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Abstract — Analysis of the grain-scale deformation mechanisms in folded rocks of the Dongargarh
Supergroup, central India, reveals that deformation was accomplished by a combination of pressure
solution, microfracturing and dislocation creep processes. The finite strain was assessed using the
R¢/¢p method (X/Z = 2). Partitioning of strain into various deformation mechanisms revealed that
dislocation creep and pressure solution were the major contributors to the finite strain, followed
by microfracturing. Analyses of microstructures suggest a sequence of dislocation creep followed
by pressure solution and microfracturing, that ultimately gave way to microfracturing and limited
crystallization or recrystallization. Overall constancy in volume during deformation is suggested
from the balance between fracture-related grain-scale dilatancy and solution-related volume loss.
Observations on cleavage spacing within various lithologies in a specific structural setting suggest
that lithology played a vital role in cleavage development. Cleavage development in sandstones of
the Dongargarh Supergroup required thin shale interbeds (for competency contrast) and grain size

< 0.036 mm (4.75 ¢).
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1. Introduction

Microstructures in naturally deformed rocks demon-
strate that grain-scale deformation in the upper crust is
accommodated by a combination of dislocation creep,
diffusion or dissolution creep and microfracturing
(Groshong, 1988; Knipe, 1989; Gratier, Renard &
Labaume, 1999; Badertscher & Burkhard, 2000;
Brodie & Rutter, 2000; Harrison & Onasch, 2000;
de Bresser, Evans & Renner, 2002). It is crucial to
understand how these processes interact in order to
understand the mechanical behaviour of the upper crust
and their role in fold-fault and cleavage development.

It has been demonstrated by many workers that
position on a fold and proximity to a fault, as well as
strain, have predictable effects on cleavage develop-
ment and cleavage intensity (Alvarez, Engelder &
Geiser, 1978; Marshak & Engelder, 1985; Engelder &
Marshak, 1985). The role of lithology in cleavage
development is less well explored. The importance
of clay—quartz matrix within argillaceous limestone
and sandstone has been analysed by several workers
(Wanless, 1979; Marshak & Engelder, 1985) and the
critical amount of matrix to initiate cleavage has
been determined as 10 %. However, the roles of layer
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thickness, grain size, rheology and competence contrast
warrant further documentation.

Low-grade greenstone belts with multiple cleavages
are suitable candidates for understanding the con-
trolling factors behind sequential cleavage and other
microstructural developments. In higher-grade belts the
early history of cleavage development is lost due to
higher strain and higher metamorphism.

This paper describes attributes of rock cleavage
and sequential development of microstructures from
a Palaeoproterozoic (Sarkar et al. 1967; Sarkar,
Gopalan & Trivedi, 1981; Roy, Ramachandra &
Bandhyopadhyay, 2000) greenstone belt succession
of the Dongargarh Supergroup, central India (Sarkar,
1957-58; Sarkar, Sarkar & Ray, 1994). Detailed
microstructural analyses and grain-scale measurements
are carried out on two major fold closures and their
limbs to understand the role of various deformation
mechanisms. Finally, the microstructural analysis
attempts to characterize factors, including lithology,
that control cleavage development in a low-strain,
shallow crustal setting.

2. Geological setting

The Precambrian litho-associations in central India
are distributed in two distinct crustal provinces
(Ramachandra et al. 1998, 2001; Ramachandra & Roy,
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Figure 1. Geological map of the Dongargarh Supergroup, central India, after Sarkar (1957-58); positions of Figure 2a and Figure 2b
are shown in two dotted rectangles. Inset shows major tectonic divisions of the Indian shield.

1998), namely the Southern Crustal Province (SCP,
Bastar Craton) and the Northern Crustal Province
(NCP, Bundelkhand Craton; Fig. 1), which are separa-
ted by a crustal-scale shear zone referred to as the Cent-
ral Indian Suture (Yeddekar et al. 1990; Acharyya &
Roy, 2000; Bhowmik et al. 1999). The Dongar-
garh Supergroup (Fig. 1) is a predominantly low-
grade volcano-sedimentary succession (Deshpande,
Mohabey & Deshpande, 1990) in the Bastar Craton
(SCP) trending NNE-SSW and extending along strike
for about 250 km.

Sarkar (1957-58) and Sarkar, Sarkar & Ray (1994)
divided the Dongargarh Supergroup into three groups:
Amgaon, Nandgaon and Khairagarh, in ascending
order (Table 1). The Amgaon Group is an amphibolite-
grade metamorphosed unit with some metasediments,
metavolcanics and migmatites. The Nandgaon Group
includes a vast suite of volcanic rocks comprising
the Bijli Rhyolite (2180 £ 25 Ma: Sarkar, Gopalan &
Trivedi, 1981; 2503 &35 Ma: Krishnamurthy et al.
1990; Mukhopadhyay et al. 2001), Pitepani Volcanics
and intrusive Dongargarh Granite (2270 &+ 90 Ma:
Sarkar, Gopalan & Trivedi, 1981; 2465 + 22 Ma:
Krishnamurthy et al. 1990). The Khairagarh Group is
a sequence of alternating metasediments and volcani-
clastics. Both the Nandgaon and Khairagarh groups
show greenschist-grade metamorphism (Deshpande,
Mohabey & Deshpande, 1990). Yeddekar et al. (1990)
and Jain, Yeddekar & Nair (1991) suggested that the
metavolcanic and metasedimentary associations of the
Dongargarh Supergroup represent subduction zone as-
semblages of the northward-subducting Bastar Craton
below the northern Bundelkhand Craton. Alternatively,
based on the co-magmatic rhyolite—anorogenic granite
assemblage, a continental rift model has been proposed
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Table 1 Stratigraphic succession of the Dongargarh Supergroup
(after Sarkar, Sarkar & Ray, 1991)

Group Unit

Chhatisgarh Group Raipur Group

Chandarpur Sandstone

Unconformity
Khairagarh Orogenic phase
Kotima Volcanics
Ghogra Formation
Mangikhuta Volcanics
Karutola Formation
Sitagota Volcanics
Bortalao Formation

Khairagarh Group

Unconformity
Dongargarh Granite
Pitepani Volcanics
Bijli Rhyolite

Unconformity
Amgaon Orogenic phase
Quartz-sericite schist, feldspathic
quartzite, garnet-epidote quartzite,
hornblende biotite quartzite,
quartz-feldspar biotite gneiss,
hornblende schist and amphibolite

Nandgaon Group

Amgaon Group

for the Dongargarh Supergroup by other workers
(Krishnamurthy er al. 1990; Gangopadhyay & Ray,
1992, 1997; Neogi, Miura & Hariym, 1996).

The present work involves the lower three units
within the Khairagarh Group. The lowermost unit,
the Bortalao Formation, comprises basal conglomerate
with alternating grit, arkose, siltstone and shale
horizons. The Sitagota Volcanics (basalt and andesite)
occurring over the Bortalao Formation are succeeded
upwards by the Karutola Formation, consisting pre-
dominantly of sandstone with minor heteroliths (sand—
shale intercalations). Sarkar (1957-58) described 9
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Figure 2. (a) Geological map of the area west of Deori; A—B represents the line of structural section. (b) Geological map of the area
west of Darekasa after Gangopadhyay & Ray (1992). D-14 to D-40 represent specimen locations; for other symbols see Figure 1.

major NE-SW-trending folds and about 12 major faults
affecting the limbs or the hinges of these regional
folds from the rocks of the Khairagarh Group (Fig. 1,
Table 1). Most of these faults are N—S trending but some
are of E-W trend as well and the different types mainly
include normal, reverse and strike-slip faults (Sarkar,
1957-58). Of these, the major focus of our study
lies on the Pandripat and Sitagota synclines, located
respectively at the western and eastern sides of the
outcrop belt of the Khairagarh Group (Fig. 1, Table 1).
We present structural and stratigraphic data from the
limbs and the hinge of the Pandripat syncline and
the western limb of the Sitagota syncline. Thus, both
varying lithology and structural positions are observed
across the two transects.

3. Cleavage development in relation to major folding

A steep (80° easterly) N-S reverse fault lies at the
western limb of the NNE-trending, southerly plunging,
asymmetric, Pandripat syncline (Fig. 2a). Two sets
of cleavages have been observed across the syncline
(Fig. 2a). The first set (S;) trends N-S, dips steeply
towards the west (Fig. 3a) and is axial planar to the
major fold. It is well developed at the fold hinge and
at the western limb within the fine-grained lithologies
(fine-grained arkose, siltstone, shale) of the Bortalao
Formation but it is not developed within the gently
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dipping eastern limb of the fold (Table 2). The second
set (S,: N=S, dips 70-80° easterly; Fig. 3b) is restricted
to the vicinity of the fault zone, but is more penetrative
than S; as far as lithology is concerned, and is present
even within coarse-grained rocks of the Bortalao
Formation and volcanics of the Sitagota Formation
(Table 2). Slickencrysts have developed on bedding
at the limbs, particularly within the steeply dipping
western limb. The plunge directions of slickencrysts
vary systematically across the large fold and have a
high-angle relationship with respect to the bedding—
cleavage intersection lineation (Fig. 3a). The well-
developed cleavage refraction pattern and dominantly
axial planar nature of the cleavage (S;) implies that
the folds and cleavage are genetically linked and have
resulted from buckling (Ramberg, 1963; Ghosh, 1993,
p. 271). However, lack of detectable cleavage fanning
suggests their late development in the sequence after
sufficient buckle shortening and limb dips have been
attained (Mitra & Elliott, 1980; Ford, 1990).

The Sitagota syncline (Fig. 2b) plunges northeasterly
at a low angle (Fig. 3¢c). The axial planar S, cleavage
(Fig. 3c) is very well developed in the heterolithic
unit of the Karutola Formation but is absent from
the adjacent Sitagota Volcanics (Table 2). Its geo-
metry varies from a disjunctive slaty cleavage within
shale to a spaced, disjunctive cleavage within sandy
layers showing excellent cleavage refraction.
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Figure 3. Orientation of different structural elements from the Khairagarh Group. (a) Bedding poles, cleavage poles, fold axes and
slickensides on bedding, Pandripat synform; (b) bedding poles, cleavage poles and fold axes, Sitagota synform; (c) cleavage poles,
poles to minor faults and slickensides, fault zone—western limb of Sitagota synform; B represents orientation of major fold axis in the
area.

Table 2 Distribution of spaced cleavage at different structural settings within the Dongargarh Supergroup

Pandripat Syncline

Sitagota Syncline

Lithology Fault Zone Western Limb Hinge Eastern Limb Western Limb
Bortalao Formation

Conglomerate and gritty sandstone P(S,) A - A -

Sandstone P (Sy) P(S)) P(S)) A -

Shale and siltstone P (Sy) P (S)) P(Sy) A -
Sitagota Volcanics P(S,) A A A A
Karutola Formation

Sandstone - - - - P(Sy)

Shale and siltstone - - - - P(S))

A — Cleavage absent; P — Cleavage present.
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Figure 4. Diagram showing variation in lithology and thickness
of beds with (a) cleavage spacing and (b) bedding—cleavage
angle.

At the western limb of the Pandripat syncline,
thin sandstone beds (thickness < 30 mm) interbedded
with shale generally contain better-developed cleavage
compared to thick sandstone beds (thickness > 30 mm)
with or without shale interbeds. In sandstone beds
thicker than 50 mm or grit and conglomerate layers,

535

the cleavage is virtually absent (Fig. 4a). Spacing
of disjunctive cleavage domains at mesoscopic scale
within shale layers is always less (1 mm to 15 mm) than
the sand layers. Cleavage spacing also shows strong
dependence on thickness of sand beds and varies from
18 mm to > 60 mm with increasing thickness of beds
(Fig. 4a). The cleavage—bedding angle is always low
(10-20°) within shale compared to sand-rich layers
(30-80°; Fig. 4b). Even within sandstone, cleavage—
bedding angle increases with increasing thickness of
the sand layers (Figure 4b).

4. Analyses of microstructures
4.a. Cleavage (S;)

The composition of sandstones varies between sub-
quartzarenite to quartzwacke (Table 3). The sandstones
from the Karutola Formation are comparatively finer
grained, and texturally and compositionally more ma-
ture than those from the Bortalao Formation (Table 3).
Depending upon the geometry of the cleavage seams
and their relation to framework grains, two microstruc-
tural varieties of cleavages have been distinguished.
Type-1 cleavage has short discontinuous seams
around random or crudely oriented framework grains
that lack any visible elongation parallel to cleavage
(Fig. 5a). Type-II cleavage has well-developed con-
tinuous seams developed around framework grains that
show elongation parallel to the cleavage (Fig. 5b).
The cleavage seams often truncate framework grains
(Fig. 5¢) and small phyllosilicates recrystallized as
beards in pressure shadows of these grains (Fig. 5b).
Intragranular deformation features within frame-
work quartz grains include undulatory extinction, sub-
grain development, mortar texture, deformation lamel-
lae and deformation bands, indicating the active role
of dislocation creep in the shape changes of frame-
work grains (e.g. Poirier, 1985; Tullis & Yund, 1985;
Groshong, 1988). In contrast, sutured grain boundaries,

Table 3 Proportion of cleavage, matrix and framework grains within the Dongargarh Supergroup

Framework grains

Specimen no. Quartz (%) Feldspar (%) Rock fragments (%) Recrystallized matrix (%) Cleavage seam

Bortalao Formation
D-14a 66.7 11.0 5.7 15.7 0.9
D-15 69.3 34 8.7 18.5 0.1
D-19 40.2 0.9 2.4 47.9 8.6
D-20a 38.0 0.0 2.6 55.7 3.7
D-20b 41.7 0.3 1.5 48.4 7.9
D-23a 30.4 2.3 0.4 52.7 14.1
D-23b 37.3 3.1 2.1 42.5 15.0
D-24 443 1.4 0.8 47.6 5.8
D-40 39.9 1.7 0.6 42.6 15.2

Karutola Formation
D-26a 41.9 1.1 0.0 32.0 25
D-26b 49.4 0.5 0.0 33.7 16.3
D-26¢ 48.5 0.6 0.0 21.3 29.6
D-26d 46.4 0.8 0.0 24.5 28.3
D-26e 44.8 0.0 0.0 27.8 27.2
D-26f 48.4 0.1 0.0 36.2 15.2
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Figure 5. (a) Photomicrograph showing Type-I cleavage
fabric, short discontinuous cleavage seams developed along
grain boundary of randomly oriented framework grains. (b)
Photomicrograph showing Type-II cleavage fabric, continuous
cleavage seams around strongly elongated framework grains.
(c) Photomicrograph showing anastomosing cleavage seam
truncating a large framework grain (see arrow).

truncation of elongated framework grains showing
dislocation creep features by cleavage seams (Fig. 5c)
and development of mica beards against elongated
framework grains (Fig. 5b) suggest that the cleavage
fabric is best explained by some form of solution—
precipitation process (Williams, 1972; Groshong,
1988; Blenkinshop, 2000) which operated subsequent
to accumulation of some amount of crystal plastic strain
in framework grains.
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Quantification of grain-scale deformation was at-
tempted from specimens of the Bortalao Formation
(Wu & Groshong, 1991; see Figs 1, 2a for location).
The data indicate (Table 4) that the proportion of grains
showing dislocation creep strain is more or less constant
(85 to 100 %) from the gently dipping eastern limb
to the steeply dipping western limb of the Pandripat
syncline. The occurrence of these features is not
directly proportional to cleavage development. Rather,
uncleaved specimens (such as D-14a—b and D-15) from
the eastern limb of the Pandripat syncline also contain
abundant dislocation creep features, indicating its early
formation (as elongated grains showing crystal plastic
slip get truncated by cleavage seams), irrespective of
cleavage development in the transect.

Pressure solution matches with dislocation creep at
the hinge and steep limb (compare D-40 with D-19-23
in Table 4) of the fold, where late cleavage development
is preferentially concentrated. Its proportion is as high
as 80-90 % (Table 4) at such sites. However, its near
absence from the uncleaved eastern limb is significant
in this respect (Table 4). The simultaneous increase in
proportion of sutured grain contacts together with de-
velopment of mica beards against framework grains in
cleaved specimens indicate that the rock behaved more
or less as a closed system during cleavage formation.
Thus pressure solution is preferred over solution trans-
fer in an open system under high fluid pressure (Cox &
Etheridge, 1989) where loss of dissolved material
would have been more evident.

In general the sandstones from the Bortalao Forma-
tion are coarser (> 0.028 mm or < 5 ¢) than psammites
from the Karutola Formation (< 0.019 mmor > 5.5 ¢).
Sandstones of the Bortalao Formation with grain size
> 0.036 mm (< 4.75 ¢) usually lack cleavage, while
those with grain size ranging between 0.030 and
0.036 mm (4.75-5 ¢) show Type-I cleavage fabric
(Table 5). Fine-grained (< 0.030 mm or > 5 ¢) rocks
of both the Bortalao Formation and Karutola Formation
show Type-1I cleavage fabric (Table 5). The microstruc-
tures of the two varieties of cleavage can be readily
explained by increasing dissolution along grain bound-
aries, with the Type-I cleavage fabric representing an
early stage in the development of the solution seams
along the boundaries of the framework grains. Further
solution along these seams might result in Type-II
fabric with well-developed anastomosing seams that
link up with seams of adjacent grains to form a continu-
ous network of cleavage.

4.b. Transverse extensional veins

Transverse veins at high angle to cleavage are very
common within the rocks. Some of these get folded or
displaced by cleavage seams (Fig. 6a) with intra-vein
quartz—phyllosilicate showing sparse intra-granular
deformation features while some other veins cross-cut
cleavage without getting bent or offset and without any
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Table 4 Abundances of microstructural features across the Pandripat synform within the Bortalao Formation

Dislocation creep Microfracturing

Specimen no. Position Se We Sg Mt Db Fl Tl If Tf Ps Mica beard n

D-14a PSEL 1 99 14 5 0 2 8 31 0 1 0 100
D-14b PSEL 0 100 23 11 5 5 13 25 0 2 0 100
D-15 PSEL 3 97 26 9 0 0 33 55 29 5 0 100
D-19 PSWL 5 95 19 10 1 9 64 32 4 46 28 100
D-20a PSWL 15 85 17 9 8 18 51 28 3 54 27 100
D-20b PSWL 6 94 18 4 9 4 34 18 1 66 12 125
D-24 PSWL 9 90 19 11 3 1 71 13 0 65 8 110
D-23a FZ 10 91 10 7 4 1 18 23 0 91 83 200
D-23b FZ 5 95 16 14 3 2 30 14 0 86 76 100
D-40 PSH 7 96 21 12 2 2 26 20 0 90 79 200

Se — Straight extinction; We — Wavy extinction; Sg — Subgrain; Mt — Mortar texture; Db — Deformation band; Fl — Fairbairn lamellae; T1—
Tuttle lamallae; If — Intragranular fracture; Tf — Transgranular fracture; Ps — Pressure solution; PSEL — Eastern limb, Pandripat syncline;
PSWL — Western limb, Pandripat syncline; PSH — Hinge, Pandripat syncline; FZ — Fault zone; n — number of grains analysed per thin-section.

Table 5 Variation in cleavage type, proportion of cleavage and grain size of selected samples at different structural sites within the
Dongargarh Supergroup

Cleavage seam

Specimen no. Structural position Mean grain size FG (mm) Proportion (%)  Length (mm) Spacing (mm)  Type

Bortalao Formation

D-19 PSWL 0.033 8.6 0.28 1.92 1
D-20a PSWL 0.035 3.7 0.21 2.20 1
D-20b PSWL 0.036 7.9 0.22 2.05 1
D-24 PSWL 0.030 5.8 0.23 2.13 1
D-40 PSH 0.031 15.2 0.77 0.19 11
D-23a FZ 0.028 14.1 0.75 0.16 1I
D-23b FZ 0.030 15.0 0.83 0.20 II
Karutola Formation
D-26a SSWLm 0.006 25.0 1.12 0.04 1I
D-26b SSWLm 0.008 16.3 0.81 0.05 I
D-26¢ SSWHm 0.009 29.6 1.65 0.03 1I
D-26d SSWHm 0.019 28.3 1.72 0.04 1
D-26e SSWLm 0.013 27.2 0.90 0.10 1
D-26f SSWLm 0.012 15.2 0.64 0.12 I

PSWL — Western limb, Pandripat syncline; PSH — Hinge, Pandripat syncline; FZ — Fault zone; SSWLm — Western limb, Sitagota syncline
(from limb of minor fold); SSWHm — Western limb, Sitagota syncline (from hinge of minor fold); FG — framework grains.

evidence of internal deformation in the internal quartz— This indicates that fracture development post-dates
phyllosilicates. The cross-cutting relations suggest cleavage. However, their preferential occurrence, like
that vein formation (brittle microfracturing) started the extensional veins, at the hinges and western limbs
synchronously with cleavage and continued until the precludes any major change in the E-W shortening
end of the penetrative deformation. The preferential direction during post-cleavage shortening (Fig. 7b).
concentration of these veins in the steep western limbs The microfracture sites are usually occupied by spec-
of the synforms and their near absence from the gently tacular fibrous phyllosilicates and quartz developing a
dipping eastern limbs suggest that the steep western second cleavage (S,;) against which the S; gets bent or
limbs were suitably oriented with respect to the E-W crenulated (Fig. 6d). The orientation of S, is similar
shortening direction. Consequently the steep western to the easterly dipping cleavage set (S,) developed
limbs accommodated much of the cleavage parallel near the reverse fault affecting the western limb of the
extension by developing a set of extension fractures Pandripat syncline (Fig. 7b). Accordingly, the timing
at high angle to cleavage (Fig. 7a). of faulting could be correlated with development of

conjugate shear fractures at grain scale.

4.c. Conjugate shear or oblique extension fractures

. . 4.d. Low finite strai i
Trans- to inter-granular fractures (Fig. 6b) are present ow fiife stramn regtme

in single or conjugate sets with cleavage seams getting Strain measurements (X—Z sections) were carried out
sharply bent or kinked within these zones (Fig. 6c¢). from sandstones of the Bortalao Formation and the
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Figure 6. (a) Photomicrograph showing transgranular shear fractures (see white arrow) along which phyllosilicates have recrystallized.
(b) Photomicrograph showing a vein (V) developed at high angle to cleavage seams. Note minor warping of the vein and offset along
cleavage traces. (c) Photomicrograph showing conjugate transgranular shear fractures. (d) Photomicrograph showing cross-cutting
relationship between S; cleavage and S,,, cleavage. Note bending of S; (parallel to Sy) against S,

Karutola Formation (see Fig. 2a, b for specimen
locations) across the transect. Two-dimensional strain
ratios (R;) are obtained from the data using the
hyperbolic net of De Paor (1988) by the R¢/¢p method
(Ramsay, 1967; Dunnet, 1969; Table 6; Fig. 8).

The observed X/Z aspect ratios (1.2-2.1) of strain
ellipses limit the amount of shortening to be varying
from 10 % to 28 % in the transect. Though data was
collected from only two folds within the deformed
rocks of the Khairagarh Group, it is worth mentioning
here that the folds are spatially separated by at least 20—
25 km and occur at the eastern and western extremities
of the outcrop of the Khairagarh Group (Fig. 1,
Table 1). It can thus be reasonably concluded that the
estimated shortening value from the folds is a good
first-hand approximation for the Khairagarh Group as a
whole.

Measured strain values from different orogenic belts
(both collisional and accretionary) across the globe
show significantly higher strain values from their
internal parts in comparison to the external fold-thrust
zones. The Variscans from southwest England show
X/Z aspect ratios varying between > 5 and 25 (Rattey &
Sanderson, 1982). Strain analysis from the Helvetic
nappes of western Switzerland (X/Z aspect ratios 4—
20: Ramsay & Huber, 1983; Dietrich, 1989) and the
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Table 6 Ry—¢ of selected samples at different structural settings
within the Dongargarh Supergroup

Specimen no. Structural position R ¢

Bortalao Formation
D-19 PSWL 1.7 7°
D-20a PSWL 1.2 35°
D-20b PSWL 1.6 22°
D-24 PSWL 14 14°
D-40 PSH 2.0 1°
D-23a FZ 2.1 2°
D-23b Fz 2.0 3°

Karutola Formation
D-26a SSWLm 1.9 —1°
D-26b SSWLm 1.5 17°
D-26¢ SSWHm 2.0 1°
D-26d SSWHm 2.1 2°
D-26¢ SSWLm 1.9 2°
D-26f SSWLm 1.9 —2°

PSWL — Western limb, Pandripat syncline; PSH — Hinge,
Pandripat syncline; FZ — Fault zone; SSWLm — Western limb,
Sitagota syncline (from limb of minor fold); SSWHm — Western
limb, Sitagota syncline (from hinge of minor fold).

Tasman orogenic belt of southeast Australia (X/Z
aspect ratios 3-35: Gray & Willman, 1991) present
similar high strain values from internal deformation
zones within thrust sheets. The external fold-thrust
zones of such orogenic belts show lesser values of
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Figure 7. Model showing development of large asymmetric folds within the rocks of the Dongargarh Supergroup with (a) concentration
of mesoscopic and microscopic deformation features (cleavage and syn-cleavage veins) at the steep western limb of the fold. (b) Post-
cleavage flattening, development of S, cleavage and conjugate shear fractures, F-F represents fault plane, dashed lines represent

cleavage traces and bold arrows represent direction of shortening.

strain, such as the Southern Adelaide Fold-Thrust belt
of south Australia (X/Z aspect ratios 1.2-3: Yassaghi,
James & Flottmann, 2000) or the North Mountain thrust
sheet, central Appalachians (X/Z aspect ratios 1.07—
3.23: Evans & Dunne, 1991). However, the observed
strain values (X/Z ~ 1.2-2.1) from the deformed rocks
of the Dongargarh Supergroup in the two transects
consistently lie in the lower part of the strain values
recorded even from external zones of these orogenic
belts.

5. Deformation mechanism association
and its implication

Strain related to initial buckling and limb rotation was
mostly accommodated through intra-granular crystal
plastic processes. Its proportion remains more or less
constant at both the limbs of the Pandripat syncline.
Pressure solution became the dominant deformation
mechanism, producing the visible cleavage fabric dur-
ing fold tightening, and was preferentially concentrated
at the high-strain sites such as the western limb and
hinge of the asymmetric fold structure. As a result, con-
centration of cleavage domains also occurred at such
sites, which were more suitably placed than the gently
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dipping eastern limb with respect to the E-W short-
ening direction. Pressure solution was accompanied
and followed by fracturing and vein formation as micro-
fracturing became important at a later phase. Hence, the
specific deformation mechanism sequence for the rocks
of the Khairagarh Group turns out to be dislocation
creep followed by pressure solution and microfractur-
ing, that ultimately gave way to microfracturing and
limited crystallization or recrystallization during pro-
gressive growth of the fold, cleavage and fault struc-
tures. Deformation by a crystal plastic mechanism
(dislocation creep), which dominated initially and
controlled early folding, is essentially an isochemical
process and thus conserves mass. Pressure solution,
which became important during the later stage of
fold tightening and cleavage formation, on the other
hand, leads to volume loss on the scale of a single
grain or several tens of grains, but it was essentially
coupled with formation of extensional and shear
micro-fractures that lead to grain-scale dilatancy. In
effect there was a balance between fracture-related
grain-scale dilatancy and solution-related volume
loss so that an overall constancy in volume was
maintained during deformation of the Khairagarh
Group.
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Figure 8. Three representative (a—c) Re—¢ plots of deformed
sandstones from the Bortalao Formation and Karutola Forma-
tion.
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Deformation of polymineralic rocks in upper
crustal settings often involves more than one de-
formation mechanism (Groshong, 1988; Knipe, 1989;
Badertscher & Burkhard, 2000; Harrison & Onasch,
2000; de Bresser, Evans & Renner, 2002). Formation
of cleavage in such a setting essentially involves
some form of solution—dissolution processes (Cox &
Etheridge, 1989; Roo & Williams, 1990; Blenkinshop,
2000), which are bound to produce volume loss if
not counterbalanced by fracture-related dilatancy and
recrystallization. Thus a combination of dissolution
creep with microfracturing—recrystallization appears to
be the real rate-controlling process if volume constancy
is to be maintained (Cox & Etheridge, 1989). Addition
of dislocation creep to such a deformation mechanism
association would not alter the requirement of overall
volume constancy at any stage. The present study sug-
gests that this specific sequence of grain-scale pro-
cesses or the deformation mechanism association of
dissolution creep—microfracturing in any combination
with dislocation creep could very well be the prevalent
grain-scale processes at upper crustal settings if volume
constancy during crustal-scale deformation is main-
tained. A creep law combining such grain-scale de-
formations would better explain the observable macro-
scopic processes (fold, fault and cleavage development)
at the upper crust, particularly in low grade—low strain
belts (X/Z ~ 2) without appreciable metamorphic grain
growth and grain reorientation.

6. Controls of lithology in cleavage development

Lithology plays a crucial role in development of
cleavage morphotypes and cleavage spacing and is be-
lieved to control the grain-scale behaviour of materials
(Marshak & Engelder, 1985; Engelder & Marshak,
1985). In contrast to pure quartzite or pure sandstone
that deform predominantly by intra-crystalline slip,
clay-rich impure sandstone and impure limestone de-
velop cleavage by a solution—precipitation process (de
Boer, 1977; Marshak & Engelder, 1985). Clay content
in the matrix of deformed rocks controls spacing
and morphology of cleavage domains (Wanless, 1979;
Marshak & Engelder, 1985).

The results of the present analysis indicate that sand-
stone beds at the western limb of the Sitagota syncline,
where R; values vary between 1.5 and 1.9, totally lack
cleavage if bed thickness exceeds 50 mm. Beds with
30 mm thickness and associated with interbedded shale
show most prominent cleavage fabric. However, similar
30 mm thick sandstone beds lack cleavage if associated
with grit or conglomerate layers. Competency contrast
in the form of shale beds alternating with thinner
sandstone beds (~ 30 mm) seems to be critical to the
development of cleavage within these rocks below R
value of 1.9. While the shale interbeds became the
preferred sites for development of cleavage seams,
the latter eventually propagated across the sand—shale
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interface and the sand layers ultimately became suscep-
tible to cleavage development. However, control of
lithology behind cleavage development becomes less
prominent at Ry > 1.9, such as in the vicinity of the
reverse fault at the western limb of the Pandripat
syncline where, besides sandstone—shale intercalations,
visible cleavage fabric is present even within coarse-
grained layers of the Bortalao Formation as well as
the Sitagota Volcanics. Hence, an R value of 1.9-2 is
thought to be critical, above which the role of lithology
diminishes, while below this critical value, lithological
parameters such as bed thickness and competency
contrasts become important for controlling cleavage
development.

The critical grain size for cleavage development
within the rocks of the Khairagarh Group is 0.036 mm
(4.75 ¢). Cleavage fails to develop above this grain size
in the rocks, irrespective of varying strain intensity
(Rs: 1.2-2.1). An impersistent cleavage (Type-I) de-
velops between 0.030 mm and 0.036 mm (4.75-5 ¢)
grain size, while a persistent anastomosing cleavage
(Type-II) develops below grain size of 0.030 mm
(> 5 ¢). Apparently, the fine-grained texture of the rock
increased the total amount of grain boundary and thus
interconnectivity within grains, and the rock became
susceptible to deformation by rock—water interaction.
The greater interconnectivity provided an important
link between sites of dissolution on grain boundaries
and the interstitial fluid of the rock, and the rock became
susceptible to cleavage development. Thus, in contrast
to bed thickness and competency contrast, influence
of grain size on cleavage development persists even
at R, value of 2, so grain size plays a greater role in
controlling cleavage development than other lithologi-
cal parameters in low-strain (R &~ 2), low-grade belts.

7. Conclusions

(1) Analysis of the grain-scale deformation mechan-
isms reveals that deformation was accomplished
by a combination of pressure solution, micro-
fracturing and dislocation creep processes. Dis-
location creep dominated initially and controlled
early folding, while pressure solution coupled
with microfracturing became important during
a later stage of fold tightening and cleavage
formation.

(2) If volume constancy during crustal-scale de-
formation 1s maintained, the association of
pressure solution—microfracturing in combin-
ation with dislocation creep is suggested to
be the characteristic grain-scale process at
shallow crustal settings. This is particularly
likely in low-grade—low-strain belts (X/Z =~ 2)
where metamorphic grain growth and grain
reorientation are less significant.
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(3) The restricted nature of cleavage development
within the rocks of the Khairagarh Group is de-
pendent on layer thickness, grain size and com-
petency contrast between alternating sandstone—
shale beds. Layer thickness (~30 mm) and
competency contrasts play a major role behind
cleavage development at Ry < 1.9 and lose
significance above this critical value. The control
of finer grain size (~0.036 mm or 4.75 ¢)
persists above an R value of 1.9. However,
further data on lithological parameters from
such low grade—low strain belts is needed to
assess fully the role of lithology behind cleavage
development at shallow crustal depths.
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