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PLUTONS OF AN IAPETAN VOLCANIC ARC COMPLEX

KURT HOLLOCHER*,†, PETER ROBINSON**, KIRK SEAMAN***, and
EMILY WALSH§

ABSTRACT. The Scandinavian Caledonides are a late Silurian–early Devonian
orogen that is an amalgam of thrust sheets derived from the Baltican margin, Iapetan
arcs, and the Laurentian margin. Here we discuss intrusive rocks in two Iapetan arc
complexes of Ordovician–early Silurian age that are now part of the Upper Allochthon
in the central-western part of Norway.

Samples from the older of the two arcs were collected near Lensvik and Rissa, on
both sides of Trondheimsfjord. These include mafic to felsic, mostly tholeiitic
metamorphosed intrusive rocks, with one previously reported age of 482 Ma. These
plutons intrude volcanic rocks of the Støren Group, a suite of 495 to 482 Ma oceanic
arc rocks that include ophiolites. We assign these plutonic rocks to the Støren Group,
based on their similar ages and strong geochemical similarities with Støren Group
plutonic and volcanic rocks in the inner Trondheimsfjord region. Part of the Støren
Group is unconformably overlain by earliest Middle Ordovician sedimentary se-
quences that contain warm-water Laurentian faunal assemblages.

Plutonic rocks of the younger arc have previously reported ages of 477 to 440 Ma,
are calc-alkaline, span a composition range from ultramafic to granitic, and include a
large fraction of adakites. Rocks in the Upper Allochthon with similar ages and
lithologic and geochemical characteristics also occur farther north, across the Grong-
Olden culmination, and in southwestern Norway, indicating an extensive arc complex.
Throughout that extent, the plutonic rocks are spatially associated with older ophiolite-
bearing oceanic arc assemblages, thought to be equivalent to the Støren Group.

The Helgeland Nappe of the Uppermost Allochthon contains an extensive suite of
igneous rocks that have almost identical characteristics to the younger Upper Alloch-
thon arc we describe. They are also spatially associated with 500 to 480 MA ophiolites,
and in addition cut metamorphosed sedimentary rocks that contain evidence for
development near or on the Laurentian margin. This evidence suggests that the
calc-alkaline rocks of the Upper and Uppermost Allochthons may belong to the same
arc complex. The fact that similar-age calc-alkaline arc rocks occur in the Taconian arc
system of western New England, the Notré Dame arc of Newfoundland, and in the
Midland Valley Terrane and related units in Scotland and Ireland, suggest extensive
calc-alkaline Iapetan arc complexes that developed before and during late Ordovician
closing of an arm of Iapetus.
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introduction
The Scandinavian Caledonides are a late Silurian to early Devonian (Scandian)

orogenic belt comprised of a series of composite allochthonous thrust sheets, grouped
into the Lower, Middle, Upper, and Uppermost Allochthons (fig. 1). These represent
packages of rocks derived, respectively, from regions tentatively believed to have lain
progressively farther outboard from Baltica (for example, Andréasson and others,
2003; Gee, 2005; Hacker and Gans, 2005). Our purpose is to present the geochemistry
of remnants of an Ordovician calc-alkaline arc in the Upper Allochthon north and west
of Trondheim, where it has been little-studied, and discuss its implications for
pre-Scandian tectonics.

The Upper and Uppermost Allochthons are composed of five major components
that developed in settings far outboard from Baltica, including the Laurentian margin.
These are described briefly from southeast to northwest (fig. 1), in approximate order
of present position.

Regional Tectonostratigraphy
(1) The Meråker Nappe comprising the eastern part of the Trondheim Nappe

Complex of the Upper Allochthon, consists of stratified sedimentary rocks, subsidiary
volcanics, and intrusive rocks, possibly as old as Late Cambrian and possibly as young as
Middle Silurian. The eastern margin of this unit contains an extensive group of
ophiolite fragments, including ultramafic rocks that are geochemically MORB-like
(Nilsson and Roberts, 2014). Near Otta, at the southern end of this ophiolite belt, a
serpentinite conglomerate contains late Dapingian to early Darriwillian fossils of the
cold-water Celtic fauna (for example, Bruton and Harper, 1981; Boe and others, 1993;
Harper and others, 2008). These fauna were first identified by Neuman (1964) at the
type locality of the Penobscot Unconformity in eastern Maine, U.S.A., an unconformity
now recognized as characteristic of the peri-Gondwanan Gander Terrane in the
Canadian Maritimes (for example, Kusky and others, 1996). Thus, at least a part of the
Meråker Nappe lay at high latitude during early Ordovician time.

(2) The Gula Complex, comprising the central part of the Trondheim Nappe
Complex, consists of terrigenous clastic sedimentary rocks of uncertain age, including
conglomerates, possibly as old as Mesoproterozoic. It has evidence of low- to medium-
grade Silurian regional metamorphism, and is cut by a variety of Silurian intrusions.
The nature of the contact between the apparently older Gula Complex and the
younger Meråker Nappe remains uncertain, having been variously interpreted as
stratigraphic (for example, Bjerkgård and Bjørlykke, 1994; Sturt and others, 1997), an
unconformity (Ramsay and Sturt, 1998), and a thrust (Grenne and Lagerblad, 1985).

(3) The Støren Group, in the Støren Nappe of the Trondheim Nappe Complex, is
composed mostly of basaltic rocks that include the 500 to 480 Ma ophiolite complexes
at Bymarka, Løkken, and elsewhere (for example, Grenne, 1989b; Roberts and others,
2002; Roberts, 2003; Slagstad and others, 2013). These developed apparently in an
oceanic arc and back-arc complex (summarized in Hollocher and others, 2012) and
have a significant arc component that is lacking in ophiolites of the Meråker Nappe
(Nilsson and Roberts, 2014; though present in amphibolites of the Fundsjø Group of
the Meråker Nappe, Grenne, 1987). Exposed areas of ultramafic rocks are scarce
compared to the Meråker Nappe. Within the Støren ophiolites are rare felsic volcanics
and trondhjemitic intrusions. At Løkken, the ophiolite sequence is overlain unconform-
ably by metamorphosed sedimentary and volcanic rocks (hatched unit in fig. 1) that
includes the Lower Hovin Group, which contains Dapingian to middle Darriwilian
warm-water fossil assemblages of Laurentian affinity (for example, Bruton and Harper,
1988; Pedersen and others, 1992). The fossils indicate that these ophiolites, as distinct
from those in the Meråker Nappe to the east, were obducted onto the margin of
Laurentia at low latitude in the early Ordovician. The Lower Hovin Group also

926 Kurt Hollocher and others—Ordovician–early Silurian intrusive rocks in the northwest



S
tø

re
n

G
ro

ng

Tr
on

dh
ei

m

M
ol

de

Lø
kk

en

G
äd

de
de

Tä
nn

fo
rs

en
R

is
sa

 a
re

a

R
öd

eb
er

ge
t

La
te

 C
al

ed
on

ia
n,

 m
ai

nl
y 

D
ev

on
ia

n,
 

ex
te

ns
io

na
l b

as
in

 s
ed

im
en

ta
ry

 ro
ck

s

U
pp

er
m

os
t A

llo
ch

th
on

, L
at

e 
P

ro
te

ro
zo

ic
–E

ar
ly

 S
ilu

ria
n

S
är

v,
 S

æ
tra

, a
nd

 re
la

te
d 

na
pp

es
Lo

w
er

 A
llo

ch
th

on
, m

os
tly

 v
ar

ia
bl

y 
m

et
am

or
ph

os
ed

 
se

di
m

en
ta

ry
 ro

ck
s,

 N
eo

pr
ot

er
oz

oi
c–

S
ilu

ria
n

A
ut

oc
ht

ho
no

us
 s

ed
im

en
ta

ry
 ro

ck
s,

 
N

eo
pr

ot
er

oz
oi

c–
ea

rly
 P

al
eo

zo
ic

A
ut

oc
ht

ho
no

us
 a

nd
 a

llo
ch

th
on

ou
s 

cr
ys

ta
lli

ne
 ro

ck
s,

 A
rc

he
an

–P
ro

te
ro

zo
ic

N

0 
   

   
  2

5 
   

   
 5

0 
   

   
 7

5 
   

   
10

0 
km

S
tø

re
n,

 M
er

åk
er

, a
nd

 o
th

er
 n

ap
pe

s,
 

ha
tc

h 
pa

tte
rn

 is
 L

ow
er

 H
ov

in
 G

ro
up

 e
tc

.

G
ul

a 
N

ap
pe

B
lå

hø
, S

ev
e 

N
ap

pe
s

O
rd

ov
ic

ia
n–

S
ilu

ria
n

an
d 

U
pp

er
m

os
t A

llo
ch

th
on

s,
 fe

ls
ic

 a
nd

 m
af

ic
 

 p
lu

to
ni

c 
ro

ck
s 

in
 U

pp
er

 

9°
E

15
°E63

°N

65
°N

M
id

dl
e 

A
llo

ch
th

on
, 

N
eo

pr
ot

er
oz

oi
c–

S
ilu

ria
n

N
O

R
W

AY
   

SW
ED

EN
W

es
te

rn
 G

ne
is

s 
R

eg
io

n

S
tu

dy
 a

re
as

, t
hi

s 
w

or
k

H
øy

ba
kk

en
 d

et
ac

hm
en

t f
au

lt

Meråker Nappe

Le
ka

Ø
rla

nd
 P

en
in

su
la

R
å

kv
å

g
 n

o
rt

h
 a

re
a

Å
fj

o
rd

 a
re

a

S
im

a
d

a
le

n
 a

re
a

Fo
lla

fo
ss

 a
re

a

R
å

kv
å

g
 s

o
u

th
 a

re
a

R
ev

sn
e

sh
a

g
e

n
 a

re
a

V
in

g
a

n
 a

re
a

K
o

rs
vi

ka
 a

re
a

S
m

øl
a

B
ym

ar
ka

G
ul

a
C

om
pl

ex

O
tta

S
ka

rd
sø

y

B
in

da
l b

at
ho

lit
h

N
es

åa
 b

at
ho

lit
h

H
itr

a

S
øl

un
d–

B
om

lø
–

K
ar

m
øy

ar
ea

s

U
pp

er
 A

llo
ch

th
on

, K
öl

i N
ap

pe
s,

 
N

eo
pr

ot
er

oz
oi

c–
S

ilu
ria

n

A
lm

lia

L
e

n
sv

ik
 a

re
a

V
a

ls
e

t–
R

is
h

a
u

g
e

n
 a

re
a

K
o

p
p

a
re

n
 a

re
a

Fr
øy

a

St
ør

en
 N

ap
pe

H
øl

on
da

S
nø

an

V
e

rr
a

n
 a

re
a

Fi
g.

1.
Si

m
pl

ifi
ed

te
ct

on
ic

m
ap

of
th

e
ce

n
tr

al
Sc

an
di

n
av

ia
n

C
al

ed
on

id
es

,
sh

ow
in

g
ar

ea
s

fr
om

w
h

ic
h

th
e

15
3

sa
m

pl
es

w
er

e
co

lle
ct

ed
.

Pr
in

ci
pa

lly
ad

ap
te

d
fr

om
Si

gm
on

d
an

d
ot

h
er

s
(1

98
4)

,S
ol

li
an

d
N

or
dg

ul
en

(2
00

8)
,a

n
d

R
ob

in
so

n
an

d
ot

h
er

s
(2

00
8)

.

927part of the Upper Allochthon, mid-Norway: Plutons of an Iapetan volcanic arc complex



contains calc-alkaline to alkaline plutons and volcanics having strong arc signatures.
These strata have been interpreted to have been deposited in a back-arc basin (Roberts
and others, 1984) or as part of a basin–arc sequence (Grenne and Roberts, 1998). The
nature of the contact of the Støren Group against the Gula Nappe to the east is
uncertain, claimed by some as an obduction surface (for example, Hollocher and
others 2012).

(4) In the Støren Nappe, northwest of the exposure area of the Støren Group, the
rocks consist predominantly of felsic to mafic intrusions in the age range 477 to 440 Ma
(Tucker and others, 2004; fig. 1, pink unit west and north of Trondheim in the Upper
Allochthon). These are conveniently divided into an onshore (northwestern) belt
where the intrusive rocks (described here) have been deformed into strongly foliated
and lineated gneisses during late Scandian sinistral transtension (Osmundsen and
others, 2006; Robinson and others, 2014), and a mostly offshore belt on the islands of
Smøla and Hitra and on Ørland Peninsula, northwest of the Høybakken brittle–
ductile detachment (fig. 1). The offshore belt rocks are from a higher structural level
and mostly escaped transtension-related deformation. Clear igneous textures and
structures are preserved, including evidence of magma mingling (for example, Gaut-
neb and Roberts, 1989; Tucker and others, 2004). Similar Ordovician intrusions occur
in the Upper Allochthon in the Nesåa batholith and related plutons northeast of
Grong, and in the Solund, Bomlø, and Karmøy areas of southwest Norway. The island
of Smøla in the offshore belt contains an early Ordovician stratified sequence of
sediments and volcanics containing the same Laurentian fauna found in the Lower
Hovin Group at Hølonda. This sequence was already deformed and metamorphosed
when intruded by an undeformed pluton dated at 446 Ma (Tucker and others, 2004).
This is key evidence favoring arc magmatic activity tied directly to the Laurentian
margin.

(5) Rocks assigned to the Uppermost Allochthon, including the ophiolite at Leka,
are exposed north of Grong as well as on the northern part of Hitra and on Frøya. The
complex history of this area has been recently described by Barnes and others (2007,
2009, 2011). The main outcome is to suggest that there was early northwest-directed
thrusting of high-grade rocks carried over lower grade rocks, including ophiolites, in
the period 470 to 460 Ma. This tectonic contact was cut by a series of plutons dated
close to 445 Ma. In many ways, the low-grade rocks closely resemble those of the Upper
Allochthon further south, and, in Nordland well north of figure 1, they also contain
isotopic evidence (Melezhik and others, 2002, 2003), though no fossils, suggesting
origin or emplacement near the Laurentian margin.

Sample Collections
This study includes 153 new whole rock chemical analyses of metamorphosed

plutonic rocks. One set from the Lensvik and Rissa areas is probably related to the 500
to 480 Ma Støren Group ophiolites (part 3, above), based in part on a radiometric date
of 482 Ma from Lensvik (Tucker and others, 2004). The other set is from the younger
477 to 440 Ma calc-alkaline arc (part 4). These have been little-studied compared to
ophiolitic Upper Allochthon rocks in central Norway, and are the topic of this paper.
Below the Høybakken detachment, where all of our samples were collected, the rocks
range from almost undeformed (rare) to completely recrystallized. Three samples
come from a polymict conglomerate in a small basin at Almlia, in the Follafoss area
(fig. 1), that unconformably overlies calc-alkaline gneiss dated at 460 Ma (Tucker and
others, 2004). This conglomerate is deformed, and so pre-dates Devonian extensional
basins found elsewhere in Norway that are associated with tectonic collapse of the
Caledonian orogen (fig. 1; for example, Andersen, 1998; Osmundsen and others,
2006; Vetti and Fossen, 2012).
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Figure 2 shows examples of the rocks we studied. Figure 2A is from the Rissa area,
which is across Trondheimsfjord along strike from the tonalitic gneiss dated at 482 Ma
by Tucker and others (2004). The contact between light-colored tonalitic gneiss and
dark Støren Group volcanic rocks is visible (arrow), with dikes and sills of tonalite
intruding the volcanics. Figure 2B shows a light-gray tonalite dike cutting darker
tonalitic gneiss. The dike contains numerous mafic xenoliths, somewhat deformed but
with their original angular shapes still apparent. Figure 2C shows a typical outcrop of
coarse-grained tonalitic gneiss from the belts northwest of Lensvik and Rissa. The
gneiss contains three white, nearly parallel aplitic dikes, irregular light-colored tonal-
itic layers, and some highly elongated mafic inclusions. Scandian deformation has
extended the original features so that they are nearly parallel. In contrast, figure 2D
shows alternating layers of dark and light tonalitic gneiss. The dark tonalite contains
numerous quartz veins and thin, light tonalite dikelets, whereas the light tonalite is
free of them. All have been deformed into parallelism during late Scandian sinistral
shear.

A B

C D

Fig. 2. Field photographs. (A) Rissa area, from the location of samples 459–461 (this work), and 462
and 463 (Hollocher and others, 2012). The image shows a large body of tonalitic rock to the lower left in
contact (arrow) with dark-colored Støren Group volcanics to the upper right. Dikes and sills of tonalite
intrude the volcanics. This image is from a set of shoreline exposures south of Rissa, along strike across
Trondheimsfjord from tonalite, north of Lensvik, dated at 482 Ma (Tucker and others, 2004, sample L). (B)
Deformed light-gray tonalitic dike containing numerous mafic inclusions, cutting darker gray tonalitic
gneiss. This is the location of sample 420. (C) Relatively homogeneous coarse tonalitic gneiss from
Skardsøya, the location of sample 404. The tonalite hosts three sharply-defined, internally layered aplite
dikes, some irregular light-colored tonalitic layers and patches, and some dark, highly elongated xenoliths,
the largest of which is indicated by the arrow. (D) Strongly deformed plutonic rocks at a quarry south of
Råkvågen, the site of samples 503–505. The alternating light and dark layers are both tonalite, but the darker
contains numerous thin layers of white tonalite and quartz veins, absent from the white tonalite.
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Sampling and Methods
Geochemical samples were generally gneisses and amphibolites, and weighed 1 to

10 kg. The object in general was to collect a representative set of exposed rocks, though
rare rocks in any given area, such as ultramafic and undeformed rocks, tended to be
sampled in higher proportions than their exposed abundance. Standard 30 �m thin
sections were prepared for 77 of the 153 samples, which were examined using
polarized transmitted light microscopy. Samples for whole rock chemical analyses were
prepared and analyzed as described in Hollocher and others (2007). Sample locations
are given in table A1, Appendix 1, descriptions in table A2, Appendix 2, and analytical
data in table A3, Appendix 3.

distribution of radiometric ages

Figure 3 shows a compilation of ages from the literature that have been deter-
mined for Paleozoic igneous rocks in the Upper Allochthon of the central and
southwestern Scandinavian Caledonides, and in the Helgeland Nappe of the Upper-
most Allochthon. Figure 3A shows ages of plutonic rocks in oceanic arc-derived units in
central Norway, with an age peak at about 483 Ma (part 3, above). Figure 3B shows the
477 to 440 Ma calc-alkaline arc rocks that are the topic of this paper (part 4), including
similar rocks on Hitra, Smøla, the Nesåa batholith, the Krutfjellet gabbro (437–436
Ma), both in the Middle Köli Nappe at about 65.7°N, and the Sulitjelma gabbro
(437 Ma) at about 67.1°N. These yield an age peak near 441 Ma, but with ages as old as
477 Ma. Figure 3C shows Silurian plutonic rocks that cut the Meråker Nappe, Gula
Complex, and Støren Nappe to the south and east of Trondheim (parts 1, 2, 3; fig. 1),
having an age peak at about 435 Ma.

Age dates of Upper Allochthon rocks in southwestern Norway (fig. 3D) define two
peaks, one for ophiolitic assemblages like those in figure 3A (parts 1 and 3), and one
for younger calc-alkaline arc rocks like those in figure 3B (part 4), possibly also the
Silurian plutons (fig. 2C). Though precise correlations along strike are uncertain,
based on these age dates and igneous rock geochemistry (Hollocher and others, 2012,
and references therein) the Upper Allochthon in southwestern Norway contains
evidence for both the older (500–480 Ma) and younger arcs (477–440 Ma, and
possibly the Silurian plutons).

Figure 3E shows ages for igneous rocks in the Uppermost Allochthon, which is
interpreted to consist of rocks originating on or close to the Laurentian margin that
were transferred onto Baltica during the Scandian collision (for example, Roberts and
others, 1985, 2007; Stephens and Gee, 1985, 1989; Melezhik and others, 2003). The
age distribution defines one peak similar to older ophiolites of the Upper Allochthon
(figs. 3A and 3D), and a broad peak spanning the age ranges of both the calc-alkaline
arc (fig. 3B, part 4) and the Silurian plutons. Figure 2F shows all age dates, clearly
showing the bimodal age distribution, one for the older ophiolites, the other for the
younger calc-alkaline arc and Silurian plutons.

petrography

Most samples are wholly recrystallized amphibolites and quartz-bearing gneisses
having epidote-amphibolite facies mineral assemblages. Based on the examined thin
sections, mafic rocks generally have the assemblages: hornblende–plagioclase–epidote–
titanite �quartz, biotite, Fe–Ti oxides, and sulfides. Felsic rocks have the assemblages:
quartz–plagioclase–biotite–epidote–titanite �hornblende, K-feldspar, muscovite, and
garnet. Epidote is commonly strongly zoned, and includes clinozoisite in some
samples. Cummingtonite is found in felsic gneiss samples 270, 411, and 413. In 270 and
413 the grains are disseminated, occurring with hornblende. In 411, however, cumming-
tonite forms discontinuous rims around prismatic hornblende, separated by a plagio-
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n=114

All age dates

Silurian plutons cutting the Støren, Gula, and
Meråker Nappes south and east of Trondheim

n=49

400 410 420 430 440 450 460 470 480 490 500 510 520

n=15

Upper Allochthon,
Southwest Norway,
Solund, Bomlø, Karmøy

n=24

n=13

n=13

Northwestern belts
and related rocks,
Fig. 1 to 67.2°N

Upper Allochthon ophiolites and 
related arc volcanic and plutonic rocks,
Fig. 1 to 67.2°N

Hølonda porphyrites

Age, Ma

Krutfjellet pluton

E

C

B

A

D

F

Leka ophiolite

Kopparen diorite

Tucker et al., 2004

Others

Lensvik tonalite

Dapingian–early
Dariwilian deposits,
Lower Hovin Group

Byneset trondhjemite

Uppermost 
Allochthon,
Fig. 1 to 66°N

Sulitjelma gabbro

Fig. 3. Kernel probability density estimates of igneous rock radiometric ages in the Upper and
Uppermost Allochthons of central and southwestern Norway, and Sweden. These are zircon U–Pb ages,
except for two U–Pb titanite, four Nd/Sm isochron, and one stratigraphic age (Hølonda porphyrites, David
Roberts, personal communication, 2015). Plotted curves were calculated using the Densityplotter program
(Vermeesch, 2012), with a uniform 5 Ma bandwidth. Vertical black lines show analyzed sample ages, longer
lines corresponding to more precise ages. (A) 500-480 Ma ophiolites, figure 1 to 67.2°N: Bymarka ophiolite
(Roberts and others, 2002), Bymarka and Løkken ophiolites (Slagstad and others, 2013), Ytterøya ophiolite
(Roberts and Tucker, 1998), Frosta Peninsula (Gromet and Roberts, 2010), Sulitjelma ophiolitic complex
(Pedersen and others, 1991), plutonic rocks in the Köli Nappe east of the Helgeland Nappe Complex
(Upper and Middle Köli units, Stephens and others, 1993). (B) Central Norway gneissic and related rocks,

931part of the Upper Allochthon, mid-Norway: Plutons of an Iapetan volcanic arc complex



clase moat. Felsic samples 470 and 471 contain small amounts of tourmaline. Limited
areas of gabbroic rock from the summit of Kopparen retain igneous textures and
mineralogy (for example, enstatite, augite, zoned igneous plagioclase, sample 427).
More commonly, igneous texture preservation is limited to millimeter-scale domains
of blocky, interlocking, zoned plagioclase crystals between more strongly deformed
regions.

geochemistry

Igneous Series
Figure 4 shows the igneous series of rocks in our data set, and compares them to

other Upper Allochthon rock sets from central Norway. It shows that our samples span

Fig. 3 (continued). the topic of this work, from figure 1 to 67.2°N: Hitra and gneisses near the coast
(Tucker and others, 2004), Nesåa batholith (Roberts and Tucker, 1991; Meyer and others, 2003) and
Krutfjellet pluton (Mørk and others, 1997), both in the Middle Köli Nappe, granite in the Upper Köli Nappe
near Vilasund, Sweden (Stephens and others, 1993), Middle Ordovician plutons cutting ophiolites (Slagstad
and others, 2013). (C) Silurian plutons cutting the Upper Allochthon south and east of Trondheim (Wilson
and others, 1983; Dunning and Grenne, 2000; Roberts and Sundvoll, 2000; Nilsen and others, 2003, 2007).
(D) Southwestern Norway, Solund to Karmøy: Bomlø ophiolite (Pedersen and Dunning, 1997), Gulfjellet,
Karmøy, Solund, and Stord ophiolites (Dunning and Pedersen, 1988), Bremanger granite complex (Hansen
and others, 2002), Gåsøy intrusion (in Slagstad and others, 2011), Gufjellet area plutons (Dunning and
Pedersen, 1988), Karmøy plutons (Dunning and Pedersen, 1988; Pedersen and Dunning, 1997), dikes
cutting the Jotun Nappe (Lundmark and Corfu, 2007). (E) Uppermost Allochthon, figure 1 to 66°N: Leka
ophiolite (Dunning and Pedersen, 1988), Bindal batholith and various sub-plutons (Nordgulen and
Schouenborg, 1990; Birkeland and others, 1993; Nordgulen and others, 1993; Pedersen and others, 1999;
Nordgulen and others, 2002; Yoshinobu and others, 2002; Nissen and others, 2006; Barnes and others, 2007,
2011), Hortavær pluton (Barnes and others, 2003). (F) All age dates, A–E.
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a range of about 45 to 77 percent SiO2 except for hornblendite sample 227. There is no
obvious silica composition gap, as is commonly found in the 55 to 65 percent SiO2
range in the Støren Group (for example, Hollocher and others, 2012). Mafic
samples from our data set tend to straddle the tholeiitic– calc-alkaline boundary.
Felsic samples from the northwestern belts tend to be overwhelmingly calc-alkaline,
whereas those from the Lensvik and Rissa areas are tholeiitic.

Mafic rocks from the ophiolitic Støren Group (open triangles, fig. 4) are over-
whelmingly tholeiitic, but felsic rocks span both series. Igneous rocks in the Lower
Hovin Group and related units (asterisks) include a range of compositions that are
dominantly calc-alkaline and high-K calc-alkaline. The Silurian plutons that cut the
Upper Allochthon to the south and east of Trondheim (small open circles) are mostly
calc-alkaline.

Tectonic Setting Discriminants
Figure 5 shows tectonic setting discriminant diagrams for rocks of this study.

Most mafic samples (fig. 5A) plot in the calc-alkaline arc field, including alkaline
sample 407. Eleven basaltic samples, however, plot along a line within or very close
to the N-MORB and E-MORB fields, two from the Lensvik area (open squares), and
the rest from locations scattered along strike in the northwestern belts. There is an
apparent gap between the calc-alkaline arc and MORB-type sample trends. It is
notable that our mafic samples include essentially none that plot within the
primitive arc field. In contrast, mafic rocks from the Støren Group (open triangles)
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tend to plot in the primitive arc and N-MORB fields. Mafic rocks from the Lower
Hovin Group (asterisks) plot almost entirely in arc fields. Three elliptical fields
highlight mafic rock compositional types in the Støren Group, which will be
discussed in more detail below.

Figure 5B shows that most felsic samples plot in the field of volcanic arc and
syn-collision granites. There appear to be two data groups, one at approximately 6 to
15 ppm Nb containing northwestern belt adakites, and one at approximately 1.5 to 6
ppm Nb containing rocks from Lensvik and Rissa. Both appear to be elongate along
lines with positive slopes. The non-adakitic felsic rocks from the northwestern belts
plot within and between the two groups. Figure 5C shows that the felsic rocks span a
range from oceanic granitoids (mostly samples from Lensvik and Rissa) to continental
granitoids (mostly northwestern belt adakites). Other samples from the northwestern
belts plot between the extremes, with a possible gap between the adakites and other
rocks.

Felsic rocks in the Støren Group (open triangles, figs. 5B and 5C) span a
composition range similar to our whole data set, but are dominantly in oceanic
fields. Rocks in the Lower Hovin Group and related units (asterisks) have a diverse
range of compositions, though lack of sufficient analytical data for most samples
makes generalization uncertain. Silurian plutons cutting the Upper Allochthon
south and east of Trondheim (small open circles) tend to be Nb-rich, plotting with
adakites in figure 5B, and remarkably Yb-poor, plotting below adakites in the
continental granitoids field in figure 5C. Figures 5B and 5C have ellipses that
encompass three distinctive felsic rock units in the Bymarka ophiolite (fig. 1),
which will be discussed in more detail below.

Mafic Rocks, Lanthanides
Figure 6 shows REE diagrams for mafic rocks in the study area. Those in the

Lensvik and Rissa areas (figs. 6A and 6B) include all combinations of slightly positive to
negative HREE slopes (Gdn/Ybn � 0.7–1.2, 1.5 for sample 407), and slightly positive to
negative LREE slopes (Lan/Smn � 0.6–2.7, 4.0 for sample 407). One amphibolite
pattern is quite flat (414), some are smoothly concave-upward (416) or downward
(408, 412), and some have flat or positive HREE and MREE slopes, but are distinctively
LREE-enriched for the three or four lightest REE (for example, 271, 418, 459). The
smoothly concave-upward patterns resemble those of boninites, but these rocks satisfy
none of the other boninite criteria (Le Bas, 2000). Sample 407 is strongly LREE-
enriched with flat HREEs. Unusual hornblendite sample 422 has 52.87% SiO2 like a
basaltic andesite, but it is also rich in MgO (10.29%), has one of the flattest REE
patterns of all our samples, has the largest negative Eu anomaly of our mafic samples,
and higher HREE concentrations than most other samples.

Figures 6C and 6D show REE patterns for mafic rocks from the northwestern belts.
Most samples (fig. 6C) have negative REE slopes with Gdn/Ybn ratios of 1.5 to 3.4, and
Lan/Smn ratios of 1.6 to 3.7, like sample 407 at Lensvik. Three mafic rocks from the
northwestern belts have flatter patterns (fig. 6D) like some from Lensvik (fig. 6A).
Figure 6E shows three other mafic rocks from the northwestern belts, a metamor-
phosed alkali basalt from a dike cutting granitic gneiss at Follafoss, and two hornblend-
ites. One of the hornblendites (430, fig. 6E) was taken from a boudin on Kopparen. It
is apparently a cumulate, with compatible trace element concentrations that are
among the highest in this study (Sc 79 ppm, V 417, Cr 807, Co 69, Ni 275). The other
hornblendite (227), from the Valset–Rishaugen area, has a straight, strongly LREE-
enriched pattern and high REE concentrations. It has very low SiO2 (39%), high TiO2,
FeO, and P2O5, perhaps like a ferrobasalt (for example, samples UB–89 or UB–313
from the Skaergaard intrusion, McBirney, 1998), but also high MgO (12.05%) and
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CaO (13.81%), expected of a more primitive rock, or one rich in cumulus pyroxene
and olivine.

Figure 6F shows several reference patterns: N-MORB, E-MORB, and ocean island
basalts, and three mafic rock sets from the Støren Group (same as fig. 5A). Several of
the REE patterns from Lensvik and Rissa resemble the N-MORB or Støren LREE-
depleted patterns (408, 412, 499). Some others are more LREE-enriched and resemble
E-MORB and the Støren Group enriched and arc-like patterns (for example, 421, 503).
Most REE patterns from the northwestern belts (fig. 6C) most closely resemble the
Central American arc basalt range.
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Felsic Rocks, Lanthanides
A large fraction of felsic rocks from Lensvik (fig. 7A) have flat REE patterns and

negative Eu anomalies. They resemble patterns of the Klemetsaunet rhyodacite from
the Bymarka ophiolite (figs. 7F, also 5B and 5C; Slagstad, 2001, 2003), which are typical
of “plagiogranites” found in ophiolites and some modern ocean ridge and arc
environments (for example, Barbieri and others, 1994; Rao and others, 2004; Whattam
and others, 2005; Jiang and others, 2008; Jöns and others, 2009; Kiliç, 2009; Rollinson,
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2009; Wanless and others, 2010). Indeed, the Klemetsaunet body was interpreted by
Slagstad (2003) to be equivalent to plagiogranite in other ophiolites in Norway and
elsewhere. Modeling by Slagstad indicated that the Klemetsaunet Rhyodacite was
derived by fractional crystallization of an N-MORB-like parental liquid. Other felsic
rocks in the Lensvik and Rissa areas (fig. 7B) are more LREE-enriched, and commonly
have concave-upward patterns similar to the Fagervika trondhjemite in the Bymarka
ophiolite, and other felsic rocks in the Støren Group (fig. 7F).

In the northwestern belts (fig. 7C), the felsic rocks include a large proportion of
adakites, defined as having �56 percent SiO2, being LREE-enriched and
HREE-depleted, and satisfying all six criteria of Defant and Drummond (1990; Sr�400
ppm, Y�18 ppm, Sr/Y�25, Al2O3�15%, MgO�3%, and Yb�1.9 ppm). Rocks satisfy-
ing four or five of the criteria (fig. 7D) are here termed “adakitic”, and they generally
plot with the adakites. Both adakites and adakitic rocks have REE patterns like those
seen in the Byneset trondhjemite reference pattern (fig. 7F, Slagstad, 2003), and also
the Central American arc adakite reference field (fig. 7C).

Non-adakitic felsic rocks in the northwestern belts (fig. 7E) have REE patterns like
some in the Rissa and Lensvik areas (fig. 7B), LREE-enriched and concave-upward,
though the northwestern belt rocks tend to be more LREE-enriched. They closely
resemble reference patterns from the Fagervika trondhjemite and Støren group felsic
rocks (fig. 7F), which were interpreted to have been emplaced in an oceanic volcanic
arc setting (Slagstad, 2003; Hollocher and others, 2012), and also the non-adakitic
felsic rock reference pattern from the Central American arc (fig. 7E).

Three felsic rocks (figs. 7A and 7D) are termed “peculiar” (225, 401, 420). These
have overall lower REE concentrations than most other felsic rocks, and the lowest
MREE concentrations of all our samples. Other than high SiO2 contents (approxi-
mately 75.5%), and low concentrations of most first-row transition elements, these
three samples differ considerably from one another (for example, lithologies tonalite
to granite, FeOt 0.53–2.78%, Sr 169–1047 ppm).

Mafic Rock Multi-Element Anomalies
Figure 8 shows MORB-normalized multi-element diagrams for all mafic rocks on

which we report. In general, the mafic rocks from Lensvik with relatively flat REE
patterns (Gdn/Ybn �1.45, fig. 8A) have negative Nb’ anomalies (MORB-normalized
Nb, or Ta if Nb was not analyzed), no to moderately negative Zr’ anomalies (MORB-
normalized Zr, or Hf if Zr was not analyzed), moderately positive Th and U anomalies,
and moderate to large positive K, Pb, Sr, and Li anomalies. The two mafic samples from
Rissa have similar anomalies. Such anomalies are typical of arc basalts (for example,
Sun and McDonough, 1989; Pearce and Stern, 2006). The LREE-enriched sample
from Lensvik (407, fig. 8B) has anomalies similar to the other Lensvik mafic rocks,
except its negative Nb’ anomaly is larger, its K anomaly is negative rather than positive,
and it has no Sr anomaly (though Nb, K, and Sr concentrations are within the range of
other Lensvik samples).

The northwestern belt mafic rocks in figures 8C–8E, including the Follafoss alkali
basalt, have anomalies similar to rocks at Lensvik: almost universal negative Nb’ and
common negative Zr’, anomalies, and positive Th, U, Pb, and Li anomalies. K and Sr
anomalies are, however, more variable in the northwestern belts. The northwestern
belt anomalies are similar to those found in Central American arc basalts (fig. 8C).
Comparison with other reference patterns (fig. 7F) shows that the anomalies of our
mafic rock sets closely resemble arc- and possibly back-arc-related basaltic rocks in the
Støren Group, but are unlike MORB and ocean island reference patterns. The three
hornblendites (one in fig. 8B, two in 8E) have anomaly patterns that are quite different
from one another, indicating different origins.
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Felsic Rock Multi-Element Anomalies
Figure 9 shows multi-element diagrams for the felsic rocks. All have negative Nb’

anomalies, and almost all have negative Ti anomalies which are common in felsic rocks
generally. K anomalies range from positive to negative, and Zr’ anomalies are small
negative or absent. At Lensvik most felsic rocks having Lan/Smn �1.5 (fig. 9A) lack Pb
anomalies and have large negative Li and Sr anomalies, not seen in the mafic rocks and
rare among the other felsic rocks (figs. 9B–9E). Negative Sr anomalies are also seen in
the plagiogranite-like Klemetsaunet rhyodacite and arc-like Fagervika trondhjemite
reference patterns in figure 9F, though data are lacking for Pb and Li. Most Rissa and
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Lensvik samples having Lan/Smn �1.5 (fig. 9B) have positive K, Pb, and Li anomalies,
and small, variable Sr anomalies.

Positive K, Pb, and Li anomalies are seen in most felsic samples from the
northwestern belts (figs. 9C–9E), the main exceptions being the tonalite conglomerate
boulders from Almlia (Follafoss area). These have negative K, and, in part, Sr and Li
anomalies, and positive Pb anomalies. The boulders more closely resemble many
patterns from Lensvik and Rissa (figs. 9A and 9B, respectively), than other felsic
samples from the northwestern belts.

Adakites from the northwestern belts (fig. 9C) have anomaly patterns similar to
the Central American arc adakite reference pattern, except that the Zr’ anomalies in
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our samples are smaller. Non-adakitic rocks from the northwestern belts (fig. 9E) have
patterns like non-adakites in the Central American arc. Anomaly patterns in Støren
Group felsic rocks (fig. 9F) are similar to those in the northwestern belts and some in
the Lensvik and Rissa areas. Reference patterns from the Bymarka ophiolite are
somewhat variable, and lack data for Pb and Li, but all share negative Nb’ and Ti
anomalies with felsic rocks of this study.

Comparisons with Other Upper and Uppermost Allochthon Rocks
Figure 10, summarizes some aspects of mafic and felsic rock geochemistry

illustrated in figures 6 (10A), 7 (10B), and 9 (10C). Mafic rock anomalies in figure 8
are not very diverse and so are not compared here. Figure 10A shows that most mafic
rocks from the Lensvik and Rissa areas have relatively flat REE patterns (plot close to
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Fig. 10. Summary of REE patterns and Nb’ anomalies in all rocks from this study. (A) Mafic rocks. (B,
C) felsic rocks. A and B have the same axes, showing LREE enrichment relative to MREE (Lan/Smn values
�1) and depletion (�1), and MREE enrichment relative to HREE (Gdn/Ybn values �1) and depletion
(�1). Samples having patterns with straight, negative slopes plot in the upper right, and straight positive
slopes in the lower left. Concave downward patterns plot to the upper left, and concave upward patterns to
the lower right. Perfectly flat patterns plot at the intersection of the 1/1 lines, typical arc rocks having
enriched LREE and flat HREE patterns plot to the right of the intersection, and LREE-depleted patterns like
N-MORB plot to the left of the intersection. C has Nb’n/Lan for the X-axis, with samples having negative Nb’
anomalies plotting approximately to the left of the X�1 line. The reference fields are as in figures 6 and 7,
and Nb’ is as described in figure 8.

940 Kurt Hollocher and others—Ordovician–early Silurian intrusive rocks in the northwest



the intersection point of the four quadrants), with a tendency to be somewhat concave
downward (lower-right quadrant). Most mafic rocks in the northwestern belts are
considerably more LREE-enriched and HREE-depleted (upper right quadrant) than
even the Støren group enriched-type reference field. There may be a composition gap
between samples from the Lensvik and Rissa areas and samples from the northwestern
belts.

In figure 10B, felsic rocks from the Lensvik and Rissa areas span the region
between Klemetsaunet plagiogranite and Fagervika arc-type reference fields. Northwest-
ern belt adakites tend to be even more LREE-enriched and more HREE-depleted than
the Byneset trondhjemite field. Non-adakitic felsic rocks in the northwestern belts
appear to plot in two groups, a compact cluster at slightly lower Gdn/Ybn values than
the Byneset trondhjemite field, and in a broader field at the LREE-enriched end of the
Lensvik and Rissa area samples, with a possible gap between.

Figure 10C shows that all of our felsic samples have negative Nb’n/Lan anomalies,
though sample 496, an otherwise unremarkable tonalitic gneiss from the Revsnesha-
gen area, is barely so. Samples from the northwestern belts have negative Nb’
anomalies, with Nb’n/Lan ratios of 0.17 to 0.5 for both adakites and non-adakitic rocks.
The northwestern belt adakites have larger Nb’ anomalies than does the adakitic
Byneset trondhjemite field (and sample 496), possibly indicating that the Byneset
magmas had a deep source more MORB-like than arc-like. Samples from the Lensvik
and Rissa areas have a wide range of Nb’ anomalies with Nb’n/Lan ratios of 0.07 to 0.7.
Lensvik samples with flat REE patterns (Lan/Smn�1.5) have a more restricted Nb’
anomaly range (0.4–0.7), possibly indicating a more MORB-like source, like the
Klemetsaunet plagiogranite reference field.

Figure 11 uses the same format as figure 10 to compare our data set, shown as
fields, to intrusive and volcanic rocks of similar ages in the Upper and Uppermost
Allochthons in the central and southwestern Scandinavian Caledonides. Mafic rocks in
the Støren Group (white triangles, fig. 11A) largely occur in a stripe extending from
the Støren depleted- to enriched-type ellipses, an apparent continuum. Several also
plot in the Støren arc-type ellipse. Igneous rocks in the Lower Hovin Group and
associated units (asterisks) include mildly alkaline varieties that plot in and near the
northwestern belt field, and tholeiitic varieties that plot with most of the Støren Group.
Mafic plutonic rocks associated with dated Middle to late Ordovician arc rocks (black
rectangles and rotated squares) plot within and just below the northwestern belt field.
Mafic rocks from the Uppermost Allochthon (black diamonds) are similar, but data
extend toward more LREE-enriched compositions within and above the northwestern
belts field.

Figure 11B shows that most felsic Støren Group rocks (triangles) have Gdn/Ybn
ratios of approximately 1, and plot in a stripe from the slightly LREE-depleted
Klemetsaunet rhyodacite and Lensvik reference fields to LREE-enriched fields of
Fagervika arc-like rocks, and the lower part of the field of northwestern belt non-
adakitic rocks. The Byneset trondhjemite field partly overlaps our adakite field, and
this intrusive is now known to have an age of 467 Ma (Slagstad and others, 2013), and
therefore is probably related to Middle and Late Ordovician northwestern belt arc
magmatism, and not the older host ophiolite. Felsic rocks in the Lower Hovin Group
and related units (asterisks), like their mafic counterparts, plot in two regions, one
having Gdn/Ybn ratios �1 near and within the Lensvik field, and another of more
alkaline rocks near or in the adakite field. Upper and Uppermost Allochthon calc-
alkaline igneous rocks from elsewhere in central and southwestern Norway (black
rectangles, rotated squares, diamonds) are largely within and about evenly distributed
between our northwestern belt adakite and non-adakite fields.

941part of the Upper Allochthon, mid-Norway: Plutons of an Iapetan volcanic arc complex



Figure 11C compares Nb’ anomalies in other Upper and Uppermost Allochthon
felsic rocks. Although there is considerable scatter, most samples have Nb’n/Lan ratios
�1, characteristic of arcs.

discussion of geochemistry

Lensvik and Rissa Areas
One tonalitic gneiss from Lensvik was dated at 482 Ma (Tucker and others, 2004),

similar in age to ophiolitic rocks in the nearby Bymarka, Løkken, and other Støren
Group ophiolites in central Norway (Stephens and others, 1993; Roberts and Tucker,
1998; Roberts and others, 2002; Gromet and Roberts, 2010; Slagstad and others, 2013).
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Fig. 11. Comparisons of samples from this study with other plutonic and metamorphosed plutonic
rocks from the Upper Allochthon in the area of figure 1, the Upper Allochthon in the Solund–Bomlø–
Karmøy area, and the Uppermost Allochthon mostly in the area of figure 1. Shaded fields encompass rock
sets of this study from figure 10, and the axes of A–C are the same as in figure 10. The other reference fields
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sources as in figure 4, but also include data for the Upper Allochthon in southwest Norway and in the
Uppermost Allochthon from Furnes and others (1986), Pedersen and Hertogen (1990), Skjerlie (1992),
Mørk and others (1997), Hansen and others (2002), and Barnes and others (2003, 2004, 2005).
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Mafic rocks in the Lensvik and Rissa areas have REE patterns generally like those in the
Støren Group (figs. 6A, 6B and 6F), and also have multi-element anomaly patterns like
them (figs. 8A, 8B and 8F). Most felsic rocks in the Rissa area have Lan/Smn ratios
�1.5, and have REE patterns (figs. 7B and 7F) and anomalies (figs. 9B and 9F) like
felsic rocks in the Støren Group, such as the Fagervika Trondhjemite from the
Bymarka ophiolite. However, to the extent that data are available, many felsic rocks
from Lensvik have flat REE patterns that closely resemble patterns and multi-element
anomalies in the Klemetsaunet rhyodacite of the Bymarka ophiolite (figs. 7A, 7F, 9A
and 9F), which has been interpreted as an ophiolitic plagiogranite (Slagstad, 2001,
2003; Slagstad and others, 2013). These characteristics lead us to conclude that most of
the felsic and mafic plutonic rocks in the Lensvik and Rissa areas are part of the Støren
Group.

There are two anomalous geochemical characteristics of these rocks that need
further discussion. The first is unusual, sharply negative slopes for the lightest LREE
(La–Nd, figs. 6A and 6B), seen in some mafic rocks from Lensvik and Rissa that
otherwise have flat or positive slopes (Sm–Lu, samples 269, 271, 274, 418, 459, 460,
possibly also 278, 414, 416). The positive LREE slopes may result from mixing of
parental basaltic magmas having continuously flat or positive slopes, and a strongly
LREE-enriched magma or assimilated wall rock. We calculated model mixtures be-
tween apparently anomalous samples and the three most LREE-enriched samples
available from the Lensvik and Rissa areas (mafic samples 407 and 421 from Lensvik,
figs. 6A and 6B; tonalitic sample 457 from Rissa, figs. 7B and 12).

First, a quadratic expression was fit to normalized Sm to Lu values (excluding Eu)
in the mafic samples. The resulting curves are the hypothetical shape of the original,
pre-mixing basalt REE patterns (CQuad, thin lines in fig. 12). The LREE-rich contami-
nant (CCon) was then mixed with the hypothetical parental basalt (CQuad, eq. 1) in
different proportions (PCon) to yield the mixtures (CMix). Variable K offsets the
resulting model mixture, which must be richer in all REE compared to the parental
magmas, downward onto the actual sample pattern for Sm–Lu. For each sample and
for each contaminant, PCon and K were chosen to minimize the sums of the squares of
the residuals for all REE (except Pm and Eu) between the actual sample and the model
mixture.

CMix�(CCon*PCon�CQuad*(1�PCon))	K (1)

For all nine anomalous mafic samples the lowest sums of the squares of the
residuals were found using tonalitic sample 457 as the model contaminant (fig. 12,
dashed lines). Hypothetical pre-mixture parental magma compositions were calcu-
lated for all analyzed elements (not just REE, not shown) by unmixing the contami-
nant, in its calculated best-fit proportion, from the original sample composition to
check for negative calculated pre-mixture element concentrations. Of 400 element
concentrations (50 analyzed elements, nine samples modeled using contaminant
sample 457), 5 negative values were found (2 Mo, 1 Ba, 2 Th). Though the mixing
models are clearly not perfect, we think mixing uncontaminated basalts with LREE-
rich, probably tonalitic material plausibly explains the apparently anomalous, negative
LREE slopes for the lightest REE in some mafic samples.

Another aspect of the Lensvik and Rissa area geochemistry that needs additional
discussion is the presence, in many felsic rocks, of negative K, Sr, and Li anomalies and
lack of positive Pb anomalies (figs. 9 and 9B) that are typical of other samples. Those
anomalies are also found in part in the conglomerate boulders from Almlia (fig. 9D),
but are rare elsewhere in the northwestern belts (figs. 9C–9E). Globally, felsic rocks
with flat REE patterns are quite rare, but are relatively common in ocean ridge and
oceanic arc settings, and in many ophiolites. Figure 11 shows multi-element diagrams
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plotted for rocks in those environments, including rocks commonly called plagiogran-
ites or quartz keratophyres (modally tonalites, trondhjemites, diorites, or albite
granites), or their extrusive equivalents. Though our samples are tonalites, we use the
term plagiogranite, after the logic of Coleman and Donato (1979), to distinguish these
unusual rocks from other, more typical arc tonalites.

The origin of plagiogranites has been ascribed to a wide variety of processes,
including low-pressure, hydrous partial melting of basalt or gabbro, either near
axial magma chamber walls or along low-angle detachment faults where the hot
lower slab is brought into contact with a cooler, but more hydrous upper slab
(Gerlach and others, 1981; Kopke and others, 2004, 2007; France and others, 2010;
Brophy and Pu, 2012), low-pressure fractional crystallization of basaltic magma
(Coleman and Donato, 1979; Beard, 1998; Floyd and others, 1998; Dilek and Thy,
2006; Bonev and Stampfli, 2008), assimilation of hydrothermally altered crust by
evolved mafic magmas (Freund and others, 2013), or more complex processes
involving mantle rock (Shervais, 2008).

Volcanics equivalent to plagiogranites from mid-ocean ridges (fig. 13A) tend
to have few and small trace element anomalies, with the exception of large negative
Sr and Ti anomalies and moderate negative Eu anomalies. Those are probably
related to retention of Sr and Eu in plagioclase and Ti in Fe–Ti oxides during
low-pressure partial melting or fractional crystallization. In oceanic arcs (fig. 13B)
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Fig. 12. Models for mafic rocks found at Lensvik and Rissa that have positive or flat slopes in the REE
range Sm to Lu, and sharply negative slopes for the lighter REE. Models were calculated as mixtures between
several such mafic samples (see text) and three possible contaminants. The model contaminants were
samples 407, 421, and 457, which are the most LREE-rich known in the Lensvik–Rissa area. For clarity only
models for samples 271, 418, and 459 are shown, for which the contaminant was tonalitic sample 457, which
gave the lowest sums of the squares of the residuals for all modeled samples.
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Fig. 13. Comparison of the Lensvik felsic rocks having flat REE patterns (gray field is the full range)
with compositionally similar rocks from modern oceanic environments and from ophiolites. Data are from
ocean ridges (A; Perfit and Fornari, 1983; Wanless and others, 2010; Freund and others, 2013), oceanic arcs,
including forearc parts (B; Reagan and others, 2008, 2010; Straub and others, 2010; Barker and others, 2012;
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others, 1994; Ewart and others, 1994; Nakada and others, 1994; Sinton, and others, 2003; Lytle and others,
2012), and ophiolites (D; Barbieri and others, 1994; Yaliniz and others, 2000; Kaur and Mehta, 2005; Dilek
and Thy, 2006; Bonev and Stampfli, 2008; Jiang and others, 2008; Rollinson, 2009; Milovanović and others,
2012; Grimes and others, 2013; Freund and others, 2014). Data were filtered to include only those having
59–75% SiO2 and Lan/Ybn �2, like the Lensvik rocks. MORB normalizing factors are those of Pearce and
Parkinson (1993). Nb’ and Zr’ are the same as in figure 8.
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negative Nb’ and Ti anomalies and small Zr’ anomalies are common, as are positive
K, Pb, Sr, and Li anomalies. The positive anomalies are generally interpreted to
result from enrichment of the arc basalt mantle source by fluids or melts rising
from the subducting slab (“arc component”, for example, Pearce and Stern, 2006;
Yaliniz, 2008). The arc basalts, derived from mantle melting, carry the subduction
component signature into the arc itself, and felsic rocks derived from them inherit
the signature. Back-arc basins generally have basalts that range in composition
from arc-like to mid-ocean ridge-like, depending on the extent of influence of the
subduction zone component (for example, Pearce and Stern, 2006). Figure 13C
shows that back-arc basin felsic rocks express the full range between arc and
ocean-ridge plagiogranite compositions.

Ophiolite plagiogranites in figure 13D differ from those in 13A–13C in that all are
plutonic rather than almost entirely extrusive. The anomalies are generally similar to
those of oceanic arcs (fig. 13B), but a substantial fraction have large negative K, Sr, and
Li anomalies identical to those seen in many Lensvik felsic rocks (fig. 13, gray fields;
figs. 9A and 9B). A smaller fraction of the plagiogranites in figure 13D also have very
small or even negative Pb anomalies, like many Lensvik tonalites. Such negative K,
Sr, Pb, and Li anomalies in ophiolitic rocks have generally been assumed or
modeled to have resulted from element loss by hydrothermal processes involving
sea water prior to partial melting of the source basalt (Freund and others, 2013), or
after plagiogranite emplacement (Floyd and others, 1998). The concept of exten-
sive water-rock interaction is supported by oxygen and strontium isotope and
chlorine content evidence in ophiolitic plagiogranites (for example, Coleman and
Donato, 1979; Freund and others, 2013; Grimes and others, 2013). It has also been
proposed that the anomalous depletion in K and the other LIL elements was
caused by fluid loss during felsic rock crystallization (Beard, 1998). Extrusive
plagiogranites generally lack negative K, Sr, Pb, and Li anomalies (figs. 13A–13C),
implying that their source rocks and the extrusive plagiogranites themselves never
experienced such hydrothermal or fluid loss effects. This implies that, in ophio-
lites, the negative anomalies developed after emplacement of the intrusive pla-
giogranite bodies. We infer that the apparent depletion of K, Pb, Sr, and Li relative
to REE in most felsic rocks at Lensvik, and some elsewhere, was likely related to
post-emplacement hydrothermal processes. If so, then evidence of hydrothermal
processes (for example, anastomosing hydrothermal veins) must have either been
at a very fine scale, or have been erased by regional amphibolite facies overprinting.

Northwestern Belt Plutonic Rocks and the Implications of Adakites
The northwestern belt plutonic rocks represent magmas produced in a volcanic

arc setting, based on calc-alkaline character and subduction zone anomalies in almost
all mafic and felsic samples (figs. 4, 5, 8C–8E and 9C–8E). It seems likely that the arc
was built on continental crust, based on the abundance of felsic rocks, approximately
uniform distribution of lithologies from mafic to felsic (no intermediate SiO2 composi-
tion gap), and comparisons of REE patterns and other chemical characteristics with
modern arc analogs. In addition, the relationships between CaO, Na2O, and MgO and
crustal thickness, applied to northwestern belt basaltic rocks, yield estimated crustal
thicknesses of 29 km and 38 km, based on CaO and Na2O, respectively (Plank and
Langmuir, 1988). A seemingly unusual characteristic of our northwestern belt data set,
and data from calc-alkaline plutonic rocks of similar age elsewhere in the Upper and
Uppermost Allochthons (figs. 1 and 11B), is the large proportion of adakites, approxi-
mately 50 percent of felsic samples. We have been unable to distinguish adakitic from
other felsic rocks in the field or in thin section, so there is unlikely to be any bias toward
them in our sample set.
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To examine the global abundance and geographic distribution of adakitic rocks,
we searched several rock geochemical databases (GEOROC, NAVDAT, PETDB, USGS)
for igneous rocks containing non-zero values for Al2O3, MgO, K2O, Na2O, Sr, Y, La,
Sm, Gd, and Yb, and with SiO2 values in the 56 to 78 percent range. After removing
xenoliths, non-igneous, and other irrelevant rocks, we also removed alkaline rocks
approximately as defined by Ewart (1982) and Le Bas and others (1986), eliminating
analyses having: K2O � 0.145*SiO2 � 5.1, and Na2O 	 K2O � 0.176*SiO2 � 4.2,
respectively. The resulting approximately 15,500 analyses were then compared to the
six criteria for adakites defined by Defant and Drummond (1990, listed above). We
found that 2200 of the analyses, about 14 percent were adakites according to that
definition. Of those, we extracted a subset that also had Lan/Smn �3 and Gdn/Ybn �2,
like adakites in our sample set (figs. 7C and 11B), and 1100, about 7 percent, were
adakites with that additional restriction. These percentages assume no important bias
toward adakites in the databases.

We plotted the locations of all 15,500 samples on a global map to understand
better their distribution and geologic context. Ignoring small numbers of adakites
plotting in Precambrian shields, almost all plotted in Phanerozoic arcs or collisional
belts. In particular these include the Andes of northern Chile and Argentina (for
example, Richards and others 2006) and Ecuador (for example, Hidalgo and others,
2007), the Central American arc (Hildago and others, 2011), the Mesozoic Sierra
Nevada (Ratajeski and others, 2001; Paterson and others, 2008) and Idaho (Norman
and others, 1992; Gaschnig and others, 2011) batholiths, the northern Cascades (for
example, Ickert and others, 2007), the Cretaceous Coast Ranges batholith in southern
Alaska and northwestern British Columbia (for example, Drinkwater and others, 1995;
Thomas and Sinha, 1999), Mesozoic arc plutons in the eastern Pontides of northern
Turkey (for example, Eyuboglu and others, 2011), Neogene volcanics in southern
Tibet (for example, Gao and others, 2007), and Miocene volcanic and plutonic rocks
in Japan (for example, Shuto and others, 2013).

In general, therefore, adakitic rocks are not particularly rare in Phanerozoic arc
environments, and are particularly abundant in arcs on continental margins (for
example, the Andes), or otherwise based on continental crust (for example, Japan).
Almost no adakites, in our compilation, were found in oceanic arcs. Subduction-
related belts rich in adakitic rocks can extend over hundreds of kilometers, much like
the extent of the middle Ordovician to earliest Silurian Upper Allochthon arc rocks we
discuss, extending from central to southwestern Norway. We interpret these observa-
tions to indicate that the northwestern belt rocks we discuss were originally emplaced
in a volcanic arc developed on relatively thick continental crust.

Boulders at Almlia Near Follafoss
One granitic gneiss at Follafoss was dated at 460 Ma (Tucker and others, 2004),

and we analyzed samples from the same and nearby outcrops (samples 440–443). Just
northwest of Follafoss is a small remnant of a sedimentary basin that overlies those
gneisses unconformably. The conglomerate clasts include granitoid rocks, rhyolite,
and greenschists, and the three boulders we analyzed are tonalites. The sediments are
part of the Beitstad Group (Tietzsch-Tyler and Roberts, 1990; see Tucker and others,
2004, and references therein), which is correlated with the Upper Hovin Group, at
least in terms of depositional time and setting. The Upper Hovin Group, and the
Lower Hovin Group which it immediately overlies, were deposited in the same basin.
Multi-element anomalies of the boulders include negative or no Li anomalies, and
large negative K anomalies (fig. 9D). These and other characteristics are similar to
tonalites from the Lensvik area (fig. 9A) that we have assigned to the Støren Group,
and to some felsic rock reference patterns in Støren Group ophiolites (fig. 9F). The
trace element evidence indicates that the Almlia tonalite boulders were probably
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derived from an ophiolitic source, like the Støren Group, supporting earlier correla-
tions.

northwestern belts and amalgamation timing
Rocks in the northwestern belts (fig. 3B) are apparently younger than those in the

Lensvik and Rissa areas, and the rest of the Støren Group (fig. 3A). The tectonic
relationship of the Northwestern Belt rocks to the Støren Group is not entirely clear.
Pedersen (1981) and Roberts and others (1984) have suggested that the Lower Hovin
Group, which unconformably overlies the Støren Group, and related sedimentary and
igneous rocks, were deposited in an arc-related extensional basin. The Dapingian–
Darriwilian fauna of warm water, Laurentian affinity in marbles of the Lower Hovin
Group are associated with shallow intrusive and volcanic rocks, indicating magmatism
around 467 to 465 Ma (David Roberts, written communication, 2015). The adakitic
Byneset trondhjemite, which cuts the Bymarka ophiolite of the Støren Group, is dated
at 467 Ma (Slagstad and others, 2013), much younger than the host ophiolite but
similar in age to the Lower Hovin Group and within the age range of northwestern belt
plutons (fig. 3B).

Numerous relatively undeformed 439 to 426 Ma plutons cut the Støren Group and
unconformably overlying rocks, the Gula Complex, and the Meråker Nappe (figs. 1
and 3C). These can be thought of as stitching plutons, which, with their negative Nb’
anomalies (fig. 11C) and common adakitic REE patterns (fig. 11B), suggest continued
subduction after the northwestern belt plutons, Støren Group, Lower Hovin Group
and overlying strata, Gula Complex, and Meråker Nappe were all amalgamated, but
before Scandian thrusting of allochthons onto Baltica around 425 to 400 Ma (Brueck-
ner and van Roermund, 2004; Gee, 2005; Fossen and Dunlap, 2006).

tectonic interpretation
Figure 14 shows our tectonic interpretation for assemblage of Upper Allochthon

segments on Laurentia, with specific reference to calc-alkaline arc rocks in the
northwestern belts and related areas in Norway, and to similar composition and age
plutonic rocks in the Uppermost Allochthon. Figure 14A shows the starting state of our
model, which has a small fragment of continental margin in Iapetus (for example,
Harper and others, 1996; Waldron and others, 2014). In this interpretation (figs.
14A–14C, right side), we have put the Tremadoc and older (Gee, 1981; Bjerkgård and
Bjørlykke, 1994) Gula Complex, also at a high latitude on the peri-Gondwanan
fragment. The oceanic arc to become the Støren Group was active about 500 to 480
Ma, probably close to Laurentia at low southern latitudes (for example, Harper and
others, 1996; Torsvik and Cocks, 2013) as indicated by Dapingian–middle Darriwilian
fossils in the unconformably overlying Lower Hovin Group (for example, Vogt, 1945;
Grenne and Roberts, 1998; figs. 14B and 14C). The Laurentian fauna are found in
limestones associated with tholeiitic to alkaline shallow plutons and lavas having strong
arc signatures, and which have been interpreted have formed in an arc-related
extensional basin (fig. 14C left; Pedersen, 1981; Roberts and others, 1984).

At the same time there was apparently another, possibly shorter-lived volcanic arc
and adjacent MORB-type ocean floor that would become incorporated into the
Meråker Nappe. This second arc and ocean floor formed at high southern latitudes as
indicated by early Darriwilian Celtic cold water fauna found in unconformably
overlying serpentinite conglomerate at Otta (fig. 14C right; Bruton and Harper, 1981,
1988; Pedersen and others, 1992; Boe and others, 1993; Harper and others, 2008).

Emplacement of calc-alkaline plutons into the Laurentian margin (fig. 14C) is
here related to subduction of Iapetan crust beneath Laurentia. The oldest plutons in
this arc may include approximately 479 Ma age rocks in the West Karmøy Igneous
Complex in southwestern Norway (Pedersen and Dunning, 1997), and the 477 Ma
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Kopparen diorite (Tucker and others, 2004). The presence of middle to early
Proterozoic inheritance in zircons from the West Karmøy Igneous Complex, and other
isotopic evidence, indicates that arc construction was on continental crust. Because the
Upper Allochthon in its eastern part (Gula Complex, Meråker Nappe, figs. 14A–14C)
contains little evidence of arc magmatism during middle and late Ordovician time, we
interpret the juxtaposition of those rocks with the Støren Group (figs. 12D and 12E) to
have occurred after a long episode of subduction beneath the Laurentian margin.
Although the exact time of juxtaposition is unclear, it certainly was prior to emplace-
ment of 439 to 426 Ma stitching plutons (figs. 14E and 14F; also fig. 1 south and east of
Trondheim). A likely time was during northwest (“Taconian”, Roberts and others,
2007) thrusting, recorded in the Uppermost Allochthon (Barnes and others 2007,
2011), ending approximately 450 Ma and before plutons cutting through the thrust
sheets dated at 447 Ma. Crustal thickening from accretion of the older arcs, underplat-

Fig. 14. Tectonic model for the development of different parts of the Upper Allochthon, and their
relationships to Laurentia, the Uppermost Allochthon, and Baltica.
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ing, and volcanic pile loading permitted the deep crust to reach conditions to stabilize
garnet, allowing production of adakitic magmas. Note that in figures 14D–14E, plutons
cut Laurentian carbonate rocks, as has been described in the Uppermost Allochthon,
in addition to rocks later to become the Støren Group assigned to the Upper
Allochthon. Many current workers in Norway now consider it likely that many rocks
assigned to the Uppermost and Upper Allochthons do not belong to separate
Scandian thrust sheets derived from very different regions, but are parts of the same
late Ordovician assemblage on Laurentia.

Figure 14E shows collision of the peri-Gondwanan fragment with Laurentia,
though magmatism may have continued for a time during slab detachment and
foundering. This collision was followed closely by renewed subduction, ultimately
leading to the Silurian–Devonian Scandian collision (fig. 14F). Subduction at that time
produced the 439 to 426 Ma plutons, including adakites, that cut the Upper Alloch-
thon south and east of Trondheim, but are absent from the presently underlying
Middle and Lower Allochthons. This set of late plutons may also include 437 to 424 Ma
plutonic rocks that are present in the Upper and Uppermost Allochthons (see figs. 3B,
3D and 3E) that we have grouped with the older continental arc based on field
associations. During the Scandian collision (fig. 14F and afterward), portions of the
composite Laurentian margin were transported onto Baltica to form the Upper and
Uppermost Allochthons.

comparisons with the northern appalachians
Historically the Bronson Hill magmatic arc of western New England has been

described as the arc that collided with the margin of Laurentia to create the Upper
Ordovician Taconian orogeny (Stanley and Ratcliffe, 1985). The substrate upon which
the arc was built was described as “Medial New England” by Robinson and others
(1998). The magmatic rocks are exposed in two belts, an eastern belt of the Bronson
Hill Anticlinorium, mostly east of the Connecticut River in western New England, and
a western belt west of the river, typified by the rocks in the structural dome at
Shelburne Falls, Massachusetts. Geochronology within the Bronson Hill belt in central
Massachusetts and southern New Hampshire yielded volcanic ages of 453 and 449 Ma,
and ages of intrusive rocks 454 to 442 Ma (Tucker and Robinson 1990). More recent
geochronology in the Shelburne Falls and nearby domes yielded ages 479 to 452 Ma
(Karabinos and others, 1996, 1998), mostly older than Bronson Hill belt plutons. The
apparent age difference between the two belts led these authors to propose that an
older Shelburne Falls arc first collided with Laurentia to produce the Taconian
orogeny, and that the a separate Bronson Hill arc was produced on the composite
Laurentian margin after a flip to a west-dipping subduction zone along a new plate
boundary east of the Bronson Hill belt. The arguments for a Middle Ordovician
collision and a subduction flip were contested by Ratcliffe and others (1999) and
Hollocher and others (2002), who pointed out that an early collision contradicted
foreland biostratigraphy, and that the timing of Bronson Hill magmatism in Massachu-
setts had a close parallel with the final structural stages of Taconian deformation and
regional metamorphism ending about 445 Ma, though Hollocher and others did
invoke detachment of the east-dipping slab in the interval 449–443 Ma, with magma-
tism continuing for a time. Dating of volcanic and intrusive rocks in the northern part
of the Bronson Hill belt in New Hampshire earlier suggested (Moench 1993, Moench
and others 1995, Drake and others, 1989), and now demonstrate (Aleinikoff and
others 2015; Valley and others 2015) a Taconian arc age span in that region of 477 to
442 Ma, thus suggesting that both belts belong to the same long-lived arc.

Figure 15 shows a compilation of igneous zircon age dates from the Taconian arc,
spanning a 477 to 442 Ma range, which may be compared with the 477 to 440 Ma age
range of northwestern belt and similar rocks in the Norwegian Upper Allochthon (fig.
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3B). The Norwegian rock ages extend to 436 Ma including the Krutfjellet pluton (436
Ma, 65.7°N, Mørk and others, 1997) and Sulitjelma gabbro (437 Ma, 67.1°N, Pedersen
and others, 1991). Similarly, the Taconian arc age range may be as young as 435 Ma
with inclusion of the Tunnel Brook pluton of New Hampshire, though its zircons
apparently require more work (Moench and Aleinikoff, 2003, p. 132).

Detailed studies in New Brunswick and Newfoundland (van Staal and others,
2007; Zagorevski and van Staal, 2011) provided the interpretation that the colliding
mass of Medial New England can be interpreted as the western part of a magmatic arc
based on the peri-Gondwanan fragment, Ganderia, delineated from Laurentia by the
‘Red Indian Line’. These authors drew the ‘Red Indian Line’ across northern New
England to the west of the Bronson Hill belt. A key feature of Ganderia in Canada and
eastern Maine is the Penobscot unconformity, overlain by fossiliferous strata
containing early Ordovician Celtic cold-water fauna (Neuman, 1964; Neuman and
Harper, 1992). The faunal assemblages above the unconformity imply that Ganderia
lay at high southern latitude at 477 to 467 Ma, too far away to have collided with
low-latitude Laurentia that early. Such a Ganderia interpretation is now supported by
detrital zircon studies (MacDonald and others, 2014; Wintsch and others 2015; Coish
and others 2015) in units apparently older than the Penobscot unconformity (Boone,
1983) showing that the Moretown Formation in Vermont, and equivalents in New
Hampshire, western Maine, western Massachusetts, western Connecticut, and probably
extending even into southeastern New York, have a Ganderian signature.

In addition to a Taconian arc age range similar to that of northwestern belt
gneisses in Norway, the Taconian arc also contains adakites. These occur in parts of the
southern Bronson Hill anticlinorium (Hollocher and others, 2002), some Highland-
croft plutons of northwestern New Hampshire (Dorais and others, 2008), and also in
the Notré Dame arc, Newfoundland (Whalen and others, 1997), though in none of
those publications were the rocks actually called adakites. The presence of adakites
suggests that the Taconian arc, too, was built on thick crust having garnet in its deepest
felsic magma source regions.

All present evidence implies that the bulk of the Shelburne Falls–Bronson Hill arc,
including the adakites, was built during most of its history on the continental crust of

n=57

400 410 420 430 440 450 460 470 480 490 500 510 520
Age, Ma

Dapingian–early
Dariwilian deposits,
Lower Hovin Group,
Norway. See Fig. 3.

Taconian arc,
New England, USA

Fig. 15. Kernel probability density estimates of igneous rock U-Pb zircon ages in the Taconian volcanic
arc of western New England, U.S.A. See figure 3 for the software reference and plotting details. Data are
from Zartman and Leo (1985), Lyons and others (1986), Aleinikoff and Moench (1987, 1992), Tucker and
Robinson (1990), Moench and others (1995, and references therein), Karabinos and others (1998), Moench
and Aleinikoff (2003), Rankin and others (2012), Aleinikoff and others (2015), and Valley and others
(2015). Plotted data includes calc-alkaline gneisses in the Bronson Hill anticlinorium, the Ammonoosuc
Volcanics, volcanic rocks in the Partridge Formation, the Highlandcroft plutons, and gneisses in domes of
the Shelburn Falls belt. Excluded were Pb/Pb-only dates, and rocks in New Hampshire of uncertain affinity
(Moody Ledge, East Inlet plutons) or with zircons of uncertain origin (Tunnel Brook pluton).
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Ganderia over an east-dipping subduction zone, with scarce need to invoke west-
dipping subduction, except perhaps to explain a few late intrusions such as the 445 Ma
Middlefield Granite (MacDonald and others 2014) that cuts the trace of the Red
Indian Line in Massachusetts (though also possibly explained by magmatism related to
Taconian slab detachment, Hollocher and others, 2002). In contrast, the presently
understood situation for the equivalent Middle to Late Ordovician magmatic arc in the
Scandinavian Caledonides virtually requires subduction beneath Laurentia at times
when Ganderia was far away to the south. We suggest that the boundary between the
Taconian arc, apparently based on Ganderia at low southern latitudes in Iapetus, and
the arc generating the Norwegian northwestern belt plutons, apparently built on the
Laurentian margin, was an oceanic transform fault. Such a fault may have been akin to
those shown in an Iapetan tectonic model by Waldron and others (2014). An
approximate modern analog may be the sinistral transform boundary linking the
South Sandwich Islands oceanic arc with the southern Andes continental arc, though
direct comparison to our suggested transform fault model requires that the subduction
polarities be reversed, with converging rather than diverging arcs.

conclusions
It has long been understood that the Paleozoic orogenic belts of the northern

Appalachians (for example, Murphy and Dostal, 2007; Fyffe and others, 2011; van Staal
and Barr, 2013; Macdonald and others, 2014), the Caledonides of Scandinavia (for
example, Pedersen and others, 1992; Roberts, 2003; Gee and others, 2008; Slagstad
and others, 2011; Furnes and others, 2012), and the Caledonides of Ireland and
Britain (for example, Armstrong and Owen, 2001; Mendum, 2012; Chew and Strachan,
2013) are composite terranes made up of amalgamated parts from within Iapetus,
from the Laurentian side, and from the Baltican or Gondwanan sides. In these
amalgamations a common element is a long-lived calc-alkaline arc system that was
apparently based on thick continental crust, active from the Middle Ordovician into
the earliest Silurian. These include but are not limited to the Taconian arc in western
New England, the Notré Dame arc of Newfoundland, the Midland Valley terrane of
Britain and related rocks in Ireland, the northwestern belts of metamorphosed plutons
in the Upper Allochthon of western Scandinavia, and extensive intrusive rocks in the
Uppermost Allochthon. The data and interpretations we present help constrain the
nature of that arc complex, including the apparent correlation of Ordovician calc-
alkaline arc rocks in the Upper Allochthon with a nearly identical set in the Uppermost
Allochthon. In our interpretation, plutons in the Upper and Uppermost Allochthons
in Scandinavia are from the same arc.
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APPENDIX 3
Table A3

Sample chemical analyses
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Table A3

(continued)

Region: L-R, Lensvik-Rissa areas; NWB, northwestern belts.
Named boxes in figure 1: Åfjo, Åfjord; Foll, Follafoss; Kopp, Kopparen; Kors, Korsvika; Lens, Lensvik;

RakN, Råkvåg North; RakS, Råkvåg South; Revs, Revsneshagen; Rissa, Rissa; Sima, Simadalen; Vals,
Valset-Rishaugen; Ver, Verran; Vin, Vingan.

Type: PG, “plagiogranite”; Adak, adakite; Ad’tic, adakitic; FE, felsic, Lan/Smn�1.5, LREE-enriched; Pec,
peculiar; MF, mafic, Gdn/Ybn�1.45; ME, mafic, Gdn/Ybn�1.45, AB, alkali basalt; HBL, hornblendite.
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