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In recent years, deposits of deep channelized fluvial systems have been documented in some pre-Silurian successions, casting doubts on the exclusive sheet-braided models of pre-vegetational fluvial sedimentation. In this study, we explore the Neoproterozoic Ramgiri Formation to (i) understand the surface processes in a pre-vegetation fluvial system, (ii) examine the existence of sheet-braided or channelized architecture in this succession, and (iii) identify possible process controls that might have resulted in either a sheet braided or channelized architecture in these deposits. This study examines a ∼50 km-long transect of the outcrop belt, subdividing the succession into ten facies and three facies associations, supported by sedimentological logs and paleocurrent data. Facies association I consists of sheet-like units of weakly channelized, stratified pebble-coble conglomerate alternating with trough cross-stratified pebbly sandstone. Facies association II consists of comparatively finer, pebbly, coarse-grained, sheet sandstones with small trough cross-strata, capped by thin mudstones. Both associations show an abundance of dm-thick, mass flow or hyperconcentrated flow deposits. The regional paleocurrent patterns of these two associations are dominantly NE-trending, transverse to the basin axis, representing proximal (FA I) and distal (FA II) megafan deposits. Facies association III, in contrast, contains >3 m deep channel scours, thick simple and compound bedforms, and bars. The overall paleoflow of FA III is toward the SE, parallel to the basin axis, and represents deposition from a lower-gradient, perennial, sandy braided river. We infer that the flows were sheet-like on the megafan because of its steeper gradient, resulting in flow attenuation and widening on a non-cohesive substrate, whereas the lower-gradient, higher-discharge axial drainage of FA III gave rise to deeper channel bedforms similar to the Phanerozoic fluvial deposit. The geophysical and tectonic data indicate that the Godavari basin developed as a half-graben with an active normal fault on its NE margin and a roll-over anticline on the SW margin. The Ramgiri megafans developed on the roll-over margin, and the adjacent low-gradient axial basin plain was occupied by deeper channels, resulting in the simultaneous development of contrasting fluvial architectures.
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1 INTRODUCTION
Vegetation appears to exert a major influence on the fluvial processes by moderating the flood hydrograph, enhancing substrate cohesiveness, controlling sediment availability, and contributing to soil development (Davies and Gibling, 2010; Davies et al., 2011 and references therein). Precambrian fluvial processes, therefore, are inferred to have been different due to the absence of land vegetation (Schumm, 1968). Theoretical postulates and many case studies document the shallow and wide nature of the pre-vegetation rivers, which produced sheet-like sandstone bodies. These formations are inferred to have resulted from the unconfined, shallow flow of the channels that rapidly widened by eroding the non-cohesive substrate (Fuller, 1985; Sonderholm and Trisgaard, 1998; Long, 2004; Eriksson et al., 2005; for a review, refer to Davies and Gibling, 2010). The term “sheet-braided” has been coined to describe these typical fluvial deposits (Cotter, 1978; Eriksson et al., 2006). The overall depositional architecture and inferred channel dynamics have influenced many researchers to compare the inferred pre-vegetation surface processes with the dryland rivers, which are marked by the limited vegetation cover and the ephemeral, flashy nature of flood discharge (Sneh, 1983; Abdullatif, 1989; Tooth, 2000).
It is argued that pre-vegetational earth surface processes were distinct from the fluvial systems that developed after the Silurian, following the advent of land vegetation (Schumm, 1968; Cotter, 1978; Davies and Gibling, 2010). The absence of land vegetation probably resulted in reduced chemical weathering, which, in turn, led to limited production of mud and soils (Retallack, 2001). In addition, in the absence of moderating effects of vegetation, surface flows were flashy, marked by stronger and more frequent discharge fluctuations, irrespective of climatic conditions. In the absence of muddy, cohesive floodplain deposit, the channels were prone to rapid avulsion, rapid lateral expansion, and the transport of high sediment loads (Davies et al., 2011; Santos et al., 2014; Eriksson et al., 2006). It has been documented in several cases that such alluvial plain deposits were subjected to increased eolian reworking and deposition (Chakraborty and Chaudhuri, 1993; Trewin, 1993; Trisgaard and Oxnevad, 1998). Thus, many Precambrian and early Paleozoic fluvial deposits are characterized by stacked sheet sandstone bodies, typically consisting of decimeter-thick, trough cross-bedded units that lack internal complexity and show little evidence of deep channelization (Cotter, 1978; Davies and Gibling, 2010; Davies et al., 2011; Santos et al., 2014; Ielpi and Rainbird, 2016). However, the recent findings of strongly sinuous channels on the surface of Mars challenge the idea that vegetation is the sole factor influencing channel planform patterns, and this has sparked renewed interest in possible analogs on the earth, particularly in Precambrian fluvial successions (Beyer et al., 2012; Santos et al., 2014; Matsubara et al., 2015; Ielpi and Rainbird, 2016; Ielpi et al., 2017). Several studies have already reported meandering river deposits from the Precambrian strata (Sweet, 1988; Santos and Owen, 2016). It appears that bank stabilization is an important factor for developing river meanders, but the same can be provided by the abundance of muddy sediments in the channels or by early cementation of the channel-enclosing sediments (Marconato et al., 2014; Matsubara et al., 2015; Braudrick et al., 2009). Recently, studies of large-scale outcrops of Precambrian fluvial successions involving satellite images and oblique aerial photos, integrated using photogrammetric techniques, revealed the presence of very wide and deep channels within several Proterozoic fluvial sandstone bodies (Ielpi and Rainbird, 2016; Ielpi et al., 2017; Ghinassi and Ielpi, 2017). The evidence of deep channelization and the presence of large downstream and laterally accreting bars point to the morphodynamic similarity of many Precambrian rivers with post-land-vegetation rivers. However, it is important to recognize that notwithstanding the record of deep channeled sandstone, more than half of these fluvial deposits (e.g., Burnside River Formation, Canada) are typically cross-stratified ‘sheet-braided’ sandstone units, which are traditionally believed to be the hallmark of pre-vegetation alluvial facies (Ielpi and Rainbird, 2016). Thus, the search for a distinctive style of the pre-vegetation fluvial system remains relevant, and this underscores the need for more case studies for the reconciliation of the effects of the absence of vegetation on the surface processes and their record in the pre-Silurian fluvial deposits. In this perspective, this study explores the well-exposed fluvial strata of the Neoproterozoic Ramgiri Formation of the Sullavai Group in the southwestern Proterozoic belt of the Pranhita–Godavari Valley in Telangana, India (Figure 1).
[image: Figure 1]FIGURE 1 | Geological map of the Pranhita–Godavari Valley showing the disposition of different stratigraphic units. The gray-colored box shows the study area. The inset map shows the position of the Pranhita–Godavari Valley in India.
The primary objective of this work is to explore the facies and architecture of the Ramgiri rocks, spread over ∼50 km of the strike length of the exposure belt. We analyze the regional distribution of facies and the paleocurrent pattern of the Ramgiri fluvial deposits to explore the relationship between the Ramgiri drainage network and the paleogeomorphology of the Godavari Valley half-graben basin. Additionally, we present a brief comparison of the architectural characteristics of the Ramgiri Formation with those of the overlying Neoproterozoic fluvial deposits of the Mancheral Quartzite (Chakraborty and Chaudhuri, 1993; Chakraborty, 1994; Chakraborty, 1999), which are exposed in the adjacent areas.
2 GEOLOGIC SETTING
Undeformed or mildly deformed, unmetamorphosed, and unfossiliferous Proterozoic deposits occur in several Precambrian sedimentary basins of India and are collectively referred to as Purana Basins in Indian stratigraphy (Ramkrishna and Vaidyanathan, 2010; Chaudhuri, 2003; Conrad et al., 2011; Meert and Pandit, 2015; Valdiya, 2016; Saha et al., 2016). One such succession, the Godavari Supergroup, spans from the Mesoproterozoic to Neoproterozoic and is exposed as two parallel NW–SE trending belts along the Pranhita–Godavari Valley (P–G Valley). These belts are separated by a central zone of Permo-Triassic rocks belonging to the Gondwana Supergroup (Chaudhuri and Chanda, 1991; Chaudhuri et al., 1999; Chakraborty, 1994; Saha and Chaudhuri, 2003; Joy et al., 2015; Figure 1). The present study is focused on the southwestern outcrop belt of the P–G Valley, where the Proterozoic succession has been subdivided into several groups, with the Sullavai Group being the youngest (Table 1). The Ramgiri Formation forms the basal unit of this group and erosively overlies the sediments of the Penganga Group (around the Mancheral town; 18o52′17″N, 79o 26′ 40″E) or the Pakhal Group (in the Ramagundam area; 18°48′ N, 79°27′ E). In other sections, it directly overlies the Archean basement gneisses (Chakraborty, 1994). The Mancheral Quartzite erosively overlies the Ramgiri Formation around Mancheral and is, in turn, overlain by the Venkatpur Sandstone (Chakraborty, 1994; Joy et al., 2015; Table 1). More recently, some researchers have classified the laterally extensive arkosic sandstone and conglomerate units—previously defined as the Ramgiri Formation—as Nalla Gutta Sandstone, grouping them with the underlying Proterozoic Penganga Group (Chaudhuri et al., 2012). The stratigraphic relationship between the red, arkosic pebbly sandstone in the Ramagundam area and other units of the Penganga Group remains difficult to evaluate due to faulted juxtaposition of these units, whereas the succession around Mancheral is more consistent with its inclusion within the Sullavai Group (Chakraborty, 1994; Chaudhuri, 2003; Joy et al., 2015).
TABLE 1 | Stratigraphy of the Neoproterozoic Sullavai Group, SW belt, P–G Valley.
[image: Table 1]Based on gravity anomaly studies, the P–G Valley basin has long been identified as a half-graben rift basin (Qureshy et al., 1968; Mishra et al., 1989). This rift basin is believed to have formed along an Archean structural grain (the boundary between the Bhandara and Eastern Dharwar cratonic nuclei) during the Early Proterozoic and has been rejuvenated at different times to accommodate several phases of Proterozoic and Mesozoic sedimentation (Naqvi and Rogers, 1987; Chaudhuri et al., 2012; Conrad et al., 2011). Gravity and magnetic studies suggest the presence of a rift structure with a major fault along the northeastern margin of the basin, which extends over 100 km to the north, below the Deccan Trap, and the maximum sediment thickness reaches approximately 6 km close to the northeastern faulted margin (Figure 1). The southwestern limb of the basin appears to be a passive, unfaulted margin characterized by a rollover anticline (cf. Qureshy et al., 1968; Chaudhuri et al., 2002; cf., Withjack et al., 2002).
The Ramgiri Formation consists of a succession of purple to red arkosic pebbly sandstone and conglomerate, with minor amounts of mudstone, and its thickness varies from 250 to more than 500 m. It is very well-exposed in the Nalla Gutta area (Figure 2) near Ramagundam town and in the Ramgiri Fort hill area (18°34′ N, 79° 33′E). A previously available K–Ar date from the Sullavai Group indicated a depositional age of approximately 871 ± 14 Ma (Chaudhuri and Howard, 1985). More recently, Amarasinghe et al. (2014) and Joy et al. (2015), based on the U–Pb dating of the detrital zircons, provided an estimate of the maximum depositional age for the Mancheral Quartzite and Venkatpur Sandstone, inferred to be younger than 970 Ma and 709 Ma, respectively. This suggests that the basal Sullavai Ramgiri Formation, which underlies the Mancheral Quartzite, has a maximum depositional age of <1000 Ma.
[image: Figure 2]FIGURE 2 | Geological map of the study area showing the paleocurrent data measured from different facies associations of the Ramgiri Formation and Mancheral Quartzite. The rectangular box marked in the lower left corner shows the position of the inset map in Figure 3.
3 METHODOLOGY
Previously, Chakraborty (1994) conducted a detailed mapping of approximately 800 square kilometers of the Neoproterozoic Sullavai Group in the southwestern belt of the P–G Valley, covering ∼100 km of strike length between Mancheral in the north and Laknavaram (18° 09ʹ 14.88ʺN, 80° 06ʹ 13.34ʺE) in the south. The current study focuses on the approximately 50 km strike-parallel exposure belt (Figures 2, 3), where the Ramgiri Formation and Mancheral quartzite are well-exposed. Approximately 900 paleocurrent measurements (Figure 2) were taken from the Ramgiri Formation in the study area, and four detailed sedimentological logs (Figure 3) were prepared, covering a cumulative thickness of 967 m, to examine the pattern of vertical succession of facies within the Ramgiri Formation. In each of the logs with conglomerate beds, the long axes of the clasts were measured. The 10 largest clasts were measured from each bed, and its mean was used as the maximum particle size (MPS). In the case of more massive conglomerate beds, the individual bed thicknesses were measured. The succession has been divided into 10 facies, mainly considering lithology and sedimentary structures. These facies, based on their preferred occurrences, paleocurrent patterns, and lithosome geometry, have been grouped into three facies associations. The classification of facies and facies association based on the objective, field-observable criteria, and their process interpretation follows the standard technique of facies analysis, as outlined in many standard texts (cf. Reading, 1996; Walker and Posamentier, 2006; James and Dalrymple, 2010).
[image: Figure 3]FIGURE 3 | Synoptic sedimentary logs and their correlation in the Nala Gutta area of Ramgiri Formation; four log locations (I–IV) are marked by yellow lines in the inset map.
4 SEDIMENTOLOGY OF THE RAMGIRI FORMATION
The essential features of the ten facies and three facies associations have been described in Table 2, 3, respectively. The facies associations and their interpretations are further discussed in the following paragraphs:
TABLE 2 | Facies recognized in the Ramgiri Formation.
[image: Table 2]TABLE 3 | Summary of lithofacies associations in the Ramgiri Formation.
[image: Table 3]4.1 Conglomerate–sandstone facies association (FA I)
Facies association 1 (FA I) (Figures 4A, B) comprises the coarsest material of the Ramgiri Formation and mainly consists of F1, F4, F3, and F2 (in decreasing order of abundance) and a few beds of F5 and F8 (Table 2). Clast-supported sandy conglomerates (F1) and trough cross-bedded pebbly sandstones (F4) are the dominant constituents of the association. Interbedding of various types of conglomerates and sandstones builds up 1.6 m–5 m-thick succession, showing both coarsening-upward (CU) (Figure 5B) and fining-upward (FU) trends (Figures 4, 5A). The F1 conglomerates (Table 2) mostly have erosive, slightly undulating lower contacts and are internally horizontal/low-angle-stratified and less commonly cross-stratified (Figures 4, 5A). Although the FA I sandstone–conglomerate beds are sheet-like (W:T>>25), careful observation reveals the presence of irregular scours that are 25–62 cm deep (Figure 4). F2 conglomerate beds (Table 2) are generally massive and have flat, non-erosive bases (Figure 4B). However, some of these massive beds show poorly developed parallel stratification and bed-parallel clast orientation. Their contacts with the overlying sandstones are generally sharp, although gradational contacts are not uncommon. Individual CU/FU units of FA I are tabular bodies and can be traced laterally for several tens to nearly two hundred meters. The stacked FA I conglomerate–sandstone units are 6 m–30 m thick, and they commonly show a coarsening-upward grain-size trend (Figure 5B). Such a lithosome can be traced for approximately a km toward the southeast where it gradually pinches out within FA II or FA III units (Figure 3). A plot of bed thickness versus the maximum particle size of F2 beds (measured from both FA I and FA II units) shows a linear correlation (Figure 5C). Variations in the cross-bed azimuths measured from superposed beds in a vertical succession (log) are high (Figure 5B), and the mean direction of the paleoflow measured from different sections in the Nalla Gutta area shows a radial spread between NNE and ESE (Figure 2). Mean flow directions between exposures in the Begumpet area show less variability, and their mean directions cluster around the NE (Figures 2, 5B). The exposure of FA I and FA II units in Figure 5D is only approximately 100 m wide, and the calculated width-to-thickness ratio (W: T) of some of the channelized sandstone bodies >100. If we could have examined these sandstone bodies in wider exposures, the aspect ratio would have been even greater.
[image: Figure 4]FIGURE 4 | (A) Field photograph of facies association 1 in the Nalla Gutta area. Notably, fining-up F1 conglomerates (marked) mostly have erosive, undulating, lower contacts (inked lines). The cross-bedded sandstone beds (F4) in the lower part of the exposure and finer sediment-filled channels (F5) are marked. Tabular and massive conglomerate beds of F2 (marked) are toward the lower right of the exposure. (B) Enlarged view of the F2 massive conglomerate (box in A) interlayered with trough cross-bedded F4.
[image: Figure 5]FIGURE 5 | (A) Line drawing of an outcrop showing the grossly fining-upward trend in the conglomerate–sandstone facies association (FA I) in the Nalla Gutta area. Notably, F2 pebble-to-cobble conglomerate beds are massive and have flat, non-erosive bases. (B) Sedimentary logs measured from the Ramgiri Formation (location I marked in Figure 3). Note the coarsening- and fining-upward conglomerate–pebbly sandstone successions. The vector mean of the paleocurrents measured from each level is marked by arrows; dots on the right mark the MPS of the conglomerate beds. (C) Correlation diagram of MPS/BTh data from F2 beds of the Ramgiri Formation; b, regression coefficient (line gradient); n, no. of datasets; r, correlation coefficient. (D) Sheet-braided architecture of the FA I and FA II in the Ramgiri fluvial succession; exposed view is approximately 30 m high.
Interpretation: the clast-supported stratified conglomerate with an erosive base and trough cross-stratified pebbly sandstone is a common feature in modern gravelly alluvium (Hein and Walker, 1977; Bluck, 1974; Bridge, 2003) and ancient braidplain deposits, including many of the pre-vegetational fluvial deposits (Rust, 1984; Simpson and Eriksson, 1989; McCormick and Grotzinger, 1993; Long, 2004; Sohn et al., 1999). Some of the observed beds show a linear correlation of particle size and bed thickness (Figure 5C), probably implying a single plug-flow type emplacement instead of a stacked surge-type succession of mass flow deposits (c.f., Nemec and Steel, 1984; Major, 1997). Some of the features of the F2 conglomerate, such as poorly developed horizontal stratification, bed-parallel orientation of clasts, and the presence of thin sandy lenses within massive conglomerate beds, are more akin to hyperconcentrated flow deposits (Smith, 1986; Todd, 1989; Benvenuti, 2003) common in volcanic terrain or other alluvial settings, where sediment availability is high, leading at times to increased concentration of entrained detritus.
However, there are certain differences between FA I succession and common fluvial facies. The first noticeable difference is in its paleocurrent pattern. In all the six sedimentological logs measured in the Nalla Gutta area (Figures 2, 3), the vertically stacked successions of FA I show vector means varying from ESE to NNE. Although variation is expected between successive channel bodies, the regional paleoslope is not expected to change in a radial fashion from one sandbody to the overlying one. We infer this paleocurrent pattern to represent the radial morphology of the paleogeomorphic units, similar to the alluvial fans or fluvial megafans (Bull, 1977; Blair and McPherson, 2009; Assine, 2005; Chakraborty and Ghosh, 2010; Owen et al., 2017). As the active sedimentation lobe changed with time, the paleocurrent pattern of successively stacked units changed, replicating a radial pattern. Second, there is a paucity of conglomerates originating from mass flow/hyperconcentrated flow. The F2 beds comprise only ∼15% of the total FA I succession. In addition, the overall grain size of the deposits is significantly finer (clast size up to ∼100 mm), indicating a difference with proximal bouldery mass flow-dominated alluvial fan successions. The described features are more consistent with sediment-charged, shallow, gravelly stream flow deposits and stream-driven density flow deposits (Todd, 1989; Went, 2005; Went, 2020). The frequent presence of channel-fill units of F5 denotes the late-stage channelized run-off in a subaerial environment commonly associated with fluvial deposits rather than with mass flow-dominated gravelly deposits of high-gradient alluvial fans (c.f., Blair and McPherson, 1994). These observations form the basis of our interpretation of FA I succession as proximal megafan or fluvial fan deposits (cf. Nichols and Fisher, 2007; Ielpi and Ghinassi, 2016). In these fluvial megafans, traction current was the main depositing agent, and the locus of active deposition shifted within the fan surface rather arbitrarily with time (Assine, 2005; Karssenberg and Bridge, 2008; Chakraborty and Ghosh, 2010). Thinner F2 layers represent occasional hyperconcentration of debris in the stream flow. Tens of meter-scale coarsening- and fining-upward trend in the conglomerate-dominated units reflect the progradation or abandonment of the megafan lobes, as is frequently observed in the proximal part of the fluvial megafan deposits (Chakraborty and Ghosh, 2010; Weissmann et al., 2013).
4.2 Sheet-like pebbly sandstone–thin mudstone facies association (FA II)
Facies association 2 (FA II) (Figures 5B, 6–8) is comparatively finer-grained and dominantly consists of small trough cross-bedded pebbly, coarse sandstone (F3) with a minor amount of massive to faintly stratified pebble or granule conglomerate (F2; Figure 8). Thin mudstone layers (F8), ripple laminated sandstone (F9, Figures 6, 7A), and shallow channel fills (F5, Figure 7B) comprise a minor part of the association. This facies association is common over most of the study area and is characterized by the remarkable lateral continuity of the beds, their sheet-like geometry, the monotonous, repetitive nature of the sequence (Figures 5C, 6), and the regionally consistent northeast to easterly paleoflow direction (Figure 2). The repeated transitions from small cross-bedded pebbly sandstone (F3) to thin mudstone layers (F8) are always sharp (Figure 6). Although individual F3 beds show an FU trend at places (Figure 7A), a tens-of-meter-scale CU grain-size trend is more common in the FA II successions (Figure 5B). Locally, rocks of this facies association show a low-angle intraformational unconformity within the FA III sedimentation units (Chakraborty, 1994). In the Nala Gutta area, it laterally intertongues with FA I deposits.
[image: Figure 6]FIGURE 6 | Field photograph of FA II showing sheet-like sandstone of small-trough cross-beds (F3) topped by thin mudstones layers (arrowed).
[image: Figure 7]FIGURE 7 | (A) Field sketch of a succession of FA I and FA II in the Nalla Gutta area. Flat-base massive sandy conglomerate with thin interlayered sandstone beds inferred as hyperconcentrated flow deposits. Gradation of hyperconcentrated flow deposits (H) to small cross-beds or ripple laminations; thin mudstone layers separating the beds; FA I beds show larger bedforms and ∼50 cm deep channel fills. (B) Small asymmetrically filled channel with overlying fine muddy siltstone.
[image: Figure 8]FIGURE 8 | (A) Massive- to parallel-stratified pebbly sandstones preserve ripple forms in the underlying muddy siltstone, indicating non-erosive emplacement of the pebbly sandstone. The pebbly sandstone is inferred as hyperconcentrated flow deposit. (B) Approximately 65 cm thick, massive pebbly conglomerate with faint sand-rich horizontal stratification; clasts are oriented parallel to bed boundaries; cross-bedded sandstone (above) with a sharp contact. (C) Massive fining-upward small pebble conglomerate grading into mudstone.
Lithologically, FA II differs from FA I rocks by having a finer clast size, more frequent thin mudstone beds (F8), and thinner bed packages. Some of the interlayered F2 beds, as mentioned earlier, show a linear correlation of MPS: BTh plots (Figure 5C). The association forms 25–110 cm-thick tabular units that can be traced for greater than several hundred meters in the outcrops (Figure 5C). Trough cross-beds are mostly 3–15 cm thick, and isolated larger planar cross-beds, which occur infrequently, range in thickness from 25 to 42 cm. Shallow, wide channel-fills, up to 25 cm thick, with a width: depth ratio >25:1, occur in certain areas (Figure 7B). The fine pebble to granule conglomerate beds (F2), mostly ranging in thickness from 10 to 30 cm, have a sharp yet non-erosional basal contact and, in some places, preserve delicate ripple forms in the underlying muddy siltstone beds (Figure 8A). The F2 beds are internally massive and either ungraded or normally graded, transitioning upward into ripple laminated sandstone (F9, Figure 7A) and muddy siltstone (Figure 8C). They may show faint horizontal stratification (Figures 7A, 8A).
The paleocurrent direction of this facies association is consistently clustered around a NE to E mean direction and systematically varies both laterally and vertically (Figures 2, 5B). The isolated, larger planar cross-beds show an oblique paleotransport direction, contributing to the high dispersion of paleocurrent azimuths in some exposures.
Interpretation: a unimodal paleocurrent pattern, the dominance of small trough cross-beds, and the presence of small channel-form deposits indicate the deposition of this facies association from shallow, wide, low-sinuosity channels (Cotter, 1978; Dott et al., 1986; Fedo and Cooper, 1990; McCormick and Grotzinger, 1993; Long, 2004; Long, 2006; Ielpi and Rainbird, 2016). Aggradation was dominantly through migration and climbing of small, sinuous, crested dunes in shallow, wide, poorly channelized flow (Mckee et al., 1967; Williams, 1971; Ielpi and Rainbird, 2016). Obliquely migrating thicker planar cross-beds denote the development of rare unit bars in comparatively deeper parts of the otherwise sheet-like channel flows (cf., Cant and Walker, 1978; Fedo and Cooper, 1990). Impersistent, thin, muddy, fine sandstone/mudstone is inferred to represent waning flood deposits, and their sharp transition provides evidence for flashy discharge, followed by the rapid waning of the flow in a vegetation-free earth surface (Picard and High, 1973). Although the flow was inferred to be flashy, plane parallel strata were absent because of the coarser grain size of FA II. The dominant architecture comprises stacked sheet-like bodies separated by thin mudstone drapes (Figure 6) and the local presence of small channel fills (Figure 7B). Low-angle intraformational discordance in this facies association is indicative of ongoing syn-sedimentation tectonic deformation.
Massive to faintly horizontally stratified, sheet-like granule conglomerate beds lacking any bedforms and showing clast orientation parallel to the bedding plane, are characterized by flat, non-erosive bases deposited from hyperconcentrated flow with rheological characteristics intermediate between a Newtonian fluid and a Bingham plastic (Fisher, 1971; Pierson and Scott, 1985; Costa, 1988; Todd, 1989; Sohn et al., 1999; Sohn and Son, 2004). They resemble similar conglomerates of FA I but generally have a finer clast size and thinner strata. More clast-packed massive beds probably denote non-cohesive debris flow, and fining-upward massive beds resemble typical turbidite-like deposits (Major, 1997; Moscariello et al., 2002; Dasgupta, 2003; Cartigny et al., 2013).
Similar alluvial settings are common in present-day extreme climatic regimes (Williams, 1971; Karcz, 1972; Boothroyd and Ashley, 1975; Sneh, 1983) and have also been reported from many Precambrian fluvial deposits (Dott et al., 1986; Fedo and Cooper, 1990; McCormick and Grotzinger, 1993; Long, 2004; Eriksson et al., 2006; Ielpi and Rainbird, 2016). However, in a vegetation-free Precambrian landscape, flashy discharge and rapid waning could develop irrespective of climatic extremities. Unprotected by binding vegetation, loose debris were abundant, transforming the flow into a hyperconcentrated flow or a non-cohesive debris flow, leading to the development of interlayered F2 beds.
In the Nalla Gutta section, both the lateral transitions of FA I into FA II in the downcurrent direction and the vertical alternations between these two facies associations, along with broad similarity in the facies composition and inferred processes, finer grain size, and lesser bed thickness, indicate that the FA II succession represents the distal part of the FA I sediments. We infer that FA II sediments accumulated in the distal part of the megafans. The few-meter-scale coarsening upward trend probably denotes the progradation of the megafan and the eventually transition from FA II to FA I succession. A locally radial paleocurrent pattern and its consistent vector mean orientation at a high angle to the trend of the outcrop belt support similar transverse megafan origin for FA II.
In summary, the sheet-like lithosome, smaller bedform size, interlayered thin mudstone beds, and broadly transverse to basin axis paleoflow direction of FA II are consistent with the distal megafan setting. Limited evidence of channelization, finer grain-size, and discontinuous mudstone beds are expected to be more common in the gentler gradient toe regions of the megafans (Nichols and Fisher, 2007; Arzani, 2012; Sneider et al., 2021). However, due to coarser grain size, there is limited evidence of plane parallel stratification in the distal toe region of the Ramgiri megafan. The abundance of easily entrainable loose fragments on the vegetation-free megafan surface produced repeated thin mass flow or hyperconcentrated flow deposits. All these features of FA II can be attributed to a vegetation-free, easily erodible sandy substratum and the relatively high gradient of the stream channels. Theoretical considerations indicate that pre-Devonian streams may have had a width: depth ratio in excess of 500 (Fuller, 1985). Increased gradient tends to decrease the depth of the flood water (Frostick et al., 1988; Blair and McPherson, 1994). It is postulated that both these factors, the erodible substratum and higher gradient, acted in conjunction to produce the observed facies pattern and the typical sheet-braided architecture of the rocks of this association.
4.3 Medium/large-scale cross-bedded sandstone association (FA III)
Facies association 3 (FA III; Figures 9–12) predominantly consists of medium- to large-scale planar and trough cross-strata (F6 and F4), with subordinate plane-parallel strata (F7), ripple-laminated strata (F9), channel-fills (F5), and layers of mudstone and sandstone: mudstone heteroliths (F8, Figure 12). The planar cross-sets are 30–172 cm thick, and the trough cross-beds are 20–50 cm thick, forming cosets that range from 0.9 m to >5 m in thickness. Individual strata are 1.4 m–5.6 m thick and, in some places, are associated with preserved channel margins showing relief from 0.9 m to >3 m (Figure 10). Reactivation surfaces and smaller down-dipping intrasets (compound cross-strata) are common (Figures 9B, 11). Parallel-stratified and ripple-laminated medium- to fine-grained sandstone capping the cosets of large cross-strata are usually several decimeters thick (Figure 9A). Fine sandstone, siltstone, and mudstone units can be up to 70 cm thick in some instances; in one exposure southeast of the Begumpet red mudstone, the thickness reaches 4 m. This association occurs in all the studied sectors of the Ramgiri Formation.
[image: Figure 9]FIGURE 9 | Field sketches showing the features of the FA III deposits. (A) Coset of large trough cross-beds overlain by a shallow channel, smaller bedforms, and plane-parallel stratification; top of the exposure marked by large planar cross-strata. SW-ward flow. (B) Coarsening-upward braided bar sequence within the Ramgiri Formation. The section can be divided into upstream (NW) and downstream (SE) ends and a central part. Complex interlayering cross-beds and parallel to low-angle lamination grade into rippled, fine-grained sandstone (Rs); the entire sequence is overlain by coarse, pebbly sandstone (Cs).
[image: Figure 10]FIGURE 10 | > 3 m deep channel scour in FA III (marked by dotted line). Lower portion of the exposure shows the coset of troughs and plane parallel stratification. Geological hammer for scale.
[image: Figure 11]FIGURE 11 | Coset of downcurrent-accreting planar cross set in a braided bar succession of FA III, Edlapur area. Two sets of downcurrent-accreting compound cross-strata are separated by a unit of parallel stratification. Geological hammer for scale.
[image: Figure 12]FIGURE 12 | Exposure showing comparatively thicker mudstone and an overlying sandstone–mudstone heterolithic unit. Note the thickening and sanding upward succession in the heterolithic unit; F8, FA III succession, Nala Gutta area.
In some exposures, the sandstone succession is dominated by cosets of large planar sets separated by 5–20 cm-thick red mudstone beds. At other exposures, haphazard interbedding of cosets of planar cross-strata, medium-to-large trough cross-strata, planar laminated strata, and 40–60 cm deep channel scours characterize the FA III succession (Figure 9A). Lateral tracing of the succession in suitable exposure reveals a more complex interlayering of different facies (Figure 9B). The basal part of the exposure depicted in Figure 9B shows cosets of large trough sets, which, in the downstream direction, are overlain by downcurrent-accreting cosets of planar cross-strata (DA element). The planar cross-strata thicken as they migrate in the downcurrent direction, and the coset is truncated by a few small trough sets at the top, which show flow in a direction at a high angle to the underlying planar sets. Above this, the northwestern part of the exposure consists of a coset of smaller-sized cross-strata that pinch out downstream within a unit of parting lineated plane parallel or low-angle strata set (Figure 9B). The top central part of the exposure consists of two cosets of larger planar cross-sets. The planar sets migrate over gently (7°–10°) southeastward-inclined surfaces, and each of the individual cross-strata tends to initially thicken downstream and then pinch out, producing a wedge/lens-shaped set. Many of the planar sets in the downcurrent end develop into trough-shaped strata. The upper part of the succession is exposed in the southeastern end and comprises two units. The lower unit (70 cm, marked Rs in Figure 9B) consists of fine-grained clayey sandstone with ripple lamination and is overlain by a ∼100 cm-thick unit of coarse-grained, granule-rich sandstone with small cross-strata. The mean paleocurrent direction is toward the SE (Figure 9B). The smaller trough cross-strata and ripple foresets show variable paleoflow varying between SW and ENE (Figure 9B).
Interpretation: repeated occurrences of larger channel-form erosional scour of different dimensions, the dominance of planar cross-strata and other unidirectional bedforms, and paucity of mudstone are consistent with the deposition of this facies association from a braided river system (Smith, 1971; Miall, 1996). The succession shown in Figure 9B resembles the internal architecture of a braid bar (c.f., Bristow et al., 1987; Best et al., 2003).The northwestern (upstream) part of panel 9B shows shallow water features of a bar head, which, in the central part of the panel, changes into thicker planar sets accreting over low-angle, downstream-inclined surfaces, resembling bar-front dune accretion into a deeper pool (Chakraborty, 1999; Best et al., 2003). The top of the bar succession comprising finer-grained rippled sand present in the downstream part of the panel diagram (Rs) represents deposition from bar-tail slough channels (Bluck, 1976; Bristow et al., 1987). The coarse granule-rich sandstone at the top denotes the winnowing of the bar tip by a shallow sheet flow during the low water stage (Bluck, 1976; Haszeldine, 1983).
5 DISCUSSION
5.1 Sheet-braided vs. channelized pre-vegetation fluvial deposits
Numerous reports from pre-Silurian fluvial deposits indicate that sheet-braided channel systems dominate these successions (Cotter, 1978; Long, 1978; Fuller, 1985; Trewin, 1993; Sonderholm and Trisgaard, 1998; Went, 2005; Davies et al., 2011). However, recent studies of the Precambrian fluvial deposits using very large-scale outcrops in different basins reveal the presence of deep channels and macroforms, illustrating certain morphometric similarities of these river systems with the post-vegetation perennial fluvial systems (Ielpi and Rainbird, 2016; Ielpi et al., 2017; Ghinassi and Ielpi, 2017). However, despite the presence of deep channelized deposits, nearly 50% of the Precambrian fluvial deposits in these reports still comprise ‘sheet-braided’ deposits (Ielpi and Rainbird, 2016). Interestingly, an examination of the Ramgiri Formation reveals the presence of both sheet sandstones in FA I and FA II (Figures 5, 6) and deeper channelized flow, marked by the development of ∼5 m-thick compound bars in FA III (Figure 9B).
A careful examination of well-exposed sheet sandstone bodies of FA I reveals the presence of subtle concave-up to irregular scours at places (Figures 4, 7). Channelized scours are also common in FA II, but they are rather small and usually filled by a single bedform or muddy deposits (Figure 7B), indicating their origin from late-stage runoff rather than from flood-stage erosional scours by rivers. Both FA I and FA II contain channelized scour-fills with a width: depth ratio of >25; therefore, they are not representative of the channels that deposited the deeper channelized sandstone bodies. The preserved channelized erosion surfaces in FA I have a width: depth ratio varying between 25 and >100 in the limited outcrop width of ∼100 m. Larger outcrops will probably yield values much higher than this. Although it is difficult to obtain precise morphometric measurements in the available outcrops, the sheet geometry of the sandstone bodies is beyond doubt.
In contrast to the features of the FA I and FA II megafan deposits, the FA III units of the Ramgiri Formation are characterized by i) the presence of larger bedforms, including the development of compound downstream-accreting bars that attain a thickness of ∼5 m in some areas; ii) a paleocurrent pattern parallel to the basin axis; iii) a lack of conglomerates, particularly the mass flow deposits common in megafan facies; and iv) occurrences of comparatively thicker mudstone or mudstone–sandstone heterolith facies (F8). The facies and architecture of this facies association strongly resemble the fluvial deposits of the modern-day braided channels (Smith, 1971; Cant and Walker, 1978; Bluck, 1979; Miall, 1994; Santos and Stevaux, 2000; Lunt and Bridge, 2004; Sambrook Smith et al., 2009). We visualize that the axial system was fed by the numerous smaller transverse drainages of the megafans, and the basin axial plain had a gentler gradient than the transverse megafan surfaces. The higher discharge and lower gradient of these rivers favored the development of a greater depth of the bank full channels, which resulted in the formation of larger bedforms and bars (Leopold and Wolman, 1957; Frostick et al., 1988; Blair and McPherson, 1994). The development of the macroforms of different dimensions has been recorded in many of the pre-vegetation alluvial deposits (Chakraborty, 1999; Long, 2004; Long, 2006; Long, 2011; Ghinassi and Ielpi, 2017), which probably have similar low gradients and larger discharge. A perennial flow or, rather, the absence of rapid discharge fluctuation probably favored the growth and preservation of compound bedforms, which formed in the deeper water of these axial streams. The variation in the geomorphology, channel gradient, and discharge pattern probably exerted control on the type of the channels and the shape of the sediment body formed by them.
5.2 Discharge and flow character
One of the most striking characteristics of FA II sheet sandstones is that these units can be traced laterally for several hundred meters in suitable exposures. Individual beds, which are 25–100 cm thick and composed of small pebble/granule-rich coarse sandstone, generally have a flat base. Internally, they are comprised of a monotonous sequence of small trough cross-strata and are invariably capped by thin mudstone layers (Figure 6). The sharp transition of the pebbly, very coarse sandstone to mudstone units denotes abrupt changes in the flow velocity, as in the case of flashy discharge with a peaked hydrograph of many ephemeral streams (Sneh, 1983; Tooth, 2000), as has also been inferred for many of the pre-vegetation rivers (Trewin, 1993; Love and Williams, 2000; Davies and Gibling, 2010). We did not observe any extensive desiccated mudflat or well-developed paleosol or eolian sabkha deposits interlayered with coarse, pebbly sandstone in the Ramgiri Formation, implying that the climate was not arid and the alluvial system did not suffer from prolonged dry periods of the riverbed following the deposition of a single unit of FA I or FA II. The stacked succession comprising sheet sandstone topped by thin mudstone, therefore, possibly represents the rapidly waning repeated flood pulses. Such features of rapid flow stage fluctuation should be reconcilable with the surface processes on the vegetation-free landscape of the pre-Silurian time (Davies and Gibling, 2010), where discharge modulation by vegetation was absent. However, the present dataset from the Ramgiri Formation is not sufficient to interpret the climatic setting and meteorological cycles of precipitation.
5.3 Mass flow and/or hyperconcentrated flow deposits in fluvial succession
Another important feature of FA I and FA II is the common occurrence of small pebble to granule-rich mass flow or hyperconcentrated flow deposits (F2; Figures 4, 5A, 7A, 8, 13). Although very common in the exposures of FA I and FA II, the mass flow deposits comprise only ∼8% of the measured successions. The bed thickness of most of these F2 units is less than 40 cm, and the mean of the 10 largest clasts mostly varies between 20–50 mm (Figure 5C). The smaller clast size, reduced thickness, and yet regular interlayering with cross-stratified sandstone indicate that these deposits do not represent the mass flow generated by large-scale slope failures in the upstream hinterland region of high-gradient alluvial fans (cf. Blair and McPherson, 2009). These mass flow beds are inferred to have developed through the rapid entrainment of abundant loose debris available on a vegetation-free surface during the Precambrian. Intense physical weathering, reduced chemical breakdown, and mud production due to the absence of vegetation (Algeo and Scheckler, 1998; Davies and Gibling, 2010) ensured the availability of a large volume of loose debris on the exposed Ramgiri alluvial plain. The rapid entrainment of loose debris, unbound by soils, muddy sediments, or vegetation, was likely much more common during the Precambrian than in the post-Silurian earth surface (Sonderholm and Trisgaard, 1998; Eriksson et al., 2006; Davies and Gibling, 2010). Figure 13 shows the lateral transformation of cross-bedded pebbly sandstone to the hyperconcentrated flow and vice versa over a short distance within FA II. The flow transformation of the dilute stream flow through the incorporation or entrainment (balking) of loose debris from the substratum during stream floods has been widely reported from volcanic or steeper alluvial surfaces (Costa, 1988; Todd, 1989; Smith and Lowe, 1991; Sohn et al., 1999; Benvenuti, 2003). It is inferred that similar processes were operative in the vegetation-free alluvial plain of Ramgiri. We emphasize that the repeated occurrence of mass flow or hyperconcentrated flow deposits in the Ramgiri Formation is probably one of the typical features of vegetation-free surface processes on the Precambrian earth, and the existing deposits should be explored for similar occurrences of alluvial plain debris flow or hyperconcentrated flow deposits.
[image: Figure 13]FIGURE 13 | Field sketch illustrating the features of F2 conglomerate bed. Detailed field sketch of a sheet-like unit of crudely parallel-stratified pebbly conglomerate with sandy lenses, showing lateral gradation from massive conglomerate to thin parallel- and cross-stratified sandstone and vice versa within the exposure. The transition from massive conglomerate to parallel and cross-strata indicates flow transformation from hyperconcentrated to more dilute fluid gravity flow. Slightly undulating erosive base of the conglomerate unit and overlying channel-fill deposit; presence of mudstone unit (marked by straight lines) within the complex fill of the channelized scour.
5.4 Megafan interpretation
FA I and FA II of the Ramgiri Formation have been interpreted as proximal and distal parts of large, low-gradient megafan deposits. Megafans or distributive fluvial systems (DFSs) are known to form huge, low-gradient, sedimentary bodies at the basin margin across different climatic and tectonic settings worldwide (Gohain and Prakash, 1990; Leier et al., 2005; Weissmann et al., 2010; Hartley et al., 2010). These large, fan-shaped sediment bodies have a gentler surface slope than high-gradient alluvial fans (Blair and McPherson, 1994), but they are generally steeper than the alluvial plain streams (Chakraborty and Ghosh, 2010). However, the identification and distinction of megafans from riverine deposits or alluvial fans in the ancient rock record is often problematic and is based on the application of a limited subset of criteria originally identified from megafan deposits that include a radial drainage pattern, proximal to distal variation in grain size, changing channel body dimension and channel planform type, increase in the relative proportion of floodplain to channel deposit, and changing soil type (Weissmann et al., 2013; Hartley et al., 2013; Owen et al., 2015; Owen et al., 2017). However, in the case of pre-vegetational fluvial setting, their sheet-like sandstone units, paucity of fine-grained floodplain deposits, and absence/paucity of paleosols or biogenic activity make this interpretation of megafan deposits even more difficult (Ielpi and Ghinassi, 2016). The distinction between high-gradient alluvial fan deposits (sensu Blair and McPherson, 1994) and large-scale fluvial megafan deposits should be discernible even in the Precambrian. Instead of the dominance of mass flow or supercritical sheet-flood couplet deposits (sand–gravel couplet facies c.f., Blair, 1999), the megafan deposits should be largely dominated by channel-fill deposits. Overall grain sizes of the megafans are finer than those of the high-gradient alluvial fans, and the rate of downstream changes in the grain size of alluvial fans is more rapid than similar changes in the megafans (Hubert and Fillipov, 1989; Blair and McPherson, 1998; Nichols and Fisher, 2007; Chakraborty and Ghosh, 2010; Owen et al., 2015). The radial pattern of the paleocurrent noted in vertical profiles (in the Nalla Gutta sector; Figures 2, 3, 5B) possibly indicates a radial drainage pattern on the paleogeomorphological features that deposited FA I and FA II. Although these units contain thinner and finer beds of mass flow or hyperconcentrated flow deposits, volumetrically, F2 pebbly conglomerates are significantly less than the proportion of mass flow beds in the high-gradient alluvial fan deposits. The distal part of the megafan, as in the case of FA II, is dominated by finer grain size, thinner pebbly sandstone/conglomerate beds, and thinner bedforms, which are believed to be a response to decreased gradient and sheet-flood processes (cf. Roaring River dam breakout alluvial fan, Blair, 1987; Gao et al., 2019). Many of the modern megafans are also dominated by sheet-flood generated plane parallel lamination (Chakraborty and Ghosh, 2010, their Figures 8, 9A). The FA I units merge downstream with the FA II succession, corroborating the proximal–distal relationship of these two facies associations (Figure 3). Both the FA I and FA II succession show overall paleocurrent transverse to the basin axis, denoting their similarity to most of the modern megafans drainages (Weissmann et al., 2013). As discussed above, we interpret that the sheet geometry of the FA I and FA II, in addition to the erodible substrate of the pre-vegetation earth surface, was also influenced by the comparatively higher gradient of the megafans. This becomes more evident because of the distinctly different architecture of the axial streams (FA III).
The geophysical and tectonic setting of the Godavari graben indicates that the basin was an asymmetric rift basin that developed along the suture between the Dharwar and Bastar Archean cratonic nuclei (Qureshy et al., 1968; Mishra et al., 1989; Chaudhuri et al., 2012). The northeastern margin was marked by a major active fault system, whereas the southwestern basin margin was marked by a passive roll-over anticline (c.f., Withjack et al., 2002). The juxtaposition of the geophysical maps with the outcrop belt suggests the development of the Ramgiri Formation on the passive margin of the Godavari half-graben. Many of the roll-over anticlines of the half-graben basins are marked by the development of large megafans (Frostick et al., 1988; Leeder and Gawthorpe, 1987). We, therefore, postulate that the Ramgiri megafan developed on the roll-over anticline of the Proterozoic Godavari graben, and the axial stream system of the FA III developed in the adjacent axial part of the basin (Figure 14). Nambi Breccia (conglomerate) occurs in the eastern limb of the Proterozoic succession Godavari graben, and it is considered to be equivalent to the basal Sullavai succession in the western limb (Chaudhuri, 2003), probably representing a gravelly alluvial fan–fan delta system. This fan-delta is related to the major active fault present in the eastern margin of the Godavari graben (cf., Qureshy et al., 1968; Mishra et al., 1989; Chaudhuri et al., 2015). As shown in our paleogeographic reconstruction (Figure 14), on the roll-over anticline on the western limb, granitic basement-derived huge megafans of Ramgiri arkosic sandstone were deposited, whereas the synthetic fault system within the basin uplifted the local basement of the Pakhal Group of sediments that were drained by a comparatively smaller fluvial system of Mancheral Quartzite.
[image: Figure 14]FIGURE 14 | Cartoon diagram illustrating the paleogeographic scenario of the Ramgiri Formation and the Mancheral quartzite in the SW Precambrian outcrop belt of the Godavari graben. Active fault margin in the east and the roll-over anticline on the western margin with Ramgiri megafans and the axial braided river system. Synthetic faults in the basin that produced highlands, which are drained by the Mancheral fluvial system. The scale of the half-graben basin and the width of the Sullavai outcrop belt are marked separately.
6 COMPARISON WITH MANCHERAL QUARTZITE
Mancheral Quartzite, a succession of conglomerate to coarse-grained quartzose sandstone, erosively overlies the Ramgiri Formation and occurs close to the Ramgiri Formation (Table 1; Figures 1, 2). The Mancheral Quartzite, having a younger age and being a well-known fluvial deposit (Chakraborty, 1999, Supplementary Datasheet A1), shows certain important differences with the Ramgiri facies as follows: i) the paleocurrent pattern of the Mancheral quartzite is opposite to that of the Ramgiri Formation and is consistently toward the south to southwest (Figure 2); ii) the sandstone is predominantly quartzose to quartz arenite in composition; iii) several first-order channelized erosion surfaces (fifth-order surfaces of Miall, 1996), each several meters deep, have been recognized in the Mancheral Quartzite (Chakraborty and Chaudhuri, 1993, their Figures 2, 3); iv) the interlayering of the eolian sediments is common and is consistent with the reworking of the alluvial plain in the vegetation-free setting (Chakraborty and Chaudhuri, 1993); v) ferruginous soil profile of ∼1.2–3 m thickness is well-developed in some places in the alluvial plain (Supplementary Datasheet A1). The features clearly indicate the following: A. the Mancheral Quartzite and Ramgiri Formation indicate their contrasting provenance. Mancheral Quartzite was fed by Mesoproterozoic quartzite units of underlying Pakhal and Penganga Groups, whereas the Ramgiri Formation sampled the Archean gneiss of East Dharwar province, flanking the southwestern basin margin (Chakraborty, 1994). B. The presence of extensive vertisol-like cracks in the soil profiles and the development of eolian and sabkha sequences probably indicate a semi-arid climate with high seasonal rainfall during the deposition of Mancheral Quartzite. A lack of similar features might indicate a more humid environment for the Ramgiri Formation (Chakraborty, 1994). C. Several features common in the present-day alluvial rivers (channelization, macroforms, and development of the soil profile) are also observed in the Mancheral fluvial system. In contrast, the architecture of the FA I and FA II in the Ramgiri Formation are more similar to the sheet-braided model for pre-vegetation rivers, whereas the axial stream deposits of FA III record the development of features similar to that of the Mancheral fluvial system. The channelization and their preservation in the Mancheral quartzite were possibly favored by the development of early iron-oxide cementation (Supplementary Figure S1E) that provided the necessary cohesiveness of the sediments. Based on this comparison, it is reasonable to assume that the Ramgiri Formation, devoid of paleosols, eolian, or sabkha deposits, was probably deposited in a more humid climate (Chakraborty, 1994). The lack of cohesive substrate and the higher gradient of the Ramgiri megafans contributed to the development of the extensive sheet-braided character of FA I and FA II.
The study of the Ramgiri Formation reveals the presence of both the typical ‘sheet-braided’ sandstones and the development of >3 m deep channelized sandstone with the growth of channel-filling compound bars. Existence of both the above-mentioned architectural types has been observed in many of the Precambrian fluvial deposits (Long, 2006; Long, 2011; Ielpi and Rainbird, 2016; Ielpi et al., 2017), underscoring the assertion that all the pre-vegetational channel systems are not necessarily exclusively ‘sheet-braided’ type. Our exploration of the Ramgiri Formation indicates that in addition to the factors contributed by a pre-vegetational setting such as non-cohesive sediment, lack of vegetation and mud, and precipitation-induced flashy discharge on an un-vegetated surface, the higher gradient of the transverse megafan surfaces was probably one of the main reasons for developing sheet-braided architecture in FA I and FA II. On the other hand, the axial streams of the Ramgiri Formation (FA III), which must have had a lower gradient and larger catchment, inducing less peaked hydrograph, were characterized by deeper flow and the development of larger bedforms. The preservation of several-meter-deep channel scours in the overlying Mancheral Quartzite might have been facilitated by the development of paleosols and a thick fluvio-eolian complex in a wide floodplain. It is, therefore, reasonable to assume that the Ramgiri Formation, devoid of soil profiles, eolian, and/or sabkha units, was possibly subjected to a more humid climate close to the basin margin highlands.
7 CONCLUSION
The examination of the Neoproterozoic Ramgiri Formation reveals the following:
1. Commonly occurring thin beds of small pebble- and granule-rich mass flow or hyperconcentrated flow deposits are common in the Ramgiri megafan deposits, reflecting the rapid entrainment of abundant surface debris by the flashy discharge, and it is considered to reflect the typical character of non-vegetated Precambrian earth surfaces.
2. The sheet sandstones of megafan deposits (FA II) comprise a monotonous succession of small-trough cross-strata capped by thin units of mudstone. The sharp contact between the mudstone and underlying pebbly sandstone indicates a rapidly waning flashy discharge, a feature typical of a vegetation-free landscape.
3. Both axial and transverse drainages are well-developed in the Ramgiri Formation. The transverse megafan drainages are typified by thin sheet-like shallow braided stream deposits. The axial drainage, on the other hand, is characterized by deeper channelization and the development of compound bars and larger sandy bedforms.
4. Deposits of both channelized flow and sheet flow in the different facies associations of the Ramgiri Formation provide a realistic facies character and channel behavior of the pre-vegetational alluvial system and counteract the bias in favor of exclusively “sheet-braided” depositional models for Precambrian alluvium.
5. A comparison with slightly younger Precambrian fluvial deposits of the Mancheral Quartzite, which occur in the same basin, indicates that the climatic factors favoring the eolian reworking of the exposed sandy alluvial plain, soil profile development, and early iron cementation probably contributed to the development and preservation of channelization in the Mancheral fluvial deposits.
6. We suggest that the lack of cohesiveness (due to vegetation, soil development, and early diagenetic cements), high gradient, and flashy discharge were the major factor influencing the sheet-braided architecture of the megafan deposits in the Ramgiri Formation, whereas a perennial drainage, lower gradient, and higher proportion of mud in the axial drainage gave rise to features similar to those of Phanerozoic rivers.
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Lithology

Depositional
environment

Proterozoic

Sullavai Group

Venkatpur Sandstone (60 m)
MDA < 709 Ma

Mancheral Quartzite (76 m)
MDA < 907 Ma

Ramgiri Formation (456 m)
MDA ~ 1,000 Ma(?)

Salmon red, fine- to
coarse-grained, well-sorted,
well-rounded sub-arkosic

sandstone with eolian strata

Mauve to deep red,
coarse-grained pebbly
sandstone and minor
conglomerate; interlayered
fine-grained well-sorted eolian
unit; ferruginous paleosol

Red conglomerate and pebbly
coarse-grained arkosic
sandstone

Erg deposit

Fluvial deposits

‘Transverse megafan and axial
braided river deposits

Penganga Group(~1,180 Ma)
Pakhal Group (~1,686 to 1,565 Ma)

Archean gneiss

*MDA = Maximum depositional age

Generalized stratigraphy of the Sullavai Group in the study area (after Chakraborty, 1991 Chakraborty and Chaudhuri, 1993; Chakraborty. 1994; Chaudhuri, 2003;
Amarasinghe et al., 2014; Joy et al., 2015).
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Facies association

Constituent facies

Characteristic
feature

Paleocurrent

Depositional setting

Conglomerate-sandstone
association (FA-T)

Mainly F1, F4, F3, and F2;
subordinate F5 and F8

Alternations in clast-supported
stratified conglomerate and
x-bedded pebbly sandstone
with interlayered mass flow
conglomerate beds (F1, F4,
and F2) characterize the FA;
1.6-5.5 m-thick tabular units
persist for few 100s of meters;
common 10-25 m-thick CU
and FU grain size trends;
common in the Nalla Gutta
and Edlapur sections
(18°31'45"N; 79°34'13"E)

Divergent mean directions (SE
to NE) in vertically adjacent
strata. Flow dominantly
toward the NE-E, transverse
10 the trend of the outcrop belt

Proximal megafan deposits;
common CU succession
denotes megafan lobe
progradation; FU successions
may denote gradual lobe
abandonment (Assine, 2005;
Weissmann et al., 2013)

Sheet-like pebbly
sandstone-thin mudstone
association (FA-1I)

Medium- tolarge
cross-bedded sandstone
association (FA-IIT)

Dominant components are 3
and F2; subordinate
components are FS and thin
units of F§

Dominant F4 and F6 with
subordinate FS, F7, and FS.
“Thick units of F9, F10 occur in
certain places

Well-developed in most of the
studied sections throughout
the outcrop belt. Commonly,
F3 successions are 25-110 cm
thick, and topped by 2-6 cm
F8 mudstone units;
superposed successions of the
facies association form
sheet-like sandstone bodies
traceable for up to several 1005
of meters

The 0.5-5.5 m-thick sequences
consists of (i) CU sequences
with a complex internal
arrangement of F4, F6, and F5,
(ii) fining- and
thinning-upward sequences of
F4 and F6, and (jii) fining- and
thinning-upward sequences of
F5 and F7 filling channel
scours few meters deep

Regionally consistent NE-ward
flow

Dominantly SE-ward flow in
all sectors

Distal megafan sheet-flood
deposit, common interlayering
of F2 conglomerates, and thin
layers of mudstone indicate
rapid sediment balking and
rapid flow deceleration
(Nichols and Fisher, 2007;
Arzani, 2012; Gao et al,, 2019)

Axial-braided stream deposit
with growth of
downcurrent-accreting bars in
deeper channels (Bluck, 1976;
Haszeldine, 1983)
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Brief description

Clast-supported sandy conglomerate; bed
thickness: 0.6-3.0 m (mostly 0.3-07 m);
laterally traceable for 10 to >60 m;
slightly irregular to flat to gently
concave-up erosional lower contact; clast
imbrications poorly developed or absent;
MPS range between 30-81 mm;
maximum clast size 110 mm; low-angle
stratification common

Clast- to sand-matrix-supported
conglomerate, bed thickness: 10-60 cm
(mostly 20-30 cm); laterally traceable
locally for few 1005 of meters; MPS range
between 20-57 mm; non-erosive to
nearly flat basal contact; non-erosive beds
at places preserve delicate ripple forms in
underlying muddy siltstone below them;
ungraded to CU or FU grain-size trend;
internally massive or with faint traces of
horizontal stratification defined by thin
sandy layers; bed parallel orientation of
the clasts is common

Medium to pebbly coarse sandstone with
small trough cross-beds (3-15 cm thick)
inlaterally extensive thin sheet-like
sedimentation units (0.2-1.5 m thick);
rare up to 40-cm thick planar cross sets
and uncommon plane parallel
stratification; at places, fining- and
thinning-upward trend

Medium- to coarse-sand with pebble
stringers; profuse 20-50 cm trough
cross-beds in cosets 0.5-5.6 m thick;
sheet-like or locally lenticular sandstone
bodies with concave-up lower bounding
surface

Channel-fill, muddy fine- to
coarse-grained sandstone; depth of
channel varies from 15 to 135 cm, and the
ill varies from a single asymmetrically
filled cross-strata to coset of
medium-scale cross-strata or massive
‘muddy sandstone

Medium to very coarse-grained
sandstone with large planar cross-beds;
sets 30-172 cm and cosets 0.9-5 m thick;
reactivation surfaces and compound
cross-strata common; cosets often show
thinning and fining-upward trend

Fine- to medium-grained sandstone with
low-angle or horizontal, parallel
lamination occurring in 20-55 cm-thick
tabular units; laminae few mm thick;
parting lineation on top of the exposed
beds can be observed at places

Few mm- 0 40 cm-thick deep red
‘mudstone and interlayered
sandstone-mudstone heterolithic units;
thin lamination in mudstone, ripples can
be recognized in sandy strata in some
places; thick mudstones often fill-up the
shallow channel-shaped scours; thin
discontinuous layers of this facies mark
the boundary between E3 sandstone beds

Fine- to medium-grained sandstone with
ripple lamination; in some areas, the
facies appears as pseudo-parallel
lamination as the foresets are visible only
after careful examination; lamina are
0.5-2 mm thick, and ripple lamina sets,
can be up to 30 em thick

Pervasive soft-sediment deformation
‘mostly involving F3, F4, and F5
characterizes the facies; variety of water
injection structures, load-structure, over
steepened, overturned, or
disharmonically folded cross-beds; local
liquefaction of beds; interstratified
undeformed beds or bounding surfaces;
at Ramgiri hill section, 120m-thick
deformed sequence shows a gradual
upward decrease in the intensity of
deformation

Paleocur

Over- and underlying cross-bedded
sandstones yield mostly NE to easterly
paleocurrent

Dominant flow direction toward the NE;
at places, mean flow direction to E, ESE

Mean direction varies from 52° to 165°%
‘mostly toward SE; consistency ratio of
current vectors low in some of the
exposures

Mean direction at each exposure is
consistently toward SE; dispersion within
each exposure is high

Parting lineation E-W to
NW-SE direction;

Paleocurrent direction is variable; and
the ripple foreset dip direction varies
between 55°-210°

Interpretation

Poorly channelized traction current
deposit; low-angle strata resemble
longitudinal bar deposits; x-strata bar
flanks deposits (Hein and Walker, 1977)

Non-cohesive debris flow to
hyperconcentrated flow deposit; some
beds show a MPS: BTh linear correlation
(Nemec and Steel, 1984)

Migration of small 3D dunes in shallow
wide flows; rare development of larger
sandy 2D bedforms

Deposition from 3D dunes in moderately
deep channelized flow; high dispersion of
current vectors may be related to channel
splitting

Scouring and deposition by the late-stage
channelized flow; the bedforms
commensurate with the depth of
channelized scours

Deposition from large 2D bedforms in
deeper channels

Parallel laminations were formed as
upper stage plane beds due to the
migration of small-scale bed waves
(Bridge and Best, 1997)

Suspension settlement from waning
flows; more continuous deposition in
larger low-lying areas with infrequent
sand incursions resemble crevasse
deposits

Formed due to the migration and climb
of the ripple-scale bedforms in the
low-stage flow (Miall, 1996)

Soft sediment deformation mainly due to
fluid escape, disharmonic folding,
liquefaction, and thick succession of SSD,
indicating the possible role of seismic
tremors in an unstable basin (Owen,
1996)






