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ABSTRACT

ynamic restoration is achieved when one accounts for the changes that occur

in area or volume during deformation. In contractional areas, layer-parallel

shortening (LPS) cannot always be easily estimated or measured, although it is
a significant component of deformation, as is gravitational compaction. Five model
analogs with known initial dimensions and boundary conditions were shortened from
one end. Profiles of these models were used to (1) estimate the amount of layer-parallel
compaction (LPC), the main modality of layer-parallel shortening in granular analog
materials; (2) outline variation of LPC with depth, lateral location, and percentage
shortening; and (3) estimate the effect of lithology on LPC.

During progressive deformation, a modeled accretionary wedge, which formed during
the shortening of the models, did not undergo homogeneous compaction; instead, loss
of area varied in both space (with depth and laterally) and time. Balancing the area of
sequential sections of one of the sand models, which was shortened above a high-friction
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basal décollement, shows that the layers experienced tectonic compaction during defor-
mation and lost as much as 17% of their cross-sectional area during 50% bulk shortening.

Restoration of two model profiles shows that LPC is three times greater in the model
with high basal friction than in the model with low basal friction. In models where a
sand layer was embedded within a viscous layer (a Newtonian material simulating rock
salt), the layer accommodated all the shortening by folding and underwent no signifi-
cant LPC.

Examples from the Spanish Pyrenees are used to illustrate the significance of LPS in
restoring profiles of contractional areas. In the eastern Spanish Pyrenees, on the basis of
deformed raindrop marks and burrows, from 16 to 23% of total shortening is estimated to
be by LPS, whereas only 6 to 10% of the total shortening is accommodated by folding.

Model results illustrate the lateral and temporal variations of penetrative strain within
shortened layers. Outlining this heterogeneous distribution of penetrative strain and any
associated volume loss is important in distinguishing areas of reduced porosity, which are

significant for hydrocarbon exploration.

INTRODUCTION

Bed length measurement and area balancing are
two effective tools for interpreting the deformation
history and determining the amount of shortening in
cross sections of contractional areas (Dahlstrom, 1969;
Hossack, 1979; Dixon, 1982; Cooper et al., 1983; Wood-
ward et al., 1985, 1986, 1989; Suppe, 1985; Ramsay and
Huber, 1987; Baker et al., 1988; Marshak and Woodward,
1988; Moretti et al., 1990; Mitra, 1978b, 1994; Jaswal
etal., 1997; Meigs et al., 1996; Mukul and Mitra, 1998).
In most applications, either the length or the area of
the shortened layers is kept constant during recon-
struction of the balanced cross sections.

Deformation in fold-and-thrust belts is accommo-
dated by three main components: layer-parallel short-
ening, folding, and thrusting. If bed lengths are kept
constant between the deformed and restored sections,
one only accounts for deformation by folding and thrust-
ing, so that layer-parallel shortening is not considered
when the amount of bulk shortening is quantified. If
strain markers are available, penetrative strain can be
included in the balanced cross sections to restore the
amount of shortening (Hossack, 1978; Mitra, 1990; Protz-
man and Mitra, 1990; Howard, 1993; Homza and Wal-
lace, 1997).

Using examples from the Norwegian Caledonides,
Hossack (1979) emphasized the necessity of areal res-
torations and pointed out possible errors that may be
introduced if area decreased during shortening. Fischer
and Coward (1982) quantified strain distribution in the
Scottish Caledonides and concluded that prethrusting
strain was not homogeneously distributed in the wedge.
From deformed burrows, these authors measured a max-
imum local shortening of as much as 33%. In an excel-
lent paper, Cooper et al. (1983) discussed the significance

of layer-parallel shortening in balancing geologic cross
sections and concluded that both bed length and area
must be analyzed to recognize layer-parallel shortening.
On the basis of stratal thickness calculations in a small-
scale duplex in a limestone quarry, and assuming that
area was conserved, Cooper et al. (1983) concluded that,
in a total shortening of 49%, 27% was accommodated
by LPS and the rest by imbrication.

Woodward et al. (1986) documented how strain
varied in different thrust sheets in the southern Appa-
lachians. In incompetent formations, they measured
axial ratios of strain ellipse that increased, from exter-
nal to internal thrust sheets, by R=1.2 to R =2.8.

In the shallow thrust system of the Oslo region,
Morley (1986) recorded a maximum shortening by pres-
sure solution of 15%, variably distributed within the
belt. However, he suggested an average value of 5% for
limestones across the entire section.

Mitra (1994) also emphasized the effects of LPS in
thrust-belt restoration. In a regional cross section of the
Sevier belt, he used different kinds of strain markers to
show that LPS varies between 10 and 30% in the belt.
McNaught and Mitra (1996) used finite strain data to
document an LPS component of about 15% in the
Meade thrust sheet of the Sevier Thrust Belt.

Because the initial stages of sand models are well
documented, they are easy to compare with their later
stages to quantify the components of strain. Many work-
ers have used sand models to study different aspects of
accretionary wedges and/or fold-and-thrust belts (Davis
etal., 1983; Dahlen et al., 1984; Malavieille, 1984; Karig
1986; Zhao et al., 1986; Mulugeta and Koyi, 1987, 1992;
Colletta et al., 1991; Liu et al., 1991; Koyi, 1995; Storti
and McClay, 1995; Gutscher et al., 1996; Storti et al.,
1997; Koyi et al., 2000; Lohrmann et al., 2003). In this
study, layer-parallel compaction (LPC) is quantified in
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five sand models, which have been shortened from one
end, to comment on the distribution of layer-parallel
shortening (LPS) and to illustrate the significance of area
loss within accretionary prisms and fold-thrust belts.
LPC is quantified by measuring the cross-sectional area
of deformed layers and comparing them to their un-
deformed initial areas. In some models, bed length is
restored to estimate amount of penetrative strain in
comparison with the other components of shortening
(imbrication and folding).

MODELS AND
THEIR LIMITATIONS

We have quantified layer-parallel compaction (LPC)
in five sand models with different initial configurations
(Table 1). All models consisted of passively layered, loose
sand and were shortened from one end. After the models
were shortened, they were sectioned and photographed
for analysis.

Dry, loose sand is a suitable material to simulate
the brittle Coulomb behavior of shallow crustal rocks
(Hubbert, 1937, 1951; Horsfield, 1977; McClay and Ellis,
1987; Ellis and McClay, 1988; Mandl, 1988; Mulugeta,
1988; Cobbold et al., 1989; Weijermars et al., 1993). Dry
sand has a Navier-Coulomb rheology and an angle of
friction similar to that of sedimentary rocks (cf. McClay,
1990). The rheology of loose sand may be approximat-
ed by the Coulomb equation (Hubbert, 1937; Cobbold
et al., 1989; Weijermars et al., 1993):

T=1,+0ctan ¢ (1)

where tis the shear strength, 1, is the cohesive strength, ¢
is the normal stress, and ¢ is the angle of internal fric-
tion. For the material used in the models, the cohesive
strength, and the angle of internal friction, see Table 1.

This study is a two-dimensional approach that as-
sumes no movement along strike, because movement
perpendicular to transport direction is significantly small
relative to movement parallel to it. In this experimen-
tal approach, we have omitted the additional compli-

cating factors of erosion, deposition, material anisotropy
resulting from facies changes, and time variations in
pore-fluid pressure ratios across the wedge. All the mod-
els were deformed on a rigid horizontal planar substrate
and therefore do not account for slopes or irregularities
in natural décollements. Model 4 was shortened above
a ductile substrate of a Newtonian silicone polymer
(SGM36; Weijermars et al., 1993) that simulated rock
salt or overpressured shale. In the description of the
models, these variations are distinguished. Because
gravity compaction is minimal in sand models, lateral
compaction in full-scale prisms can be overestimated. In
general, penetrative strain in a rock unit is strongly de-
pendent on lithology, temperature, and fluid content.
In our models, we have quantified LPC as a representa-
tive of penetrative strain. The effects of temperature and
fluid content are not taken into account in the models.
However, in one of the models (model 3), materials with
different mechanical properties are used to study the
influence of lithology on the amount and distribution
of LPC.

To estimate the amount of layer-parallel compac-
tion in the models, the shortening that results from
thrusting and folding of each layer was restored. The
resulting bed-length was compared with the initial,
known length of the layers. The difference between the
two lengths gave the amount of layer shortening (bed-
length change) without taking the thickening of the
layer into account. However, during restoration, most
of the shortening is not accompanied by thickening of
the layers, but is instead accompanied by an area loss.
Hence, it can be described as layer-parallel compaction
(LPC). Area loss was calculated by comparing the area
in a profile of the deformed model with the area in a
profile in the undeformed, initial stage.

LAYER-PARALLEL
COMPACTION IN THE MODELS’
THRUST WEDGES

During compression, a layer can accommodate the
shortening in three ways: by layer-parallel shortening

Table 1. Mechanical properties of materials used, and dimensions of, the five models.

Model Thickness Nature of Coefficient of internal % Bulk
(cm) detachment friction /viscosity shortening
1 0.7 frictional loose sand (0.57) 47
2 1.5 frictional loose sand (0.57) 20
3 2.5 frictional glass beads (0.37) 27
4 2 frictional/viscous loose sand (0.57)/ SGM36 (5 x 10* Pa s) 35
5 3.5 frictional loose sand (0.57) 21
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(LPS), folding, or thrusting. However, the intensity and
amount of shortening accommodated in each way
depend on the mechanical properties of the layer and
its surrounding host, and on the boundary conditions.
In many natural cases, three internal deformation mech-
anisms are common to the emplacement of imbricate
sheets. An initial phase of layer-parallel shortening pre-
cedes or is simultaneous with propagation of the sole
thrust (Cooper et al., 1983; Williams and Chapman, 1983;
Marshak and Engelder, 1985; Nickelsen, 1986; Geiser,
1988a, b; Evans and Dunne, 1991). Next, a second phase
of non-layer-parallel shortening and bending strain oc-
curs (Wiltschko, 1981; Sanderson, 1982; Suppe, 1983;
Kilsdonk and Wiltschko, 1988). Finally, there is a later
phase of pure-shear shortening and simple shear (parallel
to the sole thrust) that accompany the thrust-sheet tran-
sport (Elliot, 1976; Mitra and Elliott, 1980; Coward and
Kim, 1981; Sanderson, 1982). In most natural examples,
it is relatively easy to determine the amount of shorten-
ing that occurs by folding and thrusting. In the presence
of appropriate strain markers, it is also easy to determine
penetrative strain and LPS. However, on seismic profiles,
unlike the folding and thrusting components, layer-
parallel shortening is more difficult to estimate. Layer-
parallel shortening can be accommodated by plastic
deformation of mineral grains and formation of fabric,
reduction of porosity (secondary or tectonic compac-
tion), and by dissolution of minerals (for example, for-
mation of stylolites). To address the penetrative strain
in the Appalachian orogenic belt, Mitra (1978a) describ-
ed regional variations in deformation mechanisms (e.g.,
pressure solution, dislocation creep, and grain bound-
ary sliding) that affect sandstones and quartzites in that
area. Penetrative strain, as a general phenomenon dur-
ing the evolution of fold-and-thrust belts, has been de-
scribed and quantified by many workers (Helmstedt and
Greggs, 1980; Mitra et al., 1984; Geiser, 1988a, b; Mitra,
1988; Protzman and Mitra, 1990; Evans and Dunne, 1991;
Gary and Mitra, 1993; Howard, 1993; Thorbjornsen and
Dunne, 1997; and others).

Unlike in nature, in a model it is easy to estimate
layer-parallel penetrative strain by comparing the initial
and final stages of that model. Each of the five models
described in this chapter studies one element that influ-

compacted imbricate sheet

less compacted imbricate sheet

ences the amount or distribution of LPC within a model
fold-and-thrust belt. We show here that, at any given
stage of model deformation, area loss is not constant. It
varies laterally and with depth, amount of bulk short-
ening, and material properties.

Variation of LPC with Depth

Model 1, which was used to study the variation of
LPC with depth, contained passively colored homoge-
neous sand with a constant total thickness of 5 mm
(Mulugeta and Koyi, 1992; Koyi, 2000). Sequential sec-
tions were eroded using a vacuum cleaner, and then
photographed, at every 1.5% increment of bulk short-
ening. This technique exposed the three-dimensional
geometry of the imbricate sheets, so that fine-grained
sand and thin (0.2-mm-thick) individual sand layers
could be used to quantify area loss and penetrative
strain. The model was shortened to a total of 47% bulk
shortening (Figure 1). For more details of deformation
and sectioning of this model, see Koyi (1995).

In a profile of the final stage of the deformed model,
bed-length restoration was conducted for three layers
located at different stratigraphic horizons (Figure 2).
Bed-length restoration was used to partition the amount
of deformation accommodated by each of the three
strain components: layer-parallel compaction, folding,
and thrusting. The effects of imbrication and folding
were removed by measuring the segment length of each
deformed layer and adding them together. By compar-
ing this “restored’”” length with the deformed length, the
amount of shortening by imbrication and folding was
calculated. This restored length was then compared
with the initial (undeformed) length of the model to
calculate the amount of shortening accommodated by
layer-parallel compaction. In all the cases, the restored
length of the beds was shorter than their initial length
(Figure 2).

To quantify the change in the mode of deforma-
tion with depth, longitudinal strain was partitioned
into three layers located at different stratigraphic levels
(top, middle, and bottom) (Figure 2). Earlier, Koyi (1995,
2000) had documented that layer-parallel compaction
dominates in deeper levels of model accretionary

FIGURE 1. A relief image of a
profile of model 1 after 40%
shortening, showing seven
imbricate sheets. The num-
bers indicate the sequence in
which the imbricates have
formed. Arrow shows direc-
tion of shortening.

active thrust
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top layer

middle layer

Percentage strain by i Percentage strain by
layer-parallel compaction i folding and imbrication

top layer 17% ' top layer 37%

middle layer 22% middle layer 32.6%
ttom layer 13.6%

bottom layer 41%
Total shortening

bottom layer

initial length = 20cm 2

FIGURE 2. A line drawing of a profile of model 1 at 44% bulk shortening. Three layers
(top, middle, and bottom) are restored to quantify the three components of shortening
(layer-parallel shortening, folding, and imbrication). Note that the top layer deforms
mainly by folding and imbrication, in contrast to the bottom layer, which deforms

the area of an imbricate (in
this case, imbricate num-
ber 4) was measured at the
onset of its formation (and
throughout its deformation)
until a new imbricate (num-
ber 5) formed in front of it.
During the same time inter-
val, the area of the model
wedge was measured to com-
pare loss of area within the

mainly by layer-parallel thickening.

wedges, whereas imbrication prevails at shallower lev-
els. The current analysis demonstrates that the shal-
low (top) layer could be restored back to 83% of its ini-
tial length (Figure 2). The remaining 17% of the initial
length, which was not restorable, was consumed by layer-
parallel compaction during deformation of the model.
This latter strain component was recoverable in the
model because its initial dimensions were known. The
deep layer, on the other hand, could only be restored to
59% of its initial length (Figure 2). In this layer, the
entire remaining (unrestored) 41% of the layer length
was consumed by layer-parallel compaction. This com-
parison illustrates that the mode of deformation within a
modeled imbricate stack changes with depth. It also
points out that balancing the bed lengths of different
layers in natural profiles of shortened areas may yield
different percentages of shortening. Because, in the ab-
sence of a good estimate of LPC, deeper layers are restored
to shorter initial lengths than are shallower layers; they
show a higher percentage of bulk shortening.

Lateral Variation of LPC

Model 1 was also used to quantify the lateral change
in the amount of penetrative shortening. In this model,

FIGURE 3. Plots of (a) wedge
area (triangles) and (b) imbri-
cate area (circles) versus bulk
shortening of model 1. At 38%
shortening, the wedge loses

approximately 4% of its initial
area. During the same period,
the youngest imbricate loses

10.5% of its initial area, which
is equal to approximately 3%
of the total area of the wedge.
This suggests that much of the
area lost within the wedge is 1.4

wedge and the imbricate dur-
ing the same period of de-
formation (Figure 3).
Restoration of the model wedge between two stages
of imbricate formation shows that 76% of the total area
lost within the wedge was accommodated within the
youngest of the imbricates at the toe (Figure 3). During
the same period of deformation, the entire wedge lost
only 3.9% of its area, of which 3% was accommodated
by the youngest of the imbricates. This imbricate sheet
lost 10.5% of its initial area during the same period of
deformation (Figure 3). These results suggest that the
newly accreted materials at the toe of the wedge under-
went secondary tectonic compaction, whereas the rear
part of the wedge, which contained an older stack of
imbricate sheets and was already strongly compacted,
could not accommodate much more tectonic compac-
tion with deformation. In general, cumulative compac-
tion was highest at the rear of the wedge, whereas in-
cremental compaction was highest at the toe area. In
other words, as the wedge grows, incremental compac-
tion localizes within the newly accreted material at the
toe of the model. The rear portion of the wedge is trans-
ported almost as a rigid block, without much strain,
while the wedge accretes material at the toe. Naturally,
synkinematic erosion or any change in the basal slope
or friction may relocate the deformation and thereby
alter this scenario.

3.9% arealoss |_the entire wedge

3% area loss >

3% of total area loss

accommodated within the
youngest imbricates at the
toe.

| | | |
32 34 36 38

% Bulk shortening
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Change of LPC with Percentage
of Bulk Shortening and with
Material Properties

Model 2 was used to illustrate how the penetrative
strain varies with the amount of bulk shortening. In
this model, LPC was measured for two layers located at
different stratigraphic levels in two sections shortened
to different percentages of bulk shortening (Figure 4).
As expected, LPC increased with increasing percent-
age of bulk shortening. However, there was a significant
difference in the change in LPC between the two lay-
ers (Figure 4). At 5% bulk shortening, the shallow layer
accommodated only 1% of the bulk shortening by
LPC, whereas at 20% bulk shortening, LPC in the same
layer was seven times greater (7%). The difference in
LPC in the deeper layer between two stages of bulk
shortening was only fourfold. Comparing the area of
the initial stage of the model with its area at the final
stage of deformation shows that there is an area loss of
1% at 5% bulk shortening and a loss of 4% at 20% bulk
shortening (Figure 5).

To quantify the change in LPC with lithology, mod-
el 3 was prepared using two materials with different
mechanical properties: loose sand and glass beads. This
model was shortened to 27% bulk shortening. To sim-
ulate a rock that does not undergo much compaction
during shortening, we used a layer of well-sorted glass
beads, which as a medium is mechanically weaker [has
a lower coefficient of internal friction (0.37)] than
loose sand used in our models. This model consisted of
a 4-mm-thick layer of beads overlain by three layers of
loose sand, each of which were 5 mm thick. The model
was shortened from one end to a total shortening of
27%. A section of this model was area-balanced to mea-
sure the amount of area lost in each layer (Figure 5).
The analysis showed that the glass-bead layer preserved
its cross-sectional area and underwent no significant
amount of LPC, although it was located at deeper levels,
where penetrative strain is usually dominant in other
models such as models 1 and 2 (Figure 5). Instead, the
glass-beads layer accommodated the bulk shortening
by layer-parallel thickening. The sand layers, on the
other hand, underwent different amounts of LPC. The
deeper layer lost 5% of its area, whereas the shallow
layer showed an area loss of only 1.5%. This demon-

LPC=1% LPC=25%  arealoss=1% 3om_ o ey
Na~ |

LPC=7% (L
» LPC=106% arealoss =4% 3cm_ Il

1
1

FIGURE 4. Line drawings of two profiles of model 2 at
two different percentages of bulk shortening. As expected,
LPC increases with the increase of the amount of bulk
shortening and with depth.

Bulk shortening =27%

]

LPC = 1.5%
LPC = 2.1%
LPC = 5.3%

loose sand

FIGURE S. Line drawing of a profile of model 3, consist-
ing of layers of loose sand overlying a layer of mechan-
ically weaker glass beads. The layer of beads undergoes
significantly less LPC than do the sand layers, but thickens
instead.

strates that the area lost in different lithologies is ac-
commodated differently depending on how each lithol-
ogy compacts.

Oblique Sections

For us to achieve a correct restoration, we need for
the section to be parallel or nearly parallel to the tran-
sport direction. This is because a profile that is oblique
to the shortening direction is naturally longer than pro-
files parallel to the shortening direction; hence, it is ex-
pected to have a longer initial bed length. Many times,
only oblique profiles (profiles not parallel to the short-
ening direction) are available, and some workers apply
the restoration technique to available seismic profiles
even though they are not parallel to the shortening di-
rection. Recently, Jaswal et al. (1997) restored a compo-
site seismic image across the north Potwar deformation
zone (NPDZ) and Dhurnal structure of the Himalayan
foreland of Pakistan. The seismic image consisted of
three segments: a northern north-south segment par-
allel to the shortening direction, a middle segment mak-
ing an angle of 30° with the northern segment (but at a
high angle to the structures), and a southern segment
making an angle of 40° with the northern segment. By
balancing this composite section, Jaswal et al. (1997)
suggested a minimum amount of shortening across the
NPDZ to be more than 55 km, at a rate of 18 mm/yr.
Wissinger et al. (1998) conducted a similar exercise on
a reflection seismic line that was oblique by 55 to 60°
to the strike of the thrusts in the central Brooks Range
in Arctic Alaska. Wissinger et al. (1998) restored the
deeper structures and estimated a minimum shorten-
ing of 500 to 600 km in the Brooks Range. Price (1981)
stated that the amount of tectonic shortening can be
estimated from sections that make an angle of less than
30° with the actual direction of net tectonic displace-
ment. According to Cooper (1983), a 20° obliquity be-
tween the balanced section and the transport direction
will not greatly affect bulk-strain calculations on the
balanced section of the structures.

Below, we restore a model profile that is oblique
to the direction of shortening. We compare it with a



The Significance of Penetrative Strain in the Restoration of Shortened Layers

Area loss = 2%

14.2% longer than initial

@

rofile (c

=~ o
R 20

[ profile (c)

i
1 frictional substrate
3cm ductile substrate

Area loss = 7%

LPC =9% LPC=11%

profile (d)

LPC =4.6% 3cm

FIGURE 6. (a) A schematic diagram of model 4 in plan view, showing the locations of three profiles (b, ¢, and d)
cut in the two domains (frictional and viscous substrates) for restoration after 35% bulk shortening of the model.
(b) Line drawing of a profile, cut in the frictional-substrate domain, consisting of two segments (a rear segment oblique
to shortening direction and a frontal segment parallel to the shortening direction). Note that after restoration, the layers
in this profile are longer than the initial length of layers in a profile parallel to transport direction (see c). (¢) Line drawing
of a profile in the frictional-substrate domain cut parallel to the shortening direction. The layers in this profile have
undergone LPC and therefore cannot be restored to their initial length. Note that the deeper layers undergo more LPC
than the shallow layers do. (d) Line drawing of a profile cut in the viscous-substrate domain. LPC shortening in these
layers is significantly less than their equivalents shortened above a frictional substrate in (c).

restored profile cut parallel to the shortening direction
and illustrate the discrepancy that can result from re-
storing oblique sections.

In model 4, we studied the role of frictional and
viscous (salt) décollements in governing deformation
style. In this model, a package of layers of loose sand
was deformed: one half was shortened on another sand
layer and the second half was shortened above a viscous
layer (SGM36, a Newtonian viscous material) (Figure 6a).
This model simulated the deformation history of the
Potwar and Salt Range of Pakistan (Cotton and Koyi,
2000). Here, we use the model to illustrate (1) the effect
of restoration of oblique sections (those not parallel to
the transport direction; Figure 6b), and (2) the effect of
a ductile substrate on the mode of deformation and
amount of penetrative strain within the overlying units
(Figure 6d). As with the other models, this model was
shortened from one end. After 35% shortening, three
profiles were prepared for restoration (Figure 6). Two
profiles were cut parallel to the shortening direction:
one in the viscous substrate domain and the other in

the frictional-substrate domain (Figure 6¢ and d). The
third profile was a composite section consisting of
two segments: a segment making an angle of 30° with
the shortening direction, and a second segment par-
allel to the shortening direction (Figure 6b). All three
profiles were restored and compared with the initial
stage of the model to calculate the penetrative strain
accommodated by layer-parallel compaction (Figure 6).
Results for the parallel profile cut in the frictional do-
main were similar to those for other models, in which
layer-parallel compaction increased with depth (Fig-
ure 6¢). In this profile, a deep layer accommodated 15%
of the shortening by penetrative strain, compared with
9% for a shallow layer (Figure 6¢). The composite section,
cut in the frictional-substrate domain, showed totally
different results. After restoration, the layers in this sec-
tion, as expected, were longer than the initial length of
the layers in the section that was parallel to the short-
ening direction. The shallow layer was 14% longer,
whereas the deep layer was 6.7% longer than the ini-
tial layer (Figure 6b). The amount of shortening in this

7
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section differs from that in the section cut parallel to the
shortening direction by approximately 25%. This dif-
ference is because the composite section, which consists
of a segment oblique to the shortening direction, is ini-
tially longer than any section parallel to the shortening
direction. Hence, its restored version does not display
the correct amount of shortening.

The area of each section is compared with the area
of an undeformed section. The parallel profile showed
an area loss of 7% (Figure 6¢). The oblique section,
however, showed a very small amount of area loss (2%,
Figure 6b). This discrepancy is because this section is
oblique to the transport direction and hence shows a
larger initial area. These results demonstrate quanti-
tatively that neither bed length nor area balancing
of oblique sections gives the correct amount of bulk
shortening.

Change of LPC and LPS with
Basal Friction

In model 4, a section that had been cut in the vis-
cous substrate domain was restored and compared with
its initial stage to estimate the amount of LPC with
depth (Figure 6d). Here, the amount of deformation
accommodated by LPC, even at the deeper levels, was
significantly smaller (Figure 6d). In the deeper layer,
only 5.6% of the deformation was accommodated by
penetrative strain, compared with 2% for the shallow
layers. Compared with the section cut in the frictional
substrate domain (where LPC was 15% for the deeper
layer and 9% for the shallow layer; Figure 6¢), these
figures suggest that layer-parallel shortening in the over-
lying sediments decreases significantly in the presence
of a viscous substrate. This is because the ductile layer
decreases the friction along the basal décollement and
eases forward propagation of the deformation front,
instead of contributing to a wedge buildup.

LPS = 8.2%

LPS =3% LPS =5%

wt sa"t'u f =

FIGURE 7. Photograph of a profile of model 5, consisting of two viscous layers sim-

In another model (model 5), which consisted of al-
ternating sand and ductile layers, LPC within the layers
varied significantly depending on the location of the
sand layers relative to the ductile layers (Figure 7). In this
model, alternating layers of loose sand and a viscous
material (SGM36) were shortened, from one end, to 21%
bulk shortening (Figure 7). During shortening, the sand
layer, which was embedded between two viscous layers,
underwent the least LPC. It is feasible that even that
amount of LPC in this layer is accommodated mainly by
the rear portion of the layer, which was not embedded
between the viscous layers (Figure 7). Had the entire
layer been embedded between the two viscous layers, it
would have accommodated the shortening only by
folding. In this model, a deeper layer underlying the
two viscous layers underwent more LPC than the other
layers (Figure 7). This model reemphasizes how signif-
icant the presence of a viscous layer is in partitioning
strain within nonevaporitic frictional sediments. Be-
cause a viscous substrate flows easier than the rest of
the model, it provides a low basal friction, which allows
the sole thrust to propagate farther without the necessity
of building a steep wedge. The low tapered wedge there-
fore undergoes less internal compaction and hence less
penetrative strain and LPC.

NATURAL EXAMPLES

Two examples from the Pyrenean orogenic belt are
discussed here to illustrate the significance of LPS: the
Pyrenean hinterland and the south-central Pyrenean
Fold-and-thrust Belt.

Pyrenean Hinterland

The structures of the Pyrenean hinterland consist
of an Alpine antiformal stack involving mainly Pa-
leozoic rocks and a Mesozoic-Cenozoic cover (Teixell,
1996; Teixell and Koyi, 2003).
These rocks were deformed
during the Hercynian orog-
eny. In the western Axial
Zone, the Mesozoic-Cenozoic
sediments, which from bot-
tom to top consist of Upper
Cretaceous carbonates, cal-
careous shale, Marbore Sand-
stone, Paleocene limestone,
and Eocene turbidites, form

Bulk shortening = 21%

ulating salt embedded between layers of loose sand. This model was shortened by
as much as 21%. The three layers outlined on the profile have undergone different
amounts of layer-parallel compaction (LPC), depending on their stratigraphic location
and their relation to the viscous layers. The middle layer, which is embedded between
the two viscous layers, has undergone the least LPC, because it accommodated most
of the deformation by folding. The deepest layer has undergone the maximum amount
of LPC.

an imbricate stack verging to
the south. In this area, with its
good exposure, it is relatively
easy to estimate the amount
of shortening accommodat-
ed by thrusting and folding
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FIGURE 8. (a) An oblique photograph of the bedding plane
of a limestone layer of the Pyrenean hinterland (Paleocene
cover of the western Axial Zone), showing stylolites normal
to the bedding. (b) Photograph of a profile of a limestone
layer showing stylolite peaks oblique to bedding (horizon-
tal). Note the inclined peaks of the stylolites, which make
an angle of 60° with the bedding.

(Teixell and Koyi, 2003). Evidence for penetrative strain
is visible in all the units and positions, in addition to
the fold forelimb regions, which show a strong het-
erogeneous strain (Alonso and Teixell, 1992). The turbi-
dites and the sandstone units show a northerly dipping
tectonic fabric that is especially well developed in the
turbidites. The carbonates, on the other hand, have not
developed any visible cleavage, but show two kinds of
stylolite joints: a set perpendicular to bedding and
another set parallel to bedding (Figures 8a, 8b, and 9).
The bedding-perpendicular stylolite joints are interpreted
to have formed during early stages of layer-parallel short-
ening, when the carbonates were deformed by penetra-
tive strain before folding and imbrication (Figure 9).
The teeth in these stylolite joints are typically smaller
(<1 cm) (Figure 8a). Evans and Dunne (1991) recorded

meso-scale bed-perpendicular stylolites in the North
Mountain thrust sheet of the central Appalachians and
also interpreted them as evidence for an early layer-
parallel shortening event. The bedding-parallel stylolite
joints, on the other hand, are accompanied by vertical
calcite veins and are interpreted to have formed as a
result of tectonic loading by older overlying imbricates
(Figure 9). The teeth of these joints are significantly
larger (up to 10 cm) and are dipping in the direction of
transport (Figures 8b and 9). Only the normal set formed
by layer-parallel lateral shortening (Figures 8a and 9).
These structures indicate that all units in the Pyrenean
alpine hinterland have accommodated part of their de-
formation by penetrative strain. In the absence of sys-
tematic quantitative indicators, not accounting for pene-
trative strain will result in only a partial restoration of the
deformation.

The South-central Pyrenean External
Fold-and-thrust Belt

Calculating the amount of layer-parallel shortening
in the external areas of a fold-and-thrust belt usually is
not an easy exercise. In the south Pyrenees, different
techniques, such as analysis of the strain markers, fis-
sility ratios, and anisotropy of the magnetic susceptibil-
ity have been used to estimate layer-parallel shortening
in several traverses (Casas et al., 1996; Sans, 1999). Here,
we will discuss the results of the analysis of the sedi-
mentary strain markers along the Cardener River tra-
verse to quantify layer-parallel shortening in the de-
formed south Pyrenean foreland.

The south Pyrenean front developed a triangle zone
that coincides with the presence of three partially super-
posed evaporitic levels at depth (Vergés, 1993; Sans
et al., 1996). This triangle zone widened as successive
thrusts that developed at the pinch-out of each evap-
oritic formation front (Beuda, Cardona, and Barbastro)
were abandoned and the sole detachment climbed from

FIGURE 9. Schematic line drawing showing the location
of the two sets of stylolites observed in the Pyrenean car-
bonates. Set (A), which is normal to bedding, is interpreted
to have formed as a result of layer-parallel shortening
before folding and imbrication, whereas set (B) formed as
a result of tectonic loading of older imbricates.
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lower evaporitic formations in the north to higher ones
in the south (Figure 10). In order to quantify LPS, we
have analyzed samples from different parts of this area.
Samples were collected in a north-south section that
crosses the Cardona thrust front (Figures 10 and 11).
The southernmost samples were collected from below
the detachment level (Cardona salt formation), whereas
to the north, three different anticlines above this de-
tachment horizon were sampled. The three structures
sampled are, from south to north, the El Guix Anticline,
the Suria Anticline, and the Pin6s-Cardona Anticline
(Figure 11). The El Guix and Suria Anticlines are the
frontal structures in the southeastern part of the thrust
front (Figure 10). Both of these anticlines have a thrust-
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dona Anticline (Figure 11) is
a south-verging detachment
anticline developed where the Cardona salt is thickest
(center of the evaporitic basin).

The preserved sedimentary pile is less than 500 m
thick in the frontal thrust-wedge (El Guix Anticline)
and more than 2 km thick in the northernmost syn-
cline (north of the Cardona Anticline). The scarce vit-
rinite analysis in the basin indicates, however, that there
was a sedimentary thickness of approximately 2.5 km
over the Cardona salt at El Guix Anticline (Vergés et al.,
1998). These data are consistent with the preserved sed-
imentary thickness in the northern syncline and the
small (<0.5°) sedimentary slope of the deformed sedi-
ments (Saez, 1987). The sampled sediments are fine-
grained red and gray sandstones that contain burrows
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(R = x/z) calculated for the vertical section. Ellipses of locations 1, 2, 3, 4, and 5 are projected along strike from the
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Table 2. Ellipticity (R) and orientation (¢) values of the strain ellipses in the Cardona

thrust front.

El Guix- Sallent

Location No. of samples Marker type R ¢ No. of measurements
1 1 Burrows 1.2 73 12
Burrows 1.2 71 186
Oxidation marks
Rain drops
3 3 Burrows 1.2 78 76
4 1 Burrows 1.2 72 14
5 2 Burrows 1.2 104
El Guix- Calliis
6 1 Burrows 1.2 27
Suria
7 1 Burrows 1.3 47 10
8 Burrows 1.3 47 10
Cardona
9 4 Burrows 1.2 62 102
Manresa
10 3 Burrows 1.0 56

and other strain markers. These sediments belong to
the alluvial/fluvial and lacustrine sequences that filled
the south-Pyrenean foreland basin. Although the sam-
pled levels are not the same through the whole struc-
ture, the samples have been collected from an interval
of 500 to 800 m from the top of the salt, and the esti-
mated age for these sediments is early Oligocene.

Sampling is irregularly distributed through the struc-
tures, because the presence of strain markers is highly
dependent on lithology. The frontal thrust wedge (El
Guix Anticline) was profusely sampled, especially in the
north (1 sample every 25 m), whereas no strain markers
have been found in the central syncline (Figure 11). The
El Guix Anticline was also sampled 10 km to the west
(Figure 10), in younger sediments (1000 m above the
top of the salt). The Strria Anticline was sampled in the
footwall of the main back thrust, and the Cardona Anti-
cline was sampled in the northern limb of the anticline
(Figure 11).

The oriented samples were photographed and
drawn for analysis by the IMAT program developed by
the Serveis Cientifico-Tecnics of the Universitat de Bar-
celona (Durney, 1995). This program analyzes the image
and determines the long and short axes, the area and the
perimeter of the strain marker, and orientation of the
long axis with respect to a reference line. These data are
then processed by the GRFRFP program, developed at
Barcelona University (Durney, 1995), which calculates
the mean elongation value (Rf) and orientation (¢) by
interactive retrodeformation of the set of ellipses to an
isotropic distribution (where In (Rf)/2¢ vector mean is
equal to zero).

The results presented here will be grouped in struc-
tural localities, which are separated by main thrusts or
structural elements (Table 2 and Figure 11). To quan-
tifty penetrative strain, the Z axis is assumed to be con-
tained in the bedding planes, because incipient cleavage
is normal to bedding (Sans and Vergés, 1995). Also, a
plane strain value is assumed for the area (Y = 1). This
assumption is based on (1) lack of extensional struc-
tures perpendicular to the folds along strike; (2) absence
of folds in the salt layer along strike that would indicate
flow of the salt in a direction different from the over-
burden transport direction; and (3) minimum deforma-
tion of the halite grain shape (strain markers) in a sec-
tion perpendicular to the shortening direction (Miralles,
1999).

The calculated ellipticity of the strain ellipsoid in
the YZ section (bedding plane, Table 2) changes from
1.0 below the detachment to 1.2/1.3 above the detach-
ment. This indicates the effective decoupling achieved
by the Cardona salt formation. In contrast, there is no
significant increase in ellipticity across the frontal thrust
wedge, where the ellipticity is R = 1.2 in all the sampled
localities—even in those measured along strike in a
stratigraphically different position. There is also no sig-
nificant increase between the frontal thrust wedge and
the northernmost anticline located 30 km to the north.
There is a slight increase in the Saria Anticline, where
the samples were collected very close to the main back
thrust. The deformation of these strain ellipses was
achieved before folding and thrusting, because after
unfolding, the strain ellipses in neighboring localities
have the same orientation and values in beds that are
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horizontal as they have in vertical or inclined beds. The
orientation of the strain ellipsoid has a good gathering
in the three sampled anticlines (El Guix, Cardona, and
Suria). The azimuth of the Y axis varies from N74 to
N47 and N62, respectively. These orientations are par-
allel to the fold axes at the sampled localities. The
change in orientation between the three different folds
can also be seen in map view (Figure 10).

Layer-parallel shortening calculated from the elon-
gation parameters suggests 16% penetrative strain in the
frontal thrust wedge (El Guix Anticline) and the north-
ern anticline (Cardona Anticline), and 23% in the Stria
Anticline. In contrast, in the same section, shortening
accommodated by folding and thrusting is 5-6% in the
El Guix and Cardona Anticlines and 10% in the Suria
Anticline.

DISCUSSION

Penetrative strain is a significant element of short-
ening in many fold-thrust belts (Mitra, 1988, 1990). In
this chapter, we apply the results of sandbox models to
quantify the relative amount and distribution of layer-
parallel strain within a fold-thrust belt or an accretion-
ary prism. We assume that the layer-parallel compac-
tion (LPC) observed in the sandbox models (which
usually show little bed thickening) corresponds in style
to that part of layer-parallel shortening (LPS) which is
not accommodated by thickening of sedimentary lay-
ers in nature. It is worthwhile to underline, however,
that the amount of LPC observed in the models does
not equate to the amount of LPS in a natural case. How-
ever, by monitoring LPC in the models, we assume that
model results can illustrate the distribution and style of
penetrative strain within areas that have undergone
compressional tectonism.

In layers of loose sand, the amount of LPC depends
on shape and size of the sand grains and the degree of
sorting. The variation in LPC between different models
in which different types of loose sand are used is there-
fore attributed to variations in these parameters. How-
ever, the variation in LPC within the same model (e.g.,
LPC variations with depth in models 1, 2, and 4) in
which the same type of sand is used, cannot be attri-
buted to these features, but must be the result of het-
erogeneous distribution of strain within the sedimen-
tary pile of the model during its shortening.

In the sand layers of the models, penetrative strain
is accommodated by compaction through volume loss
and porosity reduction. In nature, as documented from
many thrust belts, this secondary (tectonic) compac-
tion is likely to be accommodated for by volume loss
through pressure solution and porosity reduction, but
much of the layer-parallel penetrative shortening in-

volves layer thickening. Mitra’s (1988) theoretical deri-
vation of the relationship between finite strain and ori-
ginal and final porosity indicated that little porosity is
preserved in rocks whose strain (R) exceeds 1.5.

Comparison of the restored length with the initial
length of the shortened model layers overestimates the
amount of shortening that results from LPC, because
layer thickening is not accounted for. However, com-
paring the cross-sectional area between the deformed
and the undeformed profiles accounts for any thick-
ening of the layer during shortening. Then the correct
amount of LPC can be estimated, because the decrease
in the cross-sectional area in the deformed profile is
attributed to layer-parallel compaction.

Layer-parallel compaction in our models, which
were shortened above a frictional décollement, is con-
centrated in front of and at the leading edge of the de-
formation front, where relatively less-compacted sedi-
ments are accreted (Figure 3). This is similar to the de-
formation style observed in Nankai accretionary prism,
where shortening of the soft sediments in the prism toe
is pervasive and is not just accommodated by displace-
ment along imbricate thrusts and shear bands (Karig
and Lundberg, 1990). Similarly, the active toe area in
the wedge of model 1 accommodated most of the pen-
etrative strain that the wedge experienced (Figure 3).

Within the same model (model 4), bed-length res-
toration of a section shortened above a viscous sub-
strate showed only 3.5% area loss, compared with 7%
area loss in the section shortened above a viscous sub-
strate (Figure 6¢ and d). This suggests that there may be
relatively less LPS in layers shortened above a viscous
substrate than in similar layers shortened above a fric-
tional substrate. Therefore, LPS in lithologies deformed
above, for example, a layer of salt, is expected to be rel-
atively less than it would be if these units were deformed
above a frictional substrate. This is supported by the fact
that estimated LPS in the external areas of the Spanish
Pyrenees, which are not shortened above a layer of salt,
is greater (30%) compared with LPS (20%) in the areas
shortened above a layer of salt.

However, the example of the Spanish Pyrenees
shows that even in the presence of a salt layer, a con-
siderable amount (about 20%), of penetrative strain may
be recorded in the layers shortened above the salt. This
relatively high amount of LPS above a ductile layer is
attributed to the thickness of the viscous layer and its
distribution. A thin ductile layer, whose viscous flow is
retarded by viscous drag, promotes more penetrative
strain in the overlying units than a thicker viscous layer,
which flows more easily. Before overcoming the basal
friction, early shortening is partly consumed by penetra-
tive strain within the layers. Hence, penetrative strain
would be more effective.

The variation of strain with different modeling ma-
terials shown in model 3 could be applied to natural
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cases where incompetent lithologies undergo more pen-
etrative strain than do more competent units. A good
example of this is given in the North Mountain thrust
sheet of the central Appalachians, where the incom-
petent Ordovician Martinsburg Formation shows sig-
nificantly greater strain (primarily plane strain) than
do the more competent carbonates of the same thrust
sheet (Woodward et al., 1986).

The effects of LPS must also be taken into account
when one is interpreting porosity or sonic-velocity pro-
files in terms of apparent exhumation. In many inverted
sedimentary basins (Bulat and Stoker, 1987; Menpes and
Hillis, 1995; Tonghban, 2000) exceptionally high sonic
velocities have been interpreted as remnants of earlier
burial that has been removed by erosion. It is supposed
that sedimentary rocks compact irreversibly when they
are submitted to the pressure of overburden. This com-
paction decreases porosity and therefore increases sonic
velocities. A comparison of velocity profiles in undis-
turbed and inverted basins allows us to model a mini-
mum overpressure that the rock has suffered. This over-
pressure (P,) can then be converted into minimum erod-
ed overburden (h,) using the formula h, = P,/(gp), where
& is the gravitational acceleration and p the mean den-
sity of the overburden.

In view of our results regarding LPS in shortened
areas, this relationship should, however, be used with
caution. Exhumation is certainly related to uplift. The
uplift may be caused by deep processes, acting mainly
vertically (e.g., heating of the lithosphere, or underplat-
ing), which will generally not increase the pressure in
the overlying rocks by an important amount. However,
in areas with significant horizontal shortening, invert-
ed faults and thrusting would inevitably increase the
pressure in the whole overthrust column. The horizon-
tal force per unit length necessary to overcome gravita-
tional and frictional forces along a thrust are given by
the following formula (Turcotte and Schubert, 1982,
p. 354):

o (- W
* 7 sin(26) — f(1 cos(25))

(2)

where fis the frictional coefficient (usually 0.7-0.85),
p the average density of the hanging-wall rocks, g the
gravitational acceleration, A the pore pressure coeffi-
cient, H the thickness of the thrust sheet, and 8 the
angle of the thrust fault with the horizontal.

The minimum force is necessary for an angle 8 =
0.5*arctan(1/f), giving

i 2
p, — P81 = MH? 3)
VvV1+£2-f

The average tectonic stress amounts to oxx = Fx/H and
can be written as a function of the lithostatic pressure

P = pgH at the base of the thrust sheet:

f

V14— f

In situations of reasonable f and hydrostatic pore
pressure, the average tectonic horizontal stress is be-
tween 50% and 100% of the lithostatic pressure at the
base of the thrust sheet. Because this additional stress
may increase the pressure by the same amount or more
than would a possible eroded overburden, it is highly
probable that exhumation estimates based on sonic ve-
locity interpretations often are too large. In other words,
in shortened or inverted areas, estimates of burial depth
that are based on the compaction of units may be too
high when the effect of horizontal compaction resulting
from lateral shortening is not accounted for.

#(1=1)*P (4)

Oxx =

CONCLUSIONS

Analyses of sequential sections of sand models dem-
onstrate the following.

1) Layer-parallel shortening, achieved mainly by layer-
parallel compaction, is a significant component of
deformation in sand models.

2) LPC dominates at deep levels, imbrication prevails
at shallow levels.

3) Layers shortened above a weak, viscous substrate
undergo less LPC relative to those shortened above
a frictional décollement.

4) Penetrative strain varies in space (vertically and lat-
erally), in time, with the type of modeling granular
material, and with bulk shortening. At any given
time, LPC is accommodated mainly within the
youngest of the imbricate sheets.

In the sand layers of the models, LPC is accommo-
dated by volume loss through porosity reduction. In
nature, as documented from many thrust belts, this
secondary (tectonic) compaction is likely to be accom-
modated by volume loss through pressure solution and
porosity reduction, although a significant component
of layer-parallel shortening may be balanced by layer
thickening. This compactional deformation mecha-
nism plays a significant role in determining the poros-
ity and permeability of reservoir rocks in fold-thrust
belts.

When applied to nature, our model results indicate
that penetrative strain is heterogeneous in space and
time in fold-thrust belts. Analyses of strain markers in
the Spanish Pyrenees show that as much as 20% of the
bulk shortening may be accommodated by LPS in the
external areas.
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