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Chiara Caricchi'?, Francesca Cifelli’, Catherine Kissel®, Leonardo Sagnotti?, and Massimo Mattei’
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Abstract we report on results from anisotropy of magnetic susceptibility (AMS) analyses carried out on
weakly deformed fine-grained sediments from the Northern Apennine orogenic system (Italy). We sampled
63 sites from preorogenic, synorogenic, and postorogenic sequences, which differ in age, composition,
depositional environment, degrees of deformation, and tectonic regimes. The magnetic fabric is typical of
weakly deformed sediments, with a magnetic foliation subparallel to the bedding plane and a magnetic
lineation well defined in this plane. Northern Apennine chain deposits are characterized by strongly oblate
magnetic susceptibility ellipsoids, indicating that the magnetic fabric is the result of both compaction process
and tectonic load experienced by the sediments during diagenesis and orogenic events. The orientation

of magnetic lineation is significantly different depending whether the studied sites underwent extensional
or compressional tectonic regimes. In the Northern Apennine chain, the magnetic lineation is mostly oriented
NNW-SSE, parallel to the main compressional structures. It suggests a tectonic origin of the magnetic
lineation with an acquisition related to the Apennines compressional phases. In the extensional Tuscan
Tyrrhenian margin, magnetic lineation is oriented ENE-WSW, almost perpendicular to the main extensional
faults, which represent the main deformation elements of the area. Our results demonstrate a close
relationship between the shape and orientation of magnetic fabric and the tectonic history of rocks,
confirming that AMS represents a valuable tool to investigate the tectonic history of weakly deformed
sedimentary rocks.

1. Introduction

Since Graham [1966] suggested the possibility to use the anisotropy of magnetic susceptibility (AMS) to
reconstruct the deformation history of rocks, a large number of studies have been published concerning
the relationships between magnetic fabric and tectonics [Kissel et al., 1986; Rochette et al., 1992; Borradaile
and Henry, 1997; Parés et al., 1999; Tarling and Hrouda, 1993, among many others]. It has been largely demon-
strated that in completely undeformed sediments, the magnetic susceptibility ellipsoid is oblate, with the
magnetic foliation parallel to the bedding, as a consequence of depositional and/or compaction processes
(see Parés [2015] for a recent review). In these conditions the presence of a magnetic lineation and the imbri-
cation of magnetic foliation can be related to sedimentary processes, indicating the bottom current direction
during deposition [e.g., Rees, 1965; Schieber and Ellwood, 1988; Kissel et al., 1997, 2010]. If sediments undergo
tectonic deformation, a tectonic subfabric will progressively develop, modifying the primary sedimentary
magnetic fabric depending on the amount and the type of deformation. In particular, the magnetic fabric
acquires a geometry and orientation, which is very often distinctive between extensional and compressional
tectonic settings [Mattei et al., 19971].

In fold-and-thrust belts the evolution of the magnetic fabric is generally related to different degrees of layer
parallel shortening (LPS), indicating that the modification of the original sedimentary fabric occurred during
the early stages of deformation [e.g., Weil and Yonkee, 2009]. In this case, the shape and orientation of the
magnetic fabric depend on the degree of shortening and the presence of tectonic foliation (cleavage).
When the LPS deformation is low to moderate, the principal maximum axis K.ax (magnetic lineation) tracks
the intersection between LPS and bedding plane and aligns perpendicular to the shortening direction and
subparallel to the regional structural trend [Kissel et al, 1986; Borradaile, 1988; Aubourg et al., 1991;
Rochette et al., 1992; Housen et al., 1993; Sagnotti et al., 1998; Cifelli et al. 2009; Oliva-Urcia et al., 2009;
Larrasoana et al., 2011; Tang et al., 2012]. With increasing LPS the original sedimentary fabric is completely
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overprinted and the magnetic fabric becomes purely tectonic: the magnetic foliation rotates away from the
bedding plane and tends to orient parallel to the cleavage planes, whereas the magnetic lineation aligns
along the stretching direction [Kligfield et al., 1981; Lowrie and Hirt, 1987; Housen and Van der Pluijjm, 1991;
Averbuch et al., 1992; Hirt et al.,, 1995, 2000; Lunemburg et al., 1999; Debacker et al., 2004, 2009; Tavani and
Cifelli, 2010; Cifelli et al., 2013].

In extensional tectonic setting the main distinctive feature of magnetic fabric is represented by the develop-
ment of a magnetic lineation that is generally oriented parallel to the stretching direction and orthogonal to
the main system of basin-bounding normal faults [Sagnotti et al., 1994; Mattei et al., 1997, 2004; Cifelli et al.,
2004; Balsamo et al., 2008; Soto et al., 2007; Oliva-Urcia et al., 2010a, 2010b]. In this case the magnetic fabric is
related to the reorientation of the basal planes of the phyllosilicate grains due to the progressive extension
and the magnetic lineation is an intersection lineation resulting from the girdling of the phyllosilicates basal
planes that intersect with their common axis parallel to the stretching direction [Cifelli et al., 2005, 2007].

Despite the very large amount of published papers focused on AMS in sedimentary rocks, a significant scientific
debate still exists on the tectonic or sedimentary origin of the magnetic fabric observed in sedimentary rocks in
which visible evidence of deformation is lacking. In these cases the interpretation of magnetic fabric is not trivial
and the development of a magnetic lineation has been attributed to the activity of water currents flowing dur-
ing deposition [Hamilton and Rees, 1970; Rees and Woodall, 1975; Ellwood, 1980; Taira, 1989; Tarling and Hrouda,
1993; Baas et al., 2007; Parés et al., 2007; Veloso et al., 2007; Dall'Olio et al., 2013; Cai et al., 2014] or to the reor-
ientation of mineral particles during the early stages of deformation [Lee et al., 1990; Borradaile and Henry, 1997;
Sagnotti and Speranza, 1993; Sagnotti et al, 1998; Parés, 2004; Parés et al., 1999; Kanamatsu et al,, 2001;
Larrasoaria et al., 2004; Weaver et al., 2004; Cifelli et al., 2009; Porreca and Mattei, 2012; Alimohammadian et al.,
2013; Cifelli et al., 2015]. Most of the difficulty to unambiguously interpret the magnetic fabric observed in
weakly deformed sediments stems from the fact that most of these sediments, initially deposited in structurally
controlled foredeep basins, are later incorporated in orogenic belts, showing a substantial parallelism between
paleoflow directions and the orientation of fold axes [Sagnotti et al. 1998; Parés and Van der Plujjm, 2002;
Dall'Olio et al., 2013].

So far, very few studies could discriminate between depositional/sedimentary and tectonic origin of the mag-
netic fabric [Kissel et al., 1986; Cifelli et al., 2015]. These results were obtained only from compressional areas,
and no comparison of different sedimentary units, diversified for age, composition, depositional environment,
degree of deformation, or tectonic regime, in the same orogenic system had been yet conducted.

In this work we present new magnetic analyses carried out in fine-grained sediments that experienced variable
degrees of deformation in different tectonic regimes, from the Northern Apennine compression to the
extension along the Tuscan Tyrrhenian margin (Figure 1). Our results allow us to better determine the
origin of magnetic fabric in weakly deformed sedimentary units and to delineate the relationship between
the orientation of magnetic lineation in fine-grained sediments and the tectonic structures in various
extensional and compressional tectonic settings within the same orogen.

2. Geological and Tectonic Setting

The Northern Apennines chain is a fold-and-thrust belt resulting from the convergence between African
(Adria microplate) and European plates [Channell et al., 1979; Bally et al., 1986; Dewey et al., 1989; Barchi et al.,
1998al. The evolution of the Northern Apennines proceeded with an eastward migration of the orogenic
wedge, marked by the onset of foredeep basins filled by siliciclastic deposits that are progressively younger
toward the Adriatic foreland [Barchi et al., 1998a]. The Northern Apennine is composed of a series of stacked
structural units accreted onto the Adriatic foreland [Baldacci et al., 1967; Elter, 1975; Boccaletti et al., 1980;
Principi and Treves, 1984; Barchi et al., 1998a; Costa et al., 1998; Molli et al., 2002] (Figure 1). The innermost and
uppermost tectonostratigraphic unit is represented by oceanic (Ligurian unit) and transitional (sub-Ligurian)
domains [Elter, 1975; Bortolotti et al., 2001; Cerrina Feroni et al., 2002], consisting of Jurassic ophiolite
sedimentary rocks and Jurassic-early Cretaceous flysch deposits (helminthoid flysch) [Elter, 1975;
Marroni et al., 2001; Festa et al., 2010]. The units from the Ligurian domain thrust onto the Tuscan units,
formed by Upper Triassic to Eocene marine carbonates and Oligocene-lower Miocene siliciclastic fore-
deep sequences. The latter are deformed in an array of thrust sheets that ultimately thrust over the
Umbria-Marche-Romagna units. In the western sector of the Tuscan domain, extensional tectonic is
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Figure 1. Schematic map of the Northern Apennines and location of the sampling sites.

coeval with the eastward thrust emplacement in the external Umbria-Marche-Romagna chain, [e.g., Elter, 1975]
with both extensional and compressional fronts migrating toward the Adriatic foreland from middle
Miocene until Pleistocene. This extensional tectonic phase is related to the opening of Tyrrhenian Sea
back-arc basin [Boccaletti et al., 1980; Malinverno and Ryan, 1986; Dewey et al., 1989; Barchi et al., 1998b;
Faccenna et al., 2004]. It dissected the already formed Apennine chain, generating new NW-SE trending
extensional basins filled by “neo-autochthonous” marine and continental sequences [Jolivet et al., 1998;
Collettini et al., 2006, and references therein]. Crustal thinning, high heat flow, and upraise of magmatic
bodies accompanied extensional tectonics along the Tyrrhenian margin. NW-SE normal faults, mostly
located in the internal sector of the Umbria-Marche-Romagna region, at the edges of the intramontane
basins, represent the most important active tectonic features of the area with a well-documented historical
and recent seismicity [e.g., Chiaraluce et al., 2004].

3. Sampling and Methods

Samples were drilled with an ASC 280E petrol-powered portable drill at 63 sites. The cores were
distributed as widely as possible over the outcrops and oriented in situ with a magnetic compass.
The magnetic orientations were corrected by about 2° to account for the local declination at the time
of sampling.

Twenty-nine sites were sampled in postorogenic Messinian and Plio-Pleistocene blue clays, deposited in mar-
ine or lacustrine environments in the extensional basins along the Tuscan Tyrrhenian margin. In this area the
neo-autochthonous sedimentary sequences are floored by upper Tortonian continental sequences, which
transgressed onto the deformed units of the Apennine chain. These sequences are covered by lagoonal to
marine sediments (conglomerates, sands, and clays) interbedded with Messinian evaporites. The upper part
of the sequence consists of marine clastic deposits of Pliocene age. In the more internal part of the area some
lacustrine basins developed in late Pliocene-Pleistocene, representing the younger sedimentary deposits of
the Tuscan Tyrrhenian margin. In particular, we sampled eight sites in the upper Messinian blue clays from
the Volterra, Val di Fine, and Orcia Valley basins and 21 sites in Pliocene blue clays mainly from Volterra
and Siena-Radicofani basins (Figure 1).
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In the internal sector of the Apennine chain 34 paleomagnetic sites were sampled from preorogenic, synorogenic,
and thrust top deposits in the Tuscan succession, cropping out in the following areas: (i) around Lake Trasimeno,
(i) in Chianti Mountains (CM) and Pratomagno (PM) ridge, (iii) around the Mugello basin, and (iv) in Val di Lima (VL)
and Garfagnana (GF) areas (Figure 1).

The preorogenic deposits consist of Upper Cretaceous-lower Eocene pelagic foreland ramp deposits character-
ized by calcareous marly turbidites and varicolored shales. Nineteen sites were sampled in varicolored shales
and marly shale layers cropping out in Lake Trasimeno, Chianti Mountains, Garfagnana, and Val di
Lima areas (Figure 1).

The synorogenic deposits consist of Rupelian-Aquitanian turbidites characterized by alternating thick coarse-
grained and thin and fine-grained siliciclastic beds. In the Trasimeno Lake area and the Pratomagno ridge, 12
sites were collected from the thin and fine-grained beds (Figure 1).

Three sites were sampled in the Mugello Basin deposits (Figure 1), characterized by alternation between gray
marls-silty marls and sandstone layers with calcareous component deposited in a Burdigalian thrust
top basin.

AMS and rock magnetic analyses were carried out at the paleomagnetic laboratory of the Roma Tre University
(Rome), Laboratoire des Sciences du Climat et de I'Environnement, (CEA/CNRS/UVSQ, Gif-sur-Yvette, France),
and laboratory of paleomagnetism and rock magnetism of the Istituto Nazionale di Geofisica e Vulcanologia
(INGV, Rome).

AMS is defined by a second rank tensor, and it is geometrically represented by a three-axis ellipsoid (with prin-
cipal axes Kiyax > Kint > Kmin), in which the long axis (Kinax) represents the direction of largest induced magne-
tization and the short axis (Kmin) the direction of lowest induced magnetization. Several parameters are used for
the quantification of the magnitude of anisotropy and for defining the shape of the AMS ellipsoid (see Table 1)
[Jelinek, 1981; Hrouda, 1982]. The mean susceptibility value K, is computed as K, = (Kmax + Kint + Kmin)/3. Tis the
shape parameter and range from —1 (perfectly prolate ellipsoid with L > F) to +1 (perfectly oblate ellipsoid with
F>» L) with zero values corresponding to a triaxial shape (F~L, in which Kint/Kmin ~ Kmax/Kint)- The anisotropy
degree can be described by the parameter Pj [Jelinek, 19811, which considers all the three principal susceptibility
values. Anisotropy of magnetic susceptibility (AMS) was measured for all samples using a KLY-3S Kappabridge
magnetic susceptibility meter at the paleomagnetic laboratory at Roma TRE University and KLY-2 Kappabridge
at Laboratoire des Sciences du Climat et de I'Environnement, (CEA/CNRS/UVSQ, Gif-sur-Yvette, France). Results
are shown on an equal area stereographic projection using the Jelinek and Kropdcek [1978] statistics. In order to
identify the main magnetic minerals contributor to the AMS, we carried out a series of rock magnetic analyses
on selected specimens. The measurements include (1) isothermal remanent magnetization (IRM) acquisition
curves; (2) stepwise thermal demagnetization of a composite isothermal remanent magnetization (IRM) pro-
duced by sequential application of DC fields of 2.7 T, 0.6 T, and 0.12 T along three mutually orthogonal sample
axes [Lowrie, 1990]; and (3) hysteresis properties of small rock fragments. Hysteresis properties were measured
on a Micromag alternating gradient magnetometer (AGM model 2900, Princeton Measurements Corporation)
with a maximum applied field of 1 T. For all the samples, the saturation magnetization (M), the saturation rema-
nent magnetization (M), and the coercive force (B.) were determined after subtraction of the correction for the
paramagnetic component contribution. The values of coercive remanent force (B.,) were determined in a fol-
lowing experiment including a stepwise IRM acquisition at +1T, followed by a stepwise application of a back
fieldupto —1T.

4, Results
4.1. Magnetic Properties

Different rock magnetic experiments were conducted in order to identify the ferromagnetic minerals in the
sample, their grain size, and the paramagnetic contribution to the bulk susceptibility.

The stepwise acquisition of IRM (Figure 2a) indicates that IRM saturation is not reached by 900 mT for 19
samples of the preorogenic samples. This high-coercivity magnetic carrier is identified as hematite by the
thermal demagnetization of three-axis IRM [Lowrie, 1990] which indicates a maximum unblocking
temperature of ~680°C for the intermediate- and the high-coercivity fractions (Figure 2b). Six other pre-
orogenic samples are characterized by an early IRM saturation (in fields around 0.3T) and a maximum
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Figure 2. Main results from magnetic mineralogy analyses: (a) isothermal remanent magnetization (IRM) acquisition curves and (b—f) thermal demagnetization
curves of a three-component (low-, intermediate-, and high-coercivity) IRM [Lowrie, 1990].

unblocking temperature around 580°C of the dominant IRM low-coercivity component (Figure 2c). This
indicates that magnetite is the main remanence magnetic carrier in these samples. In synorogenic,
thrust top, and postorogenic deposits, magnetite is also the main remanence carrier (Figures 2a, 2d,
2e, and 2f), but in a few postorogenic sites, the intermediate- and low-coercivity IRM components are
unblocked between 320°C and 380°C, typical of ferromagnetic iron sulphides. The presence of greigite
(Figure 2f) is confirmed by X-ray analysis performed on these samples.

Hysteresis analyses were carried out in order to evaluate the paramagnetic contribution to the low-field-induced
magnetization and to obtain information about the domain state (i.e, average grain size of the
magnetite/greigite) with the use of the Day diagram [Day et al., 1977; Dunlop, 2002] (Figure 3). In the preoro-
genic samples characterized by hematite, hysteresis loops consistently show a distinct loop and high remanent
coercivities (B, ~ 400 mT, Figure 3a). Hysteresis diagrams obtained for synorogenic and thrust top deposits are
mainly linear showing a prevalent paramagnetic contribution (Figures 3b and 3c). The hysteresis loops obtained
after correction for the paramagnetic slope are consequently poorly defined and indicate the presence of very
low amounts of low-coercivity ferrimagnetic minerals. The obtained B values (in the range 30-45mT)
(Figures 3b and 3c) and the available rock magnetic data [see also Caricchi et al., 2014] indicate that
the very weak remanent signal in these deposits is carried by magnetite. The hysteresis data of the
postorogenic deposits indicate a distinct ferromagnetic (in a broad sense) contribution with the presence
of low-coercivity minerals in the pseudosingle to multidomain range grain sizes (Figures 3d and 3e).

The mean magnetic susceptibility (K,,) values and anisotropy parameters of the analyzed sediments are listed
in Table 1. K,,, values range between 23 x 10~° and 480 x 10~° Sl with most of the values below 200 x 107 SI.
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Figure 3. Hysteresis data for representative samples: (a) preorogenic deposits, (b) synorogenic deposits, (c) thrust top deposits, and (d) postorogenic deposits.
Hysteresis loops for preorogenic and postorogenic deposits are well defined and are plotted after correction for the paramagnetic susceptibility (upper plots in
Figures 3a and 3d). Samples from synorogenic and thrust top deposits are dominated by the paramagnetic fraction, and the hysteresis curves are quite linear (upper
plots in Figures 3b and 3c). After subtraction of the paramagnetic slope and a 100X magnification, weak hysteresis loops are identifiable also for these samples
(middle plots in Figures 3b and 3c). The lower plots in Figures 3a-3d show the back-field remagnetization curves up to —1 T, from which we estimated the coercivity
of remanence (B,). (e) Plot of hysteresis ratios (M,s/Ms versus Bc,/B¢; modified from Dunlop [2002]) for samples of postorogenic deposits. The indicated fields for
single domain (SD), pseudosingle domain (PSD), and multidomain (MD) refer only to magnetite particles.
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Figure 4. Frequency distribution of the mean susceptibility (K,,) values for (a) preorogenic deposits, (b) synorogenic deposits, (c) thrust top deposits, and
(d) postorogenic deposits. (e) Plots of shape parameters (T) versus degree of anisotropy (Pj) and magnetic lineation (L) versus magnetic foliation (F) for all

the investigated sites.

This range of variability indicates a prevailing contribution of the paramagnetic minerals of the rock matrix,
with an overall low content of ferromagnetic (in a broad sense) minerals and in particular a negligible
contribution of ferrimagnetic minerals [Hrouda and Kahan, 1991; Tarling and Hrouda, 1993]. This is confirmed
by the comparison between low- and high-field susceptibility values, which do not differ by more than 20%
(average 8%).

Figure 4 shows the distribution of the magnetic susceptibility values for all the analyzed deposits.
Preorogenic deposits have the widest K, distribution, with a main clustering at low values, between 0 and
90x 107 SI, and a long tail up to 420 x 107° SI (Figure 4a). Most of the susceptibility values of the preoro-
genic samples are lower than those measured for the synorogenic ones. The latter show K, values in the
range between 100 and 400x 107° S| and a bimodal distribution with two modes at 150-180x107° S|
and at 270-300 x 10~° S| (Figure 4b). The thrust top deposits display K, values mainly clustered between
60 and 180x 107° S| (Figure 4c), while the postorogenic Messinian-Pleistocene clay deposits are charac-
terized by K, values ranging between 60 and 290 x 1076 SI with a single exception of one site (TS06) with
K, of 450-480 x 107° SI (Figure 4d). Besides differences in the relative content and nature of ferromagnetic
(in a broad sense) minerals, the observed different K,,, distributions also reflect the different composition of
the rock matrix. The low susceptibility values observed in the pelagic carbonates of the preorogenic deposits
probably result from their large diamagnetic content (i.e., calcite). The paramagnetic contribution of the clay
minerals prevails in the synorogenic deposits of foredeep basins, which show the highest susceptibility
values, and in the blue clays of the postorogenic sediments deposited in extensional basins. The mean sus-
ceptibility values of the marly thrust top deposits reflect the contribution of both paramagnetic and diamag-
netic minerals of the rock matrix. X-ray diffraction (XRD) quantitative analyses on whole-rock samples from
previous studies [Battaglia et al., 2002; Meneghini et al., 2012; Caricchi et al., 2015] indicate that all types of
analyzed deposits are characterized by the presence of calcite, quartz, plagioclase, and phyllosilicates
minerals in the rock matrix. Moreover, the XRD analyses of the <2 um grain size fraction show a clay mineral
assemblage constituted by illite, mixed layer illite-smectite, mixed layer illite-chlorite, kaolinite, and chlorite
[Battaglia et al., 2002; Meneghini et al.,, 2012; Caricchi et al., 2015].
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Figure 5. Results of bootstrap analyses. Cumulative distributions of Kinin, Kint. and Kmax (solid line) and their 95% confidence
bounds (dash lines). In all cases the three eigenvalues and associate eigenvectors are distinct from one to another. In the case
of postorogenic deposits Kmin < Kint < Kmax-

4.2. AMS Shape Parameters

The shape and eccentricity of the susceptibility ellipsoids have been evaluated by plotting Pj versus T
(Figure 4e) and L versus F (Figure 4f). The preorogenic deposits show a large scattering of both shape (T)
and anisotropy degree (Pj) parameters, with values varying from —0.439 to 0.751 and from 1.017 to 1.093,
respectively (Table 1). Oblate AMS ellipsoids dominate in the preorogenic deposits, with only one exception
(site FT32). In this case, the negative T value (T=—0.439) indicates a prolate fabric. A similar distribution for
the T parameter (0.203-0.863) has been observed in the postorogenic deposits, indicating a prevalent oblate
shape of the AMS ellipsoids, which, however, show a lower and less dispersed distribution of Pj values
(Pj=1.017-1.070). For thrust and synorogenic deposits, the T and Pj values are more clustered. The thrust
top deposits have T values ranging from 0.270 to 0.366 and Pj values between 1.049 and 1.093, whereas
the synorogenic sediments are characterized by T values comprised between 0.665 and 0.869, and Pj values
between 1.073 and 1.117, recording the highest degree of magnetic anisotropy among the analyzed
sequences. The distribution of both the foliation (F) and lineation (L) values (Figure 4f) is also indicative of
oblate magnetic fabric except for site FT32. It is worth to note that the F values in synorogenic deposits
are the highest measured in the studied area, distinctly higher than those recorded in preorogenic and
postorogenic deposits.

In order to test if the directions of K.x and K, can be statically distinguished even in undisturbed sediments
with strongly oblate AMS ellipsoids, we performed a bootstrap statistics analysis of eigenvalue and eigenvector
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Figure 6. AMS results from all investigated sites plotted on equal area projections in geographic coordinates. The distribution of the Kiax and Kmin parameters is
shown for preorogenic, synorogenic, thrust top, and postorogenic deposits. Blue squares indicate Ko, and purple circles indicate K. Contours of variable color
represent the distribution of percentage densities of these two axes. The postorogenic deposits include data from Cava Serredi in Sarti et al. [1995].

distributions [Constable and Tauxe, 1990] (software aniso_magic.py in QuickMagic by Tauxe [2015]).
The results, plotted in Figure 5, show that K., and K, distributions are statistically distinct for all four
sedimentary units. In detail, the postorogenic deposits are characterized by oblate fabric, while preoro-
genic, synorogenic, and thrust top deposits show a triaxal fabric. The postorogenic deposits show a
highly oblate AMS ellipsoid, with a vertical Knin.

4.3. AMS Directions

The overall set of data shows a distinct distribution of magnetic foliation and magnetic lineation in the different
tectonic settings (Figure 6). In particular, in preorogenic, synorogenic, and thrust top deposits magnetic foliation
forms a well-shaped girdle distribution oriented NE-SW and a well-grouped magnetic lineation oriented NW-SE
(Figures 6a-6¢). On the other hand, in postorogenic deposits the magnetic foliation is only slightly deviated
from a subhorizontal distribution along the NE-SW direction and the magnetic lineation is more dispersed
around a NE-SW direction (Figure 6d). This distinct orientation of magnetic lineation and foliation in postoro-
genic and in preorogenic, synorogenic, and thrust top deposits clearly suggests that the orientation of AMS
principal axes is mostly related to the different tectonic processes that affected the Apennine chain and the
Tyrrhenian margin during the Neogene. At the site level, the directions of the principal axes of the AMS ellip-
soids are often tightly grouped with a well-defined magnetic foliation plane and magnetic lineation as shown
in Figure 7. The magnetic foliation is generally parallel to the bedding plane except for a few samples from the
preorogenic pelagic carbonates where the magnetic foliation is orthogonal to the bedding plane. In these cases,
this orientation is most probably related to the presence of cleavage planes not visible at the outcrop scale or to
the crystal growth of diagenetic hematite with the crystallographic basal plane perpendicular to bedding
[Lowrie and Hirt, 1987]. Moreover, most of the sites clearly show distinct magnetic lineation as defined by the
clustering of the Kiay (Figure 7). In particular, in the following discussion, the orientation of the magnetic linea-
tion is considered as reasonably well defined for samples in which the semiangle of the 95% confidence ellipse
in the Kyax-Kint plane (E;_,) does not exceed 26.5° (Table 1) [Jelinek, 1977].

Accordingly, the lineation is well defined for 12 sites (out of 19 sites) of the preorogenic deposits, for 9 sites
(out of 12) of the synorogenic deposits, for all the 3 sites sampled in thrust top deposits, and for 15
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Figure 7. Magnetic anisotropy data from four representative sites (equal area Schmidt projection, lower hemisphere). The
squares, triangle, and dots represent K ax, Kint: and Kmin, respectively. The ellipses indicate the 95% region around the prin-
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cipal susceptibility axes. The orange line indicates the bedding plane. Orange circle with dot indicates the pole to bedding.

postorogenic sites (out of 29). All sites with poorly defined magnetic lineation have been discarded from
further analyses. The orientation of the magnetic lineation is significantly different in preorogenic, synoro-
genic, thrust top deposits, and in the postorogenic sediments of extensional basins (Figure 6).
Furthermore, in preorogenic and synorogenic units (Figures 7a and 7b) and in the thrust top deposits
(Figure 7c) the magnetic lineation clusters subparallel to the strike of the magnetic foliation, oriented
NNW-SSE to NW-SE. Conversely, the postorogenic sediments show a cluster of magnetic lineation around

the NE-SW direction (Figure 7d).

Figure 8. Geological cross section C-C' (trace in Figure 1) [after Caricchi et al.,, 2015] showing the distributions of tectonic
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between the Tuscan Tyrrhenian margin and internal arc of Northern Apennines.

5. Discussion
5.1. The Magnetic Foliation

All the sites show a well-defined magnetic foliation parallel to the bedding plane. This magnetic foliation is
related to sedimentary and compaction processes and appears to be strongly dependent on the lithology
of the samples and on the sedimentary and tectonic loading acting at the sampling site. The lithological
control is well evident in the different degrees of oblateness (represented by T and F parameters), with less
oblate ellipsoids detected in the preorogenic and thrust top sediments of the Apennine units and more
oblate in the synorogenic units of the Apennine foredeep basins. This difference clearly reflects the differ-
ent carbonate and phyllosilicate contents observed in the different units. The high T and F values observed
in the synorogenic units are clearly related to the large paramagnetic (phyllosilicates) content, whereas the
low oblateness observed in preorogenic and thrust top units is mostly due to the large carbonate content
in these rocks. We also suggest that the flattening degree is related to the sedimentary/tectonic load,
which enhances the preferred orientation of phyllosilicates within the bedding planes. In order to test
this hypothesis, magnetic foliation values obtained for clayey synorogenic sediments from the different
thrust sheets are reported in a geological cross section of the Tuscan foredeep basin where the
sedimentary/tectonic load was previously estimated (Figure 8) [Caricchi et al., 2015]. Magnetic foliation
values decrease moving from SW toward NE along the cross section, in correspondence with a reduction
of tectonic load as estimated on the basis of geological and thermal maturity data [Caricchi et al., 2015].
This suggests that besides a lithological control due to the carbonate content, the F parameter is directly
related to the compaction process, as a consequence of the sedimentary/tectonic burial depths reached
by the sediments. This inference is also supported by the low F values measured in clayey postorogenic
deposits, which never experienced significant tectonic loads. Conversely, the low F values measured in pre-
orogenic and thrust top deposits, which underwent a significant tectonic load but have high carbonate
content in the rock matrix, indicate that caution is necessary in the tectonic interpretation of the AMS data
in different lithologies since variable proportions of the diamagnetic and paramagnetic fractions may
affect the magnetic fabric development.
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5.2. The Magnetic Lineation

The well-defined magnetic lineations
(Eq_5 < 26.5°) are reported in Figure 9
together with the results previously
reported by Sagnotti et al. [1998]
and Sarti et al. [1995]. Two different
patterns are observed. In the units
involved in the Apennine deforma-
tion (preorogenic, synorogenic, and

Tuscan Tyrrhenian Margin Apennine Chain

Extensional domain superimposed thrust top units of the Apennine
on Apennine thrusting . . .

[ ) chain), the orientation of the mag-
| Compressional domain migrating toward the Adriatic foreland N netic lineation follows the curved

[
shape of the Northern Apennines

Figure 10. Schematic cross section with magnetic lineation direction from N-S in the southern sector to
across the Northern Apennines. NW-SE in the northern sector of the

chain, being systematically parallel
to the orientation of the main tectonic structures of the arc. This parallelism is observed both in the
internal (Tuscan and Cervarola-Falterona units) and in the external (Umbria-Marche-Romagna unit)
portions of the arc, which are characterized by different amount and age of deformation. Only two sites
(FTO9 and FT10) present an anomalous orientation with respect to the main trend with the lineation
perpendicular to the regional trend fold axes, possibly indicating that these sites are affected by local
extensional faults.

In the postorogenic units of the Tuscan Tyrrhenian margin, the magnetic lineations are mostly
oriented NE-SW to E-W, almost orthogonal to the main basin-bounding extensional faults of the area.
This geometry has been observed both in the more internal extensional basins (Val di Fine Volterra
[Sarti et al., 1995]), which rifted during the late Miocene, and in the more external basins (Orcia and
Siena-Radicofani), which rifted mainly during the Pliocene. Only in a few sites, the magnetic lineation
is oriented NW-SE, almost parallel to the main trend of the Tyrrhenian margin extensional basins.
This anomalous orientation can be due to the presence of NE-SW normal faults, which represent the
main elements of extensional transfer basins NE-SW oriented [Sagnotti et al., 1994; Faccenna et al.,
1994] or can be due to the complex geometry of low-angle normal faults recognized in the area
[Maffione et al., 2012].

5.3. The Magnetic Fabric in the Apennine Thrust Belt and in the Extensional Tyrrhenian Margin

Figure 9 shows that the relationship between the magnetic fabric and the main tectonic structures is clearly
distinctive in the sites within the compressional regime of the Northern Apennine fold-and-thrust belt com-
pared to the extensional regime in basins associated with the Tuscan Tyrrhenian margin.

In the preorogenic, synorogenic, and thrust top deposits, K, is distributed along a NE-SW oriented
girdle, with a progressive decrease in the amount of girdling from the preorogenic to synorogenic
and thrust top deposits (Figures 6a-6c¢). This pattern reflects the variable structural complexity and
degree of deformation of the three different tectonostratigraphic deposits. In these three domains,
Kmax is oriented along the strike of the magnetic foliation and parallel to the regional fold axis
described by the NE-SW girdling of the magnetic foliation (Figurea 6a—6c¢). Conversely, in the postorogenic
deposits Knin is subvertical (except in TS18), with a slight girdling along a NE-SW direction. K, .« also shows a
prevalent distribution along the NE-SW axis in the foliation plane (Figure 6d). In postorogenic deposits the
magnetic lineation mostly lies on the dip of the bedding plane, which is parallel to the magnetic foliation
plane (Figure 6d).

This peculiar geometry indicates (i) a distinctive geometrical relationship between the orientation of magnetic
lineation and magnetic foliation in compressional and extensional tectonic settings and (ii) a different relation-
ship between the orientation of the magnetic lineation and the main tectonic structures in fold-and-thrust belts
(where magnetic lineation parallels the main tectonic elements) and in extensional basins (where the magnetic
lineation is orthogonal to the main tectonic elements) [Mattei et al., 1997].
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5.4. The Origin of Magnetic Lineation and the Tectonic Evolution of the Northern Apennines

In the Northern Apennines a direct relationship between the orientation of magnetic lineation and the main tec-
tonic structures is observed in both extensional and compressional tectonic settings (Figure 10). This relation-
ship exists in sedimentary units that differ in age, lithology, magnetic mineralogy, and sedimentary
environment suggesting that the observed magnetic lineations result from tectonic deformation rather than
from depositional processes. The origin of magnetic lineation in poorly deformed sediments from fold-and-
thrust belts has been discussed in a large number of papers and has been generally considered as an intersec-
tion lineation between the bedding plane and an incipient cleavage developed during the early stages of LPS
(see Pares [2015] for a recent review). On the other side, other studies carried out in “undeformed” sediments
from extensional basins suggest that the magnetic lineation develops at the early stages of deformation and
is related to reorientation of the basal planes of the phyllosilicate grains in response to the progressive exten-
sion. In this case the magnetic lineation is an intersection lineation resulting from the girdling of the phyllosili-
cates basal planes with the common axis of their intersection parallel to the stretching direction [Cifelli et al.,
2004, 2005]. On this basis we propose that in the Northern Apennine the magnetic lineation initially formed dur-
ing the early phases of LPS as described above. Subsequently, during Oligocene-lower Miocene time the Tuscan
units were incorporated in the orogenic wedge, which progressively involved the more external sector of the
chain. During this process, the magnetic lineation passively rotated counterclockwise to follow the formation
of the Northern Apennine arc [Caricchi et al,, 2014]. The parallelism with the main tectonic structures of the chain
was therefore maintained. This process accompanied the progressive foreland migration of the Northern
Apennine thrust front, giving rise to the formation of a tectonic magnetic lineation in the more external
Umbria-Marche-Romagna units [Sagnotti et al., 1998]. The latter also underwent subsequent rotations around
the vertical axis, which passively rotated the magnetic lineation together with the compressional structures after
late Miocene times [Speranza et al., 1997].

The progressive foreland migration of the Northern Apennine chain was accompanied at the rear of the chain
by the opening of extensional sedimentary basins, which formed progressively from the Tuscan Tyrrhenian
margin (late Miocene) to the Umbria-Marche-Romagna sector (late Pliocene-lower Pleistocene) of the
Apennine chain. These areas were progressively affected by NW-SE oriented normal faulting, which dissected
the Apennine units and formed extensional, fault-bounded, sedimentary basins infilled by postorogenic sedi-
mentary sequences. During this process a magnetic lineation oriented orthogonal to the normal fault direc-
tion was acquired in the different extensional basins of the Tuscan Tyrrhenian margin, which were not
affected by any significant rotation around vertical axis [Lowrie and Alvarez, 1979; Hirt and Lowrie, 1988;
Sagnotti et al., 1994; Sarti et al., 1995; Mattei et al., 1996]. It is worth to note that in the Apennine units the mag-
netic fabric acquired during the compressional deformation was not modified by the subsequent extensional
tectonics, further demonstrating that in the Apennine chain the observed magnetic fabric formed during the
early stages of deformation.

6. Conclusions

In this study, we report on new AMS data from different sedimentary units collected in the same orogenic
system. The origin of magnetic fabric may be defined considering the AMS results in the various tectonic set-
tings. In particular, the analyzed sediment showed a predominant magnetic foliation parallel to the bedding
plane, indicating that the magnetic fabric is mainly due to the compaction process during diagenesis and it is
also directly proportional to the amount of tectonic load experienced by the sediments during the orogen-
esis. The magnetic lineation recorded in the sites of the internal arc of Northern Apennine chain is parallel
to the trend of folds and thrust faults, suggesting that it has a tectonic origin and it was most likely acquired
during the incipient phases of LPS. Conversely, in the Tuscan Tyrrhenian margin, the magnetic lineation is
perpendicular to the main extensional faults and represents the stretching direction of the extensional defor-
mation. This study reveals that the original sedimentary magnetic fabric was partly overprinted by a preferred
reorientation of minerals in the rock matrix by an incipient deformation related to compressional and exten-
sional phases in the same orogeny, the Northern Apennines. In a more general sense, our results verify the
distinctive relationships between the orientation of magnetic lineation and the main tectonic features in
extensional and compressional tectonic regimes, highlighting the large potential of the AMS method for
studying tectonic deformation in poorly deformed rocks at both the local and regional scales.
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