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Refracted markers, viz., cleavages and faults, across rock layers are well-documented structural features that
develop as the structures propagate through layers of varying competency. We study the Palaeoproterozoic low
grade meta-greywacke of the Rautgara Formation, Garhwal Lesser Himalaya, Uttarakhand, India. The focus is on
the micro-fractures that cut the flaky-mineral rich cleavage (c-) and the porphyroclast-rich microlithon (m-)
domains of the disjunctive foliation planes. Although the rock appears unsheared mesoscopically, in the micro-
scale S—C fabric, shadow zones and tails of few quartz porphyroclasts exhibit a top-to-SW ductile shear. A mean
kinematic vorticity number (Wy,) of ~0.73 has already been determined from this rock. Our renewed study of
thin-sections reveal fracture refraction patterns that match with the findings of various known analogue- and
analytical models, viz., (i) higher competency contrast between c- and m-domains favours extension fractures
over shear fractures, which develop more in the m-domains. Shear fractures dominate in the c-domains, (ii) the
angle (©) between fracture and the ‘layer normal’ is higher (>70°) inside the less-competent layers, (iii) a
dominant simple shear in the brittle regime produces the P-planes at an angle to the primary shear Y-plane. In
one such case, © measured from thin-section for 15 successive sub-parallel c-and m-domains show that the most
viscous m-domain is ~24 times more viscous than the lowest viscous c-domain. Additionally, out of the eight c-
layers, the most viscous c-domain is 3.4 times more viscous than the least viscous c-domain. Similarly, out of the
seven m-domains, the most viscous m-domain has a viscosity four times more than the least viscous m-domain.
Knowing viscosity ratio of different layers in rocks will enable better analogue and analytical tectonic models.
Our numerical models of general shear on linear elastic materials similar to the studied rock type, however, show
that the rheological contrast does not influence the curvature of the shear-induced fractures at the boundaries
between the quartz-rich sandstone and the mica-rich domains. Close-spaced impurities/notches may curve
fracture domains across the layer boundaries producing a ‘false’ impression of fracture refraction. Moreover, the
first principal strain axis (¢1) does not reorient across the layers except close to the notches. Nevertheless, the
current study shows micro-scale development of mechanical stratigraphy under the influence of the ongoing
tectonic deformation and quantifies the domain-wise competence contrasts with the help of refracted fractures.

1. Introduction workers to quantify competence contrast, e.g., using multilayer folding

(Huang et al., 2010), use of Schmidt hammer (Katz et al., 2000; Aydin

How far deformation and metamorphism govern rock rheology has
been a matter of significant international attention amongst geo-
scientists. Such findings are of great use in developing analogue and
analytical models for the genesis of structures/deformation of terrains.
The term ‘competence’ qualitatively refers to a material’s resistance to
deformation. In geological discussions (e.g., Twiss and Moores, 2007),
‘competence contrast’ usually connotes the competence ratio between
the two layers. Several approaches have been made by the previous
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and Basu, 2005), using bone-shaped structure (Kenis et al., 2006).
Refraction of markers (cleavages/fractures), the focus of the current
study, have also been used as a tool to quantify competence contrast
among multiple layers (Ferrill and Morris, 2003; Groome and Johnson,
2006). Refraction of dykes in different scales has also been reported (Fig.
3b of Alsop et al., 2019). Cleavage refraction has been noted across
lithologic units for 70 years or more (e.g., Fig. 137A in Nevin, 1949). In
ductile regime, cleavage refraction indicates strain compatibility across
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the layers of different viscosity (Fig. 13.16 in Fossen, 2016). In
coarser-grained layers, cleavages develop at higher angles with the
bedding (Argles, 2010). Varying orientations of the principal extension
axes of the strain ellipsoids across layers of the rock refract the cleavages
(review in Price and Cosgrove, 1990), which preferentially develop
parallel to the short-axes of the strain ellipsoids (Dennis, 1987).

Likewise, in brittle domain, fault refractions (Fig. 1) have been re-
ported from different rock types, such as carbonates and volcanic rocks
consisting of layers (Ferrill et al., 2017a,b and references therein). Study
of fractures/faults in different scales constitute an integral part of
structural geology and have far-reaching implications in seismicity,
basin evolution, petroleum geoscience and orogeny (e.g., Anders et al.,
2014; Watkins et al., 2019). Fracture refraction, the cause of the cur-
vature of faults (i.e. listric faults) in multi-layered sequence occurs due
to the mechanical stratigraphy, i.e., the compositional difference
amongst layers (Weiss, 1972; Hancock, 1985; e.g., field figures in Alsop
etal., 2018a, Fig. 2 in Alsop et al., 2018b; possibly Fig. 8c of Alsop et al.,
2016; also see Fig. 5.73 of Mukherjee, 2014 for listric fractures cutting
across layers). In contrast, fault planes passing almost straight across
layers (such as Fig. 6a of Alsop and Marco, 2014) could mean negligible
compositional difference of the layers.

Besides mechanical stratigraphy, low confining pressure and low
differential stress are also the prerequisites for fracture refraction
(Carlini et al., 2019 and references therein). Under the same stress
condition, layers with varying competence strain differently (Peacock
and Sanderson, 1992). Steep hybrid-/shear-failure are favoured in
competent layers, and gently dipping shear fractures in the less
competent layers. Shear fractures are more expected in the c-domains,
whereas extension fractures in the m-domains (Twiss and Moores,
2007). Higher the competency, greater is the influence of the extension
fracture over shear fracture (Treagus, 1988). Least ductile strata fails
first and this is followed by the more ductile layers (review in Ferrill
et al., 2017a,b). Maccaferri et al. (2010), with the help of mathematical
models, show that a crack/dyke deviates towards (or away from) the
layer normal when it propagates into a softer/less viscous (or harder/-
competent) layer. Hence, the angle between the fracture and the layer
normal direction is higher in less-brittle/viscous/competent layer
(Treagus, 1983, 1988; Peacock and Sanderson, 1992; Kopp et al., 1994;
Ferrill et al., 2017a). Shear fractures make higher angle with the
maximum compression direction (angles with layer boundary: shear
fractures 20-40°, extension fracture 90°: Ramsey and Chester, 2004). So
far, fracture refraction due to mechanical stratigraphy has primarily
been studied for normal faults (e.g., Ferrill et al., 2016a; b), with fewer
examples for thrusts (e.g., Maillot and Koyi, 2006) and strike-slip faults
(e.g., Carlini et al., 2019). In all the cases mechanical stratigraphy has
been attributed to the change in lithology in successive beds, through
which the fault propagates.

Here we study refracted micro-fractures passing through sheared
domains in a naturally deformed low-grade meta-sedimentary rock. The
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aim is to identify the cause(s) responsible for micro-scale fracture
refraction. The competency contrast amongst various domains has been
calculated from the angles of refraction of the fractures. The results have
been used in a numerical model to understand the role of competence
parameters, such as the Young’s modulus, behind the competence
contrast for elastic materials in micro-scale.

2. Study location & sample description

The study location is at the Gangori Shear Zone (Bose et al., 2018),
Inner Lesser Himalaya of the Garhwal region, India. The studied rock
sample belongs to the Proterozoic greywacke of the Rautgara Formation
(Fig. 2a; Valdiya, 1980, 2010; Célérier et al., 2009; Dubey, 2014;
equivalent to the quartz-arenites of the Rautgara Formation of Pant
et al., 2012; or the Netala Quartzite of Jain, 1971; Agarwal and Kumar,
1973). Petrographic studies indicate that the rock consists of quartz,
muscovite and clay minerals (Fig. 2b). Bose et al.’s (2018) XRD analyses
on the clay portion of the rock, and strain analyses of the rock samples
reveal that (i) the clays are of clinochlore and illite species; and (ii) a
mean Kinematic Vorticity Number W, of ~0.73 denoting 57% simple
shear and 43% pure shear, respectively. A general shear/sub-simple
shear regime is expected since such a regime has already been worked
out from several other terrains in the Himalaya (e.g., Grasemann et al.,
1999; Vannay and Grasemann, 2001; review in Fig. 8 of Mukherjee,
2013).

Under an optical microscope, the rock displays dominantly a
disjunctive rough foliation (resembling Fig. 11.3 of Twiss and Moores,
2007, Fig. 3). We choose three refracted fractures (Figs. 3 and 4) from
the XZ-section of the rock. Quartz fills up the opening-mode (Mode-1)
micro-cracks as cement. Presence of such cement along with the absence
of crack-seal texture indicates that the fracture generated in a single
event (Trepmann and Stockhert, 2009; Hooker et al., 2018). Inclusion
trails and cross-cut relation with newly formed muscovite indicate the
quartz vein is syn-kinematic. The shear sense is identified by observing
the sigmoidal shear planes and tails/shadow zones associated with the
elliptical quartz porphyroclasts. Secondary quartz fills up the irregular
fractures with up to ~1.3 mm aperture that cut across other quartz
grains (Fig. 3b) as well as the m-domains (Fig. 3c). The following section
deals with the estimation of competence contrast from these refracted
fractures.

3. Quantification of competence contrast from fracture
refraction

Cleavage refraction (Treagus, 1973; Helmstaedt and Greggs, 1980)
has been studied extensively through various techniques, e.g., on natural
samples (Kanagawa, 1993), in analogue models (Treagus, 1999) and in
analytical studies (Treagus, 1983, 1988). From theoretical and analogue
models on cleavage refraction, Treagus (1999) propose the following
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Fig. 1. Schematic diagram: refraction of shear-generated fracture in cleavage (c) — microlithon (m) domains.
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Fig. 2. (a) Geological map showing the study location, the Gangori Shear Zone (reproduced after Fig. 1 of Bose et al., 2018). (b) Rautgara Formation greywacke
exposed at the Gangori Shear Zone (30°45.114’N, 78°27.189’E). Red box: spot of sample collection. S. Mukherjee as scale (~80 cm height visible in the image). (c)
Micro-texture. The shear planes are rich in clays and indicate the overall top-to-SW slip. Plane polarised light. (For interpretation of the references to colour in this

figure legend, the reader is referred to the Web version of this article.)

equation to quantify the competency contrast of the two adjacent do-
mains, which is followed by the subsequent workers for different
rock/mineral layers (e.g., Ragan, 2009).

Yo _ tanb.

= m_K 1
Ym tan6p, He (s27) W

v: shear strain of the domain, 6: the angle between the fracture and the
layer normal, p: dynamic viscosity of the domain; Subscript m: m-
domain; c: c-domain.

We measure refraction angles for the three fractures (Fig. 5a and b)
and calculate the competency ratios (Fig. 5c) following eqn. (1). Fig. 6
presents graphically the relationship between the thickness of the c- and
the m-domains (178-3316 pm thick) versus the refraction angles that
range 3-47°. Fig. 6 with the plot of thickness of the two domains vs. the
refraction angles shows that the c-domains preferably have lower
domain-thickness and higher refraction angle than those of the m-do-
mains. Fig. 7 compares layer-to-layer competency ratios. The figure
shows that the m-domains have high competency contrast when
compared with a particular m-domain for the chosen fracture. On the
other hand, competence contrast amongst the c-domains themselves are
much less when compared with a single c-domain for the chosen
fracture.

4. Competence parameters and fracturing of brittle material

The rheology of the ductile crust depends on thermal profile,
enthalpy input, orogenic architecture and bulk composition etc. (Brown,
2005). The three key parameters indicating rock competence are
Young’s Modulus (E), compressive strength, and the bulk density (Katz
et al., 2003). While viscosity has been widely used as a competence
indicator for viscous materials, E has been considered as a gauge of rock
stiffness/rigidity/competence for elastic/elasto-viscous materials (e.g.,
Tsuchiya et al., 2005; Henk and Nemcok, 2008; Jeng and Huang, 2008;
Ferrill et al., 2016; 2017b; McGinnis et al., 2017). Studying the growth
of fault in multilayer through numerical modelling, Nespoli et al. (2019)
report that the crack grows in the direction of maximum energy release.
They also report the deflection of crack (or, fault) at the interface of
contiguous layers with different rigidity (depends on the Young’s
modulus and Poisson’s ratio). However, the authors found an increase in
dip angle of the fault upon entering a softer layer (i.e., lower rigidity).

Referring Young’s modulus (E) as the indicator of layer competence,
the numerical model by Damasceno et al. (2017) keep the E of compe-
tent layer 10 times more than the incompetent layer. They maintain the
same Poisson’s ratio for layers with variable competence. This is because
the Poisson’s ratio does not severely affect the deformation mechanism
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Fig. 3. (a) Mosaic shows two fractures, 1 and 2, passing through several
cleavage (c) and microlithon (m) domains. Inset cartoon: extent of the corre-
sponding fractures. Plane polarised light. (b) Zoomed part of (a): the nature of
fracture-1 passing through quartz porphyroclasts. Cross-polarised light. No drag
near the fracture. (¢) Zoomed part of (a), showing the nature of fracture-2
passing through the clay-rich cleavage domain. Plane polarised light. Minor
drag (?) along the fracture.

(Huang et al., 2010). Increase in E decreases the amount of extensional
strain for failure (Gross et al., 1995). Biirgmann et al. (1994) check the
influence of variable E on the slip along a fault. Koehn et al. (2005)
report that the spacing of extension fractures reduces as E elevates.
Eyinla and Oladunjoye (2014) consider E as one of the key parameters
while predicting the mechanical competency for hydrocarbon
exploration.

In place of Young’s modulus (E), an “equivalent Young’s modulus”
(E) has also been used (e.g., Huang et al., 2010):

E=E/(1- o) 2

here v: Poisson’s ratio.

Due to its sensitivity on pre-existing flaws (e.g., cracks, porosity), the
effective Young’s Modulus correlates the textural variations with the
strength variations (Austin and Kennedy, 2005 and references therein):

o, = aByos+ G, 3
here o,: peak differential stress, E.: effective Young’s modulus, o3: least

principal (compressive) stress, C,: unconfined compressive strength, and
a, b, c: fit parameters.
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From lab experiments and finite element studies, Teufel and Clark
(1981) deduce that in layered rocks, the layers with higher shear moduli
experience more horizontal compression that influences the vertical
propagation of hydraulic fracture. Decrease in the effective Young’s
modulus initiates cracking (Berry, 1960a) by reducing both the stress
level and driving force for crack propagation (Berry, 1960b). Strain-rate
influence fracture initiation stress (Kipp et al., 1980). Young’s modulus,
and therefore the effective Young’s modulus, decreases with increasing
grain-size (Eberhardt et al., 1999).

At all deformation temperatures, fractures originate from the pores/
pore agglomerates present at the grain boundaries (Adams et al., 1997).
Fractures grow incrementally and interact mutually (Hooker et al.,
2018). Mecholsky et al. (1976) find the relation of Young’s modulus
with the critical flaw sizes and critical fracture energy, which again is
governed by microstructures. While experimenting with aluminium
metal-matrix composite, Manoharan and Lewandowski (1990) find that
influence of microstructures on fracture initiation and growth is much
faster in composite materials than on the monolithic materials.

5. Numerical simulations

We perform the 2D-finite element models of linear elastic material
with pre-existing impurities/notches, and its response to general shear.
In this time-dependent model the stresses/loads on the material
boundaries increase non-linearly with time. These simulations are car-
ried out using the software COMSOL Multiphysics v5.4 (2019). Our
primary interests are to: (i) observe the temporal evolution of fracture
geometry, within and across various layers, (ii) comment on the possible
role of competency contrast among layers with regard to (i), and (iii)
compare the resulting features with real microstructures (such as Fig. 3).

5.1. Governing equations & other issues

The set of equations to be solved to determine the state of stress and
displacements at the end of a time-dependent 2D deformation of an
isotropic and linear elastic material are:

Tu_ g F 4
I . 6+ Fy 4
o= 0'0+C I( E— & — Sth) (5)
e= S [Vut (Vu)] ®)

here p: density; t: time; u: displacement vector that points from the
reference position to the current position such that x = X + u (X,t) (x and
X: spatial and material coordinate vectors, respectively); F: body force;
oo and ¢: initial stress and the strain states, respectively; e4: thermal
strain; ¢ (stress matrix) = {6’“ Oxy }; ¢ (strain matrix) = {8’”‘ Exy }; C
Oyx  Oyy Eyx &y
(also written as Cyy) is the 4th order elasticity tensor that (because of

symmetry) can also be represented as a 6 x 6 matrix D. D = Mﬂ
(E and v: Young’s modulus and Poisson ratio, respectively); ‘> = the
ou ou
. . 0X oY
double-dot tensor product; Vu (displacement gradient) = J
X 9Y

(always calculated with respect to the material coordinates x, y; Karato,
2008; Gerya, 2010; Qi et al., 2018).

Lab experiments by previous researchers reveal that not only the
strength of the rock increases with the intermediate principal
compressional stress (62; when 61 > 63 > 03) up to a certain value fol-
lowed by a decrease, but the fault angle (angle between o; and the fault
normal) for a normal fault also increases with 65 (Mogi, 2007; Haimson
et al.,, 2017). Pan et al. (2012) report that the increase in rock
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strength/failure strength arises due to delayed failure in a moderate o5
condition. However, after studying the Shirahama sandstone and the
Yuubari shale (Japan) Colmenares and Zoback (2002) show that the
failure strength does not strongly depend on the rock composition.
Secondly, the failure criteria such as the Mohr-Coulomb or the
Hoek-Brown, which do not consider the influence of the intermediate
principal stress (63), can be used. The Mohr-Coulomb failure criterion
for plane strain deformation of an incompressible linear elastic material
is:

t=C+ p0, 7

In other words,
af e+ b afyam - nf- 2e=0 ®)

here ¢1: maximum principal stress; ¢3: minimum principal stress; p;:
coefficient of internal friction, and C: cohesion (Jaeger et al., 2009;
Meyer et al., 2017). As demonstrated in Bose et al. (2018), Eqn (8) also
represents the condition for brittle failure. Eqn (8) is the Yield Function
(Yg) indicating that fractures develop at locations wherever it is
satisfied.

The second invariants of deviatoric stress and elastic strain tensors
are given by:
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Fig. 4. (a) Mosaic shows Fracture 3 passing through
cleavage (c) and microlithon (m) domains. Inset
cartoon: extent of the corresponding fractures. Plane
polarised light. (b) Zoomed part of (a): the nature of
fracture-3 passing through a quartz porphyroclast.
Cross-polarised light. The grain remains uninfluenced
by the fracture. (¢) Zoomed part of (a), showing the
nature of fracture-2 passing through the clay-rich
cleavage domain. Plane polarised light. Minor drag
(?) present along the fracture. (d) Zoomed part of (a)
showing another example where Fracture 3 is passing
through a quartz grains. Note the nature of Fracture-3
before and after interacting with the quartz grain.

((52 — 0'3)2 + (61 - (52)2 + (0-3 - 61)2

(Jz)dev.stress = 6 (9)
(Jz)elas&ic strain tensor (J2)elaslic strain tensor giy — ExEyy (10)
e € Ex  t &y + |2 + (8“ _‘c"yy)2 an
= = 97 e ~— 27
1, & 5 Yy 2

€1 and &, are the maximum and minimum principal strains, respectively
(Jaeger et al., 2009; Hobbs and Ord, 2015).

5.2. Model set up

We run two categories of 2D-models viz., (a) sandstone layers only
(M1) and (b) two non-schistose sandstone layers separated by a layer of
mica-schist (M2) (Fig. 7). Although the actual rock type, i.e., greywacke,
has also been used in numerical modelling (e.g. McNamara et al., 2014;
Mielke et al., 2016), here we use two distinctly different lithologies to
address the issue of c- and m-domains with variable competency
(Table 1). Each of the two models are sub-divided into three classes
based on the location of the notches. A notch represents an impur-
ity/imperfection/flaw/weak zone from where fractures originate (e.g.,
Wall, 2002; Justo et al., 2017). Notches trigger fracturing in the model.



N. Bose et al.

Fracture 1
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Fig. 5. (a) Demarcation of the cleavage (c)-

and microlithon (m)-domains in each of the
three fractures along with the corresponding
domain thickness and refraction angle. (b) C-
and m-domains are marked on the line
drawings of fracture-1 and -2. (c) Angle be-
tween fracture and layer normal direction in
each of the c-m domains. (d) Competency
contrast between two adjacent layers. Values
of the red boxes at domain boundaries indi-
cate ratio of viscosity of lower domain to the
upper one, calculated based on eqn (1) in
Section-3. Red broken line shows their
changing pattern. (For interpretation of the
references to colour in this figure legend, the

reader is referred to the Web version of this
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This is a standard procedure in numerical models (e.g., Virgo et al.,
2016; Shovkun and Espinoza, 2019).

The four classes of models are (Figs. 8 and 9): M1-T (T: notches
present only in the top layer), M1-M (M: notches present only in the
middle layer), M1-B (B: notches present only in the bottom layer), M1-A
(A: notches present in all the layers). We have included four notches,
three rectangular and one elliptical, in each layer (Fig. 9). In both the
models (M1 & M2), (Fig. 8), the top, the middle and the bottom layers

are referred to as Ly, Ly and Lg, respectively (Fig. 9). Er, Ey and Eg are
their respective Young’s moduli (E) (Fig. 9). In M1 and M2 all the
physical properties of the sandstone layers are taken identical except the
E i.e., for M1, Er: Ep: Eg = 3.5:2.5:1; and for M2 Eq:Eg = 3.5:1 (Ly is
mica schist in M2 such that Ey:Eg = 1.5:1). These ratios are chosen on a
trial-and-error basis for which the fractures turn out to be most
prominent.

Each domain/layer has a dimension of 1 x 0.25 um?2. The coordinate
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Fig. 6. Relation between domain thickness and refraction angle (6).

axes x and y are horizontal and vertical, respectively (Fig. 9). Two
different kinds of notches have been incorporated viz., rectangular
(dimension: 5 x 1073 pm x 4 x 1072 um) and elliptical (major axis: 6 x
1072 pm, minor axis: 2 x 1072 pm; i.e., aspect ratio = 3). The dimension
of the notches is kept deliberately much smaller than the chosen rect-
angular domain. However, they are not made very small in order to keep
them visible in the figures. A reason of using notches of different ge-
ometries and orientation was to understand whether notch geometry
itself can influence our results. The rectangular notches are either
perpendicular or at an angle, either 50° or 70°, to the x-axis. The major
axis of the elliptical notches always parallels the y-axis. Meshing in

terms of equilateral triangles with sides of lengths ranging from 3.7 x
10720 0.012 x 10~2 ym has been employed using the mesh generation
module in COMSOL with an advancing front tessellation (as in Marques
et al., 2005; Johnson et al., 2009; Lo, 2015).

The models are subject to general shear with the ratio of stress
responsible for simple shear and pure shear increasing non-linearly with
time (Fig. 10) in a plane strain deformation regime. We chose general
shear to deform the model layers since our studied samples in thin-
section revealed general shear in our previous study i.e., Bose et al.
(2018). The shear stress ox acts parallel to the x-axis and the interlayer
boundaries, whereas the compressive normal stress oy parallels the
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Fig. 7. Comparison of relative competency among the microlithon (a) and cleavage (b) domains. The competency contrast is as per eqn (1) in Section 3. Note that the

y-axis is in log scale.
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MODELS
v |
Sandstone-Sandstone-Sandstone Sandstone-Mica Schist-Sandstone
(M1) (M2)
| vV v v v v vV
MI1-T M1-M| M1-B M1-TB M1-A M2-T| M2-M| M2-B| M2-TB M2-A
Fig. 8. Types of numerical models in this study.
stresses occurs over an interval of 2s (t =0 to t = 2s) (Fig. 10). Whether
Table 1 stress increases temporally is difficult to check in natural examples of

Physical parameters of the materials used in the model in Section 5.2. Refer-
ences: 1. Gudmundsson (2011); 2. Henderson and Henderson (2009); 3. Zhang
et al. (2008); 4. Goodman (1980); 5. Nasseri et al. (2003); 6. Pollard and Fletcher
(2005); 7. Agliardi et al. (2014); 8. Takahashi and Tanaka (2017).

Material Density" Young’s Poisson’s Cohesion/ Angle of
2 (kg m Modulus Ratio Inherent Internal
-3 (GPa) (unitless) shear friction
strength (radian)
(MPa)
Sandstone  2000- 10-60>2  0.1-0.3%2 255-27.2>%  0.46"°
2800" 2
Mica- 2500- 5-27%7 0.3 1948 0.41%°
schist 2700" 2

y-axis i.e., acts perpendicular to the interlayer boundaries (Fig. 9). No
velocity boundary condition (Uy 0) applies on all the domain
boundaries except the two that separate the middle layer from the one
above and below it (Fig. 9). This is done to inhibit deformation-induced
rotation (about an axis directed towards the observer) of the domains.
The magnitudes of |ox| and |oy| for model M1 increase non-linearly from
0 to 22.5 MPa and 15 MPa, respectively, whereas for model M2 they rise
from 0 to 17.5 MPa and 7.5 MPa in a similar way (Fig. 10). For both the
models, the rise in the magnitudes of the applied normal and shear

fracture refraction cases. We choose to do so in our models as increasing
the stress over time resulted in faster growth and better visualisation of
the fractures.

5.3. Results & interpretations

The most prominent observation of the two models M1 and M2 are
the genesis of the two sets of near-straight fractures (zones with Yg > 0),
one at high-angle (76-85°) and another at much lower angle (15-19°) to
the inter-layer boundaries (i.e., the length side), from the ends of the
notches (Fig. 11). Also, the orientations of the two sets of fractures in any
one of the layers are near similar to that in the other layers i.e. no
refraction, which apparently have different values of Young’s Modulus
(E). The varying competency of the layers (due to different values of E)
does not seem to control the nucleation locations of the fractures i.e., no
major deflection of fractures across the layers is observed. This holds
when notches are present in a single layer (Fig. 11a-i). Another crucial
point is that close-spaced notches can cause fractures to deflect (see
Model M1-A in Fig. 11).

In the final results of the models M1-T and M1-M (Fig. 11b, n), notice
that the fractures originating from the notches nr3 and nr6 are almost
straight (Fig. 11e-h). Whereas in M1-A, the fracture at the exact same

(a) MI1/M2-A (b) M1/M2-T (c) MI1/M2-M (d) MI1/M2-B (e) MI/M2-TB
: : .25 pm
D o A .
< 1 pm » 0.04pm 0.06pm
-a,
® ; l (®) Layer Young's
B=0 —n0 name  modulus
j v nrd “;:' L, E,
_______ - o o
L Al N
¥ T ) 3 kS L, E,
" g 5 g L
V4 i L E,
i i o ) ned
X -0,

Fig. 9. Geometric parameters, meshing and other nomenclature. We took curvature factor = 0.25, and maximum element growth rate = 1.25. The rectangular and
the elliptical notches are incorporated in various combinations viz. (a) in all the layers, (b) top, (c¢) middle, (d) bottom, and (e) both top and bottom layers. All the
layers are 1 pm long. The combined width of the three layers is 0.25 um. (f) Sense of the applied stress. (g) The names of each of the notches and layers are shown,
alongside the Young’s modulus for the layers. T, M, and B: top, middle and bottom layers, respectively.



N. Bose et al.

Journal of Structural Geology 133 (2020) 103995

25

20
=
A
s | 157
@
¥}
8 | 104

5 -

T T T
0 0.5 1.0 1.5 2.0
time (sec)

Fig. 10. The magnitude of the applied stresses, both normal and parallel to the layer boundaries, increase over an interval of 2 s |ox|and |oy|rise from 0 to 22.5 MPa
and 15 MPa for M1, whereas for M2 they increase from 0 to 17.5 MPa and 7.5 MPa.

place has a curvilinear geometry across the layer boundaries (Fig. 11p).
This gives a ‘false’ impression that the fracture might have undergone
refraction while propagating from the upper domain to the middle one.
Moreover, the fracture originating from the notch nel in both M1-T and
M1-TB make ~80° with the horizontal (Fig. 11c, 1). But, for M1-A,
fracture from the same notch is ~ perpendicular to the interlayer
boundary (Fig. 110). Hence, any apparent deflection of fractures prop-
agating across layers presumably depends upon the location of impu-
rities in the vicinity. The first principal strain axis (g1) does not re-orient
across the layers except close to the notches (Fig. 12).

While approaching layer interfaces, fractures may face multiple
consequences viz., termination, kinking, swerving, generating new
fractures, propagation parallel to the interface etc. (Wu et al., 2004;
Chang et al., 2015). Apart from the mechanical properties of the indi-
vidual layers, horizontal stress disparity and shear strength at the
interface also control the fracture propagation in layered materials
(Daneshy, 1978; Teufel and Clark, 1981, 1984). A fracture may termi-
nate while moving from low to high Young’s modulus as the stress in-
tensity at the crack-tip diminishes while approaching the interface
(Simonson et al., 1978). Shear strength and frictional properties of the
interface influences the migration of shear stress across the interface,
whereas, a critical normal stress is required for fracture propagation
across the interface (Teufel and Clark, 1981, especially their Fig. 2,
Altammar et al., 2019). Although quantifying the shear strength and
frictional properties of the studied domain interfaces are beyond the
scope of this study, the mechanical micro-stratification (cleavage and
microlithon domains) is clearly visible in the studied samples.

With reference to eqns (9)-(11), the locations with Yg > 0 presum-
ably overlap the zones of high (J2) dev. stress and (J3) elastic strain
tensor (Figs. 11 and 13), which in turn have developed along the zones
of high first principal stress (Fig. 13d,h,l,p,t). This also implies that
fractures, under general shear regime, preferentially follow the zones of
maximum compression (67 > 30 MPa; Fig. 12d,h,1,p) in the vicinity of
impurities/notches. In fact, on careful observation, the red zone
(Fig. 13t) in the layer Ly shows a curved geometry remarkably resem-
bling the fracture zone at the same location (Fig. 110).

The case is a little more complex for M2. Irrespective of the location
of the notches, fractures within the mica-rich domain (Ly;) (Table- 1)
exhibit two orientations viz. at high (>85°) and low (<20°) angles to the
horizontal (Fig. 14). The angle between them exceeds 105°. In sandstone
domains (Lt and Lg), however, only a single set of steeply dipping
(~67-85°) fractures is prominent that possibly resemble R- and R’-
shears (Pollard and Fletcher, 2005) (Fig. 14). But, we would rather
refrain from stating this as an example of refraction because, even in the

absence of impurities/notches in the domains Lt and Lg, the orientation
of fractures in Ly (mica-rich layer) remains the same (Fig. 14d,e,f).
Besides, fractures within Ly initiate even when the same has not prop-
agated from the sandstone top and bottom domains (Fig. 14b,h,k). More
importantly, it is observed that the initiation of high-angle fractures in
Ly domain appears to influence the orientation of fractures in Lt and Lg.
For example, in M2-B, att = 1.5 and 1.75 s (Fig. 14g and h) the fractures
originating from both ends of the notch ne3 are near-parallel and lie at
~70° to the horizontal axis. However, at t = 2.00 s (Fig. 14i), fractures
initiating from the upper end (closer to Lyy) of the notch ne3 makes ~
87° (same as that of the high angle fracture in Lyy) with horizontal axis.

The remainder observations from M2 resemble those from M1 i.e.,
the fractures develop at regions of high 61, &1, (J2)gey. stress» and
(J2)elastic strain tensor (F1€- 15). Similar to M1 models, the first principal
strain axis does not re-orient across the layers in case of M2 models,
except close to the notches (Fig. 16). However, there lies one disparity.
In case of M2-M, fractured zones do not continue into Lt nor Lg
(Fig. 14d-f) neither do the most strained zones (Fig. 15e). But, the zones
of high 01 and (J2)g4ey.  stress 1Ot Only continue into LT and LB, they re-
orient (deep red zones in Fig. 14g and h). Consequently, the overall
geometry and distribution of fractures within and across layers of con-
trasting rheology/competence is primarily guided by the magnitude of
€1. The distribution of impurities in the rocks presumably plays a major
role in the genesis of fractures and may confuse the viewer with a ‘false’
impression of refraction.

6. Discussions

Shear and low-grade metamorphism have presumably caused
prominent inhomogeneity in the rheological configuration of the grey-
wacke of the Rautgara Formation. We document shear-induced micro-
fractures that refract at the boundaries between the cleavage- and
microlithon-domains (c- and m-domains). In this study a total of 25 c-
domains and 26 m-domains, from three natural micro-fractures have
been analysed. Vorticity analysis in Bose et al. (2018) indicates 53%
simple shear for the whole rock. This type of stress, referred as general
shear/sub-simple shear/quasi simple shear/direct shear (Mandl, 1999),
produces hybrid fractures having properties of both the shear- and
extension fractures (Ramsey and Chester, 2004). Under microscope,
minor drags of main foliation are observed at places along the fracture
only when it crosses the relatively incompetent c-domains (Fig. 3c).
However, no such drags of foliation/grain margins exist where the
fracture cross-cuts quartz grains or relatively more competent m-do-
mains (Fig. 3b). Absence of displacement indicates that these fractures
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Fig. 11. Fracture zones (Yr > 0) in model M1 Er:Eyp:Ep = 3.5:2.5:1; |ox|and |oy|that vary from O to 22.5 MPa and 15 MPa, respectively from t = 0-2 s. Snapshots of

the model results at t = 1.5, 1.75 and 2 s.

formed purely by extension without any shear components (Twiss and
Moores, 2007). Previous works on fracture refraction through mechan-
ically stratified layers (Ferrill et al., 2017a, b and references therein)
indicate that the competent layers prefer tensile- or hybrid-cracks,
whereas, shear failure is preferred in the incompetent layers. Recently,
Carlini et al. (2019) report strike-slip faults from the Italian northern
Apennines and provide the detailed mechanism for the initiation and
propagation of fracture refraction. Some of our observations resemble
theirs, viz., 1. vis-a-vis presence of shear- and tensile fracture, 2. abun-
dance of clays in the mechanically weak domains, 3. strain analyses
supporting a hybrid failure mode. The other aspects suggested by Carlini

10

et al. (2019), specially the role played by fluid, remains a matter of
future study. However, the observations made in current study (i.e.,
shear/hybrid fracture in c-domains and tensile fracture in m-domains)
indicate the presence of micro-scale mechanical stratigraphy in the form
of c¢- and m-domains.

Luo et al. (2019) report a ~ 90% decrease in Young’s modulus cor-
responding to an increase from room temperature to 800 °C. Shear-in-
duced heat (Mulchrone and Mukherjee, 2016; Mukherjee, 2017), might
change Young’s Modulus in microscale. Our models do not explore that
possibility. The present models do not aim to recreate/incorporate all
the observations made under an optical microscope. Rather, as
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mentioned in Section. 5, they address the following: (i) fracture propa-
gation and geometry across the layers, (ii) compare models with the
natural examples, thereby to comment on (iii) how far competency
contrast amongst layers matter. Mineral contents primarily decide vis-
cosity of the layers and hence the degree of cleavage refraction (e.g.
Treagus, 1983). Ratio of effective viscosity between the quartz layer and

the phyllitic layer usually is < 10 (Czeck et al., 2019). Viscosities of
rocks strongly depend on the temperature and hence their depth of
occurrence below the ground surface (review in Mukherjee and Mul-
chrone, 2012; Mukherjee, 2013). The viscosity ratios referred in this
work (Fig. 5) hold true for the time range when the fracture propagated
through the rocks, which can differ from the present day viscosity ratio

11
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between the two layers. Continuation of the present study can lead to
predict how fractures and therefore fluids can migrate in a deforming or
already deformed layered rock mass (e.g., Schopfer et al., 2009).

7. Conclusions

In micro-scale a low-grade meta-sedimentary rock developed clay
rich cleavage domains and quartz rich microlithon domains under the
influences of shear deformation. Quartz-filled fractures refracts while
passing through theses domains indicating inter-domain competence
contrasts. Quantification of competence contrast has been done from the

12

refraction angles. Although previously conducted strain analyses indi-
cate a hybrid failure mode, there are co-existence of shear (in cleavage
domains) and tensile fractures (in microlithon domains). These obser-
vations indicate the formation of shear-induced mechanical stratigraphy
in micro-scale and justifies the applicability of fracture refraction as a
tool to quantify the domain wise competence contrast. The numerical
models reveal that closely spaced impurities may curve the possible
fracture domains across the layer boundaries producing a ‘false’
impression of refraction.
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Appendix. Symbols and their meanings

Symbol Meaning

E Young’s modulus

Eeff Effective Young’s modulus

E Equivalent Young’s modulus

Er Young’s modulus for top layer

Em Young’s modulus for middle layer

Ep Young’s modulus for bottom layer
Poisson’s ratio

p Density

Ym Shear strain m-domain

Ye Shear strain c-domain

Om Angle between the fracture and the layer normal in m-domain

S5 Angle between the fracture and the layer normal in c-domain

Cp Peak differential stress

[T Dynamic viscosity m-domain

He Dynamic viscosity m-domain

t Time

u Displacement vector

X,y Spatial coordinates

X, Y Material coordinates

F Body force

6o Initial stress state

€0 Initial strain state

€ Thermal strain

o1 Maximum principal stress

o2 Intermediate principal stress

o3 Minimum principal stress

€1 Maximum principal strain

€ Intermediate principal strain

€3 Minimum principal strain

T Coefficient of internal friction

Jo Second invariant of a tensor

C Cohesion

Yr Yield function

Ox Stress parallel to the x-axis

oy Stress parallel to the y-axis

Lt Top layer

Lum Middle layer

L Bottom layer

Co Unconfined compressive strength
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