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Abstract Marine sediment cores offer a great number of proxies for reconstructions of past
environmental conditions, such as ocean temperature, salinity, primary productivity, stratification of the
upper water column, and continental precipitation. Up to date, continental precipitation archived in marine
sediment cores is reconstructed based mainly on the hydrogen isotopic composition of plant‐wax
compounds (i.e., n‐alkane δD) or on the ratio between terrigenous and marine sediments expressed as
elemental ratios (e.g., ln (Fe/Ca)). Although these proxies provide reliable precipitation reconstructions,
there are some inherent limitations, as plant‐wax δD application depends on the availability of n‐alkanes in
marine sediments and elemental ratios can be influenced by other factors like the relative sea‐level, primary
productivity, and postdepositional processes. Here we introduce new precipitation proxies based on optically
stimulated luminescence and thermoluminescence signals of quartz and feldspar. The rationale is that when
precipitation changes over the catchment through time, different sediment sources regarding weathering
intensity and parent rock types are drained, supplying sediments with varying signals of luminescence to the
ocean. We compared our new proxy records with records of well‐established proxies, for the same (ln (Fe/
Ca)) and neighboring (n‐alkane δD) marine sediment cores. The comparison among all proxies as well as
with a state‐of‐art transient climate model run (TraCE‐21ka) demonstrates that the new proxies accurately
constrain precipitation changes over northeastern Brazil for the last 30,000 years. The main advantage of
these new proxies relies on their fast response to precipitation changes over the continent. Furthermore, they
are straightforward to measure and not expensive.

Plain Language Summary Deepwater marine sediments are constituted mostly from geological
and biological fine materials that can be deposited without disturbance forming excellent archives of
changes in environmental conditions. In this study, we analyzed a marine sediment core collected offshore
Brazil's northeastern coast. In this marine sediment core, we can find clay minerals, quartz, and feldspar
from the continent, mainly transported by the Parnaíba River—the most important river in the region. Any
substantial change experienced by the river is potentially registered in the marine sediments. Here we
propose a new way to reconstruct past changes in continental precipitation over northeastern Brazil. This
new method is based in the luminescence of quartz and feldspar grains. These properties depend mostly on
the geology of source areas where the grains came from and how long they have been submitted to surface
processes. The comparison of our newmethod with well‐established ones and with a state‐of‐the‐art climate
model output demonstrates that it can accurately constrain precipitation changes over northeastern Brazil
for the last 30,000 years. When compared with previous methods, our new method shows significant
improvements because it is less sensitive to variations in sea level, it is faster to obtain, and it is cost effective.

1. Introduction

Constraining basin‐wide changes in continental precipitation (fluvial discharge) is of crucial importance to
understand the response of rivers and forests to climatic changes. Reconstructions of changes in continental
precipitation can be performed, for instance, through the hydrogen isotopic composition of plant‐wax
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compounds (n‐alkane δD; e.g., Schefuß et al., 2005) and bulk sediment
elemental ratios like ln (Fe/Ca; e.g., Arz et al., 1998). However, the appli-
cation of plant‐wax δD depends on the availability of n‐alkanes in marine
sediments (e.g., Häggi et al., 2016; Sauer et al., 2001) and elemental ratios
can be influenced by other factors like sediment grain size, relative sea‐
level, primary productivity, and post‐depositional processes (e.g., Clift
et al., 2014; Govin et al., 2012). Therefore, new proxies based on major
components of terrigenous sediments, like quartz and feldspar, would
be valuable to improve paleoclimate reconstructions. Together with the
preexistent and well‐established ones, these new proxies could help to
add additional information on continental erosional process and river flux
to the ocean through time.

Here we introduce a new precipitation proxy based on luminescence
signals of quartz and feldspar grains. Our precipitation proxy is based
on the optically stimulated luminescence (OSL) and thermolumines-
cence (TL) sensitivities (emission intensity per unit mass per unit
radiation dose) of quartz and feldspar grains deposited in marine set-
tings. Particularly, OSL and TL sensitivities of quartz allow to track
continental sediment sources (e.g., Zular et al., 2015) and are based
on an abundant and resistant mineral, even under tropical weathering
conditions. Pioneering studies about the luminescence of quartz
(Huntley et al., 1985) and feldspar (Godfrey‐Smith et al., 1988) sup-
ported the development of a well‐established dating method to deter-
mine sediment burial ages for Quaternary sedimentary sequences
(Buylaert et al., 2012; Murray & Wintle, 1998). In the recent years,
the OSL and TL of quartz and feldspar provided the basis for new
methods to study Earth surface processes, including surface exposure
dating (Sohbati et al., 2012), estimation of Quaternary uplift rates in
mountain building zones (King et al., 2016), and sediment provenance

(Nian et al., 2019; Sawakuchi et al., 2012; Sawakuchi et al., 2018; Zular et al., 2015). Here we applied
OSL and TL signals related to quartz and feldspar from marine sediment core GeoB16206‐1 collected
off northeastern South America (Figure 1) as proxies to track changes in precipitation. OSL and TL sen-
sitivities were also measured in continental sediment samples to monitor the signatures of different
areas sourcing sediments to our core site (Figure 1). The rationale is that changes in precipitation over
the hydrologic basin could be reflected in the luminescence signal recorded in the marine sediment
core. The increase of precipitation over the catchment could promote higher recycling cycles (burial
and exposure), which is one the known factor of sensitivization of quartz. Another possible reason
for sensitivity changes in marine sediments could be related to variations in sources of sediments, by
varying the area of the catchment and promoting the expansion or retreat of headwaters. For example,
the expansion of headwaters increases the distance of sediment transport as well as allow the input of
sediments from different sources.

It was recently shown that TraCE‐21ka could accurately reproduce changes in precipitation over northeast-
ern Brazil during the last deglaciation (Bouimetarhan et al., 2018; Mulitza et al., 2017). Thus, despite its lim-
itations (Liu et al., 2009), we compare our new TL and OSL luminescence proxies as well as the previously
available records for the same core ((ln (Fe/Ca); Zhang et al., 2015) and for a neighboring core (n‐alkane δD;
Mulitza et al., 2017).

The studied sediment core received continental sediments from the Parnaíba River drainage basin (Figure 1;
Zhang et al., 2015; Häggi et al., 2016), and the core records the last approximately 30 kyr, comprising major
changes in precipitation over northeastern South America, like Heinrich stadials (HS) 2 and 1, the Younger
Dryas (YD), Bond events, and themiddle to late Holocene shift (Arz et al., 1998; Cruz et al., 2009; Prado et al.,
2013; Zhang et al., 2015). Our data show that the OSL and TL signals of quartz and feldspar of sediments
from the continental margin off northeastern South America can be successfully used as proxies for precipi-
tation over the adjacent continent.

Figure 1. Digital elevation model (ETOPO1; Amante & Eakins, 2009) of
northeastern South America and the adjacent Atlantic. The map shows
the Parnaíba River drainage basin (white lines); the location of marine
sediment cores GeoB3104‐1 (Arz et al., 1998), GeoB16206‐1 (Zhang et al.,
2015; this study), and GeoB16202‐2 (Mulitza et al., 2017; white circles); the
area for simulated precipitation from the transient model run TraCE‐21ka
(Liu et al., 2009; black dashed rectangle); and the location of the continental
samples (black rectangles: I—Porcos Lake; II and III—medium and low
Parnaíba River, respectively).

10.1029/2019PA003691Paleoceanography and Paleoclimatology

R. MENDES ET AL. 2



2. Regional Setting

The Parnaíba River catchment is one of the major drainage basins in
northeastern Brazil, covering three different climatic classes according
to a review of Köppen's classification (Figure 2; Alvares et al., 2013):
Bsh, semiarid; As, tropical with dry summer; and Aw, tropical with dry
winter. Precipitation over northeastern South America is highly influ-
enced by the meridional shifts of the Intertropical Convergence Zone
(ITCZ) both on seasonal (Marengo & Bernasconi, 2015) and millennial
timescales (Mulitza et al., 2017). Peak annual precipitation occurs during
March/April when the ITCZ reaches its southernmost seasonal position
(Hastenrath, 2012). On millennial timescales, slowdowns of the Atlantic
Meridional Overturning Circulation during Northern Hemisphere cold
events (i.e., Heinrich Stadials) triggered further southward shift of the
ITCZ (Portilho‐Ramos et al., 2017) and promoted increased precipitation
over significant parts of northeastern South America to the south of the
equator (Zhang et al., 2017). These enhanced precipitation periods were
registered in speleothems (Stríkis et al., 2015; Wang et al., 2004) and mar-
ine sediment cores (Arz et al., 1998; Zhang et al., 2015).

Two main geologic units occur within the Parnaíba River drainage basin
(Figure 2): (i) sedimentary rocks from the Parnaíba intracratonic sedi-
mentary basin and (ii) igneous and metamorphic rocks from the Riacho
do Pontal mobile belt. There is a widespread presence of Fe‐rich crusts

(ferricrets) covering soils over the headlands of the catchment (CPRM, 2006; Figure 2), suggesting past heavy
weathering conditions.

3. Materials and Methods
3.1. Core Location, Chronology, and Reference Proxies

We investigated marine gravity core GeoB16206‐1 (Table 1; Mulitza et al., 2013) collected off northeastern
South America, 180 km offshore the Parnaíba River mouth (Figure 1). We used the age model established
by Zhang et al. (2015) based on 12 14C ages, obtained on samples of planktonic foraminifera
Globigerinoides sacculifer. Raw radiocarbon ages were calibrated and linearly interpolated, and the resulting
age model covers the last approximately 30 kyr (for details, see Zhang et al., 2015). Core GeoB16206‐1 is ide-
ally suited for developing the luminescence proxies not only because it covers the last three major
millennial‐scale events of increased precipitation over northeastern Brazil but also because two previous stu-
dies applied established proxies for continental rainfall (i.e., ln (Fe/Ca) and n‐alkane δD) at the same (i.e.,
GeoB16206‐1; Zhang et al., 2015) or a neighbor core (i.e., GeoB16202‐2; Mulitza et al., 2017). Besides the
downcore reconstructions of continental precipitation used as reference proxies, we also compare the results
of our luminescence downcore records to the precipitation output of the transient model run TraCE‐21ka
(Liu et al., 2009).

Sediment samples (119 in total) were collected with a 10‐ml syringe (1.7‐cm diameter) every 10 cm from 800‐
to 100‐cm core depth, and every 2 cm for the uppermost 100 cm. In the uppermost meter, about 250 years are
integrated into one sample, samples in the lowermost 7 m contain approximately 50 years each one.

Figure 2. Köppen's climatic classification review (Alvares et al., 2013) for
northeastern South America with a simplified geological map (area sur-
rounded by the black line, adapted from CPRM, 2006) of the Parnaíba River
drainage basin (main tributaries depicted by the blue lines) and the location
of the continental samples (black rectangles: I—Porcos Lake; II and III—
medium and low Parnaíba River, respectively). Most of the basin runs over
sedimentary rocks, but some portions of the headlands comprise igneous
and metamorphic rocks with Fe‐rich crusts. Precipitation is mainly influ-
enced by the Intertropical Convergence Zone southward shift by the end of
austral summer (December‐February, DJF).

Table 1
Marine Sediment Cores Cited and Used in This Study

Core (GeoB) Coordinates Water depth (m) Length (m)

3104‐1 (Arz et al., 1998) 3°40.09′S, 37°43.09′W 767 5.2
16202‐2 (Mulitza et al., 2017) 1°54.50′S, 41°35.50′W 2,248 7.6
16206‐1 (Mulitza et al., 2013) 1°34.75′S, 43°01.42′W 1,367 8.1
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3.2. Parnaíba River Drainage Basin Samples

To obtain the luminescence characteristics of sediments sourced by the Parnaíba River, modern riverbed and
buried lake sediments were collected and analyzed (Figures 1 and 2 and Table 2). Riverbed sediment samples
(n=9) were collected with a van Veen grab sampler along the middle and lower portions of Parnaíba River
during the flood season (February 2014; Figures 1 and 2I and 2II). Lake sediment samples (n=30) were col-
lected from Porcos Lake, an ephemeral lake within the upper Parnaíba River catchment (December 2012).
The lake samples were collected every 5 cm with 10‐ml syringes along a 1.6‐m‐thick mud layer profile,
exposed in the top of an 2.9‐m depth archeological excavation, from which megafauna teeth Electron Spin
Resonance dating provided ages spanning from 30 to 19 ka, which is the interval of maximum ages for
the entire sedimentary deposit (Kinoshita et al., 2014). The age of the mud layer is based on two (bottom
and top samples) accelerator mass spectrometry radiocarbon date (bulk organic matter), calibrated with
the CALIB 7.1, using calibration curve “SHcal 13” (Stuiver et al., 2019)

3.3. Luminescence Measurements

All the samples were oven‐dried at 60°C and precisely weighted to 0.5 g. Samples were treated with H2O2

27% and HCl 10% to remove organic matter and carbonate (CaCO3), respectively. Grains of heavy minerals
or mica have an insignificant contribution to OSL and TL signals of quartz or feldspar measured in polymin-
eral aliquots. This is supported by the low sensitivity of these minerals compared to the OSL and TL (UV
emission) of quartz and feldspar (del Río et al., 2019; Krbetschek et al., 1997; Zular et al., 2015). After every
chemical treatment step, samples were washed 2 times with distilled water to remove the chemical reagents.
A centrifuge was used to accelerate the deposition of suspended material and improve silt and clay recupera-
tion during the distilled water steps. Acetone was added to the remaining content until 5 ml. After homoge-
nizing, three aliquots were mounted per sample using four drops of the acetone solution with sediments

dropped in aluminum discs. Stokes settling time were used to ensure that
only grains of silt and clay (<0.063 mm) were collected with the pipette
used to mount the discs used for luminescence measurements

Luminescence measurements were performed on an automated Risø DA‐
20 TL/OSL reader with built‐in 90Sr/90Y beta source (dose rate of 0.084
Gy/s), blue light‐emitting diodes (470 nm), and infrared light‐emitting
diodes (870 nm) for stimulation and light detection in the ultraviolet band
using Hoya U‐340 filters (290–370 nm). Sample preparation and lumines-
cence measurements were carried out in the Luminescence and Gamma
Spectrometry Laboratory of the Institute of Geosciences, University of
São Paulo, Brazil. The measurement protocol was adapted from protocols
suggested by Zular et al. (2015) and Sawakuchi et al. (2018) to measure
luminescence sensitivity (intensity of emitted light per unit mass per unit
radiation dose) related to quartz and feldspar grains from polymineral ali-
quots. Table 3 shows the protocol used in this study for luminescence
measurements. Here, we refer to OSL as the light emission when

Table 2
Continental Sediment Samples and Used in This Study

Sample Coordinates Elevation (m) Water depth (m)

PAR 01B 6°16.463′S, 42°49.614′W 1.0
PAR 02B 6°16.338′S, 42°49.989′W 93 1.5
PAR 4B 6°14.220′S, 42°51.807′W 93 1.5
PAR 5B 6°16.215′S, 42°51.123′W 95 1.0
PAR 8A 6°13.826′S,42°52.146′W 91 3.6
PAR 10A 4°9.309′S, 42°54.665′W 33 3.0
PAR 11A 4°9.300′S, 42°55.900′W 38 1.0
PAR 11B 4°9.300′S, 42°55.900′W 38 5.0
PAR 15B 3°53.755′S, 42°43.267′W 27 3.5
Porcos lake 9°9.226′S, 42°38.994′W 390 ‐

Table 3
Protocol Used to Measure OSL and TL 110°C (Thermoluminescence)
Sensitivities and IRSL/OSL Ratio

Step Procedure

1 IR stimulation for 100 s at 125°C
2 Blue light stimulation for 100 s at 125°C
3 Dose of 30 Gy
4 IR stimulation for 100 s at 50°C
5 Blue stimulation for 100 s at 125°C
6 Blue stimulation for 100 s at 125°C
7 TL until 250°C at 5°C/s
8 Dose of 30 Gy
9 TL until 250°C at 5°C/s
10 TL until 250°C at 5°C/s

Abbreviations: IRSL, infrared stimulated luminescence; OSL: optically
stimulated luminescence; TL: thermoluminescence.
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polymineral aliquots are stimulated with blue light. Infrared stimulated luminescence (IRSL) at 125°C was
used before every OSL measurement to minimize the contribution of feldspar signals on the quartz OSL
signal (Wallinga et al., 2002). This procedure allows measuring a quartz‐dominated signal in polymineral
aliquots (Sawakuchi et al., 2018). The TL signal was measured until 250°C to prevent major sensitivity
changes (Wintle & Murray, 2000) and keep the natural luminescence characteristics of the samples. The
30‐Gy dose was defined to be high enough to permit measurable OSL and TL signals in the studied
polymineral aliquots and to avoid a significant change in the natural sensitivity of the sample. The integral
of the first second of the OSL decay curve normalized by the total OSL (0–100 s) was used to represent a
fast‐component dominated signal of quartz (Jain et al., 2003). The TL signal was obtained integrating the
TL curve from 80 to 120°C minus the background and normalized by the integral of the entire TL curve
(0–250°C; Figure 3). The TL signal in the 80–120°C range is considered to ensure the measurement of the
sensitivity of the TL 110°C peak with a heating rate of 5°C/s, which is attributed to quartz (Petrov &
Bailiff, 1995). The OSL and TL sensitivities were obtained as the mean of the three aliquots measured per
sample and the standard deviation were used to evaluate the variability among aliquots of each sample
(Table S1). The IRSL/OSL ratio was also calculated to measure the concentration of feldspar in relation to
quartz (Duller, 2003; Sawakuchi et al., 2018). The IRSL signal was calculated as the integral of the first
second of light emission and considering the last ten seconds as background (Table S1).

3.4. Cross‐Correlation Analysis

The Pearson correlation coefficient was estimated for the correlation between proxies (proxy‐to‐proxy com-
parison) and proxies with modeled precipitation (proxy‐to‐model correlation). The correlation estimates
between cores respect the uneven sampling (Rehfeld et al., 2011; Rehfeld & Kurths, 2014) and p‐values were
corrected for lag‐1 autocorrelation (Zwiers & Von Storch, 1995). The correlations were estimated on two dif-
ferent timescales. The first one comprises the entire timescale and contains the deglacial trend. This scale
allows the evaluation of the proxies' response to long‐term changes. For the second timescale (detrended),
the deglacial trend was removed with a 3,000‐year Gaussian smoother. This scale targets the millennial to
centennial changes and is more affected by proxy noise and age uncertainty. The detrending was applied
to all variables. Choosing a 3,000‐year window (as, e.g., in Rehfeld & Laepple, 2016) for the smoother sepa-
rates out the orbital signal (which dominates the correlation results for the untreated analysis) and retains
centennial to millennial variability. At these timescales, age model uncertainty (on the x‐axis, in the order
of centuries) and proxy noise (on the y‐axis) have a relatively stronger impact on the correlation results than
for the orbital timescale that includes the general deglaciation trends (Rehfeld & Kurths, 2014). Thus, at the
centennial to millennial timescale the correlations are not significant, or as strong as on orbital timescales.
We are interested in proxies that can give insights on as many timescales as possible, ideally at the minimum
timescale the resolution of the core allows. Therefore, studying the centennial‐to‐millennial scale is impor-
tant, even if the correlation is not as strong as the orbital scale.

4. Results

Core GeoB16206‐1 luminescence results show increased OSL and TL sensitivities during periods of
enhanced precipitation over northeastern Brazil (i.e., HS2, HS1, YD, and Bond events) as the IRSL/OSL

Figure 3. Examples of (a) infrared stimulated luminescence (IRSL, red curve) and optically stimulated luminescence
(OSL, blue curve) decay curves and (b) thermoluminescence (TL, green curve) glow curve measured in steps 4, 5, and
7, respectively, of the protocol described in Table 3.
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values decrease (Figures 4a, 4b, and 4d). Both OSL and TL sensitivities curves vary in the same way during
the studied period; if we exclude the high‐frequency variations, higher IRSL/OSL is related with lower OSL
and TL sensitivities (Figures 4a, 4b, and 4d). The TL sensitivity shows a higher correlation than OSL sensi-
tivity (respectively, r= 0.84 and r= 0.65, both α< 0.1) with themodeled precipitation for northeastern Brazil
including the Parnaíba River drainage basin (TraCE‐21ka; Liu et al., 2009; Figures 4c and 5). However, the
OSL sensitivity shows a higher correlation than TL sensitivity with the δD (Figure 5; respectively, r = −0.39
and r = −0.34, both α < 0.1). Considering the detrended correlation (Figure 5, lower triangle), only the TL

Figure 4. Downcore variability of the luminescence results of marine sediment core GeoB16206‐1 and their relation with
modeled precipitation and sedimentation rate. (a) Infrared/optically stimulated luminescence ratio (IRSL/OSL, inverted
scale), indicating the feldspar‐to‐quartz concentration. (b) OSL sensitivity represented by the proportion of the first second
of light emission over the total emission (1–100 s). (c) Modeled precipitation over northeastern Brazil (TraCE‐21ka, Liu
et al., 2009); the specific area is shown in Figure 1. (d) TL (thermoluminescence) sensitivity representative of the 110°C TL
peak (TL emission from 80 to 120°C). (e) Sedimentation rates (Zhang et al., 2015). The black squares show calibrated 14C
ages used to build the age model of core GeoB16206‐1 (Zhang et al., 2015). The gray shading in a, b, and d indicates the
standard deviation for luminescence results. Pearson correlation coefficient reinforces the visual impression that TL
sensitivity signal better fits the TraCE‐21ka prediction than OSL sensitivity, with r= 0.84 and r= 0.65, respectively, both of
them with significance level higher than 0.1. The proxies show enhanced precipitation during Heinrich stadials (HS1 and
HS2), the Younger Dryas (YD), and Bond events (8‐4; grey vertical bars) with a gradual decrease in precipitation along the
Holocene.
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sensitivity correlates significantly with other proxies. Periods of
higher OSL and TL sensitivities are related to higher sedimentation
rates at the site of core GeoB16206‐1 (Figures 4b, 4d, and 4e).

Although there is a small overlap of values, there is a clear trend of
increasing TL sensitivity from the marine sediment core (lower
values) to riverbed sediment of middle and downstream sectors of
the Parnaíba River (intermediate values) and to sediment of the
ephemeral lake at the headland of the Parnaíba River drainage basin
(higher values; Figure 6). This pattern is better observed when statis-
tics (quartiles and median values) of each sediment source unit
are compared.

The samples from Porcos Lake comprise almost the entire Holocene
Table 4, as the Parnaíba river samples represent the present‐day
sedimentary conditions.

5. Discussion

The suspension load of the Parnaíba River drainage basin is the pri-
mary source of terrigenous sediments deposited at the site of core
GeoB16206‐1 (Häggi et al., 2016; Zhang et al., 2015). Thus, downcore
changes in luminescence sensitivity most likely stem from differences
in suspension load through time. The concentration of feldspar
grains (IRSL/OSL ratio) reduces, and the quartz OSL and TL sensitiv-
ities increase during periods of higher precipitation (Figure 7). Thus,
high precipitation events promote the transfer of sediments with low
feldspar content (low IRSL/OSL ratio) and high OSL and TL sensitiv-
ities to the ocean. Luminescence sensitivity was successfully used to

identify different quartz and feldspar sources in suspended sediments of Amazonian rivers, where quartz
sensitivity is controlled by the tectonic context of the source area (Sawakuchi et al., 2018). For the
Amazonian rivers, one of the main factors that control sensitivity is the denudation rate of sediment sources.
Quartz grains from the Andes, where higher denudation rates promote shorter residence time of quartz in
soils, show lower sensitivity when compared to quartz grains from cratonic shield areas (lower denudation

rates and more prolonged weathering; Sawakuchi et al., 2018). A
similar rationale can be applied to the Parnaíba River drainage basin
not in terms of tectonics, but in terms of weathering time of the sedi-
ments sourced to the drainages. In the case of Parnaíba River catch-
ment, periods of lower precipitation implied lower denudation rates
and longer residence time of mineral particles in soil profiles drained
by headwaters and/or within the fluvial system before transport to
marine settings. The difference between the TL and OSL sensitivity
curves can be attributed to the influence of feldspar contamination
on the OSL signal, which is higher during the Holocene (higher
IRSL/OSL ratio; Figure 4a). In this case, the IRSL treatment applied
before the blue‐light stimulation was unsuitable for complete deple-
tion of feldspar OSL in Holocene samples rich in feldspar. The contri-
bution of sediments with higher OSL and TL sensitivities increases
during wet periods like the HS2, HS1, and YD. This can be attributed
to the expansion of the headwaters of the Parnaíba River basin. In
this case, the headlands of the Parnaíba River drainage basin, which
has the driest climate of Brazil (Bsh semi‐arid; Alvares et al., 2013;
Figure 2), would be connected with Parnaíba River main stem during
wet periods, providing sediments with high luminescence sensitivity
(Figure 6). This is in accordance with previous studies (Moska &

Figure 5. Correlation matrix with 90% confidence intervals (crossed values are
below this interval) for the original (upper triangle) and the detrended (lower
triangle) records. Time series used to calculate the correlation in the lower tri-
angle were detrended with a 3,000‐year Gaussian smoother. The circle size and
colors also indicate the correlation index values. Infrared stimulated lumines-
cence (IRSL), optically stimulated luminescence (OSL), and thermoluminescence
(TL) are the luminescence proxies (this study). Previously available precipitation
proxies for the same drainage basin include ln (Fe/Ca; Zhang et al., 2015) and δD
(‰, VSMOW; Mulitza et al., 2017). TraCE‐21ka is the modeled precipitation for
northeastern Brazil, including the Parnaíba River drainage basin (Liu et al., 2009).

Figure 6. Boxplots and histograms of thermoluminescence (TL) sensitivity
values obtained in samples of the marine sediment core GeoB16206‐1 (lower
values), riverbed sediments of the Parnaíba River (intermediate values), and
sediments of the ephemeral Porcos Lake (higher values) in the headlands of the
Parnaíba River drainage basin. Besides the small overlap, the boxplots (quartiles
and median) of TL values clearly distinguish the units under comparison.
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Murray, 2006; Pietsch et al., 2008) that recognized the luminescence sen-
sitization of quartz as result of surface processes (light exposure during
transport and irradiation during burial). We suggest that during periods
with increased precipitation, this highly luminescence‐sensitive quartz
grains are carried to our core site, elevating the OSL and TL sensitivity
of the core sediments. Importantly, high sensitivity values occur coevally
with high ln (Fe/K; Figure 7a) values (Mulitza, 2012) from the same sedi-
ment core. Fe‐rich deposits and rocks are common at the headlands of the
Parnaíba River drainage basin (CPRM, 2006; Figure 2) and support the

increased contribution of this portion of the basin during wet periods. Higher concentration of Fe in sedi-
ments with high OSL sensitivity is also observed in the Amazon River basin (Sawakuchi et al., 2018).
Therefore, continental sediment sources exposed to longer weathering are enriched in Fe‐oxide/hydroxide
minerals and higher sensitivity quartz and they are fast eroded during wetter conditions, when vast amounts

Figure 7. (a) Uncalibrated Fe/K record from marine sediment core GeoB16206‐1 (Mulitza, 2012). (b) Modeled
precipitation over northeastern Brazil (TraCE‐21ka, Liu et al., 2009). The specific area is shown in Figure 1.
(c) Thermoluminescence (TL) sensitivity from marine sediment core GeoB16206‐1 (this study). (d) Ice volume corrected
δD record of the n‐C29 alkane of terrestrial plant‐wax from marine sediment core GeoB16202‐2 (Mulitza et al., 2017).
(e) ln (Fe/Ca) record from marine sediment core GeoB16206‐1 (Zhang et al., 2015). The grey vertical bars show Heinrich
stadials (HS) 2 and 1, the Younger Dryas (YD), and Bond events 8–4.

Table 4
14C ages (AMS) for the Porcos lake mud layer

Sample Depth (m) Conventional age Calibrated

P01 1.65 11,610 ± 70 BP 13,434.5 ± 134.5 cal BP
P30 0.20 875 ± 35 BP 876 ± 33 cal BP

Abbreviations: AMS, accelerator mass spectrometry; BP, before present;
cal BP, calibrated before present.
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of sediments are transported to the equatorial Atlantic, as demonstrated by the elevated sedimentation rates
during stadial events (Zhang et al., 2015; Figure 4).

Core GeoB16206‐1 covers the three most recent glacial increases in terrigenous discharge recorded off north-
eastern Brazil, namely, HS2, HS1, and the YD (Arz et al., 1998; Zhang et al., 2015). These three periods are
characterized by elevated ln (Fe/Ca) values and sedimentation rates compared to the Last Glacial Maximum
and the Holocene (Figures 5 and 7). Our luminescence records constrain not only these three well‐known
events of increased precipitation over northeastern Brazil (Cruz et al., 2009; Stríkis et al., 2015; Wang
et al., 2004) but also some minor events during the Holocene, which could correspond to those reported
in stable oxygen isotope records from South American speleothems, as the 8.2‐ka event (Cheng et al., 2009).

Cross validation is crucial to improve confidence in new proxies. In general, our TL sensitivity curve agrees
with proxies from the same (ln (Fe/Ca)) and nearby cores (n‐alkane δD), respectively GeoB16206‐1 (Zhang
et al., 2015) and GeoB16202‐2 (Mulitza et al., 2017; Figures 7e and 7d). The ln (Fe/Ca) record indicates the
terrigenous versus marine biogenic input to the core site (Arz et al., 1998; Govin et al., 2012; Zhang et al.,
2015). Thus, it depends not only on precipitation over the drainage basin but also on the marine carbonate
productivity and dissolution and also on relative sea level (RSL; Govin et al., 2012). During the Last Glacial
Maximum, RSL was approximately 130 m lower than preindustrial levels (Yokoyama et al., 2000), causing
an offshore migration of the Parnaíba River mouth of more than 100 km, considering regional bathymetry.
Despite these possible interferences, the ln (Fe/Ca) record from core GeoB16206‐1 (Figure 7e; Zhang et al.,
2015) allows the determination of the time and duration of increased continental precipitation intervals, but
due to the high RSL variation it cannot be used to assess the relative amplitude of changes in precipitation.
Variations in n‐alkane δD over northeastern South America are primarily driven by changes in rainfall
amount (Dansgaard, 1964; Häggi et al., 2016; Mulitza et al., 2017), so the δD of the water (and subsequently
of n‐alkanes) decreases as precipitation increases (Figure 7d). Thus, n‐alkane δD is inversely related to the
amount of precipitation.

Our luminescence proxies (IRSL/OSL ratio and OSL and TL sensitivities) roughly agree with n‐alkane δD
from neighboring core GeoB16202‐2 (r = 0.41, −0.39 and −0.37, respectively; Mulitza et al., 2017;
Figures 5 and 7). Among the three luminescence signals we have tested, the TL sensitivity proxy has the bet-
ter correlation with TraCE‐21ka modeled precipitation (r= 0.84; Figure 5), which could be related to a smal-
ler influence of feldspar in TL 110° peak when compared to LOE first second. The TL sensitivity proxy can
record less profound changes in precipitation such as minor events during the Holocene (i.e., 8.2‐ka event;
Figure 7c) that are recognized in speleothem records over the continent (Cheng et al., 2009). Thus, the fact
that the new TL proxy shows a more direct linear response to precipitation when compared with previously
available proxies could be related to the intensification of sediment transport and recycling processes due to
increased humidity and fluvial activity. Finally, the TL proxy has the great advantage of being based on
quartz grains, which are very abundant and resistant to weathering and postdepositional process.

6. Conclusions

The comparison between our new precipitation proxies based on the luminescence signals of quartz and
feldspar on the one hand and previously available proxies (i.e., plant‐wax n‐alkane δD and bulk sediment
ln (Fe/Ca)) and model outputs (i.e., TraCE‐21ka) for the same drainage basin shows that the new proxies
accurately record changes in precipitation over northeastern Brazil throughout the last 30,000 years. The
main advantage of the new proxies relies on their fast response to changes in precipitation. Additionally,
the relatively easy and fast measurements ensure higher resolution compared to plant‐wax n‐alkane δD,
allowing to constrain high‐frequency precipitation events. Among all tested precipitation proxies, the TL
sensitivity has the best correlation with modeled precipitation (r = 0.84). Another advantage is that the
TL sensitivity proxy would be robust to postdepositional changes because it is based on quartz, which is
an abundant and resistant mineral.
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