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Abstract: In this work we present AMS results obtained from several profiles in the Lutetian, carbon-

ate-slope sequence located in the eastern limb of the Boltafia anticline. The AMS analyses allow us to

define the deformational events related to the formation of the Boltafia anticline and its progressive

rotation during Eocene (Late Lutetian) times, acting as a passive marker of the deformation, after a very

early record of LPS during diagenesis.

Keywords: anisotropy of magnetic susceptibility, weak deformation, Boltafa anticline, Ainsa basin,
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The study of the anisotropy of magnetic susceptibili-
ty (AMS) is a useful tool for the analysis of deforma-
tion in weakly deformed rocks (Parés ez al., 1999 and
references therein). In sedimentary rocks, AMS can
indicate tectonic fabrics modifying the initial, sedi-
mentary fabric (i.e. K3 perpendicular to bedding),
thus helping in the unravelling of the deformational
history of sedimentary basins (Soto er al, 2003,
2007). The main indicator for tectonic deformation is
the magnetic lineation, defined by the orientation of
K1 (long axis of the magnetic susceptibility ellipsoid).
When AMS carriers are paramagnetic minerals
(mainly phylosillicates) a direct relationship can be
established between the orientation of magnetic sus-
ceptibility axes and mineral orientation (Rochette,
1987; Martin-Herndndez and Hirt, 2003).

The Boltafa anticline, located in the eastern sector of
the Jaca-Pamplona Basin, is a key area to help under-
standing the South Pyrenean Central Unit evolution.
The interest of this structure lies mainly in its orien-
tation (N-S), oblique to the main Pyrenean structur-

al trend (WNW-ESE), as it occurs with other struc-
tures from the western part of the southern Pyrenees,
and the syn-tectonic sedimentary record in its limbs.
The N-S orientation of the Boltafia and Mediano
anticlines (Fig. 1) contrasts with the orientation of
frontal structures, both the Marginal Sierras and
External Sierras, and the overall structure of the

Pyrenean range, characterised by a system of folds and
thrusts in a WNW-ESE trend.

The present paper deals with the problem of geometry
and kinematics of these oblique structures, specifically
the Boltafia anticline, by means of AMS analysis. The
results obtained from weakly deformed marlstones
allow us to define the deformation events related to the
formation of the Boltafia anticline and its progressive
rotation during Eocene (Late Lutetian) times.

Geological setting

The Boltana anticline is located in the southern cen-
tral Pyrenees (Figs. 1 and 2), in the western termina-
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Figure 1. Geological map of the External Sierras within the structural frame of the South-Central Pyrenees, modified from Pueyo ez al.
(1999). In the figure we can distinguish the Jaca Basin on the west side and the Graus-tremp Basin on the east side of the Boltana anti-
cline which split them up. Also, we see the location of the Marginal, External and Internal Sierras and several anticlines pointed out in

the text.

tion of the South Pyrenean Central Unit (SPCU). It
defines an area of N-S trending folds (Mediano anti-
cline, Buil syncline, Boltana anticline), linking the E-
W trending structures of the SPCU with the
Aragonese External Sierras, where N-S folds (Balzez,
Pico del Aguila, Bentue de Rasal, Rasal) (Fig. 1) are

not so continuous along the trend.

The Boltana anticline is linked to an underlying non-
outcropping thrust that defines the westward ver-
gence of the fold (Cdmara and Klimowitz, 1985; Soto
and Casas, 2001). The thrust-anticline system is
décolled on the Triassic evaporites that form the
detachment level to the south Pyrenean thrust system.

Pre-tectonic folded cover rocks above the evaporitic
detachment are mainly of Upper Cretaceous and
Paleogene age.

The shallow Lutetian carbonate platform corresponds
to the Guara Fm (Puigdefdbregas, 1975) in the sense
of Barnolas ez al. (1991). The lower part of the car-
bonate slope facies, mostly represented by marls and
nodular marly limestones, belongs to Las Paules Fm
(De Federico, 1981). It is equivalent to the prograda-
tional carbonate platform margin that ends in the
Coscollar carbonate platform wedge. Marls with
abundant carbonate debris sheet layers represent the
upper part of the carbonate slope facies (La Patra Fm,
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Figure 2. Geological sketch map of the Boltafia and Mediano anticlines (modified from Soto and Casas, 2001). From the sections

underlined in black were extracted the samples used in this study.
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De Federico, 1981). The lower part of Las Paules Fm
is assimilated in the Banastén Allogroup whereas La
Patra Fm is equivalent to the Ainsa 1 sequence of the
San Vicente Allogroup (Soto and Casas, 2001), see
figure 2. The carbonate slope marls of Las Paules and
La Patra formations thin to the north, where they
interlayer with the siliciclastic turbidites of the Hecho
group represented in the east limb of the Boltafa anti-
cline by the San Vicente Fm of Van Lunsen (1970).
The Sobrarbe deltaic facies overlie La Patra Fm in the
Sta. M2 Buil syncline and in the western limb of the
Boltana anticline, below the Campodarbe unconfor-
mity (transition to the Bartonian and Lower
Oligocene). The Sobrarbe delta facies (De Federico,
1981; Dreyer et al., 1999) are Middle to Late Lutetian
in age. On the Sobrarbe delta continental siliciclastic
red beds crop out in the Sta. M2 Buil syncline. They
correspond to the Escanilla Fm dated as Bartonian to

Lower Oligocene, based on paleomagnetic data
(Bentham, 1992; Bentham and Burbank, 1996).

The studied sections correspond to the Las Paules and
La Patra carbonate slope facies and the lower part of
the Sobrarbe deltaic facies. These sections represent
the carbonate foreland margin of the basin, whereas
the Sobrarbe deltaic facies correspond to a SE to NW
progradational siliciclastic wedge filling the basin
trough when the deformation progresses foreland-
wards into the studied area (Fig. 2).

Methodology
Sampling

A water-refrigerated drill machine was used to obtain
in situ oriented cores. Samples were taken along sever-
al profiles that may be laterally correlated, comprising a
stratigraphic thickness of 900 m along the eastern limb
of the Boltafia anticline (see location of profiles in fig-
ure 2). The major part of the studied sequence consists
of grey marlstones and limestone marls and, more
scarcely, fine grain sandstones of turbiditic origin with
a Lutetian age (Mochales ez 4l., 2008). One core (two
samples) was taken every 3 m of stratigraphic series.
This sampling technique allows for statistical treatment
of data in a continuous way, contrasting with the com-
mon grouping of samples in single sites in other AMS
studies (see Filtering section below).

Measurements and parameters used
Measurements were taken with a low-susceptibility

bridge, KLY-3S Kappabridge (AGICO) at the

University of Zaragoza. Measurements were made at

room temperature. AMS measurements give the ori-
entations and magnitudes of the K ;, = K, = K,
axes of the AMS ellipsoid. The primary statistical pro-
cedure was based on Jelinek’s method (Jelinek, 1981).
The magnetic fabric is characterised by the magnetic
lineation (X, ) and the magnetic foliation (perpen-
dicular to K ;). Scalar parameters used to characterise
magnetic susceptibility are: a) the corrected
anisotropy degree, P indicating the total eccentricity
of the magnetic ellipsoid and thus the preferred orien-
tation of minerals, b) 7, the shape parameter, varying
between 7'= -1 (prolate ellipsoids) and 7= +1 (oblate
ellipsoids). P and 7 parameters are defined as

(Jelinek, 1981):

P=expa[C2lGum)+Goompm)+Gepm?Ty - (D,
2 el

= Gty .
M3

where ; = InK, ., u, = InK,, 5 = InK_;, and pum =

(1 +5 +143)13.

Furthermore, L = K1/K2 and F = K2/K3 parameters
were used to define the shape of the magnetic ellip-
soid as in the Flinn diagram (Flinn, 1962). Results
obtained, both diagrams Flinn and 7-P’, are shown in
figure 3, thus allowing us to characterise the magnet-
ic ellipsoids involved in this section.

Treatment of data and filtering

The sampling method used allows for a specific treat-
ment of data that permits orientation reliable varia-
tions along the stratigraphic log to be detected.
Treatment of data included the grouping of samples
according to running averages of 7 samples (for the
whole data), with superposition of 6 samples, in order
to smooth out the orientation trend. This method
allows errors deriving from different rock types to be
minimised, as will be shown in the Results section.

Basic filtering of data was done according to the cri-
teria exposed in Pueyo er al. (2004) using the F12,
F23, F13 values by Jelinek (1981) relating eigenvec-
tors. Clearly, oblate fabrics were not considered to cal-
culate magnetic lineations, and strongly scattered
averages (associated to pseudo-isotropic samples) were
avoided by means of eigenvalues. Filtering was used in
two ways, strong and soft, according to the rigidity in
the application of the following exposed criteria:
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Figure 3. AMS Shape parameters expressed by means of Flinn
diagram (Flinn, 1962). Magnetic fabrics show a low degree of
anisotropy and are mostly oblate. Jelinek (1981) diagram also
shows this tendency. The histogram indicates that the main mode
of bulk susceptibility is within the paramagnetic field.

Strong filtering, consists of three sub-filterings:

1) In order to eliminate the samples that describe an
isotropic magnetic ellipsoid, the parameter F13
(=E31°) was considered. Samples with F13 < 10 were
removed, so only anisotropic samples were selected.

2) With the aim of ruling out the samples with oblate
magnetic ellipsoids (K1=K2), those ellipsoids with
F12 (=E21°) < 8 were eliminated. Only samples with
clearly different K1 and K2 axes were retained.

3) With the purpose of ensuring that K3 is perpendi-
cular to bedding and K1 is contained in the bedding
plane, the samples that present inclination angles
lower than 60° (after bedding correction) have been
removed. Only samples with K3 sub-perpendicular or
perpendicular to bedding have then been considered.

In a similar way, the soft filtering consists of three
sub-filtering with the same aim, but less strict appli-
cation of conditions, only removing: 1) Samples with
F13 < 4, 2) samples with F12 < 5, and 3) samples
with K3 inclination <50°.

Results obtained after different types of filtering are
shown in figures 3 and 4, thus allowing direct evaluation
of the noise/signal reduction along the studied profile.

Results
Total tensor parameters

The average susceptibility of samples (Km) show
intermediate values for this kind of rocks, and ranges
between -12 and 184x10-6 (SI), the average being
about 41x10-6 (SI). These values are within the “rock
matrix” ranges (Rochette, 1987) and are typically
paramagnetic as deduced from the ratios between the
low field/high field susceptibilities. P’ values are
between 1.001 and 1.145, with a mean of 1.019. 7°
values range from -0.951 and 0.990, with a mean of
0.2683. L values are between 1 and 1.112, with an
average of 1.006. F ranges between 1 and 1.070, with
a mean of 1.012.

Directional data

In general, there are no significant differences in the
trend of K1 along the profile between the non-fil-
tered and the filtered data sets, which support the
consistency of the obtained results. The orienta-
tions of K1 and K3 are relatively homogeneous
along the sampled profile. K3 is usually perpendicu-
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Figure 4. Stereoplots obtained from magnetic ellipsoids of the studied section, after and before filtering; K1 and K3 values are shown

in black and grey, respectively. These values are situated in a stratigraphic log vs. declination of the K1 diagram. Raw data and running

averages (with their standard error bar) are displayed together; grey areas present a noise signal. Subsections and the magnetostratigraph-

ic log are shown.

lar to bedding (Fig. 5); K1 values show a clear max-
imum in a N-§ direction, with scattering towards
NNE and NNW orientations. Two other secondary
maxima of K1 orientation appear in NE-SW and
NW-SE directions, and can be clearly distinguished
in the filtered data sets.

Considering the changes in orientation along the
stratigraphic log, a slight change is observed between
the lower part of the profile, where a N-S to NNE-
SSW is dominant, and the upper part of the profile,
with its maximum shifted toward the NNW-SSE
direction (Fig. 5). However, these changes are not sig-
nificant if the confidence errors are considered.

Interpretation and discussion

Directional data obtained allow an interpretation of
deformation associated with the growing of the
Boltafia anticline to be proposed. Relative chronology
of deformation and folding evolution can be estab-
lished, taking into account the tilting of fabrics
(mainly obtained from the plunge of K3 axes) in the
fold limbs and the clockwise rotation of the Boltafa
anticline during Eocene times (Parés and Dinares-

Turrell, 1993; Pueyo, 2000; Mochales ez al., 2008).

An oblate sedimentary fabric would be contained in
the pre-tectonic deposits. The time between the sed-
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iment deposition and blocking of the fabric ranges
within a few (<10) ka after deposition (Larrasoafia et
al., 2004) in the Pamplona-Bartonian marls crop-
ping out in the occidental part of the basin.
Subsequently, the sediment folding reoriented the
earlier fabric. Therefore, the K1 would become par-
allel to the main structural trend (WNW-ESE).
During a final evolutionary stage, the K1 orientation
changed due to fold growing as well as rotation.
Currently, high K1 trend distribution appears paral-
lel to the axis strike.

Paleomagnetic results extracted from Mochales ez al.
(2008) help us to interpret the data obtained from the
AMS analysis and to propose a kinematic evolution-
ary model of the Boltafia anticline:

The first stage in AMS evolution in the model pro-
posed (Fig. 6) was layer parallel shortening (LPS) in
the strata that was later to be involved in the Boltaha
anticline. This stage modified the earlier and oblate
sedimentary fabric. The second stage was probably
the growing of the Boltana anticline, coeval with
syntectonic sedimentation. Said stage resulted in the
folding of the previously formed fabrics originated
by LPS. The third evolutionary stage is related to the
clockwise rotation of the Boltafa anticline that also
rotated the magnetic ellipsoids with the same mag-
nitude, the uplifting of the Boltana anticline occur-

ring at the same time. Paleomagnetic results
(Mochales ez al, 2008) have confirmed that the
third stage may be coeval, although discontinuous in
time, with the deposition of the uppermost part of
the stratigraphic pile. The rotation would have hap-
pened during a short space of post-Lutetian time so
that all data gathered (Bentham and Burbank, 1996;
Pueyo, 2000; both at higher stratigraphic locations)
is meaningful. Further studies (in progress) will
unravel the complete rotational kinematics of the
fold. Ferndndez-Bellén (2004) also established three
stages of deformation with rotation values progres-
sively diminishing in younger rocks. He proposed
that both stages (second and third) were simultane-
ous. Therefore, in this paper we consider the second
and third stages as not being simultaneous. The
third stage, with coeval rotation and folding, would
have begun later than the age proposed by
Ferndndez-Bellén (2004), that is, close to the Late
Lutetian-Bartonian limit.

A remarkable aspect of the fabrics obtained in this
work, also noted in other works on AMS in sedimen-
tary rocks, is the existence of a single fabric
(Larrasoana ez al., 2003; Oliva et al., 2009; Pueyo-
Anchuela ez al., 2008), which corroborates that mag-
netic fabric development is a relatively early process in
tectonic evolution and behaves as a passive marker of

the deformation (Fig. 6).

a. Sedimentary (pure oblate) fabric |b. Layer parallel shortening (LPS)

>

no magnetic
lineation

>~
>~

e

>

magnetic
foliation

magnetic
foliation

c. Folding stage (Boltaina anticline) |d. Rotation and folding

magnetic
lineation

foliation

Figure 6. Model proposed to
describe the role of AMS during
the formation of Boltafia anti-
cline. Sedimentary fabric (a) is
modified by LPS (b) and later
folded by the Boltafia anticline
(c). During the emplacement of
the SPCU, the structure rotated
as a whole, adopting a N-S trend
(d). Therefore, AMS behaved as a

passive marker.
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