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Late Cretaceous diurnal tidal system: 
a study from Nimar Sandstone, Bagh 
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Tidalites from the Cenomanian Nimar Sandstone, 
Bagh Group, Central India, are represented by  
(i) laterally accreted tidal bundles, (ii) herringbone 
cross-strata, (iii) sigmoidal cross-strata and (iv) tidal 
rhythmites with lenticular/wavy bedding. These indi-
cate sedimentation in an upper subtidal to lower inter-
tidal setting within fluvio marine interactive system. 
Time-series analysis of continuous rhythmic foreset 
bundles (sub-annual scale) manifests neap–spring 
tidal cycles within a diurnal tidal system with synodic 
and sidereal month lengths of ~28.4 lunar days and 
~26.28 solar days respectively. Estimated Earth–Moon 
system parameters of the Late Cretaceous reveal no 
significant changes during the last ~100 Ma. 
 
Keywords: Cenomanian, Cross-strata, lamina thick-
ness, lunar orbital cyclicity, tidal bundles. 
 
TIDALITES, represented by vertically accreted planar  
deposits (tidal rhythmites) and laterally accreted foreset 
bed forms (tidal bundles), within sandstone–mudstone 
heterolithic units preserve the records of past tidal activi-
ties. Analysis of the laterally and vertically continuous 
cyclic tidal successions provides an opportunity for pre-
cise estimation of lunar orbital periodicities and Earth–
Moon parameters through geological ages1–3. Biological 
chronometers, such as growth lines on corals and  
bivalves, have failed to come up as an alternative method 
for their lack of precision due to complex environmental 
and biogenetic factors4. Report of tidalites and interpreta-
tion of the corresponding Earth–Moon parameters is 
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available from the Precambrian5,6, the Carboniferous3,7 
and the Holocene8. The present study describes tide  
generated features from the Late Cretaceous and attempts 
to delineate the then Earth–Moon parameters. 
 Nimar Sandstone (Cenomanian, ~99.0–93.5 Ma), the 
basal unit of the Bagh Group in Narmada valley, Central 
India (Figure 1), has been well studied since long in 
terms of its rich content of fossil dinosaur bones, dino-
saur egg shells, marine invertebrate body fossils and  
marine trace fossils9. The sedimentological aspects, how-
ever, have remained neglected so far, apart from some 
minor facies descriptions and report of some wave-
generated primary sedimentary structures from selected 
localities10,11. This communication describes various tidal 
bundles, including herringbone cross-strata, laterally  
accreted foresets with reactivation surfaces and mud 
drapes, climbing ripples, sigmoidal bundles, etc. and tidal 
rhymites, viz. heterolithic pinstripe sand–mud laminae, 
wavy and lenticular bedding, etc. from the Nimar Sand-
stone in Narmada Valley. Thickness variation of foresets 
within the tidal bundles has been used here subsequently 
to quantify the lunar tidal periodicities and the Earth–
Moon distance during the Late Cretaceous. Such records 
of the Earth–Moon parameters during the Cretaceous are 
not available till date. 
 Bagh Group of rocks (Cenomanian–Coniacian) in  
Central India is constituted of basal Nimar Sandstone 
(Cenomanian), overlain by Nodular Limestone (Turo-
nian) and Coralline Limestone (Coniacian), and signifi-
cantly bears records of Cretaceous marine transgression 
in Central India11. The Bagh Group of sediments is  
undeformed, unmetamorphosed, nearly horizontal and  
 
 

 
 
Figure 1. a, Geographic map showing the location of the Narmada 
Valley and the occurrence of the Bagh Group of rocks in peninsular  
India. b, Detailed geological map of the Bagh area showing occurrence 
of the Nimar Sandstone (modified after Khosla et al.9). The present 
study was carried out along the Bagh River and the Man River sections. 

unconformably overlies the granite-granulites of the Pre-
cambrian Bijawar Group. These are commonly overlain 
by Deccan Trap volcanics (Late Cretaceous) in majority 
of the areas. Facies architecture of Nimar Sandstone 
(~35–40 m thick) depicts (i) an association of channel 
filling pebbly sandstone facies, lenticular conglomerate 
facies grading to sandstone and trough cross-stratified 
sandstone facies in the lower part, indicating a fluvial  
depositional system; (ii) followed upward by abundant 
sandstone–mudstone heterolithic facies with well-pre-
served tide- and wave-generated sedimentary features, in-
tervened by multiple thin-bedded, trough, cross-stratified, 
sandstone facies, indicating a fluvio-marine interactive 
depositional system in the middle part, and (iii) an oyster-
bearing sandstone facies intercalated with mudstone  
facies in the upper part of the succession, overlain by 
Nodular Limestone, indicating marginal marine deposi-
tional condition. The present study focuses on documenting 
the tide-influenced attributes within the sandstone–
mudstone heterolithic facies from the Nimar Sandstone 
exposed in the Bagh River section and the Man River 
section near Bagh and Manawar areas respectively (Fig-
ure 1). 
 The sandstone–mudstone heterolithic facies (Figures 2 
and 3) is represented by 2–25 cm thick sandstone beds  
alternating with 1–10 cm thick mudstone beds. Maximum 
thickness of this facies is up to 12 m in the Bagh area, 
where vertical cliffs exposed excellent sections of this  
facies. Individual sandstone beds are characterized by 
abundant ripple cross-laminae with development of  
bundled foresets (Figure 2 a–c). The shift from sand to 
mud is commonly gradational, whereas the contact bet-
ween mud and overlying sand is abrupt. Foreset thickness 
and inclination vary laterally in cyclic pattern within one 
strata set (Figure 2 c). Foreset geometry often changes 
laterally from straight, truncating, to concave up with  
asymptotic toe, to sigmoidal. Different foresets are accreted 
laterally against prominent reactivation surfaces (Figure 
2 a and c). Successive mud drapes on the sand foresets 
become flat and merge together in the bottom region, to 
produce thin mud veneers along the set boundaries  
(Figure 3 a). The abundance and thickness of mudstone 
drapes vary across the sets, showing an inverse relation-
ship to the foreset thickness in sandstone: drapes are 
thinner and relatively rare in intervals of thicker foresets, 
while they are abundant and thicker in intervals of thinner 
foresets. Apparent bi-directional strata bundles in verti-
cally adjacent sets are common (Figures 2 a–c and 3 a, b). 
Locally, preservation of individual ripple form with mu-
tually opposite flow direction has led to development of 
herringbone cross-strata (Figures 2 a and 3 a). Climbing 
ripples are also common (Figure 2 b). Characteristically, 
majority of the ripple forms are often symmetrical in  
section and show well-rounded, broad crest with thin sand/ 
mud drapes (Figure 2 b). Tidal rhythmites are developed 
within near-horizontal, centimetre thin sandstone–mudstone 
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Figure 2. a, Mutually opposite cross-strata with preserved ripple forms within the sandstone beds of the sandstone–mudstone 
heterolithic facies. Lateral accretions of strata bundles against reactivation surfaces (R) are common. Note the presence of 
small sand drapes on ripple tops. b, Bi-directional strata bundles with development of small climbing ripples (C) and reactiva-
tion surfaces (R). Ripples show rounded, symmetrical crests. c, Cross-stratified sandstone showing mutually opposite  
foreset orientations in adjacent strata sets. d, Tidal rhythmites showing development of lenticular and wavy bedding. For (a–c), 
diameter of the coin is 2.5 cm and P represents plane lamination. 

 
 

 
 
Figure 3. a, Vertically stacked tidal bundles showing alternate thick–
thin cycles. Lamina thicknesses in each of the strata sets are measured. 
The portion within the white box is enlarged in (b). Note the develop-
ment of herringbone cross-strata (arrows indicate apparent flow direc-
tions). b, Detailed view of tidal bundles. Thickness of the foreset is 
measured in a direction perpendicular to the foreset inclination (indi-
cated by arrow). 

alternations, commonly characterized by lenticular and 
wavy bedding (Figure 2 d), and multimetre-thin sand–
mud alternations (pinstripe laminae), resembling inclined 
heterolithic strata (IHS). 
 Quantification of tidal cyclicity is based on the consi-
deration that the variation of foreset thickness of tidal 
bundles is directly related to the tidal strength, which is 
dominantly controlled by lunar orbital periodicity and 
other Earth–Moon parameters12. Lamina thickness is 
measured perpendicular to the dip of the foresets along a 
straight line between the upper and lower bounding  
surfaces (Figure 3 b). Lamina thickness measurements 
from these separate but laterally and vertically continuous 
cross-strata sets are plotted in lamina thickness versus 
lamina number plot (Figure 4 a), which indicates apparent 
cyclicity. To quantify the cyclicity and overcome any 
noise due to other natural influences or marine controls, a 
Fast Fourier transformation (FFT) is performed on a plot 
of approximately 252 continuous foresets (Figure 4 b). 
The data obtained are plotted in power spectral density 
versus frequency curves, which provide a cycle/event 
chain with one major peak corresponding to cyclicity 
value of 28.4 laminae/cycle and with several minor peaks 
having cyclicity values ranging between 1.15 and 
0.83 lamina/cycle (Figure 4 b). 
 The studied sandstone–mudstone heterolithic facies is 
interpreted as tidal sediment due to the presence of (i) 
bundled sediment couplets (one sand foreset followed by 
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a mud drape) with lateral thickness variation, (ii) bipolar 
strata bundles with development of herringbone cross-
strata, (iii) frequent reactivation surfaces, (iv) lenticular/ 
wavy bedding and pinstripe heterolithic strata, which are 
the hallmark of tidal deposits13,14. The sandstone–
mudstone couplets indicate dominant tidal current follo-
wed by a slack phase between two successive tides13,14. 
Frequent changes in tidal current intensity and direction 
are manifested by abundant reactivation surfaces (inter-
mittent velocity asymmetry). Downcurrent changes in 
thickness and grain size across the laterally accreted 
strata bundles record systematic variation in tidal 
strength15. Sigmoidal bundles are generated by migration 
of linguoid ripples, formed at higher tidal flow velocity 
than the laterally accreted bundles15,16. Low-angle topset 
that characterizes these cross-strata is also produced by 
migration of humpback ripples, in which the area bet-
ween the crest point and the brink point represents a zone 
of non-flow separation, and flow separation occurs near 
the brink point16. Vertically accreted tidal bundles with 
thinly laminated sand–mud veneer indicate periodic flow 
fluctuations with sand-depositing traction current alter-
nating with mud-depositing suspension sedimentation 
during quiescent phases. Alternate sand-dominant and 
mud-dominant units with variation in thicknesses of the 
sandstone foresets and mudstone drapes suggest alternate 
spring–neap–spring tidal cycles17. Bi-polar arrangements  
 
 

 
 
Figure 4. a, Lamina thickness versus lamina number plot showing 
rhythmic thickness variations in tidal bundles within the sandstone–
mudstone heterolithic facies, Nimar Sandstone. b, Fast Fourier  
transformation power spectral–density plots of 252 continuous data 
presented in (a). 

of strata bundles with development of herringbone cross-
strata indicate mutually opposite flow directions. Pre-
dominance of sandstone beds over mudstone and abun-
dance of mutually opposite cross-strata sets suggest 
deposition in subtidal channels. Locally, some horizons 
showing dominance of mudstone over sandstone with  
development of wavy/lenticular bedding suggest deposi-
tion in lower intertidal setting, which prevailed at certain 
phases during the depositional processes. Thus, an overall 
upper subtidal to lower intertidal set-up is inferred for the 
deposition of the studied tidalites. Ripples with rounded 
crests and symmetrical profiles with sand/mud drapes on 
top indicate reworking of these sediments by shallow-
water waves. 
 The power spectral density plot of ~252 continuous 
laminae shows spectral periods of 28.4 events with 
thicker and thinner bundled sets corresponding to alter-
nate neap and spring cycles, analogous to those derived 
from the modern tides and from the ancient records. The 
power spectra exhibit a consistent spectral period of ~1, 
which corroborates a dominantly diurnal tidal system 
with one tidal bundle developed by one dominant tidal 
current during a day. Absence of double mud drapes 
within the tidalites also manifests a diurnal tidal system. 
The upper cyclicity value of 28.4 indicates the number of 
tidal bundles within one cycle. Under diurnal system, 
each tidal bundle corresponds to a lunar day and thus, the 
number of days in one lunar (synodic) month during the 
Late Cretaceous is calculated as 28.4 days, which is less 
than the present-day value (29.53 days). However, spec-
tral density plots of other discontinuous bundle sets 
(~112, ~83 and ~62 bundles) from the study area show 
varying periods between 30.4 and 27.5 laminae per cycle. 
We consider the value 28.4 laminae with an error level of 
 0.053 per cycle as more authentic, since under diurnal 
system 252 continuous tidal bundles represent the time-
span between semi-annual and annual period3. 
 The lunar sidereal orbital period cannot be determined 
directly through measuring the lamina thickness. The pre-
sent-day conversion value of Psynodic/Psidereal is 1.0808, 
whereas the same for Precambrian and post-Precambrian 
tidalites is ~1.069 to 1.07 respectively12. Using Psynodic/ 
Psidereal value as 1.07 (ref. 5) and applying the methodol-
ogy proposed by Kvale et al.2, the lunar sidereal month 
length during the Nimar sedimentation is calculated as 
28.4/1.07 = 26.28 solar days (present-day value is 27.32 
days). Assuming that (i) the total length of the year has 
not changed significantly2 from the present length of 
31.56  106 sec and (ii) there is no secular change in the 
value of universal gravitational constant (g) throughout 
the geological time5,18, the number of sidereal months in a 
year during the Cenomanian time is calculated as 13.9 
(present-day value is 13.37 months/yr). Calculated length 
of the lunar sidereal month is intermediate between those 
calculated from the Archaean and the Proterozoic 
tidalites5. Using Kepler’s third law of Earth–Moon 
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Table 1. Comparison of the synodic month lengths and the Earth–Moon orbital distances through geological ages 

 Length of synodic Earth–Moon 
Age month (lunar days) orbital distance Data source 
 

Present day  29.53  3.844  108 m  Kvale et al.2 
Late Cretaceous (Cenomanian) 28.4  3.7458  108 m  Present study 
Pennsylvanian (~305 Ma) 29.17  Data not available  Kvale et al.2 
620 Ma  28.3  3.70  108 m  Williams5 
900 Ma  29.1  3.65  108 m  Sonett et al.6 
Palaeoproterozoic  32  Data not available Mazumder and Arima12 
2450 Ma  31.1  1.5  3.47  108 m  Williams5 

 
system, the relation between the lunar sidereal periods 
and the Earth–Moon distance is expressed as 
 
 (Ts/T0)2 = (d/d0)3, (1) 
 
where Ts and T0 are the past and the present lunar sidereal 
periods (length of the lunar sidereal month) and d and d0 
are the Earth–Moon distances (semi-major axis of the  
lunar orbit) during the past and the present respectively. 
Considering the present length of the sidereal month 
(27.32 days) and the present Earth–Moon distance as 
3.844  108 m, the Earth–Moon distance during ~99.0–
93.5 Ma (Cenomanian) is calculated as 3.7458  108 m. 
 Using Kepler’s third law and following Coughenour et 
al.3, the total angular momentum of the Earth–Moon rota-
tional system is expressed as 
 
  

Total =  
Earth +  

Moon = 2 IE/TS + 2 MR2/Tm, 

    = (0.5843  1034) + (2.854  1034) kg m2/sec 

    = 3.4383  1034 kg m2/sec, (2) 
 
where IE is the Earth’s moment of inertia = 8.034  
1037 kg m2, TS the calculated length of sidereal day (Late 
Cretaceous) = 8.6397  104 sec, M the mass of moon = 
7.3477  1022 kg, R the Cretaceous Earth–Moon orbital 
distance = 3.7458  108 m and Tm is the orbital period or 
length of the Cretaceous sidereal month = 2.27  106 sec 
(present-day value is 2.3606  106 sec). 
 The calculated angular momentum value is ~98.94% of 
the present-day value of the total angular momentum 
(3.475  1034 kg m2/sec) of the Earth–Moon system, indi-
cating near-constant preservation of the angular momen-
tum during the last ~100 Ma. 
 The nature and extent of tidal influence in relation to 
Late Cretaceous marine incursions in West-Central India 
is documented herein from a continental–fluvial to margi-
nal marine transitional system. Preservation of mudstone-
draped (pause plane) sandstone foresets, reactivation  
surfaces indicating time–velocity asymmetry, well-pre-
served bi-directional current flow patterns and alternate 
thick/thin-bedded sand-dominated and mud-dominated 
heterolithic units within the sandstone–mudstone hetero-
lithic facies convincingly indicate deposition from tidal 
currents in the middle part of the Nimar Sandstone suc-
cession. Morphological similarity of the cross-strata bun-

dles with those described from the Permo-Carboniferous 
Talchir Formation16 and from Permian Barakar Forma-
tion15, suggests that these are produced by migration of 
sandwaves. Relative abundance of sandstone and mud-
stone (sand–mud ratio) and distribution of different pri-
mary structures indicate deposition in upper subtidal to 
lower intertidal conditions. Close intercalations of these 
sediments with fluvially derived trough cross-stratified 
sandstone facies attest to a transitional fluvio-marine  
interactive system that persisted during basal Bagh Group 
sedimentation. Gradual change in the facies architecture 
from a lower continental–fluvial to middle fluvio-marine, 
followed by marginal marine successions in the top sug-
gests uninterrupted marine transgressions in the central 
peninsular India during the Late Cretaceous. 
 Well-preserved tidal bundles and tidal rhythmites 
within the Nimar Sandstone provide excellent scope for 
estimating the Earth–Moon system parameters during the 
Late Cretaceous. The calculated values of the Late Creta-
ceous synodic and sidereal months, the Earth–Moon dis-
tance and the angular momentum of the Earth–Moon 
system hold good when compared with other ancient  
records from Precambrian and younger stratigraphic sec-
tions world over (Table 1). The calculated values show 
marginal deviations in comparison to the present-day fig-
ures, which can be attributed to: 
 
(i) Partial modifications of the tidal bundles by other 

marine processes, viz. waves. Presence of shallow 
marine wave and its reworking is evident from the 
studied ripple geometry (discussed earlier). 

(ii) Partial reworking of the tidal sediments by fluvial pro-
cesses under the fluvio-marine depositional systems. 

(iii) Human errors involved, including the errors in 
measurement of the lamina thickness, and missing 
or wrongly interpreting some of the laminae during 
measurements. 

(iv) Changing Earth–Moon distance through geologic 
time. Coughenour et al.3 enumerated that mean lunar 
retreat rate was ~1.46 cm/yr (with considerable error 
levels) since 315 Ma to the present. Comparing the 
calculated Earth–Moon distance during the Late 
Cretaceous (~99.0–93.5 Ma) with figure 6 of 
Coughenour et al.3 shows full conformity in terms of 
uniform Earth–Moon retreat during the last ~100 Ma. 
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The performance of a well-designed layer of sand, 
geo-grid, geo-textiles and composites like layer of sand 
mixed with shredded tyre (rubber) as low-cost base 
isolators is studied in shake table tests in the labora-
tory. The building foundation is modelled by a 
200 mm  200 mm and 40 mm thick, rigid plexi-glass 
block. The block is placed in the middle of a 1 m  1 m 
tank filled with sand. The selected base isolator is 
placed between the block and the sand foundation. 
Accelerometers are placed on top of the footing and 
foundation sand layer. The displacement of the footing 
is also measured by transducers. The whole set-up is 
mounted on the shake table and subjected to sinusoi-
dal motion with varying amplitude and frequency. 
Sand is found to be effective only at very high ampli-
tude (>0.65 g) of motion. Among all the different  
materials tested, the performance of a composite con-
sisting of sand and 50% shredded rubber tyre placed 
under the footing is found to be the most promising as 
a low-cost, effective base isolator.  
 
Keywords: Base isolation, earthquake protection, shake 
table test, shredded rubber tyre. 
 
TO find an economical and feasible way of designing new 
structures or strengthening existing ones for protection 
from damages during an earthquake is one of the chal-
lenges in civil engineering. The conventional approach to 
seismic hazard mitigation is to design structures with 
adequate strength and ability to deform in a ductile  
manner. Over the past two decades, newer concepts of 
structural vibration control, including seismic isolation, 
installation of passive and active/semi-active devices1–4 
have been growing in acceptance. Traditionally, earth-
quake-resistant design of low- to medium-rise buildings 
is particularly important, as their fundamental frequencies 
of vibration are within the range where earthquake-
induced force (acceleration) is the highest as found dur-
ing the Mexico City Earthquake5,6. One possible means to 
reduce the degree of amplification is to make the building 
more flexible7. In low to medium-rise buildings, this nec-
essary flexibility can be achieved by the use of base  
isolation techniques. The primary mechanism for the  
reduction of shaking level in a base isolation method is 
energy dissipation. 


