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ABSTRACT

This study investigates the sedimentary origin of materials deposited by the Amazon River over the last 30
kyr BP and reconstructs the precipitation pattern of the source area at the time of the erosion. For this pur-
pose, fifteen samples of a down-core sediment record from the French Guiana margin have been used
to analyse neodymium (Nd) and strontium (Sr) isotope ratios. The sample results (Sr: 0.71385+0.00166;
ena: -11.67£0.55) suggest that the western Amazon basin catchment area is the main source of the terrigenous
material, and point to the Solimodes river basin as the most probable origin. This study also discusses the
strong coherence between the registered millennial events and the atmospheric settings of the region, which
indicate humid land conditions for the Heinrich Stadials 1 and 2 compared to the Last Glacial Maximum, and
during the Last Glacial Maximum compared to the early Holocene.

Keywords: Neodymium (Nd), paleoclimate, sedimentary basin, source, Strontium (Sr).

Isotopos de Neodimio y Estroncio como indicadores del area fuente del material
terrigeno depositado en el NE de Brasil

RESUMEN

Este estudio investiga el origen sedimentario de los materiales depositados por el rio Amazonas durante los
ultimos 30 kyr BP y reconstruye el patron de precipitacion del area fuente. Para ello, se han utilizado quince
muestras de un registro sedimentario marino ubicado en el margen de la Guayana Francesa y se han anali-
zado los isétopos de Neodimio (Nd) y de Estroncio (Sr). Los resultados (Sr: 0.71385+0.00166; ¢y, -11.67+0.55)
sugieren que la zona del Amazonas occidental es la fuente principal del material terrigeno, y apuntan a la
cuenca del rio Solimées como el origen mas probable. Asi mismo, el analisis paleoclimatico de la zona refuer-
za esta conclusion, exhibiendo condiciones continentales humedas para los Heinrich Stadials 1y 2 en com-
paracion con el Ultimo Méaximo Glacial, asi como para el Ultimo Maximo Glacial en comparacién con el
Holoceno temprano.

Palabras clave: Cuenca sedimentaria, Estroncio (Sr), fuente, Neodimio (Nd), paleoclima.

VERSION ABREVIADA EN CASTELLANO

Introduccion y metodologia

Este estudio analiza la influencia del gradiente de temperatura tierra-océano en el régimen de precipitacion
de la cuenca amazonica occidental para el Holoceno y Pleistoceno tardio. Para ello, mostramos datos isoto-
picos de Estroncio (Sr), junto con isétopos de Neodimio (Nd) obtenidos para las mismas muestras y publi-
cados anteriormente por Zhang et al. (2015). Ademas de las interpretaciones paleoclimaticas, se analiza el ori-
gen y la proveniencia de los sedimentos recogidos. Este analisis es posible debido al potencial de los
elementos de las tierras raras (REEs) para trazar composiciones de area fuente y a su conservacion frente a
procesos sedimentarios posteriores.
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La importancia de asignar el area fuente de sedimentos depositados por el rio Amazonas se basa en su
ciclo del agua transformado, puesto que su alteracion ha inducido graves consecuencias socioeconémicas en
los ultimos anos.

Los resultados de Sr aqui presentados, corresponden al testigo GeoB16224-1 (6°39.38" N / 52°04.99" W),
obtenido en la campana oceanogréafica RV Maria S. Merian MSMZ20/3 (Mulitza et al., 2013). GeoB16224-1 es
un testigo cilindrico de 760 cm de longitud que cubre aproximadamente los ultimos 30 kyr (miles de anos)
BP y se encuentra en el talud continental de la Guayana Francesa, a 2510 m de profundidad (Figura 1). Su
modelo de edad se basa en 10 analisis AMS de radiocarbono obtenidos a partir de foraminiferos planctoni-
cos (Zhang et al., 2015) que fueron calibrados mediante la curva de calibracion MARINE13 (Reimer et al., 2013)
con el programa Calib 7.0 (Stuiver y Reimer, 1993). La edad asignada a cada muestra se ha interpolado line-
almente con un error de + 20 en la media.

Para la obtencion de los resultados aqui expuestos, se realizo un ataque quimico a las muestras y se pro-
cedio después a la recoleccion de Sr y Nd. Para el ataque quimico se disolvieron 0,8 g de cada muestra en
4 mL de HF .ncentrado wone) Y 1T ML de HNOs.... en una relacion 4:1. A continuacion, se calentaron hasta 200 °C para
obtener su completa disolucion. Una vez secas, se repitio de nuevo el proceso. Posteriormente, para la diso-
lucion del tetrafluoruro de silicio se atacaron de nuevo con 0,5 mL de HNO;...., se secaron y se volvieron a
atacar con 6 mL de HCI 6M. En ultima instancia y con el fin de reconvertir nitratos en NO, las muestras fue-
ron atacadas con HNO.. La recoleccion del Sr y del Nd se realizo mediante la preparacion de las resinas de
Sr y tierras raras (REEs), las cuales se usaron en tres columnas: a) S-SPEC, b) REE y c) LN. El Sr fue recogi-
do de la primera columna, mientras que el Nd no se pudo aislar de las demas tierras raras y recoger hasta la
tercera y ultima columna.

Tanto la preparacion quimica de las muestras como la recoleccion de los datos isotdpicos tuvieron lugar
en la Universidad de Sédo Paulo (USP) en el laboratorio del Centro de Pesquisas Geocronoldgicas (CPGeo). La
adquisicion de los datos se llevé a cabo utilizando multicolectores ICP-MS (Inductively Coupled Plasma-Mass
Spectrometry) para el Nd y TIMS (Thermal lonization Mass Spectrometer) para el Sr. Se analizaron un total
de 15 muestras, sumando 30 analisis isotdpicos. El estandar analitico JNdi-1 dio valores de
0.512098+0.000006 para el patron *Nd /“Nd (20) y NBS-987 de 0.710264+0.000040 (25) para ¥ Sr/°Sr.

Resultados y conclusiones

Los resultados obtenidos para los isétopos de ¥Sr/°Sr son de 0.712-0.716, mientras que los de ey, publicados
por Zhang et al. (2015) son de -12.22--11.11. Ambos isotopos exhiben valores notablemente constantes con
una pequena excursion de 0.003 para el Sr en el intervalo de tiempo 5.3-6 kry BP (Tabla 1). Dada la constan-
cia isotdpica del material analizado, se puede deducir que éste proviene de la misma area fuente. Ademas, la
contribucion edlica que se da en el talud continental de la Guayana Francesa se considera insignificante
(Behling et al., 2000; Collins et al., 2013), resolvemos que éste es de origen fluvial. De esta forma asumimos
que la totalidad de nuestra muestra ha sido transportada por el rio Amazonas y no por los vientos alisios del
Noreste, los cuales soplan desde el Océano Atlantico hacia el continente.

Los isotopos de Sr fueron analizados para la muestra total, sin diferenciacion previa de la fraccion de detri-
tus. Sin embargo, la alta variabilidad en la relacion de Sr (ver Kuznetsov et al., 2012) indica que la contribu-
cion de carbonatos marinos en la composicion isotopica analizada es minima. Asi mismo, como las muestras
tienen un origen comun y han sido transportadas mediante los mismos procesos hidrologicos, inferimos que
la posible alteracion en la senal de Sr debido a procesos de fraccionamiento por tamano de grano es escasa
(ver Bouchez et al., 2011).

Para realizar la caracterizacion del area fuente, hemos comparado y contextualizado los resultados obte-
nidos con datos de la literatura (Goldstein et al., 1984, Rogers y Hawkesworth, 1989; Basu et al., 1990; van
Schmus et al., 1995, 2011; Parra y Pujos, 1998; Viers et al., 2008) (Figura 2). El patron isotopico considerado
para ello distingue entre las tres provincias geotectonicas principales de la zona, siendo estas: la Cuenca
Amazonica; la cordillera del Andes o rocas Andinas; y el Escudo Guayanés y rocas de Brasil central (Figura
3). Mientras que las rocas provenientes del Escudo Guayanés presentan valores isotopicos muy caracteristi-
cos con ey (-29—-23) y ¥Sr/f°Sr (1.7-2.7) (van Schmus et al., 1995), las rocas de la cuenca del Amazonas y de la
cordillera del Andes registran valores de ey, (-10--8.8) y ena (-14—-13) respectivamente y de Sr/°Sr (0.71-0.73)
para ambos casos (Parra y Pujos, 1998; Viers et al., 2008). Las muestras aqui analizadas con valores de Sr alre-
dedor de 0.71385 y valores de ens -11.67+0.55, se aproximan a los del segundo grupo de muestras, confir-
mando que se tratan de sedimentos cuaternarios y terciarios que contienen una proporcion significativa de
corteza continental. Estas caracteristicas isotopicas se dan en rocas que se encuentran en la cuenca
Amazonica occidental, en donde se hallan las subcuencas hidrogréficas de los rios Solimées y Madeira (Fig.
1). Con el fin de desentranar de cual de las dos subcuencas proceden las muestras aqui analizadas, se han
comparado una vez mas los resultados obtenidos con datos de estudios previos (Viers et al., 2008, Bouchez
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et al., 2011; Horbe et al., 2014). De esta comparacion se deduce que las muestras proceden de la cuenca del
rio Solimées (Figura 4).

La correlacion de estos resultados con el paleoclima continental de la zona Norte de Sudamérica es posi-
ble mediante su comparacion con testigos marinos recuperados en la costa NE del Brasil (Jaeschke et al.,
2007; Zhang et al., 2015), testigos de lagos glaciares de los Andes (Baker et al., 2001a, b) y espeleotemas de
cuevas situadas en el Amazonas occidental (Wang et al., 2004; Kanner et al., 2012; Mosblech et al., 2012;
Cheng et al., 2013) (ver Figura 5).

El ciclo hidrolégico de la cuenca del Amazonas esta estrechamente relacionado con el Monzdn
Sudamericano (SAM), con un patron de lluvias acoplado a los periodos de insolacion del verano austral
(Baker y Fritz, 2015). Los datos de Sr aqui presentados se encuentran en sintonia con las caracteristicas hidro-
gréficas de la zona, mostrando valores altos y constantes de “’Sr/°Sr para el Ultimo Maximo Glacial (LGM) y
para el Holoceno medio-tardio, que se atribuyen a una mayor erosion terrestre como consecuencia de un
SAM mas intenso, en donde la humedad atlantica tropical se recicla sobre la cuenca Amazdnica. Asi mismo,
la relacion ¥Sr/°Sr registra una fuerte caida (una diferencia de 0.033 de en el periodo 6-5.3 kry BP) coinci-
diendo con el inicio de la fase de baja insolacion del verano austral.

Los distintos estudios mencionados anteriormente registran anomalias positivas de precipitacion duran-
te los Eventos Heinrich (HS) para casi toda la cuenca del Amazonas. Durante estos episodios abruptos, el gra-
diente de temperatura latitudinal del Atlantico se incrementa, resultando en un fortalecimiento de los vientos
alisios del NE que desplazan la Zona de Convergencia Intertropical (ITCZ) hacia el sur y aportan mayor canti-
dad de humedad al SAM. Las consecuencias sobre el terreno de estos hechos, son el aumento de la precipi-
tacion, la erosion fisica y el transporte fluvial. Una vez mas, nuestros resultados de Sr apuntan en la misma
direccion para los eventos HS-1 y HS-2, indicando que estos dos eventos abruptos fueron asimismo hume-
dos. Este, sin embargo, no es el caso para el HS-3, que en conjuncion con otros estudios de la zona (Mosblech
et al., 2012; Cheng et al., 2013) muestra condiciones mas secas, siendo ésta una de las dos excepciones, junto

con el HS-6, al patron abrupto y humedo de los eventos Heinrich (Hemming, 2004).
Este estudio demuestra que es posible hallar el origen sedimentario de los materiales depositados por el
rio Amazonas mediante el analisis isotopico de Sr y Nd de las muestras.

Introduction

The study of past climate changes in the Amazon
basin is feasible through the investigation of marine
sediment cores due to their potential to trace past
changes in the source areas that provide terrigenous
sediment inputs into the ocean. Specifically, rare
earth elements (REEs) are typically preserved during
early sedimentary processes and hence, broadly cor-
related with the composition of a rock. In this way,
measurements of neodymium (Nd) and strontium (Sr)
radiogenic isotope ratios have been applied in a num-
ber of early (e.g. McLennan et al., 1984; Mearns, 1988)
and more recent studies (e.g. Yang et al., 2007; Shao
et al., 2015).

The importance of assigning terrigenous sediment
sources within the Amazon drainage basin relies on
its transformed water cycle, inducing severe socio-
economic consequences in recent years. On-land sys-
tems are the result of human interactions with the
natural environment. Thus, it is of great importance to
reconstruct and understand the paleoclimatic and
paleohydrologic conditions of the Amazon basin, in
order to better inform decision-makers about land-
use planning, demand and supply of services and
trade patterns.

This study focuses on the Holocene and late

Pleistocene climate history of the Amazon River and
analyses the influence of the land-ocean temperature
gradient in the precipitation regime of the western
Amazon basin. To achieve this aim, we present novel
Sr radiogenic isotope ratios and compare them with
Nd data obtained for the same samples which were
published by Zhang et al. (2015).

Background: Nd and Sr isotopes

The Nd isotope variability in the continents is closely
related to crustal age, whereby the older continental
crust has lower "Nd/Nd ratios than the younger
continental crust and recent mantle-derived volcanic.
The "*Nd/"“Nd ratio is expressed as &g, the deviation
in parts per 10,000 from average chondrite (Jacobsen
and Wasserburg, 1980). ¢y values show a global sys-
tematic geographic variability that mirrors the age of
the continental crustal sources of Nd.The decay of 147
Samarium ("”Sm: half-life of 106 Gyr) to “Nd allows
Nd isotopic ratio (“*Nd/**Nd) to be traced in long time-
scale geologic processes. Sm stays preferentially in
the mantle during the formation of continental crust,
therefore the abundance of *Nd in a rock varies as a
function of age (i.e. Sm/Nd ratio). That is, whilst a
young crust is enriched in "*Nd because the Sm
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preferably stays in the mantle, the old crust becomes
depleted on *Nd due to its active decay.Thus, Nd iso-
topic composition seems to be related to both lithol-
ogy and tectonic diversity of source rocks, reflecting
the radioactive decay of “’Sm on Earth history (i.e.
geological age of the source rock). In this way, Nd iso-
tope ratio scan indicates the compositional prove-
nance of sediments both in regional and local studies
(McDaniel et al., 1997). Former studies of Nd isotopic
systems provided important information both for
understanding weathering processes as well as
crustal evolution and composition (e.g. DePaolo and
Wasserburg, 1976)."*Nd/'*Nd are also reported for
particulates from several rivers in the world, conti-
nental sediments and aeolian dusts collected over the
Atlantic, Pacific, and Indian Oceans (e.g. Basu et al.,
1990; McDaniel et al., 1997; Tassinari and Macambria,
1999). Additionally, they have been measured in ter-
restrial rock samples of different ages to establish the
characteristics of Nd isotopic evolution in the crust
and mantle.

Similarly, strontium (Sr) isotope ratios (¥Sr/*Sr)
can be used as geochemical tracers of many conti-
nental processes, including soil genesis and bio-
chemical cycling, surface-water and groundwater
movement, weathering, paleohydrology of lakes,
determination of marine versus freshwater deposi-
tion and lastly, stratigraphy of marine sediments (e.qg.
Gierlowski-Kordesch et al., 2008). Contrary to Nd, Sr
isotopes are fractionated by e.g. igneous processes,
leading to the characterization of different igneous
rocks. Hence, they have a lithological and tectonic
dependency, in the sense that ¥Sr/*Sr value tells how
enriched or depleted its mantle source was. Previous
studies have used Sr isotopes to trace provenances
and pathways of suspended sediments as well as
geochronological tectonic events (e.g. Allégre et al.,
1996; Tassinari and Macambira, 1999; Weldeab et al.,
2002; Gierlowski-Kordesch et al., 2008).

Methodological approach
Regional setting

In this study, we present unstable isotope values of Sr
from site GeoB16224-1 (6°39.38° N / 52°04.99" W)
retrieved during the RV Maria S. Merian cruise
MSM20/3 (Mulitza et al., 2013). GeoB16224-1 is locat-
ed at the continental slope off the French Guiana, at a
depth of 2,510 m (Fig. 1). The main surface water cur-
rent of the area is the north Brazil current (NBC), mov-
ing northward and fed by the south equatorial current
(SEC) (Peterson and Stramma, 1991; Bourlés et al.

1999). The NBC is responsible for the majority of the
transport of Amazon freshwater runoff and its terrige-
nous eroded sediments (e.g. Lentz, 1995; Allison et al.,
2000). However, the tropical Atlantic has strong sea-
sonal signals leading to variability in the NBC. In this
way, the NBC is influenced by the wind-stress sea-
sonal cycle; that is, by the NE trade winds. The NE
trade winds are enhanced during cold seasons and/or
events, when the latitudinal gradient of temperature
of the Atlantic is higher, displacing the intertropical
convergence zone (ITCZ) towards the south (see
Richardson and Reverdin, 1987; Bourlés et al., 1999;
Grodsky and Carton, 2002).

GeoB16224-1 is a 760 cm long gravity core that
covers approximately the last 30 kyr BP (late
Pleistocene to the present). The age model for this site
is based on 10 AMS radiocarbon analyses obtained
from planktonic foraminifera (Zhang et al., 2015) and
the resulting ages have been calibrated using the
MARINE13 radiocarbon age calibration curve (Reimer
et al., 2013) in the Calib 7.0 software (Stuiver and
Reimer, 1993). The assigned age to each sample has
been linearly interpolated with Matlab software, with
a reported error of £20 on the mean.

Analyses of the isotopic composition of Nd and Sr

Samples were dried for five days at 40 °C and then
powdered. Meanwhile, the cleaning of all the neces-
sary instruments and the preparation of the resins
and blanks was carried out. For the chemical attack,
0.8 g of each sample was dissolved in 4 mL of HF con-
centrated (conc) and 1 mL of HNOj,. at 4:1.
Subsequently, the sample was heated up to 110 °C for
ten days. Samples were transferred to a calorimetric
bomb for five more days and heated up at a temper-
ature of 200 °C, to achieve a better dissolution. The
samples were then dried and attacked once more with
HF.n. and HNOs... For the dissolution of the silicon
tetrafluoride, the samples were treated with 0.5 mL of
HNO:.... and dried out. To obtain a complete dissolu-
tion, 6 mL of HCI 6M was added. Finally, the samples
were attacked with HNO,. to reconvert the nitrates
into a measurable NO;.

After the preparation of strontium and rare earth
elements’ (REEs) resins, Sr and Nd were collected fol-
lowing the next three steps: (1) S-SPEC column: the
samples were dissolved in 1T mL of HNO; 2M and
strained through the resin. At this concentration, all
the elements except Sr —-the so-called: matrix- were
eluted and collected, since they do not have any affin-
ity with it. Afterwards, HNO; 0.5M was added, with the
Sr being washed out this time, then collected and
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Figure 1. The Amazon basin with the Madeira and Solimdes rivers, its climate patterns, and regional oceanic surface currents. The dot indi-
cates the position of the core GeoB16224-1, on land dashed lines correspond to the South American Precipitation Dipole (SAPD), off land
dashed lines correspond to the winter (Dec) and summer (Jun) positions of the ITCZ and solid arrows correspond to the surface regional
currents: NEC: north equatorial current, GC: Guiana Current, NBC: north Brazilian current, RNBC: retroflection of the north Brazilian cur-
rent. Source of information: Cheng et al., 2013 and Zhang et al., 2015.

Figura 1. La cuenca Amazdnica con los rios Madeira y Solimées, sus patrones climaticos y corrientes oceanicas regionales superficiales.
El punto indica la posicion del testigo GeoB16224-1, las lineas discontinuas continentales corresponden al dipolo de anomalias de preci-
pitacion de América del Sur (SAPD en inglés), las lineas discontinuas sobre el mar a las posiciones de invierno (Dec) y verano (Jun) de la
ITCZ y las flechas sdlidas a las corrientes oceanicas regionales superficiales: NEC: Corriente del Norte, GC: Corriente de la Guayana, NBC:
Corriente del Norte de Brasil, RNBC: Retroflexion de la Corriente del Norte de Brasil. Fuentes de informacion: Cheng et al., 2013 y Zhang
et al., 2015.

finally, analysed in the mass spectrometer. (2) REEs HCI 0.26M, allowing just the Nd to be collected and
column: the obtained matrix was dried out and dis- analysed in the mass spectrometer.

solved in 2 mL of HNO; 1M, allowing just the REEs to Both the chemical preparation of samples and the
be aggregated. (3) LN column: the REEs dissolution Nd- and Sr-isotopic data collection have been done at
was dried out and once more dissolved in 0.2 mL of the Universidade de Sao Paulo (USP) in the laborato-
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ry of the Centro de Pesquisas Geocronologicas
(CPGeo). The acquisition of the data was carried out
using a Thermo-Neptune Plus high-performance
multi-collector ICP-MS (Inductively Coupled Plasma-
Mass Spectrometry) for Nd and aThermo-Tritonmulti-
collector TIMS (Thermal lonization Mass
Spectrometer) for Sr. Data processing and calcula-
tions of "*Nd/"Nd and ¥Sr/*Sr ratios were conducted
by the Instituto de Geociéncias (IGc-USP). A total of
15 samples was analysed, making 30 isotopic analy-
sis. JNdi-1 analytical standard gave values of
0.512098+0.000006 for “*Nd/““Nd (2c) and NBS-987
standard was 0.710264+0.000040 (20) for ®Sr/*Sr.
Neodymium ratio (“*Nd/"**Nd) will be expressed using
the eys notation, where:

_(("**Nd/"*Nd)sample
™ 7| ("*Nd/"“Nd)CHUR

1(x10°

with “*Nd/**Nd CHUR (Chondritic Uniform Reservoir)
current value of 0.512638 (Jacobsen and Wasserburg,
1980).

Results

All isotope results are represented inTable 1 and plot-
ted in Figures 2 and 4. For a better comparison of the
Sr data, Nd from Zhang et al. (2015) has also been
included. Radiogenic isotope geochemistry “*Nd/**Nd
and ¥Sr/*Sr ranges between 0.512011 to 0.512068 and
0.712422 to 0.715750, respectively. eysvalues are neg-
ative (non-radiogenic) and notably uniform, exhibit-
ing a change between -12.22 and -11.11. Sr isotopes
exhibit constant values, with an excursion of 0.00333
(from 0.712422 to 0.715750) found within the two first
measurements at the age of 5.3 and 6 kry BP.
Consequently, the signal for the period of the late
Holocene appears to have a continuous trend
towards heavier Sr ratios, and ultimately, the LGM
shows very homogenous values in comparison to the
time period before (from ~24 to 30 kyr BP), where the
ratio values are more scattered.

Goldstein et al. (1984) state that the homogeneity
of Nd isotope compositions might be attributed to
either a mixing of isotopically heterogeneous materi-
al by contemporary erosional cycles or to an overall
sampling of material with similar Nd isotopic ratios.
Available data support the latter explanation, as (a)
Nd isotopic compositions in products of erosion
appear to be largely dependent on the lithology and
the diverse tectonic settings within the source region
and (b) Sr isotope characterization is pretty constant;

Depth Age “Nd/"**Nd ¥Sr/®Sr
(cm) | (yrBP) (20 x 10°) o (20 x 10°)
10 5295 0.512042 (8.6) | -11.62 | 0.712422 (4.9)
40 6075 | 0.512065 (10.8) | -11.18 | 0.715750 (5.2)
70 9566.4 | 0.512052 (8.1) | -11.44 | 0.715209 (4.4)
100 14413 | 0.512034 (75) | -1.78 | 0.713248 (5.0)
130 15683 | 0.512039 (10.5) | -11.68 | 0.713619 (6.3)
160 16955 | 0.512011 (75) | -12.22 | 0.714088 (4.9)
190 18230 | 0.512042 (6.4) | -11.63 | 0.713845 (5.2)
220 19688 | 0.512050 (6.6) | -11.47 | 0.713975 (5.2)
250 21238 | 0512062 (75) | -11.23 | 0.713857 (4.9)
280 22408 | 0.512052 (8.2) | -11.44 | 0.714201 (5.1)
310 23698 | 0.512042 (9.5) | -11.62 | 0.714057 (4.6)
340 25226 | 0.512044 (79) | -11.59 | 0.712797 (4.3)
370 26520 | 0.512068 (71) | -11.11 | 0.714194 (4.9)
400 27696 | 0.512062 (8.3) | -11.23 | 0.713164 (5.5)
430 29550 | 0.512034 (9.4) | -11.78 | 0.714743 (4.3)

Table 1. Nd and Sr isotopic data obtained results at USP, Brazil. ey,
describe the deviation of "*Nd/**Nd (in parts per 10%) from the
CHUR reservoir.

Tabla 1. Datos isotdpicos de Nd y Sr obtenidos en USF Brasil. ey
describe la desviacion de *Nd/*Nd (en partes por 10°) del reservo-
rio de CHUR.

both factors leading to the same fractionation
process.

The provenance of the reported results can be
achieved by using Sr values to trace the pathway of
the sediments and Nd to indicate the composition of
the source rocks.

Discussion

The most important sediment source reaching the
continental slope of NE South America is the terrige-
nous material via fluvial input, carried by the Amazon
River and continuously deposited in the deep-sea
Amazon fan. Aeolian deposition is considered to be
insignificant, since the main winds -the NE trade
winds— blow from the Atlantic Ocean into the conti-
nent supplying moisture to the mainland (Behling et
al., 2000). This seems to hold true even for the
Heinrich Stadial 1 (HS-1), when the Sahara-Sahel
desert experienced and expansion and thus,
enhanced its supply of African dust (Collins et al.,
2013). However, eyqsvalues of African dust are different
from the Amazon-sourced ones (see Zhang et al.,
2015). Therefore, the discussion of our results will
focus on the terrigenous material transported by the
Amazon River.
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Because Sr isotopes were analysed for the bulk
sediment without prior differentiation of the detritus
fraction, two potential influences on the Sr signal of
this dataset might be the effect of marine carbonates
and grain size fractionation. On the one hand, the
observation that throughout our Sr record, isotope
ratios are far from the present day seawater values
(0.7091) is a strong indication that the in situ carbon-
ate contribution has been minimal for the studied
period (Bayon et al., 2002). Hence, the high variability
of the Sr ratio advocates a minimum contribution of
marine carbonates into the analysed isotopic compo-
sition (see Goldstein and Hemming, 2003). On the
other hand, the potential influence of a grain size frac-

tionation process has been reported to be high for the
river sediments of the Amazon Basin as a function of
the bedrock composition, weathering intensity —as a
proxy for rainfall- and hydrodynamic processes dur-
ing transport (Bouchez et al., 2011). As stated earlier,
all the samples of this dataset have been obtained at
the same water depth (-2510 m) and share a common
source area (and thus, have also been transported by
the same river). In this manner, possible fractionation
processes due to differences in the bedrock composi-
tion of the samples or due to hydrodynamic process-
es during transportation have been ruled out.

In the light of these clarifications, and in order to
analyse the terrigenous material transported by the

6 — % d
0 —
8 —
-5 —
c, fe i
11 = b
2 -10 —
Z 2 — § + -
++ z
7] [95]
12 —
-18 —
] | Cl 4+
24 — + ™ | .
a i 0.71 0.72 0.73 0.74
i + 4+ 875r/865r
|
= | | | o |
04 0.8 1.2 1.6 2 24 2.8

87gr/86gr

Figure 2. Isotopic data obtained within this study (f, Nd results published by Zhang et al., 2015) plotted in the ey versus ¥’Sr/**Sr diagram.
Previously published data for northern South American cratonic, Andean and Amazon basin cover rocks is shown here. (a) Guiana and
Central Brazil shields (van Schmus et al., 1995); (b) Reworked Guiana and central Brazil shields (van Schmus et al., 2011); (c) Andean high-
lands (Parra and Pujos, 1998); (d) contaminated Andean high-land (Rogers and Hawkesworth, 1989); (e) Amazon basin cover rocks (Viers
et al., 2008). A close-up of the (c), (f) and (e) fields is framed and placed to the right of the figure.

Figura 2. Los datos isotdpicos obtenidos en este estudio (f, datos de Nd publicados por Zhang et al., 2015) se encuentran representados
en el diagrama ey, versus “’Sr/°Sr junto con datos publicados anteriormente para rocas cratonicas, Andinas y de la cobertura rocosa de la
cuenca del Amazonas. (a) Escudo Guayanés y rocas de Brasil central (van Schmus et al., 1995); (b) Rocas del Escudo retrabajadas (van
Schmus et al., 2011); (c) Rocas Andinas (Parra and Pujos, 1998); (d) Rocas Andinas contaminadas (Rogers and Hawkesworth, 1989); (e)
Cobertura rocosa de la cuenca Amazonica (Viers et al., 2008). La amplificacion de los campos (c), (f) y (e) se encuentra enmarcada y colo-

cada a la derecha de la figura.
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Amazon River, the first step is to characterize the
source area of the sediment fraction by comparing
the presented measurements with data from the liter-
ature (Fig. 2). Then, the paleoclimatic implications of
these results will be examined.

Characterization of the different reservoirs

Previously published data show different geochemi-
cal characteristics for each main terrestrial source
area within northern South America, having well-
defined Sr-Nd isotopic signatures (e.g. Goldstein et
al., 1984; Rogers and Hawkesworth, 1989; Basu et al.,
1990; van Schmus et al., 1995, 2011; Parra and Pujos,
1998; Viers et al., 2008). In order to contextualize our
results we have included and represented all these
datasets together (Fig. 2).

The isotopic pattern of the studied area (the
Amazon River basin) incorporates signatures from
three main source areas, which correspond to the
three main geotectonic provinces: (a) the Amazon
basin cover rocks, (b) the Andes mountain range
(ridge and Sub Andean fold-thrust) and (c) the Guiana
and Central Brazil shields (Fig. 3).

.4

Amazon basin cover rocks (Fig. 3a): the drainage
basin of the Amazon River covers approximately
6.2x10° km? The mouth of the river lies on the eastern
margin of the continent, with headwaters as far west
as the Andean mountain belt (McDaniel et al., 1997).
The basin is bounded on the west by the sub-Andean
fold-thrust belt and on the east by the Guianan and
Brazilian shields. Around 30% of the Amazon River
flows across floodplains, which are dominated by
Andean alluvium and deposited annually with sea-
sonal floods (Figueiredo et al., 2009). Modern
Amazon River suspended sediments (Fig. 2e) have
been investigated by many authors. Values for gy, are
regularly slightly negative, from ca. -10 to -8.8 and
therefore clearly indicating the erosion of Quaternary
andTertiary sediments from the basin’s cover (Viers et
al., 2008). The ¥Sr/*Sr ratio for this dataset exhibits
low values in comparison to the ones of Viers et al.
(2008), suggesting that the provenance of the eroded
sediments is closer to the Andes mountain ridge.

The Andes mountain range (Fig. 3b): the Andes
mountain range runs the entire length of the western
margin of South America. Therefore, the influence of
climate, erosional processes, and tectonics on the
orogenic morphology depends on the zonal climate

Andean belt, with
Precambrian ocutcrops

Sedimentary covers

Cralonic areas

40

Figure 3. Simplified scheme of the South American geological map. (a) Amazon basin cover rocks, (b) Andes mountain range, and (c)

Guiana and Central Brazil shields. Modified from geo.arizona.edu.

Figura 3. Esquema simplificado del mapa geoldgico sudamericano. (a) Cobertura rocosa de la cuenca Amazodnica, (b) Rocas Andinas, y (c)
Escudo Guayanés y rocas de Brasil central. Modificado de geo.arizona.edu.
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patterns.This mountain range consists of Paleozoic to
Holocene volcanic and plutonic rocks representing
accreted island arc, back arc and continental arc
suites with varying amounts of crustal incorporation,
metamorphosed basement and thrust sedimentary
rocks (McDaniel et al., 1997).The Andean arc has been
associated with the western Brazilian shield through-
out its history. Consequently, negative ¢y, values from
Andean and sub-Andean rocks exist because of the
incorporation of old crust into mantle melts. Thus,
sediments being actively eroded from the Andean
highlands show a more negative ey than the igneous
rocks from the Mesozoic (Fig. 2c). ¥Sr/*Sr values of
our dataset exhibit a lower Sr ratio, evidencing a dis-
tinct provenance of the sediments. Rogers and
Hawkesworth (1989) reported highly fractionated REE
patterns in igneous rocks from the Central Andean
ridge, at 22° S latitude. Strongly radiogenic &y values
are interpreted to indicate a change in the character of
the magmatism, suggesting a contamination of man-
tle-derived magma by crustal sources (Fig. 2d).

Guiana and Central Brazil shields (Fig. 3c): the
Amazonian Craton is a large area of exposed
Precambrian crystalline igneous and high-grade
metamorphic rocks surrounded by the
Neoproterozoic Sergipano orogenic belt. It is divided
into six major geochronological provinces, with for-
mation ages ranging from > 2.3 Gyr to 1.0 Gyr
(Tassinari and Macambria, 1999). According to the
authors, each province contains orogenic igneous
rocks, indicating a reworking of the older continental
crust, and sedimentary covers of widely different
ages (Fig. 2b). Basu et al. (1990) reported that “rocks
evolve over time toward more negative eys values at
the rate of approximately 1 ey, unit per 80-100 Myr"
Accordingly, sediments directly eroded from cratonic
areas will have the lowest ¢y, values (Fig. 2a) in com-
parison to reworked material with lower ey values of
around -29 to -23 but yet, high ¥Sr/**Sr ratios (Fig. 2b).

All samples analysed within this study and Zhang
et al. (2015) (Fig. 2f) have very similar Sr ratios around
0.71385 and negative ey values around -11.67+0.55.
On the basis of the isotopic data and in accordance
with the previously reported studies, our Sr and Nd
signatures suggest that the sediments deposited off
French Guiana during the last ca. 30 kyr BP have been
derived from the westernmost Amazon basin, which
is partially over the subsiding western Amazonian
foreland basin. Therefore, we are able to confirm that
the source area is Quaternary and Tertiary sediments
that contain a significant proportion of continental
crust of older &y signature (Parra and Pujos, 1998;
Viers et al., 2008). This occurs in the reworked sedi-
ments from the western Amazonian basin which have
a component of Andean Nd.
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Characterization of the sub-region

Erosion and transportation of terrestrial material from
the westernmost Amazon basin might occur through
two main rivers, the Solimoes and the Madeira rivers
(Fig. 1). In order to disentangle from which of the two
basins our samples are most likely to be originally
eroded, we will compare the isotopic signatures of
our data with previously reported studies (i.e. Viers et
al., 2008; Bouchez et al., 2011; Horbe et al., 2014) (see
Fig. 4). We are able to initially differentiate between
the two, although it is necessary to bear in mind that
this is a modest dataset with Sr limitations.

enaValues from Zhang et al. (2015) and ®Sr/**Sr iso-
topic data clearly fall within the isotopic values of the
Solimoes basin (Viers et al., 2008; Bouchez et al., 2011;
Horbe et al., 2014), with a ¥Sr/*Sr range of values of
0.710-0.725 and a &y main range value of -8—-12.5.
Thus, we suggest that the samples analysed here
come from this sub-region.
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Figure 4. Isotopic data obtained within this study (Nd results pub-
lished by Zhang et al., 2015) plotted in the ew versus ¥Sr/*Sr dia-
gram. Previously published data from Viers et al. (2008), Bouchez et
al. (2011) and Horbe et al. (2014) correspond to Quaternary terraces
of the Amazonian foreland basin.

Figura 4. Los datos isotdpicos obtenidos en este estudio (datos de
Nd publicados por Zhang et al., 2015) se encuentran representados
en el diagrama ey, versus ¥Sr/°Sr junto con datos publicados ante-
riormente por Viers et al. (2008), Bouchez et al. (2011) y Horbe et al.
(2014), que corresponen a terrazas Cuaternarias de la cuenca de
antepais Amazonica.
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Paleoclimatic implications

As this dataset is relative to precessional-scale inso-
lation changes, we will be only discuss millennial
events. More specifically and related to the land-
ocean temperature gradient (a) the Holocene in com-
parison to the Last Glacial Maximum (LGM) will be
addressed, together with an insight into the (b)

points, this dataset does not allow for the analysis of
shorter timescale interpretations. However, together
with previous studies conducted in the area, paleocli-
matic implications of the reported results can be
analysed and contextualized.

(a) Here we report constant ¥Sr/*Sr high values for
the LGM and late-Holocene (one data point), with a
strong drop of the Sr ratio coinciding with the starting

of the mid-Holocene low austral summer insolation
phase (Fig. 5c); these values suggest that the

Heinrich events 1, 2 and 3 (HS-1, HS-2, and HS-3).
Likewise, and due to the limited number of data
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Figure 5. Comparison amongst records regarding age in thousand years: (a) §*°0 ice record on the GICCO05 (Vinther et al., 2008), (b) ey, val-
ues for GeoB 16224-1 (Zhang et al., 2015), (c) Sr ratio isotopic values for GeoB 16224-1 and (d) Santiago’s cave §"°O speleothem record
(Mosblech et al., 2012) together with the austral summer (Dec) insolation at 0° latitude (Berger and Loutre, 1991). Dashed vertical bars indi-
cate Heinrich Stadials. YD: Younger Dryas, BA: Bglling-Allergd, HS-: Heinrich Stadials, LGM: Last Glacial Maximum.

Figura 5. Comparacion entre registros con respecto al tiempo en miles de anos: (a) registro de 60O en hielo (Vinther et al., 2008), (b) valo-
res de sns €n GeoB 16224-1 (Zhang et al., 2015), (c) ratio de valores de Sr en GeoB 16224-1 y (d) valores de 60 de la cueva de Santiago
(Mosblech et al., 2012) junto con la insolacion austral de verano (Dec) a 0° de latitud (Berger and Loutre, 1991). Las barras verticales dis-
continuas indican Heinrich Stadials. YD: Younger Dryas, BA: Bglling-Allergd, HS-: Heinrich Stadials,LGM: Last Glacial Maximum.
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Holocene presented a lower chemical weathering rate
than the LGM. In consonance with our results, west-
ern Amazonian speleothem records from Mosblech et
al. (2012) and Cheng et al. (2013), and glacial lake sed-
iment samples recovered in the Andes from Baker et
al. (2001a, b) suggest that the early Holocene (i.e.
10-5 kyr BP) was drier than the LGM.

80 speleothem variability in the westernmost
Amazon basin caves and the subsiding western
Amazonian foreland sites is interpreted to reflect
changes in the source and amount of precipitation.
That is, the amount effect and Rayleigh-type fraction-
ation process (Dansgaard, 1964), as the temperature
effect in this climate zone is considered insignificant
(e.g. Kanner et al., 2012). Thus, the amount of rainfall
in this area is largely related to the South American
monsoon (SAM) exhibiting "0 records depleted val-
ues during wet seasons (Baker and Fritz, 2015). In this
way, the rainfall pattern is suggested to be coupled to
precessional variations, with increased rainfall during
the high austral summer insolation period of the LGM
and mid-late Holocene, resulting from a more intense
SAM where tropical Atlantic moisture is recycled over
the Amazon basin (Fig. 5d).

Comparisons between east and west South
American speleothems suggest an anti-phase in pre-
cipitation for the past 25 kyr. This anti-phase is known
as the American Precipitation Dipole (SAPD, see Fig.
1). Thus, this regime of precipitations found in western
Amazon is reported to be opposite for eastern South
America and NE Brazil, resulting in enhanced precipi-
tations for the LGM and scare annual precipitations for
the late-Holocene for the western Amazon (Cruz et al.,
2009; Prado et al., 2013a; Wang et al., 2007).

(b) Sr values for the HS-1 and HS-2 events (Fig. 5c¢)
are around 0.7140 and 0.7127, suggesting a chemical
weathering rate similar to the LGM for the HS-1, and
the highest chemical weathering rate of the entire
record for the HS-2. Together with the Sr results, the
Nd signal from Zhang et al. (2015) exhibits lower &y
values, implying an increase in suspended sediments
of Andean tributaries for both events (Fig. 5b). In line
with our results, marine sediments from Jaeschke et
al. (2007) and Zhang et al. (2015) and speleothem
records from Wang et al. (2004), Kanner et al. (2012)
and Mosblech et al. (2012) exhibit positive precipita-
tion anomalies during Heinrich Stadials for almost the
whole Amazon basin (Fig. 5d).

As reported by these authors, during HS abrupt
episodes, the latitudinal temperature gradient of the
Atlantic is enhanced, resulting from a greater melt-
water input into the high latitudes of the North
Atlantic that reduces the Atlantic Meridional
Overturning Circulation (AMOC). The reduction of the

AMOC results in a higher land-ocean temperature
gradient, which triggers the strengthening of the NE
trade winds, displacing the ITCZ towards the south.
On-land consequences of this are increased precipita-
tion, physical erosion, and fluvial transportation.
Despite the limited control of the ITCZ over the water
cycle of the whole Amazon basin (Grimm et al., 2015)
the strengthening of the NE trade winds also provides
enhanced moisture to the SAM, intensifying the pre-
cipitation levels along the eastern scarp of the Andes
(Mechoso et al., 2015).

In contrast to the HS-1 and HS-2, at the time of low
austral autumn, HS-3 exhibits dry conditions. This
finding is in line with Mosblech et al. (2012) and Cruz
et al. (2005), who report a missing abrupt and wet sig-
nals for the HS-3 in their respective records.
Furthermore and together with HS-6, HS-3 has been
considered an anomalous Heinrich event, as both HSs
show a modest increase in the lce Rafter Detritus
(IRD) flux in comparison to the HS-1, HS-2, HS-4 and
HS-5 (see Hemming, 2004); thus, presenting a plausi-
ble explanation for our result.

Conclusions

It has been possible to constrain the provenance of
terrigenous sediments deposited off NE South
America with the combination of Nd (Zhang et al.,
2015) and Sr isotope analyses, making them suitable
as source indicators. All reported results show
0.71385+0.00166 Sr ratios and -11.67+0.55 &y, values,
therefore suggesting a unique source for the
analysed samples. The most likely source area for this
set of samples is the Solimodes River, which has its
drainage basin in the westernmost Amazon basin,
partially over the subsiding western Amazonian fore-
land basin. Previous climatic studies conducted in the
area enable the contextualization of our results, which
exhibit millennial-scale variations. These variations
are congruent with western Amazon speleothems
profiles, NE Brazilian sediment cores, and Peruvian
Andes lake records, further supporting the inferred
origin of these analysed terrigenous sediments. Our
results within this modest project have enabled the
investigation of the inland paleoclimatic reconstruc-
tion of the western Amazon basin and prove the suit-
ability of this approach as a paleoclimatic proxy.
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