
1.  Introduction
The South American Monsoon System (SAMS) is the dominant hydroclimatic feature in tropical South 
America as it determines the amount and spatial distribution of rainfall over large portions of the continent 
(Vera et al., 2006). SAMS-induced rainfall provides the water resources for millions of people and is crucial 
for both agriculture and hydroelectric power generation, the latter being the most important electricity 
source in South America (Hunt et al., 2018). A strong spatiotemporal variability of the SAMS is manifested 
historically in dry spells that lasted several years and caused tens of thousands of fatalities over the past 
four centuries (Coelho et al., 2016; Marengo et al., 2017; Tomasella et al., 2019). Future climate-change 
scenarios predict an increase in aridity over large parts of South America in response to global warming 
(IPCC, 2021; Marengo & Bernasconi, 2015; Marengo et al., 2017). In light of the severe societal impact of 
such droughts, it is crucial to constrain the natural variability of the SAMS and to understand the underly-
ing forcing mechanisms. Such knowledge will help to better assess the impact of future climate change on 
water availability in South America (Erfanian et al., 2017; Hunt et al., 2018; IPCC, 2021), particularly over 
decadal to centennial time scales.

An important component of the SAMS is the South Atlantic Convergence Zone (SACZ), which forms a 
convective band extending from the Amazon Basin across central Brazil to the western South Atlantic 
Ocean (Carvalho, 2020; Carvalho et al., 2004; Figure 1a). The SACZ is fueled by a cyclonic circulation over 
eastern South America that funnels moisture from the Amazon Basin into southeastern Brazil (Bombardi 
et al., 2014). Regions south of the SACZ receive substantial precipitation from the South American Low-Lev-
el Jet (SALLJ), which transports moisture from the Amazon Basin along the eastern slope of the Andes to 
southeastern South America (i.e., mainly the La Plata Basin and southern Brazil; Jones & Carvalho, 2018; 
Vera et  al.,  2006). Climatological data of the past century demonstrate that a strong (weak) SACZ goes 
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along with a weak (strong) SALLJ, which induces a distinct spatio-temporal dipole over southeastern South 
America on annual to decadal time scales (Jones & Carvalho, 2018; Liebmann et al., 2004; Vera et al., 2006).

Available records of SAMS intensity suggest that its orbital-scale variability was influenced by insolation 
forcing generating a spatially complex precipitation pattern (Baker & Fritz, 2015; Deininger et al., 2019; 
Novello et al., 2018). Generally, high austral summer insolation leads to a heating of the continent relative 
to the ocean, thereby promoting convective rainfall over much of South America (Baker & Fritz, 2015; Cruz 
et al., 2005; Hou, Bahr, Raddatz, et al., 2020). At the same time, high austral summer insolation enhances 
the subsidence of moisture-barren air over northeastern Brazil (i.e., the Nordeste Low), which results in an 
E-W precipitation dipole across the continent (Cruz et al., 2009; Figure 1). Paleorecords of the past ∼1 kyr 
allude to the potential impact of northern high-latitude climate fluctuations on SAMS intensity at cen-
tennial time scales, particularly in regions affected by both the SACZ and the SALLJ (Campos et al., 2019; 
Deininger et al., 2019; Jones & Carvalho, 2018; Novello et al., 2018). However, as shown by an increasing 
number of proxy data, the impact of such short-term fluctuations on the spatial precipitation distribution 
within the SAMS domain is highly complex. This complexity has led to partly conflicting interpretations, 
arguing either for major shifts of the position of the convective centers over (sub)tropical South America 
(e.g., Bernal et al., 2016; Novello et al., 2018) or in favor of their contraction/expansion without a geographic 
displacement (e.g., Campos et al., 2019; Deininger et al., 2019; Utida et al., 2019). A leading role of trans-
mitting high-northern-latitude climate disturbances into low latitudes has been attributed to changes in 
oceanic heat transport via its impact on the inter- and intrahemispheric temperature distribution (e.g., P. 

Figure 1.  (a) Map showing mean precipitation in eastern South America from December to February (DJF) between 
1979 and 2000 (Climate Prediction Center Merged Analysis). The positions of marine core M125-67-4 (black dot) 
and other sites discussed in the text (white dots) are indicated: (1) Diva de Maura Cave (Novello et al., 2012), (2) 
Lapa Grande Caves (Stríkis et al., 2011), and (3) Botuverá Cave (Bernal et al., 2016). The black dashed line marks the 
Jequitinhonha River catchment, the white stippled line depicts the mean position of the South Atlantic Convergence 
Zone (SACZ), the white arrow denotes the South American Low-Level Jet (SALLJ). Gray rectangle denotes area shown 
in Figure 2. Right panel: Hydrological cycle in the Jequitinhonha River catchment. Box-Whisker plots of precipitation 
variability in the catchment of the Jequitinhonha River for the (b) mountainous inland region (area A in Figure 2) and 
(c) coastal regions (area B in Figure 2). Whiskers indicate 10 and 90 percentiles, the box is defined by the lower and 
upper quartiles, and the line in the center of the box represents the median. The data were retrieved from the KNMI 
Climate Explorer (http://climexp.knmi.nl).
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Chang et al., 1997; Hou, Bahr, Schmidt, et al., 2020; Seidov & Maslin, 2001). Such changes influence the 
large-scale atmospheric circulation across the South Atlantic Ocean and South America, which is, for exam-
ple, documented by a southward shift and/or expansion of the Hadley Cell during high-northern-latitude 
cold phases (Asmerom et al., 2020; Vuille et al., 2012). However, the exact mechanisms of how changes in 
oceanic heat transport influence precipitation amount and distribution within the region influenced by the 
SAMS are still not well constrained. This is an important shortcoming, because deciphering the sensitivity 
of the South American hydrological cycle to high-latitude forcing is crucial for mitigating the potential 
consequences of global warming (IPCC, 2021). This major shortcoming is at least in part due to the inability 
even of state-of-the-art numerical models to reliably simulate precipitation over the SAMS domain (Rojas 
et al., 2016).

To reconstruct the natural dynamics of moisture availability in eastern South America during the past 
∼5 kyr and to identify its driving forces, we used (a) bulk-sediment K/Al ratios based on X-ray fluorescence 
(XRF) core scanning combined with estimates of the mineralogical composition of the sediment deter-
mined via X-ray diffractometry (XRD) and (b) stable hydrogen isotopes (δ2H) of plant waxes deposited in 
the sediment. The K/Al proxy for water availability is based on the rationale that increased precipitation 
enhances chemical weathering and promotes the release of more soluble elements such as potassium from 
soils in the dissolved phase (Tian et al., 2011; Yarincik et al., 2000). Thus, intense chemical weathering leads 
to a depletion of K- over Al-bearing mineral phases, resulting in low K/Al ratios in the suspended sediment 
loads during wet periods (Tian et  al.,  2011; Yarincik et  al.,  2000; Zabel et  al.,  2001). To further ground-
truth the K/Al ratio as a proxy for continental hydroclimatic change we obtained an hydrogen-isotope re-
cord (δ2H) on long-chain n-alkanes, which are constituents of the protective wax layer of terrestrial higher 
plants (Eglinton & Hamilton, 1967). Their δ2H composition (δ2H) reflects predominantly isotopic changes 
in rainfall (Sachse et al., 2012) overprinted by secondary changes due to upstream hydrological processes 
during atmospheric moisture transport (H. K. Chang et al., 2020; dos Santos et al., 2019), evapotranspira-
tion (Kahmen, Hoffmann, Schefuß, et al., 2013; Kahmen, Schefuß, & Sachse, 2013b), and vegetation type 
(Sachse et al., 2012). In tropical areas, the isotopic composition of precipitation is mainly governed by rain-
fall amount (Dansgaard, 1964). We thus interpret our δ2H record to be mainly associated with changes in the 
isotopic composition of precipitation (Sachse et al., 2012; Schefuß et al., 2005), with more depleted values 
indicating higher rainfall intensity and vice versa.

When put into spatial context with other paleo-precipitation archives, and complemented by observational 
and numerical model data, our records demonstrate that precipitation variability in eastern South America 
was highly sensitive to high-northern-latitude climate anomalies, pointing towards increasing risks of pro-
longed hydroclimatic extremes in the near future.

2.  Climatology and Geology of the Jequitinhonha Catchment
The Jequitinhonha River is ∼1,100 km long and drains an area of ∼70,300 km2. The vast majority of its 
catchment lies within the mountainous hinterland of eastern Brazil with relatively low annual rainfall of 
∼700–1,000 mm yr−1 (Figures 1a and 2; Xie & Arkin, 1997). Here, rainfall is strongly concentrated during 
austral summer when the SACZ is fully developed, while the long dry season lasts from April to September 
(Figure 1b). The coastal region, however, receives moisture advected by shoreward winds during austral 
winter and thus experiences more evenly distributed annual rainfall (∼1,000–1,300 mm/yr) with no dis-
tinct dry season (Figure 1c; Grimm, 2011). Because the coastal region represents a small portion of the 
Jequitinhonha catchment, changes in the amount and composition of the sedimentary load delivery by 
the Jequitinhonha River to our study site predominantly reflect SACZ-influenced moisture availability in 
central-east Brazil.

The source of suspended sediments transported by the Jequitinhonha River lies in the Serra do Espinhaço 
in the State of Minas Gerais. It crosses the Precambrian basement of the São Francisco Craton and the 
Cenozoic coastal sediment deposits connected to the Araçuaí Fold Belt (CPRM—Serviço Geológico do Bra-
sil, 2003a, 2003b). The lithotypes eroded in the upper part of the drainage basin consist of schists, migma-
tites and other metamorphites, quartzites, and granites, while the lower part mainly comprises sandstones 
(Tintelnot, 1995).
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The intimate link between moisture availability and weathering intensity in eastern Brazil is illustrated by 
the comparison of mean annual precipitation and the mineralogical composition of suspended river load 
(Tintelnot, 1995) (Figure 2). As expected, top soils and thus suspended sediments of rivers draining the less 
humid northern portion of eastern Brazil contain considerable amounts of weathering-sensitive minerals 
such as illite and smectite (e.g., the Contas River; Figure  2), in contrast to the near-exclusively kaolin-
ite-dominated clay-mineral assemblage of rivers located in the more humid south (e.g., the Doce River). The 
suspended sediments of the Jequitinhonha River are at an intermediate level with clearly detectable illite 
and smectite (Figure 2). However, the dominant mineral phase is kaolinite, illustrating the strong chemical 
weathering conditions in this drainage basin. The congruence of precipitation amount and clay-mineral 
composition illustrates that climate is the foremost factor determining the strength of weathering-sensitive 
versus residual phases in river-suspended sediments in eastern Brazil (Tintelnot, 1995).

Figure 2.  Moisture availability and weathering intensity in eastern Brazil reflected by clay mineralogy. Left panel: 
Annual rainfall distribution in eastern Brazil (modified after Alvares et al., 2013; Marengo & Bernasconi, 2015) and 
rivers sampled for clay mineralogical analyses by Tintelnot (1995). Dashed rectangles indicate areas used to calculate 
annual precipitation distribution in Figure 1. Right panel: X-ray diagrams of the clay fraction (<2 µm, Mg++- and 
K+-saturated) from eastern Brazilian river sediments (Tintelnot, 1995). Positions of kaolinite, illite, and chlorite are 
indicated by arrows with the respective lattice spacing in Å. From north to south the increasing dominance of kaolinite 
over other clay minerals reflect the increasing mean annual rainfall.
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3.  Materials and Methods
3.1.  Coring and Sampling

Gravity core M125-67-4 (15°16.964' S, 038°54.801'W, 28  m water depth) has been retrieved during R/V 
Meteor Expedition M125 in April 2016, 57 km northeast of the mouth of the Jequitinhonha River (Bahr 
et al., 2016). The obtained sediments consist dominantly of brownish silt to sandy silt with occasional mac-
roscopic mollusk shells (gastropods and bivalves). The sediments transported by the Jequitinhonha River 
record the moisture availability at the northeastern boundary of the region currently affected by the SACZ 
(Figure 1). Hence, the core site is ideally located to reconstruct both the strength and spatial variability of 
the SAMS during its peak season (DJF).

Upon retrieval, cores were split into 1 m segments and opened onboard. The archive half was used for XRF 
scanning, while the working half was sampled for mineralogical analysis (mean sampling spacing: 6.5 cm, 
n = 77). Selected samples (n = 8) have been additionally retrieved for stable-isotope analyses on long-chain 
n-alkanes. Sample positions for stable isotope analyses align with extreme values in the ln(K/Al) record 
obtained by XRF core scanning (see Section 5).

3.2.  XRF Core Scanning

Non-destructive XRF scanning was performed with an AVAATECH XRF Core Scanner IV at the Institute 
of Earth Sciences, Heidelberg University. Scanning was carried out in 1-cm intervals on the split core with 
a slit size of 12-mm down-core and 10-mm cross-core. Two runs were performed for each depth with the 
following settings for tube voltage, current and filter: 10 kV, 100 µa, no filter and 30 kV, 500 µa, Pd-filter. 
Sampling time was set to 10 s and scanning took place directly at the split core surface. The split core surface 
was covered with a 4 µm thin SPEXCerti Prep Ultralene1 foil to avoid contamination of the measurement 
unit and desiccation of the sediment. The reported data have been acquired using a Canberra X-PIPS Sili-
con Drift Detector (SDD; Model SXD 15C-150-500) with 150 eV X-ray resolution and the Canberra Digital 
Spectrum Analyzer DAS 1000 with a rhodium (Rh) target material. Raw data spectra were processed by the 
analysis of X-ray spectra by the Iterative Least Square software (bAXIL) package from Canberra Eurisys. 
Relative standard deviations for Al and K are 1.1% and 1.0%, respectively.

3.3.  XRD Analyses

The sample preparation consists of drying and powdering the samples, which was performed with a 
FRITSCH “Pulverisette” planetary mill. XRD measurements were carried out using a Bruker D8 ADVANCE 
Eco diffractometer (40 kV, 25 mA) with a Cu Ka diode at the Institute of Earth Sciences, Heidelberg Uni-
versity. The samples were measured with an angular range of 2θ from 5° to 70° in 0.02 increments (3,338 
steps per sample) for 1 s per step. The XRD data were semi-quantitatively evaluated using the “DIFFRAC.
SUITE EVA” software.

3.4.  Lipid Biomarker Analysis

Freeze-dried sediment samples (∼20 g) were ultrasonically extracted (3×) using a mixture of dichlorometh-
ane (DCM) and methanol (2:1, v/v). The extracts were combined and the bulk of the solvent subsequently 
removed by rotary evaporation under vacuum. The resulting total lipid extracts were separated into apolar 
(with n-hexane), ketone (with DCM), and polar (with DCM:methanol 1:1) fractions using activated silica 
gel chromatography. The apolar fractions containing n-alkanes were further separated into saturated and 
unsaturated compounds over small columns filled with AgNO3 coated silica gel (10% w/w) using n-hexane 
and DCM, respectively.

Compound-specific stable hydrogen isotope (δ2H) analysis of long chain n-alkanes was performed on a 
Trace GC coupled via a pyrolysis reactor to a ThermoFisher Scientific MAT 253 mass spectrometer. The GC 
was equipped with a 30 m × 0.25 mm column (Restek Rxi-5 ms, film thickness: 1.0 µm) and He was used 
as the carrier gas. The fractions were injected via a PTV injector at 40°C and then transferred to the GC col-
umn. The GC temperature was programmed to increase from 120°C (2 min hold) to 200°C at 30°C/min and 
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then at 4°C/min to 320°C (held 12.3 min). H2 was used as reference gas 
and δ2H values are given in ‰ relative to Vienna Standard Mean Ocean 
Water. The H3 factor monitored on a daily basis was 5.09 ± 0.02 during 
analysis. An external standard mixture (16 n-alkanes and squalane) 
with known δ2H values was analyzed repeatedly every six runs, yield-
ing a long-term mean standard deviation of <3‰ and a mean deviation 
of <1‰ from reference values. All samples were analyzed in duplicate 
with an average standard deviation of 2‰. As n-C29 alkane is produced 
by all terrestrial higher plants (Bush & McInerney, 2013; Diefendorf & 
Freimuth, 2017) and could be measured most reliably (mean concentra-
tion: 34% of all n-alkanes), we have focused on the δ2H data from this 
compound.

3.5.  Statistical Analyses

Correlations (based on Pearson's r) between different data sets were 
performed using the MonteCarlo-based “SurrogateCor” function im-
plemented in R (Meyers, 2014) with 1,000 iterations. This function was 
particularly designed for comparison of data sets on different time or 
depth-scales.

3.6.  Spectral Analysis

Spectral analysis of the ln(K/Al) ratio was performed on the detrended, 
non-interpolated data using REDFIT (Schulz & Mudelsee, 2002) imple-

mented in the program PAST 3.15 (Hammer et al., 2001) using a Welch-window (oversampling = 4, window 
width = 4). Wavelet and cross-wavelet analyses were performed on detrended and interpolated data with 
the wt and xwt functions, respectively, which are implemented in the “biwavelet” package in R (Gouhier 
et al., 2019) using a Morlet wavelet.

4.  Chronostratigraphy
Ten Accelerator Mass Spectrometry (AMS) 14C analyses were performed on Core M125-67-4 (Table 1) using 
bivalve shells, preferably of juvenile forms with translucent shells to avoid deep endobenthic specimens. 
Dating was carried out at the AMS 14C facilities of Beta Analytic Inc, USA, the University of Cologne, Ger-
many, and the Curt Engelhorn Centre for Archeometry, Germany. The age model was constructed using the 
median values provided by the Bayesian program BACON implemented in R (Blaauw & Christen, 2011) 
with the MARINE20 data base and a local reservoir age of ΔR = 58 ± 53 years (Alves et al., 2015). Resulting 
sedimentation rates vary mostly between 20 and 160 cm/kyr indicating substantial variations in sediment 
input of the Jequitinhonha River over the past ∼5,000 years (Figure 3). Exceptionally high sedimentation 
rates of ∼510 cm/kyr have been reconstructed for the past ∼200 years, likely due to anthropogenically in-
duced erosion by deforestation and cattle grazing (Ribeiro et al., 2009). To avoid any anthropogenic bias, we 
therefore excluded the 0–200-year interval from our study.

5.  Results
The ln(K/Al) ratios of Core M125-67-4, reflecting changes in the weathering state in the Jequitinhonha 
catchment, vary between 0.5 and 1.1 (Figure 4b). An exception is constituted by the last ∼200 years with 
values of up to 1.3. However, due to the presumed anthropogenic bias we excluded this interval from further 
discussion (see Section 4). Minimum ln(K/Al) values around 0.5, indicating wet conditions in the catch-
ment of the Jequitinhonha, occur at the base of the core at ∼5 ka followed by an increase to values of ∼0.9 
between 4.5 and 4.4 ka and a subsequent return to minimum values at ∼3.2 ka. Afterward, ln(K/Al) ratios 
increase progressively with an abrupt shift at ∼2.0 ka to a level of ∼0.9, suggesting a decline in continental 

AMS-Lab-ID
Depth 
(cm)

Number of 
shells

14C age (year 
BP)

Calibrated 
age (a)

MAMS 30981 100 2 617 ± 19 195 ± 84

BETA 487707 130 14 1,280 ± 30 623 ± 144

BETA 487708 170 19 1,550 ± 30 873 ± 177

MAMS 30982 200 1 2,819 ± 25 2,309 ± 222

BETA 493295 210 18 2,750 ± 30 2,220 ± 209

MAMS 30983 297 1 3,171 ± 23 2,748 ± 200

BETA 487709 340 23 3,610 ± 30 3,276 ± 198

MAMS 30984 391 1 4,123 ± 22 3,917 ± 216

COL4227.1.1 417 1 4,668 ± 51 4,635 ± 223

BETA 487710 480 14 4,840 ± 30 4,851 ± 235

Note. Calibration was done using the CALIB 8.2 software (Stuiver 
et  al.,  2020) (http://calib.org/calib/calib.html). Dating substrate were 
bivalve shells from the fraction <1  cm. Laboratory codes: BETA—Beta 
Analytic Inc.; COL—University of Cologne; MAMS—Curt Engelhorn 
Centre for Archeometry Mannheim, Germany.

Table 1 
Accelerator Mass Spectrometry (AMS) 14C Ages Performed on Core M125-
67-4, Including 2σ Error



Paleoceanography and Paleoclimatology

BAHR ET AL.

10.1029/2021PA004223

7 of 17

precipitation. The ln(K/Al) record remains on this level with two ∼200-year-long excursions to lower values 
(i.e., wetter conditions) centered at ∼0.9 and ∼0.6 ka.

The long-term variability of ln(K/Al) is well reflected by the lower-resolution record of the microcline ver-
sus kaolinite ratio (Figure 4a). Both parameters are significantly correlated (r2 = 0.28, p < 0.05; on detrended 
data, excluding the upper 100 cm), corroborating the assumption that the ln(K/Al) ratio basically reflects 
relative changes of K-bearing feldspars and mica versus K-depleted aluminosilicates such as kaolinite.

The δ2H values (Figure 4c) display a long-term trend from −154‰ at 4.4 ka toward less depleted values of 
−147‰ at 0.6 ka, suggesting a general trend toward drier conditions over the past 5 kyr, in line with evi-
dence from the ln(K/Al) record.

6.  Discussion
6.1.  Monsoonal Variability in Eastern Brazil

The ln(K/Al) record of Core M125-67-4 documents a pronounced SAMS variability in eastern Brazil during 
the past ∼5 kyr on millennial to decadal time scales (Figures 4b and 5b). The ability of the employed ln(K/
Al) ratio to reliably reflect the weathering state in the Jequitinhonha River catchment is supported by the 
similarity of its distribution with that of the weathering-sensitive feldspar/kaolinite ratio in Core M125-67-4 
(Figure 4a). The general trend toward drier conditions over the past 5 kyr as indicated by the ln(K/Al) record 
is also reflected by the δ2H record (despite diverging excursions between both records at 4.4 and 0.6 ka), 
corroborating the robustness of the retrieved climatic signal. This long-term trend to drier conditions in 
the northern portion of eastern Brazil agrees with increasing austral summer insolation (Figure 5a), which 
leads to an intensification of the Nordeste Low and thus higher aridity in the Jequitinhonha catchment 
(Chiessi et al., 2021; Cruz et al., 2009).

Figure 3.  Age model for Core M125-67-4 as derived from radiocarbon dating. The Bayesian program BACON (Blaauw 
& Christen, 2011) was used in order to construct (a) sedimentation rates and (b) the age-depth relation (median: 
red line; gray line: 2σ envelope). Note that the last ∼200 years have been excluded from the study due to potential 
anthropogenic overprint.



Paleoceanography and Paleoclimatology

BAHR ET AL.

10.1029/2021PA004223

8 of 17

A general trend to drier conditions at least over the past 2 ka is also registered in speleothem δ18O records 
from the neighborhood of the Jequitinhonha catchment (Diva de Maura and Lapa Grande Caves, Figures 6a 
and 6b; Novello et al., 2012; Stríkis et al., 2011). While the long-term trend also shows some agreement for 
the older parts of the records, for example, between Lapa Grande and Core M125-67-4 from 5 to 4 ka (Fig-
ure 6), the speleothem δ18O includes more distinct decadal-scale fluctuations that are not apparent with 
a similar large amplitude in the ln(K/Al) data of Core M125-67-4 (Figure 6c). These differences in signal 
amplitude are likely due to different proxy sensitivities as soil weathering processes will buffer fluctua-
tions acting on decadal or shorter time scales. In addition, signal mixing by bioturbation will smooth out 
high-frequency climate variability in Core M125-67-4 that is well preserved in speleothem records. The δ18O 
signal of speleothems and the δ2H signal of plant waxes in Core M125-67-4 are further sensitive to shifts in 
moisture sources that are irrelevant for soil weathering. The retrieved ln(K/Al) signal, on the other hand, 
might be influenced by changes in vegetation cover that enhanced or prevented topsoil erosion (cf. discus-
sion in Section 4). Lastly, the ln(K/Al) record of Core M125-67-4 integrates over a relatively wide catchment 
area, while local effects are much more prone to influence speleothems records. Such local influences (even 
within a single cave) might also well explain some of the differences between the Diva de Maura and Lapa 
Grande δ18O records.

However, even when considering proxy- or site-related biases and age-model uncertainties, the differences 
between both cave records and the ln(K/Al) data from Core M125-67-4 are substantial. This points at a 

Figure 4.  Inorganic and organic geochemical proxies obtained on Core M125-67-4. (a) Downcore distribution of 
microcline (K-bearing) versus kaolinite (K-free) ratios, interpreted to primarily represent chemical weathering intensity 
in the hinterland and (b) sedimentary ln(K/Al) values of Core M125-67-4 reflecting the distribution of microcline 
versus kaolinite. (c) δ2H of terrigenous plant waxes.
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Figure 5.  Changes in the hydroclimate of eastern Brazil, insolation, and oceanic circulation off the Brazilian coast during the past 5 kyrs. (a) Integrated austral 
summer insolation at 20°S (December, January, February—DJF; Laskar et al., 2004), (b) Accelerator Mass Spectrometry (AMS) 14C ages, (c) sedimentary 
ln(K/Al), and (d) δ2H of terrigenous plant waxes of Core M125-67-4 (eastern Brazil, this study) compared to (e) Sr/Ca of a Botuverá Cave speleothem (Bernal 
et al., 2016) from southeastern Brazil; (f) Atlantic Multidecadal Oscillation (AMO) index by Mann et al. (2009); (g) Atlantic Meridional Overturning Circulation 
(AMOC) strength inferred from magnetic susceptibility (MS, black line) at Gardar Drift (Kissel et al., 2013) representing the flow speed of the Islandic Overflow 
Water and sortable silt (SS) from Core KNR-178-48JPC off Cape Hatteras reflecting Deep Western Boundary Current speed (green line) (Thornalley et al., 2018); 
(h) alkenone-based sea-surface temperatures (SST) from Core GGC19 (37°N, 75°W) (Sachs, 2007) indicating Gulf Stream strength; gray bar indicates the major 
shift of the South Atlantic Convergence Zone (SACZ) position commencing at 2.0 ka. Red and blue bars denote the Medieval Climate Anomaly (MCA) and the 
Little Ice Age (LIA), respectively.
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spatially complex precipitation pattern affecting the respective caves (Diva de Maura and Lapa Grande), 
which are located in a more continental and thus arid setting in central-eastern Brazil, differently from the 
more coastal and on average wetter Jequitinhonha catchment (Figures 1 and 2). As discussed in the follow-
ing, the observed millennial- and centennial-scale variations in the proxy record from Core M125-67-4 are 
thus not uniform across eastern Brazil. We argue that this regional-scale spatial variability in precipitation 
has been largely produced by alternating variations in SACZ and SALLJ strength (Deininger et al., 2019; 
Novello et al., 2018).

6.2.  Reconstructing Spatial Precipitation Shifts

The strong impact of SACZ and SALLJ dynamics on the precipitation distribution within the SAMS domain 
over the past 5 kyr becomes obvious from the comparison between the weathering-intensity record from 
Core M125-67-4 and the speleothem-based monsoonal rainfall record from Botuverá Cave in southeastern 

Figure 6.  Reconstruction of moisture availability on core M125-67-4 in relation to speleothem records from central 
eastern Brazil: (a) Diva de Maura Caves (Novello et al., 2012), (b) Lapa Grande (Stríkis et al., 2011), and (c) sedimentary 
ln(K/Al) ratio from Core M125-67-4. For site locations, see Figure 1. Thick lines denote LOESS smoothing of the 
respective records to illustrate long-term trends (smoothing factors: 0.65 for Lapa Grande and Diva da Maura, 0.3 for 
Core M125-67-4). Note that δ18O of speleothems are interpreted to predominantly reflect precipitation amount but 
might be biased by moisture source changes (Baker et al., 2005).
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Brazil (Figures 1 and 5). The record from Botuverá Cave is based on Sr/Ca ratios in the speleothem calcite 
that are primarily controlled by the recharge of the water table by monsoonal rainfall above the cave (Bernal 
et al., 2016; Cruz et al., 2007). High (low) Sr/Ca ratios correspond to dry (wet) conditions and are thus a di-
rect measure of the on-site precipitation amount (Bernal et al., 2016). We selected the Sr/Ca record because 
available δ18O data from Botuverá Cave have a lower temporal resolution and are also influenced by the up-
stream recycling history of atmospheric moisture in the wider SAMS domain (Bernal et al., 2016). Because 
Core M125-67-4 lies at the northeastern boundary of the SACZ, while Botuverá Cave receives precipitation 
from the southwestern sector of the SACZ and the SALLJ (Figure 1), both datasets are well suited to track 
the potentially opposing behavior of both components of the SAMS. Hence, if pronounced and alternating 
variations in SACZ and SALLJ strength occurred during the middle to late Holocene, these should have pro-
duced antiphased rainfall changes at Botuverá Cave compared to the Jequitinhonha catchment. Likewise, a 
synchronous behavior of both records would indicate that the SACZ and SALLJ were largely stable, and that 
the amount of moisture advection from the tropical Atlantic into the SAMS was the main factor responsible 
for the reconstructed humidity variations.

For the past 5 kyrs, the Sr/Ca record from Botuverá Cave and the ln(K/Al) record from Core M125-67-4 
indeed exhibit periods of antiphasing on multi-millennial to centennial time scales (Figures 5a and 5e) 
such as between 2 and 1.3 ka when wetter conditions were established at Botuverá while the Jequitinhonha 
catchment became drier. Within age-model uncertainties, a similar antiphased behavior occurred during 
the Medieval Climate Anomaly (MCA; c. 950–1250 CE; Mann et al., 2009), when wet conditions at Core 
M125-67-4 (i.e., a strong SACZ) were opposed by dry conditions at Botuverá (i.e., a weak SALLJ). The sub-
sequent interval between c. 1300 and 1470 CE, which comprises the early Little Ice Age (LIA; c. 1400–1700 
CE; Mann et al., 2009), however, was expressed by wet conditions in both records. Although at the limit 
of the chronostratigraphic resolution of Core M125-67-4, this observation is in line with previous findings 
from speleothems in eastern Brazil that indicate an expanded SACZ domain (Campos et al., 2019) that gave 
rise to wet conditions across entire eastern Brazil. The later phase of the LIA was again accompanied by a 
dipole of dry conditions in the Jequitinhonha catchment and wet conditions at Botuverá (Figure 5). This 
dipole-like behavior between SACZ and SALLJ continued to fluctuate on centennial time scales between 
500 and 200  years and is well documented by proxy evidence (Campos et  al.,  2019), in line with pres-
ent-day hydroclimatic observations (Liebmann et al., 2004). Numerical model experiments using CMIP5 
and PMIP3 simulations for the past millennium (Rojas et al., 2016) likewise generate an atmospheric dipole 
between northeast and southwest Brazil for the LIA and MCA, mimicking the spatial pattern revealed 
by proxy evidence. However, the signs of the anomalies in the precipitation dipole provided by the mod-
el ensemble mean are exactly opposite to that revealed by proxy evidence. This data-model mismatch is 
largely attributed to the intrinsic inability even of state-of-the-art models to reliably assess austral summer 
precipitation amount over South America and thus stresses the urgent need to improve the models' skill to 
reliably capture hydroclimatic changes over the continent (e.g., Rojas et al., 2016; Sierra et al., 2015; Siongco 
et al., 2014).

The reconfigurations of the SACZ and SALLJ during the LIA and MCA, typical high-northern-latitude cli-
mate phenomena (Mann et al., 2009), demonstrate a close link of SAMS dynamics to distant climate anom-
alies and suggest that a considerable fraction of the reconstructed precipitation variability in eastern South 
America was driven by high-northern-latitude forcing (Deininger et al., 2019; Novello et al., 2018). One way 
to explain this teleconnection could be via the influence of the El Niño-Southern Oscillation (ENSO), which 
is a dominant climate mode in South America (Cai et al., 2020; Grimm, 2003; Grimm & Tedeschi, 2009). In 
particular for the MCA, a dominance of La Niña-conditions has been inferred (Conroy et al., 2010; Mann 
et al., 2009) that causes more precipitation over northeastern Brazil and drier conditions in southeastern 
South America. However, while dry conditions in Botuverá Cave would be in line with prevailing La Niña 
during the MCA (see Figure S1), the Jequitinhonha catchment is situated in a rather ENSO-neutral area to 
the south of the major precipitation anomaly over northeastern Brazil that develops during La Niña events 
(or El Niño with the reverse sign, respectively) (Cai et  al.,  2020) (Figure  S1). This indicates that ENSO 
might have played a role for modulating rainfall at Botuverá Cave. However, as discussed in the following, 
other processes likely dominated fluctuations in moisture availability in eastern Brazil as recorded in Core 
M125-67-4.
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6.3.  The Role of AMOC on Eastern South American Precipitation Variability

We argue that the propagation of high-latitude climate disturbances and associated changes in ocean circu-
lation into the SAMS domain might have been accomplished via altering the strength of the Atlantic Merid-
ional Overturning Circulation (AMOC). The proposed link between SAMS dynamics and AMOC variability 
is reflected by the good correlation between SACZ/SALLJ strength and published AMOC proxies (Figure 5). 
This connection is evident for the progressive aridification of the Jequitinhona catchment (indicating re-
duced SACZ activity) after ∼3 ka juxtaposed to increasingly humid conditions at Botuverá Cave (increased 
SALLJ strength) that developed parallel to a reduced Islandic Overflow Water production recorded at the 
Gardar Drift in the North Atlantic (Figure 5g; Kissel et al., 2013). Because Islandic Overflow Water is a 
major constituent of North Atlantic Deep Water, its reduced production decreased AMOC strength. This 
reduced deep-water formation, likely caused by enhanced freshwater input into the Arctic and Nordic Seas 
(Thornalley et al., 2018), decreased the northward interhemispheric heat transport (Broecker, 1998) and 
resulted in cooling of the North Atlantic as evidenced by declining sea-surface temperatures (SST) in the 
northwestern North Atlantic (Sachs, 2007; Figure 5h). In particular, the distinct and abrupt shift at ∼2 ka 
toward a weak SACZ and strong SALLJ was marked by a rapid decline in Islandic Overflow Water produc-
tion and a distinct drop in the strength of the Gulf Stream (Figures 5g and 5h) reducing northward heat 
transport. The MCA, on the other hand, was characterized by a strong AMOC that correlated with a weak 
SALLJ and an active SACZ. During the LIA, the pattern of weak AMOC correlating to weak SACZ and 
strong SALLJ (and vice versa for strong AMOC) is less straight forward as the transitory drop of AMOC 
strength around 1450 CE occurred parallel to strong precipitation at Botuverá Cave and in the Jequitin-
honha catchment, indicating a spatially expanded SACZ (Campos et al., 2019). Hence, the magnitude of 
AMOC change appears to have to cross a critical threshold to invoke the observed SACZ-SALLJ dipole. 
Notably, a similar precipitation dipole between eastern and southeastern South America became apparent 
in numerical model experiments applying an extreme freshwater hosing of 1 Sv (i.e., 106 m3 s−1) into the 
North Atlantic. In contrast, this dipole pattern only faintly developed when a weak hosing is prescribed 
(0.1 Sv; Parsons et al., 2014), although the poor spatial resolution (2° in longitude, 2.5° in latitude) of the 
applied model limits its exact comparison with the available proxy data. The presence of a threshold in 
overturning strength is in line with the observation that the good match of AMOC proxies with SACZ and 
SALLJ variability appears only after ∼3 ka (Figure 5) which might be due to a relative stability of the AMOC 
prior to 3 ka, when both AMOC proxies lack a common pattern and thus might rather reflect local signals. 
In addition, the increasing austral summer insolation and ensuing aridification in northeastern Brazil dur-
ing the late Holocene (Figure 5) might have led to a greater sensitivity of the hydroclimate in this region to 
relatively small-scale variations in oceanic overturning.

Based on the above evidence, we argue that changes in AMOC strength could have reinforced the observed 
dipole-behavior between SACZ and SALLJ via altering the SST distribution in the Atlantic Ocean. South-
wards shifts of the SACZ during phases of weak AMOC such as the LIA have been inferred to lead to more 
precipitation over southeastern South America (Novello et al., 2012, 2018; Vuille et al., 2012). However, 
recent compilations of paleo-precipitation records argue that the position of the SACZ was rather stable, 
but might have intensified and weakened alternatingly, potentially due to changes in heat distribution and 
atmospheric circulation over the (sub)tropical South Atlantic (Campos et  al.,  2019). We further explore 
SASM dynamics along this avenue and argue that two largely independent mechanisms, both modulated by 
AMOC, were responsible for the observed changes between wet and dry conditions in this area: the South 
Atlantic Dipole and the Atlantic Multidecadal Oscillation (AMO).

6.4.  Influence of the South Atlantic Dipole and the AMO

The SST distribution in the South Atlantic is well documented to influence the precipitation distribution 
over (sub)tropical South America (Bombardi et  al.,  2014; Wainer et  al.,  2014,  2021). The SST pattern is 
manifested as the South Atlantic Dipole that is in a positive mode when the tropical South Atlantic sur-
face warms anomalously relative to the extratropical South Atlantic (and vice versa for a negative South 
Atlantic Dipole; see Figure S2) (Venegas et al., 1997). Sufficiently highly resolved SST records are yet lack-
ing to reconstruct South Atlantic SST variability during the past 5 kyrs. However, recent numerical model 
experiments using the ensemble mean of the Community Earth System Model Last Millennium Ensemble 
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indicate that reconfigurations of ocean-surface currents in response to a transient weakening of the AMOC 
caused a cooling in the extratropical relative to the tropical South Atlantic (Marcello et al., 2019). Obser-
vational and reanalysis data (Bombardi et al., 2014) clearly show that the ensuing positive South Atlantic 
Dipole mode would have led to a strengthened SALLJ bringing more moisture toward Botuverá Cave, while 
reducing the frequency of cyclones and moisture advection toward central eastern Brazil (cf. Figure 7). The 
opposite mechanism operates during a negative South Atlantic Dipole mode that was active during phases 
of strong AMOC such as the MCA (Thornalley et al., 2018). This mechanism thus explains the enhanced 
precipitation over the Jequitinhonha catchment and drought at Botuverá Cave during high-northern-lati-
tude warm phases (as, e.g., the MCA) and likewise the reverse situation during phases of weak AMOC such 
as between ∼2.0 and 1.6 ka.

The South Atlantic Dipole-related impact on the precipitation distribution over eastern South America was 
likely amplified by the influence of the AMO on the SALLJ (Jones & Carvalho, 2018). The AMO is a major 
mode of multidecadal oscillation in the Earth's climate system that is in a positive (negative) phase when the 
high-latitude North Atlantic warms (cools) relative to its low-latitude counterpart. Climatological data indi-
cate that the SALLJ is strong during negative AMO and thus enhances precipitation at Botuverá Cave (and 
vice versa for positive AMO) (Jones & Carvalho, 2018). During the MCA, the AMO was in a positive phase 
(Mann et al., 2009; Figure 5f) due to the pronounced high-latitude warming and strong AMOC, which is in 
line with the observed more arid phase at Botuverá Cave indicating a weak SALLJ (Figure 5). The plunge 
of the AMO into a distinctly negative index commencing at the late LIA, however, was again marked by a 
shift toward drier conditions in Botuverá Cave (Figure 5). This temporal pattern suggests a rather complex 
relation of the SALLJ to the long-term trend of AMO. Wavelet analysis of the Sr/Ca record from Botuverá 
Cave, on the other hand, suggests a persistent presence of AMO-related multi-decadal frequencies around 
60 years throughout the record (Bernal et al., 2016), which might point to different sensitivities of southern 
Brazilian climate to AMO on different time scales.

To disentangle the potential imprint of AMO on precipitation variability in the Jequitinhonha catchment we 
have investigated the ln(K/Al) record of Core M125-67-4 by time series analyses (Figure 8). The power spec-
trum (Figure 8b) shows that the record comprises typical AMO-related periods in the range of ∼60 years 
(Bernal et al.,  2016; Chiessi et al.,  2009). However, these periods are not continuously present through-
out the record, but peak in the earlier parts around 4.3 and 3.6 ka, and potentially at 0.9 ka (cf. wavelet, 

Figure 7.  Schematic representation of Atlantic Meridional Overturning Circulation (AMOC) forcing acting upon the 
South American Summer Monsoon: Phases of weak AMOC such as during the Little Ice Age induced a positive South 
Atlantic Dipole (SAD) and negative Atlantic Multidecadal Oscillation (AMO), conditions that led to a weak South 
Atlantic Convergence Zone (SACZ) and a strong South American Low-Level Jet (SALLJ). This configuration induced 
a precipitation dipole over eastern South America, reflected by dry conditions in the catchment of the Jequitinhonha 
River (black line, recorded by Core M125-67-4; this study) and humid conditions at Botuverá Cave (Bernal et al., 2016). 
The opposite situation occurred during phases of strong AMOC, such as during the Medieval Climate Anomaly.
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Figure 8a). A cross-wavelet of ln(K/Al) of Core M125-67-4 and Sr/Ca of 
Botuverá likewise shows only short periods of significant coherence in 
the AMO band of ∼60 years (around 4.3 and 0.9 ka; Figure S3). It hence 
appears that the discussed AMO impact on the SALLJ alone cannot ful-
ly explain the dipole-behavior of our records from Core M125-67-4 and 
Botuverá Cave. Indeed, this is expected as the Jequitinhonha catchment 
is not directly affected by the SALLJ, in contrast to Botuverá Cave (Jones 
& Carvalho, 2018). Nevertheless, the spurious presence of AMO-related 
periods in ln(K/Al) of Core M126-67-4 is consistent with similar obser-
vations in other paleo-precipitation records from eastern Brazil (Novello 
et al., 2012; Stríkis et al., 2011) and corroborates the view that AMO is 
an intrinsic component of SASM variability even under glacial boundary 
conditions (Chiessi et al., 2009). However, based on the available data, a 
comprehensive explanation of the spatiotemporal precipitation variabili-
ty across eastern South America apparently requires the combined influ-
ence of the South Atlantic Dipole and the AMO, both driven by AMOC 
fluctuations.

The impact of relatively small-scale AMOC fluctuations across the late 
Holocene on the SAMS implies that South American climate is sensitive 
to high-latitude climate disturbances. Notably, this sensitivity increased 
over the past 2–3 kyrs particularly in eastern Brazil as a consequence of 
increasing austral summer insolation and the ensuing aridification. En-
hanced meltwater input from shrinking Greenland glaciers as predicted 
for the next decades in response to global warming is likely to initiate a 
rapid AMOC decrease (Böning et  al.,  2016; IPCC,  2021) and therefore 
likely trigger a substantial weakening of the SACZ and intensification 
of the SALLJ. Such a scenario is alarming, as numerical models show 
that future global warming will lead to an enhanced moisture gradient 
between increasingly more arid eastern Brazil and wetter southeastern 
South America (IPCC, 2021). Hence, shifts in the precipitation distribu-
tion due to a weakened AMOC will further reduce rainfall amounts over 

already drought-prone eastern South America, but also increase the risk for torrential rainfall across south-
ern parts of eastern Brazil, considerably elevating the eminent socio-economic pressure in both regions.

7.  Conclusions
Our new record of mid to late Holocene precipitation variability over eastern Brazil reveals a high sensitivity 
to climate disturbances of high northern latitude origin that are transmitted into low latitudes via changes 
in AMOC strength. Resultant shifts in the oceanic surface heat distribution within the North and South At-
lantic thereby alter the mean state of major climatic modes, that is, the South Atlantic Dipole and the AMO. 
The South Atlantic Dipole reinforces a dipole-like behavior between SACZ and SALLJ, which is amplified 
by the influence of the AMO on the SALLJ strength. In summary, phases of sluggish AMOC and cooling in 
the high latitude North Atlantic strengthens the SALLJ on the expense of the SACZ, leading to more aridity 
in eastern Brazil and more precipitation over southeastern South America. As global warming is predicted 
to lead to a weakened AMOC and reduced SACZ intensity, eastern Brazil will likely become more affected 
by severe droughts in the coming decades.

Data Availability Statement
All data published in this paper will be made available on the PANGAEA data base 
(https://doi.pangaea.de/10.1594/PANGAEA.930811).

Figure 8.  Spectral analysis of the detrended and non-interpolated ln(K/
Al) record from Core M125-67-4 (black line). (a) Wavelet spectrum (black 
lines indicate 95% confidence), white shading denotes cone of influence); 
(b) power spectrum with 99% confidence interval based on Monte Carlo 
simulation (blue line) and red noise level (red line). The dominant periods 
are indicated.

https://doi.pangaea.de/10.1594/PANGAEA.930811
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