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aBStraCt

Menzerite-(Y),	a	new	mineral	species,	forms	reddish	brown	cores,	n	=	1.844	(20),	up	to	70	mm	across,	rimmed	successively	by	
euhedral	almandine	containing	up	to	2.7	wt%	Y2O3	and	by	K-feldspar	in	a	felsic	granulite	on	Bonnet	Island	in	the	interior	Parry	
Sound	domain,	Grenville	Orogenic	Province,	Canada.	It	is	named	after	Georg	Menzer	(1897–1989),	the	German	crystallographer	
who	solved	the	crystal	structure	of	garnet.	Single-crystal	X-ray-diffraction	results	yielded	space	group	Ia3d,	a	=	11.9947(6)	Å.	
An	electron-microprobe	analysis	of	the	grain	richest	in	Y	(16.93	wt%	Y2O3)	gave	the	following	formula,	normalized	to	eight	
cations	and	12	oxygen	atoms:	{Y0.83Gd0.01Dy0.05Ho0.02Er0.07Tm0.01Yb0.06Lu0.02Ca1.37Fe2+0.49Mn0.07}	[Mg0.55Fe2+0.42Fe3+0.58Al0.35	
V0.01Sc0.01Ti0.08](Si2.82Al0.18)O12,	or	{(Y,REE)(Ca,Fe2+)2}[(Mg,Fe2+)(Fe3+,Al)](Si3)O12.	Synchrotron	micro-XANES	data	gave	
Fe3+/SFe	=	0.56(10)	versus	0.39(2)	calculated	from	stoichiometry.	The	scattering	power	refined	at	the	octahedral	Y	site,	17.68	
epfu, indicates	that	a	relatively	light	element	contributes	to	its	occupancy.	Magnesium,	as	determined	by	electron-microprobe	
analyses,	would	be	 a	 proper	 candidate.	 In	 addition,	 considering	 the	 complex	occupancy	of	 this	 site,	 the	 average	Y–O	bond	
length	of	2.0244(16)	Å	is	in	accord	with	a	partial	occupancy	by	Mg.	The	dominance	of	divalent	cations	with	Mg	>	Fe2+	and	the	
absence	of	Si	at	the	octahedral	Y	site	(in	square	brackets)	are	the	primary	criteria	for	distinguishing	menzerite-(Y)	from	other	
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silicate	garnet	species;	the	menzerite-(Y)	end-member	is	{Y2Ca}[Mg2](Si3)O12.	The	contacts	of	menzerite-(Y)	with	almandine	
are	 generally	 sharp	 and,	 in	 places,	 cuspate.	 It	 is	 interpreted	 to	 have	 equilibrated	with	 ferrosilite,	 augite,	 quartz,	 oligoclase,	
allanite-(Ce),	magnetite,	 ilmenite	and	fluorapatite,	 in	 the	absence	of	almandine,	on	 the	prograde	path	at	7–8.5	kbar	and	T	�	
700–800°C,	and	subsequently	dissolved	incongruently	in	an	anatectic	melt	to	form	almandine,	most	likely,	at	P � 8.5–9.5 kbar	
and T �	800–850°C.

Keywords:	garnet,	menzerite,	yttrium,	rare-earth	elements,	new	mineral	species,	crystal	structure,	Grenville	Province,	granulite	
facies,	Parry	Sound,	Ontario.

SoMMairE

La	menzerite-(Y),	nouvelle	espèce	minérale,	 se	présente	en	noyaux	bruns	 rougeâtres,	n	=	1.844	 (20),	 jusqu’à	70	mm	de	
diamètre,	entourés	successivement	par	l’almandin	idiomorphe	contenant	jusqu’à	2.7%	Y2O3	(poids)	et	par	le	feldspath	potassique	
dans	une	granulite	felsique	sur	l’île	Bonnet,	faisant	partie	du	domaine	interne	de	Parry	Sound,	province	orogénique	du	Grenville,	
au	Canada.	Le	nom	rappelle	Georg	Menzer	(1897–1989),	cristallographe	allemand	qui	a	été	le	premier	à	résoudre	la	structure	
cristalline	du	grenat.	Nos	résultats	obtenus	par	diffraction	X	sur	monocristal	indiquent	le	groupe	spatial	Ia3d,	a	=	11.9947(6)	Å.	
Une	analyse	du	grain	le	plus	riche	en	Y	(16.93%	Y2O3)	avec	une	microsonde	électronique	mène	à	la	formule	suivante,	normalisée	
selon	huit	cations	et	12	atomes	d’oxygène:	{Y0.83Gd0.01Dy0.05Ho0.02Er0.07Tm0.01Yb0.06Lu0.02Ca1.37Fe2+0.49Mn0.07}[Mg0.55Fe2+0.42
Fe3+0.58Al0.35V0.01Sc0.01Ti0.08](Si2.82Al0.18)O12	 ou,	 de	 façon	 idéale,	 {(Y,REE)(Ca,Fe2+)2}[(Mg,Fe2+)(Fe3+,Al)](Si3)O12.	 Les	
données	micro-XANES	obtenues	 avec	 un	 synchrotron	 indiquent	 Fe3+/SFe	=	 0.56(10)	 versus	 0.39(2),	 valeur	 calculée	 par	
stoechiométrie.	Le	pouvoir	de	dispersion	affiné	au	site	octaédrique	Y,	17.68	epfu, indique	qu’un	élément	relativement	léger	loge	
à	ce	site.	Le	magnésium,	tel	que	déterminé	par	analyse	avec	une	microsonde	électronique,	serait	un	candidat	approprié.	De	plus,	
compte	tenu	de	la	complexité	des	occupants	de	ce	site,	la	longueur	de	la	liaison	Y–O	moyenne,	2.0244(16)	Å,	concorde	avec	un	
taux	d’occupation	partiel	par	le	Mg.	La	prédominance	des	cations	bivalents,	avec	Mg	>	Fe2+,	et	l’absence	du	Si	au	site	octaédrique	
Y	(entre	crochets	carrés),	seraient	les	principaux	critères	pour	distinguer	la	menzerite-(Y)	des	autres	espèces	de	grenat	silicaté;	
le	pôle	menzerite-(Y)	possède	une	composition	{Y2Ca}[Mg2](Si3)O12.	Les	contacts	entre	la	menzerite-(Y)	et	l’almandin	sont	
francs,	en	général,	et	cuspidés	par	endroits.	Ce	grenat	aurait	été	équilibré	avec	ferrosilite,	augite,	quartz,	oligoclase,	allanite-(Ce),	
magnétite,	ilménite	et	fluorapatite,	en	l’absence	de	l’almandin,	au	cours	du	tracé	prograde	à	7–8.5	kbar	et	à	environ	700–800°C,	et	
par	la	suite	aurait	été	dissout	de	manière	incongruente	dans	un	bain	fondu	anatectique	pour	former	l’almandin,	très	probablement	
à	une	pression	voisine	de	8.5–9.5 kbar	et	à	environ	800–850°C.

	 (Traduit	par	la	Rédaction)

Mots-clés:	grenat,	menzerite,	yttrium,	terres	rares,	nouvelle	espèce	minérale,	structure	cristalline,	Province	de	Grenville,	faciès	
granulite,	Parry	Sound,	Ontario.

Here,	we	describe	a	garnet-group	mineral	containing	
up	to	17	wt%	Y2O3	as	the	new	species	menzerite-(Y)	
and	 report	 its	 crystal	 structure,	which	 provides	 the	
critical	 information	 on	 site	 occupancies	 needed	 to	
distinguish	menzerite-(Y)	 from	other	 garnet	 species.	
The	mineral	and	name	were	approved	by	the	Commis-
sion	on	New	Minerals,	Nomenclature	 and	Classifica-
tion	 of	 the	 International	Mineralogical	Association	
(IMA	2009–050).	It	is	named	after	the	crystallographer	
Georg	Menzer	(1897–1989),	Professor	at	the	Ludwig-
Maximilians-Universität	München,	who	was	 the	first	
to	solve	the	structure	of	garnet,	and	in	fact	the	first	to	
solve	the	structure	of	a	silicate	mineral	(Menzer	1925,	
1926,	 1928,	 Laves	 1962).	 The	 Levinson	modifier,	
-(Y),	attests	to	the	dominance	of	Y	over	the	rare-earth	
elements	present.

The	holotype	material	(sample	no.	GB50,	part	A	and	
thin	section	GB50A1,	collected	in	2008)	was	deposited	
in	 the	Canadian	Museum	of	Nature,	 P.O.	Box	 3443,	
Station	D,	Ottawa,	Ontario,	Canada	K1P	6P4,	as	cata-
logue	number	CMNMC	86088;	a	second	sample	(GB94,	
part	I,	billet	4,	collected	in	2009)	from	the	type	locality	
is	deposited	in	the	National	Museum	of	Natural	History,	

introdUCtion

Yttrium	and	the	heavy	rare-earth	elements	(HREE)	
were	first	revealed	to	be	important	constituents	of	garnet	
by	Jaffe	(1951)	and	Yoder	&	Keith	(1951).	Currently,	Y	
and	the	HREE	receive	considerable	attention	not	only	
as	sensitive	indicators	of	garnet	growth	and	resorption	
history	 (e.g.,	 Lanzirotti	 1995,	 Pyle	&	 Spear	 1999),	
but	 also	because	 such	histories	may	be	 related	 to	 the	
growth	 of	minerals	 such	 as	 zircon,	 thus	 providing	 a	
means	of	dating	 the	 stages	of	metamorphic	evolution	
(e.g.,	 Rubatto	&	Hermann	 2007,	Harley	&	Kelley	
2007).	The	yttrium	contents	of	common	metamorphic	
and	 plutonic	 garnets	 typically	 range	 from	 several	
tens	of	ppm	to	several	 thousand	ppm	(e.g.,	Lanzirotti	
1995,	Pyle	&	Spear	1999),	and	commonly	exceed	the	
yttrium	contents	 of	 associated	 rock-forming	minerals	
by	 an	 order	 of	magnitude	 or	more	 (Bea	 1996).	 In	 a	
few	pegmatitic	occurrences	of	garnet,	Y	contents	reach	
24800–26500	 ppm	 (3.15–3.36	wt%	Y2O3,	 Enami	 et 
al.	 1995,	Kasowski	&	Hogarth	 1968),	 corresponding	
to	0.14–0.15	Y	per	formula	unit	(on	the	basis	of	eight	
cations	and	12	oxygen	atoms).
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Smithsonian	Institution,	Washington,	D.C.,	as	catalogue	
number	NMNH	174896.	Sections	from	samples	GB50	
and	GB94	were	used	in	the	present	study.

oCCUrrEnCE

Menzerite-(Y)	 occurs	 sparingly	 as	 an	 accessory	
mineral	 included	 in	 euhedral	 almandine	 (Fig.	 1)	 in	
felsic	 granulite	 on	 the	 north	 shore	 of	Bonnet	 Island	
in	Georgian	Bay,	 offshore	 from	 the	 town	 of	 Parry	
Sound,	Ontario,	Canada	(UTM	coordinates	0567531W	
5003719N;	NAD	83	datum,	 zone	17).	Bonnet	 Island	
is	 an	 exposure	of	well-layered	granulite-facies	 supra-
crustal	 rocks	 in	 the	 interior	 Parry	 Sound	Domain,	
Grenville	 Province,	 and	 is	 part	 of	 an	 allochthonous	
terrane	that	is	near	the	highest	structural	level	of	a	stack	
of	 thrust	 nappes	 assembled	 at	 around	1120–1090	Ma	
(Davidson	et al.	1982,	Culshaw	et al.	1997).

analytiCal	MEtHodS

Optical properties

The	 optical	 properties	 of	 menzerite-(Y)	 were	
measured	on	grain	#1	in	section	GB50A1	at	the	Ruhr-
Universität	Bochum.	Reflectance	measurements	were	
made	in	air	and	oil	(DIN	58	884,	index	of	refraction	of	
oil:	1.518	at	23°C)	with	light	of	wavelength	580	nm,	and	
the	index	of	refraction	of	menzerite-(Y)	was	calculated	
using	Beer’s	Law.	The	standard	used	was	SiC.

X-ray diffraction

A	single-crystal	X-ray-diffraction	study	was	carried	
out	at	the	University	of	Bern	using	an	APEX	II	SMART	
diffractometer.	We	used	commercial	software	for	inten-
sity	retrieval	from	3D	CCD-frame	data	as	supplied	by	
the	producer	of	the	instrument.	This	software	does	not	
allow	peak	deconvolution	or	other	sophisticated	profile	
treatment	procedures.

A	 composite	 grain	 (#2	 in	 section	GB50A1,	 Fig.	
1)	was	 extracted	 from	 the	 thin	 section	 using	 a	 drill	
mounted	 on	 a	microscope	 (Medenbach	 1986).	The	
sample	was	found	to	consist	of	menzerite-(Y)	flanked	
on	 two	 sides	 by	 almandine,	which	 by	 visual	 inspec-
tion	 constituted	 about	 50%	 of	 the	 composite	 grain	
(Fig.	 2,	 inset).	We	 tried	 the	micro-milling	 technique	
as	a	way	to	remove	the	enclosing	almandine,	because	
the	impact	of	this	mechanical	treatment	on	the	crystal	
structure	would	be	less	severe	than	other	techniques	of	
separation	like	laser	ablation	or	electron	bombardment.	
Unfortunately,	 applying	 the	micro-milling	 technique	
turned	out	to	be	more	difficult	than	anticipated	because	
the	 three-dimensional	 intergrowth	was	more	 complex	
than	initially	believed	from	two-dimensional	pictures.

Table	1	summarizes	the	conditions	under	which	the	
single-crystal	data	were	collected.	A	plot	of	reciprocal	

space	shows	 that	 the	 two	superimposed	cubic	 lattices	
are	perfectly	aligned;	the	reflections	for	almandine	and	
menzerite-(Y)	 are	 clearly	 distinguished	 as	 a	 result	 of	
the	difference	in	their	unit-cell	dimensions	(Fig.	2).	For	
each	pair	of	corresponding	reflections,	those	at	slightly	
higher	d-values	were	manually	assigned	to	menzerite-
(Y),	 and	 those	with	 smaller	d-values,	 to	 almandine.	
Each	diffraction	spot	is	shown	simply	as	a	circle	with	its	
center	at	the	center	of	gravity	(intensity)	of	an	observed	
reflection;	the	circles	are	not	intended	to	show	the	true	
shape	of	a	diffraction	spot,	but	only	 its	 ideal	position	
in	a	projection	of	reciprocal	space.	Thus,	Figure	2	does	
not	 indicate	whether	 the	 shoulders	 of	 corresponding	
reflections	 overlap	 or	whether	 individual	 reflections	
from	the	two	fragments	are	completely	resolved.	This	
figure	shows	that	below	a	Bragg	angle	u	(MoKa	radia-
tion)	of	~17°	(corresponding	to	the	10	0	0	reflection),	
even	 and	 odd	 reflection	 indices	 fulfilling	 I-centering	
are	observed.	At	higher	u	values,	observed	reflections	
with	odd	indices	and	h	+	k	+	l =	2n	become	scarce.	In	
the	garnet	structure,	all	cations	at	the	X,	Y,	and	Z	sites	
are	on	special	positions	associated	with	 the	 reflection	
conditions:	hkl:	h,	k	=	2n,	h	+	k	+	l	=	4n.	Only	oxygen	
occupies	a	general	position,	permitting	intensities	with	
odd	 indices.	These	 extinction	 rules	 require	 us	 to	 rely	
on	 the	 low-u	 angle	 reflections,	 even	 though	 they	 are	
much	more	 affected	 by	mutual	 overlap	 than	 those	 at	
high	u	angles.	The	orientation	matrices	were	determined	
from	the	reflections	assigned	either	to	menzerite-(Y)	or	
almandine	 based	on	preliminary	 unit-cell	 dimensions	
a	 equal	 to	 12.00	Å	 and	11.66	Å,	 respectively.	These	
parameters	were	used	 for	 integration	of	 the	 reflection	
intensities.	 In	 order	 to	 reduce	 the	 effect	 of	mutual	
overlap	of	the	reflections,	we	used	a	fixed	narrow	box-
size	with	x	=	y	=	0.5°	and	z	=	1°	for	integration.	The	
box	size	was	chosen	by	trial	and	error.	A	narrow	box-
width	has	the	disadvantage	that	strong	reflections	suffer	
from	substantial	truncation	of	the	flanks.	If	the	box-size	
refinement	option	in	the	intensity-integration	software	
were	enabled	or	if	the	selected	dimensions	of	the	box	
were	 too	 large,	 the	 integrated	 intensity	would	 include	
contributions	from	both	reflections,	and	the	final	cell-
dimension	refinement	would	converge	to	be	an	average	
of	menzerite-(Y)	and	almandine.	In	summary,	because	
of	 partial	 overlap	 of	 reflections	 from	menzerite-(Y)	
and	 almandine	 at	 low	u	 angles	 and	 truncation	 of	 the	
strongest	reflections,	the	diffraction	data	are	of	mediocre	
quality,	and	the	parameters	Rint	and	Rs	are	very	different	
(Table	1).	This	precludes	any	quantitative	analysis	of	
the	displacement	parameters.

For	 the	 refinement	 of	menzerite-(Y),	we	used	 the	
scattering	factors	of	Y	and	Ca	for	 the	X	site,	 those	of	
Al	and	Fe	for	the	Y	site,	and	the	Z	site	was	constrained	
to	be	 fully	occupied	by	Si	 in	order	 to	 reduce	correla-
tions	 between	 the	 scale	 factor	 and	 site	 occupancies.	
For	 the	 refinement	 of	 almandine,	we	 used	 the	 scat-
tering	factors	of	Fe	and	Ca	for	the	X	site,	 those	of	Al	
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fiG.	 1.	 Photomicrograph	 of	 grains	 of	menzerite-(Y)	 used	 for	 single-crystal	 (#2)	 and	
optical	study	(#1).	Plane-polarized	light.

fiG.	 2.	 Projection	 along	a*	of	 reciprocal	 space	 showing	 separation	 of	menzerite-(Y)	
reflections	[unfilled	circles,	a	=	11.9947(6)	Å]	from	almandine	reflections	[gray	filled	
circles,	a	 =	 11.6598(8)	Å].	 Inset	 shows	grain	 #2,	 section	GB50A1	 from	which	 the	
pattern	was	obtained;	spacing	between	the	bars	is	0.01	mm.
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and	Fe	 for	 the	Y	 site,	 and	 the	Z	 site	was	 constrained	
to	 be	 fully	 occupied	 by	 Si.	Assignment	 of	 these	
“dummy	atoms”	allowed	determination	of	the	average	
site-scattering	 values,	which	 can	 be	 compared	 to	 the	
results	 of	 the	 electron-microprobe	 analysis	 (Table	 2).	
The	final	refinements	were	performed	with	anisotropic	
displacement	parameters	for	all	sites.	A	table	showing	
these	 parameters	 is	 available	 from	 the	Depository	 of	
Unpublished	Data	 on	 the	MAC	website	 [document	
Menzerite-(Y)	CM48_1171].	Comparison	of	the	scale	
factors	confirmed	that	the	rim	of	almandine	and	the	core	
of	menzerite-(Y)	contributed	in	nearly	equal	parts	to	the	
composite	crystal	in	terms	of	weight	percent.

Because	of	the	possible	overlap	of	the	menzerite	and	
almandine	data,	we	compare	the	site-scattering	values	
from	the	single-crystal	 refinement	(SREF)	and	results	
of	 the	electron-microprobe	analyses	 (EMPA)	 in	order	
to	determine	whether	the	site	occupancies	obtained	for	
menzerite-(Y)	were	 affected	 by	 almandine	 and	 vice 
versa.	Comparison	of	 the	 data	 in	Table	 2	 shows	 that	
the	site-scattering	values	for	the	X	site	from	the	SREF	
and	EMPA	are	in	good	agreement	for	both	menzerite-
(Y)	and	almandine,	as	are	the	site-scattering	values	for	
the	Y	site	in	almandine,	i.e.,	 the	differences	are	2–4%	

of	the	measured	values,	similar	to	the	esd	values	of	the	
SREF	site-scattering	values.	The	SREF	and	EMPA	site-
scattering	differs	by	9.5%	for	the	Y	site	 in	menzerite-
(Y),	 a	 discrepancy	 attributed	 to	 chemical	 zoning	 in	
menzerite-(Y)	(see	below)	and	to	the	fact	that	the	SREF	
is	based	on	the	entire	volume	of	the	extracted	crystal,	
whereas	EMPA	is	based	on	a	small	volume	at	the	center	
of	the	crystal.	In	summary,	we	are	confident	that	overlap	
of	 reflections	 is	 sufficiently	 low	 to	 avoid	 ending	 up	
with	an	average	occupancy	between	menzerite-(Y)	and	
almandine.	Further	justification	for	our	confidence	is	the	
substantial	difference	of	5.2	electrons	per	formula	unit	
in	site	scattering	between	menzerite-(Y)	and	almandine	
at	the	X	site	(Table	2).

To	 validate	 the	 reliability	 in	 our	 oxygen	 coordi-
nates,	we	have	 performed	 a	 simple	 test	 by	 assuming	
that	almandine	surrounding	menzerite	has	a	simplified	
composition	 of	 26.0%	 grossular,	 62.3%	 almandine,	
and	 11.7%	pyrope.	These	 approximate	 numbers	 are	
obtained	 if	 the	 low	Y	 content	 is	 considered	 as	 gros-
sular-like,	 and	 the	Mn2+	 content,	 as	 almandine-like.	
Oxygen	coordinates	for	this	solid-solution	member	are	
calculated	as	linear	combinations	of	the	corresponding	
oxygen	coordinates	of	the	end	members	(RT	data)	for	
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grossular	(Geiger	&	Armbruster	1997),	almandine	and	
pyrope	(Armbruster	et al.	1992).	This	approach	yielded	
a	predicted	O	coordinate	of	x	=	0.0350,	y	=	0.0482,	z	
=	0.6525,	which	agrees	within	3.5	esd	or	less	with	the	
refined	coordinates	(Table	3).	Considering	the	simplicity	
of	the	model,	the	agreement	is	excellent.

X-ray absorption spectroscopy

Given	the	ambiguities	in	determining	site	occupan-
cies	 and	 the	 valences	 of	V,	Cr,	Mn,	 and	 Fe,	 and	 in	
measuring	 the	H	 content	 in	 a	 complex	 garnet	 solid-
solution,	it	would	have	been	desirable	to	supplement	the	
crystal-structure	 refinements	 and	 electron-microprobe	
analyses	with	 infrared,	 visible-light,	 and	Mössbauer	
spectroscopic	measurements	(Geiger	2004).	However,	
the	menzerite-(Y)	grains	are	sparse	(no	more	than	10–12	
grains	per	thin	section),	very	fine	(mostly	<50	mm)	and,	
with	 rare	 exceptions,	 enclosed	 in	 almandine,	 leaving	
X-ray	 absorption	 spectroscopy	 near	 the	 absorption	
edge	on	a	microscopic	scale	 (micro-XANES,	Dyar	et 
al.	2002,	Mottana	2004)	as	 the	only	practical	method	

for	the	material	at	hand.	Optical	spectroscopy	from	the	
near-ultraviolet	through	visible	into	the	infrared	of	the	
largest	menzerite-(Y)	grains	is	 in	theory	also	possible	
because	spot	sizes	as	small	as	“on	the	order	of	20	mm”	
have	 been	 achieved	 (Wildner	 et al.	 2004),	 but	 this	
would	require	very	challenging	sample	preparation	and	
specialized	instrumentation	that	is	beyond	the	scope	of	
the	present	study.

Thus,	XANES	 spectra	were	 acquired	 at	 beamline	
X26A	 at	 the	National	 Synchrotron	 Light	 Source	 at	
Brookhaven	National	Laboratory	using	an	8 3 10	mm	
beam	size.	Incident	X-rays	were	tuned	using	a	Si(311)	
monochromator.	The	XANES	 spectra	were	 collected	
in	fluorescence	mode	using	a	nine-element	high-purity	
Ge	solid-state	detector	array.	Data	were	acquired	from	
the	centers	and	edges	of	two	grains.	Spectra	were	edge-
step-normalized	and	corrected	for	self-absorption	using	
the	FLUO	algorithm.	Energies	were	calibrated	using	a	
magnetite	standard,	where	the	position	of	the	pre-edge	
peak	is	known	precisely.	A	function	was	fit	in	the	region	
of	 the	 pre-edge	 to	 approximate	 the	 upwardly	 sloping	
main	 edge,	 and	 then	 subtracted.	Lorentzian	 functions	
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were	fit	 to	 the	 individual	peaks	 in	 the	pre-edge	using	
the	PAN	peak-fitting	software	written	by	R.M.	Dimeo	
at	 the	NIST	Center	 for	Neutron	Research.	The	 posi-
tions	 (energies)	 and	 calculated	 peak-areas	were	 used	
to	 create	 a	weighted	 peak-center	 for	 each	 spectrum.	
Several	 other	 garnet	 standards	with	 known	Fe3+/SFe	
were	also	measured,	and	a	calibration	curve	relating	the	
weighted	peak-center	energies	to	Fe3+/SFe	was	created.	
This	expression	was	 then	used	 to	determine	 the	Fe3+/
SFe	in	menzerite-(Y)	and	the	surrounding	almandine.	
The	interpretation	of	spectra	obtained	on	single	crystals	
of	garnet	is	not	affected	by	orientation,	because	garnet	
is	 isometric,	and	there	is	no	contribution	to	the	errors	
from	polarization	 effects	 (Dyar	et al.	 2002).	 Further	
information	 on	 this	 calibration	will	 be	 reported	 in	
Dyar	et al.	(in	prep.).	The	data	reported	in	the	present	
paper	 are	 preliminary	 pending	 further	 refinement	 of	
that	calibration.

Electron-microprobe analysis

Menzerite-(Y)	and	almandine	in	samples	GB50	and	
GB94	were	analyzed	with	a	Cameca	SX–100	electron	
microprobe	using	wavelength-dispersive	spectroscopy	
(WDS)	at	the	University	of	Maine.	A	special	protocol	
was	developed	for	menzerite-(Y),	but	the	final	method	
was	developed	only	after	grain	#2	in	section	GB50A1	
had	 been	 extracted	 for	 structure	 refinement.	Column	
conditions	 in	 the	final	method	 for	 elements	Mg	 to	Y	
were	15	kV,	10	nA,	and	5	mm	beam	diameter,	and	for	
the	 rare-earth	 elements	 (REE),	 25	 kV,	 20	 nA,	 ca.	 5	
mm	(focused)	beam	diameter.	The	data	were	processed	
using	 the	 X-Phi	 correction	 of	Merlet	 (1994).	 For	

menzerite-(Y),	we	used	 the	 following	 standards	 (and	
lines):	 pyrope	 (MgKa),	 synthetic	 {Y2}[Al2](Al3)O12	
(AlKa),	 zircon	 (SiKa),	 diopside	 (CaKa),	 Sc	metal	
(ScKa),	rutile	(TiKa),	V	metal	(VKa),	Cr2O3	(CrKa),	
rhodonite	(MnKa),	almandine	(FeKa);	synthetic	{Y2}
[Al2](Al3)O12	(YLa),	and	synthetic	REEP5O14	(La	for	
La,	Ce,	Nd,	Eu,	Gd,	Tb,	Er,	Tm,	 and	Yb;	Lb	 for	Pr,	
Sm,	Dy,	Ho	and	Lu).	No	other	element	with	Z	≥	5	was	
detected	in	WDS	scans.	Grain	#2	of	menzerite-(Y)	in	
section	GB50A1,	which	was	used	for	refinement	of	the	
crystal	structure,	was	also	analyzed	under	two	different	
sets	of	conditions;	for	elements	Mg	to	Y	plus	Lu,	condi-
tions	were	 15	kV,	 10	nA;	 for	 the	 rare-earth	 elements	
except	Lu,	they	were	25	kV,	20	nA,	both	with	a	5	mm	
beam	diameter	and	the	following	standards	(and	lines):	
pyrope	(MgKa),	almandine	(AlKa,	SiKa,	FeKa),	diop-
side	(CaKa),	Sc	metal	(ScKa),	rutile	(TiKa),	V	metal	
(VKa),	 rhodonite	 (MnKa),	 synthetic	 {Y2}[Al2](Al3)
O12	 (YLa),	 and	 synthetic	REEP5O14	 (La	 for	La,	Ce,	
Nd,	Gd,	Tb,	Er,	Tm	and	Yb;	Lb	for	Pr,	Sm,	Eu,	Dy,	and	
Ho;	Ma	for	Lu).	Analytical	totals	range	from	100.57	to	
103.50	wt%	with	the	refined	protocol,	whereas	the	total	
for	grain	#2	was	97.40	wt%.

Almandine	in	section	GB50A1	was	analyzed	for	all	
elements	 at	 a	 single	 set	 of	 conditions,	 25	kV,	10	nA,	
and	 ca.	 5	mm	 (focused)	 beam	diameter.	We	 used	 as	
standards	 (and	 lines)	 diopside	 (MgKa,	CaKa),	 albite	
(AlKa),	wollastonite	 (SiKa),	 rutile	 (TiKa),	V	metal	
(VKa),	Cr2O3	 (CrKa),	 rhodonite	 (MnKa),	 almandine	
(FeKa);	 synthetic	 {Y2}[Al2](Al3)O12	 (YLa),	 and	
synthetic	REEP5O14	 (La	 for	 Er	 and	Yb;	Lb	 for	Gd	
and	Dy).

Almandine	 in	 sections	GB50C	 and	GB94I4	was	
analyzed	for	all	elements	at	a	single	set	of	conditions,	15	
kV,	10	nA,	and	5	mm	beam	diameter.	We	used	standards	
(and	 lines)	 jadeite	 (NaKa),	 diopside	 (MgKa,	CaKa),	
almandine	(AlKa,	SiKa,	FeKa),	sanidine	(KKa),	rutile	
(TiKa),	 rhodonite	 (MnKa),	 and	 synthetic	 {Y2}[Al2]
(Al3)O12	(YLa).

Menzerite-(Y)	 in	 grain	 5,	 section	GB50A2	was	
mapped	for	Mg,	Al,	Ca,	Ti,	Y,	Er	and	Yb	with	a	focused	
beam	at	15	kV	and	200	nA	using	the	following	crystals:	
TAP	(MgKa,	AlKa),	PET	(CaKa,	TiKa,	YLa),	LIF	(Yb	
La,	Er	La).	Titanium,	Er	 and	Yb	were	mapped	with	
two	 spectrometers	 simultaneously,	 and	 the	 resulting	
images	were	added	to	one	another.	Profiles	of	Mg,	Ti,	
Mn,	Y,	and	Yb	concentrations	in	traverses	across	eleven	
grains	of	menzerite-(Y)	and	the	enclosing	almandine	in	
sections	GB50A1	and	GB50A2	were	obtained	with	a	
focused	beam	at	15	kV	and	100	nA	using	the	following	
crystals:	TAP	(MgKa),	PET	(TiKa,	YLa),	LIF	(MnKa,	
YbLa).

MiCroStrUCtUrES	of	MEnZEritE-(y)		
and	alMandinE

Menzerite-(Y)	 occurs	 as	 an	 accessory	 phase	 in	 a	
foliated	felsic	granulite	that	has	an	indistinct	composi-
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tional	layering	on	a	millimeter	scale.	The	most	abundant	
minerals	associated	with	menzerite-(Y)	are	oligoclase	
(An25–28),	 quartz,	 and	 ferrosilite	 (Fs56–61En38–43Wo1–3	
plus	~1%	MnSiO3).	K-feldspar,	augite	 (Fs27–29En29–30
Wo41–43),	calcic	amphibole,	biotite,	almandine,	ilmenite	
and	magnetite	 are	 subordinate	 (Grew	 et al.	 2010).	
Accessory	 phases	 include	 fluorapatite,	 allanite-(Ce),	
and	zircon,	which	are	widespread,	whereas	monazite-
(Ce),	 xenotime-(Y),	 pyrite,	 chalcopyrite,	 sphalerite,	
hercynite,	and	Mg–Fe	carbonate	occur	very	sparsely.

Although	mostly	 isolated	 from	 other	 phases	 by	
almandine,	menzerite-(Y)	 is	 locally	 in	 contact	with	
K-feldspar	 (Figs.	3,	4a)	and	with	 several	of	 the	other	
minerals	enclosed	in	almandine:	allanite-(Ce)	(Fig.	3),	
ilmenite	 and	fluorapatite	 (Fig.	 5a).	No	 contacts	with	
oligoclase,	quartz,	ferrosilite	or	any	other	mineral	were	
found.	Grains	 of	menzerite-(Y)	 range	 from	equant	 to	
elongate,	 up	 to	 70	mm	 in	 the	 longest	 dimension.	 Its	
contacts	 are	 sharp	 and	 commonly	 cuspate	 or	 show	
embayments	(Figs.	4a,	4c,	5a).	In	a	few	cases,	several	
grains	of	menzerite-(Y)	are	enclosed	in	a	single	grain	
of	almandine,	e.g.,	the	atoll	in	Figure	5a.

Almandine	surrounding	menzerite-(Y)	is	euhedral,	
in	 places	with	 smooth	 faces	 and	 sharp	 corners	 (Figs.	
3,	4a,	4e,	4f),	and	surrounded	by	a	moat	of	K-feldspar,	
locally	with	 quartz	 (Fig.	 5a).	 In	 some	 cases,	 alman-
dine	 overgrowing	 inclusion-poor	 almandine	 around	
menzerite-(Y)	 contains	 quartz	 vermicules	 (Figs.	 4b,	
4d).	This	 almandine–quartz	 symplectite,	which	 can	
also	include	augite	vermicules,	is	more	common	around	
ferrosilite,	magnetite	 and	 ilmenite.	Almandine	 also	
forms	a	symplectite	with	biotite	in	decussate	aggregates	
and	quartz	in	sample	GB94I	(Grew	et al.	2010).

PHySiCal	ProPErtiES,	indEx	of	rEfraCtion		
and	CoMPatiBility	indEx	of	MEnZEritE-(y)

Most	 of	 the	 physical	 properties	 of	menzerite-(Y)	
cannot	be	determined	because	of	 the	 small	grain-size	
and	 scarcity.	Cleavage	was	 not	 evident.	Tenacity	 is	
brittle,	 as	 shown	 by	 a	 broken	 grain	 (Fig.	 2	 inset).	
Density,	calculated	with	the	empirical	formula,	is	4.31	
g/cm3	 (grain	 #5	 for	 composition;	 grain	 #2	 for	 cell	
parameters,	section	GB50A1).	Menzerite-(Y)	is	trans-
parent	and	isotropic.	Reflectance	is	8.83%	(air),	0.97%	
(oil),	which	gives	n	=	1.844	(20)	at	580	nm	for	grain	
#1,	section	GB50A1.	The	color	is	deep	reddish	brown	in	
thin	sections	of	standard	thickness	(~	0.03	mm,	Fig.	1).

The	Gladstone–Dale	 relation	 (Mandarino	 1981)	
gives	a	compatibility	index	1	–	(KP/KC)	=	0.003,	excel-
lent;	it	was	calculated	using	the	cell	volume,	index	of	
refraction	and	chemical	composition	from	grains	#2,	#1	
and	#5	(section	GB50A1),	respectively.

x-ray	diffraCtion	StUdy		
and	CryStal	StrUCtUrE	of	MEnZEritE-(y)

By	and	large,	the	site	assignments	given	in	Tables	2	
and	3	for	menzerite-(Y)	are	consistent	with	site	occu-
pancies	 in	 common	 rock-forming	garnets:	Ca,	Mn,	Y	
and	REE	at	 the	X	 site,	Ti	 and	 all	 trivalent	 cations	 at	
the	Y	 site	 (except	minor	amounts	of	Al	needed	 to	fill	
the	Z	 site),	and	Si	at	 the	Z	 site.	Where	menzerite-(Y)	
differs	from	more	common	garnets	is	in	the	assignment	
of	the	divalent	cations	Mg	and	Fe2+.	The	refinement	is	
consistent	with	Mg	being	assigned	to	Y	instead	of	X,	and	
with	Fe2+	being	apportioned	between	the	X	and	Y	sites	
to	bring	their	occupancies	up	to	three	and	two	cations	
per	 formula	 unit,	 respectively.	Thus,	 the	 discussion	
will	 focus	on	 justifying	 the	 latter	 two	unconventional	
site-assignments.

The	good	agreement	between	EPMA	and	SREF	in	
site	scattering	and	the	high	number	of	electrons	(ca.	29)	
at	the	X	site	argue	in	favor	of	assigning	Fe2+	rather	than	
Mg	to	X	to	bring	its	total	occupancy	to	three.	If	more	
Fe2+	and	less	Mg	were	assigned	to	Y,	the	discrepancy	
is	worsened	between	 the	EMPA	and	SREF	 site	 scat-
tering	 for	 the	Y	 site.	Moreover,	 our	 assignments	 are	
consistent	with	 the	 radii	 of	Mg	and	Fe2+:	 the	 smaller	
Mg	ion	should	be	partitioned	into	the	smaller	of	the	two	
sites,	i.e.,	at	Y.	Because	there	are	so	few	garnet	species	
with	substantial	divalent-cation	occupancy	at	Y,	data	on	
the	distribution	of	Mg	and	Fe2+	between	X	 and	Y	 are	
sparse	 and	 contradictory.	On	 the	 basis	 of	Mössbauer	
spectroscopy,	Kühberger	et al.	(1989)	reported	a	modest	
fractionation	of	Fe2+	at	the	Y	site	relative	to	the	X	site	
in	schorlomite,	but	the	X	site	is	largely	occupied	by	Ca	
(2.89–2.90	Ca	per	formula	unit).	In	contrast,	Geiger	et 
al.	 (1991a,	 1991b)	 cited	Mössbauer	 data	 as	 evidence	
that	Fe2+	is	strongly	fractionated	at	the	X	site	relative	to	
the	Y	site	in	synthetic	Ca-free	majorite,	an	interpretation	
supportive	of	our	model	for	menzerite-(Y).

In	order	to	further	verify	the	distribution	of	cations	
between	X	 and	Y,	we	 have	 performed	X–O	and	Y–O	
distance	predictions	based	on	the	composition	obtained	
by	EMPA	(Table	2).	The	X	site	is	occupied	by	50%	Ca,	
21%	Fe2+	 (including	minor	Mn2+),	 and	 29%	Y	 (with	
minor	REE).	 Reference	 distances	were	 taken	 from	
synthetic	garnet	end-members	(Ca–O:	andradite,	Fe–O:	
almandine,	Y–O:	YAG).	The	calculated	X–O	distances	

fiG.	 3.	 Maps	 of	 six	 elements	 in	menzerite-(Y),	 grain	 #5,	
section	GB50A2.	Back-scattered	 electron	 image	 shows	
area	mapped	 (white	 square).	The	 following	 lines	were	
measured:	AlKa,	CaKa,	TiKa,	YLa,	 ErLa,	 and	YbLa.	
Color	scales	to	the	right	of	the	images	show	how	the	image	
was	adjusted	to	maximize	contrast	in	the	iMaGEJ	program.	
Abbreviations:	Alm:	 almandine,	Aln:	 allanite-(Ce),	Kfs:	
K-feldspar,	M:	menzerite-(Y),	Pl:	oligoclase.
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fiG.	 4.	 Back-scattered	 electron	 images	 of	menzerite-(Y).	A.	Sample	GB50A2,	 grain	 #10.	B.	Sample	GB94I4,	 grain	 1.	C.	
Sample	GB50C,	grain	#7/1.	D.	Sample	GB50A2,	grain	#1.	E.	Sample	GB94I4B,	grain	#1.	F.	Sample	GB50A2,	grain	#8.	
Abbreviations:	Alm:	almandine,	Bt:	biotite,	Hbl:	calcic	amphibole,	 Ilm:	 ilmenite,	Kfs:	K-feldspar,	M:	menzerite-(Y),	Pl:	
oligoclase,	Qz:	quartz,	Z:	zircon.
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for	menzerite-(Y)	are	2.316	Å	and	2.454	Å,	respectively,	
which	is	within	0.01	Å	with	the	refined	distances	(Table	
4).	Corresponding	calculations	were	done	for	the	Y–O	
distance	in	menzerite-(Y)	with	16%	Al,	28%	Mg,	34%	
Fe3+,	and	22%	Fe2+	(including	minor	transition	metals)	
at	the	Y	site.	Reference	distance-data	for	Mg	and	Fe2+	
were	taken	from	end-member	forsterite	and	fayalite,	Al	
from	pyrope	and	almandine,	and	Fe3+	from	andradite.	
The	 calculated	 distance	 is	 2.056	Å,	which	 is	 0.03	Å	
longer	 than	 the	 refined	value	 (Table	4).	This	discrep-
ancy	 is	 consistent	with	 the	 observation	 discussed	 in	
the	section	on	Methods	that	site	scattering	at	Y	derived	
from	EMPA	is	higher	than	the	value	obtained	by	site-
occupancy	refinement.	This	may	indicate	that	strongly	
scattering	ions	with	large	radii	in	octahedral	coordina-
tion	are	overestimated	in	the	EMPA	owing	to	chemical	
zoning	or	to	the	limitations	of	electron-beam	size	and	
penetration.

Owing	 to	 the	 presence	 of	 octahedral	Mg	 and	
Fe2+,	menzerite-(Y)	displays	significantly	 longer	Y–O	
distances,	 2.0244(16)	Å,	 compared	 to	 the	 associated	
almandine,	1.9132(17)	Å	(Table	4),	which	has	Al	domi-
nant	at	the	octahedral	site.

We	have	no	 indication	of	Ti4+	or	Fe	 in	 tetrahedral	
coordination	based	on	the	structural	data	of	both	alman-
dine	and	menzerite-(Y).	The	population	of	silicon	was	
not	refined	in	order	to	reduce	correlation	problems	with	
the	 scale	 factor.	However,	 the	 refinement	 of	 the	 site	
occupancy	of	Mg	and	Fe	at	the	Y	site	in	menzerite-(Y)	
indicates	 esd	 values	 of	ca.	 1–2%	 (Table	 2),	 and	 thus	
similar	esd	values	would	be	expected	for	a	Si	versus	Ti	
or	Fe	refinement.	The	similar	and	physically	reasonable	
Ueq	 values	 for	 the	 tetrahedral	 sites	 (Table	 3)	 do	 not	
point	to	any	significant	transition-metal	concentration.	
Furthermore,	the	Z–O	distances,	1.640	Å	for	almandine	
and	1.649	Å	for	menzerite-(Y)	(Table	4),	are	character-
istic	of	Si	only	at	Z	as	in	other	garnets,	e.g.,	1.628–1.645	
Å	for	various	Ca–Mg–Fe–Mn	garnets	(Novak	&	Gibbs	
1971,	Armbruster	 et al.	 1992),	 1.648–1.649	Å	 for	
synthetic	andradite	(Armbruster	&	Geiger	1993)	versus	
1.658–1.678	Å	for	andradite	containing	significant	Ti	or	
Fe	at	the	Z	site	(Armbruster	et al.	1998).

The	Si–O	distances	 and	 scattering	power	 at	Z	 are	
inconsistent	with	 the	 presence	of	 significant	H2O;	cf.	
1.762	Å,	 an	 average	 for	 hydrous	 andradite	with	 1.65	
Si	and	1.35	H4O4	per	formula	unit	(Armbruster	1995).

Owing	 to	 the	 small	grain-size,	 it	was	not	possible	
to	obtain	a	powder	X-ray-diffraction	pattern,	so	it	was	
calculated	 for	CuKa1	 radiation	 and	Debye–Scherrer	
geometry	from	the	single-crystal	data	using	 the	laZy	
PUlvErix	software	(Yvon	et al.	1977)	(Table	5).

MiCro-x-ray	aBSorPtion	nEar-EdGE	
SPECtroSCoPy	and	fE3+	ContEnt	
of	MEnZEritE-(y)	and	alMandinE

The	X-ray	 absorption	 spectra	 at	 the	 Fe	K-edge	
were	acquired	at	 two	points	 at	 the	 center	of	grain	#5	

on	menzerite-(Y),	 and	weighted	 peak-centers	were	
calculated	 from	 the	fits	 (Fig.	 6).	Our	 current	 calibra-
tion	suggests	that	these	correspond	to	Fe3+/SFe	values	
of	0.553	and	0.571,	with	errors	estimated	at	±0.05–0.1	
absolute	or	better	 (work	 is	still	 in	progress	 to	specifi-
cally	determine	 the	errors).	Almandine	at	 the	edge	of	
grain	#5	was	also	analyzed	twice,	and	yielded	Fe3+/SFe	
=	0.166	and	0.190,	whereas	almandine	in	grain	#1	gave	
Fe3+/SFe	=	0.082	and	0.077.	All	analyses	were	made	
using	thin	section	GB50A1.

Crystal-chemical	formulae	calculated	from	stoichi-
ometry	 (see	below)	give	Fe3+/SFe	 in	 the	 range	0.37–
0.50	for	the	12	grains	of	menzerite-(Y).	The	calculated	
value	 for	grain	5	 (section	1,	Table	6)	 is	0.39(2),	with	
a	1s	error	calculated	by	propagation	using	the	spread-
sheet	modified	from	Locock	(2008).	This	stoichiometric	
Fe3+/SFe	ratio	 is	demonstrably	 lower	 than	 the	micro-
XANES	Fe3+/SFe	=	0.56(10)	for	this	grain.	Similarly,	
the	average	stoichiometric	Fe3+/SFe	�	0.05	(Table	7)	for	
the	euhedral	almandine	is	lower	than	the	micro-XANES	
Fe3+/SFe	in	the	range	0.08–0.18(10)	obtained	on	grains	
1	and	5,	but	the	discrepancy	is	less.

In	 summary,	 the	micro-XANES	Fe3+/SFe	 values	
provide	 only	 partial	 confirmation	 of	 the	 Fe3+/SFe	
values	 calculated	 by	 stoichiometry,	 and	 the	 discrep-
ancy	 in	 the	 case	 of	menzerite-(Y)	 raises	 the	question	
as	to	whether	we	should	use	the	micro-XANES	results	
to	 calculate	Fe3+/SFe	 ratios	 for	 all	 the	menzerite-(Y)	
grains.	One	difficulty	is	that	interpretation	of	XANES	
data	 is	not	entirely	straightforward	 in	 the	presence	of	
multiple	coordination	environments,	as	in	the	case	for	
menzerite-(Y).	Wilke	et al.	(2001),	Berry	et al.	(2003)	
and	Höfer	et al.	(2006)	have	cited	the	coordination	of	Fe	
as	a	complicating	factor	in	determining	Fe3+/SFe	using	
XANES	 data.	Moreover,	we	 have	 a	micro-XANES	
determination	on	only	one	grain	of	menzerite-(Y)	out	of	
the	12	analyzed.	Given	the	complexities	in	interpreting	
the	micro-XANES	Fe3+/SFe	values,	we	do	not	believe	
that	 it	 is	 appropriate	 to	 apply	 this	 one	 determination	
to	the	other	11	grains	of	menzerite	because	of	compo-
sitional	 differences	 among	 them.	Consequently,	we	
have	 relied	 on	 the	 stoichiometric	 values	 of	Fe3+/SFe	
so	 that	 the	 results	on	 the	12	grains	would	be	directly	
comparable	with	one	another.	We	have	also	 relied	on	
the	 stoichiometric	 values	 for	 almandine	 to	maintain	
internal	consistency.

CHEMiCal	CoMPoSition	of	MEnZEritE-(y)		
and	alMandinE

The	salient	compositional	feature	of	menzerite-(Y)	is	
its	high	content	of	Y	and	HREE,	e.g.,	13.03–16.93	wt%	
Y2O3	and	2.19–3.17	wt%	Yb2O3	(Table	6),	the	highest	
by	 far	 reported	 in	 a	 natural	 garnet.	We	 have	 based	
our	calculation	of	the	formula	on	the	crystal-structure	
refinement	as	stated	above,	assuming	full	occupancy,	12	
oxygen	atoms	and	eight	cations	[method	based	on	stoi-
chiometry	of	Droop	(1987),	Giaramita	&	Day	(1990)].
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We	have	also	assumed	that	Cr	and	V	are	trivalent	and	
Mn	is	divalent	based	on	the	following	evidence,	which	
is	 sufficient	 for	our	purposes,	because	 these	elements	
are	present	in	such	low	concentrations	in	menzerite-(Y):

Cr:	Geiger	et al.	 (2000)	 reported	only	 trivalent	Cr	
in	pyrope	synthesized	at	1050°C,	25	kbar;	 indeed,	Cr	
is	almost	exclusively	trivalent	in	metamorphic	silicate	
minerals.

V:	Geiger	 et al.	 (2000)	 reported	 tetravalent	V	 in	
pyrope	synthesized	at	950–1050°C,	25	kbar,	in	one	case	
with	V	metal	 to	constrain	oxygen	 fugacity,	but	 found	
that	 the	concentration	of	V3+	 is	“significantly	higher”	
than	that	of	V4+.

Mn:	At	 oxygen	 fugacities	 corresponding	 to	 1–2	
log10	units	more	oxidizing	than	the	QFM	buffer,	Mn	is	
expected	to	be	predominantly	divalent	in	menzerite-(Y),	
as	 it	 is	 in	 silicates	 and	 oxides	 synthesized	 at	 600°C,	
4	 kbar	 at	 these	 oxygen	 fugacities	 (Abs-Wurmbach	&	
Peters	1999).

Although	 the	 precision	 of	 the	 averaged	 analytical	
results	 [standard	 deviations	 are	 given	 in	Table	 6	 for	
the	grain	used	to	define	menzerite-(Y)]	justifies	giving	
formula	units	only	to	the	nearest	0.01	cations,	we	have	
tabulated	cation	proportions	to	the	third	decimal	place	
so	as	to	minimize	accumulation	of	rounding-off	errors.

In	calculating	a	formula	for	menzerite-(Y)	and	iden-
tifying	end-members,	we	follow	Hatert	&	Burke	(2008)	
in	first	considering	the	relative	proportions	of	the	cation	
valences	 at	 each	 of	 the	 three	 sites,	 then	 the	 relative	
proportion	of	cations	for	each	valence	at	that	site.	The	

fiG.	5.	 Profile	for	selected	constituents	in	menzerite-(Y)	and	enclosing	almandine.	A.	Back-scattered	electron	image	of	sample	
GB50A1,	grain	#3,	showing	profile	line	(red).	B.	Profiles	for	five	constituents	along	the	50	mm	trace	in	A.	C.	Profiles	for	Y	
and	Yb	from	B,	but	with	ordinate	(counts)	expanded.	Abbreviations:	Alm:	almandine,	Ap:	fluorapatite,	Kfs:	K-feldspar,	M:	
menzerite-(Y),	Opx:	ferrosilite,	Pl:	oligoclase,	Qz:	quartz.
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Z	site	is	dominated	by	the	tetravalent	cation,	Si.	The	Y	
site	is	dominated	by	divalent	cations	in	grains	#5	and	#6	
(section	GB50A1)	and	by	trivalent	cations	in	the	other	
10	 grains	 (Fig.	 7a).	Of	 the	 two	divalent	 cations,	Mg	
exceeds	Fe2+	 in	all	 the	analyzed	grains,	whereas	Fe3+	
is	the	dominant	trivalent	cation	in	these	grains.	The	X	
site	is	dominated	by	divalent	cations	with	Ca	>	(Fe2+	+	
Mn2+)	in	all	the	analyzed	grains	(Fig.	7b).

These	 observations	 suggest	 that	menzerite-(Y)	
consists	 largely	 of	 two	 end-members,	 {Y2Ca}[Mg2]
(Si3)O12,	which	has	not	been	reported	previously,	and	
andradite,	 {Ca3}[Fe3+2](Si3)O12,	where	 {},	 []	 and	 ()	
enclose	occupants	at	the	X,	Y	and	Z	sites,	respectively,	

as	 recommended	 by	Geller	 (1967).	 Because	 charge	
balance	allows	only	2Y	at	X	 for	Si	=	3	at	Z,	we	have	
drawn	the	boundary	in	Figure	7b	between	{Y2Ca}[Mg2]
(Si3)O12	 and	{Ca3}[Fe3+2](Si3)O12	 at	0.333	 instead	of	
0.5.	Thus,	grains	#5	and	#6	plot	in	the	field	where	the	
{Y2Ca}[Mg2](Si3)O12	end-member	is	dominant.	More-
over,	Mg/(Mg	+	Fe2+)	covers	the	range	0.54–0.66	at	the	
Y	site,	implying	an	important	role	for	the	end-member	
{Y2Ca}[Fe2+2](Si3)O12,	whereas	 the	 presence	 of	Al	
at	 the	Y	 site	 and	Fe2+	 at	 the	X	 site	 implies	 a	 role	 for	
almandine	in	addition	to	andradite.	As	the	compositions	
of	the	grains	plot	close	to	the	boundaries	between	the	
end	members	{Y2Ca}[Mg2](Si3)O12	and	{Y2Ca}[Fe2+2]

fiG.	6.	 Micro-XANES	spectra	of	menzerite-(Y)	in	the	center	of	grain	5	(top)	contrasted	
with	 the	edge	of	 the	grain,	which	 is	almandine.	Both	spectra	have	prominent	peaks	
at	ca.	7111.6	eV	and	7113.5	eV,	but	 the	areas	are	dramatically	different,	giving	rise	
to	weighted	positions	of	7113.1	eV	for	menzerite-(Y)	and	7112.6	eV	for	almandine.
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(Si3)O12	 on	 the	 one	 hand,	 and	 {(Ca,Fe)3}[(Fe3+,Al)2]
(Si3)O12	on	the	other	(Fig.	7),	the	general	formula	for	
these	 grains	 contains	 both	 the	Y-bearing	 and	Y-free	
end-members,	 that	 is,	{(Y,REE)(Ca,Fe2+)2}[(Mg,Fe2+)
(Fe3+,Al)](Si3)O12.	Zoning	in	menzerite-(Y)	grains	can	
be	interpreted	as	variations	in	the	relative	proportions	
of	 the	 two	 end-members	 {Y2Ca}[(Mg,Fe2+)2](Si3)O12	
considered	together	and	{(Ca,Fe)3}[(Fe3+,Al)2](Si3)O12	
in	which	the	proportion	of	the	Yb	analogue	of	{Y2Ca}
[(Mg,Fe2+)2](Si3)O12	remains	relatively	constant	(Figs.	
3,	5b).

An	alternative	approach	 to	calculate	end-members	
was	advocated	by	Rickwood	(1968),	because	in	contrast	

to	most	 silicate	minerals,	 garnet	 end-member	propor-
tions	constitute	an	under-determined	 system	 from	 the	
point	of	view	of	linear	algebra.	As	presently	constituted	
(e.g.,	Back	&	Mandarino	2008),	 there	 are	more	 end-
members	 in	 the	 garnet	 group	 than	 oxides,	 resulting	
in	 ambiguity.	Rickwood	 (1968)	 emphasized	 that	 the	
sequence	of	calculation	influences	the	results,	and	there-
fore	 recommended	 that	all	 investigators	use	 the	same	
sequence	 so	 that	 their	 results	would	 be	 comparable.	
Locock	(2008)	expanded	Rickwood’s	work	to	include	
almost	all	components	present	in	natural	garnet.	Of	the	
possible	Y-bearing	components,	only	{Y3}[Al2](Al3)O12	
was	included.	With	the	discovery	of	menzerite-(Y),	the	
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fiG.	7.	 Plot	of	menzerite-(Y)	compositions	in	terms	of	site	occupancy	and	cation	valence	
(mole	proportions).	Numbers	refer	to	grains	in	section	GB50A1	used	for	the	crystal-
structure	refinement	(SREF),	optical	measurements,	and	menzerite-(Y)	sensu	stricto,	
including	 grain	 #5	 used	 as	 the	 holotype	 to	 characterize	 the	mineral.	Open	 circles	
indicate	the	other	nine	grains	analyzed	in	sections	GB50A1	and	GB50A2	(Table	6).	
The	 general	 formula	 refers	 to	 {(Y,REE)(Ca,Fe2+)2}[(Mg,Fe2+)(Fe3+,Al)](Si3)O12.	
(a)	The	corners	are	 labeled	by	 the	dominant	cation	for	a	given	valence	at	 the	Y	 site	
in	menzerite-(Y).	No	mineral	 is	 specified	 for	 the	Ti	 field	 because	 of	 the	 complex	
substitutions	 in	Ti-rich	 garnets.	 (b)	The	divalent	 cations	 are	 split	 into	Ca-dominant	
and	Fe2+-dominant	fields.	The	Y+REE	occupancy	cannot	exceed	2/3	owing	to	charge-
balance	considerations	unless	Si	<	3	apfu.	The	general	 formula	applies	 to	 the	entire	
length	of	the	boundary	between	andradite	and	menzerite-(Y),	but	is	split	in	two	so	as	
to	not	obscure	the	data	points.
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spreadsheet	had	to	be	modified	to	include	the	{Y2Ca}
[Mg2]Si3O12	(menzerite)	and	its	Fe2+	analogue	{Y2Ca}
[Fe2+2]Si3O12	 (“menzerite-Fe”)	 end-members,	 both	
meeting	the	attributes	of	a	valid	end-member	formula	
(Hawthorne	 2002).	 For	 calculating	 the	 proportion	 of	
Y-bearing	 components,	 the	 REE	were	 added	 to	Y.	
Menzerite	is	dominant	in	recalculated	compositions	of	
10	of	the	12	grains	analyzed,	and	andradite	is	dominant	
in	 the	other	 two	 (Table	8).	Overall,	 the	end-members	
andradite,	almandine,	{Y2Ca}[Mg2]Si3O12	[menzerite-
(Y)],	 {Y2Ca}[Fe2+2]Si3O12,	 and	 {Fe2+3}[Fe3+2]Si3O12	
(“skiagite”)	compose	71–83%	of	 the	analyzed	grains,	

with	morimotoite	 and	 “yttrogarnet”	 being	 the	most	
abundant	components	in	the	remainder.

The	 composition	 of	menzerite-(Y)	 varies	 from	
grain	to	grain,	but	the	only	regular	variations	with	Y	+	
REE	are	the	increase	in	Mg	(Fig.	8)	and	the	decrease	
in	total	trivalent	cations.	In	addition,	individual	grains	
are	zoned,	commonly	with	Mg,	Ti,	Y	and	Er	(to	a	lesser	
extent)	increasing	toward	the	rim,	but	with	Al	and	Ca	
decreasing	and	Yb	remaining	relatively	constant	(e.g.,	
Figs.	3,	5b).	Both	grain-to-grain	variation	and	zonation	
of	 individual	 grains	 are	 best	 understood	 in	 terms	 of	
variation	 of	 Fe-bearing	menzerite-(Y),	 {Y2Ca}[(Mg,	

fiG.	8.	 Plot	of	Mg	versus	 sum	of	Y	+	REE	in	menzerite-(Y).	Numbers	refer	 to	grains	
in	 sections	GB50A1	 used	 for	 the	 crystal-structure	 refinement	 (SREF),	 optical	
measurements,	and	menzerite-(Y)	sensu	stricto,	including	grain	#5	used	as	the	holotype	
to	characterize	the	mineral	(Table	6).	A	least-squares	fit	to	all	the	points	except	SREF	
(grain	#2),	which	was	analyzed	under	different	conditions,	gives	Mg	=	0.34	(Y	+	REE)	
+	0.19,	R2	=	0.79.
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Fe2+)2]Si3O12,	versus	andradite–grossular,	{(Ca,	Fe)3}
[(Fe3+,Al)2](Si3)O12.

Euhedral	 grains	 of	 almandine,	 including	 several	
overgrowing	menzerite-(Y),	 contain	 up	 to	 2.7	wt%	
Y2O3	(at	one	analytical	point;	in	most	cases,	analyzed	
areas	contain	less	than	1.8	wt%	Y2O3)	and	up	to	0.68	
wt%	Yb2O3	 (e.g.,	 Table	 7),	 the	 contents	 of	 which	

increase	from	rim	to	core,	except	for	a	dip	in	Y	content	
next	to	the	contact	with	menzerite-(Y)	in	some	grains	
(Fig.	 5c).	 Incorporation	 of	Y	 and	REE	appears	 to	 be	
largely	through	incorporation	of	menzerite-(Y)	and	its	
Fe2+	analogue	rather	than	through	incorporation	of	the	
“yttrogarnet”	 component	 (YAG),	 {Y3}[Al2](Al3)O12,	
and	 its	 Fe3+	 analogue,	YIG,	 {Y3}[Fe3+2](Fe3+3)O12	

fiG.	 9.	 Plot	 of	 compositions	 of	 almandine	 associated	with	menzerite-(Y)	 in	 sample	
GB50A	(section	1).	The	plotted	data	are	averages	of	3	to	10	analyses	(e.g.,	Table	7),	
except	for	the	point	richest	in	Y	(one	analysis).	Euhedral:	isolated	euhedral	almandine	
grains,	in	some	cases	surrounding	menzerite-(Y);	symplectite:	symplectite	of	almandine	
with	vermicules	of	quartz	.	The	generalized	components	{Y2Ca}[(Mg,Fe2+)2](Si3)O12	
and	{Y3}[(Al,Fe3+)2]((Al,Fe3+)3)O12,	are	the	menzerite	and	“yttrogarnet”	substitutions,	
respectively.	A.	Plot	of	the	deficit	at	the	Y	site,	equal	to	2	–	[Ti	+	V	+	Cr	+	Sc	+	(Al	– 
ZAl)],	versus	total	Y	+	REE	per	formula	unit	of	eight	cations	and	12	atoms	of	oxygen.	
B.	Plot	of	Si	versus	total	Y	+	REE,	using	the	same	formula	basis.
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(Fig.	9).	That	is,	Ti	+	V	+	Cr	+	(Al	– ZAl)	decreases	to	
1.855	and	Y	+	REE	+	Fe2+	+	Mn	+	Mg	+	Ca	reaches	
3.145	atoms	per	12	O,	suggesting	that	the	Y	site	is	not	
fully	occupied	by	trivalent	cations	and	Ti,	whereas	the	
X	site	is	overfilled	with	divalent	cations.	The	higher	Ca	
content	 in	 the	 euhedral	 almandine	 compared	 to	 other	
almandine	 (Fig.	 10)	 is	 consistent	with	 incorporation	
of	menzerite.	Because	 the	X	 site	 is	 dominantly	occu-
pied	by	Fe2+	 in	 almandine,	 addition	of	 the	menzerite	
components	should	increase	the	Ca	content	at	a	ratio	of	
Ca	to	(Y	+	REE)	=	0.5.	The	calcium	content	increases	
linearly	with	Y	+	REE	content,	but	the	measured	ratio	
is	1.035	(Fig.	10),	possibly	due	to	addition	of	andradite	
concomitantly	with	menzerite.	Direct	measurement	by	
micro-XANES	confirms	the	stoichiometric	calculations	
showing	that	Fe3+/SFe	is	significantly	lower	in	alman-
dine	 than	 in	 associated	menzerite-(Y).	The	 dominant	
components	in	the	euhedral	almandine	are	almandine,	
grossular	and	pyrope,	and	the	proportion	of	menzerite	
reaches	6.7%,	whereas	 “yttrogarnet”	does	not	 exceed	
1%	(e.g.,	Table	9).

In	contrast,	the	Y	and	HREE	contents	of	almandine	
in	 symplectites	with	quartz	and	augite	or	with	biotite	
and	quartz	are	close	to	the	detection	limit	on	the	elec-
tron	microprobe;	the	Ca	contents	of	this	almandine	are	
sensibly	lower	(Fig.	10).	Nonetheless,	grossular	is	still	
the	second	most	abundant	component	(Table	9).

dEfinition	of	MEnZEritE-(y)	and	itS	
rElationSHiP	to	otHEr	SPECiES	of	GarnEt

Following	 the	 dominant	 valence	 rule	 (Hatert	&	
Burke	2008),	menzerite-(Y)	is	defined	as	a	garnet	rich	

in	Y	and	HREE	in	which	divalent	cations	are	dominant	
at	the	Y	site,	Mg	is	the	dominant	divalent	cation	at	this	
site,	 and	Y	 is	dominant	among	Y	+	REE.	Majorite	 is	
the	only	other	natural	garnet	species	in	which	divalent	
cations	are	dominant	at	the	Y	site,	but	it	is	distinct	from	
menzerite-(Y)	 in	 that	Y	 contents	 are	 negligible,	 and	
significant	Si	occupies	the	Y	site	(e.g.,	Smith	&	Mason	
1970,	Mao	et al.	1982).	The	end-member	for	menzerite-
(Y)	is	{Y2Ca}[Mg2](Si3)O12;	its	Fe2+	analogue	would	be	
{Y2Ca}[Fe2+2](Si3)O12,	which	has	not	yet	been	found.

However,	 the	 12	Y-rich	 garnet	 grains	 analyzed	 in	
this	 study	 are	 intermediate	 in	 composition	 between	
menzerite-(Y)	plus	its	Fe2+	analogue	on	the	one	hand,	
and	 andradite	 plus	 a	 “skiagite”	 component	 on	 the	
other,	i.e.,	close	to	the	formula,	{(Y,	REE)(Ca,	Fe2+)2}
[(Mg,Fe2+)(Fe3+,Al)](Si3)O12. Only	two	of	the	analyzed	
grains,	 namely	 #5	 and	 #6,	 qualify	 as	menzerite-(Y)	
under	this	definition,	and	even	their	compositions	plot	
close	 to	 the	 boundary	with	 andradite	 [menzerite-(Y)	
sensu stricto	 in	Fig.	7].	The	other	10,	 including	those	
used	 for	 single-crystal	X-ray	 diffraction	 and	 optical	
characterization,	 are,	 strictly	 speaking,	 andradite	 that	
is	 rich	 in	 the	menzerite-(Y)	 component	 plus	 its	 Fe2+	
analogue	 (Fig.	 7).	 Grains	 of	menzerite-(Y)	 sensu 
stricto	 are	 indistinguishable	 from	Y-rich	 andradite	 in	
thin	 section	 and	 back-scattered	 electron	 images,	 and	
can	 only	 be	 identified	with	 a	 complete,	 quantitative	
chemical	 analysis.	Consequently,	 all	 grains	 similar	 to	
menzerite-(Y)	 sensu stricto	 in	 composition,	 optical	
appearance	or	electron	scattering	intensity	are	referred	
to	menzerite-(Y)	in	the	present	paper.

The	coupled	substitutions	XY	+	YMg	=	XCa	+	YAl	and	
XY	+	YMg	=	XCa	+	YFe3+	relate	menzerite-(Y)	to	gros-
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sular	and	andradite,	respectively,	whereas	homovalent	
substitutions,	i.e.,	Mg	=	Ca	and	Fe	=	Ca	at	the	X	site,	are	
required	to	relate	it	to	pyrope	and	almandine.	Previous	
investigators	 found	Y	and	REE	 to	 be	 incorporated	 in	
various	garnets	through	the	coupled	substitutions	XY	+	
ZAl	=	XMn	+	ZSi,	XY	+	Z(Fe3+,Al)	=	XCa	+	ZSi	or	Na	+	
Y	=	2(Ca,Mn)	at	the	X	site	(Jaffe	1951,	Yoder	&	Keith	
1951,	Kasowski	&	Hogarth	1968,	Enami	et al.	1995,	
Røhr	 et al.	 2007).	 In	 contrast,	Wang	 et al.	 (2003a,	
2003b)	 suggested	 the	 substitution	 (Y,	REE)	 =	Al	 to	
explain	 compositional	 variations	 in	Y-bearing	 spes-
sartine	 from	 the	Xihuashan	 granitic	 complex,	China.	
Our	plot	of	these	spessartine	compositions	(E.S.	Grew,	
unpubl.	data)	suggests	an	alternative	explanation	for	the	
inverse	relation	between	Y+REE	and	Al:	XY	+	YFe2+	=	

XMn	+	YAl,	i.e.,	incorporation	of	the	Fe2+	analogue	of	
menzerite-(Y),	{Y2Ca}[Fe2+2](Si3)O12.

We	 are	 not	 aware	 of	 either	 end-member	 {Y2Ca}
[Mg2](Si3)O12	 or	 {Y2Ca}[Fe2+2](Si3)O12	 having	 been	
synthesized,	although	several	Y–Mg–Al	garnets	lacking	
Ca	 have	 been	 (Ito	 1967,	 Suwa	 et al.	 1970,	 1971).	
Reinen	(1964)	reported	the	synthesis	of	a	Ge	analogue	
of	menzerite-(Y),	{Y2Ca}[Mg2]Ge3O12,	whereas	Setlur	
et al.	 (2006)	synthesized	a	garnet	approaching	the	Lu	
analogue,	with	the	nominal	composition	{Lu2Ca}[Mg2]
Si3O12	and	a	=	11.9758(3)	Å,	but	a	Rietveld	refinement	
gave	the	Lu:Ca	ratio	as	1.5:1.

ConditionS	of	forMation		
and	oriGin	of	MEnZEritE-(y)

Microstructures	 suggest	 that	menzerite-(Y)	 is	 an	
early-formed	mineral	that	was	subsequently	preserved	
by	 being	 armored	 by	 almandine	 and	 K-feldspar.	
Although	menzerite-(Y)	 is	 no	 longer	 in	 contact	with	
oligoclase,	 quartz,	 ferrosilite,	magnetite	 and	 ilmenite,	
we	 presume	 that	menzerite-(Y)	was	 originally	 stable	
with	 these	 phases.	Menzerite-(Y)	was	 probably	 also	
stable	with	augite,	even	though	it	has	not	been	found	in	
the	patches	where	coarse-grained,	presumably	primary	
augite	is	present.	However,	euhedral	Y-bearing	alman-
dine,	with	 a	K-feldspar	moat,	 does	 occur	 in	 such	 a	
patch;	we	suggest	that	this	almandine	marks	the	former	
presence	of	menzerite-(Y)	because	of	 its	similarity	 in	
composition	and	appearance	to	almandine	that	has	cores	
of	menzerite-(Y).	There	is	no	evidence	for	almandine	
being	present	when	menzerite-(Y)	was	stable;	it	is	only	
found	as	an	overgrowth	on	menzerite-(Y).	This	absence	
is	surprising	given	 the	relatively	high	bulk-rock	Fe2+/
(Fe2+	+	Mg)	=	0.65	(E.S.	Grew	&	J.H.	Marsh,	unpubl.	
data).	Conditions	for	menzerite-(Y)	crystallization	are	
estimated	 to	 be	P	 ~	 7–8.5	 kbar	 and	T	 ~700–800°C	
(Grew	et al.	2010,	Marsh	et al.	in	prep.).

The	absence	of	contacts	of	menzerite-(Y)	with	the	
major	phases	magnetite,	oligoclase,	quartz,	augite	and	
ferrosilite	 implies	 that	menzerite-(Y)	was	 no	 longer	
in	 equilibrium	with	 these	minerals	 at	 later	 stages	 of	
the	metamorphism.	We	suggest	that	the	breakdown	of	
menzerite-(Y)	is	associated	with	partial	melting,	when	
it	may	 have	 dissolved	 incongruently	 in	 the	melt	 to	
give	peritectic	almandine.	The	incongruent	dissolution	
resulted	in	cuspate	outlines	and	even	split	single	grains	
having	an	atoll-like	appearance	(Fig.	5a),	whereas	the	
sharp	edges	and	smooth	 faces	of	 the	euhedral	alman-
dine	 (Fig.	 4)	 are	 suggestive	 of	 crystallization	 from	a	
melt.	The	melt	 subsequently	 crystallized	K-feldspar	
in	 the	moats.	Alternatively,	K-feldspar	 could	 have	
been	a	peritectic	mineral	that	formed	with	almandine,	
or	 even	 have	 exsolved	 from	 ternary	 feldspar	 in	 the	
matrix.	Conditions	for	dissolution	of	menzerite-(Y)	are	
estimated	to	be	P	�	8.5–9.5	kbar	and	T	�	800–850°C	
(Grew	et al.	2010,	Marsh	et al.	 in	prep.).	Based	on	a	
comparison	with	diagrams	in	Petrík	et al.	(1995),	Noyes	

fiG.	 10.	 The	 Ca	 and	Y	 +	 REE	 contents	 in	 almandine	
associated	with	menzerite-(Y)	in	samples	GB50A,	GB50C	
and	GBI4.	The	 plotted	 data	 are	 averages	 of	 three	 to	 10	
analyses	 (e.g.,	Table	 7),	 except	 for	 the	 point	 richest	 in	
Y	 (one	 analysis).	Euhedral:	 isolated	 euhedral	 almandine	
grains,	 in	 some	 cases	 surrounding	 menzerite-(Y),	
Symplectite:	 symplectite	 of	 almandine	with	 vermicules	
of	quartz	±	augite,	Intergrowth:	symplectite	of	almandine	
with	planar	inclusions	of	quartz	and	overgrown	by	platelets	
of	biotite.	Line	is	a	least-squares	fit	to	the	data	for	euhedral	
almandine:	Ca	=	1.035(Y	+	REE)	+	0.663,	R2	=	0.784.
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et al.	(1983)	and	Lindsley	(1991),	the	Fe3+/SFe	=	0.36	
measured	in	allanite-(Ce)	and	up	to	9	mol.%	proportion	
of	hematite	solid-solution	in	ilmenite	(E.S.	Grew,	J.H.	
Marsh	&	M.G.	Yates,	unpubl.	data)	suggest	an	oxygen	
fugacity	roughly	1–2	log10	points	more	oxidizing	than	
the	quartz	–	fayalite	–	magnetite	(QFM)	buffer	for	the	
formation	of	menzerite-(Y).

ConClUSionS

The	 discovery	 of	menzerite-(Y)	 and	 the	 garnet	
components	{Y2Ca}[Mg2](Si3)O12	and	{Y2Ca}[Fe2+2]
(Si3)O12	in	associated	almandine	adds	a	new	dimension	
to	the	role	of	Y	and	HREE	in	garnet.	Menzerite-(Y)	may	
have	been	previously	overlooked,	because	it	resembles	
hercynite	optically.	The	occurrence	of	menzerite-(Y)	at	
Bonnet	Island	suggests	that	its	formation	and	preserva-
tion	 require	 a	 distinctive	 set	 of	 circumstances,	 such	
as	 the	absence	of	almandine	during	at	 least	one	stage	
of	 the	metamorphic	 evolution,	moderately	 oxidizing	
conditions	and	granulite-facies	P–T	conditions.	We	are	
less	certain	whether	a	high	bulk	Y	+	HREE	content	is	
critical.	The	host	granulite	contains	80.4	ppm	Y,	12.7	
ppm	Dy,	9.85	ppm	Er,	and	11	ppm	Yb	(E.S.	Grew	&	
J.H.	Marsh,	 unpubl.	 data	 on	 sample	GB50),	 several	
times	greater	than	most	granulites.

Yttrium	+	REE	substitution	for	divalent	cations	at	
the	X	site	in	menzerite-(Y)	and	associated	almandine	is	
balanced	 in	charge	 largely	by	 substitution	of	divalent	
cations	for	trivalent	cations	at	the	Y	site,	i.e.,	X(Y,REE)	
+	YR2+	=	XR2+	+	Y(Al,Fe3+),	the	menzerite	substitution	
in	Figure	9.	Other	substitutions	that	have	been	proposed	
for	Y	+	REE	incorporation	in	garnet,	namely,	X(Y,REE)	
+	Z(Al,Fe3+)	=	XR2+	+	ZSi,	the	“yttrogarnet”	substitution	
(e.g.,	Jaffe	1951),	X(Y,REE)	+	XNa	=	2XR2+	(Semenov	
1963,	 Enami	 et al.	 1995)	 or	 substitutions	 involving	
vacancies	at	the	X	site	(Quartieri	et al.	1999a,	1999b),	
play	 a	 subordinate	 or	 no	 role	 in	 the	Bonnet	 Island	
garnets.	The	possibility	that	the	menzerite	substitution	
could	also	be	important	in	the	spessartine	reported	by	
Wang	et al.	(2003a,	2003b)	suggests	that	this	substitu-
tion	could	be	widespread	in	metamorphic	and	igneous	
garnets	overall.
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