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ABSTRACT

RHL'}"}H [':u.,'].] E:[!I J!?;:‘i]i!"‘]t' all L"'%'“L.'HH'JJ pall &)

=2 . | T
the Berisal crystalline complex, the highest

in the Simplon area and consist Ol almost pure

unit
hornblendel
|

phibolites and banded-amphibolites.
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To reveal their age, origi
these rocks were f:!lh.'wli-_-.:;z:u:ai nsing i'm-i!:‘1-.1_1'.!;'1}11@, geo
chemical and isotopic methods. |
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it seems probable that the plagioclase-amphibolites,
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are of orthogenic origin. | |
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gioclase-amphibolites and banded amphibolites. They
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and E?]L'i;ll‘l‘ll.\*["ll]‘llx differentiation. Because of the ge-

netic relationship of the banded-amphibolites to the
plagioclase-amphibolites, garnet-amphibolites and horn-
blendefelses we can assume for them the formation
age of 500 m.y,

This age, laying on the Cambro-Ordovician boun
ti;’l]"; can l‘lt.‘ I'n:‘].ilt;*ti [H_‘I'hai}"n LO [EH_.‘ l“'.ihllu_' \'E'l]k._'i].r'!h,'H H!-
the « Alt Paliozoikum » in the « Ostalpin » (Austria
where FRANK et alii

of 500 m.y. in banded-amphibolites of volcanic origin.

1976) have found formation ages
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Berisal, 'unita tettonica piu elevata dell’area del Sem-
pione, & costituita da rocce ricche in anfibolo. Si tratta
di fels orneblendici quasi puri, anfiboliti granatitere,
anfiboliti a plagioclasio ed anfiboliti a bande. Queste

rocce SOno Statc "*IHIL]IE'.HL‘ k!.l] i“il]]h" Lil Vista [‘“r..'II!'H—

orafico oeochimico ed isotopico allo SCOPO di dehinirne
' |

eta, origine e relazion] _.L'L'I‘It.*lln.']h‘.

Sulla base delle

. + 1 + 1 ! === "II-
dati Rb-Sr sembra probabile che tutte le rocce anfi-

& = ] L ! -
caratteristiche geochimiche e dei

boliche sopra ricordate abbiano origine eruttiva e che

siano le

dimostrato da significativi diagrammi. Essi indicano

azione seriale calcalcalina.

nfiboliti a bande risul
”

mente c1.!1|:'| ~_'t'H‘-"I].“‘iT‘l.’l':'iH[h' (1l
siale e di differenziazione metamorfica.

ate da rapporti di connessione genetica, come

CaratiCllzs:

L1
il lavering dellé

ra probabil
processi di fusione par
La serie calcalcalina originaria comprendeva piros-
(fels orneblendici)

a4 granato |

quarzo-tholeiiti povere in
quarzo-tholeiiti (anfiboliti

HL'!'!-;”
alcali (anfiboliti

" l ! lactitt | 4 ] -
a nlagioclasio) ed andesiti (anfibolit

senesi maematica risale a 500 m.a

a bande), la cui
lLsse originarono

L dmente #al mantalls sibetiore & ool
molto probabilmente nel mantello superiore e nella
crosta inferiore, mentre la loro presa di posizione nei
parascisti del Berisal deve essere avvenuta per inie-
jone tettonica a *!'L'mh,ﬂ.

ueste

limite Cambro-Ordoviciano, possono forse essere cor-

manifestazioni magmatiche, sviluppate al

relate con le vulcaniti basiche del Paleozoico antico
delle Alpi orientali (attualmente anfiboliti a bande), la
cui eta risalirebbe a 500 m.a. (Frank ef 4l 1976)




1. INTRODUCTION AND GEOLOGICAL
SETTING

T'he Simplon area in southwestern Switzerland
and Italy is part of the Pennine nappe system of
the .\][‘H. GERLACH (1869) first !‘L'L'n;_tni?_n.x] the
nappe structure in the Simplon region, having pre
viously observed that older crystalline rocks were
lying on younger sedimentary rocks. The nappe
structure of the tectonic units Berisal, Monte
Leone and Antigorio was later confirmed by
SCHARDT (1904). and SCHMIDT, PREISWERK and
OTELLA (1908).

TECTONIC MAP

Tertiary time by sediments. Both units. the Me-
sozoic cover and the crystalline basement. have
been involved in the Alpine orogeny which is
responsible for the formation of the nappe system.
U-Th-Pb age determinations indicate that zircons
in the rocks of the crystalline basement were for-
med during two periods: in the Caledonian,
400 - 500 m.y. and in the Variscan about 300 m.y.
ago (KopPEL and GRUNENFELDER, unpublished
data). Unpublished data of JAGER indicates that
the Rb-Sr systems of the different Pennine nappes

were closed in the Variscan 200-300 m.v ago.
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TI'he general geology of the area is shown on
the tectonic map (Fig. 1). Two general lithologies
may be discerned in this region: a crystalline ba-
sement and a metasedimentary cover. The crystal-

line basement of the Pennine nappes consists of

quartzo-felspathic and schistose gneisses with or

without garnet and biotite. There is a remarkably
widespread local occurrence of amphibolite bodies.
T'he nappes represent a pre-Triassic crystalline base-
ment which has been covered in Mesozoic to

a ] L ]
10WINEF the investigateod area

The metasedimentary Mesozoic cover consists
of Triassic rocks (dolomites, gypsum-bearing and
quartzitic rocks), and of calcareous schists and
impure marbles, called the « Biindnerschiefer » or
« calcescisti ». In the Simplon area it was meta-
morphosed under almandine-amphibolite facies
conditions during the Alpine metamorphism.

The amphibole bearing rocks of the crystalline
basement have seldom been investigated. This
present study examines in detail the amphibolites



in the Berisal complex, the highest tectonic unit
of the nappe pile 1n the Simplon area.

T'he difterent li[i'ILJ]L_:HiL';ii units are shown on
the L{L'l..li!L:L{ t:_iullﬁﬂ:'-;iuil map o1l the eastern part Ol
the investigated area, included at the end of this
publication.

[he Berisal complex consists mostly of gneisses
and schistose ;_*_i']L_iw:.'h with or without biotite and
garnet, probably representing old pelitic and
ysammitic metasediments. Intercalations of plag
clase-amphibolites, garnet-amphibolites and ban-
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the whole 1nvestigated area, di'n‘.f the contacts

between them and the surrounding schistose gneis-
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The Hornblendefelses | I'.U'Hl.“'s.‘-.'l:l'.'lt-_f (yer-
1141l usSagcec) arc I -L_'1;~'.*- L'-‘i—!‘*]-‘-i].]:]_';_', -"i’. Morc than 90
percent ltznmhilmh-. with a randomly orientated
fabric in which the individuals of amphibole are
diablasticaly intergrown. Larger porphyrobl

SIS arc

| el
] | e [ . 41 - £ . I i["lr:l" .IJlLI'L' LEX-
embedded in a hner tissue Ol AIMPniDoIc. | .

ture is nematoblastic, seldom lepidoblastic.

The main minerals are two types of amphibole.
Often 1.}'!';_' l'i.hL'I:. 1S i.["I'TTiL'Li o1 ;lL‘Iil‘!{J[ith1 less T.I't:-
quently of a blue-green amphibole which often
appears zoned. Diopside, carbonate (both dolomite
and calcite) chlorite, epidote/clinozoisite, quartz,
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biotite and t_!ji;::.lLthL‘ al'c i.rLL'rhthth}.’ recorded.
Diopside was found only in one outcrop in the
most eastern part of the Berisal complex (sample
335): individual L'J'}’.HlLl!H are seldom id'[r.unnltl_ri:in:,
however relict idiomorphic cores in the pyroxene
are observable, containing undetermined needle-
like inclusions orientated along the cleavages. In
Nany cascs the borders of PYIOXCIIC L'i':.'.“"l;i;?@ dAlC
"['-”“J':-_'* corroded, with the JL“-J.]![EI]; ;:!'-alkl.‘l.i'; Ol
;It.IiHHHIL.'_-‘i%'t:]]m:ilt. From [E!L"“«L' reactions 1t IS
concluded that the i'tu_'I-'_-!Hl']I]]II;;:i actinolite Must
be a metamorphic product of pyroxene probably
of Tertiary Alpine age. The pyroxene itselt there-
fore could be of early Alpine (Cretaceous ?) age

OF PIC .-r’\l-""i‘i'w.
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| he Plagioclase-Amphibolites show

a hine p;umi.ul texture accentuated bv the ['uian']a
Ve 1
L

of amphibole. Major constituents are a blue-green

s i1 N
{HL']iL';i!]LI!IxJ'L[L' ~H'."_iE*HIH|LL‘} ACLINOLLIEC, Ll!.}lJ'L-’ ;’i!’jt_i
plagioclase telspar, determined as oligoclase: acces-
TS < ST P F e 17 O
'ﬂ‘!_‘u constiituents are L'i*;LJHlL'_ Clinozolsite, cniorite.
). ; | f ' 1 .
biotite, carbonate (dolomite and calcite), rutile,
ol 1 v ' '
lmenite, nacmatite, apatite and garnect.
- | 5 1 ¥ :
40 to /D% of the mineral constituents or the

rock are tschermakitic to actinolitic amphibole.
The tschermakite-actinolite ratio is very variable,
but the tschermakitic amphibole is dominant. Of-
ten the crystals are zoned, with a light to colorless
actinolitic core surrounded [ﬁ‘m a darker, more F""]L'H"
chroic tschermakitic marginal zone. The transition
from core to rim is generally not sharp. Micro-
probe investigations (STILLE, unpublished data)

have shown that a series of mixed-crystals exist

between actinolite, Mg-hornblende and tscherma-

- 14
W
Il L%

[wo generations of epidote minerals can be
observed: enrichments ot newly grown epidote,
clinozoisite and zoisite appear relatively often in
lenses and fine layers. The old primary epidote is
finely distributed throughout the rock, very often
zoned and hypidiomorphic and cataclastic in com-
parison with the newly grown idiomorphic por-
phyroblasts. It seems that after the formation of
the amphiboles, migration and accretive crystalli-
zation of the epidote minerals in lenses and fine
]_!_1 ers qu]i [”*l!;iL‘L: | SE€E 1‘1].*-;11 "--L'L'Iii_ﬂl ".‘**,].

I'be Garnet-Ampi

plagioclase-amphibolites in appearance, texture and

tboliftes resemble

structure, but with garnet as the dominant mi-
neral. The results of X-ray and optical Investiga-
tions to alL"tc!'miI]Lr l!u.' I;ltliL"L* constant LH]L[ [C-
fractive index for five individual crystals are
shown in figure 2, a garnet determination chart.
after WINCHELL (1968). The average value of
the lattice constant is 11.63 A and the mean re-
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tractive index is 1.8, indicating an almandine-rich
garnet. The garnet is mostly corroded, in part to-
tally rotten and altered. Important reaction pro

ducts are epidote, amphibole, biotite and chlorite.
In ;‘-[;L-..L'H the garnet shows |~;cliphi[iu rims of L-Iwi-
dote, clinozoisite and zolsite, 1';1di;11h' fibrous in
appearance. Fine symplectitic growths of amphi-

bole and albite occasionally occur.

AND

1,804

1,72
PYR
15 17 19 121  alR]
0
F16. 2 - Determinative chart for garnets (after WINCHELL. 1958
L he Banded-Amphibolites show an

s ] ' e .= -
Interlaminate layering similar to that of the pla-

gioclase-amphibolites, but on a larger scale. The

thickness of the individual bands varies in the
range of millimeters to centimeters. The minera-
logy is very similar to the plagioclase-amphibolites.
T'he light layers show no lepidoblastic texture and
amphibole and epidote minerals are rare. They
contain a high proportion of plagioclase (oligo
clase) and especially quartz, together forming
more than 90% of the ];1},'{:1‘,

5. METAMORPHISM

-

1. BANDED-AMPHIBOLITES. AN EXPRESSION OF
METAMORPHIC DIFFERENTIATION

I'he genesis of the thin layers in the banded
gneisses is uncertain; five mechanisms are sug-
gested here. The layering may be of sedimentary,
or magmatic origin; it may be a product of de-
formed and stretched migmatitic restites and leu-

cosomes (terminology of MEHNERT, 1968). The
layering may be the direct result of metamorphic
differentiation, or the combination of metamor-
phic difterentiation with one of the first three
mechanisms. In this section only the influence of
metamorphism upon the layering is considered in
I'L'H}}L‘L'[ ®) l.‘H.:[l'L_lgl';l]]}‘liL':lJ, I:l]-Ilei';liU‘:_;iu;!J ;Hh{ 2l0)-
chemical evidence.

Detormation, recrystallization and diffusion are
important mechanisms during dynamic metamor-
phism and may convert an originally nearly ho-
MOZENCOUS rock Into a Iil}L’T'L'{] succession ]’Jﬁ. LI1C-
tamorphic diffterentiation i['zku!‘«,ia];; according to
EskoLA (1932), an interaction of both mechanical

| .
;H!al t}!L'J!Ht{;iI 1actors.

yervations
— ' : 1 1
i.!li.' IH”'I]hIL'[IniL'lL'.!*i'“- Of the [']‘L'i]“._ii LI"H]["IL'}L
| | | . { o . o o 1
show a randomly orientated fabric in which the

individual crystals of amphibole are diablastically

. |
intergrown. In contrast to the hornblendefelses
the plagioclase-amphibolites exhibit moderate se-

gregation into lenses and stripes usually less than

.11 : , 3 .
one millimeter in I}Hi_'i-;tlt‘*-ﬁ. | he pronouncea -

rallel texture is accentuated by the prisms of am-

phibole aligned in s-planes

The banded-amphibolites show the same layer-
ing but on a larger scale, with the single layer
thicknesses varying in the range of millimeters to
centimeters. I'he subdivision into dark and light
layers corresponds to foliation and lineation. and
gradations between light and dark lavers rarely

exist. The contacts with “«".]]']Ut.!ltxl:ll:_:'; schistose

i I i i | 1 . & | Ir . . - -
SIICISSES arc HNOSLLY snarp. [ he telsic portions of

: ] SRS 1 : :
l]h,.' ]’HH]L-.thi SUCCESSIONS show Ll!.l'-zi"l"*]d*«[!'{ ];1:]1_1-

plid,
»‘.'!Jm: Lilul 1;11'}.il"rl;.’_ AINIOUNES HT. Quartz. HHL]W i}‘u:
fine layering of the plagioclase amphibolites and
[}EL' !"l['f]‘]I.!'-]]'!L"L‘Ll l‘t‘a =.'!'jl_3_11 H|. I‘r'u; l"'.lHLEL'LI L![‘H}‘rl]ii_‘!{.‘l-
lites could be a product of metamorphic difteren-
tiation, detormation and recrystallization. The in-
tensity of deformation was very important for
the degree of metamorphic differentiation. Mi-
Croscopic and Macroscopic Investigations have
ﬁ}!ﬂ‘u.‘t,'ll i!'}.EI IIH' hL';-_‘]'L‘IEj;ili{_TI] iHEI'L':hL‘H 11,'11‘]1 iI]t_i'L‘;l-
sing degree of deformation. the mafic ld_‘ﬂ'L'T"“ be-
coming poorer in quartz and felspar, the felsic
layers poorer in mafic minerals. The contacts, be-
tween felsic and mafic layers are more sharply de-
K'L'[H[H‘{I il‘l HI!'“I]}QT}.' ;_I:;i";_n]'nu*d [1;1[1(1 hT.It:L'L’FHFL'II‘!b

th:m 11 1II‘IL]L'f-UI'i"I'iL'£] l‘“rLHILI‘."S, ﬁllg.t_.{n;;a{in;; lh;l[ {in;

processes ot mechanica mineral HL';LI‘L';I:lTiUI'! a5
described by WENK (1936) might have been 1m-
portant,

Local differences in stress and fluids permit the
diffterentiation of the original material of the ban-
ded-amphibolites in different ways and to varying



degrees. Chemically these processes have the conse-
quencce II]LI‘L the matic [u}[‘[i“!';g |

Fe. Mn, Mg,

are concentrated in

yeCoOoI11ne cr l'lL 1 IL'L[
Si. Na and K

elsic portions. In compa-

in Ca and Ti whilst

hL' 1

which s 10w a relati-

rison with the dark layers,
4 1
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ering existed in the rock betore Ilra:i;tlllturi}i@iallt,

the differentiation only being accentuated during

the metamorphic events. It is possible that res-
tites in the form of nodules and hardrocks at first
swam in a leucosome and only during the polyme-
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Therefore it can only be said, that in the origi

VI HL;E[IL"I'LTLl ‘x';ifltL'“«. f‘HiL']] ‘n';t!lLi[iHH IH];I}'H J'H_‘ dl

trib |'-1I~IL» to S510) {hmmn!‘u't'tl 1IN =]Hiki“‘t. |1.lf [llalTui'E.II the acidic :Hh;{ [‘ﬁ.‘hlu' POITIONS h;lk'r
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Thus according to microscopic and macroscopic been inhomogeneously distributed in such a man-

{_1|_}5L'l‘\’.lliu{1~ﬁ 1]1L_= I:l'x't_‘l‘ill}_‘ l!i"l‘*—-,[h'l".-.l[-‘[{.,' ‘LHA':;IR' L"HI.J|L1 Nner I}];H tiLH'iH;L ].HL'I' l.lL'IUHH;l”U[]_ﬁ -L]r]d metamor-
be considered nﬁ;11ﬁutdnhﬂrﬁlﬂf product. It is not phic difterentiations the banded-amphibolites could

Iun_aihh_- [O SAV W l'lL‘.ihL‘[' 1 I‘u|'i]‘|'l.ll'_‘~.' EI!ilrﬂ!'lﬁll[iL' ]ilfa'- l'h' LiL‘H't'[H}‘IL‘t},
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3.1.2. Analytical Evidence for Diffusion

lo demonstrate the migration of material du-
ring segregation processes, the chemical data for
two non-adjacent successive bands (Kaw 1671 and
1674) in a banded — amphibolite sequence are
plotted in figure 3. Here the concentrations of
analyzed elements contained in two light layers
are shown to be related to the distance from an
epidote layer and an amphibole layer. The con-
tacts between a light layer and an amphibole lay
er, and between a light layer and an epidote lay-
er are razor sharp.

In the case of element diffusion, assuming that
the light layers are nearly homogeneous, the sin-
gle element concentrations should become appro-
ximately homogeneous the greater the distance
from the hornblende- and epidote-rich contact
zones; this means they should describe in this ran-
ge a nearly horizontal curve. Nearer to the con
tact zone the element-concentrations rise or fall
dependent upon the mineralogy of this zone. In
the case of diffusion the relation between concen:
tration [_(_ | ;lm_] L“"\ll‘iT‘lL‘L‘ (X ) :-ah{*u]{..} !“u_' f.lL‘Hi'!'il‘lL'i.]
by an error-function curve.

According to BArRrRer (1941) the following
physical condition must be proposed to resolve
the diffusion-equation (Fick’s 2nd law) and to
derive the equation for this curve: the diffusion
Is running infinitely in the positive and negative
};-kfiI‘EL'Iiu_‘tl'l and [hL‘I‘L'fHI‘Lr [}lLf I‘LTE;IliHI] between the
concentration (C) and the distance (x) to the ex-
traction zone is as follows:

B X
C = —[1 + erfi ) |
2 vV 2 D
where: D = diffusion coefficient
t = time (period of diffusion)

Supposing, that D and t had been constant during
the time of diffusion the expression V Dt can be
neglected for the calculation of C.

The single calculated equations of diffusion are
shown in figure 3. The elements Ni and Zr appear
to be immobile and to have resisted the process
of diffusion. The same is true for the elements
Cr and Ti, which are not plotted in the diagram.
The elements Rb and Sr follow this law in both
investigated band successions.

During the formation of the epidote-layer (see
section 2) the major elements Si0O,, Al,O;, Na,O
and CaO also must have shown conformity with
Fick’s law. According to the shown error-function
curves it can be said that difftusion had an effect
over a range of more than 3 centimeters.

3.1.3. Conclustoris

Microscopic and macroscopic observations and the
evidence of solid diffusion and solution reactions
indicate that there was an influence of metamor-
phic differentiation on the development of ban-

ding. However the initial conditions of the layering
very probably resulted from primary inhomoge-
neities in the original rocks. It is difficult to make
a statement about the exact course of timing of
metamorphic difterentiation, and so it is not possi-
ble to estimate the influences of earlier metamor-

phic events revealed by microscopic observations.

3.2. EVIDENCE FOR THE POLYMETAMORPHISM
OF THE AMPHIBOLITES
[t 1s difficult to I‘L'L'H;r_*!ﬂ;—fr relicts of pl'Cl'jtJLlh

gh grade

events in these polymetamorphic and |
metamorphic rocks. Microscopic observations re-
veal that three minerals seem to be relicts or
show relict cores reflecting pre- to early- Alpine

events. These minerals are diopside in the horn-

|_11L‘ITL!L‘!IC S5, }".':.!I]L.’Ll L'}"i[lUT.L'ﬁ wpm[u_l ;Hu_l .'-’.L“HL:LI

hluu-grui;ﬂ ;mlphi[u_}]u in the ;nnphihulilua,

:"3 I - JIF-"'{ '-”J:'i.;."fr ( ..,.'.-Fe [ e fF:Jf f."r-'ﬂ “.-:1.:{"' Ji };”;f' "'-ru'pt" pc”'.i-
T f f

. ] 7 Y AR
genests 1 Lpe 1'. JIHl'f".'.- WEeNHAEIELSES

In one sample of the hornblendefelses (335)
the mineral paragenesis tremolite-calcite-dolomite
-diopside was found which, according to FrANK
(1980), could not be formed during the last me-
tamorphic event in this area. The formation of
tremolite and calcite from diopside and dolomite
can be considered as a retrograde product by the
tollowing reaction after MeTz (1970):

] tremolite + 3 calcite = 4 LEiH],"!”'-liL:IL' - 1 do-

lomite + 1 CO, + 1 H,O

This kind of mineral assemblage was found by
TROMMSDORFF (1972) only in the southern part
of the Central Alps, where higher pressures and
temperatures have existed.

From a knowledge of the pressure conditions
dl]l‘iT'}_ﬂ the progress of these reactions an estima-
tion of temperature is possible. According to
FrRANK (1980) pressures of 5 to 6 kb and temper-
atures of 500 to 550°C must have existed during
the last metamorphic event in this region.

On the assumption that such pressures of more
than 5 kb had been operating on the tr-cc-di-dol-
-Ssystem, temperatures of more than 600°C can be
established using the equilibrium curves of
SLAUGHTER (1975). However ph;lm:—pc[1'{1][1;5&‘3]
Investigations, especially those of Frank (1980),
indicate that temperatures of more than 550°C
are too high. Therefore it is concluded that the
observed paragenesis must be a relict one, pro-
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bably representing the eo-Alpine high-pressure metamorphic event. The glaucophanes give K-Ar
event. ages of 80 m.y. (HUNZIKER, 1974). By analogy the

penninic basic and ultrabasic rocks of the Berisal
3.2.2. Zoned Epidote crystalline complex must have supported higher-

" - " )
| | . . pressure metamorphic events similar to Monte Ro-
[111111{]1[1? LI il“._‘ I"ﬁ]-_l?_‘,‘l{l{_'];_lht_‘- n”]Ll u__“']]‘h-f.‘“l\]}\}-“_ | | | |
. ' - . = sa 80 m.y. ago. During this high pressure event
hﬂ[lT.EH (WO gENncrations Ol L'i"‘fk!l‘lt_‘ I‘i1111L'I';l]"~. occur L : _ ) :
_ L, . e the basic rocks of the Berisal complex were pro-
OIC it‘l“t.‘f‘.‘i."II‘j;_’, the other in a zoning | s€ec section < ).

H 1972 1 [.101 (1973 1 1 !m}_‘:h‘ LT"III:ﬁi:_r['[ﬂud INto L"L'!H}JiiL'h ;Hl-;f }‘rk'I'n};cHth|—
OLDAWAY | f£) aIlC A0 7721 COUIC ; : )

] : H li l T.} Fel- ; : sCS, tl'lt: Lht."]."ﬁiLiL‘ 1N L].]L' [H_ri'ﬂfﬁ]L‘IhiL'lL‘]h }‘iL‘I'hLI[‘fH L
' rexperimentany 1d IC I'C =-COIITLCIIT 15 5511~ . : : : :
. | . . - . presenting a relict of this early Alpine metamor-
iillH'\ L_'L'!llii'“HL'L.l E"‘n\. [IH._’ L'f‘-i]?‘*[][‘lli_: OXYECI] 1L|."_LIL'H"'|.'. l . ) \ I "‘.\LI"'I r (1974 : |
_— 24 - ' s . = ¥ NIC Event. ACCording to v 1 LEL <), WIIN
lI"lL‘ increase ol tempccraturc LlUl']Il:.ﬁ I'HL‘MHIH][‘I}}]]L; | 8 . [
o : - . the appearance of albite and oligoclase, the glau-

L'I“a‘hltl”ls’;ttlun cAauscs a LiL'LI'L'ahL' Ol []1;; H.‘-;Id;ttlt‘ll'l : | | ,

1 | } Le Fal - cophane of the Monte Rosa starts to disappear,
degree to sucn an cxicnt tndat tnce c -CONILCnL 11 , .

g gradually becoming colourless and being covered

the epidote decreases. The ore minerals ilmenite, s i
| > yghip | . _ , by a blue-green barroisitic (= tschermakitic) am-
rutile and sphene in the investigated rocks are <" . , :
R . ‘ | . phibole. Later, the blue-green amphibole itself
sensitive 1ndicators 1or this process. } C !'Ii_']l CPl- .
o , = o . =) may }""L' !'LTI‘I]JL'L‘&! h*. el .\]g-}u1!‘1][."!]L"I“JL1L2 O acCtino-

dotes will be changed already in the transition s . ol B
s . _ . . lite, with the original glaucophane also changed

ZOone ol 21'L'L']"1*~u]11w[ O JH‘s}“]lli‘-L.*]Ilr tacies. LlInozol- | L

|

. - ] o RN e to a nearly colourless, actinolitic amphibole. By
S1T€ and ZOI1S1IE I'cInalil stable into the !‘lll:-,'_I!L'E' P-1 ' '

, ,_ L l such a process the often observed zoning (light
range ol l]“:L' !U‘d.' oTadc ;t]“}"l'.'ll.'ll.'lilt' facies, beside l e :

S ; , | core and dark rim) may be explained.
muscovite, quartz and plagioclase (HOERMANN and |

i [n later Alpine phases similar successions of
RarTH, 1971, 1973).

| g ! amphibole crystallization following the glaucophane
[he transformation of epidote into clinozoisite may be assumed, but the higher temperatures

. | l T S ~ T : i . . " N = i » ] = ’ " y '
;i:hl ZOIS11Ie Can pDcC H;H«LIR:‘Ll }LL.TILH[LH_\. 111 l]hh CPl IH;JHII;HHL‘Ll 1N 1[1“; Hg]“ih;ll LJLH‘H'I;L ]UH:'QL:I' I?I:_':']L_ldf-_-_.

. .y g -
L]“[L' r1Cid :i[H]‘*llIl.‘-Hl]IL'H.

than at Monte Rosa, have destroyed several am-
phibole phases. Nevertheless the appearance of
3.2.3. Polymetamorphism shown by the Amphi the amphiboles in the basic rocks ot the Berisal

boles crystalline complex is quite similar to the amphi-
boles of the highest metamorphic zones in the
Monte Rosa described by WETZEL (1974 ). Similarly

in the Berisal the zoned tschermakitic amphibole

In the Simplon area, during the Lepontine phase
of metamorphism, temperatures 1n excess Ol

500°C were obtained, and the P-T conditions ol

| | - | J appears verv often. also described by WETZEL.
almandine ;1r1'1}“~5135m||?a- facies were reached. Se \pPeals: Ve, - i \ El

: . T e 8 Therefore a similar history mayv be assumed for
R‘E‘I.‘ﬂl p}'hHL'H 8) ;H'Hi‘-h]im*h* L'!'j{ni.'1]!1'.«-';1“““ WEIC ”h‘“ 1'E.L Lo | = i of -
: S i [1i7at1 !"n_1[n regl1ons.: ai L'{lf'!".' :\I[‘ltﬂt I?!}_’]1 PIcssurc I”I"hl‘*L',
L!t‘."w[]'ﬂ‘a L‘L! ‘1:“] 4 reconstruction O crystallization . - _ - & _ : _
. . - - i S e 80 m.y. ago, followed by the Tertiary phase of
history is only possible by making comparisons R . ' 5 |
_ A ' : e lower grade Alpine metamorphism, 40 to 20 m.y. ago.
u'][h 1*1-_“1.; r'm‘l-;a Ol []]:_' !lL'!_'..’.H]“mI:T INng 1OWCL g ddC e . ' ‘
. . - . h a c« In the .‘“‘\!IHP[HH region the second HIW;‘,H* was
Alpine metamorphic regions. For such a compa . ‘ 2 .
_ , == | - R NSy more intense than at Monte Rosa, higher temper-
rison the Monte Rosa nappe 1s particulary suita- 3 : ; SO =
. - o RN e U e S atures lasting for a longer period ot time. There-
ble: lvine in the southwestern Pennine area o ; ; : : : :
| fore, in the Monte Rosa region the early Alpine

the Central Alps, west of the Ticino culmination,

about 15 km south-west ot the HIT'F‘F‘!”“- For the

Monte Rosa recion BEARTH (1967 ), using mineral

high pressure mineral assemblage survived, where-
as in the Simplon region only traces of this early

: . . _ ; . _.-\lpii';u event can l'.'IL‘ {HLIIH].
["—*ili'i’l;-_'t‘r1L‘ilL' Criteria, ;lhhHlHL‘d I_L‘”'JPL‘ILHJHL'H l"L- t

tween 450 and 500°C. In confirmation, HUNZIKER

] I}“JL' }‘It‘h"l 111-- E“EUEEEL& E”]L{ }"!I]EH_L’.%lL' AgCSs,

(1970), wit 4 GEOCHEMICAL ANALYSES

LlL‘ﬂ"ﬂHIiHII'LHt'LI that the hmlth—wwlri'l‘! part of Monte

] - : = & " ] i s B -~
1 remailne - onlv a m!!l.‘.lll LIITIC III]dL'l COIl _ - - - .
Rosa remained for onl 4 1. MAtOR AND TRACE ELEMENT ANALYSIS

[t ' elevated temperatures of metamorphism.
Il griakgvatec ceraped | METHODS AND RESULTS

Such a lower P-T regime permitted the preser-

vation of all crystallized amphiboles. Therefore 30 kg samples of hornblendefelses, garnet-am-
it was possible for WeTzEL (1974) during his phibolites and }.‘*I;l:z-lli‘ll;‘li’tfif:-E’:Iﬂp]]”‘rﬂlilt‘ﬁ were col-
LlL'ME[t'L{ 1}_‘{:1'1«'_ In IIu; Monte Rosa nappec r'L-_;yinn !:_*L'lmL }‘IL*II't'.‘l;_‘l'.'l[ﬁlllu‘;l”ﬁ.' r.:x;lminmi. alm] }“II't‘]’l;iI'L"ti
to define several phases of amphibole crystalliza- for ;:um‘lul*mif_;l] ;m;l]_wria_ \'\"hr_ﬂ sampling the ban-
t10nN L{Ht'ii]}_' _-'\1[1j|]L- 1'1]L‘I[.'H‘i]t‘il'rl}'li‘ﬂ”. (i];llh'upl‘l;l[h'ﬁ []L'L! ;II]}I’!]EII.‘*HlHL‘h HP{'L‘.II"HL'H-« 8) ;1I‘HH[I )-8 L;_L* wCIC
are []]L. H[L]t‘hl :Hﬂl‘ri]”“‘rﬂ!L‘H 1n ![H- l\’[”{]'[-.; Rosa nap- II!""LI].iH'Li from [ll'!t{L"fUI'T'Ht?ti i‘HL‘LLH u'irh [LH'J”L‘!
pe, originating I'nInn an early Alpine high-pressure planar bands; the light and dark layers were se-
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Sample 1670 1670 1671 1671 1671 1671 1671* 1671 ** 1671* 1671
‘ \ B A B ( D | | G H
Si0 66.4 2] 79.1 53.8 1.4 52.2 71.1 50.0 58.3 629
AlLLO 15.] 18.9 11.9 17.3 12.4 17 .4 5.2 19.0 18.7
Fe,0 1.7 0 4.0 1 8 3.9 1.1 5.1 3.2 20
el ) l.] 4.5 .3 1 9 1 O S 6 1 () 4 1 | © |5
Mn(O) u.U .1 0.0 l_ ) 1 0 1 0 0 01 0 1 00
MeO 0 2 0.0 1.2 1.7 1.8 0 4 ) 8 1.2 0.5
L .al) }.2 2.9 2 M = N/ 359 10/ 6.8 3 )
Na,O 2 .0 | ). } .8 {.8 6.4 7.2
K,.O 0.3 0.2 0.1 0.2 0.1 2 0.1 0.2 0.1 0.]
110 0.2 .9 . 1 0.8 0.2 09 0.2 1.0 0.4 0.3
P,0) V.1 0.2 V.0 V.2 U.] 0.2 0.1 0.2 0.] 0.1
H.O ) )2 7 0.6 1.2 0.4 1.3 0.7
CO. n.d 0.1 0.1 0.1 0.1 0.1 0.] 0.] 0.1
[otal k .U : ! 99 .4 .5 19 4 99 9 08 3 U89
. 2658.] | 36.2 2449 6 146 /7 174 3 l 34 4 336 Y o 4 191.0 2339
| ; 29.1 ‘ 33 .2 26.4 0.2 36,6 409

1() | 11.6 4 & G 5 24 B 4K 3 10 .8 29 19 0 13 2
- L4 I 1.8 20.5 ZZ.D  /.] i 23, 1!
2z L4 ) 14.0 1.5 1.8 291 12.3 20.7 6.0
- . () | 00D () () () () () | () () () () () () ()
) A ) 7 00 ) S (0.5 % ().3 () 4 (). 3 (.7
{ ) ] | GG S 11 9 1.71“ -,:|1 33 3 20} O a,-;u'l _;.]1
: 163 32 {3 2 14 2 12 ( 12 1 16 19 2 50 0
| 0.7 4' 1.6 11.;
( . ) ) ) I 1 /0 () Fih
; : 22 3 40 182
"} . ) 10)8(0) 2 N) 1()%() 6175 2100 1680
7 - 67 ) 1 GO | 95 | G1) 1 29 1 R() 1 R
: | 1 () / - 1()
s | 1 5 ") | 8 () 10)
i . | 4 1.6 1./ ).4 | () & () S
; | 305 393 5958 393 764 GR() 359
& {) s 51 )
light laye Y€l
| ABLE 4 - (cor 1
o . . | [ 673 1674 1674 1674 1674 1674
[) \ ) \ 13 { 1) '
S10) . ; i 13 427 . ' VL. 2.3 2 72 8
\ 1.0) l i 17 | | 12 1 6 1 5.0 14.6 | 2 & 14.0 | 3
0 | o = = | § | | 1 2 1 | 2 3.0 0.6 2.0 1.0
i - 2 3 .0 2.3 2 1.2 3 4 1.4
Mn() | () | () 1 .2 .] .2 .0 I.'IE_ () ()
MeO -. 0 . 2.3 1.8 6.4 0.7 2.5
L.al) 5 y [ | » J i ) J , l 7 R
Na.(0) '. 1 | 1 3 ) 2.1 2. 5.0 4.0 49
.L"..| . n 1 4 | S () / () B () 8 .H_lr_r 1.0
=T | A 2 1 A | S ) 3 | ¢ 02 0 () 2
[1-":: :|| () 2 ) .3 ). ] 0.2 U.1 H; 1_|'_‘:| 0.] 0.1
H.(O) ) . . 1.0 1.8 Uu.o ll-*' “If 1.0 0.9
CO 0.1 0.1 0.1 ! ' . ] cl ] n.d
| D13 _ 1= 5 (WY 3% ) ) 9 G 99 1 LU0, 3 99.1 7.0 26./ 99.1 1 00,0
- 534.8 135. 39,5 285,6 138 036 2574 362.]
J IR & T 43.3 29.1 341 219 ) £ 2.2 32.0 40.2
;Hu 14.7 .Ij;.:ﬁ 13.9 5.9 3.4 }7.3 2.0 ! 14.1 1.5 18.4
o ' £ - €} 11 3 132 Q '3 A 16.8 219 15.0 19.4 |14 9
( e LO - : e \ )9 R0 0 8 7.3 6.6
9.2 13 35.0 15 18 226 : .
i- -|.|_; ().1] () 1 .2 1).5 ).2 .1 "_":’ () ] ()1 H]F
ng -||_1 () 4 0.0 (.4 .o 0.5 _“H "’I U.4 _""” J”._‘
0 66.5 30.9 59.9 39.8 >/.9 V.0 1.0 4.5 26.2 )0, 1 0.2
E 27 6 47 4 365 3/ .4 5./ 4 D 10.1 2.2 ¥/ D 'H:___":' -,_I'
M 59 6.7 3.6 22.8 114 4.9 9.0 31 .2 13.7 5.7
o N 170 ~() 137 70 137 ﬁr.,*-i _:’-fr{l 1 HR 70
N 265 34 219 () 221 11 LU "‘* 233 F“* 217
Ti 1320 11750 1260 10070 4320 10790 1858 9830 1140 4320 1440
¢ 595 318 465 185 150 176 160 170 165
\ €5 50 45 35 25 LU 23 10 10 10
NB vz 15 25 20 15 2() =,I1I 10 2() 15 25
Rb 7.5 26 .4 59 13 735 20 8.2 2 32 32
1 gR 1 28 o1 148 23] 151 :"'1" | .j_j"T 26 287
Ba 53() 120 70 180 oU 270 280 600

light layer




"1.!_
10

1 * ] * .
parated using a diamond saw. Each hornblendefels
| j 1
and awnphibolite sample was coarsely crushed and

1 i i

T nlvericed holre 1n 4
hen pulverised for 15 hours in an agate mill to

vbhtain a oraf e 1 :
obtain a grain size smaller than 250 mesh.

LY = . o :
Vajor element .i]‘uhw’h and trace element ana-

lyses of Cr, Ni, Zr, Y. Nb. Rb. Sr. Ba have been

-

ated from sedimentary trends. Characteristic ele-
ment ratios of orthogenic and sedimentarv ma-
terial are L'HTH}MH‘L'L; with the data ot the ;]I‘];ll‘u'w;'i.i
samples. Finally discrimination analysis was used
to distinguish between a magmatic and sedimen:

tarv oriein.

hornblendefels
garnef-amphibolife
plagioclase-amphibolite
dark layer

Light (ayer

Neok N _

9
LY
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r )

" I -..ll-‘ - : I |
LOT 2V nornblenderelses. [" garnet-am

erformed
phibolites, 15 plagioclase-amphibolites and 31 dark

Il-!-.l I L} = ] : -.-] | N e I] F |
USHL 1aVCIsS O Danded-amphnibolites from the

"u.‘n:] COI] PICX, '\[. !I‘!_1_|H1.' JHuE Lrace L_':L"lélk'l]l da114d

WCEIC '~:’~'|"~="-'I]!'-.']L'LJ by A-ray ‘i]llw!'k'wt_‘ih'k' dou
[ 1 5 | .I-'-..-\-.--. .-.-..I. -_'1 'l H .
AC dicrminations, with the exception ol Fe

L e l : |
vIICI Wads n.'l'ai_'-_:i!].it'a{ DY 1',_'HIH;"]." ciric method .t!'ui

. 1 . o
Ba hf*' 4l0INIC absorption spectrometry. [ he resul-
ting analytical data, together with the calculated
vigeli-values are

.....

t'L”.I'Ij'*.i}L't:I iH T;i[“f!t‘H ]

precise sample locations are provided in an ap

4.2. EVALUATION OF ANALYTICAL DATA TO ELU-

CIDATE AMPHIBOLITE ORIGIN

In order to obtain information about the ori-

gin of the amphibolites, the 76 data points were

]"]H[EL'tI N various variation Lii;l,ul'itlﬂ‘% 1"1['1'%'“3 POS

sible magmatic variation trends can be differenti

4. The

. prEty | By 1 1 . o 4
[A IIFST survev of possible HH[‘.L':'.lll CONICNLS 15

S 1 - 1
provided by a triangular plot of the QLM values
calculated from different analyses (Fig. 4). The
nalvtical dat o : r S [ L.:1
dll1dIVLICA]l data po1Ints OI the E1|‘a;;]ing;lhu-J]T.'II[‘!'ﬂIE"H‘-
lites and of the dark layers of the banded-amphi-

. 1334 - . ; .
bolites lie on or below the saturation line PF, se-

parating the quartz-rich from the quartz-iree mi-

neral assemblages. ['he data points of the hornblen-

detelses and the garnet ,lill[‘-fw.i[ﬁu[i[u.m lie below, and

yove the satura-

the points for the light layers a
tion line. Thus most of the investigated amphi-
bolites, together with the hornblendefelses des-
cribe a field where the mineral combination pyIo-
XCIIC, h‘]ﬂ[h-ll'_-‘ |t']‘-.!'l;1]!‘it'li‘-,i, f_}]h.in:; eXISLS, IHEL' HL'ltf
described [‘:_1. the “L:-,:]l[ lavers of the l‘é;i[h{‘:ki'll!‘-l["'lﬂi'
bolites is typical of a i:_;l_lkl_I'lx' felspar assemblage.

.\:;1. I‘x e and Mg are im}nﬂ'ljﬂl :;‘!L"H‘JL‘H‘LH n

T,
L

characterizing igneous difterentiation trends, and



are represented in the AFM-diagram (Fig. 5) by
the parameters A=Na,0+K,O, F=Fe,0,+FeO
and M=MgO. The data appear to indicate a calc

alkaline difterentiation trend. However, LEAKE

(1975) has reported that a highly metamorphosed

sedimentary series often resembles an igneous

trend and that upon this evidence alone a def;

17

/

dark and light layers of the banded-amphibolites

tollow a more general igneous trend.

4.2.3. Cr-Ni Diagram

According to FroeHLICH (1960), amphibolites

with Cr- contents of more than 150 ppm point to

an orthogenic origin. In figure 8 the Cr- contents

are plotted against the Ni- contents in a diagram

A hornblendefels
v garner-amphibolite
@ dark layer

¢ linht |lavaer
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nitive initial rock system cannot be concluded
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4.2.2. The c-mg Diagram and the c-mig-(al—alk)
IF..-".;.r'*'.'_'.__..tx
With the help of these two presentations

(Figs. 6 and 7) LEAKE (1964) attempted to deli-
neate [}'IL' I!"L‘!-!L_l"'-. n'ri_ i:;_T‘I'lL'Hl_]‘é [ u_]-',m. I!]f‘at‘tg H]I < o
dimentary components e.g. tuffogenic amphibolites.
In figure 6 Niggli ¢ and mg are plotted with
Niggli (al-alk) in a triangle, whilst in figure 7 the
calculated Niggli-c values are ]"!HHU‘L{ against Nig-
gli-mg values. Two main sediment-magmatic mix-
ture trends are possible: firstly mixtures of carbo-
nate rocks (limestones and dolomites) with basic
or acidic volcanic rocks: secondly, mixtures of
clays and graywackes with basic or acidic volcanic
l'HL'I{H.

In both diagrams, hornblendefelses, garnet-am-
phibolites, plagioclase-amphibolites and also the

AFM-triangle,

indicate a

particulary suitable for discerning isneous from
20 and

CONLENTIS Ii“ﬂ.'L'l' L]];IH

sedimentary trends. The field between
150 ppm Cr is uncertain; Cr-
20 ppm indicate a sedimentary origin. Cr- contents
of the investigated samples are mainly greater than
100 ppm indicating an igneous m‘..:rril_z-in.

T'he Cr/Ni-ratios of the plagioclase-amphibo-
lites, garnet-amphibolites and hornblendefelses are
without exception greater than 1 which. according
KUKLEY (1975), again indicates a m;mm;i[i:;
origin for the amphibolites. |

LO

T'he Cr-Ni values of the plagioclase-amphibo-
lites, garnet-amphibolites and hornblendefelses des-
cribe a clear positive correlation. which is strong-
ly indicative of magmatic differentiation. The Cr-
contents of the light and dark layers of the banded
amphibolites are lower and show

. _ . 110 [“lﬂr«iii‘.'L‘ COrre-
lation with Ni.
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= Magmatic trend
sedimentary trend

Qo

Dolomite?{j

D0

A hornblendefels
logmg V¥ garner-amphibolite

O plagioclase-amphibolite
® dark layer

O light layer

Carbonate

DAsIC

L
O @
10{5
i s =
f -
0,2 o,k 0,0 08 mg
F16. 6 and 7 - NicGLI ¢ vs. mg and c-mg-(al-alk triangle. In both presentations the hornblende-
felses, the dark and light layers of the banded-amphibolites follow the general igneous trend

42+‘]' -Ir.'ifq'hf..’ Kp'..1'FI'J\'!'I.).;:;'I;;J'Lff.}f ( j-:n'.":- (f])

)
MomNnE and DeE LA RocHE (1966, 1968) pro

posed the following parameters:

K,O
K = (weight-9 )
MgO + KO + Na,O
MgO
M = (weight-%0 )
MgO + K,O + Na,O
Na,O
N = (weight-% )

MgO + K;O + Na,O

Mg, Na and K are very important elements to
characterize alumino-silicates and thus total rock

chemistry. The main differentiation trend from
basic to acid rock systems, and the fields of arko-
ses and graywackes are shown. The hornblende-
felses are characterized by the highest Mg- and the
lowest Na-K-contents, confirming their ultrabasic
rock-character. The plagioclase-amphibolites, gar-
net-amphibolites and the dark layers show lower
Mg-, but higher Na-contents than the hornblen-
t!L'!-L‘I"iES.

It 1s surprising that all the investigated samples
possess very low K-contents causing a deviation
from the general differentiation-trend.

The Mg-, Na- and K- contents of the light
layers are typical of anorthositic rocks.

gl i
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4.2.5. The Al, Fe, Ti, K, Na - Distribution to distinguish further between ortho- and para-
amphibolites using the following parameters:

Because of the different behaviour of the ele
(Al + Fe + Ti) and (Ca + Mg). These parame-

ments Al, Fe, Ti, K and Na in sedimentarv and

volcanic formations MoIiNE and De IL.a ROCHE ters are calculated in atom-% and plotted in the
(1968) proposed the parameters [(A]l + Fe + Ti) diagram of figure 11. The diagram shows the be-
/3-K] and [(Al + Fe + T1)/3-Na] to discern haviour of Al. Fe and Ti with increasing Ca and
s
O
= ' :
()
(L
m |
2| A A
X O A A A LA
1 A A ’ ah
A A AAA
w._"
b o |
r
© Orthoamphibolite y |
v & & "’ : i I |
2 - A, Frohlich(1960) | |
@ @ | - T
o1 F o ’
| |
@ ~ OC IS (] . !.
| uncerrain |

| w—

= — - o ———— —— il — s L _ ]

ﬁﬁmamphﬁxfﬁémmn_q

ool | . 00 o on Frohlich(iSée) ¥
loo 200 300 boo ppm Ni

& hornblendefels @ dark layer

¥ garnet-amphibolite light layer

O plagioclase-amphibolite

F1G6. 8 - Cr vs. Ni. After FroEHLIiCH (1960), amphibolites with Cr-contents of more than 150 ppm are

‘—'-h“-‘_— LI

orthogenic origin,

between ortho- and paraamphibolites. These para- Mg. The light layers of the banded-amphibolites

meters are calculated in atom-% and plotted in show the lowest Ca- and Mg- contents but also POs-
the diagram of figure 10. Here, the amphibolites sess low amounts of Al, Fe and Ti. Ca and Mg
including the dark layers are in good agreement are positively correlated to Al. Fe and Ti up to
with the given basaltic field. The hornblendefelses the field of the pfalgiuuhiht—;un;‘ahibuliqu-;. Here the
show much lower Al- and Ti-contents and lie, trend direction changes. Rising values of Ca and
according to their ultrabasic chemistry, out of the Mg are accompanied by falling values of Al. Fe
defined field. The light layers of the banded am- and Ti. The light layers lie in the field of the
phibolites are significantly distinguishable from graywackes, while the plagioclase-amphibolites
the defined field of graywackes. garnet-amphibolites and the dark layers fall in Ihf_:

range of the defined basaltic field. The ultrabasic
4.2.6. The Al, Fe, Ti, Ca, Mg - Distribution hornblendetelses lie outside of the basaltic field

and show the highest Ca- and Mg- contents. The

Because of the much lower Mg- and Ca- con- _ *
geochemical behaviour of the light layers together

tents in graywackes when compared with basaltic e .
rocks MoINE and De LA RocHE (1968) proposed with the position of the other kinds of amphibo- :
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lites could be an expression of a magmatic diffe
rentiation.
4.2.7. f..-r!.h‘n'c'rh'.!."fiF:j{

[n every variation diagram the difference in che-
mistry between the hornblendefelses and the other
types ot amphibolites is evident. The hornblende-
telses have higher Mg-, Cr-, Ni- and lower Ti-, Zr
contents. In the QLM-triangle they fall in the

blendefelses nor the plagioclase-and garnet-amphi-
bolites exhibit trends of sedimentary mixtures in
the diagrams of LEAKE (1964). In the diagrams
after MoiINE and DE LA RocHE (1966, 1968) the
hornblendefelses lie in the range of ultrabasic, the
garnet- and plagioclase-amphibolites in the range
of basic rocks.

From the main and trace element contents to-
with their variation-trends, the overall indi-

Irr'1]'|-:'iI

i i .
-._.--.m_a—_l'—.l.";,Ir‘ |_"'-"'T"_',|I‘:

.-|'|l\..||._..I L

garnet-amphibol it
igioclase-amphiboli
I"lr l"jr'.'- |
L = :-_:‘d.r.:r_.
| { .u
¢ ﬁs o
\
O
ﬁfﬂ &
_} %
“wde Yy
. ® (ranife
-~ II '...-..
Arkose .® Rhyolife
¥ j Fa"
{ Al NG
K N
1 "
t'1G. 9 - The very low K-contents of all investigated samples cause the deviation from the general

differentiation-trend in the KMN triangle

~ ] : -
HEIAd O]

1 1 g " . A
hornblendites-pyroxenites. In the AFM-
triangle the

]i'l‘E'I]Ilﬁ[LfI'IL{L'EI-L']‘HL'“'i A 1CC, ;tL‘L‘HI'L“l'}; LtO
NockoLDs (1954), with the field of pyroxenites.
I'he very low Ti-Zr-Ba- and higher Cr- contents are
typical of an ultrabasic origin: similary the high
Cr- contents of the garnet- and plagioclase-amphi-
bolites are far from normal sedimentary rocks. The
Cr/Ni- and the Sr/Ba-

i | .
bolites, plagioclase-amphibolites and the hornblen-

ratios of the garnet-amphi-

defelses are greater than 1. indicating, according
to KUukLEY (1975) and Siporenko (1972), an

Igneous origin.

The trace-elements Cr and Ni show in combina-
tion with Niggli-mg a clearly positive correlation, a
further indication of the igneous origin. Mixtures
of clay and dolomite show a negative correlation
(KALsBEEK and LEAKE, 1969). Neither the horn

cation is of a magmatic origin for the hornblen-
defelses, garnet-and plagioclase-amphibolites.

[t is quite difficult to make a statement about
the origin of the banded-amphibolites. In the c-mg-
(al-alk )-diagram the light and the dark layers show

Nno .IHE’L‘L'H]L‘:H H'%.'EI 1 [}'IL' LIL'”HL‘L]. tl‘ul"n;l:-; tli- hL’t“IllL'ﬂ'

tary mixtures, indicating rather a magmatic trend
of differentiation or partial melting. The Cr/INi-
and the Sr/Ba- ratios of the dark layers, being grea-
ter than 1 speak for their igneous origin. Their
Cr-contents partly support an orthogenic origin,
but their relationship is uncertain. In the diagrams
of MoiNE and DeE LA RocHE the dark layers show
d I'L'].‘lii\.'rlj\' :_;'HHL] AZIreCIncni with the LiL'“IlL‘l{ ba-
saltic fields; the light layers fall, with one excep-
tion, outside of the fields of arkoses and graywa-
ckes but also fail to agree with the fields of ortho-

genic rocks.




The origin of the banded-amphibolites using

both main- and trace-elements is not so clearl
defined in comparison to the other ;“”P}]j[n,;m.;_
However using their main- and trace- elements in
cnmhil‘mtiﬂn with I}"]L.‘ variation L“;i:@_‘IT'll]ﬂg of all

(Al+Fe+T1)/3-K

"
"
_—

s interpreted as implying a direct genetic rela-
tionship between the banded-amphibolites and the
other types of amphibolites the indication is tha
the banded-amphibolites could be of orthogenic
Origin.

100
Al+Fe+T|
. - - -
5004
Sy - e ‘38)
f \ %F O -
{ \ ® OO
/ (3 W aAC
f £ d; CKe
j i

3001 ‘Ehf{:f’

'l
-

100 (Al+Fe+T1V/ 3-N3

A hornblendefels £
V¥ garnet-amphibolite
O plagioclase-amphibolite
100 ¢+ ® dork layer
L) Light layer
200 400 500 Ca+Ma

FH'}_ 10 ;{n{i 1l I’r{rh;_r_,r113{i{;n:15 ;1L'L'L:|‘:"u.1i11;; to MOINE 'J.I'td De La Hl_]l{_'_HI-'._l'ir'}f_:JSI] 'LlHiI'I;_', the L'|Lr‘.‘.r.-|:1:h.
Al, Fe, Ti, K. Na, Ca and Mg to distinguish ortho- and para-amphibolites.

amphibolites and the hornblendefelses one state-
ment can be made. If the hornblendefelses, pla-
gioclase- and garnet-amphibolites reflect in all the
variation diagrams the behaviour of differentiation
or partial melting, the banded-amphibolites ge-
nerally agree with these different trends; it this

4.3. APPLICATION OF DISCRIMINANT ANALYSIS
TO THE GEOCHEMICAL DATA

The discriminant function is a powerful tool in
multivariate statistical analysis, complementing

qualitative graphical methods in distinguishing
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of the mixing straight line for the $S10,-MgQO

1113

ation-coefticient

i

system s 0.9976. The correlation coefficient for
the E:;lf)-."\.l;j(') system 1s 0.9405.
[n the Na,O-K,O mixing-system (Fig. 13) the

dark and “E‘—']H ]'-]_"'L'T‘“ of the banded ;ttl‘.l‘.[lii"-ﬂli[t"b

are moderately correlated with the plagioclase-am-
phibolites and partly with the garnet-amphibolites.
I'he correlation-coefhicient of the calculated mixing
straight line is 0.9655. The hornblendefelses and
partly the garnet-amphibolites do not fulfil the
conditions of the mixing hyperbola, showing very
low Na-K contents.
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In the system ALQO;-SiO, (Fig. 12) the light The hornblendefelses and the light layers are the
layers describe their own mixing hyperbola and end-members of the mixing hyperbolas. This agrees
are separated from the dark layers as well as from with the calculated Differentiation Index wvalues
the I‘*Li}lit.u'Ltw-;nﬂ}‘?]'li[wlilL‘m E—TLH'!tt‘I-;H'l"ll‘['lil“!{‘i]iTL'H (D.1.). The hornblendetelses show the lowest D.I.
and hornblendefelses. The correlation-coefficient of values, the light layers the highest values.
the mixing straight line for the light layers in the The hornblendefelses show the highest MgO
510,-Al;O; system is 0.9852; for the dark layers and the lowest ALQ; values. During difterentia-
together with the plagioclase-amphibolites, garnet- tion, fractional crystallization or partial melting
amphibolites and hornblendefelses the coefficient the MgO- contents and the Si0,/AlLO;- ratios in
is 0.9947 the melt decrease successively during a constant

T'he mixing hyperbola in the Cr-Ni system increase of the ALQO;-SiO, contents and the

i s s ; - . - . ; ; | . s ; 5 ;
(Fig. 14) is described by the plagioclase-amphibo- CaO/MgO-ratios. In mineralogical terms this in-

lites and the i'hli“.ldu.:f_l—ﬂnlpht[*.ulli!u. The correlation- fers a decrease of pyroxene and olivine COmpaoO-

L'l.*EEIjL']-L'T][ x'if T.hL' L‘JlL’l!I;'i[{._‘ki 1"[“1]'_‘-.;iﬂ:5j wII‘tli}J{']E IiHL‘ NENntLs -'_1111.IE ell) i[]L'!'L';lm' 8) I]h' ET]J:'-_‘_I--'*L'L]ML' U*!l't}\ﬂ-
s 0.9665. The hornblendefelses and partly the nent during differentiation. During this process
garnet-amphibolites have significantly higher Cr the SiO.,- and ALQs- contents rise strongly (Fig. 12)
and Ni- contents. Their Cr and Ni values are scat reaching a maximum, described by the dark lavers
tered, and fail to show a significant trend. at about 20% AlO: and 53% SiO, (see also Ta-
NI ppm
A | =
4 A hornblendefels
. A A v g-ﬂf”it?5—rfﬁ'ri:i"'ijlrjl!*'-?
it Rl O plagioclase-amphibolite
Y A o dork layer
> . B Tt lapes
=
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Fic. 14 [he Cr-Ni-mixing diagram
4.4.3. Interpretation of the 2 Component ble 4). During a further rise of SiO, with further
Mixing Diagrams differentiation or partial melting the ALOs- con-

= == - ' -_ f - i : 4 . 5 . ey " r | 1 .|
Because of the very good correlation-coefficients tents fall again, a trend described by the light
It Ldll h:; c_‘nnghu}ud [hdt thg h'.lﬂdn_'d mnphi[«,ﬂlilﬁh E;!}'L‘T'H‘. ”‘tL' ['1SC il[_lL! i[lL' !{_ﬂlnu'ln;_{ alL‘L rease ol I}H:

are 1n a direct genetical connection with the pla- Al O;- contents 11“'"1”:‘4 the rise of the SiO,- content

gioclase-amphibolites, garnet-amphibolites and the is typical of magmatic differentiation and observable
hornblendefelses, supporting the tentative hypo- in many variation diagrams in the literature (e.g.
thesis drawn from the evidence of the previously CARMICHAEL, TURNER. VERHOOGEN. 1974). Thus
presented variation diagrams. Good evidence exIsts the two mixing hyperbolas, having a common point
for a magmatic origin of the hornblendefelses, at 20% ALO,; and 53% SiQ,, are explicable.

garnet-amphibolites and plagioclase-amphibolites, The Na-K mixing diagram (Fig. 13) shows the
and accordingly the dark and light layers of the very low K- contents uif-[]'n; inx'n.':r-;tii,:;lluu;_] samples,
banded-amphibolites must also be of orthogenic which may account for the scatter u.t' results much

DL, more than in other H‘ii};it‘l;.l L“al;_’]';llﬂ.ﬁ. ;'\.HUIhL*I‘ rca-

The different mixing hyperbolas represent no son might be the possibility of mobility of the
thing less than processes of magmatic differentia- ' |
tion and/or partial melting. According to the dia-
grams (Figs. 12, 13) the difterentiation succession

must be as follows:

Na and K uurnp{_ml]da, [t 1s Interesting that the
light layers of the banded-amphibolites show even
lower K- contents than the hornblendefelses, but

significantly higher Na- contents. This is explained
hornblendefelses — garnet-amphibolites — plagio- by fractional crystallization, the K being controlled
clase-amphibolites — banded-amphibolites. by the mafic minerals, the Na by the plagioclase.
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1.5, NORM-MINERALS. NORMATIVE AN-CONTENTS
AND DIFFERENTIATION-INDEX
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1) | i i3 . P = ; > P
[he Norm-minerals are calculated according to
|

the Barth-Niggli-Kation-Norm, a molecular-norm
proposed by N16GLI (1936) and modified by BARTH
1952) such that standard minerals, present In
the CIPW-Norm, are calculated by the Kation-
Norm. The normative anorthite-content and the
Differentiation-Index (D.I.) are calculated as fol

]U‘ﬂ. 5

normative anorthite content An/(Ab + An)

D.I. L < Of A Ab + Ne + Lc A fﬁ[‘w

'he main norm-minerals. normative anorthite

contents and D.I. values are compiled in Table 5.

—

[n figure 15 the normative hypersthene-, diop-
side- and anorthite-contents of the hornblende-
felses and the different types ot amphibolites are
}"I]HE[L'L] ;-I;_T,LliHHI Ii]t.' D‘I

The |1'-‘1']']}TIL‘I':IRIL'{L‘E?*L'H are the most P]"i”li{l['xt_' and
least fractionated of the investigated rocks, their

calculated D.I. values varying between 5 and 20.
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IABLE 5B - BARTH-NicGLI-Kation-Norms of the carnet-amphibolites
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The normative hypersthene content scatters s
tween 5 and 35%, the normative diopside content
between 20 and 45% .
thite content amounts to about 609

and the normative anor-

between 0 and 309%, the normative diopside con-
tent between 15 and 40% . The normative anor-
thite contents are the same as observed in the

hornblendefelses.
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The garnet-amphibolites are characterized, as
are the hornblendefelses, by a low degree of frac-
tional crystallization and are the next primitive.
The calculated D.I. values vary between 15 and
35. The normative hypersthene contents scatter

The next differentiates are represented by the
plagioclase-amphibolites, with D.I. vaILms.ﬁ]uch
higher than those of the hornblendefelses and gar-
net-amphibolites, scattering in a wider range be-
tween 20 and 50. The normative hypersthene con-




1‘-11‘\::

tents scatter between 0 and 25%, the normative
diopside contents between 5 and 309, and the
normative anorthite contents vary between 30
1’I-"ILI )%,

lhe dark layers of the banded-amphibolites

show the same degree of differentiation as the
. 2 | . . .

plagioclase-amphibolites, their normative hyper

|
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The differentiation succession must be as fol-

]l. WS,

garnet-amphibolites — pla-

banded-amphibolites. The
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The apparent substitution of diopside by hy-
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diopside contents are very often parallel to lower
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| this behaviour is ob-
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4.5.3. Interpretation

The three diagrams (Fig. 15) show the common
differentiation behaviour of the hornblendefelses,
garnet-amphibolites, plagioclase-amphibolites and
banded-amphibolites. During the decrease of nor-
mative diopside, hypersthene and anorthite con-
tent, the D.I. increases.

emerge in comparison to the normative diopside
contents. This suggests that during magma gene-
ration a slow diapiric rise is accompanied by a
constant L‘J‘}'HI;i”i;—’.LHiun of t]i{}]“!HiL{L' and l‘v}; an In-
crease of albite content in the plagioclase. Thus
the Ca-content decreases and the Na-content 1n-

creases during fractional crystallization.

LY
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4.6. ORIGINAL CHEMISTRY OF THE AMPHIBOLITES

Examination of the analytical data can provide
evidence for the original composition of present

day amphibolites, helping to distinguish between

alkaline and tholeiitic chemistry.

"I'{TF] ]{'ijl j‘{"} \'uy {JEHI JL\_r} rI_).*'~:'.’'."'.'F-"f'.l'a'ﬂ.""'’-’.‘~
The Si0,-(Na,O+K,O)-diagram (Fig. 16c¢) 1s

L.'1I'E‘!['E".-i"!"!]|“{ LE*HL.‘&{ LO Ll.i“%[i[lgl._ll[“xll 11L'3‘.‘-.'L‘L’E] i|1t1]:L'ji[lL'
and alkaline rock-chemistry. Of the investigated
samples 909% fall in the tholeiitic field, pointing
to an original tholeiitic rock-chemistry. In drawing
this conclusion, consideration must be given to
the increasing mobility during metamorphism ot
Si, K and Na (ErL1orT, 1973). Thus to determine
the alkalinity of the original basalts other ele-
ment-ratios must be L‘.‘«.';ilTli:':L'LE~ }Wl'ariul';‘:f}i}. elements
.

¥ ; l i-:. y T ; 1 .I.I 1 5 --- T wm TN % i
which are relativelv immobile during metamor:

phism.

4.6.2. Y/Nb- Ratios

Pi ARCE HHL! (CANN (1973) HE'HL']"JL'J that Y N b-
ratios are dependent upon alkalinity. F1ELD and
ELLiorr (1974) demonstrated that the original
Y /Nb- ratio remains stable in many metamorphic
rocks. The Y/Nb- ratios measured in this study

dI'c [_‘rlUIIL'L] 1N ii:.-ll]:'r 16b and 80 of the SAMmMPpIES

lit: iIl L]]t; Iht."[L'iHiL I]L‘Jd_

"'l'r-" 3 /-r jll(‘_-)ﬁ- Jf{l'.:iln"l:'r"rj.li

According to work by Erriorr (1973) and
ENGEL (1962), Zr and P,O; show limited mobility
during metamorphism. With an increase in meta-
morphic grade both show a slight increase in con
tent, but the original Zr/P,0Os- ratio remains nearly
h[iih]l,.'. The I'HL.';th.H'L':Li ratios of the i]ﬁk'L‘h[i;;;I[LfLi
samples are plotted in figure 16a; 90% fall in the
tholeiitic field, again indicating a tholeiitic parent

chemist ry.

- 0.4, J[ {( J /-’ .l”*(-l'. ; IJ-):'LJ_L;I?':J:‘H

WiINCHESTER (1976) reported that in alkali ba-
salts there was little variation in the Zr/P,0.
ratio in rocks over a wide range of TiO, values;
in comparison tholeiites exhibited a remarkable
variation in the Zr/P;Os ratio. Figure 17a shows
the measured Zr/P,O-- values for the investigated
samples plotted against TiO,- values; data points
lie entirely within the tholeiitic field, and exhibit
a wide variation in Zr/P;Os- ratios. Such a plot is
consistent with an original tholeiitic rock che-

miatrj.',

‘I'f'l':’ Jlrr{'l!/?' fl"-‘::'.n"l"'fll’i."q

The field of alkali-basalts and tholeiitic basalts
proposed by WINCHESTER and FLoyp (1976) over-
lap each other where 110),- contents are greater

than 1.2% . The scatter of data points plotted in

Fig. 17b does not exclude an original tholeiite

basalt chemistry.

4.6.6. K/Rb - 9K Diagram

L NC d;i[;l I‘I]l‘rIIL‘ti In IIL’ | & ].I"IL“L'.JTL' [i]L’ I}L:il'd—
viour of K and Rb during magmatic diftferentiation.
According to WEDEPOHL (1978), during magma-
tic differentiation from ultrabasic to acidic rocks
|
|

Rb concentration increases twice as fast as K con-

A hornblendefels
V¥ garnet-amphibolite

| 44 ) plagioclase-amphibolite
@ dark layer

1C NN t light layel
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Fic. 18 - K/Rb-ratios vs. K.

centration, with the consequently widely scattered
K/Rb- ratio, having a near vertical trend for sam-
ples with very low K- contents. Such a near ver-
tical field is described by the investigated samples,
which, by comparison with the results of other
workers, is typical of a tholeiitic rock chemistry.
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>. RB-SR ISOTOPE DETERMINATIONS

5.1. METHOD

Rock samples of 30 to 40 kg were collected
for Rb-Sr determinations. For the hornblendefelses

whole-rock isochron samples from only one outcrop




Mg
e

were obtained. Similary the plagioclase-amphibo-

lites were sampled in a narrow range for the

whole-rock i1sochron. The rock and sample pre-
paration was carried out according to JAGER
(1960) and WUTHRICH (1965).

['he Rb- and Sr- contents of the samples were
predetermined semiquantitatively by X-ray fluo
rescence, 1he Rb-contents ]‘i‘» I‘I‘HHI:} outside of
the detection limit of this method, a fact which
complicated the Rb-spike addition because the
exact amount of spike could not be calculated in
advance.

I'he chemical preparation of the samples was in
accordance with the procedures of ALDRICH et ali:
(1956), JAGer (1962) and WuTHRICH (1965).
After isotope dilution, using a strongly enriched
Sr spike, the Rb-Sr measurements were made on
a AVCO-mass spectrometer with a triple filament
lon source.

TI'he tollowing constants were used for calcu

lations:

Rb" - decay constant l .
Strontium 88/86 . 8.

 —

Strontium 87 /86

-'-II'._? ! I” | ] v 1
3752 (atoms)
0./1014 (atoms )

Strontium 84 /86 0.056584 (atoms)

Rubidium 85/87 2.5265 (atoms)

(STEIGER and JAGER 1977)

The iw![n}\]'g ratios, their means and the deviations
were calculated using an on-line PDP-8 computer.
T'he total rock Isochrons were calculated on the
same computer according to BrRooks ef alii (1972)
with an error in measurement for the Sr87/Sr86-
ratio of 0.05% and for the Rb87/Sr86-ratio of

Y% .

Y.2. RB-SrR BLANK

Because of the very low Rb-contents in the

luence of the Rb-blank on the Rb-

samples the inf
analysis warranted investigation. All the chemicals
used were examined for Rb and Sr. The results

are shown below:

sdE Rber satmble. et Silas sutbls
T'otal blank, including handling 0.57 3.0
20 gr HCL, 6 N, 3 x dist. 0.08 0.12
110 gr. 3 dist. water 0.05 0.10
12 gr HF, Merck suprapure 0.16 0.08
17 or HCLO,, Merck suprapure  0.05 2.9
Overall Blank from chemicals 0.34 2.85

The overall Rb-blank from chemicals is 0.34
ngr/gr sample; the overall Sr-blank from chemicals
is 2.85 ngr/gr sample. The total Rb-blank inclu-
ding total chemicals, «handling» and mass spectro-
meter blank is 0.57 ngr/gr sample and the total

Sr-blank 3.0 ngr/gr sample. The difference be-
tween total measured blanks and overall chemical
blanks is more critical for Rb than for Sr, indi-
cating, Rb contamination by handling.
Hn..-m'uu;r, hoth. the Rb- and the Sr-blanks show
that Rb- and Sr- contamination of the samples
with chemicals and handling is very little, and
thus no blank correction is necessary, even for the

Rb-poor hornblendefels samples.

5.3. REsuLTS

Rb-Sr isotope determinations were performed

on 9 hornblendefelses, 7 plagioclase-amphibolites
and 32 lavers of banded-amphibolites. The data

are compiled in Tables 7-8.
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5.3.1. Results of the W hole-Rock Analyses of the¢

Hornblendefelses and Plagioclase-Amphi-
r;'?r’.i;"!-f{"j

The whole-rock data of the hornblendefelses

1

and the plagioclase-amphibolites are shown in fi-
gure 19, the results for each rock type describing
a straight line. With the exception of one sample,
the H;Igincl;lﬁc-Llnlphilﬂ_}]iu: data define a Hll‘l’fi;‘lht
line such that the maximum deviation in the
Sr87/Sr86- ratio from this line is only 0.05%.
The exception (sample KAW 1654) originates
from an outcrop far away from the other samples,
in the southernmost part of the Berisal complex;




TaBLE 8 - Rb-Sr data of the banded-amphibolites
KAW Sl or Common Sr 87/Sr 86
Ppm ppm '
x1655 A 8.3 335 3 0 708690
1655 B 4.1 233.7 0.708186
%1655 [ a.6 326 4 () 708628
1656 A | .4 563 1] 0.709533
1656 B 1.3 2559.3 0707373
x1656 C 15 688 (0. 708041
x1669 A 5.1 3186.6 0.706731
1669 B ./ 314 .6 () 7006750
x 1669 C 0.4 430.6 ().706680
x1669 D 0.7 322 4 0.707471
x1670 A 2D R39.6 0.707036
1670 B 0.9 616.6 0.70754,
1671 A 0.5 547 .6 ). 709561
1671 B () 4 305 0. 708763
x1671 | 0.2 53 .2 0.708441
E"'f_'l l.]' 1) Y58 .1 () 7IR]39
x1671 E 0.1 393 4 0.709313
1671 F 0.4 64.3 (0.712495
1671 () 2 6GR0 .4 (0.710345
1671 H 0.1 SS58.5 (0.709726
x1672 A 10 .4 0.715522
1672 B ' ) 7120096
x167/2 D 16.5 )1 .4 ) 713367
|672 & 3.6 148 4 0.712799
x1673 A 20.45 2308 .7/ 19264
1673 B .5 130.6 0.718911
16/3 1 () 4 | 2 (0717720
x1674 A 6.9 284 .7 0.706413
1674 B 5.4 7053 0.706565
x16/4 ( 3 725995 4 0.70649/
x1674 D Q Q 2776 4 ) 706456
x1674 ! -~ R (0.706944
light layer

epidote-layer

quartz-layer

5;11'11[11:: cdll }‘.u: cCX-
/Rb- ratio and this

the deviating behaviour of this
plained geochemically by the K
1s discussed later.

The two isochrons defined by the horblende-
felses and plagioclase-amphibolites yield isochron
ages, which within analytical error, are indistin-
guishable, the Sr-initial ratios however, are signifi-
cantly different.

Both rock-types show very low Rb87/5r86-ra-
tios, the hornblendefelses a maximum of 0.2 and
the plagioclase-amphibolites 0.3, implying for an
age of 500 m.y. an increase of the Sr87/5r806-ra-
tio of only one percent. The averaged Rb/Sr-ra-
tios of both rock-types are 0.035. The whole-rock
isochron of the l‘nlaigittL‘l;l:'é:;:-;lmphi}ﬁu]iIL':-; gives an
age of 530 = 80 m.y. with Sr-initial ratio of
0.7057. (The sample KAW 1654 falling on the
straight line of the hornblendetelses was omitted
for age calculation). With the whole-rock isochron
of the hornblendefelses an age of 500 = 60U m.y.
is obtained with a Sr- initial ratio of 0.7039.

The isochron ages of 500 m.y. indicate that both
rock systems were unaffected by the Variscan and
Alpine metamorphisms.

J
o
s

Rb 87/5r 86 Rb/Sr -

0. 254274 ) OR9 3.9 cm
0.180029 0.063 2 Cm
0.270072 0.095 3.8 cm
0 025091 0.009 1l c¢m
D.U>3551 U.ULY | c¢m
0004181 0.00] 1 c¢m
0.082502 0 029 2.5 cm
0.021601 L. .OUS 1.0 cm
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5.3.2. Interpretation of the Whole-Rock Data

The very low Sr-initial ratios of the hornblen-
defelses and the plagioclase-amphibolites point to
a mantle origin. The significantly difterent Sr-ini-
tial ratios and the identical Rb/Sr-ratios of the
hornblendefelses and plagioclase-amphibolites are
the kevs to revealing their formation-mechanisms.

Because of the identical Rb/Sr-ratios ot both
rock-types, there is no time relation between the
Sr-initial ratios and thus the increase of the ratio
from 0.7039 to 0.7059 cannot be explained by
magmatic differentiation but rather by processes
of disequilibrium partial melting.

[f the diffusion rates of Sr were too low to
effect isotopic homogenization at the time of the
melting event, a magma could be formed with a
Sr-isotope composition quite different from its
sourcc.

Therefore primary isotopic heterogeneities in the
source material might have been of particular im-
portance.

The acceptance of partial melting as the forma-
tion mechanism of the pyroxenites (hornblende-
felses) and the quartz-tholeiites (plagioclase-amphi-
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bolites) agrees with the observations of GREEN
and Rinéwoobp (1968). They present considerable
evidence which suggests that calc-alkaline magmas
may be derived by partial melting in tholeiitic
basalt piles. They have shown that by 20% partial
melting of a pyroxenite, ascending as a diapir from
the Benioft-zone at depths of 100 to 150 kilo-
meters, magma segregation starts at 60 to 100
kilometers, torming magnesia-rich olivine-tholeiites
to quartz-tholelitic magmas. It the partial melting
becomes sufficiently extensive, the liquid segregates
from the residual retractory crystals and forms an
independent magma body which may fractionate
and differentiate by cooling and rising. The mo-
ment of magmatic individualization or formation
ul lIEL‘ Py 1'u.h~'.,'i'1i‘LL‘.- n_l‘ml“;![“r]L‘HLiL'iL'lhuw: ;Hh%. I['!t:
quartz-tholeiites (plagioclase-amphibolites) must
have taken place around 500 m.y. ago.
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Because of the very low Rb-contents in both
rock-types only Rb determinations measured by
mass spectrometry were used in figure 20.

The mean K/Rb-ratio of the hornblendetelses

is 900, typical for ultrabasic rocks. The plagiocla-

se-amphibolites describe a positive correlation as
},_TI{‘I';hE aS l]]L' lH1]'11['}1L.‘HL1L'IL‘1w’a, ‘ﬂ.i[ll arl avCragc

K/Rb-ratio of 450, typical of basic rocks. The
sample KAW 1654 falling on the isochron ot the
h"':”E"*ik'iikli":.ti].“ﬂ.:h conts iﬂ?ﬁ 4| IHI}L']'I }Il]E'_IE]L'!' I\F.-"l"-.ll‘!-l}la
t10 .:llh.i Li[*n.r Li”h OI1 IIH; Ltii'I'L'[llli!*l]-]i[IL‘ of the
h‘}f'l]tﬁ!L‘THik'IL']E'ﬁL'H. r”h' IUU.‘L'I' HI'HT_'.‘_‘?\['H(%-I';Hii_} ;Hh'.i
Ihl: ]'Ii;jilL‘I' 1\ Hl'n I‘;Hfﬂ ) Il'rih h;i[II}ilL_' }_}k.lilllh LO 1ts
ultrabasic origin.

5.3.3.2. The Ca-Sr-Relations in the Hornblende-
felses and the Plagioclase-Amphibolites

The Ca-Sr values of both rock-types are widely
scattered (Fig. 21), although a weak negative cor-
I‘L'I;Hiun 1S m[hm'x'n}‘mlu, r['hir-; Agrecs *.L'iI]‘! Uhm‘l"n.'ii-
tions of TUREKIAN (1956) who demonstrated that
no distinct covariance in basic rocks exists be-
tween Ca and Sr despite the similarity of ionic
radius and bond type ot both elements. This co-
variant behaviour can be related to inhomoge-
neously distributed Sr-contents in the mantle, to
disequilibrium partial melting (as discussed pre-
"..*i{llil'%lf..' '| ;IHL] Lo fralL'liUﬂ;ll L‘l'}'r_a't;i”i;f;][.ini]. ']+hr.:
strong variation in the diopside content (Fig. 15)
has as a consequence a strong scattering effect on

the Ca- and the Sr-contents. The progressive Crys-

I
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tallization of diopside and the increase of albite
content in the plagioclase during magma genera-
tion (Fig. 15) must result in the decrease of the
Ca-content in the remaining melt. In contrast the
Sr-contents seem to increase (Fig. 21); this obser-
vation is in good agreement with TUREKIAN
(1956), who could show, that Sr is preferentially
enriched in the residual magma. Thus the Sr/Ca-ra-
tios increase with progressive fractional crystalli-
zation, in contrast to rocks of sialic nature.
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5.3.4. Rb-Sr Isotope Analysis on Individual Lay-
ers of the Banded-Amphibolites

The different Sr87/Sr86-ratios of the individual
bands show values scattered between 0.706 and
0.712 (Fig. 22). Their Rb87/5r86-ratios are very
low, mostly between 0.001 and 0.03, with two
band successions showing slightly higher ratios
ranging between 0.06 and 0.1.

For each band succession the calculated mix-
tures are plotted because it may be assumed that
the layering, observable today, is a product of
magmatic and metamorphic processes. On the as-
sumption that the original material of each band
succession was isotopically homogeneous and unin-
fluenced during geological time by contamination,
and since we deal with identical band successions,
the trend described by the data points of the cal-
culated mixtures in figure 22 must reflect the
premetamorphic history, the genesis of the band
material during magma generation.

With the exception of two band successions,
which show slightly higher Rb/Sr-ratios, the other
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bands describe a negative trend, indicating a de- [n contrast to the samples following this ne-
crease in the Rb/Sr-ratio with increasing Sr87/ gative trend, samples higher in Rb and K contain
Sr86-ratio. Thus the bands do not define straight small amounts of biotite. It has been shown pre-
lines. Sr homogenization took place neither be- viously that these samples having higher K- and
tween the single bands nor between the band suc- Rb- contents did not follow the general differen-
cessions. tiation succession in the Na,O-K,O- mixing dia-
I'he deviation of the data points of single bands gram (Fig. 13). There is no doubt that these two
trom their calculated mixture reflect the mobility band successions had also been contaminated by
of Rb and Sr within a band succession during me very small amounts of alkaline elements, probably
tamorphism. The Rb- contents of the investigated in Alpine time, because of the observed reactions
samples are very low (see Table 8) and therefore between biotite and amphibole.
they are in danger of Rb contamination from those Correcting the Rb of these samples with the
surrounding rock systems richer in Rb. trend in figure 23a they also fall with the new
pido ldyel
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(samples KAW 1672 and KAW 1673) are strong layers
ly contaminated and therefore are excluded from
igure 22. Sample KAW 1672 was taken close 167 ] 1655 1670 1669 1674

1
to the contact of L‘i'ﬁ.atalllinu rock with the Meso

ZOIC cover on the ;l‘si]‘it' KFL“E_:“J‘ [t 1S very [H'Hi“ﬁ;lh!t‘ 510 64.5 57 9 61.5 9 3 62.6 68.2
that this sample was contaminated by these Me- ALO 1.4 16.2 1. 150 16.2 [4:
. : . . . P ol 4.0 0.0 6.1 4.4 ). ¥ e
sozoic sediments during the Alpine event. The MnO 01 01 0 1 01 0.1 0.1
‘ ' r 7 — 2 e : s > 4 2 ¢ )

light and dark layers of sample KAW 1673 are VgO L.> .0 <4 22 2.) S
| . = ’ . L .al ) y /7 5 3 y J a4 = 44 e
separated by a quartz-layer 0.5 cm in thickness, Na.O 19 é 4 ; 8 {5
and here also it is assumed that Rb migrated from }t O 0.] 0.8 0.2 .2 0./
3 o 1) () & L) Y () = L) G .6 ). D

the quartz-layer. Both samples have significantly

higher Sr87/Sr86- and Rb87/Sr86-ratios.
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The data points plotted in figure 23 represent
the calculated mixtures of the different band suc- Or 0.6 1.2 1.1 1.3 1.1 1.4
mccinme (MTakla € e e L Ab 532 444 360 57 522 421
cessions (Table 9). Both elements ‘I\ and Rb i e - g ARl R e
(Figs. 23a, b) show the same behaviour as the L)) 4.9 4.5 0.0 0.0 3.7 0.0
3= Q.0 s ’ - e . o G =T JQ O E{k 1.3 11.6 7.1 L), 5.2 2.0
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calculated Rb87/Sr86-ratios on the negative trend
in the Nicolaysen-diagram (Fig. 23c) without chan-
ging the Sr-contents and the Sr87/Sr86-ratios.
The negative trend described by the data points
1e banded-amphi-
1e highest Rb/Sr-
ratios and the lowest Sr87/Sr86-ratios close to the

of the calculated mixtures of t
bolites ends in figure 23c with t

averaged ratios of the plagioclase-amphibolites.
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banded-amphibolites, might be the key to their
formation-mechanisms.

But can this behaviour of falling Rb/Sr-ratio
with increasing Sr87/Sr86-ratio be explained?

A subsequent delivery of Rb to the surrounding
rock-systems, much richer in alkaline elements is

impossible. Also a subsequent Sr87 contamination
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Rb87/Sr86. As comparison the average values of the plagioclase-amphibolites (circle) and of the

hornblendefelses (filled triangle) are shown

The same trend is observed in figure 24 where
the D.I. values are plotted against the Sr87/5r86-
ratios, where a decreasing D.1. 1s accompanied by
Increasing Sr87/Sr86-ratios.

- I 7l - T. Pl

5.3.6. Interpretation of the Rb-Sr Whole Rock
Data on the Banded Ampbhibolites

The negative trend, of decreasing Rb/Sr-ratios

and decreasing D.I. values with increasing Sr87/

Sr86-ratios, described by the data points of the

is improbable. The Sr-contents of the layers are
so high, that unbelievably large amounts of Sr87
must have been supplied to augment the Sr initial
ratios. |

The Rb- contents of the single band successions
are so low, that they also must have been augmen-
ted with the existence of fluids. Thus we can ex-
clude every form of crustal contamination of the
light and dark layers which describe this nega-
tive trend and conclude that the material of the
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dark and light layers 1nust also be of igneous

origin. However, the discussed trend is in contrast
to magmatic difterentiation or fractional crvstalli-
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zation, where the Rb/Sr- and the Sr8&7 'Sr86-ra
Hos are positively correlated. Three explanations

are possible:

l. The material of the banded amphibolites origi-

nated from an inhomogeneous mantle. This is

improbable regarding the significant negative

trend described by the data points of the ca

culated band mixtures

.

[t also SCCINS L“[“L‘U][ O L'x;.‘.ilaliﬂ the [ﬁ;ll'lh'
apparent higher Sr87/Sr86-ratios of the ban-
L.]:._'Li—.:_ll"l]ph”‘lillilL‘H 1)}' Hﬁﬂg L_‘HCLIE; 1N [h::m: Cd
Ses It 1S necessary to assume that the original
material with an initial ratio of 0.704 main-
taned a closed system for more than 3 b.v..
T.his 1s unlikely because of the large masses
of hornblendefelses and plagioclase-amphibo-
lites showing formation ages of 500 m.y. adja-
cent to the banded-amphibolites.
3. The most probable process causing this inver-
ted trend of the Rb/Sr- and the Sr87/Sr86-
ratios, is the process of disequilibrium partial
melting. According to O’NioNs ef alii (1973)
in disequilibrium partial melting the isotopic
heterogeneities are reduced to the mineral scale.
These isotopic inhomogeneities between the
different minerals exist as long as phlogopite
s a stable residual phase. Thus because phlo-
gopite remains as a residual phase up to 10%

melting the first formed partial melts must
have much lower Rb/Sr-ratios than the bulk
source (O’N1ONS ef aliz, 1973); however their
Sr87/Sr86-ratios must be much higher than
the ratios of the source because during melting
temperatures the still residual phlogopite must
already be an open system for Sr, since it is
the supplier of the radiogenic Sr87 for the
melts. During increased melting the phlogopite
itself starts to melt and E‘*lill;_[."é the Rb and K
into the melt. The Rb/Sr- ratios increase as the
Sr87/Sr86- ratios decrease. With an increase in
melting the Rb/Sr- and Sr87/5r86- ratios be-

~ - l a
come more and more similar to that of the

SOUrce.

Because of the Proccss of ‘[ﬁlurggl'L'wﬁik't LlihL‘LlUj‘
librium melting low melting temperatures may be
supposed, such that during partial melting of the
source the least refractory minerals will melt first
and separate from the partly unmolten portions of

L

pyroxene and amphibole, the restites. This agrees
with MEHNERT (1968) who demonstrated that
the partial melting of amphibolites without the
addition of granitizing fluids has the consequence
of andesitic to dacitic mobilisates within the imme-
diate vicinity of amphibolitic palacosomes. With
turther melting the newly formed melts are in-
creasingly enriched in alkaline elements and thus
it is that with decreasing Sr87/Sr86- ratios the
D.1. values increase.

[t is quite possible that the quartz-tholetitic
plagioclase-amphibolites represent the source ma-
rerial from which, during fractional melting, the
andesitic }_)LII]Lit‘L.l-;llllpi‘lihuliIL':-; have been develo-
ped. This accounts for the trend described by

the banded-amphibolites, ending with the highest
Rb/Sr-ratios and the lowest Sr87/Sr86-ratios si-
milar to the averaged ratios of the plagioclase-
amphibolites. Such a genetical relationship also
agrees with the observations of GREEN and RING-
WOoOD (1965, 19/2) I‘u1'nrn1¢:L_1 we accepl that frac-
tional melting may be regarded as the reverse ol
fractional crystallization. They found that in the
presence of a substantial water vapour pressure,
fractionation can continue from quartz-tholeiite
through andesite into dacite and rhyodacite. The
light rhyodacitic layers represent low melting por-
tions and the dark quartz-tholeiitic to basalt-ande-
sitic layers the restites. If the melting had been
complete with subsequent fractional crystallization
and homogenization unlayered andesitic rocks (cal-
culated mixtures of dark and light layers) would
exist, instead of the dark and light layers seen today.
Thus the quartz-tholeiitic to basalt-andesitic dark
layers and the rhyodacitic light layers may be re-



gard=d as complementary parts, originating during
the fractional melting of a common source mate-
rial, the quartz-tholeiitic plagioclase-amphibolites.
[t is difficult to estimate how far the layering itself

[) 500my. ago

pre-Ivrea

pre-Rosa

pre-Bernhard,Berisal
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for the hornblendefelses and plagioclase-amphibo-
lites. From their identical Rb/Sr- ratios, but si-

gnificantly different initial Sr- ratios the process
of partial melting may be inferred for the for-
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is only a product of partial melting, since the in-
fluence of metamorphic differentiation and defor-

mation on the development of the banding can
also be demonstrated.

5.3.7. Conclusions Based on Rb-Sr Isotope Data
The Sr/Ca- K/Rb- ratios and the Rb-5r isotope

determinations clearly indicate a magmatic origin

mation of these two rock types. Primary isotopic
heterogeneities in the source material could have
been particularly important. The magmatic indivi-
dualization of the hornblendefelses and plagiocla-
se-amphibolites must have taken place 500 m.y.
ago, at which time the two magma-bodies must
have been already totally separated and isotopically
homogenized. Their Rb-Sr systems have not been
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disturbed during a later event, there being no geo-
chronological hint of a later metamorphism ob-
served in many Pennine nappes.

The low Sr87/Sr86-ratios of less than 0.704
in the hornblendefelses as well as the Rb/Sr-ratio
of 0.035 show that the present tectonic setting
in the metasedimentary rocks is certainly not ori-
ginal, an observation supported by the largely
sharp and discordant contacts between hornblen-
defelses and the schistose gneisses. Most likely

these nltrabasic rocks originated in upper mantle
regions and a cool tectonic emplacement can be
considered.

The tormation age of 500 m.y. lying on the
Cambro-Ordovician boundary can be related per-
haps to the ultramafics and mafics of the Ivrea
zone (Southern Alps; N-Italy), where HUNZIKER
and ZINGG (1980) fixed the time of basic and ultra:
basic intrusions at 500 to 480 m.y.. In addition
FRANK et alii (1976) found in the « Alt-Palio-
zoikum » of the « Ostalpin » (Austria) formation
ages of 500 m.y. in banded-amphibolites of vol-
canic origin.

Thus it might be possible that in Cambro-Ordo-
vician times calc-alkaline volcanic activities existed
on a large scale in the whole Pennine area, reflec-
ted today by many amphibolitic bodies in the Pen-
nine nappes.

The banded - amphibolites are certainly of
igneous origin in respect of their Rb-Sr isotope
data. Based on the negative trend, that is the de-
creasing Rb/Sr- ratios with increasing Sr87/Sr86-
ratios as described by the data points of the ban-
ded-amphibolites, it may be concluded that dise-
quilibrium melting might be the formation mecha-
nism. Because of their very low Rb-contents crus-
tal contamination can be excluded and the proces-
ses of disequilibrium melting must have taken
place in the lower crust or just in the upper man-
tle.

[t is quite possible that the quartz-tholeiitic
plagioclase-amphibolites represent the bulk source
trom which, during fractional melting, the ande-
sitic banded-amphibolites have been developed.
Thus we can conclude that the banded-amphibo-
lites must be of the same age as or younger than
the plagioclase-amphibolites.

6. THE GENESIS OF THE AMPHIBOLITES
AND HORNBLENDEFELSES IN THE
LIGHT OF PLATE TECTONICS AND
OROGENESIS

The described calc-alkaline rock association of
pyroxenites, alkali-poor quartz-tholeiites, quartz-
tholeiites, andesites and rhyodacites generated

during partial melting of diapirically rising mantle
material is typical of volcanic orogenic series in
Island Arcs or Continental Margins. Therefore,
the original volcanic igneous rock association of
the Berisal crystalline complex, combined with
other Pennine elements, including also amphibo-
litic rocks up to the basic and ultrabasic rocks of
[vrea Zone in the Southern Alps, are considered
in a general plate tectonic model, modified ac-
cording to RiNgwooDp (1974).

_[:igurg 25 shows a I'&hili”ﬁ[}éihliﬁ block diagram
of the returned Pennine nappe pile during the Ca-
ledonian. The oldest parts of the unravelled nap-
pes formed an Island arc with the descending
slab of oceanic crust and peridotitic lithosphere.
The magma generation in the subduction zone,
as discussed in previous sections, is schematically

shown in figure 25, after Ringwoobp (1974).

T'he following stages of development are visible:

l. The amphibolite and the basalt on the subduc-
ted oceanic crust are LiL’ll}'LiT';l[L'Li at 70-100 km
depth and transformed to eclogite. The high
Pu,o initiates partial melting in the upper
mantle. Magmas rise which difterentiate in an

early tholeiitic series.

N

T'he fturther subduction of the oceanic crust
causes partial melting of the quartz-eclogite at
depths of 100-150 km initiating pyroxenite-for-
mations and calc-alkaline series which rise dia-

pirically.

Figure 26 shows the geological situation of the
same region after the calc-alkaline activities 400
to 300 m.y. ago. This stage represents the Va-
riscan dates obtained on different nappes by
JAGER (1969). It is characterized by isostatic
movements, folding and metamorphism. A kind
of Alpine mountain chain emerges, the basic and
ultrabasic bodies become metamorphosed, folded,
stretched and transported, indicating a nearly cool
tectonic emplacement for these basic and ultra-
basic bodies, as discussed in earlier sections.

Figure 27 shows the same region after ercsion
in a geosynclinal stage in Mesozoic to Tertiary
time. The Pennine crystalline basement, with the
inclusions of basic and ultrabasic rocks, starts to
be covered by new sediments, the « Biindner-
schiefer ».

In the Alpine orogeny both elements, the sedi-

ments and the crystalline basement, become in-
volved (Fig. 28).
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