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ABSTRACT

An integrated approach of facies analysis, architectural element analysis and geochemistry
provides significant insight into the palaeogeography, palaeoclimate and provenances of
alluvial sediments in the Neoproterozoic Badami intracratonic rift basin, India. Process-based
facies analysis identified twelve facies, grouped into five facies associations that record a
palaeoenvironmental setting ranging from screecone — alluvial fan to braided fluvial. Rockfall
and debris flow dominate the depositional processes in the screecone — proximal fan settings,
whereas streamlet, sieve and sheetflood processes characterize the middle to distal fan
palaeogeography. Furthermore, a distal braided fluvial system developed with decreasing
depositional slope. Streams within the distal fan had ephemeral flow whereas the braided
fluvial setting had semi-perennial to perennial flow. The braided fluvial basin expanded

temporally; channels become shallower and wider in response to base profile rise and
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ultimately drowned under the sea. The poorly sorted clastic deposits of the studied interval
are interpreted as a lowstand product. The water table primarily controls spatial variability in
flow duration within channels. Nevertheless, temporal water table rise due to a change in
climate resulted in persistent flow duration within the fluvial system. The screecone - alluvial
fan setting developed on both margins of the east-west trending basin following northerly and
southerly palaeoslope respectively. However, associated braided fluvial deposits indicate a
westerly dipping palaeoslope, inferred from palaeocurrent directions, which corroborate an
intracratonic rift setting. Major and trace element geochemistry and molar A-CN-K plots,
CIA and palacoweathering trends of sandy sediments traced ‘transitional/uplifted
continental’, mixed provenances in the north, south and eastern parts of the basin ranging in
age from Archaean to Mesoproterozoic. The rifting is inferred to be related to Rodinia

supercontinent breakup.

Keywords: Facies and Architectural Elements; CIA and Palaeoweathering trends;
Provenance; Sequence stratigraphy; Neoproterozoic Badami intracratonic rift basin; Rodinia

breakup.

1. INTRODUCTION

The rudaceous sedimentary cone deposits are mostly formed in tectonically active margins,
and consequently prone to disturbances, and eventual destruction. Therefore, reconstruction
of such cones is often very difficult, particularly for those from the Precambrian. The general
lack of vegetation during the Precambrian promoted formation of such sedimentary cones, as
slopes were more vulnerable to failure, producing debris flows (Bose et al., 2008). Published

records of the Precambrian screecone deposits are very rare. Nonetheless, the dominance of



early greenhouse gasses in the Precambrian atmosphere facilitates more rigorous
palaeoweathering conditions and consequently produces more labile constituents in the flows.
Greater availability of fines would have produced more hyperconcentrated mass flow
products (Long, 2004) even within the fluvial systems (Buck and Minter, 1985). Therefore,
differentiating alluvial fans from coarse grained fluvial deposits remains a challenge for
Precambrian deposits (Miall, 1996; Els, 1998; Bridge, 2003; Eriksson et al., 2006).
Lithology, facies, petrography and geochemistry of these clastic sediments provide ample
important information about past tectonic (Bose et al., 2008) and climatic settings (Waters et
al., 2010), as well as their provenances (Lamminen and Koykka, 2010).

The detrital modes of sandstone can be used quantitatively, calculated from point
counts of thin sections to infer the tectonic settings of provenances (Dickinson et al., 1985).
The mineralogical and bulk chemical compositions of sedimentary rocks are useful in
determining provenance, interpreting palaeoclimates and tectonic activity (Nesbit et al.,
1996). Hydraulic sorting, weathering and diagenesis has a strong influence on geochemical
alteration of the source sediments. Nonetheless, the signature of the original source terrain
often remains within the sediments, reflecting the nature of the exposed continental crust
(Taylor and McLennan, 1985). The water-mobile major and trace elements, such as alkali and
alkaline earth elements are very sensitive to climate change and can be used as an important
proxy for depositional environments and palaeoclimate evolution (Wei et al., 2004). The
introduction of discrimination diagrams based on the relationship of major and trace elements
are now used to determine sediment provenances (Yan et al., 2007).

This present study deals with the uraniferous screecone-alluvial fan and associated
braided fluvial deposits at the base of the Neoproterozoic Badami Group. Belgaum,
Karnataka, India. Spectacular preservation and exposures provide ample opportunity to

examine the tectonic and climatic control, and source rock characteristics. The work has been



performed covering an area of about 3000 sg. km where breccia, conglomerate and poorly
sorted sandstone bodies, unconformably overlie the basement rocks of the Mesoproterozoic
Bagalkot Group and Archaean metasediments. Seven representative sections in five different
localities, namely, Murgod, Deshnur, Gokak, Gujanal and Islampur are studied (Fig. 1). All
the localities are in the western sector of the east-west trending Badami basin, covering the
northern, western and southern margins of the basin (Fig. 1). The studied stratigraphic
interval represents the basal members of the Badami Group, viz., Kendur Conglomerate
Member overlain by the Cave Temple Arenite Member (Fig. 2). The palaeogeography of the
above sectors of the basin can be determined separately by process-based facies analysis.
Distribution of facies in time and space in conjugation with location-wise and facies-wise
palaeocurrent analysis help in the understanding of the palaeodrainage pattern, indicating the
general palaeoslope direction within the study area. This paper also examines the evolution of
facies, fluvial architecture in order to assess the spatial and temporal variations in
sedimentation patterns and their possible controlling factors. Petrographic and geochemical
investigations were performed to investigate the sources or provenances of the sediments and

also to infer the tectonic setting of the basin.

2. GEOLOGICAL AND TECTONIC SETTING

The Bagalkot and Badami groups together constitute the Kalagdi Supergroup, and are
thought to have been deposited in a broadly east-west trending oval shaped episodically
sinking intracratonic basin (Fig. 1; Kale and Phansalkar, 1991, Mukhopadhyay et al., 2019).
The airborne geophysical and satellite data reveal that the basin is confined between basin
margin fault systems and is also traversed by several E-W to NE-SW trending faults and

lineaments (Fig. 1B; Sridhar et al., 2014). The lack of volcanics with the associated



sediments has been attributed to development up to pre-rift stage of the basin (Dey, 2015). A
U-Pb baddeleyite age of a dolerite dyke intruding the Yendigere Formation limits the
minimum age of deposition for the lower Bagalkot as 1861+4 Ma (Joy et al., 2018). The
1154+4 Ma age by “°Ar/**Ar dating method of mafic dykes associated with the Mallapur
intrusives that cut the uppermost Bagalkot Group, represents the post sedimentary igneous
event, and indicates that the Badami sedimentation must have taken place after 1.1 Ga (Patil
Pillai et al., 2018). On the basis of U-Th-Pb and Rb-Sr radiometric dating of limestone and
glauconitic sandstone of the Bhima Group and the Badami Group, Joy et al. (2018) suggested
that these two basins are contemporary and ascertained the depositional age as 800-900 Ma.
The Badami Group, unconformably overlies the middle Riphean Bagalkot Group and
Archaean metasediments, is divided into Kerur and Katageri formations in ascending order
that are, in turn, subdivided into six members (Jayaprakash et al., 1987; Fig. 2). The lower
two members of the basal Kerur Formation are characterized by lenticular, poorly sorted
sandstone and conglomerate bodies of largely fluvial origin (Hegde et al., 1994; Dey et al.,
2009; Mukhopadhyay et al., 2014, 2019). The top two members outcrop sparsely, and are
composed of fine grained clastic deposits relating to a marginal marine setting
(Mukhopadhyay et al., 2014). The Kerur Formation gradually passes upward into the
Katageri Formation, comprising shale-limestone of probable marine origin (Jayaprakash et
al., 1987; Kale and Phansalkar, 1991). The Kerur Formation in the western sector, informally
divided into four lithological units, has a lower conglomerate at the base, followed by lower
arkose, upper conglomerate and an upper arkose unit at top (Fig. 2). The present study
focuses on the lower conglomerate and the basal part of lower arkose unit outcropping in and

around Belgaum district (Figs. 1, 2).

3. METHODS



This study was undertaken using field, petrography and geochemical data. 25 out of 28 fresh
samples of sandstones, and conglomerates with sandy (and rare mud) matrix have been
utilized for quantitative mode analysis (Dickinson and Suczek, 1979; Dickinson, 1985),
These 25 samples represent different facies and facies associations (described later) at a
variety of locations (Table 1). Modal point calculations were carried out, using a petrographic
microscope, for 200 point counts at 3 different parts of the petrographic thin sections for each
specimen from which average modal percentage of minerals were calculated (Table 2). Three
of the 28 samples represent the matrix of debris flow conglomerates (sample no. 1, 20 and 21,
Table 1), and have been excluded on account of their higher clay content (>20%). 15 from the
28 samples of sand-dominated bulks were selected for major and trace element studies. The
samples were cut into thin (approximately 5 mm thick) slices along sections perpendicular to
bedding, washed with distilled water and wiped with acetone to remove surficial
contamination. These slices were powdered using a hand-driven agate mortar and pestle. The
grinding and powdering were carried out manually using nitrile gloves. Major oxide
concentrations (Table 3) of sample number 1, 2 and 12 to 15 (6 samples) were determined in
pressed pellet form using the Rigaku ZSX Primus Il wave length dispersive X-ray
fluorescence spectrometer (WD-XRF) with a 4 kW Rh target, operated at 60 kV and 50 mA
at the Indian Institute of Technology (I1T) Kanpur, India following the procedure described in
Amir et al. (2018). Sample numbers 3 to 11 (9 samples) were analysed using the Wavelength
Dispersive X-ray Fluorescence (WDXRF) S8 Tiger (4Kw) from Bruker-AXS, Germany at
the Indian Institute of Science Education and Research (IISER) Kolkata, India following the
procedure described in Das et al. (2020). Two standard reference materials, MESS-3
(Certified Reference Material, CRM) certified by National Research Council of Canada

(NRC - CNRC) and USGS geochemical reference material SDC-1, were analysed with each



batch of unknown samples to determine the accuracy of analyses (Supplementary Table
ST1). Loss of Ignition (LOI) of all the 15 samples was determined by igniting 1g of
powdered sample in a Platinum crucible up to 1050°C for 4 hours at IIT Kanpur. No other
samples except sample number 11 show visible phases of carbonates during petrographic
investigations and consequently all the 14 other samples show very low values of LOI
corresponding probably with the low contents of clay, phosphate and organic phases. For
CaO* correction, weight percentage of CO> was measured analytically only for sample
number 11 (Table 3). The loss of CO> was determined by adding 1g to 5g of powdered
sample number 11 to warm 0.1 N HCI following a semi quantitative gravimetric method.
200 ml of warm HCI was, poured in a 250 beaker, placed on analytical balance and tarred.
Powered samples (1g to 5g respectively) were weighed accurately and were added to acid and
the weight changes were recorded until completion of the effervescence reaction
(supplementary Table ST2). The amount of carbon dioxide released followed a linear
regression relationship with the initial weight of the sample (regression coefficient R? value
of 0.9983, supplementary Fig. SF1). Average weight percentages of released CO, were
calculated from the mentioned trials. CaO* were determined for all the samples and corrected
for phosphate phases (McLenan, 1993), however, for sample number 11 it was corrected for
both phosphate and carbonate phases (Fedo et al., 1995).

Trace element concentration of 15 samples were performed at IIT Kanpur (Table 3)
using the Thermo Fisher Scientific, 8900-Q-ICP-MS (Quadrupole Inductively Coupled
Plasma Mass Spectrometer), both in standard and He Kinetic Energy Discrimination mode to
optimize the separation of measured elements from interfering polyatomic interferences.
Approximately 0.25g powdered sample was digested by a mixture of trace element grade HF
and HNO; in 3:1 ratio using a pre-cleaned Teflon beaker at 130 + 5°C for 48 hours. After

digestion, the samples were dried and re-dissolved in concentrated 2ml of Aqua-regia. If



residues were seen, the steps were repeated to complete the digestion process. Trace element
concentrations were determined at ~200 ppm totally dissolved solid solutions. Reference
Materials SBC-1 and SCO-1 (shale) from the US Geological Survey (USGS) and WGB-1
(Gabbro) rock standard from Canadian Certified Reference Material Project (CCRMP) were
also digested following the same procedures (supplementary Table ST3). Three blanks were
analysed to quantify the total procedural blank, whereas reference materials were analysed as
unknown to assess the data quality. Multi elemental standard solution (MES) diluted to 7
appropriate concentrations was used to construct the calibration curve, and trace element
concentrations were determined based on the calibration curve. Since exact rock-matrix
matched reference materials were unavailable, all the samples and standards were spiked by
~5 ppb rhodium solution, and rhodium was used as an internal standard. Average blank

corrections were less than 1% for most of the elements.

4. FACIES ANALYSIS

Facies have been classified on the basis of sedimentary structures, body geometry and
textural characteristics. A unified facies analysis scheme is adopted based on depositional
mechanism of the sediments (Walker 1984; Reading 1986; Posamentier and Walker 2006).

Twelve (12) facies have been identified, the details of which are given in Table 4.

5. FACIES ASSOCIATIONS

Facies can be grouped into several genetic packages, called facies associations (FA) (Miall,
1980; Hallam, 1981; Walker, 1984; Reading, 1986). A particular facies association differs

from others in overall combination of facies, their mutual proportions, internal organization



and body geometries, although a particular facies can be shared by different associations.
Five distinct facies associations can be ascertained for the entire studied interval (details
given in Table 5). FA 1 composed of breccia and conglomerate facies representing screecone
palaeogeography. FA 2 composed of coarsening upward succession of conglomerate with
subordinate sandstone and breccia facies representing an alluvial fan. FA 3, 4 and 5
composed dominantly of sandstone facies representing braided fluvial setting, however,

deposited in ephemeral, semiperennial and perennial flow condition respectively.

6. FLUVIAL ARCHITECTURAL ELEMENTS

Fluvial architectural element analysis is instrumental for understanding the
palaeogeomorphology and fluvial channel patterns of any fluvial deposit. The architectural
elements are identified on the basis of lithology, internal structure and 3-dimensional
geometry of the macroforms that are larger than bedforms but smaller than channels (Miall,
1985, 2006; Yu et al., 2002; Miall and Jones, 2003; Fielding, 2006; Sarkar et al., 2012). The

constituents of the architectural elements of the fluvial deposits have been given in Table 6.

7. FLUVIAL BOUNDING SURFACES AND PACKAGING PATTERNS

Recent studies on fluvial sedimentology extend the premise of architectural element analysis
by recognising strata-bounding surfaces (Miall, 1985, 1988, 1992, 1994, 1996, 2006;
Bromley, 1991; Eberth and Miall, 1991; Fielding, 1993; Hjellbakk, 1997; Yu et al., 2002;
Bridge, 1993, 2006; Miall and Jones, 2003; Best et al., 2003; Gani and Alam, 2004,
Alexander and Fielding, 2006; Catuneanu, 2006; Long, 2006; Rygel and Gibling, 2006; Gao

et al., 2007). The larger surfaces discriminate elements larger than channelforms, like channel



belt cycles and valley cycles (Miall, 1988; Holbrook, 2001; Catuneanu, 2006). Comparatively
smaller surfaces characterize the stratal packaging types within such channel belts or valley
fills. The packaging pattern in FA 3 is characterized by the lateral and vertical stacking of
SCE without any major erosion surfaces (stratigraphic package, SP, 1). However, FA 4 and 5
are characterized by packaging of multiple vertical and laterally juxtaposed architectural
elements divided by laterally persistent master erosion surfaces that can be correlated with
‘channel belts’ of Holbrook (2001). In FA 4, each of the packages, stacked one above
another, are broadly lenticular to tabular in geometry, separated by undulatory, incised
bounding surfaces (stratigraphic package, SP, 2). FA 5, on the other hand, is composed of
packaging of sheet like sandstone bodies, with less scouring at the bounding surfaces
(stratigraphic package, SP, 3).

The general absence of master erosion surfaces in SP 1 possibly reflects frequent
incision by small channel elements and their occurrence too close to each other (Fig. 4E).
This package pattern suggests formation of interconnected networks of channels in a braided
pattern, where omission surfaces are often eroded, indicating frequent abandonment and
reoccupation of channels. Local occurrences of soft sediment deformation structures (Fig.
7H) and the presence of massive to crudely cross stratified flash flood deposits with randomly
distributed oversized clasts clearly suggest highly the fluctuating nature of the flows within
ephemeral channels (Olsen, 1989). In SP 2, each storey comprises rows of three to four
architectural elements, viz. DAE, SCE, LSE and minor LAE stacked one above the other,
with rare SGE. DAE and SCE, both rest on the bounding surface, and are laterally adjacent
and transitional to each other. The LSE frequently underlies bounding surfaces and generally
overlies DAE and LAE. Frequent lateral transitions between DAEs and SCEs or LAEs
apparently attest to the mid-channel position of the bars, which likely formed in a braided

river system (Miall, 1996; Sarkar et al., 2012; Samanta et al., 2016). Scouring (<15 cm)
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within SP 2 reflects that flow unsteadiness still existed, although to a lesser extent. The river
channels were probably semi-perennial in nature. SP 3 is comprises mostly DAE, TBE, SCE
and LAE. The bar-top planar laminae with limited grain size variations between various
elements suggest the limited scale of flow fluctuation during filling of the channels. The
bounding surfaces, separating each package, are more planar and the lack of significant
scouring at their bases clearly suggests more stable flows in a braided pattern of river system,
like SP2. The occurrence of transverse bars within this package supports declining flow
velocity within the channels. Therefore, it can be inferred that the channels become
increasingly perennial distally. Nonetheless, the drainage basin expanded by denudation and
headward erosion of higher topographic areas during deposition of SP 2 and 3. Over time,
these two fluvial intervals covered all the study area, eventually overlying all other

stratigraphic units (except FA 1), even onlapping the basement (Fig. 12).

8. STRATIGRAPHIC ARCHITECTURE

The stratigraphic architecture in all locations is based on the visual appreciation of lateral and
vertical transitions depending on the exposures. In most of the areas, construction of synthetic
vertical sections along the dip direction, has been undertaken, except Murgod, where vertical
sections are constructed at three different locations (Fig. 1C), each successively further away
from the basin margin accordingly named as ‘proximal’, ‘middle’ and ‘distal’.

The Proximal section, in the Murgod area, is composed almost entirely of FA 1 (Fig.
8), directly overlying the metasedimentary Saundatti Quartzite basement, and representing
the only outcrop (Location S-1, Fig. 1B and C) of this association. The scree breccia facies
dominate in this section and these are thicker and coarser than other constituent facies,

although rapidly wedge downslope. The clasts composition of the breccia and conglomerates
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are almost entirely made up of quartzites (Fig. 8). The palaeocurrent direction derived from
the fan apron subfacies shows considerable variations, although very few data are available.
The Middle section is around 200 m downcurrent from the proximal section (Location S-2,
Fig. 1B and C) and overlies it. This section is comprised mostly of pebbly sandstone bodies
(FA 3) with infrequent debris flow conglomerates (facies B) towards the basal part (Fig. 8).
The debris-flow conglomerates are progressively reduced in frequency up the section with a
gradual increase in channel width. The maximum channel width in the lower part measured
up to 2.3 m whereas its average width is measured to be 4.5 m towards top. Grain flow
conglomerate bodies (facies C), frequently associated with debris-flow in the proximal
section, is absent within this section. Overall reduction in grain size of the sandstone bodies
as well as thicknesses of the trough sets are apparent up-the-section. The Distal section is
situated about 80 m away from the middle section along the depositional dip direction
(Location S-3, Fig. 1B and C), and overlies it. This section is dominantly composed of FA 4
(Fig. 8). The facies constituents are pebbly, yet smaller in grain size than those of the
proximal and middle section. However, the basal segment shows infrequent occurrences of
trough cross stratified, pebbly sandstone bodies belonging to FA 3. The palaeocurrent
direction of FA 4 shows an angular relationship to that of the FA 3 but is fairly consistent all
through the basin (Fig. 8). This section also shows an upward decrease in grain size as well as
set thicknesses.

The proximal section of the Murgod area suggests a screecone deposit. The high
angularity of the clasts indicate proximal terrestrial palaeogeography, nearest to the basin
margin. The middle section, dominated by trough cross stratified granular sandstone bodies
of FA 3, suggests their deposition through a network of small, short-lived, highly avulsive,
high energy streamlets. The palaeoslope appears to be too steep for the development of stable

channelforms. Deposition apparently took place along less steep marginal areas of the
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screecone. The dominance of FA 4 in the distal section suggests deposition from a
comparatively stable braided semi-perennial river system. However, decrease in grainsize and
cross set thickness up the section indicates rapid filling up of the site with reduction in slope
and flow velocity, possibly at the fringe of the screecone. Evidently, FA 3 follows a different
palaeoslope (north to north-west) than that of FA 4 (westerly) (Fig. 8).

The single measured section in the Gokak area, of about 17 m (Figs. 1, 9) is
constructed along the deep gorge of the Gokak waterfalls (Location S-5, Fig. 1B). The
succession, initiates with conglomeratic FA 2, overlies granitic basement (Fig. 9), and is
followed upward by sandy deposits of FA 5 (Fig. 10). FA 2 shows a prominent coarsening-
upward trend, with a sandy lower portion (Fig. 10). Occasional sheet flow and debris flow
conglomerate bodies are dispersed within the lower sandy portion. The middle portion is
dominated by sheet flow conglomerates and sieve deposits, whereas the upper portion is
dominated by debris flow conglomerates. Rare scree breccia bodies are found to be dispersed
at different levels of the association (Fig. 10). Conglomerate bodies thickened and coarsened
upward, amalgamations of which are more common towards upper portion than the middle
portion (Fig. 9). The clasts of these breccia and conglomerates are mostly granitic but BIF
and other clasts constitute a significant proportion of the sediment budget (Fig. 9). This
conglomeratic interval is succeeded by pebble-free sandy fluvial deposits of FA 5, with a
sharp contact (Figs. 9, 10). This association, with its typical multistoried appearance, makes
up the majority of the total succession and showing a fining upward trend. A few laterally
extensive soft sediment deformation layers are also encountered in the basal portion of FA 5
(Fig. 9). The palaeocurrent directions derived from FA 2 shows an angular relationship with
that of FA 5 (Fig. 9).

The basal conglomeratic portion of the succession, with its coarsening upward trend,

undoubtedly represents a prograding alluvial fan (Middleton and Hampton, 1973, 1976;
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Lowe, 1979; Nemec and Steel, 1984; Blair and McPherson, 1994). The lowermost sandy part
with occasional sheet flow and debris flow conglomerates clearly suggests lower fan
palaeogeography. The sheet flow and sieve dominated middle part and debris flow dominated
upper part account for middle and upper fan palaeogeography, respectively. The occurrence
of scree breccia bodies at different levels of the succession indicates tectonic upliftment of
the basement thereby promoting prolonged progradation of the alluvial fan. The subsequent
fluvial interval represents deposition from a braided perennial river system, onlapping over a
gently sloping area beyond the basin marginal influence. The presence of laterally extensive
soft sediment deformation structures within basal part corroborates tectonic disturbance
(Allen, 1968). The angular relationship of palaeocurrents between FA 2 and 5 indicates that
the short lived ephemeral river and alluvial fan systems developed along the local
palaeoslope (southerly), whereas the perennial river system (FA 5) follows the regional
westerly palaeoslope direction (Fig. 9).

In the Deshnur area (Location S-4, Fig. 1B), the succession is chiefly arenaceous
with a thin basal rudaceous portion, overlying the Archaean metasediments (Fig. 11). The
rudaceous portion is composed of intercalations between debris flow (facies B) and sheet
flow (facies E) conglomerates and trough cross-stratified sandstone bodies (subfacies Hy),
with rare occurrences of sieve (facies D), modified grain flow (facies C) and scree breccia
(facies A) bodies. The overlying sandy portion consists of multistoried, several vertically
juxtaposed channel belts of FA 4 and 5 successively with a distinct fining upward trend. The
cross strata orientations for both the facies associations are fairly similar and consistent (Fig.
11).

The dominance of debris flow, sheet conglomerates and rare presence of sieve
deposits in the basal portion suggest an alluvial fan palaeoenvironment (Wasson, 1974).

Although a typical coarsening upward succession is absent (Rust and Koster, 1984; Nilsen,
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1985; Blair and McPherson, 1994), representing the distal fringe of the fan. The frequent
presence of channel thalweg conglomerates and overall very coarse grain-size indicate high
energy deposition, probably on steep slopes. The overlying sandy facies associations with
well-developed channel belt and channel fill bodies illustrate their deposition from a braided
fluvial system in areas beyond the alluvial fan. The overall fining upwards trend within FA 4
and 5 clearly suggest aggradation with steady rise in base level.

The successions in the Gujanal and Islumpur localities (Location S-6 and S7, Fig.
1B) are chiefly arenaceous with dominance of trough cross stratified sandstone bodies (Fig.
12A). Both the successions are similar and are dominated by multistoried FA 4 and 5.
Basement is not exposed, although granitic basement outcrops at a nearby locality (Fig. 12B).
The rudaceous facies are almost absent except for the occurrence of a few channel thalweg
conglomerates (facies F). A few laterally extensive soft sediment deformation layers are
encountered within FA 5 in both localities (Fig. 12A).

The palaeogeography of FA 4 and 5 is similar to that of other areas with a similar

regional palaeoslope as indicated by the consistent palaeoflow direction (Fig. 12).

9. PROVENANCE FROM SANDSTONE COMPOSITION

Modal proportions of mineralogical components of the 25 selected sandy specimens have
been plotted in Qt-F-L triangular plot (Dickinson, 1985; Fig. 13A) to help determine the
provenance characteristics and tectonic setting. Most of the samples fall either in the field of
‘transitional continent’ or in the ‘basement uplift’ portions of the triangular diagram

(Dickinson et al., 1983; Dickinson, 1985). Basement uplifts occur along incipient rift belts,

transform ruptures, deep-seated thrusts, and zones of wrench tectonism. The foreland basin
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model is not applied for the Badami as it is not associated with any middle Proterozoic
mobile belt nor has any tectonized contact (Kale 1995). The QtF-L triangular plot
corroborates a intracratonic rift model for the Badami basin with transitional/uplifted
continental source (Dey, 2015) leading to feldspar enrichment and preservation due to quick

burial during the initial rift stage.

10. PALAEOWEATHERING TRENDS AND PROVENENCES

For comparison, all the data (Table 3) are normalized with the average Proterozoic Cratonic
Sandstone (PCS; Condie, 1993) and average Upper Continental Crust (UCC; Taylor and
McLennan, 1985; Rudnick and Gao, 2003) and are plotted in Fig. 13B and C, respectively.
Compared to the PCS, the average trend for all the 14 samples (excluding sample number 11)
show lower values of MgO, CaO and TiOz, similar values of SiOz, higher values of Na.O and
K20 and slightly higher values Al>Os and FeOr. On the other hand, compared to the UCC the
average compositional trend of the 14 samples shows slightly lower to similar values of K>O,
similar values of SiO., lower values of MgO, Na;O, FeOr, P.Os, TiO2 and MnO and very low
values of CaO. Major oxide data have been compared to the data from surrounding
immediate basement rocks, like the Mesoproterozoic Saundatti Quartzite from the northern
and southern basin margins (Dey et al., 2009), Archaean Peninsular Gneisses (PGC) (Dey et
al., 2009), greywacke and phyllites from the Archaean Chitradurga and Gadag Schist belts
(Naqgvi et al., 1988), cherts, shales and BIFs from Chitradurga Schist Belt (CSB) (Rao and
Nagvi, 1995), Chitradurga pillow basalts (Duraiswami et al., 2013), Closepet Granite (CG,
Dey et al., 2009) and basalts of the late-Archaean Hungund-Kushtagi schist belt (Naqgvi et al.,
2006; Dey et al., 2009), to understand the sediment contribution from different aged rocks. A

restricted cluster of data points can be seen within the total alkali contents (K20 + NazO) vs.
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K>0/Na20 diagram (Fig. 13D) and the data are closely associated with the northern Saundatti
Quartzite and shales, shaly BIFs and phyllites of the Chitradurga metasediments. Total alkali
content varies from 2.25% to 6.99% indicating variable feldspar content in sand-sized
fractions along with variable clay content in the finer fraction. The K>2O/NaO ratio is always
greater than 1 (max. 10.11 and min. 1.29; mean= 4.74) indicating predominance of K-
feldspar. The SiO2/Al>0z3 vs (FeOt + MgO)/(K2O + Na20) diagram (Fig. 14A) also shows
data points for the samples clustering near the Saundatti specimens. A minimum value (3.66)
of SiO2/Al>03 is demonstrated by clay rich sample 11, where most of the sand-sized samples
have higher values, always above 10, with an average of 15.03. On the other hand, average
(FeOt + MgO)/(K20 + Na20) is 0.99 for 9 samples showing a value below 1. This indicates a
greater contribution of clastic components from felsic, quartzo-feldspathic source than mafic
and also a lesser clay content for the sand-sized fraction that corroborates petrographic
observations. The enrichment of total iron oxide content (FeOr), in contrast to overall lower
values of CaO, TiOzand MgO, suggests a source that is rich in iron but devoid of other mafic
components, like iron formations. Sample 11 contains calcitic cement, which explains the
exceptional enrichment of CaO. The greater amount (24-26%) of fine-grained illitic and
chloritic clay content is better reflected by the enrichment of K20, Al203, MgO and FeOt and
lower values of SiO. The higher values of MgO, FeOt and TiO> suggest some contribution
from mafic sources for the proximal rudaceous sediments, especially for products of debris
flows, which may carry sediments from a long distance. The low (FeOT+MgO)/(K20O+Na20)
values (average. 0.999) and high SiO2/Al>O3 values (average. 15.028) (Table 5; Fig. 14A)
reflect greater contribution from more evolved felsic or quartzo-feldspathic sources.
SiO2/Al,O3 values tend to reflect maturation of sediments, but without formation of excess
clay due to greater chemical weathering rate and feldspar alteration. K>O/Na;O vs.

K20+Na2O plots (Figs. 13D) indicate major sediment contribution from an evolved K-rich
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source, like Closepet Granite (K-rich granitoids) or Saundatti Quartzite (K-rich
metasediments). Normalization with respect to UCC (Fig 13C) again indicates a felsic,
potassium rich source rock with lesser contribution from iron rich and mafic sources.

Trace element data are plotted as Zr/Ni vs. Zr/Cr and Cr vs Ni diagrams (Figs. 14B,
C) and they also have been compared to immediate basement rocks mentioned earlier. The
data points in the Zr/Ni vs. Zr/Cr diagram (Fig. 14B) coincide with the granitoids and extend
towards higher values. Samples show similar to slightly higher values than the Saundatti
Quarzite from the southern margin, though are very similar to values from northern margin.
The Chitradurga and Gadag phyllites and greywackes, shales, shaly BIFs and a few pillow
basalts from the Chitradurga Schist Belt show closer association with the Badami sediments.
In the Cr vs Ni diagram (Fig. 14C), the values are similar to those of the Saundatti Quartzite,
show affinity to granitoid plutons and extend towards much lower values indicating greater
contributions from granitoids and reworked quartzo-feldspathic Saundatti Quartzite, with
some contribution from other sources like reworked metasediments of the Chitradurga Group.

Determination of Chemical Index of Alteration (CIA) values and plotting of an A-
CN-K diagram (Nesbitt and Young, 1984, 1989; Neshitt et al., 1996) reveal significant
information about source contribution, patterns of palaeo-weathering, chemical evolution and
alteration of sediments and climatic influences on the processes. Although the range of CIA
(Table 3) varies from low to moderate values (48.14-65.74), the samples show an overall
increasing trend of CIA values from FA 2 and 3 (48-55) to overlying FA 4 and 5 (56-66),
with variable values for FA 1. In the molar Al,O3—(CaO + Na,0)-K.O or A-CN-K
triangular plot (Fig. 14D), the studied samples show closer correlation with the Saundatti
Quartzite and the K-rich Closepet granite. Here, the studied specimens plot along the direct
weathering trend of K-rich Saundatti Quartzite and K-rich Closepet granite. The plotted data

do not follow the direct weathering trend of the Peninsular granitoids or the schist belt
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mafics. Low CIA values for FA 1, 2 and 3 (Fig. 14D) depict low rates of chemical weathering
in a dry climatic condition. The relatively higher CIA values for FA 4 and 5 undoubtedly
represent greater degree of chemical weathering resulting in greater loss of CaO+Na.O and
K20 and enrichment of Al>Os in relatively wet and hot climatic condition (Yan et al., 2007).
However, the exceptionally high CIA value for sample 11 is possibly not due to chemical
alteration but corresponds to its primary matrix-supported mineralogy. The high CIA values
within FA 4 and 5 may also be attributed to long transportation that accords well with the
sedimentological observation, facilitating more pronounced chemical weathering during

transportation.

11. DISCUSSION

Seven measured sections of the studied interval well-illustrate the lateral and vertical changes
in the nature and organization of sediments during the early phase of development of the
basin. The role of bedrock composition is apparent from the fact that metasedimentary
basement generated steepest slopes while granitic basements gave rise to relatively gentle
slopes on opposite sides of the basin margin. Most of the clasts are generally rectangular or
blocky at Murgod area because of a closely jointed and well laminated metasedimentary
source that contributed most of the sediments for the scree deposits. The rate of sediment
supply must have been higher from metasedimentary sources as the sediments would have
been weathered more rapidly. In general, the greater rate of sediment supply would have
generated gentler slope and should have encouraged more sediment gravity flow products
(Nichols and Thompson, 2005). However, despite the high sediment supply, Murgod area
contains relatively few sediment gravity flow products, possibly because of the fact that the

slopes in the area were steeper than the angle-of-repose for a considerable period of time, due
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to syndepositional tectonic activity. This scenario likely resulted the accumulation of a
considerable amount of scree deposits at the base of the Badami Group (cf. Bose et al., 2008).
The Murgod area, therefore, represents the steepest southern margin of the study area, where
the sedimentary cone deposits are coarsest and indicate sedimentation through free fall
processes. However, the middle and distal sections of this area contain a subordinate amount
of scree deposits and rapidly grade into SP 3 with a short intervention of SP 1 and 2,
indicating the steepness of the basin margin. In contrast, the comparatively gentler slope in
the Gokak area, representing the northern margin, facilitated more sediment gravity flows and
consequently produced alluvial fans. The high rate of sediment supply relating to rapid uplift
of the source area resulted in initial progradation of the alluvial fan. At Gokak, the massflow
dominated alluvial fan deposit gives way upward into inferred SP 3 with a minor
progradation at the basal part. It clearly suggests existence of slope break but the slope never
appears to exceed the angle-of-repose. Occurrences of scree bodies well above the base of the
succession suggest periodic upliftment of the basement. The presence of laterally extensive
soft sediment deformation structures also corroborates tectonic disturbances (Allen, 1968).
The tectonic activity was possibly not as frequent as at Murgod. The Deshnur area represents
only the distal fringe of the inferred fan with dominance of SP 2 and 3. The channel belts
become wider and thinner, at least in the distal part of this area, indicating even gentler slopes
than those of Gokak. The Gujanal and Islampur aeras represent only SP 2 and 3 without
preservation of any fan sediments, suggesting the gentlest slope of all the depositional sites.
The flow duration within channels, in its upstream reaches, depends on the
availability of water sources and the position of channels with respect to the groundwater
table. The topography, primarily controlled by tectonics, can also play a pivotal role in
determining the position of water table with respect to the channel. In the downstream

reaches sea level fluctuations play a significant role in controlling the channel parameters
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(Blum and Tornqvist, 2000). The deceptive spatial variability in flow duration in the
basinward direction, from either margin, within the studied interval was possibly controlled
by seasonal variation in water table position with respect to the channels (Fig. 15). The
control of water table fluctuation becomes far more important in the backdrop of dry, semi-
arid to arid climatic conditions, with heavy seasonal rainfall, in combination with
depauperated, primeval vegetation. In steeply sloping and higher topographic areas, like
alluvial fan surfaces, water usually percolates downward rapidly from the channels, as the
water table remains well below the channels for most of the year, except the times of rare
heavy rainfall. In a multichannel system like SP 1, more deeply incised channels are likely to
consume most of the water, leaving the shallower channels dry. Hence, an ephemeral nature
becomes apparent. With decreasing steepness, the water table gradually rises to the channel
surface resulting in semi-perennial nature of the SP 2 channels. With further decrease in
steepness, the water table lies above the channel floor for most of the time of the year, and
consequently accounts for the perennial nature of the SP 3 channels. Bose et al. (2008)
reported a similar basin margin screecone-alluvial fan deposits from the underlying Bagalkot
Group. They emphasised the flow durations down the hill slope and adjacent plains can
solely be controlled by the position of the channels with respect to the groundwater
intersection point, without necessitating any major change in climatic conditions.

However, the CIA values and weathering trends (Fig. 14D) clearly indicate that
degree of chemical weathering increased during deposition of SP 2 and 3 compared to FA 1,
2 and SP 1. The low CIA values depicting weak chemical weathering, accord well with the
overall arid to semi-arid climatic conditions during their deposition. The CIA plots of
specimens from overlying SP 2 and 3 indicating comparatively higher degree of chemical
weathering. Petrographic observations suggest comparatively higher amount of altered

feldspar grains (Fig. 7E, F) within the sandstones, which supports this contention. The
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shifting of values towards the K- apex are related to the incorporation Saundatti Quartzite as
primary source that shows greater amount of K-feldspar due to both the effect of sediment
sorting and minor redistribution of K due to K-metasomatism (Dey et al., 2009). Temporal
expansion of the drainage basin within SP 2 and 3 suggests an elevation of the regional
groundwater table throughout the study area, indicative of a climatic shift towards more wet
and hot conditions. The divergent and location-specific palaeocurrent directions within FA 1,
2 and SP 1 clearly suggest that the scree breccia - alluvial fan and inferred ephemeral river
systems were generated from the east-west trending basin margin fault systems and follow
the extant slopes (northward at Murgod and southward at Gokak respectively) on either side
of the basin margin (Fig. 15). However, consistent palaeocurrent directions within SP 2 and 3
indicate that the inferred semi-perennial to perennial river systems developed on plains likely
represent the axial river that followed the regional westward palaeoslope (Fig. 15). The
inferred depositional model (Fig. 15) clearly supports an intracratonic rift model for the
Badami basin. The Qt-F-L triangular plot (Fig. 13A) further supports upliftment of the
basement and quick burial of sediments, probably reflecting initial rifting stage of the basin.
The supercontinent Rodinia formed at about 1100-1000 Ma and lasted approximately until
750 Ma ago (Pisarevsky et al., 2003). The similarity in palaecomagnetic data from the
Buldelkhand craton of northern India with Eastern Dharwar craton of southern India indicates
that these two cratons were in reasonable proximity at 1.0 Ga (Venkateshwarlu and Rao,
2013) and were part of Rodinia. Rodinia began to fragment at around 800-750 Ma with the
separation of Australia, east Antarctica, south China, India and Siberia from Laurentia.
Extensive dyke swarms emplaced at 780 Ma in western Laurentia may record the initial
breakup of the Rodinia in this area (Harlan et al., 2003). Recent palaeomagnetic
reconstruction suggests that the two continents, India and South China were united together

along the western margin of the Rodinia supercontinent (Torsvik et al., 2001; Jiang et al.,
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2003; Li et al., 2004; Duan et al., 2011). Hofmann et al. (2011) suggested that similarities
between the detrital zircon ages of the Indian and the Chinese tillites and sandstones indicate
that both areas shared a similar history in the Neoproterozoic. Considering the new
geochronological data, the formation of the Badami—Bhima (and part of Kurnool) basins
(800900 Ma) is linked to the breakup of Rodinia supercontinent (Joy et al. (2018). The
Neoproterozoic supercontinent fragmentation along with global scale flood basaltic eruptions
resulted an initial increase of atmospheric greenhouse gases (Godderis et al., 2003; Hofmann
et al.,, 2011). Later, increased weathering of exposed rocks and basaltic provinces
subsequently consumed CO- through silicate weathering and reduced the atmospheric
greenhouse gas levels (Godderis et al., 2003; Stern and Miller, 2018). Recent studies
demonstrate that initial continental rifting can cause intensified CO, degassing (Ibs-von Seht
et al., 2008; Brune et al., 2017) and injection of other greenhouse gases (Fischer, 2008; Jolie
et al., 2016) to the atmosphere, which in turn can elevate the degree of chemical weathering
under a hot, humid climate. Therefore, the interpretation of climate-induced transformation
from ephemeral to perennial fluvial system appears to be consistent with the tectonic record.
Geochemical investigations demonstrate that the source rock were K-rich granitoids or K-
rich quartzo-feldspathic sediments, like the Saundatti Quartzite with fewer contributions from
basalts, greywackes, shaley BIFs and phyllitic metasediments of the Archaean Chitradurga
Schist Belt and Hungund-Kushtagi Schist Belt as revealed from the major oxide
normalization with respect to PCS (Fig. 13B) and UCC (Fig. 13C). Further, values from
ZrINi vs. Zr/Cr (Fig. 14C) and Cr vs Ni (Fig. 14D) suggest direct contribution from the
Saundatti Quartzite. Minor contribution from mafic and iron rich sources of greenstone belts
are recorded within products of debris flows along the southern margin. It is also supported

by the occasional presence of chert, hematite and BHJ fragments within the conglomeratic
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framework constituents (Fig. 6B). Thus, source mixing is quite evident, although Saundatti
Quartzite appears to be the major provenance contributor.

The Kerur Formation, as a whole, is a fining-upward sequence containing coarser clastic
deposit at the base and shale at top; the latter, with carbonates, constitute the overlying
Katageri Formation. The studied basal segment of the Kerur Formation was deposited over an
unconformity and is overlain by a marine deposits with a transgressive lag at the base, which
can be interpreted as lowstand systems tract (LST) (Catuneanu, 2006; Figs. 1, 2). The
progradation in the LST is most pronounced in the proximal section at the Gokak area (Fig.
9). The overall fining-upward fluvial succession of the Kerur Formation suggests fluvial
channel aggradation, as a result of a slow rise in base profile (Sarkar et al., 2012). The marine

body eventually transgressed the study area and drowned the fluvial deposits.

12. CONCLUSIONS

The basal interval of the Neoproterozoic Kerur Formation of the Badami Group is
characterized by scree, alluvial fan and fluvial deposits in the western part of the basin. The
fluvial systems associated with this fan evolved from ephemeral to semi-perennial to
perennial down the slopes. The spatial flow duration within the fluvial systems is principally
controlled by the water table fluctuation, which is more pronounced in an overall semi-arid
climatic condition. However, climatic alteration resulted in a permanent rise of the water
table thereby facilitating development of a semiperennial to perennial fluvial system higher in
the succession all through the study area. Despite variations in flow duration, the channels are
dominated by a braided pattern that is consistent with the vegetation-free Precambrian
alluvial systems. The mode of sediment transport and deposition, facies and architectural

element pattern and stratigraphic architecture is principally controlled by basin-margin
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tectonics in both depositional dip- and strike- parallel directions. The northerly and southerly
palaeoflow directions within the screecone and alluvial fan settings indicates that they have
originated on both sides of the east-west trending basin margin fault system. However, the
westerly palaeoflow direction within the associated fluvial systems suggests a different
palaeoslope for the latter. These corroborate the intracratonic rift model for the Badami basin.
Quantitative petrographic studies further demonstrate uplifted continental source for the
sediments of the Badami basin. Major and trace element geochemistry and molar A-CN-K
plots, CIA and palaeoweathering trends of sandy sediments clearly point towards source
mixing. However, Sandhauti Quartzite appears to be the primary contributor. The studied
interval of the Kerur Formation represents an LST product showing a progradational
character in the proximal fan part. The fluvial deposits formed during a slow rise in base
profile initially, that became more pronounced later. The Badami rifting is possibly

associated with Rodinia supercontinent breakup.
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Figure Captions

Fig. 1. Location and Geological background of the study area: Geological map displaying the

spatial distribution of different stratigraphic units of the Kaladgi basin including the Archaean

basement rocks with some important faults and cross faults. Study area has been marked by a

rectangle. Note relevant part of Indian map within inset (modified after Jayaprakash et al.,
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1987) (A). Geophysical reconstruction of the E - W trending Kaladgi basin bounded by basin
margin faults on the north and south. Note the occurrence of other E — W to NE — SW
trending faults and NNE — SSW trending cross faults (modified after Sridhar et al., 2014).
The spatial distribution of different stratigraphic units shown as outcrop boundaries (modified
after Jayaprakash et al., 1987). Also note the study locations represented by numbers (S1 to
S7) used in figs. 8, 9, 11 and 12 (B). The rectangular area on the extreme lower right corner

in fig. 1B is highlighted displaying detailed locations used in fig. 8 (C).

Fig. 2. General stratigraphy of the Kaladgi Supergroup (after Jayaprakash et al., 1987),
divided into the Bagalkot and the Badami Group in ascending order. Note bipartite division
of the Badami Group and further subdivisions of the Kerur Formation into four lithological

units. Relevant stratigraphic interval and its sequence stratigraphic status shown on the right.

Fig. 3. Facies A: Highly angular clast supported breccia with jagged lower contact due to
penetration of clasts. Note the reclined clasts marked by double headed arrows. Also note
occurrence of thin granular sandstone of fan-apron origin (subfacies G2) marked by dotted
lines on the middle (A). Matching boundaries of broken clasts marked by rectangles (B).
Deep penetration of clasts into the lower sandy beds. Note crude cross strata in granular
sandstone of subfacies G. just below the dotted line (C). Facies B: Matrix supported
conglomerate with haphazard orientations of clasts. Note protrusion of clast marked by
arrows. Also note sharp base, marked by dotted line, and slight upward convexity of the SGE
(D). Facies C: Clast supported conglomerate with occasional reverse grading marked by
arrows. Note bed boundaries highlighted by dotted lines (E). Facies D: Clast supported
conglomerate giving rise to sandstone upward because of sand infiltration. Note upward

convexity of the unit marked by dotted lines. Also note crude cross strata towards top (F).
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Fig. 4. Facies E: Clast supported conglomerate with preferred leftward intermediate axis
imbrication of clasts (A). Facies F: Clast supported lenticular massive conglomerate with
erosional base and flat top representing channel thalweg marked by dotted lines. Note
overlying trough cross stratified channel sandstone with sharp contact (B). Subfacies Gi:
Very coarse grained lenticular massive to crudely cross stratified (highlighted by solid lines
on right top) sandstone bodies, marked by dotted lines, with sharp base and convex-up top.
Note occurrence of oversized clasts floating on the SGE (C). Subfacies Gz: Very coarse
grained lenticular massive sandstone bodies associated with scree breccia facies (D).
Subfacies Hi: Pebbly trough cross stratified sandstone, representative of SCE. Note lack of
master erosion surface within the channel bodies (E). Subfacies H»: Very coarse to medium
grained trough cross stratified sandstone, representative of SCE. Note pebbles are

concentrated on the trough bases marked by arrows (F).

Fig. 5. Subfacies Hs: Pebble free, medium to fine grained lenticular trough cross stratified
sandstone. Note erosional base of the channel body marked by dotted line of the SCE (A).
Facies I: Compound cross stratified sandstone facies (DAE in oblique section) in between
two trough cross stratified sandstones. Note upward convexity and flat base of the unit. Also
note palaeocurrent roses for large (solid) and small (open) scale cross strata oriented in the
same direction (B). Subfacies Ji: Massive to planar laminated sandstone, representative of
LSE, overlying compound cross stratified sandstone with sharp contact marked by dotted
line. Note some planar laminae highlighted by solid lines (C). Subfacies Jo: Planar laminated
sandstone (representative of LSE), marked by dotted lines, overlying trough cross stratified
channel sandstone with sharp contact (D). Facies K: Ripple laminated sandstone

(representative of LSE), marked by arrow, on top of trough cross stratified channel sandstone
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(E). Subfacies Li: Tabular cross stratified sandstone corresponds to LAE underlying
compound cross stratified sandstone. Note the palaeocurrent roses for tabular cross strata

(open) are oriented at high angle to the associated trough and compound cross strata (solid)

(F).

Fig. 6. Subfacies L,: Large tabular cross stratified sandstone, representative of TBE,
overlying master erosion surface. Note the palaeocurrent roses of tabular cross strata (open)
oriented at the same direction to the associated trough and compound cross strata (solid) (A).
Clast composition of breccia and conglomerate (rudaceous facies association 1 and 2) at three
different study locations, namely, Murgod, Deshnur and Gokak (see fig. 1). Note the clast
composition of breccia and conglomerate in facies association 2 at Deshnoor and Gokak
shows wider spectrum than facies association 1 at Murgod (B). Photomicrograph of very
coarse to coarse grained feldspar rich matrix of clast-supported scree conglomerate (facies A)
of facies association 1. Note ill-sorted subrounded grains with high textural immaturity. Ch:
chert clast, Mc: microcline, K-pr: clast of k-feldspar showing perthitic intergrowth (C).
Photomicrograph of matrix of matrix-supported debris flow conglomerate (facies B) of facies
association 1 made up of quartz, feldspar and clay minerals. Note the presence of illitic (IL)
matrix and calcitic (Ca) cement. PI: plagioclase, Or: orthoclase, Mc: microcline, K-pr: clast
of K-feldspar showing perthitic intergrowth (D). Photomicrograph of arkosic arenite from
facies association 2 (subfacies Hi) with angular to subangular coarse, sand-sized grains
having moderate to poor sorting (E). Photomicrograph of poorly sorted arkosic arenite from
facies association 3 (subfacies J») with coarse to medium sand sized mono and polycrystalline
quartz, unaltered orthoclase, microcline and plagioclase feldspar with lithic fragments of

chert and quartzite (Qtz) (F).
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Fig. 7. Photomicrograph of poorly sorted subarkosic arenites from facies association 4
(subfacies H2) with subrounded to subangular, coarse to medium sand sized feldspar and
quartz grains (A). Soft sediment deformation structures within facies association 4:
overturned cross strata. Note the structure is highlighted above by sketch (B), water escape
structures marked by arrows (C). Storeys of sandstone in facies associations 4 and 5. Note the
sketch traces of bounding surfaces of different orders. Also note that the channel belts in
facies association 5 are thinner and sheet like in comparison to facies association 4 (D).
Photomicrograph of subarkosic arenite from facies association 5 with altered feldspar grains
(illitic alteration) under plane polarized (E) and cross polarized light (F). Photomicrograph of
texturally matured, moderate to well sorted quartz arenite having medium sand-sized
framework grains from channel sandstones (subfacies Hs) of facies association 5 (G). Soft
sediment deformation structure within stratigraphic package 1 (facies association 3):

convolute laminations (H).

Fig. 8. Facies distribution in three sections moving along the dip direction from left to right at
locality Murgod (see fig. 1C for location) clearly showing wedge like scree deposit. Clast
composition of different facies at the right bottom. Note palaeocurrent orientation of different
sandy facies and facies associations. Symbols used for the facies comprising the stratigraphic

segments in all three locations are presented at the left bottom.

Fig. 9. Facies distribution at locality Gokak (see fig. 1 for location) highlighting the vertical
variation in facies of a prograding alluvial fan and associated fluvial deposits. Clast
composition of conglomerates and breccias of different facies on the right. Note
palaeocurrent orientation of different sandy facies association. Also note a few laterally

extensive soft sediment deformation structures within the basal part of the stratigraphic
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interval. Symbols used for the facies comprising the stratigraphic segment are presented at

the bottom.

Fig. 10. The sharp contact between facies association 2 and 5 at locality Gokak. The lower

trace highlighting the distribution of facies within facies association 2 in time and space.

Fig. 11. Facies distribution at locality Deshnur (see fig. 1 for location). Clast composition of
different conglomeratic facies and palaeocurrent orientation of different sandy facies
associations at right. Note laterally extensive soft sediment deformation structures at the basal
part of facies association 5. Symbols used for the facies comprising the stratigraphic segment

are presented at the bottom.

Fig.12. Facies distribution at localities Islampur and Gujanal (see fig. 1 for location). Note
palaeocurrent orientation of facies association 4 and 5 are consistent. Also note laterally
extensive soft sediment deformation structures at the basal part of facies association 5 at both
localities. Symbols used for the facies comprising the stratigraphic segment are presented at

the right bottom (A). Granitic basement below facies association 4 (B).

Fig. 13. Qt-F-L triangular plot of 25 selected sandy specimens, after Dickinson (1985), to
correlate the provenance characteristics and tectonic setup based on modal proportions of
total quartz (Qx), feldspar (F) and lithic fragments (L) in the framework. Note most of the data
plotted within the “basement uplift” and “transitional continent” field (A). Normalization of
the geochemical major oxide data of the representative 15 samples with respect to the average
Proterozoic Cratonic Sandstone (PCS; Condie, 1993) (B) and average Upper Continental

Crust (UCC; Taylor and McLennan, 1985; Rudnick and Gao, 2003) (C). Note that
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exceptional trend of sample number 11of Table 1, BD-MU-5, is demarcated by red dots and
red line and the average trend of the rest of the samples is demarcated by blue dots and blue
dashed line (B, C). (K2O + Na20O) vs. KxO/Na O ratio diagram comparing the data of
representative 15 samples to the data from surrounding immediate basement rocks; Saundatti
Quartzite (Dey et al., 2009), Peninsular Gneisses (PGC) (Dey et al., 2009), greywacke and
phyllites from Chitradurga and Gadag Schist Belts (Naqgvi et al., 1988), cherts, shales and
BIFs from Chitradurga Schist Belt (CSB) (Rao and Nagvi, 1995), Chitradurga pillow basalts
(Duraiswami et al., 2013), Closepet Granite (CG, Dey et al., 2009) and basalts of Hungund-

Kushtagi schist belt (Nagvi et al., 2006; Dey et al., 2009) (D).

Fig. 14. SiO2/Al,0O3 ratio vs. (FeOr + MgO)/(K20 + Na.O) ratio diagram comparing the data
of representative 15 samples to the data from surrounding immediate basement rocks (A).
Comparison of trace element data from of the representative 15 samples to the data from
surrounding immediate basement rocks in Zr/Ni vs. Zr/Cr diagram (B) and Cr vs Ni diagram
(C). A-CN-K molar triangular plot after Nesbitt and Young (1984, 1989) and Nesbitt et al.
(1996) showing weathering trends of different provenances and their correlation with the
representative 15 samples; black solid circle: facies association 1 and 2, black hollow

triangle: facies association 3, grey solid triangle: facies association 4 and 5 (D).

Fig. 15. Cartoon displaying the inferred palaeoenvironmental distribution of the facies
constituting the studied stratigraphic interval. The spatial distribution of scree-alluvial fan and
fluvial package 1, 2 and 3 (SP 1, 2 and 3) shown in reference to water table and inferred slope
control on distance from the basin margin. The occurrence of sieve represents possible
highest level of water table (intersection point) and SP 2, 3 occur below water table

saturation. Note that scree-alluvial fan and associated ephemeral fluvial systems (SP 1)
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generated from either side of the basin margin fault system following local palaeoslopes,
however, semi-perennial and perennial fluvial systems (SP 2 and 3) follow regional westerly

palaeoslope.
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Research highlights

1) Facies and architectural element analysis unravel paleogeography.

2) Control of flow durability within channels in time and spaced has been inferred.

3) Geochemistry, molar A-CN-K and palaeoweathering trends traced provenances.
4) Quantitative petrography, depositional model support synchronous Rodinia rifting.

5) Sequence stratigraphic status and stratigraphic architectural control delineated.
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Table 1: Sandstone and sandy matrix (with rare high mud content) of
conglomerates representing facies association (location wise)

SI No. | Sample Type of Sample Locality
Name
1 BD-GK-2 Matrix of debris flow conglomerate- Facies Gokak
Association 2
2 BD-GK-3 TCS coarse grained Sst.- Facies Association 5 (Base of | Gokak
CB-1)
3 BD-GK-1 Matrix of scree conglomerate- Facies Association 2 Gokak
4 BD-GK-10 TCS medium grained Sst.- Facies Association 5 (Top | Gokak
of CB-3)
5 BD-GK-8 TCS coarse Sst.- Facies Association 5 (Middle of CB- | Gokak
3)
6 BD-GK-7 Pebbly Sst.- Facies Association 5 (Base of CB-3) Gokak
7 BD-GK-5 TCS coarse grained Sst.- Facies Association 5 (Base of | Gokak
CB-2)
8 BG-DN-A- TCS medium grained Sst.- Facies Association 5 Deshnur
13 (Middle of CB-4)
9 BG-DN-A- TCS medium grained Sst.- Facies Association 5 Deshnur
12 (Bottom of CB-4)
10 BG-DN-A- TCS medium grained Sst.- Facies Association 5 (Top | Deshnur
14 of CB-4)
11 BG-DN-A- TCS coarse grained Sst.- Facies Association 5 (Top of | Deshnur
11 CB-3)
12 BG-DN-A-8 | TCS coarse grained Sst.- Facies Association 5 (Base of | Deshnur
CB-3)
13 BG-DN-A-7 | TCS pebbly Sst.- Facies Association 4 (Middle of CB- | Deshnur
2)
14 BG-DN-A-6 | TCS pebbly Sst.- Facies Association 4 (Base of CB-2) | Deshnur
15 BG-DN-A-5 | TCS pebbly Sst.- Facies Association 2 Deshnur
16 BG-DN-A-4 | Massive pebbly Sst.- Facies Association 2 Deshnur
17 BD-MU-9 TCS coarse grained Sst.- Facies Association 3 Murgod
18 BD-MU-8 Massive streamlet pebbly Sst.- Facies Association 3 Murgod
19 BD-MU-7 Massive streamlet pebbly Sst.- Facies Association 3 Murgod
20 BD-MU-6 Matrix of debris flow conglomerate- Facies Murgod
Associastion 1
21 BD-MU-5 Matrix of debris flow conglomerate- Facies Murgod
Associastion 1
22 BD-MU-4 Matrix of scree conglomerate- Facies Associastion 1 Murgod
23 BD-MU-3 Matrix of scree conglomerate- Facies Associastion 1 Murgod
24 BD-MU-2 Matrix of scree conglomerate- Facies Associastion 1 Murgod
25 BG-DN-A-3 | Matrix of scree conglomerate- Facies Association 2 Deshnur
26 BG-DN-A-2 | Matrix of scree conglomerate- Facies Association 2 Deshnur
27 BG-DN-A-9 | TCS medium grained Sst.- Facies Association 5 Deshnur
(Middle of CB-3)
28 BG-DN-A- TCS medium grained Sst.- Facies Association 5 (Top | Deshnur
10 of CB-3)
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Table 2: Point count modal percentage of minerals in sandstone and sandstone equivalent sandy matrix of
conglomerates

SI No. | Sample Name Qr F L | Matrix/ Clay | Cement Opaque & Recalc. To 100% Classification
Qm | Op content Heavy minerals [ = L

1 BD-GK-3 54 5 29 4 7 0 2 65 31 4 Arkosic arenite
2 BD-GK-1 45 5 34 5 6 3 2 56 38 6 Arkosic arenite
3 BD-GK-10 61 6 22 3 4 2 3 73 24 3 | Sub-arkosic arenite
4 BD-GK-8 61 4 22 3 7 0 3 72 24 4 | Sub-arkosic arenite
5 BD-GK-7 57 5 25 4 6 3 1 69 28 4 Arkosic arenite
6 BD-GK-5 50 6 30 4 7 3 0 62 34 4 Arkosic arenite
7 BG-DN-A-13 | 57 7 24 4 6 2 0 70 26 4 Arkosic arenite
8 BG-DN-A-12 | 62 3 23 5 5 1 1 70 25 5 Arkosic arenite
9 BG-DN-A-14 | 74 5 13 3 3 2 0 83 14 4 | Sub-arkosic arenite
10 BG-DN-A-11 | 65 4 20 4 6 0 1 74 22 4 | Sub-arkosic arenite
11 BG-DN-A-8 51 3 31 6 7 2 1 60 34 6 Arkosic arenite
12 BG-DN-A-7 55 3 30 5 5 1 2 62 32 5 Arkosic arenite
13 BG-DN-A-6 52 5 32 5 5 0 2 61 34 5 Arkosic arenite
14 BG-DN-A-5 46 7 32 6 6 2 1 58 35 6 Arkosic arenite
15 BG-DN-A-4 40 6 40 5 7 0 1 51 44 6 Arkosic arenite
16 BD-MU-9 58 6 28 3 4 1 1 67 29 4 Arkosic arenite
17 BD-MU-8 34 9 41 7 5 3 1 48 45 7 Arkosic arenite
18 BD-MU-7 36 5 42 6 5 3 3 46 47 6 Arkosic arenite
19 BD-MU-4 39 5 39 3 7 5 1 51 45 4 Arkosic arenite
20 BD-MU-3 45 6 35 4 6 2 2 56 39 4 Arkosic arenite
21 BD-MU-2 38 8 37 5 6 5 2 53 42 6 Arkosic arenite
22 BG-DN-A-3 36 4 40 6 6 5 2 46 46 7 Arkosic arenite
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23 BG-DN-A-2 37 9 41 4 5 2 2 51 45 4 Arkosic arenite
24 BG-DN-A-9 59 5 28 3 3 0 1 67 30 3 Arkosic arenite
25 BG-DN-A-10 61 4 25 4 4 0 2 69 26 5 Arkosic arenite
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Table 3: Major (wt.%) and trace element (ppm) composition of analysed sandstone and sandstone equivalent sandy
matrix of conglomerates.

Major oxides (wt%)
Sl No. 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
Sample BD- BD- BD- BD- BD- BG- BG- BG- BG- BD- BD- BD- BG- BD- BG- PCS uccC
Name: GK-5 | GK-8 [GK-1 |MU-9 |GK-7 |DN- |DN- |DN- |DN- |MU-8 | MU-5 | MU-3 | DN- |GK- | DN-
A-13 A-9 A-7 A-4 A-2 10 A-11
Location: Gokak Gokak Gokak Gokak Gokak Deshnur | Deshnur | Deshnur | Deshnur | Murgod | Murgod | Murgod | Deshnur | Gokak Deshnur
Na20 0.52 0.68 1.22 1.48 0.55 0.52 0.59 0.52 0.63 0.56 0.63 0.52 0.53 0.83 0.61 0.51 3.89
(%)
MgO 0.21 0.20 0.22 0.19 0.20 0.13 0.13 0.21 0.21 0.20 1.48 0.60 0.22 0.60 0.80 0.55 2.20
(%)
K20 (%) | 3.25 1.56 1.88 191 2.46 1.81 1.81 2.96 3.39 3.38 6.40 2.96 3.95 1.85 3.76 0.88 3.39
CaO (%) | 0.02 0.35 0.46 0.38 0.02 0.03 0.03 0.05 0.02 0.02 511 0.04 0.02 0.33 0.06 0.45 4.19
Fe203 2.72 2.72 2.66 2.88 2.63 2.82 2.82 2.83 2.76 2.76 7.03 3.01 3.12 3.08 3.15 1.32 4.49
(%)
Al203 5.66 5.88 5.12 4.79 5.49 4.52 4.61 5.47 5.69 5.57 15.71 | 5.33 5.83 7.54 7.43 3.87 15.17
(%)
Sio2 89.62 | 87.70 |88.33 |89.34 |88.70 |89.52 |90.36 | 88.65 |85.02 |84.14 |5747 |89.32 |83.07 |8441 |8235 | 9215 |65.89
(%)
P205 0.05 0.05 0.04 0.05 0.05 0.05 0.06 0.05 0.05 0.05 0.08 0.06 0.05 0.05 0.07 0.03 0.20
(%)
MnO 0.01 0.01 0.01 0.02 0.01 0.02 0.02 0.04 0.01 0.01 0.10 0.03 0.03 0.13 0.11 0 0.07
(%)
TiO2 0.03 0.03 0.03 0.04 0.03 0.07 0.07 0.09 0.10 0.10 0.38 0.09 0.09 0.07 0.07 0.17 0.50
(%)
LOI 0.06 0.30 0.35 0.55 0.47 1.06 0.47 0.35 2.30 3.30 6.20 0.04 3.50 2.06 2.27 0 0.00
Total % | 102.1 | 99.48 | 100.3 | 101.6 | 100.6 | 100.5 | 100.9 | 101.2 | 100.1 | 100.0 | 100.5 | 102.0 | 100.4 | 100.9 | 100.6 | 99.93 | 99.99
5 3 3 1 5 6 2 8 9 9 0 1 5 9
CIA 56.39 | 63.29 |51.37 |48.14 |6059 | 6150 |61.02 |57.07 |54.72 |54.86 |6443 |56.58 |53.10 | 65.74 |59.16 | 60.00 | ND
CO2 % ND ND ND ND ND ND ND ND ND ND 3.66 ND ND ND ND ND ND
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|

Trace elements (ppm)

Sample |BD- |BD- |BD- |BD- |BD- |BG- |BG- |BG- |BG- |BD- |BD- |BD- |BG- |BD- |BG-
Name: | GK-5 | GK-8 | GK-1 | MU-9 | GK-7 | DN- |DN- |DN- |DN- | MU-8 | MU-5 | MU-3 | DN- |GK- |DN-
A-13 [A9 |A7 | A4 A2 [10 |A-1
Rb (PPM) | 94.40 96.70 112.20 | 112.20 | 94.70 9.70 11.70 9.70 12250 | 107.70 | 23.00 86.80 112.20 | 9.70 12.33
Sr (PPM) | 43.30 41.60 67.20 67.20 37.50 11.40 14.20 30.40 41.60 38.10 32.70 36.70 67.20 25.20 33.45
Ta (PPM) | 2.70 2.30 2.10 2.10 2.60 3.00 2.20 2.40 5.40 2.30 1.20 2.30 2.10 2.20 2.56
Th (PPM) | 5.10 1.70 4.60 4.60 7.60 6.40 11.40 1.30 6.80 5.40 11.30 8.50 4.60 1.30 5.80
U (PPM) 1.90 4.40 4.20 4.20 2.80 1.80 3.60 29.80 3.10 5.10 440.60 | 4.20 4.20 72.70 2.66
V (PPM) 0.72 0.60 4.10 4.10 0.77 209.90 | 235.30 | 47.10 33.50 2.80 144,30 | 9.40 4.10 29.10 26.25
Y (PPM) 22.20 20.00 20.50 20.50 19.80 20.40 24.70 21.60 20.70 25.60 32.40 23.40 20.50 23.70 22.65
Ce (PPM) | 21.50 20.00 32.60 32.60 18.40 10.20 29.60 40.20 35.40 23.70 35.30 30.40 32.60 25.80 27.06
As (PPM) | 17.60 18.50 19.25 19.66 13.70 14.50 13.80 0.01 17.70 18.30 0.02 19.20 19.43 12.80 13.60
Ba (PPM) | 295.72 | 298.94 | 498.47 | 511.20 | 305.43 | 171.10 | 165.41 | 418.25 | 321.44 | 285.90 | 475.62 | 355.37 | 504.82 | 334.33 | 377.51
Cd (PPM) | 19.30 17.10 0.30 0.30 21.30 1.90 2.10 4.90 0.32 0.30 0.90 0.30 0.30 0.30 0.27
Co (PPM) | 3.10 2.60 3.80 3.80 2.50 19.00 17.00 2.90 3.50 3.80 51.30 3.70 3.80 26.60 23.40
Cr (PPM) | 28.35 31.50 21.78 19.45 18.10 27.90 25.40 65.90 37.42 39.32 43.00 33.10 22.30 57.24 32.46
Zr (PPM) | 58.30 79.33 39.27 43.65 15.92 10.44 42.05 53.53 131.20 | 72.18 175.68 | 47.35 41.07 63.96 89.23
Hf (PPM) | 2.50 2.80 2.63 2.63 2.30 1.40 1.73 2.45 3.83 4.22 7.03 1.44 2.63 1.42 3.07
Mo 17.20 15.90 14.80 14.80 17.60 342.20 | 289.30 | 38.40 19.30 14.20 25.70 18.60 14.80 30.33 28.34
E\IIDEI(\S)PM) 9.40 10.54 10.73 10.73 8.70 10.66 9.70 10.60 11.20 10.16 14.50 11.63 10.73 10.62 12.47
Ni (PPM) | 19.07 5.20 17.33 16.55 6.10 48.00 42.60 54.32 44.03 42.37 77.90 9.40 19.20 51.50 49.30
Pb (PPM) | 49.70 53.20 14.20 14.20 50.40 174.70 | 165.80 | 194.30 | 33.70 25.80 138.60 | 16.30 14.20 130.70 | 141.24
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Table 4: Facies constituents of the studied interval of the Badami Group

Facies Description Interpretation
Facies A. Characterized by clast supported breccia Interpreted as rock avalanche
Clast- bodies (Fig. 3A), concentrating mainly wedge or scree breccia facies
supported towards the base of the stratigraphic (Shelley, 1965; Blair and
breccia sections; maximum thickness about 3.5 McPherson, 1994).
m; Casts are highly angular and very ill-
sorted with matching boundaries of
broken (Fig. 3B) and reclined clasts (Fig.
3A). Maximum clast sizes up to 70 cm.
with an average of 18 cm; Strongly
lenticular bodies with sharp and
undulatory lower boundaries and less
sharp upper boundaries; Clasts often
penetrate into the lower substratum (Fig.
3C) as impinging clasts; Whenever
found, wedge out rapidly away from the
basin margin.
Facies B. Composed of matrix supported, Interpreted as debris-flow
Matrix- polymictic conglomerate bodies (Fig. conglomerate. Chaotic
supported 3D); Maximum clast size up to 30 cm; arrangements and protrusion of
conglomerate | Chaotically arranged clasts are relatively clasts indicates high matrix
with smaller and less angular than the earlier strength of the flows (Smith,
protruded | facies; Bodies are lenticular with convex- 1986).
clasts up top and maximum thickness up to 1.4
m; Lower boundaries are planar while the
upper boundaries are often undulatory
because of frequent protrusion of clasts
(Fig. 3D).
Facies C. Characterized by clast supported Interpreted as modified grain-
Clast conglomerate bodies with occasional flow facies (Middleton, 1970;
supported reverse grading of clasts (Fig. 3E). Clast | Lowe, 1976; Davis et al., 2002;

conglomerate
with reverse

size is comparatively smaller than the
preceding facies with maximum clast size

Mahanta et al., 2019). The
reverse grading of clasts

grading is around 18 cm; Commonly associated indicating dispersive pressure
with facies B. (Pettijohn, 1975).
Facies D. Composed of clast supported Inferred to be of sieve origin
Clast conglomerate at the base giving rise to (Wasson, 1974; Milana, 2010
supported sandstone towards top; Bodies are and references therein); Convex-
conglomerate | discernibly convex-up and the sandy top up nature and progressive
grading part contains occasional cross strata; increment of sand towards top
upward into | Sand grains appear to infiltrate within the | indicates bedforms were frozen
sandstone larger clasts from top (Fig. 3F). due to rapid draining out of
Maximum thickness is about 55 cm and water, thereby resulting into
outcrop length is generally less than 3 m. infiltration of sand from top
(Wasson, 1974).
Facies E. Composed of clast supported Interpreted as sheet flow facies
Clast conglomerate with sheet-like body (Fisher, 1971, Blair and
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supported
conglomerate

with clast

imbrication

geometries; Thicknesses of individual
bodies varies within 30 to 50 cm; Clasts
are comparatively more rounded and
show either bed-parallel or slightly
imbricated alignment with their
intermediate axis (Fig. 4A); Generally
associated with facies D and occasionally
with facies B.

McPherson, 1994); Sheet-like
body geometry and clast
supported nature with
imbrication of intermediate axis
indicate deposition from high
flow regime tractive current
(Walker, 1984).

Facies F.
Clast
supported
massive
conglomerate

Characterized by clast supported, massive
lenticular conglomerate bodies, erosional
bases and flat tops (Fig. 4B); Clasts are
comparatively smaller in size (average
size 2.7 cm) as well as more rounded;
Followed upward invariably by
thoroughly trough cross-stratified
sandstone bodies (Fig. 4B); Occasionally,
a crude normal grading, among the clasts
can be observed.

Clasts almost certainly moved as
rolling or sliding load; Rounding
of the clasts can be attributed to
abrasion during transport as
bedload; Close association with
thoroughly trough cross-stratified
sandstone facies along with the
typical geometry pointed towards
their origin as the product of
highest fluid gravity flow within
a channel; Such conglomeratic
bodies are likely to be the
channel thalweg deposits,
designated as channel lags by
Allen (1982).

Facies G.
Very coarse
grained
massive
sandstone

Composed of very coarse grained, often
pebbly, sandstone bodies, internally
massive, with occasional crudely
developed cross-strata to planar laminae
towards top; Two distinct subfacies
depending upon the body geometry and
association; Dominant one (subfacies Gi)
strongly lenticular body geometry with
sharp bases and convex-up and less sharp
tops (Fig. 4C); Very poor sorting with
oversized pebbles, ranging in size from 5
mm to 20 mm, floating within the very
coarse to coarse grained sandstone; Very
rare but, whenever found, are associated
with thoroughly trough cross-stratified
sandstone facies; Other subfacies (G2)
constitute even lesser portion of the
succession and is restricted to Murgod
and Gokak area only; Characterized by
thin (less than 15 cm in thickness),
broadly lenticular bodies and is always
associated with scree breccia facies
(facies A, Figs. 3A, C, 4D); Outcrop
length rarely exceeds 32 cm; Evidence of
erosion is generally lacking at their bases;
Oversized pebbles are rare; Sometimes

Coarse grain-size and massive
nature along with their scarcity in
occurrence indicate their high
flow regime origin for both the
subfacies; Subfacies (G1) with
oversized pebbles is possibly of
high-velocity flashflood origin
(Pfluger and Seilacher, 1991);
Lenticular body geometry
indicates channelised flow;
Subfacies (G2) indicates
deposition on steep slopes from
high energy flows, inferred from
the close association with the
scree bodies; Palaeocurrent
directions, although not very
informative because of rarity of
data, probably represent local
slope; Represent hill-slope
deposit, formed due to the
occasional flow of rain water
over steep scree cone slopes;
Considered to be of fan apron
origin; Gradational transition
from massive to cross bedding
reflects decreasing flow strength,
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bear crude cross bedding to planar
lamination; Petrographically as well as in
appearances, these sandstone bodies are
similar to the matrix present within
Facies A; Palaeocurrent directions
derived from crude cross stratification
(though rare) show ample variability,
however, consistent in each section.

while planar laminae towards top

indicates increase in flow shear
with decrease in flow depth;
Similar to hillwash facies
described by Bose et al. (2008).

Facies H.
Trough cross
stratified
sandstone

Characterized by poorly sorted lenticular
sandstone bodies in transverse sections;
Concave-up erosional bases and sharp but
flat tops; Internally thoroughly trough
cross stratified; Coset and set thicknesses
decreasing upward within individual unit
as well as up the stratigraphic section;
Appears to be the most dominant facies
of the studied stratigraphic interval;
Three distinct subfacies can be
established depending upon the grain;
First subfacies (Ha) is pebbly to coarse
sand-sized with profuse oversized
pebbles, the other two lacks them (Fig.
4E); Oversized pebbles are usually
distributed randomly within the bodies,
although concentration of comparatively
smaller pebbles is discernible along the
channel bases as well as coset or set
boundaries; Locally this subfacies shows
some strongly lenticular bodies with
crudely developed trough cross
stratification; Second subfacies (H2) is
very coarse to medium grained sandstone,
with rare pebbles, concentrating along the
bases (Fig. 4F); Third subfacies (Hs) is
completely devoid of any pebbles and is
made up of coarse to fine sand-sized
sediments (Fig. 5A). Apart from the
decreasing mean grain-size, grains are
texturally more matured from first to
third subfacies; Gradual decrease in
grain-size, irrespective of subfacies, can
be discernible along each unit as well as
up the succession; Location specific
unimodal palaeocurrent direction can be
ascertained.

weakening. Decreasing grain size

Poorly sorted sandstone with
channelform geometry clearly
suggests fluvial channel origin;
Produced by dune migration
along the channel floor under
tractive current (Miall, 1985;
Samanta et al, 2016). Gradual
decrease in grain size, set and
coset thickness within individual
unit clearly suggest flow

as well as increasing textural
maturity from first to third
subfacies pointed towards
gradually increasing distance
from the source (Pettijohn,
1975). Local subfacies H1 with
crude cross strata and randomly
distributed oversized pebbles
indicate product of rapid
deposition from heavily loaded
flow, possibly of flash flood
origin (e.g., Pfluger and
Seilacher, 1991; Sarkar et al,
2012); Presence of oversized
pebbles, in general, points
towards flow fluctuations within
channels (Frostick and Reid,
1989; Mazumder and Sarkar,
2004; Mukhopadhyay et al.,
2019).

Facies I.
Compound
Cross

Composed of poorly sorted lenticular
sandstone in transverse sections, having
flat bases and convex-up tops; Internally

stratified

compound cross-stratified, with both the

Poorly sorted sandstone with
unimodal palaeocurrent indicate
fluvial origin; Large solitary
trough cross set represents core,
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sandstone

larger as well as smaller foresets dipping
in the same direction (Fig. 5B);
Occasionally some large solitary set of
trough cross strata is observed below or
upcurrent to the compound cross-
stratified units; Pebbles, whenever
present, are mostly concentrated along
the larger foresets of the compound cross
strata; Mostly found to be associated with
the trough cross stratified facies, having
slightly coarser grain size than the
associated facies; Palaeocurrent data,
from both the larger as well as smaller
foresets, appear to be consistent, location-
wise, with the direction derived from the
associated trough cross stratified unit.

compound cross-strata represents
the accretionary part of bar
(Collinson and Thompson, 1989;
Collinson, 1996; Mazumder and
Sarkar, 2004); Compound cross-
strata having same orientation of
larger and smaller foresets
indicates migration of bar along
channel floor (Collinson and
Thompson, 1989, Smith and
Rogers, 1999; Best et al., 2003;
Bridge, 2003; Miall and Jones,
2003; Eriksson et al., 2006b).

Facies J.
Planar
laminated
sandstone

Characterized by tabular sandstone
bodies, internally planar laminated,;
Restricted in occurrence; Two distinct
subfacies; First subfacies (J1) overlies the
compound cross-stratified facies with
sharp contact (Fig. 5C); Constituting
grains are comparatively well rounded
and preferably made up of the coarsest
fraction of the underlying unit; Thin
layers of pebble concentration on bedding
surfaces locally; Second subfacies (Jz)
overlies the trough cross-stratified facies
with sharp contact, without any
discernible change in grain size (Fig.
5D); Former variety is thinner (not
exceeding 15 cm thickness) and laterally
impersistent, the latter shows
considerable thickness.

Internal planar laminae in
reference to sediment grain size,
indicate high flow regime (Miall,
1996); First variety produced by

high energy shooting flows
during falling water stage (Cant,
1978; Miall, 1996; Bridge, 2003;
Hassan, 2005); Local pebble
concentration indicates sediment
winnowing owing to exposures
of bar top (Cant, 1978; Kirk,
1983; Bridge, 2003); Second
variety indicates shooting flow
due to increasing flow shear
resulting from fall of water level
at the penultimate stage of filling
(Harms et al., 1975).

Facies K.
Ripple
laminated
sandstone

Characterized by broadly lenticular but
impersistent sandstone bodies, internally
ripple laminated (Fig. 5E), but, whenever
found, almost always overlie the trough
cross-stratified facies with sharp but non-

erosional contact.

Product of ripple migration on
channel floor under lower flow-
regime (Harms and Fahnestock,

1965; Simons et al., 1965);
Decreasing in-channel depth and
velocity of water result smaller
scale ripples replacing larger
dunes (Harms et al., 1975).

Facies L.
Tabular cross
stratified
sandstone

Characterized by tabular cross stratified
lenticular sandstone bodies with sharp
and planar upper and lower boundaries;
Two subfacies recognized; Subfacies L1,
restricted in occurrences and always
associated closely with compound trough
cross stratified facies (Fig. 5F), reclining

Tabular cross-strata indicates
avalanching of sediments along
the steeper-side bars under the
influence of current (Blatt et al.,
1980; Collinson and Thompson,
1989); L1 with reclining nature

with strongly lenticular geometry
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over it; Strongly lenticular (rarely
exceeding 50 cm outcrop length) and
thicknesses never exceeds 30 cm; Foreset
dip direction is at high angle to the
general palaeocurrent direction, derived
from associated trough and compound
cross strata (Fig. 5F); Other subfacies Lo,
with large tabular cross strata, often
exceeding 50 cm in thickness (Fig. 6A),
relatively dominant in occurrence,
however, confined to a particular
stratigraphic interval; Consistent
palaeocurrent directions conforming the
flow directions of channel troughs and
compound cross strata (Fig. 6A).

and high angle palaeocurrent
direction, inferred its origin by
the collapse of bar top along the
flanks (Long, 2004, 2011);
Possibly formed during low
water stage by secondary flow
operated at high angle to the bar
axes (Long, 2004, 2011); Lo with
similar palaeocurrent direction
with channels troughs points
towards transverse bar origin
(Sarkar et al., 2012).
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Table 5: Facies association and their inferred palaeogeography

Facies association

Inferred palaeogeography

1: Characterized by coarsest fraction of
sediments represented by disordered breccia
and conglomerate bodies; Rapidly wedging
and having restricted clast compositions
traceable into the adjacent basements (Fig.
6B); Major facies include scree (A) and debris
flow (B), with minor modified grainflow (C);
Fan apron subfacies (G2), few other minor
constituents are exclusive; Scree breccia bodies
rapidly wedging downslope, are most
dominant facies and are thicker and coarser
than other constituent facies; Amalgamations
of sediment gravity flow products are common,
occasional intercalation of thin subfacies G»
bodies; Clast-supported conglomerates are
mostly feldspar-rich, poorly sorted matrix
having very coarse to coarse sand sized angular
to sub angular grains (Fig. 6C) with rare
dominance of clay-sized particles; Matrix of
the debris flow conglomerates (facies B) shows
greater amount of clay minerals like sericite,
chlorite, illite or ferric illite (Fig. 6D), rare
occurrence of ferruginous and calcitic cement
in few samples of facies A and B (Fig. 6D);
Restricted in occurrence, almost always
overlies the basement and occupies most
proximal position of the basin margin.

Coarsest grain size pointed towards
super-proximal palaeogeography;
Dominance of scree bodies, with
occasional debris flow and grain flow
indicates  deposition  from  highly
sediment-laden flows moving along a
high slope; Scree bodies pointed towards
free fall of rock mass along high slopes
of basin margin in periods of tectonic
unrests; Presence of debris-flow and
other sediment gravity flow reflects high
density, coarse grained, viscous flows,
induced by heavy rains; Rare presence of
fan apron sandstone bodies indicates
relatively low density flows generated
along the steep hillslopes during
occasional rains; Feldspar rich, coarse
sandy matrix also supports short
transportation and quick burial, derived
from a tectonically active provenance;
Super proximal position with dominance
of rapidly wedging scree bodies, indicate
screecone palaeogeography.

2: Characterized by conglomerates of both
sediment gravity flow and fluid gravity flow
origin, along with secondary sandstones and
rare breccia bodies; Overall coarsening upward
stratigraphic trend with sandy lower portion
and conglomeratic upper portion; Clast
composition of rudaceous sediments show
wider spectrum than earlier association (Fig.
6B), though the matrix is similar in
composition, the grain size is comparatively
finer and ranges from coarse to medium sand,
sub-angular to sub-rounded; Major facies
constituents include debris flow (B), sheet flow
(E), sieve (D), channel thalweg (F) and
channelform subfacies (Hi1) with subordinate
scree  (A), modified grainflow (C) and
flashflood subfacies (Gi); Rare hillwash
subfacies (G2) over scree bodies; Lower part
dominated by medium grained trough cross

Dominance of coarse-grained mass-flow
deposits with discernible coarsening
upward trend indicates prodrading
alluvial fan in semi-arid climatic
condition (Middleton and Hampton,
1973, 1976; Lowe, 1979; Nemec and
Steel, 1984; Rust and Koster, 1984;
Nilsen, 1985; Blair and McPherson,
1994); Upper fan dominated by debris
flows, middle fan characterized by sheet
flows and sieve deposits, lower fan
dominated by channel sandstone and
flashflood deposits; Channelized pebbly
sandstone characterized the basal part of
the lower fan indicates deposition below
intersection point between fan surface
with water table (Hooke, 1967; Wasson,
1974). Overlying sheet flow and sieve
deposits typically represents middle fan,
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stratified sandstone bodies (subfacies Hi) with
occasional thalweg conglomerates (F) and
flashfloods (G1); Rare sieve deposits (D) and
sheet flow conglomerates (E) also present;
Middle part mostly rudaceous with sheet flows
(E) and sieve deposits (D), intercalated with
infrequent scree (A) and coarse grained trough
cross-stratified sandstone bodies (Hi); The
upper part dominated by debris flow (B) and
scree (A) with rare modified grainflows (C);
Petrographically, the arenaceous fractions are
arkosic, with angular to subangular coarse
grained having moderate to poor sorting (Fig.
6E).

near the intersection point; However,
sieve deposits are typically occurred in
the proximal or middle to lower fan areas
with sheetflow during early stage of fan
growth depending on fan development
stage (Blair and McPherson, 1994);
Association of sieve with both middle to
distal fan suggest seasonal or higher scale
water table fluctuation (Mukhopadhyay,
2012); Overlying debris flow dominated
part accounts for upper fan, occurred
above the intersection point; Occurrence

of scree breccia at different level
indicates  basement  uplift thereby
influencing basin  filling. Proximal

position supported by textural attributes.

3: Typified by channel-fill pebbly sandstone;
Major facies constituents include pebbly to
coarse sand-sized thoroughly trough cross-
stratified with oversized pebbles, laterally and
vertically juxtaposed, facies (Hi) (Fig. 4E),
with subordinate channel thalweg facies (F),
planar laminated (J2) and flashflood (Gi)
subfacies and rare ripple laminated (K) facies;
Channelform subfacies (H:) is dominantly
underlain by thalweg facies at basal part (Fig.
4B); Planar laminated subfacies (J2) frequently
overlies the channelform subfacies, towards
top (Fig. 5D); Ripple laminated facies,
whenever present always follows channelform
subfacies (Fig. 5E); Flashflood bodies are
frequently present within the lower part;
Lithologically, the sandstone bodies are
arkosic to subarkosic arenite, with significant
feldspar content and high textural immaturity
(Fig. 6F); Gradual grain-size reduction up-the-
succession.

Dominance of in-channel trough cross-
stratified facies makes fluvial origin
apparent (Miall, 1981); Initial
conglomeratic facies represents highest
flow velocity product; Presence of
oversized pebbles within channels
pointed towards flow instability (Pfluger
and Seilacher, 1991); Upward transition
from low to high flow regime channel-
fills structures indicates ephemeral nature
of the streamlets (Olsen, 1989;
Mukhopadhyay et al., 2014); Presence of
occasional  flashfloods attests the
contention further (Pfluger and Seilacher,
1991). Palaeogeography appears to be
steeper slope area, not far away from the
basin margin; Frequent vertical and
lateral juxtaposition of channelform
sandstone bodies pointed deposition from
high gradient, rapidly avulsive streamlets
(Bose et al., 2008). Arkosic nature and
textural immaturity of the sandstone
supports less transportation and rapid
deposition.

4. Characterized by tabular to broadly
lenticular  storeys of vertically stacked
sandstone body; Maximum thickness of each
storey never exceeds 7 m; Longitudinal bar (I)
and channelform subfacies (H2) are most
common  constituents,  although  ripple
laminated (K), planar laminated (J), tabular
cross-stratified (L:) and massive pebbly
sandstone (Gi) facies are also present in

Abundance of mid-channel bars point to
braided nature of the river channels
(Miall, 1988); Occurrences of frequent
scourings at the base of storey point
towards inconsistency of flow; Sheet
sandstone over both channelform and
barform deposits indicates fall of water
level, even emergence of the barform
suggesting flow fluctuations (Olsen,
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successively lesser amount; Each storey is
made up of lateral and vertical juxtaposition of
channelforms (H2) and barforms (1), showing
onlapping/downlapping  relationship,  with
infrequent sheet flows (J1 and J2) and ripple
laminations (K); While sheet flows are more
common in basal storeys, ripple migration
appears in upper ones; Tabular cross stratified
(L1) and massive pebbly sandstone (G1) bodies
are rare; Mid-channel positions of the
longitudinal barforms are discernible locally;
Constituent sandstone bodies are coarse to
medium sand-sized, with rare pebbles (or
granules), and texturally more matured than the
sandstones of previous associations; Pebbles or
granules, whenever present, tend to concentrate
along the erosional bases of the storeys;
Lithologically such sandstone bodies are
dominantly subarkosic arenite (Fig. 7A) with
feldspar grains altered partially or thoroughly
to sericitic or illitic minerals.

1989; Miall, 2014), supported by rare
presence  of  flashflood  deposits;
Infrequent occurrences of deformed and
overturned cross strata further supports
high energy flashy nature of the flows
(Fig. 7B, C; Picard and High, 1973;
Frostick and Reid, 1977; Tunbridge,
1981, 1984; Olsen, 1987; Dam and

Andreasen, 1990; Long, 2004,
Mukhopadhyay et al, 2014).
Comparatively finer and relatively

matured nature of the sediments, with
lesser amount of oversized pebbles,
indicates lesser extent flow fluctuations;
Fluvial deposition apparently took place
on plain land beyond the basin marginal

influence; Subarkosic nature of the
constituent sandstone bodies further
supports  the  connotation.  Altered
feldspar grains suggests increased

chemical weathering rate.

5: Composed of storeys of sheet like sandstone
body, and are thinner (<4 m) than the storeys
of earlier associations (Fig. 7D); Pebbles are
altogether absent; Exclusively made up of
longitudinal bar (1), and interbar channel
subfacies (Hs) with infrequent occurrence of
ripple laminated facies (K) and sheet sandstone
subfacies (J2); Transverse bar subfacies (L>) is
exclusively confined towards top; Common
Onlapping/downlapping relationship  within
barforms and channelforms; Channelforms are
occasionally overlain by ripple laminations and
rarely by planar laminae; Texturally the
constituent sandstone bodies are more mature
(Figs. 7E, F). Compositionally they are
subarkosic towards basal part and quartz
arenitic towards top (Fig. 7G). Presence of
partially or thoroughly altered, sub-rounded to
rounded feldspar grains increases up the
section (Figs. 7E, F).

Mid-channel longitudinal bars attest their

origin within braided river channel
(Miall, 1988; Samanta et al, 2016).
Comparative textural maturity and

absence of pebbles as well as basal
scours on the erosional surfaces point
towards steadier flow; Palaeogeography
had presumably been further distal;
Occurrences of transverse bars indicate
further decrease in flow strength;
Textural and mineralogical maturity of
the constituent sandstone bodies further
support longer transportation; Greater
amount of altered feldspar grains
suggests further increase in chemical
weathering rate.

80




Table 6

Table 6: Architectural elements within the studied fluvial interval of the
Badami Group

Architectural
element

Description

Interpretation

Downstream
accretion
element
(DAE)

Composed of sandstone, with or without
pebbles or granules, internally
characterized by large cross strata
confining smaller down-dip cross strata
(Fig. 5B), flat base and convex-up top;
Smaller cross strata and the larger cross
strata orientated in the same direction
(Fig. 5B); Facies | corresponds to this
element.

Presence of DAE represents
longitudinal bar; Repeated
accretion of smaller ripples

along the downstream side of

the longitudinal bars
presumably gave rise to this
element (Miall, 1985, 1996;
Long, 2011).

Lateral
Accretion
Element
(LAE)

Composed of thin sheets of pebble-free
sandstone internally characterized by
tabular cross strata (Fig. 5F), rare in

occurrence, always found to recline on

the flanks of the DAESs or may overlie
them; Cross strata orientations are at high

angle to that of DAE and small channel
element (SCE, described below; Fig. 5F);
Subfacies L1 corresponds to this element.

Accretion of the bars at high
angle to the migration
direction of DAE; Relationship
with the DAE suggests bar-
flank accretion; Sediments
transported across the bar crest
and avalanching down the
flank of the longitudinal bar by
secondary flows during low
water stage (Long, 2011).

Small
Channel
Element

(SCE)

Composed of lenticular sandstone bodies,
may or may not be pebbly, internally
characterized by cosets of trough cross
strata (Figs. 4E, 4F, 5A); Cross set
thickness as well as grain size decreases
upward, In transverse section, base is
generally concave-up, sometimes flat to
slightly convex-up when overlying SGE
(described below), while the top is flat;
Mostly associated with DAE, often
showing onlapping/ downlapping
relationship; Maximum measured
thickness up to 3.4 m, outcrop length
along the direction of current is about 10s
of m; This element corresponds to facies
H

The SCE represents the floor
of the river channels or
individual branches of braided
rivers (Miall, 1985; Long,
2011); Upward decrease in
grainsize along with reduction
in cross set thickness clearly
suggest decreasing flow
strength with time (Bridge,
2006).

Laminated
Sandsheet
Element
(LSE)

Characterized by sandstone, may or may
not granule or pebble rich, tabular, sheet-
like or wedge-like in geometry, averaging
25 cm thick and laterally traceable
beyond 2 m; Planar lamina constitute the
most common type of structure (Figs. 5C,
D), although ripple lamina are also
discernible (Fig. 5E); The former variety
overlies both the DAE and SCE

LSE apparently formed at
diverse locations with respect
to river channels, such as, on

top of bars or over small
channel fills; Predominance of
planar laminae supports high
flow regime sheet flow, both
on top of the bar, as well as,
over the channelform during

81



https://www.editorialmanager.com/sedgeo/download.aspx?id=542531&guid=83dfcab6-9169-43f5-a0cf-e8a027a05e46&scheme=1
https://www.editorialmanager.com/sedgeo/download.aspx?id=542531&guid=83dfcab6-9169-43f5-a0cf-e8a027a05e46&scheme=1

occasionally, the latter variety overlies
the SCE only, though comparatively rare;
Facies J and K correspond to this
element.

low water stage; Ripple

laminae formed during
decrease in flow strength at
final stage of channel filling.

Sediment Sandy variety composed of very poorly | Product of hyperconcentrated
Gravity-flow sorted, coarse to medium grained flow with high matrix strength,
Element sandstone with chaotically arranged possibly generated during flash
(SGE) oversized pebbles; Conglomeratic variety floods; Gradually become
composed of matrix supported more fluidal with shedding of
conglomerate with haphazard clast sediments, and consequently
orientation; Lenticular with flat to produce crude cross
concave-up bases and slightly convex-up stratifications.
tops (Figs. 3D, 4C); Internally massive,
with rare crude cross stratifications;
Maximum measured thickness 85 cm;
Corresponds to facies B and subfacies Gy,
commonly associated with SCE and
DAE, comparatively with coarser
associations.
Transverse Composed of poorly sorted medium to Tabular cross stratified
Bar Element | fine grained lenticular sandstone with flat sandstone bodies represent
(TBE) bases and convex-up tops in transverse transverse bar (Yu et al.,

section (Fig. 6A); Internally tabular cross
stratified, maximum thickness 56 cm
(Fig. 6A), relatively rare, always overlies
major erosion surfaces presumably
channel floors; Cross strata orientation
consistent with the associated SCE (Fig.
6A). Corresponds to subfacies L.

2002). Directional similarities
with cross strata in the SCE
corroborates the contention

(Sarkar et al., 2012).
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