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Abstract
The present study examines the distribution of major and rare earth elements (REEs) in the Kuldhar Member Limestone 
(KML), Jaisalmer Formation, western Rajasthan, India. The study aims to gain insight into the sources of REEs and the 
depositional environment using petrographical and geochemical studies. The dominant major oxide is CaO, primarily origi-
nating from biogenic sources due to the high fossil content of the member. The dominance of CaO implies that calcite was the 
primary mineral phase in these carbonates. Following CaO, iron oxide  (Fe2O3) is the next abundant component. The higher 
concentration of Fe can be attributed to its adsorption onto clay components, explaining the strong correlation between  Fe2O3 
and  Al2O3 (r = 0.93), as well as the excess Fe content. The relatively higher concentration of ∑REE in the samples indicate 
that there have been some detrital siliciclastic fractions. The Post Archaean Australian Shale (PAAS) normalized pattern 
is nearly flat, with variable Ce and Gd anomalies, as well as a positive Eu anomaly. The higher (Nd/Yb)SN ratio (avg. 1.20) 
indicates that these samples did not retain their original seawater properties, which is further supported by the extremely 
low Er/Nd ratio (avg. 0.09). The (Dy/Yb)SN ratio (avg. 1.42) is observed to be similar to shallow marine and Indian Ocean 
carbonate. A higher (Dy/Yb)SN ratio suggests that heavy rare earth elements (HREEs) are slightly more enriched than light 
rare earth elements (LREEs), which is similar to modern seawater. The variable Ce anomaly reflects changes in terrigenous 
input into the system. Notably, fluctuations in the Ce anomaly value and Mn* values are indicative of alternating oxic and 
anoxic depositional environmental conditions. These variations correspond to several short-term changes in global climatic 
conditions during the Middle Jurassic period.
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1 Introduction

Depositional environments refer to specific areas, where 
sediments accumulate over a significant period, character-
ized by unique physical, chemical, and biological condi-
tions (Reineck & Singh, 1980). The chemical composition 
of carbonate rocks can effectively indicate the environmental 
conditions prevalent during their deposition. Rare earth ele-
ments (REEs) typically have a + 3 oxidation state, except 
'Ce' and 'Eu', and exhibit similar ionic radii under most 

physico-chemical conditions in the Earth's crust. Analys-
ing the distribution of REE concentrations in ancient car-
bonate rocks provides valuable insights into distinguishing 
between marine and non-marine sources of REEs (Banner 
et al., 1988; Frimmel, 2009). REEs have low solubility and 
tend to remain immobile during post-depositional processes, 
such as diagenesis and metamorphism (Muecke et al., 1979). 
REEs in sedimentary rocks are highly sensitive to changes 
in the depositional environment, making them a reliable tool 
for reconstructing palaeoenvironments (Wan et al., 2017). 
Previous studies have demonstrated that the concentration, 
partitioning behaviour, and elemental anomalies of REEs 
in carbonate rocks can serve as a proxy for interpreting the 
depositional environment and provide valuable insights into 
the processes involved in their formation (Lv et al., 2020). 
In addition, the analysis of REE concentrations in sedimen-
tary rocks can shed light on various geological processes, 
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including the evolution of the lithosphere over time, sedi-
ment deposition environments, tectonic activity, and mag-
matism (Bau & Dulski, 1996; Taylor & McLennan, 1985).

Numerous researchers have investigated the distribution 
of REEs in marine waters, sediments, and carbonate rocks 
(De Baar et al., 1988; Elderfield et al., 1990; Nagarajan 
et al., 2011; Patra & Singh, 2017; Singh et al., 2019; Webb & 
Kamber, 2000). Several factors, including terrestrial inputs 
through weathering and hydrothermal activity, scavenging 
processes, salinity, and oxygen levels, significantly influence 
the concentrations of REEs in seawater (Elderfield, 1988). 
In the case of carbonate rocks, the depositional environment 
plays a major role in shaping the observed patterns of REEs 
(Madhavaraju & Ramasamy, 1999; Murray et al., 1992). 
Other factors such as extensive oceanic redox conditions 
(Liu et al., 1988), variations in surface productivity (Toyoda 
et al., 1990), lithology and diagenesis (Fu et al., 2011; Nath 
et al., 1992), as well as paleogeography and depositional 
models (Kamber & Webb, 2001), also impact the distribu-
tion of REEs in carbonate rocks.

The Jaisalmer Basin boasts a remarkable preservation of 
Jurassic marine environmental changes, captivating geosci-
entists from various disciplines. This fascination arises from 
the abundance of well-preserved marine fossils, dinosaur 
footprints, condensed sequences, hardgrounds, soft-sediment 
deformation structures, shell beds, and extensive carbonate 
sedimentary sequences (Ahmad et al., 2017, 2020, 2021a; 
Asjad et al., 2021; Pandey & Pooniya, 2015). The present 
study focuses on interpreting advanced geochemical data of 
major and rare earth elements in the Callovian–Oxfordian 
Kuldhar Member Limestone (KML) to investigate the vari-
ations and distributions of these elements. The aim is also 
to utilise the REEs as potential proxies for understanding 
the palaeoenvironmental conditions during the deposition 
of these rocks, as previously done by Wan et al. (2017). To 
date, there has been a lack of comprehensive geochemical 
investigations and no utilization of an REE-based approach 
to interpret the depositional environment of the limestone 
of Kuldhar Member in the Jaisalmer Formation. Therefore, 
this research holds significant importance as it examines the 
relationship between REE concentrations and the deposi-
tional environment in the KML. These findings will also 
contribute to the reconstruction of the ancient marine envi-
ronment and provide valuable insights into the sedimentary 
processes and conditions during that time, palaeoclimate, 
water chemistry, and other relevant aspects of the Jurassic 
period in the Jaisalmer Basin. Thus, this research represents 
a significant contribution with the potential to enhance our 
understanding of the Jurassic history of the Jaisalmer Basin 
and its geological significance.

2  Geological setting

The Jaisalmer Basin is located on the north-western slope 
of the Indian craton. It encompasses the entire Jaisalmer 
district in western Rajasthan, India (Fig. 1). It is classified 
as a pericratonic shelf basin. The formation of the Jais-
almer Basin was initiated during the Jurassic period by the 
breaking of the Indian plate from the southern continent. 
This was subsequently followed by sequential rifting and 
repetitive movements associated with the northward drift 
of the Indian plate. The Jaisalmer Basin covers ~ 45,000 
 Km2 and has been classified as a category-I basin (onland) 
with commercial production, according to a report from 
the Directorate General of Hydrocarbons (DGH-2019–20). 
The Jaisalmer Basin has experienced fluctuations in sea 
levels caused by tectonic and climatic factors, resulting 
in periods of transgression and regression throughout its 
history. The basin became geologically active after the 
Mesozoic era and is categorized into four distinct struc-
tural units. These units include: (a) the elevated Mari-
Jaisalmer arch, which extends in a northwest to southeast 
direction; (b) the Shahgarh sub-basin, a syncline trending 
southwest; (c) the Kishangarh sub-basin located to the 
north–northeast; and (d) the Miajlar sub-basin situated in 
the southern region.

In comparison with the neighbouring Kachchh Basin, 
the Jurassic sedimentary sequence in the Jaisalmer Basin is 
relatively thinner and represents distinct depositional envi-
ronments (Ahmad et al., 2017, 2020, 2021a, 2021b, 2022; 
Pandey et al., 2009, 2010). Most Mesozoic rocks in the basin 
are covered by desert, with sporadically exposed sections. 
The lithostratigraphic division of the basin comprises the 
Lathi, Jaisalmer, Baisakhi, and Bhadasar Formations, each 
consisting of several additional members. During Mesozoic 
sedimentation, the Lathi Formation initially witnessed the 
deposition of fluvial, lacustrine, deltaic, and marginal marine 
sediments (Ahmad et al., 2020; Srivastava, 1966). Shallow 
marine deposits characterize the subsequent Jaisalmer, Bai-
sakhi, and Bhadasar Formations. The Jaisalmer Formation, 
named by Swami Nath et al. (1959), was further classified 
into four lithostratigraphic members: Joyan, Fort, Badabag, 
and Kuldhar, as outlined by Narayanan et al. (1961). Das 
Gupta (1975) introduced the Hamira Member at the base, 
and later, Kachhara and Jodhawat (1981) added the Jajiya 
Member at the top, bringing the total number of members 
within the Jaisalmer Formation to six (Table 1).

2.1  Study area geology

The rocks of Kuldhar Member of the Jaisalmer Formation 
are poorly cemented and have limited exposure. The type 
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area of Kuldhar Member is best exposed around the dry 
beds of Kuldhar River, southwest of the erstwhile Kuld-
har village. Two sections were measured (Fig. 2a, b); the 
Kuldhar River Section starts with uppermost part of the 
Upper Bathonian Badabag Member, which is exposed 
as a platform and forms the basement for the Kuldhar 
sequences. The Badabag Member is exposed on the eastern 
side of the Kuldhar River just southwest of the abandoned 
Kuldhar village. Fine-grained sandstone marks the begin-
ning of Badabag Member sediments, followed by lime-
stone beds with mega ripples (Fig. 3a) and iron encrusted 
hardgrounds (Fig. 3b). The rocks of the Kuldhar Member 
with a thickness of approximately 7 m, consist of alternate 
beds of ferruginous shale (Fig. 3c) (Asjad et al., 2021) 
and poorly cemented limestone (Fig. 3c). The Kuldhar 
Nala Section, with a thickness of 2.5 m, consists of alter-
nate shale and well-cemented limestone (Fig. 3d). This 

section comprises diverse fossil assemblages, including 
brachiopods, bivalves, belemnites and oysters (Fig. 3e). 
The presence of alternating bands of shale and limestone 
indicates fluctuating energy conditions and variations in 
depositional environments. The shale present here is Fe-
shale (Asjad et al., 2021). Another hillock of gypsifer-
ous shale (Fig. 3f) is located near the Kuldhar River, but 
as the gypsum is of secondary origin, it is not suitable 
for studies related to the depositional environment. The 
Kuldhar Member is the most fossiliferous unit of the Jais-
almer Formation, containing Callovian ammonites (such 
as Macrocephalites semilaevis and Reineckeia (Reineck-
eia) anceps, etc.), nautiloids, brachiopods, echinoderms, 
ostracods, gastropods, corals, algae and foraminifers (Jain, 
2008; Pandey et al., 2010). The Kuldhar Member has been 
assigned a Callovian age based on the presence of Callo-
vian ammonites.

Fig. 1  Geological map of the 
Jaisalmer Basin (after Das 
Gupta, 1975)
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3  Sampling and methods

The most notable outcrops of the Kuldhar Member, which 
were investigated, are situated approximately 16  kms 
southwest of Jaisalmer. Two specific sections, namely, 
the Kuldhar River and Kuldhar Nala sections, were meas-
ured for this study. A total of fifteen representative lime-
stone samples were collected from these sections, with 
coordinates recorded as N 26°51′55ʺ and E 70°44′07ʺ 
for the Kuldhar River Section and N 26°52′2.8ʺ and E 
70°46′56.6ʺ for the Kuldhar Nala Section. A petrographi-
cal study of the limestone is carried out to identify the 
textural and compositional constituents, as well as dia-
genetic processes modifying these limestones. This study 
is carried out using a polarizing microscope (Laborlux 
11 Pol 8) at the Department of Geology, Aligarh Muslim 
University, Aligarh. Fifteen representative samples were 
selected for geochemical analysis. These samples were 
pulverized using a jaw crusher and a TEMA mill equipped 
with an agate disc to obtain finely powdered material for 
the geochemical investigations. Subsequently, 6 g of the 
powdered samples were used to produce pellets for X-ray 
Fluorescence (XRF) analysis, employing the pressed pel-
let method. The major oxides present in the samples were 
determined using the Bruker S8 TIGER RF spectroscopy 

instrument at the Wadia Institute of Himalayan Geology 
(WIHG), Dehradun. In addition, to determine the Loss 
on Ignition (LOI), 5 g of sample powders were heated in 
a muffle furnace at approximately 1000 °C for 4 h. It is 
worth noting that the Bruker S8 TIGER instrument pro-
vides an analytical precision of around ± 5% to ± 6% for 
the major oxide measurements.

Rare Earth Elements (REEs) concentration analysis was 
carried out using an Inductively Coupled Plasma Mass Spec-
trometer (ICP-MS) instrument, specifically the Perkin Elmer 
SCIEX ELAN RDC-e at the Wadia Institute of Himalayan 
Geology (WIHG), Dehradun. For this analysis, approxi-
mately 0.1 g of sample powder was digested in a solution 
consisting of a 1:3 ratio of HF +  HNO3. Subsequently, 2 mil-
lilitres of  HClO4 were added to Teflon crucibles during the 
digestion process. The samples were digested using an open 
system method, where they were heated on a hot plate until 
a suitable precipitate consistency was achieved. Twenty mil-
lilitres of 10%  HNO3 were added to the precipitate, followed 
by another round of heating to bring the solution to the boil-
ing point, resulting in a clear solution. Subsequently, the 
solution was allowed to cool, and milli-Q water was added 
to bring it to a final volume of 100 millilitres. It is important 
to note that the error percentage for REEs typically falls 
between 1% and 8%, while the instrument's accuracy ranges 

Table 1  Lithostratigraphic scheme of the Jurassic strata of the Jaisalmer Basin (after Asjad et al., 2021; Pandey & Pooniya, 2015)

Formation Member Age Lithology

Bhadasar Mokal ? Lower cretaceous Brown, well-cemented, argillaceous sandstone with wood fossils
Kolar Dungar Tithonian Bands of ferruginous coarse-grained sandstones alternating with loosely 

cemented red sandstones
Baisakhi Lanela Ludharwa Tithonian–Oxfordian Intercalations of fine-grained, light brown argillaceous sandstone and grey 

shales with ammonites. Gypseous clay bands with poorly developed 
current-beddings at the top of this member

Rupsi Brown, hard, argillaceous sandstone with intraformational conglomerate
Basal Grey to black shale, very often ferruginous with thin, purple, violet, yellow 

sandy siltstone with streaks of gypseous clay, carbonaceous bands and 
rare plant remains

Jaisalmer Oxfordian Yellow oolitic, bioturbated, cross-stratified limestone and sandstoneJajiya
Kuldhar Callovian Fossiliferous oolitic silty marl, shell beds, shales and limestones
BadaBag Mid-Upper Bathonian Marly mudstone, siltstone, sandstone, well-cemented shelly and arenaceous 

limestones with hardgrounds
Fort Lower Bathonian–Bajocian Poorly to moderately cemented sandstones, fossiliferous bioturbated to 

cross-stratified limestones
Joyan Trough cross-stratified limestones with erosional surfaces and reworked 

large coral heads, bioturbated limestones and fine-grain sandstone
Hamira Cross-stratified calcareous sandstone

Lathi Thaiat Bajocian–Lower Jurassic White to grey, poorly cemented, fine-grained, often calcareous sandstone, 
multi-coloured sandy siltstone and a red siltstone bed

Odania Pebbly unit followed by a white to maroon, sandy siltstone, coarse dark fer-
ruginous sandstone, arkosic, coarse, poorly sorted sandstone
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from 2% to 12%. To calibrate the analytical run, a range 
of international standards (such as SDO1, SGR1, GXR2, 
GXR6, SO1, GSS11, GSS4, and GSS9) were utilized. The 

REE normalized diagrams were prepared using the PAAS 
normalized values provided by Taylor and McLennan 
(1985).

Fig. 2  Lithostratigraphic 
columns showing various lith-
ologies of the Kuldhar Member 
succession of the Jaisalmer 
Formation. a Kuldhar River 
Section; b Kuldhar Nala Section
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4  Results

4.1  Petrography

The limestone samples are thoroughly examined under 
the microscope to analyse their constituent components, 

including skeletal and non-skeletal grains, cement, tex-
tural characteristics, and diagenetic features. The petro-
graphical observations indicate that the KML is dominated 
by skeletal grains, which include brachiopods (Fig. 4a), 
corals (Fig. 4a), algae (Fig. 4a), foraminifera (Fig. 4b), 
bivalves (Fig. 4c), echinoderms (Fig. 4b, d), and ostracods 

Fig. 3  Field photographs showing a Mega ripples formed on the 
limestone of Badabag Member exposed east of the dry beds of 
Kuldhar River (Length of hammer 33  cm); b Hardground con-
taining oyster shell at the base of Kuldhar River Section (length of 
pen—12 cm); c complete Kuldhar River Section exposed around the 
dry beds of Kuldhar River south of ruined Kuldhar village showing 

poorly cemented alternate beds of limestone and shale (Height of per-
son 5′11″); d complete Kuldhar Nala Section showing more compact 
and well-cemented beds of limestone and shale (Length of hammer 
33  cm); e top most bed of Kuldhar Nala Section showing abundant 
fossil shells (length of pen—12 cm); f zoomed view of the gypsum 
bands precipitated in the shales (length of pen—12 cm)
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(Fig. 4c). Terrigenous input is exclusively dominated by 
quartz admixture (Fig. 4a, c, d). The KML is subjected 
to early marine, meteoric and burial diagenesis, as indi-
cated by micritization (Fig. 4a, d), cementation (Fig. 4e), 
fracturing (Fig. 4e), physical and chemical compaction 
(Fig. 4f) which led to breaking (Fig. 4a) and dissolution 
(Fig. 4f) of the allochems.

4.2  Major oxides

The distribution of major oxides in limestones is largely 
determined by the proximity of the basin to continents, 
topographic elevation, and tectonic settings. The concen-
tration of major oxide in Kuldhar Member Limestone is 

presented in Table 2. The significant abundance of CaO 
as a major oxide in the KML indicates that the precipita-
tion of  CaCO3 predominantly occurred from seawater. The 
concentration of  Fe2O3 is slightly higher, ranging from 
3.72% to 29.09%, with an average of 9.73 wt% (Table 2). 
The silica concentration in these samples ranges from 1.25 
wt% to 14.56 wt%, with an average of 5% (Table 2), while 
 Al2O3 concentration varies from 0.29 wt% to 7.53 wt%, 
with an average of 1.76 wt% (Table 2). All of these sam-
ples exhibit a high LOI, ranging from 23.26 wt% to 42.07 
wt%, and it shows a strong positive correlation with CaO 
(r = 0.99) (Table 3). Other significant oxides, such as  TiO2, 
 K2O,  Na2O, and  P2O5, have concentrations ranging from 
0.02–0.22%, 0.04–0.45%, 0.03–1.16%, and 0.02–1.33% 

Fig. 4  Photomicrographs showing observed skeletal and non-skeletal 
components along with diagenetic features a Brachiopod, algae, coral 
along with presence of quartz admixture, micritization and mechani-
cal compaction which lead to breaking of the brachiopod; b echino-

derm and foraminifera fossils; c presence of bivalve, ostracods along 
with scattered quartz grains as terrigenous admixture; d echinoderm, 
quartz admixture and micritization; e presence of fracture and calcite 
cement; f compaction and dissolution as seen in KML
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(Table 2). Low percentages of  TiO2,  Al2O3,  Na2O, and 
 K2O, are observed and show positive correlation with  SiO2 
(Table 3). All the other major oxides exhibit positive cor-
relations with each other, except for CaO and, in some 
cases, MnO (Table 3).

4.3  Rare earth elements

The rare earth elements (REEs) form a cohesive group of 
elements that exhibit similar ionic radii and trivalent oxi-
dation states under most physico-chemical conditions in 
the Earth's crust (Bau, 1991). In the KML, the total content 
of REEs varies between 0.64 and 449.88 mg  kg−1, with an 
average concentration of 155.50 mg  kg−1 (Table 4). The 
concentrations of light rare earth elements (LREE) in 
these samples range from 0.51 to 381.79 mg  kg−1, while 
heavy rare earth elements (HREE) concentrations range 
from 0.13 to 68.09 mg   kg−1. ∑REE exhibits a weakly 
positive correlation with  Al2O3 (r = 0.03), and  SiO2 (0.1) 
and a weakly negative correlation with CaO (r = -0.08). 
The Post-Archean Australian Shale (PAAS) normalized 
REE pattern of typical seawater demonstrate a depletion 
of LREE, a negative Ce anomaly, and a slight positive La 
anomaly (Baar, 1991; Bau & Dulski, 1996). In contrast, 
non-seawater REE patterns are often LREE-enriched, with 
a positive Gd anomaly and a negative Ce anomaly. The 
REE pattern of KML is normalised with PAAS, show-
ing non-seawater-like properties with a nearly flat pattern 
(Fig. 5). The majority of the samples have positive Ce 
and Gd anomalies, whereas all of them have positive Eu 
anomalies. The average (Nd/Yb)SN ratio is 1.20, while the 
(La/Yb)SN ratio ranges from 0.43 to 1.33, with an average 

of 0.84. The (Dy/Yb)SN ratio ranges from 0.61 to 2.44 with 
an average of 1.42 (Table 4).

5  Discussion

The predominance of CaO over MgO implies that calcite 
was the primary mineral phase in these carbonates, with 
minimal to no dolomite present. Since dolomite is rarely 
observed in petrographic investigations, it is reasonable to 
conclude that the concentrations of MgO in the samples 
are unrelated to dolomite. This conclusion is further sup-
ported by the Mg v Ca plot (Fig. 6), which clearly shows 
that the analysed samples fall well below the stoichiomet-
ric dolomite line given by Johnson et al. (2010). Moreover, 
the strong negative correlation observed between CaO and 
MgO (r = − 0.77) suggests that the fractionation of these 
elements did not occur simultaneously. This indicates that 
MgO might be present in minor silicate phases within the 
rocks or incorporated into the structural lattice of calcite. 
Ca is primarily biogenic origin (Fig. 4a-–e), and regardless 
of its initial distribution, it serves as a dilutant for all other 
major oxides, as well as for ∑REE, as indicated by its nega-
tive correlation with all other components. The high LOI 
values and its strong positive correlation with CaO (r = 0.99) 
indicates that CaO is primarily supplied from carbonate 
sources, with LOI in calcite rather than plagioclase. Focus-
ing on Fe, the strong correlation between  Fe2O3 and  Al2O3 
(r = 0.93) (Table 3) suggests a robust relationship between Fe 
and the aluminosilicate component. This excess Fe is most 
likely the component adsorbed on clays, explaining both the 
high correlation between  Fe2O3 and  Al2O3 as well as the 
excess Fe (Murray et al., 1992). The positive correlation of 
 TiO2,  Al2O3,  Na2O, and  K2O, with  SiO2, indicates that these 

Table 2  Chemical concentration of some major oxides and strontium (wt%) for Kuldhar Member Limestone, Jaisalmer Formation, western 
Rajasthan

Sample Id KL1 KL2 KL3 KL4 KL5 KL6 KL7 KL8 K3L1 K3L2 K3L3 K3L4 K3L5 K3L6 K3L1A

SiO2 14.56 3.62 5.05 7.67 2.35 5.80 6.28 7.54 1.25 6.98 2.03 2.26 3.29 3.35 2.99
Al2O3 7.53 0.63 1.96 2.85 0.49 1.51 2.18 2.83 0.29 2.27 0.55 0.65 1.05 1.06 0.62
Fe2O3 29.09 6.73 15.91 15.61 3.72 6.36 6.76 10.46 5.04 8.18 6.12 5.80 9.94 9.43 6.75
CaO 19.78 47.74 38.46 35.47 50.76 43.95 43.57 39.32 49.93 41.83 48.58 48.74 44.52 44.24 46.89
MgO 2.54 0.65 1.21 1.35 0.40 0.90 1.06 2.24 1.18 1.50 1.16 0.91 1.31 1.67 1.71
K2O 0.45 0.09 0.30 0.45 0.11 0.18 0.23 0.24 0.04 0.20 0.07 0.10 0.10 0.11 0.08
Na2O 1.16 0.07 0.26 0.45 0.04 0.30 0.24 0.18 0.03 0.13 0.03 0.03 0.08 0.06 0.04
MnO 0.08 0.13 0.17 0.16 0.11 0.07 0.09 0.08 0.11 0.08 0.09 0.08 0.09 0.09 0.09
TiO2 0.22 0.05 0.11 0.18 0.05 0.07 0.10 0.12 0.02 0.10 0.04 0.05 0.05 0.06 0.04
P2O5 1.33 0.04 0.51 0.15 0.02 0.06 0.14 0.11 0.05 0.85 0.04 0.02 0.39 0.20 0.02
L.O.I 23.26 40.25 36.06 35.68 41.95 40.80 39.36 36.87 42.07 37.88 41.30 41.35 39.17 39.73 40.75
Sum + L.O.I 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00
Sr 0.030 0.009 0.001 0.001 0.010 0.020 0.015 0.015 0.013 0.021 0.015 0.022 0.017 0.013 0.013
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Table 4  Rare earth element concentrations (mg  kg−1) for Kuldhar Member Limestone, Jaisalmer Formation, western Rajasthan

Sample Id KL1 KL2 KL3 KL4 KL5 KL7 K3L1 K3L2 K3L3 K3L4 K3L5 K3L6 K3L1A Average

La 8.55 0.12 36.55 25.23 26.44 20.13 18.01 60.81 16.84 16.93 39.26 27.40 23.80 24.62
Ce 27.19 0.23 102.70 69.18 60.54 45.56 40.04 170.22 34.11 37.18 107.95 72.82 52.99 63.13
Pr 4.69 0.04 11.33 7.22 6.83 5.93 4.79 23.24 3.95 4.29 13.52 8.80 6.12 7.75
Nd 20.98 0.09 45.72 28.65 26.03 23.25 18.21 98.84 14.54 15.96 56.62 35.82 22.89 31.35
Sm 4.41 0.02 9.94 6.08 4.50 5.32 3.51 23.25 2.94 3.10 12.86 7.63 4.46 6.77
Eu 1.00 0.01 2.30 1.37 0.96 1.35 0.82 5.44 0.66 0.77 3.00 1.77 0.99 1.57
Gd 4.18 0.02 10.44 6.27 4.37 5.16 3.61 23.44 2.96 3.27 13.27 7.77 4.30 6.85
Tb 0.60 0.01 1.59 0.92 0.59 0.84 0.53 3.66 0.44 0.55 2.08 1.19 0.67 1.05
Dy 2.70 0.02 8.50 4.98 3.11 4.58 2.81 18.97 2.40 2.59 11.17 6.11 3.61 5.50
Ho 0.51 0.01 1.70 0.99 0.61 0.89 0.55 3.65 0.48 0.59 2.13 1.23 0.73 1.08
Er 1.11 0.02 4.33 2.51 1.65 2.35 1.44 8.89 1.25 1.41 5.37 3.03 1.90 2.71
Tm 0.18 0.01 0.65 0.38 0.23 0.36 0.20 1.24 0.19 0.28 0.77 0.48 0.28 0.40
Yb 0.71 0.02 3.84 2.39 1.47 2.24 1.26 7.24 1.10 1.29 4.61 2.67 1.76 2.35
Lu 0.15 0.01 0.57 0.33 0.22 0.33 0.17 0.99 0.17 0.26 0.64 0.43 0.25 0.35
∑ LREE 66.81 0.51 208.53 137.72 125.30 101.55 85.37 381.79 73.04 78.22 233.21 154.24 111.25 135.19
∑ HREE 10.13 0.13 31.62 18.77 12.25 16.74 10.56 68.09 8.98 10.25 40.03 22.90 13.50 20.30
∑ REE 76.94 0.64 240.15 156.49 137.54 118.29 95.93 449.88 82.02 88.47 273.24 177.15 124.74 155.50
Ce/Ce* 0.99 0.74 1.16 1.18 1.04 0.96 0.99 1.04 0.96 1.00 1.08 1.08 1.01 1.02
Eu/Eu* 1.08 2.40 1.05 1.03 1.01 1.20 1.07 1.09 1.05 1.13 1.07 1.07 1.05 1.18
Pr/Pr* 1.12 1.57 0.94 0.92 0.98 1.04 1.01 1.02 1.01 1.00 0.98 0.98 1.00 1.04
Gd/Gd* 1.06 0.34 1.07 1.10 1.14 0.95 1.07 1.03 1.07 0.98 1.04 1.05 1.04 0.99
(Nd/Yb)N 2.60 0.39 1.04 1.05 1.55 0.91 1.27 1.19 1.16 1.08 1.07 1.17 1.14 1.20
(Dy/Yb)N 2.44 0.61 1.41 1.33 1.34 1.30 1.42 1.67 1.39 1.27 1.54 1.46 1.30 1.42
(La/Yb)N 0.89 0.43 0.70 0.78 1.33 0.66 1.06 0.62 1.13 0.96 0.63 0.76 1.00 0.84
(La/Nd)N 0.34 1.11 0.67 0.74 0.86 0.73 0.83 0.52 0.98 0.89 0.58 0.64 0.88 0.75
Er/Nd 0.05 0.20 0.09 0.09 0.06 0.10 0.08 0.09 0.09 0.09 0.09 0.08 0.08 0.09

Fig. 5  PAAS normalized REE pattern of Kuldhar Member Limestone 
(KML), Jaisalmer Formation Fig. 6  Comparison of the Calcium and Magnesium content of Kuld-

har Member Limestone (KML) of Jaisalmer Formation. Samples 
showing domination of Ca over Mg
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elements are associated with the detrital influx, introduced 
as impurities to these carbonates (Fig. 4a, c, d) (Table 3) 
(Madhavaraju et al., 2017). This is further supported by the 
strong negative correlation between CaO and  SiO2 (Table 3).

5.1  Possible sources for REE in Kuldhar Member 
Limestone

The mobilization and differentiation of rare earth elements 
(REEs) occur when primary phases undergo weathering or 
alteration. This leads to the formation of secondary phases, 
where the weathering residue tends to display an enrichment 
of light rare earth elements (LREEs), while the weathering 
products exhibit an enrichment of heavy rare earth elements 
(HREEs) (Nesbitt, 1979). Various processes influence the 
enrichment and depletion of REEs in limestone, including: 
i) the input of REEs from the land through erosion and sedi-
mentation (McLennan, 1989; Piper, 1974), ii) the deposition 
of REEs through biological processes from the overlying 
seawater (Murphy & Dymond, 1984; Nagarajan et al., 2011), 
iii) scavenging processes influenced by salinity and oxygen 
levels (Bertram & Elderfield, 1993; Elderfield, 1988; Pie-
pgras & Jacobsen, 1992), and iv) the removal of REEs from 
the water column and early diagenesis through authigenic 
processes (Sholkovitz, 1988).

Shales have a higher REE concentration than carbon-
ates, it may be assumed that terrigenous material with a 
non-seawater REE pattern contain significantly more REEs 
than marine carbonate phases (Nothdurft et al., 2004; Piper, 
1974). The substantial increase in the concentration of REEs 
in carbonates can be attributed to the contamination of non-
carbonate minerals such as silicates, Fe–Mn oxides, phos-
phates, or sulphides during chemical leaching (Zhao et al., 
2009). REEs are key tracers in numerous geological and 
oceanic processes, making them essential for understanding 
these processes and their fractionation (Murray & Leinen, 
1993; Piper, 1974). Negative Ce anomalies are common 
in carbonate minerals that precipitate in equilibrium with 
seawater, and they are observable in the REE patterns of 
limestones (Palmer, 1985).

The total rare earth element (∑REE) content in pure car-
bonates is typically low. Therefore, an increase in their pro-
portion is believed to result of contamination by oxides, sul-
phides, phosphates, or silicates, which could originate from 
magmatic–hydrothermal events or terrestrial particulate 
matter (Frimmel, 2009). In the case of the KML, the ∑REE 
concentration ranges from 0.64 mg  kg−1 to 449.88 mg  kg−1, 
with an average of 155.50 mg  kg−1 (Fig. 7; Table 4). The 
variation in ∑REE content among different samples is pri-
marily due to differences in the extent of contamination by 
detrital influx. Except for sample KL-2, which has a ∑REE 
value of 0.64, all other samples display significantly higher 
∑REE values compared to the range of marine carbonates 

(0.04–14 mg  kg−1; Turekian & Wedepohl, 1961) and the 
average for typical marine carbonates (~ 28 mg  kg−1; Bel-
lanca et al., 1997).

The shale-normalized rare earth element (REE) pattern 
of the KML displays a relatively flat pattern with a slight 
enrichment in heavy rare earth elements (HREE), which dif-
fers somewhat from the ideal seawater-like pattern (Fig. 5). 
Non-seawater-like patterns in carbonates typically result 
from the mixing of terrestrial materials (Elderfield et al., 
1990), the presence of iron and manganese oxides (Bau & 
Dulski, 1996), and phosphates (Byrne & Sholkovitz, 1996). 
Phosphates have a disproportionate affinity for incorporat-
ing REEs, and their alteration during diagenesis can fur-
ther influence the REE distribution (Reynard et al., 1999). 
The ∑REE values reveal slight positive correlations with 
 SiO2,  Al2O3,  TiO2 and  Fe2O3, indicating that the detrital 
siliciclastic fraction plays a role in controlling the REEs, 
and moderately negative correlations with CaO, confirming 
CaO dilution (Table 3).  P2O5 contents are strongly correlated 
with  TiO2 (r = 0.73),  Fe2O3 (r = 0.81) and  K2O (r = 0.63) 
(Table 3), suggesting that some, or perhaps most, of the 
 P2O5 contents in KML may not be biogenic origin. This is 
because  TiO2 and  K2O are primarily derived from alumi-
nosilicate clastics, and  Fe2O3 originates from hydrothermal 
Fe–Mn-oxyhydroxides (e.g., Murray, 1994). The observed 
(Nd/Yb)SN ratio in the KML (average 1.20) is considerably 
higher than the values typically found in modern shallow 
seawater (ranging from ~ 0.205 to 0.497 for 50 m water 
depth; Zhang & Nozaki, 1996). This indicates that these 
limestones have not retained their original seawater charac-
teristics. These data indicate that the major LREE scaveng-
ing processes control the changes in the (Nd/Yb)SN ratio in 
limestones (Wyndham et al., 2004). The somewhat higher 
(Nd/Yb)SN ratio is owing to adsorption and/or scavenging, in 
which the LREEs are mostly adsorbed onto particle surfaces 
and retained in HREE solutions with smaller ionic radii. 
The (La/Yb)SN ratio, which indicates the relative behavior 
of light rare earth elements (LREEs) to heavy rare earth ele-
ments (HREEs), ranges from 0.43 to 1.33, with an average of 
0.84 in the studied samples (Table 3). While some samples 
exhibit higher values, the average (La/Yb)SN value for the 
KML is lower than the values proposed by Condie (1991) 
[(La/Yb)SN = 1] and Sholkovitz (1990) [(La/Yb)SN = 1.33] 
for terrigenous particulate matter. The fluctuation in this 
ratio indicates variations in the amount of terrigenous mate-
rial incorporated in different samples and the influence of 
LREE-depleted carbonate components, leading to an overall 
depletion of LREEs in these limestones. The average (La/
Yb)SN ratio of KML is in accordance with Arabian Sea car-
bonate sediments (Nath et al., 1997; Table 5) and lower than 
both shallow marine carbonate sediments (Madhavaraju & 
Ramasamy, 1999) and Indian Ocean carbonate sediments 
(Nath et al., 1992). The (Dy/Yb)SN ratio in the KML ranges 
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Fig. 7  Vertical variation of geochemical parameters indicating depositional environment and detrital influx a Kuldhar River Section b Kuldhar 
Nala Section

Table 5  Average values of 
Kuldhar Member Limestone 
(KML) compared to values of 
shallow, deep marine and Indian 
Ocean carbonate

a This study; n = 15
b Madhavaraju & Ramasamy, 1999; n = 8
c Nath et al., 1997; n = 9
d Nath et al., 1992

Kuldhar Member 
 Limestonea

Shallow-marine 
 carbonateb

Arabian sea  carbonatec Indian 
ocean 
 carbonated

Ce/Ce* 1.02 0.76 ± 0.16 0.84 ± 0.06 0.56
(La/Yb)N 0.84 1.8 ± 0.5 0.8 ± 0.2 1.03
∑REE 155.5 73 ± 20 78 ± 40 –
CaCO3 76.83 75 ± 15 51 ± 22 65.3
Eu/Eu* 1.18 0.58 ± 0.11 1.15 ± 0.08 –
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from 0.39 to 2.44, with an average of 1.42 (Table 4). This 
is similar to the (Dy/Yb)SN ratio found in shallow-marine 
carbonate (1.25 ± 0.23) (Madhavaraju & Ramasamy, 1999) 
and Indian Ocean carbonate (1.37 ± 0.05) (Nath et al., 1992) 
(Table 5). The high (Dy/Yb)SN ratio suggests an enrichment 
of HREEs rather than LREEs in the KML, similar to what 
is observed in modern seawater.

The Er/Nd ratio is used to interpret LREE/HREE frac-
tionation effects in modern and ancient marine systems 
(German & Elderfield, 1989). In normal seawater, the Er/
Nd ratio is around 0.27 (De Baar et al., 1988). The higher 
Er/Nd ratio in limestone indicates that the marine car-
bonates retained seawater signatures without significant 
contamination. However, the addition of detrital mate-
rial or diagenetic alteration can reduce the Er/Nd values 
to less than 0.1 due to the preferential concentration of 
Nd compared to Er (Bellanca et al., 1997; De Baar et al., 
1988). The Er/Nd ratio of the KML ranges from 0.05 to 
0.2, with an average of 0.09 (Table 4), which is similar to 
that of shallow-marine carbonate.

The positive Eu anomaly observed in the KML (rang-
ing from 1.05 to 2.40, average 1.18; Table 4) is attributed 
to the differentiation of  Eu3+ ions from neighbouring 
elements as they are reduced to  Eu2+. The reduction of 
 Eu3+ to  Eu2+ reduces the radius of Eu ions, enabling their 
substitution for  Ca2+ ions in the carbonate crystal lattice. 
The average Eu anomaly of KML is similar to Arabian 
Sea carbonate sediments (Nath et al., 1997; Table 5), and 
greater than shallow marine carbonate sediment (Mad-
havaraju & Ramasamy, 1999; Table 5), and Indian Ocean 
carbonate sediment (Nath et al., 1992; Table 5). In marine 
carbonate rocks, the positive Eu anomaly can be caused 
by the mixing of dust, river water, or hydrothermal flu-
ids with seawater at mid-ocean ridges (Kamber & Webb, 
2001; Nozaki et al., 1997), intense diagenesis (Murray 
et al., 1991a) or due to variation in plagioclase content 
(Nath et al., 1992). Since hydrothermal solutions mainly 
originate in the deep marine environment and KML is 
deposited in shallow marine depositional settings; it is 
highly unlikely that the hydrothermal solution affected 
the Eu concentration in KML. Another possible cause 
of the positive Eu anomaly in bulk sediments is a slight 
increase in the detrital feldspar component (Madhavaraju 
et al., 2010; Murray et al., 1991a). The elemental ratios 
K/Al and Na/Al are effective indicators of the presence of 
detrital feldspars in bulk sediments (Madhavaraju & Lee, 
2009). However, in the present study, the K/Al and Na/Al 
ratios show almost no correlation with Eu/Eu* (r = 0.07 
and 0.13, n = 13), indicating a minimal input of detrital 
feldspars in these limestones and ruling out their signifi-
cant impact on the Eu anomaly.

A petrographical study of the KML indicates that 
the limestones were subjected to moderate to intense 

diagenesis, which is well-documented in the form of 
micritization (Fig.  4a, d), cementation and fracturing 
(Fig. 4e), mechanical compaction resulting in breaking of 
the allochem (Fig. 4a) and chemical compaction leading 
to dissolution (Fig. 4f) among others. Diagenesis, cou-
pled with the input of terrigenous materials as indicated 
by petrographical studies (Fig. 4a, c, d) and higher REE 
concentrations, is likely responsible for the positive Eu 
anomaly.

5.2  Cerium anomaly and palaeo‑redox conditions

Ce differs from other rare earth elements (REE) in its abil-
ity to undergo oxidation from  Ce3+ to the less soluble  Ce4+ 
state in saltwater, a characteristic not observed in other 
REE (Elderfield, 1988). This oxidation process allows Ce 
to precipitate in well-oxygenated seawater and become 
incorporated into marine sediments, resulting in a relative 
enrichment of Ce compared to other REE in those sediments 
(Bellanca et al., 1997). Scientists have utilized the Ce/Ce* 
ratio in sedimentary rocks to infer the conditions of sea-
water during the deposition of REE in marine sediments 
(German & Elderfield, 1990; Madhavaraju & Lee, 2009). 
The Ce/Ce* values observed in the KML range from 0.74 to 
1.18 (Table 4), whereas the Ce/Ce* value in oceanic water is 
typically between 0.1 and 0.4 (Elderfield & Greaves, 1982), 
and shale exhibits a value of 1 (Murray et al., 1991b). A 
negative Ce anomaly is interpreted as an indication of oxi-
dizing conditions during deposition, since  Ce3+ is oxidized 
to  Ce4+ under such conditions. Some samples may show a 
negative or positive Ce anomaly due to the enrichment of 
Ce relative to other REEs, caused by mobilization of Ce as 
 Ce3+ under reducing conditions during early diagenesis and 

Fig. 8  Plot of Ce anomaly versus Pr anomaly for Kuldhar Member 
Limestone (Bau & Dulski, 1996). Range of modern seawater after 
Nagarajan et al (2011)
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subsequent re-precipitation at the oxidized front (Mazum-
dar et al., 2003). The oxidizing conditions responsible for 
a positive Mn* value could also lead to the most negative 
Ce anomalies, while more reducing conditions, resulting 
in negative Mn* values, may produce the most positive Ce 
anomaly. Higher Ce/Ce* values in samples may indicate a 
greater contribution of terrigenous input, and vice versa. 
The Ce/Ce* values in these samples predominantly display 
positive anomalies with some negative anomalies (Fig. 8), 
confirming varying degrees of terrigenous input and indi-
cating a fluctuating environment that alternated between 
oxic and anoxic conditions. The fluctuating Ce anomalies 
can also be explained using the bivariate diagram of Pr/Pr* 
versus Ce/Ce*, as proposed by Bau and Dulski (1996). The 
KML is plotted on the discriminant diagram (Fig. 8), fall-
ing within both the Ce negative anomaly field and the Ce 
positive anomaly field, further supporting the assertion of 
fluctuating depositional environmental conditions and vary-
ing degrees of detrital influx.

Manganese is extremely sensitive to reducing environ-
mental conditions. A low redox potential (Eh) is usually 
favourable for the formation of a reduced, soluble form 
 (Mn2+) that then migrates to an oxic zone, where it under-
goes re-oxidation and precipitation (Balzer, 1982; Calvert & 
Price, 1972). Sediments deposited in pelagic to hemipelagic 
environments undergo a transition from anoxic to oxic con-
ditions, in which Mn enrichment begins in the pore waters 
of the reducing layer, and dissolved Mn may precipitate in 
the solid phase just below or above the redox boundary as it 
migrates upward (Bellanca et al., 1996). In KML, MnO con-
centrations exhibit little variation (0.08–0.16; average 0.1). 
These minor changes in MnO content could be attributed to 
variations in environmental conditions.

Reduced Fe and Mn are fractionated across the redox 
boundary due to their differing solubility potentials, with Fe 
being accommodated in sulphide under low Eh conditions 
and Mn being found in more oxygenated conditions above 
the redox boundary (Bellanca et al., 1996). To determine the 
redox potential of the depositional environment, Machhour 
et al. (1994) and Bellanca et al. (1996) presented the rela-
tionship Mn* = log[(Mnsample/Mnshales)/(Fesample/Feshales)]. 
For  Mnshale and  Feshale, the mean values are 600 mg  kg−1 
and 46.150 mg  kg−1, respectively (Wedepohl, 1978). Mn* 
values in KML exhibit fluctuation, ranging from -0.64 to 
0.41, with an average of -0.02 (Fig. 7). Positive Mn* values 
indicate oxic conditions, whereas negative Mn* values indi-
cate a reducing deposition environment.

Based on all these values, it can be inferred that the 
depositional environment of KML experienced fluctuations 
between oxic and anoxic conditions. This fact is supported 
by the presence of both positive and negative ‘Ce’ anoma-
lies as well as positive and negative Mn* values. However, 
since positive ‘Ce’ anomalies and negative Mn* value is 

dominant, it can be concluded that the environment was 
drastically reduced at the time of KML deposition.

The rocks in the Kuldhar Member of the Jaisalmer For-
mation were deposited in a fluctuating depositional envi-
ronment, as indicated by the alternate shale and limestone 
beds in the Kuldhar Member (Fig. 3c). Limestones were 
deposited in a shallow marine environment, whereas the 
shales were deposited in a calmer and quitter deep marine 
environment. This changing depositional setting is attrib-
uted to the frequent events of sea level fluctuations during 
the Middle Jurassic as studied in detail by Hallam (1978, 
2001). The short-term variations in sea level during Mid-
dle Jurassic were triggered by temperature variations on 
a global level, which may have also played a role in the 
changing oxic and anoxic environment of deposition for 
KML. Therefore, we can conclude that the deposition of 
KML was largely in accordance with the prevailing cli-
matic conditions of the Middle Jurassic.

6  Conclusions

The following conclusions have been drawn from the 
detailed geochemical analysis of the KML:

• The KML of the Jaisalmer Formation of western 
Rajasthan dominantly contains CaO followed by  Fe2O3 
and  SiO2. CaO shows a strongly negative correlation 
with  SiO2 and  Al2O3, suggesting that it likely produced 
as calcite mineral due to chemical and biochemical pre-
cipitation of seawater.  SiO2 and  Al2O3 were introduced 
from siliciclastic sediments as terrigenous admixture. 
The presence of terrigenous admixture in these lime-
stones is further supported by the negative correlation 
between ∑REE and CaO, along with a positive correla-
tion with  SiO2,  Al2O3 and  TiO2.

• The higher concentration of  Fe2O3 is attributed to the 
component adsorbed on clays, and a strong relationship 
between Fe and the aluminosilicate component is also 
justified by the strong positive correlation observed 
between  Fe2O3 and  Al2O3.

• The PAAS normalized REE patterns of these lime-
stones show a non-seawater-like pattern with flat LREE 
and a slight enrichment in HREE. The fluctuating Ce 
anomaly suggests varying depositional environment 
and varying degrees of detrital influx in these carbon-
ates.

• The changing depositional environment is further con-
firmed by the presence of both positive and negative 
Mn* values, indicating fluctuations between oxic and 
anoxic conditions during deposition. The positive Eu 
anomaly in these limestones is due to terrigenous input, 
possibly resulting from continental weathering prod-
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ucts transported into seawater. The low Er/Nd ratios 
suggest that these carbonates did not preserve their sea-
water characteristics, which is also confirmed by their 
high ∑REE concentration.

• The fluctuation in the depositional environment could 
be attributed to rapid changes in global climatic condi-
tions during Middle Jurassic, resulting in the deposition 
of KML in a fluctuating oxic–anoxic environment.
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