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Abstract

A procedure is developed whereby complete chemical formulae and chemical compositions of kornerupine may be derived 
from electron-microprobe data and unit-cell dimensions. The boron content (as B in apfu) can be expressed as a linear function 
of the a and c cell parameters and the Al2O3 and FeO contents (as wt.% oxide). The content of ferric iron (as Fe3+ in apfu) can 
be expressed as a linear function of the B content (as B apfu) and the Al2O3 and FeO contents (as wt.% oxide). The hydrogen 
content (in H apfu) can be expressed as 1 – F (apfu). Standard errors of estimates for B and Fe3+ are both 0.05 apfu.
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Sommaire

Nous avons développé une procédure permettant d’obtenir une formule chimique et une composition chimique complètes 
d’un échantillon de kornérupine à partir de données acquises avec une microsonde électronique et les paramètres réticulaires. 
On peut exprimer la teneur en bore, en atomes par formule unitaire, apfu, par une fonction linéaire des paramètres a et c, et des 
teneurs en Al2O3 et FeO (en %, poids). On peut exprimer la teneur en fer ferrique par une fonction linéaire de la teneur en B 
(en apfu) et des teneurs en Al2O3 et FeO (en %, poids). La teneur en hydrogène (en apfu) est équivalente à 1 – F. Les erreurs 
standards associées aux valeurs estimées de B et de Fe3+ sont environ 0.05 apfu.

	 (Traduit par la Rédaction)
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Introduction

Kornerupine, (□,Mg,Fe) (Al,Mg,Fe)9 (Si,Al,B)5 
O21 (OH,F), occurs in high-grade metamorphic rocks, 
especially those rich in Mg and Fe, and yet there is very 
little complete chemical information on this mineral 
compared with other rock-forming silicate minerals. 
This lack of information is a result of the difficulty 
in completely analyzing kornerupine. As kornerupine 
contains essential B in variable quantities, together 
with Al in tetrahedral and octahedral coordination, and 
significant and variable amounts of vacancy at one 
site (X), omission of B from the analytical procedure 
prevents calculation of a mineral formula. Most recent 
work on the composition of kornerupine (e.g., Grew et 
al. 1990, Hawthorne et al. 1995) has involved the use 
of an ion microprobe to determine B content. Although 

this approach does overcome the major problem in 
deriving kornerupine formulae, there are three addi-
tional problems: (1) the issue of Fe3+:Fe2+ ratio is not 
addressed, (2) H is not determined, and (3) access to an 
ion microprobe is a problem for many scientists.

Here, we take a different approach to the chemical 
analysis of kornerupine: we use well-established 
crystal-chemical correlations and X-ray powder-diffrac-
tion to derive compositional parameters that cannot 
be measured by electron-microprobe analysis. For 
kornerupine, Cooper et al. (2009a, b) and Hawthorne et 
al. (1995) have established very well-developed correla-
tions between B content, H content and Fe3+ content, 
and the unit-cell dimensions and chemical parameters 
determined by electron-microprobe analysis. These 
are used to derive the complete chemical formula (and 
chemical composition) of kornerupine.
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Derivation of H, B and Fe3+

Hydrogen

Cooper et al. (2009b) showed that OH + F = 1.0 
apfu in kornerupine. As F is measured by electron-
microprobe analysis, H may be calculated as H = (1.0 
– F) apfu.

Boron

The B content of kornerupine varies in the range 
0.0–0.9 apfu (0.0–4.2 wt.% B2O3), and the results of 
Cooper et al. (2009a) show that B is completely ordered 
at the T(3) site. As B ([4]r = 0.11 Å) is much smaller than 
Si ([4]r = 0.26 Å) and Al ([4]r = 0.39 Å), incorporation 
of B at T(3) produces significant dimensional changes 
within the kornerupine structure. Figure 1 shows the 
adjustments of the T(2)–T(3)–T(2) trimer in response to 
various B contents at T(3). In particular, the O(7)–O(7) 
and O(8)–O(8) edges contract significantly with incor-
poration of B at T(3). For K40 (B = 0.016 apfu) and K41 
(B = 0.880 apfu), the values are as follows: O(7)–O(7): 
2.786 and 2.464 Å; O(8)–O(8): 2.730 and 2.513 Å. The 
O(7)–O(7) and O(8)–O(8) edges of the T(3) tetrahedron 
lie along [100] and [001], respectively, and hence the a 
and c cell-dimensions should be sensitive to variations 
in the B content of the crystal.

Hawthorne et al. (2009) show that many chemical 
parameters in kornerupine correlate with B content. 

Thus the major-element composition derived from the 
electron-microprobe analysis can serve to further define 
the B content of the crystal. Multiple linear regression 
with B as the dependent variable and a, c, Al2O3 and 
FeO* apfu (FeO* = total Fe expressed as FeO) as 
independent variables gives an excellent correlation 
(r2 = 0.989; equation 1, Table 1); Figure 2 shows the 
agreement between the corresponding observed (BSREF) 
and calculated (BS) values.

Iron

The Fe2+ content of kornerupine ranges from 0.00 to 
1.29 apfu (0.00 to 12.09 wt.% FeO) and the Fe3+ content 
from 0.00 to 0.35 apfu (0.00 to 3.63 wt.% Fe2O3). 
Ferrous iron is disordered over two octahedra [M(1), 
M(2)] and one [8]-coordinated X-site, and all Fe3+ is 
ordered at the M(4) site (Cooper et al. 2009a). Multiple 
regression with Fe3+ as the dependent variable and BS, 
Al2O3 and FeO* as independent variables (Equation 
4, Table 1) gives a good correlation (r2 = 0.952) for 
kornerupine samples with appreciable Fe3+ content 
(i.e., > 0.03 apfu Fe3+); Figure 3 shows the agreement 
between the corresponding observed (Fe3+

SREF) and 
calculated (Fe3+

S) values. There is significantly more 
dispersion for the low-Fe3+ crystals in Figure 3 than for 
crystals with Fe3+ > 0.03 apfu, but the reason for this is 
not clear. Possibly where Fe3+ = 0, there is accumulated 
strain in the structure, leading to deviation from the 
relations developed above. Samples K3 and K33 are 

Fig. 1.  Adjustments of the T(2)–T(3)–T(2) trimeric cluster in kornerupine as a function 
of B content. Projected onto (001). Low-B: tetrahedra are shaded light grey, T sites are 
grey circles; high-B: tetrahedra are shaded dark grey, T sites are black circles.
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from Andhra Pradesh, India, and plot somewhat off 
the relation in Figure 3 for unknown reasons, and were 
excluded in the final regression analysis.

Cell parameters

For all 47 samples of kornerupine refined by Cooper 
et al. (2009a), the B and Fe3+ content can be calculated 
to within about ±0.05 apfu of the values determined 
by SREF, using the Al2O3 and FeO* contents and the 
a and c cell-parameters [equations (1) and (4), Table 
1]. Thus the calculated B and Fe3+ contents are both 
dependent upon the cell parameters. The cell parameters 
used in the regression equations of Table 1 are those 
determined by single-crystal X-ray diffraction. As many 
mineralogists do not have the necessary instrumentation 
available, we also examined the effect of using cell 
dimensions determined by powder diffraction.

X-Ray Powder-Diffraction Study

Nine small (3–8 mg) clean separates of kornerupine 
were ground to a fine powder with an internal standard 
(10% by weight NBS 640b); X-ray-diffraction data 
were collected using an automated Philips PW1710 
goniometer fitted with 1° slits in step-scan mode (0.02° 
steps, 5 s / step) from 6 to 66° 2u. Powdered samples 
were placed on a quartz plate to reduce the background 
signal. The Jade software package (v. 6.5) was used to 
process the powder data. Background was modeled by 
a cubic spline and then removed. Peak positions were 
determined using refined peak profiles (Ka2 modeled) 
and scaled against the internal standard for eleven 
well-resolved peaks of kornerupine lying between 26 
and 62° 2u. The eleven peaks chosen (Table 2) were 
the strongest and best resolved on all diffractograms. 
In addition, the powder patterns calculated from the 
single-crystal refinements show that these eleven peaks 

Fig. 2.  Agreement between the observed (BSREF) and cal-
culated (BS) B content (apfu) for the suite of kornerupine 
samples of Cooper et al. (2009a). BS was calculated using 
equation (1), Table 1. White circles: nine samples for 
which X-ray powder-diffraction data were also collected. 
Dashed line is a 1:1 reference line.

Fig. 3.  Agreement between the observed (Fe3+
SREF) and 

calculated (Fe3+
S) Fe3+ content (apfu) for the suite of 

kornerupine samples of Cooper et al. (2009a). Fe3+
S was 

calculated using equation (4), Table 1. Triangles: samples 
excluded from multiple regression with Fe3+

SREF ≤ 0.03 
apfu. Circles: samples used for multiple regression with 
Fe3+

SREF > 0.03 apfu. White symbols: nine samples for 
which X-ray powder-diffraction data were also collected. 
Dashed line is a 1:1 reference line.
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can be universally indexed in an unambiguous manner 
with negligible interference from neighboring peaks 
(i.e., with minimal systematic error). Least-squares 
refinement gave the cell parameters listed in Table 3.

The nine datapoints denoted by white circles on 
Figures 2 and 3 are from samples for which cell param-
eters were also calculated from X-ray powder data as 
part of this study. The differences in cell parameters 
refined by X-ray powder and single-crystal methods 
are shown as a function of the corresponding cell 
parameter from the powder method (Fig. 4). For each 
of the plots in Figure 4, the majority of the data fall 
above the dashed reference line at y = 0, indicating 
that the powder method generally gives larger unit-cell 
parameters than the single-crystal method. There is also 
a pronounced negative slope to the data points in the 
plots; this is best developed for the cell volumes (Fig. 
4d). There is a systematic difference in the refined cell-
parameters from single-crystal and powder methods, 
and therefore equation 2 (Table 1) should not be used 

Fig. 4.  Variation in the difference between cell parameters determined by single-crystal diffraction (subscript S) and powder 
diffraction (subscript P); (a) a cell parameter, (b) b cell parameter, (c) c cell parameter, (d) cell volume. Datapoint diameters 
are equal to twice the mean standard error for the refined powder-diffraction result.

alone to calculate a B content using cell parameters from 
powder-diffraction data.

Prediction of B and Fe3+

Figure 5 shows the difference between the calculated 
BP [equation (2) using powder-diffraction cell-param-
eters] and BSREF versus the calculated BP. At greater 
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B content, the B calculated using powder-diffraction 
cell-parameters (BP) is underestimated (by up to 10%) 
relative to the known B content (BSREF). The solid line 
is a least-squares line through the data (excluding K40). 
A corrected content of B [CBP] can be calculated using 
equation (3). The various B values calculated using 
equations (1), (2) and (3) are compared to the B values 
from single-crystal structure refinement (BSREF) in Table 
4. For the nine samples studied by powder-diffraction 
methods, the final corrected B values [CBP] are in very 
close agreement with the BSREF values.

Figure 5 also shows that the data point for K40 
lies substantially off the regression line. Two possible 
factors may explain this: (1) the material for single-
crystal and powder diffraction for K40 were from a 
large (15 cm) rock sample, and the relative sample 

locations and sample homogeneity are unknown; (2) 
of the kornerupine crystals studied, K40 has the lowest 
B content, and there may be other secondary crystal-
chemical influences on the cell parameters in addition 
to those induced by a near-zero B content.

The values for B and Fe3+ calculated using the cell 
dimensions determined by X-ray powder diffraction 
are compared with the experimental values of B and 
Fe3+ (determined by SREF) in Figure 6. As is apparent 
from Figure 6, equations (3) and (5) (Table 1) accurately 
predict the B and Fe3+ contents of kornerupine.

Summary

Carefully acquired X-ray powder data from clean 
separates of kornerupine will give accurate cell param-
eters a, c, and routine electron-microprobe analysis can 
provide accurate F, Al2O3 and FeO* contents. The H 
content is calculated using H = (1.0 – F), and the B and 
Fe3+ content can be calculated to within 0.05 apfu using 
the equations in Table 1. We hope that this procedure 
will lead to increased information and understanding 
concerning chemical variation in kornerupine as a func-
tion of paragenesis.
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Fig. 5.  Variation in the difference BP–BSREF and BP. Solid 
line is a least-squares line through the data (excluding 
K40).
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Fig. 6.  Comparison of observed (subscript SREF) and calculated (subscript P, calculated from equations (3) and (5), Table 1]; 
(a) B and (b) Fe3+ in kornerupine. Dashed lines are 1:1 reference lines.


