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ABSTRACT

The Infra Krol succession of the Lesser Himalaya is a shale-dominant sequence and represents deposits of a low-energy tidal-
flat-shallow lagoon complex of a shallow tidalsea. The shaly succession mostly shows tidal bedding, lenticular bedding with flat lenses, wavy
bedding arranged in cm to dem thick bedsets, depicting a typical mixed to muddy tidal flat environment. The sand-rich parts represent
deposits of sandy intertidal flat, and show parallel bedding, smallripple bedding, lenticular and flaser bedding, ripples with mud drapes. The
black shale facies show tidal bedding, lenticular bedding and laminated mud and represent deposits of a shallow lagoon with poor circulation.
The Krol Sandstone shows large-scale cross-bedding, planes of discontinuity and discordances, parallel bedding, tidal bedding, horizons of mud
pebbles and represents deposit of sand bars in intertidal to subtidal zone. Because of the terrigenous clastic nature, it is proposed to
group the Krol Sandstone witn Infra Krol Formation. Thus, Infra Krol Formation represents terrigenous clastic succession (dominantly shaly)

sandwitched between Blaini carbonate and calcareous Krol A succession.

INTRODUCTION

The Infra Krol succession is made up mostly of muddy
sediments, showing rhythmic alternation of siltstone,
shales, fine-grained quartzose sandstone. The black shales
dominate the succession ; but grey, greenish and pink-
coloured shales are also present. Though, the Infra
Krol succession is assigned a status of Formation, and is
recognized as an important lithostratigraphic unit of Krol
belt, surprisingly little information exists on the lithology,
bedding structure characteristics and its environment of
deposition.

In the present study a few detailed sedimentological
profiles with sedimentary structures are described in an
attempt to elucidate the nature of Infra Krol sediments.
The sections under discussion are Infra Krol succession
around Solan, Rajpur-Mussoorie section, Kilbury—Tanki
section, Nainital. Environment of deposition and litho-
stratigraphic relationship of the Infra Krol with the adja-
cent litho-units has been discussed.

LITHOSTRATIGRAPHY

Medlicott (1864), considered the Infra Krol as a
separate lithostratigraphic unit. Most of the later wor-
kers, e.g., Pilgrim and West (1928), Auden (1934),Bhargava
(1972) also assigned an independent status to the Infra
Krol sediments.

Auden (1934) points out that Infra Krol sediments
show a gradational contact with the underlying Blaini
Formation and it is difficult to map Blaini and Infra Krol
as independent units. The Blaini carbonate grades up-
ward, by increase in shale content, into pink, greenish and
black shales of the Infra Krol. Bhattacharya and Niyogi

(1971) propose the grouping of Infra Krol with the Blaini
Formation ; while Fuchs and Sinha (1974) and Rupke
(1974) group the Infra Krol and Blaini in a single Forma-
tion. However, Bhargava (1972) and Bhargava and
Bhattacharyya (1975) recommend an independent status
of Blaini and Infra Krol Formations.

In Solan area, Infra Krol succession is followed by
Krol Sandstone, and the contact between the two is transi-
tional (see Bhattacharya and Niyogi 1971). Auden
(1934) groups Krol Sandstone along with Krol Formation.
In sections, where Krol Sandstone is not developed the
Infra Krol shales show a gradual gradation into the marls
and calcareous shales of the lower part of Krol A success-
ion. Thus, the succession Blaini-Infra Krol-Krol represents
a continuous succession without any significant breaks.

LITHOLOGY

In the lower part of Infra Krol Formation (just above
the carbonate horizon of Blaini) often small-scale banding
of carbonate and shale layers is present, followed by a
succession of basically siltstone with thick bands of fine-
grained sandstone. Auden (1934) refers this sandstone
alternating with shale succession as varves. Towards the
top of the succession Infra Krol is made up of carbonaceous
shale without any bands of sandstone. Black shale often
shows presence of pyrite. In thin section the shales are
made up of quartz and sericite, with some carbonate and
pyrite (Auden, 1934).

Auden (1934) gives an estimated thickness of about
160 metres for the Infra Krol sediments. Bhattacharya
and Niyogi (1971) give a > 350 m (?), while Bhargava
(1972)assigns a 600m thickness to the Infra Krol Formation.
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Krol Sandstone is white, medium to coarse-grained
sandstones, where few metre thick bands of black to gray
shales and siltstones are intercalated. Auden (1934),
Bhattacharyya and Chanda (1971), and Bhattacharya
and Niyogi (1971) give petrological and mineralogical
characteristics of the Krol Sandstone. The quartz grains
of the Krol Sandstone are marked by good rounding.
Bhattacharyya and Chanda (1971) and Bhattacharya
and Niyogi (1971) consider the derivation of the quartz
grains from a sedimentary source. Mud fragments derived
from within the basin of deposition can sometimes be
present in appreciable amounts. Metamorphic rock
fragments are extremely rare (< 29%) (Bhattacharyya and
Chanda, 1971). The rocks are mostly orthoquartzites
(Quartz arenite) ; some of them can also be classed as
litharenite on the basis of the content of shale pebbles,
derived from within the basin. Joshi (1970) reports
occurrence of lenses, laminae and pellets of phosphatic
rock along the bedding planes of the Krol Sandstone.
The thickness of Krol Sandstone is about 100 metres, but
shows high variability even over short distances.

ENVIRONMENTAL ANALYSIS

The environmental analysis is based on the recog-
nition of the bedding structures and their distribution in a
vertical profile, and a comparison with the modern
analogues. The terminology proposed by Reineck (1970)
Reineck and Singh (1973), and Ginsburg (1975) has
been followed.

INFRA KROL SUCCESSION AROUND SOLAN

There are good and continuous exposures of the
Infra Krol around Solan township, especially on the
Solan-Simla road. The lowermost exposed part of the
Infra Krol is composed of shales showing dominantly colour
banding and some textural banding. In this section five
different units in stratigraphic order have been recognized
which also differ from each other in the spectrum of their
sedimentary structures.

Unit 1 : This succession is made up of greenish-gray
shales showing dominantly colour banding. Within the
shale 5-10 cm thick layers of silty rhythmites are intercalated
(Plate I—1). There are also 10-15 cm thick layers of fine-
grained sandstone, showing small ripple beddingand para-
llel bedding. Few cm thick units of lenticular bedding with
flat, connected and single lenses are common. Detailed
litholog for this unit are shown in Figs. 1 and 2. The
rhythmite shows characteristics of tidal bedding, where
mm thick sand layer alternates with equally thick mud
layer (Reineck and Wunderlich, 1969). They can be
correlated to tidal pulsations and are most abundant in
the migrating channels of the intertidal flats. Lenticular
bedding with flat lenses is also common in mixed flat
(intertidal zone) and originates as a result of alternation
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Fig. 1. Succession of sedimentary structures in the shale-rich facies
of Infra Krol near Solan.
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Fig. 2. Succession of sedimentary structures in the shale-rich facies

of Infra Krol near Solan.

in current or wave action and slack water in a tidal cycle
(Héntzschel, 1936 ; Reineck, 1960). In appearance this
unit shows good similarity with the muddy to mixed
intertidal flat deposits (compare with Reineck, 1975).

Unit 2 : This succession is sandier than the Unit 1,
and contains upto 20 cm thick sand layers, showing small
ripple bedding. Interbedded are several metre thick units
of lenticular bedding with thick lenses and wavy bedding.
Otherwise, the sequence is made up of rhythmites (tidal
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bedding) (Plate I—4), which sometimes show mud cracks.
In lenticular and wavy bedding, sand layers are about
1 cm thick. Single rippled layers with mud drapes are
also present. Few thick sandy horizons (20-30 cm) show
large-scale cross-bedding. Detailed succession of sedi-
mentary structure in this unit are shown in Figs. 3 and 4.
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Fig. 3. Succession of sedimentary structures in mixed flat facies of
Infra Krol near Solan.
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Fig. 4. Detailed litholog showing distribution of sedimentary struc-
tures in Infra Krol near Solan.

This unit shows features of a sandy to mixed intertidal
flat. Presence of mud cracks suggests intermittent sub-
aerial exposure of the sedimentation surface. The thicker
sand layers seem to represent deposits of storm weather
conditions, when due to increased energy thicker sand
layers can be deposited on a tidal flat. The frequent
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changes in the bedsets in the vertical profile are a result of
changes in the intensity and direction of wind and wave
activity (Reineck and Wunderlich, 1969).

Unit 3 : This unit is characterized by the quick
alternation of sand-rich and shale-rich successions. The
shale-rich succession is similar to unit 1 in its build up and
shows mostly shales showing colour and textural banding.
Rhythmites (tidal bedding) is most prominent, where 1-2
cm thick sand layers are i1 terbedded exhibiting small
ripple bedding (Plate I—2, 3).

Sand-rich part contains abundant 10-15 cm thick
sand layers showing parallel bedding; in a few cases smali
ripples are also developed.

This unit represents deposits of a channel in a mixed
flat.

Unit 4 : This succession is made up of massive,
ferruginous shale which grades upwards into black silt-
stone, interbedded with thin bands of streaky gray silt-
stone. The streaky gray shale layers show parallel lami-
nated siltstone (Plate I—5), tidal bedding, lenticular
bedding with flat lenses. In sandier parts sand lenticles
are thicker and show foreset laminae. Fig. 5 shows a cha-
racteristic profile of this facies.
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Detailed succession of bedding structures in the black
siltstone of fra Krol near Solan.

Fig. 5.

This unit represents deposits of reducing milieu due to
poor circulation. A very shallow lagoonal pond with tidal
influences, but with poor circulation seem to be the site
of deposition of this facies.

Unit 5 : The black siltstone is followed by a thick
sequence of gray shales and silts alternating with black
shale and silts. In this unit few cm thick sand layers are
intercalated. In the upper part this unit becomes sandier,
and the succession is made up of tidal bedding layers al-
ternating with the layers showing lenticular bedding
with flat lenses, and layers showing wavy bedding (Figs.
6, 7). A few 1-2 cm thick sand layers are intercalated
showing small ripple bedding. Near the top, this unit
contains frequent 5-10 cm thick sand layers. Rarely,
thinly laminated siltstone contains thin bands of black

phosphorite.
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Infra Krol near Solan.

It seems that the shallow lagoon of Unit 4 continued
to exist during deposition of Unit 5. Hcwever, due to
increase in energy, sand influx increased producing thick-
er sandy layers.

Upwards, Unit 5 passes into Krol Sandstone, made up
of thick sandy units with thir: horizons showing rhythmites
etc.

On Delgi-Solan bridle path the contact between
Blaini and Infra Krol Formations is exposed. The basal
part of Infra Krol, located just above the Blaini carbonate,
is represented by the calcareous silty shale, followed by a
sequence of black shale, and succeded by green-gray shale/
siltstone. This succession is made up of mostly rhythmites
with thin sandy intercalations. Upwards, the sand content
of succession increases. This succession represents deposits
of a mixed tidal flat subtidal channels.

INFRA KROL SUCCESSION IN MUSSOORIE AREA

In Rajpur-Mussoorie section a 50 m thick sequence
of dark-coloured shales is exposed. The base of this succe-
ssion is not well-exposed, upwards this shale sequence
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grades into calcareous shale, marls and limestone bands
of Krol A. These shales are finely laminated showing
textural and colour banding. No significant sand layers
are present. The sequence
a rather low-energy arca
material

represents deposition in
where mainly fine-grained
accumulated. Possibly a protected coastal
lagoon represents the site of sedimentation of this succession
which changed over to a tidal flat environment and car-
bonate precipitation with the beginning of Krel A.

In Raipur-Maldeota section Infra Krol scdiments
consists of greenish, brown shales and sandy shales. The
sandy shale contain several cin thick sand layers. 10-15 cm
thick sand rich and shale-rich successions alternate with
each other. In shale- rich successions lenticular Ledding
anrd wavy bedding are comunon, along with thin units ef
rhythmites. Sand-rich successions show flaser bedding,
thin lenticular bedding. Thicker sand layers show small
ripple bedding and parallel bedding. Planes of discon-
tinuity are quite common. The succession represents
deposits of mixed to sandy intertidal flats with moderate
energy.

INFRA KROL SUCCESSION IN KILBURY-NAINITAL SECTION

Above the pink-coloured dolomite of the Blaini For-
mation follows a sequence of violet shale, greenish shale
and silty sand, partly calcareous. These shales show fine
lamination (rhythmite) and contain thin to thick (few mm
tofew cm) calcareous bands. Often mm thin graded beds
and graded rhythmites are present. The succession re-
presents transition between Blaini and Infra Krol Forma-
tions.

Upwards, calcareous bands are absent and the sequ-
ence is made up of violet to green shales with sandy layers,
showing small ripple bedding. These sediments pass up-
wardsinto black, carbonaceous shales with thin sandy inter-
calations. The shaly bands mostly show fine textural and
colour lamination, and tidal bedding. Intercalated are
units made up of lenticular bedding with thin sand lenses
of flat and disconnected nature. This succession of black
shale is about 40 m thick and represents deposits of
a reducing milieu of low-energy areca. They seem to
be the deposits of a shallow coastal lagoon with tidal
effects. : :

Upwards, the black shales pass into gray silty shale
(15-20 m thick), which ultimately acquire thin bands of
carbonate and calcareous shales and grade into Krol A,

KROL SANDSTONE

In the area around Solan, a thick sandy succession is
present between Infra Krol shales and the carbonate fa-
cles of Krol A. These sandstones are dominantly pure
orthoquartzites, and also contain several metre thick
succession of dark-coloured shales, showing rhythmites
interbedded with sandy layers.
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KROL SANDSTONE SUCCESSION AT THE BASE OF KROL HILL

The Unit 5 of the Infra Krol (page 28) passes upwards
into a sand dominated sequence. A 6 m thick sequence is
depicted in Fig. 8, showing characteristic features of a sand
bar/channel deposit of a tidal flat. Thick sandy layers
are interbedded with shale, sand/shale alternation, showing
wavy bedding (Plate I—7). Thin horizons of tidal
bedding are also present. The thick sand layers are made
up of small ripple bedding, and large-scale cross-bedding
(Plate I—6). A few thin sand layers show parallel bedding,
exhibiting low-angle discordances. Within the sandy layers
rolled, well-rounded phosphorite pellets are present.
The sequence shows several planes of discontinuity and
channeling (Plate I—8). The sandstone shows fribale and
compact units (see also Bhattacharyya and Chanda, 1971),
made up of well-rounded and well-sorted quartz grains,
with negligible amount of clay content.
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Succession of sedimentary structures in Krol Sandstone, Krol

Fig. 8.
¢ hill, Solan. In this sequence planes of discontinuity and
channels are quite common. These features are not depicted

in the litholog. a—fine-grained sandstone, faint small ripple
bedding ; b—shaly tidal bedding ; c—fine-grained sand-
stone, small ripple bedding ; d—shale layer; e—wavy
bedding ; f—sandstone, small ripple bedding, parallel
bedding ; g—hales layer, h—sandstone, small ripple bedding,

black phosphorite pellets ; i—wavy bedding. j—sandstone
ripple bedding, parallel bedding with low-angle discordan-

ces ; k—loose sand with black pellets ; l—wavy bedding ;

m —sandstone, small ripple bedding ; n—silty tidal bedding.

Upwards this sandy unit grades into a 20 m thick
succession of silty rhythmites, containing 10 cm-1 m thick
sandstone layers, showing small ripple bedding. Hori-
zons of mud pebbles are present. This susccession repre-
sents deposits of a tidal flat. Upwards follows a several
metre thick succession of coarse-grained sandstone showing
large-scale cross-bedding, interbedded with shaly bands
exhibiting wavy bedding.
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Ultimately, the arenaceous sequence grades upwards
into shaly limestone showing shale, limestone alternations
of Krol A. In Krol A thick limestone units showing
mainly parallel lamination is interbedded with thin black
shale bands. There are also horizons of algal mat car-
bonates with incomplete stromatolites.

DEPOSITIONAL ENVIRONMENT
INFRA KROL

Niyogi and Bhattacharya (1971) assign a transitional
deltaic environment to the Infra Krol sediments, and
consider them to be deposits of a delta front on the basis
of sedimentary structures. Rupke (1974) has not des-
cribed any sedimentary structures but considers the Infra
Krol succession to represent turbidite deposits. He
assumes that fine-grained dark-coloured shales of Infra
Krol represent deposits of submarine dust associated with
fluxoturbidites. The analysis of Rupke (1974) seems to
be based on his assumed turbidite nature of the Blaini
Formation, which show interfingering relationship with
the Infra Krol. However, Singh and Tangri (1976) show
Blaini Formation to be the deposits of a shallow water
environment, mainly on the basis of supratidal deposit
characteristics (algal mat facies) of the Blaini carbonate,
tidal flat characteristics shown by the associated quartzites
and siltstones, and ‘mud flake conglomerate’.

Both Blaini and Infra Krol Formations fail to show
any turbidite sequences or any other featurcs charac-
terizing a deep-sea environment.

Moreover, detailed observations on the bedding
characteristics convincingly demonstrates that Infra
Krol sediments represent deposits of a low-energy muddy
to mixed tidal flat and lagoon of a shallow tidal sea.
Tidal bedding (rhythmites), lenticular bedding with flat
lenses, wavy bedding are the most common bedding struc-
tures of the Infra Krol sediments. The existing data
fails to show any deltaic sequences in the Infra Krol
Formation.

KROL SANDSTONE

Auden (1934) considered the Krol Sandstone to be
of aeolian origin on the hasis of the good rounding of the
quartz grains. Bhattacharyya and Chanda (1971) dis-
cussed that the coarse-grained quartz grains of the Krol
Sandstone also show good rounding, while the wind
action can not produce rounding in coarse-sand size.
Moreover, high-angle aecolian cross-bedding is absent.
On the contrary, shallow-water bedding types are profusely
present. Thus, aeolian origin for the Krol Sandstone can
be totally rejected. Bhattacharyya and Chanda (1971)
suggest that Krol Sandstone represent deposits of a shallow
marine basin with often high energy conditions. Bhatta-
charya and Niyogi (1971) describe presence of planar
cross-bedding, channels, ripple bedding, clay pebble con-
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glomerates from the Krol Sandstone and assign a neritic/
littoral environment, while the interbedded lenses of
black shale represent deposits of euxinic lagoons and
tidal flats ; some parts represent deposits of fluvial environ-
ment.

The present study indicates that the thick sandstone
units of Krol Sandstone represent deposits of sand bars in
intertidal to subtidal zone. The sand bar was subjected
to moderate wave and current energy. The shale-rich
deposits are the product of deposition on mixed to sandy
tidal flats, where extensive reworking and migration of
channels and sandbars took place, resulting into a complex
facies relationship and presence of abundant planes of
discontinuity. The environment can be compared with
the sand bar/channel deposits of the North Sea (Dorjes
et al., 1970 ; Reineck and Singh, 1973).

STUDY OF THE SURFACE FEATURES OF THE QUARTZ GRAINS
OF KROL SANDSTONE

In recent years study of quartz grain surface features
with the help of scanning electron microscope has been
made to decipher the depositional environment (see
Krinsley and Doornkamp, 1973). Quartz grains were
separated from two samples of the Krol Sandstone :
from a friable layer, and from a semi-lithified layer and
were studied under SEM.

The quartz grains from the friable layer are only
feably affected by silica diagenesis, and the overall shape
of the quartz grains is well-preserved. However, fine sur-
face texture of the grains has been obliterated due to deve-
lopment of minute scales and plates of silica (Plate II—
9,10,11). The quartz grains from the semi-lithified
layer show strong effects of silica diagenesis, obliterating
the fine surface textures and also making it difficult to
decipher the original grain shape (Plate I11—I12). The
grain surface is covered by silica plates and scales growing
and coalescing systematically (Plate II—13) or showing
a somewhat diffused arrangement (Plate I1—14) (see
Waugh, 1972 ; Pittmann, 1972 ; Singh, 1974).

The quartz grains of the Krol Sandstone are very
well-rounded with high sphericity showing strong effects
of mechanical abrasion suggesting that the quartz grains
had undergone a prolonged history of reworking and
abrasion in the sandbars of the tidal sea before they were
finally deposited. Due to obliteration of the fine surface
textures during diagenesis, no precise interpretation of the
environment, on the basis of surface features, can be

attempted.

CONCLUSIONS

From the foregoing observations it becomes quite
evident that Infra Krol succession starts without any
break over the Blaini Formation. Invariably lower part
shows few calcareous bands. The main succession of
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Infra Krol is essentially a fine-grained shaly succession,
where often black shales dominate. This succession shows
tidal bedding, lenticular bedding with flat lenses, wavy
bedding, small ripple bedding, and parallel bedded sand-
stone and depict a build-up characteristic of a low-energy
muddy to mixed tidal flat and lagoon deposits. In some
areasnear the top of the Infra Krol succession a sandy suc-
cession (Krol Sandstone) is present, representing deposits
of sandy to mixed tidal flats and sand bar and channels
in a tidal complex with moderate to locally high cnergy
conditions. Ultimately, Infra Krol or Krol Sandstone
grade into overlying calcareous Krol A succession, repre-
senting deposits of a carbonate tidal flats. Therefore, due
to the terrigenous clastic nature of the Krol Sandstone, it
can be conveniently grouped with the Infra Krol Forma-
tion. The Infra Krol succession must be assigned an in-
dependent Formation status. The lower contact can be
taken at the top of Blaini carbonate, while the upper
contact is taken at the base of Krol A, marked by the
beginning of carbonate sedimentation. Thus, Infra Krol
Formation represents essentially a terrigenous clastic
succession, mostly shaly ; locally with sandstone facies,
and marked by the absence of any significant carbonate
sediments, and dominance of black silt and shale.
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EXPLANATION OF PLATES

Prate I

Sandy tidal bedding. Mud-rich bands show fine lamination. 1 div. ofscale=1 cm.

Thin ripple bedded layer. 1 div. of scale= 1 cm. )

Thin ripple bedded layers interlayered with tidal bedding. 1 div. ofscale=1 cm.

Rhythmic tidal bedding with a thin sand layer showing faint foreset laminae..- Height of the photogra phabout 3 cm.
Fine lamination in black siltstone. 1 div. of scale=1 cm.

Large-scale cross-bedding in Krol Sandstone, Krol Hill. Thickness of the cr oss-bedded unit approx. 30 cm.
Lenticular, wavy bedding and shalelayersin the Krol Sandstone, Krol hill. 1 div. of scale=1 cm.

. Channeling, planes of discontinuity in the Krol Sandstone.

Prate II

- SEM photograph ofa well-rounded quértz grain from the Krol Sandstone. The surfice has been slightly modified duringsilica diagériesis

causing development of minute plates. Magnification 600 X.

- SEM photograph ofa quartz grain from Krol Sandstone showing good rounding and smoothened edges. . The quartz grain surface shows

slight coating of secondary silica in the form of minute plates, thus oblitera ting the delicate primary surface textures. Magnification
800 .. '

SEM photograph of a well rounded quartz grain of the Krol Sandstone. ’\Ivagmﬁc“t‘lon 640 x.

SEM photograph of a originally well-rounded quartz grain of the Krol Sandstone which has been substantlally modified due to deposmon
of secondary silica. Magnification 1400 x . :

Details. of a quartz grain surface aﬂ"ectcd by growth of minute quartz crystals ‘coalescing together. Krol Sandstone. Magnification
8000 X. : : : -

Details of a quartz grain surface showing minute irregular platesand a few crystals of quartz COalescmg together to produce a 1rregu1ar
surface. Magnification 2000 x.
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