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Abstract

Mass extinctions generally involve a complex array of interrelated causes and are
best evaluated by a multi-proxy approach as applied here for the end-Cretaceous mass
extinction. This study documents and compares the planktic foraminiferal records,
carbonate dissolution effects, stable isotopes, and magnetic susceptibility in France
(Bidart), Austria (Gamsbach) and Tunisia (Ell@s)order to explore the environmental
conditions during the uppermost MaastrichtRlummerita hantkeninoidegzone CF1
leading up to the mass extinction. Planktic foraminiferal assemblages at Bidart and
Gamsbach appear to be more diverse than those at Elles, with unusually high abundance
(20-30%) and diversity (~15 species) of globotruncanids in the two deep-water sections

but lower abundance (<10%) and diversity (<10 species) at the middle shelf Elles section.
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Oxygen isotopes in zone CF1 of Elles record rapid climate warnalloyved by cooling
and a possible return to rapid warming prior to the mass extinction.

The onset of high stress conditions for planktic foraminifera is vbder50-60
cm below the KTB at Bidart and Gamsbach, and ~4.5 m below the KEBeatdue to
much higher sediment accumulation rates. These intervals at Bidh@amsbach record
low magnetic susceptibility and high planktic foraminiferal fmegtation index (FI) at
Elles, Bidart and Gamsbach. An increased abundance of species with dissolisitamire
morphologies is also observed at Gamsbach. The correlative interiradiia records
significantly stronger carbonate dissolution effects in intepean sediments between
the longest lava flows, ending with the mass extinction. Based oentw@vidence, this
widespread dissolution event stratigraphically coincides with lineate cooling that
follows the Late Maatrichtian global warming and may be linkeddean acidification
due to Deccan volcanism. The estimated 12,000-28,000 Gigatons (Gt} ah@6200—
13,600 Gt of S@introduced into the atmosphere likely triggered the carbonate risis

the oceans resulting in severe stress for marine calcifiers |e@ading mass extinction.
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1. INTRODUCTION

One of the best-known European Cretaceous-Tertiary boundary (KTB)nsec
also known as Cretaceous-Paleogene (KPB or KBgfjons, is exposed at a beach near
Bidart, in the Basque-Cantabrian basin of southwestern France {F&j3,.Seyve, 1990;
Haslett, 1994 At this locality about 8 m of uppermost Maastrichtian afdn~of basal
Danian sediments are exposed, including the boundary clay, an Iridjuam@naly and
negatived'*C excursion that indicate a relatively complete KTB transi(fig. 2A, C;
Renard et al., 1982; Bonté et al., 1984; Apellaniz et al., 1997; Font et al). 2014
Nevertheless, the Bidart section remained in limbo for nearlyd®aades because of
uncertain age control, particularly the reported absence of thet IMaastrichtian
nannofossilMicula prinsii zone and absence of the planktic foraminiferal zones CF1
(Plummerita hantkeninoideand CF2, which together are correlative with paleomagnetic
chron C29r. This led to the assumption that the latest Maastrichtnaissing Gallala et
al., 2009. Subsequent paleomagnetic and microfossil studies revealedhe¢ha8 tm of
uppermost Maastrichtichtian sediments below the KTB were degaiireng theMicula
prinsii zone Galbrun and Gardir2004) and the recent finding &f. hantkeninoidegone
CF1 (ont et al., 2024further confirms deposition in paleomagnetic chron C29r below
the KTB boundary and hence a substantially complete KTB transition.

Restudy of the Bidart section is particularly important beeaafsthe potential
connection between the high-stress interval spanning the last 504t Maastrichtian
and Deccan volcanism in Indikdnt et al., 2011, 20)4As early as the 19908pellaniz

et al.(1997 reported a drop in carbonate content and increased planktic foraalitefsr
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dissolution particularly in the KTB clay and the underlying 28-cm uppst
Maastrichtian sediments. This interval depleted in carbonate costaisb featured by a
loss of iron oxides (biogenic and detrital magnetite), interpretetiet the result of
acidification linked to Deccan acid rainsofit et al., 2014; Font and Abrajevitch, 2D14
The possible link between this dissolution interval and ocean actdificeelated to
Deccan volcanism appears to be more than coincidental and waaaritssh
investigation of associated changes in planktic foraminiferaénalsiages. Bidart
therefore provides a unique opportunity to analyze this critical tntezval in Earth
history to understand the environmental changes in the northermatitidi¢ Atlantic
Ocean that may be related to the global effects of Deccan volcanism.

Preliminary faunal analysis of the Bidart section revegiaaktic foraminiferal
assemblage remarkably different from those reported for El (&&SP) and Elles,
Tunisia, and other continental shelf locatioAbr@movich et al., 2002; Font et al., 2014
To evaluate whether this is due to different depositional set{mgsn ocean bathyal
depths for Bidart versus shelf depth for Tunisia), we chose a sectimghlbsection,
Gamsbach, Austria, as a control site. Gamsbach is located inagiterre Alps with a
palaeogeographic setting and depositional history similar to Bifigs. 1, 3B;Grachev
et al., 2005 Gamsbach contains planktic foraminiferal assemblages sitoildrose at
Bidart, including a pre-KTB dissolution interval that supports theocghof Gamsbach as
a complementary site.

Although numerous studies have explored the KTB transition at Bidat a
Gamsbach over the past three decades (see sections 1 and nenfgplematerial), the

published microfossil records are generally not quantitative ancergt low sample



91 resolution yielding little or no information for the critical pegtinction interval. We
92  present comprehensive biostratigraphic, assemblage and stabfgejsgeochemical and
93 mineralogical data that focus on the rapid climatic and biegnts of zone CF1, which
94  globally record the crises that led up to the KTB mass extimciihe primary objective
95 of this study is to test the hypothesis that Deccan volcanisynhaze caused global
96 climate changes and ocean acidification that directly resutdee KTB mass extinction
97  recorded in planktic foraminifera.

98 We test this hypothesis based on: (1) High-resolution gquantitatiaekips
99 foraminiferal species abundances through the uppermost Maaatricbties CF1-CF2 at
100 Bidart and Gamsbach. (2) High-resolution biostratigraphic analytsspecial emphasis
101 on the presence/absence of index species @ansserina gansseand Plummerita
102  hantkeninoidesto re-evaluate the conflicting published reports (reviewed Del(By
103  Evaluation of the palaeoclimatic and the paleoenvironmental conditionsdeekc in
104 stable isotopes, geochemical proxies, and associated biotic .e¢@ntSvaluation of
105 carbonate and iron oxide dissolution events based on the quality of fideaali test
106 preservation (fragmentation index FI) and magnetic susceptibriggpectively. (5)
107 Determination of the chronologic sequence of biotic, climatic andhgaoical events
108 through zone CF1 at Bidart and Gamsbach, as well as their regiadaglobal
109  oceanographic significance in the context of environmental pertonsatielated to
110  Deccan volcanism. And (6) comparison with shelf sequences at Elles and El Ksfa;Tuni
111 to assess the nature of environmental changes in shallow vs. deep-water esmntisonm
112

113 2. BACKGROUND
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2.1. Bidart and Gamsbach

Previous studies of the Bidart and Gamsbach sections report stulvgec,
geochemical, paleomagnetic and microfossil biostratigrapaia. A brief summary is
given here (See supplementary material for details).

Bidart: Planktic foraminifera and nannofossils record a rapid declitieeakTB
at Bidart Gorostidi and Lamolda, 1995; Thibault et al., 2084bellaniz et al., 1997;
Gallala et al., 2009 whereas benthic foraminifera switch from infaunal to epifaunal
dominance across the KTBRIggret et al., 2004 An Iridium anomaly of 6.3£1.1 ppb,
enrichment of Co, Cr, Ni, As, Sb, Se and depletion of rare eartreetesn(REE) are
reported in the Bidart KTB red clay laydddlacotte, 1982; Smit and Ten Kate, 1982;
Bonté et al., 1984 Some studies report the presence of microtektites, microsphandes
Ni-rich crystals in the KTB red layer in the Basque sectimmsprovide no supporting
data Apellaniz et al., 1997; Arz and Arenillas, 1998; Arenillas et al., 2004

Gamsbach: Previous studies on Gamsbach show the KTB clay enriched in Ir (6
ppb), iron hydroxides, Co, Ni, Cr and siderophile elements and sporadicerziof
pure Ni crystals, awaruite (i), Ni-Fe, Ni-Fe-Mo and Ni-Fe-Co alloys, cosmic dust
and spherules of varied geochemical affiniti@€sachev et al., 2005, 2008; Pechersky et
al., 2006; Egger et al., 20p9Micropaleontological and biostratigraphic studies are
limited due to poor carbonate preservation throughout the KTB tranéiigger et al.,
2004, Summesberger et al., 2009, Korchagin and Kollmann in Grachev,. 2009)
Summesberger et al. (2009¢ported on the cephalopod, nannofossil and planktic

foraminiferal biostratigraphy at Gamsbach but provided no quantitative documentation.



137

138  2.2. Deccan Volcanism

139 Deccan eruptions resulted in an estimated 1.5 millioA &frlava flooding the
140 Indian sub-continentRaja Rao et al., 1999 Three main phases of eruptions are
141 recognized: the initial phase-1 (~6% of the total volume) in &y éate Maastrichtian
142 recently dated by*’Ar/*°Ar at 67.120.44Ma at the chron C30n/C29r transition
143  (Schoebel et al., 20143}he main phase-2 (~80% of the total lava pile) in chron C29r
144  (Subbarao et al., 2000; Jay and Widdowson, 2008; Chenet et al., 2007, 2008; Schoene et
145 al., 2014)culminating in the KTB mass extinctioi€ller et al., 2011a, 20)2and the
146 final phase-3 (~14% of the total volume) in the early Danian chron CZBa.
147 environmental effects of the three Deccan phases are determyntte iempo and
148 magnitude of eruptions and the amounts 0§, ¥, Cl and other gases released into the
149 atmosphere Self et al., 2008 A global review of the planktic foraminiferal events
150 contemporaneous with Deccan phase-2 and phase-3 can be folhohakar et al.
151  (2014a)

152 In the Krishna-Godavari Basin of SW India a rapid succession of foasep2
153 lava mega-flows span C29r below the KTB and mark the CF1-CF2/anda prinsii
154  (nannofossil) zones; intertrappean sediments reveal rapid extindfieles et al., 2011a,
155 2012. The correlative interval in Meghalaya (NE India) is domida{65%) by
156  Guembelitriablooms, and high-stress is also marked by ocean acidification ramdj st
157  carbonate dissolutiorGertsch et al., 20)1Schoene et al. (2015how that the Phase-2
158 volcanism itself lasted ~500-kyr into the Dani@n a global basis paleoclimatic data

159 from DSDP 525A(i and Keller, 1998p Tunisia, Stiben et al., 200&nd TexasKeller
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et al., 2011b; Abramovich et al., 201%how at least one and possibly multiple
hyperthermal events during the CF1-CF2 global warming, which iredicaomplex and
episodic climate fluctuations in the latest Maastrichtian tative with Deccan phase-2
(Punekar et al., 201)a

At Bidart and Gubbid-ont et al.(2011, 2014 discovered akaganeite, an unusual
Cl-bearing iron hydroxide preserved in a low magnetic susceptifiiS) interval below
the KTB. The origin of this low MS interval is explained b tloss of detrital and
biogenic magnetites from reductive iron hydroxide dissolution duectd rains and
ocean acidification linked to Deccan Phagg-@nt et al., 2014)They proposed a Deccan
volcanic origin for akaganeite, formed by interaction of acitbsms with the high
atmosphere and potentially transported through the stratospheadadt(Btlantic realm)
and Gubbio, Italy (Tethys realm). If a volcanic origin for akagane confirmed, this
can provide a promising new geochemical benchmark for identifyingcdde

environmental effects across the globe.

3. GEOLOGIC SETTING AND LITHOLOGY

3.1. Bidart, France

The Bidart KTB boundary section outcrops along the Erreteguia bdanmarth
of Bidart and can be accessed by the national highway R.N. 10 (W N°38°26'; Fig.
2B). Sediments consist of hemipelagic to pelagic marls and tbmes deposited at
upper-middle bathyal depths in the Aturian Trough during the latestkielaian to

PaleoceneGalbrun and Gardin, 2004; Alegret et al., 2004; Font et al.,)2@Eposition



183  occurred in a flysch zone and accumulated at 3-4 cm/ky, resuttitigidk marl beds

184 (Seyve, 1984Nelson et al., 1991; Clauser, 1994; Peybernes et al., 1997; Vonhof and
185  Smit, 1997. Tectonic disturbance (Pyrenean orogeny) and diapirism resalteterbed

186  sliding, slickensides, and mass-flow depodiazin, 1989; Apellaniz et al., 1997

187 About 8 m of uppermost Maastrichtian (C29r) pink to purple marlstones and
188 marls with occasional turbidites and cut by local faults appgxd below the KTB at
189  Bidart and can be tracéldroughout the Basque basin (Fig. Z4gellaniz et al., 1997)At

190 the base of the section analyzed is a 25-cm thick marlstone éalloyw ~2.5 m of marls

191  with common pelecypod shells and fragments. In the ~50-cm belowTtBecKrbonate

192  content decreases and macrofossils are absent, except at thethapioferval where

193  burrows are truncated by the overlying boundary clay.

194 The KTB is easily recognized by a 2 mm “rusty” layerhst base of an 8-15 cm
195 thick clay layer (Fig. 2B, CBonté et al., 1984; Apellaniz et al., 199The base of the
196 clayey interval is a grey to yellow silty clay overlain tedbrown siltstone and a thinly
197 laminated dark grey siltstone at the top. Carbonate content fyatha@eases in the
198 overlying basal Danian claystones, which are overlain by hengipdimestones marked
199 Dby alternating pink and white (occasionally glauconitic) biogémestones bioturbated
200 near the top of the sectioAgellaniz et al., 1997; Font et al., 2Q1At the top of the

201 outcrop is a mass-flow deposit with an erosive basal surface.

202

203  3.2. Gamsbach, Austria

204
205 The KTB boundary section is located in the Gamsbach valley of th&iaus

206  Alps (E 1451'50; N 4739'51; Figs. 3B). During the KTB transition the Gamsbach area



207 was located in the northwestern Tethys between paleolatitudes ZU°Nb (Fig. 1,
208 Haubold et al. 1999; Pueyo et al. 2D0he basin was formed after the early Cretaceous
209 thrusting followed by transtension and subsidence due to subdudtiagr€ich, 1993,
210 1999. Erosion at the front of the Austro-Alpine microplate resultedieposition of
211 sediments at middle bathyal depths (600-1000 m) during the late Mhaatriand lower
212  bathyal depth (>1000 m) in the early Dani&gdger et al., 2009

213 Sediments consist of hemipelagic pelites interbedded with thin dariigites
214 (<15 cm) characteristic of the Nierental Formation of the Gagaup in the northern
215 calcareous AlpsWagreich and Krenmayr, 1993, 2003he Maastrichtian is composed
216  of medium gray marlstones and marly limestones. Truncated bumavksthe top of the
217  Maastrichtian below the 2-cm thick clay layer that marksthéoundary. This KT clay
218 layer contains 0.2-0.4 cm thick yellowish clay at the base (Fig. 3A, C).

219

220 4. MATERIAL AND METHODS

221

222 Sampling at Bidart concentrated on the 3.5 m interval below the WiB
223  samples collected at 15-cm intervals for the bottom 3 m and 5-envaig for the top 50
224 -cm. At Gamsbach, 2 m of the uppermost Maastrichtian below theWwérB sampled at
225 5-6 cm intervals. In the laboratory, samples were crushed intd sagahents and left
226  overnight in 3% hydrogen peroxide solution to oxidize any organic carbba. T
227 disaggregated sediment samples were then washed throughnm>68d >38um sieves
228  (Keller et al., 199h The washed residues were oven dried at 50°C. Quantitative faunal

229 analysis was based on 63-150 and >15Q:m size fractions. Each size fraction of every

10
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sample was split with an Otto micro-splitter to obtain appraxéhy 300 specimens of

planktic foraminifera (for a statistical representation led species population). These
were picked, sorted and mounted on micro-slides and identifiede§ltrial sample was

searched for rare species and index species for biostpdtygtaut not included in the

guantitative dataset. Species identification is based on standarsbtaix concepts (e.g.,

Robaszynski et al., 1983-1984; Nederbragt, 1994son et al., 1999

For the foraminifera fragmentation index, a microsplitter wasd to obtain
approximately 500-700 foraminifera and fragments from the >63 mm fraction such that a
least 100 entire tests were counted. Three categories degrefied based on the quality
of preservation: entire (nearly) perfect tests (Plate 1¢RatA-G), partially damaged
(imperfect) tests (Plate 2: A-L; Plate 3: H-L, O, Rydragments (Plate 2: M-T; Plate 3:
M, N, Q-S). Specimens consisting of less than two-third of an @astavere counted as
fragments Berger et al., 1992 Planktic foraminifera fragmentation data was obtained
for Bidart, Gamsbach and Elles sections. Benthic foraminif@gnfentation data was
also obtained for Bidart to account for mechanical breakagetalp®st-depositional
transport and sample processing techniques.

Stable carbon and oxygen isotope analyses were performed on whole-rock
samples from Gamsbach for this study. These analysescaedeicted using a Thermo
Fisher GasBench Il preparation device interface with a Théfistoer Delta Plus XL
continuous flow isotope ratio mass spectrometer at the InstitutBaah Surface
Dynamics (IDYST) of the University of Lausanne, Switzerlande Btable carbon and
oxygen isotope ratios are reported in del)anptation as permiP§o) deviation relative to

the Vienna Pee Dee belemnite (VPDB). Whole rock and clay nhidata were acquired

11



253 from XRD analyses using SCINTAG XRD 2000 Diffractometertla Geological
254 Institute of the University of Lausanne, Switzerland. The procedure séonple
255  processing was based Adatte et al. (1996)

256 Mass specific magnetic susceptibility (MS) was measurettheatnstitute Dom
257  Luis (IDL), at the University of Lisbon, Portugal with a MFK-1 GKCO). Rock
258 fragments were crushed by using an agate mortar and fillhvtypical cubic plastic
259  boxes of 8 crhin volume. MS values are reported relative to mas&(h

260

261 5.BIOSTRATIGRAPHY: HOW COMPLETEISTHE KTB TRANSITION?

262

263 To evaluate the stratigraphic completeness of the KTB transiteomapply the
264  high-resolution planktic foraminiferal zonal scheme lbyand Keller (1998a,b)and
265 Keller et al. (1995, 20024)Fig. 4). The KTB is placed at 65.5 M&r@adstein et al.,
266 2004. However, the precise age of this boundary event is in flux wilhe mecent
267  geochronologic dating suggesting an age closer to 66.0Rdang¢ et al., 20)3and
268 additional dating still in progress. Based on cyclostratigraphy dbeation for
269 paleomagnetic chron C29r is estimated at 750 ky with the bas@%f & 66.25 Ma
270 (Gradstein et al., 2004; Schoene et al., 2014; Thibault et al., this vol.

271 Uppermost Maastrichtian Zone CF1: This zone is defined by the total range of
272  the index specieB. hantkeninoidePrevious studies concluded tiathantkeninoides
273  absent at BidartArz and Molina, 2002; Gallala et al., 2009; Galalla, 20Hbwever, we
274  observed this species in the 5 m below the KTB (seeFalsbet al. 2014 and 1.75 m

275 below the KTB at Gamsbach (Supplementary material Section I8 ifdicates that in

12
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298

both localities the uppermost Maastrichtian zone CF1 is presergsZifl and CF2 are
equivalent to the upper part of the nannofolkilprinsii zone, which spans the top 8 m
of the Bidart sectionGalbrun and Gardin, 20p4nd corresponds to C29r below the
KTB. The sediment accumulation rate for this interval is 3.2 ¢8R0 cm/250ky) and
3.1 cm/ky for zone CF1. Previous studies estimated a sedimeniaigoafrd cm/ky for
the Maastrichtian distal sea fan at Bid&eyve 1990; Nelson et al., 1991; Vonhof and
Smit, 1997 and 2.5 cm/ky for the nearby Sopelana sectibary et al., 199 This study
suggests that the zone CF1 interval is substantially compldteuglt truncated burrows
at the top of CF1 just below the KT boundary clay suggest some erGsiomared with
the middle bathyal environment at Bidart, the middle shelf depositematonment at
Elles, Tunisia, reveals a much higher sediment accumulatioofr&® cm/ky for C29r
below the KTB. Based on this section, the duration of zone CFitimated at ~160 ky
based on the KTB at 65.5 M&adstein et al., 2004Considering the KTB at 66 Ma and
the C30n/C29r transition at ~66.288 Ma, zone CF1 at Elles is ~130 kyReng€ et al.,
2013; Schoene et al., 2014

At Gamsbach P. hantkeninoidesvas identified in the top ~1.75 m of the
Maastrichtian for the first time in this study (Fig. 6B, tBld: M). Truncated burrows
mark the top of zone CF1 below the boundary clay similar to Bidadedan these
observations we conclude that the upper part of zone CF1 to the KTBextagtion at
Gamsbach is similar to Bidart and substantially complete. Bhepanegatived*>C shift
in bulk rock at the KTB and the presence of an erosional surface tinghbarrows at
both Gamsbach and Bidart suggests some erosion. Biostratigralitates that erosion

was primarily of basal Danian sediments.
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299 KT boundary clay Zone PO: The KTB consists of a “boundary clay” zone PO
300 overlying the Maastrichtian mass extinction horizon. The boundagsity identified on
301 the basis of five globally verified criteria: (1) mass eximt of Cretaceous planktic
302 foraminifera, (2) appearance of the first five Danian spewidéisin a few cm of the
303  boundary clay, (3) KTB clay and red layer, (4) an Ir anomaly anthg™C negative
304 shift (Keller et al., 1995; 201)bThe KTB is also characterized by an abrupt increase in
305 magnetic susceptibilitgFont et al., 2011; this stullyAt Bidart and Gamsbach, the KTB
306 clay is very thin (~5 cm and ~3 cm respectively) and overliesrasion surface with
307 truncated burrows. The zone PO clay, which is defined by thevahteetween the mass
308 extinction horizon and first appearanceRairvularugoglobigerina eugubinas absent as
309 this species directly overlies the mass extinction horizoandmalies of 6.3 ppb and
310 ~6.0 ppb at Bidart and Gamsbach, respectivBiyn{é et al., 1984; Vonhof and Smit,
311 1997; Egger et al., 200@re concentrated in the thin clay that represents redox conditions
312 above the erosion surface. Similarly, $5f&C negative shift of 2.0 t8.3%o is abrupt

313  across the erosion surface in both sections (Rocchia et al., 1987; Font et al., 214

314 comparison, at the stratotype El Kef and expanded Elles seatidnshisia, the PO clay
315 is 50 to 75 cm thick with an Ir anomaly of 18 ppb at the base afid aegjative carbon
316 isotope excursion(Rocchia et al., 1996; Stuben et al., 200¥he relative time
317 represented by the condensed PO intervals and hiatuses ataBida@amsbach can be
318 estimated based on the zone Pla planktic foraminiferal assemblages.

319 Zone Pla hiatuses: This zone is defined by the total rangdPofeugubinaand/or

320 P.longiaperturaand can be subdivided into subzones Pla(1) and Pla(2) based on the FO

321 of Parasubbotina pseudobulloidesd/orSubbotina triloculinoidegFig. 4) At the time

14
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of the PO/P1a(1) boundary only about five early Danian species had eaolyedl were
rare as the assemblages were dominated by the Cretaceousorsand disaster
opportunistsGuembelitriaspecies (review iKeller and Pardo, 2004

At Bidart, zone Pla(l) directly overlies the mass extinctiorh vabmmon
Parvularugoglobigerina extensa, P. eugubsradP. longiaperturaan assemblage that is
known to first appear well into zone Pla(1) about 100 kyr after th& mddss extinction
(Fig. 5A). This indicates that the early evolution of Danian spegi€® and lower part
of Pla(1) is missing due to erosion or non-deposition (Fig. 4). About 30-cm #dhsve
hiatus subzone Pla(l) ends with another sudden faunal assemblage mhdwege by
dramatically decrease@Guembelitria, P. eugubinand P. longiapertura a sudden
appearance of abunda@hiloguembelina morseand the FO ofs. triloculinoides(Fig.
5A). This assemblage is indicative of subzone Pla(2) and marks asbtherhiatus
between subzones Pla(l) and Pla(2) (Fig. 4). Hiatuses at the ri{iTBveer Danian
(resulting from condensed sedimentation and/or deep-sea currbat® been
documented worldwide in various studiesviews inMacLeod and Keller, 1991; Keller
et al., 2003, 2013

At Gamsbach an early Danian hiatus is also present as evidéme diverse (12
species) early Danian assemblage includhgseudobulloidesthe index species for
subzone Pla(2) directly overlying the mass extinction horizon §AY. This indicates
erosion of PO, Pla(1l) and at least part of P1a(2) (Fig. 4). Another dhuamai change
and hiatus occurs at the P1a(2)/P1b boundary about 30-cm above the KTH atke
extinction of P. eugubinaand P. longiapertura(index for top P1a(2)) and terminal

abundance decrease @lobigerina edita.Above this hiatus abundai@. morseiand
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345 commonP. pseudobulloide®llowed by abundanGuembelitriaspp. indicates zone P1b
346  (Figs. 4, 6A)

347

348 6.STABLE ISOTPESAND FAUAL TURNOVER

349

350 6.1. Stableisotopes

351 Whole-rock stable carbon and oxygen isotope data for Gamsbach (Ausirea)
352 obtained for this study (supplementary materials TablePlAnktic, benthic and bulk
353 stable isotope data for Elles (Tunisia) and whole-rock isotope dat@idart (France)
354 have already been documenté&dipen et al., 2003 hibault et al., this vol.Font et al.,
355 2014). Visual inspection of preservation and degree of recrystadiizaof individual
356 foraminifera testsndicated that the Gamsbach isotope data were likely to be the most
357 compromised.

358 At Elles, the overall low3'®0 values (-7.0 to -4%) for planktic as well as
359 benthic (-4.5 to -2%o) foraminifera indicate diagenetic effects but long term trendg
360 still be preservedStuben et al., 200%upplementary materials Tablg %\t Bidart, the
361 whole-rock 3°C values range between -1.7 and%b.8nd bulk 5'%0 values range
362 between -3.2 and -@®. Plotting 3°C vs. 3°0 values yields a correlation coefficient
363  R?=0.53, suggesting that diagenetic alteration of the primary sigaginot be ruled out
364 (supplementary materials Table 6). A I&C event is recognized between 3.5 m and
365 0.75 m below the KTB. A similar event is also observed in thekfiad**C values at
366 Elles between 1.75 m and 6.6 m below the KTB boundary indicating thaighs may

367 be real (Fig. 7). A long term increasing trend through zone CHibssrved ind'°0
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368 profiles of Bidart, Gamsbach and Elles, although the values atskzam and Elles
369 record frequent fluctuations (Fig. 8). The whole-ré&kC values for Gamsbach range
370 between 1.41 to 2.4 and the bulkd*®0 range between -2.6 and -%dl The 5C vs.
371 &0 correlation coefficient is lower than that for Bidart’4B.27) but the poorly
372 preserved fragmented and recrystallized tests suggest cobtedergerprint on the
373  primary isotopic composition. The 108°C event of Bidart and Elles is not preserved at
374  Gamsbach.

375

376  6.2. Faunal Turnover

377  Bidart (France)

378 Maastrichtian planktic foraminifera at Bidart are recrystadl but relatively well
379 preserved and identification is fairly easy. About 51 species wentified in the 63-150
380 um size fraction and 23 species in the >1B8 size fraction (Fig. 5A). The species
381 richness in the 63-150m fraction gradually drops from 30 to 20 through the analyzed
382 interval of zone CF1. A rapid decline from ~20 species to 3 spexs=en 3-cm below
383 the KTB. A brief increase to 13 species occurs 2-cm above the boutakaig observed
384 in the small and large size fractions and is likely due to @moand redeposition (Fig.
385 5A). In the >15Qum fraction, diversity remains nearly constant through CF1 but declines
386 from ~50 species to 11 species at 3-cm below the KTB.

387 All typical late Maastrichtian globotruncanids, rugoglobigerinidgetuelicids
388 and pseudoguembelinids are represented, although the biseriabhbbtidls and
389 pseudoguembelinids dominate the assemblages in the 63-150 um (Fip &@Jition to

390 common cosmopolitan species, biserial spedmdella harti andSpiroplecta americana
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Ehrenberg are also frequent in the assemblage (Plate 1: Kedg $pecies were first
described byGeorgescu and Abramovich (2008m upper Maastrichtian sediments of
the Atlantic Ocean. At BidarH. harti and Heterohelix navarroensisire the most
abundant and together constitute 40-60% of the assemblage throughouigSFERF7;
Plate 1: K, L).Guembelitriasp. is present in the 63-1%n size fraction but not in the
abundance observed in shallow marine KTB transitions (e.g. Egypti, Simaisia
(Seldja);Keller and Benjamini, 1991; Keller et al., 1997; Keller, 1998b; 2002b; Punekar
et al., 2014b;Plate 1: 1). The newly evolved Danian assemblage in zone PXa(1) i
dominated byGuembelitria spandParvularugoglobigerina sp(30-40%, Fig. 5A). The
Pla(2) assemblage is dominated@lyiloguembelina midwayensi€See supplementary
material Fig. S1 for planktic foraminifera in the >15 size fraction at Bidart)
Gamsbach (Austria)

A planktic foraminiferal study byKorchagin inGrachev et al. (2005dentified
only 25 Maastrichtian species and placed this assemblage irAlihthomphalus
mayaroensizone, which spans most of the late Maastrichtian (68.72 — 65.5Tva).
preservation of Maastrichtian planktic foraminifera in the 63-168 fraction at
Gamsbach is very poor. Recrystallization and the difficultyre¢éing specimens from
surrounding sediments result in specimens with a highly fragmesmed abraded
appearance and no reliable quantitative data can be obtained for tlstridliian
(supplementary material Fig. S2). In the >15® fraction preservation is better and
therefore was analyzed quantitatively (Fig. 6B). A total of gces were identified in
the >63 um size fraction which is likely an underestimate of the totaéawlage due to

poor preservation. Most species are consistently present in the loge m of the
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414  section. But in the uppermost 0.5 m, species are more sporadic ares spgriess drops
415 from 46 to 21-30 specieb the >150um fraction, species richness ranges between 30-40
416  species and drops from ~25 to 8 species at the KTB (Fig. 6A).

417 All common Maastrichtian groups such as the globotruncanids, rugogioixge
418 heterohelicids and pseudoguembelinids are present in the asserRisiagdotextularia
419 elegans, Pseudotextularia nuttali, Pseudoguembelina hariaensis, Heterohelixogkbul
420 andPlanoglobulina brazoensidominate the >15@Qm fraction (Fig. 6B).Guembelitria
421  sp. is almost absent in the 63-1f fraction. In contrast to Bidartl. harti and S.
422  americanaare not present in the assemblage (Fig. 8C). In the Dahiardiversity in
423  zone P1la(2) is about 10 species which increases to ~20 spea®iRXc. The Pla(2)
424 assemblage overlying the KTB is dominated By cretacea, P. eugubina, P.
425 longiapertura, Globigerina edita, Globanomalina archaeocompremsd Praemurica
426  taurica(Fig. 6A).

427

428  6.3. Depth-ranked species

429 Planktic foraminifera species have been classified into surfdwelling
430 opportunistic speciessuembelitria surface-subsurface mixed layer, intermediate or
431 thermocline and deep-water dwellers based on stable oxygen and cartome iranking
432  of well-preserved specimensAlframovich et al., 2003, 2010 The diversity and
433 abundance changes for each depth group can indicate climatic and enmtadreffects
434  at different depths of the water column. Figure 9 shows thesiiyemd abundance of
435 the four groups in small (63-150m) and larger (>15Qum) size fractions analyzed

436  through zone CF1 at Bidart and Gamsbach and compared with Elles, Tunisia
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(Supplementary materi@ection 5, Table 1 show the depth-ranked grouping of species
used for this study).

At Bidart, the small sized opportunisti@uembelitria(63-150 um fraction) are
rare in the lower part of the section and slightly increas@e upper ~1.5 m below the
KTB (Fig. 9B). This group is not as rare in Elles but the relatgdance is <10% (Fig.
9A). The subsurface mixed layer dwellers (Table 1) constitute 80-80%e CF1
assemblage at both Bidart and Elles. In the small siz&dinathis group at Bidart with
30-40 species is almost twice as diverse as at Elles, (10-2i@$9pdn the >150um
fraction, the relative abundance of mixed layer dwellers catest@0-80% at Bidart and
~80% at Elles (Fig. 9A, B). Their diversity fluctuates thro@Hl and shows a gradual
decrease from ~20 to 14 species followed by a rapid decline ~3lom the KTB. The
thermocline dwelling globotruncanids are rare in the small fsation at both Bidart
and Elles with relative abundance <5%. Two peaks of increased aburaahdersity
are noted in the upper 30-cm of late Maastrichtian at Bidarinatine last meter at Elles.

In the >150um fraction, thermocline dwellers are more abundant (20-30%) attBidar
compared to the same group in Elles (<10%). The sub-thermocline dempdwellers

in both size fractions at Bidart and Elles show consistently lmmw@ances (<5%) and
diversity (<3 species) throughout zone CF1 (Fig. 9A, B).

At Gamsbach the mixed dwellers dominate in the larger skogidn, with ~70%
relative abundance, followed by the thermocline dwellers with 25-86@fhdance. The
high abundance of thermocline dwelling globotruncanids in Gamsbach is mor
comparable to the assemblage at Bidart than that at Elle9®igThe deep dwellers are

represented by 1-3 species and account for <10% throughout CF1.
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The faunal assemblage differences between Elles vs. BrdhGamsbach appear
to be related to deposition in a relatively shallow continental slglfdeep middle
bathyal environments. This is indicated by the similarity in fénenal compositions
between Bidart, Gamsbach and the middle bathyal DSDP Site $26Adissimilarity
with Elles. For example (1) there is significantly highelatree abundance oPf.
hariaensisat Bidart (20-25%), Gamsbach (10-20%) and Site 525A (10-20%), cotnpare
with Elles (<5%)Abramovich and Keller, 2002; 20032) Heterohelix globulosas less
abundant in the >150m fractionat Bidart (15-20%), Gamsbach (<10% with acme of
20%) than at Elles (40-50%)); (BJanoglobulina brazoensis more abundant (5-10%) in
all three deeper sections, but rare at Elles; anGl@otruncana arcas more abundant

at Bidart (10%), Gamsbach (10-20%) and Site 525A (20-30%) than at Elles (<5%).

7. DISSOLUTION-BASED PROXIES FOR OCEAN ACIDIFICATION

7.1 Magnetic Susceptibility (M S)

Magnetic susceptibility (MS) of marine deposits depends eskgntia their
mineralogical composition, and includes contributions (in proportion to @abeindance)
from all - diamagnetic (e.g., calcite), paramagnetic (e.g@y)chnd ferromagnetic (ex:
magnetite) - minerals present in the sediment. Since th#@nprisignal of magnetic
susceptibility in marine sediment reflects the balance betwlegrital input (high MS)
and carbonate productivity (low MS), it represents a robust paleoenvironnmelicator.
The rock magnetic properties for Elles are publishetiiben et al. (2003and for

Bidart inFont et al. (2011, 2014ndFont and Abrajevitch (2014)
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Mass specific magnetic susceptibility values of the Maastrichtials finam Elles
are in the range of 10to 10° m¥kg, and comparable to other marine sediments
worldwide Ellwood et al., 2008 The overall MS profile for zones CF3-CF1 shows a
positive correlation with percent phyllosilicates and an inveoselation with carbonate
content, indicating a strong relationship between MS, climate fjiteodn and runoff)
and/or sea-level rise. The KTB is featured by an abrupt shiMS values, probably
resulting from an abrupt change in lithofacies (i.e. the @ggr). The Elles section does
not show the typical low MS interval below the KT boundary as in Bigfag. 10A). At
Bidart the average MS value is 1.85¥1®°kg for the lower part of zone CFand
~0.84x10" mkg for the final ~60 cm that forms the benchmark intervete
characteristic abrupt increase in MS values (to 4.62xi{kg, likely due to or a very
rapid change in sedimentation) marks the KTB hiatus at Bidagt (F0B). For the
Gambsach section, the mass specific magnetic susceptibild® samples excluding
turbiditic levels was measured (Fig. 10C). Maastrichtian MS satarege between fao
10" m%kg. The average MS value for the lower part of zone CF1 is 6%icIKg. About
~60 cm below the KTB, MS values reach a minimum of 4.5%ffkg (average of
5.1x10°m*kg). These low MS values persist over an interval of 36-cmogscthe KTB
MS values show the typical increase culminating at 2.3xf(xg, similar to Bidart and
other KTB sections (e.g., Gubbio, Omdallwood et al., 2003 Atlantic ODP 1259:

Erbacher et al2004 North Atlantic ODP 1049AMoore et al., 1998

7.2. Percent calcium carbonate
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Whole-rock percent CaG@ontent of marine sediments is the net result of the
local paleaoclimate, calcareous nannoplankton and calcareous dinafagell
palaeoproductivity, planktic foraminiferal abundance, water column pH/digsulpbre-
water dissolution/re-crystallization and detrital influx. For Idies with greater
terrigenous influx the ratio of Ca/detritus is a bett&ineate of biogenic CaC{as it
accounts for the detrital contribution. At Elles, the calciteitdist ratio is low (0.5) near
the base of zone CF1l (8-10 m below the KTB, Fig. 10A). In this vaterthe
phyllosilicate content is relatively high (25-35%yith an increasing trend. The
Ca/detritus ratio fluctuates but increases to 0.75-1.00 about 5-8 m lheldTB along
with an increase in MS values. The Ca/detritus ratio is hightrel top 4 m of zone CF1,
albeit with three sharp decreases.

The percent CaCgat Bidart gradually decreases from 55% at the base of zone
CF1 to about 40% 2 m below the KTB. An increase to 50% is observed 1.5om bel
KTB followed by values between 40-50% up to the low MS interval revhalues
sharply increase to 60% about 0.25 m below the KTB (Fig. 10B). At RaochsCaCg@
ranges between 40-50% and records several abrupt decreases iGFAogerrelative
with abrupt changes in percent quartz and MS values (Fig. 10)e lfind below the
KTB CaCQ varies between 55-80% with the largest drop ~20 cm below the KTB
correlative with increased phyllosilicates and MS values. A tr@aCQ to nearly zero

percent is indicated in the KTB clay in all three sections.

7.3 Fragmentation index
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Tests of planktic as well as benthic foraminifera may undéagmentation due
to a multitude of taphonomic processes. Acidic ambient waters va#t planktic
foraminiferal test carbonate, which leads to test dissolution aimaheed fragmentation.
The number of fragments have been used as a quantitative estimiate pH in
foraminiferal assemblage$i{unell, 1976; Berger et al., 1982 he fragmentation index
may be calculated based on the following equatiiiliéms et al., 1985; Malmgren,

1987):

Fragment % = (Fragments/8)/[(Fragments/8) + whole tests]

Based on the assumption that each (non-crystallized) test breakanirdverage of 8
fragments, the equation requires the total number of counted fragméetslivided by 8
to estimate the original number of whole tests. This is becdhaseumber of fragmented
tests is a better approximation of dissolution effects than thertomber of fragments
counted Le and Shackleton, 19R2As most of the planktic foraminifera at Bidart, Elles
and Gamsbach are recrystallized and/or infilled with secondaiyecdhey are relatively
more resistant to fragmentation than pristine tests. We adjuste€rystallization by
reducing the number of fragments per test to 6 instead of 8 to andatestimation of
fragmented tests. Similarly, we consider 2 fragments pefaebenthic foraminifera for
Bidart as they are far more resistant to fragmentation.

The stacked area graphs of Fig. 10 show fragmentation indic&slésy Bidart
andGamsbach. At Elles, fragmented tests increase from 23% to #6% laeginning of
the low MS interval and increased fragmentation and imperfest des observed in the
top 4 m below the KTB (Fig. 10A). At Bidart, the percentage of niege tests for the

lower part of CF1 is considerably higher than at Elles aad ¢h fragmented tests is
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lower (Fig. 10 A-B). In the uppermost ~60 cm of zone CF1, the low-M&nial is
accompanied by a significanp<0.0001) increase in the combined abundance of
imperfect and fragmented from ~25% to 70% (~0.3 m below KTB, Fig. J0#jop in
this percentage ~2.5 m below the KTB boundary is followed by a rapidase to 90%.
It must be noted that the fragmented tests (not the impeefgs) dominate at the KTB
boundary hiatus. The fragmentation index at Gamsbach also shows aniradregse in
the combined abundance of fragmented and imperfect tests from 40% toat30&o
onset of the low MS interval ~50 cm below the KTB boundary. Within ititesrval,
fragmentation continues to be high (~90%) up to the KTB boundary (Fig. A0i@)ef
episode of decreased fragmentation is observed ~20 cm below thedkimBaoy similar
to the event recorded at Bidart (supplementary material TablesFRigure 11 compares
the fragmentation indices of planktic and calcareous benthic forfenairat Bidart. The
proportion of fragments of benthic foraminifera remains 2-3 % for wib8te analyzed
CF1 interval (Plate 3: M, N, Q-S). This is consistent with gle@eral robustness of
benthic morphologies and likely indicates a limited/uniform influence sample
processing techniques and post-depositional breakage on the assemblageerHaw
increase in the fragments to ~5% concurrent with the Deccan barictewent may
imply enhanced post-depositional bottom water transport during thetehcooling
event (Figs. 10, 11). The imperfect benthic tests of CF1 largely stemlianical damage
unlike the planktic counterparts that show chemically leached ssréaw holes (Plate 2:
A-L). However, at the KTB and the lowermost Danian, sedimentsagoriienthic
foraminifera that show intense leaching as well as mechatacahge strongly indicating

a dominance of post-depositional dissolution and bottom water transfewtirag the
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assemblage. The planktic Fl is not useful to isolate water cotlissolution effects in

these samples (Fig 11).

7.4 Preferential preservation of robust mor phologies

Dissolution preferentially decreases the relative abundance ocfvilied test
morphologies and therefore increases the relative abundance of dbbssliution-
resistant tests (e.g.Globotruncana, Globotruncanita, Pseudotextulariand P.
brazoensiy which may explain the increased calcite at this intervak Blas is evident
just below the KTB mass extinction in all three profiles aredy In the middle shelf
environment of Elles, globotruncanids and pseudotextularids are ravearCF1 (~1%),
increase to 2% in the low-MS interval and peaks at 10% and 6% imthgrdceding the
mass extinction (Fig. 10A). In the middle bathyal sections oamidnd Gamsach, the
abundance of globotruncanids average 20-30% throughout zone CF1. At Bidart
globotruncanids abruptly reach 70% correlatméh increased fragmentation and
decreased percent Cag®eginning about 30-cm below the KTB (Fig. 10B). At
Gamsbach, globotruncanids and another robust sp&iesoglobulina brazoensishow
anomalously high abundance throughout zone CF1 with peak abunddhderatoensis

correlative with the high fragmentation index ~15 cm below the KTB (Fig. 10C).

8. DISCUSSION

8.1 Paleoclimate
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Whole-rock stable oxygen and carbon isotopes approximate mixed tagstly
calcareous nannoplankton) values in the deep-water sediments ataBidaBamsbach.
Diagenesis and recrystallization of tests may have overpriifi signals but their
effects on the>**C trendare limited. This claim is supported by the low correlation
coefficients of6"C vs.5™®0 (Stiiben et al., 200]R*=0.53 for Bidart andR?=0.27 for
Gamsbach) and the low correlation coefficienBb v/is %CaC®@ (R°=0.40 for Bidart
and R=0.39 for Gamsbach).

The lower ~3 m of zone CF1 at Bidart and lower ~1.2 m of Gamslesadndr
faunal responses comparable with those observed in the upper part ddtehe
Maastrichtian global warming at Elles and DSDP Site 525A. Gipklis warm event
began in zone CF2 as a likely consequence of the onset of the magr2pbfaBeccan
volcanism Punekar et al., 201%aThis is consistent with the more negatd/80 values
for these intervals indicating higher temperature%J-@r Bidart and -1.5 to -2%#or
Gamsbach, Fig. 8). At Bidart, the late Maastrichtian warm eierssociatedvith
changes in the relative abundance of heterohelicids (particuldrlyplanata, H.
navarroensisand H. globulosa and increase®. hariaensisabundance in the >15m
fraction

The end of the late Maastrichtian warming at Elles is mabyedbrupt cooling
concurrent with unprecedented low MS values and increased test fragorenrt4d m
below the KTB. This could be an expression of increased volcaniceBidsion and
acidification (Fig. 10 this study; Fig. 5 8tuben et al., 2003At Bidart the onset of this

same cooling event is recognized by a drop in MS associatednetittased dissolution
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621 and disappearance Giobigerinelloides yaucoensis, P. costulata, G. subcarinamagsR.

622 rugosaand at Gamsbach the disappearande.dubcarinatugFigs. 8, 10).

623

624 8.2 Paleoproductivity

625 Low 3"°C values with multiple negative excursions are observed at &iids
626  Bidart (~0.9%60 and ~0.7%o respectively}ear the end of the late Maastrichtian CF1 warm
627 eventFig. 7). Similar negative excursions (~1 %o) are recordetbap marine Site 525A
628 (~0.3 %0) as well as in shallow marine environments of Texas ana (N#ghalaya)L(

629 and Keller, 1998a; Gertsch et al., 2011; Abramovich et al.,)20tfe existing dataset
630 shows a greater magnitude &fC negative shift in the shallow sites (e.g., Meghalaya
631 (India), Mullinax-1 (Texas) and slightly deeper Elles (TunisTe smalle3**C shift at
632 deeper Site 525A may be due to an incomplete record resultingeirosion of early
633  Danian and topmost Maastrichtian sedimehig(id Keller, 1998pa

634 A rise in sea level near the end of the Maastrichtian arass the KTB transition
635 accompanied by increased precipitation and continental weatheosigte Haq et al.,
636 1988; Li et al., 1999may have been responsible for the increased delivery of organic
637 carbon with very lowd"C values into shallow marine environments. Low primary
638  productivity could have been the other important contributor to the&fd@vvalues. Low
639 nannofossil productivity is recorded in Elles, Bidart, DSDP S8A, DSDP Site 577A
640 and DSDP Site 216 during the late Maastrichtian warm event i (GBrostidi and
641 Lamolda, 1995; Gardin, 2002; Tantawy et al., 2009; Thibault and Gardin, 2007, 2010)
642  Heterotrophic planktic foraminifera may have in turn sufferedjltieg in a decrease in

643 carbonate export and the eventd&lC value of bulk carbonate. The lower carbonate
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(40%) between 1.2-3.0 m below the KTB at Bidart, correlative withawed"*C interval
lends support to this interpretation.

These global effects of increased precipitation and enhanced coatine
weathering/erosion can be attributed to climate warming camg@mgoing large scale
Deccan volcanism. Additionally, the outgassing of higher-than-backdrquantities of
volcanic CQ (3°C about -%.) would also significantly contribute to lowering tB€C
of the global oceans dissolved inorganic carbon (DIC), although the sediecerd of

this signal would lag by ~1000 yea®egbe, 201R

8.3 Planktic Foraminifera

The high abundance of planktic and near absence of benthic foraminifera at Bidart
is consistent with the high planktic:benthic ratio (>90% planktigsprted byCoccioni
and Marsili (2007)The middle bathyal paleobathymetry and open marine settingrappea
to be the reason for the unusual globotruncanid abundance at Bidartrasta@h (Fig.
9). This is supported by the high abundance of globotruncanids at Site 5354@%o,
>150 um) where deposition occurred at ~1000 m defthatkleton and Boersma, 1985
Abramovich and Keller, 2003 In relatively shallow (<150 m) continental shelf
environments, such as Elles, the diversity and abundance of globotruncammlsh

lower (Fig. 9).
8.4 Pre-KTB Ocean Acidification

White et al. (1994)showed that under present-day conditions (pH rain=5.6),

magnetite grains have very long time residence (y&@rs) on land, but can be rapidly
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667 dissolved under more acidic conditions. In marine sediments, iron oxs@utisn by
668 ocean acidification has previously been documented for the Triassigs mass
669 extinction and the coeval Central Atlantic Magmatic Province gf&hrtch et al., 2013),
670 and more recently in the case of the KTB mass extinctiondzrBand Gubbio (Font et
671 al., 2014). The top ~50 cm interval of low-magnetic susceptibility)(iM& immediately
672 precedes the KTB at Bidart was attributed to the main phafeE®ccan volcanism
673 (Font et al., 2011, 2014; Font and Abrajevitch, 201%he reductive iron oxide
674  dissolution may have occurred on land and/or in seawater. Thedesario was tested
675 byFont et al. (2014yvho used a numerical weathering model to test for the consequences
676 of acidic rains on a continental regolith. Results revealed neartyplete magnetite
677  dissolution after ~31kyr (with a pH of 3.3.). However, the dissolutiomafnetotactic
678  bacteria, which generally thrive the oxic-anoxic boundary in deep-agaarsediments,
679 evokes ocean acidification as well and requires validg&omt and Abrajevitch, 2014,
680  Abrajevitch et al., in reviejv

681 Factors affecting the nature and concentration of detrital magmeterals and
682 therefore the MS of sediments include the nature and proximity oheotal sediment
683 sources carbonate productivity, sea-level changes and/or post-be@bsélteration
684 mechanisms (oxidation due to weathering/ diagenetic reductioniadg)x The influence
685 of sea level change on bulk MS is based on the relative contribafiararbonate
686 (diamagnetic, low MS) versus detrital input (paramagnetic cdaygsferromagnetic iron
687  oxides, high MS) and thus can be estimated by correlating MSwdtt phyllosilicates
688  where a direct positive correlation implies a strong dependence of both pasamet

689 At Elles, the pre-KTB low-MS interval is not evident probably beeaus
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paramagnetic minerals (clays) dominate the MS signal, supfdoyteery low Ca:detritus
ratios (Fig. 10). At Bidart, the correlation between percent pséijitates and MS in zone
CF1 is poor (r=0.088), indicating an overall weaker influence dueatéesel changes or
turbidity currents. For Gamsbach, this correlation is more congticaue to the
presence of frequent turbidite beds that are rich in dia/paranagitieates (Fig. 10;
samples Gb 5, 10, 12, 15, 27-28). However, the MS profile of Gambsachhdeetos/
MS values for the ~40 cm interval below the KTB, similar to tie pofile of the Bidart
section (Fig. 10). The MS data of the present study thus suggéeghéh&ambsach
section is a good analog of the Bidart section. A prolonged periegidfrain on the
continents resulting in dissolution of magnetic detrital minerals therefore be the
principal mechanism that caused the low MS intervals antecedtdrg KTB because sea
level changes are a secondary influence on the MS profiles of Bidart and Gamsbach,

Surface ocean acidification in the low MS intervals of Bidad &amsbach is
indicated by increased dissolution and fragmentation of planktic fiorfenal tests (Fig.
10). This increased fragmentation interval correlates with Hmapéa cooling event at
Elles (~4 m to ~0.5 m below the KTB), Bidart (~0.5 m interval betbes KTB) and
Gamsbach (~0.4 m interval below the KTB) despite their diffepai¢ogeography,
paleobathymetry, depositional conditions and faunal assemblages,tsuggesommon
cause. An increase in the proportion of dissolved tests (in additiophysically
fragmented ones) in Bidart and Gamsbach confirm the contributidmeafical leaching
as cause for imperfect carbonate tests with holes. This snfghat water column
acidification is a likely cause for the observed increase in Fl.

Benthic foraminifera are well preserved and even pristine lookindpe same
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735

samples alongside leached and fragmented planktic foramintestd at Bidart and
Gamsbach (Plates 2, 3). This may indicate acidification cesdrito the upper water
column, or may reflect the inherently more robust mechanicatigteat benthic tests.
Alegret et al. (2004 fig. 4) noted an increase in the proportion of agglutinated
foraminifera relative to calcareous benthic foraminifera e top 10-cm of the
Maastrichtian at Bidart. We confirm these to be arenaceous (ddissaive with 1:1
HCI), which may be interpreted as a consequence of ocean atidifior dissolution.
Only in the KTB red clay layer are benthic species corrodedestigg that low pH
acidic waters reached through the water column into deeper vpagsmisely at the KT
boundary event. However, the benthic species were little affegteitheb KTB mass
extinction or ocean acidification as their survival is globdhgumented\WWidmark and
Malmgren, 1992; Alegret et al., 2002003. Alegret and Thomas, 2Q04or the most
part preceding the KTB, ocean acidification was restrictetheéoupper water column
with surface waters in equilibrium with very high atmosphg@®@O, and low CGQ*
concentrations. Dissolution of test calcite during sinking througlw#ter column would
make tests more fragile in post-depositional transport. The degrke
dissolution/fragmentation appears to be largely affected kgl loaleobathymetry and
species composition of the assemblage.

At Elles, the percentage of fragments is high throughout zone Cliig do
greater bottom water currents at shallower depths and also domioftiue-walled
fragile heterohelicids in the assemblage (Fig. 10). In contra&idart the overall test
fragmentation is quite low due to a high proportion of structuratigre robust

globotruncanids and quieter deposition at a greater depth. However, the ipropbrt
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leached out tests with holes due to dissolution increased (Figed)OAt Gamsbach, the
degree of fragmentation is high throughout zone CF1 despite aahighdance of
globotruncanids. This can be attributed to the frequent turbiditic gcaivithis site that
may have increased post-depositional transport and fragmentation. ridieevbthology
(deposition of quartz rich beds/lenses) may have facilitated pdes-vdsssolution,
recrystallization-cementation leading to lithified sedimentst thae difficult to

disaggregate and free individual tests.

8.5 Ocean acidification: The missing link to Deccan Volcanism?

The main phase-2 of Deccan volcanism occurred over ~750kyr entiitiy
chron C29r, straddling the KTES¢hoene et al., 2014). However, atlcanism did not
occur at uniform intensity within this interval, as inferred frdme multiple eruptive
events of geologically short duration separated by red/green ibdieating periods of
guiescenceSubbarao et al., 2000; Jay and Widdowson, 2008; Chenet et al., 2007, 2008)
Four of the Deccan phase-2 longest lava-flows across the Indian mstitead (likely
signifying peak volcanic activity) erupted within a duration of ~250(kgne CF2-CF1)
as seen in the Krishna-Godavari basin, India. The overlying DanianPA@nsediments
constrain the age of the KTB mass extinction as coincidentthattinal mega-flow of
the peak phase-2 eruptionge(ler et al., 2011a, 20)2The resultant cumulative loading
of 12,000-28,000 Gigatons (Gt) of gidto the end Cretaceous atmosphere within tens
of thousand years could increase @0, on timescales that are recorded in the
sediments. This excess g@quilibrates with surface ocean water thus altering the

carbonate chemistry. The carbonic acid@Bs) formed dissociates to bicarbonate anion
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759 (HCO3) and H ions, reducing the pH of surface waters. TheSdoHs combine with
760 COs* anions forming more HC{and decreasing the bioavailability of €Oto
761 calcifying organisms to build their tests.

762 The episodic release of hundreds to thousands of teragrams of volcan®geni
763  per year for each Deccan eruption would form sulfate aerosols gamtion with
764  atmospheric water vapor and precipitate out as toxic acid waally/regionally
765  centennial timescales, shorter than the millennial timesé¢ateremoval of CQ(Self et
766 al., 2008; Chenet et al., 2009; Mussard et al., 2014; Callegaro et al), Zhis4could
767  have been directly toxic/lethal for continental flora and faninaffected areas. On land,
768 acid rain would exacerbate continental weathering. Sulfur dioxidedwadsb lower the
769  surface ocean pH further, significantly contributing to the tiestion crisis and high-
770  stress conditions for calcifying organisms on shorter timescales.

771 Ocean acidification has been identified as an important mechasgsotiated
772  with faunal turnovers and mass extinction events through geoldgstaty (e.g. ocean
773  anoxic events (OAEs) of the Paleozoic and the Paleocene-Edoemeal maximum
774 (PETM)) that have affected marine calcifiers e.g. codogihores, planktic and benthic
775  foraminifera (review irHonisch et al., 2012 Physiological manifestations of high-stress
776  due to acidification recorded as dwarfism, deformed tests, anttrdRegist—dominated
777  assemblages in the Late Maastrichtian have already balesd lwith phase-2 Deccan
778  volcanism (Erba et al., 2010; review in Punekar et al., 2014a). Maly @009) reported
779 a 30%-35% lower calcification in modef@lobigerina bulloidesfrom the Southern
780 Ocean as compared to Holocene specimens. The anthropogepien@s3sions have

781 resulted in acidification of the Southern Ocean in the past ~300 gp (drpH by 0.1
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units, expected drop of 0.7 units in the next ~30@yr;et al., 2005; Zeebe et al., 2008
Carbonate tests of planktic organisms can experience dissolutiba wmater column as
demonstrated by th vitro pteropod shell dissolution within 48 hours of exposure to
low pH waters [fabry et al., 2008; Doney et al., 200%he cumulative effect of thinner
walled tests undergoing water-column dissolution can rendett antesasingly fragile
and vulnerable to fragmentation, consistent with our taphonomic evidenagdan
acidification.

There are multiple lines of evidence in support of global surfacean
acidification associated with the main phase-2 Deccan volcanlgrmténsely corroded
carbonate tests and rapid extinctions of Maastrichtian planktemiaifera in the
intertrappean sediments of the lava mega-flows in the Krishnav@oddasin of India
(Keller et al., 2011a, 20)2 (2) Strong carbonate dissolution and high-stress
environments indicated by inten§&iembelitriablooms (>95%) in CF1 of Meghalaya
(NE India) Gertsch et al.,, 2031 And (3) evidence for iron oxide dissolution by
acidification inferred from low MS as well as for surfaceat acidification near the end
of zone CF1 preceding the KTB at distal sites such as B{Beanhce) and Gamsbach

(Austria) as documented in this study.

9. Conclusions

Good temporal correlation between the age of the main phase of Dadcanic
eruptions in India and the age and episodic nature of climate flactsatorldwide has
strengthened the case for large scale volcanism as aicghi€ontributor to the Late

Maastrichtian biotic stress that culminated in the KTB madgsaion. However,
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805 inherent limitations due to incompleteness of the stratigrapherdeand the lack of a
806  convincing kill-mechanism have inspired strong skepticism for this hypothesis.

807 A multi-proxy study of the Late Maastrichtian zone CF1 inaBid(France) and
808 Gamsbach (Austria) reveals events in the final ~160 ky of ttee Maastrichtian that are
809 critical to understanding the role of Deccan volcanism in global $figess environments

810 and leads to the following conclusions.

811 * The Late Maastrichtian warm event in the lower part of zong @&MBidart
812 (France) and Gamsbach (Austria) is recognized by faurdmess similar to
813 those observed at Elles (Tunisia) and DSDP Site 525A.

814 « A period of lowd"C values and decreased percent CaGitent during the
815 global warming may record a combination of increased continEatahflux
816 through increased runoff, suppressed primary and calcifier prodycind
817 equilibration of surface ocean waters with increased isotopidajhter
818 volcanogenic C@

819 * An increase in carbonate dissolution and foraminiferal test eatgation
820 suggests surface ocean acidification in 60-cm immediately precdte KTB
821 at Bidart (France) and Gamsbach (Austria). This event djoloakrelates
822 with the low MS interval defined as the Deccan benchmark intenvgidart
823 by Font et al., (2011, 2014).

824 * The widespreadocean acidification interval is coincident with the rapid
825 cooling. At Elles, evidence for another rapid warming following thisrval
826 coincides with the KTB mass extinction. The acidification mayhieeresult
827 of equilibration with huge amounts of GOnjected rapidly into the
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atmosphere at rates overwhelming the response time of feedback mechanisms.
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Figure 1. Palaegeographic map of 66 Ma showing the study sectiong Btdance) and
Gamsbach (Austria) and the reference section Elles (TuniS$&P% relative to the
location of the Reunion hotspot (focal point of Deccan volcanism). Mad#fter ©2000

C R Scotese PALEOMAP Project.

Figure 2. (A) Lithological log of the upper Maastrichtian-basal Daniaarvdl studied at
Bidart, the red layer marks the KTB (B) Google Earth imsigewing the present day
location of Bidart (C) Field photograph of the Bidart section showhey sampled

interval and the position of KTB (in red).

Figure 3. (A) Lithological log of the uppermost Maastrichtian intervaGatmsbach, the
red layer marks the KTB (B) Google Earth image showingptlesent day location of
Gamsbach (C) Field photograph of the Gamsbach section showing ttienposKTB

(in red).

Figure 4. The completeness of Bidart and Gamsbach sections relativeeso(Hlnisia)
based on planktic foraminiferal biozonation schem&elfer et al. (1995; 2002)The
biozone ages can be extrapolated using a KTB age of 65.%5Mddtein et al., 2004r
66.04 Ma Renne et al., 20)3Hiatuses are observed at the KTB and at the P1a(1)/P1a(2)
transition at Bidart. A major hiatus is identified at the KTiBszamsbach due to missing

zones PO, P1la(1) and early Pl1a(2).
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Figure 5. (A) Key foraminifera and geochemical attributes of theBKdoundary and
lower Danian at Bidart (B) Abundance of late Maastrichtiamkila foraminifera of the
63-150 um size fraction and the KTB mass extinction. T8&C record shows the

characteristic ~2%o negative shift at the KTB.

Figure 6. (A) Faunal and geochemical changes at the KTB boundary and laviee
Danian of Gamsbach. (B) Late Maastrichtian planktic foramiitdrthe >15Qm size
fraction and the KTB mass extinction. THEC record shows ~1.3%. negative shift at the

KTB.

Figure 7. A comparison of the relative abundances of some key species (@3r})50
the upper Maastrichtian zone CF1 assemblage of (A) Elles (@yrasid (B) Bidart
(France). Note thatleterohelix dentataH. globulosaand Pseudoguembelina costulata
dominate the assemblage in Elles, in contrast to Bidart wheyeatre rare. Whole-rock

33C andd'®o are shown

Figure 8. A comparison of the relative abundances of some key speciesy )50 the
Late Maastrichtian zone CF1 assemblage of (A) Elles (TQni®a Bidart (France) and
(C) Gamsbach (Austria). The deep-water assemblages of BiddiGamsbach are very

similar to each other and different from the neritic assemblafj&les. Planktic3**C

and 3'%0 for Elles are obtained froRugoglobigerina rugosand benthic values are
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from Cibicidoides pseudoacut&Vhole-rock isotope data are shown for the Bidart and

Gamsbach sections.

Figure 9. Relative abundances of depth-ranked groups of planktic foramingfecges in

(A) Elles (Tunisia), (B) Bidart (France) and (C) Gamsbaglusfria). Thermocline
dwelling globotruncanids (blue) are more abundant in the rib@action of Bidart and
Gamsbach (open marine settings) as compared to Elles (setttigy). Poor preservation
of foraminifera in the 63-15am fraction of the Gamsbach section precluded quantitative

analysis.

Figure 10. Multi-proxy data shows a dissolution interval immediately precedire
KTB. A low magnetic susceptibility (MS) interval in the upjpart of zone CF1 of Elles,
Bidart and Gamsbach (yellow) marks a regional chemical benkhmfarDeccan
volcanism (after Font et al, 2011; 2034 Increased planktic foraminiferal test

fragmentation in the low MS interval supports water column carbonate dissolution.

Figure 11. Magnetic susceptibility (MS) data for Bid&oiit et al., 201jlalong with the
fragmentation index (FI) data for planktic and benthic foraminifétee geochemical
Deccan benchmark interval coincides with a pronounced water colunohutizs event
recorded by the planktic foraminifera. The benthic FI for the same ihiadreate only a

minor contribution of post-depositional breakage.
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1441 Plate 1. Characteristic taxa of the upper Maastrichtian zone CF1 btsgenat Bidart,
1442  France, scale bar= 1Q0n.

1443  A. Globotruncanita stuart{de Lapparent), spiral view

1444  B. Abathomphalus mayaroengBronnimann), spiral view

1445  C.Heterohelix rajagopalanGovindan

1446 D. Pseudoguembelina hariaendiederbragt

1447  E.Heterohelix globulos@#Ehrenberg)

1448 F.Pseudotextularia elegar{Rzehak)

1449  G. Racemiguembelina fructicogggger)

1450 H. Planoglobulina brazoensigartin)

1451 |. Guembelitria cretaceéCushman)

1452  J.Spiroplecta americanéEhrenberg)

1453 K. Hartella harti Georgescu & Abramovich

1454 L. Heterohelix navarroensi@.oeblich)

1455 M. Plummeritaaff. hantkeninoidegBronnimann)

1456  N. Rugoglobigerina macrocepha(@rénnimann)

1457  O. Globigerinelloides volutugWhite)

1458  P.Globigerinelloides subcarinatu®rénnimann)

1459

1460 Plate 2. Planktic foraminifera indicating varying degrees of presemmain the upper
1461  Maastrichtian zone CF1 assemblage at Bidart, France, scale baum100

1462  (A-L): “Imperfect” tests with minor breakages and/or holes aighs test surface

1463  dissolution
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(M-S): “Fragments” defined by less than two-thirds or the original tesepred.

Plate 3. Benthic foraminifera indicating varying degrees of preservaitiothe upper
Maastrichtian zone CF1 and the KTB assemblage at Bidart, France, seal®bpm.
(A-G): “Perfect” tests with no signs of chemical or mechanical damage

(H-L, O, P): “Imperfect” tests with minor breakages and/oeband signs test surface
dissolution. Note that the proportion of the tests with holes is maxiatthe KTB and
in the early Danian sediments.

(M, N, Q-S): “Fragments” defined by less than two-thirds or the original tesepred.
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Figurel. Paleogeographic Map




Figure2. Location_Lithology Bidart

KTB Transition at Bidart (France)

C " 1 NN ~’;~ A_'s-'w : 4w ' 2°W ' 3
g—’- T - BS-1
& |2 B
8 a 0 - Bay of Biscay

kTR E BI5 i

- AR g & E g:?g Bordeaux

E :;5::1: - BI-15 France ...

O L‘&*A‘& - °

s Pl WS s .o BIDART s
C 8 1 ‘:.;:e:‘ :BI-20 QO30 g‘..‘l\li'l':;!.i
.9 N :L:L:L: b
- m 4: ‘;:4. :
S18| B Fes
=S| | v

: A_A‘LL‘L
| o s a O)a
© |2 & 4
E c 4 4 A4 e

g ‘L-L‘&‘ ’-Blao

k - A*A

E + BI-33

E | o

Q. - BI-35

-
- BI-37

ke y tnas [wTn — .
IL; Marly limstone . KTB Clay |:2iZ| Clayey Marl Tal Turbidite unit



http://ees.elsevier.com/palaeo/download.aspx?id=436099&guid=9a720148-084e-46bb-809a-313892af85ea&scheme=1

Figure3. Location_Lithology_Gamsabch

K-T Boundary Transition at Gamsbach (Austria)

Late Maastrichtian chron C29r

KTB

0.5

2 \‘-—35

1-30

AUSTRIA
Gamsbach

et 8 y Mediterranean

Tyrrhenian
Ly

Sea

P. hantkeninoides zone CF1

GB38 GB37

- GB36
ﬁi« TS

b 1414

| /‘bf, .l

| I‘f

Rt

Marlstone

—| Claystone

= Clayey Marl i Fine Sandstone

- Siltstone



http://ees.elsevier.com/palaeo/download.aspx?id=436100&guid=66c233de-fbcc-4475-9d93-6a1c972e45ea&scheme=1

Figure4. Biostratigraphic zones
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FigurebA. Bidart Early Danian
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Figure5B. Bidart Late Maastrichtian (63-150um)
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Figure6A. Gamsbach Early Danian
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Figure6B. Gamsbach Late Maastrichtian (>150um)
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Figure7.AB. Key Species (63-150um) and stable isotopes
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Figure8.ABC. Key Species (>150um) and stable isotopes
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Figure9.ABC. Depth ranked Species

Planktic Foraminifera of dufferent depth-habitats
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Figurel0.ABC. Multi-proxy evidence for ocean acidification

Dissolution Proxies for the latest Maastrichtian
CaCO3 Phyllo- Quartz Mass cific Fragmentation Robust Q .
N silicates M Index species 01 3C 61 80
’ - — ‘ : . —
a |
@D -
2 l
30
e
| 545 I
2N
|
0 1 2 3 é
‘.Q,Llu. LALGE ¢ e oy . 18
B CaDobus 0 20 &0 80% . 1.0
m
AE 0
8 n
ez |
w9 §°
:1§2 ()
SN
@ | 0
13
PAAA? l‘?‘:'YTlTTT -
20 40 &0% 1.0
C. ¢
|m
1
=3
BEE
|
<0
k-
@5 P—
gzN"
EE Tt
T |
(D; C st
\ . L 14 L 4 L Al L | e 1 AJ
0 20 40 0% 2 4 68 10 12 140 0% 0 30 60%0 10 20 S50 <30 <10
B Fragmented Tests ] Imperfect whola losts ] Perfect whoie tests | ] Deccan Benchmark Interval Per mil VPDB
w= wholerock 813C == banthic 413C == planktic 313C Coiing
- wholg-rock 8180 == banthic 3180 w planklic 5180



http://ees.elsevier.com/palaeo/download.aspx?id=436109&guid=6aa99a8e-449d-4c18-880c-ae12b5ddbf6a&scheme=1

Figurell. Planktic vs. Benthic Fragmentation Index
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Platel. Bidart Planktic Foraminifera
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Plate2. Planktic Foraminifera Preservation



http://ees.elsevier.com/palaeo/download.aspx?id=436112&guid=3e4ee476-74c7-4674-abc0-8063e3464cdf&scheme=1

Plate3. Benthic Foraminifera Preservation
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