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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
today’s 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 3.4-2.7 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 2.56-2.50 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).

[71 The study area is located in the Eastern Dharwar
craton between the chamockite 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 [see Hansen et al.,
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Structural map of the Dharwar craton adapted from Chardon 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 (2.55-2.51 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.

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-

3 of 24



]

¥ Geochemist :
@\ Ggg;h‘;g;éss ry( I CHARDON ET AL.: LATERAL CONSTRICTIONAL FLOW OF OROGENS 10.1029/2010GC003398
I

| Geosystems

f)/[/o/ \

Gneisses &
migmatites

Sira Gneiss
complex

Greenstones

gL

2.61 Ga potassic
plutons

o
o

Closepet batholith

Fabric trajectories

Foliation triple point

Shear zone or shear
zone boundary

AN EE

25 km

Nvam
N

N7

CGB: Chitradurga greenstone belt
JGB: Javanahalli greenstone belt

CS: Chengavara synform

B

\
Bukkapatna

JIN
UGE

i
ll

e

o
76°]00' |

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.

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

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

[8] Ourwork concentrates on a key area of 40 x 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-
emmost 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
[Nagvi 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 the “Bukkapatna
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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.

granite” [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.

5 of 24



. Geochemistry

Geosystems | Jr

™ | Geophysics ( Ij CHARDON ET AL.: LATERAL CONSTRICTIONAL FLOW OF OROGENS ~ 10.1029/2010GC003398

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.

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 (L;), 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 L; 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,
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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.

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
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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.

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 3¢ and field
observations).

[13] NW of Agrahara, a mineral lineation is super-
imposed on the L; lineation of the SGC (Figure 5).
This lineation, called L,, is marked by the prefer-
ential orientation of biotite and hornblende crystals
and feldspar aggregates (Figure 5b). L, 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 L, 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 3¢ 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 L; mineral-
stretching lineation (Figures 3 and 5). Unit b con-
tains meter-scale to decameter-scale lenses of
partially molten SGC gneisses, while unit ¢ 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 L; in unit b (Figure 5c). As the latest
fabric developed in the migmatites, this lineation is
comparable in nature and orientation to the L,
lineation documented in the SGC and is therefore
considered as the same one in the two rock units
(Figure 5).
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(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 F, 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.

[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 F») are overturned toward the west and
have NNE trending, subhorizontal axes coaxial
with L, 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 zones’ 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
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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].

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). L, lineations and F,
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 L, regional
stretching lineations (Figure 7a). The constrictional
deformation of the SGC, as well as the regional
lobate synforms and the F, 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 intercegt at 2559 + 4 Ma
(MSWD = 0.92) and an average “°’Pb/*°°Pb age of
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Figure 10. Zircon U-Pb concordia plots for selected rock units of the Sira area. (a and b) These are 1270 CAMECA
SIMS data. (c and d) SHRIMP data. TL, transmitted light; BS, backscattered image. Images for samples CL 20A and
WC 2 were obtained on grains that were not those used for the SHRIMP analyses. See Table 1 for details. Samples are

located on Figure 3.

2562 +£4 Ma (MSWD = 1.6) (Figure 10a). This age
of 2.56 Ga is interpreted as that of the quartz-
monzonitic magmatism. Nd model age for this
sample is of 2.86 Ga and its enq ratio at 2.56 Ga is
of —1. This may indicate a nonnegligible crustal
residence time for the source of the SGC. But the
slightly negative eng value more likely reflects
mixing between a 2.56 Ga subjuvenile source and
melt(s) derived from an old (i.e., >3.0 Ga) base-
ment (see below).

[23] Sample CL19 (13° 48.025'N, 76° 49.094'E) is
a monzogranitic aplite from the largest of the
Maddakkanahalli plutons (Figure 3). Zircons are
elongate, euhedral and zoned. Some grains exhibit
visible cores (Figure 10b). Zircons are U rich and
some analyses are very discordant (grains 7 and 8;

Table 1 and Figure 10b). A set of 6 analyses of
zoned grains (grains 1, 2.1, 5.1, 5.2, 5.3, 7; Table 1)
provides a 297Pb/2°°Pb mean age of 2507 £ 5 Ma
(MSWD = 2.9), which is interpreted as that of the
crystallization stage of the pluton (Figure 10b). A
core (grain 3) is subconcordant with a *°’Pb/2°6Pb
age of 3237 £ 7 Ma, which is interpreted as an
inherited component (Figure 10b).

[24] Sample CL 20A (13° 40.467'N, 76° 57.069'E)
is a tonalitic-granodioritic gneiss from unit a devoid
of granitoid veins (Figures 3a and 5). A first prom-
inent set of zircons is made of clear and elongate
grains (photos 1 and 2; Figure 10c), some with
visible concentric zoning (photo 1; Figure 10c).
These zircons are interpreted as magmatic. The
second set of grains displays cores interpreted as
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inherited zircons (photo 3; Figure 11c¢). Magmatic
zircons are very rich in U and 13 of the 19 analyses
are strongly discordant (Table 1 and Figure 10c).
Only three analyses of magmatic zircons are con-
cordant (grains 4, 10.1, 17) and define an average
207pp/2%Ph age at 3231 + 5 Ma (MSWD = 0.8).
They also define, together with grains 5 and 11, an
intercept age at 3231 £ 7 Ma (MSWD = 0.3).
Additionally, four of the discordant analyses fall on
the discordia and the age with the 9 analyses is
3226 £+ 8 Ma (MSWD = 2.1). The three above
calculation types provide coherent results and we
retain the age of 3231 +£ 5 Ma as that of the mag-
matic precursor of the gneiss. A core (grain 12) is
subconcordant at 3287 + 13 Ma and a second one
(grain 6) exhibits a concordant age at 3375 + 13 Ma.
These ages are interpreted as inherited (Table 1 and
Figure 10c).

[25] Sample WC2 (13° 44.739'N, 76° 44.017'E)
comes from a decameter-long lense of monzo-
granitic augen gneiss in the Bukkapatna mylonitic
sheet (Figures 3a and 10d). Ten of 14 U-Pb analyses
are moderately to strongly discordant (Figure 10d).
A set of 3 analyses, corresponding to elongate mag-
matic zoned zircons (photos 1 and 2, Figure 10d), is
concordant to subconcordant and defines an inter-
cept at 2988 + 9 Ma (MSWD = 0.09) (Table 1 and
Figure 10d). Two discordant points fall on this dis-
cordia, defining, together with the 3 analyses men-
tioned above, a similar intercept age at 2988 + 6 Ma
(MSWD = 1.4). Some grains have cores that are
generally strongly metamict (photos 3, Figure 10d).
One analysis is nevertheless concordant with a
207pb/29%Pp age of 3252 + 6 Ma (Table 1). The age of
2.99 Ga is interpreted as that of the monzogranite
precursor of the Bukkapatna gneiss and that of
3.25 Ga as inherited from a preexisting crust.

4.2. Implications of the U-Pb Data

[26] Magmatic crystallization of the SGC took place
at 2559 £+ 4 Ma, providing a maximum age for the
initiation of lateral flow of the SGC. Flow lasted
until 2507 = 5 Ma, as constrained by the U-Pb zircon
age of the Maddakkanahalli plutons, which crys-
tallized during the latest increments of flow of the
SGC. There is an intimate link between partial
melting and the development of the shears, folds and
fabrics recording lateral flow of the eastern gneisses,
the SGC and the SGC lenses enclosed in the eastern
gneisses. Therefore, partial melting and associated
flow of the 3.23 Ga eastern gneisses took place
essentially after 2559 =4 Ma, i.e., the crystallization
age of the SGC. Pervasive crustal flow between

2559 + 4 Ma and 2507 £ 5 Ma is consistent with the
2.518 £ 5 Ma U-Pb age of the Closepet batholith,
which emplaced during flow.

[27] The 2988 + 6 Ma age of the Bukkapatna augen
gneiss sets a poorly constrained upper bound to the
slip history of the eastern branch of the Chitradurga
shear zone system. But as the latest active and
coldest structure in the study area (Figure 8), the
shear zone was obviously active after 2560 Ma (age
of the SGC) and probably until after 2507 + 5 Ma
(age of the Maddakkanahalli plutons). The 3237 +
7 Ma age obtained on a zircon core from the Mad-
dakkanahalli pluton indicates assimilation or partial
melting of a 3.23 Ga old basement that was most
likely the eastern gneisses, dated at 3231 +£ 5 Ma.
Finally, the magmatic (3.00, 3.23 Ga) and inherited
(3.25, 3.27, 3.37 Ga) dates obtained from pre—
2.56 Ga gneisses argue for discrete magmatic pulses
between 3.37 and 3.00 Ga.

5. Lateral Constrictional Flow:
Definition and Implications for

Neoarchean Orogeny in South India

[28] Between 2.56 and 2.50 Ga, the lower crust of
the Eastern Dharwar craton underwent pervasive,
three-dimensional flow process that we suggest to
call lateral constrictional flow (LCF). LCF combines
orogen-parallel constrictional stretching and sym-
metrical transtension with respect to the main flow
direction (Figure 9). Flow was absorbed by early
syntectonic plutons (SGC, 2.56 Ga) by pure shear
dominated deformation producing lobate gneissic
sills aligned in the direction of flow. The transten-
sional component of flow assisted intrusion of late
kinematic elongate plutons (Closepet, 2.51 Ga) in
the direction of horizontal flow (Figure 9). In the
pre—2.56 Ga crust, flow activated a composite fabric
by folding, orogen parallel stretching and transten-
sional shearing, all coeval and kinematically com-
patible with fabrics developed in 2.56-2.50 Ga
intrusions (Figures 7 and 9). The heterogeneity of
the LCF pattern on a map scale tends to be absorbed
by a three-dimensional network of slip surfaces such
as the shallow transfer zones and the regional strike-
slip shear zones (Figure 9a).

[29] Our analysis shows that overturned folds in
high-grade terrains may be misleading indicators of
thrusting. Indeed, although they attest to shortening
normal to their axes, folds may acquire their asym-
metry by back folding between extensional shears in
a context of horizontal flow at a shallow angle to
their axes (Figure 7). Westward thrusting of the
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Figure 11. (a) Configuration of the Neoarchean orogen of south India between 2.56 and 2.50 Ga. The eastern edge
of the orogen may be tentatively seen as a westward dipping subduction. Transient mechanical decoupling along this
subduction could have resulted in synconvergence eastward spreading of the orogen, which would explain the sys-
tematic east side down transtensional component of lateral constrictional flow (e.g., Figure 7). (b) Textural and
compositional fabric pattern of the central part of the Neoarchean orogen. The red box corresponds to the block
diagram of Figure 9a. A tentative comparison is suggested between the crustal texture of the Eastern Dharwar craton
and the INDEPTH III reflection seismic data (c) from the Bangoin shot in central Tibet (adapted from Ross et al.
[2004]).
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gneisses and/or the Javanahalli greenstone belt upon
the Chitradurga greenstone belt postulated on the
basis of fold asymmetry [e.g., Nagvi et al., 1980;
Drury, 1983] or a west vergent fold-and-thrust belt
tectonic model [e.g., Drury, 1983; Chadwick et al.,
2007] may therefore be precluded. Investigations
undertaken south of 15°N [Chardon et al., 2002,
2008; Chardon and Jayananda, 2008] that are
summarized below attest to the pervasiveness of
Neoarchean LCF on a regional scale.

[30] Gneisses and migmatites of the Eastern Dhar-
war craton bear a shallowly dipping foliation that is
variously overprinted by a steeply east dipping
foliation. Despite latest strain accumulation on
steep fabrics, the flat and steep foliations were
activated synchronously over a protracted period of
widespread partial melting and plutonism between
2.56 and 2.51 Ga. The regional mineral-stretching
lineation trends dominantly N-S at a low angle to the
foliations’ strike and plunges shallowly. N-S
stretching is assisted by synmelt conjugate strike-
slip shear zones documented from an outcrop to a
craton scale (Figures 1 and 11). Horizontal stretch-
ing is also enhanced by synmelt SE dipping exten-
sional shear zones. This, together with the fact that
the steep foliation commonly shows apparent east
side down strain slip (e.g., Figure 9a), indicates that
the eastward transtensional component of flow is
widespread in the Eastern Dharwar craton. The
greenstone belts are upright synforms elongated in
the direction of regional stretching (Figure 1). They
preserve steep orogen-parallel foliations bearing
lineations with preferentially high pitches. To sum-
marize, regional structural data argue for the inter-
play of transpression- and/or sagging-dominated
deformation of greenstone belts [Chadwick et al.,
2000, 2007; Chardon et al., 2008] and LCF at a cra-
ton scale in a crust that remained hot, partially
molten and therefore potentially thermally buffered
for a long time (60 Ma) [see Depine et al., 2008;
Chardon et al., 2009] (Figure 11).

[31] LCF responds to boundary conditions imposed
to a hot, buoyant and soft crust under convergence by
absorbing tectonic shortening and laterally expelling
the overthickened crust. The transtensional compo-
nent of LCF responds to the body forces due to the
topographic load and the buoyancy of the lower crust
by thinning the orogen in order to maintain a flat
Moho. LCF compensates for heterogeneities gener-
ated by the redistribution of masses of contrasted
densities and viscosities inside the lower crust during
convergence. The heterogeneities may be due, for
instance, to the incorporation of upper crustal material

into the lower crust. LCF also contributes to the
mitigation of rheological contrasts or volume changes
due to melt production and migrations. To summa-
rize, LCF tends to achieve mechanical, and therefore
thermal homogenization of a thick “waterbed” of
lower crust under convergence. Therefore, LCF
provides a structural mechanism for achieving in-
tracrustal isostatic compensation of topographic relief
by lower crustal flow as envisaged by Bird [1991]. In
other words, LCF is instrumental in maintaining a
subdued topography in a hot (i.e., soft) convergent
setting. As a complement to LCF as a relief-smoothing
agent, sedimentation prevails in cold (i.e., stiff) con-
vergent settings to mitigate relief by filing up large
depressions between mountain ranges supported by
lithospheric-scale thrusts [Tapponnier et al., 2001].

[32] The properties of LCF exposed above may
account for the salient geological characteristics of
lower crustal exposures of hot Precambrian orogens,
such as (1) horizontal isogrades and absence of major
reverse metamorphic pressure breaks, suggesting
minor topographic gradients, (2) synconvergence
HT-LP metamorphism, and (3) dominance of
orogen-parallel stretching and transcurrent Kkine-
matics [Cagnard et al., 2006b; Chardon et al., 2009;
Gapais et al., 2009]. Numerous studies of hot oro-
gens are implicitly or explicitly suggestive of LCF
(Precambrian examples: Ehlers et al. [1993], Dirks
et al. [1997], Passchier et al. [1997], Vassallo and
Wilson [2002], Davis and Maidens [2003], Gapais
et al. [2005, 2008], Cagnard et al. [2006b], Nitescu
et al. [2006], Duclaux et al. [2007], Hamilton
[2007], Dumond et al. [2010], and Lana et al. [2010];
Phanerozoic examples: Aerden [1998)], Franke et al.
[2011], Klepeis and Crawford [1999], Andronicos
et al. [2003], and Denéle et al. [2007]). LCF is
also required to operate in three-dimensional experi-
ments on the shortening of weak lithospheres
[Cagnard et al., 2006b; Cruden et al., 2006; Rey
and Houseman, 2006; Duclaux et al., 2007].

[33] The applicability of LCF to a large variety of hot
convergent settings prompts to evaluate its contri-
bution to the deep kinematics and structure of active
orogenic plateaux. Indeed, given its width, boundary
conditions, and monotony of its HT-LP metamor-
phic grade, we propose that the Neoarchean orogen
of south India (Figure 11a) [Chardon et al., 2008]
exposes the type-lower crust that may underlie the
Altiplano or Tibet and undergo lateral flow [e.g.,
Yang et al., 2003; Royden et al., 2008]. In the fol-
lowing, we explore the interactions between LCF,
upper crustal faulting and upper mantle flow as
coupled structural mechanisms regulating three-
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dimensional mass balance in hot convergent oro-
gens, with a reference to the Tibet example.

6. Kinematic and Geophysical
Implications for Orogenic Plateaux and

Hot Orogens

6.1. Lateral Constrictional Flow
and Crustal-Scale Kinematics

[34] Two configurations of LCF may be envisaged in
alarge hot orogen such as the Tibet-Himalayan system
(Figure 12a). Inside the plateau, LCF makes the thick
lower crust act as a strain gauge between the upper
crust deforming by a combination of shortening and
transtension [Andronicos et al., 2007] and the upper-
most mantle undergoing lateral flow [Holt, 2000]
(Figure 12b). Upper crustal deformation is accommo-
dated through a array of conjugate transcurrent faults
and N-S striking normal faults, both controlling the
formation of sedimentary basins [Taylor et al., 2003;
Murphy et al., 2010; Sanchez et al., 2010]. Distributed
faulting contributes to homogeneous shortening com-
pensated by diffuse eastward extrusion of the upper
crust, suggesting plane strain conditions [Zhang et al.,
2004; Andronicos et al., 2007]. The brittle-ductile
transition acts as an attachment layer [ 7ikoff et al., 2002]
absorbing the kinematic heterogeneities generated
by interference of LCF and upper crustal faulting
(Figure 12b). The attachment also accommodates the
drag effect of the eastward drifting upper crust onto the
lower crust and/or the drag effect of LCF onto the upper
crust. Upper mantle fabrics revealed by the birefrin-
gence of teleseismic waves are aligned parallel to NE to
ENE striking sinistral faults in central Tibet, suggesting
coupling of the deformation on a lithospheric scale
across the thick lower crust [Holt, 2000; Andronicos
et al., 2007]. In this setting, LCF acts to maintain the
compatibility between horizontal plane strain extru-
sion of the upper crust and lateral flow of the upper
mantle through a thin plateau lithosphere deforming
coherently in response to convergence (Figure 12b).

[35] The southern margin of the Tibetan Plateau
coincides with the inner and thickest part of the
Himalayan collisional wedge (Figure 12a). In such a
setting, LCF makes the middle crust act as a strain
gauge between lateral collapse of the upper crust and
thrust thickening in the lower crust (Figure 12c).
Post 15 Ma synconvergence lateral collapse of the
upper crust is attested by orogen-normal grabens,
orogen-parallel stretching lineations, and metamor-
phic core complexes associated with orogen-parallel
directions of extension [e.g., Gapais et al., 1992;

Murphy and Copeland, 2005; Jessup et al., 2008;
Kali et al., 2010]. Orogen-normal shortening of
the upper crust is coeval with lateral extension, and
interferes with low-angle strike-slip faulting, which
accommodates the obliquity of the convergence.
Shortening is marked by shallowly plunging corru-
gations, upright macroscopic and mesoscopic folds,
constrictive fabrics and the preferential elongation
of the metamorphic core complexes, all trending at a
low angle to the main structural grain [e.g., Murphy
and Copeland, 2005]. Short-traveled sediments are
trapped in intermountain basins bounded by the
detachment faults and orogen-parallel thrust ranges
[Saylor et al., 2010] (Figure 12¢). These basins con-
tribute to smoothing out the topography of the roof of
the orogenic wedge by incorporating clastic sedi-
ments into the crust, and possibly down into the lower
crust (Figure 12¢). In this context, the attachment
accommodates interference between shortening, strike
slip and normal faulting of the upper crust and lateral
flow of the lower crust. Additionally, the attachment
filters upper crustal material being stuffed down into
the lower crust by combined extension, sedimentation
and shortening, and that has not been expelled laterally
by extension (Figure 12¢). The transtensional com-
ponent of LCF should decrease downward in the crust
to account for the reorientation of the X strain axis
from orogen parallel in the upper crust (lateral exten-
sion) to orogen normal in the lower crust (orogen
normal thrusting; Figure 12¢). In other words, LCF
adapts in space and time to the relative influence or
magnitude of gravitational collapse, orogen-normal
shortening, and thrust thickening.

[36] LCF in ultrahot orogens, typified by wide Pre-
cambrian accretionary orogens, represents a third
end-member case illustrated by the Eastern Dharwar
craton (Figure 11). In such a context, LCF is perva-
sive through a particularly thick and fluid lower crust
over the entire width of the orogen, and accom-
modates distributed thickening of the upper crust,
preferential downward movement of upper crustal
rocks into the lower crust and coupling with distrib-
uted flow of the upper mantle [Chardon et al., 2009]
(present study). LCF may more generally combine
various proportions of the three end-member modes
explored here (inner orogenic wedge, plateau interior,
and ultrahot orogen) and evolve through time and
space in a given convergent setting.

6.2. Seismic Signature of Lateral
Constrictional Flow

[37] Foliations are systematically flat or shallowly
dipping in the Sira area outside the Chitradurga shear
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Figure 12. Operative modes of lateral constrictional flow (LCF) in a wide hot orogen bearing a high plateau, with
reference to the Tibet example. (a) Sketch block diagram of the Central portion of the Himalayan-Tibet orogenic sys-
tem. (b) Kinematic relationships between LCF, uppermost mantle flow, and upper crustal deformation in the central
part of the plateau. (c) Kinematic relationships between LCF, lower crustal thrust duplex stacking, and lateral collapse
of the upper crust in the inner and thickest part of the collisional wedge. Black ellipses represent the principal sections
of the strain ellipsoid. The strike-slip (conjugate) shear zone patterns in the lower crust are omitted.
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Figure Al. Foliation and L, lineation measurements of the study area (lower hemisphere, equal area projection).
Open circles are lineations and filled circles are poles to foliations. Letters a to k refer to the map units defined on
Figure 5. S, number of foliation measurements; L, number of lineation measurements.
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zone system (Figures 3a and 9). The composite foli-
ation pattern in pre—2.56 Ga crustal rocks is linked to
macroscopic folding. The enveloping surface of these
folds is flat to shallowly dipping, implying that the
dip of the foliations was originally shallow. On a
metric to decametric scale, these foliations coincide
with a compositional lamination made of various
gneissic lenses, amphibolites and greenstone slivers
of variable degree of partial melting. Such a lamina-
tion is further enhanced on a decameter to kilometer
scale by the syntectonic magmatic intrusions flat-
tened as horizontal sills and/or elongate in the direc-
tion of lateral flow (Figures 3b, 3c, and 9). This
layering may be extrapolated to most parts the East-
ern Dharwar craton, even where a steep, late foliation
has developed [Chardon and Jayananda, 2008;
Chardon et al., 2008] (Figure 11b).

[38] To summarize, LCF produces a crustal-scale
lamination resulting both from reworking of inherited
(i.e., pre—2.56 Ga) compositional textures and from
the shaping of plutons intruded during 2.56-2.50 Ga
LCF (Figure 11b). Laminae of various gneisses, mig-
matites, amphibolites and supracrustals have con-
trasted seismic velocities owing to their contrasted
compositions, hence providing the impedance con-
trasts best explaining a strong seismic reflectivity
[Mooney and Meissner, 1992]. We therefore consider
LCF as an alternative to extension, channel flow or
even thrusting for producing the thick reflective lower
crust of hot orogens such as Tibet [see Haines et al.,
2003; Ross et al., 2004] or Precambrian accretionary
orogens [Van Der Velden et al., 2006] (Figure 11c).

[39] Importantly, the penetrative orogen-parallel,
subhorizontal prolate strain produced by LCF (e.g.,
Figure 7b) would obviously account for the sub-
horizontal, orogen-parallel seismic anisotropy of
the lower crust such as that measured in central
Tibet [Sherrington et al., 2004]. The fact that the
seismic anisotropy of the uppermost mantle of
central Tibet parallels that of the lower crust and
the strike-slip faults reinforces the view that LCF
achieves kinematic coherency between coupled
crust and the mantle in a hot lithosphere deforming
in a convergent setting.

7. Conclusion

[40] The wide -crustal transition exposing the
Neoarchean orogen of south India allows doc-
umenting a pervasive, three-dimensional flow
mode of crust, called lateral constrictional flow
(LCF). LCF combines orogen-normal shortening,

lateral constrictional stretching, and transtension.
LCF provides a structural mechanism to absorb
gravity-driven flow, lateral escape, and mass
redistribution in a thickened viscous crust submit-
ted to convergence. LCF therefore tends to
mechanically and thermally homogenize the lower
crust and maintain a subdued topography under
convergence. Three end-members are envisaged
for LCF in type-geodynamic contexts: (1) plateau
interiors, (2) inner part of collisional crustal wedges
or plateau edges, and (3) throughout wide ultrahot
orogens. In these three configurations, LCF makes
the lower crust act as a strain gauge between
gravitational collapse or tectonic thickening of the
upper crust, thrust stacking in the lowermost crust
(collisional crustal wedge case), crustal shortening,
and flow in the upper mantle. In the case of plateau
interiors and ultrahot orogens, LCF achieves cou-
pling of upper crustal deformation with upper
mantle flow through a hot and thin lithosphere
deforming coherently under convergence. Although
fundamentally a three-dimensional tectonic process,
LCF generates a lamination that may produce the
lower crustal pattern of strong planar reflectivity
recorded on orogen-normal reflection seismic lines
such as those acquired in Tibet. LCF may also pro-
vide a source for the lateral seismic anisotropy of
Tibet.

Appendix A: Fabric Measurements

and Treatment

[41] Figure A1 shows all the foliation and lineation
measurements collected at 440 field stations dis-
tributed over the study area (Figures 3a and 5).
With the exception of unit i (Figure 5), the data are
reasonably clustered for each map unit so that they
have been plotted as single points on Figures 7a
and 9b from maxima computed on each stereo-
gram of Figure Al.
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