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In C29r below the Cretaceous-Tertiary boundary (KTB) massive Deccan Trap eruptions in India covered

an area the size of France or Texas and produced the world’s largest and longest lava megaflows

1500 km across India through the Krishna–Godavari (K–G) Basin into the Bay of Bengal. Investigation of
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ten deep wells from the K–G Basin revealed four lava megaflows separated by sand, silt and shale with

the last megaflow ending at or near the KTB. The biologic response in India was swift and devastating.

During Deccan eruptions prior to the first megaflow, planktic foraminifera suffered 50% species

extinctions. Survivors suffered another 50% extinctions after the first megaflow leaving just 7–8

species. No recovery occurred between the next three megaflows and the mass extinction was complete

with the last mega-flow at or near the KTB. The last phase of Deccan volcanism occurred in the early

Danian C29n with deposition of another four megaflows accompanied by delayed biotic recovery of

marine plankton. Correlative with these intense volcanic phases, climate changed from humid/tropical

to arid conditions and returned to normal tropical humidity after the last phase of volcanism. The

global climatic and biotic effects attributable to Deccan volcanism have yet to be fully investigated.

However, preliminary studies from India to Texas reveal extreme climate changes associated with high-

stress environmental conditions among planktic foraminifera leading to blooms of the disaster

opportunist Guembelitria cretacea during the late Maastrichtian.

& 2012 Elsevier B.V. All rights reserved.
1. Introduction

The biologic and environmental effects of Deccan volcanism
and its potential cause-and-effect relationship with the demise of
the dinosaurs and the Cretaceous-Tertiary boundary (KTB) mass
extinction are the major unsolved problems in KTB studies today.
The Deccan volcanic province is one of the largest volcanic
eruptions in Earth’s history and today covers an area of
512,000 km2 (Fig. 1A), or about the size of France or Texas. The
original size prior to erosion is estimated to have been 1.5 mil-
lion km2 and the volume of lava extruded about 1.2 million km3,
which today can be seen as layers of lava flows with an estimated
total thickness of 3500 m (Fig. 1B; Chenet et al., 2007).

Deccan volcanism has been advocated as the potential cause for
the KTB catastrophe for over thirty years (e.g., McLean, 1978, 1985;
Courtillot et al., 1986, 1988; Venkatesan et al., 1993; Raju et al.,
1995). However, this hypothesis was considered unlikely because a
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direct link to the mass extinction remained elusive in the absence
of Deccan lava flows interbedded with marine sediments rich in
microfossils to assess the nature of the mass extinction. Moreover,
volcanism was generally believed to have occurred over at least
one million years and possibly several million years, leaving
sufficient time for recovery between eruptions.

Over the past several years a number of multi-disciplinary
studies have changed this perception and directly linked Deccan
volcanism to the KTB mass extinction: (1) Improved dating of the
3500 m thick Deccan lava pile revealed that the major eruptions
occurred in three phases with variable intensity: phase-1 (6% of
total lava pile) in the late Maastrichtian (base C30n, 67.4 Ma), the
main phase-2 (80%) in C29r below the KTB and phase-3 (14%) in
the early Danian base C29n (Fig. 2; Chenet et al., 2007, 2008; Jay
and Widdowson, 2008). (2) Massive eruptions in phase-2 and
phase-3 created Earth’s largest and longest lava flows (Self et al.,
2008). (3) Phase-2 was directly linked to the KTB mass extinction
based on planktic foraminifera, which suffered the most devastat-
ing mass extinction globally (Keller et al., 2008, 2009b, 2011a).

Still missing from these early results is critical information
concerning the onset and age of the main Deccan phase, the
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Fig. 1. (A) Map of India with current distribution of Deccan Traps, including the Earth’s longest lava flow to the Krishna–Godavari (K–G) Basin and Bay of Bengal; black dots

mark KTB locations studied. (B) Deccan Traps form high mountains (Mahalabeshwar). (C) Map of the K–G Basin with locations of Rajahmundry quarries and ONGC wells

studied for this report. (D) Lower and upper lava flows separated by intertrappean sediments of earliest Danian (zone P1a) age are exposed in the Gauripatnam quarry of

Rajahmundry.
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nature and tempo of the mass extinction relative to eruption
pulses, and the number of the longest lava flows, here termed
‘megaflows’. No outcrops exist that can yield this information
because deposition in India occurred mainly in terrestrial envir-
onments and rarely in shallow marine settings which lack diverse
fossil assemblages and intertrappean sediments between mega-
flows are absent (e.g., Rajahmundry, Fig. 1D). The missing infor-
mation can only be obtained from deep wells (2500–3500 m
below surface) drilled by India’s Oil and Natural Gas Corporation
(ONGC) in the Krishna–Godavari (K–G) Basin, which spans about
75 km from Rajahmundry towards the Bay of Bengal.

We set out to study ten wells in the K–G Basin (Fig. 1C) to test the
hypothesis that Deccan volcanism likely contributed to the KTB mass
extinction by evaluating five objectives: (1) Determine the number of
Earth’s longest and largest lava megaflows in the K–G Basin in Deccan
phase-2 and phase-3 as indicators of the largest eruption phases with
potentially maximum kill-effect. (2) Evaluate the link between
Deccan volcanism phase-2 and the KTB mass extinction in planktic
foraminifera that define this catastrophe. (3) Assess the nature, onset
and tempo of the mass extinction in phase-2 based on sediments
below (infratrappean) and between (intertrappeans) megaflows. (4)
Evaluate the biologic effects of Deccan phase-3 megaflows in early
Danian intertrappean sediments. (5) Analyze the geochemistry of
infratrappean and intertrappean sediments to gain environmental
information. (6) We examined the regional effects of Deccan volcan-
ism based on one locality in Meghalaya, NE India, and the global
effects based on localities in the eastern Tethys and Texas.
2. Material and methods

ONGC wells from the Krishna–Godavari (K–G) Basin were
chosen for their apparent continuity across the KTB transition,
the number of basalt flows and intertrappean sediments, and the
availability of recovered cores in addition to well cuttings. A total
of ten wells have been analyzed for this study (Fig. 1C). Sample
material from each well was collected in the ONGC core libraries.
Well samples were taken at 5 or 1 m intervals from cuttings, and
at 20 cm intervals in recovered core sections below the phase-2
lava megaflows and from intertrappean sediments and basalts
from phase-2 and phase-3 megaflows. About 200 g sediments
were collected per sample for analysis and a total of 665 samples
were analyzed. Samples were processed by standard micropa-
leontological techniques (Keller et al., 1995).

Biostratigraphic and species census analyses were conducted
on washed residues in the size fraction 463 mm. Preservation of
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Fig. 2. Relative thickness of Deccan lava flows in each of the three phases of

volcanic eruptions calculated as percent of total Deccan Trap thickness. Ages based

on paleomagnetic time scale (Chenet et al., 2007, 2008).
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foraminiferal tests ranges from good to poor. To avoid artificial
range extension, we attributed any isolated species occurrences at
the base or top of the range to down-core contamination and
reworking, respectively. Good age and biostratigraphic control
was achieved based on faunal assemblages from cuttings and
continuously cored intervals, the resistivity and gamma ray well
log data, and correlation of basalt flows with paleomagnetic
stratigraphy in the Rajahmundry basalt quarries (Baksi et al.,
1994; Knight et al., 2003, 2005). Biostratigraphic and species
census data of all ten wells are documented in Keller et al.
(2011a). Here we present a composite species range chart based
on nine wells from the Krishna–Godavari Basin.

Geochemical analyses were performed on selected core inter-
vals from Pallakolu-1 and Narasapur-A and B wells. Major and
trace element concentrations were determined by X-ray fluores-
cence spectrometry using a spectrometer FRX Philips PW2400 at
the University of Lausanne, Switzerland. A weathering index, the
chemical index of alteration (CIA), was used to monitor the
decomposition of unstable minerals and evaluate the volcanic
influx and related climatic changes. Based on molar proportions,
the CIA¼Al2O3�100/(Al2O3þCaOn

þNa2OþK2O), where CaOn

represents the CaO in silicate minerals only (Nesbitt and Young,
1982, 1989). In our study, we applied a CaOn correction due to
presence of carbonate (e.g., Yan et al., 2010). Accordingly, we
assume that the CaOn is equivalent to the Na2O content
(McLennan, 1993) because the remaining amount of CaOn is
higher than Na2O after correction.
3. Lithostratigraphy and depositional setting

In the Krishna–Godavari (K–G) Basin sediment deposition during
the upper Maastrichtian to lower Danian occurred in a middle shelf
environment (o100 m) that deepened seaward (�100–150 m; Raju
et al., 1994; Keller et al., 2008). In one offshore and nine K–G Basin
wells analyzed, the KTB transition separates two phases of Deccan
volcanism at well depths between 2500 and 3500 m below the
surface, which attests to the high sediment input and rapid sub-
sidence of the K–G Basin after volcanism ended (e.g., Raju et al., 1995;
Misra, 2005). Only in the Rajahmundry area are Deccan Traps near
the surface and exposed in numerous basalt quarries (Fig. 1C, D). Each
of the two volcanic phases consists of three to four megaflows. They
are part of the main phase-2 (80%) of Deccan Trap eruptions in C29r
and the last phase-3 in C29n (14%, Fig. 2; e.g., Knight et al., 2003,
2005; Chenet et al., 2007, Jay and Widdowson, 2008; Jay et al., 2009).
Self et al. (2008) suggested that the overall pattern of the basalt
megaflows is consistent with sheet flows of very large volume
pahoehoe flow fields.

Deccan phase-2 and phase-3 megaflows can be correlated
across the K–G Basin based on lithology, biostratigraphy and well
log data (Fig. 3; Jaiprakash et al., 1993; Raju et al., 1995, 1996;
Misra, 2005; Raju, 2008; this study). These megaflows are gen-
erally 5–15 m thick, except for two wells where phase-3 mega-
flows are 60 m thick (Fig. 3, CTP-A and RZL-A). Similarly,
intertrappean sediments vary between 5 and 20 m but occasion-
ally reach 50 m (wells CTP-A, RZL-A). The anomalously thick
megaflows and intertrappean beds in some wells are likely due
to local topographic lows and influx of sand and silt from
nearshore areas, whereas shale deposition predominates sea-
wards. Near the paleo-shoreline (Rajahmundry area) megaflows
are stacked with no intertrappean sediments, except between
phase-2 and phase-3 volcanism (Fig. 1D, Keller et al., 2008).

Resistivity and gamma values show pronounced signals for the
megaflows in all K–G Basin wells, which are also correlated based on
biostratigraphy (Fig. 3). Resistivity for normal sandstones, siltstones
and shale varies between 1 and 6 ym, unless they are hydrocarbon
bearing. In contrast, resistivity values for the basalts vary anywhere
from 50 to 4200 ym depending on the degree of sediments
incorporated as a result of erosion at the base and top of megaflows.
In all K–G Basin wells, e-logs show high to very high resistivity
peaks against the basalt flows, whereas some basalts are less distinct
due to mixed sediments. Gamma logs show significantly lower
values in basalt flows relative to the intertrappean clastic sediments
(Fig. 3). The cores and drill cuttings from these megaflows are dark
grey to green-grey in color, very hard and compact.
4. Age, biostratigraphy, biologic stress and Deccan volcanism

Age and biostratigraphic interpretations of K–G Basin wells are
based on (1) paleomagnetic stratigraphy, which places all phase-2
volcanism in C29r and phase-3 in C29n, (2) the high-resolution
planktic foraminiferal zonal scheme (Li and Keller, 1998a, l998b;
Keller et al., 1995, 2002) and (3) ages for biozones calculated for the
time scales of Cande and Kent (1995; KTB at 65 Ma) and (Gradstein
et al., 2004; KTB at 65.5 Ma, Fig. 4). Planktic foraminifera in
infratrappean and intertrappean sediments of the K–G Basin wells
record the environmental conditions before and after the eruption
of each Deccan mega-flow. However, recovery of sediments sand-
wiched between basalt flows in 2500–3500 m deep wells is very
difficult and often sporadic. For this reason, we analyzed nine wells
in an area of 10–15 km in the K–G Basin (Fig. 1C, Keller et al.,
2011a) and incorporated the data into one composite graph (Fig. 5)
that offers a rare glimpse into the age, environmental conditions
and biologic stresses associated with Deccan volcanism.

4.1. Late Maastrichtian: infratrappean zone CF3

In all wells analyzed for this study, the infratrappean sedi-
ments below the phase-2 megaflows show late Maastrichtian
faunal assemblages typical of zone CF3 and the Micula murus



Fig. 4. Late Maastrichtian and early Danian planktic foraminiferal zonal schemes and ages of biozones calculated based on two time scales with the KT boundary at 65.0 and

65.5 Ma. Relative ages of Deccan megaflows and the onset of the KTB mass extinction in the Krishna–Godavari Basin are based on this study (Berggren et al., 1995; Tantawy, 2003).

Fig. 3. Correlation of Krishna–Godavari Basin wells based on biostratigraphy, Deccan lava flows and well log data (gamma and resistivity). Note that Deccan phase-2 and

phase-3 each contain three to four lava flows that represent Earth’s longest megaflows separated by intertrappean sediments. These phase-2 and phase-3 megaflows

correlate with the ‘‘fused’’ lower and upper traps in Rajahmundry quarries.
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nannofossil zone, and possibly part of CF2, with normal middle
shelf diversity of 28 species (Fig. 5; Keller and Abramovich, 2009).
A decrease in the middle of zone CF3 is likely due to poor
preservation in well cuttings, as suggested by the higher species
richness in cored intervals (grey zones). Zones CF2-CF1 span 120
and 160 ky, respectively, and correlate with C29r megaflows
below the KT boundary based on Rajahmundry basalt quarries
(e.g., Keller et al., 2008). In K–G basin wells, zones CF2-CF1 could
not be differentiated from CF3 in the absence of index species
Gansserina gansseri and Plummerita hantkeninoides (Fig. 4). How-
ever, zone CF3 which spans 1.21 my (65.78–66.99 Ma) is nearly
equivalent to the M. murus nannofossil zone, which was identified
in wells PLK-A and NSP-A below phase-2 megaflows (Fig. 5;
Saxena & Misra, 1994; Von Salis and Saxena, 1998). This indicates
that all but the top few meters of the intervals analyzed below
phase-2 volcanism are in zone CF3. No major biologic stress
conditions are observed in these faunal assemblages.

4.2. Late Maastrichtian: first Deccan phase-2 catastrophe

The onset of catastrophic biologic stress conditions is observed
in infratrappean sediments of a 4 m core just below the first



Fig. 5. Composite species ranges of nine wells in the Krishna–Godavari Basin plotted against biostratigraphy and phase-2 and phase-3 lava flows of the PLK-A well. Cored

intervals at the base of the section, below the first phase-2 mega-flow and below the last mega-flow of phase-3 record the most reliable species richness data. A maximum

of 28 species in the upper Maastrichtian is typical for middle shelf environments (�100 m depth). Note the mass extinction began with the onset of phase-2 volcanism

(50% drop in species richness), with another 50% drop after the first mega-flow, and was complete by the last mega-flow at or near the KTB. Phase-2 intertrappeans. Open

circles¼contamination and reworking, black circles¼ in situ species.
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phase-2 mega-flow (Fig. 5). At the base of this 4 m core, diversity
is normal at 28 species for middle neritic depths, rapidly
decreases to 18 species by the middle of the core and drops to a
low of 14 species in the 2 m below the first megaflow. This 50%
faunal crash eliminated nearly all larger ornate and specialized
species leaving a survivor assemblage of dwarfed species. Similar
catastrophic assemblage reduction and dwarfing has been docu-
mented during the late Maastrichtian Ninetyeast Ridge and
Andean volcanism (Keller, 2003; Keller et al., 2007b). The faunal
crash in the K–G Basin records the first biologic and environ-
mental catastrophe associated with intense Deccan phase-2
volcanism leading up to the megaflows in the K–G Basin. How-
ever, it is important to note that the early disappearance of
species is due to local environmental stress conditions associated
with Deccan phase-2, whereas in other parts of the world most
species may range to the end of the Maastrichtian.

An age for this faunal catastrophe associated with Deccan
phase-2 volcanism can be estimated from global climate change
and paleomagnetic stratigraphy. It is well documented that
Deccan Traps phase-2 began in C29r and megaflow eruptions
occurred over a relatively short interval prior to the KT boundary
(Chenet et al., 2007, 2008; Jay and Widdowson, 2008). The onset
of phase-2 volcanism can therefore be no older than zone CF2.
Based on global faunal and stable isotope analyses we know rapid
warming began in the upper part of zone CF2, reached a
maximum in zone CF1 and rapidly cooled in the upper part of
CF1. Most workers link this global warming to Deccan volcanism
(Li and Keller, 1998c; Olsson et al., 2001; Abramovich and Keller,
2003; Nordt et al., 2003; Wilf et al., 2003). Evidence linking
Deccan phase-2 to climate warming is also interpreted from a
global decrease in 187Os/188Os values over the last 200 ky of the
Maastrichtian (Robinson et al., 2009). On a global basis, biotic
stress associated with the maximum warming caused no signifi-
cant species extinctions, but lead to species dwarfing and reduced
abundance of large specialist taxa (Keller and Abramovich, 2009).

In the K–G Basin, the onset of dwarfing and 50% species
reduction may be the extreme expression of this event in the
Deccan Province.

4.3. Late Maastrichtian: phase-2 megaflows, intertrappeans and

mass extinction

Intertrappean sediments of phase-2 in the K–G Basin wells
record severe environmental stresses in the aftermath of each of
the four megaflows, as earlier observed by Jaiprakash et al.
(1993). Just 8 species were found after the first mega-flow, 13
and 12 species after the second and third megaflows (Fig. 5).
However, 5–6 occurrences are single isolated specimens that
could be due to reworking or contamination from well cuttings
(open circles), leaving 7 and 6 species in the upper two inter-
trappean sediment layers. This indicates a 50% reduction from the
assemblages in the infratrappean below, which already suffered a
50% faunal crash.

We may argue that this is a crude estimate and that the actual
number of survivors may be higher or lower. However, since most
of the species in this survivor group are among the environmen-
tally most adaptable (Guembelitria cretacea, Heterohelix globulosa,

Rugoglobigerina rugosa, Trinitella scotti, Globotruncana arca,
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G. aegyptiaca, G. dupeublei, G. conica), and two are KTB survivors
(G. cretacea and H. globulosa), this estimate is probably not far off
the mark. A more accurate assessment must await new coring of
the intertrappean sediments and closer sample spacing.

A precise age for the K–G Basin phase-2 megaflows and
intertrappeans is difficult to assess because of the high-stress
assemblages, near extinction of planktic foraminifera and absence
of the fragile zone CF1 index species P. hantkeninoides. Similarly
high-stress conditions were observed in Meghalaya, NE India, in
the upper part of nannofossil Micula prinsii and CF1 zones below
the KTB mass extinction (discussed below, Gertsch et al., 2011).
Based on the current data we suggest that phase-2 megaflows
most likely erupted over a short time period in the upper part of
zone CF1. More refined estimates must await U/Pb dating of
megaflows.

4.4. KT boundary and early Danian intertrappean

In all K–G Basin wells analyzed the KTB mass extinction is
complete by the end of phase-2 megaflows and the first Danian
species (Parvularugoglobigerina extensa, Parvularugoglobigerina

eugubina, Eoglobigerina eobulloides, Globoconusa daubjergensis)
evolved in the overlying intertrappean sediments (Fig. 5) consis-
tent with previous observations in Rajahmundry quarries (Keller
et al., 2008; Malarkodi et al., 2010). This suggests the close link
between the KTB mass extinction and the end of phase-2 mega-
flows and strongly supports a cause-and-effect relationship in
India. New coring across the KTB will be necessary to evaluate the
presence of the boundary clay (zone P0) and lower part of zone
P1a, measure d13C values and the presence of Ir and other PGEs.

Intertrappean sediments between Deccan phase-2 and phase-
3 megaflows were deposited in C29r above the KTB, which is
equivalent to planktic foraminiferal zone P1a, or about 380 ky of
the basal Danian (Fig. 4), as also indicated by 40Ar/39Ar dating of
phase-3 megaflows (Knight et al., 2003, 2005). Evolution of
Danian species in this intertrappean follows the same pattern as
observed globally (Fig. 5). All evolving early Danian species are
very small (o100 mm) and frequently dwarfed (o63 mm), with
simple chamber arrangements and unornamented morphologies
that reflect adaption for survival in highly stressed environments
(Pardo and Keller, 2008). The fact that these species assemblages
mirror the global evolutionary pattern indicates persistent high-
stress conditions in the global ocean during the early Danian.

4.5. Early Danian: Deccan phase-3 and intertrappeans

Deccan phase-3 megaflows were deposited near the base of
C29n (Knight et al., 2003, 2005), which correlates with the lower
part of zone P1b and middle of nannofossil zone NP1a (Fig. 4). All
phase-3 intertrappeans contain typical zone P1b faunal assem-
blages (Fig. 5). The major change from zone P1a to zone P1b
includes the extinction of P. eugubina and P. longiapertura,

increased abundances of G. daubjergensis, Guembelitria spp. and
biserial species and decreased abundance of early zone P1a
species (e.g., P. extensa, Eoglobigerina edita, Woodringina clayto-

nensis, E. eobulloides). Species sizes remained small, with
morphologies generally o100–150 mm, as also observed globally
(Keller and Abramovich, 2009).

No major differences are observed between faunal assem-
blages of the three intertrappeans, which suggests that high-
stress environmental conditions persisted but remained tolerable
during volcanic phase-3. Alternatively, since these early Danian
species evolved during high-stress conditions, they were primed
for survival, unlike most species in the late Maastrichtian, which
were highly specialized and adapted for narrow ecological niches.
The age and duration of phase-3 volcanism cannot be estimated
based on current data.

4.6. Early Danian: recovery above phase-3 megaflows

Sediments above volcanic phase-3 contain the first signifi-
cantly more diverse Danian assemblages with the first larger
(4150 mm) morphotypes after the KTB mass extinction. In most
K–G Basin wells, the assemblage is indicative of zone P1c with
common subbotinids and the first appearances of Praemurica

inconstans and Subbotina varianta (Fig. 5). However, in some wells
there is a significant hiatus with zone P2 overlying P1b, as
indicated by the presence of assemblages with P. uncinata,

Morozovella angulata, M. praeangulata, Acarinina strabocella and
S. triangularis (Keller et al., 2011a). This hiatus may be related to
local topographic variations, as suggested by the locations of the
wells in shallower water (PNM-A), and anomalously thick basalt
megaflows (RZL-A and CTP-A, Figs. 1C, 3).

The generally larger species morphologies and increased
diversity observed in the K–G Basin wells above phase-3 mega-
flows correlate with marine recovery globally in zone P1c. It is
tempting to speculate that this long delayed global marine
recovery was due to the last phase of Deccan volcanism. Studies
are now underway to investigate this possibility.
5. Geochemical proxies

Major elements (MEs) and trace elements (TEs) have been
measured in five core segments (labeled A–E) from ONGC deep
wells (Palakollu-A, Narasapur-A and B) from the Krishna–
Godavari (K–G) Basin (Fig. 6). These core segments span from
upper Maastrichtian sediments to infra- and intertrappean sedi-
ments below the KT boundary and intertrappean sediments in the
early Danian (Fig. 6). Core segment A is 120 m below the first lava
megaflow of Deccan phase-2 in the K–G Basin and consists of 6 m
of dark gray shale (2825–2831 m, Pallakolu-A) deposited during
the late Maastrichtian zone CF3. Core segment B spans the 4 m
immediately below the first megaflow of phase-2 (3339.5–
3335.5 m, Narasapur-A) and consists of dark gray shale possibly
deposited during zone CF2. Core segment C consists of gray shale
from the Deccan phase-2 intertrappeans with deposition in zone
CF1 (2680–2710 m, Pallakolu-A). Interval D spans the KT transi-
tion (3332.5–3322.5 m, Narasapur-B) with two shale samples
from the intertrappean sediments below the last megaflow of
phase-2 (top of zone CF1) and shale samples just above the KT
boundary (zone P1a). Core segment E is from Deccan phase-3
from the early Danian zone P1b (2592–2589 m, Palakollu-A),
which spans a 1 m thick basalt overlain by 2 m of dark brown
shale (Fig. 6).

Environmental consequences of Deccan volcanism were
assessed based on two geochemical proxies (volcanic/detrital,
weathering of basalts) calculated from single element or multi-
element ratios. The chemical index of alteration (CIA) is com-
monly used to estimate the intensity of weathering related to
climatic conditions (Nesbitt and Young, 1982, 1989). For instance,
CIA values for fresh basalt are very low (30–45). In contrast,
smectites which form under dry and seasonal conditions are
characterized by CIA values of 60–80. Kaolinite, which forms
under more humid conditions, shows CIA values up to 90.

In the K–G Basin wells, CIA values comprise between 60 and
73 (mean value 69) in the upper Maastrichtian samples of interval
A, followed by a significant decrease to mean value 62 in the last
4 m below phase-2 megaflows (interval B, Fig. 6). Minimum
values of 50–56 (mean value 53) are reached in intervals C and
D from the upper part of zone CF1 across the KT boundary into the



Fig. 6. Summary of environmental proxies used in this study (weathering, basalt weathering, volcanism vs detritism) based on major element geochemistry. Note the

major change in the weathering index and CIA from humid to arid A to B to CD with the onset of Deccan main phase-2 in the late Maastrichtian and the return to normal

humid tropical conditions after the last Deccan phase-3 in the early Danian E. Mean average shale: blue dashed line (Wedepohl, 1971); Deccan mean average basalt: green

dashed line (Crocket and Paul, 2004); green shaded field: range of Deccan basalt river values (Dessert et al., 2003).
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early Danian zone P1a. The uppermost interval E from the phase-
3 intertrappean sediments of Danian zone P1b shows a return to
higher (normal) values 73–78 (mean value 76, Fig. 6).

The influence of Deccan volcanism was investigated based on
several volcanic proxies, including Na/K, K/(FeþMg), Ca/Na and
Mg/Na ratios (Sageman and Lyons, 2003; Pujol et al., 2006). Na/K
and K/(FeþMg) ratios represent the balance between detrital and
volcanogenic input and are interpreted to reflect the increase or
decrease of riverine siliciclastic flux relative to background
volcanic input (Sageman and Lyons, 2003). Ca/Na and Mg/Na
ratios recorded in basaltic river waters show remarkably high
values (Dessert et al., 2003), reflecting the weathering and/or
erosion of Deccan basalt traps.

In all K–G Basin intervals examined the Na/K ratios are very
low (0.45–0.63) and close to average shale values (0.4, Wedepohl,
1971), except in the upper interval A and C (0.5–1.8, mean value
0.95), and very high in D, where Na/K ratio reaches 11 (average
mean value for Deccan basalt is 4.48; Crocket and Paul, 2004). The
K/(FeþMg) ratio shows the opposite trend with lower values
observed in the C and D intervals, lowest values in the uppermost
zone CF1 of interval D (0.04–0.05, average values for Deccan
basalt: 0.03, Crocket and Paul, 2004). In interval E the K/(FeþMg)
ratio values remain low compared to intervals A and B. Ca/Na and
Mg/Na ratios display the same trend. In interval A both proxies
remain low with mean value of 1.20 and 0.98, respectively, and
close to average mean shales values (1.32 and 1.16, Wedepohl,
1971). In interval B these ratios are more scattered and show an
overall increase up to 5 (mean value: 3.6) and 1.9 (mean value:
1.82). The high values (shaded green) characterize rivers enriched
in basalt erosion and weathering. Ca/Na and Mg/Na ratios
decreased in interval C, with Mg/Na ratio reaching the lowest
values in the upper zone CF1. These ratios increase again in P1b
and attain similar values to the upper Maastrichtian interval A.
6. Discussion

6.1. Paleoclimatic expression of Deccan volcanism

The chemical index of alteration (CIA) shows a gradual
decrease in the 4 m of infratrappean sediments analyzed with
low values culminating in the intertrappean sediments of phase-2
megaflows (Fig. 6). This indicates increasingly arid conditions
correlative with the onset of the mass extinction in planktic
foraminifera during the late Maastrichtian zone CF1 (Fig. 5).
Similar arid to semi-arid conditions have previously been
observed in quarries of Rajahmundry, Andhra Pradesh, where
smectite-enriched paleosols are present in the intertrappean
sediments between volcanic phase-2 and phase-3 (Keller et al.,
2008). These paleosoils reveal predominantly arid to semi-arid
conditions with seasonal wet and dry cycles. Coeval terrestrial
and marine sections from central India (e.g., Jhilmili, Keller et al.,
2009a) and eastern India (e.g., Anjar, Khadkikar et al., 1999) close
to the Deccan volcanic province (DVP) show similar clay mineral
assemblages with high smectite and no kaolinite. Localized arid
conditions surrounding the DVP are interpreted as ‘‘mock aridity’’
resulting from volcanically induced xeric conditions and extreme
geochemical alkalinity in a regionally more humid climate (Harris
and Van Couvering, 1995; Khadkikar et al., 1999; Gertsch et al.,
2011). Our study indicates that the decrease in CIA begins in the
4 m interval B below the first phase-1 megaflow, correlative with
the onset of the mass extinction, suggesting that significant
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volcanic activity initiated well before the megaflows on the east
coast of Andhra Pradesh. The uppermost interval (phase-3, zone
P1b) shows CIA values similar to the those measured in sediments
below the phase-2, suggesting less arid conditions possibly linked
to reduced or intermittent volcanic activity.

6.2. Geochemical expression of Deccan basalt weathering

Na/K and K/(FeþMg) ratios reveal the balance between detri-
tal and volcanogenic input, but may also reflect climatic condi-
tions. Sediments from the late Maastrichtian zones CF3 and CF2-
CF1 (intervals A and B) below phase-2 megaflows show steady
Na/K ratios close to mean shale values, whereas K/(Fe þMg ratios
are closer to mean Deccan basalt values (Fig. 6). However, in
intervals C and D the ratios reflect a dominant basaltic source,
which is consistent with deposition of the main phase-2 mega-
flows in zone CF1. In the early Danian phase-3 (interval E) there is
decoupling between the Na/K and K(FeþMg) ratios, which may
reflect increasing humidity, as suggested by the CIA index, and
increased weathering of Fe–Mg enriched minerals.

More information can be gained from weathering of basalts.
During the late Maastrichtian (zone CF3) the Ca/Na and Mg/Na
ratios measured in interval A are stable and close to mean shale
values, which is typical for rivers draining silicate rocks, such as
granite, gneiss and shale. However, during interval B, just below
the onset of phase-2 megaflows, both proxies reach values
normally recorded in basaltic river waters (Dessert et al., 2003).
Fig. 7. The KTB transition at Um Sohryngkew, Meghalaya, NE India, contains major PGE

stress conditions coeval with Deccan phase-2 (zone CF1) and marked by the disaster o
These variations are interpreted to result from chemical weath-
ering of Ca and Mg rich volcanic rocks. They indicate that the K–G
basin was part of the drainage of the Deccan volcanic province
and that significant basalt outcrops were already present prior to
phase-2 megaflows. Surprisingly, both ratios, decreased consider-
ably in the CF1 intertrappean sediments of phase 2, especially in
the lower part of interval D suggesting chemical weathering. This
can be linked to the increased aridity (mock aridity) evident in the
CIA proxy, which suggests reduced weathering of basalts. During
phase-3 volcanism increased ratios reflect a return to more humid
conditions and enhanced weathering.
7. Are environmental effects of Deccan volcanism worldwide?

The faunal assemblages of the infra- and intertrappean sedi-
ments of the K–G Basin wells provide the first glimpse into the
devastating environmental conditions at the end of the Maas-
trichtian in India apparently as a direct result of Deccan volcan-
ism. Similar high-stress conditions have been observed in
Meghalaya, NE India, 2000 km to the northeast and 800 km east
of the Deccan Province (Fig. 1). At this locality, the Um Sohryng-
kew section contains one of the most complete KTB sequences,
with the characteristic negative d13C shift and a large (12 pbb) Ir
anomaly and other PGEs marking the mass extinction and
boundary clay (Gertsch et al., 2011) (Fig. 7). The M. prinsii and
CF1 zones span the 2 m below the KTB where the faunal
anomalies, the d13C shift that marks the KTB mass extinction, and extreme high-

pportunist Guembelitria blooms (495%). Modified after Gertsch et al. (2011).



Fig. 8. Blooms of G. cretacea, a well-known disaster opportunist, mark high-stress conditions in the eastern Tethys (Israel and Egypt, Abramovich et al., 1998; Keller and

Benjamini, 1991; Keller, 2002) and Texas (Brazos River sections, Abramovich et al., 2011; Keller et al., 2011b) from the uppermost zone CF2 through Zone CF1 and in zone

P1b coeval with Deccan phase-2 and phase-3, respectively. Stable isotope data from Li and Keller (1998c). These data suggest that Deccan volcanism affected climate,

environment and marine biota across the world.
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assemblages are dominated (95–98%) by the disaster opportunist
G. cretacea with large deformed chamber morphologies indicating
super-stress conditions. Other species are rare and sporadically
present with species richness between 5 and 11 and decreasing in
the 1 m below the KTB. Between 25 cm below and 10 cm above
the KTB clay all species are very rare or absent. d13C values mark
the characteristic drop in primary productivity at the KTB with
recovery beginning in the upper part of zone P1a (Fig. 7). These
data indicate that the high-stress conditions observed in the K–G
Basin also prevailed in NE India at the time of Deccan phase-2
volcanism and continued through the early Danian.

However, whether the biological and environmental effects of
Deccan volcanism observed in India were global and substantially
contributed to or even caused the KTB mass extinction remains to
be investigated. The well-known disaster opportunist G. cretacea,
which thrived in the aftermath of the KTB mass extinction, offers
an intriguing glimpse (Pardo and Keller, 2008). Blooms of this
species serve as yardstick measuring the intensity of marine
stress conditions. For example, faunal analysis of several KTB
sequences in Israel and Egypt (Keller and Benjamini, 1991; Keller,
2002, 2004; Abramovich et al., 2010) and recently from Brazos,
Texas (Abramovich et al., 2011; Keller et al., 2007a, 2009b),
revealed Guembelitria blooms dominating the uppermost zone
CF2 through CF1 and the early Paleocene (Danian) zone P1b
correlative with Deccan phase-2 and phase-3, respectively
(Fig. 8). These Guembelitria blooms are 495% of the faunal
assemblages in Meghalaya (Fig. 7), 80% in the eastern Tethys
(Israel and Egypt) and decrease westward to 40–60% in Texas
(Fig. 8). They strongly suggest globally detrimental environmental
conditions associated with Deccan volcanism.

What drives Guembelitria blooms is still being investigated.
Preliminary stable isotope ranking of Guembelitria suggests that
they bloom in response to mesotrophic or eutrophic conditions in
surface waters enriched by excess organic matter from terrestrial
or upwelling sources (Pardo and Keller, 2008; Leckie, 2009).
However, Abramovich et al. (2010) suggest that Guembelitria

blooms can also reflect the opportunistic colonization of nutri-
ent-poor surface waters during times of global warming (e.g.,
latest Maastrichtian warming in zone CF1). Either extreme tends
to be detrimental to other species as evident by the absence of
other thriving species populations at times of Guembelitria

blooms.
8. Conclusions

Faunal assemblages from deep wells in the Krishna–Godavari
Basin reveal major climatic and environmental changes asso-
ciated with the main Deccan volcanism phase-2 rapidly leading
up to the KTB mass extinction, followed by prolonged high-stress
conditions and delayed recovery through the last phase-3 of
Deccan volcanism in the early Danian (C29n). Increasingly arid
conditions accompanied phase-2 volcanism and the mass extinc-
tion in the Deccan volcanic province, correlative with a significant
increase in Na/K and K(FeþMg) ratios that reflect a dominant
basaltic source. Similar environmental conditions, mass extinc-
tion and delayed recovery patterns are observed in Meghalaya, NE
India. Preliminary assessment of the biologic effects of Deccan
volcanism based on blooms of the disaster opportunist G. cretacea

from India to the eastern Tethys and Texas indicate that high-
stress environmental conditions prevailed across the world dur-
ing the latest Maastrichtian and early Danian.
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