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a b s t r a c t

Continental and marine paleoclimate archives from northwestern and northeastern South America
recorded positive precipitation anomalies during Heinrich Stadials (HS). These anomalies have been
classically attributed to enhanced austral summer (monsoon) precipitation. However, the lack of marine
paleoclimate records off eastern South America as well as inconsistencies between southeastern South
American continental and marine records hamper a comprehensive understanding of the mechanism
responsible for (sub-) tropical South American hydroclimate response to HS. Here we investigate piston
core M125-95-3 collected off eastern South America (10.94

�
S) and simulate South American HS condi-

tions with a high-resolution version of an atmosphere-ocean general circulation model. Further,
meridional changes in precipitation over (sub-) tropical South America were assessed with a thorough
compilation of previously available marine paleorecords. Our ln(Ti/Ca) and ln(Fe/K) data show increases
during HS6-Younger Dryas. It is the first core off eastern South America and the southernmost from the
Atlantic continental margin of South America that unequivocally records HS-related positive precipita-
tion anomalies. Based on our new data, model results and the compilation of available marine records,
we propose a new mechanism for the positive precipitation anomalies over tropical South America
during HS. The new mechanism involves austral summer precipitation increases only over eastern South
America while the rest of tropical South America experienced precipitation increases during the winter,
challenging the widely held assumption of a strengthened monsoon. South American precipitation
changes were triggered by dynamic and thermodynamic processes including a stronger moisture supply
from the equatorial North Atlantic (tropical South Atlantic) in austral winter (summer).

© 2019 Elsevier Ltd. All rights reserved.
1. Introduction

Reductions in the Atlantic meridional overturning circulation
(AMOC) cross-equatorial heat transport associated with Heinrich
Stadials (HS) affected South American hydroclimate (Arz et al.,
1998; Kageyama et al., 2013). The mechanism usually invoked to
explain HS precipitation anomalies over South America includes an
.C. Campos).
enhanced South American monsoon system (SAMS), a southward
migration of the Intertropical Convergence Zone (ITCZ) and an
intensification of the South Atlantic Convergence Zone (SACZ)
(Kanner et al., 2012; Peterson et al., 2000; Stríkis et al., 2015).

Continental paleoclimate records from northern (N) South
America (e.g. Zular et al., 2019) show negative precipitation
anomalies during HS that are supported by model simulations
(Kageyama et al., 2013; Mohtadi et al., 2016). Positive precipitation
anomalies over northwestern (NW) (e.g. Baker et al., 2001; Kanner
et al., 2012), northeastern (NE) (e.g. Cruz et al., 2009; Ledru et al.,
2006), and eastern (E) (e.g. Stríkis et al., 2018; Wang et al., 2004)
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South America during HS are equally supported by model results
(Kageyama et al., 2013; Mohtadi et al., 2016). On the other hand,
some continental paleoclimate records from southeastern (SE)
South America (Cruz et al., 2007; Wang et al., 2006) suggest posi-
tive precipitation anomalies during HS, but are not supported by
model simulations, which suggest no or even negative changes in
precipitation (Kageyama et al., 2013; Mohtadi et al., 2016).

Marine paleoclimate records from the Atlantic continental
margin of South America agreewithmodel simulations and suggest
negative precipitation anomalies over N South America (e.g. Bahr
et al., 2018; Deplazes et al., 2013), positive precipitation anoma-
lies over NW (e.g. Crivellari et al., 2018; Zhang et al., 2017) and NE
(e.g. Arz et al., 1998; Mulitza et al., 2017) South America and no
major changes in precipitation over SE South America (e.g. Behling
et al., 2002; Gu et al., 2017) during HS. So far, no marine paleo-
climate record covering the late Quaternary is available between ca.
7

�
S and 20

�
S off E South America.

The inconsistency between continental and marine paleo-
climate records from SE South America together with the lack of
marine records off E South America hamper the validation of the
proposed mechanism behind (sub-) tropical South American
hydroclimate response to HS.

Herewe reduce the gap ofmarine paleoclimate records between
7

�
S and 20

�
S by investigating piston core M125-95-3 collected at

10.94
�
S (Fig. 1a). Our core site is influenced by the terrigenous

discharge of the S~ao Francisco River and recorded the hydroclimate
history of E South America for the last ca. 70 ka. To reconstruct
changes in precipitation over the S~ao Francisco River drainage basin
we determined themajor elemental intensity along the piston core.
In order to investigate meridional changes in precipitation over
(sub-) tropical South America we performed a thorough compila-
tion of available marine paleoclimate records. To scrutinize the
mechanism responsible for hydroclimate changes, we performed a
HS simulation with a high-resolution version of the atmosphere-
ocean general circulation model CCSM3 (Collins et al., 2006).

Based on the combination of data from our core, the compilation
of marine paleoclimate records and the model results we propose a
new mechanism responsible for the last glacial HS positive pre-
cipitation anomalies over tropical South America to the south of the
equator. The new mechanism involves dynamic and thermody-
namic processes and shows an austral winter (summer) equatorial
North Atlantic (tropical South Atlantic) moisture flux contributing
to wetter conditions over NW South America (E South America)
during HS.
2. Regional setting

During austral summer (winter), themain source ofmoisture for
tropical South America is the North Atlantic (South Atlantic) via
prevailing NE trade winds (SE trade winds). The austral summer NE
trade winds moisture transport allows the development of the
SAMS, whose convective rains are responsible for more than 50% of
the total annual precipitation over tropical South America to the
east of the Andes (Zhou and Lau, 1998). The onset of the SAMS
occurs during austral spring (October), reaching its mature phase
during the austral summer (DecembereFebruary) with intense
convection over the southern Amazon basin, and demising during
austral fall (April) (Marengo et al., 2001).

The ITCZ and the SACZ are important phenomena in South
American hydroclimate, both related to the SAMS. The ITCZ can be
understood as a global convective belt over the oceans associated to
the ascending branch of the Hadley cell and to the convergence of
the NE and SE trade winds. In order to compensate the AMOC’s
northward cross-equatorial heat transport, the ITCZ mean
latitudinal position is around 5
�
N (Marshall et al., 2014). The ITCZ

shifts seasonally towards the summer hemisphere, following the
highest sea surface temperatures (SST) (Schneider et al., 2014). It is
believed that the southward migration of the ITCZ can induce pe-
riods of enhanced SAMS (Vuille et al., 2012). The SACZ can be un-
derstood as a NW-SE elongated convective belt that typically
originates in thewestern Amazon basin in early August and extends
southeastwards above SE South America, frequently reaching the
adjacent western South Atlantic (Carvalho et al., 2004). During
intense (weak) phases and, thus, enhanced (reduced) SAMS, the
SACZ is displaced northwards (southwards) promoting a decrease
in precipitation over SE South America south (north) of ca. 25

�
S

(Robertson and Mechoso, 2000).
Despite the SAMS/SACZ influence, SE South America shows no

marked seasonality, and year-round precipitation has two distinct
sources: while the SAMS is the source for austral summer/early
autumn precipitation, the extratropical South Atlantic is the pre-
cipitation source for the winter/early spring (Zhou and Lau, 1998).

Northern Hemisphere SST anomalies also play a fundamental
role in South American hydroclimate by influencing the strength of
the SAMS, where negative (positive) SST anomalies are related to a
strong (weak) SAMS (Talento and Barreiro, 2017). In addition,
positive SST anomalies in the western South Atlantic have been
correlated to increased SACZ precipitation (Chaves and Nobre,
2004).

The S~ao Francisco River drainage basin is the source of terrige-
nous sediments to our core site. It is the largest drainage basin in E
South America (Fig. 1a). Most of the drainage basin shows a semi-
arid climate but its headlands show humid conditions due to the
influence of the SACZ, where most of the precipitation occurs
during the austral summer. Its annual-mean water discharge is
around 2980m3/s (Dominguez, 1996). Additionally, other five
South American drainage basins are depicted in Fig. 1a and will be
discussed herein. They are the Amazon (ca. 200000m3/s; Lentz,
1995), Parnaíba (ca. 640m3/s; Knoppers et al., 1999), Doce (ca.
624.4m3/s; Oliveira and Quaresma, 2017), Itajaí (ca. 230m3/s;
Schettini, 2002) and La Plata (ca. 21000m3/s; Berbery and Barros,
2002) River drainage basins.

The marine records compiled herein were collected from the
Atlantic continental margin off South America. At this portion of
the western Atlantic, the upper water column (down to ca. 500 m
water depth) is influenced by the northward flowing North Brazil
Current and southward flowing Brazil Current, both originating at
10e14�S (Peterson and Stramma, 1991; Stramma and England,
1999). Between ca. 500 and 1200m water depth, the western
Atlantic is dominated by a northward and a southward flowing
branch of the Intermediate Western Boundary Current originating
at ca. 25�S (Stramma and England, 1999). The Deep Western
Boundary Current flows southwards between ca. 1200 and 4000m
water depth (Stramma and England,1999). It is noteworthy that the
southwestern South Atlantic presents regions of strong bottom
current activity (e.g. Faug�eres and Stow, 1993) that could bias the
climatic signal of the SE South American cores compiled here
(Behling et al., 2002; Campos et al., 2019; Gu et al., 2017). However,
contouritic deposits in this region (Duarte and Viana, 2007) are
only present at deeper water depths and hence do not affect the
compiled marine cores.
3. Material and methods

3.1. Marine sediment core

We investigated piston core M125-95-3 (10.94
�
S, 36.20

�
W,

1897m water depth, 10.4m core length) collected from the



Fig. 1. (a) Location of piston core M125-95-3 (this study, brown diamond) and previously published marine paleoclimate records (circles) discussed herein (see Table 1 for more
information). Green, blue and red rectangles show the selected regions for the computation of spatially averaged precipitation anomalies representing different (simplified) South
American drainage basins (outlined and labeled in black). Panels (b)e(g) show simulated Heinrich Stadial 1 (HS1) minus Last Glacial Maximum (LGM) monthly-mean precipitation
(red and blue filling) and HS1 minus LGM annual-mean precipitation (grey dashed line) with 2s standard error (grey envelope) (mm/day) for the (b) Amazon River drainage basin
(northwestern (NW) South America), (c) Parnaíba River drainage basin (northeastern (NE) South America), (d) S~ao Francisco River drainage basin (eastern (E) South America), (e)
Doce River drainage basin (southeastern (SE) South America), (f) Itajaí River drainage basin (SE South America), and (g) La Plata River drainage basin (SE South America). In the
annual-mean, anomalies of rivers (e)e(g) are not significant at the 0.05 significance level. Model experiments were performed with CCSM3 (Collins et al., 2006; Prange et al., 2015).
This figure was partially produced with Ocean Data View (Schlitzer, 2017). (For interpretation of the references to color in this figure legend, the reader is referred to the Web
version of this article.)
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Table 1
Marine sediment cores from northern (N), northwestern (NW), northeastern (NE), eastern (E) and southeastern (SE) South America investigated in this study.

Core ID Region Latitude Longitude Water depth (m) Reference

M78/1-235-1 N South America 11.62�N 60.97�W 852 Bahr et al. (2018) and Poggemann et al. (2018)
MD03-2621 N South America 10.68�N 64.97�W 847 Deplazes et al. (2013)
GeoB16224-1 NW South America 6.66�N 52.08�W 2510 Zhang et al. (2017)
CDH86 NE South America 0.33�N 44.20�W 3107 Nace et al. (2014)
GL1248 NE South America 0.92�S 43.40�W 2264 Venancio et al. (2018)
GeoB16202-2 NE South America 1.91�S 41.59�W 2248 Mulitza et al. (2017)
GeoB3104-1 NE South America 3.67�S 37.72�W 767 Arz et al. (1998)
GeoB3912-1 NE South America 3.67�S 37.72�W 772 Arz et al. (1998)
GeoB3910-2 NE South America 4.25�S 36.35�W 2362 Jaeschke et al. (2007)
GeoB3176-1 NE South America 7.01�S 34.44�W 1385 Arz et al. (1999)
M125-95-3 E South America 10.94�S 36.20�W 1897 this study
GeoB3229-2 SE South America 19.64�S 38.72�W 780 Behling et al. (2002)
GeoB2107-3 SE South America 27.18�S 46.45�W 1048 Gu et al. (2017)
GeoB6212-1 SE South America 32.69�S 50.11�W 1010 Campos et al. (2019)
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continental slope off E South America near the S~ao Francisco River
mouth during RV Meteor cruise M125 (Bahr et al., 2016) (Table 1;
Fig. 1a). Since our focus relies on the abrupt millennial scale events
(i.e. HS) of the last glacial (i.e. Marine Isotope Stages (MIS) 4-2), we
analyzed the uppermost ca. 7.4m of the piston core that covers the
last ca. 70 ka.

We further compiled paleoclimate data from other 13 marine
sediment cores collected from the Atlantic continental margin of
South America spanning from 11.62

�
N to 32.69

�
S (Table 1; Fig. 1a).

3.2. Age model

The chronology of piston core M125-95-3 is based on nine
planktonic foraminifera accelerator mass spectrometry (AMS)
radiocarbon ages and three benthic foraminifera oxygen isotopic
composition (d18O) tie-points aligned to a benthic d18O reference
curve from Govin et al. (2014) (Table 2; Fig. 2).

For every radiocarbon sample we hand-picked under a binoc-
ular microscope ca. 10mg of fossil tests of planktonic foraminifera
Globigerinoides ruber from the sediment fraction larger than
150 mm. In the absence of enough G. ruber tests, radiocarbon sam-
ples were completed with other planktonic foraminifera species.
Samples were analyzed at the Beta Analytic Radiocarbon Dating
Laboratory, USA (Table 2). Radiocarbon ages were calibrated with
the IntCal13 curve (Reimer et al., 2013) with a variable simulated
reservoir age from the transient modelling experiments in Butzin
Table 2
Acceleratormass spectrometer radiocarbon ages and tie-points aligned to reference curve
95-3.

Depth (cm) Lab ID Radiocarbon age± 1s error (a BP)

6 462829 1940± 30
54 479391 8390± 30
84 490135 12270± 30
100 462830 8310± 40
144 490136 10700± 30
154 479392 7360± 30
200 462831 17820± 60
254 479393 21440± 60
308 490137 25160± 90
340 462832 27620± 150
400 462833 32170± 220
452 479395 35180± 230
498
582
738

a Radiocarbon age reversals that were not included in the age model.
et al. (2017). Reservoir age and 1s uncertainty of the simulated
radiocarbon was assigned from the nearest gridbox to our core
location and corresponding to our measured radiocarbon age
range. Three age reversals at 100, 144, and 154 cm were not
included in the age model and may be due to bioturbation bringing
younger material to greater depths. Radiocarbon ages cover the
uppermost 452 cm (ca. 40 ka before present (BP)) of our core.

We performed d18O analyses on 142 samples of benthic fora-
minifera Uvigerina spp. Around 10 Uvigerina spp. specimens per
sample were handpicked under a binocular microscope from the
sediment fraction larger than 125 mm. Analyses were conducted
with a gas isotope ratio mass spectrometer (Finnigan MAT252)
coupled to an automated carbonate preparation device (Kiel III) at
the MARUM e Center for Marine Environmental Sciences, Univer-
sity of Bremen, Germany. Output datawere calibrated against an in-
house standard (Solnhofen limestone) that is itself calibrated
against the NBS19 standard. Results are reported in per mil (parts
per thousand, i.e. ‰) versus Vienna Pee Dee Belemnite (VPDB).
Standard deviation of in-house standard replicate measurements
was 0.06‰ for the measured period. The three tie-points are based
on the alignment of M125-95-3 Uvigerina spp. d18O to a reference
curve from Govin et al. (2014) (details regarding the tie-points can
be found in Supplementary Material Table S1 and Fig. S1).

The agemodel was performedwith the software PaleoDataView
v. 0.8.3.4 (Langner and Mulitza, 2019) using the age modelling tool
BACON v. 2.2 (Blaauw and Christen, 2011). Default parameter
MD95-2042 (Govin et al., 2014) used to construct the agemodel of piston coreM125-

Calibrated age (cal a BP) Tie-point age± estimated error (a BP)

1472
8892
13638
a

a

a

20701
24816
28443
30898
35372
39087

47000± 2141
59300± 2049
71100± 2137



Fig. 2. Age model (black dashed line and enveloping curves) and sedimentation rates (grey line) for piston core M125-95-3 produced with software PaleoDataView v. 0.8.3.4
(Langner and Mulitza, 2019) using the age modelling tool BACON v. 2.2 (Blaauw and Christen, 2011). For the age model, the black (orange) squares depict calibrated radiocarbon ages
(tie-points), the dashed line depicts median ages, and the upper (lower) black line depicts maximum (minimum) ages. Open crossed squares are age reversals. (For interpretation of
the references to color in this figure legend, the reader is referred to the Web version of this article.)
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settings were used, except for mem.mean (set to 0.4) and mean.-
strength (set to 4). 10,000 realizations and a t-distribution with 9
degrees of freedom (t.a¼ 9, t.b¼ 10) were applied. All ages are
reported as years (a) BP (present is 1950 AD).

3.3. Major element composition

X-ray fluorescence (XRF) core scanner data were collected every
5mm down-core over a 0.6 cm2 area with down-core slit size of
5mm using generator settings of 10 kV, a current of 0.065mA and a
sampling time of 8 s. Analyses were performed at the surface of u-
channels sampled from the archive half of piston core M125-95-3.
We used the XRF Core Scanner III (AVAATECH Serial No. 12) at the
MARUM e Center for Marine Environmental Sciences, University of
Bremen, Germany. The surface of the u-channels was covered with
a 4 mm thin SPEXCerti Prep Ultralene1 foil to avoid contamination of
the XRF measurement unit and desiccation of the sediment. The
herein reported data have been acquired by a SGX Sensortech Sil-
icon Drift Detector (Model SiriusSD® D65133Be-INF with 133eV X-
ray resolution), a Topaz-X High- Resolution Digital MCA and an
Oxford Instruments 100W Neptune X-Ray tube with rhodium (Rh)
target material. Raw data were processed by the analysis of X-ray
spectra by iterative least square software (WIN AXIL) package from
Canberra Eurisys.

Dried and homogenized powder samples analyzed via energy
dispersive polarized XRF (EDP-XRF) has been proven useful to
verify XRF core scanner elemental intensities in an efficient way
(Tjallingii et al., 2007). Thus, we also analyzed elemental concen-
trations by EDP-XRF on bulk sediment samples from the working
half every 20 cm. Around 10 cm3 of sample were freeze-dried and
homogenized with a hand agate mortar. We replicated 10% of the
samples in order to check the efficiency of the sample preparation
and the equipment reproducibility (sd: 2.7% Ca; 2.6% Ti; 3.2% Fe;
1.8% K). Analyses were performed at the Fluminense Federal Uni-
versity, Brazil.

In order to capture changes in the input of terrigenous inorganic
sediments to our core site (and, thus, precipitation over S~ao Fran-
cisco River drainage basin) as well as changes in chemical weath-
ering over the S~ao Francisco River drainage basin we use ln(Ti/Ca)
and ln(Fe/K), respectively (Govin et al., 2012; Mulitza et al., 2008).
The less commonly used ln(Fe/K) ratio is based on the different
mobility of both elements during chemical weathering. Since po-
tassium is much more mobile than iron, high ln(Fe/K) values indi-
cate intense chemical weathering.

3.4. Climate model experiment

We analyzed the results from a freshwater hosing experiment
(0.2 Sv injected into the northern North Atlantic for 400 years
resulting in a ~50% weakening of the AMOC from about 12 Sv to 6
Sv) conducted under full Last Glacial Maximum (LGM) background
climatic conditions (following the protocol of the Paleoclimate
Modelling Intercomparison Project Phase 2, for details see Erokhina
et al. (2017)) mimicking HS1 (Prange et al., 2015). The atmosphere-
ocean general circulation model CCSM3 (Collins et al., 2006) in the
high-resolution version T85 (1.4� atmosphere transform grid;
ocean grid resolution nominal 1�) was used. Therefore, the model
resolution used in this study is much higher than in previous LGM
hosing studies; e.g. in the multi-model study by Kageyama et al.
(2013) atmospheric grid resolutions ranged from T21 (5.6� trans-
form grid) to T42 (2.8� transform grid). Analysis is based on annual-
mean and seasonal-mean (extended austral summer, Novem-
bereMarch; extended austral winter, MayeSeptember) climatol-
ogies calculated from 50-year averages. Additionally, we calculated
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the monthly-mean precipitation differences (HS1 minus LGM) for
the Amazon, Parnaíba, S~ao Francisco, Doce, Itajaí and La Plata River
drainage basins (simplified catchment areas depicted in Fig. 1a).
4. Results

4.1. Age model

The uppermost 7.4 m of core M125-95-3 covers the last ca. 70
ka, i.e. since MIS4, with a mean sedimentation rate of 11.9 cm/ka
(Fig. 2). The lowest sedimentation rate (4.7 cm/ka) occurs within
the early MIS1 (ca. 8.8 ka BP) while the highest value (22.4 cm/ka)
was recorded within MIS2 (ca. 14.4 ka BP) (Fig. 2).
4.2. Oxygen isotopic composition of benthic foraminifera

Uvigerina spp. d18O ranges from 2.63 to 5.02‰ (Fig. 3c). The
lowest value occurs during the late Holocene around 3.4 ka BP
(MIS1) while the highest value occurs during the LGM around 19.3
ka BP (MIS2). The final stage of the glacial inception, i.e. the tran-
sition from MIS5a to MIS4, is located at the base of our record
around 70 ka BP. MIS4 is marked by a gradual decrease in d18O
values that peaks around 59 ka BP. During MIS3, relative low values
around 47 ka BP are coeval with HS5. MIS2 shows a gradual trend
towards higher d18O values. The last deglaciation is marked by two
major sharp decreases in d18O around 18.4 and 11.5 ka BP, syn-
chronous (within age model uncertainties) to HS1 and the Younger
Dryas (YD).
Fig. 3. Isotopic and geochemical records from piston core M125-95-3 for the last ca. 70 ka. (a
2.2 to 2.4) and energy dispersed polarized (EDP) XRF ln(Fe/K) (grey circles); (b) XRF core sca
stable oxygen isotopic composition (d18O). Black (orange) squares at the bottom of the panel
represent abrupt millennial scale events Younger Dryas (YD) and Heinrich Stadial (HS) 1 to 6
the references to color in this figure legend, the reader is referred to the Web version of th
4.3. Major element composition

XRF core scanner ln(Ti/Ca) values (expressed as count ratios)
vary between �3.88 and 1.46 (Fig. 3b). Positive peaks during MIS4-
2 are coeval with HS of the last glacial (i.e. HS6-YD), while the
lowest values occur during the early Holocene. XRF core scanner
ln(Fe/K) values range from 1.23 to 2.47 and the highest values occur
during MIS1 (around the YD) (Fig. 3a). ln(Fe/K) values also increase
during HS, but increases show lower relative magnitude compared
to increases in ln(Ti/Ca). EDP-XRF ln(Ti/Ca) values vary
between �3.83 and 0.51 (Fig. 3b) and EDP-XRF ln(Fe/K) between 1
and 1.36 (Fig. 3a). XRF core scanner and EDP-XRF values show
similar trends.

4.4. Climate model experiment

Annual-mean HS1 minus LGM precipitation (Fig. 4a) shows
positive anomalies overmost of tropical South America except for N
South America, which exhibits negative anomalies. SE South
America shows no major change in precipitation. Seasonal-mean
HS1 minus LGM precipitation (Fig. 4b and c) shows a southward
shifted ITCZ and a meridional rainfall anomaly dipole over tropical
South America, during both austral summer and winter. The dipole
pattern is restricted to E South America between ca. 0� and 20

�
S

during austral summer, and shifts further north, about the equator
between ca.10

�
N and 10

�
S, during austral winter. SE South America,

in turn, shows no major change in precipitation in either season
except for an austral summer negative anomaly over its western
portion.

Seasonal-mean HS1 minus LGM surface temperature (Fig. 5a
and b) shows, in general, negative (positive) anomalies in the
) X-ray fluorescence (XRF) core scanner ln(Fe/K) (purple line; the axis was broken from
nner ln(Ti/Ca) (brown line) and EDP-XRF ln(Ti/Ca) (grey circles); and (c) Uvigerina spp.
depict calibrated radiocarbon ages (tie-points) with 2s standard error. Pink vertical bars
. Marine Isotope Stages (MIS) are depicted below the upper axis. (For interpretation of
is article.)



Fig. 4. Heinrich Stadial (HS) 1 minus Last Glacial Maximum (LGM) precipitation simulated with CCSM3. (a) Annual-mean, (b) extended austral summer (i.e. NovembereMarch
(NDJFM)), and (c) extended austral winter (i.e. MayeSeptember (MJJAS)) rainfall.
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Northern Hemisphere (Southern Hemisphere) during both seasons.
Seasonal-mean HS1minus LGM total precipitable water (Fig. 5c and
d) shows strong negative (positive) anomalies over the North
Atlantic (South Atlantic) also during both seasons, thermodynam-
ically linked to temperature anomalies. In addition, during austral
summer (Fig. 5c), there are negative (positive) anomalies in pre-
cipitable water over N, NW and SE (NE and E) South America.
During austral winter (Fig. 5d), on the other hand, a widespread
positive anomaly in precipitable water dominates tropical South
America to the south of the equator. The HS1 minus LGM low level
circulation (i.e. 900 hPa) (Fig. 5a and b) shows wind anomalies with
a northerly component over tropical South America during both
seasons. Austral summer HS1 minus LGM moisture transport
(Fig. 5c) shows an anomalous cyclonic pattern over E South
America resulting in enhanced ocean-continent moisture transport
south of ca. 15

�
S. During austral winter (Fig. 5d), more moisture

from the equatorial Atlantic enters tropical South America. Abso-
lute moisture transport for the LGM is shown in the supplementary
material (Fig. S2).

Monthly-mean HS1 minus LGM precipitation over the drainage
basins depicted in Fig. 1a indicates that the Amazon (i.e.
0.27±0.10mm/day), Parnaíba (i.e. 0.13±0.10mm/day) and S~ao
Francisco (i.e. 0.29±0.11mm/day) River drainage basins experience
marked positive precipitation anomalies, while the Doce (i.e.
0.05±0.14mm/day), Itajaí (i.e.�0.11±0.14mm/day) and La Plata (i.e.
0.01±0.04mm/day) River drainage basins show no significant dif-
ferences (Fig. 1beg). We note that the magnitude of the modeled
precipitation anomalies may depend on the strength of the AMOC
perturbation.
5. Discussion

5.1. The marine paleoclimate record of changes in precipitation over
(sub-) tropical South America during HS

Marine paleoclimate archives consistently recorded tropical
precipitation changes during last glacial HS over N (Bahr et al.,
2018; Deplazes et al., 2013), NW (Zhang et al., 2017) and NE (Arz
et al., 1999, 1998; Jaeschke et al., 2007; Mulitza et al., 2017; Nace
et al., 2014; Venancio et al., 2018) South America (Fig. 6aej).
These archives recorded the response of fluvial discharge to
changes in precipitation over specific drainage basins. During HS,
they suggest dry conditions over N South America (Bahr et al., 2018;
Deplazes et al., 2013) and wet conditions over NW (Zhang et al.,
2017) and NE (Arz et al., 1999, 1998; Jaeschke et al., 2007; Mulitza
et al., 2017; Nace et al., 2014; Venancio et al., 2018) South Amer-
ica. This pattern agrees with a previously suggested southward
migration of the ITCZ and tropical rain belt (e.g. Broccoli et al.,
2006; Schneider et al., 2014) that is corroborated by our simu-
lated HS1 minus LGM annual-mean precipitation pattern (Fig. 4a).
Additionally, our monthly-mean HS1 minus LGM precipitation re-
sults (Fig. 1b and c) further support the positive precipitation
anomalies suggested for the Amazon and Parnaíba River drainage
basin cores (Fig. 6cef).

On the other hand, marine paleoclimate archives collected to the
south of 20

�
S off SE South America (Behling et al., 2002; Campos

et al., 2019; Gu et al., 2017) (Fig. 6len) show no changes in terrig-
enous input during last glacial HS, suggesting that precipitation
anomalies over those drainage basins were not intense enough to
produce increased fluvial discharge to the SE South American
continental margin. Indeed, our annual and monthly mean HS1
minus LGM precipitation results show no major anomalies over the
drainage basins of the Doce, Itajaí and La Plata Rivers (Fig. 1eeg;
4a).

Our marine paleoclimate archive (i.e. 10.94
�
S, off E South

America, Fig. 6k) fills the gap between the presence of HS signals
recorded in marine records to the north of 7

�
S and the absence of

HS signals recorded bymarine records to the south of 20
�
S. It shows

recurrent peaks in ln(Ti/Ca) during the last glacial period suggest-
ing systematic increases in the discharge of terrigenous sediments
by the S~ao Francisco River to the adjacent continental margin
during HS6-YD. In addition, our model results show positive pre-
cipitation anomalies over the S~ao Francisco River drainage basin
(Fig. 1d; 4a). We suggest that E South America experienced positive
precipitation anomalies during all HS of the last glacial. Our new
archive is the first marine record off E South America and the
southernmost from the Atlantic continental margin of South
America to consistently record increased precipitation over E South
America during HS. Additionally, our ln(Fe/K) data varies coevally
with our ln(Ti/Ca) record, supporting our suggestion that the in-
creases in ln(Ti/Ca) were indeed associated to increased continental
precipitation (Fig. 3a). Higher ln(Fe/K) values indicate enhanced



Fig. 5. Heinrich Stadial (HS) 1 minus Last Glacial Maximum (LGM) seasonal-mean surface temperature and total precipitable water along with 900 hPa winds (m/s) and vertically
integrated moisture transport (kg/(m$s)) simulated with CCSM3. (a) Extended austral summer (i.e. NovembereMarch (NDJFM)) surface temperature and 900 hPa wind; (b)
extended austral winter (i.e. MayeSeptember (MJJAS)) surface temperature and 900 hPa wind; (c) extended austral summer (i.e. NDJFM) precipitable water and moisture transport;
and (d) extended austral winter (i.e. MJJAS) precipitable water and moisture transport. Only every 2nd vector in each direction is plotted.
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chemical weathering (Govin et al., 2012; Mulitza et al., 2008), likely
caused by increased precipitation over the S~ao Francisco River
drainage basin.

The meridional impact of HS-induced precipitation anomalies
over South America seems to decrease from north to south (Fig. 6).
The N (Fig. 6a and b), NW (Fig. 6c) and NE (Fig. 6dej) South
American cores recorded HS with signals of large amplitude. Our
record (i.e. E South American; Fig. 6k) still shows marked HS-
signals but of lower amplitude. Conversely, the SE South Amer-
ican cores (Fig. 6len) have not responded to HS. A decreasing
amplitude in HS-related signal is also evident in our model results
(Fig. 1beg; 4a). Our record also shows a long-term trend that seems
to be driven by the combination of sea level and orbital changes. A
similar long-term trend can also be identified in SE South American
cores (Fig. 6len). Indeed, Gu et al. (2017) related the long-term
trend present in their ln(Fe/Ca) record (Fig. 6m) to changes in sea
level and orbital obliquity. The high magnitude of the HS signal
captured by the N, NW and NE South American archives may have
dampened the long-term trend. Since our focus here relies on the
abrupt millennial scale events of the last glacial, a detailed dis-
cussion regarding orbital scale signals is out of our scope.

5.2. The continental paleoclimate record of changes in precipitation
over (sub-) tropical South America during HS

Tropical South American archives consistently recorded last



Fig. 6. Marine paleoclimate records from the Atlantic continental margin of South
America (color coded according to Fig. 1a). (a) Lightness (L*) from northern (N) South
American core MD03-2621 (Deplazes et al., 2013) (brown line represents a 399-point
running average); (b) L* from N South American core M78/1-235-1 (Bahr et al., 2018;
Poggemann et al., 2018); (c) ln(Ti/Ca) from core GeoB16224-1 that represents north-
western (NW) South American (Zhang et al., 2017); (d) ln(Ti/Ca) from northeastern
(NE) South American core CDH86 (Nace et al., 2014); (e) ln(Ti/Ca) from NE South
American core GL1248 (Venancio et al., 2018); (f) ln(Fe/Ca) from NE South American
core GeoB16202-2 (Mulitza et al., 2017); (g) ln(Ti/Ca) from NE South American core
GeoB3104-1 (Arz et al., 1998); (h) ln(Ti/Ca) from NE South American core GeoB3912-1
(Arz et al., 1998); (i) ln(Ti/Ca) from NE South American core GeoB3910-2 (Jaeschke
et al., 2007); (j) ln(Ti/Ca) from NE South American core GeoB3176-1 (Arz et al.,
1999); (k) ln(Ti/Ca) from eastern (E) South American core M125-95-3 (this study);
(l) ln(Ti/Ca) from southeastern (SE) South American core GeoB3229-2 (Behling et al.,
2002); (m) ln(Fe/Ca) from SE South American core GeoB2107-3 (Gu et al., 2017); and
(n) ln(Ti/Ca) from SE South American core GeoB6212-1 (Campos et al., 2019). Black
(orange) squares at the bottom of the panel depict calibrated radiocarbon ages (tie-
points) with 2s standard error. Pink vertical bars represent abrupt millennial scale
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glacial HS induced precipitation anomalies related to the south-
ward migration of the ITCZ (e.g. Baker et al., 2001; Kanner et al.,
2012; Zular et al., 2019). These anomalies are negative over N
South America (Zular et al., 2019) and positive over NW (Baker
et al., 2001; Kanner et al., 2012) and NE (Cruz et al., 2009; Ledru
et al., 2006) South America. The anomalies recorded by N, NW
and NE hydroclimate reconstructions are largely supported by
previous modelling studies (e.g. Broccoli et al., 2006; Kageyama
et al., 2013) as well as by our model results for annual-mean HS1
minus LGM precipitation (Fig. 4a). Also, our monthly-mean HS1
minus LGM precipitation results (Fig. 1b and c) further corroborate
the positive precipitation anomalies recorded by NW and NE South
American records (e.g. Baker et al., 2001; Cruz et al., 2009; Kanner
et al., 2012). Hydroclimate records from E South America (e.g.
Stríkis et al., 2018; Wang et al., 2004) also show positive precipi-
tation anomalies during HS of the last glacial and are equally sup-
ported by previous modelling studies (e.g. Broccoli et al., 2006;
Kageyama et al., 2013) as well as by our modeled HS1 minus LGM
precipitation (Fig. 1c; 4a).

The scenario over SE South America is not as clear as the one
over N, NW, NE and E South America. SE South American records
with appropriate resolution to capture HS of the last glacial mainly
stem from stalagmites (Cruz et al., 2005; Hessler et al., 2010; Wang
et al., 2006). Stalagmite d18O (and local precipitation d18O) are
mainly affected by moisture source, amount of rainfall and tem-
perature. Based on modern conditions, millennial scale negative
anomalies in the d18O of stalagmites from SE South America (e.g.
Botuver�a cave (27.22

�
S) and Santana cave (24.53

�
S)) were first

related to an increase in the intensity of the SAMS, which is one of
the moisture sources to SE South America (i.e. source effect) (Cruz
et al., 2005).

Later, trace elements (i.e. Mg/Ca and Sr/Ca) from a Botuver�a cave
stalagmite were used as a proxy for the local amount of rainfall
(Cruz et al., 2007). Since the authors identified a positive correla-
tion between stalagmite trace element ratios and d18O for the
whole record on orbital scale, they reassessed previous (Cruz et al.,
2005) interpretations suggesting that periods of negative d18O
anomalies (lower trace element ratios) in the stalagmites were not
only related tomoisture source (18O-depletedmoisture transported
from the Amazon basin towards SE South America), but also to
higher amount of local precipitation in response to a stronger SAMS
(i.e. a mixture of source and local amount effects). However, despite
the stalagmite d18O negative anomalies, the positive correlation
with trace elements is not clear on millennial scale, hindering a
conclusive statement about the mechanism (source effect, local
amount effect, or both) controlling the d18O negative anomalies on
SE South American stalagmites during HS. Recently, Millo et al.
(2017) analyzed the isotopic composition of fossil dripwater from
a Botuver�a cave stalagmite and suggested that the d18O of SE South
American stalagmites is not appropriate for quantitative (local
amount effect) interpretations.

By using a water isotope-enabled general circulation model,
Lewis et al. (2010) simulated precipitation d18O for HS-like condi-
tions and classified the caves from SE South America as dominated
by local amount effect. However, the authors indicated that the
transport of 18O-depletedmoisture from the Amazon basin towards
SE South America during periods of strong SAMS also contributed
to the low d18O of local precipitation (moisture source effect).

Non-speleothem paleoclimate archives from SE South America
climate change events Younger Dryas (YD) and Heinrich Stadial (HS) 1 to 6. Marine
Isotope Stages (MIS) are depicted below the upper axis. (For interpretation of the
references to color in this figure legend, the reader is referred to the Web version of
this article.)
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(Behling et al., 2002; Campos et al., 2019; Gu et al., 2017) do not
record the hydroclimate signal of HS of the last glacial, indicating
that if local precipitation increased during HS, these anomalies
were not intense enough to produce increased fluvial discharge to
the continental margin (Fig. 6len). The records from Behling et al.
(2002), Campos et al. (2019) and Gu et al. (2017) are supported
by previous numerical simulations (Kageyama et al., 2013; Mohtadi
et al., 2016). Also, our annual and monthly mean HS1 minus LGM
precipitation results (Fig. 1eeg; 4a) show a reduction in the in-
tensity of precipitation anomalies from tropical to subtropical
South America, reinforcing our suggestion of a north-south
decrease in the meridional impact of HS-induced precipitation
anomalies over South America.

Importantly, El Ni~noeSouthern Oscillation (ENSO) is known to
influence variability of the La Plata River discharge (Piola et al.,
2005). However, since (i) marine sediment cores from the conti-
nental slope usually have no appropriate temporal resolution to
address interannual variability (e.g. Zhang et al., 2015) and (ii) re-
constructions of ENSO variability are notwell established during HS
for both paleorecords (Felis et al., 2012; Koutavas et al., 2002; Leduc
et al., 2009) and numerical simulations (Liu et al., 2014; Merkel
et al., 2010), we refrain addressing any ENSO impacts on South
American precipitation during HS.
5.3. A new mechanism for precipitation changes over tropical South
America

The annual-mean HS1 minus LGM precipitation anomaly
(Fig. 4a) apparently corroborates the mechanism usually invoked to
explain the increase in precipitation over tropical South America to
the south of the equator during HS of the last glacial (Kanner et al.,
2012; Peterson et al., 2000; Stríkis et al., 2015). According to this
mechanism, an austral summer enhanced SAMS was accompanied
by the southward migration of the ITCZ and a strong SACZ (Cruz
et al., 2005; Kanner et al., 2012; Peterson et al., 2000; Stríkis
et al., 2015). However, the detailed analyses of the seasonal-mean
HS1 minus LGM anomalies from our model experiment (Fig. 4b
and c; 5) suggests a different mechanism. The annual-mean pattern
results from a complex combination of the individual seasonal
response patterns, which involves dynamic and thermodynamic
processes.

In modern climate, a strong AMOC promotes an oceanic
northward net cross-equatorial energy transport. To compensate
this inter-hemispheric asymmetry, the net cross-equatorial energy
transport performed by the atmosphere is directed southward
(Marshall et al., 2014; Mohtadi et al., 2016). To accomplish that, the
location of the ascendant branch of the Hadley cell and, thus, the
ITCZ are placed to the north of the equator. However, during HS of
the last glacial, a substantially weaker or disrupted AMOC would
decrease the northward ocean heat transport and induce a weak-
ening or reversal of the atmospheric cross-equatorial energy
transport. In response, a cooling (warming) of the North Atlantic
(South Atlantic) and a reorganization of the global Hadley cell
would occur, promoting a southward ITCZ shift (Broccoli et al.,
2006; Mohtadi et al., 2016; Mulitza et al., 2017; Schneider et al.,
2014). In association with the migration of the ITCZ, a meridional
rainfall anomaly dipole emerges over tropical South America
(Fig. 4) and can be considered the continental counterpart of the
marine ITCZ shift. During austral summer (winter), the dipole is
located between ca. 0� and 20

�
S (10

�
N and 10

�
S) (Fig. 4b and c). This

precipitation dipole is primarily a dynamic response to cooling
(warming) of the Northern Hemisphere (Southern Hemisphere)
and associated with northerly low-level wind anomalies that are
generally directed along surface temperature gradients (Fig. 5a and
b) (cf. Lindzen and Nigam, 1987).
In addition to this dynamic response, thermodynamic processes

also play an important role in setting up tropical South American
precipitation during HS of the last glacial. During austral summer
(winter), the North Atlantic (South Atlantic) is the main source of
moisture for tropical South America via prevailing NE trade winds
(SE trade winds) (Fig. S2). Due to the HS cooling of the North
Atlantic the atmospheric moisture content over the Northern
Hemisphere is reduced (Fig. 5c and d). Consequently, in austral
summer cooler and drier air is transported by the prevailing NE
trade winds (Fig. S2; 5c) from the tropical North Atlantic into the
continent, resulting in reduced transport of moisture to feed rain-
fall over tropical South America. Moreover, cooler and drier low-
level NE trade winds transport less moist static energy into the
continent. A resulting decrease in low-level moist static energy
stabilizes the atmospheric vertical column and inhibits convection
(Cook and Vizy, 2006; Neelin and Held, 1987).

Thus, differently from previous suggestions (e.g. Kanner et al.,
2012; Peterson et al., 2000; Stríkis et al., 2015), last glacial HS
austral summers were characterized by drier conditions over vast
tropical South American regions, including the Amazon and the
northern portion of the Parnaíba River drainage basins (Figs. 1b, c
and 4b). Increased austral summer rainfall over E South America
between ca. 15

�
S and 25

�
S is associated with an anomalous cyclonic

circulation and moisture transport from the anomalously warm
South Atlantic into the continent (Fig. 4b; 5c).

Last glacial HS austral winters show wetter conditions prevail-
ing over most tropical South America to the south of the equator
(Fig. 4c). During austral winters, enhanced precipitation over the
western Amazon (ca. 0

�
-10

�
S) is fed by moisture from the eastern

Amazon region and the equatorial North Atlantic (Fig. 5d). Positive
SST anomalies in the eastern equatorial Pacific, likely a response to
the weakened AMOC during HS, have been reported to enhance
western Amazon precipitation by promoting a regional easterly
low-level wind anomaly and moisture recycling from the central
Amazon towards the Andes (Timmermann et al., 2007; Zhang et al.,
2016). The S~ao Francisco, Doce, Itajaí and La Plata River drainage
basins are not affected by these anomalous moisture transports
(Fig. 1deg; 4c). It is worth noting that our model simulates
enhanced precipitation over the central Andes (Fig. 4) in line with
multiple HS proxy records (e.g. Zhang et al., 2016).

Therefore, our new mechanism explains that the positive pre-
cipitation anomalies that occurred over the S~ao Francisco River
drainage basin during HS of the last glacial were related to an
austral summer tropical South Atlantic moisture flux instead of an
austral summer intensified SACZ. Also, our model experiments give
no support to a mechanism that invokes an austral summer
enhanced SAMS as responsible for wetter conditions over the
Amazon basin and further south during HS. Instead, we propose an
austral winter equatorial Atlantic moisture flux as a source of
additional rainfall (Fig. 5d). Furthermore, this new mechanism
contradicts the suggested relationship between stronger SAMS
convective activity over the Amazon basin, transference of the low
d18O signal towards SE South America and increased local amount
of rain.
6. Conclusions

Our core collected at 10.94
�
S contributes to reduce the gap of

marine paleoclimate records between 7
�
S and 20

�
S off E South

America. It is the first marine archive off E South America and the
southernmost from the Atlantic continental margin of South
America that consistently records the hydroclimate signal of HS of
the last glacial. Our core suggests positive precipitation anomalies
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over the S~ao Francisco River drainage basin during HS6-YD. Based
on new data from our core, a thorough compilation of previously
available marine paleoclimate records and results from a high-
resolution atmosphere-ocean general circulation model, we show
that the HS-induced positive precipitation anomalies over (sub-)
tropical South America to the south of the equator is latitude-
dependent, decreasing from north to south. Also, we propose a
new mechanism responsible for the HS positive precipitation
anomalies over tropical South America to the south of the equator.
During HS austral summers, cooler and drier air was transported
from the tropical North Atlantic into tropical South America via
prevailing NE tradewinds. Consequently, drier conditions prevailed
over tropical South America. An exception is made for E South
America, that was affected by anomalous tropical South Atlantic
cyclonic circulation. During HS austral winters, enhanced moisture
was transported from the equatorial Atlantic into tropical South
America. Wetter conditions occurred over most of tropical South
America to the south of equator. The new mechanism proposed
herein highlights the need of a broad approach to explain South
American HS hydroclimate conditions that goes beyond changes in
SAMS. Dynamic and thermodynamic processes, seasonal changes
as well as the tropical Atlantic moisture source played crucial roles
in setting up millennial scale precipitation anomalies over tropical
South America.
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