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Abstract: The roughly 6 m thick limestone—green shale alternation within the lignite-bearing Giral
Member of the Barmer Basin corresponds to a marine flooding event immediately after the Paleo-
cene-Eocene transition. A detailed characterization of the glauconite using Electron Probe Micro
Analyzer (EPMA), X-Ray Diffraction (XRD), Mossbauer and Field Emission Gun-Scanning Electron
Microscope (FEG-SEM) reveals its origin in the backdrop of prevailing warm climatic conditions.
The glauconite pellets vary from fine silt-sized to coarse sand-sized pellets, often reaching ~60% of
the rock by volume. Mineralogical investigation reveals a ‘nascent’ to ‘slightly evolved’ character of
the marginal marine-originated glauconite showing considerable interstratification. The chemical
composition of the glauconite is unusual with a high Al:Os (>10 wt%) and moderately high Fe:Os(to-
tal) contents (>15 wt%). While the K20 content of these glauconites is low, the interlayer sites are
atypically rich in Na20, frequently occupying ~33% of the total interlayer sites. The Mdssbauer spec-
trum indicates 10% of the total iron is in ferrous form. High tetrahedral AI** of these glauconites
suggests a high-alumina substrate that transformed to glauconite by octahedral Al-for-Fe substitu-
tion followed by the addition of K into the interlayer structure. The unusually high Na20 suggests
the possibility of a soda-rich pore water formed by the dissolution of alkaline volcanic minerals.
The Giral glauconite formation could have been a part of the major contributors in the Fe-seques-
tration cycle in the Early Eocene shelves. Warm climate during the Early Eocene time favored the
glauconitization because of the enhanced supply of Fe, Al, and Si and proliferation of an oxygen-
depleted depositional environment.

Keywords: glauconite; lignite; authigenic mineral formation; PETM; Barmer Basin; shallow marine;
iron sequestration

1. Introduction

Glauconite occurs as rounded to sub-rounded, light-green to dark-green pellets that
form on the sediment-seawater interface [1-16]. The evolution of early formed glauconite
leads to widely varying compositional range from an interlayer-deficient, K-poor glauco-
nitic smectite to K-rich glauconitic mica [1], within which the interlayer Na content rarely
exceeds 1 wt%. The term ‘glauconite’ is used for the minerals with end-member compo-
sition having K20 > 8 wt% and <5% smectite interstratification while the term glaucony
incorporates the wide compositional range from 2-8 wt% K20 and >5% smectite inter-
stratification [1]. Because of the fact that these terminologies can be used interchangeably,
in this paper we have used the term ‘glauconite’ for glauconitic mineral composition with
considerable smectite interstratification. Understanding the authigenesis of glauconite is
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critical in modelling the fluxes in the global iron cycle [17]. Whereas the supply of iron is
primarily linked to the continental input, iron sequestration occurs primarily in marine
conditions. In shallow marine, sub-oxic depositional environments, glauconite authigen-
esis plays an important role in iron sequestration [17]. Authigenic glauconite occurs pro-
fusely within the Paleogene sedimentary deposits across the globe [18]. Contrary to mod-
ern glauconites which preferably form on the outer shelf and continental slope, the Paleo-
gene glauconites are associated with shallow marine environments [7,19]. High-resolution
biostratigraphic data of the Paleogene deposits establishes a close association between
glauconite occurrence and hyperthermal events [18-21]. Roy Choudhury et al. [19] re-
ported unique glauconite with high AlOs and moderately high Fe2Os(total) contents
within the middle shelf deposits of the Jaisalmer Basin, India, and documented its rela-
tionship with the hyperthermal event Paleocene Eocene Thermal Maximum (PETM). A
detailed study of the glauconites of similar ages is thus necessary to refine our under-
standing regarding glauconitization during warm climatic intervals.

Paleogene deposits of India have received particular importance for the economically
viable lignite hydrocarbon deposits [22]. Recent studies reveal glauconite deposits within
all the Paleogene successions of India. Glauconite occurs within the marginal marine to
shallow shelf deposits of Kutch, Cambay, Jaisalmer and Assam—Arakan basins [5,6,19,23—
25]. Recent studies establish several hyperthermal events within the Paleogene deposits,
enabling the study of glauconite authigenesis in the backdrop of warm climatic conditions
[26-28]. The Barmer Basin in western India represents a restricted marginal marine basin,
which is separated from the Jaisalmer Basin by the Devikot High [29-31]. Paleogene de-
posits of the Barmer Basin include coarse-grained sandy sediments succeeded upward by
the alternation of lignite and fine-grained shale, containing the glauconite. This study fo-
cuses on the Early Eocene glauconite and aims to a) highlight the unique geochemical and
mineralogical characteristics of glauconite formed during the early Paleogene time, and
b) to consider the factors influencing the composition of glauconite, in the backdrop of
warm climatic conditions.

2. Geological Background

The Meso-Cenozoic succession of the Barmer Basin unconformably overlies the Pro-
terozoic Malani Igneous Suite, which represents the basement at the northern part of the
basin. The studied section belongs to the Paleogene lignite-bearing deposit of the Barmer
Basin around the Giral area (Figure 1A). The Barmer Basin is an NW-SE-trending failed
rift showing three major stages of basin fills, viz., Jurassic to Cretaceous pre-rift, Early
Paleocene to early Eocene syn-rift, and younger post-rift deposits [31]. The syn-rift suc-
cession initiates with the deposition of the Fatehgarh Sandstone, which is dominated by
quartzose sandstone and conglomerate with thin phosphatic and ferruginous sandstone
intercalations [30,32]. The Fatehgarh Sandstone is overlain by the Barmer Hill Formation,
represented by a thick lacustrine shale with intermittent turbidite deposits [31]. The syn-
rift Barmer Hill Formation is unconformably overlain by the Dharvi Dungar and Thumbli
Formation, comprised of alternations of shale and lignite [31]. Both Dharvi Dungar and
Thumbli Formations consist of cyclic alternation of claystone, siltstone with occasional
sandstones, and intermittent limestones. The lignite deposits within the Giral lignite Mine
belong to the Giral Member of the Dharvi Dungar Formation [33]. Seismic sections reveal
the unconformable contact between the Barmer Hill Formation and the Dharvi Dungar
Formation [31]. A few workers considered the lignite-bearing succession as the Akli For-
mation [32,34-37]. In this study, we have adopted the stratigraphic scheme of Dolson et
al. [31] and considered the lignite-bearing succession of the Giral Mine as the Giral Mem-
ber of the Dharvi Dungar Formation.
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Figure 1. (A) Detailed geological map of the Barmer Basin (area marked by rectangle on the Indian
map) (modified after Rana et al. [34]) with necessary stratigraphic elaborations. The asterisk marks
the location of the Giral Lignite Mine; (B) lithocolumn showing alternating lignite-shale succession
interrupted by a limestone—green shale alternation within the Giral Member.

The age of the lignite-bearing succession of the Giral Member is assessed by floral
and faunal assemblages including palynomorphs, vertebrate fauna, and benthic forami-
nifera. The basal part of the Giral Member has yielded vertebrate fossils such as fish, croc-
odiles, and snakes which were assigned broadly to be of late Paleocene—early Eocene age
[34]. The rich palynofloral assemblage of the Giral Member includes a high abundance of
dinoflagellate cysts, pteridophytic spores, and angiosperm pollens [29,38]. The presence
of dinocyst assemblage defined by Apectodinium homomorphum, Adnatosphaeridium sp.,
Glaphyrocysta exuberans, Kenleyia sp., and Thalassiphora pelagica within the shales suggests
an early Eocene (Ypresian) age for the lignite deposits of the Giral Member [33,39]. Alt-
hough the dinocyst assemblage is not a precise age indicator, the same in the adjacent
Cambay Basin and other parts of the world marks the earliest part of the Eocene, imme-
diately after the Paleocene-Eocene Thermal Maximum (PETM).

3. Materials and Methods

Barmer Basin deposits are well-studied using subsurface data as the outcrops are
covered with desert sands. The Giral Member, exposing the Cenozoic succession, hosts
the lignite deposit. The present findings are based on investigations in the Giral Lignite
Mine (27°7'34.54" N, 70°29'37.06" E), located ~45 km northwest of Barmer. Encased with
lignite seams, greenish grey shale alternates with argillaceous limestone at the mid-level
of the quarry section (Figure 1). Four (4) samples were collected from the greenish grey
shale from the same horizon at different parts of the mine and named as Gl/2a, Gl/2b,
Gl/2¢, and Gl/2d. The greenish grey shale samples were epoxy-cured for thin section prep-
aration. The hardened samples were cut and polished on Buehler© (Buehlar Ltd., Lake
Bluff, Illinois, USA) silicon carbide grinding and polishi ng paper and mounted on glass
slides. The mounted chip was finally ground and polished to a thickness close to 0.03 mm.
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Thin sections were examined using a Leica DM 4500P polarizing microscope at the Indian
Institute of Technology (IIT) Bombay. X-ray diffraction analysis was carried out separately
on the clay fraction (<2 um grain size) and on separated glauconite grains. The clay frac-
tion was obtained by gravitative settling of the bulk rock powder (finer than 240 sieve in
the American Society for Testing and Materials (A.S5.T.M.) in a 100 mL glass cylinder fol-
lowed by centrifugation of the suspended water column for 15-20 min at 3000 rpm. The
clay fraction obtained after centrifugation was air-dried and analyzed as randomly-ori-
ented pressed powder pellets. Glauconite pellets were separated from the whole rock by
heating the lightly crushed samples with Na2COs solution, followed by sieving (500
ASTM). Glauconite pellets were handpicked using a Zeiss Stemi 2000 stereo-zoom micro-
scope for XRD analysis. The pellets were smear-mounted on a glass slide for oriented
sample preparation. The clay fraction and the oriented, smear-mounted glauconite were
scanned from 4° to 70° with a step size of 0.026° 20, scan speed of 96 sec/step, using nickel
filter copper radiation in an Empyrean X-ray diffractometer with Pixel 3D detector at IIT
Bombay. The oriented glauconite pellets were further scanned each time after air-drying,
treated with ethylene glycol (100 °C for 1 h), and heated under 400-500 °C temperature
using the same instrumental settings. Major oxide analysis of the glauconite grain was
carried out using a Cameca SX 5 Electron Probe Micro Analyzer at the Department of
Earth Sciences, IIT Bombay, with accelerating voltage 15 kV, specimen current 40 nA, and
a beam diameter 1 um (peak: 10-20 s and background counting: 5-10 s). Minerals and
synthetic phases were used as standards. Duplicate analysis of individual points shows
an analytical error of less than 1%. Mossbauer spectra of glauconite samples were meas-
ured at the Solid State Physics Division, Bhabha Atomic Research Centre (BARC), Mum-
bai. A y-ray source of ¥Co in Rh matrix at room temperature was used. An a-Fe absorber
was used at room temperature to calibrate the Doppler velocity (V) and the standard for
the isomer shift (IS).

4. Results and Interpretation
4.1. Sedimentological Background

The Giral Lignite Mine exposes a ~45 m thick section of the Giral Member containing
11 lignite seams. The boundary between the Barmer Hill and Dharvi Dungar formations
is not exposed within the mine section. The Giral Member comprises four lithofacies, viz.,
lignite, carbonaceous shale, green shale, and argillaceous limestone. The lignite-shale—
limestone bearing succession of the Giral Member succeeds upward by 20-25 m thick al-
ternation of bentonite and sandstone. The thick cover of desert sands prevents tracing of
the succession outside the mine area.

Lignite is the major constituent of the Giral Member of the Dharvi Dungar Formation.
It appears as dark-brown to black seams varying in thickness from 30 cm to 1.5 m (Figure
2A-C). Lignites contain leaf imprints and minor amber/resin. The lignite seams alternate
with carbonaceous shale varying in thickness from several cm to up to 2 m (Figure
2A,B,D). The carbonaceous shale imparts a dark grey color due to the high content of or-
ganic carbon. Leaf imprints are also common within these facies. Occasionally, the lignite
seams pinch out within carbonaceous shale (Figure 2B). The thickness of the lignite seams
varies with depth, being thicker at the bottom and top parts than the rest of the succession.
The middle part of the succession is dominated by alternations between limestone and
shale. This limestone-shale association (~6 m thick) consists of nodular to bedded grey
shale, impure limestone, and green shale and is laterally extensive along the Mine section.
The thickness of the limestone bed varies between 10 to 15 cm while the green and grey
shale varies from 30 to 50 cm. The limestone exhibits rounded to ellipsoidal diagenetic
nodules at places (Figure 2E). The grey shale, underlying the argillaceous limestone,
shows wavy siltstone intercalation (Figure 2C). Grey shale contains leaf imprints and py-
rite nodules in many places. The green shale contains glauconite pellets and alternates
with thin siltstone beds, which vary in thickness from a few mm to 0.5 cm. Glauconite
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pellets often comprise 50-60% of rock by volume, imparting the green color to the rock.
As the content of glauconite decreases, the green shale changes to grey shale. Marine fos-
sils, including dinoflagellate cysts, gastropods, and brachiopods along marine vertebrate
fauna, are reported from the limestone-shale interval [33,34].

Figure 2. (A) Field photograph showing exposures of the Giral Member at the Giral Lignite Mine.
(B) Vertical section exposing green shale-argillaceous limestone alteration (bounded by dotted
lines). (C) The vertical section the Giral Member exposing thin lignite seams and the green shale-
argillaceous limestone alternation (marked by red arrow); small-scale faults (marked with dotted
line) often cause lateral variation of lignite thickness (black circle refers to scale representing 45 cm
in height). (D) Vertical section showing diagenetic nodules within argillaceous limestone. (E) Verti-
cal section exposing siltstone intercalations within the grey shale immediately below the limestone—
green shale alternation; note the paucity of coarse-grained sediments. (F) Vertical section exposing
the thickest (~90 cm) limestone—green shale alternation on the western flack of the mine (black circle
refers to scale representing 25 cm height).

The carbonaceous shale-lignite association of the Giral Member is dominated by the
palynofloral assemblage representing tropical mangrove vegetation [33]. The abundance
of Nypa pollen indicates its vicinity to paleoshoreline [33]. The alternation between argil-
laceous limestone, grey shale and green shale, with abundant dinoflagellate cyst and ma-
rine palynomorphs at the middle of the section, represents marine flooding [31-34]. The
absence of wave-generated structures and the paucity of coarse-grained sediments within
the succession corroborates the low-energy depositional conditions. An overall restricted
marine depositional setting is indicated for the glauconitic interval of the Giral Member.
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4.2. Petrography of Glauconite

The green shale facies exhibits a variable concentration of glauconite pellets, ranging
from ~20% to ~60% within a fine-grained clayey matrix. Besides glauconite, detrital quartz
and feldspar grains are also found within the clayey matrix of the green shale (Figure 3A).
The size and shape of glauconite pellets are variable. The long dimension of the glauconite
pellet ranges from ~100 um to ~700 pum (av. 420 um), with a few pellets exceeding 1000
pm. Pellets appear light green to dark green under plane polarized light and show mottled
extinction under crossed polars (Figure 3A-C). Most of the pellets are rounded to sub-
rounded, containing radial cracks within them (Figure 3B). A few pellets are rectangular,
exhibiting sharp edges (Figure 3C). Radial cracks often break the pellets into small parts
which are fitted together. A few elongated grains, showing variable interference color,
appear as altered mica (Figure 3D). A few pellets resemble infillings within bioclasts, alt-
hough no calcitic test has been observed within the green shale. Fine silt- to sand-sized
quartz grains often show undulose extinction (Figure 3F). Many of the quartz grains have
straight boundaries (Figure 3C,F). Lithoclasts, mostly containing feldspar with perthitic
texture and small angular quartz grains occur in the green shale (Figure 3E). Incipient
glauconite may form occasionally along the cleavage planes of feldspars (Figure 3F). Pet-
rographic characteristics suggest authigenic glauconite formation. Preservation of delicate
radial cracks within glauconite pellets confirms in situ formation [1,5,6,19,40,41]. The
poorly sorted, euhedral quartz, and lithic fragments (Figure 3C-F) suggest a volcanic
source for the detrital sediment [42].

Figure 3. Photomicrographs of the green shale facies under cross-polarized light showing (A) high
abundance of glauconite pellets of variable size and morphology; (B) glauconite pellet with abun-
dant radical cracks (yellow arrows); (C) glauconite pellets associated with sub-angular to euhedral
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quartz grains with straight boundaries (white arrows); (D) showing elongated glauconite pellets
with variegated interference color (red arrow); (E) volcanic lithoclast comprised of large and small
angular to euhedral quartz grains (white arrow) and large feldspar grain with perthite texture (red
arrow); and (F) incipient glauconite along the cleavage planes of feldspar (red arrow) and the euhe-
dral quartz grain (white arrow) (inset figure shows incipient glauconite formation along feldspar
cleavages (red arrow) in plane-polarized light).

4.3. Major Oxide Concentrations of Glauconites

The major element concentration of glauconite was obtained at 125 points in 4 thin
sections (Table 1). The K2O content of the glauconite is low, varying between 3.09-5.52
wt% (av. 4.14 wt%). The Na2O content of the glauconite is high, varying from 0.22-1.90
wt% (av. 1.33 wt%). The Fe:0s(total) content of the pellets show a wide range, varying
from 16.29 to 24.22 wt% (av. 19.88 wt%). The Al2Os content of most of the pellets varies
between 9.87 and 16.77 wt% (av. 13.03 wt%). The SiO: content of the pellets varies from
48.48 to 57.20 wt% (av. 53.75 wt%). The MgO content of the glauconites varies from 2.06
to 4.47 wt% (av. 2.66 wt%). Concentrations (wt%) of CaO, MnO, TiOz, and P20s are always
less than 1 wt%.

Table 1. Major oxide concentration of glauconites of the Giral Member, Dharvi Dungar Formation.
(The mean and range of major oxides are provided for every sample).

DataSet .0 KO MgO (a0 MnO ALOs FeO Fe0s Si0: TiO: Total 2mPle
/Point No.
11 165 443 261 026 015 1161 199 1992 5331 021  96.21
3/1 155 446 262 025 006 1132 199 1993 5380 038  96.39
an 151 425 253 022 013 1170 195 1947 5548 025  97.50
5/1 172 381 270 028 008 1455 165 1648 5520 039 9691
6/1 171 318 270 034 005 1476 153 1531 5673 033  96.77
71 150 386 262 024 011 1477 157 1568 5588 044  96.69
8/1 158 429 267 029 004 1233 192 1919 5343 016 9593
10/1 156 388 260 028 010 1356 168 1678 5529 030  96.10
111 158 424 254 020 008 1199 192 1920 5375 024  95.79
1211 156 364 260 030 000 1380 163 1627 5644 025  96.49
13/1 125 467 249 015 010 1213 192 1919 5375 021 9595
14/1 150 400 258 023 008 1180 185 1854 5392 019  94.69
16/1 167 388 256 033 012 1412 165 1651 5482 030  96.00
171 151 427 281 019 009 1140 195 1953 5337 016 9534
18/1 136 450 277 028 011 1269 186 1859 5358 021 9599  Gl/2a
19/1 153 418 268 038 008 1299 178 1779 5483 022 9645
20/1 166 337 268 027 009 1403 168 1684 5429 059 9556
21/1 118 456 269 007 008 1201 193 1933 5445 029  96.63
22/1 134 435 279 014 006 1288 187 1868 5427 023  96.67
23/1 132 390 28 021 011 1459 165 1646 5603 025  97.39
24/1 125 409 268 029 007 1444 161 1609 5394 121 9570
26/1 137 396 280 013 012 1243 183 1833 5452 026 9581
27/1 135 419 280 013 010 1241 189 1890 5394 024 9599
28/1 138 384 265 023 008 1314 164 1644 5581 042 9568
29/1 156 376 262 027 012 1550 154 1542 5558 043  96.80
30/1 140 421 252 018 004 1344 175 1747 5412 029 9542
31/1 155 387 265 018 003 1324 178 17.85 5503 031 9653
32/1 151 371 275 018 008 1449 162 1620 5508 036 9601
33/1 137 433 280 018 009 1269 186 1862 5284 030  95.09
34/1 138 424 272 019 007 1236 191 1911 5309 021 9530
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35/1 130 423 294 016 013 1227 185 1846 5347 022  95.08
Mean 147 407 268 023 008 1308 178 1782 5452 032  96.09
(Rangeof (1.18- (3.18- (249- (0.07- (0.0- (11.32- (1.53- (1531- (52.84— (0.16~ (94.69—
oxide)  172) 4.67) 294) 038 015 1550) 1.99) 19.93) 56.73) 121) 97.50)

171 137 407 261 006 007 1293 177 1770 5438 024 9529
3/1 136 426 272 005 005 1272 192 1923 5251 025 9518
4/1 123 394 291 010 006 1393 183 1832 5400 028  96.64
5/1 115 502 255 014 011 1034 215 2146 5220 012 9534
6/1 131 438 266 013 005 1515 181 1815 5294 032  97.05
7/1 139 426 266 012 014 1263 189 1887 5248 031 9481
8/1 133 422 252 014 010 1240 1.82 1821 5404 022  95.03
9/1 119 448 267 008 011 1176 203 2029 5326 018  96.09
10/1 135 385 252 010 007 1375 172 1719 5543 028  96.42
12/1 130 455 264 008 007 1151 198 1976 5347 029 9570
13/1 131 421 234 007 008 1214 189 1886 5444 017 9559
14/1 131 436 245 006 012 1356 178 1785 5434 022  96.10
15/1 149 383 261 006 009 1312 181 1813 5488 033 9641
16/1 114 471 246 002 012 1176 192 1917 5372 023 9526
17/1 135 327 240 015 006 1543 149 1486 5599 035 9546
18/1 129 442 256 007 007 11.05 206 2055 5355 023 9596
19/1 133 369 255 005 005 1287 170 169 5457 023 9404
20/1 128 446 260 005 007 1233 192 1917 5273 024  94.88
21/1 139 419 251 006 010 1232 183 1829 5433 038 9547
22/1 119 425 245 012 004 1135 201 2010 5360 021 9545
23/1 116 49 258 010 018 987 220 2202 5211 025 9552
25/1 140 439 238 006 012 1288 201 2008 5289 020 9647
26/1 110 447 249 007 014 1159 194 1937 5455 023  96.01
27/1 146 385 248 012 016 1558 174 1737 5720 027  100.29
28/1 136 396 250 007 014 1371 168 1682 5408 027 9470
29/1 110 454 245 004 019 1260 189 1891 5377 026 9577
31/1 120 450 236 008 012 1149 192 1922 5441 028  95.65
33/1 124 429 251 006 022 1229 187 1867 5484 023 9634
34/1 123 349 206 009 017 1379 160 1596 5172 040  90.64
35/1 111 474 241 007 018 1107 211 2114 5309 026 9633
38/1 1.09 419 238 003 007 1555 164 1639 5269 049  94.66
39/1 124 433 250 001 011 1292 181 1811 5429 041 9578
Mean 127 425 251 008 011 1270 187 1866 5383 027 9563
(Rangeof (1.09- (327- (2.06- (0.01- (0.04— (9.87- (1.49- (14.86- (51.72— (0.12- (90.64—
oxide)  149) 502) 291) 0.15) 022) 1558) 220) 22.02) 57.20) 0.49) 100.29)
171 134 457 250 014 009 1264 185 1852 5161 024 9357
2/1 159 349 249 026 004 1521 158 1577 5359 030 9441
4/1 177 380 286 026 006 1377 179 1788 5544 022  97.90
6/1 153 388 258 021 007 1400 178 1776 5374 028  95.89
7/1 155 413 252 009 008 1474 169 1691 5356 037 9576
8/1 153 442 258 023 009 11.83 191 1910 5338 026 9545  Gl/2c
9/1 142 481 276 020 008 1109 218 2178 5145 023  96.05
1011 172 395 264 012 004 1338 177 1774 5534 032  97.05
1111 148 362 253 015 007 1677 155 1552 5406 029  96.09
12/1 166 387 263 015 008 1289 1.82 1824 5415 027 9590
13/1 134 455 258 008 011 1217 188 1879 5402 025 9588

14/1 1.82 430  2.69 0.13 0.11 1366 177 1773  53.89 0.23 96.42
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15/1 1.82 412 2.50 0.08 0.10 13.32 1.70 17.04 55.17 0.27 96.16
17/1 1.60 412 2.65 0.10 0.09 12.57 1.89 18.91 53.74 0.26 95.98
19/1 1.62 414 2.61 0.12 0.07 11.34 1.84 18.43 52.54 0.24 93.02
21/1 1.73 3.81 2.73 0.10 0.07 13.74 1.69 16.95 55.25 0.29 96.44
22/1 1.90 3.84 2.66 0.10 0.08 13.62 1.71 17.11 54.71 0.28 96.13
24/1 1.49 4.30 2.55 0.12 0.11 12.81 1.87 1873 51.95 0.33 94.32
27/1 1.53 3.44 2.58 0.07 0.06 15.45 1.53 15.30 55.78 0.74 96.50
28/1 1.63 3.35 2.52 0.15 0.07 14.73 1.56 15.61 55.23 0.41 95.29
29/1 1.73 4.01 2.74 0.11 0.06 12.92 1.82 18.20 54.05 0.31 95.98
30/1 1.64 412 2.69 0.16 0.08 12.82 1.89 18.87 53.83 0.25 96.35
31/1 1.75 3.51 2.51 0.13 0.08 14.73 1.56 15.60 56.87 0.24 97.03
32/1 147 4.33 2.53 0.14 0.06 12.41 1.88 18.79 53.52 0.26 95.46
33/1 1.56 3.69 2.58 0.09 0.10 14.40 1.65 16.45 56.57 0.25 97.38
34/1 1.72 4.05 2.54 0.13 0.07 13.12 1.84 18.43 53.21 0.33 95.48
35/1 1.48 4.34 2.55 0.09 0.09 13.06 1.83 18.29 54.43 0.31 96.49
36/1 1.27 4.34 2.53 0.02 0.08 14.19 1.77 17.66 54.21 0.35 96.45
38/1 1.54 4.33 2.54 0.11 0.14 12.32 1.98 19.76 52.23 0.41 95.40
39/1 1.67 3.49 2.62 0.16 0.07 13.44 1.73 17.31 53.91 0.30 94.70
40/1 1.63 415 2.44 0.16 0.05 12.42 1.78 17.81 53.65 0.26 94.36
41/1 1.81 3.90 2.66 0.16 0.08 13.93 1.75 17.50 54.12 0.30 96.27
44/1 1.54 4.45 2.67 0.09 0.09 11.48 1.92 19.16 52.13 0.20 93.74
45/1 1.73 3.29 2.53 0.20 0.12 13.45 1.63 16.32 52.27 3.98 95.56
46/1 1.60 4.14 2.69 0.24 0.07 13.72 1.80 18.03 53.49 0.32 96.20
47/1 1.78 3.87 2.53 0.14 0.06 14.61 1.71 17.14 54.29 0.28 96.51
48/1 1.61 4.15 2.78 0.17 0.15 12.25 1.90 19.00 52.86 0.26 95.21
Mean 1.61 4.02 2.60 0.14 0.08 13.38 1.78 17.79 53.90 0.40 95.75

(Range of (127- (329- (244- (0.02- (0.04- (11.09- (1.53- (1530- (51.45- (0.20- (93.02—
oxide) ~ 190) 4.81) 286) 026) 015 1677) 2.18) 2178) 56.87) 398  97.90)
2/1 0.72 4.67 2.65 0.11 0.16 10.94 2.08 20.79 53.30 0.21 95.63
3/1 0.87 3.77 2.68 0.16 0.04 14.70 1.56 15.65 56.17 0.32 95.93
4/1 1.00 3.79 3.04 0.37 0.08 14.51 1.76 17.60 53.35 0.32 95.84
6/1 0.99 4.02 3.04 0.26 0.16 12.30 1.89 18.92 55.15 0.34 97.09
7/1 1.11 4.02 2.54 0.12 0.13 14.69 1.73 17.30 53.92 0.31 95.89
8/1 0.64 5.19 2.78 0.57 0.17 11.28  2.00 20.00 52.25 0.26 95.20
9I1 1.23 411 2.89 0.48 0.05 13.97 1.68 16.80 54.21 0.29 95.77
10/1 0.88 4.76 2.84 0.50 0.16 10.91 2.06 20.64 52.71 0.19 95.66
11/1 0.79 5.52 2.44 0.69 0.21 14.80 1.65 16.49 51.84 0.23 94.66
13/1 1.01 4.28 2.69 0.49 0.16 13.60 1.76 17.61 54.42 0.36 96.43
14/1 1.05 4.50 2.78 0.67 0.12 13.70 1.82 18.23 53.13 0.27 96.28 Glj2d
16/1 0.82 4.87 2.76 0.45 0.13 11.01 2.11 21.07 50.64 0.25 94.10
18/1 0.60 4.17 2.97 0.32 0.14 10.89 1.83 18.28 48.48 0.30 88.02
19/1 1.71 4.08 2.94 0.37 0.08 13.57 1.72 17.18 54.39 0.31 96.36
20/1 0.31 4.62 2.61 0.24 0.16 11.83 1.87 18.72 51.61 0.30 92.52
22/1 0.47 5.29 2.90 0.92 0.25 10.62 2.06 20.60 52.82 0.17 96.11
23/1 141 3.09 4.47 0.66 0.22 13.22 1.52 15.17 48.96 0.17 88.89
28/1 0.48 4.09 3.80 0.90 0.38 14.28 1.52 15.23 53.81 0.31 94.83
29/1 0.90 4.56 291 0.54 0.12 12.59 1.88 18.83 52.90 0.24 95.47
30/1 0.96 3.31 291 0.46 0.11 16.67 1.48 14.81 55.00 0.39 96.16
33/1 0.24 410 2.60 0.31 0.05 10.10 2.12 21.16 50.11 0.15 90.95
34/1 0.22 3.51 2.92 0.65 0.09 11.27 1.90 19.01 49.48 0.32 89.38
35/1 0.54 4.06 2.80 0.58 0.13 13.71 1.73 17.26 49.08 0.30 90.21
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36/1 064 399 284 070 013 1240 177 1766 5257 021 92.95

37/1 058 393 289 093 011 1383 1.63 1632 5217 025 92.68

Mean 0.81 425 291 050 0.14 1285 181 1805 5250 027 94.12
(Rangeof (0.22- (3.09- (2.44- (0.11- (0.04- (10.10- (1.48- (14.81- (48.48- (0.15- (88.02-
oxide) 1.70) 552) 447) 093) 038) 16.67) 2.12) 21.16) 56.17) 0.39) 97.09)

All EPMA data were normalized to 100 wt% on an anhydrous basis for different
cross-plots. The cross-plot between KO and Fe:Os(total) exhibits a moderate positive cor-
relation (72 = 0.6). Na20 manifest poor negative correlation with Fe2Os(total) (Figure 4a).
The Al2:Os versus Fe20s(total) cross-plot exhibits a good negative correlation (12 =0.8) (Fig-
ure 4B). The K20 vs. AlOs plot indicates a moderate negative correlation (72 = 0.5). On the
other hand, the Na:O vs. ALOs cross-plot shows a poor positive correlation (Figure 4C).
The K20 vs. Na2O cross-plot shows a poor negative correlation (Figure 4D).

10 255
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TN O
i < o0
%és— n = o %15- Mw-g
27 Fieldof Fieldof |
illite glauconite
1 T T T T
5 30 5 10 15 20 25
10+ C 54 Fe,0; (in wt%) D
8 4
§ % 61 g 3
é: § - "é: ol Legend
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Figure 4. Cross-plots of K20 and Na20 vs. Fe20s3 (A), Al20s3 vs. Fe20s (B), K20 and Na20 vs. Al20s
(C), and K20 vs. Na20 (D) (fields of glauconite and ferric illite are after Odin and Matter [1]). Note
that the interlayer cations K2O and Na20 show an opposite trend.

Bi-variant plots involving K20 and Na20, Fe20s(total) and Al:O:s reflect the chemical
pathways of glauconite maturation. The positive correlation between K20 and Fe2Os(total)
(Figure 4A) indicates simultaneous intake of K and Fe in the glauconite structure. The
negative correlation between K20 and Na:20 indicates that Na fixation into the glauconite
structure is accompanied by the expulsion of K from the interlayer sites (Figure 4D). The
good negative correlation between Al2Os and Fe2Os(total) (Figure 4C) indicates the substi-
tution of Al by Fe in the octahedral site during the glauconitization [1,2,17,40]. Therefore,
the negative correlation of K2O and Al2Os (Figure 4C) implies the addition of K* accompa-
nied by the expulsion of Al’* from the glauconite structure. Iron is mobile in the Fe?* state,
which replaces the Al** in the octahedral site and creates a charge imbalance in the glau-
conite structure. The K* is incorporated in the interlayer sites of the glauconite structure
for charge balancing, which causes the negative correlation between K:O and Al:Os.

4.4. Mineralogy and Micro-Textural Study of Glauconite

The X-ray diffraction analysis of the randomly oriented clay fraction (<2 um) exhibits
broad, asymmetric peaks of lower diffraction angles (<10° 20) (Figure 5). Other character-
istic peaks include asymmetric peaks at 4.48 A, 3.25 A, 2.57 A, 1.97 A, and 1.51 A (Figure
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5). The clay fraction also shows a few sharp and symmetric reflections at 4.26 A, 3.61 A,
3.35 A, and 2.81 A along with a few less intense but sharp and symmetric peaks at 2.46 A,
236A,228A,224A,214A,181A,1.74 A, and 1.54 A. The X-ray diffractogram of smear-
mounted, oriented glauconite grains exhibits asymmetric (00) reflections with a broad
base (Figure 5). The air-dried sample shows (001) reflection at 11.89 A. The (002) and (004)
reflections are subdued and are positioned at 5.01 A and 2.55 A, respectively. The (003)
reflection appears at 3.24 A with a broad base and less asymmetrical peak. Upon glycola-
tion, the basal (001) peak expands to 11.89 A with a broad hump (Figure 5). Peaks corre-
sponding to (002) and (004) reflections show a slight shift to 5.10 A and 2.62 A, respec-
tively. The (003) peak shifts to 3.31 A after the glycolation. All the peaks widen upon gly-
colation. The heated sample (550 °C for 1 h) shows symmetric and sharp basal reflection.
The (001) peak collapses to 9.78 A while (002) and (004) reflections appear at 4.90 A and
2.50 A, respectively, after heating. The (003) reflection shifts to 3.27 A and appears sym-

metric and sharp. A minor peak, appearing at 7.07 A in air-dried and glycolated samples,
disappears after heating (Figure 5).
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Figure 5. (A) X-ray diffractogram of randomly oriented clay fraction (<2 pm grain size) exhibiting
glauconite and kaolinite as dominant phyllosilicate phases with minor siderite and quartz impuri-
ties. (B) X-ray diffraction pattern of oriented smear-mounted glauconite pellets exhibiting basal (00I)
reflections. Glau = glauconite, kaol = kaolinite, qtz = quartz, and sid = siderite.

The peaks at4.48 A,3.25 A, 2.57 A, 1.97 A, and 1.51 A along with basal (001) reflection
at11.5 A in randomly oriented clay fraction characterize both glauconite and illite (Figure
5). The basal (001) reflection of glauconite appears within 10 A and 14 A. The ordered
glauconite has a 10 A basal spacing while the smectite minerals exhibit 14 A basal spacing
[1,12-15,43]. The basal reflection of the (001) plane at 11.89 A in air-dried Giral samples
expands upon glycolation, indicating considerable smectite interstratification within glau-
conite [44]. The high value of the (001) peak is consistent with ‘nascent’ to ‘slightly
evolved’ glauconite [45]. The subdued (002) and (004) reflections distinguish the glauco-
nitic minerals in Giral samples from illite and indicate the high octahedral iron [43,46-48].
The minor peak at 7.07 A in air-dried and glycolated samples, which disappears after
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heating at 550 °C, mark the presence of kaolinite [47,48]. The sharp and symmetrical re-
flections at 2.81 A, 214 A, and 1.74 A and at 426 A, 335 A, 1.81 A, and 1.54 A, indicate
siderite and quartz, respectively.

High-resolution micro-textural study of the glauconites reveals tiny, blade-like par-
ticles, which are often curled. This texture is typical for immature, slightly evolved glau-
conite. In places, tiny, sheet-like structures (marked by the yellow arrow) of kaolinite
transform into curved flakes of slightly evolved glauconites (Figure 6A-D).

— 100pm SATIFIITB 4/6/2021
10.0%V SET M WD 6.8mm  11:46:50

Y

{
N

—— 1pm  SATFIITE 4/6/2021 s— 100nm SATFIITB a/6/2021
10.0kV SEI SEM WD 5.8mm 3:44:17 X 50,000 10.0kV SET SEM WD 5.9mm 3:03:49

Figure 6. FEG-SEM image showing the micro-texture of the glauconite showing radial fractures
within the glauconite pellets (A). Pellets showing tiny, blade-like structures (white arrows) reflect-
ing ‘slightly evolved’ glauconite (B,C). Sheet-like structures of kaolinite (yellow arrow) (D).

4.5. Mossbauer Spectroscopy and Structural Formula of Glauconite

Moéssbauer spectroscopic analysis of glauconite pellets reveals five doublets (Table 2;
Figure 7). Doublets A, B, and C show low isomer shift (0) values ranging between 0 =
0.319-0.405 mm/s. Doublets D and E show relatively higher isomer shift (0) values, rang-
ing between 6 = 1.120-1.150 mm/s. The quadrupole splitting (AEq) values of doublets A,
B, and C are lower than that of doublets D and E. Quadrupole splitting (4Eq) of doublets
A, B, and C vary between 0.363-1.243 mm/s. Doublets B and A show the least and the
highest quadrupole splitting values, respectively. Doublets D and E are characterized by
high quadrupole splitting with AEq ranging from 2.193 to 2.884 mm/s.
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Table 2. Mossbauer spectral parameters of Giral glauconite extracted from analysis of Mdssbauer
spectra recorded at room temperature.

Isomer Relative
le Li idth
Sample Iron Sites Shift (0) S?ul?t(::p(() A(; (Il_r)linv::;:: Area Ratio Fitting
P (Doublets) mm/s P & B (R»a) Fez/Fe¥* Quality (x?)
mm/s + 0.01 0.04
0.005 %
Doublet A (Fe3*) trans M(1)  0.405 1.243 0.406 13.7
3+
Doublet B (Fe”) 0.343 0.363 0.479 60.7
cis m2
Doublet C (Fe?*)
GL-18-2 trans M(1) 0.319 0.871 0386 16.2 0.10 1.03
Doublet D (Fe*)
1.1 2.884 . .
trans M(1) 50 88 0.35 5.0
Doublet E (Fe?)
1.12 2.1 . 44
trans M(1) 0 93 0.350

The Mossbauer spectra of glauconite manifest five doublets indicating octahedral Al
for Fe substitution [49-51]. Iron is represented in both ferric (Fe*) and ferrous (Fe?*) states.
The small isomer shifts of doublets A, B, and C correspond to Fe* in a high-spin state
while the large isomer shifts of doublets D and E correspond to Fe?". The small quadrupole
splitting of doublet B corresponds to Fe>* in the less distorted, symmetrical cis M (2). Fe3*
also occupies the larger, trans-M (1) site, which is attested by the large quadrupole split-
ting of doublets A and C. Doublets D and E with very large quadrupole splitting correlate
to Fe? in the trans-M (1) site.

1.00 (mbaidptodmt fiat e s _aaf
1
2
5 %7 Fitted data
o —— Doublet A (Fe*)
2 Doublet B (Fe™)
® —— Doublet C (Fe™)
T 095 o
o Doublet D (Fe™)
Doublet E (Fe™)
0.94

Velocity (mm/s)

Figure 7. Representative Mossbauer spectrum of glauconite pellet of Dharvi Dungar Formation fit-
ted with five doublets representing octahedral occupancy by both Fe?* and Fe* ions.

The Fe?*/Fe* ratio of the glauconite was calculated using the relative area (under the
curve in Figure 7) of the Fe?* and Fe® cations by taking into consideration the x? value
(fitting parameter) obtained from the Mossbauer spectra. The calculated Fe?*/Fe® ratio of
0.10 fairly agrees with Phanerozoic glauconites [3,19,52,53]. This ratio is used to calculate
the wt% equivalent of FeO and Fe:0s to obtain the chemical formula of glauconite. The
average chemical formula of glauconite of the Giral Member is as follows:

(Ko36 Naoas Caooo)o.s4 (Aloss Fed*0.93 Fe?*0.10 Mgo.27)2.04 (Sizes Alo.s2)4 O10(OH)2, nH20
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The structural formula of the Giral glauconite indicates the dominance of iron into
the octahedral site. The octahedral sheet contains 1.03 atoms per formula unit (a.p.f.u.) of
Fe of which Fe* contributes to 0.93 a.p.f.u. and Fe?* contributes to 0.10 a.p.f.u. The rest of
the octahedral sites are occupied by Al** and Mg? contributing to 0.73 a.p.f.u. and 0.27
a.p.f.u., respectively. The sum of all octahedral cations varies between 2.00 and 2.18 (av.
2.04). The tetrahedral site is dominated by Si*, which occupies 3.68 a.p.f.u. while Al** con-
tributes to 0.32 a.p.f.u. for the tetrahedral site. The tetrahedral site is devoid of Fe. The
interlayer cationic sites add up to 0.54 a.p.f.u. A total of 2/3rd of the interlayer cationic
sites are occupied by K* while Na* contributes to the remaining 1/3rd interlayer sites with
0.36 and 0.18 a.p.f.u., respectively.

Based on the K20 content, glauconite can be subdivided into nascent (2—4 wt% K20),
slightly evolved (4-6 wt% K20), evolved (6-8 wt% K20), and highly evolved (>8 wt% Kz0)
glauconite [1]. Authigenic green pellets from the Giral Member, with low interlayer cation
(av. 0.54 a.p.f.u.) and considerably high octahedral Al** content (av. 0.73 a.p.f.u.) belong to
the slightly evolved variety. The X-ray diffraction parameters indicate a high degree of
smectite interstratification, corroborating the slightly evolved nature of the glauconite.
The low interlayer cation content corroborates that glauconite belongs to an immature
variety. The Giral glauconite contains higher Na20O, Al:0s, moderate Fe:Os(total), and
lower K2O contents than the ideal variety of glauconite reported by Odin and Matter
[1,54].

The Giral glauconite shows a moderate to high tetrahedral charge (T.C.), varying
from -0.23 to -0.50 (av. —0.32). The octahedral charge (O.C.) shows low to moderate val-
ues, ranging from -0.02 to -0.33 (av. —0.25). The interlayer charge (I.C.) of the Giral glau-
conite shows low to high values, ranging from 0.37 to 0.62 (av. 0.54) (Supplementary Table
S1). The interlayer charge exceeds 0.60 in matured glauconite, showing negligible smectite
interstratification. The tetrahedral R3* (Al**) value of 0.32 a.p.f.u. and the octahedral R*
(Al** + Fe¥*) value of 1.76 a.p.f.u. are characteristic of glauconite mineral [55]. Geochemical
analysis of Giral glauconite reflects a ‘nascent’ to ‘slightly evolved’ nature [1,4], which is
corroborated by the low interlayer charge of the glauconite.

Due to the low interlayer cationic content, the Giral glauconite does not occupy the
‘glauconite’ zone demarcated by Meunier and El Albani [56] in the plot of dioctahedral
Fe-rich clay minerals (Figure 8). The bivariant plot of M*/4Si vs. Fe/Sum of octahedra pro-
jection of dioctahedral Fe-rich clay minerals was later modified by Baldermann et al. [4]
to incorporate the immature glauconitic smectite showing different maturation pathways
of shallow and deep marine glauconitization (Figure 8). The Giral glauconite shows a clus-
ter of data-points occupying the shallow marine glauconitization pathway suggesting
evolution from an Al-rich substrate, and faster glauconitization reaction compared with
that of the deep marine counterpart.
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Figure 8. 4M*/Si vs. Fe/sum of octa. (octa. = octahedral cations) cross-plot of glauconite pellets of
Dharavi Formation. M* denotes the sum of interlayer atoms (in a.p.f.u.) and Fe denotes the sum of
octahedrally coordinated Fe atoms (in a.p.f.u.). The zones of dioctahedral and trioctahedral minerals
(glauconite, Fe-illite, Fe-Al smectite, and nontronite) are denoted after Meunier and El Albani [56]
and the green and red zones mark the shallow and deep marine glauconitization pathways of Bal-
dermann et al. [4]. (MLM = mixed layer mineral).

5. Discussion
5.1. Glauconite-Lignite Association of Paleogene Deposits in India

The lignite and/or black shale deposits are fairly common within the Paleogene sed-
iments [57-59]. Especially, the Paleocene-Eocene transition is marked by abundant lignite
deposits along the continental margins, even in high-latitude sections [18,60]. Eocene
glauconitic shale is common within the western passive margin basins in India, including
Jaisalmer [19], Kutch [5,6,23], and Cambay basins [26,27]. The glauconite occurs within
the limestone—shale alternation within the lignite-bearing deposits of the Giral Member.
The floral and faunal assemblages, including terrestrial and marine palynomorphs and
dinoflagellates, indicate an early Eocene age of the Giral Member [31,33]. The detailed
biostratigraphic analysis of the Giral Member identifies the upper part of Apectodinium
homomorphum cenozone corresponding to early Ypresian age for the glauconitic interval,
immediately after the PETM at the Paleocene-Eocene transition. The Early Eocene
(Ypresian) lignite—glauconite association also occurs within the Cambay Shale Formation
of the adjacent Cambay basin [27,61] and the Naredi Formation of Kutch Basin [23,62-64].
Glauconite formed a few thousand years before the onset of PETM in the Jaisalmer Basin.
Although the high abundance of dinocyst Kenleyia sp. characterizes the Early Eocene Cli-
matic Optimum (EECO) within the lignite deposits of the adjacent Cambay Basin, the lig-
nite—shale association of the Giral Member cannot be precisely linked to this event because
of the paucity of benthic foraminifera [26,33]. The Paleogene lignite deposits mostly rep-
resent strandplain deposits in tropical, warm-humid climatic conditions while these time-
equivalent glauconite deposits represent the subsequent marine flooding events.

5.2. Unique Chemical Composition of Giral Glauconite and Origin of Glauconite

The chemical composition of glauconite shows a wide range with variable K20,
AlOs, and Fe:0s(total) content [1]. The K-poor variety characterizes nascent glauconite
while the K-rich variety characterizes highly matured glauconite [1,3,4,7]. The established
range of composition of glauconite is defined as 2-10 wt% K20, 20-25 wt% Fe2Os(total),
and 3-11 wt% AlOs [65]. The chemistry of Giral glauconite is unique because of the high
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contents of Na2O (av. 1.33 wt%), Al2Os, and Fe2Os(total). The Na:0 occupies the interlayer
site of these glauconites and contributes to one third of the interlayer cation occupancy.
While the Al20s content of glauconite shows consistently high values (av. >10 wt%) in the
Precambrian deposits, a few Mesozoic and Cenozoic glauconites record high Al2Os con-
tents. The Giral glauconite, although containing low K20, have moderate Fe2Os(total) and
occupies the ‘field of glauconite” of Odin and Matter [1] unlike most high-alumina glau-
conites which plot within the ferric illite field. Glauconite with high Al2Os content (>10
wt%) exhibits a low (<10 wt%) Fe2Os(total) [7,19]. The elevated Al:Os content of glauconite
is often related to diagenetic alteration [66], sub-aerial weathering [67], and freshwater
input. The inflow of freshwater in the marginal marine depositional site drastically re-
duces the K* activity, thus lowering the rate of glauconitization and giving rise to a K-poor
glauconitic composition [68]. Short residence time of glauconite pellets may also contrib-
ute to the formation of K-poor glauconite, which cannot be distinguished from glauconite
formations hindered by freshwater input [68]. Petrographic study rules out the possibility
of diagenetic alteration or sub-aerial weathering of the glauconite. Absence of goethite
and/or pyrite suggest similar sub-oxic condition prevailed throughout the glauconite for-
mation [19]. The enhanced supply of organic matter from the continent might have facili-
tated the sub-oxic depositional condition where the formation of glauconite through in-
corporation of K and Fe by the substrate [7,18,19,41,43]. The high Al2Os content of the Giral
glauconite corresponding to the tetrahedral Al** suggests a high aluminous substrate for
these glauconites [19]. The enriched Na20 content of Giral glauconite suggests a unique
chemical pathway of maturation. Such abnormally high Na:O content in glauconite is
rarely addressed [69-71]. The high Na content in glauconite may indicate the dissolution
of volcaniclastic constituents, enriching the porewater [72]. Alternately, the chemical in-
teraction with Na-rich groundwater can form Na-rich glauconite [73]. However, later al-
teration by groundwater would have formed a rim of an altered zone with Na-rich glau-
conite around the pellets. The Na content of Giral glauconite is evenly distributed within
the grains. Further, salt deposits are absent within the Paleogene deposits of the Barmer
basin. The predominance of lignite and carbonaceous shale within the Giral succession
suggests a humid climatic condition. The late Paleocene—early Eocene time witnessed
large-scale volcanism in the North Sea basin which is known as the North Atlantic Igneous
Province, associated with several distinct glauconite deposits within the basin [18,74]. The
euhedral quartz grains and the presence of feldspars with perthite textures (Figure 3D)
suggest sediment inputs from volcanogenic sources adjacent to the Barmer Basin. Thus,
the dissolution of volcaniclastics seems to be the most plausible source of high Na* within
the Giral glauconites. The Na-rich porewater possibly led to the incorporation of Na* into
the glauconite structure [72,75].

Although the Al:Os content of the Giral glauconite is high, the Fe20s/(Fe20s + Al20s)
ratio (av. 0.56) supports a ‘ferruginous’ character of these glauconites [66]. Similar glauco-
nite, with considerably high Al2Os and moderately high Fe2Os(total), occurs within the
Khuiala Formation from the adjacent Jaisalmer Basin forms by the reaction of kaolinite
with iron oxide and minor smectite in an oxygen-depleted mid-shelf depositional envi-
ronment [19]. The high tetrahedral Al** content corresponds to a highly aluminous sub-
strate of the glauconite. The unique chemical composition and the abundance of glauco-
nite within the Giral Member strongly suggest influence of warm climatic condition in its
formation. The enhanced chemical weathering and run-off associated with warm-humid
climatic condition resulted in supply of continental detritus, such as kaolinite and feld-
spar, within the shallow marine realm. Glauconite formation is also facilitated by the en-
hanced supply of nutrients such as K, Fe, and Mg in the shallow marine realm supplied
as dissolved or particulate matter [18,19,76]. However, the K* content of Giral glauconite
is lower than the Khuiala glauconite. The low K20 content, therefore, reflects a combina-
tion of freshwater input in a marginal marine depositional environment and a relatively
high rate of sedimentation discouraging the maturation of glauconite.
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5.3. Relationship of Glauconite Formation and Iron Sequestration

Recent review on biostratigraphically constrained sections reveal the high abundance
of glauconite associated with early, middle and late Paleogene time, closely correspond-
ing to warm climatic intervals of Paleogene [18]. Continental erosion, enhanced during
warm climatic conditions, is responsible for the abundant supply of elements such as K,
Fe, Al, 5i, P, and Mg, which influences the ocean geochemistry [76]. Increased supply of
organic matter and its subsequent decomposition results in oxygen-depletion in the shal-
low marine environment, favoring the reduction of Fe-particulate matter to mobile Fe(II)
state and its fixation into glauconite structure [6,7,18,19]. Since iron is a major limiting
factor in ocean productivity, its supply and sequestration play an important role in the
biogeochemical evolution of the ocean. While anoxic-sulphidic depositional environ-
ments are suitable for fast sequestration of iron as Fe-sulphides, recent investigations in-
dicate a significant contribution of Fe-silicates authigenesis (especially glauconite) in iron
sequestration in geological record [17]. The restricted marine Giral Member represents a
marine incursion in response to the eustatic sea-level rise at the earliest part of the Eocene
[33,77]. Glauconitic deposits in adjacent Cambay (Cambay Shale Formation), Kutch
(Naredi Formation), and Jaisalmer (Khuiala Formation) suggest favorable ocean water ge-
ochemistry [19]. The process of glauconitization from an aluminous clay substrate to glau-
conite formation through simultaneous intake of K and Fe may have contributed substan-
tially to sequestrating iron within the sedimentary column. Glauconite authigenesis in
shallow marine conditions can be effective in sequestrating ~30% of the particulate and
dissolved iron supplied by the riverine flux [78]. Recent investigation on deep marine sed-
iments from the ODP site 959 suggests a Fe-sequestration rate of ~80 pmol cm2kyr,
which is on average six times higher than pyritization [17]. Considering the widespread
glauconitization along the western Indian passive margin, we can conceptualize signifi-
cant Fe-sequestration during the Paleocene—Eocene transition.

6. Conclusions
The major conclusions of this study are:

a. Thelignite-bearing, Early Eocene succession of the Giral Member of the Barmer Basin
hosts a marine flooding event represented by abundant glauconite formation.

b. Mineralogical and micro-textural data indicate the ‘nascent’ to ‘slightly evolved’ va-
riety of glauconite, suggesting a combination of dilution by freshwater inflow and
relatively high sedimentation rate in the marginal marine environment.

c.  The Giral glauconite is compositionally unique because of its high Al2Os and Na:0
and moderately high Fe2Os(total) content. The dissolution of volcaniclastic possibly
induced the formation of Na-rich glauconite, by enriching the porewater with Na.

d. The warm climate at the earliest part of the Eocene facilitated the glauconitization
through the enhanced supply of elements such as Fe, Al, Si, K, and P due to increased
weathering and run-off on the continent, turning the shallow marine environment
sub-oxic through rapid oxidation of organic matter.

e.  Glauconite authigenesis in the Giral Member could be a part of the potential sink for
iron in the shallow, marginal marine depositional environment during the Early Eo-
cene.

Supplementary Materials: The following are available online at www.mdpi.com/arti-
cle/10.3390/min12010056/s1. Table S1: Cation distribution in glauconite structure.
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