


Fig. 10. Measured unit thickness changes through the fold-thrust structure at Den’s Door, measured at 1 m intervals
along the unit interfaces. The thickening of units corresponds to the positions of fold-axial traces in the footwall
syncline and hanging-wall anticline. Interpretations of undeformed thicknesses (dashed lines, with values given in the
white boxes) from average values where units are inferred to be undeformed. See the text for the discussion.
Fold-related thickening of units (shaded blue, with approximate area values given in the blue boxes) separated from
thrust-related thickening and used in an area correction of the restored cross-section (Fig. 14).
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counterpart: multiple minor fold hinges, beds trun-
cated by minor thrusting and accommodation of dis-
harmonic folding by thickening of fine-grained
material above and below the sand-rich units h4
and h5 (Fig. 9) are evident in the hanging wall
but not in the footwall.

Our virtual-outcrop-derived thickness measure-
ments show several differences to the interpretation
of the structure by Williams & Chapman (1983)
(Fig. 4). Of particular note are differences in inter-
preted bed thicknesses: the graphic interpretation
of Williams & Chapman (1983) (Fig. 4a) suggests
that significant thickening of units occurs right up
to the thrust surface in the footwall syncline, with
no apparent influence of axial-trace positions. Our
data suggest this is not the case (Fig. 10); a difference
in interpretation due to virtual access provided by
the virtual outcrop method. Apparently, greater foot-
wall unit thicknesses (Fig. 4a) in Williams & Chap-
man (1983) than in this study (Fig. 7) are likely
because of a foreshortening effect when the struc-
ture is viewed from the ground. Williams & Chap-
man (1983) also noted thinning of beds in the
hanging wall of the structure sub-perpendicular to
the thrust, and suggest that this stretch balances the
internal strain and thickening of strata in the fold
hinges, but they do not attempt to quantify either
element.

Fracture intensity

The prominent sandstone units in the outcrop, units
h4 and h5 (Fig. 9), show distinct fracturing which
fans around the folded strata (Fig. 5b); to better

understand deformation within this sandstone unit
we have calculated the fracture intensity (e.g. Price
1966). To avoid the effects of relative unit com-
petences and thicknesses on estimated fracture
intensity (e.g. Harris et al. 1960), we used circular
scanlines along the interface between units h4 and
h5 only. Scan circles of 1 m radius were spaced at
1 m intervals along this interface. Fracture inter-
sections with scan circles were counted (Mauldon
et al. 2001) at each station (Fig. 12a) and plotted
as a function of distance along the scan transect
(Fig. 12b). As all scan circles are of equal radius,
we do not take into account the effects of scan-circle
size on the estimated intensity (Mauldon et al. 2001),
but present intersected fracture count (n) as a func-
tion of distance along the chosen interface.

Circular scanlines along the h4–h5 interface
demonstrate an increase in fracture intensity with
proximity to the core of the fold-thrust structure
(Fig. 12a). The highest numbers of intersected frac-
tures appear to coincide with fold hinges and zones
where minor faulting occurs, with the lowest num-
bers in the relatively undeformed parts of the section.
Scan circles at the southern end of the cross-section
record the lowest fracture counts. Scan-circle frac-
ture counts record general agreement with unit thick-
nesses: unit thickening in the core of the structure
(Fig. 10) is broadly matched by a trend for increased
fracture intensity through the same part of the struc-
ture (Fig. 12). Based on this agreement between
datasets, we suggest that unit thickness variability
is primarily related to tectonic processes at the study
site, rather than thicknesses changes within the strati-
graphic template.

Fig. 11. Coefficient of variation (standard deviation/mean) for unit thickness measurements as a function of
stratigraphic interval. In the hanging wall to the main thrust, units generally show greater variability in thickness,
particularly higher up in the stratigraphic succession. See Figure 9 for the interpretation of the structure.
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Fracture orientations

An investigation of fracture orientation was per-
formed by assigning colours to fractures based on
their 2D orientation in the north–south-orientated
cross-section (Fig. 13). Deviation in fracture orienta-
tion from a vertical reference datum was performed
in FracPaQ 2.0 (Healy et al. 2017) by modification
of the workflow for fractures mapped on a horizontal
surface. Fracture orientations are observed to relate
to the orientation of bedding surfaces through the
fold-thrust structure, with the majority of fractures
near-perpendicular to bedding (Fig. 9), but with
some refraction in the footwall syncline hinge
(Fig. 13, inset a). Abrupt changes in fracture orienta-
tions coincide with mapped thrusts (Fig. 13, inset a;
see Fig. 9 for the interpretation). Several areas of
the outcrop were identified as containing fractures
that provided direct evidence for slip surfaces, not

directly observed, along bed interfaces (Fig. 13,
insets b–d).

Cross-section balancing

To investigate the compatibility of our digital inter-
pretation, a restored cross-section is provided for
comparison with the original work of Williams &
Chapman (1983) (Fig. 14). Subsequent to a simple
line-length restoration (e.g. Dahlstrom 1969) of
individual units, an excess area correction (e.g.
Mitra & Namson 1989) was applied to account for
fold-related thickening. Where units are interpreted
to have undergone significant fold-related thickening
(Fig. 10), the excess area generated by this thicken-
ing was accounted for by applying the equation:

Lo = Lr + Ae/Tud
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Fig. 12. (a) Projected 2D fracture traces from the 3D virtual outcrop interpretation. Scan circles along the boundary
between sand-rich units h4 and h5 (see Fig. 9 For the location) record a number of intersected fractures through the
circle circumferences. Scan circles are 1 m in diameter. (b) Scan-circle fracture intersection count v. distance along
the h4–h5 boundary from the main thrust.
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Fig. 13. Projected 2D fracture traces from the 3D virtual outcrop interpretation, coloured for orientation in a vertical
plane. Coloured fracture traces highlight changes in orientation, particularly where changes are abrupt. Insets (c. ×4
magnification) record the effects of small-scale thrusts (inset a) and layer-parallel-slip (insets b, c & d) on fracture
orientations. Interpretations of mechanical boundaries and slip directions are shown in black.
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Fig. 14. (a) Line-length-restored, area-balanced cross-section of a deformed fold-thrust structure at Broadhaven
(Fig. 5). Red dashed lines indicate the approximate positions of fold-axial planes prior to deformation; black lines
indicate the thrust positions. (b) Restored cross-section of the same structure by Williams & Chapman (1983),
redrawn for this study.
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where the original length of the section (Lo) is equal
to the restored line length (Lr), with added line length
provided by the fold-related excess area (Ae) divided
by the average undeformed thickness (Tud) of that
unit (see Fig. 10 for the excess areas and undeformed
thicknesses).

This two-stage approach yields a final restored
cross-section length of 52–56 m, and a calculated
shortening of c. 36%. Although not stated in the
original study, we derive a shortening value from
the restoration of the Williams & Chapman (1983)
cross-section of c. 33%. The higher estimate of
shortening amount provided by our data is likely to
be due to the excess area correction: our line-length
restored section provides a shortening value of 34%,
similar to the amount calculated from theWilliams &
Chapman (1983) interpretations. The overall geome-
try of our balanced cross-section (Fig. 14a) broadly
agrees with that presented by Williams & Chapman
(1983) (Fig. 14b) in that two prominent, shallowly
dipping (30°) north-propagating thrusts are present
in both restored cross-sections, as are a number of
subsidiary, low-offset thrusts, back thrusts and layer-
parallel slip horizons.

The similarities in shortening values and restored
geometries between this and the original study
appear to support the compatibility of our digital
approach. Digital interpretation and high-resolution
data do not, however, allow us to circumvent some
of the well-known limitations of cross-section resto-
ration (see Hossack 1979 for a review). Adjusting
restored line lengths by combining undeformed
thicknesses with excess unit areas (Fig. 10) is limited
in that the method assumes plane strain, area con-
servation and layer-cake stratigraphy. Potential
stratigraphic thickness variations at the study site
(e.g. unit h2: Fig. 10), evidence for ductile thicken-
ing (Fig. 10), the possibility of ductile thinning and
the potential for penetrative strain during progressive
deformation (e.g. Koyi et al. 2004) are just some
of the elements that may challenge the line-length,
area-balanced approach to cross-section restoration.
Given these limitations, cross-section restoration
was performed as a means of comparing our data
to that of Williams & Chapman (1983), rather than
as an attempt to definitively capture the exact nature
of the pre-deformational template.

Implications for the fault-propagation model

Displacement–distance data (Fig. 8) record relative
stretch values of 0.93 (this study) and 0.83 for the
re-measured Williams & Chapman (1983) interpre-
tation (Fig. 4a), which yield slip/propagation ratios
of 0.07 (this study) and 0.13 (original study). As
noted by Williams & Chapman (1983), this low
slip/propagation ratio suggests rapid thrust propaga-
tion through the structure, with limited deformation

of the ductile bead. Based on the work of Chapman
&Williams (1984), calculated relative stretch values
classify this structure as a Group 2 (Fig. 3) fold
thrust: hanging-wall and footwall cut-offs cannot
be exactly matched across the fault (due to a sloped
displacement gradient) and thus folds are inferred
to have grown in advance of the propagating thrust.
Thrust-perpendicular limbs of the fold pair (Fig. 9)
and significant thickening of units (Fig. 10), how-
ever, are suggestive of a significant amount of
ductile deformation. We record a total undeformed
thickness of 7.55 m for mapped units and a maxi-
mum deformed thickness of 12.5 m for the equi-
valent stratigraphy in the hanging-wall anticline.
Based on the ductile bead of Williams & Chapman
(1983), if this thickening is to be accounted for by
fault propagation alone, the gradient of the displace-
ment–distance profile would need to coincide with
an internal stretch value of c. 0.6 (Fig. 3), which is
not supported by our data (Fig. 8).

Our data support the proposal by Williams &
Chapman (1983) that significant folding in the
hanging wall and footwall coupled with a low slip/
propagation ratio for the thrust is indicative of early
folding before the onset of thrusting (Fig. 15a).
As noted by others (e.g. McConnell et al. 1997),
low slip/propagation ratios of thrusts through folds
may indicate fault segments that propagated with
little associated folding or thrusts that post-date the
early folding of strata. Our data show that displace-
ment is not uniform along the thrust, suggesting
that some of the observed deformation is related to
thrust propagation. The fold-thrust structure at Den’s
Door thus probably represents a hybrid between an
asymmetrical buckle fold, a fault-propagation fold
(e.g. Suppe & Medwedeff 1990) and a break-thrust
fold, as defined by Willis (1894). It is important to
note that the use of displacement gradients to classify
fold-thrust structures (Chapman & Williams 1984)
is limited as straight-line displacement–distance
relationships cannot exist along an entire fault. Any
fault with a finite geometry must record a bow and
arrow (Elliott 1976) geometry: displacement must
increase from zero at the fault tips to a maximum dis-
placement near the centre of the fault. The overall
shape of the displacement–distance profile (i.e.
how much variation in displacement gradient exists)
will thus determine how useful information from a
straight-line fit on displacement–distance data is.

The impact of mechanical stratigraphy

Generalized displacement–distance relationships
and their relationship to fold-thrust classes or groups
(Fig. 3) do not take into account the effect of
mechanical anisotropy of the deformed strata –

they implicitly assume homogenous media. In con-
trast to the original study, our data show an irregular
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pattern in displacement along the thrust (Fig. 8b)
with three distinct segments on the displacement–
distance plot: a relatively steep segment in mixed
lithology units h6–h9 (relative stretch = 0.86), to a
zero gradient in sandstone units h4 and h5 (relative
stretch = 1), followed by an increase in gradient
in mudstone units h1–h3 (relative stretch = 0.75).
Detailed measurements of normal-fault displace-
ments through multilayers (e.g. Muraoka & Kamata
1983; Wilkins & Gross 2002; Roche et al. 2012)
record similar stepped patterns in displacement pro-
files. Muraoka & Kamata (1983) classified these
as ‘M’- or mesa-type profiles, where the displace-
ment–distance plot records steep gradients in less
competent material and zones of constant displace-
ment in rigid or competent beds (see Fig. 15c). Our
displacement–distance plot resembles part of an
‘M’-type profile, suggesting that fault propagation
through the sandstone layers h4 and h5 was faster,
with little or no associated ductile deformation, than
through the finer-grained units above and below.

The modified ductile bead

‘M’-type displacement profiles (Muraoka & Kamata
1983) record a ductile–competent–ductile transition
and, as a consequence, little or no fault-related thick-
ening or thinning of the competent unit (Fig. 15b).
Correspondingly, using an area-balanced ductile
bead model, there is a requirement for increased duc-
tile deformation, either by thickening or thinning, in
adjacent incompetent units (Fig. 15b). This suggests
that displacement profiles through deformed multi-
layers should record steepest displacement gradients
and corresponding increases in thickness variability
through incompetent material (see Fig. 15b, c). Our
data appear to support this hypothesis: we record a
decrease in the coefficient of thickness variation
(Fig. 11) through sand-rich units h4 and h5, where
fault-displacement gradients are also lowest. Thick-
ness measurements (Fig. 10) record a degree of
complexity, with greater variability in the hanging
wall to the thrust (Fig. 11), particularly higher in
the stratigraphy. This hanging-wall thickness varia-
tion is likely to imply that subsequent to initial fold-
ing, deformation by fault propagation was restricted
to the hanging wall of the structure.

The presence of extension and contraction in
a ‘quadrantal distribution’ (Williams & Chapman
1983) around the fault-nucleation point (Fig. 2)
assumes deformation of a homogenous rock volume.
Where a mechanically heterogeneous volume makes
up the ductile bead, thickness variability in less com-
petent strata is required (Fig. 15b) for compatibility
of variable displacement gradients (Muraoka &
Kamata 1983). This is manifest as extension and
contraction of the ductile bead at the tips of the
‘M’-type fault segments, which will modify the

geometry of the ductile bead and its internal mechan-
ical behaviour. Our data record an array of bedding-
parallel slip horizons (Fig. 13), brittle deformation
and outer arc extension within competent sand-rich
units (Fig. 12), isolated thrust and back-thrust seg-
ments (Fig. 9), and disharmonic folding, particularly
in the hanging wall to the thrust (Fig. 9). Heteroge-
neous distribution of strain and variable mechanisms
of deformation within the ductile bead highlight the
complexity of fault-related deformation in a multi-
layer system, particularly when a structure evolves
through multiple phases of deformation.

We interpret the structure at Den’s Door as
having developed by initial folding followed by
fault propagation and finally by thrust breakthrough
(Fig. 15a). The structure has therefore developed
on the displacement–distance classification plot of
Chapman & Williams (1984), redrafted in Figure 3,
through different fold-thrust classification groups.
At t1 and t2 (Fig. 15a) the structure falls into the
Group 0 classification (Fig. 3), followed by a transi-
tion to Group 2 at t3 and Group 3 at t4. Progressive
deformation highlights the problem with assigning
a single fold-thrust grouping to a structure based
on final displacement–distance characteristics: the
technique is not applicable for fold thrusts that devel-
oped through hybrid mechanisms. Categorizing a
fold-thrust structure into a single group may lead to
erroneous predictions of structural evolution and
understanding, particularly when limited exposure
only allows displacement–distance plots for parts
of faults to be produced.

The original mechanical stratigraphy, and any
deformation that occurs before fault nucleation and
propagation, will influence the initial shape, extent
and behaviour of the ductile bead (Fig. 15a). As
such, a simplified box-like pre-deformational tem-
plate (Fig. 2) is not applicable for multilayered strat-
igraphy and/or where multiphase deformation has
taken place. Thickening of strata in fold hinges will
modify the geometry of the ductile bead, as it prop-
agates ahead of the thrust, making the ‘quadrantal
distribution’ (Williams & Chapman 1983) of exten-
sion and contraction difficult to identify. Thus, even
when a volume appears to be homogenously defor-
med, reliably relating deformed thicknesses to a gen-
eralized ductile bead will be difficult if significant
deformation occurred before fault nucleation. The
nature of the ductile bead is thus influenced inter-
nally by mechanical heterogeneity, arising from
multilayered strata and pre-thrust deformation.

Discussion

Improved measurement resolution afforded by
remote data acquisition to build a virtual outcrop
model has allowed a detailed examination of the
Den’s Door fold-thrust structure, resulting in a
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refinement of previous work undertaken on the out-
crop by Williams & Chapman (1983). Our virtual-
outcrop-derived measurements record small-scale
variations in fault displacement, bed thickness
and fracture attributes – this has allowed detailed
quantification of the interaction between fault-
displacement gradients ahead of a propagating thrust
tip. Our results record a degree of structural variabil-
ity and complexity not recorded in the original study
(Williams & Chapman 1983). We attribute this to
improved measurement data provided by remote
acquisition, particularly as the majority of the out-
crop is inaccessible on foot and views of the structure
are foreshortened from below. Virtual access to geo-
logical data and improved measurement availability
are key advantages of the virtual outcrop method
(e.g. Buckley et al. 2008), which allowed us to quan-
tify, in detail, small-scale structural relationships
across the whole structure, and significantly develop
the work from the original study.

The availability of high-resolution (e.g. Vollgger
& Cruden 2016), accurate (e.g. Cawood et al. 2017)
measurements is a key advantage of remotely
acquired geological datasets. An accurate projection
of data and the removal of viewpoint bias is an advan-
tage of the virtual outcrop method (e.g. Tavani et al.
2016) that can significantly impact final results.
From an examination of the original outcrop inter-
pretation (Fig. 4) by Williams & Chapman (1983),
which was likely to have been constructed from field
observations and images, we infer that viewpoint bias
and a lack of direct access to the outcrop in the orig-
inal study led to erroneous interpretations of bed
thicknesses that impacted the collection of high-
resolution fault-displacement data. This led to the
significant differences shown, in fault-displacement
data, between our dataset and that from the origi-
nal study (Fig. 8), and consequently to differences
between structural interpretations. As noted by Pfiff-
ner (1985), displacement–distance measurements
and the derived interpretations of process are reliant
on both accurate data projection and cross-sections
that are precisely orientated parallel to the transport
direction. Here we have circumvented viewpoint
bias in the original study (Fig. 4) by both remote
data acquisition and geometrical projection of data
(Fig. 7) along a precisely defined vector.

Small changes to measured displacement gra-
dients may significantly impact structural inter-
pretations and inferences about the mechanical
behaviour of deformed strata (e.g. Muraoka &
Kamata 1983). Our data record thrust displacements
that differ from the original study (Williams &
Chapman 1983) by only a few tens of centimetres
(Fig. 8). But the impact on the resultant interpretative
models is significant. Recorded non-linearity in fault
displacement (Fig. 8b) highlights, in our interpreta-
tion, the role of mechanical heterogeneity in defining

heterogeneous slip/propagation ratios along faults.
Measured changes in bed thicknesses across the
structure (Fig. 10), along with fracture analysis
(Figs 12 & 13), allowed us to constrain both the
mechanical behaviour of the multilayer stratigraphy
and the progressive deformation of these units. This
detail was crucial for understanding the processes
associated with structural development; measured
changes in structural attributes across the structure
provided important information about the influence
of multilayer heterogeneity on structural proces-
ses. Ramsay (1967) demonstrated that this type of
detailed, careful approach to data collection at out-
crop is of critical importance in the understanding
of structural processes.

The non-linearity in fault displacement that we
have documented in this study (Fig. 8b) has been
recorded in deformed multilayers in both extensional
(e.g. Muraoka & Kamata 1983; Ferrill & Morris
2008; Roche et al. 2012) and contractional (e.g.
McConnell et al. 1997; Deng et al. 2013) settings.
Changes in the displacement gradient through
mechanically heterogeneous strata are predicted
by ductile bead theory (Fig. 15b, c; after Muraoka
& Kamata 1983; Williams & Chapman 1983). Vari-
ability in slip/propagation ratios and associated
changes in the geometry and behaviour of the ductile
bead must thus be the rule, rather than the exception,
in faulted multilayers. Where mechanical contrasts
between layers are sufficient and fault displace-
ment data are of high enough resolution, we predict
these trends to be recorded at other locations. The
influence of multilayer properties on fault displace-
ment gradients and the ductile bead are essen-
tially manifestations of the mechanical stratigraphy
on deformation partitioning and structural develop-
ment: multilayer heterogeneity imparts a structural
style onto deformation patterns.

Many authors have noted that variability in struc-
tural style is defined by the stratigraphic template at a
range of scales, from outcrop (e.g. Wilkins & Gross
2002; Roche et al. 2012; Cawood & Bond 2018) to
mountain-scale (e.g. Butler 1989; Pfiffner 1993;
Dominic & McConnell 1994; Cooley et al. 2011).
The stratigraphic template has been shown to
determine structural style throughout Variscan Pem-
brokeshire, from outcrop (e.g. Nicol et al. 2002)
to regional scale (e.g. Smallwood 1985; Powell
1989); any model of fault-related fold development
in Pembrokeshire or analogous foreland settings
should thus consider the impact of mechanical strat-
igraphy. We have shown that the shape, size and
internal structure of a multilayer ductile bead is likely
to be complex: its properties will vary according to
both the stratigraphic template and the deformation
history before the onset of thrust faulting.

Our results show that it is not necessary for
faulting to precede folding in fold-thrust systems.
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Physical experiments (e.g. Dixon & Tirrul 1991),
conceptual models (e.g. Ramsay 1992; Mitra 2002)
and field evidence (e.g. Fischer et al. 1992; Willis
1894) for folding that precedes faulting has been
documented from a number of settings, including
locally in Pembrokeshire (e.g. Cawood & Bond
2018), and in units of similar age and deformation
history (e.g. Lloyd & Chinnery 2002). Similarly, a
large volume of work exists on the formation of
buckle folds, either symmetrical or asymmetrical,
that form without the requirement for faulting (e.g.
Currie et al. 1962; Ramsay 1974; Pfiffner 1981). It
has been shown by a number of authors that
hybrid models of process are more likely to capture
the complexity observed at outcrop (e.g. Mitra
1990; Dominic & McConnell 1994; Erslev & May-
born 1997; Cooley et al. 2011; Hughes & Shaw
2014) than single end-member kinematic models.
Our results and interpretations agreewith this conclu-
sion: we suggest that multiple phases of deformation
acted on the fold thrust at Den’s Door to achieve the
present-day structural geometry (Fig. 15a).

Temporal variation in the shape, size and mecha-
nical behaviour of the deforming rock volume results
in the present-day geometries observed at Den’s
Door. Given the spatial and temporal complexity
observed here, elsewhere in Pembrokeshire and
in deformed multilayers more generally, it is to be
expected that single end-member kinematic models
are thus not appropriate for this type of deformation.
A combination of detailed measurements, hybrid
kinematic models and non-kinematic approaches to
structural data and observations are more likely to
realistically capture deformed multilayer geometries
in a meaningful way.

Conclusions

Using digital photogrammetry to construct and inter-
rogate a high-resolution virtual outcrop, we have
developed earlier work by Williams & Chapman
(1983), Chapman & Williams (1984) and Pfiffner
(1985) to reassess the link between folding and fault-
ing at a classic fold-thrust outcrop. Based on detailed
measurements from the digitally reconstructed Den’s
Door outcrop, we make the following conclusions:

• Faulting does not have to be a precursor to folding
in fold-thrust systems. Kinematic models of fault–
fold interaction emphasize the importance of
faults in defining fold geometries; detailed struc-
tural measurements provide a quantified alterna-
tive model of development at this site.

• We suggest that early folding occurred before fault
nucleation and growth at the study site. This was
followed by a final stage of fault breakthrough,
which translated the hanging wall of the thrust.
Given our model of structural development,

hybrid models are likely to be more appropriate
for classifying natural structures, rather than single
end-member kinematic models.

• We record variable thrust displacement gradients
through this deformed multilayer. Variability in
displacement gradient is likely to be the norm in
faulted multilayers, as will changes in the size,
shape and internal mechanical behaviour of any
ductile bead ahead of a propagating thrust-fault
tip in mechanically layered stratigraphy.

• Whether approaches to better understand defor-
mation are kinematic or non-kinematic, the
availability, accuracy and precision of measure-
ments used for initial interpretation are of
critical importance.
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