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Abstract

Several studies have been conducted to reconsénngerature variations across the Aptian
Stage, particularly during the Early Aptian Oceadinoxic Event (OAE)la. There is a
general consensus that a major warming charactetize OAE 1la, although some studies
have provided evidence for transient ‘cold snapstaoler intervals during the event. The
climatic conditions for the middle—late Aptian dess constrained, and a complete record
through the Aptian is not available. Here we préesgnreconstruction of surface-water
palaeotemperature and fertility based on calcareansofossil records from the Cismon and
Piobbico cores (Tethys) and DSDP Site 463 (Padcifian). The data, integrated with
oxygen-isotope and TEgX records, provide a detailed picture of climatid acean fertility
changes during the Aptian Stage, which are discusseelation to the direct/indirect role of

volcanism. Warm temperatures characterized theOgE- 1la interval followed by a
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maximum warming (of ~2—-3 °C) during the early phaseanoxia under intense volcanic
activity of the Ontong Java Plateau (OJP). A sheed (~35ky) cooling episode interrupted
the major warming, following a rapid increase ofatveering rates. Nannofossils indicate that
eutrophic conditions were reached when temperatwese at their highest and OJP
volcanism most intense, thus suggesting that centat runoff, together with increased input
of hydrothermal metals, increased nutrient supplyhe oceans. The latter part of OAE la
was characterized by cooling events, probably ptethby CQ sequestration during burial
of organic matter. In this phase, high productiwitgs probably maintained by,Nixing
cyanobacteria while nannofossil taxa indicatinghhigrtility were rare. The end of anoxia
coincided with the cessation of volcanism and anpumced cooling. The mid-Aptian was
characterized by high surface-water fertility ancbgoessively decreasing temperatures,
probably resulting from intense continental weatigerdrawing downpCQO,. The lowest
temperatures, combined with low fertility, wereaglead in the middle—late Aptian across the
interval characterized by blooming bfannoconus truittii The data presented suggest that
OJP activity played a direct role in inducing glblvarming during the early Aptian, whereas
other mechanisms (weathering, deposition of orgamitter) acted as feedback processes,

favouring temporary cooler interludes.

1 Introduction

The Aptian (~121 to ~113 Ma, Malinverno et al., 2Dhas been characterized by climatic
changes and profound environmental perturbatiookdimg the Oceanic Anoxic Event la
(OAE 1a: ~120 Ma), representing a global phenomesfoorganic-matter burial in oxygen-
depleted oceans. The disturbance in the carbore agthted to OAE 1la is recorded in
sedimentary successions worldwide, presenting ativegcarbon-isotope anomaly at the
onset of OAE 1a, followed by a positive excursibattextends into the late Aptian (e.g.
Weissert, 1989; Weissert and Lini, 1991; Jenky®951 Menegatti et al., 1998; Bralower et
al., 1999; Erba et al., 1999; Luciani et al., 208&]lanca et al., 2002; Price, 2003; van
Breugel et al., 2007; Ando et al., 2008; MéhaylgtZz®09; Malk@ et al., 2010; Mahanipour
et al., 2011; Millan et al., 2011; Stein et al. 120 Bottini et al., 2012; Hu et al., 2012).
Volcanism, associated with the emplacement of theo@y Java Plateau (OJP), is thought to
be the main triggering mechanism for global ancxsawell as for imposed greenhouse

conditions and ocean acidification during OAE lg.(&arson, 1991; Erba, 1994; Bralower et
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al., 1994; Larson and Erba, 1999; Jones and Jen@txl; Leckie et al., 2002; Jenkyns,
2003; Méhay et al., 2009; Tejada et al., 2009; Etka., 2010; Bottini et al., 20

Several studies are suggestive of significant teatpee increase during OAE 1a, as recorded
by different temperature proxies (i.e. oxygen ipe®) TEXes calcareous nannofossils,
palynomorphs) in the Tethys (e.g. Menegatti et1898; Hochuli et al., 1999; Luciani et al.,
2001; Bellanca et al., 2002; Jenkyns, 2003; Mikdral., 2009; Erba et al., 2010; Jenkyns,
2010; Keller et al., 2011; Stein et al., 2011; Bottt al., 2012; Hu et al., 2012; Husinec et al.,
2012), Vocontian Basin (e.g. Moullade et al., 19Q8hnt et al., 2011), Lower Saxony Basin
(Mutterlose et al., 2010; Bottini and Mutterlose)12; Pauly et al., 2013), North Sea
(Mutterlose and Bottini, 2013), eastern Europeassiun Platform (Zakharov et al., 2013),
Pacific (e.g. Jenkyns, 1995; Price, 2003; Schoeteal., 2003; Ando et al., 2008; Bottini et
al., 2012), and Atlantic Oceans (e.g. Tremoladalgt2006). Some works have provided
evidence for a climatic variability during OAE Jidentifying short-lived cooling events (e.g.
Dumitrescu et al., 2006; Keller et al. 2011; Kubknhal., 2011; Jenkyns et al., 2012; Lorenzen
et al., 2013). At the end of OAE 1a, a temperatigeline is registered in the Tethys (e.qg.
Weissert and Lini, 1991; Menegatti et al., 1998 chidi et al., 1999; Luciani et al., 2001;
Bellanca et al., 2002; Millan et al., 2009), VodantBasin (e.g. Herrle et al., 2010; Kuhnt et
al.,, 2011), Boreal Realm (e.g. Ruckheim et al., &@200alkcc et al., 2010; Bottini and
Mutterlose, 2012; Pauly et al., 2013; Mutterlosd &ottini, 2013), and Pacific Oceans (e.qg.
Jenkyns, 1995; Jenkyns and Wilson, 1999; Price32D@mitrescu et al., 2006; Ando et al.,
2008).

For the late Aptian, cooler conditions have beeromstructed based on migration of boreal
species southwards (e.g. Herrle and Mutterlose320Qutterlose et al., 2@, oxygen-
isotope records (e.g. Weissert and Lini, 1991; yesk1995; Hu et al., 2012; Price, 2012;
Maurer et al., 2012), putative ice-rafted debrishigh latitudes (Kemper 1987; Frakes and
Francis 1988; De Lurio and Frakes 1999; Price, 129@, for sea-bottom temperatures, the
presence of glendonites (marine low-temperaturedigd polymorphs of calcium carbonate),
(Kemper 1987). Recently McAnena et al. (2013) hdeeumented, on the basis of TgX
data, a ~2 Myr long interval of relatively cool abtions (~ 28-29 °C) in the late Aptian in the
Proto-North Atlantic followed by a warming (up t8+°C), linked to OAE 1b.

Although the amount of information about tempematwariations across the Aptian is

considerable, a complete picture of climatic changenot available. In most cases, the
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records are poorly correlated between the diffebasins and/or cover limited time intervals
within the ~12 My-long Aptian Stage (Malinverno ait, 2012). In this work, we focus
primarily on surface-water temperatures through Afpgian reconstructed on the basis of
calcareous nannofossils from three well sites: Gisnfitalian Southern Alps), Piobbico
(Umbria—Marche Basin, central Italy) and DSDP Si&3 (Mid-Pacific Mountains). The
existing stratigraphic framework for the three sind available cyclochronology for the
Cismon core (Malinverno et aR010), allow high-resolution dating of climatic ¢tuations.
Calcareous nannoplankton live in the (upper) phatice and are a good proxy of present and
past surface-water conditions, being sensitiveetoperature, fertility, salinity angCO,
(Mutterlose et al., 2005). Extant calcareous nafamiqpon occur from coastal areas to the
open ocean, although with different abundance awmdrgity and, together with diatoms,
dinoflagellates and bacteria constitute marine g@biginktonic communities. The Mesozoic
geological record confirms the wide geographicalldinal distribution of calcareous
nannofossils (coccoliths and nannoliths) that amroonly used to trace palaeoecological
conditions. Within nannofossil assemblages, nanmdsoare inferred to have been restricted
to the deep photic zone at the base of the mixgel lan top of the thermocline coinciding
with a deep nutricline (Erba, 1994). In the studmdrvals, nannoconids are relatively scarce,
and micrite mostly consists of coccoliths, thuseasially recording the uppermost water

masses.

In this work, stable car@ and oxygen isotopeshaik rock have been measured to
reconstruct changes in surface-water temperatakéng into account potential diagenetic
modification. The preservation of nannofossils jeg information on the early diagenetic
history of pelagic carbonates, (Erba, 1992b; Heetleal., 2003; Tiraboschi et al., 2009).
Although oxygen-isotope ratios contain a mixingafrimary signal and later diagenetic
phases (Marshall, 1992), hampering the use of pale®erature values, t1%°0 bulk data

can be used to derive trends toward warmer/coarditons. New oxygen-isotope data for
DSDP Site 463 and Piobbico have been generatechrandirectly correlated with calcareous

nannofossil variations as well as with new TggHata from the Cismon core.

The aims of our work are to: a) trace climatic &aons during the Aptian Stage; b)
reconstruct, in high resolution, the climate vailigb through OAE 1a; c) identify
synchroneity and diachroneity of temperature vemest in different oceanic basins; c) trace
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the direct/indirect role of volcanism, weatheringtes andpCO, on climate changes

connected with OAE 1a and its aftermath.

We also characterize the evolution of surface-wietility during the Aptian Stage. Previous
studies (e.g. Coccioni et al., 1992; Bralower etl@03; Erba, 1994, 2004; Premoli Silva et
al., 1999; Leckie et al., 2002; Mutterlose et aDP5; Tremolada et al., 2006; Bottini and
Mutterlose, 2012) mainly focused on the OAE 1larwdk documenting an increase in
surface-water fertility accompanied by high primargductivity, but a record throughout the
entire Aptian is missing. We therefore highlightdluations in fertility during and after OAE
la, identifying potential relationships with clinathanges on both the short- and the long-

term as well as oceanic nutrification.

2 Material and methods

2.1 Studied sites

We have investigated the Upper Barremian—Aptiaerual at three sites in the Tethys and

Pacific Oceans (Figure 1):

The Cismon core, drilled in theSouthern Alps, north-eastern Italy (46°02°N; 115398 m
altitude) is represented by a total stratigraphickiness ofL31.8 m with 100% recovery. The
site was located on the southern margin of the a@solethys, on the eastward deepening
slope between the Trento Plateau (a pelagic submargh) and the Belluno Basin (Erba and
Tremolada, 2004). The Cismon sequence was dep@ditat estimated palaeo-depth of 1000-
1500 m during the Early Cretaceous (Weissert amd, L1991; Erba and Larson 1998;
Bernoulli and Jenkyns, 2009). In the uppermost phtihe cored section (at 7.80 m) there is a
major hiatus corresponding to the late Aptian dmal @arly—middle Albian. The Selli Level
(sedimentary expression of OAE 1a) is represenyed b5 m-thick interval, between 23.67
and 18.64 stratigraphic metre depths (Erba and obarsl998; Erba et al., 1999).
Lithologically, the Selli Level is characterized marlstones alternating with black shales and
discrete radiolarian-rich beds (Coccioni et al.872,9Erba et al., 1999). The interval studied

extends from 35 m to 10 m.

The Piobbico core was drilled at “Le Brecce” (43°35" 3.78'N; 129210.09E), located 3
km west of the town of Piobbico (Marche, Italy),Kah 33 of the Apecchiese State Road No.
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257, on the left hydrographic side of the Biscustieam. Coring penetrated the entire Marne
a Fucoidi Formation, including the upper transitimnthe Scaglia Bianca and the lower

transition to the Maiolica. The total length of there is 84 m with 98.8% recovery; after

adjusting for dip direction, the stratigraphic #ness equals 77 m. The lithostratigraphy and
calcareous plankton biostratigraphy of the coreewdgscribed by Erba (1988, 1992a) and
Tornaghi et al. (1989). The Selli Level, consistofgblack shales and radiolarian-rich beds,
extends from 75.94 to 73.47 m. The interval studigeers the interval from 77 m to 40 m.

DSDP Site 463 was drilled at a water depth of 2525 m on the emtcstructural high of the

western Mid-Pacific Mountains (21°21./81 174°40.07) during DSDP Leg 62. During the
Early Cretaceous, Site 463 was located at a paddode of ~20°S, with a palaeo-depth
between a few hundred metres (Méliéres et al., 18 ~1 km (Roth, 1981). The Selli
Level equivalent is located between ~626 and 61%fmborresponding to ~12 m of
tuffaceous limestones containing a number of discogganic-rich horizons (Thiede et al.,
1981; Erba, 1994). The interval studied covers 650 to 515 mbsf.

2.2 Calcareous nannofossils @

Calcareous nannofossils were investigated undearigolg light microscope at 1250X
magnification in smear slides and thin-sectionse&mnslides were prepared using standard
techniques, without centrifuging or cleaning in @rdo retain the original sedimentary
composition. A small quantity of rock was powdenedch mortar with bi-distillate water and
mounted on a glass slide with Norland Optical AdresA total of 285 smear slides for the
Cismon core, 179 smear slides for the Piobbico aack281 smear slides for DSDP Site 463
were investigated. At least 300 nannofossil spesgneere counted in each sample and
percentages of single taxa were calculated rel&bivie total nannoflora.

Thin-sections were polished to an average thickné3gm for optimal view of nannofossils;
a total of 85 thin-sections for the Cismon Core iGlhintegrates the data from Erba and
Tremolada, 2004), 242 for DSDP Site 463, and 1#9Pfobbico core were investigated.
Absolute abundances were obtained by countingaihafossil specimens in 1 riraf the

thin-section.
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2.3 Statistical analysis @

The software"Statsoft Statistica 6”was used for multivariate “factor analysis” (FAR-(
mode) varimax rotation with principal componentragtion to determine the relationships
between samples and variables, and to identifyepak@anographic and palaeoecological
affinities among selected nannofossil taxa. Fatdadings represent relationships among
individual taxa within the main factors, whereastéa scores denote the relationships within
the sampled cases (lithological samples). The ssmfisvare was used for the “principal
components and classification analysis” (PCCA) &f@ values. The species used in FA and
PCCA statistical analysesWatznaueria barnesiae, Biscutum constans, Discattsb
rotatorius, Zeugrhabdotus ev@‘s, Rhagodiscus asp&eugrhabdotus diplogrammus,
Staurolithites stradneri, Repagulum parvidentatiprolithus floralis, Nannoconusp and
Cretarhabdus surirellys have been selected on the basis of their palatmgcal
significance (e.g. Roth and Krumbach, 1986; Ert&®2b; Herrle et al., 2003; Mutterlose et
al., 2005; Tiraboschi et al., 2009).

2.4 Oxygen-isotope analysis

New oxygen stable-isotope analyses were perforrh@kiord University on bulk carbonate
fraction of 57 samples from DSDP Site 463 and @ 38@mples from Piobbico. Bulk-rock
samples for isotopic analysis were first powdereldaned with 10% D, followed by
acetone, and then dried at 60°C. Powders were rimcted with purified orthophosphoric
acid at 90°C and analyzed online using a VG Isodaiice and Prism Mass Spectrometer.
Long-term reproducibility, as determined from rep@@asurements of the in-house standard
(Carrara marble), resulted in analytical uncertainbf3'®0 = -1.86 + 0.1. The values are
reported in the conventional delta notation witbpect to the Vienna Pee Dee Belemnite (V-
PDB) standard. For DSDP Site 463 data are drawn fPace (2003), Ando et al. (2008) and
this work, and for the Cismon cofé®0 come from Méhay et al. (2009) and Erba et al.
(2010).

2.5 TEXss

Sediments from the Cismon core were extracted asribed by van Breugel et al. (2007).
The polar fractions of the extracts, containing @GBGTs, were dried under a stream of

nitrogen (N,) redissolved by sonication (5 min) in 200 pl hex@ropanol (99:1; vol:vol),
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and filtered through 0.45 um polytetrafluoroethdg® TFE) filters. GDGTs were analyzed
by high-pressure liquid chromatography—mass speetiy (HPLC/MS) following the
method described by Schouten et al. (2007). Samy#es analyzed on an Agilent 1100 series
LC/MSD SL. A Prevail Cyano column (150 mm x 2.1 m@, mm) was used with
hexane:propanol (99:1; vol:vol) as an eluent. After first 5 min, the eluent increased by a
linear gradient up to 1.8% isopropanol (vol) ovee hext 45 min at a flow rate of 0.2 mL
min™. Identification and quantification of the GDGTsiisers was achieved by integrating the
peak areas of relevant peaks in m/z 1300, 1298,112Z22, 1050, 1036 and 1022 selected ion

monitoring scans. The TEXratio was calculated following Schouten et al.020

TEXge = ([GDGT 2] + [GDGT 3] + [crenarchaeol regioisof)er([GDGT 1] + [GDGT 2] +
[GDGT 3] + [crenarchaeol regioisomer]) (1)

where numbers correspond to isoprenoid GDGTs frarnma Thaumarchaeota with 1, 2 or 3
cyclopentane moieties, and the crenarchaeol regias has the antiparallel configuration of

crenarchaeol (Sinninghe Damsté et al., 2002).

The TEXgs values were converted to SST using the most recerg-top calibration as
proposed by Kim et al. (2010) for oceans with SSI52C:

SST =38.6 + 68.4 x log (TEY )

The Branched and Isoprenoid Tetraether (BIT) intdekased on the relative abundance of
non-isoprenoidal GDGTs derived from soil bactergasus a structurally related isoprenoid
GDGT, ‘crenarchaeol’ with four cyclopentane moistiand one cyclohexane moiety,

produced by marine Thaumarchaeota. The BIT inddxchvthus represents a measure for
soil versus marine organic matter input in mariediments, was calculated according to
Hopmans et al. (2004):

BIT = ((GDGT-I] + [GDGT-II] + [GDGT-II]) / ([Crenachaeol] + [GDGT-I] + [GDGT-II] +
[GDGT-IIN)
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3 Stratigraphic framework

In this work, the stratigraphic framework for thede cores investigated is based on carbon-
isotope stratigraphy calibrated with calcareousnoéssil and foraminiferal biostratigraphy.
For the Cismon core and DSDP Site 463, magnetioncMO has been used to define the
base of the Aptian; this level was not reached wighPiobbico core.

In addition to the two well-known, high-amplitudé®C Aptian excursions, several minor
fluctuations are identified in the carbon-isotopeard from the Tethys, Pacific and Atlantic
Oceans, which allow codification of major and mimparturbations. Menegatti et al. (1998)
focused on the late Barremiagarly Aptian interval and identified segments -CB.
Subsequently, Bralower et al. (1999) extended tdfication of Menegatti et al. (1998)
through the rest of the Aptian Stage CIL1). Herrle et al. (2004) introduced new codes for
the Aptian starting from Ap6, coinciding with C5cae6 of Menegatti et al. (1998), to Al2.
McAnena et al. (2013) used the Ap9-Al3 segmentvipusly identified by Herrle et al.
(2004).

The studied sections cover the latest Barremiagatbiest Albian time interval. We revised
the Herrle et al. (2004) carbon-isotope segmentsextgnding their codes down to Apl and
renaming the earliest Albian fluctuations All to3AlISegments ApiAp7 coincide with
previously identified segments EC7 (Menegatti et al., 1998). T&’C curve for the rest of
the Aptian shows several fluctuations, allowingighkr resolution subdivision into segments
Ap8—Ap18. In this paper, we applied a double codorgApl/C1 through Ap7/C7 segments
and used the new Ap8-Apl8 and All-Al3 codes for e Aptian—earliest Albian time
interval. At Cismon, we identify segments Apl1-Ap8Piobbico Ap2—Al3, and at DSDP Site
463 Apl-Apl5. Segments Ap8-Apl5 are less well defined aDPSSite 463 due to

incomplete core recovery.

In addition to nannofossil zones NC6-NC8 (Braloweal., 1995), we used the “nannoconid
decline” and the “nannoconid crisis” (e.g. Erba at 2010) as further bio-horizons.
Moreover, in the late Aptian théNannoconus truittiacme” (Mutterlose, 1989; Erba, 1994;
Herrle and Mutterlose, 2003), defines a globallgognized interval whereN. truittii
dominates the assemblages@ abundances fromid4{(p% of the total nannofloras.
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As far as lithostratigraphy is concerned, the Sadlvel or its equivalents are identified at all
three sites. A lithological revision of the Pioldicore also allowed the identification of the
Kilian Level Equivalent, corresponding to the praemt black shale at the bottom of
lithological Unit 12 within core 44 (Erba, 1988)hd Kilian level Equivalent in the Piobbico
core is characterized by very fine laminationghaut bioturbation, and has a thickness of 33
cm (from 45.13 to 44.80 m). Following Petrizzo ét(@012), the Kilian Level marks the
Aptian/Albian boundary.

Regarding the Piobbico core, we identify the presenf a hiatus that eliminates part of the
basal Selli Level. In particular, on the basis loé¢ tcorrelation between the lithology and
carbon-isotope record from the Piobbico core wihté ¢quivalent records from the Cismon
core and DSDP Site 463 (Figure 2), as well as fotimer sedimentary basins, we note that: 1)
the 5'°C values from 75.94 to 74.80 m, ranging betweend® %1%o, probably correspond to
segments Ap4/C4 and Ap5/C5 rather than to the negakcursion Ap3/C3 where values of
Cismon and DSDP Site 463 sediments are below 1%'°@) values from 75.94 to 74.80 m
fall between -3 and -1%. and never reach the higlelgative values (-4%0) characteristic of
those in the Ap3/C3 segment of the other two shias rather conform to the range of values
detected in segments Ap4/C4 and Ap5/C5; 3) thei &eiVel in the Cismon core is
characterized by three lithological sub-units (Erta al., 1999), the lowermost being
represented by laminated black shales corresponthngegment Ap3/C3, the second
characterized by prevailing light grey marlstonesresponding to segments Ap4/C4 and
Ap5/C5, and the uppermost one characterized byniat®d black shales corresponding to
segment Ap6/C6. The total organic carbon conte@Yin the Cismon core shows highest
values corresponding to segments Ap4/C, the basegrhent Ap5/C5, as well as segment
Ap6/C6. Similar high values are detected at DSDie &63 in coeval stratigraphic positions.
At Piobbico, only two lithological sub-units arecognized (Erba, 1988) following the
definition of Coccioni et al. (1987, 1989). The lewpart, namely the “green interval”, is
dominated by light green claystones, while the upfpéack interval” is characterized by
laminated black shales. It is therefore possiblat e lowermost black shale interval
normally found in the Selli Level equivalents issging at Piobbico and only the other two
lithostratigraphic intervals, corresponding to Ap4/Ap5/C5 and Ap6/C6, respectively, are
represented.
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303 4 Results

304 4.1 Calcareous nannofossil abundances @@

305 Figures 3-5 illustrate the distribution of the higntility (D. rotatorius, B. constans, Z.
306 erectuy and low-fertility (W. barnesiap nannofossil taxa (following Roth and Krumbach,
307 1986; Premoli Silva et al., 1989a, 1989b; Watkit@39; Coccioni et al., 1992; Erba et al.,
308 1992Db; Williams and Bralower, 1995; Bellanca et #096; Herrle, 2002, 2003; Herrle et al.,
309 2003; Bornemann et al., 2005; Mutterlose et alg520'remolada et al., 2006; Tiraboschi et
310 al.,, 2009), as well as of the warm-temperaturRe &sper, Z. diplogrammusand cool
311 temperature§. stradneri, E. floralis, R. parvidentatimaxa (following Roth and Krumbach,
312 1986; Wise, 1988; Erba, 1992b; Erba et al., 199attdflose, 1992; Herrle and Mutterlose,
313 2003; Herrle et al., 2003; Tiraboschi et al., @9)

314 A description of the major trends of these taxgiven for the three sections investigated:

315 In the Cismon core (Fig. 3), W. barnesiaas the dominant species with mean abundance of
316 66.8%.Rhagodiscus aspeanges from 0 to 20% of the total assemblage (n&%h showing
317 the highest peaks in the lowermost part of thei &ellel (segments Ap3/C3 and Ap4/C4 of
318 the carbon-isotope curvejeugrhabdotus diplogrammuanges from 0 to 2% (mean: 0.1%).
319 Staurolithites stradnenianges from 0 to 4% (mean: 0.2%), and shows peak® uppermost
320 part of the Selli Level (segment Ap6/Cégprolithus floralisranges from 0 to 6% (mean:
321 0.2%) and shows peaks just above the top of thie ISalel (Ap7/C7).Biscutum constans
322 ranges from 0 to 2% (mean: 0.2%), rotatoriusfrom 0 to 3.5% (mean: 0.4%), add erectus
323 from 0to 4.1% (mean: 0.15%). These three specemare abundant in the lower part of the
324  Selli Level (segments Ap3/C3, Ap4/C4 and part obA}b). Nannoconids show a decline in
325 abundance starting prior to magnetic chron CMO (ehbey show high abundances up to
326 40% in smear slides; 1*f0specimens/mfin thin-section) and reaching a minimum
327 corresponding with segment Ap3/C3 of the carbotee curve where they are virtually
328 absent.

329 In the Piobbico core (Fig. 4),the interval from 75.29 to 73.92 m, within the Sebkvel, is
330 Dbarren of calcareous nannofossils. In the restunfied intervalWatznaueria barnesiais the
331 dominant species with a mean abundance of G28agodiscus aspeanges from 0 to 7.7%
332 (mean: 2.4%)Zeugrhabdotus diplogrammutuctuates between 0 and 1.2% (mean: 1%).
333 Eprolithus floralisranges from 0 to 3.5% (mean: 0.59%), parvidentatunfrom 0 to 0.3%
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add Bralower, 1988
"Enrichment of E. floralis could therefore be indicative of colder and/or fresher waters"
E. florails is also a robust form that is less susceptible to dissolution than other nannofossils !
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A general remark concerning the percents of meso-eutrophic taxa. 
The mean and maximum percents of these taxa are really low in your samples whatever the setting
Very often, means are below 1% !
How can you speak after in your interpretations, discussions and abstract of high fertility or eutrophic conditions indicated by nannofossils ! 
it s not serious !


334
335
336
337
338
339
340
341
342
343

344
345
346
347
348
349
350
351
352
353
354
355
356
357
358

359

360
361

362
363
364
365

(mean: 0.04%), an&. stradnerifrom O to 3% (mean: 0.6%); these taxa are morea@dmt
above the Selli Level, showing the highest valuesarresponding with segments Apll,
Apl3-Apl5 of the carbon-isotope curvBiscutum constaneanges from 0 to 4.1% (mean:
0.1%), D. rotatorius from 0 to 20% (mean: 2.7%), al erectusfrom 0 to 6.5% (mean:
0.9%). The latter three species are more abundaregsponding with segments Ap8p11 of
the carbon-isotope curve. Nannoconids are absemndrto throughout most of the studied
interval except for an interval between 60.37 a®dbd m, where they show rather high
abundances (up to 40 % relative abundance in ssiieas; 4*13 specimens/mfabsolute
abundance in thin-section). This particular intémgadominated byN. truittii and coincides

with the “N. truittii acme”.

At DSDP Site 463 (Fig. 5),the intervals from 624.24 to 623.96 mbsf and fro?3.66 to
622.57 mbsf, within the Selli Level, are barren aaficareous nannofossil$Vatznaueria
barnesiaeis the dominant species with a mean abundanc8%ft Rhagodiscus aspeanges
from 0 to 32% (mean: 6.5%), having the highest eslum the lower part of the section below
the Selli Level EquivalenZeugrhabdotus diplogrammuanges from 0 to 2.7% (mean: 1%).
Eprolithus floralisranges from 0 to 8.4% (mean: 0.9%) aédstradnerifrom 0 to 11.15%
(mean: 2.0%); both taxa are particularly abundariévels corresponding to segments Apl2
and part of Ap13Biscutum constansnges from 0 to 6.7% (mean: 0.6%),rotatoriusfrom

0 to 30% (mean: 2.4%), arl erectusrom 0 to 16% (mean: 1.2%). These three species ar
more abundant within the lower part of the SellvéleEquivalent (segments Ap3p4 of the
carbon-isotope curve). A peak is also detected ratosegment Ap8. Nannoconids are
abundant below the Selli Level Equivalent and betwB68.27 and 540.73 mbsf (segments
Apl2 and part of Ap13) showing abundances up téo4@elative abundance in smear slides)
and 4*1G specimens/mm(absolute abundance in thin-section), dominatedNBgnoconus

truittii , which marks thé&lannoconus truittincme interval.

For each studied site, two significant factors wexegracted from the FA (R-mode) varimax

rotation analysi

In the Cismon core (Fig. 6A, Tab. 1 of Supplementary material), FaddF1) and Factor 2
(F2) represent 32% of the total variance. F1 (19%he total variance) shows the highest
positive loadings foW. barnesiaeand the highest negative loadings fr rotatorius, B.

constans, Z. erectus2 (13% of the total variance) shows positivadlogs forW. barnesiae,
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Moreover, you take into consideration in your interpretation, species with positive or negative loadings lower than 0.5 ! How can it be significant ? or if it is statistically significant, please use and add a test to confirm it, since it depends on the number of samples introduced in the analysis.
I have some doubt about the interpretations.
Your stratigraphic curves are sometimes more convincing than your statistical analysis. For instance, the signal of some taxa indicators of temperature, such as R. asper is relatively clear. I think that you can used more your stratigraphic curves with respect to the statistical results for your interpretations.
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S. stradneri E. floralis, and negative loadings foR. asper, C. surirellusand Z.
diplogrammusF1 is interpreted to correspond with surface-wgdility and F2 to surface-

water temperature, respectively.

In the Piobbico core (Fig. 6B, Tab. 2 of Supplementary material). F1 &2drepresent 36%
of the total variance. F1 (25% of the total varenshows high positive loadings fdr.
erectus, D. rotatorius, B. constans, R. irregulai@s surirellus R. asperand high negative
loadings forNannoconussp. and W. barnesiaeF2 (11% of the total variance) shows the
highest positive loadings falV. barnesiaeS. stradneri, E. floralisand the highest negative
loadings forNannoconussp F1 is interpreted to correspond with surface-wéetility and

F2 with surface-water temperature, respectively.

At DSDP Site 463 (Fig. 6C, Tab. 3 of Supplementary material), F1 B&drepresent 36% of
the total variance. F1 (17% of the total variansleyws the highest positive loadings for
rotatorius, Z. diplogrammus, B. constans, R. irdagis and the highest negative loadings for
Nannoconussp. F2 (19% of the total variance) shows the tsghmositive loadings for
Nannoconusp.,E. floralis, S. stradnerand the highest negative loadings Yé@r barnesiae,
R. asper, B. constanEl is interpreted to correspond with surface-wégility and F2 with

surface-water temperature, respectively.

Nannoconids show apparently a different affinityPadbbico compared to the Cismon and
DSDP Site 463 records, being associated with taxkcator of warm waters and high
nutrients, instead of the cold-water spects stradneriand E. floralis. However, this
discrepancy can be explained with the record oblfiem starting around the “nannoconid
crisis”, thus excluding the latest Barremian—eatlieAptian interval dominated by
nannoconids. It is well possible that the resulthe FA are in this case not reliable or should
be considered with caution

=l

The results of the PCCA analysis are summarizddliasv:

In the Cismon cor e (Fig. 6D, Tab. 4 of Supplementary material), thetfcomponent (22% of
the total variance) shows the highest positive itogsl for D. rotatorius, B. constans, Z.
erectusand the highest negative loadings ¥r barnesiaeand Nannoconussp. The second
component (15% of the total variance) shows thadsgpositive loadings f@. stradneriWw.
barnesiaeand the5'®0 (associated variable), and the highest negatiadimgs forR. asper
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and C. surirellus The 1 axis is interpreted to correspond with aefwater fertility, the 2

axis to surface-water temperature.

In the Piobbico core (Fig. 6E, Tab. 5 of Supplementary material), tinst component (28%
of the total variance) shows the highest posito@dings forD. rotatorius, B. constans, Z.
erectusand the highest negative loadings I@nnoconusp. The second component (11% of
the total variance) shows the highest positive ilogsl for E. floralis, S. stradneri, W.
barnesiaeand the highest negative loadings Ear rotatorius. The associated variabt®0
has loadings close to zero. The 1 axis is integpréd correspond with surface-water fertility,
while the interpretation for the 2 axis is not gjhdforward, but might correspond with

surface-water temperature.

The dataset collected in this work for Piobbicoecbas been integrated with the dataset from
Tiraboschi et al. (2009) covering the Albian. Tlesults of the PCCA analysis performed on
the integrated dataset are presented in FigureTBE.first component (32% of the total
variance) shows the highest positive loadingforotatorius, B. constans, Z.diplogrammus,
R. asper, C. surirellus, R. irregularis, Z. erectasd the highest negative loadings for
W.barnesiaeandNannoconusp.. The second component (13% of the total meejpshows
the highest positive loadings f&r floralis, S. stradnerandR. parvidentatunand the highest
negative loadings foR. asper, Z.diplogrammus and B. constaklso the associated variable
8'%0 exhibits positive loadings. The 1 axis is intetpd to correspond with surface-water

fertility, while the 2 axis corresponds with sudawater temperature.

At DSDP Site 463 (Fig. 6G, Tab. 6 of Supplementary material), tlistfcomponent (24% of
the total variance) shows the highest negativeitggdfor R. asper, Z. erectugind lower
negative loadings fofS. stradneri E. floralis. The second component (16% of the total
variance) shows the highest positive loading<Lforotatorius,R. irregularis, B. constans, Z.
erectus,and negative loadings fow. barnesiae,and Nannoconussp, 5'°0 (associated
variable) has loadings close to zero. The 1 axist&preted to correspond with surface-water

temperature, the 2 axis with surface-water feytilit

4.2 Nannofossil Temperature and Nutrient Indices @

On the basis of reconstructed nannofossil affigitie temperature and nutrient content of
surface waters, some authors (e.g. Herrle et @3, 2Tiraboschi et al., 2009) have proposed
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two indices: the Temperature Index (Tl) and therigat Index (NI). According to these
palaeoecological reconstructions, and the rest@ilieioFA and PCCA analysis, we modified
the formulae of Herrle et al. (2003) by excludilaga that are sparse and rare in the studied
sections. The formulae of the indices used her¢darand (5): @

TI=(Ss + Ef + Rp/(Ss + Ef + Rp + Ra + Zjx100 4)

NI = (Bc +Dr + Ze) / (Bc + Dr + Ze + WP x 100 (5)

Where: Ss = S.stradneri; Ef = E.floralis; Rp = R.parvidentatunRa = R.asper; Zd =
Z.diplogrammus; Bc = B.constans; Dr = D.rotatoriuge = Z.erectusWb = W.barnesiae

The nannofossil Tl, calibrated against carbon-igetstratigraphy, has revealed systematic
and synchronous changes in the Cismon core, Piobtice and at DSDP Site 463. A
complete nannofossil record through OAE 1a is aéél only for the Cismon core, because
the Selli Level of the Piobbico core is incompleded many samples are barren of
nannofossils, while at DSDP Site 463 the top of $iedli Level Equivalent is probably not
recovered and some samples are barren. In theitivestigated sites, the Tl and NI show the

following fluctuations:

At Cismon (Fig. 3) the Tl shows high-frequency fluctuationgperimposed on a longer ter@
trend. The warmest temperatures were reached in the phdge of OAE 1a (corresponding
to segment Ap3/C3 of the carbon-isotope curve).li@ganterludes are registered within the
Selli Level, especially across segments Ap4/C4 p&/&5. The interval represented by the
uppermost part of the Selli Level (segment Ap6/Cfi)ggests that a pronounced cooling
episode was followed by another cold snap aftepsiipn of sediments just above the Selli
Level. In the overlying interval (Ap7/C7), the Tlh®wvs relatively high-amplitude
fluctuations. The NI indicates that the highestace-water fertility was recorded in the lower
part of the Selli Level (segments Ap3/C3 to baseApb/C5). The rest of the Selli Level

shows low NI. Fertility started to increase in #ye@/7/C7 interval.
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In the literature, there is some consensus on R. parvidentatum as "cold taxa", , on R. asper as a warm speciesnot on S. stradneri, not on Z. diplogrammus
E. floralis can be interpreted as a diagenetic indicator
W. barnesiae as an eurytopic species
As I already said I think that your curves are much more convincing !

Moreover, from raw data, you make a first, then a second statistical analysis and third, you calculate indices ! where are the raw data in all these transformations ! 

So please interpret first your raw data
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At Piobbico (Fig. 4), the TIishows the warmest temperatures in the lowermostgbahe
recovered Selli Level corresponding to base of &35/All samples in the Ap5/C5-Ap6/C6
interval are barren of calcareous nannofossilstheckefore the Tl cannot be used for relative
palaeotemperature fluctuations. Corresponding ¢mneats Ap7/C7-Ap9, a general cooling
is detected (Ap8), interrupted by a brief warmifignen, from Ap9, a warming continued
through most of Apll. The rest of the late Aptiamsveharacterized by a prolonged cooling
episode (from top of Apll to top of Apl5) followeat,the end of the Aptian, by a warming
trend showing two temperature peaks coinciding whh 113 Level and the Kilian Level at
the Aptian/Albian boundary. The earliest Albian TARI3) shows a brief relative cooling
immediately after the Kilian temperature spike|daled by a general warming.

The NI exhibits relatively high values in the intak immediately preceding the Selli Level
and in its lowermost portions, corresponding to Hase of Ap5/C5. All samples in the
Ap5/C5-Ap6/C6 interval are barren of calcareousnadossils and therefore the NI cannot be
used for illustrating palaeofertility fluctuationgbove the Selli Level, a long interval of
increased fertility (Ap7—-Apll) shows maximum valuiesthe Ap9-Apl0 interval. The
Nannoconus truittiacme is characterized by low surface-water fgytilfollowed by a
relative increase of the NI up to Ap15. The Aptiadbian boundary interval is marked by a
decrease of the NI interrupted by a relative ineeethrough the Kilian Level. The lowermost
Albian (Al2-Al3) exhibits a trend to increased fkty extending through the Albian
(Tiraboschi et al., 2009).

At DSDP Site 463 (Fig. 5), the Tlindicates warm temperatures just before and abiiset of
OAE 1la. The warmest temperatures are reached devke of segment Ap3/C3. Relative
cooling interludes are registered within the Se#ivel Equivalent, in segments Ap4/C4 and
Ap5/C5. During the late Aptian, a long cooling (AfAp14) is registered with the coolest
temperatures recorded from the top of Ap12 to #eelof Apl3. The NI indicates relatively
high values in the interval preceding the Selli élelzquivalent. Two maxima are recorded in
the Ap3/C3 and at the base of Ap5/C5, respectiadw NI is detected in the rest of the Selli
Level Equivalent. An increase of the NI starts ip7Aand continues up to the base of Apl2,
with a maximum corresponding to Ap8. A decreasthen recorded during tHé¢annoconus

truittii acme interval, followed by a relative increase.
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4.3 Oxygen isotope fluctuations

The three oxygen-isotope records are somewhatsedjtand probably reflect a contribution
from diagenetic cement. Howeves?0 trends are reproduced at the three_studied sites

independently of lithology, and nannofossil preséon is persistently m ate; we

conclude, therefore, that the oxygen-isotilmmj recaamhtain a primary palaeotemperature

signal only marginally modified by lithificatrorr.hE main trends (Figs. 3-5) are summarized

as follows:

Along segments Ap1/C1 and Ap2/C2 the isotopic matie relatively stable, being ~ -2%. at
DSDP Site 463, -1.5%0 at Piobbico and -1%. at Cismdrthe end of segment Ap2/C2 values
start to decrease, reaching -4%. in correspondeirtbetive negative carbon-isotope e sion
(segment Ap3/C3). At Cismon, the decreasing trenahterrupted by a short-lived (i@ ky)
interval of higher values (-1.5%). At segment Ap4/Ehes*?0 values start increasing and in
the middle part of the Selli Level (segment Ap5/@®y fluctuate: between -1 and -2%. at
Cismon, between -1 and -3 %o at Piobbico, and betwé&eand -4%. at DSDP Site 463.
Corresponding with segment Ap6/GB°0 values are relatively stable between -1 and -2 %o.
Starting from segment Ap7/C7, oxygen isotopes tilaie progressively increasing ratios
reaching ~-1%. around thiéannoconus truittincme interval and then decrease to a minimum
of ~-3%o close to the Aptian/Albian boundary. Wiesspect to coeval sediments in the Tethys

and Pacific Ocean, we notice that the oxygen-isoiggues of the Cismon are greater by 1%o.

4.4 TEXss

A total of 32 samples from the Cismon core havenbaealyzed for TE¥ of which 17
contained detectable amounts of GDGTs (Tab. 7).gfBXta for a number of sediments were
excluded as they contained relatively mature oxamtter, i.e. the hopane 22S/(22S+22R)
ratio was >0.2 (van Breugel et al., 2007) at whHebel TEXgs values will become biased
towards lower temperatures (Schouten et al., 200darly all sediments have BIT values <
0.3, suggesting relatively low input of soil-demv&DGTs, and thus no bias of the T&X
(Weijers et al., 2006). The values obtained for@#E 1a interval (Figs. 2, 8) comprise one
sample having a TEg% value of 0.57 indicative of ~22°C sea-surface terafure (SST) and
corresponding to the most negati§¥C values (segment Ap3/C3). The rest of segment
Ap3/C3 is characterized by values from 0.67 to $3T= ~24 to 27°C). Segments Ap4/C4
and Ap5/C5 are characterized by relatively stablees lying between 0.66 and 0.64 (SST =
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~25-26°C). Corresponding to segment Ap6/C6, ongbagives a TEXs value of 0.58 (SST
= ~22.5°C) and the following one of 0.64 (SST = 528).

5 Discussion

5.1 Long- and short-term temperature fluctuations d uring the Aptian

Long-term temperature variations are comparablé e results of previous studies based
on various temperature proxies (i.e. calcareousofassils, palynomorph, oxygen isotopes,
and TEXg). The high-resolutiorsampling and the stratigraphic calibration of theded
sections, enabled better constraints on long-température changes and detected short-term

variability improving the characterization of clima:hangesring the Aptian.

L ong-term temperature fluctuations. A warming pulse (Fig. 7), starting at the timetloé¢
“nannoconid crisis”, characterized the onset of OA& The highest temperatures are
recorded in the core of the negative carbon-isotimperval (segment Ap3/C3), as also
documented in other sections in the Tethys (e.qidgatti et al., 1998; Hochuli et al., 1999;
Luciani et al., 2001; Bellanca et al., 2002; Jersky2003; Milldn et al., 2009; Erba et al.,
2010; Jenkyns, 2010; Keller et al., 2011; Steiralet2011; Bottini et al., 2012; Hu et al.,
2012; Husinec et al., 2012), Vocontian Basin (#gullade et al., 1998; Kuhnt et al., 2011),
Boreal Realm (Mutterlose et al., 2010; Bottini aMaitterlose, 2012; Pauly et al., 2013;
Mutterlose and Bottini, 2013), eastern EuropeansiRusPlatform (Zakharov et al., 2013),
and Pacific Ocean (e.g. Jenkyns, 1995; Price, 286Bouten et al., 2003; Ando et al., 2008;
Bottini et al., 2012). Warm conditions persistedotigh OAE 1a, although fluctuations are
detected, as discussed below. A major cooling, @loeith segment Ap7/C7, marks the end
of global anoxia; it is followed by a warm phaseqeding a major long-lasting cooling
episode starting during segment Ap8 and extendimmgugh most of the late Aptian.
Minimum temperatures were reached soon afteMN\th&uittii acme,confirming the cooling
(of ~4°C down to ~28°C) indicated by Tkg¢econstructed from the Proto-North Atlantic
(McAnena et al., 2013). Further evidence of sigaifit cooling during the late Aptian derives
from the occurrence of the Boreal (cold water) sgeR. parvidentatunat low latitudes as
documented here for the Piobbico core and DSDP &t (Figs. 4, 5, 7), and in the
Vocontian Basin, North Sea and Proto-North Atlarficean (Herrle and Mutterlose 2003,
Ruckheim et al., 2006; Herrle et al., 2010; McAnehal., 2013). Close to the Aptian/Albian
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boundary, temperatures show a relative increagh, warm peaks at the 113 level and Kilian

equivalent.

Climate variability during OAE 1@e integration of nannofossil Tl and oxygen-is@op
data allows the identification of a sequence ofchyanous temperature variations labelled A
to M (Fig. 8) at the three studied sites. Afterarmving pulse at the onset of OAE 1a (Interval
A), a brief (=35 ky) cooling interlude interruptedarm conditions corresponding to the
interval of minimumd**C values (Interval B). It was followed by a maximwarming in the
core of segment Ap3/C3 (Interval C). A cooling epis (Interval D) coincides with segment
Ap4/C4 and base Ap5/C5. Intermediate climatic ctods, including one minor cooling
episode (Interval E), a warm interlude (Intervaldfd another minor cooling (Interval G),
characterize segment Ap5/C5. Warmer temperatunésryil H) preceded a more prominent
cooling (Interval 1) correlating with the latestrpaf OAE 1a and corresponding with segment
Ap6/C6.The end of anoxia was marked by a short@liwarming (Interval L) and a further
major cooling (Interval M) coinciding with the oris# segment Ap7/C7. A cool snap across
segment Ap4/C4 interrupting the main warming has dleen detected in the Vocontian
Basin (Kuhnt et al., 2011; Lorenzen et al., 20013thys (Menegatti et al., 1998; Luciani et
al., 2001; Stein et al., 2011), and Turkey (Hulgt2®12).

The correlation of oxygen-isotope and calcareoumofossil datasets with SST estimates
from TEXge is difficult since the TEYs data available for OAE la have a much lower
resolution and provide relatively scattered recoiide new TEXs data for the Cismon core
are suggestive of SSTs ranging between 22°C an@.ZIMe lowermost data point, which
corresponds to Interval B, indicates an SST of €#&ich is the coolest value for the
studied interval and well matches with cooler ctinds reconstructed from other data. The
SST values for the following three data points ratber puzzling: two indicate temperatures
of ~23-25 °C and fall in Interval C - the warme$t@AE l1a - while the third data point
shows almost 27°C although it falls in Interval iDterpreted to correspond to a time of
relative coolir@The rest of the samples, encosipgsintervals E to H, and representing
minor temperature fluctuations, fall between 25°@d a27°C. We identify one more
discrepancy in the relatively low estimated SST.52Z) for one sample falling in Interval H,

suggested by Tl and oxygen isotopes to be a relgtwarm interlude.

Another problem of the TEgg data of the Cismon core is related to the SST&wdre ~5°C
to 8°C lower compared with the Tlggrecords from other sites. Tgdata from DSDP Site
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From which data (oxygen isotope or nannofossil) can you recognize this cooling ? the climatic conditions (temperature) must be defined on the basis of all your data and it seems that you give more importance to some proxies with respect to the others depending on the considered interval !
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463 cover the Ap4/C4 to Ap6/C6 interval and rangémeen 31°C and 34°C (recalibrated
from Schouten et al., 2003 using Eqg. 2). At ShaRliee, temperatures fall between 30°C and
35°C (recalibrated values from Dumitrescu et a00& using Eq. 2). Here, two cooling
interludes are detected: the first cooling of 4%@vd to 30°C was during segment Ap4/C4
and corresponds to the cooling of our Interval be Becond cooling of 5°C down to 30°C
seems to corresponds to segment Ap6/C6 and possitégts the cooling of Interval I. In the
Lower Saxony Basin, SSTs indicate a distinctivenaiag during OAE l1la (segment C3-C6),
with TEXgs temperature estimates of 31-34°C. The §Edata for the interval following
OAE 1a (the C7 segment) reveal stable SSTs aro@fd @Viutterlose et al., 2010).

We notice that although the temperature variab{ity= ~ 4-5°C) is similar in all sites, at
Cismon the absolute temperatures are generallyt&°&€ °C lower than at DSDP Site 463,
Shatsky Rise and Lower Saxony Basin. For Cismmy #ie highest (coolest temperature)
5'%0 values are ~1%o greater than those registeredSBFDSite 463 and ~0.5%o greater than
those at Piobbico. Generally cooler temperatureCfemon could be explained by different
latitudinal settings, the Cismon site being at *N§Ghe Shatsky Rise at an almost equatorial
position and the DSDP Site 463 at ~20°S. Howe\Ves, $eems not to apply to the Boreal
section (39°N) characterized by the highest (~358S8Y. Another possible explanation for
this discrepancy may be that the TdgXalues from the Cismon core are already af@d b
the higher level of thermal maturity (i.e. hopa@SZ22S+22R) ratios of 0.1-0.2). It has been
documented that destruction of GDGTs during themmaluration processes results in lower
TEXge Values due to the fact that GDGTs with cyclopeatamieties are thermally less stable
(Schouten et al., 2004). Finally, it has been shawseveral modern settings that TgX
although calibrated against sea-surface temperatugy sometimes reflect changes in
subsurface water temperatures as well (e.g. Hugual., 2007; Lopes dos Santos et al.,
2010), possibly because the source organisms, Térahaeota, also reside in the deeper

thermocline where nutrients such as ammonia migtaMvailable.

5.2 Long- and short term changes in surface water f  ertility @

The nannofossil NI exhibits similarities betweee three studied sites (simplified in Fig. 7,
where nannofossil data are calibrated againstdifie curve, adopting the timescale of
Malinverno et al., 2012). The earliest Aptian (segits Apl/C1 and Ap2/C2) is characterized

by low to intermediate NI values suggestive of aligphic conditions. The onset of OAE la
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You said before that you have already excluded for the interpretation, sediments containing relatively mature organic matter ????
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It is not clear !
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613
614
615
616
617
618

619

620
621
622
623
624
625

626
627
628
629
630
631
632
633

634
635
636
637
638

639
640

641
642
643

was marked by increasing fertility, which reachednaximum in the core interval of the
negative carbon-isotope excursion (segment Ap3/83)lecrease in surface-water fertility
characterized the rest of the Selli Level (segméd/C4-Ap6/C6). A shift to meso- to
eutrophic conditions is detected from segment Ap&he beginning of th&. truittii acme
interval, corresponding to minimal fertility conidihs. The latest Aptian is then characterized

by intermediate NI values, continuing into the iestl Albian.

The early Aptian has been generally seen as a ¢img@arm and humid climate, mainly
responsible for accelerated continental weatherdng, consequent important nutrient fluxes
to the ocean sustaining high productivity (e.g.Hieet al., 2002; Erba, 2004; Follmi 2012).
It has also been proposed that higher fertilityha global ocean was triggered directly by
submarine igneous events that introduced enormaastigies of biolimiting metals within
hydrothermal plumes (e.g. Larson and Erba, 1996kikect al., 2002; Erba, 2004).

Peaks in the NI are detected at the levels of tia@rioconid decline” (~1 Ma before OAE 1a)
and the “nannoconid crisis”. This relationship s agreement with the interpretation of
nannoconids as oligotrophic taxa, which sufferednduepisodes of increased surface-water
fertility. The results of the FA and PCCA analyalso support this affinity for nannoconids.
Their virtual absence during the early phase of Q&bhas been interpreted as the result of
widespread meso- to eutrophic conditions (e.g. ©ocet al., 1992; Bralower et al., 1994;
Erba, 1994, 2004; Premoli Silva et al., 1999) caraeti with excess COin the ocean—
atmosphere system (Erba and Tremolada, 2004; Eddg 2010).

As far as the OAE 1la interval is concerned, thecttlations in surface-water fertilj
reconstructed in our work are in agreement witleogtudies on calcareous nannofossils from
the Tethys, Boreal Realm and Atlantic Ocean. Funtloee, other proxies, for example
palynomorphs (Hochuli et al., 1999) and phosphdeug. Folimi et al., 2006; Follmi and
Gainon, 2008; Stein et al., 2012), support thisrmtetation.

5.3 Climate and environmental changes and their rel  ation to igneous—tectonic

events during the Aptian

Our data confirm a relationship between major uuilcapisodes and climate change,ﬁiﬁ)h
associated (or subsequent) perturbations in ocdaamistry, structure and fertilry:
Specifically, the construction of the OJP LIP, dmeumted in the Os-isotopic record (Tejada et
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al., 2009; Bottini et al., 2012), Pb isotopes (Kdaet al., 2011), and biomarkers (Méhay et al.
2009), suggestive of a stepwise accumulation acfarmgenic C@in the atmosphere (Fig=J),
correlates in time with OAE l1a and was marked lopgl warming at the onset of the mid-
Cretaceous greenhouse (e.g. Larson and Erba, I188Ryns, 2003). A short-lived event of
possible methane hydrate dissociation probably ptech a ~100 kyr-long interval of
accelerated continental weathering, temporarilyicedy the CQ concentrations and inducing
a subsequent cooling interlude (~35 ky). The netdrval, marked by a maximum warming,
coincided with the beginning of the most intensteanic phase of OJP (Bottini et al., 2012).
This correspondence is suggestive for a (supempmese climate triggered by excess
volcanogenic CQ@ The rest of OAE la was accompanied by climatealdity including
cooling interludes. Termination of widespread aaexlysoxia coincided with the end of the

main emplacement of the OJP (Bottini et al., 2Gi#) a major cooling.

Large-scale igneous—tectonic events took place @smg the late Aptian, but their causal
impact on climate changes are less obvious, siat@eptemperatures were generally cooler.
We notice that submarine volcanism (constructionOdP, Manihiki Plateau, Hikurangi
Plateau, the early phase of Kerguelen Plateaugledes with global warming, but subaerial
volcanism (Kerguelen Plateau LIP) was associateld rgiatively cool conditions (Fig=/). In
addition to magmatic fluxes of different orders mbhgnitude (lower for Kerguelen, see
Eldholm and Coffin, 2000), subaerial volcanism @iolly injected ashes and gases into the
atmosphere inducing short-term cooling associatath widividual degassing phases.
Feedbacks related to atmospheric,@Dawdown via accelerated weathering were probably
most significant, as also suggested by Ca isot¢B&stler et al., 2012). On the basis of
pedogenic calcretes from South Korea, Hong and(2@#2) documented a decrease in,CO
concentrations from ~1000 to ~500 ppmV for an waéin the late Aptian corresponding, as
discussed above, to relatively cooler temperaturesyever, these data present a large
uncertainty in the age assignment. Recently pubtistata by Li et al. (20@ from similar
continental facies in south-east China spanningémee age, are suggestive of higher values.
Specifically, here we present (Fig. 7) a reviseot mif Li et al. (2014) data based on the
Malinverno et al. (2012) time scale, which indicapeogressively increasing GO
concentrations from ~1000 up to ~2000 ppmV acrbed\t truittii acme interval despite a
general cooling trend. In correspondence of theekivtemperatures reached in the latest
Aptian, CQ estimates decrease to ~1600 ppmV. The followamtyeAlbian warming trend

was instead paralleled by increasing &0ncentrations up to 2600 ppm.
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The long-lasting cool conditions of the late Aptizave been recently quantified using X
data (McAnena et al., 2013), which indicate a tddrease of palaeotemperatures of ~ 4°C
(from 32°C to 28°C) in the equatorial Proto-Atlan@cean followed by a warming (~4°C)
linked to the earliest Albian OAE 1b. The trendsoof nannofossil Tl curve are similar to
these TEXes-reconstructed SST changes (Fig. 7), so we adepvalues of McAnena et @
(2013) to estimate climate variations through tipigdn using the nannofossil Tl fluctuations.
The warming at the onset of OAE la correspondsntanarease of 2—3°C and climate
variability during OAE 1la is marked by a cooling~°C. The prominent cooling at the end
of global anoxia corresponds to a decrease of ~f#fllowed by a warming of ~3°C and the
coolest interval in the late Aptian is marked bfpdher decrease of ~4°C. As far as OAE la
is concerned, the SST variability estimated froe Th (2—3 °C) differs little from the direct
TEXge estimates of 4-5 °C.

Volcanically linked climate change seems closelgnaxted to nutrient recycling and ocean
fertilization. Different eruption styles and dutj as well as magma composition and
quantity, presumably produced diverse weatherirtgsrand introduction of biolimiting
metals. Although calcareous nannoplankton are batgsoup of primary producers and they
thrive under oligotrophic—mesotrophic conditiortss hannofossil NI can be used to trace the
trophic levels of surface waters in the past. Fégﬁrsugge@that nutrient availability was
strongly coupled with climate change in the earlgtian, but less so in the late Aptian.
Fertility fluctuations could be due to differentialeathering rates. During OAE 1a,
greenhouse conditions generated by repetitive nolganic CQ emissions (e.g. Méhay et al.,
2009; Erba et al., 2010) might have increased veeaudy rates, and thereby the supply of
nutrients. We see a correspondence between maximamming and hi@urface-water
fertility. In addition, the largest submarine valt@pulses at the beginning of OAE 1a and in
the mid—late Aptian seem to have introduced bidlimgi metals during submarine plateau
construction. The nutrients presumably stimulatemng@ry productivity with consequent
consumption of oxygen through organic matter anthhexidation, hence promoting anoxic
conditions. The upper part of the Selli Level haghhTOC content, indicating that
productivity and/or preservation of organic matteas relatively high. The apparent

oligotrophic conditions suggested by the NL=arel@xed by biomarker data and nitrogen

=

stable isotopes, indicating N-fixing cyanobactasathe likely main primary producers during
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No ! the percents of your meso-eutrophic taxa are really too low
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The part concerning N-fixing cyanobacteria is really not clear
Following the works of Kuypers et al 2004 and Dumitrescu and Brassell (2006), N-fixing cyanobacteria are already present in the lower part of the OAE 1a, so why did you consider cyanobacteria only for the upper part of the Selli level ?
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OAE 1la (Kuypers et al., 2004; Dumitrescu and Bihs2@06). Their N-fixation potentially
provided N nutrients for the rest of the oceanmtdiand presumably was the key-process in
the production of organic matter, maintaining higlpeoductivity through OAE 1la. The
accumulation and burial of organic matter would engrogressively acted as storage for
excess CgQ leading to lower temperatures and, possiblyheotérmination of OAE 1a under
less active (or ceased) OJP volcanism. We notaetile two more intense cooling interludes
across OAE 1a correspond to levels with relativegh TOC content (>4%), suggesting that
the burial of organic matter may have acted assarveir for excess CQthus temporarily

mitigating greenhouse conditions.

Among Cretaceous calous nannofloras, nannacarie interpreted as specific to the
lower photic zone, associated with a deep nuteglgo that they thrived when surface waters
were characterized by oligotrophic conditions (Erb294, 2004). The record of nannoconid
distribution compared with the nannofossil NI com this hypothesis for the entire Aptian
interval: the “nannoconid crisis” correlates with mcrease of the NI, while the return of
nannoconids following deposition of the Selli Leagld the N. truittii acme corresponds to
minima in the NI curve. We stress the fact thatmomonid abundance does not unequivocally
correlate with climate change, at least in the @mptibecause the “nannoconid crisis”
coincides with major warming while the final nanood disruption (the end of thBl. truittii
acme) corresponds to the most severe cooling.

These data contradict the interpretation of McAnenal. (2013) for the nannoconid failure
due to cold conditions in the late Aptian and implydifferent explanation for abundance
changes of these rock-forming nannofossils. Weebelithat volcanically induced GO
concentrations played a key role for nannoconidciftehtion, regardless of climatic
conditions (Erba, 2006). Both the OJP and Kerguéléts emitted huge quantities of ¢O
that arguably provoked ocean acidification. We easpte that the prolonged cooling in
late Aptian promoted CfQabsorption in the ocean and acidification. Thenoaonid crises,
including their final collapse in the latest Aptjaoould thus be viewed as failures in
biocalcification. Similarly, the major reduction Bize, decrease in abundance, and species
turnover documented for planktonic foraminifers fiduand Leckie, 2011), which is coeval
with the final nannoconid decline and a nannofossihover, might be the response of
calcareous zooplankton to volcanically triggeredascacidification.
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741 6 Conclusions

742 + Quantitative study of calcareous nannofossils matiegl with oxygen-isotope and TggX

743 records from the Tethys and Pacific Oceans hasged\a reconstruction of the climatic
744 evolution through the entire Aptian. The excelletitatigraphic time control on the
745 studied sections coupled with high sampling densilipws confirmation of some of the
746 climatic variations detected in previous work amghhghts, during OAE 1a, temperature
747 fluctuations not previously dete@.

748 The results from the Tethys and Pacific Oceansicondlimatic variability through the
749 Aptian, characterized by a warming trend that begaor to and reached a maximum
750 during OAE 1a, coincident in time with the negatoarbon-isotope excursion. The rest
751 of OAE 1la was marked by subsequent cold snaps &mdh&r cooling took place when
752 the uppermost part of the Selli Level was beingodépd. A cooling marked the end of
753 global anoxia and another long-lasting cooling abtarized the middle late Aptian,
754 culminating soon after thd. truittii acme. The latest Aptian was, instead, characterized
755 by a gradual warming accorded by nannofossil askgyab and TE¥ data. SSTs from
756 TEXgs are suggestive of 24-27 °C in the Tethys duringedA&, which are nevertheless
757 5°C to 8 °C lower than estimates from the Pacifice@h and Boreal Realm, being
758 probably affected by maturity levels or other fastoAlthough the earliest Aptian was
759 characterized by oligotrophic condit , the ordeDAE 1la was marked by increasing
760 fertility, which reached a maximum at a time cop@sding to the core of the negative
761 carbon-isotope excursion. A decrease in surfacemwfrtility is recorded from the
762 younger pa@! the Selli Level. A shift to warmdameso- to eutrophic conditions is
763 detected after OAE 1a up to the beginning ofNheruitti acme interval, corresponding
764 to minimal fertility conditions. The latest Aptiamas then characterized by intermediate
765 fertility, continuing into the earliest Albian.

766 + Our data indicate that the beginning of the pro&mhgolcanic phase during OAE la

767 coincided with the warmest temperatures and thehdsig surface-water fertility.

768 Weathering and hydrothermal activity were the ndiners of nutrient input, positively

769 affecting meso-to eutrophic taxa but having a negatmpact on oligotrophic species
770 such as nannoconids, which were not greatly affiebte climatic changes. Rapid ‘cold
771 snaps’ are detected when OJP volcanism apparentiynced, suggestive of feedback
772 mechanisms, drawing down G@nd affecting the climate. The end of anoxia was i
773 phase with diminished OJP activity and global augpli We hence see a direct
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with nannofossils, you said that the conditions seem to be oligotrophic but you also said that a high primary productivity is maintained with N-fixing cyanobacteria ! and following Dumitrescu and Brassell 2006, they said that the primary productivity was high when the cyanobacteria flourished !
so precise which proxy you use.
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relationship between OJP volcanism and climaticngka in the interval encompassing
OAE 1la.

We suggest that OJP volcanism directly caused gegkbal warming, while the excess
burial of organic matter acted as an additional/@ndlternative process to weathering,
causing CQ@ drawdown and consequent climate change during QAE Massive
subaerial volcanism (Kerguelen Plateau @’), whimbk place during the late Aptian,
was associated with relatively cool conditions, lyimg the dominant effect of

atmospheric C@drawdown via accelerated weathering.

Appendix A: Taxonomy
Calcareous nannofossils cited in this work:
BiscutumBlack in Black and Barnes, 1959

Biscutum constan&orka 1957) Black in Black and Barnes, 1959
CretarhabdusBramlette and Martini, 1964

Cretarhabdus surirellugDeflandre, 1954) Reinhardt, 1970
DiscorhabdusNoél, 1965

Discorhabdus rotatoriu¢Bukry 1969) Thierstein 1973
EprolithusStover, 1966

Eprolithus floralis(Stradner, 1962) Stover, 1966
Nannoconu&Kamptner, 1931
Repaguluntorchheimer, 1972

Repagulum parvidentatu(®eflandre and Fert, 1954) Forchheimer, 1972
Rhagodiscu®keinhardt, 1967

Rhagodiscus aspéBtradner, 1963) Reinhardt, 1967
StaurolithitesCaratini, 1963

Staurolithites stradneriRood et al., 1971) Bown, 1998
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WatznauerieReinhardt, 1964
Watznaueria barnesia@lack, 1959) Perch-Nielsen, 1968
Zeugrhabdotu&keinhardt, 1965

Zeugrhabdotus diplogrammiPeflandre in Deflandre and Fert, 1954) BurnetGale et
al., 1996

Zeugrhabdotus erectBeflandre in Deflandre and Fert, 1954) Reinhat865
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Figure 1. A)Location map of studied sites at 120 Ma (modififieéraErba et al. under final
review by the editor). OJP = Ontong Java Plated®;=KKerguelen Plateau; SR = Shatsky
Rise; MPM = Mid-Pacific Mountains; MR = Magelland; MP = Manihiki Plateau; HP =
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Albian chronologic framework is from Erba et al.nfler final review by the editor).
Numerical ages are based on the timescale of Maimovet al. (2012). K = Niveau Kilian;
113 =113 Level; N.c. = Nannoconid crisis; N.d.=nNaconid decline.
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1176 Figure 2. Correlation between the Cismon core Rimbbico core and DSDP Site 463°C
1177 data after: Erba et al. (1999) and Méhay et al0g2@or the Cismon core; Erba et al. (under
1178 final review by the editor) for the Piobbico coRyjce (2003), Ando et al. (2008) and Bottini
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1191 high surface-water productivity and vice versajC is from Erba et al. (1999) and Méhay et
1192 al. (2009). Nannofossil and foraminiferal biosiyatiphy is from Erba et al. (1999).
1193 Magnetostratigraphy is from Channell et al. (20Bylk §*%0 data are from Erba et al.
1194 (2010).
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Figure 5. DSDP Site 463 Mid-Pacific Mountains: fluations of calcareous nannofossil
temperature and fertility indicator taxa. Temperat(rl) and Nutrient (NI) indices based on
calcareous nannofossils (low values of the Tl iatichigh temperatures and vice versa; high
values of the NI indicate high surface-water prdivity and vice versa)s'*C is from Price
(2003), Ando et al. (2008), Bottini et al. (201Rannofossil and foraminiferal biostratigraphy
is from Erba, (1994) and Ando et al. (2008). Magstttigraphy is from Tarduno et al.
(1989). Bulk3*®0 data are from Price (2003), Ando et al. (2008) this work.
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1222 Piobbico core, including the Albian dataset fromaboschi et al. (2009), (G) DSDP Site 463.
1223 The associated variable is ti€O.
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1227 Figure 7. Nannofossil-based temperature and nditrieariations across the Aptian
1228 reconstructed in this work and across the Albiaon(f Tiraboschi et al., 2009). The thick-
1229 grey curve represents SST from McAnena et al. (ROBB®-chemo-magneto stratigraphy
1230 after Erba et al. (under final review by the editdiumerical ages are based on the timescale
1231 of Malinverno et al. (2012). Multiproxy-based vahia phases and radiometric ages of the
1232 Greater Ontong Java Event (GOJE) and Kerguelen biesfrom Erba et al. (under final
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Figure 8. Nannofossil temperature index (Tl), BgXand oxygen-isotope values for the
Cismon core, Piobbico core and DSDP Site 463 mladigainst chemostratigraphy. The age
determination is based on the cyclocronology akgldor the Cismon core (Malinverno et
al., 2010).5"°C data after: Erba et al. (1999) and Méhay et24109) for the Cismon core;
Erba et al. (under final review by the editor) fbe Piobbico core; Price (2003), Ando et al.
(2008) and Bottini et al. (2012) for DSDP Site 4B8lk 5'°0 data after: Erba et al. (2010) for
the Cismon core; Price (2003), Ando et al. (200&) this work for DSDP Site 463. TOC
after: Erba et al. (1999) and Bottini et al. (201®&)the Cismon core; Ando et al. (2008) for
DSDP Site 463. TEg after: Schouten et al. (2003) for DSDP Site 468 tvork for the
Cismon core (SST calculated using the equationiof & al., 2010). On the left is reported
the Os-isotope curve (Bottini et al., 2012) and Wadcanogenic CQ pulses (red arrows)
reconstructed by Erba et al. (2010). The interval® M represent the climatic interludes

(warming and cooling) reconstructed in this work.
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