
American Mineralogist, Volume 86, pages 1469–1476, 2001

0003-004X/01/1112–1469$05.00      1469

INTRODUCTION

During detailed investigation of aeromagnetic anomalies,
magnetic petrology, and rock magnetism of oxide-rich cumu-
lates in South Rogaland, detailed electron microprobe analy-
ses of the oxides were obtained (McEnroe et al. 2001, Tables
1, 2, 3, and 4). The possibility was considered that minor varia-
tions in bulk composition, including minor elements, could have
a significant influence on magnetic properties. Based on present
knowledge, with the possible exception of MgTiO3 in ilmenite,
the observed detailed composition variations show no more
influence on the magnetic properties than could be inferred from
composition estimates by reflected-light petrography. Never-
theless, the detailed analyses, including unsuccessful attempts
to obtain pure analyses of hematite exsolution lamellae in il-
menite, do represent the most thorough study that has yet been
completed in the region where special care has been taken with
the minor elements Cr, V, Al, and Mn.

South Rogaland is an igneous province famed for its Fe-Ti
oxide ore deposits, and an important factor in the use or poten-
tial use of these deposits is their chemical composition
(Korneliussen et al. 2000). In terms of economic value, con-
tents of the minor elements Mg, Cr, and V are significant. In
this paper we present abundant information concerning the lo-
cation and distribution of these elements in complexly exsolved
phases. Where there is reference to regional geology, geophys-
ics, or geographic location, the reader should consult the com-
panion paper (McEnroe et al. 2001).

CHEMOGRAPHIC FRAMEWORK

In this paper we present mineral analyses in terms of for-
mula compositions and ratios related to formula compositions.
For this purpose, plots of weight percent are useless, and plot-
ting on the basis of oxide proportions is also cumbersome.
Consequently, we present results in terms of cation ratios.

The formula for the rhombohedral oxides is expressed in
terms of 2 octahedral cations and 3 O atoms per formula unit.
The nominal valence for the octahedral cations is 3+, such as
Fe3+, Cr3+, and V3+. When Ti4+ is substituted in the octahedral
positions, it must be equally compensated by divalent ions,
principally Fe2+, Mg2+, and Mn2+ to yield “mean” 3+ ions. Thus,
in terms of 3+ substitution, each Ti4+ ion contributes 2 such
substitutions. The total “3+” content is thus 2Ti4++ R3+.

The formula for the cubic oxides is expressed in terms of 1
tetrahedral cation, 2 octahedral cations, and 4 O atoms per for-
mula unit. In the cubic oxides, tetrahedral and octahedral sites
both can be occupied by divalent and trivalent ions, though
quadrivalent Ti appears to be mainly octahedral. For
chemography, only the number of sites, not their exact occu-
pancies, is consequential. A nominal cubic oxide formula con-
tains 1 divalent and 2 trivalent ions. As in the rhombohedral
oxides, when Ti4+ is substituted for trivalent ions it must be
equally compensated by divalent ions, to yield “mean” 3+ ions.
Thus, for the cubic oxides as well as the rhombohedral, in terms
of 3+ substitution, each Ti4+ ion contributes 2 such substitu-
tions. The total “3+” content is thus again 2Ti4+ + R3+.

A simple framework for considering the cubic and rhombo-
hedral oxides is the triangle R2+ (principally Fe and Mg), R3+

(principally Fe3+, but also Cr3+, V3+, and Al3+), and R4+ (mainly* Email: suzanne.mcenroe@ngu.no

Minor element chemistry of hemo-ilmenite and magnetite in cumulate rocks from the
Sokndal Region, South Rogaland, Norway

PETER ROBINSON,1,2 PETER T. PANISH,2 AND SUZANNE A. MCENROE1,*

1Geological Survey of Norway, N-7491 Trondheim, Norway
2Department of Geosciences, University of Massachusetts, Amherst, Massachusetts 01003, U.S.A.

ABSTRACT

Chemistry of the Fe-Ti oxide minerals in the Bjerkreim-Sokndal layered intrusion and in the
Tellnes Ilmenite Norite suggests some parallels in magmatic evolution and resultant petrography.
Early ilmenites have high ratios of Mg/(Mg + Fe) and Cr/R3+ and intermediate to low V/R3+, and
abundant fine hematite exsolution lamellae, in which Cr, V, and Al are concentrated. Magmatic
evolution results in lower Mg/(Mg + Fe), lower Cr/R3+ and higher V/R3+. With magma saturation
with magnetite, V/R3+ falls both in ilmenite of rapidly decreasing abundance, and in magnetite, but
there is an increase in Mg/(Mg + Fe) of ilmenite, probably due to late ion exchange with much more
abundant magnetite. Aside from implications related to magma evolution, these results give infor-
mation concerning fractionation of elements between the rhombohedral and cubic oxide series, and
especially between the ilmenite hosts and their contained hematite exsolution lamellae.


