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Abstract Negative excursions in the stable carbon isotopic composition (§'C) at Atlantic intermediate
to mid-depths are common features of millennial-scale events named Heinrich Stadials. The mechanisms
behind these excursions are not yet fully understood, but most hypotheses agree on the central role played by
the weakening of the Atlantic meridional overturning circulation. Marine records registering
millennial-scale negative 8">C excursions in the Atlantic are mostly restricted to the Heinrich Stadials of the
last deglacial, while the Heinrich Stadials of the last glacial are poorly studied. Here, we constrain changes in
bottom water ventilation in the western tropical South Atlantic mid-depth during Heinrich Stadials of

the last glacial and deglacial by investigating marine core M125-95-3. The concurrent decreases in benthic
foraminifera 8"*C and increases in bulk sediment sulfur indicate an increased Northern Component Water
(NCW) residence time in the western tropical South Atlantic mid-depth during Heinrich Stadials.
Furthermore, a coherent meridional pattern emerges from the comparison of our new data to previously
published mid-depth records from the western South Atlantic. While our record shows the largest negative
83C excursions during almost all Heinrich Stadials, the western equatorialAtlantic showed medium and the
subtropical South Atlantic showed the smallest negative excursions. This meridional pattern supports

the notion that during Heinrich Stadials, a reduction in the NCW 8"C source signal together with the
accumulation of respired carbon at NCW depths drove the negative 5'>C excursions. We suggest that the
negative 8'C excursions progressively increase along the NCW southwards pathway until the signal
dissipates/dilutes by mixing with Southern Component Water.

1. Introduction

Negative excursions in the reconstructed stable carbon isotopic composition of dissolved inorganic carbon
(8"3Cpie) at Atlantic intermediate (here, 1,000-1,500 m) to mid-depths (here, 1,500-2,500 m) have been
reported to occur during millennial-scale climate change events named Heinrich Stadials. These excursions
are often related to a reduced Atlantic meridional overturning circulation (AMOC) (Lund et al., 2015; Oppo
et al., 2015; Oppo & Fairbanks, 1987; Tessin & Lund, 2013; Voigt et al., 2017). The reduced AMOC is fre-
quently associated with (i) changes in the proportion of Northern Component Water (NCW) relative to
Southern Component Water (SCW) (Keigwin & Lehman, 1994; Zahn et al., 1997), (ii) a shallow boundary
between NCW and SCW (Curry et al., 1999; Meckler et al., 2013), and/or (iii) a decrease in the NCW st3c
source value (Lund et al., 2015; Oppo et al., 2015; Voigt et al., 2017). Additionally, increasing evidence sug-
gests that the accumulation of respired carbon (*2C enriched) in the ocean interior in response to increased
deep water residence time also contributed to the §**C decreases in the Atlantic during these events (Oppo
et al., 2015; Schmittner & Lund, 2015; Voigt et al., 2017). However, the exact mechanisms responsible for the
negative 8"°C excursions during millennial-scale events remain elusive. Furthermore, most Atlantic
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Figure 1. Location of core M125-95-3 (yellow filled dot) and other marine records discussed herein (open dots) (see details in Table 1). (a) Modern western Atlantic
WOAI13 phosphate section depicts the main water masses within the western Atlantic (Garcia et al., 2013) together with three vertical GEOSECS stable carbon
isotopic composition profiles of dissolved inorganic carbon (513CDIC) at 60.5°N, 1°N, and 23°S (Kroopnick, 1985). Schematic arrows show the flow direction of the
main water masses. AABW = Antarctic Bottom Water; AAIW = Antarctic Intermediate Water; NADW = North Atlantic Deep Water. (b) Location of western South
Atlantic marine sediment cores. The purple line marks the section depicted in (a). This figure was partially produced with Ocean Data View (Schlitzer, 2018).

paleoclimate records registering negative excursions during Heinrich Stadials only cover the last deglacial
Heinrich Stadials (i.e., Heinrich Stadial 1 and the Younger Dryas [YD]), while records spanning the
Heinrich Stadials of the last glacial (i.e., from Heinrich Stadial 6 to 2) with appropriate temporal
resolution are scarce (e.g., Burckel et al., 2015; Santos et al., 2017).

Here, we investigate marine sediment core M125-95-3 collected at the western tropical South Atlantic
mid-depth (10.94°S, 1,897 m) spanning the last ca. 70 thousand years (ka). The high temporal resolution
of this core allows us to constrain changes in bottom water conditions during Heinrich Stadials. To recon-
struct past changes in the 8'3Cp1c, we measured benthic foraminifera §'3C. In addition, to independently
assess past changes in bottom water ventilation and the related changes in the accumulation of respired car-
bon, we measured bulk sediment sulfur (S) content. Our §'>C data constitute the first record in the western
South Atlantic that clearly registers all Heinrich Stadials of the last glacial and deglacial (i.e., from Heinrich
Stadial 6 to the YD). The coeval decreases in §'*C and increases in S during Heinrich Stadials indicate a
longer NCW residence time and accumulation of respired carbon in the western tropical South Atlantic
mid-depth.

2. Background

The western South Atlantic is occupied by a NCW that is, in turn, enveloped by two SCW. The NCW North
Atlantic Deep Water (NADW) occurs between ~1,200 and 4,000 m water depth, whereas the SCW Antarctic
Intermediate Water (AAIW) and Antarctic Bottom Water (AABW) occur above and below NADW, respec-
tively (Figure 1a) (Stramma & England, 1999).

The distribution of §'*Cp;c within the oceans results from a complex combination of surface primary produc-
tivity, organic matter remineralization in greater depths, air-sea gas exchanges, and their interactions with
ocean circulation (Figure 1a) (Kroopnick, 1985; Sarmiento et al., 1988). While the surface primary productiv-
ity preferentially removes nutrients and '*C from upper waters, the remineralization (or respiration) of
organic matter returns nutrients and 12C to intermediate-deep waters (Figure 1a) (Sarmiento et al., 1988).
As a result, nutrients and 8'>Cp;c have an inverse relationship (Kroopnick, 1985). Newly formed deep water
masses containing high fraction of oligotrophic surface waters (e.g., NADW) have relatively low nutrient con-
tent (i.e., low preformed nutrient) and respired carbon, resulting in high 8"3*Cpic (~1%o, Figure 1a—8"3Cp;c
vertical profile at 60.5°N) (Kroopnick, 1985). These high 8'*Cpc values spread into the deep North Atlantic.
However, the aging effect and the accumulation of respired carbon along the NCW pathway southwards pro-
mote a slight and progressive decrease in its 8Cpic signature (~0.9%o, Figure 1a—38"3Cp;c vertical profile at
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Table 1

Marine Sediment Cores Discussed in This Study

Core ID Region Latitude (°S) Longitude (°W) Water depth (m) Reference
GeoB16202-2 Western equatorial Atlantic 1.91 41.59 2,248 Voigt et al. (2017)
GeoB3910-2 Western equatorial Atlantic 4.25 36.35 2,362 Burckel et al. (2015)
M125-95-3 Western tropical South Atlantic 10.94 36.20 1,897 This study
GL-1090 Western subtropicalSouth Atlantic 24.92 42.51 2,225 Santos et al. (2017)
78GGC Western subtropical South Atlantic 27.48 46.33 1,820 Tessin and Lund (2013)

1°N). SCW, on the other hand, originate from waters with relatively high nutrients and respired carbon and,
thus, lower 82Cpic values spread northwards at AAIW (~0.5%c) and AABW (~0.4%.) levels
(Kroopnick, 1985) (Figure 1a—8"3Cpyc vertical profile at 23°S). As the water mass residence time
increases, nutrients and respired carbon become more concentrated, producing lower 83Ch1c
signatures. Since the residence time of western Atlantic deep waters is relatively short (ca. 275 years)
(Stuiver et al., 1983), its 8">Cp;c may reflect the mixing of water masses of different initial 8'3Cprc values
(i.e., NCW and SCW) and thus be a tracer for deep water mass structure and circulation (Kroopnick, 1985;
Oppo & Fairbanks, 1987). Importantly, the §'>Cp;c may also be influenced by local processes like changes
in surface primary productivity (e.g., in upwelling regions) and the related phytodetritus flux to the
seafloor, as well as by the terrigenous input of low 8§"*C detritus (e.g., by riverine input) (Mackensen
et al., 1993; Theodor et al., 2016).

The stable oxygen isotopic composition of seawater (8"0gy) is also a potential tracer for water mass struc-
ture and circulation (LeGrande & Schmidt, 2006). Water masses have different §'®0g,, signatures that are
dependent on their formation conditions. Assuming negligible geothermal and pressure heating effects, bot-
tom water §'%0 can only change due to mixing between water masses and thus is a valuable water mass tra-
cer (e.g., Meredith et al., 1999). It is noteworthy that absolute §'0,, values are also influenced by global ice
volume (e.g., Schrag et al., 2002). This effect is, however, nearly synchronous in specific ocean basins and
water depths (Waelbroeck et al., 2011).

Since the presence of S in marine sediments is related to oxygen availability (i.e., redox conditions), changes
in S concentration at seafloor sediments can, together with other proxies, record changes in local bottom
water ventilation. Organic matter in marine sediments is degraded by different terminal electron acceptors
encompassing aerobic and anaerobic degradation (Jorgensen et al., 2019). When oxygen availability is
reduced, seawater sulfate (SO,>7) becomes the dominant terminal electron acceptor. In this situation,
organic matter degradation is performed by sulfate-reducing bacteria, and both pyrite and sulfurized organic
matter are the results of the sulfate reduction and the main sinks of S at the seafloor (Jorgensen &
Kasten, 2006; Suits & Arthur, 2000). Importantly, in regions where the local flux of organic carbon exported
to the seafloor is low through time (e.g., far from upwelling systems and without river-borne nutrient input),
the increase in S concentration may be related to an increase in bottom water residence time and in the accu-
mulation of respired carbon.

Here, we use species-specific benthic foraminifera 8'*C and §'®0 as well as the S content of bulk sediments
to assess changes in bottom waters in the mid-depth western tropical South Atlantic.

3. Material and Methods

3.1. Marine Sediment Core

Core M125-95-3 (10.94°S, 36.20°W, 1,897 m water depth, 10.4 m core length) was collected from the conti-
nental slope in the western tropical South Atlantic during R/V Meteor cruise M125 (Table 1) (Bahr
et al., 2016). The core site is presently bathed in NADW (Figure 1a). Since we focus here on the Heinrich
Stadials of the last glacial and deglacial (i.e., Marine Isotope Stages [MIS] 4, 3, and 2), we analyzed the upper-
most ~7.4 m of the core. This section was sampled with syringes of 10 cm® and u-channels (2 cm width, 2 cm
depth, and 105 cm length). Samples for isotopic and micropaleontological analyses were wet sieved and oven
dried at 50 °C, and the fraction larger than 125 um was stored in glass vials. Samples for bulk sediment ana-
lyses were stored at 4 °C.
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We discuss our records in the context of four other published marine sediment cores also collected at the
western South Atlantic mid-depth spanning from 1.91°S to 27.48°S (Table 1 and Figure 1). Cores
GeoB3910-2 (Burckel et al., 2015) and GL-1090 (Santos et al., 2017) cover most Heinrich Stadials of the last
glacial. In order to complement GeoB3910-2 upper portion and to improve the temporal resolution of
GL-1090 during Heinrich Stadial 1 and the YD, we also compiled cores GeoB16202-2 (Voigt et al., 2017)
and 79GGC (Tessin & Lund, 2013), which cover the last ~20 ka (Figures 3d, 3e, 3g, and 3h). We focus on
mid-depth (around 2,000 m) and on the western margin of the Atlantic because this region is occupied by
the Deep Western Boundary Current, being ideal for tracking past changes in NCW (Rhein et al., 1995).

3.2. Stable Isotopic Composition of Benthic Foraminifera

83C and 8'®0 analyses were performed on two benthic foraminifera species with different microhabitat
(McCorkle et al., 1990): (i) shallow infaunal species Uvigerina spp. (mainly Uvigerina peregrina; 820 results
previously published in Campos et al., 2019) and (ii) epifaunal species Cibicidoides pachyderma. From the
sediment fraction larger than 125 um, ~3-10 specimens per sample were handpicked under a binocular
microscope every 4-6 cm for Uvigerina spp. and every 2-50 cm for C. pachyderma. Since C. pachyderma
(and also any other appropriate epibenthic species) is not consistently present in core M125-95-3, we only
analyzed the depth interval 84-398 cm. On the other hand, Uvigerina spp. is present in the whole investi-
gated section and was used to produce the main downcore 8**C record of M125-95-3. Uvigerina spp. analyses
were conducted with a gas isotope ratio mass spectrometer (Thermo Fisher Scientific MAT253plus) coupled
to an automated carbonate preparation device (Kiel IV) at the MARUM—Center for Marine Environmental
Sciences, University of Bremen, Germany. C. pachyderma analyses were conducted with a gas isotope ratio
mass spectrometer (Thermo Fisher Scientific MAT253) coupled to an automated carbonate preparation
device (Kiel IV) at the Paleoceanography and Paleoclimatology Laboratory (P2L), University of Sao Paulo,
Brazil. Output data were calibrated against in-house standard (both laboratories use Solnhofen
Limestone) that is calibrated against the NBS19 standard. We report the results in per mil (parts per thou-
sand, i.e., %o) versus Vienna Peedee belemnite (VPDB). For the measured period, the standard deviation
of in-house standard replicate measurements was 0.03%. (§'>C) for both laboratories and 0.06%. (5'%0) for
the MARUM and 0.05%o for the P2L.

Benthic foraminifera register in their tests local bottom or pore water conditions, depending on the
species-specific microhabitat and vital effects related to isotopic fractionation during biomineralization.
Thus, their §'*C and §'®0 have been widely used to reconstruct past changes in the local bottom water
83Cpic (Mackensen et al., 1993; Mackensen & Schmiedl, 2019; McCorkle et al., 1990) and 80,
(Skinner & Shackleton, 2005; Waelbroeck et al., 2002; Waelbroeck et al., 2011). In order to directly compare
our Uvigerina spp. 8">C values to the §'>C of epifaunal species, we applied the correction factor (0.9%o) from
Shackleton and Hall (1984).

3.3. Sulfur Content

S intensity was determined with an X-ray fluorescence (XRF) core scanner and an energy-dispersive polar-
ized XRF (EDP-XRF). XRF core scanner S data were collected every 5 mm downcore directly at the surface of
u-channels sampled from the archive half of core M125-95-3. Analyses were performed at the MARUM—
Center for Marine Environmental Sciences, University of Bremen, Germany, with the XRF Core Scanner
IIT (AVAATECH Serial No. 12) (details regarding the method are provided in Campos et al., 2019).
EDP-XRF S analyses were performed on bulk sediment samples every 20 cm of the working half of core
M125-95-3. Bulk sediment samples of around 10 cm?® were freeze dried and homogenized with a hand agate
mortar and pestle. Analyses were performed at the Oceanography and Paleoceanography Laboratory
(LOOP), Fluminense Federal University, Brazil, with an energy-dispersive PANalytical Epsilon 3-X XRF
spectrometer.

In marine sediments, organic matter is degraded by different terminal electron acceptors following an order
of decreasing energy yield (from high to low values): oxygen, nitrate, oxides of manganese (IV) and iron (III),
and sulfate (Jorgensen et al., 2019). Under oxygen depletion, the sulfate (S0,*7)—which is highly concen-
trated (~28 mM) in seawater—turns the dominant terminal electron acceptor, despite the others to be ener-
getically more favorable. Where ventilation is reduced, organic matter starts to be degraded by
sulfate-reducing bacteria (degradation/anaerobic respiration of organic matter). During this process, the
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dissolved sulfate suffers reduction to sulfide (H,S + HS™ + $*7) (e.g., Jorgensen & Kasten, 2006; Suits &
Arthur, 2000). The produced sulfide can react with ferrous iron (provided by chemical reduction of detrital
minerals) forming pyrite. In another diagenetic pathway, the produced sulfide can react with organic matter
to form organic S compounds (i.e., sulfurization of organic matter) (Bottrell & Newton, 2006; Jorgensen
et al., 2019). Both pyrite and sulfurized organic matter are the main sinks of S in marine sediments.

3.4. Foraminiferal Assemblages

Planktonic foraminifera assemblage analyses and total benthic foraminifera counts were conducted every
~10 cm of core M125-95-3. Samples were dry sieved with a 150 um mesh, and the species relative abundances
were quantified from splits containing at least 300 specimens (Patterson & Fishbein, 1989). Taxonomy was
based on Stainforth et al. (1975), Boltovskoy et al. (1980), and Bolli et al. (1989). Additionally, we counted the
Uvigerina spp. abundance in nine samples of core M125-95-3 within the depth interval 212-282 cm, covering
pre-Heinrich Stadial 2, Heinrich Stadial 2, and post-Heinrich Stadial 2. Samples were dry sieved with a
150 um mesh, and the Uvigerina spp. relative abundance was quantified from splits containing at least
~100 benthic specimens (Boyle, 1990; Schmiedl et al., 2000). Taxonomy was based on Boltovskoy et al. (1980)
and Lutze (1986). Considering the water depth (i.e., 1,897 m) of core M125-95-3 as well as the modern and
glacial lysocline depths (Volbers & Henrich, 2004), we assume that the planktonic and benthic foraminifera
faunal composition of core M125-95-3 was not influenced by dissolution.

We estimate changes in surface primary productivity based on the index Ryp/pianktonic, in Which HP repre-
sents the sum of the abundance of the high productivity species Globigerina bulloides, Neogloboquadrina
dutertrei, Neogloboquadrina incompta, and Globigerinita glutinata divided by the sum of all planktonic spe-
cies (Portilho-Ramos et al., 2017). Also, we infer the local flux of organic carbon exported to the seafloor
based on (i) the benthic foraminifera accumulation rate (BFAR) (Dias et al.,, 2018; Herguera &
Berger, 1991) and (ii) the abundance of the food indicator Uvigerina ssp. relative to the abundance of all
benthic foraminifera, that is, Rpyvigerina spp./Benthics (Boyle, 1990; Koho et al., 2008; Schmiedl &
Mackensen, 1997).

3.5. Age Model

The analyzed section of core M125-95-3 covers the last ca. 70 ka with a mean sedimentation rate of 11.9 cm/
ka. The chronology was obtained by combining nine planktonic foraminifera accelerator mass spectrometry
(AMS) radiocarbon ages (covering the uppermost 452 cm, i.e., ca. 40 ka before present [BP]) with three
M125-95-3 Uvigerina spp. 8*%0 tie-points aligned to a benthic 880 reference curve from Govin et al. (2014).
We used the calibration curve IntCall3 (Reimer et al., 2013) with a variable simulated reservoir age from
transient modeling experiments described in Butzin et al. (2017). The age modeling algorithm BACON v.
2.2 (Blaauw & Christen, 2011) was used within the software PaleoDataView v. 0.8.3.4 (Langner &
Mulitza, 2019) for age-depth modeling. Further details regarding the age model are provided in Campos
et al. (2019).

4. Results

Uvigerina spp. 8">C values range from —1.43% to 0.47%. (Figure 2g). The contrast between mean last glacial
and Holocene values is ~0.7%o. Negative excursions (as large as 0.92%o) in the Uvigerina spp. 8**C record
occurring during MIS4-1 are associated with Heinrich Stadials (i.e., from Heinrich Stadial 6 to the YD).
Although the negative excursion associated with Heinrich Stadial 3 is also present, it is not as marked as
the excursions associated with other Heinrich Stadials. Apart from the Heinrich Stadials excursions, another
negative millennial-scale excursion occurs around 44 ka BP. Uvigerina spp. 8'20 values vary from 2.63%o to
5.02%o (Figure 2i). The contrast between mean last glacial and Holocene values is ~1.4%o. During the last gla-
cial (MIS4-3), relative low values are coeval with Heinrich Stadial 6 to 4. The last deglaciation shows sharp
decreases at ca. 18.4 and 11.5 ka BP, coeval (within age model uncertainties) to Heinrich Stadial 1 and the
YD. C. pachyderma isotopic values vary between —1.33%. and —0.22%. for 8"*C and 4.22 and 5.41%o for
s'%0 (Figures 2f and 2h). Negative excursions are also associated with Heinrich Stadials (i.e., from
Heinrich Stadial 3 to 1) in both records (i.e., 8'>C and §'20).

Despite localized differences (e.g., during Heinrich Stadial 6), the 8'*C (Figures 2f and 2g) and the XRF core
scanner S (Figure 2d) records show an inverse relationship during Heinrich Stadials. Higher Heinrich
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Figure 2. Isotopic, geochemical, and assemblage records from core M125-95-3 for the last ca. 70 ka. (a) Surface primary productivity index Ryp/planktonic
(abundance of high productivity species [HP] divided by the abundance of all planktonic species). The green rectangle represents typical western Atlantic
oligotrophic conditions (Garcia et al., 2013; Kucera et al., 2005); (b) benthic foraminifera accumulation rate (BFAR); (c) local flux of organic carbon

to the seafloor index Ryyigerina spp./Benthics (Uvigerina spp. abundance relative to at least ~100 benthic specimens); (d, e) X-ray fluorescence (XRF) core
scanner sulfur (S) (black line) and energy-dispersive polarized (EDP) XRF S (orange circles); (f) Cibicidoides pachyderma stable carbon isotopic composition
(513C); (g) Uvigerina spp. 813C; (h) C. pachyderma stable oxygen isotopic composition (5180); and (i) Uvigerina spp. 8'%0 (previously published in Campos
et al., 2019). Black (orange) squares at the bottom of the panel depict calibrated radiocarbon ages (tie-points) with 2o standard error. Red vertical bars
represent millennial-scale events Younger Dryas (YD) and Heinrich Stadial (HS) 1 to 6. Marine Isotope Stages (MIS) are depicted below the upper axis.
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Stadials XRF core scanner S intensities (i.e., from Heinrich Stadial 6 to the YD) interrupt the near-constant
background (i.e., ~100 counts per second) present throughout the investigated interval. EDP-XRF S
concentrations (Figure 2e) range from 0.27% to 1.17% and also show increases during most Heinrich Stadials
(i.e., from Heinrich Stadial 6 to 1).

Rup/planktonic Values range from 0 to 0.14 (Figure 2a), being low throughout the last ca. 70 ka. BFAR values
are also low during this period, varying from ~12 to 820 shells/cm?/ka (Figure 2b). Ryyigerina spp./Benthics
values vary between 10.96 to 27.55 (Figure 2c), showing no clear trend during the analyzed interval, that
is, pre-Heinrich Stadial 2, Heinrich Stadial 2, and post-Heinrich Stadial 2.

5. Discussion

5.1. Benthic Foraminifera §'C Signal

The 8"C of epibenthic foraminifera is an optimal tracer for past changes in bottom water conditions
(Mackensen & Schmiedl, 2019; McCorkle et al., 1990). The analyzed species C. pachyderma occupies an epi-
faunal to very shallow infaunal microhabitat (Fontanier et al., 2002; Schmiedl et al., 2000). Accordingly, the
8'3C of C. pachyderma is close to bottom water 5'*Cpc with negligible pore water effects (Schmiedl
et al., 2004; Theodor et al., 2016). In contrast, Uvigerina species commonly inhabit shallow infaunal micro-
habitats (e.g., Koho et al., 2008). Shallow infaunal benthic foraminifera calcify in contact with pore water,
and their 8'3C cannot be readily assumed to record 8'3Cpyc of the overlying bottom water. Indeed, the
8'3Cpyc of pore water is controlled by both (i) overlying bottom water 813Cpc and (ii) degradation of organic
matter exported to the seafloor (e.g., from surface primary productivity and/or terrigenous input). The latter
process leaves pore water '2C-enriched compared to overlying bottom water, thus affecting infaunal forami-
nifera §'3C (i.e., microhabitat effect) (McCorkle et al., 1985; McCorkle et al., 1990; Zahn et al., 1986). Our
Uvigerina spp. negative 8"°C excursions during Heinrich Stadials of the last glacial and deglacial (i.e., from
Heinrich Stadial 6 to the YD; Figure 2g) could therefore be controlled by three possible processes (that could
have operated together): (i) higher surface primary productivity (McCorkle et al., 1985); (ii) higher input and
resuspension of low s3c terrigenous detritus (Milzer et al., 2016; Polyak et al., 2003; Theodor et al., 2016);
and (iii) changes in the overlying bottom water ventilation leading to lower §3Cprc (Voigt et al., 2017).

Our study area is far from upwelling systems, and it is dominated by oligotrophic western boundary currents
(Garcia et al., 2013); thus, we would not expect to have increases in surface primary productivity. Indeed,
Rup/planktonic Show low values during the last ca. 70 ka, confirming that increases in surface primary produc-
tivity did not occur during Heinrich Stadials (Figure 2a). The 10w Ryp,planktonic Values also indicate that
river-borne nutrients did not affect the upper water column of our core site during Heinrich Stadials
(Schilman et al., 2001). Thus, changes in surface primary productivity cannot be the main driver of the nega-
tive 8'3C excursions in our Uvigerina spp. record (Figure 2g).

Intervals of enhanced input of low §"C terrigenous detritus could account for the negative excursions con-
sidering that our core site is located near the mouth of the Sao Francisco River and that increased input of
terrigenous sediments (e.g., Ti and Fe) occurred during Heinrich Stadials (Campos et al., 2019). However,
our low BFAR values during the last ca. 70 ka (Figure 2b) together with the lack of a clear trend in our
Ruvigerina spp./Benthics during the analyzed interval (i.e., pre-Heinrich Stadial 2, Heinrich Stadial 2, and
post-Heinrich Stadial 2) (Figure 2c) suggest that the negative 8'°C excursions were not accompanied by a
marked increase in the local flux of organic carbon to the seafloor (Boyle, 1990; Theodor et al., 2016).
Thus, we deem the input of low 8'°C terrigenous detritus not to be the main driver of the negative 'C
excursions in our Uvigerina spp. record (Figure 2g).

Epibenthic C. pachyderma 8"3C shows negative anomalies during Heinrich Stadial 3, 2, and1 (Figure 2f), that
is, all Heinrich Stadials covered by the C. pachyderma record. Importantly, the magnitudes of the
C. pachyderma negative excursions are very similar to those of Uvigerina spp. (Figure 2g). This supports
the suggestion that the local flux of organic carbon to the seafloor was indeed low having insignificant influ-
ence in our Uvigerina spp. negative 813C excursions (Schmied]l & Mackensen, 2006; Theodor et al., 2016;
Zahn et al., 1986). Taken together, we interpret the Uvigerina spp. negative excursions during all Heinrich
Stadials of the last glacial and deglacial (Figure 2g) primarily as responses to changes in the overlying bottom
water.
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In the next section, we assess the possible changes that occurred in the overlying bottom water in the wes-
tern South Atlantic mid-depth. We tentatively quantified the magnitude of the 8'3C excursions present in
our record as well as in records from four other cores collected at similar depths in the western South
Atlantic (Table 1 and Figure 1). Therefore, we selected, whenever possible, the three more positive st3c
values of the preevents (i.e., intervals just before the respective negative excursion) and the three more nega-
tive 8'3C values within the events (i.e., the negative excursions) (Figures 3d-3h) and calculated the magni-
tude of each excursion (i.e., pre-Heinrich Stadial 8'*C minus Heinrich Stadial §'*C). Because of age models
uncertainties, the timing of Heinrich Stadials can be slightly different among the considered records.

5.2. Western Tropical South Atlantic Mid-depths Show the Largest Negative 8'*C Excursions
During Heinrich Stadials

Atlantic depleted 8">C values at intermediate and mid-depths are commonly attributed to an increased frac-
tion of low-8"*C SCW (Boyle & Keigwin, 1987; Duplessy et al., 1988; Keigwin & Lehman, 1994; Sarnthein
et al., 1994). A greater fraction of SCW AABW at our core site during Heinrich Stadials could have poten-
tially contributed to the negative 8'°C excursions (Figures 2g and 3f). Additionally, during these
millennial-scale events, the relatively low-5>C SCW AABW source signal could have been overprinted by
increased Southern Ocean air-sea gas exchange. An increase in Southern Ocean air-sea gas exchange during
Heinrich Stadials is attributed to a reduced Southern Ocean stratification (Anderson et al., 2009) and a sea
surface warming in the high latitudes of the Southern Hemisphere (EPICA, 2006; Lynch-Stieglitz et al., 1995).
If this was the case (i.e., increased fraction of SCW AABW and/or depleted SCW AABW source signal), we
would expect our 8**0 values to increase since SCW AABW shows a relatively higher §'0 than NCW
(LeGrande & Schmidt, 2006). However, they decrease during some Heinrich Stadials and present no clear
trend during others (Figures 2h and 2i). It is noteworthy that the mentioned sea surface warming in the high
latitudes of the Southern Hemisphere in response to a reduced AMOC (EPICA, 2006) would reduce the §**0
values of SCW AABW (Oppo et al., 2015). But it is unlikely that this process had a predominant influence at
the bottom of the water column of our core site. Also, if a decreased SCW AABW 8'*C source signal would
have affected the bottom of the water column at our core site, we would expect the lowest mid-depth §'*C
Heinrich Stadials excursions to occur to the south of our core site, what is not the case (see below).
Mid-depth Atlantic water mass provenance records based on the neodymium isotopic composition of the
authigenic fraction (a more robust proxy for water mass provenance than §'%0) show that NCW dominated
the depths around 2,000 m during Heinrich Stadials (Howe et al., 2018; Zhao et al., 2019).

Increased evidence suggest that the deglacial Atlantic negative 8*>C excursions may be related to changes in
NCW (Lund et al., 2015; Oppo et al., 2015; Schmittner & Lund, 2015; Voigt et al., 2017; Zhao et al., 2019).
During events of weak AMOC (i.e., Heinrich Stadials), the reduced input of high 8'3C surface waters into
the deep North Atlantic due to decreased convection would promote a decrease in the source signal of the
NCW (Lund et al., 2015; Oppo et al., 2015). Additionally, the reduced ventilation and consequent increased
NCW residence time would have led to an increase in the accumulation of respired carbon at NCW depths
throughout the Atlantic (Schmittner & Lund, 2015). Thus, the decreased NCW §'3C source signal during
Heinrich Stadials was accentuated along the NCW pathway southwards by the accumulation of respired car-
bon. Proxies of water mass residence time and flow rates should confirm this scenario. In fact, **C-depleted
values (Chen et al., 2015; Lund et al., 2015; Robinson et al., 2005; Thornalley et al., 2011) and high sedimen-
tary 231py /230Th (Henry et al., 2016; McManus et al., 2004; Mulitza et al., 2017; Siifke et al., 2019) (Figures 3b
and 3c) from the western Atlantic suggest a reduced ventilation at NCW depths coeval with freshwater input
into the high latitudes of the North Atlantic (marked by pulses of ice-rafted debris [IRD]; Figure 3a).

Considering the progressive character of the §'°C decrease, we would expect the negative excursions to be
smaller near the NCW source region, that is, reflecting almost exclusively the reduction in the NCW §"3C
source signal, and the highest further south in the Atlantic, that is, reflecting a combination of reduced
NCW 8'3C source signal and accumulation of respired carbon at NCW depths. Then, the signal would
dissipate/dilute by mixing with SCW (Lund et al., 2015; Schmittner & Lund, 2015; Tessin & Lund, 2013).
Indeed, northern North Atlantic did not show markedly negative excursions during Heinrich Stadials
(e.g., Elliot et al., 2002), and the largest s3c negative excursion was reported to occur as far south as the wes-
tern equatorial Atlantic intermediate depths (1.58°S, 1,400 m) during Heinrich Stadial 1 (Voigt et al., 2017).
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Figure 3. Paleoceanographic records from the Atlantlc (a) Heinrich layers indicated by the presence of i 1ce rafted debris (IRD) from the stack curve of Lisiecki and
Stern (2016); (b) western equatorial Atlantic 1Pa/ OTh (Mulitza et al., 2017); (¢) Bermuda Rise 231p, /2307 (Henry et al 2016; McManus et al., 2004); (d)
benthic (i.e., Cibicides wuellerstorfi, Cibicidoides kullenbergi, and ClblCldeS lobatulus) stable carbon 1sot0p1c composition (5 C) from core GeoB16202-2, western
equatorial Atlantic (Voigt et al., 2017); (e) benthic (C. wuellerstorfi) 83C from core GeoB3910- 2, western equatorial Atlantlc (Burckel et al., 2015); (f) benthic (i.e.,
Uvigerina spp. corrected for comparison to epibenthic spec1es correctlon factor based on Shackleton & Hall, 1984) 8'3C from core M125-95- 3, western tropical
South Atlantic (thls study) (g) benthic (i.e., C. wuellerstorfi) 8*3C from core GL- 1090, western subtropical South Atlantic (Santos et al., 2017); (h) benthic (i.e.,
Cibicidoides spp.) 83C from core 78GGC, western subtropical South Atlantic (Tessin & Lund, 2013) and (i, j) X-ray fluorescence (XRF) core scanner sulfur (S)
(black line) and energy-dispersive polarized (EDP) XRF S (orange circles) (this study). All benthic 8'3C records (d)-(h) derived from mid-depth western South
Atlantic cores ranging from 1,820 to 2,362 m water depth. Black filled circles in records (d)-(h) indicate the data points used to calculate the magnitude of the
negative 813C excursions (more details are found in Figure 4). Black (orange) squares at the bottom of the panel depict calibrated radiocarbon ages (tie-points)
with 2o standard error. Red vertical bars represent millennial-scale events Younger Dryas (YD) and Heinrich Stadial (HS) 1 to 6. Marine Isotope Stages (MIS) are
depicted below the upper axis.

However, most western South Atlantic marine records reporting negative excursions during Heinrich
Stadials with appropriate temporal resolution only cover the last deglacial (i.e., Heinrich Stadial 1 and the
YD), leaving aside the glacial Heinrich Stadials (i.e., Heinrich Stadial 6-2). Exceptions have been reported,
so far, for two records from the western South Atlantic mid-depth, that is, GeoB3910-2 (4.25°S; Figure 3e)
from the western equatorial Atlantic covering the interval ca. 50-11 ka (Burckel et al., 2015) and GL-1090
(24.92°S; Figure 3g) from the western subtropical South Atlantic covering the last ca. 185 ka (Santos
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the last ca. 70 ka with a high temporal resolution, being ideal not only to

Figure 4. Heinrich Stadial (HS) magnitude of the negative 8"3C excursions
of western Atlantic cores (color coded according to Figure 3) GeoB16202-2
(equatorial Atlantic) (Voigt et al., 2017), GeoB3910-2 (equatorial Atlantic)

@)

E E o.s—- | e . constrain NCW ventilation in the western tropical South Atlantic
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2 EE, 0.6 u 100 M . records between 4.24°S and 24.92°S. Furthermore, core M125-95-3 pro-
E 2 0.4—- Ve * a * vides the first western South Atlantic §'C record that clearly registers
E 'g 02 M all Heinrich Stadials of the last glacial and deglacial (i.e., from Heinrich
'ED § - [ | Stadial 6 to the YD) (Figure 3) (Lynch-Stieglitz et al., 2014).

§ v YD HS1 HS2 HS3 HS4 HS5 HS6 The compilation of western South Atlantic mid-depth records together

with our new record reveal the existence of a coherent meridional pattern
of negative 8'°C excursions during most Heinrich Stadials (Figures 3-5
and supporting information Figure S1). Core M125-95-3 shows systemati-

(Burckel et al., 2015), M125-95-3 (tropical South Atlantic) (this study), cally larger §°C negative excursions, exception made for Heinrich Stadial
GL-1090 (subtropical South Atlantic) (Santos et al., 2017), and 78GGC 3 in which core GL-1090 shows the same magnitude of M125-95-3 and the
(subtropical South Atlantic) (Tessin & Lund, 2013). Excursions were YD in which core GeoB16202-2 shows a slightly higher magnitude

calculated considering the three more positive values of the pre-Heinrich
Stadials and the three more negative values of the Heinrich Stadials. The
Younger Dryas (YD) and Heinrich Stadial 1 to 6 are depicted.

(Figure 4). The negative 8"C excursion around 44 ka BP that can be seen
in our record and in GeoB3910-2 record (Burckel et al., 2015) (Figures 3e
and 3f) is coeval with Greenland Stadial 12 (Rasmussen et al., 2014), a sta-
dial that is also related to an AMOC slowdown that was, however, weaker
than Heinrich Stadials. Since our focus here relies on Heinrich Stadials, we do not further discuss this event.
It is important to mention that MIS4 is characterized as a period of intense oceanic carbon sequestration
(Bereiter et al., 2012) that could have overprinted the negative §'*C excursions during Heinrich Stadial 6
(Figures 3f and 3g).

The meridional pattern of negative 8'*C excursions during most Heinrich Stadials supports the notion that
the combined effect of (i) changes in the 8'3C NCW source signal and (ii) the accumulation of respired
carbon at mid-depth produced the largest negative '°C excursions in the western tropical South Atlantic
(i.e., M125-95-3 core site) from where it gradually lost magnitude by mixing with SCW until reaching the
western subtropical South Atlantic (i.e., GL-1090 and 78GGC core sites) (Figure 5) (Lund et al., 2015;
Schmittner & Lund, 2015; Tessin & Lund, 2013). Importantly, our independent proxy for bottom water

Heinrich Stadials Iceberg discharge

*) Decreased NCW
convection and

§'3C source signal
SCW 078GGC 5-3
o °GeoB1 6202-2
GL-1090 10-2
Dissipation/dilution of
the NCW 8'*C signal

Aging and progressive
accumulation of respired
carbon in NCW

EQ
Latitude

Figure 5. Schematic representation of the western Atlantic during Heinrich Stadials (i.e., under a weak Atlantic
meridional overturning circulation). Arrows depict source region and the main pathway of the Southern Component
Water (SCW) and Northern Component Water (NCW). NCW dashed arrow indicates decreased convection and aging of
this water mass. Open and filled dots indicate core sites of GeoB16202-2 (western equatorial Atlantic) (Voigt et al., 2017),
GeoB3910-2 (western equatorialAtlantic) (Burckel et al., 2015), M125-95-3 (western tropical South Atlantic) (this study),
GL-1090 (western subtropical South Atlantic) (Santos et al., 2017), and 78GGC (western subtropical South Atlantic)
(Tessin & Lund, 2013). The blue shading represents the magnitude of the NCW negative 8'3C excursion (accumulation of
respired carbon), which gradually increases southwards at mid-depth, peaking in the western tropical South Atlantic
(i.e., M125-95-3 core site) from where it starts to dissipate/dilute by mixing with SCW toward the western subtropical
South Atlantic (i.e., GL-1090 and 78GGC core sites).
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ventilation, that is, bulk sediment S content, shows increases during all Heinrich Stadials of the last glacial
and deglacial (exception made for the YD), indicating an increased residence time of NCW in the western tro-
pical South Atlantic (Figures 2d, 2e, 3i, and 3j).

To our knowledge, the use of S to track millennial-scale changes in bottom water ventilation is unprece-
dented (Harff et al., 2011; Pasquier et al., 2017; Sluijs et al., 2008). Its use is grounded on the fact that an
increase in the concentration of S at the seafloor is tightly related to local depletion in oxygen availability
(Jorgensen et al., 2019; Jorgensen & Kasten, 2006). Since the flux of organic matter to the seafloor was
low at our core site throughout the investigated period (Figures 2b and 2c), the S increases during
Heinrich Stadials mainly reflect changes in oxygen availability of the bottom water (i.e., NCW). A reduced
ventilation and accumulation of respired carbon at NCW depths would decrease oxygen availability via aero-
bic organic matter degradation favoring the S accumulation at the seafloor (i.e., via sulfate-reducing bacteria
anaerobic organic matter degradation). Despite the overall good similarity, our benthic §'*C and S records
also show localized differences (e.g., during Heinrich Stadial 6). These localized differences most probably
arise because of the partially different phenomena controlling both proxies.

The persistent negative 8'*C excursions and positive S excursions during Heinrich Stadials of the last glacial
and deglacial in our core (Figures 3f, 3i, and 3j) suggest that, even under different boundary conditions, simi-
lar mechanisms resulted in an increased NCW residence time and accumulation of respired carbon in the
western tropical South Atlantic mid-depth. Moreover, the synchronism between past increases in atmo-
spheric CO, (COzm) (Ahn & Brook, 2008, 2014) and decreases in §'°CO,am (Bauska et al., 2018;
Eggleston et al., 2016) during millennial-scale climate change events in the one hand and in the
AMOC-related marine carbon cycle records on the other hand (Burckel et al., 2015; Santos et al., 2017;
Tessin & Lund, 2013; Voigt et al., 2017) suggests that the AMOC played a relevant role in modulating the
global carbon cycle during Heinrich Stadials.

6. Conclusions

We present new high-resolution §'*C and S records from the western tropical South Atlantic mid-depth for
the last ca. 70 ka. This is the first western South Atlantic 8"*C record that clearly registers all Heinrich
Stadials of the last glacial and deglacial, filling the gap of shorter and lower temporal resolution marine
records between 4.24°S and 24.92°S. The concurrent 8'°C decreases and S increases during Heinrich
Stadials in our records suggest reduced ventilation and consequent accumulation of respired carbon at
NCW depths. Based on the comparison of our new data to existing western South Atlantic marine records
collected around the same water depth, we conclude that (i) even under different boundary conditions, nega-
tive 8'C excursions occurred during all Heinrich Stadials of the last glacial and deglacial, and (ii) the mag-
nitude of the negative excursions suggests a coherent meridional pattern. This meridional pattern supports
the notion that the Heinrich Stadials reduction in the NCW &"3C source signal together with the accumula-
tion of respired carbon at Atlantic NCW depths promoted a progressive depletion in the NCW 8'>C signature
along its southwards advection. The highest negative §'>C excursions occurred in the western tropical South
Atlantic, from where the signal started to dissipate/dilute by mixing with SCW.
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