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ABSTRACT

The K-feldspar from strongly zoned gadolinite-type REE–Nb–Ta-rich granitic pegmatites from the Evje–Iveland and Froland
pegmatite fields in southern Norway was analyzed for the entire spectrum of rare-earth elements, as well as for a suite of major
and trace elements, with the HR–LA–ICP–MS technique. Earlier results imply that the two pegmatite fields are nearly
indistinguishable in terms of their origin and igneous evolution. An evaluation of the distribution of K, Rb, Sr and Ba in K-
feldspar, elements that are strongly sensitive to igneous processes in felsic rocks, confirm this conclusion. However, the
distribution of the ultra-trace elements, and particularly the REE, in K-feldspar is incompatible with a common origin of the two
fields. The REE distribution in K-feldspar is buffered by the coexisting REE-phases. When compared to Evje–Iveland, the Froland
suite of pegmatites was derived from a relatively LREE-deficient and HREE-enriched parent melt. Finally, the distribution of
trace elements in feldspar implies that the Evje–Iveland pegmatites formed from progressively more differentiated melts that
were emplaced in a southward-propagating system of vertical and horizontal faults and fractures.

Keywords: granitic pegmatites, K-feldspar, trace elements, rare-earth elements, HR–LA–ICP–MS data, Evje–Iveland, Froland,
Norway.

SOMMAIRE

Le feldspath potassique provenant de pegmatites granitiques fortement zonées du type gadolinite, enrichies en terres rares, Nb
et Ta, et faisant partie des suites d’Evje–Iveland et Froland, dans le sud de la Norvège, a été analysé pour le spectre des terres rares
en entier, ainsi que pour les éléments majeurs et en traces au moyen de la technique HR–LA–ICP–MS. Selon les résultats
antérieurs, les deux champs de pegmatite n’étaient pas distinguables en termes de leur origine et leur évolution magmatique. La
distribution de K, Rb, Sr et Ba dans le feldspath potassique, qui dépend fortement des processus ignés dans ces roches felsiques,
concorde avec cette interprétation. Toutefois, la distribution des éléments ultra-traces dans le feldspath potassique, en particulier
les terres rares, n’est pas compatible avec le modèle d’une origine commune. La distribution des terres rares dans le feldspath
potassique est tamponnée par des phases porteuses de terres rares. Par rapport à la suite de Evje–Iveland, la suite de pegmatites
de Froland est dérivée d’un magma parental relativement appauvri en terres rares légères et enrichi en terres rares lourdes. La
distribution des éléments traces dans le feldspath indique que les pegmatites d’Evje–Iveland se sont formées à partir de liquides
progressivement plus différenciés qui ont été mis en place dans un système de migration vers le sud le long de failles et de
fractures verticales et horizontales.

(Traduit par la Rédaction)

Mots-clés: pegmatites granitiques, feldspath potassique, éléments traces, terres rares, données HR–LA–ICP–MS, Evje–Iveland,
Froland, Norvège.
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INTRODUCTION

In the present study, the concentrations of major,
trace and ultra-trace elements in K-feldspar are used to
understand the origin and evolution of granitic pegma-
tite fields. Traditionally, the origin, evolution and clas-
sification of granitic pegmatites are evaluated from

detailed mineralogical studies of accessory phases.
Many studies have convincingly documented the suc-
cess of this approach. However, the characterization of
a sufficient number of bodies of granitic pegmatite in a
pegmatite field is an elaborate and time-consuming pro-
cedure. Furthermore, the complex assemblages of min-
erals that are used in characterizing one pegmatite field
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may be difficult to apply in comparisons with other
fields. Although used extensively throughout the last
century in southern Norway (e.g., Andersen 1926, 1931,
Bjørlykke 1935, 1937, 1939, Åmli 1975, 1977), such
mineralogical studies have not resolved the geochemi-
cal and the evolutionary relationships between the eco-
nomically as well as mineralogically distinctive
pegmatite fields of Evje–Iveland and Froland. They
share many similarities and formed close to each other;
however, it is not known if the pegmatite-forming melts
in Evje–Iveland and Froland were derived from a single
precursor, or if multiple sources were involved in their
genesis. Renewed interest in economic resources of
high-purity quartz and K-feldspar from granitic
pegmatites also necessitates the development of efficient
and unbiased methods to document the petrogenetic re-
lationship between mineral quality and processes of for-
mation of granitic pegmatites (Larsen et al. 1998, 1999,
2000).

To address these issues, I utilize major- and trace-
element characterization of K-feldspar, a common phase
throughout the zoned granitic pegmatites. Some studies
previously reported on the chemistry and petrogenetic
significance of pegmatitic K-feldspar (Černý 1982,
Shearer et al. 1985, Černý & Meintzer 1988, Neiva
1995). However, the present study is the first to benefit
from recent developments of the high-resolution laser-
ablation – inductively coupled plasma –mass spectrom-
etry (HR–LA–ICP–MS) method. This novel micro-
beam technique reduces the detection limit for most
trace elements by orders of magnitude and facilitates
the characterization of the trace-element distribution in
K-feldspar, including the whole spectrum of rare-earth
elements (REE). Using this approach to study petroge-
netic processes, it is possible to characterize large peg-
matite fields in terms of their origin and evolution and
to reconstruct the spatial propagation of melts prior to
the emplacement of granitic pegmatites.

THE GRANITIC PEGMATITES IN
EVJE–IVELAND AND FROLAND

Granitic pegmatites in Evje–Iveland and Froland
formed at the termination of the Sveconorwegian
(Grenvillian) orogeny in southern Norway. Largely, the
igneous activity began around 1250 Ma (e.g., Pedersen
1981, Pedersen & Konnerup-Madsen 1988, Starmer
1991) and was associated with crustal extension and
formation of basic and felsic igneous rocks. Large-scale
emplacement of post-tectonic undeformed plutons be-
gan around 1000 Ma with massive granite, monzonite
and diorite emplacement throughout the region (Fig. 1;
Andersen 1997, Bingen & van Breemen 1998, Pedersen
1981, Pedersen & Konnerup-Madsen 1988). Geochro-
nological studies of granitic pegmatites are scarce and
mainly based on single-mineral Rb–Sr analyses. One
recent study from the northern part of Evje–Iveland pro-
vided a well-defined isochron age of 852 ± 12 Ma (ISr =

0.7063) based on dating of K-feldspar (Stockmarr
1994). Rb–Sr dating of biotite and muscovite from two
pegmatites in Telemark and the Gloserheia pegmatite
in Froland (Baadsgaard et al. 1984) yielded overlapping
ages of 893 ± 50 and 896 ± 27 Ma (Sylvester 1964),
respectively, and also indicated primitive ISr values.
Euxenite-(Y) U–Pb geochronology of Gloserheia gave
an upper intercept age of 1060 +8/–6 Ma (Baadsgaard et
al. 1984). Although euxenite-(Y) U/Pb dating may be
regarded as more robust than the Rb/Sr method, many
of the pegmatites in the Froland area intersect granites
that were dated as 926 ± 8 (titanite Pb–Pb and Rb/Sr
ages by Andersen 1997), hence implying that most
pegmatites in Froland are younger than the Gloserheia
pegmatite.

The Evje–Iveland and Froland pegmatite fields show
many similarities in terms of geometry, zoning and
modal distribution of major minerals, and may to a first
approximation be described as one.

Bodies of granitic pegmatite in Evje–Iveland and
Froland comprise classical “chamber” pegmatites that
in most examples crystallized as subvertical or sub-
horizontal dikes or sills (Fig. 2C) (e.g., Bjørlykke 1935).
They rarely exceed 20 meters in thickness, and most
pegmatites have an exposed lateral extent of less than
100 meters. Most of the pegmatites in Evje–Iveland and
Froland developed in mafic host-rocks consisting of
amphibolite, norite and mafic gneiss. The granitic
pegmatites are extremely coarse-grained, with indi-
vidual crystals varying in size from decimeters to
meters. The pegmatites are strongly zoned, typically
comprising a wall zone (WZ), one or several intermedi-
ate zones (IZ), and one or several core zones (CZ).
Decimetric crystals of K-feldspar and plagioclase, ac-
cessory biotite, muscovite and quartz dominate WZ. In
some examples, the wall zone is predominantly com-
posed of plagioclase with minor K-feldspar, quartz and
biotite. A gradual but well-defined transition is seen
toward IZ. At the onset of IZ, decimeter- to meter-size
single crystals of biotite grow toward the interior of the
pegmatite (Fig. 2A). Macroperthitic K-felspar, plagio-
clase and quartz are interspersed in near-equal volumet-
ric proportions between crystals of biotite and
muscovite. In most pegmatites, and in all the pegmatites
included in this study, biotite is the dominant mica. Fi-
nally, IZ grades into CZ, which normally contain rafts
of K-feldspar and plagioclase (Fig. 2D).

Other than perthitic K-feldspar, plagioclase, quartz,
biotite and white mica, the dominant primary magmatic
phases include magnetite, spessartine, a monazite-group
mineral, allanite-(Ce), xenotime, euxenite-(Y), fergu-
sonite, gadolinite-group minerals and beryl (Andersen
1926, 1931, Bjørlykke 1935, 1937, 1939, Åmli 1975,
1977). Albite of the “cleavelandite” habit, microlite and
tantalite typically formed from late hydrothermal solu-
tions replacing primary magmatic minerals in cavities
and along fractures intersecting the pegmatites. How-
ever, hydrothermal replacement-induced features are

137 40#1-fév-02-2328-09 3/28/02, 16:24138



THE DISTRIBUTION OF REE IN K-FELDSPAR IN NORWEGIAN PEGMATITES 139

uncommon in both Evje–Iveland and Froland
(Bjørlykke 1935, Fought 1993, Stockmarr 1994). Re-
cent studies document that the late magmatic volatile
phase at Evje–Iveland contained medium-salinity H2O
– CO2 – NaCl fluids with 10–15 vol.% CO2 during the
formation of IZ, and low-salinity H2O – CO2 – NaCl –
MgCl2 – FeCl2 fluids with 5–10 vol.% CO2 during the
formation of CZ (Larsen et al. 1998, 1999). Among the
accessory minerals, a garnet dominates the outer parts
of the intermediate zone, and monazite, xenotime,
fergusonite and euxenite-(Y) are nearly always associ-
ated with (and probably nucleated on) blades of biotite
at the transition between WZ and IZ. Together, these
observations indicate that these phases formed during
early and intermediate stages of crystallization, whereas
allanite-(Ce), gadolinite-group minerals and beryl
formed in the core zone from the last fractions of peg-
matite-forming melt (e.g., Bjørlykke 1935).

SAMPLING AND ANALYTICAL STRATEGIES

In this study, it was decided to conduct laser abla-
tion on the Li2B4O7-fused samples, which were already
produced for major-element X-ray-fluorescence (XRF)
analysis. The main benefit over solution ICP–MS is that
Li2B4O7 fusion is more efficient in decomposing the
atomic framework comprising the sample and that laser
ablation on the Li2B4O7 tablets is faster than the micro-
wave-digestion technique that otherwise is required be-
fore solution ICP–MS. Furthermore, common problems
with reprecipitation of Ba- and Zr-complexes after di-
gestion also are avoided, and the sample is not nearly as
strongly diluted as in solution ICP–MS work (typically
25–50 times). However, in situ laser ablation on the K-
feldspar separates would of course improve the detec-
tion limits considerably, since the ~7-fold dilution by
Li2B4O7 would be avoided. However, coarse-grained
subsolidus exsolution-induced domains of albite in peg-
matitic K-feldspar effectively prevent direct laser abla-
tion with the relatively narrow laser beam (30–100 �m).

K-feldspar was sampled from the IZ of granitic
pegmatites where biotite, potassic and sodic feldspar,
and quartz all are present. This part of the pegmatite
formed relatively early (e.g., Bjørlykke 1935) and, con-
trary to the wall zone, it is relatively uncontaminated by
the host-rock lithologies. Samples of K-feldspar were
also gathered from the core zone, which generally is
considered to be the last part of the pegmatite to have
formed (e.g., Jahns & Burnham 1969, London 1992).
Laboratory preparations included crushing and hand
picking of inclusion-free K-feldspar separates. Subse-
quently, the samples were fused with Li2B4O7 and were
subjected to standard XRF analysis for major and mi-
nor elements. Estimates of concentrations of ultra-trace
elements by in situ HR–LA–ICP–MS followed the
method of Ødegaard & Hamester (1997) and Ødegaard
et al. (1998). In this method, the high precision of a
Finnigan MAT ELEMENT double-focusing-sector field

mass spectrometer is combined with in situ sampling
with a Finnigan MAT–SPECTRUM UV laser. The la-
ser operates at 5mJ, with a pulse frequency of 4 Hz, and
a spot diameter of 50 �m. Sample material was acquired
by automated rastering over the surface in a predefined
grid. The K-feldspar was analyzed for the entire spec-
trum of the REE, Sr, Y, Ta, Nb, Hf, Zr, U and Th. Re-
ported detection-limits are 0.003 to 0.024 ppm, and the
mean uncertainty is 13.7% (Ødegaard et al. 1998). The
results of the chemical analyses are summarized in
Table 1. A complete set of analytical results may be
obtained from the author.

APPEARANCE AND COMPOSITION OF THE K-FELDSPAR

K-feldspar from 14 pegmatites in Evje–Iveland has
an average bulk-composition of Or75Ab24An1. The com-
position of IZ and CZ K-feldspar is nearly indistinguish-
able (Table 1). The Rostadheia (Loc. 90) pegmatite
comprises the most sodium-rich K-feldspar, with the
stoichiometric composition Or67Ab32An1, whereas
Elgedalen (Loc. 93) contain the most potassium-rich K-
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feldspar, with an average composition of Or80Ab19An1.
With an average composition of Or79Ab20An1, samples
of K-feldspar in the Froland suite are markedly more
potassium-rich than K-feldspar in the Evje–Iveland suite
(Table 1).

Rb, Ba, Pb, Sr and Ga, in that order, are the domi-
nant accessory elements in K-feldspar in both Evje–
Iveland and Froland (Table 1). Together, these elements
comprise 0.1 to 0.4 wt.% of the K-feldspar. The Evje–
Iveland and Froland pegmatites show comparable pat-
terns of distribution for these elements. The average Rb
concentrations in the two fields are 748 to 874 ppm,
respectively, Ba comprises 360 to 576 ppm, respec-
tively, and Sr varies from 65 to 99 ppm (Table 1). Fi-
nally, the concentration of Pb varies from 116 to 197
ppm, and the concentration of Ga is 22 ppm on average,
with insignificant variations between the two pegmatite
fields. The concentration of Sr, Ba, Rb and Pb varies
inconsistently from IZ to CZ.

The minor trace elements Y, Zr, Hf, Ta, Th, U, Nb
and the REE, show the same inconsistent evolution from
IZ to CZ as featured by the major elements and the trace
elements mentioned above. When viewed from a re-
gional perspective, uranium systematically attains
higher concentrations in Froland compared to Evje–
Iveland (Table 1). On the contrary, the concentration of

the REE, Eu in particular, is highest in the Evje–Iveland
suite (Table 1).

The chondrite-normalized distribution of REE in K-
feldspar from Evje–Iveland and Froland generally re-

FIG. 2. Field appearance of selected granitic pegmatites. Solid
bar is ~1 meter. A. Subhorizontal pegmatite dyke from
Evje–Iveland, also known as the “Li” pegmatite, where
dental-quality K-feldspar currently is mined. The photo
show the dominant minerals and textures in the inter-
mediate zone (IZ). Note that fan-shaped flakes of biotite
extend from the boundary of the wall zone (WZ) with the
IZ boundary into IZ and that quartz (Qz) and K-feldspar
(K-fsp) are intergrown on a meter scale. The section is 4
meters high. B. Zoning geometry in a horizontal pegmatite
dyke from Evje–Iveland featuring amphibolite wallrock,
chilled margin, WZ and IZ. C. Pegmatite dyke from Evje–
Iveland intersecting amphibolite host. Note that the
pegmatite develops from a vertical dyke in the lower part
of the section to a subhorizontal dyke in the upper part,
hence illustrates the dominant fracture orientations of the
area. D. Typical example of a core zone (CZ) in a pegmatite
dyke from Froland. CZ is mostly composed of euhedral K-
feldspar embedded in a matrix of quartz. Individual K-
feldspar crystals approach 0.5 meter in diameter.
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FIG. 1. Simplified geological map of the studied area, in southern Norway, based on
Falkum (1982) and Padget & Maijer (1994). Samples of K-feldspar from granitic
pegmatites were gathered in Evje–Iveland and Froland pegmatite fields. Two basement
complexes separated by the Porsgrund–Kristiansand Fault Zone (PKFZ) dominate the
area; pegmatite bodies from both complexes are included in this study. Also shown is
the location of the pegmatites sampled, along with numbers referring to specific
localities throughout the text.
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sembles patterns reported in the literature for alkali feld-
spar that formed from a rhyolitic liquid (Nash & Crecraft
1985, Stix & Gorton 1990). Characteristically, the REE
patterns define an asymmetrical trough broken by a
moderate to strong Eu peak (Fig. 3). Accordingly, the
light rare-earth elements (LREE) follow a steeply fall-
ing slope, whereas the middle and heavy rare-earth ele-
ments (MREE, HREE) from Gd to Tm follow an
increasing slope. From Tm to Lu, the distribution pat-
tern either continues to increase, levels out to horizon-
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FIG. 3. Distribution of rare-earth elements (REE) in K-feldspar from Evje–Iveland and
Froland pegmatite fields. The spectra represent the average of all IZ and CZ K-feldspar,
respectively, from the two fields. Note that the REE spectra from the two fields are
different.

tal or proceeds along a weakly falling slope. Overall,
the concentration of REE is close to chondritic values,
with a total of 4–6 ppm. In Evje–Iveland, the concen-
tration of LREE is at or slightly above chondritic levels,
Eu defines a strong positive anomaly, and the HREE
fall at or below chondritic values. In Froland, the LREE
concentrations are conspicuously lower than at Evje–
Iveland and fall at or below chondritic values. In par-
ticular, La and Ce yield low concentrations, and the Eu
anomaly is not as high as in Evje–Iveland. On the con-
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trary, K-feldspar in the Froland suite is enriched in the
HREE compared to Evje–Iveland, having concentra-
tions at or above chondritic levels (Fig. 3). Otherwise,
the Froland suite of pegmatites exhibits stronger varia-
tion in the REE pattern among pegmatite localities.
Contrary to Evje–Iveland, the REE distribution, in go-
ing from the intermediate to the core zones, varies con-
siderably and randomly (Fig. 3).

DISCUSSION

Behavior of trace elements in igneous alkali feldspar

The distribution of trace elements in K-feldspar re-
flects the origin and evolution of the coexisting pegma-
tite-forming melts (e.g., Heier & Taylor 1959, Trueman
& Černý 1982, Černý et al. 1985, Shearer et al. 1985,
1992, Černý & Meintzer 1988, Abad Ortega et al. 1993,
Neiva 1995, Icenhower & London 1996). In granitic
pegmatites, the K, Sr, Rb, Ba, and Pb distributions in
K-feldspar (i.e., KD) are functions of the melt composi-
tion, and depend on the extent of fractional crystalliza-
tion and of the degree of differentiation of the parental
magma before emplacement of the pegmatite-forming
melts. Accordingly, Sr and Ba partition in favor of the
primary K-rich feldspar, whereas Rb and Pb partition
into the melt during differentiation of felsic igneous
rocks. Sr is the most compatible, is followed by Ba, and
finally Rb as the least compatible element in K-feldspar
(e.g., Icenhower & London 1996). Within a wide range
of felsic melt compositions, the KD of Sr is virtually
independent of the albite and orthoclase concentration
of the feldspar, whereas the KD for Ba and Rb at least
partially depend on the proportion of potassium.

The REE distribution in K-feldspar is intimately re-
lated to melt composition, rheology and temperature
(Mahood & Hildreth 1983, Nash & Crecraft 1985, Stix
& Gorton 1990). Although the partitioning of the REE
into the primary alkali feldspar is not fully understood,
it appears that the KD values generally decrease from
LREE to HREE (Stix & Gorton 1990), except for Eu2+,
which is quite easily accommodated at the alkali-site in
the K-feldspar and typically induces a positive anomaly.
It is also known that the total concentration of HREE
increases with differentiation from intermediate to felsic
melt compositions, whereas the concentration of the
LREE decreases. To partially explain this pattern,
Mahood & Hildreth (1983) suggested that the strictly
short-range order of highly polymerized felsic melts
leaves relatively small vacancies, which primarily ac-
commodate the HREE, whereas the LREE, being too
large for these vacancies, partition into the alkali feld-
spar. Furthermore, it is implied that the larger LREE
compete more efficiently than the HREE for the K+ and
Na+ sites in K-feldspar (Stix & Gorton 1990). Relatively
Ca-rich sanidine contains even higher concentrations of
LREE and lower concentrations of HREE than end-
member K-feldspar; this pattern implies that the site

holding the Ca also accommodates relatively large pro-
portions of LREE in the feldspar structure (Nash &
Crecraft 1985, Stix & Gorton 1990). Accordingly, the
LREE and the HREE affinities in feldspar are decoupled
and follow the opposite paths, i.e., negative and posi-
tive trajectories, respectively, during differentiation
from intermediate to felsic melt compositions. Further-
more, as it will be demonstrated below, the distribution
of the REE in K-feldspar in pegmatite-forming environ-
ments is also buffered by various REE-bearing phases
forming throughout the solidification of a pegmatite.

Distribution of Sr, Rb, Ba, K, Ga and Pb

Granitic pegmatites in the Evje–Iveland and Froland
fields are evaluated in terms of the ratio K/Rb, Rb/Sr
and Ba/Rb, which are particularly sensitive to igneous
differentiation.

In Evje–Iveland, the concentrations of Sr decrease
from 248 to 4 ppm as concentrations of Rb increase from
344 to 1468 ppm. In the Froland pegmatite field, Sr
decreases from 363 to 34 ppm, whereas Rb increases
from 610 to 1168 ppm. Therefore, the pegmatites fol-
low distinctive differentiation trends during evolution
the pegmatite-forming melts (Fig. 4A). The most primi-
tive pegmatites, having the highest K/Rb values, are
found at localities 83 and 94 from Evje–Iveland
(Fig. 4A), and the most evolved pegmatites, having the
highest Rb/Sr values, are found at localities 81 and 90,
also from Evje–Iveland (Fig. 4A).

In the present study, I also use the Ba/Rb and the
Rb/Sr values (Fig. 4B) to evaluate the degree of evolu-
tion of the granitic pegmatites. These ratios follow the
same trends as in Figure 4A, but are more discriminat-
ing in defining the degree of fractionation of the gra-
nitic pegmatites. Granitic pegmatites from both fields
follows well-defined trajectories, in fact even better
defined than in Figure 4A, and localities 83 and 94, and
81 and 90, respectively, again define the most primitive
and most evolved pegmatites, respectively. However,
notice that the trajectories are overlapping, hence it is
not possible to distinguish the pegmatite fields on the
basis of these elements.

Ga is incompatible in K-feldspar and follows a dis-
tinctively falling slope when compared to the Sr/Rb and
K/Rb values for the Froland pegmatites (Figs. 4C, D).
On the contrary, the Evje–Iveland pegmatites maintain
nearly constant concentrations of Ga as differentiation
proceeds. Gallium in the Evje–Iveland pegmatites prob-
ably is not controlled by K-feldspar fractionation but is
buffered by other phases. The concentration of Pb in-
creases in both fields along poorly defined trajectories
(Figs. 4E, F).

K/Rb values for K-feldspar in the Evje–Iveland and
Froland suites remain relatively primitive compared to
K-feldspar from granitic pegmatite fields in general
(Fig. 5). Pegmatites from Black Hills, South Dakota,
Shatford Lake, Manitoba and Cerro de la Sal, Spain also
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contain primitive compositions in terms of their K/Rb
values, whereas well-known examples from Manitoba
(Tanco, Greer Lake, Red Cross Lake) and Portugal con-
tain much more evolved compositions. Primitive gra-
nitic pegmatites, such as at Black Hills and Shatford
Lake, are also similar to the Evje–Iveland pegmatites in
that they are classified as REE pegmatites with gadolin-
ite, fergusonite and euxenite-(Y) as important accessory
phases (Abad-Ortega et al. 1993, Shearer et al. 1992,
Černý 1991).

Rare-earth elements

To a first approximation, the REE distribution in K-
feldspar may be evaluated as a function of igneous dif-
ferentiation. For example, the Rb/Sr value and Eu
efficiently discriminate the pegmatites into more or less
evolved types (Fig. 6). In agreement with Figures 4A–
B, localities 83 and 94 comprises the most primitive
pegmatites, whereas the most evolved are found at lo-
calities 90 and 81.

The pattern becomes considerably more complex
when the entire REE dataset is considered (Figs. 7A,
B). In Figure 7, the REE patterns for all the studied lo-
calities are sorted in terms of increasing Rb/Sr values
(direction of arrow in figure), hence arranged with pro-
gressively more evolved pegmatites appearing toward
the bottom of Figures 7A and 7B. The positive Eu
anomaly is seen to diminish as Rb/Sr increases. In agree-
ment with Figure 6, this pattern simply reflects the de-
creasing anorthite component of K-feldspar with
differentiation. Furthermore, the MREE and, to a lesser
extent, the HREE increase in concentration as the
pegmatites become more evolved. Some MREE are ac-
tually enriched by an order of magnitude if one com-
pares the most primitive with the most evolved
pegmatites (Fig. 7A). Overall, the LREE distribution
remains constant. The combined effect of decreasing the
Eu anomaly and increasing the MREE and the HREE
concentrations is to flatten the REE pattern. As a result,
the characteristic trough shape, a feature of the most
primitive K-feldspar, evolves toward an almost flat
chondritic pattern (bottom, Fig. 7A). Samples from the
intermediate and core zones in Evje–Iveland cannot be
distinguished in terms of their REE distribution in K-
feldspar.

In the Froland pegmatite field, the positive Eu
anomaly also decreases with increasing evolution. Con-

trary to the Evje–Iveland pegmatite field, however, the
total concentration of the LREE increases along with
differentiation of the relevant melts (i.e., increasing Rb/
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FIG. 5. K/Rb versus Rb distribution in K-feldspar from
southern Norway compared with the composition of K-
feldspar at well-studied localities from around the world.
Compared to these localities, the granitic pegmatites in
southern Norway contain very primitive compositions.
Data extracted from Černý et al. (1985), Shearer et al.
(1985), Abad-Ortega et al. (1993) and the present study.

FIG. 6. Evolution of the Eu concentration in K-feldspar as a
function of igneous differentiation. The concentration of
Eu decreases along a steep slope as differentiation proceeds
and the Rb/Sr value, therefore, increases. Numbers refer to
the most primitive and the most evolved pegmatites in
Evje–Iveland (see Fig. 4 and text).

FIG. 4. Distribution of various elements in K-feldspar, which
are informative about the evolution of the granitic
pegmatite as the pegmatite-forming liquids become more
evolved. Numbers in Figures 4A, B refer to pegmatite
localities that either represent the most primitive (83, 87,
94) or the most evolved pegmatites (80, 81, 90), respec-
tively. See text for further explanation.
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Sr values), whereas the concentration of the HREE
maintains chondritic values (Fig. 7B).

In conclusion, the REE distribution in K-feldspar
from granitic pegmatite follows a well-defined evolu-
tionary path during igneous differentiation. The system-
atic increase in the concentrations of the HREE in
K-feldspar at Evje–Iveland follows the pattern defined
in earlier studies (Mahood & Hildreth 1983, Nash &
Crecraft 1985, Stix & Gorton 1990). However, the
LREE concentration of K-feldspar in the Evje–Iveland
suite and the entire REE distribution at Froland do not
evolve as expected. On the contrary, the LREE in

Froland increase in concentration with fractionation,
whereas the HREE remain rather constant.

Accordingly, the KD values for the REEK-feldspar/
REEmelt equilibrium in granitic pegmatites from Evje–
Iveland and Froland cannot only be functions of melt
composition, melt rheology and temperature, as Mahood
& Hildreth (1983), Nash & Crecraft (1985), Stix &
Gorton (1990) implied. The importance of accessory
REE-rich minerals in these pegmatite fields implies that
the evolution of REE patterns in K-feldspar, largely, is
buffered by the formation of these phases.
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The granitic pegmatites in Evje–Iveland and Froland
have been thoroughly studied in terms of assemblages
of their REE minerals in 108 pegmatite localities in
Evje–Iveland and 57 localities in the Froland suite
(Bjørlykke 1935, 1937, 1939). Bjørlykke concluded that
the most common REE minerals that fractionate LREE
are monazite and allanite-(Ce) (Table 2), whereas the
dominant HREE-enriched minerals, in decreasing abun-
dance, are euxenite-(Y), xenotime, fergusonite and ga-
dolinite (Table 2). From textural studies, he concluded
that monazite and xenotime formed during crystalliza-
tion of the wall and intermediate zone of the granitic
pegmatites, whereas allanite-(Ce) and gadolinite formed
late (IZ to CZ) (Table 2). Fergusonite and euxenite-(Y),
in that order, formed after crystallization of xenotime,
but before gadolinite (Bjørlykke 1937). Similarly, the
first pegmatite-forming melts that were extracted from
the source area gave higher proportions of early-form-
ing REE phases whereas the late pegmatite-forming
melts gave higher proportions of late-forming REE
phases (Fig. 8).

Given this association of REE minerals, the concen-
tration of REE in the melt was buffered by various REE-
phases throughout solidification of the pegmatite.
During initial crystallization, the LREE may partition
into monazite, and the HREE, into xenotime and
fergusonite. At more advanced stages of crystallization,
the LREE may partition into allanite-(Ce), whereas the
HREE first would partition into euxenite-(Y), then ga-
dolinite (Table 2, Fig. 8).

In Froland, early-forming LREE phases (i.e., mona-
zite) are rare (Bjørlykke 1939), and the pegmatite-form-
ing melts in most cases were undersaturated with respect
to an LREE carrier phase. It was not until final crystal-
lization that the melts became saturated with the LREE
carrier allanite-(Ce) (Fig. 8).

This REE-mineral paragenesis is supported by the
REE distribution in K-feldspar from Froland (Fig. 7B).
In the most primitive pegmatites, the LREE concentra-
tion of K-feldspar is below the detection limit (Fig. 7B),
whereas the most evolved pegmatites feature LREE con-
centrations comparable with those at Evje–Iveland.

Origin of the magmas in Evje–Iveland
and Froland pegmatite fields

Previous studies imply that the Evje–Iveland and
Froland pegmatite fields largely evolved simulta-
neously; they both contain primitive granitic pegmatites
that are strongly zoned, comprise comparable assem-
blages of minerals, are rich in REE, Nb and Ta, and were
derived from primitive parental magmas with low ISr
(Bjørlykke 1935, 1937, 1939, Pedersen 1981, Starmer
1991, Pedersen & Konnerup-Madsen 1988, Stockmarr
1994, Sylvester 1998). The present study confirms these
conclusions in that the evolution of the K-feldspar in
these granitic pegmatites, in terms of the Rb, Sr, Ba and
K distributions, follows overlapping trajectories from

primitive to more evolved compositions; in discrimina-
tion diagrams, they plot together with primitive
pegmatites from elsewhere in the world (Fig. 5). If the
pegmatite-forming melts were derived from composi-
tionally comparable source-areas, the distribution of all
the trace elements in K-feldspar should also coincide.
However, Ga, the REE distribution in K-feldspar, and
the evolution of these elements with differentiation are
fundamentally different in the two fields. Hence a com-
mon source appears unlikely. Apparently, the Evje–
Iveland melts continuously maintained saturation with
regard to both LREE and HREE minerals, whereas the
Froland melts were undersaturated with regard to LREE-
minerals until final crystallization. The Froland suite
also has significantly higher HREE concentrations
throughout their formation, compared to the Evje–
Iveland suite. Most likely the parental liquids to the
Froland suite of pegmatites were extracted from a rela-
tively LREE-deficient source.

Apparent propagation of melt at Evje–Iveland

The Sr/Rb, Ba/Rb and K/Rb values may be used to
distinguish between more or less differentiated granitic
pegmatites within a pegmatite field; these values also
may be applied in tracing the direction of melt propaga-
tion and the apparent source of the liquids (Trueman &
Černý 1982, Shearer et al. 1992). The Evje–Iveland
pegmatites show an overall decrease in the K/Rb and
Sr/Rb values toward the south and east, with the highest
values obtained in the far north and the lowest appear-
ing ~30 km farther south (Fig. 9A). However, halfway
between these two extremities, the generally declining
trend is partially reversed to values approaching the
values in the northern extremity of the profile. The two
maxima are clearly defined on the contoured maps
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(Fig. 9A), although the maxima to the north are the high-
est. Largely, these trends imply that the pegmatite-form-
ing melts propagated toward the south and southeast
(Fig. 9B) from an origin somewhere in the north or
northwest. This distribution of K/Rb and Sr/Rb values
imply that the pegmatite-forming melts followed a ma-
jor conduit along the western edge of the pegmatite field
and, further south, branched out eastward (Fig. 9B). It
is noteworthy that the main conduit coincides with the
lithological boundary between the Gjerstad suite augen
gneiss and the Agder basement complex (Fig. 1). Using
the field data from Bjørlykke (1935), the reversal in the
chemical gradients (Fig. 9A) coincides with an abrupt
change in the strike of the pegmatite dykes from gener-
ally N–S to generally E–W (Fig. 9B).

Many other pegmatite fields around the world also
feature the most primitive pegmatites in a proximal po-
sition with respect to the presumed source-area for the
pegmatite-forming melts. In the Black Hills area of
South Dakota, for example, the most primitive
pegmatites occur in a proximal position with respect to
the parent granitic intrusion (e.g., Shearer et al. 1992).
In the Birse Lake pegmatite group, in Manitoba, the
melt-propagation pattern is also characterized by smaller
conduits branching off from a single major conduit
(Trueman & Černý 1982).

CONCLUSIONS

1. LA–ICP–MS analysis of K-feldspar samples
from pegmatites for major, trace and ultra-trace ele-
ments (including REE) rapidly provides a wealth of
unbiased chemical information. This information allows
petrogenetic interpretations of the origin, evolution and
distinction of granitic pegmatite fields.

2. Compared to the Evje–Iveland pegmatite field, K-
feldspar from the Froland pegmatites is more K- and U-
rich, whereas it is depleted in Ba, Pb and LREE. The
chondrite-normalized REE spectra consistently follow
a decreasing slope from La to Nd, show a strong posi-
tive Eu-anomaly, and feature a flat or slightly increas-
ing HREE spectrum. Froland may also be distinguished
from Evje–Iveland in that the decreasing slope is bro-
ken at Nd rather than at Sm and in having much lower
concentrations of LREE and higher concentrations of
HREE.

3. The distribution of the REE in K-feldspar reflects
that in the coexisting pegmatite-forming melts. Parti-
tioning of REE into K-feldspar is buffered by fractional
crystallization of REE-phases. The Froland pegmatites
remained undersaturated with respect to LREE phases
until allanite-(Ce) formed during the terminal stage of
crystallization of the pegmatites.
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Primitive pegmatite

Medium pegmatite

Xenotime-(Yb) 

Allanite

LREE-phase HREE-phase

Monazite-(Ce) 

Monazite-(Ce)
Allanite
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FIG. 8. Model of the evolution of the REE distribution in K-feldspar from Evje–Iveland
and Froland pegmatite fields, respectively. The basic assumption is that the distribution
of REE in K-feldspar is partially or fully buffered by the formation of REE-minerals
that either consume LREE or HREE from the pegmatite-forming melt. In both Evje–
Iveland and Froland, it is implied that pegmatite-forming melts were derived from a
reservoir of parent magma, from progressively more evolved residual melts generated
during terminal crystallization of a parental magma. Here, this igneous evolution is
symbolized with three principal REE spectra representing primitive, medium and
evolved REE compositions of the pegmatitic K-feldspar. A. In Evje–Iveland, the
distribution of REE in K-feldspar is buffered by the formation of REE-bearing minerals
throughout the differentiation history of granitic pegmatites. B. In Froland, primitive
granitic melts were mostly undersaturated with respect to a LREE-bearing mineral. Only
after some extent of differentiation and evolution of the granitic melts did an LREE-
bearing phase, here allanite-(Ce), would begin to form. The HREE distribution in K-
feldspar is apparently buffered by various HREE-bearing minerals throughout the
crystallization of primitive, medium and evolved pegmatites, respectively.
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4. In both pegmatite fields, the concentration of Sr,
Ba and Eu decreases as differentiation proceeds,
whereas the concentration of Rb, Pb and Ga increases.
For Sr, Ba, Rb and Eu, the evolutionary paths followed
by the pegmatites coincide, whereas for Ga the trends
are distinctively different for the two fields. These fea-
tures, together with conspicuous differences in the REE
and U distributions, indicate that pegmatite-forming
melts were derived from different sources. Judging from
the REE spectra alone, the Froland pegmatite suite
seems to have been derived from a relatively HREE-
rich and LREE-poor source.

5. The Sr/Rb, Ba/Rb and the K/Rb values decrease
towards south and east in the Evje–Iveland field. Ac-
cordingly, granitic pegmatites in that suite were derived
from parent melts in the north. Progressively more dif-
ferentiated pegmatite-forming melts propagated toward
the south and east along a system of vertical and
subhorizontal faults and fractures. The main conduit of
the pegmatite- forming melts coincides with a litholo-
gical boundary, whereas minor conduits, branching off

toward the east, primarily are controlled by E–W-strik-
ing vertical faults.
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