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Did Late Cretaceous cooling trigger
the Campanian—Maastrichtian Boundary Event?
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Abstract. The Campanian—Maastrichtian (83-66 Ma) was a period of global climate cooling, featuring
significant negative carbon-isotope (8'°C) anomalies, such as the Late Campanian Event (LCE) and the
Campanian—Maastrichtian Boundary Event (CMBE). A variety of factors, including changes in temperature,
oceanic circulation and gateway opening, have been invoked to explain these 8'*C perturbations, but no
precise mechanism has yet been well constrained. In order to improve our understanding of these events,
we measured stable carbon and oxygen isotopes of hemipelagic sediments from the Shuqualak-Evans cored
borehole (Mississippi, USA) and compared the data with previously published sea-surface temperature (SST)
estimates from the same core. We found that the CMBE can be recognised, unambiguously, in the Shuqualak-
Evans core, and that it is associated with an interval of cooler SSTs suggesting a possible mechanistic link
between palaeotemperature change and this event. Determining the precise position of the LCE in the
Shuqualak-Evans core is more problematic, but it may also be associated with cooler SSTs. Our combined
records of carbon cycling and SSTs compare well with other studies and provide evidence that cooling during
the CMBE (and possibly LCE) was global in nature and affected surface waters, in addition to the deep-ocean.
We suggest that short-term cooling drove intensification of high-latitude deep-water formation, which in
turn led to changes in the ratio of carbonate to organic carbon burial that led to a negative 8'*C excursion.
Critically, the absence of warming during these intervals implies that the Late Cretaceous events must not
have been associated with an appreciable increase in atmospheric pCO,, and was likely associated with
decreased pCO,.
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1. Introduction

The early Late Cretaceous (Cenomanian—Turonian)
was characterised by one of the warmest palaeocli-
mates of the past 140 million years (‘hothouse cli-
mate’: Wilson et al. 2002, Hay 2008, 2011, Friedrich
et al. 2012, Kidder and Worseley 2012, MacLeod et al.
2013). This Cenomanian—Turonian world likely fea-
tured ice-free polar regions (Barron et al. 1981, Barron
1983, Ladant and Donnadieu 2016), tropical and sub-
tropical sea-surface temperatures (SSTs) warmer than
35°C (Forster et al. 2007, Bornemann et al. 2008,
Sinninghe Damsté et al. 2010, MacLeod et al. 2013)
and a shallow latitudinal temperature gradient (Huber
et al. 1995, 2002, Bice et al. 2003, Hay and Floegel
2012). By contrast, the late Turonian—Maastrichtian is
considered an interval of global cooling (e.g., Clarke
and Jenkyns 1999, Linnert et al. 2014), possibly driven
by declining atmospheric pCO, (e.g., Jenkyns et al.
1994, Berner and Kothavala 2001, Tabor et al. 2016).
This decrease in pCO, may have been the result of
reduced rates of mid-ocean ridge and large igneous
province activity (Larson 1991, Coffin et al. 2006).
Additionally, the reconfiguration of oceanic gateways
may have affected deep-water circulation and oceanic
heat transport. For example, it has been suggested that
opening of the Equatorial Atlantic Seaway contributed
to Late Cretaceous cooling by allowing cool southern-
component waters to enter the warm North Atlantic
Basin (e.g. Frank and Arthur 1999, Friedrich et al.
2012).

The Campanian is a key interval in the Late Creta-
ceous, as it marks the transition between the mid-Cre-
taceous ‘hot greenhouse’ and the ‘cool greenhouse’ of
the Maastrichtian and early Paleocene (Clarke and
Jenkyns 1999, Zachos et al. 2008, Friedrich et al.
2012, Ando et al. 2013, Linnert et al. 2014, Falzoni et
al.2016). The cooling was accompanied by changes in
global oceanic circulation towards a mode of deep-
water formation in high southern latitudes, although
the precise timing and geographic influence of these
changes is still being revealed (Barrera and Savin
1999, Frank and Arthur 1999, Huber et al. 2002,
Cramer et al. 2009, Robinson et al. 2010, MacLeod
et al. 2011, Friedrich et al. 2012, Martin et al. 2012,
Robinson and Vance 2012, Murphy and Thomas 2012,
2013, Jung et al. 2013, Voigt et al. 2013, Moiroud et
al. 2013, 2016, Donnadieu et al. 2016). Changes in
the location and style of deep-water formation have
been considered as possible triggers for perturbations
of the global carbon cycle, such as the Campanian—

Maastrichtian Boundary Event (CMBE; Friedrich et
al. 2009). However, other factors, such as eustatic sea-
level falls (Jarvis et al. 2002, 2006), a reduced rate of
organic-matter flux (Friedrich et al. 2009) and tectonic
processes (Voigt et al. 2010, 2012) may also have con-
tributed.

Here, we present new Campanian—Maastrichtian
bulk-rock geochemical data (8'3C, 6'®0, TOC and
%CaCOs3) from the Shuqualak-Evans core (Mississip-
pi, USA). Linnert et al. (2014) published a record of
SSTs from this site, which they argued was largely
controlled by global climate change. The comparison
of this dataset with new data from the same core
enables us to discuss the carbon-isotope record with
regard to general global climate evolution. This dis-
cussion may help us to answer the question of whether
prominent carbon-isotope excursions around the late
Campanian—early Maastrichtian interval are related
to the general trend of palaeotemperatures.

2. Geological setting
and materials

During the Campanian—Maastrichtian, the Mississippi
embayment was a relatively shallow epicontinental
sea (Fig.1) that covered much of the modern states
of Louisiana, Mississippi and Florida. The Shuqualak-
Evans core was drilled in Shuqualak, Mississippi,
USA (32°58'49"N, 88°34' 8" W), recovering a near-
continuous, ~ 240 m-thick sequence of mainly Cam-
panian and Maastrichtian marine sediments (Fig.2).
The base of the sequence (~253.2-252m drilling
depth) is characterised by glauconitic sandstones of
latest Santonian—earliest Campanian age (Linnert et
al. 2014). These sandstones are overlain by the lower
Campanian Mooreville Formation (~252-180m),
which is mainly composed of marls and marly chalk.
The lower Campanian Arcola Limestone was recov-
ered between 180 m and 175 m. The interval from
~175m to ~9m belongs to the lower Campanian—
upper Maastrichtian Demopolis Formation and is
dominated by marls and chalks (Fig.2). Calcareous
nannofossil and planktonic foraminiferal biostratigra-
phy (Linnert et al. 2014), suggests that most of the
cored interval (253.19m-22.86m) was deposited
during the Campanian (83.2—72 Ma), whereas the en-
tire Maastrichtian (72—66 Ma) is only represented
by 13.41 m of sediment. For geochemical analyses,
160 samples were analysed from the core, at approxi-
mately 1.5 m resolution.
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Fig. 1. Palaeogeographic map of the North Atlantic at 72.0 Ma (continental plates blocked out in grey, thick black lines in-
dicate Present Day coastlines) indicating the locality of Shuqualak and other sections (North Sea, Tethys) discussed in the
text. Reconstruction adapted from the Ocean Drilling Stratigraphic Network (ODSN) palacomap project (http:/www.odsn.

de/odsn/services/paleomap/paleomap.html)

In addition to the data from the Shuqualak-Evans
core, we also provide new stable-isotope data from be-
tween ~ 100 m and 150 m depth in the British Geolog-
ical Survey Trunch core drilled through the English
Chalk to increase the stratigraphic resolution through
the Late Campanian carbon-isotope Event (LCE). The
Trunch borehole is situated in Norfolk, UK and is one
of the key records for Upper Cretaceous integrated
stratigraphy (Jenkyns et al. 1994, Jarvis et al. 2002,
2006, Voigt et al. 2010, 2012).

3. Methods

3.1 Carbonate content and TOC

Total carbon (TC) and total organic carbon (TOC)
were measured on each sample from the Shuqualak-
Evans core to aid interpretation of the geochemical
data. Bulk powdered samples were obtained by
drilling fresh rock surfaces with a 0.5—1 mm drill-bit.
Samples were analysed using a Thermo Flash EA 1112
elemental analyser in the laboratories at University

College London (UCL). For the TOC analysis, each
sample was decarbonated in a silver foil capsule, using
~10% hydrochloric acid, and dried down on a hot-
plate. TC was measured on unacidified samples in
aluminium foil capsules. Total inorganic carbon (TIC)
was calculated by the subtraction of TOC from the
TC. Then by assuming that TIC to be associated with
CaCQOs, it was possible to calculate %CaCOj; by sim-
ply multiplying TIC by 8.3333 (recurring; the carbon
represents 1/8.333 part of the CaCO;). Repeated
analysis of internal standards suggest that the standard
deviation on TC and TOC measurements is + 0.1 %.

3.2 Bulk carbonate stable isotopes
(6130, 6180)

One hundred and fifty-seven bulk-carbonate samples
from the Shuqualak-Evans core were analysed by
continuous-flow mass spectrometry, using a Gasbench
connected to a Thermo Finnegan Delta+ XP mass
spectrometer in the Bloomsbury Environmental Iso-
tope Facility (BEIF) at UCL. Three hundred and six-
ty-two samples from the Trunch core were collected,
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Fig. 2. Biostratigraphy, lithology and geochemistry of the Shuqualak-Evans core. Biostratigraphy and palaco-SST esti-
mates (based on TEXg) after Linnert et al. (2014). Substages: uSa. — upper Santonian; IMa. — lower Maastrichtian; uMa. —
upper Maastrichtian. Carbon-isotope events: MCaE — Mid-Campanian Event; LCE — Late Campanian Event; CMBE — Cam-
panian Maastrichtian Boundary Event; MME — Mid-Maastrichtian Event. Planktonic foraminiferal zones: D.a.— Dicarinella
asymetrica; G.e.— Globotruncanita elevata; C.plummerae — Contusotruncana plummerae; R.c.— Radotruncana calcarata;
G.havanensis — Globotruncanella havanensis; G.a. — Globotruncana aegyptiaca; G.g. — Gansserina gansseri; P.p. —
Pseudoguembelina palpebra; P.h. — Pseudoguembelina hariaensis.

where possible, every 10cm between 99.2 and
152.3 m depth. These samples were analysed using a
VG Isogas Prism II mass spectrometer with an on-line
VG Isocarb common acid-bath preparation system at
the Department of Earth Sciences, University of Ox-
ford. All isotope data are reported in the standard
delta notation (8'°C, 8'80) in per-mil (%0) values on
the Vienna PDB (V-PDB) scale. One standard devia-
tion error on internal standards at UCL was generally
better than +0.05%o for 8'3C and +0.10%o for 6'*0
and, at Oxford, was better than + 0.1%o for both 8'3C
and 6'%0.

4. Results

4.1 TOC and CaCO; values

The stratigraphic variations in TOC and %CaCOj; from
the Shuqualak-Evans core are shown in Figure 2 and
provided in Supplementary Table 1. The glauconitic
sandstone at the base of the core (253.19-252.83 m) is
characterised by increasing carbonate content from
04% at 253.19m to 16.2% at 252.83 m. The TOC
of the sandstone varies from 0.3—-0.4%. In the mostly
marly Mooreville Formation (251.97-179.83 m), the
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carbonate content varies from 0.0% (at 192.94 m) to
79.8% (at 239.27 m); the TOC values vary from 0.2 %
(at 19294 m) to 1.5% (at 207.26 m and 195.07 m).
The chalky Arcola Limestone (178.31-175.26 m) is
characterised by high carbonate content, from 66.6 %
(at 178.31 m) to 86.8% (at 175.26 m) and lower TOC
content of 0.4% (at 178.31 m) to 0.6% (at 175.26 m).
In the Demopolis Formation (173.74-9.45 m), the car-
bonate content is more variable, with values from
24.2% (at 27.43 m) to 90.3 % (at 67.06 m). In the De-
mopolis Formation, the chalky interval from 114.30 m
to 47.24 m is characterised by values higher than
67.1%. In the marly interval from 46.94—18.29 m, the
CaCOj; content varies from 24.2 % to 73.2%. The TOC
shows a similar variability, with values from 0.2 % (at
56.39m) to 1.5% (at 156.97 m).

4.2 Stable isotopes (5'3C, 5'80)
from the Shuqualak-Evans core

The stable-isotope records (6'°C, 6'%0) from the
Shuqualak-Evans core are generally independent of
changes in lithology (Figure 2; data in Supplementary
Table 1). The lowest value of 8°C (-=1.42%0) was
measured in the lowermost analysed sample, at
252.83 m; this value rises to 1.10%o in the next sample,
at 251.46 m. The interval from 251.46-211.84 m is
characterised by variable carbon-isotope values, but
there is also a distinct decreasing trend from 1.67 %o
at 248.41 m to 0.54%oc at 211.84 m. In the following
sequence, from 211.84 m to 170.69 m, the 8'3C ratios
are still highly variable, but they increase up to 1.84 %o
at 17526 m. The next interval, from 169.16 m to
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140.21 m, starts with relatively low values of around
1.00%0 (lowest 0.97 %o at 166.12 m), but these values
increase again towards 1.70%c. From 138.66 m to
92.81 m, the 8'°C data are generally lower, but more
stable than in the older sediments; the lowest values
were measured in the intervals from 137.16 m to
12020 m (down to 0.99%¢) and from 96.01 m to
92.81 m (down to 1.07%o). The interval from 91.44 m
to 53.34 m is characterised by less-variable, but high-
er, 8'3C ratios, ranging from 1.30%o (at 64.01 m) to
1.72%o0 (at 80.77 m). From 53.34 m, the carbon-iso-
tope data show another trend of decreasing values,
which continues towards the top of the Shuqualak-
Evans core. In this interval, the values become highly
variable again, ranging from 0.21%o (at 15.24 m) to
1.38%o (at 46.94-45.72 m).

The 6'80 record also starts with the lowermost
value (-5.82%o) at 252.83 m, jumping to —3.28 %o in
the next sample at 251.46 m. From this sample up-
wards, 8'80 shows a distinctive trend towards higher
values, up t0 96.01 m (—1.77%o). The 8'80 record then
decreases down to —2.73%oc at 79.25 m and increases
again towards —1.48%o at 46.94 m. The 8'80 values
are highly variable in the highest part of the sequence
(46.94-9 .45 m), with minimum to maximum values
ranging from —2.97%o (at 39.62m) to —1.32%o (at
19.81 m). Both isotopic signatures of the Shuqualak-
Evans core are given in Figure 2.

4.3 Stable isotopes (3'3C, 3'30)
from the Trunch core

The new stable-isotope data from the Trunch core
(Supplementary Table 2) agrees well with previously
published data (Figure 3; Jenkyns et al. 1994). The
higher resolution carbon-isotope stratigraphy of the
LCE suggests that the magnitude of this event may
have been slightly larger (by about 0.2%0) than esti-
mated from the low-resolution dataset, but otherwise
the new data do not significantly alter the view of the
LCE.

5. Discussion

5.1 Is a primary carbon-isotope signal
preserved in the Shuqualak-Evans
core?

Before interpreting bulk-carbonate carbon-isotope
data from the Shuqualak-Evans core as a primary sea-
water signal, it is necessary to consider whether sec-

ondary effects, such as the reworking/variable input of
calcareous sediments and diagenesis, may have influ-
enced the 8'°C data. The lack of evidence for rework-
ing of pre-Campanian calcareous nannofossils and
planktonic foraminifera (Linnert et al. 2014) indicates
no significant deposition of allochthonous carbonates.
There is little evidence for carbonate diagenesis from
calcareous nannofossils and planktonic foraminifera
because assemblages are almost exclusively very well
preserved throughout the studied section. Only in the
uppermost part of the studied section (9.45-22.86 m)
does nannofossil preservation decline, although even
here it is still relatively good. A reduction in the quality
of carbonate preservation in this uppermost part of the
core may also be indicated by more variable carbon-
isotope values, which are possibly related to some de-
gree of recrystallisation. Such an increased variability
of 8'3C data is observed for the interval below 148 m
and for samples above 50 m, both intervals of relative-
ly low CaCO; and high TOC content (Fig.2). These
lower carbonate values may indicate an increased di-
lution by non-carbonate components, or a change in
carbonate productivity, possibly driven by factors such
as changing terrestrial run-off or surface-water circu-
lation patterns. The carbon-isotope values are general-
ly consistent with those of other Upper Cretaceous
pelagic marls and chalks, and hemipelagic deposits,
all interpreted as representing primary seawater sig-
nals (e.g., Jenkyns et al. 1994, Jarvis et al. 2002, 2006,
Li et al. 2006, Voigt et al. 2010, 2012, Wendler et al.
2011), albeit 0.5—1%o lighter.

The 8'80 values are generally consistent with car-
bonate formed from seawater, and are not anomalously
isotopically light, as would be expected if the carbon-
ate had been affected by extensive meteoric, or ex-
treme burial, diagenesis. However, one data-point (oc-
curring in the glauconitic sandstone at the base of the
core) has distinctly lower 8'°C and 8'80 values com-
pared to the rest of the dataset. This single data point
may derive from carbonate that is not entirely marine
in origin (the lithology of this sample indicates shal-
lower-water deposition), and so is not included in the
discussion of carbon-isotope stratigraphy that follows.
Excluding this one sample, there is no significant
correlation between 8'3C and 8'30 (Figure 4a), which
suggests that the carbon-isotope data have not been af-
fected by diagenesis, and so can be interpreted as a pri-
mary recorder of sea-water 8'*C (as discussed in many
previous publications, including Veizer 1983 and
Sharp 2006). Furthermore, cross-plots between geo-
chemical (8'3C, 8'80) and lithological data (CaCO;,
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TOC) support the assertion that no strong diagenetic
effect has influenced the isotopic values, as there is
no significant correlation between any of these para-
meters (Figure 4b—e).

5.2 Carbon-isotope stratigraphy
and refinement of the age-model
for the Shuqualak-Evans core

Previous high-resolution studies of Upper Cretaceous
carbon-isotope stratigraphy (e.g. Jarvis et al. 2002,
2006, Voigt et al. 2010, 2012, Thibault et al. 2012a, b,
Wendler 2013) have revealed five to seven stratigra-
phically significant carbon-isotope excursions (CIEs)
in the Santonian—Maastrichtian interval. These ex-
cursions include the Santonian—Campanian Boundary
Event (SCBE, positive excursion), the LCE (negative
excursion), the CMBE (negative excursion), the Mid-
Maastrichtian Event (MME, a two step positive ex-
cursion) and the Cretaceous—Paleogene Boundary
Event (KPgE, major negative excursion; e.g. Jarvis
et al. 2002, Voigt et al. 2010, 2012). Further isotopic
anomalies are described in the work of Jarvis et al.
(2002) and Thibault et al. (2012a, b), including the
Mid-Campanian Event (MCaE, positive excursion)
and the latest Campanian Epsilon Event (CEE, nega-
tive excursion).

The uppermost ~40 m of the Shuqualak-Evans core
are difficult to correlate with certainty, due to the rela-
tively condensed nature of the Maastrichtian sequence
(Linnert et al. 2014). Carbon-isotope values are gener-
ally relatively light, albeit with some scatter. Slightly
higher 8'C values between ~ 16 m and 20 m may cor-
relate with the MME, as the base occurrence of Lithra-
phidites quadratus (nannofossil) is at 16.76 m, which
is associated with the MME elsewhere (Voigt et al.
2012).

The most striking feature of the carbon-isotope
record is the shift towards more negative 8'°C values
between 50 m and 40 m depth (Figs.2, 4). Above this
transition, at approximately 23 m depth, Linnert et al.
(2014) reported top Uniplanarius trifidus, top Trano-
lithus orionatus (nannofossils) and base Gansserina
gansseri (planktonic foraminifer) (Fig.5). Voigt et al.
(2012) discussed the relative merits of these biostrati-
graphic markers and suggested that all three are close-
ly associated with the CMBE, indicating that the neg-
ative excursion between 50 m and 40 m can be corre-
lated with the onset of this global CIE.

A second small negative excursion, which shows a
similar magnitude to the LCE in European sections

(including the high resolution record from the Trunch
borehole; Figures 3 and 5) is observed in the Shu-
qualak-Evans core at ~90—100 m depth. This isotope
anomaly, however, occurs well below the bases of the
two index taxa Radotruncana calcarata (planktonic
foraminifer, 89.89 m) and Uniplanarius trifidus (cal-
careous nannofossil, 91.44 m; Linnert et al. 2014),
which constrain the stratigraphic position of the LCE
at other localities. According to data from those other
localities, the LCE appears within (Gubbio, Italy and
Shatsky Rise, NW Pacific), or above (Tercis, France
and Tibet), the R.calcarata planktonic foraminiferal
zone (Wendler et al. 2011, Voigt et al. 2012, Wendler
2013). Thus, it is unlikely that the 8'*C excursion
below ~90 m represents the LCE, as defined by Voigt
et al. (2012), unless a minor hiatus exists. However,
based on the biostratigraphy, the LCE may be recorded
in Shuqualak by a weak negative excursion (~82—
88 m, Fig.5) within the R.calcarata zone. If correct,
then this would suggest a much less significant LCE,
compared to the magnitude of the excursion in Euro-
pean sections.

An alternative definition for the LCE is given by
Thibault et al. (2012a), who suggested a longer dura-
tion for the event, beginning with a small negative
d'3C excursion, followed by a short recovery interval
and, in the European sections, by a much more pro-
nounced second negative excursion. A similar LCE
definition is also used by Chenot et al. (2016), who
termed the older, smaller peak the “pre-LCE” and the
younger, larger excursion the “LCE main”. The minor
pre-LCE, which is closely associated with the base of
U.trifidus, is well developed at Tercis and in northern
Germany (see Fig.4 in Thibault et al. 2012a; see
Figs.3, 6 in Voigt et al. 2012). At Shuqualak, the pre-
LCE excursion (Fig.5) is perhaps represented by the
distinctive isotope anomaly measured below 90 m. In
contrast to European sections, the LCE from Missis-
sippi may begin with a well-pronounced pre-LCE,
followed by a much weaker LCE main (Figs.5, 6).
However, there are still some discrepancies about this
interpretation and the position of the R. calcarata Zone
because, in some European sections, the pre-LCE ap-
pears well within that biozone (e.g., Tercis; Thibault
et al. 2012a, Voigt et al. 2012, Chenot et al. 2016),
whereas in Shuqualak it lies below that biozone.

Some diachroneity of the R.calcarata biozone is
perhaps related to local palacoenvironmental stress
(i.e. relatively shallow water depths, eutrophic vs.
oligotrophic conditions, water mass stratification ...)
affecting the stratigraphic appearance of R.calcarata.
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This is supported by the observation that the genera
Globotruncana, Globotruncanita, and Globotrunca-
nella, which are usually common in late Campanian
deeper-water settings (Abramovich et al. 2003, 2010,
Pérez-Rodriguez et al. 2012), are only represented in
Shuqualak Evans by a few specimens each, suggesting
conditions were not suitable for all planktonic fora-
minifera. Thus, it is possible that the stratigraphic
range of R.calcarata is shorter in Shuqualak than in
other North Atlantic localities due to local conditions.

The higher 8'°C values below base U.sissinghii (at
134.11 m; Fig. 5) may correlate with the MCaE, which
was observable in the same stratigraphic position at
Tercis (see Fig.3 in Voigt et al. 2012). At Tercis, the
lower boundary of the MCaE is defined by a negative
excursion (see Fig.4 in Thibault et al. 2012a). Such a
negative peak is observed in the Shuqualak-Evans core
at ~ 165 m. The MCaE is not as well constrained as the
younger events, however, having only been previously
documented in France (Thibault et al. 2012a) and
England (Jenkyns et al. 1994, Jarvis et al. 2002). The
older SCBE, which was originally described from be-
low base Broinsonia parca subsp. parca (nannofossil)
(Jarvis et al. 2002, Voigt et al. 2010), was not encoun-
tered in the Shuqualak carbon-isotope record, as only
a few samples were measured below that bioevent
(248.41 m). The sedimentary record below 248.41 mis
increasingly discontinuous as the basal sediments are
highly condensed, glauconite rich and interrupted by
several hiatuses. Whereas sample 249.94 m is dated as
Campanian, sample 251.46 m is supposedly of latest
Santonian age due to the presence of the Santonian
planktonic foraminifer Dicarinella asymetrica. The
coeval occurrence of early Campanian nannofossil
species Arkhangelskiella cymbifomis in the same sam-
ples (251.46-253.19 m) suggests that the basal sedi-
ments from Shuqualak were deposited during the San-
tonian—Campanian transition.

Our isotope calibration of the Shuqualak-Evans
core implies that the age-model published in Linnert
etal. (2014) should be subtly refined, especially for the
late Campanian—early Maastrichtian interval. In addi-
tion to calcareous nannofossil and planktonic fora-
minifer bioevents, the new model also considers the
onset of the CMBE as a tie point, which was, following
Voigt et al. (2012), set to 73 Ma. Our revised age-
model (Fig.6 and Supplementary Table 3) suggests
that sedimentation rates were highest in the early Cam-
panian (~2.8 cm/kyr for the interval 251.5-84 m),
decreased during the late Campanian (~1.3 cm/kyr
for the interval 84—29 m and ~0.5 cm/kyr for the inter-

val 29—-17 m) and were lowest in the Maastrichtian
(~0.2 cm/kyr).

5.3 The local depositional environment
and its influence on the 3'3C record

Voigt et al. (2012) discussed how the magnitude of the
latest Cretaceous CIEs vary regionally, perhaps due
to local environmental overprints on the global CIEs.
For example, the largest magnitude of the CMBE,
greater than 1%o, was measured in shallow-shelf sec-
tions from the North Sea area (Trunch and the Nor-
folk coast; northern Germany; Stevns-1, Denmark)
and in deep-waters of the Southern Ocean. Lower
magnitudes were observed in Tethyan and Pacific sec-
tions (Gubbio, Tercis, and Ocean Drilling Program
Site 1210 on Shatsky Rise in the NW Pacific; Voigt et
al. 2012). The magnitude of the CMBE (~—1.0%o) in
the Shuqualak-Evans record is similar to that observed
in the North Sea area (Voigt et al. 2012) and is consis-
tent with similar shelf palacoenvironments. This rela-
tively high value provides further support for the idea
postulated by Voigt et al. (2012), that shallow-marine
carbon reservoirs were more sensitive to local process-
es, such as the local oxidation of organic matter, than
open-ocean sites. Furthermore, local palacoceano-
graphic conditions in the Mississippi embayment
(e.g., productivity, remineralisation in the water col-
umn, surface-water mass circulation patterns from
areas with low surface 8'*C) may, in conjunction with
differential diagenesis, explain why the Shuqualak-
Evans core exhibits 8'3C values that are typically 0.5
to 1%o less than coeval strata elsewhere.

5.4 Testing theories about palaeoenviron-
mental triggers of the CMBE and LCE

Even though the CMBE is well known from various
localities around the world (Jarvis et al. 2002, Voigt et
al. 2010, 2012, Thibault et al. 2012a, b, Jung et al.
2013), there is still ongoing controversy concerning
the causal mechanisms. At Shuqualak, the direct com-
parison of carbon isotope data with palaeo-SST esti-
mates (TEXgq; Linnert et al. 2014) reveals that the
CMBE is linked to the latest Campanian cooling. The
isotope perturbation was associated with an interval of
minimum SSTs, but commenced roughly 1-2 Myrs af-
ter the onset of the cooling event (Fig.6). This obser-
vation from Shuqualak confirms previous results from
the tropical Pacific (e.g. Jung et al. 2013), which also
suggested a lag of approximately 1 Myr between the
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onset of temperature change and the isotope excursion.
This indicates that the temporal offsets between tem-
perature change and carbon cycling during the CMBE
were not restricted to the Pacific Ocean but were likely
a global phenomenon. Such a relationship provides an
important constraint on the processes triggering the
CMBE.

Jarvis et al. (2002, 2006) suggested that the CMBE
was mainly the consequence of eustatic sea-level falls,
promoting lowland erosion and the oxidation of organ-
ic matter. It has been suggested that the eustatic sea-
level falls were caused by the thermal contraction of
the water-column, due to global cooling or by glacio-
eustasy (e.g., Barrera et al. 1997, Miller et al. 1999,
2005, Browning et al. 2008). However, a glacial-eusta-
tic mechanism seems unlikely given the lag between
the onset of cooling and the CMBE. A lag of approxi-
mately 1 Myr is too long to be consistent with the build
up of continental ice-sheets and sea-level fall, as this
would likely have occurred over some tens of thou-
sands of years. Similarly, the temporal lag also pre-
cludes sea-level falls due to thermal contraction of the
water-column, given that the cooling and lag are ob-
served in both SST and bottom-water records. Further
arguments against a glacio-eustasic model are given
by relatively warm deep-water temperatures (6—10°C;
Huber et al. 1995, 2002, Miller et al. 2005, Friedrich
et al. 2012), warm Arctic Ocean SSTs (Jenkyns et al.
2004), cool-temperate mean annual air temperatures
on the Antarctic Peninsula (> 7°C; Francis and Poole
2002, Kemp et al. 2014) and the relatively long dura-
tion (> 2 myr) of the CMBE (Voigt et al. 2012). Al-
though other mechanisms of driving sea-level change
in the Cretaceous have been proposed (recently dis-
cussed by Wagreich et al. 2014, Sames et al. 2016,
Wendler and Wendler 2016), such as “limno-eustasy”
or “aquifer-eustasy”, these mechanisms also seem un-
likely, given the duration of the CMBE and the lag be-
tween climatic and carbon-cycle events.

Alternatively, it has been suggested that CIEs in the
Campanian—Maastrichtian (e.g., CMBE) were the
result of large-scale, solid-earth processes related to
changes in plate tectonic configuration, subduction or
hot-spot volcanism (Frank and Arthur 1999, Voigt et
al. 2012, Jung et al. 2013). The long lag time between
cooling and the onset of the CMBE may support such
an explanation, as both climate change and carbon-
cycle perturbation may have been coupled to certain
stages of the same long-term tectonic change. For
example, via the alteration of ocean circulation and
ocean chemistry, solid earth processes could have in-

fluenced the production, preservation and burial of
organic and carbonate carbon in shelf and deep-sea
settings, and consequently the isotopic composition of
the ocean-atmosphere reservoir (discussed in Jarvis et
al. 2002). The exact nature of these changes in carbon
cycling were likely rather complex, due to the interac-
tions between relatively long-term changes in bound-
ary conditions (e.g., changes in spreading rate and
opening of gateways; Larson 1991, Frey et al. 2000,
Coffin et al. 2002, Miiller et al. 2008) and shorter term
processes (e.g. reconfiguration of ocean circulation,
changes in bottom-water chemistry: Barrera and Savin
1999, Friedrich et al. 2009, Robinson et al. 2010,
Robinson and Vance 2012, Murphy and Thomas 2012,
2013, Jung et al. 2013).

What is clear is that the currently available data
for the Campanian—Maastrichtian events cannot be
reconciled with a simplistic interpretation of the car-
bon-isotope data alone. Commonly invoked mecha-
nisms for negative CIEs, such as, oxidation of organic
carbon, release of methane hydrates, and increased
volcanism, would all lead to an increase in CO, in the
ocean-atmosphere carbon reservoir that would be ex-
pected to cause synchronous warming during the neg-
ative 8'°C event. However, warming is not observed;
on the contrary, there is evidence from Mississippi
(Linnert al. 2014), the Pacific Ocean (Jung et al. 2013),
northern Germany (Voigt et al. 2010) and the Indian
Ocean (Clarke and Jenkyns 1999, Falzoni et al. 2016)
that the CMBE is linked to an interval of relatively
cool temperatures. The significant duration of this
negative CIE during the Campanian—Maastrichtian,
compared, for example, to Palacogene hyperthermals,
allows other mechanisms of perturbing the carbon cy-
cle to be explored. A mechanism must be invoked that
does not cause a rise in atmospheric CO,, but does
cause a small negative 8'*C excursion in DIC globally
and, for the CMBE at least, a drop in atmospheric CO,
(see Hasegawa et al. 2003).

At present, it is difficult to ascribe a precise solu-
tion, but it is interesting to note that a number of
studies have suggested that the CMBE was associated
with an increased influence of southerly-sourced deep-
waters (e. g. Barrera and Savin 1999, Frank and Arthur
1999, Jung et al. 2013). Most of these models suggest
that the latest Cretaceous cooling raised the latitudinal
thermal gradient, which led to an increase in the influ-
ence of global deep-water masses formed in southern
high-latitude sources (Huber et al. 1995, 2002, Linnert
etal. 2014). The presence of well-oxygenated souther-
ly deep-waters could have resulted in a better ventilat-
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ed and less corrosive deep-ocean. If so, average rates
of global organic-carbon respiration and carbonate
burial would have increased, assuming that they were
not offset by a slowing of deep-ocean circulation else-
where. These rate changes would have had the effect
of reducing organic-carbon burial rates, relative to
carbonate burial, and thus reducing 8'*C values (Jarvis
et al. 2002). A simple isotopic mass balance (e.g., the
approach of Kump and Arthur 1999) shows that de-
creasing organic-carbon burial rates necessitates an
increase in carbonate burial with an isotopically lighter
value, assuming all other fluxes and reservoirs remain
constant. Additional carbon-cycle and earth-system
modelling is required to ascertain whether this mech-
anism can account for the CMBE and the absence of
warming during that negative CIE over appropriate
timescales.

The LCE is more difficult to explain, as it shows dif-
ferent patterns in Europe and North America (see dis-
cussion above). Our data from Shuqualak indicate that,
around the LCE, there is a cooling event, but the diffi-
culties of correlating Shuqualak with other records
precludes a more definitive assessment. If our correla-
tion is correct, then the relationship between the LCE
and climate may be similar to that invoked for the
CMBE, with a similar lag between climate change and
carbon cycling (Fig.6). An alternative model for the
LCE (both pre-LCE and LCE main) proposed by
Chenot et al. (2016) invokes a relationship between
these CIEs and an interval of enhanced weathering in
Europe and parts of the Tethyan Realm. This enhance-
ment of weathering was perhaps the consequence of
tectonic activity, a sea-level lowstand (Chenot et al.
2016) or a more humid climate. Two of these possible
factors (tectonics, local climate) are region-dependent;
thus they may have had different patterns in Europe
and in North America. Differences in those factors
may have therefore been responsible for the different
shapes of the LCE in different oceanographic regions.
Further local palaecoenvironmental parameters, that
may have also caused different patterns in the carbon-
isotope record, include water depth, productivity,
remineralisation in the water column, surface-water
mass circulation patterns from areas with low surface
d13C, and ‘seawater ageing’ (e.g., Holmden et al.
1998, Voigt et al. 2012).

6. Conclusion

The Campanian—Maastrichtian carbon-isotope record
from the Shuqualak-Evans core contains local expres-
sions of the MCaE, the LCE, the CMBE and the MME,
thereby adding to evidence from the Atlantic, Pacific
and Tethyan Oceans for the global significance of
these CIEs. The comparison of carbon-isotope and
TEXge data demonstrates that two of these events
(LCE, CMBE) occurred during intervals of cooler
temperatures, suggesting a possible role for climate
change in their genesis. However, significant temporal
offsets between the cooling of both bottom and surface
waters and the negative CIEs suggest that a simple
cause-and-effect relationship, such as might be imag-
ined through glacio-eustasy, is unlikely. Rather, in
keeping with some previous studies, we suggest that
both these CIEs were the result of a more protracted
sequence of events linking tectonic (sea-floor spread-
ing, oceanic gateways), palaeoclimatic (Campanian—
Maastrichtian cooling) and palacoceanographic pro-
cesses. An altered global oceanic circulation may
have then affected bottom-water chemistry, leading
to changes in the global ratio of carbonate to organic-
carbon burial that ultimately drove the negative CIEs.
However, unlike some negative CIEs in Earth history
(e.g. the Paleocene—Eocene Thermal Maximum),
there is no sign of global warming and no evidence
for excess carbon input into the atmosphere during
the CMBE and LCE intervals. The Late Cretaceous
events described here clearly demonstrate that not all
negative carbon-isotope excursions conform to the
same model and that a better understanding of all these
events is required to improve the interpretations of
small negative CIEs throughout Earth history.
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Appendices

Supplementary Table I ~ Geochemical data from the Shuqualak-Evans core (TOC, %CaCOs, 8"*C uonates ' Ocarbonate) -

Sample Name Depth Age Age 87C 80 CaCO; TOC  Sample Name Depth Age Age 8C 880 CaCO; TOC
(m) (Ma)  (Ma) (%) (%) (m) Ma)  (Ma) (%) (%)

after this after this

Linneert study Linneert study

etal. etal.

2014 2014
SHUQ31 945 6571 6571 0.77 -2.11 698 0.35 SHUQ280 8534 7586 7586 145 -242 798 041
SHUQ36 10.97 6643 6643 086 -246 858 0.20 SHUQ285 86.87 7591 7591 162 -224 820 0.39
SHUQ42 1280 6730 6730 096 -194 749 037 SHUQ290 8839 7597 7597 150 -243 813 045
SHUQ45 1372  67.73 67.74 0.74 -231 715 0.27 SHUQ295 8992 7602 7602 138 -222 842 0.32
SHUQS50 1524 6846 6846 021 -1.71 698 031 SHUQ300 9144 7608 7608 1.52 -2.10 748 0.65
SHUQS55 16.76  69.18 69.18 085 -1.84 694 0.39 SHUQ304.5 9281 76.13 76.13 107 -191 799 050
SHUQ60 1829 6991 6950 093 -134 484 042 SHUQ305 9296 76.13 76.13 1.19 -200 79.7 058
SHUQG65 19.81 70.63 69.82 103 -132 566 046 SHUQ310 9449 76.19 76.19 1.13 -205 800 049
SHUQ70 2134 7135 70.14 048 -1.63 732 0.38 SHUQ315 9601 7624 7624 1.16 -1.77 819 055
SHUQ75 2286 7208 7046 089 -—-157 674 036 SHUQ320 9754 7630 7630 132 -2.10 899 0.29
SHUQB80 24.38 7280 70.78 045 -1.63 622 0.29 SHUQ325 99.06 7635 7635 136 -2.17 80.5 046
SHUQ85 2591 7352 71.10 1.19 -1.65 38.1 0.1 SHUQ330 100.58 7641 7641 123 -226 845 0.33
SHUQ90 2743 7378 7142 022 -192 242 0.8 SHUQ335 102.11 7646 7646 149 -201 738 0.67
SHUQ95 2896 7383 71.62 099 -1.71 598 0.31 SHUQ340 103.63 7652 7652 140 -238 844 041
SHUQ100 30.48 7389 7174 023 -228 519 037 SHUQ345 105.16 7657 7657 132 -229 874 039
SHUQI105 3200 7394 7186 054 -2.19 529 034 SHUQ350 106.68 76.62 76.62 130 -227 860 042
SHUQI110 33.53 7400 7197 100 -140 445 0.60 SHUQ355 10820 76.68 76.68 132 -194 792 0.6
SHUQ115 35.05 7405 7209 064 -2.15 555 048 SHUQ360 109.73 76.73 76.73 140 -238 802 0.9
SHUQI120 36.58 74.11 7221 078 -2.01 423 0.57 SHUQ365 11125 7679 76.79 145 -2.12 780 0.83
SHUQI125 38.10 74.16 7232 125 -1.77 371 054 SHUQ370 11278 76.84 7684 130 -238 749 0.67
SHUQ130 39.62 7422 7244 031 -297 644 043 SHUQ375 11430 7690 7690 124 -248 795 0.63
SHUQI135 41.15 7427 7256 095 -206 645 0.35 SHUQ380 11582 7695 7695 140 -226 623 1.14
SHUQ140 42.67 7433 72,67 073 -1.87 519 045 SHUQ385 117.35 7701 7701 154 -2.17 572 128
SHUQI145 44 .20 7438 7279 130 -1.85 47.1 0.51 SHUQ390 11887 7706 7706 137 -239 67.1 0.84
SHUQ149 4542 7443 72.88 132 -158 400 0.63 SHUQ395 12040 77.12 77.12 099 -243 721 057
SHUQ150 4572 7444 7291 138 -2.08 479 051 SHUQ400 12192 77.17 7717 128 -247 724 0.86
SHUQ154 4694 7448 7300 138 —-148 465 0.50 SHUQ420 12802 7739 7739 123 -242 673 094
SHUQ155 4724 7449 7302 109 -200 684 032 SHUQ425 129.54 7745 7745 107 -258 77.1 0.68
SHUQ160 48.77 7455 7314 102 -1.60 740 0.30 SHUQ430 13106 7750 7750 121 -2.67 747 0.69
SHUQ165 5029 7460 7326 121 -192 73.1 0.30 SHUQ435 132,59 7755 7755 110 -245 746 0.56
SHUQ170 5182 7466 7337 108 -1.77 80.6 0.28 SHUQ440 13411 7761 7761 1.11 -3.08 69.1 0.3
SHUQ175 5334 7471 7349 131 -199 862 0.21 SHUQ445 135.64 77.66 77.66 118 -243 684 0.72
SHUQI180 5486 7476 73.61 148 -1.64 838 024 SHUQ450 137.16 7772 7772 124 -2.60 635 0.62
SHUQ185 5639 7482 7372 143 -1.87 88.1 0.16 SHUQ455 138.68 7777 7777 143 -232 592 093
SHUQ190 5791 7487 7384 130 -1.75 840 0.24 SHUQ460 14021 77.83 77.83 1770 -240 49.1 1.36
SHUQI195 59.44 7493 7396 139 -1.69 896 0.20 SHUQ465 14173 77.88 7788 161 -243 51.7 1.28
SHUQ200 60.96 7498 7407 141 -193 869 021 SHUQ470 14326 7794 7794 152 -248 665 1.05
SHUQ205 62.48 7504 7419 149 -1.63 804 027 SHUQ475 14478 7799 7799 139 -2.65 70.1 0.81
SHUQ210 64.01 7509 7431 130 -2.19 804 0.28 SHUQ480 14630 7805 7805 171 -2.19 624 1.18
SHUQ215 65.53 75.15 7442 141 -187 862 0.19 SHUQ485 147.83 78.10 78.10 1.13 -2.77 724 0.63
SHUQ220 6706 7520 7454 144 -195 903 0.18 SHUQ490 14935 78.16 78.16 193 -247 487 0091
SHUQ225 68.58 7526 7466 153 -183 850 024 SHUQ495 150.88 7821 7821 131 -2.67 729 0.57
SHUQ230 70.10 7531 7478 150 -199 819 033 SHUQS500 15240 7827 7827 142 -279 739 095
SHUQ235 71.63 7537 7489 139 -202 828 037 SHUQS505 15392 7832 7832 149 -273 586 0.73
SHUQ240 73.15 7542 7501 145 -242 823 0.39 SHUQS510 15545 7838 7838 127 -287 769 0.1
SHUQ245 74.68 7548 75.13 145 -243 799 032 SHUQS515 15697 7843 7843 166 -2.60 553 1.51
SHUQ250 7620 7553 7524 146 -246 790 031 SHUQ520 15850 7849 7849 130 -2.76 69.7 0.75
SHUQ255 77.72 7559 7536 155 -2.69 818 0.34 SHUQS525 160.02 78.54 7854 124 -274 656 0.75
SHUQ260 79.25 7564 7548 150 -2.73 783 041 SHUQS530 161.54 7859 7859 154 -250 608 1.29
SHUQ265 80.77 75.69 7559 172 -239 712 048 SHUQS535 163.07 78.65 78.65 147 -238 552 1.26
SHUQ270 8230 7575 7571 171 -246 67.1 046 SHUQS540 16459 78.70 78.70 101 -2.75 60.7 1.05
SHUQ275 8382 7580 75.80 132 -236 819 039 SHUQS545 166.12 78.76 78.76 097 -240 644 0091
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Sample Name Depth Age Age 07C 80 CaCO; TOC  Sample Name Depth Age Age 89C 80 CaCO; TOC
(m) (Ma)  (Ma) (%) (%) (m) (Ma)  (Ma) (%) (%)

after this after this

Linneert study Linneert study

etal. etal.

2014 2014
SHUQS550 167.64 7881 7881 1.19 -320 623 1.15 SHUQ695 211.84 8040 8040 054 -3.05 757 0.50
SHUQS555 169.16 78.87 78.87 106 -3.53 673 0.86 SHUQ700 21336 8045 8045 087 -282 677 1.02
SHUQ560 170.69 7892 7892 1.65 -2.33 436 141 SHUQ705 21488 80.51 80.51 101 -356 583 143
SHUQS565 17221 7898 7898 139 -3.17 569 1.04 SHUQ710 21641 80.56 80.56 130 -308 543 149
SHUQS570 17374 79.03 7903 132 -2.69 602 0.71 SHUQ715 21793 80.62 80.62 132 -308 604 0.99
SHUQS575 17526 79.09 7909 1.84 -2.86 868 0.57 SHUQ720 21946 80.67 80.67 0.85 -2.68 69.1 0091
SHUQS580 176.78 79.14 79.14 166 -280 676 047 SHUQ725 22098 80.73 80.73 133 -341 43.1 0.51
SHUQS585 17831 7920 7920 0.66 -2.63 66.6 040 SHUQ740 22555 80.89 80.89 125 -292 673 1.05
SHUQS590 179.83 7925 7925 150 -2.78 56.1 0.81 SHUQ745 22708 8095 8095 128 -327 706 1.10
SHUQS595 181.36 7931 7931 140 -2.74 438 1.06 SHUQ750 228.60 81.00 81.00 1.16 -331 670 124
SHUQ600 182.88 7936 7936 145 -307 592 0.89 SHUQ755 230.12 8106 81.06 086 -296 695 0.73
SHUQ605 18440 7942 7942 126 -276 723 0.87 SHUQ760 231.65 81.11 81.11 089 -3.63 68.1 1.16
SHUQ610 18593 7947 7947 131 -3.12 518 1.08 SHUQ765 233.17 81.17 81.17 117 -3.65 69.1 1.02
SHUQ615 18745 7952 7952 084 -2.65 536 1.00 SHUQ770 234770 8122 8122 098 -3.63 74.1 1.02
SHUQ630 19202 79.69 7969 103 -321 487 1.17 SHUQ775 23622 8128 8128 095 -3.19 66.7 1.10
SHUQ633 19294 79.72 79.72 n.a. n.a. 00 0.17 SHUQ780 23774 8133 8133 153 -305 56.7 0.9
SHUQ635 19355 79.74 7974 103 -3.19 568 1.17 SHUQ785 23927 8138 8138 109 -298 798 053
SHUQ640 19507 79.80 79.80 0.85 -2.82 547 150 SHUQ790 240.79 8144 8144 095 -296 680 0.1
SHUQ645 196.60 79.85 7985 138 -3.07 624 1.17 SHUQ795 24232 8149 8149 095 -3.64 71.1 0.62
SHUQ650 198.12 7991 7991 065 -274 612 0.63 SHUQ800 243.84 8155 81.55 1.18 =277 541 092
SHUQG655 199.64 7996 7996 108 -2.87 583 0.76 SHUQ805 24536 81.60 81.60 125 -322 652 0.79
SHUQ660 201.17 80.02 80.02 0.84 -302 563 146 SHUQS810 246.89 81.66 81.66 105 -324 646 0383
SHUQ665 202.69 80.07 80.07 144 -292 61.1 1.05 SHUQ815 24841 81.71 81.71 167 =336 269 041
SHUQ670 20422 80.13 80.13 093 -2.56 619 1.09 SHUQ820 24994 8200 81.77 141 -299 385 0.69
SHUQG675 205.74 80.18 80.18 0.78 -2.80 632 0.75 SHUQ825 25146 8256 83.02 1.10 -328 436 0.0
SHUQ680 20726 80.24 8024 095 -306 658 1.50 SHUQ826.67 25197 82.75 8320 n.a. n.a. 31.7  0.69
SHUQG685 208.79 80.29 8029 1.12 -320 682 1.17 SHUQ829.5 25283 83.07 8351 -142 -582 162 0.36
SHUQ690 21031 8035 8035 0.89 -303 619 145 SHUQ830.67 253.19 8320 83.64 n.a. n.a. 04 028
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Supplementary Table 2 Stable-isotope data (8"3C uponates ' Ocarbonate) from the Trunch core.

Depth Age e 5'%0 Depth Age e 580 Depth Age o3¢ 5'%0
(m) (Ma) (m) (Ma) (m) (Ma)
47.17 7245 1.68 -1.77 101.60 74.43 1.98 -1.84 111.00 75.02 1.95 -1.75
48.10 7247 1.68 -1.89 101.70 74.44 2.03 -1.84 111.07 75.02 2.02 -1.94
49.00 72.50 1.76 -1.77 101.80 74.45 2.09 -1.96 111.10 75.03 1.95 -1.68
49.78 72.52 1.72 -1.77 102.00 74.46 2.10 -1.64 111.20 75.03 1.98 -1.76
58.00 72.75 1.89 -2.31 102.10 74 .47 2.08 -1.76 111.31 75.04 1.94 -1.98
58.98 72.77 1.95 -2.03 102.11 7447 191 -1.87 111.40 75.04 1.97 -2.05
60.10 72.80 1.99 -2.11 102.20 74 .47 2.01 -1.83 111.50 75.05 201 -1.81
61.00 72.83 1.93 -1.99 102.30 74 48 2.04 -1.84 111.60 75.06 1.92 -1.95
62.53 72.87 2.04 -2.02 102.40 74 48 1.97 -1.87 111.70 75.06 1.97 -1.81
64.00 72.92 1.92 2.08 102.50 74.49 2.18 -1.13 111.80 75.07 1.95 -1.51
67.51 73.08 1.93 -2.27 102.60 74.50 2.07 -1.65 111.86 75.07 1.96 -1.62
71.13 73.25 2.00 -1.81 102.70 74.50 1.97 -1.77 111.90 75.08 1.97 -1.84
80.45 73.56 1.90 -243 102.80 74.51 1.93 -1.85 112.00 75.08 2.03 -1.73
81.10 73.57 1.99 -2.35 103.00 74.52 2.03 -1.71 112.10 75.09 1.95 -1.70
82.28 73.61 1.89 -1.89 103.01 74.52 2.04 -1.71 112.20 75.09 1.95 -1.74
83.11 73.63 1.94 -2.16 103.10 74.53 2.01 -1.86 112.20 75.09 191 -1.88
84.00 73.65 2.03 -1.90 103.20 74.53 2.08 -1.68 112.30 75.10 1.91 -1.78
85.15 73.68 2.07 -1.87 104.01 74.58 2.06 -1.86 112.40 75.11 1.98 -1.70
86.35 73.71 1.99 -1.94 104.10 74.59 2.06 -1.65 112.50 75.11 1.98 -1.56
87.15 73.74 2.09 -2.00 104.20 74.60 2.10 -1.69 112.60 75.12 2.00 -1.65
88.12 73.76 2.15 -1.98 104.20 74.60 2.08 -1.70 112.70 75.13 201 -1.73
89.59 73.80 2.09 -1.95 104.30 74.60 2.04 -1.85 112.80 75.13 1.98 —1.65
90.33 73.82 2.15 -1.89 104.40 74.61 1.95 -1.76 112.90 75.14 2.02 -1.66
90.85 73.84 2.04 —1.81 104.50 74.62 1.97 -1.78 113.00 75.14 2.03 -1.54
92.20 73.88 2.04 —1.88 104.60 74.62 2.00 -1.79 113.10 75.15 1.98 -1.62
93.10 73.93 1.94 -1.69 105.63 74.69 1.88 -2.02 113.20 75.16 2.00 -1.79
94.40 74.00 2.13 -1.79 105.70 74.69 2.04 -1.87 113.28 75.16 1.97 -1.60
95.12 74.03 2.02 -1.95 106.00 7471 1.98 -1.71 113.30 75.16 1.96 -1.53
96.00 74.09 2.03 -1.97 106.20 74.72 2.03 -1.98 113.40 7517 1.96 -1.62
97.05 74.15 2.13 -1.77 106.30 74.73 1.92 —1.64 113.50 75.18 1.94 -1.71
98.25 74.23 2.09 -1.83 106.60 74.75 2.03 -1.73 113.60 75.18 1.96 -1.80
99.20 74.29 2.15 -1.85 106.70 74.75 2.02 -1.77 113.70 75.19 1.98 -1.82
99.28 74.29 2.02 -1.78 106.80 74.76 2.07 -1.79 113.79 75.19 1.88 -1.84
99.30 74.29 2.07 -1.79 108.40 74.86 2.05 -1.79 113.90 75.20 1.93 -1.79
99.40 74.30 2.04 -1.92 108.84 74.89 1.88 -1.97 114.05 7521 1.94 -1.74
99.50 74.30 2.08 -1.87 108.91 74.89 1.90 -1.96 114.10 7521 1.97 -1.74
99.60 7431 1.99 -1.75 109.00 74.90 1.85 -1.72 114.20 75.22 1.99 -1.71
99.70 7432 2.09 -1.34 109.09 74.90 1.87 -1.88 114.30 75.22 1.98 -1.85
99.80 7432 2.00 -1.88 109.10 74.90 1.90 -1.79 114.39 75.23 1.94 -1.76
99.90 74 .33 2.01 -1.55 109.20 7491 1.87 —-1.74 114.50 75.24 1.87 -1.79
100.00 7433 2.05 -1.36 109.30 7491 1.90 -1.79 114.60 75.24 1.97 -1.64
100.10 7434 2.07 -1.86 109.40 74.92 1.98 —-1.74 114.70 75.25 1.95 -1.74
100.20 74 .35 2.07 -1.67 109.50 74.93 1.91 -1.61 114.80 75.26 1.90 -1.75
100.20 74.35 2.03 -1.76 109.60 74.93 2.05 -1.92 114.90 75.26 1.93 -1.84
100.30 74.35 2.07 -1.83 109.70 74.94 2.03 -2.05 115.06 75.27 2.01 —1.60
100.40 74.36 2.08 -1.79 109.80 74.94 2.05 -2.00 115.10 75.27 1.89 -1.77
100.50 7437 2.06 -1.67 109.90 74 .95 2.08 -1.98 115.20 75.28 1.89 -1.53
100.60 7437 2.06 -1.82 110.00 74.96 2.08 -1.88 115.30 75.29 1.83 -1.82
100.70 74 .38 2.04 -1.84 110.00 74.96 2.03 -1.72 115.40 75.29 1.87 -1.93
100.80 74 .38 2.05 -1.87 110.10 74.96 2.10 —-1.77 115.50 75.30 1.85 =211
100.90 74.39 2.11 -1.74 110.20 7497 2.02 -1.80 115.60 7531 1.82 -1.64
101.00 74.40 2.12 -1.77 110.30 74.98 2.05 -1.90 115.70 75.31 1.76 -1.99
101.10 74 .40 1.99 -1.91 110.40 74.98 2.01 —1.80 115.80 75.32 1.76 -1.99
101.10 74 .40 2.03 -1.62 110.50 74.99 1.96 -1.73 115.90 75.32 1.73 -1.97
101.20 7441 2.11 -1.68 110.60 74.99 1.98 -1.63 116.10 75.34 1.79 -191
101.30 74.42 2.05 -1.74 110.70 75.00 2.04 -1.62 116.20 75.34 1.79 -2.00
101.40 74.42 1.95 -1.84 110.80 75.01 2.01 -1.65 116.25 75.35 1.75 -2.04

101.50 7443 203 —1.65 110.90 7501 1.94 -1.90 116.30 75.35 1.78 -2.09
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Depth Age o3¢ 5'%0 Depth Age o3¢ 51%0 Depth Age dBc 8180

(m) (Ma) (m) (Ma) (m) (Ma)

116.40 75.36 1.79 -2.13 129.50 75.81 1.93 -1.62 136.60 76.04 1.94 -1.78
116.50 75.36 1.81 -1.86 129.60 75.81 2.00 -1.87 136.70 76.04 2.03 -1.83
116.60 7537 1.78 -1.90 129.70 75.81 1.98 -1.78 136.80 76.04 1.95 -1.84
116.70 7537 1.88 -1.99 129.80 75.82 2.05 -1.36 136.90 76.05 1.94 -2.34
116.80 75.38 1.78 -2.03 129.90 75.82 1.98 -1.71 137.00 76.05 1.98 -1.87
116.90 75.39 1.69 -1.74 130.00 75.82 1.88 -1.69 137.00 76.05 2.02 -1.77
117.00 75.39 1.83 1.78 130.10 75.83 1.87 1.87 137.10 76.05 201 -1.74
122.20 75.56 1.63 -1.84 130.10 75.83 1.95 -1.87 137.20 76.06 1.92 -1.82
122.45 75.57 1.73 1.82 130.20 75.83 1.92 -1.76 137.30 76.06 191 -1.77
122.45 75.57 1.46 -2.02 130.30 75.83 1.99 -1.73 137.40 76.06 1.97 -1.64
124.00 75.62 141 -1.73 130.40 75.84 1.98 -1.86 137.50 76.07 2.04 -191
124.10 75.63 1.52 -2.04 130.50 75.84 1.96 -1.63 137.60 76.07 2.04 -2.01
124 .26 75.63 1.59 -1.83 130.60 75.84 2.00 -1.66 137.70 76.07 1.93 -2.02
124.40 75.64 1.65 -2.38 130.70 75.85 2.02 -1.81 137.80 76.08 2.08 -1.73
124.42 75.64 1.59 -1.96 130.80 75.85 2.03 -2.01 137.90 76.08 2.04 -2.09
124.50 75.64 1.67 -1.94 130.90 75.85 201 -2.09 138.00 76.09 2.15 -1.94
124.60 75.64 1.68 -1.72 131.02 75.86 2.00 -1.63 138.10 76.09 2.10 -1.89
124.70 75.65 1.66 -1.92 131.06 75.86 1.93 -1.84 138.20 76.09 201 -2.01
124.80 75.65 1.77 -2.03 131.20 75.86 2.02 -1.75 138.30 76.10 2.06 -1.83
124.90 75.65 1.71 -2.12 131.30 75.87 201 -1.79 138.40 76.10 2.25 -1.38
125.00 75.66 1.60 2.18 131.40 75.87 2.03 -1.91 138.50 76.10 2.12 -149
125.00 75.66 1.74 -2.03 131.50 75.87 2.02 -1.85 138.60 76.11 2.16 -1.94
125.10 75.66 1.69 -2.19 131.60 75.88 2.09 -1.81 138.70 76.11 2.22 -1.90
125.20 75.66 1.76 -1.75 131.70 75.88 2.03 -1.80 138.80 76.11 2.11 -2.34
125.30 75.67 1.64 -1.74 131.80 75.88 2.06 -1.80 138.90 76.12 2.15 -1.81
125.40 75.67 1.87 -1.78 131.90 75.89 1.99 -1.88 139.40 76.13 2.22 -1.89
125.60 75.68 191 -1.89 132.00 75.89 2.10 -1.77 139.50 76.14 2.12 -1.78
125.70 75.68 1.89 -1.95 132.00 75.89 2.03 -2.00 139.60 76.14 2.05 -1.85
125.80 75.68 1.89 -2.26 132.10 75.89 1.99 -1.82 139.70 76.14 2.02 -1.88
125.90 75.69 1.84 -2.25 132.20 75.90 2.08 -1.74 139.80 76.15 2.07 -1.85
126.00 75.69 1.59 2.08 132.30 75.90 2.06 -1.73 139.90 76.15 2.08 -1.62
126.00 75.69 191 -2.26 132.40 75.90 2.10 -1.82 140.00 76.16 2.08 -1.72
126.10 75.69 1.94 -1.67 132.50 7591 2.06 -1.83 140.10 76.16 2.08 -1.64
126.20 75.70 1.86 -1.79 132.60 7591 2.07 -1.91 140.20 76.16 2.09 -1.68
126.30 75.70 1.85 -1.82 132.70 7591 2.08 -1.63 140.30 76.17 2.09 -1.61
126.40 75.70 1.94 -1.84 132.74 7591 2.09 -1.73 140.40 76.17 2.10 —1.58
126.50 75.71 1.93 -1.79 133.20 7593 2.08 -1.62 140.50 76.17 2.10 -1.73
126.60 75.71 1.92 -1.98 133.25 7593 2.05 -1.83 140.60 76.18 2.08 -1.81
126.70 75.71 1.82 -1.85 133.30 75.93 2.08 —1.66 140.70 76.18 2.09 -1.69
126.80 75.72 1.76 -1.96 133.40 75.94 2.14 -1.62 140.80 76.18 2.14 -1.70
126.90 75.72 1.96 -0.92 133.50 75.94 2.10 —-1.61 140.90 76.19 2.16 -1.67
127.00 75.72 1.78 -1.75 133.60 75.94 2.04 -1.67 141.00 76.19 2.25 -1.87
127.05 75.73 1.76 -1.69 133.70 75.95 1.97 -1.89 141.00 76.19 2.12 -1.75
127.10 75.73 1.71 -1.92 133.80 75.95 2.04 -1.67 141.10 76.19 2.07 -1.77
127.20 75.73 1.82 -1.74 133.90 75.95 201 -1.88 141.20 76.20 2.17 -1.69
127.30 75.73 1.81 -1.85 134.00 75.95 2.15 1.85 141.30 76.20 2.11 -1.80
128.12 75.76 1.86 -1.78 134.00 75.96 2.16 -1.49 141.40 76.20 2.15 -1.84
128.15 75.76 1.89 -1.89 134.10 75.96 2.09 -1.90 141.50 76.21 2.08 -2.38
128.20 75.76 1.84 -1.74 135.53 76.01 1.97 -2.06 141.60 76.21 2.07 -2.30
128.30 75.77 2.01 -1.87 135.60 76.01 2.10 -1.87 141.70 76.22 2.15 -1.81
128.60 75.78 1.90 -1.61 135.60 76.01 2.00 -191 141.80 76.22 2.07 -1.82
128.70 75.78 1.89 -1.77 135.70 76.01 2.03 -1.88 141.90 76.22 2.12 -1.58
128.80 75.78 1.84 -1.69 135.80 76.01 2.06 -1.78 142.00 76.23 2.08 -1.80
128.90 75.79 1.86 -2.04 135.90 76.02 2.13 -1.24 142.10 76.23 2.11 -1.67
129.00 75.79 1.86 -1.78 136.00 76.02 2.05 -1.82 142.20 76.23 2.12 -1.76
129.10 75.79 1.87 -1.76 136.10 76.02 2.06 -1.67 142.20 76.23 2.14 -1.81
129.12 75.79 1.88 1.90 136.20 76.03 1.99 -1.85 142.30 76.24 2.12 -1.83
129.20 75.80 191 -1.79 136.30 76.03 2.02 -1.75 142.40 76.24 2.09 -1.88
129.30 75.80 1.87 -1.75 136.40 76.03 2.04 -1.96 142.50 76.25 2.15 -1.76
129.40 75.80 1.94 -1.66 136.50 76.04 1.96 -1.70 142.60 76.25 2.14 -1.90
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Depth Age dBc 8'%0 Depth Age B¢ 5'%0 Depth Age o3¢ 51%0
(m) (Ma) (m) (Ma) (m) (Ma)

142.70 76.25 2.17 -2.05 148.90 76.48 2.11 -1.65 194 .25 78.31 2.38 -2.09
142.80 76.26 2.16 -1.98 149.00 76.49 2.11 -1.85 195.05 78.34 243 -2.03
142.90 76.26 2.18 -1.97 149.10 76.49 2.18 -1.63 199.06 78.49 2.55 -1.89
143.00 76.26 2.19 -2.14 149.20 76.49 2.18 —-1.82 199.99 78.53 2.55 -2.06
143.10 76.27 2.18 -1.77 149.30 76.50 2.13 -1.86 201.29 78.58 2.54 -2.07
143.17 76.27 2.14 -1.73 149 .40 76.50 2.13 -1.88 202.14 78.61 2.45 -1.99
143.20 76.27 2.10 -2.18 149.40 76.50 2.17 -1.76 204.76 78.71 2.55 -2.03
143.30 76.28 2.26 -1.73 149.50 76.50 2.15 -1.71 205.32 78.73 2.56 -2.00
143.30 76.28 2.16 -1.99 149.60 76.51 222 -1.81 206.51 78.77 248 -1.87
143 .40 76.28 2.20 -2.04 149.70 76.51 2.16 -1.87 207.36 78.81 2.50 -2.12
143.50 76.28 2.18 -2.01 149.80 76.52 2.20 -2.13 208.24 78.84 2.55 -1.99
143.60 76.29 2.18 -2.15 149.90 76.52 221 -2.06 209.07 78.87 2.54 -2.05
143.70 76.29 221 -2.05 150.00 76.52 221 -1.92 209.19 78.88 2.52 -2.21
143.80 76.29 2.19 -1.97 150.10 76.53 2.14 -2.10 211.00 78.94 242 -2.21
143.90 76.30 2.17 -1.90 150.10 76.53 2.15 —1.84 212.24 78.99 2.19 -1.99
144.00 76.30 2.18 -2.40 150.20 76.53 2.13 -1.92 213.20 79.04 2.40 -2.10
144.10 76.30 2.15 -1.90 150.30 76.53 2.19 -1.85 214.00 79.07 233 -2.10
144.10 76.30 2.16 -2.31 150.40 76.54 2.21 -1.81 215.14 79.13 2.46 -2.11
144.20 76.31 2.26 -2.06 150.50 76.54 222 -1.94 21597 79.17 247 n.a.
144.30 76.31 2.27 -2.18 152.00 76.60 2.19 -1.87 217.25 79.23 242 -2.12
144 .40 76.32 2.17 -2.24 152.05 76.60 2.22 -2.03 218.14 79.27 2.33 -2.09
144.50 76.32 2.17 -1.89 152.10 76.60 2.18 -1.71 219.23 79.32 2.53 -2.09
144.60 76.32 2.16 -1.96 152.20 76.60 2.13 -1.87 220.05 79.36 2.38 -245
144.70 76.33 2.16 -1.94 152.30 76.61 2.09 -2.07 221.10 7941 2.52 -2.14
144.80 76.33 223 -1.89 156.37 76.76 2.18 -1.87 222.05 7945 2.61 -2.25
144 .90 76.33 2.17 -1.93 157.13 76.79 2.13 -2.00 223.00 79.50 2.35 -2.31
145.00 76.34 2.19 -2.04 159.15 76.86 2.20 -2.08 225.15 79.60 2.48 -2.23
145.10 76.34 2.14 =2.11 160.16 76.90 2.08 -1.91 226.10 79.64 2.48 -2.23
145.18 76.34 2.24 -2.07 161.00 76.93 2.24 -2.05 227.10 79.69 2.46 -2.09
145.20 76.35 2.18 -2.28 162.33 76.98 2.25 -1.88 228.06 79.74 237 -2.14
145.30 76.35 2.18 -2.20 163.68 77.03 2.24 -2.12 229.06 79.78 247 -2.28
145.40 76.35 2.19 -2.15 164.05 77.04 2.27 -1.93 230.00 79.83 245 -2.44
145.50 76.36 2.18 -2.10 165.06 77.08 2.30 -2.02 231.02 79.88 2.39 -2.24
145.60 76.36 2.13 -1.89 166.05 77.12 2.33 -2.05 232.05 79.93 243 -1.89
145.70 76.36 2.16 -1.55 167.30 77.16 2.31 -2.15 233.25 79.98 2.37 -2.20
145.80 76.37 2.10 -1.93 168.00 77.19 2.29 -2.10 234.01 80.02 2.45 -2.12
145.90 76.37 2.13 -1.93 169.29 77.24 2.30 -1.93 235.55 80.09 2.38 -2.22
146.00 76.37 2.10 -1.97 170.15 77.27 2.28 -2.02 236.53 80.14 2.30 -2.26
146.10 76.38 2.08 -1.93 171.05 77.30 2.27 -2.08 237.12 80.16 2.30 -2.23
146.10 76.38 2.16 -1.98 172.15 77.34 2.30 -1.92 238.05 80.21 2.35 -2.38
146.20 76.38 2.15 -1.94 173.05 77.38 2.42 -1.90 239.21 80.26 2.35 -2.32
146.30 76.39 2.18 -1.83 174.06 7742 2.26 -1.84 240.14 80.31 2.51 -2.24
146.40 76.39 2.18 -2.08 175.00 77.46 2.23 -1.98 241.00 80.35 2.67 -2.18
146.50 76.39 2.26 -1.77 176.21 77.51 2.26 -1.94 242 .14 80.40 2.46 -2.24
146.60 76.40 2.20 -2.16 178.69 77.62 2.25 -1.96 243.16 80.45 2.40 -2.34
146.70 76.40 221 -2.07 179.10 77.64 2.20 -2.23 244.00 80.49 241 -2.37
146.80 76.40 2.19 -2.02 180.10 77.69 2.27 -2.12 245.06 80.54 247 -2.29
146.90 76.41 2.26 -2.14 181.80 77.76 2.33 -2.15 246.18 80.59 2.40 -2.22
147.00 7641 2.18 -2.44 182.20 77.78 2.34 -2.20 247.10 80.64 222 -2.17
147.10 76.42 2.18 -1.97 183.07 77.82 2.31 -2.41 248.15 80.69 241 -2.12
147.12 76.42 2.28 -1.86 184.17 77.87 2.40 -2.29 249.10 80.73 2.44 -2.41
147.20 76.42 2.27 -1.81 184.92 77.90 2.24 -1.82 250.16 80.78 2.45 -2.23
147.30 76.42 2.18 -1.97 186.48 7797 2.27 -1.96 251.19 80.83 2.46 -2.28
147.40 76.43 2.21 -1.84 187.18 78.00 2.40 -2.05 252.20 80.88 2.48 -2.44
147.50 76.43 2.19 -1.90 188.28 78.05 2.44 -1.92 253.00 80.91 2.58 -2.23
147.60 7643 2.19 -1.68 189.10 78.09 244 -2.14 254.09 80.97 2.41 -2.25
147.70 76.44 221 -1.79 190.08 78.13 2.40 -1.91 255.12 81.01 248 -2.35
148.70 7647 2.07 -1.72 191.30 78.18 2.69 -1.55 256.17 81.06 2.56 -2.62
148.75 76.48 2.19 -1.85 192.00 78.22 2.50 -1.89 257.08 81.11 2.36 -2.30

148.80 76.48 2.11 -1.67 193.42 78.28 245 -2.27 258.18 81.16 2.11 -2.47
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Depth Age o3¢ 5'%0 Depth Age o3¢ 51%0 Depth Age dBc 51%0
(m) (Ma) (m) (Ma) (m) (Ma)

259.10 81.20 2.45 -2.29 281.10 82.24 2.44 -2.28 303.35 83.29 2.76 -2.57
260.03 81.25 247 -2.23 282.10 82.29 2.60 -2.44 304.10 83.33 2.73 -2.37
261.00 81.29 2.44 -2.25 283.17 82.34 2.33 -2.01 305.00 83.37 2.73 -2.53
262.11 81.34 2.41 -2.24 284.05 82.38 2.50 -2.33 306.05 83.42 2.82 -2.45
263.06 81.39 2.40 -2.48 284.96 82.42 2.58 -2.40 307.01 83.46 2.85 =2.11
264.17 81.44 2.35 -2.38 286.04 82.47 2.54 -2.39 307.90 83.51 2.68 -2.29
265.20 81.49 2.45 -2.40 287.18 82.53 2.54 -2.48 308.00 83.51 2.70 -2.37
266.24 81.54 242 -2.92 288.14 82.57 2.54 -2.34 309.00 83.56 2.74 -2.34
267.00 81.57 247 -2.46 289.00 82.61 2.50 -2.39 309.90 83.60 2.77 -2.69
268.02 81.62 241 -247 290.10 82.67 2.67 -2.31 310.11 83.61 2.70 -2.52
269.19 81.68 242 -2.55 291.09 82.71 2.63 -2.23 311.28 83.67 2.63 -241
270.25 81.73 2.28 -2.38 292.02 82.76 2.63 -2.58 311.90 83.69 252 -2.58
271.14 81.77 2.48 -2.59 293.03 82.80 2.67 -2.38 314.90 83.84 2.46 -2.63
272.11 81.82 2.44 -2.62 294.01 82.85 2.52 -2.30 317.90 83.98 249 -2.64
273.17 81.87 247 -2.65 295.06 82.90 2.66 -2.48 319.90 84.07 243 -2.54
274.00 8191 2.51 -2.44 296.07 82.95 2.65 -2.29 321.90 84.17 2.62 -2.50
275.13 81.96 2.77 -2.54 297.16 83.00 2.73 -2.37 2.74 Data of

276.04 82.00 2.51 -1.76 298.12 83.04 2.66 -2.33 Jynkyns

277.05 82.05 2.45 -2.24 299.01 83.09 2.63 -2.46 et al. (1994)

278.10 82.10 2.37 -1.70 300.13 83.14 2.77 -2.40 and Jarvis

279.25 82.15 2.55 -2.36 301.21 83.18 2.70 -2.28 et al. (2002)

280.11 82.19 242 -2.19 302.12 83.23 2.86 -241 2.18 new data

Supplementary Table 3  Age and depth of biostratigraphic and carbon-isotope events used to construct a revised age-model
for the Shuqualak-Evans core.

Age Model Tie points Age (Ma) Source

Function 1 1: base Micula prinsii (12.80 m) 67.30 Gradstein et al. 2012
(9.45-16.76 m) 2: base Lithraphidites quadratus (16.76 m) 69.18 Gradstein et al. 2012
Function 2 1: base Lithraphidites quadratus (16.76 m) 69,18 Gradstein et al. 2012
(16.76-27.43 m) 2: top Reinhardtites levis (21.34 m) 70.14 Gradstein et al. 2012
Function 3 1: base CMBE (46.94 m) 73.00 Voigt et al. 2012
(28.96-82.30 m) 2: top Radotruncana calcarata (82.30 m) 75.71 Gradstein et al. 2012
Function 4 1: base Uniplanarius sissinghii (134.11 m) 77.61 Gradstein et al. 2012
(83.82-249.94 m) 2: base Broinsonia parca constricta (239.27 m) 81.38 Gradstein et al. 2012
Function 5 1: presence of Arkhangelskiella cymbiformis (251.97 m) 83.20 Gradstein et al. 2012
(251.46-253.19 m) 2: presence of Dicarinella asymetrica (253.19 m) 83.64 Gradstein et al. 2012




