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ABSTRACT: A sequence stratigraphic study of terrigenous and carbonate rocks
of the Infra Krol Formation and Krol Group in the Lesser Himalaya fold and
thrust belt of northern India was undertaken as part of a broader investigation
of the significance of carbon isotope data in Neoproterozoic successions. Eight
regional stratigraphic discontinuities were traced over a distance of nearly 300
km, and interpretations were anchored in a series of local studies involving the
mapping of key beds and the measurement of closely spaced sections. Three of
the regional surfaces are interpreted as sequence boundaries on the basis of (1)
locally developed incised valleys , 60 m deep; (2) paleokarstic depressions with
, 50 m of mappable relief; (3) subaerial dissolution and weathering products
(breccias and calcrete) filling vertical fissures, dikes, cavities, and shallow de-
pressions in underlying carbonate rocks; and (4) small-scale evidence for sub-
aerial exposure at an erosion surface. The remaining five discontinuities are
regional flooding surfaces identified on the basis of either facies changes with
an abrupt upward deepening across the surface or transitions in facies stacking
patterns, typically from forestepping to backstepping. A glacio-eustatic origin
is permitted, although not required, for the three sequence boundaries, but no
evidence has been found for marked lowering of sea level at other horizons. A
mismatch between the stratigraphic location of sequence boundaries and car-
bon isotope minima suggests that local diagenetic alteration or oceanographic
phenomena unrelated to glaciation may be in part responsible for observed
isotopic variation, and that small ice sheets may have existed during apparently
nonglacial times without producing either cap carbonates or negative carbon
isotope excursions.

INTRODUCTION

The span of Earth history encompassing the final 200 m.y. of the Neoproterozoic,
from ; 750–543 Ma, is one of the most remarkable in the evolution of our planet
owing to unusually widespread glaciation (Harland 1964; Kirschvink 1992; Hoffman
et al. 1998; Crowell 1999; Sohl et al. 1999; Evans 2000), and to the emergence, for
the first time in the patchy fossil record, of macroscopic animals (Knoll and Walter
1992; Grotzinger et al. 1995; Bowring and Erwin 1998; Xiao et al. 1998; Knoll
2000). An approach that has proven particularly useful in studying this geology is
carbon isotope chemostratigraphy, both as a monitor of paleoenvironmental change
and as a tool for global correlation (Knoll et al. 1986; Narbonne et al. 1994; Kauf-
man and Knoll 1995; Pelechaty et al. 1996; Kaufman et al. 1997; Saylor et al. 1998;
Jacobsen and Kaufman 1999; Knoll 2000). However, questions remain about the
completeness of the isotopic record in successions with only sporadic development
of carbonate rocks, about how that record may have been modified by diagenesis,
and about the potential circularity inherent in correlating curves from different lo-
cations in the absence of adequate independent chronology.

It is in this context that we undertook a sequence stratigraphic study of the Neo-
proterozoic Infra Krol Formation and Krol Group in the Lesser Himalaya fold and
thrust belt of northern India. Shallow-marine carbonate rocks amenable to chemo-
stratigraphic analysis are unusually abundant in the Krol Group (, 1400 m thick
in sections that we have measured, and , 2050 m according to Shanker et al. 1993
and Shanker et al. 1997), and the tracing of physical surfaces offers a way of es-
tablishing relative ages in different sections independently of geochemical data
(Christie-Blick and Driscoll 1995). Sequence boundaries and other stratigraphic dis-
continuities are recognized at several levels in both the Infra Krol and Krol, although
their expression is mostly subtle. This is attributed in part to local factors influencing
the development of karst. Our data nevertheless place constraints on the amplitude
of any glacially induced sea-level changes during the span of time represented by
the Infra Krol and Krol, and on competing schemes for the global correlation of
Neoproterozoic glacial rocks (Kaufman et al. 1997; Kennedy et al. 1998; Saylor et
al. 1998; Knoll 2000). Details of our chemostratigraphic studies will be published
elsewhere.

GEOLOGICAL FRAMEWORK

The Infra Krol Formation and Krol Group are part of a Neoproterozoic and Lower
Cambrian succession more than 12 km thick, cropping out in the Lesser Himalaya
in a series of doubly plunging synclines between Solan in the northwest and Nainital,
280 km to the southeast (Fig. 1; Bhargava 1979; Shanker et al. 1989; Shanker et
al. 1993; Shanker et al. 1997; Shanker and Mathur 1992). The lower half of this
succession consists of quartzite, sandstone, argillite, carbonate rocks, and minor
mafic volcanic rocks of uncertain age, but younger than 1 Ga, and possibly rift-
related (Jaunsar and Simla groups; Singh 1980a; Kumar and Brookfield 1987;
Shanker et al. 1989). The upper half of the succession begins at an unconformable
contact with as much as 2 km of diamictite, siltstone, and sandstone of glacial and
glacial-marine origin (Blaini Formation in Fig. 2; Bhatia and Prasad 1975; Gupta
and Kanwar 1981; cf. Singh 1980a for a different view). These rocks are overlain
by a ‘‘cap carbonate’’ no more than a few meters thick (uppermost Blaini), and by
up to 400 m of shale, siltstone, and minor sandstone assigned to the Infra Krol
Formation. Carbonate rocks of the overlying Krol Group are overlain in turn by as
much as 2800 m of mostly terrigenous rocks of Cambrian age (Tal Group), with a
distinctive unit of black shale, chert, and phosphorite up to 150 m thick at the base.

These younger Neoproterozoic and Cambrian rocks are interpreted to represent
the inner part of a north-facing passive continental margin (Brookfield 1993), with
a rift to post-rift transition tentatively interpreted within or perhaps at the base of
the Blaini. A passive-margin setting is inferred on the basis of scale, the absence of
igneous rocks, and comparatively simple regional facies and thickness trends within
the Infra Krol and Krol, with no evidence for the syndepositional tectonism that
might be expected in a foreland basin (e.g., Plint et al. 1993; Yang and Dorobek
1995). Neoproterozoic(?) to Middle Cambrian strata are exposed to the north in the
High Himalaya, but the tectonic and stratigraphic relations of these rocks with re-
spect to the Lesser Himalayan succession are unknown. The rocks of the High
Himalaya represent either a continuation of the northern passive margin of the Indian
craton or an unrelated succession that was accreted to the Indian continent during
the early Paleozoic (DeCelles et al. 2000). The High Himalaya contains evidence
for early Ordovician deformation, metamorphism, and granite intrusion that together
signal a tectonic event (Le Fort et al. 1983; Garzanti et al. 1986). Any stratigraphic
evidence for such an event, if it affected the Lesser Himalaya, would have been
removed by erosion beneath a profound pre-Permian unconformity. The Cambrian
Tal Group of the Lesser Himalaya is directly overlain by a comparatively thin car-
apace of Permian and Cretaceous strata. All of the rocks were thrust southwestward
as a result of the India–Eurasia collision, beginning approximately 55 m.y. ago
(Powers et al. 1998; Hodges 2000). Deformation on the Main Boundary thrust,
which structurally underlies the Lesser Himalaya, began prior to 10 Ma, and con-
tinues today (Valdiya 1992).

Prior Work and Lithostratigraphy of the Infra Krol–Krol Interval

Previous studies of the Infra Krol–Krol interval have dealt mainly with regional
lithostratigraphy and paleontology (e.g., Singh 1980a, 1981; Singh and Rai 1983;
Shanker et al. 1989; Shanker and Mathur 1992; Shanker et al. 1993). Sedimento-
logical studies have focused primarily on portions of the stratigraphy with features
ascribed to tidal and tidal-flat environments: microbial laminae, fenestral structure,
gypsum casts, and desiccation cracks (Singh 1980a, 1980b; Singh and Rai 1980;
Singh et al. 1980; Misra 1984).

The most widely used regional stratigraphic terminology for the interval of inter-
est is based on an informal scheme proposed by Auden (1934) in the vicinity of
Solan (Figs. 1, 2), including the Infra Krol, Krol Sandstone, Lower Krol (Krol A),
Middle Krol (Krol B), and Upper Krol (Krol C, D, and E). Shanker et al. (1993)
and Shanker et al. (1997) recommended raising the Krol to group status and for-
malizing internal subdivisions as Chambaghat Formation (Krol Sandstone), Mahi
Formation (Krol A), Jarashi Formation (Krol B), and Kauriyala Formation (Krol C,
D, and E). These are shown in Figure 2, although informal letter designations are
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FIG. 1.—Geological map showing exposures of
Neoproterozoic strata in Lesser Himalaya fold
and thrust belt (modified from Singh and Rai
1983; Shanker et al. 1997). Letters A to G
indicate location of representative sections in
study areas (see Figs. 3 and 4).

retained in this paper for the sake of simplicity, and because they are still widely
used by Indian geologists.

The Krol A consists of argillaceous limestone interbedded with greenish-gray
calcareous shale. Krol B is characterized by a distinctive grayish-red shale and silt-
stone with thin, lenticular beds of dolomite. Krol C is composed of bluish-gray
crystalline limestone and dark gray dolomitic limestone, in places brecciated and
containing fenestral structure. Krol D is represented by dolomitic limestone, micro-
bial cherty dolomite, calcareous shale, siltstone, and minor sandstone. Krol E con-
sists of limestone interbedded with calcareous shale, siltstone, argillaceous lime-
stone, and dolomite. Krol units A, B, and E, and the green to gray shale of the
underlying Infra Krol Formation, can be recognized and confidently mapped
throughout the Lesser Himalaya. However, Krol units C and D are of more variable
lithology and thickness (Shanker and Mathur 1992; Shanker et al. 1993), and they
are less easily distinguished. We have followed the common Indian practice of
locating the lithostratigraphic boundary between these units on the basis of the great-
er abundance of shale and siltstone in Krol D. The Krol Sandstone is a distinctive
coarse- to fine-grained quartz sandstone with abundant cross-stratification. Unlike
the other stratigraphic units, it is restricted mostly to the area near Solan (Fig. 1),
although we have recognized a similar sandstone at the same stratigraphic level in
the vicinity of Nainital.

Paleontological and Chemostratigraphic Evidence for Age

No radiometric age data are available for the Infra Krol–Krol interval. It is gen-
erally assigned a terminal Proterozoic age by Indian geologists on the basis of (1)
close lithostratigraphic similarities with the postglacial Neoproterozoic and Cambri-
an succession of southern China; (2) assemblages of small shelly fossils of Cambrian
age (possibly early Tommotian or equivalent to the Meishucunian of southern China)
reported from chert–phosphorite of the basal Tal Group (Azmi 1983; Rai and Singh
1983; Bhatt et al. 1985; Brasier and Singh 1987; Kumar et al. 1987; Bhatt 1989,
1991); (3) small acanthomorph acritarchs of late Nemakit–Daldynian affinity recov-
ered from the same interval (Tiwari 1999); (4) ‘‘Ediacaran’’ impressions reported
in Krol D and Krol E carbonates and siltstones (Mathur and Shanker 1989, 1990;
Shanker and Mathur 1992; Shanker et al. 1997), and possible remains of Ediacaran
metaphytes in Krol A carbonates (Tewari 1993a); (5) possible simple trace fossils
from the upper part of Krol D and Krol E (Singh and Rai 1983); and (6) abundant
cyanobacterial filaments, coccoids, acanthomorph acritarchs, and vase-shaped mi-
crofossils reported from chert nodules in Krol A (Kumar and Rai 1992; Tiwari and
Knoll 1994; Gautam and Rai 1997). Other fossils reported from the Krol Group,
such as algae (Singh and Rai 1983; Mathur 1989) and stromatolites (Singh and Rai
1977, 1983; Tewari 1993b; Tewari and Joshi 1993), are of lesser age significance.

The precise location of the Precambrian–Cambrian boundary has been questioned

on both paleontological and chemostratigraphic grounds. The lithostratigraphic con-
tact between the Krol and Tal groups is located with difficulty in some sections,
and, as locally mapped, it does not necessarily correlate precisely with the marine
flooding surface that commonly marks the boundary (surface 8 in Fig. 2). However,
a report of small shelly fossils from the Krol D level at Mussoorie syncline (Azmi
and Pancholi 1983) was discounted by Bhatt (1991) as misinterpretation of a struc-
tural slice of Tal Group within the Krol. The supposed Ediacaran fossils in Krol D
and Krol E are also problematic because they are poorly preserved and not neces-
sarily of biological origin. Attempts to find additional specimens at the original
sampling sites have proven unsuccessful (Misra 1990, 1992; Bhatt 1996). In the
absence of firm paleontological control, Knoll et al. (1995) and Kaufman and Knoll
(1995) suggested that the Cambrian might encompass strata as low as Krol C, on
the basis of sparse published carbon isotope data (Aharon et al. 1987). That inter-
pretation was tentative, however, given the very coarse sampling (. 50 m) of the
chemostratigraphy that was available at the time. Banerjee et al. (1997) studied
geochemical changes across the Krol E–Tal transition in some detail, and assigned
the Krol E to the Nemakit–Daldynian (basal Cambrian) on the basis of a carbon
isotope maximum (d13C ; 0‰) in the upper part of Krol E and an abrupt change
to negative values in the Tal. However, our most recent studies cast doubt on the
existence of the maximum. The absence of fossils of clear Cambrian affinity in the
Krol suggests that it is entirely of Neoproterozoic age, with a portion of the Ne-
makit–Daldynian (543–530 Ma; Bowring and Erwin 1998) possibly missing at the
Krol–Tal contact, along with an indeterminate part of the Proterozoic. The latter
may include the span of an inferred short-lived latest Proterozoic negative carbon
isotope excursion (, 1 m.y.; Grotzinger et al. 1995) for which there is no record
in the Lesser Himalaya.

LITHOFACIES, FACIES ASSOCIATIONS, AND PLATFORM MORPHOLOGY

Eighteen lithofacies have been identified in the Infra Krol Formation and Krol
Group on the basis of composition, grain types, sedimentary structures, diagenesis,
and vertical facies relationships. These lithofacies are grouped into eight genetically
significant facies associations. The lithology, major sedimentary structures, and en-
vironmental interpretations of facies and facies associations are summarized in Table
1 and in Figures 3 and 4.

Facies of the Infra Krol and lower and upper parts of the Krol are comparatively
simple, with shoaling-upward trends characterizing sections from each syncline.
These typically consist of upward transitions from shale and mixed shale–limestone
to more massive carbonate rocks including microbial dolomite (Figs. 3, 4).

The middle Krol displays greater facies variability, with an outer shelf marked
by a stromatolite-rich peritidal carbonate complex that may have served as a barrier
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FIG. 2.—Generalized stratigraphy of Infra Krol Formation and Krol Group showing stratigraphic nomenclature, reported fossil discoveries, interpreted sequence boundaries
(SB), and other regional stratigraphic discontinuities, and a compilation of carbon isotope data (864 samples from 25 sections; see Jiang 2002). Details of carbon isotope
data will be published elsewhere. Paleontological interpretations are as follows: cyanobacteria (C) and acanthomorph acritarchs (AA) from Tiwari and Knoll (1994);
Ediacaran fossils in Krol D (E1) from Shanker et al. (1997); Ediacaran fossils in Krol E (E2) from Mathur and Shanker (1989, 1990) and Shanker et al. (1997); and small
shelly fossils (SS) from Kumar et al. (1987) and Bhatt (1991). Only the uppermost part of the Blaini Formation is shown, and the ‘‘cap carbonate’’ (5–15 m thick) is
exaggerated.

(cf. Sami and James 1994). Stromatolites in this complex vary in shape and size
(Table 1). Ooids, peloids, intraclasts, stromaclasts, and oncoids are abundant parti-
cles. The peritidal carbonate complex displays an overall shoaling-upward trend,
expressed by an upward increase of shallow-water features such as small-scale wave
ripples, microbial laminae, fenestrae, vugs, tepees, pedogenic pisolites, desiccation
cracks, and exposure-related brecciation. Lagoonal facies are comparatively fine-
grained, with abundant organic-rich shale and wackestone.

The relation between the outer-shelf, lagoonal, and inner-shelf facies associations
has been documented at Nigalidhar syncline for the interval between surfaces 4 and
5 (section F in Figs. 3 and 4; Fig. 5). At any location, lagoonal facies alternate with
stromatolitic dolomite of the peritidal carbonate complex (outer shelf), and they pass
upward into peritidal carbonate–siliciclastic facies containing abundant shallow-wa-
ter features (inner shelf). Outer-shelf rocks become more abundant towards the north
at Nigalidhar syncline, and they pass laterally into lagoonal and inner-shelf facies
along the Lesser Himalaya towards the southeast. This platform architecture (Fig.
6A) is comparable to that of several well known Paleoproterozoic examples: the
Pethei and Rocknest platforms of northwest Canada (Grotzinger 1986a, 1986b, 1989;
Sami and James 1993, 1994) and the Transvaal Supergroup of southern Africa (Beu-
kes 1987). In the case of the Krol, however, the outermost rim and slope are not
preserved in outcrop.

SEQUENCE STRATIGRAPHY

Standard concepts and methods of sequence stratigraphy (Vail 1987; Van Wagoner
et al. 1990; Sarg 1988; Handford and Loucks 1993; Posamentier and James 1993;
Christie-Blick et al. 1995; Christie-Blick and Driscoll 1995) have been applied to the
Infra Krol Formation and Krol Group. Central to this approach is the lateral tracing
of physical surfaces. This was achieved initially in small areas by the mapping of key
beds and the measurement of closely spaced sections, with emerging patterns gradually
extended to adjacent areas within the same syncline, and eventually from one syncline
to another. The scale of the Lesser Himalaya, structural complexities, landsliding on
steep slopes, and locally dense vegetation preclude the tracing of any surface contin-
uously through the outcrop belt. However, detailed work provides convincing evidence
for the interpretation of three prominent sequence boundaries (surfaces 2, 4, and 5 in
Fig. 3). These and five additional stratigraphic discontinuities can be confidently rec-
ognized in each of five synclines that we have studied.

The eight regional discontinuities are identified and correlated on the basis of (1)
a transition in facies stacking patterns, typically from a forestepping motif (from
subtidal dominated units to intertidal–supratidal dominated units) to a backstepping
motif (from intertidal dominated units to subtidal dominated units; e.g., Fig. 6B);
(2) abrupt facies changes in individual sections; and (3) regional facies architecture.
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TABLE 1.—Summary of facies and facies associations.

Lithofacies Constituents Bedding and structures Interpretation

DEEP SUBTIDAL

Calcareous shale and siltstone Gray to green calcareous shale and siltstone; rare very fine-
grained sandstone

Laterally continuous, millimeter-thick parallel lamination;
small-scale wavy cross-lamination in sandstone layers;
commonly as monotonous, noncyclic intervals

Deep subtidal below fair-weather
wave base

Mixed shale and limestone Unevenly interbedded calcareous shale-siltstone and lime
mudstone–wackestone; rare fine-grained peloidal grainstone

Laterally continuous, millimeter-thick parallel lamination; rare
wavy cross-lamination with minor erosional surfaces;
grainstone layers; shale–limestone alternation

Deep subtidal, occasionally shallow-
ing to wave base

Muddy dolomite Greenish to gray muddy dolomite; locally interbedded with
millimeter-scale fissile shale

Thin-bedded; parallel lamination Deep subtidal below fair-weather
wave base

SHALLOW SUBTIDAL

Dolograinstone–packstone–shale Fine-grained oolitic, peloidal grainstone layers and lenses un-
evenly interbedded with calcareous shale; rare intraclastic
grainstone–packstone layers or lenses

Grainstone–packstone: lenticular layers with minor erosional
surfaces against shale; small-scale cross-lamination; rare
normal graded bedding

Shale: thin bedded; parallel lamination

Shallow subtidal at times wave-influ-
enced

Dolopackstone–wackestone–siltstone Fine-grained peloidal, silty dolopackstone–wackestone inter-
bedded with gray calcareous siltstone

Laterally continuous bedding; wave ripples and small-scale
cross-lamination in both siltstone and carbonate layers

Shallow subtidal above fair-weather
wave base

SAND SHOAL

Oolitic–peloidal grainstone Fine- to coarse-grained oolitic, peloidal grainstone; well-sort-
ed and rounded ooids; rare intraclasts and wavy microbial
laminae

Abundant large-scale cross-bedding and small-scale cross-
lamination

Shallow subtidal shoal

PERITIDAL CARBONATE COMPLEX

Wavy microbial dolomite Thin microbial laminae interbedded with micritic or lenticular
grainstone laminae; laterally linked, low-relief stromato-
lites; peloids, stromaclasts, ooids, and intraclasts

Millimeter-thick, interbedded, undulating, micritic laminae;
clasts preserved in small ripples or as fill between stromat-
olite heads; wave ripples and flaser bedding

Shallow subtidal to intertidal

Oncoid–intraclastic–dolograinstone–
rudstone

Intraclasts typically 0.5–2 cm (up to 5 cm) and oncoids (1–10
cm) with superficial coatings; matrix of lime mudstone and
fine-grained peloids, ooids, and intraclasts

Tabular to lenticular, discontinuous beds; commonly associat-
ed with microbial, stromatolitic dolomites and thin oolitic
grainstone layers; small-scale cross-lamination and ripples

Shallow subtidal to intertidal

Stromatolitic dolomite Couplets of sparry dolomite and crinkled microbial laminae;
lenticular beds of lime mudstone, peloids, intraclasts, on-
coids, and ooids between stromatolite heads

Convex to undulatory laminae; laterally discontinuous; abun-
dant stromatolites of varying shapes and size; large domal
and columnar stromatolites up to 10 to 80 cm synoptic re-
lief, 1–5 m long, interfingered or associated with low-relief
(3–8 cm) stromatolites, and grading upwards into microbial
laminae with abundant fenestral structure

Shallow subtidal to supratidal

Fenestral microbial dolomite Dark, relatively organic-rich laminae interbedded with light-
colored, irregular, disrupted beds of fenestral fabric; or
thick microbial dolomite layers disrupted by small, discon-
tinuously bedded, spar-filled fenestrae

Irregular to discontinuously bedded lamination; poor to mod-
erate lateral continuity; low-relief domal stromatolites; fe-
nestral structures, vugs, tepee structures, desiccation cracks
and brecciation

Upper intertidal to supratidal

LAGOONAL

Organic-rich wackestone–shale Black to dark-gray, organic-rich dolopackstone–wackestone
unevenly interbedded with shale; small peloids and ooids;
cherty lenses

Laterally continuous beds; rare columnar stromatolites; paral-
lel lamination

Deep subtidal to shallow subtidal la-
goon

Stromatolitic dolomite Couplets of sparry dolomite and microbial laminae; mud, mi-
crite and peloids in troughs between stromatolite heads

Laterally discontinuous beds associated with organic-rich
limestone and microbial laminae; domal and columnar stro-
matolites with elongate heads; locally developed, high-re-
lief, domal stromatolites of up to 120 cm high

Shallow subtidal to intertidal lagoon

PERITIDAL SILICICLASTIC-CARBONATE

Microbial dolomite Dark, relatively organic-rich laminae disrupted by irregular,
spar-filled fenestrae, vugs and small dissolution cavities;
low-relief domal and columnar stromatolites; chert lenses

Irregular laminae; poor to moderate lateral continuity; fenes-
trae, vugs, dissolution cavities, tepees, desiccation cracks,
and brecciation

Intertidal to supratidal

Cherty dolomite–siltstone Uniformly chertified, thick (up to 10 m) or thin (2–15 cm)
dolomite layers interbedded with dolomitic siltstone; 5–
15% terrigeneous quartz silt or sand grains; centimeter-
sized domal stromatolites partly replaced by chert

Laterally continuous; wave ripples; fenestrae, pisolites, desic-
cation cracks, dissolution cavities, and brecciation

Intertidal to supratidal

Massive sparry dolomite Massive, thick (.5 m, up to 100 m), light-colored, coarse
sparry dolomites; centimeter-sized domal stromatolites and
thin microbial laminites; up to 10% well sorted quartz silt
and sand grains

Massive units; fenestrae, pisolites, vadose cements, vugs,
breccias

Intertidal to supratidal

INCISED-VALLEY FILL

Siliciclastic sandstone–siltstone Coarse- to fine-grained sandstone and siltstone forming 5 to
25-m-thick, fining-upward units; discontinuous pebbly
sandstone or conglomerate layers or lenses at the base

Laterally discontinuous layers; abundant large-scale cross-
bedding and small-scale cross-lamination; current ripples;
lateral thickness variation

Fluvial channels with large-scale
bedforms and bars; karstic valley
fill

KARSTIC FILL

Karstic breccia Monomict or polymict with lithology similar to host rocks as
well as siltstone, shale, and chert clasts; poorly sorted or
unsorted, subangular to angular clasts of varying sizes
from ,1 cm to 3 m; sandy, silty, and micritic matrix

Thin (,0.5 m) or thick (.2 m, up to 20 m), massive or
poorly differentiated lenses or layers of varying thickness;
laterally traceable to calcrete; vadose cements around brec-
cias; breccia- and sandstone–siltstone-filled dikes and dis-
solution cavities extending downward into underlying rocks
from 2 m to 50 m

Surface karstification products; karst-
ic depression fills

Calcrete Buff-colored, massive to faintly laminated layers or lenses of
dolomudstone, lime mudstone in siltstone; partly silicified
patches, pisolite lenses; relict clasts, chert lenses and brec-
cias

Laterally discontinuous over tens of meters; clotted micritic
and floating textures

Subaerial exposure
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FIG. 3.—Representative stratigraphic sections for Infra Krol Formation and Krol Group, with an interpretation of sequence boundaries and other regional stratigraphic
discontinuities. See Figure 1 for locations.
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FIG. 4.—Interpretation of facies associations shown in Figure 3 and Table 1.

The sequence boundaries are interpreted with reference to one or more of the fol-
lowing lines of evidence for subaerial degradation: (1) locally developed incised
valleys partially filled with siliciclastic sandstone and siltstone; (2) large-scale pa-
leokarstic depressions with mappable relief; (3) subaerial dissolution and weathering
products (breccias and calcrete) filling vertical fissures, dikes, cavities, and shallow
depressions in underlying carbonate rocks; and (4) small-scale evidence for subaerial
exposure at an erosion surface. These features are best displayed in the Nigalidhar,
Mussoorie, and Nainital synclines (Figs. 1, 5, 7, 8). In the Solan area (Pachmunda
and Krol synclines; Fig. 1), surfaces were traced by means of closely spaced short
sections tied to existing geological mapping (Fig. 9). At Garhwal syncline, efforts
were focused in the vicinity of the Kaudiyala section (Fig. 1) owing to structural
complexities and only sporadic exposure on densely vegetated slopes. Of the five
surfaces not clearly interpretable as sequence boundaries, two are especially distinc-
tive. These are the base of the postglacial cap carbonate at the top of the Blaini
Formation, and the regional flooding surface at or close to the Krol–Tal contact
(surfaces 1 and 8 in Figs. 2–4).

SEQUENCE BOUNDARIES

Surface 2
Surface 2 is located at or near the contact between the Infra Krol Formation and

the Krol Sandstone (Figs. 3, 4). It is best expressed in the Solan area (V.K. Srivas-

tava, personal communication 1994) and at Nainital syncline (sections G and A in
Figs. 3 and 4), two locations at which shale, siltstone and thin-bedded very fine-
grained sandstone are overlain abruptly by 30 to 60 m of coarser-grained sandstone
(Fig. 10). In the Nigalidhar, Mussoorie, and Garhwal synclines (sections F to B in
Figs. 3 and 4), the surface is cryptic, and is thought to be expressed in each case
by the top of a sanding-upward interval up to several tens of meters thick (Fig. 10).

In the Solan area, the sandstone unit is mapped as the Krol Sandstone. It is
composed of three to four fining-upward units, each consisting of pebbly sandstone
and coarse- to medium-grained sandstone, passing upward into medium- to fine-
grained sandstone and siltstone. Although it is not possible to trace the lower bound-
ary of the sandstone continuously in available outcrop, the abrupt grain-size change
at the base, the internal facies architecture, and marked changes in thickness between
adjacent sections over a distance of several kilometers suggest the presence of an
erosional unconformity with more than 50 m of relief. The sandstone is composed
of well-rounded and well-sorted quartz grains, and it contains abundant trough and
tabular cross-stratification, and small-scale ripple cross-lamination (Fig. 10). It has
been variously interpreted as eolian (Auden 1934), shallow marine (Bhattacharyya
and Chanda 1971), neritic–littoral (Bhattacharya and Niyogi 1971), and intertidal to
subtidal sand bars (Bhargava and Singh 1981). On the basis of facies architecture,
we tentatively interpret the sandstone as fluvial to estuarine (cf. Van Wagoner et al.
1990; Levy et al. 1994; Zaitlin et al. 1994; Christie-Blick 1997; Rossetti 1998). A
sandstone unit observed at the same stratigraphic level in the Nainital syncline is
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FIG. 5.—A) Map of a portion of Nigalidhar syncline showing the main facies, location of surfaces 1 to 5, and measured sections. Note interfingering relationship between
stromatolite-rich dolomite and organic-rich shale–wackestone. B) Segments of selected measured sections showing vertical and lateral facies relationships, and evidence
for karst development at sequence boundaries 4 and 5.

very similar to the Krol Sandstone but is documented at only one section. If the
thickness of the sandstone is a measure of erosional relief, that may exceed 60 m
in the Nainital syncline (Fig. 10).

The top of the sandstone is marked by a distinctive, 20- to 50-cm-thick, muddy–
silty dolomite, which is overlain in turn by green to black shale lacking obvious
sedimentary structures. This lithic discontinuity is present in all synclines, even
where the sandstone unit is absent (Fig. 10). In the Solan area and in the Nainital

syncline, a 5- to 15-cm-thick lenticular pebble conglomerate immediately below the
dolomite layer is composed mainly of fragments from the underlying stratigraphy,
and is interpreted as a lag at a flooding surface. The absence of evidence for subaerial
exposure or erosion at this level in the Nigalidhar, Mussoorie, and Garhwal synclines
is ascribed to a combination of less favorable outcrop and incomplete mapping of
the Infra Krol Formation; a paleogeographic location removed from rivers, where
valley incision would have been localized (cf. Woolfe et al. 1998; Talling 1998);
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FIG. 6.—A) Lateral facies distribution in middle part of Krol Group from northwest (left) to southeast (right). B) Example showing facies stacking patterns between
surfaces 4 and 5. The section is from the Nigalidhar syncline (section 4 in Figure 5). Note that small-scale shallowing-upward units do not necessarily represent equal
spans of time.

and modification of the sequence boundary during marine flooding. The presence of
sandstone-filled valleys at opposite ends of the Lesser Himalaya does not necessarily
have any particular significance. The paleogeography is inherently more complicated
than might be implied by a single oblique cross section (Figs. 3, 4), and it undoubt-
edly changed during deposition of the Infra Krol Formation and Krol Group.

Surface 4

Surface 4 is located in the lower part of Krol C and is the most prominent and
well-defined surface in each syncline. It is regionally mappable, with up to 50 m of
local relief, and in many places it is overlain by breccia of inferred paleokarstic
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FIG. 7.—Map of a portion of the north limb of the Mussoorie syncline, showing lithostratigraphic units, sequence boundaries and other regional stratigraphic discontinuities,
and measured sections.

origin. Both mantling and collapse breccias are present, along with vertical sediment-
filled and cement-filled fissures, and smaller-scale solution-related features. At Nain-
ital syncline, breccia is overlain by up to 40 m of lenticular sandstone (section A
in Fig. 3) interpreted as an incised-valley fill or a karst-valley fill. The facies stacking
pattern changes abruptly at the surface from upward shoaling to upward deepening,
an observation that both supports the sequence boundary interpretation and provides
a criterion for mapping the surface where breccia is absent.

Karstic Landforms.—Karstic landforms are well expressed at surface 4 in all
five synclines by depressions of various sizes and shapes, and by intra-depressional
stratigraphic highs (cf. Jennings 1985; Choquette and James 1988; Pelechaty et al.
1991). In the best developed examples, in the Mussoorie and Nainital synclines
(Figs. 11, 12), up to 30 to 50 m of local relief is documented by correlation of key
beds between closely spaced sections and by mapping along extensive cliff expo-
sures. Depressions vary from symmetrical to asymmetrical in cross section, in some
cases containing sub-depressions within a larger feature (Fig. 11). Overlying both
karstic breccias and adjacent highs is 20 to 30 m of transgressive ooid grainstone–
packstone. These rocks are overlain in turn by interbedded organic-rich shale and
wackestone, which are interpreted to represent the deepest-water facies of the over-
lying sequence (Figs. 11, 13A). In the Nainital syncline, the most prominent de-
pression is only partially filled by karstic breccia. This is overlain by up to 40 m of
greenish-gray medium- to coarse-grained sandstone and siltstone, also localized
within the depression (Fig. 12). The first unit to extend beyond the limits of the
karstic depression is composed of shale and wackestone that, as in the Mussoorie
syncline, represents a relatively deep lagoonal environment. More modest depres-
sions have been observed at the same stratigraphic level in the Mussoorie and Ni-
galidhar synclines, and at Solan (Fig. 13). These are commonly associated with
nearly vertical or step-like walls in cross section, and they are interpreted as sink-
holes (or dolines) and karstic valleys, depending on their three-dimensional geom-
etry. Similar morphologic features have been documented in numerous examples of
modern and ancient karst (e.g., Jennings 1985; Kerans and Donaldson 1988; Pele-
chaty et al. 1991).

In the vicinity of stratigraphic highs between depressions, surface 4 is commonly

planar and approximately parallel to stratification in both underlying and overlying
rocks. Lenses of intensely silicified or dolomitized breccia are present locally, along
with smaller-scale solution features such as fissures and vugs. Ooid grainstone found
within fissures shows that these features were open during transgression. Where only
vugs are present, the surface is commonly subtle, and lateral tracing is needed to
verify the spatial connection with more obvious karstic features. Stratigraphic highs
vary in width from hundreds of meters within composite depressions to several
kilometers. Broad highs are interpreted as karst plains; narrow highs are interpreted
as karst towers (Maslyn 1977; Jennings 1985; Choquette and James 1988).

Breccias.—Breccias associated with these karstic features are of two kinds, po-
lymict and monomict, although there is commonly no sharp contact between them
where they are present together. Polymict breccias (Fig. 13C) in many cases overlie
the karstic unconformity 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 (paleosol),
claystone, and green shale. Interstices between blocks are filled by siltstone, sandy
dolomite, or dolomitic sandstone, each of these rock types in places strongly silic-
ified. Monomict breccias are characterized by relatively homogeneous clast com-
position, consistent with that of associated in situ stratigraphy. Interstices in these
breccias are filled by sandy dolomite, siltstone, or claystone. Polymict breccias are
interpreted as mantling breccias (Choquette and James 1988; Kerans and Donaldson
1988). Monomict breccias are thought to be related to the collapse of cave ceiling
(Choquette and James 1988; Kahle 1988). Interstratification of these breccias at
Mussoorie syncline (Fig. 11) may be due to multiple stages of collapse, with man-
tling breccias being transported through a cave or karst valley system between ep-
isodes of collapse.

The breccias are thought to be paleokarstic, and not related modern karst. They
are stratigraphically restricted and laterally persistent. They fill fissures and are over-
lain with sharp contact by younger stratigraphic units. Solution features such as
pipes, which might connect the breccias with younger or modern karst, are absent
in the immediately overlying beds (cf. Wright 1982). Breccia fragments are re-
worked into overlying ooid grainstone–packstone and, at Nainital, into sandstone.
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FIG. 8.—Map of a portion of the Nainital syncline, showing lithostratigraphic units, sequence boundaries and other regional stratigraphic discontinuities, and measured
sections (remapped after Misra 1992).

FIG. 9.—Geological map of Solan area (modified from Bhattacharya and Niyogi 1971), with location of measured sections.
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FIG. 10.—Representative measured sections across sequence boundary 2 (SB). For location of sections, see Figures 5A (Nigalidhar syncline), 7 (Mussoorie syncline), 8
(Nainital syncline) and 9 (Solan area). Section at the Garhwal syncline is ; 5 km west of Kaudiyala village flooding surface. Column width is calibrated to Wentworth
grain-size scale.

Sandstone.—The lenticular sandstone that overlies karstic breccia at Nainital syn-
cline (Fig.12) is composed of an upward-fining succession of greenish-gray to gray-
ish-red medium- to fine-grained quartz sandstone and siltstone, with dispersed car-
bonate clasts near the base (Fig. 12). Trough and tabular cross-stratification and
ripple cross-lamination are present but not common. In the cliff east of Sariatal
(section 16 in Fig. 8), interbedded siltstone and sandstone is found to onlap karstic
breccia at an angle of 108 to 158.

The sandstone unit is interpreted as a karst-valley or incised-valley fill owing to
the presence of karstic breccia at the deepest level. The absence of sandstone or
conglomerate as coarse as that observed at surface 2, along with both textural and
compositional maturity, suggest that the sandstone may have accumulated at least
in part during subsequent transgression. It is unclear whether or to what extent fluvial
processes were involved in the development of this unit.

Solution-Related Surface and Subsurface Features.—Smaller-scale solution-
related features are widely distributed along depressions and stratigraphic highs.
These include downward-projecting fissures, cavities filled with siltstone or dolo-
mitic fine-grained sandstone (Fig. 13D), smaller voids, and concave-upward curved
surfaces, which may represent scallops or karren (Choquette and James 1988; Des-
rochers and James 1988). These features are exposed only in the cross section and
have not been observed in the plan view. They are interpreted as paleokarst-related
features because they are closely associated with the unconformity surface, and
increase in abundance upwards towards that surface.

Change in Facies Stacking Pattern.—The overall succession from surface 3 to
surface 4 displays a shoaling-upward trend: from shallow subtidal dominated units
to intertidal–supratidal dominated units, with the abundance of fenestrae, pedogenic
pisolites, and vugs increasing upwards (Fig. 4). Above surface 4, the pattern changes
abruptly to upward-deepening (Fig. 6B).

Surface 5

Surface 5 is located at or near the base of Krol D. Below the surface, vuggy,
cherty dolomite with minor siltstone layers is interpreted as predominantly suprati-
dal. Above it, interbedded siltstone–shale and dolowackestone–packstone (subtidal)
are observed at Solan and at Nigalidhar, and Mussoorie synclines; and cherty do-
lomite and siltstone (intertidal) at Garhwal and Nainital synclines (Figs. 3, 4, and
14). In contrast to the well developed karst features observed at surface 4, this
surface is much more subtle, but it nevertheless exhibits evidence for subaerial
exposure in the form of small-scale depressions and dissolution cavities filled with
karstic breccias, siltstone, calcrete lenses, and sandstone; relict paleosols; and pebbly
sandstone lags. As at surface 4, there is a marked change in facies stacking, from
upward shoaling to upward deepening. Examples of stratigraphic relations across
the surface in each syncline are shown in Figure 14.

Depressions.—Small-scale depressions, 0.2 to 2.5 m deep and 2 to 15 m wide,
have been observed at more than ten localities, including sections 2 and 3 near Solan
(Fig. 9), sections 1 and 7 in the Nigalidhar syncline (Fig. 5), sections 17, 22, 24,
26, and 30 in the Mussoorie syncline (Fig. 7), and sections 13 and 15 in the mostly
inaccessible cliffs of the Nainital syncline (Fig. 8). The depressions have steep walls
and flat to bowl-shaped floors, and they are filled by a combination of breccia and
sandstone–siltstone, with lenses of dolomudstone–lime mudstone that are interpreted
as remnants of calcrete (see below; Fig. 15). The depressions are interpreted as
closed, near-surface sinkholes or dolines in the exposed carbonate platform that were
modified and filled during subsequent marine transgression (cf. Cvijic 1981; Jen-
nings 1985; Vanstone 1998).

Paleosol Remnants.—Paleosol remnants have been observed widely along sur-
face 5. They are expressed as discontinuous layers of grayish-red, yellow and buff-
colored massive siltstone and fine- to very fine-grained sandstone, with dolomud-
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FIG. 11.—Measured sections across sequence boundary 4 (SB) at the Mussoorie syncline, showing karstic depressions filled with polymict and monomict breccias. See
Figure 7 for location of sections. FS, flooding surface.

stone–lime mudstone nodules or lenses and pedogenic pisolites, nodules of chert
and iron oxide, and breccia (Fig. 14; cf. Mustard and Donaldson 1990; Pelechaty
and James 1991; Vanstone 1991; Wright 1994; Joeckel 1999). These rocks fill small
depressions and rest on brecciated cherty dolomite (Fig. 14).

Lag Deposits.—Pebbly sandstone lags are found locally along the surface. They
consist of cherty dolomite clasts in a fine-grained sandstone matrix, in which quartz
particles are well rounded and well sorted. Lithoclasts are 1 to 5 cm across, angular
to subrounded, and poorly sorted. Most of the clasts are compositionally identical
to underlying beds. Siltstone clasts 2 to 7 mm across are found in siltstone beds
directly overlying the unconformity at Nigalidhar and Mussoorie synclines (Fig. 14).
These lags and siltstone clasts are interpreted to represent a regolith that developed
on the unconformity and that was reworked but not completely removed by waves
and currents during subsequent marine transgression.

Other Solution-Related Subsurface Features.—Vugs and small solution cavi-
ties are found below the surface, but obvious surface karstic features (e.g., karrens)
and large grikes have not been observed. Vugs are widely distributed for several
tens of meters below surface 5, but larger cavities, several centimeters to several
meters across, are restricted to the uppermost 10 m. These range from bowl-like to
flask-shaped, and they are filled with dolomudstone or lime mudstone.

Change in Facies Stacking Pattern.—With the exception of the Solan area, the
interval between surfaces 4 and 5 is characterized by upward deepening from shal-
low subtidal–intertidal dominated units to subtidal dominated units (backstepping),
and then upward shoaling again to intertidal–supratidal dominated units (forestep-
ping, Fig. 6B), with fenestrae, pedogenic pisolites, vugs, tepees, desiccation cracks,
and brecciation increasing in abundance towards surface 5 (Fig. 3). As at surface 4,
this trend changes abruptly at the contact with the onset of transgression.

OTHER REGIONAL STRATIGRAPHIC DISCONTINUITIES

In addition to the three surfaces described above, five additional regional discon-
tinuities have been identified on the basis of a change in facies stacking pattern,

abrupt facies changes in individual sections, and regional persistence from one syn-
cline to another, but with little or no evidence for karstification or erosion (Figs. 3,
4). They are interpreted as regional flooding surfaces.

Surface 1
Surface 1 is the sharp contact near the top of the Blaini Formation between

glacial–marine diamictite and the cap carbonate. The cap carbonate is typically 5 to
15 m thick, and is composed chiefly of silty laminated dolomite, in places interstrat-
ified with very thin beds of shale. The absence of wave- or current-agitated structures
suggests deposition in relatively deep water, as is typical of cap carbonates (Kennedy
1996). Overlying rocks consist of as much as several hundred meters of green to
black shale, siltstone, and minor fine- to very fine-grained quartz sandstone. Sedi-
mentary structures are rare, mostly parallel lamination and small-scale ripple cross-
lamination. The paleo–water depth is inferred to have been relatively deep (below
storm wave base), although an upward increase in the abundance of cross-laminated
sandstone suggests shoaling towards surface 2.

Surface 3
Surface 3 is located at or near the Krol B–Krol C contact. Underlying strata are

interpreted to shoal upwards from shale and lime mudstone (deep subtidal) to shale–
siltstone and ooid wackestone–packstone (shallow subtidal; Krol A), to grayish-red
siltstone and silty dolomite with desiccation cracks and gypsum casts (intertidal–
supratidal; Krol B; Figs. 3, 4). Immediately above the surface, shallow-water indi-
cators disappear abruptly. Basal beds of Krol C consist of unevenly interbedded
green to black shale, lime mudstone, and dolowackestone (shallow subtidal). No
evidence for subaerial erosion has been observed at any of the localities studied.

Surface 6
Surface 6 is located in the upper part of Krol D. It is expressed by a transition

in facies stacking pattern from forestepping to backstepping at Solan, and in the



536 G. JIANG ET AL.

FIG. 12.—Measured sections across sequence boundary 4 (SB) at the Nainital syncline, showing karstic depressions filled with breccias, sandstone and siltstone. FS,
flooding surface. See Figure 8 for location of sections.

Nigalidhar and Mussoorie synclines, and by an abrupt facies change across the
surface in the Garhwal and Nainital synclines. At Solan and in the Nigalidhar syn-
cline, the succession between surfaces 5 and 6 is characterized by an overall fore-
stepping pattern from subtidal dominated units to peritidal dominated carbonate
units, with shallow-water features such as fenestrae, tepee structures, pedogenic pi-
solites, and brecciation increasing in abundance upwards toward surface 6. In the
Mussoorie, Garhwal, and Nainital synclines, the succession is characterized initially
by backstepping, followed by forestepping with an increase in the terrigenous com-
ponent and shallow-water features, including fenestrae, tepees, and desiccation
cracks. Surface 6 is overlain abruptly by dolowackestone–packstone and shale (shal-
low to deep subtidal). Lateral pinch-out of the former at Garhwal and Nainital syn-
clines may be due to subtle regional onlap.

Surface 7

Surface 7 is located at or near the Krol D–Krol E contact, and it has been studied
only in the Mussoorie, Garhwal, and Nainital synclines. In the Mussoorie and Ga-

rhwal synclines, the section below the surface is composed of up to 130 m of
massive cherty dolomite with peritidal features, such as fenestrae, tepees, pedogenic
pisolites, and local brecciation. This unit is overlain at the surface by interstratified
siltstone and silty dolomite, and those are overlain in turn with a deepening-upward
trend by greenish-gray shale. In the Nainital syncline, immediately below the sur-
face, interbedded siltstone and cherty silty dolomite with minor fine-grained sand-
stone contains desiccation cracks. This unit is overlain abruptly by thick shale in
which no water-depth trend can be discerned. Although facies below the surface
vary from one syncline to another, evidence for subaerial exposure, especially ped-
ogenic pisolites, abundant fenestrae, and tepees, disappear abruptly at this level. As
at surface 6, the pinch-out of carbonate rocks above the surface may be due to
regional onlap (Fig. 3). In the Garhwal syncline, small-scale dissolution cavities are
found below the surface, and small-scale scours filled with fine-grained sandstone
have also been seen. In the Mussoorie syncline, geopetal rings (isopachous cement
growing downwards and coating pisolites) are observed below the surface. Surface
7 is a candidate for a sequence boundary, but better outcrops are needed to establish
definitive evidence.
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FIG. 13.—Karstic features at sequence boundary 4 (SB). A) Dolomitized karstic breccia (Kb) filling karstic depression above microbial dolomites (Md), and overlain by
ooid packstone–wackestone (Og), and black shale and wackestone (Sw). Outcrop located near Dubra on southern limb of the Mussoorie syncline. Thickness of section
shown is ; 42 m. B) Bowl-shaped depression with breccia fill exposed in Solan area (near section 5 in Fig. 9). C) Silicified polymict breccia (Kb) overlying microbial
dolomites (Md), Nigalhidar syncline (near section 7 in Fig. 5). Note upward increase in degree of brecciation. D) Solution cavity filled with dolomitic fine-grained sandstone
(Ss), Nainital syncline (near section 3 in Fig. 8). Cavity is oriented parallel to bedding and is 10 m below breccia at unconformity.

Surface 8

Surface 8 at or near the Krol–Tal contact (Precambrian–Cambrian boundary) has
been studied in limited outcrops in the Nigalidhar, Mussoorie, and Garhwal syn-
clines. It is marked by a regionally persistent, abrupt facies change between muddy
dolomite of Krol E and highly condensed black shale, chert, and phosphorite of the
basal Tal Group. Below the surface, muddy dolomites of the uppermost Krol E unit
contain fenestrae, microbial laminae, and lenses of gypsum, features that are char-
acteristic of intertidal environments. At Mussoorie syncline, a 2- to 5-cm-thick len-
ticular ferruginous claystone may represent a relict paleosol. The basal Tal Group
lacks shallow-water indicators, and it is interpreted as a relatively deep-marine facies
assemblage. Pyrite, which is abundant in the shale and phosphorite in the form of
syngenetic to diagenetic layers (Banerjee et al. 1997), suggests an anoxic deposi-
tional setting.

DISCUSSION

Development of Karstic Surfaces

Numerous studies of modern and ancient karst features suggest that the most fa-
vorable conditions for prominent karstification include the following: (1) marked base-
level lowering (e.g., Choquette and James 1988; Beach 1995; Tinker et al. 1995; Lucia
1995); (2) moderate to high rainfall (e.g., Budd et al. 1993; Mylroie and Carew 1995;
Wagner et al. 1995; Palmer 1995); and (3) relatively pure, dense, and thick carbonate
rocks with appropriate conduits such as fractures, joints, faults, or selective solutional
pipes (e.g., James and Choquette 1984; Jennings 1985; Bosák et al. 1989; Palmer
1991; Cander 1995; Smith et al. 1999). Contrasting examples of karst development in
the Krol platform reflect the interplay of these factors (Fig. 16).

Surface 4 developed under conditions favorable for prominent karstification, with
tens of meters of base-level lowering superimposed upon a regionally persistent unit
of microbial dolomite (Fig. 16A). Subaerial exposure, along with the presence of
appropriate fractures, created the aquifer system needed for the development of large
caves or dolines (stage 2 in Fig. 16A). Polymict breccias derived from the Earth’s
surface, monomict breccias related to the collapse of roofs and walls, and sandstone–
siltstone derived from the proximal side of the platform gradually filled the caves
and dolines prior to the onset of transgression (stages 3 and 4 in Fig. 16A). Inde-
pendent information about the climate is not readily available. However, the absence
of calcrete at surface 4 suggests relatively humid rather than arid conditions (Read
1995).

In contrast, surface 5 appears to have developed under conditions less favorable
for penetrative karstification (Fig. 16B). The cherty dolomite and siltstone that char-
acterizes many of the locations studied and the massive dolomites of the Solan area
(Figs. 3, 4) would have inhibited the development of karstic landforms. The maxi-
mum relief along the surface may have been limited to the thickness of the upper-
most carbonate layer whatever base-level change was involved. After transgression
only relict paleosols and small depressions were left along the surface (stage 4 in
Fig. 16B). The presence of abundant calcrete indicates an arid to semiarid climate
(Read 1995).

For surface 7, pedogenic pisolites, fenestral structures, and brecciation are intense
within the 50 m interval below the surface, but no depressions, dissolution cavities,
or dikes have been observed along the surface. This may be due to modest base-
level lowering and to the presence of carbonate sediments with pedogenic pisolites
and cements that tended to resist meteoric dissolution (stages 2 and 3 in Fig. 16C).
Subsequent drowning of the platform led to the development of a sharp lithological
contact, but the surface itself is quite subtle (stage 4 in Fig. 16 C).



538 G. JIANG ET AL.

FIG. 14.—Selected sections across sequence boundary 5 (bold line), showing small depressions, depression fills and lag deposits. For location of sections, see Figures 5
(Nigalhidar syncline), 7 (Mussoorie syncline), 8 (Nainital syncline), and 9 (Solan area). Section at the Garhwal syncline is ; 5 km west of Kaudiyala village.

FIG. 15.—Selected features of calcretes at sequence boundary 5. A) Chertified lime mudstone and pisolites (Lm 1 P) overlain by massive and laminated lime mudstone
(Lm), Mussoorie syncline, near section 26 in Fig. 7. B) Pedogenic pisolite lenses (P) overlying siltstone (St) and underlying lime mudstone and mudstone (Lm 1 M),
immediately above surface 5, Mussoorie syncline, section 21 in Fig. 7.

Estimates of Base-Level Changes

The magnitude of base-level change associated with each sequence boundary can
be estimated approximately from the erosional relief and character of early diagen-
esis observed at multiple locations along nearly 300 km of outcrop. The facies found

below each surface accumulated in a peritidal environment. The scale of incised
valleys documented at surfaces 2 and 4 suggests that base level was lowered by as
much as 50 to 60 m (Figs. 10, 12). A comparable change in base level is permitted
but not required at surface 5 (Fig. 16B). Base-level changes at other stratigraphic
levels appear to have been modest.
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FIG. 16.—Schematic cross sections illustrating sequential development of features at surfaces 4, 5, and 7. A) Surface 4. Stage 1: Deposition of microbial dolomite before
significant base-level lowering. Stage 2: Tectonic and/or eustatic lowering of base level (BL) leads to selective dissolution along fractures and development of aquifer
system. Stage 3: Enlargement of fractures produces surface karst and caves (or dolines). Vugs and small-scale cavities develop in freshwater vadose and phreatic zones.
Caves become partially filled with polymict breccias from topographic surface and monomict breccias from cave roofs/walls. Stage 4: Caves and dolines become closed
and filled with breccia or sandstone–siltstone and buried by transgressive marine sediment. B) Surface 5. Stage 1: Deposition of the massive or cherty dolomite, interstratified
with cherty dolomite and siltstone at shallow platform. Stage 2: Calcrete and karst develop only at topographic surface owing to resistance of available rock types to
meteoric dissolution and absence of fractures. Vugs and small-scale cavities develop in the freshwater phreatic zone near water table. Stage 3: Karstification becomes
intense at topographic surface but does not penetrate significantly into underlying layers owing to lack of connected aquifer system. Stage 4: Karstic surface is modified
during transgression. Calcrete is preserved only locally along surface and in small depressions. C) Surface 7. Stage 1: Deposition of shallow marine carbonate layers in
peritidal environment. Stage 2: Subaerial exposure results in induration and development of pedogenic pisolites, cements, and breccia. Stage 3: Small-scale fluctuations of
base level result in cyclic deposition and exposure of carbonate sediments, with locally intense development of pedogenic pisolites and cements. Stage 4: Platform drowns
during transgression. An abrupt facies transition is preserved but without obvious relief at the surface.

Constraints on the Timing of Neoproterozoic Glaciation

Recent studies have raised the possibility that there may have been as many as
four ice ages during the later Neoproterozoic, at approximately 740, 720, 590 and
575 Ma (Kaufman et al. 1997; Saylor et al. 1998; Jacobsen and Kaufman 1999).

Since no more than two glacial intervals are observed in most successions, the larger
number has been doubted as an artifact of stratigraphic miscorrelation (Kennedy et
al. 1998) or perhaps a function of the way in which glacial intervals are counted.
Although Neoproterozoic glaciation was clearly extensive (Hoffman et al. 1998;
Crowell 1999; Sohl et al. 1999), the interpretation of as many as four events implies
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that during any given ice age, nonglacial facies would have accumulated over a
significant portion of the planet. Existing correlation schemes hinge strongly on
carbon and strontium isotope stratigraphy. Because postglacial cap carbonates are
associated with pronounced negative carbon isotope excursions (d13C ;–5‰), car-
bon isotope minima (and negative excursions) have been interpreted as indicators
of times of glaciation in nonglacial deposits (Kaufman et al. 1997; Jacobsen and
Kaufman 1999). This hypothesis can be evaluated with reference to the Infra Krol–
Krol succession of the Lesser Himalaya.

Widespread glaciation should have led to significant lowering of sea level, perhaps
exceeding the ; 135 m (; 200 m water-depth equivalent) associated with Pleis-
tocene glaciation (Fairbanks 1989), and at least as great as the several tens of meters
of sea-level change associated with very modest Antarctic glaciation in the Oligo-
cene (Kominz and Pekar 2001). Although it is difficult to quantify the amplitude of
Neoproterozoic sea-level change, this expectation is supported by the existence of
160-m-deep valleys incised by rivers into braid-delta quartzite in the western U.S.
at the level of the Marinoan glacial deposits of northwestern Canada (Christie-Blick
1997; Christie-Blick et al. 1999). Evidence has been documented in this paper for
regional sequence boundaries at three levels in the Infra Krol Formation and Krol
Group (surfaces 2, 4, and 5 in Fig. 2) and perhaps at one other stratigraphic dis-
continuity (surface 7). Although not required by available evidence, a eustatic (gla-
cio-eustatic?) origin is permitted for each of the sequence boundaries, and given the
scale of regional base-level change in what appears to be a passive-margin setting,
this may be the most reasonable interpretation. Available evidence does not support
significant base-level lowering at other stratigraphic levels. Nor is obvious evidence
likely to have been missed in an intensive stratigraphic study over a distance of
nearly 300 km.

Our carbon isotope data compiled from numerous sections are summarized in
Figure 2, without making any judgment here about the significance of individual
data points (details will be published elsewhere). The most striking feature of the
data, beyond the degree of scatter at some stratigraphic levels, is that there is no
correlation between isotopic minima and sequence boundaries, with the possible
exception of surface 5. However, d13C values at that level range from 26‰ to
19‰, casting doubt on whether the negative isotopic values have any primary
significance. The most prominent and persistent negative excursion, at the level of
surface 3, is associated with no evidence in the rock record for the lowering of
depositional base level, in spite of intense scrutiny with that expectation in mind.
We infer that local diagenetic alteration or oceanographic phenomena unrelated to
glaciation may be in part responsible for observed isotopic variation.

SUMMARY

Eight regional stratigraphic discontinuities have been identified in the postglacial
Neoproterozoic succession of the Lesser Himalaya on the basis of (1) a transition
in facies stacking patterns, typically from a forestepping to backstepping motif; (2)
abrupt facies changes in individual sections; and (3) regional facies architecture.
Three of the discontinuities (surface 2 in the Infra Krol Formation, and surfaces 4
and 5 in the Krol Group) are interpreted as sequence boundaries with one or more
of the following lines of evidence for the lowering of depositional base level: (1)
locally developed incised valleys; (2) large-scale paleokarstic depressions with map-
pable relief; (3) subaerial dissolution and weathering products (breccias and calcrete)
filling vertical fissures, dikes, cavities, and shallow depressions in underlying car-
bonate rocks; and (4) small-scale evidence for subaerial exposure at an erosion
surface.

Karst developed at surface 4 and incised valleys at surfaces 2 and 4 suggest base-
level lowering of as much as 50 to 60 m. Base-level lowering of , 50 m is also
possible, although inferred with less confidence, at surface 5. A glacio-eustatic origin
is permitted for each of these surfaces, although not required. Available evidence
does not support marked sea-level changes at other horizons. The mismatch between
carbon isotope minima and sequence boundaries in the Infra Krol–Krol succession
suggests that such isotopic minima in the Neoproterozoic do not necessarily correlate
with times of glaciation, and that ice sheets of modest scale (comparable to those
of the Oligocene or the present) may have existed during apparently nonglacial times
without producing either cap carbonates or negative carbon isotope excursions.
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