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a b s t r a c t

Despite the large amount of paleomagnetic and structural studies on fold and thrust belts, many key
questions about rotational kinematics remain unsolved (pace of rotation, subsequent accommodation of
the hanging wall, etc.). Excellent exposure conditions and syntectonic sedimentation related to the
growth of oblique structures in the Southern Pyrenees allow an accurate investigation that sheds light on
the rotational kinematics of thrust systems. Fifty-nine paleomagnetic sites (819 specimens) are homo-
geneously distributed in both limbs along the marine and continental sedimentary sequences contem-
porary with the uplift of the Boltaña anticline and its post-folding evolution. They indicate a clockwise
rotation of about 52� during Ypresian to Priabonian times. Primary, stable (350�-580 �C), pre-folding
magnetization in the Eocene rocks is attested by a positive fold test and the antipodality proof, with
magnetite and iron sulphide traces as magnetic carriers. Rotation velocity fits a logarithmic model and
shows a low rate during the Ilerdian-Middle Lutetian interval (ca. 1�/m.y.) and much higher (up to 10�/
m.y.) in the Late Lutetian-Priabonian interval. Most of the clockwise rotation of the Boltaña anticline can
therefore be constrained within the 42e35 M.a. interval (partially post-folding), indicating a period of
strong differential displacement in the southern Pyrenean Zone, probably related to the emplacement of
the underlying External Sierras thrust sheets (Tozal-Alcanadre).

� 2011 Elsevier Ltd. All rights reserved.
1. Introduction

During the past decades, paleomagnetic data revealed that
orogenic building is usually associated with significant rotations
around vertical axes (Allerton, 1998; Weil and Sussman, 2004).
Paleomagnetic studies have the potential to identify rotations, not
previously detected by structural techniques, providing absolute
magnitude and sense of the rotation. Many studies, carried out in
most orogenic belts, have allowed for previously unsuspected
vertical axis rotations (VAR) to be inferred, as suggested by early
works (synthesized in McCaig and McClelland, 1992), and more
recent studies (Sussman et al., 2004; Arriagada et al., 2008; Weil
et al., 2010, among others).

Once the existence of vertical axis rotation has been defined,
determination of rotation velocities is a necessary step to define the
kinematics of a particular thrust. Full understanding of rotational
and traslational kinematics can turn into a real 4D comprehension
of thrust systems. So far, only a few works have addressed the
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rotational kinematics issue (Speranza et al., 1999; Pueyo et al.,
2002; Mattei et al., 2004).

The structure of the Pyrenean range is characterized by a fold-
thrust system with a WNW-ESE main trend. The southern
Pyrenean Zone displays remarkable interference patterns between
the main trend (in the frontal thrusts of the External, Marginal and
Internal Sierras) and oblique folds. The Pico del Águila, Balzes (in
the External Sierras), and Boltaña, Añisclo and Mediano (in the
South Pyrenean Central Unit, SPCU, Fig. 1a) are the main NeS
anticlines, progressively developed from E to W during Eocene
times (Puigdefàbregas, 1975; Millán et al., 2000). Paleomagnetic
data indicate that the origin of these oblique structures is
secondary and related to important clockwise rotations (Dinarès,
1992; Parés and Dinarès, 1993; Pueyo, 2000; Fernández et al.,
2004; Oms et al., 2006; Soto et al., 2006; Oliva and Pueyo, 2007;
Rodríguez-Pintó et al., 2008).. The focus of this study lies in the
particular configuration of the Boltaña anticline and its strongly
oblique trend with respect to the Pyrenean tectonic grain (Fig. 1a).

In this paper we emphasize the use of paleomagnetism as the
primary tool for determining the magnitude and chronology of
VARs, we show a numerical model explaining the thrust rotation
kinematics and we will propose a new model for the emplacement
of the Boltaña anticline. Previous work (Fernández-Bellón, 2004)
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Fig. 1. a) The South Pyrenean foreland basin with the study area. b) Geological setting of the studied area (modified from Barnolas et al. in press-a, in press-b). Black points represent
the sites sampled for this study (ARA, MILL, SSA, COS, CAS, MON, OLS, ESC), those reprocessed from Bentham (1992) (MED, LIGz, ERI, ALM) and individual sites from other authors:
90J25, 36, 38 39 from Dinarès (1992) and Parés and Dinarès (1993); LIGa and CAM from Pueyo (2000). Unit: Fm, Mb: Formation, Member. c) Cross-sections of the Boltaña anticline
and Buil syncline (modified from Soto and Casas, 2001).
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Table 1
Paleomagnetic data. New and previous individual sites presented in this work and data reprocessed data from Bentham (1992), Mochales et al. (2011), Pueyo (2000) and Parés and Dinarès (1993). Description: # number of site;
Site label; Polarity; Stratigraphic length of the site; Age and Age error in M.a.; Chron; n/N: specimens considered andmeasured; Z: Zone; X and Y: UTM coordinates in datum ED50; Bedding data in right-hand rule; Paleomagnetic
data in situ (Dec, Inc, a95 and kappa); Paleomagnetic data restored (Dec’, Inc’, a95’ and kappa’); Source in literature; Unit: Gp, Fm, Mb: Group, Formation, Member.

# Site Polarity Site
(m)

Age
(M.y.)

Age
error

Chron n/N Z X Y Strike Dip DD Dec Inc a95 kappa Dec’ Inc’ a95 kappa’ Source Unit

1 ARA1 R 54.0 56.411 0.90 C24R 11/11 31T 254791 4706181 183 29 W 225 �35 12.7 17.1 200 �50 11.7 20.0 Mochales et al., 2011 Alveolina
limestone

2 MILL1 R 45.0 56.062 0.90 C24R 14/15 31T 255245 4706873 193 6 W 240 �50 8.2 26.4 235 �54 8.4 24.9 Mochales et al., 2011 MillarisFm
3 MILL2 R 48.5 55.727 0.90 C24R 15/15 31T 255192 4706943 190 6 W 236 �37 7.9 28.3 231 �43 8.0 27.9 Mochales et al., 2011 MillarisFm
4 ARA2 R 60.5 55.513 0.90 C24R 15/16 31T 254554 4706256 183 29 W 226 �29 10.4 15.5 209 �53 9.5 16.1 Mochales et al., 2011 Metils Fm
5 ARA3 R 32.5 55.180 0.90 C24R 11/11 31T 254464 4706224 182 50 W 249 �9 10.7 21.1 230 �52 13.6 13.4 Mochales et al., 2011 Yeba Fm
6 ARA4 N þ R 88.0 54.764 0.90 C24R 10/12 31T 254394 4706252 189 54 W 243 3 24.4 5.4 39 32 28.0 4.9 Mochales et al., 2011 Yeba Fm
7 ARA5 R 124.0 53.313 0.57 C24N.1r 12/13 31T 254216 4706317 184 63 W 67 �7 13.7 12.1 52 46 14.6 10.7 Mochales et al., 2011 Lw Boltaña Mb
8 ARA7 R þ N 104.5 52.571 0.37 trC24n.

1n/C23R
8/11 31T 253975 4706280 184 64 W 245 2 24.7 6.8 227 �52 19.8 10.0 Mochales et al., 2011 Lw Boltaña Mb

9 ARA6 R 97.0 52.565 0.37 C23R 14/14 31T 253910 4706069 188 72 W 252 22 8.3 25.7 246 �43 8.2 26.2 Mochales et al., 2011 Lw Boltaña Mb
10 ARA8 R 85.0 52.074 0.37 C23R 5/8 31T 253750 4706135 186 68 W 249 13 13.7 40.4 226 �50 15.0 33.6 Mochales et al., 2011 Upp Boltaña Mb
11 ARA9 R 85.0 50.241 0.65 C22R 4/6 31T 253519 4706413 187 82 W 229 33 35.9 19.3 226 �35 18.9 65.4 Mochales et al., 2011 Upp Boltaña Mb
12 SSA1 R 24.5 48.384 0.68 C21R 6/7 31T 254974 4688452 56 16 W 210 �55 8.4 77.4 232 �59 10.5 50.1 Mochales et al., 2011 Paules Mb
13 COS1 R þ N 75.0 47.436 0.68 C21R 12/14 31T 255470 4690014 358 18 E 197 �67 7.0 43.6 223 �58 7.1 41.9 Mochales et al., 2011 Paules Mb
14 COS2 R þ N 42.0 45.226 1.29 C20R 13/15 31T 256062 4690160 350 27 E 184 �63 6.5 45.4 221 �48 7.3 36.1 Mochales et al., 2011 Paules Mb
15 COS3 R 30.0 44.889 1.29 C20R 14/14 31T 256184 4690146 350 25 E 199 �63 5.4 59.7 225 �46 6.2 45.6 Mochales et al., 2011 Paules Mb
16 COS4 R 48.0 44.734 1.29 C20R 11/11 31T 256266 4689306 359 20 E 203 �64 4.3 124.0 224 �50 7.2 45.7 Mochales et al., 2011 Paules Mb
17 COS5 R 42.0 44.308 1.29 C20R 11/11 31T 256376 4689286 359 27 E 199 �67 12.0 17.0 226 �50 12.2 16.6 Mochales et al., 2011 Paules Mb
18 COS6 R 42.0 43.900 1.29 C20R 12/12 31T 256562 4689281 356 26 E 188 �69 7.7 35.7 226 �55 6.5 50.3 Mochales et al., 2011 Paules Mb
19 CAS1 R 45.0 43.346 1.29 C20R 9/10 31T 256294 4691407 350 23 E 218 �73 7.1 59.5 240 �52 7.0 61.3 Mochales et al., 2011 La Patra Mb
20 CAS2 R 35.0 42.982 1.29 C20R 10/10 31T 256321 4691421 352 26 E 210 �60 20.4 7.3 227 �45 21.0 7.0 Mochales et al., 2011 La Patra Mb
21 CAS3 N þ R 65.0 42.620 0.59 C20N 6/7 31T 256494 4691358 5 27 E 3 63 22.0 12.3 41 53 19.8 14.8 Mochales et al., 2011 La Patra Mb
22 CAS4 N þ R 72.0 42.369 0.59 C20N 12/13 31T 256746 4691181 356 20 E 45 60 18.9 6.8 57 50 16.1 9.0 Mochales et al., 2011 La Patra Mb
23 CAS5 N þ 1R 42.0 42.115 0.59 C20N 8/10 31T 257491 4691559 4 22 E 340 56 13.8 19.5 15 58 12.7 22.7 Mochales et al., 2011 La Patra Mb
24 CAS6 N 139.0 41.777 0.59 C20N 11/12 31T 257975 4691523 357 24 E 18 59 10.9 20.4 44 46 11.1 19.8 Mochales et al., 2011 La Patra Mb
25 MON1 R þ N 47.5 41.619 0.59 C20N 9/11 31T 260535 4686825 8 23 E 195 �52 12.0 21.7 218 �41 12.3 20.7 Mochales et al., 2011 Sobrarbe Fm
26 CAS7 R 105.0 41.377 0.46 C19R 10/12 31T 258412 4691197 354 21 E 207 �56 8.1 40.9 224 �41 8.3 38.4 Mochales et al., 2011 Sobrarbe Fm
27 MON2 R þ N 71.0 41.367 0.46 C19R 10/12 31T 260888 4686646 10 22 E 180 �59 7.5 46.8 213 �55 6.4 64.0 Mochales et al., 2011 Sobrarbe Fm
28 MON3 R 39.0 41.193 0.46 C19R 11/11 31T 261090 4686522 10 23 E 193 �51 9.5 26.7 218 �45 9.3 27.5 Mochales et al., 2011 Sobrarbe Fm
29 CAS8 R 11.0 41.152 0.46 C19R 3/4 31T 258754 4691296 352 22 E 205 �55 20.5 55.8 224 �41 20.6 55.4 Mochales et al., 2011 Sobrarbe Fm
30 OLS1 R 122.0 41.084 0.46 C19R 9/10 31T 260618 4685394 34 25 E 215 �36 16.0 12.7 233 �32 14.8 14.6 Mochales et al., 2011 Sobrarbe Fm
31 MON4 N þ R 75.5 40.993 0.46 C19R 12/12 31T 261307 4686392 23 17 E 16 49 19.0 7.4 33 49 18.0 8.2 Mochales et al., 2011 Sobrarbe Fm
32 OLS2 R þ N 93.5 40.703 0.46 C19R 8/12 31T 260898 4685156 36 21 E 215 �32 13.4 20.5 218 �24 14.7 17.4 Mochales et al., 2011 Escanilla Fm
33 OLS3 R þ N 80.5 40.439 0.49 C18R 9/11 31T 261182 4684942 45 16 E 208 �16 24.4 6.1 206 �21 24.4 6.1 Mochales et al., 2011 Escanilla Fm
34 OLS4 R þ 1N 56.5 39.777 0.49 C18R 10/11 31T 261394 4684706 91 16 E 29 36 13.2 16.0 214 �41 12.8 17.0 Mochales et al., 2011 Escanilla Fm
35 ERI1 N þ R 345 38.548 0.47 C18N.1n 13/18 30T 756252 4684372 130 14 S 36 55 15.6 8.7 Bentham, 1992 Escanilla Fm
36 ESC3 N 4 37.451 0.10 zC17N.2n 15/15 31T 262072 4683329 80 10 S 31 27 13.4 9.7 35 34 13.4 9.7 This work Escanilla Fm
37 ESC2 N 10 37.129 0.36 zC17N.1n 10/14 31T 262256 4683133 68 13 SE 27 45 14.0 14.2 39 52 14.0 14.2 This work Escanilla Fm
38 ESC1 N 17 36.814 0.29 zC16N.2n 11/15 31T 262320 4682955 65 15 SE 18 50 8.9 30.0 35 60 8.9 30.0 This work Escanilla Fm
39 ERI2 N þ 1R 279 36.401 0.36 zC17N.1n 13/14 30T 757446 4683539 151 11 W 27 48 9.0 23.9 Bentham, 1992 Escanilla Fm
40 ESC4 N 6 35.902 0.29 z16N.2n 11/13 31T 262532 4682604 95 10 S 26 17 9.7 25.5 27 26 9.7 25.5 This work Escanilla Fm
41 ESC5 R 5 35.707 0.07 C16N.1r 7/11 31T 262605 4682420 85 16 S 195 21 12.5 28.5 198 �36 12.5 28.5 This work Escanilla Fm
42 ERI3 N þ R 200 35.284 0.18 C15R 13/14 30T 757824 4682909 155 10 W 21 47 13.0 12.1 Bentham, 1992 Escanilla Fm
43 ESC6 R 2 35.067 0.31 zC15 10/10 31T 262776 4682247 85 16 S 180 �31 7.3 49.3 181 �47 7.3 49.3 This work Escanilla Fm
44 ESC7 N þ 1R 5 35.043 0.13 C15N 13/13 31T 262872 4682316 83 3 S 1 44 4.1 110.6 2 47 4.1 110.6 This work Escanilla Fm
45 ALM1 R þ N 275 38.870 0.50 trC18R.1r/

18N.1n
11/13 30T 753214 4681982 128 90 S 26 38 15.8 10.2 Bentham, 1992 Escanilla Fm

46 MED1 N þ R 549 41.58 0.59 C20N 14/15 30T 761828 4691753 247 26 N 17 52 14.3 9.4 Bentham, 1992 Hecho Gp
47 MED2 N 425 40.55 0.12 C19n 14/14 30T 760233 4690298 241 18 N 27 59 9.0 22.1 Bentham, 1992 Sobrarbe/

Escanilla Fm
48 MED3 N þ R 296 36.980 0.21 trC17N.3n/

17N.2n
15/15 30T 760540 4686788 230.6 11.8 NW 32 33 14.3 8.7 Bentham, 1992 Escanilla Fm
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approached to the rotation in the oblique structures of the Ainsa
Basin by means of scattered paleomagnetic sites. In this work, we
provide a dense, homogenous and age-controlled dataset for the
determination of rotation that allows for establishing a rotational
velocity model and a more detailed kinematic hypothesis.

With this aim, we introduce new paleomagnetic data, we revisit
previous magnetostratigraphic works and we consider other
previous paleomagnetic sites in the area. From this unusually large
dataset and taking advantage of the recently proposed chronolog-
ical frame for the Ainsa Basin (Mochales et al., 2011), 59 paleo-
magnetic sites evenly distributed along the stratigraphic pile
(Lower to Upper Eocene) can be precisely dated, with the final
objective of understanding the rotational kinematics of this
structure.

2. Geological setting

The Pyrenean range formed during the convergence between
the Iberian and European plates, partially inverting inherited
extensional basins (Roure et al., 1989; Choukroune and ECORS
team, 1989; Muñoz, 1992; Teixell, 1998; Vergés and García Senz,
2001; Martínez-Peña and Casas-Sainz, 2003; Soto et al., 2003;
McClay et al., 2004). Several tectonic pulses taking place from Late
Cretaceous to Miocene times ended up shaping a WNW-ESE range.
The South Pyrenean Central Unit (SPCU) constitutes a salient
including three main thrust units sequentially emplaced from
north to south: Bòixols, Montsec and Marginal Sierras (Séguret,
1972; Pocoví, 1978; Vergès and Muñoz, 1990; Muñoz, 1992).
These cover thrust sheets are composed of Mesozoic and Paleogene
sediments detached from the Palaeozoic substratum on Triassic
evaporite layers (Séguret, 1972; Cámara and Klimowitz, 1985;
Muñoz, 1992; Anastasio, 1992). The Mesozoic cover of the SPCU
overthrusts the Tertiary deposits of the Ebro Basin, which are found
in the footwall of the Pyrenean thrusts (Pocoví, 1978; Vergès and
Muñoz, 1990; Muñoz, 1992; Teixell and Muñoz, 2000).

The Boltaña anticline constitutes the boundary between the
Tremp-Graus and Jaca Basins. The Ainsa Basin corresponds to the
westernmost part of the piggyback Tremp-Graus Basin, which was
transported in the hanging wall of the Montsec thrust (Garrido-
Megías, 1973; Mutti et al., 1988). The Ainsa Basin was filled with
Paleocene and Eocene deposits, concomitant to the major
compressional episode (LutetianeBartonian) in the Southern
Pyrenees.

2.1. Stratigraphy

The older rocks cropping out in the Boltaña anticline are Lower
Eocene limestones (Alveoline limestones, less than 75 m thick).
Marls and marly limestones (Millaris and Metils Fms, 125 m thick,
Van Lunsen, 1970), and a deltaic sequence (Yeba Fm, 200 m thick,
Van Lunsen,1970) overlie the previous unit. The Boltaña Fm (650m
thick, Barnolas et al., 1991) represents the upper part of the Ypre-
sian deposits, with large outcrops in the Boltaña anticline (Fig. 1a).
The lower part of the Boltaña Fm presents mixed platform features
(siliciclastic and calcareous), and its upper part is calcareous. Marly
layers of distal ramp and carbonate slope facies, including debris
sheets of olistoliths sourced in the carbonate platform (Barnolas
et al., 1991) overlie the Boltaña Fm. The transition from shallow
platform to carbonate slope facies represents a drowning uncon-
formity, implying a forelandward migration of the carbonate plat-
form (Barnolas and Teixell, 1994). Lutetian carbonate slope facies
crop out in both limbs of the Boltaña anticline, although in this
study they were only surveyed in its eastern limb. The slope facies
are included in the San Vicente Fm (Van Lunsen, 1970), where the
Paules and La Patra Members (De Federico, 1981) can be
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distinguished. Both units are composed of marls and nodular marly
limestones (z800 m). The Paules Member shows a retrograda-
tional pattern with erosive slump scars; La Patra Member is pro-
gradational, with thick sequences of carbonate debris sheets
including olistoliths (Barnolas et al., 1991). The deltaic strata of the
Sobrarbe Fm (De Federico, 1981) overlie the previous succession,
prograding towards the northwest in the Buil syncline and the
western limb of the Boltaña anticline (z250m). Red beds (Escanilla
Fm, 1000 m thick, Garrido-Megías, 1968), Bartonian to Lower
Oligocene in age, overlie the Sobrarbe Fm. They are linked to
braided fluvial channel deposition (Bentham, 1992; Bentham and
Burbank, 1996). Finally, the Oligo-Miocene Graus conglomerates
(Sariñena Fm, Quirantes, 1978) lie unconformably on the Eocene
series. They are related to Ebro Basin alluvial fans and grade later-
ally into sandstones and siltstones in the foreland (Luzón, 2005).
2.2. Structure

The Boltaña anticline is a west-verging, NeS trending (N004E),
25 km long cylindrical fold (Puigdefàbregas, 1975; Cámara and
Klimowitz, 1985; Martínez Peña, 1991; Holl and Anastasio, 1995;
Millán, 1996; Soto et al., 2003; Fernández-Bellón, 2004). It shows
non-significant plunge, except for its southern part where a gentle
fold closure is observed. Its eastern flank shows shallower dips
(20e30�) than its western flank (70e80�). The Boltaña anticline is
interpreted to have formed in relation to a blind thrust with
westwards movement (Cámara and Klimowitz, 1985; Farrell et al.,
1987; Mutti et al., 1988; Martínez Peña, 1991; Holl and Anastasio,
1995; Millán, 1996; Muñoz et al., 1998; Soto and Casas, 2001;
Fernández et al., 2004). The thrust-anticline system (Balzes-Bol-
taña sheet; Millán, 1996) is located in the hanging wall of the
younger Alcanadre-Tozal thrust sheet located in the External
Sierras front to the South of the studied area (Millán, 1996). The
Triassic evaporites form the detachment level to the south Pyr-
enean thrust system. Pre-tectonic rocks overlying the evaporitic
level are mainly of Cretaceous-Ypresian age (as deduced from the
Boltaña-1 well data; Lanaja, 1987). Cuisian units thin toward the
south, defining a sedimentary wedge probably related to tectonic
subsidence associated with thrust sheet emplacement in the Axial
Zone (Fonnesu, 1984; Puigdefàbregas et al., 1986; Soto and Casas,
2001; Mochales et al., 2010). The Lower Lutetian is the first syn-
tectonic sequence related to the Boltaña anticline, as evidenced by
i) the onlap of the Hecho Group turbidites on the eastern limb of the
Boltaña anticline (Puigdefàbregas, 1975; Remacha and Fernández,
2003), ii) thickness changes in the stratigraphic pile (Soto and
Casas, 2001), iii) unstable slope marls at the bottom of the San
Vicente Fm (Barnolas and Gil-Peña, 2001; Mochales et al., 2011) and
iv) kinematics inferred from magnetic fabrics (Mochales et al.,
2010). Large-scale basinal response to tectonic activity (flexure
and deepening of the basin) is recorded in Early Lutetian stages. The
growth of the Boltaña and Añisclo anticlines was linked to the Larra
thrust system, which developed from mid-late Lutetian to Barto-
nian times (De Federico, 1981; Montes, 1992; Teixell, 1992; 1996).
Oligocene-Miocene molasse sediments postdate the developing of
the oblique structures of the Ainsa Basin (Luzón, 2005).
3. Paleomagnetic data

3.1. Sampling and laboratory procedures

Fifty-nine sites were drilled or reprocessed in different struc-
tural positions and rock types, covering pre- and syntectonic
sequences involved in the Boltaña anticline and Buil syncline
(Fig. 1b,c, Table 1), totalling 566 (used) from 1253 (total) specimens.
From this set, we re-processed the results obtained in magne-
tostratigraphic studies (Ara, Bal Ferrera, Coscollar and Mondot
sections by Mochales et al. (2011), and Eripol section by Bentham
(1992)), gathering them into 37 evenly distributed VAR sites.
Bentham’s (1992) data in the Escanilla Fm (Almazorre; Ligüerre and
Mediano sections) were reprocessed, defining 8 reliable sites (15
specimens in average). VAR sites derived from previous magneto-
stratigraphic studies (Mochales et al., 2011) were established
according to the following criteria: 1) Geographic proximity of
samples; 2) Samples within the same magnetostratigraphic section
and stratigraphic unit; 3) Samples belonging to the same Chron; 4)
A minimum of 10 samples per site (except for 5 sites, Table 1); 5)
Only high quality directions (at the specimen scale) from the
magnetostratigraphy were used to obtain VAR values (see below).
Additional VAR magnitudes that come from 7 previous standard
sites (90J sites by Dinarès (1992); Parés and Dinarès (1993); LIG1&2
and CAM1 sites by Pueyo (2000)) have also been considered.
Finally, 7 new sites were drilled in the Escanilla Fm (ESC sites in this
work). The chronological background established by means of
magnetostratigraphy (Mochales et al., 2011), allows for the accurate
dating of VAR changes through Eocene times.

Samples were extracted using a petrol-powered drill cooled by
water. All the cores were geo-referenced in situ with a GPS and
oriented with a magnetic compass. Standard specimens (cylinders
21 � 25 mm Ø) were measured by means of 2G DC-SQUID
magnetometers, placed into shielded rooms laboratories (Bethle-
hem, USA and Rome, Italy), under Helmholtz coils (Burgos, Spain
and Tübingen, Germany) and without shielding (Barcelona, Spain).
The background noise in all of them was below 5 � 10�6 A/m.
MMTD60 ovens (Magnetic Measurement) were used in Burgos and
Barcelona and TDS-1 ovens (Schonstedt) in Barcelona, Tübingen,
Bethlehem and Rome laboratories. Demagnetization procedures
changed depending on the rock type. At least one specimen per
core was thermally demagnetized. Several sister samples were
demagnetized by alternating field procedures, but thermal treat-
ment revealed more efficiently Characteristic Remanent Magneti-
zation (ChRM). Thermal demagnetization in limestones consisted
of 16e19 steps, with increments in key intervals around 20�, up to
580 �C. In the case of marls, it included 12e20 steps, with the
smallest increments of 20�, up to 600 �C. In detrital rocks,
demagnetizations were performed with 20e25 steps, with key
intervals of 5�, reaching 695 �C. Alternating field magnetization
intervals followed arithmetic increments to 100 mT.

ChRM were classified according to three quality levels (Fig. 2).
High quality ChRMs are unequivocal and data plotted on orthog-
onal demagnetisation graphs pointed straight to the origin. Inter-
mediate quality ChRMs unambiguously allow polarity recognitions,
although directions are less reliable and seem to be altered by
sedimentary load and magnetic secondary overlapping. In the low
quality ChRMs, some directional data could be extracted. However,
they were not reliable (because of poor definition, anomalous
inclinations or intensities), and consequently discarded. To gain
reliability, only high quality ChRMs were used for VAR studies, and
45% (566 specimens) from the total analyzed samples (1253 spec-
imens) were used. A fold test was performed by means of the
superIAPD software (by T.H. Torsvik, 1986, based on McElhinny
(1964) criteria. Antiparallelism was checked by Fisher’s statistics
(1953). The Geological Time Scale considered was Gradstein et al.
(2004).

Magnetic carriers were deduced from rock magnetism analyses.
MMPM Pulse-Magnetizer (Tübingen), ASC impulse magnetizer
(Lehigh), 2G pulse magnetizer (Rome) and 2G cryogenic magne-
tometers were used to perform IRM coercitivity spectrum analyses.
Between 24 and 30 increasing fields up to 1.8 T were applied. About
90 samples were subjected to the Lowrie test (1990). Subsequently,
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Fig. 2. Illustrative in situ Zijderveld diagrams of thermal demagnetization in several sites. MI and AR correspond to Ypresian rocks, CO to Lutetian and ESC to Bartonian-Priabonian.
Stereoplots with intensity drops are shown. NRM is 10�6 A/m magnitude.
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thermal stepwise demagnetizationwas carried out with 35�e50 �C
increments, up to 600 �C. Through an AGFM 2900 (Princeton
Measurements Corp.) Alternating Gradient Force magnetometer at
Tübingen laboratory, 51 hysteresis loops were performed (Fig. 3).

4. Results

4.1. NRM components

Since different rock types were sampled, Natural Remanent
Magnetization (NRM) and magnetic susceptibility are highly vari-
able (Table 2). The ChRMs could be isolated in the 320e500 �C
temperature interval in the Ypresian samples (from Alveoline
limestones to Boltaña Fm), 350e580 �C in the Lutetian slope marls
and deltaic facies (San Vicente and Sobrarbe Fms) and between 360
and 680 �C in the fluvial materials of the Escanilla Fm (Bartonian-
Priabonian). Alternating field demagnetizations were less efficient
than thermal cleaning. Thermal demagnetizations allowed recog-
nizing a low-temperature component unblocking below 200 �C and
AF analysis a low-field component below 10mT. These components
were discarded since they evidence a recent overprint.

Fifty-two site-mean paleomagnetic directions were calculated
(Table 1) bymeans of Fisher (1953) statistics. All sites in marly units
provide well-defined directions, with a95 < 9.5� (MILL1, MILL2,
ARA2). Sites in limestones display relatively clustered directions
(ARA1). Scattering in paleomagnetic vectors is observed for sandy
facies (sites: ARA4, 7, 9). In the case of carbonate slope marls,
clustering is observed in each site, with maximum a95 of 12.7,
except for CAS2, 3, 4 where a turbiditic channel was sampled. The
upper part of the Sobrarbe Fm, and the Escanilla Fm show slightly



Fig. 3. Rock magnetism analyses. a and b) Lowrie test analysis (1990) and IRM
acquisition curves of two specimens. Lower abscissa represent the Lowrie test (1990)
temperatures, upper abscissa is the increasing field (mT) applied to IRM. In y-axis,
normalized remanent magnetization. Decreasing magnetic fields were applied along
z (1.8 mT), x (0.35 mT) and y axes (0.1 mT). c) Hysteresis loops, on the abscissa the
magnetic field strength and in ordinates the magnetic moment. Hysteresis loops
indicate low cohercivity minerals as magnetite and iron sulphides.
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higher a95 angles, especially CAS8 and OLS3 (Fig. 4). Re-processing
Bentham’s (1992) data offered better results grouped into strati-
graphically homogeneous sets, showing acceptable a95 angles
(Table 1). Therefore most sites (z70%) yielded reliable Character-
istic Remanent Magnetization (ChRM) with a95 angles lower than
Table 2
Detailed NRM intensities (10�6 A/m) and bulk susceptibilities (10�6 S.I.) of the
formations involved in the study.

Formation Mean NRM
(10�6 A/m)

Mean K
($10�6 S.I.)

K standard
error

Alveoline Lms. 446 55.4 16 7.4
Millaris Fm 140 38.9 90 18.6
Metils Fm 714 73.8 33 4.7
Yeba Fm 293 82.8 73 11.7
Boltaña Fm 192 16.9 61 6.9
Ascaso Mb 93 27.3 8 3.2
Paules Mb 102 7.2 20 2.5
La Patra Mb 356 46.9 57 9.6
Sobrarbe Fm 232 105.0 86 10.9
Escanilla Fm 1100 264.4 112 8.4
15� (both before and after bedding correction), except for 10 sites
from the re-processed magnetostratigraphy (Bentham, 1992;
Mochales et al., 2011) and five individual sites from other authors
(Dinarès, 1992; Parés and Dinarès, 1993; Pueyo, 2000). The age of
the sampled sites was tightly constrained based on new chrono-
logical information ((Bentham,1992; Mochales et al., 2011) and five
individual sites from other authors (Dinarès, 1992; Parés and
Dinarès 1993; Pueyo, 2000). The age of the sampled sites was
tightly constrained based on new chronological information
(Mochales et al., 2011) (Table 1). Finally, we used the reference
established by Taberner et al. (1999) for the Eocene in the South-
eastern Pyrenean Basin (Dec: 004, Inc: 53, a95: 4.6�, k: 9.6) to
constraint the local VARs in the studied area.

4.2. Paleomagnetic stability

Site means were considered for the fold test. Sites are located on
the western (ARA), and eastern (COS, CAS and MON) limbs of the
Boltaña anticline. Only sites with a95 <10� (in situ) were retained.
The fold test, according to McElhinny (1964) statistics, confirms the
pre-folding character of the ChRM component (Fig. 5a), according
with evidence in the southernmost Pyrenean units (Pueyo, 2000;
Larrasoaña, 2000; Larrasoaña et al., 2003). Due to the lack of
internal deformation and the absence of restoration problems
(Pueyo, 2010), the slight and non-significant synfolding character of
the magnetization is probably due to an unimportant overlapping
with younger components, as already pointed out in the Lutetian
platform facies (Rodríguez-Pintó et al., 2010).

Statistics of the two magnetic polarities (site means) reveal
pseudo-antipodal directions, considering the a95 angles (Fig. 5b):
Normal: n¼ 7, Dec, Inc¼ 046, 47, a95¼ 6.5, k¼ 86.6, R¼ 6.9307 and
Reverse: n¼ 27, Dec, Inc¼ 225,�47, a95¼ 3.2, k¼ 74.7, R¼ 26.6517.
All this evidence based on all the sites sampled in this work (ARA,
COS, CAS, MON, OLS and ESC) together with the pattern of reversals
(Mochales et al., 2011) indicate the primary character of the
magnetization.

4.3. Reliability of data

Datasets in paleomagnetism must respect some reliability
criteria (Van der Voo, 1990) and should be carefully evaluated to
guarantee the absence of the more common sources of error (Pueyo
2010): 1) non-existence of internal deformation (rigid body
assumption), 2) a perfect laboratory isolation of components
(absence of overlapping) and 3) correct restoration to the ancient
reference system (not necessarily based on the bedding correction).
Some overlapping of components has been observed, especially in
Ilerdian (Ypresian) rocks. Therefore, aiming to avoid sites with
noisy signal, a strict filtering was done at the site scale. From the
vast dataset only samples with unambiguous ChRMs were selected
for VAR interpretation. Sites with anomalous inclinations and high
a95 angles (>20�) were discarded, retaining 68% of the original sites
in the dataset (Fig. 6a and Table 1).

5. Interpretation and discussion: vertical axis rotations
in the Boltaña anticline

A considerable amount of studies have been carried out with the
aim of clarifying the kinematics of oblique structures west of the
SPCU. Nonetheless, several aspects are not solved so far. Existing
studies indicate clockwise rotation values ranging from 25� to 85�

(Dinarès, 1992; Parés and Dinarès, 1993; Bentham and Burbank,
1996; Pueyo, 2000; Fernández-Bellón, 2004; Oms et al., 2006).
These authors point out a decrease of the rotation value eastwards,
either due to synsedimentary rotation, or to deposition of



Fig. 4. Representative site means (equal area) with Dec, Inc, a95, kappa, R and n/N sites details. Left column shows in situ vectors (bac) with bedding, whereas right column
represents restored vectors (abc). Stars indicate the Eocene reference (Dec, Inc, a95: 004, 55, 3) established by Taberner et al. (1999).
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Fig. 5. a) Significant fold test at 70% (McElhinny, 1964 run under SuperIAPD) performed with high quality sites (a95 <10�). b) In situ (where a95 and k are absent for normal
component) and restored projections also suggest a pre-folding magnetization.
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progressively younger sediments placed in less oblique positions.
The accurate chronological frame of rotation of structures and the
exact amount of rotation (Fernández-Bellón, 2004; Mochales et al.,
2008) are not solved yet, becoming key questions for the complete
understanding of the kinematics of the South Pyrenean Zone.
5.1. Rotation magnitudes

Differences between declination angles and the Eocene refer-
ence are interpreted as VARs. Time-rotation relationships were
established considering both all the dataset (Fig. 6a) and only the
new data (Fig. 6b,c). After filtering (sample and site scales), indi-
vidual sites still display variable magnitudes of clockwise rotations
ranging between þ63� and �3�, with þ34� the total average
(Fig. 6a). The entire rotation is bracketed within the Eocene (Ogg
and Smith, 2004). It is worth noticing that the average is strongly
influenced by a clear rotation-decreasing pattern during Bartonian-
Priabonian times. Thus, wewent one step further to obtain a robust
time/rotation dataset (Pueyo et al., 2002) and we grouped the
selected sites into nine, 2 m.y. age-sets (Fisher, 1953). The final goal
was to obtain a trustworthy temporal evolution of the VARs
(Fig. 6b) and the velocity and acceleration of the rotational process
(Fig. 6c). This picture shows clockwise rotations ranging between
þ52� and non-significant, with a clear pattern of decreasing rota-
tion values for younger sediments. An apparent relative 14 � CCW
rotation appears in the first age-set, with amaximumdeclination in
Ilerdian-Cuisian rocks. However, in these sites the paleomagnetic
vector is strongly influenced by the irregular signal of Alveoline
limestones and Metils Fm (see Fig. 6).

Neglecting these first noisy data, the rotational evolution fits
a logarithmic curve (R: 0.96) with a diversion that begins at around
42 M.a. This evinces a stable and decreasing trend from Ilerdian
(rocks rotated þ52�) to the Upper Lutetian (rocks rotated þ37�,
with 15� of CW VAR during this period), and an abrupt decay of
rotation values in Upper Lutetian to Priabonian (non-rotated) rocks.

A logarithmic curve implies that the rotational velocity
describes a hyperbolic behaviour and an acceleration of the
movement linked to the emplacement of the SPCU thrust sheets. An
interpretation can be done in these terms: the natural logarithmic
function is a progressive curve that encompasses the whole Eocene
epoch. This curve presents an initial CW rotation during the Ypre-
sian andmost part of the Lutetian. From about the Late Lutetian this
trend changed, and accelerated around the Bartonian-Priabonian
boundary, with a very strong rotation rate during the Priabonian,
that definitively emplaced the Boltaña-Balzes anticline in its
present-day orientation. Sites located in Middle Priabonian units
record paleomagnetic vectors parallel to the reference direction
and therefore indicate the end of the rotational motion. Assuming
that the youngest age for the Boltaña folding is Late Bartonian (De
Federico, 1981; Montes, 1992, Teixell, 1992, 1996), the Bartonian
rotation could be still related to the movement of the Boltaña-
Balzes thrust sheet. However, at least the Priabonian rotationwould
be related to an underlying thrust sheet: most probably the Tozal-
Alcanadre sheet (Millán, 1996). The Boltaña-Balzes sheet would be
located in the hanging wall of this sheet, along a flat and a low-
angle ramp (cross-section 2-2’, Millán, 1996, Fig. 1). The absence
of evidence of stepwise rotation precludes determining whether
the rotational movements were distributed in both thrust sheets or
linked only to the Tozal-Alcanadre thrust. This means that the
Bartonian rotation would be contemporary with the uplift of the
Boltaña anticline, whereas the subsequent stage merely implies
rotational deformation. Once rotational movement ended, defor-
mation migrated to the west, towards the External Sierras (Millán
et al., 2000). Further studies in the lower thrust sheet should
focus on this question.
5.2. Velocity model of thrust rotation

The available chronostratigraphy based on paleomagnetic data
along the entire Ainsa Basin sequence (Mochales et al., 2011) allows
us to propose a chronological frame for the rotation magnitudes.
Considering the logarithmic fit and the a95 angles, moderate (non-
significant) rotation took place during the approximate 56e42 M.a.
interval (Ilerdian-Middle Lutetian). The rotation rate would
accommodate 15� in 14 m.y. (average rotation rate 1.2�/m.y.), with
practically constant velocity. The ages for establishing the change in
trend have been selected from the derivatives with the aim of
describing the rotation. This adjustment implies an increase in
rotation velocity towards the end of this deformation period
(42e35 M.a., Late Lutetian-Middle Priabonian), with an initial
rotation rate of 2.6�/m.y. progressively increasing to reach 10�/m.y.
in Priabonian times, to finally accommodate the finite rotation
value of 37� (Fig. 6c). This last period would be characterised by
variable angular acceleration around 1.5�/m.y.2. A period of strong
acceleration during the Priabonian was followed by a well-
anchored sharp end of rotation at 35 M.a. Therefore the final
rotation of the Boltaña-Balzes/Tozal-Alcanadre thrust system
occurred from Late Lutetian to Middle Priabonian (coinciding with
the sedimentation of the whole Escanilla Fm). This sudden stop can
be included within the context of clockwise rotations related to
oblique structures linked to the emplacement of thrust units in the
SPCU. Rotation in this area can be understood as a secondary
process occurring at lateral termination of thrusts and therefore
dependent on thrust sheet displacement and transfer of displace-
ment from one thrust sheet to another. This is especially common
in cover thrust sheets underlain by a thick detachment level, as is
the case of the Southern Pyrenees.

A number of previous studies indicate clockwise rotations in the
Ainsa Basin and the External Sierras (Fig. 7 and Table 1: Bentham,
1992; Dinarès, 1992; Parés and Dinarès, 1993; Pueyo, 2000;



Fig. 6. Rotation vs. Age (time scale according to Gradstein et al., 2004) for the results
obtained. a) Black points represent the data obtained in this work, dark gray, data
reprocessed from Bentham’s magnetostratigraphic profiles, and light gray represent
sites studied by other authors (Dinarès 1992; Parés and Dinarès, 1993; Pueyo, 2000). In
b and c, only the new data obtained in this work have been used, gathering them into
nine set-ages. b) Rotational evolution can be approximated by a natural logarithmic
equation whose detour occurs around at 42 M.a. c) First and second derivatives express
the velocity and acceleration respectively, with a period of strong acceleration during
Priabonian. In all logarithmic fits the time origin has been set out in 35 M.a.
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Fernández-Bellón, 2004; Fernández et al., 2004). Fernández-Bellón
(2004) proposed a regional 40-50� clockwise rotation in the Ainsa
Basin, homogeneously accommodated from Early to Late Lutetian.
In this paper, by means of accurate magnetostratigraphic dating of
rotation, we propose a non-steady scenario with the main rota-
tional movement younger than the one proposed by Pueyo et al.
(1999) and Fernández-Bellón (2004). The rotation rate remains
relatively stable from Ilerdian to Late Lutetian, with 15� in 14 m.y.
Afterwards, a dramatic rotation of 37� occurred from Late Lutetian
to Middle Priabonian times (6 m.y.), mainly developed during the
Priabonian (see Table 1 and Figs. 6 and 7). This rotation explains
the current N-S orientation of the Boltaña anticline, oblique to the
WNW-ESE Pyrenean trend.

5.3. Paleocurrents and fold axis restoration

The results obtained allow for paleogeography of the Ainsa basin
during the Eocene to be reconsidered. Taking into account paleo-
magnetic information, paleocurrents were restored to their original
configuration before rotation of the Boltaña anticline. Compiled
data include 70 directions from Van Lunsen (1970), 28 from Mutti
et al.,(1985), 29 from De Federico (1981), and 43 from Barnolas
et al. (in press-a, in press-b), considering bedding correction.
Paleocurrents present S-N trends to the East of the Boltaña anti-
cline, clearly defined in the south since they represent proximal
areas of the continental margin, changing to NW trend in distal
positions. To the west they show ESE-WNW trends.

After rotation restoration, considering the obtained rotation
magnitudes, paleocurrents become ESE-WNW with scattering
towards the SE (Fig. 8b) and better clustering. Therefore an ESE-
WNW trough in the Buil syncline can be interpreted for the
marine Eocene deposits. The Boltaña anticline would be nucleated,
but not emerged, in Early Lutetian times (Mochales et al., 2010)
permitting connection between sedimentation at its limbs during
Early-Middle Lutetian times. During the Lutetian-Bartonian
boundary, once rotational motion began, rocks located in the tur-
biditic trough were rotated. Paleocurrent directions (and perhaps
the relative location of the source area) remained fairly constant
(WNW-ESE) as witnessed by the directions indicated by the slightly
rotated sediments of Bartonian age.

The axis of the Boltaña anticline can be restored in a similar way.
Its present-day N004E trend (Mochales et al., 2010) has to be
restored considering the bulk clockwise rotation (52�). Therefore
a N128E orientation would be its original trend at the onset of
deformation. In any case, this orientation would be associated with
an oblique ramp, with the main trend of the Gavarnie-Larra thrust
systems (E-W to WNW-ESE). The Boltaña anticline would be
primarily nucleated oblique to the Pyrenean trend, as previously
stated (Séguret, 1972). Several interpretations explain this obliquity
as a consequence of thickening of the sedimentary pile (Soto
and Casas, 2001; Soto et al., 2002), displacement gradients
(Fernández-Bellón, 2004) or the push of previous oblique ramps
towards the hinterland. Afterwards, obliquity was enhanced by Late
Eocene rotation, where differential displacement of the thrust
system must be invoked as the main reason for its kinematics.

5.4. Kinematic model

From the data obtained in this study a kinematic model can be
proposed for the Boltaña anticline. Growth of the Boltaña anticline
as an oblique ramp (N128E) began in the Early Lutetian. It gradually
rotated 1.2�/m.y. on average during most of the Lutetian. From
around the Late Lutetian the propagation of the deformation
induced the movement of the Boltaña-Balzes sheet, recording the
strong rotation during the Late Eocene. This pulse would take place



Fig. 7. Rotations in map view (axes of the cone represent the magnetic declination, semiapical angle of the cones is the a95). White cones represent the data obtained in this work.
Reprocessed Bentham’s data are shown in dark grey. Data from Dinarès (1992), Parés and Dinarès (1993) and Pueyo (2000) are represented in light grey. Map modified form
Barnolas et al. (in press-a, in press-b).
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with an initial rotation velocity of 2.6�/m.y. (Late Lutetian-Late
Bartonian) progressively increasing (10�/m.y. in Priabonian
times). Complete cessation of the rotational movement occurred in
the Middle Priabonian. During this time, the sedimentary scenario
consisted of a fluvial network with meandering rivers flowing from
SE to WNW (Escanilla and Campodarbe Fms, Fig. 9).

Assuming a length of 25 km for the Boltaña anticline and a 52�

CW rotation, 21.9 km of oblique shorteningmust be accommodated
in its southern sector according to a simple model of map-view
modelling of differences in shortening and rotations (Pueyo et al.,
2004). Structures with NE-SW orientation, some of them showing
a curved trace in map view (see geological map of Fig. 1 and
Puigdefàbregas, 1975), could accommodate part, but not all of this
movement. In contrast, considering a combined rotational and
southward movement, the southward advance of the SPCU, dis-
placing the Ainsa Basin and the Boltaña-Balzes and Tozal-Alcanadre



Fig. 8. a) Paleoflow data represented according to their lithostratigraphic position and geographic location, considering bedding restoration. Unit: Gp, Fm, Mb: Group, Formation,
Member. b) Ensemble of paleoflow directions in situ (considering bedding) and restored according to the value of vertical axis rotation in each point. A better grouping is observed
after rotation restoration.
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sheets, would accommodate this differential displacement as
a rotational transference.

Paleomagnetic analysis in equivalent rocks of the Mediano
anticline, located immediately eastwards of the Boltaña anticline
(Bentham’s 1992 re-processed data), suggest that in that case
folding and rotation were coeval. Nevertheless, the sites located in
the western limb of the Mediano anticline (LIGz and MED) record
lower declination angles than their equivalents located in the



Fig. 9. Simplified sketches of the evolution of the western boundary of the SPCU with the magnetic declination from Lutetian to Priabonian. a) The Lutetian stage shows the Boltaña
and Balzes anticlines with Pyrenean trend. Paleomagnetic vectors are parallel and N-directed during early diagenesis episodes. Equal area and E3 Bingham’s distribution (1974) of
bedding poles are shown (restored to their pre-rotational orientation). b) In the Bartonian-Priabonian stage rotational motion occurred below the Boltaña-Balzes sheet, due to the
movement of the Alcanadre-Tozal thrust sheet, responsible for the passive rotation of the Boltaña-Balzes thrust sheet. Paleomagnetic vectors approach the magnetic north as
rotation diminishes in younger sediments, dying out in Middle Priabonain. Equal area and minimum eigenvector of bedding poles are shown (field data).
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eastern limb of the Boltaña anticline (ERI and ESC, Table 1 and
Fig. 7). Consequently, the Mediano anticline rotated earlier than the
Boltaña anticline, probably during Lutetian times (Poblet et al.,
1998; Fernández-Bellón, 2004).

Since there are no structures able to accommodate differential
shortening between the Boltaña and Balzes anticlines, located
westwards, a rotational movement of the two structures, probably
related to the rotational motion of an underlying and younger
thrust sheet (Tozal-Alcanadre; Millán, 1996), must be invoked.
Awell-defined progressive unconformity withinmarine limestones
denotes the onset of uplift of the Balzes anticline during the
Lutetian-Bartonian transition (Barnolas and Gil-Peña, 2001;
Rodríguez-Pintó et al., 2010). The Pico del Águila anticline,
located westwards, underwent a quick CW rotation (7 to 10�/m.y.)
in the Bartonian (Pueyo et al., 2002; Rodríguez-Pintó et al., 2008).
The 30� rotation experienced by the Pico del Águila anticline was
coeval and similar in magnitude to the first stage of rotation at the
Boltaña anticline. Therefore the kinematic hypothesis of the west-
wards migration of deformation in the External Sierras (Pueyo
et al., 1999; Pueyo, 2000) can be refined with the results here ob-
tained. Since the Boltaña and Balzes anticlines seem to rotate
synchronously, partly coinciding with rotation of the Pico del
Águila anticline, a non-steady and more complex rotational defor-
mation pattern can be proposed for the External Sierras basal
thrust. The deformation would be effectively propagated west-
wards during the emplacement of the SPCU; nevertheless this
process is not continuous, showing a very slow rate during the
Ypresian-Lutetian and a significant velocity during the Bartonian to
Middle Priabonian episode.

6. Conclusions

From the continuous paleomagnetic record of Eocene rocks in
the Boltaña anticline, the rotational evolution of this structure has
been determined. Chronostratigraphy (Mochales et al., 2011) and
previous data (Bentham, 1992; Dinarès, 1992; Pueyo, 2000;
Fernández-Bellón, 2004) allow us to verify the reliability of data
and to bracket the magnitude of the rotation within its chrono-
logical frame.

Paleomagnetic data indicate a significant clockwise rotation of
the structure, with a dramatic increase of rotation velocity during
the Priabonian. This period with higher velocity would begin
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during the deposition of the deltaic Sobrarbe Fm (circa 42 M.a.) to
finally end at the top the Escanilla Fm. (35 M.a.). Early rotation
velocities of 2.6�/m.y. can be assumed to follow a hyperbolic
pattern, with maximum rates (10�/m.y) close to the end of the
rotational process (Priabonian). The clockwise rotation here docu-
mented can be conceived as a secondary process related to oblique
termination of thrust sheets undergoing differential displacement.

The rotation of the Boltaña anticline is probably linked to the
movement of an underlying, younger thrust sheet (Tozal-Alcana-
dre) detached at the Upper Triassic evaporite levels. Boltaña-Balzes
folding started in Early Lutetian stages with a NW-SE trend, and
progressively acquired the present trend during the Eocene. Pale-
ocurrent analyses indicate relatively constant NW-directed flow,
with older (Lutetian-Bartonian) paleocurrent indicators rotated to
a NeS orientation and the younger, non-rotated ones (Priabonian)
retaining their original NW-SE orientation.

The results obtained in this work and comparisonwith previous
results by other authors indicate that isolated sites must be care-
fully considered, and that it is necessary to acquire several sites in
the same location with the aim of evaluating lithological and
tectonic controls. To avoid these interferences, and to diminish
noisy signal, homogeneous, dense and age-controlled datasets are
recommended.
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