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a b s t r a c t

Changes in insolation driven by precession and obliquity are considered the major driver of tropical
precipitation on orbital time scales, and responsible for vegetation and physical landscape changes
during the Late Holocene over tropical South America. Here we investigate the environmental changes in
the karst region of Chapada do Apodi - Northeastern Brazil (NEB), using a multi-proxy approach
including carbon (d13C), oxygen (d18O) and strontium (87Sr/86Sr) isotopic analyses on speleothems from
different caves, carbonate bedrock, and clastic cave deposits. This approach reveals that the balance
between soil formation and erosion and their alternating impact on vegetation and precipitation changes
occurred in response to variations in the position and intensity of the Intertropical Convergence Zone
(ITCZ) over the region. The high d13C and d18O and low 87Sr/86Sr values at 4,200 yrs BP indicate a massive
episode of soil erosion, resulting in the exposure of carbonate bedrocks over a large area of the karst
terrain. This event marks the beginning of the Meghalayan chronozone, characterized as the aridification
of this region, decline in soil production, drying out of underground drainages, and increased dominance
of dry-adapted flora species, characteristic of a more open vegetation (caatinga). We investigated if the
Holocene climatic changes affected human occupation in the NEB and found that the overall de-
mographic course is virtually identical to the well-established curve characterized by population
deflation during Middle Holocene.

© 2020 Elsevier Ltd. All rights reserved.
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1. Introduction

Orbital forcing is thought to be a major driver of tropical pre-
cipitation in South America at time scales of thousands of years
(Cruz et al., 2005, 2009; Braconnot et al., 2008; Cheng et al., 2013a;
Prado et al., 2013). These changes in precipitation are associated
with rainforest retraction and expansion and changes in vegetation
types since the Last Glacial Maximum (LGM) in tropical South
America (Mayle et al., 2000; Ledru et al., 2009; Novello et al., 2019;
Pinaya et al., 2019). However, a careful look at the paleoclimate
records (e.g. Cruz et al., 2009; Novello et al., 2017; Strikis et al.,
2018) reveals that observed changes in the hydrologic regime
occur at a much faster rate than the orbital forcing, suggesting that
the climate system was forced to cross a threshold that triggered a
transition of the global monsoon circulation to a new state (Alley
et al., 2003).

During the Holocene, an abrupt climate transition at 4,200 yrs
BP marks the base of the Meghalayan chronozone, a period of ari-
dification in the mid and low-latitudes. Officially the 4.2 ka event is
defined as a shift to heavier d18Ovalues in an Indian speleothem
record, that marks the abrupt climatic transition from Middle to
Late Holocene (Berkelhammer et al., 2012; Walker et al., 2012,
2018). Most of the records indicate the abrupt onset of aridification
in the Mediterranean region and parts of Asia, North America and
Africa (e.g., Thompson et al., 2002; Booth et al., 2005; Dixit et al.,
2014; Cheng et al., 2015; Kaniewski et al., 2017; Bini et al., 2019;
Toth and Aronso, 2019). In Northeastern Brazil, the 4.2 ka event is
marked by the onset of drier conditions (De Oliveira et al., 1999;
Zular et al., 2018).

The global forcing mechanisms that led to the 4.2 ka event are
still not understood, but have been linked to the changes in orbital
forcing (Cruz et al., 2009; Liu and Feng, 2012), southwardmigration
of the Intertropical Convergence Zone (ITCZ) (Zanchetta et al., 2016;
Zhang et al., 2020), changes in North Atlantic surface waters (Bond
et al., 1997; Zhang et al., 2018; Isola et al., 2019; Bini et al., 2019) and
the variability of the El Ni~no - Southern Oscillation (Fisher, 2011;
Gen et al., 2020; Dang et al., 2020).

However, despite its impacts on climate worldwide, the global
expression of the transition to the Meghalayan remains unex-
plored, and its significance has not yet been studied inmost parts of
South America, although many proxy records point to significant
2

environmental changes after the 4.2 ka event.
At the time of transition to the Meghalayan chronozone, spe-

leothems from NEB experienced a rapid enrichment in d18O values,
indicative of an abrupt precipitation reduction, antiphased with the
rest of tropical South America since the Last Glacial Maximum
(Cruz et al., 2009). This occurs near the inflection point of the
precessional forcing curve and the enriched oxygen isotopes in
speleothems persisted during the last 4,200 years (Cruz et al.,
2009). The drier climate in NEB is widely confirmed by pollen re-
cords showing a change toward vegetation adapted to drier climate
in parallel with the austral summer insolation increasing after
4,200 yrs BP (De Oliveira et al., 1999; Montade et al., 2014).

Thus, understanding how orbitally driven precipitation changes
have affected the vegetation and Earth surface processes, such as
soil denudation, is critical to assess the tropical ecosystem’s resil-
ience to natural climate oscillations. Furthermore, the aridification
trend that started at about 4,200 yrs BP impacted human societies
and in some cases even led to their collapse. For instance, there is
evidence that agricultural societies around theworld were affected,
resulting in regional abandonments (e.g. Liu and Feng, 2012;
Torrescano-Valle and Islebe, 2015; Weiss, 2016; Kaniewski et al.,
2017; Ran and Chen, 2019). In South America, there is some evi-
dence pointing to similar impacts as a consequence of hydroclimate
variability during the Middle Holocene across the continent (Riris
and Arroyo-Kalin, 2019). However, these conclusions might not
be valid for NEB given that this region experienced a climate
response that was antiphased with most of the region within the
South American Monsoon domain (Cheng et al., 2013a).

The combined application of carbon and strontium isotope ra-
tios in speleothem records has been used as an important tool to
understand the relationship between local hydrology, host-rock
dissolution, and rate of soil production/erosion (Ward et al., 2019;
Novello et al., 2019). These studies have investigated the contri-
bution of distinct sources of strontium to the isotopic signals
embedded in the speleothems, such as soil and sediments overlying
the cave surface and bedrock. This kind of study can help to un-
derstand the relative contribution of each strontium source that is
regulated by processes such as precipitation amount, soil produc-
tion/erosion, changes in vegetation coverage, leaching, and rock
dissolution.

Strontium isotopes are a valuable tool because the weathering is
the main mechanism that transfers the strontium from rocks to the
hydrological cycle with low fractionation factors, and the chemical
reactions vary as a function of environmental and rock conditions
(Banner, 2004). They act as efficient trackers of sediment sources
and soil-erosion dynamics (Frumkin and Stein, 2004; Cooke, 2003;
Li, 2005; Zhou et al., 2009). Speleothem 87Sr/86Sr ratios record the
Sr isotopic composition of cave water and its variations reflect
changes in the relative contribution of distinct Sr sources, as soil
and bedrock. When sources have different 87Sr/86Sr signatures,
they may act as end-members for interpretation of the speleothem
Sr composition, as described in previous studies that were per-
formed in Brazilian caves (Wortham et al., 2017; Novello et al.,
2019).

Speleothem d13C values are considered more complex and can
be ultimately affected by processes that took place in the soil and in
the epikarst zone (Meyers et al., 2014; Wong and Breecker, 2015).
Changes in vegetation cover and soil productivity above the cave
control the speleothem d13C variations. The predominance of C3
plants results in stalagmite d13C values of �14‰ to �6‰, while
under the predominance of C4 plants, stalagmite d13C values vary
from �6‰ to þ2‰, considering carbonate bedrock with a d13C
value of þ1‰ in both cases (Hendy, 1971; Baker, 1997; McDermott,
2004). Other processes that can affect the d13C of the speleothems
include changes in the atmospheric d13C and pCO2 (Schubert and
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Jahren, 2012), and rate of degassing of CO2 during calcite deposition
under the epikarst and inside caves driven by cave atmosphere
pCO2 (Drybrodt, 2008; Dreybrodt and Scholz, 2011; Feng et al.,
2012; Mickler et al., 2004). While the diversity of mechanisms
that control the speleothem carbon isotope composition make the
environmental interpretation more complex, some studies have
demonstrated that soil processes exert a dominant control on the
speleothem d13C signal (Cruz et al., 2006; Novello et al., 2019, 2020).

In addition, the association between strontium and carbon
isotopes in the same speleothems can be a reliable indicator of
relative soil coverage and vegetation density above the cave,
controlled by hydrological fluctuations (Novello et al., 2019; Ward
et al., 2019). Enriched (depleted) 87Sr/86Sr signals represent an
increased (decreased) soil contribution relative to the bedrock,
while depleted (enriched) d13C values indicate a predominantly
denser (sparser) vegetation signal (Novello et al., 2019).

In this context, we developed a multi-proxy study in the karst
region of Chapada do Apodi in NEB, based on d13C and 87Sr/86Sr in
host-rock and in the sedimentary deposits from the Urubu Cave,
and together with d13C and d18O records in stalagmites from the
nearby caves of Rainha, Abissal and Trapi�a. This multi-proxy
approach allows us to identify the shifts in soil dynamics, cave
infilling, and the development of karst pavement associated with
paleo-precipitation and vegetation changes in NEB from Heinrich
Stadial 1 (HS1), defined from 17,300 to 15,100 yrs BP, according to
NEB speleothems isotopic record (Cruz et al., 2009), to the
Meghalayan Age. Moreover, we discuss the possible implications of
the paleoenvironmental changes on the human occupation in the
region during the Holocene.
2. Regional settings

The study area is located in the Rio Grande do Norte State, a
region at the edge of NEB (Fig. 1). The annual mean temperature is
around 28 �C (INMET - National Institute of Meteorologye Instituto
Nacional de Meteorologia e data from 1961 to 1990). Average
precipitation is approximately 730 mm/year and it is concentrated
in the period when the ITCZ migrates to the south, between March
and May with ca. 150 mm for this period (Fig. 1a) (Agência Nacional

de �Aguas e ANA - National Agency of Waters, 2013; Ziese et al.,
2018). In the wettest years, the rainy season starts earlier in
January/February, with ca. 108 mm/month, also originated from
southward shift of the ITCZ. The smallest precipitation contribution
occurs from June to January with ca. 20 mm/month (Fig. 1a).

The typical vegetation in the region is the caatinga, a dry forest
adapted to the semi-arid climate and characterized by sparse
vegetation dominated by arboreal deciduous scrubland (Fig. 1b)
(Ab’Saber, 1974; Leal et al., 2005). Differently from Brazilian
Savanna vegetation, or Brazilian cerrado, the caatinga is well
adapted to short rainy seasons of 3e4 months in length and tol-
erates large interannual variations in precipitation that are strongly
influenced by El Ni~no and La Ni~na events (Prado, 2003; Erasmi et al.,
2009).

The regional karst is developed in Cretaceous carbonate rocks of
the Jandaíra Formation, Potiguar Basin (Pessoa-Neto, 2003;
Angelim et al., 2006; Melo et al., 2016). The caves were developed
close to the Apodi River valley and off cliffs that define a carbonate
cuesta along the contact between carbonate rocks and sandstone
units from the Cretaceous Jandaíra and Açu Formations, respec-
tively (Fig. 2).

The karst pavements, locally called Lajedos (Porpino et al., 2009;
Cruz Júnior, 1996), comprise large areas that are several km long,
with dense occurrence of solutional and collapsed features that are
preferentially developed in the proximity of the riverbanks
3

(Fig. 2b). A substantial number of small canyon-like caves, which
developed along enlarged fractures and bedding planes, are usually
observed at depths of less than 40 m (Silva et al., 2017). A small
number of caves are longer than a few hundred meters and consist
of non-active underground drainages that flow toward the Apodi
River. Although the soil cover is very sparse and almost absent at
the surface of the studied caves (Fig. 2b), the cave galleries, frac-
tures, and sinkholes are commonly clogged with clastic sediments
interpreted as result of soil erosion by surface water run-off and
cave rivers. The relict soils over the karst pavements are charac-
terized by a thin discontinuous cover of Terra Rossa soil, a reddish
soil formed by chemical weathering of carbonate rocks during wet
and warm periods (Choquette and James, 1988; Merino and
Banerjee, 2008). Along the left margin of the Apodi River (Fig. 2),
they are predominantly chernosoils, while on the right margin they
are cambisoils (Embrapa Solos, 2006).

2.1. Cave deposits

At the study site, most cave entrances are located in an area
locally known as Lajedos that are the highest areas of denudation of
carbonate rocks (Fig. 2). We present data from speleothems
collected in Rainha, Abissal and Trapi�a caves, and clastic sediments
and bat guano deposits from Urubu Cave (Fig. 3). All these caves are
located within a radius of 6 km from 5�35048.32"S and
37�41051.04"W. Speleothems were found in Rainha and Trapi�a Cave
at about 150 and 500 m from their entrances. The latter is the
largest cave system in the region with 2.3 km of passages (Zogbi
et al., 2013). Rainha and Urubu caves are part of the same under-
ground drainage, although they are not connected because clastic
sediments block the passage between the two caves (Fig. 2a). Urubu
Cave has around 30 m of linear extension and has twomajor salons
connected by two channels, in different levels. A 1e2m sequence of
fine-grained clastic sediments underlying bat guano deposits is
exposed in the lower passages of Urubu Cave. The guano consists of
a 1e3 m thick layer found in both the lower and upper passages
(Fig. 3b and c). The clastic sediment deposits are massive and show
no apparent paleocurrent structures that could indicate flow di-
rection as seen in other caves (Herman et al., 2012; Gonz�alez-Lemos
et al., 2015).

The pile of guano was deposited after the cave drainage become
inactive, as otherwise it would be totally eroded. Thousands of bats
with different trophic levels (frugivorous, insectivorous and he-
matophagous) still inhabit the cave and guano is under current and
continuous accumulation (Bento et al., 2011). Guano deposits are
well preserved in the caves, without evidence of post-depositional
reworking.

3. Materials and methods

This research explores a wide variety of materials such as spe-
leothems, clastic sediments, soil, limestone bedrock and guano
deposits from the same region. The chronology is based on U/Th in
speleothems, optically stimulated luminescence in clastic sedi-
ments and radiocarbon dating in the guano deposits. All the
methods and related applications are described below.

3.1. Speleothems

We have studied five speleothem samples from Chapada do
Apodi: TRA7 from Trapi�a Cave (27 cm deep), RN4 (105 cmdeep) and
RN1 (75 cm deep) from Rainha Cave, and ALE-1 (54.5 cm deep) and
Abissal (21 cm deep), both from Abissal Cave (Figs. 1, 2 and Figs. S1-
S3).



Fig. 1. Location of the study area in the context of previous paleo-environmental studies in Northeastern Brazil. a) NEB region, with Chapada do Apodi indicated by the orange area.
Sites: 1 - Furna Nova Cave (Cruz et al., 2009), 2 - Boqueir~ao Lake (Utida et al., 2019), 3 - GeoB16202-2 (Mulitza et al., 2017), 4 - Icatú peat-bog (De Oliveira et al., 1999), 5 - Caç�o Lake
(Ledru et al., 2002, 2006), 6 - GeoB3104-1/3912e2 (Jennerjahn et al., 2004), 7 - GeoB3910-2 (Dupont et al., 2010), 8 - GeoB16224-1 (Zhang et al., 2017), 9 - Caves (Strikis et al., 2015,
2018), 10 - Serra de Maranguape (Montade et al., 2014). Mean pecipitation from Felipe Guerra, at Chapada do Apodi, for December, January and February (DJF), March, April and May
(MAM), June, July and August (JJA), September, October and November (SON). Data from pluviometric station Pedra das Abelhas in Felipe Guerra municipality from Dec. 1910 to Nov.
2019 (# 537,008, 5.59S, 37.68W). The years 1931e1934 and 1942 were not registered (ANA e Agência Nacional de �Aguas). GPCC precipitation data for a grid of 1� (6S to 5S, 38 to
37W), from 1891 to 2016 (Ziese et al., 2018). Details are shown in Fig. 2 b) Drone image of the area around the Urubu Cave showing the reddish/yellowish relict soil areas in contrast
with the typical grey color of the limestone outcrops of karst pavements. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version
of this article.)

G. Utida, F.W. Cruz, R.V. Santos et al. Quaternary Science Reviews 250 (2020) 106655
The speleothems RN4, RN1, ALE-1, Abissal and FN1 (Furna Nova
Cave, Fig. 1a, record # 1) were previously studied by Cruz et al.
(2009) in a paleoclimate reconstruction based only on oxygen
isotopic data (Table 1). Except RN1, these speleothems are
4

deposited in the speleothem collection of the Geoscience Institute,
University of S~ao Paulo.



Fig. 2. Karst area located in Chapada do Apodi. a) Google Earth image depicting the karst pavement (light grey areas) and soil cover (brownish surface areas). Image data: Google
Earth, Digital Globe 2019/CNES/Airbus 2019 (www.earth.google.com, [October 24, 2018]). b) Geological map of region portraying karst morphological features in the areas with
exposed carbonate bedrock of Jandaíra Formation (the karst pavements) (modified from Cruz Júnior, 1996). The studied caves and pluviometric station of Pedra das Abelhas are
located in both satellite image and geological map.
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3.2. Carbonate bedrock sampling

Samples of carbonate bedrock were collected inside of Urubu
Cave (two samples) and in the Lajedo Soledade, a nearby karst
pavement (two samples) within the Apodi Group (5�3504000S;
37�4904000W). They were analyzed for carbon, oxygen, and stron-
tium isotopes in order to compare with speleothem and clastic
sediment data.
5

3.3. Clastic sediment sampling

Clastic sediment samples were collected in the first chamber of
the Urubu Cave as indicated in section A of Fig. 3b. Samples for grain
size analysis were collected at depths of 313 cm (B6A), 330 cm
(B6B), 350 cm (B6C), and 445 cm (B6D). Samples for Optically
Stimulated Luminescence (OSL) dating were retrieved using opa-
que PVC tubes at 350 cm (B6C) and 445 cm (B6D) depths. Charcoal
fragments (cave-1-85) were collected at 345 cm depth for

http://www.earth.google.com


Fig. 3. a) Urubu Cave entrance. b) Urubu Cave map (Modified from Bento et al., 2011) with indication of sampling profiles (B*1 and B*4). c) Layer of clastic sediments (2) and guano
deposits (1). White bar indicates where the clastic sediment samples were collected. d) Guano profile B1 in the upper-level gallery.
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radiocarbon dating. Samples of residual soil were collected just
above the entrance of the Urubu Cave for isotopic analysis.
3.4. Bat guano deposit

Samples of bat guano were collected in the second chamber of
Urubu Cave for radiocarbon dating to reconstruct the chronology of
6

accumulation. Five trenches of around 1 m � 1 m were excavated
across the deposit until reaching the carbonate bedrock, probably
representing fragments fallen from the ceiling (Section h in Fig. 3b,
d). This same procedure was applied in the five guano profiles,
named B1, B2, B3, B4 and B5 trenches and with depths of 100, 112,
56, 150 and 100 cm, respectively.

The five profiles were sampled from top to base with an



Table 1
Speleothem mineralogical composition according to the age and depth from the surface. * age estimated according to the age model.

Speleothem Size Age interval (BP) Depth from the top (mm) Age (BP) Calcite (wt %) Aragonite (wt %)

(mm) Min Max

TRA7 270 20 5,500 33 130 100.0 0.0
82 360 100.0 0.0
191 2,140 1.0 99.0
248 4,530 12.1 87.1

FN1 200 0 3,670 11 440 14.8 85.2
64 1,270 9.4 90.6
102 1,610 100.0 0.0
166 2,540 5.5 94.5

RN4 1,200 4,400 17,220 70 5,310 100.0 0.0
260 7,710 100.0 0.0
775 16,480 100.0 0.0

Ale1 510 15,120 17,260 16 15,180 100.0 0.0
138 15,690 100.0 0.0
295
483

16,350 100.0
100.0

0.0
0.017,140

Abissal 210 24,220 25,750 166 21,494* 100.0 0.0
180 23,547* 100.0 0.0
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increment of 2 cm from the top to their base in order to avoid
contamination fromyounger levels and collapse of the trenchwalls.

3.5. Chronology

3.5.1. U/Th dating
Twenty-two new UeTh ages were obtained for the TRA7 spe-

leothem from Trapi�a cave (Table S1). Each sample of ca. 150 mg was
analyzed at the Minnesota Isotope Laboratory (University of Min-
nesota, USA) and at the Xi’an Jiaotong University (China), using a
multi-collector inductively coupled plasma-mass spectrometry
(MC-ICP-MS) technique, according to Cheng et al. (2013b). The
speleothem age models were based on a linear regression between
each age tie point and constructed using the COPRA model
(Breitenbach et al., 2012) considering 2.000 Monte Carlo simula-
tions and a 95% age confidence interval. U/Th data and age models
of speleothems RN1, RN4, ALE1 and Abissal were obtained by Cruz
et al. (2009). All U/Th age results are expressed in years (yrs) BP
(1950).

3.5.2. Optically stimulated luminescence (OSL) dating
Samples at 350 and 445 cm depth were collected from profiles

across clastic sediment deposits (Fig. 3b and c) for OSL dating.
Sample preparation for luminescence measurements followed
standard procedures (Aitken,1998) to isolate quartz concentrates in
the 120e150 mm grain size. Luminescence measurements were
carried out in quartz aliquots using an automated Risø DA-20 TL/
OSL reader equipped with a built-in 90Sr/90Y beta radiation source
(dose rate of 0.088 Gy/s for cups), blue and infrared LEDs for light
stimulation and Hoya U-340 filter for light detection in the ultra-
violet band. Luminescence measurements were performed at the
Federal University of S~ao Paulo. Equivalent doses were determined
using the single aliquot regenerative-dose (SAR) protocol (Wintle
and Murray, 2006), with preheat of 200 �C (10s) and cutheat at
160 �C. Only aliquots with a recycling ratio within the 0.90e1.10
range, recuperation less than 5% and negligible infrared signal
ensuring the absence of feldspar contamination were considered
for equivalent dose calculation using the Central Age Model
(Galbraith et al., 1999). A dose recovery test was performed with
eight aliquots of sample B6C using a preheat temperature of 200 �C
and given dose of 8.8 Gy. The calculated-to-given dose ratio was
0.97 ± 0.1, ensuring that the sample has quartz grains suitable to
recover equivalent doses under laboratory conditions. For dose rate
calculation, bulk samples were dried and packed in sealed plastic
7

containers for gamma ray spectrometry. Radiation dose rates were
obtained through concentrations of U, Th and Kmeasured in a high-
resolution gamma ray spectrometry system equipped with a HPGe
detector with 55% relative efficiency, 2.1. keV energy resolution and
encased in an ultralow background shield. The contribution of
cosmic radiation to the dose rate was calculated based on the
samples’ latitude, longitude, elevation, and depth below surface, as
outlined by the model presented in Prescott and Stephan (1982).
Sample preparation for OSL measurements and gamma ray spec-
trometry were carried out at the Luminescence and Gamma
Spectrometry Laboratory (LEGaL). All OSL age results were calcu-
lated in years ago relatively to the year of analysis (2015) and also
presented in years (yrs) BP (1950).

3.5.3. Radiocarbon dating
The humin fraction of six guano samples from the B1, B2, B3 and

B5 profiles (Table S2) were analyzed for 14C dating. They were
extracted according to Pessenda et al. (1996). Samples were dried at
60 �C and all plant or insect fragments discarded by handpicking
and after flotation in HCl 0.01M. The samples were chemically
prepared by using the following procedures: 1) treatment with HCl
0.5M at 70e80C for 4h andwashedwith distilled water until the pH
reached 3e4; 2) reaction with pyrophosphate-sodium hydroxide
0.10M for ca. 36h and washed with distilled water until pH reached
3e4; 3) hydrolisation with 3M HCl at 100 �C for 12h, washed with
distilled water until pH reached 3e4; and 4) dried at 40 �C for 48h.
Samples were analyzed following the standard procedure for liquid
scintillation counting (Pessenda and Camargo, 1991) at the 14C
Laboratory of the Center for Nuclear Energy in Agriculture (CENA),
Piracicaba, S~ao Paulo, Brazil.

The other six and eight guano samples obtained from the B1 and
B4 profiles, respectively, and one charcoal sample (cave-1-85)
collected in the sedimentary deposit (Fig. 3b and c, Table S2) at
345 cm were selected for AMS 14C dating. The standard procedure
ABA (acid-base-acid) pretreatment was used for AMS 14C dating
the guano samples. All samples were treated in hot 2M HCl acid for
1 h and rinsed to neutrality using DI-water (Deionized water); then
socked in 0.125 M NaOH for an hour and rinsed to neutrality using
DI-water; then socked in 2M HCl for 30 min and rinsed to pH 6
using DI-water. Samples were dried in oven overnight at 70 �C.
About 2 mg of material from unknown samples and background
and working standard wood samples were placed into preheated
quartz tubes for sealed quartz tube combustion at 800 �C with 0.1g
Cu, 0.5 g CuO granules and a fewgrains of Ag foil. Quartz tubes were
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preheated at 800 �C for 2 h, and CuO granules were preheated at
800 �C one day before usage. The Cu grains and Ag foils were
reduced using hydrogen gas under vacuum at 800 �C. The com-
bustion was programmed for 2 h at 800 �C. Then samples were
cooled from 800 �C to 600 �C for 6 h to allow Cu to reduce the NxO
to nitrogen gas. The purified CO2 was then collected cryogenically
for AMS 14C analysis. Purified CO2 was submitted to the Keck
Carbon Cycle AMS Laboratory of the University of California-Irvine
for AMS 14C analysis using a hydrogen-iron reduction method. A
split of purified CO2 was also analyzed for d13C values using the in-
house Finnegan 252 IRMS (isotope ratio mass spectrometer) with a
dual inlet device.

All radiocarbon ages are reported as years (yrs) BP (1950) and
normalized for d13C of �25‰ VPDB (Stuiver and Polach, 1977). All
14C ages were calibrated according to the SHcal13 model curve
(Hogg et al., 2013) and age models were developed at CLAM using
the simple linear regression between each age tie point with a 95%
confidence interval (Blaauw, 2010) and considering 2013 CE the age
at the top, corresponding to the year of sampling and reported as
cal yrs BP.
3.6. Stable isotopes analyses

3.6.1. Carbon isotopes in speleothems and bedrock
For each stable carbon isotope measurement, around 200 mg of

powder was drilled consecutively from the sample and analyzed
with an on-line system GasBench interfaced to a Finnigan Delta XL
ratio mass spectrometer at the University of Massachusetts for RN1,
RN4, ALE-1, and Abissal speleothems. Aliquots from the TRA7
speleothem and from the carbonate bed rock were analyzed by a
GasBench interfaced to a Finnigan Delta V Advantage at the Uni-
versity of S~ao Paulo. Stable carbon isotope ratios are represented as
d13C and referred as permill deviation from the VPDB standard,
with a precision of 0.1 permill.

Speleothem samples TRA7 and ALE-1 were sampled with 0.3
and 5 mm increments, which correspond to a resolution of 6.5 and
4 years, respectively. Speleothems RN1 and RN4 were sampled in
2mm increments, while the sample Abissal was sampled at 0.4mm
intervals, which correspond to a minimum and maximum resolu-
tion of 2 and 77 years, respectively. The entire carbon isotope re-
cord sums up to 2,654 measurements from the speleothems TRA7,
ALE-1, RN1, RN4 and Abissal, with 852, 99, 448, 517 and 89 mea-
surements, respectively.

Two samples of carbonate host rock were collected inside of
Urubu Cave. In order to have amore regional isotopic signal, we also
collected two samples of carbonate bedrock from Lajedo Soledade,
a karst pavement located in 20 km distance from the cave. All
bedrock samples were analyzed in triplicates for carbon and oxygen
isotopes.
3.6.2. Strontium isotopes e 87Sr/86Sr
The Sr-isotope ratio analyses were performed at the Geochro-

nology Laboratory of the University of Brasília, Brazil. Aliquots of
50 mg of carbonate powder were reacted with 3 ml of cold dilute
HCl for 24 h. The solution was evaporated and the residue was
taken in 2.5 N HCl. Sr was separated using a conventional ion-
exchange technique. The Sr-isotope ratios were measured using a
thermal ionization Finnigan MAT-262 mass spectrometer. The 2s
uncertainty on the measured 87Sr/86Sr ratios was below 0.2% and
the value obtained for the ND-987 standardwas 0.71024± 0.00004.

The strontium record is composed of 67 samples from three
speleothems, which includes 14 samples from TRA7 (each
~20 mm), 17 samples from Abissal (each ~30 mm), and 36 samples
from RN4 (each ~30 mm). We have also obtained Sr isotope ratios
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from two bedrock samples and one soil sample from the Urubu
Cave, and from three samples of rock carbonate from the Lajedo
Soledade site.

The bedrock and soil samples collected above the cave were
used as end-member values for the strontium isotope ratios
measured in the speleothems. The amount of bedrock strontium
(87Sr/86Srbedrock) (BC) and soil strontium (87Sr/86Srsoil) contribution
to the speleothem signal (87Sr/86Srspeleo) was calculated using the
equation (Miller et al., 1993; Zhu et al., 2011):

BC ¼
h�

87Sr=86Srspeleo�87Sr=86Srsoil
�.

�
�
87Sr=86Srbedrock�87Sr=86Srsoil

� i
� 100 (A1)

3.7. Mineralogical analysis

The speleothem mineralogy was identified in layers with
different textural characteristics, for instance in layers formed by
crystals with mosaic and columnar fabrics and also by interbedded
needle-like crystals. The mineralogical composition was deter-
mined in samples with approximately 20 mg by X-ray powder
diffraction in a Bruker D8 diffractometer (Cu Ka, 40 kV, 40 mA, step
0.02�, 153 s/step, scanning from 3 to 105� 2q) at the NAP Geo-
analítica Laboratory of the University of S~ao Paulo. Qualitative
analysis and Rietveld refinement were made with the Panalytical
High Score 3.0 software and the Crystallographic Open Database
(Gra�zulis et al., 2009), considering background (Sonneveld and
Visser, 1975), weight fraction, cell parameters and sample
displacement. Crystallographic data for the mineral phases were
taken from Pokroy et al. (1989) for aragonite and from Paquette and
Reeder (1990) for calcite. Results are presented in weight propor-
tion (wt %).

3.8. Grain size measurements

Grain size analyses of samples at 313 cm (B6A), 330 cm (B6B),
350 cm (B6C) and 445 cm (B6D) depths in the clastic sediment
deposits of Urubu Cave were carried out at the Sedimentology
Laboratory of the Institute of Geosciences of the University of S~ao
Paulo. Grain size analyses were performed with a Malvern Mas-
tersizer 2000 laser diffraction granulometer coupled with a Hydro
2000MU attachment and built-in ultrasound device. Results were
tabulated in 1-phi interval classes and classified according to
Wentworth (1922).

3.9. Archaeological data

A dataset of 267 archaeological radiocarbon dates originating
from human activity were compiled in order to evaluate the rela-
tionship between demographic dynamics of the region and the
climate changes during the Holocene defined in this study
(Table S6).

4. Results

4.1. Speleothem description

The composite speleothem data from NEB extends back to
25,700 yrs BP with speleothems RN4, Abissal and Ale-1, all dated by
Cruz et al. (2009). Except for the period from 15,100 to 13,200 yrs
BP, the combination of these stalagmites provides a continuous
isotopic record from 25,700 to 4,100 yrs BP (Table 1) with an
average resolution of 25 yrs.
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The TRA7 speleothem covers part of the last 5,000 yrs. It shows a
hiatus between 4,100 and 2,250 yrs BP. The speleothem deposition
is apparently continuous in the last ~2,250 yrs BP (Fig. 4, Fig. S1 and
Fig. S4).

The speleothems older than 5,000 yrs used in this study are
exclusively formed by calcite crystals with mosaic and columnar
fabrics (Table 1, Figs. S2-S3). This is the case for speleothems RN1,
RN4, Ale and Abissal. In comparison, the speleothem FN1 has a
weight proportion of aragonite greater than 85%, except for the
interval from 95 to 125 cm, between 1,280 and 1,520 yrs BP, when it
is composed of 100% calcite (Fig. S3). The TRA7 speleothem is
composed of aragonite from 173 to 265 cm, which corresponds to
the period between 1,820 and 4,950 yrs BP. In contrasts, the first
82 cm of TRA7 that comprise the last 360 years of speleothem
growth, it is only composed of calcite (Table 1 and Fig. S1).
4.2. Speleothems and host-rock

4.2.1. Stable carbon isotopes
The speleothem d13C and 87Sr/86Sr isotopic record for the time

interval from 25,900 yrs BP to the last century is presented in Fig. 4
and Table 1. The dataset of d13C and d18O from studied speleothems
is known as Rio Grande do Norte record, hereafter RN record, as
named in Cruz et al. (2009).

The d13C record from the RN4 and RN1 speleothems varies
between �13 and 1.5‰; hence it is characterized by a large
amplitude of 14.5‰ (Fig. 4a). From 25,700 to 18,500 yrs BP d13C
values drop from �7 to �9.5‰. Between 18,500 BP and 15,000 yrs
BP there is an enhanced variability of the d13C values (varying
between �5.2 and �13‰). The higher values (�5.2‰) in this in-
terval occur around 16,700 yrs BP. Between 15,000 and 13,000 yrs
BP there is a hiatus in precipitation that is followed by an interval
with the lowest d13C values (�12.8‰) of the record (13,000 to
5,000 yrs BP). Between 5,000 yrs BP and the most recent portion of
the RN1 and RN4 records, there is an abrupt enrichment of d13C
from�10‰ toþ1.3‰ in both speleothems (Fig. 4a). Consistent with
the speleothems from Rainha cave, the speleothem TRA7 from
Trapi�a cave also shows enriched d13C values, reaching þ1.03‰ for
the interval between ~5,000 and 4,100 yrs BP (Fig. 4), followed by a
hiatus from 4,100 to 2,250 yrs BP. After 2,250 yrs BP, d13C values are
more depleted and vary between �7.3‰ and þ0.0‰, reaching the
most depleted values at the present. The highest d13C values
observed in the dataset from 5,000 to 4,100 yrs BP are within the
range of d13C values for the Cretaceous carbonate bedrock, which
varies between �1.35 and 0.92‰ for samples from the Urubu Cave
and between 0.98 and 1.62‰ for samples from the Lajedo Soledade
(Fig. 4a and Table S3).
4.2.2. Strontium isotopes
87Sr/86Sr values of the ALE-1, RN4, and TRA7 stalagmites cover

the time interval from 17,200 yrs BP to the last century (Fig. 4e). The
values range from0.7085 to 0.7115, with an average value of 0.7098.
From 17,200 to 10,000 yrs BP, 87Sr/86Sr values have an average value
of 0.7094, interrupted by a hiatus from 15,100 to 13,200 yrs BP and
5,000 to 4,100 yrs BP. An abrupt increase in the 87Sr/86Sr values
occurs from 9,200 to 4,100 yrs BP, with an average value of 0.7110,
which corresponds to the maximum values recorded. Between
4,600 and 4,300 yrs BP, there is an abrupt transition to lower
87Sr/86Sr values ranging from 0.7110 to 0.7086 (Fig. 4e), followed by
the hiatus in TRA7. From 2,200 yrs BP to the present, 87Sr/86Sr
values gradually become more enriched, up to 0,7100.
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4.3. Sedimentary deposits of the Urubu Cave

4.3.1. Clastic sediments
The clastic sediment deposits of the Urubu Cave display

different proportions of silt and sand. While the interval between
313 and 350 cm depth consists of 51e54% silt and 20% sand, the
interval near the base of the profile (445 cm depth) consists mainly
of medium and fine sand with minor percentages of silt and clay
(Table S4).

Quartz grains found at 350 cm and 445 cm depth exhibited
strong natural OSL signals dominated by the fast OSL component
and equivalent doses of 13.0 ± 0.4 and 15.3 ± 0.5 Gy, respectively.
Overdispersion values of equivalent dose distributions were 10 and
12%, pointing to well-bleached sediments without significant post-
depositional mixing. Dose rates were 2.558 ± 0.166 and
2.107 ± 0.142 Gy/ka, resulting in OSL ages of 5,115 ± 364 yrs
(5,050 yrs BP) and 7,415 ± 545 yrs (7350 yrs BP) at the depths of 350
and 445 cm, respectively (Figs. 4g, 5a). OSL dating results are shown
in Table S2.

The AMS age on the charcoal found at 345 cm depth in the
sediment profile equals 4,235 cal yrs BP (3,880 ± 20 14C yrs BP),
being consistent with the OSL age at 350 cm depth (Figs. 4g, 5a).

87Sr/86Sr results of these sediments from Urubu Cave vary be-
tween 0.7177 and 0.7223 with an average value of 0.7199 (Fig. 4f
and Table S5). The lower value occurs at the base of the sequence
(7,400 yrs), where a higher content of sand grains is observed
(Table S4). The 87Sr/86Sr values reach their maximum at a depth of
350 cm (5,100 yrs) and decrease to around 0.7196 at the top of the
sequence. These values are very similar to the ones measured in the
soil samples collected above the cave, which are 0.7194 and 0.7219,
respectively (Fig. 4f and Table S5).

4.3.2. Chronology of guano deposit
The bat guano chronology is based on nineteen AMS 14C dates

distributed along five different profiles excavated in the upper-level
gallery of Urubu Cave (Table S2). The guano deposit started accu-
mulating at around 2,740 cal yrs BP and continues to the present
time, considering the age of the deepest sample (B5-70) and the
youngest age of the top guano sequence (B2-0), respectively
(Fig. 4g, Table S2 and Fig. S5). The age models for B1 and B4 profiles
showguano accumulation from 1770 to 96 cal yrs BP (Fig. S5). There
is an interval of lower deposition extending from 835 to 295 cal yrs
BP in B1 and from 1220 to 90 cal yrs BP in B4.

5. Discussion

5.1. Climatic and environmental reconstruction

The isotopic composition of rainfall in this sector of NEB is
interpreted as primarily influenced by the amount of precipitation
with a decrease (increase) in d18O and dD corresponding to
enhanced (weakened) ITCZ rainfall on interannual and seasonal
timescales forced by insolation (Fig. 1a, record # 2e3, 4b, 4h) (Cruz
et al., 2009; Mulitza et al., 2017; Utida et al., 2019). Thus, speleo-
them d18O records at the study site can be used to reconstruct
environmental changes that are associated with precipitation
variability (Fig. 4b; Cruz et al., 2009).

According to different 87Sr/86Sr signatures obtained for bedrock
and soil above the cave (Fig. 4e and f), they were considered the
end-members for Sr speleothem contribution allowing interpre-
tation of their sources (Fig. 4e and f). In our NEB karst area, the
major strontium source for speleothems is the local bedrock, as
attested by greater similarity with values measured in the speleo-
them (Fig. 4d). Another source of Sr is the soil above the cave, which
has more radiogenic Sr isotope values. In the absence of sand dunes



Fig. 4. Paleoclimate data from the RN record. a) d13C of speleothems and bedrock
(asterisks) (this study). U/Th dates of RN1 and RN4 speleothems (blue and red dots)
(Cruz et al., 2009). U/Th dates of TRA7 obtained in this study are marked with light
green dots. b) d18O of Rainha cave (Cruz et al., 2009) and Trapi�a speleothems (this
study). c) Insolation at 10�S (Berger and Loutre, 1991). d) Calculated bedrock contri-
bution in speleothems according to equation (eq. (A1)) based on 87Sr/86Sr of sediments
and bedrock samples (stars). e) 87Sr/86Sr for NEB speleothems and bedrock (this study).
f) 87Sr/86Sr for soil and clastic sediments of Urubu Cave. Bedrock and soil are the end-
members for bedrock contribution. g) Chronological results: OSL for clastic sediments,
AMS 14C calibrated ages for charcoal collected in clastic deposit and guano. h) dD and i)
d13C for n-alkanes from GEOB16202-2 (Mulitza et al., 2017). j) Pollen index from Serra
de Maranguape (Montade et al., 2014). k) Pollen taxa from Icatu River valley (De
Oliveira et al., 1999). Blue shaded area indicates the transition period between 5,000
and 4,200 yrs BP. Younger Dryas (YD) and Heinrich Stadial 1 (HS1) defined by changes
in speleothem d18O from Rainha cave (Cruz et al., 2009). (For interpretation of the
references to color in this figure legend, the reader is referred to the Web version of
this article.)
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or eolian dust deposits in the area, we rule out a significant
contribution of wind-transported sediments to strontium isotopes
in the speleothems as observed in areas that are more directly
influenced by dust transport from deserts (Ayalon et al., 1999).

There is a small variation in the 87Sr/86Sr values of bedrock
carbonate samples collected in Urubu Cave and Lajedo de Soledade
sites, with values near 0.7080 (Fig. 4e and Table S5). Our results are
similar to 87Sr/86Sr values reported for Cretaceous carbonate rock
samples from NEB (Bertotti et al., 2017) as well as to globally
averaged Sr isotope ratios of marine carbonate rocks (Veizer, 1989;
McArthur et al., 2001). Thus, we infer that the 87Sr/86Sr ratios of the
speleothem are not controlled by differences in the bedrock Sr
signal. Variability of the 87Sr/86Sr in NEB speleothems (Fig. 4e) re-
sults from variations in water residence time in the system and,
consequently, the relative proportion of Sr derived from the
bedrock and from the soil directly above the cave (e.g. Wortham
et al., 2017; Novello et al., 2019; Ward et al., 2019). The propor-
tion of these two main sources of Sr is closely related to changes in
the precipitation amount (e.g. Ayalon et al., 1999; Zhou et al., 2009;
Hori et al., 2013).

During periods of increased precipitation, water percolates
faster throughout the karst system. Under such conditions, perco-
lating water has a lower residence time and water-rock interaction
is reduced, resulting in water with more radiogenic 87Sr/86Sr ratios
and distinct from the bedrock values (Novello et al., 2019; Ward
et al., 2019). The higher 87Sr/86Sr ratios observed during intervals
with lower d18O values indicate that the precipitation amount is the
main process controlling the Sr isotope signal of the RN speleothem
(Fib. 4). For instance, the highest 87Sr/86Sr values occur during the
period of maximum precipitation in the area, from 9,000 to about
5,000 yrs BP, which corresponds to a time when the water resi-
dence is reduced in the vadose karst aquifer, and therefore, the
contribution of Sr from bedrock (low 87Sr/86Sr values) is minimal,
while the source contribution is up to 30% from soil (Fig. 4d, ac-
cording to equation (A1)). On the other hand, intermediate and low
87Sr/86Sr values are observed during the deglacial period at the
transition to the Holocene (17,000 to 9,000 yrs BP), and during the
Late Holocene (2,200 yrs BP to present). The intermediate values
observed between 17,000 and 9,000 yrs BP can be explained by the
large precipitation fluctuations that mark the transition from LGM
to the deglaciation, as indicated by the d18O and speleothem hia-
tuses from15,000 to 13,000 yrs BP at the time of the Bolling-Allerød
dry event (Fig. 4). In contrast, the lowest 87Sr/86Sr values observed
between 5,000 yrs BP and the present correspond to a period of
reduced water infiltration and, hence, a longer water residence
time in the vadose zone during prevailing dry climate conditions
that characterize the Late Holocene in the region, which reflects a
much reduced soil contribution of only 5e15% (Fig. 4d, according to
equation (A1)). This notion of a dry period is reinforced by the
absence of speleothem deposition between 4,000 and 3,600 yrs BP
(Fig. 4). The predominance of aragonite from 4,500 to ~4,200 yrs BP
in the TRA7 and FN1 speleothems also suggests carbonate precip-
itation under dryness for this period, as described in other regions
(Cabrol and Coudray, 1982; Frisia et al., 2002; Fairchild et al., 2006).

The other possibility for high 87Sr/86Sr values from Early to
Middle Holocene in NEB is the enhanced weathering in response to
a wetter climate combined with reduced erosion rates, which
would promote soil layer thickening above the cave. This scenario
would result in a higher availability of radiogenic Sr in thicker soils
above the cave (Fig. 4). High rates of soil accumulation could also
explain the more negative d13C values of speleothems observed in
the same period, which would have increased the contribution of
more depleted carbon derived from organic material in the soil
(Burns et al., 2002; Genty et al., 2003; Cruz et al., 2006; Denniston
et al., 2017; Jones et al., 2018). This assumption is supported by the



Fig. 5. Urubu Cave sediment profiles. a) Clastic sediment profile with OSL and AMS 14C calibrated dates according to depositional depth. The clastic profile is located in the trench of
section A (Fig. 3b and c). b) 14C calibrated dates according to depositional depth for guano profiles B1 to B5. Profiles are located in the cross-section H of the cave map (Fig. 3b, d-e).
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presence of very negative d13C in bulk organic matter (OM) of soils,
which varies from �24 to �32‰ in the areas covered by caatinga
dry forest in NEB (Pessenda et al., 2010). However, the d13C of
speleothems could not be used to investigate changes of the
vegetation type, as the isotopic values in the OM of these soils show
a similar range to the ones covered by rainforest in coastal humid
areas in Brazil (e.g. Calegari et al., 2017; Buso Junior et al., 2019).

Conversely, the abrupt change in both d13C and 87Sr/86Sr ratios
of the speleothems from Middle to Late Holocene suggests that soil
erosion processes are dominant during the last four millennia
because of the prevailing dry climate (Fig. 4). Drier climate in-
creases soil erosion rates due to development of a less dense
vegetation cover, exposing soils from past wetter periods to erosion
during rainfall events, similar to the interpretation for central Texas
based on Sr results (Cooke et al., 2009). Indeed, the high values of
speleothem d13C during this period are consistent with the isotope
range of carbonate bedrock (�1.35 to þ1.62‰), indicating that soil
was almost completed washed away from the surface. Further-
more, the low 87Sr/86Sr values are very close to the Cretaceous
carbonate rock signal, which contributes with 95% of the strontium
isotope composition of speleothems.

Internal fractionating mechanisms that are effective in the
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vadose zone and during the speleothem deposition in the cave,
such as prior calcite precipitation and the rate of CO2 degassing
(Fairchild et al., 2000;McDermott, 2004; Johnson et al., 2006) could
at least in part explain the carbon isotope fluctuations in the RN
record. However, they cannot produce such a sudden shift of
12e13‰ as occurred between 4,800 and 4,200 yrs BP (Fig. 4a). This
shift is highly anomalous considering the much smaller amplitude
of ~5‰ observed from 13,000 to 5,000 yrs BP. Furthermore, the
87Sr/86Sr variation is independent of any fractionating processes
and relies almost exclusively on the contribution from the bedrock
source during the Late Holocene.

By considering that the cave drainages are non-active in the area
at present, the clastic sediment deposits in the Urubu Cave point to
a past wetter climate. The lack of primary structures and the pre-
dominance of muddy sediments (Table S4) point to deposition of
water-laid sediments during a wetter period (Fairchild and Baker,
2012). Thus, we interpreted the clastic deposit in Urubu Cave as a
proxy for hydrological changes in the region.

Clastic sediments in cave drainages such as in Trapi�a cave and
the Rainha-Urubu cave system originate in the carbonate rock area
with no influence from Cretaceous sandstones (Fig. 2). This implies
that the siliciclastic sediments accumulating in the cave deposits
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would derive from terrigenous components disseminated within
the carbonate rocks and concentrated by weathering in soils, as
confirmed by the close similarity in 87Sr/86Sr values between soil
and clastic sediments.

The OSL and 14C ages from the clastic deposits indicate that the
cave drainage was active between 8,000 and 4,200 yrs BP (Fig. 5).
These results suggest that the relatively wet climate was respon-
sible for a fast soil turnover during this period due to an
enhancement in both soil accumulation and erosion above the cave,
according to d13C and 87Sr/86Sr speleothem results. In addition, the
upward change in grain size, characterized by an increasing pro-
portion of silt and clay (Table S4) in the cave sediment sequence,
suggests a decrease in flowingwater and deposition under lake-like
conditions due to fluvial channel impoundment. On the other hand,
the lack of younger clastic deposits might be attributed to weaker
underground streamflow due to a drier climate, which also lead to
decreased soil availability at the surface.

The presence of thick bat guano deposits in the Urubu Cave
reflects the lack of major fluvial activity in the cave at least since
2,700 cal yrs BP, according to guano ages and the age model
(Table S2 and Fig. S5). The absence of active fluvial channels since
this period is attributed to the continuous and well-preserved
guano sequence, which has high solubility to percolating water.
These organic deposits started accumulating about 2,700 cal yrs
ago, during a period of increased aridity in the region, as indicated
by high d18O values of speleothems. The lack of water flow is
evident during the entire interval of guano deposition as indicated
by the consistent distribution of the twenty 14C dates, pointing to
continuous deposition of guano.
5.2. Implications of RN multiproxy speleothem data for
paleoenviromental reconstruction in NEB

Although the speleothem d13C record is not suitable to distin-
guish changes in the type of vegetation, the data set that comprises
the RN record can be associated with vegetation density and
changes from more humid-to dry-adapted forests based on pollen,
charcoal and organic geochemistry archives (Fig. 1, record # 3e7)
(De Oliveira et al., 1999; Ledru et al., 2002; Jennerjahn et al., 2004;
Jaeschke et al., 2007; Dupont et al., 2010; Mulitza et al., 2017; Mota
and Scheel-Ybert, 2019).

The data from the RN cave site contributes new evidence to the
discussion of paleoenvironmental changes in NEB; in particular,
during periods of abrupt shifts in climate. For instance, the transi-
tion from the LGM to the HS1 period is marked by an abrupt change
from drier to wetter climate in NEB at about 17,500 yrs BP (Cruz
et al., 2009). This event also coincides with a broad expansion of
humid forests over a large latitudinal range and from mountainous
areas down to the plains, as indicated by pollen in several records
across Brazil (Pinaya et al., 2019). This expansion of plant species
that are typical of wet climates in NEB might have been sustained
by the spread of pioneer-species towards a dense rain forest rich in
Podocarpus, according to the pollen evidence from Caç�o Lake (Ledru
et al., 2006; Pinaya et al., 2019) (Fig. 1, record # 5).

These shifts in vegetation are also coincident with wetter
climate as depicted by very low d18O values in the RN record and
other speleothem records fromNEB (Fig. 1, record # 9) (Strikis et al.,
2015, 2018). The same interpretation is valid for the dD records
from leaf wax (Fig. 1, record # 3) (Mulitza et al., 2017) and Ti/Ca and
Fe/Ca from marine records offshore NEB (Fig. 1 record # 6 and 8)
(Arz et al., 1999; Jennerjahn et al., 2004; Zhang et al., 2017).

Despite the more depleted carbon isotopes in speleothems and
marine sediment records being commonly associated with C3
vegetation that prefers humid climate conditions, the RN record
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displays an increase in d13C at the beginning of the HS1 event (Fig. 4
a). The start of HS1 is characterized by a peak in d13C values
at~16,800 yrs BP in the RN record, which is likely associated with
soil erosion, resulting from increased water runoff during the wet
interval. Similarly, Mulitza et al. (2017) interpreted the increase in
Fe/Ca ratios in the marine core off the Northeast coast as enhanced
terrigenous input during HS1, related to removal of soil due to
erosion in the catchment (Fig. 1a, record # 3, and Fig. 4h and i).

The soil erosion at the beginning of HS1 might be attributed to
the sparse vegetation that made the soils more susceptible to
widespread erosion. Just after 16,800 yrs BP, the more negative d13C
values in the speleothems suggest a higher contribution frommore
depleted carbon from soils, possibly connected to the development
of denser vegetation (Fig. 4 a-b). The response of vegetation to the
changes in precipitation is interpreted as being asynchronous in the
region during HS1 (Fig. 1, record # 6; Jennerjhan et al., 2004;
Dupont et al., 2010).

In the case of marine sediments, the reduced variability in the
d13C of n-alkane long chains related to arboreal vegetation is not
exactly following the hydrological variations interpreted from the
dD record in the same core (Mulitza et al., 2017, Fig. 4h and i). This is
probably because the proportion of C4 to C3 plants does not change
significantly, despite vegetation changes recorded over the conti-
nent and NEB and other continental areas in Brazil (Behling et al.,
2000; Ledru et al., 2006; Dupont et al., 2010; Pinaya et al., 2019).
The humid period during HS1 is succeeded by a dry period asso-
ciated with the Bolling-Allerod event, which is marked by a hiatus
in the speleothem deposition in the region from 15,000 to
13,200 yrs BP.

The climate transition from the interval equivalent to the
Younger Dryas (YD), between 13,200 and 11,000 yrs BP, and the
Holocene, is marked by a long-term trend toward lower d18O and
d13C values in the RN record, but variability during this period re-
mains high (Fig. 4). These data, when combined with the strontium
isotopes and the chronology of clastic sediment deposits, point out
a long wet period that lasted six millennia until ~5,000 yrs BP. The
wetter phase contributed to an expansion of taxa from rainforest in
NEB in the Early Holocene, with presence of major pollen taxa such
as Cecropia, Ilex, Melastomataceae and Myrtaceae (Fig. 1 record
#4e5, Fig. 4-k) (De Oliveira et al., 1999; Ledru et al., 2006). During
the most humid period in the Middle Holocene, the pollen record is
characterized by tropical forest taxa, especially represented by
Mauritia pollen (De Oliveira et al., 1999; Ledru et al., 2006) and
arboreal taxa such as Alchornea, Pterocarpus and Urticaceae/Mor-
aceae (De Oliveira et al., 1999). Some of the taxa are typical for the
Brazilian Savanna vegetation (the Cerrado), which needs a signifi-
cantly longer rainy season in comparison with the modern vege-
tation, the caatinga dry forest.

The wetter climate was interrupted by the establishment of
drier conditions in the Late Holocene, particularly after the
4,200 yrs BP event. These results are in agreement with studies of
vegetation dynamics that report the dominance of savanna (caa-
tinga) in the same time interval when precipitation increased
(decreased) in NEB in the Early to Middle (Late) Holocene (De
Oliveira et al., 1999, Fig. 1, record # 4, Fig. 4k). There is a tendency
towards progressively more arid conditions indicated by an in-
crease in grasses (Gramineae ¼ Poaceae) and sedge (Cyperaceae),
and pollen of caatinga and cerrado taxa, e.g., Byrsonima, Chamae-
syce, Cuphea, Curatella, Mimosa and Ouratea (Fig. 1, record # 4,
Fig. 4-k) (De Oliveira et al., 1999). Between 4,600 and 2,900 yrs BP,
there is also a discontinuity of pollen preservation in NEB, similar to
the hiatus in speleothem deposition, also indicating a drier interval
(Fig. 4k).

In addition, the marine record offshore NEB also suggests
opening of forest during the Late Holocene, as inferred from the
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increase in C4 grass species at the time when the caatinga forest
retracted and a semi-arid climate was established in the region
(Mulitza et al., 2017, Fig. 4i). This notion is supported by vegetation
model simulations that show dominance of savanna in the Middle
Holocene, while open shrubland, typical of caatinga dry forest,
expanded in NEB during the last 4,000 yrs BP (Maksic et al., 2018).

The overall interpretation considering the different proxies and
model simulations for the paleoclimate and paleoenvironmental
conditions of the study area are summarized in Fig. 6. Our findings
document striking environmental changes because of changes in
the ITCZ rainfall throughout the Holocene in NEB. In particular, the
predominance of savanna or Brazilian cerrado during the wettest
period identified in the d18O of speleothems indicates a longer rainy
season from 9,000 to 5,000 yrs BP (Figs. 4, 6a). The savanna requires
rainfall that is well-distributed over 5e6 months; climatic condi-
tions that are significantly different from modern climatology in
which the ITCZ rainfall is mostly restricted to the austral autumn
(March to May) (Ratter et al., 1997; Beuchle et al., 2015). A longer
rainy season probably resulted from a more active ITCZ during the
Fig. 6. Conceptual model for the environmental changes in the Rainha-Urubu cave system b
dry conditions observed from 4,200 yrs BP to the present.

13
previous summer months, consistent with reduced mid-
tropospheric subsidence in the region, driven by low summer
insolation in the southern hemisphere during the Early to Middle
Holocene, possible associated with a southward displacement of
the ITCZ (Cruz et al., 2009).

In the Chapada do Apodi, more humid conditions and a less
seasonal climate led to enhanced carbonate bedrock dissolution
and thicker soil formation in the area of karst pavements during the
Middle Holocene, as suggested by the carbon and strontium iso-
topes in the RN record (Fig. 6a). The chronology of clastic sediments
confirmed that the cave drainages were active during this period. It
is likely that the relatively dense vegetation aided in preventing the
soils from being eroded entirely.

The interval from 5,000 to 4,200 yrs BP is marked by an abrupt
transition of the environmental conditions (Fig. 4aeg). Our results
indicate that the contribution of organic carbon from soil with
depleted d13C and high 87Sr/86Sr strongly diminished in the d13C
and 87Sr/86Sr speleothems, which suggests massive erosion of the
soil mantle, thereby exposing the pavements in a large area
ased on isotopic proxies: a) wet conditions observed from 9,200 to 5,000 yrs BP and b)
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corresponding to approximately 67 square kilometers (Fig. 6b). This
idea is reinforced by the end of clastic sediment deposition inside
the Urubu Cave around 4,000 yrs BP (Figs. 3c and 4g), suggesting
limited soil availability for erosion in the cave river watershed and
above the cave. In addition, the undisturbed bat guano accumula-
tion confirms that cave rivers were not active during the Late Ho-
locene. Age differences among guano profiles and observed age
inversions in B4 may be attributed to the guano slipping from the
top of the deposit (Fig. 5 and S8).

The beginning of the Meghalayan Age was also marked by a
sharp vegetation transition, as documented in pollen records from
an adjacent site in NEB. At Serra doMaranguape (Fig.1, record # 10),
Ficus was the dominant taxon at the end of the Middle Holocene
and abrupt declined after 4,790 cal yrs BP, recording the first
vegetation change. The second vegetation change occurred after
4,275 yrs BP, when the main components of the forest declined.
They were represented by the assemblage of Moraceae/Urticaceae-
type and Myrtaceae that characterize the dense ombrophilous
montane forest. At the same time, Alchornea, that represents tree
species considered as early successional and heliophilous trees
growing in forest gaps, increased considerably and just declined
after 3,525 yrs BP (Montade et al., 2014). The fast increase of pollen
from Alchornea contributed to a decline in the pollen index, inter-
preted as an increase in taxa more adapted to dry climates, in
accordance with our speleothem isotope record pointing toward
drier conditions after 4,200 yrs BP (Fig. 4-j). Hence, the establish-
ment of sparser vegetation might have resulted in a soil mantle
more susceptible to erosion processes by episodic rains. Depleted
d13C and high 87Sr/86Sr indicate a return to more vegetated areas
and increased soil production after 3,000 yrs BP. This is also
observed in the pollen index (Fig. 4-j), represented by a gradual
recovery of ombrophilous montane forest (Montade et al., 2014).

The main forcing mechanism, already described for the NEB
region related to precipitation, is intimately correlated with orbital
forcing (Cruz et al., 2009). The 4.2 ka event is positioned near the
inflection point of this precessional curve, but there is no strong
evidence that would point to orbital forcing as responsible for the
event. Some authors attribute the triggering of the 4.2 ka event in
some location in the Northern Hemisphere to the southward
migration of the ITCZ (e.g. Mayewski et al., 2004; Zanchetta et al.,
2016), but it is unlikely to be the cause of drier conditions in the
region as an ITCZ movement to the south would increase precipi-
tation over NEB.

5.3. Archaeological implications

Northeastern Brazil has a rich archaeological record, doc-
umenting the systematic and continuous human occupation of the
region during the entire Holocene. The demographic dynamics of
the region were evaluated for this period and compared with the
paleoclimatic data of NEB. We compiled a dataset of 267 archaeo-
logical radiocarbon dates originating from human activity in the
region (Table S6 and Fig. S6).

The overall pattern for NEB is similar to what was previously
described for other regions of Brazil and South America (e.g. Araujo
et al., 2005; Goldberg et al., 2016; Riris and Arroyo-Kalin, 2019)
with a high frequency of radiocarbon dates during the Early and
Late Holocene and a low frequency during the Middle Holocene.

Between ca. 12,500e8,000 yrs BP NEB was occupied by different
groups composed of generalist foragers adapted to varying local
environments. Stone tool (lithic) technology was diverse including
uni- and bi-facial knapping that produced both expedited and
curated assemblages (Martin, 2013). Although bifacial projectile
points are known for the region, the defining artifacts for this time
period in NEB are uni-facial limaces produced over long flakes
14
(a.k.a. plane-convex or unifaces) (Lourdeau, 2015). These artifacts
define the Itaparica Tradition and are found over an area stretching
ca. 2,500 km, from the arid northeast to the savannahs of the
southwest (Strauss et al., 2020). Rock art, presumably contempo-
raneous with the Itaparica Tradition, is common in northeastern
and central Brazil, with identical motifs occurring more than
1,500 km apart (Neves et al., 2012). The evidence shows that during
this timeframe human populations in NEB were part of a pan-
continental network of shared goods and information (Bueno and
Isnardis, 2018).

The geographical extent of the Itaparica Tradition was only
surpassed in the New World by the Clovis Tradition in North
America. However, while the latter was an ephemeral phenomenon
lasting no longer than a few centuries, the former was a highly
resilient techno-complex. The Itaparica Tradition endured for
almost fivemillennia until it came to an end at around 8,000 yrs BP.
At this point, a process of fragmentation and fission is evident
(Bueno and Isnardis, 2018), bringing to an end the existence of pan-
continental lithic techno-complexes in Brazil. Archaeological units
of comparable magnitude would only resurge thousands of years
later at around 2,000 yrs BP when pottery produced by the
ancestral of Jê (Aratu Tradition) and Tupi-Guarani (Tupiguarani
Tradition) groups finally arrived in the region (Martin, 2013;
Gregorio de Souza et al., 2020).

In NEB, the earliest appearance of pottery occurs at ca. 4,000 yrs
BP as localized occurrences along the major rivers such as the S~ao
Francisco River. It is only after ca. 2,000 yrs BP, however, with the
arrival of pottery-making groups from central Brazil and the
Amazon, that horticulturalist practices became ubiquitous in the
region. These populations adapted their cultivation techniques and
subsistence strategies to the semi-arid environments, thriving until
the arrival of the European invader. The ethnography of the region
is testimony of their success, as represented by culturally rich,
linguistically diverse and demographically dense populations.

The period between consolidated regional foragers during the
Early Holocene (Itaparica) and the ascension of Late Holocene
horticulturalists (Aratu e Tupigurani) is poorly documented for the
NEB region. This same pattern, with minor local variants, is also
known to central Brazil, the Amazon and the Andes (but not the
Southern Cone). This archaeological silence is reflected in the
aforementioned reduction in radiocarbon dates across large regions
of South America. Under the assumption that radiocarbon dates
from archaeological sites are a proxy for demographic density, this
pattern reflects depopulation of large areas between ca. 8,000 and
5,000 yrs BP. This pattern is unlikely to be driven by climate
changes in NEB, as the region faced wetter conditions during this
same period.

Generalized climatic deterioration in South America during the
Middle Holocene in the form of drier/colder periods or an increase
of climatic instability was proposed as the main driver of the de-
mographic deflation inferred from the radiocarbon data (Araujo
et al., 2005; Riris, Arroyo-Kalin, 2019). However, NEB deviates
from this general pattern in significant ways. Far from being a
climatically stressful time for human population, our data show
that the Middle Holocene in NEB was a phase of ameliorated
climate with increased precipitation. NEB would then constitute an
ecological refugium for populations from neighboring regions
struggling with worsening climatic conditions. However, the
radiocarbon dates compiled in this study (Fig. S6) demonstrate that
far from attracting human groups, the region instead went through
the same demographic collapse inferred for other regions.

Climate-free ecological models propose that after the initial
settlement of the continent, as populations grow and spread,
maximum carrying capacity would be achieved by the beginning of
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the Middle Holocene. Without food-producing techniques the de-
mographic expansion of these populations would stabilize for the
coming three thousand years until cultivation became sufficiently
widespread to significantly increase carrying capacity all over the
continent (Goldberg et al., 2016). Therefore, the demographic
evolution of human populations in South America would not be
conditioned by climatic changes but instead by its internal dy-
namics. The diverse post-colonial societies that are known to have
thrived in the harsh environment of the caatinga are testimony of
the efficiency of adaptive strategies to overcome unfavorable cli-
matic conditions and natural resource limitations.

6. Conclusion

Our multi-proxy study from Chapada do Apodi shows con-
trasting environmental and paleoclimatic conditions during the
Meghalayan period when compared with the previous period, from
~11,000 to 4,200 yrs BP. The first period was characterized by
denser vegetation (predominance of savanna), higher rainfall
amounts and thicker soil cover above the cave system, while the
Meghalayan period is marked in NEB by a decreased rainfall
amount, sparse vegetation (predominance of caatinga) and reduced
soil layer above the cave. In addition, a more seasonal climate was
established in the region when the ITCZ-related rainfall became
more limited to the March to May period. These changes occur
abruptly from 4,800 to 4,200 yrs BP, coincident with the reversion
of the insolation tendency at about 5,000 yrs BP in South America.
Hence, we conclude that the semi-arid to arid region of NEB has a
very sensitive ecosystem, with unknown thresholds, that can lead
to an abrupt environmental change. That should clearly be a matter
of concern in terms of future climate scenarios.

These results provide valuable information to understand how
changes in precipitation affect the resilience of ecosystems in the
region and to better constrain model projections of future precip-
itation and vegetation changes. This is particularly critical in a re-
gion such as NEB, where aridification is underway due to current
climate change. Our climatic proxies for NEB do not seem to
corroborate an association between climatic change and de-
mographic events in South America during the Middle Holocene.
While the climate in the region is shown to follow a unique tra-
jectory with no counterparts elsewhere in the country, the overall
demographic course is virtually identical to the well-established
curve over the rest of South America, characterized by population
deflation during Middle Holocene.
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