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Abstract
The aim of the present work is to study the influence of preexisting pervasive strength anisotropy on the development of faults
during two phases of extensions. Two different series of experiments are performed by deforming rectangular three-layered
models either by orthogonal extension followed by oblique extension (series 1) or by oblique extension followed by orthogonal
extension (series 2). The model represents a rectangular zone of rifting. The final fault architecture after two successive phases of
extension is primarily controlled by the orientation of the pervasive strength anisotropy. The mode of far-field stress (orthogonal
or oblique) plays a role in fault initiation during both the phases of extension. The growth of the faults which are orthogonal or
oriented more obliquely (β = 45°/60°) with respect to the rift normal is controlled by the direction of extension. However, the less
oblique faults (β = 15°) develop as strike-slip faults irrespective of the direction of extension. The phase 1 faults reactivate during
the phase 2 extension only when they are parallel to the preexisting pervasive anisotropy. New faults parallel to the rift axis form
only if the phase 2 extension is orthogonal (series 2). It is found to happen irrespective of the orientation of the strength anisotropy
and of the 1st phase faults. Those faults act as linking faults for the highly oblique (β = 45°/60°) phase 1 faults. New faults are
formed following the anisotropy during both orthogonal and oblique phase 2 extension only if the anisotropy is oriented at low
angle (β = 15°) with the rift normal. The different fault patterns developed in the experiments can be matched well with natural
examples reported from Karonga basin, Malawi rift, Kenya.
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Introduction

Influence of preexisting basement anisotropy in the structural
evolution of an extensional regime is now well established and
is reported from many areas worldwide, e.g., from the East
African Rift system (McConnell 1972; Daly et al. 1989; Hetzel
and Strecker 1994; Ring 1994; Theunissen et al. 1996; Bellahsen
et al. 2006), from the Tertiary rifts of Thailand (Morley et al.
2004), from the Paleozoic Gondwana rift basins of India
(Chakraborty et al. 2003), from the North Coast transfer zone,
Scotland (Wilson et al. 2010) from Makkovik Province,

Labrador, Canada (during opening up of the Labrador Sea,
Peace et al. 2018), from the offshore West Greenland (Peace
et al. 2017), and many others. The above examples reveal that
the basement anisotropy of any form like a through-going, long,
discrete fault, or an array of small isolated faults or even a pen-
etrative metamorphic foliation or schistosity can considerably
affect the evolution of structures, e.g., faults in a rift zone.

To have a better understanding of the role of preexisting an-
isotropy on structural evolution of an extensional regime, many
workers have carried out experiments with analog models. Some
of them have studied the role of preexisting en-echelon fractures
in structural evolution under orthogonal and/or oblique extension
viz. Thomas and Pollard (1993),Mandal (1995), An and Sammis
(1996), Mauduit and Dauteuil (1996), Acocella et al. (1999),
Bellahsen and Daniel (2005), Hus et al. (2005), Zwaan and
Schreurs (2017), and Ghosh et al. (2019). Many workers have
deformed precut analog models under single phase of extension.
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Withjack and Jamison (1986), Serra and Nelson (1988), Tron
and Brun (1991), Dauteuil and Brun (1993), McClay and
White (1995), Clifton et al. (2000), and Corti et al. (2001) have
studied the influence of a preexisting single, long, discrete fault
under orthogonal and/or oblique extension at different angles.
Morley (1999) has studied the evolution of normal faults under
oblique extension, in presence of a preexisting anisotropy, using
sand box models. Like other workers, working on similar prob-
lems, he has also used precut geometries in the underlying plates
to impose preexisting fabrics on the developing fault system
within the overlying material of isotropic strength. He has
discussed that this type ofmodel corresponds closely to a discrete
and “active” type (movement along which directly produces the
deformation) of preexisting fabric in nature. To more effectively
model natural examples with preexisting “passive” (which un-
dergoes deformation due to the movement along any other struc-
tural discontinuity) fabric, it should be the overlying layer (sand
or clay cake) that contains the strength anisotropy. To address this
problem (at least partially), Chattopadhyay and Chakra (2013)
have studied the influence of pervasive anisotropy on the evolu-
tion of secondary fault patterns within a rift basin, using a differ-
ent type of model. They have attempted to simulate anisotropy
similar to metamorphic foliations or schistosity by applying
brush marks within plaster of Paris layer. Upon extension in
different angles, the brush marks behaved as strength anisotropy
and guided the orientation and kinematics of the rift-related faults
(e.g., dip-slip/oblique-slip normal fault, strike-slip link faults,
etc.). They have found that if pervasive anisotropy exists at an
angle greater than 45° w.r.t the maximum instantaneous horizon-
tal stretching direction, new faults will form following them.
Otherwise, they will disregard the anisotropy and will form per-
pendicular to the maximum instantaneous stretching direction.

Keep and McClay (1997), Bonini et al. (1997), Dubois
et al. (2002), and Henza et al. (2011) have studied the defor-
mation pattern of homogeneous model with two phases of
extension. In their experiments, fractures/faults developed
during 1st phase deformation act as anisotropy for the phase
2 deformation. The above mentioned works have clearly
established that the preexisting fractures are reactivated only
if they are suitably oriented with respect to the subsequent
extension direction. If new faults are formed in a different
direction, the preexisting faults can either act as a linking fault
between them or even can block the propagation of them.

But there exist more complex natural situations where a zone
with preexisting pervasive anisotropy experience successive
phases of extensions in different directions (as described from
theMalawi rift, Kenya byRing 1994). In such cases which factor
will control the formation of second phase faults is still not well
studied. During the second phase of extensional deformation one
or more of these can happen: (a) simply the phase 1 faults (either
following or disregarding the preexisting anisotropy) can contin-
ue to grow, (b) new faults can form parallel to the phase 1 faults
(either following or disregarding the anisotropy), or (c) new faults

can form along a different orientation, totally disregarding the
preexisting faults and/or the mechanical anisotropy.

In the present work, analog models with pervasive anisotro-
py, similar to metamorphic foliations in basement gneisses and/
or schists, are deformed by two successive phases of exten-
sions. The main objective is to find out the relative influence
of the pervasive anisotropy and of 1st generation faults on the
formation of faults during the second phase of extension.

Experimental method

Deformation rig

The deformation rig (Fig. 1a) used in this experimental study
consists of a base plate and two moving platens. One platen
can move forward and backward resulting in an orthogonal
compression or extension of the model respectively. The other
platen can move parallel to its length, providing layer parallel
(either sinistral or dextral sense) shear to the model. The
movements of the two platens are controlled by two separate
stepper motors. In case of orthogonal extension, only one
platen moves away from the other creating a single VD and
asymmetric extension. For oblique extension, both the platens
move apart so that 2 VDs develop and the extension is more or
less symmetrical. However, presence of single or double VD
does not affect the result of deformation of the brittle-viscous
three-layered models, as used in our experiments. This is due
to the fact that the lower most viscous layer acts as a buffer
that decouples the upper brittle layer from the base (Zwaan
et al. 2019). Two metal plates (L-shaped in cross section) are
attached one each with the two movable platens. One arm of
the L-shaped plate is parallel to the platen, and the other is
parallel to the base plate. These plates are capable of sliding
over the base plate with movement of the platens. The face-to-
face edges of these two plates meet with each other exactly
along a central line, which represents the rift axis (Fig. 1b). A
set of Cartesian axes is adopted as reference directions as
shown in Fig. 1a. X-axis is parallel to the rift axis and Y-axis
is parallel to the rift normal. The Z-axis is vertical. Velocities
of both the platens can be varied between 0.2 and 2 mm/min.
By changing the ratio of velocities of the platens the angle of
extension/compression can be changed, thereby creating
oblique extension/compression at different angles, as illustrat-
ed in Fig. 1c. The velocities of the platens set to get different
angles of oblique extension are shown in (Table 1).

Modeling technique

Rectangular three-layered analog models (Fig. 2a) (≈ 24 cm ×
15 cm × 4 cm) are used in the experiments as the representa-
tion of a rift zone. The base layer is made of soft pitch (80/100
bitumen from Indian Oil Corporation), capable of flowing
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slowly under its own weight. The rate of this flow is much less
in comparison with the extension rate used in our experiments.
So it does not affect our experimental results. The pitch layer
(3 cm thick) is used to transfer the extensional stress created
by the divergence of the basal plates to the upper brittle layer.
The middle layer is of plaster of Paris (wet mixture of gypsum
powder/water ≈ 3:1, volume/volume), and the top layer is

made of dry, cohesionless sand. Wet plaster of Paris is spread
over a rectangular block of pitch by brushing systemat-
ically along a desired direction with the help of a flat
hard brush. After drying, these brush marks effectively
represent small ridges and grooves (spacing between
adjacent ridges or adjacent grooves is less than 2 mm,
height of the ridges is approximately 0.4 cm) creating
strength anisotropy in the plaster of Paris layer which is
intended to produce the transverse strength anisotropy
expected in vertically foliated metamorphic basement
rocks. The relative strength contrast within Plaster of
Paris layer (due to variation in thickness) is taken into
account and not the exact value of strength of thicker
and thinner layer. Dry quartz sand is sieved manually to
make a 0.5-cm-thick layer over the pitch-plaster of
Paris block. A square grid with sides parallel to X-
and Y-axes (named x-marker and y-marker, respective-
ly) is drawn on the top of the sand layer. A scale

Fig. 1 a Deformation rig: 1, base plate; 2, moving platens (2a performs
orthogonal and 2b performs sidewise movement); 3, L-shaped plates (3a
attached with 2a and 3b attached with 2b); 4, rods attaching the platens
with the respective motors. A set of Cartesian coordinates is shown as
reference directions. b Initial position of the platens a and b (equivalent to

2a and 2b of a, respectively) (top view). Their junction represents the rift
axis. c Position of the platens after a certain deformation (top view).
Dotted line shows the direction of the rift axis. α = angle of oblique
extension

Table 1 Different setups of the deformation rig

S.no Angle of
extension
(α)

Velocity of
plate a
(mm/min)

Velocity of
plate b
(mm/min)

Resultant displacement
between two adjacent
point across the V.D
(mm/min) (rate of
divergence/effective ex-
tension velocity)

1 30° 1 0.5 1.1

2 0° 1 0 1
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representing 3 cm (divided into 3 segments each of
1 cm length) is placed on the upper left corner of the
model.

Models are placed centrally above the rift axis with their
length and width parallel to X- and Y-axes, respectively. The
direction of extension w.r.t the Y-axis (rift normal: RN), is
designated as α. Many previous workers have followed this
definition of α (e.g., Fournier and Petit 2007, Philippon et al.
2015, Brune 2016, Zwaan and Schreurs 2017, Ammann et al.
2018). However, many workers have also measured the angle
α with respect to the rift axis (e.g., Tron and Brun 1991;
Teyssier et al. 1995; Clifton and Schlische 2001;
Chattopadhyay and Chakra 2013; Deng et al. 2018). We have
represented the sinistral oblique extension by positive value of
α. The orientation of the brushmarks with respect to the Y-axis

(rift normal), measured clockwise, is designated as β (Fig. 2b).
The angle between the extension direction and the brush mark
is designated as θ. For orthogonal extension α = 0° and β = θ.
Each model is deformed by two successive phases of exten-
sions (orthogonal and oblique). In series 1, orthogonal exten-
sion (α = 0°) is followed by sinistral oblique extension (α =
30°), and in series 2, sinistral oblique extension (α = 30°) is
followed by orthogonal extension (α = 0°). Each phase of de-
formation is continued for 20 min. After completion of phase
1 extension (i.e., after an increase of approximately 10% in
width of the model) about half of the top surface of the model
is covered by red colored sand. This helps to recognize the
initiation of new faults during the phase 2 extension. The
changed width of the models (i.e., the dimension along Y-axis)
is measured after each step. The value of longitudinal strain at
each step is calculated as the ratio of change in the width to
initial width. Four different types of models are made having
four different directions of anisotropy (i.e., four different
values of β, β = 90º, 60°, 45°, and 15°). The classification of
the experiments according to different parameters is shown in
the Table 2.

Model scaling

In our three-layered model, the lower most pitch block simu-
lates viscous deformation of deep crustal rocks. The brushed
plaster of Paris, which is brittle but relatively stronger than
cohesionless sand, simulates the upper crustal, layered meta-
morphic rocks. The topmost dry sand pack stands for the
upper most sedimentary rocks. The thickness of the pitch layer
is around 3 cm, whereas that of plaster of Paris layer is around
0.5 cm and that of sand is around 0.5 cm. Thickness of (sand +
plaster of Paris): pitch ratio is kept approximately 1:3 to sim-
ulate the ratio of brittle upper crustal layer (≈ 10 km) to vis-
cous lower crustal layer (≈ 30 km).

Pitch (viscosity ≈ 1.5 × 105 Pa s at 25 °C) is an
elast ico-viscous material which flows as a non-
Newtonian (power-law) viscous material under slow de-
formation and yields by brittle fracturing under faster
loading rate. It is a suitably scaled material to simulate
slow viscous deformation of the deeper part of the crust
(e.g., Chattopadhyay and Mandal 2002; Chattopadhyay
and Chakra 2013; Ghosh et al. 2014). The detailed cal-
culation of scaling of pitch is given in the Appendix.
The uppermost sedimentary layer is simulated by

Fig. 2 a Schematic diagram of three-layered model (not to scale). Lower
most pitch layer (thickness ≈ 3 cm), overlain by brushed plaster of Paris
layer (thickness ≈ 0.5 cm) and at top is the layer of dry cohesion less sand
(thickness ≈ 0.5 cm). b Schematic diagram of the top view of the model
showing all the parameters. RN = rift normal parallel to the Y direction of
the Cartesian coordinate shown in Fig. 1a; α = angle of extension (with
respect to RN), D = direction of oblique extension, A = anisotropy, β =
angularity of anisotropy (with respect to RN), θ = angle between the
extension direction and the anisotropy

Table 2 Different types of
models Experiments

Series 1 (1st phase orthogonal, 2nd phase oblique) Series 2 (1st phase oblique,2nd phase orthogonal)

A B C D A B C D

β = 90° β = 60° β = 45° β = 15° β = 90° β = 60° β = 45° β = 15°
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cohesionless, dry, quartz-rich sand (Coulomb rheology:
angle of internal friction ≈ 31°, negligible tensile
strength, density 1.5–1.7 g/cm3, average grain size ≈
0.5 mm (Table 3)) (Davy and Cobbold 1988; Schön
2 0 1 1 ; C h a t t o p a d h y a y a n d C h a k r a 2 0 1 3 ;
Chattopadhyay et al. 2014). It is widely used in analog
experiments to simulate brittle, upper crustal rocks, and
is considered as scaled to nature (Tron and Brun 1991;
Keep and McClay 1997; Bonini et al. 1997; Corti 2004;
Corti et al. 2007). Though plaster of Paris is a brittle
material with significant tensile strength (≈ 3 MPa), its
tensile strength decreases sharply with porosity and
thickness (Berenbaum and Brodie 1959; Nott 2009),
and for a thin “corrugated sheet-like” layer as used in
our experiments, it should be much lower. As we have
no exact data at present on the tensile strength of such
thin layers of plaster of Paris, dynamic scaling of our
models remains somewhat uncertain. Brush marked
plaster of Paris (similar to the models as used by
Chattopadhyay and Chakra 2013) is however very suit-
able for simulating transverse strength anisotropy in
brittle upper crustal rocks, which formed the main topic
of our study. More importantly, its tensile strength is
higher than that of the sand (≤ 100 Pa) so that a differ-
ence in strength between the “basement” and the “cov-
er” rocks could be qualitatively simulated. The models
thus made can be considered as “roughly scaled.” The
rheological properties of the materials are shown in
Table 3.

The model materials which are used in the present work, at
least roughly scale the experiments for a meaningful compar-
ison with natural structures. Although the experimental defor-
mation is kept as slow as possible (≈ 1 mm/min), time scaling

is not considered in this study as faulting/fracturing is a stress-
sensitive, relatively fast process, and the strain rate is not es-
sentially scaled for comparison with nature.

Observations

Series 1 (phase 1 orthogonal extension: α = 0°, phase
2 oblique extension: α = 30°)

Experiment 1A (β = 90°)

During phase 1 extension, anisotropy parallel, long, normal
faults were formed at a longitudinal strain around λ = 0.05
(Fig. 3a). Small faults linking those long faults were devel-
oped at an angle between 150° and 160° with the anisotropy
parallel faults at a longitudinal strain around λ = 0.07 (Fig.
3b). With increasing deformation, more new normal faults
formed parallel to the anisotropy and all the normal faults
continued to develop in the direction of extension.
Maximum length of the isolated anisotropy parallel fault is
around 13.3 cm. The orientations of the faults are graphically
shown in Fig. 7a.

During phase 2 extension, the phase 1 normal faults started
to develop as sinistral oblique fault (can be seen by offset of y-
marker from its previous position, as marked by square B in
Fig. 3d). New linking faults developed at a high angle (70° to
90°, measured anticlockwise) with the anisotropy. With in-
creasing deformation, the new linking faults developed as
dextral oblique fault (marked in Fig. 3f). The orientations of
the faults are graphically shown in Fig. 7b. The schematic
representation of the evolution of fault pattern due to two
successive phases of extensions is given in Fig. 8a.

Table 3 Rheological properties
of the materials used Material Density Viscosity Angle

of
internal
friction

Tensile strength Cohesion

1. Dry sand 1.5–1.6 g/cca ≈ 30°b Negligible ˂ 100 Pa Nearly
cohesionless

2. Plaster of
Paris
(dried
paste)

1.17 g/cc (of
wet
mixture)c

≈ 30.9°d ≈ 3 MPa for 1 cm
thin disks (test on
homogeneous
material)c

≈ 13 MPa
(compression
test on
homogeneous
material)d

3. Pitch 1.15 g/cc 1.5 × 105 Pa s
at 25 °Ce

a Data source: Davy and Cobbold (1988)
b Data source: Keep and McClay (1997)
c Data source: Vekinis et al. (1993)
d Data source: Nott (2009)
e Data source: Jaeger (1969)
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Experiment 1 B (β = 60º)

During phase 1 extension, anisotropy-parallel, oblique slip
faults (i.e., at 60° angle with the rift normal) were formed at
a longitudinal strain of λ = 0.03 (Fig. 4a). At a longitudinal
strain of λ = 0.05, they were linked by two sets of small faults.
The orientation of one set of linking faults was around 60°,
and that of another set was around 110°, measured anticlock-
wise w.r.t the anisotropy-parallel faults (Fig. 4b). The anisot-
ropy parallel faults grew as dextral oblique slip faults in the
direction of extension. Maximum length of the isolated seg-
ment of those faults is 11.2 cm. The sense of movement along
the fault was derived from dextral offset of the x-marker and
moving apart of y-marker without any offset (shown by
square B in Fig. 4c) across them. Linking faults oriented at
60° with respect to the anisotropy parallel fault grew as dextral

oblique faults whereas those oriented at an angle of 120° grew
as sinistral oblique fault. The orientations of the faults are
graphically represented in the Fig. 7c.

During phase 2 deformation, the anisotropy parallel phase 1
faults developed as dip-slip faults in the direction of extension.
The sense of movement of these faults was supported by almost
equal, but opposite-sense slip of two sets of markers (thosewere
not offset during the phase 1 extension) as shown within square
C of Fig. 4e. The x-marker showed a dextral sense offset, while
the y-marker showed a sinsitral-sense offset. Some of those
faults linked with each other by new linking faults (phase 2
linking faults) at around 60° (measured anticlockwise) giving
rise to longer fault (Fig. 4e, f). The orientations of the faults are
graphically represented in the Fig. 7d. The schematic represen-
tation of the evolution of fault pattern due to two successive
phases of extensions is given in the Fig. 8b.

Fig. 3 Successive stages of
deformation of model 1A, with
increasing deformation from a to
f. a–c Phase 1 deformation. d–f
Phase 2 deformation. “A”
represents the trend of anisotropy,
“D” represents the extension
direction, “RA” represents rift
axis, and “RN” represents the rift
normal. Sinistral oblique
movement of anisotropy parallel
phase 1 fault during phase 2
deformation is inferred from the
sinistral offset of y-marker as
shown by square B in d
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Experiment 1C (β = 45°)

During the phase 1 extension, anisotropy-parallel
oblique slip faults and linking faults at an angle of
90° to 110° (measured anticlockwise) to them were
formed simultaneously at a longitudinal strain λ = 0.04
(Fig. 5a). Both the sets of faults were of comparable
length. Maximum length of the isolated segments of
the anisotropy parallel faults is 6.4 cm. With continued
extension, both set of faults developed in the direction
of extension. New faults parallel to both the sets were
formed (Fig. 5b, c). The linking faults developed as
sinistral oblique slip faults. The sense of slip could be
derived from the moving apart of y-marker across those
faults, without any offset (as shown in square B in
Fig. 5c). The anisotropy parallel faults developed as
dextral oblique slip faults which is derived from the
dextral offset of the x-markers across them (as shown
in square C, Fig. 5c) and moving apart of y-markers

across these faults, without any offset (as shown in
square D, Fig. 5c). The orientations of the faults are
graphically shown in Fig. 7e.

During the phase 2 extension, both set of faults de-
veloped towards the direction of extension. Phase 1 an-
isotropy parallel faults continued to develop as dextral
oblique faults (in contrast to the dip slip propagation of
the anisotropy parallel phase 1 faults of model 1B) and
that was derived from the shifting of markers (from
their position after phase 1 deformation) in square E,
Fig. 5f. On the other hand, the phase 1 linking faults
developed up as sinistral oblique fault. At places new
linking faults formed at much higher angle (around
130° to 140° measured anticlockwise, with the anisot-
ropy parallel fault) coalescing both set of phase 1 small
faults (Fig. 5e, f). The orientations of the faults are
graphically shown in Fig. 7f. The schematic represen-
tation of the evolution of fault pattern due to two suc-
cessive phases of extension is given in the Fig. 8c.

Fig. 4 Successive stages of
deformation of Model 1B, with
increasing deformation from a to
f. a–c Phase 1 deformation. d–f
Phase 2 deformation. “A”
represents the trend of anisotropy,
“D” represents the extension
direction, “RA” represents rift
axis, and “RN” represents the rift
normal. Dextral oblique
movement of anisotropy-parallel
fault during phase 1 deformation
is inferred from the dextral offset
of x-marker and moving apart of
y-marker without any offset, as
marked by square B in c. Dip slip
movement of the anisotropy
parallel fault during phase 2
deformation is inferred from
equal and opposite offset of two
sets of markers as marked by
square C in e
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Experiment 1D (β = 15°)

During the phase 1 extension, small dip slip faults per-
pendicular to the extension direction (i.e., parallel to the
rift axis) formed at longitudinal strain λ = 0.07, as major
faults (Fig. 6a). They widely opened up and get linked
by two other sets of faults. Those linking faults were
developed disregarding the anisotropy. One set of
linking faults was oriented at an angle of around 60°
with the rift parallel faults (measured anticlockwise).
Those faults were developed as dextral oblique faults
with continued deformation. The other set of linking
faults was oriented at an angle around 120° with the
rift parallel faults (measured anticlockwise). Those faults
developed as sinistral oblique faults with continued de-
formation. At a very late stage (at longitudinal strain
λ = 0.14), prominent anisotropy parallel faults were
formed and dextral slip took place along them as shown

by the slip of x-markers (square B, Fig. 6c). The max-
imum length of the isolated segments of the anisotropy
parallel faults is 7.7 cm. The orientations of the faults
are shown graphically in Fig. 7g.

During the phase 2 extension, the rift axis parallel faults
started to develop as sinistral oblique slip fault (can be inferred
from the shifting of markers as shown in square C, Fig. 6f).
Numerous anisotropy parallel faults were also started to form.
Gradually dextral oblique slip along them accommodated all
the deformation and the rift axis parallel faults became inac-
tive. At places, the anisotropy-parallel faults were linked by
new faults at an angle of 150° (measured anticlockwise with
them), cross cutting the rift axis parallel phase 1 faults. Some
anisotropy parallel faults terminated at widely open rift axis
parallel faults (basins) (Fig. 6f). The orientations of the faults
are shown graphically in Fig. 7h. The schematic representa-
tion of the evolution of fault pattern due to two successive
phases of extension is given in the Fig. 8d.

Fig. 5 Successive stages of
deformation of model 1C, with
increasing deformation from a to
f. a–c Phase 1 deformation. d–f
Phase 2 deformation. “A”
represents the trend of anisotropy,
“D” represents the extension
direction, “RA” represents rift
axis, and “RN” represents the rift
normal. Sinistral sense of
movement along linking faults
during phase 1 deformation can
be inferred from moving apart of
y-marker without any offset as
marked by square B in c. The
dextral sense of movement of the
anisotropy-parallel faults during
phase 1 deformation can be
inferred from the dextral offset of
x-marker (as shown in square C,
c) and moving apart of y-marker
without any offset (as shown in
square D, c). Dextral oblique
movement of the anisotropy-
parallel faults during phase 2
deformation can be inferred from
the shifting of markers as shown
in square E (f)
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Series 2 (phase 1 oblique extension: α = 30°, phase 2
orthogonal extension: α = 0°)

Experiment 2A (β = 90°)

During phase 1 extension, anisotropy-parallel, long, oblique
faults and linking faults almost perpendicular to the
anisotropy-parallel faults, were formed almost simultaneous-
ly, at a longitudinal strain of λ = 0.01 (Fig. 9a).With continued
deformation at a longitudinal strain of λ = 0.03, two sets of
new linking faults, one set at 60° and the other set at 120°
(measured anticlockwise) with respect to the anisotropy, were
formed (Fig. 9b). New faults parallel to the direction of an-
isotropywere also formed and all the major faults continued to
develop as sinistral oblique faults (deciphered from offset of
y-marker as marked by square B in Fig. 9c). Maximum length
of isolated segment of anisotropy parallel fault is around
10.5 cm. The orientation of the faults is graphically represent-
ed in the Fig. 13a.

During phase 2 extension, anisotropy parallel oblique
faults started to develop as normal faults (Fig. 9d). Some
new linking faults at 60°, 90°, and 120° (measured anticlock-
wise) with respect to the anisotropywere formed (Fig. 9f). The
orientation of the faults is graphically represented in the Fig.

13b. Schematic representation of the development of fault
patterns is represented in Fig. 14a.

Experiment 2B (β = 60°)

During the phase 1 extension, long anisotropy-parallel
dip slip faults were formed at a longitudinal strain of
λ = 0.04 (Fig. 10a). No other set of faults were devel-
oped. Anisotropy parallel faults developed as pure dip
slip faults (inferred from almost equal offset of x- and
y-markers, shown in square B, Fig. 10c) in the direction
of extension. The maximum length of the isolated seg-
ments of those faults is 22.3 cm. The orientations of the
faults are shown graphically in Fig. 13c.

During phase 2 of extension the anisotropy parallel
faults started to slip in the new direction of extension.
Thus, the phase 1 dip slip fault reactivated as dextral
oblique slip fault (inferred from the dextral offset of the
x-marker and moving apart of y-marker without any
separation, which were not offset during the phase 1
extension) (shown in square C, Fig. 10f). At a longitu-
dinal strain of λ = 0.29, two sets of linking faults were
formed: one set perpendicular to the extension direction
and the other set almost perpendicular to the major fault

Fig. 6 Successive stages of
deformation of model 1D, with
increasing deformation from a to
f. a–c Phase 1 deformation. d–f
Phase 2 deformation. “A”
represents the trend of anisotropy,
“D” represents the extension
direction, “RA” represents rift
axis, and “RN” represents the rift
normal. Dextral slip along the
anisotropy-parallel faults during
phase 1 deformation is shown by
offset of x-markers as shown in
square B (c). Sinistral movement
of the rift axis parallel faults
during phase 2 deformation is
shown by offset of markers in
square C (f)
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(Fig. 10f). The linking faults perpendicular to the exten-
sion direction were very few in numbers and did not
continue to develop with increasing deformation. The
linking faults, almost perpendicular to the anisotropy-
parallel faults developed as sinistral oblique faults. The
orientations of the faults are shown graphically in
Fig. 13d. The schematic representation of the evolution
of fault pattern due to two successive phases of defor-
mation is given in the Fig. 14b.

Experiment 2C (β = 45°)

During the phase 1 extension, long anisotropy-parallel oblique
slip faults were formed (at longitudinal strain of λ = 0.04)
(Fig. 11a). At longitudinal strain λ = 0.05, linking faults
started to form at 90° to 110°, measured anticlockwise with
the anisotropy parallel faults (Fig. 11b). The anisotropy-
parallel faults developed as dextral oblique- slip fault (inferred
from the dextral offset of x-marker as marked in square B, Fig.

Fig. 7 Rose diagrams showing
orientations of faults of series 1
models. A = the anisotropy, D =
the extension direction, RN = the
rift normal, RA = rift axis, and n=
number of data measured. Bin
size = 15. Frequency interval
represented between each
concentric circle = 2. a Faults
after phase 1 deformation of
model 1A. b Faults after phase 2
deformation of model 1A. c
Faults after phase 1 deformation
of model 1B. d Faults after phase
2 deformation of model 1B. e
Faults after phase 1 deformation
ofmodel 1C. f Faults after phase 2
deformation of model 1C. g
Faults after phase 1 deformation
of model 1D. h Faults after phase
2 deformation of model 1D
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Fig. 8 Schematic diagram showing the development of fault patterns
during two successive stages of deformation of series 1 models. a
Model 1A—(I) initial stage, (II) stage after phase 1, (III) stage after
phase 2. b Model 1B—(I) initial stage, (II) stage after phase 1, (III)

stage after phase 2. c Model 1C—(I) initial stage, (II) stage after phase
1, (III) stage after phase 2. d Model 1D—(I) initial stage, (II) stage after
phase 1, (III) stage after phase 2
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11c). The maximum length of isolated segments of those
faults is 21.4 cm. The orientations of the faults are shown
graphically in Fig. 13e.

During phase 2 extension, anisotropy parallel faults
underwent slip in the new direction of extension. Thus, the
phase 1 dextral oblique faults continued to develop as dextral
fault during the phase 2 extension. New (phase 2) linking
faults developed mostly at around 120°, measured anticlock-
wise with the anisotropy parallel faults (marked in Fig. 11e).
Those faults were developed as sinistral oblique faults with
continued deformation. A few phase 2 linking faults were also
formed perpendicular to the extension direction (marked in
Fig. 11e). However, those faults were very few in numbers
and their development was negligible during phase 2 exten-
sion. The orientations of the faults are shown graphically in
Fig. 13f. The schematic representation of the evolution of fault
pattern due to two successive phases of deformation is given
in the Fig. 14c.

Experiment 2D (β = 15°)

During phase 1 extension, numerous anisotropy-parallel faults
were formed at λ = 0.04 (Fig. 12a). At longitudinal strain λ ≈
0.08, numerous linking faults at 90° to 100°, measured anti-
clockwise with them started to form (Fig. 12b). Dextral slip
took place along the anisotropy parallel faults. This can be
inferred from the dextral offset of x-markers as shown by
square B in Fig. 12c. The maximum length of isolated seg-
ment of the anisotropy parallel faults is 10.2 cm. The orienta-
tions of the faults are shown graphically in Fig. 13g.

During phase 2 extension initially (up to longitudinal strain
λ ≈ 0.15), the linking faults remained active and developed as
sinistral oblique faults. New faults parallel to the linking faults
were formed and developed similarly (Fig. 12d). From longi-
tudinal strain λ ≈ 0.17, existing anisotropy-parallel faults
started to become longer and new anisotropy-parallel faults
started to form. Dextral slip along them became more

Fig. 9 Successive stages of
deformation of model 2A, with
increasing deformation from a to
f. a–c Phase 1 deformation. d–f
Phase 2 deformation. “A”
represents the trend of anisotropy,
“D” represents the extension
direction, “RA” represents rift
axis, and “RN” represents the rift
normal. Sinistral oblique
movement of the anisotropy
parallel faults can be deciphered
from the offset of y-marker as
shown by square B (c)
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dominant than the opening up of the linking faults (Fig. 12e).
Gradually, the 1st phase linking faults became inactive and the
anisotropy parallel faults crosscut them. The boundaries of the
1st phase linking faults were sheared along those anisotropy-
parallel faults (as shown in square C, Fig. 12f). The orienta-
tions of the faults are shown graphically in Fig. 13h. The
schematic representation of the evolution of fault pattern due
to two successive phases of deformation is given in the Fig.
14d.

Discussion

Initiation and development of phase 1 faults

For phase 1 orthogonal extension (series 1), faults formed
following the anisotropy for β = 90°, 60°, and 45° (e.g., ex-
periments 1A, 1B, 1C, Figs. 3a–c, 4a–c, and 5a–c). For β =
15°, the faults formed perpendicular to the extension direction

disregarding the anisotropy (e.g., experiment 1D, Fig. 6a–c),
but a few anisotropy-parallel faults also formed at a very late
stage of extension. For oblique extension, i.e., when the far-
field stress had a shear component, the faults initiated follow-
ing the anisotropy for all values of β (e.g., experiments 2A,
2B, 2C, 2D, Figs. 9a–c, 10a–c, 11a–c, and 12a–c). Thus, mode
of far-field stress has a control on the phase 1 fault initiation in
rocks with pervasive strength anisotropy. For β = 15°,
anisotropy-parallel faults grew as strike slip faults regardless
of the far-field extension direction (experiments 1D, 2D,
Figs. 6a–c and 12a–c). By comparing the schematic diagrams
represented in Fig. 8d(II) and Fig. 14d(II), it can be seen that
the anisotropy-parallel faults are developing as strike slip
faults in spite of the models undergoing different directions
of extensions. In case of oblique extension their sense of slip
(dextral) was opposite (experiment 2D, Figs. 12a–c) to that of
the far-field sinistral shear sense. So, in this case, they can be
compared to antithetic Riedel shears as they were oriented at
too high an angle with the rift axis. For β = 45°, 60° and β =

Fig. 10 Successive stages of
deformation of model 2B, with
increasing deformation from a to
f. a–c Phase 1 deformation. d–f
Phase 2 deformation. “A”
represents the trend of anisotropy,
“D” represents the extension
direction, “RA” represents rift
axis, and “RN” represents the rift
normal. Dip slip movements of
the anisotropy parallel faults
during phase 1 deformation is
inferred from the equal and
opposite offset of x- and y-
markers as shown in square B (c).
Dextral oblique sense of the
movement of the anisotropy
parallel faults during phase 2
deformation can be inferred from
the slip of the markers as shown
in square C (f)
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90°, the faults developed towards the direction of extension as
either dip slip (experiment 1A, 2B, Figs. 3a–c and 10a–c, as
shown in schematic diagram Fig. 8a(II) and Fig. 14b (II)) or
oblique slip faults (experiments 1B, 1C, 2A, 2C, Figs. 4a–c,
5a–c, 9a–c, and 11a–c, as shown in schematic diagrams Fig.
8b(II), Fig. 8c(II), Fig. 14a(II), Fig. 14c(II)). Thus, the growth
of faults having low obliquity with the rift normal (β = 15°) is
not controlled by the direction of extension (at least when the
direction of extension is at an angle ≤ 45° with them) whereas
that of the faults more oblique (β = 45°, β = 60°) or orthogonal
to the rift normal is controlled by the direction of extension
vector.

Under orthogonal extension, initiation of faults following
the anisotropy for β = 45°/60°/90° and perpendicular to the
extension direction, disregarding the anisotropy for β = 15°,
matches well with the proposal of Chattopadhyay and Chakra

(2013). But under oblique extension, we have found that the
faults initiate following the anisotropy even for β = 15°, which
is in contrast to the proposal of Chattopadhyay and Chakra
(2013). This may be due to the fact that in presence of a shear
component, this value ofβ is more favorable for the formation
of antithetic Riedel fractures than formation of new faults
crosscutting the anisotropy.

Length of anisotropy-parallel phase 1 faults

From the data of the length of anisotropy parallel phase 1
faults (Fig. 15), it is observed that the fault length is controlled
by their orientation (θ) with respect to the extension direction
rather than their orientation (β) with respect to the rift normal.
Longer faults are formed for higher value of θ, even if the
value of β is the same. For example, the series 2 models with

Fig. 11 Successive stages of
deformation of model 2C, with
increasing deformation from a to
f. a–c Phase 1 deformation. d–f
Phase 2 deformation. “A”
represents the trend of anisotropy,
“D” represents the extension
direction, “RA” represents rift
axis, and “RN” represents the rift
normal. The dextral oblique sense
of slip of the anisotropy-parallel
faults during phase 1 deformation
can be inferred from the shifting
of markers as shown by square B
in (c)
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oblique anisotropy have longer faults than their series 1
counterparts as the former have higher value of θ.
However, for orthogonal anisotropy, the series 1 model
has longer fault due to the same fact. Similar variation
in fault length is also described by Agostini et al.
2011from their experimental study and natural fault
patterns of Main Ethiopian Rift.

Such variation in fault length may happen due to the
fact that with decreasing angle with respect to the ex-
tension direction the shear component along the fault
increases. Increasing shear component favors the curva-
ture of tip towards the adjacent fault, thus favoring
more segmentation and formation of smaller faults.

Fault pattern during phase 2 extension

The phase 1 faults develop actively during phase 2 extension
only if they are formed parallel to the direction of anisotropy.
The phase 1 faults formed following the orthogonal and/or
more oblique anisotropy (β = 45°, 60°) develop actively in
the direction of phase 2 extension. Thus the phase 1 oblique
faults may reactivate as dip slip faults (experiments 1B, 2A
Figs. 4d–f and 9d–f), phase 1 dip slip faults may reactivate as

oblique slip faults (experiments 1A, 2B, Figs. 3d–f and 10d–f)
or phase 1 oblique slip faults may continue to develop
as oblique slip faults (experiments 1C, 2C, Figs. 5d–f
and 11d–f) with different amount of oblique component.
The less oblique (β = 15°) anisotropy-parallel phase 1
faults reactivate as strike slip faults irrespective of the
direction of phase 2 extension (experiments 1D, 2D,
Figs. 6d–f and 12d–f). Figure 16 schematically shows
the pattern of reactivation of phase 1 faults during phase
2 extension. The less oblique fault AB (β = 15°)
reactivates as strike slip fault irrespective of the direc-
tion of extension (as shown in Fig. 16 a, b). The fault
CD (β = 45°) reactivates as more oblique fault under
phase 2 orthogonal extension (Fig. 16a) than phase 2
oblique extension (Fig. 16b). The fault EF (β = 60°)
reactivates as oblique fault under phase 2 orthogonal
extension (Fig. 16a) but as dip slip fault under phase
2 oblique extension (Fig. 16b).

Many earlier workers (Keep and McClay 1997;
Bonini et al. 1997; Henza et al. 2011) have mentioned
that the fault pattern during the phase 2 extension will
be strongly influenced by the phase 1 faults. However,
they have not considered the role of preexisting, strong,

Fig. 12 Successive stages of
deformation of model 2D, with
increasing deformation from a to
f. a–c Phase 1 deformation. d–f
Phase 2 deformation. “A”
represents the trend of anisotropy,
“D” represents the extension
direction, “RA” represents rift
axis, and “RN” represents the rift
normal. The dextral slip along the
anisotropy-parallel faults during
phase 1 deformation can be
inferred from the offset of
markers shown by square B (c).
Sheared boundary of phase 1
linking faults by anisotropy
parallel faults is shown in square
C (f)
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pervasive anisotropy in controlling the deformation.
From our experiments, we can say that the phase 1
faults control the phase 2 deformation (by moving ac-
tively and/or facilitating formation of new faults paral-
lel to them) only when they are parallel to the pre-
existing pervasive anisotropy. The major faults formed
disregarding the anisotropy during phase 1deformation
become almost inactive during the phase 2 extension.
New faults form parallel to the pervasive anisotropy

and accommodate almost all the deformation during
phase 2 (experiment 1D, Fig. 6d–f). Phase 1 linking
faults also do not able to accommodate much deforma-
tion even if they are more favorably oriented with re-
spect to the phase 2 extension direction than the perva-
s ive anisot ropy para l le l faul ts (exper iment 2D,
Fig. 12d–f). Thus, the preexisting pervasive anisotropy
(provided that it is strong enough to influence the de-
formation) has a greater control than the phase 1

Fig. 13 Rose diagrams showing
orientations of faults of series 2
models. A = the anisotropy, D =
the extension direction, RN = the
rift normal, RA = rift axis, and n =
number of data measured. Bin
size = 15. Frequency interval
between each concentric circle =
2. a Faults after phase 1
deformation of model 2A. b
Faults after phase 2 deformation
of model 2A. c Faults after phase
1 deformation of model 2B. d
Faults after phase 2 deformation
of model 2B. e Faults after phase
1 deformation of model 2C. f
Faults after phase 2 deformation
of model 2C. g Faults after phase
1 deformation of model 2D. h
Faults after phase 2 deformation
of model 2D
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discrete faults in the development of final fault pattern
in multiple phases of extension.

Comparison of experimental results with natural
example

The results obtained from our experiments can be well
compared with the natural examples of fault patterns as
observed in Karonga Basin (also known as North
Basin), northern Malawi Rift, Africa (Fig. 17a, b)
(Ring 1994). During Cenozoic rifting, due to initial

ENE-WSW orthogonal extension, dip slip faults are
formed in the western part of Karonga basin (marked
by square C in Fig. 17b). These faults cross cut the
basement foliations within Precambrian Mugesse shear
zone (Fig. 17c), similar to the phase 1 results of our
experiment 1D. However, during 2nd phase of exten-
sion in the WNW-ESE direction, transfer faults (orient-
ed SE, ESE, E, and ENE) are formed following the
underlying basement shear zone foliations (Fig. 17d).
The result of phase 2 extension of our experiment 1D
can be compared well with the formation of transfer

Fig. 14 Schematic diagram
showing the development of fault
patterns during two successive
stages of deformation of series 2
models. a Model 2A—(I) initial
stage, (II) stage after phase 1, (III)
stage after phase 2. bModel 2B—
(I) initial stage, (II) stage after
phase 1, (III) stage after phase 2. c
Model 2C—(I) initial stage, (II)
stage after phase 1, (III) stage after
phase 2. d Model 2D—(I) initial
stage, (II) stage after phase 1, (III)
stage after phase 2
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faults following the direction of ENE foliation under
WNW-ESE extension.

In the Eastern part of the basin (marked by square D in
Fig.17b), during initial ENE-WSW orthogonal extension, the
Livingstone Border fault was initiated as a dip slip reactivation
of the dominant foliation of the underlying Precambrian shear
zone (Fig. 17e). During later WNW-ESE extension, the
Livingstone Border Fault was reactivated as dextral strike slip
fault (Fig. 17f). The results of our experiment 1A can be com-
pared well with this example.

Conclusions

The above experimental work was done to study the role of
preexisting pervasive anisotropy (strong enough to influence
the deformation) in the development of fault patterns during
two successive phases of extension. Analog models with

pervasive anisotropy, intended to represent a rift zone with a
foliated metamorphic basement were used. The different ori-
entations of the pervasive anisotropy with respect to the rift
normal were set at β = 15°, 45°, 60°, and 90°. The models
were deformed by either orthogonal extension followed by
sinistral oblique extension at 30° with the rift normal or vice
versa. From the results obtained, the following conclusions
can be made-

1. Mode of far-field bulk deformation of the rift system has a
control on fault initiation. Presence of shear component in
the far-field stress favors initiation of antithetic strike slip
faults following the less oblique anisotropy rather than
extensional faults crosscutting that anisotropy.

2. The phase 1 faults reactivate during the phase 2 extension
only if they are parallel to the preexisting pervasive an-
isotropy. The phase 1 faults which form disregarding the
anisotropy become inactive during phase 2 extension

Fig. 16 Schematic diagram showing the growth of differently oriented
phase 1 faults during phase 2 deformation. a Fault movements during
phase 2 orthogonal extension. Less oblique (β = 15°) phase 1 fault AB
grows as dextral strike slip fault. More oblique (β = 45°) phase 1 fault CD
grows as dextral oblique fault. Most oblique (β = 60°) phase 1 fault EF

grows as dextral oblique fault. b Fault movements during phase 2 sinistral
oblique extension (at α = 30°). Less oblique (β = 15°) phase 1 fault AB
grows as dextral strike slip fault. More oblique (β = 45°) phase 1 fault CD
grows as dextral oblique fault. Most oblique (β = 60°) phase 1 fault EF
grows as dip slip fault

Fig. 15 Graph of fault length vs.
fault orientation with respect to
the extension direction. Fault
length (l) is plotted along Y-axis
and the angle between the
extension direction and
anisotropy parallel faults (θ) is
plotted along X-axis
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even if they are oriented more favorably than the perva-
sive anisotropy and/or the faults following them. Thus, if
the preexisting pervasive anisotropy is strong enough to
influence the deformation, then it plays a greater role than
the discrete phase 1 faults in controlling the final fault
pattern, during two successive phases of extensions.

3. During phase 1 extension, the angle between the exten-
sion direction and the anisotropy parallel fault has a

control on the fault length. A greater angle prefers forma-
tion of longer faults.

4. Direction of phase 2 extension plays a role in con-
trolling the development of the faults formed fol-
lowing the more oblique and/or orthogonal anisot-
ropy only. The faults formed following the direction
of less oblique anisotropy develop as strike slip
faults irrespective of the direction of extension.

Fig. 17 Natural example of fault
patterns from Karonga basin,
Malawi Rift, Kenya, Africa which
matches with our experimental
results. a Location showing
Malawi rift within Africa. b
Enlarged sketch of Karonga
basin, northern part of Malawi rift
(modified from Fig. 2 of
Kolawole et al. 2018). c Fault
patterns in the western part of the
Karonga basin, (the area which is
marked by square C in b) after
phase 1 deformation. Here, during
Cenozoic rifting, due to initial
ENE-WSWorthogonal extension,
dip slip faults are formed. These
faults cross cut the basement
foliations within Precambrian
Mugesse shear zone. d Fault
patterns after two successive
phases of deformation in the
western margin of the Karonga
basin. During 2nd phase of
extension in the WNW-ESE
direction, transfer faults (oriented
SE, ESE, E, and ENE) are formed
following direction of the
underlying basement shear zone
foliations (similar to the results of
our experiments 1D). e Fault
pattern in the Eastern part of the
Karonga basin (the area marked
by square D in b) (modified from
Fig. 9a, Ring 1994). During phase
1 ENE-WSWorthogonal
extension, the Livingstone Border
fault was initiated as a dip slip
reactivation of the dominant
foliation of the underlying
Precambrian shear zone. f During
late strike slip phase of Cenozoic
rifting the Livingstone Border
Fault was reactivated as dextral
strike slip fault (similar to our
experiment 1A)
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Appendix

Scaling of viscous material (pitch)
A model is well scaled to their natural analogues,

when the model and its natural prototype remain geo-
metrically, kinematically and dynamically similar
(Hubbert 1937; Ramberg 1975). To achieve scaling
condition, the model material has to be very weak as
experiments are run on real time which is much faster
than geological deformations. Geometrical similarity is
represented by the model ratio of length (length of the
model/length of equivalent natural prototype). For our
setup, model ratio of length (λ) = lm/ln = 0.2 × 10−5

(calculation shown in the Table 4). Kinematic similarity
is represented by the model ratio of time (τ). Time ratio
is calculated as the ratio of time needed for achieving a
certain amount of deformation in the experiment and
time needed to achieve the same amount of strain in
the corresponding natural situation (Hubbert 1937,
p1467). For our setup, model ratio of time (τ) = tm/tn =
3.8 × 10−11 (calculation is shown in the Table 4).
Hubbert (1937) suggested that in case of very slowly
moving viscous models, the forces due to inertia can be
n eg l e c t e d w i t h ou t c a u s i n g s i g n i f i c a n t e r r o r .
Consequently, dynamic similarity can be achieved if
model ratios of length (l), mass (m), and time (t) are
chosen arbitrarily and forces, viz. stress, pressure, shear
strength, and viscosity are made to conform to the ratio
μ = δλ3, where μ, δ, and λ are model ratios of mass,

density and length, respectively (Hubbert 1937, p.
1489). In the present case, we have used viscous
models (pitch) under slow strain rate (≈ 10−4/s).
Therefore, we have assumed negligible inertial forces
following Hubbert’s argument. When we compare the
model viscosity ratio calculated from the fundamental
model ratios (ζ = δλτ = 0.34 × 10−16) with the actual
model ratio of viscosity found in model and its natural
analogue (e.g., ξ = 0.51 × 10−16), they are found to be
within the same order of magnitude (Table 4). Thus, our
models achieve dynamic scaling at least approximately,
and the results of our experiments can be reasonably
extrapolated to natural situations.
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