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RIASSUNTQ. - La successione stratigralica del Complesso Basico ed Ultrabasico dell'Ivrea­
-Verbano e costituita da: 0) peridotiti; b) pirosseniti, gabbro-noriti e anortosili; c) gabbro
omogeneo 0 debolmente stratificato; d) .. dioriti,. s.1..

MetapeJiti ed alai litotipi della Formazione Kinzigitica sono presenti come setti 0 inelusi
nel corpo basico principale il Quale ad Est appare in oomano magmatioo con tale formazione
mentre ad Ovest e delimitato dalla Linea Insubrica.

L'esistenza di peridotiti tellonitiche (rappresentanti il residuo refrattario da fusione
pan:iale di rocce del mamello), distinguibili da alae peridotiti formate da fenomeni di frazio­
namento, e confermata dalle relazioni di campagna, dalla composizione chimica della roccia
totale e delle varie fasi e dalla analisi fanoriale.

Dicchi e .. pods,. pirossenitici e gabbraici esis!emi all'imerno delle peridotiti tettonitiche
costituiscono i primi frazionati del liquido formatosi per fusione parziale del mantello.
La lora successione cronologica testimonia fenomeni oomplessi di messa in posto e di fusione.

1:: moho probabile che esistano relazioni tra i pods gabbroici ed il liquido da cui si e
frazionato il Complesso Stratiforme.

Osservazioni di campagna, elementi geochimici ed equilibri di fase indicano che i[
oorpo basioo principale e una intrusione stratilicata anche se, a differenza di aItri oomplessi
~tratiformi, esso presema una associazione oon peridotiti di mamello eel una tendenza calco-alcalina.

Slime delle oondizioni originali indicano che gli ultimi episodi di fusione parziale del
mantello sooo avvenuri a circa 15 kb e che il complesso si e frazionato ad una pressione di
8-9 kb eel ad una temperatura di 1100-12{)(}" C. Sia Ie pco:ridotiti tenonitiche che iI oomplesso
mostrano di avere subito una ri-equilibratura subsolida ad una temperatura di 800-900" C eel
ad una pressione di 8-9 kb.

II modello evolutivo proposto e il seguente: a) fasi di fusione del mantello oon intrusione
di magmi in ambiente di crosta profonda; b) frazionamemo dei magmi in ambiente orogenioo
(dinamico); c) aumento termioo accompagnato da fenomeni di anatessi nelle rocce della serie
metapco:litica; d) lemo raltreeldamento con ri-equilibratura finale a 800-900" C.

ABSTRACT. - The stratigraphy of the Ivrea·Verbano malic-ultramafic complex consists
of: 0) peridotites; hI layered pyroxenites, gabbro-norites and anorthosites (Layered Series);
c) weakly layered or homogeneous gabbro; d) .. diorites .. sJ .. Metapelites and other lithotypes
of the so-called kinzigitic series occur as septa in the main basic body and at its eastern contact.
EpiplUlOnic granites appco:ar on the East side of the complex. Its western margin is marked by
a major fault, the Insubric Line.
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dena (Italy). ** Istituto di Mineralogia, Universit'il degli Studi, Corso Ercole I d'Este,
44100 Ferrara (Italy). *** Istituto di Mineralogia e Petrografia, Universita degli Studi,
Piazzale Europa 1, 34100 Trieste (haly). **** Lavoro eseguito con il contributo finanziario
del CN.R ..
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Field relationships, bulk chemistry, mineral composition and factorial analysIs indicate the
existence: of two peridotite types, one belonging to the Layered Series and formed ~y

gravitative differentiation, the other representing refl1lctory residual mantle.
Pyroxenilic and gabbroic dikes and pods occurring in the mande peridotite represent

~r1y fractionates of the liquids formed by mantle panial melting.
They belong to various generations, indicating a complex history of the mantle emplacement

and melting. Possibly, a relationship exists between the last gabbroic pods and the liquids
that have fl1lctionated the Layered $eries.

Field evidence, geochemistry and minel1l1 equilibria indicate that the main basic body
is a layered introsion, although peculiar for its association with mantle peridotites and for
its calc-alkalic tendency.

Mineral equilibria indicate that the whole complex underwent re-equilibration at 800-900" C
at an approximate pressure of 8 kb. Estimates of the original conditions suggest a lemperature
of 1100-12000 C and a possible pressure of 15 kb for the early mande melting episodes and
of about 8-9 kb for the fractionation of the layered complex.

The evolutive pattern proposed is; a) episodes of manlle melting with intrusion of
magmas in the lower cnm; b) fraClionation of the magmas in an orogenic (dynamic)
environment; c) thermal increase in the country rocks (metapeIitic series) with possible anatexis;
d) slow cooling with 6nal equilibration at 8OO-9OQO C.

Introduction

The Ivrea zone is one of the most important geologic features of the Alps.
This zone belongs to the southern Alps; it is unaffected by Alpine metamorphism,
and is separated from the· Pennine and Austroalpine domains by a major
tectonic dislocation: the Insubric line (GANSSER, 1968; BORIANI &; SACCHI, 1974). Its
metamorphism, according to the age determination of GRAESER &; HUNZIKER (1968),
McDoWELL & ScHMID (1968), KOPPEL (1974), HUNZIKER (1978-79) presents two
main events: one at about 470 m.y. and the other at around 300 m.y. It is doubtfull
if metamorphism flows continously between the Caledonian event and the
Hercynian one.

Geophysically, the Ivrea zone is marked by a gravimetric anomaly that
indicates the presence of a low velocity layer at a depth of about 20-40 km,
followed upwards (at 5-10 km of depth) by a high velocity zone (Stt GIESE.,
1978·79 for references). This anomaly, which has a NE-SW direction and occurs
from Lacarno to the south of Ivrea, runs at the eastern side of the Insubric line;
the interptetation generally held is that the anomaly reRects the presence of mantle
at abnormally shallow depths.

It is generally held that the Ivrea zone represents a section through deep
continental crust (MEHNERT, 1975). Lithologically, it is constituted by: a) a
predominantly metapelitic series, with intercalated minor marbles and metabasite
sheets; b) a main basic body, predominantly formed by metagabbros (basic granulites
of BERTOLANI, 1968 a; WPF.DRI, 1968, 1971; BERTOLANI &; GARUTl, 1970; SCHMID,
1971 and SHERVAIS, 1978-79) and minor ultramafites; c) large peridotite slices
occurring as aligned bodies near the western margin of the Ivrea zone. There
is general agreement that the metapelite series (the so-called .. Kinzigitic Formation)
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shows a northwestwards mcr~ase In metamorphic grade, from amphibolite to
granulite facies (BUTOL\NI. 1968 h; ScHMID, 1972); to the South.East it is in
tectonic contact along the PagaJlo line with another predominantly metasedimentary
form3tion (the c Serie dej Laghi t. BoaIANI & S"a::HI, 1973) and is marked by
the intrusion of Hercynian epiplulonic granites with contact metamorphism.

The main basic body is, according to BERTOI.ANI (1968 a) and CAPEDRI (1968,
1971), affected by the same metamorphic features as the metapditic series 2nd
should thus belong to !.he same geological unit. WPEDll.1 (1971), however, disagrcn
with the notion that the metamorphic changes aTC the result of a northwestward
prograde metamorphims; he postulates In older granulite.facies event and a later
retrogression, toward the South-East, to amphibolite facies as.se:mblage:.s. A still
different opinion is that of RIVALENTI et al. (1975), who have propo.se:d that the
main basic body represe:nts a deep-se:ate:d layered comple:x, intrusive into the
metapdite series; it should, there:fore, ~ considere:d a differe:nt ge:ological unit.

The pe:ridotites, of which the main massifs are those of Baldisse:ro, Balmuccia
and Finero, are generally considered to be mantle material (LENSCH, 1968, 1971;
RIVALENTI et aI., 1975; CAPEDRl et aI., 1977 a) emplaced into the deep crust; doubts
are cast about its continental or oceanic origin. RIVALENTI et al. (1975) and CAPEDRl

et al. (1977 a), however, have shown that some of the peridotite:s may have originated
in the crust by fractional crystalliunion and cumulative proce:sses rdated to the
layered complex. Obviously! the:.se: different opinions carry with them rather
contrasting ide:as about the pre-Alpine history of the lvre:a zone. Any serious
evolutive modd to be: propo.se:d for the Ivrea zone must clearly distinguish the
different geological units and offer a sound interpretation of their mutual
relationships.

Up to now, the main points of discussion are concerned with four items:
a) the interpretacion that the main basic body was originally (or was Dot) a

layered complex (GAPED"I, 1971; MEHN£JI.T. 1975; SH£II.VAIS, 1978-79, 1979);
b) the sugge:stion that two different pe:.ridotite types are actually present (EaNST,

1978; SHERVAIS, 1978-79);
c) the relationships between the two pe:ridotite types and the main basic body

(SH£II.VAIS, 1978-79, 1979);

J) the relationships between the main basic hody and the metapdite se:ries.

We will examine the available evidence, summarizing on the one hand the
studies relevant to these subjects and providing on the other hand, additional
unpublished data. We will try to de:arly distinguish the diffe:rent geological units
and to establish their mutual rdationships and, with this framework as a basis,
propose: an evolutive mood for the Ivrea zone. We are, however, aware that
our mood will still be: largdy speculative and that many points will remain obscure
till funher work cle:ars them up. In this paper particular attention will be: put
on the section through &sia Valley, where particularly favourable field conditions,
provide fer outcrops across all the above-mentioned lithologie:s.
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Lithological cross section through Seeia Valley

This Stttion extt:ods from the Insubric line to the town of Varallo. The
lithological succession is as follows (d. Fig. 2):
a) the main peridotite body of Balmuccia, with associated rocks;
b) minor peridotites associated with the main basic body;
c) the main basic body;
tf) c diorites ~;

t') metapelitic ~ries and other felsic rocks.

THE lALMUOCIA P"EIUDOTITE

The Balmuceia peridotite is to the west in tectonic contact with mylonitized
rocks of the main basic body or with Alpine schists. To the east it shows in places
a primary igneous contact with the rocks of the main basic body (RIVAUNTI, 1978-79).
The dominant rock type is a medium-grained clinopyroxene-poor lherzolite, with
minor zones of harzburgite and dunit/::. Hornblende is widespread as a minor
phase. Unmixing of pyrox~n~s sugg~sts that th~ rock r~-equilibrat~d at low~r

t~mperatur~.

This peridOlit~ displays a t~ctonit~ fabric (GAIl.UTI, 1977; GAIl.UTI & FRJOl.Ot
1978-79); it is mostly foliated, but porphyroclastic and protogranular textures
(according to th~ nom~ndatur~ of MERCIER & NICOLAS. 1975) ar~ also common.
Th~ mor~ primitiv~ protogranular t~xtur~ appears as rdiet in the c~ntral part of
th~ body, whil~ foliated and porphyroclastic type: predominates towards th~ contacts.

Two foliations ar~ d~vdoped, int~rseeting each oth~r at low angles. The first
foliation is d~t~rmined by lh~ planar disposition of the min~rals and is paralld to
a v~ry weak compositional lay~ring. The sttOod foliation is causm by shearing
and is g~n~rally associated with th~ porphyroclastic textur~.

A particular feature of this peridotit~ is th~ presenc~ of dikes, which b«ome
mor~ abundant towards th~ margin. Four different g~n~rations wer~ distinguished
on th~ basis of th~ir mutual int~rsections: th~ oldest ar~ olivin~ websterit~s,

followed by th~ • ari~git~s ~ (spin~1 pyrox~nit~. d. LENSCH, 1976) as th~ second
and third g~n~rations. Th~ young~st dikes are of pyrox~nit~s and gabbros.

SHERVAIS (1978-79) consid~red th~se dikes as lay~rs. Our int~rpr~tation how~v~r

is substantiat~d by lldd ~yid~nc~: if follow~d along their strik~, th~ attitud~ of the
dik~ contact chang~s from appar~ntly concordant (to th~ r~gional foliation) to cl~arly

discord:lnt. Mor~oy~r the dik~s oft~n bifurcat~ and show apophyses. SHERVAIS

(1978-79) divid~s his .Iay~rs ~ classifying th~m as belonging to two suites: a
Cr-diopsid~ suit~, corr~sponding in part to our first dik~ generation, and an
AI-augit~ suit~ (which corr~sponds to the dik~s of our second, third and fourth
g~n~ration, and another part of our cumulat~ pyrox~nites). Th~ older dikes
cut unconformably th~ old~r peridotite foliation at a low angl~. Th~y ar~ often
boudinaged and become: concordant with th~ second foliation, which wraps around
,he boudins. Th~ second and third g~n~ration. although cutting each Ol:h~r. do
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not show appreciable mineralogical variations and have the same attitude with
respect to foliation. Their strike is irregular and they may pass from sub-concordant
to discordant with respect to the first peridotite foliation. They may in pan be
interpreted as synkinematic intrusions, since they have been folded and show an
axial-plane parallel to the first foliation. The folds are enhanced (and the dikes
show a superimposed foliation) in the areas where the second peridotite foliation
dominates. The fourth generation of dikes has only partially suffered the
deformation that has produced the first foliation, and appears, therefore, to be
late-kynematic.

Rare dikes also occur in the peridotites of Baldissero and Finero. Like the
other rocks of the Ivrea zone, the dikes are re-equilibrated at lower temperatures.
The main effect of the re-equilibration is the widespread production of unmixing
lamellae in pyroxenes (lamellae of orthopyroxene in clinopyroxene, and viceversa,
and of spinel in both pyroxenes).

The peridotite of Balmuccia has suffered partial melting and depletion
(CAPEDRI et aI., 1977 b); it represents with respect to that of Baldissero a more
depleted residue and a less depleted residue than the Finero peridotite (RIVA.LENTI
et aI., 1978-79). The dikes are considered as the products of mantle partial melting
and melting probably occurred as repeated episodes (LENSCH, 1976; UPEDi!.1 et aI.,
1977 a; SHERVAIS, 1978-79).

MINOR PE.RIOOTITE BODIES
Minor peridotite bodies occur separated from the Balmuccia peridotite, within

the main basic body. They generally appear as interlayers within pyroxenites and
gabbros. Frequently they display a compositional layering with variations from
lherzolites to harzburgites and dunites. Hornblende is again a minor common phase.
The westernmost of these minor bodies (i.e. those near the contact with the
Balmuccia peridotite) show an easterly gradual passage into pyroxenite which in
turn grades sometimes into gabbro.

The peridotites more to the east, besides the JUSt described layering with
pyroxenites and gabbros, also show a reaction relationship with gabbroic material.
The reaction zone consists of a two centimeter thick pyroxenite band with onho­
pyroxene towards the peridotite and with clinopyroxene towards the gabbro. These
features, indicating a disequilibrium between a gabbroic magma and the peridotites,
will be examined in a forthcoming paper.

The textures of these minor peridotite bodies generally show a superimposed
deformation producing foliation; but where the deformation is weak, cumulus
textures are still in evidence (spinel is observed as an intercumulus phase) as
has been shown by GARUT! (1977).

The minor peridotite bodies are considered by SHERVAIS (1978-79~ LENscH (1971)
and ERNST (1978), as mantle peridotites, like the major bodies. On the contrary:
RIVALENTI et al. (1975) link their genesis to the main basic body and propose an
origin linked to gravitative differentiation.
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MAIN BAS1C .6OI>Y

Dominant ar~ gabbroic and pyroxemtlc rocks, besides the minor peridotite
bodies mentioned above. The series constitutes a recrystallized and deformed suite
of meta-igneous rocks that are considered as basic granulites by many authors;
foliation is generally conspicuous and parallel to layering. But, as recrystallization
never obliterates the primary parageneses, the prefix c meta» .has been omitted
in this text.

In spite of deformation, the. main basic body displays a dear stratigraphy.
From the contact with the Balmuccia peridotite to Sassiglioni it is a layered body
(Layered Series); to the east, however, layering is weaker or absent. The layers
of the western part, starting from the Balmuceia peridotite, show cyclic repetitions
of the follOWing types: olivine websterite-pegmatoid pyroxenite, peridotite-pyroxenite­
.gabbro, webscerite-pegmatoid pyroxenite, pyroxenite-gabbro or norite, gabbro or
norite-anorthosite. The rocks, within each of those cyclic units, grades into each
other. The more mafic portion of each layer generally is to the west with respect
to the less mafic or anorthositic portion. The contact between successive layers is
generally sharp. The layers with ultramafic members predominate to the west
(LLG = Lower Layered Group of RIVALENTI et aI., 1975), while to the east
peridotites disappear first, then the pyroxenites (ULG = Upper Layered Group
of R'VALENTI et a!., 1975). The more easterly gabbro shows little layering
(MG = Maio Gabbro of RIVALENTI et aI., 1975); it grades into the Layered Series
and passes, to the east, into the so-called (diorites) (see later).

Mineralizations are stratigraphically controlled. Ore deposits of nickeliferous
sulphides occur in LLG pyroxenite horizons, generally near inclusions or septa of
metapelices. Other rare sulphide deposits occur in the pyroxenite-dikes of the main
basic body. Oxide concentrations (ilmenite and ilmenomagnetite) occur in the higher
part of ULG (BIGIOGGERO et aI., 1978~79 a).

The relevant primary petrographic features are as follows:
1) olivine, a major phase in the olivine websterices and peridotites of LLG,

appears also as a major constituent in gabbros of ULG;
2) the appearence of olivine is followed, shortly afterwards, by the disappearence

of onhopyroxene and by the appearence of charnockitic layers;
3) spinel occurs in peridotites, pyroxenites and gabbros of the Layered Series,

but never in the pegmatoid pyroxenites;
4) plagioclase composition ranges from 48 % to 78 'Yo An in the Layered Series

and is around 78 'Yo An in MG;
5) hornblende is a common phase; its amount increases eastwards and reaches

a maximum in MG.
Evidences of re-equilibration are:

1) unmixing in pyroxenes;
2) growth of garnet, hornblende and spinel.

The unrnixing products of pyroxenes are: orthopyroxene in clinopyroxene
(and viceversa), opaques (ilmenite) and very rarely plagioclase in clinopyroxene.
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Garnet and spinel are reaction products between olivine and plagioclase or ortho­
pyroxene and plagioclase. Spinel-bearing layers occur side by side with garnet layers.
The crystallization of garnet is controlled by the bulk composition. It forms only
for a FeO/FeO+MgO (Wt%) ratio ranging between 0.47 and 0.80 'and at
Ah03 (WtS'o) > 15.00% and Cao (Wt%) > 9.00S'o.

c DIORITES»

Relevant papers on the c diorites> of the Ivrea zone are those of UPEDR.I (1971)
and BIGIOGGE.RO et al. (1978-79 b). Under the term c diorites », a set of rocks is indudt"d
that varies from gabbro to monzonite, with transitional types as monzo-gabbro,
monzo-diorite, and diorite. They occur at the eastern margin of the main basic
body (Fig. 2). More felsic members are generally subordinate with respect to the
gabbroic type. The passage to the main basic body is gradational, while the contact
with the metapelites to the east is generally knifesharp.

Textures in the c diorites» are hypidiomorphic, in contrast with the frequent
crystalloblastic texture of the gabbros. Mineralogically, they are composed by
plagioclase (40 % An), biotite, hornblende, minor amounts of pyroxenes and
sometimes K-feldspar in the most alkalic members.

METAPELITIC SERIES AND OTIIER I'EI.SIC ROCKS

The metapelitic series is represented by amphibolite-facies biotite, sillimanite
(± garnet), graphite-bearing gneisses, amphibolites and marbles at the eastern
contact with the c diorites », and by granulite-facies lenses and interlayers within
the main basic body.

Angular inclusions of metapelites in the c diorites» have sometimes andalusite.
The granulite-facies intercalations in the basic body are composed by c stronalites»
(sillimanite-mesoperthite-plagioclase-garnet-graphite ± clinopyroxene gneisses), pyri­
bolites and pyriclasites, and very rarely by marbles. Often at the contact between
metapelites and rocks of the main basic body there is an horizon of charnockitic
lithotypes (quartz-mesoperthite-K-feldspar-orhopyroxene<linopyroxene gneisses). The
meta pelitic granulites show a foliation (and banding) concordant with the foliation
of the basic body, but their lithological banding is in places discordant (e.g. along
the.lateral Valle di Gavala) with the layering of the basic body.

Although the pyribolites of the metapelitic series and the gabbros of the complex
have the same rough paragneisis, the first generally do not show subsolidus
unmixing in the pyroxenes, as on the contrary occurs in the gabbros (see the section
dealing with petrography of the basic body). Moreover it has been shown that,
even within the same range of variation for Fe and Mg, gabbros and pyribolites
are easily distinguished by factorial analysis.
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Distinction between various peridotite type8

Ikcause the lherzolite massif, on the 00(: hand, and the minor peridotiu~

bodies, on the other, have differc=nt textures, structures and structural settings, the
possibility has to be considered that their genesis is also different. We wiU U~

tests oosm on chemical criteria to settle the matter.

BULK CHEMIST1l.Y

Repre5(:ntative analyses of Balmuccia-massif rocks. of me minor bodies of Saia
Valley and of rocks from the Baldissero body, are reported in Table 1. The range
of variation of the minor peridotite bodies is much largu then that of the massifs.

TABLE 1
AtI«age composition of th, mantle paidotiteJ of Balmuccia and Baldiu"o and

of th, minor p"idotiu bolliu of Sui" Vallq

....... ,$I~IO ~" l.<YUE~ IIIIU

; (o"'l • ; (••11) • ; ('''') •
"', ".1' "" ...., ... ,.. ..... ,.-
T'O, ,.. 0.01' ,.• 0."'" ,.• 0.'7<l

",., ,.. 0.'" ,.. 0.1), ,.• ,.,"
'",oJ ..... I." ,.- ,.)) 0.1)' ...t. ,.-
",.) I.nf.) 1.'0' o·,.C·) 0.97' ,.• 1.1)6- •·..(·10.... •·..c·) ..- ".P ,.-- 0.1, 0.017 0." 0."" ,.• .-• ]f," '.- ... ,.~ )).U '.97.
~ ,.• ...... ,.. ,.m I." ,.-
",' ..• ...os. 0." ,.- M 0.1"

',' .. .. ,.• ,.-
",", ,.. ••• ,.• ,.- ,.• 0.0"1

• - - "'.Il ,., 1'1,." ,•. m).••.. - ." "",I' - "'.47 ,- '''.77

-_.- 0." 0.01' 0.'> 0."" ••• O....,

(1'::: avcugc: It = numbc'r of samplcs; S.D. = Standard Dev;",l1on; (+):::: anal)'~ from ERNST,
1978, an: not illCluded). Analyscs for Balmucc:i:l and Raldi=ro are from: LINSCII, 1971; RlV.U.U(T,
ct .11.. 1975; c..PEDJ., (I aI., 197i a; EIUIST, 1978 and unpublished data. Ar:alyses f(V ehe L:!.\'crw
Series ue from: RIVALENT, "I .11.. 1975: CAPUIIl (I aI., 1977 a; and unpublished dal".

The main differc::nce consists in a higher MgO and NiQ COnlent of the Balmuccia
(and Baldisse:ro) pe:ridotite: and the:ir lowe:r abundance:s in iron (and MnO). The:
variation in Fe:O/Fe:O +MgO ratio of the: Balmucccia and Baldisse:ro bodie:s is ve:ry
narrow (O.l7-O.l8), while: in the: minor bodie:s it varies Ixtw~n 0.23 and 0.36.

FACTORIAL ANALYSIS

Q-mode: multivariate: analysis has be:t:n applie:d by UPEDltI tt al. (1m a) to
all the: pe:ridexite:s of the: Ivre:a zone:. The: mantle: pe:ridotite:s we:re: comple:tdy
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Fig. 3. - Plot of the 3 main factor> (>1, F2 and F3 which account {Of 98 % loul variance, in
factorial analY'i~ (sec the tnt, and CAP£ORI ct aI., 1977 a, for further explanation). Dots: man!!"
peridotite of Balmuccia and Haldi~ro: cirde.: minor peridotite (cumuli!ic) bodies in &$1" Valle}'.

PHASE COMPOSITION"

The comparison will be limited to
the major phases: olivine, pyroxenes and
spinel.
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Olivine. The composition of olivine
-1.339 in the Balmuccia body has a very narrow
~1 .493 range of variation between Fo 89 and
1.517 Fo91, irrespective of the texture of
0.283 samples and of the accompanylOg

minerals. On the contrary, in the minor
0.031

Peridotites it varies between Fa 75 and
-1.950

Fo 83 (Fig. 4). The fayalite content
-0.016

increases within the same peridotite layer
0.113

(across strike) from west to east, and in
successive layers. Moreover, the olivines of the Balmuceia rocks, like those of the
Baldissero body (an..d most of the peridotites considered as mantle material), have
a NiO content constantly around 0.34, while the NiO content of olivine in the
other peridotites is much lower (average 0.17).

TABLE 2
Scaled varimax factor scores for Q-Mode
factorial analysis of peridotites. This table gives
the weight of each variable over the factors

discriminated from the minor bodies, considered to represent cumulate rocks. Here the
same method has been applied to lhe Balmuccia and Baldissero massifs and to the
minor bodies of the Sesia Valley . Table 2 shows the varimax factor score matrix.
A 98 ~ total variance is accounted for by three factars, reciprocally plotted in
Fig. 3. The peridotites represent chemically, beyond any doubt, a separate unit.
As expected, the oxides which weight more in the discrimination are Fe203 tot.,

MgO and MnO. Na20, AbO:! and
SiO~ also contribute sensitively to the
discrimination.
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(s) = spot ana'y"'. referred to host ph",; (I) = traver", analyse., which give an estimate of the
phase composition before unmixing. Mo 378, Mo 281 band Mo 367 are pyroxenitic dika of the
lint, lecond and a eabbroic dike of the third generation, resp«tivcly.
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Pyroxmes. Fig. 5 and Table 3 sets out the differences between the pyroxenes
of the Balmuccia massif and those of rocks from the minor bodies. In all the
occurences their composition is variable. But the variations in composition of
Balmuceia pyroxenes are weak and correlate with the textures of the sample (GA.RUTI.

et aI., 1978-79); they are generally richer in Mg and lower in Ti with respect to
all the other pyroxenes (Fig. 5).

.,
,
2

F.-

-

_____J._

•
Fig. 4. - Compo5ition and gap of olivipe of variOlJ' b)'erw eomplexes a, compared with that
of the Ivrea Complex. I: Balmueeia peridotite: Z: Layered Serin of Se.;a Valley; 3: Bushvdd:
4: Skaerllurd.

..

90

•••
+

•
BD Fe'-

Fig. 5. - Pyroxene quadrilateral for peridotites from Sesia Valley. Pyroxene5 from mamle peridotites
(Balmuecia); blaek 5quarn (spots analyses) and open 5quares (traverse analyse5). Pyroxenn from
eu.mulitie peridotites: erosse. (51)OU) and crossed eyrcle. (traverses). Note that t.r:l.v....se analyses
reduee the miscibility gap.

Spinel. Figs. 6 and 7 show the field of the spinel composition in the Balmuccia
and Baldissero massifs and minor bodies. They are completely discriminated in the
plot of Fig. 6, where, for a given Cr content, the spinels of the mantle peridotites
are constantly richer in Mg. In the plot of Fig. 7 the spinels of the minor peridotites
show a general higher Fe!l+content; moreover, they are sometimes more aluminous
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than Baldissero and Balmuccia spinels. R,VALENTI et al. (1978-79) have pointed out
that the composition of spinels in the Balmuccia peridotite varies accordingly
with the texture of the rocks. More AI-rich spinels are formed in rocks with

ID

OJ 0.6 115 OJ

Fig. 6. - Composition of spinds in I~rms of Mg/(Mg+Fc'2+Mn) and Cr/(Cr+AI+Fe+ll).
0lxn cyrc1e. and dOls: spinels in the mantI" peridO'l;re of Balmuccia; the lie-lines (000«1 rims (circles)
and cc:nuc. (dolt) of the $<1m" crylta!. Fields A, Band C rdcr to spinds in cumulitic peridotites,
pyroxenites and gabbros of the Layered Series, respo.'tiyd~'.

o.

/;
f,'

Fig. 7. - Composition of .pinels in terms of AI·Cr·Fc+ 3,
Symbols and fields u in Fig. 6. Sec the text for discu..ion.

protogranular textures, while the more diromian types occur in foliated and
porphyrodastie rocks. These authors have interpreted the relationships between the
composition of clinopyroxene and of spinels as determined by a different grade of
melting and depletion.
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In conclusion, there can be hardly

.-------\
40

Fig. 8. - AFM plot for dikes of the m~nt.le

p"ridotites, p)'roxenites ~nd gllbbros, respe~tively,

for the p<:ridotites. pyroxenites and gabbr,." of the
La~'ered Series (field comoured by continuous line).
A: dikes of the first generation; B; dikes of the
second and third generation; C: gabbroic dike.
and pods in the mantle peridOlite: I, 2 and 3:
peridotites (fields contoured by a dashed line) and
of the Layered Series. See text for discussion.

any doubt that the Balmuccia body and
the minor peridotites are different. If
an origin as residual mantle material is
accepted for the Balmuccia body, then
the same origin cannot be proposed for
the minor peridotite bodies, unless we
admit the possibility of small-scale

mantle inhomogeneities (WILKINSON &

BINNS, 1977) or, even more unlikely,
differences in the causes of melting. A

secondary argument against a possible
mantle origin for the minor bodies is
that their compositions are very much
unlike those of the other peridotites, the
world over, which are considered by
many authors to represent mantle ma­
terial. Moreover, the minor peridotites

are not cut by the dikes that cross the
Balmuccia peridotite. It will be shown
in the section dealing with the main basic
body that the minor peridotites are likely

to be fractionation and cumulus products
comagmatic with the other rocks of lhe

Layered Series.

"20

,, ,, ,, ,, ', ", ', "
\ c \, ,

'-~'

Distinction between the dikes in the Balmuceia peridotite
and the lithotypes of the Layered Series

The dikes of the main peridotite body and the pyroxenites in the Layered
Series occurring near the contact with the Balmuccia peridotite are considered
by SHERVAIS (1978-79) as having the same origin and as having formed under
the same set of conditions. We shall show that a direct genetic link, if any, is
possibile only wilh the latter dikes, that in general the two (: units. cannot have
been formed under the same conditions and that they differ in a number of
characteristics.

RELATIONSHIPS WITH THE PERIDOTITES
The dikes within Balmuccia never show a gradational contact towards the

peridotite. Their relationship to the foliation has been mentioned and it was
also discussed that the various generations possibly represent repeated episodes
of partial melting occurring during the peridotite emplacement (CAPEDRI et aI.,
1977 b). On the contrary, the pyroxenites of the Layered Series 3re true layers
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that show compositional layering and often a gradual passage to the peridotite
horizons. Gabbro only appears in the last generation of the dikes of Balmuccia.
It occurs eithc;r as a variation along the strike at the centre of a pyroxenite dike,
or in am~bo;dal pods contoured by a thin pyroxenite sheet. In the Layered Series,
gabbro ~PP(lars as a transversal variation, in respect to the strike, of the pyroxenite.
The contact pyroxenite-gabbro is often gradual.

~ ••o~
Il2A_ 1 /3),,::.::;. -----' ..-
OJ .:- -.--- ,...:;;

,~.

•.l
C-C=~~::.·./· ,~----../
~--- .

J

Fig. 9 a. - Plot of F (= FeO!:ol/F~ot+MgO) ver.u, lhe various oxides and Cr and Ni for dikes
in the mantle peridotite and for peridotite" p}"roxcn;tcs and gabbrO/! of lb~ Laj'~red Serie1. Symbols
as in Fig. 8. Sec I~IJ for discussion. .

BULK CHEMISTRY

Bulk composition of the dikes in the main massif and of the pyroxenites and
gabbros of the Layered Series is conveniently compared in the AFM diagram
(Fig. 8) and in the' plot of F = (FeOfFeO + MgO) versus the various oxides
(Fig. 9). From the=se figures it can be seen that the dikes of the older generation
have a more primitive composition; they are lower in FeO, Al:z03, Na20, and
high!:r in MgO and Cr203 with respect to the orher dikes. Together with the
older pyroxenitic dikes they form a differentiation trend characterized by marked
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iron enrichment (Fig. 8), both within one generation and from one generation to
the other. The variation trends are consistent with the fraC[ionation of clinopyroxene*
-orthopyroxene-spinel-olivine-plagioclase in this order (WPEDRI et al., 1mb).

"

XCdl,Si Irlnrse

" .5

,

5

Fig. 10. - Plot of the t$Chermak content in
Ca·rich pyroxencs of the dikcs in the mantle
peridotitcs and of ppyroxenitcs of the Layered
ScriCi. Trianglcs:::= dikes, Dots = pyroxcnitcs of
the Layered Series.

,

(
{ .
\,
\'\, \l-f,"'!::::

'\\ i
'"j

c,

Fig. 9 h. - Explanation as in Fig. 91/..

...

However, the gabbros do not follow
the nends shown by the pyroxenites,
although their F ratio partially overlaps
that of the pyroxenites. It has been shown

,.. elsewhere (UPEDRI et al., 19nb) that the
'----T-,--r-,-,,---~f- gabbros are likely to represent the

composition of successive liquids that
have fractionated from the pyroxenites
and the trend should therefore be a liquid
line of descent.

Passing into the Layered Series, the pyroxenites and gabbros also follow an
iron enrichment trend in the AFM diagram of Fig. 8, but, unlike the Balmuccia
dikes, pyroxenites and gabbros lie on the same trend. The same appears in the
plot of Fig. 9. Their trend is in line with that of the Balmuccia pyroxenite dikes,
markedly with those of the last generation, but not with those of the Balmuccia
gabbro. The difference between the two gabbro-suites is possibly accounted for by
those of Balmuccia being c frozen:. residual liquids, while the gabbro of the
Layered Series is a fractionation and cumulus product formed together with the
pyroxenites.

,..
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PHASE COMPOSITION

Olivine. Olivine ap~ars in the dikes of the first and second generation, where
it is a highly magnesian term and generally bears a forsterite content very close
to that of the country rocks (Fig. 4). In the pyroxenites of the Layered Series,
olivine only occurs in the olivine-wehsterites at the contact with the Balmucda
massif and in the pyroxenite layers and associated gabbros, of the eastern-most
part of the Layered Series. Its composition is more fayalitic with respect to that
of mantle peridotite and dihs (Fig. 4).

Pyrounu. Clinopyroxenes of the ~lder generation is a chromian diopside,
with a maximum AI-eontent around 5-6 wt% as shown in Table 3 (SHEIlVAIS,

1978-79; GAR-UTI et aI., 1978-79), while the AI content is much higher in the pyroxenes
of the following generations and the chromium content is lower. In the Layered
Series, the alumina content is comparatively much lower and both ortho- and
clinopyroxene are richer in iron. This results in a difference in the unmixing
products of re-equilibration: while pyroxenes of the dikes (second and third
generation and pyroxenites of the fourth generation) exolve hercyoite lamellae,
in the Layered Series they exolve ilmenite or other titanium or iron oxides. The
plot of Fig. 10 is a graphic demonstration of this different behaviour: the ratio
between an estimate of the tschcrmak content of clinopyroxene before unmixing
and that of the unmixed phase is around 1 : I in the Layered Series, while it is
lower in the dikes.

The differences shown above are consis~ent and exclude the possibility of a
direct relationship between the dikes and the Layered Series. The dikes display
features representative of a relatively high pressure environment (see later paragraph
on geothermometry and geobarometry), as shown by tbe fractionation pattern
and by phase composition, with respect to the Layered Series. The only possible
and probable genetic link is with the younger Balmuccia pyroxenites and gabbros.
As the rocks of the Layered Series continue the fractionation pattern of the dikes,
they might be derived by fractionation of liquids represented by the more evolv~d

c frozen:t gabbros found within Balmuccia.

The Main Basic Body as a Layered Igneous Complex

Evidence that the main basic body is a layered igneous complex is acbieved by
comparison of its main features with those of other well known igneous complexes
in the world. It will be shown that its bulk geochemistry and phase composition
are also consistent with a fractionation and cumulus origin, although in this respect
the Ivrea body shows some differences from other layered intrusions.

CoMPARISON WITH OTH"£R LAYERED COMPLEXES

The simplest geometric arrangement common to most layered complexes IS

that of a lopolith that displays the following gross stratigraphy:
a) a lower part with rhythmic layering, often with graded bedding;
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b) an upper part consisting of non-layered gabbro, fading at the top into granophyric
or dioritic differentiates. Ultramafic members often occur in the lower part
(e.g. Bushveld, Stillwater, Skaergaard hidden zone). Mineralizations are strati­
graphically controlled.
Although tilted almost vertically, the stratigraphy of the main basic body of

Ivrea compares favourably with this situation. Assuming that the base of the main
body is to the west, its lower part is constituted by layers with cyclic repetitions
of ultramafic members, fading into gabbros and anorthosite and followed by the
huge body of the lightly layered gabbro. The so.called c diorites .. may represent
the last felsic differentiates of the top. Cumulitic texture is generally obscured by
re-crystallization and deformation, but the variation of the phases through the layers
is generally consistent with a mechanism of gravitative differentiation.

The gap in olivine crystallization, with the disappearance of orthopyroxene
shortly after the entry of the more fayalitic olivine is well documented at Skaergaard,
Bushveld and Stillwater (c'..aM1CHAEL & Sumr, 1970; CAMPBELL & NOLAN, 1974).
In the main basic body, olivine only appears in the ultramafic members of the
base and re~nters the gabbros of the Upper Layered Series. The width of the
olivine gap is, however, different in the Ivrea body (see section dealing with
phase composition).

The mineralizations are stratigraphycally controlled: Ni is found only in the
lower pyroxenitic horizons, while ore is represented in the upper part of the Layered
Series with Fe-Ti-oxides.

Many of the layered intrusions show an irregularity in the crystallization
pattern near their base: fractionation leads to an Mg-enrichment (JACKSON, 1963,
1970). This feature is tentatively explained in several ways, for instance by influx
of new gabbroic magma into the magma chamber, or disequilibrium crystallization
or chilling effect from the country rock. Whatever the cause, this reversal seems
to be a common and constant characteristic. The Ivrea body behaves as the other
complexes also in regard to this «irregularity .. : the first layers near the base display
an upwards Mg-enrichment.

BULK GEOCHEMISTRY

Main sources are the papers of RIVALENTI et al. (1975) and of BrGIOGGEIlO et al.
(1978.79 b). Their data, integrated with unpublished analyses, are plotted in the
diagrams of Figs. 11 and 12. The trend of variation in the Layered Series (LLG
and ULG) is generally consistent with a fractionation scheme involving olivine as
an eraly liquidus phase, followed by orthopyroxene, clinopyroxene and plagioclase.
The layers show an evident upwards (eastwards) iron enrichment. The main gabbro
and «diorites,. show a narrower range of variation with respect to the Layered
Series, with lack of extreme composition, which suggests that cumulus processes
were ineffective there. Other important geochemical features of main gabbro and
«diorites,. are their marked enrichment in K, Zr, and Ba with respect to the Layered
Series and their more alkalic composition ill the more differentiated members
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Fig. II a. - EKplanation a. in "-Ig. 11 b.

(as found by BIGIOGCERO et aI., 1978·79 b). c Diorites). together with part of the
gabbros display a calc-alkaline tendency, which can be seen in the AFM plot.
A calc-alkaline behaviour is also supported by the discrimination diagrams of
PEARCE & CANN (1973) and of MIYASHIRO (1974), discussed by RIVALENTI et aL
(1975) and BICIOGCF.RO et 31. (1978-79 b) (see, as an example, Fig. 13). These features
have been explained as a fractionation characterised by an upward water enrichment,
which causes on onc hand the precipitation of Ti-magnetite in the least differentiated
terms of the main gabbro (see Ti-plot of Fig. 11), and on the other hand, the
enrichment of incompatible elements in the main gabbro and. diorites:t.

The row fractionation scheme of the Layered Series fits in well with the
fractionation of a basaltic magma under relatively high P-load and low oxygen
fugacity.

PHASF. COMPOSITION

O/it!in~. Olivine composition is compared with that of other layered imrusions
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FIg. 11 b. - rlOl: of F (= FcOtot/FeO!OI:+MgO)
venus th., various oxid.,s and Cr. Ni. Ba. 7·
,nd Sr for th., rock. of the balk complex. F"J<:I,I.
contour.,d by a eOlllinuou. lin., ref..r to the V>w...
l...ayerro Group of Ihe eomplex (I = peridOl:;''''·
Z = pyroxenil.,., j = gabbros). Field COIIto"•....l
hy a shorl-dashM line r.,fers 10 Ihe n<>rites and
j.labbros of the Upper l...aynM Group (ULGt
Field contoured by a long-dashed lin., rd.,,, to
the Main Gabbro (MG). Field cOlllourM bv dot.
and dash... refns to «dioril.,. ro.

,

in Fig. 4. The already mentioned olivine
gap, that occurs in most complexes, ap­
pears to be narrower (from Fo 60 to
Fo 75) in the Ivrea Body. Another diffe­
rence is the relatively narrow variation.
field of olivine in gabbros, where the most

fayalitic terms are not below Fe 35. The gap is generally interpreted as a consequence
Qf the variation is silica activity during fractionation at decreasing T (CAMPBELL &
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NOLAN, 1974; CARUICHAEL et aI., 1970; NICHOLLS et aI., 1971). The difference in the
composition of the limiting phases between the Ivrea Body and the other complexes
may be interpreted as a difference in P.

• .. " .. " "
,

Fig. 12. - AFM plot for the oo$ic ,omplex. Fidd$ 35 ;n Fig. II.
Havy·da,hrd line SC"parate. the tholeiitic from calc.albline field.

Fig. 13. - V3rialion diagram of Cr against
FcOtol/MgO. Havy line separates the tholeiitic
from the calc·alkaline field (after MVASIUIlO, 1974).
Open circles: ~ Diorites.; bbck squares: Main
Gabbro.
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Pyroxenes. Pyroxenes are, as already mentioned, re-equilibrated with production
of subsolidus unmixing lamellae. Re-equilibrated host phases and estimates of their
composition before un mixing are reported in the pyroxene quadrilateral of Fig. 14.
Their range of variation is generally narrower than that of other complexes, except
[hat of Jamberlana (CAMPBEL.L & NOLAN, 1974) and Great Dike. Most analyses,

however, refer to the Layered Series, very
few to the main gabbro and none to
the 'l diorites~. It is possibile that future
work will show a wider range of
variation. Pigeonite is never found in
the Ivrea complex, although the thick
exolutions of orthopyroxene in host:
clinopyroxene of the pegmatoidal pyroxe­
nites in the lower part of the Layered
Series may represent an inverted term
of the pigeonite series. Pyroxenes of the
Ivrea basic body are also characterized
by higher AI content with respect to

o 0 those of the other layered intrusions
(according to the characters tabulated by
JACKSON & THAYER, 1972). Another diffe­
rence from the Skaergaard and Bushveld
situations is shown in the composition
of the last orthopyroxene crystallizing
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together with the olivine in the gabbros: here it is of En 54, while it is En 46
at Skaergaard and En 40 at Bushveld (CAIlMICHA£L et a1.. 1970).

Spina. Spinel composition varies betw~n picotites and magnesian hercynites.
Cr-bearing types are limited to peridotites, while the Others occur in pyroxenites
and gabbros (Fig. 6 and 7). No high-Cr spinel occurs in this complo:. RIVAU",,.I

et al. (1978-79) have pointed out that spinel becomes progressively richer in alumina
(and Fe") with increasing fractionation.

Amphibok The composition of calcic amphibole varies very little through
the K:ries. The main variation consists of :1 decrea.5(: of Ti at increasing stratigraphic
height. According to the 1.M..A. classification reported by LEAKE (1978) it is :1

pargasitic hornblende.

•;;
",," ) ." . ,.

... \*"" :t •. ;-.. ' ... "., '.
••. .'

••
•

.. •
...... .

i-f'." \'....~ '" 1f'~'"

Fig. 11. - P~TO:Unc 'luaU":,,, {UI I...... 'ayntd unll" of I"" basK COO1llkx. Pcndoc.,lC: cr~ (opol
ana'y~) and croucd C)Tcb (u: ~ analysn); p)Toxm;us: bbck trianllin (opots) and open ui:onglcs
(traver~l; Cat.bo-..: dot>. (opol') and q'ICIa ('ravena).

In conclusion, it has been shown that the main basic body displays most of the
characteristics common to the layered complexes. No mechanism other than
gravitative differentiation could explain the stratigraphic arrangement of the Layered
Series. Consistent differences with respect to classic layered intrusions are:
I) the association with mantle tectonites;
2) the calc-alkalic tendency;
3) the composition and range of variation of the main mafic minerals (s~ also the

characteristics tabulated by JACKSON & THAYER, 1972, for layered complexes).

Geothermometry and geobarometry

Current geothermometers based on olivine, pyroxenes and spinels have been
applied to the peridotite massif of Balmuccia, the minor peridotite bodies, dikes
in the mantle peridotite, and the Main Basic Body. Results concern whole phase
estimates prior to unmixing (traverK: analyses) and spots on unmixed phases, i..r.
hoslS and lamellae. While the first should give an indication of. the physical
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Fig. 15. - Synoptic table of {h~ temperalures determined according to various geothcrmomclcrs.
Sec leXI for dd'inilion of KI, Kl. nnd 1<J. Oms ore {Cm~ralurc determinations on re'C'quilibrated
phases (spots); eyrd,s arc temperatures dctcrminro Oil "Iimat.:. of the whole phase composition before
unmixing (traver",.); (riangln refer to host and C()C"xi.ting cxolved phase. A· mantle peridotites;
B: dik" in the mantIc peridotite; C: !.aye-tc:d S<:rics. References: I • WOOD &: R..mo, 1973; 2 _ WELLS,
1977: 3 - MOIlI, 1977: 4 Houu<:; &: CHAMPAN, 1(76); 5 . eACON & CnMlcHuL, 1973); 6 . OBATA,
1976); 7 - MAC GIlEaDIl, 19:;~.
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conditions at the time of crystallization, the second should provide indications
as to the conditions during re~uilibration. The exchange equilibria are:

Mg2SitO, Mg~i:zO, (equilibrium constant K I)
Opx Cpx

CaMgSi20, + MgAbO. CaAbSi06 + Mg2SiO. (equilibrium constant K 2)
Cpx Spl T",h 01

Mg~i20, + MgAI:D. = Mg2SiO. + MgAI~iO, (equilibrium constant K 3).
Opx Spl 01 Mg Tsch

The results of calculations, carried out according to the geothermometcic
equations reponed by va,rious authors, are plotted in Fig. IS. The K I temperatures
are calculated for compositions ranging from gabbros to peridotites, while K 2 and
K 3 temperatures only refer to peridotites, because the experimental works for
these equilibria only concern such compositions. The values of the temperature
calculated vary, within the same equilibrium, from one author's equation to the
next. This suggests the possibility of some inconsistency in the thermodynamic data.
The variation is not such, however, as to prevent at least the qualitative use of
the geothermometers. The main points are:
I) the lowest values are found in the K 1 equilibrium; the traverse analySt:S,

however, give consistently higher temperatures (100-150" C) than the respective
spot analyses;

2) provided that the same equilibrium from the same author is used, the tempttatures
are similar in mantle peridotites, dikes ani:! in the main basic body;

3) the temperatures where alumina content of pyroxenes is involved are of the same
order of magnitude as the K 1 temperatures referring to the traverses.

A higher K 2 and K 3 temperature with respect to K I can be interpreted an
many ways. It may depend on insufficient knowledge of the crystalline solution
involved (for instance, ideal or non·ideal AI..cr interactions in spinels) or be due
to a different degree and rate of re-equilibration for the reaction involved as propos<'d
by HEIlZBEIlG & CHAPMAN (1976), and MOIU (19n). If this last possibility holds
true, there is a possible disequilibrium in these pyroxenes between iron and
magnesium and their tschermak contents.

Current geobarometry concerning mafic and ultramafic rocks is based on the
distribution of alumina between pyroxenes and coexisting alumina-rich phases
(plagioclase, spinel, garnet), as the reactions involved are those with the large
.6V. It has been shown (OBATA, 1976; HEIlZBUG, 1978; WOOD, 1974) that for the
lherwlite composition the alumina isopletbs have a negative slope in the plagioclase
Iherwlite and a positive slope in the garnet lherzolite, while they are P-independent
in the spinel lherzolite facies. In the gabbro and pyroxenite compositions the alumina
isopleths are P dependent also in the spinel facies (OBATA, 1976; HUZBEJlC. 1978).
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TABLE 4
Estimate of the original and re-equilibration
pressure for the main basic body and for the
dikes in the mantle peridotite 0/ &lmuccio.

Uncertainty is 0/ ± 2 Kb

/

I'ilo[. 16. - Onjlinal (/) and fin~1 (F) 1'7 conditions
for the Balmuc,ia peridotite. Prcssurc is that
e!timated from the partial melting products (dikes).
Solid lines: K, and c.P. arc dry peridotite solidi
a,cording to Kus"tao C1 a!. (1968) and CHAPMAN

C1 al. (1977). reS~li,·dr: 0..3,0.5,0.7 and 0.9 Me
peridotite solidi with various X'H~ COntents
IMvSEN & BOETTC">:R, 1975). Dashed lines:

~ Gcolhcrm, of Ct<APMAN & POLLOK (1977) for
increasillg heath flow from 0.71 to 3.6 HFU.

Spots = mmpo';tion of the fe·equilibrated phases.
Tra,-cr!ts = estimate of the original composition
of the phases. T = Temperature assumed from
WOOD & B~NNO (1973) or HERZBERG (1978).
1'1 = Pressure determined from rcact;o,,: MgtSi.o.
+ MgAl.o. = MlloSiO. + HgAl.o. according to
OOATA. 1976. 1'2 = Pressure determined from
reaction: 0.5 MgoSiA + 05 CaAl.si.o. + 05
MgAI,o, = 05 CaMgSiA + MgAloSio. ac<:ording
10 OBATA, 1976. 1'3 = Presmre estimate from AI'·'
in orthopyroxene, according to OBATA. 1976.
P4 =. Prcs.ure estimated from reaction:
Cll,MgAl,Si.o., = CllMgSi.o. + CaAI,sio. ac·
cording to HEltUERG, 1978.

Geobarometry should therefore he ap­
plicable to all compositions of gabbro,
pyroxenite and peridotites, except for the
spinel lherzolites.

Oll.-\TA (1976) provides a method
for estimating P in spinel pyroxenites
and gabbros, while WOOf) & BAN'J','O

(1973), WOOf) (1974), and HUZBERG

(1978) provide thermodynamic data and
equations for estimating P in garnet
bearing ultramafic and manc rocks. The
use of their equations implies that the
phases :Ife in equilibrium and that the
formation of garnet is directly related
to the breakdown of pyroxenes. As far
as equilibrium is concerned, it has been
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shown while dealing with geothermometry that, besides insufficient knowledge
of ideal-non-ideal behaviour of the crystalline solutions involved, the high K 2 and
K 3 temperatures may represent, or be near to, the original T. As garnet is clearly
a secondary product, formed during re-equilibration, there is a possible disequilibrium
between pyroxenes and garnet. As for the second condition, the present garnet is
always formed by reaction between mafic phases and plagioclase, and not as an
exolution product of pyroxenes.

Obviously the volume change of the reaction:

Tschermak components + Mg end-members
(Pyroxene)

is different if anorthite substitutes for the tschermak component. The equations of
WOOD (1974), and HERZBERG (1978) might therefore be not directly applicable.
However at equilibrium there is a control of the garnet composition by thllt of
pyroxenes. In conclusion, it sC(:ms that the geobarometers may be used only with
caution and for indicative purposes.

It has been shown by SHERVAIS (1979), on the basis of a few data, that the
pressure estimated by the method of WOOD (1974) varies between 3 and 12 kb for
an ideal solution model, and is about 11 kb if the equation related to a non-ideal
model, and containing an empirical correction for iron, is used. Geobarometry of
OBATA (1976), related to AI" and to the equilibrium plagioclase-spine1<linQ.Ortho­
pyroxene, and that of HERZBERG (1978) is reported in Table 4. Reasonable
r~-equilibration P is around 8-9 kb with a scatter of the data between 6 and 11 kb.
Geobarometry applied to the traverses of pyroxenes (obviously only for Obata's
geobarometers) gives a pressure of about 14-15 kb in the dikes of the mantle
peridotite. This figure might be taken as indicative of their original P of crystal­
lization. The reliability of these results can be qualitatively evaluated by the following
considerations. Garnet crystallization is controlled by bulk composition (see the
re-equilibration effects in the main basic body): the most magnesian gabbros have
spinel coexisting with pyroxenes and anorthite. as main aluminiferous phases, while
garnet only develops at a certain level of iron and alumina contents. This means
that the main basic body falls close to the c gabbro-granulite:. boundary, and that
this boundary is overcome only depending on the composition. From the data of
OBATA (1976) and HERZBERG (1978) such a boundary might be placed between 8
and 10 kb at 8500 C for iron-free systems. The boundary is moved to lower P
for iron-bearing compositions (GREEN & RINGWooO, 1967, 1972; RAHEIM & GREEN,
1974), so that the figure above must be considered as a maximum value and. a
pressure around 8 kb is reasonable for the present assemblages. The estimated
composition of the original phase (traverse) results in a higher uehermak
content in the c1inopyroxenes of the dikes, which exsolved spinel with respect
to those of the Main Basic Body (expeeially those of the Layered Series).
There is moreover no evidence that the dikes passed through a garnet-facies. This
implies (if the grids of HJ':RZBERG (1978) and GSATA (1976) at(: correct) that assuming
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an original T 100..1500 C higher than that of re-equilibration and similar to that
of the dikes and the Main Basic Body, the pyroxenes of the dikes afe crystallized
at higher P, possibly around 15 kb (accounting for their Mg-rich composition),
with respect to those of the basic body. In the latter, cooling without P variation
may be sufficient for explaining their features.

As for peridotites, their spinel facies allows to place a lower P limit around
8 kb and a higher limit at about 20 kb, although the upper limit might be moved
to higher P depending on the Cr/ AI ratio. Their possible pressure interval therefore
fits well with the estimated pressure for the dikes. A pressure lower than 20 kb is
also indicated by the presence of amphibole that, according to MYSEN & BOETTCHER
(1975), becomes unstable at high pressure (ERNST, 1978).

Geotectonic hiatory and emplacement model for the Ivrea Complex

Arguments that have been shown so far and that are relevant for reconstructing
the geotectonic history of the Ivrea Complex, are as follows:
1) the peridotites are in part of mantle origin and in part are formed by fractionation

of a basaltic magma;
2) the Main Basic Body is a layered igneous complex;
3) the dikes in the mantle peridotite are formed by fractionation of mantle melts

in various episodes, or directly represent the c frozen> mantle melt (the gabbros);
4) re-equilibration temperatures are similar in the dikes, mantle peridotite and the

Main Basic Body, and vary around 8500 C; original T is around 1100-1200" C;
5) re-equilibration pressure is equal in the dikes and the basic body around 8 kb,

while the original pressure is higher in the dikes than in the basic body.
Before proposing an evolution model, it is necessary to discuss:

a) the relationships between mantle peridotite and Main Basic Body;
b) the meaning of re-equilibration;
c) the oceanic versus continental origin of the peridotites;
d) the geotectonic environment where the Main Basic Body has formed (as a

layered complex).
RELATIONSHIPS BETWEEN ThIE MANTLE PERIDOTITES AND THE. MAIN BASIC BODY

The close association of mantle peridotites and a layered complex suggests the
possibility that they are genetically linked via partial melting and fractionation.
No direct definitive proof has been as yet reached on this point. There is however
some indication. that supports this possibility. It has been shown that the gabbroic
dikes and pods of the mantle peridotite are always more primitive than the Layered
Series rocks and .that, at least graphically, they behave as possible parents with
respect to this last. Accounting for the close spatial association, a genetic link seems
to be highly probable. Further support, besides the igneous contact Layered Series­
-mantle peridotite, is given by a plagioclase pyroxenitic dike of the mantle peridotite
that crosses the "contact with the Layered Series and fades into a pyroxenite layer.

If a genetic relationship is accepted, the last mantle producTS may have crystal-
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lized In conditions similar to tho~ of the layered complex (SHERVAIS, 1978-79;
1979) i.e. at a pressure of about 8-9 kb and a temperature of about 1100" C.

MEANING 01' THE RE-EQUILI8RATION TEMPERATURE AND PRESSURE
The lowest values of T and P are considered by SHERVAIS (1979) as indicative,

as far as the Balmuccia massif is concerned, of the mantle emplacement conditions
into the crust, and for part of the ·Layered Series of a metamorphic act in the
granulite-facies. We propose another possibility, i.e. that the mantle emplacement
has' occurred at higher T, that the pressure of 8·9 kb represents the intrusion of
the magma into the lower crust, that the re-equilibration T. equal from mantle to
Main Basic Body is repre~ntative of the cooling under deep~ated conditions.

The first two points rise from the observations made above on the relationship
mantle-Main Basic Body. As for the last point, although the effects of a metamorphic
act or of cooling should formally be similar, they have obvious different geotectonic
meanings. The possibility of re-equilibration by cooling is substantiated by the
following facts:
I) the primary paragenesis is always recognizable in the rocks of the complex and

never in the metabasites intercalated with the metasediments;
2) had the complex suffered a major metamorphic act, its grade could not have

been in a facies lower than that of granulite, otherwise the pre~rvation of
original features such as those shown in the preceding paragraphs would be
very improbable;

3) the intrusion of the complex has a dear thermal effect on the country rocks
as shown by SCHMID & WOOf) (1976). The authors havl: proposed that the
granulite facies metamorphism was determined on met~pelites by the intrusion
of the magma. Had the complex been metamorphosed afterwards together
with metapelites such a ihermal effect would have most likely been obliterated;

4) the equilibrium temperature does not vary appreciably through the complex
down to the .. diorites), where the country rock is in amphibolite facies.

GEOTF£TONIC ENVIRONMENT OF THI'. MA"''nE PERIOOl"ITES
If the estimated original conditions of the peridotites are reported in the

grid of Fig. 16, they plot close to the dry peridotite solidus. They plot above the
solidus if a slightly hydrated peridotite model is considered: a moderate hydratation
is suggested by the widespread, although minor, occurence of hornblende. The
re-equilibration conditions plot well below the solidus. Together with the original
conditions. they define an evolutive pattern apparently indicative of an oceanic
affinity. They also plot close to the 3.6 HFU geotherm of CHAPMAN & POLLOK

(1977). However, as also SHERVAIS (1979) points aut, these arguments are not
sufficient in order to assume an oceanic origin for the Balmuccia body.

Another argument, that might favour an oceanic affinity, is the direct
link of the mantle peridotite with the Layered Complex, that is a possible
feature of oceanic associations but is uncommon in continental environments.
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If a genetic relationship is acc(:plcd, the last mantle products may have crystal­
On the other hand, rel'llive1y high pressure cumulitic bodies are uncommon
both in oceanic and continental situations. An indication is given by the
relationship between the mantle peridotite, its partial melting products, and
between these and the Layered Complex. It has been shown, that a genetic
relationship between the mantle melting and the Layered Complex is highly probable.
1£ this is the case, the final emplacement of the peridotite and the crystallization
of the liquids cannot have occurred in conditions very different from a P of about
8-9 kb and at a T of 1100_1200° C, i.e. under a cover of 25-35 km. Such a thickness
may correspond to a continental rather than to an oceanic environment (SHERWAIS,

1979). The possibility of continental origin also conforms with the distinction made
by NICOLAS & JACKSON (1972) of the lherzolites as continental bodies and the
harzburgites as oceanic peridotites, in the mediterranean area. An atlempt to estimate
the geothermal gradient of the wne may be undertaken in the following way.
Assuming that re--equilibration represents a cooling episode and not a metamorphic
aet, its temperature must be representative of the thermal equilibrium between
the magma and the environment. Estimating a 30 km thick cru.~t, the geothermal
gradient has to be about 25_300 C/km.

GE.OTECTONIC 1;.i'.'VIRONMENT OF THL'. LAYEREO COl\IPLL'.X

It has been shown that the Ivrea-Verhano Layered Complex differs both
from oceanic and continental mafic ultramafic bodies for a number of characteristics,
but mainly for the calc-alkaline fractionation trend of a part of its members
(MG and (diorites:.) and for its association with mamle peridotites.

Generally accepted relationships between magma composition and geotectonic
environment indicate that the calc-alkaline magmas are associated to orogenic areas.
In the case of the Ivrea body, an orogenic environment is supported also by the
dynamic textures of the rocks and by the migmatilic phenomena and granites
occurring at the eastern margin of the complex. The possible direct relationship
between mafic complex and mantle peridotites, the high geothermal gradient and
the estimated thickness of the crust (about 30 km) at the time of the intrusion
suggest that the Ivrea body was emplaced in an environment similar to the
cOntinental side of a continental margin.

THL'. MODEL

On the basis of the points examined above, we propose the following evolutive
model for the Ivrea wne:
1) mantle regional uplifting during an orogenic act, in an environment comparable

with that of the continental side of a continental margin, and under a crust
about 30 km thick;

2) episodes of partial melting in the mantle, concomitant with the adiabatic
uplifting, with fractionation of liquids at progressively decreasing pressure
(between 20 and 10 kbar);
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3) intrusion of the magma into the lower crust, already in the granulite facies,
concotnitant with the mantle final emplacement during the general uplifting
of the area;

4) concomitant fractionation of the magma batch or batches in the orogenic dynamic
environment;

5) thermal increase in the rocks adjacent to the intrusion; slow cooling with reaching
of thermal equilibrium between complex and country rock at about 850" C;

6) possible anatexis caused by heating;
7) possible further deformation, not registered by changes in phase composition

or by other metamorphic effects.

Geochronological data provided by HUNZIKER (1978-79) do not contrast with
such a model. He has shown that two main metamorphic rhermal events occur
at 470 and about 300 m.y. The author does not make any inference that the two
acts are separated. In our picture, the older metamorphism might represent the
metamorphic peak before the intrusion, which should have occurred some time
between Caledonian and Hercynian. The second thermal peak may be connected
with the intrusion of the complex. 1£ this is the case nothing as old as 470 ro.y.
should be found in the Layered Complex. In effect nothing has as yet been found,
but studies on this point are in progress.
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