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Evidence of Archaean crustal
shortening from deformed pillow
lavas: An example from Sandur
greenstone belt, Dharwar craton

C. Manikyamba and S. M. Naqvi
National Geophysical Research Institute, Hyderabad 500 007, India

There is a continuous debate about the auto-
chthonous or allochthonous model of the evolution of
the greenstone belts. We report here evidence which
suggests that the Sandur greenstone belt of Dharwar
craton is an allochthonous remnant of accreted oce-
anic volcanism. Pillow structures of the western
margin of the Sandur Schist Belt have been com-
pressed in NE-SW and stretched in N 40°-45°W di-
rection. The length/width (L/W) ratio (X'/Y"') of these
elongated pillows varies from 3 to 30, transforming
them to pencil shape with well developed schistosity.
Poisson’s ratio of the elongated pillows at uniaxial
stress of 1.5 kb is 1:24, whereas that of undeformed
pillows 1:10 or 1:14. Such compression has not been
witnessed in the eastern part of the belt. Generally,
pillows in Sandur and other greenstone belts in an
undeformed state show length/width ratio varying
between 1 and 2. The comparison of the L/W ratio of
the elongated and normal pillows and their Poisson’s
ratios from the western and eastern parts show that
7 to 8 times shortening has taken place along the
western margin of the belt. This shortening along the
belt i1s interpreted due to horizontal compression,
consequent of convergent margin movement and
rock mass transport, implying their allochthonous
character.

IT has been frequently suggested that a modified form of
plate tectonics (smaller plates) operated during the Ar-
chaean and, greenstone belts are allochthonous remnants
of accreted oceanic crust, platacus and/or island arcs' ™.
Most of the supporting evidences of this aspect are
mainly based on the geothermal inferences, structural
patterns and geochemical data from Canadian and South
African greenstone belts. However, for the greenstone
belts of Karnataka, India, the continental rift model was
advocated®?®, although oceanic crust-based origin of
these belts has been demonstrated®”. Recently'® it is
suggested that the Dharwar greenstones were deposited
in marginal or back arc volcano-sedimentary basins.
These authors'® believe that the rocks in eastern
Karnataka, including Sandur belt, formed as intra-arc
basins above the evolving Dharwar batholith.
Here we report evidence of horizontal compression,
shearing and thrusting of volcanic rocks of oceanic
origin and infer the consequent crustal shortening
for the Sandur greenstone belt of Dharwar craton

(Figure 1).
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Sandur schist belt situated in the eastern margin of the
Karnataka nucleus mainly consists of different types of
metavolcanics and metasediments. The volcanic rocks
are essentially tholentic basalts along with intermediate
and acid volcanic rocks. These volcanics show well-
developed pillow structures which on extensive defor-
mation are elongated and stretched. The study of their
stretching will provide a clue to the mechanism
(process) of their deformation.

The pillow structures of the Deogiri and Donimalai

formations at the western margin of the belt, south of

Hospet, and south-west of Sandur (150 m thick across
the strike) are stretched (Figure 2), whereas pillows of
both the formations from the eastern part of the belt
have normal length/width ratio (X'/Y') ranging from 1 to
2. More than 1200 pillows were measured at six places
in the belt for their length, width, convexity and
dip/inclination of the flow layers (Figure 1). Z' is ex-
posed rarely and wherever exposed it is always less than
X' and more than Y (X'>Y'>2Z'). The data are pre-
sented 1n the histograms depicting the variation in the
L/W at each locality (Figure 3). All along the western
margin of the belt, the pillows are compressed in NE-
SW and stretched in N 40°-45° W direction. About 80%
of the pillows have been stretched to give the
length/width ratio ranging between 3 and 30, and 81%
of the pillows have length/width ratio between 3 and 12
(Figure 3 a). The width (Y') of these pillows varies from
0.5" to 20", with 88% of the pillows having a width (Y')
between 1" and 10" only. On the other hand, the length
(X") of these stretched pillows varies from less than 10"
to 190" (Figure 3 a). However, 72% of the pillows have
length (X") more than 30" i.e. between 30", and 190".
Most of them are stretched to such an extreme extent
that they have a ‘pencil shape’ (Figure 2 a) appearance
in a vertical or semivertical exposure where Z' is avail-
able. Some of the pillows have width between 4" and 6"
and length between 40" and 60" with pointed ends.
Large-scale variation i1n the overall size of the pillows
even in stretched form is illustrated in Figure 2 5. Due to
compression and metamorphism the recrystallization of
original mineralogy into amphiboles and sodic plagio-
clase with development of well-defined axial plane
schistosity has taken place (Figure 2 a). This schistosity
1s observed in individual pillows too, Although the tex-
ture and mineralogy show recrystallization, the de-
formed boundaries (rims) of the pillows are preserved
with the general destruction of the convexity (Figure 2)
and the flow layers have become almost vertical. A
fracture system (cleavage) parallel to the compression
direction has developed in most of the pillows. This in-
dicates that the post-consolidation directional stress has
been very effective on these pillows and other associ-
ated rocks (Figure 2 a) and continued to be active for a
fairly long time. All along the belt the first generation
axial plane cleavage (D, deformation) dips towards
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Figure 1. Geological map of the Sandur Greenstone (schist) belt, with a location map of India and the proposed stratigraphic
succession. 1, Yeswanthanagar block (YB); 2, Deogiri block (DB interbedded with banded mangancse formation); 3, Western
volcanic block (WVB interbedded with banded iron formation); 4, Central volcanic block (CVB); 5, Greywacke; 6, Eastern
volcanic block (EVB interbedded with banded iron formation); 7, North central acid volcanic block (NCAVB interbedded with
active plate margin turbidites); 8, Sultanpura volcanic block (SVB); 9, Sediments of eastern volcanic block: 10, Eastern acid
volcanic block (EAVB), 11, Amphibolites of eastern block; 12, Granitic gneisses and granites; 13, Younger granites.

Figure 24, b. a, Suetched pillows, 5 km south of Hospet almost verticol plane. End of the individual pillows has become pencit shaped.
Fy axial plane schislosity and fracture cleavage are both visiblc; b, Stretched pillows from west of Sundur from spot A",
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Figure 3a-e. Histograms showing the length, breadth and the
length/breadth ratio of the pillows in different places in the Sandur
schist belt.

north-east, indicating the compression direction (Figure
I). The pillows exposed in most of the eastern part of
the belt do not exhibit this compression and stretching.
Their length/width ratio generally remains between 1
and 2. Determination of length/width in the centre of the
belt Nandihalli, south of Sandur (Figure 1, spot B)
shows that 85.41% of the pillows have length/width ra-
tio between 1 and 2, with 40% having length between
10" and 20" and 48% between 10" and 120" (Figure
3 b). There are giant pillows in this region which have
length and width measuring up to 120" and 80", respec-
tively. The relict mineralogy and igneous texture are
found in many sections. In most of the sections, relict
augite 1s found rimmed by amphibole. Plagioclase bounda-
ries are not clear as the reaction between plagioclase and
other minerals has not been completed. Chlorite, amphi-
bole and epidote are found along these boundaries with
fibrous development of actinolite being quite common.
Along the eastern part near Bhimangandi (Figure 1,
spot C), 80% of the pillows have their length varying
between 10 and 40", and 84% pillows have their width
varying between 5 and 20" (Figure 3 c¢). Consequently,
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Figure 4. Poisson’s ratio showing axial strain and lateral strain at
1.5 kb. It can be seen that up to 3.55 and 34.37 lateral and axial
strain, the ratio maintains between 1:10 and 1:14, i.e. the range of
the plastic deformation for these rocks. From point A onward, post-
consolidation deformation is indicated, resulting in the elongation of
the pillows.

92% of the pillows have length/width between 1 and 2.
Similarly, west of Sandur (Figure 1, spot D) in the east-
ern volcanic block 83.61% of the pillows have a length
varying between 10 and 40", and 93.44% of the pillows
have width between 5 and 30" (Figure 3 d). Therefore,
90.53% of the pillows have length/width ratio between 1
and 3 and 57% of them have this ratio between 1 and 2.
Seldom anywhere 1n the eastern part of the belt does the
length/width ratio of the pillows cross 3.5 or 4. Further
east, after crossing the Eastern volcanic block (EVB) in
Sultanpura block (Figure 1, spot E) there is considerable
variation in the length and width of the pillows (Figure
3 e). Here 48% of the pillows have length varying be-
tween 10 and 20" with a maximum length of 60". Width
of these pillows ranges up to 40" with 56% of them
ranging between 10 and 20". Most of these pillows show
convexity towards east and 90% of them have
length/width ratio between 1 and 3 (Figure 3 ¢). This
shows that in the entire belt, the maximum deformation,
elongation and compression have occurred along the
western part of the belt. The average reduction in the
width of the pillows is around 7 to 8 times and the In-
crease in the length also appears to be of the same order.
This shows that at least 7 to 8 times crustal shortening 1n
the NE-SW direction has taken place along the western
margin. Similar elongated pillows have been noticed in
the Nondweni greenstone belt, southern Kaapval Craton,
South Africa, where a shortening factor of 100 has been
suggested''. Such zones of elongation and stretching are
zones of high strain parallel to strike direction and rep-
resent thrusting.
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Elastic properties of the elongated and normal pillows
under uniaxial stress of 1.5 kb have been studied to un-
derstand the mechanical behaviour of lateral strain to
axial strain (Figure 4). In undeformed pillows, the slope
between lateral and axijal strain remained nearly uni-
form, while in the elongated pillows the slope is dis-
tinctly different. The strain measurements indicate that
the elongated pillows are brittle in their behaviour and
the strain ratio is approximately 1:24, otherwise this
ratio in case of undeformed pillows is 1:10 or 1:14. This
change in the strain ratio appears to have been caused
by the post-consolidation deformation during shearing
and thrusting (Figure 4). Brittle deformation and devel-
opment of fracture system almost at 90° to the schis-
tosity 1s observed 1n most of the pillows.

Pillows are exposed in almost all late Archaean
greenstone belts of Karnataka and other parts of the
world'®* and the length/width measurements at other
places such as Gadag and Ingaldhal in Chitradurga
schist belt have confirmed that the length/width ratio of
the normal undeformed pillows generally remains be-
tween 1 and 2. This increase in the length/width ratio
along with change in the dip of the flows from 0 to 90°,
almost vertical F; fold axis and the 20°-80° NE dip of
the first generation axial plane schistosity are unequivo-
cal evidence of horizontal compression and large-scale
movement of the rock mass. Recently the 35 km thick-
ness of the Sandur belt has been attributed to the thrust
thickening’®.

Under the P-T conditions of regional metamorphism
(confining pressure), elongation of pillows would not
have taken place, as in the case of other parts of the belt
(Spot B to E, Figure 1). This suggests that in addition to
confining pressure the lavas of the western margin were
subjected to a directional stress, which continued to
produce post-consolidation brittle deformation. This
may mean that the lavas of western margin were part of
a subducting slab and compression continued till the
closing of the proto-ocean. Therefore, it is argued that
the western margin of the Sandur belt has been overrid-
den by its eastern part. Furthermore, geometry and the
wavelength (2-10 m) of the D, fold closures at the
northern and southern termination of the belt'® substan-
tiate the inference that horizontal compression and crustal
shortening have been a very significant and frequent aspect
of tectonic evolution of this greenstone belt.

1. Desrochers, J. P., Hubbert, C., Ludden, J. and Pilote, P., Geol-
ogy, 1993, 21, 451454,
2. de Ronde, C. E. J. and De Wit, M. ), Tectonics, 1994, 13, 983—
1005.
. Low, Q. R., Geology, 1994, 22, 1099-1102.
. Chadwick, B., Ramakrishnan, M. and Viswanatha, M. N., Pre-
cambr, Res., 1981, 16, 31-~54,
5. Drury, S. A., Harris, N. B. W., Holt, R. W., Reeves-Smith, G. J,
and Wightman, R. T,, J. Geol., 1984, 92, 3-20.
6. Manikyamba, C., Balaram, V. and MNaqvi, S. M., Precambr,
Res., 1993, 61, 137-164.

o W

CURRENT SCIENCE, VOL. 71, NO. 6, 25 SEPTEMBER 1996

7. Manikyamba, C. and Nagvi, S. M., Precambr. Res., 1995, 72,
6995, |

8. Naqvi, S. M., Geol. Soc. India, 1985, 26, 511-525.

9. Nagvi, §. M., Sawkar, R. H., Subba Rao, D. V., Govil, P. K. and
Gnaneshwar Rao, T., Precambr. Res., 1988, 39. 163-216.

10. Chadwick, B.. Vasudev, V. N. and Ahmed, N., J. Geol. Soc.
India, 1996, 47, 37-57. ‘

11. Wilson, A. H. and Versfeld, J. A., Precambr. Res., 1994, 6,
243-276.

12. Goodwin, A. M., Precambrian Geology, Academic Press, New
York, 1991, p. 666.

13. Mukhopadhyay, D. and Matin, A., J. Struct. Geol., 1993 15,
309-322,

ACKNOWLEDGEMENTS. We are grateful to Dr H. K. Gupta,
Director, NGRI, for his kind support, encouragement and permission
for the publication of this work. The work has been carried out under
DST Project grant No. SP12/PC 0/86 and SP/12/PC 2/86. We thank
Mrs Rehana Naqvi and Mr C. V. S. Kiran who have provided help in
the field and to Mr Prabhakar Sarma who has carried out the labora-
tory measurements for Poisson’s ratio, We are indebted to Mr Agar-
wal, Mr Krishna Reddy and Mr G, L. N. Reddy who have provided
the infrastructuore of NMDC to carry out this work. Dr P. Rama Rao
reviewed the manuscript critically.

Received 23 April 1996; revised accepted 2 August 1996

Palaeotectonic implication of
Lamayuru lake (Ladakh)
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The age of ancient Lamayuru lake in Ladakh, Trans-
Himalaya, has been speculative due to non-
availability of proper date at the base of its sediment
profile. A date of 35,000 + 600 yr B. P. was reported
by earlier workers in the upper part of lower sedi-
mentary profile but precise timing of the develop-
ment of lacustrine conditions is all important to
know the origin of the lake and the question whether
it was formed by normal geomorphic processes of
slope derived debris damming or tectonically induced
slope instability leading to river impoundment. The
present study shows that the lake developed around
45,000 years ago, which coincides with a regional
tectonic event in the Trans-Himalaya. The geomor-
phic processes were but adjunct to the intrinsic proc-
ess of earth shaking during this episode of tectonic
activity in the region. Timing of initiation and clo-
sure of lacustrine sedimentation in the Himalayan
river valleys could offer an important clue for de-
termining the recurrence interval of major earth-

quakes in the Himalaya. This calls for extensive work
both in space and time,

THE late Quaternary remnant lacustrine deposits lying at
an altitude of 3600 m in Lamayuru, Ladakh (Figure 1),
comprise mudstone, siltstone and saundy shale facies
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