, and hence the Fe** content
of an amphibole plays a major role in the classification scheme.
Thus use of some of the techniques outlined above, in addition
to electron-microprobe analysis, is required to characterize the
chemical formulas of amphiboles accurately. To make an ana-
loguey with 40 yr ago, wet-chemical analysis was in widespread
use and the electron microprobe was a novel instrument of limited
availability. However, the ability of the electron microprobe
to deal with heterogeneous material and obviate problems of
sample contamination led to its current extensive use. We are
in a similar situation today. The electron microprobe is in wide-
spread use, but the techniques for the analysis of Fe**/Fe?" and
light lithophile elements outlined above are far less widespread.
However, these techniques considerably increase our ability to
analyze minerals accurately. To increase our knowledge of the
chemistry of minerals in general (and amphiboles in particular),
as a community we need to acquire this instrumentation so that
in the near future, these other analytical techniques become as
routine as electron-microprobe analysis.

APPENDIX III: CALCULATION OF FE** AND (OH) IN
AMPHIBOLES

As discussed in Appendix II, Fe*" and (OH) are significant
and variable constituents in amphiboles but are generally not
determined in most analytical work. This generally has the
result of distorting the stoichiometry, e.g., indicating unusual
site-occupancies: Ti*" as a T-group cation, Na or Ca as a C-
group cation, greater than 16 total cations, which in turn may
affect the assignment of a name. This situation may be resolved
by measuring one or more of these constituents, or somewhat
alleviated by numerical modeling: calculating the Fe*" content
and/or calculating the formula using expressions for the (OH)
content other than (OH + F + Cl) = 2.0 apfu. Although not a
substitute for direct measurement, these different methods of
normalization are a way of addressing missing constituents and
the ensuing problems with stoichiometry.

Calculation of amphibole formulas and (OH) content

There are many papers on the calculation of amphibole for-
mulas (Hawthorne and Oberti 2007, and references therein). It is
usually recommended that amphibole formulas be normalized on
the basis of 24(O, OH, F, Cl) with (OH, F, Cl) =2 apfu where H,O
is not known. Although this is equivalent to the 230 calculation,
it has the advantage of generating a calculated H,O content and
hence a more appropriate sum of constituent oxides.

One of the principal problems in the chemical characteriza-
tion of amphiboles is the lack of determination of H,O, and the
general assumption that (OH, F, Cl) = 2 apfu is probably not
correct in the majority of cases. It is well known (Leake 1968;
Saxena and Ekstrom 1970; Hawthorne et al. 1998; Tiepolo et
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al. 1999) that a deficiency of monovalent anions correlates with
an increase in Ti in amphiboles. Although “Ti may occur at all
three M sites, “®Ti is very rare (Tiepolo et al. 1999), whereas
Ti partition between M(1) and M(2) is common and depends on
conditions of formation. Titanium is incorporated at the M(1) site
according to the following local mechanism (Oberti et al. 1992):

MO} + 2902 — M0(Mg, Fe') + 2%(OH)".

This substitution will reduce the amount of (OH) at O(3) by
twice the amount of Ti at M(1). In principle, one may use the
Ti content of M(1) as a proxy for OH. We do not commonly
know "Ti; however, Ti generally preferentially orders at M(1),
and we may use the approximation VTi = Ti. The correlations
presented by Leake (1968) and Saxena and Ekstrom (1970)
support the general applicability of the relations #Ti = Ti and
Ti*" =2 —2(OH). Thus in the absence of a direct estimate of the
(OH, F, Cl) content, we recommend that amphibole formulas
be calculated on the basis of 24(O, OH, F, Cl) with (OH, F, CI)
= (2 — 2Ti) apfu (being aware that this choice will produce the
maximum value of O*). However, the reader should also be
aware that, in some cases, a significant fraction of Ti may occur
at M(2) (Hawthorne et al. 1998; Tiepolo et al. 1999).

Calculation of amphibole formulas and Fe** content

The Fe*'/(Fe*" + Fe®") value in an amphibole can be calcu-
lated by constraining the sum of a set of cations to a particular
value and adjusting Fe*"/(Fe?" + Fe*") for electroneutrality. The
particular cation sums may be strictly adhered to (or may be
“usually” adhered to) except for particular compositions or
parageneses. Below, we note where there are exceptions to the
criteria listed.

Above, we discuss the use of two different schemes of cal-
culation for amphiboles: (1) 24(O, OH, F, CI) with (OH, F, Cl)
=2 apfu and (2) 24(0O, OH, F, Cl) with (OH, F, Cl) = (2 — 2Ti)
apfu. The calculation of Fe** content described below is done
on the basis of 24(0, OH, F, Cl) with (OH, F, Cl) = 2 apfu. The
methods are the same if one uses the basis 24(O, OH, F, CI)
with (OH, F, Cl) = (2 — 2Ti) apfu (although the numbers are
somewhat different).

General points

(1) Where not adjusting the Fe*/(Fe?" + Fe'") value, the for-
mula is normalized to 24(0, OH, F, Cl) with (OH, F, Cl) =2 apfu
[except where O enters the O(3) site through the presence of
Ti*" at the M(1) site; in this case, the formula should be normal-
ized to 24(0, OH, F, Cl) with (OH, F, Cl) = (2 — 2Ti) apfu, see
above]. The advantage over the 230 calculation is that H,O is
also calculated and the total oxide sum is derived, giving another
criterion for evaluation of the analytical results.

(2) Some constituents of amphiboles are not routinely mea-
sured, and their presence in the amphibole considered will invali-
date the calculations that are done here. Thus major and variable
Li occurs in certain types of amphiboles, and will invalidate the
procedures discussed here if present and not quantified.

(3) In some (rare) cases, Fe** plays a similar role to Ti, i.e.,
is involved in (usually) post crystallization dehydrogenation,
MI3Fed 4 0902 — MIIFe?* + °O(OH), and orders at the M(1)

and M(3) sites. In those cases, calculations should be done based
on (OH, F, Cl) = (2 — 2Ti — xFe*") apfu, where x is the amount
of Fe** involved in dehydrogenation.

Calculation procedures

For the calculations shown here, we use a composition from
Deer etal. (1992, page 678). The chemical composition and unit
formula are given in Appendix Table 1 (below), analyses (1) [the
original analysis calculated on the basis of 24(O,0H)] and (2)
[the original analysis omitting H,O and calculated on the basis
of 24(0,0H) with (OH) = 2 apfu].

(1) Calculate formula with Fe,O; set to zero (all-ferrous
calculation) and FeO set to zero (all-ferric calculation), both
with (OH + F + Cl) = 2 apfu and normalizing on 24 (O + OH
+ F + Cl) (analyses 3 and 4, Appendix Table 1).

(1) The all-ferrous calculation gives the maximum amount of
cations in the amphibole formula. Conversion of FeO into Fe,O;
in the analysis increases the amount of O and hence decreases
the resulting amounts of normalized cations (compare analyses
3 and 4).

(ii) Because of (i), the sums of the A, B, C and T cations are
at their maximum for the all-ferrous formula. If they exceed
their maximum possible stoichiometric value(s), the sums may
be reduced by conversion of FeO into Fe,Os.

(2) Assign the cations in the all-ferrous formula to the T-,
C-, B-, and A-cation groups as described in the main report.

(3) If the following criteria are violated, Fe** may be present
in the formula:

(1) Si <8 apfu.

(ii) Sum [Si + Al + Ti + Fe** + Fe?* + Mn?* + Mg + Ca + Na
+ K] <16 apfu.

(iii) Sum [Si + Al + Ti + Fe*" + Fe* + Mn*" + Mg + Ca] <
15 apfu.

APPENDIX TABLE 1. Calculation of Fe** for an amphibole

(M ) ®3) () (5) (6) 7)

SiO, wt% 51.63 51.63 5163 5163 5163 5163 5163
Al,O, 7.39 7.39 7.39 7.39 7.39 739 739
Fe,0; 2.50 2.50 0.00 8.30 1.26 6.25  6.07
FeO 5.30 5.30 7.55 0.00 6.42 193 208
MnO 0.17 0.17 0.17 0.17 0.17 017 017
MgO 1809 1809 1809 1809 1809 18.09 18.09
Cao 1232 1232 1232 1232 1232 1232 1232
Na,O 0.61 0.61 0.61 0.61 0.61 0.61 0.61
H,0 2.31 214 213 217 214 216 216

Total 100.32 100.15 99.89 100.68 100.02 100.55 100.53
Siapfu 7196 7220 7.261 7128 7.240 7.158 7.161
Al 0804 0780 0.739 0.872 0.760 0.842 0.839
3T 8.000 8000 8000 8000 8000 8.000 8.000
Al 0410 0438 0486 0330 0461 0366 0.369
Fe3* 0262 0.263 - 0862 0.132 0652 0.634
Fe?* 0.618 0.620 0.888 - 0.753 0.223 0.242
Mn 0.020 0.020 0.020 0.020 0.020 0.020 0.020
Mg 3759 3771 3793 3723 3782 3739 3.740
3C 5069 5112 5187 4935 5148 5.000 5.005
A 0.069 0.112 0.187 - 0.148 - 0.005
Ca 1840 1846 1.856 1.822 1851 1.830 1.831
Na 0.091  0.039 - 0.163 - 0.164 0.164
B 2.000 2.000 2043 1985 1.999 1.994 2000
Na 0.074 0.126 - - 0.166 - -
OH 2148 2000 2.000 2.000 2.000 2.000 2.000

Fe’*/(Fe* + Fe*) 0.298 0.298 0 1 0.149 0.745 0.724
(1) Original analysis; (2) original FeO and Fe,0;, H,0 set to OH = 2 apfu; (3) all
FeO, OH = 2 apfu; (4) all Fe,0;, OH = 2 apfu; (5) sum (cations to Ca) = 15 apfu,
Fe3* calc, OH = 2 apfu; (6) sum (cations to Mg) = 13 apfu, Fe** calc, OH = 2 apfu;
(7) sum (cations to Na) = 15 apfu, Fe** calc, OH = 2 apfu.
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Criterion (i): This is rigorously fixed by the structure, i.e., Si
cannot exceed 8 apfu as there are no other tetrahedrally coordi-
nated sites in the amphibole structure for Si to occupy.

Criterion (ii): This is rigorously fixed by the structure, i.e.,
all cation sites are fully occupied at 16 apfu.

Criterion (iii): With this criterion, one assumes that Ca is not
an A cation. This is not constrained by the structure and is not
always correct; in amphiboles from marbles, Ca may be an A
cation. However, in most rocks, this is not the case, and criterion
iii may be applied (with caution).

(4) The all-ferrous formula (analysis 3, Appendix Table 1) is
inspected with regard to each of the above criteria:

(1) Si=7.261 < 8§ apfu.

(ii) Sum [Si + Al + Ti + Fe?* + Fe?* + Mn?>" + Mg + Ca + Na]
=15.209 < 16 apfu.

(iii) Sum [Si + Al + Ti + Fe** + Fe?* + Mn*" + Mg + Ca] =
15.043 > 15 apfu.

(5) Criterion (iii) is violated; this indicates the possible occur-
rence of Fe**; the formula is normalized on [Si + Al + Ti + Fe**
+ Fe?" + Mn’" + Mg + Ca] = 15 apfu and Fe’'/(Fe’* + Fe’') is
adjusted for electroneutrality (analysis 5, Appendix Table 1).

(1) This normalization gives the minimum estimate for the
Fe** content.

(ii) If more than one of the three criteria does not hold in
analysis (3), then the calculation scheme used is that which gives
a formula that accords with all of these criteria.

(6) The following criteria limit the maximum possible amount
of Fe&*" in the formula:

(i) Si + Al = 8 apfu.

(ii) [Si + Al + Ti + Fe*" + Fe* + Mn* + Mg + Ca + Na] =
15 apfu.

(iii) Sum [Si + Al + Ti + Fe*" + Fe*” + Mn*" + Mg] = 13
apfu.

Criterion (i): This is not constrained by the structure and is
not always correct. Richterite may contain Ti* as a T cation, and
in these circumstances, criterion i should not be used. However,
in most rocks, this is not the case and criterion i may be applied
(with caution).

Criterion (ii): With this criterion, one assumes that K does not
occur as a B cation. This is not always correct, as K can occur
as a B cation in richterite.

Criterion (iii): This criterion can be wrong if there is Li in
the structure, or if there is (Fe?*,Mn?",Mg) as a B cation [e.g.,
calcium amphiboles commonly contain small but significant
amounts of B(Fe?* + Mn?>* + Mg)].

(7) The formula [analysis (5), Appendix Table 1] is then
inspected with regard to each of the above criteria:

(1) Si+Al=28.461 > 8 apfu.

(ii) Sum [Si + Al + Ti + Fe?* + Fe?* + Mn?>" + Mg + Ca + Na]
=15.165 > 15 apfu.

(iii) Sum [Si+ Al + Ti + Fe** + Fe*' + Mn?" + Mg] = 13.148
> 13 apfu.

(8) The formula is normalized on each of equalities (ii) and
(iii) in section (6) and Fe’'/(Fe’* + Fe&*') is adjusted for elec-
troneutrality [analyses (6) and (7), Table A1].

(i) Note that we cannot use equality (i) (Section 6) as the
amount of Fe,O; required for this constraint exceeds the maxi-
mum possible amount of Fe*" in the analysis (see analysis 4).

HAWTHORNE ET AL.: NOMENCLATURE OF THE AMPHIBOLE SUPERGROUP

(ii) In analysis 6, [Si + Al + Ti + Fe*" + Fe?" + Mn?>" + Mg
+ Ca + Na] = 14.994 < 15 apfu, indicating that this constraint
cannot be used for this particular analysis.

(iii) In analysis 7, [Si + Al + Ti + Fe** + Fe*" + Mn*" + Mg +
Ca + Na] = 15.000 apfu and all other aspects of the formula are
well behaved. Hence analysis 7 gives the maximum estimate of
Fe’* in this amphibole.

The minimum and maximum values of Fe*'/(Fe’* + Fe*')
are 0.149 (analysis 5) and 0.724 (analysis 7), respectively, and
the mean value is 0.437, to be compared with the experimental
value of 0.298 (analysis 2).

Where experimental and measured values of Fe** contents in
amphiboles have been compared (e.g., Hawthorne 1983; Haw-
thorne and Oberti 2007), it can be seen that methods of estimation
are not accurate. However, one must deal with this problem when
calculating an amphibole formula. Even ignoring it means setting
Fe** = 0.00 apfu and hence an estimate of Fe*'/(Fe*" + Fe’") is
still made (i.e., 0.0). As Fe*"/(Fe?" + Fe’") varies between 0.0 and
1.0 in amphiboles, in general an estimate using the techniques
outlined here will give a better (i.e., closer to the true) value of
Fe’*/(Fe?* + Fe*) than setting Fe**/(Fe?" + Fe’*) = 0.0.

APPENDIX IV: PRINCIPAL VARIABLES USED IN THE
CLASSIFICATION PROCEDURE

In most scientific problems, one focuses on the variables
that show the greatest degree of relative variation, as these are
the most informative. In addition, IMA procedures concerning
the definition of distinct minerals focus on the dominant species
(cation or anion) at a site. Of the A, B, C, T cations, and W anions,
all except T show various dominant cations or anions in the set of
all amphibole compositions; T is invariably dominated by Si (i.e.,
TA1<4.0 apfu). These issues indicate that the T cations should not
be used as a primary parameter in an amphibole classification
(of course, this does not preclude the use of T cations in showing
graphically the variation in amphibole composition).

The W anions

There is continuous variation in (OH,F,CI) and O contents in
amphiboles. Where W, = (OH,F,Cl),, the high-charge cations are
ordered predominantly at the M(2) site, whereas where W, = O3;
the high-charge cations are distributed over the M(1,2,3) sites,
those at the M(1,3) sites being associated with W = O*". Thus
the presence of a significant oxo component (i.e., W, = O%) is
accompanied by different patterns of order of C cations relative
to amphiboles with W, = (OH,F,Cl),. This consideration suggests
that the W constituents be used initially to divide amphiboles into
two broad classes: (1) hydroxy-fluoro-chloro-amphiboles with
(OH,F,CI) 2 1.00 apfu, and (2) oxo-amphiboles with (OH,F,Cl)
< 1.00 apfu (we do not use the term oxy as this has too many
associations with the process of oxidation-dehydrogenation).
Within these two classes, the A, B and C constituents are used
to classify the amphiboles further.

Hydroxy-fluoro-chloro-amphibole group

Hydroxy-fluoro-chloro-amphiboles are divided into sub-
groups according to the dominant B-cation or group of B cations.
Let us write the sum of the small divalent cations as ZM?* = BMg
+ BFe?" +BMn?*, and the sum of the B cations as XB = Li + ENa
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+ XM?" + BCa (which generally is equal to 2.00 apfu). Thus the
dominant B constituents may be represented as indicated in the
main text of the report, giving rise to the following amphibole
subgroups:

Magnesium-iron-manganese amphiboles

Calcium amphiboles

Sodium-calcium amphiboles

Sodium amphiboles

Lithium amphiboles
Sodium-(magnesium-iron-manganese) amphiboles
Lithium-(magnesium-iron-manganese) amphiboles
Lithium-calcium amphiboles.

The resulting supergroup-group-subgroup hierarchy is il-
lustrated in Appendix Figure 2.

Problems with the previous amphibole classification

There were many problems with this stage of the previous
amphibole classification; some of these issues are discussed next.

(1) The role of BLi. There is no good crystal-chemical or
chemical reason for including Li amphiboles in the magne-
sium-iron-manganese-lithium group of IMA1997. Lithium is
an alkali metal, is formally monovalent, and shows complete
solid-solution with Na at the M(4) site in monoclinic amphiboles,
e.g., leakeite — ferri-pedrizite: NaNay(Mg,Fe3'Li)Si;0,,(OH),
—NaLi,(Mg,Fe3'Li)SizO,(OH),, Oberti et al. (2003); magnesio-
riebeckite — clino-ferri-holmquistite: Na,(Mg;Fe3")SizO,(OH),
— Li)(Mg3Fe3)Siz0,,(OH),, Oberti et al. (2004).

These points indicate that amphiboles with Li dominant at
M(4) should not be included as part of the magnesium-iron-
manganese subgroup. There are two possible ways in which
to treat such amphiboles: (1) recognize a separate subgroup of
amphiboles with Li as the dominant B-cation (analogous to that
with dominant ®Na), or (2) include BLi with ®Na as a principal
constituent of an alkali-amphibole subgroup. However, BLi
amphiboles have some features that are not shared with ®Na
amphiboles; for instance, PLi amphiboles may occur with ortho-
rhombic Pnma symmetry (holmquistite) and are also expected to
occur with monoclinic P2,/m symmetry (“clino-holmquistite™).
Hence, the simpler solution is to define a distinct subgroup of ®Li
amphiboles. Intermediate compositions between BLi and BXM?>*
amphiboles fall in the lithium-(magnesium-iron-manganese)
subgroup and give rise to root compositions analogous to those
of sodium-calcium amphiboles (likewise the lithium-calcium
amphiboles).

(2) The names of the principal subgroups. Having rec-
ognized a separate subgroup with Li as the dominant B-cation,
it is obvious that the term “lithic”, in accord with “calcic” and
“sodic”, is not a suitable name for this subgroup. Moreover,
the names of the current five subgroups (IMA2003) are rather
inhomogeneous, using both nouns (e.g., magnesium), element
symbols (e.g., Mg) and adjectives (e.g., calcic, sodic). Here, we
will use nouns to name the subgroups. The other inhomogeneity
with regard to the names of these subgroups is the use of element
symbols: the magnesium-iron-manganese subgroup is frequently
referred to as the Mg-Fe-Mn subgroup (indeed, this is done in
IMA1997), whereas the calcium subgroup is not referred to as

the Ca subgroup. Some sort of consistency is required in the
use of these subgroup names; either element names or symbols
may be used, but authors should maintain consistency of use in
a single publication.

The new classification

(1) The role of the sodium-calcium, lithium-calcium, sodium-
(magnesium-iron-manganese), and lithium-(magnesium-iron-
manganese) subgroups. A significant source of complexi