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ARTICLE INFO ABSTRACT

Article history: The Amazon region hosts the world’s largest watershed spanning from high elevation Andean terrains
Received 18 October 2017 to lowland cratonic shield areas in tropical South America. This study explores variations in optically
Received in reviSEd form 5 April 2018 stimulated luminescence (OSL) and infrared stimulated luminescence (IRSL) signals in suspended silt and
Q‘C/Zielgﬁg Z)n/lxir;ll;lxzx())(:(s riverbed sands retrieved from major Amazon rivers. These rivers drain Pre-Cambrian to Cenozoic source
Editor: M. Frank rocks in areas with contrasting denudation rates.

In contrast to the previous studies, we do not observe an increase in the OSL sensitivity of quartz with

Keywords: transport distance; for example, Tapajés and Xingu Rivers show more sensitive quartz than Solimdes and

sediment provenance Madeira Rivers, even though the latter have a significantly larger catchment area and longer sediment

luminescence transport distance. Interestingly, high sensitivity quartz is observed in rivers draining relatively stable

denudation Central Brazil and Guiana shield areas (denudation rate £ = 0.04 mmyr~'), while low sensitivity quartz

;“’Pical rivers occurs in less stable Andean terrains (¢ = 0.24 mmyr~!). An apparent linear correlation between quartz
mazon

OSL sensitivity and denudation rate suggests that OSL sensitivity may be used as a proxy for erosion
rates in the Amazon basin. Furthermore, luminescence sensitivity measured in sand or silt arises from
the same mineral components (quartz and feldspar) and clearly discriminates between Andean and
shield sediments, avoiding the grain size bias in provenance analysis. These results have implications
for using luminescence sensitivity as a proxy for Andean and shield contributions in the stratigraphic
record, providing a new tool to reconstruct past drainage configurations within the Amazon basin.

© 2018 Published by Elsevier B.V.

1. Introduction Amazon rivers flowing through the Andes mountain belt. Gibbs
(1967) estimated that 82% of the suspended sediments trans-

Large tropical rivers promote the transfer of rock weathering ported by the modern Amazon River come from Andean zones
products to oceans (Latrubesse et al., 2005), representing an im-  representing only 12% of the Amazon River basin. According to

portant component of the Earth surface system. The Amazon River Filizola and Guyot (2009), total suspended sediment yield from
is the world’s largest river draining an area of 6.15 x 10° km?, with Andean areas is more than 10° tyr~! while the maximum to-

average annual water discharge of 200,000 m>s~' (Meade, 1994).
The tributaries of the Amazon River mainly drain the Guiana shield
and Central Brazil shield, with the headwaters of some western

tal suspended sediment yield of shield areas is only 10% tyr—!.
This decoupling between suspended sediment load and drainage
area arises from contrasting erosion rates in catchments drain-
ing the Andes and the cratonic shield areas. This contrast is also
* Corresponding author. observed for the production of total dissolved solids transported
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of total dissolved solids delivered by the Amazon River to the
Atlantic Ocean (Moquet et al., 2016). According to Wittmann et
al. (2010) erosion rates in the Andes (0.5 mmyr~!) are one
to two orders of magnitude higher than the erosion rates in
Guiana and Central Brazil shields (0.01 mmyr~!). Most of the
studies regarding the origin and transport of sediments in the
Amazon fluvial system focused on fine-grained suspended sedi-
ments (Meade, 1994; Guyot et al., 2007; Viers et al., 2008) or
dissolved solids (Moquet et al., 2016) and little is known about
the sources and transport of bedload sands and their coupling
to suspended sediments on a basin-wide scale. Furthermore, the
relative contribution of sediments transported by tributaries of
the Solimdes River, which has large Andean and lowland tribu-
taries, is poorly constrained. Suspended and bedload sediments
transported and stored within the Amazon River system sup-
port the development of flooding forest substrates and its spe-
cific biodiversity (McClain and Naiman, 2008). Sediments from
the Amazon River accumulated in the equatorial Atlantic Ocean
are also important archives to reconstruct past changes in Ama-
zon precipitation (Govin et al., 2014) and landscape (Dobson et
al., 2001). Thus, understanding sediment sources and transport—
storage routes in the Amazon River system is critical to any recon-
struction of past conditions of the Amazon climate and its fluvial
system.

Diverse properties of terrigenous sediments like major ele-
ments geochemistry (e.g. Govin et al., 2012) and heavy minerals
suites (e.g. Morton and Hallsworth, 1999) have been used in sedi-
ment provenance analysis. However, sediment provenance analysis
based on elemental geochemistry can be influenced by grain size
(Bouchez et al., 2011) while minor components like heavy min-
erals can promote bias toward source rock types rich in specific
heavy minerals more resistant to weathering processes (Morton
and Hallsworth, 1999). Isotopic analysis such as neodymium and
strontium isotopes (Viers et al., 2008), while being relatively ro-
bust, are rather expensive and not available in most laboratories.
Thus, it becomes imperative to search for other innovative ap-
proaches to provenance analysis, which are robust, inexpensive and
easily accessible. It has been demonstrated in the past that the
optically stimulated luminescence (OSL) may be used for prove-
nance fingerprinting (Sawakuchi et al., 2012; Li et al, 2014). In
particular, the OSL sensitivity (emission intensity per unit mass
per unit radiation dose) of quartz grains may be related to the
source and transport history (i.e. deposition-erosion cycles) of sed-
iments (Preusser et al., 2006; Pietsch et al., 2008; Juyal et al., 2009;
Sawakuchi et al.,, 2011; Gliganic et al., 2017). In this study, we use
OSL signals of quartz and infrared stimulated luminescence (IRSL)
signals of feldspar to characterize the sources of suspended and
riverbed sediments in the major tributaries of the Amazon main
stem, namely the Solimdes, Negro, Madeira, Tapajés and Xingu
Rivers. The sources of sediments transported by the Solimdes River,
which is named as Amazon River after meeting the Negro River,
is distinguished by the analysis of sediments from its major trib-
utaries, including the I¢4, Japurd, Jutai, Jurud, Tefé, Urucu (Coari)
and Purus Rivers. This study has general implications for prove-
nance reconstructions in tropical settings since quartz and feldspar,
which dominate the luminescence signals of sediments, are major
components of terrigenous sediments.

2. The Amazon fluvial system

The modern Amazon fluvial system drains the equator between
about 5°N to 15°S, placing the Amazon basin in the wet tropics,
a region defined by relatively high precipitation (>1500 mmyr—!)
and temperature (>20°C) (Silva et al., 2011). Besides covering this
large latitudinal range, the Amazon drainage basin extends lon-
gitudinally across 3000 km, connecting the Andes mountain belt,

Guiana shield and the Central Brazil shield with the equatorial At-
lantic Ocean. This relief configuration and large latitudinal range
induce high spatial variability of rainfall in the Amazon drainage
basin (Espinoza Villar et al, 2009). After reaching the shore of
the equatorial Atlantic Ocean, the Amazon River sediments are
transported northwestward by the North Brazil Current and are de-
posited on the northern South American continental margin giving
rise to prominent features like the Guiana mud belt and the sub-
aqueous Amazon delta (Nittrouer et al., 1995). The Amazon rivers
drain regions with contrasting relief and erosion rates (Wittmann
et al, 2010) as well as with variable rock types, including Pre-
Cambrian igneous and metamorphic rocks in shield areas, Ceno-
zoic metasedimentary and volcanic rocks in Andes and Paleozoic-
Mesozoic sedimentary and igneous rocks in lowland Amazonia
(Jaillard et al., 2000; Tassinari et al., 2000). This diverse geologi-
cal scenario assigns different characteristics to the Amazon rivers,
which are classified regarding the water type in white, black and
clear water rivers (Sioli, 1984). White water rivers have high sus-
pended load and dissolved solids, and neutral to alkaline waters;
they are represented by rivers with headwaters draining the Andes
mountains such as the Madeira, Solimdes, and I¢a Rivers (Fig. 1).
Black water rivers have low suspended load, high concentration of
organic dissolved compounds and acidic waters; the Negro River
draining the Guiana shield is the major Amazon black water river.
Clear water rivers have low suspended load and acidic to slightly
alkaline waters (Sioli, 1984). The Xingu and Tapaj6s Rivers, which
drain the Central Brazil shield are the major Amazon clear water
rivers.

The Solimdes River, formed by the confluence of the Marafién
and Ucayali Rivers, and the Madeira River, are the main An-
dean tributaries of the Amazon River; the upper reaches of
these rivers drain the Andean highlands (>3000 m), while their
lower reaches flow through Amazon lowlands (<200 m). The
Solimdes and Madeira Rivers drain areas of ~2,150,000 km? and
~1,360,000 km?, respectively and contribute around 90% of the to-
tal suspended load transported by the Amazon River (Latrubesse
et al, 2005). The Negro River drains an area of approximately
700,000 km?, mainly flowing through the Guiana shield on ar-
eas with elevation lower than 200 m until it reaches the Solimdes
River to form the Amazon River. The Tapajés and Xingu Rivers
are the main tributaries of the Amazon River in eastern Ama-
zon. The area of the Tapajés and Xingu drainage basins are around
500,000 km?, emplaced on medium altitude terrains (30-700 m) of
the Central Brazil shield. The Negro, Tapajés and Xingu Rivers have
very low sediment yield compared to the Solimdes and Madeira
Rivers (Latrubesse et al., 2005).

3. Methods
3.1. Sediment sampling

Riverbed and suspended sediments were collected in down-
stream sectors of the Solimdes, Negro, Madeira, Tapajés and Xingu
Rivers and along the Amazon main stem. Additionally, suspended
sediments samples were also collected in the downstream sectors
of the major tributaries of the Solimdées River, which included the
I¢4, Japurd, Jutai, Jurud, Tefé, Urucu-Coari and Purus Rivers, as well
as in the Solimdes-Amazon main stem between the mouths of
the Icd and Xingu Rivers (Fig. 1). The sampling surveys were car-
ried out during periods of low water level in September of 2011
and October-November of 2015 and during a period of high water
level in May of 2012. Riverbed sand samples were retrieved from
bar tops exposed during the low water level periods or using a
grab sampler in underwater channel zones; these range from nine
(Negro) to 25 (Amazon) samples collected per river. Suspended
sediments were retrieved at 2/3 water column depth or at three
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Fig. 1. Sediment sampling sites in the Amazon fluvial system. Major geomorphological domains are represented by the Andes mountain belt, Guiana shield, Central Brazil
shield and lowland Amazonia, which define areas with different elevations. (For interpretation of the colors in the figure(s), the reader is referred to the web version of this

article.)

different depths of 1 m, 2/3 water column depth and 1-2 m above
riverbed. Water collected with a submersible pump was filtered us-
ing acetate cellulose filters (0.2 pm) for concentration of sediments
for inorganic geochemistry analysis (250 to 1000 ml of water per
filter). Filters with suspended sediments were dried (40°C) im-
mediately after water filtration. For luminescence measurements
in suspended sediments, larger volumes of water (40-60 1) sam-
pled during October-November of 2015 were used to concentrate
fine-grained sediments (>0.45 pm) using a membrane ultrafiltra-
tion system coupled to a peristaltic pump. Suspended sediments
for inorganic geochemistry analysis were sampled in three sites
per studied river during the low and high water level periods. The
only exception was the Xingu River, with four sampling sites per
water level period.

The catchment area upstream sampling sites and channel
length from sampling sites to river springs were estimated using
digital elevation models. These data allowed to evaluate variations
in luminescence sensitivity along sediment transport routes and to
test the hypothesis that sediment transport drives the sensitization
of quartz in the Amazon fluvial system.

3.2. Luminescence measurements

The riverbed sand samples were wet sieved to isolate the
180-250 um grain size fraction, which is a grain-size fraction
representing bed load sediments in the studied samples and it
is suitable for luminescence measurements in multigrain aliquots.
Lithium metatungstate solution (density 2.85 g/cm?) was used to
separate light (feldspar and quartz) from heavy minerals. Tests us-
ing hydrochloric acid (HCl 10%) showed the absence of carbonate
minerals. Organic matter was eliminated using hydrogen peroxide
(H203). Thus, the preparation of polymineral sand grains only in-
cluded HCI and H;0, treatments, without application of hydrofluo-

ric (HF) acid etching. Three to six riverbed samples from each river
were selected for preparation of pure quartz fraction through HF
acid treatment (38% HF for 40 min) of the lighter fraction. Infrared
stimulation (IR) was performed to confirm the absence of feldspar
contamination in the HF treated quartz fraction. Samples with re-
maining feldspar were subjected to steps of HF 5% etching for
24 hrs followed by wet sieving (180 pum), with IR signal checked
after each step, until complete elimination of feldspar grains.

The suspended sediment samples were centrifuged to elimi-
nate water excess and increase sediment concentration. Grain size
separation and chemical treatments were not performed with sus-
pended sediment samples to avoid sediment loss. Grain size anal-
yses were performed to characterize the silt fractions dominat-
ing the suspended sediment samples, using a Mastersizer 2000
laser diffraction particle size analyzer (Malvern Instruments). Sed-
iment samples were dispersed in deionized water for measure-
ment. Grain size (0.1-1000 um) distributions show that the fine
to medium silt (7-30 pm) dominate the majority of the analyzed
suspended sediments. A small number of samples have modes in
the very fine to fine silt fraction (4-15 pm) or in the medium to
coarse silt fraction (15-62 um). The amount of sand ranges from
0.4 to 49.9%, but 90% of the suspended sediment samples have
less than 16% of sand. Higher concentrations of sand only occur in
samples collected at depths near the riverbed.

Luminescence measurements were performed in the Lumines-
cence and Gamma Spectrometry Laboratory at the Institute of
Geosciences of the University of Sdo Paulo using polymineral
(quartz and feldspar) aliquots and quartz aliquots of fine sand
(180-250 pm) or polymineral aliquots of silt (4-62 pm). Measure-
ments were performed in a Risg TL/OSL DA-20 reader equipped
with a built-in beta source (°°Sr/?°Y; dose rate of 0.088 Gys~!
for cups and 0.108 Gys~! for discs), a bialkali PM tube (Thorn
EMI 9635QB), a sample heater plate, and blue and IR light emit-
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Table 1
The sequence of procedures used to measure luminescence sensitivity of sand and
silt aliquots.

Step Procedure

Blue LEDs stimulation at 125°C for 100 s

Beta radiation dose of 10 Gy (sand) or 50 Gy (silt)
Pre-heat at 190°C for 10 s

Infrared stimulation at 60°C for 300 s

Blue LEDs stimulation at 125°C for 100 s

Blue LEDs stimulation at 125°C for 100 s

AU W=

ting diodes (LEDs). Aliquots were measured using the blue LED’s
and light detection through a 7.5 mm Hoya U-340 glass filter
(290-340 nm). For sand sized grains, about 12 aliquots per sam-
ple were prepared by mounting grains in a steel cup. An acrylic
plate with a microhole of 1470 pm diameter per 1860 pm depth
was used to mount aliquots with similar volume and mass; each
coarse-grained (sand) aliquot comprised approximately of 150 to
200 sand grains, as observed under the microscope, with average
mass of 8.1 + 0.9 mg (n = 60). For the suspended silt samples,
aliquots were prepared by evaporating four drops of suspended
sediment water solution over aluminum discs. Four fine-grained
aliquots were measured per silt sample. X-ray fluorescence (XRF)
measurements were used to determine the concentrations of Na,
Ca, K and Si in polymineral sand aliquots; these measurements
were performed in the Center for Nuclear Technologies of the Tech-
nical University of Denmark, using a Rise TL/OSL DA-20 reader
equipped with a XRF attachment. Combined XRF and luminescence
measurements were carried out in samples from the Solimdes (11),
Negro (5), Madeira (6) and Amazon (2) Rivers. The results of the
XRF and luminescence measurements were correlated to evaluate
the use of luminescence signals as a proxy for the concentration of
feldspar relative to quartz grains.

The luminescence procedures (Table 1) included the bleach-
ing of aliquots (step 1) to eliminate residual natural lumines-
cence signals. Afterwards, 10 Gy and 50 Gy beta doses were
given to induce luminescence signals in sand and silt aliquots,
respectively. A pre-heat at 190°C for 10 s was applied before lu-
minescence measurements to eliminate unstable signals. Infrared
(IR) stimulation for 300 s (step 4) measured feldspars signal in
polymineral aliquots. This step served the purpose of screen-
ing any quartz aliquots that suffer from feldspar contamination;
such aliquots were subsequently rejected from data analysis. OSL
using blue light stimulation (BOSL) at 125°C was measured in
step 5; this OSL signal represents quartz in case of pure quartz
aliquots and is dominated by quartz in the polymineral aliquots.
Step 6 repeated the OSL measurement to determine the back-
ground underlying the OSL obtained in step 5. The integral of
the first 1 s minus the last ten seconds of OSL emission from

step 5 was used to estimate the intensity of the fast component
(BOSLf) dominated signal from quartz aliquots (Choi et al., 2006;
Jain et al.,, 2003). A quartz OSL sensitivity ratio was obtained by di-
viding BOSLf from step 5 and the total OSL signal (BOSLt) obtained
from step 6. This ratio represents the relative intensity of the fast
component compared to the slow and medium components and
also normalizes for the dispersion in sensitivity estimates due to
differences in the number of light emitting grains from aliquot
to aliquot within the same sample. The signal from the feldspar
fraction (IRSL;) of the polymineral aliquots was estimated through
the integration of the first 1.2 s of IRSL emission in step 4, mi-
nus the corresponding average intensity in the last ten seconds.
The IRSL; signal represents only the initial luminescence emission
from feldspar grains and should not be confused with the fast OSL
component. The IRSL;/BOSLg (Step 4/Step 5) ratio was used as an
index measuring the relative concentration of feldspar with re-
spect to quartz; note that this is only an approximate index since
BOSLE has also contribution from feldspar grains because of incom-
plete resetting of feldspar OSL by IR exposure at 125°C (Jain and
Singhvi, 2001). Furthermore, not all quartz grains may be emitting
OSL (Duller, 2008).

3.3. Fe and K concentrations in suspended sediments

Fe and K data measured in suspended sediments were used
as a proxy for the provenance of sediments in the Amazon River
basin. The concentrations of Fe and K are related to the intensity of
chemical weathering (Govin et al,, 2012) in sediment source areas
and discriminate between sediments derived from Amazon Andean
and Amazon lowland shield rivers (Govin et al., 2014). Fe and K
in suspended sediments were measured using inductively coupled
plasma-optical emission spectrometer (ICP-OES, Agilent 720) in the
Marum-Center for Marine Environmental Sciences of the University
of Bremen. Digestion of suspended material was performed with
a microwave system (MLS, 1200 MEGA). For this purpose, 7 ml
HNO3 (65%), 0.5 ml HF (40%), 0.5 ml HCI (30%), and 0.5 ml MilliQ
was added to about 50 mg sample material (filter 4+ suspended
material) previously placed into Teflon liners. All acids were of
suprapure quality. See Zhang et al. (2017) for a detailed descrip-
tion of Fe/K data.

4. Results

Luminescence sensitivity results (Tables 2 and 3 and Supple-
mentary Table S1) show that riverbed sands and suspended silt of
rivers with Andean headwaters like the Solimdes, I¢a, Japura and
Madeira Rivers show lower sensitivity (BOSLg) compared to sand
and silt from shield rivers like the Tapajés and Xingu Rivers. Sed-
iments from the Madeira River have higher sensitivity than sedi-
ments from the Solimdes River. Sand grains from the Negro River

Table 2

Summary of luminescence sensitivity results for suspended sediment samples (silt grain size). N is the number of samples per river.
River N %BOSLg/BOSLy IRSL;/BOSLE

Average Std. dev. Average Std. dev.

Ica 5 9.20 2.64 112.75 29.56
Jutai 3 23.14 0.84 48.60 22.39
Jurua 5 15.51 1.52 64.52 2.56
Japura 5 7.89 0.61 112.81 34.93
Tefé 1 10.67 - 104.03 -
Coari 1 11.79 - 82.18 -
Purus 5 14.56 1.90 66.94 9.03
Solimdes 10 7.57 0.64 157.44 22.66
Negro 7 19.6 13.08 72.79 17.34
Madeira 5 10.17 1.37 113.03 8.66
Tapajés 4 29.38 16.15 43.80 15.21
Xingu 5 25.16 12.23 51.47 20.30
Amazon 14 9.89 1.17 126.36 23.91




156 A.O. Sawakuchi et al. / Earth and Planetary Science Letters 492 (2018) 152-162

Table 3

Summary of luminescence sensitivity results for riverbed sediment samples (sand grain size). N is the number of samples per river.

River Polymineral aliquots (quartz + feldspar) Pure quartz aliquots
N %BOSLE/BOSLy IRSL;/BOSLg %BOSLE/BOSLy
Average Std. dev. Average Std. dev. N Average Std. dev.
Solimdes 21 4.27 0.62 83.46 16.22 6 15.37 5.04
Negro 9 14.53 6.82 33.40 22.70 3 25.26 14.86
Madeira 16 6.47 2.33 66.28 26.46 6 31.65 10.99
Tapajos 13 57.41 12.08 2.56 3.19 4 65.73 5.73
Xingu 9 42.08 13.59 2.16 1.68 6 56.26 7.25
Amazon 25 5.76 5.01 81.12 23.74 3 19.22 1.81
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Fig. 2. Luminescence sensitivity of samples from the Amazon River and its major tributaries. Data from polymineral suspended silt (A), polymineral riverbed sand (B), and
pure quartz riverbed sand (C) are organized from upstream (left) to donwstream (right) tributaries of the Solimdes-Amazon main stem.

have intermediate sensitivity (Fig. 2). The Tapajés and Xingu Rivers
stand out by the presence of sand grains with higher variability of
sensitivity across samples.

Results from pure quartz aliquots (Table 3 and Fig. 2) con-
firmed the higher sensitivity of quartz from shield rivers (Xingu
and Tapajés). The exception is the similarity between the sensi-
tivity of quartz from the Negro and Madeira Rivers. Suspended
silt and riverbed sands show similar patterns of sensitivity vari-
ation among rivers. The variations in the luminescence sensitivity
are significantly larger than the 11% random uncertainty in aliquot
mass (8.1 + 0.9 mg). This confirms that our aliquot preparation
approach combined with luminescence signal normalization does
not induce any systematic variations in measured sensitivity of the
studied sand samples.

The ratio BOSLg/BOSLt represents the relative intensity of the
quartz fast OSL component compared to the slowly bleaching com-
ponent(s). The slow and medium component(s) in the polymin-
eral aliquots contains an additional contribution from the slowly
bleaching feldspar signal than in the pure quartz aliquots. Simi-
larly, the intensity of IRSL from an aliquot is both a function of
the sensitivity and proportion of feldspar in that aliquot. It is ex-
pected that for the given sensitivity of quartz, the BOSLg/BOSLt
ratio in polymineral aliquots should decrease with an increase in
the feldspar concentration both due to the reduced quantity of
quartz (dilution effect), as well as an increase in the BOSLy due
to feldspar contribution (note that these are both linear effects).
This is exactly what we observe in the polymineral data; both sus-
pended silt and riverbed sands show a trend of increasing BOSLg
sensitivity with decreasing IRSL; sensitivity and feldspar content
(Fig. 3). Note that the near-zero value on the x axis indicates the
pure quartz fractions; the spread in y values here is thus the true
variation in the sensitivity of the quartz OSL component across
samples.

The IRSL;/BOSLf ratio is positively correlated with the concen-
trations of Na and Ca, but a negligible correlation (R? = 0.02) was
observed between IRSL;/BOSL ratio and K (Fig. 4 and Supplemen-
tary Table S2). This suggests that the IRSL intensity variation is
controlled by Na-Ca feldspar concentration. The K content does
not show a clear correlation due to the presence of a few high K
bearing aliquots with below average sensitivity. The likely expla-
nation for this result is that K may be contained in non-feldspar
minerals such as biotite and muscovite. In summary, these results
point out that the relative BOSLg sensitivity is decreasing with an
increase in the feldspar content, thus suggesting that the amount
of feldspar grains is the dominant source affecting the BOSLr sen-
sitivity in the polymineral aliquots.

Sediments from the Solimdes, Madeira and Amazon Rivers,
which have larger catchments, requiring longer distances of sedi-
ment transport from headwaters to the sampling sites, have quartz
grains with lower sensitivity (Fig. 5 and Table 3). Also, a sys-
tematic trend of increase in quartz sensitivity (BOSLg) with dis-
tance from the sediment source areas is not observed along the
Solimdes-Amazon River main stem (Fig. 5 and Supplementary Ta-
ble S3). The Fe/K ratio has been used as a proxy to differentiate
between sediments of Andean and lowland shield tributaries of
the Amazon River (Govin et al., 2014). In the studied samples,
the Solimdes, Madeira and Amazon Rivers show suspended sedi-
ments enriched in K (low Fe/K), with little variation between the
low and high water level periods (Fig. 6). The higher concentration
of K in sediments of these Rivers fits with their higher IRSL; signal,
confirming higher feldspar concentration in sediments from these
rivers. Suspended sediments transported by the Negro, Tapajés and
Xingu Rivers show higher Fe/K values, with significant increase in
Fe concentration during the high water level period, when rain-
fall increases the input of sediments derived from the erosion of
heavy weathered soils. Lateritic soil profiles that cover most of the
upstream shield areas are enriched in Fe oxides and hydroxides,
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which are transported to the river channels during the rainy sea-
son.

The IRSL signal from the polymineral aliquots shows a positive
correlation with denudation rate determined through °Be concen-
trations (Wittmann et al, 2010) in sediments from the Amazon
rivers (Fig. 7). This correlation suggests that for areas with high
denudation rates there is relatively less time available for chem-
ical weathering of feldspar; thus, the resulting fine sand fraction
has a higher feldspar to quartz ratio. However, interestingly the
BOSLr signal from pure quartz aliquots correlates negatively with
denudation rates; this is a new observation, which suggests that
landscape denudation may play an important role in luminescence
sensitization of quartz.

5. Discussion
5.1. Sensitization of quartz OSL in nature

OSL sensitivity is a fundamental property of quartz for its use
as a luminescence geochronometer. The relationship between OSL
and the radiation dose accumulated since the last daylight expo-
sure of quartz grains allows estimation of the sediment burial age.
There have been numerous studies in the past to understand OSL
characteristics of quartz for its robust application in geochronom-

etry. However, most of these studies have focused on laboratory-
induced changes in the quartz OSL using a combination of heat,
light or ionizing radiation (Wintle and Adamiec, 2017), and the
drivers that induce quartz OSL sensitization in nature are still
poorly understood.

Quartz extracted from different types of igneous and meta-
morphic rocks has a relatively low sensitivity (Chithambo et al.,
2007; Guralnik et al., 2015) compared to quartz from sediments
(Sawakuchi et al, 2011). Heating was the first factor recognized
to increase the luminescence sensitivity of quartz (Better-Jensen et
al., 1995). However, significant sensitization of different OSL com-
ponents of quartz only occurs after heating to temperatures above
300°C (Jain et al., 2003), which is not likely in surface sedimentary
environments. Interestingly, the luminescence sensitivity of quartz
grains from sediments can vary by several orders of magnitude
(Pietsch et al., 2008). These observations suggest that the sensi-
tization of quartz occurs somewhere between source to sink in
sedimentary environments.

Pietsch et al. (2008) and Gliganic et al. (2017) observed a
positive correlation between the OSL sensitivity of quartz and
downstream distance of sediment transport along Australian rivers,
proposing that sensitization occurs due to cycles of irradiation un-
der burial and solar exposure during sediment transport. However,
the increase in OSL sensitivity with the distance of sediment trans-
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port is not confirmed by our new data from the Amazon rivers.
On the contrary, lower sensitivity quartz occurs in the Solimdes,
Madeira and Amazon Rivers, which have longer sediment transport
pathways and larger catchment areas (Fig. 5). Thus, luminescence
characteristics inherited from sediment source rocks or other sur-
face processes can drive the sensitization of quartz in the Amazon
fluvial system.

Quartz from sediments deposited around mountain ranges like
the New Zealand Alps (Preusser et al., 2006), European Alps
(Klasen et al., 2007), Scottish Highlands (Lukas et al., 2007), Andes

(Steffen et al., 2009) and Himalayas (Jaiswal et al., 2008) usually
has very low luminescence sensitivity. On the other hand, re-
gions lacking young high relief mountain ranges like southeastern
Australia (Fitzsimmons et al., 2010) and northeastern and south-
eastern Brazil (Guedes et al., 2011) have widespread occurrence
of sediments with high sensitivity quartz grains suitable for lu-
minescence dating. This geographical pattern implies that moun-
tain building and rates of uplift and erosion may play an impor-
tant role in the sensitization of quartz in nature. In the studied
rivers, quartz with the lowest OSL sensitivity is provided by the
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Solimdes River (Figs. 1 and 2, Tables 2 and 3), where most of its
sediments are supplied by the Andes mountain belt (Gibbs, 1967;
Govin et al., 2014). Quartz with higher sensitivity occurs in the
Tapajés and Xingu Rivers, which exclusively drain stable cratonic
areas of the Central Brazil shield. The Madeira and Negro Rivers
have quartz with intermediate sensitivity, indicating a mixture of
sediments from Andean and shield sources. This is in agreement
with the area drained by these rivers. Despite its Andean headwa-
ters, the middle and lower Madeira River receive sediments from
tributaries running over the Central Brazil shield. On the other
hand, the Negro River mostly drains the Guiana shield, but has
lowland tributaries draining Quaternary terraces of the Japura and
Solimdes Rivers, whose sediments are provided mainly by Andean
sources.

The sediment source rocks in Andes, Central Brazil and Guianas
are very diverse and include many types of igneous, sedimentary
and metamorphic rocks (Jaillard et al., 2000; Tassinari et al., 2000;
Rossetti et al., 2005). The headwaters of the Madeira and Solimdes
Rivers are located in the Eastern Cordillera of the Bolivian and
Peruvian Andes, an area with widespread occurrence of Meso-
zoic and Neogene volcanic and metasedimentary rocks. However,
most of the Andean drainages flowing to the lowland Amazon run
over sediments of the subandean zone and of the eastern Andean
lowlands (Jailard et al., 2000). The shield areas in Central Brazil
and Guianas are dominated by Pre-Cambrian metamorphic and
intrusive igneous rocks. Upstream areas of the Xingu and Tapa-
j6s Rivers also include Paleozoic and Mesozoic sedimentary rocks
that overlay the metamorphic and igneous rocks of the south-
ern portion of the Central Brazil shield. Andean and shield areas
also have contrasting denudation rates as indicated by fluvial sed-

iment flux and total dissolved solids data (Bouchez et al., 2014;
Moquet et al., 2016) and cosmogenic nuclide data (Wittmann et
al., 2009, 2010). Denudation rates in river catchments from An-
des (0.5 mmyr~!) and shield Amazon (0.01 mmyr~!) catchments
differ by one order of magnitude (Wittmann et al., 2010). The
different geological context between Andes and shield areas de-
fine two end-member sediment compositions that are sourced to
the Amazon River basin (Basu et al, 1990; Viers et al., 2008).
The higher feldspar content in Andean sediments, as indicated by
the higher IRSL;/BOSLE ratio in sediments from the Solimdes River
(Fig. 3, Tables 2 and 3), further confirms that lower sensitivity
quartz is derived from rocks located in catchments under higher
denudation rates. In this case, higher denudation rates in Andes
are linked to fast erosion of soils, which allows short time for
chemical weathering and, thus, favors the preservation of feldspar
grains in river sediments. On the other hand, geological settings
under lower denudation rates (e.g. Tapajés and Xingu Rivers) pro-
mote longer weathering time and thereby reduced feldspar in-
put (due to weathering), and high sensitivity quartz. Also, the
Solimdes, Negro and Madeira Rivers flow through major Quater-
nary and Neogene sediment accumulation areas in lowland Ama-
zonia (Rossetti et al., 2005) while the Tapajés and Xingu Rivers
comprise bedrock incised channels with low accommodation space
and high sediment bypass. On average, it is expected that sediment
quartz grains have a higher near-surface residence time in low re-
lief, slowly eroding catchments due to low accommodation space
(Jain et al., 2004) compared to quartz grains derived from rocks in
high relief, fast eroding catchments. It is plausible that the aver-
age residence time of quartz grains in soil profiles and weathering
processes in the surface environment may play an important role
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for luminescence sensitization of quartz. The sensitivities of sus-
pended silt (polymineral aliquots) and riverbed sand (pure quartz
aliquots) show minor variation along transport distances of respec-
tively 2750 km and 250 km in the Solimdes-Amazon River main
stem (Fig. 5). This may suggest that sediment transport has min-
imal influence on the luminescence sensitization of sediments in
the Amazon basin.

The inverse relationship between denudation rates and quartz
OSL sensitivity (Fig. 7B) allows us to propose that the exhumation
and weathering history of the source rocks have a significant influ-
ence on the OSL sensitization of quartz. In addition to the surface
residence time, other factors such as uplift rate and age of source
rocks may also influence quartz sensitivity. For example, sensiti-
zation may be related to the thermal (cooling) history of source
rocks; lower uplift rates imply proportionately longer storage time
under higher subsurface temperatures. The age of source rocks can
also contribute to sensitization since older rocks will promote a
higher absorbed radiation dose in quartz crystals before they be-
come sediment grains. The accumulated dose in quartz crystals
provided by Cenozoic or Pre-Cambrian igneous and metamorphic
source rocks can differ in several orders of magnitude. Quartz crys-
tals within Proterozoic granites (810-580 Ma) from Brazilian shield
areas were exposed to radiation doses about 4.1-5.7 MGy, assum-
ing dose rates of 7 Gy/ka (gamma and beta) calculated through
average concentrations of U, Th and K obtained for granite plu-
tons from southeastern Brazil (Alves et al., 2016). The combination
of higher accumulated dose and longer heating of source rocks
from Pre-Cambrian shield areas under slow uplift rates resembles
a natural pre-dose and accumulated thermal sensitization effects
(Bailey, 2001).

Finally, the sensitization of quartz may be related to chemical
weathering processes. Our data suggest that more sensitive quartz
comes from source rocks exposed to longer duration of chemi-
cal weathering (because of lower denudation rates). According to
Sharma et al. (2017) quartz samples with higher water content
have lower OSL sensitivity, implying that water-related defects in-
crease the efficiency of non-radiative recombination centers and
favor luminescence quenching. However, it is not clear how wa-
ter molecules are driven out of quartz in areas of low denudation
(high weathering) rates. This effect must only be important once
the rock enters the active weathering zone. Another hypothesis to
link denudation and weathering processes and luminescence sen-
sitization is that the fragmentation of larger quartz crystals during
weathering increases the capacity of the alpha and beta radiation
in promoting physical damage in quartz. Considering that quartz
has a negligible amount of radionuclides, quartz crystal fragmen-
tation and production of smaller quartz grains increase the inter-
action between grains and the external radionuclide-derived alpha
and beta radiation. Additionally, the interaction between the cos-
mic radiation and quartz increases when source rocks reach shal-
lower depths. Thus, the effect of the ionizing radiation on quartz
grains possibly produces defects related to luminescence processes.
Further studies are necessary to evaluate if the sensitization of
quartz in the Amazon fluvial system is related to a relative de-
crease of non-radiative (K-centers) recombination centers (Bailey,
2001) or to changes in electron traps associated with the OSL fast
component.

5.2. Sources of suspended and riverbed sediments in the Amazon River
basin

Despite the incomplete understanding about natural sensitiza-
tion of quartz in terms of its electron-hole trapping system, the
luminescence signals related to quartz (BOSLg) and feldspar (IRSL;)
clearly discriminate between Andean and shield sediments (Fig. 3,
Tables 2 and 3). Thus, luminescence signals of quartz and feldspar

are useful proxies to track the relative contribution of Andean and
shield areas to the suspended and riverbed sediments transported
by the Amazon River. The BOSLg/BOSLy ratio (Fig. 2) indicates that
the Madeira River is the major source of silt to the Amazon River,
which is confirmed by Fe/K data (Fig. 6), in accordance with other
studies showing that Andean rivers dominate the suspended sed-
iment load delivered by the Amazon River to the Atlantic Ocean
(Govin et al., 2014; Zhang et al., 2017). Riverbed sands show a
different provenance pattern, with higher contribution of sands
from the Solimdes River (Figs. 2 and 3). The BOSLg/BOSLt ratio
measured in pure quartz aliquots also indicates significant con-
tribution of cratonic sands to the Madeira River, pointing to a
high decoupling between the sources of silt (Andean) and sand
(Andean-Shield). The decoupling between catchment area and sed-
iment supply is also observed for the Solimdes River. The Solimdes
River sediments have low sensitivity, which is similar to that pre-
sented by the I¢cad and Japura Rivers. On the other hand, sediments
from lowland tributaries (Jutai, Jurua, Tefé, Coari and Purus River)
of the Solimdes River have higher sensitivity, suggesting a mix-
ture of sediments from Andean and shield sources (Figs. 2 and
3). The BOSLg/BOSLt ratio also differentiates sediments supplied
by shield rivers (Negro, Xingu and Tapajds), which are similar re-
garding their major elemental composition (Govin et al., 2014;
Zhang et al.,, 2017).

Paleoenvironmental changes in the Amazon River basin have
been reconstructed through proxies based on inorganic geochem-
istry of suspended sediments deposited offshore the Amazon River
mouth (Govin et al., 2014). However, suspended sediments of the
Andean rivers dominate the inorganic geochemical signals mea-
sured in sediments of the Amazon River, potentially hindering
the recognition of paleoenvironmental changes in shield and low-
land areas. Shield rivers have a low suspended load (Sioli, 1984),
but represent a significant portion of the Amazon River basin, in-
cluding the Negro River, its second largest tributary (Fig. 1). Our
study suggests that quartz OSL sensitivity may be useful to re-
construct paleoenvironmental changes in the Amazon River basin,
including these underrepresented areas because the clear distinc-
tion between OSL sensitivity of quartz from shield rivers compared
to that from the Andean rivers. The high abundance and high sta-
bility of quartz to weathering and diagenetic processes combined
with fast and easy-to-make luminescence measurements are great
advantages of the luminescence techniques to constrain changes in
sediments provenance in the Amazon River basin and potentially
in other large river contexts.

6. Conclusions

Optically stimulated luminescence signals fingerprint the
sources of quartz and feldspar in suspended and riverbed sedi-
ments of Amazon rivers. The intensity of the IRSL signal indicates
the relative concentration of feldspar in sediments. The correla-
tion observed between quartz OSL sensitivity and denudation rate
in the source area suggests that near-surface residence time of
quartz grains and possible thermal/irradiation history may play an
important role in sensitization of quartz in nature. This correla-
tion explored for the first time in this study highlights the use
of quartz OSL sensitivity as a complementary proxy for sediment
sources and denudation rate estimates. Additionally, luminescence
signals measured in riverbed sand and suspended silt arise from
the same components (quartz and feldspar), avoiding the inevitable
grain size bias in provenance analysis caused by the large differ-
ence between the traction and the suspended load of the Andean
rivers and the shield rivers. The qualitatively and quantitatively re-
lationship between quartz OSL sensitivity and denudation rates in
sediment source areas is promising to develop methods for study-
ing landscape evolution. Finally, we show that in the context of
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the Amazon fluvial system both the IRSL intensity (a proxy for
quartz to feldspar ratio) as well as the quartz OSL sensitivity can
be tied to the provenance. Thus, a quantitative change in these
proxies measured in the stratigraphic record may be linked to past
provenance scenarios and variation in denudation rates, which can
track precipitation changes and drainage configuration in sediment
source areas.
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