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Abstract: This work investigates how anisotropy of magnetic susceptibility (AMS) recorded the strain related to the Early
Cretaceous extensional processes in synrift sediments of the Maestrat basin (eastern Spain). Forty-two sites, distributed
throughout the Lower Cretaceous sequence with dominant gentle dips, were sampled. Minerals contributing to the AMS
are mainly phyllosilicates. The parallelism between magnetic and sedimentary foliation seems to indicate that a primary
(synsedimentary and early diagenetic) magnetic fabric was preserved at 84% of sites. Consequently, preferred orientations of
magnetic lineations are interpreted to record the effect of extensional processes coeval with sedimentation and diagenesis dur-
ing this period. At these 35 sites, two main magnetic lineation orientations are found, delimiting two large domains: a NE-SW
orientation prevailing in the NW sector of the basin (parallel to the extension direction of the Iberian basin), and NW-SE to
NNW-SSE orientations to the SE (parallel to the extension direction controlling the western Tethys margin). Directional vari-
ability demonstrates that the Maestrat basin is located at the boundary between two domains (Iberian and Tethyan) undergoing
different plate-scale extensional processes. The subsequent Cenozoic tectonic inversion affected the synsedimentary magnetic

fabrics at only a few sites at the borders of the basin, where compressive features are more developed.
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The interpretation of geological processes at a regional scale in
weakly deformed rocks from extensional basins can be hindered
by the lack of deformational structures. Even after performing
structural and sedimentological studies, ambiguities in the charac-
terization of the deformation-driving mechanisms and their causes
can still arise. This shortcoming is magnified when successive tec-
tonic events affect the same rocks. The use of indirect techniques
such as magnetic fabric analysis becomes essential when a com-
plex deformation history makes difficult the direct characterization
of consecutive deformation events (e.g. Soto er al. 2007, 2008;
Oliva-Urcia et al. 2010a,b, 2013; Garcia-Lasanta et al. 2014).

The synrift Cretaceous units of the Maestrat basin (SE Iberian
Range, Fig. 1) constitute a clear example of sedimentary rocks
affected by successive tectonic processes. The Iberian Range was
an intraplate basin subjected to a positive tectonic inversion during
Cenozoic times (e.g. Guimera ef al. 2004) in relation to the Alpine
orogeny. The stages predating inversion were characterized by
extension and sedimentation related to rifting. Up to 5000m of
synrift sediments accumulated during the Early Cretaceous in the
Maestrat basin (Salas & Casas 1993; Garcia ef al. 2014; and refer-
ences therein). During the subsequent tectonic inversion, deforma-
tion was completely controlled by fault reactivation (Liesa 2000;
Antolin-Tomas et al. 2007). Folds developed near the western and,
more noteworthy, northern borders of the region (Fig. 1). Apart
from some local exceptions, no penetrative structures (i.e. cleav-
age) linked to compression appear at outcrop scale.

Anisotropy of magnetic susceptibility (AMS) is a commonly
used technique applied to petrofabric studies in cases in which
either there is a lack of kinematic indicators or there are complex
tectonic circumstances. It can provide valuable information about
the rock fabric, as a parallelism between the orientation of the

AMS ellipsoid and the sedimentary and/or tectonic fabrics of rocks
has been demonstrated (e.g. Borradaile & Tarling 1981; Kligfield
et al. 1983; Tarling & Hrouda 1993; Borradaile & Henry 1997;
Mattei et al. 1999; Borradaile & Jackson 2004). The orientation of
the AMS ellipsoid registers the tectonic regime acting from the
very beginning of diagenesis (e.g. Kissel et al. 1986; Mattei et al.
1999; Sagnotti et al. 1999; Borradaile & Jackson 2004; Cifelli
et al. 2005; Larrasoaiia et al. 2011). Therefore, a primary magnetic
fabric can be purely sedimentary or can reflect the tectonic condi-
tions acting during sedimentation and early diagenesis. However,
tectonic interpretations based on AMS are valid whenever a proper
control over other parameters is achieved. These parameters
include magnetic mineralogy, sedimentary conditions and tectonic
overprinting of subsequent tectonic stages on the primary fabric
(e.g. Parés et al. 1999; Soto et al. 2007, 2008; Oliva-Urcia et al.
2013).

The goal of this work is to characterize the extensional context
for Lower Cretaceous sediments of the Maestrat basin using AMS
techniques. This analysis is accompanied by a detailed analysis of
magnetic mineralogy of the studied rocks and a determination of
the magnetic fabric origin in relation to the sedimentary and exten-
sional processes acting during the rifting stage.

Geological context

Two major rifting stages affected the Iberian intracratonic basin
during the Mesozoic. The first stage is related to the deposition of
Permian and Triassic units. Despite the significance of this event,
its sedimentary vestiges in the Maestrat area are scarce. The second
major phase of tectonic subsidence occurred during the Late
Jurassic—Early Cretaceous (e.g. Martin-Martin ef a/. 2013, and
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Fig. 1. (a) Geological sketch of the Maestrat basin and its location in the Iberian Peninsula, including the location of the sampling sites (simplified from
GEODE 2013). (b) Simplified stratigraphic reconstruction of the synrift series in the Maestrat basin (modified from Salas et al. 2001).

references therein) and is the subject of this study. This event coin-
cided with rift propagation from the Middle Atlantic towards the
north and the consequent opening of the Bay of Biscay (e.g. Ziegler
1989; Olivet 1996; Mas & Garcia 2004). During the same period,
the opening of the Tethys Ocean resulted in the destruction of the
carbonate Jurassic platform in the eastern Iberian basin (Martin-
Chivelet et al. 2002). These extensional events have been related
to the development of the different branches of an RRR (ridge—
ridge-ridge) triple junction located in the westernmost limit of the
Tethys, and the Iberian basin is considered to represent the aulaco-
gen branch of this triple junction (Alvaro et al. 1979). As a conse-
quence of these processes, a new system of strongly subsiding
extensional basins formed within the Iberian domain, over the pre-
existing Triassic rifts (e.g. Salas et al. 2001; Mas & Garcia 2004).
During the Tithonian—Berriasian (between 150 and 130 Ma) rifting
had extended across the whole Iberian basin. Syntectonic deposits
of both continental and shallow-marine origin (Soria et al. 1995,
2000) infilled the new sedimentary basins and partly lapped onto
the previous structural highs (Salas & Casas 1993).

The Maestrat basin is located in the eastern boundary of the
Iberian Range (Fig. 1) in an approximately central position within
the triple junction area (Alvaro ef al. 1979). Therefore, it under-
went the earliest part of the Late Jurassic—Early Cretaceous rifting
of the Iberian basin. The rifting process was controlled here by
large-scale NW-SE and NE-SW faults conditioned by the trends
of the pre-existing late Variscan structures (Alvaro e al. 1979;
Liesa et al. 1996; Salas et al. 2001; Capote et al. 2002). However,
detailed analyses show a more complex pattern of fault orienta-
tions (Antolin-Tomas et al. 2007), probably responding to the
influence of the regional processes in the Maestrat area: the devel-
opment of the Tethys Ocean, located to the SE (Salas & Casas
1993) and the opening of the Bay of Biscay and the Pyrenean
Trough, located to the NW and the north of the studied basin,
respectively (Ziegler 1989). Mesoscale and outcrop-scale observa-
tions (Antolin-Tomas et al. 2007) indicate the predominance of

two conjugate sets of faults with WNW-ESE to NW-SE and
NNE-SSW to NE-SW strikes. Although recorded throughout the
basin, these sets are more prevalent westwards and eastwards,
respectively. A secondary system defined by two other sets of fault
planes oriented north—south and east-west was also documented
by Antolin-Tomas et al. (2007). These data concur with previous
palacostress analyses that interpreted a radial extensional regime
for the Early Cretaceous synrift deposits, with two subtle extension
directions: NNE-SSW in the north and western margins (Aranda
& Simon 1993; Rodriguez-Lopez et al. 2006) and ESE-WNW to
the south and east (e.g. Antolin-Tomas ef al. 2007).

The basal unconformity separating the synrift sequence from
the pre-rift units constitutes the shortest basal gap along the Early
Cretaceous Iberian system of basins (Aurell 1991). The upper
boundary of the synrift sequence is an intra-Albian unconformity
recorded just before the post-rift thermal stage (Alonso ef al. 1993;
Salas et al. 2001). Around 5000m of synrift sediments were
deposited in the Maestrat basin during the Early Cretaceous rifting
stage (Fig. 1), generally in shallow-marine environments.
However, slight variations occurred though time associated with
repeated transgression cycles in the Tethys (Salas & Casas 1993).
The synrift series started with distal ramp sediments during the
Kimmeridgian and 1000m thick shallower platform sediments
during the Tithonian—Berriasian. From the beginning of the
Valanginian and coinciding with a drastic attenuation in the rate of
subsidence, marine deposits were restricted to the basin depocen-
tre, coinciding with fluvial influence toward its borders (e.g. Mas
& Garcia 2004, and references therein). Similar patterns of sedi-
mentation continued during the Hauterivian and Barremian, when
more than 1000m thickness of shallow carbonate platform sedi-
ments lapped onto the previous series (Artoles Fm), changing to
freshwater deposits towards the basin margins. The lower Aptian
deposits are fluvio-deltaic series of around 100 m thickness (Morella
Fm), which were deposited unconformably in relation to a signifi-
cant sea-level drop. They consist of heterogeneous materials
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Fig. 2. (a) General view of Lower Cretaceous units of the Maestrat basin. (b) Detailed image of site MO13, where horizontal lamination is observed.
(¢) Cross-bedding in layers situated around 3 m above site MOS in the stratigraphic profile. (d—h) Thin-section images. (d) Micro-scale normal fault
cutting the sedimentary lamination (sample BE3-2A, crossed Nicols). (e) Phyllosilicates parallel to lamination interspersed within micrite and detrital
layers (sample MO13-10A, crossed Nicols). (f) Mica crystals showing typical second-order interference colours, parallel each other and interspersed
with other detrital grains (sample MO11-3B, crossed Nicols). (g) Sparse biomicrite with echinoderm plates and quills (Ech) and a large Orbitolina
(Orb), oriented according to bedding (sample AL1-5A, parallel Nicols). (h) Massive texture in a sample from the Morella Fm with presence of
ferruginous irregular peloids (sample MO3-6A, crossed Nicols). (i) Geopetal infill (Gp In) in ostracods included in a micritic matrix, which can be used

as a polarity criterion (e.g. Wieckzorek 1979, sample AL2-1A, parallel Nicols).

including red beds of different grain sizes (Canérot 1974). Marine
conditions prevailed again during the rest of the Aptian, producing
the widespread deposition of up to 1100m of shallow-water car-
bonate platform sediments (Martin-Chivelet e al. 2002; Mas &
Garcia 2004). Lower and Middle Albian rocks are represented by
up to 500m of tidal-influenced deltaic sediments with coal layers
(Escucha Fm, Querol ef al. 1992). These sediments define the end
of the rifting and the beginning of the following post-rift thermal
subsidence, associated with the deposition of marine platform sed-
iments throughout the Iberian domain (e.g. Alonso et al. 1993;
Martin-Chivelet et al. 2002; Mas & Garcia 2004; Rodriguez-
Lopez et al. 2006).

The basin underwent tectonic inversion during the Palacogene
in response to a NNE-SSW shortening recorded along the whole
Iberian Range (Guimera 1984; Guimera et al. 2004) associated
with the convergence of the Iberian, European and African plates
(e.g. Salas & Casas 1993; Capote ef al. 2002; Martin-Chivelet
et al. 2002). The orientation of the main Variscan and Mesozoic
extensional structures (NW—SE and NE-SW) partially conditioned
the main trend of the Alpine compressive structures (Liesa ef al.
1996, 2000), predominantly oriented WNW-ESE to NW-SE.
Compressive structures are more common in the basin margins,
towards the north and the west of the basin centre. Thrusts also
rooted, as extensional faults, in the Middle and Upper Triassic

evaporites and marls, and in deeper Palaeozoic detachment hori-
zons (Roca et al. 1994; Antolin-Tomas et al. 2007). Compressional
structures are rare in the central Maestrat basin, owing to the
greater thickness of the synrift sequence in this area, in which
strata remained generally subhorizontal (Fig. 2a and b; Canérot
1974; Simon Goémez 1984). No penetrative structures such as
cleavage developed and compression produced brittle deformation
only in this central area (e.g. Liesa 2000). Reactivation of NNW—
SSE basement structures in the eastern limit of the Maestrat basin
occurred during the Neogene in response to extension and crustal
thinning associated with the opening of the Valencia Trough
(Simo6n Gomez 1984; Roca & Guimera 1992; Salas & Casas 1993;
Sabat et al. 1995). The reactivation of the NNW—SSE-oriented set
of faults in the eastern part of the Maestrat basin interferes with the
observation of the Mesozoic rifting effect in that area (Antolin-
Tomas et al. 2007).

Methods

This work is based on the study of magnetic susceptibility (k); that
is, the physical property of materials that describes the ratio of
induced magnetization (M) when a magnetic field (#) is applied:
M=kxH. We studied the orientation of the anisotropy of magnetic
susceptibility, which can be related to the petrofabric recorded in
sediments during their geological history (e.g. Borradaile 1988;
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Table 1. Summary of magnetic scalar data

Site Zone UTM East UTM North Age Lithology n(N)y km e L e F e Pj e T e
(x10- (x10°
6SI)  6SI)
ALl 31T X252930.46 Y4475055.04 Hau-Bar  Mudstone  13(17) 97.4 12.8 1.003 0.002 1.016 0.003 1.020 0.004 0.725 0.161
AL2 31T X252129.91 Y4478148.11 Hau Bar Marl 12(13) 317 129 1.003 0.002 1.004 0.003 1.007 0.004 0.130 0.364
AL3 31T X251792.16 Y4471436.16 HauBar SandmedGS 13 (13) 107 13.1 1.003 0.001 1.016 0.004 1.020 0.005 0.663 0.125
AL4 31T X248198.70 Y4462243.52 HauBar Mudand Marly 14 (14) 329 147 1.003 0.002 1.006 0.003 1.010 0.004 0.368 0.317
lime
ALS 31T X247586.52 Y446401833  LaApt Marl 12(12) 135 204 1.010 0.006 1.081 0.010 1.101 0.013 0.774 0.115
AL6 30T X752356.79 Y4463246.75 LaApt Marly limestone 10(10) 51.6 6.43 1.004 0.003 1.019 0.004 1.025 0.006 0.698 0.206
AL7.1 11(11) 191 341 1.002 0.001 1.055 0.013 1.065 0.016 0.930 0.054
AL7n 0T X753996.43  Y446130148  Alb Mud-MarlHL (0" g7 330 1004 0,003 1.050 0.015 1.061 0.015 0.834 0.152
AL8 30T X750266.42 Y4469601.15 HauBar Sand smaGS 10(20) 119 17.5 1.005 0.002 1.010 0.002 1.016 0.003 0.381 0.167
BCE4 31T X267420.14 Y4478789.63 HauBar  Limestone  9(14) 142 9.62 1.003 0.005 1.007 0.004 1.013 0.009 0.132 0.414
BEl 30T X744065.89 Y4476743.77  Artol  Marly limestone 8(23) 62.1 12.9 1.001 0.001 1.012 0.002 1.014 0.003 0.833 0.100
BE2.1 8(10) 137 263 1.005 0.003 1.077 0.016 1.092 0.020 0.874 0.059
pE2p SO X742557.76 V448198294 Hau-Bar SandmedGSHL ) ()0 103 371 1004 0.003 1058 0.022 1.071 0,025 0.841 0.136
BE3 30T X742570.17 Y4480536.44  Artol  Mudstone HL 10 (12) 142 282 1.004 0.003 1.045 0.005 1.054 0.006 0.854 0.114
BE4 30T X741290.90 Y4482638.91 Hau-Bar Mud-Marl HL 12(14) 127 28.9 1.002 0.001 1.037 0.008 1.044 0.009 0.912 0.051
BE5 30T X734593.12 Y4480931.75 Hau-Bar  Mudstone  10(17) 152 22.4 1.005 0.003 1.055 0.015 1.067 0.018 0.830 0.080
BE6 30T X73458545 Y447993535 Tith-Berr Sand smaGS 13 (14) 78.6 12.8 1.008 0.008 1.020 0.019 1.030 0.024 0.412 0.477
BE7.1 . 10(11) 588 222 1.002 0.002 1.012 0.005 1.016 0.006 0.721 0.187
pE7 0T X73693585  Y4477992.34  Apt-Alb  Marly limestone 555)) 325 3.65 1.003 0.002 1.018 0.005 1.022 0.005 0.724 0.198
BES 30T X741864.55 Y4467280.07 Alb  MudandMarl 12(24) 101 27.2 1.005 0.004 1.047 0.019 1.058 0.022 0.774 0.162
BE9 30T X741827.69 Y4471322.84 LaApt  SandsmaGS 12(17) 76.6 254 1.003 0.003 1.028 0.011 1.035 0.012 0.754 0.210
JSA2 31T X263620.94 Y4473754.02  Tith Limestone  11(15) 10.9 1.94 1.007 0.004 1.006 0.003 1.013 0.006 —0.085 0.410
JSA4 31T X262870.30 Y4474390.78  Tith Limestone  9(14) 27.7 10.1 1.004 0.003 1.015 0.006 1.020 0.007 0.581 0.279
KXEl 31T X259596.99 Y4488999.99 HauBar  Limestone  7(14) 11.7 7.84 1.007 0.005 1.007 0.011 1.014 0.015 —0.178 0.385
KXE2 31T X260175.11 Y4488690.58 Hau Bar  Limestone  7(18) 30.4 893 1.005 0.003 1.005 0.003 1.010 0.006 —0.003 0.402
KXE3 31T X25747147 Y4491410.07 EaApt Marly limestone 9 (23) 26.1 673 1.003 0.002 1.011 0.005 1.015 0.006 0.550 0.309
MOl 30T X742433.96 Y4499209.42  EaApt Marl 9(19) 245 519 1.005 0.002 1.063 0.011 1.075 0.013 0.886 0.061
MO2 30T X743416.12 Y4499869.11 EaApt MudandSand 10(21) 175 36.5 1.004 0.003 1.045 0.012 1.054 0.014 0.821 0.151
medGS
MO3 30T X743471.91 Y4500242.60  EaApt Mudstone 13 (16) 233 367 1.003 0.002 1.021 0.007 1.027 0.008 0.702 0.280
MO4 30T X741634.49 Y4498446.34  Artol Mudstone ~ 17(17) 176 17  1.002 0.001 1.038 0.005 1.046 0.006 0.881 0.067
MOSB 30T X741370.50 Y4497984.77  EaApt Mudstone  11(15) 169 30.7 1.009 0.006 1.063 0.023 1.079 0.024 0.714 0.264
MO6.1 8(14) 200 19.5 1.002 0.001 1.019 0.003 1.023 0.003 0.792 0.131
MO SOT X742098:48 V449794272 EaApt  SandmedGS 00 150 266 1.003 0.002 1.019 0.002 1.024 0.002 0.755 0.182
MO7 30T X737871.98 Y4497353.48 Hau-Bar  Limestone  7(11) 89.1 265 1.002 0.001 1.017 0.004 1.021 0.005 0.791 0.149
MO8 30T X738362.89 Y4497278.16 LaBarr Marly limestone 15(20) 95.6 53 1.002 0.001 1.010 0.006 1.013 0.008 0.666 0.225
MO9 31T X249222.25 Y4498602.41 HauBar  Mudstone 14 (18) 77.9 147 1.002 0.002 1.006 0.004 1.009 0.004 0.423 0.413
MOI10 31T X24883221 Y4498389.59  EaApt Marl 12(12) 113 292 1.002 0.001 1.009 0.002 1.012 0.003 0.634 0.211
MOI1 30T X750180.30 Y4494626.60 HauBar SandmedGS 17(20) 64.1 144 1.007 0.010 1.023 0.008 1.032 0.013 0.644 0.386
MOI12 30T X746623.54 Y4497759.83 LaApt Marly limestone 12(12) 111 149 1.002 0.001 1.025 0.004 1.030 0.005 0.836 0.100
MOI3 30T X745325.50 Y4495595.54 LaBarr Limestone HL 12(17) 181 16.1 1.003 0.002 1.124 0.015 1.147 0.018 0.950 0.370
MOI14 30T X743671.90 Y4492461.42 Hau-Bar  Mudstone  11(11) 125 32.9 1.005 0.003 1.015 0.008 1.020 0.007 0.459 0.344
MOI5 30T X735710.15 Y4490033.67 Tith-Berr ~ Mudstone  10(10) 154 16.8 1.002 0.002 1.018 0.003 1.023 0.002 0.754 0.173
MO16 31T X254002.75 Y4489634.92 Hau Bar LimeandMarly 11(11) 117 10.8 1.002 0.001 1.029 0.013 1.035 0.015 0.844 0.082
lime
MO17 30T X740919.20 Y4490919.75 Hau-Bar Sandsmaand 12(15) 75  13.1 1.003 0.001 1.024 0.006 1.030 0.007 0.739 0.153
medGS
MOI8 30T X739662.10 Y4485539.30 Hau-Bar Marl 11(15 186 203 1.004 0.002 1.066 0.009 1.079 0.010 0.876 0.060
MO19 30T X735245.09 Y4493362.16 Tith-Berr ~ Mudstone 14 (14) 94.8 17.4 1.002 0.001 1.011 0.004 1.013 0.005 0.678 0.199

For UTM coordinates datum is ETRS89. Age: Tith, Tithonian; Tith—Berr, Tithonian—Berriasian; Hau—Bar, Hauterivian—Barremian; LaBarr, Late Barremian (including Artoles
Fm; Artol); EaApt, Early Aptian (including Morella Fm); LaApt, Late Aptian; Alb, Albian. Lithology: Lime, limestone; Marly lime, marly limestone; Mud, mudstone; Sand
smaGS$, sandstone small grain size; Sand medGS, sandstone medium grain size; HL, horizontal lamination within the sample. n (), number of cores (number of specimens); km,
bulk susceptibility (in ST units); Pj, corrected anisotropy degree; 7, shape parameter; L, magnetic lineation; F, magnetic foliation; e, standard deviation.

Borradaile & Jackson 2004). A total of 42 sites, distributed
throughout the outcrops of Upper Jurassic and Lower Cretaceous
rocks, are used for AMS characterization. The ages of the studied
rocks range from Tithonian to Early Albian, and the main
lithostratigraphic units are Upper Hauterivian to Upper Aptian
(Table 1). Sampled outcrops were thoroughly studied to detect
sedimentary, lithological and/or structural features that could
influence the magnetic fabric results. Cores were collected in the

field with portable gasoline- and electric-powered drills cooled
with water. They were oriented in situ and sliced into 25mm
diameter X 21 mm height specimens.

Mineralogy and magnetic carriers

As the total magnetic susceptibility on a rock sample is the sum of
the contributions from all the magnetic phases present, mineralogy
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recognition and a careful characterization of all the magnetic
carriers present in the samples and their influence on AMS orienta-
tion are essential in this type of study (Borradaile 1988; Tarling &
Hrouda 1993). The analyses performed in this case were: (1) pet-
rographic observations, (2) temperature-dependent magnetic sus-
ceptibility analyses, (3) hysteresis loops, (4) acquisition curves of
the isothermal remanent magnetization (IRM), (5) backfield IRM
analyses, and (6) thermal demagnetization of the composite IRM.
Each one of these techniques was applied as follows.

(1) Fifteen thin sections from all the representative rock types
and the Lower Cretaceous units considered in the study were
observed in a polarizing microscope, to detect potential magnetic
carriers in our studied rocks and their orientation.

(2) Temperature-dependent susceptibility curves (k-7 curves)
were performed on powdered samples (around 25-40mg weight) in
the Magnetic Fabrics Laboratory of the University of Zaragoza,
Spain. By coupling a KLY-3S susceptometer to a CSL cryogenic
apparatus and to a CS3 furnace (AGICO Inc., Czech Republic), sus-
ceptibility changes were registered while heating from —195°C to
0°C and from 40°C to 700°C and cooling back to 40°C. A total of
four low-temperature curves and 13 high-temperature curves were
obtained from representative examples covering the range of litholo-
gies in this study. Variations in susceptibility with temperature fol-
low the Curie—Weiss law, where temperatures at which the present
phases change from ferromagnetic sensu lato to paramagnetic
behaviours are characteristic of each phase. These temperatures
allow us to infer the presence of magnetic phases able to influence
the magnetic susceptibility signal. Data processing was performed
with the Cureval 8.0 software (Chadima & Hrouda 2009).

(3) Seventeen hysteresis loops were performed on powdered
samples (0.16-0.23 g) at room temperature in a Micromag 3900
vibrating sample magnetometer (VSM; Princeton Measurement
Corp., USA) at the Paleomagnetic Laboratory of the Istituto
Nazionale di Geofisica e Vulcanologia (INGV) in Rome, Italy.
Progressively higher magnetic fields and subsequently decreasing
fields were applied in two opposite directions up to a maximum
field of 17, and the induced magnetization was measured at each
step. The shape of the loops does not distinguish, unambiguously,
different ferromagnetic grain sizes by itself, but a simple classifi-
cation within one of the known basic loop shapes will help to
roughly identify a magnetic phase (Tauxe 2008).

(4) Acquisition of isothermal remanent magnetization (IRM)
curves were obtained by applying stepwise increasing external
magnetic fields to powdered samples and measuring their remanent
magnetization at each step. Data were obtained using the Micromag
3900 VSM available at the INGV. Samples were the same as those
used for the hysteresis loops, except in three cases (i.e. MO2-3,
MO14-9 and MO18-14), where the original capsule had to be
replaced. The shape of the obtained curve, its slope and the degree
of saturation reached at 17 provide information about coercivity
spectra characteristic of each ferromagnetic mineral (Dunlop 1972).

(5) Backfield IRM procedures involve applying stepwise
increasing magnetic fields in a direction opposed to the applied
IRM field direction until the coercivity of remanence (/) value is
reached. This value is the magnitude of magnetic field necessary to
demagnetize the sample and is useful to differentiate grain sizes in
ferromagnetic phases, such as magnetite in the study by Day et al.
(1977). These procedures were performed on the samples from
which the IRM acquisition curves were obtained.

(6) The relative contribution of different ferromagnetic mineral
phases to a specimen’s remanence can be evaluated according to their
coercivity and unblocking temperatures through thermal demagneti-
zations of composite IRM (Lowrie 1990). Procedures were developed
at the INGV and consisted of applying three decreasing magnetic
fields (2000, 500 and 120mT) to each sample with an ASC pulse
magnetometer in three orthogonal directions (z, y and x, respectively).

This procedure induces a remanent remagnetization of the minerals
present in different orthogonal directions according to their coercivity
spectrum. High, intermediate and low-coercive minerals acquire a
remanent magnetization parallel to the z y and x directions, respec-
tively. The next step was a thermal demagnetization of the samples,
which were stepwise heated in an ASC TD48 oven (ASC Scientific,
USA) from room temperature to their complete demagnetization (20,
80, 120, 200, 300, 350, 400, 500, 550, 600, 625, 650 and 680°C).
Remanent magnetization was measured with a JR6 spinner mag-
netometer after each demagnetization step.

AMS

Low-field AMS (LF-AMS) at room temperature (RT) was meas-
ured in 671 samples from 42 sites with a KLY-3S Kappabridge
(AGICO Inc., Czech Republic) susceptometer in the Laboratory of
Magnetic Fabrics at the University of Zaragoza, Spain. The AMS
can be represented as an ellipsoid defined by three principal sus-
ceptibility axes: maximum (k. ), intermediate (k;,) and minimum
(ki) The magnitudes of these three axes are used to determine
several scalar parameters, which give information about the anisot-
ropy and shape of the magnetic ellipsoids. The corrected anisot-
ropy degree (Pj, Jelinek 1981) can help to describe the intensity of
the preferred orientation of minerals. The shape parameter
(T, Jelinek 1981) can help to describe the geometry of the ellip-
soid: 0<7<1 for oblate geometries and —1<7<0 for prolate
geometries. Magnetic lineation (L=k_, /k,.) and magnetic folia-
tion (F'=k,/k, . ) are also used for the description of the magnetic
ellipsoids. In addition, the orientation of the AMS at each site was
calculated by means of Jelinek (1978) statistics, which take into
account the averages of all the susceptibility tensors obtained for a
site to calculate the three eigenvectors that will be represented
together with their associated confidence areas. For these calcula-
tions, Anisoft 4.2 (Chadima & Jelinek 2009) was used, and data
are considered before and after bedding correction at each site.

In addition, the LF-AMS of 42 samples from seven representa-
tive sites was also measured at low temperature (LT). The aim was
to determine the orientation of the paramagnetic subfabrics and
compare them with the results at RT, which record the effect of all
magnetic fractions present in the sample. The method is based on
the Curie-Weiss law, which states that paramagnetic susceptibility
is enhanced at LT (e.g. [hmlé ef al. 1989; Ritcher & Van der Pluijm
1994; Dunlop & Ozdemir 1997). This increase might overcome
the signal of the ferromagnetic phases present in the sample.
Samples are cooled to 77K by using liquid nitrogen (e.g. Hirt &
Gehring 1991; Liineburg et al. 1999) and measured in the KLY-3S
Kappabridge susceptometer. This technique gives repeatable
results (Oliva-Urcia et al. 2010a,b, 2013; Garcia-Lasanta et al.
2014). By determining the LT/RT susceptibility ratio, as well as by
comparing the orientation results of LT and RT magnetic ellip-
soids, we can understand the influence of different mineral phases
in the magnetic fabric orientation.

Results

Outcrop-scale observations and petrographic
analyses

Sampled lithologies are presented in Table 1. The various units of
the Early Cretaceous, independently from their age, show all the
lithological types studied here. Sixteen out of the 42 studied sites
consist of limestones and marly limestones. Marls have been iden-
tified at eight sites and mudstones have been observed at the other
15. Finally, nine sites can be described as sandstones of fine to
medium grain size. All sampled lithologies show grey and yellow
colours except at two sites of red mudstones (i.e. half of site MO2
and MO3). In five out of the 42 outcrops, two difterent lithologies
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have been sampled at the same site (Table 1): mudstones and
marly limestones, mudstones and marls, and mudstones and sand-
stones of different grain size.

The only sedimentary structure observed in some of the sam-
pled levels is horizontal lamination (Fig. 2b). The thickness of
laminae varies between outcrops, from a few millimetres to several
centimetres. At two sites having thin laminae (AL7 and BE4), two
alternating rock types (mudstones and marls) occur within the
same sample.

Adjacent levels above or below the sampled localities also show
horizontal lamination in most cases. In 12 out of the 42 cases, these
upper and lower levels show also cross-bedding (Fig. 2c). It should
be emphasized that these structures were never observed in the
sampled levels. They generally appear in coarser grain-size levels
in 4-5 cm thick sets above the sampled ones, and generally show a
limited lateral continuity. Decimetre-scale cross-bedding is scarce.
Palaeocurrent orientations related to these structures are generally
indicated by the dip direction of the laminae (planar cross-bed-
ding). Only at one site (BE8), where fluvial channels have been
observed, could we determine that the palacocurrent direction is
parallel to the trend of those channels, and thus perpendicular to
the dip direction of the cross-bedding layers. The orientations of
the current flow show a strong variability (SW, SSW, NW, north,
NNE, SE), without a clearly defined pattern.

Exceptionally, one of the 42 studied outcrops (site MO19)
shows a tectonic foliation. This penetrative compression-related
feature was observed in a layer of marls (discussed below) situated
around 10 m below the sampled level. This area corresponds to the
eastern flank of the Bobalar Anticline, which is a large-scale fold
located in the western border of the study area (Fig. 1) and is asso-
ciated with the Cenozoic tectonic inversion.

The observed 15 thin sections can be classified in two groups
according to their detrital or calcareous content and the presence or
absence of sedimentary lamination. In the first group of eight thin
sections, horizontal sedimentary lamination was observed. Four
out of these eight show a clear alternation between dark layers of
micrite and clay minerals, and thin layers containing detrital grains
(quartz and calcite), micas and clays (Fig. 2d and e). The other four

Temperature (°C)

700°C. Cooling curves are always for
temperatures from 700 to 40°C.

thin sections of the group present irregular laminae (Fig. 2f and g),
and ubiquitously interspersed silt-size detrital grains impeding a
clear division into layers. The second group of seven thin sections
shows a massive texture, with different proportions of detrital con-
tent and micritic matrix (Fig. 2h and i). These examples corrobo-
rate the lack of cross-bedding structures and a prevalent deposition
of very small size particles in the sampled materials. These charac-
teristics point to a low-energy depositional mechanism.

The micritic matrix is present in all the observed thin sections, to
different degrees. The detrital fraction is composed of monocrystal-
line quartz grains, clay minerals, mica grains, calcitic fossils and
other indistinguishable calcitic fragments, probably resulting from
disintegration of fossils. These fossils appear in all the described
textures, within the micritic matrix (Fig. 2i) and also interspersed
within the quartz grains. Flat grains are present in the matrix and
also interspersed within the coarser grain-size layers (Fig. 2e and f).
They are usually oriented parallel to the horizontal sedimentary
lamination and thus to bedding (e.g. Fig. 2e). Their second-order
interference colour, which is detectable under polarized light, and
their ‘flake’ shapes allow us to classify them as micas. Opaque
grains and aggregates, probably iron sulphides or oxides, are also
present, and are especially abundant in the two thin sections from
the Morella Fm in which sediments are known to have undergone
oxidization processes owing to subaerial exposure during the earli-
est stages of diagenesis. Occasionally, they form irregular peloids
(Fig. 2h).

Magnetic mineralogies

The 671 analysed standard samples show bulk magnetic suscepti-
bility values between 1.66x 107 and 390.73 x 107° SI when meas-
ured at room temperature. Of the results, 86% range between
50x 107 and 225107 SI (Fig. 3a). When considering values as
an average per site (Table 1), results vary within a narrower range,
from a minimum of 10.9x 10-° SI at site JSA2 to a maximum of
245x 1076 SI at site MO1.

All the measured temperature-dependent magnetic susceptibil-
ity curves show concave-hyperbolic shapes in their initial part
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(Fig. 3b—d), pointing to the presence of paramagnetic phases
(phyllosilicates) in the samples. This shape is more evident in the
results of low-temperature curves (Fig. 3b and c). In some cases,
curves show an abrupt increase in magnetic susceptibility from
around 400°C to 500°C (Fig. 3b and d). These behaviours indicate
the new formation of ferromagnetic phases during the heating pro-
cess and impede the reversibility of the cooling run with respect to
the heating one. The newly formed ferromagnetic phase was gen-
erally magnetite (with a Curie temperature of 580°C), which prob-
ably originated from the iron contained in other paramagnetic
phases. In two out of the 13 cases, an original ferromagnetic con-
tent was also recorded by the heating curve. In these cases, a sharp
susceptibility decay is observed at 680°C (i.e. Fig. 3d), which is
the Néel temperature of hematite (Néel 1948).

The presence of a major paramagnetic fraction is also evidenced
in the uncorrected results from 12 out of the 17 hysteresis loops
(Fig. 4a), generally from sandstones, limestones and marly lime-
stones. These cycles show high constant positive slopes, with the
two halves of the loop superimposed. In addition, data become
‘noisy’ when applying the paramagnetic correction (Fig. 4a, right),
supporting the negligible presence of ferromagnetic material
(Tauxe 2008). However, the other five samples (all of them mud-
stones) show a typical ferromagnetic behaviour (Fig. 4b and c). All
of them show ‘wasp-waisted’ shapes, characterized by a visible
constriction of the loop in the part corresponding to the lowest
applied fields. This shape can indicate the presence of a mixture of
various ferromagnetic phases or the presence of different grain
sizes of the same ferromagnetic mineral (Dunlop & Ozdemir
1997). Nonetheless, for the exact determination of the possible fer-
romagnetic minerals carrying part of the signal, further results are
required.

A remarkable degree of noise is observed in 12 out of the 17
IRM acquisition curves and their backfield results (Fig. 5a). They
coincide with the 12 samples with ‘noisy’ results from hysteresis
loops. This behaviour confirms a low content of ferromagnetic
phases in these samples. Most of them (10 out of the 12 cases)
were completely saturated at 300mT. Values for their magnetiza-
tion saturation vary around 0.30 % 103 and 1.40 x 10-® Am?. In four
of them the highly noisy data yielded incoherently high values of
coercivity of remanence. The seven cases that do not reach a com-
plete saturation at 17" (Fig. 5b and c) reflect the presence of highly
coercive ferromagnetic phases with the highest values of coerciv-
ity of remanence, between 62 and 198 mT. Five samples of this
group do not show noisy results (AL1-12, AL7-1, BES-2, MO2-3
and MO3-11, all of them mudstones). The acquisition curves from
the other two classified as ‘noisy’ (MO4-5 and MO14-9) yield the
highest degree of saturation out of the seven undersaturated sam-
ples. It is noteworthy that these two sites are the only mudstones
within the group of sites yielding noisy results.

(c) MO2-3 |
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Fig. 6. Thermal demagnetization of composite IRM of two
representative samples.

According to the previous results, the thermal demagnetization of
a composite IRM was conducted on four of the samples that recorded
magnetic remanence, and two behaviours were distinguished. Two
samples show a certain degree of magnetization on the three axes,
lower on the x- and z-axes (120 and 2000mT) and higher along the
y-axis (500mT). There are abrupt breaks on the three axes around
325°C, which could be due to the presence of an iron sulphide, prob-
ably pyrrhotite, as the magnetization carrier (Fig. 6a). The other two
samples show negligible magnetization values along the x-axis and
high magnetization values along the other two. An abrupt decay in
remanent magnetization does not occur until around 675°C, which is
the unblocking temperature of hematite (Fig. 6b).

AMS results

Of the samples 90% show Pj values lower than 1.08 (Fig. 7a). The
shape parameter 7' generally varies within the oblate field, with
85% of the samples showing 7 values higher than 0.3 (Fig. 7b).
Negative 7 values are returned by 7.7% of the samples, belonging
mostly to sites JSA2, KXE1 and KXE2 (Table 1). The mean values
of the magnetic anisotropy parameters are presented in Table 1 and
Figure 7c—e. A slight positive tendency is observed when the ani-
sotropy degree is plotted versus the bulk magnetic susceptibility
values (Fig. 7c). High T values generally dominate and the few
negative values correspond to the lower Pj values (Fig. 7d) and to
the lower bulk susceptibility values (Fig. 7e).

Average orientations per site from measuring LF-AMS at RT
are presented in Table 2. At 36 out of the 42 sites, the k_; axes are
oriented perpendicular or approximately perpendicular to the bed-
ding plane (Fig. 8a,b.1,b.2, c and d.1). Results from Jelinek statis-
tics show that the average orientation of the k,; axes differs more
than 17° from the orientation of the pole to bedding only at six sites
(e.g. Fig. 8e). The largest deviation is around 52° (Table 2) at site
MOI19 (see below). Regarding the confidence angles of the three
main magnetic axes inferred from Jelinek results, three types of
ellipsoids were differentiated (Table 2), as follows.

Type 1 (Fig. 8a—c). The 29 sites of this group are characterized
by a remarkable degree of clustering of their minimum axes (con-
fidence angles ranging between 6/4 and 20/5, Table 2). In 25 out of
the 29 cases the &, axes are perpendicular to the bedding plane.
Thus, the magnetic foliation plane, which contains the &, and &,
axes, is parallel to bedding. Depending on the scattering degree of
these two other axes, we differentiate three subgroups: 12 sites
(type 1A) show magnetic lineations widely scattered within the
magnetic foliation plane (Fig. 8a); 13 sites (type 1B) show the &,
and k,, axes clustered within the magnetic foliation plane and a
clear magnetic lineation is observed (Fig. 8b); the four remaining

sites (type 1C) show the k_, axes clustered in two maxima, and
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Fig. 7. Frequency histograms for (a) the corrected anisotropy degree (Pf) and (b) the shape parameter (7) of all the samples included in the study.
Graphs showing average sites of (¢) Pj v. km, and (d) 7' v. km, including error bars. (e) Polar plot of 7' v. Pj (Borradaile & Jackson 2004).
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Table 2. Summary of magnetic directional data

Site kyox (T/P)  Conf. angle (deg.) k,, (T/P) Conf. angle (deg.) ki (T/P) Conf. angle (deg.) Ellipsoid type S,
ALI1 142/7 32/8 52/2 32/6 303/83 9/8 1B 085/13
AL2 358/12 60/15 266/9 60/28 139/75 29/11 2 268/14
AL3 336/8 13/8 68/16 13/5 221/72 9/5 1B 287/22
AL4 127/29 35/11 234/27 36/33 359/48 34/11 2 077/39
AL5 10/18 35/10 270/27 35/18 130/57 20/5 1B 215/29
AL6 301/21 21/4 35/11 21/5 151/67 11/4 1B 246/31
AL7.1 131/8 40/7 40/2 40/4 299/82 7/4 Ic 05211
AL7.2 39/0 13/5 129/5 15/12 304/85 15/5

ALS8 351/40 14/6 240/23 16/11 129/42 14/5 1B 217/54
BCE4 13/16 60/26 273/31 60/30 127/55 30/26 2 270/19
BEI1 194/4 39/5 284/3 39/6 50/85 7/5 1A 330/12
BE2.1 201/3 9/4 112/5 9/5 318/84 7/2

BE2.2 297/2 67/10 27/3 67/4 176/86 11/3 1 304/07
BE3 183/8 61/9 277/24 61/7 76/65 10/6 1A 116/11
BE4 175/4 24/3 85/3 24/13 312/85 13/3 1A 065/09
BES 147/16 23/4 50/21 23/9 272/63 9/4 1B 009/28
BE6 149/18 25/13 41/43 80/20 255/42 80/16 3 351/21
BE7.1 138/5 53/12 229/5 52/5 3/84 19/4 1c 058/06
BE7.2 201/10 25/4 110/4 25/8 360/79 9/2

BES 151/15 26/7 59/6 26/16 308/74 17/6 2 049/20
BE9 161/4 62/11 71/3 62/8 309/85 14/5 1A 334/14
JSA2 153/26 50/18 245/3 50/20 341/63 20/20 2 060/29
JSA4 25/2 21/4 117/43 21/12 293/47 13/4 1B 026/42
KXEI 350/12 36/16 82/12 31/14 215/73 35/21 2 295/25
KXE2 314/11 59/24 49/23 60/37 200/64 38/23 2 332/25
KXE3 51/8 41/16 314/38 42/21 151/51 24/15 2 235/30
MO1 149/0 26/6 59/12 27/14 241/78 17/5 1B 250/05
MO2 323/5 60/8 232/3 60/8 115/84 10/5 1A 000/00
MO3 205/1 23/7 295/7 24/14 110/83 14/7 1B 190/11
MO4 159/2 30/6 69/2 30/11 294/88 11/6 1A 040/05
MOS5B 293/3 70/14 23/14 70/28 191/76 28/14 2 303/07
MO6.1 355/3 57/14 265/0 57/8 168/87 17/5 1c 300/14
MO6.2 49/2 29/5 319/1 29/9 205/88 11/4

MO7 31/5 38/8 122/10 37/24 275/79 25/11 2 000/00
MO8 17/7 42/12 107/3 42/18 224/83 19/12 2 267/06
MO9 263/7 66/9 354/6 66/11 127/81 11/10 1A 341/15
MO10 252/3 42/8 342/8 42/13 143/81 13/8 1A 296/12
MOI11 317/9 59/4 49/10 59/5 185/77 6/4 1A 299/14
MO12 241/0 40/3 151/0 40/8 12/89 8/3 1A 261/09
MO13 258/0 35/3 349/6 35/8 265/84 9/3 1A 222/12
MO14 225/2 14/6 31572 14/8 89/88 8/6 1B 198/06
MO15 144/32 32/4 46/11 31/10 229/56 11/10 1B 024/38
MO16 42/2 24/4 133/7 24/7 296/83 8/3 1B 025/06
MO17 331/5 19/6 62/3 20/12 184/84 12/7 1B 271/19
MO18 61/5 50/7 330/14 50/4 170/75 8/2 1A 250/18
MO19 346/34 17/7 220/41 28/15 100/30 28/8 3 352/71

In situ values for k. k;, and k_; mean orientations (T/P, trend/plunge) from the 55 sites of the study. Conf. angle, confidence angle (error angle around the average axes), based

‘max> "Vint

on Jelinek statistics and calculated with Anisoft42 (Chadima & Jelinek 2009). S, strike and dip of bedding planes following the right-hand-rule system.

thus, two main magnetic lineation orientations per site can be
inferred (Fig. 8c).

Type 2 (Fig. 8d). This group includes 11 sites characterized by
a poor clustering of their three magnetic axes (Fig. 8d.1). Some of
them seem to show an incipient distribution of the &, and k;  axes
interchanged within a girdle (Fig. 8d.2).

Type 3 (Fig. 8¢). Only two sites are included in this group. BE6
presents the k__axes clustered near the magnetic foliation plane

max
and the k,_; and the &, axes plot along a girdle (Fig. 8¢). MO19
shows a strong obliquity between the magnetic foliation and the
bedding plane (see below).

When considering mean orientations of the magnetic lineation
and their confidence angles (Table 2, Fig. 9), we observe that 18
sites show magnetic lineation oriented from NW-SE (11 sites, Fig.

8a.1,b.1, d.2 and e) to NNW-SSE (seven sites, Fig. 8b.3). Half of

these cases belong to types 1A and 2 and thus show a high disper-
sion of the &k, axes. Another group of 15 sites yields magnetic
lineations oriented NE-SW (six sites, Fig. 8a.2, b.2 and d.1),
NNE-SSW (seven sites), and ENE-WSW (two sites). Nine of
them belong to types 1A and 2. A smaller group of four sites show
magnetic lineation oriented mainly north—south, and all of them
are classified as types 1A (Fig. 8a.3) and 2. Site MO9 (type 1A)
shows a highly scattered magnetic lineation oriented around east—
west. Sites of type 1C show two principal magnetic lineations per
site (Fig. 8c.1). All four have a maximum oriented NW—SE. Three
of them have a secondary one oriented NE-SW, and one (site BE7)
has its second maximum oriented around north—south. When plot-
ting the 42 magnetic lineations on a geological map of the region
(Fig. 9), we can observe two domains of magnetic lineation orien-
tations: in the northern and western parts of the studied region,
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sites showing approximate orientations NNE-SSW and NE-SW
for their magnetic lineations dominate; in the southeastern area,
sites with magnetic lineations orientations around NW-SE and
WNW-ESE dominate. Exceptions within these domains will be
discussed in the following sections.

Low-temperature AMS data from 42 samples distributed over
seven sites are summarized in Table 3. Ratios of LT with respect to
RT bulk susceptibilities vary from 1.98 to 2.88. Although these
values are lower than the expected 3.8 for a unique and purely
paramagnetic phase, the considerable increase of bulk susceptibili-
ties at low temperature demonstrates a predominant presence of
paramagnetic minerals (e.g. Liineburg et a/. 1999). When we com-
pare ellipsoid orientations from both techniques (Fig. 10), we
observe that the mean orientation of the three magnetic axes
remains similar in both cases (at RT and LT). The only differences
found between the two sets of results are related to the degree of
clustering of the magnetic axes in some cases (Table 3). In particu-
lar, four out of the seven sites show a higher clustering of the three
magnetic axes at LT (Fig. 10a and b). Two other sites show mag-
netic axes slightly more scattered at LT than at RT (Fig. 10c). Only
site MO3 (Fig. 10d) shows similar values for the confidence angles
of its magnetic axes at RT and LT.

Discussion
Magnetic mineralogy

Results from the rock magnetism techniques point to a prevalence
of paramagnetic minerals (e.g. phyllosilicates) in the studied sam-
ples (Fig. 3). Large contributions of ferromagnetic sensu lato
phases are decisively discarded in most cases (e.g. Figs 4a and 5a).
Only five out of the 17 samples from rock magnetism analyses
show magnetic remanence, carried by medium and mostly highly
coercive ferromagnetic minerals. According to their unblocking
temperatures, iron sulphides and hematite are present at different
sites (Fig. 6). The presence of magnetite is definitely discarded.

To determine if magnetic carriers influence differently the ori-
entation of the AMS ellipsoids, we applied a subfabrics separation
method. The AMS at LT helps evaluate the effect of the paramag-
netic fraction. The increase of the bulk susceptibility values at LT
indicates the prevalence of paramagnetic minerals, such as phyl-
losilicates, as main carriers of the AMS. At the same time, the
orientation of the magnetic ellipsoids at LT is equivalent to the
ellipsoids at RT in all measured cases. This fact confirms that, in
general, all magnetic phases share the same magnetic fabric. The
parallel disposition of opaque grains and phyllosilicate flakes
observed in thin sections (e.g. Fig. 2e) also suggests that they carry
the same magnetic fabric.

Magnetic fabric origin

A slight correlation was found between Pj and km (Fig. 7¢) and
between Pj and 7 (Fig. 7d). An interpretation given in the literature
to explain this correlation is the influence of the magnetic mineral-
ogy on the mineral arrangement (Rochette 1987; Rochette et al.
1992; Hrouda & Jelinek 1990). Another reason can be found when
linking it with strain (e.g. Borradaile & Henry 1997; Robion et al.
2007). Relatively low Pj values are found in our samples and the
highest of these Pj values are associated with highest 7" values
(i.e. oblate geometries). According to the above-mentioned previ-
ous models, our results seem to indicate a sedimentary origin for
the magnetic fabric.

Petrographic observations of the studied rocks show that in
cases in which a sedimentary lamination is observed, phyllosili-
cate and iron oxide grains remain parallel to the sedimentary
laminae. In addition, most of the considered magnetic fabrics
(Types 1 and 2; i.e. 40 sites out of the 42 studied cases) show
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Fig. 9. Detailed geological map of the study area modified from Simoén ez al. (2012) and GEODE (2013). Magnetic lineations per site, spatially
oriented after restoring bedding to horizontal, are superimposed on the geological map. Lines represent sites with a clearly developed magnetic
lineation, whereas two symmetric circular sectors represent lineation at sites with a high scatter of k,, . The angle of the circular sectors approximately

corresponds to the confidence angle given by Jelinek statistics for each site. The ellipsoid types described in the text are represented by different

symbols as listed in the legend. Grey arrows represent palacocurrent directions where cross-bedding was observed.

magnetic foliation planes parallel or nearly parallel to the bedding
plane at each site. This geometry also suggests the influence of
sedimentary compactional processes.

Magnetic lineations are generally well developed within the
magnetic foliation plane. Considering that our magnetic fabrics
developed at an early stage, the clustering of the & axes has to be
linked either to the effect of sedimentary features able to imprint
an orientation on the magnetic fabric, or to the effect of the strain
owing to the tectonic regime acting during sedimentation and early
diagenesis (in our case, extensional processes).

Orientation of cross-bedding was measured in 12 outcrops out of
the 42 studied sites within layers located below or above the sam-

pled ones. These layers are composed of larger grain-size litholo-
gies and are generally more competent than the studied lithologies.
Palacocurrent orientations according to these structures show a
large variability independently of their stratigraphic position (Fig.
9). Magnetic lineations at the 12 sites near the layers where cross-
bedding was shown also show variable orientations, being parallel
to the palacocurrent direction in only five cases. When dealing with
lithologies consisting of clay-sized particles, the mechanism known
to control deposition is flocculation. This mechanism dominates in
environments where currents lose their energy, allowing also silt-
sized grains to deposit. In these sediments, palacocurrent imprint is
extremely minimized. Therefore, and after evaluating the orienta-
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Table 3. Summary of bulk susceptibility data and magnetic directional data from specimens measured both at room and at low temperature

Site km (x1076) e (x10°) LT/RT kpax (T/P) Conf. angle k,, (T/P) Conf. angle ki (T/P)  Conf. angle
(deg) (deg.) (deg.)
AL2 LT 67.9 4.71 198 145/5 19/4 55/7 15/4 270/82 21/12
AL2RT 343 16.5 ' 311/4 21/8 42/4 18/11 174/85 19/17
AL4LT 69.3 12.7 237 146/30 19/6 243/11 16/4 351/58 13/4
AL4 RT 292 14 ' 129/29 22/7 241/33 42/20 8/43 42/8
BE1 LT 167 13.1 236 144/1 18/8 234/5 18/2 48/85 8/2
BE1 RT 70.8 12 167/2 43/5 257/4 43/3 46/86 9/2
BE6 LT 191 15.5 230 145/17 18/9 48/22 24/13 268/62 21/10
BE6 RT 832 14.8 ' 135/19 9/4 45/1 57/5 313/71 57/8
MO3 LT 534 35.8 234 21273 29/5 303/12 32/7 107/77 20/4
MO3 RT 228 18.2 208/4 29/6 299/13 31/19 103/77 23/5
MO6 LT 602 21.7 288 23/6 58/10 113/5 58/9 245/83 14/1
MO6 RT 209 12.1 ' 29/4 33/7 119/0 33/12 213/86 15/3
MOI11 LT 170 9.32 336/13 48/4 68/8 48/8 188/75 9/4
MO11 RT 61.2 14.1 2.78 333/10 11/5 64/7 12/6 189/78 10/4

LT, low temperature; RT, room temperature; km, bulk susceptibility (in SI units); e, standard deviation of km; LT/RT, ratio comparing km values at LT and RT; in situ values
for k. k,,, and k_, mean orientations (T/P, trend/plunge); Conf. angle, confidence angle (error angle around the average axes), based on Jelinek statistics and calculated with

‘max> "Vint

Anisoft42 (Chadima & Jelinek 2009). S, Strike and dip of the bedding planes following the right-hand-rule system.

Fig. 10. Equal area projection of the three magnetic axes (squares, £,

‘max?

triangles, k,; circles, k), after restoring bedding to horizontal, of

low-field AMS at room temperature (black symbols) and low-field AMS
at low temperature (white symbols) from four representative sites. Conf.
ell.: confidence ellipses.

tions of the observed palacocurrents, we deduce that the palacocur-
rents are not influencing the orientations of magnetic lineation in
the rocks from the sampled layers.

One of the most notable factors that can reorient magnetic fab-
rics is the sequential superimposition of tectonic regimes. In
extensional contexts, magnetic lineation is parallel to the exten-
sion direction (i.e. perpendicular to normal faults; e.g. Mattei
et al. 1997; Cifelli et al. 2005). Conversely, in compressive set-
tings, it is oriented perpendicular to the shortening direction (i.e.
parallel to the strike of thrusts; e.g. Borradaile & Jackson 2004;
Parés et al. 1999). In the studied region, it is necessary to identify
the influence of the Cenozoic compression on the primary mag-
netic fabric that is supposed to record the synextensional stage.

The Cenozoic deformation in the central areas of the Maestrat
basin is characterized by fault reactivation and the development of

joint systems (Liesa 2000; Liesa et al. 2004; Antolin-Tomas et al.
2007). Compressive structures are widespread in the northern
basin border, which is the area between the Iberian Range and the
Catalonian Coastal Range, the so-called Linking Zone (Salas et al.
2001), and define a thin-skinned fold and thrust system.
Furthermore, towards the west, several anticlines with an approxi-
mate north—south trend can be found (Fig. 9). Some of these anti-
clines located in marginal areas of the basin show axial-plane
cleavage in some rock types (Liesa ef al. 2004). Conversely, pen-
etrative structures are completely absent in the basin centre
throughout the Cretaceous series (e.g. Liesa ef al. 1996; Liesa
2000). Thin-section description corroborates these observations,
because no compressional-related structures were observed at
microscale and, on the contrary, the original sedimentary lamina-
tion is clearly defined in most samples (e.g. Fig. 2e-h).
Geometries of magnetic ellipsoids fit generally with a sedimen-
tary origin, with their k_, axes oriented around the pole to bed-
ding. However, geometries found at the two sites forming Type 3
of our classification strongly differ from the rest. Site BE6 shows
an incipient girdle between the &, and k, axes, typical of mag-
netic fabrics influenced by compressional processes. In addition, it
is located close to a NW—SE-trending fold in the western limit of
the study area (Fig. 9). Its magnetic lineation orientation, NW-SE,
is parallel to the fold trend in this area, and thus probably is com-
pression-related. Therefore, for this site, together with the neigh-
bouring sites BES and BE7, magnetic fabrics are interpreted as
modified by the compressional stage (see discussion below). This
interpretation agrees with previous results in the Cabuérniga basin
(Oliva-Urcia et al. 2013), where even in absence of clear structural
markers of compressional deformation (no cleavage is present), a
‘modified extensional magnetic fabric’ can be interpreted between
extensional (inherited from the extensional stage) and compres-
sional (clearly defined when cleavage is present and resulting from
the modification during inversion) magnetic fabrics. Northwards
of BES, BE6 and BE7, the two sites located in the eastern flank of
the Bobalar anticline (MO15 and MO19) do not show a girdle con-
taining &, and k., but their magnetic lineations are oriented
approximately parallel to the fold trend. In MO19, also included in
Type 3, magnetic foliation deviates around 52° from the bedding
plane. In addition, tectonic foliation has been recognized in a level
of marls situated several metres below the sampled layers (Fig.
11a). The orientation of this penetrative structure is parallel to the
orientation of the magnetic lineation, and both are consistent with
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Fig. 11. Site MO19. (a) Cleavage observed in stratigraphic layers
situated below the sampled ones. (b) AMS results of the site before
bedding correction, together with (¢) its position within a geological
cross-section of the Bobalar anticline. Dashed grey lines (in the cross-
section and in the stereographic projection) represent the magnetic
foliation plane and a parallel ‘proto-cleavage’ interpreted to have
reoriented the magnetic fabric.

the eastern flank of the fold and point to magnetic fabrics modified
by compression (Fig. 11b). Sites MO9 and MO10 were also
included in this group of compressional-driven magnetic fabrics.
They are near the northern border of the Maestrat basin and rela-
tively close to the strongly folded area in the Linking Zone (Fig. 9),
and show k_, axes roughly parallel to the trends of compressional
structures.

According to the criteria and caveats described above, we inter-
pret the magnetic ellipsoids of the remaining sites (84% of the ana-
lysed sites) as inherited from the sedimentary stage and influenced
by the Mesozoic extension in the Maestrat basin.

The Mesozoic extension in the Maestrat basin
according to AMS results

Two main tectonic-scale processes coexisted during the Early
Cretaceous and influenced the evolution of the Iberian plate: the
opening of the Tethys Ocean to the SE and the opening of the Bay
of Biscay to the NW. The Maestrat basin was influenced by both
events, because of its geographical location in the convergence
between the two extensional domains (Alvaro et al. 1979; Salas &
Casas 1993). At the regional scale, this situation turned into an
almost radial extensional stress field (e.g. Alvaro et al. 1979; Liesa
et al. 2004; Antolin-Tomas et al. 2007). The reactivation of some
sets of fractures during the Cenozoic compression and the Neogene
extensional stage could also limit the use of fault trends to establish
a zonation between the effects from both Mesozoic extensional
processes. Within the observed radiality, a slight predominance of
two extension directions has been described in two domains, coast-
ward and inward (e.g. Aranda & Simoén 1993; Rodriguez-Lopez
et al. 2006). In the inner domain, the extension direction is NE-SW
to NNE-SSW and coincides with that described for the second
Mesozoic rifting stage in the Iberian basin. It is linked to the open-
ing of the Bay of Biscay and the basin stage in the Pyrenean area,

and triggered the development of the Early Cretaceous system of
strongly subsiding basins throughout the Iberian basin. The domain
identified towards the coastline shows a main NW—-SE extension
direction and is related to the influence of the Tethyan western mar-
gin configuration process during the Early Cretaceous.

The orientation of the magnetic fabrics interpreted as extension-
related in our study fits in general with these two domains with
different extension directions. A major part of the sites located
inwards in the northwestern part of the Maestrat basin have mag-
netic lineations oriented approximately NNE-SSW and NE-SW
(Fig. 12b). These directions are parallel to the extension directions
related to the Iberian Mesozoic rifting and allow us to delimit what
we have named the Iberian domain (Fig. 12a). Sites located in the
southeastern part of the sampled area generally show magnetic
lineations oriented around NW—SE and NNW-SSE (Fig. 12c),
which approximately coincides with the extension direction
described for the Tethys opening process. Their spatial arrange-
ment allows us to demarcate the domain called hereafter the
Tethyan domain towards the present coastline (Fig. 12a).

Apart from the exceptions already determined as clearly influ-
enced by Cenozoic compression, some sites show magnetic linea-
tion orientations different from those expected in the domain within
which they are located. For the Tethyan domain, anomalous orienta-
tions in the magnetic lineation are scarce. When present, they show
a NNE-SSW direction, which fits with that expected for the Iberian
domain. In contrast, anomalous orientations are more common in
the Iberian domain and show orientations related to the Tethys open-
ing. Moreover, the small group of sites classified as Type 1C show
two main orientations of magnetic lineation at the same site
(Fig. 8c). Most of these cases could be interpreted as the result of the
influence of both extensional processes, even at outcrop scale. They
could also be interpreted as the effect of chronological changes in
the dominant tectonic processes, which would cause interactions
between the two domains through time. Changes in the orientation
of the extension regime during the Early Cretaceous have been
recognized for the western sector of the Iberian Range (Soto et al.
2008). In the studied sediments, when comparing magnetic fabric
results and position within the stratigraphic profile, a relationship
between the orientation of magnetic lineations and age is not
observed. Thus, these anomalous orientations probably demonstrate
that the limits between the two domains were not strictly fixed.
When considering the whole area of the Maestrat basin as the junc-
tion of two tectonic domains (e.g. Alvaro e al. 1979) it is under-
standable that structures influenced by two approximately
perpendicular extension directions developed throughout the rifting
period in the Maestrat basin or even acted at the same time. The key
point highlighted by this study is that, in spite of this mixture in the
distribution of structure orientations, the change from one tectonic
domain to the other can be roughly identified by means of AMS.

Conclusions

Rock magnetism analyses carried out in the Lower Cretaceous
synrift units of the Maestrat basin indicate that phyllosilicates are
the main carriers of the magnetic fabric. Sometimes they are
accompanied by a small fraction of ferromagnetic minerals, con-
sisting of hematite or iron sulphides (probably pyrrhotite). All
these magnetic contributors share the orientation of their magnetic
fabrics, which can be accordingly interpreted to share the same
origin. Palacocurrents have been detected in less than a quarter of
the studied outcrops, and never within the sampled beds. Their dis-
persion and different directions indicate that they do not have a
significant influence on the orientation of the magnetic lineations.

Most of the AMS sites are interpreted to maintain the original
synsedimentary fabric orientation, which was conditioned by the
extensional regime acting during the deposition of the Lower
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Fig. 12. (a) Sketch interpreting the probable spatial incidence of the main tectonic events in the orientation of the magnetic fabrics in the Maestrat
basin. The orientations of the magnetic lineations averaged per site are included and shaded according to their related tectonic event: green, Iberian
extension-related sites; blue, Tethyan extension-related sites; red, Cenozoic compression-related sites. For colours, see the online version. (b) Rose
diagram of magnetic lineations of sites located in the inward domain of the study area (mainly Iberian extension-related). (¢) Rose diagram of magnetic
lineations of sites located in the coastward domain of the study area (mainly Tethyan extension-related).

Cretaceous units. Although a certain degree of variability in mag-
netic lineation orientations is observed, two domains can be dif-
ferentiated: (1) a northwestern Iberian domain, where magnetic
lineations are oriented NE-SW, parallel to the extension direction
described for the whole Iberian basin; (2) a southeastern Tethyan
domain, where magnetic lineations are NW—SE and NNW-SSE,
parallel to the extension direction occurring in the western Tethys
margin. The variability in the obtained results demonstrates the
particular location of the Maestrat basin, recording the two large-
scale extensional mechanisms and their influence on the sedimen-
tary and structural configuration of the basin.

Magnetic ellipsoids compared with previous structural informa-
tion indicate a limited influence of the Cenozoic compression at a
few of the AMS sites. They are located in the western and northern-
most sectors of the studied region, coinciding with marginal areas
of'the basin, in which the compressive features are more developed.
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