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ABSTRACT

The Canyon Range syncline, Central Utah, is composed of an alternating sequence of competent quartzite
and incompetent argillite layers and is used here as a natural case study of multilayer folding processes.
Geometric details of this fold are evaluated in terms of energy consumption in order to determine which
kinematic components of folding are dominant at various stages of fold tightening. In addition, this paper
attempts to evaluate what mechanism(s) (e.g. kink folding, fracture formation and sliding along surfaces)
are involved in each kinematic component.

In general, the patterns preserved in the Canyon Range syncline are comparable to multilayer folding
models. In more detail, the following is concluded from this case study. (1) The competent and
incompetent members deformed primarily by cataclastic flow and consumed approximately equal
amounts of energy. (2) The roles of original competent and incompetent layers reversed during folding.
(3) As the syncline tightened, less energy was consumed with increasing hinge fractions. (4) The least
amount of energy was consumed with 40° limb dips (i.e., 100° interlimb angle). (5) With an open fold
geometry (interlimb angle >140°), the hinge region consumed ~ 70% of the fold’s total energy. (6) Once
the fold reached an interlimb angle of ~60°, the limbs consume close to 70% of the total energy. (7)
When the fold reached an interlimb angle of <60°, the incompetent layer(s) consumed ~90% of the

fold’s energy.

© 2008 Elsevier Ltd. All rights reserved.

1. Introduction

The Canyon Range syncline, Central Utah, is a well understood
multilayer fold composed of an alternating sequence of competent
and incompetent layers. Different stages of the syncline’s folding
history have been tracked on the basis of detailed geometric
analyses. The Canyon Range syncline is re-examined here in terms
of energy consumption in order to provide more detailed
constraints to the fold’s geometry for various stages of its defor-
mation history (Mitra and Boyer, 1986; Masek and Duncan, 1998;
Cooke and Murphy, 2004). The syncline’s geometry is used to
evaluate the relative competencies of the folded layers at various
stages of fold tightening. The amount of energy consumed by a fold
during its formation is a function of the relative competencies of
the layers and the processes involved in folding.

Bayly (1974) was one of the earliest geologists to examine the
development of (theoretical) multilayer folds in terms of energy
consumption. This paper applies the approach of Bayly (1974) to
a natural multilayer fold; his seminal work is focused on for two
main reasons. First, the equations he developed to estimate energy
consumption are based on fold geometry. Therefore, these equations

* Tel.: +1 1717 358 4485; fax: +1 1717 291 4186.
E-mail address: zeshan.ismat@fandm.edu

0191-8141/$ - see front matter © 2008 Elsevier Ltd. All rights reserved.
doi:10.1016/j.jsg.2008.10.006

are applicable to most folds formed under a wide range of
deformation conditions. Second, the equations are very flexible;
different values for limb dips (interlimb angle), bed thickness,
competency contrast, hinge fraction, etc. can be assigned for each
stage of folding.

Similar to Bayly (1974), the Canyon Range syncline is parti-
tioned into four sub-regions, which are used to define five major
kinematic components of folding: limb shear, limb thickening/
thinning, hinge shear, hinge thickening/thinning, and hinge
curvature (Fig. 1a). These kinematic components are tracked in
order to document where folding energy is expended at different
stages of fold tightening (Fig. 1a and b). This analysis provides
information on the relative competencies of the folded layers,
which ultimately influence the fold shape. The activity/inactivity of
the five kinematic components controls the resulting fold geom-
etry; these results are compared to existing multilayer folding
models.

The goals of this paper are the following. (1) Determine how
much total energy is consumed by the Canyon Range syncline
during fold tightening and assess how a variety of mechanisms (e.g.
kink folding, fracture formation and sliding along surfaces)
contribute to this total value. (2) Determine which kinematic
components are used at various stages of fold tightening and, more
specifically. (3) How the competent and incompetent layers
contribute to these five kinematic components.
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Fig. 1. (a) Two dimensional model of an upright, symmetrical multilayer fold illus-
trating five kinematic components of folding: (1) competent hinge curvature, (2)
incompetent limb thickening/thinning, (3) incompetent limb layer-parallel shear, (4)
incompetent hinge thickening/thinning, and (5) incompetent hinge layer-parallel
shear (adapted from (Bayly 1974)). (b) (see Appendix) Variables used to construct
multilayer fold model. « is the limb dip. [ is the median length of the hinge region and k
is the median length of the limb; both are measured along the center line within the
competent member. Solid gray line with double headed arrow separates the limb
region from the hinge region, and can be adjusted depending upon fold geometry. 1/
(I+ k) defines the hinge fraction. 2h; is the thickness of the competent member, and is
assumed to be constant throughout the fold. 2h; is the thickness of the incompetent
hinge. 2j, is the average thickness of the incompetent limb, and is measured at the
mid-point of the limb’s median length (mid-point of length k).

2. Natural case study
2.1. Overview

The Canyon Range (CR) syncline, part of the folded CR thrust
sheet of the Sevier fold-thrust belt, is used as a natural case study
(Figs. 2 and 3). More specifically, this analysis focuses on the core of
the CR syncline (Fig. 3a), which is defined by the Pioche Formation,
a unit made up of interbedded quartzites and argillites (Fig. 3b).

Cores of folds hold critical clues to the evolution of a folded
region because structures that accommodate space problems are
typically localized there. Based on the CR syncline, the following
questions regarding fold tightening are addressed in terms of
energy consumption. (1) What are the roles of the competent and
incompetent layers and how, when and where do they interact with
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Fig. 2. Southern portion of the Sevier FTB. Boxed area is enlarged in Fig. 3.

each other? Here, competency is described as the ‘degree of
ductility’ (Treagus, 1988, 1993). The shape (i.e., fold class) of the
folded layers can geometrically illustrate the degree of ductility
(Ramsay, 1974). (2) How does the hinge fraction vary during fold
tightening and how it may influence the overall fold shape?

The core of the CR syncline is an ideal fold to study for various
reasons. First, this portion of the fold is very well exposed. Second,
most of its fold tightening occurred under shallow crustal condi-
tions (<5 km depth), i.e.,, within the elastico-frictional regime
(Ismat and Benford, 2007). Because the deformation took place at
temperatures and pressures lower than greenschist grade, cross-
cutting and overprinting relationships are well preserved. In the
elastico-frictional regime, deformation takes place primarily by
fracturing and cataclastic flow, so the folding history can be
unraveled by tracking fracture patterns and other structures
preserved in the syncline (Ismat and Mitra, 2005a). Third, the fold is
tight (interlimb angle ~52°), so folding behavior can be traced for
a wide range of fold geometries (Fig. 3b). Fourth, the core of this
syncline is composed of an alternating sequence of competent
quartzite and incompetent argillite layers (Fig. 3b). So, this fold can
be directly compared to multilayer folding models. Finally, the fold
formed under a consistent overall E-W sub-horizontal shortening
direction, so folding related complexities are minimized (Ismat and
Mitra, 2001a, 2005a,b).

2.2. Structures associated with fold tightening

Conjugate—conjugate fracture sets (Reches, 1978a, 1983) are
preserved in the Pioche quartzite and a minimum of two cleavage
sets are preserved in the Pioche argillite. Slickenlines preserved on
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Fig. 3. (a) Geologic map and stratigraphic column of the Canyon Range (CR). The Cambrian Pioche Formation (Cp) is shaded. (b) Enlarged from boxed area in part (a). Down-plunge
projection of the Pioche Formation. The argillite layer is shaded light gray and the quartzite layers are shaded dark gray. Box-fold geometry of the Pioche fold is shown as black lines;
the length and geometry of this box shape is used in the construction in Fig. 6. Locations of the second-order parasitic folds are shown with white squares. White circle shows
location of relict synformal hinge. (c) Equal-Area plot of relict synformal hinge. Great circles illustrate the average bedding orientations of the east and west limbs. The angle
between the poles to bedding (Peast 1imb and Pwest 1imp) iS 132° and defines its interlimb angle.
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the fractures sets result in an average m-pole (i.e., pole to the
average motion plane) plunging 10° toward 358°. Detailed bedding
and fracture population data collected from asymmetric parasitic
folds (10 m scale), which are all found close to the hinge region,
plunge ~10° toward 359° (Ismat and Benford, 2007). Both of these
have gentler plunges than the overall plunge of the CR syncline
(32°, 337°). Because of this, it has been interpreted that the CR
syncline had already developed a plunge of ~20° before these

West-limb

Hinge region

structures developed (Lawton et al, 1997; Ismat and Benford,
2007). So, the slickenlines and parasitic folds do not track the CR
syncline’s entire folding history; they formed during an interme-
diate or late stage of folding. In addition, because the plunges of the
m-pole and the parasitic folds are similar, we can say that they
formed at approximately the same intermediate or late stage (Ismat
and Benford, 2007).

A synformal hinge, much larger than the parasitic folds, is
preserved within the east limb of the first-order CR syncline (Fig. 3b
and c). This (eastern) hinge plunges 34° toward 333° and has
interlimb angle of 132° (Fig. 3c). Earlier work suggests that this
synformal hinge is the inactive hinge of an original double-kink box
fold, while the current hinge of the first-order CR syncline is the
other kink hinge that continued to be active (Ismat and Benford,
2007).

2.3. The role of ‘competent’ and ‘incompetent’ layers

The conjugate-conjugate sets of fractures preserved in the
Pioche quartzite yield shortening directions that are sub-parallel to
bedding in both the limbs and hinge of the fold (Fig. 4); this
orientation suggests that the fractures formed when the beds were
sub-horizontal, accommodating layer-parallel shortening (LPS)
(Fig. 5a and b) (Ismat and Benford, 2007). The four fracture sets, and
bedding, define rhomb-shaped blocks, which slid past each other in
order to accommodate folding by (block-supported) cataclastic
flow. Sliding can take place along surfaces that lie within ~60° of
the maximum shortening or extension direction (Donath and
Parker, 1964; Paterson, 1978; Twiss and Moores, 1992).

Three-dimensional ductile deformation, such as cataclastic flow,
can be accommodated by slip on five independent slip systems (i.e.,
von Mises criterion) (Paterson, 1978; Twiss and Moores, 1992).
These slip systems can include fracture and cleavage surfaces
(Mandl, 2000). In natural rocks, this requirement for five inde-
pendent slip systems is relaxed due to natural heterogeneities
(Paterson, 1978). Experimental work on homogeneous deformation
of quartzites suggests that the fifth slip system is close to two
orders of magnitude less active than the most active slip system
and that the fourth slip system is almost one order of magnitude
less active (Lister et al., 1978; Paterson, 1978). Previous work in the
CR syncline reveals similar results; ductile deformation via (block-
supported) cataclastic flow was accommodated by sliding on
a minimum of three surfaces (Ismat and Mitra, 2001a; Ismat, 2006).

As the limbs rotated with progressive fold tightening, the
conjugate-conjugate fracture sets were passively rotated and later
reactivated (via renewed slip) to accommodate thinning and
vertical stretching of the limbs, while fractures in the hinge region
continued to accommodate shortening and thickening of the beds

East-limb

Fig. 4. Fracture networks from the west limb, hinge region and east limb of the Pioche quartzite layers. Fractures were weighted and plotted as poles on Equal Area nets. Average
fracture sets, determined from the pole concentrations, are plotted as great circles. The poles to these great circles are shown as gray squares. Shortening/extension directions (black
dots) are determined from the acute bisector of the conjugate-conjugate fracture sets. The average bedding orientation is represented as a dashed great circle.
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Fig. 5. (a) Kinematic model of the Pioche Formation and associated Equal-Area plots illustrating rotated fracture and cleavage sets (see Table 1). Bedding is shown as a dashed great
circle. (b) Graph illustrating number of active surfaces (fractures, cleavages, bedding) in the Pioche quartzite and argillite for different increments of fold tightening, i.e., limb dip (see
Table 1). Horizontal dashed lines mark the point below which (block-suported) cataclastic flow cannot be the dominant deformation mechanism.
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(Fig. 5a) (Ismat and Benford, 2007). As the fold tightened, the
incompetent Pioche argillite deformed and flowed from the limbs
to the hinge (Fig. 3b), also by cataclastic flow, as rhomb-shaped
blocks defined by two sets of LPS cleavage surfaces plus bedding,
slid past one another (Fig. 5a).

After the CR syncline’s limbs reached dips of ~40° (interlimb
angle of 100°), folding continued by rotation of the west limb
(Fig. 5a) (Ismat and Mitra, 2005b). Based on the model illustrated in
Fig. 5a and b, at this stage, the number of ‘active’ fracture sets, i.e.,
those in positions for reactivation, decreased from 5 to 3, while all
three surfaces in the argillite remained in positions for reactivation
(Table 1). So, as cataclastic flow in the quartzite became less
effective, the role of the argillite unit in the folding process became
more prominent.

Once the west limb reached a limb dip of 60° (80° interlimb
angle), the fractures and cleavages rotated into positions to
accommodate limb thinning and extension. Three surfaces in the
quartzite were in positions for reactivation, while only two surfaces
were active in the argillite. Therefore, cataclastic flow may not have
been the only process responsible for limb rotation at this fold
stage; flexural slip may have assisted migration of the incompetent
argillite to the hinge region in order to fill a potential gap (i.e.,
saddle reef) there.

Beyond a limb dip of 80° (interlimb angle <60°), the fractures
and cleavage surfaces were rotated into positions where
a minimum of 4-5 surfaces in the quartzite and all three surfaces in
the argillite were reactivated to accommodate vertical limb thin-
ning and stretching (Fig. 5b, Table 1). So, in the later stages of fold
tightening (>80° limb dip), the quartzite and argillite members
equally influenced the Pioche fold’s geometry, where the compe-
tent layer ‘softened’ and flowed with the incompetent argillite.

Many models predict that once a fold reaches an interlimb angle
of ~60° (i.e., limb dips of 60°), the fold ‘locks’ because the

Table 1

Fracture, cleavage and bedding orientation for various stages of fold tightening.
S and E indicate active surfaces that accommodated shortening and extension,
respectively. N identifies those surfaces that are not in orientations for reactivation.

West-limb Fold axis Bed orientation Fractures Cleavages
dip (°) (plunge,trend) (quartzite) (argillite)
00 00,000 00,000 (S) 30,240 (S)
30,060 (S) 40,270 (S)
30,300 (S) 15,270 (S)
30,120 (S)
20 00,000 20,090 (S) 16,204 (S)
48,070 (S) 20,270 (S)
16,336 (S) 05,090 (S)
48,110 (S)
40 00,000 40,090 (S) 20,138 (S)
67,074 (E) 00,247 (S)
20,042 (S) 25,090 (S)
67,106 (E)
60 20,350 65,070 (E) 36,077 (S)
85,246 (E) 30,042
(N)
50,039 (N) 52,063 (S/
E)
85,093 (E)
80 30,345 89,072 (E) 59,073 (E)
61,251 (E) 55,050
(E)
74,046 (N) 76,065
(E)
76,278 (E)
100 30,345 74,262 (E) 76,082 (E)
44,262 (E) 71,062 (E)
90,236 (E) 87,255 (E)
61,292 (E)

competent limbs can no longer rotate and that beyond this ‘locking’
point, the incompetent member controls the folding process
(Ramsay, 1974; Williams, 1980). The natural case study examined
here suggests a slightly different scenario. There does not appear to
be a ‘locking point’, but instead a gradual change between 40° and
60° limb dips (i.e., between 100° and 80° interlimb angles) during
which the argillite controlled the fold geometry.

As folding progressed, argillite migrated from the limbs to the
hinge; this may have induced the formation of parasitic folds in the
hinge region to accommodate excess volume of material there. At
the same time, the Pioche quartzite layers moved closer together in
the limbs as the argillite moved from the limbs to the hinge. Early
LPS fracture sets were reactivated to accommodate vertical limb
thinning and extension. This late stage reactivation is evidenced by
slickenlines, which are predominantly preserved on those fracture
sets within steep beds of the west limb. Because of this concurrent
argillite migration and fracture reactivation, the average m-pole
and the parasitic folds share similar orientations.

2.4. Summary of kinematic history

The kinematic details for folding of the CR syncline are based on
the data, analysis and interpretation of the structures preserved in
its core, as presented above. The following is a summary of this
kinematic history.

1. Early LPS cleavage surfaces formed in the Pioche argillite and
LPS conjugate-conjugate fracture sets developed in the Pioche
quartzite, both when the Pioche unit was sub-horizontal.

2. Up to limb dips of ~40° (i.e., ~100° interlimb angle), the
Pioche unit has a double-kink box-fold geometry. Folding was
controlled by (block-supported) cataclastic flow by reactivating
the early LPS conjugate-conjugate fracture sets in the quartzite
layers.

3. Beyond ~40° limb dips, the western hinge of the double-kink
remained active while the eastern hinge was absorbed into the
east limb of the first-order CR syncline and is preserved as
a relict feature.

4. Between limb dips of ~40° and 60° (i.e., between interlimb
angles of 100° and 80°), the incompetent argillite member began
to control the folding process. The Pioche argillite flowed from
the limbs to the hinge in order to maintain contact between the
competent quartzite layers (Donath and Parker, 1964).

5. During argillite migration from the limbs to the hinge, parasitic
folds formed in the hinge region, possibly in response to the
excess volume there.

6. Beyond a limb dip of ~80° (i.e., interlimb angle of <60°), the
Pioche quartzite and argillite contributed equally to the fold
shape as both deformed by cataclastic flow.

3. General work equations

The five kinematic components of folding (Bayly, 1974) used in
this paper perform work in the form of internal deformation within
a fold. The mechanisms used to accommodate these five folding
components require input of energy, which can be summed to
estimate the total work for internal deformation. This internal work
value is an estimate of the mechanical work done in producing the
observed structure and so gives the minimum amount of energy
consumed. Other forms of energy may have been stored elastically
and/or were dissipated as heat. Because there is no record for this in
the rocks, it is not incorporated into the total internal work equa-
tion. In the elastico-frictional regime, the work for internal energy
is given by

Wi = Wy + Wr + Ws (1)
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(Elliott, 1976b; Mitra and Boyer, 1986; Ismat and Mitra, 2005a;
Cooke and Murphy, 2004), where the total internal work (W) is the
sum of the work involved in kinking (W), the work involved in
formation of outcrop-scale fractures and cleavage surfaces (Ws), and
the work involved in shearing along outcrop-scale fractures and
other surfaces (Ws). The details of these terms are discussed in order.
It should be noted that for contractional orogenic belts, the total
work required to accommodate deformation in the upper crust by
elastico-frictional mechanisms is nearly identical to the amount of
work required to accommodate deformation at deeper levels by
crystal-plastic deformation mechanisms (Ismat and Mitra, 2005a).

3.1. Kink folding

Fold shapes are represented as kink folds for a simple, first-order
calculation. The work involved for kink folding is

Wk = ribAIOOOtan 0 J, (2)

where 7j, is the interbed shear stress, A is the cross-sectional area of
the folded unit, 1000 m is its unit width, and 4 is the kink angle
(Mitra and Boyer, 1986; Ismat and Mitra, 2005a).

3.2. Fracture and cleavage formation

The estimated work done by fracturing (Wt quartzite) only
includes work needed in propagating fractures and ignores fracture
nucleation work because that quantity is usually negligible (Elliott,
1976a).

SA

Wf—quartzite = 567‘/5 .]7 (3)

where S, is the surface energy/area of the fracture surfaces, SA/V is
the surface area/volume ratio of the outcrop-scale fracture-bound
blocks and Vs is the volume of the folded unit.

The work done in forming the outcrop-scale cleavage surfaces
within the Pioche argillite is determined by solving for the
maximum shear stress (tmax) from the general equation for pres-
sure solution (i.e., Coble creep in the presence of water) and
multiplying this value by the total volume of cleavage zones. The
general equation for pressure solution is

_ AVDéodiffe;T?
RTd3 ’

where ¢ is the strain rate, / is a dimensional parameter based on
a model for the arrangement of grains, V is the molar volume, D is
the diffusion coefficient, ¢ is the grain boundary width, agif is the
differential stress, R is Boltzman’s constant (8.3 J/(mol K)), T is the
absolute temperature, d is the grain size and H is the activation
enthalpy for grain boundary diffusion (Knipe, 1989; Farver and
Yund, 1991; Twiss and Moores, 1992; Passchier and Trouw, 1996;
Blenkinsop, 2000). The maximum shear stress (tmax) is one-half of
the aqjfr value.

(4)

3.3. Shearing along surfaces

The amount of work required to slide along surfaces/zones (to
accommodate cataclastic flow) is calculated by first determining
how much work is required to slide along one surface (e.g. fracture)
and then multiplying this value by the total number of surfaces in
the deforming unit. The displacement along each surface/zone is
calculated from a power-law relationship between the log of the
average zone thickness (t) versus the log of the average displace-
ment along that zone (u), and has the form

u = pt* (5)

where « is the exponent (slope) and g is the pre-exponent (anti-log
of the intercept) (Hull, 1988; Mitra, 1993).

The amount of work required to slide on an individual outcrop-
scale surface is

ws = asul? |, (6)

where g is the sliding stress, u is the average displacement, and 2
is the average surface area of each outcrop-scale surface (Elliott,
1976b; Mitra, 1993; Cooke and Murphy, 2004). The sliding stress
(as) is estimated by using the Navier—-Coulomb fracture criterion,

0s = C+ uop (7)

where c is the cohesive strength, g, is the normal stress and u is the
coefficient of internal friction.

4. Work results: natural case study

Unraveling the details for the amount of energy consumed
during folding of the Pioche unit begins by considering the total
work involved. The total amount of work required to emplace
a 1 km slice of the CR thrust sheet has already been calculated in
a previous paper to be 7 x 101]J (Ismat and Mitra, 2005a). The
principal mechanisms involved in folding (e.g. shearing, kinking,
propagation) are the same as those involved in thrust-sheet
emplacement. Based on the thrust sheet’s work estimate, the
volume of the thrust sheet (2.3 x 10'? m?, for a slice of the thrust
sheet 1 km thick) and the volume of the Pioche unit in the fold
(4.6 x 108 m3, for a 1 km thick slice of the thrust sheet), the total
amount of work involved in folding the Pioche unit is estimated to
be ~1.4 x10'8].

4.1. Kink folding

The uniaxial compressive strength of argillite is 50-100 MPa and
quartzite has a uniaxial compressive strength of >250 MPa (Dew-
hurst and Jones, 2002; Heesakkers et al., 2007; Mohamed et al.,
2008). Since the strength of quartzite is ~3-4x larger than that for
argillite, most of the work goes into folding the quartzite and the
argillite plays a passive role in the kink folding process. Because of
this, work needed for kink folding only the quartzite member is
calculated (Fig. 6).

The folding history of the Pioche unit is subdivided into three
incremental stages (Wy1, Wika, Wi3); the relict synformal hinge has
been modeled to form in the early stages (Wyq) of fold tightening
(Fig. 6). The volume of the quartzite unit considered and the kink
angle is varied for each stage so that

Wi = Wi + Wi + Wys. (8)

Wi, Wi, and Wygs are all calculated from equation (2). An interbed
shear stress (tj,) of 2 x 107 Pa is used in equation (2), based on long
term yield strength (Elliott, 1976b; Ismat and Mitra, 2005a).
Substituting these three kink folding values into equation (8),

W, =34x10" J+54x10"° J+3.0x 10" ] 9)
W, = 9.1 x 1015 J.

4.2. Fracture and cleavage formation

The quartzite member of the Pioche unit is considered for the
work involved in forming fractures; the argillite did not fracture,
rather it formed early LPS cleavage surfaces. The average SA/V ratio
of the outcrop-scale rhomb-shaped fracture-bound blocks is
6.2 x 10 m~!; this value is determined from scaled clay block
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k\ relict

Wiy = [(t3,)(A4)(1000)(tan 6)]
where:

A, =2x10°m?

6 =40° tan 6 =0.84

W, = (15,)(A2)(1000)(tan 6)
where:

A,=1x10°m?

6 =110%-40°=70°;tan =27

W3 = (1j5)(A3)(1000)(tan 6)
where:

A, =4.2x10* m?

6 =20°;tan 6=0.36

Fig. 6. Kinematic history of the Pioche fold, illustrated as three kink-fold stages (W1, Wka, and Wis3). The volume of both quartzite layers are combined and modeled as one thick
layer (see equation (2)). The geometry of the final kink fold (Wy3) matches the present-day kink geometry, shown in Fig. 3b.

models (see Ismat and Mitra, 20053, Data Repository 1, for
a detailed description of this method). The folded quartzite volume
(Vs) for a unit width of 1000 m is 2.3 x 103 m?, i.e.,, half of the
volume of the folded Pioche unit. A surface energy/area (Se) value of
55]m~2 is used (typical values range from 10 to 100 Jm~2); this
empirical value includes the energy needed to propagate the plastic
zone at the fracture tip (Paterson, 1978; Mitra and Boyer, 1986).
Substituting into equation (3)

Wf—quartzite =78x 10" I (10)

The argillite unit comprises the other half of the Pioche unit, i.e.,
2.3 x 108 m>, and is subdivided into rhomb-shaped blocks. The
argillite rhombs are delineated by a minimum of two cleavage
surfaces. Each cleavage is estimated to be 2 m long (L), 2 m wide,
and 0.002 m thick (t), resulting in an average volume of one
cleavage surface to be 8 x 10> m>. Approximately 10% of the
argillite is comprised of cleavage surfaces, so there are ~2.9 x 10°
total cleavage surfaces within the argillite member, giving a total
volume of cleavage surfaces (Cror) of 2.3 x 107 m>.

Pressure solution takes place within a range of natural geologic
strain rates from 10712 s~ to 107> s—1. Based on earlier work in the
CR (Ismat and Mitra, 2005a) and estimated strain rates for defor-
mation the upper crust (Carter and Tsenn, 1987; Dahlen and Barr,
1989; Jeng et al., 2002), an average strain rate of 10~ s~ is used.
Based on experimental work on quartz, an average estimate of 90 is
used for / (typical values for 4 range from 40 to 140), a V value of
2.6 x 107> m>/mol is used, D is estimated to be 7.5 x 107’ m?/s,
advalue of 4 x 10~ m is input, H is estimated to be 7.4 x 10% J/mol,
advalue of 5 x 10~ is applied, and a T value of 423 K (i.e., 150 °C) is
used, based on an average geothermal gradient of ~30 °C/km for
this area during folding (Fletcher, 1984; Craddock, 1986; Ismat and
Mitra, 2005a). (At 100 MPa mean stress, average temperatures for

diffusion range from 100 to 600 °C) (Rutter, 1976; Passchier and
Trouw, 1996; Blenkinsop, 2000; Labotka et al., 2000). Substituting
these values into equation (4),

ogir = 8.9 x 108 Pa. (11)

The maximum shear stress (tmax) is one-half of the aqjf value, so
that

Tmax = 4.5 x 10% Pa. (12)

The total amount of work required to form the observed
cleavage sets in the Pioche argillite (We.argiliite) is

We-argiliite = 0pCror = 1.2 x 101° |. (13)

4.3. Shearing along surfaces

The quartzite and argillite members of the Pioche Formation
both deformed by (block-supported) cataclastic flow. Fracture
networks in the quartzite and cleavage surfaces in the argillite
define rhomb-shaped blocks.

The fractures bounding quartzite outcrop-scale blocks are thin,
4-5 sided tabular zones ~0.2 m long (L) and 0.2 m wide with an
average thickness (t) of ~0.004 m; the average volume of one
fracture surface/zone is ~ 1.6 x 10~% m>. In equation (5), 8 typically
ranges from 10 to 1000 (McClintock and Argon, 1966; Reed-Hill,
1973; Hull, 1988; Evans, 1990; Mitra, 1993). Here, a ( value of 10 (a
conservative estimate using the smallest likely displacement on the
surface) is used. An « value of 0.97 is used, which suggests a near
linear relationship between zone thickness and displacement along
that zone for over seven orders of magnitude. This relationship is
based on data from over 113 fault zones that were accommodated
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primarily by cataclastic flow (Hull, 1988; Evans, 1990; Mitra, 1993).
Substituting into equation (5),

u=472x10"2% m. (14)

Based on a detailed analysis of the outcrop-scale fracture
morphology, we estimate that ~1% of the quartzite member is
made up of outcrop-scale fractures. The volume of the quartzite
layer is 2.3 x 108 m®. Therefore, the total volume of fractures in the
quartzite is 2.3 x 108 m>. From this, we estimate that ~ 1.4 x 10'°
outcrop-scale fractures developed within the quartzite member of
the Pioche unit.

A cohesive strength (c) of 0.5 x 10% Pa is used for quartzite
(Twiss and Moores, 1992; Mandl, 2000; Scholz, 2002). Based on
a depth of deformation of ~4-5km, o, is estimated to be
1.1 x 10® Pa. The value for the coefficient of internal friction () used
is 0.7; this value is the average of the frictional sliding criterion
(u=0.81) and the coefficient of internal friction associated with
new fracture development for the Coulomb fracture criterion
(n=0.6) because cataclastic flow occurs by fracturing and sliding
(Ismat and Mitra, 2005a). Substituting into equation (7),

os = 1.3 x 10® Pa. (15)

From this, and an average displacement (u) of 4.72 x 1072 m on
each fracture surface, the amount of work required to slide along
one outcrop-scale fracture is determined from equation (6) to be

ws = 2.5 x 10° |. (16)

The work required for sliding along all the outcrop-scale frac-
tures is

Wqiz-1 = »_ = 3.5x 10" ]. (17)

Ws

Additional late-stage sliding along fracture networks took place
within the west limb, as indicated by slickensided fracture surfaces
that are concentrated there. Because of this, an additional compo-
nent for sliding along the west-limb fracture sets (Wsqtz-west limb) iS
added to the Wsqt,—1 value. The volume of the quartzite in the west
limb is ~1.17 x 108 m>. Therefore, the total volume of the fractures
in the west limb is ~1.17 x 108 m?, or ~7.3 x 10° fractures. Using
the same value for the amount of work required to slide along one
fracture, as calculated in equation (16),

Wsqtz-west limb = Z =18x10" J. (18)

Ws

(Note: it is assumed that the displacements on the surfaces are
the same as calculated earlier). So, the total amount of work
required to slide on the fractures within the quartzite is

Ws—quartzite = qutz—l + qutz—west limb = 53 x 1015 J (19)

The work involved in sliding along the cleavage surfaces within
the Pioche argillite is calculated in a similar manner. But, the
following variables considered for the argillite W term vary from
those used to calculate Ws_quartzite- First, the entire volume of the
argillite member is considered once; most of the slidings along the
cleavage surfaces take place in the later stages of fold tightening
and is equally distributed throughout the argillite. Second, an
average cleavage thickness of 0.001 m is used resulting in the
displacement along each zone (u) to be 1.15 x 102 m. (Note that
a minimum cleavage thickness is used rather than the measured
thickness of 0.002 because the thickness-displacement relation-
ship (equation (5)) is based on surface/zone thicknesses due to
shearing). The final variables that are adjusted for the argillite are
its coefficient of internal friction (u) and its cohesive strength.

Argillite is much weaker than quartzite; a u value of 0.4 and
a cohesive strength (c) of 0.5 x 107 Pa are used, which results in
a sliding stress (o) of 4.9 x 107 Pa.

Substituting into equation (6),

ws = 2.3 x 10° | (20)

for one cleavage surface. The total work required by all cleavages in
the argillite member is

Wy argitiee = »_ = 6.5 x 10" J. (21)
ws
Although the sliding stress for argillite is much smaller than
quartzite, the total surface area for all of the cleavages combined is
~21x greater than all of the quartzite surfaces. So, the work
involved for sliding along these cleavage surfaces (6.5 x 101°J) is
nearly identical the quartzite Ws term (5.3 x 10" ]).

4.4. Total work

Substituting into equation (1), the total work for the quartzite
member of the Pioche unit is

Wi-quartzite = 9.1 x 101> +7.8 x 1014 5.3 x 10"
= 15x10'° J, (22)

and the total work for the argillite member is

W-argitiite = 0+ 1.2 x 10’ + 6.5 x 1015 = 1.8 x 10'6 J.
(23)

So, the total calculated work required for folding the Pioche unit
is

Wi = We-quartzite + We-argitlite = 3.3 x 106 I (24)

This calculated total work value is very close (i.e., same order of
magnitude) to the predicted estimate of 1.4 x 10'® ], which is
based on the Pioche unit’s fraction of the total CR thrust-sheet
work estimate. Additionally, the Wiquartzite and the Wiargitiire are
similar in value. Many models suggest that the incompetent
member plays a passive role in the folding process. The work
values (equations (22)-(24)), however, indicate that the incom-
petent member, which comprises half of the Pioche unit, uses
approximately half (54%) of the total energy. The question remains
as to how each layer behaved and assisted various kinematic
components of folding.

5. Data analysis using Bayly’s model

Various combinations of mechanisms (e.g. kink folding, fracture
formation, and sliding along surfaces) accommodate different
kinematic components of folding at each increment of fold tight-
ening. The same five basic kinematic components of folding first
modeled by Bayly (1974) (limb shear, limb thickening/thinning,
hinge shear, hinge thickening/thinning, and hinge curvature) are
tracked using the folded Pioche unit of the CR syncline. Variables
unique to the CR syncline at each stage of folding (e.g. bed thick-
ness) are input into equations of Bayly (1974) to calculate how
much energy is consumed by each of the five kinematic compo-
nents during fold tightening (Fig. 7a and b).

The behavior of each of the five kinematic components for the
Pioche unit during different increments of fold tightening is plotted
on three sets of graphs (Fig. 7a and b). The equations used assume
that the fold is upright and symmetrical. Because of this, successive
folding stages are represented with increasing limb dips. The
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Fig. 7. Graphs showing energy consumption by each of the five kinematic components of folding (see Fig. 1). Symmetrical, upright folds are assumed, so fold geometry is classified
by limb dips. hy, h; and j, are adjusted for each fold geometry as follows. Assuming that the undeformed thickness of the argillite layer is 115 m and the undeformed thickness of one
of the quartzite layers is 57 m, then at 20° limb dip: hy =57 m, h, =115 m, j, =115 m; 40° limb dips: hy =57 m, h, =131 m, j, =107 m; 60° limb dips: h; =57 m, hy =148 m,
j2=49 m; 80° limb dips: h; =57 m, h, =164 m, j, =33 m. For other variable values input (e.g. competency contrasts), refer to appendix. (a) Set I is plotted in terms of non-
dimensional values, which are normalized by the viscosity of the incompetent layer. The absolute work values can be calculated by multiplying the non-dimensional values by the
viscosity of the incompetent layer. (b) Set Il is plotted in terms of percent energy consumption versus hinge fraction for four different fold geometries. (c) Energy consumption for
the present-day geometry of the CR syncline using equations of Bayly (1974) and a summation of the mechanisms involved in each kinematic component.

graphs illustrate the patterns of energy consumption for four
different hinge fractions (10%, 21%, 37%, 58%) for limb dips of 20°,
40°, 60° and 80° (i.e., interlimb angles of 140°, 100°, 60°, and 20°,
respectively) (Fig. 7a). The hinge fraction percentages and limb dips
chosen cover a wide range of natural fold shapes.

The first set of graphs (Set I) display the general patterns of
each kinematic component of folding separately as well as the
combined energy consumption for each limb dip (Fig. 7a). The
second set (Set II) is grouped by limb dip and the data are plotted
in terms of percentage in order to more clearly display the relative
contributions of each of the kinematic components at each stage
of fold tightening (Fig. 7b). In the third set of graphs, the fold
geometry that most closely matches the final state of the CR
syncline is examined more closely. The core of the CR syncline has
an interlimb angle of ~52° and a western-limb dip of 82°. In
addition, ~1/3 of the folded Pioche unit makes up the hinge
region of the present-day geometry. So, the results for a fold with
an 80° limb dip and a 37% hinge fraction are used (Fig. 7b and c).
These results are compared against the amount of work required

to form the CR syncline, which is calculated by summing the
mechanisms used in the Pioche quartzite and argillite layers
(Fig. 7c, Table 2). Details from all three sets of graphs are described
below.

5.1. Set I graph results

The first set of graphs suggest that the total amount of energy
required for folding is lower at 40° limb dips than at any other stage
of fold tightening (Fig. 7a). In many multilayer folding models, 40°
is considered to be the ‘critical threshold’ for the competent unit,
and so the rate of folding increases once this threshold is passed.
Soon after this threshold is reached, the incompetent member
strongly influences the folding process (Ramsay, 1974; Williams,
1980).

In the CR syncline, beyond limb dips of ~40° (i.e., an interlimb
angle of ~100°), only one of the fold hinges within the Pioche
unit remained active (Figs. 3b, 5a and 6). At this stage, Pioche
argillite was transported from the fold limbs to the final hinge
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Fig. 7. (continued).

location. The incompetent layer’s influence in driving the Pioche
fold shape is marked by this argillite transport (Fig. 5a and b). So,
the kinematics of the CR syncline agrees with the predicted
behavior of incompetent unit(s) for multilayer folds (Donath and
Parker, 1964; Williams, 1980).

Fig. 7a also reveals that with tighter folds, less total energy is
consumed with increasing hinge fractions. In the CR syncline,
however, the activity of only one of the two hinges beyond 40° limb
dips suggests that the hinge fraction decreased as the fold tight-
ened. So, in order to minimize energy consumption, the hinge zone

fraction for the CR syncline may have increased with material
transport from the limbs to the active hinge. This potential reduc-
tion in energy consumption may provide an alternative explanation
for the large amount of material that was transported from the
limbs to the hinge as the fold tightened.

Although the total energy consumption is a minimum at 40°
limb dips, many of the individual kinematic components do not
show a minimum at 40° limb dips. Details of the relative contri-
butions of each of the kinematic components are described in the
following section using Fig. 7b.
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Table 2

Breakdown of percent energy consumption, for the present-day geometry of the CR syncline, based on a summation of the mechanisms involved in each kinematic component.

Kinemetic Components

Using Bayly (1974) equations

Summation of mechanisms used

% Joules Mechanisms % Joules
Cambrian Pioche quartzite Competent hinge curvature 14 46 x 10" WsWeWi 111 1.7 x 10
Incompetent limb thickening/thinning 3.2 1.0 x 10" W WiWi 333 5.0 x 10"
Incompetent limb shear 28 9.2 x 10" WsWiWy 333 5.0 x 10"
Competent Incompetent hinge thickening/thinning 6 2.0 x 10" W WiWie 111 1.7 x 10"®
Incompetent hinge shear 7.4 2.4 x 10" W WiWi 11.1 1.7 x 10"
Total 46 15 x 10'® - 100 15 % 10'®
Cambrian Pioche argillite Competent hinge curvature 1.6 5.3 x 10 W 4 7.2 x 10"
Incompetent limb thickening/thinning 3.8 1.3 x 10" W Ws 342 6.2 x 10"
Incompetent limb shear 33 1.1 x 10'° W Ws 342 6.2 x 10"
Incompetent Incompetent hinge thickening/thinning 7 23 x 10® WWs 15.1 2.7 x 10"®
Incompetent hinge shear 8.6 2.8 x 10" W W; 15.1 2.7 x 10"
Total 54 1.8 x 10'® - 100 1.8 x 10'®

5.2. Set Il graph results

Based on the results from the graphs in Fig. 7b and the kinematic
details of the CR syncline, we can re-evaluate the roles of compe-
tent and incompetent units. Using the term ‘competency’ as
defined earlier, competent layers maintain constant orthogonal
thickness and undergo minimal internal deformation, i.e., maintain
a class-1B fold shape. Incompetent members, however, maintain
contact between competent layers by thickening in the hinge
region and thinning in the limbs, thereby attaining a shape close to
a class-3 fold. The question is if the roles of the competent and
incompetent layers can be reversed and/or become indistinguish-
able at some stage during folding. To answer this, the behavior of
the Pioche quartzite and argillite are compared and examined for
a wide range of fold geometries (Fig. 7b).

With 20° limb dips, the hinge thickening/thinning of the
incompetent member and the hinge curvature of the competent
member components consume ~ 70% of the total energy, most of
which is accomplished by thickening/thinning of the incompetent
member (Fig. 7b). But, previous work on other units within the CR
syncline (Ismat and Mitra, 2005b) shows that there is minimal
transport of incompetent units (e.g. Proterozoic Inkom shale)
(Fig. 3a) until the fold reached limb dips of 40°. During the early
stages of folding, the CR syncline adjusted bed thicknesses by
intense cataclastic flow within the hinge region of the competent
quartzite units (e.g. Proterozoic Caddy Canyon, Eocambrian Tintic)
(Fig. 3a) (Ismat and Mitra, 2001a, 2005a,b). This behavior is
extended to the Pioche unit, which implies that the hinge thickness
changes took place in the early stages of folding primarily by
cataclastic flow within the Pioche quartzite member. The uniaxial
compressive strength of quartzite cataclasite (~97 MPa) is
comparable to the uniaxial compressive strength of argillite (50—
100), which is ~1/3 the strength of quartzite (>250) (Dewhurst
and Jones, 2002; Heesakkers et al., 2007; Mohamed et al., 2008). So,
at 20° limb dips, the cataclasite quartzite member within the hinge
region behaved as the incompetent layer.

Once the fold reaches limb dips of 60°, limb shear of the
incompetent member (Pioche argillite) dominates the energy
consumption (Fig. 7b). Beyond 40° limb dips, argillite was trans-
ported from the limbs to the hinge, causing quartzite layers to move
closer together in the limb region and drift apart in the hinge region
(via cataclastic flow) to accommodate these thickness changes. The
incompetent limb shear component documents this argillite
transport from the limbs and accounts for ~75% of the total energy
consumed, while all the incompetent components combined use
~90% of the total energy (Fig. 7b). The work equations (equations
(22)-(24)), however, suggest that the incompetent member should
account for approximately half of the total work required (Table 2).
So, at this stage of folding, the originally competent quartzite layer
may have in fact behaved as an incompetent layer as it deformed by

cataclastic flow. In other words, deformation in the competent
quartzite, although not plotted separately, is actually incorporated
into the incompetent limb deformation values (Table 2, Fig. 7b).

In addition to the ‘competency’ of originally competent and
incompetent units evolving during fold tightening, the role of the
limbs and hinge may change. At 20° limb dips, hinge curvature and
hinge thickening/thinning consume the largest fraction of total
energy (~70% combined) (Fig. 7b). At 80° limb dips, limb thick-
ening/thinning and limb shear are the major consumers of energy
(~62% combined, for 58% hinge fraction) (Fig. 7b). In other words,
the hinge and limb kinematic components essentially switch roles
as the major consumer of energy during fold tightening. What this
suggests about which kinematic components have a larger influ-
ence on fold shape during different increments of fold tightening
are still unclear.

5.3. Set Ill graph results

Selected variables (see Appendix) representing the Pioche
quartzite and argillite were input into equations of Bayly (1974) to
estimate how much energy each of the five kinematic components
of folding consumed at various stages of fold tightening. Results
from these equations for a fold with an 80° limb dip and a hinge
fraction of 37% suggest that, 3% of the total energy consumed is
used to accommodate competent hinge curvature, 7% is used for
incompetent limb thickening/thinning, 61% is used for incompetent
limb shear, 13% is used for incompetent hinge thickening/thinning,
and 16% is used for incompetent hinge shear (Fig. 7b and c). The
quartzite and argillite consume 46% and 54% of the total consumed
energy, respectively. The total percentage values estimated for each
component are divided as such for the Pioche quartzite and argillite
(Table 2).

This percentage breakdown is compared to work values calcu-
lated for the mechanisms (kink folding, fracture formation, and
sliding along surfaces) used in each kinematic component of
folding (Fig. 7c, Table 2). Various combinations of the three
different mechanisms discussed here are used in each of the five
kinematic components. Different mechanisms are assigned for each
kinematic component in both the quartzite and argillite layers
making up the core of the CR syncline.

The following method is used to calculate energy consumption,
based on folding mechanisms, in each layer. First, the work values
assigned for each mechanism are subdivided into three equal parts,
two limbs and one hinge region, because the hinge region makes up
~1/3 of the folded Pioche unit. Then the hinge and limb regions are
analyzed separately for the different mechanisms that are assumed
to be involved in the hinge and limbs. The values for all mecha-
nisms used in each component are totaled and compared to the
results based on applying equations of Bayly (1974) (Fig. 7c).



984 Z. Ismat / Journal of Structural Geology 31 (2009) 972-988

5.3.1. Mechanisms used in the Pioche quartzite
9.1 x 10" J is required to kink the Pioche quartzite (W) and 1/3
of this value is consumed by the hinge region where

1 1
Wi-qtzite-hinge = Wk§ = (9-1 x 1015>§ =3x10"7 ] (25)

Three components (hinge curvature, hinge thickening/thinning
and hinge shear) are modeled here as being equally assisted by
kinking where

Wk—qtzite—hinge—curvature = Wk—qtzite—hinge—thick
15
= Wk-qtzite—hinge—shear =1x10"] (26)

Deformation in the hinge region is also assisted by the formation
of fractures (Wr) and sliding (Ws) along those fractures. 1/3 of the
fractures are in the hinge region where

1 1
Wf—qtzite-hinge = <Wf-qtzite>§: (7'8 X 1014)§: 2.6x 10]4] (27)
and

1 1
Ws—qtzite—hinge = (Ws—qtzite)§ = (5-3 X 1015)§
1.76 x 101 . (28)

It is assumed here that fracturing and sliding support the same
three kinematic components in the hinge region equally so that

Wf -qtzite-hinge-curvature — Wf -qtzite-hinge-thick ( 29 )

13
= Wf—qtzite—hinge—shear =8.7x107].

and

Ws-qtzite—hinge-curvature = Ws—qtzite-hinge-thick
14
= VWs-qtzite-hinge-shear = 5.8x10™] (30)

The total amount of work required by the quartzite layer is
1.5 x 108 ]. So, the percentage of work required to assist deforma-
tion in the hinge region of the Pioche quartzite by hinge curvature,
hinge thickening/thinning and hinge shear is

1.5x 1016
—11.1%, (31)

1x1015+8.7x1013 +5.8 x 104
thzite—hinge—curvature = < 100

and

1x101° +8.7 x 1013 + 5.8 x 1014 100
1.5 x 1016

= 11.1%, (32)

thzite—hinge—thick = <

and

W,

qtzite-hinge-shear —

1.5 x 1016
= 11.1%. (33)

15 13 14
(1><10 +8.7 %1013 +58 x 10 )100

The quartzite in the limbs of the fold accommodates folding by
using the same three mechanisms as used in the hinge region. Both
of the limbs make up 2/3 of the total volume so that

2 2
Wicquite-imbs = Wig = (9.1x10°)2 = 6x 101 | (34)

Limb thickening/thinning and limb shear are modeled here to be
assisted equally by kinking so that

15
Wk—qtzite—limbs—thick = Wk—qtzite—limbs-shear =3x107 J. (35)

Using the same method of analysis as described above, fracture
formation (W) and sliding (Ws) along those fractures in the limbs
requires

Wf—qtzite—limbs = (Wf‘thite>§ - (7'8 x 1014)%

=52x10"]

(36)

and

2 2
Wf—qtzite—limbs = (Ws—qtzite>§ = <5-3 X 1015)§
=352 x 10" J. (37)
Limb thickening/thinning and limb shear are modeled here as
being equally assisted by Wf and W, so that
Wf—qtzite—limbs—thick = Wf—qtzite—limbs—shear = 2.6x 1014 J (38)

and

15
Ws-qtzite—limbs—thick = Ws—qtzite—limbs-shear =176x10"]. (39)

The percentage of work required to assist deformation in the
limbs of the quartzite layer is

1.5x1016
=33.3%, (40)

3x1015+2.6x10%4+1.76 x 1015
Watzite-limbs-thick = < 100

and

3x101°4+2.6x101%4+1.76 x 1013 100
1.5x 1016

=33.3%. (41)

thzite—limbs—shear = (

5.3.2. Mechanisms used in the Pioche argillite.

The total amount of work required to form the cleavage sets in
the argillite (Wf_argiliite) is 1.2 x 10'® J. The hinge region consumes 1/
3 of this amount, so that

Wf—argillite—hinge =4x10” J. (42)

Hinge thickening/thinning and hinge shear likely are assisted by
Wr in the hinge region. We_argiliite-hinge i divided equally between
these two kinematic components where

15
Wf—argillite—hinge—thick = Wf—argillite—hinge—shear =2x10 I (43)

Deformation in the hinge region is also assisted by sliding along
cleavage surfaces where

Ws-argillite = 6.5x 10" I (44)

The hinge region uses 1/3 of this value, so that

Ws—argillite—hinge =216 x 10" I, (45)

and assists three components (hinge curvature, hinge thickening/
thinning and hinge shear). The amount of work required to slide
along cleavage surfaces is modeled here to be divided equally
between these three components where

Ws—argillite—hinge—curvature = Ws—argillite—hinge—thick
= Ws—argillite—hinge—shear (46)
=7.2x 10"
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The total amount of work required by the argillite layer is
1.8 x 10'®]. The percentage of work required to deform the hinge
region by hinge curvature is

7.2 x 1014 .
Wargillite—hinge—curvature = <W> 100 = 4%. (47)

The percentage of work required by hinge thickening/thinning is

2x10154+7.2x 1014
1.8x1016

Wargillite—hinge—thick = ( ) 100=15.1%, (48)

and the percentage of work required by hinge shear in the argillite is

2x10154+7.2x 1014
1.8x 1016

Wargillite—hinge—shear = < > 100=15.1%. (49)

The argillite in the limbs of the fold accommodated deformation
using the same two mechanisms. Both of the limbs make up 2/3 of
the total volume of the argillite. Therefore, the amount of work
required to form cleavage surfaces (Wt.argiliite) in the limbs is

2 2
We_argillite-limb = (Wf—argilme)§= (1 2% 1016>§=3 x101°]. (50)

Limb thickening/thinning and limb shear are modeled here to be
assisted equally by cleavage formation, so that

15

Wi _argillite-limb-thick = Ws-argillite-limb-shear = 4 x 107 J. (51)
6.5 x 10| is required for shearing along cleavage surfaces

(Ws.argiliite)- 2/3 of this is consumed in the limbs, so that

2
Wo-argilite-timbs = (6.5 x 101°)% = 432 x 10'° J. (52)

Limb thickening/thinning and limb shear are modeled here to be
equally assisted by shearing along cleavage surfaces, so that

15
We_argillite-limb-thick = Ws-argillite-limb-shear = 2-16x 107> ] (53)

The percent of work required to deform the limbs by changing
the thickness of the argillite layer and shearing within the argillite
layer are modeled here to be equivalent, so that

Wargillite-limb-thick = Wargillite-limb-shear

15 15
<4>< 1015 +2.16 x 10 )100

1.8 x 1016 (54)

= 34.2%.

5.3.3. Work distribution using equations of Bayly (1974) and folding
mechanisms.

The percent distribution for the amount of work required to
deform the Pioche quartzite and argillite is calculated here by using
(1) equations of Bayly (1974) and (2) by summing the total value of
the mechanisms involved in each kinematic component. Results
from both methods are comparable for all of the kinematic
components, except for limb shear (Fig. 7c). For both the argillite
and quartzite layers, the limb shear values calculated based on the
total of the mechanisms used to assist limb shear is ~9-10 times
greater than the values calculated using equations of Bayly (1974).

Limb shear is modeled here as being primarily assisted by W,
i.e., the work required to slide along surfaces, such as cleavage
surfaces and fractures. Sliding on a distributed network of surfaces,
i.e., (block-supported) cataclastic flow, was used to deform the
Pioche unit. The W; value makes up ~36% of the total work
involved in deforming the argillite and ~35% of the total work
involved in deforming the quartzite.

The amount of work required to accommodate limb shear may
not be comparable between these two methods used for calculating
energy consumption for the following reasons. (1) The work
required to deform the layers by cataclastic flow may involve more
work than is often considered, and so may be overlooked by some
models, such as Bayly (1974). (2) Alternatively, the work required to
deform a material by cataclastic flow may be over-estimated, and so
the results based on equations of Bayly (1974) may be more accu-
rate. But, the work estimates for thrust-sheet emplacement via
cataclastic flow are comparable to the work required to emplace
thrust sheets that are deforming by crystal-plastic mechanisms
(Ismat and Mitra, 2005a). Therefore, reason (2) may be unlikely. (3)
A more plausible explanation may be that the equal distribution of
the mechanisms used to assist the kinematic components of folding
resulted in erroneous values. Unfortunately, the field data do not
provide sufficient controls on how to distribute various proportions
of each mechanism amongst the five kinematic components.

6. Discussion
6.1. Comparison with some multilayer models

Natural folds can have very complex geometries and the kine-
matic histories for the development of folds and fold-related
structures are not always clear; crosscutting relationships are often
ambiguous and/or not well preserved. Because of this, we tend to
turn to physical, theoretical, and/or computer models to help
understand the development of natural folds and other structures
associated with folding. Current models that are most applicable to
natural folds address folding of multilayers, which are composed
of an alternating sequence of competent and incompetent units
(e.g. Ramberg, 1964; Johnson and Ellen, 1974; Summers, 1979;
Williams, 1980; Mancktelow and Abbassi, 1992; Hunt et al., 1996;
Zhang et al., 1996; Cooke et al., 2000; Jeng et al., 2002; Patton and
Watkinson, 2005).

Most multilayer folding models show that during fold tight-
ening, the competent layer(s) initially controls the fold shape.
However, beyond limb dips of ~20° (i.e., <140° interlimb angle),
the incompetent layers begin to strongly influence fold geometry
(Ramsay, 1974; Williams, 1980; Mancktelow and Abbassi, 1992).
Analysis of Bayly (1974) concurs with many other folding models in
that the competent unit controls the folding process up to limb dips
of ~40° (i.e., an interlimb angle of ~100°) (Ramsay, 1974; Williams,
1980; Hunt et al., 1996; Jeng et al., 2002). In other words, the
competent member consumes more energy than the incompetent
member during the early stages of fold tightening. By the time the
fold reaches limb dips of ~60° (i.e., an interlimb angle of ~60°), the
incompetent member consumes most of the energy used in folding.

A similar pattern of behavior is also suggested by the CR
syncline. But, during the later stages of folding (<60° interlimb
angles), both the competent quartzite and the incompetent argillite
influence the fold’s geometry as the layers change shape via cata-
clastic flow (Ismat and Benford, 2007). In other words, the
competent layer begins to ‘soften’ and flow with the incompetent
layer(s) (Ord, 1991; Guiton et al., 2003). Several analog models
allude to a similar behavior (Zhang et al., 1996; Guiton et al., 2003).

One way in which the competent layer may control a fold’s shape
in its early stages of development is by producing irregular fold
geometries, such as multiple hinges (Zhang et al., 1996). Recent
folding models have shown that at some point, only one of several
hinges will continue to amplify, so that the fold begins to localize
(Hunt et al., 1996; Zhang et al., 1996). One potential explanation
suggests that the degree of strain softening throughout the compe-
tent layer(s) may influence which hinge amplifies. These models also
reveal that during the later stages, once the incompetent unit starts
to play a larger role in influencing the fold shape, the multiple hinges
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are still preserved, although subdued (Zhang et al., 1996). This
argument may explain the origin of the double-kink box-fold
geometry within the Pioche Formation of the CR syncline.

6.2. Bending versus stretching

The graphs in Fig. 7a suggest that tighter folds consume less
energy with larger hinge fractions. This pattern may indicate how
the fold balances the proportion of bending and stretching of the
hinge (comparable to kinking and outer are extension, respectively).
The terminology is derived from current research on folding of single
thin sheets which suggests that folds tend toward shapes whose
hinges accommodate 20% stretching and 80% bending; this fold
shape consumes the least amount of energy (Kunzig, 2003; DiDonna,
2004). A single, large rounded hinge minimizes the curvature, and
thus the bending energy, but requires significant stretching. So, more
stretching is required for one large rounded hinge and more bending
is required for multiple, small angular hinges (Lobkovsky et al., 1995;
Matan et al., 2002; Kunzig, 2003; DiDonna, 2004). If a fold hinge
remains rounded during tightening, the fold shape will have a larger
proportion of stretching than is ideal to satisfy minimum energy
requirements. In other words, the dimensions of the hinge zone play
a significant role in influencing fold geometry.

As the CR syncline tightened, the Pioche unit may have balanced
the competing factors of ‘bending’ and ‘stretching’ in two ways. (1)
In the early stages of folding, the Pioche unit likely had a double-
kink box fold shape. The box fold had minimum interlimb angles of
~140°. This open geometry would require nominal stretching,
possibly accounting for less than 20% of the total energy. However,
angular hinges require a significant amount of bending energy; two
angular hinges would require even more, possibly beyond 80% of the
total energy. So, continuing folding with only one hinge may have
offset this imbalance of stretching and bending. (2) The present-day
hinge of the Pioche fold is rounded. As the interlimb angle decreased
during fold tightening, the stretching in the hinge region would have
increased - possibly beyond the ideal 20%. One way to compensate
for this excessive stretching may have been with the formation of
late-stage parasitic folds within the hinge region. The parasitic folds
are smaller and have multiple hinges, and so require more bending
energy than the first-order fold. This suggests that the amount of
bending and stretching energy consumed may be balanced across
scales. So, the parasitic folds may have a role beyond simply
accommodating space problems within the hinge region.

7. Conclusions

This analysis of the multilayer Pioche Formation of the CR
syncline has shown the following.

1. In this tight multilayer fold, the competent quartzite and
incompetent argillite members consumed equal amounts of
energy during folding.

2. Much of the folding was assisted by cataclastic flow in both the
quartzite and argillite layers.

3. The roles of original competent and incompetent layers may
reverse during folding. Moreover, both may behave as
competent or incompetent layers at various folding stages.

4. As the fold tightened, less energy was consumed with larger
hinge fractions.

5. The least amount of energy was consumed with 40° limb dips
(i.e., 100° interlimb angle).

6. With an interlimb angles >140°, the hinge region consumed
~70% of the fold’s total energy. As the fold tightened, the limbs
begin to consume more of the fold’s energy. Once the fold
reached an interlimb angle of ~60°, the limbs consume close to

70% of the total energy; the limb shear component accounts for
~3/4 of this 70%.

7. When the syncline tightened beyond an interlimb angle of ~60°,
the incompetent layer(s) consumed ~ 90% of the fold’s energy.
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Appendix

The following equations, originally derived by Bayly (1974), are
used to calculate the relative values of energy consumed for each of
the five kinematic components of folding, assuming plane strain
and constant area. The same variables used by Bayly (1974) are
applied here, for the purpose of direct comparison (Fig. 1b).

Competent member hinge curvature

Energy consumed in hinge curvature of the competent layer is
defined by

8N(dar)?h3
3

where [ is the median length of the hinge zone and h; is one-half of
the thickness of the competent unit (Fig. 1b). N is the ratio of the
competency contrast of the competent and incompetent layers for
layer-parallel linear strain; typical values range from 2 to 100
(Dieterich, 1970; Bayly, 1974). Based on the cohesive strengths of
the Pioche quartzite and argillite and previous work on multilayer
folds composed of similar rock types (Dieterich, 1970; Bayly, 1974;
Dewhurst and Jones, 2002; Heesakkers et al., 2007; Mohamed et al.,
2008), an average value of N = 10 is used (Mancktelow and Abbassi,
1992). « is the limb dip, so de is the change in dip and

(A1)

B (lasin &) + (ka?cos «F)
dot = (kaZsin a) + (Isin «) — (lacos a)’ (A2)

where E is strain axial ratio in the competent member and is calcu-
lated to be 1.6 (Fig. 1a) (Ismat and Mitra, 2001a). This strain axial ratio
value is based on bed thickness changes in the competent Proterozoic
quartzite layers of the CR syncline, resulting from deformation by
(block-supported) cataclastic flow (Ismat and Mitra, 2001a).

Incompetent limb thickening/thinning

Energy consumed in the change in thickness and length of the
incompetent member is defined by

4mVe? (A3)

where m is the viscosity of the incompetent member for layer-
parallel linear strains; a typical value of m=1 is used (Dieterich,
1970; Bayly, 1974). V measures the average length and thickness of
the incompetent limb and is determined from the formula

V = 2kj, (Ad)

where k is the median length of the limb and j, is half of the
incompetent limb’s thickness, measured from the mid-point of k



Z. Ismat / Journal of Structural Geology 31 (2009) 972-988 987

(Fig. 1b). The e value in equation (A3) measures the homogeneous
strain in the incompetent limb and is defined by

e d2 (A5)
J2

where

dji; = (cos adhy) — (Hsin ada). (A6)

The incompetent and competent members are interdependent,
since plane strain and constant area are assumed. Because of this,
the change in thickness of the competent unit (dh,) is incorporated
into the component of incompetent limb thickening/thinning and is
equivalent to EH. H measures one-half of the competent/incom-
petent sequence, i.e., is equal to hy + hy (Fig. 1b). More specifically,

_ haU+1)(1+k)
~ (Isin a) + (akcos «)

(A7)

where U is the area ratio of the incompetent to the competent
material, and here is equal to 1 (Fig. 4).

Incompetent limb shear

The energy consumed for layer-parallel shear is determined
from the equation

nvg? (A8)

where n is the ratio of the competency of layer-parallel shear strain
in the incompetent limb to the competency of layer-parallel linear
strain in the incompetent limb. For incompetent layers that are
significantly foliated, such as the Pioche argillite, a value of n =1/10
is used. g is the value for layer-parallel shear strain on the limb and
is estimated to be

g — (sin adH) +HC%M“ (A9)
where
dH = dh, = EH. (A10)

Incompetent hinge thickening/thinning

The energy consumed for thickening/thinning in the hinge
region is defined by

(9 [ o () ()0

+ <@)202+3h2) (A11)

J2

Incompetent hinge shear

The energy consumed for layer-parallel shear in the hinge
region is determined from the formula

(ng?l)(hy + 31'2).

E (A12)
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