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Paleovegetation studies in Brazil have been mostly based on pollen analysis and geochemical proxies in 
lacustrine and soil records. These records, however, are sparsely located in the continent and, in most of 
the cases, centered over the Holocene, giving a minor picture of past vegetation since the Last Glacial 
Maximum. Stalagmites have been long used as recorders of paleoprecipitation and monsoon activity over 
time in tropical and subtropical South America by using δ18O analyses, but recently they also showed the 
potential to record past vegetation and soil changes through the combined use of δ13C and 87Sr/86Sr. We 
utilize this new approach to determine the periods of paleovegetation transition and soil development 
in the Cerrado (Brazilian savanna) biome from central Brazil. Our results show a coherent period of 
transition from sparser vegetation and shallower soil above the cave to denser vegetation and thicker soil 
since the last deglaciation circa 15 ka BP. The timing of this transition is different from the multiproxy 
evidence found in the Caatinga (dry forest) biome, in northeastern Brazil, circa 4.2 ka BP, resulting in a 
period of paleovegetation seesaw pattern between central and northeastern regions of Brazil. Additionally, 
atmospheric pCO2 and temperature variations may have played a major role on the paleovegetation 
transition in the Cerrado region whereas precipitation linked to the Intertropical Convergence Zone was 
the major modulator of paleovegetation in the Caatinga.

© 2021 Elsevier B.V. All rights reserved.
1. Introduction

Paleovegetation studies in Brazil are predominantly carried out 
on soil and lacustrine records, which document changes in pale-
otemperature, paleoprecipitation and paleovegetation through the 
use of pollen and other organic and inorganic proxies. Some of 
these records, however, are subjected to weathering processes 
and rarely exhibit deep, suitable horizons for radiometric dating 
to estimate change in sedimentation rates. Thus, these limita-
tions complicate their use for reconstructing chronologically ro-
bust age-models, necessary to understand rapid paleoenvironmen-
tal changes over long time periods. Additionally, the scarcity of 
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lake records embracing the whole Last Glacial Maximum (LGM)-
Holocene transition over the central South American region pre-
vents us to understand how tropical biomes respond to changes in 
temperature, atmospheric CO2, and rainfall. Therefore, alternative 
proxy records are needed to fill up existing gaps in paleoenviron-
mental reconstructions and better constrain abrupt environmental 
changes during Glacial-Interglacial cycles.

The δ18O values in stalagmites from South America have long 
been used to reconstruct the South American Monsoon System 
(SAMS) activity (Wang et al., 2004, 2007; Cruz et al., 2005, 2009; 
Stríkis et al., 2011, 2015, 2018; Cheng et al., 2013a; Novello et al., 
2016, 2017, 2018; Azevedo et al., 2019) with precise geochronol-
ogy provided by the U-Th dating method (Cheng et al., 2000, 
2013b; Shen et al., 2012). Additionally, recent studies based on 
the combination of δ13C and 87Sr/86Sr analyses in stalagmites from 
Brazil have shown promising results, reconstructing past soil and 
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vegetation dynamics (Novello et al., 2019; Ward et al., 2019; Utida 
et al., 2020).

The δ13C and 87Sr/86Sr values measured in stalagmites from 
Jaraguá cave (JAR record), located in the Cerrado (Brazilian sa-
vanna) portion of central-western Brazil (Novello et al., 2019), in-
dicate the presence of shallow soil and sparse vegetation above 
the cave during the Late Pleistocene, followed by the develop-
ment of thicker soil and denser vegetation during the deglaciation 
and Holocene. The paleovegetation documented in these stalag-
mites is coherent with other proxies measured in a sedimentary 
profile within the same cave (Novello et al., 2019) and the on-
set of warmer conditions and development of the current Cerrado 
vegetation (Whitney et al., 2011; Fornace et al., 2016), suggesting 
a transition for the region of the JAR record at circa 11.7 ka BP 
(Novello et al., 2019). The δ18O record from the same stalagmites, 
however, shows that the SAMS was weaker during the Holocene 
and stronger during the LGM (Novello et al., 2017), indicating that 
the paleovegetation response to the SAMS activity was limited or 
absent.

A similar study, carried out in caves located in the Caatinga (dry 
forest) portion of the Northeast Brazil region (Utida et al., 2020), 
shows a different scenario, with denser vegetation and thicker soil 
from the Late Pleistocene to the Mid-Holocene, transitioning at 
circa 4.2 ka BP to an environment characterized by sparser veg-
etation and shallower soil development over the Late Holocene. In 
this region, however, the period with denser vegetation and thicker 
soil development coincides with wetter conditions and vice versa. 
Additionally, a paleoprecipitation dipole was previously described 
between the mid-western (SAMS core-region) and the northeast-
ern regions of South America: with stronger activity in the former 
and weaker conditions in the later during the LGM, followed by a 
reverse scenario during the Holocene (Cruz et al., 2009; Cheng et 
al., 2013a).

Considering the problems of lacustrine records and the different 
paleoenvironment conditions described above, we combine δ13C 
and 87Sr/86Sr from a suite of speleothems from Lapa Sem Fim (LSF) 
and Lapa Grande (LG) caves, located in central-eastern Brazil, to 
gain a better insight into the paleoenvironment, soil and vegeta-
tion changes and its relations to temperature, atmospheric CO2, 
local hydrology and the paleoprecipitation dipole since the LGM. 
The study site embraces an important ecotonal zone, near the bor-
der between the Cerrado and Caatinga biomes.

2. Materials and methods

2.1. Study site

The stalagmite samples were collected in Lapa Sem Fim (LSF 
- 16◦09′S, 44◦36′W) and Lapa Grande (LG - 14◦22′S, 44◦17′W) 
caves (Fig. 1). These sites are within the NW-SE oriented convec-
tive band called the South Atlantic Convergence Zone (SACZ), one 
of the main components of the SAMS, with local average annual 
precipitation of 930 mm (period 1975-2009) based on meteoro-
logical stations (ANA-National Water Agency database). The bulk 
of precipitation at both sites occurs during the mature phase of 
the SAMS, between November-February (Stríkis et al., 2015). The 
karst system is placed within the Sete Lagoas (LG) and Lagoa do 
Jacaré (LSF) formations, carbonate units from the Bambuí Group, 
which is formed by siliciclastic and biochemical marine sediments 
deposited at circa 790-600 Ma ago (Santos et al., 2000). The lo-
cal vegetation is predominant semi-deciduous forest typical of the 
border between Cerrado and Caatinga (Figure S6).

2.2. Samples

Five stalagmites from Lapa Sem Fim Cave (LSF3, LSF15, LSF16, 
LSF17 and LSF19), hereafter the LSF record, were analyzed for 
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δ18O, δ13C and 87Sr/86Sr and two stalagmites from Lapa Grande 
Cave (LG3 and LG11), hereafter the LG record, for δ18O and δ13C. 
The δ18O values from stalagmites LSF3, LSF15, LSF16, LG3 and 
LG11 were previously published by Stríkis et al. (2011, 2015, 2018), 
whereas the δ18O record from LSF 17 and LFS19 are new (Figures 
S3 and S4). All stalagmites in this study are composed of pure cal-
cite (Figure S8) based on x-ray diffraction (XRD) analysis (Method 
S1).

2.3. U-Th dating

A total of 22 new subsamples (Table S1) of around 0.1 g were 
collected using a hand-drill in order to construct a linear age-
model for the LSF17 and LSF19 stalagmites. The dates were ob-
tained using a multicollector inductively coupled plasma mass 
spectrometer (MC-ICP-MS - Thermo-Finnigan NEPTUNE), at the 
University of Minnesota, following the procedure by Cheng et al. 
(2013b).

2.4. δ13C and δ18O analyses

Circa of 3000 analyses for δ18O and δ13C (Figure S3 and S4) 
were made using an isotope ratio mass spectrometer (IRMS) cou-
pled to a gas bench system II, at the Stable Isotopes Laboratory 
of the Institute of Geosciences, University of São Paulo, Brazil. 
Aliquots of subsamples were collected using a micromill driller 
along the central axis of the stalagmites. Isotope ratios are ex-
pressed in δ-notation, with per mil deviation from the Vienna Pee 
Dee Belemnite (VPDB) standard for carbonates.

2.5. 87Sr/86Sr analyses

A total of 48 subsamples from the LSF record were collected 
using a micromill Sherline 5400 model. Additionally, three sam-
ples from the carbonate host rock and four samples from different 
depths of the soil cover above the cave were also collected (Figure 
S7). All the analyses were made using a thermal ionization mass 
spectrometer (TIMS Finnigan MAT-262), at the Geochronology Lab-
oratory of the University of Brasilia, Brazil. Precision was better 
than 0.001% (2σ ) using a NIST SRM-987 standard. For the LSF 
record, around 20 mg per subsample was dissolved in 5% HNO3
and 1 μL of the resulting solution was put into the rhenium fila-
ments, where the sample is evaporated. Initially, the current was 
set to 0.3 A and then increased to 1.3 A in order to completely 
evaporate the solution. For the host rock and soil cover, around 50 
mg per sample was crushed, weighted and stored in Teflon cru-
cibles before analyzing it.

3. Results

3.1. U-Th dating

The LSF17 record has top and bottom ages of 4.86 ka and 7.47 
ka BP and the LSF19 record has 1.05 ka and 11.17 ka BP, respec-
tively, with most dating errors (2σ ) < 1% (Table S1). Together 
with dates previously published by Stríkis et al. (2015), the full 
LSF record now extends between 27 ka and 1 ka BP (Fig. 2), with 
overlapping periods between them (Figure S3). The LSF record’s av-
erage growth rate is 0.1323 mm/yr, with minimum of 0.001 mm/yr 
and maximum of 0.77341 mm/yr.

3.2. δ13C and δ18O analyses

The LSF record covers the period between 27 ka and 1 ka BP, 
with exception of hiatus between 8 ka and 7.6 ka BP, 23.7 ka and
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Fig. 1. Shaded terrestrial ecoregions (Olson et al., 2001). Blue star - LSF and LG caves (this study; Stríkis et al., 2018), blue circle - JAR cave (Novello et al., 2019), red circle 
- RN caves (Utida et al., 2020), purple square - São José Palm swamp and Lagoa Feia (Cassino et al., 2018, 2020), navy blue square - Laguna La Gaiba (Whitney et al., 2011; 
Fornace et al., 2016).
22.8 ka BP, and a stalagmite gap between 12.1 ka and 11.2 ka BP 
(Fig. 2). The average temporal resolution is 13.2 yrs, with maxi-
mum of 3.1 yrs and minimum of 36.6 yrs. The δ13C values are 
more positive between 27 ka and 17.3 ka BP, averaging circa 1.3�, 
and reaching a maximum of 4.9� at 22.8 ka BP and, occasion-
ally, outlier values reach more negative levels as −2.2� at 25.2 
ka BP. The period between 18.1 ka and 16.4 ka BP is character-
ized by a shift from −0.9� up to 4.6�, followed by a second 
shift from 2.8� down to −7.1� between 15.6 ka and 14.5 ka BP. 
The δ13C during the late deglaciation and early Holocene, however, 
show less variability and more negative values, especially after 15 
ka BP, when values drop to circa −6� and average negative val-
ues of −4.3�, followed by slightly more negative values of circa 
−4� during the late-mid Holocene. The LG δ13C record covers the 
Holocene, including a continuous growth during the hiatus found 
in the LSF19 record between 8 ka and 7.6 ka BP. It reproduces the 
same trend found in the LSF record, with slightly more positive 
values during the early Holocene, followed by more negative val-
ues during late-mid Holocene (Figure S4). Minor differences in the 
timing of identical shifts between samples LSF15 and LSF16 dur-
3

ing the deglaciation are probably related to fewer dated samples 
at the base of the LSF15 sample, resulting in different growth rates 
inferred by linear age models near circa 15 ka BP.

In summary, the LSF δ18O and δ13C records can be subdivided 
into: the LGM phase between 27 ka and 19 ka BP, with average 
values of −5.55� and 1.27�, respectively; the Deglacial phase 
between 19 ka and 11.7 ka BP with average values of −6.28�
and −1.64�, respectively; and the Holocene phase between 11.7 
ka and 1 ka BP, with average values of −5.33� and −4.89�, 
respectively. In addition, the LSF and LG δ13C records show a syn-
chronous transition to more negative values from early to mid-late 
Holocene around 6 ka BP, from −4.3 to −5.4� and from −7.5 to 
−9.7�, respectively (Figure S4). Overall, the LSF record presents a 
transition from large-amplitude swings alternating between posi-
tive and negative values during the LGM, to more stable conditions 
after 15 ka BP. The record also shows that differences between 
δ13C and δ18O were as high as 10.2� during the LGM and, with 
the exception of a few short periods between 15.6 ka and 12 
ka BP, this difference became less than 2� since the deglacia-
tion.
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Fig. 2. (a) δ13C and (b) δ18O records from the LSF cave with its respective ages. YD - Younger Dryas, B-A - Bølling-Allerød, HS1 - Heinrich Stadial 1 are highlighted by gray 
and yellow shading, respectively.
3.3. 87Sr/86Sr analyses

The 87Sr/86Sr LSF record shows minor variations during the 
LGM until the early deglaciation, with an average value of 0.70842 
(average error ± 0.00002), but rising during the late deglaciation 
to 0.71031 (average error ± 0.00007) and during the Holocene 
(Fig. 3) (Table S2). Analyses of the two end-members (Figure S7) 
show that the soil cover above the cave has an average value of 
0.79184 (average error ± 0.00002), with higher radiogenic values 
in the deepest portion of the soil profile; whereas the host rock 
has a lower average value of 0.70826 (average error ± 0.0001) 
(Table S3), which is within the range of values from previous stud-
ies for the Lagoa do Jacaré Formation, reported to extend between 
0.70740-0.70820 (Misi et al., 2007).

4. Proxy interpretations

Based on the environmental monitoring of caves, isotopic com-
position of local rainfall, cave drip water, and its correlation with 
regional rainfall and model experiments, the δ18O from stalagmites 
within the Central Brazil region is interpreted as a proxy of mon-
soon activity, with low δ18O values related to a strong monsoon 
and vice-versa (Vuille et al., 2012; Novello et al., 2016, 2017, 2018; 
Stríkis et al., 2011, 2015, 2018; Azevedo et al., 2019). Furthermore, 
previous δ18O studies in stalagmites from the LSF and LG caves 
showed a coupling between the strong phases of SAMS activity 
with cold events recorded in the Northern Hemisphere, such as 
the Heinrich Stadials during the glacial periods (Stríkis et al., 2015, 
2018), and Bond events during the Holocene period (Stríkis et al., 
2011), which are likely induced by an intensification of the North 
Atlantic Subtropical High, increasing the advection of moisture into 
the South American continent.

δ13C in speleothems, on the other hand, has been interpreted 
as a proxy for the contribution of the host-rock to the drip water, 
degree of prior calcite precipitation (PCP), changes between photo-
synthetic plant type and soil organic matter content, and in-cave 
kinetic fractionation, which are driven by change in temperature 
and air ventilation (Baker et al., 1997; McDermott, 2004; Mick-
ler et al., 2006; Dreybrodt and Scholz, 2011; Azevedo et al., 2019; 
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Fohlmeister et al., 2020; Novello et al., 2021). Variations in the 
atmospheric pCO2, however, can also exert a strong role in the 
photosynthetic discrimination and, consequently, the δ13C values 
of the vegetation-soil imprint in the epikarst, thereby potentially 
altering the δ13C signal from speleothems (Schubert and Jahren, 
2012; Meyer et al., 2014; Wong and Breecker, 2015; Breecker, 
2017; Novello et al., 2019). Furthermore, dripping rates can also 
play an important role over the δ13C from speleothems. During dry 
(wetter) periods, a reduction (increasing) in dripping rate results 
in an increase (decrease) in time for the solution to re-equilibrate 
with the cave atmosphere, which can increase (decrease) the δ13C 
of the precipitate (Dreybrodt and Scholz, 2011). Even though δ13C 
values in stalagmites can be affected by many factors, the combi-
nation of these forcings can provide a positive feedback, fractionat-
ing the δ13C values in the same direction: low soil organic matter 
content, sparse vegetation and predominance of grasslands with 
photosynthetic pathway C4 above the cave during dry conditions 
and increasing PCP contribute to enrichment of δ13C values in sta-
lagmites; while high soil organic matter content, dense vegetation 
and predominance of trees with photosynthetic C3 pathway above 
the cave during wet conditions and decreasing PCP favor depletion 
of δ13C values (Novello et al., 2019 and references therein).

87Sr/86Sr in speleothems from South America have been used 
as proxies for water-rock interaction and the contribution from 
different end members, such as soil and host-rock (Wortham et 
al., 2017; Ward et al., 2019; Novello et al., 2019; Utida et al., 
2020). The thinner soil during the LGM phase results in lower 
87Sr/86Sr values in the LSF record, with higher contribution from 
the bedrock into the speleothems. In this scenario, the epikarst 
environment is characterized by low organic matter content and 
sparser vegetation, which matches with the higher δ13C values 
found during the same period. On the other hand, the thicker soil 
and denser vegetation during the Holocene phase provide gener-
ally higher 87Sr/86Sr values derived by higher soil organic matter 
content and lower δ13C values into the stalagmite record.

Additional forcings can potentially influence the 87Sr/86Sr and 
δ13C in stalagmites; nonetheless, the overall values and coherence 
between proxies in the case of the LSF record, matches with the 
scenario described above. This same scenario was documented in 
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Fig. 3. Comparison of δ13C and 87Sr/86Sr records from the (a) RN (Utida et al., 2020), (b) LSF (this study) and (c) JAR (Novello et al., 2019) caves and the influence of 
atmospheric pCO2 (Bereiter et al., 2015) and global temperature based on δ18O (Stenni et al., 2006) from (d) Epica Dome C. Different transitions from sparse vegetation and 
shallower soil (light yellow) to denser vegetation and thicker soil (light gray) are indicated between the regions.
the JAR record, in central-western Brazil (Novello et al., 2019), and 
the same relationship between 87Sr/86Sr, δ13C, soil and vegetation 
dynamics was also found in the RN record (Utida et al., 2020), in 
northeastern Brazil.

5. Discussion

The δ18O LSF record is sensitive to the millennial-scale events 
Heinrich Stadial 1, Bølling-Allerød and Younger Dryas, which are 
recorded during the LGM-Holocene transition (Stríkis et al., 2015, 
2018). The record, however, presents similar average values during 
the LGM and the Holocene (−5.5� and −5.3� respectively), indi-
cating similar SAMS intensities (Fig. 2). Similar conditions are also 
found during the Holocene in the δ18O from the LG record (Fig-
ure S4a). On the other hand, the δ13C LSF record shows an overall 
change, at circa 15 ka BP, from more positive values during the 
LGM to more negative values during the Holocene. This change is 
also recorded in the 87Sr/86Sr, where lower radiogenic values are 
5

found during the LGM when compared to the Holocene (Fig. 3). 
The decoupling of δ18O from the δ13C and 87Sr/86Sr records sug-
gests that monsoon activity was not the primarily driver of soil and 
vegetation change at the LSF site, at least on a Glacial-Interglacial 
scale; thus, other forcings, not exclusively related to paleoprecipi-
tation and the monsoon activity forced this LGM-Holocene transi-
tion.

The δ13C and 87Sr/86Sr shift found in the LSF record is simi-
lar to the one found in the JAR record, located in central-western 
Brazil (Novello et al., 2019). During the LGM, both the LSF and JAR 
records have more positive average δ13C and lower 87Sr/86Sr val-
ues, followed by more negative average δ13C and higher 87Sr/86Sr 
values during the Holocene (Fig. 3). Thus, suggesting that both re-
gions are characterized by a transition from sparser vegetation, 
thinner soil, less radiogenic contribution above the cave during 
the LGM to denser vegetation, thicker soil, and higher radiogenic 
contribution during the late Deglacial-Holocene phases. These sim-
ilarities indicate that common forcings acted in central-eastern and 
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Fig. 4. Comparison between the δ13C and δ18O records from the (a, b) RN cave (Cruz et al., 2009; Utida et al., 2020), (c, d) the LSF cave (this study; Stríkis et al., 2015), 
and (c, d) the JAR cave (Novello et al., 2017, 2019), indicating a bipolar paleovegetation pattern of denser vegetation and thicker soil (light gray) contrasting with sparser 
vegetation and shallower soil (light yellow) during the LGM-Holocene transition.
central-western Brazil. The δ18O records, however, are not similar. 
The JAR record shows more negative average δ18O values during 
the LGM phase in comparison to the Holocene, suggesting stronger 
monsoon activity in the former than the latter, whereas the av-
erage δ18O values from the LSF record show smaller differences 
in average values between the two phases (Fig. 4). Thus, reinforc-
ing our hypothesis that change in precipitation solely could not 
explain the LGM-Holocene transition found in the Cerrado region 
of central-eastern (LSF) and central-western (JAR) Brazil. The simi-
lar δ18O average values found in the LSF record between the LGM 
and Holocene are expected, due to its location in the center of 
the precipitation dipole axis previously described in South Amer-
ica during the LGM-Holocene transition (Cruz et al., 2009; Cheng 
et al., 2013a). Thus, this paleoclimate dipole did not seem to in-
fluence the paleovegetation during the LGM-Holocene transition. 
Furthermore, the multiproxy study by Novello et al. (2019) in the 
JAR cave already pointed out the decoupling between the SAMS 
variability and the epikarst vegetation-soil development during the 
LGM-Holocene transition. The authors associated the flourishing 
6

of vegetation during the Holocene phase with the global increase 
of atmospheric pCO2 during the deglaciation, with possible feed-
backs from temperature and changes in local precipitation amount 
and/or seasonality (Fig. 4). A similar timing during the transition 
between the LGM and Holocene of the LSF δ13C record and Epica 
Dome C atmospheric pCO2 (Bereiter et al., 2015) normalized curves 
reinforce the notion that pCO2 was the major modulator for our 
site (Figure S5). During the Holocene, however, when the atmo-
spheric pCO2 values were stabilized, the proxies from LSF record 
seem to coincide, suggesting a closer relationship between the 
monsoon intensity, local hydrology and vegetation/soil dynamics.

Conversely, this common trend found in the δ13C and 87Sr/86Sr 
records from the LSF and JAR caves is opposite to the one found 
in stalagmite records from a cave system located in the North-
east Brazil region (Utida et al., 2020). The composite of δ13C and 
87Sr/86Sr records from these stalagmites (RN record hereafter), 
along with evidence from cave sediments and other near-lacustrine 
and marine records, indicate denser vegetation and thicker soil be-
tween the late LGM and the mid-Holocene, transitioning to sparser 
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Fig. 5. Comparison between the LSF and LG records (this study) with Lagoa Feia pollen and charcoal records (Cassino et al., 2020) showing similar timing of the LGM-Holocene 
transition and expansion of vegetation roughly between 15-13 ka (B.P.) in Lagoa Feia and circa 15 ka (B.P.) in the LSF cave, when δ13C drops to Holocene average negative 
values.
vegetation and thinner soil after circa 4.2 ka (B.P.). This transition 
occurs simultaneously with an increase in drier conditions, based 
on the increase of positive δ18O values from the RN records (Cruz 
et al., 2009; Utida et al., 2020) (Fig. 4).

The different relationship between the δ18O records and the 
δ13C and 87Sr/86Sr records found between central-eastern and 
central-western regions in comparison to northeastern Brazil can 
be related to how these vegetation types respond to changes of 
their climate regimes. The Central region, where Cerrado is the 
predominant vegetation, has a semi-humid climate with relatively 
high average annual precipitation derived from the SACZ, espe-
cially during the mature monsoon phase between November and 
February (NDJF); whereas in the Northeast region, where Caatinga 
is the predominant vegetation, has a semi-arid climate with rela-
tively low average annual precipitation originating primarily from 
the ITCZ, especially during the mature phase between March-May 
(MAM). Additionally, the δ13C values from the LSF and JAR records 
follow the increase in global atmospheric pCO2 and tempera-
ture (Fig. 3), indicating that the Cerrado soil-vegetation transition 
through the Deglaciation might have been strongly influenced by 
the increase in global atmospheric pCO2, with possible feedbacks 
from temperature and changes in precipitation seasonality; while 
the Caatinga vegetation was more sensitive to precipitation vari-
ability. Additionally, recent lacustrine studies conducted near the 
LSF cave site show a transition from cooler to warmer conditions 
and the development of current Cerrado sensu stricto vegetation 
roughly around 15-13 ka BP (Cassino et al., 2018, 2020), which is 
coherent with the beginning of the δ13C transition at circa 15 ka 
BP found in the LSF record (Fig. 5). This indicates an earlier change 
in the paleovegetation transition in central-eastern in comparison 
to central-western at circa 11.7 ka BP (Novello et al., 2019), and 
in northeast Brazil at circa 4.2 ka BP (Utida et al., 2020). During 
this period, a negative excursion in the LSF15 δ13C record is in 
agreement with wet events (lowering in the δ18O), associated to 
millennial-scale oscillations, peaking at 13.9 ka BP (during the time 
of Glacial Interstadial-1d) and during the Younger Dryas, from near 
13.1 ka to 12.1 ka BP (Rasmussen et al., 2014) (Figure S3). In this 
7

context, we highlight a wet excursion during the mid-Holocene, 
starting near 6 ka BP as observed in the LSF19 δ18O record. The 
wet event is followed by a marked transition in the δ13C towards 
negative values in the speleothems from LG and LSF caves. This 
timing is in agreement with pollen records from Cerrado vege-
tation located in the same region, which shows a trend towards 
wet conditions (Cassino et al., 2020). In this regard, we do not 
rule out the role of precipitation on drive changes in vegetation 
on millennial-scale oscillations.

Our study suggests the existence of a past regional pattern of 
Cerrado vegetation and soil development between 15 and 11.7 ka 
BP, evidenced by the δ13C and 87Sr/86Sr of stalagmites and sup-
ported by other proxies from lacustrine records near the studied 
sites. This paleovegetation pattern is opposite to the one found in 
the Caatinga, based on records in the Northeast Brazil region (Utida 
et al., 2020), suggesting the existence of a vegetation seesaw be-
tween those two regions. These patterns are the product of differ-
ent responses from the biomes to their respective climate regimes, 
resulting in different timings of the vegetation and soil develop-
ment transition between the Cerrado and Caatinga biomes, with 
the former taking place independently from the climate dipole and 
SAMS activity.

6. Conclusions

The new paleoenvironmental reconstruction using multiproxy 
data from Lapa Sem Fim and Lapa Grande caves, located in 
the Cerrado portion of the central-eastern Brazil, points to a 
sparser vegetation and thinner soil cover during the Deglacial-
LGM phases, transitioning to denser vegetation and thicker soil 
above the cave during the Holocene. These results are consis-
tent with similar studies performed in central-western Brazil, also 
within the Cerrado biome. The strategic location of our study site 
near the Cerrado-Caatinga border, along with evidence from lacus-
trine records, allows us to define a vegetation seesaw between the 
central and northeastern regions of the South American Monsoon 
System, which, in the case of the former, varied independently 
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from the climate dipole between the regions during the LGM-
Holocene transition.

Our multiproxy study reinforces the notion that the increasing 
atmospheric pCO2 during this time, together with possible feed-
backs from temperature and local precipitation/seasonality, played 
a major role in the change of vegetation and soil above Lapa 
Sem Fim cave and, possibly, in other regions of Cerrado. The 
denser vegetation was responsible for soil stabilization and devel-
opment above the cave, which led to an increase in the stalagmites 
87Sr/86Sr values due to higher radiogenic contribution from the 
epikarst into the cave from the LGM to the Holocene. The pe-
riod of transition recorded in the stalagmites, beginning at circa 
15 ka (B.P.) in central-eastern and circa 11.7 ka (B.P.) in central-
western Brazil, is concomitant with the transition found in near 
lacustrine studies in central-eastern region, between 15 ka and 13 
ka (B.P.). Thus, our results strengthen the premise that multiproxy 
stalagmite studies can be used as precise recorders of regional pa-
leovegetation and paleoenvironmental change.
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