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Permian metabasalt and Triassic alkaline dykes
in the northern Ivrea zone: clues to the post-Variscan
geodynamic evolution of the Southern Alps

by Volker Stihle!, Gerhard Frenzel', Jiirgen C. Hess’, Francois Saupé’, Susanne Th. Schmidr
and Werner Schneider’

Abstract

The voluminous Lower Permian metabasalts/metagabbros (“Mafic Formation™) in the northern Ivrea zone belong
geodynamically to the post-Variscan calc-alkaline magmatism of Central Europe. East of Finero, the mafic magmatic
rocks have low mean mg#-values of 51.9 and their distinctive Ni and Cr depletion indicates highly fractionated
tholeiitic rocks. The fractionated state of the basaltic rocks requires that huge masses of olivine/clinopyroxene paren-
tal rocks exist, probably at the former crust/mantle boundary. These dense cumulitic rocks at shallow crustal-level
may be responsible for the observed gravity anomaly along the Ivrea zone in the Western Alps.

The alkaline zircon syenite pegmatites, hornblende syenites and a carbonate-bearing hornblendite in the studied
area are part of the Triassic magmatism in the Southern Alps. These pegmatitic dyke rocks may represent early signs
of the metasomatism in the lithosphere as a prelude to the “Tethyan cycle™. The magmas originated from partial
melting of metasomatized upper mantle at depths of about 50 km and temperatures between 970-1030 °C. Their
ultimate source is “asthenospheric”, and they derive from a mildly depleted upper mantle, as indicated by their
isotopic composition: g, = —10.18 to —10.87, ey = 4.58 t0 5.73 and 2Pb/**Pb = 18.68 to 19.18. The isotope ratios are
interpreted as “asthenospheric™ mixtures of depleted (DM) and enriched (HIMU) mantle components. From addi-
tional geological observations in the Southern-Alpine domain, we conclude that “active” mantle upwelling during
the Anisian caused uplift, while volcanism and magmatism began later in Ladinian times. It is suggested that the
alkaline dykes in the northern Ivrea zone are of Triassic age, as is the larger Monzoni intrusive complex further east,
and that they are derivatives of the convecting asthenosphere.

Keywords: Southern Alps, magmatic rocks, plate tectonics, geodynamic setting, convecting asthenosphere.

1. Introduction Lower Permian with lesser degrees of magmatic

activity in the Middle Triassic.

Since the late Carboniferous, the Southern-Al-
pine domain was an integral part of the growing
supercontinent Pangea. This area was located at
the southern edge of the European Variscan fold
belt with continental and marine sedimentary
deposits indicating a changing continental margin
between Paleoeurope in the N and NW and an
opening ocean in the SE (CassINIS et al., 1988;
BECHSTADT et al., 1978). Here, extensive magma-
tism occurred in the Late Carboniferous and

The magmatic rocks testify to the geodynamic
evolution of the Southern Alps during Permo-Tri-
assic times (Fig. 1),i.e. between the end of the Var-
iscan orogeny and the initial breakup of Pangea.
The latter event, finally, is documented by the
Jurassic push of the Tethys ocean into Western
Mediterranean regions indicating the separation
of Gondwana from Laurussia (ZIEGLER, 1993a;
FROITZHEIM et al., 1996). From west to east, the
horst and graben structured Southern-Alpine
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Fig. 1

Distribution of the Triassic and Permian volcanic/plutonic rocks in the Southern Alps. The Ivrea zone lies

southeast of the Insubric Line at the western termination of the Southern-Alpine region (after FIORENTINI POTENZA
et al., 1975). The Lower Permian metagabbroic/metabasaltic rocks of the Ivrea zone are shown in figure 2.

basement, in part covered by Mesozoic and Ceno-
zoic sediments, shows successively higher crustal
positions, as indicated by the decreasing meta-
morphic grade of the basement rocks (VAI and
CocozzA, 1986).

The Ivrea zone at the western end of the
Southern-Alpine domain (Fig. 1) is a small, highly
eroded part of the crust. it is approximately 130
km long, is fault bounded and was uplifted be-
tween the Triassic and the Alpine collision and
backfolding. Large quantities of peridotitic man-
tle rocks occur within granulite facies lower crus-
tal rocks. The Finero, Balmuccia and Baldissero
peridotite massifs are lined up along the western
segment of the Neogene Insubric Line. Their
present geological setting at the surface and the
pronounced gravity anomaly found along strike,
led to the assumption that the Ivrea zone is a rare
example where the lower continental crust-upper
mantle boundary outcrops at the surface (BERCK-
HEMER, 1969; FOUNTAIN and SALISBURY, 1981).
Based on seismic and gravity studies along several
geophysical traverses, the geophysical Ivrea body
has been modeled as an upthrusted and tilted
mantle wedge rising from the Adriatic mantle.
This model was not unequivocally confirmed by

the ECORS-CROP traverse (ECORS-CROP
DEEP SEISMIC SOUNDING GROUP 1989:
ROURE et al., 1990). Based on geological argu-
ments, QUICK et al. (1995) and BOrRIANI and VIL-
LA (1997) argued against the hypothesis that the
Ivrea zone is a typical crust-mantle cross section.
In this particular part of the Alps, in which the
Adriatic and European plates are interlinked,
many multidisciplinary studies have been carried
out over the last 30 years (as reviewed by DAL
Piaz, 1993; GEBAUER, 1993; SCHMID et al., 1996;
PFIFFNER et al., 1997, among others).

During the Permian, large volumes of basaltic
magma (Mafic Formation, Fig. 2) intruded the
lower crustal rocks of the Ivrea zone, probably af-
ter the peak of granulite-facies regional metamor-
phism (BARBOZA et al., 1999). During the same
period, voluminous granitoid plutons (e.g.
Baveno) and rhyolitic extrusives (e.g. Bozen re-
gion) were emplaced into more easterly parts of
the Southern Alpine domain. Magmatic under-
plating of mafic mantle melts triggered the rise of
these acidic melts (VOSHAGE et al., 1990). Howev-
er, the geotectonic setting of the Permian mag-
matic rocks is controversial, being regarded either
as arc-related (RIVALENTI et al., 1980; SCHENK,
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Fig. 2 Geological sketch of the northern Ivrea zone. The Sesia-Lanzo zone north of the Insubric Line belongs to the
Central Alps, whereas the Ivrea zone and the eastern Strona-Ceneri zone are part of the Southern-Alpine domain.
The Finero and Proman antiform are updomed areas predominantly composed of granulite facies mafic and ultra-

mafic rocks.

1981) or as products formed in a transtensional/
extensional setting (HANDY and ZINGG, 1991;
ROTTURA et al.,1997). Geodynamically, the strong
Late-Paleozoic magmatism is seen by some as
related to the beginning of the Alpine era (WoPF-
NER, 1984; DAL P1az and MARTIN, 1998), whereas
STAMPFLI (1996) starts the “Tethyan cycle™ (open-
ing of the Alpine Tethys Central Atlantic system)
no earlier than mid-Triassic, as did ZIEGLER
(1993b) who introduced the term Permo-Triassic
plate reorganization.

During the Triassic, alkaline dyke rocks were
emplaced into the Ivrea zone. In general, the
Southern-Alpine domain was dominated by ex-
plosive volcanism with regional scale tuff layers.
This magmatism culminated in the emplacement
of the 230 Ma old Monzoni intrusive complex
(BoRrsietal., 1968; Fig. 1). The geodynamic setting
of this magmatism is keenly debated (e.g. DOGLI-
ONI, 1987, CASTELLARIN et al., 1988; BONADIMAN
et al., 1994), and the magmatism of Mt. Monzoni
appears to contradict current concepts of plate

tectonics (MAsCH and HUCKENHOLZ, 1993).
STAMPFLI (1996) related this event in the Ladini-
an/Carnian to the subduction of the Hallstadt-
Meliata ocean in the east of the Adriatic plate,
whereas BONADIMAN et al. (1994) inferred a mod-
el for the Triassic magmatism as having originated
in a transcurrent geodynamic setting.

The basic question of when the “Alpine cycle™
started and the controversy over the geodynamic
context made a petrologic study of the Permian
and Triassic magmatic rocks in the northern Ivrea
zone worthwhile. These magmatic intrusions oc-
cur at a deep crustal level where differentiation
and crustal contamination may be minor or ab-
sent, at least in some places. Secondly, this study
aims to verify if these magmatic rocks are indeed
connected with the geophysical Ivrea body, which
was detected by seismic methods at shallow
depths of about 5 to 10 km below the surface.
Some of the geological surveys and early results
of this study have been documented by STAHLE
(1991).
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2. Geological setting of the magmatic rocks

Permo-Triassic magmatic rocks were studied in
the northern Ivrea zone between Locarno and
Valle d’Ossola (Fig. 2). Field studies focused on
the areas near Finero and the upper Valle Grande,
near the Insubric Line where granulite facies
rocks were updomed by the Finero and Proman
antiforms, respectively. The mafic-ultramafic
complex at Finero, predominantly of gabbro and
peridotite composition, has been investigated
geologically and petrologically in detail over the
last decades (for a review see Lu et al., 1997a).
Permian metabasalts/metagabbros in the Fin-
ero area, which comprise the northern part of the
main Mafic Formation, have a thickness of about
900 m. Bordered by the amphibole peridotite in
the northwest and the Kinzigite Formation in the
southeast, these voluminous mafic rocks (called
External Gabbroin Lu et al., 1997a) were studied
along a section of the Cannobio-Finero road and
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O ‘
Q¢ Hornblende Syenite |
“@ (360/80)
O A 4
) Plagioclase
Q\(\\ Pyroxenite—
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v e——

Fig. 3 Geological sketch of pegmatitic alkaline dyke
rocks in the phlogopite peridotite of Finero. Dykes
occur at the northern bank of the Cannobino river near
the Finero-Provola bridge. Figures in parentheses are
dip directions and dip angles. (Swiss Topographic map
285 Domodossola: kilometric grid 106.45/684.75).

the nearby gorge of Valle Cannobina (Fig. 2). Nu-
merous layers of steeply inclined meter-thick
metapelitic stronalites and sedimentary metacar-
bonates are found within the Mafic Formation
(STAHLE, 1991).

Triassic zircon syenite pegmatites occur at Rio
Creves (STAHLE et al., 1990). Mafic and ultrama-
fic, hornblende-rich dykes with variable feldspar
contents were found in the Finero area and in the
region of Val Fiorina (upper Valle Grande; Fig. 2).
Farther south of Valle d*Ossola, further ultramafic
hornblendite dykes occur. Two of them, an ultra-
mafic hornblendite and a hornblende syenite,
were studied. Both dykes show varying strike di-
rections within the phlogopite peridotite south of

Finero near the Finero-Provola bridge (Fig. 3).
With regard to the age (but with some limitations,
see chapter 5.7) and isotopic characteristics, they
are related to the zircon syenite pegmatites (scc
chapter 5.5).

3. Analytical methods

Mineral compositions were determined using a
fully automated JEOL JXA 8600 microprobe at
the University of Basel. An acceleration voltage
of 15kV and a sample current of 10 nA were used
(PROZA correction procedure). Analyses wert
made in wavelength dispersive energy mode
(WDS) using a mix of synthetic and natural stand
ards.

Major, minor and most trace elements of bulk
rocks were determined by wavelength dispersive
X-ray fluorescence spectroscopy at the Univer-
sity of Heidelberg and the CNRS Nancy. REE
analyses of hand-picked apatite and calcite grains
from a hornblendite dyke were performed by
ICP-OES (University of Braunschweig).

Stable isotopic ratios '"O/1°O and BC/"C were
measured using a VG-SIRA 9 mass spectrometer
(University of Bonn). Analytical procedures are
found in HOFFBAUER and SPIERING (1994).

Rb-Sr and Sm-Nd isotope ratios were meas-
ured using a VG Sector 54 mass spectrometer
(University of Miinster). 100 mg of the powdered
and spiked samples were acid fluxed with a mix of
concentrated HF/HNO,. Rb-Sr and Sm-Nd were
separated by chromatography. Absorption of Sm—
Nd during the isolation process was performed in
accordance with RICHARD et al. (1976). Calcula-
tions of the isotopic ratios and elemental concen-
trations were based on constants given by
STEIGER and JAGER (1977).

Lead isotopes 2®Pb, *Pb and *Pb were
measured in feldspars from syenitic dyke rocks
using a Finnigan MS 261 thermal ion mass spec-
trometer (ETH Ziirich). Sample preparation and
analytical details are described by KOpPPEL et al.
(1997).

The conventional K-Ar technique and the
WAr/*Ar method were used on various horn-
blende separates obtained from a hornblende sy-
enite and a hornblendite dyke. Analytical proce-
dures were performed at the Laboratorium fiir
Geochronologie, Universitidt Heidelberg. By ap-
plying the “*Ar/*? Ar method by step heating, ar-
gon distortions due to **Ar excess could be detect-
ed. Sample preparations and analytical proce-
dures are described by HESS et al. (1995).
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4. Petrography and geochemistry of Permian
metabasalts (Mafic Formation)

Granulite-facies metabasalts or metagabbros, re-
covered from the SE-NW Cannobino cross sec-
tion (C31-C360/1; Tab. 1), are dark coloured,
medium-grained, massive rocks. The magmatics
consist of gabbros, hornblende gabbros and more
rarely of gabbronorites. In the vicinity of the am-
phibole peridotite the magmatics are layered
whereas downstream in the Cannobino gorge the
metagabbros are predominantly massive and
homogenecous. No mantle xenoliths were found
within these metagabbroic rocks. The metagab-
bros are voluminous magmatic intrusions into
lower crustal country rocks (VOSHAGE et al.,
1990). However, a syn- to posttectonic strong my-
lonitic overprinting has obliterated any primary
igneous textures.

Main mineral constituents are hornblende,
clinopyroxene and plagioclase. The hornblende
grains are inequigranular, elongated or oval in
shape and display a distinct olive-brown to light
vellow pleochroism. Some of the feldspars have
bent twin lamellae, and plagioclase frequently

shows strong grain-reduced recrystallization due
to intense mylonitic shearing. Colourless, equi-
granular, diopsidic pyroxene is found throughout
the studied area, whereas pink orthopyroxene
and mm-sized, isometric almandine garnet are
present only in some of the studied samples. Bio-
tite occurs only on a local scale, and accessory
phases include sphene, apatite and zircon. The
opaques are anhedral, titaniferous magnetite and
ilmenite showing twin lamellae.

The studied rock samples are massive and un-
weathered but some show, in parts, evidence of
low-temperature alteration, mainly along grain
boundaries or along mineral fractures in clinopy-
roxene and/or plagioclase.

Along small fissures and in local zones of fluid
circulation in rocks of the Mafic Formation, varia-
ble quantities of epidote/clinozoisite, chlorite, ac-
tinolite, sericite, calcite, pyrite and chalcopyrite
occur as secondary alteration products. These are
associated with greenschist facies metamorphism,
probably of Alpine age.

The chemical composition of 13 samples of
metagabbroic rocks from the Finero area is
shown in table 1. Analyzed samples in the present

Tab. 1 Chemical composition of metabasalts from the cross section of the Valle Cannobina.

C31 Cl2  C48 (358 (355 (353a (C353b (€43 (350 (360 C360a C360b C360/1
Major oxide abundances [wt%]
Sio, 48.34 4493 45.09 4257 4504 4438 4046 4557 4407 4540 4545 43.18 43.80
TiO, 1.09 1.80 243 293 263 378 271 270 289 218 219 316 289
ALO; 1388 13.67 1343 1268 1315 1214 1574 1340 1228 31.89 1336 13.01 13.20
Fe,0% 409 447 470 478 433 528 464 480 545 424 402 513 524
FeO 778 946 1007 1292 981 1243 11.14 1036 1226 976 939 11.87 11.39
MnO 0.13 021 0.21 029 018 028 0.18 021 028  0.21 024 024 023
MgO 1017 878 797 7.17 933 740 9.03 779 794 653 6.8l 8.41 8.13
CaO 1010 1279 1275 13.08 1092 1051 11.06 11.89 10.04 13.11 13.88 10.71 10.55
Na,O 2.91 222 243  0.84 1.74 1.78 207 242  2.09 1.79 1.71 2.02 2.55
K,O 037 058 024 012 040 014 038 006 030 014 0.08 031 0.24
P,Oq 018 014 023 023 033 032 012 024 036 015 015 027 030
LOI 056 026 031 1.40  1.89 1.17 1.39  0.17 1.23 094  0.69 1.06 1.30
Total ~ 99.60 9931 99.86 99.01 99.75 99.61 98.92 99.61 99.19 9834 97.97 9937 99.82
mg# 637 563 525 452 573 46 539 512 478 498 509 503 50
Trace element abundances [ppm/

Rb 5.0 6.0 3.0 5.0 3.0 4.5 7.0 3.0 4.0 4.0 3.0 5.8 4.4
Ba 90.0 290 240 37.0 2840 700 1140 260 680 440 370 7l 133.0
La 22.0 3.0 1.0 5.4 9.0 5.0 70  26.0 16.0 1.0 1.0 4.0 5.5
Ce 43.0  33.0 260 170  63.0 200  29.0 18.0 220 12.0 200 29.0 201
Sr 2200 439.0 1050 1150 317.0 148.0 398.0 1840 263.0 1950 161.0 146.0 109.0
Nb 12.0 13.0 3.0 50 280 4.0 8.0 7.0 11.0 4.0 3.0 8.0 53
Zy 78.0 2560 123.0 1350 1490 188.0 51.0 2590 178.0 131.0 1360 172.0 218.0
Y 140 290 350 41.0 210 450 19.0 420 43.0 37.0 450 440 553
Cr 411.0 2010 236.0 1240 2650 111.0 97.0 1900 116.0 2350 2470 1540 133.0
Ni 256.0 2470 730 67.0 198.0 60.0 300 1450 480 8.0 66.0 71.0 654

*FeO and Fe,O; 1s calculated after LE MAITRE (1976).
‘mg# = 100MgO/(MgO + 0.9FeO,,,), mean mg# = 51.9.
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study were taken to avoid such hydrothermal
alterations as far as possible. Chemically these
rocks resemble MORB-type basalts (STAHLE,
1991). Compared to average MORB, the meta-
gabbros of the Mafic Formation have somewhat
lower amounts of SiO, and higher FeO,, and
TiO,. Their normalized trace element patterns re-
veal that these mafic rocks represent ordinary
gabbros of the original liquid composition. This is
in contrast to the cumulitic nature of the adjacent
Internal Gabbro and the Amphibole Peridotite
(Luetal., 1997a).

Normatively classified as olivine tholeiites
(CIPW), the metagabbros of the Mafic Formation
have anomalously low mg#-values in the range of
64 to 45, with an average of 51.9 (Tab. 1).

The compositional variation of 3 metabasalts
is shown on a spiderdiagram in figure 4. Com-
pared to N-type MORB, most elements in the
diagram are arranged subparallel to the MORB
line in accordance with Lu et al. (1997a). Howev-
er, the highly incompatible elements Rb and Ba
are somewhat enriched, possibly due to second-
ary alteration. A trough is seen at K, La, and maxi-
ma are reached at Ti and Fe. This could be due to
mineral accumulations, and the latter enrich-
ments may be traced to fractionation of mg-rich
minerals. Nb levels are variable, but do not show
negative peaks in the graphs as indication of a
subduction-related origin. The compatible ele-
ments Cr and Ni are visibly depleted due to the
fractionation of olivine, clinopyroxene and possi-
bly Cr-spinel. Thus, the elemental relationships fit
those of highly fractionated continental basalts
(see chapter 6.1).

5. Petrography, geochemistry, isotope studies and
geochronology of the Triassic dyke rocks

5.1. PETROGRAPHY OF THE HORNBLENDITE
AND HORNBLENDE SYENITE DYKE

The hornblendite and hornblende syenite dyke
samples consist mainly of hornblende with differ-
ent amounts of plagioclase of a very narrow com-
positional range (Angy_;3). The dykes are pegma-
tites with coarse-grained textures.

The nearly vertical hornblendite dyke in the
phlogopite peridotite (Fig. 3) is approximately
1 m in thickness, very dark in colour, and shows =
very high luster. A 2 cm thick border of greenish
clinopyroxene formed by reaction with the peri-
dotite country rock. Twinned calcite, as a primary
matrix mineral among coarse-grained horn-
blende, is unevenly distributed within the dyke.
The estimated contents are 3-5 vol%. Brown to
pale yellow, kaersutitic hornblende makes up 90
vol% of the rock. Fine-grained, rarely twinned
albite, platy red-brown pleochroic biotite, light-
green clinopyroxene, and round or euhedral apa-
tite grains are present in the interstices of horn-
blende. Many hornblende crystals, with grain sizes
of up to 3 cm, appear rounded due to corrosion,
with albite or calcite replacement at the edges.
Accessory minerals include magnesium-poor il-
menite (MgO = 0.5 wt% ), magnetite and chalco-
pyrite.

The hornblende syenite dyke is about 35 cm
thick.steeply inclined and strikes east-west (Fig. 3).
The dyke crystallized at a late stage of the com-
plex evolution under increasing, north-south-ori-

10 t
r C 360
C 360/1

08 C 360a
o
O
= 1
E O/
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0

Rb Ba K La Ce Sr Nb P Na Zr Y Al Ti Ca Si MnFe*Mg Cr Ni

Fig. 4 N-type MORB normalized spidergram of the metabasalts C360, C360a and C360/1. Note the distinct Ni and
Cr depletion. Standardisation values of N-type MOR-basalts from STAHLE (1991).
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Total alkali silica diagram (LE MAITRE, 1989) for hornblendite dyke, hornblende syenite and zircon syenite

pegmatite. The dashed line (IRVINE and BARAGAR, 1971) divides alkaline from subalkaline magmatic rocks..

ented stress conditions. The major compressive
force was approximately north-south and im-
printed a mylonitic fabric on the rock. The dyke is
dominated by untwinned masses of oligoclase
with plaster fabrics that enclose rounded cm-size
pargasitic-kaersutitic hornblende clasts. Amphi-
bole is elongated parallel to strike, forming tails
and boudins. Calcite and opaques grew in pres-
sure shadows of hornblende, presumably assisted
by late magmatic fluids. Foxy-red, pleochroic bio-
tite partially replaces hornblende at late stages of
crystallization, and occasional, xenomorphic
sodalite underlines the alkalic character of the
dyke. Rare, greenish to pink pleochroic clinopy-
roxene is locally replaced by hornblende, and tiny
crystals of accessory zircon also occur.

5.2. CHEMICAL COMPOSITON OF THE DYKES
AND SOME OF THEIR MINERALS

The bulk rock chemistry of the unaltered pegma-
tite dykes shows that the hornblendite has the
lowest silica and highest iron contents (Tab. 2).
Due to calcite-rich segregations, the specimens
of the hornblendite dyke were subdivided into

CaCOs-poor (C485, C550a) and CaCOs-rich
(€550, €C551) samples. High CaCO; samples also
contain high levels of phosphorous. Because ap-
atite crystals are found mostly co-existing with
the calcite matrix. Hornblende syenite has an in-
termediate chemical composition, and the zircon
syenite pegmatite has the highest silica and alka-
li contents. All dykes are alkaline (Fig.5) and are
characterized by higher sodium than potassium
levels.

The mg#-values for the hornblendite dyke
range from 53 to 62 (Tab. 2), indicating fractiona-
tion processes. The mg#-number of 77 for the zir-
con syenite pegmatite may reflect a primary up-
per mantle source (FREY et al., 1978).

In comparison to average crustal rocks, the
dykes show high levels of niobium, tantalum,
strontium, zirconium, and lower levels of rubi-
dium, lead, uranium, thorium (Tab. 2). The zircon
syenite pegmatite (sample 39; some 5 cm in size)
has very high Zr and low Y contents. However,
compositional variations may exist due to un-
equal distribution of larger zircon crystals (size <1
cm) within these feldspar-rich, pegmatitic rocks.

Rare earth element concentrations (Tab. 2)
show that the highest levels are in the CaCOj;-rich
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Tab.2 Major element, trace element and rare earth element contents of a hornblendite, a hornblende syenite and a
zircon syenite pegmatite shown in figure 3. The hornblende syenite (sample C377) is from Val Fiorina and the zircon
syenite pegmatite (sample 39) from Rio Creves (STAHLE et al.. 1990).

Hornblendite Hornblendite Hornblendite Hornblendite ~ Hornblende Hornblende  Zircon syenite
(CaCOs-poor) (CaCOs-poor) (CaCOs-rich) (CaCOs-rich) syenite syenite pegmatite
485 C550a C550 €551 C557 C377 39
Major oxide abundances [wt%|
Si0, 36.17 38.86 32.87 26.79 42.25 4471 57.98
TiO, 1.96 2.21 1.50 1.49 1.33 1.00 0.27
Al O, 12.05 13.10 11.18 9.10 14.62 15.12 20.83
Fe,O,* 14.94 18.35 11.94 11.94 11.49 10.46 2.35
MnO 0.22 0.27 0.20 0.21 0.15 0.20 0.00
MgO 9.92 9.56 8.98 6.89 6.65 4.48 3.62
CaO 14.34 10.42 17.33 24.37 10.92 i B 1.62
Na,O 3.32 3.67 293 2.49 4.86 4.87 9.01
K,O 1.38 1.33 2.00 1.05 1.98 2.10 2.12
P,0Oq 1.36 0.35 1.90 3.16 0.73 0.12 0.15
CO, 3.02 0.81 7.21 11.09 3072 4.89 0.16
S 0.03 0.02 0.02 0.14 0.02 0.12 0.04
H,O 1.94 1.99 2.19 1.45 1.58 1.08 1.26
Total 100.65 100.94 100.25 100.17 100.30 100.86 99.4]
mg# * 594 534 62.3 55.9 56 48.5 71.3
Trace element abundances [ppm]
Rb 15.50 14.40 44.20 12.10 23.70 15.90 57.30
Ba 340.00 362.00 788.00 380.00 663.00 645.00 1128.00
Th 1.64 0.48 2.17 3.18 0.99 1.08 2.50
U 0.53 0.14 0.38 0.69 0.23 0.12 0.83
Ta 10.20 11.90 7.55 6.93 7.89 8.23 9.54
Nb 167.00 194.00 129.00 121.00 120.00 135.00 79.20
Sr 1649.00 848.00 3196.00 4071.00 2674.00 2221.00 2256.00
Zr 423.00 461.00 285.00 283.00 316.00 318.00 798.00
Y 56.80 31.00 85.30 117.00 43.40 35.90 2.57
Pb 319 4.10 2.56 7.46 3.07 2.73 14.80
Sc 14.10 12.50 13.60 14.70 11.00 14.10 2.50
A% 61.40 65.50 48.70 43.90 42.30 114.00 9.58
Cr 22.30 60.10 197.00 23.70 92.50 81.30 11.40
Co 34.10 33.30 35.00 32.60 31.80 28.80 23.40
Cu 38.80 162.00 61.50 109.00 29.90 34.20 13.20
Ni 273.00 203.00 311.00 185.00 169.00 62.10 136.00
Zr/Nb 2.53 2.38 221 2.34 2.63 2.36 10.08
Rare earth element abundances [ppm]
La 82.20 81.00 144.60 205.50 59.30 61.00 6.25
Ce 174.40 51.10 276.90 383.40 122.80 113.50 10.30
Pr 20.10 7.39 31.70 46.00 14.20 12.60 1.04
Nd 79.80 32.10 128.20 188.00 57.00 47.90 3.67
Sm 15.50 7.30 23.00 33.00 11.10 8.68 0.83
Eu 523 2.71 7.00 9.72 3.72 29 0.53
Gd 13.90 6.76 20.40 29.20 10.30 7.51 0.59
Tb 213 1.13 2.83 3.98 1.49 1.08 0.10
Dy 10.80 6.10 15.30 21.20 8.16 6.21 0.59
Ho 2.11 1.19 3.29 4.52 1.71 1.31 0.12
Er 5.31 3.03 7.65 10.70 4.01 3.25 0.30
Tm 0.80 0.47 1.09 1.50 0.59 0.49 0.06
Yb 4.69 2.92 6.99 9.74 3.96 3.27 0.40
Lu 0.71 0.43 1.01 1.44 0.59 0.46 0.08
(La/Yb)cn 27.1 9.6 32.0 32.6 232 28.8 24.2

*Total Fe as Fe, 04
*mg# = 100MgO/(MgO+0.9FeO,,,)
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hornblendite samples with their large contents of
apatite. The elemental abundances and the REE
patterns indicate that the hornblendite dyke crys-
tallized from a fractionated kimberlitic/carbon-
atitic magma (Wass et al., 1980).

Any carbonate in the hornblendite dyke is of
primary, magmatic origin as indicated by its iso-
topic composition (see chapters 5.4 and 5.5). The
calcite matrix of the dyke is homogeneous and is
characterized by low MgO and FeO contents
(Tab. 3) similar to the chemical composition of
calcite minerals in calcio-carbonatites. Their high
Ca/(Ca+Mg+Fe+Mn+Na) ratio of 0.96 points to a
primary carbonate phase originating at a higher
level in the upper mantle at about 21.5 GPa pres-
sure or at a depth of 250 km (DALTON and WoOD,
1993; KOGARKO et al., 1995). Prior to melting, the
source of the hornblendite dyke must have been
altered by carbonatite metasomatism. Apatite in
the dyke has higher contents of fluorine than
chlorine (Tab. 3), and their Mn and Sr contents
are typical of carbonatitic apatite (HOGARTH,
1989).

5.3.REE CONTENTS OF APATITE
AND MATRIX CALCITE FROM THE
HORNBLENDITE DYKE

REE concentrations of apatite and calcite (Tab.4)
for the hornblendite dyke were determined for
hand-picked crystals separated under the binocu-
lar. Apatite shows steep LREE-enriched patterns
with high chondrite-normalized Lanthanum/Yt-
terbium ratios of 26-27. The La values are 3500~
4300 times higher than standard chondrite, quite
similar to those found for apatite in mantle xeno-
liths (Wass et al., 1980). Apatite has the highest
concentration of REE among all minerals con-
tained in the hornblendite dyke. Therefore, the
occurrence of significant modal apatite within a
sample will give a steep LREE pattern in the
whole rock analysis (Tab. 2).
Chondrite-normalized REE patterns of sepa-
rated calcite grains (Fig. 6) lie within the field
defined by carbonatite rocks (CULLERS and GRAF,
1984). It 1s probable that the calcite separate is
contaminated with 1-2% apatite and/or albite
grains. Thus, the absolute REE concentrations
may be elevated to some extent. However, the
kinked slope of the calcite REE-curves is striking
and significant. The LREE patterns have steep
gradients, typical of those from carbonatites,
whereas the HREE do not. The near horizontal
path of the HREE curves cause Yb and Lu to lie
above the field defined by carbonatites (samples
(€531, €C550/2, C551 in figure 6). This pattern may

Tab. 3 Selected electron microprobe analyses of cal-
cite and apatite from the hornblendite dyke. Minerals
were analyzed with clectron microprobe (spot size
3 um).

calcite calcite calcite
C551a C551a C551a
MgO 1.32 1.14 0.99
MnO 0.32 0.29 0.33
FeO* 1.01 1.11 0.80
CaO 53.30 52.75 52.62
SrO 1.07 0.95 1.01
Na,O 0.02 0.01 0.02
Total 57.04 56.25 55.77
Number of ions
on the basis of 12(0) 12(0O) 12(0)
Mg 0.129 0.113 0.100
Mn 0.018 0.016 0.019
Fe 0.056 0.062 0.045
Ca 3.755 3.770 3.796
Sr 0.041 0.037 0.040
Na 0.002 0.002 0.002
4.001 4.000 4.002
Ca/(Ca+Mg+Fe+Mn+Na) = 0.95 0.96 0.96
apatite  apalite  apatite
C551a C551a C551a
FeO* 0.25 0.21 0.18
MnO 0.10 0.10 0.04
MgO 0.09 0.05 0.06
CaO 53.87 54.16 53.95
SrO 0.79 0.81 0.87
P,O4 41.87 41.11 41.99
F 1.05 1.45 1.28
Cl 0.37 0.29 0.31
Total 98.39 98.18 98.68
Number of ions
on the basis of 25(0) 25(0) 25(0)
P 6.019 5.966 6.024
Fe 0.036 0.030 0.026
Mn 0.014 0.014 0.006
Mg 0.022 0.012 0.015
Cu 9.801 9.948 9.796
Sr 0.078 0.080 0.086
9.951 10.084 9.929
F 0.563 0.787 0.686
Cl 0.106 0.085 0.090

*Total Fe as FeO

indicate that the upper mantle source of the car-
bonate or the hornblendite dyke, respectively,
contained little or no garnet. Such a curved pat-
tern for the REE was first found in “oceanic” car-
bonatites (ALLEGRE et al., 1971; LE Bas, 1984,
Fig. 6) and distinguish oceanic from continental
carbonatites.
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Tab. 4 Rare earth element abundances ol separated
apatite and calcite grains from hornblendite (ppm). The
mortar-crushed mineral grains were separated under
the binocular (weight of single separates 3-10 mg).

Ap Ap Cc Cce Ce Cc

C550 (€535 (€531 (C550/2 €551 C550/1
La 1450.6 1188.2 521.7 246.6 183.0 1327
Ce 30424 2482.6 1005.5 4449 3287 2663
Pr 3292 - - 472 327 -
Nd 12125 1016.7 3974 1856 136.1 111.0
Sm 2043 1906 80.6 321 230 215
Eu 574 506 206 124 6.72  6.57
Gd 1651 1378 470 281 192 158
Tb 243 274 776 470 338 2.59
Dy 1224 1063 467 288 213 158
Ho 25.0 - - 727 549 -
Er 518 411 236 180 128 7.40
Tm 6.51 467 336 278 192 1.02
Yb 361 282 213 178 125 6.35
Lu 434 386 346 305 190 1.00
(La/Yb)en26 273 158 895 95 135

10000

C 55

100

REE calcites and apatite / chondrite

1 1 1 1 4 &

5.4.8BC AND 80 STABLE ISOTOPIC
COMPOSITION OF MATRIX CALCITE
INTHE HORNBLENDITE DYKE

Analyzed carbonate separates of matrix calcite
from different samples of the hornblendite dyke
show 8'°C and 8'*O values ranging from - 5.93 to
- 6.65 %0 and 9.23 to 15.18 %o, respectively (Tab. 5).
The narrow range of 8'3C is typical of mantle de-
rived carbon, and the 8'"O values of some calcite
separates, also lie within the “magmatic” carbona-
tite box (see Fig. 7).

The 8'C values show that calcite from the
hornblendite dyke preserves the primary carbon
isotope mantle signature. The 8'°C values, ranging
from -5 to —7%o, characterize mantle-carbon reser
voirs, as well as most ocean island and mid-ocean
ridge basalts (Fig. 7: KELLER and HOEFs, 1995).

However, the majority of 8O values for the
calcites are distinctly higher and lie outside the
field of primary, igneous carbonatites. Higher val-

1 1 1 1 1 1 1 1 J

La Ce Pr Nd PmSmEu Gd Tb Dy Ho Er Tm Yb Lu

Fig. 6 Chondrite-normalized REE distributions of calcite (*) and apatite (4) separated from the hornblendite dyke
(normalization see STAHLE, 1991). The carbonate field represents REE contents found in most carbonatites (CUL-
LERS and GRAF, 1984). Fields of oceanic and continental carbonatites shown in inset (after LE BAs, 1984).
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ues in stable isotope composition of magmatic
carbonate, particularly in 8'%0, are commonly in-
terpreted as being due to alteration processes and
secondary 1sotope exchange (HUBBERTEN et al.,
1988 ). The shift to higher 'O values observed in
parts of the calcite separates from the dyke
(Fig. 7) are primarily due to secondary exchange
with meteoric waters.

5.5.SR AND ND ISOTOPIC COMPOSITION OF
THE HORNBLENDITE DYKE (WHOLE ROCK)
AND OF APATITE AND CALCITE
FROM THIS DYKE

Sr—Nd 1sotope ratios for the hornblendite (whole
rock) and for separated calcite and apatite grains
from the dyke are presented in table 6 together
with 1sotopic data from the 225 Ma old zircon
syenite pegmatite.

The initial ratios of ¥’Sr/*Sr only show small
variations in the range of 0.70364 to 0.70372. The
initial ratios of "Nd/'“Nd also have a small
spread from 0.512578 to 0.512642. The initial ra-
tios in the g(t) notation, with t being taken as 225
Ma, are given in table 6.

In the &g, (t)-eny(t) correlation diagram of fig-
ure 8 both dyke rocks and the apatite and calcite
separates of the hornblendite dyke form a tight
cluster within the “mantle array”. This means
that the ultimate source of the dykes is “astheno-
spheric™ (STAHLE et al., 1996) and that the dykes
show no crustal contamination in these isotopic
ratios. Furthermore, the isotopic signatures and
the LREE enriched pattern of the alkaline dykes
reveal that the dykes represent small-volume
melts derived from a slightly depleted upper man-
tle which was previously metasomatized by vola-
tile-rich fluids or melts. Furthermore, isotopic evi-
dence suggests that apatite, calcite and the horn-
blendite as a whole were derived from the same
source in the mantle.

Tab. 6

Tab. 5

Carbon and oxygen isotopic composition from

separates of matrix calcites from different samples of a

hornblendite dyke.

sample No. 8"%O smow 3" Crppp
C488 14.11 -6.55
489 15.18 —-6.44
C500 9.66 -6.10
C531 19.45 —-6.60
€533 11.31 -6.65
C535 13.75 -5.93
€549 10.30 —6.42
C550 9.23 -6.43
C550/1 10.27 —6.34
551 10.59 —6.02
C553 9.23 —6.43

Lying outside the strongly depleted MORB-
type mantle field of 225 Ma ago (Fig. 8). the zircon
syenite pegmatites and the hornblendite dyke
show Sr-Nd isotopic signatures characteristic of
the sources of ocean island basalts (OIB). Their
intermediate position within the “mantle array™ is
representative of a less depleted mantle and may
be interpreted as a mixture of depleted and en-
riched mantle, relative to bulk Earth. However, a
distinct influence of the enriched mantle compo-
nents EM I and/or EM 1I is not distinguishable
from figure 8 (see also chapter 5.6).

5.6. PB ISOTOPIC COMPOSITION OF THE
ZIRCON SYENITE PEGMATITES AND OF A
HORNBLENDE SYENITE

206Ph/204Pb, 207Pb/24Pb and 28Pb/2™Pb ratios were
measured in feldspars from a zircon syenite
pegmatite and from a hornblende syenite (Tab. 7).
Due to very low U/Pb ratios in feldspar, the age
corrections for the initial isotope ratios are minor.
Therefore, the measured isotopic ratios of the
feldspars from the Triassic dykes were used as ini-
tial ratios and are shown in figure 9.

Srand Nd isotopic composition of a hornblendite dyke, apatite and calcite. In addition, the last two columns

contain the isotopic data of the zircon syenite pegmatites (STAHLE et al., 1990). Values for the Rb/Sr and ¥Sr/*Sr
ratios of bulk Earth used are 0.0816 and 0.7047, respectively.

hornblendite (wr)  hornblendite (wr) calcite calcite apatite zircon syenite pegmatitezircon syenite pegmatite

C550 C551 C550 C551 C550 S8 S9
YTRb/Sr 0.04208 0.00875 0.00060 0.00016 0.00031 0.000891 0.0001934
YISr/%Sr 0.703857(20)  0.703700(20)  0.703693(19)  0.703681(21)  0.703641 0.70459(4) 0.70389(4)
(YSr/%Sr), 0.703722 0.703672 0.703691 0.70368 0.70364 0.7037 0.7037
H7Sm/*Nd 0.1121 0.10984 0.10657 0.10572 0.10286 0.1027 0.0493
HINd/ N 0.512760(13)  0.512745(11)  0.512760(8) 0.512734(11)  0.512741(12) 0.512793(16) 0.512680(25)
("SNd/'Nd), 0.512595 0.512583 0.512603 0.512578 0.51259 0.512642 0.522608
gY%, -11.96 -14.19 -14.29 -14.46 -15.03 -1.56 -11.49
g2, -10.18 -10.87 -10.62 -10.76 -11.34 -10.49 -10.49
%4 2.38 2.09 2.38 1.87 2.01 3.027 0.824
£y 4.81 4.58 4.97 448 4.72 5.73 5.07
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Fig. 7 Stable isotopic composition "*C and 35O of matrix calcite from different samples of the hornblendite dyke
(Tab. 5). The field of “primary igneous carbonatites” and the mantle field defined by oceanic basalts are taken from
KELLER and HOEFs (1995).
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Fig. 8 Present-day Nd and Sr isotopic variations of depleted and enriched mantle sources. Fields for mid-ocean
ridge basalt (MORB) and oceanic island basalt (OIB) are shown (STAHLE et al., 1990). Initial Sr and Nd isotopic
ratios of the MORB-type depleted mantle (T) calculated for 225 Ma. Data symbol denote a zircon syenite pegmatite
and a hornblendite dyke, together with apatite and calcite from the latter.
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Tab. 7 Pb isotopic composition of feldspars in a zircon syenite pegmatite (53/1,53/2) and of a hornblende syenite
(C377).

|

| 26PH/204PhH 27 PH2MPH 208Ph/2M4PhH
zircon syenite pegmatite
53/1 (feldspar) 18.683 £ 0.011 15577 £ 0.014 38.308 = 0.047
zircon syenite pegmatite
33/2 (feldspar) 18.757 £ 0.014 15.589 £ 0.014 38.389 £ 0.048
hornblende syenite
(377 (feldspar) 19.182 £ 0.023 15.618 £ 0.021 38.837 + 0.062

Tab.8  K-Arand “’Ar/*Ar results from various hornblende separates of a hornblende syenite and a hornblendite
dyke (Fig. 10).

Sample  Rock Mineral fraction [um] Technique K [%] WA [nl/g) Total Ar age [Ma] Isochron age [Mal
(535b  hornblendite  200-315 K-Ar 1.210 21.79+0.24 4160+ 54 -
('535b  hornblendite  200-315 WArAr - - 502.3+24 276 £ 6
550 hornblendite > 200 WAr/MAr - - 2212+ 1.6 206+ 3
(C554b  hbl syenite 200-315 K-Ar 1.335 1247+ 0.23 2256+ 4.5 -
(554b  hbl syenite 315-500 K-Ar 1.345 12.88 £ 0.07 2309+ 2.4 -
(C554b  hbl syenite 315-500 WArMAr - - 2359+1.7 22312

WATr* radiogenic argon; errors: internal 1 ¢
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206pb/204Ph

Fig. 9 2Pb/?™Pb versus 2Pb/*“Pb isotope variation diagram with the Northern Hemisphere Reference Line
(NHRL). Data of the proposed mantle components and of some oceanic basalts are taken from ZINDLER and HART
(1986): DM (depleted MORB mantle), HIMU (high U/Pb), EM I and EM II (enriched mantle).

Pb isotope compositions of a zircon syenite pegmatite (samples 53/1and 53/2) from Rio Creves and a hornblende
syenite (sample C377) from Val Fiorina (Swiss Topographic map 285 Domodossola: kilometric grid 100.10/675.85)
are shown.



14 V.STAHLE, G. FRENZEL, J.C. HESS, F. SAUPE, S. TH. SCHMIDT AND W. SCHNEIDER

8
a) . | P
& Sl
0_
800 0535b
T
=
o 600
le)]
<
400+

T T T T
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
S9Ar release

X
g i
(@]
0

= C550
‘@
2.250—
Q)
@] :]
< 200 A

150 T T T T T

o
o
e
o
N

9 Ar release

T T T T
0.3 04 05 06 07 08 09 1.

Ca/K

300 H

250

L —— ]

tn=220.6 + 1.6 Ma

Age [Ma]

200

T T T T

150 r :

S9Ar release

T T T
00 01 02 03 04 05 06 07 08 09 1.0

0.0012
t, =276+ 6 Ma
0.0010 ' Ar/*€Ar,, = 2010 + 40
0.0008
= t
=X
=< 0.00086
T
—
<
S 0.0004 ,
1
0.0002
0.0000 T T T T T
0 0.005 0.010 0.015 0.020 0.025 0.030
9 4
BAr/OAr
0.0030
t,, = 206 + 3 Ma
0.0025 7 OAr/*8Ar,, = 670 + 25
0.0020

S6Ar/4OAT
o
o
(=]
>
|

0.0010

0.0005
0.0000 . . Y
0 0.01 0.02 0.03 0.04
A/ “Ar
0.0025
t,, =223+2 Ma

0.0020 + “Ar/*®Ar, ., = 500 + 40
> 0.0015
=" :
<
~
@< 0.0001
™

0.0005 H

i
C554b I\P\l
! ]
0.0000 . . Y
0 0.01 0.02 0.03 0.04
SSAT/OAr

Fig. 10 Ca/K spectra, step heating *’Ar/*’Ar age spectra and isochron diagrams from various hornblende separates
of a hornblende syenite and a hornblendite dyke. The rather constant Ca/K ratios of hornblende in the step heating
experiments indicate high purity of the sample material, especially for C554b and C535.

The 27Pb/2%Pb vs 20Pb/**Pb isotope diagram
shows that the zircon syenite pegmatite (53/1,
53/2) and a hornblende syenite (C377) are en-
riched in radiogenic Pb (Fig. 9). The analyses lie
above the Northern Hemisphere Regression Line
(NHRL) and in proximity to the EM Il reservoir,
indicating slight depletion. Also shown in the dia-
gram are the isotopic shifts of the various reser-
voirs since 200 Ma.

When interpreting the Pb isotope diagram,
one may conclude that the source of the syenitic
dyke rocks represents a mixture of the two end-
members DM and HIMU (ZINDLER and HART,
1986). A small contribution from the EM II reser-
voir is not unequivocally indicated in the diagram
(Fig. 9), as the 2°Pb/*™Pb ratios of the syenitic
rocks are relatively low as well (Tab. 7).
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5.7. K-AR AND *AR/*AR AGE DATA ON
HORNBLENDE FROM SYENITE AND
HORNBLENDITE DYKE ROCKS

Hornblende separates from a hornblendite and a
syenite dyke yielded conventional K-Ar ages and
integrated *'Ar/*Ar ages (Tab. 8) of 416 and 502
Ma (hornblendite C535b), 221 Ma (hornblendite
(C550) and 221 to 236 Ma (syenite C554b). Saddle-
shaped age spectra and high *’Ar/*Ar initial ra-
tios in the corresponding isochron diagrams (Fig.
10), indicate variable but high amounts of *’Ar
excess in all samples — a rather common finding
on hornblende from the Alps. From the Finero
area, hornblende with unusually high contents of
AT has been previously reported by HUNZIKER
(1974).

In the isochron diagram, sample C535b yield-
ed a **Ar/*Ar initial ratio of 2010 £ 40 and an iso-
chron age of 276 + 6 Ma (Fig. 10a; calculated from
all data points).The broad scatter in the three iso-
tope correlation diagrams indicates an inhomoge-
neous isotopic composition of the incorporated
initial Ar, hence it is not possible to ascribe any
geological significance to the obtained isochron
age.

The total Ar age of 221 Ma obtained on sam-
ple C550 (Tab. 8) agrees with the single zircon
evaporation age of 225 + 13 Ma of a zircon syenite
pegmatite which had been interpreted as the age
of emplacement of the felsic dykes (STAHLE et al.,
1990). Similar age values in the range between 227
and 215 Ma were obtained by Sm-Nd dating on
garnetiferous gabbroic rocks (LU et al., 1992).
However, the irregularly shaped Ca/K distribu-
tion pattern of sample C550 (Fig. 10b) derived
from the *’Ar/*Ar release ratios hints at a poly-
phase composition of this hornblende. Measure-
ment effects such as *Ar redistribution during
neutron-irradiation and irregular Ar degassing
behaviour during vacuum release may influence
the Ar isotope ratios of the sample resulting in ar-
tificially disturbed age and isochron diagrams. In
such a case, interpretation of the 1sotope data con-
cerning *’Ar loss or excess is difficult, and the ap-
parent ages obtained as well as the calculated
WATr/*Ar initial ratio must be taken with some
reservation. Thus, from the results on hornblende
(550 no further geological conclusions should be
drawn.

The saddle-shaped age spectrum of horn-
blende sample C554b exhibits a minimum age of
221 Ma (Fig. 10c) which can be interpreted as the
maximum age of the geological process to be dat-
ed. Isochron calculation (all release steps) yielded
an identical age of 223 Ma and an increased *Ar/
*Ar initial ratio of 500 £ 40. Because of the “’Ar

excess problem it is reasonable to avoid an over-
interpretation of the latter age data. Nevertheless,
they are not inconsistant with the intrusion of the
syenite dyke between 225 and 220 Ma ago which
is at present the most plausible interpretation of
the age results on C554b hornblende.

6. Discussion
6.1. THE PERMIAN MAFIC FORMATION

(1) Lower Permian magmatism. The Lower Per-
mian magmatism in the Southern-Alpine domain
belongs to the post-Variscan era. The widespread
magmatic intrusions into the consolidated Euro-
pean fold belt and into large parts of its northern
foreland are associated with deep reaching dex-
tral and divergent wrench faults between Gond-
wana and Laurussia forming pathways for the
basaltic liquids which were produced in large
masses within the upper mantle. Tensional stress-
es due to crustal shortening of the Appalachian-
Mauretanides Fold belt were responsible for the
development of this penetrative dextral fracture
system in the European Variscides (ZIEGLER,
1993a).

The MORB-like tholeiitic magma of the Mafic
Formation shows a strongly fractionated pattern
(Fig. 4). In contrast to the uncontaminated rocks
in the Finero area (Lu et al., 1997b), most of the
metagabbroic rocks in the Sesia valley assimilated
crustal material (VOSHAGE et al., 1990, SINIGOI et
al., 1994). However, in both areas the magmatic
rocks of the Mafic Formation lost their original
compositional signature of the primary magma.

(2) Magmatic underplating. Primary, dense melts
from the mantle will tend to underplate the basc
of the continental crust. Ponding magmas musl
fractionate and assimilate crust-derived melts in
order to surmount the density contrast and to
reach the surface as evolved liquids. A model for
the evoived basaltic liquids and their concealed
cumulates along the Moho is given by Cox (1980).

Magmatic underplating of the lower crust
(VOSHAGE et al., 1990; SiNiGo1 et al., 1994), the in-
terpretation of the voluminous, fractionated
metabasalts as flood basalts (STAHLE, 1991), and
the widespread Permian calc-alkaline magmatism
(e.g. BONIN et al., 1993), topped by rhyolitic vol-
canism in the Southern Alps, are in accordance
with magmatic sequences found in many flood
basalt provinces (VEEVERS, 1989).

(3) The geophysical Ivrea body. The Mafic Forma-
tion as a lower crustal intrusion transects the
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whole Ivrea zone and occupies approximately
50% of its present outcrop area (Fig. 2). Tholetitic
flood basalts usually have equivalent portions of
dense cumulates at depth (Cox, 1980). Therefore,
a dense cumulate body must exist beneath the
surface of the Ivrea zone.

The flaky structure of the Western Alps is well
constrained by geophysical cross sections (ROURE
et al., 1990; MARCHANT and STAMPFLI, 1997). In
the ECORS-CROP seismic geotraverse (NICO-
LAs et al., 1990) the Apulian Moho was found at a
deeper level. The Ivrea Bouguer anomaly re-
quires a larger volume of Apulian lower crust in
the Ivrea body than previously thought (REY et
al., 1990). In a deep tectonic model along trans-
verse cross sections of the Western Alps, THOU-
VENOT (1984) also showed that the anomalous
steep mantle wedge of the geophysical Ivrea body
has a slightly lower density of p = 3.22 g/cm’ than the
“autochthonous™ upper mantle with p = 3.28 g/cm’.

According to the pronounced gravity high
along the Ivrea-Verbano zone (BAYER et al,
1989) the presence of a dense olivine/pyroxene
cumulate at depth could be an alternative to the
proposed models. This idea is supported by the
fractionated pattern of the metabasalts with their
low mg#-values and their distinct Ni and Cr-de-
pletion as demonstrated in the spidergram (Fig.
4). As an alternative view, the geophysical Ivrea
body could be a composite dense crustal wedge
composed of lower crustal felsic garnet granulites
with large portions of an ultramafic residue from
which the metabasalts on the surface were ex-
tracted as evolved tholeiitic melts.

6.2. THE TRIASSIC ALKALINE DYKE ROCKS

(1) Metasomatic enrichment and lithospheric
depth of the dykes. Metasomatic processes in the
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Fig. 11 Stability relations of carbonated and hydrated peridotite are from figure 6.1b in WATSON et al. (1990). The
black point in the graph represents the hypothetical magma source of the hornblendite dyke within the lithospheric

subcontinental mantle.
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Finero peridotite are documented by the occur-
rence of about 1-5 vol% of uniformly dispersed
hornblende and phlogopite in the updomed ultra-
mafic body. A 297 Ma metasomatic event conta-
minated the Finero protolith (VOSHAGE et al.,
1987), and the high Sr-1sotopic composition of the
contaminating fluids indicate that this occurrence
is not related to the Triassic alkali-magmatic dyke
Intrusions.

The dyke rocks within the strongly depleted
Finero peridotite are low-volume partial melts
originating from a metasomatically enriched up-
per mantle source. Contrary to kimberlites with
steep chondrite-normalised REE-patterns, the in-
compatible element-enriched zircon syenite
pegmatites have REE contents with low (La/
Yb),, ratios in the range of 14-15 (STAHLE et al.,
1990), indicative of a relatively shallow, subconti-
nental mantle source.

Taking into consideration the mineral compo-
sition of the hornblendite dyke, the stability rela-
tionships of hydrated and carbonated peridotite
allows an exact characterization of the lithospher-
ic magma source. The ultramafic dyke is alkaline
with Na > K. Calcite in the matrix of the dyke
shows a kinked slope in its chondrite-normalized
REE patterns (Fig. 6). This indicates melting with-
in a garnet-free or garnet-deficient mantle source.
On the other hand, the stability field of calcite in
the upper mantle is limited at lower pressures.
Based on the phase diagram of figure 11 (WATSON
et al., 1990), the melting zone of the hornblende
dyke must lie in the transition zone of garnet and
spinel peridotite at a depth of 45-55 km, equiva-
lent to prevailing pressures of 15-18 kbar. Partial
melting of the lthospheric source of the dykes
must have started at temperatures of about 970-
1030 °C.

(2) Isotope and trace elements. St and Nd isotopes
indicate that the alkaline dyke rocks in the Finero
peridotite have isotopic composition of ocean is-
land basalts (OIB). Their ultimate source is “as-
thenospheric” deriving from a moderately deplet-
ed upper mantle source (Fig. 8). Quite similar iso-
topic ratios, with high Sm/Nd and low Rb/Sr ratios
relative to bulk Earth, characterize Mesozoic dol-
eritic dykes from Liberia and the Horingbaai dol-
erites from southern Africa (DuUpUY et al., 1988;
DuNcaN et al., 1990). Both were classified as as-
thenospheric derivatives intruded at early stages
during the breakup of Pangea.

(3) Intraplate magmatism: “plume” origin versus
lithospheric extension. Continental magmas can
arise in active continental margins and in intra-
plate environments either through lithospheric

extension along deep reaching shear zones or
through plumes (TURCOTTE and OXBURGH, 1973).
Magma formation in a convergent margin is ex-
cluded for the Triassic dykes because of the high
Ta(Nb) contents of the zircon syenite pegmatites.
A rift environment in the northern Ivrea zone is
poorly defined (STAHLE et al., 1990). However,
compressional features in the Southern Alps dur-
ing the Triassic period are well known from field
observations (DOGLIONI, 1987; CASTELLARIN et
al., 1988) and the EW-striking hornblende syenite
dyke of figure 4 shows £ NS-directed pressures at
a late crystallization stage.

OIB-like minor or trace element patterns in
some continental magmas alone are insufficient
to discriminate a mantle plume from an astheno-
spheric upper mantle source rising passively due
to lithospheric extension and thinning (HAWKES-
WORTH and GALLAGHER, 1993). Whether exten-
sion-related magmatism or a plume impact at the
bottom of the lithosphere is responsible for the
observed magmas may be determined by means
of further geological observations on rocks de-
posited on the surface.

The Ivrea zone is deeply eroded and bare of
any sedimentary cover, but sedimentary Triassic
rocks are found in the eastern parts of the South-
ern Alps on the “labile shelf” (BECHSTADT et al.,
1978) where ingressions and regressions of the
Tethys sea have been documented by a thick pile
of Mesozoic sedimentary marine and terrestrial
rocks (BOSELLINI, 1998). There, the sedimentary
stratum should document all of the volcanic fall
deposits and any motion of the continental crust.

(4) Age relationship of Triassic magmatic and ter-
rigenous sediments in the Southern Alps. A distinct
mid-Triassic thermal event is well documented in
the whole area of the Southern Alps (FERRARA
and INNOCENTI, 1974; BERTOTTI and TER VOORDE,
1994; Lu et al., 1997b). In the Orobic section of this
area (around Lake Como in figure 1) anatectic
pegmatites were emplaced into the middle crust
and the post-kinematic textures of the country
rocks suggest that no pervasive deformation took
place during the heating event (SANDERs et al., 1996).

Volcanic rocks exist as Middle Triassic tuffs
and tuffite layers in the Lugano area (HELLMANN
and LipporLT, 1981) and tuffaceous greenish “piet-
ra verde” horizons occur within the marine Ladin-
ian limestone in the area of the Dolomites (Fig. 1).
The plutonic rocks of the 230 Ma old Monzoni in-
trusive complex (Fig. 1) are alkaline and charac-
terized by K-rich “shoshonitic” chemical affinity.
However, all the observed magmatic features in
the Southern Alps belong to the same Middle Tri-
assic thermal event.
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Above the Lower Triassic Skythian Werfener
formation in the area of the Dolomites, three con-
glomerate layers occur within the Anisian marine
limestones, which may be explained by synsedi-
mentary tectonics and/or sea-level fluctuations.
However, the terrigenous top, an Upper Anisian
Richthofen conglomerate horizon, is remarkable
as no abrasional hinterland could be found (HEI1s-
SEL, 1982), and the regional flow directions of the
coarse pebble deposits are radially arranged
(ZUHLKE, 1996). Between the uplifted zones,
which are covered by the Upper Anisian Richt-
hofen conglomerate, and the beginning of the
Ladinian volcanics, which are embedded in the
subsiding marine “Buchensteiner” limestones, a
distinct time delay of at least 3-5 Ma exists.

(5) Plate tectonics and geodynamic model. From
the “OIB”-type asthenospheric signature of the
mid-Triassic dykes and the lack of wide extension-
al movements in the Southern-Alpine crust at
that time, we conclude that an “active™ astheno-
spheric upwelling triggered the magmatism.

A mantle plume will leave five different fin-
gerprints on the lithosphere and overlying crust:
push from below and uplift on top; erosion of the
base of the lithosphere; input of heat; intrusion of
melts and fluids; and eventually a hot-spot track
on the surface. The asthenospheric melts may
metasomatize advectively the shallow mantle
lithosphere (see figures 20.17 and 20.19 in WyL-
LIE, 1989; BAILEY, 1987) while conductive heating
of the lower lithosphere (TURNER et al., 1996)
causes nearly contemporaneous steepening of the
geotherms with second-stage melting of the meta-
somatic layers (RYABCHIKOV, 1995).

A hot-spot track with a time-related succes-
sion of the Triassic magmatics is not seen it the
Southern Alps, aithough the “OIB”-type signa-
ture of the alkaline dykes would be in accordance
with a “plume” upwelling.

Compared to normal basalts, alkaline rocks
are produced by lower degrees of partial melting.
From recycling of oceanic lithosphere and delam-
ination of orogenic lithosphere in the Proterozoic
and Phanerozoic, a lot of “OIB” source material
may reside as dispersed streaks within the con-
vecting upper mantle (ALLEGRE and TURCOTTE,
1986; WILSON, 1993). At low degrees of partial
melting the enriched scattered material in the as-
thenosphere would melt first and its geochemical
characteristics would dominate the depleted
MORB source reservoir (WILSON, 1993). Under
these conditions the alkaline dykes should be in-
terpreted as derivatives from the convecting
asthensphere instead of originating from a deeper
“plume” upwelling.

The ultimate driving force of plate tectonics is |
the loss of heat from the convecting upper mantle, |
whereas plumes appear to be driven by heat ioss |
from the core (HILL et al., 1992). 1

During the Permo-Triassic the continents |
were assembled in the super-continent Pangea.
This mega-continent covered about 30% of the
terrestrial surface and was surrounded by the |
Panthalassa ocean. The insulating effect of the
giant landmass provoked a distinct heat anomaly
(ANDERSON, 1982) with a density-driven astheno-
spheric return flow underneath (BISCHOFF, 1985;
PAvoNI, 1985)) and a complete reorganization of
the global upper mantle convection system (Z.11
GLER, 1993b). At about the Middle/Late Triassic
boundary (230 + 5 Ma) the onset of continental
rifting heralded the dispersal of Pangea
(VEEVERS, 1989).

During the Permo-Triassic the Ivrea zone is
placed in an area at the eastern margin of Pangea.
In the Upper Triassic a distinct 20-30 Ma long
thermal peak within the crust (SANDERS et al.,
1996), along with uplift in some places and magma
intrusions preceding cooling, normal faulting and
extension in the area of the Southern Alps, give
strong evidence of an “active” asthenospheric
mantle upward flow. In contrast, the model of
“passive” rifting postulates that extension should
come first.

7. Conclusions

The Lower Permian metabasalts of the Ivrea zone
are classified as anorogenic magmas developed in
a transtensional rift setting (HANDY and ZINGG,
1991). Itis very likely that the voluminous basaltic
melts originated within the subcontinental mantle
where they were formed passively by lithospheric
extension (MENZIES and BODINIER, 1993). Geody-
namically, this strong magmatism, which is not re-
stricted to the Southern Alpine domain, belongs to
the Europe-wide post-Variscan magmatic activity
during the Lower Permian.

The fractionated tholeiitic basalts of the Mafic
Formation leave voluminous olivine/clinopyrox-
ene cumulates at the crust-mantle boundary. This
dense cumulate layer together with garnetiferous
lower crustal rocks in the present high crustal
position is first and foremost responsible for the
positive gravity anomaly in the Western Alps, and
very likely corresponds to the modeled geophysi-
cal Ivrea body.

At the beginning of the Upper Triassic, alka-
line dyke intrusions into the northern Ivrea zone
originated at a depth of around 50 km. They were
formed by second-stage melting of a metasomati-
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cally enriched upper mantle, but their ultimate
source was “asthenospheric”. The time delay be-
tween the uplift of the crust, documented by the
Upper Anisian Richthofen conglomerate in
SouthTyrol, and the somewhat younger Ladinian/
Carnian magmatism in the Southern-Alpine do-
main is a striking fact. This is explained by the im-
pingement of a “hot” new upwelling astheno-
sphere at the base of the lithosphere and the long
duration of the conductive heat transfer into the
overlying mantle, later triggering melting of vola-
tile-rich material.

Likewise, the upwelling branch of the convect-
ing asthenosphere gave birth to the larger Mon-
zoni intrusive complex in the eastern part of the
Southern Alps at the Ladinian (Fig. 1). The “sho-
shonitic™ chemical composition of the Mt. Mon-
zoni magmatic rocks is probably controlled by
older metasomes from the Hercynian orogenic
cycle (Criscret al., 1984; BONADIMAN et al., 1994)
pre-existing within the lithospheric mantle. Thus,
with the “new” upwelling of the convecting asthe-
nosphere, the actual start of the “Alpine cycle”
may be in the Anisian.
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