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Dioritic plutons in the Velfjord area of Nordland intrude calc-silicates and migmatitic pelites of the
Helgeland Nappe Complex (HNC). The three largest plutons were emplaced in a zone of NNW-
SSE regional strike rather than the more typical NE-SW strike. The plutons postdate Caledonian
F, structures; however, anatectic granites increase in abundance toward the plutons, which sug-
gests emplacement and subsequent partial melting of the pelitic host rocks soon after peak meta-
morphism. The dioritic and granitic bodies were deformed with interstitial melt present; deformati-
on continued during cooling to greenschist facies conditions. Structural position, style and timing
of deformation, and asymmetric zoning of the plutons are consistent with intrusion into a dilatant
part of a regional sinistral shear zone.

The northernmost, alkali-calcic (Hillstadfjellet) pluton consists of an older dioritic unit with widely
variable major element contents and a younger unit that is asymmetrically zoned from monzodiori-
te, through monzonite, to quartz monzonite. These younger rocks display at least two compositio-
nal trends, one richer in K,O, that are probably not related by simple fractional crystallization. The
central, dioritic, alkali-calcic (Akset-Drevli) pluton is distinguished by prominent flow foliation (local-
ly strongly deformed), cm-scale plagioclase phenocrysts, and abundant oxides and apatite. It has
lower Mg/(Mg+FeT), generally higher TiO,, and slightly higher normalized Ce/Yb than the other
plutons. The southern, calc-alkalic (Sausfjellet) pluton is zoned, E to W, from pyroxene diorite to
pyroxene-biotite-hornblende-quartz monzodiorite. It has higher Mg/(Mg+FeT) and lower TiO, than
the Akset-Drevli pluton, and normalized Ce/Yb ranges from 3 to 18. The plutons are distinct from
the peraluminous anatectic granites, whose Al,O,, Na,0, and REE abundances suggest an origin by
in situ partial melting of pelitic host rocks. Geochemical differences between the Velfjord plutons
suggest that parental magma compositions varied from one pluton to the next, that at least two of
the plutons had more than one parental magma, and that each magma followed a distinct differen-
tiation trend.
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ty to granitic rocks of the batholith, the tempo-

The Bindal Batholith represents one of the
largest occurrences of granitic magmatism in
the Norwegian Caledonides (Stephens et al.
1985). Most plutons in the batholith are tonali-
tic to granitic in composition; however, sparse
gabbroic to dioritic bodies are widespread
(e.g., Terudbakken & Mickelson 1986). Examp-
les of dioritic magmatism in the province are
provided by plutons of the Velfjord massifs
(Kollung 1967), which occupy a central position
in the batholith (Fig. 1). These plutons range
from olivine gabbro to biotite-quartz mon-
zonite, but are predominantly dioritic to mon-
zodioritic in composition. Although the relative-
ly mafic Velfjord plutons are in close proximi-

ral and petrologic relations between them are
not well known. For this reason, we have
undertaken a detailed study of the petrogene-
sis of the three largest plutons in the area,
which are herein informally referred to as the
Velfjord plutons, and their possible relations
to the batholith as a whole.

In this contribution, we report on the field
relations, zoning patterns, and petrographic
characteristics of the Velfjord plutons along
with a reconnaissance geochemical study. The
data suggest that each of the plutons is inter-
nally complex, and that each is petrogenetical-
ly distinct from the others and from granitic
rocks of the Bindal Batholith.
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Geologic setting

The plutons are intrusive into metasedimenta-
ry rocks of the Helgeland Nappe Complex
(HNC) of the Uppermost Allocthon (Stephens
et al. 1985). They occupy a part of the HNC
where the regional strike is NNW-SSE. This
is distinct from the Bindal area to the south
and the area north of Vefsnfjord (north of
Velfjord), where a NE-SW strike is more typi-
cal. A subhorizontal lineation is common in
granitic and metamorphic rocks in the zones
with NE-SW strike but is less pronounced in
the zone with NNW-SSE strike.

In the Velfjord area, HNC rocks comprise
three thrust sheets separated by east- to north-
east-dipping faults (Thorsnes & Leseth 1991).
The lowest sheet is host to the plutons and
consists of variably migmatitic quartzofeldspat-
hic schist and gneiss, calc-silicate schist, and
marble. These rocks are within the sillimanite
zone (Myrland 1972). The middle sheet con-
sists of basal mafic and ultramafic rocks uncon-
formably overlain by metamorphosed clastic
and calc-silicate rocks. The upper sheet is litho-
logically similar to the lower one (Thorsnes &
Loseth 1991).

Myrland (1872) and Kollung (1967) interpre-
ted the plutons to postdate D, deformation
because D, structures in the wall rocks are
deflected by the plutons and because the
wall rocks display a pronounced increase in
metamorphic grade near the intrusions (see
below; Myrland 1972). Moreover, Thorsnes &
Loeseth (1991) suggested that thrusting within
the HNC was related to D, and that thrusting
occurred before intrusion of the Velfjord plu-
tons (also see Bucher-Nurminen 1988). This
conclusion is supported by intrusive relations
of a small dioritic body immediately to the
east of the Sausfjellet pluton (the Markafjeliet
pluton of Kollung 1967) that cuts faults betwe-
en the lower, middle, and upper thrust sheets
(Thorsnes & Leseth 1991). If this pluton be-
longs to the same magmatic event as the
Velfjord plutons, then Velfjord magmatism
occurred after thrusting.

Kollung (1967) interpreted the Velfjord mas-
sif to be older than granitic rocks of the Bin-
dal Batholith because the Velfjord rocks are
intruded by granitic dikes. However, many of
the granitic rocks that intrude the Velfjord plu-
tons are compositionally distinct from, and
may not be related to the nearby Bindal grani-
tes (see below). Thus, we suspect that there
are no unequivocal cross-cutting relations
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Fig. 1. Regional geologic setting. showing the location of
the Velfjord plutons within the Bindal Batholith. The gabbro-
ic to granitic plutons of the batholith intrude metasedimenta-
ry rocks (no ornament) of the Uppermost Allochthon, which
in this region comprises the Helgeland Nappe Complex
(HNC) and the Redingsfjellet Nappe Complex (RNC)

between the Velfjord plutons and granitic rocks
of the Bindal Batholith. Such problems empha-
size the need for precise radiometric dating
of the units (in progress).

The Velfjord plutons

General Contact Relations
The plutons of the Velfjord area have not
been formally named; therefore, for ease of
discussion, the large plutons are referred to
informally, from north to south, as the Hillstad-
fiellet pluton, the Akset-Drevli pluton, and the
Sausfjellet pluton. A small monzonitic body
that crops out near Aunet, east of Hommelstoe
(Fig. 2), is called the Aunet monzonite.

The contacts between the plutons and their
wall rocks generally display steep to moderate
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dips. An exception to this is apparent along
the northern contact of the Akset-Drevli plu-
ton, where sill-like apophyses of the pluton
intrude wall rocks in the Hommelste area.
Contacts with marble and calc-silicate schists
are generally rather sharp, although in many
localities contacts are marked by a series of
dioritic dikes that become more abundant as
the pluton is approached. In some localities
the grain size of the plutonic rocks decreases
near contacts.

Contacts with migmatitic pelitic rocks are
generally marked by zones of heterogeneous,
equigranular to porphyritic, garnet- and sillima-
nite-bearing granite (Figs. 2 and 3). These
zones range from a few meters to as much
as 300 m wide, e.g., along the southern con-
tact of the Akset-Drevli pluton (Fig. 2). In gene-
ral, these granitic bodies are gradational out-
ward into diatectic rocks and then into mig-
matitic gneiss. Where intrusive relations were
observed, the contact granites are intrusive
into the Velfjord plutons. Near Lisjgen, along
the eastern border of the Hillstadfjellet pluton,
the granites are separated from quartz mon-
zonitic rocks of the pluton by a zone of gar-
net-bearing quartz diorite.

Contact relations between the Hillstadfjellet,
Akset-Drevli, and Aunet bodies were observed
in the area east of Hommelste. Dioritic rocks
of the Akset-Drevli pluton and of the first intru-
sive stage of the Hillstadfjellet pluton are intru-
ded by porphyritic diorite of the second stage
of the Hillstadfjellet pluton. Dikes of the Aunet
monzonite cut all three units. Cross-cutting
relations between the first stage of the Hillstad-
fiellet pluton and the Akset-Drevli pluton were
not observed. The relative timing of intrusion
of the Sausfjellet pluton is unknown.

All three plutons and some contact granites
are cut by medium- to fine-grained felsic dikes
that range in composition from tonalitic to
granitic. They average about one meter in
width and typically carry biotite or biotite +
muscovite. Mafic dikes (microgabbro to coar-
se-grained gabbro and diorite) were observed
in all three plutons.

Deformation

All of the Velfjord plutons show evidence of
deformation. The degree of deformation gra-
des from minor bending of plagioclase, through
development of subgrains in quartz and plagi-
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oclase, to grain-size reduction and recrystalli-
zation along grain boundaries and, locally, to
development of protomylonitic fabrics with
porphyroclastic textures and rare ribbon qu-
artz. Deformation is typically more pronounced
in the outer parts of the plutons. Most late
felsic dikes are undeformed or weakly defor-
med, but some display stronger deformation
than their host dioritic rocks.

A wide range of minerals were stable during
deformation. In some instances, deformation
occurred in the stability field of plagioclase,
clinopyroxene (cpx), and orthopyroxene (opx);
with undeformed or weakly deformed late-
magmatic biotite and amphibole. In other ca-
ses, biotite and actinolitic amphibole (after
pyroxene) were the stable mafic phases. Defor-
mation also encompassed the lower-tempera-
ture assemblage biotite, epidote, sodic plagioc-
lase, and quartz. This petrographic evidence
indicates that deformation began when the
plutons contained a melt phase and continued
during cooling to greenschist-facies conditions.

The granitic rocks at the margins of the
plutons record a similar history of deformati-
on. Their tectonic fabrics are typically better
developed than those in the adjacent plutons.

Zoning and Internal Structures
Hillstadfjellet pluton
The rocks of this pluton are generally massive
or weakly foliated. The pluton contains seve-
ral large metasedimentary screens (Fig. 2),
metasedimentary xenoliths that range from cm
to several tens of meters in size, and rare
peridotitic xenoliths. The first intrusive stage
is represented by a gabbroic to dioritic body
exposed in the northeastern part of the pluton
(Fig. 2). The second stage ranges in composi-
tion from monzodiorite (with rare diorite) to
quartz monzonite. This unit is asymmetrically
zoned, with the most mafic rocks in the wes-
tern and southern parts of the intrusion, quartz-
rich rocks in the east (between the large meta-
sedimentary screens and rocks of the first
stage), and monzonitic rocks in the north and
between the mafic rocks and the quartz-rich
ones (Fig. 2). Relative intrusive relationships
are demonstrated by the inclusion of angular
xenoliths of first-stage rocks in the second
stage.

The primary mafic minerals in the first-stage
rocks were cpx, opx, and hornblende. In the
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Fig. 2. Geology of the Hillstadfjellet and Akset-Drevii plutons. The numbers 1 and 2 indicate the locations of stages 1 and 2 of

the Hillstadfjellet pluton.
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Hongset

Fig. 3. Geology of the Sausfjellet pluton. Symbols as in Fig. 2.

second stage, primary cpx, opx, and biotite
in the mafic western rocks give way to the
east to cpx + opx + biotite + hornblende, then
biotite + hornblende, then biotite. These relati-
ons have been obscured by recrystallizatior
at lower temperatures, particularly in zones
of high strain (compare Figs. 4a and 4b).

Akset-Drevli pluton
This pluton is predominantly dioritic, but conta-
ins minor monzodiorite and monzonite, espe-
cially in its northern parts. The typical primary
mafic assemblage is cpx, opx, and biotite
(+amphibole); however, olivine is present lo-
cally, especially in samples from the southeas-
tern part of the pluton (Fig. 4c).

The Akset-Drevli pluton is characterized by
abundant, large plagioclase phenocrysts (2 to

3 cm in maximum dimension) that commonly
define a well-developed foliation. This foliation
was originally magmatic, but has been warped
and folded in zones of high strain (Fig. 4d).
Some samples display high-temperature defor-
mation in which plagioclase crystals have been
bent by up to 60°.

Metasedimentary screens and xenoliths are
locally abundant in the pluton, and some of
the calc-silicate xenoliths contain Cr-rich gros-
sular garnet (Prestvik, 1974). Two peridotite
xenoliths (< 250 m) crop out in the western
part of the body.

Sausfjellet pluton

This pluton is predominantly dioritic, but conta-
ins sparse quartz diorite and quartz mon-
zodiorite in its southwestern part (Fig. 3). A
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Fig. 4. A. Distribution of mafic minerals in the Hillstadfjellet pluton. B. Deformation patterns in the Hillstadfjellet pluton
C. Distribution of mafic minerals in the Akset-Drevli pluton. D. Deformation patterns in the Akset-Drevli pluton. E. Distribution
of mafic minerals in the Sausfjellet pluton. F. Deformation patterns in the Sausfjellet pluton.

pronounced asymmetric zonation is displayed
by the primary mafic assemblages (Fig. 4e),
which range from cpx and opx in the east,
through a central zone of cpx, opx, and bioti-
te, to cpx, opx, biotite, and amphibole in the
southwest. Samples collected near contacts
are generally the only ones to show appreciab-
le deformation (Fig. 4f) and they commonly
contain the subsolidus mafic assemblage of
amphibole and biotite.

Magmatic foliation is common in Sausfjellet
samples, as is schlieren banding. On Sausfjel-
let, blocks of schlieren-banded diorite >100 m
across are surrounded by weakly banded to
massive diorite. The presence of the blocks
suggests an early history during which the
banding formed along the pluton’s margins by
flow segregation, followed by stoping of the
blocks during the final stages of intrusion.

Petrography
Petrographic descriptions are based on inspec-
tion of over 450 thin-secticns. Where cited,

plagioclase, alkali feldspar, and amphibole
compositions were determined by electron
microprobe analysis (C. Barnes and T. Prest-
vik, unpubl. data).

First-stage gabbro and diorite of the Hillstad-
fiellet pluton display relict hypidiomorphic gra-
nular texture that is now partly to completely
recrystallized by granulation and local myloniti-
zation. Primary cpx, opx, poikilitic brown cal-
cic amphibole, and reddish-brown biotite are
variably altered to actinolitic amphibole and
chiorite. Epidote has partly replaced plagiocla-
se. Apatite, ilmenite, magnetite, and chal-
copyrite are accessory minerals.

Second-stage rocks have variably deformed
hypidiomorphic granular texture. From south-
west to northeast, the rocks become more
porphyritic (plagioclase) and the grain size of
the groundmass decreases slightly. Plagiocla-
se (An,-An,y) is normally zoned and is typical-
ly resorbed and rimmed by microcline. Quartz,
where present, is interstitial. In the least defor-
med monzodioritic samples, pyroxenes are
rimmed by olive-green edenitic amphibole. In
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monzonitic rocks only relict pyroxene is pre-
sent and olive-green edenitic amphibole is rim-
med by a blue-green ferro-edenite. Accessory
minerals are apatite, allanite, zircon, ilmenite,
magnetite, chalcopyrite, pyrite, sphene, and
tourmaline.

The large plagioclase phenocrysts (An,-
An,) in the Akset-Drevli pluton not only define
the fabric but control the textural relations.
Some cpx and opx grains are euhedral and,
along with anhedral, pyroxene-rimmed olivine,
are best described as intergranular. The
pyroxenes are also present as interstitiai mine-
rals along with reddish-brown biotite, relative-
ly abundant oxides, and mm-scale prismatic
apatite. Primary pargasitic amphibole is rare
in this pluton; it occurs as rims on pyroxenes.
Microcline is present interstitially and in resorp-
tion channels in plagioclase; quartz is interstiti-
al. Along with the aforementioned apatite,
accessory minerals are ilmenite, magnetite,
and rare zircon, allanite, and pyrite.

The texture of rocks from the Sausfjellet
pluton ranges from subophitic to hypidiomorp-
hic granular. Plagioclase is generally normally
zoned from An,, to An,. Intergranular to inter-
stitial pyroxenes are partly replaced by red-
dish-brown biotite and olive-green hornblende.
Quartz and microcline are interstitial. Accesso-
ry apatite is present in granular, prismatic, and
acicular habits. Zircon, allanite, ilmenite, mag-
netite, anhedral to poikilitic sphene, and epido-
te are the other accessory phases. Subsolidus
alteration of pyroxene has resulted in growth
of actinolitic and cummingtonitic amphibole,
quartz, and rare greenish biotite.

The Aunet monzonite contains abundant
tabular phenocrysts of perthitic alkali feldspar
(=~Or4Ab, An,) as much as 10 cm in diameter
and plagioclase phenocrysts (=~An,,) as much
as 1 cm long set in an hypidiomorphic granu-
lar groundmass. The groundmass consists of
plagioclase, microcline, poikilitic to prismatic
olive-green to blue-green ferro-edenite with
relict pyroxene cores, and poikilitic yellow-
brown biotite. Quartz, apatite, sphene, zircon,
ilmenite, magnetite, chalcopyrite, and epidote
are accessory phases.

The granitic rocks adjacent to the Velfjord
plutons are widely variable in texture and mine-
ralogy. They are generally hypidiomorphic gra-
nular and range from porphyritic (alkali feld-
spar * plagioclase phenocrysts) to equigranu-
lar. Plagioclase (~An35), microcline, quartz,
and biotite are common to all of these rocks.
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Some contain accessory amphibole (ferroan
pargasitic hornblende), allanite, apatite, zircon,
sphene, opaque minerals, and epidote. Others
contain assemblages typical of strongly peralu-
minous granites, with muscovite, garnet, and
accessory prismatic sillimanite, opaque mine-
rals, apatite, and zircon. One sample also
contains relatively abundant opx (En36) and
rare green spinel.

Granitic dikes that cut the contact granites
and the plutons are hypidiomorphic granular
to aplitic. Although some dikes contain calcic
amphibole, biotite is the most common mafic
mineral, with or without white mica. Allanite,
zircon, epidote, and opaque minerals are typi-
cal accessory phases.

Geochemistry

Analytical Methods

Samples from the Bindal Batholith and some
samples of the Velfjord plutons were analyzed
by X-ray fluorescence (XRF) at Midland Earth
Science Associates, Nottingham. For the re-
maining samples, major- and most trace-
element analyses were done by XRF at NTH
or by inductively-coupled atomic emission
spectrometry at Texas Tech University. The
rare-earth elements (REE), Ta, Th, Hf, and
U, were analyzed by instrumental neutron
activation analysis at Imperial College, London.

Results

Representative results are presented in Table
1. Samples of granitic rocks from the Bindal
batholith are from localities within 5 km of the
Velfjord plutons.

The Hillstadfjeliet pluton is alkali-calcic, with
an alkali-lime index of about 53. The first sta-
ge is distinct from the second in its lower
Si0, and Na,O, its widely variable TiO, and
AlLO,, and its higher CaO contents (Fig. 5).
The particularly wide range of AlLO, , TiO, and
Sr contents (Table 1; Fig. 5;) suggests that
compositions are controlled by variable accu-
mulation of plagioclase and pyroxene. This is
supported by the slight positive Eu anomalies
of Al-rich first stage samples (Fig. 7a).
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Table 1. Major and trace element compositions of representative samples
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Hitistadfjellet pluton Aunet Akset-Drevh piuton
monzonite
—First stage—— Secong stage+
sample VF48 7283 7273 VF42 VF43 9112 7280 VF41 7284 VFa4 7259 9006 N87-27 7240 VF53 73103 N4891 VFSO0 VFS9 7261
S0, 5010 5070 5181 5483 5676 5847 60'6 5636 6102 6216 5938 6119 4669 4842 4993 5063 5113 5180 5544 5548
Ti0, 041 038 172 109 t12 136 113 113 08 088 095 081 208 083 286 140 219 187 160 192
ALO, 2426 2076 1924 1953 1795 1796 1832 1876 1777 1642 1799 1759 1982 617 1479 1583 1854 1540 1751 1748
fe.C, 426 606 881 659 625 614 493 622 509 526 5§71 475 1037 907 1280 1051 914 1143 734 902
MnO 007 010 0113 013 014 013 011 013 011 017 009 008 013 014 O18 G116 G612 G139 015 015
MgO 281 502 310 266 264 18 118 210 159 160 135 116 419 1786 444 708 319 554 240 229
Ca0 1234 948 768 712 563 434 212 623 3% 2 417 345 1060 1673 697 745 828 824 557 490
Na.,0 295 387 439 491 485 441 519 540 529 507 512 476 35¢ (063 392 304 376 272 468 432
K0 103 146 212 259 340 439 570 254 332 410 410 504 062 013 252 131 22y 175 331 332
P.0, 014 131 073 030 042 047 039 047 042 044 036 023 117 005 141 067 122 027 070 101
Lo 158 nd 007 005 042 029 nd 065 nd (46 nd 037 017 0838 016 014 014 048 069 nd
Total 9995 9914 9980 9380 9965 9962 9323 9389 9907 9982 9922 9943 9940 10091 9993 9827 9992 9975 9993 9983
Rb 40 72 60 74 76 145 141 79 115 137 166 197 1 2 78 23 50 64 74 81
St 1295 1592 950 972 716 569 447 1057 728 536 473 429 1197 79 €67 707 768 333 77 633
Zr 51 26 36 200 114 457 276 179 212 2n 438 404 55 27 209 156 212 199 307 28
Y 4 16 37 26 2 53 27 34 29 43 40 32 28 16 49 23 39 44 41 44
Nb S nd 1A 43 4 27 nd 44 nd 57 20 21 5 11 22 1" nd 22 25 nd
Ba 214 443 974 709 953 1067 3118 861 1138 1016 723 694 299 16 €06 585 851 431 1075 1495
Sc 15 22 15 12 13 ng 74 10 $7 7 5 nd 18 nd 18 nd nd 24 14 146
v 14 19 143 120 108 55 17 121 39 48 63 28 230 178 29 196 202 192 105 1062
Cr 57 16 89 12 23 nd 27 22 32 3 53 nd 51 1493 47 236 2 84 20 36
‘. n 5 27 8 13 2 6 4 0 3 20 s 33 245 30 81 19 22 15 3
Cu 9 i 3 13 14 10 3 8 3 7 16 31 48 21 92 g4 167 23 40 28
Zn 29 62 105 68 71 88 87 76 80 91 84 50 92 43 127 87 85 103 96 110
Th 2 nd nd 9 0 nd nd 18 nd 22 284 405 5 nd 14 nd nd 6 10 nd
La 13 311 nd 42 55 nd nd 59 631 76 906 787 50 nd 88 nd nd 27 64 nd
Ce 23 67 nd 10 12 nd nd 118 116 159 1468 1195 107 nd 201 nd nd n 133 nd
Ng 15 29 nd 43 41 nd nd 44 44 57 583 498 47 nd 82 nd nd 38 53 nd
Sm nd. 534 nd nd nd nd nd nd 729 nd 126 75 na nd rd nd nd nd nd nd
£u nd 228 nd nd nd nd nd nd 243 nd 133 17 nd nd nd nd nd nd nd nd
Tb nd 05 nd nd nd nd nd nd 1 nd 093 06 nd nd nd nd nd nd nd nd
Yb nd 093 nd nd nd nd nd nd 269 nd 239 16 nd nd nad nd nd nd nd nd
Ly nd 0.13 nd nd nd nd nd nd 038 nd 042 025 nd nd nd nd nd nd nd nd
Sausfjellet pluton Contact granites Granitic rocks of the
8inda! batholith
sample  VFS5 7314 VF54 7320 7328 9139 7305 9126 7252 VFSTN1791N1991 VF58 VF47 N2191  NB7-42 N87-43 VFEO V\F61 VF40
Si0, 4954 5005 5164 5334 5379 5425 5554 5932 6440 6443 6443 6486 6676 6760 6864 6973 7093 7119 7195 7195
TO; 082 083 052 063 067 102 109 106 072 08 091 084 055 053 050 026 026 027 025 o021
ALO, 1321 17.14 1624 1693 1791 17.21 1743 1741 16,72 1622 1636 1675 1600 1606 1622 1601 1543 1471 1495 1540
Fe0, 1096 939 706 829 821 943 883 654 548 545 610 573 394 354 319 205 146 2338 143 164
MnO 018 017 015 015 015 035 014 010 003 011 009 006 008 003 003 003 002 005 003 005
Mg0 1365 791 806 699 506 48 337 250 094 137 129 133 076 061 0658 069 065 031 0S0 O0S0
Cal 884 1112 1307 883 835 797 668 492 269 184 255 187 236 23t 203 163 179 113 143 210
Na,0 144 256 235 342 388 3% 363 374 303 283 307 229 358 344 300 391 38Y 35 370 545
K.0 116 078 045 066 126 174 231 378 448 591 450 534 515 530 496 497 455 593 48B4 203
P.0, 002 003 003 026 023 027 030 04 031 014 018 013 022 013 024 03100 010 003 015 008
Lo 0.56 nd 0.61 nd nd 003 nd 037 nd 061 032 0S8 058 037 078 063 113 Q040 075 032
Total 10038 9998 100.18 9966 9951 10056 9938 100 15 9886 9983 9380 9984 9998 10002 10017 10001 100 19 10005 10010 9973
Rb 40 16 7 15 40 37 83 14 173 189 135 165 156 154 228 238 222 210 233 127
Se 276 439 481 556 586 545 598 5§20 201 179 242 172 138 212 202 171 223 36 143 328
2r 61 68 56 47 74 120 215 356 478 486 388 510 337 3n 332 123 130 220 129 113
Y 27 47 24 24 25 25 36 40 81 €2 43 76 43 37 N 22 21 21 18 14
Nb ] nd 2 nd nd 13 14 20 nd 24 26 27 40 22 28 15 13 19 12 10
Ba 353 173 182 319 417 612 664 843 1200 885 1052 895 925 971 886 302 328 400 346 2
Sc 25 396 33 272 24 nd 188 nd 97 12 nd ad 8 6 nd 6 2 ] 6 2
v 175 159 130 135 170 306 161 108 32 47 55 33 30 N 13 18 16 S 16 17
Cr 21 298 236 72 60 46 54 31 60 28 34 54 10 7 12 15 22 4 5 12
Ni 184 51 49 27 17 27 40 24 2 17 n 17 4 6 4 8 4 3 3 0
Cu 26 22 21 15 4 15 18 19 6 28 18 12 10 7 3 =1 -1 5 4 1
Zn 66 69 50 70 7 80 85 73 79 56 70 78 54 53 62 35 28 41 30 30
Th 5 nd 2 nd nd na ne. nd ng 49 nd nd 24 29 nd 18 19 30 12 1"
La 1 nd 20 248 nd nd 50.7 nd nd 70 nd nd 50 127 nd 35 28 2 24 9
Ce 14 nd 31 48 nd nd 100 nd nd 151 nd nd 106 67 ng 44 48 150 45 2
Nd 20 nd. 21 2 nd. ng a2 nd nd 61 nd nd 40 57 nd 19 24 45 22 17
Sm nd nd n¢ 426 nd nd 786 nd nd nd nd nd na ng nd nd nd nd nd nd
Eu nd nd nd 142 nd nd 2 nd nd nd ne nd nd nd nd nd nd ng na¢ nd
T ne na ng 08 nd nd 09 nd nd nd nd nd nd nd nd nd nd nd nd nd
Yb nd na na 212 nd nd 345 nd nd nd nd. nd nd nd nd nd ng nd ne nde
Lu ng na n.g 032 nd nad 052 nd nd nd nd nd nag na¢ nd nag nd ne. nad na¢

* Major element concentrations in weight percent, trace elements n ppm n d, not determined
+ 72.73 & VF42 from low SO, group. VF43, 91 12, & 72 80 from high K,O group VF41, 72 84, & VF44 from high S0, group

The second stage can be divided into three
groups on the basis of Si0, and K,0 abundan-
ces (Fig. 5). Monzonitic samples from the
western side of the pluton have the lowest
SiO, contents; whereas quartz monzonitic
rocks on the eastern side have high SiO, con-

tents. Monzonitic samples from the area betwe-
en these two groups have the highest K,0
values (at constant SiO,) in the pluton. Sr
behaves as a compatible element in the se-
cond stage, whereas Rb and Zr are incompa-
tible. The REE abundances of second-stage
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Fig. 5. Variation of (A) K,0 , (B) Na,0, (C) Mg/(Mg+FeT), and (D) TiO, plotted as a function of SiO, content. FeT = total Fe. In
C. arrows schematically show the effects of fractionation of magnetite (mt), plagioclase (plag), augitic clinopyroxene (cpx),

and orthopyroxene (opx) from a parental magma.

samples increase with increasing SiO, and the
(Ce/YDb)y ratio is virtually constant (=~14). Alt-
hough negative Eu anomalies are apparent,
they are slight (Fig. 7a). The most evolved
samples from the second stage of this pluton
are compositionally similar to the Aunet mon-
zonite although one sample of the Aunet
monzonite has a much larger negative Eu
anomaly (not shown in Fig. 7).

The Akset-Drevli pluton is also alkali-calcic
(alkali-lime index about 53). The analyses show
considerable scatter in Al,O,, Ca0, and Na,0,
as might be expected in such plagioclase-
phyric rocks. In general, the pluton has lower

Mg/(Mg+Fer) ratios and higher (but widely
scattered) TiO, contents than the Hillstadfjellet
and Sausfjellet plutons (Fig. 5). REE abundan-
ces and patterns are similar to the Hillstad-
fellet pluton but (Ce/Yb)y values are slightly
higher (19), with the exception of two dikes.
One dike is a late-stage gabbro which has
lower total REE and lower (Ce/Yb), (=7.5) than
the rest of the pluton (Fig. 7b); the pattern
also shows a downward concavity among the
light REE. The other dike is a monzodiorite
with plagioclase phenocrysts and K-feldspar
xenocrysts (?) that intrudes a marble screen
near the northern contact of the pluton. It is
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Fig. 6. Rb/Zr (weight ratio) versus Rb. The figld enclosed by
a solid line represents over 90% of samples from the Vel-
fiord plutons; the field enclosed by a dashed line encloses
Rb-rich samples, predominantly from the Hillstadfjellet plu-
ton.

characterized by its high total REE, pronoun-
ced negative Eu anomaly, and lower (Ce/Yb)y
ratio (=11; Fig. 7b).

The Sausfjellet pluton is distinct from the
other Velfjord plutons in its lower TiO, con-
tents (Fig. 5) and higher alkali-lime index (=56,
calc-alkalic). AL,O,, Na,0, Ca0, and TiO, show
a great deal of scatter. Sr behaves as anincom-
patible element in the Sausfjellet pluton unlike
the second stage of the Hillstadfjellet pluton.
The REE abundances of this pluton display a
relatively large range considering the small
range of Si0, values. The normalized patterns
of three samples (73.65, 91.20, 91.22A) have
relatively steep slopes ((Ce/Yb)y = 14-18). All
three were collected near contacts and all are
quartz-bearing; sample 73.65 is a late-stage
quartz diorite. The remaining sampies are diori-
tic and have patterns with shallower slopec
((Ce/Yb), from 3 to 7). Among these samples,
the increase in (Ce/Yb), is accompanied by
anincrease in total REE abundances (Fig. 7¢).

The granitic rocks of the Bindal Batholith,
granites collected near the margins of the
Velfjord plutons (contact granites), and grani-
tic dikes in the plutons are generally calc-
alkalic and all but one are peraluminous. Six
of the contact granites have Al/(Ca+Na+K)
greater than 1.1 (i.e., strongly peraluminous)
as do four granitic dikes that cut the plutons.
None of the granitic rocks of the Bindal Batho-
lith are strongly peraluminous. The higher SiO,,
Rb, and Mg/(Mg+Fer) and generally lower Zr,
Sr, and TiO, of the granitic rocks of the Bin-
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dal Batholith serve to distinguish them from
the contact granites (Table 1; Figs. 5 and 6).
In addition, the Rb/Zr ratio of the various ty-
pes of granitic rocks in the area serve to dis-
tinguish them from one another (Fig. 6). The
contact granites have a low, nearly constant
ratio, whereas the Rb/Zr ratios of the granitic
dikes and the granites of the Bindal Batholith
increase with increasing Rb content and are
distinct from each other (Fig. 6).

REE abundances in the contact granites
display a wide range of concentrations (Fig.
7d), with the highest abundances of the heavy
REE, the lowest (Ce/Yb), ratios (=12), and the
only negative Eu anomalies in the garnet-
bearing granites. A garnet-free, two-mica-
bearing granitic dike in the Sausfjellet pluton
has the highest REE slope ((Ce/Yb)y=40),
which is largely due to the low concentrations
of the heavy REE.

Discussion

The close spatial relationship between the
Velfjord plutons and the contact granites sug-
gests that the granites resulted from local
anatexis caused by heat from the adjacent
dioritic magmas. The volume of the contact
granites and the gradation from granite to
migmatite with distance from the dioritic plu-
tons suggests that the host pelitic rocks were
partially molten at the time of emplacement
of the dioritic magmas. If this interpretation is
correct, the Velfjord plutons must have been
emplaced during or just after the peak of regio-
nal metamorphism in the region, which is con-
sistent with Kollung's (1967) view that the plu-
tons were syntectonic. Accumulation of grani-
tic melts near the dioritic plutons may have
been enhanced by disruption of the host mig-
matites during intrusion and by contraction
of the dioritic magmas during cooling and crys-
tallization.

Petrographic evidence suggests that defor-
mation of the dioritic rocks, granitic dikes, and
contact granites began when melt was pre-
sent and continued, at least locally, through
cooling to greenschist facies conditions. The
contact granites show the greatest degree of
strain because of this continuum of deformati-
on from synmagmatic to submagmatic conditi-
ons and because they have low solidus tempe-
ratures and abundant, easily-deformed quartz.

Asymmetric zoning patterns similar to those
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observed in the Hillstadfiellet and Sausfjellet
plutons have been reported elsewhere (e.g.,
Bateman et al. 1963, Flood & Shaw 1979,
Barnes et al. 1986). Such asymmetry has been
ascribed either to tilting and erosion of a verti-
cally-zoned pluton (Flood & Shaw 1979, Bar-
nes et al. 1986) or to non-coaxial filling of an
expanding pluton (Hutton 1988a). In the latter
case, the plutons have generally been shown
to have intruded in dilatant zones in a shear
couple (Hutton, 1988a&b). Similar models were
developed for the emplacement of gabbro and
granodiorite in the Sunnhordiand Batholith in
western Norway (Andersen et al. 1991). We
suggest that the asymmetric zoning patterns
of the Hillstadfellet and Sausfjellet plutons may
have resulted from intrusion into a dilatant
zone of a sinistral shear couple. This idea is
consistent with the position of the Velfjord
plutons in a weakly-lineated NNW-SSE-tren-
ding zone (the dilatant zone) between two
strongly lineated NE-SW-trending zones. In
such an instance, elongate intrusions such as
the Akset-Drevli pluton and stage 1 of the
Hillstadfjellet pluton would have a NNW-SSE
orientation, parallel to that of the dilatant zo-
ne. This idea is consistent with asymmetric
zoning in the Hillstadfjellet and Sausfjellet plu-
tons, with syntectonic emplacement of the
Velfjord plutons soon after peak metamorp-
hism, D, deformation, and thrusting within the
HNC, and can explain the peridotite xenoliths
in the Akset-Drevli pluton as having originated
in the middle thrust sheet. It also permits in
situ formation of the contact granites in a
ductile, high-temperature environment. The
high-temperature, syn- and post-emplacement
deformation of the plutons and contact grani-
tes can thus be explained by deformation
during the waning stages of D, tectonism.
The petrogenesis of the plutons and related
granitic rocks can only be determined with
detailed elemental and isotopic modelling (in
progress). However, on the basis of currently
available data, we can make several deducti-
ons about the petrology of the Velfjord plu-
tons. (1) The presence of olivine in the Akset-
Drevli pluton indicates that at least some of
the parental magmas had an ultramafic source
and originated in the lower crust or upper
mantle. However, the general lack of olivine
and the intermediate to low Mg/(Mg+Fer) valu-
es in nearly all samples of the Akset-Drevli
pluton indicate that the parental magmas had
undergone differentiation prior to emplace-
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ment. (2) The fact that the plutons are distinct-
ly different in terms of Mg/(Mg+Fer) and TiO,
(in particular) suggests that the parental mag-
mas were compositionally distinct. These dis-
tinctions could have arisen from ditferent pri-
mary magma compositions; but may also indi-
cate differences in evolutionary paths. For
example, the relatively Fe-rich nature of the
Akset-Drevli pluton implies magmatic evolution
at low f(O,). In contrast, the low TiO, in the
Sausfjellet pluton could have resulted from
an initially TiO,-poor parental magma or from
early removal of Fe-Ti oxides at relatively high
1(0,), both of which are consistent with the
calc-alkalic nature of the pluton. (3) The conspi-
cuous scatter among the major-element and
compatible trace-element compositions of the
Sausfjellet and Akset-Drevli plutons and the
first stage of the Hillstadfjellet pluton can be
explained in terms of accumulation and/or
removal of variable amounts of plagioclase,
pyroxene (especially clinopyroxene), and oxide
phases. In Figs. 5¢ and 8, the effects of frac-
tionation of these phases are schematically
shown. The compositions of most samples
from the Sausfjellet pluton can be explained
by clinopyroxene + plagioclase accumulation
and the scatter shown by the Akset-Drevli
pluton can be explained as the result of cpx
+ plagioclase * magnetite accumulation.
Schlieren banding, which is common in the
Sausfjellet pluton, is generally thought to form
as the result of crystal segregation during
magmatic flow. This mechanism can probably
explain much of the wide compositional scat-
ter among rocks in the pluton. (4) The alkali-
rich compositions of the two northern plutons
and the differences in composition and intensi-
ve variables among and within plutons may
have been caused by assimilation of crustal
rocks or mixing with crustal melts. For examp-
le, the three distinct compositional groups of
the second stage of the Hillstadfjellet pluton
probably do not represent the products of
simple fractional crystallization or accumulation
from a single parent. The plot of K,0 against
SiO, (Fig. 5A) is suggestive that the SiO,-rich
group could be the result of mixing of mon-
zonitic and granitic melts such as the contact
granites.

The compositional distinctions between the
contact granites, granites typical of the Bindal
Batholith, and granitic dikes in the dioritic plu-
tons implies distinct origins for the three
groups. It also indicates that the dikes in the
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plutons are probably not offshoots of nearby
Bindal granites, as suggested by Kollung
(1967), or of the contact granites. Therefore,
the fact that granitic dikes cut the Velfjord
plutons should not be taken as evidence for
the relative timing between Bindal granites and
Velfjord diorites.

The contact granites display mineral assem-
blages and chemical compositions typica! of
derivation by partial melting of pelitic source
rocks (White & Chappell, 1977), which is con-
sistent with the idea that the contact granites
resulted from nearly complete in-situ anatexis
of host rocks that were partly molten at the
time of intrusion. The positive correlation bet-
ween Rb/Zr and Rb in the granitic dikes (Fig.
6) is primarily a function of decreasing Zr
content with increasing Rb. if these dikes are
differentiates of the dioritic magmas, this relati-
onship may indicate that zircon was a late
fractionating phase; however, it is also compa-
tible with an origin by partial melting with zir-
con residual in the source.

A similar relationship between Rb/Zr and
Rb among the granitic rocks of the Bindal
Batholith suggests similar conclusions may
be reached. In general however, the chemical
and isotopic compositions of granites of the
Bindal Batholith are not suggestive of derivati-
on from pelitic source rocks typical of the
Uppermost Allochthon (Table 1; @. Nordgulen,
unpublished data), but indicate an origin by
processes that operated deeper in the crust.
However, our sampling of these rocks in the
Velfjord area is too sparse to justify further
speculation.

Conclusions

The Velfjord plutons represent intrusion of
mafic and intermediate magmas into the HNC
during the metamorphic peak or soon thereaf-
ter. At least two of the plutons had more than
one parental magma and each parental magma
followed different evolutionary paths. Much
of the compositional variation in the Akset-
Drevli and Sausfjellet plutons can be ascribed
to variable accumulation of cpx, plagioclase,
and oxide minerals. Each pluton caused in-
situ anatexis of pelitic migmatites in the host
rocks, which resulted in lenses of peralumi-
nous granite adjacent to the dioritic bodies.
Mixing of these contact granitic melts with
magma of the plutons may have caused some
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of the compositional variations observed. The
deformation of the plutons and the contact
granites and the zoning patterns of the nort-
hern and southern plutons suggest that defor-
mation accompanied intrusion in a dilatant
zone of a regional sinistral shear couple. This
interpretation has significant implications not
only for the origin and evolution of the Vel-
fiord plutons but for the entire Bindal Batho-
lith, and deserves detailed structural, geochro-
nological, and isotopic investigation. Finally,
the compositional complexities among the
Velfjord plutons as well as the variety of grani-
tic rocks in the area emphasize the need to
consider multistage evolutionary paths in the
development of the Bindal Batholith.
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