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Structure refinement of a synthetic knorringite, Mg;(CrysMg, ;Siy),(Si04);
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ABSTRACT

The crystal structure of a polycrystalline knorringite, Mgs(Cro Mg, 1 Sig1)2(Si0.)s, synthesized at 11
GPa and 7= 1500 °C in a multi-anvil press, has been refined from high-resolution synchrotron X-ray
powder diffraction data. The structure is cubic, space group la3d, a = 11.5935(1) A, V'=1558.27(4)
A3, Doy = 3.79 g/em’. The structural formula indicates that knorringite is susceptible to majorite sub-
stitution at these synthesis conditions. The Cr-O distance, 1.959(7) A, is similar to that in Cr-bearing
pyrope Mg;Al,(Si0,);. This confirms that the magnitude of the Cr-O distance is not responsible for the
difference in crystal field splitting values between green knorringite and red Cr-pyrope. A comparison
with the structure of other Cr-garnet end-members shows that the Cr-O distance and the #Si-O-Cr
angle decrease with decreasing synthesis pressure and with increasing X-cation size.
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INTRODUCTION

Due to their occurrence in the Earth’s upper mantle, silicate gar-
nets play a fundamental role in petrogenetic processes occurring at
high pressure and high temperature. The general structural formula
can be written as X;Y»(SiO,);, where X and Y refer, respectively,
to eightfold- and sixfold-coordinated cations, and Si enters the
tetrahedral sites. X sites are occupied by large divalent cations
(mostly Mg?", Fe?', Ca?", and Mn*" in natural garnets), whereas Y
sites house smaller trivalent cations (Al**, Fe*, and Cr**). Most
natural silicate garnets occur in complex solid solutions and have a
cubic structure, with space group /a3d (Novak and Gibbs 1971).

Knorringite, [Mg;Cr,(Si0,);], the Cr end-member of the pyrope
garnet series, is an important component of garnet solid solutions in
deeper parts of the upper mantle (Irifune et al. 1982). It often occurs
as a major component of kimberlite garnets (Nixon and Hornung
1968) and Cr concentration is used for tracing high-pressure, deep-
earth conditions favorable to the formation of diamonds, in which
garnets with up to 50% of the knorringite component occur as
inclusions. The highest knorringite content known so far for natural
garnet inclusions in kimberlitic diamonds is 66.4 mol% (Stachel
and Harris 1997). Despite the importance of this component in
deeper parts of the upper mantle, the structure of the knorringite
end-member has not yet been refined. Some predictions have been
derived from the structure of natural garnets using empirical laws
involving the radii of the cations (Novak and Gibbs 1971) or by
performing least-square refinement of the interatomic distances
(Ottonello et al. 1996). Recently, first-principles calculations based
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on density functional theory have been performed (Milman et al.
2001), but the theoretical structure is in disagreement with these
predictions. In particular, the calculated Cr-O distance (1.976 A)
is larger than the two predicted ones (1.958 and 1.960 A). The
uncertainty about the structure of knorringite certainly prevents
completion of the investigation of the thermodynamic and struc-
tural properties associated with the incorporation of Cr in garnets.
For example, in Cr-containing pyrope, Cr** substitutes for AI** in
the Y site, and the accommodation of the mismatch leads to a local
structural relaxation of the pyrope structure: the Cr-O distance in
Cr-containing pyrope is larger by 0.07 A than the Al-O distance
(Juhin et al. 2008), but the determination of how far the structural
relaxation goes depends on the value of the Cr-O distance in the
knorringite end-member.

The stability field of knorringite has been investigated in
several studies (Ringwood 1977; Irifune et al. 1982; Taran et al.
2004; Klemme 2004). Space group (Ia3d) and lattice parameter
[11.600(1) A, Ringwood 1977; 11.596(1) A, Irifune et al. 1982]
have been determined from X-ray powder diffraction data, but
the crystal structure has not yet been refined. In this study, we
describe the crystal structure of knorringite with the composition
Mg;(CrysMgo ;Sio,),(Si0,);. The sample was synthesized in a
multi-anvil apparatus at P = 11 GPa and 7= 1500 °C. Chemical
composition was determined using an electron microprobe, and
the structure was refined by the Rietveld method, using high-
resolution synchrotron X-ray powder diffraction data. Despite a
slight amount of majorite component [the tetragonally distorted
garnet of composition Mg;(MgSi)(SiO,);], the structure is cubic
and may be compared to that of other Cr-garnet end-members,
Ca;Cr,(S10,)3, Fe;Cry(Si0y);, and Mn;Cr,(SiO,)s.
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MATERIALS AND EXPERIMENTAL
High-pressure synthesis

Knorringite was synthesized at high temperature and high pressure at the
Bayerisches Geoinstitut (University of Bayreuth, Germany). The starting mixture
(i.e., a stoichiometric mixture of dried MgO, Cr,0;, and noncrystalline SiO, plus
1 uL of water) was encapsulated in a Re capsule, which was enclosed in the high-
pressure cell of an octahedral multianvil apparatus. The two synthesis runs were
performed using a 1000 ton press and a 14 mm edge length MgO octahedral as-
sembly and employing 8 mm truncation edge length tungsten carbide cubes. The
samples were heated using a LaCrO; furnace, and the temperature was controlled
to 1 °C using a W3%Re/W25%Re thermocouple. Run conditions, which are
reported in Table 1, are close to those of Taran et al. (2004) and Klemme (2004).
The experimental calibrated pressures are given +0.3 GPa. The samples were
quenched by switching off the power of the furnace, with a quench rate >200 °C/s.
Run products were examined for homogeneity under a binocular microscope. To
get a rough estimate of their phase composition, powder X-ray diffraction patterns
were recorded using a PANalytical X Pert Pro MPD diffractometer with CuKo
radiation. In both samples, referred to as Kn-1 and Kn-2, knorringite was found to
be the major phase, associated with a small (similar) amount of eskolaite (a-Cr,05)
and traces of stishovite (Si0,).

Electron microprobe analysis (EMPA)

The chemical composition of the Kn-1 sample was determined using a CAM-
ECA SX50 microprobe at the CAMPARIS center. For this purpose, the ground

TaBLE 1. Conditions and results of high-pressure multianvil runs
Runno. Label P(GPa) T(°C) Duration (h) Appearance Phases
H2732  Kn-1 11 1500 5 Dark green  Kn + Es (+5t)
H2733  Kn-2 14 1600 6 Dark green  Kn + Es (+5t)

Notes: Kn represents knorringite, Es eskolaite, and St stishovite. The run numbers
are those of the diary of the Bayerisches Geoinstitut.

powder was deposited on a carbon tape and covered with a thin carbon deposit. The
probe was operated at 15 kV and 40 nA. Intensities of the Ko emission lines were
collected for 10 s per element, using a single spectrometer with a PET analyzing
crystal for Si, Mg, and a TAP analyzing crystal for Cr. The same setup was used
for collecting data on appropriate standards. This method limited the bias aris-
ing from detecting the X-ray emission with different angles when using distinct
spectrometers on a non-polished sample. Most of the grains in the ground powder
were below 5 um in size. However, averaging 22 independent analyses on differ-
ent knorringite grains with sizes ranging from 10 to 20 um yielded a statistically
reliable structural formula.

X-ray powder diffraction using synchrotron radiation

Ahigh-resolution X-ray powder diffraction pattern of the synthetic Kn-1 sample
was recorded in 3 h in transmission Debye-Scherrer geometry at the CRISTAL
undulator beamline at the SOLEIL Synchrotron Facility, Saclay, France. Approxi-
mately 10 mg of sample were mounted in a rotating silica capillary 300 um in
diameter. The pattern was recorded within the 6-60° (20) range with a wavelength
0f0.7285 A. The diffracted beam was collected using a 12 crystal Si(111) analyzer
leading to an instrumental peak width lower than 0.01° (26), which was evaluated
by recording a few Bragg peaks of the LaB, powder diffraction standard.

RESULTS AND DISCUSSION

Chemical composition

The average of the 22 EPMA analyses provides the following
composition: 42.5 (0.6) wt% SiO,, 28.8 (0.5) wt% MgO, and
28.6 (0.5) wt% Cr,0;. The structural formula was then deter-
mined as Mg;(Cry s Mgo.10510.105)2(S104)s, by assuming that the
dodecahedral X site and the tetrahedral site are fully occupied
by Mg and Si atoms, respectively.
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FIGURE 1. Rietveld refinement of the X-ray powder pattern of the knorringite sample. Experimental data (crosses), calculated (solid line),
difference (thin solid lines). The main Bragg reflections of knorringite (Kn), eskolaite (Es), and stishovite (St) are indicated.
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TABLE 2.  Structure-refinement parameters for knorringite TaBLE 3. Atomic parameters for knorringite: fractional coordinates,
Formula M3(CrosMdoosSioos) (Si04)s isotropic Debye-Waller factor (B,,), occupancy factor (Occ),
Formula weight (g/mol) 44491 and site multiplicity (Mult)
No. of structural formula in cell unit 8 Atom a /b Zlc B (A) Occ Mult
Space group la3d
a () 11.5935(1) cr 0 0 0 034(3)  0.84(2)* 16
2 2+ *
Unit-cell volume, V (A3) 1558.27(4) Mg 0 0 0 - 0.08(2) -
Temperature ambient Si . 0 0 0 - 0.08(2)* -
Wavelength (A) 0.7285 Mg 1/8 0 1/4 1.12(6) 1 24
4+
Step increment (26) 0.0015 S'z 3/8 0 174 0.46(2) 1 24
Geometry Debye-Scherrer o 0.0348(2) 0.0516(2) 0.6571(2) 1.08(6) 1 96
Background spline Notes: Standard deviations on the last digit are under brackets. “~" indicates a
Profile function pseudo-Voigt value indentical to that above it in the table.
Pattern range (26) 6-60 * Occupancy factors refined with the following constraint on the octahedral
Number of reflections 174 site: Occ(Mg?*) = Occ(Si*") = 1 - Occ(Cr?*), which satisfies electro-neutrality of
Refined parameters 19 the substitution.
Rup (%) overall 12.5
R, (% Il 8.8 ) . ) )
Gz(c)sj)nc:;irgfﬁt overall 111 TaBLE4. Selected distances (A) and angles (°) in CrOs/MgOy/SiO,
Raracq (%) 47 polyhedra for knorringite i
Distance (A) Angle (°)
Cr-O 1.959(7) ><6
0-0 (unshared) 2.811(7) x 91.7(1)
Structure refinement 0-0 (Mg-shared) 2.729(7) ><6 88.3(1)
Rietveld refinement was performed on synchrotron X-ray  Si-O 1.616(8) x
. . . ° . 0-0 (Mg-shared) 2.464(7) ><2 99.3(1)
powder-diffraction data in the range 6—60° (20), using the 55 (unshared) 272207) x4 11470)
program XND (Berar and Baldinozzi 1998). Absorption for  mg-0, 2.225(6) ><4
Debye-Scherrer geometry (Rouse et al. 1970) was negligible ~ M3-0» 2365(6) x
_ . . 0,-0, (Si-shared) 2.464(7) x 67.2(1)
for ur = 0.3 (assuming thgt the apparent density of the powder  '_o (cr-shared) 2.729(7) x 72.9(1)
would be half that of the mineral). Scale factors, cell parameters, — 0,-Oy (unshared) 2.784(8) x 72.1(1)
: Vni ol 0,-0,, (Mg-shared) 2.698(7) x 71.9(1)
and width and shape parameters of pseudo-Voigt line-profile P 5020(7) ><6

functions were refined for knorringite Mg;Cr,Si;0,,, eskolaite
a-Cr,0s, and stishovite SiO,. Atom parameters of these two latter
phases were kept fixed at the literature values (Newnham and
deHaan 1962; Ross et al. 1990). Quantitative analysis derived
from scale-factor values, using the classical method without in-
ternal standard (Bish and Post 1989) indicated that the eskolaite
and stishovite weight fractions in the sample were 10 + 2 and
~1 wt%, respectively. For knorringite, all atom positions and
displacement parameters were refined, together with site occu-
pancies of the cations, using the predicted structure (Novak and
Gibbs 1971) as a starting model. About 174 Bragg reflections
from knorringite were fit in the 6-60° (20) range, and the R,
parameter for the pattern and the Rp,,,, parameter for knorringite
reached final values of 0.125 and 0.047, respectively (Fig. 1;
Table 2). Refined atomic positions, displacement parameters, and
site occupancies are reported in Table 3. The Rietveld refined
composition of synthetic knorringite was Mgs(CrgsMgg 05S10.08)>
(Si0,);, in very good agreement with the one determined from
EMPA. Within respective experimental uncertainties, this yields
an average composition of Mgs(Cr, Mgy ;Siy1)»(Si0,);. This result
will be discussed later in the paper.

The Rietveld-refined cell parameter a [11.5935(1) A] is in
good agreement with previous experimental values obtained for
knorringite, 11.600 A (Ringwood 1977), 11.596(1) A (Irifune
etal. 1982), and 11.5954(5) A (Taran et al. 2004), and also with
the 11.6040 A value calculated by Ottonello et al. (1996). The
Rietveld-refined Cr-O distance [1.959(7) A] is close to the val-
ues of 1.958 and 1.960 A predicted by Novak and Gibbs (1971)
and Ottonello et al. (1996), respectively, on the basis of a least-
squares refinement procedure on a series of natural samples.
However, it is significantly shorter than the Cr-O distance de-
rived from a first-principles calculation (1.976 A, Milman et al.
2001), which may be explained by an overestimation of the cell

Note: Standard deviations on the last digit are in parentheses.

parameter a (11.646 A). The (Cr/Mg)-Si distance [3.240(6) A]
determined from the present Rietveld analysis is close to both
the distances predicted by Novak and Gibbs (1971) (3.253 A)
and Ottonello et al. (1996) (3.243 A), and to the theoretical one
derived from first-principles calculation (3.255 A, Milman et al.
2001). The values of other selected interatomic distances and
angles are reported in Table 4. Using these structural data, we
have performed a bond-valence analysis using the Chardi (or CD)
method (Hoppe et al. 1989), which, in the case of mixed cation
occupancies, is known to provide better results than the classi-
cal bond-valence approach of Brown and Altermatt (1985). The
effective coordination numbers (ECoN) and bond-valence sums
(BV) were calculated using the CHARDI-IT program (Nespolo
et al. 2001), which uses an iterative procedure to calculate the
charge distribution. We found that the Mg ions entering the X
site have an ECoN of 7.74 and a BV of 2.0. The ECoN for Mg
is slightly different from 8.0, since the X site is highly distorted.
The fourfold-coordinated Si ions have an ECoN of 4.0 and a BV
0f'4.0. The octahedral site, which is occupied by Cr, Si, and Mg
ions, has an ECoN of 6.0 and a BV of 3.0. All O atoms have a
BV of 2.0. These results indicate that the refined structure of the
synthetic knorringite sample is valence-balanced and correct.

Implications for Cr** crystal chemistry in Mg-garnets

Chromium-bearing pyrope is an important mineral of the
lithospheric upper mantle. In this mineral, Cr concentration
increases with depth and thus is used in mantle barometry
(Griitter et al. 2006). Also, when Cr is present in the garnet
lattice, the spinel-garnet transformation is shifted significantly
to pressures as high as 7 GPa (Klemme 2004). The modeling
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FIGURE 2. (a) Dependence of <Cr-O> distance (A) on minimum pressure of synthesis (GPa) for Cr-garnet end-members. (b) Dependence of
Cr-O-Si angle (°) on pressure of synthesis (GPa). Uv = Ca;Cr,(Si0,);, Mn-Cr = Mn;Cr,(Si0,);, Fe-Cr = Fe;Cr,(Si0,);, and Kn = Mg;Cr,(Si0,);;
# = Andrut and Wildner (2002), § = calculated from Ottonello et al. (1996).

of thermodynamic properties thus requires a careful investiga-
tion of the local structural rearrangements occurring along the
solid solution. The Cr-O distance in natural Cr-bearing pyrope,
determined by EXAFS measurements and ab initio calculations
as 1.96 = 0.01 A (Juhin et al. 2008), is identical to the Cr-O
distance in the Mg;(CrysMgy;Siy1)2(Si0,); structure refined in
this study, within experimental uncertainties. The local crystal-
lographic structure around substitutional Cr** predicted by ab
initio calculations on pyrope is also similar to that around Cr**
in Mg;(CrysMgy;Sip;),(Si0,);. This confirms that the Al-Cr
substitution in pyrope is accompanied by a full relaxation of
the oxygen first neighbors in the Y site. Despite different Cr-O
distances, a similar full relaxation exists in Cr-dilute spinel (Juhin
etal. 2007). A second conclusion concerns the origin of the color
differences between Mg-garnets: the difference in crystal-field
splitting (A,) values between red Cr-pyrope and green knorringite
(Taran et al. 2004) cannot be attributed to the variation of the
Cr-O distance in a point-charge model (A,<<Cr-O>7, Burns
1993). Such a difference may be rather related to changes in the
electronic structure of the octahedral [Cr’*Og] site, i.e., Cr-O
bond covalency and effective charge of the O ligands. This is in
line with previous results obtained on o-A1,0;:Cr** and a-Cr,0O;
(Gaudry et al. 2006), which confirms the role of the Cr-O bond
in the variation of A,.

Comparison between the crystal structure of high-pressure
Cr-garnet end-members

The increasing pressure of formation for Cr-garnet end-
members seems to be related to the decrease in the ionic radius
of the dodecahedral divalent cation [#(Ca*") =1.12 A, (Mn*") =
0.96 A, /(Fe*)=0.92 A, and r(Mg?*) = 0.89 A] (Fursenko 1981).
Indeed, uvarovite [Ca;Cr,(Si0O,);] is formed at ambient pres-
sure (Andrut and Wildner 2002), other Cr-garnet end-members,
Mn;Cr,(Si0,); and Fe;Cr,(SiO,)s, are synthesized above P ~2

and ~5-6 GPa, respectively (Fursenko 1981; Woodland et al.
2009), which is consistent with Mg;Cr,(Si0,); being stable
above P ~11 GPa (Irifune et al. 1982). Although the crystal
structures of Mn;Cr,(Si0,); and Fe;Cr,(SiO,); have not yet
been refined, they have been predicted (Novak and Gibbs 1971;
Ottonello et al. 1996). The respective lattice parameters are in
good agreement with the values measured from X-ray powder
diffraction data (Fursenko 1981). Since the predicted interatomic
distances of knorringite are similar to the ones we determined
by Rietveld refinement, we can infer that the predictions made
for the structures of Mn;Cr,(Si0O,); and Fe;Cr,(Si0O,); also yield
valuable information. Therefore, we used the predicted structures
given by Ottonello et al. (1996) for these two garnets and the
refined structures of Ca;Cr,(Si0,); (Andrut and Wildner 2002)
and Mg;Cr,(SiO,); to better understand the effect of pressure
on structural changes in these garnet series. The evolution of
the Cr-O distance and the Si-O-Cr angle, together with the
minimum pressure of synthesis, is plotted in Figures 2a and
2b, respectively. The Cr-O distance decreases as synthesis
pressure increases, showing a significant compression of the
CrO¢ octahedron. Additionally, the ¥ISi-O-Cr angle decreases
by 3.7% from uvarovite to knorringite, while at the same time,
the ISi-O distance decreases by 1.5% [<ISi-0>=1.6447 A in
Ca;Cry(Si0,); vs. <MSi-0> = 1.620 A in Mg;Cry(SiO,);]. This
confirms the early predictions made by Fursenko (1981) and
shows that the compression of the garnet structure is achieved
by the rotation of SiO, tetrahedra with respect to CrO octahedra,
rather than by their deformation (Ungaretti et al. 1995).
Despite recent investigations on the crystal chemistry of
Fe-knorringite (Woodland et al. 2009), a structure refinement
of Mn;Cr,(Si0,); and Fe;Cr,(Si0,); is needed to quantify the
structural stability of Cr-garnets at high pressure and tem-
perature. Moreover, the study of A;Cry(Si0,4);—B;Cry(SiOy);
and A;Al1y(Si0,);—A;Cry(Si0,); joins (with A, B = Ca, Mn, Fe,
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Mg) could provide valuable information for understanding the
mechanisms prevailing at the incorporation of Cr in garnets, and
their significance in samples recovered from the lithospheric
upper mantle.

A majoritic component in synthetic knorringite

The structural formula obtained from EMPA and the Riet-
veld refinement, Mg;(CrysMgj 1 Siy 1)2(S10,);, shows that a small
amount of Mg and Si are incorporated in the Y site. We have
checked that starting from a stoichiometric mixture of oxides,
the amount of Cr missing in the octahedral site is actually con-
sistent with the proportion of o-Cr,0; obtained as a side product.
Our results indicate that knorringite is susceptible to majorite
substitution within the experimental conditions used in this work
(P =11 GPa, T'= 1500 °C, and run duration of 5 to 6 h). This
behavior is similar to that observed for pyrope at lower pressures
(Ringwood 1967; Liu 1977). However, Klemme (2004) reported
the absence of a majorite component (within the uncertainties of
microprobe analysis) at higher pressure (P = 16 GPa, 7= 1600
°C) and similar run durations, suggesting a different behavior
of pyrope and knorringite with respect to the extent of majorite
substitution. Our findings suggest that these differences may
indeed be dependent on synthesis conditions because garnets
nucleate sluggishly at high pressure. Owing to the importance of
the activity of majorite in garnets in understanding the formation
and evolution of rocks from the deep upper mantle (see, e.g.,
Scambelluri et al. 2008), further investigations are needed to
understand the extent of majorite substitution in knorringite as
a function of pressure and temperature.
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