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The Amazonia biome hosts upland closed and open vegetation ecosystems, in which the
current biogeographical patterns relate to the evolution of the physical landscape.
Therefore, understanding the origin and timing of the substrates supporting different
ecosystems is indispensable for better comprehension of Amazonian biogeography. Here
we used quartz optically stimulated luminescence (OSL) and thermally transferred optically
stimulated luminescence (TT-OSL) for dating sandy substrates of closed and open
vegetation environments in Central and Eastern Amazonia, from both outcrop and drill
core samples (Autazes core: PBAT-15-43). These sandy substrates present ages ranging
from 1 ka up to almost 2 Ma, that were primarily interpreted as depositional ages of fluvial
terraces. Moreover, ages are discussed in terms of potential geomorphic processes
leading to the formation of substrates, such as soil mixing and apparent age of quartz from
the parent bedrock. The coupling between OSL and TT-OSL techniques allow us to date
sedimentary deposits covering the whole Quaternary, which implies a new time window for
the Amazonia history.

Keywords: TT-OSL dating, Amazonia sandy terrains, fluvial deposits, landscape evolution, geochronology

INTRODUCTION

The evolution of Amazonian biota and its remarkable biodiversity are intricately linked to the evolution
of the physical landscape, and the formation of the transcontinental drainage system is proposed as a
main driver for biotic diversification within the Amazonian biome (Hoorn et al., 2010; Ribas et al., 2012;
Boubli et al., 2015). In addition to the well-known closed upland rainforest, Amazonia also hosts isolated
patches of open vegetation, such as savannas and white-sand ecosystems (WSE) (Anderson, 1981;
Adeney et al., 2016), which are considered important environments that drove biodiversification in
upland Amazonia (Haffer, 1969) and other ancestral regions (Frasier et al., 2008). Therefore, extended-
range chronologies of sedimentary substrates supporting upland vegetation in Amazonia are crucial to
understand the evolution of the landscape during the Quaternary and Neogene and its relation to the
current biodiversity and biogeographical patterns of the biome. The Pliocene and Quaternary lowland
fluvial record in Central Amazonia is composed of heavily weathered siliciclastic and non-fossiliferous
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deposits, suitable for the application of quartz-based dating
techniques (e.g., Soares et al, 2010; Pupim et al, 2019; Bezerra
et al, 2022), as feldspar is frequently lacking due to heavy
weathering. Most of the reliable ages that constrain
sedimentation in these sequences are based on optically
stimulated luminescence (OSL) dating of quartz (e.g, Rossetti
et al, 2015; Cremon et al, 2016; Pupim et al, 2019) and are
restricted to the last 300 ka.

OSL is the light arising from charges trapped in crystal lattice
defects when quartz is exposed to ionizing radiation and
subsequently released and recombined when quartz is exposed
to stimulation light. Measuring the natural OSL signal allows the
determination of radiation dose absorbed by quartz during burial,
and sediment depositional ages are estimated by dividing the
radiation dose (Gy) by the environmental dose rate (Gy/ka).
Several extended-range luminescence dating methods were
proposed with the potential to date as far as the Early
Pleistocene, including thermally transferred  optically
stimulated luminescence (TT-OSL), with reported equivalent
dose (D.) values up to 2,500 Gy (Wang et al., 2006a). The TT-
OSL signal is measured by depleting the OSL signal, applying a
heat treatment >260°C to transfer charges from TT-OSL traps
into OSL traps, and remeasuring the OSL signal (Wang et al,,
2006a; Adamiec et al., 2010). The charge transfer has been
hypothesized as a double transfer, where electrons from OSL
traps are released and stored in a refuge trap, before being
thermally transferred back (Wang et al, 2006a) or
alternatively as a single transfer, where electrons are thermally
transferred from a source trap to an OSL trap (Adamiec et al,
2010). The TT-OSL signal is represented as 1) the recuperated
OSL (Re-OSL), which makes up about 90% of the signal and is
more sensitive to light, and 2) the basic-transferred OSL (BT-
OSL) (Aitken, 1998; Duller and Wintle, 2012), which makes up
the remaining 10%. Both multiple-aliquot (MAR) and single-
aliquot (SAR) regenerative dose protocols have been proposed to
estimate D, using the TT-OSL signal (e.g., Wang et al., 2006a;
Porat et al., 2009; Adamiec et al., 2010; Chapot et al., 2016).

Despite the routine use of TT-OSL dating in recent years, only
few studies use this technique in geological settings of South America
(e.g., Pupim et al, 2016; Bezerra et al,, 2022). In addition to the
understating of the evolution of the Amazonian landscape in the
Pliocene and Quaternary, TT-OSL dating protocols still need to be
tested in different geological contexts, including South America, as
quartz OSL properties are not uniform and also vary at a grain-to-
grain level (Preusser et al., 2009), and the same might be valid for the
TT-OSL signal. In this study, we used both quartz OSL and TT-OSL
for dating upland sandy deposits covered by open and closed
vegetation in lowland Central and Eastern Amazonia. The
formation chronology of these deposits allows us to understand
how upland terrains bounding the Amazon River floodplains were
assembled in periods beyond the late Pleistocene.

STUDY SITES AND SAMPLING

This study used two datasets from Central Amazonia and two
from Eastern Amazonia (Figure 1 and Table 1). The Eastern

TT-OSL Dating of Amazonia Sandy Terrains

Amazonia dataset comprises outcrop samples from sandy
substrates of savannas exposed in pits and road cuttings, for
which the depositional and/or weathering origin is still under
debate. Eastern Amazonia sandy substrates are composed of
massive, loose, medium, and poorly to moderately sorted light
reddish to brownish sands (AVA01—Figures 2A,B). The Central
Amazonia datasets comprise both outcrop samples from
substrates of open vegetation ecosystems (i.e, WSE),
composed of massive, loose, and coarse white sands
(AVA22—Figures 2C,D), and drill core samples composed of
heavily weathered fluvial sandstones and siltstones (Autazes
Core: PBAT-15-43, Figures 2E,F). These sand substrates cover
Pliocene-Miocene and late Cretaceous-Paleogene fluvial deposits
from the Novo Remanso and Alter do Chio Formations
(Gautheron et al., 2022).

Outcrop samples were collected in aluminum or opaque PVC
tubes to avoid sunlight exposure. Drill core samples were
wrapped in aluminum foil, and only the inner sections were
used for luminescence analysis while the outer section exposed to
light was used for determination of radionuclides concentrations
needed for dose rate estimation. Sediments within a radius of
30 cm from the luminescence sampling point in the outcrops
were collected separately to estimate radiation dose rates.

SAMPLE PREPARATION AND
MEASUREMENTS

Sample preparation and measurements were carried out under
subdued orange-red light. The preparation procedures of quartz
concentrates included wet sieving to separate the 180-250 pm
fraction; dissolving organic matter with 35% H,0, and
carbonates with 10% HCI solutions; density separation at
2.75 g/cm3 and 2.62 g/cm3 with lithium metatungstate (LMT)
solution to isolate quartz grains from heavy minerals and feldspar
grains; and etching in concentrated 40% HF solution for 40 min
to eliminate the outer rind of quartz grains affected by alpha
radiation and remnant feldspar grains. Density separation
showed that little to no feldspar was present in the studied
samples.

All measurements were performed using two Riso DA-20 TL/
OSL readers and a Lexsyg Smart reader, all equipped with *°Sr/
Y beta source (dose rates of 0.07, 0.12 and 0.11 Gy/s
respectively), blue and infrared LEDs for stimulation, and a
7.5 mm Hoya U-340 filter for light detection in the ultraviolet
band. Aliquots of 4-9 mm diameter were prepared using adhesive
silicone spray on stainless steel discs or cups. OSL-IRSL depletion
ratio was used to confirm that there was no feldspar
contamination in the quartz aliquots (Duller, 2003).

The SAR protocols used to determine the D, using the OSL
(Murray and Wintle, 2000) and TT-OSL (Porat et al., 2009)
signals are described in Table 2. The OSL SAR protocol was also
used to estimate the characteristic dose (Do) of dose response
curves, and 2D, was considered to appraise the upper limit for
OSL dating in the studied sediment samples (Wintle and Murray,
2006). The intervals used to derive both OSL and TT-OSL signals
were the integral of the first 1 s of light emission, minus the last
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FIGURE 1 | (A) Location of the Amazonia biome within South America and study area within this biome; (B) digital elevation model (DEM; from Shuttle Radar
Topography Mission—SRTM) and sampling locations in Central (AVA22 and Autazes core) and Eastern (AVAO1 and AVAO8) lowland Amazonia.

56°0'W 54°0'W

10s as background. Dose-response curves (DRC) were fitted
using a linear, single saturating exponential, or an exponential
plus linear functions. D, was calculated using the unweighted
arithmetic mean (empirical average) of individual dose estimates,
as suggested by (Guérin et al., 2017), accepting recycling ratios
between 0.9-1.1 and 0.8-1.2 and recuperation up to 5% and 10%,
for OSL and TT-OSL, respectively. The suitability of both OSL
and TT-OSL SAR protocols for estimation of D, under laboratory
conditions was evaluated by dose recovery tests (data summary of
dose recovery tests on Supplementary Tables S1, S2). The dose
recovery tests performed by Bezerra et al. (2022) on samples from
the same study area were also used for evaluation of the suitability
of the TT-OSL protocol. OSL average calculated-to-given dose
ratio is 0.96, and TT-OSL average calculated-to-given dose ratio is
1.5 (Supplementary Table S2).

D1 < D2 < D3 < D4, D5 = 0Gy, D6 = D1, D7 =D1 (with
infrared stimulation before blue led stimulation).

The concentrations of U, Th, and K for determination of dose
rates were measured using high-resolution gamma spectrometry
with a high-purity germanium detector (Canberra Instruments,
relative efficiency of 55% and energy resolution of 2.1keV at
1,332 keV) encased in an ultralow background shield. Inductively
coupled plasma mass spectrometry (ICP-MS) was also used for
determination of U and Th concentrations and inductively
coupled plasma atomic emission spectroscopy (ICP-OES) was
used to determine K concentration. U, Th, and K concentration
uncertainties from gamma spectrometry are 1o. ICP-MS U and
Th uncertainties are 5 % and 10%, respectively. ICP-OES K
uncertainty is 3%. The concentrations of U (ppm), Th (ppm),
and K (%) were converted into dose rates (Gy/ka) using the

conversion factors proposed by Guérin et al. (2011). Cosmic rays’
contribution to the dose rate was calculated according to Prescott
and Hutton (1994), considering the latitude, longitude, altitude,
current depth below the surface, and density of each sample. The
internal dose rate was assumed as 0.01 Gy/ka, as this value is
considered the upper limit to the internal alpha dose rate in
quartz (Vandenberghe et al.,, 2008).

RESULTS

Representative OSL and TT-OSL decay curves and DRC of
Eastern and Central Amazonia study sites are shown in
Figure 3. All samples have the OSL curve dominated by the
fast component in the first 1s, with the OSL signal decaying
slightly slower in Central Amazonia samples. The TT-OSL signal
also decays slower in Central Amazonia samples. All samples
have saturated natural OSL signals, except for the two shallowest
samples of the Autazes Core, at 0.2 and 1.8 m depth, which have
D, of 4.6 + 0.5 Gy and 94.6 + 4.7 Gy, respectively (Table 3), and
for sample AVA08, with D, of 52.3 + 3.5 Gy. The OSL 2D, of all
samples ranges from 90 to 180 Gy (Table 3), indicating the limits
of OSL dating. TT-OSL D, ranges from 92 + 9 Gy to 1,692 +
229 Gy in Central Amazonia samples and from 161 + 10 Gy to
747 * 74Gy in Eastern Amazonia samples (Table 3 and
Figure 5A). Overdispersion of the TT-OSL D, distribution
varies from 16% to 61% (Table 3 and exemplary D,
distribution on Figures 4B,D,F). All samples have high
sensitivity changes meaning that the test dose signal increases
with SAR cycles as a response to the same beta dose, with more
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10.42 to 18.85 m depth (from left to right).

FIGURE 2 | (A) AVAO1 outcrop in Eastern Amazonia with savanna sandy substrate covering late Cretaceous-Paleogene sandstones from the Alter do Chao
Formation (dashed black line indicates the upper boundary of the Alter do Chao sandstones); (B) close-up image of the savanna sandy substrate in AVAO1; (C) AVA22
outcrop of sandy deposits covered by white-sand vegetation (campina) in Central Amazonia; (D) close up image of the sandy substrate of white-sand vegetation; (E)
Autazes drill core weathered sandstones and siltstones from 0 to 10.42 m depth (from left to right), (F) Autazes drill core weathered sandstones and siltstones from

TABLE 1 | Summary information of samples used in this study.

Sampling Sample code

Eastern Amazonia QOutcrop AVAO1C
AVAO1E

AVAO1G

AVA08B

Central Amazonia Qutcrop AVA22A
AVA22C

AVA22E

Autazes core (PBAT-15-43) 155812

155813

155814

155815

155816

155817

155818

155819

Lab code

L1083
L1084
L1085
L1106
L1436
L1438
L1440
L1490
L1491
L1492
L1493
L1488
L1487
L1486
L1485

Latitude

—-2.009195"
-2.009195°
—-2.009195°
—-2.553336"
-3.115015°
-3.115015°
-3.115015°
—-3.494253°
-3.494253°
—-3.494253°
-3.494253°
—-3.494253"
—-3.494253°
-3.494253°
—-3.494253°

Longitude Depth (m)
-54.094106° 0.5
-54.094106° 1.0
-54.094106° 1.5
-54.960837° 1.0
-60.746138° 0.8
-60.746138° 1.4
-60.746138° 2.0
-58.973555° 0.2
-58.973555° 1.8
-58.973555° 2.7
-58.973555° 4.9
-58.973555° 5.8
-58.973555° 6.6
-58.973555° 1.4
-58.973555° 13.7
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TABLE 2 | Single-aliquot regenerative-dose (SAR) OSL and TT-OSL protocols used to estimate equivalent doses (Dg) from quartz aliquots in this study.

Step OSL (Murray and Wintle, 2000)

Preheat at 240°C for 10's
OSL at 125°C for 40 s (Li)
Give a test dose of 10 or 25 Gy
Preheat at 160°C for 10' s
OSL at 125°C for 40 s (Ti)
Blue LED illumination at 280°C for 40 s

© 0 ~NOO O~ WwN =

Give dose Di (natural signal, i = 0 and DO = natural dose)

TT-OSL (Porat et al. 2009)

Give dose Di (natural signal, i = 0 and DO = natural dose)
Preheat at 260°C for 10 s
OSL at 125°C for 200 s
Preheat at 260°C for 10 s
TT-OSL: OSL at 125°C for 100 s (Li)

Give a test dose of 10 or 50 Gy

Preheat at 200 or 240°C for 10's
OSL at 125°C for 100 s (Ti)

Deplete remaining TT-OSL: OSL at 350°C for 100 s

D1<D2<D3<D4, D5=0Gy, D6=D1, D7 =D1 (with infrared stimulation before blue led stimulation)

A 11084 - natural OSL B L1084 - osLDRC C L1084 - TT-OSL natural signal D L1084 - TT-0SL DRC
200'000- 4 S
12 _B—a— 9004 0.009
= 14 - 800 0.008-
2 150'000+ g 7004 0.007+
3 08 ol 0.006
g £ 3 £ 0.005
= 100'000 X 06 2 5004 ks
L & 0.004-
_| 1 400
@ 0.4 @ 0.003
© 50000 © 300+ 0.002-]
0.2 il g
200 0.001
0 : - y 0 4 , . : , . 1004 T , ) ol . : . " r
0.1 2 | 10 100 0 100 200 300 400 500 600 0.1 1 100 0 100 200 300 400 500 600
Time (s) Dose (Gy) Time (s) Dose (Gy)
E L1436 - natural osL F L1436 - OSLDRC (G L1436 - TT-OSL natural signal H L1436- TT-OSL DRC
1000 164 = o
18'000 T 500 0.124 /E
& 150004 7 01d /
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S 120000 ] i 0084 e
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100
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| L1493 - natural osL J L1493-OSLDRC K L1493 - TT-0SL natural signal L1493- TT-OSL DRC
16 0.144 i
o 200+ P
101000-] 14 _—m o 0.12 sl
@ 124 i @ -
& 8000 1 150 0.1
% 2 A7 ° 0081}
& 6000 £ 084 g S
z ) 8 1004 3 5064
2 4000+ 0.6 4 2
2 0.4 8 &l 0.04
2000 02 0.02
0 ’ 7 T O b 0 : ; ) 7 r T .
0.1 1 10 100 0 200 400 600 800 1'000 1'200 1'400 0.1 1 10 100 0 600 1'200 1'800
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FIGURE 3| Natural OSL (A,E,l) and TT-OSL (C,G;K) signals of representative samples of the study sites and their respective DRCs (B,F,J) for OSL and (D,H,L) for
TT-OSL. Sample L1084 - outcrop in eastern Amazonia; sample L1436 - outcrop in central Amazonia; sample L1493 - Autazes core in central Amazonia.

significant increases occurring on the AVA22 samples (Figures
4A,C,E). The difference between TT-OSL D, and OSL D, for
samples AVAQ8B, 155812, and 155813 is 109 Gy, 87 Gy, and
142 Gy, respectively.

The Autazes core has a trend of increasing D, with depth, and
the Eastern and Central Amazonia outcrop depth profiles
(AVAOl and AVA22) present statistically indistinguishable
values. Dose rates are lower in the outcrops in Central and
Eastern Amazonia (~0.6 Gy/ka) than in the Autazes core
(~3.6 Gy/ka) (Figure 5A). All samples have less than 1% of K

content, and U is usually higher in Central Amazonia samples
(both AVA22 and Autazes core) than in Eastern Amazonia
(Figures 5B-D; Supplementary Material S1). The Th content
in the Autazes core is ~20x higher than in the outcrop profiles
(AVAO1 and AVA22) (Figure 5D and Supplementary Material
S1). Ages in the Eastern Amazonia AVAO! profile range from
1927 + 246 ka to 1,239 + 294 ka and ages in the Central Amazonia
AVA22 profile range from 1,058 + 198ka to 923 + 142ka
(Table 3; Figure 6). In the Autazes core, the TT-OSL ages
obtained are younger than the ages from other outcrop
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profiles, ranging from 585 + 85ka to 23 + 3ka (Table 3;
Figure 6).

DISCUSSION

TT-OSL Equivalent Doses and Burial Ages
TT-OSL ages obtained here can be interpreted as: 1) the
sand deposition age; 2) in situ weathering over older

sedimentary fluvial deposits that give rise to soils, with
the D, representing the time since the last solar exposure
due to soil mixing (Gray et al., 2020); or 3) the minimum age
of the parent rock, because of the thermal instability or
saturation of TT-OSL signals (Faershtein et al., 2018).
Hence, the TT-OSL ages calculated for the different
sandy substrates may be interpreted as ages of sediment
deposition, soil mixing processes, or an apparent age of
quartz from the parent bedrock.
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TABLE 3 | Summary of OSL and TT-OSL dating results.

TT-OSL Dating of Amazonia Sandy Terrains

Location Sample Lab Code N D. (Gy) OD (%) Dose rate (Gy/ka) Age (ka) OSL 2D,
Eastern Amazonia (outcrop) AVAO1C L1083 7 562 + 90 36 0.46 + 0.08 1239 + 294 120
AVAO1E L1084 7 713 £ 57 19 0.41 £ 0.04 1789 + 237 130
AVAO1G L1085 8 747 £ 74 23 0.40 + 0.03 1927 + 246 105
AVA0O8B* L1106 23 52.3 + 3.5 23 0.93 + 0.07 56.6 + 5.7 —
AVA08B L1106 2 161 + 10 - 0.93 £ 0.07 174 £ 17 -
Central Amazonia (outcrop) AVA22A L1436 7 992 + 133 29 1.08 £ 0.08 923 + 142 152
AVA22C L1438 9 997 + 92 32 0.86 + 0.06 1167 £ 137 170
AVA22E L1440 4 1695 + 275 27 1.52 £ 0.11 1058 + 198 139
Central Amazonia (Autazes core) 155812* L1490 19 46 +05 44 3.96 + 0.36 1.2+02 —
155813 L1491 12 946 £ 4.7 16 3.86 + 0.36 246 £ 26 112
155812 L1490 7 92.0+838 21 3.96 + 0.36 23.3 + 3.1 —
155813 L1491 6 237 + 27 26 3.86 + 0.36 61.6 + 9.1 112
155814 L1492 9 612 + 76 38 3.99 + 0.37 153 + 24 180
155815 L1493 7 504 + 162 61 3.69 + 0.35 137 + 46 141
155816 11488 7 848 + 76 24 2,583 + 0.26 336 + 46 130
165817 L1487 12 834 + 125 51 3.46 + 0.33 242 + 83 129
155818 L1486 7 1096 + 186 42 4.01 +£0.38 274 + 53 148
*OSL results.
OD is the overdispersion of D, distributions and N is the number of aliquots per sample.
A 0 r - - —l— B 0 1 ‘ ;- C 0 19 ' ] D 0 l m B
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FIGURE 5 | (A) Dose rate, (B) U concentration, (C) Th concentration and (D) K concentration versus depth in sediment profiles of the sutdy area.

One of the main concerns when using the TT-OSL signal
for sediment dating is its relatively low thermal stability (Li
and Li, 2006; Chapot et al., 2016; Faershtein et al., 2018). A
luminescence trap is considered thermally stable for periods
lower than t/10 (where 7 is the trap lifetime) (Aitken, 1998).
The quartz OSL fast component, which is used for
luminescence dating in the late Pleistocene and Holocene
age range, has a trap lifetime of around 300 Ma at 10°C (Jain
et al, 2003; Singarayer and Bailey, 2003). Thus, it is
considered stable in a million years (Ma) timespan and the
maximum age limit is imposed by quartz OSL signal
saturation. On the other hand, the TT-OSL main trap has a
lifetime of 4-7 Ma at 10-20°C (Adamiec et al., 2010; Shen
et al., 2011; Thiel et al., 2012; Faershtein et al., 2018) or even
lower, of 180-760 ka at 10-20°C (Li and Li, 2006; Chapot et al.,
2016), which would imply age limit in the hundred thousand
years timespan due to thermal instability. Hence, thermal loss

affects the TT-OSL signal in the Ma-scale age range, and even
ages in the range of only a few hundred thousand years may be
underestimated (Adamiec et al., 2010; Shen et al.,, 2011;
Chapot et al., 2016; Faershtein et al., 2018). Another point
for caution is the considerably slower rate of optical resetting
of the TT-OSL signal compared with the fast OSL component.
It might take weeks of natural sunlight exposure to deplete
TT-OSL signals (e.g., Jacobs et al., 2011; Arnold et al., 2013;
Demuro et al., 2015). These concerns should be addressed
carefully. However, TT-OSL ages agree with independent age
control in many cases (e.g., Pickering et al., 2013; Arnold
et al., 2015; Hernandez et al., 2015), suggesting that quartz
from different geological settings has an heterogenous
behavior regarding TT-OSL thermal loss and bleaching
suitability.

The calculated-to-given dose ratio of ~1.5 for the TT-OSL
signal points to significant overestimation of D, possibly
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FIGURE 6 | OSL and TT-OSL ages versus depth for the studied
samples.

related to incomplete bleaching of the signal. This is also
shown by the difference between OSL and TT-OSL D, in
the same samples, that ranges from 87 to 142 Gy, implying
an overestimation of ~20-40 ka for Central Amazonia and of
~117 ka for Eastern Amazonia. TT-OSL signals bleach slower
than the OSL signal, and they are not reduced to zero
(Tsukamoto et al., 2008), having residual doses ranging
from 5 to 40Gy, depending on the depositional
environment (Wang et al., 2006a; Tsukamoto et al., 2008;
Jacobs et al., 2011; Duller and Wintle, 2012; Demuro et al.,
2015). In the case of D, relative to sedimentation ages, this
implies that fluvial processes in lowland Amazonia are not
enough for completely resetting the TT-OSL signal. If on one
hand, there is overestimation of 20-117 ka due to residual
doses, there might be an unaccounted for underestimation of
the D, due to the TT-OSL thermal instability.

Independent age control for the studied sediment samples
from Central Amazonia is given by (U-Th)/He ages on
supergene lateritic duricrusts and iron-enriched horizons
within the Miocene-Pliocene fluvial sandstones (Gautheron
et al., 2022) representing the substrate of the studied sandy
deposits. (U-Th)/He ages indicate that such sandstones were
deposited and weathered in the last ~3 to 1 Ma (Gautheron
et al., 2022). Therefore, the maximum depositional age of
studied sandy substrates from Central Amazonia is from the
late Pliocene and Pleistocene. This chronostratigraphic
framework agrees with the interpretation of our TT-OSL
ages as representing the timing of sediment deposition.
Although the possibility of the TT-OSL ages indicating only
the minimum age cannot be ruled out, considering the low
thermal stability of TT-OSL signals (Li and Li, 2006; Chapot
et al.,, 2016; Faershtein et al., 2018). Our TT-OSL ages ranging
from almost 2 Ma matches other fluvial terraces of the Amazon
River with TT-OSL depositional ages ranging from 556 to
1,063 ka (Bezerra et al., 2022). The much younger OSL ages at
the top of the Autazes core, from 1 to 25 ka, might represent
the accumulation of fluvial sediments during major flooding
events during the Late Pleistocene and Holocene (Pupim et al.,
2019).

TT-OSL Dating of Amazonia Sandy Terrains

Geomorphic Implications
OSL and TT-OSL ages constrain the formation of open and

closed vegetation sandy substrates in lowland Amazonia, in
both shallower and deeper profiles, extending the dated ages
based on luminescence dating methods. The terraces dated
previously using TT-OSL (Pupim et al.,, 2016; Bezerra et al,,
2022) and the Autazes drill core (Kiefer et al., 2019) have both
surface features and sedimentary structures that suggest fluvial
deposition. However, many sandy terrains covered by
savanna-like vegetation in lowland Amazonia lack surface

depositional features or sedimentary structures, and
correspond to massive, weathered sands covering
Cretaceous-Paleogene  and  Miocene-Pliocene  fluvial

sandstones (Gautheron et al, 2022). The massive sandy
constitution observed in the Eastern Amazonia and Central
Amazonia open-vegetation sampling sites hinders the
identification of a depositional or pedogenetic origin. The
interpretation of TT-OSL ages as sediment deposition ages
suggests fluvial systems with a higher base level and wider
ancient floodplains across lowland Central and Eastern
Amazonia during the Mid and Early Pleistocene. Fluvial
sediments with Mid Pleistocene TT-OSL ages also were
observed in terraces along the lower Xingu River (Pupim
et al., 2016), eastward the study areas.

In Central Amazonia, after the deposition of these sandy
terrains and their colonization by vegetation, their
transformation into  “white-sands” occurred due to
podzolization processes in the last ~1.2 Ma (sample AVA22C).
Podzolization occurs by repeated rising and falling of the water
table, which leaches organic matter and clays from the upper soil
horizon, creating the light-colored sandy E horizon, and deposits
them lower in the soil profile as the B horizon (Lundstrom et al.,
2000). The main correlate for the white-sand ecosystems is the
hydromorphic spodosols, occurring in the middle and upper
Negro River basin (Adeney et al., 2016) and interpreted as in situ
weathering of ancient deposits, like the Late Cretaceous
sandstones of the Alter do Chao Formation (Horbe et al.,
2004). Age constraints for deposition of substrates of these
white-sand ecosystems are needed to appraise if spodosols
developed over ancient sandstones, such as the Late
Cretaceous Alter do Chao Formation, or over Pleistocene
sediments covering older rocky substrates. The first view
implies the long-lasting occurrence of white-sand substrates
beyond the Pleistocene while the second points to Pleistocene
landscape shift driven by fluvial incision events followed by
weathering of abandoned sandy deposits in uplands.

CONCLUSION

Quartz grains representative of lowland Amazonia sandy
substrates colonized by open and closed vegetation ecosystems
were used for SAR OSL and TT-OSL dating. The ages obtained in
study sites of Central and Eastern Amazonia can represent the
time of: 1) sediment deposition, 2) soil mixing processes, or 3) the
minimum age of the weathered parent rock. Comparison between
TT-OSL ages and (U-Th)/He ages from underlying iron crusts
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suggests that the sandy substrates can be formed by weathering of
fluvial sediments accumulated during the Pleistocene, despite
other interpretations cannot be ruled out. In Eastern Amazonia
savanna sandy substrate, TT-OSL ages ranged from 1927 to
1,239 ka. The Autazes core in Central Amazonia comprises
heavily weathered fluvial sandstones and siltstones, covered by
upland closed rainforest, with OSL ages from ~25 to 1 ka in the
upper 2 m of the record. The OSL signal is saturated in downcore
samples, where TT-OSL ages range from 505 to 23 ka until 14 m
depth. TT-OSL ages obtained for the sandy substrate of WSE in
Central Amazonia are in the 1,167-923 ka range. The difference
between OSL and TT-OSL ages for the same samples suggests
that TT-OSL ages have an overestimation of ~20 to 117 ka.
Assuming that the TT-OSL ages represent sediment deposition
ages, we can interpret fluvial systems with a higher base level and
wider floodplains in Central and Eastern Amazonia during the
mid-Pleistocene. In this case, savanna and WSE in the study areas
expanded over fluvial deposits during the Pleistocene.
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