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a b s t r a c t 

Proterozoic clastic sediments reveal vast information regarding provenance, depositional conditions, and 

environmental evolutions. Peninsular India comprising Archean cratons, also have numerous intracratonic 

Proterozoic sedimentary basins along their margins. The Archean Dharwar Craton in southern India has 

many Proterozoic successions, namely Cuddapah, Kurnool towards the East, and Kaladgi, Badami, and 

Bhima towards the northern margin. The Paleoproterozoic Kaladgi Basin ( ∼1.85 Ga) consists of siliciclas- 

tic sedimentary rocks with stromatolitic carbonate formations. XRD analysis of shale layers of the Lower 

Lokapur and Upper Simikere subgroups have been carried out to understand the primary clay mineral 

assemblages, weathering history, and provenance. The Lower and Upper shale layers of Lokapur and 

Simikere subgroups show a dominance of montmorillonite and kaolinite, respectively. The geochemical 

affinities and the clay mineral assemblages indicate a more mafic source to the lower shales (Manoli and 

Hebbal formations) and increased felsic contribution to the upper shales (Govindakoppa and Daddanhatti 

formations). Illite is ubiquitous in all the shales of the Kaladgi Supergroup possibly representing the di- 

agenetic transformation of montmorillonite and kaolinite to illite. Geochemical modeling of provenance 

has been carried out using (Eu/Eu ∗) N , (La/Yb) N , (Gd/Yb) N , and (La/Sm) N of all the plausible source rocks 

and the average compositions of lower and upper shales. The modeling results suggest that the lower 

shales are derived from a source of mafic rocks – 45 %, K-rich granite – 35 %, and TTG – 20 %. While the 

upper shales are derived from source characterized by K-rich granites – 61 % and intermediate volcanic 

rocks – 39 %. These results signify the classical unroofing of TTG-greenstone belts exposing K-rich granites 

with the progression of sedimentation. Further, a good correlation between K-enrichment (a measure of % 

difference between CIA and pre-metasomatic CIA) and ƩLREE is attributed to the abundance of kaolinites 

that fractionate more LREE. 

© 2022 The Authors. Published by Elsevier Ltd on behalf of Ocean University of China. 

This is an open access article under the CC BY-NC-ND license 

( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
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. Introduction 

Earth’s middle age ranging from ∼1.8 to 1.0 Ga, is referred 

o as the “Boring Billion”, the “Dullest time”, the “Barren Bil- 

ion” is known for its geochemical stasis and glacial stagna- 

ion ( Buick et al., 1995 ; Brasier, 2012 ; Young, 2013 ). The rel-

tively flat carbon isotope record ( Gilleaudeau and Kah, 2013 ), 

ow atmospheric oxygen levels ( Holland, 2006 ), tectonic qui- 

scence ( Roberts, 2013 ; Cawood and Hawkesworth, 2014 ), no 
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nown glaciations ( Young, 1988 ), and delayed organic evolution 

 Planavsky et al., 2014 ) – all characterize Earth’s middle age. The 

receding (Paleoproterozoic) and following (Neoproterozoic peri- 

ds of these middle ages have witnessed dramatic shifts in atmo- 

pheric oxygen levels known as the Great Oxidation Event (GOE; 

yons et al., 2014 ), glaciations ( Young, 1988 ), and carbon isotope 

xcursions ( Karhu and Holland, 1996 ; Knoll et al., 1986 ). Under- 

tanding the Earth’s middle age is one of the critical questions. 

The Proterozoic mobile belts and epicratonic platform basins 

Purana basins) encompassing the Archean cratonic nuclei repre- 

ent the Proterozoic history of Peninsular India ( Radhakrishna and 

aqvi, 1986 ; Kale and Phansalkar, 1991 ; Vaidyanathan and Ra- 

akrishnan, 2010 ; Mazumdar and Eriksson, 2015 ). The Purana 
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asins are dominated mainly by deposition of thick sequences 

f clastic/non-clastic shallow marine sediments ( Eriksson et al., 

998 ; Kale et al., 2016 ). The ages range between Late Paleopro- 

erozoic (1.9 Ga) and Neoproterozoic, constituting India’s most 

idespread Pre-Gondwana deposits ( Collins et al., 2015 ; Joy et al., 

019 ). The Purana basins correlate temporally with superconti- 

ents Colombia, Rodinia, and Gondwana ( Basu and Bickford, 2015 ; 

aha et al., 2016 ; Absar et al., 2016 ). The Cuddapah-Kurnool, 

ranhita-Godavari, Kaladgi-Badami, and Bhima basins are the Pro- 

erozoic basins in the southern part of India on the peripheries of 

he Archean Dharwar Craton. 

The Proterozoic Kaladgi-Badami Basin lies in the Northern part 

f the Western Dharwar Craton (WDC). It constitutes sedimentary 

rchives that can provide vital information on the provenance and 

aleoenvironment prevalent during the Late Paleo- and Mesopro- 

erozoic history of the Earth. The sediments of the Kaladgi-Badami 

asin cover a period from ∼1.8 to 0.8 Ga, the “Boring billion”

ears. The shales are fine-grained siliciclastics consisting of clay 

inerals and are considered excellent proxies to infer provenance 

nd paleoenvironment history ( McCulloch and Wasserburg, 1978 ; 

ang et al., 2019 ). However, diagenetic and metamorphic effects 

ust be examined and appropriately assessed as shales are prone 

o secondary alterations ( Nesbitt and Young, 1989 ; Zhang et al., 

998 ; Cullers and Podkovyrov, 20 0 0 ; Mishra and Sen, 2012 ). 

The X-Ray Diffraction (XRD) and Differential Thermal Analysis 

DTA) studies on shales provide critical evidence that helps recon- 

truct the weathering conditions affecting the parent rocks, Eh- 

h ratio, water-rock ratios, and salinity of the depositional en- 

ironment. The different parameters calculated from XRD studies 

ike illite crystallinity index (IC), lattice parameter indicating phen- 

ite content (b o values; barometric indicators), and kaolinite/illite 

atios provide crucial information related to the clay mineral 

ssemblages, thermal maturity, pressure, temperature, and fluid ac- 

ivity attested by the shales during diagenesis ( Velde, 1995 ). Pre- 

ious studies on the shales of the Kaladgi Basin by ( Rao et al.,

999 ) focused on the geochemistry of the shales. They inferred 

he provenance of the sediments in the Kaladgi Basin consisted 

f mafic to felsic rocks in the ratio of 60:40. The high potassic 

ontent in Kaladgi shales and LREE enrichment was suggested due 

o post-depositional metasomatism ( Rao et al., 1999 ). Dey et al. 

20 08a , 20 08b ) refuted the idea of K-enrichment in shales due to

etasomatism based on presence of detrital K feldspar in shales 

nd paleoweathered basement indicating substantial involvement 

f potassic-rich granites in the provenance. Mukherjee et al. (2016 , 

019 ) identified different clay minerals and studied the metamor- 

hic grade and thermal maturity using the IC values. Based on 

ariations observed in the IC values along and across the basin, 

hey proposed southerly directed gravity gliding deformation. 

This study presents XRD analysis of Kaladgi shales and attempts 

rovenance modeling to constrain crustal sources and effects of K- 

etasomatism. The provenance modeling method adopted in this 

tudy is after Kasanzu et al. (2008) , which involves the use of crit-

cal REE ratios, including (Eu/Eu 

∗) N , (La/Yb) N , (Gd/Yb) N , (La/Sm) N 
f all the plausible source rocks surrounding the basin. The com- 

ositions of shales are arranged in the form of a matrix equation 

o characterize and estimate the percentage contribution of all the 

ossible source rocks. 

. Geological setting 

The Kaladgi-Badami Basin lies in the northern part of the West- 

rn Dharwar Craton (WDC) and occupies about 80 0 0 km 

2 ( Fig. 1 ).

he thickness of the sedimentary succession is around 3900 m 

 Dey, 2015 ; Jayaprakash et al., 1987 ). The Late Cretaceous Dec- 

an traps mostly bound the Northern and Western parts of the 

asin. While some parts of the Kaladgi Basin lie underneath these 
2 
raps, some occur as inliers within the Deccan traps ( Raha and Sas- 

ry, 1982 ). The Late Archean Hungund-Kushtagi greenstone belts, 

TGs of Western Dharwar Craton, and metasediments of Dhar- 

ar Supergroup are the basement rocks of this basin. The Kaladgi 

asin is mainly dominated by siliciclastics and platform carbonate 

ediments overlying the Archean basement. The lithostratigraphic 

lassification of the Kaladgi Supergroup is shown in Table 1 . The 

aladgi Supergroup (KSG) is subdivided into the Bagalkot and 

adami groups . Geochemical compositions of argillites of the 

anoli, Hebbal members of the Lower Lokapur Subgroup (LSG) 

nd the Govindakoppa, Daddanhatti argillites of the Upper Simikeri 

ubgroup (SSG; from Rao et al., 1999 ) have been used in this study 

or modeling the provenance. The deformed rock formations have 

een metamorphosed to sub-greenschist facies conditions. Only a 

ew radiometric ages have been reported from the Kaladgi Super- 

roup due to the paucity of igneous activity in the basin ( Joy et al.,

019 ; Pillai et al., 2018 ; Kale and Phansalkar, 1991 ). The biostrati-

raphic correlation based on stromatolite morphology in the car- 

onate rocks suggests Riphean age ( Jayaprakash et al., 1987 ). Based 

n the Rb-Sr model age, the depositional age of the shales from 

he Bagalkot group is suggested to be younger than 1800 ± 100 

a ( Padmakumari et al., 1998 ; Rao et al., 1999 ). Recently, dykes 

ntruding the lower formations yielded a U-Pb baddeleyite age of 

861 ± 4 Ma ( Joy et al., 2019 ), assigning the Orosirian age to the

ower Kaladgi Supergroup. Mafic dykes intruding in the Uppermost 

oskatti formation of the Simikeri Group yield a whole rock age of 
0 Ar/ 39 Ar as 1154 ± 4 Ma ( Pillai et al., 2018 ), suggesting that the

ermination of the Kaladgi Basin be Meso-Neoproterozoic age. The 

aladgi Supergroup has been correlated with ∼1800 Ma old Cud- 

apah Supergroup in the southern Indian peninsula ( Bhaskar Rao 

t al., 1995 ; Zachariah et al., 1999 ). The overlying Badami Group 

s assigned a Neoproterozoic age ( Pillai et al., 2018 ), separated by 

isconformity from Kaladgi Supergroup, and mostly correlates with 

hima and Kurnool basins ( Saha et al., 2016 ). 

. Sampling and analytical methods 

.1. Sampling 

The shale samples were collected from four formations of the 

aladgi Supergroup viz. Ramdurg, Yendigeri (Lokapur Subgroup; 

anoli; n = 5; and Hebbal; n = 2), Kundargi, Hoskatti (Simikere 

ubgroup; Govindakoppa; n = 7; and Daddanhatti; n = 2) mainly 

rom the type areas, and have been analyzed in this study ( Fig. 1 ).

he brown to purple-colored Manoli argillites from the Ramdurg 

ormation show well-developed fissility. They are interbedded 

ith quartzites. The Hebbal argillites of the Yendigeri Formation 

re soft, flaky, and smoky blue. These argillites are interbedded 

ith Chikshellikeri limestones and Chitrabhanukot dolomites. The 

ovindakoppa argillites are mostly variegated shales having cyclic 

urple and brick red colored layers belonging to the Kundargi For- 

ation and lie on top of Muchkundi quartzites. Daddanhatti shales 

re smoky blue and locally phyllitic belonging to the Hoskatti For- 

ation and are overlain by mafic intrusives. The collected sam- 

les represent stratigraphically older to younger sequences in the 

aladgi Supergroup. 

.2. XRD analysis 

Representative samples collected from the type area for the four 

embers have been split into clay and non-clay fractions follow- 

ng standard procedure (after Krumn and Buggisch, 1991 ; Warr and 

ice, 1994 ). The disaggregated material is separated into ≥0.2 μm 

ize fractions by dispersing them in water, and the clay fraction 

as separated from aqueous suspensions by centrifuging at 40 0 0 

pm for 15 minutes. From the clay fractions, oriented slides with 
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Fig. 1. Geological map of the Kaladgi Basin indicating locations of type areas from which shale/argillite samples have been collected (modified after Jayaprakash et al., 1987 ). 

Table 1 

Lithostratigraphy of the Kaladgi Supergroup (after Jayaprakash et al., 1987 ). 

Era Group Subgroup Formation Member Thickness (m) 

Proterozoic BADAMI Katageri Konkankoppa Limestone 85 

Halkurki Shale 67 

Kerur Belikhindi Arenite 39 

Halgeri Shale 3 

Cave Temple Arenite 89 

Kendur Conglomerate 3 

——-Angular unconformity——————–

BAGALKOT SIMIKERI Hoskatti Mallapur Intursive 7 

Daddanhatti Argillite 695 

Arilkatti Lakshnahatti Dolomite 87 

Kerkalmati Hematite schist 42 

Niralkeri Chert-Breccia 39 

Kundargi Govindakoppa Argillite 80 

Muchkundi Quartzite 182 

Bevanmatti Conglomerate 15 

——————–Disconformity———————–

GROUP LOKAPUR Yadhalli Argillite 58 

Muddapur Bamanbudni Dolomite 402 

Petlur Limestone 121 

Jalikatti Argillite 43 

Yendigeri Naganur Dolomite 93 

Chikshellikeri Limestone 883 

Hebbal Argillite 166 

Yargatti Chitrabhankot Dolomite 218 

Muttalgeri Argillite 502 

Mahakut Chert-Breccia 133 

Ramdurg Manoli Argillite 61 

Saundatti Quartzite 383 

——-Nonconformity———————–

Archaean Granitoids, gneisses and metasediments of Dharwar Supergroup 

3 
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3 mg clay layer /cm 

2 have been prepared by air-drying aqueous 

uspensions ( Kisch, 1991 ). These oriented clay slides were used to 

etermine clay mineralogy and crystallinity. The oriented samples 

ere treated with ethylene glycol vapors for 24 hours. Separable 

iffractograms were obtained for each glycolated sample to distin- 

uish between montmorillonite and chlorite using the 14 Å peak. 

riented slides were also heated up to 550 °C in an electric fur- 

ace to identify kaolinite. Kaolinite reflection maxima in the re- 

ions 001 and 002 were differentiated from those of chlorite by 

he absence of 001 and 003 reflections and the acid dissolution 

est ( Brown, 1961 ). 

The illite crystallinity index (IC) was calculated according to 

isch (1991) . IC is determined by measuring the half-peak width 

f the 10 Å illite on oriented mineral aggregate preparations of the 

 2 μm size fractions and is expressed in °�2 θ . To calibrate our IC

ata to Kisch’s (1991) , we measured the IC of well-crystallized peg- 

atitic muscovite (mica from the Rajasthan mica belt and Nellore 

ica belt, Andhra Pradesh) under identical XRD settings. Our esti- 

ated IC value for the well-crystallized mica is 0.084 °2 θ , which 

orresponds well with the value given by Kisch (1991) . Powder 

-ray diffraction studies (XRD) were carried out on bulk, ethy- 

ene glycolated, and heated samples using a D-50 0 0 Siemens X-ray 

iffractometer at CSIR-IICT, Hyderabad. Cu K α radiations ( λ-1.5406 
˚ ) were used throughout the measurements, along with a Ni filter 

nd HOPG graphite monochromator. Two slits at the source side 

ith a solid angle of 3 ° (Convergent side) and two slits with a 

olid angle of 0.03 ° and 0 ° on the detector side were used. Bulk 

hale samples were scanned in the (2 θ = 5 ° to 60 °), and all ori-

nted clay slides were scanned through a range (2 θ = 5 ° to 15 °)
nder identical x-ray diffraction settings using quartz as the inter- 

al standard. The procedure of identifying and confirming different 

lay and non-clay minerals followed is after ( Bailey, 1988 ). Most 

owdered XRD patterns exhibited peaks overlapping with more 

han two end members. The individual mineral phases were in- 

exed with the help of https://rruff.info/RRUFF Sample Data com- 

ilation. 

.3. Differential thermal analysis (DTA) 

The mineral compositions has been verified in a few represen- 

ative samples by differential thermal analysis (DTA). The DTAhas 

een carried out at ambient pressure using Leeds and Northrop 

hermal Analyzer, at a heating rate of 10 K/min at CSIR-IICT. The 

emperatures of the sample and the sample holder were measured 

ith a Pt/Pt – 10 % Rh thermocouple. Typical uncertainty in the 

emperature measurements is 5 K at 1300 K. Samples of 250 mesh 

ith weights varying between 20 and 40 mg were analyzed. A 

lank run was made to obtain the background signal. The instru- 

ent was calibrated with a well-known alpha-beta transition in 

uartz. Identifying various clay mineral phases was done by com- 

aring our data with those of pure phases as listed by Smykatz- 

loss (1974) . 

. Results 

Powder X-ray diffraction patterns for raw, glycolated, and 

eated samples representing each of the four shale Members are 

iven in Fig. 2 , and corresponding mineral assemblages are listed 

n Table 2 . Minerals identified by DTA are given in Table 3 . The

lay minerals present in the shales of the Kaladgi Supergroup are 

llite (Ilt), montmorillonite (Mnt), chlorite (Chl), kaolinite (Kln), and 

ixed-layer minerals (Mnt-Ilt and Mnt-Chl). The non-clay minerals 

resent in the shales are quartz, trace amounts of carbonates, pla- 

ioclase feldspar, fluorapatite, pyroxene, and haematite. The XRD 

atterns of the clay minerals mostly show that they are ordered 

nd crystallized, exhibiting prominent basal (0 01), (0 02), and (0 03) 
4 
eflections ( Fig. 2 ). Illite is the most common clay mineral present 

n all the shale samples of the Bagalkot Group. 

The Lokapur and Simikeri subgroups of samples show simi- 

ar mineral assemblages, but the proportions of individual min- 

ral contents vary between them. Two samples from the Hebbal 

ember (P-6 and P-8) differ in their mineral composition from the 

ower Manoli Member, showing an assemblage of Ilt + Mnt + Chl 

nd an absence of Kln. Most Manoli shales show a typical as- 

emblage of Ilt + Mnt + Kln in decreasing order of abundance 

nd mixed layer clays such as Ilt + Chl and Mnt + Chl in 

race amounts. The frequency distribution of clay mineral assem- 

lage points that lower members of the Kaladgi Supergroup are 

ainly dominated by Ilt and Mnt, except in sample T-6, where 

he assemblage Ilt + Mnt + Kln is dominant along with chlo- 

ite, as compared to clay mineral assemblage of upper shale mem- 

ers. The clay mineral assemblages belonging to the Simikeri Sub- 

roup are Kln + Mnt + Chl + Ilt. About 30% of the samples 

ontain only the Kln + Ilt mixed layer clays. However, one sam- 

le (D-2) of Daddanhatti members shows a mineral assemblage 

nt + Kln + Ilt + Chl in decreasing abundance. Mixed layer 

lays such as montmorillonite-chlorite are rarely detected in these 

amples, apart from only one sample (S-14) of the Govindakoppa 

ember of the Simikeri Subgroup. The mineral kaolinite is the sec- 

nd most dominant in three samples and occurs in minor amounts 

n the rest of the samples. 

The presence of chlorite would influence the XRD peak height 

f the kaolinite, because of which K and I cannot be estimated 

n chlorite-bearing samples. Samples were chosen accordingly to 

nsure proper estimation of the K/I value from powdered XRD 

eak heights (see Shrivastava and Ahmad, 2005 ). The average K/I 

alue in the chlorite-free Govindakoppa shales (G2, G8, and G5) 

s 0.33, while this ratio is 0.26 for the Manoli shales (T6, T8, 

nd T10). The K/I values suggest that Manoli Argillites, the low- 

rmost shale, is characterized by a higher abundance of illite than 

he Govindakoppa Argillite of the Upper Simikeri Subgroup. Illite 

rystallinity (IC) has been extensively used to indicate the inten- 

ity of low-grade metamorphism ( Weaver, 1989 ; Robinson et al., 

990 ; Yang and Hesse, 1991 ; Jha et al., 2012 ). The IC measures

eak width at half the basal (001) reflection height. The IC dis- 

ribution ( Table 2 ; Fig. 3 ) indicates no apparent variations between 

imikeri Subgroup and Lokapur Subgroup shales. Upper Simikeri 

ubgroup shales illite crystallinity ( °�2 θ ) values range between 

0.14 °-0.30 °), having a mean value around 0.21 °. Similarly, Lower 

okapur Subgroup shales range from 0.20 ° to 0.25 ° with a mean 

f 0.21 °. According to the classification of illite crystallinity (after 

esse and Dalton, 1991 ), the mean IC value of 2 θ = 0.21 ° for the

lays of the Bagalkot Group falls within the epi-metamorphic zone 

orresponding to the temperature of approximately 350 °C. The ap- 

roximate pressure range of the metamorphism is calculated with 

he help of b o values from the d (060) peak position of illite. The 

alues of illite (both of upper shale belonging to the Simikeri Sub- 

roup and lower shales belonging to the Lokapur Subgroup) range 

rom 8.87 Å to 9.036 Å with a mean value of 8.953 ± 006 Å. The

verage b o value indicates that dioctahedral species (illite) is dom- 

nant and suggests that these sediments were subjected to low- 

ressure conditions. The (0 02)/(0 01) peak height ratio of illite, be- 

ieved to be related to Al/(Al + Mg) ratios, reflects variations in 

etamorphic grade. The (0 02)/(0 01) average ratios of upper shales 

nd lower shales are almost similar (Simikeri Subgroup = 0.35 ±
.08; Lokapur Subgroup = 0.36 ± 0.07) and are compatible with 

niform illite crystallinity values. 

The results of the DTA on the Kaladgi shales are listed in 

able 3 . The clay minerals assemblages found by the DTA method 

alidate the results of powder X-ray diffraction studies. DTA results 

onfirm that in some samples of the lower Lokapur Subgrup shales 

T-11 and T-6), chlorite is present in traces, while chlorite is absent 
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Fig. 2. XRD patterns of lower and upper Kaladgi shales. 
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Table 2 

Powder X-ray diffraction data on clay minerals of shales of the Bagalkot Group. 

Sample 

No. 

Mineral assemblage Illite characterstics 

Major Minor Trace IC K/I (0 02/0 01) bo 

Simikeri Subgroup 

D-2 Mnt + Ilt + Kln Chl + Qz Fap, Pl 0.20 0.54 0.45 8.870 

S-17 Ilt + Kln Mnt + Qz Hem, Pl 0.30 0.57 0.42 8.970 

S-14 Ilt + Kln + Qz Mnt + Chl (m) + Kln Ab, Hem 0.20 0.46 0.38 - 

S-12-3 Ilt + Qz Mnt + Chl(?) + Kln Carb, Pl 0.20 1.28 0.38 8.999 

S-16 Ilt + Qz Mnt + Chl + Kln Carb, Pl 0.25 0.22 0.24 9.006 

S-19 Ilt + Qz Mnt + Chl(?) + Kln Carb, Pl 0.30 0.93 0.32 9.026 

G-2 Ilt Kln + Qz Fap, Pl, Hem 0.20 0.14 0.28 8.909 

G-8 Ilt Kln + Qz Fap, Pl, Carb, Px 0.20 0.28 0.31 8.884 

G-5 Ilt Kln + Qz Pl, Carb 0.15 0.16 0.25 8.921 

K-2 Ilt Mnt + Chl + Qz Pl, Carb 0.14 0.67 0.31 8.999 

Lokapur Subgroup 

P-6 Mnt + Chl + Ilt Qz Hem., Pl 0.20 - 0.37 8.871 

P-8 Ilt + Mnt + Chl Qz Hem., Pl 0.20 - 0.47 8.909 

T-11 Ilt Mnt + Kln + Qz Mnt + Ilt (m), Fap Mnt + Chl (m), Pl 0.20 0.42 0.36 9.006 

T-10 Ilt Mnt + Kln + Qz Carb, Pl 0.20 0.15 0.22 9.036 

T-8 Ilt + Mnt Kln + Qz Mnt + Chl (m), 0.20 0.30 0.32 8.974 

Mnt + Ilt (m), Pl 

T-6 Ilt + Mnt + Kln Qz Mnt + Ilt (m), Pl, Mnt + Chl(m), Carb 0.25 0.34 0.40 8.935 

Index for samples: T - Manoli shales; K, G, and S - Govindakoppa; D - Dadanhatti; P - Hebbal. 

Index for minerals: Mnt - Montmorillonite; Ilt - Illite; Kln – Kaolinite; Chl - Chlorite; (m) - Mixed layers; Fap - Fluroapatite; 

Pl - Plagioclase; Hem - Hematite; Px - Pyroxene; Qz - Quartz; Carb - Carbonate minerals; K/I - Kaolinite/Illite ratio; IC - Illite 

crystallinity in °�2 θ . 

Fig. 3. (a) Major oxide and K% variation within shales collected from four formations. (b) IC (Illite crystallinity index) and 0 02/0 01 variation in shales. (c) K/I, b o values, and 

( ̊A) variations in shales. 

6 
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Table 3 

DTA data of mineral assemblages of the Kaladgi shales. 

Sample No. Endothermic reactions in °C Exothermic reactions in °C 

Upper shales 

D-2 562 [2.5] (Ilt + Kln + Qz) 945 [0.2] (Mnt) 

715 [0.5] (Mnt) 962 [0.3] (Kln) 

S-12-3 560 [0.5] (Ilt + Qz) 845 [0.5] (Chl + Mnt) 

615 [0.6] (Chl) 975 [0.3] (Kln + Mnt) 

778 [0.2] (Ilt) 

815 [0.3] (Chl + Mnt) 

875 [0.5] (Ilt) 

S-17 560 [1.6] (Ilt + Qz) 280 [0.2] (Ilt) 

890 [1.0] (Ilt) 415 [0.2] Couplet 

465 [0.2] (Ilt) 

968 [0.5] (Kln) 

G-8 535 [0.03] (Ilt + Kln + Qz) 430 [0.5] (Ilt) 

550 [0.5] (Kln + Ilt + Qz) 505 [0.3] (Ilt) 

950 [0.05] (Kln) 

Lower shales 

T-11 530 [0.05] (Qz) 435 [0.5] (Ilt) 

695 [0.3] (Mnt) 505 [0.3] (Ilt) 

880 [0.4] (Ilt + Chl) 430 [0.2] (Ilt) 

T-6 568 [1.6] (Kln + Ilt) 465 [0.3] (Ilt) 

698 [0.8] (Mnt) 836 [0.3] (Chl + Mnt) 

882 [0.3] (Ilt + Chl) 960 [0.5] (Kln) 

The index for the samples is the same as in Table 2 . 

Index for the minerals: Ilt - Illite, Kln - Kaolinite, Mnt - Montmorillonite, Chl - 

Chlorite, Qz - Quartz. 

Values in parentheses indicate � T in °C. 
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n some upper shales (S-17 and G-8). The sample S-12-3, an up- 

er shale, shows a considerable amount of chlorite, exhibited by 

he characteristic thermal reactions of chlorite’s strong endother- 

ic peak at 615 °C and an exothermic peak at 845 °C. These peaks 

re noticeably absent in the samples D-2, S-17, and G-8 of the up- 

er shales and T-11 and T-6 of the lower shales. 

. Provenance modeling 

The factors contributing to the chemical compositions of clas- 

ic sedimentary rocks are the source, weathering history, and post- 

epositional alteration processes (see Absar, 2021 ). Physical weath- 

ring and/or weak chemical weathering on crystalline igneous and 

etamorphic rocks is related to a dry climate or strong rate of 

ectonic uplift. Such processes tend to generate illite, chlorite as 

ell as fine fractions of quartz and feldspar constituting fragments 

f primary minerals ( Liu et al., 2012 ). The geochemistry of these 

ediments provides information about the provenance composi- 

ion. Previous studies by Rao et al. (1999) on Kaladgi shales in- 

erred that the provenance of the basin shifted from mafic to fel- 

ic source based on major oxides, trace, and REE compositions of 

aladgi shales. Cr, Fe, Ni, Sc, Co, and Mg are in higher abundance 

n the Lower Group shales (Bagalkot), indicating mafic sources. In 

ontrast, LILE and LREE are enriched in the upper group shales due 

o a shift in the provenance. 

Based on REE ratios, the provenance modeling 

ao et al. (1999) suggested a 60:40 ratio for the mafic to fel- 

ic components in the provenance for Kaladgi shales. The earlier 

odeling results suggested a classical unroofing that indicated 

ncovering granites after the erosion of Archean TTGs and 

afic supracrustals with the progression of sedimentation in 

he Kaladgi Basin ( Rao et al., 1999 ). Further, they proposed that 

he LREE enrichment in the shales is due to post-depositional 

-metasomatism. However, studies by ( Dey et al., 2008b ) refuted 

he idea of K-metasomatism being responsible for LREE enrich- 

ent in the shales. Instead, they conclude that excluding K-rich 

losepet granites having high LILE and LREE as a source rock is 
7 
he plausible reason behind the unusually high enrichment of REE 

bserved in these shales. 

In this study, we attempted a new provenance modeling ap- 

roach (after Kasanzu et al., 2008 ), which includes critical REE 

atios like (La/Yb) N , (La/Sm) N , (Gd/Yb) N, and (Eu/Eu 

∗) N . The ma- 

or, trace and REE compositions of Kaladgi shales (after Rao et al., 

999 ) are modeled using the end-member compositions repre- 

enting the provenance. The following are considered as part of 

he provenance: TTG (Peninsular Gneisses, Jayananda, et al., 2015 ), 

losepet Granites ( Jayananda et al., 2006 ), and mafic rocks from 

ungund-Kushtagi schist belts ( Naqvi et al., 2006 ). The centripetal 

aleocurrent directions of the basin ( George, 1999 ) corroborate 

ith the consideration of the above end-members as part of 

he source rocks. Importantly, we have incorporated the K-rich 

losepet Granite as one of the end-members in the calculations 

nd modeled the provenance for lower and upper shales sepa- 

ately. 

The chondrite normalized REE plots of the Kaladgi shales 

how a closer resemblance with all the plausible source rocks 

urrounding the basin. The REE modeling method is based on 

 Albarède, 2002 ) mixing calculations to estimate the relative con- 

ributions of source rocks for generating the Kaladgi shales. The 

ystem O containing several elements ( i = 1, ..., m) hosted in 

hases ( j = 1, ..., n), let M j be the mass of phase j and m 

i 
j 

The

ass of an element (or species) i hosted in phase j . Then, the com-

osition of species (or element) i in phase j can be mathematically 

efined as: 

 

i 
j = 

m 

i 
j 

M j 

(1) 

For the bulk material, mass conservation requires that 

 0 = 

n ∑ 

j=1 

M j . 

Therefore, for a given element i , the proportion of f j of the 

hase j is such that: f j = M j / M 0 and C i 
0 
= m 

i 
0 
/M 0 = 

n ∑ 

j=1 

m 

i 
j 
/ M 0 

 Albarède, 2002 ). As described above, the four major rock types 

hat were considered as part of the provenance are Closepet Gran- 

tes, TTG (Peninsular Gneiss), mafic (high Mg basalt and inter- 

ediate volcanics) rocks, and adakites of Greenstone belt (Hun- 

und Kushtagi Greenstone belt). The average REE concentrations 

f shales and protolith were used for modeling based on im- 

ortant critical ratios (La/Yb) N, (La/Sm) N , (Gd/Yb) N, and (Eu/Eu 

∗) N 
rom ( Table 4 ) set in a matrix form and represented in ( Table 5 ).

he only difference is that the critical ratios taken are more than 

asanzu et al. (2008) because plausible source rock types are more 

or the Kaladgi Basin. A total of 24 models for lower and upper 

hales were created to verify whether all the source rock types 

ontribute significantly to the details of the modeling method and 

ll the model variations (Supplementary Data, Figs. S1 and S2). 

The results of the mixing calculation ( Table 6 a, b) suggest 

hat the various components of the provenance contributed to 

he Lower Group shale compositions in the following propor- 

ions: mafic rocks (high Mg basalt + intermediate volcanics) –

4%, Closepet Granite – 35%, TTG (Peninsular Gneiss) – 20%, Fe- 

holeiites – 11 %. On the other hand, the upper shale composi- 

ions indicate that source rocks are dominated by Closepet Gran- 

te (61%) and intermediate volcanic rocks (39%). The optimal fit- 

ing of average REE concentrations of Kaladgi shales is achieved 

ith the help of mass balance calculations using the equation 

lbarède (2002) given. 

 R mix = αC 1 + βC 2 + γC 3 + . . . (2) 

WR mix refers to the calculated wholerock compositions. The 

, β , and γ represent the rock types’ proportions; in our case, 

hey are Closepet Granites, TTG (Peninsular Gneiss), mafic (high 
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Table 4 

Average REE compositions of all plausible source rocks of sediments belonging to the Kaladgi Badami Basin. 

Fe basalt 

(Average) 

n = 2 Stdev 

High Mg basalt 

(Average) n = 11 Stdev 

Intermediate 

volcanoes 

(Average) n = 10 Stdev 

TTG (Average) 

n = 15 Stdev 

Closepet granite 

(Average) n = 17 Stdev 

La 7.61 1.48 8.78 14.91 10.88 4.48 32.59 20.59 67.07 38.42 

Ce 16.805 6.72 12.73 12.56 17.95 8.08 65.74 43.88 133.98 75.47 

Pr 2.29 0.75 4.20 9.81 3.11 3.44 7.69 6.26 15.09 8.55 

Nd 12.77 5.50 9.09 8.70 9.32 3.56 31.34 28.32 52.66 29.76 

Sm 4.195 1.29 3.67 6.38 2.72 2.04 7.37 7.63 9.76 4.82 

Eu 1.34 0.47 0.96 1.23 0.80 0.38 1.48 1.09 1.40 0.93 

Gd 5.09 1.17 3.25 4.06 2.66 1.21 7.56 8.47 8.30 3.97 

Dy 6.21 1.90 2.80 1.22 2.44 0.66 7.45 8.52 7.90 3.90 

Er 3.475 1.04 1.73 1.32 1.79 0.69 4.54 5.13 4.42 2.24 

Yb 3.68 0.69 1.63 0.77 1.77 0.48 4.90 5.35 4.50 2.13 

Lu 0.47 0.14 0.35 0.51 0.35 0.25 0.75 0.81 0.67 0.31 

Eu/Eu ∗ 0.88 0.85 0.90 0.60 0.47 

La/Yb 1.40 3.66 4.19 4.52 9.75 

Gd/Yb 1.12 1.61 1.22 1.25 1.44 

La/Sm 1.13 1.49 2.50 2.76 4.29 

Table 5 

Depicting the matrix equation for provenance modeling (a) upper shales (Simikeri Group), (b) lower shales 

(Lokapur Group). 

(a) 

Ratio A B C D Upper Shales (Avg) 

(Eu/Eu ∗) N 0.85 0.47 0.60 0.90 A 0.68 

(La/Yb) N 3.01 9.75 4.52 4.19 B = 9.44 

(Gd/Yb) N 1.47 1.44 1.25 1.22 C 1.49 

(La/Sm) N 1.43 4.29 2.76 2.50 D 4.38 

A = Mafics (High Mg basalts & Fe tholleite); B = Granite (potassic); C = TTG; D = Intermediate volcanics 

(b) 

Ratio A B C D Lower Shales (Avg) 

(Eu/Eu ∗) N 0.87 0.47 0.60 0.88 A 0.75 

(La/Yb) N 3.92 9.75 4.52 1.40 B = 11.23 

(Gd/Yb) N 1.42 1.44 1.25 1.12 C 1.86 

(La/Sm) N 1.90 4.29 2.76 1.13 D 4.53 

A = Mafics (High Mg basalts & Fe tholleite); B = Granite (potassic); C = TTG; D = Fe tholleite 
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g basalts + Intermediate Volcanic) rocks, and Adakites (Hungund 

ushtagi belt) respectively. C 1 , C 2 , and C 3 are the individual species 

elements) in the above source components used in the mixing cal- 

ulations. The results based on the REE parameters are presented 

n ( Table 6 a, b) and ( Fig. 4 ). 

. Discussion 

.1. Inferences from XRD and DTA studies of shales 

The Archean granitoids, gneisses, and supracrustal rocks were 

rovenance for the Kaladgi siliciclastic sedimentary rocks. The CIA 

alues of the Kaladgi shales are ∼89% indicating that the prove- 

ance suffered an intense chemical weathering. The REE model- 

ng indicates that four provenance rock types are mainly contribut- 

ng, i.e., mafic rocks - 25 %, K-Granite – 35%, TTG – 34%, Adakites 

6% ( Fig. 4 c). Weathering of mafic rocks form montmorillonite 

lay minerals, whereas felsic rocks (Granites) usually form kaoli- 

ite ( Weaver, 1989 ). The frequency distribution of clay minerals 

 Fig. 5 ) indicates that montmorillonite is mainly present in Hebbal 

nd Manoli argillites (Lokapur Subgroup). In contrast, the Govin- 

akoppa and Daddanhatti argillites (Simikeri Subgroup) contain 

onsiderably higher kaolinite than the lower shales. 

The illite clay mineral is primarily present in the shales from 

oth lower to upper formations. Illite is a significant clay min- 

ral component along with kaolinite and montmorillonite. The il- 

ite formation can occur through diagenetic alteration of montmo- 

illonite and kaolinite clay minerals ( Velde, 1995 ). This transfor- 

ation depends upon the pH of the medium, pore water chem- 

stry, porosity, permeability, temperature, pressure, and possibly 
8 
ime ( Weaver, 1989 ). Further, Chamley (1989) stated that the types 

f diagenetic transformation or new mineral formation also de- 

ends upon the nature of original sediments and burial depth. The 

ominance of illite and the presence of chlorite in the clay min- 

ral assemblages of Kaladgi shales suggests that they might have 

een newly formed at the expense of primary clay minerals such 

s montmorillonite and kaolinite. However, it is suggested that 

mectite can be transformed into illite, chlorite, and illite-smectite- 

hlorite (I/S/Chl) mixed layer minerals under diagenetic and low- 

rade metamorphic conditions by following reactions ( Boles and 

ranks, 1979 ; Weaver, 1989 ): 

mectite+ K 

+ → Illite + Quartz + O H 

−+ O 

2 −+ metallic cations 

r 

mectite 
(
F e 3+ ) +Kaolinite → I / S / Chl + S i 4+ 

The illite and chlorite present in the Manoli and Hebbal 

rgillites is possibly due to diagenesis. The abundance of the min- 

ral composition Mnt + Ilt + Chl and mixed-layers attests to 

uch a proposition. The diagenetic formation of illite is facilitated 

y saline, K ion-enriched, organic poor migrating ground waters 

hrough bedding planes, joints, and pore spaces ( Eberl, 1993 ). In 

itu illites can be formed either by illitization of kaolinite or of 

mectite or both, a feature commonly observed in sediments that 

itnessed burial diagenesis ( ibid ). The kaolinite and montmoril- 

onite clay minerals readily convert to illite in the presence of K 

+ 

nd Na 2 + ions ( Nesbitt and Young, 1989 ). 

Moreover, the illitization of kaolinite is much faster than the 

llitization of montmorillonite, as suggested by reaction kinetics 

 Velde, 1995 ). Hence, the present assemblage in the Kaladgi shales 
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Fig. 4. (a) Comparison between chondrite normalized REE patterns of model shale and average shale of the Kaladgi Basin. The blue and green bands indicate 1 σ error for 

model shale and average Kaladgi shale, respectively. (b) Chondrite normalized REE plots consisting of all the plausible average source rock and average Kaladgi shale (c) Pie 

chart depicting source rock contribution in the provenance. 

9 
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Table 6 

(a) Mixing modelling results for upper shales (Simikeri Group); (b) Mixing modelling results for lower 

shales (Lokapur Group). 

(a) Mixing modelling results for upper shales (Simikeri Group) 

Source rocks Mafics ∗ (HK) Granite (potassic) TTG Intermediate volcanics 

Model (%) 0 61 0 39 

ppm Model (upper shale) Average upper Kaladgi shales Variation (%) 

La 41.92 44.00 4.73 

Ce 86.02 75.40 14.08 

Pr 9.32 8.43 10.53 

Nd 33.79 34.77 2.83 

Sm 6.11 6.27 2.53 

Eu 0.87 1.35 35.66 

Gd 5.27 5.82 9.41 

Dy 5.71 4.98 14.63 

Er 3.25 3.15 3.10 

Yb 2.96 3.17 6.47 

Lu 0.42 0.51 17.60 

Total REE 195.62 187.84 4.14 

(Eu/Eu ∗) N 0.47 0.68 

(La/Yb) N 9.62 9.44 

(Gd/Yb) N 1.44 1.49 

(La/Sm) N 4.29 4.53 

(b) Mixing modelling results for lower shales (Lokapur Group) 

Source rocks Mafics ∗ (HK) Granite (potassic) TTG Fe tholeiite 

Model (%) 34 35 20 11 

ppm Model (lower shales) Average lower Kaladgi shales Variation (%) 

La 36.76 40.83 9.97 

Ce 70.25 78.50 10.50 

Pr 8.40 7.93 5.93 

Nd 30.72 32.92 6.67 

Sm 6.70 5.63 18.88 

Eu 1.30 1.40 6.59 

Gd 6.36 5.67 12.10 

Dy 6.45 4.31 49.62 

Er 3.71 2.48 49.81 

Yb 3.84 2.47 55.52 

Lu 0.57 0.43 31.50 

Total REE 175.07 182.58 4 

(Eu/Eu ∗) N 0.61 0.75 

(La/Yb) N 6.50 11.23 

(Gd/Yb) N 1.34 1.86 

(La/Sm) N 3.43 4.53 

∗ Mafics include High-Mg basalts and intermediate volcanics from the Hungund-Kushtagi greenstone 

belt. 

Table 7 

Average abundances and ratios of some major elements significant for understanding the diagenetic origin of illite and chlorite in 

the shales of the Bagalkot Group. 

Oxides/Ratios Range 

Upper shales (SSG) 

Range 

Lower shales (LSG) 

Average (11) Average (5) 

Al 2 O 3 13.6-21.4 18.78 ± 2.90 16.7-17.97 17.24 ± 0.43 

MgO 0.6-3.8 1.87 ± 0.82 2.5-3.73 2.80 ± 0.48 

K 2 O 2.5-5.6 4.23 ± 0.85 2.7-6.6 4.84 ± 1.23 

FeO(t) 6.6-11.5 7.1-11.8 

Al 2 O 3 /K 2 O 4.63 ± 1.14 3.86 ± 1.21 

Al 2 O 3 /MgO 13.08 ± 8.96 6.34 ± 1.00 

Al 2 O 3 /FeO(t) 2.43 ± 0.71 1.83 ± 0.32 
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s more likely represented by Ilt + Chl. Three Govindakoppa argillite 

amples (G-2, G-8, and G-5) contain only kaolinite + illite, and the 

roportion of illite is much more than kaolinite in these samples. 

he average kaolinite/illite ratio is high in the Simikeri Subgroup 

hales. Shales belonging to Manoli and Hebbal argillites have a 

ower ratio, around 0.33, which indicates a high amount of illite- 

ich shales than those belonging to the upper formations ( Fig. 3 b). 

uch an increase in illite contents is partly due to the illitization of 

aolinite with the increasing effect of burial diagenesis. Major ox- 

de ratios such as Al 2 O 3 /K 2 O, Al 2 O 3 /MgO, Al 2 O 3 /FeO (t) decrease

rom 4.36 to 3.28, 12.51 to 6.81, and 2.49 to 1.83 ( Table 7 ), re-

pectively, from younger to older formations pointing towards au- 

higenic growth of these minerals ( Fig. 3 a). The higher illite pro- 
10 
ortion in Kaladgi shales indicates that the activity of K 

+ ions is 

igher than that of Mg 2 + ions in the pore water. Therefore, the 

eeply buried sediments show an increase in illite due to changes 

n pressure and temperature. The persistence of montmorillonite 

nd kaolinite in Proterozoic shales along with illite and chlorite 

uggests that illitization of these minerals was not complete, pos- 

ibly due to (i) slow transformation rates, (ii) relatively low activ- 

ty amongst – Ca 2 + , Mg 2 + , Fe 2 + , K 

+ , in an alkaline medium with

H ranging from 7.5-9.0 ( Velde, 1995 ), and (iii) low porosity and 

ermeability. The presence of smectite in clay mineral assemblage 

ndicates higher silica activity in pore waters. In a low pH envi- 

onment, silica is unstable, indicating that pore water was more 

lkaline and had moderate to high pH values. 
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Fig. 5. Pie charts depicting average clay mineral contents based on XRD analysis in lower and upper shales. Each pie chart represents the average clay contents in shales of 

various formations, with n representing the number of samples. The arrows of different colors represent increasing directions of montmorillonite (blue), illite (orange), and 

kaolinite (grey) within upper and lower shales. 
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Chlorite is the other clay mineral in minor to trace amounts 

n all the shales belonging to both upper and lower formations 

 Table 2 ). The chlorite values of the M/Chl clays are mainly at- 

ributed to the incomplete transformation of montmorillonites 

o chlorites at different burial depths, possibly under the in- 

uence of Mg 2 + activity. The complete alteration of smectite 

o diagenetic ferriferous chlorite is rare even in Mg-rich en- 

ironments ( Chamley, 1989 ). The formation of Mg-chlorite also 

ccurs in slightly higher grades of metamorphism. However, 

ower et al. (1975) pointed out that a part of Mg and Fe released
11 
uring the transformation of smectite to illite could favor the for- 

ation of diagenetic chlorite as a direct by-product. From the pre- 

eding discussion, it can be suggested that chlorites and illites in 

agalkot Group of shales were formed due to the transformation 

f montmorillonite by burial diagenesis. 

The DTA data of two samples from the lower Simikere Sub- 

roup show endothermic reaction temperatures indicative of the 

resence of illite, chlorite, montmorillonite, and kaolinite. The en- 

othermic temperature of ∼695 °C indicates the Mnt, and ∼568 

nd 880 °C point to the Kln + Ilt and Ilt + Chl mixture in lower
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Fig. 6. (a) The A-CN-K plot of Kaladgi shales. The model provenance of Rao et al. (1999) and the present study are shown separately; (b) The CIA values and pre-metasomatic 

CIA values of the previous and current study are shown. The main difference is that the present research involves K-rich granites in the provenance, hence the lesser 

difference between CIA and pre-metasomatic CIA values. The K-enrichment (%), which is the difference between pre-metasomatic CIA and CIA values, is also shown. 
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hales. The exothermic reaction temperatures of 435 to 505 °C indi- 

ate Ilt, 960 °C to Kln, and 836 °C to Chl + Mnt mixture. Upper shale

embers’ endo- and exo-thermic reaction temperatures show a 

onsistent presence of Ilt, Kln, Ilt + Kln + Qz, and Kln + Ilt. The re-

ults of this study are consistent with earlier DTA study on Kaladgi 

hales ( Chandrasekhara Gowda et al., 1978 ). 

.2. REE modeling and K-metasomatism 

The illitization of montmorillonite and kaolinite as indicated by 

RD data and the presence of illite in all the shales attest to the 

ost-depositional alteration effects. Earlier studies ( Govinda Ra- 
12 
ulu and Nagaraja, 1967 ) reported the presence of K-metasomatism 

hrough diagenetic feldspathization of Lower Kaladgi arkoses. The 

otassic feldspathization observed in conglomerates and arenites 

elonging to the Kaladgi Supergroup is also reported . The dif- 

erence between present CIA values and pre-metasomatic CIA val- 

es in shales is significant, indicating a high K influx ( Rao et al.,

999 ), which justifies previous evidence of diagenetic feldspathiza- 

ion. The estimated provenance of the present study and the com- 

ositions of shales are plotted in the A-CN-K diagram ( Fig. 6 a) to

valuate the effects of K-metasomatism. The increased percentage 

n pre-metasomatic CIA values is also estimated, along with % K 

nrichment (after Fedo et al., 1995 ). The difference in our calcula- 
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Fig. 7. K enrichment (%) vs. (a) ƩREE; (b) ƩLREE; (c) ƩHREE. 
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ion is that we considered K-rich granites part of the provenance, 

hile it was excluded in the earlier model ( Rao et al., 1999 ). The

verage difference between the pre-metasomatic CIA and metaso- 

atic CIA values comprising both upper shales and lower shales is 

.1 ± 5.1. The average value for upper shales is 8.3 ± 4.9, while for 

ower shales, it is 10.7 ± 5.7, indicating the lower shales are more 

ffected by K-metasomatism. The average K enrichment (%) in both 

ower and upper shales is 12.2 ± 7.3%, with a maximum value of 

4% observed in the lower shales (Manoli and Hebbal). The in- 

reased percentage values obtained in the present study are lesser 

han those reported by Rao et al. (1999 ; Fig. 6 b). Such a difference

s due to consideration of K-feldspar rich Closepet Granite as part 

f the provenance in our modeling. Further, Rao et al. (1999) in- 

erpreted that the increased K enrichment % values are positively 

orrelated with LREE, suggesting the addition of LREE in shales due 

o K-metasomatism. 
13 
In the present study, the modeled provenance and the average 

hale compositions in the cases of both lower and upper shales 

how an excellent match ( Fig. 4 a, b), indicating that there may not 

e a need to invoke additional sources of LREE. The plot show- 

ng correlation between % K enrichment and the REE contents 

 Fig. 7 a, b) indicates that a few upper shale samples positively cor- 

elate with ƩLREE and ƩREE, while lower shales show a scatter. The 

hale samples with < 10% values in K-enrichment are more posi- 

ively correlated with ƩLREE and ƩREE, while the shales with > 10% 

f K-enrichment do not show any correlation with REE contents 

 Fig. 7 a, b). Kaolinites tend to fractionate LREE ( Galán et al., 2007 ;

a Silva et al., 2017 ; Andrade et al., 2022 ). It is further demon-

trated that most REE 3 + is adsorbed as 8–9-fold hydrated outer- 

phere complexes to kaolinite ( Borst et al., 2020 ). It is important 

o note here that the XRD studies indicate upper shales contain 

ore kaolinite, which is possibly due to the increased contribu- 
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B  
ion of the K-feldspar-rich granites in the provenance. The XRD 

nalysis and the lower increase percentage in CIA values in upper 

hales point out the persistence of kaolinites in them. We suggest 

hat the observed positive correlation between % K-increase and 

LREE in upper shales is due to kaolinite that would have fraction- 

ted more LREE. The lower shales, on the other, have more con- 

ribution from mafic sources and have more montmorillonite. The 

ifference in chemical compositions of upper and lower shales in 

erms of mafic and felsic source indicators points out that the lat- 

er has more contribution from mafic sources ( Rao et al., 1999 ). 

ur modeling of the lower and upper shale REE contents revealed 

he distinction in the source rock compositions. While lower shales 

re derived from a provenance dominated by TTG and mafic rocks 

65%), the upper shale compositions indicate that the granites are 

ignificantly present (61%). Our modeling thus corroborate with the 

lassical unroofing of greenstones exposing the K-rich granites later 

uring the sedimentation as proposed earlier ( Rao et al., 1999 ). 

owever, we suggest that hydrothermal or fluid activity during K- 

etasomatism is not responsible for the enrichment of LREE in 

aladgi shales. The ability of kaolinites to fractionate LREEs more 

n the upper shales is the reason for the overall enrichment of REEs 

nd the observed LREE enrichment. Capacity of kaolinite in rare 

arth ion-adsorption in acidic and basic environments reported in 

outh China ( Feng et al., 2021 ) is also supporting the idea of K-

nrichment. 

The high amount of K ions in the pore waters could be due 

o the dissolution of K feldspar and detrital illite ( Miliken, 2003 ). 

he presence of K-rich Granite in provenance corroborates the in- 

olvment of K feldspar dissolution. Further, the local contribu- 

ion of K from sandstone lying above the shales might have con- 

ributed K content in these shales ( Thyne, 2001 ). The Possibil- 

ty of K-enrichment and illite formation due to mat structures 

 Aubineau et al., 2019 ) in shales cannot be ruled out from Kaladgi-

adami basins. The shale algal mat structures are not reported 

et in the Kaladgi shales. However, light hydrocarbons are re- 

orted from the soils (derived from these shales in a surface geo- 

hemical prospecting survey) conducted within the Kaladgi Basin 

 Kalpana et al., 2010 ), suggesting the presence of organic molecules 

n these shales. 

. Conclusions 

• The XRD studies of Kaladgi shales suggest that the clay min- 

eral assemblage of lower shales (Manoli and Hebbal) is con- 

sistent with their derivation from more mafic sources. In con- 

trast, the upper shales (Govindakoppa and Daddanhatti) were 

derived from more felsic sources. Montmorillonite and kaolin- 

ite are the primary clay minerals present in the shales during 

sedimentation. The illite and chlorite are by-products of diage- 

nesis in an alkaline environment controlled by cations of pore 

water. The montmorillonite and kaolinite persistence in Pro- 

terozoic Kaladgi shales is due to sluggish transformation rates 

and incomplete conversion of the primary clay minerals during 

post-depositional alteration. 
• The geochemical modeling results suggest distinct provenance 

for lower and upper shales. The lower shales derived from a 

more mafic source having TTGs and mafic rocks up to 65%, 

and the upper shales derived from a provenace consisting 61% 

granites. Our modeling suggests a significant contribution from 

the K-enriched Closepet Granite, especially in the case of upper 

shales. Further, the results support a classical unroofing, where 

TTG-greenstones were eroded, leading to the exposure of K-rich 

granites subsequently, with the progression of sedimentation 

from lower to upper formations in the Kaladgi Basin. 
• The correlation between K-enrichment and LREE is attributed 
to a higher abundance of kaolinites in the upper shales. 
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