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ABSTRACT

Deccan volcanism, one of Earth’s largest flood basalt provinces, erupted ~80%
of its total volume (phase 2) during a relatively short time in the uppermost Maas-
trichtian paleomagnetic chron C29r and ended with the Cretaceous-Tertiary bound-
ary mass extinction. Full biotic recovery in the marine realm was delayed at least
500 K.y. or until after the last Deccan eruptions in C29n (phase 3, 14% of the total
Deccan volume). For over 30 yr, the mass extinction has been commonly attributed
to the Chicxulub impact, and the delayed recovery remained an enigma. Here, we
demonstrate that the two phases of Deccan volcanism can account for both the mass
extinction and delayed marine recovery.

In India, a direct correlation between Deccan eruptions (phase 2) and the mass
extinction reveals that ~50% of the planktic foraminifer species gradually disap-
peared during volcanic eruptions prior to the first of four lava megaflows, reach-
ing ~1500 km across India, and out to the Bay of Bengal. Another 50% disappeared
after the first megaflow, and the mass extinction was complete with the last megaflow.
Throughout this interval, blooms of the disaster opportunist Guembelitria cretacea
dominate shallow-marine assemblages in coeval intervals from India to the Tethys
and the Atlantic Oceans to Texas. Similar high-stress environments dominated by
blooms of Guembelitria and/or Globoconusa are observed correlative with Deccan vol-
canism phase 3 in the early Danian C29n, followed by full biotic recovery after volca-
nism ended. The mass extinction and high-stress conditions may be explained by the
intense Deccan volcanism leading to rapid global warming and cooling in C29r and
C29n, enhanced weathering, continental runoff, and ocean acidification, resulting in
a carbonate crisis in the marine environment.
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INTRODUCTION

For over three decades, a large extraterrestrial impact has
been advocated as the sole cause for the Cretaceous-Tertiary
(K-T) boundary mass extinction (also known as the Cretaceous-
Paleogene [or K-Pg] mass extinction), and Deccan volcanism in
India was dismissed as ineffectual (see Schulte et al., 2010). In this
scenario, the late Maastrichtian planktic foraminiferal turnover
and survivorship across the mass extinction, first noted by Keller
(1988a; Keller et al., 1995) were attributed to artifacts of the sedi-
mentary record. A blind test was devised to prove that the mass
extinction was a sudden event and left no survivors but one spe-
cies, consistent with the impact hypothesis (Smit, 1982). When the
blind test did not confirm this assumption, this test was considered
inconclusive (Ginsburg, 1997a, 1997b, 1997c; Lipps, 1997).

Over the past 15 yr, these contested extinction and survi-
vorship patterns and associated environmental changes have
been documented worldwide and increasingly linked to the
late Maastrichtian global warming and Deccan volcanism (e.g.,
Li and Keller, 1998a, 1998b; Abramovich et al., 1998; Keller,
2001, 2008a, 2008b, 2011; Keller et al., 2009a; Abramovich and
Keller, 2003; Tobin et al., 2012). However, the proposed link
remained speculative and vague, referring to Deccan volcanism
as a single undifferentiated event largely expressed by the latest
Maastrichtian global warming. Only with the documentation of
Deccan volcanism as three distinct phases (Chenet et al., 2007,
2008, 2009) and the discovery and documentation of the direct
link between the mass extinction and Deccan volcanism (Keller
etal., 2008, 2009, 201 1a, 2012) has it become possible to directly
link environmental and faunal changes with specific phases of
volcanism (see Keller, this volume).

The objective of this paper is to test the twin hypotheses:

(1) The main phase 2 of Deccan volcanism in C29r near the
end of the Maastrichtian caused global high-stress condi-
tions for planktic foraminifera that resulted in the mass
extinction.

(2) Deccan phase 3 in the early Danian C29n prolonged
environmental stress, preventing full marine recovery for
about a half million years.

We evaluate these hypotheses based on previously published
work and global archival data on planktic foraminifera and carbon
and oxygen stable isotopes that may reveal the devastating envi-
ronmental and climatic effects of these massive continental flood
basalt eruptions. It is well known that Deccan phase 2 corresponds
to the rapid global warming and cooling near the end of the Maas-
trichtian (Li and Keller, 1998b; Ravizza and Puecker-Ehrenbrink,
2003; MacLeod et al., 2005; Robinson et al., 2009) and more
specifically in planktic foraminiferal zones CF2 and CF1, which
span the last 120 k.y. and 160 k.y. of the late Maastrichtian paleo-
magnetic chron C209r, respectively (Li and Keller, 1998a, 1998b;
Abramovich et al., 2002, 2003, 2011; Keller et al., 2011a, 2011b,
2012). Deccan phase 3 corresponds to the rapid global warming

in the early Danian known as the Dan-C2 event (Quillévéré et al.,
2008; Coccioni et al., 2010) correlative with zone P1b of Keller et
al. (1995, 2002a, 2011a, 2011b). Both climatic events are associ-
ated with major faunal changes, including blooms of the disas-
ter opportunist Guembelitria cretacea, dwarfing of species, and
decreased diversity in India and globally (Fig. 1). For this review,
we choose localities that span from India through the Tethys and
Atlantic Oceans to Texas, concentrating mainly on low to middle
latitudes where the faunal effects were the most severe.

ENVIRONMENTAL EFFECTS OF VOLCANISM

Understanding the environmental and biological effects of
large igneous province volcanism is nearly beyond comprehen-
sion. Recent studies are just beginning to provide a glimpse of the
potentially devastating effects of sequential pulses of rapid, mas-
sive outpouring of lavas, and injection of ashes and gases (e.g.,
carbon dioxide, sulfur dioxide, chlorine, fluorine) during large
igneous province emplacement (e.g., Columbia River, Deccan,
Central Atlantic, and Siberian volcanic provinces; see Courtillot
and Fluteau, this volume). For a basic understanding, we turn to
a more recent example with fissure-type eruptions, such as Laki,
Iceland, believed to be similar to Deccan volcanism.

Laki Eruptions of Iceland 1783-1784

From June 1783 to February 1784, Iceland was rocked by the
largest volcanic eruption in human recorded history. About 130
craters opened along fissures in Earth’s surface (Fig. 2A), and the
rising magma interacted with groundwater, creating explosive
lava fountains reaching heights of 900-1300 m. This volcanic
eruption released an estimated 8 Megatons (Mt) of fluorine and
~122 Mt of sulfur dioxide (SO,) into the atmosphere, ~0.91 km?
of tephra (ash) blanketed Iceland and large parts of Europe, and
14.3 km* of basaltic lava spread over Iceland in 8 mo of volcanic
activity (Thordarson and Self, 2003).

Convective currents of the eruption column carried ~20%
of the sulfur mass released from the lava into the lower tropo-
sphere (~5 km), where it formed a local haze (Fig. 2B; Thordar-
son and Self, 2003). About 80% of the sulfur mass (~95 Mt of
SO,) released was carried to a height of 10-15 km into the upper
troposphere—lower stratosphere, where sulfuric aerosols formed
by reaction of SO, and atmospheric vapor produced ~200 Mt of
H,SO, aerosols that spread as distal haze across Europe (Thor-
darson and Self, 2003). About 175 Mt of the H,SO, aerosols were
removed as acid rain over Europe, causing extreme volcanic pol-
lution and blanketing the region as dry fog (Stothers, 1996; Thor-
darson and Self, 2003), which resulted in severe climate extremes
with dire consequences for humans and livestock. The excessive
fluorine input resulted in fluorine poisoning, which along with
the ensuing famine killed 20%—-25% of the human population
and 50%-80% of livestock on Iceland (Brayshay and Grattan,
1999; Grattan et al., 2003; Stone, 2004). Extreme summer heat in
1783 turned to extreme winter cold in 1784, and spring flooding
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Figure 1. Guembelitria blooms in northeastern and southeastern India correlate with Deccan volcanic phase 2 and phase
3 lava megaflows from deep wells in the Krishna-Godavari Basin. Deccan phase 2 and phase 3 volcanism is correlative
with global warming events in the late Maastrichtian zones CF1-CF2 and the early Danian Dan-C2 event in zone P1b.
KTB—Cretaceous-Tertiary boundary; API—American Petroleum Institute units; VPDB—Vienna Peedee belemnite.

caused tens of thousands of additional deaths across Europe and
North America. A decade of extreme climate disruption followed,
destroying crops and leading to famines.

Deccan Eruptions of India

Compared with the Deccan flood basalt eruptions, the Laki
eruptions were inconsequential. During Deccan eruptions, an
estimated 1.5 million km® of lava (100,000 times the size of Laki)
flooded the continent; these deposits currently cover an area the
size of France and were probably three times larger prior to ero-
sion (Fig. 3; Raja Rao et al., 1999). This lava outpouring occurred
in three phases, with the initial and smallest phase 1 (~6% of the
total volume) in the early late Maastrichtian chron C30r/C30n ca.
67.4 Ma (or ca. 68.33 Ma according to The Geologic Time Scale
of Gradstein et al., 2012). The second and largest phase 2 erupted
~80% of the total lava pile (~80,000 times the Laki eruptions)
near the end of the Maastrichtian in chron C29r (Subbarao et al.,
2000; Jay and Widdowson, 2008; Chenet et al., 2007, 2008), end-
ing with the K-T boundary mass extinction (Keller et al., 2011a,
2012). The last phase 3 (~14% of the total volume) erupted in the
early Danian chron C29n.

However, even more important factors than the size of lava
eruptions were the tempo of emplacement and the amounts of
SO,, CO,, Cl, and other gases released into the atmosphere. For
the Deccan Traps, Chenet et al. (2007, 2009) estimated a total of

15,000-35,000 Gigatons (Gt) of CO, and 6500-17,000 Gt of SO,
(compared with 0.122 Gt of SO, at Laki), with 80% erupting dur-
ing phase 2. These totals do not account for the gases released
by massive magma intrusions, contact metamorphism with lime-
stones, coal deposits, and organic carbon-rich sediments, which
could exceed the amount of magmatic gases (Ganino and Arndt,
2009; Courtillot and Fluteau, this volume; Mussard et al., this vol-
ume). The tempo of eruptions for each of the three main phases is
difficult to estimate because each consisted of several single erup-
tive events with lava volumes of 1000 km? to 20,000 km? and some
megaflows reaching ~1500 km across India and out into the Bay
of Bengal. Emplacement of each single eruptive event is estimated
at less than a decade, with each of the three phases emplaced over
~100 k.y., including times of no volcanic activity between flows
(Chenet et al., 2009; Courtillot and Fluteau, this volume). This age
estimate is consistent with biostratigraphic data for phase 2, which
ends with the rapid emplacement of the four largest lava mega-
flows across India coincident with the K-T boundary mass extinc-
tion (Keller et al., 2011a, 2012). A similar sequence of megaflows
ends Deccan Traps phase 3 in the early Danian.

Deccan Volcanism and Chicxulub Impact
How does the gas emission of Deccan volcanism compare

with the Chicxulub impact? Chenet et al. (2008, 2009) esti-
mated that the SO, and CO, flux of the Chicxulub impact may be
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Figure 2. (A) Volcanoes dot the 1783—-1784 Laki fissure eruptions of Iceland (photo by Klaus Ratzer, Germany, http://
www.ratzer-art.de). (B) Schematic illustration of the Laki eruptions and distribution of volcanic gases (modified from
Thordarson and Self, 2003). Similar fissure eruptions are believed to have characterized Deccan volcanism in India,
although at a scale of ~100,000 times Laki today and ~300,000 times Laki prior to erosion.
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Figure 3. (A) Distribution of Deccan volcanic rocks in India today; prior to erosion, Deccan Trap basalts are believed to have covered about three
times this area. Black circles mark sections studied. A map of Iceland with the area of the Laki eruptions is shown at the same relative size for
comparison. (B) Photo shows the Deccan basalts forming 3000-m-high mountains near the Mahabaleshwar Hill Station in the Western Ghats.

KTB—Cretaceous-Tertiary boundary; K-G—Krishna-Godavari Basin.

comparable to just one of the large single eruptive events of Deccan
phase 2. However, the total Deccan gas output may have been on
the order of 20-200 times that of the Chicxulub impact (Courtillot
and Fluteau, this volume). Ultimately, the killing mechanism was
not just the total gas output, but how rapidly eruptions followed
each other. The environmental effects of a single event, such as the
Chicxulub impact or one large Deccan eruption in phase 2, would
have been relatively short-lived, and the environment would have
recovered without necessarily causing species extinctions. Simi-
larly, volcanic eruptions separated by long periods of quiet per-
mit ecosystem recovery and the survival of most species. How-
ever, eruptions that follow each other in rapid succession prevent
recovery and lead to runaway effects. This may have occurred
at the end of the Maastrichtian, when lava eruptions followed
in rapid succession with no evidence of long periods of inactiv-
ity, including the four lava megaflows that reached ~1500 km
across India and into the Bay of Bengal, ending with the mass
extinction (Keller et al., 2011a, 2012; Keller, this volume).

BIOTIC EFFECTS—PLANKTIC FORAMINIFERA

Planktic foraminifera occupy a wide range of habitats from
the surface ocean to subthermocline depths, depending on the
chlorophyll maximum zone, temperature, oxygen, and salinity
constraints. Large-scale events, such as large igneous province
volcanism and very large extraterrestrial impacts, can trigger
global climate and environmental changes resulting in high-

stress conditions for marine organisms derived primarily from
increased precipitation and acid rain, enhanced weathering,
and increased continental runoff (mesotrophy), particularly in
nearshore environments, and changes in ocean water chemistry
(ocean acidification; Keller, 2003, 2005; Gertsch et al., 2011;
Font et al., 2011, this volume; Keller et al., 2011a, 2012). The
response of planktic foraminifera depends on species tolerance to
environmental changes, reproductive strategies to maximize sur-
vival, and the severity, duration, and frequency of perturbations.

Late Maastrichtian to early Paleocene (early Danian) cli-
matic, environmental, and faunal changes have been docu-
mented, particularly in planktic foraminifera, for the past three
decades and now form a considerable database revealing the
biotic responses associated with the environmental stress that
culminated in the K-T boundary mass extinction and the sub-
sequent delayed recovery (e.g., Keller et al., 1993, 1995, 2002a,
2002b; Luciani, 1997, 2002; Li and Keller, 1998a, 1998b, 1998c;
Kucera and Malmgren, 1998; Olsson et al., 2001; Abramovich
and Keller, 2002, 2003; Nordt et al., 2003; Coccioni and Luciani,
2006; Pardo and Keller, 2008; Keller, 2002, 2004; Abramovich et
al., 2010, 2011). This has led to the general acceptance that long-
term environmental changes preceded and succeeded the K-T
boundary mass extinction, despite decades of denial by impact
proponents asserting that the Chicxulub impact was the sole
cause with no significant ongoing environmental changes (e.g.,
Olsson et al., 1997; Norris et al., 1999; Lamolda et al., 2005; Are-
nillas et al., 2000, 2006; Molina et al., 2006; Schulte et al., 2010).
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Late Maastrichtian Biotic Stress

Earlier studies suggest that during the late Maastrichtian,
optimum planktic foraminiferal assemblages consisted of high
species diversity, wide ranges of test sizes, diverse morphologies,
and variable degrees of surface ornamentation, forming a con-
tinuum from small to large and simple to complex (e.g., Keller,
1988a, 2001; Pardo and Keller, 2008; Keller and Abramovich,
2009; Fig. 4). In these types of polytaxic communities, the
diverse, large, complex specialized taxa (K-strategy species) uti-
lize particular food sources, occupy particular ecological niches,
have long life spans, and produce small numbers of offspring
(Begon et al., 1996, 1998). In contrast, the low-diversity, smaller,
less-ornamented species (R-strategists) tolerate a wide range of
environments, utilize a variety of food sources, have shorter life
spans, and produce larger numbers of offspring. R-strategists

opportunists

thus optimize chances for survival, whereas K-strategists opti-
mize the good life while it lasts.

With increasing biotic stress, large specialized species
are successively eliminated, survivors tend to be dwarfed, and
the assemblages are dominated by ecological generalists (R-
strategists; Fig. 5; Keller and Pardo, 2004; Keller and Abramov-
ich, 2009). The result is decreasing diversity with increasing
biotic stress, which may be due to climate change and/or open
marine to successively shallower continental shelf and marginal
marine environments. The most extreme biotic stress conditions
are interpreted from the dominance of G. cretacea and/or Globo-
conusa daubjergensis in low-diversity assemblages (Keller and
Pardo, 2004; Pardo and Keller, 2008; Keller and Abramovich,
2009). “Blooms” of these disaster opportunist species indicate an
R-selected survival strategy, which is common in unpredictable
and stressful environments where quick reproduction improves

specialists

< e

R-strategy

K-stategy

Figure 4. Sizes and shapes of tests of Maastrichtian planktic foraminifera showing a continuum from small R-strategists
to large complex K-strategists. R-strategy and opportunistic life of Guembelitria are inferred from minute test size, simple
chamber arrangement, and isotopically light 8'3C values. K-strategy species are inferred from large and complex test mor-
phology, small populations, and heavier 8" °C values (modified from Keller and Abramovich, 2009). 1, 2—Guembelitria
cretacea, 3—Heterohelix planata, 4—Heterohelix navarroensis, 5—Heterohelix globulosa, 6—Globigerinelloides
aspera, T—Pseudotextularia elegans, 8—Rugoglobigerina rugosa, 9—Globotruncana arca, 10—Pseudoguembelina
costulata, 11—Pseudoguembelina kempensis, 12—Racemiguembelina fructicosa, 13—Contusotruncana walfischensis,
14—Globotruncanita stuarti, 15—Planoglobulina acervulinoides, 16—Abathomphalus mayaroensis, 17—Gublerina

cuvillieri, 18—Planoglobulina multicamerata.
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the chances of survival. Guembelitria species are surface dwell-
ers often associated with unstable environments, mesotrophic
conditions of shallow continental shelves, upwelling areas, and
regions under volcanic influence (Keller, 2003, 2005, 2011;
Keller et al., 2007; reviews in Keller and Pardo, 2004; Pardo and
Keller, 2008).

Species dwarfing, or the Lilliput effect, and other mor-
phological deformities are the most easily identified signals of
high-stress conditions. Dwarfing is likely a survival response to
stress conditions by increasing reproduction rates through early
sexual maturation (MacLeod et al., 2000; Keller and Abramov-
ich, 2009). Such faunal responses have been linked to the global
rapid climate warming in the latest Maastrichtian, decreased
water mass stratification with resultant loss of habitat, high nutri-
ent influx in shallow marine environments, leading to mesotro-
phic or eutrophic waters with reduced dissolved oxygen content,
and reduced symbiotic activity (Abramovich and Keller, 2003;
Keller and Abramovich, 2009).

Species richness reflects the actual number of species present
in any given sample and is used as proxy for high variability and
environmental stress as a function of climate, geography, and ecol-
ogy (Abramovich and Keller, 2002). The lowest species richness
has been consistently observed in areas of volcanic activity, such
as in Deep Sea Drilling Project (DSDP) Site 216 on Ninetyeast
Ridge, Indian Ocean, in the Neuquén Basin, Argentina, and in

the Krishna-Godavari Basin and Meghalaya, India (Keller, 2003,
2005; Keller et al., 2007, 2011a, 2012; Gertsch et al., 2011a). In
these regions, species richness varies between 6 and 12 species,
but increases in intervals after volcanic activity ceased. We there-
fore identify extreme global environmental effects correlative
with Deccan phase 2 by low species richness/diversity, dwarfing,
dominance of disaster opportunists (G. cretacea), and variations
among other environmentally tolerant small species.

Early Danian Biotic Stress

Significant numbers of small late Maastrichtian species
appear to have survived the K-T boundary mass extinction into
the early Danian zone Pla, as also testified by their Danian stable
isotope signals (e.g., Heterohelix globulosa, Heterohelix planata,
Heterohelix navarroensis, Pseudoguembelina costulata, Hed-
bergella monmouthensis, Hedbergella holmdelensis, G. creta-
cea; Keller, 1988a, 1989a, 1989b; Canudo et al., 1991; Keller et
al., 1993, 1994; MacLeod and Keller, 1994; Barrera and Keller,
1990; Keller and Pardo, 2004; Pardo and Keller, 2008; Keller
and Abramovich, 2009). However, only G. cretacea was a long-
term survivor, and it may have been the progenitor of several
Danian clades (Fig. 6; Olsson et al., 1999). This species thrived
in high-stress environments of the late Maastrichtian as well as
in the immediate aftermath of the mass extinction in zone PO and

Optimum —> Increasing Stress ——>» Catastrophe

Stress continuum —— Lilliput effect

Open marine Continental shelf to marginal marine environments Volcanic activity

Figure 5. The effects of increasing environmental stress upon planktic foraminiferal assemblages from optimum to
catastrophe conditions show the successive elimination of large, specialized K-strategy species, the survival of small
R-strategy species, the overall dwarfing of these species, and their great abundance. Figure is modified from Keller and

Abramovich (2009).
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the lower part of zone Pla, but they decreased in the later part
of Pla only to thrive again in P1b. Other survivor species were
generally dwarfed in zones PO and Pla, with H. globulosa abun-
dant in shallow-water environments (e.g., Brazos River, Texas,
and Nye Klov, Denmark). All survivors rapidly disappeared by
the end of Pla (Fig. 6; MacLeod et al., 2000; Keller and Pardo,
2004; Keller and Abramovich, 2009).

All evolving new species found in the early Danian sections
are small (generally <100 pm and frequently <63 um) with thin
test walls, small globular chambers, and simple biserial, trise-
rial, or trochospiral morphologies (e.g., Keller, 1988a, 1989a;
Keller et al., 1993, 1995, 2002a, 2002b; Luciani, 2002; Coccioni
and Luciani, 2006; Pardo and Keller, 2008). The first new spe-
cies evolved in zone PO within a few thousand years of the mass
extinction (e.g., Woodringina hornerstownensis, Woodringina
claytonensis, Parvularugoglobigerina extensa, Gl. daubjergen-
sis; Fig. 6). Shortly thereafter, in zone P1a, additional small spe-
cies evolved with primarily trochospiral coiling (e.g., Parvularu-
goglobigerina eugubina, Parvularugoglobigerina longiapertura,

KTB |
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©
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P1a(2)

Eoglobigerina edita, Eoglobigerina eobulloides, Praemurica
taurica, Globorotalia pentagona, Subbotina triloculionoides,
Parasubbotina pseudobulloides) and a few biserial morpho-
types (Chiloguembelina midwayensis, Chiloguembelina morsei).
Hence, early Danian species diversity remained low and only a
few of these species dominated the assemblages in Pla (P. eugu-
bina, E. edita, W. hornerstownensis, and other biserial species),
suggesting continued high-stress conditions during the 100-
200 k.y. after the mass extinction (Fig. 6).

The disappearance of P. eugubina and P. longiapertura
marks the Pla/P1b zone boundary. Throughout zone P1b, spe-
cies richness remains low with small simple test morphologies.
Guembelitria species (G. cretacea, G. irregularis, G. danica, G.
dammula) dominate yet again, along with GI. daubjergensis, indi-
cating a relapse to stressed environmental conditions. A notable
recovery to higher diversity, larger test morphologies (>150 pm),
and reduced abundance of stress-tolerant species does not take
place until zone P1c—Ilong after the K-T boundary mass extinc-
tion (Fig. 6).

Early Paleocene (Danian)

s Evolution and Delayed ReCOVEry mmmmm——) Onset of Recovery

Figure 6. Early Danian evolution and Cretaceous survivor species illustrating the high-stress environment, small dwarfed
species, and low diversity that mark the delayed marine recovery through zone P1b. The last phase 3 of Deccan volcanism
occurred in zone P1b (C29n). The onset of marine recovery with higher diversity and larger species sizes begins only after
Deccan volcanism ended. Note the decreasing abundance of survivor species with increasing evolution and diversity of
early Danian assemblages. The number of same specimens qualitatively indicates relative abundance. KTB—Cretaceous-

Tertiary boundary.
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GLOBAL K-T BOUNDARY DATABASE

This study summarizes the faunal diversity and species abun-
dance data that appear to link high-stress environments during the
late Maastrichtian and early Danian to Deccan volcanism phase 2
and phase 3. Over 200 K-T boundary sequences from localities
worldwide have been analyzed by one of the authors (Keller),
students, and collaborators (Fig. 7). For many of these sections,
oxygen and carbon stable isotopes and quantitative planktic fora-
miniferal analyses are available and make a formidable database
with which to test various K-T boundary hypotheses regarding
the nature, cause(s), and effects of the mass extinction. The ana-
lyzed sections encompass latest Maastrichtian zones CF3, CF2,
and CF1 and early Danian zones PO, Pla (subzones Pla[l],
P1a[2]), and P1b (correlative with PO, Po, and Pla of Berggren
et al., 1995) (Fig. 8). The database therefore permits evaluation
of the Chicxulub and Deccan volcanism-related hypotheses on a
global scale (Fig. 7).

We use the high-resolution biozonation that resulted from
these studies and was first developed at the El Kef global stra-
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totype section and point (GSSP), refined by additional studies
at the nearby Elles section (Keller, 1988a; Li and Keller, 1998a,
1998b; Keller et al., 1995, 2002a; Fig. 8). This biozonation has
been tested and successfully applied worldwide, including India
(Keller et al., 2008, 2009, 201 1a; Malarkodi et al., 2010; Gertsch
et al., 2011a). Quantitative species analysis is an integral part of
this biozonation and helps with recognition of zones, subzones,
and intervals based on species acmes. The biozones and subzones
were compared and integrated with lithological characteristics
(black clay layer, red oxidized layer with iridium anomaly) and
geochemical proxies (CaCO,, total organic carbon [TOC], 51%C).

STABLE ISOTOPES

Late Maastrichtian to early Paleocene (early Danian) envi-
ronmental changes can be inferred from oxygen and carbon iso-
topes of well-preserved monospecific planktic and benthic fora-
minifera and bulk rock sediments. For this review, we used the
high-resolution records of the South Atlantic DSDP Site 525A
(Li and Keller, 1998a), the Tethys record of Elles, Tunisia (Stiiben
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Figure 7. Global database of Cretaceous-Tertiary boundary (KTB) sections studied to date plotted on the paleomap of 66 Ma. Red-circled yellow

dots mark sections discussed in this review. MORS—mid-ocean ridges.
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Figure 8. Late Maastrichtian and early Danian planktic foraminiferal zonal schemes and ages of biozones calculated based on two time scales
with the Cretaceous-Tertiary boundary (KTB) at 65.0 and 65.5 Ma. The stratigraphic position of Deccan megaflows and the onset of the
Cretaceous-Tertiary boundary mass extinction in the Krishna-Godavari Basin are based on Keller et al. (2011a). This review concentrates on the
shaded interval. Index species: Nephrolithus frequens, Micula murus, Micula prinsii (nannofossils); Racemiguembelina fructicosa, Planoglobu-
lina hariaensis, Gansserina gansseri, Plummerita hantkeninoides, Parvularugoglobigerina eugubina, Parasubbotina pseudobulloides, Subboti-
na varianta, Praemurica inconstans, Praemurica trinidadensis (planktic foraminifera).

et al., 2003), and the shallow shelf record of Brazos, Texas (Mul-
linax-1 core; Abramovich et al., 2011). At all three localities,
foraminiferal test preservation varies from excellent (Brazos,
Texas) to well preserved (DSDP Site 525A, Elles, Tunisia).

Late Maastrichtian

South Atlantic DSDP Site 525A

Remarkable climate changes occurred during the last 280 k.y.
(zones CF2 and CF1) of the Maastrichtian, as shown in the high-
resolution records (samples analyzed at 2000-5000 yr intervals)
of the middle-latitude South Atlantic (Walvis Ridge DSDP Site
525A; Fig. 9; Li and Keller, 1998a). At Site 525A, the long-term
global cooling trend that began in the late Campanian ended with
the maximum Cretaceous cooling near the base of chron C29r,
correlative with the CF3-CF2 zones transition. In the following

warm event, bottom waters warmed rapidly by 3—4 °C (0.8%¢
decrease in benthic 80 values near the base of CF2). This deep-
water warming trend was interrupted by a short cooling event
(1 °C) and ended in the upper part of CF1, when climate cooled
rapidly by 2-3 °C (0.5%o increase in benthic 6'*0 values; Fig. 9).
In contrast to the more stable deep-water temperatures, planktic
8"30 values of surface waters (Rugoglobigerina rugosa) strongly
fluctuated during the warm event (0.3%c—0.5%0), suggesting
unstable climatic conditions, although some of this variation
could also be attributed to diagenetic effects and/or variations
in species habitats. Both surface- and deep-water 8'°C values
remained relatively steady through the warm event, fluctuating
~0.3%o, but they significantly increased during the subsequent
cooling in the upper zone CF1 (Fig. 9). The late Maastrichtian
record at Site 525A ends at the K-T boundary hiatus with an
indeterminate interval eroded (Li and Keller, 1998a, 1998b).
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Figure 9. Carbon and oxygen isotopes of monospecific planktic and benthic foraminifera at Elles, Tunisia, and South Atlantic Deep Sea Drill-
ing Project (DSDP) Site 525A. Gray marks cool intervals; black marks warm intervals. Note the broad climate warming of zones CF1-CF2 at
Site 525A shows a more complex pattern at Elles, where two warm phases are separated by a short cool pulse. The late Maastrichtian warming
at Elles is not present at Site 525A, probably because of the Cretaceous-Tertiary boundary (KTB) hiatus. Note that at Elles, oxygen isotope
values are 3%0—4%o lighter, suggesting diagenetic effects due to burial diagenesis and/or interaction with isotopically light meteoric water as a
result of freshwater input. Data are from Li and Keller (1998a) and Stiiben et al. (2003). VPDB—Vienna Peedee belemnite; planktic species—

Rugoglobigerina rugosa; benthic species—Anomalinoides acuta, now known as Cibicidoides pseudoacuta.

Elles, Tunisia

In the middle-shelf section of Elles, Tunisia, samples were
analyzed at 5-10 cm intervals, recording a sample resolution
of ~2000 yr (Stiiben et al., 2003). Oxygen isotope values are
3%c—4%o lighter than at Site 525A (Fig. 9), suggesting freshwa-
ter influx and diagenetic effects due to burial diagenesis and/or
interaction with isotopically light meteoric water (Stiiben et al.,
2003). This prevents the calculation of actual paleotemperatures,
although climate trends are likely preserved, as indicted by their
similarity to Site 525A. Significant differences are largely due
to the expanded Elles record of 22 m, compared with just 4.2 m
at Site 525A, and the lower-latitude location. As a result of this
expanded record and detailed sampling, the climate changes are
better resolved in both surface and bottom waters.

Three significant cool intervals can be recognized in planktic
and benthic oxygen isotopes: lower part of CF2, base of CF1, and
upper part of CF1 (Fig. 9). Only the upper two cool intervals are

recognized in Site 525A. In addition, there is significant warming
in the top meter immediately preceding the K-T boundary, which
is not present at Site 525A due to a hiatus. Surface waters show
less sample variability in 6'*O values and four distinct strong
warm events (Fig. 9). The 8"°C values at Elles are significantly
more variable than at Site 525A. In zone CF3, both surface and
bottom waters show a gradual decrease, but the latter shows an
abrupt 0.7%o shift near the top of CF3. During the following
warm event, the bottom-water 8'*C values gradually increase up
to the K-T boundary. In contrast, surface 8"*C values decrease
through the warm event, temporarily increase in the lower half of
the subsequent cooling, and rapidly increase just below the K-T
boundary (Fig. 9).

Brazos River, Texas
At the Brazos section (core Mullinax-1), samples were
analyzed at 5-10 cm intervals (Abramovich et al., 2011). The
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sediment accumulation rate for the CF2—CF1 interval is rela-
tively high (9 m) compared with Site 525A (4.2 m), though
less than at Elles (22 m). However, this excludes erosion at
the base of the sandstone complex, which is estimated to be
several meters. Preservation of foraminiferal tests is excel-
lent, which rules out significant diagenetic alteration. How-
ever, 80 and §"°C values covary and are ~2%c—3%o lighter
than at Site 525A. This has been attributed to the shallow
shelf location and influx of freshwater during warm intervals
(Abramovich et al., 2011). Therefore, no temperatures calcu-
lations were made for Brazos.

Compared with deep-water environments, climate changes
recorded in shallow nearshore environments can be expected to
show more enhanced temperature changes modified by prox-
imity to land. This is evident in the Mullinax-1 core, where
8"0 values vary by 2%c—3%o (Fig. 10). The warm/cool climate
spans the same interval from the CF3-CF2 transition to the K-T
boundary, but there are significant differences in the timing rel-
ative to Elles. This may be largely due to the rarity of the zone
CF1 and CF2 index species (first appearance of Plummerita
hantkeninoides, last appearance of Gansserina gansseri; Fig. 8)
at Brazos and hence uncertainty in the CF3-CF2 and CF2-CF1
boundary placements.

At Brazos, the first warm event (CF3-CF2 transition) is sig-
nificantly shorter than at Elles, which may be due to erosion or
nondeposition, which commonly accompanies the maximum
cooling and sea-level regression near the end of CF3. The sec-
ond warm event shows highly fluctuating values with freshwa-
ter influx (Fig. 10; Abramovich et al., 2011). The subsequent
cool interval marks a sea-level fall, erosion, and deposition of
the sandstone complex with reworked Chicxulub impact spher-
ules (Adatte et al., 2011; Keller et al., 2011b). Claystone deposi-
tion resumes above the sandstone complex as sea level rises and
temperatures gradually increase toward the K-T boundary (Fig.
10). Bulk 8"C values decrease during the pre-K-T boundary
warming (Keller et al., 2007), which is contrary to the increase
observed at Elles.

Timing of Climate Change

We can derive best estimates for the age and duration of the
major climatic changes based on sediment accumulation rates
calculated from the expanded Elles section. We use the time
scale of Gradstein et al. (2004), which places the K-T bound-
ary at 65.5 Ma, and zones CF1 and CF2 span the last 160 k.y.
and 120 k.y., respectively, corresponding to most of chron C29r
at the top of the Maastrichtian. Rapid climate warming began
~280 k.y. before the K-T boundary and reached its maximum
near the top of zone CF2, or within ~110 k.y. (including the
short cooling in the lower part of CF2; Fig. 9). The subsequent
cool and warm intervals span ~50 k.y. and 60 k.y., respectively,
followed by another cool interval of ~40 k.y. and the latest
Maastrichtian warming (~20 k.y.). Although these values are
tentative, they demonstrate that the warm and cool intervals
were of relatively short duration.

Early Danian Climate Change

The early Danian is a difficult time interval for evaluation
of climatic and environmental changes because the K-T bound-
ary transition is frequently incomplete with hiatuses (MacLeod
and Keller, 1991a, 1991b; Keller et al., 2013), which makes
comparison of isotope records difficult. In addition, few high-
resolution Danian records exist, and most studies have concen-
trated only on the K-T boundary and its immediate aftermath.
We examined the published records concentrating on zones Pla
and P1b (zonal scheme by Keller et al., 1995, 2002a; Fig. 8).
Because of frequent hiatuses at the K-T boundary, the earliest
Danian stable isotope record is not well understood in zone Pla
and at the P1a-P1b boundary, and the climatic and environmen-
tal history of this interval is still uncertain. However, for zone
P1b, the sediment record is generally well represented, and we
concentrate on this interval.

The most detailed early Danian record for zone P1b is from
the North Atlantic Ocean Drilling Program (ODP) Site 1049C,

(Abramovich et al,, 2011)
13
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Figure 10. Oxygen and carbon isotope data from monospecific plank-
tic and benthic foraminifera and bulk rock at the Brazos River, Tex-
as, Mullinax-1 core. Note the late Maastrichtian CF2—-CF1 warming
phases are similar to Elles with two main warm intervals plus the end-
Maastrichtian warming. Note: the very negative 8'%0 values likely re-
flect freshwater influx during warm phases. Data are from Abramovich
et al. (2011). KTB—Cretaceous-Tertiary boundary; VPDB—Vienna
Peedee belemnite; planktic species—Pseudoguembelina costulata;
benthic species—Lenticulina.
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where Quillévéré et al. (2008) recorded two short-term negative
8'%0 and 8"C excursions that define the Dan-C2 event (~1.5%o;
Fig. 11). Sea-surface temperature rose an estimated ~4 °C, as
suggested by the ~1%o shift in the planktic foraminifer Praemu-
rica taurica, assuming that samples are not biased by postdepo-
sitional processes. Similar excursions were recorded at South
Atlantic Sites 527, 528, Italy and Ukraine, suggesting a global
event (Quillévéré et al., 2008; Coccioni et al., 2010; Gilmour et
al., 2013).

However, available isotope records from the eastern Tethys
(Israel, Egypt) do not mirror the structure or position of the Dan-
C2 isotope event at Site 1049C, although distinct excursions are
present (Fig. 11). In all eastern Tethys sections, the first 3'0 and
8"3C excursions are at or near the Pla-P1b boundary. The second
excursion, which likely reflects the Dan-C2 event, occurs sig-
nificantly above this interval, although the characteristic double-
peak excursion of Site 1049C is not recognized. Several factors
can explain these differences, including the presence of hiatuses
and low sample resolution. All eastern Tethys sections, as well as
North Atlantic Site 1049C, have multiple early Danian hiatuses,
including at the K-T boundary, with most of zone Pla miss-
ing, and at the Pla-P1b boundary, with the lower part of zone
P1b and upper part of zone Pla eroded (Keller and Benjamini,
1991; Keller et al., 2002a, 2013; Punekar et al., 2014). This can

explain the variable stratigraphic position of the isotope excur-
sion referred to as Dan-C2.

BIOTIC STRESS—LATE MAASTRICHTIAN

Biotic stress conditions associated with the late Maastrich-
tian climate warming and cooling have been documented in
numerous localities, summarized in Pardo and Keller (2008) and
Keller and Abramovich (2009). Here, we review the climatic and
environmental effects on planktic foraminiferal species diversity
and abundances based on high-resolution quantitative studies
from the middle-latitude South Atlantic (Li and Keller, 1998a;
Abramovich and Keller, 2003), the eastern Tethys (Abramovich
and Keller, 2002; Stiiben et al., 2003), and Western Interior Sea-
way (Texas; Abramovich et al., 2011; Keller, 2011).

DSDP Site 525A—South Atlantic

The biotic response to the late Maastrichtian climate warm-
ing in the South Atlantic Site 525A includes dwarfing, decreased
diversity, temporary disappearance of species, decreased photo-
symbiotic activity, and depth migration (Fig. 12; Abramovich
and Keller, 2003). The biotic stresses appear to be primarily
associated with temperature-related changes in the water mass
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Figure 11. Oxygen and carbon isotope data (planktic, benthic, and bulk rock) in sections from the North Atlantic (Ocean Drilling Program
[ODP] Site 1049C) and eastern Tethys (Israel and Egypt). Coeval zone P1b excursions (gray shaded area) originally identified at Site 1049C
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stratification accompanied by decreased niche habitats for spe-
cialized large species.

The typical small (63—150 pm) middle-latitude species were
least affected and retained their population sizes, with the excep-
tion of the dominant Heterohelix planata (formerly known as
Heterohelix dentata), which decreased significantly during warm
intervals and increased during cool intervals. Heterohelix globu-
losa is less abundant but also increased during the cooling near
the end of the Maastrichtian. In contrast, the disaster opportunist
G. cretacea is rare.

Dwarfing is the most striking response to the stress condi-
tions associated with climate warming. All morphotypes are
affected (Fig. 12), particularly the large (>150 um), complex,
specialized species living at intermediate depth (thermocline).
Stressed assemblages show 30%—60% of the population dwarfed
to one-third or half of their normal average size.

The Shannon-Weaver index (H’; Buzas and Gibson, 1969)
for species diversity shows major changes at Site 525A. For
large species (>150 pm), diversity drops dramatically at the onset
of warming and recovers partly during cool intervals but never
regains the prewarming high diversity (Fig. 12). The reason for
this diversity drop is the high number and high abundance of
dwarfed larger species to sizes below 150 um.

Elles, Tunisia—Western Tethys

The faunal turnovers in the middle-latitude South Atlantic
and Tethys Oceans are broadly similar, though H. globulosa
dominates in the Tethys. Heterohelix planata mirrors the pattern
at Site 525A, with greater abundance during cool intervals and
decreased abundance (from ~30% to ~10%) during warm inter-
vals (Fig. 13). Heterohelix globulosa shows a general decline dur-
ing warm intervals, although this relationship is not very consis-
tent. Increased abundances of G. cretacea are observed in zones
CF3 and CFl1, though abundances are too low to compare with
shallower shelf sequences where this species dominates (Keller
and Pardo, 2004; Pardo and Keller, 2008). Complex species, such
as the intermediate-dwelling globotruncanids, decrease in their
relative abundance during cool intervals with a slight recovery
during warming.

Diversity trends at Elles are different from Site 525A. The
values of the diversity index H” for small (63—150 pum) and large
(>150 pm) species show parallel trends. During cool intervals
in zones CF3, CF2, and CF1, diversity of large species drops,
and diversity of small species increases (Fig. 13). During the
first two warm intervals, diversity of the large species is higher
than that of small species. The main decrease begins in the
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Figure 12. Species adaptation to biotic stress during the late Maastrichtian climate warming at Deep Sea Drilling Project (DSDP) Site 525A,
modified from Li and Keller (1998a) and Abramovich and Keller (2003). KTB—Cretaceous-Tertiary boundary; H. planata—Heterohelix pla-

nata, H. globulosa—Heterohelix globulosa.
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warm interval near the top of zone CF2 and continues into the
first cooling of zone CF1, reaching minimum values along with
small species. During the CF1 warm and cool intervals up to the
K-T boundary, small species diversity is slightly higher than for
large species. Diversity H’ for larger species thus indicates high-
stress conditions beginning near the top of zone CF2, whereas
for small species, diversity increases. In contrast, at Site 525A,
dwarfing of larger species resulted in significant diversity reduc-
tion (Fig. 12). The diversity decrease in the CF1 cool intervals
likely reflects the decreased abundance or absence of special-
ized large species living at thermocline depths, possibly due to
upwelling effectively reducing habitat space. This can be evalu-
ated based on species richness.

All variability in species richness is observed in
intermediate-depth dwellers (the thermocline dwellers; Abramov-
ich and Keller, 2003; Abramovich et al., 2003), which increase
in diversity during warming and decrease during cooling, indi-
cating major changes in the water mass stratification (Fig. 13).
These changes may be related to upwelling and reduced thermo-
cline depth during cooling and expansion of the oxygen mini-
mum zone during warming. Both cooling and warming would

have placed maximum stress on the intermediate-dwelling large
specialized species, driving them to near extinction. Specialized
species show normal combined species diversity (66%) but very
low combined total species abundances (<10% overall, <5% glo-
botruncanids). Surface- and deep-water dwellers experienced
little variability.

Brazos River, Texas—Western Interior Seaway

For most of the late Maastrichtian, claystone deposition in
the Brazos River area occurred in a middle shelf environment,
which dropped to inner shelf depth in the upper part of zone CF1,
marked by an unconformity and deposition of the sandstone com-
plex with reworked Chicxulub impact spherules (Fig. 14; Keller
et al., 2007, 2011b). Claystone deposition resumed with latest
Maastrichtian zone CF1 assemblages and stable isotope signals
marking deposition of the sandstone complex and the reworked
Chicxulub impact spherules as latest Maastrichtian in age.

The same small heterohelicids (H. planata, H. globulosa)
and Guembelitria that dominate at Elles and Site 525A domi-
nate at Brazos. These three species account for 75%—-95% of the
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Figure 13. Species adaptation, species richness, and diversity compared with oxygen isotope trends at Elles, Tunisia. Data are from Abramov-
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total planktic foraminiferal population (Fig. 14; Abramovich et
al., 2011; Pardo and Keller, 2008). Heterohelix planata shows a
distinct preference for cooler temperatures with major decreases
in relative abundances in both warm phases, similar to Elles and
Site 525A. In the first warm phase (CF3-CF2 transition), rela-
tive abundance drops from 50% to 25%, but it recovers during
the subsequent cooling. Interestingly, the terminal population
decrease begins in the middle warm interval (zone CF1), with
no recovery in the subsequent cooling. Heterohelix globulosa
shows the opposite trend, with higher abundances during the
warm intervals and continuing high abundance across the K-T
boundary into the early Danian. Species are dwarfed in zone CF1
as well as in the early Danian zones PO-P1a, where survivor pop-
ulations of H. globulosa show Danian isotope signals (Barrera
and Keller, 1990; MacLeod et al., 2000). The most abundant spe-
cies during CF1 warming is G. cretacea, with pronounced peaks
(>50%) at the warm-cool transitions.

The diversity index H” shows little change except for a
gradual decrease through the latest Maastrichtian. Species rich-
ness plotted as histograms for small and large species for each

meter interval shows larger species disappearing in cool inter-
vals and particularly during deposition of the sandstone complex
(Fig. 14). This is due to the sea-level drop to inner neritic depths
and even subaerial exposure within 2.5 km of Mullinax-1, which
excluded all but the surface dwellers from the area (Keller et al.,
2011b; Adatte et al., 2011). Species richness (5 point average)
fluctuates with climate changes, showing maxima during warm
phases and minima during cool phases, as also observed at Elles.

BIOTIC STRESS—EARLY DANIAN

The planktic foraminifera during the early Danian indicate
prolonged environmental stress and delayed ecosystem recov-
ery after the mass extinction. The most expanded early Danian
sequences known to date are from Tunisia (Elles and El Kef sec-
tions) and Texas (Brazos River sections). However, high-resolution
stable isotope records and faunal analyses for zones P1b and Plc
are still lacking. In the condensed and less complete sequences
from the North and South Atlantic (D’Hondt and Keller, 1991;
Keller, 1993; Keller et al., 2013) and the eastern Tethys (Fig.
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15), early Danian zones PO and Pla contain multiple hiatuses
(MacLeod and Keller, 1991a, 1991b; Keller and Benjamini, 1991;
Keller et al., 2013; Punekar et al., 2014). For this reason, we con-
centrate on zone P1b, which is relatively complete.

Guembelitria blooms are well known from the aftermath
of the K-T boundary mass extinction, but their reappearance in
zone P1b (frequently with blooms of Gl. daubjergensis) is less
well documented. In most sections in Israel and Egypt, the P1b
Guembelitria blooms begin near the Pla-P1b hiatus, correlative
with a major isotope excursion at Hor Hahar and Wadi Hamama
(Figs. 11 and 15). Species richness remains low, and species are
dwarfed through zone P1b (10-15 species; e.g., Keller and Ben-
jamini, 1991; Keller, 1988a, 1988b, 2002, 2004; Punekar et al.,
2014). Near the top of P1b, Guembelitria blooms decrease rap-
idly and are replaced by blooms of chiloguembelinids, which in
turn give way to the first larger (>150 um) trochospiral species
morphologies and higher diversity in zone Plc. This marks the
onset of full marine recovery after the mass extinction.

This pattern of Guembelitria blooms, frequently accompa-
nied by blooms of Gl. daubjergensis, is observed from India to
the Tethys and Atlantic to Texas, marking global high-stress envi-
ronments in open marine and marginal marine settings (Figs. 16
and 17). These renewed high-stress conditions follow a period of

recovery in the upper part of the P. eugubina zone (Pla[2]), as
indicated by the low or nearly disappearing Guembelitria spe-
cies (Fig. 17). Interestingly, the onset of the renewed high-stress
environment is marked by the extinction of P. eugubina and its
similar morphotype P. longiapertura, as well as changes in the
relative abundances of other species (Fig. 15) documented in
numerous publications (e.g., Keller, 1988a, 1989a, 1989b; Keller
and Benjamini, 1991; Canudo et al., 1991; Keller et al., 2013;
Punekar et al., 2014). The renewed high-stress environment and
long-delayed marine recovery after the mass extinction have long
been an enigma and largely ignored by paleontologists. Recent
documentation of early Danian zone P1b assemblages in inter-
trappean sediments between Deccan lava megaflows in India pro-
vides clues to this mystery.

DECCAN VOLCANISM AND THE K-T BOUNDARY
MASS EXTINCTION

Recent studies of deep wells in the Krishna-Godavari Basin
of India have documented the K-T boundary mass extinction in
marine sediments between Earth’s largest megaflows, reaching
>1000 km across India during the main Deccan eruption phase 2
(80% of total Deccan volume) in the latest Maastrichtian chron
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Guembelitria blooms in open marine environments
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Figure 17. Guembelitria blooms in open marine environments show similar distributions and abundances in the early Danian zone P1b, but only
minor Guembelitria blooms in the latest Maastrichtian zone CF1. K—Cretaceous; T—Tertiary.

C29r (zones CF1-CF2; Chenet et al., 2007, 2008; Self et al., 2008;
Keller et al., 2011a, 2012). These data now permit re-evaluation
of the climatic changes and global high-stress conditions in zones
CF1-CF2 before the K-T boundary mass extinction that could
never be explained by the Chicxulub impact hypothesis.

The expanded paleoclimatic records from Tunisia and Texas
with distinct multiple rapid warm-cool events suggest that cli-
matic changes in the late Maastrichtian zones CF1-CF2 were
complex and episodic (Figs. 9 and 10), rather than a single global
hyperthermal event in chron C29r, as originally identified at Site
525A and elsewhere (Fig. 9; Li and Keller, 1998a; Ravizza and
Puecker-Ehrenbrink, 2003; Nordt et al., 2003; MacLeod et al.,
2005; Robinson et al., 2009). The apparently single hyperthermal
event can be explained by condensed sedimentation at Site 525A
and elsewhere, as evident by comparison with Tunisia and Texas,

where sediment accumulation is two to three times higher. The
rapid paleoclimatic fluctuations evident in the carbon and oxygen
isotope records point toward recurrent environmental perturba-
tions, which likely resulted from the rapid succession of major
Deccan eruptions, particularly the four lava megaflows that span
planktic foraminiferal zones CF1-CF2 and most of the Micula
prinsii nannofossil zone in the Krishna-Godavari Basin (Keller
et al., 2011a, 2012). In the sediments below the first megaflow,
planktic foraminifera gradually suffered a nearly 50% drop in
species richness due to volcanic activity in the central magmatic
province, as indicated by geochemical and mineralogical data
(Keller et al., 2012). In the intertrappean sediments after the first
megaflow eruption, survivors suffered another nearly 50% drop,
leaving only 7-8 species. No recovery occurred between the next
three megaflows, and the K-T boundary mass extinction was
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complete by the end of the last megaflow of phase 2. Whether this
extinction pattern in India can be recognized globally remains to
be examined in high-resolution expanded sediment records. Keys
to this endeavor are complete K-T boundary sequences with high
sediment accumulation rates, good carbonate preservation, and
high-resolution stable isotope records, and ideally the recogni-
tion of unique chemical markers of Deccan volcanism.
Robinson et al. (2009) have linked a decline in '87Os/'%0s
beginning at the C30n-C29r transition and the late Maastrich-
tian global warming event with the main phase 2 of Deccan vol-
canism. Font et al. (2011, this volume) discovered a promising
technique for identifying Deccan volcanism signals based on
magnetic studies at Bidart (France) and Gubbio (Italy), where
Cl-bearing iron oxides in low-magnetic-susceptibility (MS)
intervals just below the K-T boundary suggest a reaction between
HCl-rich volcanic gas and liquid-solid aerosols. Detailed faunal
analysis of the Bidart section reveals that this low MS interval
spans the last 30 cm of zone CF1. The planktic foraminifera here
are few and poorly preserved due to dissolution, marking ocean
acidification linked to Deccan volcanism (Font et al, 2011). Sial
et al. (2013) used mercury concentrations as a proxy for volca-
nic activity and determined the atmospheric Hg and CO, buildup
in three K-T boundary localities (Argentina, Brazil, Denmark);
they discovered that the main species, Hg*2, is of volcanic origin
and may be used as indicator of volcanic activity during extreme
climatic and biotic events. Similar studies are needed on a global
basis to document the causes and consequences of extreme cli-
matic and biotic events during the K-T boundary transition.

Ocean Acidification and Its Biotic Effects

Large-scale volcanism can severely perturb the carbon cycle
due to the increased CO, emissions into the atmosphere. Loading
of pCO, at a rate faster than the buffering time/capacity of the
ocean (~1000 yr; Zeebe, 2012) can significantly affect seawa-
ter carbonate chemistry. Equilibration at the atmosphere-ocean
interface would result in lowering of the CO,> ion concentration
and/or lowering of the surface ocean pH (Kump et al., 2009).
Acidification would therefore lead to a calcification crisis for the
carbonate-secreting planktons such as coccolithophores, fora-
minifera, and pteropods. The removal of huge volumes of vol-
canic SO, as acid rain would also lead to short-term lowering of
surface ocean pH and cause severe biotic stress. Several faunal
turnovers and mass extinction events that affected marine calci-
fiers in geological history may have involved ocean acidification
events, including ocean anoxic events of the Paleozoic and the
Paleocene-Eocene thermal maximum (see review in Honisch et
al., 2012). Dwarfism, malformed individuals, and R-strategist—
dominated assemblages are recorded in calcareous nannoplank-
ton during oceanic anoxic event la (OAE la), likely linked with
stepwise accumulation of CO, in the ocean and progressive acidi-
fication (Erba et al., 2010).

In the past ~300 yr, the pH of the ocean has dropped by
0.1 units, and a further drop of 0.7 units is expected in the next

~300 yr due to anthropogenic CO, emissions. At this rate, mod-
els predict the southern oceans to become undersaturated with
respect to aragonite in the next 50 yr and with respect to calcite
in the next 100 yr (Orr et al., 2005; Zeebe et al., 2008). Experi-
ments show that shell dissolution in live pteropods begins in
less than 48 h on exposure to undersaturated waters (Fabry et
al., 2008; Doney et al., 2009). Calcite-precipitating organisms
are likely to suffer similar test dissolution on further acidifica-
tion. Laboratory culture experiments confirm a decrease in the
shell mass of planktic foraminifera with a decrease in [CO32*]
of ambient water (Spero et al., 1997; Bijma et al., 1999). Acidi-
fication appears to have resulted in a 30%—-35% reduction in
calcification in modern Globigerina bulloides from the South-
ern Ocean as compared to Holocene specimens (Moy et al.,
2009). Modern benthic foraminifera in sediments associated
with shallow volcanic CO, seeps in Papua New Guinea show
a decline in abundance and diversity correlative with decreas-
ing pH (with complete absence in pH <7.9, >700 patm pCO,;
Uthicke et al., 2013).

Deccan Volcanism and Ocean Acidification

Deccan volcanism phase 2 during the late Maastrichtian
occurred as a series of at least 30 major eruptive events. The
estimated CO, emission rate for each single eruptive event is up
to 20 Gt/yr (assuming a maximum duration of ~10 yr for each
event; Chenet et al., 2009; Courtillot and Fluteau, this volume).
This rate is comparable with the magnitude of anthropogenic
CO, loading (~30 Gt/yr) since the advent of the industrial rev-
olution (Forster et al., 2007). A single Deccan eruptive event,
or meteorite impact, of geologically short duration could result
in ocean acidification that persisted for no more than 1000 yr
(Gibbs et al., 2010), which may not be resolvable in the sedi-
mentary record. However, the rapid succession (months, years,
decades to 100,000 yr; Courtillot and Fluteau, this volume)
of major Deccan eruptive events likely changed the seawater
chemistry of the ocean, resulting in ocean acidification within
a few hundred years of the onset of volcanism (analogous to
the present-day anthropogenic situation of 300-600 yr) and may
have lasted for 10,000-100,000 yr (the time scale of restora-
tion of pre-perturbation marine [CO,>] by continental weather-
ing processes; Archer, 2005; Honisch et al., 2012). At this time
scale, the effects of ocean acidification would have persisted
long enough to be resolved in the sediment record. The episodic
nature of Deccan eruptions leading to ocean acidification along
with changes in water mass stratification caused by rapid global
warming and cooling may explain the severe stress conditions
for marine calcifiers near the end of the Maastrichtian.

Although this is a compelling hypothesis, acidification as a
kill mechanism in the mass extinction of planktic foraminifera
still requires rigorous evaluation. The intervals that record fau-
nal stress must be tested for paleo-pH or [CO,*] changes using
proxies such as 6''B, B/Ca, and Zn/Ca (Yu and Elderfield, 2007;
Honisch et al., 2012). Dissolution-based proxies such as CaCO, %
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and foraminiferal shell weight may also be used as supporting
evidence in sections that have not been significantly affected by
postdepositional dissolution and recrystallization.

DECCAN VOLCANISM AND DELAYED RECOVERY
AFTER THE MASS EXTINCTION

The delayed recovery in marine biota in the aftermath
of the K-T boundary mass extinction has remained an enigma
ever since the beginning of the K-T boundary debate (Hsii and
McKenzie, 1985; Keller, 1988a, 1989a; Magaritz et al., 1992;
review in Keller and Abramovich, 2009). Magaritz et al. (1992)
first identified a major 8'*C anomaly associated with a black clay
layer in the early Danian section in the Negeyv, Israel, and Keller
and Benjamini (1991) documented very high abundances of G.
cretacea, identifying this event as a major high-stress environ-
ment similar to the immediate aftermath of the K-T boundary
mass extinction. More recently, Quillévéré et al. (2008) observed
negative 8'%0 and 8"3C anomalies in the North Atlantic ODP Site
1049C, and DSDP Sites 527 and 528, in zone Pla of Berggren et
al. (1995), which corresponds to zone P1b of Keller et al. (1995;
Fig. 8), and labeled this the hyperthermal Dan-C2 event. Coc-
cioni et al. (2010) linked this warming to the last phase of Dec-
can volcanism, which began near the base of chron C29n coinci-
dent with the zone P1a-P1b boundary (Chenet et al., 2007, 2008,
2009; Keller et al., 2008, 2011a).

Keller et al. (2011a, 2012) documented zones Pla, P1b, and
Plc assemblages in sediments below, between, and above the
megaflows of Deccan phase 3 in nine deep wells of the Krishna-
Godavari Basin. The early Danian planktic foraminiferal turnover
associated with Deccan volcanism records the same low diver-
sity, small species morphologies, and sequence of appearances/
disappearances as observed in zones Pla and P1b worldwide.
Biotic recovery to larger size and higher diversity followed in
zone Plc after Deccan phase 3 ended. This study firmly links the
early Danian high-stress environment and delayed recovery to
the last phase 3 of Deccan volcanism. High-stress environments
in zone P1b are evident by blooms of the opportunistic species
Guembelitria and/or Gl. daubjergensis from India to the eastern
Tethys (Israel and Egypt) and Texas (Figs. 16 and 17).

Interestingly, there are no extinctions associated with the
Danian perturbations. Several factors can explain the differing
responses between Deccan phase 2 and phase 3: (1) phase 3 vol-
canic eruptions were not as frequent or extreme as in phase 2
and therefore permitted ecosystem recovery between eruptions.
(2) Climate changes associated with phase 3 were less extreme
compared with phase 2 during the latest Maastrichtian, when
temperatures on land rose by 5-8 °C and temperatures in the
deep sea rose by 3—4 °C (Li and Keller, 1998b, 1998c; Nordt
et al., 2003; Wilf et al., 2003). (3) Deccan phase 3 accounts for
14% of the total Deccan eruption volume as compared with 80%
for phase 2. (4) The less catastrophic biotic response to phase
3 volcanism is at least partly related to faunal assemblages that
evolved during post—K-T boundary high-stress environments and

therefore were better adapted with a wider range of tolerance
than the highly specialized Maastrichtian species.

CONCLUSIONS AND FUTURE WORK

Until a few years ago, the K-T boundary mass extinction
was commonly attributed to the Chicxulub impact as the sole
cause, and the long-term pre- and postextinction climatic, envi-
ronmental, and faunal changes were either denied as nonexist-
ing or ignored as unrelated to the mass extinction (see Schulte
et al., 2010). Today, it is generally recognized that large igneous
province volcanism played a major role in four out of five mass
extinctions, including that at the K-T boundary (Bond and Wig-
nall, this volume; Courtillot and Fluteau, this volume; Keller, this
volume). Deccan volcanism is the only large igneous province
event where a mass extinction has been documented in sediments
between major basalt flows, providing an excellent case study
for evaluation of the immediate effects of volcanic eruptions on
marine life. This review summarizes the global climatic and fau-
nal changes associated with the main Deccan phase 2 that led
to the K-T boundary mass extinction and the last phase 3 that
delayed recovery in the early Danian for at least 500 k.y. (Fig.
18). The initial Deccan phase 1, which accounts for ~6% of the
total basalt eruptions, can also be recognized by Guembelitria
blooms in India and Texas in zone CF4. However, there are little
data available on this time interval to date.

There are still many challenges in working out the details of
the faunal and climatic records globally and correlating these to
Deccan volcanism. The major hurdle is the incomplete record in
most localities, with hiatuses at the K-T boundary, within zone
Pla, and at the Pla-P1b boundary. These short hiatuses are gen-
erally not recognized by routine biostratigraphic analysis based
solely on the presence or absence of the index species, which
frequently leads to erroneous conclusions that the record is com-
plete when in fact just a small fraction of a biozone is preserved.
High-resolution quantitative faunal analysis is necessary to deter-
mine the completeness of the sedimentation records, though such
studies are often not done because they are very labor intensive.

Another challenge is the accurate evaluation of the age and
tempo of the individual pulsed eruptions and megaflows, which
requires chronologic dating using zircons for maximum age reso-
lution. Equally important are accurate age estimates for the dura-
tion of quiescent intervals between eruptive events; it is possible
that good age estimates can be obtained from red bole horizons
between Deccan flows and from intertrappean marine sediments.

Multidisciplinary studies and use of a wide variety of geo-
chemical proxies are required to understand the deleterious
effects of Deccan volcanism on climate, the environment, and
marine biota, with particular emphasis on potential stress and kill
mechanisms, such as surface ocean acidification, marine calcifi-
cation crisis, increased continental weathering, and nutrient and
productivity changes.

Better atmospheric and oceanic global climate models for
the late Maastrichtian—early Danian based on geochemical,
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Effects of Deccan volcanism on paleoenvironment and planktic foraminifera: A global survey

paleoclimatic, and faunal records could improve our understand-
ing of the runaway effects that likely caused the mass extinction.
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