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The Palaeoproterozoic Aravalli Supergroup in Salumber region includes a basal unit of metabasic
volcanic rocks (Salumber volcanic rocks) overlain by a volcaniclastic/conglomerate one. Although
these volcanic rocks have been metamorphosed to green-schist facies, some primary volcanic features are still preserved. This metabasic volcanic sequence can be further diﬀerentiated on the basis
of textural variations, and the mineral assemblages are: (a) oligoclase + actinolite + chlorite +
epidote; and (b) oligoclase + hornblende+ chlorite + biotite + Fe-Ti oxides. The SiO2 content
ranges from ∼ 47.7 to 55.8% and MgO from ∼ 4.2 to 12.8%. Geochemical characteristics allow their
subdivision into high Mg and Fe tholeiites. Inverse relationship of MgO with silica, alkalis and Zr
is generally consistent with fractionation mechanism, also suggested by a change in colour of the
rocks from dark greenish to light greenish towards the upper parts of the sequence. These metabasic
volcanic rocks are enriched in incompatible trace elements and LREE (La = 30 − 40 × chondrite,
Lu = 2 − 5 × chondrite), and demonstrate aﬃnity mainly with MORB and within plate settings in
geochemical tectonic discrimination schemes. The geochemical characteristics suggest a complex
evolutionary history envisaging derivation of the melt from an enriched heterogeneous lithospheric
source.

1. Introduction
The Palaeoproterozoic has been the most dynamic
period in the Earth’s history as it heralded a
new major stage of continental fragmentation
and worldwide intrusion of maﬁc dykes and sills
between 2.4 and 2 Ga (Windley 1999). Extension of the continental lithosphere has often been
associated with basic magmatism, the latter usually a suitable candidate for studying implications on the basin development and its evolution
as well as in modeling the subcontinental mantle
source (Hawkesworth et al 1990; Sweeny et al 1994;
Camire et al 1995). Basic volcanic rocks (subsequently metamorphosed) are present in the basal
part of the Palaeoproterozoic Aravalli Supergroup
in NW India. These volcanic rocks were initially

thought to be ∼ 2500 Ma (Sarkar 1980; Sastry et al
1984) on the basis of the geochronologic data on the
basement Berach granite. The Sm–Nd radiometric data (Macdougall et al 1984) on these volcanic
rocks failed to yield a valid isochron. Recently,
a 2150 Ma Pb–Pb age for the galena associated
with the basal Aravalli volcanic rocks has been
reported (see Roy and Jakhar 2002). Prevailing
models on tectonic evolution of the Aravalli basin
include:
• a stable shelf along the gneissic cratonic mass of
the Archaean basement (Banerjee 1971);
• an intra-cratonic epicontinental sea (Roy and
Paliwal 1981);
• large-scale ensialic orogenesis (Sharma 1988);
and
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Figure 1. (A) Simpliﬁed geological map of Aravalli Mountain Region (NW India) showing disposition of major stratigraphic
units and location of Salumber (adapted from Heron 1953; Gupta et al 1997 and other published maps (e.g., Roy and
Jakhar 2002). (B) Regional geological map of Salumber–Bara area (adapted from Heron 1953) mainly comprising Aravalli
gneisses and schists developed over an Archaean basement (BGC – Banded Gneissic Complex).

• a complex series of grabens (Roy 1988) or rift
basins linked at triple junctions with one or more
failed arms in a typically ensialic setting (Roy
et al 1993).
Sinha Roy (1988) proposed the development of
Aravalli Supergroup (ﬁgure 1) through a sequence
of rifting, generation of oceanic crust and its consumption (Wilson Cycle). A number of metabasic dykes, correlative with Aravalli metabasalts
(Roy and Kröner 1996), are present within
the basement (Shekhawat et al 2000, 2001). It
has been established that continental rifting is
often manifested in intrusion of maﬁc dykes/sills,
alkaline complexes and ﬂood basalt volcanism
(Windley 1999). Geochemical studies on the basal
Aravalli volcanic rocks have been mainly conﬁned
to the northern segment (Nathdwara–Delwara
area) of the Aravalli Supergroup (Ahmad and
Rajamani 1991; Ahmad and Tarney 1994) and
little attention has been given to the metabasic volcanic rocks in the southern segment where
they occur as a key horizon in the basal part
(ﬁgure 2).
This paper describes geological setting, geochemistry and petrogenetic aspects of Salumber
volcanic rocks (ﬁgure 2). The stratigraphic status
of the contentious volcaniclastic/conglomerate unit
has also been discussed in the light of the geological mapping carried out.

2. Geological setting
The Aravalli supracrustals overlie Archaean granitoids (Banded Gneissic Complex – BGC of Heron
1953) in the northwestern Indian shield (ﬁgure 1). The basement–Aravalli Supergroup contact
is sheared at many places; however, in the northern
portion of the study area and in other parts, intrusion of granite along the Aravalli–basement interface has been observed (ﬁgure 2; Shekhawat et al
2001). According to Bose et al (1996) the intrusive
granites may possibly be a product of remobilization of the basement in response to the deformation of the supracrustal rocks. These authors have
also opined that the younger granite has intruded
and assimilated the basal Aravalli lithounits that
can be seen as ‘enclaves’ of basal metavolcanic
rocks within granites. This contention is in agreement with the observation that the Archaean
crust locally adjacent to the margins of Proterozoic orogenic belts forms the source material for
magma generation (Emslee 1991). It is interesting to note that the basement rocks occurring near
Boraj, Ghaghri and Bedawal do not show any evidence of post-crystallization deformation except
the development of shears (cf. Roy 1988). The basement granitoids contain metabasic dykes, emplaced
along these shears. The shears are represented by
mylonites, phyllonites and a zone of silciﬁcation.
Extensive siliciﬁcation, observed along the shears
at some places, has resulted in development of
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Figure 2. Geological map of the study area. Sampled sections are indicated by an asterisk mark and sample numbers are
also provided.

quartz reefs. The shears trend parallel to basin
margin of the Aravalli basin and follow a NNW–
SSE trend in the vicinity of Bara and Kesar Sagar
whereas WNW–ESE trending shears are present
to the north of Salumber (see also Bose et al
1996). Most of the shears have steep dips; however,
some shallow dipping ones have also been noted to
the west of Boraj (24◦ 08 55 N, 74◦ 05 08 E).
The chilled contact of metabasic dykes with the
host rocks is still preserved despite greenschist
facies metamorphism. Enclaves of metabasic rocks
predating the shears, therefore older than those
along the shears, have also been observed in the
Boraj area.
Aravalli Supergroup in Salumber area has been
divided into an older Salumber Group and a
younger Jaisamand Group (Shekhawat et al 2001);
only the lower part of the Salumber Group is
developed in the study area. The Salumber Group
is represented by a lower Bedawal Formation
and an upper Malpura Formation. A volcaniclastic/conglomerate unit marks a contact between
the two. Shekhawat et al (2001) have correlated

the Bedawal Formation with Delwara Formation of
Roy et al (1988) and with metabasalt of Delwara
Group of Sinha Roy et al (1998).
2.1 Bedawal Formation
The Bedawal Formation comprises Salumber
volcanic rocks which form a sequence of amygdulebearing metabasic volcanic rocks (now metamorphosed to chlorite schist and amphibolite) in
Bedawal–Ghaghri and Bara areas. The amygdules
are made of quartz, carbonate and epidote and are
variably deformed. However, in low strain zones the
amygdules have near spherical geometry. There is a
general decrease in the abundance of maﬁc minerals (mainly hornblende and chlorite) from lower to
upper part of the sequence which is also reﬂected
in a gradual change in colour of the rock from
dark green to light green. The basal part of the
sequence in Bedawal and Bara sections also shows
development of actinolite needles from few mm to
3 cm long. The metabasic volcanic rocks in the middle part of the sequence show oval to circular segregates of maﬁc minerals (0.2 to 0.5 cm), mainly
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biotite and chlorite imparting a spotted appearance to the rock. This spotted metabasic volcanic
lithounit is the most predominant unit and traceable within the metabasic volcanic sequence. The
spotted metabasic volcanic rocks have also been
described from the Nathdwara area (Ahmad and
Rajamani 1991). The upper part of the metabasic
volcanic sequence shows still-preserved glomeroporphyritic texture with well-preserved plagioclase
phenocrysts varying in size from 2 to 20 mm. Some
aphyric metabasic volcanic lithounits have also
been noticed. However, near the northern end of
the study area, only the spotted metabasic volcanic
lithounit is present on either side of the volcaniclastic/conglomerate unit. The metabasic volcanic
sequence is present on the eastern as well as
western basin margins in Ghaghri–Bara area (ﬁgure 2). Further NNW, in the Kesar Sagar area, the
metabasic volcanic rocks are present only on the
eastern basin margin.
2.2 Malpura Formation
2.2.1 Volcaniclastic/conglomerate unit
The Malpura Formation begins with a volcaniclastic/conglomerate unit marking an unconformity with the underlying Bedawal Formation.
The unconformable relationship is not clear in
areas where volcaniclastic/conglomerate unit is
absent because both the underlying and overlying formations show similar attitude. The
volcaniclastic/conglomerate unit is present on
either side of the central portion of the Aravalli
basin in the Ghaghri area. The volcaniclastic character of this unit is attributed to the presence of
clasts derived from the underlying metabasic volcanic sequence. Some volcanic bomb like structure
has also been noticed from this unit. The unit is
composed of highly unsorted clasts (mainly pebbles
and cobbles) derived from the underlying metabasic volcanic sequence, quartzite, pebbly quartzite,
vein quartz, ferruginous quartzite and granite. The
clast size varies from a few mm across to more than
30 cm. This unit shows a variation from clast supported type to matrix supported type along the
strike. In the Boraj area, the predominant clasts
have been derived from the underlying metabasic
volcanic rocks and from quartzite. A few leucogranite clasts are also present. The quartzite clasts are
subrounded to well-rounded. The matrix is represented mainly by an actinolite–biotite–chlorite
assemblage, although quartzo-feldspathic matrix
has also been reported (Ray et al 1988). In the
northern part of study area, all the clasts have been
derived from the metabasic volcanic rocks only
where the highly unsorted clasts from all the textural variants of the metabasic volcanic sequence

including porphyritic and spotted lithounits are
present. Here the clasts are seen embedded in a
chloritic matrix. Current bedding is also present in
some relatively clast-free portions of the lithounit
with an arkosic matrix. The current bedding indicates younging towards centre of the basin.
Stratigraphic status of the volcaniclastic/
conglomerate unit is equivocal. Gupta (1934)
described the unit as a conglomerate occupying
the core of an anticline; Sengupta (1976) also considered the conglomerate to be the basal unit of
Aravalli sequence. Gupta et al (1997) described the
western band of the unit in Ghaghri area as epiclastic volcanic conglomerate whereas the eastern
band was considered as quartzite, stratigraphically
younger than the western one. In contradiction
to the above-cited views, strike mapping revealed
that the volcaniclastic/conglomerate unit overlies
Salumber volcanic rocks of the Bedawal Formation
(Shekhawat 1998).
2.2.2 Marble unit
The marble unit overlies the volcaniclastic/
conglomerate one where the latter is present. The
marble is medium-to-coarse grained and contains
pink and gray porphyroblasts of dolomite which
vary from a few mm to 2 cm across. The marble
unit also contains some schist and quartzite bands,
and occasional basic and quartzite clasts. In the
Kesar Sagar area, the marble unit along the western part of the basin is seen in contact with granite
while in Bara area, the marble occupies the central portion. The marble is composed mainly of
crystalline carbonates (∼ 75%) with minor quartz
and actinolite. Plagioclase is present as inclusions
within dolomitic porphyroblasts.
2.2.3 Chlorite-schist unit
The marble unit is overlain by chlorite schist
unit, present in Bedawal, Ghaghri and Malpura
areas. Occasional interbands of gray schist are also
noticed within the chlorite schist unit. In the north,
the chlorite schist unit extends up to Ghaghri only
(ﬁgure 2).

3. Geochemistry of Salumber
metabasic volcanic rocks
3.1 Analytical procedure and sample selection
Representative metabasic volcanic rock samples
were selected and apparently fresh or least
altered samples were picked to minimize alteration eﬀects. In most cases, the basal portions
of ﬂow sequences are highly sheared and did not
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yield suitable samples. Therefore, the samples from
basal portions of the metabasic volcanic sequence
were not considered for geochemical study, because
they show signiﬁcant mineralogical reconstitution
(development of actinolite needles) during metamorphism. The samples were initially crushed to
grit size and amygdule-bearing portions were discarded by careful hand picking before grinding
them to −200 mesh size. Major and trace element
analyses were carried out on pressed pellets and
fused beads by X-ray ﬂuorescence spectroscopy at
the Department of Geology, University of Oslo.
Rare earth element analyses were carried out by
ICP-MS at Wadia Institute of Himalayan Geology, Dehradun. The major and trace element abundances are listed in table 1 and REE data in table 2.
Reported precision varies from 5 to 7% for major
and trace elements and up to 10% for REE. The
samples are listed section-wise and their MgO content corresponds to their stratigraphic position.
Those with higher MgO content are older in the
metabasic volcanic sequence.
The metabasic volcanic rocks are ﬁne- to
medium-grained and schistose to massive. Hornblende is the most abundant mineral; however,
development of chlorite in schistose types is also
seen. Actinolite porphyroblasts are also common
in the lower part of the sequence. Actinolite has
formed by uralitization of pre-existing pyroxene
with simultaneous breakdown of Ca-plagioclase
into more sodic variety (see also Goel 1988). Aggregates of biotite crystals in the middle part of the
sequence have imparted a spotted appearance to
the rock. Sericitized plagioclase (oligoclase) occurs
mainly in the groundmass, however, in the upper
part of the sequence large crystals of oligoclase
depicting relict glomeroporphyritic texture are also
present. Oligoclase shows well-developed twinning
and compositional zoning, which probably represents a relict magmatic feature. Uralitized pyroxene along with epidote is also seen in some thin
sections. Opaque minerals (mainly magnetite and
rutile) occur both as euhedral to subhedral crystals
and in sieve-textured diﬀused form.
3.2 Alteration eﬀects
Post-depositional processes as well as low- to
medium-grade metamorphism are known to aﬀect
the mobility of certain elements. Further, some
of the analyzed samples in the present study
have Loss on Ignition (LOI) values higher than
expected (table 1). The data were, therefore, plotted in the CaO/Al2 O3 –MgO–SiO2 diagram, proposed by Schweitzer and Kröner (1985) to test
alteration eﬀects in basalts. As seen, majority
of the samples plot in the ﬁeld of ‘unaltered
basalts’ except sample numbers LS/145, LS/147
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and LS/303 (ﬁgure 3; table 1), these three samples have been discarded in further discussion.
Although there is no universally accepted single
criterion for evaluating pristine geochemical signatures of primary magmas, certain parameters in
combination have been suggested. The Mg number
> 64 (Green 1971), FeOt /MgO < 1 (Tatsumi et al
1983), Ni => 235 ppm (Sato 1977), MgO > 6%
(Luhr 1997) and SiO2 content < 52% (Verma 2003)
are some of such criteria. In the present case, it
is diﬃcult to evaluate samples on the basis of the
above criteria, due to a large variation in elemental abundances. There is a general agreement for
basaltic rocks that the REE, HFSE (Ti, Zr, Y, Nb,
Hf, P, Th), transition metals (Sc, V, Cr) and Ndisotopes remain essentially unchanged or immobile
during all but most severe hydrothermal alterations (Pearce 1984; Camire et al 1995; Swinden
et al 1990). Elements like Si, Na, K, Sr, Rb, Ba, U
are susceptible to modiﬁcation, being mobile even
under low-grade metamorphic conditions (Schiano
et al 1993). We have mainly considered relatively
immobile elements for petrogenetic modeling as the
abundances of Si, Na, K, Sr, etc. might be unreliable on account of their high mobility. The major
element data have, however, been plotted for classiﬁcation and for general characteristics.
3.3 Major and trace element geochemistry
The Salumber metavolcanic rocks show a wide
variation in SiO2 (47.69 to 55.76%) and MgO
(4.17 to 12.83%) contents. The Fe2 O3 ∗ abundance
varies from 10.86 to 15.26% (except one sample
with 18.65%) while CaO shows a somewhat wider
range, from 4.49 to 10.32%. In the SiO2 –Zr/TiO2
classiﬁcation scheme, most of the samples plot
in a ﬁeld overlapping between subalkaline basalt
and andesite (ﬁgure 4). The ‘andesite’ nomenclature is not supported by the mineralogy and
other geochemical parameters and therefore only
an expression of higher silica abundance. In view
of the mineralogical features (uralitized pyroxene,
epidote), high silica in some samples does not
seem a primary feature of the magma and can be
related to silica mobility. Similar silica levels in
basal volcanic rocks have also been reported from
other parts of the Aravalli Supergroup (Ahmad and
Rajamani 1991). In the Jensen’s (1976) cationic
discrimination scheme the samples can be further discriminated into tholeiite (both high iron
and high magnesian types) and komatiitic basalt.
These metabasic volcanic rocks also deﬁne an ironenrichment trend and tholeiitic aﬃnity as seen in
the AFM diagram (ﬁgure 5). In the Y+Zr−TiO2 −
Cr diagram (Davies et al 1979) these rocks plot
between tholeiitic and calc-alkaline trends, however
a majority of the high MgO samples plot along or
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Table 1. Major and trace element chemistry of Salumber metabasic volcanic rocks, Aravalli Supergroup, NW India (major oxides in wt% and trace elements in ppm).
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Table 2. REE analyses (in ppm) of Salumber metabasic
volcanic rocks (LS/94, LS/803/ & LS/817). Data on representative Aravalli metabasic volcanic rocks from other areas
are also given for comparison.

La
Ce
Nd
Sm
Eu
Gd
Dy
Er
Yb
Lu

LS/94

LS/803

LS/817

TB

PB

JV

9.2
28.9
17.0
2.92
0.85
3.2
3.55
1.78
1.63
0.16

12.2
24.0
14.6
2.85
0.83
2.36
1.92
0.99
0.88
0.09

14.3
24.9
14.1
2.91
1.04
3.47
3.4
1.95
1.65
0.22

19.41
38.8
19.48
4.82
1.49
5.10
4.76
2.69
2.29
0.32

18.0
38.5
18.12
4.16
1.26
3.67
3.15
1.59
1.25
0.17

6.76
14.8
12.34
3.34
1.49
4.81
5.80
3.42
3.37
0.46

Figure 4. Zr/ TiO2 vs. SiO2 diagram (Winchester and
Floyd 1977) showing subalkaline nature of Salumber
metabasic volcanic rocks and their discrimination into basalt
and andesite ﬁelds.

TB – Nathdwara tholeiitic basalt (average of 10 samples –
Ahmad and Tarney 1994); PB – Nathdwara picritic basalt
(average of 12 samples – Ahmad and Tarney 1994) and JV
– Jharol volcanics (average of 5 samples – Abu Hamatteh
et al 1991).

Figure 5. AFM diagram showing broadly tholeiitic character of Salumber volcanic rocks.

Figure 3. CaO/Al2 O3 –MgO–SiO2 diagram (Schweitzer and
Kröner 1985) showing geochemically unaltered nature of
most of the Salumber metabasic volcanic rock samples. Low
MgO samples (< 5% MgO) are shown as open circles while
rest (> 5% MgO) are shown as solid circles. Same symbols
are used in subsequent diagrams.

close to the tholeiitic trend (ﬁgure 6). This diagram
parallels many features of the AFM diagram with
an advantage that it is based on immobile trace
elements and likely to represent original igneous
trends even when major elements may have been
mobile.
Most of the major elements do not show
perfect linear variations, which can be attributed
to some degree of elemental mobility during
metamorphism, a heterogeneous source and complex evolutionary history. There is a general
positive correlation between MgO and Cr (ﬁgure 7a), although in some of the low MgO (< 5%)
samples Cr abundances are not strictly correlative. Positive correlation between MgO and Cr
can be attributed to simultaneous crystallization of

Figure 6. Y + Zr – TiO2 – Cr diagram (Davies et al 1979)
substantiating tholeiitic aﬃnity of Salumber volcanic rocks.

olivine and pyroxene. Positive correlation between
CaO/Al2 O3 and MgO also points out that olivine
and pyroxene were the initial crystallizing phases
(ﬁgure 7b). A broad positive correlation between
Fe2 O3 /MgO and Zr also suggests the role of
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Figure 7. (a) MgO–Cr diagram showing a general covariance between the two, more prominent in high MgO samples.
(b) MgO – CaO/Al2 O3 diagram showing a covariance. Note near constant of CaO/Al2 O3 ratio at lower MgO levels
indicating onset of plagioclase separation at later stages of fractionation. (c) Covariance between Fe2 O3 /MgO ratio and
Zr (in ppm) abundance underlining the role of fractional crystallization. (d) MgO (%) – Th (in ppm) diagram showing an
inverse relationship between the two. Note lower Th abundances in some samples with low MgO contents.

fractional crystallization process; however, some
low MgO samples plot away from the trend (ﬁgure 7c). Inverse correlation between Th and MgO
indicates fractional crystallization, barring some
low MgO samples where Th abundances are much
lower than expected (ﬁgure 7d). Such aberrations in trace element characteristics cannot be
explained through simple fractional crystallization
process and call for some other mechanism in
addition to fractionation. A heterogeneous mantle source(s) and fractional crystallization of more
than one phase would potentially result in such
geochemical behaviour.
Although LREE are considered generally immobile (see for example, Jochum and Verma 1996,
for sea-ﬂoor alteration), they can be somewhat
mobile during sea-ﬂoor alteration (Ludden and
Thompson 1979). Consistency of the chondrite normalized REE patterns in the present case suggests
that the REE were not disturbed during alteration (consistent with Jochum and Verma 1996),
deformation and metamorphism (ﬁgure 8). Chondrite normalized REE plots show LREE enriched

(25 to 40 times chondrite) patterns with a small
negative Eu anomaly and (Ce/Yb)N ratios ranging from 3.9 to 7.02 (ﬁgure 8). Insigniﬁcant Eu
anomaly can be attributed to the fact that plagioclase fractionation was insigniﬁcant. Average
REE values for Nathdwara tholeiitic and picritic
basalts (Ahmad and Tarney 1994) and Jharol
volcanics (Abu Hamatteh et al 1994) have also
been plotted for comparison. The data for these
groups are mathematical averages and have not
been tested for normality and possible outliers (see
Verma and Quiroz-Ruiz 2006, for details). If partial melting is fairly extensive (> 10%) the REE
should not be fractionated from each other during melting and therefore the elemental ratios of
critical REE (La/Sm, La/Yb, Ce/Yb and La/Ce)
should reﬂect the ratios in the mantle source
(e.g., Rollinson 1993). However, only light REE
are truly incompatible and thus only La/Ce ratio
is likely to be diagnostic of the source composition (Wilson 1989; Torres-Alvarado et al 2003).
The LREE enriched patterns of Salumber volcanic
rocks are comparable with the coeval picritic and
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Figure 8. Chondrite normalized plots of Salumber volcanic rocks showing signiﬁcantly LREE enriched patterns. The
REE trends for Nathadwara komatiitic and tholeiitic basalts (Ahmad and Rajamani 1991) and Jharol volcanic rocks (Abu
Hamatteh et al 1994) have also been provided in the inset, for comparison. Normalizing values after Sun and McDonnough
(1989).

thoeliitic basalts of Nathdwara area and clearly
distinct from the Jharol volcanic rocks, the latter a younger stratigraphic horizon in the Aravalli
sequence and therefore a diﬀerent magmatic event.
The possibility of crustal contamination to account
for the LREE enrichment in Salumber volcanic
rocks seems unlikely on account of high Ni content in some low MgO samples, further supported
by a lack of negative correlation between Sr and
K. Therefore, maﬁc granulites seem the most likely
contaminant. Assimilation of maﬁc granulites by
the high-temperature basaltic melts can yield such
high Ni values. The LREE enrichment is therefore
a source characteristic, also seen in Nathdwara volcanic rocks (Ahmad and Rajamani 1991).
3.4 Palaeotectonic discrimination
A comparison of geochemical data with the modern
lavas from known tectonic settings can be used to
infer the tectonic setting of the metabasic volcanic
rocks of the area. We have plotted our data in the
recently proposed discrimination scheme for basic
and ultrabasic rocks (Verma et al 2006). Although
some of our samples have silica content slightly
higher than the prescribed limit of 52% (adjusted),
the samples appear to be consistent as the discrimination scheme utilizes multivariate major element
data as log ratios. Total iron (reported as Fe2 O3 in
the present case) was readjusted along with other
parameters using SINCLAS computer program and
100% adjustment (table 3) on an anhydrous basis
(for details see Verma et al 2002). Our samples plot
mainly in the MORB ﬁeld in these diagrams (ﬁgure 9A–D).
The tectonic discrimination diagrams based on
the immobile and transitional elements (Ti, Zr, Y,

V, Cr) have been shown in ﬁgure 10. In the V–Ti/
1000 discrimination diagram of Sheravis (1982),
most of the Salumber samples plot in the combined
MORB and BAB ﬁeld with a few straddling the
boundary with Arc Tholeiites (ﬁgure 10a). On the
TiO2 – Zr discrimination diagram of Pearce (1984)
the samples plot as a cluster and show aﬃnity with
MORB lavas (ﬁgure 10b). In the Ti–Zr–Y triangular diagram (ﬁgure 10c) most of the samples plot
in or close to the ﬁeld of within plate basalts with
some overlap with calc-alkaline types. The discrimination diagrams, therefore, suggest variable source
characteristics. The Primordial Mantle normalized
trace element multi-element diagrams for Salumber
volcanic rocks show typical low-Ti tholeiite pattern
and relative enrichment in incompatible elements
such as Zr and Th (ﬁgure 11). The geochemical
trends indicate that most of the metabasic volcanic rocks are unlikely to represent partial melts
in equilibrium with mantle compositions. The trace
element signatures also underline the eﬀects of variable degrees of melting of an enriched source or
variable source compositions. A ‘continental’ signature is reﬂected by a decoupling between LIL and
HFS elements, i.e., negative Sr, Ti and P anomalies
(ﬁgure 11).
4. Discussion
Some of the Salumber volcanic rocks show
geochemical characteristics of komatiitic basalt.
A majority of komatiites reported world-wide
have depleted LREE (see Sun and Nesbit 1978)
although LREE enriched komatiites have also been
reported (Cattel 1987). All the Salumber volcanic
rock samples analyzed in this study (irrespective
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Table 3. Readjusted major element data (following the scheme of Verma et al 2002) used in tectonic discrimination
diagram (Verma et al 2006) given in figure 9(a) to 9(d).
Figure 9(a)

Figure 9(b)

Figure 9(c)

Figure 9(d)

Sample ID

DF1

DF2

DF1

DF2

DF1

DF2

DF1

DF2

LS/92
LS/95
LS/802
LS/803
LS/05
LS/806
LS/809
LS/816
LS/17
LS/818
LS/819

−3.7452
3.3615
1.2153
−0.7405
−0.1135
0.0119
−1.7273
−1.2588
−0.4168
0.5036
0.9103

−1.1893
−3.2367
−1.0424
−0.6093
−0.5455
0.1313
−0.9066
−2.2099
−1.7607
−1.4313
−3.4813

0.9603
−4.7737
−1.4484
−1.3248
−0.5387
0.3287
3.3790
−1.0937
−0.7963
−2.2056
−4.5356

−4.0052
1.4043
0.6849
−1.3876
−0.5948
−0.0140
−1.2596
−2.1364
−1.1336
−0.5199
−1.2702

−4.4141
2.4323
0.1090
−2.1393
−1.8405
−1.8265
−2.7647
−1.6328
−1.3574
−0.8631
−0.2282

0.7375
−2.9323
−0.7873
−1.5269
−0.5020
−0.0877
3.6573
−1.2178
−0.1713
−2.1890
−3.4901

−0.1548
−3.7045
−1.1210
0.2569
−0.5975
−0.1925
2.0952
−1.6107
−0.7969
−2.1375
−3.8462

−2.8461
1.4890
−0.2076
−3.4178
−1.6212
−1.5299
−0.2227
−1.7147
−0.9248
−1.5002
−0.6886

Figure 9. Palaeotectonic discrimination (Verma et al 2006) for metabasic volcanic rocks of Salumber area showing a general
MORB aﬃnity. Eleven rock samples with (SiO2 )Adj < 56% were plotted on these diagrams. (a) IAB-CRB-OIB-MORB;
(b) IAB-CRB-MORB; (c) IAB-OIB-MORB and (d) CRB-OIB-MORB.

of their MgO contents) are LREE enriched and
therefore it may be appropriate to call them as
high Mg tholeiites and tholeiites. In addition to
LREE enrichment, the samples are also enriched in
other incompatible elements, similar to continental
tholeiites or P-type MORB. Al2 O3 , TiO2 and CaO
relationships can be used to evaluate petrogenetic
features. In Salumber volcanic rocks, Al2 O3 does
not show much variation as compared to TiO2 and

CaO. If we assume that the variation in CaO is an
original attribute of the magma, it is likely that
Al2 O3 was most likely controlled by residual phases
(garnet, spinel) during partial melting. A large
variation both in CaO/Al2 O3 ratio and in TiO2
content cannot be related to a single source and
a simple fractionation process involving olivine ±
clinopyroxene ± plagioclase. These inferences are
in agreement with observations made by Ahmad
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Figure 10. Tectonic discrimination diagrams for metabasic
volcanic rocks of Salumber area. (a) Ti versus V diagram
(Sheravis 1982) showing Mid Ocean Ridge Basalt (MORB)
and Back Arc Basin (BAB) aﬃnity with a slight overlap
with Arc Tholeiites. (b) TiO2 (%) versus Zr (ppm) diagram
(Pearce 1984) showing MORB aﬃnity. (c) Zr – Ti – Y diagram (Pearce and Cann 1973) showing predominant Within
Plate basalt character.

and Rajamani (1991) for geochemically similar and
coeval Nathdwara metabasic volcanic rocks.
The immobile trace element discrimination patterns suggest Within Plate setting. However, some
samples show MORB aﬃnity which is consistent
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with the reported MORB like source for Proterozoic rift related basalts in the Indian shield (Raza
and Khan 1993). In the present case, a small
Eu anomaly in one sample (LS/94) appears more
likely related to minor plagioclase in the liquidus
phase because the rocks seem to have preserved
much of their primary chemistry as indicated by
immobile elements and REE patterns. Considering the geochemical criteria diagnostic of pristine
magma, none of the rocks are likely to represent
partial melts in equilibrium with mantle mineralogy. These are evolved rocks that have undergone
signiﬁcant fractional crystallization.
Most of the tectonic discrimination diagrams
show features overlapping with diﬀerent tectonic
settings. This can be explained either by the transitional nature between such settings or involvement
of lithosphere in magma generation. Since ﬁeld evidence suggests a rift setting for Salumber volcanic
rocks, involvement of lithosphere in magma generation seems a more likely proposition. A continuum of trends in some major and trace elements
and consistency in the REE patterns observed in
Salumber volcanic rocks underline a relationship
between komatiitic basalts and tholeiites through
fractional crystallization. However, the complexities indicated by the more evolved lavas need to
be explained. Some samples have higher silica content than expected for a given level of MgO. This
can be attributed to ‘crustal contamination’ but
their lower Al2 O3 and higher Fe2 O3 (and other
trace element characteristics) contents are not consistent with crustal contamination. The ‘continental’ signature in the magma can be attributed to a
lithospheric component. We interpret the alkaline
aﬃnity and REE enrichment in Salumber volcanic
rocks to indicate an enriched shallow lithospheric
source (Bailey 1983). Some elemental relationships are consistent with a predominant olivine–
pyroxene fractionation. Raza and Khan (1993)
have postulated a unique tectonothermal setting
for the basal Aravalli metabasic volcanic rocks
on the basis of geochemical features transitional
between Archaean greenstone belts and Phanerozoic suites. The LREE enriched nature of these
rocks (see also Ahmad and Rajamani 1991) indicates variable melting of LREE enriched sources.
4.1 A possible aulacogen setting?
The regional NNE trend of Aravalli basin margin changes to nearly E-W in Salumber area,
NNW–SSE in Anjeni–Ghaghri area and NW–SE
in Ghaghri–Bedawal area (ﬁgure 1, 2). Such trends
of the Aravalli basin margin are considered to be
original and not acquired during later deformation
(Naha and Mohanty 1988; Sinha Roy et al 1998).
Roy (1988) has also opined that the basement in
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Figure 11. Primordial Mantle (PM) normalized multi-element diagrams for Salumber volcanic rocks showing relative
enrichment in incompatible elements (Th, Zr) and similarity with low-Ti basalts. Aravalli metabasic volcanic rocks from
Nathdwara area (picritic and tholeiitic basalts) and Jharol volcanic rocks have also been plotted for comparison. Normalizing
values after Sun and McDonnough (1989); the Nathdwara and Jharol data are from Ahmad and Rajamani (1991) and Abu
Hamatteh et al (1994), respectively.

Anjeni area (ﬁgure 2) was not folded during deformation of the Aravalli sequence. In view of the
above, trends of basin margin in Salumber area
may represent three arms of a rift system with
triple junction near Ghaghri. Furthermore, the
NNW–SSE trending arm (Northern Arm), developed in Anjeni–Ghaghri area, is represented by a
narrow basin and a limited number of lithounits
of Aravalli Supergroup, compared to the E–W and
NW–SE trending arms that host more lithounits.
The northern arm has a synclinal structure with
steep axial plane. The development of a limited
number of lithounits and presence of basement
rocks on its either side (ﬁgure 2) implicate the
narrow Northern Arm to be a failed one (aulacogen) which could not open further while the other
two arms continued to open. However, it can be
argued that the region is not large enough to
qualify for a plate triple junction. The possibility
that it might be representing a remnant un-eroded
part of a much larger structure needs consideration
and further evaluation. The possible aulacogen setting is also supported by observations of Ahmad
and Rajamani (1991), who ascribed Aravalli volcanism to the rise of a mantle plume. Physical
conditions and source characteristics of tholeiites indicate that their magmas were generated
within the lithosphere, perhaps by emplacement
of high pressure picritic or komatiitic melts. The
Aravalli basin itself could have formed because of
lithospheric thinning associated with plume activity (Ahmad and Rajamani 1991). It is widely
accepted (see Vink et al 1985) that plume activity can result in formation of a triple junction.
The question whether it represents a true aulacogen should therefore await further substantiation

through detailed studies on structural geometry,
depositional history and regional tectonics.

5. Conclusion
The basal Aravalli metabasic volcanic rocks of
Salumber area were extruded in a rift environment. Stratigraphically signiﬁcant volcaniclastic/
conglomerate unit marks an unconformity between
the Salumber volcanics and Malpura Formation.
The metabasic volcanic rocks show iron enrichment
and Mg- and Fe-tholeiitic nature. Geochemical
characteristics of Salumber volcanic rocks underline a dominant fractional crystallization process in
evolution of these metabasic volcanic rocks, which
is also supported by a change in colour from dark
greenish to light greenish upward in the volcanic
sequence. Geochemical attributes, however, point
towards a complex evolutionary history and diverse
source characteristics. In the geotectonic discrimination schemes, these metabasic volcanic rocks
show transitional source characteristics, mainly
between Within Plate and MORB. The continental signatures, as indicated by some trace element relationships can be explained by invoking
an enriched source, possibly an old subcontinental
lithosphere rather than the asthenospheric MORBsource. Diverse trace element concentrations and
other geochemical signatures point towards more
than one mantle source. This inference needs to
be evaluated and substantiated through additional
trace element and isotopic data that would also
oﬀer constraints to ascertain and quantify the
process and in establishing any compositional heterogeneity in the mantle itself.
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