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A B S T R A C T   

Mercury (Hg) anomalies linked to Large Igneous Provinces (LIP) volcanism have been identified in sediments 
across all five major mass extinctions in Earth's history. This study tests whether Hg in marine sediments is a 
reliable proxy linking Deccan Traps volcanic eruptions to late Maastrichtian global climate warming and the 
mass extinction at the Cretaceous-Paleogene boundary (KPB). Our primary test site is the Elles section in Tunisia, 
the auxiliary Global Stratotype Section and Point (GSSP) to El Kef. Elles has the most complete marine sedi
mentary record and a high average sedimentation rate of ~4.7 cm/ky. We chose the Hor Hahar section in Israel 
to corroborate the geographic distribution of Hg fallout from Deccan volcanism. Reliability of the Hg proxy over 
the last 550 ky of the Maastrichtian to early Danian was evaluated based on high-resolution age control (orbital 
cyclostratigraphy), stable isotope climate record, Hg concentrations, biotic turnover and mass extinction. These 
results were correlated with the pulsed Deccan eruptive history constrained previously by U-Pb zircon geo
chronology. 

Our results support Hg as robust proxy for Deccan volcanism with large Hg spikes marking “extreme event” 
(EE) pulsed eruptions correlative with climate warming peaks separated by steady, less intense eruptions. Long- 
term global climate warming began near ~350 ky pre-KPB, reached maximum warming (3–4 °C) between 285 
and 200 ky pre-KPB, followed by gradual cooling and rapid temperature drop between 45 and 25 ky pre-KPB. 
During the last 25 ky before the KPB, multiple Hg EE eruptions correlate with hyperthermal warming that 
culminated in the rapid mass extinction at Elles during ≤1000 years of the Cretaceous. These latest Cretaceous 
Hg peaks may correlate with massive, distal, Deccan-sourced lava flows (> 1000 km long) that traversed the 
Indian subcontinent and flowed into the Bay of Bengal, bracketing the mass extinction. These results support 
Deccan volcanism as a primary driver of the end-Cretaceous mass extinction.   

1. Introduction 

The end-Cretaceous mass extinction at the Cretaceous-Paleogene 
boundary (KPB; 66.016 Ma) is perhaps the most easily explained en
vironmental catastrophe due to a bolide impact on Yucatan and Deccan 

Traps volcanism in India. However, the relative importance of these 
events in driving extinctions is controversial. For the past 40 years, the 
impact theory has been favored as the almost unquestioned cause of the 
end-Cretaceous mass extinction, whereas volcanism of the Deccan 
Traps Large Igneous Province (LIP), today covering an area three times 
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that of France, was relegated to inconsequential secondary effects. 
Nonetheless, LIPs, defined as the largest volcanic eruptions in Earth's 
history (> 100,000 km3; Ernst and Youbi, 2017), have long been in
terpreted as potentially linked to all major mass extinctions in Earth's 
history (Courtillot, 1999; Courtillot and Renne, 2003; Bond and 
Wignall, 2014; Bond and Grasby, 2017; Bond and Grasby, 2020). 
However, whether LIPs are the main cause of major biotic crises is still 
in dispute because extinctions in the fossil record are rarely observed 
directly within volcanic deposits. An exception is the Deccan Traps LIP 
where the end-Cretaceous mass extinction is bracketed between trans- 
India lava flows (> 1000 km long) (Keller et al., 2008, 2011, 2012; Self 
et al., 2008). These flows were sourced from the main Deccan volcanic 
province, where eruptions accumulated > 1,500,000 km3 of basalt 
reaching a thickness of > 3400 m of which 3100 m (90%) accumulated 
over just ~750 ky spanning magnetochron C29r (Beane et al., 1986;  
Khadri et al., 1988; Chenet et al., 2008, 2009; Jay and Widdowson, 
2008; Schoene et al., 2015; Kale et al., 2020). 

Climate and environmental changes inferred from proxy records in 
sedimentary sequences spanning the end-Cretaceous mass extinction 
have been broadly linked to U-Pb ages of Deccan volcanism (Schoene 
et al., 2015, 2019) via biostratigraphy, magnetostratigraphy and orbital 
cyclostratigraphy (e.g., Keller, 2014; Punekar et al., 2014a; Thibault 
and Husson, 2016; Thibault et al., 2016; Barnet et al., 2018). Imprecise 
estimates of eruption timing, rates and incomplete sedimentary records 
have resulted in novel scenarios, including the Chicxulub impact as the 
trigger for a state shift in Deccan volcanism (Renne et al., 2015;  
Richards et al., 2015), or the end-Cretaceous mass extinction not re
lated to major Deccan eruptions and associated climate change (Sprain 
et al., 2019; Hull et al., 2020; Chiarenza et al., 2020). 

Linking Deccan Traps LIP volcanism to climate warming and the 
end-Cretaceous mass extinction requires a reliable proxy for volcanic 
emissions, as well as sedimentary sequences with complete bio- and 
chemo-stratigraphic records across the KPB. One such potential proxy is 
stratigraphic mercury (Hg). Volcanic eruptions are the main source of 
natural Hg to the atmosphere (Pyle and Mather, 2003; Pirrone et al., 
2010). Following eruptions, Hg is distributed globally during its at
mospheric residence time of six months to one year prior to precipita
tion and deposition in terrestrial and marine environments (Pyle and 
Mather, 2003; Fitzgerald et al., 2007; Percival et al., 2015; review in  
Grasby et al., 2019). Mercury anomalies in sediments of the Late Per
mian mass extinction yielded a promising LIP volcanism proxy (Sanei 
et al., 2012; Grasby et al., 2013), which marked a major turning point 
in mass extinction studies. Since then, all five major mass extinctions 
have yielded Hg anomalies in marine and terrestrial sediments, hy
pothesized to derive from LIPs, thus potentially providing a direct link 
between LIP volcanism, climate change and biotic crises (e.g., Grasby 
et al., 2016; Font et al., 2016; Thibodeau et al., 2016; Sial et al., 2016, 
2020; Gong et al., 2017; Jones et al., 2017; Percival et al., 2017;  
Thibodeau and Bergquist, 2017; Shen et al., 2019; review in Grasby 
et al., 2019). However, testing the robustness of Hg as a volcanic proxy 
requires high-resolution Hg data from well-calibrated stratigraphic 
sections for comparison to detailed LIP eruption records. 

In this study we test whether Hg is a reliable proxy for Deccan 
volcanic emissions in the time interval spanning from the late 
Maastrichtian through the KPB and end-Cretaceous mass extinction in 
the shallow marine sediments of Elles, Tunisia, the auxiliary Global 
Stratotype Section and Point (GSSP) to El Kef. Specifically, we evaluate 
whether Hg spikes reflect extreme event eruptions that can be corre
lated globally, whether these are linked to global climate warming, and 
whether the Deccan eruption history could have caused the end- 
Cretaceous mass extinction. 

We assess the reliability of the Hg proxy for Deccan volcanism by 
developing a high-resolution database for the last 550 ky of the late 
Maastrichtian leading up to the KPB transition at the Elles section based 
on (a) biostratigraphy and orbital cyclostratigraphy as age control; (b) 
stable isotope climate record based on benthic foraminifera; (c) Hg 

deposition and potential concentration processes; (d) Hg stratigraphy; 
(e) global correlation of Hg extreme events between Tunisia and Israel; 
(f) correlation of Elles cyclostratigraphy and Hg records with Deccan 
Traps' U-Pb zircon geochronology and pulsed eruptions; and (g) global 
climate, Deccan volcanism and the end-Cretaceous mass extinction. 

We thus evaluate Hg linked to Deccan volcanism, climate change 
and the end-Cretaceous mass extinction based on seven independent 
topics, each one yielding related evidence with the sum of their parts 
providing the strongest confirmation of volcanism-induced environ
mental changes. For clarification, we structure these topics (a-g) into 
separate sections (2–8), addressing the relevant key issues: (2) age 
control, (3) global climate change, (4) Hg potential concentration 
processes, (5) Hg stratigraphy, (6) global correlation of Hg extreme 
events, (7) Elles Hg correlated to Deccan volcanism, and (8) climate, 
volcanism and the mass extinction. Sections begin with a short in
troduction followed by methods, results and interpretation and dis
cussion. Section 8 integrates the various topics with the mass extinc
tion. 

2. Elles age control: cyclostratigraphy 

2.1. Introduction 

The Elles section in Tunisia was chosen as the primary test site 
because of its complete, undisturbed and continuously exposed 
Maastrichtian through Danian sequence. Located 56 km southeast from 
the El Kef Global Stratotype Section and Point (GSSP) (Fig. 1), Elles is 
the auxiliary GSSP to El Kef where a major fault limits late Maas
trichtian exposure to ~4 m below the KPB (Keller et al., 1995;  
Abramovich and Keller, 2002). During the late Maastrichtian to early 
Danian, Elles was located on the continental shelf of the Tethys seaway 
at 100–150 m paleodepth and received relatively high terrestrial run- 
off from North Africa (Fig. 1). Deposition consisted of marls, silty marls, 
shales and claystones (Abramovich and Keller, 2002; Stueben et al., 
2003) at an average sedimentation rate of ~4.7 cm/ky. Samples were 
collected at 10-cm intervals for the Maastrichtian and at closer sample 
spacing (1, 2 and 3 cm) for the last 40 cm below the KPB and early 
Danian. 

2.2. Methods 

Our age model at Elles is based on cyclostratigraphy and planktic 
foraminiferal biostratigraphy (Fig. 2). Cyclostratigraphic analysis, 
based on the record of astronomically forced climate cycles in marine 
sedimentary sequences, yields age control with orbital cycles of pre
cession (19–23 ky), obliquity (41 ky) and eccentricity (100 ky). For the 
astronomical calibration of the Elles section, cyclicity was determined 
based on percent calcite content (%CaCO3) with the mean signal de
trended by a lowess smoothing with a span of 35%. An Evolutive Fast 
Fourier transform of the detrended %CaCO3 signal highlights sig
nificant periodicity for the 26 m below the KPB (Fig. A1). We interpret 
this periodicity as precession with a total of 27.5 cycles filtered from the 
%CaCO3 signal (Fig. 2). Under the premise of a 20 ky period per pre
cession cycle, we propose a duration of 550 ky for the 26 m below the 
KPB. The filtered precession cycles show a strong 100 ky modulation, 
which can also be filtered from the tuned signal (Fig. A2). This strong 
indication for the astronomic origin of the cyclicity is evidence for the 
completeness of the signal. More details on the cyclostratigraphy 
methodology as well as on planktic foraminiferal processing and ana
lysis can be found in Appendix A (Section A.1). 

2.3. Results 

Planktic foraminiferal biostratigraphy zones CF3, CF2 and CF1 span 
the late Maastrichtian magnetochrons C30n and C29r below the KPB. 
Cyclostratigraphy at Elles now yields more precise durations for these 
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Fig. 1. Paleoceanographic map with KPB localities referred to in this study. Paleomap from Scotese (2013).  

Fig. 2. High-resolution δ18O, Hg, TOC and Hg/TOC data at the astronomically tuned Elles section in Tunisia. Data are shown as 3-point average indicated by solid 
line. Note paroxysmal eruptions during the last 25 ky of the Maastrichtian ending with the end-Cretaceous mass extinction at the KPB. Hg/TOC data are normalized 
only for values > 0.2 wt%. δ18O data from Stueben et al. (2002, 2003) and this study. ky: thousands of years. 
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zones (Fig. A3). The base of zone CF1 is defined by the first appearance 
(FA) of Plummerita hantkeninoides (9.6 m below the KPB) and spans 
11.5 cycles or 229 ky ending at the KPB extinction horizon. Zone CF2 
spans 240 ky from the last appearance (LA) of the Gansserina gansseri at 
the base (465 ky pre-KBP, 21.5 m, cycle 23.5) to the FA of P. hantke
ninoides (Fig. 2). The base of zone CF3 has yet to be determined. 

The magnetic reversal C30n/C29r serves as a global correlation 
point but magnetostratigraphy is absent at Elles. The duration of the 
pre-KPB portion of C29r has been estimated with both geochronological 
and cyclostratigraphic approaches. A U-Pb age for the KPB was calcu
lated by Schoene et al. (2019), based on the U-Pb data of Clyde et al. 
(2016), to be 66.016  ±  0.050 Ma (95% confidence, internal errors 
only). Combined with an age of 66.296 + 0.037/−0.030 Ma for the 
C30n/C29r reversal within the Western Ghats of the Deccan Traps,  
Schoene et al. (2019) calculate a duration of 280  ±  60 ky for C29r 
below the KPB. This age agrees well with a more recent U-Pb age for the 
reversal from the Malwa Plateau of 66.266 + 0.060/−0.049 (Eddy 
et al., 2020). 

2.4. Interpretation 

Numerous cyclostratigraphic studies of marine sections from out
crops on land and from deep-sea cores yield estimates for the C30n/ 
C29r duration to be between precession cycles 15 and 18.5 or about 
335  ±  35 ky (Table A1) (review in Thibault and Husson, 2016). While 
the cyclostratigraphic estimates are on average marginally longer than 
U-Pb estimate, these two approaches overlap within uncertainty. Ad
ditionally, the C30n/C29r reversal has been observed in other sections 
within foraminiferal zone CF2, which overlaps with precession cycles 
15–18.5 at Elles (Fig. 2). The agreement between these independent 
estimates gives confidence that the Deccan Traps eruption record can be 
correlated with the Hg data reported at Elles, albeit with uncertainties 
of tens of ky. 

3. Global climate change linked to Deccan volcanism 

3.1. Introduction 

Global climate changes attributed to the Deccan Traps are not un
ique but rather common among LIP events, thought to have driven the 
five major mass extinctions in Earth's history (Courtillot, 1999;  
Courtillot and Renne, 2003; Bond and Wignall, 2014; Bond and Grasby, 
2017; Bond and Grasby, 2020). Global climate warming during the late 
Maastrichtian magnetochron C29r has long been attributed to Deccan 
volcanism but direct causal evidence was largely lacking (e.g., McLean, 
1985; Li and Keller 1998a; Courtillot, 1999; Stueben et al., 2003;  
Punekar et al., 2014a; Thibault and Husson, 2016; Barnet et al., 2018). 
Climate warming is interpreted as the result of atmospheric accumu
lation of carbon dioxide (CO2) followed by other highly heat-trapping 
greenhouse gases (e.g., sulfur-bearing gases, methane, light hydro
carbons) emitted by volcanic eruptions (Allard et al., 1994; Robock, 
2000; Aiuppa et al., 2005; Chenet et al., 2007, 2008, 2009). These gases 
perturb the carbon cycle and lead to long-term climate warming over 
several hundred thousand years due to slow CO2 removal from the at
mosphere, mainly by drawdown into oceans and chemical weathering 
of fresh basalt (~10 to ~100 ky; Dessert et al., 2003; Chenet et al., 
2007, 2008, 2009; Taylor et al., 2012). Other carbon-based greenhouse 
gases in volcanic emissions include thermogenic or abiotic methane and 
two- to four‑carbon hydrocarbons (e.g., Taran and Giggenbach, 2003;  
Etiope et al., 2007; Fiebig et al., 2007; Etiope and Sherwood Lollar, 
2013). These light hydrocarbons may have also contributed con
siderably to the greenhouse periods associated to LIPs. Volcanogenic 
sulfur dioxide (SO2) and hydrogen sulfide (H2S) combine with water 
vapor in the atmosphere to form sulfuric acid (H2SO4) and rain out as 
acid rain within weeks. When these gases are spewed into the 

stratosphere, they reside > 1 yr and reflect solar radiation back, re
sulting in short-term cooling (e.g., Giggenbach, 1980; Robock, 2000). A 
semi-quantitative discussion on CO2 versus SO2 volumes, fluxes and 
climatic consequences of Deccan volcanism is given in Chenet et al. 
(2008, 2009). 

3.2. Methods 

For the Elles Late Maastrichtian climate record during C29r, oxygen 
and carbon isotopes of the benthic and planktic foraminifera 
(Anomalinoides acutus and Rugoglobigerina rugosa, respectively) were 
first analyzed at 20 cm intervals (Stueben et al., 2002, 2003). In this 
study we doubled the sample resolution to 10 cm intervals and ex
tended the sequence through the entire magnetochron C29r and upper 
C30n. Across the KPB transition, we increased sample resolution to 
1 cm and 3 cm intervals (Fig. A6). The new analyses from additional 
intervals were performed at the Institute of Earth Surface Dynamics, 
University of Lausanne, Switzerland, using a Thermo Fisher Scientific 
(Bremen, Germany) carbonate-preparation device and Gas Bench II 
connected to a Thermo Fisher Delta Plus XL isotope ratio mass spec
trometer. The stable carbon and oxygen isotope ratios were reported in 
the delta (δ) notation as the per mil (‰) relative to the Vienna Pee Dee 
belemnite standard (VPDB). The analytical uncertainty (1σ) estimated 
from replicate analyses of the international calcite standard NBS-19 and 
the laboratory standard Carrara Marble was better than ± 0.05‰ for 
δ13C and  ±  0.1‰ for δ18O. 

Potential diagenetic alteration was evaluated based on the re
lationship between δ18O and δ13C (after Stueben et al., 2003). The 
narrow δ18O range and lack of statistically significant correlation be
tween δ18O and δ13C values of benthic foraminifera shells (Fig. A4) 
indicate minor diagenetic modification of their primary isotopic com
position. Thus, δ18O of benthic foraminifera at Elles can be confidently 
used as chemostratigraphic proxy for temperature variations of bottom 
water at 100–150 m depth. Planktic foraminifera are compromised by 
diagenesis and not used for isotopic interpretation in this study. More 
details on the assessment of diagenesis can be found in Appendix A 
(Section A.2). 

3.3. Results 

The δ18O values were plotted as dots with a line representing the 3- 
point moving average (Fig. 2). In the lower part of the Elles section 
(26 m to 17 m, 545–375 ky pre-KPB), δ18O values fluctuated rapidly 
(~1.5‰). Between 17 m and 12.5 m, δ18O values decreased by 1.5‰ 
followed by relatively steady minima (−3.5‰ to −4.0‰) from 12.5 m 
to 8.5 m across the zone CF2/CF1 transition. Slightly increasing fluc
tuating values between 8.5 m and 2.5 m rapidly dropped from 
average −2.75‰ to −3.5‰ at 1.8 m. The last 1 m below the KPB 
marks the sudden return to −3.6‰ δ18O values, except for a short 
increase by −0.5‰, ending with −3.5‰ at the KPB (Fig. 2). 

3.4. Interpretation and discussion 

The upper C30n at Elles between 545 and 375 ky pre-KPB marks a 
climate transition from the cooler Late Maastrichtian to prolonged cli
mate warming, though the reason for these unusually high fluctuations 
is uncertain (Fig. 2). The persistent warming trend began near the base 
of C29r (cycle 18, 355 ky pre-KPB) and reached maximum temperatures 
by 280 ky (increase of 3.2 to 4 °C). In deep-sea sections the onset of 
Deccan-related climate warming is generally placed at ~300 ky pre- 
KPB. High temperatures persisted across the CF2/CF1 boundary (229 
ky), then gradually decreased until 70 ky (cycle 3.5), followed by rapid 
3–4 °C cooling by 45 ky (cycle 2.5) persisting until 25 ky (cycle 1.5) 
(Fig. 2). This short global cool event ended 1 m, or ~25 ky, below the 
KPB when climate warmed suddenly by ~2.5 °C resulting in 
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hyperthermal warming that culminated in the mass extinction (Fig. 2). 
In the earliest Danian, temperatures suddenly dropped to the coldest 
climatic conditions since C30n. 

The C29r long-term climate warming is well known from deep-sea 
and terrestrial sequences and generally ends in the short-term cooling 
(cycles 2.5 to 1.5) between 45 ky to 25 ky pre-KPB. In deep-sea sections, 
part or all of this cooling generally underlies the KPB due to common 
erosion/hiatus patterns across the KPB (e.g., Sites 516, 528, 525A, 
1209, 1262, 1267, Bidart, Gamsbach, Bottaccione; Keller, 1993; Li and 
Keller 1998a; Westerhold et al., 2008; Punekar et al., 2016; this study). 
The hyperthermal warming of the last 25 ky of the Maastrichtian, 
ending in the mass extinction, is thus missing in the deep-sea due to this 
erosion/hiatus pattern. Nevertheless, the assumption that deep-sea sites 
have continuous sedimentation across the KPB has led some scientists to 
conclude the cooling underlying the KPB indicates that CO2 outgassing 
related to Deccan volcanism ended well prior to the end-Cretaceous 
mass extinction at the KPB, and therefore the Chicxulub impact is the 
sole cause for this biotic crisis (e.g., Henehan et al., 2016; Barnet et al., 
2018; Hull et al., 2020; Chiarenza et al., 2020). A comparison between 
Elles and South Atlantic Site 525A (Li and Keller 1998a) revealed a 
hiatus across the KPB into the underlying cool event (Punekar et al., 
2014a). The same pattern is observed for South Atlantic Site 1262 
(Barnet et al., 2018). Compared with Elles, the KPB hiatus in these 
deep-sea sites spans precession cycles 1 and 2 (~35–40 ky). Further 
discussion on Sites 525A and 1262 age models can be found in Ap
pendix A (Section A.5). 

The complete and expanded sedimentary record at Elles 

demonstrates this short global cool event ended 1 m, or 25 ky, below 
the KPB when climate warmed rapidly by ~2.5 °C resulting in hy
perthermal warming that culminated in the mass extinction (Fig. 2). 
Finally, in the earliest Danian (zone P0) temperatures suddenly dropped 
to the coldest climatic conditions since C30n. 

4. Mercury: a proxy for Deccan volcanism 

4.1. Introduction 

Volcanism is the most important natural source of Hg to the atmo
sphere, with a residence time of six months to a year during which Hg is 
globally distributed prior to precipitation and deposition in terrestrial 
and marine environments (review in Grasby et al., 2019). In marine 
environments, direct atmospheric fallout of Hg accounts for about 70% 
while the other 30% is bound to organic matter (OM) and transported 
by rivers into ocean margins, of which only 28% reaches the open ocean 
(Amos et al., 2014; Holmes et al., 2010). In marginal marine sediments, 
Hg is primarily adsorbed onto OM yielding Hg spikes during pulsed LIP 
eruptions (Amos et al., 2014; Fitzgerald and Lamborg, 2014; review in  
Grasby et al., 2019). Model results for LIP eruptions during the end- 
Permian mass extinction predict that Hg emissions orders of magni
tudes greater than normal background conditions could have generated 
a series of toxic shocks, each lasting > 1000 years (Grasby et al., 2020). 
Similar conditions likely prevailed during the maximum Deccan erup
tion pulse and hyperthermal warming near the end-Cretaceous mass 
extinction. 

Fig. 3. Correlation of South Atlantic deep-sea ODP Site 1262 and Elles, Tunisia, based on δ18O and orbital cyclostratigraphy. Note the KPB hiatus at Site 1262 
indicates at least the last 40 ky below the KPB are missing including the hyperthermal warming present at Elles. 
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4.2. Atmospheric mercury fallout vs adsorption onto sediments 

Long-term Hg sequestration in marine sediments occurs mostly 
through adsorption of Hg onto organic matter (OM) (e.g., Cranston and 
Buckley, 1972; Andren and Harriss, 1975; Outridge et al., 2007; Gehrke 
et al., 2009; Charbonnier et al., 2020), but it could also be driven by 
adsorption of Hg onto clay minerals (Krupp, 1988; Kongchum et al., 
2011), Hg bound to iron-oxides in oxic environments (e.g., Kim et al., 
2004; Mangold et al., 2014), formation of Hg-sulphides (Bower et al., 
2008; Han et al., 2014) or adsorption of Hg onto pyrite in anoxic en
vironments (Sanei et al., 2012; Yang et al., 2018; Shen et al., 2019;  
Them II et al., 2019; Grasby et al., 2019). Changes in Hg concentrations 
in marine sedimentary records could thus be associated not only to 
changes in the atmospheric Hg reservoir (e.g., volcanism) but also to 
changes in the marine environmental conditions (e.g., primary pro
ductivity, oxygenation, terrestrial input). Hence, in order to confidently 
interpret the Hg anomalies in marine sediments as the result of in
creased volcanic activity, it is critical to address other potential sources 
of change in Hg concentration. 

4.2.1. Mercury and organic matter 
Most of volcanic-sourced Hg is emitted as gaseous Hg0 which is then 

oxidized to water-soluble Hg2+, allowing direct deposition from the 
atmosphere onto both land and oceans through precipitation (e.g.,  
Schroeder and Munthe, 1998; Grasby et al., 2019). In aquatic systems, 
Hg has a strong affinity for organic matter reflected by increased Hg 
concentration in organic-rich deposits compared to other sediments 
(Sanei et al., 2012). In near-shore environments, one of the most im
portant Hg sources are terrestrial environments which deliver Hg bound 
to OM through riverine runoff, as first demonstrated by Grasby et al. 
(2017). 

Changes in OM deposition (input of terrestrial OM, marine pro
duction/consumption of OM) therefore play a major role in Hg accu
mulation in marine sediments (Outridge et al., 2007; Gehrke et al., 
2009; Stern et al., 2009), demonstrated by a strong correlation between 
Hg and organic carbon in numerous sedimentary sequences (Outridge 
et al., 2007; Gehrke et al., 2009; Grasby et al., 2013, 2019; Charbonnier 
et al., 2020). Hence, Hg concentrations are normalized against total 
organic carbon (TOC) contents in order to ensure that Hg enrichments 
are not directly related to increased OM accumulation and/or pre
servation (e.g., Sanei et al., 2012; Grasby et al., 2013; Sial et al., 2016;  
Percival et al., 2015). To avoid potential errors related to near-detec
tion-limit TOC values and artificially magnified Hg/TOC anomalies, it 
has been proposed that Hg/TOC values should not be calculated for 
samples with < 0.2 wt% TOC (Grasby et al., 2013, 2019). 

At the Elles section, Hg concentrations exhibit a weak correlation 
with TOC contents in the case where all TOC values are included 
(r = −0.12, n = 291) as well as in the case where only > 0.2 wt% 
values are used (r = 0.02, n = 243) (Fig. 4, Fig. A7). The highest Hg 
concentrations correspond to the lowest TOC contents, especially in the 
latest Maastrichtian (Fig. A8). Moreover, a strong correlation is ob
served between Hg and Hg/TOC also in the cases where all TOC values 
are included (r = 0.72, n = 291) and where only > 0.2 wt% values are 
used (r = 0.81, n = 243) (Fig. 4, Fig. A7). These results indicate that 
Hg enrichment in this data set is not controlled by changes in OM de
position. 

4.2.2. Mercury and clay minerals 
While in open marine environments Hg deposition is mostly atmo

spheric through precipitation, Hg deposition in near-shore environ
ments is mostly sourced through riverine runoff (Grasby et al., 2017;  
Percival et al., 2018; Them II et al., 2019). As Hg sequestration in 
marine sediments is partly driven by adsorption of Hg onto clay mi
nerals (Farrah and Pickering, 1978; Krupp, 1988; Kongchum et al., 
2011), an increase in terrestrial input into the oceans primarily due to 
increased erosion on land and/or sea level drop could potentially lead 

to increased Hg concentrations in the sedimentary record. 
At Elles, the relation between clay minerals and Hg is evaluated by 

normalizing Hg concentrations against phyllosilicate content. Hg con
centrations are weakly correlated with phyllosilicates (r = −0.02, 
n = 278; Fig. 4, Fig. A7) even when focusing on only the top 2 m across 
the KPB, where the correlation is weakly moderate but inverse 
(r = −0.41, n = 37; Fig. 4, Fig. A8). In addition, Hg concentrations 
show a high degree correlation with Hg/phyllosilicates values 
(r = 0.89, n = 278) (Fig. 4, Fig. A7) thus confirming that changes in 
terrestrial input play no major role in Hg enrichments. 

4.2.3. Mercury, pyrite and iron-oxides 
Several studies have shown that Hg could be hosted primarily by 

sulfides in reducing conditions by the formation of Hg-sulfides or ad
sorption onto pyrite, leading to Hg enrichments in sulfide-rich sedi
ments due to local Hg cycling (e.g., Wolfenden et al., 2005; Bower et al., 
2008; Bouffard and Amyot, 2009; Sanei et al., 2012; Yang et al., 2018;  
Grasby et al., 2019; Shen et al., 2019; Them II et al., 2019). More 
specifically, Sanei et al. (2012) originally proposed that Hg/TOC spikes 
are driven by increased Hg-sulfide drawdown when there is excess 
volcanic derived Hg. In this case, the normal OM drawdown process is 
overwhelmed by excess Hg loading from the LIP eruption, and it is the 
additional sulfide drawdown that creates the Hg/TOC spikes. More 
details are discussed in Grasby et al. (2019) who also argue that this 
drawdown process drives the Hg/TOC spikes. 

At Elles, fresh pyrite was not observed but iron-hydroxides (mainly 
goethite) were commonly observed at the KPB, where Hg enrichments 
are the highest, and in the Danian. Given that this mineral is of late 
diagenetic origin and mainly results from iron-sulfides oxidation in arid 
and semi-arid areas such as Elles, a transfer of Hg from pyrite to goe
thite is evident. The correlation between Hg and goethite is small when 
focusing on the top 2 m across the KPB (r = 0.15, n = 28; Fig. 4, Fig. 
A8), but high when considering only the KPB and Danian (r = 0.69, 
n = 18; Fig. 4, Fig. A8), implying that part of the Hg enrichments 
maybe linked to the presence of (now oxidized) iron sulfides, particu
larly at the KPB clay layer when goethite content reaches maximum 
(14.1%). Significant amounts of gypsum are also present at and right 
above the KPB. This Ca-sulfate was most probably formed by oxidation 
of pyrite and consequently account for part of the Hg enrichments. The 
correlation between Hg and gypsum is low (r = 0.02, n = 11; Fig. 4, 
Fig. A8), but may still imply some dependence of Hg on gypsum, par
ticularly at the KPB. 

Potential reducing conditions across the KPB are assessed by 
studying the concentration distribution of vanadium (V), which re
presents one of the most strongly enriched elements in anoxic, organic- 
rich sediments (e.g., Holland, 1984; Brumsack, 1986; Morford and 
Emerson, 1999; Tribovillard et al., 2006). At Elles, vanadium normal
ized against aluminium (V/Al) shows only a slight enrichment at the 
KPB, coincident with the organic-rich clay layer, therefore implying 
deposition in dysoxic to anoxic conditions (Fig. A8). The correlation 
between Hg and V/Al for the KPB and Danian samples is high (r = 0.90, 
n = 17; Fig. 4, Fig. A8) indicating that Hg enrichments are mostly re
lated to changing redox conditions, particularly at the KPB (i.e., an 
eruption that increases Hg as well as drives anoxia). In contrast, the 
correlation between these variables in the latest Maastrichtian is low 
(r = −0.15, n = 13; Fig. 4, Fig. A8) thus suggesting that the observed 
Hg anomalies below the KPB are not driven by changes in local redox 
conditions. 

4.2.4. Mercury and climate change (Milankovitch forcing) 
In order to further test whether Hg content in the Elles section could 

originate from sources other than Deccan volcanism, we tested this 
signal for a possible imprint of sediment composition, climate change, 
and hence Milankovitch forcing, through its potential relationships to 
CaCO3 and TOC contents. There is no significant correlation between 
CaCO3 and Hg (Fig. A9a). There is a very weak negative correlation 
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between CaCO3 and TOC and the two intervals of enrichment in TOC 
are within more clayey lithologies (Fig. A9b, c). However, no covar
iance is observed between TOC and Hg (Fig. A9c); Hg spikes are clearly 
independent from TOC levels, showing enrichments in sediments with 
both low and high TOC content. The results of a 2π-multi-taper method 
(MTM) periodogram for Hg performed in the time domain are negative 
(Fig. A9d). There is no significant frequency in Hg within the precession 
band. Most of the eccentricity band also appears non-significant apart 
from a poorly significant peak at 97 ky (just above the 90% confidence 
level) situated at the right edge of this band. This peak belongs to a 
family of more significant peaks that extends to frequencies up to 
0.148 cycles/ky (67 ky) and hence shows no clear relation to 
Milankovitch forcing (Fig. A9d). 

We also tested a MTM cross-spectral coherency and phase between 
Hg and CaCO3 contents in the time domain using the age calibration 
derived from our cyclostratigraphic analysis. The MTM cross-spectral 

analysis was performed using the script developed for MATLAB® by  
Huybers and Denton (2008). We chose to focus further on the re
lationship to CaCO3 as this is the proxy used in our study to derive our 
cyclostratigraphic time scale. A strong Milankovitch imprint could be 
demonstrated by the strong precession and slight expression of the 100 
ky eccentricity. The results of the cross-spectral analysis are also ne
gative. No significant peaks can be delineated above the 95% con
fidence level in the two Milankovitch bands of the precession and short- 
eccentricity, suggesting that it is unlikely to have a common Milanko
vitch influence in both the Hg and CaCO3 signals (Fig. A9e). 

4.2.5. Summary of Hg enrichments 
Hg enrichments at Elles appear to be unrelated to Milankovitch 

forcing, organic matter accumulation, riverine runoff or reducing con
ditions, except at the KPB clay layer where increased TOC content and 
V/Al suggest dysoxic-anoxic conditions that could have led in part to 

Fig. 4. Cross-plots of TOC and mercury, mercury/TOC and mercury, phillosilicates and mercury, mercury/phyllosilicates and mercury, goethite and mercury, 
gypsum and mercury, and Vanadium/Aluminium and mercury in the late Maastrichtian and across the Cretaceous-Paleogene boundary at the Elles section in Tunisia. 
Mineralogy data from Stueben et al. (2002, 2003), major and trace element data from B. Gertsch. 
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enhanced Hg scavenging from the water column and deposition into 
sediments by pyrite adsorption (i.e., iron-hydroxides, gypsum). This 
assessment, along with the presence of Hg spikes across the KPB in 
other locations , is consistent with the hypothesis that the Hg record at 
Elles, and in particular the anomalies in the Maastrichtian including 
maxima immediately below the KPB, is the result of enhanced volcanic 
activity that can be traced to the eruption of the Deccan Traps in India. 

5. Mercury stratigraphy at Elles, Tunisia 

5.1. Introduction 

We tested atmospheric fallout and terrestrial input of Hg into the 
shallow, middle continental shelf (~100–150 m depth) environment of 
Elles, Tunisia, over the last 550 ky of the Maastrichtian and across the 
KPB and end-Cretaceous mass extinction into the early Danian. The 

long record analyzed at high sample resolution (10 cm, 3 cm, 1 cm) was 
expected to reveal the ebb and flow of the Deccan eruption pulses. The 
coeval sample analysis of oxygen isotopes was expected to reveal the 
effects of CO2 and SO2 emissions from Deccan Traps on climate and 
environmental conditions. 

5.2. Methods 

Bulk-rock Hg was analyzed at Princeton University using the 
Zeeman R-915F (Lumex, St. Petersburg, Russia) high frequency atomic 
absorption spectrometer specifically designed for Hg determination 
with a detection limit of 0.3–3.0 ppb. Measurements are based on the 
direct thermal evaporation of Hg from solid samples. Analyses were 
done in duplicates and further repeated for very high Hg concentra
tions. Accuracy was assessed based on certified reference materials 
(1642a NIST standard, Hg calibrated at 30.2 ppb). Precision based on 

Fig. 5. Comparison of mercury (Hg) loading at Elles, Tunisia, with Hor Hahar, Israel, to evaluate the global distribution of Hg from Deccan eruptions. Note that most 
extreme events (EE) are present at Hor Hahar, including the onset of hyperthermal warming although there is a significant hiatus ranging from the early Danian 
across the KPB to EE12. Hg loading is on average higher at Hor Hahar (46 ppb) than at Elles (35 ppb), which may be a function of proximity to India. Note the 3-point 
average of Hg loading (solid line) underestimates extreme events, which are mostly Hg measurements in single samples of mm thin layers representing Hg con
centrations. For this reason, the real Hg ppb values are added to the data points above the 3-point average line. Hg/TOC normalization was avoided because most 
samples in the Hor Hahar section measure TOC  <  0.2 wt%. 
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relative standard deviation of repeated sample measurements was 
5–10%. Excellent correspondence to the certified value was obtained 
with a correlation coefficient of 0.99 and a standard residual deviation 
of 0.44. 

Total organic carbon (TOC) contents were determined at the 
University of Lausanne, Switzerland based on RockEval™ 6 and quan
tified by flame-ionization and infrared detection. The IFP 160000 Rock- 
Eval standard was used for calibration. Analytical precision is 0.05 wt 
%. 

5.3. Results 

Hg concentrations at Elles revealed a distinct pattern of relatively 
constant values between 20 and 35 ppb and Hg spikes between 70 and 
180 ppb, with the maximum of 249 at the KPB. TOC varied between 0.2 
and 0.45 wt%, except during the last 35 ky pre-KPB when TOC was very 
low (< 0.2 wt%) (Fig. 2). Hg/TOC varied between 25 and 75 ppb/wt% 
and Hg spikes between 160 to > 600 ppb/wt% yielding an average of 
93 ppb/wt%. We define Hg and Hg/TOC spikes above average con
centrations (Hg > 35 ppb, Hg/TOC > 94 ppb/wt%) as “extreme 
events” (EE). The plots smoothed by 3-point moving average sig
nificantly lowered EE spikes, which are often single analyses of mm-size 
sediment layers, interpreted as Hg fallout. We interpret these Hg EE 
spikes serve well as first approximations of extreme volcanic events 
(Fig. 2). In this study we prefer to use direct Hg data as a proxy for 
Deccan volcanism instead of Hg/TOC data. Although we show for Elles 
that TOC played no major role in concentrating Hg above average le
vels, we present the Hg/TOC data for comparison. 

5.4. Interpretation and discussion 

A total of 20 extreme events (EE1 to EE20) can be identified during 
the last 550 ky of the late Maastrichtian at Elles and all but EE2 cor
relate with warming (Fig. 2). Interestingly, this correlation matches 
modeling results of Grasby et al. (2020) that predict a series of Hg 
spikes related to a fractal eruption pattern of a LIP event. At Elles, the 
oldest extreme events, EE1 to EE3, are in magnetochron C30n with ages 
543 ky, 465 ky and 395 ky pre-KPB (Fig. 2). EE2 coincided with the 
extinction of Gansserina gansseri that marks the zone CF3/CF2 boundary 
(465 ky pre-KPB) at a time of cooling, sea level fall and high TOC 
(0.9 wt%), which is repeated at 445 ky pre-KPB suggesting erosion and 
increased terrestrial OM input correlative with a hiatus in many other 
localities (Keller et al., 2016; Mateo et al., 2017). These three extreme 
events predate the globally recognized warming attributed to Deccan 
volcanism in C29r, consistent with geochronology from the Malwa 
plateau, India, showing Deccan eruptions began ~100 ky or more prior 
to C29r (Schöbel et al., 2014; Eddy et al., 2020). Alternatively, these 
events may be a manifestation of recurrent earlier eruptions (Keller, 
2003; Mateo et al., 2017; Sheth et al., 2017; Verma and Khosla, 2019). 

Chron C29r marks long-term climate warming from the base at 355 
ky to 55 ky below the KPB (Fig. 2). Extreme event EE4 (347 ky pre-KPB) 
occurred near the base of C29r coincident with the onset of global 
climate warming (Fig. 2). Hg EE5 (283 ky pre-KPB) coincided with peak 
warming through EE6 (229 ky pre-KPB), which typically marks the 
zone CF2/CF1 boundary in many sequences analyzed. Decreasing Hg 
values and gradual cooling between 200 and 115 ky pre-KPB were 
temporarily interrupted by EE7 (180 ky pre-KPB). Allthough associated 
with high TOC, when normalized EE7 Hg/TOC is well below average 
(Fig. 2). We still consider EE7 as potentially valid Hg spike because of 
its presence in the Hor Hahar section of Israel where TOC is low 
(< 0.2 wt%, Fig. 5). EE8 (105 ky pre-KPB) and EE9 (72.5 ky pre-KPB) 
mark major Deccan eruption pulses and warming. 

At 55–45 ky pre-KPB, climate rapidly cooled (temperature decrease 
of 3 °C) and warmed again between 45 and 25 ky pre-KPB. During this 
overall cool interval (55–25 ky pre-KPB), Hg input was low but variable 
apparently driven by very low Deccan CO2 emissions (Fig. 2). In deep- 

sea sections, this cool event generally underlies the KPB due to a 
common erosion/hiatus during this time (Fig. 3) (Li and Keller 1998a;  
Punekar et al., 2014a; Keller et al., 2016; Mateo et al., 2017). Recently, 
some scientists interpreted the juxtaposition of this cooling and the 
mass extinction in deep-sea sections as evidence that Deccan volcanism 
ceased well prior to the KPB and the Chicxulub impact caused the 
global cooling and end-Cretaceous mass extinction (e.g., Sprain et al., 
2019; Hull et al., 2020; Chiarenza et al., 2020). The expanded and 
complete Elles record challenges this interpretation. 

Between 25 ky pre-KPB (cycle 1.5) and the KPB, rapid oscillations in 
Hg content, assigned to EE10 through EE20 culminate with the mass 
extinction (Fig. 2; Table A2). We infer that the associated massive 
volcanic eruptions, EE10 at 25 ky pre-KPB and EE11 at 12.5 ky pre- 
KPB, caused hyperthermal warming of 2.5–3.0 °C followed by temporal 
cooling of 1.5–2.0 °C. During the last ~4 ky pre-KPB, eruptions resumed 
with greater force and tempo in a series of larger extreme events (EE12 
to EE20) in rapid succession ending in the mass extinction. Significant 
gypsum (Ca-sulfate) is present at and right above the KPB, which was 
probably formed by oxidation of pyrite and consequently accounts for 
part of the Hg enrichments (see section 4.2.3). Although the correlation 
between Hg and gypsum is low (r = 0.27, n = 19; Fig. 4, Fig. A9), there 
may still be some dependence of Hg on gypsum, particularly at the KPB. 

We conclude this new evidence supports a link between late 
Maastrichtian warming in C29r and extreme mercury events in marine 
sequences. Furthermore, we show that the cooling, commonly believed 
to coincide with the KPB mass extinction, reflects a temporary lull in 
eruption rates between 55 and 25 ky prior to the KPB. This cooling 
underlies the KPB hiatus, which is ubiquitous in the deep-sea and 
marginal marine environmental records (Fig. 3). The complete KPB 
transition at Elles preserves evidence of extreme Deccan eruptive pulses 
that began during the last 25 ky pre-KPB and initiated hyperthermal 
warming that ended with the mass extinction (Fig. 2). 

6. Testing the global distribution of Elles Hg extreme events 

6.1. Introduction 

If the Elles Hg extreme events are linked to major Deccan eruption 
pulses in India, they should be globally distributed in marine sediments. 
We tested this hypothesis in Israel based on Hg concentrations for the 
equivalent late Maastrichtian interval in the Hor Hahar section of the 
Negev (Fig. 1) which has very low TOC (< 0.2 wt%), except for some 
short intervals, and an average sedimentation rate of ~3.5 cm/ky for 
C29r compared with 4.7 cm/ky for Elles (Fig. 5). Lithology consists of 
marl, marly chalk and limestone, with shale above the KPB hiatus. Hg 
analysis were performed following the same methodology described in 
section 5.2. 

6.2. Results 

Hg analysis revealed a good correlation between Elles and Hor 
Hahar for extreme events EE3 to EE11. The average Hg concentration at 
Hor Hahar is 46 ppb compared with 35 ppb at Elles and most Hg ex
treme events are also higher than at Elles. Hg EE10 to EE11 correlate 
with the onset of hyperthermal warming at Elles, which abruptly ends 
at the well-documented KPB hiatus at Hor Hahar and other Negev and 
Sinai sections (Fig. 5) (Keller and Benjamini, 1991; Keller et al., 2002a;  
Keller, 2004; Adatte et al., 2005; Punekar et al., 2014b). The high Hg 
concentrations in the early Paleocene above the KPB hiatus coincide 
with high TOC (up to 1.9 wt%), yielding normalized values below 
average Hg/TOC. 

The correlation between Elles and Hor Hahar is promising con
sidering the sample spacing at Hor Hahar is variable ranging from 10 to 
30-cm intervals for the late Maastrichtian and the sediment accumu
lation rate is lower. Higher resolution sampling could strengthen the 
correlation of extreme events between Tunisia and Israel and may also 
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detect additional extreme events. However, even at this coarser sam
pling resolution, the presence of EE3 to EE11 in geographically dis
parate localities is compelling evidence for a global distribution of Hg, 
with a likely origin from the Deccan LIP. Thus, Hg proxy and Hg-stra
tigraphy are valuable correlation tools for linking extreme volcanic 
eruption events in marine sediments to LIP volcanism and, in this case, 
to the end-Cretaceous mass extinction at the KPB. 

7. Elles age and Hg-stratigraphy correlated with Deccan 
volcanism 

7.1. Introduction 

We demonstrated Hg is an excellent proxy for Deccan volcanism in 
marine sediments at Elles, Tunisia, and Hor Hahar, Israel, with extreme 
eruption pulses linked to warming in coeval sediment samples (Figs. 2, 
5). Mercury is thus not only a global proxy of Deccan volcanism but also 
an excellent global chemostratigraphic tool. Here we test whether Hg- 
stratigraphy at Elles can be linked to the Deccan eruption history and U- 
Pb geochronology for C29r below the KPB based on Elles cyclostrati
graphy age control and Hg extreme events (EE4 to EE19) (Fig. 6, Fig. 
A5). If this correlation can be reasonably accomplished, then the global 
Hg EEs are demonstrably linked to Deccan eruption pulses, climate and 
environmental changes. 

7.2. Review of Deccan eruption pulses 

The main phase of Deccan volcanism is interpreted to have occurred 
in three major phases based on paleomagnetic data (Chenet et al., 2007, 
2008, 2009) and four major pulsed eruption events based on strati
graphic age modeling of U-Pb zircon geochronologic data (Schoene 
et al., 2019) (Fig. 6, Fig. A5). Pulse-1 is interpreted as coinciding with 
the long-term global warming in C29r, which has long been attributed 
to Deccan volcanism as early as 1998 (Li and Keller 1998a) and is now 
supported by the Elles sequence spanning Hg EE4 through EE9 
(345–72.5 ky pre-KPB) (Fig. 2). The most intense pulse, pulse-2, cor
responds to the eruption of Deccan's Poladpur Formation, that Schoene 
et al. (2019) propose to have started within tens of ky prior to the KPB, 
as dated by Clyde et al. (2016) using U-Pb geochronology in the Denver 
Basin, Colorado, USA. Pulse-3 occurred about 100 ky after the KPB 
mass extinction and the last pulse, pulse-4, occurred at or close to the 
base of C29n (Chenet et al., 2009; Schoene et al., 2019), potentially 
correlative with climate warming of Dan-C2 and preceding the onset of 
full biotic recovery. 

An alternative eruption record was presented in Sprain et al. (2019) 
based on 40Ar/39Ar geochronology. These authors advocated for a more 
constant eruption rate with a step change to higher rates at the KPB 
boundary. However, the precision of these measurements is not suffi
cient to test for the existence of the eruptive pulses inferred from the U- 
Pb data (Schoene et al., 2020). Further discussion of these two datasets 
can be found in Appendix A (Section A.4). 

7.3. Comparison between Deccan U-Pb ages and Elles Hg EEs 

Deccan geochronology based on U-Pb zircon ages are from the 
Western Ghats (Schoene et al., 2015, 2019) and Malwa Plateau (Eddy 
et al., 2020) with reported uncertainties at the 95% C.I. (see below). 
Cyclostratigraphy is based on precession cycles at Elles with an as
sumed uncertainty of one precession cycle ( ± 20 ky). In this study, we 
restrict this correlation to C29r below the KPB. Table A2 lists the 
Deccan U-Pb zircon ages and cyclostratigraphy precession cycles, ages 
and Hg extreme events relative to a KPB age of 66.016 Ma. 

Recently, the two oldest U-Pb zircon ages from the main 
Deccan Volcanic Province were dated 66.358  ±  0.070 Ma and 
66.320  ±  0.057 Ma (342 ky and 304 ky pre-KPB, respectively) in C30n 
of the Narmada Formation from the Malwa Plateau, which is equivalent 

to the Jawhar Formation of the Western Ghats (Eddy et al., 2020) 
(Fig. 6; Table A2). These ages are within uncertainties of Elles Hg EE4 at 
66.363 Ma and EE5 66.299 Ma (347 ky and 283 ky pre-KPB, respec
tively) and likely mark the onset of Deccan induced climate warming 
near magnetic reversal C30n/C29r (Figs. 2, 6; Table A2). In the Western 
Ghats, the oldest volcanic unit is the Jawhar Formation deposited 
through the C30n/C29r transition (Chenet et al., 2009; Schoene et al., 
2015), and the oldest U-Pb zircon age is 66.296  ±  0.037 Ma (280 ky 
pre-KPB) from a lava interpreted as having transitional polarity 
(Schoene et al., 2015, 2019). In the Malwa Plateau, ages of 
66.320  ±  0.057 Ma and 66.275  ±  0.066 Ma (304 ky and 259 ky pre- 
KPB, respectively) appear to correlate with the middle and top Jawhar 
Formation in the Western Ghats (Eddy et al., 2020) and with cycles 15 
and 13 at Elles associated with warm/cool fluctuations (Fig. 6). 

The younger Malwa Plateau U-Pb zircon ages 66.256  ±  0.042 Ma 
and 66.250  ±  0.052 Ma (241 ky and 234 ky pre-KPB, respectively) 
from the Manpur Formation are correlative with Igatpuri and Neral 
Formations in the Western Ghats. These ages correlate with Elles cycles 
~12.5 at 66.261 Ma and 12 at 66.251 Ma (245 ky and 235 ky pre-KPB, 
respectively) associated with cooling (Fig. 6; Table A2). The Neral 
Formation appears to correlate with Elles EE6 (229 ky pre-KPB), which 
marks the biostratigraphic zone CF2/CF1 boundary and maximum 
warming (Figs. 2, 5). Two U-Pb ages from the lower and upper Tha
kurvadi Formation at 66.225  ±  0.077 Ma and 66.185  ±  0.061 (209 
ky and 169 ky pre-KPB, respectively) in the Western Ghats span cycles 
11 to 8.5 at Elles linked to warm/cool fluctuations. The middle Tha
kurvadi Formation age, correlative to the Manpur Formation of the 
Malwa Plateau at 66.199  ±  0.074 Ma (183 ky pre-KPB), correlates 
with Elles EE7 at 66.195 Ma (180 ky pre-KPB) and warming (Fig. 6; 
Table A2). 

The Khandala Formation U-Pb age at 66.161  ±  0.069 Ma (145 ky 
pre-KPB) correlates with Elles cycle ~7.5 at 66.161 Ma (145 ky pre- 
KPB) and gradual cooling (Fig. 6; Table A2). In the lower Bushe For
mation two U-Pb ages at 66.150  ±  0.067 Ma and 66.132  ±  0.069 Ma 
(134 ky pre-KPB, Malwa Manpur equivalent, and 116 ky pre-KPB, re
spectively) correlate with Elles cycles 7 and 6 at 66.151 Ma and 
66.131 Ma, respectively, associated with low Hg concentrations and a 
gradual cooling trend (Figs. 2, 6; Table A2). 

The major Hg EE8 and cycle ~5.5 (66.121 Ma, 105 ky pre-KPB) 
correlate with the Bushe Formation. The Bushe/Poladpur transition U- 
Pb age at 66.088  ±  0.032 Ma (72 pre-KPB) correlates with EE9, cycles 
4–3 at Elles (66.089 Ma, 72.5 ky pre-KPB) and rapid climate warming 
(Figs. 2, 6; Table A2). After this warm event, climate cooled rapidly and 
remained cool between 45 and 25 ky pre-KPB, during a time of low Hg 
concentrations that reflect low magnitude volcanic eruptions. Five U-Pb 
ages mark this cool interval in the Deccan Western Ghats at 
66.070  ±  0.031 Ma to 66.044  ±  0.022 Ma (54 to 28 ky pre-KPB) 
(Fig. 6; Table A2). The last U-Pb age from the Poladpur Formation is at 
66.039  ±  0.030 Ma and 23 ky pre-KPB, near the onset of the hy
perthermal warming. However, all of these Poladpur ages are within 
error margins of the estimated KPB age at 66.016  ±  0.050 Ma. In 
contrast, Elles cyclostratigraphy ages for Hg EE10 to EE20 span the last 
25 ky (1 m) below the KPB correlative with hyperthermal warming as 
described in section 5.4 (Fig. 2; Table A2). 

8. Discussion 

8.1. Global climate, volcanism and the mass extinction 

The direct link between Hg anomalies and climate change based on 
δ18O of benthic foraminifera at Elles, Tunisia, is evidence for Deccan 
volcanism's effect on global climate. This effect is particularly evident 
by the long-term warming from the base of C29r (350 ky pre-KPB) to 
short-term cooling between 72 and 26 ky pre-KPB, followed by hy
perthermal warming during the last 25 ky, ending at the KPB with the 
mass extinction (Fig. 7). Extreme Deccan eruption events (EE4 to EE9) 
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at ~40–50 ky intervals appear to have driven the long-term warming. 
Still puzzling is the quasi-periodicity of these Hg extreme events. A 
sampling artifact can be ruled out because the same extreme events are 
observed in Israel and other localities (Fig. 5). Perhaps this is a fractal 
eruption pattern of LIP events (Grasby et al., 2020). The following 46 ky 
period of short-term global cooling correlates with overall low Hg 
concentrations (< 20 ppb) and hence low atmospheric CO2 input from 
Deccan eruptions that results in cooling. 

8.2. Hyperthermal KPB event 

Hyperthermal warming suddenly ended the short-term cooling 25 
ky pre-KPB at Elles, with accelerating Hg extreme events (EE10 to 
EE20) correlated with the largest eruption pulse of the Deccan LIPs at 
the end of the Poladpur Formation (Fig. 6) (Schoene et al., 2019). At 
Elles, Hg EE10-EE11 are coeval with the onset of hyperthermal 
warming that continued through Hg EE12-EE20, spanning the last 25 
ky of the Maastrichtian and ending with the mass extinction at the KPB 
(Figs. 2, 7). This hyperthermal warming was also observed at Hor 
Hahar, Israel, where Hg EE10-EE11 are present and mark the onset of 
this event, but erosion/hiatus spans EE12-EE20, the KPB and part of the 
early Danian (Fig. 5). Further evidence of this end-Cretaceous hy
perthermal catastrophe is likely to be discovered in continental shelf 
environments with high sediment accumulation rates and analyses 
based on very high sample resolution (1 cm to 5 cm intervals). 

Previous discoveries of the mass extinction between trans-India lava 
flows in the Rajamundry quarries (Keller et al., 2008) and particularly 
between four of these lava flows in deep cores from the Krishna-God
avari Basin (Keller et al., 2011, 2012) linked the mass extinction di
rectly to the major Deccan eruptions pulse across the KPB (Schoene 
et al., 2019). Hg stratigraphy at Elles now further refines the mass ex
tinction between the last five Hg extreme events (EE16-EE20) of the 
hyperthermal warming, which indicate the mass extinction occurred 
rapidly over ≤1000 years (Fig. 7). This time estimate is in good 
agreement with time limits set to eruption pulses using paleomagnetic 
directions and secular variations suggesting duration of only one cen
tury for each of the largest lava flows (Chenet et al., 2009). The cause(s) 
for these rapid and extreme eruption events is still speculative, but not 
restricted to the Deccan LIPs at the time of the end-Cretaceous mass 
extinction. Siberian Trap eruptions may have been similar and driven 
repeated global toxic stress on marine and terrestrial environments 
(Grasby et al., 2020). Deccan Traps accelerated Hg extreme events and 
hyperthermal warming leading up to the mass extinction support this 
interpretation and so do the trans-India lava flows that ended with the 
mass extinction. 

8.3. KPB hiatus 

The long-term climate pattern and short-term cooling preceding the 
end-Cretaceous mass extinction observed at Elles is also present in the 
South Atlantic DSDP Sites 525 and 528, ODP Sites 690, 1209, 1262 and 
1267 (Keller, 1993; Li and Keller 1998a; Westerhold et al., 2008; Barnet 
et al., 2018). Missing in deep-sea sites is the hyperthermal warming 
leading up to the mass extinction due to a KPB hiatus (Figs. 3, 7). 
Hiatuses are ubiquitous in deep-sea sections at depths of 1000–4000 m, 
because sediment deposition is extremely slow (< 1 cm/ky) and ex
posure to major current circulation results in frequent erosion/hiatuses, 
particularly during intensified currents driven by global cooling. In 
contrast, continental shelf deposition, such as at Elles (depth of 
100–150 m), has high sediment deposition rates (~4.7 cm/ky) and are 
relatively protected from major currents. The shortest deep-sea hiatuses 
span from the early Danian to the short cool event 45–26 ky below the 
KPB, thus missing the hyperthermal and the mass extinction horizon. 
This hiatus has been documented in deep-sea localities from the 
Atlantic, Pacific and Indian Oceans (Li and Keller 1998a; Keller et al., 
2013, 2016; Thibault and Husson, 2016; Punekar et al., 2014a, 2016;  

Mateo et al., 2016, 2017; Font et al., 2018). 
Evaluation of the short-term environmental changes across the end- 

Cretaceous mass extinction and hyperthermal event thus necessitates 
high-resolution quantitative, biostratigraphic age control to document 
the continuity of species populations or sudden disappearance during 
prime population abundances due to a hiatus. Hg stratigraphy is the 
new tool that adds an independent proxy to interpret the nature and 
cause of the mass extinction linked to the Deccan LIP. 

Recently, the assumption of a complete KPB record in deep sea sites, 
including South Atlantic localities, led to claims that the mass extinc
tion occurred during the short-term global cooling that underlies the 
KPB hiatus. In the absence of major Hg concentrations, this cooling was 
attributed to the Chicxulub impact as prime cause for the mass ex
tinction (e.g., Henehan et al., 2016; Hull et al., 2020; Chiarenza et al., 
2020). This scenario is not supported in complete KPB sections such as 
Elles, Tunisia, where climate cooling abruptly ended prior to the hy
perthermal warming and major Deccan eruption pulse (EE10-EE20) 
that ended in the end-Cretaceous mass extinction. 

8.4. Biotic crisis 

The end-Cretaceous mass extinction story can be divided into two 
parts: (1) the biotic turnover during a long period of environmental 
stress (~300 ky) caused by Deccan volcanism-induced climate 
warming; and (2) the tipping point and sudden mass extinction during 
the last 25 ky pre-KPB correlated with the largest Deccan eruption 
pulse, hyperthermal warming and ocean acidification. Paleontologists 
have long known the gradual extinction pattern from the fossil record 
and often interpreted the sudden mass extinction as the end-result of a 
gradually deteriorating environment due to volcanism, climate and sea- 
level changes, greenhouse warming accompanied by fluctuating anoxia 
and nutrient dynamics leading to the decimation of marine organisms 
(Benton, 1995; Hallam and Wignall, 1997; House, 2002). Since 1980, 
the sudden mass extinction has been solely attributed to the Chicxulub 
impact (Alvarez et al., 1980; review in Schulte et al., 2010). But recent 
discoveries have added more details and complexity to the long-term 
biotic turnover and the sudden mass extinction, linking both directly to 
Deccan volcanism induced climate change and ocean acidification but 
at starkly different rates and tempo (review in Punekar et al., 2014a;  
Keller et al., 2018). 

In this study, the biotic turnover and mass extinction are evaluated 
based on planktic foraminifera from Elles, Tunisia, which contains the 
most complete records for the late Maastrichtian and KPB transition 
known worldwide (Abramovich and Keller, 2002; Punekar et al., 
2014a). 

8.4.1. The biotic turnover 
In low and middle latitude marine environments planktic for

aminiferal diversity averaged about 65 species (e.g., Li and Keller, 
1998b; Abramovich and Keller, 2002). About 2/3 of these assemblages 
(44 species) were large, complex and ornate thick-walled species. 
Twenty-seven of these species belong to the most ornate and diverse 
group, the globotruncanids, adapted to normal pH, warm temperature, 
normal salinity, oxygen and nutrient conditions. At Elles, high-stress 
conditions during the late Maastrichtian (66.550–66.291 Ma) already 
reduced the total abundance of globotruncanids to 5–15%, compared to 
35% in the interval prior to the first surface ocean acidification event 
(Fig. 7). The second and third acidification events coincided with the 
onset of Deccan-induced long-term climate warming and peak 
warming, respectively, when globotruncanid populations decreased to 
5–10% (Fig. 7). Planktic foraminifera thus reveal long-term high-stress 
conditions endangered all environmentally sensitive species (66%) 
during the duration of Deccan eruptions and climate warming prior to 
the KPB but caused no extinctions. 

The remaining third of the assemblages (22 species) were smaller 
species with simple morphologies, less ornamentation and thin shells 
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adaptable to variable environmental conditions across latitudes (e.g., Li 
and Keller, 1998b; Abramovich and Keller, 2002). Biserial species 
dominated in this group, including the surface dweller Pseudoguembe
lina costulata and P. costellifera. At Elles, P. costulata decreased in 
abundance after the third acidification event (Fig. 7). 

8.4.2. Disaster opportunist Guembelitria 
Guembelitria cretacea is known as disaster opportunist and sole long- 

term survivor of the end-Cretaceous mass extinction. This species 
adapted and thrived in high-stress environments and nutrient-rich 
surface waters by reduced species size (Lilliput effect), thin shells and 
rapid reproduction rates (Keller and Abramovich, 2009; Abramovich 
et al., 2010; Ashckenazi-Polivoda et al., 2014). Guembelitria cretacea is 
generally only analyzed in the > 63 μm size fraction when it thrived 
after the mass extinction. However, this species also thrived during the 
late Maastrichtian high-stress environment by species dwarfing 
from > 63 μm to 38–63 μm size fraction, marking the Guembelitria 
Lilliput population which yields a new proxy for high-stress conditions 
associated with Deccan volcanism preceding the mass extinction. In this 
study we analyzed the Guembelitria Lilliput population (38-63 μm) for 
the first time from the late C30n through C29r across the KPB and into 
the early Danian. The first indication of really high-stress conditions 
was marked by abundant (60%) Guembelitria cretacea in cycle ~9.5, 165 
ky pre-KPB coincident with EE7 (early zone CF1) (Fig. 7). However, 
higher stress conditions likely prevailed already in the preceding 
maximum warming and third acidification event, where reduced 
Guembelitria populations resulted from enhanced shell fragmentation 
due to dissolution effects. After the third acidification event, environ
mental stress steadily increased with high Guembelitria abundances 
between 60 and 70%, and decreased abundances of all larger species. 
Guembelitria abundances decreased to 50% during the short-term global 
cooling. Maximum stress began with the onset of hyperthermal 
warming and acidification spanning the last 25 ky pre-KPB (Fig. 7). This 
interval shows significantly reduced Guembelitria abundances due to 
acidification and fragmentation of thinner shells, but some high peaks 
(80%) prevailed (Fig. 7). Above the KPB, Guembelitria cretacea rapidly 
regained larger sizes (> 63 μm) and dominated early Danian planktic 
foraminiferal populations by nearly 100%. During this time Guembeli
tria diversified and evolved into the new Paleocene fauna (Fig. 7). 

8.4.3. Sudden mass extinction 
During the last 25 ky before the KPB, a paroxysmal eruption pulse 

resulted in a sudden climate change to hyperthermal warming and in
creasingly acidic and toxic oceans (Fig. 7). The large, specialized 
planktic foraminiferal species (66%), already endangered by the pre
ceding ~300 ky of environmental stress, reached threshold conditions 
and went extinct far more rapidly than previously estimated from en
vironmental factors. The extinction climax was reached during the four 
to five largest Hg extreme events (EE16-EE20) at the end of the largest 
Deccan eruption pulse during ≤1000 years at the end of the Cretac
eous. The smaller environmentally more tolerant species severely re
duced populations and survived for 50–100 ky into the early Danian. 
The sole long-term survivor and disaster opportunist Guembelitria cre
tacea thrived and gave rise to the newly evolved early Danian species. 

In India, the mass extinction was previously documented between 
three to four Deccan lava flows that traversed > 1000 km from the 
main Deccan Volcanic Province to the Bay of Bengal (Keller et al., 2008, 
2011, 2012). These lava flows correlate to the Hg extreme events that 
sealed the mass extinction at Elles (EE15-EE20). Oxygen stable isotopes 
and Hg-stratigraphy revealed a temporally complete sequence linked to 
Deccan volcanism via U-Pb dating and cyclostratigraphy. Thus, Elles 
serves as an ideal model to assess the global nature, rate and tempo of 
the end-Cretaceous mass extinction as well as to evaluate the timing 
and contribution of the Chicxulub impact relative to Deccan volcanism 
in this major biotic crisis. 

9. Summary and conclusions 

The Elles section in Tunisia is the auxiliary GSSP to the El Kef sec
tion and has the most complete late Maastrichtian sedimentary record 
and high sedimentation rate (~4.7 cm/ky) in a middle shelf environ
ment at 100–150 m paleodepth. We chose this section to test the global 
mercury (Hg) fallout as a potential proxy for major Deccan eruptions 
and global chemostratigraphic correlation tool linking KPB sequences 
to Deccan volcanism. The ultimate goal was to evaluate Deccan vol
canism's direct role in long-term climate warming during C29r and the 
hyperthermal during the last 25 ky preceding the KPB and how these 
climate changes affected both long-term biotic turnover and the nature 
and tempo of the mass extinction. Results demonstrate Deccan volca
nism's long-term detrimental effects on marine life and reveal parox
ysmal eruptions, toxicity and ocean acidification as a critical driver of 
the rapid mass extinctions. We arrived at this conclusion by synthe
sizing a multitude of analyses that are summarized below.  

1. At Elles we successfully analyzed orbital cyclostratigraphy for 
maximum age control and correlation with high-resolution U-Pb 
zircon dating of the Deccan Traps (Schoene et al., 2019) (Fig. 2).  

2. We analyzed sediments for Hg concentrations in the Elles section at 
~1.25-ky (10-cm) intervals for the 525 ky pre-KPB. Results reveal 
an elevated Hg background that we attribute to volcanic activity and 
punctuated Hg extreme enrichments (EE1 to EE9) that we interpret 
as representing large eruption events (Fig. 2).  

3. Hg concentrations during the last 25 ky pre-KPB, analyzed at higher 
resolution (0.5 cm, 1 cm to 5 cm intervals), revealed extreme events 
(EE10 to EE20) linked to paroxysmal eruptions, temporally related 
to hyperthermal warming and the mass extinction (EE16 to EE20) 
(Figs. 2, 7). 

4. Carbon and oxygen stable isotopes (δ13C, δ18O) and Hg concentra
tions in coeval samples demonstrate the correlation between long- 
term climate warming and elevated background Hg concentrations 
(35 ppb), with warm peaks further associated with EE4-EE9 (Fig. 2). 
This correlation supports the direct link between volcanism and 
climate warming.  

5. Paroxysmal Deccan eruptions during the last 25 ky pre-KPB coincide 
with inferred hyperthermal warming and the mass extinction 
(Fig. 7).  

6. We tested the reliability of Hg concentrations at Elles by analyzing 
the Hor Hahar sequence in Israel. The Hg curves for both locations 
suggest that the Hg concentrations reflect global processes, sup
porting a volcanic origin (Fig. 5).  

7. We correlated Elles cyclostratigraphy and Hg stratigraphy results 
with Deccan Traps stratigraphy and U-Pb geochronology (Fig. 6). 
Results demonstrate a direct link between major Deccan volcanic 
eruptions in India and Hg spikes in marine sediments correlative 
with climate warming peaks.  

8. We evaluated the biotic response to Deccan volcanism based on 
climate warming and Hg stratigraphy (Fig. 7). Results demonstrate 
increasingly high-stress environments during the long-term climate 
warming in C29r, and rapid mass extinction during paroxysmal 
eruptions and hyperthermal warming during the last 25 ky of the 
Cretaceous. 

We conclude that the results of this study at Elles, Tunisia, reveal 
pulsed Deccan volcanic eruptions identified based on Hg concentrations 
in sediments that caused long-term climate warming and biotic turn
over but no significant species extinction. However, the paroxysmal 
eruptions during the last 25 ky caused hyperthermal warming, ocean 
acidification and toxicity that exceeded threshold conditions for life 
leading to the rapid mass extinction during the most extreme events 
(EE16 to EE20) spanning ≤1000 years at the end of the Cretaceous. 
Evidence of these extreme events is manifest in the longest known lava 
flows, > 1000 km, that originated in the main Deccan province and 
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spanned across India. The extremely rapid mass extinction was first 
documented in sediments between the four longest lava flows in cores 
drilled by India's Oil and Natural Gas Corporation (ONGC) and now 
confirmed based on Hg extreme events at Elles, Tunisia. 

The sum total of the current studies demonstrates extreme event 
Deccan eruptions caused long-term climate warming in C29r and short- 
term hyperthermal warming during the last 25 ky prior to the end- 
Cretaceous mass extinction at the KPB. These observations strongly 
support Deccan volcanism as main contributor to climate change and 
the end-Cretaceous mass extinction, and call for a re-evaluation of the 
relative roles of both the Chicxulub impact and Deccan volcanic erup
tions in this major biotic crisis. 
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