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Abstract

Paleomagnetic analysis was carried out in the northern Apennines on Eocene to Pliocene Epiligurian units. Five Early
Miocene and two Middle Miocene sites yielded dual polarity site-mean directions which show signs of clustering after
correction for bedding tilt. These likely primary magnetizations, in conjunction with data from the literature, give an overall
mean L ate Oligocene—Middle Miocene paleomagnetic pole which shows a large and significant counterclockwise rotation of
52° (+ = 8°) with respect to the Africa reference paleopoles (or a similar amount of rotation with respect to the coeval
Europe reference paleopole). However, this paleopole fals close to the roughly coeval paleopole for Corsica—Sardinia,
which is here calculated by averaging data from the literature. Three additional Early Miocene sites from an area west of
Parma affected by Pliocene tectonics yielded site-mean directions which pass the fold test and are rotated counterclockwise
by a lesser amount than the rest of the Miocene sites. Most of the remaining sites bear paleomagnetic directions acquired
after tilting during a recent phase of remagnetization. We suggest that the large-scale rotation observed in the northern
Apennines was associated with the motion of the Corsica—Sardinia block within the general context of the Africa—Europe
relative motions. A compilation of published data from the central Apennines also shows a differentia rotation of the
northern relative to the southern Umbria belt which occurred after the motion of Corsica—Sardinia and may have been due to
pivoting of the northern Umbria belt against a deep-seated lineament during the non-rotational opening of the Tyrrhenian
Sea. © 1998 Elsevier Science B.V.
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1. Introduction Neogene in conjunction with Corsica—Sardinia block
migration and the subsegquent opening of the Tyrrhe-
nian Sea. Tectonic rotations associated with thrusting
are documented paleomagnetically in large portions
of the central and southern Apennines, e.g., [1-4],
" Corresponding author. Fax: +41 1 633 1065 E-mail: whereas data from the northern Apennines north of
giom@mag.geo.phys.ethz.ch Va Marecchia are sparse, eg., [5]. Therefore, we

The Apennines consist of an arc-shaped thrust-
and-fold belt which developed essentially during the
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Fig. 1. Geological map of the northern Apennines with sampling site locations from this study (circles) and the literature (asterisks). Location A comprises two Miocene sites

from [13], location B comprises ten Late Oligocene sites from [5], locations C and D are the Pliocene Stirone and Sant’ Andrea Bagni sections of [12], respectively.
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carried out paleomagnetic analysis on clastic forma
tions of Eocene to Pliocene age outcropping in the
Emilia—Romagna region of the northern Apennines.
These results, combined with coeval data from the
literature, allow us to constrain better the amount and
timing of the rotations in the northern Apennines,
and to understand their relationships with the motion
of the Corsica—Sardinia block.

2. Geological setting

The northern Apennines are a stack of northeast-
vergent thrust sheets. The Ligurian units are struc-
turally on top of the tectonic pile and consist of
biogenic and clastic sediments associated with ophio-
lite suites from the Mesozoic Ligurian ocean. The
Ligurian units represent the accretionary wedge re-
sulting from the subduction of the Ligurian ocean
below the Corsica—Sardinia block, and were thrust
during the Neogene to the northeast onto the Tus-
can—Umbria carbonate successions of the Adria pas-
sive continental margin (Fig. 1). Thrusting was ac-

PARMA - REGGIO E. MODENA

companied by clastic sedimentation in northeast-
ward-migrating foredeeps [6]. The Tuscan—Umbria
units were in turn thrust onto the ‘autochthonous
metamorphic complex now exposed in the Apuane
Alps [7]. Clastics referred to in the literature as
Epiligurian units were also deposited in relatively
undeformed basins located on top of the advancing
Ligurian thrust sheets.

The Epiligurian units, which we sampled at 26
sites (Fig. 1), consist of Middle Eocene to Pliocene
clastic sediments characterized by strong lateral vari-
ations in lithology and thickness. These sediments
were mainly deposited in deep-water marine envi-
ronments where tectonic activity often generated
slumpings and olistostromes on unstable slopes. The
Epiligurian succession can be subdivided into six
stratigraphic units, each bounded by unconformities
(Fig. 2); from bottom to top the units are:

(1) The Monte Piano Group (Middle-Late
Eocene), which directly overlies the Ligurian thrust
sheets and is comprised of slope and basina mud-
stones with thickness ranging from some tens up to
200 m; this group aso contains lenticular siliciclastic
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Fig. 2. Stratigraphy of the Epiligurian units of the Bologna—Parma Apennines with position of sampling sites from this study.
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bodies of turbiditic origin up to 1000 m thick (e.g.,
the Loiano sandstones).

(2) The diliciclastic turbidites of the Ranzano
Group (Early Oligocene), which we did not sample,
follow on top of or directly overly the Ligurian
thrust sheets.

(3) The Antognola Group (Late Oligocene—
Burdigalian), which is comprised of slope and basi-
nal mudstones up to 1000 m thick, locally aso
containing coarse-grained siliciclastic turbidites.
Cherty marls characterize the upper part of the An-
tognola Group where volcaniclastic layers are also
present at places.

(4) The Bismantova Group (Burdigalian—Serra-
valian), which is several hundreds of meters thick,
consists of shallow marine, mainly bioclastic sandy
limestones at the base, passing upwards to slope
mudstones which are followed by basin-plain silici-
clastic turbidites up to 1000 m thick (e.g., the Vetto
sandstones).

(5) The muddy sediments of the Termina Forma-
tion (Tortonian—?Messinian) follow on top but were
not sampled.

(6) Intra-Apennine Pliocene. These sediments,
which outcrop mainly in the Bologna area with a
thickness of over 1000 m, consist of shallow marine
to continental sandstones.

We mainly sampled the Late Oligocene—Middle
Miocene Antognola and Bismantova groups, but a
few sites were a'so taken in the Middle—Late Eocene
Monte Piano Group, and in the Pliocene Intra-Apen-
nine deposits (Fig. 2).

3. Paleomagnetism

Samples were collected with a water-cooled rock
drill and oriented with a magnetic compass. An
average of ten 2.5-cm-diameter cores were taken per
site. The natura remanent magnetizations (NRMs),
varying from a minimum of 0.18 mA /m at site 5
(Loiano ss.) to a maximum of 34.5 mA /m at site 12
(Carpineti ss. of Antognola Group), were measured
on a 2G cryogenic magnetometer at Lamont or a
HSM SQUID-based spinner magnetometer at Aarhus.
After pilot AF demagnetization studies at Aarhus,
the majority of the standard 11-cm?® specimens were
subjected to progressive thermal demagnetization at
Lamont. The initial magnetic susceptibility of each

specimen was measured with a Bartington MS2 sus-
ceptibility bridge after each thermal demagnetization
step to monitor any mineralogical ateration during
heating. Least-square analysis [8] was applied to
determine the component directions of NRM, chosen
by inspection of vector end-point demagnetograms
[9]. Site mean directions were determined with stan-
dard Fisher statistics. The ferromagnetic phases were
investigated by means of acquisition curves of
isothermal remanent magnetization (IRM) and ther-
mal unblocking characteristics of orthogonal-axes
IRM [10].
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Fig. 3. Zijderveld demagnetograms of representative Epiligurian
unit samples bearing normal (a) and reversed (b) polarity charac-
teristic directions. Dots are projections onto the horizontal plane
and circles are projections onto the vertical plane. All diagrams
are in in-situ coordinates.
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3.1. Primary paleomagnetic directions

NRM demagnetization diagrams in geographic
coordinates for the Early Miocene sites 10, 12, 21

and 22 and Middle Miocene sites 17 and 18 show
the presence of an occasional initial component which
coincides with the present-day field direction, fol-
lowed at higher unblocking temperatures by a north-
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Fig. 4. Thermal decay of orthogonal-axes IRM for representative Epiligurian unit samples bearing dominant magnetite, probably coexisting
with subsidiary sulfides or perhaps maghemite (a); some hematite may also be present at site 20 where the maximum unblocking
temperature is about 650°C (b). The inset in (a) is a representative example of an acquisition curve of IRM where saturation is reached at
fields of about 0.5 T. This curve was constructed by imparting a 2.5-T field along the sample — z-axis, and then progressively imparting an
IRM along the + z-axis by means of a stepwise antiparallel field up to 2.5 T. This method allows us to obtain information on the coercivity

of remanence and saturating field values.
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west and downward characteristic ‘Ch’ component
(Fig. 3a). An antipodal southeast and upward ‘Ch’
component is isolated at the Early Miocene sites 20
and 23, and at site 5 of Middle-Late Eocene age
(Fig. 3b). Acquisition curves of IRM indicate satura-
tion typicaly by about 0.5 T (Fig. 4, inset in a).
Thermal demagnetization characteristics of orthogo-
nal-axes IRM are consistent with the presence of a
dominant low coercivity 570°C maximum unblock-
ing temperature phase interpreted as magnetite, coex-
isting with subsidiary sulfides or maghemite with
moderate coercivity and unblocking temperatures of
300-350°C (Fig. 4a). The red dltstones at site 20
may contain also subsidiary hematite with unblock-
ing temperatures above 600°C (Fig. 4b). The dua
polarity ‘Ch’ component from the seven Early and
Middle Miocene sites (except site 12, which gave
anomalously shallow directions, and site 5 of Eocene
age) gives siteemean directions which show some
improvement in degree of convergence after correc-
tion for bedding tilt (the precision parameter progres-
sively increases by a factor of 1.9) (Fig. 5a; Table 1,
upper part). However, the limited difference in bed-
ding attitudes makes the fold test statistically incon-
clusive. The overall mean direction in tilt corrected
coordinates is Decl. = 303.5°E, Incl. = 48° (Table 1)
and possibly represents a record of the Early—Middle
Miocene geomagnetic field. In contrast, the Early
Miocene sites 24 to 26 located close to the Salso-
maggiore tectonic unit (Fig. 1) show the presence,
after removal of an occasiona present-day field
component direction, of a more northerly and down-
ward ‘Ch' component carried by dominant magnetite
up to 570°C. The three site-mean directions pass the
fold test at 95% level of confidence [11] (Fig. 5b),
and the resulting overall mean direction (Decl. =
340°E, Incl. = 43.8°; Table 1) is more clockwise by a
minimum of 16° (mean of 36°) with respect to the
overall mean direction calculated for rest of the
Miocene sites. Moreover, in the Salsomaggiore area
Channell et al. [12] found at two sites located close
to one another Pliocene directions with virtually no
and large counterclockwise rotation (Fig. 1, location

C and D, respectively). The tectonic complexity of
the Salsomaggiore unit demands, therefore, further
investigation to understand better the Miocene com-
ponent of magnetization found at sites 24 to 26.

3.2. Secondary paleomagnetic directions

Most of the remaining sites of Late Oligocene age
(sites 6 and 7), Early Miocene age (sites 4, 9, 11 and
16) and Middle Miocene age (sites 3, 8, 13-15)
yielded a north and downward component carried
mainly by magnetite which defines site-means in
geographic coordinates which are undistinguishable
from the present-day field direction (Fig. 5¢). After
correction for bedding tilt these directions clearly
diverge, thus suggesting that this component of mag-
netization was acquired after deformation, either in
the present-day field or during another recent period
of normal polarity. Because of the widespread occur-
rence of this secondary magnetization, we cannot say
whether the north and downward component found
at Pliocene sites 1 (N = 3) and site 2 (tilt-corrected
Decl. = 349.8°E, Incl. = 45.3°, a5 =8, k=42, N=
9) is a primary direction or a very recent overprint
(Fig. 50).

4. Comparison with published data from the
northern Apennines

Paleomagnetic components of magnetization of
supposed primary origin were found elsewhere in the
northern Apennines. The Epiligurian-equivalent sedi-
ments of the Liguria—Piedmont Tertiary basin lo-
cated in the Monferrato area at the northwestern
edge of the northern Apennines revealed a complex
pattern of magnetization, probably reflecting local
tectonic rotations [13] (Fig. 2, location A). However,
consistently rotated paleomagnetic directions were
obtained at ten Late Oligocene sites from two locali-
ties outcropping in Epiligurian-equivalent sediments
afew kilometers to the southeast [5] (Fig. 2, location
B) (Table 1, central part). The seven Early—Middle
Miocene site-mean directions from this study (i.e.,
except sites 24-26 from Salsomaggiore), in conjunc-

Fig. 5. Equa-area projections before and after bedding tilt correction of the characteristic component site-mean directions from (2
Early—Middle Miocene sites 10, 17, 18, 20-23, (b) Early Miocene sites 24—26 from the Salsomaggiore tectonic unit, (c) Late Oligocene to
Middle Miocene sites 3, 4, 6-9, 11, 13-16, and Pliocene site 2 (in bold), and (d) Late Oligocene—Middle Miocene sites from this study as
from panel () and from the literature, and Early Miocene sites 24—26 as from panel (b). Solid symbols refer to the lower hemisphere.



G. Muittoni et al. / Earth and Planetary Science Letters 154 (1998) 25-40

32

‘T '614 ul g, A1[e20| 03 puodse.iod pue [G] woly are g, se pa|jeqe| salS ajod diubewoafed ay) INOCGe [EAO S2UBPIJUOD B}
JO sexe-1was = wp ‘dp {(I,0T ‘N.GP Jo uiod e 1oj pere|ndfed = =) ajod dneubewosed Jo apniibuo| pue spniire| = Buo “Je ‘uodalIp Uesw sy} INOge SdUsP U0 %GE JO BU0D Jo a|bue-jfey
Jaysi4 = e ‘epuwered uoisioeld Jaysi4 =3 ‘UOMTeUl|dUl pue UoIfeuljdep ="jou| |98 ‘PeNIoeds UsYm SeIs JO lequinu ‘SsAeue [eONISITeIS JO) pesn suswoeds (WO-TT JO Jequinu =N

v'6/6'S 1'952/6'%9 S/ 0.2 8'ev oove T/.T €9 6'8€ 6T SAIsg¢ SURJOIN 3 sien Ausyo 0JeubnuoD Ieeno
1474 S0cT YA<14 G'EEe 1A% oct vy 80 (0)% SURJOIN '3 seN Aueyo ogeubnuod oc
S'€ T6T 9y L'6EE S€ 06T L2y ¥'65€ 0T SUSJ0IN 3 sie N Ausyd 0%euBuod SC
61 €S >4 L°9vE 61 €S 99¢ 8Y LT SU3J0IN 3 s|re N Ausyo oJeubuo) e
11UN 91U0199} 8JoIbBeWOos[es 8yl WoJj salis uelinbijid3
(s915 0T)
aine.sll| ayl
pue (se1is /)
s91Is Apnis siy) wouy
8'./8v .5892/6'9F €9 e 8y SCre oL Lz 8'05 ovTe /T OIN'W—0BIIO T Ielno
salis eubeqreo
99 SS 8'8¢ 8°LTE 99 SS 8'€S 1'8T¢€ 0T 2u3206110 "1 pue ossurey Ileleno
so)is
102 9g 6°0€ — LTYT 902 L€ 09r — 234" € 8u2061|0 "1 eubeqreo g
sa)is
29 S6 44 6°GTE €9 6 025 291 L 8ua206110 "1 OJaurey d
[§] uiseg ArenJs | wowpsid—elnbiT ay) wouy seyss uaeainbe-uelnbiid3
(T pue g
s91Is
1de0xa)
9v1/9'6 L'182/2 €Y A 0g 08y S'€0e S'GT 9T 6'GY 080€ L SU3J0IN “IN—"3 |leleno
4% €cT 2’69 — L'ETT 4% €qr 8'8¢€ — 9'€eT oT SUSJ0IN '3 sle N Ay oulpfebuo €c
0L S'16 G229 L°0TE tA 4 €9¢ 0SS 6'6V€ 9 SU3J0IN '3 sire N Ausyo oulpfebuo [44
4] *14 a4 T€62 28 *14 Tee G862 8 SUSJ0IN '3 sie N Ausyd oulpreBuo N TC
69 1174 9YS — L9TT 69 Sor 9veE — YAVAR) Zt BUSJ0IN '3 s N AuByo oulpfeBuo 0c
76T 1T Gg'qe £60€ 7’61 1T 2'0S 9'eCe L QUIJOIN "IN eAojuews|g Oj|nred 8T
8'8 Sy iy S0TE 88 8y g€y 1162 L BUSJ0IN "IN eAojuews|g LT
L'0T e 7’6 L°0€e 06 143 9¢S 7' 10€ 6 SUSJ0IN '3 neuided neuided 4%
€'ee 4 6°L2 £°90¢€ €'€C 45 659 §'8/¢ S BUBJ0IN "3 neuidred neuidred [0)%
22/9T1 €S2/ St S'6T 9T L — S'6ET 96T o1 S8 zeet S U203 "IN ouelo] oueloT] S
salis uenbijid3
() (2:)/(No) () ) @) () @) ©)
wp/dp ‘Buo1/ e e b “Joul ‘192@ e bl ‘foul ‘1%9Q
pa198.1102-1|1 1 nys uj N aby ABojoyri A1eoo #91S

(Pa13199ds uaym) ainjelsl| 8yl pue Apnis iyl woJj seujuuady UIBYLIoU 8y} Wwol) SuodalIp dieubewos ed
ToldelL



G. Muttoni et al. / Earth and Planetary Science Letters 154 (1998) 25-40 33

lio-Pleistocene

N
JEarly-Middle ©
‘Miocene -

_Late Oligocene-
_ Early Miocene

Epiligurids:
Late Oligocene-
Middle Miocene

L

Fig. 6. The Late Oligocene—Middle Miocene paleomagnetic pole from the Epiligurian units (solid square) is compared with the apparent
polar wander paths of Africa (open circles), and Corsica—Sardinia (open squares) (Table 2). See text for discussion.
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tion with these ten Late Oligocene site-means from
the literature, pass the reversal test [14] in geographic
or bedding coordinates (Fig. 5d). Even though the
overall (N=17) fold test is statistically inconclu-
sive, the precision parameter increasing only by a
factor of 1.2 with full correction for tilting, we
caculate an overall mean direction of Decl.=
312.5°E, Incl.=42.8° in bedding coordinates. We
regard this direction and its associated paleopole
(47°N, 268.5°E) as the best proxy for the Late
Oligocene—Middle Miocene Epiligurian clastics of
the northern Apennines; note, however, that the Mid-
dle Miocene is represented by only two sites out of
seventeen.

5. Comparison of paleomagnetic poles from the
northern Apennines, Corsica—Sardinia and
Africa/ Europe

The rift-related motion of the Corsica—Sardinia
block which may have occurred with respect to the
south margin of stable Europe during the Miocene,
e.g., [15], induced folding and thrusting in the Adria
(i.e., Africa) passive continental margin, thus initiat-
ing the structuration of the (northern) Apennines,
eg., [16]. To check if this hypothesis is consistent
with the available paleomagnetic data, we compare
the Late Oligocene—Middle Miocene paleopole from
the Epiligurids with the apparent polar wander path

(APWP) for Corsica—Sardinia and the Cenozoic
APWP for Africa and Europe (Fig. 6).

5.1. Construction of the Cenozoic Corsica—Sardinia
APWP

To construct an APWP for Corsica—Sardinia, we
calculated mean paleopoles by averaging site-mean
directions from the literature, selecting those with
N > 3 samples and ags-values < 20° (Table 2). Most
of the data are from Sardinia because Corsica data
are sparse, i.e., only one usable Eocene site with
directions broadly consistent with Sardinia data and
five Miocene sites of questionable magnetization age
[17]. There is an open debate on whether Corsica—
Sardinia behaved as a single block or was decoupled
during drifting ([18] and references therein). How-
ever, any differential motion of Corsica relative to
Sardinia which did take place must not have been
large [18,19]. Therefore, for the purpose of this paper
we consider Sardinia data broadly valid also for
Corsica.

The main source of data to construct the
Corsica—Sardinia APWP comes from the Bosano—
Logudoro region of northwestern Sardinia where
classic sections of Cenozoic volcanics were studied
for paleomagnetism since the end of the 1960s ([20]
and references therein). On the basis of preserved
stratigraphic relationships, an older volcanic se-
guence consisting of the ‘SA1 andesites and the
overlying *SI1' ignimbrites were recognized in this

Table 2

Cenozoic paleopoles for Corsica—Sardinia based on Sardinia data

# Age Lat. °N) Long. (°E) k dp/dm (°) N Locality

1 Late Oligocene—Aquitanian 61.1 260.3 15 39/6.2 59 Bosano-L ogudoro—Arcuentu
2 Burdigalian—Serravallian (?) 76.7 2334 20 3.9/6.0 52 Bos.—Logud.—Arcu.—Marmilla
3 Pliocene—Pleistocene 82.3 222.6 52 4.7/6.8 18 Orosei (east Sard.)-Logudoro

Lat. Long. = pole coordinates (all poles are calculated with respect to a point at 40°N, 9°E); k = Fisher precison parameter of the mean
direction; dp, dm: semi-axes of the confidence oval about the paleomagnetic pole; N = number of site-mean directions used to calculate the
pole.

#1: this entry is based on 21 sites from the ‘ SA1’ volcanic series from Bosano—L ogudoro [20], 35 sites from the ‘ SI1’ volcanic series ([20]
and [39] as reported in [40)]), and, finally, 3 sites from Monte Arcuentu (i.e., sites 01419, 01421, 01422 of [41] as reported in [40)), that we
attribute to the Formation ‘B’ of [25].

#2: this entry is based on 36 sites from the ‘SA2' to ‘SA3' series from Bosano—Logudoro [20], 9 sites from the Monte Arcuentu dykes
(sites 01385, 01387, 01392—-01394, 01400, 01405, 01417, 01420 of [41] as reported in [40)), that we attribute to Formation ‘D’ of [25], and,
finaly, 7 sites from [15] from the Logudoro marls (site M), Monte Arcuentu dykes (sites F-K, attributed to Formation ‘D’ of [25]), and
Marmillaclastics (sites L, N) (the overall mean reported by [15] for these 7 sitesis here recal culated as follows: before tilting Decl. = 349.4,
Incl. = 44.6 [k = 31, ag = 10.9]; after tilting Decl. = 349.9, Incl. = 40.5 [k = 22, ag5 = 13.1]).

#3: this entry is based on 11 sites from Pleistocene basalts from Orosei [42] and Logudoro [43,44], and 7 additiona sites from basalts of
Pliocene to older age from Logudoro [42—-44].
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region [21], followed by a younger and largely super-
posed sequence comprised of andesites (‘ SA2'), rhy-
olites and dacites (‘tau3’), ignimbrites (‘SI2') and
andesites (‘SA3'). These volcanic series were also
radiometrically dated by a number of authors[21-23],
but a general consensus on their exact age is at
present not fully met (see also discussion in [20]).
According to the most recent data [23], the basal
‘SA1" and ‘SI1’ series are comprised between 25
and 20.6 Ma (i.e., late Chattian—Aquitanian, or also
Late Oligocene—-Early Miocene, according to the
Berggren et a. [24] time scale), whereas the ovelying
‘SA2 to ‘SA3 series should be bracketed between
19.6 and 16.6 Ma(i.e., Burdigalian, which is the late
Early Miocene), but it could also be as young as 14
to 12 Ma(i.e.,, Serravallian, or late Middle Miocene)
according to [21].

The Late Oligocene—Early Miocene paleopole of
Corsica—Sardinia is then comprised of 56 sites from
the *SA1’ and ‘' SI1’ volcanic series, and 3 additional
sites from the Monte Arcuentu region of southwest-
ern Sardinia consisting of ignimbrites and lava flows
which should belong to the 24- to 21-Ma-old Forma-
tion ‘B’ of [25]. The Early—Middle Miocene pale-
opole is instead comprised of 36 sites from the
‘SA2' to ‘SA3 series from Bosano—Logudoro, 9
sites from the Monte Arcuentu dykes which should
belong to the Formation ‘D’ of [25] dated between
18.3 and 16.7 Ma [15,25], and, finally, 7 sites from
[15] from the Logudoro marls (Monte Arcuentu dykes
belonging to the Formation ‘ D’ of [25]), and Marmilla
clastics, which are comprised between 18.3 and 14.8
Ma. Finally, we calculated also a paleopole for the
Pliocene—Pleistocene of Corsica—Sardinia based on
18 dites from basalts from Orosei (eastern Sardinia)
and Logudoro (for detailed information and refer-
ences, see footnote to Table 2). *

Y In this compilation of Corsica—Sardinia data we excluded data
from the Anglona region of northern Sardinia [15—20] because of
the presence of inconsistent directions which were interpreted in
terms of either local tectonic rotations or contamination by secular
variations [15]. Similarly, we also excluded data from the Sarroch
volcanics of southern Sardinia because they yielded anomalously
rotated directions which may suggest local tectonics [37]. Finaly,
data from the Campidano region [38], as well as the recently
acquired sites ‘D’ and ‘E’ of [15] from Logudoro, were also
discarded because of difficult age attribution and questionable age
data (?19.9 Ma), respectively.

5.2. Cenozoic APWP for Africa and Europe

The Cenozoic Africa and Europe reference pae-
opoles are critical to assess the amount of Corsica—
Sardinia and northern Apennine rotation. Because
the most recent compilation [26] only contains Paleo-
gene to older mean poles, we adopted the Besse and
Courtillot [27] version which contains 33 entries for
Africa distributed over the entire Cenozoic, whilst
the Eurasia APWP remains poorly defined with only
12 entries. We notice, however, that the Eurasia
10-30 Ma (i.e., Oligocene—Miocene) mean pole is
not significantly different from the coeval Africa
mean pole (81°N, 177°E, N = 5), whose location is
also given additional and independent support by the
Oligocene Africa paleopole of [28]. This coincidence
of Oligo—Miocene poles for Africa and Eurasia is
not surprising because by that time most of the
convergence between Africa and Europe was already
attained. Because the Oligocene to younger poles of
Africa also seem broadly valid for Europe, we use
the master APWP of Besse and Courtillot [27] in
Africa coordinates (which is reinforced by additional
data from North America) as the reference curve that
we compare with the Oligocene—Miocene of Cor-
sica—Sardinia and the Epiligurian units.

5.3. Tectonic rotations of the northern Apennines
and Corsica—Sardinia

The Epiligurian paleopole is located at 47°N,
268.5°E (Table 1) and shows a large and significant
counterclockwise rotation of 52° (+ = 8°) with re-
spect to the 10—-30 Ma Africa reference paleopoles.
The Late Oligocene—Early Miocene paleopole of
Corsica—Sardinia shows a similar amount of rotation
with respect to Africa (Fig. 6). The timing of the
Corsica—Sardinia block motion heavily depends on
radiometric age data whose reliability can however
be questioned because contradictory results were ob-
tained from the same rock unit. At present, it seems
viable that most of the motion occurred sometimes
between the Burdigalian and the Serravallian (i.e.,
late Early to late Middle Miocene), in partial agree-
ment with the most recent analysis of [15]. More-
over, it is unclear whether there is also some minor
later additional motion because on one hand the
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Early—-Middle Miocene Corsica—Sardinia paleopole
seems to be still rotated counterclockwise with re-
spect to Africa (and Europe) (Fig. 6), on the other
hand the geological evolution of the Balearic basin
suggests that this motion should not have continued
much after the Middle Miocene (e.g., [29]). In any
case, the paleomagnetic data from this study and the
literature imply a similar amount of rotation for
Corsica—Sardinia and the Epiligurian units of the
northern Apennines. We suggest that the rotation in
the Ligurian units during thrusting onto the Adria
margin may be associated with the motion of Cor-
sica—Sardinia in the genera context of the relative
motions between Africa and Europe during the Neo-
gene. Confirmation of this hypothesis would require
constraining the timing of the Corsica—Sardinia block
motion, and sampling the end of the rotation in the
northern Apennines in Late Miocene and younger
sediments. Site 2 of Pliocene age shows directions
with no or very small rotation, but it is at present
unclear whether they are primary directions or sec-
ondary magnetization components. The correspon-

dence between the Epiligurian and Corsica—Sardinia
poles could, therefore, also simply be a coincidence,
and this should be tested by more extensive study of
Late Miocene—Pliocene Epiligurian sediments.

6. Comparison with data from the literature from
the central Apennines

A wedth of paleomagnetic data are available
from the Apennines south of the study area, where
the Ligurian units are limited or absent on top of the
Mesozoic Adria margin (Tuscan—Umbria) succes-
sions and Cenozoic foredeep sediments. Some of
these regions were investigated since the 1970s, like
the Mesozoic—Cenozoic Umbria Apennines, while
others have been studied in detail only very recently,
like the front of the Marche and Romagna Apennine
belt in the northeast, or the Tuscan extensional basins
in the southwest. We compile or calculate overall
mean directions from selected studies from different
regions of the central Apennines (Table 3) that we

Table 3

Paleomagnetic directions from the northern and central Apennines, and Sardinia (bottom)

# Age Decl. (°) Incl.(®)  k ags N Locality Reference Q)

1 L. Oligo—M. Mio 3125 42.8 33 6.3 17 Epiligurids this study 52+ 8
2 Messinian 335.2 52.5 22 7.9 17 Marche-Romagna  [1] calculated 29+8
3 Messinian 10.9 37.7 21 11.6 9 Sibillini—Cingoli [1] calculated -7+12
4 Messin—E. Plio. 0.9 425 45 7.3 10  Acquasanta [1] calculated 3+7
5 Messin.—Pliocene 357.3 56.7 880 2.6 5 Tyrrhen. margin [33-35] 7435
6a L ate Cretaceous 315 41 23 10.3 10 N. Umbria [30] 26+ 11
6b Early Cretaceous 295 37 - 6.8" 15 N. Umbria [31] 28+ 14
7a Late Cretaceous 351 39 21 11.5 9 S. Umbria [30] —-10+ 12
7b  Early Cretaceous 318 36 - 8.3* 16  S. Umbria [31] 5+15
8 Early Miocene 16 43 28 115 7 Prenestini [2] —-11+12
9 Late Oligo—Aquit. 329.2 4.7 15 49 59 Sardinia this study 3B+7

Decl., Incl. = declination and inclination after tectonic correction; k, ag = Fisher statistics, where (*) is the angular error (at the 95%
confidence level) of the mean declination (see [31]); N = number of site means (#5 uses five overall means [33-35]); Q = angular
difference between observed declinations and expected declinations at a common site located at 43.5°N, 11.5°E (40°N, 9°E for
Corsica—Sardinia, #9) as deduced from the Africa APWP of [27] (— is clockwise, otherwise counterclockwise); error based on squared root
mean of agg cones of confidence; ) and attached errors are plotted as arrows in Fig. 7.

#2 and #3: the overall mean directions are calculated from site-mean directions from Table 1 of [1]. #4: same as for #2 and #3, with the
addition of site FL9 of [45]. #6a mean direction of the Maastrichtian north group of Table 1 of [30]. #7a mean direction of the

Maastrichtian south group of Table 1 of [30].

The angular difference () is calculated with respect to the following reference paleopoles. For entry #1, an Africa pole located at 83°N,
160°E, which results from averaging the 10 to 30 Ma Africa poles of [27]. For entries #2 to #5, the 10 Ma Africa pole of [27]. For #6a and
#7a, aLate Cretaceous pole located at 64°N, 236°E (ag; = 4°, k = 122), which is based on 11 entries from stable Adria as reported in [46].
This pole is statistically undistinguishable from the Africa 80 and 90 Ma poles of [27]. For #6b and #7b, an Africa pole located at 52°N,
258°E, which results from averaging by means of Bingham statistics the 110 to 140 Ma Africa poles of [27].
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compare with expected directions assuming that the
Apennines were autochthonous with respect to
Adria/Africa. The angular difference between ob-
served and expected declinations using the Besse and
Courtillot [27] paleopoles is an estimate of vertical-
axis tectonic rotations (Table 3). Moving from the
external part of the central Apennine chain south-
westward (i.e., from the Adriatic to the Tyrrhenian
margin), we observe the following trend. Paleomag-
netic data from Messinian clastics outcropping in the
Marche—Romagna foredeep at the front of the Apen-
nine belt [1] indicate a significant counterclockwise

7E PE
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44°N |
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1: Epiligurids
2: Marche-Romagna
3: Sibillini-Cingoli
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9

s /
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: Prenestini |
: Corsica-Sardinia

42°N-

rotation (Fig. 7, location 2), whereas virtualy no
rotation is observed in the Messinian Sibillini—
Cingoli and Messinian—Early Pliocene Acquasanta
foredeeps [1] (locations 3 and 4, respectively). Simi-
larly, counterclockwise rotation is observed in the
Early and Late Cretaceous pelagic sediments of
northern Umbria [30,31] (location 6), whereas no
rotation seems to characterize similar sediments from
southern Umbria[30,31] (location 7) and the Miocene
of the Prenestini Mountains [2] (location 8) (note,
however, that the difference between paleomagnetic
directions from Mesozoic sediments from northern

- [__]Plio-Pleist. f
7 [ Messinian N
7 BEHEpiligurids |

R
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Fig. 7. Tectonic map of the northern and central Apennines from the Carta Tettonica d'Italia (1:500,000). Legend only for Apennine
domains discussed in the text. Olev.-Antrod. stands for Olevano—Antrodoco Line. Arrows, with attached reference numbers, represent the
angle Q between observed and expected paleomagnetic directions as from Table 3. Black (white) semi-arrows refer to directions labelled as

6aand 7a (6b and 7b) in Table 3.
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and southern Umbria may not be statistically signifi-
cant; A.M. Hirt, pers. commun.; see also discussion
in [31]). The Mesozoic Umbria sediments were likely
to have deformed in syn- to post-Langhian—Torto-
nian (Middle-Late Miocene) times because, accord-
ing to [6], this is the age of deformation in the
overlying Marnoso—Arenacea foredeep turbidites.
Deformation peaked in the Early Pliocene where a
major episode of thrusting is documented at the front
of the northern Apennine chain [32]. Therefore, the
Mesozoic Umbria and Neogene foredeep sediments
were deformed when most of the Corsica—Sardinia
motion was probably aready accomplished. Finaly,
moving further inward (i.e., to the southwest of the
Apennine front), Messinian to Pliocene sediments
and intrusives from Tuscany (location 5) show no
rotation of paleomagnetic vectors [33-35]. At the
time the central Apennine front was subject to com-
pression and differential rotation, Tuscany was expe-
riencing non-rotational extensional tectonics with the
formation of NW—-SE-trending grabens related to the
opening of the Tyrrhenian Sea.

7. Discussion and conclusions

We found a dual-polarity component of magneti-
zation of presumed Miocene age at ten sites com-
prised of Epiligurian clastic formations outcropping
on top of the northern Apennine thrust sheets. This
primary component survived a recent remagnetiza-
tion phase that overprinted eleven of the remaining
sixteen sites (the last five sites were rejected due to
unstable magnetizations). Seven sites bearing pri-
mary directions, in conjunction with data from the
literature, yielded a Late Oligocene—Middle Miocene
overall mean direction which is significantly rotated
counterclockwise with respect to the Africareference
directions by a similar amount as roughly coeval
Corsica—Sardinia data.

The northern Apennine Ligurian units, which rep-
resent the accretionary wedge deposited in the Meso-
zoic Ligurian ocean between Corsica—Sardinia
(Europe) and Adria (Africa), were rotated during
and/or after the Middle Miocene. This rotation may
be associated athough not necessarily rigidly cou-
pled with the motion of the Corsica—Sardinia block
which probably occurred during the (late Early)—
Middle Miocene. A different history instead charac-

terizes the Adria margin successions of the central
Apennines where paleomagnetic data allow us to
define a syn- to post-Pliocene differential rotation of
the northern relative to the southern Umbria sector
along the Sibillini thrust front. This differential rota-
tion apparently occurred in the same time frame as
non-rotational extension that is documented along
the northern Tyrrhenian margin (e.g., [33]). These
two episodes, of compression at the chain front and
extension internal to the front, occurred after the
motion of Corsica—Sardinia and mainly during the
opening of the Tyrrhenian Sea. (It is likely that
post-Corsica—Sardinia rotations occurred also at the
northern Apennine front, for example in the Salso-
maggiore unit.) Because the northern Tyrrhenian Sea
opening is non-rotational, rotation at the Umbria
Apennine front must be accounted for by a mecha
nism that acted only at the thrust front. Recently,
one of us (AA) suggested that a deep-seated WNW—
ESE-trending lineament located in the Adriatic fore-
land, whose nature is presently under investigation,
intersects the Apennine front where the large coun-
terclockwise rotations are observed [36]; the northern
Umbria belt may have collided and rotated against
this feature, whereas the non-rotated southern Um-
bria belt, being located far from the lineament, was
simply thrust along the N-S-trending Olevano—
Antrodoco Line, which is a lateral ramp bounding to
the west the Latium—Abruzzi carbonate platform.

Acknowledgements

We thank G.A. Pini and L. Vigliotti who kindly
allowed us to make use of some unpublished paleo-
magnetic data from the Mongardino (Bologna) area.
C. Kissdl and M. Mattei made useful comments. L.
Casoni skilfully drew Figs. 1 and 2. This is Lamont-
Doherty contribution #5715.

References

[1] F. Speranza, L. Sagnotti, M. Mattei, Tectonics of the Um-
bria—Marche—-Romagna arc (central-northern Apennines,
Italy): new paleomagnetic constraints, J. Geophys. Res. 102
(1997) 3153-3166.

[2] M. Mattei, R. Funiciello, C. Kissel, Paleomagnetic and struc-
tural evidence for Neogene block rotations in the Central
Apennines, Italy, J. Geophys. Res. 100 (1995) 17863-17883.



G. Muttoni et al. / Earth and Planetary Science Letters 154 (1998) 25-40 39

[3] P.JJ. Scheepers, C.G. Langereis, Paleomagnetic evidence for
counter-clockwise rotations in the southern Apennines fold-
and-thrust belt during the Late Pliocene and Middle Pleis-
tocene, Tectonophysics 239 (1994) 43-59.

[4] JE.T. Channell, JS. Oldow, R. Catdano, B. D’Argenio,
Paleomagnetically determined rotations in the western Sicil-
ian fold and thrust belt, Tectonics 9 (4) (1990) 641-660.

[5] H.K. Thio, Magnetotectonics in the Piemont Tertiary Basin,
Phys. Earth Planet. Inter. 52 (1988) 308—319.

[6] F. Ricci Lucchi, The Oligocene to recent foreland basins of
the Northern Apennines, Int. Assoc. Sedimentol. Spec. Publ.
8 (1986) 105-139.

[7] R. Kligfield, The Northern Apennines as a collisional orogen,
Am. J. Sci. 279 (1979) 676—691.

[8] JL. Kirschvink, The least-squares line and plane and the
analysis of palacomagnetic data, Geophys. J.R. Astron. Soc.
62 (1980) 699-718.

[9] JD.A. Zijderveld, A.C. demagnetization of rocks — anaysis
of results, in: Methods in Paleomagnetism, D.W. Collinson,
K.M. Creer, SK. Runcorn, eds., pp. 254—286, Elsevier, New
York, 1967.

[10] W. Lowrie, Identification of ferromagnetic mineralsin a rock
by coercivity and unblocking temperature properties, Geo-
phys. Res. Lett. 17 (1990) 159-162.

[11] M.W. McElhinny, Statistical significance of the fold test in
palaecomagnetism, Geophys. J.R. Astron. Soc. 8 (1964) 338—
340.

[12] JE.T. Channell, M.S. Poli, D. Rio, R. Sprovieri, G. Villa,
Magnetic stratigraphy and biostratigraphy of Pliocene ‘argille
azzurre' (Northern Apennines Italy), Palasogeogr., Palaeocli-
matol., Palaeoecol. 110 (1-2) (1994) 83-102.

[13] D. Bormioli, R. Lanza, Rotazioni antiorarie nelle rocce
terziarie delle Alpi Occidentali e dell’ Appennino Settentri-
onale, in: Rapporti Alpi—Appennino, R. Polino, R. Sacchi,
eds., Accademia Nazionale delle Scienze, Roma, 1995.

[14] P.L. McFadden, M.W. McElhinny, Classification of the re-
versa test in palaesomagnetism, Geophys. J. Int. 103 (1990)
725-729.

[15] L. Vigliotti, V.E. Langenheim, When did Sardinia stop rotat-
ing? New palaeomagnetic results, Terra Nova 7 (1995) 424—
435.

[16] JF. Dewey, M.L. Helman, E. Turco, D.H.W. Hutton, S.D.
Knott, Kinematics of the western Mediterranean, in: Alpine
Tectonics, M.P. Coward, D. Dietrich, R.G. Park, eds., Geol.
Soc. Spec. Publ. 45, 265-283, 1989.

[17] L. Vigliotti, D.V. Kent, Paleomagnetic results of Tertiary
sediments from Corsica: evidence of post-Eocene rotation,
Phys. Earth Planet. Inter. 62 (1990) 97—-108.

[18] L. Vigliotti, W. Alvarez, M. McWilliams, No relative rota-
tion detected between Corsica and Sardinia, Phys. Earth
Planet. Inter. 98 (1990) 313-318.

[19] J. Burrus, Contribution to a geodynamic synthesis of the
Provencal Basin (north-western Mediterranean), Mar. Geol.
55 (1984) 247-269.

[20] M. Todesco, L. Vigliotti, When did Sardinia rotate? Statisti-
cal evauation of the paleomagnetic data, Ann. Geofis. 36
(5-6) (1993) 119-134.

[21] C. Coulon, A. Demant, C. Bobier, Contribution du paleo-
magnetisme a I’ éude des series volcaniques cenozoiques et
quaternaires de Sardaigne Nord-Occidentale, Tectonophysics
22 (1974) 59-82.

[22] C. Savelli, L. Beccaluva, M. Deriu, M. Maciotta, L. Mac-
cioni, K—Ar geochronology and evolution of the Tertiary
‘calc-alkalin’ volcanism of Sardinia, J. Volcanol. Geotherm.
Res. 5 (1979) 257-269.

[23] JB. Edel, Etude paléomagnétique en Sardaigne. Consé-
quences pour la géodynamique de la Méditerranee Occiden-
tale, Doct. thése, Strasbourg, 1980.

[24] W.A. Berggren, D.V. Kent, C.C. Swisher IlI, M.-P. Aubry,
A revised Cenozoic geochronology and chronostratigraphy,
in: Geochronology Time Scales and Globa Stratigraphic
Correlation, SEPM Spec. Publ. 54 (1995) 129-212.

[25] A. Assorgia, P. Brotzu, L. Morbidelli, M. Nicoletti, G.
Traversa, Successione e cronologia (K /Ar) degli eventi vul-
canici del complesso calco-alcalino Oligo—Miocenico
dell’ Arcuentu (Sardegna centro-occidentale), Period. Min-
eral. Roma 53 (1984) 89-102.

[26] R. Van der Voo, Paleomagnetism of the Atlantic, Tethys and
lapetus Oceans, 411 pp., Cambridge University Press, Cam-
bridge, 1993.

[27] J. Besse, V. Courtillot, Revised and synthetic apparent polar
wander paths of the African, Eurasian, North American and
Indian Plates, and true polar wander since 200 Ma, J. Geo-
phys. Res. 96 (B3) (1991) 4029—4050.

[28] D.A. Schneider, D.V. Kent, Testing models of the Tertiary
paleomagnetic field, Earth Planet. Sci. Lett. 101 (1990)
260-271.

[29] B. de Voogd, R. Nicolich, J.L. Olivet, F. Fanucci, J. Burrus,
A. Mauffret, G. Pascal, A. Argnani, JM. Auzende, M.
Bernabibi, C. Bois, L. Carmignani, A. Fabbri, |. Finetti, A.
Galdeano, C.Y. Gorini, P. Labaume, D. Lajat, P. Patriat, B.
Pinet, J. Ravat, F. Ricci Lucchi, S. Vernassa, First deep
seismic reflection transect from the Gulf of Lions to Sardinia
(Ecors-Crop profiles in Western Mediterranean), AGU Geo-
dyn. Ser. 22 (1992) 265-274.

[30] JET. Channell, W. Lowrie, F. Medizza, W. Alvarez,
Palasomagnetism and tectonicsin Umbria, Italy, Earth Planet.
Sci. Lett. 39 (1978) 199-210.

[31] A.M. Hirt, W. Lowrie, Paleomagnetism of the Umbrian—
Marches orogenic belt, Tectonophysics 146 (1988) 91-103.

[32] M. Boccaletti, F. Calamita, G. Deiana, R. Gelati, F. Massari,
G. Moratti, F. Ricci Lucchi, Migrating foredeep-thrust belt
system in the northern Apennines and southern Alps, Palaco-
geogr., Palaeoclimatol., Palaeoecol. 77 (1990) 3-14.

[33] M. Maittei, C. Kissel, R. Funiciello, No tectonic rotation of

the Tuscan Tyrrhenian margin (Italy) since late Messinian, J.

Geophys. Res. 101 (1996) 2835-2845.

L. Sagnotti, M. Mattei, C. Faccenna, R. Funiciello, Paleo-

magnetic evidence for no tectonic rotation of the central Italy

Tyrrhenian margin since Upper Pliocene, Geophys. Res. Lett.

21 (6) (1994) 481-484.

[35] W. Lowrie, W. Alvarez, Paleomagnetism and rock mag-
netism of the Pliocene rhyolite at San Vincenzo, Tuscany,
Italy, J. Geophys. 45 (1979) 417-432.

[34

flo



40

[38]

[37]

[38]

[39]

[40]

[41]

G. Muittoni et al. / Earth and Planetary Science Letters 154 (1998) 25-40

A. Argnani, F. Frugoni, Foreland deformation in the Central
Adriatic and its bearing on the evolution of the Northern
Apennine, Ann. Geofis. XL (1997) 771-780.

M. Manzoni, A. Marini, L. Vigliotti, Dislocazioni tettoniche
dedotte dalle direzioni di magnetizzazione primaria del dis-
tretto volcanico di Sarroch (Sardegna), Boll. Geofis. Teor.
Appl. 22 (86) (1980) 139-152.

M. Manzoni, Paleomagnetic data from Tertiary volcanics of
the Campidano and associated grabens, Sardinia, Earth Planet.
Sci. Lett. 27 (1975) 275-282.

C. Bobier, La signification de I'aimantation remanente des
laves de la serie ‘des ignimbrites inferieures’. Consequence
pour I'étude de la rotation du bloc Corso—sarde durant le
Tertiaire, Rend. Sem. Fac. Sci. Univ. Cagliari 43 (1974)
35-36.

M. Manzoni, A. Ferriani, Trattamento statistico e validita dei
dati paleomagnetici delle vulcaniti Terziarie della Sardegna,
Boll. Soc. Geol. Ital. 95 (1976) 1263-1281.

M. Aquino, D. Pierattini, P. Scandone, Magnetic properties
of Tertiary volcanic rocks from Sardinia (Italy), Boll. Geofis.
Teor. Appl. 21 (82) (1979) 85-93.

[42]

[43]

[44

flu’

[45]

[46]

M. Manzoni, K.A. De Jong, L. Carobene, G. Pasini, Paleo-
magnetism of some basalts from Sardinia, G. Geol. 38 (1970)
(1972) 5-9.

W. Alvarez, S.G. Franks, A.E.M. Nairn, Palacomagnetism of
Plio—Pleistocene Basalts from North-West Sardinia, Nature
243 (1973) 10-11.

C. Bobier, C. Coulon, Résultats préliminaires d’'une étude
paléomagnétique des formations vol caniques tertiaires et qua-
ternaires du Logudoro (Sardaigne septentrionale), C.R. Acad.
Sci. Paris 270 (1970) 1434-1437.

F. Dela Pierre, F. Ghisetti, R. Lanza, L. Vezzani, Palacomag-
netic and structural evidence of Neogene tectonic rotation of
the Gran Sasso range (centra Apennines Italy), Tectono-
physics 215 (1992) 335-348.

JE.T. Channell, Palacomagnetism and palaeogeography of
Adria, in: Palacomagnetism and Tectonics of the Mediter-
ranean Region, A. Morris, D.H. Tarling, eds., Geol. Soc.
Spec. Publ. 105, 119-132, 1996.



