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ABSTRACT

This study focused on uppermost Creta-
ceous sedimentary rocks deposited in the 
Himalayan region and around the core of 
peninsular India just before the eruption of 
the Deccan Traps. Detailed stratigraphic and 
sedimentological analysis of Late Cretaceous 
successions in the Himalayan Range to-
gether with literature data from the Kirthar 
fold-and-thrust belt and central to southeast-
ern India document a marked shallowing-
upward depositional trend that took place 
in the Campanian–Maastrichtian before 
the Deccan magmatic outburst around the 
Cretaceous-Tertiary boundary. Topographic 
uplift of the Indian peninsula began in Cam-
panian time and is held responsible for thick 
sediment accumulation associated with 
shorter periods of nondeposition in periph-
eral areas (Himalayan Range, Kirthar fold 
belt, and Krishna-Godavari Basin) than in 
the central part of the Deccan Province. Sur-
face uplift preceding Deccan volcanism took 
place at warm-humid equatorial latitudes, 
which may have led to an acceleration of sili-
cate weathering, lowered atmospheric pCO2, 
and climate cooling starting in the Campa-
nian–Maastrichtian. The radial centrifugal 
fluvial drainage in India that is still observed 
today was established at that time.

INTRODUCTION

Large igneous provinces were emplaced on 
Earth’s surface during a geologically short time 
span (Jerram and Widdowson, 2005; Bryan and 
Ernst, 2008) and were commonly fostered by the 

ascent of so-called plumes originating either in 
the shallow or lower mantle (White and McKen-
zie, 1989; Anderson, 2013). It has been argued 
that a rising mantle plume could affect regions as 
wide as 2000 km, triggering a topographic up-
lift of the prevolcanic surface by up to more than 
1 km (Cox, 1989; Rainbird and Ernst, 2001). Ini-
tial doming would have preceded the main phase 
of voluminous volcanism by as much as 20 m.y. 
(Campbell and Griffiths 1990; Sahu et al., 2013). 
The effects on sedimentary basins surrounding 
the uplifted region should be considerable and 
recognizable, thereby providing reliable evi-
dence for locating ancient plume-related topo-
graphic domes. Such effects include thinning of 
strata onlapping onto the uplifted area, localized 
shoaling, occurrence of erosional unconformi-
ties, and radial paleocurrent patterns contrasting 
with those displayed by the underlying strata 
(Cox, 1989; Rainbird and Ernst, 2001).

The Deccan Traps, encompassing the Cre-
taceous-Tertiary boundary (ca. 66 Ma; Jay and 
Widdowson, 2008), is one of the most intensely 
studied large igneous provinces on Earth, gener-
ally considered as a classical example of plume-
related uplift (Saunders et al., 2007). This 
scenario was challenged, however, by Sheth 
(2007), who emphasized instead posteruption 
uplift of the basaltic pile. The timing and magni-
tude of denudation inferred from fission-track-
data modeling are largely dependent on the 
adopted assumptions (Gunnell et al., 2003), and 
sedimentary facies changes or unconformities 
have been ascribed alternatively to diverse auto-
cyclic or allocyclic controls, including drainage 
diversions, climate changes, sea-level fluctua-
tions, or local tectonic activity (Sharma, 2007).

In this article, we provide a stratigraphic and 
sedimentological analysis of sedimentary suc-
cessions originally deposited during the latest 
Cretaceous along the Indian passive margin of 
the Neo-Tethys Ocean and now preserved in 

the Tethys Himalayan zone of south Tibet in 
order to reconstruct the paleogeography of the 
northern Indian continental margin before the 
onset of the India-Asia continental collision. 
Combined with literature data from the Kirthar 
fold-and-thrust belt of western Pakistan and data 
from central and southeastern peninsular India 
(Fig. 1), we document the occurrence of wide-
spread shallowing-upward depositional trends 
and of a prolonged stratigraphic hiatus, and we 
discuss the regional paleotectonic implications 
of stratigraphic data, which we relate to Deccan 
magmatic upwelling.

GEOLOGICAL SETTING

The Tethys Himalaya, stretching for ∼1500 km 
from northwestern India to southern Tibet 
(Fig. 2A), is one of the major tectonic domains 
of the Himalayan orogen (Gansser, 1964). Its 
northern boundary coincides with the Indus-
Yarlung suture, whereas the southern boundary 
is represented by the South Tibetan detachment 
system (Searle and Godin, 2003), the tectonic 
contact with the Greater Himalaya metamorphic 
unit. The Tethys Himalaya is traditionally sub-
divided into southern and northern zones sepa-
rated by the Gyirong-Kangmar thrust (Ratsch-
bacher et al., 1994). The southern zone consists 
of mostly shelfal carbonate and siliciclastic 
rocks of Paleozoic to Eocene age (Jadoul et al., 
1998; Sciunnach and Garzanti, 2012), whereas 
the northern zone comprises Mesozoic to Paleo-
cene deeper-water sediments.

During the earliest Cretaceous, the north-
ern continental margin of India was situated at 
middle latitudes in the Southern Hemisphere 
(Huang et al., 2015), while the Lhasa block lay 
at low latitudes in the Northern Hemisphere. In 
the Early Cretaceous, India rifted from Gond-
wana and drifted northward (Garzanti, 1993a; 
Hu et al., 2010) to collide with the Asian active †Corresponding author: huxm@nju.edu.cn.
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continental margin in the middle Paleocene 
(Wu et al., 2014; DeCelles et al., 2014; Hu et 
al., 2016). Our three study areas are located in 
the southern Tethys Himalaya near the towns of 
Gamba, Tingri, and Zanda (Fig. 2), where a ma-
rine sedimentary succession ranging from the 
Upper Cretaceous to the Eocene is continuously 
exposed (Fig. 3).

SAMPLING AND METHODS

Samples were collected at stratigraphic inter-
vals between 1 and 3 m in well-exposed Upper 
Cretaceous measured sections of the classic ar-
eas of Gamba (29 samples from the Jiubao sec-
tion, 28°16′53.6″N, 88°31′10.2″E; 2B), Tingri 
(50 samples from the Gelamu section, 28.48°N, 
87.04°E; Fig. 2C), and Zanda (58 samples from 
the Xiala section, 28.28°N, 88.52°E; Fig. 2D).

Biostratigraphic analysis was based on 
taxonomic determinations of Late Cretaceous 
planktonic foraminifera according to Premoli 

Silva and Verga (2004). Despite the poor to 
moderate preservation of the specimens, key 
morphological characteristics such as coiling 
mode, peripheral shape, arrangement and num-
ber of chambers, presence or absence of keels, 
and sutural properties enabled us to construct 
a reliable biostratigraphy. Stratigraphic ranges 
were defined by the planktonic foraminifera 
(PF) zonal scheme of BouDagher-Fadel (2013), 
tied to the time scale of Gradstein et al. (2012) 
and developed from the calibration of the N-
zonal scheme of Blow (1979) and the M-zonal 
scheme of Berggren (1973), further revised by 
Wade et al. (2011).

Microfacies analysis was performed by ex-
amining detrital minerals, macrofossil and mi-
crofossil assemblages, and textures as observed 
in both thin sections and outcrop. Macrofossil 
groups, including gastropods, echinoderms, 
larger, smaller, and agglutinated benthic fora-
minifera, and calcareous red and green algae, 
were identified using the descriptions and pho-

tographs in Flügel (2010), and these were used 
to determine the environment of deposition ac-
cording to Wilson (1975) and Flügel (2010). 
Carbonate and mixed siliciclastic-carbonate 
rocks were classified based on Dunham (1962), 
Embry and Klovan (1971), and Mount (1985).

STRATIGRAPHY

In the Tingri and Gamba areas of the central 
southern Tethys Himalaya, the uppermost Cre-
taceous succession is subdivided into four strati-
graphic units (from base to top: Gambacunkou, 
Jiubao, Zhepure Shanpo, and Jidula Forma-
tions; Garzanti and Hu, 2015; Fig. 3). Two 
stratigraphic units (Gucuocun and Bolinxiala 
Formations) are identified in the western Tethys 
Himalaya (Zanda area; Fig. 3).

Gamba

In the Gamba area, the Gambacunkou For-
mation consists of dark-gray marl and marly 
limestone deposited in late Albian to Santonian 
times (Willems and Zhang, 1993). The overly-
ing 40-m-thick Jiubao Formation comprises 
mainly thin- to medium-bedded limestone and 
marly limestone yielding abundant planktonic 
foraminifera of Santonian to earliest Campan-
ian age (Wan et al., 2002). The uncomfortably 
overlying 170-m-thick Zhepure Shanpo For-
mation (here commonly named with the local 
synonym Zongshan Formation) consists of marl 
and nodular marly limestone with reworked fos-
sils intercalated with storm-surge turbidites in 
the lower 50 m (Fig. 4A). Limestones yielding 
calcareous algae and benthic foraminifera are 
interbedded with rudist biostromes and subor-
dinate marls in the upper part of the unit (Wan 
et al., 2002). The overlying ∼180-m-thick Jidula 
Formation consists of quartzose sandstones in-
tercalated with black limestones in the middle 
part; a mudrock bed at the base yielded foramin-
ifera of early Danian age (Wan et al., 2002).

Tingri

In the Tingri area, the 600-m-thick Gamba-
cunkou Formation consists of gray marlstone 
and marly limestone with abundant planktonic 
foraminifera of late Albian to early Coniacian 
age (Willems et al., 1996; Wendler et al., 2009). 
The overlying 80-m-thick Jiubao Formation 
consists of marly limestone and limestone yield-
ing planktonic foraminifera of early Coniacian 
to latest Santonian age (Wu et al., 2011; Hu et 
al., 2012). A paraconformity at the top of the 
unit is followed by the 190-m-thick Zhepure 
Shanpo Formation, which consists of mixed 
siliciclastic-carbonate rocks (Fig. 4B, C). Sand-
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Figure 2. Geology and locations of measured stratigraphic sections in southern Tibet. (A) Sketch map of the Himalayan Range (after 
Pan et al., 2004); (B) Gamba; (C) Tingri; (D) Zanda.
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stones are interpreted as storm-surge turbidites 
and become more frequent and coarser grained 
up section (Willems et al., 1996; Fig.  4D, E). 
Calcareous interbeds yielding reworked plank-
tonic foraminifera of latest Campanian to early 
Maastrichtian age (Willems et al., 1996) are 
overlain by calcareous sandstone with gas-
tropods, ostracods, and benthic foraminifera, 
capped in turn by sandstone, sandy limestone, 
and marl yielding planktonic foraminifera of 
Danian age (Wan et al., 2002). The overlying 
Jidula Formation (75 m thick) comprises calcar-
eous quartzose sandstone with a shale interval 
in the middle, interbedded with marly nodular 
limestone with ferruginous nodules at the top 
yielding gastropods, ostracods, and a few fora-
minifera of early Danian age (Willems et al., 
1996; Wan et al., 2002).

Zanda

The Gucuocun Formation of the Zanda area, 
with type section near Lanong La in Nyalam 

County (Yu et al., 1983), is equivalent to the 
Wölong Formation of Jadoul et al. (1998) and to 
the Giumal Formation of the Spiti-Zanskar syn-
clinorium (Garzanti, 1993b). It is 400 m thick 
and mainly consists of thin- to thick-bedded 
dark-gray and gray shale interbedded with vol-
caniclastic sandstone (Fig. 4G; Hu et al., 2017). 
Abundant ammonites and bivalves suggest a 
late Tithonian to Albian age for these prodelta 
to inner-shelf deposits (Hu et al., 2006). The 
overlying Bolinxiala Formation, named after 
the Xiala section in Zanda County (Guo et al., 
1991), is equivalent to the Chikkim Formation 
of the Spiti-Zanskar synclinorium (Premoli Silva 
et al., 1991; Bertle and Suttner, 2005). It is 160 m 
thick and dominated by thin-bedded dark-gray 
limestone intercalated with marly limestone in 
the lower part, medium-bedded limestone in the 
middle part, and thick-bedded limestone inter-
calated with marly limestone in the upper part 
(Figs. 4H–4K). This pelagic unit yields abundant 
planktonic foraminifera together with calci-
spheres and radiolarians (Li et al., 2009).

BIOSTRATIGRAPHY

The biostratigraphy of the Jiubao and Zhe-
pure Shanpo Formations in the Gelamu (Tingri) 
and Jiubao sections (Gamba) was described in 
detail in BouDagher-Fadel et al. (2015). Here, 
we focus specifically on the disconformable Ji-
ubao–Zhepure Shanpo boundary in Tingri and 
Gamba (Figs. 5 and 6; Figs. DR1 and DR21), 
and on biostratigraphic features of the Bolinxi-
ala Formation in Zanda (Fig. 7; Fig. DR3 [see 
footnote 1]).

In the Jiubao and Gelamu sections (Gamba 
and Tingri) the upper Jiubao Formation, 
Dicarinella primitiva, Concavatotruncana 
concavata, and Contusotruncana fornicata 
indicate a Coniacian age (89.8–86.3 Ma), and 
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Concavatotruncana asymetrica points to a 
latest Santonian age for the uppermost (86.3–
83.6 Ma; Figs. 5 and 6; Figs. DR1 and DR2 
[footnote 1]). In the lower Zhepure Shanpo 
Formation, Globotruncanita stuartiformis and 
Radotruncana subspinosa suggest a late Cam-
panian age, followed by the appearance of Glo-
botruncanita stuarti, Globotruncanita conica, 
and Kuglerina rotundata indicating an early to 
middle Maastrichtian age, then Globotruncana 
arca, Globotruncanita stuarti, Abathompha-
lus mayaroensis, Kuglerina rotundata, Glo-
botruncanita conica, and Racemiguembelina 
intermedia indicating a late Maastrichtian age 
(67–66 Ma; Figs. 5 and 6; Figs. DR1 and DR2 
[footnote 1]).

In the Xiala section (Zanda), the assem-
blage of Rotalipora appenninica, Rotalipora 
montsalvensis, Thalmanninella micheli, and 
Rotalipora cushmani indicates a middle to late 
Cenomanian age for the lowermost Bolinxiala 
Formation. The assemblage of Marginotrun-
cana and Sigalitruncana biconvexiformis indi-
cates the Turonian, Contusotruncana fornicata 
indicates the Coniacian, and Concavatotrun-
cana asymetrica indicates a Santonian age 
for the lower Bolinxiala Formation (Fig. DR3 
[footnote 1]). Then the foraminiferal assem-
blage sharply changes upward to Globotrun-
canella havanensis, Globotruncana aegyp-
tiaca, and Gansserina gansseri, indicating the 
late Campanian for the middle of Bolinxiala 

Formation, followed by Contusotruncana wal-
fishensis and Plummerita hantkeninoides indi-
cating the earliest Maastrichtian in the upper 
of the Bolinxiala Formation (Fig. 7; Fig. DR3 
[footnote 1]).

MICROFACIES ANALYSIS

The purpose of the microfacies analysis was 
to integrate sedimentological and paleontologi-
cal results in order to evaluate the depositional 
evolution during the latest Cretaceous and spe-
cifically across the Jiubao–Zhepure Shanpo 
boundary. We identified 10 microfacies (MF) 
types corresponding to outer-ramp to inner-
ramp environments (Table 1).

Outer-Ramp to Middle-Ramp (MF1–MF5) 
Environments

MF1 Mudstone
Dark-gray marly limestones of the lower-

most Bolinxiala Formation (Fig. 4H) are char-
acterized by locally laminated micritic ma-
trix encasing a few planktonic foraminifera, 
calcispheres, and pyrite crystals (Fig. 8A). 
Texture and fossil content indicate deposition 
below storm wave base (SWB) in a proximal 
outer-ramp setting. MF1 is equivalent to the 
standard microfacies (SMF) 3 or RMF5 of 
Flügel (2010).

MF2 Small Calcisphere Wackestone
Dark-gray marly limestones common in the 

lower part of Bolinxiala formation (Fig. 4H) are 
wackestones with small calcispheres (5%–10% 
of the rock, 30–50 µm in diameter), minor 
planktonic foraminifera (Fig. 8B), and thin-
shelled bivalves. Micritic matrix and faunal 
content indicate a low-energy outer-ramp to 
middle-ramp environment. MF2 is considered 
equivalent to SMF3 or RMF5 of Flügel (2010).

MF3 Thin-Shelled Bivalve Wackestone
Thin- to medium-bedded gray limestones 

in the lower part of the Bolinxiala Forma-
tion (Fig. 4H) contain abundant thin-shelled 
bivalves, small calcispheres, planktonic fora-
minifera (Fig. 8C), and minor ostracods and 
echinoderm fragments. Micritic matrix is lo-
cally recrystallized to microspar. Textural 
properties and faunal content point to depo-
sition below SWB, in low-energy outer-ramp 
settings (Flügel, 2010).

MF4 Microbioclastic–Planktonic 
Foraminiferal Wackestone

Medium- to thick-bedded limestones com-
mon in the middle part of Bolinxiala Forma-
tion and in the Jiubao Formation at Gamba 
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(Figs. 4A and 4I) are evenly bedded mud-
stones and wackestone with abundant micro-
bioclasts and planktonic foraminifera (Fig. 
8D), associated with small calcispheres, textu-
lariids, mostly siliceous sponge spicules, thin-
shelled bivalves, ostracods, and echinoderm 
fragments. Micritic matrix is locally recrys-
tallized to microspar. Bioclasts are inferred to 
have been transported from shallower environ-
ments during storms. Deposition in an outer-
ramp to middle-ramp environment between 
fair-weather wave base (FWWB) and SWB is 
indicated by texture and faunal content (Flü-
gel, 2010).

MF5 Peloidal Grainstone
MF5 is uncommon and only observed in 

the Jiubao Formation at Gamba, where it is lo-
cally intercalated with MF2. Abundant fine- to 
medium-sand–sized, well-sorted peloids and 
minor microbioclasts inferred as transported 
seaward during storms are set in sparitic ce-
ment (Fig. 8E). Deposition in an outer-ramp to 
middle-ramp environment between FWWB and 
SWB is inferred (Flügel, 2010).

Middle Ramp (MF6–MF8) Environments

MF6 Intrabioclastic Packstone
Thin-bedded gray limestones found in the 

lowermost Zhepure Shanpo Formation contain 
abundant bioclasts (planktonic foraminifera 
and minor small hyaline benthic foraminifera, 
echinoderms, and ostracods) and intraclasts 
(Figs. 8F–8H). Mixed benthic and planktonic 
biota and abundant reworked intraclasts sug-
gest storm deposition below the FWWB (mi-
crofacies SMF4 or RMF9 of Flügel, 2010).

MF7a Planktonic Foraminiferal Wackestone
MF7a, occurring in the upper Jiubao For-

mation at Gamba and in the middle Bolinxiala 
Formation, is characterized by micritic matrix 
encasing common planktonic foraminifera and 
calcispheres, along with minor hyaline benthic 
foraminifers, ostracods, mollusk fragments, and 
echinoderms (Fig. 9A). Benthic foraminifera 
increase up section, suggesting a shallowing-
upward trend. MF7a is inferred to have been 
deposited between FWWB and SWB in a mid-
dle-ramp setting (Flügel, 2010).

MF7b Sandy Planktonic Foraminiferal 
Packstone

Thin- to medium-bedded gray sandy lime-
stones of the lower Zhepure Shanpo Formation 
at Tingri have the same faunal composition and 
content of M7a, but much greater amounts and 
coarser size of terrigenous quartz grains (Figs. 
9B and 9C). Abundant planktonic foraminifera 
with chambers commonly filled with ferrifer-
ous minerals (most probably pyrite) are as-
sociated with small hyaline and agglutinated 
benthic foraminifera, minor calcispheres, os-
tracods, and echinoderm fragments. MF7b is 
inferred to indicate deposition below FWWB, 
in low-energy settings with sporadic siliciclas-
tic supply (Flügel, 2010).

MF8a Calcisphere Grainstone-Packstone
Thin-bedded gray limestones in the up-

per Bolinxiala Formation mostly include 
calcispheres and planktonic foraminifera (≤90% 
of the rock), associated with small benthic fora-
minifera, echinoderm fragments, and other bio-
clasts. Micrite or locally sparitic cement occurs 
(Fig. 9D). Planktonic foraminifera decrease up 
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section in abundance. Calcispheres, larger than 
in MF2 and mostly representing dinoflagellates, 
suggest offshore deposition from suspension in 
high-productivity and nutrient-rich conditions 
(Wendler et al., 2002). A middle-ramp environ-
ment below FWWB and slightly shallower than 
for MF7a is indicated (Flügel, 2010).

MF8b Sandy Calcisphere Packstone
Thin- to medium-bedded gray limestones 

found in the lower Zongshan Formation mostly 
contain calcispheres and planktonic foraminifera 
(Fig. 9E), together with minor ostracods, small 
benthic foraminifera, and echinoderm fragments 
set in micritic matrix. Silt-sized quartz grains 
reaching 5% in abundance characterize MF8b, 
which was deposited on a middle ramp with spo-
radic siliciclastic supply (Flügel, 2010).

Inner Ramp (MF9–MF10) Environments

MF9a Bioclastic Packstone
Gray bioclastic packstone in the upper Zhe-

pure Shanpo Formation at Tingri contains abun-
dant macrofossils and microfossils set in micritic 

matrix (Fig. 9F). Highly diversified, large hyaline 
benthic foraminifera include Lepidorbitoides, Si-
derolites, and Rotalia. Abundant uncoiled agglu-
tinated benthic foraminifera and coralline algae 
are associated with echinoderm plates and spines, 
bivalves, and rare planktonic foraminifera. Intra-
clasts of calcisphere packstone eroded from un-
derlying strata and quartz grains are common. 
Rock-forming large benthic foraminifera and 
calcareous red algae typical of the photic zone 
and platform-margin settings indicate inner-ramp 
environments above the FWWB and restricted to 
open-marine conditions for MF9a (equivalent to 
SMF18-FOR and RMF 13 of Flügel, 2010).

MF9b Sandy Bioclastic Floatstone/Bioclastic 
Sandstone

The uppermost Zhepure Shanpo Formation 
at Tingri is rich in silt-sized quartz grains set in 
micritic matrix. Abundant agglutinated or larger 
benthic foraminifera and calcareous red algae 
are associated with planktonic foraminifera and 
echinoderm spines (Fig. 9G). Common detrital 
quartz indicates a slightly shallower depositional 
environment than for MF9a (Flügel, 2010).

MF10 Quartzose Sandstone
Fine- to medium-sand–sized, well-sorted, 

subrounded, and quartz-cemented quartz grains 
are associated with minor lithic fragments and 
detrital zircon in sandstones of the Zhepure 
Shanpo Formation (Fig. 9H). Sedimentary struc-
tures, including erosional base, graded bedding, 
and planar oblique or parallel lamination (Figs. 
4D and 4E), suggest deposition on the inner shelf 
by hyperpycnal flows or storm-surge turbidites.

LATE CRETACEOUS SEDIMENTARY 
EVOLUTION IN THE TETHYS HIMALAYA

Facies and microfacies analyses indicate that 
the Indian passive margin facing the Neo-Tethys 
evolved from outer ramp, to middle ramp, and 
inner ramp environments during the Late Creta-
ceous (Figs. 5–7, and 10).

Gamba

The boundary between the upper Jiubao 
and lower Zhepure Shanpo (Zongshan) For-
mations documents a sharp change from 
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pelagic to shelfal and platform-margin condi-
tions (Fig.  5). Microfacies in the uppermost 
Jiubao Formation (microbioclastic–planktonic 
foraminiferal wackestone [MF4] and minor 
small calcisphere wackestone [MF2], peloidal 
grainstone [MF5], and thin-shelled bivalve 
wackestone [MF3]) document deposition in an 
outer-ramp environment, whereas planktonic 
foraminiferal wackestone (MF7a) and sandy 
calcisphere packstone (MF8b) mark the abrupt 
transition to much shallower middle-ramp en-
vironments in the lowermost Zhepure Shanpo 
Formation. Microfacies analysis allowed us to 
estimate a corresponding major change in pale-
owater depth, from 300–400 m for the topmost 
Jiubao Formation to 200–300 m for the base of 
the Zhepure Shanpo Formation (Leckie, 1987; 
Premoli Silva and Sliter, 1999).

Tingri

The same paleoenvironmental changes ob-
served in the Gamba area are documented at 
Tingri (Fig. 6). Deposition of microbioclastic–
planktonic foraminiferal wackestone (MF4) 
in an outer-ramp environment at the top of the 
Jiubao Formation was abruptly replaced by in-
trabioclastic packstone (MF6), documenting a 
shallower middle-ramp environment at the base 
of the Zhepure Shanpo Formation.

The overlying sedimentary succession also 
documents a similar paleoenvironmental trend. 
Sandy calcisphere packstones (MF8b) that ac-
cumulated on a middle ramp are overlain by bio-
clastic packstones (MF9a) deposited in open-
marine conditions on an inner ramp, capped 
in turn by quartzose sandstones (MF10). The 
second succession starts with planktonic fora-
miniferal packstones including quartz grains 
(MF7b) deposited on a middle ramp, passing 
upward to calcisphere packstones (MF8a), 
suggesting shallower shelf environments, 
and then to quartzose sandstones (MF10) and 
sandy bioclastic floatstones (MF9b) deposited 
on an inner ramp in open-marine conditions. 
Increasing terrigenous supply and progressive 
shallowing through time are indicated (Fig. 6).

Zanda

Carbonate microfacies indicate a transition 
from outer-ramp to middle-ramp environments 
throughout the Bolinxiala Formation, document-
ing a shallowing-upward trend (Fig. 7). Unlike 
the Tingri and Gamba areas, terrigenous detritus 
is lacking.

The lower to middle Bolinxiala Formation of 
middle Cenomanian to Santonian age consists 
of mudstone (MF1), small calcisphere pack-
stone (MF2), and minor thin-shelled bivalve 
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wackestone (MF3), indicating deposition on an 
outer ramp. The sharply overlying intrabioclas-
tic packstone (MF6) indicates a sudden shift 

to middle-ramp environments dominated by 
planktonic foraminiferal wackestone (MF7a) 
and finally by calcisphere packstone (MF8a).

SEDIMENTATION AND DRAINAGE 
PATTERNS AROUND DECCAN-
RELATED DOMAL UPLIFT

Advocates of mantle plumes have considered 
the Deccan province to be a classical example 
of plume-related uplift, and they have ascribed 
the response of adjacent sedimentary basins 
and catchment areas to dynamic uplift caused 
by mantle upwelling (Saunders et al., 2007). In 
this part of the article, we shall briefly describe 
the stratigraphic successions deposited around 
the core of peninsular India in order to inves-
tigate the potential effects of Deccan-related 
magmatic upwelling on sedimentation patterns.

Tethys Himalaya

The top of the Jiubao Formation is dated as 
the latest Santonian Dicarinella asymetrica 
zone (ca. 84 Ma; Figs. DR1, and DR2 [foot-
note  1]), whereas planktonic foraminifera at 
the base of the Zhepure Shanpo Formation 
indicate the latest Campanian (ca. 72 Ma; 
Figs. DR1 and DR2 [footnote 1]; Wu et al., 
2011). Therefore, most of the Campanian is 
missing, and the disconformity between these 
two formations represents a hiatus of up to 
12 m.y. The Campanian unconformity, well 
documented also in the Zanskar Range of the 
northwestern Himalaya (Premoli Silva et al., 
1991), testifies to a major, widespread, broadly 
synchronous event along the Tethys Himalaya, 
interpreted as possibly related to the dynamic 
impact of magmatic upwelling at the base of 
the lithosphere (Hu et al., 2012; Garzanti and 
Hu, 2015). The marked decrease in water depth 
inferred between the top of the Jiubao Forma-
tion and the base of the Zhepure Shanpo For-
mation does not correspond to any significant 
sea-level fall in the global eustatic curve (Haq, 
2014). This suggests a surface uplift of the or-
der of ∼100 m, which is compatible with the 
amount of topographic uplift usually observed 
in large continental igneous provinces (Saun-
ders et al., 2007).

The Maastrichtian succession of the Zanskar 
Range testifies to the rapid transition from deep-
water strata rich in deeper-dwelling planktonic 
foraminifera to shelfal faunas becoming more 
abundant up section in the Kangi La Forma-
tion (Fig. 3; Premoli Silva et al., 1991). The 
shallowing-upward trend with progressive 
increase in siliciclastic supply and accumula-
tion rates during the Maastrichtian was fol-
lowed by the progradation of a shallow-water 
carbonate ramp capped by shoreline quartzose 
sandstones in the Danian (Nicora et al., 1987). 
Felsitic volcanic rock fragments and  detri-
tal Cr-spinels with geochemical fingerprint 
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similar to Deccan spinels occur throughout 
Maastrichtian to Danian Tethys Himalayan 
sandstones. Notwithstanding the combined 
effect of subequatorial weathering and subse-

quent diagenesis, they testify that detritus from 
Deccan continental flood basalts reached well 
into the Indian passive margin (Garzanti and 
Hu, 2015).

Kirthar Fold-and-Thrust Belt

The uppermost Cretaceous succession 
originally deposited along the western pas-
sive margin of India and presently exposed in 
the Kirthar range of western Pakistan (Fig. 1; 
Smewing et  al., 2002; Kassi et al., 2009) is 
represented by the lower Campanian pelagic 
Parh Limestone, deposited at water depths ex-
ceeding 200 m, which was abruptly replaced 
by Upper Campanian to Maastrichtian shelfal 
sandstones of the Mughal Kot and Pab Forma-
tions (Fig. 11; Kazmi and Abbasi, 2008; Umar 
et al., 2011). The marked decrease in water 
depth from the Parh Formation to the Mughal 
Kot and Pab Formations does not correspond 
to any significant sea-level fall in the global 
eustatic curve (Haq, 2014) and thus suggests 
surface uplift. In the central Kirthar subba-
sin, the shelfal succession testifies to a clear 
shoaling trend from the Mughal Kot to the 
Pab Formation, documented by sand bodies 
increasing up section in grain size, bed thick-
ness, and frequency of hummocky bed forms. 
In the southern Kirthar subbasin, the Mughal 
Kot Formation comprises basin-floor lobes, 
channel-fill sand bodies, and base-of-slope 
mud-rich lobes, whereas the overlying Pab 
Formation is dominated by slope-fan lobes and 
channel-levee deposits. The marked increase 
in siliciclastic influx from the Mughal Kot to 
the Pab Formation took place in the Campan-
ian and has been related to uplift of the Indian 
Shield as it passed over the Reunion hot spot 
(Smewing et al., 2002; Kassi et al., 2009; Umar 
et al., 2011). The petrographic and geochemi-
cal composition of Pab sediments testifies to 
volcaniclastic supply from the Deccan Traps 
and intense chemical weathering in warm hu-
mid source areas located in continental India 
(Umar et al., 2014).

Central India (Main Deccan Province)

In central India, the Late Cretaceous sedi-
mentary units resting either on Precambrian 
basement or Paleozoic Gondwanan strata 
and overlain by the Deccan Traps are mostly 
exposed as discontinuous patches a few to tens 
of square kilometers in area (Tandon, 2002). In 
the western Narmada valley (Bagh area), the 
Lower Cretaceous Nimar Sandstone is overlain 
by nodular or coralline limestones of Albian–
Turonian age (Fig. 11; Tripathi, 2006). After 
a distinct hiatus spanning the Santonian and 
Campanian, sedimentation resumed during the 
Maastrichtian with deposition of glauconitic 
sandstone (Lameta Formation; Bansal et al., 
2018). This hiatus corresponded to a period 
of global sea-level rise, indicating that NW 
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India was undergoing significant tectonic up-
lift at this time. In the eastern Narmada valley 
(Jabalpur area), the Lower Cretaceous fluvial 
Jabalpur Sandstone is overlain by ephem-
eral braided-stream deposits of Maastrichtian 
age, passing upward to palustrine carbonates 
with multiple calcrete profiles capped in turn 
by locally channelized sheet-flood deposits 
(Tandon, 2002; Srivastava and Mankar, 2015). 
In the Nagpur area (Dongargaon basin), lacus-
trine sediments rest nonconformably on Pre-
cambrian basement and are overlain by domi-
nant floodplain deposits encasing sparse fluvial 
channels (Tandon, 2000).

Southeastern India

During the Early Cretaceous rifting of India 
from Antarctica, the Krishna-Godavari Basin 
was tilted eastward and southeastward as part 
of the eastern passive margin of India (Gupta, 
2006). The Cenomanian to Lower Maastrich-
tian Raghavapuram Shale, deposited in a low-
energy shallow sea (Rao, 2001; Gupta, 2006), 
is unconformably overlain by coarse fluvial 
sediments of the Tirupati Formation, deposited 
at early to late Maastrichtian times (Fig. 11; 
Manmohan et al., 2003; Gupta, 2006). Major 
terrigenous supply and a threefold to fivefold 

increase in accumulation rates, together with 
subsidence analysis of well-log data, suggest 
several hundred meters of transient surface up-
lift in late Campanian to early Maastrichtian 
times (Halkett et al., 2001). This is consistent 
with the pulse of exhumation revealed by ther-
mal-history models based on apatite fission-
track data in the Krishna and Godavari drainage 
basins, indicating accelerated cooling in the 
Campanian (Sahu et al., 2013).

Oblique lamination in the Tirupati Formation 
indicates southeastward paleocurrent directions 
(Rao, 2001), documenting a prominent prov-
enance change with respect to the underlying 
Paleozoic and Lower Cretaceous strata, when 
sediment transport was toward the northwest. 
Sediment transport from uplifted basement in 
the northwest has persisted until today in the 
modern Krishna and Godavari River systems 
(Manmohan et al., 2003). Relatively rapid es-
tablishment of southeastward sediment trans-
port with sudden influx of coarse detritus and 
the transition from marine to fluvial deposition 
strongly support the notion that the radial drain-
age pattern in the Indian peninsula initiated by 
topographic doming preceding the outburst of 
Deccan lavas, as advocated by Cox (1989).

Topographic doming related to mantle up-
welling causes shoaling and thinning of strata 
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lapping onto the uplifted area, development 
of erosional unconformities, and radial paleo-
flow directions recorded in sedimentary rocks 
(Cox, 1989; Rainbird and Ernst, 2001). The 
stratigraphic successions exposed in the Te-
thys Himalaya, in the Kirthar fold-and-thrust 
belt, and in central to southeastern India docu-
ment a marked shallowing-upward deposi-
tional trend that characterizes Maastrichtian 
strata all around the core of peninsular India, 
just before the Deccan magmatic outburst 
around the Cretaceous-Tertiary boundary. 
Most of the Campanian is missing in the Te-
thys Himalaya, and a disconformity separates 
Santonian and Campanian strata in the Kirthar 
fold belt, and Campanian and Maastrichtian 
strata in the Krishna-Godavari Basin (Figs. 
3 and 11). In the region closer to the central 
uplift, stratigraphic sections exhibit a more 
extensive and prolonged hiatus, which spans 
from the Coniacian to the early Maastrichtian 

in the Bagh area and from the Cenomanian 
to the early Maastrichtian in the Jabalpur and 
Nagpur areas (Fig. 11). Thicker sediment ac-
cumulation and shorter periods of nondepo-
sition in peripheral areas than in the central 
region, together with widespread shallowing-
upward depositional trends, represent robust 
evidence of topographic uplift associated with 
Deccan magmatism.

Campanian Cooling Triggered  
by Surface Uplift?

There is general consensus that late Cenoma-
nian to early Turonian times were characterized 
by the warmest climate of the last 100 m.y., 
with ice-free polar regions and tropical sea-
surface temperatures higher than 35 °C. This 
warm period was followed by global cooling in 
the Campanian–Maastrichtian (Fig. 12), which 
coincided with declining atmospheric pCO2 

levels from ∼1975 to ∼450 ppm (Linnert et al., 
2014; Wang et al., 2014). Silicate weathering on 
continents consumes and stabilizes Earth’s at-
mospheric CO2, providing a negative feedback 
to maintain the homeostatic balance of the long-
term (≥105 yr) carbon cycle (Gaillardet et al., 
1999). Surface uplift associated with magmatic 
upwelling before the outburst of Deccan flood 
basalts, and consequently increased weathering 
rates, thus represents a viable causal mechanism 
for Campanian cooling. Surface uplift preced-
ing major Deccan volcanism may have affected 
an area as large as 2000–2500 km in diameter 
situated in the warm-humid subequatorial belt 
(Umar et al., 2014). The present average CO2 
consumption rate is estimated at ∼5.7 × 105 mol 
km–2 yr–1, based on geochemical data from the 
Narmada, Godavari, and Cauveri River waters 
(Gaillardet et al., 1999). Such estimated CO2-
consumption rates by weathering of continental 
crust over an area as vast as that affected by sur-
face uplift before Deccan volcanism must have 
contributed significantly to the global decline in 
atmospheric pCO2 and consequent climate cool-
ing in Campanian–Maastrichtian times.

CONCLUSIONS

The stratigraphic and microfacies analysis 
of marine carbonate successions exposed in the 
Tethys Himalaya of southern Tibet has revealed 
the existence of a major hiatus indicating a 
prolonged phase of nondeposition and surface 
uplift by ∼100 m during Campanian times. San-
tonian strata documenting deep-marine outer-
ramp environments are disconformably overlain 
by Maastrichtian middle-ramp to inner-ramp 
sediments documenting abrupt shallowing. 
Sediment bypass and starvation persisted for as 
much as 10 m.y.

The very same sedimentation pattern char-
acterizes the Zanskar Range of the northwest-
ern Himalaya, and a coeval hiatus and similar 
shallowing-upward trends are documented by 
sedimentary successions exposed in the Kirthar 
fold-and-thrust belt of western Pakistan and in 
peninsular India. These strata, deposited all 
around the core of peninsular India, record 
thicker sediment accumulation and shorter pe-
riods of nondeposition than in the main Deccan 
province closer to the center of the topographic 
dome. This represents evidence of surface 
uplift associated with magmatic upwelling at 
the base of the Indian lithosphere, which be-
gan in early Campanian times and eventually 
led to the outburst of Deccan continental flood 
basalts around the Cretaceous-Tertiary bound-
ary. Topographic doming in the warm-humid 
subequatorial belt and associated silicate 
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weathering may have contributed to lowered 
levels of global atmospheric pCO2 and climate 
cooling during the Campanian–Maastrichtian. 
This climatic event may have set the scene 
for the major faunal extinction that took place 
contemporaneously with the climax of Deccan 
volcanism at the end of the Mesozoic Era.
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