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Abstract—Growth strata deposited over and against the flank of the Sant Lloreng de Morunys fold during its final
stages of deformation have been mapped at high resolution as the basis for unraveling the kinematics of fold
growth. We use restoration techniques based on normal balancing assumptions to decipher the detailed kinematic
history of folding. The progressive restorations, as well as balanced forward modeling, show that the last few
hundred meters of fold growth were dominated by kink-band migration of a sort that is typical of much fault-
related folding. The kink-band migration has produced complex anticlinal hinge-zone geometry, including
segmented fold hinges linked by disconformities and unconformities, which has direct and detailed explanation in
terms of fluctuations in deposition rate relative to curved-hinge kink-band migration rate. Large fluctuations in the
convolution of non-steady sedimentation and deformation are demonstrated, although the absolute fluctuations in
deformation and sedimentation are unknown. At a length scale of 100 m, kink-band migration with little or no
deposition is interspersed with sedimentation with little or no deformation. At the length scale of 500 m, deposition

ranges from 200% to 50% of uplift. © 1997 Elsevier Science Ltd. All rights reserved.

INTRODUCTION

Growth strata, which are strata deposited over the top or
against the flanks of growing structures, offer us the
possibility of deciphering their kinematic histories. For
example, the two cross-sections in the bottom of Fig. 1
have identical final shapes, as shown by the pre-growth
strata, and have identical stratigraphy. They only differ in
the shape of the growth strata in the fold limb, which tells
us they have very different kinematic histories.

Given the sequence of layer shapes we can decipher
much or all of the kinematic history of such structures
through the process of balanced restoration. The kine-
matic information is recorded in the spatial distribution
of thicknesses and dips. For example, the cross-section
on the left formed by kink-band migration; this is shown
by the fact that the thickness change in each growth bed is
localized in the anticlinal hinge and the fold limb does not
vary in dip except in the zone of hinge formation at
shallow depths. In contrast the right-hand cross-section
formed by limb rotation, which is recorded by the fact
that thickness change in each growth bed is spread out
over the fold limb, which causes the fold limb to
progressively change dip. The contrasting kinematics of
the two sections is illustrated at the top of Fig. 1, showing
the folding histories of a typical growth bed, in this case
the first growth layer. It is the distinctive sequences of

layer shapes and thickness variations that record the
kinematics.

There are two basic strategies for deciphering fold
and fault kinematics from the shapes of growth strata:
(i) balanced forward kinematic modeling; and (ii)
balanced restoration. Suites of forward models, such as
the cross-sections of Fig. 1, are compared with actual
structures to identify possible models of their origin;
once a viable hypothesis for the structure is generated a
new forward model can be ‘tailor made’ to match the
essential details of the actual structure (Mount ef al.,
1990). In contrast, restoration involves progressive or
one-step unfolding and unfaulting of the actual data,
subject to balancing constraints (Nunns, 1991; Medwe-
deff, 1992). The fold kinematics falls out of the balanced
restoration as a result of the spatial variation of dips
and thicknesses within the growth strata. In this paper
we will use a combination of forward modeling and
restoration.

Most attempts at using growth strata to decipher
kinematics have been rather large scale, focusing on the
overall motion of fold growth and fault slip in single
structures or even on a regional scale. Here we attempt to
move closer to a bed-by-bed understanding of the growth
of structures, which raises some significant new issues,
including (1) the role of deformational and depositional
events in shaping bed-scale growth structure and (2) the
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Fig. 1. Balanced forward models of rigid-limb rotation and kink-band migration. The two cross-sections have identical final
shapes in the pre-growth strata and have identical stratigraphy. They only differ in the shape of the growth strata in the fold
limb, which shows that they have very different kinematic histories.

kinematic behavior of fold hinges that are wide relative to
the thickness of mappable beds.

In this paper we analyze the final stages of growth of a
major fold near Sant Lloreng de Morunys in the eastern
Pyrenees of Spain which we have mapped in sufficiently
fine detail (1:5000) to begin to resolve the phenomena of
fold growth at close to the bed-by-bed scale. Growth
strata are exceptionally well exposed on the south flank of
the Sant Lloreng fold and completely record the last few
hundred meters of fold growth in a several kilometer wide
fold limb.

Contrasting models of fold growth

Sant Lloren¢ de Morunys is also of substantial interest
because of contrasting concepts of fold kinematics within

the structural geology community. This structure is often
cited as a classic example of folding by rigid limb
rotation, beginning with the pioneer work of Riba
(1973, 1976). Although limb rotation may play a role in
parts of the larger Sant Lloreng de Morunys structure, we
will show that the growth strata require that the final
stages of growth are dominated by kink-band migration
of the sort that is characteristic of much fault-retated
folding.

One of the characteristic properties of fault-bend
folding is that folds grow by kink-band migration
(Suppe, 1983; Suppe et al., 1992). Slip of rock past a
fault bend produces a change in bedding dip. The zone of
dipping strata widens progressively as more and more
rock slips through the fault bend. The model on the left
side of Fig. 1 shows the sort of fold geometry that is easily
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produced by fault-bend folding; the fold limb has its
greatest width in the pre-growth strata and becomes
progressively shorter in younger growth strata. Fault-
bend fold growth by kink-band migration has been
documented in a number of compressional, extensional,
and strike-slip examples (Medwedeff, 1989, 1992; Beer et
al., 1990; Mount et al., 1990; Suppe et al., 1992; Xiao and
Suppe, 1992; Narr and Suppe, 1994; Novoa and Suppe,
1994; Shaw et al., 1994a,b; Shaw and Suppe, 1994, 1996;
Zapata and Allmendinger, 1996).

In contrast, folding mechanisms such as buckling
predict progressive limb rotation. Also the trishear,
displacement-gradient, and some detachment folding
models of fault tip-line folding predict limb rotation,
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whereas box, lift-off and fault-propagation folding
models predict kink-band migration (for example Jami-
son, 1987; Suppe and Medwedeff, 1990; Erslev, 1991;
Mosar and Suppe, 1992; Hardy and Poblet, 1994; Epard
and Groshong, 1995; Homza and Wallace, 1995; Poblet
and Hardy, 1995; Wickham, 1995; Poblet and McClay,
1996). Examples of fold growth by limb rotation include
Holl and Anastasio (1993), Poblet and Hardy (1995),
Verges et al. (1996) and Zapata and Allmendinger (1996).
Furthermore, natural folds of mixed origin are known
(Fisher and Anastasio, 1994; Hedlund et al., 1994). Limb
rotation can also be produced by more complex forms of
fault-bend folding which nevertheless involve kink-band
migration; for example, displacement on curved normal
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Fig. 2. Simplified geologic map of the Sant Lloreng de Morunys growth structure, eastern Pyrenees, Spain. The synclinal and

anticlinal axial surfaces merge to the west, marking the termination of growth. The anticlinal axial surface terminates to the

east at the unconformity, reflecting the beginning of the young episode of higher sedimentation rate relative to deformation

rate (horizons [ through A). Letters labeling the mapped horizons correspond to the letters of horizons on the cross-section
(Fig. 3). Subsidiary cross-sections used in the analysis shown in light lines.
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Fig. 3. Geologic cross-section of the Sant Lloreng de Morunys growth structure. The location of the cross-section is shown on
the left side of Fig. 2.

and thrust faults produces folds in growth strata showing
limb rotation that have been successfully modeled as a
convolution of superposed migrating kink-bands (Xiao
and Suppe, 1992; Medwedeff and Suppe, 1997). Thus the
distinction between the different underlying mechanisms
of limb rotation requires some attention to fine details.

Data requirements for deciphering fold growth kinematics
from growth strata

The primary geologic data that allows us to decipher
the fold kinematics is the progressive sequence of shape
and thickness variations of mapped beds within the
growth section. Errors in the shape, which can come
from mistakes in correlation, map location, topographic
base map, and projection into cross-section, will translate
directly into errors in the kinematic analysis. Thus, the
normally routine tasks of geologic mapping and cross-
section construction becomes substantially more
demanding when the goal is a detailed understanding of

fold kinematics. For example we can no longer necessa-
rily make the routine assumptions of constant layer
thickness and cylindrical projection.

Furthermore, it is very difficult or impossible to obtain
a qualitatively undistorted understanding of growth
structure viewed in mountainous landscape because of
the combination of complex intersection of structure with
topography, a priori unknown thickness variations and
distortions from parallax. For example, the photographs
of the growth structures at Sant Lloren¢ de Morunys
shown in this paper contain substantial distortion that is
not easily evaluated qualitatively; it is difficult to
distinguish true thickness variations from apparent
thickness variations caused by parallax. It is only by
accurate mapping and correct projection of data into
cross-section that an undistorted image of the structure
emerges.

Thus the study of bed-by-bed growth demands that we
be confident that we have an accurate image of the shape
of the growth horizons, therefore a brief mention of the

Fig. 4. Photographs of the Sant Lloreng de Morunys growth structure all looking west. The stratigraphic horizons are labled. (a) and (b) show the
southern half of the cross-section (Fig. 3) and (c) shows the northern half. (a) The anticlinal growth axial surface viewed from Mola de Llords. The
synclinal active axial surface runs up the valley at the far left and merges with the anticlinal hinge just out of view. (b) The anticlinal growth axial
surface with the termination of growth marked by the nearly horizontal strata at the top of the cliff (La Serra Larga), viewed from Tossal de
Vallonga. The synclinal active axial surface runs up the valley to the left. (c) The growth unconformity viewed from north of Tossal de Vallonga. (d)
Anticlinal growth axial surface on the east face of Tossal de Vallonga showing an offset of the anticlinal hinge zone along a disconformity. The
anticlinal axial surface terminates at the strong angular unconformity at the base of the cliff face on the right side of Tossal de Vallonga. The active
synclinal axial surface runs up the valley to the left and up the cliff face of Mola de Llords to the left.
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methodology of our study of Sant Lloreng de Morunys is
appropriate. Sufficiently accurate remapping of this
structure became practical in 1994 with the publication
by the Cartographic Institute of Catalunya of co-
registered orthophotos and topographic maps at a scale
of 1:5000 with a contour interval of 5 m. This combina-
tion allows accurate location except in areas of cliffs
where the topographic map is significantly distorted and
correction was required. Special effort was made to
correctly trace stratigraphic horizons through the area
to obtain the present shapes of specific horizons and to
obtain a dense distribution of dip data. A very simplified
map is given in Fig. 2.

Stratigraphic and dip data were projected into a
composite cross-section using a simple technique of
stacking local cross-sections to obtain an undistorted
image of the growth structure without producing a full 3-
D data model (Fig. 3). The nominal location of the
composite cross-section is shown on the geologic map
(Fig. 2), as well as the locations of the component local
sections. These local cross-sections involved very short
distance data projections along locally determined fold
axes, which in this case happen to be nearly horizontal
and cylindrical; the local sections were then stacked
(registered) to obtain the composite section (Fig. 3).
This simple technique has the advantage that it preserves
the local dispersion in dip data, of which stratigraphic
dispersion is the major component, while maintaining the
relative positions of the data points. The parts of the fold
that are relatively cylindrical can then be stacked or
superimposed. Most of the data come from a 600 m wide
band in the western half of the area, where strong
overturning is absent (Fig. 2).

SANT LLORENC DE MORUNYS GROWTH
STRUCTURE

Regional setting in the Ebro basin on the south flank of the
Pyrenees

Synorogenic strata are widely exposed in the Ebro
basin on the southeastern flank of the Pyrenees and
provide a remarkable record of compressive deformation
from uppermost Cretaceous to lowermost upper Oligo-
cene (approx. 80-25 Ma), with a total shortening of 125—
150 km determined from balanced and restored orogen-
scale transects (Mufioz, 1992; Vergés et al., 1995). This
shortening was accommodated by the thrusting at upper
crustal levels and by subduction below the European
plate at lower crustal and upper mantle levels, as imaged
in the deep reflection ECORS~Pyrenees profile (Chouk-
roune et al., 1989) and magnetotelluric methods (Pous et
al., 1995). The Ebro basin is a flexural foreland basin that
developed on the down going Iberian plate at the
southern margin of the Pyrenees.

In addition, the Ebro basin was constrained on the
southeast and south by the coeval Catalan and Iberian
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ranges, which are basement-involved compressive struc-
tures. The Ebro basin was unusually efficient at trapping
synorogenic sediments as it became a closed basin from
late Eocene to Middle Miocene (Riba et al., 1983). As a
result, the mountain fronts were commonly buried by
synorogenic sediments and compressive structures pre-
serving growth strata are typical of the margins of the
Ebro basin (Riba, 1973, 1976; Anadon et al., 1986), both
for the marine and final continental stage (Puigdefabre-
gas et al., 1986, 1992). These syntectonic sediments have
been used extensively to determine the timing and rates of
thrusting in the eastern and central southern Pyrenees
(Vergés and Martinez, 1988; Burbank et al., 1992b;
Vergés, 1993; Vergés and Burbank, 1996); the upper
sheets are generally older, defining a forward progression
of thrust initiation. However, in addition to this domi-
nant southward progression, good evidence exists for the
coeval hindward activity of thrusts during short episodes
(Martinez et al., 1988; Vergés and Mufioz, 1990; Burbank
et al., 1992a).

The Sant Lloreng de Morunys growth strata constitute
an E-W synformal structure with a northern vertical to
overturned limb underneath the South Pyrenean frontal
thrust. This structure has been interpreted as a south-
wards displaced original fault-propagation fold (Vergés,
1993). Growth strata constitute a thick late Eocene—early
Oligocene sequence of continental conglomerates that
overlies a Middle Eocene sequence of marine marls and
sandstones (Riba, 1976).

The conglomerates of Sant Lloren¢ de Morunys were
mapped by Riba (1973, 1976) who recognized a fan-like
geometry as an important indicator of fold growth during
deposition and erosion. This geometry was defined as a
composite progressive unconformity which according to
Riba includes two single progressive unconformities (fan-
like wedges) articulated by an angular unconformity,
both dominated by lower sedimentation rates relative to
uplift rates. The lower one consists of a rotative offlap
and integrates the vertical to overturned beds. The upper
one consists of a rotative onlap involving south-dipping
beds. This study is mainly focused on the growth strata
corresponding to the upper progressive unconformity of
Riba (1976).

Composite cross-section of growth structure

The cross-section (Fig. 3) shows a structure that is in
some ways similar to the model cross-sections of Fig. 1,
but more complex in detail. It shows an upward
narrowing fold limb with thickness changes concentrated
in the anticlinal hinges similar to the kink-band migra-
tion model. However, it also shows a decrease in limb dip
from 90° in the north to 60° or even 45° in the south which
may be suggestive of limb-rotation models. Therefore we
need to examine the structure in some detail. Further-
more there is a regional south dip of about 10-15° which
is the north limb of the major Serra de Busa syncline
(Riba, 1976); this is a younger structure and therefore
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represents a refolding of the growth structure that is the
concern of this paper.

This cross-section can be separated into two regions
characterized by different rates of sedimentation relative
to deformation: (1) the northern part which is dominated
by angular disconformities (Suppe et al., 1992) or angular
unconformities within the growth section (Fig. 4c) and
(2) the southern part which is characterized by relatively
higher deposition relative to deformation and records the
termination of growth (Fig. 4a & b).

The structure is dominated by a 60° south-dipping
limb, bounded on the south by a synclinal axial surface
that bisects the two fold limbs. Therefore stratigraphic
thicknesses do not change significantly across the
syncline. In contrast the anticlinal axial surface on the
whole does not bisect the two limbs, because the overall
stratigraphic thickness of the anticlinal crest is 40-50%
less than in the limb. The change in thickness for each
mapped interval is localized in the anticlinal hinge,
similar to the kink-band migration model of Fig. 1 and
in contrast with the limb rotation model, which shows a
thickness transition distributed over the entire fold limb.
Furthermore the limb dip in the southern half of the
cross-section is relatively constant at about 60° within the
fold limb away from the curved fold hinges. Finally the
limb length between the anticline and syncline decreases
stratigraphically upward until the fold limb disappears
50-60 m below the top of the mountain, also consistent
with the kink-band migration model. This upward
disappearance of the fold limb can be seen in the
photographs of Fig. 4(a & b).

However, the anticlinal axial surface is more complex

a) cf. Sant Lloreng
de Morunys

approx. 1 km
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in detail. Some stratigraphic intervals show substantial
changes in thickness across the anticlinal hinge, especially
the intervals between horizons 4—B, C—D, D-F, and G-
H. In contrast other intervals show little change in
thickness, especially intervals B-C, F-F, and F-G,
indicating that little deformation took place during
those intervals. Either deformation or sedimentation or
both have not been constant during growth of the Sant
Lioreng de Morunys structure.

The northern part of the cross-section is dominated by
several unconformities (Fig. 4c) that are closely linked to
the anticlinal axial surface. The anticlinal axial surface
terminates at the end of an angular unconformity at the
base of horizon 7 which cuts out all of the strata between
horizons 7 and J. This unconformity appears to be at the
regional dip and parallel to overlying strata in the south
and quickly turns to be a buttress unconformity just
below horizon J, with the interval I-G terminating
against paleotopography to the north (another smaller
buttress disconformity terminates the E-D interval).
Below this buttress unconformity bed J-K is progres-
sively thinned up dip because of erosion, but then
abruptly bends through an anticlinal hinge to the
regional south dip. Note that the anticlinal hinge of
interval J-K terminates at unconformities above and
below. The downward termination of the hinge is at
horizon X at the end of a strong angular unconformity
similar to the termination of anticlinal hinge in the south
at horizon /. To the north of the hinge a channel appears
at the base of the unconformity. To the south of the hinge
a slight angular unconformity exits for about 100 m
down-dip at the base of horizon K. Also, the beds of the

b) cf. Sant Lioreng
de Morunys

Fig. 5. South-vergent wedge and fault-propagation fold models producing south-limb growth structure similar to that of Sant

Lloreng de Morunys. The limb width and fault depth can be varied substantially without effecting the geometry of the final

stages of growth on the south limb. These models do not attempt to illustrate the refolding present at Sant Lloreng de
Morunys.
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Fig. 6. The detailed shape of a growth structure at various length scales

is controlled by the convolution of deformational and depositional

events, both of which can be geologically instantaneous or steady. This

schematic figure emphasizes the possibility of sudden events and

episodes at several timescales: (i) characteristic earthquakes and

storms on a 100-1000 year timescale and (ii) climatic and mechanical
variations on 10,000-100,000 year timescale.

K-M interval have a lower dip directly below the
unconformity but show no important down-dip variation
in thickness of the sort that would be predicted by limb-
rotation models. We will attempt to explain all these fine
details of the structure with our theory of bed-by-bed
growth.

Riba (1973, 1976) interpreted the progressive changes
in dip from north to south as suggestive of progressive
limb rotation. However, the basic structural concepts of
fold growth above moving thrust faults were not well
developed in the 1970s when Riba did his pioneering
work, nor were detailed maps available (his work is an
excellent example of combined airphoto and field
analysis). Therefore he was not able to fully confront
the details of the deformation; rather he emphasized the
basic insight that these were a set of progressive growth
unconformities. More recent study of fold growth above
thrust sheets shows that such peculiar unconformities
linked by anticlinal hinges are characteristic of folding by
kink-band migration (Suppe and Medwedeff, 1990;
Suppe et al., 1992). Furthermore, Riba’s cross-section
correctly shows the upward narrowing fold limb to the
south; more recent studies show that such growth
triangles are easily explained by kink-band migration
(Suppe and Medwedeff, 1990; Suppe et al., 1992; Shaw
and Suppe, 1994, 1996), although they could also be
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b) sedimentaton (1 event)

a) deformational topography

Fig. 7. Fold growth is here modeled schematically as a convolution of
sudden quantum deformational and depositional events. The deforma-
tional topography of (a) and (d) is preceded by deformational events
that cause topography to rise above the depositional surface.
Sedimentation events in (b) and (c) buttress against and bury this
topography. The segmentation of the anticlinal growth axial surface
results in this model from the fact that deformation and sedimentation
are sudden or episodic events that are independent or out of phase and
because deformation is by kink-band migration.

N
N

Fig. 8. Schematic model of a growth structure at the bed-by-bed scale.
At a scale of kilometers (top), the growth axial surface does not bisect
the anticlinal hinge because there is a thickness change across the fold.
In contrast, at the bed scale of our simple quantum model (Fig. 7), the
growth axial surface fragments into a number of bisecting axial surfaces
linked by disconformities and unconformities. In this model, individual
beds do not change thickness, therefore the axial surfaces bisect. The
larger-scale change in thickness across the fold is accomplished by bed
loss, through buttressing against paleo-topography and erosion.
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Fig. 9. Understanding curved-hinge kink-band migration requires expanding the sharp axial surface lines of models such as

(a) to become a zone of finite width, as in (b), bounded by entry and exit axial surfaces. Similarly, the point at which the growth

axial surface and active axial surface meet at a large scale (a) expands to be a zone of finite thickness in (b), the zone of

progressive hinge formation. Particles that are deposited over the active hinge zone undergo different kinematic histories to
particles deposited to either the left or right, as shown in Fig. 10.

explained by a combination of limb rotation and kink-
band migration (Poblet et al., 1997), with the finer details
of the shape distinguishing these possibilities.

We now attempt to understand the growth of the Sant
Lloreng de Morunys structure at the scale of our new
mapping, making use of balanced forward modeling and
restoration.

BED-BY-BED FOLD GROWTH: FORWARD

MODELING
Plausible simple fault-related fold models

The last stages of growth of the Sant Lloreng de
Morunys structure, which is the emphasis of this paper,
shows a number of features indicative of folding by
kink-band migration, as touched on above. Observa-
tions that may suggest folding by Iimb rotation are the
southward decrease in limb dip and down-dip thicken-
ing, largely in the intervals A-C and J-L. The decrease
in dip in the A-C interval is interpreted below as an
effect of the processes of near-surface hinge-formation at
the final stages of growth. The decrease in dip in interval
J-L is explained in our cross-section by multiple
refolding and kink-band interference (Novoa and
Suppe, 1994; Medwedeff and Suppe, 1997), but is
beyond our scope. The down-dip thickening can be
explained by omission and erosion of beds between
unconformities as in the interval KL (Fig. 3). In this
subsection we simply show that there are several types of
fault-related folding capable of satisfying the last stages

of growth of the Sant Lloreng structure, without
specifically modeling the structure (Fig. 5).

Figure 5 shows two simple balanced forward models
involving south-vergent thrusting, both producing a
growth triangle on their south flank similar to Sant
Lloreng with an active synclinal axial surface and the
same front-limb dip (59°, similar to Sant Lloreng before
refolding). It should be emphasized that the width of the
front limb is fully adjustable in both models of Fig. 5 and
that the near-vertical and overturned dips of the actual
structure as well as the regional south dip can be modeled
by refolding by fault-bend folding. In the context of this
paper we only wish to indicate two plausible origins of the
kink-band migration before we move to a much higher-
resolution analysis of the growth strata.

Figure 5(a) is a south-vergent wedge model with the
two thrust ramps dipping symmetrically at 23°, essen-
tially at the Coulomb-fracture angle. This model is
closely similar to the Wheeler Ridge anticline in
California studied by Medwedeff (Medwedeft, 1992; see
also Mueller and Suppe, 1997), which is very well
constrained by numerous boreholes; thus we have a well
documented structural analog for this model.

Figure 5(b) is a south-vergent fault-propagation fold
model with a ramp angle of 34° and a front-limb dip of
59°. This model is closely similar to a structural solution
given by Suppe and Medwedeff (1990) for the Puli
anticline in Papua New Guinea, partially constrained by
surface and borehole data. Thus we have a reasonably
good structural analog for this model.

Therefore we have several plausible fault-related
folding models for the formation of final stages of
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growth of the Sant Lloreng de Morunys structure
containing the essential features of a synclinal active
axial-surface on the south flank. Distinguishing between
these and other models of course requires a much more

initial position
of active hinge

horizontal ranstation

9 M of hinge 20ne

horizontal ransiation

d active hinge of hinge zone

horizontal Yranslation
of hinge zone

Fig. 10. Model of the sequential development of curved-hinge kink-
band migration, in which folding takes place progressively as particles
move through the active hinge zone. (a) Particles 6-8 are deposited over
the actively deforming hinge zone. (b) As deformation continues
particle 8 immediately exits the active hinge zone and translates with
the same velocity as particle 9, which was deposited beyond the active
hinge zone. (¢) Particle 6 is just exiting the zone of active deformation.
The anticlinal hinge bounded by particles 6 and 8 is fully formed and no
longer changes shape. (d) With continued deformation beyond this
stage, particles 1-5 deposited in front of the active hinge will occupy the
fold limb.
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regional analysis, including a deep cross-section, which is
beyond our present scope.

Forward models of kink-band migration at the bed-by-bed
scale

The simple models of fold growth in Fig. 1 are designed
to illustrate the basic fold kinematics and therefore have a
steady sedimentation rate relative to deformation rate.
However, we expect that in many tectonic environments
the rates of both deformation and sedimentation can be
highly variable. The resulting growth geometry on a bed-
by-bed scale will be a convolution of the fluctuations in
sedimentation and deformation. Fold growth in many
upper crustal structures may grow by fault slip of 1-10 m
in large earthquakes (Mueller and Suppe, 1997) sepa-
rated by hundreds or thousands of years and are possibly
grouped by longer time-scale clustering of earthquakes
into episodes of deformation and non-deformation (Fig.
6a). Thus, much fold growth may occur in essentially
instantaneous events on the order of 1-10 m. In other
tectonic environments, deformation may occur as the
sum of many smaller earthquakes as well as by aseismic
creep, which could be steady state or separated into
episodes relative to the timescales of sedimentation.

Bed formation may be quasi-steady state relative to the
timescales of deformation, but in many cases bed
formation may be catastrophic, for example forming in
100-1000 year floods and typhoons (Fig. 6b). Further-
more, sedimentation shows longer timescale variation
controlled by climatic variation.

For environments where we expect sudden deforma-
tion and bed formation, we can imagine fold growth by
kink-band migration occurring as a convolution of
instantaneous sedimentation and deformation events,
with little happening in between, as shown schematically
in Fig. 7. Thus at some stages (Fig. 7a & d) deformation
gets ahead of sedimentation and at other stages sedimen-
tation is catching up or getting ahead of deformation
(Fig. 7b & c). The effect of this process over many
sedimentation and deformation events, plus times of
erosion, is shown in Fig. 8. At a large scale (top of Fig. 8),
the growth axial surface does not bisect because there is a
thickness change across the fold. In contrast, at the bed-
by-bed scale of our simple quantum model (bottom of
Fig. 8), the growth axial surface fragments into a number
of bisecting axial surfaces linked by disconformities and
angular unconformities. In this quantum model indivi-
dual beds do not change thickness, therefore the axial
surfaces bisect. The larger-scale change in thickness
across the fold is accomplished by bed loss, by buttressing
against topography (Fig. 7b) and by erosion (Fig. 8). This
quantum model includes many of the essential features of
the Sant Lloreng structure, but it is necessary to consider
the effects of finite hinge width because our fold hinges
are wide relative to the thickness between our mapped
horizons.
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Forward models of curved-hinge fold growth by kink-band
migration

Large-scale fault-related folding models such as those
of Fig. 5 seek to provide insight into the first-order
relationships between fault shape and fold shape. For this
reason straight faults and angular fold hinges are
appropriate for many structures, although folds pro-
b) deformation duced by curved faults may be modeled with the same
without sedimentation techniques (see Xiao and Suppe, 1992; Medwedeff and
Suppe, 1997). The key observation is that many large
structures have fold hinges which are very narrow relative
to limb widths and limb dips are relatively constant over
large regions. However, such angular fold models are
inappropriate if we wish to fully understand growth
structure at the scale of our mapping of the Sant Lloreng
structure, which begins to resolve the details of hinge-
zone shapes. Therefore we need a balanced forward
model of growth folding by kink-band migration that
incorporates curved hinges that are wide relative to layer
thickness.

The essential task of modeling curved-hinge kink-band
migration is to expand the sharp axial surfaces of models,
such as Fig. 9(a), to have a substantial width, such as in
Fig. 9(b). It is sufficient for the purposes of this paper to
model these wide axial-surface zones as curved similar
folds; the fact that layer thickness and bed length are not
conserved within the hinge zone is not important for the
phenomena we seek to model. The axial-surface line at a
large scale in Fig. 9(a) expands to be a zone of finite width
in Fig. 9(b), bounded by entry and exit axial surfaces.
Furthermore, the point at which the growth axial surface
and active axial surface meet at a large scale in Fig. 9(a)
expands to be a zone of finite thickness in Fig. 9(b) (the
zone of hinge formation).

It may take 10-100 major earthquakes over a period of
perhaps 1000-100,000 years for particles to traverse a 10—
100 m wide hinge zone and be fully folded (Fig. 9b). Thus
in our curved-hinge model (Figs 9b & 10) a bed just
deposited is composed of three parts: (1) particles
deposited over the actively folding hinge zone, (2)
particles deposited in front of the active hinge zone,
such that they will enter the active hinge zone as
deformation continues and (3) particles deposited
beyond the active hinge zone, such that they will never
enter the active hinge zone. For example in Fig. 10(a),
particles 6-8 are deposited over the actively deforming
hinge zone. As deformation continues to the stage of Fig.
10(b), particle 8 immediately exits the active hinge zone
and undergoes rigid-body translation with the same

¢  sedimentation without deformation

Fig. 11. An otherwise steady-state curved-hinge growth model showing
a perturbation consisting of (b) deformation without sedimentation,
followed by (c) sedimentation without deformation, followed by a
resumption of steady-state growth. Once this perturbation exits the
active hinge zone (e), we see the deformation without sedimentation as
an offset in the anticlinal growth hinge along a disconformity and the
sedimentation without deformation as a bisecting of the fold hinge.
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a) deformation
without sedimentation

b)  erosion

Fig. 12. The same steady-state curved-hinge growth model as Fig. 11,
but with the addition of erosion.
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velocity as particle 9, which was deposited beyond the
active hinge zone. At the stage of Fig. 10(c), particle 6 is
just exiting the zone of active deformation and the
anticlinal hinge bounded by particles 6 and 8 is fully
formed and no longer changes shape (see Fig. 10d). The
labeled horizon has exited the zone of hinge formation
(Fig. 9b) and enters the zone of limb widening; at this
point the particles deposited to the left of the active hinge
zone, such as particle 5, begin to exit the active hinge zone
and enter the fold limb. With continued deformation
beyond the stage of Fig. 10(d) all the particles 1-5 will
eventually occupy the fold limb. Thus the fold limb is
composed of particles that were deposited in front of the
active hinge zone, the anticlinal hinge is composed of
particles deposited over the active hinge zone, and the
fold crest is composed of particles deposited beyond the
active hinge zone.

There is a gradual rotation within the active hinge and
a progressive development of the anticlinal growth hinge
(Fig. 10). After the anticlinal hinge is fully formed,
particles 6, 7 and 8 that were deposited over the active
hinge, have traversed progressively less of the zone of
active folding, therefore they have progressively lower
dips. Particle 8 has a zero dip because it was deposited on
the exit axial surface, whereas particle 6 has the dip of the
fold limb because it was deposited on the entry axial
surface. Thus, particles 5 and 6 have the same dip in Fig.
10(d) because they both moved entirely through the
active hinge zone. The entry and exit growth axial
surfaces define the locus of all particles deposited over
the active hinge zone (Fig. 9b).

Perturbations in the curved-hinge growth model

We briefly introduce the effects of fluctuations in
sedimentation and deformation on the curved-hinge
growth model (Figs 11 & 12). By analogy with our
previous discussion of growth events (Fig. 7), Fig. 11
shows an otherwise steady-state curved-hinge growth
model with a perturbation consisting of (1) deformation
without sedimentation (Fig. 11b), followed by (2)
sedimentation without deformation (Fig. 11c), followed
by a resumption of steady-state growth. Once this
perturbation exits the active hinge zone (Fig. 1le), we
see (1) the deformation without sedimentation as an
offset in the anticlinal growth hinge along a disconfor-
mity and (2) the sedimentation without deformation as a
bisecting fold hinge. The same mode! with the addition of
erosion is shown in Fig. 12. In this case an incomplete
fold hinge is seen below the unconformity (Fig. 12e).

Application of forward modeling to Sant Lloreng de
Morunys

We can now interpret our Sant Lloreng de Morunys
cross-section by comparison with our balanced forward
models (Fig. 13). First we are able to define a system of
entry and exit active axial surfaces and growth axial
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Fig. 13. Sant Lloreng cross-section with the details of the hinge-zones, unconformities, and disconformities interpreted in li ght
of the balanced forward models.

(a)
Folding Vectors

(b)
Restoration Comoct rastoratom eaciors
Vectors = -{oldingvectors)

Present Shape

R Initial Shape

Fig. 14. (a) The net and progressive particle motions of deformation

can be described by a field of folding vectors. (b) Restoration, if

perfectly done, involves choosing net and incremental restoration
vectors that are the reverse of the actual folding vectors.

restoration of
horizon B

parall
b acive syndina

downward propagation of
horizon B
restoration vectors

acive syndins

Fig. 15. Restoration of the B horizon and downward propagation of
the horizon-B restoration vectors to subsurface horizons. Restoration
vectors are chosen parallel to the synclinal axial surface because that is
the orientation that conserves layer thickness and unfolds the syncline

properly.
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Fig. 16. An example of an incorrect choice of restoration vectors
leading to obvious inconsistencies.

surfaces (Fig. 9b) analogous to the curved-hinge models
(Figs 11 & 12) and the angular model (Fig. 8). There are
offsets in the anticlinal hinge zones along disconformities
(horizon E) and unconformities (horizon ). A similar
offset in anticlinal hinge along a disconformity is shown
in the photograph of the east face of Tossal de Vallonga
(Fig. 4d).

The stratigraphic resolution of much of the growth
structure is limited because much of the section is
amalgamated conglomerates with no clear bedding.
Therefore, the fine structure of the hinge zones is not
easily resolved. Nevertheless, intervals B—C, EF-F, and F-
G (Fig. 13) display very little thickness change and are
similar to the non-deformational interval in the curved-
hinge growth models of Figs 11(c) and 12(c). In contrast,
at the scale of our cross-section, intervals 4—B, C-D, and
G-H appear similar to the steady-state parts of those
models (Fig. 11b, d & Fig. 12d). Thus we see evidence for
substantial variation in the convolution of deformation
and sedimentation (Fig. 6).

This variation in deformation relative to sedimentation
also appears at a larger scale. Deposition averages about
200% of uplift during the A-7I interval. Deposition
averages 60% of uplift for the J-J interval. It is possible
that the structure below horizon K can be interpreted as a
growth hinge below an unconformity similar to Fig. 12,
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but with the entry growth axial surface nearly parallel to
the unconformity (Fig. 13), which would imply deposi-
tion close to 100% of uplift for the K-M interval.
Therefore, the fluctuations in the convolution of defor-
mation and sedimentation at Sant Lloreng de Morunys
took place at several different timescales.

BED-BY-BED FOLD GROWTH: RESTORATION
Basic concepts of fold restoration

We now analyze the Sant Lloreng de Morunys growth
structure by progressive restoration of the cross-section.
The basic concept of restoration is that the historic
deformation path and net deformation can be described
by folding vectors (Fig. 14a). The correct choice of
restoration vectors is precisely the reverse of the folding
vectors (Fig. 14b). Choice of restoration vectors is
strongly constrained by appropriate balancing con-
straints and by the requirement that at each step in a
progressive restoration the growth structure appears
geologically reasonable. In the present compressive case
it seems that the appropriate balancing constraints would
be conservation of layer thickness and bed length,
especially given the observed bisecting synclinal axial
surface. This balancing constraint is closely approxi-
mated by restoration vectors parallel to the bisecting
synclinal axial surface (Fig. 15).

Progressive restoration of growth strata generally
involves propagation of restoration vectors downward
from the depositional surface (Nunns, 1991). For
example in Fig. 15 we see the downward propagation of
the horizon B restoration vectors. However, if we were to
choose different restoration vectors, for example a
vertical orientation (Fig. 16), which of course does not
conserve layer thickness but is common in seismic
interpretation software, we find we get geologically
unreasonable restorations with clear artifacts that are
transient effects with folding immediately followed by
unfolding (compare Fig. 16a & b). The nearly homo-
geneous downward propagation of the restoration
vectors parallel to the active syncline used in our
restorations is reasonable given the straight fold limb
and bisecting active axial surface. However, propagation
of incremental restoration vectors homogeneously down-
ward from the surface may introduce some second-order
errors because not all deformation at depth will propa-
gate homogeneously to the surface, as discussed by
Nunns (1991). Such errors seem to be negligible in our
restorations.

Application of restoration to Sant Lioreng de Morunys

We now restore the Sant Lloreng de Morunys cross-
section using restoration vectors that conserve layer
thickness, similar to those of Fig. 15. Five stages in the
restoration are shown in Fig. 17. Note that we are not
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d) Restoration o Bed D

paleorelief

e) Restoration to Bed F

restared shape of present-day
horizontal reference line

Fig. 17. Sequential restoration of the Sant Lloreng de Morunys using restoration vectors similar to Fig. I5. No attempt is

made to restore the younger regional south dip or the refolding in the north (e & f). Note the progressive development of the

fold by kink-band migration. The base of the cross-section and 1000 m elevation line in (2) function of passive markers
illustrating the kink-band migration.

restoring the younger regional south dip, which would be
restored before the horizon Brestoration (Fig. 17b) or the
additional folding of the structure to a steeper dip in the
north (Fig. 17e & f); our purpose is to restore the well-
constrained growth structure only.

The most important feature of the restorations is that
they show a progressive unfolding by kink-band migra-
tion. Note also that the active syncline always intersects
the depositional surface at the position of the anticlinal
hinge for that bed. Significant paleo-relief is present at
bed D and H times (Fig. 17d & f), similar to the forward
models (Figs 7 & 11).

The progressive unfolding of the structure by kink-

band migration is also shown by the deformation of the
1000 m elevation horizon and the base of the cross-
section, which are undeformed markers in the present
day cross-section (Fig. 17a). Approximately 300 m of
horizontal kink-band migration is shown between bed H
time and the present.

These restorations also allow us to look at the
progressive deformation paths of single beds or horizons,
similar to the top of Fig. 1. Figure 18 shows the
progressive deformation of horizon F and beds D—E and
H-I. In each case an increasing limb length at constant
dip through kink-band migration is demonstrated.

Itis important to note that our restorations are entirely
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¢) Deformation path of bed F

Fig. 18. Sequential deformation paths of selected horizons of the Sant Lloreng de Morunys structure, showing the history of
kink-band migration (compare Fig. 1). Layer shapes are obtained from the restorations of Fig. 17.

independent of considerations of fold kinematics, such as
rigid-limb rotation, kink-band migration or other more
complex kinematics. The fold kinematics fall out of the
restoration as a result of the spatial distribution of dips
and thicknesses, which is independent of the decision that
the folding vectors shall, for example, conserve layer
thickness. Thus the restoration proves kink-band migra-
tion. If the last stages of fold growth at Sant Lloreng de
Morunys were by rigid-limb rotation this fact would have
emerged from the restoration.

DISCUSSION AND CONCLUSIONS

We have used a combination of balanced forward
modeling and restoration to demonstrate that the last
stages of growth of the Sant Lloreng de Morunys
structure was dominated by kink-band migration of the
sort that is predicted by the fault-bend fold mechanism.
The complex details of the anticlinal hinge zone and
associated unconformities and disconformities all have
direct interpretation as effects of major fluctuations in the
rates of sedimentation and deformation over a variety of
timescales. At the longer timescales the average sedimen-
tation rate varies between 200% and 50% of the uplift.

We do not have an absolute timescale for the
stratigraphy so we do not know the absolute scale of
these fluctuations in sedimentation and deformation.
There are substantial periods during which the structure
was either essentially inactive (intervals B—-C, E-F, and
F-G, Fig. 13) or deposition on the order of 100 m of
conglomerate was nearly instantaneous relative to the
rate of deformation. Similar fluctuations in growth are
seen in the Compton-Los Alamitos fold of the Los
Angeles basin, California (Shaw and Suppe, 1996). These
fluctuations could be driven by climatic variation and
sudden changes in the geometry of drainage basins. These
fluctuations could aiso reflect the mechanics of a
compressive structure within the larger mountain belt,
governed by critical-taper wedge mechanics (Davis et al.,
1983; Dahlen and Suppe, 1988; Dahlen, 1990). It seems
plausible that each successive earthquake in a compres-
sive structure increases the thickness of the structure and
hence progressively increases its resisting force until
deformation jumps to a different, weaker structure in
the mountain belt. Later, our structure may once again be
the weakest structure and resume deformation. Thus
structures might turn on and off on a 100,000 year
timescale but be steady state on a 1-2 Ma timescale.
Under this speculative scenario, the rate of deformation
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within these deformational episodes may be very rapid
relative to the long-term rate (see Fig. 6a). Better
chronology is needed.

We have also introduced new concepts of curved-hinge
kink-band migration (Figs 9 & 10) and new techniques
and concepts in fold restoration (Figs 14-18) which have
wider application, beyond the remarkable growth struc-
tures exposed near Sant Lloreng de Morunys (Fig. 4).
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