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ABSTRACT

The ~35 myr-long Late Cretaceous greenhouse climate has been subjected to a number of
studies with emphasis on the Cenomanian—Turonian and late Campanian—Maastrichtian
intervals. By contrast, far less information is available for the Turonian—early Campanian
interval, even though it encompasses the transition out of the extreme warmth of the
Cenomanian—Turonian greenhouse climate optimum and includes a ~3 myr-long mid-
Coniacian—mid-Santonian interval when planktonic foraminifera underwent a large-scale, but
poorly understood, turnover. This study presents ~1350 §'%0 and §'*C values of well-preserved
benthic and planktonic foraminifera and of the <63 um size fraction from the Exmouth Plateau
off Australia (eastern Indian Ocean). These data provide: (i) the most continuous, highly
resolved and stratigraphically well-constrained record of long-term trends in Late Cretaceous
oxygen- and carbon-isotope ratios from the southern mid-latitudes, and (ii) new information on
the paleoecological preferences of planktonic foraminiferal taxa. The results indicate persistent
warmth from the early Turonian until the mid-Santonian, cooling from the mid-Santonian
through the mid-Campanian, and short-term climatic variability during the late Campanian—
Maastrichtian. Moreover, our results suggest the cause of Coniacian—Santonian turnover among
planktonic foraminifera may have been the evolution of a temperature/salinity-tolerant genus
(Marginotruncana) and the cause of the Santonian—early Campanian extinction of Dicarinella
and Marginotruncana may have been surface-ocean cooling and competition with

globotruncanids.

INTRODUCTION
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The Late Cretaceous was characterized by extreme greenhouse climate conditions likely
forced by high atmospheric pCO> levels (estimated up to 1300 ppmv: Sinninghe Damsté et al.,
2008), with maximum warmth likely reached during the Cenomanian—Turonian (Jenkyns et al.,
1994; Clarke and Jenkyns, 1999; Voigt et al., 2004; Friedrich et al., 2012), when surface-ocean
temperatures reached ~36°C in the tropical and equatorial belts (Forster et al., 2007; Moriya et
al., 2007; MacLeod et al., 2013), and equator to high latitude (~70°S) sea-surface temperature
gradients could have been reduced to ~5°C (Huber et al., 2002; Linnert et al., 2014). This warm
phase was followed by a prolonged cooling trend until the mid-Campanian (Clarke and Jenkyns,
1999; Huber et al., 2002; Cramer et al., 2009; Friedrich et al., 2012; Linnert et al., 2014), with
lower amplitude cooling and warming episodes during the late Campanian—Maastrichtian (Li and
Keller, 1999; Abramovich et al., 2010; Friedrich et al., 2012; Linnert et al., 2014) and regional
differences in both surface (MacLeod et al., 2005; Isaza Londofio et al., 2006) and bottom-water
trends (Cramer et al., 2009). However, while most studies on Late Cretaceous paleoclimate have

been focused on relatively short-duration events (e.g., Cenomanian/Turonian boundary, Oceanic

Anoxic Event 2 and the Cretaceous/Paleogene boundary mass extinction), far less information is
available for the ~20 myr-long Turonian—Campanian interval.

Planktonic foraminifera underwent a ~3 myr-long major turnover during the mid-
Coniacian—mid-Santonian (Hart 1999; Premoli Silva and Sliter, 1999), followed by the
extinction of all pre-Campanian double-keeled taxa (Marginotruncana and Dicarinella) within
the latest Santonian—earliest Campanian. The cause(s) of these events has/have never been
established. This lack of understanding relates to the limited recovery of stratigraphically
complete Turonian—early Campanian sediments by DSDP (Deep Sea Drilling Project), ODP

(Ocean Dirilling Program) and IODP (Integrated Ocean Drilling Program), as well as the
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generally poor preservation of Turonian—lower Campanian microfossils from outcrop sections,
which are dominated by indurated limestones. Low geographic and stratigraphic resolution
complicates correlation, whereas diagenetic artifacts associated with relatively poor preservation
compromises interpretation of stable-isotope measurements for reconstructing paleoceanographic
and paleoclimatic changes (e.g., Pearson et al., 2001; Sexton et al., 2006), species depth
preferences (e.g., Ando et al., 2010; Falzoni et al., 2013), and other aspects of paleoecology
(opportunism, seasonal preferences, photosymbionts) (e.g., Abramovich et al., 2003; Petrizzo et
al., 2008; Falzoni et al., 2014). Further uncertainty concerning the paleoecology (including depth
habitats) of Cretaceous planktonic foraminifera has been demonstrated by the results of several
studies that found the traditional morphology-based scheme for inferring Cretaceous planktonic
foraminiferal paleoecology to be probably incorrect for many taxa (Abramovich et al., 2003;
Ando et al., 2010; Falzoni et al., 2013).

This study, based on well-preserved planktonic and benthic foraminiferal §'*0 and §'3C
values from Exmouth Plateau (ODP Leg 122, Hole 762C, eastern Indian Ocean), provides the
most complete, continuous, highly resolved and stratigraphically well-constrained Late
Cretaceous record of climatic change and of long-term carbon-isotope trends in the southern
mid-latitudes. Oxygen and carbon stable-isotope ratios derived from the <63 um fine fraction
have been plotted to compare the trends for such samples with those shown by foraminifera, in
order to evaluate similarities and differences. Moreover, the present study provides new
information on the paleoecological preferences of several planktonic foraminiferal taxa for
which no stable-isotope ratio data were previously available, thereby providing new information

on the timing and causes of Late Cretaceous planktonic foraminiferal turnover.
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MATERIALS AND METHODS

ODP Hole 762C was cored during Leg 122 on the central Exmouth Plateau, northwestern
Australian margin (19°53.24°S; 112°15.24°E; Haq et al., 1990; Fig. 1) and recovered a nearly
continuous Berriasian—lower Oligocene sequence. The Upper Cretaceous sequence is almost
complete, with two minor hiatuses, one in the lower Santonian (core 67X; Petrizzo, 2000) and
the other in the mid-Maastrichtian, within magnetic chron C31N (core 47X; Thibault et al.,
2012). The Santonian hiatus is estimated to span less than 700 kyr (Petrizzo, 2000), whereas the
Maastrichtian hiatus spans about 500 kyr (Thibault et al., 2012). Upper Cretaceous sediments
mainly consist of white to reddish calcareous nannofossil ooze (Haq et al., 1990), with abundant
planktonic, and rare benthic foraminifera (Zepeda, 1998; Petrizzo, 2000, 2002). Taxonomic
concepts applied in this study for the identification of planktonic and benthic foraminifera follow
Robaszynski et al. (1979, 1984), Wonders (1992), Huber and Leckie (2011), Falzoni and
Petrizzo (2011), Petrizzo et al. (2011, 2015), Falzoni et al. (2016), the CHRONOS online
Mesozoic Planktonic Foraminiferal Taxonomic Dictionary (http://portal.chronos.org), Loeblich
and Tappan (1988) and the Ellis and Messina online catalogue (www.micropress.org). We have
included in the genus Heterohelix sensu latu (“Heterohelix”) all biserial species that were
previously accommodated in this polyphyletic group (e.g., globulosa, moremani), as is it
currently under revision (see Haynes et al., 2015), and species are believed to share almost the
same paleoecological preferences (Premoli Silva and Sliter, 1999; Abramovich et al., 2003;
Haynes et al., 2015). The biostratigraphic framework applied here follows Haq et al. (1990),
Bralower and Siesser (1992), Zepeda (1998), Petrizzo (2000, 2003), Campbell et al. (2004),

Petrizzo et al. (2011) and Thibault et al. (2012). Magnetostratigraphy is after Galbrun (1992) and
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Thibault et al. (2012). See supplementary material for further information and Supplementary
material Table 1.

Foraminiferal preservation was evaluated to be poor (P) for specimens that show minor
test fragmentation, are overgrown with secondary calcite, and show cement infilling (Fig. 2, 1a—
d). Foraminifera judged as having moderate (M) preservation are slightly overgrown with
secondary calcite, or show some cement infilling with minor signs of test fragmentation (Fig. 2,
2a—c and 3a—). A good (G) preservation rating is given for foraminifera whose tests are
recrystallized but do not exhibit calcite overgrowths, cement infillings, or fragmentation and
whose tests are not translucent under the light microscope, (Fig. 2, 4a—c). Foraminiferal
preservation was evaluated to be very good (VG) when signs of recrystallization were not
discernible in transmitted light and test walls were almost optically translucent (Fig. 2, Sa—b, 6a—
c and 7a-b) (see Supplementary material Table 2). The shells of specimens with good to very
good preservation have been slightly altered by diagenetic processes, but high magnification
SEM images of wall microstructure (Fig. 2, 7b) reveal the presence of smooth walls and open
pores that indicate primary calcite and increase the probability that primary trends are preserved
(Pearson et al., 2001).

At Hole 762C, foraminiferal preservation is generally poor to moderate in the
Cenomanian, moderate to very good in the Turonian—Coniacian and good to very good from the
Santonian to the Maastrichtian. The best-preserved specimens within each sample were selected
for stable-isotope ratio analyses (see Supplementary Material Table 2 for preservation of
specimens measured). No glassy foraminifera, planktonic or benthic, were found throughout the
stratigraphic interval examined. To characterize broad-scale stratigraphic changes in

foraminiferal preservation more fully, elemental abundances were measured for mixed
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planktonic and benthic foraminiferal samples throughout the examined stratigraphic interval (see
Supplementary material Fig. 1 and Supplementary material Table 3).

Stable-isotope analyses presented here are based on 1 to 8 planktonic foraminiferal
specimens depending on their test size. To obtain species-specific §'%0 and §'°C values, we
processed 1 to 3 large-sized keeled to partially keeled trochospiral specimens (Rotalipora,
Helvetoglobotruncana, Falsotruncana, Praeglobotruncana, Dicarinella, Marginotruncana,
Contusotruncana, Globotruncana, Globotruncanita, and Abathomphalus spp.), 2 to 5 medium-
sized trochospiral (Whiteinella, Archaeoglobigerina, Costellagerina, and Rugoglobigerina spp.)
and serial (Pseudotextularia, Racemiguembelina spp.) specimens, and 4 to 8 specimens of the
remaining genera (“Heterohelix”, Gublerina, Globigerinelloides, and Muricohedbergella spp.).
Results obtained for each species were used to calculate the maximum, minimum and average
5'%0 and 8'3C values of each genus in the samples examined (Fig. 3). Because benthic
foraminifera at Site 762C are rare, usually infilled with carbonate cement and relatively small-
sized, the number of specimens available for processing was not sufficient to obtain species-
specific stable-isotope analyses. Consequently, benthic results are based on analyses of 2 to 3
specimens of different species belonging to the genera Lenticulina, Gyroidinoides, Gavelinella,
and Colomia.

Most foraminiferal stable-isotope ratio data were generated using a Thermo Finnegan™
Delta Plus dual-inlet IRMS with Kiel III on-line automated carbonate reaction system at the
University of Missouri. Data are expressed as per mil values on the Vienna PDB (VPDB) scale,
after normalization based on the difference between the within-run average measured and
recommended values (8'3C = -1.95%o, 5'%0 = -2.20%o) for NBS-19. Replicate measurements of

NBS-19 yielded an external precision of £0.028%o for §'*C and £0.055%. for §'*0 values,
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respectively, (1 o, n=157) of the uncorrected values for the standards. Stable-isotope ratios of
<63 um fine fractions and other foraminiferal samples were generated at the University of
Oxford using a VG PRISM IRMS and common acid-bath preparation system (Clarke and
Jenkyns, 1999; Clarke, 2002). Data are expressed as per mil values on the Vienna PDB scale,
after normalization based on the difference between the within-run average accepted values for
an internal laboratory Carrara marble standard that had been calibrated against NBS-19. The

external precision for the Oxford dataset is better than 0.1%o for both §'*C and §'%0 values.

RESULTS

Oxygen stable-isotope ratios (5!%0 values) range from -0.5 to -3.0%o for the <63 um fine
fraction, from 0.5 to -2.5%o for benthic foraminifera, and from -1.0%o to -4.5 for planktonic
foraminifera, with a consistent intra-sample range of ~1.5%o among co-occurring planktonic
foraminiferal genera (Fig. 3). In general, the oxygen-isotope trend shown by benthic specimens
follows the trend of planktonic foraminifera, and the gradient between planktonic and benthic
foraminifera ranges from ~1.5%o in the Turonian—Coniacian interval and ~0.5%o in the
Maastrichtian. The Cenomanian—mid-Santonian foraminiferal record shows relatively constant
5180 values for each taxon, followed by an increase of ~1%o from the mid-Santonian through the
mid-Campanian among all groups. The upper Campanian—Maastrichtian is characterized by
short-term §'%0 fluctuations of ~1%o, implying more variable climatic conditions, but no long-
term directional climate change.

The 5'%0 values of the <63 um fine fraction mainly fall in between the §'30 values
displayed by planktonic and benthic foraminifera and generally follows planktonic foraminiferal

trends. Fine-fraction results show relatively high variability throughout the Cenomanian—lower
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Santonian and during the upper Campanian—Maastrichtian and relatively low variability during
the remaining time intervals.

Carbon stable-isotope ratios (5'C values) range from ~1.0 to 3.5%o for the <63 um fine
fraction, from 0.5 to 2.5%o for benthic foraminifera and from 1.0 to 3.0%o for planktonic
foraminifera, with a slightly increasing range of values among co-occurring planktonic
foraminiferal genera from 0.5%o in the Cenomanian—Turonian to >1.0%o during the
Maastrichtian (Fig. 3). Following a ~2%eo rise through the Cenomanian—early Turonian and a
peak in the mid-Turonian—lower Santonian, the average 8'°C values displayed by planktonic and
benthic foraminifera remain stable at ~2.7%o and ~1.5%o, respectively, from the upper Turonian
through the upper Campanian. The uppermost Campanian—Maastrichtian interval is
characterized by low-amplitude fluctuations followed by a decrease close to the
Cretaceous/Paleogene (K/Pg) boundary, in line with global trends (Voigt et al., 2012).

The §'3C values for the <63 pm fine fraction follow very closely the highest values
exhibited by planktonic foraminifera in any sample; that is, fine fraction and planktonic
foraminiferal trends are very similar. In addition, the fine-fraction curve exhibits short-term high-
amplitude fluctuations at the base (Cenomanian—lower Santonian) and at the top of the sequence
(upper Campanian—Maastrichtian), but displays constant values through the remaining
stratigraphic interval.

More negative 8'3C values, <1.0%o and even <0.0%o, are evident within the deepest Hole
762C hemipelagic carbonate sediments (Supplementary Figure 2), with these attributed to

diagenetic alteration, as described below and in the supplementary information.

DISCUSSION
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Long-term trends in 8'%0 and '3C values

The absence of glassy foraminiferal tests indicates that 5'%0 values are unlikely to be
entirely primary and hence estimates of past seawater temperatures might be compromised by a
diagenetic component. Clarke and Jenkyns (1999) also demonstrated that the Hole 762C fine
fraction record registered lower 5'30 values than coeval stratigraphic intervals from the
shallower buried sediments recovered in Exmouth Plateau Holes 763B and 766A. Nevertheless,
the observed quality of preservation among specimens analyzed suggests that, with the exception
of the deepest Cenomanian and oldest Turonian intervals, foraminiferal tests within Hole 762C
preserve long-term trends in §'*0 and §'3C values. In addition and most importantly, it is evident
that offsets in stable-isotope ratios among sample types, including between different planktonic
foraminiferal species are preserved (Pearson et al., 2001; Sexton et al., 2006), a condition
essential for reconstruction of long-term climatic trends and interpretations of paleoecological
preferences of fossil taxa (Boersma and Shackleton, 1981 and many subsequent studies).
Reliability of the majority of stable-isotope results is further supported by foraminiferal
elemental data (see Supplementary material).

Despite there being a general consensus that maximum mid-Cretaceous greenhouse
warmth occurred during the Cenomanian—Turonian, available compilations of benthic
foraminiferal and brachiopod §'30 data indicate that maximum temperatures were reached
during the late Cenomanian (Huber et al., 1999; Voigt et al., 2004; Cramer et al., 2009; Friedrich
et al., 2012), while certain bulk and foraminiferal '80 records (Clarke and Jenkyns, 1999;
Wilson et al., 2002; Jarvis et al., 2011) show peak warmth within the early Turonian. Such a
discrepancy in the apparent timing of maximum warmth might have been caused by: (a) poor

biostratigraphic control in depth—age model development and/or weak correlation between sites,

10



228

229

230

231

232

233

234

235

236

237

238

239

240

241

242

243

244

245

246

247

248

249

250

(b) localized micro-recrystallization within the foraminiferal tests that might have biased
temporal paleotemperature estimates and/or (c¢) local/regional oceanographic signals that differ in
detail from global trends. The Hole 762C planktonic foraminiferal §'%0 record obtained during
this study indicates a ~8 myr-long (Turonian—mid-Santonian; 93—85 Ma) surface-ocean “warm
plateau” an observation consistent with TEXgs paleothermometry of equatorial Atlantic
sediments (Demerara Rise: Forster et al., 2007; Bornemann et al., 2008), as well as with §'*0
values for well-preserved planktonic foraminifera from the southern tropical to high latitudes
(Falkland Plateau, Naturaliste Plateau and Maud Rise: Huber et al., 1995, 2002; Tanzania:
MacLeod et al., 2013). On the other hand, the fine-fraction §'*O record at Site 762C indicates
more unstable conditions with differences between adjacent samples of up to 1.0 to 1.5%o. The
mid-Santonian—mid-Campanian cooling trend, followed by shorter term late Campanian—
Maastrichtian warming and cooling episodes indicated by planktonic foraminifera, benthic
foraminifera and fine-fraction data (Fig. 3) corresponds closely to coeval trends elsewhere based
on 8'30 values on foraminifera (Li and Keller, 1999; Friedrich et al., 2012; Ando et al., 2013)
and TEXge paleothermometry (Linnert et al., 2014).

The long-term foraminiferal and fine-fraction 8'°C profile at Exmouth Plateau (Fig. 3)
records a series of major positive and negative excursions (~1%eo) in the Turonian—Coniacian
interval. The 8'3C positive shift culminating in the lowermost Turonian might be interpreted as
the typical excursion across the Cenomanian/Turonian boundary (corresponding to the Oceanic
Anoxic Event 2: Jenkyns et al., 1994; Jarvis et al., 2006, among others), especially given the
occurrence of dark shales in this stratigraphic interval (Haq et al., 1990). However, available
513C data from below the studied interval (820 to ~835 mbsf) indicate that at Hole 762C a trend

to higher 8'°C values begins at about 835 mbsf around the base of the hemipelagic carbonates,
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(See Supplementary Fig. 2) in an interval comprised between the upper Albian and the mid-
Cenomanian (Bralower and Siesser, 1992; Wonders, 1992), at least 2 myr before the globally
recorded C/T boundary isotopic anomaly. Therefore, the positive trend in §'*C values observed
at the base of the studied interval, increasing from §'3C values <1%o for fine-fraction samples
and <0%o for planktonic and benthic foraminifera (which also have similar absolute §'*C values
between ~805 and ~835 mbsf) most likely results from diagenetic alteration that overprinted the
original isotopic signal (see Supplementary Figure 2). The Hole 762C Cenomanian hemipelagic
carbonate-containing sediments are unconformably underlain by Lower Cretaceous deltaic
sediments containing organic carbon (TOC content up to 2%: Haq et al., 1990). It seems that
upward migration of 12C-enriched pore fluids from these deltaic sediments has compromised the
Cenomanian (and possibly the earliest Turonian) carbonate §'°C record, most likely during early
diagenesis. A diagenetic interpretation is supported by the clear downhole trend to progressively
lower fine-fraction and foraminiferal §'3C values below ~805 mbsf, by the relatively high degree
of recrystallization seen within the Cenomanian interval, and by the elemental data that are most
clearly manifested by the stepped increases in bulk foraminiferal Mg and Mn concentrations
below ~810 mbsf (see Supplementary Material for detailed discussion).

The most obvious consequence of diagenetic alteration of the Cenomanian and
lowermost Turonian carbonates is removal of the expected C/T boundary positive §'*C
excursion, although the §'30 values below ~805-810 mbsf also could be considered suspect if
the pore fluids originating from the deltaic sediments had a unique §'®0 composition (see
Supplementary Material for detailed discussion). It is further evident from the variability in the
513C records above ~805—810 mbsf that the influence of the '*C-enriched pore fluids was

restricted primarily to the Cenomanian and lowermost Turonian stratigraphic interval. We cannot
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exclude the possibility that the §'3C negative excursion registered in the lowermost Turonian (top
of core 74X) might represent the recovery phase after the typical C/T positive anomaly, as it falls
in an interval where the isotopic signal seems to be less diagenetically altered, but given apparent
alteration in subjacent samples, we do not argue that this shift is primary.

A lower amplitude (~0.5%o) positive excursion of planktonic foraminifera and fine-
fraction 8'3C values is observable in the mid—late Maastrichtian within magnetic chron C30N
(core 45X) and stratigraphically corresponds to the “Exmouth Plateau Event” identified at Hole
762C by Thibault et al. (2012) based on the §'*C bulk isotopic curve. The “Exmouth Plateau
Event” has been detected by Thibault et al. (2012) in the benthic foraminiferal §!*C record
available for ODP Hole 761B drilled at the Exmouth Plateau (Barrera and Savin, 1999), and in
the 8'3C bulk curve available for ODP Hole 1210B (Shatsky Rise, equatorial Pacific Ocean) and
for sections from Northern Germany in Voigt et al. (2012), whereas it corresponds to a minor
(0.1%o) positive 8'3C shift in the Umbria—Marche Basin (Thibault et al., 2012). Because of the
limited extent or absence of isotopic excursions in several localities, the “Exmouth Plateau
Event” was interpreted as a regional phenomenon by Thibault et al. (2012). The two-step rise of
the 8'3C bulk curve associated with the mid-Maastrichtian event (MME), recognized by Voigt et
al. (2012) and Wendler (2013) in several localities across latitudes (Umbria—Marche Basin,
Northern Germany, Denmark, DSDP Site 525: Walvis Ridge, South Atlantic Ocean, ODP Hole
690C: Maud Rise, Southern Ocean and ODP Hole 1210B: Shatsky Rise), falls in a younger
stratigraphic interval within magnetic chron C31N and apparently is absent at Hole 762C,
because it falls within the Maastrichtian hiatus (Thibault et al., 2012).

It is worth noting, however, that mid-Maastrichtian environmental perturbations related

to changes in the source region of intermediate and/or deep-water masses were originally
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postulated by MacLeod (1994) and MacLeod and Huber (1996) and invoked as a possible cause
for the extinction among inoceramids, which is found to be diachronous across latitudes
(MacLeod et al., 1996; Nifuku et al., 2009). However, in all sites examined by MacLeod and
Huber (1996), the extinction of inoceramids is preceded by a negative excursion of benthic
foraminiferal §'°C values falling within magnetic chron C31R (where magnetostratigraphic data
are available). Frank and Arthur (1999) compared late Campanian—Maastrichtian benthic
foraminiferal §'°C values from Pacific, Atlantic and Southern Ocean sites and distinguished three
time intervals of alternating large and small inter-ocean offsets, which have been related to
changes in deep-sea circulation. In detail, the second time interval (upper part of C31R to the top
of C31N) characterized by the lowest inter-ocean §'°C gradient was interpreted as the time of
global homogenization of intermediate and deep waters that may have caused the extinction
among inoceramids.

In summary, the environmental perturbations that have been related to the MME are
exemplified by different isotopic signals within different chronostratigraphic intervals, as
follows: 1) two-step rise of the 8'*C bulk curve within magnetic chron C31N, 2) negative §'°C
benthic foraminiferal excursions falling within magnetic chron C31R, and 3) a reduced inter-
ocean benthic foraminifera §'°C gradient identified from the upper part of C31R to the top of
C31IN. Consequently, caution has to be paid when using MME-related isotopic shifts for global
correlation.

Concerning long-term variations in the structure of the water-column, the Hole 762C
record indicates a ~0.5%o increase in the §'°C offset among planktonic foraminiferal genera from
the early Maastrichtian compared to the underlying stratigraphic interval. Interestingly, an early—

mid-Maastrichtian increase in the 8'°C offset between foraminifera has been also detected in the

14



320

321

322

323

324

325

326

327

328

329

330

331

332

333

334

335

336

337

338

339

340

341

central Atlantic (Blake Nose, ODP Site 1050C: Isaza-Londofio et al., 2006), in the South Atlantic
(Walvis Ridge, DSDP Hole 525A: Abramovich et al., 2003) and central Pacific (Shatsky Rise,
DSDP Site 577A: Abramovich et al., 2003) Oceans, suggesting possible global variations (i.e.,
increased sea-surface stratification and/or establishment of a deeper nutricline) in the structure of
the water column, and/or evolution of species with new life strategies, including the possible
acquisition of photosymbionts. A photosymbiotic habit was likely adopted by only few lineages
during the mid-Campanian (Abramovich et al., 2003; Falzoni et al., 2013, 2014), but it might
have represented a progressively more common life strategy during the Maastrichtian, paralleling
the evolution and diversification of biserial and multiserial taxa and of other surface-dwellers

(D’Hondt and Zachos, 1998; Houston et al., 1999; Isaza-Londofio et al., 2006).

Reliability of <63 pm fine-fraction stable-isotopes for tracing long-term Cretaceous
8130 and 5"3C trends

The <63 um size fraction is the coccolith-rich component of a pelagic sediment and
surface-ocean plankton assemblage, but in several Hole 762C stratigraphic intervals this size
fraction also includes small and rare juvenile planktonic and benthic foraminifera and
pithonellids (Fig. 4a—d). The §'30 and §'3C isotopic signal of polyspecific nannofossil
assemblages has been used as a proxy to trace Miocene (Ennyu et al., 2002: Rio Grande Rise,
DSDP Site 516; Lord Howe Rise, DSP Site 588; King’s Trough, DSDP Site 608) and mid-
Cretaceous (Ando et al., 2010: Blake Nose, ODP Site 1050C) surface-ocean properties, because
oxygen- and carbon-isotope trends were found to be similar to those shown by co-occurring

planktonic and benthic foraminifera.

15



342

343

344

345

346

347

348

349

350

351

352

353

354

355

356

357

358

359

360

361

362

363

364

However, studies on living coccolithophorid algae have documented a very large and
variable (from 1 to 5%o: Dudley et al., 1986; Ziveri et al., 2003) species-specific offset in §'%0
and §'3C values between coccolith calcite and ambient seawater due to vital effects. Therefore,
recent studies (Ziveri et al., 2003; Candelier et al., 2013) have suggested using the fine-fraction
isotopic signal only if based on monospecific coccoliths with well-constrained vital effects, but
offsets attributed to vital effects are manifestly difficult to know accurately for fossil species.
Moreover, other recent studies have suggested that Cenozoic coccolithophore vital effects are an
adaptation to decreasing atmospheric carbon dioxide concentrations that developed after the
Paleocene—Eocene Thermal Maximum (Stoll et al., 2002; Bolton et al., 2012; Bolton and Stoll,
2013). Consequently, the array of coccolithophorid vital effects might have been different (or
even absent) during the high pCO; mid- to Late Cretaceous world, further complicating
interpretation of the isotopic values yielded by the Hole 762C coccolith-rich fraction.

Comparison of the Exmouth Plateau record with the long-term stable-isotope ratios of
paired fossil foraminifera and coccolithophorid algae available in the literature (Miocene: Ennyu
et al., 2002; mid-Cretaceous: Ando et al., 2010) illustrates similarities and discrepancies as
follows: 1) coccolithophore algae are expected to inhabit a very shallow ocean surface layer,
because they are photosynthetic organisms; however, the fine-fraction §'30 values are higher
than those shown by planktonic foraminifera and always fall in between the values exhibited by
planktonic and benthic species (see also benthic foraminiferal 'O values for Hole 1050C in
Petrizzo et al., 2008); 2) at Hole 762C, the §'%0 fine-fraction trend is punctuated by high-
amplitude fluctuations (1.0 to 1.5%o) that do not always mirror foraminiferal trends. This feature
is peculiar to Hole 762C and not reported in other published studies, despite the stratigraphic

resolution of the foraminiferal record being identical or even higher than the fine-fraction record
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when both records are available; 3) at Hole 762C, the fine-fraction §'C values parallel
planktonic foraminiferal trends, but are generally higher, whereas the fine-fraction §'*C curves of
Ennyu et al. (2002) and Ando et al. (2010) fall close to the average values yielded by planktonic
foraminifera.

Fine-fraction §'%0 values falling in between the values exhibited by planktonic and
benthic species are found in all the records available, and most importantly also at Blake Nose
(northwest Atlantic Ocean) where foraminiferal specimens are exceptionally well preserved
(“quasi-glassy” in some intervals: Ando et al., 2010). Assuming that glassy-textured foraminifera
preserve a good estimate of the §'30 of ambient sea-water (Pearson et al., 2001) and that
foraminiferal vital effects more significantly affect 8'3C rather than §'30 values (Pearson, 1998),
5'%0 values yielded by the fine-fraction might have been originally higher than those shown by
planktonic foraminifera at the Exmouth Plateau (i.e., the difference could be primary not a
diagenetic artifact), as at the Blake Nose. Therefore, relatively high fine-fraction §'0 values
could be explained in part by disequilibrium during secretion of coccolithophorid calcite from
ambient seawater, because the average offset between the §'0 displayed by the fine fraction and
planktonic foraminifera (1 to 2%eo) falls within the range of variability of the vital effects
calculated for living coccolithophorid algae (1 to 5%o). That said, a higher susceptibility to
alteration at or near the seafloor for the fine fraction compared to individual foraminiferal tests
alone could explain the offset between their §!%0 values, and sample-to-sample differences in the
diagenetic overprint could explain the presence of high-amplitude fluctuations in the
Cenomanian—lower Santonian and lower Maastrichtian fine-fraction isotopic data (Fig. 2,
Supplementary material Fig. 1 and Supplementary material Table 3), whereas younger and more

shallowly buried material (mid-Santonian—Maastrichtian) is generally better preserved. Although
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large-sized foraminifera that showed calcite infillings, or apparent signs of recrystallization after
examination under the light microscope, were excluded from isotopic analyses, the diagenetic
alteration of the <63 pm size-fraction was not discernable under the light microscope. The upper
Campanian—Maastrichtian §'%0 fine-fraction fluctuations are almost in phase with foraminifera
and are likely not related to diagenesis as foraminiferal preservation and elemental data analyses
(see Supplementary material Fig. 1) do not indicate major alteration. Therefore, fine-fraction
5'%0 values might have preserved the original signal and most probably represent the response of
coccolithophorid algae to the late Campanian—Maastrichtian warming—cooling episodes.
However, §'%0 fine-fraction fluctuations in the interval from 620 to 600 mbsf are not in phase
with the 8'%0 foraminiferal trends and show a rather high offset from the §!%0 values of the
underlying and overlying samples, suggesting that some diagenetic alteration might have
overprinted the original isotopic signal. Finally, reasons for explaining the unusually high fine-
fraction §'°C values compared to planktonic foraminifera are not discernible based on the
available data, but are possibly related to local conditions of the nutricline or seasonal production
of coccoliths or other photoautotrophs during times of maximum sea-surface '*C/'?C ratio,
possibly after the bulk of the nutrients had been exhausted and seasonal stratification was
established.

The present study suggests that while long-term carbon-isotope ratio trends derived from
the <63 um fine fraction are likely reliable as tracers of surface ocean '*C/!*C ratios, problems in
evaluating the preservation of coccoliths in the fine fraction, as well as the unknown (potential)
vital effects of Cretaceous nannofossil species might complicate the interpretation of long-term

oxygen-isotope trends, if not supported by other proxies.
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Planktonic Foraminiferal Depth Habitats and Species Turnover

The isotope records from Hole 762C span a major 3-myr time interval with an associated
turnover among Late Cretaceous planktonic foraminifera. This worldwide change in the
planktonic foraminiferal assemblages (i.e., Hart, 1999; Premoli Silva and Sliter, 1999) includes
extinction of several forms, including Falsotruncana, bi-convex Dicarinella species (D. hagni,
D. imbricata and D. canaliculata), weakly keeled Praeglobotruncana, and globigeriniform
Whiteinella, as well as radiation of the double-keeled Marginotruncana. During the
Coniacian—Santonian transition there were first appearances of several keeled genera, including
Contusotruncana, Globotruncana, Globotruncanita, umbilico-convex Dicarinella species (i.e.,
D. concavata and D. asymetrica), and globigeriniform taxa within the genera Costellagerina and
Archaeoglobigerina (Fig. 3). This Coniacian—Santonian phase was followed by the extinction of
the pre-Campanian, keeled genera (Marginotruncana and Dicarinella) and by the proliferation of
Globotruncana, Globotruncanita and Contusotruncana across another 3-myr interval (latest
Santonian—early Campanian, Premoli Silva and Sliter, 1999).

The causes for this faunal replacement have been linked to changes in surface- and deep-
water circulation and to the Late Cretaceous cooling trend that might have modified surface-
ocean habitats (Premoli Silva and Sliter, 1999; Petrizzo, 2002). Accordingly, recent studies based
on neodymium isotope ratios confirm that the early Campanian was a time of re-organization of
intermediate and deep-sea circulation patterns at a global scale (Robinson et al., 2010; MacLeod
et al., 2011; Murphy and Thomas, 2012; Robinson and Vance, 2012). Interestingly, the Late
Cretaceous Nd-isotope ratio composite record from Hole 762C (<1000 m paleodepth; Voigt et
al., 2013) and Hole 763B (~1000 m paleodepth; Murphy and Thomas, 2012) show some

correlations with the long-term planktonic foraminiferal §'30 trends reported here. The Nd-
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isotopic values of these shallower sites show values and trends similar to the deeper bathyal
Exmouth Plateau Site 765 (~3000 m paleodepth) and Argo Abyssal Plain Site 766 (~4000 m
paleodepth) (see Robinson et al., 2010; Murphy and Thomas, 2012) suggesting that both were
bathed by the same water mass (Murphy and Thomas, 2012). At Hole 763B, Nd-isotopic values
are relatively high (~ -7%o) during the Turonian—early Campanian but shift to distinctly lower
values (~ -11%o) from the early—mid-Campanian throughout the Maastrichtian. The early—mid-
Campanian shift has been interpreted as an expansion of intermediate and deep waters sourced in
southern mid—high latitudes during the Campanian—Maastrichtian cooling (Robinson et al., 2010;
Murphy and Thomas, 2012; Robinson and Vance, 2012). The planktonic foraminiferal §'%0
record reported here indicates that the onset of cooling (mid-Santonian) in the Indian Ocean
preceded the Nd-isotopic shift at bathyal depths on Exmouth Plateau. This result does not mean
Campanian—Maastrichtian climate changes and circulation patterns were not linked (e.g.,
Robinson et al., 2010; MacLeod et al., 2011; Robinson and Vance, 2012), but it does illustrate
the importance of considering evidence of local to regional conditions as well as global trends in
explaining Nd-isotopic shifts.

In terms of the planktonic foraminiferal assemblages, turnover occurred during an
interval of relatively stable Nd isotopic values (Turonian—Santonian) suggesting that variations
in the intermediate and deep-ocean circulation did not directly cause the observed
extinctions/radiations. Instead, planktonic foraminiferal turnover mainly involved large-sized
keeled species (diameter > 300 um and up to 700 um) with similar morphologies considered to
have comparable paleoecological preferences (e.g., Caron and Homewood 1983; Premoli Silva

and Sliter, 1999; Hart, 1999), such that extinction and radiation of different taxa thought to have
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occupied the same habitat has been difficult to explain using the traditional paleoecology (i.e.,
depth habitat) model based on test morphology.

Hole 762C stable-isotope ratio data further support several recent studies on glassy-
textured foraminifera (Petrizzo et al., 2008; Ando et al., 2010; Falzoni et al., 2013) that found a
number of exceptions to the morphology-based assignment of species-specific depth habitats.
Whilst several keeled taxa (i.e., Falsotruncana and bi-convex Dicarinella species) were
effectively deeper/cool dwellers, as recognized by the morphology model and supported by the
isotope ratio data presented here, many double-keeled species, for which few or no isotope ratio
data were previously available in the literature (umbilico-convex Dicarinella, most
Marginotruncana and Contusotruncana species) yield an isotopic signature that suggests a
shallower/warmer water-column habitat. Particularly evident in the present dataset is the depth
distribution of the umbilico-convex Dicarinella and of the Marginotruncana species that
inhabited a shallow ecological niche, despite their double-keeled periphery, large test size and
their complex morphology, whereas taxa that co-occur in the same late Coniacian—Santonian
interval and possess similar morphological features (Globotruncana, Globotruncanita and
Contusotruncana) show an isotopic signature indicative of a deeper/colder habitat.

In the light of these new findings, we suggest that the late Coniacian—early Santonian
turnover occurred over a 3-myr period when Marginotruncana specimens progressively
occupied all of the ecological niches available. This habitat invasion was likely possible because
Marginotruncana species were more easily able to adapt to a wider temperature/salinity range
(as inferred from their §'%0 values). This hypothesized successful adaptation is also supported by
the increase in Marginotruncana species diversity from their appearance during the Turonian, in

parallel with the decrease in species diversity of those taxa experiencing extinction (Petrizzo,
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2002). Thus, this major turnover was likely due to the competition exerted by the more generalist
Marginotruncana over the more selective Falsotruncana, bi-convex Dicarinella and
Praeglobotruncana. It is worth noting that the order of planktonic foraminiferal extinction
mirrors their depth ranking in the water column from the deepest (Falsotruncana) to the
shallowest dwellers (Whiteinella).

Marginotruncana and Dicarinella extinctions are clearly correlated with the onset of the
Santonian—Campanian cooling combined with likely competition exerted by Globotruncana,
Contusotruncana and Globotruncanita within particular depth habitats. The latter genera initially
diverged from their keeled shallow-dwelling marginotruncanid ancestors to occupy a
deeper/colder habitat and subsequently migrated upward in the water column as their ancestors
disappeared and surface-ocean temperatures decreased. We infer that the onset of significant
cooling during the mid-Santonian led to the expansion of the deep/cold ecological niches that
favored the proliferation of globotruncanids and negatively affected all shallow-dwelling taxa
that had evolved during hotter greenhouse times. Further support for this interpretation is
provided by the delayed extinction of Marginotruncana species in the tropical Tethyan Realm
(e.g., at the top of the G. elevata Zone in the Bottaccione section: Premoli Silva and Sliter, 1995;
Coccioni and Premoli Silva, 2015) when compared with mid-latitude localities (in the lowermost
G. elevata Zone at the Exmouth Plateau: Petrizzo, 2000). Moreover, the timing of species
extinctions, first the shallowest dwelling umbilico-convex Dicarinella species, and later the
slightly deeper dwelling Marginotruncana species, parallels specific steps of surface ocean

cooling and further supports the conclusions presented here (Fig. 3).

CONCLUSIONS
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In agreement with other studies from the southern high latitudes, the new planktonic
foraminiferal §'%0 record from Exmouth Plateau indicates extreme greenhouse conditions
persisting from the early Turonian to the mid-Santonian, a prolonged cooling from the mid
Santonian to the mid-Campanian and short-term warming-cooling episodes during the late
Campanian—Maastrichtian. This study also confirms that foraminiferal §'30 data represent an
accurate tool for tracing relative changes in bottom- and surface-ocean temperatures, because
specimens used for isotopic analyses can be preferentially selected based on visual assessment of
their preservation. On the other hand, the influence of isotopic vital effects for Cretaceous
calcareous nannofossils remains currently unknown. These findings potentially have implications
for the reliability of bulk-carbonate isotope trends without additional supporting data such as
benthic or planktonic foraminiferal oxygen-isotope ratios.

Moreover, we suggest that the main Coniacian turnover among planktonic foraminifera
was caused by evolution of a new temperature/salinity-tolerant genus (Marginotruncana),
whereas the extinction of Dicarinella and Marginotruncana was correlated to the onset of
surface-ocean cooling during the mid-Santonian and to competition with deeper dwellers in
cooler waters (globotruncanids). Because the timing and patterns of the turnover among
planktonic foraminiferal assemblages are similar throughout the mid—low latitudes, we infer that
the combination of the biotic and abiotic forces identified at the Exmouth Plateau likely drove
planktonic foraminiferal evolution at a global scale. Finally, this study represents a substantial
contribution toward the understanding of Earth climate dynamics during the Late Cretaceous and
provides new insights into the relationship between climate change and planktonic foraminiferal

evolution during hot to mild greenhouse climate phases.
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FIGURE CAPTIONS

Figure 1. Paleogeographic reconstruction for the mid-Campanian (80 Ma), with location
and paleolatitude of Exmouth Plateau (ODP Hole 762C). After Hay et al. (1999).

Figure 2. SEM images of planktonic and benthic foraminiferal specimens showing
differential preservation. Poor Preservation: 1a—d) Praeglobotruncana sp., sample 762C-71X-2,
51-53 cm (Coniacian). Moderate preservation: 2a—c) Lenticulina sp., sample 762C-66X-4, 80—

82 cm (Santonian); 3a—) Globotruncana linneiana, sample 762C-66X-5, 58—60 cm (Santonian).
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Good preservation: 4a—c) Marginotruncana angusticarenata, sample 762C-66X-2, 66—68 cm
(Santonian). Very good preservation: Sa—b) “Heterohelix” sp., sample 762C-59X-1, 140-142 cm
(Campanian); 6a—c) Muricohedbergella flandrini, sample 762C-66X-3, 7-9 cm (Santonian); 7a—
b) Rugoglobigerina pennyi, sample 762C-54X-1, 12—14 cm (Campanian). Scale bar = 100 um
unless differently specified.

Figure 3. Exmouth Plateau (Hole 762C) foraminiferal and fine-fraction (<63 um) carbon-
and oxygen-isotope ratios plotted against stratigraphy. Colored symbols of planktonic
foraminifera indicate average values; bars indicate maximum and minimum values, when
replicate measurements are available. Lithostratigraphy after Haq et al. (1990), planktonic
foraminiferal biostratigraphy after Haq et al., (1990), Zepeda (1998), Petrizzo (2000), Campbell
(2004), Petrizzo et al. (2011); calcareous nannofossil biostratigraphy after Bralower and Siesser
(1992) and Thibault et al. (2012); magnetostratigraphy after Galbrun (1992). Oxygen-isotope
ratio values of the fine-fraction curve are from Clarke and Jenkyns (1999). Species grouped
under the name Dicarinella plano-convex include D. hagni, D. imbricata and D. canaliculata.
Abbreviations—Ages: Cen = Cenomanian; Planktonic foraminiferal biozones: c. = Rotalipora
cushmani, arch = Whiteinella archaeocretacea, helv. = Helvetoglobotruncana helvetica,
maslakov. = Falsotruncana maslakovae, mar. = Marginotruncana marianosi.

Figure 4. SEM images of the fine fraction (< 63 pm) from Hole 762C: a) coccolith plates
and fragments of coccolith elements, sample 762C-44X-3, 60—62, scale bar = 10 um; b) a
biserial planktonic foraminiferal specimen and few coccoliths, sample 762C-59X-2, 45—47, scale
bar = 50 um; c) a preserved coccosphere with coccoliths, sample 762C-59X-2, 45-47, scale bar

=10 um; d) a calcisphere and coccoliths, sample 762C-59X-2, 45-47, scale bar = 50 um.
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=3 Calcareous nannofossil oozes +»- Dicarinella asymetrica-concavata + Globigerinelloides > Marginotruncana ~O- Whiteinella
Clay D> Dicarinella hagni-imbricata X Gublerina - Praeglobotruncana I Benthics
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