RESEARCH COMMUNICATIONS

13. Yadava, P. S., Savannas of North East India. J. Biogeogr., 1990,
17, 385-394.

14. Champion, H. G. and Seth, S. K., A Revised Survey of the Forest
Ecosystems of India, Manager Publication, Govt of India, New
Delhi, 1968.

15. Castaldi, S., Grandcourt, A., Rasile, A., Skiba, U. and Valentini
R., CO,, CH,; and N,O fluxes from soil of a burned grassland in
Central Africa. Biogeoscience, 2010, 7, 3459-3471.

16. Michelson, A., Anderson, M., Jensen, M., Kjgler, A. and Gashew,
M., Carbon stocks, soil respiration and microbial biomass in fire-
prone tropical grassland, woodland and forest ecosystem. Soil
Biol. Biochem., 2004, 36, 1707-1714.

17. Novara, A., Gristina, L., Ruhl, J., Pasta, S., Angelo, G. D., Mantia,
T. L. and Pereira, P., Grassland fire effect on soil organic carbon
reservoirs in a semiarid environment. Solid Earth, 2013, 4, 381-
385.

18. Richards, A. E., Dathe, J. and Cook, G. D., Fire interacts with sea-
son to influence soil respiration in tropical savannas. Soil Biol.
Biochem., 2012, 53, 90-98.

19. Gibbon, A. et al., Ecosystem carbon storage across the grassland
forest transition in the high Andes of Manu National Park, Peru.
Ecosystems, 2010; doi: 10.1007/s10021-010-9376-8.

20. Anderson, J. M. and Ingram, J. S. I., Tropical Soil Biology and
Fertility Programme, TSBF Methods Handbook, International
Union of Biological Sciences, 1993, p. 77.

21. Singh, J. S. and Yadava, P. S., Seasonal variation in composition,
plant biomass and net primary productivity of a tropical grassland
at Kurukshetra. Ecol. Monogr., 1974, 44, 351-378.

22. Oliveras, I. et al., Grass allometry and estimation of aboveground
biomass in tropical alpine tussock grasslands. Austr. Ecol., 2013;
doi: 10,1111/acc.12098.

23. Ramsay, P. M. and Oxley, E. R. B., An assessment of above-
ground net primary productivity in Andean grasslands of Central
Ecudor. Mountain Res. Dev., 2001, 21, 161-167.

24. He, N., Yu, Q., Wu, L., Wang, Y. and Han, X., Carbon and nitro-
gen store and storage potential as affected by land use in a Leymus
chinensis grassland of Northern China. Soil Biol. Biochem., 2008,
40, 2952-2959.

25. Fidelis, A., Lyra, M. F. S. and Pivello, V. R., Above and below-
ground biomass and carbon dynamics in Brazilian Cerrado Wet
grassland. J. Veg. Sci., 2013, 24, 356-364.

26. Fan, J. et al., Carbon storage in the grasslands of China based on
field measurements of aboveground and belowground biomass.
Climate Change, 2007; doi: 10.1007/s 10584-007-9316-6.

27. Chan, K. Y. and McCoy, D., Soil carbon storage potential under
perennial pastures in the mid-north coast of New South Wales
Australia. Trop. Grassland, 2010, 44, 184-191.

28. Toma, Y. et al., Soil carbon stocks and carbon sequestration rates
in semi-natural grassland in Aso region, Kumamoto, Southern
Japan. Global Change Biol., 2013, 19, 1676-1687.

29. Pandey, A. N., Short term study of recovery of tropical grassland
following seasonal burning. Trop. Ecol., 1988, 29, 159-170.

30. Sims, P. L. and Singh, J. S., The structure and function of ten
Western Northern America grasslands. I11. Net primary produc-
tion, turnover and efficiency of energy capture and water use.
J. Ecol., 1978, 66, 573-597.

ACKNOWLEDGEMENTS. We thank CSIR, New Delhi for provid-
ing financial support under a research project. We are grateful to

Prof. J. Srinivasan, 11Sc, Bengaluru for his critical review and valuable
suggestion on the manuscript.

Received 8 October 2015; revised accepted 22 November 2015

doi: 10.18520/cs/v110/i6/1088-1094

1094

Development of ductile shear zones
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The present communication discusses two separate
instances where features commonly observed in DSZ
are noted, one along the margin of the Kisengarh
nepheline syenite and the other in the granulite bodies
the Sandmata Complex in Rajasthan, India. The folia-
tions in the nepheline syenite pluton show features
similar to the mylonite gneisses that characterize
DSZs in orogenic belts. Apart from simulating LS tec-
tonite-type fabric the continuity of similar structures
in adjacent cover rocks provides evidence of heteroge-
neous deformation during upward ascent of nepheline
syenite. Based on tectono-metamorphic studies on
granulites suggestion is made about the uplift of deep-
seated granulites accompanied by ductile shearing on
along the margins. The development of DSZ along
margins helped in reducing the frictional resistance
during upward ascent and emplacement into Archaean
gneissic terrane. The process is comparable to buoy-
ancy-induced diapiric uplift of hot plutonic bodies
through cooler upper crust.

Keywords: Ductile shear zone, diapiric magmatism,
exhumation of granulites, emplacement of plutonic bodies.

THE term “‘mylonite’ as defined by early workers implied
grain size reduction by brittle processes*™. This contin-
ued to be the common perception until lately with the re-
sult that more importance was given to the microtextural
study in understanding the tectonic history and nature of
deformation in the shear-zone rocks*®. In the present-day
usage, mylonites are considered to be intensely deformed
rocks produced predominantly by ductile flow®. Evidence
of strong crystal-plastic deformation in the mylonites
helps to separate these rocks from the cataclastic rocks
formed during brittle deformation’.

The zones of mylonites showing presence of a penetra-
tive foliation, marked by a strong stretching-type linea-
tion are often interpreted as exhumed ‘fossil’ ductile
shear zones (DSZs)®°. Compared to the gneissic foliation
that develops in the zones of low strain (Figure 1a), the
mylonite foliation in a DSZ appears more regular and

*For correspondence. (e-mail: ashitbaranroy@gmail.com)
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Figure 1.
formly planar shaped fabric'®.

penetrative showing uniformly planar shape fabric, usu-
ally accompanied by a pronounced stretching lineation
(Figure 1b). The concept considerably helps the field ge-
ologists who are able to identify mylonite zones (or more
precisely DSZs) by recognizing belts marked by the de-
velopment of uniformly planar foliation along with linea-
tion in otherwise massive rocks without necessitating the
need to study microtextures in the laboratory.

With this characterization of mylonites, it is possible to
identify DSZs in distinctly different situations other than
those we generally describe as tectonic or orogenic
deformation triggered by horizontal crustal stresses. The
present communication illustrates two different examples
where DSZs have developed during diapiric rise of a plu-
tonic body, and during exhumation of granulite bodies,
drawing examples from the nepheline syenite at Kishan-
garh and the granulites of the Sandmata Complex respec-
tively, in Rajasthan, India.

A large isolated body of nepheline syenite along with
some detached lenticular outcrops occurs close to the
eastern boundary of the Main Delhi Basin (Delhi syncli-
norium)® around Kishengarh, Ajmer district, Rajasthan.
Some discontinuous patches of fenitized rocks repre-
sented by syenite and alkali diorite occur in close associa-
tion with these alkaline rocks. The entire alkaline
ensemble (described as nepheline syenite for simplicity)
forms a single intrusive mass within the meta-sedi-
mentary, meta-volcanic sequence of Kishengarh Group of
pre-Delhi age™ (Figure 2).

A distinctive tectonic feature of the Kishengarh
nepheline syenite is the development of penetrative folia-
tion (Figure 3a) accompanied by a strong and prominent
lineation (marked by mineral orientation as well as rows
of grooves and ridges) in the marginal parts of the body
(Figure 3b). The fenitized alkaline rocks, which also
show strongly foliated and banded character, have pre-
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a, Highly contorted, irregular gneissic foliation in banded grey gneiss®’. b, Mylonitic foliation appearing as regular, penetrative and uni-

sumably evolved through replication of the earlier formed
gneissic structure.

In strong contrast to the foliated and gneissic-type
rocks in the marginal parts, the nepheline syenite which
occurs in the core region is massive, showing typical
granite-like texture®®*® (Figure 4).

The occurrence of strongly foliated nepheline syenite
which locally appears as banded gneiss, assumes signifi-
cance in view of the fact that these alkaline rocks are
considered to be diapirically uplifted plutonic body, re-
maining virtually unaffected by the later orogeinic de-
formations'. However, the foliation developed in the
nepheline syenite of Kishengarh cannot be interpreted as
primary flow structure developed through orientation of
early crystallized platy minerals by flowing magma.
Apart from the development of uniformly planar foliation
associated with a set of stretching lineation, the micro-
structural studies made on more felsic bands in between
the schistose layers show the presence of equant and
granular grains of nepheline and albite (Figure 5), with-
out any evidence of interpenetrating and/or interlocking
grain migration, characters typical of porphyritic igneous
rocks. The rock texture clearly proves metamorphic ori-
gin of the foliation surfaces.

The uniformly planar shaped geometry of the foliation
(Figure 3a) marked by a strong and penetrative lineation
(Figure 3 b) exhibits a strong resemblance with a tectonite
showing ‘LS’ fabric. Such rocks are commonly described
as mylonite gneiss, which develops in DSZs®.

The banding noted in some of these rocks reveals, on
close examination, the presence of extremely drawn-out
isoclinal folds bounded by sub-parallel foliation planes
(Figure 6a). These intrafolial isoclines often exhibit re-
peated refolding to produce second-generation isoclinal
folds. The banded gneisses showing presence of extre-
mely drawn-out isoclines bounded by sub-parallel
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Figure 2. Geological map of the Kishengarh region showing lenticular bodies of nepheline syenite within the
Kishengarh Group™.

Figure 3. a, Gneissic variety of nepheline syenite showing development of uniformly planar foliation. b, Strongly lineated nepheline syenite
exhibiting parallel orientation of hornblende needles.
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foliation planes show strong similarity to the ‘micro-
lithon” described by DeSitter'*.

The style and geometry of small-scale folds developed
in the narrow zone of nepheline syenite along the mar-
ginal zones and in the adjacent ‘cover’ quartzite are
unique in the entire region. Field evidence abounds show-
ing development of small-scale isoclinal folds (which are
distinctly asymmetric in character), separated from little-
deformed thin layers by the shear surfaces (Figure 6b),
especially in the adjacent quartzite. Apart from the strict
isoclinal geometry, the development of structures in a
narrow zone involving the marginal parts of nepheline
syenite and the bordering enveloping rocks implies het-
erogeneous deformation during the emplacement of the
nepheline syenite body in the pre-Delhi rocks. Features
like penetrative, uniformly planar mylonitic foliation
marked by strong stretching-type lineation along the mar-
gins of the nepheline syenite body, and similar other
structural features indicating the abrupt strain increase
towards margins imply that these are the locales of very

Figure 4.
type texture.

Massive nepheline syenite showing interlocking granitoid-

Figure 5.
fabric without any sign of interpenetration between grains of nephye-
line and albitic plagioclase.

Photomicrograph showing typical granular metamorphic
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strong ductile shearing. The continuity of strain in
the sheared nepheline syenite through the adjacent cover
sequence is an indication of common deformation his-
tory.

Based on the regional orientation of the gneissic
(mylonitic) foliation as developed in the marginal parts,
Roy and Dutt'" interpreted the outcrop pattern of
nepheline syenite as an elongate antiformal dome (Figure
7). The broad structural geometry of the nepheline
syenite body is also reflected in the disposition of quartz-
ite, which constitutes the overlying cover formation of
the Kishengarh Group*! (Figure 2).

Proof of the compatible structural geometry is provided
by the three S-pole diagrams (Figure 8a-c) prepared
separately for the bedding (better described as bedding
foliation) in the cover quartzite, and the bedding (in
quartzite) and gneissic foliation (in the marginal parts of
the nepheline syenite). The common feature in the three
structural diagrams prepared from the area from north to
south (Figure 2) suggests broad structural similarity
marked by a strong maximum and a weak sub-maximum
with weakly defined girdle. The nature of S-pole dia-
grams provides a clear indication of the asymmetric na-
ture of the regional fold. The g-axis in these two
diagrams shows sub-horizontal plunge, with the fold axis
lineations forming a cluster around it (Figure 8a and c).
No distinctive pS-axis could be defined for the rocks
occurring between the two (Figure 8b). The lineations
also appear to have steeper plunges. Though the S-pole
orientations are broadly similar, the steeper lineations
presumably show effects of later deformation.

The second example on ‘anorogenic’ development of
DSZ is illustrated by the exhumed bodies of granulites in
Sandmata Complex™>*® (Figure 9). The lithological enti-
ties of the Sandmata Complex include two distinct tec-
tono-stratigraphic types: (1) the banded gneisses, which
also include several bodies of granite—granodiorite,
amphibolites, metasediments and their reconstituted
equivalents, and (2) granulites comprising granulite
facies rocks and their retrograded variants. The former
rock type, commonly described as the Banded Gneissic
Complex®, constitutes the Archaean basement showing a
complex tectono-metamorphic evolutionary history* .
The granulites, on the other hand, are of late-Palaeopro-
terozoic age (ranging between 1725 and 1621 Ma)®*, and
are massive except in the marginal parts. The contact
zones of the two diverse litho-tectonic entities are in-
variably marked by DSZs.

In the field, the DSZs are recognized by the occurrence
of mylonitic and retrograde granulites showing uniformly
well-developed penetrative foliation (Figure 10), usually
accompanied by a set of prominent lineations. As a char-
acteristic, these narrow DSZs show development of
asymmetric fold having thickened hinge zones and long
stretched limbs. Apart from these, several small- and
intermediate-scale folds of diverse geometry and
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Figure 6.

a, Interfolial isoclinal fold in mylonitic nepheline syenite bounded between uniformly planar bands of foliation. b, Foliation-bound iso-

clinal fold between mildly deformed domains in the overlying quartzite of the cover sequence.

Figure 7.
nepheline syenite exhibiting antiformal dome-like structure within the
rocks of the Kishengarh Group (reproduced from Roy and Dutt'?).

Schematic cross-section across the diapirically uplifted

orientation, and defined by mylonitic foliation occur
close to the margins of the granulite bodies.

Studies in different parts of the Sandmata Complex™
indicate that the effects of ductile shearing and accompa-
nying mineralogical changes are not merely confined to
the margins of the granulite outcrops but also continue
into the surrounding banded gneisses. Because of partial
melting concomitant with mylonitization, the sheared
banded gneisses have been transformed into migmatitic
gneisses showing spectacular development of quartz—
feldspar-rich bands (leucosomes) alternating with dark
schistose layers of the original rocks (mesosomes). Some
of these migmatitic rocks which characteristically show
growth of eye-shaped phenocrysts of feldspar are descri-
bed as augen gneiss (Figure 11). Features such as (1) the
conformable pattern of deformation in both rock types
occurring in the ductile shear zones, and (2) the synkine-
matic nature of migmatization in the banded gneisses and
retrograde metamorphism in foliated granulites, confirm
that the formation of foliated and retrograded granulites
as well as shearing and partial melting in the banded
gneisses were contemporaneous.

The undeformed massive granulites which are sepa-
rated from foliated varieties have preserved records of
high-pressure, upper amphibolite-facies (P ~ 10 kbar,
T ~675°+60°C) to granulite-facies (P ~ 12-14 kbar,
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T ~ 815°C) peak metamorphism®®. The foliated character
of some granulites is essentially a secondary feature in-
troduced during ductile shearing and fluid-induced retro-
gression to the amphibolite-facies metamorphic condition
corresponding to P ~ 5 kbar and T ~ 575-660°C.

Granulites, as their P-T data indicate, were generated
at great depths. The tectonic emplacement of these deep-
seated bodies into higher crustal levels may be rightly
termed ‘exhumation’. Some indication about the process
of ‘exhumation’ of the Sandmata granulites into the
Archaean crust is obtained if we critically examine the
metamorphic history of the Sandmata granulites. In spite
of diverse views expressed by different workers about the
P-T conditions of Sandmata granulite-facies metamor-
phism, possible P-T-t paths, and exhumation proc-
esses™> 19202322 there are several common traits which
help understand the tectono-metamorphic history of these
apparently exotic bodies. The most important of these is
the general agreement on the timing of peak meta-
morphism and accompanying dehydration melting ca.
1720 Ma (refs 15, 26, 27, 28).

The uplift (“decompression’ in metamorphic parlance)
of the granulites from a deep crustal level to shallower
level of amphibolite-facies condition has been suggested
based on the tectono-metamorphic studies on granulites
of the Bhinai region®. The uplift was accompanied by
ductile shearing with concomitant fluid-assisted retro-
gression along the margins of the granulite bodies and
facilitated the development of an S—C fabric’ under
amphibolite-facies metamorphic condition (Figure 12).
With the development of a new fabric (penetrative folia-
tion and mineral lineation) along with the growth of
lower-grade minerals, the rocks were transformed into a
type of mylonitic gneisses which appear to be similar to
those described by Passchier and Trouw®. The develop-
ment of DSZs along the margins of massive granulites
helped in reducing the frictional resistance (through strain
softening) during their ascent and emplacement in the
Archaean gneisses.

CURRENT SCIENCE, VOL. 110, NO. 6, 25 MARCH 2016
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Figure 8.

a, Synoptic S-pole diagram for the bedding planes from the quartzite of the Mandwaria Hill region. Total bedding — 250 contours at

0.5-4-8-12-16-20% per unit area. b, Synoptic S-pole diagram for the bedding planes in quartzite and gneissic (mylonitic) foliation planes from
south of Mandwariya Hill and north of the Ajmer-Jaipur road. Total surfaces — 97. Contours at 0.5-2.5-6.5-12-14% per unit area. ¢, Synoptic
S-pole diagram for the bedding planes in quartzite and gneissic (mylonitic) foliation planes from the southern part of the area, south of the Ajmer—

Jaipur road. Total surfaces — 132. Contours at 0.4-3.5-7-11% per unit area.

25°* ; 79
| | |

Figure 9. Map of the Sandmata Complex showing isolated bodies of
granulite (dark).

Thus the present communication discusses two sepa-
rate instances where features commonly observed in DSZ
have been noted, as in the diapirically uplifted alkaline
plutonic body near Kishengarh, and in the exhumed bod-
ies of granulite hosted in pre-existing gneissic terrane at
Sandmata Complex.

Structurally, the Kishengarh nepheline syenite is com-
parable with the other granitoid bodies which also show

CURRENT SCIENCE, VOL. 110, NO. 6, 25 MARCH 2016

development of foliations. Paterson et al.*® suggested
four different possibilities of formation of foliation in
plutonic bodies: (i) by magmatic flow, (ii) submagmatic
flow, (iii) high-temperature solid-state deformation, and
(iv) moderate- to low-temperature solid-state deforma-
tion. Traditional view, however, favours magmatic origin,
particularly where the foliation developed in plutons.
However, in the case of the Kishengarh nepheline
syenite, extensive development of uniformly planar folia-
tion marked usually by a prominent lineation unmistaka-
bly suggests that these are mylonitic features that
normally characterize DSZ in orogenic belts. Further, the
style and geometry of small-scale isoclinal folds devel-
oped in the narrow marginal zones of nepheline syenite as
also in the adjacent ‘cover’ quartzite, and the evidence of
synkinematic growth of minerals parallel to the axial
plane foliation of folds (Figure 6 a and b) are indications
of heterogeneous deformation taking place during the
emplacement of the nepheline syenite body.

Important and useful information about ascent and
emplacement of high-density silicic/felsic magma com-
patible to that which would solidify as nepheline syenite
in brittle—ductile upper crust has been provided by Burov
et al.®. Using a numerical model, the authors explained
the deformation pattern and heat transport of ductile,
elastic and brittle substances ascending as diapiric bodies.
Emplacement depth and final deformation characteristics,
according to the authors, depend on diapir size and buoy-
ancy. Small diapirs (less than about 5 km in diameter; a
size comparable to that of the Kishengarh nepheline
syenite), which cannot reach shallow crustal levels flatten
significantly and deform by horizontal spreading, with
little upward displacement of roof rocks. Horizontal
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spreading implies that the direction of extension is also in
the same direction.

According Weinberg and Podladchikov®, the hot
solidified diapirs (compared to the relatively much cooler

Figure 10. Finely foliated retrograde granulite showing growth of
isolated feldspar simulating a typical mylonite gneiss. Notable feature
is the post-tectonic growth of large feldspar porphyloblast pushing
aside the foliation.

Figure 11. Evidence of partial melting in the gneissic granite, which
has also been transformed into sheared mylonite gneiss with concomi-
tant growth of feldspar to finally change into augen gneiss with phyllo-
nitic matrix.

Figure 12.
tion is guided by amphibole minerals which have grown from retro-
gressive alteration of pre-existing pyroxenes (mainly hypersthene).

Photomicrograph of a foliated retrograde granulite. Folia-

1100

wall rocks), which behave like a typical ‘power-law
fluid’, may rise of up to the distance of a few kilometres
in geologically reasonable times. The core of these
diapirs deforms more slowly and the margins much faster
than in Newtonian diapirs. Such a heterogeneous defor-
mation pattern would lead to development of an isotropic
or weakly deformed core surrounded by the strongly
sheared marginal parts. Furthermore, the study® suggests
that the strain rate of the ambient fluid (wall rock) is im-
posed across the contact into a ‘power-law diapir’, result-
ing in similar strains on either side of the contact. In
short, the earlier studies®*3* corroborate the findings
based on field evidences on the development of DSZs
across the contact of the diapirically risen Kishengarh
nepheline syenite.

With regard to the Sandmata granulites, a model of
uplift based on the tectono-metamorphic studies from a
deep crustal level to a much shallower level of amphibo-
lite-facies condition has been proposed®*®. The uplift
was accompanied by ductile shearing with concomitant
fluid-assisted retrogression along the margins of the
granulite bodies, which facilitated the development of an
S—C fabric’ during amphibolite-facies metamorphic con-
dition. With the development of a new fabric (penetrative
foliation and mineral lineation) along with the growth of
lower-grade minerals, the rocks were transformed into a
type of mylonitic gneiss, as described by Passchier and
Trouw®. The development of DSZs along the margins of
massive granulites helped reduce the frictional resistance
(through strain softening) during further ascent and final
tectonic emplacement into the Archaean gneisses'®. A
common feature noted in the nepheline syenite of
Kishengarh and the granulites of the Sandmata Complex
is the development of sub-horizontal lineation subparallel
to the horizontal stretching of the uplifted/exhumed bod-
ies formed at much deeper levels of the crust.

In case of vertical uplift of the granulites in a non-
orogenic environment, we suggest the critical role of
internal crustal buoyancy forces as a factor for the
‘exhumation’ of hot granulites into a cooler upper-level
gneissic terrain. The main motif force is the thermal state
of the rising body. Density of the hotter bodies is always
low compared to the cooler upper crust. The thermody-
namic condition is the sole cause of uplift/exhumation of
not only the granulites, but also mafic and ultramafic
magma bodies from a much deeper level to shallower
levels of low-density rocks (granitic gneisses and meta-
sediments). The thermal state of the ascending body pro-
vides the energy necessary for crustal buoyancy which
acts in forcing the deep crustal rocks (granulites) to move
upward through the cooler wall rocks. DSZ forms
because of the frictional stress between the two solid bod-
ies. The conduction of heat from the ‘hot’ ascending
granulite bodies caused partial melting in the adjacent
gneissic rocks (the wall of host rocks) producing migma-
titic gneisses (Figure 10). The process is comparable to
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the buoyancy-induced diapiric uplift of hot plutonic
nepheline syenite body through the cooler upper crust.
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