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Abstract The Central Saurashtra mafic dyke swarm in the
northwestern Deccan Traps contains a few picrites, several
subalkalic basalts and basaltic andesites, and an andes-
ite. We have obtained precise “°Ar/°Ar ages of 65.6+
0.2 Ma, 66.6+0.3, and 62.4+0.3 Ma (20 errors) for
three of the dykes, indicating the emplacement of the
swarm over several million years. Mineral chemical and
whole-rock major and trace element and Sr—Nd isotopic
data show that fractional crystallization and crystal ac-
cumulation were important processes. Except for two
dykes (with engt values of —8.2 and —12.3), the magmas
were only moderately contaminated by continental crust.
The late-emplaced (62.4 Ma) basalt dyke has composi-
tional characteristics (low La/Sm and Th/Nb, high engf
of +4.3) suggesting little or no crustal contamination.
Most dykes are low-Ti and a few high-Ti, and these
contrasting Ti types cannot be produced by fractional
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crystallization processes but require distinct parental
magmas. Some dykes are compositionally homogeneous
over tens of kilometers, whereas others are heteroge-
neous, partly because they were formed by multiple
magma injections. The combined field and geochemical
data establish the Sardhar dyke as >62 km long and the
longest in Saurashtra, but this and the other Central
Saurasthra dykes cannot have fed any of the hitherto
studied lava-flow sequences in Saurashtra, given their
very distinct Sr—Nd isotopic compositions. As observed
previously, high-Ti lavas and dykes only outcrop east—
northeast of a line joining Rajkot and Palitana, probably
because of underlying enriched mantle at ~65 Ma.

Keywords Volcanism - Deccan Traps - Flood basalt - Dyke
swarms - India - Saurashtra

Introduction

Recent geochemical studies of the Deccan Traps lava flows
and dyke swarms (Fig. 1a) have shown that whereas many
lava-flow successions, separated by hundreds of kilometers,
correlate stratigraphically with each other (e.g., Peng et al.
2014), many others do not, and thus the Deccan lava eruptions
were polycentric (e.g., Sheth and Melluso 2008; Sheth et al.
2013). Three major mafic dyke swarms outcropping in the
Deccan province (Fig. 1a) have been studied extensively in
the search for the feeder dykes of the Deccan Traps lava flows,
and some of the dykes are inferred to have fed lava flows
several hundred kilometers in length (e.g., Bondre et al.
2006; Ray et al. 2007; Sheth et al. 2009, 2013, 2014;
Vanderkluysen et al. 2011).

@ Springer


http://dx.doi.org/10.1007/s00445-015-0932-0

45 Page2of 19

Bull Volcanol (2015) 77: 45

The northwestern Deccan Traps (including the Saurashtra,
Kachchh, and Rajasthan regions, Fig. 1a) remain poorly stud-
ied in comparison to the southwestern Deccan (Western
Ghats), the central Deccan (the Dhule area), and the northern
and northeastern Deccan regions. Geochronological data for
the northwestern Deccan Traps are particularly scarce. Here,
we present a study of the large Central Saurashtra mafic dyke
swarm in the northwestern Deccan Traps. With varied
datasets (field, petrographic, “’Ar/*°Ar geochronological,
mineral chemical, and whole-rock geochemical data, includ-
ing major and trace element and Sr-Nd isotopic data), we
discuss the magmatic evolution and magma transport in these
dykes and examine the tectonomagmatic relationship of this
dyke swarm with the lava-flow sequences in the Saurashtra
region.

Geology

Saurashtra (Fig. 1a, b) is mostly flat and low-lying and cov-
ered by the Deccan flood basalts in large part. Geological,
geophysical and drilling data suggest that the basalts are up
to a few hundred meters thick (e.g., West 1958; Sheth et al.
2013). Mesozoic sedimentary rocks outcrop in the northern
areas and Tertiary and Quaternary sediments outcrop along the
coastal fringes of Saurashtra. Unlike the main Deccan
province to the east-southeast, dominated by tholeiitic flood
lavas, the Deccan Traps of Saurashtra include several volcano-
plutonic complexes and a great range of rock types including
picrite and ankaramite, lamprophyres, diorite, granophyre,
and rhyolite (e.g., Melluso et al. 1995; Sheth et al. 2011,
2012; Kshirsagar et al. 2012, and references therein). Mafic
dykes are abundant (Auden 1949), and the Eastern Saurashtra
dykes studied by Sheth et al. (2013) represent a westerly ex-
tension of the large, ENE-WSW trending Narmada-Tapi dyke
swarm (NTDS, Fig. 1a) into Saurashtra across the Cambay
rift.

The Central Saurashtra dykes studied here form a large
swarm exposed between the cities of Rajkot and Amreli,
~150 km northwest of the Eastern Saurashtra dyke swarm
(Fig. 1b). This area is the relatively elevated (~200 m above
mean sea level) but flat central highland region of Saurashtra,
and the dykes form linear topographic ridges many kilometers
long. They intrude basaltic lava flows at the current level of
exposure and may have fed lava flows at higher levels subse-
quently eroded away. The Central Saurashtra dyke swarm
(Fig. 1c) contains several dykes trending ENE-WSW, and
others with different orientations including ~ E-W and NW—
SE. We collected 19 samples of the Central Saurashtra dykes,
which are all mafic and medium to very fine grained. Field
notes and sample descriptions are provided in the Supplemen-
tary Table S1.

@ Springer

Fig. 1 Geological maps of the Deccan Traps (a) and of Saurashtra (b), P>
with important features and localities mentioned in the text marked in
both. Elliptical area in (a) is the northwestern Deccan region, with great
compositional diversity and many igneous complexes (Sheth et al. 2011,
2012). Three major dyke swarms in the Deccan Traps are shown: the
Narmada-Tapi dyke swarm (N7DS), the Coastal dyke swarm (CDS),
and the Nasik-Pune swarm (NPDS, Vanderkluysen et al. 2011 and
references therein). Also shown in panel (b) are drillhole lava
sequences in NE Saurashtra (black stars) located at Wadhwan,
Dhandhuka, and Botad, and igneous complexes of Saurashtra (white
stars). In (b), the rectangular area shown by the box over central
Saurashtra is the present study area. The smaller box shows the area of
the Palitana lava sequence and Eastern Saurashtra dykes studied by Sheth
et al. (2013). High-Ti lavas and dykes are only found to the north—
northeast of the line joining Rajkot and Palitana cities (Melluso et al.
1995; Sheth et al. 2013). ¢ Map of the present study area, showing the
major topographic and geological features. The area is more or less flat-
lying and forms the central Saurashtra highlands (~200 m above sea
level). Open circles are towns and villages, and double grey lines are
roads. The Central Saurashtra dykes are shown by black lines, and
filled circles on the lines represent samples collected. Four high-Ti
dykes (explained in Fig. 3) are indicated by “(HTi)” next to the sample
numbers; all the other dykes are low-Ti. Numbers within grey ellipses are
the 1:50,000 scale Survey of India toposheet numbers

Analytical methods

Small fresh chips of these samples were cleaned in an ultra-
sonic bath and ground to powders of <75 um grain size using
a Retsch PM-100 planetary ball mill and stainless steel grind-
ing balls, in the Department of Earth Sciences, IIT Bombay.
Major oxide compositions of the dykes by inductively
coupled plasma atomic emission spectrometry (instrument:
Jobin Yvon Ultima 2), and loss on ignition (LOI) values, were
also determined there (Table 1), following the procedure
described by Sheth et al. (2013). Trace elements including
the rare earth elements (REE) were analyzed in 12 selected
dyke samples by inductively coupled plasma mass spectrom-
etry at the Institute of the Earth’s Crust, of the Siberian Branch
of the Russian Academy of Sciences, Irkutsk (Table 2). 50 mg
of sample powders were weighed in 40 ml PFA vials. Disso-
lution was done using open vials by a mixture of HF, HNOs,
and HCIO, following Panteeva et al. (2003). The measure-
ments were performed using an Agilent 7500ce (Agilent
Technologies Inc., USA) mass spectrometer operated at
the Limnological Institute of the Siberian Branch of the Rus-
sian Academy of Sciences, Irkutsk. 10 ppb of In and Bi were
added as internal standards to correct for instrumental drift and
matrix effects. The measured mass spectra were analyzed and
elemental concentrations in the samples calculated offline
using Excel software and data for certified reference materials
MGR-N, JB-2, and BCR-2.

Strontium and neodymium isotopic ratios were also
measured in these 12 samples at the Institute of the Earth’s
Crust, Irkutsk (Table 3). The procedures followed Pin and
Santos-Zalduegui (1997) for Nd and Pin et al. (1994) for Sr,
with minor modifications outlined by Rasskazov et al. (2002)
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Table 1 Major element data (in wt.%) for the Central Saurashtra dyke swarm, northwestern Deccan Traps
Trend N80 (87) N80 N80 (100) N83 N90 (87) N80 Curved (~N77) N90 (77) N68 N70 N80 (113)
Rock name B, sa B, sa BA B, sa BA BA B, sa PIC PIC B, sa B, sa
Sample CSD1 CSD2 CSD3 CSD4  CSDS5 CSD6  CSD7 CSD8 CSD9 CSD10  CSDl11
SiO, 50.10 49.77 54.63 49.29 5291 54.85 49.15 48.52 49.89 51.72 51.26
TiO, 1.29 0.80 3.24 0.74 298 1.53 1.15 1.10 0.92 084 088
AlLO3 13.50 14.50 13.80 14.66 12.83 9.70 10.75 10.48 10.27 10.41 9.59
Fe,05T 12.09 12.65 13.36 12.04 12.92 12.02 12.50 12.27 12.78 12.85 14.39
MnO 0.18 0.21 0.19 0.19 0.19 0.16 0.20 0.19 0.20 0.21 0.23
MgO 9.20 8.58 4.44 8.84 4.75 7.18 10.87 12.78 12.42 8.37 8.53
CaO 10.76 13.15 7.28 13.21 7.08 10.37 12.83 12.09 12.51 12.18 12.59
Na,O 1.67 1.49 2.55 1.45 2.33 1.88 1.74 1.94 1.76 1.88 1.63
K,0 0.39 0.13 1.93 0.15 1.79 1.21 0.55 0.60 0.31 034 044
P,0s5 0.13 0.08 0.46 0.10 0.43 0.16 0.15 0.15 0.07 0.09  0.09
LOI 1.42 1.14 1.34 1.02 1.15 1.44 0.84 0.68 0.42 122 071
Total 100.73 102.50 103.22 101.69 99.36 100.50  100.73 100.80 101.55 100.11 100.34
Mgt 64.0 61.3 455 63.2 48.0 60.0 67.0 70.9 69.4 62.1 59.9
Trend N75 Curved  N90O N320 N80 (70) Curved Curved N326
(~N337) (~N48)  (~N290)
Rock name PIC A B, sa BA B, sa B, sa B, sa B, sa Meas. Ref.
Sample CSD12 CSD13 CSD14 CSD15 CSDI16 CSD17 CSDI18 CSD19 BHVO2 BHVO2
Si0, 47.22 56.67 48.89 54.71 48.86 47.99 48.02 49.18 49.56 49.9
TiO, 0.83 2.84 1.06 2.79 0.90 1.17 1.04 1.23 2.76 2.73
Al,O3 13.24 8.74 14.28 12.46 14.33 11.33 10.31 14.09 13.55 13.5
Fe,O5T 11.93 15.59 11.21 15.04 12.20 11.49 11.95 11.24 12.14 12.3
MnO 0.19 0.24 0.17 0.23 0.20 0.18 0.18 0.18 0.17 0.166
MgO 15.56 2.86 7.97 2.92 9.80 9.05 11.15 8.32 7.63 7.23
CaO 10.92 6.15 10.47 5.93 13.09 12.38 12.16 11.89 11.20 11.4
Na,O 1.37 2.65 1.88 2.59 1.52 2.05 1.59 1.68 1.86 222
K,0 0.45 1.78 0.69 1.67 0.34 0.65 0.40 0.45 0.52 0.52
P,0s5 0.10 0.63 0.13 0.59 0.12 0.17 0.16 0.15 0.29 0.27
LOI 0.79 1.82 2.80 1.81 1.80 1.00 2.02 0.97
Total 102.60 99.97 99.55 100.74  103.16 97.46 98.98 99.38 99.68 100.24
Mgt 75.3 323 62.4 32.8 65.2 64.8 68.6 63.4

Dyke trends, where variable for individual dykes, are shown as local trend and overall trend (within brackets). Several dykes have notable curvatures in
plan, and their overall trends are indicated by the “~” sign. Note that two of the analyses (CSD3 and CSD16) have totals exceeding 103 wt. %. The rock
names and Mg Numbers (Mg#) for all samples are based on major oxide data recalculated to 100 % on an anhydrous basis using the SINCLAS program.
Rock names are B, sa = subalkalic basalt, BA = basaltic andesite, PIC = picrite, A = andesite. Mg# = 100 Mg>"™ /(Mg>" +Fe’"), atomic, where Fe’" and
Fe** are computed following Middlemost (1989). Reference values and measured values on the USGS standard BHVO2 (Wilson 2000) provide an idea

about analytical accuracy

and Ivanov et al. (2008), respectively. Isotopic ratios were mea-
sured using a Finnigan MAT262 thermal ionization mass spec-
trometer. Accuracy of the analyses was tested by measurements
on the reference materials SRM 987 (0.710263+0.000011, 20,
n=10) and JNd-1 (0.512102+0.000005, 20, n=12).
Whole-rock samples of three of the longer and fresher
aphyric dykes were dated by the *“°Ar/*’Ar incremental
heating technique at the National Facility for *“’Ar/*°Ar Geo-
chronology and Thermochronology, located in the Depart-
ment of Earth Sciences, IIT Bombay. This employed a
Thermo Fisher ARGUS mass spectrometer and the procedures

@ Springer

described in Sen et al. (2012). The results are summarized in
Table 4, and the stepwise analytical data are given in the Sup-
plementary Table S2. The plateau spectra and isochron plots
for the three samples are shown in Fig. 2. We define a plateau
as comprising a minimum of 60 % of the total *°Ar released
and four or more successive degassing steps whose mean ages
overlap atthe 20 level including the error contribution from the
Jvalue. The data were plotted using the program ISOPLOT v.
3.75 (Ludwig 2012).

Mineral compositions were obtained at Centro
Interdipartimentale Strumentazioni per Analisi
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Table 2 Trace element data (in ppm) for the Central Saurashtra dyke swarm and certified reference materials

Comp. B,sa BA BA BA PIC PIC B, sa BA B, sa B, sa B, sa B, sa

Sample CSDI CSD3 CSD5 CSD6 CSD8 CSD9 CSD11 CSDI5S CSD16 CSD17 CSDI8 CSD19 BCR-2m BCR-2r
Sc 36.1 320 320 316 361 36.6 480 29.4 46.8 33.1 357 373 32 33
v 284 479 47 273 266 268 343 155 322 261 258 300 416 416
Cr 860 213 349 477 623 690 442 375 646 389 613 398 20.2 18
Co 46.1 321 320 381 51.3 504 456 33.1 46.8 41.9 48.8 40.3 36.5 37
Ni 158 506 554 43 247 213 112 385 183 165 234 139 12.7 18
Cu 715 585 720 267 642 613 883 2231 1006 1252 1935 1908 23.5 19
Zn 480 347 441 251 415 382 547 1374 630 802 1250 1222 139 127
Ga 16.7 222 216 18.0 135 14.1 14.6 21.1 15.1 14.9 14.4 16.4 213 23
Ge 1.51 1.69 1.66 1.45 1.27 1.33 1.49 1.81 1.55 1.25 1.28 1.51 1.58 1.5
Rb 168 664 654 364 145 778 12.2 81.0 11.1 16.0 10.8 12.3 47.8 48
Sr 145 214 197 191 205 139 82.0 188 118 246 220 164 328 346
Y 250 509 509 252 206 173 237 572 22.8 21.6 21.1 233 37.6 37
Zr 101 312 294 137 695 433 295 320 56.6 73.4 68.2 101 204 188
Nb 532 415 385 785 10.7 521 3.57 379 9.68 12.0 11.2 10.6 13.3 12.6
Mo 330 229 336 235 1.54 1.97 221 3.57 2.81 1.93 1.83 223 235 248
Sn 18.1 13.0 16.0 747 15.3 14.2 19.5 524 234 30.8 49.6 47.6 2.23 247
Cs 026 070 094 026 016 007 007 1.90 0.17 0.29 0.45 0.63 1.14 1.1
Ba 111 414 397 187 147 86.3 435 421 105 165 154 125 678 683
La 102 405 397 16.1 9.21 3.10 336 442 6.35 10.2 9.94 11.8 24.1 25
Ce 215 82.1 80.1 344 188  6.81 7.27 89.4 13.4 20.7 20.0 242 52.6 53
Pr 279 945 922 414 235 095 1.03 10.3 1.71 2.56 2.46 3.07 6.44 6.8
Nd 125 383 374 17.2 100 456 501 42.1 7.60 10.7 10.4 13.0 27.6 28
Sm 341 8.61 836 421 255 1.67 1.82 9.46 2.14 2.73 2.64 337 6.39 6.7
Eu 1.08 241 235 127 090 069  0.69 2.55 0.77 0.94 0.89 1.04 1.94 2
Gd 415 940 925 473 3.1 236 2.68 10.5 2.82 3.27 320 3.86 6.91 6.8
Tb 0.68 1.42 142 073 053 043 051 1.59 0.53 0.54 0.54 0.63 1.04 1.07
Dy 428 849 852 439 340 285  3.64 9.48 3.63 3.57 3.50 3.91 6.36 6.41
Ho 0.89 1.78 .78 092 075 062  0.85 1.98 0.81 0.78 0.76 0.82 1.3 133
Er 250 497 504 249 214 1.78 252 5.52 241 222 2.20 2.36 3.65 3.66
Tm 036 075 075 036 032 025 038 0.83 0.37 0.33 0.33 0.35 0.52 0.54
Yb 220 458 465 222 1.99 1.59 245 5.10 2.29 2.04 2.00 2.13 3.36 35
Lu 034 070 070 033 030 025 038 0.78 0.36 0.32 0.30 0.32 0.52 0.51
Hf 263 726 703  3.50 1.75 123 093 747 1.50 1.84 1.72 2.50 5.02 4.8
Ta 045 407 370 072 1.05 066 035 3.58 091 1.14 1.03 0.89 0.87 0.74
w 0.55 1.17 1.1I8 046 034 062 039 1.55 0.44 0.37 0.30 0.59 0.6 0.53
Pb 555 477 443 236 455 431 46.6 152 72.2 85.1 125 147 11.1 11
Th 3.20 102 991 4.32 .63 073 052 12.1 0.86 1.71 1.68 3.15 5.89 6.2
u 076 221 222099 024 0.0 008 2.60 0.18 0.26 0.25 0.67 1.58 1.69

7 is the reference value (Wilson 1997), m the measured value on USGS standard BCR-2

Geomineralogiche, University of Naples, utilizing an Oxford
Instruments Microanalysis Unit equipped with an INCA X-act
detector and a JEOL JSM-5310 microscope. An accelerating
voltage of 15 kV and a filament current of 50-100 mA was
used for all the analyses. Measuring times were of 50 s. Sili-
cates and oxides were used as standards (see Cucciniello et al.
2014 for details). The complete dataset of mineral analyses is
available in the Supplementary Table S3.

Nomenclature and petrography

We used the SINCLAS program of Verma et al. (2002) to
recalculate the major oxide compositions on a LOI-free basis
and to obtain Mg Numbers [Mg# = 100 Mg/(Mg + Fe*")],
CIPW norms, and standardized, IUGS-recommended rock
names (Le Bas et al. 1986; Supplementary Fig. 1) for the
samples. Total iron was divided into Fe** and Fe®" varieties

@ Springer
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Table 3  Sr—Nd isotopic data for the Central Saurashtra dyke swarm

Comp. Sample ¥RbA°Sr  (*’St/*Sr), 20 *7Sr®sr), Sm/M*Nd ("PNd/'Nd),  £20 ("BNd/"**Nd),  eNd,

B,sa CSDI 034 0714522  0.000012  0.714212  0.17 0.512205 0.000012  0.512135 -82
BA CSD3  0.90 0708352 0.000015 0.707521  0.14 0.512426 0.000010  0.512368 -36
BA CSD5  0.96 0.708435  0.000014  0.707547  0.13 0.512422 0.000007  0.512365 -37
BA CSD6 055 0717556 0.000014  0.717048  0.15 0.511988 0.000007  0.511925 -123
PIC CSD8  0.20 0.707285  0.000015  0.707096  0.15 0.512488 0.000007  0.512422 26
PIC CcSD9 016 0.706407  0.000014  0.706257  0.22 0.512567 0.000016  0.512473 -16
B,sa  CSDIl 043 0705355  0.000014  0.704956  0.22 0.512863 0.000009  0.512770 +42
BA CSDI5 125 0709673 0.000013  0.708520  0.14 0.512346 0.000010  0.512288 -52
B,sa  CSDI6 027 0705430 0.000014  0.705179  0.17 0.512693 0.000012  0.512621 +13
B,sa  CSDI7 0.19 0707399  0.000016  0.707225  0.15 0.512498 0.000012  0.512432 24
B,sa  CSDI8 0.14 0.707200  0.000015  0.707068  0.15 0.512512 0.000016  0.512447 2.1
B,sa  CSDI9 022 0.708019  0.000016  0.707819  0.16 0.512434 0.000007  0.512367 -36

Comp. indicates composition (rock type) as in Tables 1 and 2. The Sr and Nd isotopic measurements were on unleached samples. Subscripts “p” and “t”
on Sr and Nd isotopic ratios and ¢éNd values indicate present-day and initial (age-corrected to 65 Ma) values, respectively

based on the Middlemost (1989) scheme offered by SINCLAS.
The Central Saurashtra dykes range in composition from picrite
(with >12 wt.% MgO) to basalt, basaltic andesite, and andesite
(Table 1). All samples are subalkalic with normative hypersthene
(4.06-27.3 wt.%), and several samples have normative quartz
(from 1.57 wt.% to as much as 18.0 wt. % in the andesite CSD13).
The picrites (e.g. CSD8 and CSD9) have subophitic or por-
phyritic textures (Supplementary Fig. 2a, b). Phenocrysts com-
monly make up 15-20 % and rarely exceed 30 % by volume of
the picrites. Olivine occurs as phenocrysts, microphenocrysts,
or microlites in the groundmass. Olivine phenocrysts and
microphenocrysts are euhedral or subhedral, zoned, generally
altered along fractures to iddingsite and often contain small
rounded spinel inclusions (Supplementary Fig. 2a, b).
Clinopyroxene forms euhedral to subhedral phenocrysts or
microphenocrysts, or subophitic or intergranular phases in the
groundmass (Supplementary Fig. 2a, b). Plagioclase forms
euhedral to subhedral lath-shaped crystals (Supplementary
Fig. 2a, b). Opaque oxides occur as microphenocrysts or
microlites. Apatite is an accessory groundmass phase.

The basaltic dykes (Supplementary Fig. 2c—f) are porphy-
ritic with phenocrysts of olivine and subordinate
clinopyroxene constituting 10-20 % by volume, but some
samples show a subophitic texture. They consist of subhedral
or rounded olivine (always altered to iddingsite along frac-
tures), subhedral, interstitial, or oikocrystic clinopyroxene,
euhedral to subhedral lath-shaped plagioclase, and interstitial
anhedral opaque oxides. Chromiferous spinels are enclosed in
olivine phenocrysts and sometimes also in clinopyroxene
grains. Pigeonite is found at boundaries of clinopyroxene
grains, or within the groundmass (Supplementary Fig. 2f).
Orthopyroxene has been found only in the sample CSD18 as
a late-crystallized phase in the groundmass with quartz, alkali
feldspar, pigeonite, and opaque oxides (Supplementary
Fig. 2f). Interstitial glass (of rhyolitic composition) is rarely
observed (CSD1). The Sardhar basaltic andesite (CSD5) is a
fine-grained rock with microphenocrysts of plagioclase and
clinopyroxene in a groundmass of plagioclase, quartz,
clinopyroxene, pigeonite, and opaque oxides (Supplementary
Fig. 2 g, h).

Table 4 Summary of **Ar/*°Ar dating results for the Central Saurashtra dykes
Sample  Plateau Isochron Inverse isochron

Steps %> Ar Age (Ma) MSWD p Age (Ma) Trap MSWD p Age (Ma) Trap MSWD p
CSD5 17 95.4 65.6£0.2 058 090 65.6+03 2964+23 0.21 0.99 65.6+03 296.6+1.7 0.51 0.94
CSDS8 12 77.9 66.6£03  0.77 0.67 665+0.6 295.6+2.1 0.08 1.00 664+04 296.0+1.6 0.26 0.99
CSDI1 11 70.4 624+03 0.61 081 624+0.5 2952+33 0.13 0.99 625+03 295.0£2.0 0.61 0.79

Trap is initial ** Ar/*® Ar ratio (trapped component), MSWD is mean square weighted deviate, and p is the corresponding probability. Errors are reported
at the 20 confidence level and monitor mineral is MMHDb (523.14+2.6 Ma; Renne et al. 1998). Interference corrections for Ca- and K-produced Ar
isotopes based on analysis of CaF, and K,SO, salts were (*° Ar”7 Ar)ca, (2 Ar?7 Ar)ca, and (* A1/ Ar)c=0.000344, 0.001062, and 0.0006466,
respectively. ** Arblank contributions were 1-2 % or less for all temperature steps. The irradiation parameter ./ for each sample was corrected for neutron
flux variation using the activity of nickel wires irradiated with each sample. Values of fluence-corrected J for various samples are as follows: CSDS,
0.002216+0.000009; CSD8, 0.002308+0.000009; and CSD11, 0.002180+0.000009.
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Fig. 2 “°Ar/*°Ar plateau spectra (left panels) and isochron plots (right
panels) for the Central Saurashtra dyke samples a CSDS5, b CSDS, and ¢
CSD11. In the plateau spectra, the plateau steps are shown with red

“0Ar/°Ar dating

The three dated samples (sample CSD5 from the N87°-
trending Sardhar basaltic andesite dyke, sample CSD8 from

outlines and the nonplateau steps with dark blue outlines. Also shown
are values of the mean square weighted deviate (MSWD) and probability
(p). Inset figures show the enlarged views of the plateau spectra

a N77°-trending picrite dyke, and sample CSD11 from a
N113°-trending basalt dyke) yielded very good plateau spec-
tra (Fig. 2a, b, c¢). Also, the concordant plateau, isochron and
inverse isochron ages for each sample, the large amounts of
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total released *°Ar (70.4-95.4 %) for the plateau steps, the
acceptable mean square weighted deviate (MSWD) values
of the isochrons and inverse isochrons, as well as the atmo-
spheric *°Ar/*°Ar ratio (295.5) of the trapped argon given by
their intercepts (Fig. 2a, b, c), suggest that these ages represent
true crystallization ages. We therefore take the plateau ages as
the crystallization ages. The dyke CSD5 has an age of 65.6+
0.2 Ma (20), dyke CSDS has an age of 66.6+0.3 Ma (20), and
dyke CSD11 has an age of 62.44+0.3 Ma (20). The first two
ages are essentially the same as those determined for the bulk
of the Deccan Traps (e.g., Baksi 2014 and references therein).

Mineral chemistry
Olivines

Olivine has a wide range of composition from Fog4 to Fos; in
picrites and from Fogs to Fo;g in tholeiitic basalts (where Fo =
100 Mg/(Mg + Fe); Supplementary Fig. 3a). MnO in olivine
ranges from 0.1 to 1.4 wt. %. NiO ranges from below detection
limits to 0.7 wt. % and tends to decrease with decreasing MgO.
CaO ranges from 0.1 to 0.8 wt.% (Supplementary Table S3).

Pyroxenes

Clinopyroxenes of the Central Saurashtra dykes belong to the
augite—ferroaugite and diopside-hedenbergite series (nomencla-
ture of Morimoto et al. 1988; Supplementary Table S3; Supple-
mentary Fig. 3b). The first series occurs in the basaltic samples
CSD1, CSD5, and CSD18 (EnygFsoWoys to Ens,Fsy; Wo,7) and
shows Fe enrichment and Ca depletion from clinopyroxene
cores to rims and with increasing differentiation. TiO, and
Al,O5 contents are low (0.3—1.6 wt.% TiO, and 1.0-3.7 wt.%
Al,O5). Pigeonite is relatively abundant in the groundmass of
these samples. It has a compositional range from EnsoFs,oWo1q
to EnyyFsg3Woys. Fe-rich orthopyroxene (En,;Fs;oWos) has
been found in the tholeiitic dyke CSD18. Equilibration temper-
atures of groundmass clinopyroxenes and pigeonites in the Mg-
rich basaltic dyke CSD18 and the basaltic andesite CSDS, based
on the two-pyroxene geothermometer of Lindsley (1983), range
from 1100 to 1000 °C. Similar temperatures (~1059-961 °C) are
obtained for groundmass pigeonites using the algorithm of Ishii
(1975). Temperatures calculated using equilibrium
clinopyroxene phenocrysts or microphenocrysts and the
Putirka (2008) clinopyroxene-liquid geothermometer range from
~1200 °C for the Mg-rich basaltic dyke CSD18 to ~1100 °C for
the basaltic andesite CSDS. Clinopyroxenes in the picrites and
some of the basalts (CSD7, CSD16, and CSD17) fall in the
diopside—hedenbergite field close to augite—ferroaugite bound-
ary (EnggFsgWoys to Eny7Fs39Woy3). Their Mg# values [where
Mg# = 100 Mg/(Mg + Fe)] range from 83 to 31. TiO, and
Al,O3 range from 0.3 to 2.7 and from 2.0 to 6.2 wt.%,
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respectively. Clinopyroxenes belonging to the diopside—
hedenbergite series have been also observed in the transitional
lavas of Pavagadh (e.g., Sheth and Melluso 2008) and in some
Gujarat basalts with weakly alkaline affinity (e.g., Melluso
et al. 1995, 2006; Krishnamurthy et al. 2014; Supplementary
Fig. 3b). The clinopyroxene compositions of the Central Sau-
rashtra picrite dykes plot well within the field defined by
clinopyroxenes of the more primitive NE Saurashtra drillhole
lavas (Krishnamurthy and Cox 1977; Supplementary Fig. 3b).

Feldspars

Feldspars in the Central Saurashtra dykes have been classified
following the method of Deer et al. (2001). Plagioclase in the
picrites and basaltic dykes varies from bytownite (Angs_g9) to
oligoclase (An,g_;9). Alkali feldspar (Ory4_61) is rare and occurs
in the groundmass (Supplementary Table S3; Supplementary
Fig. 3c). In the basaltic andesite CSD5, plagioclase varies from
labradorite (Anse) to andesine (Ansg). The feldspars analyzed in
all Central Saurashtra dykes plot well within the field of feld-
spars of other Deccan Traps rocks (Supplementary Fig. 3c).

Oxides

Magnetite is the main oxide mineral in the Central Saurashtra
dykes. The ulvospinel concentration of magnetite ranges from
49 to 77 mol % in the picrites and from 41 to 88 mol % in the
basaltic dykes (Supplementary Table S3; Supplementary
Fig. 3d). ALL,Oj5 is variable (0.7-4.1 wt.%). Ilmenite usually
cocrystallizes with magnetite in the Central Saurashtra dykes.
It is homogeneous in composition (ilmg;_g7) and has low
AlO5 (<0.4 wt %) and MnO (0.3—-1.1 wt %) contents (Sup-
plementary Table S3). Equilibrium temperatures and oxygen
fugacities of coexisting magnetite and ilmenite, calculated
using the ILMAT program of Lepage (2003), range from
1141 to 845 °C and from —15 to —10logfO, units in the
picrites, and from 1100 to 671 °C and from —20 to
—10logfO, units in the basaltic rocks. These values plot close
to the quartz—fayalite—-magnetite (QFM) buffer and are similar
to the values reported by Melluso and Sethna (2011) for other
Deccan Traps rocks. Chromiferous spinel occurs as small in-
clusions in olivine phenocrysts and microphenocrysts. The
compositional range observed is wide with Al,O; varying
from 35.1 to 11.1 wt.%, Cr,0O3 varying from 42.3 to
23.8 wt.% (Cr#=64-32; where Cr#=100Cr/(Cr + Al)), and
MgO varying from 14.0 to 4.1 wt.% (Mg#=63-19; Supple-
mentary Table S3). The most Cr-rich spinels have been found
in the basaltic dykes (e.g., CSD1 and CSD18). In the Cr—
Al~(Fe*"+2Ti) diagram (Supplementary Fig. 3e), data for
the chromiferous spinels of the Central Saurashtra dykes plot
within the field of spinels of other Deccan Traps rocks
(Melluso and Sethna 2011).
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Whole-rock geochemistry
Alteration effects on whole-rock composition

The majority of the Central Saurashtra dykes have values of
loss on ignition (LOI) below 1.5-1.8 wt.% (and well below
1.0 wt. % for several), suggesting that the samples are relative-
ly fresh (consistent with petrographic observations), and their
analyzed major and trace element and Sr—Nd isotopic compo-
sitions reflect magmatic compositions. However, this may not
be true of Pb concentrations. Compared to the common 2—
5 ppm Pb concentrations in Deccan lavas and dykes (e.g.,
Peng et al. 1994, 1998, 2014; Vanderkluysen et al. 2011),
the Central Saurashtra dykes have Pb concentrations ranging
from 23.6 ppm (CSD6) to as much as 152 ppm (CSD15).
Similar or higher Pb concentrations observed in the highly
weathered lavas and dykes from eastern Saurashtra and Mum-
bai areas were ascribed to probable hydrothermal alteration
(Sheth et al. 2013, 2014). This explanation is unlikely for
the Central Saurashtra dykes, and we suspect that the very
high Pb values reflect contamination, from an unidentified
source, during the preparation of sample powders. We there-
fore do not use the Pb data in this paper and use only the
alteration-resistant elements (Ti, Zr, Nb, Y, Th, and the REE)

Wadhwan @

—
Pavagadh
150 km

Gulf of Cambay

Arabian Sea
—21
50 km

70
60
50 (—
40

30 —

Nb (ppm)

20
10

0

TiO, (wt.%)

Fig. 3 a Map of Saurashtra showing the distribution of the high-Ti,
intermediate-Ti, and high-Ti basalt surface outcrops (based on Melluso
et al. 1995). The drillhole lavas of Wadhwan, Dhandhuka, and Botad are
also high Ti, as are lavas of Pavagadh 150 km east of Wadhwan. b, ¢, d
Classification of the Central Saurashtra dyke samples into the three Ti
types, using the criteria and fields of Melluso et al. (1995). Specific
samples discussed in the text are indicated. Also plotted are data for the
NE Saurashtra drillhole lavas (Krishnamurthy and Cox 1977) and the

TIO, (Wt.%)

and their ratios, as well as isotopic ratios (particularly of Nd)
for geochemistry-based modeling and interpretations.

Major and trace elements

The whole-rock major and trace element data for the Central
Saurashtra dykes are presented in Tables 1 and 2. The picrites
have MgO contents between 15.6 and 12.4 wt.%, and Mg#
values of 75-69. MgO content of the basaltic dykes ranges from
11.5 to 8.5 wt.% and the Mg# varies from 68 to 62 (Table 1). The
Ni and Cr contents (Ni=247-183 ppm; Cr=860-613 ppm) of the
picritic and Mg-rich basaltic dykes are within the ranges expected
for mantle-derived melts (but see below). Unlike three basaltic
andesites (CSD3, 5, and 15) and one andesite (CSD13) with 2.8—
3.2 wt.% TiO,, the picrites and basalts have low concentrations
of the immobile high field strength elements such as TiO, (0.7—
1.3 wt.%), P,Os (0.1-0.2 wt.%), and Zr (30-101 ppm). They
have moderate Zr/Nb (6—19) and Lu/Hf (0.1-0.4), and low Zr/'Y
(1-4) and Ti/V (13-26) typical of enriched mid-ocean ridge
basalt (E-MORB) magmas (e.g., Sun and McDonough 1989).
Flood basalts of the world have often been classified into
low-Ti and high-Ti types which cannot be related by fractional
crystallization but require distinct parental magmas (e.g., Hergt
et al. 1991; Peate 1997; Shellnutt et al. 2014). Based on

— O Palitana lavas \
_m @ E. Saurashtra dykes
L X3 O NE Sau. drillhole lavas
3.0 [ 11%3 @ C. Saurashtra dykes/
20—
1.0—
L1
0

5 10 15

ZrINb

20 25 30

Palitana lavas and Eastern Saurashtra dykes (Sheth et al. 2013). Note
from (b) that whereas a few Central Saurashtra dykes are as evolved as
the Palitana lavas and Eastern Saurashtra dykes, many Central Saurashtra
dykes are much less evolved. The data point for CSD11 plots as an outlier
in panel (d). This is because of the anomalously low Zr (29 ppm) and Hf
(0.93 ppm) measured for CSD11 (Table 2), probably caused by
incomplete sample digestion
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combined TiO, and Nb contents and Zr/Y and Ti/Y ratios,
Melluso et al. (1995) classified the Deccan rocks of Saurashtra
into low-Ti, high-Ti, and intermediate-Ti types, with 1.8 wt.%
TiO, as the upper limit for the low-Ti type (Fig. 3). The low-Ti
rocks have Nb<10—-12 ppm (mostly <9 ppm), even when highly
evolved, and low Zr/Y (average 3.7) and low Ti/Y (average 281)
ratios. Based on their scheme, Sheth et al. (2013) found that the
Palitana lava flows are dominantly low-Ti with a few high-Ti
and intermediate-Ti members, and the Eastern Saurashtra dykes
include all three types. The NE Deccan drillhole sequences (and
the Pavagadh basalts further east) are high-Ti (Melluso et al.
2006; Sheth and Melluso 2008). We find that the Central Sau-
rashtra dykes are dominantly low-Ti, with four samples (CSD3,
5, 13, and 15) being high-Ti and the intermediate-Ti type absent
(Fig. 3). The high-Ti rocks are considerably more evolved than
the rest of the suite, with MgO < 5 wt.% and Mg# ranging from
48.0 to as low as 32.3 (Table 1).

Primitive mantle-normalized multielement patterns of the Cen-
tral Saurashtra mafic dykes (picrites and basalts, excluding basalt
CSD11) are variably enriched in Rb, Ba, and the LREE relative to
Zr, Hf, Ti, and the HREE (Fig. 4a, b). The patterns are relatively
flat with low normalized abundances from Eu to Lu (less than ten

+12

times primitive mantle values) and show no Nb anomalies (ex-
cluding the basalt CSD1 with a marked negative Nb anomaly). In
some samples (e.g. CSD8, CSD16, and CSD18), the concentra-
tions of many elements are similar to those in average E-MORB
(Sun and McDonough 1989). Primitive mantle-normalized in-
compatible element patterns of the high-Ti basaltic andesites
(CSD3, 5, and 15) show marked troughs at Ba and Sr and peaks
at Th (Fig. 4c). The pattern of the low-Ti basaltic andesite CDS6
displays a marked trough at Nb, a weak trough at Sr and lower
normalized abundances than the high-Ti basaltic andesites.

Sr and Nd isotopic ratios

Strontium and neodymium isotopic ratios for 12 Central Sau-
rashtra dykes, corrected for an age of 65 Ma, are reported in
Table 3 (age correcting the isotopic ratios for sample CSD11 to
62.4 Ma makes little difference). Of these 12 dykes, ten show a
range of (¥’Sr/*Sr), from 0.70496 to 0.70852 and (***Nd/***Nd);
from 0.512863 (engt=14.2) to 0.512346 (engt=—5.2; Fig. 5).
The isotopic ratios correlate with the degree of LREE enrichment
("*Nd/'"**Nd decreases with increasing La/Sm ratio). Two
dykes (basalt CSD1 and basaltic andesite CSD6) have
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Fig.5 Sr-Nd isotopic plot for the Central Saurashtra dykes, with sample
numbers marked. Data are shown for other Saurashtra mafic suites
including the Palitana lavas and the Eastern Saurashtra dykes, the
Saurashtra low-Ti and high-Ti picritic flows including the NE
Saurashtra drillhole lavas, the Osham Hill basaltic andesite lavas, and
the Chogat-Chamardi gabbros and mafic dykes. Data sources are:
PM95, Peng and Mahoney (1995); M06, Melluso et al. (2006); S11,

S12, and S13: Sheth et al. (2011, 2012, and 2013). All data are initial
values for 65 Ma. The NE Saurashtra high-Ti drillhole lavas define the
separate “Trend 1” and “Trend 2” which, while showing significant
overlap here, are well resolved on Nd-Pb and Sr—Pb isotopic plots
(Peng and Mahoney 1995). Fields for Indian N-MORB, Bhuj area
mafic alkalic rocks, and Réunion lavas are also shown for comparison
(Peng and Mahoney 1995)
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highly radiogenic (¥’Sr/*®Sr), (0.71421 and 0.71705,
respectively) and highly unradiogenic ('**Nd/'**Nd),
(0.512205 and 0.511988, corresponding to engt=-8.2
and —12.3, respectively; Fig. 5). The Central Saurashtra
dykes have similar Nd isotopic ratios to the Eastern Sau-
rashtra dykes (engt=+1.1 to —5.2 for six samples, with two
other samples having enqgt=-17.4 and —18.0; Sheth et al.
2013). However, the Central Saurashtra dykes have sys-
tematically lower Sr isotopic ratios than the Eastern Sau-
rashtra dykes (0.70635-0.72959). This difference cannot
be explained by the significantly weathered nature of the
latter, because the isotopic data for both swarms define
strongly anticorrelated and well-separated arrays, whereas
any disturbance of the isotopic ratios by weathering would
have resulted in at least some overlap between both arrays.
We interpret this as indicating petrogenetically indepen-
dent magmatic evolution in both dyke swarms.

Magmatic evolution

The entirely subalkalic Central Saurashtra dykes show a con-
siderable variation in major element composition (ranging from
picrite to andesite), trace element (including REE) contents,
and Sr—Nd isotopic ratios. We now discuss mechanisms to
generate these variations, including fractional crystallization
and crystal accumulation, and crustal contamination.

Fractional crystallization and crystal accumulation

Petrographic features and major and trace element variations
observed in the Central Saurashtra dykes (e.g. 46.4-55.4 wt.%
Si0,) are consistent with fractional crystallization and crystal
accumulation processes. The dykes show significant variations
in Si0,, TiO,, Al,Os, and CaO with MgO (Fig. 6a—d). Ni and
Cr are strongly correlated with MgO, suggesting fractional
crystallization of olivine + Cr-spinel (Fig. 6e, ). Al,O; and
CaO first increase with decreasing MgO and begin to decrease
when MgO reaches 9 wt.% (Fig. 6¢, d), suggesting fraction-
ation of clinopyroxene and plagioclase. However, some dykes
(CSD1, 2, 4, 12, 14, 16, and 19) show higher Al,O3 and lower
CaO and Sc contents, for a given MgO content, than the other
dykes. This characteristic is not due to excess plagioclase (as
none of the samples show plagioclase phenocrysts in thin
section) and may suggest higher pyroxene:plagioclase ratios
in the fractionation assemblages or different parental magmas.
Incompatible trace elements, such as Rb and Zr, also show
negative correlation with MgO (Fig. 6g, h).

An important question is whether the Central Saurashtra
picrites are high-MgO liquids or camulus-enriched rocks. Picritic
rocks in the NE Saurashtra drillholes have been interpreted as
near-primary liquids with ~16 wt.% MgO (West 1958;
Krishnamurthy and Cox 1977; Krishnamurthy et al. 2000),
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whereas most picritic rocks in the Western Ghats sequence appear
to be evolved basaltic liquids which have accumulated olivine
and clinopyroxene (Beane and Hooper 1988), with such accu-
mulation reaching an extreme level in the Khopoli olivine gabbro
(Cucciniello et al. 2014). We plotted the olivine compositions
(Fo %) in Central Saurashtra picrites CSD8 and CSD9 against
their whole-rock Mg# values (Fig. 7). The olivine compositions
plot well below the equilibrium Ky band (drawn using a Fe/Mg
K4=0.30+0.03; Roeder and Emslie 1970), implying forsterite
contents too low to be in equilibrium with the whole-rock Mg#
(69-70) values. The most Mg-rich olivine compositions (Fog, in
CSD8) would have been in equilibrium with a melt with Mg#=
64. This means that cumulus enrichment of low-Fo olivines has
raised the bulk-rock MgO contents and Mg# values, and the
resultant picritic rocks do not represent high-MgO liquids (cf.
Cucciniello et al. 2014; Chatterjee and Sheth 2015). In fact,
olivine compositions of five of the tholeiitic dykes also plot below
or well below the equilibrium Ky band (Fig. 7), suggesting that
cumulus enrichment of olivine phenocrysts (or xenocrysts) was
a widespread process in the Central Saurashtra dyke magmas.

To model the effects of fractional crystallization on major
element compositions, we performed mass balance calculations
(Stormer and Nicholls 1978) on pairs of samples from the same
dykes (or from dykes located nearby). Thus, for the Isapur-
Charkha dyke (Fig. lc), ~6 % olivine fractionation from the
picrite CSD8 generates the basalt CSD7 (Y R*=0.45). The tran-
sition from basalt dyke CSD16 to the nearby basaltic dyke
CSD14 is modeled by 35 % fractional crystallization of olivine
(12 %), clinopyroxene (54 %), plagioclase (28 %), and magnetite
(6 %; YR*=0.22). The transition from basalt dyke CSD19 to the
nearby basaltic andesite dyke CSD15 is modeled by 61 % frac-
tional crystallization of olivine (17 %), clinopyroxene (40 %),
and plagioclase (43 %; Y'R*=0.25). For the transition from basalt
CSD1 to basaltic andesite CSD5 in the Sardhar dyke, the extract
removed (62 %) is composed of olivine (22 %), plagioclase
(42 %) and clinopyroxene (36 %; Y'R*=0.37). For the transition
from basalt CSD1 to basaltic andesite CSD6, the extract removed
(58 %) is composed of olivine (24 %), plagioclase (52 %), and
clinopyroxene (24 %; Y'R*=0.42). The mass balance calculations
are in agreement with the observed mineral assemblages.

Crustal contamination

Fractional crystallization and crystal accumulation processes
(and prior partial melting processes) cannot have generated
the variability observed in the incompatible element ratios
and the Sr—Nd isotopic ratios of the Central Saurashtra dykes.
Therefore, these variations must reflect open-system processes,
most importantly contamination of the dyke magmas by litho-
spheric materials. Trace element ratios, such as Nb/U, Th/Nb,
and La/Nb, and radiogenic isotope ratios (e.g., *’St/*Sr and
13Nd/"**Nd) are commonly used to assess the role of crustal
contamination because of the strongly contrasted compositions
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of mantle-derived mafic magmas and continental crustal mate-
rials. Ocean island basalt (OIB) and MORB (e.g., EEMORB
and N-MORB) have high Nb/U (>45) and low La/Nb (0.8—1.1)
and Th/Nb (<0.1) ratios (e.g., Sun and McDonough 1989). The
continental crust has lower Nb/U (4.4-25) and higher La/Nb
(1.6-2.6) and Th/Nb (0.24-0.88) ratios than MORB and ocean
island basalts (e.g., Rudnick and Gao 2003).

The Central Saurashtra picrites and most basaltic dykes
have Nb/U (45-54), Th/Nb (0.09-0.15), and La/Nb (0.6—
0.9) ratios similar to MORB and OIB, suggesting little or no
crustal contamination. In contrast, the basalts CSD1 and
CSD19 and the basaltic andesites have lower Nb/U (8-17)
and higher La/Nb (1.0-2.1) and Th/Nb (0.25-0.6) ratios
trending toward crust-like compositions. Plots of engf and
the alteration-resistant incompatible trace element ratios
Th/Nb, La/Nb, and Zr/Nb (Fig. 8a, b, c¢) show that the
Central Saurashtra dyke data plot along broad crustal con-
tamination trends which are parallel or subparallel to the
arrays defined by the Palitana and Eastern Saurashtra dykes
(Sheth et al. 2013). Notably, the Central Saurashtra dykes
mostly lie along the lower ends of the overall mixing ar-
rays, with the exception of basalt CSD1 and basaltic andes-
ite CSD6 (having eng#=—8.2 and —12.3, respectively, sug-
gesting much higher degrees of crustal contamination). The
elongation of the individual arrays also suggests that two-
component mixing between mantle-derived magmas and a
single crustal end member may not be adequate and that
several mixing end members may have been involved.

Figure 9 is a plot of T/Y vs. Zt/Nb, employing four elements
that are highly alteration-resistant, and these ratios are insensitive
to crystal fractionation of the main basaltic minerals. Crustal con-
tamination of mafic magmas would raise their Zr/Nb while low-
ering Ti/Y. Most Central Saurashtra dykes form a distinct cluster
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from not only the Western Ghats lavas but also all other Saurash-
tra mafic rocks including the NE Saurashtra drillhole lavas, the
Palitana lavas, and the Eastern Saurashtra dykes (Fig. 9). Most of
the Central Saurashtra dyke data (with small negative engf values)
plot at the lower left end of the diagram, indicating that they have
been contaminated to low degrees. On the other hand, data for
dykes CSD1 and CSD6 plot at much higher Zr/Nb, overlapping
with the highly crustally contaminated Bushe Formation of the
Western Ghats sequence (e.g., Beane et al. 1986). Dykes CSD1
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and CSDG6 are thus significantly contaminated by upper
continental crust, an inference supported by their Sr—Nd
isotopic ratios. The scenario is similar to that observed by
Sheth et al. (2013) for the Eastern Saurashtra dyke swarm,
in which four dykes are highly crustally contaminated, but
the majority much less so.

We performed modeling of combined assimilation and frac-
tional crystallization (AFC, DePaolo 1981) to reproduce the
trace element and isotopic variations in the Central Saurashtra
dykes. The nature of the Precambrian crustal basement beneath
Saurashtra is unknown because of lack of outcrops or xenoliths,
but the Western Dharwar Craton, exposed south of the Deccan
Traps, may extend to at least the central Deccan Traps (the
Dhule area, Fig. 1a, Ray et al. 2008). We therefore took a
granite from the Western Dharwar Craton (Jayananda et al.
2006) as a putative contaminant and the low-Ti basalt dyke
CSD16 (initial ">Nd/***Nd=0.512621; enqt = +1.3) as the
starting magma. Note that low-Ti basalt dyke CSD11 has the
most “primitive” or mantle-like isotopic ratios (initial
NA/M*NA=0.512770; engt=+4.2) of all dykes, but its
“OAr/*°Ar age of 62.4 Ma shows that it was emplaced several
million years after the bulk of the swarm and is therefore
unsuitable as the magma end member in the AFC modeling.

The results of the AFC modeling are shown in Fig. 10a, b.
The AFC curve indicates that the most contaminated sample
(low-Ti basaltic andesite CSD6) could be derived by ~40 %
fractional crystallization coupled with ~12 % assimilation of
the granite. AFC modeling using a low-Ti starting magma
fails to reproduce the geochemical variations observed in the
high-Ti rocks CSD3, 5, 15 and requires unrealistically high
degrees of fractionation (~80 %) with extreme iron enrichment.

and Peng and Mahoney (1995); Dhule area low-Ti flows: Melluso et al.
(2004); Palitana lavas and the Eastern Saurashtra dykes: Sheth et al.
(2013). Sample numbers are marked next to the Central Saurashtra
dyke samples and the high-Ti dykes are indicated

This further suggests that the low-Ti and high-Ti Central Sau-
rashtra dyke rocks originated from distinct parental magmas.

Lateral geochemical variations in dykes, and their
significance

Lateral geochemical variations (both elemental and isotopic)
in individual Deccan dykes have been discussed by Bondre
et al. (2006), Ray et al. (2007), Vanderkluysen et al. (2011),
and Sheth et al. (2013), and our data provide some additional
insights on this issue. As seen in Fig. 1c, the Central Saurash-
tra dyke swarm includes several long dykes, which we sam-
pled at various locations in order to determine their lateral
petrographic and geochemical variations. This can provide
useful information about magma transport in the dyke includ-
ing the magma flow direction. In the field, inadequate expo-
sure often prevents continuous lateral tracing of dykes. Thus,
the Sardhar dyke, the longest in Saurashtra (Auden 1949)
forms a continuous topographic ridge over ~40 km from the
west of Ribda (sample CSD1) to the east of Sardhar (sample
CSDS5), but its further eastward extension is less certain. It
would appear from Fig. 1c that the dyke extends to the east
of Kundani (sample CSD3). If so, it is slightly arcuate in trace
and at least 62 km in length. As noted above, 62 % fractional
crystallization of the Sardhar basalt CSD1 (with the extract
containing olivine:plagioclase:clinopyroxene in 22:42:36 ra-
tio) can reproduce the Sardhar basaltic andesite CSD5 located
23 km to the east. This scenario is however untenable if we
consider the Nd-Sr isotopic ratios of CSD1 (engt=—8.2, initial
8781/%8r=0.714212) and CSD5 (engt=—3.7, initial *’St/**Sr=
0.707547), indicating that the latter is much less contaminated. A
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Fig. 10 a and b Assimilation-fractional crystallization (AFC; DePaolo
1981) model for the Central Saurashtra dykes. » = masS,ssimitatea’
MAasSeumulated; f = residual liquid fraction. Bulk distribution coefficients (D)
have been estimated using the proportions of minerals in the fractional
crystallization extracts (obtained from mass balance calculations) in
combination with mineral-liquid distribution coefficients for olivine,
clinopyroxene, and plagioclase from the literature (GERM website; http://
www.earthref.org). Assumed bulk partition coefficients are: Dyg=0.2; Dp=
0.01; D1,=0.01. The numbers close to the AFC curves indicate the
residual liquid fraction (f). Crustal contaminant values used in the
AFC models are from Jayananda et al. (2006) (sample IND412;
Nd=28.2 ppm, Nb=15.8 ppm, Th=34.8 ppm; present day '*Nd/'*Nd=
0.511082, exg=—30.4; "*Nd/"**Ndt=0.511032, engr=—29.7 corrected for
an age of 65 Ma). Starting composition for the Central Saurashtra dykes is
the sample CSD16 (Nd=7.6 ppm, Nb=9.7 ppm, Th=0.86 ppm,
BNA/MNd=0.512621 at 65 Ma, engt=+1.3)

possible explanation is that, as seen in outcrop, the Sardhar dyke
is made up of multiple magma injections (see Fig. 8c of Sheth
and Cafion-Tapia 2015), and samples CSD1 and CSD5 do not
belong to a single magma batch.

Interestingly, whereas the Sardhar dyke sample CSD1 is low
Ti, sample CSDS5 (taken at Sardhar village) is high Ti, and sam-
ple CSD3 (taken 20 km east of Sardhar near Kundani) is also
high Ti. At Kundani (Fig. 1c), where CSD3 was sampled, only
one dyke zone is exposed (see Fig. 5d of Sheth and Cafién-Tapia
2015). Nd-Sr isotopic ratios of CSD3 (enat=—3.6, *’Sr/**Sr=
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0.707521) are identical within analytical error to those of sample
CSDS5. This provides some valuable insights: (i) sample CSD3
represents the eastward lateral extension of the Sardhar dyke,
which is thus at least 62 km long, from the west of Ribda to
the east of Kundani (Fig. 1c), (ii) samples CSD5 and CSD3
represent the same magma batch which flowed laterally in the
dyke fissure over at least 20 km without wall-rock assimilation,
and (iii) the dyke was formed by several magma injections of
distinct compositions, but does not expose (probably, never
developed) all the constituent zones along its whole length.

Other samples collected in this study may also represent
different exposed segments of the same individual dykes. Two
such pairs are CSD13—CSD15 and CSD16-CSD14 (Fig. Ic),
but we did not analyze CSD13 and CSD14 for isotopic ratios
and therefore cannot fully evaluate how homogeneous these
dykes are laterally. However, as for the Sardhar dyke, we sam-
pled the long (30 km) and prominently curved Isapur-Charkha
dyke (Fig. 1c), at three locations (samples CSD8, CSD7 and
CSD18 taken progressively eastwards). We do not have isotopic
data for the middle sample (CSD7), but the isotopic data for
picrite CSD8 (enat=-2.6, ¥’St/*°Sr=0.707096) and basalt
CSDI8 (engt=-2.1, *’Sr/*°Sr=0.707068) are identical within
error. This is consistent with the two samples representing a
single, isotopically homogeneous dyke with a prominently
curved trace and a minimum length of 30 km, in which magma
flowed eastward over >30 km fractionating olivine, but without
wall-rock assimilation.

Stratigraphic implications of dyke geochemistry:
dyke-flow correlations

As noted, the Central Saurashtra dykes cut Deccan basalt lava
flows at the present level of exposure. One of the aims of this
study was to determine whether these dykes fed lava flows at
higher levels, whose erosional remnants are potentially represent-
ed in the variably Ti-enriched Saurashtra flows sampled by
Melluso et al. (1995), the high-Ti drillhole sequences of NE Sau-
rashtra (West 1958; Krishnamurthy and Cox 1977; Peng and
Mahoney 1995; Melluso et al. 2006), and the low-Ti-dominated
Palitana flow sequence (Sheth et al. 2013). The **Ar/*°Ar ages of
65—66 Ma for the Sardhar dyke (sample CSD5) and the Isapur-
Charkha dyke (sample CSDS) indicate that these dykes were
emplaced at the same time as the bulk of the Deccan province
in the Western Ghats (see Baksi 2014 and references therein), the
high-Ti drillhole sequences (Peng and Mahoney 1995) and the
alkalic plugs of Kachchh (Pande et al. 1988). The dyke CSD11
was emplaced much later, in the Palacocene, at ~62.4 Ma, and
differs significantly from all other dykes by virtue of its highest
("“PNd/"Nd), (0.512770) and engt (+4.2), and its low La/Sm
(1.85) and Th/Nb (0.15), suggesting little crustal contamination.
Interestingly, Deccan basalt flows around Ninama, north of
Vinchhiya (just out of the map in Fig. 1c), have been inferred to
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be of Palaeocene age based on palynoflora in the associated
intertrappean sedimentary beds (Samant et al. 2014), and dyke
CSD11 may have fed one of them. We have recently sampled
these flows (H. Sheth and R. Duraiswami, December 2014) for a
geochronological and geochemical study.

In regard to the geochemical correlations of the Central
Saurashtra dykes to the Saurashtra lavas, the dykes are
evolved in composition and dominantly low-Ti and cannot
have been feeders to the NE Saurashtra high-Ti drillhole
sequences (as well as the Pavagadh sequence 150 km further
east) which include many picritic flows. Even the high-Ti
segment of the very long Sardhar dyke (samples CSD3 and
CSDS5) cannot have fed the high-Ti drillhole sequences, given
their distinct Ti/Y and Z1/Nb ratios (Fig. 9).

Sheth et al. (2013) found that the Eastern Saurashtra dykes
studied by them could not have fed the mainly low-Ti Palitana
sequence because of their clear and complete separation in Sr—
Nd isotopic composition (Fig. 5). They considered that the
Palitana lavas may have been fed by dykes on the Deccan
“mainland” region (such as in the Nandurbar—Dediapada
areas, Fig. 1a), or by the still poorly studied dykes in southern
Saurashtra around Rajula, or by the Central Saurashtra dykes,
all of which outcrop at relatively small distances (100—
150 km) from Palitana (Fig. 1b). Our study shows that though
the Central Saurashtra dykes and the Palitana sequence are
both dominated by low-Ti tholeiitic basalts, they are
completely distinct in Sr—Nd isotopic composition (Fig. 5),
and thus petrogenetically unrelated. The Central Saurashtra
dykes are thus ruled out as possible feeders to the NE Sau-
rashtra drillhole sequences, as well as the Pavagadh and
Palitana sequences.

We also explore whether the Central Saurashtra dykes were
the feeders of any of the low-Ti surface lava flows studied by
Melluso et al. (1995) from a wider region in Saurashtra
(Fig. 3a). The Ti/Y vs. Zr/Nb plot (Fig. 9) shows that the
Central Saurashtra dykes form a very distinct cluster away
from not only the Palitana lavas but also the low-Ti lavas of
Melluso et al. (1995). Because these ratios do not change
during fractional crystallization, Fig. 9 conclusively shows,
despite the variable degrees of magmatic evolution, that the
Central Saurashtra dykes are not possible feeders to any of the
hitherto analyzed lava-flow successions of Saurashtra. The
same conclusion was reached by Sheth et al. (2013) for the
Eastern Saurashtra dykes. The feeder dykes of these lava-flow
successions remain to be found.

We also consider the relationship of the Central Saurashtra
dykes to the Eastern Saurashtra dykes. As seen from Fig. 5,
they possess similar '**Nd/***Nd ratios, but are distinct in
87S1/*°Sr ratios, and therefore must represent genetically un-
related suites. Both dyke swarms contain a few members
(Eastern Saurashtra dykes ESD3 and ESD5 analyzed for Sr—
Nd isotopic ratios, and dykes ESD2 and ESD7 not analyzed
for isotopic ratios, and Central Saurashtra dykes CSD1 and

CSD6) which are contaminated by continental crust to much
greater degrees than the majority of the dykes, but the mixing-
contamination arrays in Fig. 5 are linear and tight, indicating
that any alteration processes did not significantly affect the
isotopic compositions. Our geochemical data on the Central
Saurashtra dykes, combined with those of Sheth et al. (2013)
on the Palitana lava flows and Eastern Saurashtra dykes, as
well as those of Melluso et al. (1995) on lava flows from a
wider region in Saurashtra, show that low-Ti tholeiites domi-
nate in this region.

Melluso et al. (1995) noted that high-Ti lavas only outcrop
north—northeast of a line connecting Rajkot to Palitana
(Fig. 1b). This observation was strengthened by the study of
Sheth et al. (2013) which included not only lava flows (poten-
tially far travelled from their source areas) but also dykes.
Intriguingly, the same observation is further supported by
our new results on Central Saurashtra dykes: a line joining
Rajkot to Palitana cities would go right through the Sardhar
dyke (Fig. 1b), and whereas the sample CSD1 collected to the
west of the line is low Ti, samples CSD5 and CSD3 to the east
of the line are high Ti. The interpretation of this observation is
not clear at present, but if the high-Ti basalts were derived
from clinopyroxene-rich, ocean island-type mantle as
discussed by Melluso et al. (1995, 2006), such mantle
apparently existed under Saurashtra only east of the Rajkot—
Palitana line and under the adjacent Cambay rift ca. 65 Ma ago.

Conclusions

The Central Saurashtra mafic dyke swarm in the northwestern
Deccan Traps contains many subalkalic basalts and basaltic
andesites along with several picrites and one andesite. We
have obtained “°Ar/*’Ar ages of 66-65 Ma for two of the
dykes and of 62.4 Ma for a third, indicating that the swarm
was formed over several million years. Mineral chemical, and
whole-rock major and trace element, and Sr—Nd isotopic data
for the dykes show that fractional crystallization, crystal accu-
mulation, and crustal contamination were widespread, though
the degree of contamination was small for most dykes. Crustal
contamination was significant in two dykes (CSDI1 and
CSD6), and negligible or absent in the late-formed
(62.4 Ma) basalt dyke CSD11. Most dykes can be considered
low-Ti and a few are high-Ti, and these Ti variations cannot be
explained by fractional crystallization processes, requiring
distinct parental magmas, as argued for several other flood
basalt provinces (e.g., Peate 1997; Shellnutt et al. 2014). The
geochemical data provide evidence for long-distance
(>30 km) compositional homogeneity in some of the dykes,
and lateral heterogeneity in some other dykes, partly because
these dykes were formed by multiple magma injections which
are not exposed everywhere along strike. The combined field
and geochemical data establish the Sardhar multiple-injection
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dyke as at least 62 km long and the longest in all of Saurashtra,
and samples collected 20 km apart along this dyke have
identical St—Nd compositions, indicating magma transport over
at least that distance. However, this dyke cannot have fed the
high-Ti lava sequences previously studied from Saurashtra,
as shown by its distinct Ti/Y and Zr/Nb ratios, for example.
The low-Ti Central Saurashtra dykes were also not feeders to
the hitherto studied low-Ti lava-flow successions dominant in
the Saurashtra region, because of their very distinct Sr—Nd
isotopic compositions. The feeder dykes of these sequences
remain to be identified. Our results support the observations of
Melluso et al. (1995) and Sheth et al. (2013) that high-Ti basalt
lavas and dykes in Saurashtra are found only north-northeast
of a line joining Rajkot to Palitana, which therefore suggests
the presence of enriched mantle under northeastern Saurashtra
and under the adjacent Cambay rift at ~65 Ma.
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