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ABSTRACT

Makarochkinite, Y™(Ca, eNag ,sMng 11)™(Fe3seFer s Tio. oMo 2sMno 0 Nbo gas Tag 007)™ (S asBeo o1 Al 4
Fe470,5)0, (end-member Ca,Fe3*Fe**TiSi,Be AlO,) from electron-microprobe data, Mossbauer spec-
troscopy, and single-crystal structure refinement, occurs in a granitic pegmatite near Lake Ishkul’,
II’'men Mountains (Southern Urals), II’'men State Reserve, Chelyabinsk Oblast’, Russia. Associated
minerals include danalite, phenakite, titanite, potassian calcic amphibole (ferro-edenite and hasting-
site), biotite, ilmenite, magnetite, ferrocolumbite, fergusonite-(Y), and samarskite-(Y). Makarochkinite
forms equant masses 5-50 mm across, black in hand specimen; luster vitreous; it is opaque except in
slivers <1 wm thick. It is brittle; Moh’s hardness 5.5-6, and has no discernable cleavage; fracture is
uneven. Twinning is absent. The measured density is 3.93(1) g/cm?; calculated density 3.933 g/cm’.
It is optically biaxial, oo = 1.835 +£0.014 and y = 1.865 £ 0.015 from reflectance data, pleochroism
marked: X = greenish brown, ¥ = yellowish brown, Z = reddish brown; Y < X < Z. Single-crystal X-ray
diffraction gives triclinic symmetry, space group P1, Z = 2, wR(F?) (all) = 0.096 for 6497 reflections,
a=10.355(2), b=10.751(3), and ¢ = 8.873(2) A, 0. = 105.707(8), B = 96.227(6), y= 124.861(6)°, V=
735.7(3) A%. The eight strongest lines in the powder pattern [d-spacing (A),(I),(hkl)] are 7.997(57)(100),
4.779(29)(011), 3.120(32)(012), 2.924(69)(013), 2.676(77)(203), 2.530(100)(213), 2.410(28)(223),
2.075(39)(411).

Of the aenigmatite-sapphirine-surinamite group minerals, makarochkinite is compositionally clos-
est to rhonite and hggtuvaite. It is distinguished from rhonite by Fe** > Mg and by the presence of
0.91-0.98 Be per 20 cations; Be occupies the two most polymerized T sites in roughly equal amounts.
Distinction from hggtuvaite is based on occupancy of the M7 site, which is dominated by Fe** in

hggtuvaite and by Ti in makarochkinite.

INTRODUCTION

Four minerals of the aenigmatite-sapphirine-surinamite group
(Strunz and Nickel 2001) contain essential Be: surinamite, khma-
ralite, welshite, and hggtuvaite (Table 1). Polyakov et al. (1986)
characterized the Fe-Ti beryllosilicate “makarochkinite” as a new
mineral related to aenigmatite. This relation was subsequently
confirmed by single-crystal structure refinement, which gave the
formula (Ca, 7sNay s)(FeFkoFettsTip 0Mgo25)Oa[SissAlgsBe o] Oy
(Yakubovich et al. 1990), but the new mineral and name were not
considered for approval by the International Mineralogical Asso-
ciation at that time. Grauch et al. (1994) suggested that hggtuvaite
and makarochkinite are identical, whereas Hawthorne (2002) and
Hawthorne and Huminicki (2002) contended that if Ti were fully
ordered at a single M site as it is in aenigmatite, then makaroch-
kinite would be the Ti-dominant analogue of hggtuvaite.
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In anew crystal-structure study of makarochkinite, it was pos-
sible to independently refine the occupancy of the octahedral M7
site and confirm that Ti is the dominant cation at this site, thereby
meeting the criterion of Hawthorne (2002) and Hawthorne and
Huminicki (2002) for makarochkinite being distinct from hgg-
tuvaite, whose Ti content is insufficient to be dominant at M7.
The mineral and name were approved by the Commission on
New Minerals and Mineral Names, International Mineralogical
Association (2002-009a). The name is for Boris A. Makarochkin
(1907-1988), Russian chemist and mineralogist, who studied the
rare minerals from the II’'men Mountains and first collected the
mineral, but described it as an amphibole (Makarochkin 1955).
The original type material (sample no. 89351) is deposited in
the Fersman Museum, Moscow. The neotype material (sample
no. 400Shch-6) is deposited in the Natural Science Museum of
the II’'men State Reserve, Miass, Russia, and in the National
Museum of Natural History (Smithsonian Institution) as NMNH
174051.
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OCCURRENCE AND ASSOCIATED MINERALS

Geology

Makarochkinite occurs in a pegmatite exposed in Pit 400
near Lake Ishkul’ in the northern part of the II’'men Mountains
(Southern Urals) within the II’men State Reserve, city of Miass,
Chelyabinsk Oblast’, Russia (Fig. 1). The II’men Mountains are
underlain by the II’meno-Vishnegorski magmato-metamorphic
complex in which Lower Proterozoic metamorphic rocks are cut
by a NE-trending band of nepheline syenite (miaskite) bodies
with aureoles of fenite (Rasskazova 1992; Popova et al. 1996).
Vein rocks associated with this band include four types of pegma-
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FIGURE 1. Geological map of the area around Miass, Russia, showing
the location of Pit 400.
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tite: (1) granitic pegmatites antedating the miaskite; (2) miaskitic
(nephelino-feldspathic), feldspathic, and corundum-feldspathic
pegmatites giving ages of 270-290 Ma; (3) granitic pegmatites
postdating the miaskite; and (4) amazonitic pegmatites giving
ages of 240-260 Ma. The pegmatite exposed in Pit 400 is pro-
visionally included in the third group.

Makarochkin (1955, 1978) reported that Pit 400 exposed an
unzoned, NS-striking vein, 0.4-0.6 m thick, of granitic pegmatite
having sharp contacts with the host biotite-feldspar rocks (biotitic
“syenite” and “granite gneiss”). The pegmatite body forms an
elongated lens not exceeding 2 m in length and ranging from 0.2
to 0.6 min thickness. The lens is broken into blocks by a myriad
of fractures, but overall strikes 355°, i.e., roughly parallel to the
banding in the host rocks. These rocks are feldspathic, biotitic,
and locally amphibolitic, and become schistose and richer in
biotite with abundant, disseminated titanite along the contacts
with the pegmatite lens, particularly at its east contact.

Throughout much of the pegmatite body, fine- and coarse-
grained pegmatite alternate in a chaotic fashion. In places,
fine-grained graphic feldspar-quartz pegmatite appears to flow
around detached feldspar augen up to 5 cm across; the graphic
intergrowths are oriented in every direction. Segregations of ac-
cessory minerals are not associated with any particular rock type
or locality within the pegmatite body. Prior to deformation, the
body could have had the zonation characteristic of granite peg-
matites. Zones of fine- and medium-grained graphic pegmatite
are locally preserved along the contacts in the southern part of
the body. A zone no thicker than 5 cm of the latter can be fol-
lowed for 50-60 cm along the western contact, which is the least
deformed part of the pegmatite; it is separated from the remainder
of the pegmatite by a fracture coated with biotite.

Minerals

Forty two minerals have been reported from Pit 400 (Maka-
rochkin 1955, 1978; Polyakov et al. 1986), of which 26 were
identified in six specimens of host rock and pegmatite as valid
species or group (Appendix 1,' Table 1) using optical properties,
a Cameca ims 4f ion microprobe, and a Cameca SX100 electron
microprobe at the University of Maine. Operating conditions
for the microprobes are given in the section on makarochkinite;
standards for elements requiring special attention are given in
the Appendix table notes.

The host rock sample 400Shch-5 is an amphibole-biotite-
titanite-plagioclase schist with accessory zircon, apatite, and
ilmenite, the last mostly enclosed in titanite; the host rock in
contact with pegmatite (400-21) consists of dominant oligoclase
(Abg, gsAn,y50r,.3), subordinate biotite (Appendix 1, Table 2),
and accessory monazite, ferrocolumbite (Appendix 1, Table 3),
niobian ilmenite with negligible Fe,O; (Appendix 1, Table 3),
hercynite (Fe3k,Zn, 0Mng0sMgo 03Al, goFedt 0,), corundum, and

! Deposit item AM-05-020, Appendices 1-4. 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.
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TaBLE 1. Minerals of the aenigmatite-sapphirine-surinamite group containing essential Be

Mineral End-member formula Type locality Environment Source

surinamite Mg;Al;0[Si;BeAlO; 5] Bakhuis Mountains, Surinam Metapelites and metamorphosed Baba et al. (2000);
granite pegmatites Barbier et al. (2002)

khmaralite Mgs5Al,50,[Si,sBeAl, 50,5 “Zircon Point’, Khmara Bay, Metamorphosed granite pegmatitic ~ Barbier et al. (1999);

(cf. sapphirine) Enderby Land, Antarctica

welshite Ca,(Mg,Sb°*,)0,[Si;Be;04s] Langban, Sweden

hegtuvaite Ca,(Fe?*sFe?*5)0,[Si,BeAlO,s] Hegtuva Window,

Mo i Rana, Nordland Co., Norway

makarochkinite  Ca,(Fe?*,Fe**Ti)O,[Si,BeAlO,s] Ishkul’Mountain, limen

Natural Reserve, south Urals, Russia

Grew et al. (2000);
Christy et al. (2002)

leucosomes in granulite-facies
psammo-pelitic metasediments

Grew et al. (2001);
Hawthorne and Huminicki (2002)

Metamorphosed Fe-Mn deposit

Grauch et al. (1994);

Burt (1994);

Hawthorne (2002);

Hawthorne and Huminicki (2002)
Polyakov et al. (1986);
Hawthorne (2002);

Hawthorne and Huminicki (2002)

Metamorphic, in gneiss and
pegmatite

Pegmatite in biotite-feldspar rocks

schorl (Appendix 1, Table 2). Schorl is highly zoned: Ca varies
inversely with vacancies at the X site and with Mg; Al varies
inversely with Fe and (Mg + Fe).

In the pegmatite, microcline microperthite is much more
dominant and coarser-grained than plagioclase. Quartz locally
appears granulated and the pegmatite is foliated from cataclasis.
Grain size and textural relations suggest that makarochkinite,
danalite, calcic amphibole, and samarskite-(Y) are primary peg-
matite minerals, as are the coarser grains of ilmenite, magnetite,
and ferrocolumbite.

Beryllium minerals include a compositionally homogeneous
single-crystal fragment 0.35 cm across of danalite in sample
400-21 (77% danalite, 17% helvite; 5% genthelvite; 1% Mg end-
member, Appendix 1, Table 4). It is separated from plagioclase
by a discontinuous, thin selvage of phenakite (Appendix 1, Table
4). In 400Shch-6, makarochkinite is locally cut by aggregates of
titanite (Ca, oFedsNbg.sAlg 07 Tig 8551,.0005), phenakite, actinolite,
biotite, magnetite, K-feldspar, rare allanite-(Ce), and several Fe-
rich secondary minerals, including a jarosite-like phase. These
textural relations suggest that phenakite is a secondary mineral
that formed from the breakdown of primary danalite and maka-
rochkinite in these two samples.

Calcic amphibole forms masses up to 4 cm across and is olive-
green in thin section. It is potassian ferro-edenite (400Shch-2)
and potassian hastingsite (400-7b); stoichiometric calculations
suggest significant Fe,O; (Appendix 1, Table 5). Local patches
of bluish color are ferrohornblende in 400Shch-2 and hasting-
site in 400-7b; these patches are poorer in Ti and Na and richer
in Ca than the olive-green amphibole. Biotite in flakes up to a
millimeter across is titanian with little or no octahedral Al (Ap-
pendix 1, Table 2).

The relatively large grains of ilmenite (up to 2 mm) in sample
400Shch-2 contain abundant lamellae of ferrocolumbite and
hematite, e.g., (Fe3hsMng g, Tig23Nbg3)s0.56F€T440s. In the four
samples where it was analyzed, the ilmenite is niobian, and
in two, ferrian (Appendix 1, Table 3). One margin of a zoned
ferrocolumbite grain in the pegmatitic portion of 400-21 is the
richest in Ta of the studied samples (Appendix 1, Table 3). Mag-
netite contains 0.08 wt% SiO, (one grain), 0.2-0.4 wt% TiO,,
and 0.03-0.2 wt% AlLO;, V,0;, and MnO; Mg, Cr, Zn, Nb, Ta,
and W were below detection.

A much altered Th-rich mineral in 400Shch-2 was identified

as huttonite (Forster 1998) containing 74 mol% (Th,U)SiO,,
22 mol% (REE, Y)PO,, and 4% other (Appendix 1, Table 6).
Scheelite is associated with samarskite-(Y) in 400-23.

Four Y-REE-U-Th-Nb oxides have been reported from Pit 400
(Appendix 1, Table 1). Our analyses give two distinct composi-
tions (Appendix 1, Table 7), both of which are consistent with
the formula ABO,, where A= Ca, Mn, Fe, Y, Zr, REE, W, Th, U,
and B = Ti, Nb, Ta (Hanson et al. 1999; cf. Warner and Ewing
1993, who assumed Ti to be an A-site cation). On the basis of
average atomic radii for the A-site (Warner and Ewing 1993),
compositions giving average radii >0.89 A could correspond to
fergusonite-(Y) and those giving average radii <0.85 A to samar-
skite-(Y). However, these identifications are provisional without
crystallographic studies. Minerals identified as fergusonite-(Y)
include a tiny core of less altered uranian and thorian material in
yellow, isotropic grains in sample 400-7b (Appendix 1, Table 7,
column 3) and nearly end-member, euhedral to subequant grains
mostly 2040 um in diameter associated with magnetite, quartz,
and ferro-edenite in sample 400Shch-2 (Appendix 1, Table 7,
column 2). Samarskite-(Y) forms opaque platelets 0.6-0.7 mm
thick and 1.5 to over 3 mm long, rimmed by a margin of yellow,
isotropic material resulting from alteration (sample 400-23). The
opaque phase gives low totals, and thus could be partly hydrated
as well as metamict. Our data are broadly consistent with the
wet-chemical analysis for “khlopinite” reported by Makarochkin
(1978) except that significant W and little Ti were found.

Geochemical environment and comparison with hggtuvaite

The makarochkinite-bearing pegmatite has many mineralogi-
cal features of the niobium-yttrium-fluorine (NYF) petrogenetic
family of granitic pegmatites, more specifically, the gadolinite
subtype associated with metaluminous granites (e.g., Cerny 1991,
1992; Wise 1999), i.e., Y dominance in rare-earth minerals, Nb >
Ta in columbite-group minerals and other oxides, and the pres-
ence of Ti and Be minerals. However, there is little evidence
for F enrichment: the presence of fluorite was not confirmed in
the present study, and the F contents of biotite and amphibole
are relatively low.

The calcic-amphibole composition suggests that the pegmatite
is not highly evolved (Claflin and Wise 2000), whereas danalite
indicates low activity of alumina and moderately reducing condi-
tions consistent with magnetite + ilmenite rather than magnetite
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+ hematite (Burt 1980; Cerny 2002). Ready availability of Ti and
Ca, the latter in excess over that needed for allanite-(Ce) and
amphibole, could be critical for stabilization of makarochkinite
in addition to, or instead of, gadolinite and danalite.

Hggtuvaite is a metamorphic mineral that crystallized under
amphibolite facies conditions in quartzofeldspathic orthogneiss
enriched in Be and other rare metals prior to metamorphism
(Lindahl and Grauch 1988; Grauch et al. 1994). Although the
average analysis of the mineralized orthogneiss (including
hggtuvaite-bearing units) is slightly peraluminous [Al/(K + Na
+ 2Ca) = 1.04], the suite of minerals associated with hggtuvaite
lacks Al-rich phases and is remarkably similar to that of the Pit
400 pegmatite (Appendix 1, Table 1). Notable differences are
that phenakite is coeval with hggtuvaite and that ilmenite as in-
dependent grains and ferrocolumbite are absent at Hggtuva. The
presence of Fe?*-dominant Ti-Nb-Ta oxides suggests that both
Fe?* and Ti were more available in the Pit 400 pegmatite than
in the Hggtuva gneiss for incorporation in the makarochkinite-
hggtuvaite solid-solution.

MAKAROCHKINITE

Physical and optical properties

Makarochkinite forms equant masses 5-50 mm across; a few
grains show 1 or 2 uneven faces (Polyakov et al. 1986). It is
black in hand specimen; the streak is greenish black; the luster
is vitreous; fluorescence was not observed. In hand specimen
and thin sections of standard thickness, it is opaque, whereas in
thin slivers (<1 pwm), it transmits some light (see below). It is
brittle and has a Moh’s hardness of 5.5-6. Polyakov et al. (1986)
reported imperfect “{110} and {110}” (sic) cleavages (given as
{110} and {101} in Bokiy et al. 1996), but we found no discern-
able cleavage in any of our samples; indeed, absence of cleavage
was one of the features used to distinguish makarochkinite from
amphibole in the field. Polyakov et al. (1986) reported the frac-
ture as conchoidal, whereas the fracture is better characterized
as uneven in our samples. Polyakov et al. (1986 and unpublished
data) reported 3.87(1) g/cm’ for the measured density (Westphal’s
balance). Our study of the neotype specimen (no. 400Shch-6), in
which we used a micropycnometer and bromoform, gave 3.93(1)
g/cm?’. The calculated densities are 3.88 g/cm?® (Polyakov et al.
1986), 3.92 g/cm® (Yakubovich et al. 1990), and 3.933 g/cm? for
the neotype specimen (Table 2).

Polyakov at al. (1986 and unpublished data) reported that
makarochkinite is biaxial (sign not known) with o0 = 1.799 +
0.005 and y = 1.86 £ 0.01 using high-index refractive liquids.
Using the Fresnel equation, reflectance values (Appendix 2)
obtained at 589 nm from the neotype specimen (400Shch-6)
gave 0. = 1.835£0.014 and y = 1.865 £ 0.015. 2V, orientation,
and dispersion are not known. Pleochroism is marked, but vis-
ible only in very thin slices: X = greenish brown, Y = yellowish
brown, Z = reddish brown; Y < X < Z.

Chemical composition and compatibility index

Three specimens of makarochkinite in carbon-coated thin
sections were analyzed (Table 2): no. 3319 from P. M. Kartashov,
no. 89351 (type) from the Fersman Museum (courtesy of D.I.
Belakovskiy), and no. 400Shch-6 (neotype), as well as hggtu-
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vaite in a sample R. Grauch collected from the same outcrop as
the type hggtuvaite sample (here designated as N86, the prefix
used by Grauch et al. 1994, for specimens from this outcrop). An
ARL-SEMQ electron microprobe was used to analyze elements
with Z > 10 in three of the four samples; a Cameca SX100 elec-
tron microprobe was used for the neotype specimen (Table 2).
Analytical conditions for the ARL were 15 kV accelerating volt-
age, 10 nA beam current, and a 3 wm spot size. Standards were
kyanite (SiKa), apatite (PKo), LINbO; (NbLov), LiTaO; (TaMor),
rutile (TiKo), SnO, (SnLo), kyanite (AlKo), hematite (FeKo),
spessartine (MnKo.), diopside (MgKa), diopside (CaKo), jadeite
(NaKa), orthoclase (KKa), and Y,Al;0y, (YLo), and the data
were processed with a ¢(pz) scheme in which the effect of BeO
was included. Analytical conditions for the Cameca SX 100 were
15 kV accelerating voltage, 10 nA beam current, and 10 um
spot size; the data were processed using the X-Phi correction of
Merlet (1994). The standards used for the neotype specimen were
fayalite (SiKot), LINDO; (NbLot), LiTaO; (TaLo), rutile (TiKov),
kyanite (AlKo.), magnetite (FeKo), rhodonite (MnK), periclase
(MgKo), wollastonite (CaKa), and jadeite (NaKo). Constituents
to be analyzed were selected on the basis of wavelength-disper-
sive scans, which indicated that Y and Sn contents were close
to the limits of detection in the neotype specimen. The Fe**/Fe**
ratio in makarochkinite was either measured using Mossbauer
spectroscopy (see below) or calculated from stoichiometry as-
suming 14 cations and 20 oxygen atoms.

The Be content of no. 3319, no. 400Shch-6, and N86 was
determined by refining Be vs. Si occupancies of the T1 and T4
sites without constraining the total Be content (the only constraint
being 100% site occupancy and equal U,, parameters); minor
Be at the T2 site in hggtuvaite was revealed by consideration of
the U, parameters. The Be contents were corrected for B, which
cannot be distinguished from Be in the structure refinement. Es-
timated standard deviations (e.s.d.) range from 0.8—1.0% of the
refined Be occupancies in makarochkinite to 1.2% in hggtuvaite,
so precision of the Be contents could be roughly + 1% relative
or +0.03 wt% BeO.

Be, Li, and B were measured with a Cameca ims 4f ion micro-
probe at the University of New Mexico (UNM) using secondary-
ion mass spectrometry (SIMS) and the approach of Grew et al.
(2001). Be standards used in other studies, e.g., Be-doped syn-
thetic granitic glasses (Evensen and London 2002) or surinamite
(Grew et al. 2000, 2001), are not appropriate for makarochkinite;
sample no. 3319 was used instead. Be measurements were made
at a mass resolution of ~320 (routine conditions) and at ~1000,
and comparison of the data sets confirmed that the lower resolu-
tion is adequate for makarochkinite. Repeated measurements of
different grains or spots on a single grain of each sample during 3
or 4 SIMS sessions gave a reproducibility of +2.3-3.7% relative
or£0.06-0.1 wt% BeO. The resulting Be contents correlate well
with Be contents determined independently by refinement of the
T site occupancies (Table 2). Standards for Li and B included one
or all three of the tourmaline standards analyzed by Dyar et al.
(2001), as well as one or two prismatine standards (no. 112233
and no. BM1940,39) analyzed by Cooper (1997) and Cooper et
al. (in preparation). Repeated measurements of Li and B from
different grains or spots on a single grain of each sample gave
a reproducibility of £1-12% (26% for B in no. 3319) of the
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makarochkinite hegtuvaite
Sample 3319 3319 89351 (type) 400Shch-6 (neotype) N86 N86-1A N86-6B
Probe ARL ARL ARL Cameca ARL
Source 1 2 2 2 2 2 3* 3 3

wt%

Sio, 30.09 31.34 31.12 31.12 30.94 31.67 31.60 31.57 32.15
P,0s - b.d. - - - b.d. b.d. b.d. b.d
Nb,Os b.d. 0.85 0.93 0.81 0.58 0.15 0.1591 0.159t -
Ta,05 - 0.19 0.26 0.16 0.19 b.d. - - -
TiO, 6.02 4.65 4.95 5.87 5.60 2.19 2.77 2.28 417
Sno, - 0.03 0.27 0.27 b.d. 0.46 0.53 0.50 0.16
AlLO; 3.55 2.78 2.88 3.04 3.19 2.44 2.64 2.75 0.93
Z FeO 36.92 41.81 41.39 40.52 42.06 46.12 45.18 45.48 44.71
Fe,0; 11.12 16.26F 16.10% 10.758 14.02¢ 20.50% 19.03 20.02 18.818
FeO 26.91 27.18% 2691+ 30.85§ 29.45% 27.67+ 28.06 27.47 27.78§
MnO 1.26 1.25 1.21 1.21 1.10 0.40 0.27 0.29 0.52
MgO 2.74 1.25 117 1.24 1.15 0.39 0.42 0.50 0.29
Ca0 13.38 10.82 11.34 10.86 10.59 10.58 10.44 10.97 10.16
Na,O 1.35 0.87 0.68 0.87 0.91 1.28 1.52 1.31 1.78
KO 0.30 b.d. - - - b.d. b.d b.d b.d
BeO 2.32 2.85|| 2.85|| - 2.62|| 3.11]| 2.651 2.83t1 3.004#
BeO** - - - 2.70** 2.60%* 2.98** - - -
B,O; - 0.055# 0.054** 0.018** 0.013** 0.019** 0.0311 0.0311 -
Y,0; - - b.d. 0.17 b.d. - 0.1591 0.159t -
Li,O - 0.006# 0.006** 0.005** 0.005** 0.012** 0.011t 0.011% -
ZnO - - - - - - 0.0711 0.071t -
Sum 99.681t 100.37 100.73 99.94 100.35 100.86 100.36 100.92 99.76
Formulae (based on 20 oxygen atoms per formula unit)
Si 4.395 4.505 4.462 4522 4472 4.563 4.588 4.553 4.676
Nb 0.000 0.055 0.060 0.053 0.038 0.010 0.010 0.010 0.000
Ta - 0.007 0.010 0.006 0.007 0.000 - - -
Ti 0.661 0.502 0.534 0.641 0.609 0.237 0.303 0.247 0.456
Sn - 0.002 0.015 0.016 0.000 0.027 0.031 0.029 0.009
Al 0.611 0.470 0.487 0.521 0.543 0.415 0.452 0.467 0.159
Fe3* 1.222 1.759 1.737 1.175 1.525 2.223 2.079 2.173 2.059
Fe?* 3.287 3.267 3.227 3.748 3.559 3335 3.407 3.313 3.379
Mn 0.156 0.152 0.147 0.148 0.135 0.048 0.033 0.035 0.064
Mg 0.597 0.268 0.250 0.270 0.248 0.084 0.091 0.108 0.063
Ca 2.094 1.667 1.742 1.690 1.640 1.633 1.624 1.695 1.583
Na 0.382 0.242 0.190 0.246 0.254 0.357 0.428 0.366 0.502
Be 0.814 0.984 0.982 0.943 0.910 1.076 0.924 0.980 1.048
B - 0.014 0.013 0.005 0.003 0.005 0.008 0.008 —
Y - - 0.000 0.013 0.000 - 0.012 0.012 —_
Li - 0.004 0.004 0.003 0.003 0.007 0.006 0.006 —
Zn - - - - - - 0.008 0.008 —
Sum 14.219 13.898 13.861 14.000 13.945 14.019 14.005 14.012 14.000

Notes: b.d. = below detection. Sums do not include X FeO or SIMS BeO when SREF BeO available. Sources of data: 1 = Polyakov et al. (1986); 2 = this paper using an

ARL SEMQ or a Cameca SX 100 electron microprobe; 3 = Grauch et al. (1994).
*Preferred composition.

TICP-AES data for sample N86-1.

$Fe**/Fe* ratio from Mdssbauer spectroscopy.

§Fe**/Fe?* ratio calculated assuming 14 cations, 20 O.

|| Refinement of Be occupancies of T1 and T4 sites and minor Be at the T2 site in hegtuvaite; B content deducted.

# Assumed.
**Secondary ion mass spectroscopy (SIMS) using 3319 as a standard for Be.
11 Sum includes H,0-0.07, H,0* 0.35, LOI 0.22.

measured value, i.e., 0.4-7 ppm for < 100 ppm Li or B (168
44 ppm B in no. 3319).

The Gladstone-Dale relation (Mandarino 1981) gave a
compatibility index for sample 400Shch-6 of 0.020 (excel-
lent) and 0.044 (good), using the refractive indices (o + y)/2
based on reflectance spectra and high-index refractive liquids,
respectively.

CRYSTALLOGRAPHIC PROPERTIES OF
MAKAROCHKINITE AND HOGTUVAITE

Powder X-ray diffraction of makarochkinite

Powder X-ray diffraction data for three different samples,
together with the calculated cell volume for no. 3319, are com-

piled in Appendix 3. The powder pattern agrees well with that
calculated from the crystal structure of sample no. 3319.

Single-crystal X-ray diffraction of makarochkinite and
hggtuvaite

Black platy fragments of makarochkinite no. 3319 (0.19
% 0.13 x 0.07 mm), no. 400Shch-6 (0.21 x 0.14 x 0.04 mm),
and hggtuvaite N86 (0.25 x 0.12 x 0.03 mm) were selected for
single-crystal study. The crystals were mounted on a Bruker-AXS
diffractometer equipped with a MoKo. rotating-anode generator
and a SMART 1K area detector. The raw intensity data were
processed with the SAINT software (Bruker 2000) and corrected
for absorption with the SADABS program (Sheldrick 1996). The
structure refinements were done with the SHELXIL.97 program
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TaBLE 3. Details of the single-crystal X-ray refinements

Mineral Makarochkinite* Makarochkinite* Hogtuvaite*
Sample number 3319 400Shch-6 N86
Space group P1 P1 P1
a(h) 10.373(2) 10.355(2) 10.322(1)
b(A) 10.768(3) 10.751(3) 10.729(1)
c(A) 8.878(1) 8.873(2) 8.8624(8)
o (%) 105.794(10) 105.707(8) 105.802(2)
B 96.183(8) 96.227(6) 96.185(2)
v(©) 124.934(6) 124.861(6) 124.758(1)
V(A 737.4(2) 735.7(3) 731.7(1)
V4 2 2 2
Calc. density (g/cm?®) 3.929 3.948 3.966
u(mm™) (MoKor) 6.448 6.551 6.715
26 max (°) 72.48 72.58 54.98
Aemins Prnax -17,15 -16,16 -13,13
mins Kmax -17,17 -16,17 -13,13
mins Imax -14,14 -14, 11 -11, 11
Unique reflections 6788 6497 6776 t
Absorption correction SADABS program
Tonin Tnax 0.475 0.617 0.748 (twin 1),
0.747 (twin 2)t
Rint 0.057 0.059 n/a
Parameters refined 311 311 313
Twinning parameter n/a n/a 0.293(3)t
Reflections used 6788 6497 6776
Reflections [/ > 26(/)] 4740 4142 4996

w=1/[6%F2) + (AP)]
P=(F2+2F2/3

Weighting scheme

Weighting parameter A 0.041 0.0374 0.0577
Extinction coeff. 0.0130(6) 0.0189(6) n/a
R(F) U > 26(1)] 0.041 0.049 0.043
WR(P) (all) 0.0896 0.096 0.126
AP (€. A3) -2.01 -1.17 -1.18
AP (€. A7) 1.87 136 0.84

*Simplified chemical formulae based on 14 cations per 20 oxygen atoms: no.3319
= (Ca1.76Nag20MNg 04) (Fes.67Tio.54MG0.25NDo.07Al0.055M0.02) (Sia51B€1.00Al0.45F€0,05) O20; NO.
400Shch-6 = (Cay gsNag 21 MnNg10) (Fes 11 TiossMo.2sNDo 04 Ta.01) (Sis 49B€0.00Al054F€0.07) 20
and N86 = (Ca 7oNag s0) (Fes 5 Tio2aMgo.12Al6,035N0.03) (Sl 56B€1.06Al0.35F€0,03) O20. Calcu-
lated densities based on these formulae (cf. text).

tThe hggtuvaite crystal contained two twin components related by a two-fold
rotation around the [122] direction of the triclinic unit cell (see text). The pseudo-
merohedral twinning leads to the presence of extra reflections.

(Sheldrick 1997). Details of the data collection and refinement
are summarized in Table 3.

Structure refinement of makarochkinite. The selected
crystals for no. 3319 and no. 400Shch-6 were untwinned, with
triclinic unit-cells typical of the aenigmatite group (Table 3). The
absence of twinning (Barbier et al. 2001) is consistent with the
finding reported by Yakubovich et al. (1990). The refinements
were done on the basis of simplified chemical compositions de-
rived from the refinement of Be occupancies (see below) and the
electron and ion microprobe analyses, viz., V(Ca, ;sNa, ,0Mng )
(Fes 07T 54Mgo.2sNbo.07ALo.05SN0.02) (SissiBergoAlgasFeoos)
Oy and MM(Cay goNag 1 Mny 19) VI(Fes 1 Tig seMgo.25Nbo 0 Tag 1)
VI(Si, 40BegooAly saFeg.07)Oy for no. 3319 and no. 400Shch-6,
respectively. The tetrahedral Be occupancies (Table 4) quickly
converged to values near 50% at T1 and T4 (with e.s.d. values
0of 0.5%), in agreement with the previous structure determination
by Yakubovich et al. (1990). The average <T-O> bond lengths
and the U, parameters indicated that Al should be located at T3
with minor Fe**. Some minor redistribution of Al may well occur
at the T2, TS, and T6 sites but it was not investigated further.
Examination of the M-O distances and U, parameters led to the
assignment of all Ti** to M7. The longer <M-O> distances for
the M1-6 sites are consistent with mixed Fe/Mg, occupancies,
which were refined by using the total Mg content as a constraint
(with e.s.d. values of 0.2-0.3%). Due to the overall Ti content
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TABLE4. Site occupancies® and average bond lengths (A) in maka-
rochkinite and hggtuvaite (italics)

%Fe %Mg %Ti <M-O>
M1 (no.3319) 89 11 - 2.073
M1 (no. 400Shch-6) 90 10 - 2.075
M1 96 4 - 2.058
M2 (no.3319) 96 4 - 2.088
M2 (no. 400Shch-6) 98 2 - 2.092
M2 98 2 - 2.069
M3 (no.3319) 96 4 - 2.114
M3 (no. 400Shch-6) 97 3 - 2.115
M3 100 - - 2.107
M4 (no.3319) 92 8 - 2.125
M4 (no. 400Shch-6) 94 6 - 2.123
M4 97 3 - 2.109
M5 (no.3319) 95 5 - 2.109
M5 (no. 400Shch-6) 91 9 - 2.102
M5 94 6 - 2.112
M6 (no. 3319) 98 2 - 2.139
M6 (no. 400Shch-6) 99 1 - 2.139
Mé6 100 - - 2.132
M7*(no.3319) 32 - 54 2.036
M7* (no. 400Shch-6) 37 - 59 2.031
M7 70 - 24 2.039

%Ca %Na %Mn <M-O>
M8 (no. 3319) 89 11 - 2448
M8 (no. 400Shch-6) 79 16 5 2.445
M8 73 27 - 2.445
M9 (no. 3319) 88 8 4 2459
M9 (no. 400Shch-6) 90 5 5 2.526
M9 98 2 - 2.520

%Si %Be %Al <T-O>
T1 (no.3319) 52 48 - 1.646
T1 (no. 400Shch-6) 56 44 - 1.648
TI 50 50 - 1.644
T2 (no.3319) 100 - - 1.650
T2 (no. 400Shch-6) 100 - - 1.648
T2 90 5 5 1.643
T3ll(no. 3319) 52 - 43 1.690
T3* (no. 400Shch-6) 39 - 54 1.685
3" 67 - 30 1.687
T4 (no.3319) 48 52 - 1.633
T4 (no. 400Shch-6) 54 46 - 1.633
T4 49 51 - 1.632
T5 (no.3319) 100 - - 1.648
T5 (no. 400Shch-6) 100 - - 1.643
75 100 - - 1.641
T6 (no.3319) 100 - - 1.646
T6 (no. 400Shch-6) 100 - - 1.645
T6 100 - 1.643

*e.s.d. values on occupancies are 0.3% (M1-6), 0.3% (M8, M9), 0.5% (T1, T4) for ma-
karochkinite and 0.3% (M1-6), 0.4% (M8, M9), and 0.6% (T1,T4) for hegtuvaite.
1t M7 also contains 7% Nb, 5% Al, and 2% Sn.

$M7 also contains 4% Nb and 1% Ta.

§ M7 also contains 3% Sn and 3% Al.

|| T3 also contains 5% Fe.

#T3 also contains 7% Fe.

**T3 also contains 3% Fe.

of makarochkinite, Ti is the dominant species at M7, followed
by Fe and minor high-valence cations, viz., (54% Ti + 32% Fe
+ 7% Nb + 5% Al + 2% Sn) in no. 3319 and (59% Ti + 37%
Fe + 4% Nb + 1% Ta) in no. 400Shch-6. As a check, the Ti/Fe
content of M7 in no. 400Shch-6 was further refined and the result
(66% Ti + 29% Fe, with 4% Nb + 1% Ta) was consistent with
the assignment of all Ti to the M7 site.

Structure refinement of hggtuvaite. As expected from
the original study reporting pervasive polysynthetic twinning
in hggtuvaite (Grauch et al. 1994), the crystal fragment of N86
used in the present study was found to be twinned. The diffrac-
tion pattern was initially indexed on a large monoclinic unit-cell
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(a=10.325,b=29.58, and ¢ = 10.130 A, B = 108.74°) similar
to that observed for other twinned minerals of the aenigmatite
group, such as krinovite (Merlino 1972; Bonaccorsi et al. 1989),
sapphirine-1A (Merlino 1980), rhonite (Bonaccorsi et al. 1990),
and the krinovite analogue, Na,(Mg,Fe)s(Ge,Fe)sO,, (Barbier
1995a). The true triclinic unit-cell of hggtuvaite (Table 3) was
derived from the large monoclinic cell by the transformation
matrix (0 0 —1; 1/2 1/4 3/4; 1/2 —1/4 1/4). The refinement of
site occupancies (Table 4) was based on a simplified chemical
composition derived from electron microprobe analysis of hgg-
tuvaite N86, viz., V(Ca, 6sNag 35) V(Fes 6 Tip 24Mgo.05ALo.035100,03)
VI(Si, seBe; gsAly3sFe0030,15)0,. The Be content of hggtuvaite is
slightly larger than for makarochkinite and the refinement in-
dicated the presence of minor Be at T2 (as determined from
refinement of the U, parameter) besides the 50% Be occupancies
at T1 and T4. The shortest M-O distances were again found for
M7 which led to the assignment of all Ti, with Fe and minor Sn
and Al, to this site. Due to the lower Ti content of hggtuvaite,
however, the M7 site is still predominantly occupied by Fe (70%
Fe, 24% Ti, 3% Sn, 3% Al). This cation population is consistent
with the slightly longer <M7-O> average bond length observed

FIGURE 2. View of the makarochkinite structure approximately
along the [233] (top) and [100] (bottom) directions. The [122] direction
in the plane of the figure corresponds to a pseudo twofold axis. The
same labeling scheme is used for the cation sites of makarochkinite
and hggtuvaite.
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in hggtuvaite (2.039 A) vs. makarochkinite (2.031 A).

The final agreement indices for the makarochkinite and hgg-
tuvaite refinements are given in Table 3; selected bond lengths,
selected tetrahedral chain bond angles, and the anisotropic dis-
placement parameters in Appendix 4. Probably as a result of using
atwinned data set, the e.s.d. values for the atom coordinates, site
occupancies, and displacement parameters are slightly larger for
hggtuvaite than for makarochkinite.

Comparison of the makarochkinite and hggtuvaite structures

The geometries of both structures are very similar and only the
makarochkinite structure is shown in Figure 2. The main struc-
tural features have been described previously for other minerals
of the aenigmatite group (e.g., Bonaccorsi et al. 1990), and the
emphasis here is on the cation distributions.

The M8 and M9 sites are seven-coordinated, not counting one
longer M-O bond of approximately 3 A for each site. The edge
sharing occurring between these polyhedra and the tetrahedra
(Fig. 2) accounts for the higher Ca-content at M9 (sharing edges
with Be-rich T1 and T4), and the preference of Na for M8 (shar-
ing an edge with Al-rich T3). Similar Ca/Na distributions have
been observed in another makarochkinite sample (Yakubovich
et al. 1990) and in serendibite (Van Derveer et al. 1993), and
are consistent with bond-valence calculations around the O
atoms and the minimization of cation-cation repulsion across
the shared edges.

The distribution of tetrahedral Be in makarochkinite and
hggtuvaite corresponds to a concentration at the most polymer-
ized T1 and T4 tetrahedra, each sharing corners with three other
tetrahedra (Fig. 2). In both makarochkinite and hggtuvaite, the Be
content at T1 and T4 averages 45 to 50%, which accommodates
all the Be present in makarochkinite (0.9-1.0 Be per formula
unit). This distribution is similar to that observed in other Be-
bearing minerals, such as khmaralite (Barbier et al. 1999) and
surinamite (Barbier et al. 2002), and in synthetic beryllian sap-
phirine (Christy et al. 2002). The limiting 50% Be occupancy
at T1 and T4 avoids the strong underbonding of the bridging O
atom that would occur if both sites were simultaneously occupied
by Be (Christy et al. 2002). In hggtuvaite, the total Be content
exceeds 1 atom per formula unit and the “excess” Be is accom-
modated at T2 (Table 4), a site corresponding to T4 in khmaralite,

TaBLE 5. Cation occupancy of the M7 octahedral site in structures
of the aenigmatite group

Mineral M7 occupancy (%) Reference

hegtuvaite 70Fe+24Ti+3Sn+3Al N86, this work

59Ti+37Fe+4Nb+1Ta
54Ti+32Fe+7Nb+

makarochkinite 400Shch-6, this work

makarochkinite

5Al+25Sn 3319, this work
makarochkinite 50Ti+ 50 Fe Yakubovich et al. (1990)
rhonite 100Ti Bonaccorsi et al. (1990)*
(Scharnhausen)
rhonite (Allende) 56 Mg +44Ti Bonaccorsi et al. (1990)*
krinovite 100 Cr Bonaccorsi et al. (1989)
Fe-Ge krinovite 100 Fe Barbier (1995a)
analogue
aenigmatite 59Ti+41Fe Cannillo et al. (1971)
serendibite 100 Al Van Derveer et al. (1993)
(Johnsburg)

*The rhonite refinements show rather large variations for the U,, parameters of
the M1-7 sites that cast doubt on the exact cation distributions.
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which is occupied by 3% Be (Barbier et al. 1999).

The major distinction between makarochkinite and hggtuvaite
arises from the Ti content and the occupancy of the M7 octahedral
site. In all structures of the aenigmatite group, the M7 octahedron
shares the most (seven) edges with adjacent polyhedra and ac-
commodates the most highly charged cations, such as Al*, Fe*,
Cr*, Ti**, and Nb** (Table 5). This cation ordering is similar to
the complete ordering of octahedral Si** in the high-pressure
anhydrous phase B (Mg,;,S15;0,,; Finger et al. 1991), octahedral
As*, in aerugite (NigsAs;0,4; Fleet and Barbier 1989), and
octahedral Ge** in the related germanate Co,,Ge;O,s (Barbier
1995b). In these structures, the small and highly charged Si*,
As>* and Ge** cations fully occupy the octahedron with the most
shared edges (twelve) in rock salt type clusters. This particular
ordering of highly charged cations can be seen as the result of a
synergy between the distribution of electrostatic potential in the
crystal structure and the reduction in octahedral volume, both
associated with the pattern and number of shared edges for a
given octahedron. In both makarochkinite and hggtuvaite, the
relatively minor Ti contents (0.59 and 0.24 Ti per formula unit,
respectively) are entirely accommodated at the M7 site and Ti
is the dominant M7 species in makarochkinite.
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FIGURE 3. Fitted Mossbauer spectra of makarochkinite 400Shch-6
and hggtuvaite N86 at room temperature. Filled squares represent the
recorded spectra. The solid line passing through the squares is the sum
of the five fitted quadrupole doublets, which are shown as solid lines
for Fe?* and dashed lines for Fe**. Quadrupole splittings for the five
doublets are shown as bars.
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SPECTROSCOPY OF MAKAROCHKINITE AND HOGTUVAITE

Mbossbauer spectroscopy

Absorbers for *’Fe Mossbauer spectroscopy were prepared
by pressing finely ground mineral concentrates with a powdered
acrylic resin (transoptic powder) into self-supporting discs with
an Fe thickness of ca. 2 mg/cm?. Room-temperature spectra
were recorded with a constant acceleration system as described
in Barbier et al. (2002). The spectra were fitted using a least-
square fitting program (Jernberg and Sundqvist 1983) assuming
Lorentzian peak shapes and equal intensity and line width of
the components of each quadrupole doublet. Although fitting of
Voigt functions seemed reasonable, we found that application
of this approach (Rancourt and Ping 1991) did not improve the
spectral analysis.

The Mossbauer spectra of makarochkinite and hggtuvaite are
characterized by three well-resolved absorption bands that show
variable degree of asymmetry (Fig. 3). A model comprising five
quadrupole doublets resulted in convergent fits (Table 6). Fewer
doublets resulted in fits with distinctly higher y? values, whereas
more doublets did not significantly lower the value and did not
always give convergent fits.

On the basis of the variations in mean M-O distances and
degree of distortion from O, symmetry, the seven Fe-bearing
[VI]-coordinated sites in makarochkinite and hggtuvaite may be
divided into three groups: (1) M1, M2, and M7 are characterized
by comparatively short M-O distances and small to moderate
distortion; (2) M3, M4, and M5, by longer M-O bonds and a
high degree of distortion; and (3) M6 is also characterized by
long M-O distances but the distortion from O, symmetry is less.
On the basis of the variations in M-O distances, it is anticipated
that the Mossbauer centroid shift (CS) for quadrupole doublets
due to both Fe?* and Fe** should increase in the order (M1, M2,
M7) < (M3, 4, 5) < M6. The CS-values for doublets due to
[VI]-coordinated Fe* in oxygen-based structures are in general

TABLE6. MoOssbauer hyperfine parameters and intensities at room
temperature
cs DQ w i
mm/s mm/s mm/s %
makarochkinite 3319 (x> = 5.309)
Fe?* (M1-2) 1.04 1.64 0.38 10
Fe* (M3-5) 1.10 2.51 0.30 30
Fe?* (M6) 1.12 2.11 0.33 25
Fe’* (M1,2,7) 0.39 0.84 0.36 24
Fe** (M3-6) 0.53 1.08 0.42 11
makarochkinite 400Shch-6 (x> = 9.824)
Fe?* (M1,2) 1.06 1.68 0.41 12
Fe?* (M3-5) 1.10 2.52 0.30 29
Fe?* (M6) 1.12 2.12 0.34 29
Fe** (M1,2,7) 0.39 0.87 037 22
Fe’* (M3-6) 0.56 1.18 0.42 8
hogtuvaite N86 (x> = 8.966)
Fe?* (M1,2) 1.04 1.67 0.41 11
Fe?* (M3-5) 1.10 2.51 0.30 26
Fe?* (M6) 1.13 2.10 0.31 23
Fe’* (M1,2,7) 0.39 0.86 0.36 28
Fe3* (M3-6) 0.53 1.09 0.38 12

Note: CS = centroid shift; DQ = quadrupole splitting; w = full width at half maxi-
mum; / = intensity. Estimated error of M&ssbauer hyperfine parameters is 0.02
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considerably smaller than for Fe** at similar sites and in similar
substances. The relatively small distortions of the M1, M2, and
M7 octahedral sites are likely to result in smaller quadrupole
splittings as compared to doublets caused by Fe** at the remain-
ing structural sites. Quadrupole splitting of Fe?* doublets is not
exclusively an effect of the geometry of the Fe-centered site and
consequently predictions solely based on geometric relations are
not fully reliable. However, as a first approximation it is reason-
able to assume that a quadrupole doublet due to Fe** at the M6
site may be distinguished from Mossbauer absorption doublets
caused by Fe?* at the M3, M4, and MS5 sites by a smaller quad-
rupole splitting. Tentative assignments of the fitted quadrupole
doublets based on these structural considerations are presented
together with the obtained hyperfine parameters of the fitted
quadrupole doublets in Table 6.

Due to the strongly overlapping quadrupole doublets caused
by ferrous and ferric iron at M3-M6, it is not possible to deter-
mine the ferrous/ferric ratios at each of these sites with reasonable
accuracy. Likewise, it is not possible to obtain a detailed picture
of the distribution of Fe** and Fe?* at each of the remaining sites
(M1, M2, and M7). However, Mossbauer intensity data strongly
suggest that Fe**preferentially occupies the M1, M2, and M7
sites [Fe**/(Fe* + Fe**) = 0.7], whereas Fe?* is dominant at the
M3-M6 sites [Fe**/(Fe* + Fe**) = 0.2].

Optical absorption spectroscopy

Due to the almost opaque character of makarochkinite and
hggtuvaite it was extremely difficult to produce suitable absorb-
ers for optical spectroscopy, and we had no success with hggtu-
vaite. For makarochkinite, it was possible to obtain extremely
thin crystal slivers with reasonably sized areas by crushing small
crystal fragments between glass slides. Optical absorption spec-
tra (Fig. 4) were obtained at room temperature from thin (<1
wm) single-crystal fragments dispersed in immersion medium
(glycerol). Optical orientation of the crystal fragments was aided
by observation of optical interference figures under conoscopic
illumination. The optical spectra were recorded with a Zeiss
MPMSO00 single-beam spectrometer (e.g., Barbier et al. 2002)
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FIGURE 4. Polarized optical-absorption spectra of thin slivers of
makarochkinite 400Shch-6.
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at a spectral resolution of 5 nm in the UV/VIS range and 10 nm
in the NIR region. The measure spot was 15 um and glycerol
was used as a reference medium.

The polarized optical-absorption spectra of makarochkinite
are in all three principal directions dominated by a strong UV-
absorption edge extending through the visible spectral region. In
addition, all three spectra show an intense and very broad absorp-
tion band centered at ca 12000 cm™ (Fig. 4). This absorption
band is pleochroic: X = Z > Y. The band shows spectral features
(large band width and high absorption coefficient) associated
with intervalence charge transfer bands (Mattson and Rossman
1987). In view of the fact that Fe?* (3d°®) and Fe** (3d°) are present
at very high concentrations in makarochkinite, it is reasonable to
assign this band to Fe**-Fe** IVCT. For the present sample, which
contains moderate amounts of Ti in addition to Fe, an alternative
assignment would be Fe?*-Ti** IVCT, but such bands are expected
to occur at higher energy (e.g., Burns 1993). The energy of the
IVCT band in the makarochkinite spectra is at the lower end
recorded for Fe**-Fe* IVCT in the spectra of silicate minerals
(e.g., Mattson and Rossman 1987), but comparable energies oc-
cur in spectra of densely packed Fe-rich silicate minerals such
as ilvaite (Amthauer and Rossman 1984).

Due to the strong optical absorption of makarochkinite, it
was not possible to fully characterize the optical properties,
including determinations of the geometric relation between
crystallographic and optical directions. Nonetheless, the ple-
ochroism of the observed Fe**-Fe** IVCT-band provides some
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FIGURE 5. Natural and end-member compositions of terrestrial
rhonite with less than 1.1 Ti per formula unit and related minerals
projected along CaAl(NaSi)_, and CaAl(KSi)_, onto the alkali-free plane
(modeled on Kunzmann, 1999, Fig. 7). The Be-bearing compositions,
all with Fe** > Mg, and the Be-free compositions are related by the
substitution BeSiAl,, which is indicated by the breaks in the lines
bounding the plotted points, but the beryllian compositions have
been projected from Be onto the plane for Be = 0. Names of minerals
containing essential Be are underlined. Other minerals are Mg > Fe?**
except for a few Fe*-dominant analogues of rhonite. Circles refer to
minerals reported as rhonite by Boivin (1980); Bonaccorsi et al. (1990);
Cameron et al. (1970); Grapes et al. (2003); Grunhagen and Seck (1972);
Johnston and Stout (1984, 1985); Kunzmann (1989); Kyle and Price
(1975); Magonthier and Velde (1976); Olsson (1984); and Prestvik et al.
(1999). Included with dorrite (crosses) are the Fe**-rich “melilite” of Foit
etal. (1987) and “mineral X,” of Havette et al. (1982). Other sources of
data: Cosca et al. (1988); Grauch et al. (1994); and this study.
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constraints. The high intensity for the IVCT-band in EIX' and
EllZ-directions suggests that the optical X- and Z-directions must
be located within a plane where the number of edge-sharing Fe**
(M1/M2/M7)-Fe**(M3/M4/M5/M6) octahedral pairs are high and
perpendicular to this plane (optical Y-direction) the structure must
be depleted in such pair arrangements. One such plane (1,1,0)
is identical to the optic-axial plane in aenigmatite and rhonite,
which suggests that the orientation of the optic plane is the same
for makarochkinite and other aenigmatite-group minerals.

Makarochkinite as a distinct species in the aenigmatite-
sapphirine-surinamite group

Makarochkinite is compositionally closest to rhonite and
hggtuvaite; all are Ca-dominant members of the aenigmatite-
sapphirine-surinamite group. Kunzmann (1989, 1999) proposed
Ca,Mg,Fe**TiAl;Si;0, as the end-member formula for rhonite;
this component is dominant in most rhonite, although a few are
Fe?*-dominant analogues and others have higher Al/Si ratios
(Fig. 5). When hggtuvaite was first introduced as a new species
with an end-member formula Ca,(Fe?'Ti)O,[SisBe]O,, it was
hypothesized that the main distinction between hggtuvaite and
rhonite was the 1 Be per formula unit, which was supposed to
be sufficient to predominate at one tetrahedral site, although the
crystal structure could not be refined to confirm this (Grauch et
al. 1994; Burt 1994).

Our refinements of the crystal structures of hggtuvaite and
makarochkinite show that Be is present at two or more tetrahedral
sites, but never clearly dominant at either. Thus the distinction
between hggtuvaite and makarochkinite on the one hand, and
rhonite on the other, must still be argued on the basis of stoichi-
ometry (~1 Be per formula unit) rather than on site occupancy,
as well as by the dominance of Fe’* over Mg at the M sites.

Hggtuvaite and makarochkinite are distinct from one another
because Ti is the dominant cation at M7 in makarochKinite,
whereas Fe** is the dominant cation at M7 in hggtuvaite (Table
5). Occupancy of M7 has been used as a criterion for distinguish-
ing other species of the aenigmatite group. The best example is
the distinction between wilkinsonite, Na,Fe}*Fe3*SisO,0, and ae-
nigmatite, Na,Fe2"TiSisO,, (Duggan 1990). Cannillo et al. (1971)
reported the cation population of M7 as 59(5)% Ti** and 41% Fe**
in aenigmatite. In the absence of a structure refinement of wilkin-
sonite, Duggan (1990) presumed an analogy with aenigmatite and
concluded that M7 would be dominated by Fe** in wilkinsonite.
Kunzmann (1999, Figs. 4 and 6) showed the division between the
two species at 0.5 Ti*, i.e., wilkinsonite-aenigmatite is analogous
to hggtuvaite-makarochkinite as shown in Figure 5. In the case
of dorrite, end-member Ca,Mg,Fei*Al,Si,O,, (Cosca et al. 1988),
and rhonite, end-member Ca,Mg,Fe**TiAl;Si;0,, the situation
is more complicated because several substitutions are involved.
Kunzmann (1999, Figs. 4 and 7) showed one of the two divisions
between the two minerals at 0.5 Ti* per formula unit.

Figure 5 suggests that the most appropriate end
members are Ca,Fei*Fei*Si,BeAlO,, for hggtuvaite and
Ca,Fe3*Fe**TiSi,BeAlO,, for makarochkinite. The latter is one
of the two compositions suggested by Hawthorne (2002) and
Hawthorne and Huminicki (2002) as possible bona-fide end-
members for makarochkinite. Makarochkinite end-member
Ca,FeiFe**TiSi,BeAlO,, is related to the Fe**-dominant rhonite
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end member Ca,Fei*Fe* TiSi;Al;0,, by a single substitution Be-
SiAl,, which is characteristic of several minerals incorporating
Be (e.g., khmaralite-sapphirine; Christy et al. 2002), whereas
relating hggtuvaite to a theoretical Fe**-dominant dorrite requires
an additional substitution: Fe**Al(Fe*Si)_,. Burt’s (1994) end-
member formula Ca,Fe2*TiSisBeO,, is not appropriate for either
makarochkinite or hggtuvaite because it ignores the substantial
Fe** and Al contents in both minerals and because the Ti con-
tent did not exceed 0.5 Ti atoms per formula unit in any of the
compositions reported by Grauch et al. (1994). In summary,
makarochkinite is distinguished from hggtuvaite on the basis of
Ti dominance at M7, the condition given by Hawthorne (2002)
and Hawthorne and Huminicki (2002) as a prerequisite for rec-
ognizing makarochkinite as a valid species in the aenigmatite-
sapphirine-surinamite group.
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