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Amphibolites from Lake Emosson/Aiguilles Rouges, Switzerland:
Tholeiitic basalts of a Paleozoic continental rifr zone

by J.F. von Raumer', G Galetti', HR. Pfeifer2 and R. Oberhansli'

Abstract

In the northern part of the external Aiguilles Rouges massif, two 1 to 5 m thick zones of amphibohte interlayered in
micaschists can be followed over a distance of several kilometers The whole series is strongly folded and shows
polyphase metamorphic mineral assemblages grading from eclogite to upper amphibohte facies The mineralogy is

quite variable, but two major types of amphibolites can be distinguished garnet-plagioclase amphibohtes and
plagioclase-amphibohtes with rare garnet-pseudomorphs The amphibole compositions vary from magnesio-horn-
blende to rare actinohtic amphibole and garnets are rich m almandine and grossular. The whole-rock composition of
both types of amphibohtes is tholeiitic, but vary considerably m the Mg-Fe-ratio (Mg-number) and some trace
elements the plagioclase-amphibohtes with high Mg-numbers, rich in Cr and Ni, but poor in Ti, Zr and Y correspond
to little evolved and the garnet-amphibohtes to more fractionated tholeiitic magmas similar to present-day mid ocean
ridge basalts (MORB) Chondnte-normahzed rare earth element patterns are flat or slightly enriched in light rare
earths ranging between 10 and 40 times chondnte, but do not differ significantly from one type to the other,
corresponding to transitional type MOR-basalts. However, K-, Rb- and Ba-contents approach values typical for
plume-type, rather enriched MOR-basalts Such compositions are typical for continental rift zones with strong
extension, leading at the end to the formation of oceanic crust, like the Jurassic flood basalt provinces of southern
Africa and Brasil or the Tertiary opening of the Red Sea The large compositional variability and the small volume
suggest that the protohths of these amphibolites were subvolcanic sills or dikes

Keywords Lake Emosson, Aiguilles Rouges massif, Switzerland, amphibohte, dike, geochemistry, metamor-
phism

Introduction

The Emosson area lies in the pre-Carboniferous
crystalline basement of the Helvetic realm of the
Western Alps in the Swiss part of the Aiguilles
Rouges massif. This Variscan basement area is part
of the northernmost lying, external massifs and has

undergone only minor thrusting during the Alpine
orogeny. The accompanying metamorphism was of
very low grade (max. 2 kb, 270 °C, von Raumer,
1984a), thus preserving relics of older events. The
external massifs represent, regardless of their present

outcrop area, small pieces of pre-Permian
polymetamorphic crust (von Raumer, 1976,1981,
1984a). Among the metamorphic rock suites that
outcrop near the lake of Emosson, amphibohtes

are, thanks to their possibly preserved geochemical
signatures, particularly suitable to unravel the pa-
leotectonic environment of this complex rock unit.

Geological setting and petrography

The first geologic outline of the Emosson area was
presented by Collet et al. (1952). Actual field
work reveals a strongly folded, complex lithology
(Fig. 1). A metasedimentary zone up to 1.5 km
large is intruded by granitoid rocks limited in the
east by a major Carboniferous shear zone. The
metasediments derived from detrital sediments of
Late Precambrian to Early Paleozoic age (von
Raumer, 1988) build up a reduced series of inter-

1 Institut de Minéralogie et de Pétrographie, Université, Pérolles, CH-1700 Fribourg, Switzerland
2 Centre d'Analyse Minérale, Université de Lausanne, BFSH2, CH-1015 Lausanne, Switzerland
3 Institut fur Geowissenschaften, Universität Mainz, Saarstrasse 21, D-6500 Mainz, Federal Republic of Germany.
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layers of metagreywackes, quartzites and metape-
lites, where just one important micaschist layer can
be recognized. These rock series suffered deformation

and metamorphism of Caledonian- or Varis-
can age, summarized as follows (cf. von Raumer,
1984b. 1987): The earliest recognizable metamor-
phic event of the Aiguilles Rouges massif is
preserved as meta-eclogites, which occur 15 km to the
southwest of the study area. Their minimum P-T
conditions have been estimated at 11 kb, 780 °C by
Liégois and Duchesne (1980). According to Pa-
quette et al. (1989). this event is Caledonian in age

(425-395 Ma). Within the study area eclogite relics
are only rarely found (see below), but the subsequent

history can be reconstructed from the meta-
pelitic rocks, which are characterized by a Bar-
rovian type of metamorphism. Kyanite-garnet
assemblages, estimated to have formed at 8-10 kb,
550 °C, are associated with large scale folds (F,. F,)
of kilometer scale and are thought to be of Silurian
age (von Raumer, 1984 a. b). Sillimanite
overgrowing kyanite, together with local anatexis, indicate

a later increase in temperature and decrease in

pressure (4-5 kb. 600-700 °C). This event is proba-

Fig. 1 Geological map of the Emosson area with the main lithologie units and the isoclinal fold pattern of amphibo-
lites (black). In the southeast a series of Permian faults dissects all rock units.
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bly of Devonian or Early Carboniferous age and is
associated with open folds (F4) in a NE-SW direction

(Joye, 1989). The late stage of the evolution is
documented by Late Carboniferous shear zones
(Fig. 1) accompanied by fluid migration and retrograde

transformations. The presence of small quantities

of pumpellyite and prehnite are attributed to
the weak Tertiary metamorphic overprint (von
Raumer, 1974).

The amphibolites are relatively scarce in
comparison to the granitic and pelitic country rocks:
they can be mapped over several kilometers and
display a complex fold pattern (Fig. 1). They are
mostly limited to the micaschist layer mentioned
above and only locally found in the adjacent meta-
greywackes. At one locality a discordant contact
with metaquartzites has been observed. Within a

given layer, the amphibolites appear as lens shaped
boudin-like bodies of 5 to 20 m in length. Such huge
lenses with internal fold structures are interpreted
as the hinge zones of older fold structures.

The amphibolites can be divided up into five
types (Tab. 1) well distinguishable in the field
which may occur together in one same lens; a gar-
net-plagioclase type (group 1) and a plagioclase
type (group 2). both groups representing the volu-
metrically most significant rock types (Fig. 2) forming

parallel layers. Of less importance are the clino-
zoisite bearing type (group 3), an amphibole-garnet
schist (group 4) and a biotite-actinolite-garnet-pla-
gioclase schist (group 5). Each of these is described
below. Most types show a more or less lepidoblastic
texture and are finegrained (0.5-1 mm). The schis-
tosity, which is sometimes of mylonitic origin, is

underlain by fine, plagioclase bearing layers, which
may contain small garnets (type IB).

The gcirnet-plagioclase-amphibolites of group 1

contain garnet, amphibole and plagioclase as main
phases. Three subtypes can be distinguished, based
on grainsize (c.f. Tab. 1). The coarse grained type
amphibolite (type 1A. e.g. sample 1604) always
occurs at the limit between the amphibolite bodies

Fig. 2 Photomicrographs of the two major types of amphibolite of the Lake Emosson area.
A) Garnet (G) in plagioclase-garnet amphibolite with amphibole (grey) and plagioclase (white, rock type 1 A, sample
no. 1544).
B) Garnet (white field in the center) replaced by plagioclase (white) and amphibole prisms (grey) in a matrix of
amphibole and plagioclase (rock type 2B. sample no. 1538). Diameter of garnet 2 mm.
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Tab. 1 Typical modal compositions of the five types of amphibolites distinguished (c.f. chapt. petrography) determined

by point counting.

Mineral Rock type and sample number
1A IB 1C 1C 2A 2B 2B 2C 3 4 5

1604 1507 1513 1527 1515 1523 1538 1554 1548 1536 1542

Amphibole 57 71 68 55

Plagioclase 32 28 27 30

Garnet 6 <1 1 0

Quartz 3 <1 3 15

Sphene 2 0 1 0

Ilmenite < 1 <1 < 1 < 1

Biotite 0 0 0 <1
Clinozoisite 0 0 0 0

and the surrounding metapelite. The nearly eu-
hedral garnets of about 5-8 mm diameter are
surrounded by amphibole and plagioclase (Fig. 2A).
In the blastomylonitic type amphibolites (type IB,
sample 1507) small garnets appear in thin
plagioclase rich layers. In the main type garnet-pla-
gioclase amphibolites (type 1C) garnets are lenticular

in shape, and are very often partially replaced
by plagioclase.

The majority of the plagioclase-amphibolites of
group 2 contain essentially plagioclase and amphibole

in a granular texture (type 2B, sample 1523;

Fig. 2B). The rare presence of textural relicts of
garnet, consisting of granular plagioclase including
some small prisms of amphibole, ilmenite, sphene
and clinozoisite, show that a few of the plagioclase
amphibolites samples represent the final stage of a
transformation of former garnet amphibolites
(type 2A, sample 1515). A few samples are characterized

by large amphiboles that sometimes overgrow

other phases (type 2C, sample 1554).
The clinozoisite-bearing amphibolites ofgroup 3

are a special feature found locally in the outer rim
of the amphibolite bodies. White needles of cm-
size consisting of clinozoisite, plagioclase, some
quartz and calcite are interpreted as pseudomorphs
after zoisite.

The amphibole-garnet-schists of group 4 (sample

1544) occur in the center of some larger boudins.

The large garnets contain inclusions of green or
blue-green amphibole, sphene, and ilmenite and
are surrounded by large prisms of actinolite and
some plagioclase. In analogy to similar rocks from
the nearby Lake Cornu area (Liégois and Duchesne,

1981) we interpret these rocks as relic eclog-
ites. As they are strongly altered (plagioclase
replaced by white mica, amphibole by calcite and

chlorite) they have not been used for a more
detailed investigation.

Finally the biotite-plagioclase-actinolite-schists
ofgroup 5 appear as irregular lumps in a feldspar-
rich zone in the border zone of larger amphibolite

61 74 70 79 71 41 8

32 22 30 21 7 35 15

0 0 0 0 0 22 18

0 1 <1 <1 15 2 14

7 3 0 0 0 0 0

<1 < 1 <1 <1 <1 <1 < 1

0 0 0 0 0 0 45

0 0 0 0 6 0 0

boudins. Euhedral, zoned garnets or garnet relics
occur in a matrix of large biotites with few prisms of
actinolite. Plagioclase generally shows an equigra-
nular growth. It obviously represents a reaction rim
between the amphibolites and their country rock.
Because of intense replacement by sericitic white
mica of all minerals no further investigation was
undertaken.

Mineral chemistry

The composition of the main mineral phases has

been analyzed on an ARL-SEMQ microprobe of
the university of Bern, using natural and synthetic
minerals as standards. The operating conditions
were 15 kV accelerating voltage and 20 pA sample
current. The corrections were made with a Bence-
Albee type of program.

AMPHIBOLES

As the microprobe only permits the determination
of total iron, the chemical data were normalized
after Laird (1978) and Laird and Albee (1981a)
estimating Fe3+/Fe2+ from charge balance and
assigning endmembers from the formula proportions
(Tab. 2A, Fig. 3a). In the nomenclature of Leake
(1978) all amphiboles correspond to calcic
amphiboles, most of them to magnesiohornblende,
and only few to actinolites. Their composition is

mainly characterized by Tschermak substitution
(Thompson et al., 1981; Fig. 3a), whereas the ede-
nite- and glaucophane-substitutions are less

important. The few observed zoned amphiboles
reveal an evolution from early actinolite composition
to late magnesiohornblende by Tschermak
substitution. Our amphiboles plot on a field corresponding

to those from amphibolites accompanied by
sillimanite-bearing assemblages in metapelitic
rocks of Laird and Albee (1981b), Fig. 3b. In an
ACF-diagram, the amphiboles plot close to the
bulk rock composition.
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PLAGIOCLASE

Plagioclase is the most abundant phase after
amphibole with an overall range of An30 to An60 in
which andesine compositions dominate. The variation

of individual minerals is more restricted (Fig.
3b). Based on only few analyses (Tab. IIB), it
seems that plagioclases from the plagioclase am-
phibolites have slightly higher An-contents than
those from the garnet-amphibolites.

GARNET

Two generations of garnet are observed in type 1

amphibolites. Their garnets display a chemical zo-
nation where the earlier generation preserved in
the center of large garnets (e.g. sample 1604, Tab.
IIC) corresponds to a grossularite-rich almandine
with the general formula of Alm58Py7Gr30Sp,-
Andr2. It has a similar composition to the
garnets from the amphibole-garnet-schists (type [4],
sample 1544). The rims of the large garnets of
rock type (1A) have a general composition of
A1mfl, Py, Xj r22S p2A ndr,.

Rock chemistry

DATA

A set of 55 samples has been analyzed by X-ray
fluorescence for 30 major and trace elements. Tab.
3 contains representative analyses for the main rock

u_
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V /// V
° /
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A A
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Act Ed

types and Fig. 4 shows selected elements plotted
against the Mg-number (Mg/Mg + Fe2+). On the
basis of the latter, three fairly well distinguishable
chemical groups can be recognized, corresponding
respectively to the plagioclase-amphibolites of
group 2 with high Mg-numbers, to the garnet-amphibolites

with relictic garnets of group 1C with
medium Mg-numbers, and to the coarse-grained
garnet-amphibolites of group 1A with low Mg-
numbers. The garnet-amphibolites are in general
poorer in Ni but richer in Fe, V and most incompatible

elements like P, Ti, Zr and Y than the
plagioclase-amphibolites. The garnet-amphibolite
sample 1527 (belonging to group 1C and collected
from a small amphibolite boudin of only 50 cm,
surrounded by granitoid gneisses) shows a compositional

trend approaching the garnet-amphibolites
of group 1A.

Rare earth elements (REE) of 20 samples have
been analyzed by instrumental neutron activation
(Tab. 4, Fig. 5), including samples that show
considerable replacement of plagioclase by sericitic
white mica. The fresh, non-sericitized samples
show, aside from mainly negative Eu-anomalies,
flat patterns at an average enrichment level of 15 to
20 in comparison to chondrites (Fig. 5 a, b). Some
of the garnet-amphibolites are slightly more
enriched (20 to 30 times chondrites). The garnet-amphibolite

sample no. 1527 displays a rather horizontal

pattern with a general enrichment of about 40
for all REE.

Al IV
24

100AI /(Si+Al)

Fig. 3 Mineral composition of Amphiboles.
A: Plot of the formula proportions of A1VI, Fe1+, Ti and Cr against A1VI The dotted line links the composition of core
and rim of a zoned amphibole in sample 1523. Abbreviations: Act: actinolite, Ts: tschermakite, Par: pargasite, Gl:
glaucophane, Ed: edenitc, Win: winchite, Bar: barroisite.
B: Major element trends of amphiboles in a diagram proposed by Laird and Albee (1981b) for mafic schist in
Vermont, with compositional fields of their amphiboles occurring with different minerals of mafic and pelitic rocks:
oligoclase in mafic rocks (shaded area); sillimanite (limited by dashed lines) and garnet (solid lines) in pelitic rocks.
Numbers indicate plagioclase composition (% anorthite) for a given rock. The amphiboles plot in the sillimanite field,
confirming their upper amphibolite facies character. The dotted line links the composition of core and rim of a zoned
amphibole in sample 1523. Sample-numbers: see text.
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Tab. 3 Bulk rock composition of the analyzed amphibolites (% for oxides, ppm for traces).

Element Type 1A

1604

TypelB

1507

Type 1C
Fresh
(14)*

repl.
(7)*

Type 1C
contam.

1527

Type 2
fresh
(13)*

repl.
(9)*

SiO, 50.58 49.98 49.17 50.11 52.67 48.62 48.07
TiO, 2.83 1.25 1.31 1.41 2.13 0.99 1.00
ALÔ, 13.62 15.11 15.63 16.09 13.28 16.11 16.65
Fe,0, 2.88 1.98 1.85 1.61 3.31 1.76 1.47
FeO 11.80 8.43 8.72 8.80 9.65 7.70 7.74
MnO 0.28 0.20 0.20 0.23 0.19 0.19 0.19
MgO 5.99 7.99 8.24 7.50 6.74 9.51 9.53
CaO 8.69 10.64 10.16 8.47 6.70 10.07 9.82
Na,0 1.74 2.43 2.18 1.21 2.24 2.13 1.41
K2Ö 0.19 0.38 0.47 1.32 0.97 0.56 1.13
P2O, 0.29 0.14 0.16 0.17 0.30 0.09 0.10
H,0 ' 0.58 1.27 1.52 2.40 1.80 2.05 2.56

Total 99.47 99.79 - - 99.98 - -
Zr 173. 90. 86. 95. 293. 62. 61.
Y 46. 21. 22. 25. 77. 17. 17.

Sr 123. 300. 256. 231. 113. 217. 241.
Rb 3. 18. 18. 81. 29. 23. 49.
Pb 11. 11. 10. 10. 11. 12. 11.

Ga 23. 15. 16. 17. 21. 14. 13.

Zn 150. 90. 89. 93. 217. 102. 102.
Cu 70. 99. 64. 41. 60. 39. 58.
Ni 45. 52. 61. 50. 56. 106. 120.
Co 50. 43. 45. 44. 45. 44. 43.
Cr 135. 134. 240. 156. 179. 438. 411.
V 326. 217. 216. 205. 237. 180. 167.
Ce 54. 40. 16. 22. 55. 16. 17.

Nd 53. 7. 23. 18. 56. 19. 9.

Ba 110. 164. 178. 619. 216. 209. 401.
La 29. 6. 9. 11. 21. 7. 4.

Sc 62. 51. 51. 52. 54. 48. 44.
S 508. 103. 388. 503. 2325. 14. 107.

* mean values, in parenthesis: number of averaged samples, "repl.": extensive replacement of plagioclase by sericitic
white mica.
Methods used: Major elements analyzed on fused beads (sample : Li,BO, 1:5) and corrected for matrix effects,
absorption etc. with fundamental alpha-factors (de Jongii, 1979). Traces analyzed on pressed powder pellets according

to Nisbet et al. (1979). FeO determined with colorimetric methods (Wilson, I960). H,0 calculated from ignition
loss.

Analyst: G. Galetti (major elements), J.C. Lavanchy (traces).
The complete data set of 55 samples is available from the Artemise data bank of the Centre de Recherches
Pétrographiques et Géochimiques du CNRS at Nancy, France.

METASOMATIC CHANGES

Before trying to determine possible protoliths and
their paleotectonic environment, evident metaso-
matic changes during the certainly complex history
have to be considered and discussed.

The most obvious alteration is the replacement
of plagioclase grains by fine grained white mica
(sericite). The amphibolites with sericitized pla-
gioclases ("repl." in Tab. 3) show a loss of CaO, Sr

and Na20 and the enrichment in K20, Rb, Ba and S

relative to the corresponding amphibolites with
well-preserved plagioclases ("fresh" in Tab. 3). V,
Nd and Cr are slightly diminished and Tb is strongly

enriched in the sericitized samples. Two explanations

are offered: either the protoliths underwent
an early postdepositional transformation or the
amphibolites suffered a later (Permian or Tertiary-
alpine) alteration. Humphris (1984) describes
enrichment in Tb and La from basalts that have been
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Tab. 4 Rare earth analyses of selected 20 amphibolitc samples (second line: rock types, c.f. chapter petrography of
the text; r plagioclase replaced by sericitic white mica; cont.: contaminated by country rock).

1505 1514 1515 1519 1520 1521 1523 1527 1509 1512
lc lc lc lc lc lc lc cont lc-r lc-r

La 11.21 12.24 10.89 7.10 6.16 6.97 3.17 12.93 10.52 10.90
Ce 16.48 17.71 16.95 15.50 16.58 15.81 10.02 31.52 16.44 14.48
Nd 12.35 14.08 13.07 9.15 9.29 10.38 8.48 18.01 6.35 11.94
Sm 5.02 4.84 4.90 3.03 3.20 3.01 3.13 8.19 4.58 4.63
Eu 1.27 1.18 1.13 0.18 1.08 1.12 0.94 2.27 1.12 1.06
Tb 1.19 2.84 1.31 0.55 1.10 1.19 1.19 2.06 2.94 1.17
Yb 3.80 3.60 4.25 2.10 2.49 2.34 3.98 8.82 3.41 4.46
Lu 0.62 0.49 0.53 0.29 0.30 0.35 0.48 1.13 0.49 0.59

SREE 51.94 56.98 53.03 37.90 40.20 41.37 31.41 84.93 50.33 49.23
La/Sm 2.23 2.53 2.22 2.34 1.93 2.32 1.02 1.58 2.30 2.35
La/Yb 2.95 3.40 2.56 3.38 2.47 2.98 0.80 1.47 3.09 2.44

1502 1511 1518 1526 1532 1540 1545 1547 1503 1504
2 2 2 2 2 2 2 2 2-r 2-r

La 4.34 4.22 11.64 2.95 4.52 3.62 3.14 3.77 4.61 4.52
Ce 13.26 6.74 19.86 7.48 9.85 8.48 9.08 7.91 13.18 9.03

Nd 8.75 6.35 14.17 7.94 9.42 9.69 8.47 6.94 11.11 9.63
Sm 2.48 2.65 4.92 1.89 2.38 1.98 2.40 2.14 2.50 3.56
Eu 1.13 0.66 0.83 0.86 1.39 0.83 0.18 0.83 1.00 0.94
Tb 1.19 0.24 1.47 1.49 1.09 0.81 0.58 1.06 0.77 1.87

Yb 2.10 2.75 4.61 2.15 2.33 2.07 2.17 1.87 2.24 3.37

Lu 0.24 0.37 0.50 0.27 0.29 0.24 0.32 0.30 0.28 0.49

SREE 33.49 23.98 58.00 25.03 31.27 27.72 26.34 24.82 35.69 33.41

La/Sm 1.75 1.59 2.37 1.56 1.90 1.83 1.31 1.76 1.84 1.27

La/Yb 2.07 1.53 2.52 1.37 1.94 1.75 1.45 2.02 2.06 1.34

R. A. Oliver and G. Vivier (Grenoble) analysts; INA analysis; uncertainties: La ± 5%; Ce ± 5%; Nd ± 15%;
Sm ± 5%; Eu ± 10%; Tb ± 10%; Yb + 5%; Lu + 10%.

either weathered or zeolitized by oceanic meta-
morphism. As the trend of Tb-enrichment is also
visible in the other samples, most samples have
probably been slightly influenced by circulating
fluids and/or weathering. However the most probable

cause of the formation of sericite are the low
grade hydrothermal alterations of Permian age,
during which sulfides were precipitated along local
fault zones in the whole Aiguilles Rouges massif
(Fig. 1, cf. also von Raumer, 1987).

The direct chemical exchange with the adjacent
metapelitic country rock is best illustrated with two
samples from the marginal parts of the amphiolite
boudins (no. 1527 and 1604). The garnet amphiboli-
te 1527 had been collected in a small boudin
surrounded by granitoid gneisses. It contains biotite in
small amounts, while the normal garnet-amphibo-
lites have none. Consequently, it is enriched in Si02,
TiOz, total Fe, K20, Rb, P205, Zn, Ce, Ba, S, Y, Zr
and REE, whereas A1203, MgO, CaO, Sr and Cr

were depleted. It has obviously interacted with the
adjacent metagreywackes and has been contaminated,

including the formation of biotite. Similar
tendencies are found for all 3 samples of the garnet-
amphibolite group 1A (example; sample 1604), all
collected from the limit between amphibolite and
surrounding high grade metapelites. The strong zo-
nation of garnets of the same samples, described
above, are interpreted as a metasomatic change as
well. Most likely these compositional changes
occurred during the decompressional phase of the
metamorphism, during which fluids may have had
partial access to the rocks in question.

Taking into account all these secondary changes
discussed above, there are 27 samples left that show
no evidence for metasomatic changes. They all
have been sampled in the central part of large
amphibolite bodies. Only the non-sericitized samples
have been plotted on diagrams of Figs 6 to 8 and
have been retained for a discussion of their origin.
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Origin of the amphibolites

POSSIBLE PROTOLITHS

Despite several attempts to chemically define
metasedimentary amphibolites (Fröhlich, 1960;

Leake, 1964; Moine, 1969) based on major and

common trace elements, no satisfactory scheme
exists to discriminate metagabbros or metabasalt
rocks from metamarls. Studies of magmatic am-
phibolite-ultramafic rock series lying in probable
metasedimentary amphibolite-bearing series

(Schläpfer, 1979; Evans et al. 1981; Schmidt,
1989), show a very limited trace element variation
close to modern oceanic basalts for the supposedly
magmatic amphibolites and a irregular trace
element distribution for the probably metasedimentary

amphibolites. As can be seen from Figs 4 to 8,

the Emosson amphibolites are quite well grouped
in most diagrams. According to Fröhlich (1960),
who found contents larger than 150 ppm of Cr and
Cr/Ni ratios higher than 1 for typical magmatic
mafic rocks, 80% of our samples are of magmatic
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Fig. 5 REE abundance patterns of selected samples
normalized to chondrite of Nakamura (1974), Tb:
Haskin et al. (1968) as reported in FIenderson (1984),
Tab. 1.5.

A: garnet-amphibolites. B: plagioclase-amphibolites. C:

Amphibolites showing extensive replacement of pla-
gioclase by sericitic white mica. D: Reference patterns of
different tholeiitic basalts. 1) normal mid ocean ridge
basalt (MORB) after Pearce (1982). 2) transitional
(T-)type MORB and plume (P-)type MORB after
Wood et al. (1979b, sample 411 and 413-1). 3) Continental

tholeiite after Dostal et al. (1983, sample 718).



AMPHIBOLITES FROM LAKE EMOSSON/AIGUILLES ROUGES 429

F

A B

1 Aplagioclase amphibotite

(^) 2 o garnet amphibolite

amphibolites group ÎA

• amphibolite sample 1527

Fig. 6 Major element composition of the amphibolites (possibly metasomatized samples excluded).
A: AFM-diagram, A Na,0 + K,0; F FeO,ot; M MgO; field 1: garnet amphibolites (types IB, 1C), field 2:

plagioclase amphibolites (type 2), diamonds: group 1A with large garnets. Dashed line: Skaergaard evolution-trend
after Wager (1960). B: Ti02-Al20,-diagram after Pearce (1984), rectangle: field of basaltic liquids. C: R1-R2
diagram after de la Roche et al. (1980), modified by Belliem et al. (1984), ob olivine-basalts; th tholeiites; ab
andesitic basalt. D: CIPW normative composition of the amphibolites plotted in the projection diopside-olivine-
hypersthene-quartz. Diamonds: garnet-amphibolites with large garnets (type 1A), open circles: garnet-plagioclase-
amphibolites with relic garnets (type 1C), triangles: plagioclase-amphibolites (type 2), full circle: garnet-amphibolite
sample no. 1527.
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origin. The remaining samples plot in the ambiguous

domain between 20 and 150 ppm of Cr. The
following additional arguments are all consistent
with a magmatic origin: most samples lie within the
basaltic liquid field of Pearce (1984), Fig. 6b. The
two main groups (1C and 2) are tholeiitic (Figs 6c,
7, 8). Alltogether, our samples exhibit a compositional

trend strongly suggesting a magmatic
differentiation series (cf. Fig. 4; see discussion below).

Pfeifer et al. (1989) demonstrated that the
original grain size (fine-grained basalts,
coarsegrained gabbros), at least for Mesozoic rocks, was
largely preserved even during polyphase high
grade metamorphism. The fine grain size of our

3 -

CM

O

ale

/

/ thol
/

/ A A

O
O A

0.0 5 0.1 Zr/P205
Fig. 7 Amphibolites plotted in the discrimination
diagram of Floyd and Winchester (1975). ale: alkaline
basalts, thol: tholeiitic basalts.
Meaning of symbols: as in Fig. 6.

samples therefore suggests volcanic or subvolcanic
rather than plutonic protoliths. In addition, the
Ti02 contents (> 0.5%, Fig. 6b) and the V-contents
(> 100 ppm) exclude a gabbroic origin (Pfeifer et
al., 1989).

When comparing common trace element
behavior in tholeiitic rocks (Prinz, 1967; Car-
MtcHAEL et al., 1974) to the amphibolites from
Emosson, we can draw the following conclusions
(Tab. 3): elevated values of Cr and Ni are observed
in the plagioclase amphibolites, which could represent

early differentiates. The garnet-plagioclase-
amphibolites are enriched in V and P suggesting
that they are more evolved than the plagioclase-
amphibolites, which consequently must have
formed prior to crystallization of magnetite and
apatite. Also the elevated concentrations of Zr and

Ti indicates that garnet amphibolites are more
evolved. Thus, the indications of the Mg-number
are confirmed by the trace elements.

Compared to modern tholeiitic lavas, it appears
as if the plagioclase-amphibolites were relatively
undifferentiated normal spinel-olivine-tholeiites
and the garnet-plagioclase-amphibolites more
evolved hypersthene- or even quartz-tholeiites, a

tendency which appears again in the CIPW-norm
(Fig. 8), where most rocks are olivine-diopside-hy-
perstene-normative and only few have norms
containing quartz.

PALEOTECTONIC ENVIRONMENT

An attempt to determine the paleotectonic
environment can be made based mainly on the least
mobile trace elements, most REE, Ti, Zr, Y, V and
possibly Ni and Cr. Fig. 8 contains the usually
employed classical trace element diagrams (cf.
Pearce, 1984). In most of them (Fig. 8 a, b, d, f) the
two major groups of amphibolite fall into the field
of mid ocean ridge basalts (MORB), but in some
they fall onto the limit between MORB and island
arc tholeiites (Fig. 8 c, e). Especially the
plagioclase-amphibolites, with their more primitive
character, have unusually low Zr and Y values and plot
outside the MORB field. A similar tendency has
been reported from amphibolites from the Belle-
donne massif in France (Ménot, 1987). Since there
is no indication of a metasomatic event, we interpret

this as a primitive character, typical for sub-
volcanic rocks with a trace element composition
between gabbroic and basaltic volcanic rocks (e.g.
two samples from a sill at Wright Valley, Antarctica

reported by Thompson et al., 1983; Papezyk and
Hodych, 1980; or ophiolitic dikes in Pfeifer et al.,
1989). Fig. 9 (normalization to normal MORB
compositions) contains a comparison with different
types of MOR-basalts and continental tholeiites.
They show once more the great compositional span
of certain elements within the same group
(especially Rb, Ba, K), but otherwise indicate a
close similarity to enriched plume-type MORB and
continental tholeiites. For the latter, Dupuy and
Dostal (1984) and Weaver and Tarney (1983)
report highly variable element ratios, leading to the
typical humps in the MORB-normalized diagrams
and this is exactly what is observed in the Emosson
amphibolites (Figs 9 b, c). However, the chondrite-
normalized diagram indicates, with its rather flat
patterns, a closer affinity to less enriched
transitional MOR basalts (Fig. 5d). Such apparently

contradictionary results have been reported
from continental rift zones with strong extension
leading to the formation of oceanic crust (Ber-
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Ti/100

C D

Fig 8 Classical trace element diagrams to determine the paleotectomc environment of basalts applied to the
amphibohtes 1 garnet amphibohtes, 2 plagioclase amphibohtes Symbols see Fig 6
Abbreviations WPB within plate basalts, MORB mid ocean ridge basalts, 1AT island arc tholentes, OIB ocean
island basalts, LKT low potassium tholentes, CAB calc-alcahne basalts
(A) Pearce and Cann (1973) Most samples (black area) plot into the field B (ocean floor basalts, low potassium
tholentes), dot contaminated amphibohte 1527 A LKT, B CAB + LKT C CAB,D WPB (B) Pearce (1980)
The amphibohtes plot into the field of MORB, but they are clearly separated into the three mam rock types 1

plagioclase amphibohtes, 2 normal garnet-amphibohtes and garnet-amphibohtes with large garnets (group 1A,
diamonds) (C) Pearce and Norry (1979) the amphibohtes plot into the field of MORB, but they are clearly
separated into the three main rock types (D) Siiervais (1982) the amphibohtes follow a line parallel to the Ti/V
ratio of 50, that separates the field of MORB and the field of OIB-WPB Plagioclase-amphibolites (group 2) plot
closer to the origin of the diagram than the group of garnet amphibohtes (E) Pearce (1980) the different amphibohtes

are more or less separated, but no special attribution is possible (F) Beccaluva et al (1983) the plagioclase-
amphibolites (group 2) plot between the island arc tholentes (IAT) and ocean floor tholentes (OFT), whereas most
garnet amphibohtes (type 1C and also type 1 A, diamonds) plot into the area of ocean floor tholentes
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Fig. 9 Trace elements of the different amphibolites compared to typical oceanic and continental tholeiites.
A-C: Normalized with the primordial mantle composition of Wood et al. (1979a).
D-F: Normalized with the N-MORB composition of Pearce (1980). References: 1) normal mid-ocean ridge basalt

(MORB) after Pearce (1980). 2) transitional (T-)type MORB and plume (P-) type MORB after Wood et al. (1979b,
sample 411 and 413-1). 3) Continental tholeiite after Dostal et al. (1983, sample 718).

trand et al., 1982; Cox, 1983; Bellieni et al., 1984;
Upton et al., 1984; Fodor and Vetter, 1984;
Coleman and McGuire, 1988).

Conclusions

The studied amphibolites have suffered a

polyphase high-grade metamorphism of Caledonian
and Variscan age (von Raumer 1984b, 1987,1988).
After the early formation of eclogites the metaba-
sic rocks followed the Barrovian evolution trend
involving decompression and a temperature
increase as indicated by the petrology of the
accompanying metapelites. During this second metamor-

phic event, limited chemical exchange took place
between the metapelitic country rocks and the
small amphibolite boudins and the marginal zones
of larger ones. During hydrothermal activity of
Permian age, plagioclases were partly replaced by
sericitic white mica. In contrast the Tertiary overprint

was almost négligeable (local pumpellyite-
prehnite).

Despite this complex metamorphic history, the
described amphibolites have preserved a chemical

pattern interpreted as an igneous differentiation
series of transitional MORB characteristics as is

typical for continental rift zones at the onset of
ocean floor spreading. As the volume of the mafic
rocks is small and occurs as several hundred-meter-
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long thin layers, it is very likely that the studied
mafic rocks were sills or dikes which intruded de-
trital sediments of continental character (today
metapsammitic and metapehtic gneisses and
schists). Their unusual high contents in K, Rb and
Ba can be explained by enrichment from the
surrounding wall (Fratta and Shaw, 1974; Weaver
and Tarney, 1981; Gill and Bridgwater, 1979,
Goldberg et al., 1986). Magmatic differentiation
from ohvine-tholeiite to hypersthene-tholeiite is
well known from diabase dikes (Papezyk and Ho-
dych, 1980). Magma chilling at the contact and
later crystallization of the central parts may explain
the differences in composition.

The overall chemical variation of the described
amphibohtes with its transitional MORB trend, but
enriched m K, Rb and Ba is typical for continental
rift zones charaterized by sub-alkalic basalts (Wilson,

1988) and has been hypothesized for the
Aiguilles Rouges massif by Paquette et al. (1989).
A model of the inferred paleotectonic environment

during the formation of the basaltic rocks of Lake
Emosson is presented in Fig. 10. It corresponds to
the tentative model of the External Massifs in general

by von Raumer (1987) and is also in good
agreement with the general picture of the Paleozoic
Central Europe as proposed by Zwart and Dorn-
SIEPEN (1980).

Acknowledgements

Several people helped us with their analytical skills and
their experience to operate computers We are especially
mdepted to J C. Lavanchy (Lausanne) who provided the
XRF trace elements and patiently helped to draw and
redraw several generations of diagrams We thank A
Colombi for having let us use his mineral normalization
programs REE analyses were performed thanks to O
Richards and G Vivier (Grenoble) A Ploquin (Nancy)
has kindly incorporated our data in the Artemise data
bank. With his constructive remarks on an early version,
J Pearce contributed a lot to this manuscript In addi-

RIFT:
Emosson

tholeiites

Continental
crust

Fig 10 Diagrammatic sections illustrating the hypothetical paleotectonic situation of the Emosson amphibohtes as
former tholentic eruptions in an extending continental crust, following the models of Fodor and Vetter (1984) and
Upton et al (1984) and the paleotectonic interpretations (inset) of von Raumer (1987)



434 J F VON RAUMER, G GALETTI, R OBERHANSLI UND H R PFEIFER

tion, we profited from the critical remarks and suggestions

ofZ Sharp (Lausanne), B MessigaandR Tnbuzio
(Pavia) This research has been supported by the Swiss
National Science Foundation Project no 2 610 0 85

References

Beccaluva, L, Di Girolamo, P, Macciotta, G and
Morra, V (1983) Magma affinities and fractionation

trends in ophiolites Ofiohti 8,307-324
Bellieni, G Comin Chiaramonti, P Marques, L S

Meili, A J Picirillo, P M, Nardy, A J R and
Roisenberg, A (1984) High- and 1ow-Ti02 flood
basalts from the Parana plateau (Brazil) petrology
and geochemical aspects bearing on their mantle
origin N Jahrb Mineral Abhandl 150,273-306

Bertrand, H Dostal, J and Dupuy, C (1982)
Geochemistry of early Mesozoic tholentes from Morocco

Earth Planet Sei Lett 58,225-239
Carmichael, I S E Turner, F J and Verhoogen, E J

(1974) Igneous Petrology, p 480, McGraw Hill, New
York

Coleman, R G and McGuire, A V (1988) Magma
sytems related to the Red Sea rift system Tectono
physics 150,77-101

Collet, L W, Oulianoff, N and Reinhard, M (1952)
Note explicative de la feuille 24 de 1 Atlas, Finhaut
Geologischer Atlas der Schweiz 1 25 000, Kummerly
& Frey, Bern

Colombi, A (1990) Métamorphisme et geochimie des
roches mafiques des alpes ouest centrales (Geoprofil
Viege-Domodossola-Locarno) Mémoires de Geologie

(Lausanne) 4,216 p
Cox, G C (1983) The Karoo Province of Southern Afri¬

ca origin of trace element enrichment patterns In
Hawkesworth, CJ and Norry, M J (eds), Conti
nental basalts and mantle xenoliths 139-157, Shiva,
Nantwich

De Jongh, W K (1979) The atomic number z 0 loss
and gain on ignition in XRF analysis treated by the
IN equation X-ray spectrometry 8,52-56

de la Roche, H Leterrier, P, Grandclaude, P and
Marchal, M (1980) A classification of volcanic and
plutomc rocks using R1-R2 diagrams and major-element

analyses Its relationship with current nomenclature

Chem Geol 29,183-210
Dostal, J Dupuy, C and Barager, W R A (1983)

Geochemistry and petrogenesis of basaltic rocks
from Coppermine River area, Northwest Territories
Can J Earth Sei 20, 684-698

Dupuy, C and Dostal, J (1984) Trace elements geo¬
chemistry of some continental tholentes Earth and
Planet Sei Lett 67,61-69

Evans, B W, Trommsdorff, V andGoLES, G G (1981)
Geochemistry of high-grade eclogites and meta-
rodingites from the Central Alps Contrib Mineral
Petrol 76,301-311

Floyd, P A and Winchester, J A (1975) Magma type
and tectonic setting discrimination using immobile
elements Earth and Planet Sei Lett 27,211-218

Fodor, R V and Vetter, S K (1984) Rift-zone magma
tism Petrology of basaltic rocks transitional from
CFB to MORB, southeastern Brazil margin Contr
Mineral Petrol 88,307-321

Fratta, M and Shaw, D M (1974) Residence
contamination of K, Rb, Li and T1 in diabase dikes
Canad J Earth Sei 11,422-429

Fröhlich, F (1960) Ein Beitrag zur Geochemie des
Chroms Geochim Cosmochim Acta 20,215-240

Gill, R C O and Bridgwater, D (1979) Early archean
basic magmatism in West Greenland the geochemistry

of the Amerahk dykes J Petrol 20,695-726
Goldberg, S A Butler, J R and Fullagar, P D

(1986) The Bakersville dike swarm geochronology
and petrogenesis of late Proterozoic basaltic magma
tism in the Southern Appalachian Blue Ridge Amer
J Sei 286,403-430

Haskin, L A, Haskin, M A Frey, F A and Wilde-
mann, T R (1968) Relative and absolute terrestrial
abundances of the rare earths In Ahrens, LH
(Ed Origin and distribution of the elements Perga-
mon Oxford, pp 889-911

Henderson, P (1984) General geochemical properties
and abundances of the rare earth elements In
Henderson, P (Ed Rare earth element geochemistry,
1-32 Elsevier Amsterdam

Humphris, S E (1984) The mobility of the rare earth
elements in the crust In Henderson, P (ed Rare
earth element geochemistry, 317-342 Elsevier
Amsterdam, 410 p

Joye, J B (1989) L'évolution pression - temperature -
deformation dans le massif des Aiguilles Rouges,
massif externe alpin These Universite Fnbourg,
1-135

Laird, J (1978) AMPH3, a FORTRAN IV program
for the normalization of amphiboles and
pyroxenes Manuscript Program libr Petrology, ETH-
Zurich

Laird, J and Albee, A L (1981a) High pressure meta-
morphism in mafic schist from Northern Vermont
Amer J Sei 281,97-126

Laird, J and Albee, A L (1981b) Pressure, tempera¬
ture, and time indicators in mafic schist their appli
cation to reconstructing the polymetamorphic
history of Vermont Amer J Sei 281,127-175

Leake, B (1964) The chemical distinction between or-
tho- and paraamphibohtes J petrol 5,238-254

Leake,B E (1978) Nomenclature of amphiboles Amer
Mineral 63,1023-1052

Liegois, J P and Duchesne, J C (1981) The Lac Cornu
retrograded eclogites (Aiguilles Rouges Massif,
Western Alps, France) evidence of crustal origin and
metasomatic alteration Lithos 14,35^18

Menot, R -P (1987) Magmatismes paleozoiques et
structuration carbonifère du massif de Belledonne
(Alpes Françaises) Contraintes nouvelles pour les
schémas d evolution de la chaîne vansque ouest-
europeenne Ph D diss Univ Claude Bernard of
Lyon I

Moine, B (1969) Orthoamphibohtes et formations
metasedimentaires calco-magnesiennes de la region
d'Ambatofinandrahana (Madagascar) Contribution
au problème de l'origine des amphibolites Sei de la
Terre XIV/2,111-138

Nakamura, N (1974) Determination of REE, Ba, Fe,
Mg, Na and K in carbonaceous and ordinary chondrites

Geochim Cosmochimica Acta 38,757-775
Nisbet, E Dietrich, V and Esenwein, A (1979) Rou

tine trace element determination in silicate minerals
and rocks by X-ray fluorescence Fortschr Mineral
57,264-279

Papezyk, V S and Hodych, J P (1980) Early Mesozoic
diabase dikes of the Avalon Peninsula, Newfoundland

Petrochemistry, mineralogy and origin Canad
J Earth Sei 17,1417-1430

Paquette, J L, Menot, R P and Peucat, J J (1989)
REE, Sm-Nd and U-Pb zircon study of eclogites
from the Alpine External Massifs (Western Alps)



AMPHIBOLITES FROM LAKE EMOSSON/AIGUILLES ROUGES 435

Evidence for crustal contamination Earth and Planet

Sei Lett 96,181-198
Pearce, JA (1980) Geochemical evidence for the gene¬

sis and eruptive setting of lavas from Tethyan ophio-
lites Proc int Ophiohte Conference, Nicosia,
Cyprus Panayiatou, N (ed pp 261-272

Pearce, JA (1982) Trace element characteristics of la¬
vas from destructive plate boundaries In Thorpe,
R S ed Andésites, 525-548, Wiley, New York

Pearce, J A (1984) A ' users guide" to basalt discrimination

diagrams Unpublished manuscript The
Open University, Milton Keynes, 37 p

Pearce, J A and Cann, J R (1973) Tectonic setting of
basic volcanic rocks determined using trace element
analyses Earth and Planet Sei Lett 19,290-300

Pearce, J A and Norry, M J (1979) Petrogenetic im¬
plications of Ti, Zr, Y and Nb variations m volcanic
rocks Contnb Mineral Petrol 69,33^17

Pfeifer, H -R, Colombi, A and Ganguin, J (1989)
Zermatt-Saas and Antrona zone a pétrographie and
geochemical comparison of polymetamorphic ophio-
lites of the West-central Alps Schweiz Mineral
Petrogr Mitt 69,217-236

Prinz, M (1967) Geochemistry of basaltic rocks Trace
elements In Hess, H H and Poldervaart, A eds,
Basalts the Poldervaart treatise on rocks of basaltic
composition, 271-323, Interscience Publishers

von raumer, J F (1974) Zur Metamorphose amphiboh-
tischer Gesteine im Altkristalhn des Mont-Blanc-
und des Aiguilles-Rouges Massivs Schweiz Mineral

Petrogr Mitt 54,471^188
von raumer (1976) Variszikum in den Zentral- und

Westalpen Nova Acta Leopoldina N F 224,45,119-
144

von raumer (1981) Varsican events m the Alpine
region Geologie en Mijnbouw 60,67-80

von raumer (1984a) The external massifs, relics of Va-
riscan basement in the Alps Geol Rdsch 73,1-31

von raumer (1984b) The Hercyman basement in the
Helvetic Realm (Western and Central Alps) In Dal
Piaz, G V ed Alpi Occidentali, 55-67, Mem Soc
Geol It 29

von raumer (1987) Les massifs du Mont Blanc et des
Aiguilles Rouges, témoins de la formation de croûte
varisque dans les Alpes Occidentales Geologie
Alpine 63,7-24

von raumer (1988) Caledoman-Vanscan structures in
the Alps Schweiz Mineral Petrogr Mitt 68,3,291—
299

von raumer, J F and Schwander, H W (1985) Garnet
evolution in pre-Variscan pelitic rocks from the Lake
Emosson area, Aiguilles Rouges Massif, Western
Alps J Metamorphic Geol 3,467-479

Schlapfer, E (1979) Metamorphose und Strukturen
der Cima-Lunga-Serie, IV Val Efra-Val Gagnone
Unpubl diploma thesis, ETH-Zunch, 54 p

Schmidt, M (1989) Petrography, geochemistry and
structural evolution of the mafic-ultramafic complex
of Gana Rossa (Belltnzona zone, southern steep belt,
Switzerland/Northern Italy Schweiz Mineral
Petrogr Mitt 69,393^106

Shervais, J W (1982) Ti-V plots and the petrogenesis
of modern and ophiohtic lavas Earth and Planet Sei
Lett 59,101-118

Thompson, J R Laird, J and Thompson, A B (1981)
Reactions in amphibohtes, greenschist and blue-
schist J Petrol 23,1-27

Thompson, R N Morrison, M A Dickin, A P and
Hendry, G L (1983) Continental flood basalts,
Arachnids rule OK7 In Hawkesworth, CJ and
Norry, M J, eds, Continental basalts and mantle
xenohths, 158-185 Shiva, Nantwich

Upton, B G J Emeleus, C H and Beckinsale, R D
(1984) Petrology of the northern east Greenland
Tertiary flood basalts evidence from Hold with
Hope and Wollaston Forland J Petrol 25,151-184

Wager, L R (1960) The major element variation of the
layered series of the Skaergaard intrusion and a re-
estimation of the average composition of the hidden
layered series and of the successive residual magmas
J Petrol 1,364-398

Weaver, B L and Tarney, J (1981) Chemical changes
during dyke metamorphism in high-grade basement
terrains Nature 289,47^19

Weaver, B L and Tarney, J (1983) Chemistry of the
subcontinental mantle inferences from Archean and
Proterozoic dykes and continental flood basalts In
Hawkesworth, C J and Norry, M J eds, Continental

basalts and mantle xenohths, 209-229 Shiva,
Nantwich

Wilson, A (1960) The microdetermination of ferreous
iron in silicate minerals by a volumetric and colon-
metric method Analyst 85,823-827

Wilson, M (1988) Igneous petrogenesis A global tec¬
tonic approach Unwin Hyman, London 466 p

Wood, D A Joron, J L Treuil, M Norry, M and
Tarney, J (1979a) Geochemistry of basic lavas from
Iceland and the surrounding ocean floor Contr
Mineral Petrol 70,319-339

Wood, D A Tarney, J Varet, J Saunders, A D
Bougoult, H Joron, J Treuil, M and Cann, J R
(1979b) Geochemistry of basalts drilled in the North
Atlantic by IPOD 49 implications for mantle
hetereogeneity Earth Planet Sei Lett 42, 77-97

Zwart, H J and Dornsiepen, U F (1980) The Vanscan
and pre-Variscan tectonic evolution of Central and
Western Europe, a tentative model 26 Intern Geol
Congr Pans, Colloque C6, Geologie de l'Europe,
226-232

Manuscript received February 2, 1990, revised
manuscript accepted June 18,1990


	Amphibolites from Lake Emosson/Aiguilles Rouges, Switzerland : tholeiitic basalts of a Paleozoic continental rift zone

