








Fig. 10. Interpreted cross-section through the front of the Bornes sector of the Subalpine fold–thrust belt of the
French Alps (modified after Butler et al. 2018, fig 17b).

Fig. 11. The nucleation of anticlines on pre-existing heterogeneities. These two examples come from the western
Alps and show the Urgonian limestone (Hauterivian–Barremian), which is generally assumed to form a competent
formation within an alternating series of limestones and shales (control bed in the sense of Price & Cosgrove 1990).
(a) Interpreted cross-section from the Col de la Bataille, Vercors, France. (b) Annotated photograph from the Col de
Sanetsch, Switzerland (visible cliff-height c 700 m, to the summit of Spitzhorn).
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Fig. 12. Conceptual fold nucleation on pre-existing structures and the lateral propagation of fold hinge lines – shown
here in plan view of the top of a control unit. (a) The initial distribution of minor normal faults that will serve to nucleate
the initial fold clusters (b). (c) The lateral propagation of these hinge lines into previously unfaulted parts of the horizon.
Considerations of cross-sections in these unfaulted areas would fail to identify the full causes of fold development.
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folds amplify and propagate their hinges laterally –

eventually to connect into a continuous fold train
(Fig. 12c). This raises an important issue when con-
sidering an individual cross-section through a fold-
belt. Explanations of the spatial distribution of spe-
cific folds or structural styles may lie outside
the cross-section or structure of interest. A holistic
consideration of the fold–thrust belt may be more
informative.

Implications for modelling strategies

There have been various attempts to mimic the fold
patterns of the Subalpine and Helvetic Alps (e.g.
von Tscharner et al. 2016). These represent a con-
siderable advance on approaches that impose a kine-
maticmodel to amultilayer to reproduce deformation
within the Urgonian limestone (e.g. Smart et al.
2012) in that they are three-dimensional. They do,
however, use flawless rheological beams. Yet if the
results from analogue models of Dubey & Cobbold
(1977) are generally applicable, buckle fold clusters
nucleate on perturbations, thus the initial fold pattern
will develop from the amplification of these pre-
existing heterogeneities. It is only at rather significant
bulk contraction (>35%) that the fold system self-
organizes with dominant wavelengths controlled by
layer thicknesses. If taken into the natural world,
this implies that almost all foothills systems are still
under the influence of their heterogeneities. Perhaps
the deformation of sedimentarymultilayers is compa-
rable with mineral physics – it is the existence of
lattice defects that allows crystals to deform plasti-
cally (e.g. Nicolas & Poirier 1976, p. 52). Folds and
thrusts may preferentially nucleate on pre-existing
imperfections in stratigraphic units such as faults or
facies heterogeneities.

Comparing approaches

The folded Mesozoic strata of the Jura mountains of
Switzerland were interpreted by Buxtorf (1916),
largely using outcrop, well data and then new rail-
way tunnels. His cross-section (Fig. 13) shows vari-
ations in deformation localization, while retaining a

common feature of decoupling of the cover rocks
from the underlying basement. In this regard, his
cross-section is similar to those considered by Dahl-
strom (1970) in the Canadian foothills. Both view
the deformation as thin-skinned. Buxtorf’s interpre-
tation of the structure beneath the Grenchenberg tun-
nel (Fig. 13) is amongst the most widely reproduced
in structural geology. This section and its subsequent
reworking was much-cited as an example of buckle
folding above a basal decoupling surface (e.g. Ram-
say 1967). Subsequently it has become a much-cited
example of detachment folding, featuring in text
books such as Fossen (2016). Likewise, the various
other fold–thrust models illustrated in Figure 1 all
have long heritage. Fault-bend folds (Fig. 1a) were
famously interpreted in the Appalachians by Rich
(1934). The notion that thrusts grow as strain local-
izes in folded strata, the feature of fault-propagation
folding (Fig. 1b; Williams & Chapman 1983), goes
back at least to Willis (1894) and Heim (1878).
However, since the early 1980s, although these
historical roots are often cited, the descriptions of
structural geology surrounding them, have become
blurred. Thus, the now prevalent terminology of
fault-related folding, outlined on Figure 1, has
been increasingly used to develop structural inter-
pretations, without addressing underlying issues,
especially concerning buckling instabilities and dis-
tributed strain.

Evolving literature and confirmation bias

Figure 14 charts the increase in the application of
idealized fold thrust geometries as depicted on
Figure 1, from the early 1980s to the present. It
also shows the publication of research on buckle
folds, sourced from the online tool Scopus – Elsev-
ier’s abstract and citation database, for the same
period. Cursory inspection may suggest that, if the
literature reflects geological reality, the dominant
style of deformation is detachment folding and
there are relatively few buckle folds. What are the
implications of this? Are detachment folds distinct
from buckle folds? Are true buckle folds rather
rare? Can cross-sections across mountain belts like

Fig. 13. Buxtorf’s (1916) oft-reproduced cross-section through the Jura mountains of Switzerland, based on wells
and railway tunnel.
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the Jura be reliably constructed using simple meth-
ods and folding concepts (e.g. Poblet & McClay
1996; Mitra 2003; Shaw et al. 2005)?

We argue below that the distinction between
detachment folding and buckle folding above a
décollement is false. Hence, much of the literature
represented in Figure 14 simply follows the newer
categorization of detachment folds, as part of the
fold–thrust belt model suite, rather than buckle fold-
ing. The effect is to polarize structural geologists and
risks detaching those engaged in subsurface inter-
pretation from a rich vein of knowledge.

The use of categorization of concepts and associ-
ated nomenclature can be useful standard scientific
practice to aid communication and to share ana-
logues. Applications include fossils (e.g. Woodward
1885), plants (e.g. Jones & Luchsinger 1979) and
minerals (e.g. Morimoto 1988; Leake et al. 1997).
Grouping in this way generally implies associa-
tions within categories and is appropriate when
these objects are similar. However, the approach
can promote studies that seek to confirm existing
understanding at the expense of those that seek to
challenge conventional wisdom. This is termed ‘con-
firmation’ bias, unwitting selectivity in the acquisi-
tion and use of evidence (Nickerson 1998), which
is compounded by the availability of models – ‘avail-
ability bias’. These types of bias are widely recog-
nized in scientific investigations (e.g. Mynatt et al.
1977) and can restrict the range of concepts or mod-
els chosen to explain natural phenomena. Alcalde
et al. (2017) show the impact of a limited range
of training examples on interpretations of a fault in
a seismic image. If the findings of this paper are
generically applicable, today’s structural geology

students, brought up on a diet of post 1990 text-
books and subsurface interpretation manuals, will
invariably interpret structures such as those on Bux-
torf’s cross-sections through the Jura (Fig. 13) as
detachment folds and name them as such, rather
than consider them to be buckle folds. It is perhaps
unsurprising therefore that examples of natural struc-
tures or their interpretations illustrated on cross-
sections that conform to the specific styles illustrated
in Figure 1 are widely documented. Alternative ap-
proaches and observed structural geometries may
be under-reported or poorly cited in published litera-
ture. Such bias is increased by reliance on modelling
software that only allows for a narrow range of de-
formation modes for cross-section construction
(Groshong et al. 2012). Perhaps the reliance on sim-
ple kinematic descriptions of fold–thrust complexes
charts the increasing use of seismic reflection data to
construct cross-sections through the subsurface. In
this context, conventional structural interpretation
strategies emphasize beds, the continuity of stratal
reflectors and their offsets across faults. Deforma-
tion fabrics and patterns of distortional strain, the
necessary companions of non-concentric folding,
are difficult to detect by seismic reflection methods
(but see Iacopini & Butler 2011), and so are gener-
ally ignored.

So consider this rationale: fault displacement and
bed length can be measured and sections constructed
and restored accordingly; deformation by distributed
strain cannot be readily detected or quantified;
therefore the possibility of strain is ignored; so bed
deformation is assumed to have occurred by concen-
tric folding alone. The resultant cross-section is
restorable and thus is assessed as carrying a low

Fig. 14. A comparison of publication history of papers that cite the terms ‘fault-bend folding’, ‘detachment-folding’
and buckling/buckle folding. The sample was created by searching Scopus and filtering on papers classified as Earth
and environmental science. Vertical scales refer to number of papers per three-year bin, coded to the type of fold.
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risk of being wrong, certainly compared with unre-
stored interpretations. However, this risk assessment
would rely on arbitrarily negating the significance
of distributed deformation and focusing exclusively
on interpretations that are restorable using purely
concentric folding and fault slip. As such it is
unreliable.

The above scenario is an example of the McNa-
mara Fallacy, a form of cognitive bias that engenders
over-confidence in a particular deduction (e.g. Bass
1995). It is a widely recognized syndrome resulting
from over-reliance on a narrow range of data, gener-
ally the most readily quantitative, at the expense of
factors that are less amenable to quantification (e.g.
Martin 1997; O’Mahony 2017). In our scenario,
the bias lies in retaining only a narrow range of pos-
sible structural geometries and relegating others as
being irrelevant complexities – only adoptingmodel-
ling solutions that follow a few numerical approxi-
mations while ignoring interpretation possibilities
that cannot be so simply modelled. The challenge
then is to increase the availability of models and ap-
proaches, rather than rely on a narrow, over-defined
set of possible solutions.

Localization: forced folds v. buckle folds

Here we develop a broader basis for understanding
relationships between folds and thrusts, linking the
idealized fold–thrust models (Fig. 1) to buckle fold
concepts (Fig. 2). Our aim is to provide a more holis-
tic view of deformation, and deformation localiza-
tion in compressional settings that better considers
the true structural evolution of folds, faults and
their interplay in multilayered stratigraphy. Notwith-
standing the issues raised above, we restrict discus-
sions here to cross-sections, but recognize the
importance of adopting 3D approaches for under-
standing structural evolution (but see Butler 1992).

Consider layer-parallel contractional deforma-
tion acting upon a sequence of parallel-bedded strata
(Fig. 15). We can chart the distribution of deforma-
tion within an individual layer with respect to the
aggregation of shortening. For ideal fault-bend fold-
ing, a fault nucleates instantly so deformation is
localized onto an infinitesimally small part of this
layer. As shortening increases displacement remains
entirely localized (Fig. 15). Note that in the hanging
wall to the fault, the layer is deformed, simply as a

Fig. 15. Conceptual model for the different styles of fold–thrust structure outlined in Figure 1, examining the pattern
of distributed deformation (represented by the length of buckled bed), using the approach of Butler (1992). It
illustrates the differences between ‘forced folding’ (where deformation is solely localized on the thrust surface) and
buckling. Only fault-bend folds are purely ‘forced’ and thus only these folds are entirely fault-related. All other forms
involve a component of buckling.
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consequence of displacement. Fischer & Coward
(1982) quantify these flexural flows. As Cosgrove
& Ameen (1999; following Stearns 1978) note, this
is an example of forced folding – a consequence of
displacements in the surrounding rocks. They draw
distinction between folds formed as a consequence
of compression acting parallel to layering – buckles.
In these systems a single horizon never localizes a
thrust ramp, but simply, the strata above the detach-
ment, décollement or thrust flat continues to accom-
modate deformation by folding. If the layer retains
constant thickness during deformation, folding in
that layer must be accommodated by rotation and,
as noted previously (Butler 1992), if there is a
fixed décollement surface, there must be hinge
migration. Consequently, the amount of rotated bed
must increase as shortening is accommodated (Fig.
15). Williams & Chapman (1983) developed a gene-
ral strain case so that layer thickness can change
during deformation.

We can consider the two behaviours discussed
above to represent end-members (Fig. 15) – either:
(1) instantaneous displacement localization or (2)
distributed folding continuing through the entire
deformation history. However, fault-propagation
folding envisages deformation evolving so that a
layer first deforms by folding but then localizes dis-
placement as a thrust grows into it (see Mitra 2003
and many others). This chronology may be an
expression of strain hardening. However, the univer-
sal relevance of this model is challenged by studies
such as that of Cooley et al. (2011) discussed
above (Fig. 9). Folding happened both before and
after movement on the Livingstone Thrust.

The concept of mechanical stratigraphy is used
by some to assess strain development (especially
fracture patterns) assuming larger-scale structural
geometries and evolutions that build upon concepts
of fault-related folds (e.g. Smart et al. 2012; Hughes
et al. 2014). Using the terminology of Cosgrove &
Ameen (1999), these are effectively viewed as forced
folds as distinct from buckles. This view is rein-
forced by contributions from Groshong (2015).
The implication is that buckling is a rare process in
fold–thrust belts. Yet buckle folds and forced folds
have different mechanics and yield different fore-
casts of fracture and other strain patterns (discussed
by Cosgrove & Ameen 1999). Failure to consider
buckling processes will make inappropriate fracture
forecasts of structurally controlled fractures.

Discussion: where have all the
buckles gone?

For decades, most studies of fold–thrust belts have
considered folding to be a consequence of thrust
geometry and faulting processes. The implication is

that layer buckling is a rare process in fold–thrust
belts. We have argued here that this is wrong – and
that there is a spectrum of folding and faulting styles
that can co-exist in stratigraphic multilayers. To
answer our titular question, the buckles are still
there. In many studies over the past 25 years, struc-
tureswhich have involved components of layer buck-
ling have simply been renamed as fault-propagation
or detachment folds. Yet through renaming, swathes
of relevant knowledge on buckling systems have
been largely neglected, not only by communities
striving to interpret and forecast the subsurface, but
also by those attempting to downscale to forecast pat-
terns of fracture and strain within folds.

The use of restricted structural styles in cross-
section construction was strongly criticized by
Ramsay & Huber (1987, p. 557), although wrongly
conflated with the concept of section balancing. Sim-
plification is an inherent process in most scientific
investigation – its appropriateness depends on the
specific problem under investigation. So the reasons
for adopting particular geometric solutions depend
on the purpose of a particular cross-section or mod-
elling campaign.

Ramsay (1967), in developing mathematical
approaches to quantify the geometry of deformed
rocks, focused on spatially continuous strain. Upscal-
ing emphasizes strain compatibility so that heteroge-
neous strains change gradually through a deformed
rock volume. In contrast, the development of thrust
concepts has emphasized discontinuous deformation
and characterizes these discontinuities – the thrust
faults. Upscaling and the consideration of strain com-
patibility underpins the notion of section balancing.
However, by emphasizing displacement and the
associated forced folds, the roles of distributed strain
and buckling have been neglected. Buckle folds and
forced folds have different mechanics and yield dif-
ferent forecasts of fracture and other strain patterns
(Cosgrove & Ameen 1999). There was once exten-
sive research on strain patterns in thrust sheets (e.-
g. Coward & Kim 1981; Morley 1986; Woodward
et al. 1986; Geiser 1988; Mitra 1994) that sought
to quantify distributed deformation alongside thrust
displacements. However, there are few such studies
today.

The problem of over-confidence in structural
interpretation is compounded by publications, as
illustrated in Figure 14. As a structural geology
community we should consciously challenge our
interpretations that conform to ‘classic’ rules and
geometries. In this way we may limit further bias in
our interpretations of fold–thrust structures and
cease contributing further to availability bias (Bond
et al. 2007; Alcalde et al. 2017).

Interpretations biased from adopting Dahlstrom’s
‘foothills family’, and the derivative range of fold–
thrust models (e.g. Shaw et al. 2005; Fig. 1), can
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be managed if the purpose is to upscale from
structural interpretations. This might be to evaluate
tectonic processes through obtaining estimates of
shortening of rocks in the upper crust, if quoted
as minima, or a range of likely values rather than sin-
gle determinations (e.g. Elliott & Johnson 1980;
reviewed by Butler 2013). Or it could be to develop
predictions of the large-scale thermal evolution of
thrust belts (e.g. Deville & Sassi 2005; McQuarrie
& Ehlers 2017). However, understanding the evolu-
tion of folds, predicting smaller-scale structures
within specific layers and forecasting their geometry
in the subsurface are hindered by considering only a
narrow range of deformation modes. The history of
exploration drilling for hydrocarbons in thrust sys-
tems bears testimony to these inherent uncertainties
(Butler et al. 2018), as typified by our discussion
of the Incahuasi structure (Fig. 7). Understanding
the risks of interpretation failure and the construction
of cross-sections that improve predictions of subsur-
face structure may be enhanced by better integration
both of information on the heterogenous localization
of strain within layered sequences and of buckle
folding concepts into fold–thrust models.
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