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Abstract: The application of palaeomagnetism in fold and thrust belts is a unique way to obtain
kinematic information regarding the evolution of these systems. However, since many potential
problems can affect the reliability of palaeomagnetic datasets and their interpretations, such data
should be used with caution. In this paper, we thoroughly review the sources of error from palaeo-
magnetism with a particular focus on deciphering vertical-axis rotations and the assumptions
behind the method. Recent investigations have demonstrated that the age of the magnetization
and syn-folding results from the fold test must also be carefully examined: factors such as internal
deformation, deficient isolation of components (i.e. overlapping) or incorrect restoration proce-
dures may produce apparent syn-folding results. In fact, the restoration procedure used to return
the palaeomagnetic signal to the palaeogeographic coordinate system may itself inhibit accurate
estimations of vertical-axis rotations when complex deformation histories induce different, non-
coaxial, deformation axes. We recommend the auxiliary use of the inclination v. dip diagram as
an efficient tool for identifying many errors. Finally, to determine accurate vertical axis rotations,
the reference direction should honour standard reliability criteria and would ideally be measured
within the undeformed foreland of the thrust system. In this paper, we review five decades of
palaeomagnetic research in fold and thrust belts by concentrating on maximizing standard reliabil-
ity criteria procedures to reduce uncertainty and increase confidence when applying palaeomag-
netic data to unravel the tectonic evolution of fold and thrust belts.

Palaeomagnetism is the study of Earth’s ancient
magnetic fields as recorded in the stratigraphic
archive. Given that the magnetic field is a global
reference system, a palaeomagnetic signal can be
used to reconstruct relative motions of geological
elements on a range of spatial scales. On a global
scale, palaeomagnetism can track the position of
tectonic plates as they move in time (e.g. Opdyke
1995; Irving 2005). At the scale of orogenic sys-
tems, palaeomagnetism can be used to quantify pro-
cesses such as oroclinal bending, plate indentation
or escape tectonics (Eldredge et al. 1985; Van der
Voo 2004; Weil & Sussman 2004 and many others).
At smaller scales, such as thrust sheets, palaeomag-
netism can be applied to detect rotations associated
with structural deformation (i.e. differential short-
ening). Rotations about a horizontal axis (i.e. tilt)
are responsible for folding in the cross-section plane

and are usually straightforward to characterize using
stratigraphic horizons (bedding surfaces). More-
over, vertical axis rotations (VARs) are more dif-
ficult to detect and quantify. For instance, to fully
define VARs in a thrust sheet, it is necessary to com-
pare palaeomagnetic vectors in both the hanging
wall and the footwall of a thrust. VARs comprise
an especially valuable dataset since other kinematic
indicators typically do not allow for the determina-
tion of rotations about a vertical axis.

The conceptual application of palaeomagnetic
techniques to detect relative motions in fold and
thrust belts (FTBs) was first described by Norris &
Black (1961), who proposed the use of palaeomag-
netism to decipher the origin of along-strike changes
associated with the Lewis Thrust sheet in western
Montana. Other early authors (see reviews by Hos-
pers & Van Andel 1969; Tarling 1969) applied
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this idea and the technique has since grown in its uti-
lization (see Van der Voo & Channell 1980; Kissel
& Laj 1989; Sussman & Weil 2004).

The causes of VARs at the thrust fault scale
are commonly associated with differential dis-
placement along strike (McCaig & McClelland
1992; Allerton 1998; Pueyo et al. 2004; Soto et al.
2006; Sussman et al. 2012). Locally, non-cylindri-
cal and non-coaxial folding (Sellés-Martı́nez 1988;
Allerton 1994; Pueyo et al. 2003a), superposed

folding (Hirt et al. 1992; Weil et al. 2000; Mochales
et al. 2016) and plunging folds (Stewart 1995;
Pueyo et al. 2002a) may also play a key role.
FTBs may also be affected by significant secondary
VARs during later orogenic processes including
(Fig. 1) piggy-back movements during thrust stack-
ing (Oliva-Urcia & Pueyo 2007a, b), indentation
(Achache et al. 1983; Thomas et al. 1994; Col-
lombet et al. 2002), buttressing (Grubbs & Van der
Voo 1976; Eldredge & Van der Voo 1988), oroclinal

Fig. 1. Superimposed VARs in FTBs. (a) A given segment of a FTB contains a lateral shortening gradient with an
associated VAR (as attested by the displacement field in green). (b) However, later deformation processes, shown in
blue, may affect the primary VAR record, shown in grey (second displacement field is shown in red). For example,
younger or coeval smaller structures could accommodate additional rotations in both senses (local displacement field
induces the local rotation). (c) The progress of deformation may also incorporate previous anisotropies such that the
FTB will undergo additional rotations (here the second displacement field could be homogeneous). (d) A similar
process can occur with strike-slip motion: here, the sense of fault movement conditions the VAR. (e) FTB evolution
can be characterized by sequences of different thrusts, with hanging-wall (piggyback) sequences being most typical.
In these cases, every thrust may have accommodated different VARs. All of these processes are scale-independent
and may take place at a number and range of scales. The complete VAR affecting a segment of an FTB will be the
cumulative addition of all these processes and must be unravelled taking into account the structural and
tectonic history.
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bending (Eldredge et al. 1985; Weil & Sussman
2004) and strike-slip rearrangements (Ron et al.
1984; Nur et al. 1986).

Palaeomagnetic and structural investigations
should be coordinated as a best practice method in
deciphering and delineating the many physical pro-
cesses associated with deformation. Unravelling
the complex spatial–temporal deformation proces-
ses responsible for along-strike changes associated
with thrust movement is an important research topic
in structural geology (Hindle & Burkhard 1999;
Strayer & Suppe 2002; Wilkerson et al. 2002;
Hnat et al. 2008; Adam et al. 2013; Muñoz et al.
2013). Palaeomagnetic techniques play a key role
in providing geometric and kinematic information
in orogenic belts to comprehend deformation pat-
terns in four dimensions.

VARs have been reported in most orogenic belts
investigated for such data, for example Himalaya
and Tibet (Bazhenov et al. 1999; Dupont-Nivet
et al. 2002; Schill et al. 2002; Crouzet et al. 2003),
Zagros (Smith et al. 2005; Aubourg et al. 2008),
Taurides and Aegean (Kissel et al. 1993; Duermeijer
et al. 2000; van Hinsbergen et al. 2007; Çinku et al.
2015), Carpathian (Márton et al. 2007, 2015;
Dupont-Nivet et al. 2005), Alps (Collombet et al.
2002; Sonnette et al. 2014; Cardello et al. 2015),
Pyrenees (Sussman et al. 2004; Oliva-Urcia &
Pueyo 2007a; Oliva-Urcia et al. 2010, 2012a, b;
Muñoz et al. 2013; Izquierdo-Llavall et al. 2015)
Cantabrian (Weil et al. 2001; Weil 2006), Betics,
Rif and Atlas (Platt et al. 2003; Mattei et al. 2006;
Moussaid et al. 2015), Calabrian Arc (Channell
et al. 1990; Speranza et al. 1999; Cifelli et al. 2007,
2008a, b), Apennines (Speranza et al. 1997; Muttoni
et al. 1998; Satolli et al. 2005; Caricchi et al. 2014),
North American Cordillera (Beck 1980; Eldredge &
Van der Voo 1988; Conder et al. 2003; Sears &
Hendrix 2004; Harlan et al. 2008), Appalachians
(Bayona et al. 2003; Ong et al. 2007; Hnat
et al. 2008), Andes (Roperch & Carlier 1992; Mac-
Fadden et al. 1995; Prezzi et al. 2004; Richards
et al. 2004; Rousse et al. 2005; Arriagada et al.
2006; Rapalini 2007; Japas et al. 2015; Rapalini
et al. 2015) and New Zealand (Nicol et al. 2007).

Palaeomagnetic analyses of FTBs usually aim to
obtain geometric and/or kinematic information. To
date, most palaeomagnetic studies of FTBs have
focused on determining rotation magnitudes at
distributed locations within thrust sheets, observing
along-strike variations of VARs (Otofuji et al. 1985;
Butler et al. 1995; Hnat et al. 2008) or differential
block rotations (Nur et al. 1986; Mattei et al. 1995;
Thöny et al. 2006; Pueyo et al. 2007). Detailed
applications at smaller scales such as sigmoidal or
curved folds are now more frequent (Smith et al.
2005; Rouvier et al. 2012; Rodrı́guez-Pintó et al.
2016), but applications for superposed folding

(Bonhommet et al. 1981; Weil 2006; Mochales
et al. 2016), non-cylindrical folding and non-coaxial
superposed folding geometries (Zotkevich 1972;
Sellés-Martı́nez 1988; Stewart 1995; Pueyo et al.
2003a, b), as well as fold closures (Stewart & Jack-
son 1995), have not been widely published. On the
other hand, kinematic information can be deduced
when syn-orogenic sedimentary sequences are dated
using magnetostratigraphic records. With such data-
sets, thrust timing, displacement velocities and other
parameters can be determined (Sempere et al. 1990;
Burbank et al. 1992; Powers et al. 1998; Oliva-
Urcia et al. 2015). In combination with fission
tracks, accurate exhumation velocities (Beamud
et al. 2011 among many references) can be con-
strained. However, understanding the kinematics
that accompany rotational processes, such as
rotational velocities, is still enigmatic. Despite the
importance of determining rotational velocity for
understanding the four-dimensional nature of defor-
mation, there are very few such datasets for either
orogens (Duermeijer et al. 2000; Mattei et al. 2004)
or individual thrusts (Pueyo et al. 2002b; Mochales
et al. 2012; Rodrı́guez-Pintó et al. 2016). Rotational
velocity can be obtained only if syn-tectonic sedi-
mentation and rotation were simultaneous; however,
this results in dispersion of the palaeomagnetic
declination, requiring coordinated structural analy-
ses to understand the deformation process and pat-
tern. Finally, rotations are governed by a pivot
point, that is, the physical rotation axis about
which a part of the hanging wall is displaced. Deter-
mining the location and evolution of the pivot point
is key to understanding the kinematics of FTBs
(Bates 1989; McCaig & McClelland 1992; Allerton
1994, 1998; Pueyo et al. 2004; Sussman et al. 2012);
we recommend more research on this topic.

Palaeomagnetic analyses of FTBs require inte-
gration with structural and tectonic data to achieve
reliable, quantitatively constrained interpretations.
For instance, some researchers have already shown
the importance of VARs for palinspastic reconstruc-
tion of FTBs (Bourgeois et al. 1997; Arriagada et al.
2006, 2008; Muñoz et al. 2013; Ramón 2013).
Palaeomagnetic rotations have also been used to
correct errors caused in shortening estimates in
balanced sections (Pueyo et al. 2004; Oliva-Urcia
& Pueyo 2007b; Sussman et al. 2012), to validate
rotations deduced by anisotropy of magnetic sus-
ceptibility (Pueyo-Anchuela et al. 2012), or as an
additional constraint in 3D restoration (Ramón
et al. 2012, 2015a, b). Some recent studies have
tackled the qualitative reconstruction of FTBs
derived from inverted extensional basins (partial
restoration in 2D) using remagnetization compo-
nents that represent snapshots of the deformation
history (Villalaı́n et al. 2003, 2015; Soto et al.
2008). These studies show the great potential for
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numerically combining palaeomagnetism and struc-
tural datasets at the FTB scale.

Despite the wide range of applications for under-
standing the evolution of FTBs, palaeomagnetic
datasets should be used with caution. This paper
reviews issues associated with the field and labora-
tory procedures associated with collecting, measur-
ing, processing and interpreting palaeomagnetic
data, as well as the application of palaeomagnetic
techniques to FTBs. We also suggest best practice
approaches to help minimize the problems and to
increase the reliability of the palaeomagnetic data.
While several of the issues reported here are com-
mon and/or well known and have been presented
in the classic paper by Van der Voo (1990), we
believe an updated review will help reinvigorate
attention to these topics.

Determination of vertical-axis rotations:

common problems and solutions

The successful application of palaeomagnetism
is based on three assumptions (e.g. Butler 1992):
(A) over long periods of time, the Earth’s magnetic
field behaves like a geocentric axial dipole (GAD
hypothesis); (B) the ferromagnetic minerals (s.l.)
contained in the rocks efficiently record the Earth’s
magnetic field during rock formation and can be
isolated and measured in the laboratory; and (C)
the palaeomagnetic signal recorded in the rocks
remain stable over geological time. Here we review
common scenarios that may void the three main
assumptions (above) as well as other secondary
assumptions (grouped as D) that, if not met, make
the palaeomagnetic results invalidate the method.
Scenarios may include issues related to global
reference, structural position, restoration meth-
ods, statistics and deformation events, etc. When-
ever possible, we offer solutions to mitigate such
complications.

A.1. The signal does not represent the

geocentric axial dipole field

For sedimentary sequences, sampling within a
stratigraphic thickness equivalent to c. 10 ky time-
frame might be sufficient to represent the GAD, as
models for secular variations of the magnetic field
during the last eight millennia predict fulfillment
of this assumption (Pavón-Carrasco et al. 2010). A
population of 10–15 palaeomagnetic samples
should yield the distinctive fisherian (Fisher 1953)
dispersion around the mean value and confidence
parameters within expected reliability boundaries
(Van der Voo 1990). An additional problem may
occur if the magnetic field displays a significant
non-dipolar component, as has been proposed for

certain periods of Earth history (Van der Voo &
Torsvik 2001). If this hypothesis is true (a matter
of debate: Tauxe & Kent 2004; Meert 2009), then
the rotations deduced from palaeomagnetic data in
FTB in those periods may be questioned.

B.1. There is not a primary palaeomagnetic

signal or the signal is weak

A primary component is defined as the record of the
Earth magnetic field at the time of rock formation. In
some scenarios, the Earth’s magnetic field was not
efficiently recorded or the palaeomagnetic signal
is of poor quality. This can occur when there is an
insufficient amount of ferromagnetic minerals and/
or those minerals are not stable. In this instance,
the blocking mechanism is ineffective (e.g. some
detrital rocks) and/or subsequent processes (e.g.
dolomitization, shock magnetization, burning, ex-
humation) erased or disturbed the original palaeo-
magnetic record and no new stable or nonsense
magnetization is produced. Unfortunately, negative
results and/or the attempts to alleviate them are sel-
dom published and thus similar problems have not
been fully understood for mitigation in future stud-
ies. Perturbation of a primary magnetization by
remagnetization is discussed in C1.

B.2. The palaeomagnetic signal cannot

be fully isolated

Isolation of two or more components of remanence
can be complicated when magnetizations of differ-
ent ages are simultaneously demagnetized in the
laboratory, since available techniques (alternating
fields or thermal) cannot always successfully distin-
guish among them (overlapping of unblocking spec-
tra). For instance, palaeomagnetic data from tilted
strata affected by a secondary overprint that over-
lapped the original signal may result in unreliable
palaeomagnetic directions once bedding is restored
(Fig. 2). This can manifest as large errors in declina-
tion and inclination, and inexact palaeomagnetic
age determinations as estimated from fold test
results (Rodrı́guez-Pintó et al. 2011, 2013). The
simultaneous demagnetization of two overlapping
components yields a demagnetization circle, repre-
sented as a great circle on an equal area projection.
The intersection of girdles signifies the less scat-
tered component (Khramov 1958; Halls 1976).
This technique can be very useful in determining
the primary component in a scenario with overlap-
ping components, (Halls 1978; Bailey & Halls
1984), but only when the primary component is
the less scattered one. The demagnetization circle
method searches for the grouping of great circle
intersections; since the number of intersections of
n planes is an exponential function ([n2 2 n]/2),
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the application of the Fisher statistics to this popula-
tion cannot be compared to standard populations of
vectors derived from direct estimation. The problem
of achieving a statically comparable result using the
combination of remagnetization circles and direct
observations was tackled by McFadden & McEl-
hinny (1988).

C.1. The primary palaeomagnetic signal

has not been stable during the geological

time due to remagnetization

Sources of recently acquired secondary magnetiza-
tions include lightning, insolation, burning, blast-
ing, viscous overprinting of the present-day field
and/or sampling-induced magnetizations. However,
ancient secondary magnetizations (remagnetiza-
tions; Elmore et al. 2012) reveal physicochemical
changes in the rock volume related to significant
geological processes. Remagnetizations were de-
scribed in earlier palaeomagnetic studies (Creer

1962) and a historical review was compiled by Van
der Voo & Torsvik (2012). In ideal cases, the infor-
mation that secondary magnetizations provide can
be very useful as snapshots of deformation processes
and can help temporally constrain tectonic events
(Cullen et al. 2012; Çinku et al. 2013; Kirscher
et al. 2013; Izquierdo-Llavall et al. 2015). In addi-
tion, secondary magnetizations can allow for the
dating of hydrothermal events or orogenic fluid
migration (Evans et al. 2000; Elmore et al. 2001;
Ribeiro et al. 2013) and can assist in constraining
the time of burial diagenesis (Blumstein et al.
2004; Aubourg et al. 2012). However, a great disad-
vantage of using remagnetizations is that the palaeo-
horizontal reference frame is absent, thus limiting
the potentiality of palaeomagnetism as a 3D refer-
ence indicator and reducing accuracy for deter-
mining VARs. Recently developed techniques for
determining the ages of illitization (Nemkin et al.
2015) may allow for the accurate timing of the
remagnetization and, thus, can help overcome asso-
ciated problems.

Fig. 2. Errors caused by overlapping of palaeomagnetic components. A primary (pre-folding) record could not be
distinguished from a post-folding overprint. Ideally, the discontinuous line (and blue star in the stereonet) would
have been obtained, but the overlapped vector is strongly conditioned by the structural location of the sampling sites
along the fold geometry. The overlapped vectors may display both declination and inclination errors (compared with
the expected result) and will produce anomalous results in the fold test (apparent syn-folding), in a plot of
inclination v. dip of the bed, and in the oroclinal test (declination v. strike). Although not shown, the polarity of the
primary and secondary components also plays an important role.
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C.2. The palaeomagnetic signal has not been

stable over geological time owing to

reorientation of palaeomagnetic vectors

Even for scenarios in which the palaeomagnetic
record is of good quality and has survived over geo-
logical time, other processes may disturb the palaeo-
magnetic vectors. If the third assumption of record
stability over time is met, complete stability of the
palaeomagnetic signal can still only be achieved
if a rock volume behaves like a rigid solid. How-
ever, in some cases, palaeomagnetic vectors are
reoriented. During lithostatic loading sediments
may lose volume during burial and subsequently
palaeomagentic vectors will undergo inclination
shallowing (van Andel & Hospers 1966); published
solutions can help account for inclination shallow-
ing (Kodama 1997; Tauxe 2005; Bilardello &
Kodama 2010). On the other hand, reorientation is
significantly more complicated when a rock volume
is subject to penetrative, internal tectonic deforma-
tion. Simple and pure shear strain are common

during tectonic deformation (i.e. during flexural
folding) and their possible influences on palaeomag-
netic vectors has been described by many research-
ers (Perroud 1982; Facer 1983; Lowrie et al. 1986;
Cogné 1987; van der Pluijm 1987; Kodama 1988;
Stamatakos & Kodama 1991; Borradaile 1997;
Oliva-Urcia et al. 2010, among others). Error cor-
rection caused by internal deformation is not
straightforward owing to the difficulty in knowing
the deformation tensor (magnitude and orientation
of the strain axes). Thus, identification of this prob-
lem is critical (Fig. 3) and any dataset from an FTB
with penetrative internal tectonic deformation has
to be considered cautiously.

D.1. The palaeomagnetic reference

direction is unknown

Estimates of VARs require comparison with a coe-
val palaeomagnetic reference direction for the
same tectonic element. As such, estimates may be
inaccurate if the age of a remagnetization cannot

Fig. 3. Errors caused by internal deformation of rocks. In this case, flexural folding in the fold limbs produced
simple shear and deformed the original palaeomagnetic vectors. Similar to the problem of overlapped directions, the
final deformed vectors will depend upon the original vector, the fold axis orientation, and the magnitude of shear.
Internal deformation will modify the palaeomagnetic declination and inclination as well as results from fold and
reversal tests and will produce erroneous interpretations of palaeomagnetic datasets if it is not taken into account.
This spurious effect may be critical in the detection and mitigation of these kinds of errors. In this case, the
magnetic polarity did not exert any influence.
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be associated with a specific (and well-dated) defor-
mation event and must be deduced from apparent
polar wander paths.

The absence of well-constrained palaeomagnetic
references will decrease the reliability of the palaeo-
magnetic data to determine VARs. This occurs when
either primary or secondary palaeomagnetic data-
sets are compromised, such as when references
for the same tectonic element and equal age are
not reliable or do not exist. In these scenarios, com-
parison between the hanging wall and footwall of
the thrust system will only yield relative rotations
between them.

D.2. Lack of a palaeohorizontal reference

(such as bedding planes)

Bedding planes usually represent a palaeohorizontal
reference in sedimentary rocks and some volcanic
rocks (i.e. ignimbrites, basaltic flows). In terms of
primary magnetizations, the bedding plane is the
only surface that allows for confident restoration
of the palaeomagnetic data to the ‘palaeogeographic
reference system’ or reference frame in which
the VARs are estimated. In fact, the combination
of a stratigraphic horizon and palaeomagnetic vec-
tors is the only 3D marker that can be related both
before and after the deformation. Therefore, in the
absence of palaeohorizontal references, or with
uncertain palaeohorizontal markers in some strati-
graphic surfaces (i.e. in delta fans, cross-bedding,
channels, some igneous bodies or in remagnitized
rocks) the reliability of the palaeomagnetic data
to provide an accurate VARs or palaeolatitudes is
reduced.

D.3. Cylindrical bedding correction to

restore the palaeomagnetic data

Mountain building processes may rotate, translate
and/or distort rock volumes several times and in
several different ways. Non-coaxial deformation
may produce conical and plunging folds, super-
posed folding, forced folds, fold closures and/or
oblique thrust ramps along with any kind of super-
imposed deformation. The cylindrical bedding
correction, for example, involves tilting the palaeo-
magnetic vector and the bedding plane by the
bedding strike for an angle equal to the dip. This
correction will return the vectors to palaeohorizon-
tal but does not guarantee proper restoration to
the palaeogeographic reference system (Fig. 4). In
scenarios for which several deformation events
have affected a given location, restoration should
follow the reverse chronological order of the defor-
mation events (restoration is not commutative;
Ramsay 1960). Therefore, application of the bed-
ding correction in complex parts of FTBs will

generate an error in the declination component
(‘apparent rotation’ by MacDonald 1980; Chan
1988; ‘spurious rotation’ by Pueyo et al. 2003b) as
well producing errors in results of the fold test or
in the strike v. declination (oroclinal) diagram.
Quantifying these errors in different scenarios was
an active structural geology research topic in the
1960s (Norman 1960; Ramsay 1960, 1961; Stauffer
1964; Cummins 1964, 1966), but has attracted little
attention since (Zotkevich 1972; Scott 1984; Bazhe-
nov 1988; Sellés-Martı́nez 1988; Setiabudidaya
et al. 1994; Stewart 1995; Weinberger et al. 1995;
Pueyo et al. 2003a, b). A full understanding of
the deformation sequence (derived from a thorough
structural analysis) is critical in order to perform
the correct restoration sequence with the palaeo-
magnetic data and to determine accurate estimates
of VARs.

D.4. Resolution, accuracy and statistical

significance of VARs in FTBs

In order to characterize VARs in parts of FTBs shar-
ing similar structural trends, several sites must be
investigated to obtain a reliable palaeomagnetic sig-
nal. In addition, detailed studies regarding the statis-
tical significance of the palaeomagnetic data from
a structural point of view (i.e. the number of sites
needed to characterize a trend-domain, dip-domain
in terms by Suppe 1985) still need to be standard-
ized. Pastor-Galán et al. (2016) have recently simu-
lated the relationship between the site standard
deviation (confidence angle) and the number of
sites needed to define the curvature of an orocline;
12–13 sites may be enough to characterize 458 of
structural bend when the a95 of those sites is below
108, but the number of sites rises to 50 if a95 , 208.
These results indicate that the characterization of
segments of a FTB with variable trends would
require at least five sites for every 158 of strike of
the thrust.

D.4. Multiple rotations

A common problem with interpreting palaeomag-
netic data from FTBs is the superposition of differ-
ent rotational processes (Fig. 1). For a scenario with
a given thrust that initially underwent variable short-
ening along strike (i.e. rotations), secondary and/
or passive younger rotational movements would
superpose and must be first determined and then
subtracted because VARs are additive and commu-
tative and require complete structural and geometric
understanding of the deformation processes and
their timing. Unresolved multiple rotations may
affect the oroclinal bedding diagram and will add
noise to the estimation of the oroclinal slope (Yon-
kee & Weil 2010).
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Palaeomagnetic data and FTBs: key steps

In order to mitigate the difficulties and challenges
presented in the previous section, we discuss tech-
niques that cover all elements (i.e. data collection,
processing and interpretation), of palaeomagnetic
analysis. Proposed best practice steps and proce-
dures, of which most are well accepted by the palaeo-
magnetic community, are specified below:

(1) Sampling sites. A sampling site is a location
from which individual palaeomagnetic samples
are collected. A site should be geo-referenced
with precision and samples (10–15 for each
site) should be collected from homogeneous
rock types such that a consistent palaeomag-
netic signal can be obtained. In addition, several
meters of stratigraphic section (5–10 m or
more, depending upon inferred sedimentation
rates) should be sampled to average secular
variation, thus fulfilling the GAD assumption.
Some lithologies (i.e. condensed pelagic car-
bonates) may meet this requirement in a few
centimetres. Ideally, the stratigraphic posi-
tion and age of the sampling site should be
determined and reported in detail, including

the stratigraphic age and the magnetic polarity
stratigraphy. In addition, the site should be
structurally uniform with constant and well-
characterized bedding planes (ideally all sam-
ples will contain bedding planes allowing for
fisherian calculation of the mean plane; Fisher
1953). Both the regional and local structural set-
tings must be properly characterized. On the
other hand, drilling in multiple directions at
the outcrop scale during the sampling can be
key for detecting spurious components in the
laboratory.

(2) Network of rotations. The distribution of the
sites within a structural domain designed to esti-
mate the rotation magnitudes needs to be care-
fully planned. Ideally, sites within individual
folds, thrusts and other faults should be selected
to meet the following criteria. (a) Sites should
contain rocks with good-quality palaeomag-
netic signals based on pilot campaigns. (b) Suf-
ficient sites are chosen to allow for a robust
rotation estimate (mean and error) of the struc-
tural trend. (c) Sites should be evenly distri-
buted to account for along-strike changes in
order to add certainty to the statistical signifi-
cance of the results. (d) Sufficient sites are

Fig. 4. Errors caused by application of the bedding correction in areas of superposed folding. The fold from
previous examples maintains the primary palaeomagnetic signal but has undergone a secondary tilting. The
application of the bedding correction will produce anomalies in the declination component and in the fold test, but
not in the reversal test or in the inclination v. dip diagram. Here the magnetic polarity has no influence.
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chosen along the full arc of a fold or thrust
width to permit achieving statistically signifi-
cant fold tests. Individual folds (at any scale)
with different dips within the fold surface
must be sampled in every thrust unit to ensure
a reliable result of the fold test. Thus, regional
scale fold tests are undesirable because they
may be biased by numerous sources of errors.
(e) In syn-orogenic sediments, sites should
be evenly distributed within the stratigraphic
sequence of the hanging-wall, potentially
allowing for characterization of the rotational
velocity of the associated thrust.

(3) Laboratory procedures. In order to meet stan-
dards for a successful laboratory campaign, a
number of published criteria should be met.
(a) A sufficient number of demagnetized sam-
ples per site will assure a reliable site mean
characterization; between 10 and 15 specimens
usually yields confident results (Kirschvink
1980; Van der Voo 1990). (2) Detailed pilot
alternating field (AF) or thermal (TH) demagne-
tizations, or combinations of those approaches,
help to define the unblocking coercivity and
temperature spectrums. (3) Characteristic direc-
tions and demagnetization planes must be
defined with at least four or five demagnetiza-
tion steps (Kirschvink 1980). (4) Rock magnetic
carriers should be unambiguously identi-
fied. While there are many possibilities (low/
high temperature magnetization/susceptibility
runs, hysteresis loops, FORC diagrams, etc.),
thermal demagnetization of three-component
isothermal remanent magnetization (IRM)
(Lowrie 1990), although a qualitative approach,
yields a useful definition of demagnetization
strategy.

(4) Sample level characterization. The fitting of
individual (specimen) demagnetization results
should follow some published/accepted crite-
ria, as follows. (a) Vector directions must be fit-
ted by principal component analyses (PCA)
after visual inspection of demagnetization dia-
grams and the maximum angular deviation
(MAD) should be below 158 (Kirschvink 1980).
(2) Demagnetization circles (Halls 1978),
defined by two remanences, can be used to dou-
ble check the PCA fitting of the directions and
may help to define overlapping components
of remanence. Other ancillary methods (or
combinations of them), such as linearity spec-
trum analysis (Schmidt 1982), stacking routine
(Scheepers & Zijderveld 1992) and virtual
palaeomagnetic directions (Pueyo 2000; Ramón
2013), may be very useful to understand the
palaeomagnetic behaviour from a global per-
spective and to obtain a first-order palaeo-
magnetic signal. Individual directions or planes

should be obtained using standard PCA
analysis (see a partial compilation in https://
magwiki.wikispaces.com/Paleomagnetic+and+
Rock+Magnetic+Software). In addition, rock
density should be always calculated from stan-
dard samples to help the processing of some
rock magnetism experiments. Further, palaeo-
magnetists should consider (and publish) the
petrophysical properties like density (r), mag-
netic susceptibility (k) or the natural remanent
magnetization (NRM) of their samples because
of their potential additional value in exploration
geophysics.

(5) Site level characterization. Next statistical level
includes the characterization of the mean
palaeomagnetic vector for a site. (a) Fisher
(1953) statistics, mean and confidence parame-
ters (a95, k and R) have been widely used
by palaemagnetists for decades. As proposed
by Van der Voo (1990), the a95 value, which
may have structural implications in shortening
estimates, should be lower than 108 (never
higher than 158). The precision parameter (k)
should be larger than 20. (b) To double check
the correct application of the Fisher (1953) dis-
tribution, the orientation tensor (Bingham 1974;
Scheidegger 1965) could be calculated at the
site scale. Ratios between eigenvectors (Tauxe
1998) could ascertain the suitability of the
Fisher (1953) distribution and thus could detect
possible sources of error (i.e. overlapping,
internal deformation, improper restoration). (c)
Mean bedding planes or other structural mark-
ers should be fitted using Fisher (1953) or Bing-
ham (1974) statistics (depending upon the
nature of the indicator) and should be reported
in publications.

(6) Restoration of site means. The palaeomagnetic
vectors must be corrected to the palaeogeo-
graphical reference system for the time when
their magnetization was blocked in. This is
accomplished as follows. (a) The geometry of
folds and thrusts should be accurately defined.
Bedding measurements within the area (exce-
eding the sampling sites) should be collected
during fieldwork to characterize fold axes and
thrust planes, as their geometry (i.e. conical
or cylindric folds, and oblique, lateral or frontal
thrusts) may be key to performing an appro-
priate restoration. (b) Restoration of the palaeo-
magnetic vectors must strictly follow the reverse
order of the deformational sequence because
deformation processes are non-commutative
and may impart errors in the final estimation
of VARs. (c) While a kinematic model to under-
stand the structures is needed, it is also likely
that palaeomagnetic analyses will help to
improve such a model.
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(7) Combined palaeomagnetic and structural ana-
lyses. A key factor during palaeomagnetic data
processing is derived from the application of
the fold test (Graham 1949), which assesses
the relative age between folding and magnetiza-
tion acquisition. (The fold test is a powerful and
effective technique that could be extended to
analysing other structural indicators.) Collect-
ing a wide distribution of palaeomagnetic data
obtained along fold surfaces is critical for
minimizing many potential sources of errors in
the application of the fold test. (a) All sampling
sites should unequivocally belong to the
same fold. (b) Results of many fold tests show
that statistical approaches (McElhinny 1964;
McFadden & Jones 1981; McFadden 1990,
1998; Bazhenov & Shipunov 1991; Tauxe &
Watson 1994; Shipunov 1997; Weil & Van
der Voo 2002; Enkin 2003) will bring similar
results in case of postfolding and prefolding
magnetizations. In these cases, progressive
unfolding techniques or the small circle inter-
section method (SCI: Waldhör 1999; Waldhör
& Appel 2006) will also yield similar results. (c)
However, ‘syn-folding’ magnetizations derived
from any method must be carefully evaluated
because significant sources of errors will pro-
duce an apparent syn-folding result in the fold
test (i.e. partially overlapped components, inter-
nally deformed vectors or incorrectly restored
directions). In these circumstances, the use of
auxiliary methods such as evaluation of trends
in the declination v. strike diagram and/or the
inclination v. dip plot (Figs 2, 3 & 4) will help
distinguish between real syn-folding remagneti-
zations and apparent ones. (4) Real syn-folding
magnetizations should be better defined by the
SCI method because the progressive and pro-
portional untilting technique assumes a kine-
matic model that may not represent how the
structure developed (Cairanne et al. 2002;
Delaunay et al. 2002). The results derived
from the SCI approach may help to accurately
reconstruct the geometry of the fold when
remagnetization took place (Villalaı́n et al.
2003, 2015). (5) Palaeomagnetic declinations
without inclination errors are usually repre-
sented as cones on geological maps (Mochales
& Blenkinsop 2014) and are an informative
way to visualize VARs and their relationship
to the structure. However, the a95 must be con-
verted to the A95 angle (Demarest 1983) to
avoid a declination underestimation caused
by latitude.

(8) Palaeomagnetic reference and rotation confi-
dence. Accurate quantification of VAR magni-
tudes requires a high-quality reference field
direction. To determine absolute rotation

values, angles from a deformed area should be
contrasted against a palaeomagnetic reference
direction obtained in a close and undeformed
part of the tectonic element. Reference data
from the undisturbed foreland basin of the
FTB will most often yield the best result. Rela-
tive VAR values in the hanging wall can be esti-
mated from the data obtained from rocks in the
footwall of the thrust.

Conclusion: reliability of palaeomagnetic

data in fold and thrust belts

Considering the complexities of obtaining reliable
VARs from palaeomagnetic data in FTBs, it is
important to follow the philosophy of the reliability
criteria established by Van der Voo (1990) and
Opdyke and Channell (1996) to evaluate the quality
of palaeopoles and the quality of magnetostratigra-
phic sections, respectively. We present and update
these quality criteria as a best practice approach
for using palaeomagnetic data to characterize
VARs in FTBs:

(1) The age(s) of the rock(s), timing of deforma-
tion (i.e. folding, thrusting and rotation) and
timing of acquisition of magnetization must
be known.

(2) A minimum of five sites (10 is desirable) per
thrust unit (10–15 samples per site), with a
site mean characterized by a95 ≤ 108
(never . 158) and k . 20 (never , 10). In
cases with variable structural trends (along-
strike changes), at least five sites should be tar-
geted fir every 158 of trend domain.

(3) Detailed demagnetization procedures must
isolate all magnetization components and
allow for a trusted calculation of remanence
directions with demagnetization circles fitted
by PCA (Kirschvink 1980). More than four
or five steps must be involved to fit vectors
and planes (respectively) and a MAD , 158
is desirable. The use of auxiliary methods
(demagnetization circles, stacking routine,
linearity spectrum, virtual directions, etc.) is
recommended to best interpret the palaeomag-
netic signal. Combined use of difference and
resultant vectors should be carried out to facil-
itate the detection of instrument problems.

(4) Stability (field) tests and error-control tech-
niques (i.e. conglomerate-, reversal- and fold
tests and the small-circle intersection method)
should be performed to support the timing
of magnetization acquisition. Additionally,
strike v. declination and dip v. inclination
diagrams should be plotted to detect and to
try to avoid errors, especially for syn-folding
magnetizations.
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(5) The geometry, kinematics and timing of all
structures studied should be known to avoid
restoration errors and apparent results in the
fold and reversal tests and in the declination
(rotation) deflection. This information is criti-
cal to restoring multiple rotations.

(6) When an inclination error is found, its origin
(i.e. compaction, internal deformation and
overlapping of directions) must be determined
by means of geometric techniques. Identifying
the source of the inclination error is critical to
mitigate possible errors that may also affect
declination.

(7) Rotations must be compared with a reliable
palaeomagnetic reference direction obtained
from the undeformed foreland (absolute
VAR) or in the nearest footwall (relative
VAR). Multiple rotations must be taken into
account.
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