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ABSTRACT

In this study we describe a complex set of well-preserved ripple structures from the
Alwar Group quartzites (quartz arenite) of Mesoproterozoic Delhi Supergroup in NW India.
Exposed in a road section near Jamwa Ramarh (to the east of Jaipur city), a large abundance
and diversity in ripple shape, size, wave amplitude and mode of occurrence is unique for a
small geographic area. The studied ripples are predominantly symmetric in shape, showing
bifurcations, sinuous types, pointed crest with rounded trough, etc. Occasional current and
criss-cross, and mega ripples are also present. Their symmetric shape suggests a wave
dominant environment. The Vertical Form Index (VFI) values or Ripple Index values below
15 further rule out any possibility of a wind origin for them. The criss-cross and interference
ripples point toward the presence of a high energy river system in the vicinity. The statistical
analysis of ripple morphological parameters indicates deposition of quartz arenite under
shallow water conditions (< 3 m depth). Based on various morphometric analyses, we infer
continental shelf with variable depth for the development of these wave ripples. Based on the
crest-line criterion, the inferred paleocurrent direction was from the NW.
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INTRODUCTION

One of the primary objectives of a
sedimentological investigation is to reconstruct the
depositional environment and infer the paleocurrent
direction. While heavy minerals are reliable tools in
source characterization, the primary sedimentary
structures are the diagnostic indicators of paleo-
sedimentary depositional processes. Ripple marks
(also named, ripples, current marks, wave marks,
and friction marks), are one of the most common
primary structures preserved in the arenaceous
(arenite) rocks (Tanner, 1982). Formed by non-
cohesive materials under the action of water, waves
or wind, the ripple marks are one of the most
prevalent sedimentary structures and are regarded as
significant indicators of the near-shore, fluvial and
aeolian depositional environment. Different aspects
of ripple morphology are commonly investigated,
such as the shape, classification (Baird, 1962),
formation and evolution (Bergman, 1979, Chang
and Fleming, 2013) etc. that are useful in
sedimentary ~ environment  modelling  and
paleoclimate reconstruction (De Vleeschouwer et
al., 2015; Cheng et al., 2021). Physical parameters
of ripples (morphology, length, and amplitude) also
provide useful information for facies analysis,
delineation of paleo-shore line, and evaluating
hydrological characteristics of the basin and
sediment transport (Harms, 1969; Tanner, 1970;
Komar, 1976; Allen, 1984; Baas, 1999). The studies
on ripple marks are based mainly on the recent
siliciclastic deposits, using also experimental data
and empirical morphological parameters. Ancient
ripple marks are often poorly preserved due to post-
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sedimentation erosion (Romanovski, 1977; Allen,
1984). Although the application of ripples in
deducing the sedimentary environment has been
questioned because similar ripples could form at
highly variable depths (Kindle and Bucher, 1926;
Romanovski, 1977; Allen, 1984), and ripple size
may not correctly elucidate the depth of water
(Ewans, 1942), ripples are one of the most popular
tools in working out sedimentation conditions.
Despite their suitability for working out the
sedimentary process, the poor preservation potential
of ripples is a deterrent. They tend to get eroded and
obliterated during the post-depositional processes
and, therefore, are not abundant in nature. These
structures are usually destroyed during the
metamorphic reconstitution; therefore, quartzite is
usually an unlikely candidate for such studies.
However, wave-formed ripples in Proterozoic
quartz arenites have been successfully used for
Palecenvironmental reconstruction in several
studies (Clifton and Dingler, 1984; Aspleri, et al.,
1994) including numerical estimates of water depth
of ancient waves (Tanner, 1971). Cross bedding
structures are used as a tool to decipher plaeo-
tectonics and sedimentation history of Proterozoic
Alwar Group. Such types of planer structures studies
were also conducted for Gulcheru quartzite of
Cuddapah basin (Sukanta et al., 2017).

The Mesoproterozoic quartzites exposed in
a road section in the Jamwa Ramgarh area of
Rajasthan in NW India display a variety of well-
preserved ripple marks at several planes despite the
rocks having undergone low to medium-grade
metamorphism and recrystallization (Fig. 1). The
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quartzite belongs to the Alwar Group of the Delhi
Supergroup. The development of a large variety of
ripple marks and diversity in their morphological
parameters (shape, size, and amplitude). Therefore,
it can be regarded as a unique site where maximum
possible ripple types are exposed within sediment
sequence of less than 2 m, implying rapidly
changing depositional conditions due to unusual
fluctuations in wave amplitude, energy and
direction. This paper presents a detailed inventory of
the Jamwa Ramgarh ripple marks and documents
their megascopic characteristics. Morphological
parameters of all ripple types were analysed for
quantitative estimation of paleodepth and paleo-
wave period along with orbital diameter and
maximum wave period. The findings have been
discussed to decipher the depositional environment
at the southern margin of the Alwar — Jaipur sub-
basin.
REGIONAL AND
STRATIGRAPHY

The NW Indian block, also known as the
Aravalli Craton, is constituted by an Archean
basement, the Banded Gneissic Complex (BGC -
Heron, 1953) dated to 3.3 to 2.5 Ga (Roy and
Kroner, 1996; Widenecke et al., 1996), over which
supracrustal sequences of Aravalli
(Paleoproterozoic) and Delhi (Meso-
Neoproterozoic) Supergroup rocks were deposited
(Roy and Jakhar, 2002; Deb and Thorpe, 2004;
McKenzie et al., 2013). A Paleo- Mesoproterozoic
Vindhyan Supergroup (Rasmussen et al., 2002; Ray
et al., 2002; Gregory et al., 2006) occurs to the east
of the Aravalli — BGC juxtaposed along a major
fault, named the Great Boundary Fault (Fig. 1).

GEOLOGY
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Flgure 1a. Locatlon map of Aravalli Craton, NW Indla
b. Geological map of North Delhi Fold Belt (Roy, 1988),
¢. Geological map of Jamwa Ramgarh section with study
area, d. Google Earth image of study area
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Delhi ~ Supergroup, the  dominant
lithostratigraphic unit of the Aravalli Craton, was
subdivided by Sinha Roy (1984) into two
geographic domains, i.e. North Delhi Fold Belt
(NDFB - older) and South Delhi Fold Belt (SDFB -
younger). The diachronous sedimentation history,
based entirely on the age of intrusive granites, was
contested by some later workers (Bose et al., 1996;
Roy and Kataria, 1999), however, more recent
detrital zircon geochronologic studies support a
diachronous sedimentation for the Delhi Supergroup
(Wangetal., 2017). The NDFB is further subdivided
into three, fault-bound, sub-parallel basins, namely,
the Bayana-Lalsot, Alwar-Jaipur, and Khetri sub-
basins (Sinha-Roy et al., 1998), from east to west.
The Raialo Group (dolomitic limestone, quartzite
and mafic volcanics) represents the oldest
stratigraphic unit of the NDFB, followed by Alwar
Group (arenaceous) and Ajabgarh  Group
(argillaceous  —  arenaceous  facies), in
stratigraphically ascending order (Gupta et al.,
1997). Jamwa — Ramgarh, the area of present study,
forms the southern part of the Alwar-Jaipur sub-
basin (Fig. 1). Stratigraphy of the area is listed in
Table 1.

Table-1a Stratigraphy of Delhi Supergroup
Supergroup Group Formation | Thickness (after
Singh 1982)
Bharkhol 100- 150m+
) Thanagazi 100 - 150m+
Ajabh-
garh Sariska 90- 150m+
Delhi Su- Kushalgarh | 110- 200m+
pergroup
Pratapgarh | 900m+
AWar " ankanwari | 100-250m
Rajgarh 40- 1200m+
Raialo Tehla 1500 - 2020m+
Serrate 200- 300m+

Table- 1b Lithology of Rajgarh Formation

Formation Lithology
Quartz-biotite schist with conglomerate
Quartzite

Rajgarh Dolomite

Quartzite with basic flows at places
Grit, Arkose, Quartzite
Conglomerate with pebbly quartzite

STRATIGRAPHY OF JAMWA RAMGARH
AREA

Stratigraphically, the Alwar- Jaipur sub-
basin consists of Serrate and Tehla formations of the
Raialo Group, Rajgrah, Kankwarhi and Pratapgarh
formations of Alwar Group and Kushalgarh,
Sariska, Thanagazi, and Bharkol formations of
Ajabhgarh Group.

The studied quartzites (quartz arenite)
belongs to the Rajgarh Formation of Alwar Group
(Table 1). These quartz arenites are exposed along a
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Table- 2 Morphological parameters of studied ripple marks in Jamwa Ramgarh quartz arenite

s . Wave Length _ _ Angle do nge Water
r.No. | Amplitude (H) (s) RS=H/S | RI=S/H Tm (Sec) | height Depth
(cm) (cm)
Small
1 0.3 3 0.10 10 35 462 1.11 2.54 21.85
2 0.3 4 0.08 13.33 40 6.15 1.35 443 25.04
3 0.4 25 0.16 6.25 51 3.85 0.99 1.60 20.41
4 0.4 4 0.10 10 358 6.15 1.35 443 25.04
5 05 14 0.36 28 348 215 0.70 0.38 18.50
6 05 14 0.36 28 75 215 0.70 0.38 18.50
7 05 25 0.20 5 18 3.85 0.99 1.60 20.41
8 05 35 0.14 7 16 5.38 1.24 349 23.39
9 05 35 0.14 7 16 5.38 1.24 349 23.39
10 05 4 0.13 8 56 6.15 1.35 443 25.04
11 0.25 1.5 0.17 6 19 2.31 0.73 0.57 18.75
12 05 24 0.13 8 28 3.69 0.96 1.41 20.13
13 05 4 0.13 8 38 6.15 1.35 443 25.04
14 0.5 4 0.13 8 18 6.15 1.35 443 25.04
15 05 4 0.13 8 38 6.15 1.35 443 25.04
16 05 4.5 0.11 9 334 6.92 1.46 5.38 26.81
17 05 4.5 0.11 9 334 6.92 1.46 5.38 26.81
18 05 5 0.10 10 55 7.69 1.57 6.32 28.70
19 05 5 0.10 10 92 7.69 1.57 6.32 28.70
20 05 5 0.10 10 60 7.69 1.57 6.32 28.70
21 05 7 0.07 14 2 10.77 1.96 10.10 37.70
22 05 9 0.06 18 127 13.85 232 13.88 49.52
Medium

1 0.6 4 0.15 6.67 74 6.15 1.35 443 25.04
2 0.6 4 0.15 6.67 55 6.15 1.35 443 25.04
3 0.6 4.5 0.13 7.50 340 6.92 1.46 5.38 26.81
4 0.7 3 0.23 429 20 4.62 1.11 2.54 21.85
5 0.8 35 0.23 4.38 32 5.38 1.24 349 23.39
6 0.8 4.5 0.18 5.63 6 6.92 1.46 5.38 26.81
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7 0.9 3 0.30 3.33 40 462 1.1 2.54 21.85
8 1 4 0.25 4.00 12 6.15 1.35 443 25.04
9 1 4 0.25 4.00 17 6.15 1.35 443 25.04
10 1.1 6 0.18 5.45 30 9.23 1.77 8.21 32.89
11 1.1 4.7 0.23 427 20 7.23 1.50 5.75 27.55
Large
1 0.6 25 0.24 417 38 3.85 0.99 1.60 20.41
2 0.6 5.5 0.11 9.17 50 8.46 1.67 7.27 30.72
3 0.7 7 0.10 10.00 11 10.77 1.96 10.10 37.70
4 08 6 0.13 7.50 350 9.23 1.77 8.21 32.89
5 08 6.8 0.12 8.50 81 10.46 1.92 9.72 36.69
6 1 5.5 0.18 5.50 26 8.46 1.67 727 30.72
7 1 5.5 0.18 5.50 31 8.46 1.67 727 30.72
8 1 6 0.17 6.00 26 9.23 1.77 8.21 32.89
9 1 6.5 0.15 6.50 45 10.00 1.87 9.16 35.21
10 1 7 0.14 7.00 345 10.77 1.96 10.10 37.70
11 1 75 0.13 7.50 25 11.54 2.05 11.05 40.36
12 1 8 0.13 8.00 28 12.31 214 11.99 43.21
13 1.1 6 0.18 5.45 30 9.23 1.77 8.21 32.89
14 1.1 75 0.15 6.82 16 11.54 2.05 11.05 40.36
15 1.2 6 0.20 5.00 14 9.23 1.77 8.21 32.89
16 1.2 7 0.17 5.83 69 10.77 1.96 10.10 37.70
17 1.2 12 0.10 10.00 105 18.46 2.81 19.55 74.56
18 14 6 0.23 4.29 9 9.23 1.77 8.21 32.89
19 14 8 0.18 5.71 65 12.31 214 11.99 43.21
20 14 11.5 0.12 8.21 27 17.69 2.73 18.61 69.65
21 14 21 0.07 15.00 31 32.31 4.08 36.56 254.49
22 1.5 6 0.25 4.00 28 9.23 1.77 8.21 32.89
23 15 8 0.19 5.33 25 12.31 214 11.99 43.21
24 15 9 0.17 6.00 355 13.85 232 13.88 49.52
25 15 105 0.14 7.00 21 16.15 257 16.72 60.77
26 1.7 175 0.13 8.00 51 26.92 3.61 29.95 157.88
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27 15 19 0.08 12.67 109 29.23 3.82 32.78 193.73
28 1.6 7 0.23 4.38 18 10.77 1.96 10.10 37.70
29 1.6 75 0.21 469 18 11.54 2.05 11.05 40.36
30 1.7 7 0.24 412 23 10.77 1.96 10.10 37.70
31 1.8 95 0.19 5.28 23 14.62 240 14.83 53.02
32 1.8 10 0.18 5.56 23 15.38 249 15.77 56.76
33 19 13 0.15 6.84 42 20.00 2.96 21.44 85.46
34 2 8 0.25 4.00 10 12.31 214 11.99 43.21
35 2 85 0.24 425 6 13.08 223 12.94 46.26
36 2 10 0.20 5.00 44 15.38 249 15.77 56.76
37 2 11 0.18 5.50 27 16.92 2.65 17.66 65.06
38 2 13 0.15 6.50 44 20.00 2.96 21.44 85.46
39 22 14 0.16 6.36 40 21.54 311 23.33 97.95
40 23 15 0.15 6.52 330 23.08 3.26 25.22 112.26
41 25 8.5 0.29 340 13.08 223 12.94 46.26
42 25 11 0.23 4.40 16 16.92 2.65 17.66 65.06
43 25 12 0.21 4.80 27 18.46 2.81 19.55 74.56
44 26 125 0.21 481 18 19.23 2.89 20.50 79.83
45 28 16 0.18 5.71 8 24.62 340 27.11 128.67
46 28 18 0.16 6.43 20 27.69 3.68 30.89 169.03
47 3 1.5 0.26 3.83 30 17.69 2.73 18.61 69.65
48 3 13 0.23 4.33 20.00 2.96 21.44 85.46
49 3.1 19 0.16 6.13 58 29.23 3.82 32.78 193.73
50 32 10 0.32 313 16 15.38 249 15.77 56.76
51 33 20 0.17 6.06 37 30.77 3.95 34.67 222.04
52 36 20 0.18 5.56 15 30.77 3.95 34.67 222.04
53 37 25 0.15 6.76 92 38.46 458 4412 439.16
54 38 18 0.21 474 21 27.69 3.68 30.89 169.03
55 45 24 0.19 5.33 44 36.92 4.46 42.23 383.16
Mega
1 4.0 27 0.15 6.75 19 41.54 4.82 47.90 576.90
2 4.0 60 0.07 15.00 118 92.31 8.21 110.27 | 51992.85
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3 42 27 0.16 6.43 22 41.54 4.82 47.90 576.90
4 45 35 0.13 7.78 16 53.85 5.73 63.02 1717.91
5 5.1 50 0.10 9.80 55 76.92 7.27 91.37 13291.25
6 53 35 0.15 6.60 35 53.85 5.73 63.02 1717.91

morphometric parameters of
ripple mark at four spots A, B,
C and D (Fig. 1). A total of
ninety-four ripple marks (ripple
surfaces) were documented
from massive quartzite in
Jamwa Ramgarh section. All
ripples are preserved in a single
direction along the road side.
The strike is E 50- 55° N with
moderate dips (20° to 40°)
towards NW. They were studied
in detail over a strike length of
250 m, where they show prolific
development. The data of all
ninety-four ripple marks is
collected manually with the

Figure 2 Photomicrograph of Rajgarh quartzite of Jamwa Ramgarh section, mqtz-
monocrystalline quartz, pgtz- polycrystalline quartz, mi- muscovite

road section at the Jamwa Ramgarh reservoir,
situated eastern side of Jaipur city (Fig. 1). The
Rajgrah Formation, in Alwar- Jaipur basin, is
marked by conglomerates and pebbly quartzites at
the base, grading into coarse to medium grain (gritty
to arkosic quartzite- DR map) and quartzite with
basic flows at places, dolomite, massive quartzites
and the uppermost litho-unit is a quartz-biotite schis

help of measuring tape and
scale. Petrographic characters
were observed and examined
under a polarizing microscope. Based on field
variation in term of variation in colour and texture,
total fifteen samples were selected to examine grain
size, texture and mineralogical features.

RESULTS

The thickness of individual quartzite bed
varies from 2 to 50 cm. The petrographic studies of
quartzite reveal uniformity in grain size, sorting,

with conglomerate (Gupta et al.,
1997). The main direction of sediment
transport was towards north-
northwest for Rajgarh Formation. The
massive quartzites at Jamwa Ramgarh
host well-preserved ripple marks at
several, still-preserved  bedding
planes.

FIELD AND LABORATORY

METHODS

The study includes
geological investigations along 250m
travers near Jamwa Ramgarh
reservoir which shows the best

development of diverse types of ripple
structures in quartz arenite. Detailed
field studies comprising

*

documentation  of  sedimentary
features, orientation of planer

structures and  description  of ripples

” 1 ida (5% 4
Figure 3 Field Photographs showing variety of ripple marks at site A (refer to
Fig. 1): A, B & C — symmetrical ripples, D & E- symmetrical ripples with
bifurcations, F- sinuous ripples, G & H- Interference ripples, I- flat-topped
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roundness and composition (Fig. 2). In general,
grain size varies from 0.25 mm to 0.45 mm with an
average 0.35 mm. The quartz grains, the most
dominant minerals, are well sorted and sub-rounded,
in addition <5 % phyllosilicates are also present. The
monocrystalline quartz is dominant in comparison to
polycrystalline quartz (Fig. 2).

RIPPLE MORPHOLOGY

The ripple morphometric data are provided
in Table 2, wherein Wave length (S) is the horizontal
distance from crest to crest between adjacent ripples,
H is the vertical length (amplitude) from crest to
trough. Vertical Form Index (VFI) or Ripple Index
(RI) represents the ratio between wave length and
amplitude (S/H), and Ripple Steepness (R.S.) is
derived by the ratio of amplitude and wavelength
(H/S). Orbital diameter (dg) is the maximum
distance of water particles move as wave passes. The
orbital diameter is calculated by: do= S/ 0.65 (Miller
and Komar, 1980) for symmetric orbital ripples near
sediment- water interface. Tm is the maximum wave
period that can yield bottom velocities above the
threshold for initiation of movement for grain size

Synimeteical fippiés
= . withbifurcationg,,

e ]

marks at site B (refer to Fig. 1): A— symmetrical ripples, B
& C- symmetrical ripples with bifurcations, D-sinuous
ripples and E- pointed crest and rounded trough ripples.

(D). It is calculated by 0.17 x (do?/D)1/3 (in cm and
seconds) (Dingler, 1979). The average values of
these parameters are provided in the Table 2.

RIPPLE CLASSIFICATION

Ripples are classified on the basis of a
combination of morphological parameters, such as
the Ripple Wave length (S) and Amplitude (H). The
ripples with amplitude <0.5 cm, considered as ‘small
ripples’. Ripples wavelength from 2.5 to 5 cm
considered as ‘medium ripples’ and wave length >
5.0 cm considered as ‘large ripples’ (Aspleri et al.,
1994). Ripples with wave length >25cm are named
‘Very Large Ripples’ or Mega Ripples. As per this
criterion, out of total studied ripples, 59% of are
classified as large, 24% as small, 12% as medium,
and remaining 5% as very large ripples (Table 2).

The ripples are predominantly symmetric
(straight crest) type (Fig. 3a, b and c; Figs. 4a, 5a and

Figure 4 Field Photographs showing variety of ripple

Figure 5 Field Photograph showing variety of ripple
marks at site C (refer to Fig. 1): A & B — symmetrical
ripples, C & D- sinuous ripples, E- Interference
ripples, F- pointed crest and rounded trough ripples

Figure 6 Field Photograph showing variety of ripple
marks at site D (refer to Fig. 1): A, B & C -
symmetrical ripples, D- symmetrical ripples with
bifurcations, E- Pointed crest and trough ripples, F-
flat-topped ripples, G- pointed crest and rounded
trough ripples

éga Ripplgs.

;&\

Figure 7 Field Photographs showing other types of ripple
marks in the study area: A — Pointed crest and trough
ripples, B- flat-topped ripples, C- catenary ripples, D &
E- mega ripples, F- current ripples, G- criss-cross ripples,
H- road side view of exposure

b; and 6 a, b, and c) and show further variations, such

as bifurcation types (Figs. 3d and e, 4b and c, and
6d), sinuous (curved crest) ripples (Figs. 3f, 4d, 5¢
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and d), interference ripples (Figs. 3g and h and 5e),
pointed crest and pointed trough ripples (Figs. 6e
and 7a,), flat topped ripples (Figs 3i, 6f, and 7b),
pointed crest with rounded trough ripples (Figs. 4e,
5f, and 6g), catenary ripples (Fig. 7c¢) and mega
ripples (Fig. 7d and €). Apart from these types,
asymmetric current ripples (Fig. 7f) and criss-cross
ripples (Fig. 7g) are also present.

RIPPLE SHAPE

The shape of ripples can be explained with
the help of ripple symmetry, ripple index and ripple
steepness. The ripple index (RI) values (Table 2)
range from 2.8 to 15.0 with an average 6.8,
significantly below the values for wind ripples (VFI
> 15; Tanner, 1967). The majority of ripples are
symmetric, indicating either current or wave
dominated environment. The ripples are straight,
long-crested,  two-dimensional ~ forms  and
interference ripples are also common. The average
ripple steepness values for small, medium, large and
very large ripples are 0.14, 0.21, 0.18 and 0.13,
respectively.  Occasional  criss-cross  ripples,
catenary ripples, current ripples and flat-topped
ripples were also observed.

RIPPLE CREST LINE

The ripple crust line is an indicator of the
paleocurrent direction as it is oriented parallel to the
wave front. The orientation crest line of all studied
ripple marks are ranges between 330° and 109° but
maximum number of ripples are aligned between 6°
and 45°N. Majority of small ripples range between
16° and 19°N and medium ripples between 6° and
20°N. Large ripple crest line is aligned mainly
between 21° and 37°N (Fig. 8).

12

Figure 8 Rose diagram showing orientation of
Ripples crest lines underling maximum ripples
aligned in NE- SW direction.

VERTICAL DISTRIBUTION OF BEDS AND
VARIATION IN RIPPLE MARKS

The vertical description of quartzite beds
with ripple marks at four sites namely A, B, C and
D (Fig. 9) is described as below:

Site A: This site comprises a total thickness of 112
cm with ten ripples including three small ripples,
two interference ripples and five large ripples. The
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small ripples are aligned in 334° to 34° and large
ripples in 26° to 69° direction. Their amplitude and
wave length varies from 0.4 to 0.5 cm and 4 to 4.5
cm, respectively for small ripples and from 1.1 to
3.1cm and 6 cm to 19 cm, respectively for large
ripples. The exposed thickness of lowest bed with
small ripples is 35 ¢cm, and it is overlain by large
ripples (symmetrical) of 2 cm thickness. These are

‘Sl Rigle

sporc

Figure 9 Vertical bed description for sites A, B, C
& D, showing ripples types exposed on different
beds.

further overlain by small ripples (symmetrical) with
5 cm thickness. The next bed is 15 cm thick and
marked by interference ripples. These ripples are
overlain by large (symmetrical) ripples contained
within a 40 cm thick bed, followed upward by a 2
cm thick bed having large, sinuous ripples (sinuous).
It is overlain by large ripples (symmetrical). Seven
cm thickness was measured for next bed which
contains flat-topped, small ripples. It is overlain by
a second set of interference ripples contained in a 2
cm thick bed. The uppermost, 2 cm this bed,
displays large ripples.

Site B: The complete column thickness of 138 cm
contains eight ripples comprising one small ripple
and seven large ripples. The large ripples are aligned
in 350°N to 65° N direction, their amplitude ranges
between 0.8 and 2.5 cm and wave length varies from
6 to 11 cm. The exposed thickness of lowermost
small ripple (sinuous) is 7cm. It is overlain by 3 cm
thick, large ripples (symmetrical with bifurcation).
The subsequent bed with similar large ripples, is 8
cm thick, followed by a 10 cm thick one. Further up
section, large ripples (symmetrical) are exposed on
beds of 20 cm, 30 cm, and 40 cm thickness. The
uppermost bed is 40 cm thick and contains large
ripples (pointed crest with rounded trough).

Site C: This comprises a total thickness of 95 cm
with nine ripples comprising three small and six
large ripples. The small ripples are aligned in 2°N to
92°N direction, with amplitude between 0.4 and 0.5
cm, and wave length between 2.5 to 7 cm. The large
ripples are aligned in 11°N to 50°N directions, with
significant variable amplitude fluctuating between
0.6 and 1.8 cm, and wave length from 5.5 to 11 cm.
The exposed thickness of lowest bed is 10 cm having
large ripples. It is overlain by a 35 cm thick bed with
large ripples (symmetrical). Further upward, the 30
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cm thick bed has large are sinuous types with a
thickness of 5 cm. It is overlain by a 1.5 cm thick
bed with large ripples (pointed crest and rounded
trough). Itis overlain by large ripples of a 2 cm thick
bed. The next bed with small ripples is also 1.5 cm
thick with small ripples (symmetrical) and the
uppermost small ripple (sinuous) bed has 10 cm
thickness.

Site D: This section comprises seven large ripples in
a 80 cm column thickness. These ripples are aligned
in 355°N to 42° N direction and their amplitudes
range between 1.5 and 2.8 cm, and wave length from
7 to 18 cm. The lowermost ripple (symmetrical) is
contained in a 1 cm thick bed, which is overlain by
a 8 cm thick bed with symmetrical ripples. The
thickness of next bed is 2 cm, which in turn, is
overlain by a 13 cm thick bed with large ripples
(pointed crest and trough). it is overlain by a 10 cm
thick bed with pointed crest and rounded trough
ripples. The next 20 cm thick bed contains
symmetrical ripples while the uppermost, 25 cm
thick bed exposes flat topped large ripples.

A correlation among these sites is unclear, however,
the pointed crest and rounded trough ripples are
common at site B, C and D. These show a lateral
continuity; however, a direct correlation seems
unlikely due to lack of supporting evidence.

DISCUSSION
PALEODEPTH AND PALEO-WAVE
CONDITIONS

Relevant morphological parameters, Wave
height (H) and Water depth (h) were calculated by
using the formula of Tanner (1971) below:

H=3852+189%xS-711%InD
INnh=1464+0.61xS5-245xInD-0.28 x4

Wherein, S is the ripple wave length, D is grain size,
A is water wavelength. The minimum water depth
for wave propagation is 4.3 cm (Tricker, 1965). The
water wavelength (1) was estimated by the formula:
A=33.77+1.72 S —7.22 In h (Tanner 1971). Since
sedimentary structures (ripple marks) are well
preserved, we assume that the rock did not undergo
significant recrystallization. Therefore, the grain
size of quartz can be considered to represent original
grain size. The quartz grain shows a correspondence
with the size of ripples and progressively increased
from small, medium to large - very large ripples.
Very large ripples are comprised by largest grains.
The estimated wave height for small ripples ranges
from 1.59 cm (minimum) to 13.88 cm (maximum)
with an average of 4.37 cm. Similarly, the medium
ripples show an overlap and range between 2.54 and
8.21 cm with an average of 4.64 cm. In the case of
large ripples, the wave height ranges from 1.60 to
44.12 cm with an average of 13.33 cm, while in case
of very large ripples it ranges from 47.90 to 110.27
cm with an average of 70.58 cm.

Bartholdy et al. (2015) suggested that the
logarithmic velocity profile, grain-size and flow

depth have a direct impact on the formation of
ripples. In the present study, water depth
calculations shows, a range between 17.56 and
49.52 cm with an average value of 25.66 cm for
small ripples, between 21.85 and 32.89 cm with an
average of 25.57cm for medium ripples, from 20.41
to 439.16 cm with an average of 85.55 cm for large
ripples and 576.90 cm to 51.99 m with an average of
11.6 m for very large ripples. The average wave
height and water depth for all three types of ripples
are 24.23 cm and 2.9 m respectively (Table 3).

Table-3 Average values of statistical parameters of ripples in Jamwa
Ramgarh quartz arenite

Parame [small Medium Large I\_/:rrge ;Fnotal
ters (n=22)  |(n=11) (n=55) (n=6) =94)
H 0.46 0.84 1.87 4.52 1.92
S 3.90 4.11 10.92 39.00 14.48
RI 8.64 5.11 6.16 8.73 7.16
RS 0.14 0.21 0.18 0.13 0.16
do 5.99 6.32 16.81 60.00 22.28
Tm 2.81 2.95 5.55 13.14 6.11
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Figure 10 Plot of ratio of ripple wave length to grain
size against ratio of orbital diameter to grain size
(Clifton and Dingler, 1984) showing orbital ripple
affinity for all ripples in the study area.
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Figure 11 Plot depicting low energy coastal profile for
the studied ripples.

On the basis of relationship between ripple
wave length and orbital diameter, Clifton (1976)
subdivided symmetrical ripples into three types i.e.,
orbital ripples, suborbital ripples and an-orbital
ripples, The Jamwa Ramgarh ripple data were
plotted to discriminate them (Fig. 10) and all the
sample plot in the orbital ripple field. Their do/D
ratios for small ripples ranges between 72 and 396
with an average of 173, from 132 to 264 with an
average of 181 for medium ripples, from 110 to
1099 with an average of 480 for large ripples, and



from 1187 to 2637 with an average of 1714 for very
large ripples. Due to the requirement of short
oscillatory motion, the orbital ripples most
commonly occur in very shallow water conditions,
under short period waves (Pedocchi and Garcia,
2009; Bartholdy et al., 2015). Pedocchi and Garcia
(2009) suggested that the sediment size has an
important effect on the size and geometry of bed
forms that can be generated by oscillatory flows.
Alternatively, Aldridge et. al. (2015) recommended
that the distribution of highest-level disturbance,
where mega ripples formed, showed a complex
relationship between water depth, tidal stress, wave
fetch and grain size.

Table-4 Calculated wave parameters and water depth of
Jamwa Ramgarh quartz arenite
Wave .
Ripples Length Wave Height H |Water Depth
(cm) (cm) h (cm)
Small 3.90 4.38 25.60
Medium 4.11 4.64 25.57
Large 10.92 17.52 87.06
Lo 39.00 7058 11645.62
arge
Average 14.48 24.28 2945.96
The wave ripple crest are reliable

indicators of paleo-shoreline trend as the incoming
waves of variable trend become realigned parallel to
the shoreline. The position of symmetrical wave
ripples with an average wave height of 24.2 cm and
average water depth of 2.9 m can be classified as
beach sand at shallow marine area. The large long
period waves cannot be supported by such water
depth. The wave period for small ripples ranges
from 1.52 to 4.99 seconds with an average of 2.81
seconds, from 2.40 to 3.81 seconds with an average
of 2.95 seconds for medium ripples, from 3.60 to
9.87 with an average 5.61 seconds for large ripples,
and from 10.39 to 17.69 with an average of 13.14
seconds for very large ripples. The average wave
period for all these ripples is 6.13 seconds. The large
and very large ripples are formed in slightly deeper
continental shelf area (Fig. 11). Allen (1984)
described a close relationship of ripple morphology,
water depth and wave velocity. In the Jamwa
Ramgarh area, very large ripples can be associated
with higher water depth, courser grain size, higher
wave height and long wave periods.

The presence of criss-cross and
interference ripples shows waves from different
weather systems meet each other almost at the right
angle. They indicate two dominant paleocurrent
directions. Sinusoidal profile of many ripples
indicates an environment with weak currents where
water motion is dominated by wave oscillations
(Boggs, 2006).
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CONCLUSION:

1) On the basis of ripple wave length and
amplitude, four types of ripples are observed
in the study area i. e. small, medium, large
and mega ripples.

2) The main direction of sediment transport was
from north-northwest during the formation of
ripples.

3) The total thickness of the quartzite
containing ripples marks is consistently
small and indicates an average water depth of
less than 3 m.

4) The wave periods in case of small, medium
and large ripples are generally short (approx.
6 seconds) to ensure bottom orbital velocities
adequate for sediment movement.

5) The maximum distance water particle can
move as wave passes, is approximately 17
cm.

6) The wave period for very large ripples is
approx. 13 seconds and the maximum
distance the water particle can move as wave
passes is approx. 60 cm.

7 Continental shelf with variable depth is
proposed for development of these wave
ripples.
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