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Abstract. Two different contamination processes have
been identified as having been operative in the genesis
of a plutonic suite: initial contamination of a mantle
source, and subsequent crustal contamination of upris-
ing partial melts from the mantle. These processes are
indicated by a detailed analyses of Nd, Sr, and oxygen
isotopes together with major- and trace-eclements of the
32-30 Ma calc-alkaline Bergell intrusion. This intrusion
is located at the suture of the Alpine continental collision
zone and contains rock types capable of discriminating
between mantle and intracrustal processes. A range from
basaltic-andesitic dykes in the surrounding country
rocks, cumulitic hornblendites, gabbros, tonalite, grano-
diorite and lamprophyres, to pegmatites and aplites, is
exposed in this single intrusion. The results of REE mod-
elling and isotopic compositions of the basic members
suggest that the cumulates were fractionated from a pic-
robasaltic liquid originating by partial melting of en-
riched subcontinental mantle (syg= +4). Increases in
878r/86Sr (0.7055) and 6'20 (+6.7) in these samples rel-
ative to the mantle array and compositions of other Per-
iadriatic intrusions are most likely the result of an initial
contamination of the mantle source by dehydration or
partial melting of altered subducted oceanic crust. Slight
differentiation of such a picrobasaltic liquid produced
the basaltic-andesitic dykes. Simultaneous fractional
crystallization and contamination of the uprising magma
by continental crust produced crustal isotopic signatures
which increase with acidity to values of gyg= —7.6,
878r/%5Sr=0.716 and 3*30 = +10. The crustal imprint
and LREE enrichment in the dominating tonalite in-
crease with decreasing crystallization depth which indi-
cates that the tonalites were emplaced in several distinct
batches with different degrees of contamination. Sho-
shonitic lamprophyres, which intruded into the partly
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solidified granodiorite, were generated in a deep, strong-
ly contaminated mantle source. The posttectonic 26 Ma
Novate leucogranite is not cogenetic with the main Ber-
gell body, but rather formed from a predominantly crus-
tal source. If the described features are indeed due to
mantle source contamination processes, which are well
known for volcanic arcs, it must be concluded that these
may also play a significant role in the genesis of calc-
alkaline plutonic suites.

Introduction

The thorough isotopic and geochemical analysis of all
members of a single igneous complex offers an excellent
opportunity to study both the sources which contributed
to the pluton and the processes involved in its genesis.
In general, crustal contamination increases with the de-
gree of differentiation. As a consequence the study of
basic members of an intrusion is particularly valuable
for observing mantle processes, whereas the acidic com-
ponents may yield information on intracrustal processes.
Taylor (1980) and DePaolo (1981) have quantified this
“assimilation and fractional crystallization (AFC)” pro-
cess.

Another mechanism often encountered in calc-alka-
line, and thus continental margin magmatism, is the
“source contamination” process (James 1981), where
the mantle source of the magmas is contaminated by
subducted materials. This process, however, is difficult
to identify by major or trace element geochemistry in
plutonic rocks because all intrusive members and thus
their elemental concentrations are usually modified by
fractional crystallization. Nevertheless a combination of
sensitive isotopic indicators, such as Sr and Nd, which
have high contaminant/mantle concentration ratios,
with an abundant element such as oxygen with approxi-
mately equal concentrations in mantle and contaminant,
often enables a distinction to be made between source
contamination and other processes (James 1981). Source
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contamination has often been observed in island arcs
(Davidson and Harmon 1989; Chen et al. 1990; for two
recent examples and references therein) and continental
volcanic arcs (Stern et al. 1990), but only rarely in plu-
tonic arcs (Hill et al. 1986).

This paper focusses on the identification of the differ-
ent sources of a single pluton, the 32-30 Ma Central
Alpine Bergell intrusion. Major and trace element geo-
chemical, oxygen-, Sr-, and Nd-isotopic analyses are pre-
sented for all major rock types ranging from cumulitic
hornblendite to pegmatite. The Bergell intrusion is locat-
ed at the triple point of the Eastern, Southern and Cen-
tral Alps, aligned like several other Tertiary intrusions
along the late Alpine “Periadriatic” (Insubric) fault sys-
tem and is most certainly linked to deep reaching litho-
spheric processes in the Alps. An understanding of the
origin of this intrusion is thus of fundamental signifi-
cance.

Geological Framework

The Bergell intrusion is located in the southeast corner of the zone
of Tertiary (“Lepontine”) metamorphism. The massif consists
mainly of a zoned structure made up of mafic dykes in the country
rocks, marginal occurrences of cumulates and gabbros, a frame
of tonalite (“‘scrizzo™ in Italian) and a granodiorite (* ghiandone )
centre (Fig. 1). A separate peraluminous intrusion, the Novate leu-
cogranite, crosscuts both tonalite and granodiorite, is undeformed,
and according to trace element variations, unrelated to the main
Bergell body (Gulson 1973; Reusser 1987).

The three main units have been dated by the U-Pb method:
the tonalite yields discordant zircon ages > 30 Ma, the granodiorite
both discordant zircon and a concordant accessory mineral age
at 30 Ma (Gulson and Krogh 1973), and the Novate leucogranite
a concordant monazite age of 26 Ma (Kdppel and Griinenfelder
1975). Von Blanckenburg (1990) investigated the Sm—Nd and U-
Th-Pb systematics of accessory minerals and determined precise
intrusion ages of 31.8940.09 Ma by zircons from the tonalite and
30.1+0.17 Ma by allanite and sphene from the granodiorite.

Geological maps have been published by Staub (1921) and
Wenk and Cornelius (1977), and a geological summary on the Ber-
gell intrusion and its field relations is given by Trommsdorff and
Nievergelt (1983).

The following rock types have been investigated and are dis-
cussed in the sequence of emplacement: Basaltic-andesitic dykes,
which crosscut the regional metamorphic and folded country rocks
in the north and southeast of the intrusion (Nievergelt and Dietrich
1977; Gautschi and Montrasio 1978) represent the first phase of
magmatism in the region, as some of them are overprinted by
contact metamorphism within the Bergell contact aureole. Cumulit-
ic hornblendites and gabbros are the first members of the intrusion
itself and have been carried up from a depth of ~30km to the
margins of the massif as large solid blocks by the subsequent acidic
intrusions (Diethelm 1985, 1989). Only gabbros from the compara-
tively larger mafic bodies of the eastern margin were studied in
order to avoid the mectasomatic overprint on the small gabbro
lenses of the western margin. The tonalite is hornblende-rich and
extends over 60 km toward the west in an offshoot called the ““Iorio
tonalite” (Weber 1957). Reusser (1987) suggested an increase in
hornblende crystallisation pressure from 5kbar in the east to
7.5 kbar in the west based on hornblende barometry. The tonalite
becomes increasingly foliated from east to west. Small occurrences
of in situ crystallized gabbros and microgabbros were emplaced
simultaneously with the tonalite at the present level of exposure
and contain restitic material of undissolved country rocks. The
granodiorite, the largest unit of the intrusion, contains large alkali-
feldspar crystals and is in part hornblende bearing. Lamprophyres
intruded the partly solidified granodiorite. In part they are disintc-
grated into xenoliths. Both calc-alkaline and shoshonitic dykes ex-
ist (Diethelm 1989). For the present study a shoshonitic lampro-
phyre was analyzed. The “Melirolo Augengneis” (Weber 1957)
is a small strongly foliated plagioclase augen bearing granodiorite,
which forms the southern margin of the Iorio tonalite. Both aplites
and pegmatites crosscut the older intrusions and country rocks
discordantly, and form the final members of the intrusion. A roof
pendant was analyzed from the pre-Alpine Suretta nappe, which
rests in the cast as a large body on the granodiorite and represents
a typical, though not representative potential crustal contaminant.

The genesis of the Bergell intrusion has long been subject to
debate. In general, two models have been proposed to account
for its origin. (a) The in situ transformation of country rock
(Drescher-Kaden 1940; Wenk and Cornelius 1977; Wenk 1982).
This model basically proposed a subsolidus metasomatic mixing
of amphibolitic and granitic country rock to form gabbros and
the tonalite. (b) The Bergell as intrusive massif: Staub (1918) inter-
preted the massif as a postkinematic magmatic intrusion. This idea
was supported among others by Clondiffe and Mottana (1974),
who performed melting experiments on granodiorite and tonalite,
Trommsdorff and Nievergelt (1983) by field observations, Dicthelm
(1985), who demonstrated the intrusive character of the Bergell
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Fig. 1. Simplified geological
map of the Bergell intrusion
showing the principal rock
types and sample locations.
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gabbros and discriminated geochemically the MORB type amphi-
bolitic country rocks from the calc-alaline intrusive rocks, and
Reusser (1987) by phase petrological and thermal considerations.
One of the major goals of this study is to obtain quantitative
data for the origin of the diverse rock types in order to constrain
further the possibilities for the genesis of this intrusive complex.

Results

Major and trace element data of the investigated samples
are given in Table 1. Isotopic results are given in Table 2.
Data for the Novate leucogranite are compiled from the

Basaltic—Andesitic Dykes
Cumulates (Hornblendites)
Gabbros

Shoshonitic Lamprophyres
Tonalites

Granodiorites

Aplites, Pegmatites
Melirolo Augengneis
Novate Leucogranite
Suretta Roof Pendant

#gOO9DboO4 >N

FeOtot

K50+Naog0

a

MgO

MgO

b Feotot

Fig. 2. a AFM-diagram for Bergell samplcs. Published samples are
from Nievergelt and Dietrich (1977), Gautschi and Montrasio
(1978), Reusser (1987), and Diethelm (1989). Metasomatically al-
tered basic samples have been avoided. b Plot of MgO versusFeO,,.
Sample sources- and symbols as in a
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literature: major and trace elements are given by Reusser
(1987), REE by Mottana et al. (1978), oxygen isotopes
by Diethelm (1989, 3'8Ogvow =9.10), and Nd and Sr
isotopes by Kagami etal. (1985, gyq(t)=—8.57,
878r/36Sr =0.709812). Further data in Figs. 2a and 2b
are from Nievergelt and Dietrich (1977), Gautschi and
Montrasio (1978), Reusser (1987) and Diethelm (1989).

Mujor elements

In general, major clement geochemistry of the Bergell
intrusive rocks defines a clear calc-alkaline trend as
shown in the AFM-diagram (Fig. 2a). Two exceptions
are recognized: the shoshonitic lamprophyre dykes have
an alkaline affinity defined by depletion in total iron
relative to the other mafic members (Diethelm 1989);
whereas a few gabbros are slightly enriched in total iron.

Fig. 2b shows a plot of MgO versus FeO,, for the
same samples as in Fig. 2a. Two distinct trends are visi-
ble: a steep decline of MgO at more or less constant
FeO,,, is displayed by the cumulates and gabbros. This
trend can be accounted for by precipitation and removal
of olivine and orthopyroxene. The second trend defined
by the other members of the suite shows declining MgO
and FeO,,, and is considered to have been produced by
differentiation and/or contamination as will be shown
by the isotopic data presented below. As seen in Fig. 2a
the basaltic-andesitic dykes have intermediate composi-
tions and plot at the intersection of the two trends. This
may well indicate that these dykes were produced by
the removal of cumulates but little plagioclase, which
would also account for the high aluminium contents of
the basalts and andesites. As in Fig. 2a, some gabbros
are enriched in total iron, which may be the result of

P —— P

O P861 Lamprophyre
M Malf1 Basaltic Dike
¥ Siss2 Gabbro

WV Siss1 Gabbro
A Siss4 Hornblendite
A Siss6 Hornblendite

-
(=}
N

Sample/Chondrite
@

—
(=
[*Y

a " A a a A " A M i i A

La Ce Nd Sm Eu Tb Yb Lu

Fig. 3. Chondrite-normalized REE-patterns for basic samples
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incomplete differentiation and suppressed fractionation
of magnetite. A detailed analysis of the major- and trace-
elemental trends of the whole intrusion is given by
Reusser (1987). They resemble in most aspects those de-
rived for the very similar south Adamello intrusion
(Ulmer et al. 1983).

Rare earth elements

Chondrite-normalized REE patterns of all mafic sam-
ples are given in Fig. 3. All cumulates and gabbros plot
below the basaltic dyke Malf 1, with the exception of
the in situ crystallized gabbro Siss 2. This gabbro ap-
pears to have intruded and assimilated country rocks,
which is consistent with the strong REE-enrichment and
isotopes. The slightly hump-shaped spectra of the cumu-

Table 3. Modes of modelled cumulates (Vol.%) used in calculation
of parental melt

0Ol Opx Cpx Hbl Plag
Siss 1 1 55 38 6
Siss 6 32 5 36 23 4
GS83-2 10 25 50 15
VS$86-5d 33 N 34 2
VS86-8 4 40 37 19
Average 16 1 39 34 10

———

Cumulate Melt

ote4>
004D

<

w

[e4]

2]

&

Q

Maif1 Basalt
RC158C Picrite

O%#

[ 2F
-
o=l
&
Lol
=]
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o]
L ot
o 10
p—
E‘ 8 .....
o]
w 6
5k
4
3
La Ce Nd SmEu Gd Tb Yb Lu

Fig. 4. Chondrite-normalized REE-patterns for cumulates and de-
rived melts. The melts were calculated using the mineral modes
given in Table 3 and the partition coefficients for Ce, Sm, Eu,
Gd, Yb, and Lu from Henderson (1982). GGd, which was not mea-
sured, has been obtained by interpolation between Sm and Tb.
The shaded area gives the range for primary melts. For comparison,
an Adamello picrite-basalt (Ulmer 1988 and pers.comm.) and the
Bergell basalt Malf 1 are shown

litic hornblendites Siss 4 and Siss 6 and the hornblende
gabbro Siss 1 are an effect of the dominating hornblende
and clinopyroxene.

The REE characteristics of the parental melt coexist-
ing with the cumulates are calculated from the concen-
trations of the cumulates in Table 1, the modes in Ta-
ble 3, and the partition coefficients of Henderson (1982)
and presented in Fig. 4. In addition to the hornblendite
Siss 6 and the gabbro Siss 1, the cumulates GS83-2,
V886-8, and VS86-5d of Diethelm (1989) have been add-
ed to constrain the melt better. The resulting rare earth
patterns (Fig. 4) are rather flat (Ce/Yb=8.2-14), show
small Eu-anomalies, and are 7 to 30 times chondrite.
For reference a picrobasalt is also shown. This sample
represents the parental magma of the similar Adamello
gabbros (Ulmer etal. 1983; Ulmer 1988 and pers.
comm.) The calculated parental magmas are similar to
the primitive picrobasalt but are lower than the slightly
evolved basaltic-andesitic dykes (e.g. Malf 1). It seems
most probable that the cumulates were derived from a
picrobasaltic magma, and that such a weakly differen-
tiated magma produced the basaltic-andesitic dykes.

REE patterns and isotopic ratios of the tonalites are
shown in Fig. 5. La concentrations vary from 120 to
50 times chondrite, Lu from 18 to 9 times chondrite.
Ce/YDb varies from 21 (Siss 3, the eastern-most sample)
to 11.5 (Ge 20, the western-most sample). Such a LREE
enrichment could be produced by hornblende fractiona-
tion (Arth and Barker 1976). However, the increase in
LREE enrichment is also paralleled by an increase in
crustal isotopic ratios, with the exception of the sample
Mer 1. Contamination by strongly LREE enriched mate-
rial in addition to hornblende fractionation may well
be the cause for the varying tonalite patterns.
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Fig. 5. Chondrite-normalized REE-patterns and isotopic ratios for
tonalites



REE patterns of acidic members are plotted in Fig. 6.
As an example for a potential crustal contaminant, the
roof pendant, Bona 3, is also displayed and shows the
steepest rare earth pattern with the highest LREE/
HREE enrichment. The granodiorite, Bona 1, which
plots intermediately between the tonalites (shaded area)
and the roof pendant, could be produced by AFC con-
tamination of a tonalite with a material such as that
represented by the roof pendant. Hornblende fractiona-
tion as sole process (Arth and Barker 1976) is excluded
by the isotopic data (sece below). The same argument
also holds for the Melirolo Augengneis, lorio 1. Aplite,
pegmatite, and the Novate leucogranite are all strongly
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Fig. 6. Chondrite-normalized REE-patterns for acidic samples and
range (shaded) for tonalites
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depleted and show very large Eu anomalies, This may
imply that REE and Eu bearing minerals (accessories,
feldspar) have been fractionated before the formation
of these rocks or that the fused country rock retained
the accessories in the residue.

Isotopic results

All the results obtained by isotope dilution and isotopic
ratios are given in Table 2.

The Sr- and Nd-isotope data, corrected for 30 Ma,
are shown in Fig. 7 and compared with other circum-
Mediterranean Tertiary plutons in Fig. 8. There are sev-
eral features of note: (a) the array starts at eyq of +4.0
for the mantle endmember as does the Adamello array
(Kagami et al. 1991). (b) Compared with the mantle ar-
ray and the Adamello field, all Bergell 87Sr/8¢Sr-ratios
are elevated for a similar gyg-value, whereby no real
87Sr/86Sr mantle-value is observed. (¢) The Novate leuco-
granite is displaced away from the array towards lower
&éng (—8.6) and lower 87Sr/36Sr (0.7098). These data are
consistent with bulk-rock geochemical data (Gulson
1973; Reusser 1987) which indicate that the Novate leu-
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Fig. 8, Same diagram as Fig. 7 but with comparison ol the Bergell
(solid symbols) with other Mediterranean plutonic rocks (open sym-
bols). The Adamello data are from Kagami et al. (1991); “Other
Periadriatica” from Kagami et al. (1985), Juteau et al. (1986),
Barth et al. (1989); Elba, Greece, and North Africa from Juteau
et al. (1986). Three crustal contamination curves are shown: The
solid curve represents an AFC curve (DePaolo 1981, r=0.5, Dy, =
0.3, D, = 0.4) between a picrobasaltic partial melt originating from
a contaminated enriched mantle as proposed for the Bergell magma
source (exg= +4, 878r/258r=10.7055) and European crust. The dor-
ted curve represents a hypothetical simple mixture between a picro-
basaltic partial melt (Table 4) with isotopic characteristics of de-
pleted mantle (DM) and European crust. The dashed curve repre-
sents a simple mixture between a picrobasaltic partial melt originat-
ing from enriched mantle (EM) and European crust, as invoked
for the other Periadriatic intrusions. A source contamination curve
(dashed-dotted) is given for a simple mixture between enriched man-
tle and altered MORB. A source contamination curve for pelagic
sediments roughly parallcls the dashed curve but is omitted for
clarity. See Table 4 for properties of endmembers
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cogranite is unrelated to the Bergell intrusion and is
derived from a different source. (d) Whereas all mafic
samples are within the mantle field with respect to &g,
the gabbro Siss 2, which intruded country rocks, shows
highly crustal eyq and #7Sr/®°Sr. (e) The Bergell tonalite
is isotopically very heterogenous. The main body (Siss 3,
Ma 1, Mer 1, Sor 1) has more crustal values (exg= —4
to —5.1, 87Sr/8%Sr=0.709 to 0.710) than the Torio tona-
lite (Iorio 2, Ge 20: eng=—2.4 to —2.7, 87Sr/®%Sr=
0.707 to 0.708). (f) The Melirolo Augengneis, lorio 1,
which is closely associated with the Iorio tonalite, Iorio
2, vields much more crustal eng (- 6.1 versus —2.4) and
87Sr/86Sr (0.715 versus 0.707) which suggests that signifi-
cant assimilation would have had to take place to gener-
ate the Augengneis from the tonalite.

5180 versus &yq is shown in Fig. 9. The oxygen
isotope compositions range from mantle to crustal
values. This variation is too high to be produced by
mineral fractionation alone which would account for
only a 1% shift (James 1981). The samples are well corre-
lated. All mafic samples with one exception plot within
the mantle field (the field defined by continental tho-
leiites and alkali basalts with respect to 6120, Kyser
1990, and the whole mantle with respect to Nd). They
are relatively homogeneous in oxygen but vary in Nd.
The tonalites and the shoshonitic lamprophyre are inter-
mediate in both Nd and oxygen. All acidic members
and the in situ gabbro display strongly crustal Nd as
well as oxygen. The trend of the acidic samples is rather
smooth because eyy for the crustal endmembers is re-

" stricted to a limited range.
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from continental tholeiites and alkali basalts) and DePaolo (1988,
eng in oceanic basalts, as no precise estimates are available for
the range of Nd-compositions in the continental mantle). The Ber-
gell data can be fitted with an AFC curve (parameters as in Fig. 8)
between a picrobasaltic partial melt originating in a source-conta-
minated enriched mantle and Furopean crust. Source contamina-
tion curves are shown for enriched mantle contaminated by altered
MORB and pelagic sediments. Endmembers are given in Table 4.
The tickmarks shown are for every 10 weight % contaminant in
magma or mantle
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A noteworthy feature is displayed by the 580 versus
87Sr/86Sr diagram (Fig. 10): while the mafic samples
range within the mantle field with respect to 620, all
879r/3%Sr values are crustal. The acidic samples scatter
widely in both 87Sr/®®Sr and 6'%0, which is expected
in the light of the heterogeneous nature of the potential
crustal endmembers.

Discussion
The endmembers

Two endmembers can be distinguished on the basis of
whole-rock geochemical data and isotopic compositions.
The first endmember is a picrobasaltic partial melt orig-
inating in the mantle; the second are crustal rocks. The
origin of the mantle endmember can now be assessed.
One source for the Bergell magmas could be the de-
pleted mantle (DM, characteristics given in Table 4). A
mixture between a DM partial melt and ‘European type’
crust is indicated by the dotted curve in Fig. 8. This
model applied solely for the Bergell could crudely ex-
plain the shift of the basic units towards more radiogenic
Sr composition at similar mantle Nd when compared
with other circum-Mediterranean intrusions (Fig. 8).
However, considering their very similar geological
settings, an origin in enriched mantle (EM) for both
Bergell and Adamello seems much more likely. Both Nd
and oxygen yield mantle values for the cumulates and
the basalt-andesite Malf 1, and the eyq of +4 of this
latter sample is typical for the Central European subcon-
tinental mantle at this time (Stille 1987; Stille et al. 1989).
This is also the highest &yq obtained in the neighbouring
Adamello batholith (Kagami et al. 1991). According to
Wilson and Downes (1991) an &y of +4 would corre-



Table 4. Properties of endmembers taken for isotopic mixing mod-
els. The sources are a) Taylor (1980); b) James (1981); ¢} Faure
(1986); d) Stille (1987) and unpublished calculations, also average
asthenospheric-lithospheric mantle mix value of Wilson and
Downes (1991); ) Ulmer (1988) and pers. comm.; f) Yeh (1980);
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2) Wedepohlt (1978); h) Average European Basement, Liew and
Hofmann (1988); i) Elderficld et al. (1981); j) Tethys seawater,
Stille and Fischer (1990); k) Quartz Alpine Basement, Hoernes
and Friedrichsen (1980); 1) Kyser (1990)

Component 580 ppm Sr 87Sr/88Sr ppm Nd £na
Depleted Mantle +5.7° not used 0.703° not used +10°
Enriched Mantle +6.0° 46 ppm* 0.704¢ 3.5 ppm? +4°
BEnriched Mantle +6.0° 167 ppm® 0.704¢ 8.2 ppm* +44
Picrobasaltic partial melt

Pelagic Sediments +20f 200 ppm?® 0.718% 90 ppm! —9i
Altered MORB +13* 500 ppm™© 0.708*" 10 ppm°® +10°
Alpine Crust +10* 100 ppm" 0.718" 20 ppm" —10"

spond to a mixture of asthenospheric and lithospheric
sub-European mantle. The enrichment in radiogenic Sr
(+0.002) in the Bergell rocks as compared with the Ada-
mello is discussed below.

The other endmember in the main mixing and con-
tamination process is the considerably heterogeneous
lower and middle Alpine crust. Present day depth esti-
mates for this crust are up to 60 km (Bernoulli et al.
1990), the depth of the cumulate formation was estimat-
ed to be about 30 km (Diethelm 1989), and the level
now exposed in the Bergell area was buried at a depth
of 20-30 km (Reusser 1987). Thus considerable thickness
of crust had to be traversed by the rising magma during
which assimilation took place. Average values for the
assimilated crust are given in Table 4; note however,
that 87Sr/%6Sr scatters enormously in the exposed Alpine
nappes. Further constraints for the Nd-composition of
the crustal endmember comes from an gy of —8.1 which
was measured on a zircon fraction from the granodio-
rite, which can be attributed to the inheritance of old
cores, with a much lower &yy than the bulk rock value
of —6.3 (von Blanckenburg 1990). The roof pendant
Bona 3 and the pegmatite Siss 7 are therefore close to
the isotopic composition of the expected average end-
member.

The shift of 87 Sr/%°Sr in the mafic endmembers

A characteristic feature of the Bergell trend is the dis-
placement of the basic units away from the mantle array
towards more radiogenic Sr. This shift is correlated with
a slight increase in 680 from a “real” mantle value
of ~ +6%0 to values of >6.7%. Such a displacement
can be generated by three possible processes:

(A) Subsolidus alteration. This may effect not only the
whole-rock oxygen values in basalts (Kyser 1990), but
also the margins of intrusions affected by circulating
hydrothermal fluids. At the high temperatures of the
intrusion, with an origin in metapelitic or calcareous
country rock, such hydrothermal fluids could potentially

produce a strong elevation in 80 and possibly a slight
increase of 87Sr/®®Sr ratio in the solidified intrusive
rocks (Hill et al. 1986). At the present stage it is difficult
to assess rigorously whether such a process may have
acted by the younger tonalite melt enclosing the already
solidified gabbroic and cumulitic bodies. However, sev-
eral arguments suggest that the isotopic signatures are
of primary origin: (1) Most of the samples display a
primary igneous mineral assemblage without indications
of recrystallization. (2) Only large mafic bodies devoid
of enrichments in alkalies were investigated. The small
bodies enriched in alkali elements at the western margin
of the intrusion (Diethelm 1989, p. 54) have been care-
fully avoided. (3) The early basaltic dyke, Malf 1, dis-
plays the same elevated 6'%0 and 87Sr/®%Sr characteris-
tics, although it intruded far outside of the later contact
aureole of the intrusion and in a greenschist metamor-
phic environment consisting of ophiolitic serpentinite.
Exchange with crustal Sr or oxygen must be excluded
for this sample. (4) The predominant exchange mecha-
nism for Sr and O in the cumulitic bodies would be
diffusion, as the permeability at the high temperatures
of the later tonalite intrusion would be low (Dickin et al.
1980). It is likely, however, that the bodies, which are
>100 m in diameter, would have been too large to be
infiltrated as a whole by diffusive transport. Thus, it
is concluded that at least the observed Sr-isotopic fea-
tures are of primary origin.

(B) Lower crustal amphibolite melting. In continental
collision zones undergoing extension, amphibolites may
melt in the lower crust without heat transfer from man-
tle-derived melts (England and Thompson 1986). The
partial melts formed would be granitic to tonalitic. Un-
derplating of the lower crust by basaltic partial mantle
melts could lead to andesitic or ¢ven high-alumina basal-
tic melts. Such a process operating in the Ivrea zone
(Southern Alps) was suggested to have generated the
South-Alpine Hercynian granites and andesites (Stille
and Buletti 1987). The corresponding lower crustal mag-
ma chamber processes have been studied by Voshage
et al. (1990) in the Ivrea zone. Since the mafic lower
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crust is in general enriched in 6'%0 (average 630 =
7.5%o, Fowler and Harmon 1990) an origin of the Bergell
melts in the lower crust could explain their elevated 550
values. However, as in the neighbouring Adamello intru-
sion (Ulmer et al. 1983; Kagami et al. 1991), the pres-
ence of isotopically primitive cumulates and gabbros,
for which REE modelling indicates a picrobasaltic and
thus mantle-derived parental melt (Fig. 4), provides
strong evidence that the intrusion originated in the man-
tle and contains a significant primary mantle compo-
nent. Moreover, crustal melting alone would result in
a clustering of data, whereas the smooth isotopic mantle-
crust mixing trends, which correlate well with degree
of differentiation, strongly suggest that AFC mixing be-
tween mantle and crustal endmembers was the governing
process. In summary the large volumes of tonalite pres-
ent (Fig. 1) indicate that the amphibolitic lower crust
may have been the predominant location for assimila-
tion and generation of the fonalitic magmas but the ele-
vations in #7Sr/®¢Sr and 580 of the basic early differen-
tinles are a primary feature inherent to the partial mantle
melt.

(C) Mantle source contamination. Source contamination
models are generally invoked for the genesis of island
arc basalts (e.g., Davidson and Harmon 1989; Chen
et al. 1990, for two recent examples and references there-
in), but have also been taken to account for continental
volcanic arcs (Stern et al. 1990). The shift to the right
in the gyq versus &, diagram and the elevation of the
8'80 can be explained by subducted and seawater-al-
tered MORB basalts (Hawkesworth et al. 1977) contam-
inating the mantle source of the Bergell magma by fluid
release or partial melting. Given the properties of en-
riched mantle, EM, (87Sr/®6Sr=10.704, 180 =6.0), and
altered MORB (37Sr/%®Sr=0.708, 6'%0 < +13%o),the
resulting mixing curves between these two components
are shown in Figs. 8, 9, and 10 (see Table 4 for refer-
ences). An alternative potential mantle contaminant
would be carbonate rocks, as these too contain high
Sr but are very low in Nd.

The isotopic evolution is best explained by the &yg
versus 6180 diagram (Fig. 9). The enriched mantle is
firstly contaminated by altered MORB which results in
a strong elevation in 6*®0 and a slight elevation in ey,
The latter offset can be compensated simultaneously or
successively by additional input of subducted sediment
or even continental crust, which would shift the EM
composition into the direction indicated by the pelagic
sediment curve. The resulting mixture of EM, altered
MORB, and sediments defines the starting point for the
generation of picrobasaltic magma.

From this point on, the process of crustal contamina-
tion by continental crust would be operative. The evolu-
tion of exng, 37Sr/%%Sr, and 5'30 is best approximated
with a reference AFC curve (DePaolo 1981, solid curves
in Figs. 8, 9, 10 and the parameters given in the caption
of Fig. 8).

The Bergell data set is thus consistent with a two
stage contamination model: primary contamination of
an enriched mantle source by dehydration and fluid re-

lease or partial melting of strongly altered MORB and
little sediment or continental crust, then contamination
of partial melts generated in this mantle by continental
Alpine crust, with simultaneous fractional crystalliza-
tion. A similar interference of source and crustal con-
tamination processes was proposed for an island arc by
Davidson and Harmon (1989).

The role of the shoshonitic lamprophyre

The shoshonitic lamprophyre P861, which is a “min-
ette” in mineralogical terms, can be explained by orig-
inating directly in a deep-seated mantle magma source
and being emplaced with little or no differentiation. Ac-
cordingly for the steep REE pattern and strong LREE
enrichment (Fig. 3), Diethelm (1989) calculated a 3%
partial melting of a 4-7 times LREE-enriched garnet-
lherzolitic mantle as the source for such a melt. This
is consistent with isotopic models (Turpin et al. 1988;
Stille et al. 1989), which suggest melting of a mantle en-
riched by sedimentary melts as a source for minettes.
That these source contamination models are also valid
for the Bergell lamprophyre P861 is indicated by ey
corrected to 30 Ma of —2.2+1.6 for a zircon and
—1.24+2.9 for the whole-rock of this sample (Stille and
Steiger 1991). This compares with an &gy of —3.8 (Ta-
ble 2) and supports the involvement of sediment sub-
ducted into the mantle source.

Deep lithospheric structure and magma emplacement

The displacement of the Bergell array towards more ra-
diogenic 87Sr/®®Sr by source contamination may well
be a unique feature of this intrusion in comparison with
all other circum-Mediterranean plutons (Fig. 8). How-
ever, a simple Andean-type subduction model may not
account for the complex geodynamic situation in the
Alps: evidence for subduction of continental crust is giv-
en by exposed high-pressure rocks in the Western Alps
(Tilton et al. 1989). Seismic profiles (Bernoulli et al
1990) suggest that European continental crust (and Teth-
yan oceanic crust) was subducted below the Adriatic
moho. On the other hand, a slab of Adriatic lower crust
was emplaced below the Central Alpine area at a present
day depth of ~30 km (Bernoulli et al. 1990, Fig. 6). As-
suming a magma generation depth of ~60 km, which
would be the present day depth of the European moho
below the Bergell area, it is quite possible that the gener-
ation of Bergell magma predates the underplating by
the Adriatic lower crust, as the latter could have pre-
vented the ascent of magma.

The evolution following the source contamination
may be approximated in the following manner. The pic-
robasaltic mantle melts fed a magma chamber, evidence
for which is given by the presence of cumulates and
the fact that tonalites are not produced directly in the
mantle source (Wyllie et al. 1976). The depth of the mag-
ma chamber can be estimated to be at ~30 km (Diet-
helm 1989). Differentiation of these melts in the magma



chamber led to accumulation of hornblendites and pyr-
oxenites and to the evolution of the basaltic-andesitic
melts, which first intruded into the country rocks. Then
assimilation started with simultaneous fractional crystal-
lization and produced the tonalites. Different magma
batches exhibiting varying degrees of contamination rose
from the magma chamber and equilibrated at contin-
uously decreasing depth. This accounts for both the
lower crustal contamination, and the lesser enrichment
in LREE in the deeper, western tonalite than in the shal-
lower central and eastern tonalite. During ascent the
tonalitic magmas dragged solidified megablocks of cu-
mulates with them from the magma chamber. Local dif-
ferentiation during the tonalite emplacement produced
in situ formation of the highly crustal gabbros. Further
AFC processes led to the generation of the granodiorite
and perhaps the Melirolo Augengneis. The zoned struc-
ture of the Bergell batholith (Fig. 1) provides some evi-
dence that the emplacement of the granodiorite intrusion
involved some kind of ballooning process (Halliday
1983): the primary magma (tonalite) intruded country
rocks and solidified from the margins inward. Later the
granodiorite melt rose through the central core of tona-
lite, which was not solidified by crystallization ~ in con-
trast to the cooling margins — and “ballooned out” the

top of the intrusion. Simuitaneously, shoshonitic lam--

prophyres intruded with little modification from the
mantle source. As a final stage, the pegmatites and ap-
lites were produced from residual liquids and, locally,
fused country rock during the final emplacement of the
intrusion.

Conclusions

A combination of both radiogenic- and stable-isotope
methods allows the identification of several components
contributing to the genesis of the Bergell igneous com-
plex. In a first stage, the mantle source, which has been
identified as an enriched subcontinental mantle, is conta-
minated by a material containing radiogenic Sr and high
4180. Strongly seawater-altered oceanic crust or carbon-
ates are considered to have been subducted and to have
released fluids into this mantle. A small amount of conti-
nental material, such as sediments or crust, may have
also contributed to the source contamination process.
This source contamination process may have predated
the generation of partial mantle melts inducing the intru-
sion.

In a second stage, which takes place in the thickened
Alpine crust, partial melts from the contaminated mantle
segment introduce cumulate formation, dyke intrusion,
and crustal melting which produce the acidic members
of the intrusion by AFC processes. An origin of the
whole suite by lower crustal amphibolite melting is con-
sidered unlikely due to the presence of ultramafic cumu-
lates, but such a process may have contributed to the
large volumes of tonalite.

If the described features are indeed due to source
contamination processes, which are known to contribute
to the genesis of island- or continental volcanic arcs,
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it must be concluded that these may also be of impor-
tance in calc-alkaline pluton genesis. In the case of the
Tertiary Alpine intrusions, source contamination so far
appears to have operated in the case of the Bergell intru-
sion only.
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Appendix 1

Analytical methods

Bulk chemical compositions were determined by XRF analysis at
the Eidgendssische Materialpriifungsanstalt in Dibendorf (Swit-
zerland) following the procedure given in detail by Reusser (1987).
The relative error for major elements is 2% in the 4-100% concen-
tration range, about 10% for smaller concentrations. FeO was de-
termined by KMnO, titration; H,O by loss on ignition. The rela-
tive analytical errors for trace elements are 2-10% for the 10—
100 ppm concentration range, the accuracy is 5% for the
1000 ppm-, ~10% for the 100 ppm-, and ~20% for the 10 ppm-
range.

REE and U, Th, and Hf concentrations were measured by
instrumental neutron activation analysis at the Paul Scherrer Insti-
tut in Wiirenlingen (Switzerland). Count statistical errors are
<10%. Comparison with isolope dilution data for Sm and Nd
yields reproducibilities within this range.

Oxygen isotope analyses were carried out at the new facilities
of the Institut fiir Mineralogie und Petrographie, ETH Ziirich.
All powders were rinsed in cold HCl to remove possible traces
of carbonates. Oxygen was liberated by reaction with CIF, at
600° C and converted to CO,. 180/'%0 ratios were measured on
a VG micromass 903 mass spectrometer and reported rclative to
SMOW. Measurements of NBS-28 yielded 6'30guow="9.58+0.26
(SD) during the course of this work. All samples were analyzed
in replicate, and control measurcments were additionally per-
formed at the Institut {iir angewandte Mineralogic und Geochemie,
TU Miinchen, Fed. Rep. of Germany; the results are used for
mean values in Table 2. For all sets of replicate oxygen measure-
ments, one standard deviation is given.

Rb, Sr, Sm and Nd concentrations were measured by isotope
dilution using mixed *°Rb-3*Sr and '#°Sm-13°Nd spikes. 100-
150 mg of rock powder was spiked and dissolved using the bomb
technique of Krogh (1973). Rb, Sr and REE were separated by
cation exchange resin eluting with 2.5 and 6 M HC], respectively.
Sm and Nd were then separated by cation exchange resin with
alpha-hydroxy-isobutyric acid. Blanks were approximately 1 ng for
Sr, 11 ng for Rb, 0.18 ng for Nd, and 0.02 ng for Sm. These blanks
were negligible, compared with the sample contents.

Concentration and isotopic composition were measured to-
gether. Sr was measured on a Tandem Varian MAT mass spectro-
meter. During the course of this study, 5 runs of SRM 987 yielded
an average 7Sr/898r of 0.710260 4+ 77 (2 sigma standard deviation),
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two runs of BCR-1 yielded 0.705003 438 and 0.705023 +42. Rb,
Sm, and Nd werc measured on a Finnigan MAT261 mass spec-
trometer. Standard runs of Rb yielded a 2 sigma deviation of 0.6%
for mass fractionation. Three Nd isotopes were measured simulta-
neously on a static multicollector. In addition to the electronic
gain calibration, ***Nd/**Nd ratios were corrected for small inter-
collector bias by using the ***Nd/*°Nd ratio, which was measured
on the same collectors. Ratios were normalized to 1*6Nd/'**Nd =
0.7219. Using these corrections, 20 runs of Nd-g (Wasserburg ct al.
1981, '*Nd/'**Nd=0.511928) yielded a **Nd/'**Nd of
0.511916416 (2 sigma standard deviation). Three runs of BCR-1
yielded !**Nd/'*Nd of 0.512643+22, 0.512647+17, and
0.512647 + 10 (95% C.L. error of the mean).

Time corrections were calculated using decay constants of
1.42%10~ 11/year for 8"Rb and 6.54*10~ 12/year for *"Sm (DePao-
lo 1988). An error of 0.6% for ®"Rb/®%Sr and t=+2 Ma was
propagated into time-corrected 87Sr/#5Sr ratios. The effect of this
correction on **3Nd/***Nd errors was negligible. &g, and &y, were
calculated using ®7Sr/®58r;p=0.7045; *"Rb/*®Sryr=0.0827;
13N A/ **Ndeyur =0.512638, and '*7Sm/**Nd =0.1967.

Appendix 2

Sample locations and mineralogy

Explanation: Sample No.; Non-rigorous petrographic description;;
Swiss grid coordinates; altitude; location; major mineralogy
Abbreviations: Cpx = Clinopyroxene, Opx=Orthopyroxene, Ol=
Olivine, Plag=Plagioclase, Hbl=Hornblende, Bio=Biotite,
Musc=Muscorite, Qz=Quartz, Kfs=Kfeldspar, Epi=_Epi-
dote, Zoi= Zoisite, Opq = Opaques

BONA 1: Granodiorite; 776.80/132.40; 2550 m; Val Bona, Ridge
below Cima di Val Bona; Plag>Kfs> Qz> Bio > Hbl

BONA 2: Aplite; 775.90/133.50; 2820 m; Val Bona, at Sella del
Forno; Qz>Kfs>Plag

BONA 3: Suretta Rool-Pendant (Bio-Gneiss); 775.75/132.95;
2820 m; Val Bona, Ridge below Monte Rosso, Boulder; Plag>
Kfs>Qz>Bio

GE 20: Tonalite; 730.50/115.70; 1890 m; Torio Pass, Alpe Gesero;
Plag>Hbl> Bio > Qz> Epi

IORIO 1: Melirolo Augengneiss (Granodiorite with Plag-Augen);
732.88/144.60; 2190 m; Iorio-Pass, Cima di Cugn; Plag>Qz>
Bio > Epi

IORIO 2: Tonalite; 734.12/115.40; 1850 m; Iorio-Pass, at Alpe
la Boga; Plag>Hbl> Bio> Qz>Epi

MA 1: Tonalite; 769.05/119.60; 900 m; Valle Masino, Quarry SW
Categgio; Plag > Hbl> Bio > Qz>Epi

MALF 1: Basaltic Dykc; 784.25/128.15; 1980 m; Between M.
Braccia and Chiesa, in Malenco serpentinite; Plag > Hbl> Zoi

MER 1: Tonalite; 754.30/115.70; 200 m; Valle Mera, Quarry N
Nuova Olonia; Plag> Hbl> Bio> Qz> Epi

P861: Shoshonitic Lamprophyre; 767.45/126.90; 2560 m; Valle
Porcelizzo, SW Punto Camerozzo; Hbl>Kfs>Plag>Cpx>
Bio

SISS 1: Hornblende-Gabbro; 777.30/130.20; 2460 m; Valle
Sissone, Vazzeda Ridge; Cpx>Hbl> Plag> Ol

SISS 2: In-situ crystallized gabbro; 776.35/130.35; 2760 m; Valle
Sissone, Vazzeda Ridge; Hbl>Plag> Bio > Sphene

SISS 3: Tonalite; 777.10/129.90; 2450 m; Valle Sissone, below
Sissone-Glacier; Plag>Hbl > Bio > Kfs > Epi

SISS 4: Hornblendite; 778.05/130.10; 1990 m; Valle Sissone, Val-
ley-path near creek ; Hbl> Cpx > Plag > Talc > Opq

SISS 6: Pyroxenite; 777.30/130.45; 2400 m; Valle Sissone, Alpe
Sissone, Boulder; Cpx>Ol>Hbl >Opx>Plag

SISS 7: Pegmatite; 777.35/131.50; 2480 m; Valle Sissone, N Rifu-
gio Del Grande; Plag > Qz > Kfs > Musc > Bio

SOR 1: Tonalite; 749.30/115.39; 210 m; Sorico, new road outcrop;
Plag>Hbl>Epi>Bio>Qz
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