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Abstract As a repository of REE, the Paleoproterozoic
phosphorite of the Aravalli Basin in India is explored time
to time. Paleoproterozoic phosphorite deposits of the Sal-
lopat sub-basin Banswara district of the Aravalli Super-
group show moderate REE concentrations much lower than
that of average marine phosphorites. Different ratios and
PAAS-normalized REE distribution patterns reflect MREE
enrichment over LREE and HREE in these phosphorites.
MREE enrichment confirmed by (Sm/Yb)y versus (Sm/
Pr)y relationship and attributed to the selective uptake by
cyanobacteria and mixing of riverine inputs. Y/Ho, La/Ce
and Er/Nd ratios confirm that the REE in Sallopat phos-
phorites might have been affected by the argillaceous ter-
rigenous and plagioclase-rich sediments probably derived
from Banded Gneissic Complex. Diagenetic modeling
indicates that REE were concentrated during early diage-
netic processes with limited weathering influence. Moder-
ate negative to low Ce anomaly depicts oxic to sub-oxic
conditions of seawater due to oxidation of Ce*” to Ce*’
whereas Eu®? reduced to Eu?” indicating positive Eu-
anomaly and reducing conditions as well during the
deposition. These anomalies may be due to the stratified
restricted marine environment of upwelling and mingling
of organic-rich anoxic deep water with oxic upper seawater
prior to the formation of phosphorite deposits in the

& Samsuddin Khan
shamsuddin.amu@gmail.com

Department of Geology, Aligarh Muslim University, Aligarh,
Uttar Pradesh 202002, India

Department of Geology, Centre of Advanced Study, Institute
of Science, Banaras Hindu University, Varanasi 221005,
India

1=

embayment. Enrichment of REE in Sallopat phosphorite
relies on various physico-chemical conditions. These
phosphorites may have been formed in restricted marine
water which was influenced by extra clastic sediment input
carried out by fluvial systems.

Keywords Stromatolite - Lower Aravalli Group - Apatite-
(CaF) - Alkaline environment - Diagenesis

1 Introduction

The rare-earth elements are important to attend world
industrial demand (like catalysts, glassmaking, lighting,
metallurgy, battery blends, ceramic and everlasting mag-
net), and apatite (a host of REE) from different phospho-
rites received great attention due to the higher
concentration of REEs for a long time. Therefore, phos-
phorite is considered an economically interesting ore
(Altschuler et al. 1966; Kato et al. 2011; Goonan 2011;
Deng et al. 2017). The REE inventories in phosphorites are
due to the replacement of carbonate by phosphatic minerals
(Hein et al. 2016), and scavenged by organic matter from
ocean water. REEs are also concentrated by a variety of
substitutions that are allowed by phosphate mineral crystal
structure (McClellan and Lehr 1969). Rare-earth elements
have short residence times, and less solubility in ocean
water (Piper 1974) and are not easily fractionated at the
time of sediment accumulation in the depositional basin.
These are therefore used as the proxy for depicting the
depositional environmental schemes such as extensive
oceanic anoxia (Liu et al. 1988; Elderfield and German
1990; Murray et al. 1991; Deng et al. 2017), rock types,
diagenesis (Nagender et al. 1992; Madhavaraju et al. 2010;
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Armstrong-Altrin et al. 2003), marine paleo-redox condi-
tions (Wang et al. 1986; Kato et al. 2002), paleogeography
and depositional models (Kamber and Webb 2001; Kemp
and Trueman 2003), etc. Post-Archean Australian Shale
(PAAS) normalized REE patterns are used to determine the
depositional environment, average provenance composi-
tions, relative importance, and the comparative significance
of continental and seawater inputs (Yardley 1985; Grand-
jean et al. 1987; Jarvis et al 1994). The deviation in REE
distribution pattern and abundance are diagnostic of the
depositional environment and the mechanism of phospho-
rite formation (Watkins et al. 1995). There are evidences
that REE concentrations and their patterns are modified by
the weathering, burial diagenesis, and metamorphic pro-
cesses that create the possibility to mix REE sources which
may show fluctuations in the distribution patterns and
abundances (McArthur and Walsh 1984). REEs are
grouped as LREE (La-Nd), MREE (Sm-Ho including Y)
and HREE (Er-Lu) (Kato et al. 2011). Due to the above-
mentioned characteristics, various researchers (Ilyin 1998;
Rao et al. 2002; Chunhua and Ruizhong 2005; Fazio et al.
2007; Awadalla 2010; Khan et al. 2012, 2016; Chen et al.
2015; Zhu and Jiang 2017; Abedini and Calagari 2017;
Abedini et al. 2017; Lumiste et al. 2019) globally have
shown their curiosity to understand the formation mecha-
nism and environment of phosphorite deposition with the
help of REE.

Paleoproterozoic Aravalli phosphorites from Sallopat
Sub-basin were investigated by various early workers, who
had carried out studies on different aspects such as; phos-
phorite prospecting (Mehra and Biswas 1969), stromato-
lites (Barman 1974), geological mapping, deformation
pattern (Chauhan and Trivedi 1998), high primary pro-
ductivity and nitrogen cycling (Papineau et al. 2013), etc.,
The geochemical studies based on advanced REES sys-
tematics have not yet been reported. The present commu-
nication is describing the effect of detrital input,
distribution pattern, weathering, and diagenetic effect
based on trace elements and the abundance of REE along
with Ce and Eu anomalies to evaluate the paleoenviron-
mental conditions during the formation of phosphorite
deposits of the area.

2 Geological Setting

NE-SW-trending Aravalli Mountain range in north-western
India extends over a length of 700 km which is composed
of a nucleus characterized by tonalite-trondhjemite-gran-
odiorite (TTG) gneisses, intrusive granitoid with minor
meta volcano-sedimentary units (Roy and Jakhar 2002).
There are two Proterozoic fold belts; 1. Older Aravalli fold
belt and 2. Younger Delhi mobile belt (Roy and Jakhar

2002). The nucleus comprising rocks are collectively
known as the Banded Gneissic complex (BGC) or Mewar
Gneiss Complex (Roy and Jakhar 2002). Volcano-sedi-
mentary sequences of the Aravalli Supergroup (~ 2100 to
1900 Ma) as proposed by Deb and Thorpe (2004) and
Delhi Supergroup (~ 1850 to 1700 Ma) constitute the
orogenic belt. There is general consent that the deposition
of these two took place during the episodic continent rift-
ing. The Aravalli rocks show a complex structure as a
consequence of two major and many minor episodes of
folding and have suffered a very low grade of metamor-
phism (Roy and Paliwal 1981). The Aravalli Supergroup
underlies the Mesoproterozoic Delhi Supergroup and is
unconformably underlain by the Archaean Banded Gneis-
sic Complex. Paleoproterozoic Aravalli phosphorites are
exposed in the rock sequences of Deccan Trap volcanics
(Upper Cretaceous ~ 100 my); Infratrappean (Cretaceous
age); Godhra granite (Neoproterozoic ~ 1000 my); sedi-
ments of Delhi Supergroup (Mesoproterozoic ~ 1700 to
1400 my); Volcano-sedimentary Aravalli Supergroup
(Paleoproterozoic ~ 2300 to 1800 Ma); Banded Gneissic
Complex (Archean) (Fig.1) and particularly in
Jhamarkotra Formation of Lower Aravalli Group. Roy and
Jakhar (2002) considered that all stromatolitic phosphorite
bearing horizons belong to the Jhamarkotra Formation
of the Lower Aravalli Group. Based on the distribution of
phosphatic horizons, Roy and Paliwal (1981) proposed a
typical shoreline furnished synchronal virtually land-
locked, Udaipur epicontinental sea with narrow openings to
the Aravalli Epeiric Sea. Jnamarkotra, Sallopat, and Jhabua
are considered as embayments of the Udaipur Epiconti-
nental Sea (Banerjee et al. 1986). The direct age of
the Jhamarkotra Formation could not be calculated, how-
ever, Pb-Pb isochron age of Jhamarkotra Phosphorites
determined as 1921 =+ 67 Ma (Sarangi et al 2006) and
~1.7 Ga suggested by McKenzie et al. (2013).

Sallopat phosphorite deposits (23°10'35” latitude and
74°10'00” longitude) are located in the extreme south of
Rajasthan and adjacent to the north of Gujarat. Sallopat
area is represented by calcareous phyllite, phyllite, quart-
zite, creamy-white dolomite, khaki dolomite calc-schist,
felspathised mica schist, petromict conglomerate (Fig. 1).
The meta-sediments of Lower Aravalli Group lie above the
BGC or MGC. Porphyritic, leucocratic, medium to coarse-
grained intrusive Godhra granite occurs west of the Sal-
lopat which is covered by the high flat top hillocks of basalt
of the Deccan Traps in the S-W direction. Infratrappean
Bagh beds or Lameta Formation is composed of nodular
limestone, brownish to ash colour friable calcareous
sandstone, earthy sandstone and conglomerates. Infratrap-
pean rocks are overlain by Deccan basalt flows. The local
geology in detail is given in Table 1.
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Table 1 Stratigraphy of Sallopat area after Roy and Jakhar (2002)

Lithology

Formation / group

Age

Alluvium

Deccan Trap

Infratrappean

Intrusive Granite

Aravalli Meta- Jhamarkotra
Sediments;

[Phyllite Felspathised-

mica schist, Quartzite, Dolomite
with Chert Stromatolitic dolomite
(Phosphorites) Petromict-meta

conglomerate

Aravalli Group

shelf Facies)

UNCONFORMITY
Godhara granite

UNCONFORMITY

Formation/ Lower

(Carbonate Bearing

~~UNCONFORMITY~~

Recent

Upper Cretaceous to
Lower Eocene

Bagh Formation / Lametas Cretaceous

Neoproterozoic

Paleoproterozoic

Mewar Gneiss Complex and Granitoids

with ultra-pure (18MQ) water then 10 ml of acid mixture
for each sample containing 7:3:1 HF:HNO3:HCI was
added. Subsequently, 5 mL of 1 pg/mL °*Rh (rhodium)
solution was used as an internal standard. The vessels were
tightly closed and kept on a hot plate at 150 °C for 48 h.
Following this, the vessels were opened and 2 drops of
HCIO, were added. Contents were evaporated at
150-160 °C until to form a semi-solid (paste). The
remaining residues were dissolved by adding 10 mL 1:1
HNO; and kept on a hot plate with a lid for 0-30 min to
dissolve all suspended particles at 80 °C. The suspended
carbon particles were removed by adding H,O,. The
sample was taken into a 250 mL volume flask and again
added a 1:1 ratio of 10 mL of HNOs, dilutions are made
with ultra-pure (Millipore Q-pod) water, and the solution
was stored finally in polythene (HDPE 60 mL) bottles to
determine the concentration of REE elements using high
resolution inductively coupled plasma-mass spectrometer
(HR-ICP-MS). The instrumental and data acquisition
parameters are the same as shown in Table 2. JDO-1
standard was used for the analysis of phosphorite samples.
REEs were determined within a 3% relative standard
deviation (RSD). The detection limits vary between 0.01
and 0.03 ppm. For evaluation of the REE behavior,

different anomalies and parameters are expressed as fol-
lows; Ce anomaly or Ce/Ce = = Cen/[(Pr, ? Lan)/2]
(German and Elderfield 1990), Eu anomaly or Eu/
Eu* = Eun/[(Smy ? Gdy)/2] (Bau and Dulski 1996), Pr
anomaly or Pr/Pr* = Pr\/[(Cey ? Ndy)/2] (Bau and Dul-
ski 1996) and Y anomaly or Y/Y* = 2Y\/(Dyn ? Hoy)
(Fazio et al. 2007). Where lower subscript N denotes PAAS
(Post Archean Australian Shale) normalized concentration
(Taylor and Mclennan 1985). MREEs enrichment over
other REEs in phosphorites are treated as useful tracers for
diagenetic processes (Jiang et al. 2005). For knowing the
effect of weathering and diagenesis on Sallopat phospho-
rite, a cross plot of the (La/Sm)y versus (La/Yb)y ratios
suggested by Reynard et al. (1999) is considered.

4 Results

The chemical analysis of ten typical samples of Sallopat
phosphorites shows the concentration of XREE from 28.54
to 162.43 ppm. The XLREE concentration varies from
25.41 to 128.15 ppm and that of XHREE ranges from 0.5
to 7.73 ppm while XMREE concentration ranges from 2.10
to 27.73 ppm (Table 2). The diagnostic parameters viz. Ba/
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Table 2 Concentration of REE in Sallopat phosphorites and calculated geochemical parameters

Analyte SL-24 SL-13 SL-1 SL-5 SL 8-3 SL 23 SL-26 SL10-2 SL-14 SL-11
La 12.83 8.47 6.43 8.35 21.06 7.55 13.85 36.81 14.76 6.61
Ce 14.72 11.34 10.67 11.91 16.73 10.33 10.55 45.76 15.25 10.87
Pr 2.98 2.02 1.85 1.79 5.51 1.82 3.68 7.53 1.88 1.67
Nd 10.25 7.07 6.46 7.76 26.91 6.10 18.77 38.05 6.45 9.23
Sm 2.13 1.64 0.81 2.30 3.57 0.50 3.09 7.73 1.44 1.01
Eu 0.57 0.33 0.22 0.80 0.99 0.16 0.86 1.96 0.37 0.36
Gd 2.08 0.79 0.88 2.48 3.78 0.59 2.65 8.11 1.37 1.54
Tb 0.39 0.10 0.13 0.48 0.63 0.10 0.46 1.28 0.25 0.30
Dy 1.59 0.41 0.83 2.68 2.59 0.62 2.68 7.22 1.06 2.13
Ho 0.35 0.09 0.15 0.55 0.44 0.12 0.57 1.43 0.24 0.47
Er 0.89 0.22 0.33 1.23 0.97 0.31 0.83 3.26 0.57 1.13
Tm 0.15 0.03 0.05 0.17 0.15 0.04 0.18 0.45 0.08 0.16
Yb 0.88 0.21 0.31 0.99 0.96 0.25 0.66 2.50 0.38 0.86
Lu 0.14 0.04 0.05 0.13 0.14 0.03 0.11 0.34 0.09 0.11
>REE(La-Lu) 49.96 32.76 29.17 41.62 84.42 28.54 58.92 162.43 44.20 36.45
LREE(La-Nd) 40.79 28.89 25.41 29.81 70.22 25.81 46.84 128.15 38.34 28.38
MREE(Sm-Ho) 7.11 3.35 3.02 9.29 12.00 2.10 10.31 27.73 4.73 5.81
HREE(Er-Lu) 2.13 1.64 0.81 2.30 3.57 0.50 3.09 7.73 1.44 1.01
(MREES/LREES)N 2.20 1.34 1.48 4.30 1.92 1.05 2.50 2.73 1.72 2.81
(MREES/HREES)N 1.67 3.94 3.18 2.87 1.42 2.76 2.07 0.70 2.33 2.08
Ba/Sm 12.88 22.18 52.03 9.18 28.44 37.20 9.39 8.68 3241 21.48
Ba/Nd 2.68 5.16 6.52 2.72 3.77 3.07 1.54 1.76 7.23 2.35
La/Ce 0.87 0.75 0.60 0.70 1.26 0.73 131 0.80 0.97 0.61
Y/Ho 47.90 39.88 30.55 41.76 30.04 41.14 29.02 41.96 38.91 4351
La/Nd 1.25 1.20 1.00 1.08 0.78 1.24 0.74 0.97 2.29 0.72
Er/Nd 0.09 0.03 0.05 0.16 0.04 0.05 0.04 0.09 0.09 0.12
Eu/Eu* 1.26 131 1.22 1.57 1.27 1.35 1.42 1.16 1.26 1.30
Ce/Ce* 0.55 0.63 0.71 0.71 0.36 0.64 0.34 0.63 0.64 0.75
YIY* 1.79 151 1.03 151 0.98 1.47 1.06 1.49 1.48 1.63
Pr/Pr* 1.39 1.30 1.29 1.07 1.24 1.33 1.21 1.00 111 1.39
(La/Sm)y 0.87 0.75 1.15 0.53 0.86 2.18 0.65 0.69 1.49 0.95
(La/Yb)n 1.08 291 1.53 0.62 1.62 2.19 1.55 1.09 2.84 0.57
(Dy/Sm)y 0.88 0.30 1.22 1.38 0.86 1.46 1.03 111 0.88 2.50
(Sm/Yb)y 1.24 3.89 1.33 1.18 1.89 1.01 2.38 1.57 191 0.60
(Sm/Pr)y 1.14 1.30 0.70 2.04 1.03 0.44 1.33 1.63 1.22 0.96

Nd (1.54-7.23), Ba/Sm (8.68-52.03), La/Ce (0.60-1.31),
Y/Ho (29.02-47.9), (La/Sm)y (0.54-2.18), (La/Yb)n
(0.57-2.91), (Er/Sm)y (0.26-2.18), (Er/Lu)y (0.5-1.55),
(Dy/Sm)y (0.3-2.5), (Yb/Sm)y (0.26-1.68) and (Dy/Yb)y
(1.09-1.74) are mentioned in Table 2. Few samples show
Sm depletion but Lu and Yb shows enrichment. ZREE
concentration (average = 56.85 ppm) is much lower than
that of the average marine phosphorites (457.3 ppm).
PAAS-normalized REE (Taylor and Mclennan 1985) dis-
tribution pattern of Sallopat phosphorites indicates that
MREE enrichment with respect to LREEs (MREEs/

1=

LREEs = 1.05-4.30 with an average (2.21) and HREEs
(MREES/HREEs = 0.70-3.94 with an average of 2.30)
follow the “old phosphorite” REE pattern. Almost all
phosphorites older than the Mesozoic yielded a pattern
known as old phosphorite coined by Bushinsky
(1969). The concentration of ZREE is matching well with
the XREE concentration of Turkish phosphorites
(27.4 ppm) (Imamoglu et al. 2008), Masrana and Kimoi
block of Uttarakhand India (150 ppm) (Khan et al. 2016).
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Fig. 5 a—d Various bivariate plots for calculating the different parameters of Sallopat phosphorites

Ce anomalies are following the same linear trend with REE
and display almost the same correlation factor (i.e. Eu/
Eu* = 0.18; Ce/Ce* = 0.16). From the above evidence, it
can be inferred that both anomalies are primary and they
are not modified after deposition. The increment in the Eu
anomaly value might be due to the addition of plagioclase
feldspars.

Ce is a highly redox-sensitive REE that shows distinc-
tive properties to undergo redox transformation in the
existing ocean. Ce (1) can be freely oxidized to Ce (IV) in
oxic seawater via biotic or MnO, media (Shields et al.
2001; Tanaca et al. 2010). The negative Ce anomaly
highlights the marine environment characteristics in which
the phosphatic sedimentation or post-depositional alter-
ation has taken place. The scale of negative Ce anomaly is
used as a proxy to conclude the oxygen levels under which
authigenic apatite are formed (Wright et al. 1987). Authi-
genic apatite generally shows intense negative to null Ce
anomalies (Emsbo et al. 2015). Authigenic apatite formed
under the oxic conditions { 2 mL O,/L H,0) reflects the
lowest negative anomaly i.e., Ce/Ce*\ 0.4 whereas apa-
tites formed under sub-oxic conditions (0.2-2 mL O,/L
H,0) reflect the moderate negative Ce anomaly i.e., Ce/
Ce* 0.4-0.9 (Tribovillard et al. 2006). (La/Sm)y[ 0.35
and Ce anomaly show a negative correlation (Fig. 5d)
(R? = 0.049) in the study area similar to the findings of

Eker et al. (2012) and Khan et al. (2016) which suggest that
Ce anomaly is a depositional marine water signature and
occurrence of moderate negative Ce and positive Eu
anomalies are the result of mixing of oxic to anoxic water
via sub oxic media due to the upwelling during Paleopro-
terozoic Era. The presence of organic matter with pyrite
granules (Khan and Khan 2016) in Sallopat phosphorites
supports the reducing environment whereas dolomite and
calcite are the evidence of the alkaline environment.
Modern stromatolites flourish and nurture under reducing
as well as alkaline environments and are frequently found
in hypersaline lakes and marine lagoons having the same
conditions.

In sub-oxic conditions, a part of Ce is freed into deep
water or sediment pore waters throughout reductive dis-
solution of particulate onto which Ce oxides were absorbed
(Haley et al. 2004). Ce anomaly could appear due to a high
concentration of La or due to the influence of the masking
effect upon calculation. For knowing the La effects on Ce
anomaly in the samples we used Ce/Ce* versus Pr/Pr*
diagram proposed by Bau and Dulski (1996 (Fig. 6). In
the present study, Ce/Ce* values lie between 0.34 and 0.75
with an average of 0.60 (Table 2). It is slightly higher than
the values of modern seawater i.e., 0.4-0.7, and lesser than
the values of average shale i.e., 1. Similarly, Pr/Pr* values
vary from 1.00 to 1.39 in the samples of phosphorites.
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