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ABSTRACT

The properties of the quartz luminescence signal have been shown to be a useful tool for sediment provenance
analysis. These provenance studies are based on the sensitivity of the fast optically stimulated luminescence
(OSL) component, which is also used for sediment dating. Besides the widespread occurrence of quartz in
terrigenous sediments, OSL sensitivity can be acquired using relatively fast and low-cost measurements
compared to sediment provenance analysis methods based on accessory minerals or isotopes. Additionally,
laboratories worldwide already have an extensive database of recorded quartz OSL signals primarily measured
for dating studies, and these data could potentially be repurposed for provenance analysis of Quaternary sedi-
mentary systems through OSL sensitivity calculation. Here, we investigate the use of OSL quartz signals measured
in sediment dating surveys for OSL sensitivity calculation and evaluation of changes in sediment sources. The
OSL sensitivity was calculated and expressed as %BOSLg, which corresponds to the percentage of the fast OSL
component signal (blue stimulation) to the total OSL curve; such approach is advantageous as it does not require
any normalisation of the measured signal intensity to dose or aliquot size (weight). Three sets of samples from
Amazonian fluvial sediments are investigated: two sets of Holocene floodplain sediments representing different
sediment sources to the Amazonian fluvial system, i.e. the Amazon craton and the Andes Mountain belt, and a set
of samples from the I¢a Formation, a paleo-fluvial system active during the Pleistocene whose provenance is not
fully known. Results show that the quartz OSL signal derived from the first test doses (T,) applied in dating
protocols had the best performance for %BOSLg calculation when compared to results from a measurement
protocol designed specifically for sediment provenance analysis. There is significant correlation (R? = 88) be-
tween sensitivities derived from T, and a specific OSL provenance analysis protocol. The proposed approach
indicates to be appropriate for sediment provenance analysis since it is able to discriminate signal differences
among samples from known sources: Brazilian cratonic quartz yield high sensitivity values (mean %BOSLy >70),
in contrast to the relatively lower values from Andean quartz (mean %BOSLy <50). In general, quartz OSL
sensitivities from the Icd Formation samples fall into the same range of modern sediments transported by the Ica
and Japurd rivers draining the Andean Eastern Cordillera of Colombia and Ecuador. We also observe a decrease
in quartz OSL sensitivity during the Holocene, notably after 4 ka, with younger deposits showing lower sensi-
tivity. Sediment provenance variations are discussed in terms of watershed rearrangement and/or precipitation-
driven changes during the Late Pleistocene and Holocene across Amazonia.
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1. Introduction

Characterizing the provenance of sediments is key for understanding
changes in fluvial systems over time and space. In tropical settings such
as Amazonia, continental-scale fluvial systems build and erode lowland
terrains supporting diverse habitats for the biota (e.g. Sawakuchi et al.,
2022). Variations in the sediment supply of the Amazonian fluvial sys-
tem rely on marked changes in rainfall (Cheng et al., 2013; Haggi et al.,
2017) and are of special interest to understand the distribution of upland
and seasonally flooded terrains (e.g. Pupim et al., 2019) supporting
specific habitats and their specialised biota (e.g. Ribas et al., 2012; Thom
et al., 2020). The I¢ca Formation in central and western lowland Ama-
zonia (Maia et al., 1977; Rossetti et al., 2015) records Pleistocene fluvial
systems, whose floodplains were abandoned and converted into uplands
(Pupim et al., 2019). Thus, constraining the provenance of the I¢a For-
mation sediments would allow the identification of the sediment routing
of the main fluvial systems responsible for this extensive sedimentary
cover in the Amazon region.

Quartz grains are resistant and abundant minerals on Earth’s surface.
They have been extensively used for optically stimulated luminescence
(OSL) dating of Quaternary sediments from a large range of depositional
environments (e.g. Wintle, 2008; Wintle and Adamiec, 2017). Recently,
it has been demonstrated that the luminescence properties of the quartz
can also be a useful tool for sediment provenance analysis (Capaldi et al.,
2022; Gray et al., 2019; Haddadchi et al., 2016; Sawakuchi et al., 2018,
2020; Tsukamoto et al., 2011). These provenance studies are based on
the OSL sensitivity (i.e. the light emitted per unit mass per radiation
dose) of the first second of the luminescence signal of the quartz.
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According to Pietsch et al. (2008), the quartz OSL sensitivity is related to
the sediment transport history, as result of natural cycles of sediment
transport (light exposure) and deposition (burial irradiation). Recently,
Capaldi et al. (2022) have investigated the controlling factors on quartz
OSL sensitivity (i.e. sediment history versus sediment source) for mod-
ern fluvial deposits, one of which relates to our study area, an Andean
river and its tributaries. They have shown that quartz OSL sensitivity is
an intrinsic property of the source rock for the modern Andean sedi-
ments (Capaldi et al., 2022). Similarly and previously, Sawakuchi et al.
(2018) have shown that the OSL sensitivity of quartz grains under
transport in Amazonian modern rivers reflects provenance as it dis-
criminates sediments sourced by cratonic and orogenic areas. However,
this approach was not extensively applied to ancient fluvial deposits so
far.

The quartz OSL sensitivity applied in sediment provenance analysis
has been routinely measured using the protocol proposed by Sawakuchi
et al. (2018) (e.g. del Rio et al., 2021; Mendes et al., 2019). Notably, a
huge untapped database exists if Quaternary sediments studied world-
wide and representing an extensive archive of quartz OSL signals
measured for dating purposes could potentially be used for provenance
analysis. However, how exactly could these data be repurposed from
dating to sediment provenance analysis? This approach would also
permit to obtain OSL sensitivity data already associated with sediment
deposition ages, allowing to constrain changes in provenance through
time.

Here, we test the use of data obtained in conventional OSL dating for
sensitivity analysis aiming at provenance assessment of the Ica Forma-
tion and floodplains sediments of the Solimoes River (Fig. 1),

-50°

N

o
(o)
E

\
Wil
w—_l

Amazon
fan

[0

S climentar )
e lmeq\_a%

-10°

-15°

Geological Units

Cenozoic
B Andes

Paleozoic-Cenozoic
Sedimentary basins

-20°

& Precambrian
I Guiana Shield

[1 | Central Brazil Shield

[

-30°

Fig. 1. Amazonian basin geological map (adapted from Schobbenhaus and Bellizzia, 2001) showing its mains river systems and sampling sites (white filled symbols).
Geological units are represented in terms of their ages. Inset A shows in detail the location of cratonic samples endmembers from Xingu River floodplains. Inset B
shows the location and identifies each sampling site along the Solimoes River, which include both the I¢a Formation (squares) and Andean samples endmem-

bers (circles).
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respectively recording Late Pleistocene and Holocene fluvial systems in
western and central Amazonia. We validate our approach using modern
sediment samples from Amazonian rivers in Brazil. Ultimately, we
demonstrate a new and simple approach that provides relevant sup-
plementary information about the provenance of sedimentary deposits
that have already been dated, and benefits from the fact that neither
additional sampling nor measurements are required, only data re-
analysis.

2. Study setting

The Amazon River is the trunk river of an extensive system that
drains terrains of different geological provinces, from the Cenozoic
Andean orogenic belt, through the Amazon craton, represented by the
Precambrian rocks of the Guiana and Brazilian shields and their Palae-
ozoic to Cenozoic sedimentary-igneous cover, including the Cenozoic
fluvial deposits of the lowlands (Fig. 1). The headwaters of the Amazon
River are located in the southern Peruvian Andes and its downstream
segment in the Brazilian territory is the Solimoes River, until the
confluence with the Negro River, where the name changes to Amazon
River (Fig. 1). The geological provinces drained by the Amazon River
and its tributaries have diverse rock assemblages. The Andes comprises
Mesozoic and Cenozoic metasedimentary and volcanic rocks, which
supplied alluvial sediments accumulated in the Andean foreland basins
(Jaillard et al., 2000). The Central Brazil and Guyana Shields host a
complex array of medium to high grade metamorphic rocks (mainly
schists, quartzites gneisses, and migmatites) and granitic rocks (Tassi-
nari et al., 2000). These rocks are the basement of a sedimentary cover
accumulated in cratonic basins during the Paleozoic and Mesozoic
(Milani and Zalan, 1999). In these cratonic basins, stratigraphic units
include terrigenous sedimentary rocks mainly represented by sand-
stones, siltites and shales, with local occurrence of evaporites and car-
bonates. Triassic basaltic sils associated with the Central Atlantic
Magmatic Province occur within the Paleozoic sedimentary rocks
(Heimdal et al., 2019).

Throughout its ~6500 km long course, the Amazon River connects
with several tributaries, which are large rivers themselves. The Madeira
River and tributaries on the Solimoes left margin, such as the Ica and the
Japura rivers, have their headwaters in the Andes. The Jurud and Purus
rivers are tributaries on the right margin of the Solimoes River, and their
headwaters are in the Neogene sediments of the Fitzcarrald Arch, an
uplifted terrain of the Andean foreland zone (Espurt et al., 2009). Rivers
with Andean headwaters are named as whitewater rivers (Sioli, 1984),
which are responsible for most of the sediment load transported in the
system (Filizola and Guyot, 2009; Milliman and Syvitski, 1992; Moquet
et al., 2016) and their nutrient-rich fine sediments accumulate in large
floodplains. In the central portion of the basin, the Solimoes River meets
the blackwater Negro River, the major river draining the Guiana shield.
The clearwater Tapajos and Xingu rivers (Sioli, 1984) reach the Amazon
River in the eastern portion of the basin and represent the main tribu-
taries exclusively draining the Brazilian shield.

The area covered by Quaternary sediments in the lowland western
and central portions of the Amazon River basin (Fig. 1) encompasses
deposits of the I¢a Formation and current fluvial plain. Icd Formation
deposits occur as sand-dominated layers that were deposited during the
Pleistocene and constituted the non-flooded terra firme interfluves,
which are extensively distributed in the area as upland terraces (Pupim
et al., 2019; Rossetti et al., 2015). Bordering these higher terrains, the
floodplains of the Amazonian rivers are arranged as varzeas (whitewater
rivers) or igapos (blackwater or clearwater rivers), and these silt and
clay-dominant Holocene sequences are subject to seasonal flooding
throughout the year. OSL ages from quartz grains were previously ob-
tained for samples from the Ica Formation and the adjacent Holocene
floodplain in sites of western and central Amazonia by Pupim et al.
(2019) and for samples from Holocene fluvial bars on Negro, Tapajos
and Xingu rivers by Sawakuchi et al. (2022).
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Given its geographical location, near the Equator, the ocean moisture
reaching Amazonia is related with the Intertropical Convergence Zone
(ITZC) (Schneider et al., 2014), whose latitudinal position depends on
the Atlantic ocean temperature gradient between South and North
hemispheres. The precipitation over the Amazon River basin is driven by
the South American Monsoon system (SAMS) (Zhou and Lau, 1998),
which is active during austral summer. The SAMS precipitation experi-
enced millennial variations over western and eastern Amazonia during
the Holocene and late Pleistocene (Cheng et al., 2013; Wang et al.,
2017), with marked influence on the fluvial sediment supply (Sawa-
kuchi et al., 2022).

3. Methods
3.1. Data selection

The data used for OSL sensitivity calculation were already available
in the database of the Luminescence and Gamma Spectrometry Labo-
ratory (LEGaL) at the Institute of Geosciences of the University of Sao
Paulo (USP). LEGaL research team has been studying sediments from the
Amazonian basin since 2011, directing great effort into dating these
sediments using quartz luminescence signals. Thus, the laboratory has
an extensive database with recorded OSL signals that can potentially be
repurposed for sediment provenance analysis.

We investigated two sets of samples from Holocene floodplain de-
posits with known sediment sources related to Andean and Brazilian
cratonic rivers, and a third set of samples with unknown provenance
from Late Pleistocene terraces bounding the Solimoes River. The two
Holocene sets are composed of samples from fluvial bars and floodplains
of the Xingu and Solimoes rivers (Fig. 1), with OSL ages presented in
Sawakuchi et al. (2022). The Holocene deposits correspond to season-
ally flooded plains, with sediment accumulation related to the active
fluvial channels. Therefore, we regard them respectively as cratonic
(Xingu) and Andean (Solimoes) endmembers based on previous OSL
sensitivity measurements on modern sands (Sawakuchi et al., 2018).
The Pleistocene set is composed of samples from the I¢d Formation, a
palaeo-fluvial system in western and central lowland Amazonia (Pupim
et al.,, 2019). In total, the data from quartz OSL dating of 14 samples
representing the Ica Formation have been analysed; these data have
been retrieved from measurements carried out by Pupim et al. (2019)
(Fig. 1B). The cratonic endmember set is composed of 15 dated samples
from the Tabuleiro do Embaubal archipelago representing stabilised
sediment bars of the Xingu River (Fig. 1A) (Sawakuchi et al., 2022). The
Andean endmember set is represented by data from four samples dated
by Pupim et al. (2019) and eight samples from Sawakuchi et al. (2022)
(Fig. 1B). A few sites are represented by more than one sample, collected
in vertical sediment profiles and thus of different age. The criteria used
for samples selection were: (i) samples measured in the same lumines-
cence reader; (ii) test dose used in the Single Aliquot Regenerative dose
(SAR) protocol was >0.5 Gy. See samples details in Table S1.

3.2. Sample preparation and measurements

The studied samples have been collected, prepared, and processed
following standard procedures for quartz OSL dating purposes: wet
sieving to isolate a specific sand grain size interval, treatments with 10%
H205 and 10% HCI to eliminate organic matter and carbonate minerals,
respectively, density separation using lithium metatungstate solutions at
densities of 2.75 and 2.62 g/cm® to isolate light from heavy minerals and
quartz from feldspar, treatment with 38% HF to remove the alpha
irradiated layer of quartz grains and any remaining feldspar, and a final
wet sieving to eliminate grains finer than the target grain size interval.
For further details about the samples’ preparation see Pupim et al.
(2019) and Sawakuchi et al. (2022). Quartz OSL signals derive from
medium pure quartz aliquots (100-300 grains) composed of grains in
the sand fraction (63-125, 125-180, or 180-250 pm; see Table S1)
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which were dated using a SAR protocol (Murray and Wintle, 2000)
and/or measured through a OSL sensitivity protocol for provenance
analysis (Table 1). The number of aliquots per sample used for OSL
sensitivity calculation varied between 11 and 24 (dating data) and be-
tween five and six (data from OSL sensitivity protocol).

In all cases, luminescence signals were measured using a Risp TL/
OSL DA-20 reader equipped with a°%Sr/?°Y beta source, delivering a
dose rate of ~0.1 Gy s™!. The quartz aliquots were stimulated for 40s
with blue LEDs (470 + 20 nm) at 90% maximum power density (~40
mW cm?) and the emitted light was detected in the ultraviolet band
through a Hoya U-340 filter. Additional information used in the original
dating sequence, such as applied thermal treatment and test dose size,
are summarised in Table S1.

3.3. OSL sensitivity calculation and signal deconvolution

The quartz OSL sensitivity can be measured in absolute or relative
terms. In the first case, it is necessary to know both the given dose and
the aliquot mass, and the sensitivity is expressed as counts per mass per
Gy (cts mg Gy ). In the second case, the sensitivity is expressed as a
percentage of the total light emitted during the optical stimulation time
measured OSL curve and, therefore, the aliquot mass is not relevant.
Since we are working with old data, obtained from aliquots of unknown
weight, the sensitivity was calculated in relative terms here.

The sensitivity, hereafter regarded as %BOSLy, was calculated by
dividing the integral of the first second of light emission from the blue
OSL (BOSLp15)) curve presumed to be dominated by the fast OSL
component (Jain et al., 2003), by the integral of the total blue OSL curve
(BOSLitotan]), both subtracting the respective normalised background.
Here, we assumed a late background: the mean of the last 10s of the OSL
curve times the number of channels of the respective assessed “signal” (i.
e. BOSL[15] or BOSL[total]). The %BOSLr was calculated only for light
intensity (1s) at least three standard deviations above the background;
those that fell to comply with this criterion were classified as “dim” and
were not included in the calculation of the sample mean %BOSLg.
Recycling and recuperation criteria used for aliquot validation in dating
were not applied. All calculations, including the filter used to reject dim
samples, were quickly performed (less than 3 min per binx. file) using a
routine we designed in RStudio with the Luminescence Package
(Kreutzer et al., 2012). The routine we designed is available as a sup-
plementary material.

Additionally, the OSL decay curve was deconvoluted to isolate the
contributions from the different OSL components in relation to the total
BOSL[15). We assume an OSL curve composed of three components, a
fast, medium, and slow component, despite previous studies propose the
existence of higher number of fast (ultrafast), medium, and slow com-
ponents (e.g. Bailey et al., 1997; Jain et al., 2003; 2008). Additionally,
the proportion of OSL components is affected by their thermal stability
(Jain et al., 2003). However, the dominance of the fast OSL component
in the first second of blue OSL stimulation is sample dependent (Jain
et al., 2003) and related to bleaching and irradiation cycles (Moska and

Table 1

OSL dating and OSL sensitivity (provenance analysis) protocols used for the
comparative test with representative samples. Test dose size was sample
dependant, as specified in the text (section 3.4). Test results are shown in Fig. 3.
The highlighted treatments (in bold) correspond to the quartz OSL signal used
for sensitivity calculation.

Step  Dating Protocol Sensitivity Protocol

1 Dose Bleaching: Blue LEDs @ 125 °C for 100s
2 Preheat @ 200 °C for 10s Dose

3 Blue OSL @ 125 °C for 40s (L) Preheat @ 190 °C for 10s

4 Test dose IR @ 60 °C for 300s

5 Preheat @ 160 °C for Os Blue OSL @125 °C for 100s (L)

6 Blue OSL @125 °C for 40s (T,) -

7 Back to step 1 -
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Murray, 2006). Assuming a three OSL components view, we use here the
relative proportions of fast, medium, and slow OSL components to
complement the analysis of discrimination of quartz from Andean and
cratonic sources. Despite a higher number of components could better
describe the quartz OSL emission (e.g. Jain et al., 2003), the three
components assumption supports the practical approach used to
discriminate quartz grains by using the relative proportion of the fast
OSL component in relation to other medium and slow components.
Deconvolution was performed using the Fit CWCurve function (Kreut-
zer, 2020) based on Equation (1) (Bgtter-Jensen et al., 2003) assuming
three components (fast, medium, and slow):

oty =mipiexp;” + moprexp, " + nypsexp;” (Equation 1)
where Ipgp, is the OSL intensity, nj o3 is the initial concentration of
trapped electrons (m’e'), P1,2,3 is the rate of stimulation (s’l), and tis the
time of stimulation (s). The Fit_ CWCurve function is a beta version and
thus it has not been properly tested yet; its authors alert that the
parameter used to be describe the goodness of the fit may not be the best
parameter and, therefore, “the function does not ensure that the fitting
procedure has reached a global minimum rather a local minimum”
(Kreutzer, 2020). We used this function nevertheless, assuming it may
not be the most appropriate, because here this analysis is complemen-
tary to the main data that we are focusing on for provenance finger-
printing (i.e. %BOSLg).

3.4. Validation of OSL sensitivity from dating measurements

Firstly, we calculated sensitivity (%BOSLg) based on signals from the
SAR protocol (Table 1) —i.e. OSL signals derived from the natural (Ly),
regenerative (Ly), and test doses (T, and Ty). Such experiment gives the
basis for deciding which signal from a dating sequence should be pri-
oritised for OSL sensitivity calculation and, thus, used for sediment
provenance analysis. This experiment was performed with OSL dating
data of five samples from the Ica Formation: ALC-26 B, ALC-28 F, ALC-
33C, ALC-34 A, and ALC-35 A.

Then, we validated our approach by comparing %BOSLg values from
the same samples but obtained from a sensitivity protocol or dating
protocols. This experiment was performed for representative samples
from the I¢a Formation (n = 5, ALC samples) and from Xingu River (n =
3, EMB samples), in which five fresh aliquots of each sample containing
about ~200 grains were measured using the sensitivity protocol
(Table 1; Sawakuchi et al., 2018). The purified quartz grains of these
samples had been stored in the LEGaL sample repository and were
ready-to-use. The size of the given dose in the sensitivity and dating
protocol measurements were the same, but sample specific: 0.56 Gy for
EMB13-1 A, EMB13-09 B, and EMB13-09 A; 11 Gy for ALC-26 B, ALC-28
F, and ALC-35 A; 20 Gy for ALC-34 A; 34 Gy for ALC-33C. Finally, we
compared the %BOSL of the Pleistocene I¢a Formation samples to those
of the endmember samples and deduced the sediment source for this
formation.

4. Results
4.1. Comparison of OSL sensitivities from different SAR doses

Dating data of five Late Pleistocene samples from the I¢a Formation
(Pupim et al., 2019) were analysed to calculate %BOSLf from signals
derived from the natural (L), regenerated (L) and test doses (T, and Ty)
of 18-24 aliquots (per sample) over the SAR cycles (Fig. 2).

In all cases, the Ly signals have 10-20% higher %BOSLg than the Ty
signals. For instance, in the case of sample ALC-26 B, the mean %BOSLg
derived from Ly is ~58% while the Ty counterpart is ~40%. Compari-
sons among %BOSLy values derived from different SAR cycle doses
signals show that, on average, the %BOSLy derived from L, is 26%
higher than that from L, and the %BOSLy given by T, is 14% smaller
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Fig. 2. Boxplots of quartz OSL sensitivities (%BOSLg) calculated from natural (L,), regenerated (Ly), and test (T, and Ty) doses for five Icd Formation samples. Blue
and orange boxes represent L, or Ly and T, or Ty data, respectively. Each pair of L and T data corresponds to a SAR cycle from the dating protocol; thus L; <Ly<Lg<L4
while T,, = Ty = Ty = T3 = T4, Yellow and black dots correspond to mean and outlier values, respectively.

than that by T; (Table 2). These differences, however, are significantly
smaller (<3%) between regenerative-dose cycles and %BOSLg is nearly
constant through the SAR regenerative cycles (Table 2).

We decided to continue our experiments using the quartz OSL signal
derived from the first test dose (Ty), i.e. from the test dose administered
after the natural OSL signal measurement. At this step, the aliquot has
been subjected to the least number of treatments that could potentially
change the natural OSL sensitivity. In fact, the type and number of
thermal and optical treatments that the aliquot is subjected to until this
point is the most similar to those applied in a sensitivity measurement
protocol (Table 1).

4.2. Protocols comparison

Results of the comparison between %BOSLg values derived from
signals of five samples measured with both the sensitivity analysis
protocol (four to five aliquots per sample) and the OSL dating protocol
(using T}, signal data, six aliquots per sample) are shown in Fig. 3. There

Table 2

Ratios between mean %BOSLy values derived from natural (L,), regenerated (Ly)
or test (T, and Ty) doses of subsequent SAR cycles. Number of aliquots (n): 23
(ALC-26 B), 21 (ALC-28 F), 24 (ALC-33CC and ALC-34 A), and 18 (ALC35-A).
The last column corresponds to the average of the ratios presented in each row.

Ratio ALC-26 ALC-28 ALC- ALC-34 ALC-35 Mean + SE
B F 33C A A
L1/Ln 0.81 0.92 0.80 0.85 0.83 0.84
+0.020
Ly/Ly 0.98 0.95 0.98 1.01 0.99 0.98
+0.010
La/Ly 0.97 0.97 0.97 1.00 0.98 0.97
+0.006
L4/L3 0.98 0.98 0.99 0.99 0.99 0.98
+0.002
T/ 1.16 1.22 1.06 1.10 1.14 1.14
Tn +0.030
To/ 0.95 0.92 0.98 0.97 1.02 0.97
T, +0.020
Ts/ 0.96 0.95 0.98 0.95 0.83 0.93
Ty +0.020
Ta/ 0.98 0.92 0.98 0.95 0.93 0.95
T3 +0.010
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Fig. 3. Comparison between %BOSLy values derived from the sensitivity pro-
tocol measurements (regenerated signal) and dating data (T, signal), both
measured in the same reader. The linear fitting line through the points is forced
to have a slope 1, weighted by the error bars.

are relatively few aliquots from the OSL dating data (different n than
that given in Table S1) because this experiment was performed from
scratch, employing both protocols to fresh aliquots (i.e. never
measured), using the same reader (same sequence), with no possible
drift of performance of any part of the measurement system (e.g. PMT,
strength of diodes, which does weaken over time).

Mean %BOSLg values derived from both protocols show a significant
correlation (R% = 0.88) and the data points adjust well to a linear fit with
a 1:1 fixed slope. However, the data indicate a systematic positive offset
in the y-axis of 12-30% (taking error bars into account); if we assume at
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face value the intercept given in the y-axis by the linear fit with a slope of
1, the data indicate that mean %BOSLg values derived from T, data are
~12% higher than those from the sensitivity protocol (Fig. 3). Both
protocols use regenerated signals, therefore such offset should not be
related to the nature of the signal (i.e. natural versus laboratory irradi-
ation); instead they may arise from differences in thermal treatments
applied (Table 1), which are discussed later in the text.

4.3. Provenance analysis

Finally, the %BOSLy of all samples from the I¢ca Formation, Holocene
sediments from Xingu and Solimoes rivers were calculated using the Ty
signals. Endmembers from Xingu and Solimoes rivers provided %BOSLg
mean values sufficiently different to distinguish between cratonic and
Andean sources (Fig. 4). Additionally, our results are in accordance with
what has been reported for riverbed sediments of the Xingu and Sol-
imoes rivers (Sawakuchi et al., 2018): Holocene Xingu quartz grains
show higher %BOSLg, with values higher than 70% (dataset mean +1c
= 79.0 &+ 1.0%), characteristic of cratonic sources, while Holocene
Solimoes present lower quartz OSL sensitivity, typical of Andean quartz
of less than 50% (dataset mean +1c6 = 40.3 + 1.2%) (Fig. 4). Based on
these results, we propose the following thresholds: %BOSLy mean value
< 50% is classified as “lower”; 50-70% is classified as “moderate”; and
>70% is classified as “higher” OSL sensitivity. This classification is
further applied to sediment provenance as Andean, mixed
Andean-cratonic, or cratonic, respectively.

Mean %BOSLy values of Icad Formation samples range from 31.9 +
1.9to0 46.2 £+ 0.8% (mean +16 = 35.6 4+ 0.9%), which fall into the range
classified as lower sensitivity quartz (Fig. 4), typical of an Andean
source. We observe that one sample, ALC-33C (orange box in Fig. 4),
stands out from the other I¢4 Formation dataset, presenting a relatively
higher mean %BOSLg (46.2 + 0.8%). Although higher, this value is still
in the same range as the Solimoes Holocene representatives and, thus,
based on the classification presented above, this sample is also consid-
ered to have lower %BOSLp sensitivity.

Results from the OSL signal deconvolution from 18 representative
samples, six from each dataset (Icd Formation, Andes, and Amazon
craton), strengthen the differences and similarities among studied sed-
iments (Fig. 5). The first second of light emission of quartz from Andean
endmembers is composed, on average, of 43% of the fast, 27% of the
medium, and 30% of the slow OSL components (central graphs in Fig. 5).
Cratonic endmembers, on the other hand, are dominated by the fast OSL
component (~70%) and show little contribution (~20%) of the slow
OSL component (graphs on the right, Fig. 5). In general, the contribution
of each OSL component is almost even (27-34%) in the I¢a Formation
samples (left column, Fig. 5).
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5. Discussion

Data from OSL dating sequences have been successfully repurposed
for use in sediment provenance analysis. Our approach suggests being
valid, as it yields results in accordance with those reported using the
established quartz OSL sensitivity method for provenance analysis in
modern riverbed sediments (e.g. Sawakuchi et al., 2018) (Fig. 3).
Moreover, it benefits from the fact that neither additional sampling nor
luminescence measurements are required, allowing to derive sediment
provenance information coupled with OSL ages. Such simple, fast, and
low-cost analysis could well be performed using data from previous OSL
dating surveys.

Apparently, the thermal, optical, and dosing treatments that the al-
iquots are subject to in each regenerative-dose cycle from a SAR protocol
do not significantly change %BOSLg of the samples employed in this
study (Fig. 2) when signals of the same type (natural, regenerative or test
doses) are compared to each other. Mean %BOSLy values given by Ly
signals from different SAR cycles are nearly constant, and the same is
observed for %BOSLg from Ty signals (Fig. 2 and Table 2). Main differ-
ences arise when we directly compare signals of natural dose versus
regenerative dose or signals that have been subjected to different ther-
mal treatments. The differences observed between %BOSLg derived from
natural and regenerative cycles (e.g. L, versus L;, and T, versus Ty),
which received the same thermal treatment, could be related to varia-
tions in rates of charge generation and trapping between natural and
laboratory irradiation (e.g. Peng et al., 2022). Our results suggest that %
BOSLy, i.e. the proportionality of the fast fraction to the total signal, is a
conservative property and, thus, we could probably have worked with
mean sensitivity values calculated from all test dose signals (T, T1, Ta,
etc.) and not only from T}, signals. However, the %BOSLg stability might
be a peculiarity of these studied samples, because cycles of irradiation
and bleaching are expected to cause sensitivity changes, increasing the
signal intensity (e.g. Moska and Murray, 2006; Murray and Wintle,
2000). The sensitivity changes throughout SAR cycles seem to be
sample-dependent (Fig. 2, Table 2), but the laboratory OSL signal ob-
tained under a reduced number of irradiation, thermal and/or optical
stimulation treatments (and thus the least altered) is the signal derived
from the first test dose (Ty). Therefore, in order to ensure that the pro-
posed approach works universally, we recommend that, in all cases, the
T, signal should be used for OSL sensitivity calculation.

The differences in Fig. 3 indicate that we cannot use the same
thresholds reported in the literature, based on the sensitivity protocol,
for classifying the Andean or cratonic Amazonian fluvial sediments in
terms of standard %BOSLg values, because our approach overestimates
the previously reported values. For instance, Sawakuchi et al. (2018)
consider as “low sensitivity” those %BOSLy values < 30%, but such
threshold in our approach would be of approximately <40%, if the
~12% offset observed in the protocols’ comparison experiment (Fig. 3)
is accounted for. The cause for the offset we observe is probably related

Fig. 4. Summary of the %BOSLy results derived from T,
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example), also used in Fig. 1B to indicate the sampling sites’
location.
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Fig. 5. Signal components contribution (%) in %BOSL (first second of light emission) of representative samples from the I¢a Formation (left column), and from the
Andean (centre) and the cratonic (right) endmembers. Each composite vertical bar represents the OSL curve from an aliquot, and the colours identify the signal
component: fast (orange), medium (green), and slow (purple). 12 to 24 OSL curves per sample were analysed; the tick on the x-axis marks the middle of the dataset.
Data shown here were obtained from re-analysing OSL dating data from previous works, all measured in the same reader (Table S1).

to differences in the thermal treatment employed in each protocol. First, (Table 1). This second observation evokes the findings by Sawakuchi
the T, signal received two preheats whereas the sensitivity measurement et al. (2020). These authors have employed a range of preheat temper-
only one (Murray and Wintle, 2000); second, and perhaps more atures for quartz OSL sensitivity measurements and have observed that
importantly, the T, signal preheat is, in fact, a cutheat at 160 °C (0s) the sensitivity decreases as the preheat temperature increases, but
while in the sensitivity protocol the preheating is at 190 °C for 10s sensitivity differences among samples are not affected by the preheat
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temperatures. Here, all T, signals used for quartz OSL sensitivity
calculation were measured after the same (cutheat) temperature
(Table S1), including those representing endmembers categories;
therefore, the sensitivity differences among samples should be preserved
and they should represent differences in sediment provenance. Differ-
ences between the OSL sensitivity protocol and the approach we propose
here do not hinder the use of OSL dating data for sediment provenance
analysis, although it shows that caution must be practised when
comparing data from studies that used different measurements ap-
proaches, as well as when comparing sensitivity data from OSL signals
obtained after different thermal treatments and/or obtained from
different luminescence readers.

The sensitivity values obtained for the Late Pleistocene I¢a Forma-
tion sands resemble those of the Andean endmembers, being charac-
terised quartz grains with relatively lower mean %BOSLy (<50%) and a
significant contribution of the slow component (>25%) to the first
second of light emission. In fact, most %BOSLg values from the Ica
Formation samples are even lower and with a more pronounced
contribution from the slow component than the Andean endmembers
represented by modern sediments transported by the Solimoes River
(except for sample ALC-33C, Figs. 4 and 5). Such findings might indicate
that either previously defined Andean endmembers have some contri-
bution from other tributaries that drained cratonic areas (or cratonic
sediments stored in ancient terraces), or that their Andean quartz grains
(those older than 2 ka, Fig. 6) have been somehow more sensitised.
Additionally, Fig. 6 shows that the OSL sensitivities obtained for Late
Pleistocene Ica Formation samples have reduced variation, in contrast to
the Holocene floodplain sediments, which is more scattered. Such
observation may indicate that the I¢a Formation sediments had higher
mixing or/and had a smaller watershed and more specific source over
time (~110-50 ka), while the Holocene watershed integrates tributaries
from diverse sources and sediment reworking from riverbank deposits. A
trend toward more Andean sources is also observed in the floodplain
sediments from around 8 ka to 0.52 ka (Fig. 6).

The fact that ALC-33C sample stands out from its group, being more
similar to the early to mid-Holocene Solimoes sediments, is puzzling.
This sample presents a higher mean sensitivity than its Pleistocene
counterparts (Fig. 6), its relative contribution from the different signal
components is more homogeneous among aliquots (Fig. 5), and its
BOSLg is dominated by the fast component (Fig. 5). ALC-33C sample was
collected from a terrace near the confluence of the Solimoes River and
Jurua River (Fig. 1), a large southern tributary with sub-Andean sedi-
ment source, whose mid and low course varied considerably over the
Pleistocene, once having its point of confluence with Solimoes more to
the west of its present position (Ruokolainen et al., 2019). Sawakuchi
et al. (2018) have characterised the quartz OSL sensitivities of poly-
mineral silt from the riverbed of the Jurud River and have found

A
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o
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relatively higher sensitivity than the Solimoes riverbed silt. In fact, the
OSL sensitivity values calculated for Jurua samples are in the same range
of those from the Negro River, which is considered to have mixed An-
dean and cratonic sediments (see Fig. 2A in Sawakuchi et al., 2018). We
suggest that the relatively higher sensitivity and the homogeneity
observed in ALC-33C sample indicate that the paleo-watershed recorded
in the Late Pleistocene I¢a Formation also included cratonic tributaries.
In this sense, it is reasonable to expect to see the same provenance in-
fluence on other samples collected downstream of Jurua’s mouth. The
Pleistocene sediment samples ALC-28 and ALC-26 were collected in Tefé
and Coari rivers, ~200 and 400 km to the east of Jurud’s mouth,
respectively (Fig. 1B), however their sensitivities do not resemble that
observed for ALC-33C sample (Fig. 6). On the contrary, the sensitivities
of ALC-28I, ALC-28H, ALC-28 F, ALC-26I, and ALC-26 B samples are in
the same range (i.e. 30-40%, Fig. 6) as those of other Late Pleistocene
samples collected upstream Jurua mouth and ALC-33C sample site (see
sites location in Fig. 1B).

In summary, the studied I¢d Formation in lowland Amazonia pre-
sents quartz OSL sensitivity values characteristic of Andes-derived sed-
iments, as observed for modern sediments from Solimoes, I¢a, and
Japura rivers (Sawakuchi et al., 2018). We hypothesized that higher
precipitation variability in western Amazonia (Cheng et al., 2013)
allowed periods of increased erosion rates and favoured Andean sedi-
ment input to the Amazon lowlands during the deposition of the I¢ca
Formation (110-45 ka).

The period between 45 and 8 ka is marked by channel incision and
deposits that were not sampled in previous studies, hindering the
interpretation of sediment sources during this time interval. From ~8 to
4 ka, the sensitivity values are in the same range as that observed for
sample ALC-33C (i.e. >40%), but after ~4 ka there is a trend of OSL
sensitivity decrease as the deposits get younger (Fig. 6). For instance,
ALC-30C sample (age 3.94 + 0.26 ka, Table S1) has a %BOLS of 45 +
2.2%, while the sensitivity of ALC-30 A sample (age 2.19 + 0.17 ka,
Table S1) is 39.2 + 1.5%. Based on the OSL sensitivity values from
modern silt samples (Sawakuchi et al., 2018), the %BOLSg values
observed in the early to mid-Holocene samples suggest contribution
from lowland sub-Andean or cratonic rivers (Jurua and Jutai rivers). The
observed OSL sensitivity change during the late Holocene corroborates
the findings by Hoppner et al. (2018), who suggested that the main
sediment source to the Amazon River system has changed during the late
Holocene, becoming more dominated by Andean sediments directly
transported from the headwaters of the Solimoes and its main Andean
tributaries.

We suggest that changes in the precipitation conditions in the
western Amazonia, which have altered the erosion rates and Andean
sediment supply to lowlands, may be the reason for this quartz OSL
sensitivity decreasing throughout the Holocene, notably after 4 ka.
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Fig. 6. Mean %BOSLy (+SE) from T, signals versus OSL ages. Ages are compiled from Pupim et al. (2019) (ALC-35, 36, 34, 33, 28, 26, 23, and 24) and Sawakuchi
et al. (2022) (ALC-29, 30, 41, 42, and 43). Triangles and squares represent samples collected at sites upstream and downstream of the mouth of Jurud River,
respectively. ALC-33C (orange circle) is a deposit near Jurud’s mouth and ALC-38 (yellow diamond) is located at Japura River, before it meets with Solimoes River.
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Paleoprecipitation data seems to support our interpretation. In general,
in western Amazonia, the early and middle Holocene is characterised by
drier conditions in relation to the Last Glacial Maximum (LGM, ~21 ka)
and deglacial period, and it was only after ~4 ka that the western
Amazonia has experienced a noticeable and relative (to the LGM)
increased precipitation (Baker et al., 2001; Cheng et al., 2013; van
Breukelen et al., 2008). In fact, Baker et al. (2001) report that maximum
aridity and the lowest water level of Titicaca Lake, which would
represent the climate conditions in the headwaters of the Solimoes
River, occurred between 8000 and 5500 cal yr B.P. The Holocene
climate records for the western Amazonia based on 8'%0 values of spe-
leothems by van Breukelen et al. (2008) indicate relatively wetter and
more stable conditions since 2 ka. Such scenario of increased precipi-
tation since ~4 ka may have promoted a new phase of more pronounced
erosion in catchment areas of western Amazonia, increasing the supply
of Andean sediments to the Solimoes River, which could then explain the
observed %BOLSy decrease trend over time (Fig. 6).

6. Conclusions

We proposed a new approach for investigating sediment provenance
based on quartz OSL sensitivity derived from data originally measured
for dating purposes. The method proved to be fast and reliable, having
the great advantage of providing sediment provenance information
associated with depositional ages, which allows for temporal posi-
tioning. The OSL sensitivity based on the fraction of the signal domi-
nated by the fast OSL component (first second of light emission) to the
total OSL, %BOSLg, has the great advantage over that based on signal
intensity, previously used, because it does not require any normalisation
to dose or weight (aliquot size), data which is not always available.
Moreover, our approach suggests that the %BOSLy might be a conser-
vative parameter throughout SAR cycles. However, it would be inter-
esting to verify such observation using more samples from different
geological contexts worldwide.

The fluvial system active during deposition of the Ica Formation
(110-50 ka) in the study area had a higher contribution of Andean rivers
sediments, similar to the modern I¢a and Japura rivers. The contribution
of lowland sub-Andean or mixed rivers increased from 8 to 4 ka and
reduced again in the late Holocene. These variations in provenance
could indicate shifts in river courses flowing over soft sedimentary
substrates of Amazonian lowlands or changes in the relative sediment
supply between Andean and lowland sources driven by precipitation
variations.

Such findings, derived from OSL dating data reanalysis, are
encouraging. OSL dating laboratories worldwide are shown the possi-
bility of taking advantage of their extensive OSL dating archives, by
repurposing OSL dating data into new data for quartz provenance
analysis that is valuable for geological and landscape evolution studies.
Apropos, we would encourage authors and/or OSL laboratories world-
wide to provide the. bin (.binx) files on online repositories, allowing
others to explore them beyond dating.
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