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Oxygen-depleted and ferruginous
seawater composition imprinted
in Early Cretaceous Fe-rich Al-
glauconites in marginal marine
deposits

Arpita Chakraborty?, Ayush Srivastava?, Brijesh Singh', Jahnavi Punekar?,
Sudipta Dasgupta?, Snehasis Chakrabarty? & Santanu Banerjee™”

The composition of marine authigenic iron silicates bears subtle evidence of paleo-oceanographic and
paleoclimatic conditions. This study focuses on the compositionally unique glauconite within the Early
Cretaceous Pariwar and Habur formations in the Jaisalmer Basin and discusses its implications. The
Al-glauconite is enriched in TFe,O, (>18 wt%), and is considered as Fe-rich Al-glauconite. The X-ray
diffraction parameters, the micro-texture, and the K,0 content reveal an evolved to highly evolved
structure of the glauconite. It is abundant in shallow subtidal and tidal- and wave-influenced shoreface
facies, and it forms either by the alteration of fecal pellets or as bioclast infillings. Micropaleontological
and ichnological proxies confirm the glauconitization in an oxygen-depleted, shallow marine
depositional setting. Small-sized (<1 cm) fodinichnial, pascichnial, domichnial, and repichnial traces,
and agglutinated foraminifera (Bathysiphon) corroborate the oxygen-depleted seawater. The landward
expansion of the oxygen minimum zone, leading to oxygen depletion in coastal settings, facilitates
the glauconitization in a marginal marine setting. Kaolinite and Fe-Al-smectite react in the presence
of excess Fe, forming Fe-rich Al-glauconite on the seafloor. Therefore, the compositionally unique
glauconite reflects atypical seawater chemistry with increased elemental influx of Al, Fe, and Mg
related to intense continental weathering, kaolinite substrate, and mobilization of Fe?* in oxygen-
depleted seawater.

Keywords Fe-rich Al-glauconite, Marginal marine, Oxygen depletion, Sequence stratigraphy, Ichnology,
Agglutinated foraminifera

Glauconite primarily forms in modern oceans, mainly in the outer shelf to upper slope"2. However, its ancient
counterparts occur in wide-ranging environments®*. Shallow marine glauconite is particularly abundant
in the Late Cretaceous and Paleogene>®~. The warming events during these Periods favour glauconite-rich
sedimentary deposits in shallow marine environments>!%-12. However, Early Cretaceous glauconites are rarely
found in shallow marine to deltaic deposits'®!%. The origin of shallow marine, Early Cretaceous glauconites
remains poorly understood, as depositional conditions are rarely constrained by integrated sedimentological,
ichnological, and micropaleontological data. A few studies have indicated that unusual seawater chemistry
facilitates shallow marine glauconitization, but without much elaboration!>!®. Shallow and deep marine
glauconites differ compositionally; the former is typically enriched in Al,O, and depleted in TFe,O,, while the
latter contains high TFe,O, and low AL,O,>"7. The high alumina glauconite or Al-glauconite, with AL,O, content
> 10 wt% is commonly reported from shallow marine environments, in which the TFe,O, content rarely exceeds
18 wt%!s.

This study focuses on the mode of occurrence and the formation mechanisms of Early Cretaceous glauconites
in the Mesozoic Jaisalmer basin. Although a few studies explore the depositional history of the Jurassic succession
of this basin, the Cretaceous interval is largely overlooked. Lithostratigraphy, plant fossils, and nanoplankton
of the shallow marine Cretaceous Jaisalmer basin are described in some studies!®2!. Although glauconite is
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abundant across the Cretaceous?, detailed geochemical analysis is lacking for the Early Cretaceous glauconites.
Further, micropaleontological and ichnological proxies have been rarely used for estimating depositional redox
conditions. Although glauconite has been completely overlooked in outcrop, a few reports indicate its occurrence
in subsurface Early Cretaceous deposits!®?2 Since glauconite is a useful marker for stratigraphic correlation,
and its composition is sensitive to depositional conditions, an integrated sedimentological, ichnological, and
micropaleontological study is likely to constrain the depositional conditions during glauconitization. The
objectives of this research are (i) to understand the origin of the Early Cretaceous marginal marine glauconite,
and (ii) to explain the link between glauconite composition and depositional conditions and highlight the
unique characteristics of Early Cretaceous glauconite.

Geological background

The Jaisalmer Basin, a pericratonic rift basin at the northwestern margin of peninsular India, separated from
Gondwanaland during the Late Triassic?*?*, extending across the India-Pakistan border as the Indus Shelf'*%.
The basin has four major tectonic units: Kishangarh shelf in the northwest, Jaisalmer-Mari High in the center,
Shahgarh low in the southwest, and Miajlar low in the southern part of the basin!®?. The Cretaceous succession
of the Jaisalmer Basin comprises Pariwar and Habur formations in the outcrop and Pariwar, Goru, and Parh
formations in the subcrop (Fig. 1a-b)', extending up to the Indus shelf in Pakistan®. The entirely siliciclastic
Pariwar Formation overlies the Bhadesar Formation unconformably. The upper contact of the Pariwar Formation
with the overlying Habur Formation is marked by an unconformity'?. The upper contact of the Habur Formation
with the Paleocene Sanu Formation is a disconformity. The Pariwar Formation primarily represents deltaic to
shallow marine deposition, whereas the Habur Formation shows nearshore characteristics!>?2, Jaisalmer Basin is
a proven gas-producing field, where both the Pariwar and Goru formations are important reservoirs?>?.
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Fig. 1. Geological map of Jaisalmer basin (map modified after'® showing outcrop of Cretaceous sediments of
the basin (a), relevant stratigraphic details (b), detailed lithologs showing the glauconite-bearing upper parts of
the Pariwar and Habur formations (c). Note: The glauconite percentage represents volumetric proportion. The
sedimentary structures, ichnofossil assemblages, location of microfossils, and depositional conditions are also
indicated.
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This study focuses on Early Cretaceous outcrops, consisting of the upper part of the Pariwar Formation and
the lower part of the Habur Formation. The presence of plant fossils and rarely preserved foraminifera indicates
a Neocomian age for the Pariwar Formation?’-*. Based on ammonite biostratigraphy, the age of the Habur
Formation is constrained as Aptian!®3!.

Results

Sedimentary facies analysis

The detailed facies description, including lithology (Fig. 1c), sedimentary structures (Fig. 2), ichnology (Figs.
3 and 4), and micropaleontological data, is presented below (see also Supplementary Table 1). The facies
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Fig. 2. Field photograph showing a sandstone slab of Pariwar Formation containing tool marks (a), tidal
bundles along with reactivation surfaces (b), contact between Pariwar and Habur formations (c), ammonite
and bivalves in the limestone (d), Outcrop showing a large-scale sigmoidal cross bedding showing tidal
bundles above and sketch of the same feature below (e).
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Fig. 3. Ichnocoenoses of the Pariwar Formation. Field photographs and a sketch of marine trace fossils
(a-i). Field photographs of continental trace fossils (j-1). Rh: Rhizocorralium; Pl: Planolites; Lo: Lockeia; Th:
Thalassinoides; Ar: Arenocolites; Gy: Gyrochorte; He: Helminthopsis; Ch: Chondrites; Co: Cochlichnus; Ca:
Camborygma; Vo: Vondrichnus; RT: Root Trace.

constituting the Pariwar and Habur formations are grouped into two facies associations, referred to as Facies
Association-1 (FA-1) and Facies Association-2 (FA-2), respectively.

Facies Association-1 (FA-1)

Shale

Occurring at the base of the measured section, the 1.5-1.7 m thick shale facies comprises alternations between
shale and siltstone, with occasional very fine-grained sandstone interbeds. The thickness of shale and siltstone
alternation ranges from 0.5 to 1.1 m, while the thin sheet-like sandstone beds are < 2 cm thick. The shale
contains 30% green clays. The siltstone beds are mainly ripple laminated, while fine sandstone beds exhibit
wavy laminae at the top. Prod marks and trace fossils may be found occasionally at the base of the sandstone
beds. The main ichnotaxa in the sandstone bed include Planolites, Lockeia, and Thalassinoides. The small-sized
(< 1 cm), convex, almond-shaped Lockeia®® occur as positive hyporeliefs. The horizontally-oriented, branched,
cylindrical burrows are attributed to Thalassinoides*®. The simple, straight, unlined, unbranched, cylindrical to
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Fig. 4. Ichnocoenoses of the Habur Formation. Complex ichnofabric of Skolithos, Ophiomorpha, and
Rhizocorralium representing the softground colonisation (a-b, e-f). Firmground colonisation represented by
Balanoglossites(c-d). Sk: Skolithos; Op: Ophiomorpha; Rh: Rhizocorralium; Ro: Rosselia; Ba: Balanoglossites.

subcylindrical burrows are characterised as Planolites®. The shale is completely devoid of benthic and planktic
foraminifera.

Heterolithics

This non-repetitive facies overlies the shale facies, consisting of alternations between shale and fine sandstone.
The thickness of the facies varies from 6.5 m to 8 m, with shale varying from 60 cm to 80 cm, and sandstone bed
thickness exceeding 5 cm. The arkosic sandstone is fine-grained and moderately sorted. Green clay comprises
up to 25% of sandstone and shale. The abundance of green clay decreases, and the sand content gradually
increases toward the top of the facies. The shale is planar laminated, whereas tabular-shaped sandstone beds
show a transition from planar laminae to cross-stratification, and are topped by wave ripples. The wave ripple
crests trend in a north-south direction. The soles of the sandstone bed exhibit sole marks, including groove and
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flute casts (Fig. 2a). Trace fossils occur as positive hyporelief in the sandstone beds (Fig. 3a-i; BI 3-5), while the
shale beds are devoid of ichnofossils. The observed ichnotaxa can be arranged in decreasing order of abundance
as: Arenicolites, Skolithos, Rhizocorallium, Gyrochorte, Helminthopsis, Chondrites, and Cochlichnus. The straight,
vertical, cylindrical burrows, appearing as small circular openings on bedding planes, are Skolithos®®. The equal-
sized, paired occurrences of similar circular impressions on the bedding plane represent Arenicolites®®, which
are characterized by U-shaped burrows in a vertical section. The horizontally-oriented, U-shaped burrows with
spreite represent Rhizocorallium (R. commune)i®l. Gyrochorte*? is identified as horizontal, segmented, bilaterally
symmetrical burrows that are cylindrical to slightly flattened, often with raised margins. The irregular, winding,
to meandering, unbranched horizontal trails represent Helminthopsis®>. Irregularly branching, horizontal
tunnels are characteristics of Chondrites*!. The sinuous, meandering horizontal trails resembling a sine curve
are identified as Cochlichnus*®. The topmost shale is devoid of calcareous planktic and benthic foraminifera, but
contains agglutinated foraminifera (Fig. 2). The foraminiferal assemblage consists predominantly of five genera:
Bathysiphon, Ammobaculites, Ammotium, Haplophragmoides, and Trochammina. These taxa are moderately
preserved, with specimens often displaying intact wall structures and minimal fragmentation. Plate 1 illustrates
representative specimens from each genus identified in these shale intervals, providing visual confirmation of
the taxonomic identifications.

Cross-bedded sandstone

This cross-bedded sandstone is up to 2.5 m thick. The sandstone is mainly white to buff-coloured, medium- to
coarse-grained, and unbioturbated, overlying the heterolithics facies. The sandstone shows unidirectional cross-
stratification (Fig. 2b). The cross-beds are organized into distinct packages, separated by erosional surfaces.
Within the packages, mud drapes are present within the foresets. The thickness of foresets and mud drapes in
the cross-bedded sandstone varies, from thin foresets with abundant mud drapes to thick foresets with minimal
mud drapes. The sandstones are mainly arkosic arenite, composed of subrounded quartz and subangular
feldspar, cemented by iron oxide.

Shale with root traces

Overlying the cross-bedded sandstone, it consists of shale and sandstone. The ~ 1 m thick shale occurs at the base,
containing black-coloured root traces, brown-coloured termite tunnels, and sub-vertical to sub-horizontal shafts
of Camborygma*® (BI 2-3) (Fig. 3j-1). A ~ 1 m thick medium- to coarse-grained, brown sandstone overlying the
shale exhibits a mottled appearance (Fig. 2¢), with well-preserved root traces and termite traces such as poly-
chambered, diffuse nests of Vondrichnus*” (BI 2-3) (Fig. 3k-1).

100 pm

100 um 100 pm 100 um 100 um

Plate 1. SEM images of an agglutinated foraminiferal assemblage in the shale of heterolithics facies (Pariwar
Formation). Haplophragmoides(a), Trochammina(b-c), Ammotium(d), Ammobaculites(e-f), Bathysiphon(g).
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Interpretations

Shale facies, with minor sandstone beds, represent a low-energy depositional setting that is occasionally
affected by high-energy events, resulting in the deposition of sandstone beds. The sharp bases of the sandstone
beds, overall grading, and wave-rippled tops indicate possible products of storm deposits*®*’. The shale facies
represent shallow subtidal deposition, and the prevalence of shallow-tier ichnogenera, Planolites, Thalassinoides,
and Lockeia at the sand-mud interface suggests episodic stabilization after storm events, and supports subtidal
conditions™.

The overlying heterolithics facies shows a coarsening-upward trend. Paucity of coarse-grained sandstone and
absence of fluvial deposits indicate the deposition of sediments away from the river mouth. The sandstones with
wave ripples and sole marks represent relatively high-energy events in an overall quiet depositional setting®.
The vertical burrows (Arenicolites, Skolithos) in sandstone reflect an association with occasional high-energy
conditions®!. The presence of minor Chondrites, Cochlichnus, and Helminthopsis supports an oxygen-depletion
condition between the high-energy events. The consistently small size (< 1 cm diameter) of trace fossils throughout
the facies suggests possible environmental stress, including low oxygenation and limited nutrient availability.
The Pariwar Formation is a mix of Skolithos, distal Cruziana, and Termitichnus ichnofacies, respectively.
The ichnofacies analysis points towards frequent transitions between oxygen-rich and oxygen-depleted
environments, where Skolithos Ichnofacies represents the former, and distal Cruziana Ichnofacies represents
the latter. The agglutinated foraminiferal assemblages (Ammobaculites, Ammotium, Haplophragmoides, and
Trochammina) are typical of shallow marine environments®>->°. The absence of calcareous foraminifera across
the succession corroborates fluctuating salinity, high terrigenous input, and restricted circulation, possibly
leading to oxygen stress®®. The foraminifera taxa Bathysiphon, commonly associated with deep-sea settings, have
also been documented in low-oxygen, restricted coastal and marginal marine environments>”%. Its occurrence
in the studied interval likely reflects bottom-water oxygen depletion near the sediment-water interface. Trace
fossils and agglutinated foraminiferal assemblages indicate a low-oxygenated, shallow subtidal to lower intertidal
deposit, occasionally affected by storm events™.

The cross-bedded sandstone, overlying sandstone-shale alternations, is formed by the migration of sand
waves. Mud drapes within the foresets indicate slack-water deposits related to tidal actions. Thick foresets with
fewer mud drapes form during spring tide, while thin foresets with more mud drapes form during neap tide.
Foresets with mud drapes reflect water depth, hydrodynamic process, and flow strength during the spring-
neap tidal cycle, referred to as the tidal bundle®-°!. The erosional surface that truncates the top of foresets
and separates individual cross-beds suggests a reactivation surface®’. Overall, the facies is dominated by tidal
bundles, indicating a tidal bar® with southwest-directed dominant total currents (Fig. 1c). The overlying shale
with root traces represents pedogenesis, identified as a paleosol. The ichnogenus Camborygma in grey shale
is an impression of dominichnial behaviour of the freshwater crayfish, indicating that they thrived near the
paleowater table*®-%>, The development of paleosol with prominent root and termite traces (Vondrichnus)
indicates prolonged subaerial exposure in a supratidal environment®®®’. The subaerial unconformity, identified
by paleosol horizon (Fig. 2¢)%, lies at the top of the Pariwar Formation.

Facies Association-2 (FA-2)

Conglomerate

A 10 cm thick, brownish grey, unbioturbated, tabular-shaped, matrix-supported conglomerate bed sharply
overlies the paleosol of the Pariwar Formation. The conglomerate is thin but laterally extensive, consisting
primarily of granules, the composition of which matches the paleosol (Fig. 2c). The granules are cemented by
iron oxides and are angular to subangular.

Sigmoidal cross-stratified sandstone

The facies is up to 3.5 m thick, overlying the conglomeratic horizon, consisting of sigmoidal cross-stratified
sandstone. The sandstone is pink-coloured, coarse-grained, unbioturbated, and displays a rhythmic pattern of
cross-beds from convex to concave upward. The thickness of high-angle foreset laminae and mud drapes varies
laterally. The cross-beds provide a north-westerly current direction (Fig. 2e). The bottom set of the sigmoidal
cross-bed truncates against the underlying conglomerate (Fig. 2e). Petrographic observation reveals coarse-
grained, quartz arenite with subangular to subrounded quartz, feldspar (<5%), cemented by carbonates.

Trough cross-stratified sandstone

It consists of trough cross-bedded, green clay-bearing sandstone and brown coloured sandstone, varying in
thickness from 0.2 m to 1.5 m. The green-clay-bearing sandstone at the basal part of the facies is up to 1 m
thick. Green clays make up around 30 to 40% of the sandy grains. Green sandstone grades upward into 50
cm-thick brown sandstone containing variable quartz, minor feldspar, and bioclasts, cemented by iron oxide.
These beds show trough cross-stratification internally. Wave ripples may occur on top of the sandstone beds
occasionally (Fig. 1c). The sandstone beds contain a trace fossil assemblage comprising both softground and
firmground ichnotaxa. The softground ichnocoenosis includes Rhizocorallium*®, Ophiomorpha®, and Rosselia’,
while the firmground assemblage includes the monospecific occurrence of Balanoglossites’!. Ophiomorpha
exhibits a complex system of horizontal to sub-horizontal boxwork burrows, with walls distinctly lined by
agglutinated pellets (Fig. 4a-b). Rosselia shows vertical, conical to funnel-shaped burrow architecture, marked
by concentric laminae surrounding a central, cylindrical, pencil-thick shaft (Fig. 4e, f). Balanoglossites consists
of Y- to U-shaped subvertical burrows with non-uniform diameters, scratch marks on walls, and bulbous lateral
branches. These burrows lack spreite and are passively filled (Fig. 4c, d).
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Limestone

It overlies cross-bedded sandstone sharply and is up to 60 cm thick. It displays large-scale, low-angle trough
cross-stratification. The limestone bed contains variable concentrations of clastic grains along with bioclasts
like bivalves and ammonites, identified as coquinoid limestone or grainstone (Fig. 2d). The content of carbonate
particles is ~ 70%.

Interpretations

The paleosol horizon at the top of the Pariwar Formation marks an unconformity. Immediately overlying the
paleosol horizon, developed atop the underlying Pariwar Formation, the conglomerate indicates transgressive
lag. Sigmoidal cross-stratified sandstone beds overlying the lag deposit are products of a periodic cycle of
spring-neap-spring tides (Fig. 2e). Overall, the facies indicate tidal channel deposits. The trough cross-stratified
sandstone facies overlying the paleosol in Sect. “Geological background” indicates migration of the sand bar due
to tidal currents. Further, wave ripples on top of the bed reflect the influence of wave action in a shallow marine
setting. The ichnogenera Rhizocorallium, Ophiomorpha, and Rosselia comprise Cruziana Ichnofacies, manifesting
softground colonization that reflects fluctuating energy conditions. Ophiomorpha, in particular, indicates high-
energy, sandy looseground substrates’>”>. Monospecific presence of Balanoglossites, a characteristic firmground
ichnotaxon, in trough-cross-stratified sandstone facies demarcates Glossifungites Ichnofacies, suggesting periods
of non-deposition or erosion, leading to firmer substrate conditions. These firmgrounds could represent erosion
surfaces or discontinuities within an otherwise prograding sequence®>’%. This erosional exhumation can be a
result of allogenic or autogenic sedimentary processes, usually related to allostratigraphic surfaces such as a
co-planar surface®. Overall, the trough-cross-stratified sandstone facies represent a tidal- and wave-influenced
shoreface environment’®. The occurrence of limestone overlying trough-cross-stratified sandstone beds indicates
nearshore deposition influenced by strong oscillatory currents. The presence of bioclasts such as ammonites and
bivalve shells, along with pebbly quartz, indicates bioclast-quartz shoals’®. The admixture of siliciclastic and
carbonate components represents possible depositional mixing’”’® due to the simultaneous transportation of
siliciclastic materials on carbonate shoals.

Mode of occurrence of green clay
The green clays occur within shales and sandstones (FA-1) in the Pariwar Formation at depths ranging from 2.8
m to 7 m from the base of the measured section (Fig. 1¢). It occurs exclusively as altered forms of fecal pellets,
which are spherical (avg. diameter ~ 150 um; Fig. 5a) to elliptical (avg. dimension of long axes 150-200 pm; Fig.
5b). Green clays in the Habur Formation (FA-2) occur in two distinct forms: altered forms of fecal pellets (Fig.
5¢) and infillings within bioclasts, including foraminifera (Fig. 5d). Green pellets and infillings occur mostly as
entire forms, and are rarely found broken. In both formations, green clay exhibits olive green colour under plane-
polarised light (Fig. 5a-c) and higher order interference colour under crossed-polars, with pinpoint extinction
(Fig. 5d). The variable size and shape and moderate to poor sorting of green clays suggest an authigenic origin'**.
Additionally, green clay infilling intact bioclasts corroborates an authigenic condition.

The micro-texture of green clay in Pariwar Formation resembles rose-petal structures (Fig. 5e). In contrast,
green clay in Habur Formation reflects lamellar micro-texture (Fig. 5f). The X-ray mapping of green clay infillings
reveals the enrichment of Al, Fe, K, and Si, while the bioclast tests are outlined by Ca enrichment (Fig. 5g-1).

Mineralogy

X-ray diffraction pattern of the oriented, smear-mounted clay separates exhibits asymmetric reflections at
14.99A, 10.08A, 7.154, 5.0A, 4.2A, 3.54, and 3.3A (Fig. 6a-b). The peaks at 10.14, 5.0A, and 3.3A remain
unaffected by air-drying, glycolation, and heating. The 7A and 3.5A peaks are unaffected after air-drying, but
peak intensity increases after glycolation, and completely disappear after heating (Fig. 6a-b). The 14.99A peak
shifts to 17.0A after glycolation and collapses to 10.08A upon heating. The basal peaks of 4.24, 2.6A remain
unaffected after air-drying and glycolation, but shift to 2.7A, 2.5A after heating.

The strong reflections of 10.1A (001), 5.0A (002), and 3.33A (003) are characteristics of glauconite. The
basal 001 reflection, along with d-spacing and intensity ratios of 001 and 002 planes, confirms the presence
of glauconite*7*8%, The subdued intensity 002 reflection indicates high octahedral iron*!"7>%%. The intensity
changes of 001 reflection after heating treatment indicate smectite interstratification®*-%2, 14.99A peak, which
shifts to 17.0A after glycolation, indicates a swelling clay. The collapsing of the same peak at 10.08A after heating
confirms montmorillonite”. 7A (001) and 3.5A (002) peaks, which disappear completely after heating, indicate
kaolinite”. Strong diffraction peaks at 4.19A (101), 2.68A (301), 2.45A (400), and 1.71A (212) are of goethite.
The shift of these peaks to 2.7A (104), 2.52A (110), and 1.69A (116), along with dominant 104 planes after
heating at 400 °C, indicates hematite formed by the alteration of goethite (Fig. 6a-b). The highly intense peaks of
3.34A (101) and 3.24A (200) indicate quartz and feldspar, respectively.

Mineral chemistry

The chemical composition of glauconite in the Pariwar and Habur formations varies significantly (Supplementary
Table 2). The average K,O content in glauconite pellets from the Pariwar Formation is 6.6 wt%, while the
same in the Habur Formation is 7.2 wt%. The average K,O content of clay infillings in the Habur Formation is
8.1wt%. The average Al,O, content of glauconite pellets is 15wt% and 13wt%, in Pariwar and Habur formations,
respectively. The average Al,O, content of clay infillings in the Habur Formation is 9.8 wt%. The average TFe,O,
content of glauconite pellets in the Pariwar Formation is 19.4 wt%, and it is 20.1wt% in the Habur Formation.
TFe,0, content of glauconite infillings in the Habur Formation exceeds 22 wt%. The average SiO, content of
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Fig. 5. Photomicrographs under transmitted light showing glauconite pellets in the Pariwar Formation (a,

b). Glauconite pellets (c) and infillings (d) in the Habur Formation (¢, d). SEM images showing the rosette
texture (e) in the Pariwar Formation and lamellar texture in the Habur Formation (f). X-Ray mapping showing
compositional variation (g-1). Ca-enrichment indicates part indicates bioclast test (h), while simultaneous
enrichment in Al, Fe, K, and Si indicates glauconite infilling within the chambers (i-1).

glauconite in the Pariwar and Habur formations is ~51.0 wt%. The average MgO content of glauconite in the
Pariwar and Habur formations is ~ 4.2wt%.

Major oxides of glauconites are normalized on an anhydrous background to 100wt% for bi-variant plots.
The average SiO, content of the glauconite is comparatively lower than published literature'~>!168283, The K,0
content of glauconite in the Pariwar Formation (av. 6.63wt%) indicates a slightly evolved to evolved composition,
whereas the same in the Habur Formation (av. 7.2wt%) reflects an evolved to highly evolved type. The two
varieties of glauconites in the Habur Formation are slightly different chemically, as the K,O content of infillings
is higher than that of the pellets. The Al,O, content of the glauconite filling is lower than that of the pellets. The
rosette micro-texture of glauconites in the Pariwar Formation corroborates the evolved type glauconite (Fig. 5e).
In contrast, the lamellar micro-texture of glauconite in Habur Formation indicates highly evolved nature (Fig.
5f). The TFe,O, vs. K,O cross-plot of glauconites shows poor correlation (r* = 0.4 for Pariwar glauconite and r*
= 0.6 for Habur glauconite) (Fig. 6¢). The TFe,0O, vs. AL, O, cross-plot reveals moderate to good correlation (r?
= 0.5 for Pariwar glauconite and r? = 0.8 for Habur glauconite; Fig. 6d). The Pariwar and Habur glauconite are
compared with published data of Al-glauconite and Paleogene shallow marine glauconite>'"'® (Fig. 6d). Both
Al O, and TFe,O, contents are higher in the studied glauconites.

Discussion

Depositional framework

The entirely siliciclastic Pariwar Formation is overall shallowing upward, and it represents landward migration
of facies. The FA-1 (Pariwar Formation) (Fig. 1¢) represents a depositional environment ranging from shallow
subtidal, lower intertidal, tidal bar, to supratidal deposits (Fig. 7). The occurrences of fodinichnial, pascichnial,
domichnial, and repichnial moderately-diverse, tiny ichnofossils (< 1 cm) and presence of agglutinated
foraminifera Bathysiphon indicate oxygen-depleted seawater. Occasional storms possibly disrupt the stratification
in the seawater column for a brief period. Further, the oxygen-depleted condition is necessary for glauconite
formation®*-88, The glauconite content in sediments decreases from shallow subtidal to lower intertidal facies
and disappears in supratidal facies. The top of the paleosol horizon represents a subaerial unconformity that
marks the upper boundary of the Pariwar Formation (Fig. 1c). The lag conglomerate separates the erosional
contact between Pariwar and Habur formations, and is a product of reworking during the transgression. The
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Fig. 6. X-ray diffractogram of the clay-separated samples of Pariwar Formation (a) and Habur Formation
(b). Note: Qz-Quartz, Fsp-Feldspar, Glt-Glauconite, Gth-Goethite, Hem-Hematite, KIn-Kaolinite, Mnt-
Montmorillonite. Bivariant plot of glauconites: Fe,O, vs. K,O cross-plot (c), Fe,O, vs. AL,O, cross-plot (d).
The Al-glauconite has been defined based on published data'®. The Al-rich glauconites from Precambrian,
Paleozoic successions>!¢188%90 and Cretaceous deposits form the cluster at the upper left corner®!. Paleogene
shallow marine glauconite forms a separate cluster!!. Fe-rich Al-glauconite is demarcated for the first time.

detailed facies analysis and trace fossils of FA-2 (Habur Formation) indicate depositional settings from tidal
channel, tidal- and wave-influenced shoreface, to carbonate shoals. In the Habur Formation, glauconite occurs
in tidal- and wave-influenced shoreface settings.

Unique compositional characteristics of Cretaceous glauconite in Jaisalmer basin

The Al-glauconite in the Cretaceous Jaisalmer Basin is unique because of its high TFe,O, content. Pariwar
and Habur glauconites exhibit a reduced 002 peak in the XRD pattern, indicating high octahedral Fe (Fig.
6a-b). Precambrian and Paleozoic glauconites generally contain high ALLO; and low TFe,Os (< 20 wt%),
whereas Mesozoic and Cenozoic glauconites typically contain lower ALLOs (< 15 wt%) and higher TFe,0s
(> 20 wt%) contents [2, Fig. 6d]. Al-glauconite is characterized by > 10 wt% AL O, and < 18 wt% TFe%O?,
commonly associated with Precambrian and Cambrian, and rarely in Cretaceous sediments (Fig. 6d)>!6:18:8-91,
Compositionally, Habur and Pariwar Al-glauconites are close to shallow marine Paleogene glauconites because
of the high TFe,O; content (Fig. 6d)!! (Supplementary Table 3). However, more than 50% of Pariwar and Habur
Al-glauconites contain Al,O, > 15 wt%, in which TFe,O, exceeds 18 wt%, and therefore, these glauconites form
a separate cluster (Fig. 6d). Therefore, based on the compositional characteristics, Pariwar and Habur glauconites
have been considered for the first time as Fe-rich Al-glauconite (Fig. 6d).
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Fig. 7. Depositional model of glauconite formation in marginal marine settings (Glt-Glauconite).

Origin of glauconite

Glauconite formation is explained by three theories: layer lattice, verdissement, or pseudomorphic
replacement!>92%%, Layer lattice theory involves the fixation of Fe?* with K* within the degraded 2:1 phyllosilicate
structure2. Verdissement theory!>® explains the neoformation of glauconitic smectite in porous substrates
and its subsequent evolution to glauconite®. Pseudomorphic replacement theory involves the dissolution and
replacement of the potassium-rich substrate, such as feldspar'2. However, conventional theories do not explain
the high contents of AL,O, and TFe,O, in Habur and Pariwar glauconites. Factors such as redox state, substrate
composition, clemental sequestratlon, and micro-environments affect glauconite composition?-411:16:17:82:83.94,
Generally, shallow marine glauconite is enriched in Al due to input from continental weathering, causing high
Al flux in seawater, while deep marine glauconite contains high Fe!>!”. The high Fe content of Fe-rich Al-
glauconite may be linked to different mechanisms such as diagenesis, thermal maturity, Al-Fe-rich substrate,
and elemental influx due to continental weathering. However, the maturity of organic matter in the studied
Cretaceous sediments remains low?*. Further, several studies indicate that diagenesis leads to the depletion of K
and Fe?>~%. The high content of Al,O, in Parwiar and Habur glauconites is possibly inherited from aluminous
substrates such as kaolinite (Equation-i)!>%°. Fe enrichment in shallow marine conditions is possible through
riverine inputs, primarily in the form of iron hydroxide/goethite!>!”. In such a condition, microbial Fe(III)
reduction supplies Fe?* into the environment!”. Smectite interstratiﬁcation observed in XRD (Fig. 6a-b) suggests
that glauconite might have formed after the smectite precursor. Generally, Fe-smectite substrate dominates in
deeper marine settings, while Fe-Al smectite occurs in shallow marine conditions!”. Subsequently, kaolinite
and Fe-Al-smectite react in the presence of excess Fe to form a glauconite pellet (Equation-ii). As a result,
authigenesis of Fe-rich Al-glauconite can be expressed by a combination of the following reactions, proposed in
a few studies! 92101,

Kaolinite + Montmorillonite — Mixed layer mineral + Amorphous silica + K"

+ Iron hydroxide/goethite — illite-smectite mixed layer mineral (1)
+ HCO™ 35 — Fe-rich Al-glauconite + Smectite + COz + H20

Al-Fe-smectite 4+ Kaolinite + KT — Mixed layer mineral + HCO™ 3 — Fe-rich Al-glauconite

2
+ Smectite + CO5 + H2O &)
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High alumina glauconite typically forms within an Al-rich substrate, including kaolinite and feldspar. Most of
these glauconites are found in shallow marine environments. A few studies report a high (>15wt%) TFe,O;
content in Al-glauconites in ~10% of total glauconite data (Supplementary Table 3). In contrast, the present
glauconite data indicate an advanced stage of alteration of high-alumina substrates.

Implications of glauconite formation in shallow marine conditions

The characteristics of Early Cretaceous Habur and Pariwar glauconites are different compared with their
ancient counterparts?*!1:87-8%102-104 " Glauconite composition reflects unusual seawater chemistry, abnormal
elemental influx due to continental weathering, and availability of Al-Fe-rich substrate. Several studies indicate
that glauconite formation requires suboxic conditions®34-8. The dominance of deposit and detritus feeding
traces, moderate ichnodiversity, along with their stunted size (< 1 cm diameter), indicates a dysaerobic/dysoxic
condition®*!%®. The mix of Skolithos and distal Cruziana ichnofacies also signals a shallowing-deepening trend
and post-depositional dysoxia. The occurrence of trace fossils on bedding planes of sandstones and their absence
in shale beds corroborates the oxygen-depleted condition in the substrate, which prevented the organisms
from thriving within the sediment; instead, they survived at the sediment-water interface. The presence of
agglutinated foraminiferal taxa, particularly Bathysiphon, supports oxygen-depleted conditions in a marginal
marine setting””*%. The development of oxygen-depleted conditions in marginal marine settings indicates
landward expansion of the OMZ (Oxygen Minimum Zone) onto the shallow shelf during the Cretaceous. Oxygen
depletion in a marginal marine setting may be caused by several factors, including coastal hypoxia, stratification
in the water column, and the expansion of the oxygen minimum zone during greenhouse conditions®®106-108,
Early Cretaceous represents a global warming period'%’, with an oxygen anoxic event (OAE), which leads to the
expansion of OMZ irrespective of local basin geometry'!?. The occurrences of Fe-rich Al-glauconite during this
interval further support suboxic conditions in the shallow sea®!*!4, besides local factors such as hydrothermal
alteration and volcanism (Supplementary Table 3). The intense chemical weathering and consequent high influx
of K, Al, and Fe in the seawater facilitate glauconite formation®!!*!!2, Thus, the unusual seawater chemistry,
enriched in Al K, and highly reactive Fe?* in suboxic conditions, promotes marginal marine glauconitization in
a warm, humid climate.

Conclusions

o The Al-glauconites in Pariwar and Habur formations are compositionally distinct as these contain high
TFe203 (> 18wt%), and are considered as Fe-rich Al-glauconite. The X-ray diffraction, K,O content, and mi-
cro-texture indicate evolved to highly evolved glauconite. The glauconite forms within the marginal marine
environment from shallow subtidal to tidal- and wave-influenced shoreface settings as fecal pellets and bio-
clast infillings.

o Trace fossils (<1 cm diameter) and agglutinated foraminifera (Bathysiphon) indicate oxygen-depleted condi-
tions. The low-oxygenated conditions and landward expansion of OMZ during the Early Cretaceous induce
glauconitization in marginal marine settings by mobilizing Fe>*.

 Kaolinite and Fe-Al-smectite react in the presence of excess Fe to form compositionally unique Fe-rich
Al-glauconite. The distinctive composition of glauconite reflects the unusual composition of Cretaceous sea-
water and intense chemical weathering during the Cretaceous greenhouse climate.

Samples and methods

Fieldwork was conducted around Habur (27°8°40.20” N, 70°33°4.14” E, to 27°7°47.32” N, 70°32’49.42” E),
covering the outcrops of the upper part of the Pariwar and lower part of the Habur formations, and the sections
were measured using Jacob’s staff and measuring tape. The base of the measured section rests~40 m above
the unconformable contact with the Bhadesear Formation. A detailed lithology was prepared, and samples
were collected systematically, marking their positions in the log. 24 thin sections were prepared and examined
using a Leica DM 4500P polarizing microscope, and photographs were captured using Leica DFC420 camera
attached to the microscope at the Department of Earth Sciences, Indian Institute of Technology (IIT) Bombay.
The volumetric percentage of glauconite (Fig. 1c) was determined using the Gazzi-Dickinson point counting
method. X-ray diffraction (XRD) analysis was conducted on 10 samples of clay-bearing sandstone and shale.
The samples were powdered, and clay fractions (<2 pum grain size) were separated using gravimetric settling
and centrifugation. The clay samples were analyzed as oriented smear-mounted preparations under four
conditions: air-dried, glycolation (ethylene glycol solvent for 1 h), and after heating at 400 °C, 550 °C. Scanning
was performed from 4° to 70° 20, with a step size of 0.026° 26 and a scan speed of 96 s/step, using nickel-filtered
copper radiation on an Empyrean X-Ray Diffractometer with a Pixel 3D detector at II'T Bombay. Clay minerals
were identified based on basal (hkl) reflections” using Panalytical® HighScore™ software. The major oxide
analysis and elemental mapping of green clays were performed using a Cameca SX Five Electron Probe Micro
Analyzer (EPMA), with an accelerating voltage of 15 kV, specimen current of 40 nA, and a beam diameter of 1
pm (peak: 10-20 s and background counting: 5-10 s) at the Department of Earth Sciences, IIT Bombay. Natural
minerals, including albite (for Na Ka), orthoclase (for K Ka), diopside (for Ca Ka, Mg Ka), apatite (for P Ka),
and rhodonite (for Mn Ka), as well as synthetic mineral phases including CaSiO, (for Si Ka), Fe,O, (for Fe Ka),
and ALO, (for Al Ka), were used as standards for the calibration of the major oxide analysis. The individual
points show analytical error < 1%. For micro-textural analysis, handpicked green clays were mounted on the
stub and examined using a JEOL JSM-IT800 Field Emission Gun Scanning Electron Microscope (FEG-SEM)
and Energy Dispersive X-ray Fluorescence (EDXRF) Analysis System, at the Department of Earth Sciences, IIT
Bombay.
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The trace fossils were identified in situ, photographed systematically, and documented along with the
respective lithounits. The ichnological parameters, such as bioturbation index (BI), ichnofabric, and ichnofacies,
were recorded using established methods®”!!3. For micropaleontological studies, approximately 20 g of each
sample was used. Samples were crushed into pea-sized fragments and treated with a 3% hydrogen peroxide
(H,0O) solution in labelled glass beakers to oxidize the organic carbon. After soaking for 8-10 h, ultrasonic
cleaning was applied for 15-20 s to remove adhering mud particles. Each sample was then carefully washed
through a stack of sieves with mesh sizes of 63 um and 25 um under low water pressure to separate the
foraminiferal specimens. The cleaned residues were left to dry overnight in an oven at 50 °C. Quantitative faunal
analysis of agglutinated foraminifera was conducted on representative sample splits (using an Otto microsplitter)
containing at least 300 specimens from the 63-500 um size fraction. All specimens within these splits were hand-
picked, taxonomically identified to the genus level, counted, and mounted on micropaleontological slides for
permanent archiving. Selected specimens were photographed using a JEOL JSM-IT800 Field Emission Gun
Scanning Electron Microscope (FEG-SEM). Species-level diagnosis was not done owing to the moderate to poor
preservation. Taxonomic definitions that were adapted from standard literature®*-3*,

Data availability
The data generation and analysis during the study are presented in the article and the Supplementary file. All data
are available with the corresponding author. For any data availability, corresponding author may be contacted.
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