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mediate crustal levels. Major plutoni sm, including form ation
of th e anorthosites, took place between 932 and 920 Ma
(Scharer et al. 1996). Ti-Fe deposits are w idespread in th e
provin ce, princ ipally as ilme nite-mag net ite rich cumulates,

or as ilmenite - magn etite rich dykes.There is a wide variety
in chemical characteristics and min eral textu res in th ese
deposits.

The Bjerkreim-Soknd al intrusive complex (Fig. 2) is a part
of th e Rogaland anorthosite provin ce with anorthosites, leu­
conorites, t roct olites, norites, gabbro nor ites, jotun ites and
mangerites derived through crysta llisat ion from a jotunitic
parenta l magm a (Duchesne et al. 1987a, Wilson et al. 1996,
Robins et al. 1997). It conta ins Fe-Ti rich, noritic and gab­
brono rit ic cumulates th at have been min ed on a small scale

at several location s in its southern extension . The oxide com ­
posit ions vary syste matica lly wit h host-rock min eralogy
(Duchesne 1972, Wilson et al. 1996).

The most prominent depo sit is at Telln es (Fig. 9), which
conta ins more th an 300 million ton s of ore averaging 18%
Ti0 2 (Krause et al. 1985). It is related to a post-deform ati on
noriti c dyke, havin g an uncertain genet ic relationship wit h a
late jotunitic/m angerit ic dyke syste m (Wilmart et al. 1989).
The BIMjel1 ilmenite ores are related to noriti c pegm atite
dykes wit hin th e Ana-Sira anor t hosite. Several min or ilm en­
it e-rlch dykes have been min ed on a small scale in the past.
The compositions ofthese dykesgenerally range from bimin­
eralic plagioclase-ilmenite rocks, to locally oxide-rich nor it es,
to 'pure' ilm enitite dykes.The layered Storg angen intrusion
wit h Fe-Tl rich noritic cumulates was emplaced as a sill in the
Ana-Sira anorthosite and was subsequent ly deformed

o Anorthosi te

n Norite (BKSK)
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Fig. 9. Geological map of the southeastern part (Sokndal area) of the
Rogaland anort hosite prov ince. Mod ifi ed from Krause & Pedall (1980).

through th e relat ive motions of th e anorthosite and th e Bjer­
kreim-Sokndal intrusion (Schie llerup 1996). The Sto rgangen

int rusion was mined from 1916 to 1964. The identi f ied
remaining ore reserve is 60 Mt. ore with 17-1 8% Ti02 (Krause

et al. 1985). Between the Egersund -Ogna and Haland
anorthosites there is a zone a few hundred metr es wide with
leuconor it ic ort hogneiss and a spect rum of other gne isses.
This unit includes several reworked intr usive bodies (Koldal­
Kydla nd area, Fig. 2) between th e two massif anorthosites
and th ey were subsequent ly deformed by th eir relative
movement s.llmenite deposits in thiszone are likely to repre­
sent fragm ented and reworke d oxide- rich cumulates; oxide
composit ions vary syste mat ically from east to west (Duch­
esne 1999).

The Bam ble - Arendal Fe-Tiprovin ce, also called th e Bamble
Sector of th e Balti c Shie ld, conta ins rocks th at have been
affected by both th e Goth ian (c. 1500 - 1750 Ma) and the Sve­

cono rwegia n (990 - 1250 Ma) orogenies (e.g., Sta rmer 1991,
Kullerud & Dahlgren 1993). Deposits of ilmenite and V-r ich
magnetite are found as bandsand lenses in the metagabbros
and amphibolites th at are possibly related to magm atism
early in th e Svecono rweg ian oroge ny. This magm ati sm was
fo llowed by a period with exte nsive hydr ot hermal activi ty

th at caused th e metasom atic altera tio n of basic rocks into
scapolite rocks and albit ites. At 0 degarden, gabbros and
amphibolites were metasomatically alte red to a rut ile-bea r­

ing scapo lite- hornblende rock called edeqa rdi te by Bragger
(1934). Dur ing this process, Cl-rich flu ids leached iro n from
ilmenite w hi le Ti, w hich is fairly immobil e, was incorporated

into rutile. The classic edeqardlte locality is a 1.5 km-lo ng and
100-150 m-wide zone surrounded by metagabb ro/amphibo­
lite (Bragger 1934, Lieftin k et al. 1993, Korneliussen & Furu­
haug 1993, Sande y 1996).The edeq ardite was alte red to albi­
tite along fractures by later metasom atic fluid s. Many
occurrences of rutil e-bearing albit ites are known in the
0degarden - Kragero region (Bragge r 1934, Green 1956,
Bugge 1965).

The Bergen Fe-Ti p rovin ce. The Bergen dist rict contain s a
tectonostratigraphic un it comp rising Precam brian
anorthosit ic, jotunitic and mangeritic rocks with a variety of
ilmenite - magnet it e deposits. Parts of th e region experi­
enced Caledoni an high-pressure metamorphism and eclog i­
ti sation, such as the Husebe locality at Holsney which con­
tains 2-5 % rutil e (Korneliussen et al. 1991).

TheSunnfjo rd Fe-Ti province isa part of th e Western Gneiss
Region, composed of Proterozoic mafic and felsic igneous
rocks th at were st rongly affected by th e Caledon ian orogeny
(see Kornel iussen et al. 2000). Two types ofTi deposits occur
in thi s region : magm atic ilm enite -magnetite deposits associ­
ated with Proterozoic mafic int rusions, and rut ile-bearing
Caledonian eclogitic rocks. The rutil e-bearing eclogites are
Proterozo ic basic rocks th at were tr ansform ed into eclogi te
during Caledonian high -pressure metamorphism at approxi­

mately 400 Ma. During thi s process, ilm enite in the protolith
brok e down, wit h th e Fe entering garnet and Ti into rutil e. In
thi s proc ess, large volumes of ilm enit e-bearing mafic rocks
were transform ed into rutile-bearing eclogitic rocks with th e
same Ti02 content, but of much more economic interest
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since the price of rutile is much higher than that of ilmenite.
From a mineral resource perspective, the ilmenite deposits in
th e region are of only minor interest, while the rutile-bearing
eclogites represent a majo r mineral resource, part icularly the
Engebofjell deposit.

The More Fe-Ti province is, like the Sunnfjord prov ince, a
part of the Western Gneiss Region of southern Norway, with
a large variety of Proterozoic rocks affected by the Caledo­
nian orogeny. Magnetite - ilmenite ores (Geis 1971) are found
in certain suites of metagabbro and amphibolite. Rutile-bear­
ing eclogi tes are common in parts of this province. The Rod­
sand deposits (Sa netra 1985) were a major source of Fe-Ti-V
ore in Norway for 80 years, unti l mining ceased in 1981.

The Lofoten - vesteralen Fe-Ti province. Massive and dis­
seminated Fe-Ti deposits occur in gabbros and anorthosites
that belong to a 1900 Ma suite of intrusions empla ced into
Early Proterozoic supracrustals and Archaean gneisses. A
major Fe-Ti deposi t is the layered Selvaq gabbroic intrusion
(Priesemann & Krause 1985). This int rusion conta ins cumu ­
late layers of magnet it e - ilm enite. An overview of the geol­
ogy of th is provi nce has been given by Griffin et al. (1978).

TheSeiland Fe-Tiprovince.The Seiland IgneousProvince in
northern Norway consists of very large volumes of mafic and
ultramafic rocks. The province contains large, low-grade
deposits of Fe-Tioxides within intrusions of gabbronorite, oli­
vine gabbro and horn blende c1i nopyroxenite (Robins 1985).
Recent resuItsof isoto pic data suggestthat much of the mag­
matism took place in connect ion wi th Riphean to Middle
Camb rian intracontin ental rifting (Robins 1996).

Isolated deposits. Scat tered occurrences of Fe-Ti dep osits
occur outside the main Fe-Ti geological provinces. Most of
these are of Proterozoic age, an exception being the Kodal
deposit (Lindberg 1985) in the Permian Oslo Igneous Prov­
ince. This ore is believed to have for med eit her from a Fe-Ti
oxide and apat ite- rich magma generated by liquid immisci­
bi lity (Berqstol 1972) or by cum ulus pro cesses related to a
monzonit ic magma (Lindberg 1985).

Oxide mineralogy
General oxide mineralogy
The main Ti-bearing minerals of interest, ilmen ite (FeTi0 3).

hemo-ilmenite (FeTi0 3 w it h extensive Fep 3 solid solut ion,
now ilmenite with hemat ite exsolution lame llae), ruti le (Ti0 2)
and titanomagnetite (Fe2Ti04-Fe304). are all in the system
FeO-Fe20 3-Ti0 2(Fig. 3). There is a large compositional range
in ilmenites in intrusive igneous rocks, because ilmenite is
formed either by direct crystallisation from a melt, or as a
produ ct of oxidation-exsolution from titanomagnetite (Frost
& Lindsley 1991). At low temp eratu res and under st rong ly
oxidi sing cond itio ns ilmenite alters to rut ile plus hematite.
IImeni te and magne tite occur widely in low- to high-grade
metamorphic rocks. Rutile occu rs most commonly in three
metamorphic settings, in all of which FeO available for the
format ion ofilmenite is lacking: (a) in rocks dominated by sul­
phides or hematite. (b) in rocks that are low in FeO due to
hydrothermal alterat ion, such as in the Bamble area of South
Norway. (c) in high-pressure metamorp hic rocks whe re FeO is

strongly fractionated into silicates, such as in the eclogite
province of West Norway.

In Norway, ilmenite is found in both igneous and meta­

morphic settings as illustrated by the examples show n in
Fig.10. The selected samples represent a variety of geo­
graphic locations and petrogenetic histories and highlight
the variation in oxide mineralogy. The largest hemo-ilmen ite
and ilmenite ± magnetite depos its are those associated with
anorthosite bodies in the Rogaland reg ion . More deta iled
descriptions of ilmenite from Tellnes, as well as elsewhere in
th e Rogaland region, are presented in a companion paper in
this volu me (McEnroe et al. 2000) and in Duchesne (1972,
1999).The magmatic ores in this region vary in their average
ilmenite, hemo -ilmenite and magnetite contents and show
significant textural variations.

The Tellnes deposit in Rogaland, southern Norway, con­
tains hemo -ilmenite and minor magnetite. The ilmen ite host
has abundant hematite exsolution lamellae paralle l to {OOOl}
as shown in Fig. lOa. Multiple gene rations of hematite exso­
lut ion dow n to the micron scale are observed, and, based on
measured magnetic properties (McEnroe et al. 1996, McEn­
roe 1997), it appears that generation of exsolution lamellae
continued down to the nanometre scale (Harrison et al.
1998). Minor aluminous spinels are common exsolut ion
products. Directly surrounding the spinel there is a zone free
of hematite exsolution. When hemo-ilmenite and magnetite
are in contact (Fig. l Ob), a symplectite of magnetite, ilmenite
and spinel is formed by re-equilibration during cooling in
which Fe3+ in the ilmenite was exchanged for Fe2+ in the
magnetite. The portion of the ilmenite grain that is in direct
contact with magnetite is free of hematite exsolution due to
the diffusional loss of Fe3+. In the magnetite-rich cumulate
rocks from other local ities in the Sokndal region the magnet­
ite generally has {111} oxidation-exsolution lamellae of
i1 menite as wel l as lamellae of spinel. Spinel-magnetite­
ilmenite symp lectites are common where ilmenite-magnet­
ite grains are in contact (Fig. lOb). Discrete ilmenite grains in
the magnetite-rich rocks are free of hematite lamellae. Fig.
10c shows a typical titanomagnetite from the Kodal deposit
in larvikite of the Permian Oslo rift .This deposit is rich in mag­
netite, ilmenite and apatite. The titanomagnetite commonly
has {111} lamellae of ilmenite and minute spinel parallel to
{lOO}. Discrete i1menite and euhedral apati te crystals are
present in most samples.

In the Lofoten - Vesteralen province the Proterozoic
Eidet-Hovden layered mafic intrusion hosts the Selvaq Fe-Ti­
V deposit (Priesemann & Krause 1985). The titanomagnetite
grains commonly have {111} oxidation- exsolution lamellae
of ilmenite (Fig 1Od).The first generation of ilmenite lamellae
commonly enclose spinel. Multiple genera tions of spinel
exsolution parallel to {lOO} are also present throughout the
ti tanomagnetite grain s. The variety of microstructures
reported from the deposit, trellis, sandwich and composite
lamellae , and lit -par-Iit textures may well be indicat ive of var­
iations in the oxida tion and cooling history in the layered
intrusion.

Two examples of metamorphosed Fe-Ti ore deposits are
shown in Fig. 10.The Redsand ore, hosted by an amphibolite



AREKORNEUUSSEN, SUZANNEA. McENROE, LARS PETTER NILSSON, HENRIK SCHIELLERUP,
HAvARD GAUTNEB, GURUB.MEYER & LEIFROGER ST0RSETH---

NGU-BULL 436, 2000 - PAGE 33._1

'/ .
~ -I',

/

Fig. 10. (A) IImenite (dark brown) with very fine hematite exsolution lamella e (light grey),Tellnes ilmenite norite ore. (B) Ilmenite with spinel symplect ite
at the magnetite contact, and magnetite with lamellae of ilmenite and spinel. llmenite-magnet ite bearing norite from th e Sokndal area. (C) Titanom ag­
netite (light grey) with closely spaced ilmenite lamellae and abundant euhedral apatite (dark grey) crystals. Kodallarvikite (monzonite) hosted ap-rnt­
ilm / P-Fe-Ti deposit in t he Permian alkaline Oslo Rift . (D) Titanomagnetite (light grey) with several generations of fine and very fine spinel exsolut ion
lamellae (black) plu sbroader i1menite lamell ae,all following crystallograph ic directions in the host magnetite. Selvag Fe-Ti-Vdeposit in the Proterozoic,
Eidet-Hovden , layered mafic intrusion, l.ofoten-Vesteralen Fe - Ti province. (E)Typical Redsand ore: magnetite (grey) with minute spinel exsolution
lamellae (right), abundant sulphides (white) and hemo -i1menite gradually passing int o ilmeno-hem atite away from the magnetite contact. Redsand
t itanom agnetite-iim enite deposit, hosted in a strongly deform ed and amphibolitised Palaeoproterozoic gabbro, More Fe -Ti prov ince. (F) Prismatic
inclusionsof ilmenite in magnetite. Rera magn etit e-ilm enite occurrence, hosted in a basic complex west of Porsgrunn, Bamble - Arendal Fe - Ti province
(Kongsberg-Bamble, Mid Prot erozoic, high -grade shear belt ).The ore isamong the most vanadium rich in Norway with up to 1.5wt. % V20 3 in magnet­
ite.
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Tab le 2. Electron microprobe ana lyses (average values) of magnetite and ilmenit e in some Fe-Ti deposits in Norway.
The analyses were done by a focused elect ron beam scanning an area of the minera l gra ins to average out the effect
of inhomogeneities, such as hem ati te exo lutions in ilme nite. n is the number of analyses pr. dep osit.

Depo sit TiO, V20J r-o. ~lnO MgO Cr20 , Deposit TiO, "2°1 reo. ~lnO ~lgO c-,o,
Bambl e - Arend aI Fe-Ti province

Harrncn Urn 48,63 0.19 47 ,44 0.90 IA8 0,01 ~ l yn..ste Urn 49 ,OS 0, 16 4 7.1N 0.63 1.03 0,01

Barmen xu 1.24 0,63 119.2 1 0,49 O,J!S 0.06 ~ I)resw xu 1.07 1,19 89,S1 0.36 0.30 O.O~

Dobbe Urn -U>.35 0.26 46.78 0. 73 1.11 0,01 IWm Urn 49,27 0.30 -16.'" 0,93 1.62 0.00
Dobbe \ 11 0,01 L!I 86.8 1 0.39 0.06 0,01 IWm \ 11 0.05 1.4S 9l.J4 0,38 0.11 0.03
Gurney \ 1t 5 0.00 0.2 4 91 .25 0.26 0.03 0.00 Sdhfjellct Ilm 3 47.14 0.10 45.53 0.73 O.XO 0.01
Gundcrsbo Ilm b 48,31 0.01 42.39 4,28 0.25 0.00 Sel1sfjellel \ tt 3 0.33 1.00 li6.~ 0,25 0,\1 0.02
Gundersbo \ ft 10 0.'" 0.14 1\9,80 0.28 0.07 0.02 Skrcddcrhagcn hcmoilm I 9,30 1.57 n.6 1 0,0 1 0.28 0,03
Hem: Urn tt 48.76 0, 16 48.27 0.78 0,34 0,01 Skredderhagen llm 5 .lO,I2 0.50 46,74 0.13 2.55 0.02
Herre ~It 5 6.87 1, 13 85,5 3 0,27 0.20 0.'" Skrcddcrhagen \ It 6 4.17 0.34 ~2.2' 0032 0.011 0.02
Langcy Urn 7 47,57 0,2 1 49,69 0,93 0,21 0.00 St! hjem Um to 42. 17 0.27 50.61 0 .: 5 0,72 0,02
Langoy ~tt 3 0,16 0,1<6 9 1,79 0.31 0,03 0,03 Staujern \1 1 b O,OX 0,91 81\,00 0.26 0,09 0.26

Bcrgen Fe-Ti pro vince
Baugste Urn 49,12 0, 11 47J<0 1,19 0, 13 0.00 Scifall hemoilm 30,96 0,26 60.21\ 0.43 0,51 0.01
Baug sta \h 1,74 0,70 91 .28 0.1 5 0.00 0.0 2 Sclfall Um ~.I 4 0.1 2 50.59 0.!l9 0.11 0,01

Espelard hcmoilm 9,97 0.90 80,68 0..... 0,30 0.07 Sclfall ~ I l 1.83 0.19 90.6 2 0,28 0.05 0.01

Espeland Urn 48,26 0 ,35 46 ,87 0.8 1 2,67 0,0 1 Sclfall ruul 1<2,50 0.26 10.35 0,01 0.00 0.0 1

Espe land xu 0.00 0,73 92 ,08 0,00 0,24 0,13 Soltvcn hemoilm 15,00 0,63 73.27 0.12 0.2~ 0.07

Gymmcland hcm oil m. 12,82 0,5 1 79,09 0,30 0.14 0.00 Scltvcit Um 43,4 7 0,22 49.9 1 0.3 2 1.0 1 0.0 2

Gymmeland llm 47,23 0,07 49,70 1.47 0,57 0.00 Soltveit \11 0.00 0,3 2 90,26 0.28 0.07 0.'"
Gym meland ~h 0,45 0,34 92 ,59 0,46 0,08 0,01 T\ elw ) hemor lm 15,S6 0,51\ 73,57 0.1)9 0.45 0.'"
Lyseknappcn hcrnoilm. 14 ,74 0,6 3 77, 19 0,45 0,31 0.01 Tvcuey Um 45,31\ 0.1 4 47,lH 0.41 1.33 0.01
Lyscknappen Urn 45,61 0,21 5 1,03 0,33 1.20 0.00 T\' citll) \ 11 0.25 0.23 8lS,94 0,63 0.06 0.06

Egers und Fe-Ti pro vince
Rub ~tt

, 2,60 0,79 1<1\,99 0,28 0,2 1 0,02 Storgangen Um -16.'" 0.17 ~.X7 0. ·:- 3.51 0.01
Rll fjcll Ilm , 47,72 0, 14 4 7.4 1 2.10 0.07 0.00 Storgangen \11 0.00 0,72 91.1_0 0,33 0,30 0,011

Bllfjel l \11 2 0.06 0.2 4 90 ,32 0,19 0.0 7 0,01 Tellnes I lm 4X.67 0.16 47,3X 0.210: 3,46 0,0 :-'

Bestolcn Um 5 49,49 0.24 47,34 0,58 1,80 0,01 r eline s \ il 0.3 0 0.66 91.00 0.01 0.30 0,70

He stcle n \11 5 0.% 0.63 96 .48 0.07 0,18 0,03 Alglr d Ilm 47,60 0, 16 46.65 0.49 3.87 0.13
\tydland Urn It 45,88 0,23 5 1.25 0,52 1,07 0,0 1 A~land Um 48,70 0.20 -16.-16 0.43 3.49 0,07

\f yd land \It b 0.97 0.32 94 .1'14 0.27 0.08 0,07 Arsland ~lt 0.05 0.69 90.16 0.01 0.22 I.~I

Deposits outside the Fe-Ti provin ces
Bjornvam Um b 49.02 0,24 47,70 0,85 0.6 1 0.00 Lindc llm 42,87 0,25 50,5 2 0. lO6 0.72 0,01

Bjemvam \I t 3 0,73 1,70 89,59 0.43 0,07 0,10 Linde \ It 0.0 1 0."" 90.26 0.29 0.06 0.'"
Frcn hemoi lm 3 32,95 0,34 48,69 0,3 6 0,47 0,0 2 x om me Um 42,59 0.12 ~. 1 3 25' 1.65 0,01

Frc n Urn 3 33,64 0,22 41'1, 14 0.42 0..... 0,01 N om me \ it 0.65 0.16 1S5.1S5 0.0.: 0.13 0.00
Frcn \ It , 0,00 0.72 78,72 0.22 0.06 0.06 Pesedalen Um 37,59 0, 19 40.97 0.3 4 2.42 0.08

Gladsc y Urn , 47,09 0,22 47,27 1, 12 0,34 0,0 1 Rimmo hcmoilm 13,88 0,52 7X,I1 0,11\ 0.23 0.D5

Glad.",y xn 3 0,15 0 ,85 88,87 0, 19 0.'" 0,03 Rimmo Um 43,42 0.26 52.63 0,46 1.29 0,02

Hauaverre Um 3 50,35 0.07 39,02 0.90 4.39 0.00 Spissholt Um 4 3,86 0.01 40,41 1.24 0,69 0,01

Hauavarrc \ 1t 3 2.41 0,5 2 !O,90 0,13 0,7 5 0.05 Spissbolt \it 3, 11 0.19 - 6,52 0.3' 0.15 0.'"
Hitra hemoilm. 3 10,86 0,03 75,03 0.18 0.01 0,01 Svalnes Um 46.33 0.35 ~.76 0.41 ' .00 0.02

!fi tra Ilm 3 44 ,74 0,03 47,24 1.42 0.10 om Vikeb} Um 47,99 0.42 42,62 1.47 2.09 0.0 2

Kancsct \ 11 , 0.00 0,11 90 ,3 1 0,71 0.02 0.00 Vikeb) \ It 0,31 1.25 86,06 0,03 0.11 0,23

Kirkebaugene hemoi lm 15.89 0,88 73,06 0,45 0.13 0.1 7 Ale\lldne Um 45,11 0, 16 45,9}( 1,59 0,13 0,01

Krrkehaugene Urn 45.31 0, 19 49.17 0.99 0032 0.'" A leli1dne .\h 0,13 0,72 b6,05 0.11 0.'" 0,03

Kirkehaugene \It 0.00 0.53 89,94 0,63 0, 10 0,33 A<dal hemoilm. 8.4 1 0.25 81.5 2 0."" O. 0.07

Kodal Um 48,11 0. 14 43,29 5,58 0,85 0.00 A<dal Um 49 ,19 0,1 6 43,17 0,13 5,53 0.01

Kodal \ tt .$,52 0, 15 85,29 1.07 0.86 0.00 Arda l .\ it 2.99 0,14 89,29 0,1-' 0.27 0,'"
Linde hcmo ilm. 37,11 0.28 56,10 0,82 0.42 0,02 A<dal ruul 96. 20 0.18 1.07 0.Q3 0.05 0.00

Mere Fe-Ti prov ince
Bcrgsa y Ilm 51.1 0 0, 17 42.26 0,73 4,54 0.00 ~Ie i s l ngsel Um 44.23 0 .20 51.26 1.99 0.19 O.OS

nergsey \ it 0,26 0,59 89,97 0,03 0,46 0,07 .\1eisingscl \ It 0,07 0,31 92,3lO 0,23 0,19 0,31

Bersas Urn 48,76 0,32 46,86 0,93 0,40 0,01 Norvik Um 40,96 0, 14 4 1.9 1 0,53 0,5 2 0,01

Be"';' \it I 0, 16 0,72 89 ,88 0.00 0,03 0,02 S orv ik \ it 0."" 0,5 9 77,02 0,35 0.03 0,01

Bevcrfiord Urn 9 38 ,56 0, 17 40,5 1 1.08 0.1-' 0,0 1 0pp001 Urn 20 ~,59 0.17 43.65 -. 0.15 0.01

Beverfjord hc moilm. 3 0,05 0.54 77.06 0.20 0,11 0,02 Opp<k.1 \1 1 t3 0.13 0,5 2 1S7.10 0.2!< 0.Q2 0.01

Bardsctaya Um , 51,96 0,07 44 ,OIS 0,39 1.29 0,03 Raudsa nd hemo ilm 9 16.54 0.90 73.75 0.37 0.37 0.'"
Bardsetc ye .\11 3 7.00 0,77 78,94 0,08 0,49 0.'" Raudsand Um 32 44. 74 0,27 49.94 1.07 0,7 4 0,01

FiskA Um 6 46,84 0,2 1 47,29 0,35 1.'-' 0,03 Raudsand .\It 2' 0,07 0,65 90, 1< 2 0,29 0,10 0,02

FiskA \ It , 0,16 0,67 89,52 0.00 0.09 0.30 Seljeset Um , 52.16 0.06 44.03 0,75 0.63 0.00

Gruvlia Urn I1 47,70 0,29 47,54 0.6' 0,52 0.06 Sjohoh llm , 51.48 0,20 ~,4 1 0,43 0.7~ 0.00

Gruvlia \It 9 0,26 0.99 88, 10 0. 18 0,10 1,18 Sjeholr .\11 , 0.09 0.% 89.1)9 0.01 0.07 0.Q1

Gussias Urn 6 49.40 0,27 45,63 3,22 0,08 0,0 1 Sol nordal Um 23 -'7,50 0,23 49,07 0,89 0.66 0,01

Gcssias \it 0,05 1,07 90 ,77 0,05 0.'" 0,20 Solnerdal \it 21 0,1 4 0.68 91.55 0.33 0.07 0,03

Heindaten hemoilm 12 25,04 0,3 8 64 ,02 0,45 0,2 5 0.01 Suemme Um 3 47,71\ 0,26 49,SO 050 0.70 0.00

Heindalen Um 43,95 0.22 48.87 0.70 0,41 0.00 Stmmme .\It , 0.1 2 0.10 91.16 0.00 O,OS 0,01

Il cindalen \11 0.00 0,80 87,87 0, 14 0.00 0,10 Tafjord Urn 37.71 0.17 42, 10 0.-:-4 0,65 0.01'

Hustad nesct Um 52 ,20 0,02 45,15 1.09 0.06 0,01 Tafjord \ It 0. 14 0,53 74.71 0.38 0.47 0.90

Lcsja hemo ilm 13,35 1,07 76.1-' 0,5 6 0,25 0,69 \'agsa:temc s Um 49,~ 0,39 4 7,46 0,111 0,-16 0,0 2

Lcsja Um ~,76 0.26 -'9.11 0,56 1,3 1 0.13 \'lgS<rlem~..s .\11 0,010: I .'" 90, 1IS 0,01 0.05 0,03

Lesja \ft 0.09 1.02 87,09 0,22 0,13 2,27 0,= Um 4 5,49 0.15 4 3.9Q 1.08 0,47 0.Q1

Oyna .\11 0."" 0,71 1:<8,23 0.07 0,03 0,13

Sunnfjord Fe-Ti province
Leland Urn 12 40.25 0, 19 51,86 0.90 0,50 0,19 Rasberg Urn 47,30 0. 11 47,b3 0,76 1.22 0.01

Loland ~1t 7 6,5 1:< 0,47 82,50 0,3 9 0, 14 0.00 RAsbcrg .\11 0.16 0.67 90,47 0.23 0.10 0.02

Lofoten - Vcsteralen Fe-Ti prov ince
Andopen Urn 2 50,55 0, 12 42,36 0,79 3,02 0,0 1 Klubbsk j;nct Um 49.77 0,02 42,9Q 3.6. 0.50 0.00
Andopen \ tt I 0,27 0,75 89,9 6 om 0,34 1.24 Klubbskj.rTCt .\11 1.81 0.07 87.75 0030 0.'" 0.03

Barkcslad Urn 2 49,54 0,16 43,64 0.90 2.6' 0,01 Kudalen Um 47,50 0,05 4 5,33 2.10 1.21 0,01

Barkestad \11 I 0.34 0,72 88 .28 0,0 1 0,2 1 0,08 Kuda len .\h 6,01 0, 17 1\4.41< 0.11 0.09 0.07

Finbergcl ,\ t l 2 0,0 1 89,44 0.06 0,05 0.00 K, ithc ia \h 0.03 0,0 1 1S9.15 0.-5 0,50 0.00
Fiskcfjcllel Um 49,54 0,07 4 5,36 0,8 8 1.6 1 0,0 1 ~au"t\ika \ It 0.07 89,87 0.00 0.03 0,02

Fiskcljcl lcl \It 0,61 0.6' 89.)2 0,'" 0,13 0.21 Skjerfjorden Urn 47J!2 0.09 48,07 0.23 0,1<5 0.01

Gustad Ilm 51,49 0,0 5 4 1.86 O)W 2.86 0,0 1 Skjcrfjo rdcn Mt 0,05 0,07 90,48 0,03 0.10 0.01

Gustad \it 1.00 0..... 89.14 0.09 0. 11 0.06 Sunnan Um 46.17 0.24 47.40 0,56 2.~ 0.00
li je llsand Urn t3 51,41 0.07 38.45 0.87 -'.76 0.00 Sunnan \1 , 0,57 0.75 ~9.48 0.Q2 0,2 2 0.'"
IIjell sand \It 5 1.45 0.70 87.06 0.11 0.52 0,07 VinJcnese l Um 48.41\ 0,16 -' 7.12 0.70 1.00 0.00
lI ysjorda Urn I 51,4 1 0,07 41 ,62 1.00s VB 0,02 Vinjenese l .\it 0."" 0.59 1<9.63 0.02 0.1 4 0.0:-.
lI ysjorda .\H I 0,23 0,82 89,32 0,0 1 0,13 0,88 Ok!>nelOheia Urn 50,70 0,0 8 "".'" 4.39 0.62 0.00
Klubbnescl Urn 3 47,22 0, 11 4 5,40 1.03 1,82 0,0 1 Oksnesheia .\It 3,56 0.211 Rt.,16 0,07 0.24 0.00
Klubbncscl \I t I 0,23 0.49 lO9,3 5 0,01 0.09 0.3 2 A"od Urn ~,70 0.05 46.1\9 1.21 1.31 0,00

Asand \ It 8, 13 0,10 ~ 2 , 1 1 0.09 0,16 0.00
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Electron microprobe
analyses ofmagnetite
and ilmen ite from Fe-Ti
deposits in Norway.
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Fig. 11.Ti0 2vs. FeO (to t), MgO, ( r20 3' and V203 in ox ide min erals from Norwegi an Fe-Ti despo sits, based on elect ron microprobe analysesgi ven
in Tab le 2.
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Fig. 12. Average content ofV203 in magnet ite and MgO and (r20 3 in il­
men ite in Fe-Ti provinces, based on elect ron microprobe analysesgiven
in Table 2.

in the Western Gneiss Region of western Norway, is rich in
titanohematite, ilm eno-hematite and magnetite. Fig. 10e
shows a ty pical sect ion containing ti tanohemati te wi th
ilmenite exsolut ion and ferrian-ilmenite wi th hematit e exso­
lut ion. The hematite host has ilmenite exsolutio n lamellae
parallel to {OOOl ), and th e ilmenite lamellae conta in later
hemat it e exsolution paralle l to {0001}. Mu ltiple generations
of ilmen ite and hematite exsolved occur with in the ti tanoh e­
matite host phase. Inclusions of sulphides and spinel are
common in the tita nohematite grains. The coexisting mag­
netite grains contain {l OO} spinel exsolut ion and only rarely
ilmenite lamellae. Many other Fe-Ti dep osits are in metamor­
phic settings. An example from one of the high-grade mag­
netite-ilmenite-apatite deposits in th e Bamble-Arendal prov­
ince in southern Norway is shown in Fig. 1Of.

IImenite and magnetite compositions
IImenite and magne t ite from a variety of Tl/Fe-Ti deposits
have been analysed by electron microprobe in order to inves­
tigate the variations in chemical composition w ithin individ­
ual deposits as well as within and bet ween Fe-Ti provinces .
Average contents of MgO and Cr203 in ilmen ite, and V20 3in
magnetite, from representative samples are given in Table 2.
The average MgO and Cr203in i1menite and V203 in magnet­
ite show dist inct variations between the Fe-Ti provinces,
although the variat ion wi thin each province is also signifi ­
cant. Comp osit ional variat ion s can be large wi thin individual
depo sits. Shown in Fig. 11 are plot s of electron microprobe
analyses of Ti02 vs. FeO, Cr203' VP 3 and MgO in ilmenites
and magnetites.ln these plotseach deposi t is represented by
an average value for magnetite, hemo-ilmen ite and ilmenite.
From deposit s that show distinct compositiona l variations,
the average value given in Table 2 is regarded as representa­
tive for the deposit. For other deposits, where fewer samples
have been analysed, the average value given in Table 2 may
not be representative for the deposi t .

The overall MgO content in ilme nite is higher in the Eger­
sund and Lofoten - Vesteralen provinces th an elsewhere (Fig.
12), alt hough local variat ion s occur as show n in Table 2 and
Fig. 10. For example, ilmenite from Mydland and Boste len in
the Egersund province averages 1.07 % and 1.80 % MgO in
ilmen ite, wh ile Algard, Arsland and Tellne saverage 3.87, 3.49
and 3.46 % MgO, respectiv ely (Table 2). Similarly, the average

MgO in ilmen ite from depo sits in the Lofoten - Vesteralen
province varies from appro ximately 1 % MgO to 3 % MgO,
wi th one deposit (Hjellsand) having 4.76 % Mg O in ilmenite.
Oreswi th a hig h MgO cont ent in ilmenite are Bergsoy (4.54 %
MgO) in th e More province, and the isolated depos its Hatta­
varre (4.39% MgO), Svalnes (4.00% MgO) and Ardal (5.53%
MgO).

In co-existing magnetite and ilmenite, Cr is partitioned
into magn et ite. In most of the Fe-Ti depo sits the amount of
magnetite is significant, taking up most of th e Cr in the rock
wi th only a small amount partitioned into ilmenite. Conse­
quently, the Cr203 content in ilmen ite is low « 0.03%) in
many deposits. The highest Cr20 3 conten ts in i1meni te are
found in deposits in the Sunnfjord region . High Cr203 con­
tents in ilmenite are also foun d in some deposits in the Eger­
sund province, w ith Algard, Asland and Tellnes conta in ing
0.13,0.07 and 0.08 % Cr203 in ilmenite, respect ively. Part icu­
larly Cr203-rich ilmenites in th e More region are found in the
Lesja (0.13% Cr203) and Meising set (0.08% Cr20 3) deposit s.
The variat ion in Cr203 cont ent in ilmenite may be considera­
ble wi thin th e same deposit . In igneous ilmenites, McEnroe et
al. (1996, 2000) found a stron g corre lation between the hem­
atite lamellae in the ilmenite and Cr concentration.

Vanadium tends to be preferent ially part it ion ed into
magn etite. Deposits with more than 1% V20 3 in magn eti te
are found mainly in the Bamble - Arenda l and More prov­
inces. In addit ion, a few scattered deposits, e.g., Bjernvatn
and Vikeby, outs ide the main provinces have part icularly
V20rri ch magnet ites, with 1.70 % and 1.25 % V20 3 respec­
tive ly.The depo sitswi th the high est V203content in magnet­
ite wi thin th e Bamble - Arendal and More provin cesare Rera
(1.48 % V203) and Lesja (1.07 % V203), respect ively.

Trace elements in rutile
Element s such as U, Nb, W, Cr and V tend to be enriched in
rut ile if they were available in suffic ient amou nts du ring the
orig inal, rut ile-form ing geological process. Table 3 gives
trace-element data for ruti le separates from a variety of Nor­
wegian rut ile deposit s. As an example, the U content is very
low « 2 ppm) in Caledon ian eclogi te deposits such as
Husebe (Bergen province ) and Vassbotn (More prov ince),
because the U content in th e original mafic igneous protoli th
of th e ecloqite was low. In comparison, examples of Uenrich­
ment include rut ile from th e Lindvikkollen rut ile-bearing albi­
tite (100 ppm U) and the 0 degarden rut ile-bearing scapolit e­
hornblende rock (61 ppm U). A high Zr content for some of
the analyses of rutile separates is caused by zircon inclusions
in rutil e, wh ich canno t be removed by normal mineral sepa­
ration techniqu es. The detailed relationsh ips between the
trace-element content in rut ile and th e character of th e
deposit need to be further investigated .

Conclusions
The primary source of Ti in th e Earth 's crust is mafic to inter­
mediate igneous rocks (see Force 1991) in which ilmeni te
usually is the stable Ti-oxide mineral. Rutile, which is less
comm on than i1 menite, is form ed by hydrothermal, metaso-

Oth er Sunnfjord
depos its

III MgO in Ilmenit e

o 10 x (',0, in Ilrnenite

o V, O, in Magne ti te

Lofoten ­
\' esle rMen
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3.0

Bamble -

1.0 Ar end al Hergen

1.5

0.5

2.5

%
2.0



AREKORNEUUSSEN, SUZANNEA.McENROE, LARS PETTER NILSSON, HENRIKSCHIELLERUP,
HAvARD GAUTNEB, GURU B. MEYER s LEIF ROGER ST0RSETH

NGU -BUL L 436, 200 0 - PAGE 37

Table 3.Trace elements in rutil e separates from some rutil e deposit types in Norway. U, Nb and Wa re analysed by INA and Zr, er and V by XRF. All values
in ppm.

Localit y Sample Region Host -rock

Lind vikkollen KB 11.91 Bamble - Arendal albitite

Gruve tjenn KB6F.91 Bamble - Arendal amphibolite

Fone KB5F.91 Bambl e - Arenda l amphibolite

Haukasen KB9.91 Bambl e - Arendal pegmatite

Odega rd 10 66/79 Bamble - Arendal scapolite-h.bl.

Husebe-B Husebo-B Bergen eclogite

Vas sbotn VBI A.91 More eclogite

Saurdal Sordal-A Sunnfjo rd eclo gite

matic or high-pressure metamorphic processes in which
ilmenite is broken down. Iron is transported away by hyd ro­
th erma l fluid s, as in the metasomatic deposits, or enters
other minerals, as in eclogites. A fundamental difference
between the metasomatic and the eclogite ruti le deposi ts is
that rutile from eclogites usually has lower amounts of trace
elements, particularly uranium which is undesirable in the
Ti0 2 pigment indus try. The low U content is one reason why
rut ile from eclogite deposits might become an attractive raw
materia l for the Ti indu stry (see Korneliussen et al. 2000) .
Another factor in favo ur of eclogite deposits is their genera lly
large size, particu larly th ose in the Sunnfjord region of west­
ern Norway .

In terms ofTi02 content, the Rogaland anorthosite prov­
ince is by far the most significant in Norway, representing a
considerable potential for future ilmenite production . Large
resources exist within the Bjerkreim - Sokndal layered intr u­
sion of ilmenite, vanadi ferou s titanomagnetite, and apatite­
rich norit ic rocks.The rocks commonly have 10-20 % ilmenite
(contai ning 0.5-2.0 % MgOL 5-20 % titanomag neti te (contain ­
ing 0.4- 1.2 % V203), and 5-10 % apatite.

The ot her majo r Ti province in Norway is the Sunnfjord
eclogite province of western Norway. Here, the Ti concen tra­
tion is appreciably lower, but it is conta ined in ruti le, which is
a more valuable mineral than ilmenite. The Ti content in
rutile-rich eclogites such as the Enqebefjell depos it (McLi­
mans et al. 1999, Korneliussen et al. 2000) is 3-5 % Ti02.

Overal l, the mineralogy defines th e mineabi lity of a Ti
deposit. Mineralogy is a function of t he geological evolution
of the deposi t, which is often very comp lex, involving a mag­
matic evolution, a subsolidus re-equi lib rium, and in some
instance s, a metamorphic overprint. Prote rozoic to Permian
Ti deposits in Norway occur wi thin a variety of geologica l
provinces and show a large spectrum in chemistry, composi­
tion and textural relations hips.

The major task in continued investiga tions of Ti mineral
depos its in Norway isnot only to iden tify Ti-rich depo sits, but
also to identify those depo sits that have ore-minera l qualit ies
that can meet the future requirements of the Ti pigment
ind ustry. In the near future, focu s will be on ore-type s occur­
ring in large volumes, such as the ilmenite, vanad iferou s
tita nomagneti te and apatite-bearing noritic rocks within the
Bjerkreim-Sokndal intrusion in the Egersund province, partic -

U Nb Zr W e r v
100.0 149 930 300 920 8866

48.8 936 580 51 276 1518

42.0 1775 1854 30 46 843

93.2 8 15 2454 72 232 3 3072

61.4 326 6 143 85 207 15635

0.3 84 399 0 184 25 12

1.9 113 389 0 92 440 9

0.9 39 228 7 161 3765

ularly those parts which have less th an 1.0 % MgO in th e
ilmenite. Equally, rutile-bearing eclogites in the Sunnfjord
province will be the focu s of considerab le attent ion.
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