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Abstract Major and trace element XRF and in situ
LA-ICP-MS analyses of ilmenite in the Tellnes
ilmenite deposit, Rogaland Anorthosite Province, SW
Norway, constrains a two stage fractional crystalliza-
tion model of a ferrodioritic Fe-Ti-P rich melt. Stage 1
is characterized by ilmenite-plagioclase cumulates,
partly stored in the lower part of the ore body (Lower
Central Zone, LCZ), and stage 2 by ilmenite-plagio-
clase-orthopyroxene-olivine cumulates (Upper Central
Zone, UCZ). The concentration of V and Cr in
ilmenite, corrected for the trapped liquid effect, (1)
defines the cotectic proportion of ilmenite to be
17.5 wt% during stage 1, and (2) implies an increase of
DV™ during stage 2, most likely related to a shift in fO,.
The proportion of 17.5 wt% is lower than the modal
proportion of ilmenite (ca. 50 wt%) in the ore body,
implying accumulation of ilmenite and flotation of
plagioclase. The fraction of residual liquid left after
crystallization of Tellnes cumulates is estimated at 0.6
and the flotation of plagioclase at 26 wt% of the initial
melt mass. The increasing content of intercumulus
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magnetite with stratigraphic height, from 0 to ca.
3 wt%, results from differentiation of the trapped li-
quid towards magnetite saturation. The MgO content
of ilmenite (1.4-4.4 wt%) is much lower than the ex-
pected cumulus composition. It shows extensive post-
cumulus re-equilibration with trapped liquid and
ferromagnesian silicates, correlated with distance to
the host anorthosite. The Zr content of ilmenite, pro-
vided by in situ analyses, is low (<114 ppm) and un-
correlated with stratigraphy or Cr content. The data
demonstrate that zircon coronas observed around
ilmenite formed by subsolidus exsolution of ZrO, from
ilmenite. The U-Pb zircon age of 920 + 3 Ma probably
records this exsolution process.

Keywords Ilmenite - Magnetite - Zircon -
Laser ablation - Titanium ores - Anorthosite -
Rogaland

Introduction

Ilmenite is an early liquidus phase crystallizing after
plagioclase in many rocks associated with Proterozoic
massif-type anorthosites. It is an excellent monitor of
crystallization and fractionation processes because it
contains both compatible (Cr and V) and incompatible
elements (Mn, Nb, Ta, Zr and Hf). The interpretation
of primary ilmenite compositions is, however, compli-
cated by postcumulus re-equilibration (trapped liquid
crystallization, exsolution, reaction with magnetite and
silicates). From the economic point of view, industrial
ilmenite processing is extremely sensitive to the major
and trace elements composition, and particularly to the
pollutants Cr and Mg.
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The Rogaland Anorthosite Province (SW Norway)
contains numerous Fe-Ti oxide occurrences (Duchesne
1999), but the Tellnes ilmenite deposit is by far the
largest and the only one in production today. The
mechanism of emplacement of this elongated, trough-
shaped ore body has recently been investigated by
Charlier et al. (2006). The present study of ilmenite
composition from XRF analyses of ilmenite separates
and from in situ LA-ICP-MS further refines our
understanding of igneous processes in this deposit. It
shows the relative contribution of the four main fac-
tors, fractional crystallization, liquidus mineralogy,
trapped liquid fraction (TLF) and postcumulus re-
equilibration, in controlling the ilmenite composition.
The amount of MgO in ilmenite and its distribution
between ilmenite and melt is examined in detail and
compared to the composition of liquidus ilmenite in
experiments on ferrobasalts (Snyder et al. 1993; Van-
der Auwera and Longhi 1994; Toplis and Carroll 1995).
The origin of the high amount of ilmenite in the Tell-
nes deposit is discussed in the light of modelling the
variation of ilmenite composition using the Rayleigh
equation and calculations of cotectic proportions. The
crystallization of small amounts of magnetite and its
influence on ilmenite composition is also examined.
Finally, new light is shed on the age of the Tellnes
ilmenite deposit, which hitherto has been believed to
be 10 Ma younger than other plutons of the Rogaland
Anorthosite Province (Schérer et al. 1996).

Geological background

The Tellnes ilmenite deposit belongs to the Rogaland
Anorthosite Province, exposed in the Sveconorwegian
orogen in southwest Norway (Fig. 1). Anorthosite-
kindred plutonic rocks intruded granulite-facies gneis-
ses at around 930 Ma (Schirer et al. 1996) in post-
collisional regime (Duchesne et al. 1999; Bingen et al.
2006). They postdate final Sveconorwegian conver-
gence and regional metamorphism by some 40 Ma
(Bingen and van Breemen 1998; Bingen and Stein
2003), and have not been overprinted during the Cal-
edonian orogeny. Fabrics and deformation observed in
the Rogaland Anorthosite Province are related to the
diapiric emplacement of plutons (Duchesne et al. 1985;
Barnichon et al. 1999) and to gravity-induced subsi-
dence of denser rocks bodies (e.g. Bolle et al. 2002).
The Tellnes deposit is located in the central part of
the Ana-Sira anorthosite (Krause et al. 1985). Tellnes
is a world-class titanium mineral deposit: it has a yearly
production of 800,000 tons of ilmenite concentrate,
equivalent to 7% of the total production of titanium
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minerals in the world by TiO, content. The ilmenite is
primarily used for the production of titanium pigment
by the sulphate process. The intrusion outcrops as a
2,700 x 400 m sickle-shaped body with a synclinal
cross-section (Fig. 2). This morphology is interpreted
as resulting from the gravity-induced subsidence of a
subhorizontal sill (Charlier et al. 2006). The parental
magma had the composition of a Fe-Ti-P-rich ferro-
diorite (jotunite), as indicated by the presence of fine-
grained rocks at the margins of the intrusion and the
pressure of emplacement, constrained by phase rela-
tions, is around 5 kbar (Charlier et al. 2006). The
Tellnes deposit yields a zircon U-Pb age of
920 + 3 Ma, some 10 Ma younger than the average
zircon age of 931 + 2 Ma for three of the large hosting
anorthosite plutons (Schérer et al. 1996). It is cross-cut
by two doleritic dykes (616 + 3 Ma) that are related to
the opening of the Iapetus Ocean (Bingen et al. 1998).

Sampling and petrography

Samples were selected along 16 drill cores in three
SSW-NNE cross-sections perpendicular to the elon-
gation of the ore body, labeled 800, 1200 and 1600
(Fig. 2). Petrographic studies were carried out on pol-
ished thin sections for all rocks.

The Tellnes ore is a massive, medium-grained (0.5-
2 mm) ilmenite-rich noritic cumulate. The norite is
homogeneous at the outcrop scale and rarely displays
conspicuous modal layering. A detailed petrographic
study presented by Charlier et al. (2006) concluded
that plagioclase and ilmenite were the first liquidus
minerals, followed by both orthopyroxene and olivine.
Based on this succession of cumulus minerals, the ore
body has been subdivided into a Lower Central Zone
(LCZ) where plagioclase and ilmenite are cumulus
phases (pi-C following the terminology of Irvine 1982)
and an Upper Central Zone (UCZ), where plagioclase,
ilmenite, orthopyroxene and olivine are cumulus pha-
ses (piho-C) (Fig. 2).

The primary texture of ilmenite has been severely
modified by subsolidus grain boundary migration and
textural equilibration during deformation and recrys-
tallization of the intrusion. Ilmenite is usually interstitial
to the main silicate minerals. As a result of recrystalli-
zation, distinction between cumulus and intercumulus
ilmenite grains is not possible. The proportion of
ilmenite (eFig. 1) is high in the central part of the body
(40-50 wt%) and decreases continuously towards the
margins (to as low as ca. 15 wt% ). Mining data of the Cr
concentration in ilmenite (Fig. 3a—c), which decreases
continuously from the lower to the upper part of the
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intrusion, displays spatial variations concordant with the
limit between LCZ and UCZ (Fig. 2).

Intercumulus minerals (clinopyroxene, magnetite,
biotite, apatite and amphibole) are commonly more
abundant at the margins of the ore body where the
TLF is higher. This is particularly obvious for apatite,
as expressed by the P,Os content of bulk cumulates
(Charlier et al. 2006). Even if the proportion of mag-
netite is commonly higher at the margins, mining data
of the magnetite content in Tellnes cumulates show
that the main feature is an increase in its modal
abundance towards the top of the intrusion (Fig. 3d-f).
Two types of magnetite are distinguished: small grains
associated with sulphides and large grains (ca. 0.5 mm)
containing exsolution lamellae of pleonaste (aluminous
spinel) which appear simultaneously with olivine and
large prismatic orthopyroxene in the UCZ. The mag-
netite content is close to 0-0.3% in LCZ (essentially
small grains) and reaches values slightly higher than
3% in the UCZ (essentially large grains).

Ilmenite and magnetite display various subsolidus re-
equilibration textures (Fig. 4). [lmenite contains lenses
of exsolved hematite and could thus be referred to as
hemo-ilmenite. Pleonaste is common as exsolved lenses
in ilmenite (Fig. 4a) or as larger grains inside or outside
ilmenite grains, interpreted as representing external
granule exsolution. Ilmenite may also be rimmed by a
thin zircon corona, 1-5 um wide but locally up to 20 um
in samples close to the margin with the host anorthosite

(Fig. 4a—). Baddeleyite is also common as small euhe-
dral grains included in ilmenite. A decrease in the
hematite lamellae in ilmenite close to the exsolved
pleonaste (Fig. 4a) and to the sulphides (Fig. 4d) as well
as to magnetite are observed (Fig. 4f). Re-equilibration
between ilmenite and olivine or orthopyroxene is not
apparent from microtextures, but strong re-equilibration
is seen between ilmenite and magnetite. The hematite
content (Fe,O3) of ilmenite decreases towards the
margin with magnetite. Ilmenite close to the contact
with magnetite is dotted with pleonaste microcrystals.
The core of some of these pleonastes is locally consti-
tuted by magnetite (Fig. 4e, f). This texture is commonly
interpreted to result from the reaction of ulvospinel
(Fe,TiO4) in magnetite with hematite in ilmenite to
form a rim of a spinelliferous ilmenite exsolved from the
magnetite (Duchesne 1972). This reaction reduces both
the Ti content of magnetite and the hematite content of
ilmenite. Because of the small proportion of magnetite
relative to ilmenite, this reaction has mainly changed the
primary composition of magnetite into a Ti-poor vari-
ety, without significantly affecting the composition of
the ilmenite (Frost et al. 1988).

Analytical procedures

Twenty-one samples have been selected from cross-
sections 1200 and 1600 for mineral separation (Fig. 2).
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Fig. 2 a Location of the three selected cross sections on the
geological map of the Tellnes ilmenite deposit (same legend as
Fig. 1b); b-d Spatial distribution of selected drill holes and
samples (numbers give their depth) for ilmenite analyses in cross
sections 1600, 1200 and 800 (open circles are XRF analyses on

Separation of ilmenite (60-150 pm) was performed
using heavy liquids (bromoform and Clerici’s solution)
and a Frantz isodynamic magnetic separator. Final
purification was achieved by handpicking under the
microscope. Samples ground in an agate mortar were
analysed for major elements (Si, Ti, Al, Fe, Mn, Mg) by
XRF on lithium-borate fused glass and for trace ele-
ments (V, Cr, Zr, Nb) on pressed powder pellets
(eTable 1). International Fe-Ti oxide reference mate-
rials (SARM 59 and 12, IGS 31 and 32, GBW 07226),
samples 16716 G/91, V4-1, 16717 provided by TITA-
NIA A/S, as well as synthetic standards and in-house
standards were used for calibration.

Ilmenite from 29 samples in sections 800 and 1200
was also analysed in polished rock slabs by LA-ICP-
MS at the Geological Survey of Norway (eTable 2)
using a Finnigan ELEMENT 1 single collector high-
resolution instrument alimented by a Finnigan 266 nm
UV-laser. The laser was operated at a frequency of

@ Springer

mineral separates, filled circles are LA-ICP-MS in situ analyses
and stars have been analysed by both methods). The dashed base
of section 800 has not been intersected by drilling and is inferred.
LCZ lower central zone, UCZ upper central zone, UMZ upper
marginal zone, LMZ lower marginal zone

10 Hz and an energy of about 1.0 mJ. A beam of 20 pum
in diameter was rastered over an area of about
100 x 200 pm at the surface of selected ilmenite grains.
This method provides an analysis of the bulk compo-
sition of ilmenite including hematite exsolution
lamellae. Helium gas (0.4 1 min") was used to flush the
sample chamber, and mixed with Ar gas (0.9 I min™")
for introduction of the aerosol in the ICP-MS. Each
composition reported is an average of three to six
analyses. Ilmenite grains in a single sample display very
homogeneous compositions.

Zr, Hf and Ta were measured in the nominal mass
resolution settings of 300 M/AM (Low Resolution),
whereas all the other elements where measured in
3,000 M/AM (Medium Resolution) to avoid interfer-
ence problems. The measurement time of each analysis
was 30 s for gas blank acquisition and 60 s data
acquisition for the sample. For Mn, Mg, V, Cr, Zr, Hf
and Nb, the synthetic titanite glass standard (TIT-200)
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Fig. 3 a—c Cr content in ilmenite in sections 800, 1200 and 1600
of the Tellnes ilmenite deposit; d-f Spatial distribution of the
magnetite content (wt%) in sections 800, 1200 and 1600 of the
Tellnes ilmenite deposit. The local anomalously low proportion
of magnetite in the upper part of section 800 results from the
presence of large xenoliths of the host anorthosite. Filled 3-D

(Ddegaard et al. 2005) was used as external standard,
and Ti as internal standard. For the elements Al, Si and
Ta, the NIST 612 was used as external standard and Nb
as internal standard. Mg was not determined in six
samples due to analytical problems. For data reduc-
tion, the GLITTER (http://www.glitter-gemoc.com/)
software package (Van Achterberg et al. 2001) was
used. The calibration standards were analysed at the
beginning and at the end of each sequence. To control
the accuracy and precision of the analysis, the inter-
national standard BHVO-2 was analysed together with
the unknown samples. From the repeated analysis of

rectangular blocks are modelled by interpolation of about 5,000
analyses of Cr in ilmenite concentrate and of the magnetite
content after magnetic separation (unpublished database of
TITANIA A/S; DATAMINE® software); open blocks have not
been intersected by drill cores and are inferred

the BHVO-2 standard, the accuracy of the trace ele-
ments V, Cr, Zr and Nb are in the range 1-7%. The
accuracy is 16% for Hf and 20% for Ta. The relative
standard deviation for all trace elements are <10%
except for Zr (17%).

Six samples have been analysed by both analytical
methods. Results obtained by XRF and LA-ICP-MS
are extremely similar, except for Mn, which is 20%
higher with LA-ICP-MS and for Zr, which does not
correlate (see interpretation below).

Orthopyroxene separates (eTable 3) from LCZ and
marginal zones were analysed for major elements by
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Fig. 4 Backscattered electron (BSE) images of polished thin
sections showing main textures of Fe-Ti oxides in the Tellnes
ilmenite deposit. Phases were identified with energy dispersive
X-ray spectrometry. a [lmenite grain in contact with plagioclase,
with a large pleonaste exsolution wedge and a zircon corona.
Note the decrease in the amount of hematite towards the
pleonaste (sample 12 V-13 N, 140); b Ilmenite with exsolved
hematite locally altered to titanite. A later thin rim of zircon is
developed between ilmenite and plagioclase (sample 99-23b); ¢
Ilmenite with two generations of exsolved hematite and thick

XRF on lithium-borate fused glass on pressed powder
pellets. Orthopyroxene from UCZ was analysed by
microprobe analyses performed on a Cameca SX50 at
the University of Bochum (Germany) because of
mineral separation contaminated by olivine. An
accelerating voltage of 15 kV, a beam current of 15 nA
and a focused beam were used.

Results
Ilmenite composition

Data for major and trace element in ilmenite are
reported in eTables 1, 2. [lmenite in sample 12.5 V-6 S
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zircon coronas (sample 99-23b); d Ilmenite in contact with
pyrite. The black line between the two minerals is a polishing
artifact. Note the decrease of hematite exsolutions towards
pyrite (sample 8 V-9 S, 130); e Magnetite grain with thick
lamellae of pleonaste (sample 8 V-4 N, 238); f Detail of the
contact between ilmenite and magnetite with a pleonaste rim.
Note relicts of the magnetite inside some of the pleonaste cubes
and the irregular margin of magnetite (sample 8 V-4 N, 238).
Mineral abbreviations: ilm ilmenite, mt magnetite, plag plagio-
clase, py pyrite, pl pleonaste, fn titanite, zr zircon

(264), situated at the contact with the host anorthosite
(Fig. 2c¢), has a different composition compared to
other samples with, for example, lower MgO and Cr
contents (0.54 wt% and 93 ppm, respectively) and
higher MnO (0.44 wt%). This is consistent with the
interpretation of this sample as representing the chilled
parental magma of the deposit (Charlier et al. 2006).
This composition is believed to result from equilibrium
crystallization of a melt.

The MgO content of ilmenite varies between 1.42
and 4.44 wt% (eFig. 2a—c). From the lower to the up-
per part, MgO first increases when plagioclase and
ilmenite are cumulus minerals (LCZ) and then de-
creases when orthopyroxene and olivine appear as
cumulus phases (UCZ). Samples from the marginal
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zones have systematically lower MgO contents. The
hematite content varies slightly between Hem;, and
Hemy4 and is systematically higher in samples from the
margins of the ore body.

Cr ranges from 2,065 to 283 ppm (eFig. 2a—) and,
as also shown by Fig. 3a—c, decreases continuously
from the lower to the upper part of the intrusion. V
(1,192-1,555 ppm) displays similar trends (not shown).
Their compatible behaviour results from the high
partition coefficients of these elements in ilmenite.
Even if MnO, Nb, Ta, Zr and Hf are present in sig-
nificant amounts in ilmenite, these elements behave
globally as incompatible components. The concentra-
tions of these elements increase up to the top of the
intrusion and they are enriched at the margin of the ore
body. The ranges of composition are 0.24-0.33 wt% for
MnO, 47-111 ppm for Nb (eFig. 2a—c) and 4.1-
7.0 ppm for Ta. Zr appears to have an unsystematic
behaviour. Indeed, data from XRF and LA-ICP-MS
analyses are completely uncorrelated. This inconsis-
tency is further documented below. The LA-ICP-MS
Hf analyses correlate with the LA-ICP-MS Zr analyses
and ranges from 1.1 to 8.5 ppm. Sc displays a very re-
stricted range of concentration from 27 to 49 ppm and
its variation is closer to the other incompatible ele-
ments.

Orthopyroxene composition

The Mg# of orthopyroxene (eFig. 3) is rather homo-
geneous in the central parts of the ore body
(Mg# = 75-76) and is significantly lower in marginal
zones, down to Mg# = 65. No systematic evolution
with stratigraphic height may be clearly evidenced.

Discussion
The composition of cumulus ilmenite

Variations of ilmenite compositions are primarily
considered to result from fractional crystallization.
However, in cumulates from the Tellnes ilmenite de-
posit, the TLF is the main controlling factor on pla-
gioclase and bulk cumulate compositions (Charlier
et al. 2006). The TLF varies between 20 and 80% and
is higher at the margins of the ore body. It reaches
100% in the chilled sample 12.5 V-6 S (264). This
trapped liquid is responsible for the lower ilmenite
content at the margins with the anorthosite due to the
dilution effect of an increasing proportion of trapped
liquid poorer in TiO, than the cumulus assemblage.
Consequently, the composition of the cumulus

ilmenite must also be influenced by the trapped liquid.
The ilmenite composition obtained from the miner-
alogical separates is representative of the composition
of cumulus ilmenite plus a variable proportion of
ilmenite crystallized from trapped liquid, either as
overgrowths or as new discrete grains. LA-ICP-MS
data are also considered to represent the composition
of re-equilibrated ilmenite because they are homoge-
neous in a single sample. Any possible original pri-
mary zoning and/or overgrowth on cumulus ilmenite
have been completely obliterated by diffusion and
recrystallization.

Knowledge of the primary composition of cumulus
ilmenite is crucial for the reconstruction of fraction-
ation processes. This composition of the cumulus
ilmenite (Ceum 1m) can be calculated by mass balance.
The concentration C of any element in analysed
ilmenite (Cbu]k ilm) is

Cbulk ilm — Ccum ilmXcum ilm + CinterstilmXinterstilm

and its concentration in cumulus ilmenite is

Ccum ilm = [Cbulk ilm — Cinterstilm ° Xinterst ilm]/Xcumilm

with Ciperst iim the concentration of any element in
ilmenite crystallized from the trapped liquid, Xcum iim
and Xjyerst iim the fraction of cumulus and interstitial
ilmenite, respectively, of the bulk ilmenite content in
the cumulate, with

Xinterstilm =1- Xcum ilm-

This fraction of cumulus ilmenite is

Xcumilm = TlOZ cum/TiOZ bulk

with TiO, .y, being the TiO, contribution of the
cumulus assemblage to the TiO, content of the bulk
cumulate (TiO, pux, €Tables 1, 2), which may be
expressed as

TIOZ cum — TlOz bulk — TIOZ interst

with TiO; jnerst being the TiO, contribution of the
trapped liquid to the TiO, content of the bulk
cumulate (TiO; puk). If we know the TLF and its
TiO, content (TiO, 1), we can obtain TiO; jyeerst

TIOZ interst — T102 TLTLF.

The TLF in each cumulate can be calculated from the
P,Os5 content of bulk cumulates (P>Os pu; eTables 1,
2) since P,Os in the trapped liquid (P>Os interst) 1S
exclusively present in intercumulus apatite
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TLF = PZOS bulk/PZOS interst -

For small degree of fractionation, P,Os5 jyerst, 1102
interst @aNd Cinerse jim €an be considered as the compo-
sition of the parental magma and its ilmenite, respec-
tively  (sample 12.5V-6S, 264; eTable 1).
Consequently, for the most primitive ilmenite (sample
12.5 V-6 S, 239; eTable 1) in which Cryuy jm = 2,065
ppm, TLF =54%, TiO, 1L =539 wt%, TiO;
bulk = 16.73 wt%, we obtain Creyy im = 2,477 ppm.
The trapped liquid shift thus induces a 20% decrease of
the Cr content in ilmenite. Except for samples from
marginal zones which may contain 80% trapped liquid
(Charlier et al. 2006) and which will not be considered
in the modelling of fractionation processes, this 20%
trapped liquid shift is the maximum correction for any
element because sample 12.5 V-6 S (239) has the
highest TLF among samples from central zones (LCZ
and UCZ), it has the most primitive ilmenite compo-
sition and thus the largest difference with the trapped
liquid composition. Finally, Cr is the most compatible
element and thus the difference between C.yp, j1m and
Cinterst ilm 18 maximum for this element.

The assumptions that P;Os jnierst, 1102 interst and
Cinterst iim can be considered to be the composition of
the parental magma and its ilmenite respectively are
valid for the most primitive cumulates and become
increasingly wrong for more evolved cumulates be-
cause: (1) the P,Os content of the residual melt con-
tinuously increases with fractionation because apatite
is not a liquidus phase, (2) the TiO, content decreases
due to ilmenite fractionation; (3) the concentration of
any element in interstitial ilmenite varies because of
the variation of the trapped liquid composition and (4)
new intercumulus phases may appear (e.g. magnetite in
the UCZ). Consequently, the correction for the trap-
ped liquid shift is accurate for the most primitive
cumulates and is more and more overestimated with
differentiation.

Fig. 5 Cr content in ilmenite

(ppm) as a function of depth 500 1000 1500

2000

Data for the three different sections are illustrated
in Fig. 5 for the Cr content of ilmenite as a function of
depth. Values corrected for the trapped liquid shift are
increasingly higher than uncorrected values with depth.
Even if the correction is overestimated in UCZ, the
difference between the two values becomes negligible.
Note that section 1200 has the most primitive ilmenite
composition (Cr = 2,480 ppm). This is probably be-
cause the first crystallizing liquidus phases accumulated
here, in what could originally have been the deepest
part of the Tellnes magma chamber.

Stratigraphic variation of cumulus ilmenite
composition: a Rayleigh fractionation model

The continuous decrease in compatible element con-
centrations with stratigraphic height (e.g. Cr, Fig. 5) is
a clear indication that fractional crystallization was the
main mechanism of differentiation. Differentiation by
Rayleigh fractionation is evidenced in the log Cr-log V
in ilmenite diagram of Fig. 6 where samples belonging
to the same fractionation interval plot on linear trends.
Ilmenite data, corrected for the trapped liquid shift,
display two different linear trends for the two cumulus
assemblages pi-C and piho-C. This implies that bulk
partition coefficients for the two fractionating cumulus
assemblages are significantly different.

Modelling of ilmenite composition may thus be
performed using the Rayleigh (1896) equation:

Liq _ ~0(D-1
= C)FPh
and thus,
= DO
l 1
where CH9 and C/ are the instantaneous concentrations

of element i in the melt and in mineral j respectively,
C? is the initial concentration of i in the parental

Cr (ppm) in ilmenite

in the drill core (in meters) in
sections 800, 1200 and 1600 of
the Tellnes deposit. Open
circles are values corrected
for the trapped liquid shift;
filled circles are uncorrected
values
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Fig. 6 log Cr versus log V in ilmenite of the Tellnes deposit with
linear regressions for pi-C and piho-C corrected for the trapped
liquid shift (open symbols) and uncorrected (filled symbols).
Note similar linear regression for piho-C corrected and uncor-
rected from the trapped liquid shift. A is the most primitive
corrected ilmenite composition; B is the intersection between the
two linear trends of corrected compositions and C is the average
of the two most evolved corrected ilmenite compositions

magma, F is the fraction of residual liquid and D, the
bulk partition coefficient between the cotectic cumu-
late and the melt, i.e. D = X’ - DI, with X’ the mass
fraction of mineral j in the cumulate and D/ the parti-
tion coefficient of element i between mineral j and
melt.

The composition of the parental magma of the de-
posit is constrained by the chilled margin composition,
and the partition coefficients between ilmenite and li-
quid can be calculated from the composition of the
most primitive cumulus ilmenite corrected for the
trapped liquid shift. Therefore, application of the
Rayleigh equation permits quantitative assessment of
the fraction of residual liquid (F) left after crystalliza-
tion of the exposed portion of the deposit. Finally,
because the bulk partition coefficients of cumulates are
related to cotectic proportions of liquidus phases, the
Rayleigh equation can be used to constrain these
proportions.

A two-step model must be applied (Fig. 7a, b) to
match the two linear trends in Fig. 6. The first path
(Fig. 7a) characterizes the fractionation of pi-C from
the parental magma composition, and starts from the
most primitive ilmenite. The second path (Fig. 7b)
represents the crystallization of piho-C, starting from
the intersection between the two linear regressions
(Fig. 6) where ilmenite contains 687 ppm Cr and
1,513 ppm V. Because plagioclase is the only other
liquidus phase in LCZ, Cr and V can be considered to
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Fig. 7 Model for the Cr and V concentrations in ilmenite of the
Tellnes deposit for various cotectic proportions of ilmenite. a
Model 1 from A to B for ilmenite in pi-C. b Model 2 from B to C
for ilmenite in piho-C. A-B-C and heavy linear regressions are
from Fig. 9. F is the fraction of residual liquid

be exclusively present in ilmenite. Partition coefficients
for Cr and V in ilmenite are calculated by dividing the
composition of the most primitive ilmenite by the
composition of the parental magma. Several curves for
the variation of log Cr versus log V in ilmenite are
reported for various cotectic proportions of ilmenite
(Fig. 7a). It emerges from this figure that the compo-
sitional variation of ilmenite best fits a cotectic pro-
portion of ilmenite of 17.5% during the crystallization
of pi-C (when bulk partition coefficients are 7.2 and 1.5
for Cr and V, respectively). Note that the model is very
sensitive to small variations in the ilmenite proportions
and that, for example, 11.6% (D\B/“lk =1) or 20% of
ilmenite result in very different paths.

This cotectic proportion of ilmenite (17.5%) is sig-
nificantly lower than the calculated proportion of
cumulus ilmenite (proportion of ilmenite in the
cumulate corrected for the diluting effect of trapped
liquid) in the ore body which is around 50 wt%
(Charlier et al. 2006). This strongly implies that
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ilmenite is not present in cotectic proportions in the
ore body but has been concentrated at the bottom of
the chamber. The fraction of residual liquid F left after
the crystallization of pi-C is ca. 0.8 (Fig. 7a).

For the second fractionation path of piho-C
(Fig. 7b), considering that bulk partition coefficients
for V and Cr are similar to that in pi-C, the linear trend
fits a cotectic proportion of ilmenite higher than 100%,
which is obviously incorrect. Bulk partition coefficients
for V and/or Cr in piho-C are thus higher to that in pi-
C. Two factors may be responsible for this variation:
(1) the appearance of a new crystallizing phase with
high partition coefficients for Cr and V or (2) an in-
crease of D&™ and/or DW™. Based on petrographic
observations, both olivine and orthopyroxene appear
as new cumulus phases after pi-C (Charlier et al. 2006).
However, even if their partition coefficients for Cr and
V are higher than that for plagioclase (e.g. DEF* = 5 at
around 5 kbar in Vander Auwera et al. 2000; D9P* <1,
e.g. Kennedy et al. 1993), they remain too low to sig-
nificantly affect D&M and D%"'*. Magnetite is another
possible candidate. As previously shown (Fig. 3), small
amounts of intercumulus magnetite crystallize together
with cumulus orthopyroxene and olivine. However,
magnetite is a cumulus phase in troctolitic cumulates
belonging to MCU IVa in the nearby Bjerkreim-So-
kndal layered intrusion (Fig. 1; Wilson et al. 1996)
where DM was estimated to be between 520 and 710
(Jensen et al. 1993). Consequently, if 3% magnetite
with DY = 600 is added to the cumulus assemblage in
piho-C, D& is increased by 18 and will thus be ca. 25.
The amount of fractionation required to produce the
variation of the Cr content in ilmenite from B
(687 ppm) to C (338 ppm) in piho-C (Fig. 6) comes out
at = 0.97. This is inconsistent with the volume of
piho-C (Fig. 2), which is similar to that of pi-C after
which F = 0.8. The intercumulus status of magnetite is
thus confirmed on geochemical grounds. Its increasing
content with stratigraphic height (Fig. 3) results from
the evolution of the trapped liquid composition which
becomes closer to magnetite saturation.

The reason for variation of D2 and/or D2 in the
second fractionation path might be a different cotectic
proportion of ilmenite in piho-C but more certainly
variation of fO, with differentiation. Indeed, data from
Toplis and Corgne (2002) in ferrobasalts have shown
that DY increases by approximately one order of
magnitude with decreasing oxygen fugacity from
NNO + 2.6 to NNO-0.7. It is thus reasonable to con-
sider that fO, also affects DY™. Considering a cotectic
proportion of ilmenite in piho-C similar to that in pi-C
(17.5%), the same D&P, the trend for piho-C is
reproduced for DY™ = 14.
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Until more data are available for variation of par-
tition coefficients in ilmenite with oxygen fugacity and
since the volume of pi-C (LCZ) is similar to that of
piho-C (UCZ) (Fig. 2), the fraction of residual liquid
after the crystallization of Tellnes cumulates is esti-
mated at ca. 0.6 of the initial melt.

MgO in ilmenite and postcumulus re-equilibration
Partition coefficient for MgO between ilmenite and melt

The MgO partitioning between ilmenite and coexisting
melt (D{\l,f’g‘o) has been determined using experimental
data in which ilmenite was a liquidus phase. Data from
Snyder et al. (1993), Vander Auwera and Longhi
(1994) and Toplis and Carroll (1995) are exploited here
because they all deal with ferrobasaltic (or jotunitic)
liquids, which are compositionally very close to the
Tellnes parental magma. Pressure has negligible influ-
ence on Dih“glo (Vander Auwera et al. 2003). Moreover,
experiments by Toplis and Carroll (1995) performed at
fO, between FMQ + 1 and FMQ-2 do not show any
systematic variation of D}\',I"go with fO,. The MgO
content of the liquid is thus probably the main con-
trolling variable on ilmenite composition. Figure 8
displays the MgO content of ilmenite obtained exper-
imentally as a function of the MgO content of the li-
quid in equilibrium with ilmenite. DII\I/[“glo is quite
consistent in the three datasets: 1.35 (Snyder et al.
1993), 1.39 (Vander Auwera and Longhi 1994) and 1.32
(Toplis and Carroll 1995). Cawthorn and Biggar (1993)
obtained Dil,["g‘o = 1.5 from experiments on TiO,-rich
basalts, a value in good agreement with the three
datasets. Experimental data of Toplis et al. (1994) on
the role of phosphorous in crystallization processes of
basalt tends to show a decrease of Dil/f‘glo with
increasing P,Os content of the melt. However, D&“glo
remains > 1 and the Tellnes melt does not reach P,Os
content higher than 0.7/0.6 = 1.17 wt% P,0s (C:
{19 = CY/F for incompatible elements). Melts in the
study of Vander Auwera and Longhi (1994) in which
Df\l/fgo = 1.39 have 0.65-2.32 wt% P,0Os. In any case, at
the time of crystallization, ilmenite will have a higher
MgO content than the liquid with which it is in equi-
librium.

MgO in ilmenite in the Tellnes deposit

The stratigraphic variation of the MgO content in
ilmenite from the Tellnes ilmenite deposit seems to be
controlled by fractional crystallization. Figure 9 shows
the MgO in ilmenite plotted as a function of Mg# in
orthopyroxene (eTable 3). Both values increase up-
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Fig. 8 MgO (wt%) in ilmenite as a function of MgO (wt%) in
melt in equilibrium with ilmenite in the experiments on
ferrodioritic (jotunitic) magma of Snyder et al. (1993) (number
of samples n = 13; linear regression r* = 0.74), Vander Auwera
and Longhi (1994) (n = 17; r* = 0.90) and Toplis and Carroll
(1995) (n = 21; * = 0.90)

wards when plagioclase and ilmenite are the two lig-
uidus phases and MgO thus behaves as an incompati-
ble element. When orthopyroxene and olivine appear
as liquidus phases, both MgO in ilmenite and the Mg#
of orthopyroxene start decreasing with differentiation.
MgO becomes compatible. MgO in ilmenite from the
Skaergaard intrusion also linearly decreases with dif-
ferentiation (Jang and Naslund 2003), because the Mg#
of the magma progressively decreases due to fraction-
ation of mafic minerals.

This simple interpretation is complicated by two
facts. First, the parental magma of the Tellnes deposit
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Fig. 9 MgO (wt%) in ilmenite as a function of Mg# (= Mg/
Mg + Fe) of orthopyroxene in section 1600 of the Tellnes
deposit. Numbers are depths (in meters) for each sample. Filled
squares are plagioclase-ilmenite cumulates (pi-C), open squares
are plagioclase-ilmenite-orthopyroxene-olivine cumulates (piho-
0

contains 5.2% MgO (sample 12.5 V-6 S, 264; Charlier
et al. 2006), a value in the range for primitive jotunites
of the Rogaland Anorthosite Province (4.6-6% MgO).
This implies that, for DR{;O = 1.35 from experiments,
the first ilmenite to crystallize should contain ca. 7%
MgO. This is significantly higher than the MgO content
of the most primitive ilmenite in the ore body, based
on its Cr content (sample 12.5V-6S, 239
MgO = 3.49%). Secondly, Fig. 10a, which displays
MgO versus Cr in ilmenite, has two different trends in
sections 1200 and 1600 and the compositions of the
most primitive ilmenite in each section does not lie on
the same fractionation path. This would imply different
values for Dil/fgo and D™ and/or different parental
magmas for each section.

The theoretical trend for the evolution of MgO in
ilmenite has been calculated by the following method.
The parental magma contains 5.2 wt% MgO (Charlier
et al. 2006) and the first cumulus ilmenite should con-
tain 7.0 wt% MgO (with Dyjgo = 1.35). Because the
cotectic proportion of ilmenite is 17.5% and Mg is only
present in ilmenite, the fractionating pi-cumulates
contain 7% X 0.163 = 1.225 wt% MgO. The bulk par-
tition coefficient of MgO between pi-cumulates and
melt is thus Do = 1.225/5.2 = 0.24. From the appli-
cation of the Rayleigh equation, it emerges that for
F = 0.8, just before the appearance of cumulus ortho-
pyroxene and olivine, the MgO content of the liquid is
6.16 wt% and MgO in ilmenite is 8.32 wt%. This trend
is reproduced in Fig. 10a.

The difference between the theoretical cumulus
MgO content of ilmenite and the observed content
(Fig. 10a) reflects extensive postcumulus re-equilibra-
tion. The distribution of Fe?* and Mg between coex-
isting ilmenite and orthopyroxene, calibrated
experimentally as a function of temperature, pressure,
and composition of the coexisting phases by Bishop
(1980), is able to account for the discrepancies between
theoretical and observed MgO contents in ilmenite.
The equation is

T (°C) = ((1646 + 1634[Fe** /(Fe** + Mg)|"™
+0.0124P)/InKp) — 273

with Kp = (Mg/Fe)°P*/(Mg/Fe)"™, and P in bars,
estimated at 5,000 bars (Charlier et al. 2006). Fig. 10b
displays two profiles of temperature calculated with the
equation of Bishop (1980) versus stratigraphy in sec-
tions 1200 and 1600. Both profiles have increasing
temperatures from the bottom to the upper part of the
intrusion around 820-850°C. Lower MgO contents in
ilmenite from the lower part of the intrusion result
from equilibration with orthopyroxene at a lower
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sections 1200 and 1600 of the Tellnes deposit and theoretical
trend for the evolution of the MgO content in cumulus ilmenite.
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temperature. Because the most primitive ilmenite
compositions is at the base of section 1200, the first
crystallizing liquidus phases have unquestionably
accumulated in this part of the intrusion. In other parts
of the deposit (e.g. in section 1600), more evolved
cumulates have crystallized under identical thermal
conditions because they are located at the same dis-
tance from the host anorthosite compared to more
primitives cumulates at the base of section 1200. This
explains the two different evolution trends in Fig. 10a,
which actually represent two different postcumulus
evolutions.

The reason for this higher degree of re-equilibration
of Mg in ilmenite at the margins of the ore body is not
obvious. A higher rate of cooling is expected at the
margins, which would tend to preclude extensive re-
equilibration that is favoured by slow cooling. How-
ever, marginal zones are characterized by a continu-
ously increasing proportion of trapped liquid towards
the contact with the anorthosite (Charlier et al. 2006).
Consequently, the presence of large amount of inter-
stitial liquid has facilitated postcumulus exchanges of
MgO between cumulus ilmenite and melt. This post-
cumulus solid-liquid exchange, which was more effi-
cient with high TLF, was prolonged by subsolidus
interactions with ferromagnesian silicates and between
oxides.

Similar interpretation might be reached for ilmenite
composition in the Skaergaard intrusion where the
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Mg and Fe®" between ilmenite and orthopyroxene calculated
from Bishop (1980). Jot is the ilmenite composition in the chilled
jotunitic parental magma located at the contact with the host
anorthosite

MgO content in ilmenite is higher in the Layered
Series compared to the Upper Border Series, where it
is higher than in the Marginal Border Series for similar
fraction of crystallization (Jang and Naslund 2003).
This probably results from increasing TLF in these
different series.

Exsolved pleonaste: a sink for the missing Mg
of ilmenite?

The exsolution of pleonaste from ilmenite (Fig. 4a)
could have a significant effect on the MgO content of
ilmenite. Indeed, when external granules are produced,
these are not included in the bulk analysis of ilmenite.
Small rounded grains of pleonaste close to ilmenite,
and not included in it, probably result from this
mechanism. The amount of MgO exsolved from
ilmenite as pleonaste can be quantitatively evaluated
through the difference between the Al,O3; content of
ilmenite predicted by experimental partition coeffi-
cients and the actual Al,Os; content of analysed
ilmenite. The average Al,O5; content in ilmenite
determined by LA-ICP-MS is ca. 0.08 wt% (eTable 2).
Partition coefficients for Al,O5; between ilmenite and
the melt calculated from the experiments of Snyder
et al. (1993), Vander Auwera and Longhi (1994) and
Toplis and Carroll (1995) are 0.026, 0.033 and 0.029,
respectively. Consequently, considering ALO; = 16.1%
for the Tellnes parental magma (Charlier et al. 20006),
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the Al,O5 content of liquidus ilmenite should be be-
tween 0.42 and 0.53%. The difference between primary
and re-equilibrated ilmenite is between 0.34 and 0.45%
which is probably expelled as pleonaste exsolutions.
Because pleonaste contains 61.2% AlLO;3; and 16.9%
MgO on average (K. Kullerud, unpublished data), the
amount of MgO expelled from ilmenite as pleonaste
exsolutions is 0.09-0.14 %, which has no influence on the
MgO content of ilmenite.

Zr in ilmenite, zircon coronas and timing
of emplacement of the Tellnes deposit

XRF data on separated ilmenite display a range from
58 to 554 ppm (eTable 1). These values are consider-
ably higher than data obtained by in situ LA-ICP-MS
(eTable 2), where Zr varies between 8 and 114 ppm
(Fig. 11). According to XRF data, Zr in ilmenite in-
creases with decreasing Cr in ilmenite, because of the
incompatible behaviour of Zr. However, LA-ICP-MS
Zr data remain constant for a wide range of Cr values.
Consequently, as illustrated by samples analysed by
both methods, large discrepancies are observed in the
two analytical methods. These variations do not result
from the calibration of the analytical methods because
of the unsystematic character of the shift. Hf from LA-
ICP-MS (eTable 2) is correlated with Zr and thus be-
haves similarly.

The observed decoupling between XRF analyses of
bulk ilmenite concentrate and in situ LA-ICP-MS
analyses of ilmenite is explained by the microtextures
illustrated in Figs. 4a—c. Ilmenite commonly contains
baddeleyite inclusions and is rimmed by a zircon cor-
ona. Such microtextures are known from the literature.
Naslund (1987) has described baddeleyite lamellae in
ilmenite from the tholeiitic Basistoppen sill. Zircon,

600
1 + XRF data on mineral separates|

@ 500+ o In situ LA-ICP-MS data
E
£ 4004
.= .
=300 .
g
= *.
£ 200 - . .
St * e
N . .

100 g} . &0

o oY 3
0 e w0 e
0 500 1000 1500 2000 2500

Cr (ppm) in ilmenite

Fig. 11 Zr versus Cr in ilmenite from the Tellnes deposit from
XRF and LA-ICP-MS analyses. Lines join samples analysed by
both methods

baddeleyite and srilankite (Ti,ZrOg) associated with
ilmenite have also been described by Bingen et al.
(2001) in high-grade metaanorthosite-norite rocks of
Western Norway. These microtextures are interpreted
as the result of decreasing solubility of Zr in ilmenite
with decreasing temperature and consequent exsolu-
tion of ZrO,. Baddeleyite represents exsolution gran-
ules and zircon is regarded as a product of a reaction
between baddeleyite and available silica during meta-
morphism. The Zr concentration data in the Tellnes
deposit (eTable 4) shows that 82% in average is not
residing in the ilmenite lattice itself but is sequestrated
in baddeleyite and zircon attached to ilmenite. The
comparatively low and uniform in situ Zr concentra-
tion in ilmenite and the lack of correlation between
in situ Zr concentration and Cr concentration or
stratigraphic position of the sample in the deposit
strongly support the exsolution interpretation and rules
out an interpretation involving epitaxial growth of
baddeleyite and ilmenite or zircon and ilmenite during
the cumulus or postcumulus phases. As opposed to the
occurrences of zircon coronas in Western Norway
(Bingen et al. 2001), the Tellnes deposit is not showing
any evidence for metamorphic overprint, so the for-
mation of zircon coronas can be integrated in the
postcumulus evolution or subsolidus cooling of the
magma chamber, and not attributed to a subsequent
metamorphic event. Whether or not the zircon coronas
formed in the presence of residual interstitial melt is
difficult to assess from the data. Mass balance calcu-
lation using Zr concentration in whole rock, Zr in
ilmenite from XRF and LA-ICP-MS, and the propor-
tion of ilmenite (eTable 4) shows that, in average, 8%
of Zr is hosted in ilmenite lattice, 20% is in zircon and
baddeleyite attached to ilmenite and 72% is in zircon
and baddeleyite not attached to ilmenite, either formed
by crystallization of trapped liquid or from coalescence
of exsolved granules.

A typical sample of ilmenite norite from the Tellnes
deposit provided a zircon U-Pb age of 920 + 3 Ma and
an equivalent baddeleyite age of 923 + 7 Ma (Schérer
et al. 1996). The age of 920 + 3 Ma is derived from two
concordant multigrain zircon fractions described as
“large grains and fragments”, presumably anhedral,
and the age of 923 + 7 Ma from three near-concordant
multigrain baddeleyite fractions. No isolated zircon
grain with evident prismatic magmatic habit has been
observed by petrographic examinations, in line with
the interpretation that zircon is not a cumulus phase.
All observed zircon grains are systematically closely
associated with ilmenite. The large zircon grains anal-
ysed by Schirer et al. (1996) possibly formed from
crystallization of interstitial trapped melt or, more
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probably, as suggested by the thick corona texture
illustrated in Fig. 4c, from coalescence of micro-zircons
or zircon coronas formed after exsolution from
ilmenite. Consequently, the zircon age of 920 + 3 Ma
possibly records crystallization of the interstitial melt
or more probably exsolution of Zr from ilmenite. It
certainly does not record crystallization of the cumu-
late. The occurrence of a chilled margin indicates that
the Tellnes deposit is younger than the host Ana-Sira
anorthosite pluton. The intrusion age of the Ana-Sira
pluton is estimated at 932 + 3 Ma, as provided by
oscillatory zoned zircon associated with high-alumina
orthopyroxene megacrysts in the anorthosite, and
931 + 5 Ma, as provided by zircon from a quartz
mangerite dyke. It can be concluded that intrusion of
the Tellnes deposit took place between 932 + 3 and
920 + 3 Ma, and that the Tellnes deposit is marginally
younger than the large anorthosite plutons hosting it.

Emplacement mechanism of the Tellnes ilmenite
deposit

The cotectic proportion of ilmenite (17.5 wt%) is much
lower than its modal proportion in the Tellnes deposit
(up to 50 wt%; Charlier et al. 2006). Dynamic sorting
during flow of a crystal mush, as proposed by Wilmart
et al. (1989), would be an efficient way of producing a
higher rate of ilmenite accumulation compared to
other less-dense liquidus phases. However, this
emplacement mechanism can hardly produce: (1) the
continuous stratigraphically decreasing contents of
compatible elements and increasing contents of
incompatible elements in ilmenite; (2) the succession
of two cumulus assemblages (Fig. 2); (3) the systematic
evolution of the magnetite content (Fig. 3). These
vertical trends are also laterally consistent throughout
the ore body.

In accordance with the interpretation of Charlier
et al. (2006), we propose that the Tellnes cumulates
crystallized in situ. The high proportion of ilmenite
results from the high density contrast between ilmenite
(ca. 4.7 g cm®) and plagioclase (Ansy: 2.6 g cm’) and
from the high density of the iron-rich jotunitic parental
magma (ca. 2.75 g cm?, Scoates 2000; Vander Auwera
et al. 2006) in which plagioclase was probably buoyant.
We have concluded that the fraction of magma
remaining after the crystallization of the exposed por-
tion of the Tellnes deposit is ca. 60%. The bulk frac-
tionated cumulate thus represents 40% crystallization
of the parental magma (Fig. 12). This bulk cumulate
includes rocks exposed in the deposit and the fraction
of floating plagioclase. These floating plagioclases are
indeed the complementary liquidus phases to the non-
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cotectic cumulates of the ore body. Consequently, the
unexposed upper part of Tellnes, which includes the
residual liquid and the missing mass of plagioclase re-
moved by flotation, represents some 86% of the initial
magma.

Flotation of plagioclase is a common explanation of
the formation of massif-type anorthosites (Ashwal
1993). This model is extended here to the formation of
an ilmenite-rich norite in a small magma chamber in-
truded in a large anorthosite pluton.

Conclusions

Ilmenite compositional variation with stratigraphic
height indicates that fractional crystallization was the
major process responsible for differentiation in the
Tellnes ilmenite deposit. Modelling by the Rayleigh
equation constrains the fraction of residual liquid to be
ca. 0.8 after crystallization of the first cumulus assem-
blage (pi-C) and to ca. 0.6 after piho-C from volume
estimation. Calculations of the cotectic proportions of
ilmenite in pi-C give a value of 17.5%, significantly
lower than the proportion of cumulus ilmenite in the
deposit (ca. 50%). This implies sorting of ilmenite and
its preferential accumulation at the bottom of the
chamber. Accumulation of ilmenite first took place in
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the vicinity of section 1200 of the ore body, where the
base of the chamber was probably originally deeper.
The exposed portion of the Tellnes deposit represents
the lower part (14%) of a larger magma chamber. The
unexposed upper part contained the missing mass of
plagioclase removed by flotation and the crystallization
products of the residual liquid.

The crystallization of ilmenite from trapped liquid
and subsolidus re-equilibration have affected the pri-
mary composition of liquidus ilmenite. The MgO
content of ilmenite has been significantly lowered by
extensive solid-liquid exchange prolonged by re-
equilibration with Fe-Mg silicates, especially at the
margins of the ore body where the trapped liquid
proportion was higher. Different thermal conditions in
different parts of the intrusion for the same degree of
differentiation of the magma have resulted in variable
subsolidus evolution paths for MgO in ilmenite.

Finally, exsolution of zircon from ilmenite put into
question the interpretation of the age of 920 + 3 Ma
obtained by Schérer et al. (1996). This delay of 10 Ma
compared with the anorthosite crystallization ages
corresponds to the timing of exsolution and not to the
crystallization age of the Tellnes deposit.
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