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ABSTRACT 
 The Latest Danian Event (LDE; ~62.15 Ma) is a major double-spiked eccentricity-driven transient warming event 
and carbon cycle perturbation (hyperthermal) in the early Paleocene, which has received significantly less attention 
compared to the larger events of the late Paleocene–early Eocene. A better understanding of the nature of the LDE 
may broaden our understanding of hyperthermals more generally and improve our knowledge of Earth system 
responses to extreme climate states. Here we present planktic and benthic foraminiferal Mg/Ca and B/Ca records 
that shed new light on changes in South Atlantic temperature and carbonate chemistry during the LDE. Our planktic 
Mg/Ca record reveals a pulsed increase in sea surface temperature of at least ~1.5°C during the older carbon isotope 
excursion, and ~0.5°C during the younger isotope excursion. We observe drops in planktic and benthic B/Ca, 
synchronous with pronounced negative excursions in benthic δ13C, which suggest a shift in the carbonate system 
towards more acidic, dissolved inorganic carbon-rich conditions, in both the surface and deep ocean. Conditions 
remain more acidic following the LDE, which we suggest may be linked to an enhanced ocean alkalinity sink due 
to changes in the make-up of planktic calcifiers, hinting at a novel feedback between calcifier ecology and ocean-
atmosphere CO2. 

INTRODUCTION 
The warmhouse climate of the 

early Paleogene is punctuated by 
several geologically brief (< 
200,000 years) warming events 
termed ‘hyperthermals’ (e.g., 
Zachos et al., 2010; Barnet et al., 
2019). The Latest Danian Event 
(LDE; ~62.15 Ma), the first major 
hyperthermal of the Paleocene, was 
first described by Bornemann et al. 
(2009) in sediments from the 
southern Tethys shelf on the basis of 
distinct negative excursions in 
benthic foraminiferal δ13C, as well 
as lithological and 
biostratigraphical observations. It 
was also identified by Westerhold et 
al. (2008) in detailed 
cyclostratigraphic and XRF core 
scanning data by the alternative 
name “Top Chron27n”. The event 
has more recently been identified in 
well-resolved marine sequences 
globally based on the coincidence of 

pronounced twinned negative 
excursions in benthic foraminiferal 
δ13C and δ18O with two 100-kyr 
eccentricity maxima (Barnet et al., 
2019; Figure 1A, 2A). These 
excursions suggest a pulsed 
injection of large quantities of 
isotopically light carbon to the 
ocean-atmosphere system and 
coincident deep-sea warming of 
between 1–3 °C, thought to be 
triggered by intensified summer 
insolation (e.g., Bornemann et al., 
2009; Westerhold et al., 2011; Jehle 
et al., 2015; Alegret et al., 2016; 
Deprez et al., 2016; Barnet et al., 
2019; Jehle et al., 2019). Peaks in Fe 
intensity and minima in CaCO3 
content during this interval (Figure 
1C, 3D) suggest that this carbon 
release also caused deep-sea 
carbonate dissolution (e.g., 
Westerhold et al., 2008; Jehle et al., 
2019). 

While the LDE is well-
documented in stable isotope 
records, relatively little is known 
about changes in ocean temperature 
and carbonate chemistry across the 
event compared to the larger, better-
studied hyperthermals of the late 
Paleocene–early Eocene. The 
foraminiferal Mg/Ca and B/Ca 
proxies have been applied to the 
Paleocene-Eocene Thermal 
Maximum (PETM) to reconstruct 
changes in temperature and 
carbonate chemistry (e.g., Babila et 
al., 2018; Barnet et al., 2020; 
Haynes and Hönisch, 2020). Here 
we present the first paired B/Ca and 
Mg/Ca records for the LDE interval 
to shed light on the evolution of 
carbonate chemistry in the surface 
and deep ocean and better constrain 
the magnitude of sea-surface 
warming.  
MATERIALS AND METHODS 
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This study uses samples from a 
stratigraphically continuous section 
of Paleocene clay-rich nannofossil 
ooze, recovered from Ocean 
Drilling Program (ODP) Site 1262 
(Walvis Ridge, South Atlantic, 
27°11.15′S, 1°34.62′E, 4759 m 
depth at present-day, ~3000–3500 
m paleodepth for the studied time 
interval; Zachos et al., 2004). The 
samples are calibrated to the age 
model of Barnet et al. (2019), which 
has been orbitally tuned to the 
La2010b orbital solution of Laskar 
et al. (2011) based on the 
recognition and counting of the 
stable 405-kyr eccentricity cycle in 
the high-resolution benthic δ13C 
dataset from this site. 

We generated planktic trace 
element records using the mixed-
layer planktic species Morozovella 
conicotruncata and M. angulata, 
and benthic trace element records 
using the epifaunal benthic species 
Nuttallides truempyi and 
Stensioeina beccariiformis. The 
samples were oxidatively cleaned 
and analysed by ICPMS, with 
average analytical error (2SD) of 
3% and 2% for N. truempyi and S. 
beccariiformis B/Ca, respectively; 
and 2% for planktic B/Ca and 
Mg/Ca (see Supplementary 
Information). We assessed potential 
clay contamination using Al/Ca 
ratios, excluding two anomalous 
planktic samples with elevated 
Al/Ca from our final dataset. We 
assessed the degree of foraminiferal 
preservation using SEM imagery 
and a linear cross plot of Mg/Ca and 
Sr/Ca ratios, and observe no 
evidence for the overprinting of 
Mg/Ca by diagenetic 
recrystallization (see 
Supplementary Information). 

To reconstruct surface ocean 
carbonate chemistry, the ratio of 
borate ion to dissolved inorganic 
carbon ([B(OH)4-]/DIC) was 
calculated from planktic B/Ca 
values using the “Low-DIC” 
calibration of Haynes et al. (2019). 
This calibration is based on several 
modern planktic species that were 
cultured under simulated early 
Cenozoic seawater conditions and 
was chosen in favour of the “High 
pH” calibration since early 
Paleocene pH is thought to have 
been relatively low, at around ~7.8 
(Zeebe and Tyrrell, 2019; Henehan 
et al., 2019; Rae et al., 2021). 

 Changes in deep-sea carbonate 
saturation state (∆∆[CO32-]) were 
calculated from the N. truempyi 
B/Ca data using the species-specific 
calibration equation of Brown et al. 
(2011) for N. umbonifera, the 
closest extant relative of N. 
truempyi. We followed 
modifications given in Kender et al. 
(2014) to account for differences in 
the boron concentration of 
Paleogene seawater compared to the 
modern day.      

For sea surface temperature 
(SST) reconstruction, we followed 
recommendations given in Hollis et 
al. (2019) – see Supplementary 
Information. Our raw planktic 
Mg/Ca data were first corrected to a 
pH estimate of 7.77 based on 
modelling studies (Zeebe & Tyrrell, 
2019; as pH reconstructions at this 
time are sparse), using the linear 
correction of Evans et al. (2016a). 
Seawater Mg/Ca for the LDE 
interval was estimated from 
published values based on well-
preserved corals (Gothmann et al., 
2015). We do not correct our Mg/Ca 
values for changes in salinity, as we 
assume the impact on Mg/Ca of the 

likely range in salinity at this open 
ocean site to be negligible.      Given 
the uncertainties in factors 
controlling absolute temperature 
estimates from Mg/Ca in this time 
interval (e.g. seawater Mg/Ca), our 
main figures plot relative 
temperature change, which is likely 
to be more robust than the absolute 
values. 

RESULTS 
Our benthic B/Ca data display 

negative excursions broadly 
coincident with the double-spiked 
negative benthic carbon and oxygen 
isotope excursions defining the 
LDE at ~62.1 and ~62.0 Ma 
(Figures 1 and 2). N. truempyi B/Ca 
drops during both the oldest 
negative carbon isotope excursion 
(LDE1) and the second, younger 
CIE (LDE2; Figure 1F). These 
shifts correspond to to ~7 and ~5 
umol/kg decreases in carbonate ion 
concentration ∆[CO32] during 
LDE1 and LDE2, respectively 
(Figure 1G). LDE1 is also captured 
in the S. beccariiformis dataset 
(Figure 1F), with limited data 
resolution preventing detection of 
the second event.  

Our planktic data show a 
decrease in B/Ca and [B(OH)4-
]/DIC across the LDE, with a 
notable drop in LDE2, and a less 
well-defined LDE1 (due to scarcity 
of planktic foraminifera) which 
appears to lag the onset of the LDE1 
event as recorded by benthic d13C 
(Figure 1D and 1E). We observe 
pulsed increases in Mg/Ca and SST 
at LDE1 and LDE2, with peaks of 
~1.5°C compared to pre-event 
conditions (Figure 2C and D). These 
occur at times of notable deep ocean 
warming of ~2.5°C recorded in 
benthic δ18O (Figure 2B), although 
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the planktic SST maxima at LDE1 
lags the benthic δ18O excursion. We 
also note that recovery of planktic 
and benthic B/Ca following the 
LDE is limited, suggesting a shift to 
more acidic state of the ocean 
carbonate system.  
DISCUSSION 

Ocean Warming 
Our reconstructed temperature 

change may suggest that warming 
during the LDE interval at ODP Site 
1262 was stronger in the deep sea 
than at the surface. Climate model 
outputs for other hyperthermals 
during the late Paleocene–early 
Eocene interval suggest enhanced 
warming in the polar regions 
compared to low latitudes (e.g., 
Evans et al., 2018; Inglis et al., 
2020). Given that the deep waters 
bathing ODP Site 1262 during this 
time were likely sourced from the 
Southern Ocean, a greater 
magnitude of deep sea warming at 
this site is not unlikely. However, 
δ18O measured in both Morozovella 
spp. and N. truempyi at ODP Site 
1262 by Jehle et al. (2019) show 
similar changes across the LDE 
interval, so we caution that 
additional influences on one or both 
of Mg/Ca and d18O may need to be 
accounted for to allow their direct 
comparison in terms of temperature 
change. We also note that the 
resolution of our planktic trace 
element record across the LDE1 
peak is insufficient to fully resolve 
the surface ocean warming at the 
onset of this event. Sediment 
reworking could potentially explain 
the lag in our planktic record at the 
LDE1 peak and may impact 
Morozovella spp. more than 
benthics due to the increase in 
Morozovella abundance over the 

LDE (e.g. Jehle et al., 2019). There 
may also be undetected changes 
occurring below our sampling 
resolution, perhaps driven by 
precession, or other competing 
influences, such as changes in 
stratification, which could influence 
the regional surface expression of 
warming at ODP Site 1262 (Jehle et 
al., 2019).  

Deep Sea Dissolution 

Our new trace element data show 
a clear response of the carbonate 
system to an injection of 
isotopically light carbon to the 
ocean-atmosphere system during 
the LDE. The observed coeval 
decreases in benthic B/Ca and 
∆[CO32-] in both N. truempyi and S. 
beccariiformis are synchronous 
with the negative benthic CIE 
measured at ODP Site 1262 (Figure 
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preservation using scanning electron microscope 
(SEM) imagery and a linear cross plot of Mg/Ca 
and Sr/Ca ratios and observe no evidence for the 
overprinting of Mg/Ca by diagenetic recrystal-
lization (see the Supplemental Material).

To reconstruct surface ocean carbonate 
chemistry, the ratio of borate ion to dissolved 
inorganic carbon ([B(OH)4

–]/DIC) was calcu-
lated from planktic B/Ca values using the “Low-
DIC” calibration of Haynes et al. (2019). This 
calibration is based on several modern planktic 
species that were cultured under simulated early 
Cenozoic seawater conditions and was chosen in 
favor of the “High pH” calibration because early 
Paleocene pH is thought to have been relatively 

low, at ∼7.8 (Henehan et al., 2019; Zeebe and 
Tyrrell, 2019; Rae et al., 2021).

Changes in deep-sea carbonate saturation 
state (ΔΔ[CO3

2–]) were calculated from the N. 
truempyi B/Ca data using the species-speci"c 
calibration equation of Brown et al. (2011) for 
N. umbonifera, the closest extant relative of N. 
truempyi. We followed modi"cations given by 
Kender et al. (2014) to account for differences in 
the boron concentration of Paleogene seawater 
compared to the modern day.

For sea-surface temperature (SST) recon-
struction, we followed recommendations given 
by Hollis et al. (2019) (see the Supplemental 
Material). Our raw planktic Mg/Ca data were 

"rst corrected to a pH estimate of 7.77 based on 
modeling studies (Zeebe and Tyrrell, 2019; as 
pH reconstructions at this time are sparse), using 
the linear correction of Evans et al. (2016). Sea-
water Mg/Ca for the LDE interval was estimated 
from published values based on well-preserved 
corals (Gothmann et al., 2015). We do not cor-
rect our Mg/Ca values for changes in salinity, 
as we assume the impact on Mg/Ca of the likely 
range in salinity at this open-ocean site to be 
negligible. Given the uncertainties in factors 
controlling absolute temperature estimates from 
Mg/Ca in this time interval (e.g., seawater Mg/
Ca), our main "gures plot relative temperature 
change, which is likely to be more robust than 
the absolute values.

RESULTS
Our benthic B/Ca data display negative 

excursions broadly coincident with the double-
spiked negative benthic carbon and oxygen iso-
tope excursions de"ning the LDE at ca. 62.1 Ma 
and ca. 62.0 Ma (Figs. 1 and 2). N. truempyi B/
Ca drops during both the oldest negative car-
bon isotope excursion (CIE) (LDE1) and the 
second, younger CIE (LDE2; Fig. 1F). These 
shifts correspond to to ∼7 and ∼5 μmol/kg 
decreases in carbonate ion saturation Δ[CO3

2–] 
during LDE1 and LDE2, respectively (Fig. 1E). 
LDE1 is also captured in the S. beccariiformis 
data set (Fig. 1F), with limited data resolution 
preventing detection of the second event.

Our planktic data show a decrease in B/Ca 
and [B(OH)4

–]/DIC across the LDE, with a nota-
ble drop in LDE2, and a less well-de"ned LDE1 
(due to scarcity of planktic foraminifera), which 
appears to lag the onset of the LDE1 event as 
recorded by benthic δ13C (Figs. 1D and 1E). We 
observe pulsed increases in Mg/Ca and SST at 
LDE1 and LDE2, with peaks of ∼1.5 °C com-
pared to pre-event conditions (Figs. 2C and 
2D). These occur at times of notable deep ocean 
warming of ∼2.5 °C recorded in benthic δ18O 
(Fig. 2B), although the planktic SST maxima 
at LDE1 lags the benthic δ18O excursion. We 
also note that recovery of planktic and benthic 
B/Ca following the LDE is limited, suggesting 
a shift to a more acidic state of the ocean car-
bonate system.

DISCUSSION
Ocean Warming

Our reconstructed temperature change may 
suggest that warming during the LDE inter-
val at ODP Site 1262 was stronger in the deep 
sea than at the surface. Climate model outputs 
for other hyperthermals during the late Paleo-
cene–early Eocene interval suggest enhanced 
warming in the polar regions compared to low 
latitudes (e.g., Evans et al., 2018; Inglis et al., 
2020). Given that the deep waters bathing ODP 
Site 1262 during this time were likely sourced 
from the Southern Ocean, a greater magnitude 

Figure 1. Changes in 
carbonate chemistry 
across the Latest Danian 
Event (LDE) at Ocean 
Drilling Program (ODP) 
Site 1262 (Walvis Ridge, 
South Atlantic, 27°11.15′S, 
1°34.62′E). Dashed verti-
cal lines indicate the two 
benthic δ13C excursions 
forced by two 100-k.y. 
eccentricity maxima, 
while the vertical gray bar 
encompasses the LDE 
as a whole. (A) La2010b 
orbital solution of Laskar 
et al. (2011), labeled with 
the LDE interval. (B) Ben-
thic foraminiferal δ13C 
record (Barnet et al., 2019). 
VPDB—Vienna Peedee 
belemnite. (C) Fe intensity 
record (Westerhold et al., 
2008). (D) Planktic B/Ca 
ratios of Morozovella spp. 
(this study). (E) Planktic 
borate/dissolved inor-
ganic carbon ([B(OH)4

–]/
DIC) ratios of Morozovella 
spp. (red triangles, this 
study) and change in 
benthic carbonate ion 
concentration (ΔΔ[CO3

2–]) 
of Nuttallides truempyi 
(blue dots, this study). (F) 
Benthic B/Ca ratios of N. 
truempyi (blue dots; this 
study) and Stensioeina 
beccariiformis (green 
squares; this study). 
Average propagated 
analytical uncertainty 
associated with the B/Ca 
data for ([B(OH)4

–]/DIC) 
and (Δ[CO3

2–]) is ± 0.0001 
and ± 0.21 µmol/kg, 
respectively.
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Figure 1: Changes in 
carbonate chemistry 
across the LDE at ODP 
Site 1262. Dashed vertical 
lines indicate the two 
benthic δ13C excursions 
forced by two 100-kyr 
eccentricity maxima, whilst 
the vertical grey bar 
encompasses the LDE as a 
whole. A: La2010b orbital 
solution of Laskar et al. 
(2011), labelled with the 
LDE interval. B: Benthic 
foraminiferal δ13C record 
(Barnet et al., 2019). C: Fe 
intensity record 
(Westerhold et al., 2008). 
D: Planktic B/Ca ratios of 
Morozovella spp. (this 
study). E: Planktic 
borate/dissolved inorganic 
carbon ([B(OH)4-]/DIC) 
ratios of Morozovella spp. 
(red triangles, this study) 
and change in benthic 
carbonate ion saturation 
(∆∆[CO32-]) from B/Ca in N. 
truempyi (blue dots, this 
study). F: Benthic B/Ca 
ratios of Nuttallides 
truempyi (blue dots; this 
study) and Stensioeina 
beccariiformis (green 
squares; this study. 
Average propagated 
analytical uncertainty 
associated with the B/Ca 
data for ([B(OH)4-]/DIC) 
and (∆[CO32-]) is ±0.0001 
and ±0.21 µmol/kg, 
respectively. 
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1B), indicating pulsed decreases in 
deep ocean carbonate ion 
concentration during both LDE1 
and LDE2. This suggests that the 
minima in CaCO3 content at these 
times (Figures 1C, 3D) are 
indicative of carbonate dissolution 
events (Jehle et al., 2015, 2019). 

Surface Ocean Acidification 
Within our planktic B/Ca data, 

we observe notable changes in 
surface ocean carbonate chemistry, 
broadly consistent with input of 

isotopically light carbon and 
resulting acidification. Since the 
~200 kyr duration of the LDE is 
short compared to the residence 
times of boron (~10 Myr) and 
calcium (~1 Myr) within the ocean 
(Broecker & Peng, 1982; 
Lemarchand et al., 2000), decreases 
in the [B(OH)4-]/DIC ratio suggest a 
decrease in seawater borate 
concentrations, due to a decrease in 
pH (which decreases the abundance 
of [B(OH)4-] relative to [B(OH)3]), 
and/or an increase in DIC. As with 

planktic Mg/Ca data, the initial 
drop in planktic B/Ca lags the onset 
of LDE1, which may be due to 
sediment reworking or other 
competing influences.  
Carbon injection, calcifiers, and 
the carbonate pump 

The coupled, double-spiked 
negative carbon isotope, %CaCO3, 
and B/Ca excursions of the LDE 
are likely forced by an orbitally 
paced injection of isotopically-
depleted carbon to the ocean-
atmosphere system, similar to other 
later hyperthermal events (e.g. 
Zachos et al., 2010; Barnet et al., 
2019). However, there are also 
some notable differences in the 
structure of B/Ca, in particular in 
planktics, compared to d13C, 
suggestive of additional influences. 
Most notably, the ocean remains in 
a more acidic state following the 
LDE, even after recovery in d13C 
and %CaCO3. Indeed, despite the 
more corrosive conditions 
indicated by the decrease in benthic 
B/Ca, %CaCO3 recovers to higher 
values following the LDE, as does 
%Coarse Fraction, which increases 
by a factor of two (Figure 3C and 
Jehle et al., 2019), suggesting a 
striking increase in the mass of 
planktic foraminifera reaching the 

seafloor. This may be linked to a 
change in planktic foraminiferal 
assemblages across the LDE, with a 
shift from praemuricates to more 
heavily calcified morozovellids 
(Bornemann et al., 2021). A similar 
signal is seen in calcareous 
nannoplankton, which show a 
substantial increase in cell volume 
following the LDE (Figure 3A; 
Alvarez et al, 2019). Together, these 
data suggest an increase in the flux 
of CaCO3 from surface waters into 
sediments, coincident with a shift to 
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of deep-sea warming at this site is not unlikely. 
However, δ18O measured in both Morozovella 
spp. and N. truempyi at ODP Site 1262 by Jehle 
et al. (2019) show similar changes across the 
LDE interval, so we caution that additional 
in"uences on one or both of Mg/Ca and δ18O 
may need to be accounted for to allow their 
direct comparison in terms of temperature 
change. We also note that the resolution of our 
planktic trace-element record across the LDE1 
peak is insuf#cient to fully resolve the surface 
ocean warming at the onset of this event. Sedi-
ment reworking could potentially explain the 
lag in our planktic record at the LDE1 peak 
and may impact Morozovella spp. more than 
benthics due to the increase in Morozovella 
abundance over the LDE (e.g., Jehle et al., 
2019). There may also be undetected changes 
occurring below our sampling resolution, per-
haps driven by precession, or other competing 
in"uences, such as changes in strati#cation, 
which could in"uence the regional surface 
expression of warming at ODP Site 1262 (Jehle 
et al., 2019).

Deep-Sea Dissolution
Our new trace-element data show a clear 

response of the carbonate system to an injection 
of isotopically light carbon to the ocean-atmo-
sphere system during the LDE. The observed 
coeval decreases in benthic B/Ca and Δ[CO3

2–] 
in both N. truempyi and S. beccariiformis are 
synchronous with the negative benthic CIE mea-
sured at ODP Site 1262 (Fig. 1B), indicating 
pulsed decreases in deep ocean carbonate ion 
concentration during both LDE1 and LDE2. 
This suggests that the minima in CaCO3 con-
tent at these times (Figs. 1C and 3D) are indica-
tive of carbonate dissolution events (Jehle et al., 
2015, 2019).

Surface Ocean Acidi!cation
Within our planktic B/Ca data, we observe 

notable changes in surface ocean carbonate 
chemistry, broadly consistent with input of iso-
topically light carbon and resulting acidi#cation. 
Because the ∼200 k.y. duration of the LDE is 
short compared to the residence times of boron 
(∼10 m.y.) and calcium (∼1 m.y.) within the 

ocean (Broecker and Peng, 1982; Lemarch-
and et al., 2000), decreases in the [B(OH)4

–]/
DIC ratio suggest a decrease in seawater borate 
concentrations due to a decrease in pH (which 
decreases the abundance of [B(OH)4

–] relative 
to [B(OH)3]) and/or an increase in DIC. As with 
planktic Mg/Ca data, the initial drop in planktic 
B/Ca lags the onset of LDE1, which may be 
due to sediment reworking or other competing 
in"uences.

Carbon Injection, Calci!ers, and the 
Carbonate Pump

The coupled, double-spiked negative carbon 
isotope, percent CaCO3, and B/Ca excursions of 
the LDE are likely forced by an orbitally paced 
injection of isotopically depleted carbon to the 
ocean-atmosphere system, similar to other later 
hyperthermal events (e.g., Zachos et al., 2010; 
Barnet et al., 2019). However, there are also 
some notable differences in the structure of B/
Ca, in particular in the planktics, compared to 
δ13C, suggestive of additional in"uences. Most 
notably, the ocean remains in a more acidic state 
following the LDE, even after recovery in δ13C 
and percent CaCO3. Indeed, despite the more 
corrosive conditions indicated by the decrease 
in benthic B/Ca, percent CaCO3 recovers to 
higher values following the LDE, as does per-
cent coarse fraction, which increases by a factor 
of two (Fig. 3C; Jehle et al., 2019), suggest-
ing a striking increase in the mass of planktic 
foraminifera reaching the sea"oor. This may 
be linked to a change in planktic foraminiferal 
assemblages across the LDE, with a shift from 
praemuricates to more heavily calci#ed moro-
zovellids (Bornemann et al., 2021). A similar 
signal is seen in calcareous nannoplankton, 
which show a substantial increase in cell vol-
ume following the LDE (Fig. 3A; Alvarez et al., 
2019). Together, these data suggest an increase 
in the "ux of CaCO3 from surface waters into 
sediments, coincident with a shift to more acidic 
conditions in both surface and deep waters.

As pelagic CaCO3 burial is a major sink of 
ocean alkalinity, we suggest that these signals 
may be linked, with increased CaCO3 burial 
causing an increase in alkalinity removal, result-
ing in more acidic conditions. The apparent 
increase in carbonate export across the LDE is 
somewhat unexpected, as carbon injection and 
more acidic conditions might be expected to 
result in a decrease in calci#cation ef#ciency 
(e.g., Henehan et al., 2017). However, we note 
a diversity of pelagic calci#er responses to acid-
i#cation has been found experimentally (e.g., 
Ridgwell et al., 2009) and that recent work 
shows an increase in foraminiferal carbonate 
accumulation also occurs over the Paleocene–
Eocene Thermal Maximum (PETM) (Barrett 
et al., 2023). Several mechanisms may contrib-
ute to an increase in carbonate export in response 
to hyperthermal warming. Firstly, these events 

Figure  2 . Re la t ive 
changes in ocean tem-
perature across the Latest 
Danian Event (LDE) at 
Ocean Drilling Program 
(ODP) Site 1262. Dashed 
vertical lines indicate the 
two benthic δ13C excur-
sions forced by two 100 
k.y. eccentricity maxima, 
while the vertical gray bar 
encompasses the LDE 
as a whole. (A) La2010b 
orbital solution of Laskar 
et al. (2011), labeled with 
the LDE interval. (B) Ben-
thic foraminiferal δ18O 
record (Barnet et al., 2019), 
plotted on an inverted 
scale. (C) Planktic Mg/Ca 
ratios of Morozovella spp. 
(this study). (D) Mg/Ca-
derived relative change in 
sea-surface temperature 
(this study). Error bars 
on the temperature data 
points represent average 
propagated analytical 
uncertainty from the Mg/
Ca data. VPDB—Vienna 
Peedee belemnite.
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changes in ocean 
temperature across 
the LDE at ODP Site 
1262. Dashed 
vertical lines indicate 
the two benthic δ13C 
excursions forced by 
two 100-kyr 
eccentricity maxima, 
whilst the vertical 
grey bar 
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LDE as a whole. A: 
La2010b orbital 
solution of Laskar et 
al. (2011), labelled 
with the LDE interval. 
B: Benthic 
foraminiferal δ18O 
record (Barnet et al., 
2019), plotted on an 
inverted scale. C: 
Planktic Mg/Ca ratios 
of Morozovella spp. 
(this study). D: 
Mg/Ca-derived 
relative change in 
sea surface 
temperature (this 
study). Error bars on 
the temperature data 
points represent 
average propagated 
analytical uncertainty 
from the Mg/Ca data. 
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more acidic conditions in both 
surface and deep waters.  

As pelagic CaCO3 burial is a 
major sink of ocean alkalinity, we 
suggest that these signals may be 
linked, with increased CaCO3 burial 
causing an increase in alkalinity 
removal, resulting in more acidic 
conditions. The apparent increase in 
carbonate export across the LDE is 
somewhat unexpected, as carbon 
injection and more acidic conditions 
might be expected to result in a 
decrease in calcification efficiency 
(e.g. Henehan et al., 2017). 
However, we note a diversity of 
pelagic calcifier responses to 
acidification has been found 
experimentally (e.g. Ridgwell et al., 
2017) and that recent work shows an 
increase in foraminiferal carbonate 
accumulation also occurs over the 
PETM (Barrett et al., 2023). Several 
mechanisms may contribute to an 
increase in carbonate export in 
response to hyperthermal warming. 
Firstly, these events may lead to a 
selective pressure for more robust, 
heavily calcified species and/or an 
expansion of the geographical range 
of larger, more heavily calcified 
tropical species, which may also 
grow more quickly in warmer 
waters (Barrett et al., 2023). 
Secondly, while the onset of these 
carbon injection events may have 
been associated with a decrease in 
carbonate saturation state, on the 
>100 kyr timescale of event 
recovery, the addition of carbon, in 
combination with enhanced silicate 
weathering, may result in an 
increase in saturation due to higher 
overall DIC, even if more acidic 
conditions persist (Hönisch et al., 
2012). We thus highlight the 
potential for a novel 
biogeochemical/evolutionary 

feedback (similar to that proposed 
by McClelland et al., 2016), 
whereby carbon input promotes a 
shift to more heavily calcified 
species, enhancing the ocean 
alkalinity sink, and leading to a shift 
to a more acidic, CO2-rich ocean-
atmosphere state. 

CONCLUSIONS 
Our new, paired foraminiferal 

B/Ca and Mg/Ca data show a clear 
response to a sudden release of 
isotopically light carbon to the 
ocean-atmosphere system during 

the LDE. The observed drops in 
benthic B/Ca, synchronous with 
negative excursions in benthic δ13C, 
suggest that carbon input drove 
ocean acidification and deep sea 
carbonate dissolution. Pulsed 
acidification and warming of the 
surface ocean are also evident from 
our planktic trace element records. 
Acidification persists following the 
LDE, which may be linked to an 
enhanced ocean alkalinity sink, due 
to a shift to more heavily calcified 
species of planktic foraminifera and 
larger calcareous nannoplankton, 
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Figure 3: Evolution of 
the carbonate pump 
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suggesting a feedback between 
carbon cycle perturbation, 
calcification, and ocean-atmosphere 
CO2.  
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