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ABSTRACT

This study reports on the first investigation into the potential of quartz luminescence dating to establish for-
mation ages of ferruginous duricrust deposits (ironstones) of the Xingu River in Eastern Amazonia, Brazil. The
studied ironstones comprise sand and gravel cemented by goethite (FeO(OH)), occurring as sandstones and
conglomerates in the riverbed of the Xingu River, a major tributary of the Amazon River. The Xingu ironstones
have a cavernous morphology and give origin to particular habitat for benthic biota in an area that hosts the
largest rapids in Amazonia. So far, the Xingu ironstones have uncertain formation ages and their sedimentary
origin is still poorly understood. In this way, seven samples of ironstones distributed along the lower Xingu River
were collected for optically stimulated luminescence (OSL) dating of their detrital quartz sand grains. Addi-
tionally, the organic content of some samples was dated by radiocarbon (*C) for comparison with quartz OSL
ages. The luminescence ages of the sand-sized quartz grains extracted from the ironstones were obtained from
medium (100-300 grains) and small (10-20 grains) aliquots using the single aliquot regenerative-dose (SAR)
protocol. Equivalent doses (D) distributions have varied overdispersion (OD) both for medium size aliquots (OD
= 19-58 %) and small size aliquots (OD = 29-76 %). No significant trend was observed between D, and aliquot
size. The studied ironstones grow over the riverbed, but stay below or above water throughout the year due to
the seasonal water level variation of the Xingu River. However, the effect of water saturation in dose rates is
reduced due to relatively low porosity of ironstones. Water saturated dose rates (dry sample dose rates) range
from 2.70 + 0.21 (2.79 + 0.22) Gy/ka to 12.34 + 0.97 (13.26 + 1.12) Gy/ka, which are relatively high when
compared to values reported for Brazilian sandy sediments elsewhere (~1 Gy/ka). Samples with high over-
dispersion (>40 %) are mainly attributed to mixing of grains trapped in different time periods by goethite
cementation. The obtained OSL ages for water saturated (dry) samples range from 3.4 + 0.3 (3.3 &+ 0.4) ka to
59.6 + 6.0 (58.1 + 6.4) ka, using D, determined from medium size aliquots and dose response curves fitted by an
exponential plus linear function. Radiocarbon ages of the bulk organic matter extracted from selected ironstone
varied from ca. 4 cal ka BP to ca. 23 cal ka BP. Significant differences were observed between OSL and radio-
carbon ages, suggesting asynchronous trapping of organic matter and detrital quartz within the ironstone matrix.
These late Pleistocene to Holocene ages indicate that ironstones of the Xingu River result from an active surface
geochemical system able to precipitate goethite and cement detrital sediments under transport. The obtained
ages and differences between OSL and radiocarbon ages point out that the ironstones have multiphase and
spatially heterogeneous growth across the Xingu riverbed. Our results also expand the application of lumines-
cence dating to different sedimentary deposits.
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1. Introduction

Weathering products with authigenic iron (Fe) minerals are wide-
spread in soils and sediments of the tropical regions. However, their
occurrence is peculiar in Eastern Amazonia, where fluvial sands and
gravels are cemented by goethite (FeO(OH)) to form rocks (ironstones)
that occur as patches over Precambrian bedrocks of the Xingu River
(Sawakuchi et al., 2015). The ages of the Xingu ironstones are unknown
and their formation process is still poorly understood despite their
relevance as substrate for the aquatic ecosystems (Fitzgerald et al.,
2018). Also, over the past decades, a growing number of studies have
demonstrated the potential use of weathering clays, oxides and hy-
droxides as indicators of climatic changes in continental environments
through mineral or isotopes markers (Giral-Kacmarcik et al., 1998;
Girard et al., 2000, 2002). It has been reported that the original oxygen
isotopic ratio of iron minerals such as goethite and hematite is generally
preserved, thereby providing information about weathering and climate
conditions prevailing at the time of ironstone formation (Gir-
al-Kacmarcik et al., 1998; Girard et al., 2002). Additionally, absolute
dating of ironstones remains an important and challenging task for
constraining the evolution of the continental surfaces as well as to
support their use for paleoclimate or relief reconstructions. Different
dating methods of ironstones were applied in Brazilian settings,
including (U-Th)/He of goethite (Riffel et al., 2016), electron para-
magnetic resonance of matrix kaolinite (Allard et al., 2018) and
cosmogenic nuclides of trapped quartz grains (*°Be) (Pupim et al.,
2015). However, these methods are suitable to obtain ages in the hun-
dred thousand to million years timescale and dating of ironstones is still
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difficult for the thousand years timescale necessary to cover the late
Pleistocene and Holocene age range.

The main objectives of this work are to check the feasibility of
optically stimulated luminescence (OSL) dating method on detrital
quartz grains within ironstones and to shed light on the timing and
processes of ironstones formation over the riverbed of the Xingu River.
We focus on ironstones corresponding to sandstones and conglomerates
cemented by goethite and with minor amount of organic matter and
clay. We investigated the applicability of OSL dating using the single
aliquot regenerative dose (SAR) protocol (Murray and Wintle, 2000,
2003) in quartz sand grains extracted from the ironstones framework.
Additionally, the bulk organic matter from selected ironstone samples
was dated by radiocarbon (1*C) for independent age control. The
optimal luminescence measurements conditions for obtaining equiva-
lent dose values of the samples were then examined, with quartz OSL
ages being compared to radiocarbon ages from bulk organic matter. The
geochronological dataset obtained in this study is crucial to the dis-
cussion about the origin of the Xingu ironstones.

2. Study area

The Xingu River is the fifth largest tributary of the Amazon River,
with a drainage area of 504,300 km? (Filizola, 1999) in Eastern Ama-
zonia (Fig. 1a and b). It is a clearwater river with a bedload dominated
by fine to coarse sand, low concentration of suspended sediments (<100
mg/1) and water pH 5 to 6 (Sioli, 1984). The rainfall is controlled by the
strength of the South American Monsoon System and by shifts of the
Intertropical Convergence Zone (Marengo, 2004), which promote a

Fig. 1. Location of the Xingu River basin in Eastern
Amazonia (a and b). Simplified geological map (c)
and location of sampling sites (yellow dots in black
rectangles and in d, e and f panels) in the lower Iriri
and Xingu Rivers. Lithological units of the geological
map (c): (A) Archean gneisses, granodiorites and
granitoids (Xingu Complex) and metavolcanic and
metasedimentary rocks; (PP) Paleoproterozoic gran-
ites, granodiorites and charnockites; (Ou) Ordovi-
cian-Devonian organic-rich shales and sandstones
(Trombetas Group); (Dml-Dm2-Du) Middle-Late
Devonian shales, siltstones and sandstones (Urupadi
and Curuad Groups); (J) Early Triassic diabase sills
(Penatecaua magmatism); (K) Cretaceous sandstones
and conglomerates (Alter do Chao Formation); (EN)
Eocene-Neogene undifferentiated sediments and
lateritic soil crusts; (Q) Quaternary undifferentiated
sediments. Lithological mapping units according to
Bahia et al. (2004). Background images in d, e and f
are from Landsat GeoCover 1990) (https://eart
hexplorer.usgs.gov/). (For interpretation of the ref-
erences to colour in this figure legend, the reader is
referred to the Web version of this article.)
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marked seasonality in the river water discharge. The mean annual water
discharge is 9700 m3/s (Filizola, 1999), but it ranges from 1000 m3/s
(September-October) during the dry season to 19,000 m3/s (March-
—April) in the wet season (Bertassoli et al., 2019). The Xingu River shows
high diversity in channel morphology, with a meandering channel at its
upper catchment, a bedrock channel with multiple flow paths in the
middle course, and a fluvial ria in its downstream section (Sawakuchi
et al., 2015; Bertassoli Jr et al., 2019).

After the confluence with the Iriri River, the Xingu flows to northeast
over Precambrian metamorphic and igneous rocks of the Brazilian shield
until reaching the border of the Paleozoic-Mesozoic Amazonas sedi-
mentary basin, where it bends to southeast and to northeast again to
follow the way until the Amazon River (Fig. 1c). This sector of the Xingu
River is called “Volta Grande do Xingu”, which has great relevance for
Amazonian ecosystems due its high biodiversity and a high degree of
endemism of the ichthyofauna (Nogueira et al., 2010). In the Volta
Grande, the Xingu is a bedrock anastomosing system characterized by a
4-5 km width valley segmented into multiple interconnected crisscross
channels with rapids bounding sediment bars covered by riparian
vegetation and rainforest (Sawakuchi et al., 2015).

The morphology of the Xingu River turns to a straight, narrow and
deep channel from the point that it flows over sedimentary rocks of the
Amazonas basin. This zone represents a knick point that separates the
bedrock-dominated channel from the fluvial ria in its lower course
(Fig. 1c). The Xingu Ria can reach up to 14 km wide and 180 km long,
with estuarine-like hydrodynamics due the strong influence of the
backwater effect of the Amazon River, waves and tides (Meade et al.,
1991). The studied ironstones samples were collected in sites of the Iriri
and Xingu Rivers, mainly in sectors draining the Precambrian meta-
morphic and igneous rocks, but also in sectors over Paleozoic-Mesozoic
sedimentary rocks (Fig. 1c—f).

3. Methods
3.1. Samples collection and description

Seven samples representative of ironstones occurring in the lower
Iriri and Xingu Rivers were collected using hammer and chisel during
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the dry season for luminescence dating. The location of each sample is
shown in Fig. 1. Three samples were also selected for radiocarbon dating
of bulk organic matter. The samples were retrieved from sites lying over
granitoids and sedimentary rocks that constitute the riverbed of the Iriri
and Xingu Rivers in the study area (Fig. 2). The Xingu ironstones have a
cavernous morphology and are mainly composed of goethite matrix
with detrital quartz sand grains, granules and pebbles (Fig. 3).

The textural and mineralogical characterization of sandy ironstones
was performed using light polarized microscopy (LPM). All analyses
were carried out at the Institute of Geosciences of the University of Sao
Paulo (USP). Thin sections (30 pm thickness) were used for LPM ana-
lyses using a Carl Zeiss Axioplan 2 microscope, with LAS-Leica Appli-
cation Suite software for imaging.

3.2. Luminescence dating

3.2.1. Sample preparation

The preparation of detrital quartz concentrates for luminescence
dating was performed under subdued orange/red light using conven-
tional laboratory procedures (Mejdahl and Christiansen, 1994). The
outer surface of each sample was removed to avoid material possibly
exposed to light. This portion was kept for gamma ray spectrometry to
determine radionuclides concentrations needed for dose rate calcula-
tion. The inner parts of the samples were protected from light to ensure
that the sediments retain their natural luminescence signal. This portion
was carefully crushed and disaggregated to release the sand grains.

Detrital grains in the size range of 180-250 pm were recovered by
wet-sieving. The target fraction was treated with hydrogen peroxide
(H203, 27 %) to remove organic matter and hydrochloric acid (HCl, 10
%) to remove carbonate minerals. Heavy minerals and feldspar grains
were removed by heavy liquid separation with lithium metatungstate
solutions at densities of 2.75 g/ecm® and 2.62 g/cm?, respectively. To
further purify and concentrate the quartz fraction and to remove the
outer a-irradiated layer of quartz grains, the samples were etched in 38
% HF for 40 min. Infrared (IR) stimulation was performed to confirm the
absence of feldspar contamination in the HF-treated quartz fraction.
Samples with remaining feldspar were subjected to repeated cycles of
etching with 5 % HF for 24 h followed by wet sieving (180 pm) until a

Fig. 2. Field view of ironstones in the riverbed of the Xingu River exposed during the dry season. a) Rocky riverbed (migmatites and gneisses). b) Meter-scale patches
of ironstones over the Xingu riverbed. c,d) Thick goethite crust with cavernous morphology.
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negligible IR signal (compared with blue stimulation signal) was
achieved.

3.2.2. Equivalent dose measurement procedures

All luminescence measurements were carried out on an automated
Risg TL/OSL DA-20 reader at the Luminescence and Gamma Spec-
trometry Laboratory (LEGaL) of the Institute of Geosciences, University
of Sdo Paulo. The reader is equipped with *°Sr/°°Y beta source that
delivers a dose rate of 0.119 + 0.001 Gy/s, infrared (870 + 20 nm; 145
mW/cmz) and blue light-emitting diodes (470 + 20 nm; 80 mW/cm2)
operating at 90 % of their powers for stimulation and 7.5 mm Hoya U-
340 filter for light detection in the ultraviolet band (290-340 nm) with a
bialkali PM tube (Thorn EMI 9635QB) (Bgtter-Jensen et al., 2000). The
SAR protocol proposed by Murray and Wintle (2000, 2003), as described
in Table 1, was used to obtain equivalent doses (D) for all samples. The

Table 1

The SAR protocol applied for this study (Murray and Wintle, 2003). Four
regeneration doses (D; to D4) were used to build the dose response curve. A
constant test dose (D,) was used to calculate the corrected OSL signals (Ly/Ty).
Recuperation was calculated through the ratio between Ds (0 Gy) and natural
dose (D,,) signals. Signals from De and D; were used to calculate recycling ratios.
IR stimulation was performed before the measurement of Dy signal to appraise
feldspar contamination.

Step  Treatment

Give dose, Dy (D,, = natural signal; D;<D,<D3<Dy; Ds = 0 Gy; Dg = D7 = D7)
Preheat at 260 °C for 10 s

Blue light stimulation for 40 s at 125 °C (Ly)

Give test dose, D,

Cut-heat at 160 °C for 0 s

Blue light stimulation at 125 °C for 40 s (T,)

Blue light illumination at 280 °C for 40 s

Return to step 1

O NOU A WN =
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Fig. 3. Macroscopic and microscopic views of the
Xingu ironstones. a) Sandstone with goethite cement
(site ALC-05). b) Conglomerate of well-rounded
quartz pebbles cemented by goethite. ¢) Thin sec-
tion view of conglomeratic sandstone (site ALC-15)
with framework composed of monocrystalline
quartz (Q), polycrystalline quartz (P), goethite coated
grains (C) and iron oxide intraclasts (I), and cemented
by goethite. Red arrows point grain types named by
the respective label. (For interpretation of the refer-
ences to colour in this figure legend, the reader is
referred to the Web version of this article.)

SAR sequence consisted of four regeneration doses, a recuperation (zero
dose) point and a recycling point. The regeneration doses were chosen to
bracket the expected D, allowing it to be evaluated by interpolation. For
all aliquots used in luminescence measurements, the purity of the quartz
was checked by an IR depletion ratio (Duller, 2003). Only aliquots with
recycling ratio between 0.90 and 1.10, recuperation less than 5 % (of the
natural signal) and IR depletion ratio within 10 % of unit were consid-
ered for D, estimation. The corrected OSL signal (Ly/Tx) was calculated
using the initial 0.8 s of OSL decay curve minus the background esti-
mated from the last 10 s of light emission. Preheat plateau and dose
recovery tests were carried out to set up the best preheat temperatures to
estimate equivalent doses.

For each sample, 24 to 36 medium quartz aliquots (100-300 grains)
were prepared for measurements. For better interpretation of D distri-
butions, two samples with high overdispersion (OD > 40 %) and one
sample with moderated OD (29 %) were also measured using small al-
iquots (10-20 grains). Dose response curves (DRC) were fitted to the
data with a single saturating exponential equation. However, the dosi-
metric behavior of OSL signals was also investigated by fitting DRCs
using exponential plus linear function. For both cases, the D. was esti-
mated by interpolating the sensitivity-corrected natural OSL signal onto
the dose response curve.

The aliquots with D, greater than two times the value of character-
istic dose (2Dy) of DRCs described by a single exponential function were
also rejected for the analysis (Wintle and Murray, 2006). As fluvial
sediments from different settings of Brazil are relatively well bleached
(Sawakuchi et al., 2016; Pupim et al., 2016), the central age model
(CAM) (Galbraith et al., 1999) was considered appropriate for equiva-
lent dose estimation. Data analysis was carried out using Analyst
(Duller, 2015), Origin and Luminescence R package (Kreutzer et al.,
2012) softwares.



P. Niyonzima et al.

Table 2
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Geographical coordinates and altitude of the sampling sites and densities and maximum water saturation of studied samples.

Field code Lab code Longitude Latitude Altitude (m) Density (g/cmS) Maximum water saturation ( %)
ALC-11-1 L1244 —3°46'56.81" —52°34'19.21" 117 2.62 3.2
ALC-09-2 L1245 —3°50'32.10" —52°43'50.17" 126 2.41 6.4
ALC-15-1 L1246 —3°15'03.52" —52°11'37.28" 86 2.35 3.4
ALC-05-04 L1247 —2°53'19.12" —51°56'25.36" 2 2.50 3.4
ALC-10-1A L1264 —3°55'00.21" —52°35'23.67" 126 2.24 3.0
ALC-15-1A L1265 —3°15'03.52" —52°11'37.28" 86 2.87 3.0
ALC-14 L1266 —3°20'29.03" —52°11'20.24" 92 2.87 1.5

3.2.3. Determination of radionuclides concentrations and dose rate
calculation

The concentrations of uranium (238U), thorium (**2Th) and potas-
sium (*°K) were determined using high-resolution gamma spectrometry
through a high-purity germanium (HPGe) detector with a 55 % relative
efficiency and 2.1 keV energy resolution, encased in an ultralow back-
ground shield (Canberra industries). The outer surface of each sample
was milled and 278-445 g of dry samples were packed in plastic con-
tainers and sealed. Gamma ray spectrometry was performed after sam-
ple storage for at least 28 days for radon to reach equilibrium with its
parent radionuclides. The beta and gamma dose rates were calculated
using the concentrations of 228U, 232Th and *°K and conversion factors
from Guérin et al. (2011). The cosmic-ray dose rates were calculated
according to Prescott and Hutton (1994), taking into consideration the
altitude and geomagnetic latitude of the sampling site and density
(Table 2) of the overlying ironstones. Average depth of 0.10 + 0.05 m
was used to calculate the cosmic dose rate for all samples, since they
were retrieved from surface ironstones layers. The samples were dry
rocks when collected, but they experience an underwater period during
the wet season. Hence, the dose rates were calculated taking minimum
(dry sample) and maximum water saturation (water weight and dry
sample weight). Maximum water saturation values (Table 2) were ob-
tained by keeping samples underwater in the laboratory.

3.3. Radiocarbon dating

Four samples had a significant amount of organic matter, as indi-
cated by reaction to hydrogen peroxide (H3O2, 27 %), and therefore
were selected for radiocarbon dating. Fresh subsamples from the core of
the selected specimens were pulverized, pretreated with HCl to ensure
the absence of carbonates, and dated by Accelerator Mass Spectrometry
(AMS) at Beta Analytic Laboratory, Miami, Florida, USA. Radiocarbon
(**C) ages of the bulk organic fraction were calibrated using Calib 7.1
(Stuiver et al., 2019) and the SHCal20 database (Hogg et al., 2020).
Stable carbon isotopic signatures (5'3C) of the organic fraction were
measured at the same laboratory using an Isotope Ratio Mass Spec-
trometer (IRMS).

4. Results
4.1. Ironstones characteristics

All studied ironstone types (sandstones, conglomeratic sandstones
and conglomerates) form tabular beds irregularly covering the riverbed
of the Iriri and Xingu Rivers. The sandstones have a framework (80-85
% of the rock) mainly composed of quartz sand grains cemented by
goethite (15-20 %). The sand grains consist of monocrystalline quartz
(15-35 %), polycrystalline quartz (20-30 %), lithic fragments of schist
(5-10 %), ferruginous-coated grains (15-20 %) and iron oxide grains
interpreted as intraclasts of ironstones matrix (1-2 %) (Fig. 3a,c). Con-
glomerates have a framework of rounded quartz pebbles and a sandy
matrix cemented by goethite (Fig. 3b).

4.2. OSL and radiocarbon ages

Quartz from the ironstones of the Xingu River has high luminescence
sensitivity, with OSL decay curve dominated by the fast component. The
dose response curves follow a single saturating exponential function,
with average 2Dy value up to 284.4 + 83.4 Gy (sample L1247). Fig. 4
shows examples of natural OSL decay curves and dose response curves of
different aliquots from samples L1244 and L1247.

A preheat temperature test was carried out to ensure the selection of
the most suitable thermal treatment to run the SAR protocol for D,
estimation. Three samples (L1244, L1245 and L1247) were used for this
experiment. Three aliquots for each sample were initially bleached for
100 s at 25 °C using blue LEDs at 90 % power to remove the natural
signal. The bleached aliquots were then irradiated with a beta dose of 50
Gy and sensitivity-corrected OSL signals were measured at various
preheat temperatures ranging from 180 °C to 300 °C (20 °C intervals)
with cut-heat at 160 °C. The sensitivity-corrected OSL signal for the
given dose of 50 Gy was plotted in function of different preheat tem-
peratures (Fig. 5), indicating that corrected OSL signals for our samples
did not change significantly for preheat temperatures ranging from
200 °C to 260 °C.

We performed dose recovery tests on quartz aliquots of samples
L1244, 11245 and L1266 using given beta doses of 15, 50, 100 and 200
Gy. This dose range was selected from a preliminary set of D. mea-
surements made on each of the studied samples. Aliquots were firstly
bleached using a blue LED stimulation at room temperature (~25 °C) for
300 s before irradiation. Afterwards, dose recovery tests for a given dose
of 50 Gy were carried out on aliquots of samples L1245 and L1245 using
the protocol described in Table 2, with the preheat temperatures be-
tween 180 °C and 280 °C. Calculated-to-given ratios were between 0.83
+ 0.02 and 1.05 + 0.07 (Fig. 6).

The preheat temperature of 260 °C represents the best performance
on dose recovery tests performed for a given dose of 50 Gy, considering
not only the calculated-to-given dose ratios of 0.92 + 0.02 (L1245) and
1.05 £+ 0.07 (L1266), but also the recycling ratios closer to unity and
lower recuperation values. Thus, additional dose recovery tests were
carried out on sample L1244 using given doses of 15, 50, 100 and 200 Gy
and preheat temperature of 260 °C (Fig. 7). For this purpose, sixteen
aliquots of sample L1244 were firstly bleached using a solar simulator
for 24 h and four aliquots were used for each given dose. In this test,
doses were estimated through fitting the DRCs by both saturating single
exponential and exponential plus linear functions. Similar equivalent
doses were obtained from DRCs described by single saturating expo-
nential and exponential plus linear functions (Fig. 7). The calculated-to-
given dose ratios obtained using a single saturating exponential DRC
were 0.98 + 0.07, 0.91 + 0.05, 0.89 + 0.08 and 0.85 =+ 0.18 for given
doses of 15, 50, 100 and 200 Gy, respectively. We observed increasing
D, underestimation for given doses of 100 and 200 Gy using both fitting
functions. For doses up to 50 Gy, calculated-to-given dose ratios are
within 10 % of unity. These dose recovery experiments supported the
choice of 260 °C preheat temperature to estimate D, in the studied
ironstone samples.
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Fig. 4. Representative natural OSL decay curves and corresponding sensitivity-corrected dose response curves (insets) for aliquots of samples L1244 (a, b and c) and
L1247 (d, e and f). Interpolated values in dose response curves correspond to natural signals and equivalent doses.
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represents the average of three aliquots with its respective standard deviation as
error bars.

4.3. Dose rates, equivalent doses and ages

The ironstone samples have densities from 2.41 to 2.87 g/cm® and
maximum water saturation up to 6.4 % (Table 2). Cosmic dose rates are
relatively uniform, with values of 0.23 and 0.24 Gy/ka (Table 3). The
Xingu ironstones have large variation in radionuclides concentrations,
with 228U and 232Th concentrations respectively reaching up to 19 and
122 ppm (Table 3). The high 233U and 232Th concentrations give rela-
tively high dose rates up to ~13 Gy/ka (Table 4). Since the exact time
that the samples spend under water is unknown, a range of total dose
rates were calculated assuming water saturated samples and dry sam-
ples. Thus, water saturated and dry dose rates (Table 3) of each sample
were used in the age calculation.

The D, values determined using the CAM for medium aliquots are
relatively higher than values from small aliquots, but there is no clear
relationship between aliquot size and overdispersion (OD) of equivalent
dose distributions (Table 4). Abanico plots for both medium and small
size aliquots for samples L1246, L1247 and L1266 are presented on
Fig. 8. Abanico plots for other samples (L1244, L1245, L1264 and
L1265) are also presented on Fig. 9. The medium size aliquots gave D,
values ranging from 13.6 + 0.9 Gy to 230.5 + 13.1 Gy when the DRCs
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are fitted by single saturating exponential function, with OD values
ranging from 19 % to 58 %. However, in the dose range beyond 100 Gy,
DRGCs are better fitted by exponential plus linear function, which gave D,
values higher than the values, obtained using the single saturating
exponential function (Table 5). Ages calculated from water saturated
dose rates and exponential plus linear function D, vary between 3.4 +
0.3 and 59.9 + 6.0 ka. Ages calculated using dry or water saturated dose
rates overlap by their errors. Table 5 presents a summary of D, dose
rates and calculated ages.

Calibrated radiocarbon ages of organic matter extracted from sam-
ples L1244, L1264, L1245 and L1265 range between ca. 4.5 and 23 cal
ka BP. OSL ages were older or younger than radiocarbon ages obtained
in the corresponding samples. Calibrated ages and conventional radio-
carbon ages, 8'°C values of organic matter and OSL ages are presented in
Table 6.

5. Discussion
5.1. OSL ages uncertainties

5.1.1. Sources of overdispersion in the equivalent dose distributions

The D, distributions for medium and small size aliquots of the
analyzed samples clearly show a varied scatter, with OD values between
19 and 76 %. For D distributions obtained using medium size aliquots,
sample L1265 has low OD of 19 %, pointing to a single population of
grains with doses centered on the weighted mean D, value. Another
sample (L1266) has D, distributions with high OD up to 67 %. However,
most of our samples have D, with OD values in the range of 29-35 %,
consistent with the commonly reported range for heterogeneous, but
relatively well-bleached sediments, i.e, majority of grains was fully
bleached and not affected by post-depositional mixing (Arnold et al.,
2007; Arnold and Roberts, 2009).

For medium aliquots (100-300 grains), at least part of resulting OSL
signals will be affected by averaging effects (Arnold and Roberts, 2009).
Thus, measurements using small aliquots were performed in order to
minimize averaging effects, highlighting D, variations among grains of
the same sample. In the studied samples, small aliquots (10-20 grains)
show D, distributions with lower or higher OD (up to 76 %), but pre-
senting systematically lower D, values when compared to medium ali-
quots (Table 4). This suggests that the contribution of grains with higher
D, increases from small to medium aliquots. The variation in D, due to
aliquot size as well as the high OD of some samples point out to signif-
icant D, variability among quartz grains hosted in ironstones.

The most likely interpretation of high OD in D, distributions from
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Fig. 6. Calculated-to-given dose ratios obtained through dose recovery tests using samples L1245 and L1266. Three aliquots were measured for each data point using
a given dose of 50 Gy. The equivalent doses were calculated using the Central Age Model (CAM) and 1 ¢ was used as error bar.
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evaluation of given and recovered doses.

fluvial sediments is that grains were incompletely and heterogeneously
bleached prior to deposition (Wallinga, 2002; Rodnight et al., 2005).
This interpretation is not supported for the studied river by the fact that
quartz grains from fluvial sediments of the Xingu River (Pupim et al.,
2016) and of other cratonic rivers in Brazil are well bleached (Sawa-
kuchi et al., 2016). Post-depositional sediment mixing due to the
movement of grains by natural processes such as bioturbation and
pedogenesis is another potential source of variability in D, distributions
(David et al., 2007; Jacobs and Roberts, 2007). However, the high de-
gree of cementation of the studied samples makes post-depositional
grain mixing negligible. The scatter in D, distributions can also be
attributed to intrinsic differences in the luminescence sensitivity of
different measured aliquots (Tsakalos et al., 2018), but this effect should
be minimal in the studied samples due to the high sensitivity of their
quartz grains. Heterogeneities in density of sedimentary matrix (Nathan
et al., 2003) and small-scale variations in the beta radiation dose rate to
which the samples have been exposed during burial (Jacobs and Rob-
erts, 2007) are also potential factors contributing to overdispersion in D
distributions from quartz sand grains. Dose rate heterogeneities would
be more important in conglomeratic ironstones, where quartz pebbles
can promote zones of low dose rate compared to the goethite matrix,
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which concentrates 238U and 2*2Th. Thus, quartz sand grains laying
nearby quartz pebbles would be submitted to lower dose rate field
compared to quartz grains immersed in the goethite matrix. The break
up of granules or pebbles during sample preparation could also
contribute for D, variation within sample. In this case, fragments
derived from the inner portion of granules or pebbles should have
saturated OSL signals, contributing to a high dose tail of the D distri-
butions. However, this possibility is reduced as saturated aliquots were
not observed in the younger samples.

The studied ironstones would be formed by successive phases of
goethite precipitation and trapping of quartz grains through a timespan.
This could explain the significant variation of D, from aliquots of the
same sample as well as the differences between ages of detrital organic
matter and quartz grains. Thus, mixing of grains trapped during
different time periods could be a major source of dispersion in D, dis-
tributions from the studied ironstones. In this case, D. determined using
multigrain aliquots and CAM would represent the average population of
grains trapped in the sampled ironstone layer. In the studied samples,
the use of a relatively thin ironstone layer (~10 cm thickness) for
extraction of quartz grains should minimize this effect. However, we
recommend further studies using a single grain dating approach com-
bined with petrographic methods to discriminate specific goethite
cementation and grain trapping phases.

5.1.2. OSL signal saturation

The upper limit of the OSL dating on quartz is defined by signal
saturation, and by assuming first order kinetics whereby a single elec-
tron trap/recombination center is involved in OSL signal used for dating.
In this case, a single saturating exponential function would be expected
to fit an OSL dose response curve and the recommended upper dose limit
is defined by two times the characteristic dose (2Dg) (Wintle and Mur-
ray, 2006). The average 2Dy of the studied quartz is 284.4 + 83.9 Gy,
which is relatively high, but within the range of values reported in the
literature (Mineli et al., 2021). Additional linear function is predicted for
doses greater than 125 Gy (Wintle and Murray, 2006), however

Table 4

Equivalent doses (D) and overdispersion (OD) values calculated using the
Central Age Model (CAM) for medium and small size aliquots from selected
samples. Dose response curves were fitted by a single saturating exponential
function. Field codes are presented in Table 2.

Lab code Medium aliquots Small aliquots

De (Gy) OD (%) De (Gy) OD (%)
L1246 18.3 £ 2.3 58 13.0 £ 1.3 34
11247 230.5 £ 13.1 29 201.3 + 359 49
L1266 150.3 + 13.2 49 73.3 +16.2 76

Table 3
Summary of radionuclides concentrations, dry and water saturated (WS) gamma and beta dose rates and cosmic dose rates (DR) for the studied samples. Field codes are
in Table 2.
Lab 280 (ppm)  Z2Th (ppm) K (%) 22Th/2%y  Dry gamma DR WS gamma DR Dry beta DR WSbetaDR(Gy/  Cosmic DR (Gy/
code (Gy/ka) (Gy/ka) (Gy/ka) ka) ka)
L1244 9.12 + 19.98 + 0.38 £ 2.2 2.07 £ 0.05 1.99 + 0.23 1.93 + 0.06 1.85 £ 0.23 0.23 £ 0.02
0.41 0.63 0.02
L1245 15.89 + 12217 + 0.54 + 7.7 7.76 £ 0.17 7.23 £0.78 5.27 £ 0.12 4.88 £ 0.58 0.23 £ 0.02
0.55 3.37 0.02
L1246 6.52 + 29.35 + 0.42 + 4.5 2.24 + 0.05 2.16 £ 0.24 1.84 + 0.04 1.77 £ 0.22 0.23 + 0.02
0.23 0.86 0.01
L1247 19.88 + 0.29 £ 0.09 0.01 + 0.01 2.24 £ 0.08 2.15 £ 0.25 2.57 £ 0.93 2.47 £0.31 0.23 £ 0.02
0.68 0.01
L1264 4.70 + 12.13 + 1.13 + 2.6 1.39 + 0.03 1.34 £ 0.15 1.76 + 0.05 1.70 £ 0.21 0.24 + 0.02
0.18 0.40 0.05
L1265 4.92 + 16.85 + 0.17 £ 3.4 1.40 + 0.03 1.35+ 0.15 1.15 + 0.03 1.11 £ 0.14 0.23 £ 0.02
0.18 0.53 0.01
L1266 712 + 55.35 + 0.23 + 7.8 3.50 £ 0.08 3.44 £ 0.39 2.37 £ 0.05 2.32 £0.29 0.23 £ 0.02
0.25 1.56 0.01
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P. Niyonzima et al.

Sample L1244 | CAM: 13.6£0.9 Gy

n=24/24|10D= 321%

=
: ' -~
7] O b, _
g 12 3 e 00." " 15 6
o [ b4 F 10 =
35 o
@
2 .
@
& Fs
Relative standard error (%)
10 5 33 25
| | | | |
[ I I I (A |
0 10 20 30 40 0 0.378
Precision Density (bw 0.1)
Sample L1264 | CAM: 43.2%3.3 Gy
n=22/24|0D= 354%
©
T
E
w
o =
3 3
] @
5 a
o
2
o
[}

300
Density (bw 0.1)

0.36

Precision

Quaternary Geochronology 67 (2022) 101241

Sample L1245 | CAM: 130.3%9.4 Gy

n=33/33|0D= 375%

@ 350
T 300
£ 250
3 E 200 =
b F = <)
o )
5 o
@ I 100
o
c
@
7]
Relative standard error (%)
20 10 6.7 5 4
| | | ]
f [ [ | [ T 1
0 5 10 15 20 250 0.176
Precision Density (bw 0.1)
Sample L1265 | CAM: 90.5%4 Gy
n=20/21]0D= 186%
o
®
£
h7] *
8 . * =
T 29 eyt Q
- - i 5 1 o
T -2 . » . a
© +
o
5 .
[}
Relative standard error (%)
10 5 33
| | ||
[ | | A 1
0 10 20 30 0 0.176
Precision Density (bw 0.1)
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Table 5

Equivalent doses (D.) and ages calculated using the Central Age Model (CAM) for medium size aliquots by fitting the DRCs with both single saturating exponential
(Exp) and exponential plus linear functions (Exp + lin). OSL ages were calculated using maximum water saturation (WS) and dry sample (DS) dose rates (DR). Field

codes are presented in Table 2.

Lab ExpD.(Gy) Exp + lin D, Total WSDR (Gy/  Total DSDR (Gy/ WS Exp OSL age DS Exp OSL age WS Exp + lin OSL age DS Exp + lin OSL age
code (Gy) ka) ka) (ka) (ka) (ka) (ka)
L1244 13.6 + 0.9 14.0 + 0.9 4.08 +0.32 4.22 £0.35 3.4+0.3 3.2+0.3 3.4+0.4 33+04
L1245 139.3+9.4 163.8 +17.4 12.34 £ 0.97 13.26 + 1.12 11.3+1.2 10.5 + 1.2 13.3+1.8 12.4 +1.7
L1246 18.3 + 2.3 18.4 + 2.5 4.17 £ 0.33 4.31 £ 0.36 4.4 +0.7 43+0.7 4.4+ 0.4 4.3+0.7
L1247 230.5 + 290.8 + 16.6 4.85 + 0.40 5.03 + 0.43 47.6 + 4.8 45.8 + 4.7 59.9 + 6.0 58.1 + 6.4
13.1
L1264 43.2+3.3 46.3 +£ 3.9 3.27 £ 0.26 3.38 £0.28 13.2+1.5 128 + 1.4 142+ 1.6 13.9+1.8
L1265 90.5 + 4 88.8 + 4.6 2.70 +0.21 2.79 £ 0.22 33.6 +3.0 325+ 29 33.0+£3.1 323 +39
L1266 150.3 + 164.5 + 16.4 6.00 + 0.50 6.09 + 0.51 251 +3.1 24.7 +£ 3.0 27.5+3.5 27.1+ 3.6
13.2

processes that influence the dosimetric characteristics of OSL are still
unknown for this high dose linear component (Timar-Gabor et al.,
2012). In our study, DRCs for samples with high D, (>100 Gy) are best
fitted by exponential plus linear function. Nevertheless, both single
saturating exponential and exponential plus linear functions show dose
underestimation as demonstrated by dose recovery tests (Fig. 7). Thus,
age underestimation should be considered for samples L1245, L1247
and L1266, which presented D, beyond 100 Gy (Table 5). In this way,
the ages reported for these samples should be considered as minimal.

5.1.3. Dose rate considerations

The Xingu ironstones have relatively high radionuclides concentra-
tions and most samples have dose rates higher than 4 Gy/ka, with a dry
sample reaching a dose rate of 13 Gy/ka (Table 5). The overall dose rates
are high compared to the doses rates commonly found in Brazilian
sediments, which are mostly in the range of 0.4-3.1 Gy/ka (Pupim et al.,
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2016, 2019; Guedes et al., 2013; Sawakuchi et al. 2008, 2016; Soares
et al., 2010; Ribeiro et al., 2015). Hence, the relatively high dose rate
implies upper age limit of approximately ~71 ka for quartz OSL dating,
considering maximum dose of around 284 Gy (2D) and dose rate of 4
Gy/ka. Despite the fact that the high dose rate results in faster OSL signal
saturation of quartz grains within the ironstones, it allows the dating of
young sediments, possibly in a few years age range (<25 years),
assuming the estimation of D, lower than 0.1 Gy and dose rate of 4
Gy/ka.

The unusual dose rates of the Xingu ironstones are related to the high
concentrations of 222U and 232Th. The Xingu watershed has headwaters
draining sandstones of the Parecis sedimentary basin, but most of the
watershed drains granitoid rocks of the Brazilian shield, which host
minerals rich both in 238U and 232Th. Typical 2**Th/2*8U ratios in most
upper crustal rocks are between 3.5 and 4.0, and in sedimentary rocks,
232Th /238U values greater than 4.0 may indicate intense weathering in
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Table 6

Conventional and calibrated ages and 8'>C of bulk organic matter from selected
samples. Ages were calibrated with Calib 7.1 using the SHCall3 calibration
curve (Stuiver et al., 2019; Hogg et al., 2020). OSL ages from water saturated
(WS) dose rates and exponential (Exp) or exponential plus linear (Exp + lin) dose
response curves are showed for comparison. Field codes are presented in Table 2.

Lab Lab ID Conventional IRMS Calibrated WS WS
code age (ka BP) 53¢ age (cal ka Exp Exp
(%o0) BP, 20) OSL + lin
age OSL
(ka) age
(ka)
L1244 Beta- 20.68 +- 0.07 —-24.1 23.17-22.68 3.4+ 3.4+
533270 0.3 0.4
L1245 Beta- 14.22 £+ 0.05 —-25.9 15.44-15.13 11.3 13.3
537938 +1.2 +1.8
11264 Beta- 16.10 £+ 0.05 —23.6 17.59-17.26 12.8 14.2
537939 +1.4 +1.6
L1265 Beta- 5.59 £ 0.03 —-23.7 4.49-4.34 32.5 33.0
537940 + 2.9 + 3.1

source areas or sedimentary recycling i.e., derivation from old sedi-
mentary rocks (Asiedu et al., 2000). In most cases, elevation in the
232Th /238y ratio is associated to the loss of 238U due to weathering
(Asiedu et al., 2000; Pupim et al., 2016). The studied ironstones are
composed mainly of quartz sand grains, granules or pebbles immersed in
a goethite matrix. In this case, goethite should be the main host of 238U
and Z*2Th. The studied ironstones have 2>2Th/?*®U ratios with moderate
values around 2.2-3.4 to relatively high 2*2Th/2%8U ratios in the range
of 4.5-7.8 (Table 3). The source rocks of sediments supplied to the Xingu
River are under heavy and long chemical weathering due low denuda-
tion rates in the drainage basin (Wittmann et al., 2010). This could
contribute to surface waters and/or fine-grained suspended sediments
rich in 28U and 232Th, which are further concentrated by authigenic
goethite precipitation as cement of the Xingu River sediments. The
variation of 222Th/228U ratios also suggests that goethite from ironstones
of the Xingu River is precipitated from waters draining source areas with
different weathering degree or source rock composition. However,
detailed mineral chemistry studies are needed to understand the rela-
tively high concentration of 238y and 2%2Th in the ironstones and their
controlling variables.

The studied ironstones are formed underwater during fluvial sedi-
ment deposition followed by goethite precipitation, but experiences
seasonal dry phases or long term dry periods due to shifts in the
riverbed. Hence, variations in water saturation through play a role for
dose rate assessment and should be considered in age uncertainties. The
studied samples were water saturated in the laboratory to appraise the
maximum range of variation in dose rate. In this way, dose rates were
estimated from water saturated and dry samples, showing similar results
(Table 5) because of the intense cementation and low porosity of iron-
stones. Thus, water variation during wet and dry seasons has minor ef-
fect on our dating results, assuming that goethite cements are stable
after precipitation. However, detailed petrological studies are still
needed to evaluate phases of pore filling or generation respectively due
to crystallization or dissolution of cements.

5.2. Ironstones ages and formation processes

In this section, we consider a range of OSL ages based on CAM D,
from the medium size aliquots, exponential plus linear dose response
function and dose rates from both dry and water saturated samples. In
this way, the OSL ages of the studied ironstones ranged from ~60 ka to 3
ka (Table 5). The radiocarbon ages fall in the interval of 17.63-4.46 cal
ka BP (Table 6). OSL and radiocarbon ages would indicate the trapping
time of detrital quartz and organic matter into the goethite matrix of the
ironstones, respectively. Thus, both methods would indicate ironstone
formation ages through cementation of terrigenous sediments deposited
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in the Xingu riverbed. Considering individual samples, we observed a
significant age offset between the OSL and radiocarbon ages, which
highlight the asynchronous trapping of terrigenous sediments during
ironstone formation. As there is no discernible pattern for the offsets,
and radiocarbon ages are not systematically younger or older than the
OSL ages, it is difficult to hypothesize a specific single cause for the
observed difference. Effects related to the OSL ages, pre-aging of organic
matter and permeation of young organic carbon into the rock pores
could all contribute to this offset. As discussed, processes affecting OSL
ages can be related to incomplete bleaching, mixing of grains continu-
ously trapped through time or dose rate microheterogeneities. However,
the relatively low overdispersion (<30 %) observed in D, distributions
of some samples would exclude the contribution of both incomplete
bleaching, mixing of grains and dose rate microheterogeneities effects.
In this case, the high overdispersion of some samples could be attributed
to multiple episodes of sediment trapping, thus, suggesting that iron-
stones growth is a multiphase process. However, a single grain approach
coupled with detailed microscopic characterization is recommended to
appraise if overdispersion in D, distributions is related with populations
of quartz grains trapped during different phases of ironstones growth.

The organic fraction of the studied ironstones is enriched in '3C
(613C = —25.9 to —23.6, Table 6) in comparison to organic matter from
riverbed sediments (613C = —31.04 to —27.49%o) of the lowermost part
of the Xingu River (Bertassoli et al., 2017). This could be caused by
post-depositional effects (e.g. degradation) and by significantly higher
percentages of autochthonous material (e.g., microbial) or C4 plants in
the bulk organic matter trapped during the formation of the ironstones.
Thus, the organic matter within the ironstones differs from the organic
matter of detrital sediments under transport in the Xingu River. The
uptake of autochthonous (aquatic) organic matter by ironstones could
be favored by the widespread growth of benthic algae over the rocky
substrates of the Xingu riverbed (Zualaga-Gomez et al., 2016).

Despite the discussed age uncertainties, the OSL and radiocarbon
ages greatly improve our knowledge about the growth timespan of the
Xingu ironstones. According to the obtained OSL and radiocarbon ages,
the ironstones of the Xingu River are younger than goethite crusts found
in upland terrains from Amazonia (e.g., Allard et al., 2018) or in other
regions in Brazil (Riffel et al., 2016), which should have an origin related
to tropical soil development. The studied ironstones are restricted to the
Xingu River channel, in areas permanently or seasonally inundated and
with lotic water conditions. This environment somehow promotes con-
ditions suitable for authigenic goethite crystallization and cementation
of terrigenous sediments transported by the Xingu River. The OSL ages
suggest that this system has been functioning for a thousand years, at
least since the late Pleistocene, creating specific habitats for the aquatic
biota adapted to turbulent flows in clear water Amazonian rivers
(Zuluaga-Gomez et al., 2016). However, we highlight that the presented
OSL and radiocarbon ages should represent minimum ages for the Xingu
ironstone system because our sampling was restricted to the uppermost
layer of ironstones lying over the riverbed as well as because of the low
preservation potential of ironstones in the long term due the high
erosion capacity of the Xingu rapids. The climate and geochemical
controls on this system is still unknown, but the OSL ages give the first
timescale to shed light on formation processes of the Xingu ironstones.

6. Conclusions

This is the first application of quartz OSL dating to Quaternary
ironstones. However, the high dose rates observed in the studied
goethite-cemented ironstones limit the quartz OSL dating to around 71
ka. For some studied samples, D, distributions with low OD suggest
grains that quartz grains are well bleached prior to deposition while
samples with D, distributions showing high OD are attributed to the
presence of quartz grains populations trapped through time.

The 232Th/2%8U ratio values indicate that most of the studied iron-
stones comprise sediments sourced from rocks under intense weathering
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conditions. The OSL ages are between ~60 ka and 3 ka, indicating a Late
Pleistocene and Holocene system responsible for ironstone formation in
the Xingu River. The OSL ages improve the understanding of the genesis
of ironstones, suggesting they are related with the Quaternary hydrology
of the Xingu River. Future luminescence dating studies are recom-
mended to extend the age limit and establish a regional chronological
framework of the Xingu River ironstones in order to achieve a better
understanding of their geochemical and/or hydrological controls.
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