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Abstract—Constrictional folds are characterized by true fold-axis parallel extension if the rock-volume does not
vary during deformation. Studies of such folds in experiments, using plasticine layers of different apparent
viscosity and power-law exponent, clearly indicate that fold-axis parallel stretch may be accompanied by plastic
elongation as well as boudinage of the competent layer. Characteristic aspects of the experimentally folded
competent layers are: (1) coeval development of folds and boudins; (2) layer thickness not changing during
deformation; (3) layer-parallel shortening in sections perpendicular to the fold (stretching) axis; (4) enlargement
of the initial thickness of the competent layer results in increasing fold wavelength and decreasing number of
boudins. The ratio of dominant wavelength to layer thickness of the censtrictional folds can be described
mathematically approximately by the equation developed for plane strain folding of power-law materials.

INTRODUCTION

Folds with axis-parallel extension are common in vari-
ous types of naturally deformed rocks. Extension paral-
lel to the fold axis may be a local, layer-bounded
phenomenon (e.g. fig. 6.14 of Hobbs et al. 1976) or occur
pervasively in larger domains of crustal rocks. There are
several mechanisms, each related to a different geody-
namic setting, where fold-hinge-parallel stretching
occurs, even on a large scale. One setting is related to
collision zones which show evidence of oroclinal bend-
ing (Carey 1955, Ries & Shackleton 1976). Deformation
in the outward arcs of oroclines involves a combination
of thrust- and wrench-shear movements, causing fold-
axis parallel extension (Coward & Potts 1983, Ridley
1986). On the other hand, extension parallel to the fold
axis can also arise from early-stage thrusts that, after a
change of shear direction, are overprinted by later
thrusting and strike-slip movements (Ratliff er al. 1988,
Dietrich 1989, Khudoley 1993). Other kinematic set-
tings, associated with widespread development of fold
axes parallel to the maximum stretching direction, are
related to ductile shear zones in which simple shear is the
dominant deformation type. Rotation of fold axes
towards the direction of stretching (X-axis of the finite
strain ellipsoid) is a common feature in simple shear
regimes, which has been corroborated theoretically
(Escher & Watterson 1974, Ramsay 1967, 1980, Hobbs
et al. 1976, Skjernaa 1980, Jamison 1991) as well as by
field observations (Wilson 1953, Lindstrom 1961,
Bryant and Reed 1969, Sanderson 1973, Bell 1978,
Williams 1978, Heitzmann 1987, Rajlich 1987). Fletcher

& Bartley (1994) interpret folds with axes parallel to the
stretching dircction in ductile shear zones, to involve an
additional shortening parallel to the Y-axis of the finite
strain ellipsoid during shearing.

Sheath folds, with axes parallel to the stretching
direction, develop by passive amplification of deflec-
tions in simple shear regimes with very high strain (e.g.
Cobbold & Quinquis 1980, Malavieille 1987, Skjernaa
1989). Apart from sheath folds, passive amplification of
pre-existing folds may also result in fold-axis parallel
extension, provided that the amplitudes of the folds vary
along strike. Since the growth rate of a fold increases
with the amplitude during amplification (Biot 1961,
Sherwin & Chapple 1968), high-amplitude folds will
amplify much faster than small-amplitude folds causing
hinge-parallel extension (see also Dietrich 1989). Trans-
tension (in the sense of Harland 1971) is another poten-
tial deformational environment suitable for the growth
of folds with their axes parallel to the principal stretching
direction. Transtension regimes are characterized by
overall prolate fabrics (Sanderson & Marchini 1984,
Fossen & Tikoff 1993).

As an alternative to the conditions so far described,
stretching parallel to the fold axes may occur under bulk
plane strain without the necessity of extensive rotation
of the initial fold axes, if the Y-axis of the finite strain
ellipsoid is oriented perpendicular to the competent
layers. This kinematic environment has been applied by
Ramberg (1959), Watkinson (1975) and Grujic &
Mancktelow (1993) to model fold-axis parallel stretch
under plane strain conditions. Suitable prerequisites for
this type of fold formation are a steeply inclined com-
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petent layering and lateral extension. Stiinitz (1991) and
Froitzheim (1992) used this kinematic framework in
order to interpret fold-axis parallel stretching lineations
in the Western Alps.

Plane-strain folding, with the competent layer per-
pendicular to the principal stretching direction, can
cause finite hinge-parallel extension if the layer suffered
earlier flattening strain due to compaction (Treagus &
Treagus 1981, Mazzoli & Carnemolla 1993).

Finally, pure constrictional strain conditions have to
be considered as a potential kinematic configuration for
the simultaneous formation of folds and stretching linea-
tion, in which the fold axes are strictly parallel to the
direction of extension. As under these conditions the
bulk strain is coaxial, it should be possible to infer
directions of regional principal stress from the fold
geometry (Hudleston & Lan 1993 and references there-
in). In the following we present experimental results of
such constrictional folding with the layering originally
oriented parallel to the principal stretching direction.

PROCEDURE

A shear cylinder, made of PVC, was used to carry out
the constrictional strain experiments. This cylinder was
cut longitudinally on one side. It was loaded with a
cylinder of layered plasticine which was lubricated with
Vaseline on the outside to reduce the boundary inter-
actions between the plasticine specimen and the inner
wall of the shear cylinder. The undeformed plasticine
specimen and the shear cylinder are shown in Figs. 1a

a) pre-deformational

d—

b) post-deformational

Intersection of

cross cut longitudinal cut
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and 2a, respectively. To decrease the diameter of the
cylinder and consequently stretch the plasticine layers, a
set of pipe fittings, wrapped around the shear cylinder,
were slowly but constantly tightened to produce a strain
rate of 8 X 1073 s=!. To prepare the plasticine speci-
mens, another PVC-tube with the same diameter as the
shear cylinder was cut into two halves (Fig. 2a). After
lubricating the inner walls of the half cylinders with
Vaseline, they were filled with plasticine. The two half-
cylindrical bodies of plasticine were then extracted and
fitted together to form a plasticine cylinder.

White and red modeling plasticine, produced by
Weible KG (Schorndorf, Germany) was used. Orig-
inally, both have identical apparent viscosities. The
apparent viscosity of the white plasticine was reduced by
an addition of oil under heat (incompetent matrix). The
resulting emulsion was homogenized by thorough mix-
ing. As both types of plasticine are non-Newtonian
materials (e.g. McClay 1976), their stress exponent (n),
a material property in the flow law [see equation (1)] and
their apparent viscosity (#) were determined based on
the results of uniaxial compression tests carried out on a
triaxial testing apparatus built by E. Aulbach at the
Institut fiir Geophysik, University of Frankfurt a.M.
Eight runs, each at different but constant strain rates,
were performed at 20°C on plasticine cylinders (3 cm in
height and diameter) up to a strain of 7%. Strain and
stress were automatically recorded every 3 s.

The initial dimensions of the specimens used in the
constrictional experiments were 100 mm in length and 45
mm in diameter. The initial thickness of the competent
layer was varied in different runs. In order to provide an

competent layer
Incompetent layer

X

Fig. 1. Schematic illustration of the general aspects of a layered plasticine specimen before (a), and after (b) the
constrictional deformation. The black layer represents the competent plasticine bed.



Folding and boudinage in constriction

Fig. 2. (a) Longitudinally cut shear cylinder with pipe fittings. The two shorter half-cylinders (10 ¢cm in length) were used to

prepare the layered plasticine specimen. (b) Cross-cuts and (c) longitudinal cuts of sclected specimens (of initially differcnt

layer thickness) after constriction. Note the average decrease in wavelength (cross cuts) and increasing number of boudins

(longitudinal cuts) with decreasing initial layer thickness. Trregular low-amplitude folding, visible in longitudinal cuts,
results from interaction of the specimens with the walls of the PVC-cylinder.
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Fig. 2. continued.
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Fig. 3. Stress—strain curves for uniaxial compression tests on plasticine. All curves are corrected for machine loading
characteristics and changes in specimen dimensions with strain. (a) Red, competent plasticine; (b) white, incompetent
plasticine.

even and consistent geometry, the thin layer was pre-
pared by the use of a hydraulic press. Figure 1 sche-
matically illustrates the geometrical characteristics of a
specimen before and after the deformation.

RESULTS

Stress exponents and apparent viscosities

The results of the uniaxial compression tests are
shown in Fig. 3. The stress—strain plots indicate poorly
defined yield transitions from elastic to plastic behavior
at a strain of less then 5%. At a constant temperature
and strain the constitutive flow law for plasticine reduces
to the form:

e=Coa", D

where ¢ is the strain rate, C is a temperature and strain
dependent constant, o is the applied stress, and # is the
stress exponent (McClay 1976). Assuming steady-state
flow and taking the stress at 5% strain, a plot of log strain
rate vs log flow stress gives a straight line of slope n
(Fig. 4). From this, n is determined to be 3.4 for the
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Fig. 4. Plots of log stress vs log strain rate (at 5% strain). Straight lines

are best fits from a least squares regression analysis. r = Coefficient of

correlation, n = derived stress (power-law) exponent. For further
explanation see text.

white and 7.2 for the red plasticine. As both n and C are
known (Fig. 4), the apparent viscosity (#) can be calcu-
lated. Supposing that gy is a reference stress (e.g. 0.01
MPa), the related strain rate (éy) can be determined as

)

The apparent viscosity can now be calculated using the
equation

£e=Cof.

— n)/n’ (3)
where ¢ is the strain rate used in the constrictional
experiments (8 X 1073 s™!). Accordingly, the apparent
viscosity (at 5% strain and a strain rate of 8 X 107*s™!) is
2.17 x 10° Pa’s for the red plasticine (#,) and 2.34 X 10°
Pa’s for the white plasticine (%,).

277 = ol¢ = U/é()(é/é(])(l

Constrictional deformation

The volume of the specimens did not significantly
change during the constrictional deformation. All sec-
tions, cut perpendicular to the stretching axis, show
folding of the competent layers (Fig. 2b). All competent
layers are boudinaged, as shown by sections cut parallel
to the stretching axis (Fig. 2c). Low amplitude/large
wavelength folding, seen in the latter sections, is re-
stricted to the marginal parts of the specimens (< 1 cm).
These effects are hardly visible on longitudinal cuts that
halve the cylinder. This suggests that these deflections
resulted from weak boundary interactions. Moreover, if
plasticine of different color but identical viscosity is used
to perform the constrictional experiments with the same
layer orientation as described above, low amplitude/
large wavelength folding is also observed at the marginal
parts of the cylinders. As expected, cross cuts (YZ-
plane) in these cases do not show folding.

The results of the experiments, documented in Table
1, are based on averaged data from measurements of
several cross and longitudinal cuts. The amount of
extension (e,) is 1.4 for all specimens (I, Ia, II, Ila, III,
II1a, IV). Runs Ia, ITa and Il1a were carried out to show
the reproducibility of particular configurations. The
following finite parameters of the deformed specimens
were measured: bulk length (/',), diameter (¢'), thick-
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Table 1. Pre- and post-deformational data of various parameters in the experiments. /. = Initial (pre-
deformational) length of specimen, /), = final (post-deformational) length of specimen, e, = bulk finite
extension parallel to X of specimen, ¢ = initial diameter of specimen, ¢’ = final diameter of specimen,
d = initial thickness of competent layer, d’ = final thickness of competent layer, [y aecky = length of

necks parallel to X, /;youdiny = sum of boudin lengths parallel to X, npougin, = number of boudins, ey,

finite ductile extension of competent layer parallel to X, W, = average fold wavelength in cross cuts,
and Wy = average wavelength/thickness

lx l'x €x ¢ ¢' d d lx(neck) lx(boudin) Fpoudin €1x Wa Wd
RUN (mm) (mm) (mm) (mm) (mm) (mm) (mm) (mm) (mm)
I 100 240 1.4 45 29 2 2 59 181 8 0.81 11.2 5.6
Ia 100 240 1.4 45 29 2 2 75 165 12 0.65 12 6
11 100 240 1.4 45 29 15 15 68 172 11 072 75 5
IIa 100 240 14 45 29 15 15 68 172 15 072 8 5.3
111 100 240 14 45 29 1 1 0 170 17 0.7 62 612
11la 100 240 1.4 45 29 1 1 84 156 21 056 56 3.6
v 100 240 1.4 45 29 075 075 86 156 16 0.56 47 6.3

ness of the competent layer (d'), sum of boudin lengths
I; boua) @and number of boudins (#n1p0u4). From this data
base the finite, plastic, X-parallel elongation (boudinage
excluded) of the red, competent layer (e;,) was deter-
mined (Fig. 5¢). The total arc length of the folds was
measured in the manner described by Sherwin & Chap-
ple (1968). The average wavelength (W,) was calculated
by the equation:

W, = total arc length/n;,q4,

4)

where n)q is the number of folds of the folded layer on
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the YZ-plane. This wavelength (W,) is nearly the same
as the initial wavelength (W, sensu Ramsay & Huber
1987, p. 383) because the amplitude of the experimental
folds is relatively low (W,/average amplitude > 8).
Buckling theory predicts a dominant wavelength/
thickness, Ly (e.g. Hudleston & Lan 1993 and refer-
ences therein), and it has been shown by Fletcher &
Sherwin (1978) that the average value of wavelength/
thickness, Wy, 1s a good estimate for Ly under conditions
likely to hold for rocks. Therefore the value of Wy was
determined for each run.
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Fig. 5. (a)~(d) Diagrams showing the major results of the experiments. Functions and correlation coefficient, r, are
represented at the top of each chart.
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The data show that folds with axes parallel to the
stretching direction generally develop under pure con-
strictional strain conditions. In all runs folding was
accompanied by boudinage and plastic elongation paral-
lel to the direction of principal extension. Boudinage
appears to have developed from pinch- and swell-
structures. Apparently, the thickness of the competent
layer did not visibly change during deformation (Table
1), although the total arc length of the folded layer in
YZ-sections (cross cuts) of each run decreased signifi-
cantly (25%). The area of the incompetent white matrix
in this section decreased by 60% whereas the area of the
folded layer decreased by 30%.

The average wavelength (W,), determined by
equation (4), increased from 5 to 12 mm with increasing
layer thickness (Fig. 5a). The wavelength/thickness
ratio (Wy) of all runs is almost the same, ranging from
5.0 to 6.3 with an average value of 5.7 + 0.4 (Table 1).
The number of boudins (#1,0uq) declined from 21 to 8,
with increasing layer thickness (Fig. 5b) and an associ-
ated decrease of neck lengths (Fig. 5d). It is further
observed that the finite plastic elongation of the folded
layer (ey,) slightly increased, from 0.56 to 0.81, with
layer thickness (Fig. 5¢).

DISCUSSION

A striking feature of the experiments is the fact that
the layer thickness did not change significantly through-
out the procedure although the layer was remarkably
shortened in the YZ-plane (Table 1). In order to main-
tain the principle of volume-constancy, the associated
area decrease of the competent layer (in YZ) has to be
compensated by adequate plastic elongation parallel to
X (expressed by ey, in Table 1). The difference in area
decrease (in YZ) of the white matrix (60%) and the
competent red layer (30%) seems to be directly related
to the boudinage of the latter in the X-direction. The
stronger area decrease of the matrix in cross cuts (YZ) is
best envisaged as a filling of the gaps between the
boudins of the competent layer during the constriction.

The wavelength/thickness ratio (W) is within the
range described from natural folds {4-6; Sherwin &
Chapple 1968). Similar values of Wy should also be
expected applying the equation of Smith (1977, 1979),
developed for the plane strain folding of power-law
materials:

Ly~ 3.46 (ny°In}”)(miin2)"">, (%)

where n; and n; are the power-law exponents in the flow
laws for layer and matrix, respectively. Substituting into
equation (5) the measured values of the power-law
exponents and the apparent viscosities, the dominant
wavelength/thickness, Ly, is found to be 4.6. This is
similar to the value of 5.7 found in the experiments for
Wy. Thus the equation of Smith (1977, 1979) holds
approximately also for folds formed under constrictional
strain conditions.

Three-dimensional folding of an embedded viscous
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layer under pure shear has been investigated by Fletcher
(1991). From his study, folding seems to be impossible
under pure constriction. However, the material of the
folded layer in Fletcher’'s model is of linear viscous
(Newtonian) behavior. According to Smith (1977) New-
tonian material cannot boudinage. Therefore,
Fletcher’s model is not suitable to explain folding and
associated boudinage of an embedded layer of power-
law behavior under pure constriction.

The fact that the plastic elongation of the folded layer
parallel to X varies with layer thickness complicates the
mathematical approximation for the given configur-
ation. Plastic elongation decreases slightly with declin-
ing layer thickness (Fig. 5¢). This trend s associated with
an increasing number of boudins and increasing neck
length (Fig. 5b) (see also Woldekidan 1982). The thin-
ner the competent layers are, the higher their tendency
to boudinage. This probably results from higher mech-
anical instabilities and reduced tensile strengths of thin
layers compared to thicker ones. It is thus suggested that
an increasing number of boudins, the necks of which can
extend more easily than the boudins themselves, com-
pensates for the loss in bulk finite plastic elongation of
the thinner layers.

The observed development of constrictional folds is
probably not restricted to experiments. Several natural
deformational environments are thought to provide con-
ditions necessary to produce true constrictional folds:

(1) The prolate strain configurations within the stems
of salt diapirs are suitable for the formation of constric-
tional folds. Numerous examples of steeply plunging
folds have been described from the interiors of salt
diapirs (Talbot & Jackson 1987 and references therein).
Concerning many salt diapirs in northern Germany,
these folds have been termed ‘Kulissenfalten’ (curtain
folds). Talbot & Jackson (1987) explained the formation
of curtain folds by constrictional refolding of recumbent
and sheath folds after their ascent and rotation into the
stem of the diapir.

(2) A zone of constrictional strain is also conceivable
in between several contemporary rising magmatic dia-
pirs (Brun et al. 1981, Dixon & Summers 1983, Jelsma et
al. 1993, Miller & Paterson 1994).

(3) Concerning metamorphic rocks, constrictional
folds in eclogite-facies rocks have been described from
the Western Gneiss Region of the Norwegian Caledo-
nides (Andersen et al. 1991) and from the Western Alps
(Henry et al. 1993).

CONCLUSIONS

Pure constriction seems to be a suitable environment
for producing folds and boudins in power-law materials,
provided the competent layer is oriented parallel to the
principal stretching direction. Fold-axis parallel stretch
is accommodated by boudinage and plastic elongation of
the folded layer. Supposing this stretch is entirely plas-
tic, and boudinage along the direction of principal
extension is excluded, the difference in the apparent
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viscosities is likely to be too small to initiate folding.
Therefore, it is suggested that folding under these con-
figurations is always associated with boudinage of the
folded competent layer. Future investigations should
focus on the relation between folding and associated
boudinage during pure constrictional deformation,
especially addressing the question of whether this type
of folding is possible in Newtonian material in which
boudinage is not possible.

Although it is often difficult to clearly recognize such
folds in the field, the experimental results may help in
their identification. Apart from boudinage, a further
characteristic feature of these folds should be strict
coaxial fabrics. The occurrence of a preferred fold
vergence as well as planar fabrics (e.g. axial plane
cleavage) would exclude a pure constrictional origin.
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