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Introduction

The direct measurement of magnetic susceptibility in
rocks provides a powerful tool in field studies of granitic
terranes since their magnetite contents have an important
bearing on redox state. The magnetic susceptibility
technique has been successfully applied to classification
of many granite terranes, including the Phanerozoic
granitoids of Japan (Kanaya and Ishihara, 1973; Ishihara,
1979) and South Korea (Ishihara et al., 1981; Jin et al.,
2001), North China (Ishihara et al., 2001), the Malay
Peninsula (Ishihara et al., 1979), the Lachlan Fold Belt of
Australia (Tainosho et al., 1988), the Sierra Nevada
(Bateman et al., 1991) and Peninsular Range batholith
in California (Gastil et al., 1990, 1994) as well as the
Andean granitoids of northern Chile (Ishihara et al., 1984)
and Peru (Ishihara et al., 2000). In all cases regional
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Abstract

Magnetic susceptibilities were measured on a representative collection of Archaean granitoids of the Barberton region
using a portable KT5 magnetic susceptibility meter. The studied granitoids comprise, (1) syn-tectonic tonalite-trondhjemite-
granodiorite (TTG) granitoids (132 samples), (2) late-tectonic calc-alkaline granitoids (402 samples) and (3) post-
tectonic low-Ca and high-Ca granitoids (12 samples). Most of the early-stage syn-tectonic granitoids (~3450 Ma) have
low magnetic susceptibilities, less than 3 x 10-3 SI units, and correspond to ilmenite-series granitoids. The late-stage
Kaap Valley tonalite pluton (~3230 Ma) contains sporadically distributed higher magnetic susceptibility values (greater
than 3 x 10-3 SI units), which are less than one-third in magnetic susceptibility of typical magnetite-series TTG of the
Japanese Island Arc and thus strictly belong to an intermediate series. The Barberton TTG suite is essentially derived
from reduced amphibolitic lower crust that reflects the anoxic nature of the Earth surface during the Archaean Eon. The
more oxidized nature of the Kaap Valley tonalite may be generated in an oxidized lower crust by fluids squeezed out of
the subducting plate.

Late-tectonic granodiorite – adamellite batholithic complexes (~3105 Ma) belong mostly to the magnetite series,
and seem to suggest that relatively oxidized continental crust, reflecting oxic atmosphere and subduction mechanism
operating, had evolved it by this time. Post-tectonic granitic plutons formed largely between circa 2900 Ma and 2700
Ma can be subdivided into low-Ca ilmenite series and high-Ca magnetite series.

Key words: Barberton, magnetic susceptibility, magnetite series, ilmenite series, tonalite-trondhjemite-granodiorite
(TTG).

variations reveal the intrinsic redox state of the granitic
magmas. However, to the author’s knowledge similar
studies have not been undertaken in Archaean granitic
terranes.

In this study magnetic susceptibility measurements
were made on some of the older Archaean granitoids in
the world, namely, from the ca. 3500 to 2700 Ma
Barberton area of South Africa.  A portable KT-5 magnetic
susceptibility meter was used to obtain measurements on
a systematic archival collection of hand specimens,
representing the entire range of Archaean granitoids in
the Barberton region, housed at the Economic Geology
Research Institute of the School of Geosciences, University
of the Witwatersrand, Johannesburg. Where the surfaces
of the measured samples were found to be uneven,
correction factors were used to normalize the measured
values to those that would be obtained on smooth surfaces
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In Earth’s history, South America and West Africa were
once amalgamated to form a single continental block.
Most geologists believe that the amalgamation occurred
during the Brasiliano/Pan-African event at 0.6 to 0.5
billion years ago (Ga), which led to the final assembly of
Gondwana, a large landmass consisting of South America,
Africa, East Antarctica, India and Australia (Fig. 1A;
Unrug, 1992, 1996; Hoffman, 1999). Recently, however,
some geologists have proposed that South America and West
Africa may have been joined along the Transamazonian/
Eburnean orogens during a global 2.1–1.8 Ga collisional
event (Ledru et al., 1994; Rogers, 1996), which
resulted in the assembly of a Paleo-Mesoproterozoic
supercontinent, named “Columbia” (Fig. 1B; Rogers and
Santosh, 2002; Hartmann, 2002; Meert, 2002; Zhao et
al., 2002). If South America and West Africa were
amalgamated at 2.1–2.0 Ga and remained coherent until
their incorporation into Gondwana, some of the previous
supercontinental reconstructions concerning cratonic

blocks in South America and West Africa need to be further
re-evaluated. In this short communication, we summarize
the major lithological, structural, metamorphic and
paleomagnetic data supporting the 2.1–2.0 amalgamation
of South America and West Africa, and discuss its possible
implications for supercontinent reconstructions.

Transamazonian Orogen in South America

The Archean-Paleoproterozoic blocks in South America
include the Amazon, São Luis, São Francisco and Rio de
la Plata cratons (Fig. 2). The Transamazonian orogen is
widely exposed in the northeastern part of the Amazon
craton and the eastern part of the São Francisco craton
(Fig. 2; Swapp and Onstott, 1989; Bertrand and Jardim
de Sá, 1990; Ledru et al., 1994; Alkmim and Marshak,
1998; Nomade et al., 2002). The orogen consists of the
reworked Archean basement and Paleoproterozoic juvenile
igneous and sedimentary rocks. The Archean basement
comprises 3.4–2.9 Ga TTG gneisses/migmatites complexes
and voluminous 2.8–2.6 Ga plutons and greenstones
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Abstract

The 2.1–2.0 Ga Transamazonian orogen in South America can be well correlated with the 2.1–2.0 Ga Eburnean
orogen along the western margin of West Africa. Both the orogens are characterized by early tangential tectonics,
marked by large-scale thrusts and sinistral strike-slip faults, followed by later transcurrent tectonics, marked by dextral
shear zones. Metamorphic evolution of the two orogens involved an initial phase of crustal thrusting and thickening,
followed by exhumation and final cooling. These suggest that South America and West Africa may have been jointed
along the Transamazonian-Eburnean orogen at 2.1–2.0 Ga. This is supported by the presence of ~2.0 Ga fluvio-deltaic
formations in nearly every craton in South America and West Africa. The available Paleomagnetic data also indicate that
between 2.1–1.5 Ga, coeval rocks in West Africa and South America recorded similar polar wander paths. If South
America and West Africa remained coherent from their amalgamation at 2.1–2.0 Ga until their incorporation into
Gondwana at 0.6–0.5 Ga, the positions of South America and West Africa in the present configurations models of
Rodinia need to be re-evaluated, since these configurations did not bring the two blocks into close proximity.
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The late Palaeozoic rocks (Table 1) formed on Tethyan
margin of Gondwana, exposed in Kashmir and adjoining
areas received the attention of many geologists (Gansser,
1964; Wadia, 1934 and references therein). All these
pioneer workers have established the Palaeozoic
stratigraphy of Kashmir and described in general, its broad
structural features. The Syringothyris Limestone
Formation represents the early Carboniferous succession
in the Liddar Valley of Kashmir and rests unconformably
over the “Muth Quartzite (Middlemiss, 1910). This richly
fossiliferous formation is exposed at Kotsu (Liddar Valley),
Haribal Gali between Paisan and Tangmarg, Banihal and
Ballesh (Doda district), and Sind Valley in Kashmir. There
are a number of good outcrops of Syringothyris Limestone
exposed in and around Banihal town (Fig. 1).

Facies Associations and Discontinuous Surfaces in the
Syringothyris Limestone Formation of Tethyan Margin of
Gondwana, Kashmir
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Abstract

The early Carboniferous sedimentation of the Tethyan Margin of Gondwana in the Kashmir Himalaya represents
alternating siliciclastic - carbonate succession consisting of distinct stratigraphic sequences which are bounded by
discontinuities. The discontinuities in the sedimentation are related to environmental changes in the form of subaerial
exposure, subaqueous erosion, subaqueous omission or changes in texture and facies. These distinct surface zones or
time significant boundaries can be correlated across the depositional platform. Low stand, high stand and transgressive
sedimentation units in the lower and middle parts of early Carboniferous Syringothyris Limestone Formation in Banihal
area have been recognised. This is explained by superposition of high frequency and low amplitude sea level fluctuations
on a large-scale trend under greenhouse conditions during the early Carboniferous period. The facies associations present
in the early Carboniferous succession of the Himalaya broadly represent intertidal (peritidal), shallow subtidal, deeper
subtidal, off-shore-slope and deeper environments. Discontinuities that are interpreted as progradational, retrogradational
and aggradational phases of sedimentation bound these facies associations. This formation represents continental margin
depositional setting which is authenticated by deposition of siliciclastic sediments. This marginal depositional setting is
greatly affected by numerous dynamic processes including tectonic and other active sea as well as continental processes.
The records of all those processes in this formation reflect the eustatic changes in sea level. These periodic eustatic
changes have generated the various discontinuities, stratigraphic sequences or systems tracts. Overall it appears that
interplay of many processes such as sediment supply, thermal and tectonic activity, eustatic and climatic changes in the
Kashmir Tethyan depositional basin generated these distinct depositional sequences during the early Carboniferous
period.

Key words:  Syringothyris Limestone, discontinuous surfaces, sequence stratigraphy, Carboniferous, Tethys Himalaya.

The present work aims to decipher the facies associations,
their vertical stacking pattern, and  the identification of
discontinuity surfaces in the succession in sequence
stratigraphic framework. In addition, tectonics and
thermal history of the depositional basin  is taken into
account while evaluating the stratigraphic framework.

Particularly in Banihal pass area, geology along the road
section has been described by several workers, Srikantia
and Bhargava (1983), Razdan and Dhir (1990), and
references therein. All these works pertain to the bio- and
litho-stratigraphy and structural geology. Sedimentologically,
the Syringothyris Limestone was studied in detailed by
Singh (1997, 1999), Bhat et al. (1997), and Singh and
Bhat (in press). Their studies revealed that the early
Carboniferous strata represent mixed siliciclastic -
carbonate sequence reflecting a depositional record of fine-
grained turbidite to storm and wave influenced sedimentation.
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The Borborema Province is a large region in northeastern
Brazil, north of the São Francisco Craton (Fig. 1), which
includes Archean/Paleoproterozoic basement and
several Paleo to Neoproterozoic fold belts (Almeida et al.,
1977). The province was affected by the Brasiliano
(= Pan-African) Orogeny (0.75 to 0.58 Ga) and the
Transamazonian/Eburnian Orogeny (ca. 2.0 Ga). Recent
isotopic data have shown that a Mesoproterozoic event
(1.0 to 0.9 Ga) had affected a large region within the
Borborema Province. This event has been interpreted by
Van Schmus et al. (1995a) as related to rifting, whereas
Brito Neves et al. (1995b) and Kozuch et al. (1997) suggest
that convergence and arc formation were responsible for
the 1.0 Ga magmatism within the Borborema Province.
Recently, on the basis of whole-rock geochemistry and
Sm–Nd isotopic data, Da Silva Filho and Guimarães
(2000), suggest that an aborted Wilson Cycle had occurred
during the Neoproterozoic in the South Tectonic Domain
of the Borborema Province (Pernambuco–Alagoas
Terrane). However, so far no evidence has been found to
suggest a Neoproterozoic or Mesoproterozoic Wilson Cycle
in the central part of the Borborema Province.

A-Type Post-Collisional Granites in the Borborema Province – NE
Brazil: The Queimadas Pluton
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The Queimadas Pluton constitutes an E-W elongated tabular intrusion, exposed over an area of 50 km2. It is  intruded
in Paleoproterozoic gneiss–migmatite of the Alto Pajeú Terrane in the Central Tectonic Domain of the Borborema Province,
and has a zircon U–Pb age of 570+20 Ma. It is cut by later shear zones with NNE direction, which provoked necking and
disruption in the body. A suite of biotite+amphibole monzogranites, associated with quartz diorite and later leucogranite
and diabase, dominates in these alkaline granites that are metaluminous to slightly peraluminous and show high
FeOt/(FeOt + MgO) and K2O/Na2O ratios. Their REE patterns are moderately fractionated, with  (Ce/Yb)N ratios of
10–16 and significant negative Eu anomalies (Eu* = 0.40–0.67). Geochemical and Nd isotopic data indicate that the
Queimadas Pluton magma originated by partial melting of a crustal fertile granodioritic rocks. The studied granites
crystallized under relatively low fO2 and are A-type post-collisional granitoids.

Key words: Alkali  granite, geochemistry, U–Pb geochronology, post-collisional, Neoproterozoic.

The Borborema Province has been recently interpreted
as the result of a collage of terranes during different
orogenic events (Santos, 1995). According to Van Schmus
et al. (1995a) the collage of terranes in the central part
of the Borborema Province or Central Tectonic Domain
(CTD), occurred during two orogenic events: Cariris
Velhos (= Kibaran 1.1 – 0.95 Ga) and Brasiliano (=Pan-
African) (0.75–0.58 Ga). Within the so-called Pajeú-
Paraíba Fold Belt, which is part of the CTD, Santos (1995)
recognized two distinct terranes (Fig. 2): the Alto Moxotó
(AMT) and Alto Pajeú Terranes (APT). Santos and
Medeiros (1997) proposed the name of  Rio Capibaribe
Terrane (RCT) for the metasediments of the Surubim
(Mello and Siqueira, 1971) and Caroalina Sequences
(Santos, 1977) in the eastern part of the Pajeú-Paraíba
Fold Belt.

The AMT is composed of metavolcano-metasedimentary
sequences, including a calc-alkaline volcanic sequence of
arc affinities and Paleoproterozoic blocks (2.1–2.4 Ga) of
tonalitic–granodioritic composition.

The APT comprises a Mesoproterozoic metavolcanic
metasedimentary sequence (Sertânia Complex), and
metagreywackes (São Caetano Complex) with associated
crust-derived granitoids. The APT was reworked during
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The Deccan Traps represent a continental flood basalt
province that records immense accumulations of tholeiitic
basalt magmas which erupted over a relatively short time
span (~0.5�my) stradling the Cretaceous-Tertiary
boundary (KTB, age ~65 Ma). This is one of the large
igneous provinces in the world in terms of the wealth of
details known about its stratigraphy, structure,
geochemistry, petrogenesis and age  and  duration  of
volcanism.  In this  province, flows of variable thickness
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Abstract

The Mandla lobe in the eastern part of the Deccan volcanic province represents an isolated lava pile having a thickness
of ~900 m. The large thickness of this lava pile and its spatial detachment from the western Deccan outcrop points to a
plausible second source. The stratigraphic configuration of the central and eastern Deccan lava sequences and their
possible stratigraphic correlation are primarily based on geology and chemical signatures of the lava flows. Based on
variations in the incompatible element ratios, the lava sequences of Chindwara, Jabalpur-Seoni and Jabalpur-Piparia
sections were classified into four informal formations showing similarity with the southwestern formations. Major and
trace element abundances in fifteen lava flows of Jabalpur area are similar to that of the southwestern Deccan lava
flows. It has been found that the Ambenali Fm. and a few Khandala and Bushe Fm. flows are present in the northeastern
Deccan. The regional mapping and detailed petrographic studies coupled with the lateral tracing have enabled the
recognition of thirty-seven physically distinct lava flows and is  justified by their major-elemental chemistry. The ‘intraflow
variations’ studied in some of the flows is very low for most of the major oxides. These thirty-seven lava flows are
grouped into eight chemical types. The order of superposition in this sequence reflects that the older flows occur in the
west of the outlier at the Seoni-Jabalpur-Sahapura sector whereas, the younger flows are confined to the Dindori-
Amarkantak sector in the east. The spatial disposition of the lava flows suggests that the structural complexity in the
lava flow sequence in the Mandla lobe lies between Jabalpur and Dindori. The juxtaposition of distinct groups of lava
flows are observed near Deori (flows 1 to 4 abeted aginst flows 5 to 14) and Dindori areas. At Dindori and towards its
south the distinct lava packages (flows 15 to 27 and flows 28 to 37) are juxtaposed along the course of Narmada river.
The possible explanation for this could be the presence of four post-Deccan faults at Nagapahar, Kundam, Deori and
Dindori areas. The vertical shift of chemically distinct lava packages at different sectors in the outlier contravenes the
idea of small regional dip and favours the presence of four NE-SW trending post-Deccan faults. Major geochemical
breaks, when traced out from section to section, exhibit shifting in heights by approximately 150 m near Nagapahar and
300 m near Deori and Dindori areas. The field, petrographic and major-oxide data sets considered in conjuction with the
magnetic chron reversal heights, support the inference that four faults trending NE-SW are present in the Mandla lobe.

A commonality in the mineralo-chemical attributes of the infra (Lametas)-/inter-trappean as well as weathered
Deccan basalt further favours their derivation from Deccan basalt, implying the availability of Deccan basalt during the
Maastrichtian Lameta sedimentation. This observation does not match with the models suggesting an extremely short
duration of Deccan volcanism (<0.5 Ma) at the KTB, but is congruent with the models advocating a more prolonged
Deccan volcanism.

Key words: Major-oxide, eastern Deccan volcanic province, lava-flow stratigraphy, N-R-N chron, Cretaceous-Tertiary
Boundary.

(1 to 100�m) are superimposed to form the lava pile that
attains its maximum thickness (1.5�km) in the western
part. The major part of the Deccan Trap outcrop is
horizontal or gently dipping and shows no lateral or
vertical compositional variations for almost 100�km along
strike distances (Lightfoot and Hawkesworth, 1988).

The thickest accumulation of Deccan basalt in western
India (Fig. 1a) is stratigraphically and geochemically well-
characterised (Krishnamurthy and Cox, 1977; Najafi et
al., 1981; Mahoney�et al., 1982; Cox and Hawkesworth,
1984, 1985; Lightfoot, 1985; Beane et al.,  1986; �Devey
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Scaled analogue modelling of Coulomb wedges have

provided graphic and valuable information on the
geometry and kinematics of accretionary prisms and thrust
systems (e.g., Davis et al., 1983; Malavielle, 1984;
Mulugeta and Koyi, 1987; Mulugeta, 1988a, b; Colletta
et al., 1991; Lallemand et al., 1992; Marshak and
Wilkerson, 1992; Marshak et al., 1992; Dixon and Liu,
1992; Liu et al., 1992; Calassou et al., 1993; Malavielle
et al., 1993; Mandal et al., 1997; Mitra, 1997; Agarwal
and Agrawal, 2002). Most of these models have focused
upon the geometric and kinematic evolution of critically
tapered Coulomb wedges through time (e.g., Liu et al.,
1992).

The Coulomb wedge theory or critical wedge theory
states that the fold thrust belts are wedge-shaped by
shortening and thickening and must attain a critical taper
(the sum of the topographic slope and the basement slope;
Mitra, 1997). Dahlen (1984), Dahlen et al. (1984), Davis
and Engelder (1985), Davis and Von Heune (1987), Zhao
et al. (1986), Dahlen and Barr (1989) and Dahlen (1990)
have widely applied the critical wedge theory in the study
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Basal Frictions
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Abstract

Scaled analogue sandbox models have been used to simulate the growth of Coulomb thrust wedges in isotropic
cohesionless and anisotropic cohesionless materials. Variations in the basal coefficient of friction by using different
materials as basal detachments, combination of basal detachments and the anisotropy of the layered system have been
investigated. Imbricate fans of dominantly foreland-vergent thrust systems are developed in the way similar to those
developed in accretionary prisms and in foreland fold and thrust belts. Critical-taper wedges close to theoretically
predicted geometries are developed for intermediate values of basal friction (µb = 0.47), whereas for the lower value of
basal friction (µb = 0.37), low-taper wedges are formed with slopes less than the theoretically predicted. Supra-critical
wedges are formed when the high basal friction (µb = 0.55), is either equal to or greater than the coefficient of friction
of the deforming material in the wedges. Then the wedges have a high taper angle close to the angle of rest for the
modelling material. Similar geometries developed when the experiments were carried out on combination of two materials
with basal frictions as: intermediate-low, low-intermediate and low-high. The spacing of thrust faults increases with
increased basal friction. Higher basal friction or anisotropy within the layered systems favours displacement along
foreland-vergent thrusts and eventually checks backward breaking thrusting.

Key words: Analogue sandbox models, thrust wedges, basal frictions, back thrusts, fold-thrust belts.

of accretionary prisms and fold-thrust belts. Platt (1986)
accounted for the forelandward nucleation and
propagation of thrust sheets as well as the internal
geometry and shape of the thrust wedge. A few numerical
and analogue models (e.g., Colletta et al., 1991; Liu et
al., 1992; Mulugeta and Koyi, 1987; Dixon and Liu, 1992)
have considered critical-tapered Coulomb wedge behavior
in regimes where the thrust system progrades over a
variable basal friction. This paper presents the results of
three series of scaled sandbox model experiments, in
which the effect of the basal friction in a combination of
two materials with different basal frictions has been
systematically investigated. The materials in these
different experiments are: (i) intermediate-low, (ii) low-
intermediate and (iii) low-high, of basal frictions. The
progressive development of the wedges is sequentially
documented and analysed.

Experimental Method

The experimental apparatus used in the current
modelling programme is a glass-sided rectangular
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 The debate  concerning the marine or nonmarine
nature of the glacial to postglacial transition is exemplified
in the Paganzo-Calingasta (PC) Basin in southern South
America and the Great Karoo-Kalahari (GKK) Basin in
southern Africa (Fig. 1). Most workers, taking into account
the sedimentary facies, have favoured a marine
environment for both basins (e.g., Visser, 1991; Von
Brunn, 1994; López Gamundí, 1997), while ichnologists

Palaeoenvironmental Framework of the Glacial-Postglacial
Transition (Late Paleozoic) in the Paganzo-Calingasta Basin
(Southern South America) and the Great Karoo-Kalahari Basin
(Southern Africa): Ichnological Implications
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Abstract

Sedimentological, palaeontological and geological data from the glacial to postglacial transition in the late Paleozoic
successions of the Paganzo-Calingasta Basin (PC) in southern South America and the Great Karoo-Kalahari Basin (GKK)
in southern Africa are analysed, revised and reinterpreted. A brackish depositional setting is inferred for main areas
previously considered to be nonmarine based upon ichnological interpretations. Three stratigraphic intervals have been
defined based on  changes in sedimentary facies and trace fossils association: The glacial interval (GI), early postglacial
interval (EPI) and late postglacial interval (LPI). The GI and EPI contain a dominance of arthropod trackways, fish trails
with and subordinate grazing and feeding traces. The EPI in the PC Basin comprises both nonmarine and brackish-
marine ichnocoenoses without significant differences in ichnological composition. Trace fossils are preserved in underflow
and turbidite beds of deltaic deposits. Opportunistic grazing traces constitute a post-event ichnocoenosis, while a pre-
event ichnocoenosis is preserved at the base of turbidite beds. In the GKK Basin ichnofossils were documented in
turbidite fans. The LPI in the GKK Basin contains the first evidence of shallow water deltaic infauna and subordinate
grazing traces. Conversely, in the PC Basin the infauna is lacking.

The GI and particularly the EPI ichnofauna resemble the nonmarine Mermia ichnofacies but they occur in large and
long-lived stable marine basins which received enormous inputs of melt-water that markedly reduced the salinity. They
are not ichnologically comparable with brackish marginal marine environments that are affected by frequent, sometimes
diurnal, fluctuations in physical parameters such as salinity and temperature. The LPI in the GKK Basin constitutes a
typical record of the classical marginal marine ichnofaunas, but in the PC Basin  the ichnofacies assignment is problematic.
Grazing traces of the Mermia ichnofacies appear in middle estuarine deposits where both palynomorphs and the presence
of tidal features suggest brackishness. The Paganzo Basin ichnology, therefore shows  some difficulties in differentiating
nonmarine from subtle brackish environments without the full integration of sedimentological information. Ichnocoenoses
dominated by trackways of arthropods are particularly inappropriate to distinguish between these types of depositional
settings.

Key words:  Gondwana, ichnofacies, brackish, nonmarine, glacial.

have interpreted them as lacustrine (e.g., Savage, 1971;
Anderson, 1977, 1981; Aceñolaza and Buatois, 1991,
1993; Buatois and Mángano, 1992, 1993). The purpose
of this paper is to discuss the palaeoenvironmental
framework of  the glacial to postglacial transition using a
summary of the geological, ichnological and paleontological
data that support a brackish depositional setting rather
than lacustrine.The terminology and nature of some
deposits traditionally used as unequivocal nonmarine
indicators (e.g., varves, varve-like) are also discussed.
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The majority of the Narmada Rift passes through the
Deccan Traps but close to its eastern extremity it is flanked
by the Gondwana sediments in the south. According to
Krishnan (1962) the trough of Gondwana deposition was
probably formed during Pre-Gondwana (Hercynian)
crustal disturbances, which was followed by the Deccan
Trap flood basalts. This is one of the largest continental
flood basalts of the late-Cretaceous-Tertiary period
(65 Ma) covering most of the western parts of Central
India (Baksi, 1987). Consequently, older rocks including
part of the Godavari Gondwana graben underlie it.

One of the features of the Gondwana period was the
formation of a set of rift valleys occupied by sediments of
this period (Permian-Jurassic). The most significant
feature of this period in India is the presence of  a radial
distribution pattern, mainly along 3 river basins: (1)
Koyal-Damodar valley basin, (2) Son-Mahanadi basin and
(3) Pranhita-Godavari basin. The Godavari and Mahanadi
basins extend from the Eastern Ghat Mobile Belt (EGMB)
upto the Narmada-Son lineament (NSL) in Central India
whereas the Koyal-Damodar valley extends ;towards the
Bengal basin. Burke and Dewey;(1973) ;pronounced that
these represent the failed arms of a triple junction. Based
on gravity low, characteristic for the Godavari graben
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Abstract

The digitized and trace normalized record sections of original analog Deep Seismic Sounding (DSS) data collected
along the Multai-Pulgaon profile, have been re-interpreted to find basement and intra-basement structure in the area
between the Satpura basin and the Pranhita-Godavari Gondwana graben in Central India. It is found that the data are
best satisfied by a model with a low velocity zone in between the Deccan Traps and the basement. The study delineates
a basement fault that could be associated with the known Gavaligarh-Salbardi lineament. Low velocity sediments
(Vp = 3.7 km/s) delineated from the present study could be Gondwana sediments, which have been reported in surrounding
areas. This finding indicates the possible extension of Gondwana formations of the Pranhita-Godavari graben to the
Satputra basin through the Wardha valley.

Key words: Travel time skips, sub-trappean sediments, low velocity layer, Satpura Gondwana, Narmada-Son lineament.

extending to the north of Nagpur, Mishra (1992)
suggested that the Gondwana sediments are concealed
under the;Deccan Traps. It is believed that the Satpura
basin may be an extension ;of the Godavari Gondwana
graben (Kaila,;1986, 1988; Mishra, 1992; Reddy et al.,
2001; Verma and Banerjee, 1992). A 4 km-thick
Gondwana basin has been inferred near Wardha from
gravity data whereas the Satpura basin has a maximum
thickness of 2.4 km near Pachmarhi ;(Verma et al., 1988).

Deep ;Seismic ;Sounding ;studies (DSS) were carried
out along the Multai-Pulgaon line (Fig. 1, 2) with a view
to locating intracrustal, subcrustal discontinuities apart
from the depth to the granitic basement (Kaila and Rao,
1986). In the present study the DSS ;data collected ;along
the Multai-Pulgaon line has been reanalyzed to ascertain
whether or not the Gondwana sediments continue below
the areas covered by the Deccan Trap lying between the
Satpura Gondwana basin and the Godavari Gondwana
graben.

Geological and Tectonic Setting

The occurrence of Gondwana basins in Peninsular India
along conspicuous rectilinear belts within the multicratonic
Indian continent resulted from Gondwana tectonics. The
Godavari valley, a Gondwana basin, is one of such



Gondwana Research, V. 5, No. 3, pp. 597-611.
© 2002 International Association for Gondwana Research, Japan.
ISSN: 1342-937X

Gondwana
ResearchGR

Geochemistry and Geochronology of a Neoproterozoic Low-K
Tholeiite-Boninite Association in Central Eritrea

M. Teklay1, K. Berhe2, W.U. Reimold3, R. Armstrong4, Y. Asmerom5 and J. Watson6

1 Earth Sciences Department, University of Asmara, P.O. Box 1220, Asmara, Eritrea
2 Private Geological Consultant, P.O. Box 35, Asmara, Eritrea
3 Department of Geology, School of Geosciences, University of the Witwatersrand, Private Bag 3, P.O. Wits 2050,

Johannesburg, South Africa
4 Research School of Earth Sciences, ANU, Canberra ACT 0200, Australia
5 Earth and Planetary Sciences Department, University of New Mexico, USA
6 Department of Earth Sciences, The Open University, Milton Keynes, MK7 6AA, UK

(Manuscript received June 15, 2001; accepted December 5, 2001)

Abstract

The N-S trending Neoproterozoic volcano-sedimentary-plutonic associations in Eritrea are part of the Arabian-Nubian
Shield. In Central Eritrea, the dominant rocks are low-grade supracrustal volcanic rocks with subordinate sedimentary
rocks. They are intruded by pre- to syn-kinematic diorites and tonalites, as well as late- to post-kinematic granites. The
low-K tholeiitic metavolcanic rocks range in composition from basalt to rhyolite. The low-K tholeiites (K2O = 0.03–0.40
wt.%) represent parental magma (Mg# from 0.46 to 0.71, average 0.63) and are characterized by relatively high
abundances of MgO (5–11 wt.%), Cr (174–874 ppm) and Ni (28–249 ppm), as well as low abundances of HFSE (TiO2
= 0.43–0.69 wt.%, Zr = 15–36 ppm, and Y = 8–20 ppm). A chondrite-normalised REE pattern for a tholeiite is depleted
(Ce/YbN = 0.2). The low-K tholeiites have trace element characteristics and MORB-normalized geochemical patterns
that are similar to those of modern arc lavas. Plotting of the intermediate to felsic metavolcanic rocks on various
discriminant diagrams also indicates that the metavolcanic rocks are the result of plate-margin volcanism. The geochemical
data, together with the low-K tholeiite-boninite association, indicate that the metavolcanic rocks were emplaced in an
environment similar to a modern oceanic island-arc (fore-arc) setting.

In comparison to the boninites from this region, the low-K tholeiites have low abundances of LILE and HFSE, lower
ratios of the more to the less incompatible elements, and higher initial εNd values. The low-K tholeiites are also characterized
by higher total FeO contents and relatively lower contents of refractory elements than is observed for the boninites. This
may suggest that the low-K tholeiitic rocks were derived by a relatively lower degree of melting from a more depleted
mantle source than the boninites.

SHRIMP U–Pb isotope analyses of zircons from a pre- or syn-kinematic tonalite yielded a concordant age of 813± 9
Ma. This age is similar to the crystallization age of a pre-/syn-kinematic diorite from the same region and is interpreted
to approximate the time of major magmatism in Central Eritrea. Magmatic zircons from a late to post-kinematic granite
yielded a concordant U–Pb age of 585± 6 Ma. These results indicate that the crust of Central Eritrea was formed between
ca. 600 and 850 Ma. These ages are comparable to those of northern Eritrea and adjacent juvenile terranes in the
Nubian Shield.

Key words: Geochemistry, low-K tholeiite-rhyolite suite, Neoproterozoic, Eritrea, Arabian-Nubian shield.

Introduction

The Arabian-Nubian Shield (ANS) constitutes the
northern sector of the East African Orogen (Stern, 1994)
and is an important Pan-African orogenic belt exposed in
the Arabian Peninsula, Sinai, Eastern Desert of Egypt, the
Red Sea Hills of Sudan, Eritrea, and Ethiopia (Fig. 1).

The Arabian-Nubian Shield is the best example of
continental crust formation in association with
unequivocal evidence for plate tectonics. Isotopic evidence
indicates that the core region of the ANS comprises
juvenile crust produced from 870 Ma to, at least, 690 Ma
(Stern, 1994). This was followed by terminal continental
collision, which resulted in the consolidation of East and
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Introduction

The Cuddapah Basin of South India is one of the major
Proterozoic intracratonic basins in India. The basin occurs
to the southwest of the Eastern Ghats considered to be an
integral part of a high grade metamorphic belt bordering
the East Dharwar, Bastar and Singhbhum cratons which
extend along the present southeastern margin of India
(Fig. 1; Radhakrishna and Naqvi, 1986; Naqvi and Rogers,
1987). The basin retains sediments from late
Paleoproterozoic (~1800 Ma, Bhaskar Rao et al., 1995)
through Neoproterozoic in age (minimum of ~500 Ma,
Ramam and Murty, 1997). However, the unconformable
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Abstract

The common occurrence of small-scale refolded folds, deformed lineations and overprinting of foliation in the northern
Nallamalai Fold Belt (NFB) within the intracratonic Cuddapah Basin, South India, suggest three phases of deformation,
D1, D2 and D3 during the late Paleoproterozoic to Neoproterozoic. D1 structures are represented by tight to isoclinal folds,
a slaty cleavage and local development of mylonites. D2 structures include NE trending tight to open folds (F2) with
variable plunge indicating control of large domal structures and a steep crenulation cleavage developed in phyllites and
other schistose rocks. The above structures are overprinted by E-W trending D3 folds and cleavage, which affect
Mesoproterozoic rocks of the Srisailam Formation (uppermost Nallamalai Group) in the E-W trending Vami Konda range
and metasediments of the Palnad area, thought to be equivalent of the Neoproterozoic Kurnool Group. Taking into
account the ages of intrusive Vellaturu Granite (~1575 Ma) which is post-D2 deformation in the NFB and the Chelima
Lamproite (~1400 Ma) which intrudes the folded Nallamalai rocks, we suggest that the earlier episodes of multiple
deformation in the NFB represent either late Paleoproterozoic or early Mesoproterozoic NW-SE compression in this part
of the East Gondwana. The E-W fold-thrust structures affecting the Srisailam Quartzite and adjacent metasediments in
the Palnad area represent late Mesoproterozoic and/or Neoproterozoic event. The granite gneisses and schists of the
Nellore Schist Belt, bordering the NFB are affected by both early and later events and thrust over rocks of the Nallamalai
Group.

We propose that early deformation in the NFB lying southwest of the Eastern Ghats and roughly parallel to the
present southeastern coast of India, was unrelated to, and occurred prior to the main deformation in the Eastern Ghats,
which is generally correlated with the ~1000 Ma old Grenville event. Alternatively, in view of the complex, protracted
evolution of the Eastern Ghats and published geochronological data supporting pre-Grenvillian tectonism particularly in
the Western Charnockite Zone of the Eastern Ghats, D1 and D2 deformation in the NFB may be linked to this older
(1600–1400 Ma) tectonic disturbance in the Eastern Ghats.

Key words: Cuddapah basin, Eastern Ghats, Nallamalai Fold Belt, Proterozoic, multiple deformation.

relationship between different lithostratigraphic units of
the Cuddapah Basin suggests the basin is a polyhistory
(successor) basin (Kingston et al., 1983; Nilsen and
Sylvester, 1995); the relatively earlier sub-basins were
deformed or inverted prior to deposition of the younger
successions concomitant with shifts in basin geometry.

The Nallamalai Fold Belt (NFB), an arcuate fold and
thrust belt, about 400 km long, occupies the eastern half
of the Cuddapah Basin. A number of granite bodies occur
along the eastern margin of northern NFB. Two areas in
the northern NFB (Fig. 1 for location) have recently been
mapped at 1:50000 scale in order to obtain detailed
structural analysis of this region. The present work aims


