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The Deccan Large Igneous Province (DLIP) represents one of Earth’s most extensive con-
tinental flood basaltic events and is widely interpreted to have formed during a geologically
short interval near the Cretaceous—Paleogene boundary. Within this framework, the Chhota
Udaipur Alkaline-Carbonatite Sub-Province (CUACS), located in the lower Narmada rift
zone, has yielded a wide range of radiometric ages, leading to suggestions of prolonged
or episodic magmatism. This study integrates detailed field relationships, petrography, geo-
chemistry, structural analysis, geophysical constraints, and critically evaluated geochrono-
logical data to reassess the spatial and temporal context of CUACS magmatism within the
DLIP. The CUACS comprises diverse tholeiitic, transitional, and alkaline rock suites intrud-
ing Precambrian basement, Cretaceous sediments, and Deccan trap basaltic lava flows.
Despite lithological diversity, geological relationships show no systematic cross-cutting or
temporal separation among intrusive phases. Geochemical signatures indicate derivation
from a common OIB-type enriched mantle source modified by crustal contamination. When
evaluated in light of high-precision U-Pb and “°Ar/2®Ar constraints on Deccan magmatism,
the CUACS does not preserve evidence for distinct, long-lived magmatic pulses. Instead,
the apparent age scatter largely reflects analytical and sampling errors. The results sup-
port a model in which CUACS magmatism is broadly coeval with the main Deccan eruptive
phase, indicating short-duration magmatism for the DLIP.
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+ CUACS magmatism is spatially and temporally linked to the main Deccan eruptive phase.

» Apparent radiometric age dispersion reflects analytical limitations rather than episodic magmatism.

« Field, structural, and geochronological data support short-duration magmatism within the DLIP.
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Jawadand and Randive

The Deccan Large Igneous Province (DLIP) in India
(Figure 1) is of global interest as one of the large continen-
tal flood basalt provinces on earth, with a horizontal stack
of ~1.5 km thick tholeiitic basaltic lava flows spreading
over half a million km?. It is bisected by several dykes and
related intrusions. Alkaline magmatism associated with
these rocks is volumetrically meagre, but comprises di-
verse rock types, including carbonatites, orangeite, lam-
prophyres, gabbro, nephelinites, tinguaite, and phonolite
[1-6]. It has been known for the past few decades that
the Deccan basaltic magmatism has occurred in a rela-
tively short (<1 Ma) geological time span. Contrary to this
view, evidences were suggested to show that the younger
as well as older magmatic pulses were present in the
DLIP [7-10]. Radiometric age estimates for the Deccan
Large Igneous Province have been obtained through vari-
ous geochronological methods, resulting in a broad spec-
trum of reported ages. Among these, however, only U-Pb
Zircon/baddeleyite dating and “°Ar/*®Ar analyses of care-
fully selected, minimally altered mineral phases can be re-
garded as providing reliable temporal constraints on the
emplacement of LIPs. Evaluations that rely exclusively on
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these high-precision techniques consistently show that the
main phase of Deccan volcanism occurred over a very
short geological interval around ~66 Ma, with the bulk of
magma emplacement taking place within less than one
million years. In contrast, the much wider age ranges re-
ported in earlier literature are commonly attributable to an-
alytical uncertainties, the use of altered or unsuitable sam-
ples, or the application of less precise dating methods. Re-
cent critical reassessments of Phanerozoic Large Igneous
Provinces, including the Deccan, founded solely on U-Pb
and “°Ar/ 3Ar geochronology, therefore provide a robust
basis for re-evaluating the duration and temporal evolu-
tion of Deccan magmatism [11]. These observations in-
stigated new thinking that the Deccan magmatism could
be episodic instead of a single continuous event of 0.5 to
1.0 Ma. Radiometric dating of Deccan Trap lavas and in-
trusions has shown that the bulk of the magmatic activities
occurred at ~65 + 1 Ma. The volume of the lavas and as-
sociated plumbing system of dykes, sills, and layered in-
trusions exceeds a million cubic kilometres [12]. Based on
a variety of dating techniques, few researchers have pro-
posed that the Deccan event occurred over an extended
period; possibly in pulses, at 68—60 Ma [13—19] and 65 Ma
+ 0.5 Ma[14, 18].
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Figure 1. [Inset] Deccan Large Igneous Province. Geological map of Chhota Udaipur Carbonatite—Alkaline sub-

province.
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Several carbonatites and alkaline rocks are associ-
ated with the DLIP. The alkaline volcanism both preceded
and followed the main Deccan magmatism [20]. The ig-
neous intrusions that form the Island belt in northern Kutch
are significantly older (*°Ar/ 3°Ar age of ~76 Ma) than the
bulk of the Deccan Traps (66 + 1 Ma), whereas one of the
intrusions in the Dhar Dongar has yielded much younger
age (61 + 0.5 Ma) [21]. However, recently Baksi [10] re-
viewed the age of the Deccan Traps, and after a critical as-
sessment of the age dating techniques, he argued against
any episodic magmatism in the DLIP and argued that the
different ages were obtained due to flawed analytical tech-
niques and the selection of wrong (altered) samples for
analysis. In this paper, we critically examine the intrusive
and extrusive magmatism in the CUACS, which has a dis-
tinct geochemical signature in comparison with other re-
gions of the DLIP [22].

Large Igneous Provinces (LIPs) are commonly de-
fined as regions of extensive mafic magmatism, typically
exceeding 0.1-0.2 Mkm? in areal extent and emplaced
over geologically short time intervals in intraplate settings
with indirect links to seafloor spreading and subduction
[23—26]. The Deccan Traps constitute one of the world’s
most significant igneous provinces (LIPs). They comprise
almost 0.5 million square kilometers of area and have an
initial eruptive volume of about 1.3 x 10% km?3 [27, 28].
The last phase of the Gondwana supercontinent’s breakup
occurred resulting in the Deccan volcanic eruption due to
the impingement of the Reunion mantle plume [29, 30].
They comprised thick tholeiitic basalt lava piles with an
exposed maximum thickness of 1700 m [31, 32]. Exten-
sive basalt eruptions occurred from the late Cretaceous to
early Eocene, with a substantial peak in activity approxi-
mately 60—65 million years ago. During this time, the In-
dian plate migrated rapidly northward. The eruptive cen-
tres are widely inferred to lie in the western Deccan region
between present-day Mumbai (Bombay) and the Cambay
(Khambhat) rift zone, based on dyke swarm geometry and
plume-related reconstructions [33, 34].

The age of the flood basaltic provinces has been stud-
ied for more than 5 decades. It is now believed that most
of the LIPs have erupted within a span of about ~1 mil-
lion years (e.g., Columbia River basalt [35, 36]; Parana-
Etekanda basalts, [37, 38]; Siberian traps, [19, 39]. In the
case of Deccan LIP, some of the recent papers indicate
~3—4 Ma span of eruption of Deccan Trap basalts (DTB)
[13, 40], whereas many others opine that the major pe-
riod of eruption of the DTB is much less, i.e., ~800 Ka
[18, 41-45]. Baksi [10] has given a detailed analysis of
available age data from the DLIP and questioned several
spurious, wrongly calculated data and the measurements
done on altered samples, and confirmed that the majority
of the basaltic lava from the DLIP has erupted in a very
short (<1 Ma) span of time.
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The recent investigation into Deccan geochronol-
ogy has markedly improved our understanding of the
time frame and duration of this major igneous event.
Baksi [10] meticulously re-evaluated published age data
across the entire province, revealing that much of the
observed age variation is attributable to analytical un-
certainties and the use of altered samples. More re-
cently, Jiang et al. [11] placed the Deccan within a global
framework of Phanerozoic Large Igneous Provinces us-
ing only high-precision U-Pb and “°Ar/*®Ar ages, reinforc-
ing the interpretation of short-lived magmatism. Building
on these studies, the present work shifts the focus to the
Chhota Udaipur Alkaline-Carbonatite Sub-province, where
many of the anomalous ages have been reported. By
combining detailed field observations, intrusive relation-
ships, and sector-wise geological constraints with existing
geochronological data, we evaluate whether the reported
age spread reflects genuine episodic magmatism or is in-
stead an artefact of methodological and sampling limita-
tions.

A notable geotectonic structure in western India,
the Chhota Udaipur Alkaline-Carbonatite Sub-province
(CUACS) lies between 21.83°-22.28° N latitude and
73.60°—74.28° E longitude in the lower extents of the E-
W trending Narmada rift valley [4, 5, 46]. The rocks of the
Chhota Udaipur Sub-province show ages from Proterozoic
to Recent [4, 47-50]. A large number of researchers have
worked in this area, a compilation of earlier works is avail-
able in Gwalani et al. [4], Viladkar [47], and Randive et al.
[48]. The Chota Udaipur area was categorized into five ma-
jor sectors by Gwalani et al. [4], viz., (1) Amba Dongar, (2)
Siriwasan-Dugdha, (3) Panwad—Kawant, (4) Phenai Mata,
and (5) Bakhatgarh—Phulmal (Figure 1); a brief description
of each of these sectors is given below.

The carbonatite-alkaline complex of Amba Dongar is
a subvolcanic diatreme with a sovite ring dyke and car-
bonatite breccia along its inner rim. Ankeritic carbonatite
forms small and large intrusive plugs in sovite, which also
develops small plugs in the surrounding sandstone (Fig-
ure 2A). The fluorite mine (Figure 2(Ba)) at Amba Donger
has the main host rock carbonatite (Figure 2(Bb)) and well-
preserved fluorite mineralization for the next generation of
enthusiasts and researchers (Figure 2(Bc)), and some of
the samples kept in the GMDC guest house at Kadipani
(Figure 2(Bd)). Few basalt exposures (Figure 2(Be)) occur-
ring in Amba Dungar are also present. Sovite, sandstone,
basalt, carbonatite breccia, and fenites are traversed by
many thin alvikite dykes. Viladkar [47] categorizes them
as phase-l and phase-ll; phase-l dykes are synchronous
with major intrusion, whereas phase-1l dykes are younger
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and intrude both sovite and phase-| alvikite dykes. The
ring dyke is flanked by plugs and dykes of alkaline rocks,
including nephelinite and phonolite. Thin phonolite dykes
crop out within sandstone towards the north and north-
west of Amba Dongar. Both the inner and outer rims of
the ring dyke are covered with carbonatite breccia (Fig-
ure 2(A,Bf)). This breccia is composed of large chunks
of metamorphic rocks, sandstone, basalt, alkaline rocks,
and soviet. Quartz, potash feldspar, magnetite, apatite,
aegirine-augite, and mica xenocrysts are also prevalent.
The matrix is calcitic with a few feldspathic inclusions
[4, 47].

3.2. The Siriwasan-Dugdha Sector

The Siriwasan-Dugdha sector lies between Amba
Dongar and Kawant sector, starting near Siriwasan vil-
lage (Figure 3A). In this locality, the Deccan Trap basalt
and the E-W trending ridge comprising Bagh sediments
dominate the region’s undulating plain. A series of step
faults striking east-west are parallel to the Narmada River
[51]. The primary rock found in this area is carbonatite
breccia, which was formed due to the intrusion of carbon-
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atite through the interface between the Bagh sediments
and the Deccan Trap basaltic lava flows. The geologi-
cal characteristics of the Siriwasan-Dugdha area are de-
picted in Figure 3B, including exposures of fenitized sand-
stone/carbonatite breccia (Figure 3(Ba)) along the area,
the fenitized gritty sandstone within the carbonatite breccia
sill (Figure 3B(b,c)), conglomeratic sandstone near Mohan
Fort (Figure 3(Bd)), and nodular sandstone near Mohan
Fort on the Kawant-Kadipani road (Figure 3(Be)). The car-
bonatite breccia sill is 150 m broad and 11 km long and
consists of well-developed alkali pyroxenes [51-53]. This
sector has sodic and potassic fenites; the sandstone frag-
ments are feldspathized within carbonatite breccia. Green
aegirine and aegirine-augite crystals form bands within
fenites [4, 51]. The central region of the sill contains a sig-
nificant number of fragments of metamorphic rocks such
as gneiss, schist, phyllite, and quartzite [51], as well as
pools and pockets of sovite. These fragments show large
variations in their sizes from a few inches to a few feet. At
Padwani, angular fragments of basalt are seen [4, 54, 55].
Stratification and current bedding are evident toward the
base of carbonatite breccia, where ankeritic carbonatite
dominates [51].
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Figure 2. (A) Geological map of Amba Dongar. (B) (a) Mining benches inside the Ambadongar fluorite mine, Kadipani
Tehsil, Chhota Udepur district, Gujarat; (b) A carbonatite exposure at AmbaDondar with Shri. Pandit, Scientist, AMD,
Nagpur, (c) Fluorite mineralization within carbonatite at Amba Dongar, (d) A fluorite sample kept at GMDC guest house
at Kadipani, (e) A basalt outcrop at Amba Dongar, and (f) An exposure of carbonatite breccia rim at Amba Dongar.
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Figure 3. (A) Geological map of Siriwasan-Dugdha sector. (B) Field photograph of Siriwasan-Dugdha sector (a) A
panoramic view near Siriwasan village (camera facing south) showing a linear outcrop of gabbro in the foreground,
whereas the hillocks in the background showing exposures of fenitized sandstone/carbonatite breccia, (b) An outcrop of
carbonatite breccia exposure near Hanuman Mandir, (c) Closer look at the fenitized gritty sandstone within carbonatite
breccia sill, (d) Conglomeratic sandstone near Mohan Fort, and (e) A nodular sandstone near Mohan fort on Kawant-

Kadipani road.

3.3. The Panwad—Kawant Sector

The Panwad and Kawant sector is spread between
22°5'-22°13' N and 74°0'-74°5’ E (Figure 4A). It is char-
acterized by varied rock types and geological features
(Figure 4B), such as a prominent ijolite plug near vil-
lage Kharajwat (Figure 4(Ba)), carbonatite bodies near
Dungargam (Figure 4(Bb)), quartz xenocrysts laden mafic
dykes (Figure 4(Bc)), lamprophyre dykes near Dungargam
and nearby areas (Figure 4(Bd)), and giant pseudoleucite
tinguite (Figure 4(Be)). A large number of small dykes
and plugs occur in this sector, most of which are trend-
ing NW-SE and E-W. This region has a wide range of
rock types, including varieties of basic, alkaline, sub-
alkaline, and carbonatites [56]. The carbonatites occur
as small dykes of alvikite and beforsite associated with
carbonatite breccia [4, 57]. The dykes of carbonatite,
which are dark-colored, are more ferruginous and con-
tain patches of cryptocrystalline silica [58]. In the Panvad-
Kawant area, closely associated dykes and plugs of al-
kaline silicate rocks are present, which include syenite,
nepheline-syenite, ijolite, phonolite, tinguaites with or with-
out giant-pseudoleucite, and lamprophyres [4, 56, 58—62]
A large plug of ijolite (~250 feet in diameter) occurs in
the south of Panwad, whilst tinguaite with giant pseu-
doleucite phenocrysts exists near Ghori [58]. The lampro-

phyres comprise four types, namely kersantites, minettes,
camptonite, and monchiquite [5, 56].

Some of the dykes are over a kilometer long, trending
NW-SE, composed mostly of basic (dolerite and basalt),
alkaline (tinguaite, pseudoleucite tinguaite, ijolite, lampro-
phyres), and carbonatite (sovite and alvikite). The smaller
dykes tend ENE-WSW and E-W (some relatively bigger
dykes near Panwad also follow this trend) and these are
composed of basic (basalt, dolerite, and gabbro) and alka-
line rocks (nephelinite, tinguaite, phonolite, and nepheline
syenite). Minor dykes follow the trend of the Heran and
Kara rivers, which are fault zones [4, 56, 57]. There
are some enigmatic quartz-xenocrysts laden dykes near
Rorda and Samalawat [50, 63, 64].

3.4. The Phenai Mata Sector

The Phenai Mata (Figure 5(A,Ba)) is a bimodal ig-
neous complex with tholeiitic and alkaline magmatism and
was previously considered to be a differentiated com-
plex comprising basalt, gabbro, diorite, nepheline-syenite,
lamprophyre, and granophyre [62, 65—-67]. Basalt makes
up three-quarters of PMIC, while felsic rocks and gab-
bro make up the remaining one-third. The eastern side of
the hill is dominated by felsic rocks, whereas the north-
eastern side is dominated by gabbroic rocks. There are
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two distinct types of gabbro viz., (i) tholeiitic gabbro which
is closely related to tholeiitic basalt and acid differenti-
ates, and (ii) alkali gabbro which is closely associated
with syenitic rocks located in the north-northeast por-
tion of Phenai Mata hill. This rock shows layering formed
due to cumulates of pyroxene and olivine [62, 68-71].
A tholeiitic gabbro displays variation from gabbro (sensu
stricto), olivine gabbro, leuco-olivine gabbro, mela-olivine
gabbro, anorthosite, and troctolite; whereas an alkali gab-
bro displays variations such as mela-olivine gabbro and
plagioclase-containing pyroxenite [71]. On the southern
side of the Heran River, there is an outcrop that exposes
a large anorthosite plug [4, 59, 60]. A few, lamprophyre,
breccia dykes (Figure 5(Bb)), aphyric dykes (Figure 5(Cc))
and dolerite dykes occur within basaltic lava flows and lay-
ered gabbro (Figure 5(Dd)) [4, 71-74].

Gwalani et al. [4, 57] observed a layered tholei-
itic gabbro-granophyre intrusion with a nepheline syen-
ite plug and tephrite, phonolites and lamprophyre dykes
in the PMIC. The region has both undersaturated and
oversaturated syenites. A small dyke of quartz-bearing
microsyenite intrudes through coarse-grained nepheline
syenite [4, 57, 62, 68, 69, 71, 72]. Microgranites are pink,
porphyritic, and rich in pyroxene and amphibole. The gra-
nophyre resembles microgranite and is difficult to distin-
guish macroscopically [62, 68, 69, 71, 75].
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3.5. The Bakhatgarh—Phulmal Sector

Bakhatgarh—Phulmal sector (Figure 6A) is one of the
five sectors of the Chhota Udaipur alkaline-carbonatitic
sub-province, identified by Gwalani et al. [4]. The ma-
jor rock types occurring in this area include Precambrian
quartz-mica-schist, Cretaceous Bagh sediments, and Up-
per Cretaceous to Lower Eocene Deccan Trap basaltic
lava flows and dykes (Figure 6B). The intrusive dykes fol-
low three distinct structural trends, viz. EW, NE-SW, and
ENE-WSW, which are in concurrence with the E-W trend
of the Narmada lineament (e.g., Deshmukh and Sehgal,
[76]). These dykes were grouped into four distinct types,
viz. (1) picrobasalts (Figure 6(Ba)); (2) lamprophyres such
as minette, karsentite, camptonite, and monchiquite; (3)
tholeiitic comprising basalt, dolerite, gabbro, porphyritic
basalt, and giant plagioclase basalt; and (4) Calcare-
osiliceous dykes (Figure 6(Bb)) represented by carbon-
ate breccias, calcite, and quartz dykes and veins [5, 77].
These are dyke-like bodies with an E-W trend, composed
of calcite, quartz, and cryptocrystalline silica matrix often
coated with limonite staining. These dykes or reefs have
slicken-sides on both surfaces [5, 78]. The lamprophyre
dykes exhibit porphyritic—-panidiomorphic texture even at
the outcrop scale (Figure 6(Bc)). Similarly, ocelli structure
(Figure 6(Bd)) and presence of xenoliths (Figure 6(Be)) is
often seen in the picrobasalt and lamprophyre dykes.
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ijolite plug near village Kharajwat, (b) A conical hill showing fenitized basalt (a carbonatite plug) near Dungargam, (c) A
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There is a great diversity of rocks occurring in the
Chhota Udaipur Alkaline-Carbonatite Sub-Province, rang-
ing from tholeiitic basalts and gabbros to alkaline sili-
cate rocks, lamprophyres, picrobasalts, and carbonatites.
Detailed petrographic descriptions of individual lithologies
are provided in key published studies and are therefore
not repeated here. For e.g., detailed petrography of the
carbonatite has been given in the pioneering studies of
Sukheswala and Avasia [56], and Sukheswala and Borges
[51]. Similarly, detailed petrography of alkaline rocks is
given by Sukheswala and Sethna [58], Gwalani et al.
[4, 57], and Viladkar [7]. The lamprophyres were described
by Hari et al. [78], Randive [5, 79, 80], and Pandey et al.
[81]. The gabbro of the Phenai mata area were discussed
by Vijaya Kumar and Randive [22], Hari et al. [67], and
Randive et al. [74]. The syenites of the Phenai mata area
were discussed in detail by Hari et al. [82]. Similarly, the
trachytes and basalts of the Dugdha-Naswadi area have
been described so far only by Gwalani [53], and Gwalani
et al. [4, 57]. The petrography of picrobasalt, lamprophyre,
basalt, and dolerite dykes of Bakhatgarh—Phulmal have
been described by Randive [5] and Randive [79]. All the lit-
erature cited above provides a wealth of information about
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the petrography of various rock types occurring in the
Chhota Udaipur region. Representative varieties of rocks
from all the three rock series, such as, tholeiitic (gabbro
and basalt varieties), calc-alkaline (picrobasalt and lam-
prophyre), and alkaline (ijolite, pseudoleucite tinguaite) are
discussed below.

Gabbro and basalt for the part of tholeiitic series. The
exposures of gabbro are found all over the CUACS, the
prominent exposures are found in the Phenai Mata and
Siriwasan Dugdha and Panwad—Kawant areas. Tholei-
itic and alkali gabbros exhibit a variety of cumulate tex-
tures. The mineral composition of tholeiitic gabbro largely
corresponds to gabbro [83], olivine gabbro, leuco-olivine
gabbro, mela-olivine gabbro, anorthosite and troctolite;
whereas, alkali gabbro belongs to mela-olivine gabbro
and plagioclase bearing pyroxenite. In thin section, it ex-
hibits coarse-grained holocrystalline texture, comprises of
feldspar (plagioclase), sub-ordinate to minor amounts of
olivine and minor to very minor amounts of pyroxene,
mica (biotite), amphibole, quartz, magnetite and ilmenite
(Figure 7a—d). Pyrite, chalcopyrite, sphalerite, galena,
hematite and goethite/limonite are found in traces.

Figure 7. Photomicrograph showing (a) Coarse-grained holocrystalline texture in gabbro. Lath-shaped (elongated) pla-
gioclase grains exhibiting lamellar twinning. Olivine grains are surrounded by plagioclase phenocrysts. Alteration of
olivine to brownish-coloured iddingsite along the cracks and fracture planes and grain boundaries, (b) The assemblage
of plagioclase feldspars, olivine and biotite. Lamellar twinning of plagioclase feldspars is distinct and preponderant, (c)
Olivine grains show alteration along the irregular cracks, fracture planes and grain boundaries. Olivine phenocrysts are
surrounded by the plagioclase feldspar, and (d) Subhedral-shaped olivine grains are surrounded by plagioclase phe-
nocrysts. Olivine grains carry minute inclusions of opaque minerals, (e) Clinopyroxene with 2-sets of cleavage (5X), (f)
Clinopyroxene and plagioclase phenocryst, (g) Alteration of olivine along cracks and fracture, (h) Interstitial olivine (i)
Olivine cumulates embedded in a fine-grained matrix (5X), (j) Zoned olivine crystal (5X), (k) Clinopyroxene phenocryst in
2.5X showing inclusion, (I) Zoned plagioclase crystal (5X), (m) Plagioclase laths in olivine (10X) (n) Olivine with chromite
inclusion in reflected light (10X) (0) Panidiomorphic texture in lamprophyre of Dungargam area. Idiomorphic phenocrysts
of clinopyroxene and olivine mica are embedded within fine-grained (often glassy) groundmass composed of olivine,
pyroxene, mica, spinels, and plagioclase (5X Crossed Polars), (p) Phenocrysts of aegirine and aegirine-augite, less
commonly kaersutite, with complete pseudomorphs of olivine. Innumerable tiny needles of pyroxenes and amphiboles
are seen. The groundmass shows the growth and abundance of feldspars (plagioclase and potash) and feldspathoids
(5X Plane Polars), (q) Zoned pyroxenes and rounded mica phenocryst (5X Crossed Polars), (r) Plagioclase megacryst
in ocelli within the groundmass.
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The basalts are porphyritic as well as non-porphyritic
(Figure 7e—n). The porphyritic basalts are further classi-
fied using the classification proposed by West [84], as
three-phenocryst basalt—3PB (olivine, clinopyroxene and
plagioclase); two-phenocryst basalt—2PB (either olivine
and plagioclase or pyroxene and olivine); one-phenocryst
basalt—1PB (one phenocryst of plagioclase feldspar); and
giant plagioclase basalt—GPB (big laths of plagioclase
ranging in size from 1 to 5). All of the phenocrysts are well
defined (idiomorphic), and formed independent of one an-
other (porphyritic); they also sometimes formed in clusters
(glomeroporphyritic). The groundmass invariably contains
these three minerals along with magnetite and glass. Deu-
teritic alteration is prominent; similarly, secondary calcite,
quartz and Fe oxides also occur.

The lamprophyre and picrobasalt form the part of tran-
sitional series, which are discussed here. The Lampro-
phyres are characterized by porphyritic—panidiomorphic
texture and the presence of hydrous minerals, either
as phenocrysts or in groundmass or both. On the ba-
sis of mineralogy and texture, Gwalani et al. [4], Hari
[78], Randive [5], and Chalapathi Rao et al. [46] pre-
viously classed lamprophyres from the Chhota Udaipur
region as alkaline and calc-alkaline. The lamprophyres
are fresh, exhibit well-preserved porphyritic and panid-
iomorphic texture (Figure 70—-r). Common phenocrysts are
olivine, clinopyroxenes, mica, and amphibole. Clinopyrox-
ene (diopside, augite) phenocrysts are most abundant, fol-
lowed by rounded to subrounded olivine showing resorbed
grain boundaries and development of serpentine along
the fractures. Mica phenocrysts are rounded in shape
with corroded borders. Groundmass contains innumer-
able (<1 mm) opaques (magnetite/ulvospinel), tiny nee-
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dles/laths of mica and clinopyroxene, and abundant tiny
plagioclase crystals.

Picrobasalt is porphyritic in nature, fine-grained and
has large and abundant phenocrysts of olivine and py-
roxene, with relatively less or occasional occurrence of
plagioclase phenocrysts. The groundmass comprises of
iron oxides, apatite, fluorite analcime (accessory miner-
als), carbonates, serpentine and iddingsite (altered min-
eral phases). The porphyritic to panidiomorphic texture is
very prominent, where phenocrysts are dominant of py-
roxene with subordinate nepheline (Figure 8a—f). Ground-
mass also consists of nepheline, plagioclase feldspar, bi-
otite, and chlorite (mica which is altered). The pyroxene
occurs as a phenocryst as well as microcryst; predomi-
nantly euhedral in shape with resorbed grain boundary at
places.

Olivine phenocrysts in picrobasalts are idiomorphic
with sharp crystal boundaries and form large (0.2—0.5 mm)
angular though irregular resorbed grains due to magmatic
corrosion and partial resorption. It occurs as independent
crystals as well as in clusters. Olivine is altered partially
or completely along the cracks or fracture zones. Plagio-
clase occurs both as a phenocryst and in the groundmass.
It occurs as lath-shaped and shows polysynthetic twin-
ning, the twin individuals being of unequal width. Pyrox-
enes are mainly of augite (clinopyroxene) in composition
present both as subhedral phenocryst and in groundmass.
It is faint pinkish in colour, non-pleochroic and rarely shows
the development of prismatic cleavage. Biotite in ground-
mass shows pleochroism and at places, it is altered to
chlorite. Magnetite forms dusty inclusions and shows in-
homogeneous distribution throughout the rock. It covers
~10% volume of the rock composition along with other
opaques. Apatite is present as an inclusion within some
minerals or in glass (Figure 8a—f).

M 250 pm

Figure 8. Photomicrograph showing (a) Plagioclase, olivine and pyroxene embedded in the groundmass of picrobasalt
(2.5X), (b) Olivine phenocryst showing alteration along cracks (2.5X), (¢) Resorbed olivine grain (2.5X), (d) Hexagonal
pyroxene crystal showing inclusion (2.5X), (e) Biotite in groundmass altered to chlorite (20X), (f) Zoned pyroxene/leucite
crystals (10X)’ Photomicrographs (2.5X) showing (g) Microporphyritic texture in pseudoleucite tinguaite, (h) Green-
coloured aegirine needles distributed throughout the groundmass, (i) Pseudoleucite (j) White-grey coloured nepheline
crystals in rectangular form, (k) Fe-oxide with aegirine embedded in GM matrix (I) Pyrochlore in reflected light, Photomi-
crograph showing (m) Nepheline, magnetite with altered leucite (2.5X), (n) Embedded green-coloured aegirine crystals
in PPL (5X), (o) Elongated aegirine-augite crystals with sharply pointed terminations (5X), (p) Nepheline crystal (10X)
(q) Twinned clinopyroxene (10X), (r) Inclusion of zircon (10X).
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The carbonatite alkaline rocks are the major com-
ponents of alkaline series of rocks. Different varieties of
carbonatite such as sovite, ankeritic carbonatite, alvikite,
as well as extrusive phases occur in the area. Car-
bonatites are extensively studied and discussed pre-
viously, for e.g. Viladkar [47, 61]. Therefore, not dis-
cussed here further. A variety of alkaline rocks occur
in this area. The pseudoleucite tinguaite is an alkaline
rock composed of fine-grained euhedral (trapezohedral)
pseudoleucite megacrysts along with K-feldspar, aegirine-
augite, nepheline, pyrochlore and Fe-oxide. Phenocrysts
of nepheline are greyish-blue and square-shaped (Fig-
ure 8g-1).

A prominent exposure of ijolite is present near Khara-
jwant in the Panwad—Kawant sector. This intrusive igneous
rock occurs as a large plug in the field. It is holocrys-
talline essentially composed of clinopyroxene (aegirine-
augite) and nepheline. Green-coloured aegirine augite
shows pleochroism distributed throughout the groundmass
(Figure 8m-r).

The field data and physical relationships between the
geological features were used to assess their relative ages
and to describe an age relationship of broader geological
features. The criteria and rationale for using them are given
below.

A detailed geological map of the Chhota Udaipur
alkaline-carbonatite sub-province (CUACS) is given by
Gwalani et al. [4], which was mapped between 1963 and
1986 by Sukeshwala and coworkers. This compilation is
the only compilation available of the Chhota Udaipur in-
trusive complex, wherein the space-time relationship be-
tween various rocks was proposed. According to these
workers following rocks or group of rocks are present
in the area, from oldest to youngest: (i) The Precam-
brian Metamorphic rocks including quartzite, quartz-mica
schist, granitic gneiss and granite belonging to the Ar-
avalli Supergroup, (ii) The sandstone and limestone be-
longing to Cretaceous Bagh sediments, (iii) The basaltic
lava flows of the Deccan trap magmatic episodes, which
are punctuated by an intertrappean green bole, red bole
and ash beds, (iv) Intrusions of trachyte within the lava
flows [53], (v) The intrusive complex of Amba Dongar com-
prising of three major rock types, namely, older alkaline
rocks (tinguaite, nephelinite and phonolite), carbonatite
breccia, carbonatites and the younger calcareo-silicious
rocks, (vi) The alkaline-carbonatite suit of rocks is fol-
lowed by younger Phenai Mata tholeiitic complex, which is
comprised of (from older to younger) anorthosite, layered
gabbro/gabbro, hornblende dolerite and granulitic dolerite,
basalt, epidiorite, pulaskite and granophyre, and (vii) The
youngest of all was considered to be the dykes and plugs
of alkaline, basic, carbonatite and picritic basalt.
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The Precambrian metamorphic and Cretaceous sedi-
mentary rocks are undisputedly older. The lava flows have
shown intense calcitization, so much that, at some places,
altered basalt became the ‘plagioclase calcite rock’ due to
replacement of mafic minerals by calcite and remnants of
plagioclase in the rock [56]. Similarly, the uralitization of py-
roxenes and presence of epidote led Sukheswala and Ava-
sia [56] to name this altered rock as an ‘epidiorite’. These
effects are possibly due to the influx of hydrothermal flu-
ids. In the Amba Dongar area, basalt is present both out-
side the ring dyke as well inside the ring dyke, making it
unclear to assign a younger or older status to carbonatite
than basalt [46, 77]. Similarly, the intrusive suite of dykes
that were considered as younger as compared to other
sectors have been dated precisely at ~65 Ma (see Discus-
sion). There is no direct evidence of the PMIC suit being
younger or older than the carbonatites and alkaline rocks
of Amba Dongar sector. The same is the case with lampro-
hyre and picrobasalt dykes of Bakhatgardh—Phulmal sec-
tor, which do not show cross-cutting with other intrusive
rocks of the nearby Panwad—Kawat sector. On the whole,
the mapping pattern does not show any evidence of age
difference among the rocks of the CUACS.

Linear structures such as fractures, joints, and faults
can provide information about their relative ages. We iden-
tified lineaments by combining detailed field mapping, re-
viewing published geological maps of the area, and inter-
preting satellite images and digital elevation data. Based
on their continuity, orientation, and field expression, lin-
ear features that correspond to faults, fractures, dykes,
and prominent geomorphic lineaments were mapped. Af-
ter that, ground observations were used to check these
lineaments wherever possible.

The CUACS has a strong imprint on the structures
that are the artefact of the major Narmada lineament (rift
valley). Sukeshwala and coworkers have reported a se-
ries of step-faults which were formed consequent to Nar-
mada rifting (parallel) and offsetting (perpendicular) to the
E-W trending structural grain of the Narmada lineament
zone [4]. In this area, two distinguishing trends along the
NNE-SSW and ENE-WSW marked by the oblique faults
cross-cutting at 120° are seen. It is apparent that both sets
of faults are contemporaneous. The dykes have exploited
both the fault planes. Although the dykes appear to show
opposing trends, they are unlikely to be of different ages.

There are at least three sets of joints/fractures, viz.,
E-W, NW-SE, and ENE-WSW trending. Apart from these
trends, occasional branching of the lineaments is ob-
served. They appear to show cross-cutting; however, the
dykes and veins exploiting these joints/fractures do not
show cross-cutting in the field. This reiterates that the
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materials exploiting these planes do not belong to the dif-
ferent magmatic events.

5.2.3. Dykes

There is a plethora of dykes present in the CUACS.
They vary in composition and the trend in which they oc-
cur. Their map pattern is suggestive of their possible cross-
cutting, but their direct contacts in the form of such as
chilled contacts, truncation of one against another, dis-
location, enduring-fritting-burning effects, etc., are miss-
ing on the ground. The lamprophyre, picrobasalt, alkaline
rocks, and carbonatite dykes’ trend along the NW-SE di-
rection, which stands against the ENE-WSW trending, cal-
careosiliceous dykes.
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Similarly, a few E-W trending picrobasalt and lampro-
phyre dykes are observed near Kanthari, Biswani, Undri,
and towards Bakhatgarh. Nevertheless, no direct cross-
cutting of dykes is observed in the field. At some places
such as Dhorat and Kanthari, a calcareosiliceous dyke
appears to cut across a 2PB dyke (Figure 9a), and near
Dungaragam, a lamprophyre dyke (Figure 9b). Based
on these evidences, it is possible to postulate that the
calcareosiliceous dykes are relatively younger. However,
the geochronological evidences are required to know the
proper age of the calcareosilicious dykes in order to de-
termine their position and bearing on the genesis of the
CUACS.

Figure 9. (a) Possible cross-cutting between calcareosiliceous and 2 PB dyke near Dhorat village, (b) An intrusion of
a lamprophyre dyke in gabbro near Dungargaon, (¢) A mafic xenolith in an alkaline rock, (d) A leucocratic xenolith in a
gabbro near Phulbai Mata temple, (e) A felsic xenolith in a lamprophyre dyke near Kundwath, (f) A synplutonic dyke in
the Phenai Mata region. The dyke shows irregular and curvy outlines, (g) Felsic segregation showing hybridization in a
lamprophyre dyke near Panwad, and (h) A lamprophyre dyke interfingering with calcareosiliceous rock near Dungargam.

231



Jawadand and Randive

The CUACS area is one of the major centers of dyke
emplacement and an epicenter of tectonic activities. The
Narmada River is a rift valley comprised of a series of step-
faults, formed along two dimensions, i.e., E-W trending
extensional faults and N-S trending offsetting faults. How-
ever, the intrusion of a ring dyke at Amba Dongar and other
intrusive centers such as Phenai Mata, Dungargam, Ra-
jawat, and Biswani have also opened up several joints and
fractures in the area. There is a great diversity in the com-
position of the dykes. Although these dykes occur along
the three structural trends discussed earlier, there is no ev-
idence that a particular trend is followed by a dyke of a par-
ticular composition. However, in general, the following ob-
servations are made. (i) The lamprophyre and picrobasalt
occur along NW-SE as well as E-W trends, (ii) The do-
lerites, 2PB, 3PB, and Giant Phencocrysts Basalt (GPB)
dykes occur mostly follow E-W and ENE-WSW trends,
and (iii) The calcareosiliceous dykes occur along the ENE-
WSW trend. Notwithstanding the above, several smaller
calcareosiliceous dykes, calcite, and quartz veins are ran-
domly oriented. The plane of weakness formed in this re-
gion is related to the rifting event and the emplacement of
dykes along such planes. The occurrence of dykes of sim-
ilar composition along different structural grains indicates
that they are coeval and contemporaneous.

The xenoliths of older rocks can occur within younger
intrusive rocks; such xenoliths provide important clues
about the temporal difference between them. However,
xenoliths are not very common in the CUACS (e.g.
Figure 9c—e). Randive [80] has recorded the presence
of crustal xenoliths in picrobasalt and lamprophyres in
CUACS. Hari and Randive [73] have recorded several
xenoliths within PMIC gabbro. A number of xenoliths are
present in the calcareosiliceous dykes [4, 5, 78] as well
as carbonatite breccias [4]. The quartz xenocrysts-laden
dykes have profuse quartz xenocrysts [50, 63, 64]. The
xenoliths occurring in breccia and calcareosiliceus dykes
are comprised of older metamorphic rocks and sedimen-
tary rocks (sandstone and limestone). There is no evi-
dence of occurrence of one type of intrusive rock into an-
other.

The time difference between various rocks can also
be indicated by the chilling effect of hot, younger mag-
matic rocks on the old, colder rocks. Different magmatic
pulses allow the preservation of internal chilled margins
and the development of near-rigid surfaces at their con-
tacts, increasing the alignment and clustering of crystals
during magma replenishment [85]. Therefore, the pres-
ence of chilled margins can provide some information on
the relative ages of the rocks. There are a number dykes
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emplaced within gabbro at Phenai Mata; however, these
are synplutonic dykes having irregular, curvy, and con-
cave margins (Figure 9f). They show changing trends due
to plasticity or low rigidity of the hosts, indicating mixing
and mingling of magmas [73]. However, chilling effects are
seen along the margin of several smaller dykes and veins
on the country rocks such as basaltic lava flows and occa-
sionally sandstone. On the other hand, some of the dykes
are mixed, multiple and some show branching, for e.g. an
alkaline and lamprophyre dyke near Panwad, felsic seg-
regation showing hybridization in a lamprophyre dyke near
Panwad (Figure 99), a dykelet within small dyke near Titod,
and branching of a lamprophyre dyke near Dungargam
(Figure 9h). The multiple dykes, differentiated dykes or
the branching within a dyke belong to the same magmatic
episode in the CUACS.

Singh et al. [86] have presented a detailed geophysi-
cal structure of the Phenai Mata complex based on gravity
and magnetic anomalies and also interpreted their relative
ages based on these data and comparison with other ar-
eas of the DLIP. They observed the presence of a mafic
body of density 2.86 gm/cm?, having a bipolar magnetic
anomaly varying from —800 nT to 1200 nT. The paleo-
magnetic measurements of olivine gabbro and syenites of
the PMIC have indicated reverse magnetization with mag-
netic inclination (/) of ~44° and declination (D) of 160° (see
Figure 10a,b). Based on these data, these authors opined
that the magnetic polarity of the PMIC was intruded dur-
ing the 29R magnetic episode at the end phase of the
Deccan magmatism [86, 87]. Earlier workers, notably, Van-
damme et al. [88] have shown that the Deccan lava flows
show 29N-29R-30N (NRN) sequence; whereas, Pande et
al. [13] and Verma and Khosla [89] have concluded that
the Deccan magmatism concluded between 31R and 28N
magnetic chron, indicating an episodic magmatism from
~69 Ma to ~63 Ma (Figure 10c). However, it was shown
by Baksi [90, 91] that these ages have an error due to
inhomogeneous standards used in their analyses. More-
over, it is clearly demonstrated that the PMIC area pre-
serves the remnant magnetization corresponding to 29R
only [86], reiterating that the magmatism in the CUACS is
restricted within a narrow time period, unlike proposed by
earlier workers, e.g. Pande et al. [13].

The figures 10a,b, and ¢ were redrawn schemati-
cally using the geological and geophysical descriptions
and published sketch maps from Singh et al. [86] to en-
sure originality while maintaining scientific accuracy. The
models and chronologies were recreated manually us-
ing vector-based tools, preserving the relative proportions,
lithological units, and physical parameters (density and
magnetization) reported in the original publication. These
schematic reconstructions are intended to illustrate the in-
terpreted subsurface geometry and temporal relationships
of the Phenai Mata igneous complex, without reproducing
original numerical datasets or imagery.

232



Jawadand and Randive

Earth Systems, Resources, and Sustainability, 2026, 1(2), 221-248

CQuaternary sediments

{a) DI [ e £ Digcan Trap o
B Gabbroic intrusive (2.86g/cm?)
20 O Godhra Granite
/ 1 Bagh Group
é 15671 )j
ﬁ 10T ‘ Remanent magnetization
S =l |=44° D=160"
D L i i i 1 i
0 20 40 60 80 100
Distance along profile B-B," (arbitrary units)
(b) -25 C Quaternary sediments
=3 Deccan Trap e
oot B2 Gabbroic intrusive (pipe-like
T 1 Godhra Granite
< -15]
ﬁ_m | Elongated pipe-like gabbroic
3 body broadens at depth
EF |
0F
0 20 40 60 80 100
(C) Distance along profile B -B,' (arbitrary units)
Phase 1 (~67.5 Ma Phase 2 Main pulse ' Phase 3 (~63.5Ma
* ) J — ( )
31 30 30 29 29 28
R N R N R N
Phenaimata
avaga
69 68 67 66 65 64 63 62
Age (Ma)

Figure 10. (a) 21/2-D joint gravity—magnetic model along profile B-B’ (Phenai Mata Igneous Complex). (b) 21/2—D
model along profile B1—B1’ (Phenai Mata Igneous Complex), (¢) Deccan magnetostratigraphy and emplacement of

Pavagadh and Phenai Mata intrusives.

Considering the vast diversity of the rocks occurring
in the Chhota Udaipur alkaline-carbonatite sub-province,
it is very arduous to compile and report all the varieties,
because of which it is very important to define the con-
text in which the geochemical data will be interpreted and
select the data that can provide a significant and repre-
sentative set of samples. The purpose of this compilation
is to understand the space-time diversity among the mag-
matic rocks of CUACS. In this regard, the approach based
on the concept of suites and series proposed by Gwalani
et al. [4] is handy. The reason being, diversity in the intru-
sive rocks, that is lack of continuum of the rocks in a suite,
leads to compositional gaps in the igneous rock suites.
Such compositional gaps are the artefact of the combined

processes of heat and water content of the magmas, espe-
cially that of the basaltic system [92]. Therefore, composi-
tionally different-looking rocks could have a consanguinity
among them. The concept of rock series is much older,
having its roots in the initial experimental work of Prof. N.
L. Bowen [93—97].

The dataset used for the present study comprises
three series of rocks, namely, tholeiitic (gabbro and basalt);
calc-alkaline or transitional (lamprophyre and picrobasalt),
and alkaline (carbonatite and alkaline rocks such as
nephelinite, phonolite, and ijolite). A total of 73 sample
analyses were considered for the present study, out of
which 19 gabbro and basalt samples represent tholeiitic
series, 29 lamprophyre and picrobasalt samples represent
transitional series, and 25 alkaline rocks including carbon-

233



Jawadand and Randive

atites represent alkaline series. In the above analyses,
12 lamprophyre analyses were taken from Randive et al.
[48] and 25 alkaline rocks and carbonatite analyses were
taken from Gwalani et al. [4]; rest of the data is taken
from Randive [98]. Major elements were determined from
fused pellets that were prepared by filling boric acid in Alu-
minum caps and about 2 g of finely powdered samples
were sprinkled on the top of boric acid and pressed at
60 Pa. These fused pellets were analyzed on XRF Phillips
MagiXPRO PW 2440, and the trace element and REE
analysis was carried out using PerkinElmer Sciex ELAN
DRC Il system at the National Geophysical Research In-
stitute (N.G.R.l.), Hyderabad following the standard oper-
ating procedure given in Randive et al [48] and the refer-
ences therein.

The REEs are reliable indicators of source characteri-
zation and metasomatic processes [50, 99]. The combined
scatter of all three series of rocks of CUACS brings forth
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a clear discrimination between the three series of rocks;
whereas the tholeiitic rocks show less fractionated, and to
some extent, flat pattern; the alkaline rocks show a highly
fractionated pattern. The transitional series of rocks also
shows a fractionated pattern but occupies space between
the tholeiitic and alkaline series of rocks (Figure 11).

Some of the previous authors have mentioned MORB-
like [82] and arc-like signatures in the CUACS rocks and
the DLIP. To test these hypotheses, the trace-elements
data of three series of rocks of the CUACS have been plot-
ted using normalization from some of the crust and man-
tle reservoirs, namely, (a) primitive mantle (PM), (b) Nor-
mal MORB (N-MORSB, (c¢) Enriched MORB (E-MORB), and
Oceanic Island Basalt (OIB). If the CUACS data matches
with, i.e., forms a flat pattern on this spider diagram with
any of these reservoirs, then that will be the probable
source of the CUACS magmas. The results of normalized
plots are given in Figure 12.
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Figure 11. The rare earth elements spidergram showing chondrite normalized plots for alkaline (blue squares), calc-
alkaline or transitional (red circles), and tholeiitic series (green triangles). Combined (a) as well as separate (b—d) plots
for comparison show that alkaline rocks are more enriched compared to tholeiitic rocks, whereas the calc-alkaline rocks
occur transitional between these two.
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Figure 12. The trace elements spider diagram showing normalization of CUACS data with different reservoirs, namely,
(a) Primitive Mantle, (b) N-MORB, (¢) E-MORB, and (d) OIB. In these diagrams, the most prominent feature is the
presence of high positive spikes for Pb, which unequivocally indicate the addition of crustal lead from the continental
crustal or from the pelagic sediments. The NMORB normalized values show a highly fractionated pattern (b), whereas
primitive mantle (a) and EMORB (c¢) normalized values show relatively less enrichment. The OIB normalized values are
horizontal (flat), indicating consistency of values except Pb, which further confirms that the CUACS magmas, similar to
the rest of the DLIP magmas, are inherited from the OIB-type mantle source. As compared to this, other sources, such
as primitive mantle, NMORB, and EMORB, have distinct source characteristics. On the basis of these data, involvement
of any other mantle source is negated. However, crustal contamination is clearly brought out.

In this figure, the N-MORB shows a highly fraction-
ated pattern, which is due to a depleted-enriched contrast,
which means that the CUACS rocks have no source inher-
itance from the depleted mantle component (N-MORB).
The PM normalized as well as the E-MORB normalized (all
normalization values are taken from Sun and McDonough
[100]) diagrams also show fractionated patterns. Although
they are not as much fractionated as N-MORB, apparently
due to their enriched source (as in the Primitive Mantle)
or subsequent enrichment (as in E-MORB), it is difficult
to believe that they are the direct sources for the CUACS
magmas. The OIB normalized patterns are, however, flat
and horizontal, albeit with ruggedness in the spikes. Such
a pattern indicates the source inheritance. Therefore, it is
concluded here that the CUACS rocks were derived from
the OIB-type enriched mantle source, and therefore, the
possibility of involvement of multiple sources is not tenable.
This also indicates that the CUACS rocks have formed in
the same environment and therefore, they are related to
one another on the basis of their source characteristics.

On the basis of trace elements geochemistry, from
different discrimination diagrams and trace element ratios
[101-105], a preliminary tectonic setting and petrogenetic
history have been suggested. The major magma sources
for different series of rocks can be reaffirmed from the dis-
crimination diagrams (Figure 13a—e). The composition of
the tholeiitic series of rocks of CUACS predominantly plots
in the OIB field (Figure 13a,b). The MORB-OIB array pro-
duced by the OIB source is more enriched in comparison
to MORB sources, as shown by their high Ta/Yb and Th/Yb
ratios (Figure 13a,b). The Th/Yb ratios that plot above this
MORB-OIB array are increased by crustal input, either
via magma-crust interactions or by recycling of crust into
magma sources. On the Ta/Yb versus Th/Yb diagram, the
majority of data (tholeiitic and some calc-alkaline series of
rocks) fall within an OIB field and move out of the main
mantle array of basalts formed within the non-subduction
setting. However, this is due to a relative increase in Ta
and Th due to metasomatic effects, thereby reiterating that
the inheritance of the CUACS magma is akin to a single
source, i.e., OIB.
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Figure 13. (a,b) The Ta/Yb vs Th/Yb discrimination diagram, showing that the majority of data falling within OIB (and
enriched mantle) field and also lean towards the field of the continental crust. However, majority of data (notably, calc-
alkaline and some alkaline series rocks) fall out of the mantle array, which is probably due to increase in Ta by meta-
somatism. (b) This is further observed in the Zr/Hf vs Nb/Ta plot, in which majority of tholeiitic and calc-alkaline rocks
fall in a separate field, which is probably due to increase in Ta by metasomatic enrichment of the mantle. (¢) The Ce/Pb
vs Ce and (d) Nb/U vs Nb variation diagrams showing fields for CUACS rocks. Various crust and mantle components
are plotted in comparison, namely, CLM—Continental Lithospheric mantle, MORB—MIid Oceanic Ridge Basalt, OIB—
Oceanic Island Basalt, C-Chondrite—Carbonaceous Chondrites, and PM—Primitive Mantle. The data for all three series
plot overwhelmingly in the OIB field and show a continuum with the crustal components in both diagrams. This confirms
that the CUACS rocks are inherited from the OIB source and shows significant crustal contamination. (e) The Ti/V dis-
crimination diagram. Symbols as per Figure, abbreviations: UCC—Upper Continental Crust, LCC—Lower Continental
Crust, CAB—Calc-alkaline basalt, MORB—Mid Oceanic Ridge basalt, and OIB—Oceanic Island basalt. It is important
to note that the expected value for Ti is 50 to 100 times greater than V. It is possible that there is reasonable interference
in the signals of Ti and V; therefore, a possibility of matrix effect cannot be ruled out. Nonetheless, data show affinity
towards the OIB source.
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Similarly, other geochemical proxies such as Ce/Pb
and Nb/U ratios are also used to evaluate the role of con-
tinental crust and pelagic sediments during their genesis
[101, 102]. The CUACS rocks have a moderate to high
Ce/Pb ratio, higher Nb/U and are plotted in the field of OIB
and lower and upper continental crust. Some of these are
plotted in the pelagic sediments field indicating crustal or
pelagic sediments contamination (Figure 13c,d). However,
the Nb versus Nb/U diagram shows that the majority of
data points plot within the OIB field leaning towards the
continental crust. This is also in confirmation with earlier
view that the DLIP and CUACS magmas were derived from
the OIB sources modified by crustal contamination [22].

Another discrimination diagram, Ti versus V [104],
shows much scatter of data points occupying all three tec-
tonic fields (Figure 13e). Therefore, on the whole, we didn’t
find any convincing evidence of the presence of MORB,
IAT, PM, or HIMU-type mantle reservoirs. So far, the most
convincing among all is the OIB-type source with smaller
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inputs from the continental crust and pelagic sediments.
The same source is envisaged for all the intrusive rocks of
the CUACS.

The eNd values of CUACS lamprophyres range from
—2.5t0 —7, and in the eNd(i) versus 8 Sr/28Sr(i) diagram
(Figure 14), the CUACS lamprophyre samples are plotted
in the domain of OIB-MORB mantle array with enriched
mantle trend showing similarity to mantle characteristics
like other Deccan lamprophyres. Moreover, the eNd(i) ver-
sus 87Sr/86Sr(i) diagram (Figure 14) indicates that the sam-
ples plot within a mantle array near the Bulk Silicate Earth
(BSE) axis. Most of the field area is enclosed by OIB (fields
here are refereed from Tappe et al. [106] and references
therein); however, one sample (KR/199) plots away to-
wards a higher 8/Sr/%6Sr(i) ratio. Since the lamprophyre
and picrobasalt form the calc-alkaline or transitional se-
ries of rocks from the present study area that occur in the
enriched mantle field, this further supports a single mantle
source for the CUACS rocks.

15 gy
1o | e N\
UML, * UML,
= Greenl [ .
2 K%? /S Africa
. k_,J.____ i
= oo @
- W. Greenland;” 0 |
) \el “Orangeite,
10 . JES. Africa S
_ DO P, Yy 4
¥ T S e AUSErgly
e Lamprorte Gaussberg ™ ah{?
s Lamproite, Leucite hills
25 -' ELamproite, Smoky Butte
r l l I [
0.700 0.704 0.708 0.712 0.716 0.720

87Sr 863,

Figure 14. The 87Sr/%6Sr(i) vs ¢Nd diagram plotting sample data from CUACS (i) Dungargaum lamprophyre. Most of
the data points plot within the mantle array inside the enriched quadrant, except for those that show evolved nature. For
comparison data fields of worldwide occurrences of similar rocks (UML, lamproites and orangeites) are also plotted. The
87Sr/88Sr(i) vs eNd(i) plot showing scatter of data points for Dungargum lamprophyres. The data points plot within the
mantle array inside the enriched quadrant. For comparison, data fields of worldwide occurrences of similar rocks (UML,

lamproites, and orangeites) are also plotted.
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Several recent studies have meticulously reviewed ra-
diometric age data using high reliability and precision stan-
dards, leading to a reevaluation of the temporal framework
of the DLIP. Studies are mainly based on high-precision
U-Pb and “°Ar/ 3°Ar geochronology. It indicates that the
major phase of Deccan magmatism was short-lived and
happened close to the Cretaceous—Paleogene boundary.
Most of the eruptive volumes were emplaced over a short
time span, in less than a million years [10, 11]. These
evaluations on a province-wide scale give us a strong
basis for reconsidering the geochronological character-
istics of individual sub-provinces, including the Chhota
Udaipur Alkaline—Carbonatite Sub-province. In this con-
text, Baksi [10] critically reviewed Deccan age measure-
ments again and showed that a lot of the apparent age
variation is due to analytical uncertainties, alteration ef-
fects, and improper sample selection, and not because of
prolonged or episodic magmatism. So, the geochronolog-
ical data from the Chhota Udaipur Alkaline—Carbonatite
Sub-province needs to be reviewed closely, as this area
has yielded some of the most different age estimates in
the Deccan province. Various dates available for the DLIP
range from 80 Ma [107] to 37 Ma [108]. Based on these
data, some authors postulated long-term episodic mag-
matism in the DLIP [81, 109, 110], whereas others, notably
Baksi [10], debated that most of the earlier dates are either
incorrect or based on flawed methods. A review of avail-
able age data of the Deccan LIP, especially in the context
of the Chhota Udaipur area, is given below.

Earlier dates of the Deccan Traps indicate long-term
(~80 Ma) magmatism [107]. Recent studies by Kale et
al. [40] proposed the protracted history of Deccan mag-
matism, which spans about 7 Ma. However, Baksi [10]
has argued against this and previous research work that
favoured an episodic magmatism within the DLIP. He
founded his arguments on his reassessment of the avail-
able Ar*9/Ar® ages for the Deccan trap lava flows from
various stratigraphic units and/or their equivalents in the
DLIP. He used the alteration index (Al) as the primary
barrier to filter the age data using the technique dis-
cussed elaborately in Baksi [111, 112]. Secondly, the valid-
ity of plateau ages based on thermally equilibrated steps,
whether they represent true crystallization ages, was criti-
cally examined. Baksi [10] concluded that many of the pre-
viously reported age data from different stratigraphic units
of the DLIP do not qualify to this strict scrutiny based on
the above two parameters. Thirdly, he also compared the
40Ar/3Ar whole rock ages and those of plagioclase sep-
arates with the U-Pb—Zr ages. These comparisons have
yielded statistically significant dates for different strati-
graphic units of the DLIP. Based on this, he rejected previ-
ously published ages, both upper and lower than the age
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bracket of about 66.3 to 66.5 Ma, which is less than 1 Ma.
This feature of DLIP is similar to other continental flood
basaltic provinces of the world, namely the Siberian Traps,
the Parana-Etendeka, and the Columbia River basalt to
have been erupted within a span of less than 1 Ma (e.g.,
Jiang et al. [11]; Kasbohm et al. [113]).

The age bracket given above confines to the main
pulse of the Deccan magmatism reported as Composite
Western Ghats Section (CWGS) [10]. This brief period
of volcanic activity is also valid for the Mandla lobe, the
Malwa plateau, the Rajahmundry traps, and some of the
felsic and alkaline rocks in the Deccan Province, and pos-
sibly includes the tholeiitic rocks of the Phenai Mata area
of the Chhota Udaipur Sub-province.

Various authors have dated the rocks of CUACS; the
data already available in the literature are considered and
presented here to describe the space-time relationship of
magmatic pulses (Figure 15). The earliest attempts in-
cluded the dating of pyroxenes from nephelinite using the
K/Ar method by Deans et al. [114], which yielded an age of
37.5 + 2.5 Ma, and potash feldspar from the potassic fen-
ites of Amba Dongar by Deans et al. [114], which yielded
an age of 61 = 2 Ma and 76 + 2 Ma by the K-Ar method.
Later, Veena et al. [115] dated carbonatite from the Siri-
wasan area that yielded an age of 71 + 3 Ma using the
Rb/Sr method and 72 + 2 Ma using the Pb/Pb method.
Similarly, 4°Ar/*®Ar geochronological analysis of biotite
from Phenai Mata gabbro produced an age of 64.96 + 0.11
Ma [19]. Viladkar and Gruau [116] and Petibon [117] in
Viladkar [47] used phlogopite from a phlogopite-bearing
fenite and obtained an age of 41.7 + 3.2 Ma. A “0Ar/3%Ar
geochronological analysis of phlogopite from carbonatite
and whole-rock nephelinite and tinguaite yielded an age of
65.0 + 0.3 Ma [118, 119], whereas a phonolite from an al-
kaline plug dated by Ray et al. [120] produced an age of
65.2 + 0.7 Ma using the Ar/Ar technique. Ray et al. [120]
also dated basalt exposed inside the ring dyke of Amba
Dongar and obtained an age of 68.5 + 0.9 Ma. Similarly,
Parisio et al. [121] dated 3 different samples of biotite and
one amphibole from gabbroic rocks of Phenai Mata us-
ing the Ar/Ar method that yielded ages of 66.24 + 0.37,
66.47 + 0.34, 66.37 + 0.31, and 66.60 + 0.35 Ma, re-
spectively. They also dated biotite in a lamprophyre dyke
that yielded an age of 65.25 + 0.29 Ma. Furthermore, the
carbonatites of Siriwasan sill, dated by Viladkar and Gittins
[122] using Rb/Sr, gave an age of 65.25 + 0.29 Ma. Fosu
et al. [123] and Chandra et al. [124] dated two apatite sam-
ples from the carbonatites and one from nephelinite using
the Ar/Ar technique; a combined dataset gave an age of
65.4 + 2.5 Ma. Basu et al. [125] using the U/Pb method
dated gabbro from Phenai Mata yielding an age of 66.17
to 66.00 Ma. Table 1 compiles and summarizes the avail-
able ages of various rocks occurring in the Chhota Udaipur
Sub-province.
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Table 1. Sector-wise available ages of various rocks of CUACS.

Sector Intrusives Age Dating Reference
Method

Amba . . .

Dongar Alkaline rocks 37.5 + 2.5 Ma (using pyroxenes from nephelinite) Ar/Ar [108]

Carbonatites and
carbonatite
breccia

61 +2Maand 76 +2 Ma (qsmg K-feldspar from K/Ar [114]
potassic fenites)
Carbonatites and
carbonatite
breccia

41.7 £+ 3.2 Ma (using phlogopite from

phlogopite-bearing fenite) Rb/Sr [116-118]

65.0 + 0.3 Ma (Phlogopite from carbonatite and

Alkaline rocks whole-rock nephelinite and tinguaite) Ar/AT [118, 119]
Alkaline rocks 65.2 + 0.7 Ma (phonolite from an alkaline plug) Ar/Ar [120]
Carbonatites and
carbonatite 68.5 + 0.9 (basalt exposed inside the ring dyke) Ar/Ar [120]
breccia
62 + 22 and 63 + 19 Ma (apatite from the
Carbonatites and carbonatites)
carbonatite 62.3 + 1.6 Ma (apatite from nephelinite) U/Pb [121, 122]
breccia 65.4 + 2.5 Ma (three datasets combined on a
U—-Pb Tera—Wasserburg concordia plot)
Layered gabbro-
Phenai Mata anorthosite— 64.96 + 0.11 Ma (biotite from alkali olivine gabbro) Ar/Ar [121]
granophyre
66.60 + 0.35 Ma (Amphibole) Ar/Ar [121]
66.24 + 0.37, 66.47 + 0.34, 66.37 + 0.31 (from 3 Ar/Ar [121]
different samples of biotite from PM)
66.17 to 66.00 Ma U/Pb [125]
Siriwasan- Carbonatites and
carbonatite 71 £ 3 Ma Rb/Sr [115]
Dugdha !
breccia
Carbonatites and
carbonatite 72 + 2 Ma Pb/Pb  [115, 122—-124]
breccia
Carbonatites and
carbonatite 63 + 2 Ma Rb/Sr [122]
breccia
. Lamprophyre- o .
Panwad Picrobasalt dyke 65.25 + 0.29 Ma (from biotite in lamphrophyric Ar/Ar [121]
Kawant dyke)
swarm
_ Lamprophyre-
Bagrf:sltgglh Picrobasalt dyke 55 + 2.3 Ma (Lamprophyre) Rb/Sr [109]
swarm
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Interpretation of age relationships within the Chhota
Udaipur Alkaline—Carbonatite Sub-province requires con-
sideration of the temporal framework of the Deccan Large
Igneous Province as a whole. Recent synthesis has shown
that reliable constraints on the timing and duration of Dec-
can magmatism can only be obtained by focusing on the
high-precision U-Pb and 40Ar/39Ar ages derived from
well-preserved mineral phases. In this context, a compre-
hensive review of Phanerozoic Large Igneous Provinces is
recently published by Jiang et al. [11], which provides an
important reference for evaluating the Deccan geochronol-
0gy.

Jiang et al. [11] further showed that, when only high-
quality age data are considered, the Deccan magmatic
event was a short span emplacement centered near the
Cretaceous—Paleogene boundary. Much of the wide age
range reported in earlier studies reflects analytical limita-
tions, alteration of dated materials, or the use of less re-
liable methods, rather than genuine long-term or episodic
magmatism. This conclusion is consistent with the present
reassessment, which also argue for rapid emplacement of
the Deccan flood basalts along with its derivative magmas
emplaced in the form of several dykes, especially in the
CUACS.

This wholistic perspective is essential for interpreting
age data from the individual sub-provinces, as the varia-
tion in ages could be due to local challenges with sam-
pling, post-emplacement alterations or analytical limita-
tions rather than being actual different magmatic phases.
In this context, the age data from the Chhota Udaipur
Alkaline—Carbonatite Sub-province is reviewed to figure
out their correlation with the overall timing of magmatism
in the Deccan province.

Gwalani et al. [4] identified five suites of magmatic
rocks in a chronological order from oldest to youngest
as: (1) the tholeiitic suites comprising Deccan trap lava
flows, (2) a layered gabbro-anorthosite-granophyre com-
plex of Phenai Mata which intrude into the tholeiitic suite
of basaltic lava flows, (3) the main alkaline intrusive suite
which comprises of carbonatites and alkaline rocks, (4)
a trachytic suite of dykes and plugs, and (5) the late
basic-ultrabasic dykes and plugs which comprises of pi-
critic basalt and dolerite. The above suites were classified
based on field relationship’ and ‘available age data’. How-
ever, more geochronological data have since been inun-
dated in the literature. The chronology presented above
remains unvalidated; on the contrary, we present below
the absence of evidence to validate these chronological
events.

(1) The tholeiitic suite comprising of the Deccan traps
basaltic lava flows was considered to be the old-
est among the rocks of CUACS. However, the
relationship of the lava flows and intrusive ig-
neous rocks (such as the alkaline-carbonatite suite
of rocks) shows similar ages as that of the
basaltic lava flows; high-precision “°Ar/*®Ar ages
obtained from the carbonatite complex of Mer-
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Mundwara (68.53 + 0.16 Ma; [125]), Sarnu-Dandali
(68.57 £+ 0.08 Ma; [125]), and ages derived from K—
Ar and “CAr/*Ar dating from Amba Dongar (76 + 2
Ma—61 + 2 Ma; [114, 120, 123, 124]. These ages in-
dicate that both basaltic lava flows and carbonatite-
alkalic intrusive and extrusive rocks are akin to the
same magmatic episode, e.g. Amba Dongar [126]
and Girnar [127—130]. According to Krishnamurthy et
al. [131], there is a Spatiotemporal sandwich of the
tholeiitic and alkaline-intermediate-acidic magmatic
pulses. According to these authors, the alkaline, in-
termediate, and acidic rocks occur sequentially dur-
ing waxing and waning stages of the eruption of Dec-
can Traps basaltic lava flows. Therefore, alkaline and
other rocks occurring within the DLIP are not tempo-
rally distinct and separable from the main pulse of
the Deccan Traps basaltic magmatism.

The Phenai Mata Igneous Complex (PMIC) has been
dated precisely by “°Ar/*°Ar geochronology to an
age range of 64.96 =+ 0.11 Ma—66.60 + 0.35 Ma
[20, 121]. Gwalani et al. [4] mentioned that the PMIC
is ‘intrusive’ into a tholeiitic suite of basaltic lava
flows. They also observed that this suite of rocks
was intruded by a suite of alkaline rocks. It has
been traditionally thought that the Phenai Mata lay-
ered igneous complex represents a differentiated
suite of rocks starting from the layered gabbro to
the granophyre end member [57, 58, 132]. How-
ever, Hari and Randive [73], Hari et al. [133], Ran-
dive et al. [134] presented a contradictory viewpoint
in which these authors opined that the PMIC repre-
sents a bimodal suite of rocks that shows demon-
strable mixing and mingling of magmas. Therefore,
the hypothesis that the PMIC is intrusive into basaltic
lava flows is no longer validated. The ages exhib-
ited by the rocks of PMIC (gabbro and lamprophyre)
show an age comparable to the carbonatite and al-
kaline rock of CUACS. Nevertheless, the ‘carbon-
atite breccia’ cutting across the granophyre-gabbro
suite of PMIC is probably related to the late stage
of magmatic/phreatomagmatic eruptions. Randive et
al. [134] have reported a suite of REE-rich miner-
als such as synchysite, britholite, and REE-rich epi-
dote, which they assigned to a late-stage hydrother-
mal imprint over the PMIC area. Thus, the status of
layered gabbro and the associated rocks of PMIC
remains unassigned due to similar ages between
the layered tholeiitic gabbro-anorthosite-granophyre
suite of PMIC and the main alkaline intrusive suite of
Amba Dongar and Panvad-Kawant.

However, the position of trachytic suit of rock remains
unclear due to the paucity of any age data on these
rocks. In fact, except for Gwalani [53] and Gwalani
et al. [4], there is no literature available on these
rocks. During our fieldwork, we found a large num-
ber of small trachyte dykes intruding within the Dec-
can Traps basaltic lava flows. Although it is difficult
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to assign an age bracket to this rock, it is unlikely
to deviate from the other intrusive rocks within the
CUACS.

Similarly, not much age data is available from the
Bakhatgarh—Phulmal sector; several dykes of picrobasalt
and lamprophyre show continuity with those in the
Panwad—Kawant sector. A majority of dykes occurring in
this sector are of ‘calcareosiliceous’ composition. These
are not true carbonatites, and probably not formed due to
bonafied magmatic processes [5, 48, 50, 63]. Therefore,
we do not find any reason to believe that these rocks are
‘younger’ to the main suite of alkaline—carbonatite magma-
tism.

The total available geochronological data (dates) are
synthesized sector-wise in the following discussion to build
a space-time relationship among the lithologies present in
the CUACS. In the end, the validity of the dates is argued
on the basis of the robustness of the technique that was
used to obtain these dates.

The Amba Dongar rocks have received much atten-
tion from the beginning. The first date came from the min-
eral dating, including K—Ar analyses of pyroxenes from
nephelinite (37.5 + 2.5 Ma by Deans and Powell [108])
and K—-Ar dating of potash feldspar from fenites (61 + 2 Ma
and 76 + 2 by [114]). These two dates were almost unani-
mously believed to be erroneous [4]. Other dates of 61 + 2
Ma and 76 + 2 Ma were obtained using K—Ar dating. In
most cases, including this, an argon loss and excess ar-
gon are two typical issues that may lead to inaccurate age
determinations. High temperatures and alteration may lib-
erate “°Ar from rock/mineral lattices, which might deviate
from the estimated K/Ar age. Therefore, the excess argon
might make the computed K/Ar age older than the “actual”
age of the dated sample [135]. In this case, both the dates
are +5—-10 Ma, deviated from the main magmatic pulse
of Deccan basalt [10]. The alkaline rocks from the Amba
Dongar sector were also dated by Ray and Pande [119],
Ray et al. [118—-120], by the Ar/Ar method. The dates ob-
tained by these authors are very precise, i.e. 65.2 + 0.7
Ma and 65.0 + 0.3 Ma. These dates are closer to the
main magmatic pulse, albeit on the lower side by <1 Ma.
Baksi [90] does not seem to have attempted recalculation
of plateau ages, which is likely to bring down these dates
into the same bracket of ages, confirming the main pulse of
Deccan trap basaltic magmatism. Ray et al. [120] also ob-
tained an age of 68.5 + 0.9 Ma for the basalt present inside
the carbonatite ring dyke using Ar/Ar method. In this case,
the age seems to be misleading; mainly for the fact that
if the core basalt (the basaltic plug inside the ring dyke)
is older to the carbonatite intrusion, then in all probabil-
ity, it will be too altered to give an accurate age. Fosu et
al. [123] and Chandra et al. [124] used fission track dating
of apatite from carbonatite and nephelinite of Amba Don-
gar using the U/Pb method. These authors have produced
four dates, of which apatite from carbonatite has yielded
62 + 2.2 Ma and 63 + 1.9 Ma; 62.3 + 1.6 Ma for apatite
from nephelinite; and the combined age of 65.4 + 2.5 Ma
using U/Pb Tera-Wasserburg Concordia plot. According to
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these authors, the later recalculated age of 65.4 + 2.5 Ma
is more likely to be a realistic age estimate for the Amba
Dongar rocks. Despite different techniques used, it is ap-
parent that the techniques have their inherent problems
of measurements, assumptions, calculations, and extrane-
ous problems such as alteration, which are major impedi-
ments to their accurate prediction. Such problems related
to the Ar/Ar technique were discussed earlier by Baksi
[90, 111, 112].

The 11 km long carbonatite sill of the Siriwasan-
Dugdha sector [4, 136] is another major center of carbon-
atitic magma eruption in the CUACS. The available dates
are from Veena et al. [115] and Viladkar and Gittins [122].
The former authors obtained 71 + 3 Ma using Rb/Sr and
72 + 2 Ma using Pb/Pb. Viladkar and Gittins [122] have
also obtained the dates from Siriwasan using the Rb/Sr
method, but they claimed their date of 63 + 2 Ma is more
precise than that of Veena et al. [115]. However, the dates
of later authors also seem to be on the lower side. In every
possibility, the chances of alteration, metasomatism, and
mixing of crustal components and porous water within the
sandstone in which these carbonatites have been intruded
make the reliability of these dates questionable.

The Phenai Mata is one of the most precisely dated
sectors of CUACS. Earlier dates have been given by Basu
et al. [20], who obtained the date of 64.96 + 0.1 Ma for the
biotite separates using the Ar/Ar method. Baksi [90] ques-
tioned these dates. Basu et al. [125] recalculated the ages
of Phenai Mata gabbro; this time using U/Pb geochronom-
etry and obtained their dates of 66.17—66.00 Ma, which
seems to be the most accurate dates available so far from
the CUACS. This date is also coeval with the main pulse
of Deccan basaltic magmatism in the Composite West-
ern Ghats section (CWGS) of the DLIP [90]. Parisio et
al [121] proposed Ar/Ar dates for amphibole and biotite
gabbro of Phenai Mata to be around 66.60 + 0.35 Ma,
66.24 + 0.37 Ma, 66.47 £+ 0.31 Ma. These ages are in
good agreement with the U/Pb ages given by Basu et al
[125].

Parisio et al. [121] have also dated biotite in a lampro-
phyre dyke in the Dungargum area by Ar/Ar method. They
obtained an age of 65.25 + 0.29 Ma for the biotite sepa-
rates using Ar/Ar method. This age falls within a range of
+ 1 Ma for CWGS ages of DLIP. It also indicates that the
lamprophyres are younger in the sequence, which is also
confirmed by their intrusive relationship elsewhere [137].
The Dungargum area is a part of the Panwad—Kawant sec-
tor [4]. Similarly, the lamprophyre dated from nearby ar-
eas of the Bakhatgarh—Phulmal sector dated by Sahu et
al [110] gives a much younger age of 55 + 2.3 Ma using
Rb—Sr technique. In all probability, Parisio et al [121] and
Randive et al [103] have dated similar dykes by using dif-
ferent techniques, of which the former age is more reliable.

To sum up, the ages obtained from the CUACS appear
to be distinct in space (sector-wise) as well as time (age-
wise/ temporal). The above discussion favors the most reli-
able ages across the sector based on the reasoning given
in the Table 2.
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Table 2. Reported ages across the sectors and their reliability.

:;' Sector Obtained Ages Accepted Ages Discarded Ages Remarks
37.5 £+ 2.5 Ma (using The alteration may be
1. Amba Dongar pyroxenes from 37.5+25Ma responsible for inaccurate
nephelinite) [108] age determination
The K—Ar technique cannot
61+ 2 Ma and 76 + 2 be considered suitable for
Ma (using K-feldspar 61 + 2 Ma and )
: A dating younger rocks. Here, a
from potassic fenites 76 £ 2 Ma I
deviation of £5-10 Ma from
[114]) . .
the main magmatic pulse
41.7 + 3.2 Ma (using
phlogopite from 417 + 3.2 Ma Inaccurate age

phlogopite-bearing
fenite) [116, 117]

65.0 + 0.3 Ma
(Phlogopite from .
. The precise date, closest to
carbonatite and 65.0 £ 0.3 Ma the main magmatic pulse

whole-rock nephelinite
and tinguaite) [118, 119]

65.2 + 0.7 Ma (phonolite The precise date, closest to
from an alkaline plug) 65.2 +£ 0.7 Ma prec -
the main magmatic pulse
[120]
68.5 + 0.9 Ma (basalt The sample is most likely to
exposed inside the ring 68.5 + 0.9 Ma P y
be too altered
dyke) [120]

Alteration, metasomatism,
and mixing of crustal
components from the

2. Siriwasan- 7143 Ma (Ro-Sr 71 + 3Ma sandstone to which these
Dugdha isochron age [115]) .
carbonatites have been
intruded make the dates less
reliable.
72 + 2 Ma (whole-rock
and mineral Rb—Sr) 72 + 2 Ma
[115, 122—124]
63 + 2 Ma (K-Ar on 63 1+ 2 Ma Much on the lower side than
phlogopite [122]) the main magmatic pulse
64.96 + 0.11 Ma (biotite .
3. Phenai Mata from alkali olivine 64.96 + 0.11 Ma Onn:f;?nlﬁqv;errs:tiithagethe
gabbro) [20] 9 P
66.60 + 0.35 Ma Dates are in good agreement
(Amphibole) [121] 66.60 + 0.35 Ma (Reliable dates)
66.24 + 0.37,
66.47 + 0.34, 66.24 + 0.37,
66.37 + 0.31 (from 3 66.47 + 0.34,
different samples of 66.37 + 0.31
biotite from PM) [121]
66.17 to
66.17 to 66.00 Ma [125] 66.00 Ma
Panwad— 65.25 + 0.29 Ma (from
4. biotite in lamprophyre 65.25 + 0.29 Ma Reliable age
Kawant
dyke) [121]
Bakhatgarh— 55 + 2.3Ma
5. Phulmal (Lamprophyre) [109] 55 + 2.3Ma Erroneous age
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The most reliable age dates of the CUACS are con-
fined to 66 + 1 Ma, which is equivalent to the main pulse
of Deccan basaltic magmatism (CWGS), and shows a very
narrow age bracket and which is also a characteristic of
the large igneous provinces (Baksi, [136] and references
therein). It is therefore observed that there is no unambigu-
ous and demonstrable episodic magmatism in the CUACS;
on the contrary, there are demonstrable evidences that the
geochronological data showing so-called magmatic pulses
are flawed and subject to reinterpretation. Despite being
spatially separated, the intrusive or extrusive rocks of the
CUACS are coeval, and there is no episodic magmatism in
the CUACS.

The high-precision U-Pb and “°Ar/*®Ar geochronol-
ogy has firmly established that the Deccan Large Igneous
Province formed during a geologically brief time interval
close to the Cretaceous—Paleogene boundary. Within this
well-constrained temporal framework, the present study
was aimed to characterize the poorly understood Chhota
Udaipur Alkaline-Carbonatite Sub-Province (CUACS) and
to evaluate its spatial and temporal relationship with the
Deccan magmatic event. Field relationships, structural
patterns, petrographic characteristics, and geochemical
signatures across the CUACS reveal no compelling evi-
dence for temporally distinct intrusive episodes. Instead,
the diverse alkaline, transitional, and tholeiitic rock suites
show coherence in source characteristics and emplace-
ment relationships. When critically assessed, reported
older (>68 Ma) and younger (~61-64 Ma) ages appear
inconsistent and are best explained by analytical uncer-
tainties or altered samples rather than by prolonged or
episodic magmatism. Overall, the CUACS magmatism is
interpreted to be broadly coeval with the principal Dec-
can eruptive phase at ~66 Ma. These findings reinforce
the view that the Deccan magmatic system, including its
alkaline-carbonatite components, represents a short-lived
but compositionally diverse magmatic episode rather than
a temporally extended or episodic magmatism.
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