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Abstract In this multiproxy study, we used new isotopic data on planktonic foraminifera to highlight the
strong instability that characterized surface conditions in the Iceland Basin during Marine Isotope Stage 11
(MIS 11). We produced new oxygen isotope data on the planktonic species Neogloboquadrina incompta and
Turborotalita quinqueloba, foraminifera-bound nitrogen isotope data on N. incompta, and calcareous
nannofossil data at coring site IODP Site U1314. The multiproxy record displays two distinct upper ocean
regimes: a relatively stable pre-climate optimum and an unstable post-climate optimum with high amplitude
variations in nutrient utilization and seasonality proxies, and strong enrichment in oxygen isotopes suggesting
colder and/or saltier upper waters. The latter regime was concomitant with a resurgence in ice-rafted debris.
Interestingly, this surface instability is not observed in cores from sites affected by the North Atlantic Current.
Moreover, deep water ventilation is reconstructed to decrease throughout the eastern North Atlantic, while
remaining rather constant in the Labrador Sea. The evidence presented here indicates that deep-water formation
was unstable throughout MIS 11, and that peak periods of deep-water formation varied across high latitude
North Atlantic basins, depending on the prevailing surface conditions in each region. These findings suggest
that reconstructing deep-water formation and ventilation require a comprehensive approach that accounts for the
interconnectivity between different components of the overturning circulation system.

Plain Language Summary Deep-water formation is a key component of our climate system as it
contributes to long-term carbon dioxide storage in the ocean. Its strong feedback effect helps modulate Earth's
climate over time; warm climates are often characterized by vigorous deep-water formation, leading to efficient
carbon storage, which in turn tends to cool the climate. Understanding the drivers of deep-water formation
strength is crucial for forecasting the potential impact of global warming on ocean carbon storage and future
climate. In this study, we use a past climate analog—a period in the past with climate characteristics similar to
today—to investigate how deep-water formation responds to slightly warmer (2—4°C) global air temperatures.
We found that deep-water formation varied with changes in the upper-ocean structure and shifted locations
throughout the warm period studied, without collapsing. These findings will help us better understand and
forecast potential changes in deepwater formation under modern global warming.

1. Introduction

The periodic variation of ice-sheet growth and decay (i.e., glacial-interglacial cycles) is one of the most prominent
features of Pleistocene climate. According to the classical theory of orbital climate forcing, glacial terminations
are said to arise during times of high northern-hemisphere insolation, coincident with a sufficiently large volume
of northern-hemisphere ice (Imbrie et al., 1992, 1993; Peacock et al., 2006; Raymo, 1997). During such tran-
sitions, orbital-driven summertime warming triggers the melting of northern-hemisphere ice, which elevates
freshwater content in the North Atlantic and weakens Atlantic circulation, specifically the Atlantic Meridional
Overturning Circulation (AMOC). As a result, meridional heat transport is also altered, increasing the intensity of
northern-hemisphere winters, enhancing warming in the southern hemisphere and shifting atmospheric
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circulation patterns (reviewed by Denton et al., 2010). The combination of enhanced southern-hemisphere
warming and a southward migration of westerlies in the southern hemisphere increases carbon-dioxide outgas-
sing, eventually resulting in the emergence of warmer interglacial climate states (Denton et al., 2010). While this
orbital-driven climate theory appears to hold for many glacial-interglacial transitions, the interglacial marine
isotope stage (MIS) 11, ~424-374 ka, is a notable exception. During MIS 11, anomalously warm and long
interglacial conditions arose and persisted during relatively subdued orbital forcing—a phenomenon known as the
“MIS 11 paradox” (Candy et al., 2014; Droxler et al., 2003; Imbrie et al., 1993; Vazquez Riveiros et al., 2013).
The apparent MIS 11 paradox has been previously explained by an “overshoot” of the AMOC, which was hy-
pothesized to have occurred after a particularly prolonged AMOC reduction driven by extended meltwater input
during the termination of the previous intense glacial interval, MIS 12 (Dickson et al., 2009). This AMOC
overshoot was further hypothesized to supply additional heat to the northern hemisphere, resulting in enhanced
warming despite the relatively weak regional insolation (Dickson et al., 2009; Oliveira et al., 2016; Tzedakis
et al., 2022; Vazquez Riveiros et al., 2013). As such, the particularly strong AMOC during MIS 11 is considered
to be a key climatic driver during this anomalous interval in Earth history (V4zquez Riveiros et al., 2013).

In addition to the initial AMOC intensification during the MIS 12 deglaciation, a secondary strengthening of the
AMOC was previously identified in benthic 8'*C records prior to the onset of the climatic optimum, ~410-400 ka
(Dickson et al., 2009). This secondary AMOC intensification was hypothesized to result from the gradual
reduction of northern-hemisphere sea ice, allowing for a northward extension of surface-ocean currents (Dickson
et al., 2009). Indeed, an anomalously deep summer mixed layer was maintained in the polar Nordic Seas
throughout MIS 11 compared to the Holocene, which may indicate the presence of favorable hydrographic
conditions for polar convection to occur (Thibodeau et al., 2017). Later reconstructions further revealed that the
Nordic Seas' summer mixed layer was at its deepest position during the onset of the climatic optimum (Doherty
et al., 2021). Together with data-constrained modeling, these results imply that this region likely became an
important locus for driving deep-water formation and, thus, also influencing the AMOC intensification. As such,
deep-water formation in the Nordic Seas likely also contributed to extending the enhanced warming of the
northern hemisphere and delayed the next glacial interval, giving rise to the prolonged duration of interglacial
conditions characteristic of MIS 11 (Doherty et al., 2021). While such oceanographic changes may be relevant for
the increasingly warmer and ice-free North Atlantic region during MIS 11, the relative importance of deep-water
formation in the Nordic Seas is not well understood due to a lack of hydrographic reconstructions from other
potential convective regions.

In the contemporary ocean, a major branch of Atlantic deep-water formation occurs in the eastern subpolar North
Atlantic, whereas only a minor contribution is derived from the polar Nordic Seas (Petit et al., 2020). However,
modeling experiments suggest that the relative importance of deep-water formation in polar regions may increase
under extreme scenarios of anthropogenic warming (Lique et al., 2018; Lique & Thomas, 2018). MIS 11 is
considered to be a potential analog for Earth's contemporary climate system, due to its similarities in orbital
geometry (Berger & Loutre, 2002; Loutre & Berger, 2003), preindustrial atmospheric greenhouse gas chemistry
(Raynaud et al., 2005; Siegenthaler et al., 2005) and substantial reduction in Greenland Ice Sheet volume (e.g., de
Vernal & Hillaire-Marcel, 2008; Reyes et al., 2014). For this reason, understanding the evolution of the different
overturning branches during MIS 11 could offer a unique insight into the long-term fate of the contemporary
AMOC and its implications for global climate.

Deep-water formation occurs during winter in the subpolar and polar North Atlantic due to upper-ocean buoyancy
loss (Buckley & Marshall, 2016; Petit et al., 2020). This process requires an initial “preconditioning” phase,
during which upper-ocean mixing is intensified (Killworth, 1983). When convection occurs, the mixed-layer
depth (MLD) deepens to greater than 100 m below the sea surface. Because of this preconditioning phase,
convection may reasonably be more favorable in regions with pre-existing deep summer mixed layers (i.e.,
relatively weak stratification). The potential link between the summer MLD and deep-water formation has
inspired numerous paleo-reconstructions of upper-ocean hydrographic variability in the polar and subpolar North
Atlantic regions (Bauch et al., 2011; Kandiano et al., 2017; Simstich et al., 2003, 2012; Thibodeau et al., 2017,
Zhuravleva et al., 2017). Despite the ambiguous relationship between summer MLD and winter convection,
paleoceanographers have relied on summer MLD reconstructions due to the absence of reliable proxies for
winter MLD.
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Figure 1. Simplified circulation and coring sites in the North Atlantic. This figure illustrates the location of the primary coring
site for the present study (IODP site U1314), alongside the positions of additional cores used for comparison in subsequent
figures. The map also depicts major ocean currents in the region, with deep water currents represented in blue and surface
water currents shown in red. Acronyms are: NAC—North Atlantic Current; ISOW—Iceland-Scotland Overflow Water;
DSOW—Denmark Strait Overflow Water; LSW—Labrador Sea Water.

In sum, without a complete understanding of the convective behavior of the subpolar Atlantic, our understanding
of the relative importance of the Nordic Seas in driving the AMOC during the MIS 11 climatic optimum is
limited. To this aim, here we present multiple new geochemical reconstructions of upper-ocean structure of the
Iceland Basin (IODP site U1314; Figure 1) during MIS 11. These records include nitrogen isotopic ratios of
organic matter bound within planktic foraminifera (Neogloboquadrina incompta), as well as carbon and oxygen
isotopic ratios of two species of planktic foraminifera constrained to different upper-ocean depth habitats
(N. incompta and Turborotalita quinqueloba). We supplement our interpretation of these data with additional
measurements of carbon isotopic ratios in benthic foraminifera (Cibicidoides wuellerstorfi) to investigate changes
in ventilation of the Iceland Basin during MIS 11, and a coccolithophore-derived surface primary productivity
record. Because this study represents the first analysis of the younger half of MIS 11 in core U1314, we also
present a new age model based on the oxygen isotopic composition of C. wuellerstorfi specimens correlated to the
“LR0O4” global stack (Lisiecki & Raymo, 2005).

2. Methods

2.1. Oceanographic Setting and Foraminifera Picking

Sediment core U1314, located at 56°21.8’N, 27°53.3’W (Figure 1), was drilled during the International Ocean
Discovery Program's (IODP) Expedition 306 at a depth of 2,820 m (Proceedings of the IODP, 303/306, 2006).
The site is within the Gardar Drift of the Iceland Basin, a region of primary importance in the contemporary
Atlantic convection (Petit et al., 2020). At the surface, this area is oceanographically affected by the North
Atlantic Current (NAC) and the subpolar gyre. As the site is within the boundary of the Ruddiman ice-rafting belt
(Ruddiman, 1977), one original motivation of drilling this site was to reconstruct the impact of local meltwater
input on NADW formation (Proceedings of the IODP, 303/306, 2006). Further, as the benthic region here is
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influenced by upstream Iceland-Scotland Overflow Water (ISOW), paleoceanographic data extracted from this
core may also record variations in deep-water masses exported from the Nordic Seas in addition to the deep-water
masses formed in situ (Bianchi & McCave, 2000; Van Aken & De Boer, 1995).

A total of 42 sediment core samples (WDGE), each about 20 cm®, were supplied from the IODP Bremen Core
Repository at a resolution of typically 15-25 cm. The studied MIS 11 sediment section is constrained by the ages
presented in Alonso-Garcia, Sierro, and Flores (2011) and Alonso-Garcia, Sierro, Kucera, et al. (2011) and by
additional reflectance and magnetic susceptibility data (Proceedings of the IODP, 303/306, 2006). Each of the
core segments was freeze-dried and weighed. Then, wet sieving with Milli-Q water was conducted to remove the
mud (<63 pm) fraction of the sample. The >63 pm sample was oven-dried at a temperature of 55°C and then
further sieved to separate sediment fractions at the following catch sizes: >500 pm, 300-500 pm, 150-300 pm and
63—150 pm. Tests of the planktic foraminifera species, N. incompta and T. quniqueloba, and the benthic fora-
minifera species, C. wuellerstorfi, were handpicked from the 150-300 pm fraction.

2.2. '%0 and 8"*C Analysis of Foraminifera

Approximately 50-150 pg of N. incompta and T. quinqueloba tests (typically 10 to 30 individual specimens) were
handpicked under a light microscope for carbon and oxygen isotopic analysis. Approximately 10-50 pg of C.
wuellerstorfi tests (typically 5—15 individual specimens) were also handpicked under a binocular light microscope
for carbon and oxygen isotopic analysis. Stable carbon and oxygen isotopic ratios were measured on a MAT 253
isotope ratio mass spectrometer (IRMS) coupled to a Kiel IV carbonate preparation system in the Stable Isotope
Lab located in the College of Earth, Ocean, and Atmospheric Sciences at Oregon State University. NBS 19 and
Wiley (in-house) standards were also analyzed to normalize the data to the international Vienna Pee Dee
Belemnite (VPDB; Coplen, 1995). Scale, which are presented in the conventional delta (§) notation. Standard
deviations (1o) of replicate measurements for 8'3C on N. incompta (n = 5) and T. quinqueloba (n = 4) specimens
averaged 0.09 and 0.15%o respectively. For 8'®0 measurements on N. incompta (n = 5) and T. quinqueloba
(n = 4) specimens, the average standard deviations of replicate measurements were 0.23 and 0.22%o respectively.

To generate a robust age model (Section 2.5), additional samples of the benthic foraminifera C. wuellerstorfi were
hand-picked at the University of Salamanca (between 1 and 11 specimens per sample) and analyzed at the Leibniz
Laboratory for Radiometric Dating and Isotope Research of the Christian-Albrechts University in Kiel. Stable
isotope analyses were performed on a Thermo-Finnigan MAT 253 mass spectrometer coupled to a Kiel IV
carbonate preparation device. The analytical precision of two international standards (NBS-19; IAEA-603) and
three laboratory internal standards was better than +0.08%o. Results are reported on the VPDB standard scale.

2.3. 8'"°N Analysis of N. incompta

Sample preparation and measurement of foraminifera-bound &'°N were carried out at the Ren lab, National
Taiwan University, using the protocol described in Ren et al. (2017). The cleaning procedures include ultra-
sonicating the samples in 2% polyphosphate solution to dislodge and remove organic matter, attached to the
surface of the shells. The foraminifera samples were then treated in bicarbonate-buffered dithionite—citric acid in
an 80°C water bath for 1 hr. To eliminate nitrogen isotope contamination from the adsorbed particulate nitrogen
on the shells, the samples were oxidized with high concentrations of basic potassium persulfate (“POR;” 50 g of
potassium persulfate and 50 g of NaOH to 1 liter of Milli-Q) and autoclaved at 121°C for 1 hr. The cleaned
samples were oven-dried for 48 hr, and subsequently weighed and transferred to pre-combusted 4 ml borosilicate
glass vials with an aliquot size of ~3 mg. The samples were then dissolved in 63 pL of 2N HCI. Subsequently, the
trapped organic matter in the dissolved samples was oxidized to nitrate using 1 mL of recrystallized basic per-
sulfate solution (0.3 g of potassium persulfate and 0.7 g of NaOH to 100 ml of Milli-Q) while autoclaved at 121°C
for 1 hr on the slow-vent setting. To constrain the 3'°N blanks in persulfate solutions, two organic standards were
prepared in three dilution ranges (2.5, 10, and 40 pL of nitrate concentration). We used organic standard USGS-40
(8" N = —4.52%o vs. air) and an internal mixture of six-aminocaproic acid and glycine (8N = 5.4%o vs. air).
Each batch of analysis contained eight POR blanks and a total of 12 organic standards. After the oxidation step,
the samples were centrifuged and clear solutions were transferred to 4 ml pre-combusted borosilicate glass vials,
followed by adjusting the pH of the basic sample solution between the range of 4-7 using 2N HCL

At this step, nitrate concentrations were measured by reduction of nitrate to nitric oxide using a vanadium (III)
solution heated to 100°C, followed by chemiluminescence detection (Braman & Hendrix, 1989). Based on

THIBODEAU ET AL.

4 of 14

8518017 SUOWILLIOD 8AIIR.D 3(cedl|dde au Ag peusenob afe sapie YO ‘@SN Jo s8N 10} ArIg1T8UI|UO A1 UO (SUORIPUOD-PUB-SWR}LI0D A8 | 1M ARe.q 1 BulUO// Sty SUORIPUOD pue WS 1 8L 88S *[5202/20/20] U ARiqiauliuo Ae|im ‘eneb|y od epepsienlun Ad SE6100Vd202/620T 0T/I0pw00 A8 1M Alq 1l uo'sgndnBe/:sdny wouy pepeojumod ‘g ‘G202 ‘S2st2.Se



V od |
AGU

ADVANCING EARTH
AND SPACE SCIENCES

Paleoceanography and Paleoclimatology 10.1029/2024PA004935

previous measurements on N. incompta, the nitrogen content in the foraminifera samples were assumed to be
3 nmol/mg (Studer et al., 2021). The nitrate concentration of the blank was found to be 0.1 pM, representing 1%—
3% of the total nitrogen in the samples. The determination of 8'°N in the foraminifera samples, as well as the
bacterial blanks and organic standards, was carried out using the denitrifier method in conjunction with gas
chromatography (modified SigBench) and isotope ratio mass spectrometry (MAT 253 plus) (Weigand
et al., 2016).

The denitrifying method uses a strain of Pseudomonas chlororaphis bacteria to convert dissolved nitrate and
nitrite to nitrous oxide gas (Sigman et al., 2001). This denitrifying bacterium lacks the enzyme N,O reductase. We
added 1.5 ml of bacteria in pre-combusted 20 ml borosilicate vials and flushed the vials for 3 hr with N, gas. We
then added sufficient volumes of our oxidized sample and standards, based on their nitrate concentration, to
achieve 5 nmol of nitrogen and stored them overnight to ensure complete conversion of nitrate and nitrite to
nitrous oxide. The success rate of the denitrifying method and the performance of the mass spectrometer was
determined using nitrate reference materials IAEA-NO3 (8N = 4.7%o vs. air), and USGS-34 (§"°N = —1.8%o
vs. air) at regular intervals. The oxidation standards were used to correct for the oxidation blanks.

Due to the small sample size and low nitrogen content within the foraminifera, duplicate samples were measured
only for 11 samples with an average standard deviation of 0.28%o. The standard deviation (16) of the IAEA-N3
and USGS 34 standards was found to be 0.07 and 0.11%o, respectively. The standard deviation (1o) of the organic
standards analyzed alongside these samples was determined to be 0.2%o, which agrees with the long-term
variability observed in-house using homogenized coral samples (+0.25%o). Therefore, we assume the analyt-
ical error for the 8'°N in our new record to be around 0.25-0.28%o based on both replicate measurements and
long-term in-house variability.

2.4. Calcareous Nannofossil Analysis

Ten samples were selected for analysis of the concentration of calcareous nannofossil particles (i.e., coccoliths) in
sediments and the calculation of nannofossil accumulation rates. Sample selection followed the available age
model in this study, with a resolution ranging between 3 and 10 kyr throughout the interval. The glass slides for
microscopic analysis were prepared following the random settling technique by Flores and Sierro (1997).
Nannofossil abundance was estimated by counting a minimum of 400 coccoliths in a variable number of fields of
view, with the use of a double polarized-light microscope Nikon Eclipse 80i at 1000X. The total absolute
nannofossil concentration per gram of sediment (N; nannofossil g~ sediment) and nannofossil accumulation
rates (NAR; coccolith cm ™ kyr™") profiles were calculated following the equations by Flores and Sierro (1997).
NAR was calculated considering wet bulk density values for each sample from the shipboard Gamma Ray
Attenuation and the sedimentation rates derived from the age model. N and NAR are commonly considered as an
qualitative estimate of the changes in primary productivity at the surface most ocean layer, where coccolitho-
phores inhabit (e.g., Gonzalez-Lanchas, Flores, et al., 2021; Gonzéalez-Lanchas, Hernandez-Alméida, et al., 2021;
Stolz & Baumann, 2010).

2.5. Chronological Framework

The age model for the studied section (Figure 2) is based on a comparison of our benthic 8'%0 record with the
global benthic oxygen isotope stack from Lisiecki and Raymo (2005). QAnalySeries software (Kotov & Pil-
ike, 2018) was used to identify the tie points used for the correlation between records (see online data). Between
tie points, ages were calculated by linear interpolation (raw data can be found in the online data). All other cores
presented in this study had their age model synchronized to the global benthic §'%0 stack chronology (Lisiecki &
Raymo, 2005). We used the age model recently developed by Middleton et al. (2024) for ODP site 980.

3. Results and Discussion
3.1. Variations in Temperature, Salinity, and Seasonality Based on Planktic '%0 and 6°C

In both foraminifera species, 8'%0 values remained mostly stable at ~1.5-2.5%o, until a positive excursion from
~397 to 389 ka, during which values over 3%o are reached (Figure 3c). Following 405 ka, intensified variability is
observed concomitant with the large positive planktic 8'®0 excursion. Variability in planktic 8'%0 could reflect
changes in upper-ocean temperature and/or salinity (Ravelo & Hillaire-Marcel, 2007). However, relatively stable

THIBODEAU ET AL.

5of 14

8518017 SUOWILLIOD 8AIIR.D 3(cedl|dde au Ag peusenob afe sapie YO ‘@SN Jo s8N 10} ArIg1T8UI|UO A1 UO (SUORIPUOD-PUB-SWR}LI0D A8 | 1M ARe.q 1 BulUO// Sty SUORIPUOD pue WS 1 8L 88S *[5202/20/20] U ARiqiauliuo Ae|im ‘eneb|y od epepsienlun Ad SE6100Vd202/620T 0T/I0pw00 A8 1M Alq 1l uo'sgndnBe/:sdny wouy pepeojumod ‘g ‘G202 ‘S2st2.Se



V od |
AGU

ADVANCING EARTH
AND SPACE SCIENCES

Paleoceanography and Paleoclimatology 10.1029/2024PA004935

254

15

Sedimentation rate (cm/ka)

U1314 benthic 520

LRO04 benthic 5'%0 stack
A Data from Alonso-Garcia et al. (2011)

@ New data (Oregon Laboratory)
© New data (Kiel Laboratory)

A A A A A A A A A A AA A

| |
380 400
Age (ka)

Figure 2. New age model and sedimentation rate at site U1314. Comparison of U1314 benthic 530 record with the benthic
580 stack (Lisiecki & Raymo, 2005) after performing the age model. Both records show similar 8'%0 shifts. Black triangles
indicate the positions of tie points.

'%0 values in both N. incompta and T. quinqueloba U1314 record concomitant with sea-surface temperature
(SST) variations on the order of ~5°C (Alonso-Garcia, Sierro, Kucera, et al., 2011) argue against temperature
being the main factor controlling these records over the 420400 ka interval (Figure 3f). Over this period, the
U1314 8'%0 record resembles the more-southern GIK23414-8 cores and U1305, which appears to track the
classic shape of interglaciation (Figure 3c). However, the U1314 record displays persistently lower 580 values
by about 0.4%o than its southern counterpart, suggesting warmer and/or fresher conditions at site U1314
compared to GIK23414-8. Fresher conditions would be consistent with previous findings of a major northern
input of freshwater during this period (Doherty & Thibodeau, 2018; Thibodeau et al., 2017). Following the
climatic optimum, variability in planktic 'O values at U1314 appear to further differ from the rather gradual
increase of planktic 8'30 values at GIK23414-8 (Figure 3c). Moreover, there is a large increase of about 2%o in
planktic 8'®0 from ~397 to 389 ka, which was not recorded at GIK23414-8 in the oxygen isotopic composition of
either G. bulloides or the deeper-dwelling N. pachyderma (Figure 3c). These data suggest that intense cooling
occurred at U1314 beginning at ~397 ka, preceding the relatively subdued cooling at GIK23414-8. Interestingly,
this cooling is associated with a resurgence of IRD (Figure 3g). While IRD is often associated with freshwater
input, freshening is not recorded by 8'®0. This could perhaps be because the freshwater signal is masked by a
much stronger cooling of more than 6°C. Yet, planktic 8'%0 at U1314 show a recovery to values similar to those
observed at GIK23414-8 following this cooling interval, indicating that this was a regional and transient event
rather than a return to a glacial climate (Figure 3c).

In the modern ocean, foraminifera species N. incompta and T. quinqueloba calcify at the bottom of the mixed
layer (about 50 m), thus recording sea-surface conditions (Jonkers & Kucera, 2015; Jonkers et al., 2010;
Kretschmer et al., 2018). While N. incompta flux peaks twice a year following primary productivity (during the
spring bloom and summer; Chapman, 2010; Jonkers & Kucera, 2015), T. quinqueloba flux mostly peaks during
summer time (Jonkers et al., 2010). However, N. incompta has only been recorded to bloom during summer at
locations north of 55° in the modern ocean. Thus, its seasonality may change depending on climate as it prefers
relatively warmer water (Chapman, 2010; Morley et al., 2017). Because different species of planktic foraminifera
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Figure 3. Results of coring site U1314. (a) Insolation at 65°N and obliquity (Berger & Loutre, 1991); (b) Relative changes in surface primary productivity at site U1314
from changes in nannofossil absolute concentration in sediments (N) and nannofossil accumulation rate (NAR; this study); (c) planktic 8'%0 values from sites U1314
(this study), U1305 (Irvali et al., 2020) and GIK23414-8 (Kandiano & Bauch, 2007); (d) Absolute difference in the 3'%0 composition between Neogloboquadrina
incompta and Turborotalita quinqueloba (this study); (d) 8'°N of N. incompta (this study); (f) Sea-surface temperature (SST) reconstructed via transfer functions
(Alonso-Garcia, Sierro, Kucera, et al., 2011); and (g) Ice-rafted debris (IRD) % relative to planktic foraminifera from site U1314 (including data from Alonso-Garcia,
Sierro, Kucera, et al., 2011). The red shaded areas highlight the three period of decrease in FB-5'°N (discussed in Section 3.2-3.4).
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can bloom at different times in the year, they can record surface and subsurface ocean conditions at these different
bloom times (Metcalfe et al., 2019; Williams et al., 1981). Due to the difference in the timing of N. incompta
blooms, which peak in spring and late summer, and 7. guinqueloba blooms, which mostly occur in peak summer
(Jonkers et al., 2010), the 8'%0 offset between these species (A8'*0 = §'%0,. quinque,(,ba—SlsON' incompta) €20 be
used to estimate the seasonality at the bottom of the summer mixed layer. Offsets between 8'%0 values are
generally small until ~405 ka, except for ~415 ka, when values briefly increase to 0.5 and 0.3%o, respectively
(Figure 3c). This increased offset is coincident with a simultaneous increase in the 880 of T. quinqueloba, which
suggests that summer may have been particularly affected by cooling relative to spring. After 405 ka, isotopic
offsets exhibit considerable variability and regularly reach values >0.3%o for oxygen, again with T. quinqueloba
being more enriched than N. incompta, suggesting increased seasonality.

3.2. Nutrient Utilization and Mixed-Layer Depth

The relative degree of nutrient consumption (nutrient utilization) controls the 8'°N of particulate organic matter
(Altabet & Francois, 1994), as phytoplankton preferentially assimilate '“N relative to '’N when nutrient con-
sumption is incomplete (e.g., under a deep mixed layer and high vertical nutrient supply). As nutrient con-
sumption approaches completion, however, '°N discrimination by phytoplankton becomes less expressed and the
8'°N of particulate organic matter increases. Heterotrophic planktic foraminifera such as N. incompta consume
this organic matter and thus retain its nitrogen isotopic composition (Smart et al., 2018). Therefore, the
foraminifera-bound 8'°N (FB-8'°N) signal integrates the relative proportion of nutrient assimilation (i.e., primary
productivity) to nutrient supply. FB-5"°N in the Iceland Basin and Nordic Seas have been previously interpreted
to record changes in nutrient utilization driven by the depth of the summer mixed layer (Doherty et al., 2021;
Straub et al., 2013). This is due to the fact that the depth of the mixed layer controls nutrient supply to the photic
zone (Straub et al., 2013). Under a deep mixed layer, nutrient supply is high and the degree of nutrient con-
sumption relative to nutrient supply is low (i.e., incomplete consumption). Assuming a constant level of pro-
ductivity, a shallower MLD would result in a reduction in vertical nutrient supply and thus more complete nutrient
consumption. Therefore, it is possible to use FB-8'°N in conjunction with primary productivity proxies, here a
micropaleontological coccolithophore-derived record, and other surface tracers to investigate variability in the
upper ocean structure. While this proxy may be used to track N-supply and upper-ocean structure, it is important
to exert caution as this signal may be altered by the increased dependence of phytoplankton on recycled
ammonium which tends to lower the 8'°N of particulate organic matter toward the end of summer (Smart
et al., 2018).

From ~428 to 405 ka, FB-5'°N values varied between ~3 and 5 .5%o, with a minimum around 414—416 ka and a
maximum at 411 ka (Figure 3e). A large amplitude variation is observed from ~400 to 385 ka where values
ranged from ~1.5 to more than 6%o, coincident also with the intensified variability of 5'0 isotopic offset be-
tween N. incompta and T. quinqueloba (Figure 3c) and the positive planktic 8'%0 excursion (Figure 3a). A
maximum FB-8'N value of 6.4%c is observed at 397 ka, followed by a minimum value of 1.3%o at 388 ka. This
dramatic reduction in FB-8'°N, by ~5%o, is also coincident with the largest increase in 8'%0 values (Figure 3a) of
the record. However, the amplitude of this change is too large to be reasonably explained exclusively by changes
in nutrient utilization. Rather, this extremely low value could be caused by an increased reliance of phytoplankton
on ammonium at the end of the summer. This may be due to longer summer or also by the fact that N. incompta
may have restricted its bloom period to summer, which may happen in colder conditions (Chapman, 2010; Morley
etal., 2017). Moreover, because of the low abundance of foraminifera in this part of the core, this “peak’ depends
on a single point, which also calls for caution when interpreting this feature of the record. At ~385 ka, FB-5'°N
again stabilized and ranged from ~3 to 5%o for the remainder of the record. In summary, at the U1314 location,
temperature, stratification, and nutrient utilization exhibited a relatively consistent pattern, with lower amplitude
variations from 425 to 400 ka and strong, larger variations from 400 to 385 ka.

3.3. Pre-Optimum Surface Conditions and Implications for Deep Water Ventilation

Prior to ~405 ka, planktic 5'%0 values, absolute 8'%0 differences, and FB-8'°N remained relatively stable
(Figures 3c—3e). However, we can highlight two episodes of decrease in FB-5'°N from 418 to 416 ka and from
413 to 407 ka. Surface primary productivity levels remained relatively stable or increased during intervals for
which there are coccolith data available (Figure 3b), indicating that the FB-8'°N minima most likely reflect an
increase in the MLD rather than decreased N consumption. Such increased MLD conditions may have relevance

THIBODEAU ET AL.

8 of 14

8518017 SUOWILLIOD 8AIIR.D 3(cedl|dde au Ag peusenob afe sapie YO ‘@SN Jo s8N 10} ArIg1T8UI|UO A1 UO (SUORIPUOD-PUB-SWR}LI0D A8 | 1M ARe.q 1 BulUO// Sty SUORIPUOD pue WS 1 8L 88S *[5202/20/20] U ARiqiauliuo Ae|im ‘eneb|y od epepsienlun Ad SE6100Vd202/620T 0T/I0pw00 A8 1M Alq 1l uo'sgndnBe/:sdny wouy pepeojumod ‘g ‘G202 ‘S2st2.Se



V od |
AGU

ADVANCING EARTH
AND SPACE SCIENCES

Paleoceanography and Paleoclimatology 10.1029/2024PA004935

for the strength of the AMOC, as decreased upper-ocean stratification could facilitate deep-water formation.
Indeed, it was previously argued that a negative FB-8'°N excursion in the Nordic Seas at core MD99-2277
(Figure 4c) corresponded to an increase in deep-water formation in the region, which strengthened the
AMOC, from ~410 to 407 ka (Doherty et al., 2021). The two FB-8'°N at site U1314 minima appears to occur
simultaneously with an increase in the Atlantic benthic North Atlantic §'>C stack, previously interpreted to reflect
ventilation and AMOC strength (Lisiecki, 2010, 2014) (Figure 41). It is therefore plausible that the Iceland Basin
may have played an active role in deep-water formation, increasing the strength of the AMOC, prior to 405 ka.
Furthermore, the onset of the peak benthic 8'>C in the North Atlantic stack (Figure 4) aligns with these findings,
providing further support for the strong connectivity between surface conditions and deep-water ventilation. This
reinforces the previous hypothesis regarding the significant role played by these regions in the initiation of the
climate optimum of MIS 11 (Doherty et al., 2021). Interestingly, we observed no increase in the C. wuellerstorfi
8'3C at our IODP site U1314 during these two events. At IODP sites U1314 and U1313, the §'3C reaches a
plateau earlier (424 ka) than any other site we compiled (Figures 4d and 4e). IODP sites U1304 and U1305
reached their plateau right after (423 ka; Figure 4g) while 8'C reached its first plateau around 419 ka at site ODP
980 (Figure 4f). The 8'3C is also enriched at IODP site U1314 (~0.8%o0) and site U1305 (~0.7%0) compared to
ODP site 980 (~0.4%o) (Figure 4), this may suggest that early formation of ISOW was mostly flowing in the route
bathing sites U1314/05 and overflow downstream of the Wyville-Thomson Ridge only later in the interglacial. It
could also be due to a later retreat of Antarctic Bottom Water following MIS 12 at ODP site 980. The absence of
an increase in the benthic 5'>C signal at IODP site U1314 may be due to the already existing strong ventilation of
deep water at that site (relatively high 8'>C) that could mask the signal of local deep-water formation.

3.4. Post-Optimum Cooling and Upper-Ocean Instability

After 405 ka, the 8'%0 offset between N. incompta and T. quinqueloba varied between 0 and 0.6%o with an
average of 0.3%o, an higher average compared to the pre-optimum period (0.14%o0) (Figure 3d). While our record
does not possess the same resolution for FB-8'°N during this period due to the lower occurrence of this fora-
minifera in the samples, we observe larger amplitude variation of FB-8'°N values compared to the pre-optimum
period (Figure 3e). These large variations suggest changes in stratification and mixed layer depth but may also
involve a change in the blooming period of N. incompta. While productivity increases as well (Figure 3b), it
would have the opposite effect on nutrient utilization and on FB-8'°N and therefore should not be the main driver
of the signal. The synchronicity between the less complete nutrient utilization (low FB-8'°N) and the enhanced
seasonality (high A8'®0), argues for a control of the changes in the upper-ocean structure on these data. The main
feature is a strong change in most surface proxies from 396 to 386 ka, where the 8'%0 of both N. incompta and T.
quinqueloba displays a very similar trend of stepwise-like enrichment. This suggests a transition toward colder
and/or saltier waters starting around the time of the lowest insolation and obliquity of MIS 11 (396 ka; Figure 3a).
At the start of this event we observe depleted planktic &' 80, high FB-8"°N, and highly ventilated deep water at our
site as indicated by high benthic 8'>C (Figure 4d). This also corresponds to the first post-climate optimum
occurrence of IRD at site U1314 (Figure 3f) and site ODP 980 (Oppo et al., 1998), and a doubling of the IRD
found at site MD99-2277 (not shown, Doherty et al., 2021). Progressing into the event there is an enrichment in
580 peaking around 388 ka (Figure 3c), synchronously to this enrichment and its peak we observe a depletion in
FB-6'°N (Figure 3e), an increase in A8'%0 (Figure 3d) and a decrease in benthic 8'3C in the North Atlantic
benthic 8'°C stack (Figure 4i). This cooling event even affected the North Atlantic mid-latitudes reaching the
Iberian margin where SST dropped (Rodrigues et al., 2017) and the vegetation of the Iberian Peninsula shows a
shift toward colder and drier taxa (Oliveira et al., 2016). Moreover, ODP Site 980 is also characterized by bottom
water change, as both benthic 8'3C (Figures 4f, Oppo et al., 1998) and Nd isotopes (not shown; Link, 2022) show
trend indicating the presence of cooler/saltier, less ventilated and more radiogenic bottom waters, which may
suggest a temporary weakening of deep water formation. These features are also coherent with a dip in the North
Atlantic benthic 8'*C stack (Lisiecki, 2010; Figure 4i).

The post-climate optimum minimum recorded in the FB-3"°N is thus very different from the minima occurring in
the earlier part of the interglacial as our proxy data indicates cold conditions and presence of IRD from 398 to
389 ka that seem to have impeded deep-water formation. This suggests that while upper-ocean stratification may
have changed before or during the climate optimum, a threshold in temperature and/or stratification was not
reached to have significantly reduced the formation of deep water.

THIBODEAU ET AL.

9 of 14

8518017 SUOWILLIOD 8AIIR.D 3(cedl|dde au Ag peusenob afe sapie YO ‘@SN Jo s8N 10} ArIg1T8UI|UO A1 UO (SUORIPUOD-PUB-SWR}LI0D A8 | 1M ARe.q 1 BulUO// Sty SUORIPUOD pue WS 1 8L 88S *[5202/20/20] U ARiqiauliuo Ae|im ‘eneb|y od epepsienlun Ad SE6100Vd202/620T 0T/I0pw00 A8 1M Alq 1l uo'sgndnBe/:sdny wouy pepeojumod ‘g ‘G202 ‘S2st2.Se



25724525, 2025, 2, Downloaded from https://agupubs.onlinelibrary.wiley.com/doi/10.1029/2024PA 004935 by Universidade Do Algarve, Wiley Online Library on [03/03/2025]. See the Terms and Conditions (https://onlinelibrary.wiley.com/terms-and-conditions) on Wiley Online Library for rules of use; OA articles are governed by the applicable Creative Commons License

10.1029/2024PA004935

Paleoceanography and Paleoclimatology

ADVANCING EARTH

AND SPACE SCIENCES

Absolute isotopic difference (%o)

360 370 380 390 400 410 420 430

LT 2 s = = @ = x5
...... @
me/o n..\lu.
I~ S
~
Y o s %
S« o o 2
8 5 5 5 .
o s = D ¢ - h
[T T T T T % + [ T T 1 [ T T 1 [ T T
T ewone et “eweleinone’  EWPoEINOwe | o= = 3
(%) OaQ T (%) €1e1N-0niQ ¥ i (%) ¥0H1-0c:9
(°%) Nsi@ 1 T 3 I il s L) T z 1

(°%) ¥LELN-Dc\Q

(°%) 086dA0-D=:1Q

(°%) GOELN-DeiQ

0.0-

LRO4-calibrated Age (ky)

Figure 4.

10 of 14

THIBODEAU ET AL.



V od |
AGU

ADVANCING EARTH
AND SPACE SCIENCES

Paleoceanography and Paleoclimatology 10.1029/2024PA004935

3.5. Connectivity With the Subpolar Gyre and Labrador Sea Deep Water Ventilation

To better understand the potential causes and consequences of these post-climate optimum upper-ocean in-
stabilities we expand our comparisons to sites within the subpolar gyre. The enriched 8'®0 excursion of about
2.5%o observed in IODP site U1314 from 398 to 390 ka is less pronounced, but present, in IODP site U1305
further along the northern path of the subpolar gyre but not in core GIK23414-8 (Figure 3c), which is southward
of site U1314 and influenced by the NAC (Figure 1). Since this excursion is synchronous with the regional re-
appearance of IRD, as mentioned in the previous section, it is possible that this feature is associated with
cooling and presence of icebergs in the Iceland basin and the subpolar gyre. Interestingly, the decrease in deep
water ventilation that was observed in North Atlantic was not observed in the Labrador Sea during this period at
TODP site U1305 (Figure 4h). During this episode, IODP site U1305 is characterized by the highest 8'°C of the
MIS 11 record, higher than peak interglacial values, indicating highly ventilation bottom waters. This may
suggest that the proportion of deep-water formed in different basins changed throughout the interglacial, with
stronger relative contribution from the Nordic Seas, or eastern part of the North Atlantic Deep Water from about
410 ka until the end of the cold event spanning 398-386 ka.

Our data thus provide compelling evidence of a complex connection linking surface instability in the Iceland
basin to deep water ventilation within the North Atlantic and Labrador Sea via the subpolar gyre circulation. Our
findings also support previous hypotheses suggesting that the subpolar gyre may be more sensitive to changes in
the Arctic front compared to the North Atlantic Current (Alonso-Garcia, Sierro, & Flores, 2011; Barker
et al., 2015).

4. Concluding Remarks

Our multiproxy study of MIS 11 in the Iceland Basin reveals significant upper-ocean instability and its connection
to changes in deep-water ventilation during this unusually extended interglacial period. The key findings and
interpretations from our study are:

1. We identified a relatively stable pre-climate optimum period (425-405 ka) and an unstable post-climate
optimum period (405-385 ka) characterized by high-amplitude variations in nutrient utilization and season-
ality proxies.

2. Prior to 405 ka, we observed two episodes of decreased foraminifera-bound 85N (FB-5!°N), which we
interpret to indicate deeper summertime mixed layers that preconditioned the water column for wintertime
deep water formation. These episodes coincided with increases in the North Atlantic benthic 8"3C stack,
suggesting that the Iceland Basin may have played an active role in deep-water formation and AMOC
strengthening during this period.

3. After 405 ka, we observed larger variations in FB-8'°N and increased seasonality, indicating changes in upper-
ocean structure. A notable cooling event from 396 to 386 ka was characterized by enriched 8'%0, depleted FB-
3N , increased IRD, and decreased benthic 8'3C across multiple North Atlantic sites.

4. While the cooling event was associated with decreased deep-water ventilation in much of the North Atlantic,
the Labrador Sea (site U1305) showed highly ventilated bottom waters during this period, highlighting the
complex spatial dynamics of deep-water formation.

5. Our data support the hypothesis that the subpolar gyre may be more sensitive to changes in the Arctic front
compared to the North Atlantic Current, as evidenced by the varying responses across different core sites.

These findings have important implications for our understanding of ocean circulation and climate dynamics. Our
study suggests that deep-water formation was not uniformly strong throughout MIS 11, but rather varied in in-
tensity and location depending on regional surface conditions. The complex relationships observed between
surface conditions, deep-water ventilation, and regional differences highlight the need for a comprehensive

Figure 4. Comparison of sea-surface proxy, and deep-water ventilation. From the top of the figure: (a) Planktic 8'%0 values in Neogloboquadrina incompta (black) and
Turborotalita quinqueloba (gray) (this study); (b) absolute difference in the 8'80 composition between N. incompta and T. quinqueloba (this study); (c) 8'°N of N.
incompta from site U1314 (this study) and of N. pachyderma from site MD99-2277 (Nordic Seas); (Doherty et al., 2021); (d) benthic 8'3C record from coring IODP site
U1314 (2820 m depth, this study); (e) site U1313 (3,420 m depth, Voelker et al., 2010); (f) ODP site 980 (2,270 m depth, Middleton et al., 2024; Oppo et al., 1998);
(g) site U1304 (3,024 m depth, Hodell & Channell, 2016; Xuan et al., 2016); (h) site U1305 (3,549 m depth, Galaasen et al., 2020); (i) and the North Atlantic benthic
stack indicative of AMOC strength (1,145-4,620 m depth, Lisiecki, 2010, 2014). Red bands indicate the main periods of decreasing FB-8'°N recorded at IODP site

U1314.
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approach in reconstructing past ocean circulation patterns. As MIS 11 is considered a potential analog for future
warm climate states, our findings suggest that the response of deep-water formation to warming may be spatially
and temporally variable, rather than following a simple strengthening or weakening pattern. Furthermore, the
study underscores the importance of using multiple proxies and considering regional contexts when interpreting
paleoceanographic data, particularly for complex periods like MIS 11.
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