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ARTICLE INFO ABSTRACT

Keywords: The carbonate content of calcareous nannofossils is dependent on seawater composition. One of the factors that
Acidification affect seawater chemistry and consequently the degree of calcification in coccolithophores is temperature, as
Lysocline seen in present day warming oceans. The depth at which carbonates are dissolved (Calcite Compensation depth,
Coccolith

CCD) can rise due to an increase in HCO3~ and decrease in pH, leading to a major dissolution on the seabed and
burndown. Similar processes have also been deduced for Eocene hyperthermal events, such as the PETM and
ETM2. This study reports changes in coccolith carbonate mass from a hemipelagic setting (Gorrondatxe, at
1500 m paleodepth) during the core of a minor Eocene hyperthermal event, namely the C21r-H6 event
(47.44-47.32 Ma). Image analysis techniques were used to determine differences in the carbonate mass of se-
lected calcareous nannofossil taxa, revealing species-specific patterns. The CaCO3 mass of Chiasmolithus solitus
decreased by 50% over the course of the C21r-H6 event, and many specimens also lost their crossed central bars,
an additional indication of mass loss; Reticulofenestra sp. (3-5 pm) showed a similar trend, but the percentage of
mass lost was lower; Toweius pertusus, interpreted as being reworked, mirrored the behaviour of Chiasmolithus
solitus, suggesting that the CaCO3 mass loss may have occurred on the seabed, rather than in the water column.
In general, it can be concluded that the lysocline rose to 1500 m paleobathymetry in the Bay of Biscay during the
C21r-H6 event. Formation of corrosive bottom water in the North Atlantic Ocean is regarded as being re-
sponsible for the rise in the lysocline.
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1. Introduction

Eocene hyperthermal events were geologically short-lived
(10-200 kyr-long) global warming episodes caused by the injection of
greenhouse gases into the atmosphere (Cramer et al., 2003; Dickens,
2003; Lourens et al., 2005; Nicolo et al., 2007; Rohl et al., 2005;
Thomas and Zachos, 2000; Westerhold et al., 2007; Zachos et al., 2001).
The geochemical records obtained from the hyperthermal event sedi-
ments suggest that significant environmental changes affected both the
oceans and the biosphere (Denman et al., 2007; Dunkley Jones et al.,
2013; Kirtland Turner et al., 2014; Sluijs et al., 2007a, 2007b; Zeebe,
2013). For example, geochemical studies have shown that an increase
in pCO, contributed to ocean acidification during some of the hy-
perthermal events (Dickens et al., 1997; Leon-Rodriguez and Dickens,
2010; Penman et al., 2014; Zachos et al., 2005). Accordingly, today's
increase in the concentration of atmospheric CO, concentration is
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reportedly leading to an increase in seawater pCO, (Archer, 1999;
Caldeira and Wickett, 2005; Honisch et al., 2012; Kump et al., 2009;
Sarmiento et al., 1992; Weiss, 1974), which has raised the calcite
compensation depth (CCD) level, the depth at which carbonate is absent
(Maier-Reimer and Hasselmann, 1987; Rudimann, 2001; Orr et al.,
2005). The lysocline, the depth at which carbonate dissolution in-
creases remarkably, has risen accordingly, affecting some calcareous
organisms that inhabit seabed environments (Archer, 1999; Raffi et al.,
2005; Rudimann, 2001). In addition, ocean acidification changes the
physiology of many organisms and threatens the survival of the entire
ecological community.

Dissolution on the seabed also occurred during some of the Eocene
hyperthermal events. For example, during the Paleocene-Eocene
Thermal Maximum (PETM) and the Eocene Thermal Maximum 2
(ETM2), the most intense and best known of the Eocene hyperthermal
events, deep-sea sediments found to be lacking in carbonate were
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relatively common (Kelly et al., 2012; Lunt et al., 2012; Milliman, 1999;
Pilike et al., 2012; Zeebe and Zachos, 2007). This demonstrates that
deep-sea areas in which carbonate sediments accumulated under
normal conditions were subject to CaCO3 dissolution during the hy-
perthermal events (i.e. ODP Leg 198 at Shatsky Rise, Colosimo et al.,
2006). The good connection between oceans permitted that carbonate
dissolution was widespread, but occurred at different depths in dif-
ferent locations (Pélike et al., 2012; Sluijs et al., 2007b; Zachos et al.,
2005).

Geochemical proxies (e.g. '80, §'3C, CaCO; content) have shown
that the rise in temperature during the abovementioned Eocene hy-
perthermal events (e.g., 5-8 °C during the PETM; 3-5 °C during ETM2)
was more intense than today's global warming episode (Forster et al.,
2007; Galeotti et al., 2010; Keeling and Whorf, 2004; Lei et al., 2016;
Lourens et al., 2005; Westerhold et al., 2007). Consequently, the study
of less intense hyperthermal events is necessary to understand the po-
tential response of the environment to current global warming. To this
end, the present study characterizes one of the less intense Eocene
hyperthermal events, specifically the core of the so-called C21r-H6
event (47.44-47.32 Ma, early Lutetian, middle Eocene). This event was
first described by Sexton et al. (2011) as a hyperthermal event produced
by a perturbation in the global carbon-cycle. In the equatorial western
Atlantic Ocean (ODP Site 1258) this event is characterized by a 0.7%o
decrease in benthic foraminiferal §'3C and a decrease of 0.4%o in
benthic foraminiferal 8'80 (Sexton et al., 2011), suggesting a 2 °C
warming in bottom waters, whereas in the South Atlantic (ODP Sites
1262-1267), Southern Ocean (ODP Site 690) and the Pacific (ODP Sites
1215-1222) it is characterized by carbonate dissolution at
2000-3000 m paleodepth, pointing to a global increase in deep ocean
acidity and a rise in the lysocline (Bains et al., 1999; Rea and Lyle,
2005; Zachos et al., 2005). Payros et al. (2012) identified and described
the C21r-H6 event at the Gorrondatxe cliff section (south-eastern coast
of the Bay of Biscay, western Pyrenees; Fig. 1). Subsequently, Intxauspe-
Zubiaurre et al. (2017) analyzed the variations of calcareous nanno-
fossil assemblages and their relationship with paleoenvironmental
changes across the C21r-H6 event at Gorrondatxe.

This study aims to identify changes in seawater chemistry by ana-
lyzing coccolith CaCO3 content. Calcareous nannofossils, particularly
coccolithophores, are the main primary organic CaCO3; producers of
calcium carbonate in the oceans (Baumann et al., 2005; Westbroek
et al., 1994; Ziveri et al., 1999). Their production (calcification) and
dissolution are directly affected by changes in CaCO; equilibrium
conditions in seawater (Gibbs et al., 2010; Jiang and Wise, 2006; Meyer
and Riebesell, 2015; Mutterlose et al., 2007; Raffi and de Bernardi,
2008; Ridgwell and Schmidt, 2010; Riebesell, 2004; Thierstein and
Young, 2004). On the one hand, HCO3™ availability and pCO, in the
seawater affect coccolith calcite production (Riebesell, 2004; Riebesell
et al., 2000; Rost and Riebesell, 2004; Stoll et al., 2007; Monteiro et al.,
2016). On the other hand, corrosive waters with low pH cause coccolith
malformations and CaCOs loss after death (Agnini et al., 2016; Beaufort
et al., 2011; Bralower and Self-Trail, 2016; Hassenkam et al., 2011).
Thus, calcareous nannofossils constitute a useful tool by which changes
in seawater CaCOs3 chemistry can be determined. The present study
aims to approach changes in both coccolith CaCO3; production and
dissolution.

2. Regional setting

The studied succession is exposed on the cliff of the Gorrondatxe
beach (43° 23'N 3° 01’W; Fig. 1), which hosts the Global Stratotype
Section and Point of the base of the Lutetian Stage (Molina et al., 2011).
This section is part of a 2300-m-thick deep-marine sedimentary suc-
cession accumulated on a rapidly subsiding basin during early-middle
Eocene (Payros et al., 2006). Located at the bottom of a 1500 m deep
gulf that opened into the Atlantic Ocean at 35°N paleolatitude (Smith,
1996), the area was part of the North Iberian continental margin.
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The lower Lutetian succession in Gorrondatxe is composed of al-
ternating pelagic limestones and marls interspersed with thin-bedded
turbidites, which form recurrent tripartite sequences, generally
10-40 cm thick, consisting of a basal thin-bedded sandy turbidite (with
divisions Ta to Td of the Bouma sequence) capped with a layer of grey
clay (division Te of the Bouma sequence) and a layer of whitish pelagic
mudstone (Payros et al., 2007, 2009; Payros and Martinez-Braceras,
2014). The sediments accumulated during the core of the C21r-H6
event (118-133 m of the succession; Figs. 1 and 2) are characterized by
a distinctively low carbonate content and increased abundance of tur-
bidites and kaolinite. This interval is also typified by an abrupt decline
(1%o) in benthic foraminiferal §'3C (Fig. 2) and an increase in for-
aminiferal fragmentation index (Payros et al., 2012). Calcareous nan-
nofossils show a decrease in the abundance of oligotrophic taxa and
increased abundance of reworked and epicontinental specimens,
strongly suggesting increased continental input (Intxauspe-Zubiaurre
et al., 2017).

3. Biostratigraphy and biochronology

According to previous works (Bernaola et al., 2006; Intxauspe-
Zubiaurre et al., 2017), the presence of Nannotetrina cristata and
Blackites inflatus and the absence of Nannotetrina alata and Blackites
gladius place the studied succession within the biostratigraphic zones
NP14 and CP12b (Martini, 1971; Okada and Bukry, 1980), and more
specifically within the Helicosphaera lophota Subzone (Bown, 1998) or
Zone CNE 8 - Nannotetrina cristata Base Zone (Agnini et al., 2014).
Bernaola et al. (2006) also showed that the lowermost 142 m of the
Gorrondatxe section are characterized by reverse magnetic polarity,
whereas the uppermost 58 m show normal magnetic polarity. Based on
biostratigraphic data, these intervals were placed in chrons C21r and
C21n, respectively. In addition, Payros et al. (2007, 2009) identified
precession-related 21 kyr-long limestone-marl couplets and eccen-
tricity-related 100 kyr-long bundles. Using a cyclostratigraphic ap-
proach, Payros et al. (2012) calculated that the onset of the C21r-H6
event occurred at 47.44 Ma, uppermost part of Chron C21r (Gradstein
et al., 2012), extending along 120 kyr.

4. Material and methods

One hundred and twenty-eight samples were collected from an 82 m
thick section, between 98 and 180 m (Fig. 2), which document the pre-
C21r-H6 interval (98-118 m), the sediments of the core of the C21r-H6
event (118-133 m), and the lowermost sediments of the post-event
interval (133-182 m). However, sampling resolution varied along the
section. In most of the pre-event interval (from 98 to 114 m) samples
were collected every 80 cm. The sample spacing was reduced to 30 cm
in the uppermost 4 m of the pre-event sediments and throughout the
C21r-H6 event interval (114-133 m). Sample spacing increases again to
80 cm in the lowermost 29 m of the post-event interval (133-162 m). In
the rest of the studied sequence, spacing progressively increased from
1.4 m to 2 m. According to the 10.8 cm/kyr average sedimentation rate
calculated by Payros et al. (2015) for the studied interval, the time
lapse between samples was 2.8 kyr in the C21r-H6 core sediments,
7.4 kyr in the underlying and overlying intervals, and progressively
increased from 13 to 18 kyr in the uppermost part of the succession.
Given that pelagic mudstones were too hard for the extraction of mi-
crofossils, all samples were collected at the transitions from turbiditic
grey marls to their overlying whitish pelagic mudstones, where primary
mixing and the addition of allochthonous specimens by turbidity cur-
rents are assumed to be minimal.

The samples were dried in an oven and subsequently 4 mg were
extracted using a surgery knife and distributed homogeneously on a
coverslip, following the decantation method proposed by Flores and
Sierro (1997). Coverslips were then glued to a smear slide using Canada
balsam.
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Fig. 1. (A) Simplified Eocene paleogeographic and geological maps of the Gorrondatxe area, showing (paleo)location of the studied section (star). (B) General view of the Gorrondatxe

section, showing reference levels and the location of the core of the C21r-H6 event.
(Figure modified from Payros et al., 2012).

The coccolith carbonate mass analysis was carried out using the
image analysis technique proposed by Fuertes et al. (2014). This tech-
nique measures the quantity of light transmitted by the coccolith, which
directly depends on coccolith thickness (Beaufort et al., 2014). The
measurement consisted of the following steps: Firstly, coccolith images
were captured, for which a Nikon Eclipse LV100POL microscope and
the program NISElements were used. In order to avoid interference
figures of the coccoliths in greyscale, the images were captured under
circularly polarized light with crossed nicols (Fuertes et al., 2014).
Fig. 3 shows the differences of the calcareous nannofossil images under
linearly and circularly polarized light. Fifty images of every taxon were
captured on each sample at 1000 X magnification.

Secondly, the volume of each coccolith was estimated from the
captured image using C-Calcita software (Fuertes et al., 2014). To this
end, greyscale shades of each image were classified into 256 levels, in
which the highest value corresponded to white and the lowest to black.
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The highest values correlated with the thickest calcite, whereas lower
values represented thinner calcite. The sum of the grey level of each
pixel within a given coccolith led to the total volume and mass of the
specimen (Fig. 4). Additionally, the number of pixels that made up the
coccolith was regarded as a proxy value for the surface area of the
specimen, which allowed calculation of its mass/area index. Finally, the
mean mass/area index of the 50 images captured of each taxon was
calculated for each smear slide. After a pilot survey of several taxa, the
work focused on three taxa (Fig. 5), of which 6400 images were cap-
tured for each and analyzed following the method described above.
This automated technique provides direct values of the CaCO3; mass
content of selected specimens, saving considerable time compared to
non-automated measurement techniques.

Two of the selected taxa, namely Reticulofenestra sp. (3-5 um) and
Chiasmolithus solitus, were autochthonous, and can therefore record
changes in CaCO3 chemistry that occurred both during the life span of



B. Intxauspe-Zubiaurre et al.

Palaeogeography, Palaeoclimatology, Palaeoecology 487 (2017) 296-306

é % mudstone ; glg cm F_g Fig. 2. Previous data from the Gorrondatxe section
-15 cm |a- : . iled fi Payros et al., 2012), showing the li-
kS =z marly mdst 1520 om Taud Sedimentary facies (comp{ ed from Payros et ), s owing the 1i
S marl >20 om Ta-d d13C o/ thological log, chronostratigraphy, precession-driven
- W and carbonate content (%o0) TP |
o T T P S sl S mudstone-marl couplets, variations in the percentage
8 % 20% 60% « 3 2 -1 0 1 of turbiditic and hemipelagic sediments, and their
N -Q-_ l' S carbonate content. Stable isotope (8*3C) results were
E 3 ¢ 2 o obtained from both hemipelagic mudstones (whole
é 8 k%) o \ ﬂ o= Whole rock ; rock) and from the benthic foraminifer Nuttallides
E ) \Y = i 3 i . . .
o] c 8 = - Nuttallides truempyi. The succession studied herein extends from
0] _9 8. % % truempyi B T 98 to 180 m.
c AR A © ° a H
N E gl g s B ! :
s || s| 8 5 o« |2 vl
: al 2 € = v o
e 5 = 3| g
- 2 = s AFTERMATH :
E ' OF THE T _
3 < = ©
£ o EVENT s : S
. § -
= ’ = 2
] i 4 = C
g . ¢ - _;
of v 3 ‘s ~ = 0
‘g _E --.---.-----.-------‘-----...--- Pessssssssssssnnnnfannnnnnnns : ©
5 3 I i : g
E . C21r-H6 | =
E ~ =
4 ? EVENT | =
1-_5 45 .s....-..-.-..... mamssl ssssssssssmmmnn "u.}........ E
3 ¢ -
K 4 -
] U : -
E 1 5 s
o] £21 =
o 40 ‘g‘ § l‘ PRE-EVENT -
- ] - : =
< E SS| o INTERVAL i (Ll
] O o b H
'-” ] oo ?
= © © H
E c® U H
= g8 ! 3
] 35 = I}
o °E 82| ¢
-— © E (]
o . 1 H
© E 1
G S0 .
ok 1 H
© 4 i
E I H
E- = '
o= >5 ) H
E 1 §
] 1
o 1 .
] 1
\E =4 1
o 1
AN ] 1
ol »
Ol 7 15 \‘
oF ==« s
NE 10 q
—=3 9
= 1 :
E§ ] 1 H
I [ 5] 1 4
© 1
~ £ 1 H
w (@) 1 1 1 L 10 L 1 L 1 1 Il 1 1 ]

the specimens and after their death. The third taxon is Toweius pertusus,
interpreted here as reworked, which can only record postmortem pro-
cesses. This species was selected on the basis of its dissolution-prone
nature (Adelseck et al., 1973; Jiang and Wise, 2006; Raffi et al., 2009;
Stoll et al., 2007; Tremolada and Bralower, 2004).

The mass/area index results of the abovementioned taxa were
plotted on graphs in order to represent the evolution of the mean mass/
area index across the successive intervals of the succession (Fig. 6). In
order to have an additional dissolution proxy linked to coccoliths, the

occurrence of crossed central bars in Chiasmolithus solitus was also
analyzed (Fig. 5), as their absence is regarded as an indication of dis-
solution (Adelseck et al., 1973; Gibbs et al., 2004; Perch-Nielsen, 1985;
Raffi and de Bernardi, 2008). Therefore, the percentage of Chiasmolithus
solitus without crossed central bars per smear slide was calculated
(Fig. 6).

299



B. Intxauspe-Zubiaurre et al.

Fig. 3. Microphotographs of sample collected at 107.5 m under linearly polarized light
(above) and circularly polarized light (below). Note the difference between the inter-
ference figure and real image in the following taxa: (A) Coccolithus pelagicus, (B)
Coccolithus formosus, (C) Reticulofenestra dictyoda with restricted central area, (D)
Reticulofenestra dictyoda with open central area, (E) Reticulofenestra minuta, (F)
Umbilicosphaera bramlettei, (G) Zygrhablithus bijugatus, and (H) Toweius pertusus. Scale bar
10 pm.

5. Results

Calcareous nannofossil preservation was moderate, but no over-
growth was observed, allowing a reliable identification of the taxa. The
mean mass/area index of Chiasmolithus solitus decreased significantly at
the C21r-H6 event sediments (Fig. 6). The average mass/area index in
the pre-event interval was 1.26 pg/um?, reaching a maximum value of
1.79 pg/um? at 102 m and showing two smaller but consecutive peaks
of 1.37 and 1.54 pg/um? at 113 and 116 m, respectively. The mean
mass/area index value decreased to 0.88 pg/um?® during the C21r-H6
event, with a minimum value of 0.51 pg/um? at 122 m. Interestingly,
this minimum value is less than a third of the maximum pre-event
value. The mean mass/area index rose to 0.97 pg/um? in the post-event
interval. The evolution of the average mass/area index of Chiasmolithus
solitus along the succession was in line with the results obtained in the
analysis of its crossed central bars. Thus, only 3% of the specimens lack
their crossed central bars in the pre-event interval, but 12% do not have
their cross structure in the C21r-H6 interval, peaking at 35% at the core
of the event (121 m to 126 m). Subsequently, the percentage of Chias-
molithus solitus with no crossed central bars decreased to 7.5% in the
post-event interval.

The overall trend shown by the evolution of the mass/area index of
Reticulofenestra sp. (3-5um) is to some extent similar to that of
Chiasmolithus solitus. For example, peak values are reached at 102, 113
and 116 m of the pre-event interval, whereas the lowermost part of the
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C21r-H6 interval shows lower values. However, absolute average va-
lues do not show significant variations throughout the succession, the
mean mass/area index being 0.95 pg/um? in the pre-event interval,
0.9 pg/um? in the C21r-H6 interval, and 0.89 pg/um? in the post-event
interval. In addition, the minimum value of the mass/area index of
Reticulofenestra sp. (3-5 um) within the C21r-H6 interval (0.58 pg/um?
at 125 m) is not as low as that of Chiasmolithus solitus.

The overall trend is also mirrored by reworked Toweius pertusus. Its
mean mass/area index was 1.11 pg/um? in the pre-event interval,
peaking at 1.36 and 1.22 pg/um? at 113 and 116 m, respectively. The
value decreased to 0.99 pg/um? in the C21r-H6 interval, reaching a
minimum value of 0.80 pg/um? at 121 m. Finally, the mean mass/area
index of Toweius pertusus rose back to 1.12 pg/um? in the post-event
interval.

To sum up, the three taxa analyzed herein showed similar mass/
area index trends throughout the section. Their mean mass/area indices
peaked slightly before the C21r-H6 event, but decreased significantly
during the event, increasing again in the post-event interval.

6. Discussion
6.1. Dissolution vs. calcification

The estimates of coccolith mass obtained in this study are highly
significant, as their CaCO3 content decreased during the C21r-H6 event.
The loss of the crossed central bars in Chiasmolithus solitus at the C21r-
H6 interval, along with the similar mass/area index trends in
Chiasmolithus solitus, Reticulofenestra sp. and Toweius pertusus, suggest
that the changes in CaCO3 coccolith content in Gorrondatxe were re-
lated to dissolution.

The differences in mass loss between taxa are probably a con-
sequence of their specific resistance to dissolution. Chiasmolithus solitus
specimens lost up to two thirds of their original mass during the C21r-
H6 event and a high percentage of the specimens completely lost their
crossed central bars. Conversely, Reticulofenestra sp. does not show a
significant decrease in mass/area index during the C21r-H6 event. We
conclude that Chiasmolithus solitus is very susceptible to dissolution,
while Reticulofenestra sp. is less affected. The decrease in the mass/area
index in Toweius pertusus occurs parallel to that of Chiasmolithus solitus.
Therefore, although dissolution of Toweius pertusus could have occurred
before reworking, the similarity of the two proxies suggests that both
taxa were affected by the same process during the C21r-H6 event.
Toweius pertusus should also be classified as susceptible to dissolution,
as suggested by many authors (Agnini et al., 2015; Gibbs et al., 2004;
Perch-Nielsen, 1985; Raffi and de Bernardi, 2008).

Other processes could have influenced the variations in carbonate
content of the coccoliths. Firstly, changes in seawater chemistry, pos-
sibly linked to the dissolution shown by the data, could have made
coccolithophores produce either more or less calcite (Beaufort et al.,
2014; Stoll et al., 2007; Thierstein and Young, 2004). Unfortunately, it
is not yet well known whether coccolith calcification increases (Iglesias-
Rodriguez et al., 2008; Langer et al., 2006; Rivero-Calle et al., 2015) or
decreases (Beaufort et al., 2011; Bolton and Stoll, 2013; O'Dea et al.,
2014; Raven and Crawfurd, 2012) in high pCO conditions. Moreover,
changes in the mass/area index could also be a result of diagenetic
alteration. Our results only show the final carbonate content of cocco-
liths and cannot elucidate whether the observed stratigraphic trends are
the result of life-cycle variations or taphonomic and diagenetic pro-
cesses. In any case, post-mortem dissolution can be readily considered
on the basis of the loss of the central cross in Chiasmolithus solitus.

6.2. Causes of dissolution
The precise location where the dissolution of calcareous nanno-

fossils took place (water column, seabed, or both) cannot be readily
determined. However, indirect evidence suggests that some dissolution
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3 um

C2

Fig. 4. Example of how coccolith volume and mass were estimated (coccoliths of Chiasmolithus solitus in sample collected at 107.5 m). (A1) Capture of a field of view under circularly
polarized light. (A2) Image of Chiasmolithus solitus cut using C-Calcita software (Fuertes et al., 2014); note the differences in the greyness of each pixel. (A3) 3D reconstruction obtained
from the image in A2. Other images of Chiasmolithus solitus are also shown (B1, B2) along with their respective 3D reconstructions (C1, C2). The thickness of the pixels is given in both the
vertical scale bar (um) and the colour scale (um). The volume of the coccolith is obtained from the sum of the thickness of all pixels, whereas the mass is obtained by multiplying the
volume with CaCOj3 density. The area of the coccolith corresponds to the surface of all the pixels with thickness > 0 um (measured in pm with the horizontal scale bar).

occurred on the seabed. Firstly, this scenario best explains the similar
dissolution patterns observed in both autochthonous and reworked
taxa; secondly, Payros et al. (2012) reported a distinct deterioration in
calcareous foraminifera preservation within the C21r-H6 sediments,
along with a significant increase in organic cemented agglutinated
benthic foraminifera; finally, seabed carbonate dissolution was a
common phenomenon during other Eocene hyperthermal events
(Bralower et al., 2014; Dedert et al., 2014; Kennett and Stott, 1991;
Stap et al., 2009).

Additional indirect evidence was derived from the comparison of
the Gorrondatxe section with other areas. Sexton et al. (2011) reported
increased carbonate dissolution at 2000-3000 m paleodepth in the
South Atlantic and Pacific oceans during the C21r-H6 event (ODP Sites
1258 and 1210, respectively). Payros et al. (2012) added that a coeval
carbonate-barren interval also occurred in the western North Atlantic
Ocean (ODP Site 647, Labrador Sea, at present day 3800 m water depth;
Firth et al., 2012). These characteristics point to a global increase in
deep ocean acidity and a rise in the lysocline, which in all likelihood

reached the Gorrondatxe seabed at 1500 m water depth. In that case,
dissolution should also be recorded in DSDP Site 401, located in the Bay
of Biscay at 1800-2000 m paleodepth (Montadert and Roberts, 1979).
Unfortunately, no carbonate-content data was given for the C21 Chron
interval. Interestingly, however, carbonate content decreased from 80
to 30 wt% during the PETM (Bornemann et al., 2014) and from 80 to
40 wt% during the ETM2 (d'Haenens et al.,, 2014). These losses in
CaCOj3 suggest that the lysocline rose, not completely removing car-
bonate from the seabed but nonetheless producing relevant dissolution.

Carbonate dissolution on the Gorrondatxe continental margin could
also have increased due to local processes, such as corrosion by pore
waters acidified during organic matter decay (Agnini et al., 2007, 2009;
Bralower, 2002; Gibbs et al., 2006; Khalil and Al Sawy, 2014; Payros
et al., 2015). In fact, increased continental runoff and weathering,
combined with increased terrestrial input to the sea, including re-
fractory organic matter and plant detritus, occurred during the C21r-H6
event in the Gorrondatxe area (Payros et al., 2012; Intxauspe-Zubiaurre
et al, 2017). Similar processes were also reported during other
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Fig. 5. Images of the analyzed taxa under circularly polarized light and cut using C-Calcita software (Fuertes et al., 2014). Note different levels of mass loss at the C21r-H6 Interval. (1-8)
Chiasmolithus solitus. (1) Sample from the pre-event interval, 100.5 m. (2) Pre-event sample, 107.5 m. (3) Sample from the C21r-H6 interval, 122.7 m. (4) Sample from the C21r-H6
interval, 125.3 m. (5) Sample from the lower post-event interval, 135.5 m. (6) Lower post-event sample, 143.25 m. (7) Sample from the upper post-event interval, 156.7 m. (8) Upper
post-event sample, 163.5 m. (9-18) Reticulofenestra spp. (3-5 um). (9) Pre-event sample, 103.75 m. (10) Pre-event sample, 107.5 m. (11) Pre-event sample, 113 m. (12) Pre-event sample,
116 m. (13) Sample from the C21r-H6 interval, 122.1 m. (14) Sample from the C21r-H6 interval, 122.5 m. (15) Sample from the lower post-event interval, 139.5 m. (16) Lower post-event
sample, 143.25 m. (17) Sample from the upper post-event interval, 156.7 m. (18) Upper post-event sample, 163.5 m. (19-26) Toweius pertusus. (19) Pre-event sample, 113 m. (20) Pre-
event sample, 106.25 m. (21) Sample from the C21r-H6 interval, 121.6 m. (22) Sample from the C21r-H6 interval, 123.9 m. (23) Lower post-event sample, 140.75 m. (24) Lower post-
event sample, 142.75 m. (25) Upper post-event sample, 155.75 m. (26) Upper post-event sample, 173 m. Scale bar 5 um for Chiasmolithus solitus, 3 um for Reticulofenestra spp., 5 pm for

Toweius pertusus.

hyperthermal events (Giusberti et al., 2007; Kelly et al., 2005; Pujalte
et al., 2016; Ravizza et al., 2001; Schmitz and Pujalte, 2003; Zachos
et al., 2010).

Regardless of local factors, deep-sea carbonate dissolution during
the C21r-H6 event can be considered as a global paleoceanographic
process. During other early-middle Eocene hyperthermal events, deep-
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sea dissolution was linked to shifts in the source areas of bottom waters.
Paleoceanographic reconstructions have shown that during early-
middle Eocene times deep-water formation generally occurred in the
South Atlantic Ocean, from which the rest of the deep oceans were fed
(Bice and Marotzke, 2000; Pak and Miller, 1992; Thomas et al., 2003).
However, during the PETM and ETM2 hyperthermal events, significant
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from North to South during the C21r-H6 event.

shifts in oceanic currents occurred. Particularly, downwelling and deep-
water formation in the South Atlantic Ocean weakened or even halted
due to a rise of 6-7 °C in sea-surface temperature (Cope and Winguth,
2011; Zachos et al., 2008). Simultaneously, downwelling and deep-
water formation started in the NW Atlantic ocean, where Tethyan and
Arctic waters mixed (Alexander et al., 2015; Bice and Marotzke, 2002;
d'Haenens et al., 2014; Jennions et al., 2015; Nunes and Norris, 2006;
Sluijs et al., 2009; Tripati and Elderfield, 2005). These bottom water
masses were characterized by high pCO,, therefore having relatively
low pH and being comparatively corrosive (Bralower et al., 2014;
Kennett and Stott, 1991; Lunt et al., 2010; Schaller, 2015; Thomas and
Shackleton, 1996). Several studies have shown that the formation of
these northern Atlantic bottom waters raised the lysocline from ap-
proximately 2500 to < 2000 m water-depth during some of the Eocene
hyperthermal events (e.g. Colosimo et al., 2006; d'Haenens et al., 2014;
Ridgwell, 2007; Zachos et al., 2005; Zeebe et al., 2009).
Unfortunately, a detailed paleoceanographic reconstruction is not
available for the period in which the C21r-H6 event occurred.
Interestingly, however, coeval sediments from ODP Site 647, drilled on
the flank of Gloria Drift in the southern Labrador Sea (NW Atlantic
Ocean) are conspicuously carbonate barren, whereas both the under-
lying and overlying sediments do contain abundant carbonate compo-
nents (Firth et al., 2012; Srivastava et al., 1987). Similar drift sediments
have been reported from the nearby Newfoundland area (Norris et al.,
2012) and from the Faroe-Shetland area in the NE Atlantic Ocean
(Hohbein et al., 2012), all of which were demonstrated to have been
active since the early-middle Eocene transition. These drift sediments
were formed by pulses of strong bottom-flowing currents produced in
the Norwegian-Greenland Sea, which spilled over the Greenland-Scot-
land Ridge. In addition, during the PETM global oceanic stratification
produced by warming of the Southern Ocean surface waters resulted in
weakened downwelling in the area. Simultaneously, salinity of surface
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waters increased in the Atlantic and Tethys oceans. Several authors
have suggested that these high-density saline warm waters, character-
ized by high pCO,, sank in the NW Atlantic Ocean and contributed to
the global oceanic circulation (Cope and Winguth, 2011; Nunes and
Norris, 2006; Pak and Miller, 1992; Roberts et al., 2009). It is therefore
very likely that high pCO,, low-pH and corrosive deep-water masses
also formed in the NW Atlantic Ocean during the C21r-H6 event. The
circulation and spreading of these waters raised the CCD and lysocline
globally, causing deep-sea carbonate dissolution worldwide.

7. Conclusions

Calcareous nannofossils from Gorrondatxe showed significant
changes in mass/area index during the C21r-H6 event. All analyzed
taxa showed similar trends throughout the succession, which included
high pre-event mass/area index values (e.g., 113 and 116 m) and sig-
nificant decreases within the C21r-H6 event. The mean mass/area index
significantly decreased in Chiasmolithus solitus and up to 35% of the
specimens lost their crossed central bars, which shows its susceptibility
to dissolution. Reticulofenestra sp. (3-5pm) shows a considerably
smaller decrease in the mean mass/area index, suggesting a more dis-
solution-resistant nature. The mass/area index trend in reworked
Toweius pertusus is similar to that of the other two autochthonous taxa.
These characteristics indicate that dissolution was the main factor
controlling carbonate content variations throughout the studied in-
terval, although changes in calcification rates and even intervals with
increased calcification cannot be ruled out.

The dissolution process most likely took place on the seabed. It was
probably linked to a rise in the lysocline to approximately 1500 m,
which resulted in the accumulation of carbonate barren sediments in
North Atlantic abyssal sites. The available information suggests that the
rise in the lysocline was the result of a shift in the location of deep water
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sources. Bottom waters were generally formed in the Southern Ocean in
Eocene times, but several previous studies have shown that down-
welling weakened or even stopped in this area during hyperthermal
events. Simultaneously, NW Atlantic downwelling began, which
transported high pCO, corrosive waters downwards, causing a rise in
the CCD and lysocline.
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