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The Cuddapah basin consists of generally well-preserved Palaeoproterozoic–Neoproterozoic sedimentary
and associated volcanic rocks. The detailed lithological studies of sedimentary rocks of Vempalle
Formation from the narrow linear belt of 15 km, in the southern margin, show the occurrence of layered
gypsum in the cherty dolostone–shale intercalated facies, red shale and phosphatic dolostone facies of
the Vempalle Formation. The petromineralogical studies reveal that gypsum is in close association
with anhydrites. Microscopically, three diﬀerent types of gypsum and anhydrite are identiﬁed, viz.,
lath-shaped, equant-shaped and anhedral-shaped grains. The equant variety corresponds to a granular
gypsum, whereas the anhedral grains of gypsum exist as the granular and ﬁbrous variety as seen in the
hand specimen. The presence of gypsum/anhydrite has been conﬁrmed by the petromineralogical, X-ray
diﬀraction and chemical analytical data. The phosphatic dolostone is the host rock for stratabound type
of uranium deposit at Tummalapalle, Cuddapah district, Andhra Pradesh, which is one of the most
unique types of uranium mineralisation in the world. Abundant pseudomorphs of gypsum and anhydrite
relicts and discontinuous gypsum layers within these dolostones, nodules of chert and gypsum indicate
the interrelationship between the diagenesis and genesis of uranium mineralisation which indicates the
carbonate precipitation in the sulphate-rich hypersaline environments.
Keywords. Gypsum; Vempalle Formation; Uranium deposit; Cuddapah basin; Andhra Pradesh.

1. Introduction
The crescent-shaped Cuddapah basin of south
eastern peninsular India is 440 km long and about
200 km wide, spread over an area of 45,000 km2 .
This basin consists of about 12 km thick
well-preserved Palaeoproterozoic–Neoproterozoic
sedimentary and associated volcanic succession,

composed dominantly of argillaceous and
arenaceous sediments with subordinate calcareous sediments. The Cuddapah basin was ﬁrst
mapped in the 19th century (King 1872), and the
majority of the studies were focused on the classiﬁcation of the Cuddapah succession and reconstruction of the stratigraphy (King 1872; Sen and
Narasimha 1967; Rajurkar and Ramalingaswami
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1975; Meijerink et al. 1984; Nagaraja Rao et al.
1987; Ramakrishnan and Vaidyanadhan 2008; Saha
et al. 2009). The Cuddapah basin is a composite
of ﬁve sub-basins: the Papaghni, Nallamalai, Srisailam, Kurnool and Palnad (Nagaraja Rao et al.
1987). The Papaghni sub-basin is represented by
the sediments and volcanics of the Papaghni and
Chitravati Groups, separated by a disconformity
(Lakshminarayana et al. 2001; Chaudhuri et al.
2002; Saha and Tripathy 2012). The Vempalle Formation (1900 m thick) of the Papaghni Group is
represented by stromatolitic dolostones with subordinate mudstone, sandstone and chert conformably
overlying on the siliciclastics of the Gulcheru Formation. The age of sedimentation for the Papaghni
rocks is about 2000 Ma (Rai et al. 2015; Absar et al.
2017).
The present study area is located in the
southwestern part of the Cuddapah basin
(ﬁgure 1A) along with a narrow rectangular belt
(15 km × 2 km) between the Rachakuntapalle and
Motnutalapalle villages. A number of lithofacies
are recognised in the Vempalle Formation of the
study area, viz., massive dolostone, polymictic
conglomerate, grey shale, phosphatic dolostone,
sedimentary breccia, red shale and cherty dolostone
(Jeyagopal et al. 2008). Out of these, ﬁve lithofacies
are persistent throughout the study area, viz., massive dolostone, grey shale, phosphatic dolostone,
red shale and cherty dolostone (ﬁgure 1B). Based
on the geological traverses and detailed study, a
generalised litho-column of the Papaghni Group
of rocks exposed in the study area is shown in
ﬁgure 2. The halite casts (Phansalkar et al. 1991;
Patranabis-Deb et al. 2012) and localised gypsum
moulds (Patranabis-Deb et al. 2012) have been
reported from the shale intervals, but the layered
gypsum occurring within the cherty dolostone–
shale facies, red shale and phosphatic dolostone
facies are reported for the ﬁrst time in this paper.
The present work is also an attempt to investigate
the diagenetic conditions of host sediments. To this
end, integrated studies, including the mapping and
petrographic study of core samples along with Xray diﬀraction (XRD) and geochemical analyses,
have been undertaken to prepare a depositional
model.
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and XRD analysis. The presence of thin gypsum
layers in the cherty dolostone–shale facies, red
shale and phosphatic dolostone facies has been
conﬁrmed.
2.1 Hand specimen study of gypsum
Gypsum observed in the study area is colourless to
white, transparent to translucent, showing vitreous
to silky lustre. It mainly occurs as layers parallel
to bedding. The thickness of gypsum layers varies
from 0.5 to 5 cm. Mainly two types of gypsum have
been identiﬁed in hand specimen, the ﬁbrous and
the granular variety (ﬁgure 3). At places the lathshaped gypsum is replaced by a halite/calcite and
at places only the lath-shaped cast is present and
the halite/calcite has been removed (ﬁgure 4).
2.2 Studies under microscope
Petrographically, gypsum and anhydrite are
diﬀerentiated on the basis of an interference colour.
Gypsum is identiﬁed from the ﬁrst-order grey colour unlike anhydrite with the second-order interference colour. It is also known that they are readily
soluble in water and easily leached from the host
rocks. They are observed to be replaced by dolomite
and quartz and also calcite at places, which indicate their formation in the tidal ﬂat and/or lagoon
facies (Aleali et al. 2013). Microscopically, three
diﬀerent types of gypsum and anhydrite are identiﬁed, namely (i) lath-shaped grain, (ii) equantshaped grain and (iii) anhedral-shaped grain. The
lath-shaped anhydrites are greater than 1 cm in
length and few mm thick. This shape is very typical
of gypsum, which has been converted to anhydrite
(ﬁgure 5). The equant anhydrite is equidimensional in nature and varies from very ﬁne-grained to
medium-grained crystals. They are up to 1 mm in
size and form a mosaic texture (ﬁgure 6). In hand
specimen, they are seen as granular gypsum. It is
in association with gypsum that both the minerals transform into one another by the addition and
removal of water. These are generally formed in the
tidal ﬂat environment, especially in the supratidal
zone (Aleali et al. 2013). The anhedral grains of
gypsum are partially elongated and form a mosaic
texture (ﬁgure 7). It is also a part of granular and
ﬁbrous variety of gypsum in the samples.

2. Methodology

2.3 Geochemistry

Total ﬁve borehole core samples have been selected
for petrominerological studies, chemical analysis

The chemical analysis of CaO and SO4 was
carried out at the AMD Laboratory in
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Figure 1. (A) Geological map of the southern part of the Cuddapah basin showing the study area in the southwestern part.
(B) Geological map of the study area showing the diﬀerent exploratory blocks from Motnutalapalle to Rachakuntapalle area
and the transverse section across the TPLII79 borehole showing uranium mineralisation in the Vempalle Formation.

Bengaluru. The samples were powdered to 200#
size (1# = 75 µm), ignited to remove carbonaceous
species, followed by acid digestion (HF+HNO3 )
and
analysed
in
inductively
coupled
plasma-atomic emission spectrometer. The instrumental detection limit is 10 ppm, with <1%

error. The results exhibit the presence of CaO
and SO4 in the samples in signiﬁcant quantity.
The CaO values range from 26.60 to 28.25%
with an average of 27.36%, whereas SO4 values
range from 53.15 to 61.15% with an average of
56.94%.
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Figure 2. Generalised litho-column of the Papaghni Group
of rocks in the study area, Cuddapah district, Andhra
Pradesh.

2.4 XRD analysis
The XRD study was carried out in AMD,
Hyderabad using the Siemens D-500 diﬀractometer. Two samples (TPL-64/1 and KNL-50/1) were
studied using the XRD analysis for identiﬁcation
to conﬁrm the presence of gypsum (ﬁgure 8).

(ﬁgure 1), it is observed that gypsum is not
common in outcrop but present in the core
samples. In fact, the high solubility in water leads
to the removal of gypsum in the surﬁcial environment. Being softer than the sandstone and shale
preservation potential is less and thus rarely well
preserved and exposed. The occurrence of gypsum
and anhydrite in the clayey-carbonate sediments of
the Vempalle Formation in association with halite,
calcite and dolomite is an indication of shallow
water environment that contains dissolved solids.
The systematic core samples in the hand specimen
and microscopic scale suggest the occurrence of a
layered gypsum, not known hitherto in the cherty
dolostone–shale facies, red shale and at places
in phosphatic dolostone facies of the Vempalle
Formation, and briefs the geological signiﬁcance
of the occurrence of the evaporites. Gypsum, the
most common of any sulphate mineral is usually formed in the high evaporative environment.
The presence of another pseudomorph, anhydrite,
indicates dehydration possibly due to burial during diagenesis. Gypsum can also be regenerated
from anhydrite after upliftment and exposure to
less saline water and increase in volume (Boggs
2006). Geochemically, gypsum is the ﬁrst mineral
to form from brine. The anhydrites are formed
due to the removal of water from gypsum due
to dehydration during the burial and digenesis.
4. Discussion
4.1 Palaeoenvironmental reconstruction

3. Results
After detailed lithological studies of the grab
and borehole core samples from the study area

Broadly, the depositional environment for Cudd
apah sediments proposed by Nagaraja Rao et al.
(1987) is peritidal complex with the shallow marine
carbonate shelf and beach environment. Further,
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Figure 3. Gypsum layer occurs parallel to bedding. Two types of gypsum are identiﬁed: ﬁbrous (F) and granular (G).
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Figure 4. Gypsum layer (G) and lath-shaped gypsum (L) replaced by halite/calcite.

Chakrabarti et al. (2014) explained about the
supratidal to the deep sub-tidal environment of
deposition. Our study reﬂects a similarity and if
we see in detail, the cherty dolostone–shale facies
forming the top most and thickest unit of the
Vempalle Formation consists of wave ripples,
fenestrae, dissolution cavities, desiccation cracks,
small-to-large columnar and domal stromatolites.
These are interpreted to have been deposited in
intertidal to supratidal environments and the red
shale facies that is sandwiched between lower phosphatic dolostone and upper cherty dolostone–shale
facies with the presence of evaporite gypsum in
the upper as well as lower part of the shale
indicates sub-aerial exposure of tidal ﬂat (Bhattacharjee et al. 2012). Based on the sedimentological attributes Goswami et al. (2015, 2017a, b)
described the Papaghani sub-basin as a shallow
small basin lying close to the shore in arid condition. The presence of sedimentary features, such as
mud cracks and ripple marks, indicates its shallow
water condition. Due to the intense evaporation,
there was supersaturation of water with enriched
magnesium by the continuous inﬂow of normal
sea water and by the precipitation of CaCO3 and
sulphate. The temperature condition during the
Proterozoic is reconstructed on the basis of oxygen and silicon isotopes from the rock (mostly the

diagenetic chert) samples (Knauth 2005; Shields
and Kasting 2006). The predicted Precambrian sea
temperature is much hotter, i.e., 55◦ –85◦ C during
the period of 2000–3500 million years ago. Thus,
about 50◦ C temperature during this dolomite
precipitation environment was dry and warm
enough to permit the net evaporation with progressive removal of water. This was helpful to
concentrate dissolved solids to the point where the
water became oversaturated with respect to the
dissolved solids. Therefore, a period of enclosed
or restricted basin set-up is predicted. The restrictions in the water replenishment within the basin is
indicating a period of low rainfall. Therefore, inﬂow
of groundwater and river runoﬀ was restricted.
As suggested by Heﬀeran and O’Brien (2010), the
sequence of minerals precipitated by progressive
evaporation is (i) calcite/dolomite (at >50% evaporation, >70 ppt salinity), (ii) gypsum (at >75%
evaporation, >135 ppt salinity), (iii) halite (at
>90% evaporation, >350 ppt salinity) and (iv)
K and Mg minerals (at >96% evaporation, >750
ppt salinity). In addition to the burial and diagenesis, higher temperatures and salinities must
have favoured the dehydration of gypsum to anhydrite in such supratidal environment and thus the
replacement of gypsum by anhydrite or halite.
The dehydration and associated volume loss are
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Figure 5. Laths (L) of anhydrite replaced after gypsum in
dolomite, 5X, TL, XN.
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Figure 6. Equant anhydrite (E) replaced after gypsum in
dolomite, 5X, TL, XN.

responsible for nodular or chicken-wire anhydrite
formation.
4.2 Diagenetic history
The diagenetic history of the entire dolomitic host
rock unit is possible to understand from the combined petrography and geochemical study of the
chert nodules, dolostone and gypsum–anhydrites.
The understanding of the diagenetic condition is
relevant in the present context to derive a depositional model of gypsum. It is a point to note that
gypsum and anhydrite cannot form together and
dehydration of gypsum during the diagenesis is a
signiﬁcant phenomenon. Therefore, to understand
the diagenetic history, the following additional discussion is noteworthy. The phosphatic dolostone in
the Vempalle Formation hosts uranium mineralisation and consists of mixed siliciclastics, carbonate

Figure 7. Anhedral gypsum (G) in dolomite, 5X, TL, XN.

and phosphatic associations. This dolostone hosted
stratabound uranium deposit at Rachakuntapalle–
Motnutalapalle areas is one of the most unique
types reported only in the Cuddapah basin, India
(Vasudeva Rao et al. 1989; Rai et al. 2002, 2010).
In this deposit, the uranium mineralisation occurs
as two bands, hangwall and footwall with a vertical separation of 1–3 m. Both the bands show
the isotropic character along and across the strike
in terms of grade and thickness. The uniformity
in thickness of ore body, large lateral extent of
the mineralisation, the absence of a hydrothermal vent and associated alterations, and lack of
kink in mineralised band suggests a diagenetic
origin of mineralisation (Phansalkar et al. 1991;
Jeyagopal et al. 2008; Rai et al. 2011, 2015; Bhattacharjee et al. 2012; Patranabis-Deb et al. 2012;
Aleali et al. 2013). The diagenetic origin is further substantiated by Goswami et al. (2015) on
the basis of petrography of dolostone and nodular chert and the other organic as well as inorganic
geochemical data (Rai 2012). The microbial mat
and stromatolites in the Gulcheru and Vempalle
Formation are already reported with categorisation
(Goswami et al. 2016a, 2017b). The close
association of phosphatic dolostone with evaporites, particularly gypsum and anhydrite points
towards the interrelationship between the diagenesis and meteoric water reﬂux and genesis of
uranium mineralisation. The impervious evaporites and shale units have acted as a cap and
possibly helped in the preservation of uranium
mineralisation. The chert is widespread as nodules of diﬀerent shape in the Vempalle dolostone. According to Goswami et al. (2015), the
chert nodules are formed during the diagenesis
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Figure 8. X-ray diﬀractogram showing peaks associated with gypsum (Gy): (A) bore hole sample no. TPL-64/1 and
(B) bore hole sample no. KNL-50/1.

when carbonic acid formed due to organic
activity. Acidicity lowered the pH along pore spaces
to dissolve carbonates and is replaced by the silica precipitation. The role of organic matter as a
reductant for uranium precipitation is well documented (Goswami et al. 2017a). The stable isotopic
data interpretation of Rai (2012) suggests that the
uranium-bearing meteoric water inﬂux during the
diagenesis is related to the uranium mineralisation.
Mostly, the primary dolomite is evidenced and the
dolomitisation of calcite is so far not very common.

The absence of features such as incomplete
dolomitisation of calcite and scattered rhombs of
dolomite growing in a mass of calcite points to the
primary dolomite as dominant.
Therefore, based on the above discussion on
diagenetic mechanism, it can be described that the
varying thickness and number of the gypsum layers
suggest that they were not deposited as continuous
sheets over the region, but rather formed as lenses
in the isolated bodies of water along the margin of a
sea that was subjected to intermittent ﬂuctuations
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Figure 9. (A) Schematic diagram shows the initial rifting due to stretching and development of normal fault bound graben
basin. The upwelling of CaCl2 along the faulted pathway and the mixing with primitive ocean water. (B) The part of the rift
basin shows an enlarged view of the oceanic basin marginal section. The shore proﬁle shows the transgressive events with a
progressive rise in sea level. The sandstone, shale and carbonate sequences are shown to change their respective position with
transgression. (C) The peak of transgression is followed by a short-term stable sea level when the microbial activities lead
to the formation of the mat and stromatolitic structures. The regression starts with the falling sea level and development of
extended supratidal beach and barrier bar and creation of a lagoon with limited connectivity with main sea water.
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in water level. The post-depositional gypsum veins
are observed to cut ﬁne siliciclastics and mud rocks.
This indicates the remobilisation of gypsum upon
shallow burial. The gypsum occurs initially as an
admixture with siliciclastic sediment. The presence
of nodular or chicken-wire anhydrite is regarded
as a diagenetic structure (Blatt 1992). The diagenetic cycle of gypsum–anhydrite is shown in the
proposed comprehensive model (ﬁgure 9).
4.3 Comprehensive depositional model
The intra-cratonic rifting and sedimentation in
the Cuddapah basin is studied on the basis of
geological, geochemical, geomorphological and
petromineralogical guides (Nagaraja Rao et al.
1987; Ramakrishnan and Vaidyanadhan 2008;
Chakraborty et al. 2012; Goswami et al. 2016b).
However, according to Absar et al. (2017) the backarc extensional mechanism is related to the opening
of the Papaghni sub-basin. We support the rifting
model on the basis of a few additional observations
as follows:
1. The Gulcheru quartzite indicates the alluvial
fan to ﬂuvial followed by shallow marine depositional settings (Goswami et al. 2017b), which
is very commonly encountered in rift basins
(Bhattacharya and Chakraborty 2000).
2. The contact between the basement granitoids
and Gulcheru quartzite at relatively higher
elevation again support the ‘Rift shoulder’
(Bhattacharya and Chakraborty 2000).
3. The presence of syn-sedimentary faults
(Goswami et al. 2016b) is also a characteristic
feature in this setting. In fact, the accommodation space for more sediments is created by synsedimentary faults during rifting.
4. The deep seismic sounding (DSS) proﬁle across
the basic intrusive in the Papaghni sub-basin
(GSI 1981) suggests the lopolithic emplacements and such champagne glass structures
occur due to the normal faulting and crustal
melting associated with rifting as in the Koillismaa complex (Heﬀeran and O’Brien 2010).
Based on the above-mentioned points, it can be
described that initially the rifted Papaghni subbasin was inﬁlled by continental clastics of the
Gulcheru Formation and the progressive extension caused thinning of crust and sinking of rift
ﬂoor below the sea level. The ﬂuctuations on the
sea level were rapid with small-scale progressive
and regressive phases (ﬁgure 9). The sequence
with chert–dolomite/calcite–shale–arenite in
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the study area represents the regression in
which the minor ﬂuctuation events are also
noticed. The grab sample and drill core sample study also revealed the upward succession
from the earlier subtidal carbonate sediments
through intertidal arenite/shale to supratidal
sediments consisting of shale, evaporite and carbonate mixtures. The photographs in ﬁgure 1
(B) show the above-mentioned sequence in
which the uraniferous dolostone is impure in
nature with arenitic bands. The cycles of transgression and regression are not dealt in detail
in this context. The presence of stromatolites
in this sequence possibly is related to sulphate
reducing bacteria of that time, which have supported the dolomite precipitation by removing
sulphate from water (Goswami et al. 2015,
2017a). The alteration during the burial and
diagenesis by groundwater is already mentioned
to be a phenomenon related to the uranium
mineralisation (Rai 2012; Bhagat et al. 2014).
Therefore, it is natural to expect the alteration of evaporites associated with other rocks.
The burial alteration by ground water (Borchert
1977), seawater mixing with bicarbonate-rich
river water (Valyashko 1972), bacterial sulphate reduction (Sonnenfeld 1984) and contemporaneous dolomitisation of coexisting marine
carbonates by seawater brines in a marine evaporite environment (Holland 1978) may lead
to the origin of these MgSO4 poor salts.
According to Hardie (1978), these MgSO4 poor
salts cannot be derived by normal evaporation of modern seawater and sulphate-enriched
brine but upwelling CaCl2 -rich brines in rift
setting like the African rift in the present
◦
day. The average >50 C temperature of atmosphere during the period of rifting suggests a
freely available epithermal condition. Therefore,
in this rift setting, the arid climate and hindrances in the hydrologic input were achieved in
mountains encircled sedimentary basin for short
time when the basin ﬂoor became rain-shadow
deserts locally. Meanwhile, with the minor subsidence of the basin ﬂoor, the inﬂow of brine
was at a higher rate than the sand and mud
inﬂux into the basin as per the general concept
(Hardie 1990). However, the coastal depressions
and supratidal areas became sites where the
isolated water bodies were created with a shallow inlet or a slightly permeable seal with the
main water body. The CaCl2 -rich brine circulation along the deep faulted pathway of rift is
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Figure 10. The extensive evaporation in lagoon and supersaturation of water with sulphate and associated salts. Increase
in salinity leads to gypsum precipitation in the lagoon and towards the continent gradual temperature and salinity rise
favours the direct anhydrite formation as well. The burial and dehydration also favours the anhydrite and volume loss. The
meteoric uraniferous water inﬂux during the diagenesis of whole rock sequence leads to uranium precipitation in suitable
phosphate-rich dolostones. Later the upliftment caused rehydration and reappearance of gypsum.

possible in such a condition. Rest of the basic
criteria for such an evaporite formation was
same as that found for any present-day analogous, and fulﬁlled similarly.

water inﬂux and mineralisation along suitable loci,
upliftment and hydration and reappearance of
gypsum (ﬁgure 10).
Acknowledgements

5. Conclusion
Based on the discussions on diﬀerent factors and
variables with possible inﬂuence, the following
steps are signiﬁcant to discuss further as a
conclusion on the evolutionary model.
The rifting of the Papaghni sub-basin
(ﬁgure 9A), erosion and sedimentation of the clastic Gulcheru Formation, marine transgression and
precipitation of carbonates (ﬁgure 9B), microbial
activities in static environment, small-scale ﬂuctuation and regression (ﬁgure 9C), barrier development in supratidal areas and isolation of depressed
water bodies from main sea, evaporation and
supersaturation followed by precipitation of evaporites in isolated ponds, progressive burial and
initiation of diagenesis and anhydrite formation
from gypsum by dehydration, meteoric uraniferous
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