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Understanding the origin and growth of continental
crust is a fundamental problem in geological sciences.
Two distinct ways in which the continental crust
grows include horizontal (subduction) and vertical
(plume/extension) accretions. As the mantle reservoirs
in these two tectonic settings are generated and/or
modified by contrasting processes, the erupted melts
offer clues on the nature of these divergent mantle
sources. Trace element geochemistry is a robust tool
to quantitatively model the mantle sources, melting
mechanisms and relative roles of mantle and crust in
the petrogenesis of magmatic rocks, which ultimately
lead us to unravel the origin of continental crust.

The present study portrays growth of the continen-
tal crust in the Proterozoic Eastern Ghats Belt, SE
India. Mafic magmas within the Palaeoproterozoic
Kondapalli-Kandra region illustrate subduction-
related island arc basalt-type geochemical signatures
whereas alkali basaltic magmas in the Mesoprotero-
zoic Prakasam continental rift-zone display ocean
island basalt-type characteristics. Calculated mantle
sources for subduction-zone and rift-related magmas
display distinctly different geochemical traits. Meso-
proterozoic gabbroic magmas in the Prakasam
rift-zone exhibit geochemical signatures akin to the
subduction-related mafic melts. This dichotomy of
continental crust produced by intra-plate processes
exhibiting plate-margin signatures advocates that we
possibly have overestimated the proportion of conti-
nental crust generated above subduction zones.

Keywords: Continental-rift, Eastern Ghats Belt, geoche-
mistry, mafic magmas, mantle sources, subduction zone.

Introduction

A fundamental question concerning continental crustal
growth models is whether Phanerozoic models of melt
generation in the lithosphere and asthenosphere/plume
are applicable to the Archaean/Proterozoic' . If so, is it
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possible to map the mantle reservoirs by inverting
primary melt geochemistry**? Addressing this problem is
paramount in as much as the two important but contrast-
ing models of continental crustal growth which include
horizontal (subduction) and vertical (plume/asthenosphere)
accretions. Parameterization of geochemical models of
continental crustal growth involves evaluating mantle
source reservoirs and their spatio-temporal variation. For
example, attending post-accretion growth of the arc/back-
arc, subduction-related lithospheric sources are replaced
by plume/asthenosphere upwelling and related mafic
magmatism, finally culminating with the emplacement of
potassic mafic melts (see ref. 6 and references therein).
Thus the compositional timeline of erupted magmas in a
given terrain reflects changing deep-seated mantle reser-
voirs. These geochemical changes in mantle source
compositions and generation of new mantle reservoirs are
the cornerstones of plate- and plume-tectonics.

Elucidating geochemical distinctions between the
magmas derived from contrasting mantle sources has
been a major geochemical focus for the past five decades.
Chayes’ was one of the early workers to recognize the
geochemical distinctions between oceanic island basalt
(OIB) and circum-oceanic island arc basalt (IAB). Based
on distinct differences between TiO, and Al,O; contents,
he argued that the circum-oceanic basalts cannot be
derived by assimilation of continental crust by OIBs.
Chayes’ suggested that the geochemical differences
between the two types of basalt originated in the mantle
itself. Based on experimental studies in the system MgO—
Si0,-TiO,, MacGregor® suggested that the variation in
TiO, content between OIB and IAB is controlled by
depth of melting — the former with higher TiO, content
being derived from greater depths —and ruled out sepa-
rate mantle reservoirs for the two types of basalt.

With the advent of plate tectonic theory, island arc
basalts are widely recognized as distinct products of sub-
duction-related processes. The role of subducting sediment-
derived fluid/melt-induced mantle metasomatism has been
long realized in producing the anomalous geochemical
signatures in the mantle wedge’''. Generally speaking,
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subduction fluids and associated hydrous melts are en-
riched in K, Rb, Th, U, Ba and LREE, and ultimately trans-
fer them to the mantle hanging-wall. The mantle wedge
may stabilize amphibole/phlogopite due to this fertilization.
HFSE (high-field strength elements — Nb, Ta, Ti, P, Zr, Hf)
are not readily soluble in hydrous melts and fluids, and re-
main in the subducted slab'>'"*. This HFSE-enriched slab
may descend to greater mantle depths and finally may serve
as sources of OIB magmas''. Accessory minerals, including
ilmenite, sphene, rutile, zircon and apatite, which retain
HFSE either in the slab or mantle wedge during partial
melting, also play a significant role in imparting geo-
chemical signatures characteristic of subduction-zone
magmas'*'®. However, the relative roles of partial melting,
melt ascent and mantle source enrichment'’ " responsible
for the generation of these geochemical anomalies — for
example, conspicuous troughs for HFSE in the primitive
mantle-normalized plots —are still not fully understood.
End-members for the different subduction-related mafic
magmas vary from highly depleted mid-oceanic ridge basalt
(MORB) to enriched OIB compositions®*' overprinted with
subduction fluid/melt related geochemical signatures.

Similarly, modern lines of research have recognized
that oceanic island basalts are largely derived from sub-
lithospheric mantle sources with distinct geochemical
characteristics” !, Additionally, OIB-type mafic melts
have also erupted on the continents, although identification
of such melts is rendered difficult by plume/astheno-
sphere—lithosphere interaction and crustal contamina-
tion”>?’. Favoured sources for the OIB-type magmas
include: (1) subducted metasomatized oceanic lithosphere
or delaminated thick continental veined lithosphere, both
of which may rise as mantle plumes’*>’; (2) metasomati-
cally enriched asthenospheric mantle’*’; (3) a thermal
boundary layer that was enriched by mantle plume/
asthenospheric melts**~® and (4) enriched pockets in the
sub-continental lithospheric mantle® .

The southern segment of the Eastern Ghats Belt (EGB)
of SE India records Palacoproterozoic subduction-related
magmatism in the Kondapalli and Kandra regions, and
Mesoproterozoic rift-related magmatism within the
Prakasam Alkaline Province (PAP)®. In the present article,
we synthesize published and unpublished bulk-rock geo-
chemical data on the mafic dykes from the Kondapalli and
Kandra terrains, and PAP, representing Palaecoproterozoic
(supra) subduction-zone (SSZ) and Mesoproterozoic con-
tinental rift-zone (CRZ) magmatism respectively. We
interpret the compositions of the mafic dykes to evaluate
the geochemical characteristics of mantle reservoirs pro-
viding the Proterozoic SSZ and CRZ magmatism.

Regional geology, tectonics, geochronology and
petrography of mafic rocks

The study area lies in the southern segment of EGB, SE
India (Figure 1 a and b). Based on geological and isotopic
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data, Dobmeier and Raith** subdivided the EGB into four
crustal provinces. These provinces are further divided
into a number of domains based on lithology, structure and
metamorphic grade. The present study area falls within
the Kondapalli-Ongole domain of Krishna Province.
This domain experienced subduction-related arc magma-
tism*™*  possibly during the period 1.85-1.70 Ga
(refs 47, 49-51) followed by prolonged polyphase granu-
lite facies metamorphism between 1.65 and 1.55 Ga (refs
52-55).

The Kondapalli Layered Complex*®, associated felsic
and mafic granulites, and mafic dykes represent deeply
eroded remnants of a Palaeoproterozoic (1.85-1.7 Ga)
continental-margin magmatic arc****. Mafic dykes
within the felsic granulites and metapelites show primi-
tive mantle-derived bulk-rock geochemistries and unam-
biguous subduction-related characteristics*®. Kondapalli
mafic dykes exhibit porphyritic to ophitic, sub-ophitic
textures with plagioclase, relict olivine, clinopyroxene
and amphibole as essential phases (see Figure 1 ¢).

The Kandra Ophiolite Complex (KOC), containing
well-developed sheeted dyke complex and plagiogranite,
consists of new oceanic crust formed in a supra-subduction
zone environment™'*""% formed at ~ 1850 Ma (ref. 51).
Internal structures, lithological associations and bulk-
rock compositions indicate that the KOC represents a Ro-
cas Verdes-type continental back-arc basin®'. The sheeted
dykes are fine-grained, aphanitic to cryptocrystalline, paral-
lel dykes with widths ranging from 4 cm to 1.25 m (refs 58
and 59). Plagioclase and Ca-amphibole (derived from cli-
nopyroxene) are the essential phases present within KOC
mafic dykes. Dykes exhibit ophitic, sub-ophitic and porphy-
ritic textures with plagioclase and rare relict clinopyroxene
phenocrysts (Figure 1d). Titanite, epidote, chlorite and
magnetite occur in accessory amounts.

A second major igneous event, associated with exten-
sive tholeiitic, A-type and alkaline magmatism in the
Kondapalli-Ongole domain, known as the Prakasam
Alkaline Province (PAP; Figure 15b) occurred between
1.35 and 1.2 Ga (refs 61-64), attending Mesoproterozoic
continental rifting. Rift-zone magmatism in the PAP is
represented by three geochemically distinct primary mafic
magmas, alkali basaltic, gabbroic and lamprophyric
dykes. This hypabyssal activity was synchronous with the
emplacement of host plutons®*~*". In the present study we
discuss the bulk-rock geochemistry of only alkali basaltic
dykes as they reflect the generation of a new mantle res-
ervoir in the southern segment of the EGB. Alkali basaltic
dykes exhibit porphyritic, glomeroporphyritic and pani-
diomorphic textures with phenocrystic assemblages of
olivine—clinopyroxene + plagioclase and olivine—plagioclase
set in a groundmass of plagioclase—clinopyroxene—
olivine—biotite—magnetite (Figure 1e¢); nepheline is
locally present in the groundmass. Clinopyroxene pheno-
crysts contain exsolved blebs of plagioclase indicating
their original high-pressure crystallization®”.
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Figure 1.

a, Location of the Cuddapah Basin and Eastern Ghats Belt (EGB) within Peninsular India.

b, Generalized geological map of the southern segment of the EGB, known as Krishna Province, to the east of the
Cuddapah Basin (modified after Dobmeier and Raith*). Mafic dykes of the present study (shown as stars) are
sampled from Palaeoproterozoic subduction-related Kondapalli magmatic arc and Kandra back-arc ophiolite, and
Mesoproterozoic rift-related Prakasam Alkaline Province (PAP). Note that the Mesoproterozoic rift magmatism
within the PAP (shown as filled box) emplaced between the Vinjamuru and Kondapalli-Ongole domains of
Krishna Province. Photomicrographs of representative mafic dykes from (¢) Kondapalli, (d) Kandra and (e) PAP

illustrate distinct textures of the rocks.

La/Nb as a geochemical proxy

Many geochemical proxies have been formulated to
model the relative contributions of mantle and crustal
sources involved in magma genesis. For example, Ti/Y and
Zr/Y (ref. 68), Ta/Th (ref. 69), Th/Yb and Nb/YDb (refs 70
and 71), Zr/Y and Nb/Y (ref. 72), Zr/Nb and Nb/Th
(ref. 73), Ce/Nb and Th/Nb (ref. 11) are some of the com-
monly used geochemical proxies to model physical pro-
cesses. Where crustal contamination is not a major
process, the La/Nb ratio is a crucial geochemical proxy
for distinguishing melts derived in subduction-zone and
rift-zone settings’. Partial melting and fractionation seem
to have little influence on the La/Nb ratios®’. The bulk-
rock La/Nb ratio in oceanic basalts is 0.6—1.2; in arc
basalts it is >2 and in bulk continental crust it is 2—3 (refs
74-76). Similarly, Nb/Nb* [Nb/N(K x La)]x, where N is
MORB-normalized, is <1 in subduction-related melts,
and > 1 in asthenospheric melts. It is generally regarded
that higher La/Nb ratios in the subduction magmas are
due to addition of hygromagmatophile elements to the
mantle sources''.

In the present article, we have documented geochemical
differences between the Kondapalli-Kandra supra
subduction-zone (KK-SSZ) and the Prakasam Alkaline
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Province continental rift-zone (PAP-CRZ) magmas to
elucidate their contrasting origins employing La/Nb and
other LILE/HFSE ratios.

Geochemical characteristics of KK-SSZ and
PAP-CRZ mafic magmas

Most KK-SSZ and PAP-CRZ magmas are relatively
primitive (MgO = 5-20%; Table 1) with little or no
crustal contamination®®>"*". However, some Kandra dykes
exhibit evolved compositions’’ (Table 1). PAP-CRZ
magmas that show geochemical signatures of plume—
lithosphere interaction®’, are not considered in the present
study for simplicity. In terms of average major element
compositions, the KK-SSZ magmas have distinctly
higher SiO,, similar Al,O3, Fe;,O; and lower TiO,, CaO
and Na,O + K,O contents than those of the PAP-CRZ
melts. Both the groups contain high-Mg pristine mantle-
derived primary melts (see MgO, Ni and Cr contents in
Table 1). A higher range in MgO for subduction-related
melts suggests greater degrees of fractional crystalliza-
tion. However, at comparable MgO contents, the KK-SSZ
magmas have higher SiO, contents than the PAP-CRZ
magmas, as H,O addition systematically raises the
Si-saturation of the melts’”"’®. Among the trace elements,
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Table 1.

Average major (wt%) and trace element (ppm) compositions of the mafic dykes from the subduction-related

Kondapalli and Kandra complexes and rift-related Prakasam Alkaline Province, Eastern Ghats Belt, India

Subduction-related mafic magmas (N = 13)

Rift-related mafic magmas (N = 12)

Minimum Maximum Average Minimum Maximum Average
SiO, 46.52 55.79 51.24 43.98 48.92 45.93
TiO, 0.36 2.88 1.46 1.13 2.52 1.83
AL O3 9.92 16.75 14.11 12.93 16.67 14.62
Fe,0; 9.65 21.33 13.92 8.02 15.88 12.16
MnO 0.13 0.32 0.19 0.15 0.21 0.17
MgO 2.67 16.62 7.49 5.37 14.13 9.22
CaO 4.74 11.27 8.24 9.14 12.53 11.03
Na,O 0.60 2.78 1.52 0.89 3.75 2.68
K,O 0.15 1.92 0.58 0.62 2.07 1.28
P,0s 0.03 0.37 0.14 0.01 0.46 0.13
Sc 21.1 61.4 37.9 19.2 31.6 25.0
A% 151 593 310 137 413 273
Cr 18.9 1713 479 105 730 509
Co 37.9 159 66.9 455 61.9 542
Ni 299 564 220 86.1 381 218
Cu 5.62 1154 157 36.3 199 713
Zn 63.5 749 160 61.7 190 120
Ga 12.8 29.7 18.5 12.6 19.8 16.2
Rb 2.27 135 219 3.50 67.1 242
Sr 254 524 223 342 616 452
Y 9.61 60.9 243 12.3 24.8 16.8
Zr 4.80 162 60.4 33.1 151 73.7
Nb 0.65 20.6 10.0 7.50 84.9 329
Ba 25.1 380 206 137 1152 557
Hf 0.21 3.62 1.56 0.70 3.49 1.86
Th 0.05 4.24 1.86 0.20 4.20 1.80
U 0.06 1.36 0.59 0.10 1.00 0.28
La 3.74 235 13.0 4.38 27.5 152
Ce 9.0 48.0 29.0 10.1 68.4 315
Pr 1.35 5.50 3.47 1.27 5.90 3.57
Nd 7.22 29.6 16.6 6.11 26.0 159
Sm 1.92 7.40 3.85 1.98 4.99 3.40
Eu 0.77 2.19 1.28 0.69 1.98 1.23
Gd 2.10 9.50 4.26 1.86 4.82 3.06
Tb 0.35 1.65 0.72 0.24 0.60 0.42
Dy 1.99 10.0 4.09 1.73 3.67 2.71
Ho 0.38 2.20 0.87 0.32 0.72 0.50
Er 0.97 6.54 2.40 0.95 2.04 1.30
Tm 0.10 0.90 0.33 0.13 0.32 0.18
Yb 0.70 5.74 2.14 0.78 1.90 1.16
Lu 0.10 0.89 0.33 0.12 0.24 0.18
La/Nb 2.29 5.47 3.21 0.31 0.70 0.51
Ba/Nb 4.65 178 327 10.3 313 17.7
Rb/Nb 0.44 10.8 2.31 0.25 1.22 0.75
Th/Nb 0.08 0.47 0.20 0.01 0.12 0.05
U/Nb 0.02 0.19 0.08 0.01 0.02 0.01
Y/Nb 0.82 20.8 4.19 0.25 1.64 0.68
La/Yb 2.54 19.6 7.65 4.25 22.5 132
Zr/Yb 3.26 54.8 28.6 29.8 129 66.3
Nb/Yb 0.44 17.2 5.58 7.28 72.5 29.1
Ti/Yb 2,132 9,935 4,936 3,849 16,827 10,282
Ti/Eu 1,796 11,810 6,889 4,945 17,464 9,905

the average compositions of compatible elements, includ-
ing Ni, Cr and Co, do not show any important distinction
between the KK-SSZ and PAP-CRZ magmas; however,
Sc, V, Cu and Zn are clearly higher in the former. V con-
tents in the primary basaltic liquids depend on /O, condi-
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tions in the mantle protolith. Higher V in the SSZ
magmas may indicate elevated fO, conditions in their
sources ’. Large variation for Ni, Cr, Co and Sr in the
KK-SSZ magmas (Table 1) is due to fractionation
effects*®'. Average REE concentrations do not show
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much variation between SSZ and CRZ melts, but the
chondrite-normalized Dy/Yb ratios are variable in the
former. Averages of LILE/ND ratios are distinctly higher
(by 2-7 times) in the KK-SSZ magmas than the PAP-
CRZ magmas (Table 1); however, when incompatible
trace elements are normalized to Yb, ratios are lower in
the KK-SSZ melts than the PAP-CRZ magmas (Table 1).

Nb contents in KK-SSZ magmas range from 0.65 to
20.6 ppm and in the PAP-CRZ melts from 7.5 to 84.8 ppm
(Table 1 and Figure 2). At comparable Nb contents, La
abundances in the KK-SSZ mafic magmas are 2—3 times
higher than the PAP-CRZ melts. The KK-SSZ magmas
have La/Nb>1 (2.3-5.5) and PAP-CRZ melts have
La/Nb <1 (0.31-0.70; Figure 2). Th/Nb and U/Nb values
in general are higher in subduction-related magmas than
in the continental rift-zone magmas®, as reflected in the
Proterozoic KK-SSZ and PAP-CRZ mafic magmas of the
EGB (Figure 3). Enrichment of Th and U over Nb in SSZ
magmas is not only controlled by source composition but
also by the partial melting processes. Mantle minerals
have lower distribution coefficients for Th and U than for
Nb. As a result, Th/Nb and U/Nb ratios in the melt are
greater than those in the sources.
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Figure 2. (a) La versus La/Nb and (b) Nb versus La/Nb variation in

the Kondapalli and Kandra suprasubduction-related (KK-SSZ), and the
PAP continental-rift (PAP-CRZ) mafic magmas from the EGB.
Distinctly higher La/Nb ratio for the subduction-related magmas is
conspicuous. See text for discussion.
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Representative chondrite-normalized REE patterns of
KK-SSZ and PAP-CRZ melts are depicted in Figure 4.
The former shows two distinct REE patterns in terms of
La/Yb slopes. Melts with steeper slopes were presumably
formed by lower degrees of melting, whereas near flatter
ones were generated by moderate degrees of melting.
However, mantle sources for both these melts with vari-
able La/YDb ratios seem to be uniform as indicated by
their La/Nb, Th/Nb and U/Nb ratios (Figures 2 and 3).
Negative Eu anomalies in some of the SSZ melts are due
to fractionation effects. The PAP alkali basaltic magmas
show uniform LREE fractionated patterns without any
prominent anomalies for Eu. (Dy/Yb)y ratios in both SSZ
and CRZ melts suggest that they were derived within the
garnet—spinel lherzolite stability field. Derivation from
the garnet-only stability field produces much steeper
(Dy/Yb)y slopes™. Ti/Eu, which is considered to be inde-
pendent of melting, is higher in the CRZ than the SSZ
magmas. PAP-CRZ melts evidently formed by lower
degrees of melting®’, but KK-SSZ melts seem to have
been derived by low to moderate degrees of melting of
mantle sources (Figure 4).
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Figure 3. (a) La/Nb versus U/Nb and (b) La/Nb versus Th/Nb varia-

tion in the KK-SSZ and PAP-CRZ mafic magmas of the EGB. Note
that the Palaeoproterozoic subduction-related magmas of the EGB have
distinctly higher LILE/HFSE elemental ratios than the Mesoproterozoic
rift-related magmas. See text for discussion.
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Mantle sources to KK-SSZ and PAP-CRZ
mafic magmas

Geochemical characteristics of the mantle sources and
their generation are discussed in this section. All subduc-
tion-related basalts are essentially derived from MORB-—
OIB mantle sources influenced by fluids and melts
released from the subducting lithosphere®?!*'*2. Thomp-
son et al.® suggested that low-K island-arc tholeiites are
hydrous analogues of MORB, whereas calc-alkaline
tholeiites are counterparts of OIB tholeiites. Plank*' mod-
elled the geochemical anomalies of subduction-zone melts
in terms of mixing between mantle melts and subducting
sediments. The KK-SSZ magmas show a progressive
variation in Sm/La and Th/La ratios from an initial en-
riched mid-ocean ridge basalt (EMORB) bulk-rock chem-
istry towards global subducting sediment (GLOSS)*
composition (Figure 5). Such a variation is interpreted in
terms of a subduction overprint on original oceanic
mantle sources, as is typical of supra-subduction zone
environments®"*, KK-SSZ magmas are similar to the
geochemical variation represented by present-day Aleu-
tians and Java subduction-related magmas (Figure 5).
Some of the KK-SSZ magmas have Sm/La and Th/La
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Figure 4. Chondrite-normalized REE patterns for the (a) KK-SSZ

and (b) PAP-CRZ magmas of the EGB. The subduction-related mafic
magmas show steep to moderate fractionated REE patterns with none to
gentle negative Eu anomalies whereas the rift-related alkali basaltic
magmas exhibit uniform steeply fractionated REE patterns without Eu
anomalies. Normalizing values are after Hanson®. See text for discus-
sion.
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compositions similar to that of the OIB (Figure 5). It is
important to note that the OIB-type mantle replenishes
the source regions of arc magmatism as the melts are
driven away from mantle wedge''. Geochemical charac-
teristics of KK-SSZ magmas clearly indicate the impor-
tant role of subducted sediments in the geochemical
modification of hanging-wall mantle sources in the supra-
subduction-zone*.

La/Nb and La/Yb values demonstrate [AB-type charac-
teristics for KK-SSZ magmas, whereas OIB-type geo-
chemical signatures are evident for PAP-CRZ alkali
basaltic melts. The role of crustal contamination in the
production of negative anomalies for HFSE in KK-SSZ
mafic magmas was keenly debated and negated by earlier
studies”®’. All KK-SSZ magmas, irrespective of their
MgO contents, contain lower Nb abundances, suggesting
a modest role for crust in the generation of troughs for
HFSE in primitive mantle-normalized diagrams. Geo-
chemical signatures of KK-SSZ magmas can be explained
by 20-30% mixing between melts of EMORB composi-
tion and GLOSS (Figure 6 ). From this plot it is evident
that the La/Nb ratio slightly decreases by partial melting
in rift settings, as illustrated by plots of EMORB, OIB
and PAP mafic melts lying to the left of primitive mantle,
or the source has a lower La/Nb than the primitive man-
tle. La/Yb ratio is sensitive to the degree of melting, with
higher values for low-degree melts. Similar geochemical
traits for the OIB and PAP magmas (Figure 6 a) suggest
low-degree melting of the mantle sources for the latter.
Average La/Yb ratios of PAP-CRZ magmas are
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Figure 5. Sm/La versus Th/La variation in the KK-SSZ magmas.

Subduction-related magmas from Aleutians and Java are shown for
comparison. Data sources: Refs 21, 83 and 87. Compositions of
EMORB (enriched mid-oceanic ridge basalt), OIB (Ocean Island
Basalt), NMORB (normal mid-oceanic ridge basalt), GLOSS (Global
Subducting Sediment) are shown for comparison. The subduction-zone
magmas from the EGB can be considered as products of EMORB and
GLOSS mixing. See text for discussion.
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slightly higher than those in the KK-SSZ magmas, indi-
cating that the latter were formed by relatively higher
degrees of melting.

Similar results are obtained using Nb/Yb ratios (Figure
6 b), which are distinct for IAB- and OIB-type sources;
these ratios are especially controlled by Nb contents in
the sources and depths of melting. Relatively low-degree
melts among the SSZ magmas exclusively come from the
Kondapalli magmatic arc, whereas moderate degree melts
come from both the Kondapalli and Kandra complexes. It
is well established that melting would be deeper beneath
thick magmatic arcs, whereas it is shallower and
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Figure 6. (a) La/Nb versus La/Yb and (b) La/Nb versus Nb/Yb varia-

tion in the KK-SSZ and PAP-CRZ mafic magmas of the EGB. Compo-
sitions of PM (primitive mantle), EMORB, OIB, IAB (Island Arc
Basalt) and GLOSS are shown for comparison. Mixing between
EMORB and GLOSS explains the chemistry of subduction-related
magmas of the Kondapalli and Kandra areas. Each tick mark on the
mixing curve indicates 10% mixing. The PAP rift-zone magmas have
compositions similar to that of the OIB. See text for discussion.
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involves greater degree of melting beneath back-arcs® ™.

Nb/YDb is an order of magnitude higher in the OIB-type
PAP-CRZ melts than the IAB-type KK-SSZ melts. On
the basis of La/Nb and Nb/Yb ratios, it is evident that Nb
is more incompatible than La during melting beneath
continental rifts. The KK-SSZ magma composition can
be explained by mixing between EMORB and GLOSS
(Figure 6 ).

For calculating the mantle sources of the KK-SSZ
magmas, we formulated two independent geochemical
approaches. In the first, we inverted the trace element
chemistry of the EMORB®’, presuming F = 10% and con-
sidering a spinel lherzolite source (Table 2) for data on
source mineralogy and partition coefficients) and using
non-modal batch melting equation®. Our choice of
EMORB is based on the fact that the KK-SSZ magmas
show a progressive variation in Sm/La and Th/La ratios
from an initial EMORB bulk-rock chemistry towards
GLOSS. For the choice of other parameters including de-
grees of melting, mantle mineralogy and type of melting;
see ref. 5. To the mantle source for the EMORB so calcu-
lated, we added GLOSS in the proportion 0.98:0.02. The
mantle source generated by this bulk mixing is shown in
Figure 7. In the second approach, a primitive melt
(MgO = 16.6 wt%; Ni =564 ppm) in the KK-SSZ mag-
mas was inverted to calculate source composition with
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Figure 7. Primitive mantle-normalized plot showing the calculated

mantle source and melt incompatible element abundances for the gene-
sis of subduction-related mafic magmas from Kondapalli and Kandra
areas. Two independent geochemical approaches are formulated for
calculating the mantle sources for the KK-SSZ magmas. In the first
approach we inverted the trace element chemistry of the EMORB® to
calculate the mantle source composition. To this we added GLOSS in
the proportion 0.98:0.02. In the second approach, primary melt to the
KK-SSZ magmas was inverted to calculate source composition with or
without zircon in the residue. Melt produced by 10% melting of the
EMORB source + GLOSS mixture in the garnet—spinel stability field
with residual zircon is similar to the primitive melt to the KK-SSZ
magmatism. See text for discussion. Data sources: refs 19 and 87
(EMORB and primitive mantle) and refs 19, 109, 110 (partition coeffi-
cients).
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Table 2.

Details of melting equation, mantle source mineralogy, melting proportions and mineral/melt partition coefficients used in calculations

A. Equation used in the calculations

(i) Non-modal batch melting®®:

a_
¢ D)+ FA-B)

where Ci] is the concentration of element 7 in the liquid, CI-O the initial concentration of element 7 in the original source, DI-O the initial solid bulk
distribution coefficient (XX;Kd;), P; the weighted distribution coefficient of the liquid and F is the degree of melting.

B. Source mineralogy and melting proportions (compiled from the literature)

Phase proportion Grt—Perid Grt—Spl-Perid Grt—Amph—Perid Grt—Phl-Perid Grt—Spl-Amph—Perid
Ol 0.60 0.55 0.60 0.60 0.55
Opx 0.21 0.22 0.21 0.21 0.18
Cpx 0.08 0.15 0.08 0.08 0.08
Spl 0.00 0.02 0.00 0.00 0.04
Grt 0.11 0.06 0.06 0.07 0.10
Amph 0.00 0.00 0.05 0.00 0.05
Phl 0.00 0.00 0.00 0.04 0.00

Melting proportions
Ol —-0.10 —-0.10 —-0.10 —-0.10 —-0.10
Opx 0.25 0.25 0.25 0.25 0.25
Cpx 0.61 0.61 0.61 0.61 0.51
Spl 0.00 0.04 0.00 0.00 0.10
Grt 0.24 0.20 0.24 0.24 0.24
Amph 0.00 0.00 0.00 0.00 0.00
Phl 0.00 0.00 0.00 0.00 0.00

C. Mineral/melt partition coefficients (compiled from the literature)

Ol Opx Cpx Spl Grt Amph Phl Zir*

Rb 0.0003 0.0002 0.0004 0.0001 0.0002 0.023 1.7 0.006

Ba 5E-06 6E-06 0.0003 0.0001 0.00007 0.01 1.5 0.004

Th 7E-06 0.00002 0.0021 0.0001 0.0021 0.001 0.1 145

Nb 0.00005 0.003 0.0089 0.01 0.01 0.08 0.14 40

La 0.0002 0.0031 0.054 0.00002 0.0007 0.075 0.003 0.05

Ce 0.00007 0.0021 0.086 0.00003 0.0026 0.11 0.021 0.99

Pr 0.0003 0.0026 0.15 0.0001 0.005 0.15 0.0053 0.3

Sr 0.00004 0.0007 0.091 0.0002 0.0007 0.27 0.044 0.034

Nd 0.0003 0.0023 0.19 0.0002 0.027 0.23 0.0063 0.5

Sm 0.0009 0.0037 0.27 0.0004 0.22 0.32 0.0059 3.56

Zr 0.001 0.012 0.26 0.07 0.2 0.25 0.13 600

Eu 0.0005 0.009 0.43 0.0006 0.61 0.52 0.031 4

Ti 0.015 0.086 0.4 0.15 0.6 0.95 0.98 3.15

Gd 0.0011 0.0065 0.44 0.0009 1.2 0.53 0.0082 13

Dy 0.0027 0.011 0.44 0.0015 2 0.5 0.026 22.45

Y 0.0082 0.015 0.47 0.002 3 0.54 0.03 10

Er 0.0109 0.021 0.39 0.003 33 0.46 0.03 19

Yb 0.024 0.038 0.43 0.0045 6.4 0.5 0.03 58

*Calculated from the partition of trace elements between zircon and basaltic melts of Kondapalli-Kandra.
Ol, Olivine; Opx, Orthopyroxene; Cpx, Clinopyroxene; Spl, Spinel; Grt, Garnet; Amph, Amphibole; Phl, Phlogopite; Zir, Zircon.

or without zircon in the residue. Although forward mod-
elling, adopted here presents a variety of possibilities de-
pending on the choice of model source, degree of melting
and type of melting, close geochemical similarity
between sources estimated from these two independent
approaches gives us a sense of confidence in the calcula-
tions. Mantle source calculated from both the approaches
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shows troughs for HFSE elements, especially prominent
for Th, Nb, Zr, Ti and Y. Proposed mechanisms for the
HFSE depletion in arc magmas include: (1) their reten-
tion in subducting slab and relative enrichment of LILE
by addition of slab-derived fluids and melts to the mantle
wedge®®*%; (2) inheritance from subducting sediment
through bulk assimilation®'; (3) development of HFSE
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depletion during melting of mantle wedge'’; (4) mantle-
melt reaction during ascent'® and (5) existence of shallow
HFSE-depleted mantle reservoirs due to earlier melt re-
moval, i.e. original Nb depletion in mantle sources”**.
Absolute abundances of Nb, Zr and Ti in subduction-zone
mantle sources may or may not be different from the Nor-
mal MORB (NMORB) or EMORB mantle sources®,
depending on the material added to the mantle wedge. If
only fluids are added, then there will be exclusive addi-
tion of LILE to mantle sources beneath subduction-zones,
thereby producing sources with higher LILE/HFSE ratios
than the NMORB or EMORB sources. If slab-derived
melts or bulk-sediment assimilates are the enriching materi-
als, this may lead to LILE enrichment as well as HFSE
depletion in the subduction-zone sources. It is likely that
HFSE depletions in subduction-zone melts may be further
enhanced by stabilization of minerals with higher partition
coefficients for HFSE such as amphibole, zircon and rutile/
ilmenite during partial melting of the mantle wedge.

For the KK-SSZ magmas, we suggest that depletion in
the HFSE in the mantle source took place prior to the
melting due to addition of LREE-rich slab flux; retention
of minor phases during partial melting further amplified
the anomalies. A mantle source calculated with zircon in
the residue matches with that calculated by mixing of an
EMORB source with GLOSS (Figure 7). Although we
have modelled considering zircon as a residual phase in the
mantle wedge, it is more likely that it was a residual phase
during slab melting. It has been suggested that Th/La ratio
in the basaltic melts is independent of the melting process
and reflects the contribution from subducting sediments®'.
However, if zircon is a residual phase, as suggested in the
present study, then Th/La ratio is controlled by sediment
contribution as well as the melting process (Figure 7).
Melt produced by 10% melting of the EMORB
source + GLOSS mixture is similar to the primary melt to
the KK-SSZ magmatism (Figure 7). Minor deviations for
Sr and Ti, both in the calculated mantle source and partial
melt, suggest possible involvement of apatite and ilmen-
ite in the melting process. Characteristic geochemical
signatures for the arc magmas, as is evident from the cal-
culations, are generated at the mantle sources themselves.

OIB-type mantle sources are generated by recycling of
subducted, metasomatized oceanic lithosphere or delami-
nated thick continental veined lithosphere into astheno-
spheric mantle’™®”. The OIB-type signatures for the
continental alkaline basalts involve prior depletion and
later enrichment of the mantle sources — a two-stage man-
tle model””. We have calculated incompatible elemental
abundances of a mantle source for PAP alkali basalts
using this two-stage model’’ (Figure 8). In stage one, a
basaltic melt is extracted from the DMM (depleted
MORB mantle) sources in the garnet—spinel stability
field; in stage two, this depleted source is enriched by
low-degree partial melt that was also derived from a
DMM source but within the garnet stability field. Details
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of DMM composition, proportions of melt extraction and
addition are given in the caption to Figure 8. We have
also inverted the primary melt (MgO = 14.1 wt%;
Ni = 381 ppm) incompatible element chemistry to calcu-
late the mantle source composition, on similar lines that
we have estimated the sources for KK-SSZ magmas. De-
tails of our calculations are given in the caption to Figure
8. The computed incompatible element abundances from
the primary melt inversion and the two-stage model of
mantle source to PAP alkali basalt dykes are similar to
that of the source for continental alkali basalts’’. Such a
pre-extraction of magmas is reflected by convex down-
ward pattern for the Zr-Yb segment in the primitive man-
tle-normalized abundances of the sources. Five per cent
melt of the two-stage-mantle source generated within the
garnet—spinel stability field explains the trace element
characteristics of the PAP-CRZ magmas (Figure 8).

Growth of new continental crust or recycling of
old continental crust?

Assessment of relative proportion of created and inherited
geochemical signatures along convergent plate margins is

Mantle sources to continental rift-zone magmas |
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Figure 8. Primitive mantle-normalized plot showing the calculated

mantle source and melt incompatible element abundances for the gene-
sis of rift-related PAP alkali basaltic magmas. Calculation of incom-
patible element abundances of mantle sources for the PAP alkali
basaltic magmas involves extraction of 11% basaltic melt from a DMM
(depleted MORB mantle) source within the garnet—spinel stability field
followed by enrichment of this depleted source by 8% of a melt formed
by 0.4% melting of the DMM source in the garnet stability field. Pre-
extraction of basaltic magma is reflected in the convex-downward pat-
tern for the elements Zr to Yb in the normalized plots for alkali basalt
mantle sources. Five per cent melting of this metasomatized DMM
source within garnet—spinel stability field produces a melt with concen-
trations similar to the PAP primitive alkali basaltic magma. Melting in
garnet-only stability field produces much stronger fractionation trends.
Non-modal batch melting equation® is used in all the calculations. Data
sources: Ref. 19 (primitive mantle), ref. 111 (DMM) and refs 19, 109,
110 (partition coefficients).
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vital to estimate whether the continental crust is recycled
or a new sialic crust is created. If the geochemical anoma-
lies are inherited from subducting sediments alone, it
indicates that the continental crust is being recycled.
However, if the geochemical signatures are created at the
subduction zones by mantle-based magmatic processes,
then it can be interpreted as growth of new continental
crust. For example, Nb anomalies can be created by
sediment melting in the subducting slab’>*® or can be
simply inherited from the sediments'. Distinction between
created and inherited HFSE anomalies is imperative in
addressing whether new continental crust is generated
with time or the old crust is being simply recycled.

It is evident from the estimated source compositions for
KK-SSZ magmatism that zircon was present in the residue
during partial melting either of the subducting slab or the
mantle wedge after mixing with the slab-derived compo-
nent (Figure 7). Residual phases during super-solidus
experiments on the slab sediments include garnet, rutile
and zircon”, which indicate that HFSE and HREE can be
retained in the slab residue even during high degrees of
melting under H,O-saturated conditions. However, reten-
tion of the minor phases during mantle wedge melting is
rather difficult due to relatively high temperatures of melt-
ing (1000-1100°C). If these minor phases are indeed re-
tained in the residue even at such conditions, then they
may have been present as small inclusions in major restite
phases. Such a mechanism would explain the Zr-poor and
Zr-rich lamproite magmas in the Cuddapah Basin'®. From
estimated mantle source compositions, it is evident that
simple mixing of EMORB sources and GLOSS does not
explain primitive mantle-normalized elemental patterns
when all the incompatible elements are considered and
calls for unequivocal involvement of magmatic processes
in the generation of subduction-related geochemical signa-
tures. By implication, the continental crust in the Konda-
palli-Kandra region is newly generated and does not
record recycled older continental crust. Recently generated
zircon U-Pb age data record only Palacoproterozoic ages
and do not record any Archaean crust in the Kondapalli—
Kandra protoliths, including felsic rocks'®' (Vijaya Kumar
et al., unpublished data).

Long-term geochemical memories of continental
lithosphere

Vijaya Kumar and Leelanandam® proposed that the
growth of continental crust along the SE margin of India
was created by subduction-related processes. The present
study confirms the proposition that new mantle reservoirs
were generated during the Palaeoproterozoic by subduc-
tion, and that the Kondapalli and Kandra mafic magmas
are a crustal expression of these geochemically distinct
mantle sources. Subduction-zone magmas of the Konda-
palli region come from a magmatic arc, whereas the
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Kandra magmas represent Rocas—Verdes-type continental
back-arc ophiolite’’. However, both the magma suites are
geochemically similar (Figure 9), suggesting the
existence of a regional mantle reservoir influenced by
subduction processes. With increasing arc proximity, the
back-arc basalts display subduction-dominated signa-
tures'*>!%. Prior to subduction, the mantle had a compo-
sition similar to sources of the present-day EMORB.
Melting of EMORB-type mantle sources overprinted by
subduction processes on a regional scale explains the
magma genesis and Palaeoproterozoic crustal growth
along the SE margin of India.

The geochemistry of PAP gabbroic magmas indicates a
subduction influence in their source regions, though they
were emplaced in an extensional regime during Mesopro-
terozoic continental rifting®’ (Figure 9). This contradic-
tion can be reconciled if the source regions had retained
subduction signatures that were acquired in a previous
tectonic environment. For example, Dudas'®* argued that
‘arc-signatures’ shown by ‘rift-related’ Eocene magma-
tism of North America reflect ancient lithospheric
enrichment events. The former presence of palaco-
subduction-related lithospheric mantle beneath the central
North China craton was indicated by the bulk-rock geo-
chemistry of Cretaceous gabbroic rocks of the Taihang
Mountains'”®. Long geochemical memories of sub-
continental lithospheric mantle were also proposed by
Goodenough et al.** based on their studies of the Meso-
proterozoic Gardar magmas. They demonstrated that the
lithospheric mantle acquired subduction-related geo-
chemical signatures around 1.8 Ga, but that this enriched
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Figure 9. La/Nb versus Nb/Yb variation in the subduction-related

mafic magmas from Palaeoproterozoic Kondapalli and Kandra com-
plexes and continental-rift related alkali basaltic and gabbroic magmas
from the Mesoproterozoic PAP of the EGB. Compositions of OIB,
IAB and BCC (bulk continental crust) are shown for comparison. Note
that the Mesoproterozoic rift-zone gabbroic magmas show geochemical
signatures akin to subduction environments. See text for discussion.
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mantle was melted and removed during 1.3 Ga Gardar
rifting. Lithospheric mantle beneath PAP seems to have
been enriched by subduction-related events around 1.8—
1.6 Ga, which produced the Kondapalli magmatic arc and
Kandra back-arc***"*"1%_ Subsequent to this enrichment,
the lithosphere mantle was quiescent for ~400 Myr and
then underwent melting at the time of continental rifting
~1.35 Ga.

The presence of arc-related magmas in a rift-setting
further indicates that the generation of mantle sources and
their subsequent melting could be two fundamentally in-
dependent and clearly unrelated events separated by a
large time gap. Subduction-modified lithospheric mantle
may provide a source for subsequent CRZ magmatism
either immediately after subduction or even after a pro-
longed time gap, as demonstrated by Johnson ez al.'’” and
Goodenough et al.**. Understanding the long-term reten-
tion of subduction-related signatures by the continental
lithosphere is imperative to evaluate the sites of genera-
tion of sialic crust. Average bulk continental crust (BCC)
has La/Nb ratios similar to those of the Palacoproterozoic
Kondapalli-Kandra subduction-related magmas (Figure
9). The geochemical similarity between BCC and arc
basalts prompted many workers to suggest that the conti-
nental crust was generated at subduction zones. Based on
geochemical characteristics of arc basalts and bulk conti-
nental crust, researchers’>’%1%® estimated that 85-95% of
the continental crust has been generated at subduction
zones. The PAP gabbroic dykes were formed during
Mesoproterozoic continental rifting, but show distinct
subduction-related signatures. An implication of this ob-
servation is that continental crust can be produced by in-
traplate processes with plate-margin signatures. A larger
implication is that unless we recognize the proportions of
crust produced in intraplate settings with subduction
signatures, our estimate of continental crust generation at
subduction zones will be an overestimate.

Conclusions

Our study suggests the creation of distinct mantle sources
during Palaeoproterozoic and Mesoproterozoic times
along the SE margin of India. Palaeoproterozoic crustal
growth was by subduction-related processes, whereas the
Mesoproterozoic crustal growth was controlled by addi-
tion of mafic melts derived from plume-like and conti-
nental lithosphere sources in a rift setting. The study
further suggests that both melting process and mantle
source composition are significant in the generation of
geochemical characteristics diagnostic of arc basalts. It is
not possible to create the melts with distinct anomalies
for HFSE solely based on melting mechanism of a primi-
tive mantle with or without amphibole in the residue.
Troughs for Nb, Zr and Ti are generated at the mantle
sources themselves, ecither by addition of slab-derived
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partial melts or bulk assimilation of a GLOSS-like com-
position. We have modelled mantle sources using a bulk
assimilation technique. Melting of these modified mantle
sources generates basaltic melts with characteristic
subduction-related magmatic signatures. Geochemical
parameters suggest that the KK-SSZ magmas were gener-
ated by mixing of the mantle wedge and global subduct-
ing sediments. Pre-subduction chemistry of the mantle
sources is close to the source of EMORB. Troughs in
HFSE in the mantle source were developed prior to melt-
ing and were connected to LREE-rich slab flux; acces-
sory mineral saturation during partial melting of either
the slab sediments or metasomatized mantle source fur-
ther amplified the negative anomalies for HFSE. Sources
for PAP-CRZ magmas were produced by a two-stage
mechanism: extraction of basaltic magma from DMM
sources in the first stage followed by addition of small-
degree partial melt also derived from DMM sources, in
the second stage. Low-degree partial melting of these hy-
brid sources explains the geochemical characteristics of
PAP-CRZ magmas. Mesoproterozoic rift-related gabbroic
melts exhibit geochemical signatures akin to subduction-
related magmas. We interpreted this dichotomy of rift-
zone magmas showing arc signatures in terms of the
Mesoproterozoic mantle retaining subduction characteris-
tics developed during the Palacoproterozoic. Continental
lithosphere with subduction memories was melted after a
gap of 400 Myr. Production of sialic crust by an intra-
plate process with plate-margin signatures suggests that
we may overestimate the proportion of continental crust
generated at subduction zones. Voluminous Palaeopro-
terozoic subduction-related and Mesoproterozoic rift-
related magmatism within the EGB provides strong
evidence for evolving mantle reservoirs and lithosphere
characteristics in space and time.
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