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Preface

The present publication, entitled “Geomagnetic and
Gravimetric Studies of the Ivrea Zone”, is Report
No. 21 of the “Contributions to the Geology of
Switzerland - Geophysical Series”. It contains seven
papers on the most recent work carried out in the
Ivrea Zomne by the Swiss Geophysical Commission.

The Ivrea-Verbano Zone at the southern border of
the Western Alps in northern Italy has for some time
been considered as representing an important proto-
type structure which permits insight into the middle
and lower continental crust. For that reason there is
continued interest worldwide to study this anoma-
lous regton in more detail with all available tech-
niques.

About 35 years ago Swiss geophysicists started to
mvestigate the pronounced magnetic anomaly west
of Locarno, on the northern side of the Lago Mag-
giore. It soon became clear that this anomaly was
part of a much more extended regional disturbance
of the Earth’s magnetic field located in the inner arc
of the Western Alps. Ever since the interest in the
Ivrea problem has been kept alive, in particular by
Professor Ernst Niggli (Bern) who already in 1946

had pointed out the relation between the positive
gravity anomaly and the rock sequence exposed in
the Ivrea Zone. He also initiated the first internatio-
nal symposium on the “Zone Ivrea-Verbano” in
1968, which was followed by a second symposium
ten years later with Ernst Niggli acting as Honorary
President.

The Swiss Geophysical Commission is greatly indeb-
ted to the authors of the various contributions in this
publication and to all those who have helped in
carrying out the extensive measurements in nume-
rous field campaigns. The editors would like to dedi-
cate this volume to Professor Ernst Niggli in recogni-
tion of his continued efforts to promote detailed
studies of the Ivrea Zone.

Special thanks for financial support are due to the
Swiss Federal Office of Education and Science, the
Swiss National Science Foundation, the Swiss Aca-
demy of Natural Sciences, the Swiss Federal Institute
of Technology and, in particular, to the University of
Geneva which has contributed substantially to the
present project.

On behalf of the Swiss Geophysical Commission

Prof. Jean-Jacques Wagner
Vice-President

@@Aw Dnsdn.

Prof. Stephan Mueller
President

November 1984




Summary

This volume on “Geomagnetic and Gravimetric Stu-
dies of the Ivrea Zone™ contains seven reports on
recent investigations in the Ivrea-Verbano Zone by
Swiss geophysical groups.

The first two papers summarize the geology and the
geophysics of that zone. The first paper by R. Ches-
sex and J.-J. Wagner, “On the Geology of the Sou-
thern Border of the Western Alps™, introduces the
reader to the geology of the main structural units of
the inner arc of the Western Alps. The second paper
entitled “Geophysical Studies of the Ivrea Zone - A
Review -” by J.-J. Wagner gives an overview of the
most recent geophysical activities in the fields of
explosion and laboratory seismology. gravity, geo-
thermics and paleomagnetism.

The next four papers are devoted to the magnetic
anomaly associated with the Ivrea Zone. A regional
study by J.-J. Wagner, E. Klingelé and R. Mage
entitled “Regional Geomagnetic Study of the
Southern Border of the Western Alps - The Ivrea
Body-”, which covers an area of 7000 km?, defines
the major magnetic field disturbances between the
localities of Cuneo to the south and Locarno to the
north. An interpretation based on the “two and a
half-dimensional modelling” method is discussed. In
order to have a better understanding of the sources
which cause the magnetic anomalies the magnetic

properties of the various outcropping rocks have
been measured in the laboratory; the data obtained
by J.-J. Wagner are reported under the title “Petro-
physical Properties of the Ivrea Zone and Adjacent
Areas”. E. Klingelé, P. Finckh and N. Deichmann in
their paper entitled “Detailed Survey of the Locarno
Magnetic Anomaly, Switzerland” consider the nor-
thern end of the magnetic anomaly caused by the
Ivrea Body; this survey has been carried out both on
land and on the Lago Maggiore. The work by H.
Schwendener, dealing with “The Ivrea Magnetic
Anomaly in the Valle d’Ossola and Valstrona Area,
Northern Italy” illustrates the good correlation of
the magnetic anomalies with the local geology.

Finally, the last paper by E. Kissling entitled “Three-
Dimensional Gravity Model of the Northern Ivrea-
Verbano Zone™ presents a very interesting and care-
ful study of the positive gravity anomaly due to the
Ivrea Body which complements the magnetic inter-
pretations.

Although this volume contains much new geophysical
information on the southern border of the Western
Alps further investigations with the same methods
will still be necessary. In particular, it is hoped that
detailed seismic reflection work will help to delineate
more fully the structural elements of the Ivrea-Ver-
bano Zone.
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On the Geology of the Southern Border of the Western Alps

1. Introduction

The southern border of the Western Alps is of great
interest to many earth scientists because there one finds
outcrops of large parts of intermediate and lower
continental crust and also of upper mantle material.
Before going into more details it is useful to outline the
general geological setting.

It is possible to subdivide the Swiss Alps and the
adjacent area into a number of large domains, whose
composition, structure and evolution differ in many
aspects and present large contrasts. The main subdivi-
sions are essentially based on the character of the
Mesozoic covers but the older eruptive, metamorphic
and sedimentary rocks also exhibit important distinct
characteristics.

Along a profile of interest for us (through the Western
Alps, on the border between Switzerland and Italy), one
distinguishes, from the NW to the SE, or from the
exterior towards the interior of the Alpine arc, the
Helvetic, the Penninic (partially of oceanic character),
the Austroalpine and the Southern Alpine domains.
The latter two are the subject of our investigations
(Fig. 1),

The Austroalpine domain is represented by the Sesia-
Lanzo Zone, a fragment of Permo-Carboniferous and
older continental basement which formed the southern
margin of the oceanic Penninic-Piémontais domain.
This zone and also the Dent-Blanche nappe, which has
a similar character, are likely to correspond to the lower
Austroalpine nappes of eastern Switzerland {(Grisons).
This Austroalpine basement is mainly made up of
crystalline rocks which have undergone effects of
Alpine metamorphism, especially the co-Alpine phase
in the Upper Cretaceous. For more details on the
Penninic-Austroalpine boundary see Triimpy (1975).

The Southern Alps are separated from the domains
mentioned above (Alps in a restricted sense) by major
sutures (¢.g. the Insubric Line), the evolution of which
is still debated. The facies of the Austroalpine and
Southern Alpine formations possess many similar
features, both domains are parts of the so-called “Apu-
lian (or Adriatic) promontory” or microplate which
very likely belongs to the African plate. However, their
structures differ strongly in the sense that in the
Southern Alps the effects of Alpine orogeny are very
weak and Alpine metamorphism is not found. The
basement of the Southern Alps is mainly composed of
the Ivrea-Verbano and Strona-Ceneri Zones. The Ivrea-
Verbano Zone which forms the major part of the

studied area, is limited towards the NW by the Insubric
Line and to the SE by the Strona-Ceneri Zone.

2. The Ivrea Zone

The Ivrea Zone, or more precisely the ‘“Diorito-
Kinzigitic Zone of Ivrea-Verbano™, was recognized and
defined by Franchi (19035). It is the object of intensive
and detailed investigations particularly since two inter-
national symposia have been dedicated to it (First
Symposium Zone Ivrea-Verbano, 1968, Bull. suisse
minéral. pétrogr., 48, 1968, and Second Symposium
Ivrea-Verbano, 1978, Proceedings, Mem. Scienze
Geologiche Univ. Padova, 33, 1978-9). Recent and
fundamental contributions by Zingg and Schmid
(1979), Zingg (1980), Hunziker and Zingg (1980) and
Zingg (1983) contain most of the significant references.
A large part of our geological data comes from their
studies.

The basement of the Southern Alps, W and SW of Lago
Maggiore, 1s formed by the two zones of Strona-Ceneri
and Ivrea (Fig. 2). The Strona-Ceneri Zone, which is
the southernmost part of the basement complex
consists mainly of migmatites, gneisses and micaschists
belonging to the amphibolite facies. These rocks are
intruded by Permian granites (Baveno granite, etc.),
covered discordantly by Permian volcanics (porphy-
rites) and by Mesozoic sediments.

The Ivrea Zone, located between the Strona-Ceneri
Zone to the SE and the Canavese and Sesia-Lanzo
Zones to the NW, outcrops in the shape of an arc
approximately 180 km long, stretching from the vicinity
of Tvrea in the SW to Locarno in the NE. Its maximum
width is about 20 km.

This zone exhibits a subvertical series of pelitic and
mafic rocks with intercalations of carbonaceous and
ultramafic rocks. The composition and the high degree
of metamorphism in the granulite facies, indicate that it
is a segment of the deep crust.

In the central part of this zone, metabasites and
metapelites alternate more or less regularly. However,
in the NE and in the SW, mafic rocks are dominant
forming the so-called “Basischer Hauptzug™ or “Mafic
Main Formation™,

The metapelites correspond essentially to rocks known
under the names of kinzigites (amphibolite facies) and
stronalites (granulite facies). The ratio of garnet to
biotite grows steadily with the increase in the intensity
of the metamorphism. Simultaneously one observes a
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Figure I : External Zone: | = Folded post-Paleozoic cover; 2 = External crystalline massifs (basement, Paleozoic and older).
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Cretaceous). Piémontais Zone with 5 = Schistes lustrés nappe {Mesozoic, mainly oceanic) and 6 = Internal crystalline massifs, Monte Rosa (MR),
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Austroalpine Domain: 7 = Sesia Zone s.str. and Dent Blanche nappe (DBL); 8 = Tertiary intrusives: ¢ = Ultramafics (Lanzo): 10 = “*Second

Diorito-Kinzigitic Zone™ and “Valpelline Series™ in DBL (2nd DKZ).

Southern Alps: [vrea Zone: 11 = Paragneiss: 2 = Mafic rocks; 13 = Ultramafic rocks. Strona-Ceneri Zone; 14 = Gneiss unit: 13 = Amphibolites;
16 = Schist unit; 17 = Orthogneisses. Val Colla Zone: 18 = Gneisses, schists. phylonites. Post-Variscan rocks: 19 = Permian intrusives: 20 =

Permian volcanics; 21 = Permo-Mesozoic sediments.
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Figure 2: Schematic NW-SE geologic cross section through the Insubric Line and the adjacent units {Sesia-Lanzo Zone on the NW side and Ivrea

and Strona-Ceneri Zones on the SE side).

progressive decrease of the water content related to the
partial anatexis which supposedly must have been
responsible for the degranitization of these rocks. It is
nevertheless doubtful that the liberated fluids migrated
into the adjacent Strona-Ceneri Zone which represents
a higher crustal level (Zingg, 1983).

The predominantly mafic and associated ultramafic
rocks have probably been intruded into the deep-lying
(at more than 20 km depth) pelitic series. The relation
between the intrusion and the metamorphism can be
questioned but since the material came from the upper
mantle it provided additional heat (Zingg, 1980).

The intensity of the metamorphism increases progressi-
vely from the SE to the NW following the direction of
the Insubric Line and grading from the amphibolite to
the granulite facies. This transition is visible in several
of the transverse valleys, e.g. in the Valle d’Ossola and
Valstrona. Locally the regular metamorphic zonation 1s
obliterated by synmetamorphic intrusion of the Mafic
Main Formation. In the Val Sesia, for example, the
mafic magmatic parageneses are only partially re-equi-
librated in the metamorphic conditions of the amphi-
bolite-granulite facies. It is also important to mention
that the pressure decreases from the NE to the SW,
parallel to the strike of the regional structures; it is
explained by the axial dip of the Ivrea Zone.

The Tvrea and Sesia-Lanzo Zones contain a few
uitramafic massifs, mainly made up of lherzolite.
Nicolas (1984) describes three groups (Fig. 1): The
feldspar lherzolite (Lanzo massif), the spinel lherzolite
(Baldissero and part of Balmuccia) and the granulitic
peridotite (Finero). The largest ultramafic massifis that
of Lanzo (Fig. 1); it outcrops at the internal limit of the
Sesia-Lanzo Zone. Most likely it was emplaced during
the Mesozoic in the vicinity of the plate boundary
separating Central Europe and the Southern Alps. The
other massifs are found near the Insubric Line. Their

origin and their history are not fully understood up to
now. The exact age is still in doubt because their
metamorphism and emplacement are complicated; it
seems nevertheless certain that they are pre-Alpine.
Some of the lherzolites, initially the garnet lherzolites,
could have been derived from an oceanic lithosphere
modified during subduction. Spinel lherzolites were
then emplaced at the mantle-crust boundary during the
Caledonian orogeny. At the same time, and perhaps
also later during the Variscan (Hercynian) orogeny, a
part of the ultramafics in the Ivrea Zone has been
metamorphosed into the granulite and amphibolite
facies. The Finero massif with phlogopite and horn-
blende peridotites, visible in the NE of the zone, has
undergone this evolution. Several structural studies
emphasize these complications (Lensch, 1968; Steck
and Tigche, 1976; Kruhl and Voll, 1970).

The geological, petrological and isotopic data do not
allow to derive a unique model for the age and the
evolution of the Ivrea Zone. For the time being, the
model proposed by Hunziker and Zingg (1980) seems to
be the preferable one. Recently Laubscher and
Bernoulli (1982) attempted to organize the main lines
of the complicated evolution of the Ivrea Zone in terms
of depth, temperature and time (Fig. 3).

The highest metamorphism corresponding to the
highest temperature and pressure conditions, are found
in the amphibolite facies in the south and in the
granulite facies in the north; they date to the Ordo-
vician {between 400 and 500 Ma). This is shown by the
whole rock Rb-Sr dating on paragneisses and migma-
tites. The emplacement of the Mafic Main Formation
could be more or less contemporaneous with the
metamorphism. However, one has to note that the
geotectonic environment of this epoch is not well-
known. The sedimentation of the pelitic series could
have taken place during the Upper Precambrian or the
Lower Paleozoic.
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Figure 3: Depth, temperature and time diagram. A first attempt by Laubscher and Bernoulli (1982) to summarize the evolution of the Ivrea Zone.

During the period separating this regional metamor-
phism from the Variscan orogeny the Ivrea Zone lay at
depth, in a more or less horizontal position. The
various radiometric ages obtained by different methods
on a variety of rocks and minerals show that the Ivrea
Zone and the NW part of the Strona-Ceneri Zone
cooled much more-slowly than the main part of the
latter zone. The lack of correspondence between the
radiometric ages and the limits of that zone may be due
to the fact that these limits are partly defined by recent
faults.

The Variscan orogeny has given rise to prograde and
retrograde metamorphism essentially in the greenschist
and possibly in the amphibolite facies. It is probable
that the crustal contamination of the phlogopite peri-
dotite from Finero has taken place during this event. In
the Permian, if one accepts the U-Pb ages obtained on
zircons and monazites (Koppel and Griinenfelder,
1978/79), the Ivrea Zone was still at great depth
whereas the Strona-Ceneri Zone had moved to a much
higher structural level.

An important problem is the age and the emplacement
mechanism of the Ivrea Body into its present position:
is the structure of Variscan or Alpine age ?
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Up to now no unequivocal answer has been given to
this problem, in particular since the history of the
major fault lines limiting the Ivrea Zone is still poorly
known. This relates to the Insubric Line which
separates the Ivrea Zone from the Sesia-Lanzo Zone
and the so-called “Root Zone” to the NW, to the
Pogallo Line which separates the Ivrea Zone from the
Strona-Ceneri Zone to the SE and to the Cremosina
Line located south of the Pogallo Line (Figs. | and 2).

Of these different faults, the Insubric Line or Tonale
Line (east of Locarno) is the most important one, and
many studies have been devoted to it. The only
common conclusion derived from them is that the
Insubric Line has had a major influence. It forms the
southern limit of the large Penninic nappes and the
so-called “*Root Zone™, and also of the Alpine meta-
morphism. The vertical displacement is certainly
important and it is possible that the mechanism has
been that of a wrench fault (Laubscher and Bernoulli,
1982). If some movements of it are late and post-meta-
morphic, others—more difficult to prove—must be
early Alpine or even pre-Alpine.

The interpretation of the Pogallo Line is also controver-
sial. Boriani and Sacchi (1973} concluded that it was a




Paleozoic synmetamorphic fault. Hodges and Fountain
(1984) postulate that the Pogallo Line was a Late
Triassic to Early Jurassic low-angle normal fault with
up to 15 km of stratigraphic throw, juxtaposing upper
crustal (Strona-Ceneri) and intermediate crustal (Ivrea)
rocks. Its present steep dip was only recently attained,
namely during a Middle Oligocene-Miocene episode of
backfolding and high-angle (Insubric) faulting. How-
ever, let us point out that several authors have
suggested that the entire crustal section was already
perpendicularly upright by Permian time !

3. Sesia-Lanzo Zone

The Sesia-Lanzo Zone (Figs. 1 and 2) is one of the main
structural units of the internal Western Alps. It has an
elongated form, 90 km long by 25 km wide, extending
in a SW-NE direction from the river Stura di Lanzo,
near Torino, to the Val d’Ossola where it narrows and
finally ends near Locarno. It consists of continental
crust attributed to the Austroalpine domain and com-
prises mono- and poly-metamorphic rocks of variable
compositions. [t 1s characterized by the development of
a paragenesis of the high-pressure eclogite and blue-
schist facies. The Sesia-Lanzo Zone is considered
as the NW margin of the South Alpine plate, also
named the Insubric plate.

The internal limit of the Sesia-Lanzo Zone is defined by
the Canavese tectonic line which separates the former
from the narrow Canavese Zone and from the Ivrea
Zone. The Canavese Zone is a complex tectonic scar
(Aubouin et al, 1977). Atthe southern edge of the Sesia
Zone one finds the lherzolitic massif of Lanzo. This
ultramafic complex is separated from the Gran Para-
diso massif and its cover, consisting of “schistes lustrés”
with embedded ophiolites (Penninic domain) by the
Viu-Locana (imbricated structure) zone.

According to Nicolas (1974) the Lanzo massif is the
exposed top of a slice rooted in the upper mantle. It has
been wedged between the South Alpine and the Central
European plates during the Alpine orogeny; geophysi-
cally it belongs to the Ivrea Zone, i.e. the South Alpine
plate. The Lanzo massif exhibits Alpine metamor-
phism and tectonic effects in its western part.

Compagnoni ef al. (1977) have interpreted the Sesia-
Lanzo Zone as a composite Austroalpine nappe which
can be subdivided into two tectonic elements:

(I} An upper element which possesses a lithological
and a tectonic identity and is known in the
literature as the “Second Diorito-Kinzigitic Zone”
(2nd DKZ). Its origin is located north of the Tvrea
Zone.

(2) A lower element which comprises the complex of
the eclogitic micaschists and the complex of the
Minuti gneisses.

The various “klippen” belonging to the upper element
are formed by rocks whose lithology and metamor-

phism are pre-Alpine; they are similar to those of the
Ivrea Zone. The ultramafics are only represented by a
small harzburgite massif cut by a few pyroxenite dykes
(Upper Artogna Valley).

In the lower element the mafic rocks are more frequent
in the eclogitic-micaschist complex than in the Minuti
gneisses.

The Sesia-Lanzo Zone has been subjected to the two
main Alpine metamorphic episodes. A first ec-Alpine
phase of high-pressure type in the internal and southern
parts of the zone is dated Upper Cretaceous. One
observes the development of eclogites and glaucophane
schists on pre-Alpine mafic rocks. A second phase,
termed meso-Alpine, younger than the thrusting,
developed mainly a paragenesis in the greenschist
facies.
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Geophysical Studies of the Ivrea Zone
— A Review -

Introduction

During the last decade new explosion seismic, gravime-
tric, geomagnetic (ground and paleomagnetic surveys)
and geothermic studies have been carried out in the
Central and Western Alps,

The southern border of the Western Alps, in particular
the Ivrea and Strona-Ceneri Zones which exhibit upper
mantie and lower to intermediate continental crust, has
fascinated many earth scientists and particularly
geophysicists working on different aspects of mountain
building., These studies have concentrated on two
aspects:

(a) The geophysical signature related to the collision
between the European and the African plates in the
region of the Alps.

{5) The rocks outcropping in the Ivrea Zone seem to be
suitable for a modelling of the intermediate to lower
Ccrust.

This review is not exhaustive but serves to draw
attention to se¢veral interesting contributions to both
aspects mentioned above. The geomagnetic studies will
not be presented here because most of the papers in this
volume are related to them.

Explosion and Laboratory Seismology

Most of the recent results obtained from seismic
refraction studies are given by Ansorge et al (1979) and
by Mueiler er ai (1980). They investigated a crustal
¢ross section oriented NW-SE which extends from the
Simplon/Monte-Rosa area to the southern tip of the
Lago Maggiore (see Fig. 3 by E. Kissling, this volume).

This section shows that crossing the Insubric Line
coming from the NW a sharp velocity jump from 5.8 to
7.4 km/s is encountered extending to a depth of more
than 10 km. This high-velocity zone overlies a zone of
extremely low velocity (about 5 km/s). Seismic reflec-
tion observations indicate that the high-velocity zone is
limited towards the NW by the NW-dipping fault
surface of the Insubric Line, and to the SE by an
castward dip. Further SE of Lago Maggiore, below
Sesto Calende, one finds another type of crustal
structure with a low-velocity zone (5.4 km/s) in the thin
upper crust (between 6 and 10 km depth) overlying a
rather uniform deeper crust with 6.3 km/s. The Moho
is found at 35 km depth.

The seismic structure northwest of the Insubric Line is
very different from the structure southeast of the Ivrea

Zone; this could be interpreted as the seismic expres-
sion of the contact zone between the European and the
African plates.

The Sesia-Lanzo and the Ivrea and Strona-Ceneri
Zones were used to model the upper mantle and the
lower crust.Based on a field and a laboratory investiga-
tion Peselnick er al (1974) demonstrated velocity ani-
sotropy in mantle peridotite. Thev measured compres-
sional P velocity under confining pressures of up to 1.5
kbar at room temperature, on samples from the Lanzo
lherzolitic massif. A velocity anisotropy of about 7%,
independent of pressure up to several kbar, was
observed. The velocities under 1 to 2 kbar ranged
between 7.3 and 7.9 km/s for a mean density of
3.2g/cm® An amount of serpentinization of 14%
seems to represent the “mean serpentinization™ of the
Lanzo massif. The seismic anisotropy data have the
highest value in the direction of the peridotite flow line
defined by the olivine fabric. The mantle anisotropy
has so far been mainly investigated for the oceanic
lithosphere (Francis, 1969).

A systematic laboratory study of seismic velocities has
been carried out by Fountain (1976). The measure-
ments were made on rock samples from the Ivrea and
Strona-Ceneri Zones under confining pressures of up to
10 kbar. Some of the results are shown in the diagram of
Figure 1 which gives the P velocity distribution on a
NW-SE cross section. The uliramafic complexes near
the Insubric Line have velocities of up to 8.5 km/s.
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Figure 1: Profile through the Ivrea and Strona-Ceneri Zomes of
laboratory-measured compressional wave velocities obtained under
confining pressures ranging from 6 to 10 kbar.
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Moving to the SE along the section the values decrease
abruptly to 7.5 km/s which is related to the granulite-
amphibolite facies transition zone. The velocity
decreases again abruptly to 6.45 km/s for the kinzigite
gneisses. If the seismic velocities of rocks from these
zones determined in the laboratory are compared to the
known crustal velocity structure of the area, strong
evidence is found—as Fountain (1976) claims—that the
studied sequence tepresents a nearly complete cross
section of the continental crust. This may be helpful in
elucidating the structure of other crustal areas, espe-
cially since deeper crustal investigations using the
reflection seismic method have been initiated recently
(Oliver, 1982). With this powerful method one is in the
position to trace reflectors from the visible surface
geology down into the crust, but where this is not
possible synthetic seismograms must be used in the
interpretation. Hale and Thompson (1982) used Foun-
tain’s {1976) P velocities and densities and Schmid’s
(1967) geological cross section for the layer thicknesses
to generate synthetic seismograms for reflectors in the
deeper crust. Their simulation exhibits setsmic lamina-
tions as actually seen in observed reflections from the
lower crust. It is highly probable that with systematic
deep seismic crustal reflection investigations currently
under discussion the Ivrea Zone will be chosen as one of
the prime targets, since it can be considered as an
exceptional laboratory in nature.

Gravity

The most important contribution in this field are the
new gravily anomaly maps of the Western Alps by
Guillaume and Guillaume (1980): A Bouguer map
calculated for the standard density of 2.67 g/cm’® which
takes into account the terrain effect up to 166.7 km,
and an Airy isostatic gravity map with a compensation
depth of 30 km and a density contrast of 0.6 g/cm?.
The Bouguer map from which a sector is reproduced
covering the amomalous Ivrea Zone (Fig. 2) clearly
shows the positive gravity values reaching 60 mgal and
more. As mentioned by the authors the anomalies are
ot strictly parallel to the surface geology. A major E-W
shift in the anomaly is visible near Varallo; this
observation could possibly be related to a mmajor
transverse crustal effect in the Alps. The fluctuations in
the positive values could be explained by variations in
depth to the top of the Ivrea “perturbing” body.

Geothermics

Although less ofien mentioned, geothermal data such
as heat flow and heat production are of considerable
importance in the study of a collision area. 26 heat flow
determinations using a 2 meter probe (Haenel, 1974)
were made in lakes of Northern Italy. From these
measurements 18 are of direct interest in the study of
the Ivrea and Strona-Ceneri Zones. Their location is
shown on the map in Figure 3 which includes also two
values obtained in boreholes (Coleretto near lvrea and
Chezallet near Aosta), and finally a value from the
Mont Blanc Tunnel. The mean heat flow for the lakes
in the Southern Alps is 64.1 mW/m? + 9.5 mW/m?
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which is reduced by an uplift and denudation correc-
tion to 43.0 mW/m? + 7.0 mW/m?2. The correction is of
the order of 33 % of the measured value. Finckh (1976)
has also made heat flow determinations in some of the
northern Italian lakes (as e.g. Lago Maggiore), but with
a 12 meter long probe. His results give much higher
heat flow values. The discrepancy between the different
results raises the question of the reliability of heat flow
data. In a critical assessment Haenel (1979) indicates
that in lake measurements errors of up to + 20% have
been estimated. It is, furthermore, difficuit to compare
results because different investigators have only estima-
ted some of the parameters, such as thermal conducti-
vities and sedimentation rates, or have used different
corrections.

Therefore, rather than comparing both sets of data,
only Haenel’s data (1974) will be used. Examining the
map (Fig. 3), it seems clear that near the town of Ivrea
the borehole data are of the same magnitude as the Lake
Sirio and Lake di Viverone data; this permits us to
define a relative heat flow minimum in the area which
could be associated with the Ivrea Zone or the “Ivrea
Body”. Both to the west and to the east of the [vrea Zone
the values are higher, a little greater than 80 mW/m?
west of the Sesia-Lanzo Zone and between 60 to
80 mW/m? in the Strona-Ceneri Zone and further east.

Hohndorf (1975), in an attempt to calculate the
temperature field of the area, determined the heat
production of samples from the Ivrea Zone. The
histogram in Figure 4 recapitulates these data. One sees
that the porphyrites and the granites have the highest
values, while the amphibolites are an order of magni-
tude lower and the ultramafics give only a negligible
contribution.

Hohndorf er al. (1973) calculated stationary thermal
models for the “Ivrea Body™ using heat flow and heat
production {A) data available at that time. Figure 3
presents a compilation of some of their results. The
geometry of the model (Fig. 5A) is based on the classical
seismic interpretation (see e.g. Berckhemer, 1969). The
model presented here has a uniform thermal conducti-
vity of k = 2.5 W/m-K (Fig. 5C), but the authors have
also used a model with a variable conductivity with
depth. Regardless of the model used the calculated heat
flow values are not affected fundamentally. Figure 5B
exhibits the range of fluctuations for the theoretical
surface heat flow. Model 1c of Hohndort et al. (1973)
shows that west of the Ivrea Zone the Moho (My,) lies
at 50 km depth and has a theoretical temperature
between 800 and 1300 °C; east of the ““Ivrea Body™ the
Moho (M;) lies at only 30 km and the calculated
temperature there is between 500 and 800 °C (Figs. 5A
and 5C). The authors conclude on the basis of the
theoretical temperature distributions that the low-
velocity laver west of the “Ivrea Body™ could be in a
partially molten state if one assumes wet granitic
material. As this model is rather complex, one should
be careful before reaching definite conclusions. It
would be useful to compare these results with data from
the Central Alps (Rybach et al.. 1977).
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Figure 2. Bouguer gravity anomaly map of the Western Alps for a density of 2.67 g/cm? and a terrain effect calculation up to 166.7 km.
The positive “highs” correspond to the geophysical Ivrea anomaly.
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Paleomagnetism

Several studies dealing with the Sesia-Lanzo Zone and
the Ivrea and Strona-Ceneri Zones have been pub-
lished. They all deal with rocks located south of the
Insubric Line and, therefore, have escaped the effects of
Alpine metamorphism. They have, however, been
affected by Alpine tectonics. Furthermore, pre-
Permian rocks were subjected to the complex thermal
history of the region.

Heller and Schmid (1974} sampled four valleys cutiing
the Ivrea Zone (V. Cannobina, V. d’Ossola, V. Sesia and
V. Sessera) and examined the various rocks (ultramafics
and metapelites). Most samples were found to carry a
stable magnetization. The most difficult problem
throughout this area 1s to find appropriate references to
make the necessary geclogical corrections to the in-situ
magnetization directions. Using the layering as a
reference plane the authors suggest that the zone was
already steeply dipping during the acquisition of the
magnetization and that it has been subsequently
deformed. The directional data of these pre-Permian
metamorphites indicate a regional anti-clockwise rota-
tion with respect to “stable Europe™.
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after Haenel

(1974 )

Heiniger (1979) investigated the Permian volcanics
(porphyrites) which discordantly cover the basement
rocks in the Strona-Ceneri Zone; the sampling sites are
in the region of Arona (SW of Lago Maggiore) and the
“porphyry district” of Lugano and Ganna. In general
alternating field and thermal demagnetizations reveal-
ed a stable component. The author mentions that in
some places (e.g. in the eastern part of the Lugano
district) the tectonic movements have affected the
relative position of the volcanics and it, therefore, is not
possible to re-establish their original position. The
consistent directions determined from samples of the
better sites suggest that the Southern Alps have been
rotated anti-clockwise by about 50° relative to “stable
Europe” since the early Mesozoic. In fact, these
Permian paleopoles correspond closely to the Permian
part of the African polar wander path.

Paleomagnetic investigations in the Sesia-Lanzo Zone
are associated with the late magmatic history of
Tertiary age. Andesitic and lamprophyric dikes (Oligo-
cene) located NW of the town of Ivrea exhibit stable
remanent directions after alternating field cleaning
{Lanza, 1977). They cluster around two directions

50 km



Ivrea and Strona-Ceneri
251 Data from
Hohndorf ( 1975 )
204
Y
o 15 4
c
[«}}
=
o
2 101
L
0 R
107° 1078 1077
Heat production

Zones,

Porphyrite
Granite
Gneiss
Amphibolite
Kinzigite

B 7 HE L

Ultramafic

2?‘)I+++++++++++*+++++++++++]:-'ﬂ

Pttty et +"']'.:§:

LSS S I,

A [w/m3]

Frigure 4: Heat production (A) of various rocks from the Ivrea and Strona-Ceneri Zones,

related to samples from the SE and from the NW., The
author indicates that on the basis of seclogical evidence
these two directions are related to tectonic movement
(folding about a subhorizontal axis striking north to
northeast). Lanza (1978) studied in detail a thin area
sandwiched between the Ivrea Zone and the Sesia-
Lanzo Zone, known as the andesitic cover of this latter
zone. Samples came from the northwest and west of the
locality of Biella. It is important to notice that the
remanence has a stable behaviour and furthermore
gave a positive conglomerate test; it would seem then to
be primary. The mean mn-situ directionis D=135.9", 1=
—-2.9°, ,s=8.8°, which is in agreement with an andesitic
site result from Heller and Schmid (1974), namely
D=129",1=~1° u4,=14". These latter authors restored
the result for the horizontal position and obtained a
direction which is similar to that of the Oligocene
granitic Bergell massif. Provided all this andesitic
magmatism is of similar age, one could use these results
to decipher the regional geological rotations of the
internal dikes of the Sesia-Lanzo Zone and of the
andesitic cover. Lanza (1978) concluded that after the
Middle Oligocene the Sesia-Lanzo Zone was folded
about a subhorizontal axis; on the other hand Heller
and Schmid (1974) deduced that their andesite (near
Biella) indicates an anti-clockwise rotation. Such tec-
tonic corrections need to be verified using rocks from
other geologic formations.

Most of these studies raise the problem of the applicabi-
lity of the paleomagnetic method in complex areas,
such as the Alpine system. Lowrie (1980) stated that
*,.. the usefulness of paleomagnetic data as a means of
associating the region with a parent supercontinent
and/or of deducing its tectonic history becomes se-
verely restricted™. It is, therefore, verv necessary to
make such studies in close association with a structural
geologist,

To conclude on an optimistic note the major achieve-
ment of these studies is the paleomagnetic demonstra-
tion that in the Southern Alps the Paleozoic direc-
tions—although they are fairly scattered—correspond
to African directions (Lowrie, 1980) and this result
allows amongst other geological evidence to relate the
Adratic promontory to the African plate. There also
exists evidence for anti-clockwise rotations of up to 25°
for the Tertiary with respect to “stable Europe™ which
are related to Alpine orogeny.
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Regional Geomagnetic Study of the Southern Border of the Western Alps
— The Ivrea Body -

1. Introduction

Since 1972 an extensive geomagnetic ground survey
(total field intensity) has been carried out in the
southern border region of the Western Alps (Webel and
Wagner, 1973; Wagner et al, 1978) with the aim of
improving our knowledge of the magnetic counterpart
of the well-known Ivrea positive gravity anomaly
(Vecchia, 1968) and the anomaly of high seismic P
velocity located in the upper part of the crust (Berck-
hemer, 1968). To avoid confusion, it should be pointed
out that the geophysical Ivrea anomalies have a much
larger extension than the (geological) Ivrea Zone (17) as
defined by the petrologists (see Chessex and Wagner,
this volume). Due to the rugged topography the field
work which covers an area of approximately 7000 km?,
was mainly carried out along valleys which are more or
less perpendicular to the Alpine arc (Fig. 1). The basic
data set corresponds to 944 total field measurements
taken by students of Geneva University during their
diploma work. This set is used to produce a regional
total field anomaly map which will subsequently be
interpreted qualitatively and quantitatively.

2. Previous Investigations

Weber et al (1949) were the first to detect a strong
magnetic anomaly west of Locarno during a survey of
vertical and horizontal components, which they related
to the geological zone of Ivrea. It was only after the
stimulus given by the First Symposium on the Zone of
Ivrea-Verbano (1968} that further magnetic surveys
were undertaken 1n this area. Albert (1974) measured
the vertical component between Torino and Finero in
1969/70, and showed that the anomaly found previous-
1y extends further to the southwest close to the city of
Ivrea. A few combined total magnetic field and gravity
field profiles distributed from south of Biella to the
north of Cuneo have been investigated by Lanza (1975).
The area south of Cuneo has been studied by Froide-
vaux and Guillaume (1973, 1979); their field map
indicates that the Ivrea anomaly seems to disappear
there.

3. New Geomagnetic Survey

Three types of proton magnetometers have been used
in the new survey; the basic work was carried out with a
Varian M-49A. With the improvement in electronic
components the newer magnetometers became lighter
and had a greater autonomy of operation. We com-
pleted the survey with a Geometrics G 826 and a
Scintrex MP-2 magnetometer. The latter allowed us to
work for 13 days without changing the batteries.

Measurement method

Measurements of the total field intensity were made
mostly along profiles with the stations 1-2 km apart.
Stations were chosen for their accessibility, remoteness
from magnetic disturbances, and homogeneity. At each
station five sets of five readings each were taken at the
corners and at the center of a 10 meter square, If these
readings varied by more than 10 nT the station was
abandoned and a new attempt was made nearby. This
technique gives a precision of + 3 nT.

For most of the survey we used only one magnetometer
in the field, and as each profile was very long, it was
decided to use the looping method for the measure-
ments (Fig.2) in order to correct for the diurnal
variation. During each field season we established a
complete diurnal variation record so that a reference
curve (Fig. 3) was available for the total field data.

As the total magnetic field measurements were taken
over several years, we had to adjust our data for secular
variation. From a comparison with several field
stations we adopted a vearly increase of the field of
25 nT. This is also the value given by Fischer and
Schnegg (1978) in the new map of the total intensity
geomagnetic field for Switzerland. Therefore all our
data have been recalculated for July 1, 1980 (Epoch
1980.7).

The measured field ranges from 45000 nT to 48000 nT,
with a mean value around 46300 nT.

4. Geomagnetic Anomaly Field

A reference field was subtracted from the measured
values to bring out the regional anomaiy field. The
International Geomagnetic Reference Field 1975
(IGRF 75) was used. From the obtained values (see e.g.
in Fig. 4) one sees that this theoretical field is not
applicable to our Alpine area because it systematically
gives values which are too high. To avoid such a bias, a
linear reference field was computed for the longest N-S
measured profile (Domodossola-Asti) by a least-squares
regression method. This calculated field 15 nearly
parallel to the IGRF 75, but shifted by 260 nT and,
therefore, one can take this value as a constant
difference which has subsequently been subtracted
from IGRF 75 (Fig. 4).

It is interesting to note that reference values calculated
on the basis of MAGSAT 3/80 data (Langel et al., 1980)
are approximately 160 nT lower than those of IGRF
75. Thus the former model would give an improve-
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Figure 2: Measurement technigue along profiles to obtain diurnal variation using only one magnetometer.

22




‘P91 [euo1S0] 9y} SUIJOP 0] PAsN (110U 24} UT) B[OSSOPOWOC] PUE (1IN0S ) UI) 11V UM PIO1 DHIUBLUI0DS [@10) 313 JO [YOI] - f 2415L]

aryyoad a1 Suope sjusudINSEIW OLjouewL Y] JO UCIHSO @

$L YN 01 [2[eied POl 20U USSOYD) P

015501501 JeduI] 53IENDS-15E3} v AQ POUIRIGO POl UMY ¢

CLAEDI €

PIOT) PRSI |
———
wi Ql 0]

2)02g
e®e Sgt DI‘OQQOP 2 a0 @ %ﬁon s ioo & . o . 3 COOOI
) L J L Y il ad [ ] ﬁ »
-~ LA % o.o...oﬂ-qt ® . . . . e,

4000 9%

COos o

Q00LY

|

_

|

+ [1u]

ALISNILNI  TTvlOl Q71314  DILINOVIWOIS
371714044 V10SS000WCQ - LSV

o
(o]



INTERPOLATION
USING

LOCAL PARABCLA
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Figure 5 Flow chart illustrating the different steps to achieve
automatic contour tracing.
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ment, but there still remains a difference of 100 nT
compared to the estimated reference field.

Contouring of anomalies

Two problems arise for the drawing of isolines in our
area: the first one is the non-uniform distribution of the
measurements which are mainly on non-equidistant
profiles, the second one is due to the very large and
rapid local variations of the anomalous field.

Under these conditions it is very difficult to manually
trace the contours. Therefore we decided—since in this
investigation we were mainly interested in the gross
structure of the perturbing bodies—to draw maps with
smoothed anomalies. This allows an interpretation in
terms of simple models. A computerized approach is
best adapted to solve this problem.

In the present case the contouring has been done in
three steps (Fig. 5). In the first one a large-scale grid was
calculated with squares having a side which 1s slightly
smaller than the distance between the profiles. To this
end the method described by La Porte (1962) was used:
The experimental points inside a circle of radius R,
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centered on the point to be interpolated are approxi-
mated by a second-order polynomital of the type

F (X, ¥) = g + & X2 + apX + 23 + 2,XY + 25y?
in a least-squares fit procedure.
Before performing this operation a weighting procedure

is used based on the term 1/R? in order to reduce the
effect of distant values. The weight attributed to a point

P, is (Fig. 6)
d'iZ + 1]2 ?

where d, is the distance between the center of the circle
and the point P,and % is a smoothing factor.

The second step allows the refining of the initial grid to
obtain a much finer one needed for a good-quality
tracing with the computer plotter. To save computing
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Figure 6 Data selection to compute the data grid.

time, the interpolation is done first line by line on the
initial grid. One then obtains a rectangular grid with the
smallest dimension equal to 1/K times the original
grid size, coinciding with the horizontal axis. Secondly,
one proceeds to an interpolation column by column on
the previously obtained intermediate grid. This twofold
unidimensional interpolation uses a spline under ten-
sion whose variations of the stress factor allows an
interpolation ranging from a broken line to a classical
bi-cubic spline.

Finally this grid is used to produce the isolines which
are chosen to give well-defined and clearly visible
anomalies.

The fine grid has a size of M (K-1) - N (K-1), where M
and N are the dimensions of the large scale grid, and K
is the refinement factor. Two maps of the anomalous
magnetic field for the geophysical Ivrea area have been
produced with smoothing factors of 7 = 0.25 and 5 =
0.50. Both maps exhibit a large regional magnetic
anomaly which—if side effects to the northwest are
disregarded—is oriented SW-NE, extending from Pine-
rolo to Locarno (see Figs. 7 and 8).
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Description of the magnetic anomaly maps

The magnetic Ivrea anomaly consists of a steep and
narrow zone of “highs” running always slightly to the
southeast of the Insubric Line. An interesting point is
that the distribution of the anomaly follows the general
trend of the broad regional geology. In fact, between
Locarno and south of the locality of Ivrea the positive
part of the magnetic anomaly lies mainly on the
geological Ivrea Zone. Further south it is more difficult
to correlate this positive anomaly with the geology due
to the Quaternary cover. A strong positive anomaly
appears west of the city of Torino reaching 650 nT (see
map in Fig. 7). Although this appears to be a continua-
tion of the magnetic Ivrea anomaly it seems to have a
different aspect and should be interpreted as an inde-
pendent or at least a different body. It should be noted
that this particular anomaly is located SSE of the Lanzo
ultramafic massif.

5. Tentative Quantitative Interpretation

This interpretation is based on the magnetic Ivrea
anomaly map computed with a smoothing coefficient
of » = 0.25 (Fig. 7), becaunse it shows—with more
details—the various anomalies.

The main regional anomaly mentioned previously is
marked by a few, more or less extended “highs” located
SW of Locarno, NW of Omegna and SE of Ivrea. The
Torino-Lanzo anomaly is not considered in our inter-
pretation for reasons already mentioned. The three
anomalies are separated by local “lows” of the order of
125 nT. It is important to point out that the north-
western zero line is almost parallel to the axis of the
maxima. Although the southeastern zero line exhibits a
rather complicated behavior it is possible to see a
tendency of the zero contours to diverge from the axis of
the maxima as one goes from the northeast to the
southwest. This means that magnetically speaking
the main body should be wider in the region of Ivrea as
compared to the Locarno area.

On the other hand, a recent gravity Bouguer anomaly
map published by Guillaume and Guillaume (1980)
shows a very good coincidence between the gravity
“highs” of the positive Ivrea anomaly and our magnetic
positive anomalies. This coincidence confirms the
hypothesis of the authors cited, namely that these
gravity maxima are due to the depth variations of the
top of the body. A sketch model (Fig. 9) illustrates these
deductions; it has been used as a gnideline for the
quantitative interpretation. For the inversion a compu-
ter procedure has been developed which permits the
calculation of a body in 2 1/2 D. It is based on the
algorithm suggested by Talwani (1965). This procedure
allows the modelling of any elongated structure by a
combination of bodies with constant cross section. The
effect can be computed either along a profile or on
points distributed on an arbitrary surface.

In fact, the first model computed was a slab dipping
towards the SE and thickening with depth; its shape had

been inspired by the seismic and gravity results. Then
by a trial-and-error method this initial body was
modified to fit the experimental magnetic data. As it is
very difficult to know how the magnetic parameters
vary with depth (e.g. magnetic susceptibility) the
simplest satisfactory sofution was adopted. Figure 10
gives the geographical extension and the various cross
sections of the body and also its computed magnetic
anomaly. For the calculations a constant susceptibility
of 3-10-3 G/0Oe was chosen.

Discussion

The computed model (Fig. 10) shows a poor fit at the
western flank of the magnetic Ivrea anomaly. It is
suggested that this is related amongst other reasons to
two main effects:

(@) The adoption of a homogeneous magnetic body
may be questioned on the basis of the geological
structure at the surface and the petrology. These suggest
that one should use horizontal susceptibility variations
perpendicular to the extension of the body.

(b) Along the western flank of the Ivrea anomaly there
exists a series of strong magnetic anomalies correlated
with the serpentinized part of the Alpine ophiolites.
They reach more than —1000 nT and therefore could
interfere with our main anomaly.

Another important feature is the location of the
Omegna anomaly which has been modelled by shifting
the top structure towards the NW, This displacement
suggests a major SE-NW trending fault.

Finally, this model has been computed with a suscepti-
bility which, based on surface investigations, corres-
ponds mostly to serpentinized ultramafics and to

Locarno
Cmegnag

Figure 9. Sketch of the magretic Tvrea bady.

amphibolite. This raises the question as to which rock
type could explain the nature of the magnetic body. Ifit
is mainly ultramafic, it means that the serpentinization
process took place at a great depth, otherwise there
would not be enough magnetite to produce the observ-
ed anomaly. The magnetic body has been modelled
only in terms of an induced magnetization, the rema-
nent part has been neglected. It is important to
remember that the magnetic body differs in shape from
the gravity body, all dense rocks being not necessarily
magnetic.
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Petrophysical Properties of the Ivrea Zone and Adjacent Areas

Introduction

A knowledge of the physical properties of rocks is of
primary importance for the geological interpretation of
geophysical field studies. As the rocks of the Ivrea Zone
and of its neighbour to the east, the Strona-Ceneri
Zone (see Chessex and Wagner, this volume) represent
large parts of the upper mantle and of the lower to
intermediate continental crust, these two regions
present a unique chance to study the evolution of
physical parameters with depth. However, a certain
caution is necessary:

{a) The Ivrea and Strona-Ceneri Zones are not a
complete continuous section; a part is missing at their
common border which corresponds to the Pogallo Line.

(b) Asoneisable to trace the history of the area back to
the Caledonian orogeny, it underwent transformation
which is not necessarily representative of a *normal-
type” deep geological section.

In this study of the magnetic and gravity anomalies
special attention 1s paid to the magnetic properties and
to the densities of the rocks encountered in the Ivrea
geophysical anomaly area. Other properties relevant
for the general interpretation, such as seismic velocities
(Fountain, 1976) and heat production (Hohndorf, 1975)
are summarized in Wagner (see second paper in this
volume),

Magnetic Properties

For the magnetic interpretation it is necessary to make
assumptions about possible magnetic sources. Each
source 1s characterized by a resultant magnetization
and by its geometry. This geometry may be limited at
depth by the effect of the geothermal gradient on the
magnetic source; the limit is defined by the Curie
temperature T, of the magnetic minerals (e.g. for
magnetite, T, = 585°C) and by the local geothermal
gradient.

Usually the magnetic properties of rocks are controlled
by oxide minerals in the ternary system FeO-TiO,-
Fe,0,. Magnetite (Fe;0,), maghemite (y-Fe,0,) and the
low-titanium titanomagnetites have the strongest
magnetizations. Hematite (x-Fe,Q,) and the titano-
hematites have weaker magnetizations. The iron sulfide
pyrrhotite (FeS,,,) can also give rise to magnetic
anomalies.

_The resultant magnetization J of rocks is the sum of the
induced magnetization (J) and the remanent magneti-
zation (J)

J=J+1,

Ji=Z-T x

T

magnetic susceptibility,

local inducing field

The importance of the remanent magnetization varies
with its type. To ease the comparison one uses the
Koenigsberger ratio defined as:
Q — ‘L = Jr
n
I; ZT

Usually for continental magnetic surveys Q, <1 and,
therefore, one can neglect the remanent magnetization;
this “rule” however has to be controlled each time.

It is noticeable that if the susceptibility is only deduced
from the geomagnetic field survey and not by “in situ™
or laboratory measurements, and if the remanence of
the rocks is not negligible, the determined susceptibility
1s apparent; its value 1s

¢ =+ 2T (Vacquier, 1972)
¢ T

Z,is maximum if the induced and remanent magnetiza-
tion have the same direction,

Sampling and Measurement Techniques

As this study covers the geophysical anomaly area,
samples have been taken on outcrops located in the
Strona-Ceneri Zone, in the Ivrea Zone, in the Sesia-
Lanzo Zone and in the Gran Paradiso Massif.

These representative samples were collected in the field
either as cores with a portable drill or as hand samples
and then cored in the laboratory. Not all hand samples
were oriented. All cores were of 2.5 ¢cm in diameter and
were cutto a length of 2.2 cm. 580 specimens have been
subjected to various magnetic measurements.

Initial susceptibilities have been measured with a
DIGICO bulk susceptibility meter and with a BISON
bridge (Model 3101} for the strong samples. The
mnstruments were calibrated with paramagnetic salts
and rare earth oxides. Remanent magnetization has
been obtained with a DIGICO computerized spinner
magnetometer (Molyneux, 1971). The thermomagnetic
behaviour in a high magnetic field (up to 10 kOe) and
the Curie temperatures were determined with a transla-
tion balance,
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Figure 1: Histogram of susceptibility for the rocks of the Ivrea and
Strona-Ceneri Zones:

| = Amphibolites, 2 = Peridotites, 3 = Serpentinites, 4 = Metagabbros,
5 = Kinzigites, 6 = Stronalites, 7 = Permian granites, 8 = Porphyrites
{Permian volcanics).

Susceptibility

Over the variety of geological “units” sampled the
susceptibility ranges from 10 to 102 G/Oe¢ (see
histograms in Figs. 1 and 2).

For the Ivrea and Strona-Ceneri Zones (Fig. 1), the
amphibolites and the metagabbros exhibit a bimodal
distribution with a peak between 10-% and 10~ G/Oe
and another peak between 10-? and 1072 G/QOe. All other
rocks show relative maxima which lie between

10-3 and 102 G/Qe for the serpentinites
10~ and 10-* G/Oe for the peridotites
10~ and 10-* G/Qe for the kinzigites
1075 and 10 G/Qe for the stronalites

and the porphyrites
106 and 10~% G/Qe for the granites

In the Sesia-Lanzo Zone and in the Gran Paradiso
Massif (Fig. 2) — although the variance of values is as
large as the one for the previous zones—rocks with high
susceptibility are mainly represented by serpentinites.
All the others, ie. greenschists, granites, Minuti
gneisses and schists, range mostly between 10~ and 10~
G/Oe.
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Figure 2: Histogram of susceptibiiity for the rocks of the Sesia-Lanzo
Zone and the Gran Paradiso Massif:

1 = Greenschists (“Prasinites™), 2 = Serpentinites, 3 = Granites, 4 =
Minuti Gneisses, 5 = Schists.

Natural Remanent Magnetization (NRM)

For all specimens examined the NRM varies from 1077
to 10 G, but from a statistical point of view the most
common values are between 107% and 107 G (Figs. 3
and 4); of the more magnetic samples amphibolites,
serpentinites, a few gneisses and porphyrites can
be taken as representative. The analysis of the NRM
directions shows that most of them have a large
dispersion; the radius of the cone of 95% confidence
level around the mean direction () is greater than 15
(Heller and Schmid, 1974; Rochat, 1981). In general
the carriers of the magnetic remanence have a low
coercivity as given by the median destruction field
(MDF) value deduced from the alternating field demag-
netization. The MDF is often lower than 150 Oe. The
only rock with a very high coercivity is the Permian
porphyrite; this has also been noticed by Heiniger
(1979).

Koenigsberger Ratio QQ,

The majority of the specimens measured have a
Koenigsberger ratio below one (Figs. 3 and 4), ranging
from a hundreths to a few tenths; this implies that in
general the magnetic anomalies are controlled by the
induced magnetization. The rocks exhibiting a Q,
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Figure 3: Natural remanent magnetization versus susceptibility diagram showing the variation of the Koenigsberger ratio Q, for the local
geomagnetic field in the rocks of the Ivrea and Strona-Ceneri Zones, Each symbol represents a value based on 1 to 11 specimens.

factor more or less equal to or greater than one are
represented by amphibolites, serpentinites, kinzigites
and porphyrites for the Ivrea and Strona-Ceneri Zones,
and by serpentinites, Minuti gneisses, greenschists and
schists for the Sesia-Lanzo Zone and the Gran Paradiso
Massif.

Curie Temperature

Amphibolite, serpentinite, peridotite and metagabbro
have been investigated for their thermomagnetic be-
haviour during heating and cooling and for their Curie
temperature (T ). The amphibolite (Fig. 5a) behaves in
a completely reversible manner with a T, near 585 °C
characteristic of pure magnetite. The serpentinized
peridotite (Fig. 5b) shows an irreversible behaviour; the
magnetization after cooling is significantly lower. The
heating curve has a final T, near 585°C and also
another one (T,) around 420 °C indicating a different
magnetic phase which could be related to the develop-
ment of the serpentinization. The phlogopite-peri-
dotite thermomagnetic characteristic (not shown) is

strongly influenced by its paramagnetic component;
the presence of a little magnetite is detected by its Curie
temperature. The metagabbro measured is essentially
paramagnetic.

From these investigations it becomes clear that the
magnetite is the most important magnetic mineral in
the sampled outcrops. Similar results have been obtain-
ed by Wasilewski and Fountain (1982).

Bulk Density-Susceptibility Relation

A bulk density-susceptibility diagram is helpful to
correlate magnetic and gravity interpretations, and it
also permits one to analyse magmatic differentiation
trends, or alteration phenomena (Henkel, 1976). The
relations may be represented by different fields in a
simple diagram (Fig. 6).

Bulk densities have been measured on specimens by the
Archimedes method. The diagram has been traced for
the most typical rocks.
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It demonstrates that the metagabbros and the amphibo-
lites have nearly the same densities, but their suscepti-
bilities are very different, namely between 105 and 104
G/Oe for the former and greater than 10-3 G/Oe for the
latter, Peridotites which are rather fresh and have a
density around 3.3 g/cm? are not strongly magnetic if
one excludes the serpentinized ones, where the suscep-
tibility 1s greater than 103 G/Oe but with a lower
density {(e.g. 2.8 g/cm?).

Discussion

Based on all these various magnetic properties and
from the intensity of the main Ivrea total field magnetic
anomaly, serpentinites and amphibolites are the most
likely candidates for the magnetic sources. Their
susceptibility > 10 G/0e makes it possible to model
the Ivrea magnetic body. If the intensity of its magneti-
zation can be simulated with values coming from
outcropping rocks, the type of magnetic source at depth
is open for discussion.

If one admits as a first-order approximation that the
measured susceptibilities at the surface correspond to
those of the deeper crust then the magnetic anomalies
have a maximum source depth given by the Curie
temperature or Curie isotherm of the order of 20 km for
a normal geothermal gradient (30 *C/km). In this case
the amphibolites which are related to the lower crust
(Mueller, 1977) have not only the “right™ susceptibility
> 1073 G/Oe, but also a density which suits the gravity
modelling (see Kissling, this volume).

From the data shown in Figure 6, the peridotites are
denser and have a lower susceptibility, but since the
ultramafic rocks are easily serpentinized they can reach
the appropriate susceptibility and density. The devel-
opment of the serpentinization process gives rise to a
decrease in density and an increase in susceptibility.
This latter phenomenon is explained by Saad (1969)
that during serpentinization the iron atoms are released
from the silicate structure of the paramagnetic olivine
and pyroxene and are oxidized to form magnetite. This
is well documented on the basis of data published by
Logachev and Zajarov (1978). The histogram in
Figure 7 shows the susceptibilities for fresh and serpen-
tinized ultramafics (peridotites, pyroxenites and
dunites). They demonstrate that the secondary process
of serpentinization has increased the susceptibility.
With the formation of magnetite by oxidation the rock
also acquires a chemical remanent magnetization
{CRM) which will also contribute to the increase of the
resultant magnetization. The CRM can be very stable.

It 15 also interesting to note that faults in the ultramafic
rocks facilitate serpentinization and are—as a conse-
quence—detectable through their signatures in the
form of high narrow magnetic anomalies (see Schwen-
dener, this volume).

If one advances the hypothesis that partly serpentinized
ultramafics are the main magnetic sources at depth in
the crust, then one should ask at what depth does the
serpentinization process take place and, if it develops in
the deeper crust, where does the necessary water come
from ?
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Finally, another interesting point should be considered:
the evolution of the susceptibility with temperature.
Dunlop (1974) has presented experimental data of
single-domain magnetite (0.04 pm) particles exhibiting
a thermal enhancement of the magnetic susceptibility
(Hopkinson effect) of up to a factor of 3 at 550 °C. This
effect seems to be less pronounced for multi-domain
grains. In some cases a regional contribution from such
an effect in terms of a deep-seated thin sheet could be
considered.

In conclusion, these experimental results suggest that
the main Ivrea anomaly is most likely created by
serpentinized ultramafics and by amphibolites; both
exhibit adequate susceptibilities for the magnetic model
and densities suitable to contribute—amongst other
rocks—to the corresponding gravity model.
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Detailed Survey of the Locarno Magnetic Anomaly, Switzerland

1. Introduction

The magnetic anomaly of Locarno is well known to
geologists and geophysicists since the early part of this
century and coincides with the eastern end of the
positive gravity anomaly associated with the Ivrea
body.

In the region west of Locarno, between the Centovalli
and the Lago Maggiore, already in 1944 and 1945,
horizontal and vertical magnetic intensities were mea-
sured by Weber ef al. (1949). At that time these authors
postulated a fundamental connection between the
magnetic anomaly and the mafic and ultramafic com-
plex of the Ivrea Zone, where, in some parts, a very
strong magnetization of these rocks was determined. In
1964, additional magnetic investigations were under-
taken by M. Wyss and J. Kienle (unpublished diploma
theses) in the region north of Brissago, where numerous
strong local anomalies were found, which were inter-
preted to have been induced by lightning.

Similar investigations by Webel and Wagner (1973),
along 12 profiles between Cuneo and Locarno, confirm
the coincidence of the magnetic anomaly with the mafic
complex of the Ivrea Zone. This anomaly can he
subdivided mto twoe parts:

1. A regional anomaly with intensities ranging from
-300 nT to +300 nT (1 nT £ 1), induced by the
magnetic Ivrea body itself.

2. Several short-period anomalies with peak values of
1200 nT, which could be caused by dikes or similar
structures.

Susceptibility measurements on rock samples from the
Locarno region gave values of about 103 G/Oe for the
mafic and ultramafic rocks, indicating that these couid
be the cause of the magnetic anomaly.

The regional coincidence of the magnetic and gravity
anomalies, together with the presence of mafic and
ultramafic rocks, suggests the possibility of a quanti-
tative interpretation of the magnetic anomaly. In
order to obtain a complete picture of its size and to
allow the rejection or smoothing of very local anoma-
lies, which could distort the overall aspect of the
geophysical problem, it is necessary to map the
anomaly 1n great detail. Thus, during the period 1978
to 1982, additional field measurements of the total
magnetic field as well as laboratory measurements of
the magnetic properties of selected rock samples from
this region were carried out with the help of students of
the Swiss Federal Institute of Technology. These

investigations can be subdivided into three phases. The
first phase, during the summers of 1978 and 1979,
consisted of a preliminary mapping of the most
intensive part of the anomaly situated on the northern
shore of Lago Maggiore. The second took place in the
summers of 1979 and 1980, where mainly the region
south of the Lago Maggiore was mapped and where
samples for susceptibility measurements were taken.
From 1978 to 1980 a total of 1400 stations were
measured on land. In autumn 1982, finally, the gap in
the lake-covered part of the anomaly was closed with a
nautical survey along grid lines with a total length of
400 km,

2. Geographic Situation

The region investigated is located in the rectangle
between 8° 15" E and §° 45 E longitude and between
45°05 N and 46° 10" N latitude. It is bounded to the
north by the river Melezza, to the east by the river
Maggia, to the south by the 1000 m contour line on
the northern slope of Monte Gambarogne and to the
west by the Swiss-Italian border. A major part of this
region is covered by the northern end of Lago Maggiore
at an average elevation of 193 m above sea level,
whereas the surrounding mountain summits reach
elevations exceeding 1300 m above sea level.

3. Geological and Petrographic Sitnation

The region discussed here lies mainly in the Hercynian
crystalline basement of the Southern Alpine complex,
which is limited to the north by the Insubric Line.
Further north, the gneissic roof zone of the Pennine
nappes 1s found, which forms the northern boundary
of the region considered (Bernoulli, 1980). Of relevance
for the magnetic anomaly, however, are the rocks of the
Hercyman basement, which, in this region, can be
subdivided into two major zones. For more geological
and petrographical details on the Ivrea-Verbano and
Strona-Ceneri Zones see the paper by Chessex and
Wagner in this volume.

4. Land Measurements

Total magnetic field measurements were carried out on
land with a proton magnetometer at a station spacing of
nominally 50 m. For each station, 5 measurements
were made at the corners and in the center of a square
of about 4x4 m. This procedure allows the determina-
tion of the reliability of the central value: whenever the
corner values exceeded the central value by more than
+ 50 nT, additional repeated measurements were made
at this station, in order to determine whether the large
variations were caused by a very local’ anomaly or
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Figure I - Photograph of the radar screen used for boat positioning during the lake survey.

whether the station was subjected to a magnetic
disturbance. If the measured values fluctuated in time,
the larger scatter was interpreted as a magnetic distur-
bance, and, if limited to a single station, the measure-
ment was discarded. If several subsequent stations were
similarly disturbed, the average of at least 5 measure-
ments at each station was recorded. Dense vegetation
and steep topography made it impossible to measure
elsewhere than along footpaths or trails, which are thus
delineated on the topographic map by the station
positions (indicated by the fine dots in Fig. 2).

With the chosen configuration, anomalies of a wave-
length larger than 130 m can be recognized. In areas of
strong magnetic gradients, this configuration was
changed to a station spacing of 10-20 m, thus increasing
the resolution of short-wavelength anomalies, usually
associated with mafic slabs or larger blocks.

5. Lake Measurements

The measuring procedure on the lake was adapted from
that employed in aeromagnetic surveys (Klingelé,
1985). Measurements were made at intervals of
3 seconds, along straight north-south trending lines
spaced at 500 m from each other. The sensor, coupled
to a precession magnetometer with a resolution of I nT.
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was towed behind the boat at a distance of 30 m. The
measured values of the magnetic field were recorded
together with time and profile label on digital magnetic
tape as well as in analog form on a paper chart recorder.
The measurements were run from the ETHZ-owned
research vessel « THETHYS», a 24-foot inboard cabin
cruiser. Electric power for the measuring instrumenta-
tion has been provided by a 24 V/60 A alternator which
is driven by the boat engine and which charges a
100 Ah lead-acid buffer battery. Profiling speed was
held at an effective speed of 135 km/h.

The boat is equipped with a radar for instantaneous
navigation and for following a predetermined course
during foggy or hazy weather. A camera is mounted
above the radar’s viewing unit, thus allowing to
photograph the radar screen during one full revolution
of the beam, which corresponds to an exposure time of
about 2 seconds. A digital LED clock affixed to the
viewing screen is included in the photographs, thus
providing the correlation between the magnetic meas-
urement and the boat’s position. Such a photograph is
reproduced in Fig. 1, showing the distinct radar reflec-
tions from the lake shore and from the two islands of
Brissago. The dot at the central cross-hair indicates the
ship’s position relative to the lake shores and the
slightly clearer line upwards from this dot indicates the
ship’s heading. The angular subdivision on the circum-




ference is not related to the azimuth and is only used for
navigational purposes. The equidistance of the three
concentric rings and of the parallel straight lines
corresponds to a horizontal distance of 2 and 1 km,
respectively,

During this survey, such photographs were taken at one
minute intervals synchronized to the minute marks on
the magnetic record. Later, the negative film was
projected onto a transparent base map in appropriate
enlargement and the radar image was adjusted to match
the map’s shore lines. The central cross-hair marks the
boat’s position at the corresponding time. The accuracy
of this procedure for the size of this particular lake
basin is about +20 m. Similarly, the positions of
particular events, such as ends of lines or course
changes, were fixed by additional photographs.

The positions in the lake determined in this manner are
shown in Fig.2 as dots, and the ship’s course is
represented by the connecting straight lines. The shores
of the northern end of Lago Maggiore are shown as
almost continuous lines, interrupted only at river
inflows.

6. Data Redﬁction

The numerous single-point magnetic field measure-
ment values from the Locarno region obtained over
several years and with different methods and instru-
ments were processed together with the lake survey in
order to obtain a map of the total magnetic field and
subsequently of the residual field of this region. The
procedure can be subdivided into 4 steps: (1) correction
for diurnal and secular varations, (2) computation of
the grid of the total magnetic field, (3} computation of
the regional magnetic field and its anomalies and finally
{(4) cartogranhy. The last point shall not be described
here in further detail.

(1) Correction for diurnal and secular variations

A base station with a paper recorder was set up in the
vicinity of the survey during the measurements, The
recorded variations were then digitized and, after
linearisation, utilized for corrections. Assuming the
diurnal and secular variations to be the same over a
zone with a radius of about 150 km, the correction for
diurnal variations and the data reduction to the chosen
reference epoch of 1978.5 is given as

Fi(a) = F(t) - F{t) + F(m) — F(m) + F.(a)

constant term

where:

Fya) = Value of the mean magnetic field at point P
for yeara

F,(t) = Measured value of the magnetic field at point
P andtimet

F(t) = Measured value of the magnetic field at the
base station at time t

F,(m) = Value of the mean magnetic field at the base
station during the survey period

F,(m) = Value of the mean magnetic field at observa-
tory O during the survey period

F(a) = Value of the mean magnetic field at observa-
tory O during year a

The values of F.(m) and F,(a) were obtained from the
Magnetic Observatory at Neuchdatel (Switzerland), and
the assistance of P. A. Schnegg is gratefully acknowled-
ged here.

(2) Total field grid computation

In a first step the region of interest was subdivided into
three zones, namely the area to the north of the lake, the
area to the south and the lake itself. In each of these
zones, an independent grid with square meshes of
50x50 m was established; the three grids have a
common origin and were unified later in the final map.

The interpolation method used is described in the
paper by Wagner, Klingelé and Mage, of this volume.

(3) Computation of the regional magnetic field and its
anomalies

Based on the International Geomagnetic Reference
Field (IGRF 735), the regional normal field was comput-
ed for the corners of a grid of 1km mesh width,
covering an area considerably larger than that of
interest here. This coarse grid was fitted by a least-
squares procedure giving the coefficients of a first-order
polynomial in x and y, permitting it to be interpolated
at the point of the finer grid derived from the data. The
residual field was then obtained by subtracting this
normal field from the measured total field at these
points. At first sight, this procedure may seem compli-
cated, but the linear interpolation employed is compu-
tationally considerably faster than the alternative
expansion into spherical harmonics of 13th degree.

Figs. 3 and 4 show the resulting maps of the total
magnetic field and of the residual anomalies, respecti-
vely. Both reveal two anomalies of high intensities
(1220 nT and 1050 nT, respectively) with non-recti-
linear axes and a shift with respect to each other,
suggesting a complex geometry of the disturbing body.

7. Susceptibility Measurements

Since a quantitative interpretation is impossible
without at least an approximate knowledge of the
magnetic susceptibility of the rocks in the region, about
90 representative rock samples were collected in the
zones showing strong anomalies. These samples were
cut to cylinders of 2.54 cm diameter and 2.25cm
length, and their susceptibility was determined using an
induction balance UEF-KLY 1 at the Geomagnetism
Laboratory of the ETH Institute of Geophysics in
Ziirich. Fig. 5 shows the results of these measurements
in the form of histograms on ultramafic rocks, kinzi-
gites and mafic samples, respectively.
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8. Interpretation

A closer lock at the map of the residual anomalies
(Fig. 4) clearly reveals the existence of two main
anomalies, whose positive axes are at an angle of about
90° to each other. The western anomaly of about
1000 nT suggests from 1its north-south orientation,
which is in contradiction to the strike of the known
geological structures, and from the absence of a
negative lobe, the presence of a body with high
remanence. Therefore a quantitative interpretation of
this anomaly is not attempted in this paper.

The eastern anomaly, with an overall WSW-ENE
orientation of its positive axis, is bent in its western
part, which is probably due to the influence of the
strong anomaly to the west. The general trend of this
anomaly must be compared to the results obtained from
the aeromagnetic survey. Fig. 6 shows the total field
anomaly as revealed by the aeromagnetic survey in the
same region (Klingelé, 1982). The axis of this anomaly,
delineated by stars, is superimposed onto the anomaly
derived from ground measurements shown in Fig. 4.
This comparison clearly shows that the general trend of
the anomaly based on ground measurements is the
same as the one resulting from the aeromagnetic survey.
Thus, interpretations of the two anomalies should give
similar results.

Based on the method given by Talwani and Heirtzler
(1959), both data sets were interpreted along a profile
perpendicular to the principal axis of the anomaly,
indicated by the straight line from A to A” in Figs. 4 and
6. This method consists of a curve-matching procedure,
in which the interpreter must minimize the differences
between a calculated anomaly and the measured one,
by varying the susceptibility contragt and the dimen-
sions of one or more disturbing bodies of infinite extent
in the direction perpendicular to the interpreted profile.
The theoretical number of solutions is infinite, but can
be constrained within reasonable limits by geological,
tectonic and petrophysical considerations. The results
obtained reveal that the anomaly can be explained by
an almost vertical body of mafic to ultramafic composi-
tion, having the form of a slab broadening with depth.

The model derived from the ground measurements is
shown in Fig. 7a together with the corresponding
theoretical curve superimposed on the measured resi-
dual anomaly (Fig. 7b), and with the difference between
the two. The somewhat larger discrepancy between the
two curves in the northern part (Fig. 7¢) suggests the
existence of a protuberance om the disturbing body,
having a width of a few hundred meters at most.

Figs. 8a and 8b show the solutions for the airborne
survey and the correspending model calculations. The
resulting differences in shape between the disturbing
bodies obtained from the airborne and from the
ground-based interpretations are relatively small and
can basically be attributed to the smoothing effect of the
aerial survey, which was flown at an altitude of 3000 m.
Note that the best-fitting susceptibility contrast in the

models is the identical value of 5.5x 1073 G/Oe for both
models. [n the aerial survey no indication is found for
the western anomaly, which is clearly present in the
ground-based survey and, consequently, the modelled
form of the disturbing magnetic source is somewhat
simpler. Fundamentally, both surveying methods yield
comparable results, but the ground-based survey has a
higher resolution.
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The Ivrea Magnetic Anomaly in the Valle d’Ossola
and Valstrona Area, Northern Italy

1. Introduction

The rocks of the Ivrea Zone and the adjoining Strona-
Ceneri Zone to the southeast (see Chessex and Wagner,
this volume) consist of material originating from the
upper mantle and from the lower to intermediate
continental crust. To elucidate the fine structure of the
regtonal magnetic anomaly that is generated by these
rocks (see Wagner, Klingelé and Mage, this volume,
and Albert, 1974), a high resolution survey of the total
magnetic field has been performed along three profiles.
The profiles are situated on the northeastern and
southwestern flank of the Valle d’Ossola and in the
Valstrona. The profiles are about 20 km long, perpen-
dicularly to the strike of the Ivrea Zone.

VALLE O "OSSCOLA ,

2. Magnetic Measurements

The measurements of the total magnetic field were
carried out in the year 1977 (Schwendener, 1978) with
a SCINTREX MP-2 proton-precession magnetometer.
This instrument provides a resolution of 1 nT. The
average spacing between the stations in the Ivrea Zone
is 50 m. It was reduced down to 20 m in regions of high
magnetic anomalies. Qutside of the Ivrea Zone one
station was measured every 250 m. At each station
5 values were sampled. They are situated at the center
as well as 5 m to the north, south, east and west of it.
This allows to have control on the iocal horizontal
gradients of the total magnetic field. Investigations on
the precision of the data gave mean errors of + 2 nT in
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Figure I; Total magnetic field along a profile across the northeastern flank of the Valle d’Ossola, together with a simplified geological

section (after Schmid, 1963).
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regions of no anomalies and + 6 nT when high anoma-
lies were present. To eliminate the diurnal variations,
the total magnetic field was recorded with a base station
operating in the surveyved area.

3. Reduction of the Observations

After the reduction of the diurnal variations, correc-
tions were made for the change in altitude and latitude.
The corrections were calculated for 1977 with the help
of the values of IGRF (International Geomagnetic
Reference Field) 1975.

No corrections for topographic effects were made.

The three measured profiles are shown in Figs. 1,2 and
3 together with simplified geological sections.

4. Susceptibilities

On a series of rock samples, drilled on the northeastern
flank of the Vaile d’Ossola, magnetic bulk susceptibili-
ties were measured with a “GEOFYZIKA KLY-1"
kappa-bridge.

The susceptibilities range from 8-10°¢ G/Oe in the
rocks of the Strona-Ceneri zone to 3-10-* G/Oe in the
amphibolites of Nibbio and 6-10-% G/Oe in the pyricla-
sites of Premosello. They are plotted together with the
magnetic profile across the northeastern flank of the
Valle d’Ossola (Fig. 1}.

5. Discussion of the Magnetic Profiles

For the following discussion the nomenclature of rocks
has been adopted from Schmid (1967). The three

VALLE D '0SSOLA, SOQUTH - WEST PROFILE
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Figure 2: Total magnetic ficld along a profile across the southwestern
flank of the Valle d'Ossola.
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presented profiles show clearly, that the magnetic
anomaly generated by the Ivrea Zone consists of a series
of local anomalies of 0.2 to 2.0 km in width with
amplitudes of up to 2000 nT. They can be correlated
very well with the mafic and ultramafic rocks of the
Ivrea Zone. On the Valle d’Ossola northeastern profile
(Fig. 1) the first local anomalies occur 2 km southeast of
the Insubric Line in the pyriclasites of Premosello,
which also possess high susceptibilitics. The field
remains quiet in the region of the stronalites (northwest
of Cuzzago) and is again strongly anomalous in the area
of the pyroxenites and amphibolites between Cuzzago
and Bettola. A similar situation is found for the
southwestern profile in the Valle d’Ossola (Fig. 2). The
strong local anomalies were measured in the region of
the pyriclasites and amphibolites whereas the field
remains rather undisturbed in the region of the more
intermediate stronalites.

While form and size of the local anomalies in the two
Valle d’Ossola profiles differ significantly, they occur in
the same petrological units. This indicates that the
amount of magnetic minerals is likely to change, which
could be due to different amounts of serpentinization
(see Wagner, this volume). Their presence, however,
remains restricted to the same units {pyriclasites and
amphibolites).

This statement is corroborated additionally by the
Valstrona profile (Fig. 3), where only one outcrop of
mafic rocks is present (amphibolites, southeast of
Rosarolo). The only strong local anomaly on this
profile is clearly correlated with this unit. The ultra-
mafic rocks (peridodite) near Campello Monti cause
only weak local anomalies as expected from their lower
susceptibilities (see Wagner, this volume).

A continuous increase of the total magnetic field
intensity (150-200 nT) from the northwest to the
southeast can be observed on all the three profiles. This
regional anomaly has been interpreted with a two-
dimensional model consisting of a southeastward-
dipping plate of 15 km thickness with a susceptibility of
0.001 G/Oe¢ (Schwendener, 1978). The cross section of
this plate is in accordance with the three-dimensional
gravity model (Kissling, this volume).
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Three-Dimensional Gravity Model of the Northern Ivrea-Verbano Zone

1. Gravity and Seismic Data

The interpretation of the new Bouguer map of Switzer-
land (Klingelé and Olivier, 1980) by a model of the
crustal and upper mantle structure in the Central Alps
requires the consideration of the gravity effect of the
Ivrea body. For this purpose the results of a gravity
survey (Kissling, 1980} in the northernmost part of the
Ivrea-Verbano Zone have been incorporated into the
Bouguer map of Switzerland (Fig. 1). The high station
density of this map (in average one station per 16 km?in
the Alps) allows three-dimensional gravity modelling
for the Central Alps as well as for the northern
Ivrea-Verbano Zone. Because this recent gravity survey
was restricted to the north of the Val Sesia (Fig. 1),
gravity information for the southern part of the Ivrea
body must be taken from the small-scale Bouguer map
“Schwerekarte der Schweiz und der angrenzenden
Gebiete”, a compilation of data from Bouguer maps of
Italy, France, Germany, Austria and Switzerland
published previously (Kahle et al., 1976).

Reinterpretation of older seismic data as well as new
refraction lines in the vicinity of the northern Ivrea-
Verbano Zone led to a cross section from the Valais to

the Po plain (Fig. 3) by Ansorge et al. (1979). This
reinterpretation is most useful for a three-dimensional
gravity model because its cross section is mainly based
on refraction lines that run parallel to the main tectonic
units though situated slightly to the northeast of the
Ivrea body.

2. Geologic Model Constraints

Several large-scale geologic maps of the northern
Ivrea-Verbano Zone have been published in the last two
decades. While the maps of Bertolani {1968), Boriani
and Sacchi (1973) as well as that of Steck and Tiéche
{1976) supplied specific information for near-surface
geometry of the Ivrea body the geologic map of Schmid
(1967 and 1968) has been used for most of this study
{see also Chessex and Wagner, this volume).

[t is interesting to note that the main tectonic lineament
of the area, the Insubric Line (IL) which showed large
horizontal and vertical displacements during the Late
Tertiary (Laubscher, 1971) presently shows remarkable
seismic quiescence (Mayer-Rosa and Mueller, 1979).
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after Klingelé and Olivier {1380)
. and Kissling (1980}
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Figure |: Bouguer map of the southeastern border of Switzerland (in mgal) after Klingelé and Olivier, 1980 and Kissling, 1980. Location of gravity

profiles in the northern Ivrea-Verbano Zone:
VS = Val Sesia profile, VO = Valle d’Ossola profile,
VC =Val Cannobina profile, SG = Swiss Geotraverse.
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Figure 2: Bouguer map of the southeastern border of Switzerland (in mgal)

In the area under consideration, the Insubric Line is
exposed over a vertical range of 2000 m showing a dip
of about 50° in Val Sesia with a steady tendency to
higher angles toward north (60° in Valle &’Ossola,
subvertical near Locarno-Bellinzona, see Gansser,
1968).

To the southeast the [vrea-Verbano Zone is bordered by
the Strona-Ceneri Zone, locally separated from each
other by faults (Schmid, 1968). The density and the
velocity up to pressures of 10 kbar for many of the rock
tvpes of these zones were measured by Fountain (1976).
To obtain information about the two-dimensional dis-
tribution of the near-surface density within the Ivrea-
Verbano Zone and the surrounding areas some 100
samples (each between 3 and 10 kg) have been collect-
ed. The bulk density was measured under wet and dry
conditions in the laboratory using the principle of
Archimedes (accuracy in our case: +/-0.01 g/em?).
The results are shown in Fig. 4. While bulk densities
higher than 3.0 g/cm’ are common for many ultrama-
fics, a rock complex of this size with an average surface
density over 3.0 g/cm? is unique in Europe. It is also
worth noting that these high densities are associated
with several rock types. Using the names introduced by
Schmid (1967), four groups of rock types may be
distinguished:

a. Ultramafic rocks with densities up to 3.20 g/cm?,

b. Stronalites and basic rocks with densities between
2.95 and 3.10 g/cm’,
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afier the rernoval of the gravity effect caused by the Ivrea body.

¢. Kinzigites with densities 2.70 — 2.90 g/cm?, which
form some kind of intermediate layer between the
Ivrea-Verbano and Strona-Cenerl Zones,

d. The schists and gneisses of the Strona-Ceneri Zone,
which scatter widely about an average density of
2.65 g/cm’; values as low as 2.45 g/cm’ have been
found locally, and within the Strona-Ceneri Zone
there are several batholiths (for example the granite
of Baveno) that show a density of 2.67 g/cm’.

Since the stronalites, the mafic rocks (mainly amphibo-
lites), and kinzigites are well mixed over a broad area,
they may be treated as one single layer as far as density
is concerned. This layer then has an average positive
density contrast of 0.35 g/cm’ on the surface and shall
be referred to as the main Ivrea body. The density
distribution shown in Fig. 4 suggests the southeastern
border of the so-defined Ivrea body lying within the
Ivrea-Verbano Zone paralleling its boundary to the
Strona-Ceneri Zone. While the fine lamination of the
mafic and intermediate rocks of the Ivrea-Verbano
Zone allows the simplification to a single layer of an
average density around 3.0 g/cm’, the ultramafic rock
complexes within this body have to be accounted for
separately in the gravity model. These complexes have
an average surface density which exceeds that of the
main Ivrea body by 0.05 ~0.15 g/cm?®. Because all ofthe
larger ultramafic rock complexes lie close to the
Insubric Line (Schmid. 1968), the very strong horizon-
tal gravity gradient in this area (Fig. 1) is partly due to
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anomalies of short wavelength superimposed on the
main gravity effect of the Ivrea body as a whole.

3. Three-Dimensional Model of the Ivrea Body

The southern section of the Ivrea body must not be
neglected while modelling the section north of Val
Sesia. For this reason the three-dimensional modelling
of both the gravity and seismic data in the southern
Ivrea-Verbano Zone was necessary. Despite the sparse
geophysical data in the southern Tvrea-Verbano Zone
and the masking sediments of the Po plain, the errors
associated with the model calculation of the northern
Ivrea body are quite small. We only need to know the
gravity effect of the southern part of the Ivrea body in
the area north of Val Sesia while the same model
anomaly has to fit the known gravity field in the whole
southern area. Of course, we therefore cannot gain any
new information about the shape of the southern part of
the Ivrea body. The model used in this study for the
southern Ivrea-Verbane Zone, a uniformly eastward-
dipping plate with a positive density contrast of
0.35 g/cm?, is but one out of several different possibi-
fities.

The procedure of modelling the northern part of the

I'vrea body follows four steps:

1. Recalculation of near-topographic corrections (with
a radius of up to 2.5 km from the gravity station).
This correction (using average densities according to
the distribution shown in Fig. 4) was done only for
gravity stations having more than 50% of their

near-topographic area within the Ivrea-Verbano

Zone, For higher precision (better than +/- 2 mgal;

1 mgal = 0.00001 m/sec?} this should be done for all

stations within 2.5 km of the Ivrea-Verbano Zone.

However, the errors due to both the uncertainty in

station elevation and the effects of the unknown

Quaternary sediments in the valleys, where most

stations are located, are of the same order of

magnitude.

Outlining the top of the Ivrea body and the enclosed

ultramafic rock complexes according to the geo-

logic maps and the distribution of surface rock

densities (Fig. 4).

3. Introduction of seismic model informations. This
includes the data (Fig. 3) from Ansorge et al. (1979),
P-wave velocities of the Ivrea body (German
Research Group: Reporter Berckhemer, 1968 and
Giese, 1968), the thickness and structure of the crust
in the surrounding area (Mueller ez al., 1980) and the
velocity-density relationship of Woollard (1975) and
Christensen and Fountain (1975).

4. Calculation of the gravity effects for different models
that fit the above constraints and comparing the
results with the measured anomaly. The model
calculation was done using a FORTRAN program
{Kissling, 1980) following the method proposed by
Goetze (1976).

[3®]

Most of the recently acquired gravity data lie along
three profiles, each of which runs more or less perpen-
dicular to the local strike of the Ivrea-Verbano Zone

55



e z
o §SSiine —Z——{7
46°00" A
\tl'-;- .
2 %, )

Density Map

Insubric Line

A RN

rd
7
[ ]
yi 7 + Fe e
Y / +¥ .+
L y4 o — .t
1 —
7£|I = ::j: +
o . z . +Ta T+
YW= o + T
_llo— i 2 + 4+
— Wy 7 77\ T
 — 7 yi /.,. o [FH v+
w7 " oty AT
7/ L &y + ++
O Z++ + &+
v Ay yam s e
7 7 474
o 7 7 +
S +

+ .
++ (Granites

Ivrea Zone
Ultramafics

e Sampling site

il

8°30'

—30—Densify Line

Figure 4: Map showing the bulk density distribution of surface rocks in the Ivrea-Verbano Zone.

(Figs. 4 and 5). The Swiss Geotraverse Basel — Chiasso,
the easternmost profile which does not cross the
Ivrea-Verbano Zone but runs only a few kilometers east
of Locarno, still shows a contribution of about
+40 mgal which must be ascribed to the Ivrea body
(Kissling et al., 1983). The different gravity anomalies
along these three profiles (Fig. 5) require a change in
shape of the Ivrea body from Val Sesia to Locarno as
illustrated by the three cross sections (in addition to the
cross sections of the northeastern and southern ends of
the model) in the three-dimensional model of the
northern Ivrea body shown in Fig. 6.
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4. Discussion

While discussing the proposed model of the northern
Ivrea body, it is important to keep in mind that the goal
of the study was to find the simplest model fitting the
geologic, gravimetric and seismic data. Because of the
intrinsic non-uniqueness of any gravity modelling the
main interest in such model calculations is to separate
the most tightly constrained geometric model para-
meters (those for which a slight change results in a
significant difference in the computed field) from the
model parameters for which a whole family of solutions
could be vaiid.




0 l(? km

Figure 5: Comparison of three gravity profiles across the northern Ivrea-Verbano Zone. VS=Val Sesia, VO = Valle d’Ossola, VC=Val Canncbina,

A g =Bouguer anomaly (in mgal).

The model calculations indicate that two of the most
tightly constrained parameters are: (1) the dip (Fig. 6)
of the Insubric Line (i.e. the northern and western
boundary of the Ivrea body to a depth of at least 10 km)
and (2) the main shape of the body as an eastward to
southward dipping plate of about 15 km thickness.
Although the gravity information about the deeper part
of the crust is somewhat questionable, it is quite clear
that the entire Tvrea body lies within the Southern Alps
being separated from the main Alpine arc by the
deep-reaching Insubric Line. Furthermore this gravity
modelling suggests, but certainly does not prove, that

the Ivrea body may reach down to the depth of the
crust-mantle boundary (“Moho”). The maximum
depth is an important aspect of any Ivrea model
because many geophysical interpretations (see, for
example, Hale and Thompson, 1982) rely on a model
first given by Giese {1968) that clearly connects lower
crust and even upper mantle of the Southern Alps with
rocks seen at the surface within the Ivrea-Verbano
Zone. Although the ultramafic rocks represent most
likely upper-mantle material it is still unclear if we
really may see a “Moho” while walking across the Zone
of Ivrea-Verbano. The continuous sequence extending
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Figure 6: Three-dimensional model of the northern Ivrea body with cross sections along:

VS =Val Sesia, VO = Valle d’Ossola, ¥V = Val Cannobina.

from the Permo-Mesozoic sediments across the gneissic
and granitic Strona-Ceneri Zone to the intermediate
and basic rock layers of the Ivrea-Verbano Zone might
very well represent a complete cross section through
the upper and middle into the lower continental crust
(Mehnert, 1975; Mueller, 1977 and 1978). But the
position of the isolated and compositionally distinct
ultramafic rock complexes within the mafic part of the
Ivrea-Verbano Zone remains questionable because they
might have been peeled off from a deeper part of the
Ivrea body. Furthermore, the lack of seismic informa-
tion in the eastern part of the Ivrea-Verbano Zone
extending to Moho depths makes it impossible to even
try tracing this first-order discontinuity from below the
Po plain up into the Ivrea body.

If the high-density rocks of the Ivrea-Verbano Zone
were already within the upper crust before the begin-
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ming of the Alpine orogeny as the petrographic data
suggest (see Schmid, 1968 and Proceedings of the
Second Symposium Ivrea-Verbano, 1978/79) two ques-
tions arise: {1) how was the Ivrea body formed, and (2)
how is it supported in the crust (it must be noted that it
is isostatically undercompensated; see Isostatic Ano-
maly Map of Switzerland, Klingeié, 1979 ; Klingelé and
Kissling, 1982)? Answers to these questions would
provide additional information on the main problem
discussed here: what was and what is the Ivrea-Verbano
Zone ? Does it teally represent a cross section through
the continental crust ?

In a simplified view the Ivrea body has the shape of
an eastward dipping plate. The tectonic activity
(Laubscher, 1970) along the Insubric Line during the
Alpine orogeny may account for the change in shape of
the Ivrea body near the surface and at its northern end
{Fig. §).
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Subtracting the gravity effect of the Ivrea body (Fig. 7)
from the Bouguer gravity map (Fig. 1), one gets a
corrected Bouguer map of the southeastern part of
Switzerland, supposedly without the Ivrea anomaly
(Fig. 2). A residual gravity anomaly ranging from —80
to -130 mgal in the Canton of Ticino, seems to
represent a remaining part of the Ivrea effect. Taking a
closer look, this anomaly covers a broad area mostly
outside of the Ivrea-Verbano Zone. It is formed by a
strong gravity gradient some 20 km north of the Ivrea
body and by a smooth gravity high reaching towards
Locarno from the east-southeast. Both of these features
extend at least some 50 km towards the east, where it
has been recognized in a survey recently undertaken by
Meyer (1982) and Schwendener (1983). Therefore, any
interpretation of this remaining gravity anomaly in the
Canton of Ticino by a change in the Ivrea model would
suppose a northern and eastern continuation of the

Ivrea body underneath the Central Alpine root zong in
the north and underneath the Strona-Ceneri Zone in
the Southern Alps. While the first is most unlikely, the
latter coutd mean a connection of the gravity high in the
region of Verona (Italy) with the Ivrea-Verbano Zone.
This would lead to a simple explanation for the gravity
field in northern Ifaly as proposed by Mueller and
Talwani (1971).

On the other hand, there is no geologic evidence for this
interpretation (i.e. an eastern continuation of the Ivrea
body), and the refraction seismic profiles in the
Southern Alps (Ansorge et al., 1979) show no intracrus-
tal layer between Monte Ceneri and the Bergamasc
Alps that could be interpreted as a deep-lying Ivrea
body. Furthermore, the gravity study in this area by
Schwendener (1983) indicates that the local positive
anomaly in the Canton of Ticino (Fig. 2) is part of a
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Figure §: Structural sketch of the Insubric Line:

oW N

1 =rocks of the Ivrea body, 2 = Insubric Line, 3 = surface of tectonic movement, 4 = sense of displacement.

pronounced, but locally varying change in gravity from
the Central to the Southern Alps. This is caused by a
distinct change in the depth to Moho and crustal
structure over the area of the Insubric Line. Because the
seismic information about the crustal structure in the
Canton of Ticino is sparse (Mueller ez a/., 1980), and
since there might be a few local anomalies involved in
this remaining gravity field (Fig. 2), an eastern and
northern continuation of the Ivrea body s.s. cannot be
proved.

Although there had already been a number of geophysi-
cal surveys in the southern part of the Ivrea-Verbano
Zone, the importance of this rock complex for the
understanding of the structure of the crust and upper-
most mantle clearly justifies additional and more
detailed seismic and gravimetric investigations. In
terms of interpretation of the Ivrea body as a cross
section through the continental crust it would be most
useful to know more about its internal structure.
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