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{ABSTRACT |

We studied Cenozoic sedimentary rocks in the NE Ebro foreland Basin using the Anisotropy of Magnetic
Susceptibility (AMS) as a proxy for grain preferred orientation. Our new data, in combination with existing
results, reveal that penetrative strain by layer-parallel shortening extends well beyond the Pyrenean thrust-wedge
front into the Ebro foreland Basin, challenging the concept of the location of “deformation front” in the Southern
Pyrenees. Penetrative strain, as revealed by the magnetic fabrics, seems to reach larger distances into the Ebro
foreland Basin where stiffer layers constitute the main detachment level, whereas to the East strain dissipates
closer to the deformation front when the detachment is mostly due to salt deposits.
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INTRODUCTION

Deformationiscritical tounderstanding the dynamic Earth
and mountain building. Convergence at plate boundaries is
responsible for the growth of most mountain ranges on Earth,
where contractional strains deform the crust producing folds
and faults that shorten and thicken the lithosphere. Rock
deformation in such convergent zones decays away from
the topographic mountain front to where no contractional
structures are observed in the foreland (e.g. Lacombe and
Mouthereau, 1999). However, when appropriate proxies for
penetrative deformation are used, it becomes apparent that
horizontal shortening extends well beyond the thrust front in
most forelands, leading us to re-consider the concept of the
location of the “deformation front” in orogens. For example,
the concept of “tectonite front” was born to refer to the onset
of a preferred crystallographic orientation (Fourmarier,
1923; Fellows, 1943), although the challenge in determining
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crystallographic fabrics has prevented the broad usage
of such concept. Instead, the notion of “cleavage front”,
observable at mesoscopic scale has been more widely used
as far as establishing the deformation front in orogens (e.g.
Holl and Anastasio, 1995). The Anisotropy of Magnetic
Susceptibility (AMS) is possibly the most sensitive proxy
for penetrative rock deformation at the microscale, as it
is able to sense feeble grain preferred orientation in rocks
where no deformation appears at the mesoscopic scale (e.g.
Kissel et al., 1986; Aubourg et al., 1991; Tarling and Hrouda,
1993 and references therein). AMS has evidenced that Layer
Parallel Shortening (LPS) extends well beyond the observed
deformation front in foreland basins (e.g. Parés et al., 1999).
In this study we report and discuss new and existing AMS
results from different locations in the Ebro foreland Basin
that help us understanding the development of penetrative
deformation in Cenozoic sedimentary rocks in the Southern
Pyrenean foreland Basin.
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METHODS

Anisotropy of Magnetic Susceptibility (AMS):
Principles

Rock-forming minerals are magnetically anisotropic
in that the magnetic susceptibility (or K=M/H, M: ratio
of magnetization to the applied field H) is directionally
dependent. The so-called AMS defines a symmetric,
second-rank tensor that has six independent matrix
elements. When the coordinate system is referred to the
eigenvectors, these trace an ellipsoid that is known as the
magnitude ellipsoid (Nye, 1957) whose semi-axes are
the three principal susceptibilities (K, =K =K, ..). An
intrinsic property of most of rock-forming minerals is that
their magnetic susceptibility is anisotropic (Nye, 1957) and
thus K;=My/H,. For example, it has been demonstrated that
magnetic axes in biotite crystals conform to the density
distributions of mineral lattice planes obtained by x-ray
goniometry (Richter er al., 1993, Schmidt et al., 2009).
These results reveal that densities from x-ray for chlorite
and mica are perfectly reflected by the distribution of
the minimum susceptibility axes. The study by Richter
et al. (1993) was possibly the first demonstration
that the normalized magnetic parameters (M=In(Ky/
[K o K ¥ K] 2) correlate directly with March strains as
obtained from x-ray texture goniometry. The study was an
important step forward showing the AMS as a sensitive and
rapid gauge for bulk crystallographic preferred orientation
in rocks, with the advantage of using large sample volumes
(typically about 1lcm?), as opposed to the essentially two-
dimensional slice used in optical and x-ray methods.

As far as the source of magnetic susceptibility, whereas
ferromagnetic, moderate to high susceptibility minerals
(e.g. magnetite, hematite) are minor components in most
pelitic rocks, the dominant mineralogy corresponds to
paramagnetic, lower magnetic susceptibility phases.
Indeed, the average value of bulk magnetic susceptibility
of mudrocks (10-10-ST) suggests that the concentration
of iron oxides such as magnetite is typically less than
0.01wt.% (e.g. Parés, 2015) which is consistent with the
dominance of paramagnetic susceptibility in mudrocks.
Numerous rock-magnetic studies where paramagnetic and
ferromagnetic susceptibilities have been quantified revealed
that typically the former dominates in mudstones (e.g.
Martin-Herndndez and Hirt, 2001 and references therein),
therefore the AMS is dominated by the paramagnetic
component, and most specifically by the shape anisotropy
of clay minerals although very fine magnetic particles
attached to the clay fabric might also contribute (Kodama
and Sun, 1992).

AMS has been shown to have great potential in
tracking early deformation stages in anchimetamorphic
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grade rocks (Robion et al., 1995, 1997, 1999; Liineburg
et al., 1999; Gil-Imaz et al., 2000; Parés and van der
Pluijm, 2003; Debacker et al., 2004; Hirt et al., 2004).
Although Borradaile and Tarling (1981) reported
results from “weakly deformed slates”, the study by
Kissel et al. (1986) is possibly the first to demonstrate
the great potential of AMS in weakly deformed rocks,
as these authors showed that by using this technique
it is possible to detect very subtle deformation in
mudstones otherwise seemingly undeformed. Further
contributions by Aubourg et al. (1991); Averbuch et al.
(1992); Owens (1993); Parés and Dinarés-Turell (1993);
Sagnotti and Speranza (1993); Collombat et al. (1995);
Parés et al. (1999); Sagnotti er al. (1999); Anastasio
et al. (2015) (also see Borradaile and Jackson, 2004
for a review) take advantage of the sensitivity of AMS
to identify and define the orientation of weak tectonic
magnetic fabrics. In most of these examples, the
studied mudrocks are uncleaved, typically flat-lying,
and macroscopically undeformed. Despite the field
appearance of these mudrocks, a subtle, weak tectonic
fabric is observed when using magnetic anisotropy
methods. In an effort to merge all these models for
fabric development arising from tectonic deformation
with magnetic fabrics, Parés et al. (1999) proposed
a pattern for progressive stages in AMS evolution in
strained mudrocks, complementing the previous models
envisioned by Averbuch ez al. (1992) and Bakhtari et al.
(1998). The model includes four type of magnetic fabrics
that develop in weakly deformed mudrocks undergoing
progressive deformation and has subsequently been
observed and adopted in later studies of similar rock
types (Frizon de Lamotte et al., 2002; Souqué et al.,
2002; Saint-Bezar et al., 2002; Sans et al., 2003;
Aubourg et al., 2004; Larrasoafia et al., 2004; Robion
et al., 2007; Oliva-Urcia et al., 2009; Soto et al., 2009;
Weil and Yonkee, 2009; Mochales et al., 2010; Pueyo-
Anchuela et al., 2010; Kanamatsu et al., 2012). All
these studies highlight that AMS is a proxy for fabric
and strain in that it records preferred grain orientation
in sedimentary rocks even before the appearance of
weakly penetrative cleavage. The deformation pathway
represented in Figure 1 summarizes the magnetic fabric
path of siliciclastic rocks under progressive deformation
(layer parallel shortening).

A summary of the AMS studies in deformed mudrocks
where paramagnetic phyllosilicates control the fabric is as
follows (Parés, 2015):

i) Principal axes of maximum susceptibility (K,,,)
are particularly sensitive to tectonic shortening, as they
develop a magnetic lineation that mimics the intersection
of bedding and tectonic flattening plane (the strain XY
plane).
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AMS axes evolution in mudrocks under stress

Type lla

Compaction
Typel

B Principal axes of maximum susceptibility
e Principal axes of minimum susceptibility

Composite/Intermediate

Tectonic

Type llb
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VAN

\ X/Z section of the strain ellipsoid

FIGURE 1. Conceptual model of Anisotropy of Magnetic Susceptibility (AMS) development in mudrocks undergoing progressive deformation (modified from
Parés, 2015) (squares: principal maximum susceptibility axes (K,,,); dots: principal minimum susceptibility axes (K;,); Green ellipse: strain ellipse). Type
| fabric is essentially a compaction, sedimentary fabric with K, axes normal to the deposition plane and K, axes scatter along it. Type Il (a and b) fabric
reveals the imprint of the first lateral shortening on the initial sedimentary fabric where both the Layer Parallel Shortening (LPS) or flattening plane and
depositional plane compete to define the total magnetic fabric. K., axes parallel the intersection direction between these two planes. K., axes eventually
show a girdle that is parallel to the maximum shortening direction. Ultimately K., axes become parallel to the shortening direction and K, axes remain
parallel to the intersection direction and not necessarily to the maximum extension direction (Type Ill). Rocks deformed by layer-parallel shearing, Types
lla and IIb ellipsoids show a girdle of K, axes that are plunging away from the tectonic extension direction.

ii) Layer parallel shortening extends well beyond the
“deformation front” in orogenic settings.

iii) An intermediate fabric (Type Ila and IIb) is very
common where bedding and flattening planes compete to
define the finite magnetic anisotropy ellipsoid.

A corollary of all these existing results is that because
AMS in weakly deformed rocks senses preferred grain
orientation (mostly from phyllosilicate grains), grain
slippage and rotation must have occurred to develop such
tectonic fabric. Early studies have already experimentally
documented that strain causes parallel orientation of platy
minerals perpendicular to the direction of shortening (e.g.
Sorby, 1908; Clark, 1970; Ferndndez, 1987). Still, what
requires further research are the implications of such grain
sliding and rotation, as they require a reduction in shear
strength in order to facilitate the grains to slide past each
other. These aspects need still to be further investigated.

Geologica Acta, 16(4), 375-390 (2018)
DOI: 10.1344/GeologicaActa2018.16.4.3

Data acquisition

AMS was measured on a 1-FA Kappabridge (AGICO
Instruments), a fully automated inductive bridge, at
a frequency of 976Hz and a field of 200A/m, at the
Geochronology Laboratory of the CENIEH (Burgos,
Spain). The instrument measures the susceptibility of
a slowly spinning specimen. The operator has to adjust
the specimen only in three perpendicular positions. The
measurement takes about 2 minutes per specimen and is
very precise, due to many susceptibility determinations
in each plane perpendicular to the axis of specimen
rotation. Special software combines the measurements
in three perpendicular planes plus one bulk value to
create a complete susceptibility tensor. The errors
in determination of this tensor are estimated using a
method based on multivariate statistics principles Jelinek
(1978). There is a plethora of parameters to describe
the axial magnitude relationships of the susceptibility
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ellipsoid (see also Tarling and Hrouda, 1993; Tauxe,
1998). The simplest expressions are the axial ratios
L (K,./K;,) (Balsley and Buddington, 1960), F (K,,/
K...) (Stacey et al., 1960) and P (K. /K, (Nagata,
1961). Alternatively, other authors use the parameters
P’ (P’=exp2(a,*+a,*+a;»)]"?  (Jelinek, 1981) where
a,=In(K,./K,), etc. and K,=(K,,.+K;,+K,:.)/3 (Nagata,
1961) to express the fabric intensity as a measure of
eccentricity and T (T=2(InK,,-InK,,;)/[InK .-InK ;. 1-1)
(Jelinek, 1981) to define the degree to which the ellipsoid
is oblate or prolate, both adopted in this study.

Layer-Parallel-shortening and Penetrative Strain

Layer-Parallel Shortening (LPS) in fold-and-thrust
belts can be regarded as the mechanism by which the
layers above a décollement accommodate the decreasing
displacement forelandward away from the mountain
front (Engelder and Engelder, 1977; Cooper et al., 1983;
Williams and Chapman, 1983; Geiser, 1988; Evans and
Dunne, 1991; Lacombe and Mouthereau, 1999; Koyi et
al., 2004; Tavani et al., 2015). Nickelsen (1983) noticed
LPS in the Appalachians thanks to deformed fossils,
and he referred as to “lateral compaction”. Penetrative
Strain (PES) includes microscale LPS mechanisms, and
its distribution during a deformation sequence is not yet
well understood (e.g. Burberry, 2015). Also, the extent
to which penetrative strain and hence LPS depend on
the décollement tip still remains an open question. The
importance of including the penetrative strain in, for
example, balanced cross-sections has become apparent
(Hossack, 1978; Woodward et al., 1986; Mitra, 1990;
Homza and Wallace, 1997). A number of studies indicate
that balanced cross-sections that consider macroscopic
structures alone can underestimate cumulative
shortening (e.g. Mitra, 1994; McNaught and Mitra,
1996; Yonkee and Weil, 2009). Layer-parallel shortening
magnitudes vary significantly, typically between ca. 5
and 30%, so LPS encompasses a high percentage of the
total deformation in some cases, and depends strongly
on the mechanical strength of the strata being deformed
(Crosby, 1969; Engelder, 1979; Nickelsen, 1983;
Craddock, 1992; Mitra, 1994; McNaught and Mitra,
1996; Mukul and Mitra, 1998; Faill and Nickelsen,
1999; Yonkee and Weil, 2009). Tavani et al. (2006; 2008;
2011) reported pressure solution cleavage that accounts
for 80% of the total shortening. It follows that the
development and distribution of PES is of importance
to balance cross-sections, for total shortening estimates,
and in addition it has implications on the porosity and
permeability of reservoirs. AMS can reveal penetrative
strain at the scale of 10cc or even less, and therefore is
an unprecedented proxy for establishing and potentially
quantifying PES in sedimentary rocks (see review in
Parés, 2015).
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GEOLOGICAL SETTING

In the Eastern Pyrenees along the footwall of the
Vallfogona Thrust, continental sediments of the Ebro foreland
Basin include the Berga Formation (Fm.) conglomerates
(Riba, 1973; Puigdefabregas et al., 1986, 1992) (Fig. 2). To
the South, the Berga conglomerates become progressively
finer grained and thinner bedded and grade into the fluvial
conglomerates, sandstones, and claystones of the Solsona
Fm. (Saez, 1987; Saez et al., 2007; Barrier et al., 2010).
The footwall of the Vallfogona thrust exposes a spectacular,
regional-scale, growth fault-propagation fold in the syntectonic
Berga conglomerates. At a regional scale, unconformity
geometries vary from angular to the West at Serres de Lord
to progressive East of Serres de Busa. Across the structure,
bedding dips change from 70° overturned to upright and
horizontal over a few kilometers of section (Fig. 3). In a classic
study, Riba (1976) defined “progressive unconformities” or
cumulative wedge systems at this location and showed that
they developed on a tilting depositional surface when the
sediment accumulation rate is higher than uplift. Williams et
al. (1998) have thoroughly studied the depositional genesis of
the Berga Fm. growth section and showed that the growth of
the Puig-reig anticline and Busa syncline was unsteady based
on relative dating. Balanced and restored cross sections and
forward geometric modeling by Ford ez al. (1997), Suppe et
al. (1997) and later Alonso et al. (2011) agree on the geometry
of the fault propagation fold pair but not on all the kinematic
details. Kinematic uncertainty remains as to whether limb
rotation or limb lengthening produced the fold amplification
during fault slip, although Carrigan et al. (2016) argue for a
fixed limb length.

Just North of the town of Sant Lloren¢ de Morunys (Fig.
4), the Berga Conglomerates lie conformably on the marine
marls and marly limestones assigned to the Bartonian-
Lower Priabonian (Solé-Sugrafies and Mascarefias, 1970).
Magnetostratigraphic results (Carrigan et al., 2016; Parés
et al., 2016) reveal that the Berga Conglomerates have an
age of Eocene-Oligocene and that the onset of deformation
of the growth strata occurred at 33.85Ma.

Further South of Busa syncline there is a set of long-
wavelength anticlines and associated synclines, with an
oblique trend to the Pyrenean direction, mostly formed
as ramp anticlines (Fig. 2). In the southern area, a thrust
wedge related to salt tectonics or triangle zone is defined
by folds and faults striking NW-SE (e.g. Puig-reig anticline,
Solsona), and SW-NW to WSW-ENE (Cardona Salt unit, El
Guix anticlines) (Figs. 2; 4). The Southern Pyrenean Triangle
Zone (Sans et al., 1996) dies out to the E and to the W where
the thrust front emerges. The tip line of the thrust front is
considered to be located 40km South of the South Pyrenean
Main Thrust (Vergés et al., 1992). The orientation of the
frontal thrust wedge is controlled by the southern pinch-outs
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of three evaporitic horizons (Vergés et al., 1992), including
Beuda Fm., Cardona Salt unit and Barbastro Fm. (Fig. 2C).
These three horizons constitute the basal detachment of the
triangle zone, where wide flats develop in the evaporitic
formations (Vergés et al., 1992; Sans and Vergés, 1995).

RESULTS

AMS results from sites SLM1, SLM3, SLMS, SLM10,
LC and LD (Fig. 3) including magnetic mineralogy and

Penetrative strain in the Ebro foreland Basin from AMS data

magnetic fabrics, are discussed in detail in Carrigan et al.
(2016). Essentially, the Busa syncline and associated North
and South limbs, reveal Type II and IIb magnetic fabrics.
AMS data reveal a rather persistent subhorizontal, ESE-
WNW trending magnetic lineation parallel to bedding
strike (Fig. 3C), and mostly oblate magnetic ellipsoids
with an anisotropy degree typically lower than 6%. Site
SLM1 is located further South of the Busa syncline, on
gently northwest-dipping strata, and still shows magnetic
lineation trending ENE-WSW, parallel to the fold axis.
In the majority of sites, principal axes of minimum
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susceptibility (K,,;,) are slightly off from pole to bedding.
This feature is more apparent when beds are restored to
horizontal. Hence, K ;, axes typically plunge to the North
after bedding correction in the northern limb of the syncline.
K...» axes distribution is consistent with layer parallel, top-
to-North shear in the North limb. Such N-S shortening
would post-date folding and is coherent with the observed
microstructures such as spaced cleavage and small-scale
shear zones. A Flinn diagram (Flinn, 1962) shows that the
magnetic ellipsoids in the hinge of the fold are dominantly
oblate and have higher degree of anisotropy (Carrigan et
al., 2016). Cleavage is also quite pervasive in the hinge of
the syncline which overall is suggestive of higher strain in
that zone. These results are compatible with a limb rotation
folding model and a pinned hinge zone (Ford et al., 1997,
Carrigan et al., 2016). The tilt of the magnetic foliation
poles (after bedding correction) also suggests shortening
after folding, post-dating bedding-parallel shearing.
Because AMS deformation occurs in incompletely lithified
sediments that are being folded, AMS most likely was
mostly accommodated by intergranular slip, leading to
preferred grain orientation of phyllosilicates.

The new study sites are located further South of the
Busa syncline and along the Cardener Valley (SLM21,
SLM22, SLM22b, SLM23 and SLM?24, see Table 1) (Fig.
4). In this area, the Solsona Fm. sandstones and siltstones
record a Type Ila tectonic fabric (Fig. 4). All the localities
that we have studied show K, ;, axes normal to bedding,
whereas the K,,,, axes are grouped and striking around an
ENE-WSW direction. Sites SLM21 and SLM22 reveal a
slightly different pattern. These two sites are located on the
South limb of the Puig-reig anticline, with a fold axis of
WNW-ESE direction. The Puig-reig anticline is located on
the footwall of the Vallfogona thrust (Vergés, 1993). AMS
strain at both sites does not record the Puig-reig anticline
trend, as they show a WSW-ENE trending magnetic
lineation (Fig. 4). Site SLM22b, on the northern limb of
the Solsona syncline, shows a well-developed magnetic
lineation which conforms the orientation of the Solsona

Penetrative strain in the Ebro foreland Basin from AMS data

anticline (Fig. 4). Further South, site SLM24 displays
a well-developed tectonic fabric, with a pronounced
magnetic lineation that trends ENE-WSW, in flat-lying
rocks. Last, site SLM23, although having somewhat higher
axes dispersion, shows a similar orientation compared to
the average magnetic lineation. The former site is located
just few kilometers North of the Cardona anticline.

Overall, magnetic anisotropy factors (Pj and T) are
similar to the values obtained by Carrigan ez al. (2016) in the
subhorizontal limb of the Busa syncline. It is worth pointing
out are the results from site SLM22, on the southern limb of
the Puig-reig anticline. At this locality K, axes (Fig. 3B)
are normal to bedding in the geographic reference frame and
K,.x axes cluster around a WSW direction (Fig. 4). Upon
bedding correction, the magnetic lineation has a WSW-ESE,
as bedding angle is only 20 degrees to the SW. It is somewhat
surprising that the magnetic lineation in the southern limb
of the Puig-reig and Solsona folds, which trend ~NW-SE,
forms a high angle to the respective fold axes. The magnetic
lineation is neither parallel to the bedding strike before
bedding correction, which at first value could suggest that
the magnetic lineation was first developed, by a NNW-SSE
layer parallel shortening, and later folded by the Puig-reig
anticline. We will return to this point in the next section.

We also consider the results of Sans et al. (2003) who
report internal deformation in the Cenozoic units on the
El Guix anticline (Fig. 4). This is a NE-SW trending fold
detached above the Cardona salts that represents the frontal
structure of the Pyrenean fold-and-thrust belt (Sans and
Vergés, 1995). At all studied localities (Fig. 4) the magnetic
lineation strikes between E-W to NE-SW, depending on the
specific position within the complex structure. Two sites of
that study (SNT1 and SNT2, Sans et al., 2003) on the northern
limb of the anticline, show a well-developed magnetic
lineation with a mean direction of ENE-WSW on beds that
are sub-horizontal (Fig. 4). Such arrangement is interpreted
as due to layer parallel shortening and is coherent with the
orientation of the El Guix anticline axis (Sans et al., 2003).

TABLE 1. Anisotropy of magnetic susceptibility results. See site locations in Figure 4A. K., K, Kimin @re the principal susceptibilities. Dec: declination;
Inc: Inclination; L: magnetic Lineation; F: magnetic Foliation; Pj: Anisotropy degree; T: Shape parameter

Site Kiax Kint Kiin Anisotropy Ratios and Parameters

N Dec Inc Dec Inc Dec Inc L F Pj T
SLM21 9 60.0 1.3 329.6 13.7 155.5 76.2 1.018 1.018 1.037 0.007
SLM22 18 259.0 12.9 164.2 19.8 20.0 66.0 1.013 1.015 1.029 0.079
SLM22b 13 276.6 1.9 186.3 9.3 18.0 80.5 1.015 1.043 1.061 0.472
SLM23 11 229.9 2.0 320.1 4.1 1133 85.4 1.016 1.032 1.049 0.316
SLM24 15 66.8 0.1 156.8 1.5 334.0 88.5 1.019 1.039 1.060 0.350
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Last, we also include site [PO2 in our study (Pascual
and Parés, 1990), which is on flat-lying fine-grained
sandstones and siltstones of upper Eocene age and which
has sedimentary fabric. K, axes conform a NW-SE
trend, which is consistent with the observed paleocurrent
directions (e.g. Anadén et al., 1989). This locality is
located about ~20km South of the Cardona anticline, is
found on flat lying fine-grained sandstones and siltstones
of Oligocene age.

DISCUSSION

Our new AMS data support and complement previous
results by Carrigan et al. (2016) in the Busa syncline to
the North of the study area (Fig. 3). The maximum axes
of susceptibility (K, typically but not always reflect the
intersection between horizontal shortening and bedding
plane and record the progression of the ~N-S tectonic
shortening towards the thrust front. Such magnetic
lineation roughly keeps an E-W to ENE-WSW orientation,
which is consistent with the kilometric-scale structure. In
detail though, magnetic lineation experiences a change in
orientation from North to South. The bulk of the magnetic
ellipsoids in the North (Carrigan et al., 2016) are coherent
with the fault-related Busa fold, with K, axes ~E-W
trending, i.e. parallel to the fold axis, and the K, either
normal to bedding or describing a N-S girdle. Nevertheless,
few kilometers South of the Busa syncline, sites SLM21 and
SLM?22 reveal a different pattern, as they do not conform
the Puig-reig anticline fold axis. The Cardona anticline
trends NE-SW and is a South-verging detachment fold
developed where the Cardona Fm. salt is thickest. Given
the coincidence between the orientation of the Cardona
fold axis and site SLM23 magnetic lineation, it is plausible
that this site records the shortening related to the anticline.
Otherwise, sites located North of the Cardona anticline,
disagree with the structural data, in that magnetic lineation
is oblique to the main structures: K, in sites SLM21
and SLM22, between Puig-reig anticline and the Solsona
syncline, form an acute angle with the Puig-reig anticline.
Nevertheless, few kilometer South at locality SLM?24, on
the South limb of the Solsona syncline, K,,,, forms an acute
angle with its fold axis and is rather parallel to the next
major structure, the Cardona anticline. Both folds, Puig-reig
and Solsona, are major structures in the eastern Pyrenees.
In fact, Sans et al. (1996) distinguish two regions in this
area according to the folding and thrusting orientation: A
northeastern region with ESE-WNW trending structures
(e.g. Puig-reig anticline, Solsona syncline), and a central
region with NE-SW trending structures (e.g. Cardona,
Suria, El Guix folds) (Fig. 2A), owing to the pinch-outs
of the evaporitic horizons. In this scenario, the Puig-reig
anticline represents the surface structure of the ramp of the
northern thrust wedge that is located at the southern pinch-
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out of the Beuda Fm. (Fig. 2C) (Vergés, 1993; Sans et al.,
1996). On the other hand, the NE-SW Cardona anticline
develops where the homonymous formation is thickest
(aprox. 300m) and where the basal slope of the Cardona
Fm. is almost horizontal (Vergés et al., 1992). Anticlines
such El Guix and Suria are related to the southern pinch-
out of the Cardona salt.

Taken at first value, the bulk of the magnetic data
suggests that PES dissipates few kilometers South of the
Callds syncline (Fig. 4), the southernmost deformation
front in the studied sector, so somewhere North of site
IP02, which records a sedimentary fabric. Such observation
somewhat contrasts with existing magnetic fabric results
East and West of the studied sector. NW of Zaragoza,
Pueyo-Anchuela er al. (2010) report a tectonic magnetic
fabric in flat-lying sediments several tens of kilometers
South of the deformation front (“Sos section” of Pueyo-
Anchuela et al., 2010; Teletzke et al., 2011; Teletzke, 2012)
(Fig. 5). Similar results were reported by Soto ez al. (2009),
in Miocene sediments NW and NE of Zaragoza, which
show WNW-ESE trending K,,, axes which are normal to
the main tectonic shortening. On the other hand, in the NE
of the Ebro foreland Basin, Parés et al. (1999) reported
penetrative strain in the flat-lying marls of the Igualada
Fm., in localities that are South of the Bellmunt anticline,
the southernmost expression of tectonic shortening at
the surface (Ter-Freser section, Fig. 2B). The corollary
of all these results from the Ebro foreland Basin are that
localities as far as 60km from the deformation front show
penetrative strain according to the magnetic fabric data
that is consistent with Pyrenean shortening directions.
Nevertheless, our own study along the Cardener valley
(South of Busa) suggests that PES, as recorded in the
magnetic fabrics, is absent at a distance not longer than
~20km from the southernmost fold. The distance between
observed PES and the deformation front changes along
strike as it varies from ~20 to ~60km. What we observe in
the Pyrenean foreland Basin is that shortening is revealed
by the magnetic fabrics in areas relatively far away from
the frontal fold. The lateral (N to S) extent of PES in the
sedimentary cover should reflect the strain propagation in
these areas, so it is possible that differences in the strength
of the basal décollment level that allows strain propagation
determines the development and extent of PES. In the
northeastern region (Ter-Freser), the southernmost
contractional structure (Bellmunt anticline, Fig. 4) is located
above the Beuda Fm. The Beuda thrust-front has as a main
detachment level sediments consisting of shales, gypsum
and some salt (Sans, 2003). In the central region, where
Cardona, Solsona, etc folds are found, the detachment is
the Cardona Fm., which consists of anhydrite massive
halite and potassium salt (Pueyo, 1975). Further West, in
the West-Central Pyrenees (Sos section), the Pefia flexure
is the southernmost expression of deformation. Although
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FIGURE 5. A) Sketch of the Ebro foreland Basin, including the areas where penetrative strain has been established with anisotropy of magnetic
susceptibility. Ellipses represent the Y/Z plane of the strain ellipsoid. 1: Soto et al. (2009); 2: Pueyo-Anchuela et al. (2010); 3: Gomis (1997); 4 and
5: Barbera (1999); 6: Sans et al. (2003); 7: Pascual and Parés (1990); 8: Parés et al. (1999). B) Conceptual cross section (not to scale) across an
imbricated thrust wedge, showing the extent of the Penetrative Strain (PES) forelandward away from the structural front, in relation to the outermost

structure (modified from Lacombe and Mouthereau, 1999).

this structure has been interpreted as a décollement fold
cored by Triassic evaporites (Oliva-Urcia et al., 2016), it
could alternatively represent an antiformal stack. Be that
as it may, a deeper detachment in the region is thought to
be found in the Keuper facies (clays and gypsum) (Teixell,
1996; Oliva-Urcia et al., 2012, 2016). Hence, whereas the
detachment level includes gypsum-rich formations in the
NE and W sectors, salt is more abundant in the central
sector. A consequence of the variation in the detachment
level rheology within the basin is that in the Cardener-
Solsona area the sedimentary cover is deformed on a very
incompetent detachment, the Cardona Fm. On the contrary,
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in both NE sector (Ter-Freser) and West-Central Pyrenees
(Sos section), sedimentary cover is shortened on a still
weak but more competent detachment layer (Triassic and
Paleogene clays and gypsum).

Rheology of the detachment has a strong influence on
the PES of the hangingwall rock units (e.g. Aubourg et al.,
2004; Robion et al., 2007; Nilforoushan et al., 2008). For
example, Nilforoushan et al. (2008) developed sandbox
models of fold-thrust belts and accretionary prisms and
results show a clear correlation between décollement basal
friction on surface and volumetric strain in the models. It
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appears that high-friction décollements promote PES in
the cover. If extrapolated to nature, the results indicate
that PES is expected to be greater in fold-thrust belts
shortened above stiffer décollements than in areas that
were shortened above a weaker décollement. Robion et al.
(2007) and Aubourg et al. (2010) have also noticed that
the efficiency of the detachment seems to determine the
magnetic fabric in the sedimentary cover. Hence, according
to their results, when stronger (stiffer) layers such as
gypsum dominate in the detachment, strain develops
further out into the foreland, whereas when more efficient
rocks such as salt dominate, then strain is confined closer
to the thrust front. Although the balance between orogenic
wedges to décollement strength is critical, it follows that
friction often determines the PES that is observed in the
sedimentary cover, even though strain develops mostly
by linear viscous deformation. Hence, where friction
is high the tendency is that sediments develop a layer
parallel shortening fabric Type IIb or even Type III (Fig.
1), whereas when the detachment is more efficient and
the friction is lower, a Type Ila develops and is preserved
in the sediments. Sans (2003) used analogue models to
document how the rheology of the detachment horizons
controls the deformation front in the eastern Pyrenees. In
that experiment very ductile detachments promote folding,
whereas when detachment is less ductile (higher friction)
thrusting is the dominant deformation mechanism, in
agreement with natural examples as in the Rockies
(Anastasio et al., 1997). In natural examples real examples,
in a similar way, localized lower efficiency detachment in
the South Pyrenean foreland Basin could possibly promote
a further extent forelandwards of penetrative strain as seen
by the magnetic fabrics.

The control that the detachment strength exerts onto the
strain in the sedimentary cover has been noticed for years
in several fold and thrust belts. For example, in the Central
Appalachians large wavelength detachment folds occur
underlain by Silurian evaporates, whereas in the Southern
Appalachians thrust faults dominate (Gwinn, 1964; Davis
and Engelder, 1985; Hatcher et al., 1989). In the Northern
Canadian Rockies folding dominates in areas where thick
evaporate levels are found (e.g. Thompson, 1981), whereas
to the South thrusting is more abundant (e.g. Price and
Mountjoy, 1970).

CONCLUSIONS

Both Berga and Solsona formations, in the Eastern
Pyrenees, display magnetic fabric ellipsoids whose axes
orientation can be taken as a proxy for internal deformation.
Deformation occurred as layer parallel shortening ahead
of the Pyrenean thrust sheets (Vallfogona Thrust). The
magnetic lineation, as defined by the grouping of Kmax
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axes, is generally consistent with thrust and fold axes that
have an ENE-WSW orientation, and not the set of NW-SE
trending structures that are also prominent in the Eastern
Pyrenees. Although several other options are possible,
a two stage-deformation, with a slight change of the
maximum shortening direction is a possible mechanism.
In the Busa area, the appearance of cleavage that is not
strictly axial planar to the Busa fold might suggest that
there is a time lag between the onset of folding and the
development of cleavage, or that folding developed within
a transpressive regime (Ford et al., 1997).

Both in the easternmost part of the Ebro foreland
Basin (Ter-Freser transect), and in the western-Central
Pyrenees (Sos section), penetrative deformation, as
revealed by the magnetic fabrics, extents much farther
South than in the eastern region (Cardoner transect).
The possible role of both the Iberian Range and the
Catalan Coastal Ranges as a buttress effect on the PES
needs to be further explored. We acknowledge that more
observations are necessary to determine the location
of the southernmost sediments having PES, and what
minimum differential stress level is necessary to produce
a tectonic fabric in the AMS but a possible explanation
resides in the effectiveness of the detachment levels.
When stronger layers dominate in the detachment
(e.g. Keuper facies), penetrative strain seems to reach
larger distances into the foreland, whereas when the
detachment is mostly due to salt (e.g. Cardona Fm.),
then internal strain seems to dissipate closer to the
deformation front. Such hypotheses need to be further
tested with additional AMS fabric studies in particular
along the southern margin of the Ebro foreland Basin.
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