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Abstract: Ferromerrillite, ideally Ca9NaFe2þ(PO4)7, is a new mineral related to the whitlockite group. It occurs as a common
accessory phase in several Martian meteorites classified as basaltic and olivine-phyric shergottites. The mineral described herein
originates from the two meteorites Shergotty (the type occurrence) and Los Angeles. Ferromerrillite is trigonal, space group R3c; the
unit-cell dimensions (single-crystal data) for material from Shergotty and Los Angeles are, respectively: a 10.372(2) and 10.3794(6);
c 37.217(13) and 37.129(2) Å; V 3467(3) and 3464.1(1) Å3; Z¼ 6. The calculated density Dcalc. is 3.11 g/cm3 based on the empirical
formula Ca9.00(Na0.60Ca0.07)�0.67(Fe2þ

0.53Mg0.40)�0.93P7.08O28 (Shergotty) and 3.14 g/cm3 for Ca9.00(Na0.49Ca0.15)�0.64

(Fe2þ
0.78Mg0.23)�1.02P7.03O28 (Los Angeles). The crystal structure of ferromerrillite from the Los Angeles meteorite was solved

and refined to R1¼ 0.066 on the basis of 1518 independent reflections with I . 2s(I). Single-crystal studies reveal that ferromerrilite
grains from the two studied shergottites are heavily deformed with an angular mosaicity reaching 7 degrees. The latter imply that the
mineral grains experienced a shock event but the impact pressure was not high enough (,23 GPa) for the transformation to tuite,
g-Ca3(PO4)2, to occur. Ferromerrillite is colourless, no cleavage was observed, Mohs’ hardness is �5. In the immersion liquids, the
mineral is colourless and non-pleochroic. It is optically negative, uniaxial to anomalously biaxial with 2V up to (�)20�. Refractive
indices are: o 1.623(1) and 1.624(1), e 1.621(1) and 1.621(1) for Shergotty and Los Angeles material, respectively. The mineral is
named as Fe-dominant analogue of merrillite.

Key-words: ferromerrillite; merrillite; tuite; whitlockite; new mineral; crystal structure; calcium sodium iron phosphate; impact
pressure; meteorite; shergottite; Mars.

Introduction

Recent studies of whitlockite-group minerals have widely
extended our knowledge on the crystal chemistry of that
family of phosphates. Besides the pre-IMA species whi-
tlockite Ca9Mg(PO3OH)(PO4)6 (Frondel, 1941; Calvo &
Gopal, 1975) and merrillite Ca9NaMg(PO4)7 (Wherry,
1917; Hughes et al., 2006, 2008; Jolliff et al., 2006), the
group now includes strontiowhitlockite Sr9Mg(PO3OH)
(PO4)6 (Britvin et al., 1991), bobdownsite Ca9Mg(PO4)6

(PO3F) (Tait et al., 2011), and wopmayite Ca6Na3&Mn
(PO4)3(PO3OH)4 (Cooper et al., 2013). The relationships
between merrillite and whitlockite have been the subject of
discussions for a long time (Gopal & Calvo, 1972; Prewitt
& Rothbard, 1975; Dowty, 1977; Jolliff et al., 2006; and
the above cited references), with the emphasis on the role
of sodium and hydrogen in their crystal structures. Water-
containing minerals of the group (whitlockite itself,

strontiowhitlockite, bobdownsite and wopmayite) are rare
constituents of terrestrial hydrothermal associations; whi-
tlockite is known as a common constituent of bone tissue
(e.g. Jang et al., 2014). Merrillite is a major accessory
phosphate in meteorites and Lunar rocks (Wherry, 1917;
Fuchs, 1969; Hughes et al., 2006, 2008; Jolliff et al., 2006)
but virtually unknown in the Earth’s rocks. The only
reported terrestrial occurrence of merrillite is the locality
in southeastern Siberia, Russia, where the mineral was
found in mantle xenoliths and misidentified as whitlockite
(Ionov et al., 2006). The obvious gap between the ubiquity
of merrillite in extraterrestrial rocks and its nearly com-
plete lack on the Earth can be related to the absence of
water and fluorine in the corresponding rock-forming sys-
tems: merrillite occurs in anhydrous, high-temperature and
fluorine-poor environments (Fuchs, 1969; Hughes et al.,
2006; 2008; Ionov et al., 2006; Jolliff et al., 2006). Among
the extraterrestrial occurrences of merrillite, there is a
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small but cosmochemically important group of stony
meteorites known as shergottites, named after the wit-
nessed meteorite fall at Shergotty (now Sherghati), Bihar,
India, in 1865 (Stöffler et al., 1986; Grady, 2000). It is
accepted that shergottites are the meteorites of Martian
origin (Stolper & McSween, 1979; Papike, 1998); hence
their study substantially contributes to the understanding of
Martian mineralogy, petrology and geochemistry, comple-
mentary to the direct Mars exploration provided by the
Mars rover missions (Economou, 2001; Christensen
et al., 2004; Rieder et al., 2004; Clark et al., 2005;
McSween et al., 2006; Schmidt et al., 2009; Usui et al.,

2009; Bish et al., 2013; Poulet et al., 2014; Sautter et al.,
2014). Merrillite is an accessory phase in shergottites; in
the basaltic and olivine-phyric (Goodrich, 2002) subgroups
of those meteorites, the mineral is substantially enriched in
iron, which substitutes for magnesium. Moreover, several
basaltic and olivine-phyric shergottites, including
Shergotty itself (Table 1), contain the Fe2þ-dominant ana-
logue of merrillite which is considered, according to the
current IMA nomenclature, as a new mineral species. We
have studied that mineral from two basaltic shergottites:
Shergotty (the type occurrence) and Los Angeles (Warren
et al., 2004). The mineral is named ferromerrillite as the

Table 1. Chemical composition of ferromerrillite from shergottite meteorites.

Meteorite No. of points Na2O K2O CaO MgO MnO FeO SiO2 P2O5 Total Notes

Shergotty 8 1.7 46.8 1.5 3.5 46.2 99.7
1 1.42 0.08 45.7 1.48 0.10 4.33 0.08 46.1 99.29 1
2 1.3 0.1 47.1 1.5 0.1 4.2 0.1 44.7 99.1
1 1.27 46.2 1.44 0.16 4.21 0.12 44.4 97.8
9 1.5 47.7 1.3 4.0 45.1 99.6

Los Angeles 10 1.4 47.0 0.9 5.2 45.7 100.2
1 0.67 0.04 44.16 0.75 0.19 4.69 0.1 45.59 96.19 2
2 1.2 46.9 0.91 4.96 0.11 44.9 98.97
2 1.12 46.55 0.87 0.00 4.74 0.12 45.05 98.45 3

QUE 94201 2 0.3 44.1 0.6 0.2 5.5 0.1 45.9 96.7 4
2 0.45 43.85 0.45 0.25 5.9 0.1 45.9 96.9
1 0.54 0.01 47.3 0.61 0.25 6.1 0.08 44.58 99.47 5

NWA 480 1 0.66 47.73 0.84 0.11 5.2 0.1 45.4 100.04 6
EETA 79001 1 0.89 0.05 48.03 1.2 0.19 5.43 0.22 43.87 99.88 7

1 0.64 46.8 0.87 0.29 5.42 46.6 100.62 8
1 0.72 46.2 1.25 4.97 0.1 45.6 98.84 9

KG 002 17 1.25 0.07 47.1 1.00 0.10 4.8 45.3 99.76 10
Tissint 1 0.69 47.31 1.72 4.31 0.08 46.14 100.24

Formula amounts based on 28 oxygen atoms per formula unit Reference

Na K Ca Mg Mn Fe Si P

Shergotty 0.60 0.00 9.08 0.40 0.00 0.53 0.00 7.08 1
0.50 0.02 8.90 0.40 0.02 0.66 0.01 7.09 2
0.45 0.02 9.27 0.41 0.02 0.65 0.02 6.95 3
0.46 0.00 9.19 0.40 0.03 0.65 0.02 6.98 4
0.53 0.00 9.33 0.36 0.00 0.61 0.00 6.98 5

Los Angeles 0.49 0.00 9.15 0.23 0.00 0.78 0.00 7.03 1
0.24 0.01 8.84 0.21 0.03 0.73 0.02 7.21 6
0.43 0.00 9.25 0.25 0.00 0.76 0.02 7.00 7
0.40 0.00 9.20 0.24 0.00 0.73 0.02 7.04 8

QUE 94201 0.11 0.00 8.79 0.17 0.03 0.86 0.02 7.23 9
0.16 0.00 8.74 0.12 0.04 0.92 0.02 7.23 10
0.19 0.00 9.34 0.17 0.04 0.94 0.01 6.95 11

NWA 480 0.23 0.00 9.31 0.23 0.02 0.79 0.02 7.00 12
EETA 79001 0.32 0.01 9.47 0.33 0.03 0.84 0.04 6.84 3

0.22 0.00 9.03 0.23 0.04 0.82 0.00 7.11 7
0.26 0.00 9.06 0.34 0.00 0.76 0.02 7.07 13

KG 002 0.44 0.01 9.23 0.27 0.00 0.73 0.00 7.02 14
Tissint 0.24 0.00 9.15 0.46 0.00 0.65 0.01 7.05 15

Notes: [1] Al2O3 0.30; [2] V2O3 þ Al2O3 þ TiO2 0.06; [3] Y2O3 0.16; [4] Al2O3 0.1; [5] NiO þ Al2O3 þ TiO2 0.07; [6] NiO þ TiO2 0.05;
Al2O3 0.08; [8] Al2O3 0.05; [9] Ce2O3 þ Y2O3 0.25, SrO 0.02; [10] Ce2O3 0.10.
References: [1] This work; [2] Stolper & McSween, 1979; [3] Nevle, 1987; [4] Lundberg et al., 1988; [5] Sano et al., 2000; [6] Mikouchi,
2001; [7] Greenwood et al., 2003; [8] Warren et al., 2004; [9] Mikouchi et al., 1996; [10] Mikouchi et al., 1998; [11] Kring et al., 2003;
[12] Barrat et al., 2002; [13] Wang et al., 2004; [14] Llorka et al., 2013; [15] Balta et al., 2015.
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Fe2þ-dominant analogue of merrillite. Both the mineral
and its name have been approved by the Commission on
New Minerals, Nomenclature and Classification
(CNMNC) of the International Mineralogical Association
(IMA 2006–039). The holotype specimen of ferromerril-
lite from Shergotty is deposited in the Fersman
Mineralogical Museum, Russian Academy of Sciences,
Moscow, catalogue # 3514/1.

Occurrence and physical properties

Merrillite-group minerals having a composition consis-
tent with that of ferromerrillite were previously reported
from several basaltic and olivine-phyric shergottites
(Table 1), where they occur as accessory phases asso-
ciated with clinopyroxene and maskelynite (the impact-
melted plagioclase glass). Due to the scarcity of the rock
material from Shergotty (�50 mg) and Los Angeles
(�200 mg) available in our hands, we were unable to
prepare thin sections from those meteorites; their petrol-
ogy, however, is thoroughly described in the literature
(Stolper & McSween, 1979; Stöffler et al., 1986;
Mikouchi, 2001; Greenwood et al., 2003; Warren
et al., 2004). Ferromerrillite grains from our shergottite
samples have been pre-concentrated, after gentle grind-
ing, using the sink-float method in heavy liquids
(CHBr3-CH2I2-ethanol). The obtained mineral concen-
trates have been further inspected in an immersion
liquid (n ¼ 1.625) from which ferromerrillite grains
have been hand-separated under polarizing microscope.
In total, we have extracted about 20 anhedral grains
(15–20 mm in size) of ferromerrillite from the sample
of Shergotty and about 30 grains (20–50 mm) from the
sample of Los Angeles. Ferromerrillite grains are col-
ourless and have no observable cleavage. They are non-
fluorescent under short- and long-wave ultraviolet light.
Lustre is vitreous. Mohs’ hardness of the mineral is
about 5. In the immersion liquids, ferromerrillite is

colourless and non-pleochroic. It is optically negative,
uniaxial to anomalously biaxial with 2V up to (�)20 �.
Refractive indices are: o 1.623(1) and 1.624(1); e
1.621(1) and 1.621(1) for the mineral from Shergotty
and Los Angeles, respectively. The density of the
mineral from Shergotty could not be measured due to
the scarcity of the material and the danger of its loss;
the calculated density is 3.11 g/cm3. The density of
ferromerrillite from Los Angeles was measured by the
sink-float method and found to be 3.14 g/cm3, in agree-
ment with the calculated value of 3.17 g/cm3.

Chemical composition, structural studies and
powder X-ray diffraction

A few grains of ferromerrillite from both shergottites were
embedded into epoxy resin, gently polished, carbon coated
and analyzed by means of an electron microprobe
(CamScan 4 electron microscope equipped with Link
AN1000 EDX analyzer, 20 kV, 1 nA), using the following
analytical standards: chkalovite (Na), diopside (Mg),
andradite (Fe), chlorapatite (Ca, P). The results are given
in Table 1 along with the data previously reported in the
literature. The chemical composition of the studied ferro-
merrillite from Shergotty corresponds to the empirical
formula Ca9.00(Na0.60Ca0.07)�0.67(Fe2þ

0.53Mg0.40)�0.93

P7.08O28 on the basis of 28 oxygen atoms per formula
unit (apfu) whereas the average of analyses for Los
Angeles ferromerrillite can be recalculated as Ca9.00

(Na0.49Ca0.15)�0.64(Fe2þ
0.78Mg0.23)�1.02P7.03O28. These

data are consistent with the previous reports on the mineral
from Shergotty and Los Angeles (Table 1).

Preliminary single-crystal studies for ferromerrillite
were performed by means of a Stoe IPDS II diffractometer
(34-cm flat image plate detector), along with the single-
crystal study of iron-free merrillite with the ideal formula
Ca9NaMg(PO4)7 (from the Brahin pallasite) for reference
purposes. The reconstruction of reciprocal space for

Fig. 1. Reconstruction of reciprocal space of (a) ferromerrillite (the Los Angeles meteorite) and (b) merrillite (the Brahin meteorite) along
[100], zero-layer.
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ferromerrillite from the Los Angeles shergottite revealed
that the mineral grains are heavily deformed with an angu-
lar mosaicity reaching 7 degrees. The latter is illustrated by
the comparison of reciprocal-space reconstructions for
ferromerrillite and reference merrillite (Fig. 1). Due to

the small grain size and low quality of ferromerrillite
from the Shergotty meteorite, we were unable to carry
out its single-crystal studies, with the exception of the
unit-cell parameters determination: trigonal, space group
R3c, a 10.372(2), c 37.217(13), V 3467(3) Å3, Z ¼ 6,

Table 2. Crystal parameters, data collection and structure refinement details for ferromerrillite (Los Angeles shergottite) and merrillite
(Brahin pallasite).

Mineral name Ferromerrillite Merrillite

Formula Ca9(Na0.49Ca0.19&0.32)(Fe2þ
0.56Fe3þ

0.13Mg0.31)(PO4)7 Ca9NaMg(PO4)7

Crystal size (mm) 0.02 � 0.02 � 0.03 0.3 � 0.3 � 0.3
Crystal system Trigonal Trigonal
Space group R3c R3c
a (Å) 10.3794(6) 10.3528(13)
c (Å) 37.129(2) 37.073(6)
V (Å3) 3464.1(5) 3441.2(8)
Z 6 6
Dx (g/cm3) 3.136 3.106
Instrument Bruker Smart APEX DUO (CCD) Stoe IPDS II (image plate)
Radiation MoKa (l ¼ 0.71073 Å) MoKa (l ¼ 0.71073 Å)
Average temperature (K) 293 293
y range (degrees) 2.52–25.92 2.52–27.99
Total reflections 36895 9143
Unique reflections 1518 1866
Unique observed |Fo| � 4sF 1420 1685
Rint. 0.221 0.065
Rs 0.047 0.042
Data completeness 1.000 1.000
h;k;l range �12,12; �12,12; �45,45 �13,13; �13,13; �48,48
R1 (|Fo| � 4sF) 0.066 0.031
R1 (all data) 0.070 0.036
wR2 0.180 0.068
S ¼ GooF 1.128 0.992
Software SHELX-97 (Sheldrick, 2008) SHELX-97 (Sheldrick, 2008)

Table 3. Fractional atomic coordinates and displacement parameters in ferromerrillite from the Los Angeles shergottite.

Site x y z U11 U22 U33 U23 U13 U12 Uiso

Ca1 0.7268(3) 0.8581(3) 0.43127(6) 0.0289(12) 0.0295(12) 0.0339(10) �0.0018(10) �0.0002(10) 0.0157(10) 0.0303(6)
Ca2 0.6164(3) 0.8228(3) 0.23015(6) 0.0303(13) 0.0278(13) 0.0345(11) �0.0010(12) �0.0017(10) 0.0144(10) 0.0309(6)
Ca3 0.1245(3) 0.2706(3) 0.32427(7) 0.0310(13) 0.0402(14) 0.0406(11) 0.0066(11) 0.0007(11) 0.0194(11) 0.0366(6)
X* 0 0 0.1864(3) 0.032(4) 0.032(4) 0.054(8) 0 0 0.016(2) 0.039(4)
M** 0 0 �0.00078(11) 0.0241(13) 0.0241(13) 0.0342(18) 0 0 0.0121(6) 0.0275(11)
P1 0 0 0.26500(16) 0.0268(16) 0.0268(16) 0.046(3) 0 0 0.0134(8) 0.0333(11)
P2 0.6881(4) 0.8617(4) 0.13366(7) 0.0297(15) 0.0296(15) 0.0366(16) 0.0027(13) 0.0020(13) 0.0163(12) 0.0313(7)
P3 0.6563(4) 0.8485(3) 0.03004(8) 0.0246(14) 0.0285(15) 0.0360(14) �0.0006(15) �0.0010(12) 0.0137(13) 0.0295(6)
O1 0 0 0.3054(5) 0.016(4) 0.016(4) 0.067(10) 0 0 0.008(2) 0.033(3)
O2 0.0049(11) 0.8617(9) 0.2515(3) 0.031(4) 0.036(5) 0.061(5) �0.011(4) 0.003(4) 0.018(4) 0.0419(19)
O3 0.7368(10) 0.9149(10) 0.1724(3) 0.033(4) 0.031(4) 0.055(5) 0.004(4) 0.002(4) 0.017(4) 0.0396(19)
O4 0.7597(10) 0.7733(10) 0.1196(2) 0.040(5) 0.032(5) 0.048(5) 0.012(4) 0.013(4) 0.020(4) 0.039(2)
O5 0.7235(9) 0.0008(9) 0.1111(2) 0.032(4) 0.031(4) 0.041(4) 0.002(3) 0.003(3) 0.018(4) 0.0336(18)
O6 0.5160(10) 0.7605(9) 0.1303(3) 0.030(5) 0.023(4) 0.055(5) �0.004(3) 0.004(4) 0.014(4) 0.0362(19)
O7 0.6015(10) 0.9545(10) 0.0428(2) 0.037(5) 0.046(5) 0.044(4) �0.003(4) 0.004(4) 0.030(4) 0.0379(19)
O8 0.5791(10) 0.7008(10) 0.0497(2) 0.040(5) 0.026(4) 0.046(4) 0.009(3) 0.004(4) 0.014(4) 0.039(2)
O9 0.8244(10) 0.9222(10) 0.0375(2) 0.023(4) 0.036(5) 0.042(4) 0.003(3) 0.000(3) 0.017(4) 0.0325(18)
O10 0.6227(10) 0.8203(9) 0.9901(2) 0.031(4) 0.026(4) 0.042(4) �0.002(3) �0.004(3) 0.014(3) 0.0332(18)

*Occupancy: (Na0.49Ca0.19&0.32) taking into account microprobe data. **Charge balanced occupancy: (Fe2þ
0.56Fe3þ

0.13Mg0.31); e.s.d. of
the refined Fe/Mg occupancies is 0.02.
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Dcalc. ¼ 3.11 g/cm3 based on the empirical formula given
above. The quality of the crystals of ferromerrillite from
the Los Angeles meteorite and merrillite from the Brahin
meteorite allowed solution and refinement of their crystal
structures. The details of data collection are provided in
Table 2; the atomic coordinates and selected interatomic
bond distances are given in Tables 3–5. The high value of
Rint (0.2212) is explained by the extremely high angular
mosaicity of the crystal owing to impact shock experienced
by the host meteorite and, consequently, by the mineral
grains. That phenomenon is inherently typical for impact-
shocked crystals from shergottite meteorites (e.g., Dera
et al., 2002). At the same time, the high symmetry of the
mineral (and hence, high multiplicity of the observed
reflections) resulted in successful intensity averaging of
the merged reflections and, consequently, in the good final
R1 value.

X-ray powder diffraction data were obtained for ferro-
merrillite from the two studied shergottites (Table 6). The
theoretical powder pattern for ferromerrillite from the Los
Angeles meteorite was calculated using Atoms v.6.1 soft-
ware. Refinements of the unit-cell parameters based on the
powder diffraction data gave the following results (for
Shergotty and Los Angeles, respectively): a 10.370(9)
and 10.379(2) Å; c 37.17(9) and 37.06(2) Å; V 3462(15)
and 3457(3) Å3.

Oxidation state of iron in ferromerrillite

Ferromerrillite is an iron-dominant analogue of merril-
lite, hence the oxidation state of iron in the mineral can
be of particular interest. It is generally accepted that the
total iron contained in the meteoritic phosphates is in the
ferrous state (references in Table 1), but in the case of
shergottite meteorites and their phosphates this postulate
might not be completely true. Indeed, the oxygen fuga-
cities derived on the basis of shergottite compositions
are higher than those determined for other meteorite
groups (Herd, 2008), hence partial substitution of Fe3þ

for Fe2þ in the shergottitic phosphates cannot be ruled
out. Direct determination of Fe(II)/Fe(III) ratio on
micrometre-scale objects is still a challenging task (e.g.
Dyar et al., 2014), therefore in this work we follow a
crystal-chemical approach based on the bond-valence
concept and statistical analysis of the lattice parameters
of whitlockite-type phosphates.

The Mg-Fe substitution in the structure of merrillite
occurs at the octahedral M site (Tables 3–5; Fig. 2).
As the synthetic compound Ca9NaFe2þ(PO4)7 – the
end-member of the merrillite–ferromerrillite series –
does exist (Lazoryak & Belik, 2000), there are no
structural limitations for the existence of a continuous
solid solution Ca9NaMg(PO4)7–Ca9NaFe2þ(PO4)7

Table 5. Selected interatomic distances (Å) in ferromerrillite (Los Angeles) and merrillite (Brahin).

Bond

Distance

Bond

Distance

Ferromerrillite Merrillite Ferromerrillite Merrillite

Los Angeles Brahin Los Angeles Brahin

Ca1-O2 2.451(10) 2.449(4) X-O2 � 3 2.825(14) 2.848(5)
Ca1-O4 2.858(10) 2.837(4) X-O3 � 3 2.470(9) 2.418(3)
Ca1-O5 2.482(8) 2.479(3)
Ca1-O6 2.469(8) 2.476(3) M-O6 � 3 2.107(10) 2.069(3)
Ca1-O6 2.487(9) 2.492(3) M-O9 � 3 2.127(9) 2.091(3)
Ca1-O7 2.453(8) 2.477(3)
Ca1-O8 2.338(9) 2.313(3) P1-O1 1.501(19) 1.530(6)
Ca1-O10 2.377(9) 2.365(3) P1-O2 � 3 1.545(8) 1.538(3)

Ca2-O2 2.365(9) 2.368(3) P2-O3 1.533(10) 1.542(3)
Ca2-O3 2.425(10) 2.438(3) P2-O4 1.532(9) 1.521(3)
Ca2-O4 2.440(9) 2.451(3) P2-O5 1.545(8) 1.546(3)
Ca2-O5 2.374(8) 2.375(3) P2-O6 1.560(9) 1.564(3)
Ca2-O7 2.649(9) 2.634(3)
Ca2-O8 2.717(9) 2.688(3) P3-O7 1.544(8) 1.533(3)
Ca2-O9 2.420(9) 2.423(3) P3-O8 1.515(9) 1.534(3)
Ca2-O9 2.437(8) 2.438(3) P3-O9 1.540(9) 1.541(3)

P3-O10 1.517(9) 1.529(3)
Ca3-O1 � 3 2.533(6) 2.4998(17)
Ca3-O2 3.043(11) 3.020(4)
Ca3-O3 2.648(9) 2.630(3)
Ca3-O4 2.522(9) 2.522(3)
Ca3-O5 2.420(8) 2.415(3)
Ca3-O7 2.387(9) 2.389(3)
Ca3-O8 2.616(9) 2.633(3)
Ca3-O10 2.501(8) 2.472(3)
Ca3-O10 2.546(8) 2.541(3)
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(merrillite–ferromerrillite). However, the M site can
be fully or partially occupied by trivalent cations,
including Fe3þ (Table 7) (Lazoryak et al., 1996;
Deyneko et al., 2014). In the latter case, the compen-
sation of the acquired charge imbalance is achieved
via vacancies in the X position (the sodium site in the
ideal merrillite structure, see Tables 3–5, Fig. 2). The
end-member of the latter series, Ca9&Fe3þ(PO4)7,
does also exist (Lazoryak et al., 1996; Table 7). In
this respect, all the analyses of ferromerrillite

collected in Table 1 exhibit a significant deficit of
Na; the lower extreme, in QUE 94201 shergottite,
contains as low as 0.11 Na atom per formula unit
(Mikouchi et al., 1996). In that case, there can be
two possible pathways for charge balance compensa-
tion: either partial oxidation of Fe2þ for Fe3þ, accord-
ing to the substitution scheme NaFe2þ $ &Fe3þ, or
partial substitution of Na for Ca in the X position:
NaFe2þ $ Ca1/2&1/2Fe2þ. The possibility of the latter
substitution scheme is structurally confirmed in

Table 6. X-ray powder diffraction data for ferromerrillite from the Los Angeles and Shergotty meteorites.

Los Angeles* Shergotty* Los Angeles Shergotty

Iobs. dobs. Icalc. dcalc. Iobs. dobs. dcalc hkl Iobs. dobs. Icalc. dcalc. Iobs. dobs. dcalc hkl

18 8.090 20 8.087 2 8.13 8.089 102 7 1.986 4 1.987 1.989 2.2.12
33 6.460 32 6.451 2 6.42 6.462 104 1 1.961 410
9 6.167 6 6.177 6.203 006 6 1.935 2 1.937 413
20 5.196 12 5.190 1 5.24 5.186 110 16 1.921 19 1.922 2 1.917 1.923 4.0.10
2 4.789 1 4.785 113 12 1.880 10 1.884 2 1.885 1.884 328
9 4.372 3 4.368 4.366 202 12 1.870 11 1.869 2 1.868 1.869 416
3 4.119 2 4.118 108 1 1.815 3.1.14
13 4.047 15 4.044 1 4.06 4.045 204 8 1.815 2 1.815 1 1.824 1.822 1.0.20
3 3.968 3 3.973 116 14 1.801 3 1.802 1 1.807 1.803 3.2.10
20 3.423 16 3.426 1 3.43 3.438 1.0.10 14 1.787 3 1.789 1 1.784 1.788 502
5 3.384 3 3.383 3.381 211 4 1.771 1.771 419
11 3.343 5 3.342 3.340 212 9 1.765 7 1.765 1.764 504

1 3.226 3.233 208 2.3.11
3 3.226 119 3 1.729 1 1.724 1.729 330

81 3.191 59 3.190 6 3.19 3.189 214 21 1.710 20 1.713 2 1.715 1.719 2.0.20
14 2.994 9 2.996 2 2.990 2.994 300 2 1.697 1.700 3.1.16
100 2.861 100 2.859 10 2.860 2.866 2.0.10 11 1.699 5 1.697 1 1.704 1.701 3.0.18
21 2.741 22 2.740 2 2.747 2.742 218 1 1.692 2.1.19
9 2.696 7 2.696 1 2.702 2.696 306 7 1.678 4 1.676 1 1.672 1.676 508
7 2.655 7 2.654 2.662 1.1.12 7 1.672 2 1.671 424
73 2.594 65 2.595 5 2.594 2.593 220 6 1.664 1 1.666 336
13 2.539 5 2.539 2.538 223 5 1.657 3 1.656 4.1.12

2 2.539 1 2.544 2.549 1.0.14 4 1.625 3 1.627 3.2.14
13 2.498 7 2.504 2.508 2.1.10 1 1.622 1.629 2.1.20
5 2.487 3 2.487 2.486 311 3 1.616 1 1.617 5.0.10

1 2.407 314 2 1.613 4.0.16
14 2.393 8 2.392 226 5 1.593 2 1.595 428

1 2.392 1 2.394 2.392 2.1.11 2 1.593 1.595 339
5 2.361 4 2.363 1 2.357 2.362 315 2 1.590 1.590 514

1 2.281 2.0.14 5 1.575 1 1.577 2.0.22
10 2.243 8 2.243 2.252 1.0.16 155

1 2.231 402 1 1.544 517
2 2.231 1.1.15 11 1.544 6 1.544 1 1.540 1.544 4.2.10

10 2.183 7 2.184 404 7 1.540 1.542 3.2.16
1 2.184 1 2.175 2.183 2.1.13 4.1.15

9 2.151 10 2.151 1 2.153 2.154 3.0.12 3 1.525 1.524 518
3 2.085 3 2.088 2.093 2.1.14 1 1.509 3.3.12
10 2.062 5 2.069 2.070 3.1.10 2 1.509 1.514 2.1.22

2 2.059 321 4 1.499 3 1.498 1.497 600
2 2.059 2.0.16 3 1.481 1 1.480 5.1.10
2 2.059 0.0.18 431

7 2.049 4 2.049 2.048 322 5 1.458 4 1.459 1 1.459 1.458 434
6 2.021 7 2.022 1 2.022 2.022 408

3 2.013 2.012 324
1 2.004 3.1.11

* Los Angeles: Rigaku R-AXIS Rapid II diffractometer, curved image plate, Debye-Sherrer geometry, D ¼ 127.4 mm, CoKa, microfocus
tube with rotating anode, mirror monochromator, 40 kV, 15 mA, exposure 30 min. Shergotty: Debye-Scherrer 57.3 mm diameter camera,
FeKa, Mn filter, 40 kV, 30 mA, exposure 8 h, visual estimation of the intensities.
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several natural and synthetic merrillites (Keil et. al.,
1976; Dowty, 1977; Hughes et al., 2008) and it allows
keeping Fe in the divalent oxidation state. In order to
ascertain that obvious ambiguity, we have carried out
a simple statistical analysis based on the representa-
tive set of well characterized merrillite-type com-
pounds (Table 7), excluding strontiowhitlockite
(Britvin et al., 1991) and REE-rich Lunar merrillite
(Hughes et al., 2006). It has been found that the a
lattice parameter of the whitlockite-type compounds
containing divalent cations correlates well with the
mean atomic radius r of the M-site cation (Table 7,
Fig. 3). The observed trend for M2þ-dominated whi-
tlockites and merrillites (Fig. 3) can be well described
by the equation:

a Åð Þ ¼ 9:840þ 0:70r R2 ¼ 0:83
� �

:

The two ferromerrillite samples studied in this work
fit into the trend for the divalent cations, therefore one
can assume that ferromerrillite from at least the
Shergotty and Los Angeles meteorites does contain
iron essentially in the divalent oxidation state. The
calculations of bond-valence sums for the ferromerril-
lite and merrillite (Tables 8 and 9) corroborate the
statistical data, confirming Fe2þ as the main form of
iron in ferromerrillite. This result, along with the
consistency of chemical compositions determined by
electron microprobe (Table 1) and the freely refined
M site occupancies in Los Angeles ferromerrillite
(Table 3), proves that the studied mineral represents
a new mineral species.

Ferromerrillite-tuite transformation: no
evidence in Shergotty and Los Angeles

The occurrence of ferromerrillite in the Shergotty and Los
Angeles meteorites raises several questions at the intercept
of Martian basalts petrology, the origin of shergottites and
the crystal chemistry of whitlockite-type phosphates. It is
known that the majority of shergottite meteorites were
subject to strong impact events. The first observed evi-
dence for the high impact pressures experienced by sher-
gottites was the transformation of plagioclase into
maskelynite – the amorphous shock-induced calcium-
sodium silicate glass (Stöffler, 1972; Stöffler et al., 1986;
Bischoff & Stöffler, 1992; Fritz et al., 2005). Further
studies revealed additional confirmations for ultra-high
pressures experienced by several shergottites: the discov-
ery of impact melt pockets containing ultra-dense silica
polymorphs – stishovite, seifertite, and baddeleyite-type
SiO2; lingunite (hollandite-type NaAlSi3O8) (Gillet et al.,
2000), other unnamed dense silicate phases (El Goresy
et al., 2000, 2004, 2008, 2013) and tuite, g-Ca3(PO4)2.
The latter mineral is of particular interest with respect to
our study, because it is formed via the shock-induced
transformation of merrillite (Xie et al., 2002, 2003).
Tuite, primarily discovered in the so-called ‘‘black impact
veinlets’’ of shocked L6 chondrite Suizhou (Xie et al.,
2002, 2003) has later been reported in the basaltic shergot-
tites Dar al Gani (DaG) 735 (Miyahara et al., 2011) and
North West Africa (NWA) 4468 (Boonsue & Spray, 2012).
As shown in Fig. 1, the ferromerrillite grains studied in this
work exhibit a high degree of angular mosaicity, suggest-
ing that they experienced substantial mechanical (probably
shock-induced) deformation (e.g. Bischoff & Stöffler,
1992). However, we could not identify tuite in the studied
samples: X-ray powder diffraction data confirm only a
merrillite-type phase (Table 6). According to Xie et al.,
2002; 2003), the transformation of merrillite into tuite
requires shock pressures attaining 23 GPa. At the same
time, recent studies of high-pressure mineral assemblages
in shergottites raised substantial doubts on the claim that
the peak impact pressures experienced by the majority of
these meteorites could exceed 22 GPa (El Goresy et al.,
2013). In accordance with the results published in the latter
work, our data on ferromerrillite from the Shergotty and
Los Angeles meteorites show that these shergottites,
though subjected to shock events, have never experienced
impact pressures exceeding 22 GPa. In that respect, the
structural confirmation of merrillite-type phosphates in
shergottites can provide valuable information on the gen-
esis of those meteorites.

Acknowledgements: The authors thank Sergey Vasiliev
(SV-Meteorites, Prague) for providing the meteorite speci-
mens. This research was financially supported by Russian
Foundation for Basic Research grant no. 14-05-00910 and
SPSU grant no. 3.38.136.2014. X-ray diffraction studies
have been performed at the X-ray Diffraction Centre of St.
Petersburg State University.

Fig. 2. Crystal structure of the ideal merrillite, Ca9XM(PO4)7; pro-
jection onto (001). Red – (MO6) octahedron; blue – (XO6) polyhe-
dron; yellow – (PO4) tetrahedra. Calcium atoms have been omitted
for clarity.
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