
Carbonate platform growth and cyclicity at a terminal
Proterozoic passive margin, Infra Krol Formation
and Krol Group, Lesser Himalaya, India

GANQING JIANG*, NICHOLAS CHRISTIE-BLICK� , ALAN J. KAUFMAN� ,
DHIRAJ M. BANERJEE§ and VIBHUTI RAI–
*Department of Earth Sciences, University of California, Riverside, CA 92521, USA
(E-mail: ganqing@mail.ucr.edu)
�Department of Earth and Environmental Sciences and Lamont-Doherty Earth Observatory, Columbia
University, Palisades, NY 10964-8000, USA
�Department of Geology, University of Maryland, College Park, MD 20742-4211, USA
§Department of Geology, University of Delhi, Delhi 110007, India
–Department of Geology, Lucknow University, Lucknow 226007, India

ABSTRACT

The Infra Krol Formation and overlying Krol Group constitute a thick

(< 2 km), carbonate-rich succession of terminal Proterozoic age that crops

out in a series of doubly plunging synclines in the Lesser Himalaya of

northern India. The rocks include 18 carbonate and siliciclastic facies,

which are grouped into eight facies associations: (1) deep subtidal; (2)

shallow subtidal; (3) sand shoal; (4) peritidal carbonate complex; (5)

lagoonal; (6) peritidal siliciclastic–carbonate; (7) incised valley fill; and (8)

karstic fill. The stromatolite-rich, peritidal complex appears to have

occupied a location seaward of a broad lagoon, an arrangement

reminiscent of many Phanerozoic and Proterozoic platforms. Growth of

this complex was accretionary to progradational, in response to changes in

siliciclastic influx from the south-eastern side of the lagoon. Metre-scale

cycles tend to be laterally discontinuous, and are interpreted as mainly

autogenic. Variations in the number of both sets of cycles and component

metre-scale cycles across the platform may result from differential

subsidence of the interpreted passive margin. Apparently non-cyclic

intervals with shallow-water features may indicate facies migration that

was limited compared with the dimensions of facies belts. Correlation of

these facies associations in a sequence stratigraphic framework suggests that

the Infra Krol Formation and Krol Group represent a north- to north-west-

facing platform with a morphology that evolved from a siliciclastic ramp, to

carbonate ramp, to peritidal rimmed shelf and, finally, to open shelf. This

interpretation differs significantly from the published scheme of a basin

centred on the Lesser Himalaya, with virtually the entire Infra Krol–Krol

succession representing sedimentation in a persistent tidal-flat environment.

This study provides a detailed Neoproterozoic depositional history of

northern India from rift basin to passive margin, and predicts that

genetically related Neoproterozoic deposits, if they are present in the High

Himalaya, are composed mainly of slope/basinal facies characterized by

fine-grained siliciclastic and detrital carbonate rocks, lithologically different

from those of the Lesser Himalaya.

Keywords Cycles, facies, Infra Krol Formation, Krol Group, Lesser Himalaya,
platform evolution, terminal Proterozoic.

Sedimentology (2003) 50, 921–952 doi: 10.1046/j.1365-3091.2003.00589.x

� 2003 International Association of Sedimentologists 921



INTRODUCTION

Recent studies of Precambrian carbonate rocks
have demonstrated that late Archaean to Neopro-
terozoic carbonate platforms are characterized by
architecture, primary mineralogy and facies dis-
tributions that are similar to those present in
Palaeozoic to Recent platforms (e.g. Grotzinger,
1986a, 1989a,b; Beukes, 1987; Hoffman, 1989;
Sami & James, 1994; Grotzinger & James, 2000). In
the absence of skeletal metazoans and green algae
in all but the latest Neoproterozoic, stromatolites
and microbiota may have played an essential role
in the construction of wave-resistant buildups at
platform margins and in the production of
carbonate mud, comparable to the roles of higher
organisms in Phanerozoic examples (e.g. Sami &
James, 1994; Grotzinger & James, 2000). It has also
been shown that interpreted upward-shoaling
metre-scale units or ‘cycles’ in some Proterozoic
carbonate platforms trace laterally with consis-
tent stacking patterns for tens to hundreds of
kilometres (e.g. Grotzinger, 1986b; Dehler et al.,
2001), again similar to a number of purported
Phanerozoic examples (e.g. Goldhammer et al.,
1990, 1993; Osleger & Read, 1991; Montañez &
Osleger, 1993; Elrick, 1995; Bosence et al., 2000).

The Neoproterozoic is of special interest for the
study of carbonate platform evolution and depo-
sitional cycles. In comparison with Palaeo-
proterozoic and Mesoproterozoic counterparts,
preserved Neoproterozoic carbonate rocks appear
to have accumulated mainly on ramps rather than
on rimmed shelves (Grotzinger, 1989b; Grotzinger
& James, 2000). The reason for the predominance
of Neoproterozoic ramps is uncertain, but per-
haps related to a general association in most
basins with siliciclastic sedimentation. Few car-
bonate-dominated systems of this age have been
adequately documented. A second feature of the
Neoproterozoic is that it is an interval of
unusually widespread glaciation, although with
some ongoing debate about the number and
timing of ice ages, and the manner in which
deposits correlate from one place to another
(Kaufman et al., 1997; Hoffman et al., 1998; Ken-
nedy et al., 1998; Crowell, 1999; Sohl et al.,
1999). Metre-scale upward-shoaling ‘cycles’ are
an anticipated consequence of carbonate sedi-
mentation during times of glacio-eustatic change.

It is in this context that we studied the
sedimentology of the Infra Krol Formation and
Krol Group of the Lesser Himalaya, India, one of
the most carbonate-rich successions of terminal
Proterozoic age. The primary goals of this paper

are: (1) to document details of regional facies
patterns and their implications for platform
architecture; (2) to present examples of metre-
scale ‘cycles’, their lateral variability and their
stacking patterns; and (3) to interpret the evolu-
tion of the platform through time. Here, we use
the term ‘cycle’ in a purely descriptive sense for
repeated intervals of palaeowater depth change
without implying periodicity.

GEOLOGICAL SETTING

The Infra Krol Formation and Krol Group together
constitute a succession of mostly fine-grained
siliciclastic and carbonate rocks that crop out
over a distance of 280 km in the Lesser Himalaya
of northern India (Fig. 1; Bhargava, 1979; Shanker
et al., 1989, 1993; Shanker & Mathur, 1992).
These rocks are as much as 2 km thick, and are
of terminal Proterozoic age (� 590–543 Ma; Jiang
et al., 2002). They overlie the glacial-marine
Blaini Formation and underlie the predominantly
siliciclastic Tal Group (Fig. 2).

Two prevailing ideas have been published on the
Infra Krol–Krol succession in the Lesser Himalaya.
One is that all the sediment accumulated in a basin
centred on Mussoorie syncline, where both strat-
igraphic thickness and palaeowater depths have
been interpreted to achieve maximum values
(Fig. 3; Shanker et al., 1989, 1993; Shanker &
Mathur, 1992). That interpretation is based on
lithic correlation, which is assumed to approx-
imate time correlation (Fig. 3). However, sugges-
ted correlation schemes vary in detail from one
author to another, and the absence of anticipated
basinal or slope facies at Mussoorie syncline casts
doubt on their validity. A second widely accepted
idea is that the Krol represents the sedimentary
record of a tidal flat sea that extended southward
across the Indian Peninsula with little variation in
palaeowater depth either spatially or as a function
of time (Singh, 1980a,b; Singh & Rai, 1980; Singh
et al., 1980; Bhargava & Singh, 1981; Tangri &
Singh, 1982). This interpretation finds support in
the presence of locally abundant shallow-water
indicators in the rocks (microbial laminae, fenes-
tral structure, gypsum casts and desiccation
cracks), but it fails to account for the full range of
facies present or for their systematic arrangements
in three dimensions.

Our revised interpretation, based on sequence
stratigraphic analysis, is that the Infra Krol–Krol
succession was deposited at the inner part of a
north- to north-west-facing passive continental
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margin (Fig. 4; Brookfield, 1993; Jiang et al., 2002;
see below). Eight regional stratigraphic disconti-
nuities have been traced throughout the Lesser
Himalaya, including three that are interpreted as
sequence boundaries (surfaces 2, 4 and 5 in
Fig. 4). Regional facies distribution anchored in
this physical stratigraphic framework indicates
that platform architecture evolved through time,
from siliciclastic and carbonate ramps to rimmed
shelf and to open shelf (Figs 5 and 6). Although
no slope or basinal facies crop out in the Lesser
Himalaya, our interpretation is supported by
several lines of evidence. First, in contrast to
published interpretations, the Infra Krol–Krol
succession thickens gradually but consistently
towards the north-west (Fig. 4). Previously inter-
preted thinning in the vicinity of Solan and at
Nigalidhar syncline (Fig. 3) is due to poor expo-
sure of the upper part of the Krol Group in those
areas, and apparent thickening at Mussoorie and
Nainital synclines results from tectonic repeti-
tion. Our thickness estimates are based on
numerous, well-correlated sections in the best
outcrops. Secondly, siliciclastic rocks increase in
abundance towards the south-east (Fig. 4). For
example, near Solan and at Nigalidhar syncline,
strata above surface 3 are composed mainly of
carbonate, with only minor shale and siltstone

found preferentially above flooding surfaces.
Within the same stratigraphic interval at Musso-
orie syncline, interbedded siltstone and cherty/
silty dolomite are comparatively abundant. Simi-
larly, at Garhwal syncline, strata above surface 4
are composed primarily of interbedded siltstone
and cherty/silty dolomite (except for the upper-
most Krol D), with minor fine-grained sandstone.
At Nainital syncline, siltstone and cherty/silty
dolomite are the main rock types throughout the
interval above surface 4, and fine-grained sand-
stone is relatively abundant. We infer that the
source of siliciclastic sediment lay to the south-
east. Thirdly, although the overall stratigraphic
architecture is relatively tabular, the pinch-out
towards the south-east of subtidal facies overlying
surfaces 4 and 6 may be due to subtle regional
onlap (Figs 4 and 5). All the rocks were disrupted
by faulting and folding during the India–Eurasia
collision, beginning � 55 million years ago
(Powers et al., 1998; Hodges, 2000; Najman &
Garzanti, 2000).

FACIES ASSOCIATIONS

The transect constructed from measured sections
and local mapping at Solan and at Nigalidhar,
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Mussoorie, Garhwal and Nainital synclines
(Fig. 4) is divided into 18 facies (Table 1). These
facies are grouped into eight facies associations
on the basis of palaeoenvironmental significance
(Fig. 5; Table 2). A generalized reconstruction of
facies distribution and platform architecture is
provided in Fig. 6.

Deep subtidal facies association

The deep subtidal facies association includes
three facies: calcareous shale and siltstone, inter-
bedded shale and limestone, and muddy dolo-
mite (Fig. 7). The muddy dolomite facies is
present as a 5 to 15 m thick, laterally persistent
unit that caps the glacial diamictite of the Blaini
Formation and as a < 2 m thick unit that overlies

surface 2 (Fig. 4). Rocks are thinly parallel lam-
inated. In the upper part of facies units, muddy
dolomite laminae are interlaminated with shale
(Fig. 8A). The calcareous shale and siltstone
facies constitutes the bulk of the Infra Krol
Formation as well as part of the Krol D above
surface 6 (Fig. 4). The facies is for the most part
monotonously laminated, with locally developed
layers or lenses of 2 to 5 cm thick, fine- to very
fine-grained, cross-laminated sandstone with
slightly erosional bases (Fig. 7A). The interbed-
ded shale and limestone facies constitutes the
main component of Krol A. It forms shale–
limestone rhythmites (Fig. 8B) and 2 to 8 m thick
units of alternating shale and limestone (Figs 7B
and 8C). The latter include 2 to 10 cm thick,
laterally discontinuous beds of cross-laminated
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fine-grained peloidal packstone/grainstone with
minor erosional surfaces (Fig. 8D).

Interpretation
The above three facies are interpreted to have
accumulated on a storm-influenced subtidal ramp
or open shelf below fairweather wave base
(Fig. 6). The presence of occasional beds and
lenses of cross-laminated sandstone and grain-
stone/packstone and minor erosional surfaces
may be indicative of storm wave activity,
although features such as hummocky cross-stra-
tification and graded bedding have not been
observed. The fine-grained sandstone and carbon-
ate grainstone are interpreted to have been
derived from proximal, shallow subtidal areas of
the platform, and transported seaward by storm-

induced currents (Schieber, 1994, 1999), as indi-
cated by the upward-coarsening trend recorded in
measured sections.

Shallow subtidal facies association

The shallow subtidal facies association includes
two mappable facies: dolograinstone/packstone–
shale and dolopackstone/wackestone–siltstone
(Tables 1 and 2). The first facies is present in
the uppermost part of Krol A and the lowermost
part of Krol C above surface 3, and the second is
present mainly in the Krol D immediately above
surfaces 5 and 6 (Figs 4 and 5).

The dolograinstone/packstone–shale facies
makes up 1 to 6 m thick cycles that contain a
shale-rich lower part and a carbonate-rich upper
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part (Fig. 7B and C). The shale-rich part is
composed of greenish to dark grey, calcareous
shale, with millimetre-thick lime mudstone
layers or lenses. The carbonate-rich part is com-
posed of alternating thin beds of fine-grained,
oolitic–peloidal grainstone/packstone and calcar-
eous shale (Fig. 9A and B). The grainstone/pack-
stone layers are typically < 6 cm thick, laterally
discontinuous and enclosed in shale (Fig. 9B).
Small-scale cross-lamination, minor erosional
surfaces and minor graded bedding are preserved
in the grainstone/packstone layers.

The dolopackstone/wackestone–siltstone facies
comprises 2 to 5 m thick cycles, the lower parts of
which are siltstone rich and the upper parts

carbonate rich. In the siltstone-rich parts, silt-
stone is grey and calcareous, commonly 5–10 cm
thick and unevenly interbedded with 0Æ5 to 8 cm
thick layers of fine-grained peloidal packstone/
wackestone (Fig. 9C). Small-scale cross-lamin-
ation is present in both lithologies. The carbon-
ate-rich upper part of each cycle is composed
mainly of fine-grained, peloidal and silty pack-
stone, with millimetre-thick, calcareous siltstone
layers and lenses (Fig. 9D). Cross-lamination and
minor erosional surfaces are common.

Interpretation
These two facies are interpreted to represent a
shallow subtidal ramp or open shelf environment
near fairweather wave base. The shale-rich and
siltstone-rich parts of the two facies contain lime
mudstone and wackestone layers, respectively,
indicating that the fine-grained sediment was not
winnowed away by wave activity. However, the
presence of cross-lamination and erosional surfa-
ces suggests a modest level of wave action,
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perhaps storm induced. Hence, they may repre-
sent environments below fairweather wave base
in which shale and siltstone could accumulate
from suspension, with carbonate being intro-
duced during storms. The carbonate-rich parts

of the two facies consist mainly of grainstone and
packstone, with abundant cross-lamination and
erosional surfaces. Grainstones are inferred to
have accumulated in wave-influenced environ-
ments above fairweather wave base, and pack-
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stones may have deposited below fairweather
wave base. The close association of grainstone
and packstone (Fig. 7B) indicates that environ-
ments were not far from the fairweather wave
base, different from the deep subtidal facies
association described above. Carbonate particles
may have been derived from local shoals or bars
(Fig. 6B). The alternation of shale/siltstone-rich
and carbonate-rich hemi-cycles suggests system-
atic variations in palaeowater depth and fluctua-
tions in the supply of terrigenous clastic sediment
(cf. Holland & Patzkowsky, 1998).

Sand shoal association

The sand shoal facies association consists of fine-
to coarse-grained oolitic grainstone with subordi-
nate wavy microbial laminae and rare intraclastic
beds and lenses (Tables 1 and 2). We separate this
facies association from relatively thin oolitic
grainstone layers in other facies associations
because it forms an interval as much as 50 m
thick in the lower part of Krol C above surface 4
(Figs 4 and 5). Grainstone beds are typically
5–50 cm thick, separated by thin (< 5 cm) faint

lm w p g ds

B

sh
al

e-
ba

se
d 

cy
cl

es

C

lm w p g ds

40

30

20

10

0 m

40

30

20

10

0 m

sh
al

e-
ba

se
d 

cy
cl

es

K
ro

l A
K

ro
l B

vf f m c v

40

30

20

10

0 m

A

s

In
fr

a 
K

ro
l F

or
m

at
io

n

K
ro

l C
K

ro
l B

Green/gray shale/siltstone SandstoneReddish siltstone Lime mudstone Wackestone Packstone/grainstone

Cherty/silty dolomite Microbial dolomite Parallel lamination Cross-lamination Minor erosional surface

Lenticular bedding

Flaser bedding

Ripple marks Desiccation cracks Gypsum cast Microbial laminae Fenestral structures

s: shale/siltstone, vf: very fine-grained, f: fine-grained, m: medium-grained, c: coarse-grained, vc: very coarse-grained; lm: lime mudstone, w: wackestone, p: packstone, g: grainstone, d: dolomite

Deep subtidal PeritidalShallow subtidal Shallow subtidal-deep subtidal Shallowing-upward trend Deepening-upward trend

Fig. 7. Representative stratigraphic sections of deep subtidal, shallow subtidal and peritidal facies associations. (A)
Deep subtidal calcareous shale/siltstone facies to peritidal interbedded sandstone and siltstone facies of middle Infra
Krol Formation. Partial measured section at Deoghat, near Solan. (B) Deep subtidal interbedded shale and limestone
facies to shallow subtidal dolograinstone/packstone–shale facies (Krol A), to peritidal cherty/silty dolomite–siltstone
facies (Krol B). Partial measured section along south limb of Nainital syncline, north of Runsi village. (C) Peritidal
cherty/silty dolomite–siltstone (Krol B) to transitional deep to shallow subtidal dolograinstone/packstone–shale
facies, to peritidal microbial dolomite facies (Krol C). Partial measured section at Kaudiyala, north limb of Garhwal
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microbial laminae and intraclastic beds and
lenses (Fig. 9E). Decimetre-scale tabular and
trough cross-stratification characterizes most
oolitic beds, although they are locally cryptic.
Ooids display considerable size variation
between beds, but grains within an individual
bed are commonly well sorted. Ooids are typic-
ally 0Æ3–1Æ5 mm in diameter, but as large as
2Æ5 mm in trough cross-stratified sets. Grading
and poor sorting are observed locally in the latter.
Most ooids have cores composed of one or more
quartz silt grains. In the case of some large ooids,
cores are microbial or composed of micritic
intraclasts. Concentric coatings of individual
ooids range in thickness from < 0Æ01 to 0Æ05 mm.
Ooid shape ranges from nearly spherical to
elongate (2:1 ratio of apparent long and short
dimensions) to irregular (Fig. 9F).

Interpretation
The thick grainstone interval in Krol C is inter-
preted as a subtidal carbonate sand shoal subjec-
ted to sustained high-energy conditions. The

abundance of quartz silt grains as ooid nuclei
indicates a ready source of siliciclastic particles at
a newly submerged ramp or open shelf developed
on a karstic surface. The interlayering of grain-
stone with faint, wavy microbial laminae suggests
spatial and temporal variations in the intensity
and frequency of wave action (Sweet & Knoll,
1989). The presence of trough cross-stratification
suggests migration of current-generated bedforms
in a broad, shallow subtidal environment.

Peritidal carbonate complex

The peritidal carbonate complex includes four
lithofacies: wavy microbial dolomite, oncoid
and intraclastic dolograinstone/rudstone, stro-
matolitic dolomite and fenestral microbial dolo-
mite (Tables 1 and 2). These facies together
form thick, stromatolite-rich carbonate units in
the Krol C and Krol D at Mussoorie and
Nigalidhar synclines and at Solan (Figs 4 and
5). Facies are commonly arranged into 2 to 12 m
thick cycles that begin with wavy microbial

Fig. 8. Deep subtidal facies association. (A) Muddy dolomite facies capping glacial diamictites of Blaini Formation,
showing thinly interbedded muddy dolomite laminae and fissile shale laminae. From Dhanaulti, Mussoorie syncline.
(B) Thinly laminated shale–limestone rhythmites of middle Krol A, Nainital syncline. (C) Interbedded shale and
limestone facies expressed as cycles with alternating shale-rich part and limestone-rich part, upper Krol A, Solan. (D)
Small-scale cross-lamination in fine-grained peloidal grainstone (detail of limestone in C). Scales: A (metre), 15 cm; B
(hammer), 32 cm; C (field assistant), 1Æ7 m high; and D (coin), 1Æ8 cm in diameter.
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dolomite, pass upwards into domal and colum-
nar stromatolites and are capped with fenestral
microbial dolomite (Fig. 10A). Oncoid and
intraclastic dolograinstone/rudstone is present
throughout each cycle, but is generally more
abundant at the base and in the lows between
stromatolite heads. Large stromatolites in places
pass laterally into smaller stromatolites, ooid/

peloid-rich microbial dolomite or, less com-
monly, into intraclastic rudstone. As a conse-
quence, the facies forms a mosaic of microbial
laminae and stromatolite-rich carbonate rather
than a series of stacked sheets. Individual cycles
and their component facies cannot be traced
laterally more than a few tens to hundred of
metres.

Fig. 9. Facies of shallow subtidal and sand shoal facies associations. (A) Interbedded calcareous shale and fine-
grained, oolitic–peloidal grainstone/packstone, lower part of Krol C, Kaudiyala section, Garhwal syncline. (B)
Lenticular peloidal grainstone interbedded with laminated calcareous shale, lower part of Krol C, Kaudiyala section,
Garhwal syncline. (C) Cross-laminated, fine-grained peloidal packstone interbedded with calcareous siltstone, basal
part of Krol D above surface 5, south cliff of Krol Hill, Solan. (D) Cross-laminated, fine-grained, peloidal and silty
packstone and calcareous siltstone. Siltstone layers are chertified and expressed by positive relief on weathered
surface. Basal part of Krol D above surface 5, south cliff of Krol Hill, Solan. (E) Oolitic grainstone with faint microbial
laminae, Krol C above surface 4, Nigalidhar syncline. (F) Oolitic grainstone from (E). Scales: A and E (pencil),
14Æ5 cm; B (coin), 1Æ8 cm in diameter; C (coin), 2 cm in diameter; D (hammer), 32 cm.
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Wavy microbial dolomite is composed of 1
to 10 cm thick beds of grey microbial laminae
(1–10 mm thick) and dark micritic laminae
(0Æ5–2 mm thick), interstratified with 2 to 5 cm
thick beds of fine-grained oolitic/peloidal/intra-
clastic dolograinstone. Some microbial laminae
contain fine-grained peloids, 0Æ1–0Æ3 mm in diam-
eter. Dolograinstone layers contain abundant

cross-lamination and erosional surfaces (Fig. 11A
and B). Ooids are 0Æ2–0Æ8 mm in diameter, with
silt or micrite grains in the centre and concentric,
intercalated organic-rich and inorganic coatings.
Peloids are micritic grains 0Æ1–0Æ3 mm in diam-
eter. Intraclasts are angular to subangular parti-
cles 0Æ5–3 mm in diameter, and are commonly
present as a minor component in dolograinstone.
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Low-relief (2–10 cm) laterally linked stromato-
lites are present in some intervals, with intra-
clasts forming lenses between stromatolite heads.

Stromatolitic dolomite contains abundant stro-
matolites of varying shapes and sizes. Large
domal stromatolites (Fig. 11C) are typically

unlinked bioherms with up to 120 cm synoptic
relief, grading laterally into low-relief domal
stromatolites or wavy microbial dolomite. Colum-
nar stromatolites are commonly linked, with
ooids, peloids, oncoids and intraclasts present
in lows between stromatolite heads (Fig. 11D).

C                                                                                                   D

E                                                                                                   F

A                                                                                                   B

Fig. 11. Facies of peritidal carbonate complex. (A) Wavy microbial dolomite, composed of dark grey microbial
laminae and light-coloured, fine-grained peloidal grainstone laminae. Erosional surfaces below grainstone layers,
Krol C above surface 4, Nigalidhar syncline. (B) Thinly interbedded microbial and micritic laminae (light colour) and
intraclastic grainstone layers, with erosional surfaces below grainstone layers, Krol C above surface 4, Nigalidhar
syncline. (C) Large domal stromatolite bioherm, Krol C above surface 4, Solan. (D) Columnar stromatolite with
peloids, ooids, intraclasts and oncoids in troughs between stromatolite heads, Krol C above surface 4, Solan. (E)
Fenestral microbial dolomite composed of micritic microbial laminae and discontinuous fenestral fabric (light col-
our), Krol C above surface 4, Solan. (F) Plan view of oncoid/intraclastic grainstone consisting of large, concentric
oncoids in a fine-grained grainstone matrix, Krol C above surface 4, Solan. Scales: A and E (pencil), 14Æ5 cm; B (pen),
12 cm; C and F (hammer), 32 cm; and D (coin), 2 cm in diameter.
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Carbonate mud content is very low. Within
particular cycles, large, isolated domes coalesce
upwards into linked or unlinked columns with
increased branching, decreased diameter and
decreased synoptic relief (Fig. 10A).

Fenestral microbial dolomite consists of thinly
laminated, dark grey, relatively organic-rich
layers interbedded with light-coloured, irregular,
disrupted laminae with fenestral fabric (Fig. 11E),
or consists of thick layers disrupted by discon-
tinuously bedded, spar-filled fenestrae. Microbial
laminae form metre-thick units that commonly
cap stromatolitic cycles (Fig. 10A). Vugs, desic-
cation cracks, tepee structures, pisolites and
karstic breccia occur in this facies.

Oncoid and intraclastic dolograinstone/rud-
stone forms lenticular beds, commonly associated
with microbial and stromatolitic dolomite and
oolitic grainstone. Oncoids are 1–10 cm in diam-
eter, with nuclei of fragments of underlying strata
and microbial, organic-rich coatings (Fig. 11F).
Intraclasts are typically angular to subangular,
varying in size from 0Æ5 mm to 5 cm and are
cemented by coarse spar. Normal grading and
nearly in situ clasts of stromatolites are found in
troughs between stromatolite heads.

Interpretation
Wavy microbial dolomite is interpreted to have
accumulated in a moderate- to high-energy shal-
low subtidal to lower intertidal environment.
This is indicated by the presence of low-relief
stromatolites, abundant cross-lamination and
grainstone with allochems such as peloids, ooids
and intraclasts. Microbial laminae containing
fine-grained peloids are interpreted to have
developed by a combination of cement precipita-
tion and binding of particles by microbial mats
(Burne & Moore, 1987; Feldmann & McKenzie,
1998). Grainstone/packstone layers and lenses are
interpreted to have formed in a storm-influenced
setting, in which ooids and oncoids were trans-
ported from adjacent shoals, and intraclasts were
reworked from a lithified or partially lithified sea
floor. The repeated evolution of stromatolites
from large, isolated domes to linked or unlinked
columns with increased branching, decreased
diameter and decreased synoptic relief (Fig. 10A)
is interpreted to represent a transition from a
relatively undisturbed, subtidal environment to
an environment influenced by waves (cf. South-
gate, 1989; Sami & James, 1993). The presence of
fenestral microbial laminae in the upper stroma-
tolitic layers indicates stromatolite growth at
times into low-energy, intertidal to supratidal

environments (e.g. Southgate, 1989). Fenestral
microbial laminae are thought to have formed
through the binding of micrite by microbial mats,
and to have been preserved as a result of early
filling by cement or micrite lithification (cf.
Shinn, 1986; Sami & James, 1994). The presence
of desiccation cracks, tepee structures, pisolites
and karstic breccia is indicative of upper inter-
tidal to supratidal environments (Pratt et al.,
1992). Associated oncoids and intraclasts are
interpreted to have formed by storm wave erosion
and reworking of stromatolites, microbial lami-
nites and relicts of oncoids in shallow-water
environments. The generation and transportation
of these grains may have resulted from the
combination of storm and fairweather currents
because stromatolite intraclasts would have been
derived with difficulty under fairweather condi-
tions, given the sparry cements that may repre-
sent early sea-floor cementation (cf. Sami & James,
1994).

The peritidal complex grades towards the
south-east into lagoonal facies (Figs 5 and 6). It
may have acted as a marginal barrier separating
the shelf lagoon from the open ocean. Comparable
examples have been documented from three
Palaeoproterozoic deposits, the Pethei Group of
north-west Canada (Sami & James, 1994), the
Transvaal Supergroup of southern Africa (Beukes,
1987) and the Rocknest platform in north-west
Canada (Grotzinger, 1986a,b, 1989b).

Lagoonal facies association

The lagoonal facies association includes two
main facies: organic-rich wackestone/packstone–
shale and stromatolitic dolomite (Tables 1 and 2).
The facies are present in the Krol C above surface
4 and in Krol D above surface 5. Regionally, the
facies association is thickest at Nigalidhar and
Mussoorie synclines, and comparatively thin at
Garhwal and Nainital synclines. It interfingers
with the peritidal carbonate complex described
above (Fig. 5).

The two facies are commonly arranged as 0Æ5 to
5 m thick shale-based cycles or 5 to 10 m thick
stromatolitic cycles (Fig. 10B and C). Shale-based
cycles are composed of organic-rich shale and
wackestone overlain by oolitic/peloidal pack-
stone and stromatolitic dolomite (Fig. 12A). The
stromatolitic facies is similar to that described in
the peritidal complex, but the stromatolites are
characterized by narrower columns, greater syn-
optic relief, locally elongated heads and higher
lime mudstone content (Fig. 12B and C). Some
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large domes are laterally linked or form isolated
biostromes up to 120 cm high and 50–200 cm in
diameter (Fig. 12D). These large biostromes grade
upwards into smaller columnar stromatolites and
fenestral microbial dolomite. Muddy drapes with
peloids, ooids and intraclasts are common in the
troughs between high-relief stromatolite heads
(Fig. 10B).

Interpretation
These two facies are interpreted to have been
deposited in a back-barrier shelf lagoon environ-
ment with stromatolite patch reefs inboard of the
peritidal carbonate complex (Fig. 6A). The lack of
evidence for wave agitation in the organic-rich
wackestone/packstone–shale facies suggests
deposition in a low-energy environment. Ooids
and peloids in this facies may have been trans-
ported by storm waves from the distal peritidal
complex, proximal subtidal shoals or patch reefs
in the lagoon. Abundant mud drapes between
stromatolite heads and the higher synoptic relief
of stromatolites indicate that stromatolites had

enough space to grow in this quiet-water setting
(cf. Pelechaty et al., 1996). However, the presence
of coarse carbonate particles and the elongation of
some stromatolite heads parallel to depositional
dip direction suggests that the environment may
have become disturbed during storm or tidal
events (cf. Pelechaty & Grotzinger, 1988; Sami &
James, 1994).

Peritidal siliciclastic–carbonate facies
association

The peritidal siliciclastic–carbonate facies associ-
ation includes four mappable facies: interbedded
sandstone and siltstone, cherty/silty dolomite–
siltstone, massive sparry dolomite and fenestral
microbial dolomite (Tables 1 and 2). The shared
features of these facies include (1) abundant
evidence for exposure in the form of vugs,
dissolution cavities, desiccation cracks and fen-
estral fabrics; (2) lack of organic-rich carbonate
and shale; (3) randomly distributed, small-scale
stromatolites; (4) abundant beds of siltstone and

Fig. 12. Facies of lagoonal facies association. (A) Lagoonal cycles consist of organic-rich wackestone/packstone–
shale in lower part and stromatolitic dolomite in upper part, Krol C above surface 4, Nigalidhar syncline. (B)
Columnar stromatolite with narrow columns and high mud content in the troughs between stromatolite heads, Krol C
above surface 4, Mussoorie syncline. (C) Near-plan view of elongate heads of columnar stromatolites, Krol C above
surface 4, Mussoorie syncline. (D) Large, isolated stromatolite bioherm (1 m high and 1Æ5 m wide) with high mud
content, Krol C above surface 4, Mussoorie syncline. Scales: A (hammer), 32 cm; B–D (pencil), 14Æ5 cm.
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very fine- to fine-grained sandstone; and (5) rare
ooids, peloids and intraclasts.

The interbedded sandstone and siltstone facies
is present in the middle part of the Infra Krol
Formation below surface 2 (Fig. 4). Sandstone
layers are generally 3–20 cm thick, very fine to
fine grained and well sorted. Medium-grained
quartz sandstone layers 20–30 cm thick are pre-
sent locally. Ripple cross-lamination is abundant,
and minor erosional surfaces are present. Relat-
ively thicker sandstone layers contain shaly fla-
sers and mud drapes (Fig. 7A). Siltstone-rich
intervals are commonly 5–30 cm thick and con-
tain lenticular, 1 to 3 cm thick, fine-grained
sandstone beds. Siltstone layers are characterized
by millimetre-thick colour banding that was
considered by Singh (1980a) to represent tidal
rhythmites. Desiccation cracks, reported from the
Solan area by Bhargava & Singh (1981), were not
observed in this study.

The cherty/silty dolomite–siltstone facies is
one of the most common facies in the Krol Group
(Fig. 4). It consists of 0Æ5 to 4 m thick beds of grey
to red siltstone and cherty/silty dolomite
(Fig. 13A). Silty/cherty dolomite forms 0Æ1 to
3 m thick beds of massive, partially or uniformly
chertified or silicified dolomicrite and microbial
laminae. Chert nodules are concentrated along
the bedding planes, but rarely form a continuous
bed. Thin sections of the dolomite show 5–15%
well-sorted quartz–muscovite silt and sand
grains. Centimetre-sized domal to columnar stro-
matolites, abundant vugs, fenestral fabrics and
locally developed breccias are found in the
dolomite. Siltstone layers are 0Æ5–2 m thick and
contain small-scale cross-lamination and ripple
marks (Fig. 13B). Gypsum casts and desiccation
cracks (Fig. 13C) exist in both siltstone and
dolomite beds.

The massive sparry dolomite facies is present as
thick units in the upper Krol C below surface 5
near Solan and in the upper Krol D below surface
7 throughout the Lesser Himalaya (Fig. 4). Relat-
ively thin units are also present in the lower Krol
C below surface 4. The rocks are recrystallized
and locally brecciated. Less recrystallized inter-
vals show centimetre-scale domal stromatolites,
abundant vugs, fenestral fabric, vadose cements
and pisolites, dissolution cavities (Fig. 13D),
zebra structure (Fig. 13E) and desiccation cracks
(Fig. 13F). The sparry dolomite contains up to
10% well-sorted quartz silt and sand grains.

The fenestral microbial dolomite facies is char-
acterized by relatively thick dolomite layers with
abundant low-relief domal and columnar stro-

matolites and unevenly distributed, spar-filled
fenestrae and vugs, small dissolution cavities and
chert lenses. Tepees and desiccation cracks are
common.

Interpretation
The interbedded sandstone and siltstone facies is
interpreted to have accumulated in a shallow
subtidal to intertidal siliciclastic ramp environ-
ment (Fig. 6B). Siltstone/shale layers and lenses
were deposited from suspension in a low-energy
setting, possibly in a tidal flat or lagoon. A more
energetic environment is inferred for the cross-
laminated sandstone layers, which may represent
the deposits of tidal subaqueous dunes or bars.
This interpretation is supported by the overall
stratigraphic position of the facies in the succes-
sion (Fig. 7A). The upward transition from lam-
inated calcareous shale and siltstone to abundant
cross-laminated, well-sorted sandstone indicates
environments of increasing energy. However, in
the absence of three-dimensional data, it is not
clear whether this facies is related to a delta front,
as inferred by Bhattacharya & Niyogi (1971). It is
also not clear to what extent the environment may
have been tidally influenced because tidal rhyth-
mites and channel-form sandstone bodies, which
are characteristic of many tidal deposits (Nio &
Yang, 1991), have not been observed. Rupke
(1974) interpreted this facies as turbidites, but
none of the characteristic sedimentary structures
of turbidites have been found. In contrast, well-
sorted, cross-laminated sandstone, flaser and
lenticular bedding and locally developed desicca-
tion cracks (Bhargava & Singh, 1981) suggest a
shallow-water environment of deposition for this
facies.

The cherty/silty dolomite–siltstone, massive
sparry dolomite and fenestral microbial dolomite
facies are interpreted to have been deposited in
intertidal to supratidal environments of both
ramp and rimmed shelves (Fig. 6). The presence
of fenestral fabrics, gypsum casts, vugs, dissolu-
tion cavities, vadose cements, pisolites and des-
iccation cracks indicates that these facies were
formed in environments that were occasionally
exposed above sea level (cf. Pratt et al., 1992).
Low-relief stromatolites, parallel microbial lam-
inae and the lack of significant coarse carbonate
particles (ooids, peloids and intraclasts) suggest
low-energy, shallow-water conditions where
stromatolites might not have had enough space
to grow. Additionally, microbial binding and
cementation of the sea floor may have preven-
ted the formation of particles, similar to the

Neoproterozoic Krol platform of Lesser Himalaya, India 939

� 2003 International Association of Sedimentologists, Sedimentology, 50, 921–952



widespread sea-floor algal mats of the Bahamas
(Bathhurst, 1975; Hardie & Shinn, 1986). The
cherty/silty dolomite–siltstone facies may repre-
sent a mixed siliciclastic–carbonate tidal flat (cf.
Klein, 1971; Beukes, 1987), with a siliciclastic
source on the south-eastern side of the study area,
as indicated by the increase in siliciclastic facies
in that direction (Fig. 4). It is not known to what
extent this non-carbonate sediment was intro-
duced by rivers or by wind. Given the lack of land

plants in the Precambrian, it is possible that
siliciclastic silt and sand were transported to the
carbonate tidal flats by wind and reworked by
tidal action, particularly given the well-sorted
quartz and muscovite silt and sand grains con-
tained in the dolomite layers. Wind-blown silici-
clastic particles are known to have travelled
hundreds to thousands of kilometres from their
source areas to marine carbonate environments in
the modern Persian Gulf (Shinn, 1986) and in

Fig. 13. Facies of peritidal carbonate–siliciclastic facies association. (A) Siltstone–cherty/silty dolomite alterna-
tions, Krol D above surface 6, Nainital syncline. (B) Plan view of ripple marks in silty dolomite, Krol D above surface
6, Nainital syncline. (C) Plan view of desiccation cracks in silty dolomite, Krol D above surface 6, Mussoorie
syncline. (D) Dissolution cavities in massive sparry dolomite. Krol D above surface 7, Mussoorie syncline. (E) Zebra
structure in the massive sparry dolomite, Krol C below surface 4, Nigalidhar syncline. (F) Desiccation cracks in
fenestral microbial dolomite, Krol C below surface 4, Dubra, south limb of Mussoorie syncline. Scales: A (field
assistant), 1Æ7 m high; B and C (pencil), 14Æ5 cm; D (pen), 12 cm; E (coin), 1Æ8 cm in diameter; and F (metre), 15 cm.
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many ancient deposits (e.g. Dalrymple et al.,
1985; Fisher & Sarnthein, 1988; Osleger &
Montañez, 1996). Zebra structure is a diagenetic
feature (Nielsen et al., 1998) commonly associ-
ated with peritidal evaporitic sediment or sul-
phides (Tompkins et al., 1994; Wallace et al.,
1994). Its presence in the massive sparry dolomite
facies may indicate a saline or evaporitic deposi-
tional environment.

Incised valley fills

Incised valley fills are locally present at two
stratigraphic levels in the Infra Krol–Krol succes-
sion: above surface 2 within the Infra Krol
Formation in the Solan and Nainital areas, and
above surface 4 within the Krol C in the Nainital
area (Fig. 4).

Siliciclastic deposits above surface 2 in the
vicinity of Solan and Nainital are composed of
stacked 5 to 25 m thick, upward-fining cycles.
Cycles contain coarse-grained pebbly sandstone
at the base, which is overlain by coarse- to
medium-grained sandstone, then by medium- to
fine-grained sandstone and, finally, by mud-
stone–siltstone (Fig. 14A and B). Although it is
not possible to trace the basal contact of these
deposits continuously, measured sections suggest
several metres to tens of metres of erosional relief.
The sandstone is composed of well-rounded and
well-sorted quartz grains, and contains abundant
trough, tabular/planar cross-stratification, upper
plane bed-parallel lamination and ripple cross-
lamination.

The sandstone unit above surface 4 at Nainital
syncline (Fig. 4) is composed of an upward-fining
succession of greenish grey to greyish red,
medium- to fine-grained, quartz sandstone and
siltstone, with dispersed carbonate clasts near the
base (Fig. 14C). Trough and tabular cross-stratifi-
cation and ripple cross-lamination are present but
not common. In the cliff east of Sariatal, inter-
bedded siltstone and sandstone onlaps the under-
lying karstic breccia with a 10–15� difference in
the angle of dip.

Interpretation
The sandstone unit above surface 2 at Solan has
been variously interpreted as aeolian (Auden,
1934), shallow marine (Bhattacharyya & Chanda,
1971), neritic/littoral (Bhattacharya & Niyogi,
1971) and intertidal to subtidal sand bars (Bhar-
gava & Singh, 1981). We tentatively interpret an
incised valley setting on the basis of (1) conglom-
erate and sandstone units that are thicker than

those that might be ascribed to the filling of
fluvial or tidal channels; (2) abundant cross-
bedding in the sandstone; (3) upward-fining
cycles; (4) lateral thickness variations revealed
by measuring multiple sections; and (5) a sharp,
erosional basal contact against siltstone/shale (cf.
Zaitlin et al., 1994; MacDonald et al., 1998). The
sandstone unit above surface 4 at Nainital is
interpreted as a karst valley or incised valley fill
owing to the presence of karstic breccia below the
sand unit. The textural and compositional matur-
ity of sandstones in both examples is consistent
with deposition at least in part during marine
transgression (cf. Dalrymple et al., 1992; Zaitlin
et al., 1994).

Karstic facies association

The karstic facies association includes two lith-
ofacies: karstic breccia and calcrete (Tables 1 and
2). These two facies are intimately related to the
two surfaces (surface 4 and 5) that are interpreted
as karstic unconformities (Fig. 4; Jiang et al.,
2002).The karstic breccias are of two kinds,
polymict and monomict. Polymict breccias over-
lie karstic unconformities as irregular sheets or
smaller patches in topographic lows. They are
typically composed of a mixture of sharp-edged
carbonate fragments and chert rubble, together
with less common blocks of pedogenic pisolite
(palaeosol), claystone and green shale. Interstices
between blocks are filled by siltstone, sandy
dolomite or dolomitic sandstone; these rock types
are strongly silicified in places. Monomict brec-
cias are generally associated with small caves and
dykes below a karstic unconformity. They are
characterized by relatively homogeneous clast
composition, consistent with that of associated
in situ stratigraphy. Interstices in these breccias
are filled by sandy dolomite, siltstone or clay-
stone. Polymict and monomict breccias are inter-
stratified in large karstic depressions along
surface 4, but the contacts between them are
vague or gradational, and their thicknesses vary
laterally.

The calcrete facies is associated with karstic
breccias at surface 5. It is expressed as thin
lenses or layers overlying brecciated cherty
dolomite and as lenses filling small karst depres-
sions. Calcrete profiles are characterized by
reddish, yellowish or buff-coloured, massive
siltstone or fine- to very fine-grained sandstone
displaying (1) micritic carbonate (dolomudstone
and lime mudstone) nodules or lenses; (2)
pedogenic pisolite/ooid lenses showing reverse
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grading; and (3) associated breccias, chert and
iron oxide nodules.

Interpretation
The karstic facies association is interpreted to
relate to karstic landforms, including karstic
depressions, caves, dykes and pockets along a

karst surface. Polymict karstic breccias are gener-
ally considered as mantling breccias (Choquette &
James, 1988; Kerans & Donaldson, 1988), and
monomict karstic breccias are commonly inter-
preted as forming due to the collapse of cave
ceilings (Choquette & James, 1988; Kahle, 1988).
Interstratification of these breccias in large karstic
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depressions (Jiang et al., 2002) may have resulted
from multiple stages of collapse, with mantling
breccias being transported through a cave or karst
valley system between episodes of collapse. The
breccias are thought to be palaeokarstic and not
related to modern karstification. They are strati-
graphically restricted, extensive but discontinu-
ous. They fill fissures and are overlain with sharp
contact by younger stratigraphic units. Solution
features such as pipes that might connect the
breccias with younger or modern karst are absent
in the immediately overlying beds (cf. Wright,
1982). Breccia fragments are reworked into over-
lying ooid grainstone/packstone and, at Nainital,
into sandstone.

The calcrete facies is interpreted to represent
palaeosol along an exposure surface. Associated
features are similar to those widely documented
in palaeosol profiles (e.g. Mustard & Donaldson,
1990; Pelechaty & James, 1991; Wright, 1994).

CYCLES AND CONTROLS

Metre-scale cycles

Two types of metre-scale cycles are present in the
Krol Group: stromatolitic cycles and shale-based
cycles. Stromatolitic cycles are commonly boun-
ded by minor erosional surfaces, and the most
complete examples contain, from base to top: (1)
oncoid–intraclast–ooid dolograinstone; (2) wavy
microbial laminae with intraclasts, ooids, peloids
and oncoids; (3) domal stromatolites with up-
ward-increasing synoptic relief; (4) columnar

stromatolites; (5) parallel microbial laminae; and
(6) fenestral microbial laminae (Fig. 10A and B).
However, the abundance of the above component
facies varies from one cycle to another. Shale-
based cycles are composed of fine-grained silici-
clastic lower parts and carbonate-dominated
upper parts. These cycles are interpreted to shoal
upwards on the basis of upsection increases in
small-scale cross-lamination and minor erosional
surfaces (Fig. 7B and C) or increases in grain-
supported textures and stromatolitic/microbial
dolomite (Fig. 10B and C).

Stromatolitic cycles are present within the
peritidal carbonate complex and lagoonal facies
associations. These cycles record a progression
from shallow subtidal to supratidal environ-
ments. Efforts to trace cycles in the available
outcrop at Solan and at Nigalidhar syncline
showed that they are extremely variable: the
cycle boundaries disappear and component
facies pinch out or interfinger with other facies
in < 1 km (Fig. 15). The poor traceability of these
cycles suggests an autogenic origin, in contrast
to the metre-scale peritidal cycles of the Palaeo-
proterozoic Rocknest platform (Grotzinger,
1986b) and of the Neoproterozoic Chuar Group
in the Grand Canyon (Dehler et al., 2001), which
can be traced over tens to hundreds of kilome-
tres and are interpreted to relate to sea-level
fluctuations. Among several models for the
development of autogenic cycles in peritidal
environments (e.g. Pratt & James, 1986; Cloyd &
Demicco, 1990; Sami & James, 1994), the
aggrading tidal flat–island model of Sami &
James (1994), modified from Pratt & James

15
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Fig. 15. Tracing of cycle boundaries and component facies of stromatolitic cycles along a well-exposed cliff near
Solan. The stratigraphic interval is located between surfaces 4 and 5.
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(1986), seems to provide a better interpretation
for the development of stromatolitic cycles in the
Krol Group: (1) overall carbonate production and
accumulation in the peritidal complex was
sufficient to track sea level so that these
environments remained shallow; (2) sediment
accumulated preferentially in locally developed
shallow subtidal environments, and least abun-
dantly in supratidal environments; (3) because of
lateral variations in the rate of carbonate pro-
duction and accumulation, subtidal environ-
ments were able to aggrade locally into the
supratidal zone, forming upward-shallowing
cycles, and previously supratidal settings were
able to evolve into subtidal ones; (4) repetition of
these trends resulted in a mosaic of locally
developed cycles. Although sea-level change is
not required to account for observed features
(Fig. 15) in the above model, subsidence is
needed to create accommodation. These ideas
are testable against other field examples and
through computer modelling beyond the scope
of this paper.

Shale-based cycles are traced with difficulty in
available outcrop, but different numbers of cycles
are observed in closely spaced sections. In the
shelf lagoon deposits (Fig. 10B and C), cycles of
this type may represent the migration of stromat-
olite patch reefs or local sand bars.

Siltstone–silty/cherty dolomite alternations

Siltstone–silty/cherty dolomite alternations are
composed of interbedded siltstone and dolomite,
but do not display an unequivocal upward-shal-
lowing trend and, because a systematic pattern of
this sort is absent, we avoid the word cycle for
these deposits. The thickness of siltstone and
silty/cherty dolomite layers varies. In some cases,
0Æ5 to 2 m thick, pure siltstone and 0Æ5 to 3 m
thick silty/cherty dolomite constitute simple silt-
stone–carbonate alternations. In other cases, the
siltstone-rich intervals contain one to three layers
of 0Æ1 to 0Æ4 m thick silty/cherty dolomite. Sub-
aerial exposure features such as desiccation
cracks were found in both siltstone and dolomite.
In the peritidal carbonate deposits, an episodic
increase followed by decrease in siliciclastic flux
caused by climatic changes may have been
responsible for developing these siltstone–car-
bonate alternations. Variations in sediment influx
of climatic origin are not necessarily in phase
with glacial-eustatic fluctuations, and are highly
dependent on palaeogeographic location (Perl-
mutter et al., 1998).

Non-cyclic intervals

Non-cyclic intervals are present throughout the
Infra Krol Formation (with the exception of the
upward-fining cycles within incised valley fills at
surface 2) and in parts of the Krol Group (Fig. 5).
They are expressed as a monotonous lithology
such as shale, thick oolitic grainstone or massive
dolomite, or as interbedded siliciclastic–carbon-
ate rocks lacking predictable thickness or facies
stacking patterns. The thick green/grey shale of
the Infra Krol Formation, interbedded shale–
limestone of lower Krol A and organic-rich
wackestone–shale above surface 4 and 5 in Garh-
wal syncline (Fig. 5) are interpreted as having
been deposited in a subtidal shelf or deep lagoon
that was too deep to record significant changes in
environment and facies. Intervals of more interest
are those with shallow-water indicators. Grotzin-
ger (1986b) and Elrick (1995) suggested that the
apparent ‘non-cyclic’ interbedding of facies of
similar water depth results from incomplete
shoaling during each ‘cycle’ owing to the effects
of long-term net increase in sea level that masks
the effects of short-term sea-level oscillations.
This interpretation requires rapid long-term sea-
level rise, and the non-cyclic intervals should be
present universally in the transgressive parts of
sequences. This expectation, however, is not
borne out in the Krol Group. With the exception
of thick oolitic grainstone observed above surface
4, and interpreted to have accumulated during
transgression, non-cyclic intervals tend to under-
lie karstic unconformities or other regional strat-
igraphic discontinuities (Fig. 5). The absence of
cycles implies that short-term sea-level changes,
if they occurred, were minimal, and abundant
shallow-water features indicate deposition in a
sustained intertidal to supratidal environment
not subject to the episodic introduction of silici-
clastic sediment. Given the lack of precise age
control, the time required for the accumulation of
non-cyclic carbonates cannot be estimated, and
the origin of the implied environmental stasis is
accordingly difficult to interpret. A possible
interpretation is that, during the deposition of
these non-cyclic intervals, the platform was rel-
atively flat, and wide facies belts of more or less
the same water depth and hydrodynamic condi-
tion developed. If the width of facies belts was
large compared with the lateral distance over
which facies boundaries shifted during a partic-
ular interval of time, relatively invariant facies
successions would result.
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Cycle stacking patterns

It is widely appreciated that metre-scale cycles
show systematic changes in cycle types, lithof-
acies and thickness vertically through carbonate
successions, reflecting changes in accommoda-
tion that may be related in some cases to
different orders of eustatic oscillation (e.g. Gold-
hammer et al., 1990, 1993; Osleger & Read, 1991;
Montañez & Read, 1992; Montañez & Osleger,
1993; Elrick, 1995). Upward-shallowing trends
thicker than metre-scale cycles do exist in the
Krol Group (Fig. 16; see also Figs 4 and 5).
However, these trends cannot be correlated
across the platform and, more importantly, they
become vague or disappear on the proximal side
of the platform (Mussoorie to Nainital synclines).
The number of metre-scale cycles within each
upward-shallowing trend varies according to
palaeogeographic location (Fig. 16). Although
eustatic change is a possible cause of observed
cycle stacking patterns, differential subsidence
of the passive margin may have been responsible
for lateral variations in the number of cycle sets
within a particular interval. Regardless of the
origin of metre-scale cycles and larger scale
upward-shallowing trends, the reliability of
cycle hierarchy for stratigraphic correlation in
the Krol seems to be limited, given the fact that
both metre-scale cycles and their stacking pat-
terns may vary according to the palaeogeogra-
phic location.

PLATFORM DEVELOPMENT

Four platform geometries are suggested for the
Infra Krol–Krol interval: (1) siliciclastic ramp;
(2) carbonate ramp; (3) peritidal rimmed shelf;
and (4) open shelf. Because no slope/basinal
facies crop out in the Lesser Himalaya, the
differentiation of ramp and open shelf is tenta-
tive.

Siliciclastic ramp

The Infra Krol Formation is thought to have
accumulated at a siliciclastic ramp that devel-
oped atop the glacial-marine diamictites of the
Blaini Formation (Fig. 17A). The abrupt litho-
logical transition is consistent with rapid
sea-level rise and sediment starvation during
deglaciation, and a palaeoenvironment mostly
below fairweather wave base. Facies were
stacked aggradationally for most of the time,

with representative lithologies of thinly lamin-
ated calcareous shale and siltstone. In the late
stages, progradation resulted in the deposition of
siltstone and fine-grained sandstone (Figs 7A
and 17B).

Carbonate ramp

The carbonate ramp represented by the upper
part of Krol A to lower Krol C inherited the
geometry of the siliciclastic ramp. Initiation of
carbonate production may have been related to
reduced siliciclastic influx, either climatically
induced or resulting from lowering of the topog-
raphy in the hinterland of the platform. The
deep subtidal ramp (Fig. 17C) is represented by
shale–limestone rhythmites, and the peritidal
ramp (Fig. 17D) by interbedded siltstone and
dolomite (Krol B) and massive dolomite (lower
Krol C). Lateral facies variation is limited, con-
sistent with the absence of reefs, shoals or other
palaeogeographic complexity.

Peritidal rimmed shelf

Basal deposits of the peritidal rimmed shelf
accumulated above the pre-existing low-gradient
ramp (Fig. 17D). The rimmed shelf was charac-
terized by a persistent accretionary reefal rim
(inferred) and a peritidal, stromatolite-rich car-
bonate complex over a widespread sand shoal
(Fig. 17E). Increased carbonate production and
accumulation in the complex led to the develop-
ment of a deepening and increasingly restricted
shelf lagoon. Expansion of the complex into the
shelf lagoon was localized, possibly because of
nutrient limitation (cf. Schlager, 1981). Locally
developed sand shoals or bars and stromatolite
patch reefs formed bathymetric highs in the
lagoon. Siliciclastic influx from the south-eastern
side of the shelf eventually led to progradation of
the peritidal complex, and shut down the car-
bonate factory, leading in turn to the drowning of
the platform (Fig. 17F).

Open shelf

The interval from surface 6 to surface 8 is
tentatively interpreted to represent an open shelf
(or distally steepened ramp of Read, 1985), given
that the platform evolved from a rimmed shelf.
The shelf rim and peritidal complex were not able
to be re-established after the flooding event,
possibly because of the increased siliciclastic
pollution (Fig. 17G and H).
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Termination of the Krol platform

During the final phase of evolution, the Krol
platform was drowned and buried by deep-water,
phosphorite-bearing shale and bedded chert of
the basal Tal Group and, in turn, by up to 2500 m
of shallow-marine to fluvial siliciclastic deposits
(Singh & Rai, 1983).

NEOPROTEROZOIC PASSIVE MARGIN
OF NORTHERN INDIA

The Neoproterozoic strata of the Lesser Himalaya
have been interpreted as deposits of an isolated
basin centred in Mussoorie syncline, with its
western margin in the Krol Hills and eastern
margin in the vicinity of Nainital (e.g. Shanker
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et al., 1989; Virdi, 1991; Shanker & Mathur, 1992),
or an isolated basin with its northern margin in the
present-day High Himalaya and its southern
margin connecting with the Vindhyan basin (e.g.
Bhattacharya, 1982; Saxena, 1981). In contrast,
Brookfield (1993) suggested that the stratigraphic
record represents the inner part of a north-facing
passive continental margin. The main evidence
offered in support of the isolated basin interpret-
ation is that (1) the thickness of the Krol and Tal
groups attains a maximum in Mussoorie syncline;
and (2) similar lithofacies are not present in the
High Himalaya. However, our stratigraphic stud-
ies indicate that the reported thickness variation
of the Krol Group is influenced by a combination
of incomplete exposure and tectonic repetition
(Jiang et al., 2002). Facies analysis of the Infra Krol
Formation and Krol Group reported here reveals a
platform architecture that is more consistent with
the existence of a north- to north-west-facing
passive margin.

The Neoproterozoic rift to passive margin suc-
cession in the Lesser Himalaya is summarized in

Fig. 18. The basal part of the succession is repre-
sented by the Jaunsar Group in the south-eastern-
most synclines and by the Simla Group in the
north-west. These units unconformably overlie
the Mesoproterozoic metamorphic rocks assigned
to the Berinag Quartzite in the south-east and
Shali Group near Simla, where intrusive rocks
dated as 823 ± 5 Ma have been reported (Singh
et al., 2002). Facies analysis reveals an overall
fining towards the north-west, from fluvial- and
coastal plain-dominated sandstone and conglom-
erate (Nagthat Formation) at Nainital syncline to
shoreface- and inner-shelf siltstone and sandstone
(Chandpur and Nagthat formations) in Garhwal to
Nigalidhar synclines (Ghosh, 1991) and to muddy
delta-front and outer-shelf shale/siltstone and
sandstone (Simla Group) at Simla (Kumar &
Brookfield, 1987). Turbidites have been reported
within the latter (Valdiya, 1970). An erosional
unconformity has been documented at or near the
Chandpur/Nagthat contact (Pant & Shukla, 1999).
Rift-related mafic volcanic rocks and tuff/tuffa-
ceous sandstone are present in north-western
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areas, and U-Pb ages of 771 ± 2 and 751 ± 3 Ma
have been reported (Torsvik et al., 2001). Uncon-
formably overlying the Jaunsar and Simla groups
are diamictite, siltstone and sandstone of inferred
glacial and glacial-marine origin (Blaini Forma-
tion). This unit has three lithologically distin-
guishable parts: a lower diamictite-rich part
comprising three to four massive diamictite inter-
vals separated by siltstone/mudstone; a middle
siltstone and sandstone part with occasional
lenses or thin layers of ferruginous shale; and an
upper diamictite with an erosional unconformity
at its base. Although the Blaini Formation is not
directly dated, the two diamictite-rich intervals
may represent records of the two most widespread
Neoproterozoic glaciations: the Sturtian and
Marinoan or Varanger events.

The stratigraphic location of the rift to passive-
margin transition is uncertain, but is tentatively
interpreted within or perhaps at the base of the
glacigenic units (Fig. 18). A passive margin set-
ting for the post-glacial carbonate strata described
in this paper is inferred on the basis of scale, the
absence of igneous rocks and comparatively
simple facies and thickness trends, with no
evidence for substantial syndepositional tecton-
ism comparable to that of foreland basins (cf.
Plint et al., 1993).

In the High Himalaya, a Neoproterozoic suc-
cession comparable to that of the Lesser Himalaya
has not been documented, and the absence of
such a succession has been used to support
the argument that the basin now exposed in the
Lesser Himalaya was isolated. However, the
apparent absence of equivalent units in the High
Himalaya is mainly a statement about lithic
mismatch of poorly dated rocks. It is predicted
here that, if correlative rocks are present in the
High Himalaya, they should be composed of fine-
grained siliciclastic and carbonate slope and
basinal deposits very different from the plat-
formal carbonate rocks of the Lesser Himalaya
(Fig. 18).

Overlying the carbonate deposits of the Krol
platform of the Lesser Himalaya are lower Cam-
brian siliciclastic rocks (Tal Group), which are
unconformably overlain in turn by Permian
strata. In the High Himalaya, however, middle
Cambrian to Carboniferous rocks have been
recognized, as well as the evidence for early
Ordovician deformation and granite intrusion
(e.g. Brookfield, 1993). One interpretation is that,
after the early Cambrian, the Lesser Himalaya was
uplifted, shifting the depocentre towards the
north. This may have been related to the collision

between India and East Antarctic between � 550
to � 525 Ma (e.g. Torsvik et al., 2001).

SUMMARY

Detailed studies of facies and facies associations
reveal that the terminal Proterozoic Infra Krol–
Krol succession of northern India represents a
north- to north-west-facing carbonate platform, an
interpretation that departs markedly from exist-
ing depositional models for these rocks. The
platform evolved from a siliciclastic ramp, to
carbonate ramp, to peritidal rimmed shelf to open
shelf. The peritidal carbonate complex of the
rimmed shelf is analogous to platform margin
reefs of the Phanerozoic, separating and restrict-
ing a shelf lagoon from the open ocean.

Stromatolitic cycles, shale-based cycles and
siltstone–silty/cherty dolomite alternations are
present in the Krol Group. The cycles and appar-
ently ‘cyclic’ lithic alternations are laterally dis-
continuous, and are thought to be primarily
autogenic. Stromatolitic cycles are interpreted to
have formed by facies migration related to vari-
able carbonate production. Shale-based cycles are
interpreted to have formed through the migration
of locally developed carbonate sand shoals or bars
or stromatolite patch reefs. Siltstone–silty/cherty
dolomite alternations developed as a result of
episodic siliciclastic influx from the proximal
side of the shelf lagoon. Eustatic fluctuations are
neither required nor precluded for these alterna-
tions. Non-cyclic intervals suggest that the
dimensions of any particular substrate were large
compared with the scale of lateral shifts in facies.
Cycle stacking patterns are shown to change
across the platform, possibly owing to the differ-
ential subsidence of the passive margin.

The overall Neoproterozoic succession of the
Lesser Himalaya is interpreted to represent a rift
basin to passive margin, with rift to post-rift
transition located within or perhaps at the base of
the glacial unit (Blaini Formation). Equivalent
Neoproterozoic successions in the High Hima-
laya, if preserved, may be mainly slope/basinal
facies represented by fine-grained siliciclastic and
carbonate rocks, lithologically different from
those of the Lesser Himalaya.
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