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Abstract

The crystal structures of forty-seven crystals of the kornerupine–prismatine series have been refined to R indices of 1.6–2.5% 
using single-crystal X-ray data. Samples were selected to cover as wide a range of chemical composition as possible. The prin-
cipal crystal-chemical problems (Si, Al and B distributed over three T sites, Mg, Al, Fe2+, Fe3+ and □ distributed over five M sites 
and one X site, and variable H in the structure) required the development of a new approach to site-population assignment. This 
approach involved (1) a relatively large number of crystals covering the entire compositional range of kornerupine–prismatine, 
(2) a synergy among site-scattering refinement, electron-microprobe analysis and the development of mean-bond-length – 
constituent-cation radius relations at all sites in the structure for all forty-seven crystals simultaneously, until self-consistency 
was achieved for the entire dataset. Crystals of the kornerupine–prismatine series are orthorhombic, space group Cmcm, a 
15.92–16.13, b 13.66–13.76, c 6.69–6.76 Å, (□,Mg,Fe) (Al,Mg,Fe)9 (Si,Al,B)5 O21 (OH,F), Z = 4. Boron is completely ordered 
at the T(3) site, whereas Si and Al occur at all three T sites, with Si >> Al at T(1), Si ≥ Al at T(2) and Si ≥ Al at T(3). The M sites 
are occupied as follows: M(1) by Mg and Fe2+, with Mg > Fe2+, M(2) by Mg, Fe2+ and Al, with (Mg ≥ Fe2+) > Al, M(3) by Al 
and Mg, with Al >> Mg, M(4) by Al, Mg, Fe3+ and minor amounts of Ti, Cr3+ and V3+, with Al > Mg > Fe3+, M(5) by Al and Mg, 
with Al >> Mg. The X site is occupied by □ (vacancy), Mg, Fe2+ and minor Na and Ca, with □ > Mg � Fe2+.

Keywords: kornerupine–prismatine, crystal-structure refinement, electron-microprobe analysis, site-populations, order–
disorder.

Sommaire

Nous avons résolu la structure cristalline de quarante-sept cristaux, membres de la série kornérupine–prismatine, jusqu’à un 
résidu R entre 1.6 et 2.5% au moyen de données en diffraction X obtenues sur monocristaux. Nous avons choisi les échantillons 
pour représenter la série aussi complètement que possible. Les principaux défis cristallochimiques auxquels nous avons fait face 
(Si, Al etd B distribués sur trois sites T, Mg, Al, Fe2+, Fe3+ et □ distribués sur cinq sites M et un site X, et une teneur variable 
en H dans la structure) imposent une nouvelle approche pour répartir les atomes parmi ces sites. Ainsi, cette nouvelle façon de 
faire a impliqué (1) un nombre relativement élevé de cristaux représentatifs de la série kornérupine–prismatine, (2) une synergie 
parmi les affinements de la dispersion des électrons aux sites cités, les résultats d’analyses par microsonde électronique, et le 
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développement de relations entre longueur de liaison moyenne et rayon des cations présents à ces sites, ceci pour tous les sites 
dans la structure des 47 cristaux simutanément, jusqu’à cohérence interne pour le jeu de données au complet. Les cristaux de la 
série kornérupine–prismatine ont une symétrie orthorhombique, groupe spatial Cmcm, a 15.92–16.13, b 13.66–13.76, c 6.69–6.76 
Å, (□,Mg,Fe) (Al,Mg,Fe)9 (Si,Al,B)5 O21 (OH,F), Z = 4. Le bore est complètement ordonné au site T(3), tandis que Si et Al 
occupent les trois sites T, avec Si >> Al à T(1), Si ≥ Al à T(2), et Si ≥ Al à T(3). Les sites M sont remplis comme suit: M(1) par 
Mg et Fe2+, avec Mg > Fe2+, M(2) par Mg, Fe2+ et Al, avec (Mg ≥ Fe2+) > Al, M(3) par Al et Mg, avec Al >> Mg, M(4) par Al, 
Mg, Fe3+ et de faibles quantités de Ti, Cr3+ et V3+, avec Al > Mg > Fe3+, et M(5) par Al et Mg, avec Al >> Mg. Le site X contient 
□ (lacune), Mg, Fe2+ et une quantité moindre de Na et Ca, avec □ > Mg � Fe2+.

Mots-clés: kornérupine–prismatine, affinement de la structure cristalline, données de microsonde électronique, occupation des 
sites, ordre–désordre.

Hill, Tanzania. Further refinements were presented 
by Moore & Araki (1979; synthetic crystal with 2.73 
wt.% B2O3), Finger & Hazen (1981; crystal stated to be 
from Rangeley Quadrangle, Maine, but actually from 
Gananoque, Ontario, Grew 1996), Moore et al. (1989; 
Mautia Hill, Tanzania), and Klaska & Grew (1991; 
crystal from the Limpopo Belt, Zimbabwe).

The structure of kornerupine (Moore & Araki 1979) 
is a complex densely organized arrangement comprised 
of two kinds of layers oriented parallel to (010). The 
A layer (Fig. 1) is based on walls of edge-sharing and 
corner-sharing octahedra. These walls are four octa-
hedra wide along [100], extend parallel to [001], and 
link together along [100] through edge-sharing distorted 
cubes that contain the X cation. All of the cation sites 
within the A layer [X, M(3), M(5)] have fractional coor-
dinates y = z = 0 and are symmetrically constrained to 
lie on the c glide-plane at y = 0.

Sandwiching the A layer is the B layer (Fig. 2), 
consisting of M(1), M(2), M(4) octahedra and T(1), T(2) 
and T(3) tetrahedra. The octahedra link to form chains 
along [100] by edge-sharing in the sequence = M(1) = 
M(4) = M(2) = M(4) = M(1) =, and by corner-sharing 
between M(1) octahedra. The chains of octahedra are 
linked in the [001] direction via corner-sharing with 
[T2O7], T(1)–T(1), and [T3O10], T(2)–T(3)–T(2), units 
which alternate along [100].

The linkage between the A and B layers is shown 
in Figure 3. The octahedra of both layers nestle neatly 
together to form a compact edge-sharing cluster. The 
n-glide parallel to (010) at y = (¼, ¾) relates two B 
layers (B and B') that link by edge-sharing between 
M(1) octahedra of the B layer and T(2) tetrahedra 
of the B. layer, and by corner-sharing between M(4) 
octahedra of the B layer and T(1) tetrahedra of the B' 
layer. The structure repeats along [010] in the fashion 
...ABBABBA... .

Site occupancy

Moore & Bennett (1968) assigned Mg to two 
of the five octahedrally coordinated sites, and Al to 
the remaining three octahedrally coordinated sites. 
Hydroxyl was assigned to the O(10) anion site. The B 
content (1.92 wt.% B2O3, McKie 1965) of this sample 

Introduction

Kornerupine sensu stricto and prismatine, B-poor 
and B-rich members of the kornerupine series (Grew 
et al. 1996, Braga et al. 2003), have been reported 
from some 70 localities worldwide. With rare excep-
tions, they occur in Precambrian upper-amphibolite- 
and granulite-facies terranes, and most estimates of 
their conditions of formation lie in the ranges 700 < 
T < 1000°C and 4.0 < P < 12.5 kbar (Grew 1996). 
Kornerupine sensu lato is orthorhombic, space group 
Cmcm, and Grew (1996) gave the general formula as 
[8](□,Fe,Mg) [6](Al,Mg,Fe)9 [4](Si,Al,B)5 (O,OH,F)22. 
This formula does not seem unduly complicated, but 
the combination of variable amounts of light elements 
(H, B) and vacancies (□) and numerous sites occupied 
by similar cations in the structure (three tetrahedrally 
coordinated sites and five octahedrally coordinated 
sites) greatly hinders the assignment of accurate site-
populations. The problem is further complicated by the 
fact that Fe occurs as both Fe2+ and Fe3+, and that the 
Mössbauer spectra of Fe-bearing species are difficult 
to fit (Grew et al. 1999). Moreover, the response of the 
structure to compositional variations is quite subtle, 
and it is difficult to convincingly derive site popula-
tions by crystal-structure refinement and absorption 
spectroscopy. This problem may be ameliorated by 
examining a relatively large number of crystals span-
ning the complete range of chemical variation, as done 
with staurolite (e.g., Hawthorne et al. 1993a, b, c). In 
this series of papers, we use this philosophy to further 
understand the crystal chemistry of kornerupine. Here, 
we denote kornerupine sensu lato as kornerupine, and 
kornerupine sensu stricto as kornerupine(ss).

Previous Work

There has been considerable structural and chemical 
work on kornerupine (Grew 1996); the salient features 
are briefly reviewed here.

Crystal structure

The crystal structure of kornerupine was solved 
by Moore & Bennett (1968) on a crystal from Mautia 
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was not assigned to any of the tetrahedrally coordinated 
sites; however, it is apparent from inspection of the 
isotropic-displacement parameters that B resides at the 
tetrahedrally coordinated site labeled Si(2) [later named 
the T(3) site by Moore & Araki 1979]. The magnitude 
of the displacement parameter for the atoms at the Si(2) 
position is more than twice that at the other two tetra-
hedrally coordinated sites; this observation is consistent 
with significant substitution of an element appreciably 
lighter than Si (i.e., B) at the Si(2) site.

Moore & Araki (1979) refined the structure of a 
synthetic kornerupine containing 2.73 wt.% B2O3 
(Werding & Schreyer 1978). This synthetic sample is 
devoid of Fe and provided an opportunity to study the 
structural sites with one fewer chemical variable present. 
Moore & Araki (1979) concluded that (1) all B resides 
at T(3), (2) a partly occupied eight-coordinated cation-
site, X, occurs at the origin and contains (Mg1/3 + □2/3), 
and (3) the O(10) site contains an OH group, providing 
one (OH) per 22 anions. Comparison of various data 
on kornerupine led them to postulate that the O(10) 
position could vary in composition from (O2–)1 (OH)0 
to (O2–)0(OH)1 and that this variation couples to an X 
occupancy variable from 1 to ⅓, respectively. Finger & 
Hazen (1981) clearly demonstrated that Fe is ordered 
at two of the octahedrally coordinated sites [M(1) and 
M(2)] by refinement of a sample of Fe-rich kornerupine 
(12.2 wt.% FeO, 3.09 wt.% B2O3). They suggested that 
there are no obvious structural limitations on the degree 
of Fe  Mg substitution.

Moore et al. (1989) gave evidence for Fe3+ at the 
M(4) site. They revised their inferences about the 
O(10) site to include compositions from (O2–)1(OH)0 
to (O2–)1/3(OH)2/3 with a coupled X occupancy from 
1 to ⅓, respectively. Klaska & Grew (1991) refined 
the structure of B-free kornerupine and concluded that 
low-B kornerupine probably has Al at T(3). Comparison 
of the earlier structural studies [Finger & Hazen (1981): 
B = 0.69 apfu; Moore & Araki (1979): B = 0.58 apfu; 
Moore et al. (1989): B = 0.41 apfu] with their study (B 
= 0 apfu) led them to suggest a coupled substitution of 
B for Si and Al at T(3) and Si for Al at T(2), together 
with complex substitutions at the octahedrally coordi-
nated sites. A disordered H-position was located, and an 
interpretation for both OH and H2O at O(10) was given. 
The O(10) site contains both OH and F, and a discus-
sion involving further substitution by H2O suggested 
the possibility of more than 1 H apfu.

In Table 1, we summarize the individual results, 
as well as the inferred schemes of order for the data 
presented in those studies.

Experimental Methods

Samples

Forty-seven samples were used in this work. We 
tried to cover the entire observed compositional range 

of kornerupine–prismatine; specific analyzed samples 
were obtained from authors of various published studies 
to ensure this coverage. Small amounts of Li and Be 
have been reported in kornerupine (Grew 1996); these 
constituents are not considered here, although Cooper 
et al. (2009b) do characterize the degree of order of Be 
in Be-rich kornerupine. The provenance of the samples 
is indicated in Table 2.

Collection of X-ray data

Crystals of kornerupine commonly contain micro
fractures, altered margins and a wide variety of inclu-
sions. Equidimensional fragments (0.2–0.3 mm) were 
examined under normal, plane-polarized and cross-
polarized light to ensure freedom from cracks, uniform 
color, high optical clarity and freedom from inclusions. 
Suitable fragments were abraded to a spherical or elip-
soidal shape in a Nonius air grinder in order to minimize 
anisotropic X-ray absorption.

Crystals were then mounted on a Siemens P3 
single-crystal diffractometer equipped with graphite-
monochromated MoKa X-radiation. The crystals 
were optically aligned within the X-ray beam, and 25 
reflections from a rotation photo were centered. The 
cell parameters (Table 3) and orientation matrix were 
derived by least-squares refinement of the setting angles 
of the centered reflections. Crystal quality was assessed 
at this stage via the profiles of Bragg diffraction peaks 
and cell-parameter standard deviations, with rejection 
of unsuitable candidates. A single asymmetric unit of 
intensity data was collected (4 ! 60° 2u; 0 ≤ h ≤ 22, 
0 ≤ k ≤ 19, 0 ≤ l ≤ 9; u–2u scan mode, 96 steps per 
reflection; 2.2° 2u scan range, 4 ! 30° 2u/min. vari-
able scan-rate). Two standard reflections were collected 
every 50 measurements to monitor instrument stability. 
After the intensity dataset was collected, a psi-scan 
data set was collected so that an empirical absorption-
correction could be applied. It consisted of eleven 
strong reflections uniformly distributed with regard to 
2u and measured over 10° intervals of C (the azimuthal 
angle corresponding to rotation of the crystal about its 
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Fig. 1.  The structure of kornerupine: (a) the A layer projected down [010]; (b) perspective 
view of the A layer.

Fig. 2.  The crystal structure of kornerupine: (a) the B layer projected down [010]; (b) 
perspective view of the B layer.
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Fig. 3.  The kornerupine structure projected down [001]; A-layer components are shown in red hues and reside on the c-glide 
plane (010) at y = 0,½; B-layer components are shown in blue hues and relate to each other across the n-glide plane (010) 
at y = ¼,¾. Along the c axis (perpendicular to the page), A-layer components are at z = 0,½; B-layer components are on the 
mirrors (001) at z = ¼, ¾. The C-centered cell is marked by the X sites.

diffraction vector) from 0 to 360° C. After absorption 
corrections, <Razimuthal> values were ≤1.3%.

The Siemens Shelxtl (PC version) system of 
programs was used throughout this study. Data reduc-
tion included scaling on the standard reflections and 
applying standard drift, Lorentz, polarization and 
background corrections. These data were then corrected 
for absorption using the C-scan data, with the crystal 
modeled as an ellipsoid. The resulting data were reduced 
to structure factors, resulting in ~1200 reflections with 
~1050 with | Fo | > 4sF that were used for full-matrix 
least-squares refinement of the structure.

Electron-microprobe analysis (EMPA)

After the intensity-data collection, the crystals were 
fixed to 2.5-cm plexiglass disks with a thermal-setting 
epoxy (Petropoxy™), and the surface was polished 
and carbon-coated. Electron-microprobe analysis was 
done on a CAMECA SX–50 instrument using back-
scattered electron (BSE) imaging and energy-dispersion 
spectrometry (EDS) for qualitative assessment, and 

wavelength-dispersion spectrometry (WDS) for the 
acquisition of quantitative chemical compositions. All 
crystals were initially prescreened using BSE imaging to 
check for element zonation; none was detected for any 
crystal. Next, an ED spectrum was collected for each 
crystal in order to identify all X-ray emission lines and 
thereby ensure complete coverage of elements during 
subsequent WDS analysis. The following standards and 
spectrometer crystals were used for Ka spectral lines: 
Si, diopside, PET; Al, kyanite, TAP; Mg, forsterite, 
TAP; Fe, fayalite, LiF; Na, albite, TAP; Mn, spessartine, 
LiF; V, VP2O7, LiF; Ti, titanite, LiF; Ca, diopside, PET; 
K, orthoclase, PET (not detected); Cr, chromite, PET; 
F, fluororiebeckite, TAP. Analyses in the WDS mode 
were done with the following operating conditions: 15 
kV excitation voltage; 20 nA sample current; 20 s peak 
count time; 10 s background count time. Ten random 
points were analyzed per crystal using a beam diam-
eter of 2 mm. Data reduction was done with the f(rZ) 
method (Pouchou & Pichoir 1984, 1985), and average 
compositions are given in Table 4.
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Calculation of the Unit Formula

This is a very non-trivial calculation, as values for 
the B2O3 content are essential, and the behavior of H 
in the structure (or analyzed values for H2O) needs to 
be known. The crystal-structure refinement procedure 
derived accurate B2O3 values, and thus there was a 
synergic interaction between calculation of the unit 
formula and the structure-refinement process. The 
situation for Fe2O3 was similar. Final formulae were 
obtained only at the end of the refinement process. 
Initially, we assumed (OH + F) = 1.0 apfu and calculated 
the formulae accordingly, despite several proposals to 
the contrary (Table 1); detailed analytical and spec-
troscopic work finally showed this assumption to be 
correct (Cooper et al. 2009a). Final unit formulae are 
given in Table 4.

Crystal-Structure Refinement

The structure was refined on F2 using neutral scat-
tering factors for cations, absorption coefficients and 
anomalous dispersion corrections from the International 
Tables for Crystallography (1992) for all cations. Scat-

tering factors for ionized species were used for oxygen 
[O2–] (Azavant & Lichanot 1993) and fluorine [F–] 
(International Tables for Crystallography 1992). The use 
of this combination of scattering factors is justified in 
Appendix 1. The expressions for R indices, weighting 
factors, extinction coefficients and atom-displacements 
models are given in Appendix 2.

Derivation of complete site-populations and 
chemical formulae requires information from both the 
structure refinement and the formulae calculated from 
the electron-microprobe data. However, the formulae 
cannot be calculated without data from the crystal-
structure refinements, and the crystal-structure refine-
ments cannot be done correctly without information 
from the formulae. Thus crystal-structure refinement 
and formula calculation must be done iteratively until 
self-consistency of all results is achieved. Furthermore, 
the procedure had to be applied simultaneously to all 
forty-seven structures examined in order to understand 
the significance of some of the more subtle changes, 
a process we call iterative batch-refinement. There 
were three principal steps in the refinement, primary, 
secondary, and tertiary; the scattering species assigned 
to each site are shown in Table 5, and the formula-
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normalization procedure is shown in Figure 4. This 
procedure is intended to derive accurate values for the 
B and Fe3+ contents of all kornerupine crystals. It must 
be emphasized that this procedure, complicated as it 
is, was essential to the resolution of the compositional 
and structural problems of kornerupine. As the general 
approach used here is rather different from that used 
normally for crystal-structure refinement, it is described 
in some detail.

As the iterative refinement procedure uses stereo-
chemical details to guide the process of refinement, 
particularly with regard to dealing with site occupan-
cies, we list the final data of the refinement here. All 
final coordinates and anisotropic-displacement factors 
of the atoms may be obtained from the Depository 
of Unpublished Data on the MAC website [docu-
ment Kornerupine CM47_233]. Selected interatomic 
distances, refined site-scattering values and site popula-
tions are given in Tables 6 and 7.

Primary refinement

As a first approximation, B is assumed to be fully 
ordered at the T(3) site (cf. Klaska & Grew 1991); the 
T(3) site is thus occupied by B, Si and Al. Three site 
occupancies cannot be resolved at a site using diffrac-
tion data only. However, the relative scattering-factors 
of these three species scale as their atomic numbers: B 
= 5, Al = 13, Si = 14. Hence Si and Al can be combined 
(and expressed as Si, the dominant constituent), and the 
relative occupancies of Si (+ Al) and B can be derived 
by site-scattering refinement.

The Fe3+ content was initially considered to be fully 
ordered at the M(4) site, with all Fe at M(4) in the ferric 
state: M(4) = Fe3+, Mg, Al. The X-ray scattering by 
these species scales as their atomic numbers: Mg = 12, 
Al = 13, Fe = 26. Hence Mg and Al can be combined 
(and expressed as Al, the dominant constituent) and the 
relative occupancies of Al (+ Mg) and Fe (≡ Fe3+) can 
be derived by site-scattering refinement.

The results of the primary stage of refinement provide 
preliminary contents of B and Fe3+ for each crystal, and 
these values can be used in the initial calculation of the 
formulae from the electron-microprobe data.

Secondary refinement

In order to improve the B value from the primary 
refinement of the structure, the Al content at T(3) needs 
to be derived and then modeled in the refinement by 
incorporating the Al scattering factor at T(3). More-
over, the other T sites need to be modeled in terms 
of Si–Al distribution so that the overall refinement is 
better scaled. The Al content at T(3) can be derived as 
follows:

(1) From the results of the initial refinement, approx-
imate values of B and Fe3+ are used to process the EMP 
data and provide the number of Si cations apfu;

(2) All Si resides at the three T sites. As the total Si 
and B apfu are known, the Al content of the T sites can 
be calculated by difference: [4]Al = 5 – Si – B;

(3) The three occupants in question (B, Si, Al) have 
quite different radii (0.11; 0.26; 0.39 Å, respectively; 
Shannon 1976). Occupancy by these cations is thus 
recorded in the bond-length information. From the 
amounts of ([4]Si, [4]Al, T(3)B) and the <T–O> bond-
lengths, the Si and Al populations for all T sites can 
be calculated.

Point (3) requires some assumptions concerning the 
T(1) site: (1) The shortest <T(1)–O> distance observed 
in this study (1.618 Å, Table 6) corresponds to complete 
occupancy of the T(1) site by Si. (2) Replacement of 
Si by Al conforms to a hard-sphere model. These two 
assumptions define a relation between <T(1)–O> and 
constituent-cation radius [<T(1)–O> = (1.618–0.26) + 
1.0 <r T(1)>] such that Si and Al site-populations can be 
calculated for all forty-seven crystals.
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The <T(2)–O> distances observed here (Table 6) are 
in the range 1.646–1.698 Å; clearly there is significant 
variation in Si and Al at this site. The range of distances 
indicates that all crystals contain significant Al at T(2), 
and hence we cannot derive an equation in the same way 
as was done for the T(1) site. The situation at the T(3) 
site is even more complicated, with variable occupancy 
by Si, Al and B; the site populations of Si and Al at T(2) 
and T(3) were derived in the following manner:

(1) For a <T(2)–O> versus constituent-cation radius 
relation, minimum values for the intercept and slope 
were chosen.

(2) For this set of intercept and slope values, the  
T(2)Si and T(2)Al site-occupancies were calculated.

(3) T(3)Si is calculated from the relation T(3)Si = 
EMPSi – T(1)Si – T(2)Si.

(4) T(3)Al is calculated from the relation T(3)Al = 
1.0 – T(3)Si – T(3)B.

(5) The resulting relation between <T(3)–O> and the 
constituent-cation radius at the T(3) site was evaluated 
by linear regression (and visual inspection).

(6) Values of the slope and intercept for the T(2) 
site [see step(1)] were incremented, and steps (1) ! 
(5) were repeated over physically reasonable ranges of 
<T(2)–O> and <r T(2)>.

(7) The best fit for the T(3) site, as assessed via the 
correlation coefficients produced from step (5), defined 
the optimum values of the intercept and slope for the 
<T(2)–O> versus <r T(2)> relation, and produced site 
populations for all T sites.

(8) The resulting values of T(1)Si, T(1)Al, T(2)Si, T(2)Al 
and T(3)Al were considered as fixed in the next series 
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of refinements. The parameters T(3)Si and T(3)B were 
refined (together with all other variables) to allow 
readjustment in the presence of Al at the T sites.

(9) The new values for B and M(4)Fe3+ were used 
to recalculate the unit formulae from the electron-
microprobe data, producing new Si values. The Si and 
Al values were then updated in the refinements, and the 
entire refinement sequence (the tetrahedron cycle noted 
in Fig. 4) was iterated to self-consistency.

The secondary refinement has thus produced reason-
ably well-characterized site-populations for the tetra-
hedra, including estimates of the B and [4]Al contents, 
and an approximate value for Fe3+.

Tertiary refinement

The Al content of the M sites is given by [6]Al 
= AlEMP – [4]Al. Most previous authors (Moore & 
Bennett 1968, Moore & Araki 1979, Finger & Hazen 
1981, Klaska & Grew 1991) have reported complete 
occupancy of M(3) and M(5) by Al, and the mean bond-
lengths of the present work are in reasonable accord 
with this result. Similarly, no Al has been assigned to 
the M(1), M(2) or X sites. This being the case, the Al 
content of M(4) is given by [6]Al – 4 apfu. Thus at this 
stage of the refinement procedure, the Al occupancies 
of the T(1), T(2), T(3), M(3), M(4) and M(5) sites were 
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fixed. On the basis of the observed mean bond-lengths 
and refined site-scattering parameters, the (minor) Ti, V 
and Cr contents of the unit formulae were assigned to 
the M(4) site. Subsequent steps were as follows:

(1) The Mg and Fe contents of the M(4) site were 
then determined by refinement; this step also leads to 
new Fe3+ and possibly new B values.

(2) The new Fe3+ and B values are used to recalcu-
late the formula from the electron-microprobe data.

(3) If the Si value changes, then the tetrahedron 
cycle of refinement (Secondary Refinement, Fig. 4) is 
repeated to self-consistency.

(4) The tertiary refinement is then repeated with 
updated values of M(4)Al.
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(5) The secondary and tertiary stages of the refine-
ment process are run to self-consistency.

(6) The Mg and Fe2+ contents of the X site are 
assigned as XMg = EMPMg – MMg and XFe2+ = EMPFe2+ 
– MFe2+.

This completes the refinement process, and at this 
stage, the results of the site-scattering refinement and 
the electron-microprobe compositions are completely 
conformable within experimental uncertainty. Minor 
readjustments of site populations remain to be made via 
the development of relations between mean bond-length 
and constituent-cation radius.

Fig. 4.  Flow chart showing the sequence of steps used in the 
crystal-structure refinement of kornerupine.
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Determination of B by SIMS

Hawthorne et al. (1995) determined the B content 
in kornerupine using a subset of the samples used 
here (K1–K32) and compared the results with the B 
content determined by SREF. As the physical bases 
of SIMS and SREF are independent, there should be 
no systematic error common to each method, allowing 
accurate assignment of both precision and accuracy. The 

agreement between the results of the two methods is as 
follows (Fig. 5): SREF, 1–2% relative, 0.01–0.08 wt% 
absolute; SIMS, 1–2% relative, 0.01–0.08 wt% abso-
lute, with an overall agreement within 3% relative. Thus 
the methods are accurate to within the limits of their 
assigned precision (i.e., 3% relative). The B contents of 
the remaining crystals of kornerupine (K33–K52) were 
determined by SREF, and a similar accuracy and preci-
sion for B content are expected for these crystals.
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Determination of Fe3+ by Mössbauer 
Spectroscopy

Grew et al. (1999) examined a subset of six samples 
of the kornerupine crystals used here by 57Fe Mössbauer 
spectroscopy. It was not possible to determine the Fe3+ 
contents in kornerupine directly because of the close 

overlap of the individual bands in the spectra. However, 
incorporation of the Fe3+ contents determined by SREF 
and crystal-chemical analysis as done here allowed 
accurate fitting of the spectra, showing that the Fe3+ 
contents determined by SREF are in accord with the 
Mössbauer spectra of the same samples.
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Final Assignment of Site Populations:  
The T Sites

During the refinement process, the site populations 
at the T(1) and T(2) sites were assigned such that they 
fit exactly the postulated relations between <T–O> 
and <r> at these sites; the correctness of this process 
was evaluated via the relation between <T(3)–O> and  

<r T(3)>. In this procedure, all relative error associated 
with these relations has accumulated at the T(3) site. As 
this distribution of error is inappropriate, the deviations 
from linearity for the T(3) relation were subsequently 
distributed among the three T sites in accord with their 
respective multiplicities. The resulting site-populations 
are given in Table 7, and the <T–O> – <r> relations are 
shown in Figure 6. Linear regression gave r 2 values in 
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the range 0.927–0.998, the lower r 2 values being for 
the T sites with smaller ranges of <T–O> values; the 
regression models are given in Table 8. The y intercepts 
are in the range 1.36–1.37 Å, and the slopes of the 
regression lines are in the range 1.00–1.02, in agreement 
with the hard-sphere model (i.e., <T–O> = <r CATION> + 
<r ANION>; values for cation and anion radii were taken 
from Shannon 1976).

Final Assignment of Site Populations:  
The M Sites

The principal chemical variables at the M sites 
are Al, Mg, Fe2+ and Fe3+. During site-scattering 
refinement, we made some assumptions about the site 
populations of these species. The mean bond-lengths 
reported here (and in previous work) are more or less 
in accord with these assumptions. However, now we are 
in a position to test these assumptions more rigorously, 
and possibly to reassign the site populations somewhat 
in light of the mean bond-length data available for all 
forty-seven crystals of kornerupine.

Preliminary considerations

The M(2) site: At the present stage, the M(2) site is 
occupied by Mg and Fe2+. Figure 7 shows the variation 
in <M(2)–O> as a function of mean constituent-cation 
radius. The data define a field that can be outlined by 
an acute scalene triangle (labeled ABC in Fig. 7). At 
a constituent-cation radius of 0.72 Å (= Mg), the data 
plot over a continuous range from 2.075 to 2.095 Å. Let 
us postulate that the relation between <M(2)–O> and  
<r M(2)> conforms to a hard-sphere model. The mean 
radius of the anions coordinating M(2) is 1.373 Å. 
Adding this anion radius to that of Mg (0.72 Å) gives 

a sum of 2.093 Å, close to point A in Figure 7. The data 
along the AB edge of the triangle in Figure 7 define a 
line with a slope of ~1.0, and thus a hard sphere model 
of Mg  Fe2+ substitution at M(2) is conformable with 
the data lying just below the line AB. The remainder 
of the data have <M(2)–O> distances shorter than 
those predicted by their (Mg, Fe2+) site-populations. 
This feature can be explained by incorporation of a 
third cation at M(2), a cation that has a smaller radius 
than Mg. The possible candidates (Table 4) are Al and 
Fe3+. However, we may rule out Fe3+, as the data near 
vertex C (Fig. 7) contain no appreciable Fe at M(2), 
as indicated by site-scattering refinement (Table 7; 
<M(2)–O> ≤ 2.085 Å, site-scattering < 12.57 epfu, 
mean value 12.34 apfu). Furthermore, we assume that 
Fe3+ is absent from M(2) in all crystals, as deviation 
from a hard-sphere model (~AB, Fig. 7) decreases with 
increasing Fe content at M(2). Thus we conclude that 
the deviations from a hard-sphere model of Mg  Fe2+ 
occupancy only at the M(2) site indicated in Figure 7 
are actually due to the incorporation of Al at M(2) in 
addition to Mg and Fe2+. The Al is assigned to the M(2) 
site such that a linear <M(2)–O> – <r M(2)> variation 
(with a slope of close to 1.0) is obtained.

The M(3) and M(5) sites: At all stages of refinement, 
the M(3) and M(5) sites were completely occupied 
by Al. At the end of the secondary stage of refine-
ment, these assumptions were tested by refining the 
following models: (1) M(3) occupancy fixed as Al, 
M(5) occupancy variable; (2) M(5) occupancy fixed as 
Al, M(3) occupancy variable; (3) both M(3) and M(5) 
occupancies variable; in addition, all other structure 
variables were refined simultaneously. In all cases, the 
refined site-scattering values at the M(3) and M(5) sites 
showed no significant deviations from 13 electrons per 
site (= 1.0 Al).

Figure 8 shows the variation in <M(3)–O> and 
<M(5)–O> in kornerupine. The sequence of crystals 
is ordered from left to right in terms of increasing 
<M(3)–O>; note that the <M(5)–O> values order in 
exactly the same way. Usually, such small and system-
atic variations in structures are attributed to “steric 
adjustments”. However, let us examine the possibility 
of another substituent at these sites. The only reason-
able substituent is Mg; any other cations of reasonable 
radius would not be in accord with the observed site-
scattering values of 13 e per site. Thus small amounts 
of Mg were assigned to M(3) and M(5) to account for 
the variations in <M(3)–O> and <M(5)–O> throughout 
the complete set of data.

Comparison of M(2), M(3) and M(5) site-popula-
tions: There is an approximate 1:1 relation between 
the Al assigned to M(2) and the Mg assigned to M(3) 
and M(5), suggesting that the minor occupancies are 
responsible for the observed scatter in Figure 7 and the 
variations in <M(3)–O> and <M(5)–O> in Figure 8.Fig. 5.  Comparison of B2O3 (wt.%) determined by SIMS and 

SREF in kornerupine; the dashed reference-line has a slope 
of 1. Samples K1 ! K32.
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Final M-site assignments

Final assignment of site populations to the M sites 
involves examination of the <M–O> bond-lengths as a 
function of constituent site-occupancies.

The M(2), M(3), M(4) and M(5) sites: At this stage, 
M(4)[Fe3+,Cr,V,Ti], M(2)Fe2+ and [6]Al are known, and the 
Mg/Al values at the M(2), M(3), M(4) and M(5) sites 

need to be optimized for linearity on <M–O> versus <r> 
plots. This was done in the following manner:

(1) For the M(3) and M(5) sites, a slope of 1.0 is 
assumed initially for the <M–O> versus <r> relations; 
M(3)Al, M(3)Mg, M(5)Al and M(5)Mg values are then 
calculated for two intercept values, one for M(3) and 
one for M(5).

(2) For the M(4) site, M(4)Al and M(4)Mg were calcu-
lated for a range of values for the slope and intercept.

(3) For each set of occupancies determined in (2), 
a new value of M(2)Al is produced from the relation 
M(2)Al = [6]Al – M(3)Al – M(4)Al – M(5)Al. The resulting 
<M(2)–O> versus <r M(2)> relation is then compared to 
Figure 7 for relative improvement or deterioration of 
agreement with a linear model.

The cycle (1) ! (3) was iterated for various values 
of intercepts for M(3) and M(5) and for various site-
occupancy possibilities: (i) Mg at M(3), (ii) Mg at 
M(5), (iii) Mg at M(3) and M(5), and (iv) no Mg at 
M(3) or M(5). Note that the adjustment of Al/Mg in 
the sequence M(3), M(5) ! M(4) ! M(2) takes advan-
tage of the relative multiplicities of the sites involved 
[2:2:2:1] in that small changes in M(3), M(5) and M(4) 
result in larger changes at M(2). The M(3), M(5) and 
M(4) site-populations that gave the best relation for 
the M(2) site are considered to be the optimum values. 
Changes to M(4)Al were tested to see if they changed the  
M(4)Fe values (as M(4)Fe = Fe3+, any change would 
require recalculation of the unit formula and a repeat of 
the tertiary cycle of refinement); however, there was no 
change in M(4)Fe for any of the refinements.

For these sites, the final stage involves adjustment 
of the site populations slightly such that for a specific 
crystal, each site shows the same deviation from the 
<M–O> – <r> relation, taking into account their rela-
tive multiplicities. The resulting <M–O> – <r> relations 

Fig. 6.  Variation in <T–O> distance as a function of constit-
uent-cation radius in kornerupine: (a) the T(1) site, (b) the 
T(2) site, (c) the T(3) site; regression lines are shown.

Fig. 7.  Variation in <M(2)–O> distance as a function of 
constituent-cation radius in kornerupine; the dashed lines 
and grey shading define the field of data, and the letters A, 
B, C define the apices of the triangle for ease of reference 
in the text.
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are shown in Figure 9 and listed in Table 8. No data 
lie more than 3s from the least-squares fits to the data, 
indicating that variations in the r 2 values represent only 
the magnitude of the standard deviations of the data 
relative to the total variation in the data (i.e, <M–O>). 
The slopes for the M(2) and M(3) sites are 0.97 and 
0.93, respectively, close to the ideal value of 1.0. The 
slopes for the M(4) and M(5) sites are 0.78 and 0.84, 

respectively. The latter value is not well constrained 
(Fig. 9d), whereas the former values shows significant 
deviation from 1.0. This type of situation, in which 
most sites closely follow a hard-sphere model but some 
deviate significantly, occurs in other common minerals 
(e.g., monoclinic amphiboles: Hawthorne 1983).

The M(1) site: The relation between <M(1)–O> and 
<r M(1)> [corrected for variations in anion composition 



250	 the canadian mineralogist

at O(10)] is quite non-linear if the refined site-scattering 
is expressed as Mg and Fe2+ (Fig. 10a). In Figure 10a, 
the B content of each crystal is indicated qualitatively 
by the types of symbols used. The sample group with 
the largest content of boron (black circles) shows a 
linear relation between <M(1)–O> and <r M(1)> (the 
broken line AB with a slope of ~0.7). Samples with 
progressively less B (dotted circles and hollow circles, 

respectively) show progressive deviation from the line 
AB. Multiple linear-regression with <M(1)–O> as 
the dependent variable and <r M(1)> and B content as 
independent variables gives a much improved fit (r 2 = 
0.86, Table 8). Figure 10b compares the observed and 
calculated <M(1)–O> values; the data lie within three 
standard deviations of the 1:1 relation.



	 the crystal chemistry of the kornerupine–prismatine series	 251

The non-linearity in Figure 10a cannot be attrib-
uted to incorporation of a larger cation at M(1), as 
the chemical compositions (Table 4) are not in accord 
with this possibility. Two M(1) octahedra link through 
the O(10) anion, and the O(5)–O(7) edge is shared 
between the M(1) octahedron and the T(2) tetrahe-

dron. The chemical variation in the T(2)–T(3)–T(2) 
tetrahedron trimer is thus closely tied to the M(1) site 
via the shared O(5)–O(7) edges (see later discussion). 
Thus we propose that variation of B, Al and Si in the 
T(2)–T(3)–T(2) trimer induces a steric response in the 
M(1) octahedron.
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Assessment of final M(3) and M(5) site-populations

Inspection of Table 7 shows that the M(3) and M(5) 
sites are occupied predominantly by Al, with only minor 
amounts (<0.12 and 0.08 apfu, respectively) of Mg. 
Let us briefly examine the criteria that pertain to these 
assignments, as they do differ from previous assigned 
site-populations (Table 1).

If the <M(3)–O> distances are ordered in terms 
of increasing value (Fig. 8), the <M(5)–O> distances 
show a similar pattern of order. As noted above, this 
could be due to (1) correlated structural strain, or (2) 
incorporation of an additional constituent with a larger 
radius and a similar scattering-power (i.e., Mg). If 
sufficient Mg is assigned to M(3) and M(5) to attain 
linearity (Figs. 9b, d), an equivalent amount of Mg has 
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to be taken from the assigned site-populations for any 
or all of the M(1), M(2) and M(4) sites. Pertinent to this 
issue is that the initially assigned site-populations at 
M(2) produced a relation with considerable systematic 
scatter (Fig. 7). Removal of sufficient Mg from M(2) 
to produce linearity in plots of bond length versus 
constituent radius for the M(3) and M(5) sites (Figs. 9b, 
d) produces linearity in the analogous plot for the M(2) 
site (cf. Fig. 7 and Fig. 9a). This seems an unlikely result 
if the incorporation of Mg into the M(3) and M(5) sites 
were incorrect. Thus we conclude that the site popula-
tions shown in Table 7 are correct.

Final Assignment of Site Populations:  
The X Site

The X site is the most difficult one to deal with, 
as it is occupied by Mg, Fe2+, Mn2+, Ca, Na and □ 
(vacancy). Values for Mn2+, Ca and Na were assigned 
from the unit formulae; this leaves Mg, Fe2+ and □ to 
be assigned in the refinement process. The Mg and Fe2+ 
contents remaining after assignment to the M sites are 
assigned to the X site, and the resulting □ is calculated 
as 1.0 – XMg – XFe2+ – Mn2+ – Na – Ca. The <X–O> 
distances are shown as a function of the □ content in 
Figure 11a. The data define a triangle, converging with 
increasing □ content to a point at <X–O> � 2.415 Å 
and X□ � 0.83. It seems reasonable to propose that a 
completely vacant X site will have <X–O> = 2.415 Å. 
Thus we may calculate a radius for X□: 2.415 – 1.37 
= 1.045 Å, where 1.37 Å is the appropriate radius 
for an O atom. This allows us to plot <X–O> versus  
<r X> [corrected for variations in F  OH substitution 
at O(10); Fig. 11b]. In Figure 11b, the B content of 
each crystal is indicated qualitatively by the symbols 
used, suggesting that <X–O> also correlates with the B 
content of the crystal. Multiple regression with <X–O> 
as the dependent variable and <r X>, F and B as indepen-
dent variables gave an r 2 value of 0.897; in Figure 11c, 
we compare the corresponding observed and calculated 
<X–O> values.

Thus far, the cations assigned to X come from the 
unit formulae calculated from the chemical composi-
tions and the results of a site-scattering refinement of 
the T and M sites. These values are reasonably compat-
ible with the observed <X–O> distances. How do they 
compare with the refined site-scattering values at the X 
site? The latter were determined as follows: (1) Na and 
Ca occupancies were assigned from the unit formula, (2) 
the occupancy of Mg was refined [with no Fe* (≡ Fe + 
Mn) present], and (3) the occupancy of Fe was refined 
[with no Mg present].

The total scattering at the X site (in epfu) is slightly 
different for (2) and (3), respectively, as the shapes 
of the scattering curves for Mg and Fe are slightly 
different. Figure 11d shows the total scattering as a 
function of the corresponding values calculated from 

the unit formula; the values agree to within one-half 
an electron [the bars in Fig. 11d represent the range 
of values from procedures (2) and (3) above, together 
with the standard deviation of each of these determina-
tions], indicating that the assigned site-populations are 
in accord with the site-scattering refinement.

Final assigned site-populations and associated 
regression models are given in Tables 7 and 8, and a 
graphical summary of the compositional ranges for each 
of the nine distinct cation-sites is shown in Figure 12.

Cation Order at the T Sites

The T(1), T(2) and T(3) tetrahedra polymerize to 
form two distinct clusters, a [T2O7] dimer and a [T3O10] 
trimer.

The T(1)–T(1)' dimer

Up to 0.200 Al apfu was assigned to the T(1) site 
(Table 7). The two criteria supporting this assignment 
are: (1) <T(1)–O> variation of 0.014 Å (i.e., 1.618 
! 1.632 Å); (2) improved linearity between <T–O> 
distances and constituent-cation radii at the T(2) and 
T(3) sites. It is well known that the average Al content 
of a tetrahedron affects <T–O> distances (Smith 1954, 

Fig. 8.  Variation in <M(3)–O> and <M(5)–O> distances in 
kornerupine; the data are organized in terms of increasing 
<M(3)–O> distance toward the right side of the figure.
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Smith & Bailey 1963). However, the bond lengths 
are also affected by geometrical changes in the local 
environment. A useful parameter in this regard is the 
T–O(br: bridging)–T angle or, more specifically, 1/
(1 – secTOT) (Swanson 1980, Swanson et al. 1980). 
This quantity is referred to as fs(O), the fractional 
s-character of the bond involving the bridging O atom. 
There are slightly different minimum-energy angles 
for Si–O–Si and Si–O–Al configurations (Geisinger et 
al. 1985). Therefore, fs values for O(9) as calculated 
from T(1)–O(9)–T(1) angles should contain informa-
tion on the probability of Al ordering at T(1). To test 
this hypothesis, <T(1)–O> distances are plotted against 
fs values for O(9) in Figure 13. The solid line is taken 
from Geisinger et al. (1985), who used <Si–O> and 
Si–O–Si values from well-ordered framework silicates 
to develop the line via regression analysis. The line is 
shifted upward (0.014 Å) relative to that of Geisinger 
et al. (1985), so that it would pass through the lower 
data in Figure 13. The slope of the line is both shallow 
and negative (–0.229), indicating that, as Si–O–Si angles 
increase, there is a decrease in <T(1)–O> distance. A 

similar trend (slope = –0.312) was found by Geisinger 
et al. (1985) for Al–O–Si angles (the trend is displaced 
vertically by +0.13 Å along the <T(1)–O> axis and 
plots off Fig. 13). Data above the solid line correspond 
to progressively more assigned Al [this reflects the fact 
that Al populations were extrapolated directly from 
<T(1)–O> distances]. However, the data plotting near 
a T(1)–O(9)–T(1) angle of ~148.8° [fsO(9) � 0.461] 
span an appreciable range in <T–O>, and a rather 
limited range in fsO(9). The data points with greater 
assigned Al deviate more substantially from the line of 
Geisinger et al. (1985) for (Si–O–Si). This deviation 
toward greater <T–O> distance for a given T–O–T angle 
is consistent with Al at the T(1) site. The strength of the 
hydrogen bond to O(9) is very weak, and its potential 
perturbing effect on the T–O–T angle can probably be 
disregarded.

T(2)–T(3)–T(2) trimer

The molecular-orbital study of Geisinger et al. 
(1985) also involved calculation of minimum-energy 

Fig. 9.  Variation in <M–O> distance as a function of constituent-cation radius in kornerupine: (a) the M(2) site, (b) the M(3) 
site, (c) the M(4) site, and (d) the M(5) site; regression lines are shown.
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angles for the Si–O–B configuration (the minimum-
energy angle for a [2]-coordinated bridging atom of 
oxygen is equal to 125°). In kornerupine, the bridging 
O(7) atom is also linked to the M(1) cation in addition 
to T(2) and T(3), and is therefore [3]-coordinated. In this 
case, the T–O–T angle should be significantly smaller 
and show a smaller range than that for a [2]-coor-
dinated bridging anion (Geisinger et al. 1985). The 
range in observed T(2)–O(7)–T(3) angles (Fig. 14a) is 
only 2.8°, and agrees with that predicted by Geisinger 
et al. (i.e., <125°). A striking feature of Figure 14a is 
the uniform positive correlation between increasing B 
content and increasing T(2)–O(7)–T(3) angle, from ~0.0 
to 0.7 B apfu. As the B population increases at T(3), 
T(2)Si–O–T(3)B (and possibly T(2)Al–O–T(3)B) configura-
tions must increase in frequency. The minimum-energy 
calculations of Geisinger et al. (1985) predict the 
opposite trend, i.e., decreasing T(2)–O(7)–T(3) angles 
with increasing B. The local environment about the 

T(2)–T(3)–T(2) trimer is clearly exerting an influence 
on the observed T(2)–O(7)–T(3) angle that is greater 
than the driving force associated with attainment of 
the predicted minimum-energy angle. The linkage of 
the T(2)–T(3)–T(2) trimer to the neighboring polyhedra 
(Fig. 15) shows that the O(6)–O(8) edge of the M(5) 
octahedron and the O(5)–O(7) edge of the M(1) octa-
hedron constrain the flexure of the tetrahedron trimer 
in the (001) plane. Within the kornerupine structure, 
the M(5) octahedron is the most inflexible element of 
the polyhedra in terms of both bond length and site-
population variation (Tables 6, 7). The O(6)–O(8) edge 
of the M(5) octahedron has a maximum variation in 
length of only 0.046 Å. The maximum variation in the 
length of the O(5)–O(7) polyhedron edge that is shared 
between T(2) and M(1) (Fig. 15) is only 0.029 Å.

How are the <T(3)–O> distances able to span 0.16 
Å while constrained by these relatively rigid neighbors? 
The answer lies in coupled shrinkage of the T(3) tetra-
hedron and rotation of the T(2) tetrahedron. In Figure 
15, the light grey tetrahedra are drawn using coordinates 
from K35 (low B); corresponding T(2) and T(3) cation 
positions are shown as light grey circles. The dark grey 
tetrahedra are drawn using coordinates from K41 (high 
B); corresponding T(2) and T(3) cation positions are 
shown as black circles. The T(2), T(3), O(5), O(7), M(1), 
M(4), O(1), O(10) sites and their symmetry-related 
sites across the (100) mirror (x = 0) are situated on the 
(001) mirror (z = ¼) [i.e., in the plane of the page]. The 
M(3), M(5), O(6) and O(8) sites lie above and below 
the (001) mirror. Visual inspection of the O(6)–O(8) and 
O(5)–O(7) edges at low- and high-B values shows that 
only minor adjustments in length occur. In this projec-
tion, the largest displacements involve the O(5), O(7), 
T(2) and T(3) sites; with increasing B, O(8) is stationary 
and O(7) migrates toward the central T(3) cation. With 
the resulting shrinkage of the T(3) tetrahedron, the T(3) 
atom moves toward the O(8)–O(8)' edge to maintain a 
central position within the tetrahedron. With negligible 
change in the O(6) position and O(5)–O(7) edge-length, 
the T(2) tetrahedron rotates about the O(6) position in 
tandem with the shrinking T(3) tetrahedron. Through 
this rotation, the size of the T(2) tetrahedron decreases 
from 1.694 (K35) to 1.646 Å (K41) (Table 6).

The most important neighboring feature coupled to 
this flexure of the T(2)–T(3)–T(2) tetrahedron trimer is 
the rotation of the O(5)–O(7) edge. Tied to this rotation 
are significant geometric adjustments to the M(1) and 
M(4) octahedra (Fig. 15). With increasing B, the M(1) 
and M(1)' octahedra can easily adjust via flexure at the 
corner-sharing anion O(10). Necessary adjustments 
along O(1)–O(5) are more constraining because this 
edge is shared between the M(1) and M(4) octahedra. 
This accommodation by the M(1) and M(4) octahedra 
to the changing position of the O(5)–O(7) edge relates 
to two previous observations: (1) proposed neighboring 
steric influences at M(1) as a function of B content at 

Fig. 10.  Variation in <M(1)–O> distance in kornerupine: (a) 
as a function of constituent-cation radius; the broken line 
indicates a linear relation through data for crystals of high 
content of boron (black circles); (b) observed versus cal-
culated <M(1)–O> distance; the dashed line shows the 1:1 
relation. Black circles: > 0.67 B; circle with enclosed dot: 
0.33 ≤ B ≤ 0.67 B; open circles: B < 0.33 apfu.
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Fig. 11.  Stereochemical variations at the X site in kornerupine: (a) <X–O> distance as a function of X□ (vacancy); the grey shad-
ing indicates the limits of distribution of the data, converging at <X–O> � 2.415 Å, X□ = 0.83 apfu; (b) the <X–O> distance 
as a function of constituent-cation radius; the broken line indicates a linear relation through data for crystals of high content 
of B (black circles); legend for symbols as in Figure 10; (c) <X–O> observed versus <X–O> calculated; the line shows the 
1:1 relation; (d) total number of electrons at the X site as calculated from the assigned site-populations (see text) versus the 
refined site-scattering values at the X site (see text for meaning of “error” bars); the dashed line shows the 1:1 relation.

T(3) that perturb the <M(1)–O> versus <rM(1)> relation; 
(2) the low slope (0.78) of the <M(4)–O> versus <rM(4)> 
relation. The first observation gains further credence 
from inspection of Figure 15: the low slope of the 
<M(4)–O> versus <r M(4)> relation is complementary 
in helping maintain the incident bond-valence at the 
changing O(5) position.

An interesting feature of Figure 14a is the larger 
range of T(2)–O(7)–T(3) angles at greater B content 
(B > 0.7 apfu): at ~0.8 to 0.9 B, angles from 123.8 
to 124.5° are observed. These high-B samples (0.8 < 
B < 0.9 apfu) are shown in Figure 14b with M(1)Fe2+ 
shown as a function of T(2)–O(7)–T(3) angle. There 
is a positive correlation between Fe2+ at M(1) and the 
T(2)–O(7)–T(3) angle, in agreement with the finding of 
Geisinger et al. (1985) that the chemical identity of a 

third cation bonded to the bridging O-atom can further 
influence T–O–T angles (i.e., M(1)Mg versus M(1)Fe2+). 
The perturbation in T(2)–O(7)–T(3) angles (Fig. 14a) 
is most obvious at high B (B > 0.8 apfu) because larger 
ranges in Fe2+ at M(1) only occur at a high content of 
boron (Table 7).

Conclusions

(1) The chemical formula of kornerupine may 
be written as X(□,Mg,Fe2+) M(Al,Mg,Fe2+,Fe3+)9 
T(Si,Al,B)5 O21 (OH,F).

(2) In the forty-seven samples examined, the B 
content varies between 0.02 and 0.88 apfu and is 
completely ordered at the T(3) site.
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Fig. 12.  Graphical summary of site occupancies in the kornerupine structures refined 
in this work. The T-site occupancies are shown within the B–Si–Al shaded triangle, 
the M-site occupancies are shown in the shaded Fe3+–Al–Fe2+–Mg diamond, and the 
X-site occupancies are shown in the shaded Mg–Fe2+–□ triangle. Minor Ti4+, V3+, 
Cr3+ are included with Fe3+, minor Mn2+ is included with Fe2+, and minor Na and Ca 
are ignored.

Fig. 13.  Variation in <T(1)–O> (Å) versus fs O(9) [1 / (1 – secTOT)] in kornerupine. 
The Si–O–Si line is that of Geisinger et al. 1985 (solid line); dashed lines divide fields 
according to content of T(1)Al apfu.
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(3) All three T sites contain Si, with the site prefer-
ence T(1) > T(2) > T(3).

(4) There are very well-developed linear relations 
between <T–O> and <r T> at the three T sites.

(5) The M(1) site is occupied solely by Mg and Fe2+, 
with Mg > Fe2+.

(6) The M(2) site is occupied by Mg, Fe2+ and Al, 
with (Mg ≥ Fe2+) > Al.

(7) The M(3) and M(5) sites are occupied by Al and 
Mg with Al >> Mg.

(8) The M(4) site is occupied by Al, Mg, Fe3+ and 
minor transition elements, with Al > Mg > Fe3+; Fe3+ 
is completely ordered at this site.

(9) There are well-developed linear relations 
between <M–O> and <r M> at the M(2), M(3), M(4) 
and M(5) sites.

(10) The <M(1)–O> distance is linearly related to 
<rM(1)> and the B content of the crystal; the latter influ-
ence is due to local steric strain.

(11) The X site is occupied by □, Mg, Fe2+ and 
minor Mn2+, Na and Ca, with □ > Mg � Fe2+.

(12) A radius for X□ can be derived for kornerupine 
(1.045 Å). The <X–O> distance is linearly related to  
<r X> and the B and F contents of the crystal.
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Appendix 1. Refinement of Kornerupine with Ionized  
and Neutral Scattering-Factors for Oxygen

clearly results in a greater total refined scattering at 
these sites in all 47 refinements; the relative mean 
increase in cumulative site-scattering is ~1.1 epfu (elec-
trons per formula unit). Careful inspection of Figure 
A1 also reveals that the departure of data from the 1:1 
reference line is slightly greater for kornerupine crystals 
with greater Fe content. The most important chemical 
substitution at these sites involves Fe  (Mg,Al), and 
a 1.1 epfu difference implies a difference of ~0.08 apfu 
Fe  (Mg,Al), with the O2– refinements indicating 
greater Fe contents at these sites. The higher refined 
site-scattering values obtained with the O2– scattering 
factor are in closer agreement with the analogous elec-
tron counts derived from the formulae calculated from 
the electron-microprobe data. This is shown (using 
O2–) by the even scatter about the 1:1 relation on the 
plot of refined site-scattering (SREF) versus the calcu-
lated scattering (EMPA) at the X site (Fig. 11d); note 
that there is a 1:1 relation between epfu from structure 
refinement and electron-microprobe analysis for all 
other sites [M(1), M(2), M(3), M(4), M(5), T(1), T(2), 
T(3)] prior to assignment of the scattering species at 
the X site.

Where cation site-scattering values at some sites 
are freely refined, the values scale to the scattering of 
the rest of the structure where the identity of the scat-
tering species is known and fixed. The fixed part of the 
structure is commonly the anion component plus any 
cation component that is known to be ordered. The 
total scattering of the anion component of the struc-
ture is affected by the scattering factor(s) assigned to 
the anion species: neutral or ionized. As a result, the 
scattering values from the freely refined sites will be 
different depending on the ionization state of the scat-
tering curves used for the anion species in the structure. 
The present work involves a large coherent dataset for 
a structure that shows significant variation in chemical 
composition, and the chemical compositions were care-
fully determined via electron-microprobe analysis and 
crystal-chemical analysis on the same grains. The data 
presented here are extremely coherent and provide an 
excellent opportunity to examine the effect of using 
different ionization states for the (fixed) anion species 
on the refined scattering values of the (variable) cation 
species in the structure.

We ran refinements for all 47 structures using the 
simplified refinement model described earlier in the text 
using (1) O2– and (2) O-neutral scattering factors. The 
scattering factors used are shown in Table A1. In the 
structure of kornerupine, there are variable amounts of 
Fe2+ at the X, M(1) and M(2) sites, and Fe3+ orders at the 
M(4) site. Note that (Mg,Al) is dominant at these sites 
(12, 13 electrons), and the presence of Fe (26 electrons) 
increases in the refined site-scattering values. For both 
sets of refinements (O2– versus O-neutral scattering 
factors), the total refined site-scattering over the [X + 
M(1) + M(2) + M(4)] sites is compared in Figure A1. 
The size of the data points approximates the cumulative 
site-scattering errors. Use of the O2– scattering factor 
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Appendix 2. Key Expressions

The form of the equations for the residual indices, extinction correction, and 
anisotropic-displacement parameters are as follows:

R1= S(|Fo| – |Fc|) / S|Fo| 
 
wR2 = [Dw(Fo

2 – Fc
2)2 / Sw(Fo

2)2]½ 
 
w = 1/ [s2(Fo

2) + (a 3 P)2 + (b 3 P)], where a and b are refineable param-
eters 
 
P = [{max(0,Fo

2)} + 2Fc
2] / 3

An extinction parameter X is refined, where

Fc* = kFc [1 + 0.001 3 X 3 Fc
2 3 l3 / sin(2u)]–¼ (k is the overall scale-

factor)

From the atom-displacement parameters:

for isotropic U: exp(–8p2U [sin(u) / l]2 
 
for anisotropic Uij: exp[–2p2(h2a2U11 + k2b2U22 + l 2c2U33 + 2hkabU12 
+ 2hlacU13 + 2kl bcU23)], where Ueq is one-third of the trace of the 
orthogonalized Uij tensor.

Fig. A1.


