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Abstract: The Eastern Dharwar Craton (EDC) contains
many Late Neoarchean to Paleoproterozoic syenites,
whose origin is ambiguous. This work presents a
geochemical analysis of the Danduvaripalle syenites
(DVS), located at the western boundary of the Paleo-
Mesoproterozoic Cuddapah Basin in the Eastern Deccan
(EDC). The DVS has a metaluminous, alkaline, and
magnesian geochemical composition. These
metaluminous rocks are characterized by high overall
alkali content, particularly K20, moderate FeOt levels,
and low MnO, MgO, and CaO concentrations. The
chondrite-normalized REE patterns demonstrate LREE
enrichment relative to HREE, with no Eu anomaly seen.
Allanite, apatite, zircon, and monazite are the accessory
minerals that contain substantial amounts of LREE in
these syenites. The syenites lack MgO, Ni, Cr, and Sc,
possess highly fractionated REE patterns, and have
negative Nb-Ta-Ti anomalies, with low Nb/U and
elevated Th/U ratios, indicating a subduction zone
environment. The Danduvaripalle syenite has
geochemical affinities with arc-related alkaline rocks and
volcanic arc granitoids in tectonic discrimination
diagrams. These geochemical characteristics align with
their formation by partially melting a mafic crustal
source, which later saw fractionation of amphibole and
garnet. We propose that the crustal source of these
syenites experienced partial melting due to thermal
influence from the ascending plume during the
Paleoproterozoic expansion.
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I INTRODUCTION

Alkaline igneous rocks are limited in volumetric
abundance within the geological record. Substantial
syenitic magmatism associated with the Proterozoic
time has been identified in several continental
platforms globally. The Proterozoic time is
distinguished by a notable prevalence of ferroan
feldspathic rocks, varying in composition from
granite to quartz syenites to feldspathoid-bearing
syenites [1]. Parental magmas for alkaline rocks are
often considered to originate from the partial melting
of metasomatised lithospheric mantle enriched in

LILE and LREE [2], the asthenospheric mantle [3],
or a combination of both sources. Others suggested
that alkaline-rich syenitic magmas may originate
from the partial melting of the lower crust,
accompanied by varying degrees of upper crustal
contamination [4], [5].
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Fig. 1 (a) Geological map of the Dharwar Craton
(after Chardon et al. 2008) showing locations of the
DVS syenites. (b) Danduvaripalle syenite (DVS)
(after Suresh et al. 2010).

The Neoarchean to the Cretaceous period's alkaline
igneous rocks can be found in the Eastern Dharwar
Craton (EDC), which is in the southern Indian Shield
[6]-[8]. A group of syenites from the
Paleoproterozoic Dancherla alkaline complex [4] and
the Late Neoarchean Koppal syenite pluton [6], have
been found in the EDC, which is next to the western
edge of the Paleo-Mesoproterozoic Cuddapah Basin.
The petrogenesis of these syenites is still not clear.
Syenites develop from different geochemical
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sources, such as the deep continental crust [9], and
the metasomatized lithospheric mantle [2], [9]. They
evolved because of many magmatic and
hydrothermal processes [4]. This paper presents a
thorough bulk rock geochemical analysis of the
syenites located at Danduvaripalle, situated on the
western margin of the Cuddapah Basin within the
Eastern Dharwar Craton. These syenites are part of
the Paleoproterozoic Dancherla alkaline complex,
and the study aims to elucidate their petrogenesis and
geodynamic implications.

Il THE GEOLOGY STUDYAREA

The Dharwar Craton of the Indian Shield consists of
the separate Eastern and Western Dharwar cratons
(Fig. 1a), which vary in basement age, characteristics,
lithology, prevalence of greenstone belts, crustal
thickness, and metamorphic intensity [10], [11].
Furthermore, the Western Dharwar Craton is
distinguished by a scarcity of alkaline magmatism
compared to its eastern counterpart. Both blocks are
stitched along the pronounced mylonitic zone to the
eastern edge of the Chitradurga greenstone belt,
referred to as the Chitradurga shear zone (Fig. 1a)
[12]. The Precambrian lithologies associated with the
Dharwar Craton include Archean tonalite—
trondhjemite—granodiorite  (TTG)-type gneisses
interspersed with two generations of greenstones,
extensive calc-alkaline granitoids of relatively
younger origin, distinct Paleoproterozoic mafic
dykes, the crescent-shaped intracratonic Cuddapah
Basin from the Paleo-Mesoproterozoic era, and
Mesoproterozoic mafic alkaline dykes [10].

Alkaline rocks in the EDC are found in three distinct
spatial domains: (1) the Mesoproterozoic
(approximately 1400 Ma) intraplate alkaline rocks of
the Prakasam Alkaline Province (PAP) at the eastern
margin of the Cuddapah Basin, adjacent to the
contact zone of the EDC and Eastern Ghats Mobile
Belt (EGMB) [13]; (2) the Mesoproterozoic
(approximately 1400-1100 Ma) alkaline rocks
situated at the western and northern margins, as well
as within the Cuddapah Basin, which encompass
kimberlites, lamproites, and lamprophyres (Rao et
al.,, 2013 and references therein); and (3) the
Paleoproterozoic (approximately 2.21 Ga) Dancherla
alkaline complex located outside the western margin
of the Cuddapah Basin within the craton (Suresh et
al., 2010). The Dancherla alkaline complex, situated
to the west and southwest of the Paleo-to

Mesoproterozoic Cuddapah Basin (Fig. 1a), consists
of syenite bodies located at Dancherla,
Peddavaduguru, Vannedoddi, Chintalacheruvu,
Danduvaripalle, and Reddypalle [4]. This research
examines the Danduvaripalle syenites situated in
regional tensional to transtensional crustal zones. The
Danduvaripalle syenite (14°39'16" N, 77°41'50" E) is
oval-shaped plug exhibiting a NNE-SSW strike,
situated along the Ragulapadu fault, which offsets the
Penakacherla schist belt and TTG gneisses, and is
intersected by NE-SW trending mafic dykes (Fig.
1b) [4], [15].

11l GEOCHEMISTRY

The syenites are petrographically constituted of K-
feldspar perthite, quartz, and plagioclase, with
hornblende and biotite as the mafic minerals.
Geochemically, these syenites are classified within
the syenite area of the figure by [16] (Fig. 2a). The
host granites are mostly of a metaluminous (I-type
granites) composition (Fig. 2b), exhibiting a
saturation index (A/CNK) generally below 1[17].
The analyzed rocks exhibit low MgO content (0.74
wt%) and a Mg# value (36.4 - 46.5). The syenites
exhibit high alkali content (Na,O + K,O=11.7-12.5),
with a K>O/NayO ratio varying from 0.8 to 1.13
(Table 1). The modified alkali-lime index (MALI:
Na,O + K,O-CaO) for these syenites, as reported by
[17], and is situated inside the alkalic field on the
MALI against SiO, diagram(Fig. 3a). The analyzed
syenites possess lower Fe-numbers below 0.8 (Fig.
3b), categorizing them as magnesian [17].

Large ion lithophile elements, including Ba, Sr, and
Rb, are prevalent in the Danduvaripalle syenite.
These syenites exhibit elevated light rare earth
element (LREE) contents (600 times chondrite) and
are enriched in comparison to heavy rare earth
elements (HREEs) on chondrite-normalized REE
plots (Fig. 4a). Conversely, a notable reduction of
medium rare earth elements (MREE) and heavy rare
earth elements (HREE) is seen in Danduvaripalle.
The chondrite-normalized REE patterns of the host
granites demonstrate to moderate levels of
fractionation, as shown by the LREE/HREE ratios
(La/Yb)n = 23.3-49.8 (Table 2). The primitive
mantle-normalized  multi-element  pattern  has
significant negative troughs at Nb, Ta, La, Ce, Sr, P,
and Ti (Fig. 4b), Negative "TNT' (Ta-Nb-Ti)
anomalies are well recognized as indicators of
crustally derived rocks and subduction-related rocks.
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Fig. 2 (a) Total alkali (Na;O + K;O wt.%) vs SiO»
diagram (Cox et al., 1979) diagram for the rocks of
DVS. (b) Alumina saturation index diagram (Frost et
al., 2001) for the rocks of DVS.
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Fig. 3 (a) MALI vs K50 plot (Frost et al. 2001 for the
rocks of DVS showing alkaline nature. (b) Binary Fe
#(FeO/FeO+MgO) vs SiO, diagram [17] showing
magnesian nature of DV'S rocks.

IV DISCUSSION

The syenites from Danduvaripalle exhibit negative
LREE anomalies, indicative of increased K, which
precedes La in the multi-element sequence (Fig. 4b).
The rocks exhibit significantly fractionated
LREE/HREE ratios (Fig. 4a), with REE patterns
similar to those produced by high-pressure
fractionation of an amphibole and garnet-dominated
assemblage [18]. Amphibole and garnet may confine
MREEs and HREEs, respectively, within their crystal
lattice, and a negative and positive correlation
between MREE/HREE (e.g., Dy/YDb) and an index of
differentiation would indicate the fractionation of
amphibole and garnet, respectively [19]. The
correlation is illustrated in the analyzed syenites and
the concave upward chondrite-normalized REE
pattern (Fig. 4a), characterized by significantly
depleted HREE concentrations, demonstrates the
influence of garnet-dominated fractional
crystallization of the parent melt of these syenites
(Fig. 5a).
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Fig. 4 (a) Chondrite-normalized REE patterns [20]
for DVS rocks. (b) Primitive mantle normalized
multi-elemental variation plot [21] for DVS rocks.

The negative TNT anomalies in primitive mantle-
normalized multi-element patterns are considered
indicative of calc-alkaline rocks formed in
subduction environments or those originating from
the lithospheric mantle that underwent a prior
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subduction event [22], [23]. Alternatively, rocks
exhibiting these geochemical anomalies may
originate from the crust since the continental crust
has diminished amounts of these high-field strength
elements [24]. The Nb/U ratios in the Danduvaripalle
syenites are much lower than the mantle array
established by mid-ocean ridge basalts (MORBSs) and
ocean island basalts (OIBs) [21], however they are
equivalent to those of the lower continental crust
(Fig. 5b). The Danduvaripalle syenite samples
exhibit a Th/U ratio between 2.9 and 4.2, exceeding
that of MORB melts (approximately 2.5; Sun and
McDonough, 1989), while aligning with the ratios of
lower continental crust melts (approximately 6.0;
Rudnick and Gao, 2003), demonstrating the influence
of mafic lower crust in their formation.
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Fig. 5 (a)) Si02 vs Dy/Yb diagrams illustrating the
fractional of garnet for DVS samples. (d) Nb (ppm)
vs Nb/U diagrams displaying the source of DVS
samples.

The syenites result from the fractionation of melts
characterized by garnet and amphibole, originating
from the partial melting of juvenile mafic lower crust
composed of garnet amphibolite. The Danduvaripalle
syenites are metaluminous and deficient in Cr and Ni,
characteristics indicative of I-type granitoids [25]. In
the Y + Nb vs Rb and Y vs Nb trace element
discrimination map by [26], all examined syenites are
situated inside the volcanic-arc granites region (Fig.

6), which seems geochemically analogous to the I-
type granitoids identified by [17], [25].
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Fig. 6 Tectonic discrimination diagrams [26]
depicting syn-collisional and volcanic-arc setting
affinity for the DVS rocks.

Crustal thickening may convert the mafic lower crust
into garnet-amphibolite and/or amphibole-granulite;
however, there is currently no evidence of crustal
thickening in the Eastern Dharwar Craton during the
Paleoproterozoic. The mafic (amphibolitic) lower
crustal source for these syenites was likely formed by
the underplating of basalt produced by either mantle
wedge or slab melting. Annen et al., 2006 shown by
experimental and computational modelling, along
with geophysical and petrological research, that the
lower continental crust constitutes a deep crustal hot
zone formed by the intrusion of hydrous basalts
originating from subduction zone mantle as sills. The
I-type granitoids are believed to originate from the
melting of a meta-igneous source, and the
characteristics of the Danduvaripalle syenites,
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together with their low MgO, Ni, Cr, and Sc content,
indicate a crustal source. The ratios of trace elements,
namely Nb/U and Th/U, are similar to those found in
the lower continental crust [24].

The Dancherla alkaline complex is dated at 2210 +
110 Ma using the Rb-Sr isochron technique, of which
the analysed syenites are a component [4]. While
comprehensive geochronological data for these
syenites is absent, several general geodynamic
hypotheses may be proposed. This alkaline complex
is contemporaneous with the approximately 2.21 Ga
north-south to NNW-SSE orientated mafic dyke
swarm emplacement in the Dharwar Craton [28],
[29]. The impingement of the mantle plume at the
lithosphere's base likely induced an extensional
tectonic regime and an anomalously hot ambient
mantle, leading to significant mantle melting that
produced mafic dykes supplying the accompanying
large igneous province. The partial melting of the
suggested mafic lower crustal source may have been
initiated by the mantle plume contacting the base of
the thinning lithosphere in an extensional
environment.

V CONCLUSIONS

The Paleoproterozoic syenites located along the
western boundary of the Cuddapah Basin, inside the
Eastern Dharwar Craton, are mostly ferroan and
metaluminous. The Danduvaripalle syenites have
markedly low HREE concentrations and a
fractionated,  concave-upward REE  pattern,
indicating significant influence from amphibole and
garnet fractionation. Similar to I-type granitoids, the
Danduvaripalle syenites exhibit low concentrations
of MgO, Ni, and Cr relative to the melts from oceanic
slabs (experimental partial melts of amphibolites),
while a heightened Th/U ratio suggests that the melt
originated from a mafic lower crust that subsequently
experienced fractionation of an assemblage primarily
composed of amphibole and garnet. The
Paleoproterozoic (2210 + 110 Ma) Rb-Sr isochron
emplacement age of the Dancherla alkaline complex,
which includes these syenites, aligns with the about
2.21 Ga mafic dyke swarm magmatism in the
Dharwar region. The partial melting of the suggested
mafic lower crustal source may have been initiated by
the mantle plume impacting the base of the thinning
lithosphere in an extensional environment.

Table 1. Whole-rock major oxide data for

Danduvaripalle syenites (DVS).

Sno DV-3 DV-7 DV-9 DV-11 DV-15
Si0, 64.45 64.81 64.28 63.62 63.21
Al03 1771 1761 1752 17.32 17.54
Fe:03 2.56 1.96 2.16 317 3.46
MnO 0.03 0.04 0.06 0.08 0.09
Mgo 0.74 0.86 0.85 124 134
Ca0 157 147 158 219 232
Na,0 5.61 5.96 6.47 6.41 6.38
K0 6.89 6.74 6.11 5.85 541
TiO, 0.15 0.14 0.17 0.19 0.18
P20s 0.14 0.12 0.18 0.37 0.39
LOI 031 0.59 1 1 11
Sum 100.16 100.3 100.38 101.44 101.42
Na,0/K.0 081 0.88 1.05 1.09 117
Na,0+K,0 125 127 1258 12.26 11.79

Table 2. Trace and Rare elememtal data for
Danduvaripalle syenites (DVS).

Sno DV-3 DV-7 DV-9 DV-11 DV-15
Sc 1 1 2 2 2
\Y 27 24 25 49 51
Ba 1148 1241 1187 891 1021
Sr 1288 1087 1254 901 1045
Y 6 5 6 7 7
Zr 37 74 7 98 101
Cr 29 25 36 42 46
Co 4 4 5 8 9
Ni 29 22 26 22 24
Cu 1 12 11 11 13
Zn 50 32 35 41 46
Ga 16 16 18 16 19
Rb 120 128 110 m 121
Nb 7 9 10 9 1
Cs 0.5 0.6 0.5 0.6 0.7
La 29.89 19.6 175 351 324
Ce 65.21 61 45.2 84 64
Pr 7.4 5.9 59 10.1 9.5
Nd 29.56 256 253 385 325
Sm 4.5 3.6 3.8 5.2 51
Eu 11 0.8 0.9 11 12
Gd 21 18 21 33 29
Th 0.4 0.2 0.2 03 0.4
Dy 12 1 12 14 13
Ho 0.2 0.2 0.2 0.3 0.3
Er 0.5 05 0.5 0.8 0.7
m 0.1 0.1 0.1 0.1 0.1
Yb 0.4 05 0.5 0.8 0.7
Lu 0.1 0.1 0.1 0.1 0.1
Hf 1 15 16 19 18
Ta 0.4 04 0.5 11 0.8
Pb 15 9 7 7 8
Th 45 3.8 16 22 23
U 12 0.9 0.5 0.7 0.8
Dy/Yb 3 2 24 175 185
Nb/U 5.8 10.0 20.0 12.9 138
Th/U 3.8 42 3.2 31 29
Eu/Eu* 11 0.97 0.98 0.82 0.96
Lan/Ybn 49.82 26.13 23.33 29.25 30.86
Lan/Smn 4.09 3.35 2.83 4.15 3.91
Sum_REE 142.66 120.9 103.5 181.1 151.2
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