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Pleistocene rotations and strain
in southern Italy:
the example of the Sant’Arcangelo basin
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Abstract

Results of paleomagnetic and magnetic-fabric analyses carried out on Upper Pliocene and Lower Pleistocene
clayey units of the Sant’ Arcangelo basin, in the southern Apennines, Italy, are shown. The reconstructed magnetic
fabrics, typical of sediments at the very first stage of deformation, depend on the structural position of the
sampling sites and reflect the orientation of Pleistocene maximum compressive stress in the area. The paleomag-
netic data indicate that the basin underwent a counterclockwise rotation of about 22° after the deposition of the
Lower Pleistocene clays. The data obtained in this study are compared with those already published for coeval
deposits in southern Italy and are considered in the framework of the Pleistocene geodynamic evolution of the
region.

1. Introduction southern Apennines and clockwise rotation in the
allochtonous Sicily. However, some studies on
The structural setting of southern Italy is the  southern Italy Plio-Pleistocene sediments (Tauxe
result of complex geodynamic events which suc-  er al., 1983; Aifa et al., 1988; Scheepers et al.,
ceeded from late Tortonian up to the present 1991) show that the tectonics associated with the
(Patacca and Scandone, 1989; Patacca et al.,  mostrecent phases of geodynamic evolution pro-
1990). There are several different kinds of geo-  duced, in large amount, vertical-axis rotations
logical approaches for studying geodynamic  even in the Pleistocene units. In this framework,
evolution, among these the studies concerning  this paper deals with the analyses of the magnetic
the magnetic properties of rocks constitute a properties of some Plio-Pleistocene sediments
powerful method both for the investigation of the ~ from the Sant’Arcangelo basin in the southern
effects of strain on rocks magnetic fabric (by  Apennines (Sagnotti, 1992; Sagnotti and Spe-
means of analysis of Anisotropy of Magnetic  ranza, 1992). Obtained results contribute to the
Susceptibility (AMS)) as well as for the identifi- study of the vertical-axis rotations occurred in
cation of possible crustal blocks vertical-axis  southern Italy during Pleistocene times and also
rotations (by means of analysis of Natural Re-  to the definition of the strain pattern in the basin
manent Magnetization (NRM) or, properly, paleo- itself.
magnetic studies).
For southern Italy no AMS data are available
in the literature for the sedimentary units of the 2. Geological setting of the Sant’Arcangelo

Apennines thrust belt and most of published pa- basin
leomagnetic data concerns Mesozoic units (see
Incoronato and Nardi, 1989 for areview). Results The Sant’Arcangelo basin (fig. 1) is internal

generally indicate the occurrence of various to the front of the allochtonous thrust sheets of
amounts of counterclockwise rotation in the the southern Apennines chain and is structurally

83



Leonardo Sagnotti and Antonio Meloni

16°00" £ 16°20" E
| 1
-' |
40730 N - iy

+~d O
-

Gorgoglione Q\LUL ‘

O Stigliano ¢ % T\

' —\- = ~

40°10’ N 4 O,
alsinni

Fig. 1. Geological sketch of the Sant’Arcangelo basin area (from Hippolyte et al., 1991, simplified and
modified). Location of the mapped area is shown in the inset upper right. Upper Pliocene-Lower Pleistocene
cycle: 1) conglomerates. 2) Sands. 3) Marly-clays. 4) Pliocene and Pleistocene. 5) Upper Pliocene. 6) Undif-
ferentiated allochton. 7) Sampling site with axis corresponding to kpax maximum density. 8) Overthrusts front.
9) Anticline axis. 10) Left- lateral strike-slip fault. 11) Bedding attitude. a) Dip , 10°, b) dip (10+30)°, ¢) dip
> 30°.
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interpreted as a «piggyback» basin (Hippolyte et
al., 1991).

The basin is filled with thick terrigenous
Plio-Pleistocene sequences referred to distinct
sedimentary phases (Vezzani, 1967; Caldara et
al., 1988). A typical regressive sequence of
Upper Pliocene-Lower Pleistocene age, with a
basal clayey unit passing up and westward to
sands and finally to conglomerates, outcrops ex-
tensively in the basin. This sequence is weakly
deformed and defines a broad NW-SE syncline
with some minor folds. An older sequence,
Upper Pliocene in age, outcrops only at the west-
ern and eastern edges of the basin and shows a
rather complex pattern of deformation and a
strong tilting with the strata dipping up to 65°. A
WNW-ESE left-lateral strike-slip fault con-
stitutes the northern border of the basin; north of
this fault eastward vergent thrusts are widely
developed. At the outermost thrust front Miocene
flyschoids sediments override Upper Pliocene
clays. Evidence of synsedimentary tectonics was
recently found (Caldara et al., 1988; Hippolyte et
al., 1991). In particular, the mesostructural ana-
lysis performed by Hippolyte ez al. (1991) indi-
cated the existence of a Pleistocene compressive
episode with the maximum compressional stress
(o1) oriented N70° (£13), both in and out the
basin. Traces of a previous Pliocene com-
pression, with o oriented N20°, were also rec-
ognized.

3. Sampling and measurements

Our analysis was carried out on 182 oriented
cores sampled at 15 sites in the Plio-Pleistocene
clayey units outcropping in the Sant’ Arcangelo
basin area (fig. 1). 10 sampling sites are in the
eastern flank of the main syncline (in Lower
Pleistocene clays (NN19 nannofossil zone; Hip-
polite et al., 1991)), 2 are in the western edge of
the basin (in Upper Pliocene clays (NN14-NN16
nannofossil zones, Hippolite er al., 1991 and
Globorotalia puncticulata zone, Vezzani, 1967))
and 3 are north of the basin (in Upper Pliocene
clays; Lentini, 1979). Magnetic-fabric and pale-
omagnetic analyses were performed in the new
paleomagnetic laboratory of the Istituto Nazio-
nale di Geofisica, in L’Aquila, Italy. One stand-
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ard specimen (25 mm in diameter, 22 mm high)
for each core was analyzed; both Anisotropy of
Magnetic Susceptibility (AMS) and Natural Re-
manent Magnetization (NRM) were measured;
AMS measurements were performed using a
KLY-2 KappaBridge; NRM measurements, at
different stages of stepwise thermal demagneti-
zation, were carried out using a JR-4 spinner
magnetometer.

4. Anisotropy of Magnetic Susceptibility
(AMS) data

The mean susceptibility of the analyzed spe-
cimens ranges from 1.7 X 103 to 1.6 X 10-4 SI
units. The overall analysis of the AMS data ob-
tained from each specimen indicates that the
magnetic foliation clearly prevails on the mag-
netic lineation and that the anisotropy degree (P’
parameter; see Hrouda, 1982 for the definition of
the anisotropy factors referred in this text) is
always well less than 1.1 (fig. 2 and table I).

Moreover, also other anisotropy factors (see
table I) shows values in the range typical of
nearly undeformed sediments and where careful
measure of bedding attitude at the sampling site
was possible it was noted (fig. 3) that the km,
cluster sets really close to the pole of bedding.

Where careful bedding measure at the samp-
ling site was not possible the kmi, cluster was
compared with the trend of the bedding reported
on the published geological maps and a close
agreement between the obtained ki, axes cluster
and the expected bedding pole was always ob-
served.

The detailed analysis of the AMS from each
site shows that some evidences of a sensitive
influence of tectonics are present only at the sites
the closest to the main structural elements (see
Kligfield et al., 1982 and Hrouda, 1982 for the
qualitative description of the changes in shape
and orientation of the susceptibility ellipsoid for
a sediment progressively deformed in a direc-
tional stress field). In particular, the site LUO3,
close to the main strike-slip fault, is characterized
by a prolate susceptibility ellipsoid with the Ky,
and ki, axes which tend to scatter along a girdle
normal to the kmax cluster (fig. 4a)); also aniso-
tropy factors show values typical of a tectonic
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Fig. 2. Plot of T (shape factor) versus P’ (corrected anisotropy degree) for all the analyzed specimens. T
value is O for aneutral anisotropy ellipsoid, +1 for a uniaxial oblate ellipsoid and -1 for a uniaxial prolate ellipsoid.

fabric. A purely sedimentary (compactional) fab-
ric, with a relatively strong magnetic foliation
and the kmax and kin axes scattered in the plane
normal to the kmi, cluster, and hence without a
well-defined magnetic lineation, was found only
in two sites (fig. 4b)). For all the other sites (fig.
4¢)) a prevailing magnetic foliation is accompa-
nied with a well-defined magnetic lineation with
the kmax axes always clustered tightly close to the
horizontal (nearly along the strike of the bed-
ding).

The directional analysis of all the determined
kmax axes reveals that such axes display a quite
similar orientation (approximately NW-SE)
through the whole area (fig. 5a)). The kmax maxi-
mum density direction for the Pleistocene sites
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(with an azimuth of N164°; fig. 5b)) fits very well
with the expected direction of maximum exten-
sion for a compressive episode with oy oriented
N70°. Moreover, if we consider the two Upper
Pliocene sites from the basin western edge, we
observe that the ky.x maximum density direction
shows a slightly different azimuth (N131°; fig.
5c)), in agreement with the assumption that they
suffered also the effects of a previous com-
pression, with o oriented N20°.

5. Natural Remanent Magnetization (NRM)
data

A pilot specimen for each site was stepwise
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Table I. List of anisotropy factors computed at each site.

Sites n ke L F P’ T q
LUO1 18 470.8(322.4) 1.006(.004) 1.059(.012 1.072(.016)  .828(.076) .093(.044)
1.004 1.059 1.071 .856 077
LU02 17 202.6( 16.5) 1.006(.002) 1.035(.006)  1.045(.007) .689(.106) .173(.064)
1.003 1.032 1.039 .847 .081
LU03 11 264.2( 86.7) 1.020(.008) 1.029(.012)  1.051(.012) .150(.346) .576(.280)
1.021 1.014 1.036 211 .878
LU04 12 341.5(103.4) 1.003(.002) 1.039(.004)  1.047(.005) .863(.080) .073(.044)
1.003 1.035 1.042 .857 .076
LUO5 13 493.9(216.2) 1.004(.002) 1.053(.012)  1.064(.016) .879(.042) .065(.023)
1.002 1.049 1.059 912 .046
LU06 11 364.4( 50.7) 1.003(.001) 1.045(.004)  1.054(.004) .860(.032) .075(.017)
1.002 1.045 1.053 .896 .054
LU07 12 2852( 33.9) 1.007(.002) 1.036(.005)  1.047(.005) .664(.120) .189(.073)
1.007 1.036 1.046 .688 173
LUO08 11 347.5(123.5) 1.010(.004) 1.052(.012)  1.066(.016) .688(.097) .175(.061)
1.009 1.050 1.065 .692 172
LU09 10 276.0( 18.4) 1.009(.003) 1.037(.005)  1.050(.005) .602(.121) .228(.079)
1.009 1.036 1.048 615 217
LU10 11 288.6( 53.8) 1.014(.010) 1.054(.013)  1.073(.016) .589(.217) .243(.150)
1.015 1.048 1.066 524 277
LU11 12 225.6( 49.6) 1.013(.003) 1.021(.010)  1.034(.012) .198(.243) 521(.188)
1.010 1.021 1.032 351 .392
LUI12 11 213.9( 19.8) 1.014(.004) 1.046(.012)  1.064(.015) 537(.101) .270(.067)
1.013 1.045 1.061 .559 254
LUI13 11 2352( 25.3) 1.005(.003) 1.037(.006)  1.046(.006) 772(.160) .127(.099)
1.001 1.038 1.045 925 .039
LU14 13 243.2( 36.2) 1.012(.005) 1.029(.006)  1.043(.006) .398(.223) 371(.171)
1.011 1.028 1.040 432 336
LU15 9 279.1( 85.9) 1.015(.008) 1.028(.010)  1.045(.009) .284(.338) .468(.284)
1.016 1.020 1.037 110 .580
Total 182 307.0(155.9) 1.009(.007) 1.041(.014)  1.054(.016) .617(.283) .231(.201)
1.007 1.029 1.038 594 .230

The upper line for each locality shows the arithmetic means of the individual specimens values (standard deviation in brackets);
the lower line shows the locality tensorial means (values referred in the text), determined averaging out the individual
components of the specimens tensors and calculated by the ANS 21 program (Jelinek, 1978).

n = number of samples;

ki = (kmax + Kint + kmin) / 3 (mean susceptibility, in 10-° ST units);

L = kinax / kint (lineation);

F = kine / kmin (foliation);

P = exp 2[(1], ‘n)z +(n, —77)2 +(n, - r))z] (corrected anisotropy degree);
T'=2(m2—m3)/ (1 — m3) - 1 (shape factor);
(kmax - kinl)

= hape f ;
q= [ +k )72k ] (shape factor)

‘max int min

M =10 ks, 2= 10 Kint, 75 = 10 ki, = (1 + 12+ 133) / 3.
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Fig. 3. Orientations of the principal susceptibility axes for specimens from site LU10. O kmax; A king O kemin-
The bedding plane and its pole (*) are also drawn. Schmidt equal-area projection, lower emisphere.

thermally demagnetized. At each heating step
the magnetic susceptibility of each pilot was
measured. Significant increases in the suscep-
tibility values were observed in the range
(310+-340)°C (fig. 6).

Such increases in susceptibility were also as-
sociated with drastic changes in the magnitude
and direction of the residual magnetization. Ther-
mal demagnetization of the pilots was stopped at
400°C (10t step).

On the basis of the pilot’s behaviour the re-
maining specimens (one for each core) were de-
magnetized in 7-9 steps, always monitoring the
variations in their magnetic susceptibility, up to
(340+360)°C, at which point their magnetic
properties had already undergone a major
change. The initial NRM intensities were gener-
ally of order of 10-3 A/m, rainging from 1.1 X
104 A/m to 1.3 X 10~! A/m and at the tempera-
tures corresponding to the main magnetic
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changes the intensity of the residual NRM
reached the (10-+20)% of the initial value for
most of the specimens.

For each site specimens with a single stable
component of magnetization (giving stable end-
points onto spherical projection and lines toward
the origin in a Zijderveld diagram; fig. 7a)) as
well as with two components with stability spec-
tra partly overlapping (giving «remagnetization»
circles on a stereonet; fig. 7b)) were recognized.
Best-fit lines and planes were evaluated by means
of the principal components analysis, according
to the method developed br Kirschvink (1980).
Paleomagnetic directions for each site were cal-
culated by the combined analysis of stable end-
points and remagnetization circles (McFadden
and McElhinny, 1988) (fig. 7¢)).

Paleomagnetic data were considered both be-
fore and after bedding correction. The mean pa-
leomagnetic directions for each site are listed in
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Fig. 4. Orientations of the

principal susceptibility axes for specimens from sites LUO03, LU13 and LUOS,
before bedding correction. Symbols as in fig. 3. A) Tectonic fabric — ki, and

kmin directions tend to scatter along

a girdle normal to the k,, cluster (close to the horizontal); B) purely sedimentary fabric — only the magnetic
foliation is well developed; the k. and ki axes are dispersed in the plane normal to the ki, cluster; C) «mixeds
fabric — each of the k-axis is grouped in a well-defined cluster. Schmidt equal-area projection, lower emisphere.

table IT and plotted onto an equal-area projection
in fig. 8.

The overall mean was calculated using Fi-
scher’s (1953) statistics. The sites LU11 and
LUI2 were discarded for their structural position
(at the overthrust front). Bedding correction pro-
duces a significant decrease of scattering; the fold
tests (both the McElhinny (1964) and the McFad-
den and Jones (1981) tests) are positive at the
95% of confidence. The only site with a normal
paleomagnetic direction (LU10) is antipodal to
the cluster of the reversed sites, after bedding
correction.
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6. Conclusions

The results obtained from the AMS analysis
of the Plio-Pleistocene clayey units of the
Sant’ Arcangelo basin indicate in summary that:

— the magnetic foliation is close to the bed-
ding plane;

— the magnetic lineation is perpendicular to
the shortening direction.

Suchresults are quite similar to those obtained
from apparently undeformed clays coming from
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Fig. 5. Contour plots of the magnetic lineations (kmax axes), after bedding correction, obtained for: a) all
specimens; b) specimens from Upper Pliocene-Lower Pleistocene sites in the eastern flank of the main syncline
of the basin (except LU04 and LU13 which show no magnetic lineation); c) specimens from Upper Pliocene
sites of the western flank of the main syncline of the basin. «Density» refers to the percentage number of data
points per 1% of the plotting area. Schmidt equal-area projection, lower emisphere.
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Fig.6. Change of bulk magnetic susceptibility during step heating (pilots). Each line represents one specimen.

other regions of the world with evidence of large-
scale compressional events (Kissel ef al., 1986).
Results indicate that the clayey units here studied
are characterized by a magnetic fabric typical of
sediments at the very first stage of deformation.
On this basis, the AMS results allow the determi-
nation of the bedding attitude (that is, the struc-
tural setting) for each sampling site, even where
the clays seem quite homogeneous or where is
however difficult to take a careful measure of the
local bedding attitude in the field.

At the same time, the results obtained indicate
that the orientations of the kmax axes are strictly
associated with the direction of the compressive
stresses to which the sampled units were sub-
jected and also that the shape of the susceptibility
ellipsoids is related to the structural position of
the sampling site. The above observations sug-
gest that the AMS data allow the reconstruction
of the strain pattern in the basin, that is, the
estimate, for each sampling site, of the relative
degree of strain and of the local direction of the
principal strain axes.

The study of the NRM of the Plio-Pleistocene
clayey units of the Sant’Arcangelo basin has
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given results which can be summarized as fol-
lows:

— The paleomagnetic vectors obtained from
the analysis of the demagnetization paths of the
specimens from each site are a statistic estimate
of a primary component of magnetization, as
indicated by positive fold tests and antipodality
between normal (LUO2) and reversed (all other
sites) site mean directions. So we expect that the
overall mean direction reflects the local geomag-
netic vector at the time of deposition (for Upper
Pliocene-Lower Pleistocene it ought to be D =
180°, —56° for a reverse geomagnetic field).

— The mean direction obtained from the stat-
istical analysis of 13 sampled sites (after bedding
correction) is D =157.8°,/ =—56.1° (a5 =3.7°),
indicating a counterclockwise rotation of about
22° of the Sant’ Arcangelo basin. Flattening of the
paleomagnetic vectors is absent or negligible.

— No significant difference has been detected
for Pliocene and Pleistocene sites, suggesting
that counterclockwise rotation we observe oc-
curred after the deposition of the Lower Pleis-
tocene clays.
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Fig. 7. a) Representative vector diagram of a specimen (LUO118) with a single stable component of
magnetization. Full circles — horizontal projection; open circles — vertical projection. b) Representative demag-
netization path for a specimen (LU1502) which defines a remagnetization circle. Solid line — lower hemisphere;
open circles and dotted line — upper hemisphere. c) Example of convergence for remagnetization circles and
stable endpoints for a site (LUO1). Open triangle — convergence point.

N

AFTER BEDDING CORRECTION

SCHHMIDT EQUAL-RREAR PROJECTION
Fig. 8 Stereonets with the site mean directions listed in table II. Full circles — normal magnetization; open
circles — reversed magnetization; <> present and reversed (antipodal) directions of the geomagnetic field.
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Table II. Mean paleomagnetic directions computed at each site from combined analysis of remagnetization
circles and stable endpoints.

Before bedding correction After bedding correction
Sites N(n,c) D / K Qs D 1 K Qs
LU01 17(11,6) 163.2 -57.5 190.9 2.6 148.1 -59.1 190.9 2.6
LU02 14(11,3) 2420 553 11.1 12,5 344.1 51.1 26.9 7.9
LU03 10(0,10) 163.3 -50.5 30.1 9.9 158.0 -56.3 30.1 9.9
LU04 9(5,4) 165.9 -56.5 304.5 3.1 148.7 -59.1 304.5 3.1
LUO05 10(5,5) 188.0 -56.6 394 8.0 156.5 —61.9 39.4 8.0
LU06 9(6,3) 188.5 -52.6 40.6 8.4 169.8 -57.2 40.6 8.4
Luo7 11(4,7) 192.3 754 210.7 33 165.5 —63.7 210.7 33
LUO08 11(3,8) 1741 -81.8 157.9 3.8 144.7 -62.3 157.9 3.8
LU09 10(6,4) 183.2 -37.3 27.0 9.7 169.5 -49.7 27.0 9.7
LU10 8(5,3) 109.3 534 93.7 59 1574 496 93.7 59
LUILI()  10(1,9) 136.7 -46.6 18.0 12.6 195.2 -60.9 18.0 12.6:
LU12(%) 8(2,6) 142.8 -24.8 28.7 114 133.5 272 28.7 114
LU13 11(7,4) 1447 —63.2 117.3 43 1444 -56.2 117.3 43
LU14 9(2,7) 1620  -29.0 18.3 13.2 1494 —47.8 18.3 132
LUI15 6(1,5) 186.6 -36.1 274 154 170.8 -51.0 274 154
Mean: 13 168.3 -56.1 17.8 9.2 157.8 -56.1 111.2 3.7

(") Sites rejected for their structural position (see text). The overall mean is computed using Fisher’s statistics; for site LUQ2
the antipodal (reversed) direction was considered. N: number of samples (n = number of direct observations; ¢ = number of
remagnetization circles); D, I: declination and inclination; K: precision parameter; cos: half-angle of cone of 95% confidence
about the mean direction.

Fig. 9. Paleomagnetic declinations (arrows) reported in the literature for Pleistocene sediments in southern
Italy (the sketch is only indicative and locations of arrow origin are approximate). Data from Tauxe et al., 1983;
Aifa et al., 1988; Scheepers e al., 1991; Sagnotti, 1992.
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This estimate is apparently surprising if we
consider that a similar amount of vertical-axis
rotation, with respect to the African pole, was
recognized for some different structural domains
in the Italian peninsula since the Mesozoic (see
Lowrie, 1986 for a review); however, recently
reported paleomagnetic data from other areas in
southern Italy indicate that such relatively high
amount of vertical-axis rotation is a common
feature for the Pleistocene units (fig. 9).

These data describe a pattern of Pleistocene
rotations which seems to be of regional signific-
ance and indicate that: 1) the Bradano foredeep
(Matera area) experienced a counterclockwise
rotation quite similar to the one here found for the
Sant’ Arcangelo basin (Scheepers et al., 1991);2)
there is a uniform clockwise rotation of 15°
widely recognized both in Calabria and in Sicily
(excluding Iblei foreland) (Tauxe er al., 1983;
Aifa et al., 1988; Scheepers et al., 1991).

In our opinion southeastward migration of
rifting and spreading processes in the Tyrrhenian
Sea (the basaltic crust formation in the Marsili
basin occurred in the last 1.9 million years, dur-
ing which the basin opened at a full spreading rate
of 3.5 cm/y and subsided at a rate of 700 m/My;
Kastens et al., 1988) may be associated with the
observed pattern of Pleistocene rotations. Open-
ing in the Marsili area, indeed, fits well with the
measured counterclockwise rotation in southern
Apennines and clockwise rotation in Calabria
and Sicily, resulting in a Pleistocene increase in
the peri-Tyrrhenian belt curvature.
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