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[1] This study provides an in situ geological perspective on fabrics produced by synconvergence lateral
crustal flow of hot orogens. It is based on the example of the Neoarchean orogen of the Dharwar craton
(India) and combines structural analysis and ion microprobe U!Pb zircon geochronology. We document
a pervasive, three!dimensional flow mode of the lower crust, called lateral constrictional flow (LCF),
which combines orogen! normal shortening, lateral constrictional stretching, and transtension. LCF
achieves gravity!driven flow, lateral escape, and 3!D mass redistribution in a viscous lower crust submitted
to convergence. LCF tends to mechanically and thermally homogenize the lower crust and efficiently com-
pensates topographic relief at a shallow level in the crust. Three type!geodynamic contexts are envisaged
for LCF: plateau interiors, inner parts of collisional crustal wedges or plateau edges, and throughout wide
ultrahot orogens such as the Neaoarchean orogen of south India. LCF makes the lower crust act as a strain
gauge between lateral gravitational collapse or tectonic thickening of the upper crust, thrust stacking in the
lowermost crust (collisional crustal wedge case), crustal shortening, and/or lateral flow of the upper mantle.
In the case of plateau interiors or ultrahot orogens, LCF of a thick lower crust enables coupling of upper
crustal deformation with upper mantle flow through a hot and thin lithosphere being shortened coherently.
LCF generates a subhorizontal lamination that should produce the strong seismic reflectivity and lateral
anisotropy of the Tibetan Plateau and a variety of hot orogens.
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1. Introduction

[2] In orogenic belts, crustal flow may be greatly
facilitated by heating due to crustal thickening
[England and Thompson, 1984], magmatic advection
of mantle heat into the crust [Wells, 1980], or heat
conduction through a thinned lithospheric mantle
[Sandiford and Powell, 1991], resulting in partial
melting and mechanical weakening of the orogens
[Vanderhaeghe and Teyssier, 2001]. The hot orogen
concept applies to orogens that have undergone per-
vasive partial melting in regions of attenuated mantle
lithosphere, such as orogenic plateaux, mature colli-
sion zones, Cordilleras or back!arc domains, Pre-
cambrian accretionary orogens or magmatic arcs
[Chardon et al., 2009]. Hot orogens are therefore
particularly prompt to flow under a precarious balance
between shortening! induced thickening, gravity!
driven thinning, and lateral and transversal flow
[Vanderhaeghe and Teyssier, 2001;Beaumont et al.,
2004;Schulmann et al., 2008;Chardon et al., 2009].
In this paper, we are concerned with lateral flow as
an end!member synconvergence flow mode of hot
orogenic crust.

[3] Eastward lateral flow in Tibet is inferred to occur
by channel! flow extrusion of lower crust driven by
the gravitational potential energy gradient existing
between the plateau and its eastern foreland [Bird,
1991;Royden et al., 2008, and references therein].
The velocity field of lateral channel flow is that of
two!dimensional heterogeneous simple shear in a
vertical, orogen!parallel plane. But lateral flow of
central Tibet interferes with transverse shortening and
orogen!oblique stretching revealed by Late Cenozoic
and active deformation patterns [Andronicos et al.,
2007]. Lateral flow is therefore fundamentally a
three!dimensional process responding to the inter-
play of gravitational flow and tectonic shortening of
hot orogens. Accordingly, the typically thick (ca. 15 s
TWT), highly reflective and laterally anisotropic
lower crust of Tibet [Klemperer, 2006] and most hot
orogens [e.g.,Van Der Velden et al., 2006] cannot be
a simple product of two!dimensional ductile exten-
sion or channel flow, as generally implied [e.g.,
Meissner et al., 2006]. These seismic properties must
indeed reflect fabrics produced by three!dimensional
flow of the orogenic crust.

[4] As orogenic plateaux and Precambrian hot oro-
gens have in common a very thin mantle lithosphere,
orogenic flow somewhat comparable to that govern-
ing Precambrian hot orogens should operate through
todayÕs orogenic plateaux [Cagnard et al., 2006a;
Chardon et al., 2009]. Furthermore, Precambrian hot

orogens expose very large areas of crust preserved
from post orogenic collapse [Cagnard et al., 2006b;
Chardon et al., 2009]. Thus, studies of the lower crust
exposed in Precambrian hot orogens may allow
inferring the nature and origin of flow fabrics that are
imaged by geophysical techniques beneath orogenic
plateaux and active hot orogens.

[5] In this study, we combine structural analysis
and ion microprobe U!Pb dating to investigate the
development of the crustal fabric formed by syn-
convergence lateral flow of the Neoarchean orogen
exposed by the wide crustal transition of the
Dharwar craton. The study allows defining the
three!dimensional kinematic framework of a bulk
orogenic flow mode called lateral constrictional
flow (LCF). We then evaluate the applicability of
LCF to hot orogens in general and to the Himalayan!
Tibet orogen in particular, with an emphasis on the
relationships between LCF and upper mantle flow,
upper crustal deformation and sedimentation, and
thrust thickening. Finally, we show that the fabric
formed by LCF may produce the strong seismic
reflectivity and anisotropy of hot orogens.

2. Regional Framework

[6] The Dharwar craton consists of 3.4Ð2.7 Ga
tonalite! trondhjemite!granodiorite (TTG) gneisses
and greenstone belts emplaced between 3.3 and
2.6 Ga [e.g.,Peucat et al., 1993, 1995;Chadwick
et al., 2000, 2007;Jayananda et al., 2000, 2006,
2008]. The craton was ultimately shaped between
2.56 and 2.50 Ga by a HT!LP tectonometamorphic
episode that led to the development of a regional array
of transcurrent shear zones [Drury and Holt, 1980;
Chardon et al., 2008]. The eastern branch of the
Chitradurga shear zone system marks the boundary
between the Eastern Dharwar craton, having under-
gone pervasive melting, plutonism and deformation
at 2.56Ð2.50 Ga, and the Western Dharwar craton,
which was already relatively stiff at that time, as
partly cratonized by 2.61 Ga [Jayananda et al., 2006;
Chardon et al., 2008] (see also, for geochronology of
the Eastern Dharwar craton,Friend and Nutman
[1991]) [Peucat et al., 1993;Jayananda et al., 2000;
Vasudev et al., 2000;Chadwick et al., 2001, 2007;
Chardon et al., 2002;Rogers et al., 2007] (Figure 1).

[7] The study area is located in the Eastern Dharwar
craton between the charnockite front, in the south, and
the northern tip of the main mass of the Closepet
batholith, in the north (Figure 1). This area encompasses
a crustal level corresponding to ca. 9 to 18 km paleo-
depth in the Neoarchean orogen [seeHansen et al.,
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1984, Raase et al., 1986]. The crust comprised
between the Chitradurga greenstone belt and the Clo-
sepet batholith (Figure 1) preserves remarkable flat
gneissic foliations that are involved in kilometer!scale
open lobate synforms trending at a low angle to the

eastern branch of the Chitradurga shear zone system
(Figure 2). The synforms are occupied by hornblende
biotite gneisses (called hereafter the Sira Gneiss com-
plex, SGC) with strong LS tectonites, their mineral!

Figure 1. Structural map of the Dharwar craton adapted fromChardon et al.[2008]. Shear zones or shear zone
boundaries are shown as black lines. As a result of post!Archean northward tilt and consecutive differential erosion,
lower levels of the Neoarchean orogen are progressively exposed toward the Moyar shear zone. The Closepet
batholith is the only late Archean (2.55Ð2.51 Ga) magmatic body mapped with confidence so far, but large areas of
the Eastern Dharwar craton expose late Archean plutonic complexes. WDC, Western Dharwar craton; EDC, Eastern
Dharwar craton.

Geochemistry
Geophysics
Geosystems G3G3 CHARDON ET AL.: LATERAL CONSTRICTIONAL FLOW OF OROGENS 10.1029/2010GC003398

3 of 24



stretching lineations trending generally at a low angle
to the axes of the synforms.

3. Structure, Kinematics, and Plutonism
of the Sira Area

[8] Our work concentrates on a key area of 40 ! 20 km
around Sira town (Figure 2). This area allows inves-
tigating the development of the shallow fabrics of the
synforms of SGC as well as their relationships with the
underlying Javanahalli greenstone belt and adjoining
gneisses, the Chitradurga shear zone system and the
Closepet batholith (Figure 2).

3.1. Geology and Overall Structure
[9] The SGC occupies the two NNE trending south-
ernmost synforms of the folded domain mapped on

Figure 2. The limbs of the synforms coincide with
pinched off digitations of the Javanahalli greenstone
belt (Figure 3a). The belt consists of metabasalts and
amphibolites preserving HT!LP metamorphic assem-
blages at 0.4 ± 0.1 GPa and ca. 550¡C, as well as
arkosic paragneisses and subordinate banded iron
formations, quartzites, and calc!silicate rocks
[Naqvi et al., 1980;Seshadri et al., 1981;Narayana
et al., 1983]. East of Huyildore, the greenstone belt is
involved in the Chengavara synform, whereas west of
Huyildore, the greenstones are taken into the eastern
branch of the Chitradurga shear zone system (Figure 3).
The SGC and underlying gneisses of the Chengavara
synform are intruded by the Maddakkanahalli plu-
tons (Figure 3). The study area comprises a regional
warp of the eastern branch of the Chitradurga shear
zone system (Figures 2 and 3a). The southern, N
striking segment of the warp hosts theÒBukkapatna

Figure 2. Structural map of the central part of the Dharwar craton showing fabric trajectories and the Chitradurga shear
zone system, as well as the approximate extend of the Sira Gneiss complex. The map is based on the photointerpretation
of 20 m resolution SPOT multispectral images and field reconnaissance. The frame of the map is located on Figure 1.
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graniteÓ [Seshadri et al., 1981], which actually
consists in a steep sheet of mylonitic orthogneiss
that tapers off at the latitude of Javanahalli (Figures 2
and 3). The migmatites and gneisses comprised between
the Chengavara synform and the Closepet batholith
are called hereafter the eastern gneisses (Figure 3).
The Closepet batholith is made of comagmatic

monzogranites and quartz!monzonites with U!Pb
zircon ages of 2518 ± 5 Ma [Jayananda et al., 1995].

3.2. Sira Gneiss Complex: Lobate Synforms
[10] The SGC consists of banded hornblende biotite
gneisses showing various degrees of migmatization.

Figure 3. (a) Geology and foliation trajectory map of the Sira area. Foliation measurements are reported on Figure A1
(Appendix A). Geochronological samples are shown by a solid dot and a black label. The frame of the map is located on
Figure 2. (b and c) Synthetic cross sections of the area. The lines of section are indicated on the map in Figure 3a by
capital letters.
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The SGC hosts a myriad of tonalite veins, which are
commonly connected with the leucosomes in the
gneiss (Figures 4a and 4b). The entire SGC is char-
acterized by strong subhorizontal L > S and subor-
dinate S = L tectonites (Figures 4b and 4c). The
mineral!stretching lineation (L1), trending domi-
nantly NE, is marked by meter! long rods of quartzo!
feldpathic aggregates, commonly resulting from
folding or transposition of veins (Figures 4c and 5).
The tonalite veins emplaced during a protracted
period of deformation of the SGC at a time the
gneisses were partially molten (Figure 4). Be they
sequent or concordant with respect to the gneissic
foliation, the veins are either fabric free (Figure 4a) or
affected by the same foliation as that of the host

gneiss (Figure 4d). Folding of the veins is ubiquitous,
whereas boudinage is barely documented (Figures 4a
and 4b). Axial surfaces of folds parallel the flat foli-
ation of the host gneisses and their axes trend parallel
to the L1 lineation (Figures 4a to 4c). Folded boudins
of veins are rare in the SGC, whereas boudinaged
folds are observed, indicating a single deformation
episode instead of superimposed strains [Ramsay,
1967]. The monotony of the strong L > S and L = S
tectonites indicates that deformation was homoge-
neous at the scale of the SGC and resulted from
intense horizontal stretching and vertical shortening,
combined with horizontal shortening perpendicular
to the stretching direction. No unequivocal macro-
scopic shear criteria were documented in the SGC,

Figure 4. Fabric patterns in the Sira Gneiss complex (see Figure 3a for cited localities). (a) Relations among
migmatitic foliation and various generations of veins, the latest and less deformed ones being the pegmatites and the
fine!grained biotite tonalite dikes shallowly dipping to the left. Earlier veins show intense folding (XZ section of the
strain ellipsoid; vicinity of Chengavara). (b) Three!dimensional view of LS fabrics and ptygmatic folds of veins,
vicinity of Chengavara. (c) L > S tectonites marked by a folded biotite tonalite vein. (d) Foliation affecting both
sequent hornblende biotite tonalite vein and its host gneiss, 5 km NE of Chengavara (XZ section). (e) Plane view of
flat foliation in a Maddakkanahalli intrusion showing a stretched enclave (XY section) trending parallel to the
stretching lineation in the surrounding Sira gneiss complex (midway between Chengavara and Maddakkanahalli).
Green pencil is for scale.
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arguing for a predominance of coaxial flow during
deformation.

[11] The Maddakkanahalli plutons are fine!grained
and aplitic granites. The fabric in the plutons may
be marked by a diffuse compositional banding, the
preferential orientation of biotite crystals, and strained

mafic enclaves (Figure 4e). Most parts of the
plutons have developed LS fabrics parallel to those
of their host SGC gneisses (Figures 3, 4a, and 5).
The small intrusions have steeper foliations than
those of their host SGC gneisses (Figure 3a),
whereas parts of the plutons are devoid of visible
fabric or banding. These observations indicate that

Figure 5. (a) Mineral! stretching lineations of the Sira area plotted on the foliation trajectory map. Letters a to k
define the units for which structural measurements are presented in Appendix A. Open squares are locations from
Figure 3a. (b) Superimposed mineral!stretching lineations (shown by each pencil) on flat foliation in the Sira gneiss
complex (locality of sample IND 352, Figure 3a). (c) Superimposed mineral!stretching lineations on moderately east
dipping foliation in the eastern gneisses (unit b), 7 km NNW of Rolla (Figure 3a). Coin is for scale.
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the Maddakkanahalli plutons are synkinematic to
late kinematic with respect to the development of
the flow fabrics in the SGC.

[12] At the base and below the SGC, rocks of the
Chengavara synform have lineations trending at a
low angle to the sheared limbs of the synform as
well as lineations trending NW or NE (Figure 5a).
The bottom of the synform results from transpo-
sition of an underlying, steep N!S striking folia-
tion of the greenstone belt (Figure 3c and field
observations).

[13] NW of Agrahara, a mineral lineation is super-
imposed on the L1 lineation of the SGC (Figure 5).
This lineation, called L2, is marked by the prefer-
ential orientation of biotite and hornblende crystals
and feldspar aggregates (Figure 5b). L2 lineations
trend parallel to the axial trace of the Chengavara
synform (Figure 5). Foliation of the SGC becomes
folded on a meter scale approaching the eastern
limb of the synform (Figure 3b). First expressed as
upright open undulations parallel to the L2 linea-
tion, these folds become tighter and westerly
overturned entering the eastern gneisses.

3.3. Eastern Gneisses
[14] The lower ensemble of the eastern gneisses
comprises TTG! type gneisses bearing shallowly

east dipping foliations and mineral!stretching
lineations plunging NNE to SSE (unit a) as well as
fine!grained constrictive gneisses (unit d) with
steeply east dipping foliations and shallow linea-
tions (Figures 3c and 5). The upper ensemble of the
eastern gneisses is characterized by migmatites and
gneisses (units b and c) bearing a moderately east
dipping foliation and a downdip L1 mineral!
stretching lineation (Figures 3 and 5). Unit b con-
tains meter!scale to decameter!scale lenses of
partially molten SGC gneisses, while unit c hosts
large lenses of SGC gneisses in its western part.
Field observations at the transition between the
SGC and unit b suggest that the SGC intruded unit
b before partial melting of both units (Figures 3b
and 5). Development of the LS tectonites in the
upper ensemble took place at a time partial melting
conditions prevailed in unit b. This is attested by a
migmatitic foliation and a mineral!stretching line-
ation comparable to that developed in the SGC
(Figures 5b and 5c). A mineral lineation is super-
imposed on L1 in unit b (Figure 5c). As the latest
fabric developed in the migmatites, this lineation is
comparable in nature and orientation to the L2
lineation documented in the SGC and is therefore
considered as the same one in the two rock units
(Figure 5).

Figure 6. Fold and shear patterns in the eastern gneisses. (a) Similar folds in unit b, 3 km north of Rolla. (b) Low!
angle synmelt shear zones in unit b, between Agrahara and Agali (on the trace of a map!scale NE trending shear zone;
Figure 5). (c) Relations between folds and shear zones, unit a, 5 km west of Agali. (d) Shear bands and related folds in
fabric! free leucocratic veins, unit a (locality of sample CL20A). Leucozomes or granitic veins or felsic gneissic layers
are shown in red and amphibolites in green. Sketches are line drawings of field photographs. See Figures 3 and 5 for
locations and terminology of the units.
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[15] The systematic shallow and moderately easterly
dipping foliation pattern of the eastern gneisses,
particularly in units a and b, reflects pervasive
folding on a decimeter to decameter scale. The
folds (called F2) are overturned toward the west and
have NNE trending, subhorizontal axes coaxial
with L2 lineations (Figures 6 and 7a). On a majority
of outcrops, the fold pattern is intimately linked to a
series of extensional shear zones dipping NE or SE
(Figures 6 and 7). The backlimbs of the folds are
generally attenuated and taken into the shear
planes, while their overturned limbs are thick and
dip steeper than the shear zonesÕ planes. This
configuration indicates that the folds record back
rotation of the migmatitic layering between parallel
shear planes [Harris, 2003]. In migmatitic rocks,
the extensional shear zones host foliated or fabric!
free tonalites connected with the leucosomes from
the overturned limbs of the folds (Figure 6), indi-
cating activation of the shear zones and back
rotation of the migmatitic layering under partial
melting conditions.

[16] Foliation trajectories in the Chengavara syn-
form and the eastern gneisses evidence oblique,
shallowly dipping map!scale shear zones trending
NNE and NE (Figures 3a and 5). The NNE
trending Sira shear zone coincides with the eastern

limb of the Chengavara synform and the Sira
greenstone arm, which is beveled between the SGC
and the eastern gneisses (Figure 5). The NE
trending shear zones deflect the Sira shear zone,
and some of them terminate by flanking synformal
lobs inside the SGC (Figure 5). One notes the
reversal of apparent slip of these shear zones in
map view (Figure 5).

3.4. Closepet Batholith and Chitradurga
Shear Zone
[17] Along the western margin of the Closepet
batholith, the foliation dips shallowly to steeply to
the east, parallel to that of the eastern gneisses
(Figures 3 and 5). The foliations acquire steeper
eastern dips inside the batholith toward the east
(Figures 3b and 3c). There is also a concordance
between the foliations in the wall rocks and inside
the batholith along the eastern margin of the
batholith, and the foliation in the eastern country
rocks acquire shallow eastern dips further to the
east [Chardon and Jayananda, 2008]. The min-
eral lineations in the batholith plunge dominantly
in the southeastern quadrant (Figure 5). To the
east of the batholith, the east dipping gneissic
foliation is affected by a network of melt!bearing
extensional shear zones comparable to those of

Figure 7. (a) Structural elements in the gneissic rocks located to the east of the Chitradurga shear zone system.
Letters a to h refer to the units defined in Figure 5 (see Appendix A for the source of the data). Lower hemisphere,
equal area projection. (b) Sketch summarizing the relations between F2 folding and extensional shearing. Folds may
have initially formed as upright folds that have acquired their asymmetry by back rotation along the two sets of
extensional shear zones.
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the SE dipping set of shears affecting the eastern
gneisses (Figure 7).

[18] Along the eastern branch of the Chitradurga
shear zone system, i.e., west of Huyildore, green-
stones and gneisses acquire a steep foliation and a
shallowly plunging stretching lineation (Figures 3
and 5). The Bukkapatna mylonitic gneiss sheet
shows pervasive C! sinistral shear bands, which are
particularly well documented in lower"strain lenses
of augen gneiss (Figure 8a). The gneisses of unit k
(Figure 5) have strong LS tectonites and display
sinistral kinematic indicators (Figure 8b).

3.5. Kinematic Synthesis
[19] The above analysis points to a coeval and
common kinematic framework for the activation of

all the planar and linear fabrics, folding and
extensional shearing during overall N"S stretching
in the Sira area (Figure 9). L2 lineations and F2
folds, which are common to the eastern gneisses
and the SGC, as well as the extensional shear
zones, imply horizontal directions of stretching that
are undistinguishable from those of the L1 regional
stretching lineations (Figure 7a). The constrictional
deformation of the SGC, as well as the regional
lobate synforms and the F2 folds attest to the
interference of transverse and vertical shortening.
The obliquity of the slip vectors of the extensional
shear zones on the main stretching direction is
indicative of transtensional kinematics during
regional deformation (Figure 9b), which is also
consistent with constrictional strain [e.g.,Dewey
et al., 1998]. The kinematic compatibility and geo-
metrical linkage among all the structural elements
developed under partial melting is interpreted as the
result of a bulk lateral flow process produced by the
interplay of strike"perpendicular shortening and
transtension during orogen"parallel constrictional
stretching (Figure 9c).

[20] The regional deflection of gneissic foliations
toward the Closepet batholith in cross"section view
(down warping along its western margin and
upwarping along its eastern margin) suggests that
batholith emplacement was enhanced by transten-
sion with an east side down component of slip. This
is consistent with the kinematics of the extensional
shear zones documented on both sides of the
batholith, pointing to the kinematic and temporal
link between lateral crustal flow, transtension, and
batholith emplacement (Figure 9a).

4. U!Pb Geochronology

[21] In order to constrain the age and duration of
crustal flow and regional strike"slip shearing in the
Sira area, we have performed in situ SIMS zircon
U"Pb dating of the SGC, the Maddakkanahalli
plutons, the eastern gneisses, and the Bukkapatna
augen gneiss.

4.1. Results
[22] Sample IND 352 of the SGC (13¡ 54.33!N, 76¡
58.13!E) is a quartz"monzonitic gneiss devoid of
evidence of partial melting. Zircons are mainly
euhedral and display a visible zoning (Figure 10a).
The eight results obtained are concordant to sub-
concordant and define an intercept at 2559 ± 4 Ma
(MSWD = 0.92) and an average207Pb/206Pb age of

Figure 8. Fabric patterns along the eastern branch of
the Chitradurga shear zone system (units j and k,
Figure 5). (a) Plane view of Bukkapatna augen gneiss
showing brittle"ductile sinistral C! shear bands (locality
of sample WC 2, Figure 3a). Foliation (striking N) and
shear bands (striking NNW) are vertical; stretching
lineations and slickensides are horizontal. (b) Vertical
mylonitic gneiss bearing horizontal stretching lineation
(2 km SW of Masakallu, Figure 3a). C! shear bands and
sigma porphyroclasts on this outcrop indicate sinistral
shearing. Grain size reduction in Figure 8b and brittle"
ductile shear bands in Figure 8a are indicative of lower
amphibolite to mostly greenschist facies metamorphic
conditions during shearing [Gapais, 1989].
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