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ABSTRACT

A Holocene stalagmite from Botuvera Cave, southeastern Brazil was analyzed by LA-ICPMS for Mg/Ca,
Sr/Ca, Ba/Ca. The observed variability in the record was demonstrated to be modulated by prior calcite
precipitation, and, thus, is interpreted to reflect monsoon intensity. We find that the calcite §'80 is
strongly correlated with Sr/Ca, indicating that atmospheric circulation over South America and monsoon
intensity have been tightly correlated throughout most of the Holocene, both directly responding to solar
precession. Comparison with other contemporaneous high-resolution hydroclimate records reveals that
SAMS has shown a degree of complexity during the Holocene not previously detected, with periods
where the South American Convergence Zone (SACZ) expanded to cover most of the South American sub-
continent, and coincident with periods of low-SST in the north Atlantic. We also detect periods where
rainfall amount in northeastern and southeastern Brazil are markedly anti-phased, suggesting a north-
south migration of SACZ, which it appears to be mediated by solar irradiance. The high-resolution nature
of our record allow us to examine the effect that Holocene climate anomalies had upon SAMS dynamics
and hydroclimate in southeastern Brazil, in particular the 8.2 ka event and the Little Ice Age. In addition
to confirm the internal structure of the events, we also detect the possible consequences of the climatic
anomalies upon ocean-atmosphere interactions through its effects upon SAMS.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

to millennial time-scales and have established links to Northern
Hemisphere climate (e.g. Cruz et al., 2005a, 2009; Strikis et al.,

The South American Monsoon System (SAMS) refers to the
austral summer season features of deep convective activity and
large scale circulation over South America (Liebmann and Mechoso,
2011) from which one of most important biodiversity hotspot in
the tropics, the Atlantic Rainforest, has relied upon during late
Quaternary (Carnaval et al., 2009), and it is the main source of
rainfall for the most densely-populated areas of South America.
Because of its importance, an increasing number of studies have
focused on deciphering the natural variability of SAMS on orbital
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2011; Wang et al., 2006). More recently, high-resolution paleo-
climate records from South America have been able to reveal the
modulation/coupling of SAMS by different (multi)decadal climatic
modes, and/or solar oscillations (Apaéstegui et al., 2014a; Bird et
al.,, 2011; Chiessi et al., 2009; Novello et al., 2012; Thompson et al.,
2013; Vuille et al., 2012). Most of these reconstructions are focused
on the last two millennia, and only Chiessi et al. (2009) cover a pe-
riod of ~4.5 ka during the last glacial maximum; yet, there is still
no reconstruction of SAMS in subtropical South America providing
evidence for hydroclimate modulation by multi-decadal climatic
modes during the entire Holocene period when climate changed
substantially from low to high phases of austral summer insola-
tion. In this regard, it is necessary to obtain long, well-dated and
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highly resolved records of past SAMS’s activity in an attempt to
discuss the possible modulation of precession forcing on the high
frequency precipitation variability. Such records also have the po-
tential to provide valuable information on the coupling/decoupling
of monsoonal systems with the different climatic modes, and/or
reveal the possible influence from solar activity on climate insta-
bility or abrupt climate changes, providing a unique insight into
the high-resolution paleoclimate dynamics during such events.

Oxygen-isotope records from stalagmites have provided many
robust paleoclimate reconstructions spanning several thousands of
years because variability in the carbonate §'80 can be interpreted
to reflect changes in the isotopic composition of local rainfall,
which can be a function of moisture source, rainfall amount, or
atmospheric equilibrium temperature (Lachniet, 2009). However,
obtaining 880 records with high temporal resolution is complex
and labor intensive (e.g. Treble et al., 2007), and is usually lim-
ited to samples with relatively high growth rates (>50 pm/yr),
hampering our general understanding on how high-frequency cli-
mate modes and solar oscillations might have potentially impacted
the different monsoonal systems in the world. This has led to the
development of alternative rainfall proxies in stalagmites, among
which, trace element variability is probably the most promising
(Fairchild and Treble, 2009).

Trace element variability in stalagmites has been studied for
several years (Fairchild and Treble, 2009), but the complexity and
variety of geochemical processes to which they can be subjected
in the epikarst hampers the establishment of a general model
to explain trace element variations. Yet, the increasing knowl-
edge on the geochemical processes modulating the abundance of
some trace elements in the epikarst, as well as their incorporation
into the speleothem calcite (Sinclair, 2011; Stoll et al., 2012; e.g.
Treble et al., 2005; Tremaine and Froelich, 2013), along with the
development and availability of different microbeam techniques,
have permitted the construction of records with high spatial-
and chronological resolution using laser ablation-ICPMS (Treble et
al., 2003), secondary ionization mass-spectrometry (Smith et al.,
2009) and micro-XRF (e.g. Borsato et al., 2007); thus allowing the
construction of records with high-temporal resolution even from
slow-growing stalagmites, which can complement complex §80
records.

Long trace element records can also provide additional infor-
mation for the interpretation of speleothem 8'80 records where
the isotopic composition of local precipitation and seepage, which
is finally recorded by speleothems, can be modulated by more
than one fractionation process (e.g. source and rainfall amount).
This is the case of southern Brazil, where two isotopically distinct
moisture sources, Amazonian and extratropical, dominate rainfall
regimes during the summer and winter, respectively (Cruz et al.,
2005a). Consequently, speleothem 880 cannot be used as a proxy
of mean rainfall accumulation because the amount effect is not
evident and is poorly correlated with §'80 in the region (Cruz et
al., 2005b; Vuille and Werner, 2005). If, however, the variability on
the abundance of trace elements is demonstrated to be modulated
by karst humidity and prior calcite precipitation, such as in caves
from Southeastern Brazil (Karmann et al., 2007), then it is possible
to build a more complete and precise hydroclimate reconstruction.
Indeed, by examining the variability of both, trace element and
5180 records, it can be possible to obtain information on changes
in moisture sources and amount with high temporal resolution,
providing a more detailed description of the climatic patterns and
atmosphere dynamics modulating hydroclimate in the area.

Here, we present a high-resolution trace element record in
a stalagmite from Botuverd Cave (southeastern Brazil) spanning
most of the Holocene using LA-ICP-MS providing the most detailed
record of Holocene hydroclimate yet available for this area. Pa-
leoclimate records from this cave are, arguably, among the most

robust climate reconstructions for South America (Cruz et al,
2006a, 2005b; Wang et al., 2006, 2007), but due to the slow
growth rate exhibited by the collected stalagmites (2-10 um/yr),
construction of records of hydroclimate variability based on calcite
5180 with high temporal-resolution is difficult. We present evi-
dence supporting that the observed variability in trace elements is
mostly modulated by changes in the karst humidity, thus rainfall
amount. This allows us to identify the diverse set of climatic modes
(e.g. AMO) and forcing mechanisms (e.g. solar variability) that have
been modulating the strength of the South American Monsoon Sys-
tem, and determine that SAMS evolution throughout the Holocene
has been the result from a complex interplay by different forcing
mechanisms.

2. Samples and methods

Botuvera cave (Fig. 1, 27°13’S; 49°09’W, 230 m above sea level)
is located in Santa Catarina State, Southern Brazil, and is hosted
within carbonates and sediments from the Brusque Group (Auler,
2002), a succession of metavolcanosedimentary rocks from the
Neoproterozoic with an age of c.a. 600 Ma (Basei et al., 2011). Sam-
ple BTV21a is a 22.5 cm long stalagmite collected in 2002. Visual
inspection of the sample reveals that there are no evident changes
in growth direction or long hiatuses, an observation supported also
on the resulting age-model (Fig. 2). Modern climatic conditions in
the area have been described elsewhere (Cruz et al., 2007). The sta-
lagmite was sectioned and a linear age-model was developed from
13 U/Th ages measured at the Minnesota Isotope Laboratory, Uni-
versity of Minnesota, and at the Earth Observatory of Singapore,
using the methods described in Shen et al. (2002).

Oxygen and carbon stable isotope analyses were carried out at
the University of Minnesota following the procedures and quality
control described in Wang et al. (2006). Trace element ratios were
obtained by Laser-ablation ICP-MS using a Resonetics L-50 excimer
laser-ablation workstation (ArF, A = 193 ns, 23 ns FWHM, flu-
ence of ~6 J/cm?) at Centro de Geociencias, Universidad Nacional
Auténoma de México (UNAM). Details on the analytical protocols
used here are described in the supplemental material.

Spectral analyses were carried out on sub-annually interpolated
time-series using the Redfit module (Schulz and Mudelsee, 2002)
as incorporated in PAST v 3.03 (Hammer et al., 2001). Wavelet
analysis was performed using a Morlet wavefunction using the
protocols developed by Grinsted et al. (2004) for Matlab®.

3. Results
3.1. Chronology

Stalagmite BTV21a has approximately 90 ng/g of U and only
~0.05 ng/g of Th, thus the average (232Th/?38U) is 0.00018.!
Ages were corrected for contributions from detrital material us-
ing a two-point isochron, assuming that the detrital material
present in the stalagmite has a typical crustal 239Th/232Th =
(4.442.2) x 1075 and (?32Th/?*%U) = 1.2+ 0.5 (McDonough and
Sun, 1995) and, essentially, in secular equilibrium; i.e. (239Th/238U)
and (?34U/2%8U) = 1.0 + 0.1. Nevertheless, because of the very
low Th concentration in the stalagmite, the difference between
“corrected” and “raw” age is less than 5 yr, with the excep-
tion of the two uppermost samples, whose corrected age are
275 and 92 yr younger than the uncorrected age. All ages are
in stratigraphic order (Fig. 2A, Table SP1) and show that the

T Round brackets denote activity ratios calculated using the decay constants from
Cheng et al. (2000). We note that using the more recent values reported by Cheng et
al. (2013a) does not yield significantly different activity ratios, ages or uncertainties.
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Fig. 1. Summer and winter 1950-2010 average upward longwave radiation flux as an indicator of convective activity over South America (data from NCEP Reanalysis 2 data
provided by the NOAA/OAR/ESRL PSD, Boulder, Colorado, USA, from their Web site at http://www.esrl.noaa.gov/psd/cgi-bin/data/composites/printpage.pl) and highlighting the
mean position of the Intertropical Convergence Zone (ITCZ) and the South American Convergence Zone (SACZ). Numbers indicate location of different sites discussed in the
text. 1) Botuverd Cave, 2) Lapa Grande cave (Strikis et al.,, 2011), 3) Padre cave (Cheng et al., 2009), 4) Diva de Maura cave (Novello et al., 2012), 5) Cariaco basin (Haug et
al., 2001), 6) Palestina Cave (Apaéstegui et al., 2014b), 7) Huagapo cave (Kanner et al., 2013), 8) Quelccaya glacier (Thompson et al., 2013). White arrow for the summer
indicates the general simplified trajectory of the Low Level Jet (LLJ) during summer. Black arrows indicate the simplified trajectory of extratropical moisture. The §'80 values
represent the modern amount weighted average isotopic composition of rainfall at the nearest GNIP station in Porto Alegre, Brazil (Cruz et al., 2005b).
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Fig. 2. A): 230Th-ages vs. distance from stalagmite tip to build age-model used in
this work. B) growth-rate variability for stalagmite BTV21a, showing that the sample
grew ~20-30 pm per year except for the last millennia when growth rate decreased
significantly to 10-15 pm per year. C) Initial 234U vs. age, showing a gradual de-
crease from the early to the late Holocene.

sample grew continuously since 9118 + 17 yr with an aver-
age growth rate of 28 =4 pm per year with little variability.
Growth rate decreased significantly to 17 and 9.5 pm per year
between 7000 and 8000 yr B.P. and 1300 to 300 yr B.P, re-

spectively (Fig. 2B). The robustness of the chronology and the
age model presented here is supported by the close agree-
ment between our record and other independently-dated records
from other localities. Fig. 2C also shows a gradual decrease
in 8234U, throughout the period of stalagmite growth, from
§234Uy ~ 3200%o during the early Holocene to 2680%y in the late
Holocene. The hydrological implications of such shift are discussed
below.

3.2. Stable isotope

The 5180 composition of BTV21a varies between —2.1%o and
—4.4%, (VPDB), and is characterized by a gradual change from less
negative, or higher, §'80 values during the early Holocene to more
negative, or lower, §'80 values during the late Holocene (supple-
mental material, Fig. SP2), which has been interpreted to reflect
increased intensity of SAMS (Cruz et al., 2005a). We note that the
8180 variability in BTV21a nicely replicates other contemporane-
ous stalagmites from Botuvera Cave (Cruz et al., 2005a; Wang et
al., 2006, 2007), providing strong evidence for calcite precipitation
in isotopic equilibrium (supplemental material, Fig. SP2). This is
further supported by the absence of any correlation between 580
and §'3C (R? = 0.0303), which would be expected under isotope
kinetic effects (Hendy, 1971). Therefore, kinetic fractionation dur-
ing calcite precipitation is not a dominant process affecting the
5180 and §13C variability in BTV21a.

3.3. Geochemical controls on stalagmite Mg/Ca, Sr/Ca and Ba/Ca

The Mg/Ca, Sr/Ca and Ba/Ca records in BTV21a are composed
of nearly fifty-thousand independent points, resulting in a time-
series of sub-annual resolution, with an average of five points per
year throughout the Holocene. The large variability in the record
was reduced by calculating a 200-point running mean using a rect-
angular window. The “smoothed” time-series are used throughout
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Fig. 3. Comparison of hydroclimate proxies from stalagmite BTV21a: from top to
bottom: calcite §'80 (VPDB), Sr/Ca, Ba/Ca and Mg/Ca. Markers at top shows dated
parts of the stalagmite.

this work. Despite the high-resolution of the record, no annual cy-
cles were detected in both non-smoothed and smoothed data.

Fig. 3 shows the trace element record for BTV21a. Mg/Ca
and Sr/Ca ratios range from 222 to 333 mmol/mol and 60 to
30 mmol/mol, respectively, whilst Ba/Ca ratios vary between 0.5
and 1.1 mmol/mol. In general, the trace element ratios co-vary
throughout the Holocene, with exception of the last millennia
where two significant and abrupt excursions to high Mg/Ca ratios
are observed. A gradual decrease in Mg/Ca, Sr/Ca and Ba/Ca is ob-
served from 7300 yr B.P. onwards.

Several geochemical processes can modulate the relative abun-
dance of trace elements in the stalagmite, such as prior calcite
precipitation (PCP), incongruent calcite dissolution (ICD) as well
as mixing between two or more sources. From these, only PCP
can be linked with external atmospheric conditions, as a lower
vadose zone aquifer above the cave favors the precipitation of cal-
cite upstream the stalagmite, as fissure and secondary conduits
are ventilated during dry periods, allowing CO, degasification, thus
favoring calcite precipitation and leading to the enrichment of in-
compatible trace elements, such as Mg, Sr and Ba, relative to Ca
in the seepage water, hence, the stalagmite (Fairchild et al., 2000).
Conversely, during wet periods, precipitation of calcite upstream
the seepage flow pathway is less likely to occur since the karstic
porosity where CO, degasification takes place are likely to be filled
with water, resulting in little or no significant change in the rela-
tive concentration of trace elements. Consequently, it is essential
to identify which, of any of these processes, is more significant in
modulating the observed variability in Mg/Ca, Sr/Ca and Ba/Ca.

Sinclair (2011) has demonstrated that if PCP modulates Mg/Ca
and Sr/Ca variability, and in the absence of kinetic control, the
molar ratios (mol Mg/mol Ca and mol Sr/mol Ca) should co-vary
linearly in a In-space, with a slope of 0.88 4+ 0.13. Fig. 4A shows
that In(Mg/Ca) and In(Sr/Ca) from BTV21a have a strong linear co-
variation (R =0.51), but fail to represent the expected trend if PCP
were the only process modulating their variability, as the result-
ing slope (m = 0.55) indicates that other processes, have impinged
upon the abundances of Mg and Sr in the stalagmite. This is prob-
ably the result from dissolution of high-Mg carbonates from the
Brusque group (Basei et al., 2011) where the caves is hosted. In
particular Mg/Ca appears to be more affected as it shows large
and abrupt variability during the last millennia, not observed in
the Sr/Ca record, suggesting the presence of an additional source
of Mg but not of Sr to the seepage waters in the karstic envi-
ronment. This implies that while Mg variability might be affected
by two or more geochemical processes in the epikarst, they might
not have affected significantly the Sr/Ca variability in the BTV21a
trace-element record.

To verify whether Sr/Ca was mostly modulated by PCP, we
tested the thermodynamic and kinetic assumptions of Sinclair
(2011), using the experimentally derived distribution coefficients
for Sr/Ca and Ba/Ca at 25 °C by Day and Henderson (2013). Accord-
ingly, if PCP modulated their variability during stalagmite growth,
then the observed molar ratios should co-vary linearly in the In-
space, with a slope of 1.02 £ 0.08. Fig. 4B shows that the Sr/Ca
and Ba/Ca molar ratios measured in BTV21a closely follows the ex-
pected trend, suggesting that their variability is largely modulated
by PCP and, consequently, reflecting changes in water residence
time in the epikarst.

Further evidence supporting the change in water residence time
in the epikarst comes from the §234Up measured in the stalag-
mite (Table SP1 and Fig. 2C). High §%34Uy values are usually in-
terpreted to result from dry periods where water-rock interaction
time is long, while lower §234Uy values can result from wet peri-
ods with short water residence time in the epikarst (e.g. Polyak
et al., 2012). Under this light, the gradual decrease in §234U in
BTV21a, from ~3200%¢ during the early Holocene to ~2680% in
the late Holocene indicate a gradual change in the water residence
time that is also consistent with the interpretation of the Sr/Ca
record.

Fig. 4C shows that Sr/Ca and Ba/Ca in BTV21a are also strongly
correlated with calcite §'80, with Sr/Ca-8180 correlation coeffi-
cient R = 0.8794 and Ba/Ca-8'80 R = 0.7726. Speleothem 5§80
values from Botuvera Cave reflect rainfall §'80 values (Cruz et al.,
2006b, 2005b; Wang et al., 2006, 2007), which is mainly mod-
ulated by the pathways that air masses follow before reaching
Botuvera (Fig. 1), with more negative §'80 values for Amazonian
moisture during the active phase of the South American Mon-
soon (8180 ~ 7.0%), and rainfall associated with heavier moisture
in 10 from adjacent Atlantic Ocean when extratropical cyclones
(8180 ~ 3.0%y), reach the coastal area of southern Brazil during the
southern hemisphere winter (Cruz et al., 2005b). Combined, the
trace element and §'30 records from BTV21a are a unique archive
of SAMS dynamics and changes in mean rainfall in southeastern
Brazil throughout most of the Holocene, thus the forthcoming dis-
cussions and interpretations will be based solely on the observed
variability of Sr/Ca and §180.

4. Discussion
4.1. Millennial scale hydroclimate variability in Botuverd
The combined §'80 and Sr/Ca ratio records from BTV21a and

its strong positive correlation (Fig. 5A) suggests that most of the
changes in total rainfall during the Holocene have been driven
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by SAMS intensity and, thus, it has been the dominant rainfall
regime in southeastern Brazil during the last 9000 yr. Moreover,
the combined record from BTV21a closely follows summer insola-
tion at 30°S (Fig. 5A), indicating that insolation has not only been
the driver for changes in rainfall regimes (tropical vs extratropi-
cal) in southeastern Brazil (Cruz et al., 2005a), but also of rainfall
amount during the Holocene. The gradual decrease in 580 and
Sr/Ca and since ~7000 ka indicates an intensification of SAMS
from early to late Holocene that resulted in higher mean regional
rainfall amount, which reached its long-term optimum 4000 yr
ago, when summer insolation changed to its high-phase in the
Southern Hemisphere (Figs. 3 and 5). This feature is consistent
with previous work by Cruz et al. (2007), and is in accordance with
Monsoon precipitation records from Amazon region after 4 kyr
that support the enhancement of moisture transport to southeast-
ern Brazil from distal sources (Cheng et al., 2013b).

Our record indicates a suppressed monsoon intensity during the
early Holocene, which is consistent with the lower sedimentation
rates observed in La Plata Drainage Basin during this period (Razik
et al., 2013). This implies that the mean annual rainfall contri-
bution from Amazonian sources into southeastern Brazil was not
as important during the early Holocene as it is today. The com-
bined record also suggests that during the early Holocene, with
a depressed SAMS (average calcite §180 = —2.5 4 0.1%q), rainfall
amount was highly variable but, on average, similar to that ob-
served during the mid-Holocene (5000-6000 yr), when the contri-
bution from Amazonian moisture sources was more significant and
resulted in slightly lower average calcite §'80 (—3.0 £ 0.2%0). Fur-
thermore, our data suggests that during the late Holocene, the total
amount of rainfall was higher when compared to the early and
mid-Holocene, though its variability was smaller. Such long-term
enhancement of SAMS during the Late Holocene is the response to
higher austral summer insolation (Fig. 5) and also to a more south-
ern location of the ITCZ during this period (Haug et al., 2001).

The Sr/Ca record from BTV21a shows a series of decadal to
centennial-scale excursions towards more humid conditions, some
of which are also present in the §'80 record, suggesting that these
represent an enhancement of monsoonal conditions in southeast-
ern Brazil. Fig. 5A compares the Sr/Ca and §'80 records from Botu-
vera Cave with two high-resolution records of monsoon variability
from South America: Lapa Grande Cave (LG) located in central-
eastern Brazil (Strikis et al., 2011), and Huagapo Cave (HC) from
central Andes in Peru (Kanner et al., 2013). The LG record is char-
acterized by a series of large and abrupt excursions towards more
negative 580 which have been interpreted to be a consequence of
cooling in the North Atlantic SST throughout the Holocene (Strikis
et al., 2011), due to the periodical increase in sea-ice and glacial
ice circulating in the surface waters of the North Atlantic (Bond
et al.,, 2001). Such events of abrupt monsoon intensification are
also observed in the HC and the BTV21a records (Fig. 5A), partic-
ularly, during the mid- and late-Holocene, when Amazonian mois-
ture contributions into total rainfall at our site are more significant
than in the early Holocene. The most intense of these events oc-
curs at ~5000 yr B.P, as reflected by a ~ 2%, excursion in the §180
LG record, and about 0.5 to 0.75%c in the 5§80 HC and BTV21a
records, respectively, and has also been recently reported in the
northeastern Peruvian Andes (Bustamante-Rosell et al., in press).
We note that this event, in particular, corresponds to the most im-
portant change in SST in the north Atlantic during the Holocene, as
attested by the variability in % of hematite stained glass in marine
cores (Bond et al., 2001).

The correspondence of wet events throughout most of South
America indicates a widespread intensification of SAMS as a result
from cool SST conditions in the North Atlantic. Similar relation-
ships between precipitation amount in tropical America and North
Atlantic SST have been previously reported to occur during the

Holocene (Baker et al., 2005). However, the geographical extent of
these wet periods is unprecedented for South America during the
Holocene, and are likely to be the result from the expansion of
the geographical extent of the South American Convergence Zone
(SACZ), leading to an increase in rainfall amount in most of the
South American sub-continent. We note that similar expansion of
SACZ has been recently detected to occur during glacial times, also
contemporaneous to low North Atlantic SST stadials (Strikis et al.,
2015). The periodic strengthening of SAMS observed here is prob-
ably the result from the adjustment of the ITCZ latitude forced by
changes in SST in the North Atlantic, resulting in enhanced mois-
ture transport towards western Amazon and, eventually, southeast-
ern Brazil.

The comparison between BTV21a and HC and LG records reveal
that monsoon strength in the western Amazon, southeastern and
central Brazil have been directly correlated at different stages of
the Holocene, however this has not always been the case. This is
best exemplified during the 7-8 kyr period where BTV21a and LG
records show a remarkable anti-correlation, R = —0.73, (Fig. 5B)
that is not observed elsewhere in the record comparison. During
this period, the Sr/Ca record in BTV21a shows two events when
precipitation increased significantly, nearly reaching late-Holocene
levels, and centered at 7.8 and 7.2 kyr, respectively, (Figs. 5A-5B).
These are accompanied by a slight decrease in §'80 (~0.5%q),
indicating an increase in the proportion of Amazonian moisture
reaching southeastern Brazil. Such excursions are mirrored in the
LG record by two contemporaneous shifts of up to 1%c towards
less negative 8180, indicating significant suppressions of the mon-
soon in central eastern Brazil (Figs. 5A-5B). Such anti-phasing be-
tween both sites is likely to be the result from the multidecadal
to centennial-scale oscillatory North-South migration of the SACZ
leading to wet conditions in Botuverd, and diminished rainfall to
the north at Lapa Grande cave site when SACZ shifts to the south.
Figs. 5B and 5C compare the BTV21a Sr/Ca record and the 580
from LG with the excess of 1#C in corals and tree rings form
INTCALO4 (Reimer et al., 2004) as a proxy of solar irradiance for
the 7-8 kyr period, and shows that rainfall amount in southeast-
ern Brazil was tightly correlated with solar irradiance (R = 0.57),
but anti-correlated in Lapa Grande (R = —0.53). Such (anti)corre-
lation between both records and the solar radiation indicates that
the SACZ position, hence hydroclimate in southeastern and central
Brazil, was non-linearly influenced by solar activity during this pe-
riod, after which additional forcing factor(s) took over, essentially
decoupling precipitation in both places.

4.2. Spectral and wavelet analyses

We performed spectral and wavelet analyses of the Sr/Ca
record from BTV21a. To simplify the calculation requirements, an
annually-resolved time series was generated by resampling from
the high-resolution record; we note that de-trending of the dataset
did not produce significantly different results as it only eliminated
the modes with longer frequencies. Fig. 6A shows the Lomb-
Scargle spectrum of the Sr/Ca record obtained using REDFIT (Schulz
and Mudelsee, 2002), and it shows a series of signals above the
99% x?2 red-noise level that attest to the complexity of SAMS and
its various modes of oscillation during the Holocene. Fig. 6B shows
the Morlet wavelet for modes of oscillation between 256 and 16 yr,
and shows that most of the signals above the red-noise level in the
Lomb-Scargle spectrum have been quasi-persistent throughout the
Holocene, but none of them has been fully persistent during the
entire period of stalagmite growth.

The strongest signal above the 99% x? red-noise level in the
spectral analysis is centered at 0.013 and 0.018 yr~! (75-55 yr),
which is identical to the pattern of oscillatory changes in SST in
the North Atlantic (Schlesinger and Ramankutty, 1994), also stated
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as the Atlantic Multidecadal Oscillation (AMO). Because the AMO
60-year signal is the strongest in the spectrum, it would appear
reasonable to assume that the AMO modulation upon SAMS has
been persistent throughout the duration of our record (>9000 yr);
however, wavelet analysis of the record (Fig. 6B) shows that
the strength of AMO modulation of SAMS has been intermittent
throughout the Holocene, with some short periods where very
weak or no modulation is detected.

The sporadic strengthening and weakening of AMO modula-
tion has also been observed in several locations in South America,
(Apaéstegui et al., 2014a; Bird et al., 2011; Chiessi et al., 2009;
Novello et al., 2012; Vuille et al., 2012) as well as in multiple prox-
ies in the Atlantic Basin (Knudsen et al., 2011). Despite this, it is
difficult to ascertain the specific role that AMO might have upon
SAMS; this is because the periods where the power of the AMO
signal is significant are not necessarily associated with strength-
ening or weakening of SAMS in southeastern Brazil or elsewhere.
Moreover, SAMS-AMO coupling is not easily recognized in the re-
analysis of modern climate datasets (Garreaud et al., 2009) ham-
pering the use of modern climate dynamics to draw analogue pa-
leoclimatic scenarios.

The spectral analysis also reveals a series of signals above the
99% x? red-noise level corresponding to 141, 85, 67, 57, and
45 yr, which are identical to the periodicity observed for solar cy-
cles detected on variations in atmospheric '4C variability recorded
in tree-rings (Stuiver and Braziunas, 1989). This indicates that,
in addition to the millennial scale solar forcing that has been
known to modulate SAMS for over 100 kyr (Cruz et al., 2005a;
Wang et al., 2006), and which had an impact on modulating pre-
cipitation in Botuverd during the early Holocene (Fig. 6), high-
frequency centennial and decadal scale solar oscillations might
have also modulated the intensity of the SAMS in southeastern
Brazil. Wavelet analysis of the record (Fig. 6B) shows that, simi-
larly as the AMO, modulation by these high-frequency oscillations
has not been persistent throughout the Holocene. In contrast, the

wavelet analysis also reveals two signals at approximately 420 and
210 yr, those have been persistent throughout the record and were
not above the 99% x2 red-noise level in the spectral analysis.
These also correspond to solar oscillations that were previously de-
tected in the #C record (Stuiver and Braziunas, 1989) and were re-
cently shown to modulate SAMS intensity during the late Holocene
(Novello et al., 2012). The results presented here demonstrate that
such modulation was persistent during most of the Holocene.

The spectral analysis also reveals the presence of several high-
frequency (<50-yr) oscillations above the 99% x?2 red-noise level.
These are complex to interpret since, in contrast to those dis-
cussed above, these are not discrete signals, and might be the
result of several processes. For example, a 0.045 yr—! signal might
correspond to the 22-yr solar cycle, also known as Hale-cycle,
(Attolini et al., 1990), whilst high-frequency oscillation modes at
0.055 and 0.072 yr~!, corresponding to a 14 and 18 yr, can be in-
terpreted as the effect from the interdecadal oscillation of ENSO
(Mann and Park, 1994), which has been recently described as the
bi-decadal component of the Pacific Decadal Oscillation (Steinman
et al, 2015). Also, a signal at approximately ~0.066 yr~! can
be attributed to the interdecadal variability of SACZ at 15 yr
(Robertson and Mechoso, 2000). Moreover, considering that ex-
tratropical moisture represents a non-negligible fraction of total
rainfall in southeastern Brazil (Cruz et al., 2005b), cyclic modu-
lation by the Southern Annular Mode cannot be ruled out as it
has been observed in southwestern South America (Mundo et al.,
2012), and other reconstructions of SAM index from instrumental
data (Visbeck, 2009). From the wavelet analysis, none of these os-
cillations appears to be persistent throughout the Holocene, with
only sporadic periods of high-significance, and most are notori-
ously absent during the last 1500 yr. However, the presence of
these oscillations in the spectral analysis and wavelet analysis at-
tests to the numerous atmospheric and oceanic processes modu-
lating the decadal to centennial variability of SAMS, and highlights
the complexity of its interactions.
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4.3. The expression of Holocene climate anomalies in southeastern
Brazil

4.3.1. The 8.2 event

Besides the investigation of the long-term hydrological changes
at Botuverd cave, our high resolution record allows to study the
spatial extent of Holocene climatic events that are well preserved
in other climate archives: the 8.2 ka event, the Medieval Climate
Anomaly (MCA) and the Little Ice Age (LIA). The 8.2 ka event is the
largest global climatic anomaly during the Holocene (Alley et al.,
1997), with significant climatic consequences throughout most the
Northern Hemisphere (Wiersma and Renssen, 2006) where colder
and drier conditions prevailed for nearly 200 yr (Cheng et al.,
2009; Thomas et al., 2007) and a southward migration of the aver-
age position of the ITCZ (Broccoli et al., 2006) resulted in a weaker
monsoon in the north American tropics (Lachniet et al., 2004). De-
spite the widespread consequences in the Northern Hemisphere,
there are only a few records in the Southern Hemisphere (Cheng
et al,, 2009; Ljung et al., 2008; Sallun et al., 2012), mostly due to
the lack of well-dated high-resolution records that allow to resolve
multidecadal to centennial abrupt events during the Holocene in
large areas over the continent.

Fig. 7 shows the Sr/Ca, and §'80 records from BTV21a for the
8400-7900 period, and compares them to those obtained in sta-
lagmites from central Brazil (Cheng et al., 2009), and Dongee Cave,
in central China (Wang et al., 2005), as well as the high-resolution
composite oxygen isotope record from Greenland (Thomas et al.,
2007). The Sr/Ca record indicate that during the 8.2 ka event
conditions in southeastern Brazil were wetter for about 170 yr,
whilst the contemporaneous decrease in the §'80 record from the
very same speleothem suggests that this was the result from an
increased proportion of Amazonian precipitation. This finding is
in agreement with other proxy records from southeastern Brazil
(Sallun et al., 2012), speleothem records from central Brazil (Cheng
et al., 2009; Strikis et al., 2011) indicating an enhancement of
SAMS contemporaneous to the event, and in accordance with pre-
vious observation that cooling of the North Atlantic results in a
monsoon enhancement in both flanks of the SACZ over Brazil. Fur-
thermore, the proxy data are underpinned by model simulations
indicating increased precipitation for the duration of this event as
a result from the southward migration of the ITCZ (e.g. Broccoli et
al., 2006; Morrill et al., 2013).
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The BTV21a Sr/Ca record replicates the “double-plunge” struc-
ture previously detected in Greenland ice-cores (Thomas et al.,
2007), stalagmites from Brazil, Oman, and China (Cheng et al.,
2009), marine cores from the north Atlantic (Ellison et al., 2006),
and suggested by some “hosing” experiments (LeGrande and
Schmidt, 2008), providing further evidence on the structure of the
event: two distinct cooling events with widespread consequences
in both Hemispheres. Wavelet analysis of the annually resolved
Sr/Ca record for the “double-plunge” period, 8.4-7.9 kyr B.P. (Fig. 7)
shows that the 60-70 yr signal, previously interpreted to reflect
the influence of the Atlantic Multidecadal Oscillation (AMO) upon
SAMS, is significantly weaker for a period of ~40 yr between 8.05
and 8.1 ka B.P, and particularly during the first half of the second
“plunge”. This suggest that SAMS was decoupled from AMO modu-
lation and implies that either AMO was severely weakened during
the event, or the ocean-atmosphere teleconnections behind the
“normal” AMO-SAMS coupling were somewhat interrupted. Weak-
ening of AMO probably resulted in the slowing of AMOC during
the event (Ellison et al., 2006). However, because AMO modulation
of SAMS has been intermittent throughout the Holocene (Fig. 8B)
it is difficult to associate the weakening of AMO modulation
~8100 yr ago solely to the cooling and freshening of the North
Atlantic. Although disruption of AMO has been previously sug-
gested as a consequence of the 8.2 ka event (Hillaire-Marcel et al.,
2007), no previous record of such disruption is yet available. More-
over, relevant so-called “hosing” experiments (Broccoli et al., 2006;

LeGrande et al., 2006; Morrill et al.,, 2013) are yet to provide de-
tailed information on the periodic ocean-atmosphere interactions
(such as AMO) during anomalous paleoceanografic conditions.

4.3.2. The last millennium

Climate during the last thousand years is characterized by two
main climatic events: the Medieval Warm Period, also known as
Medieval Climate Anomaly, MCA, between ~950 A.D. and 1250
A.D., and the Little Ice Age, LIA, between 1400 A.D. and 1850 A.D.
(Mann et al., 2009). Whilst the effects of the MCA are more sub-
tle and not easily distinguishable in many records outside Europe,
those from the LIA are more evident at lower latitudes and the
tropics (Bird et al, 2011). In South America, the climatic conse-
quences of the LIA are spatially complex (Thompson et al.,, 2013),
and it has been suggested that a dry/wet dipole was formed be-
tween Southeastern and Northeasthern Brazil (Novello et al., 2012;
Vuille et al., 2012).

Fig. 8 shows the Sr/Ca and §'80 records from BTV21a for the
1500 yr and compares them against the net solar radiative forcing
reconstructed from 19Be abundance in ice cores from Antarctica
(Bard et al., 2007), records of rainfall variability of northeastern
Brazil from Diva Cave (Novello et al., 2012), and glacier net ac-
cumulation from the Quelccaya glacier, eastern Peru (Thompson
et al., 2013), an indicator of western Amazonian regional precip-
itation. The trace element record from BTV21la shows that the
increased solar forcing associated with the MCA did not necessar-
ily result in significantly drier conditions in southeastern Brazil.
In contrast, the Sr/Ca record in BTV21a indicates that the abrupt
decrease in solar forcing at ~1350 A.D. is associated with a con-
temporaneous enhancement of SAMS, and a gradual increase of
Amazonian rainfall throughout the LIA, as suggested by the ~0.5%
shift in the 880 record. This is consistent with the gradual incre-
ment in water equivalent accumulation observed in the Quelccaya
glacier from eastern Peru (Thompson et al., 2013), but also with
speleothem records form Cascayunga Cave that suggests increased
convective activity over western Amazonia during the Little Ice Age
(Reuter et al., 2009), which resulted in enhanced subsidence, hence
reduced rainfall, over northeastern Brazil (Novello et al., 2012).
Consequently, our record provides evidence to support that the
dry/wet dipole observed in orbital timescales between Northeast-
ern Brazil and Botuvera (Cruz et al., 2009), previously suggested
only by the Cascayunga Cave record (Novello et al., 2012), was
also in place during the Little Ice Age. However, further detailed
U-Th dating of the stalagmite is needed to provide a more ro-
bust chronological to fundament the climate interpretations at the
time interval corresponding to the last millennia in the Botuvera
trace-element record, and then to access more definitive answers
on the potential climatic consequences of the MCA upon south-
eastern Brazil and the dynamics of the atmosphere during such
relevant event.

5. Conclusions

We have shown that the long high-resolution trace element
record obtained by LA-ICPMS from stalagmite BTV21a provides
a wealth of information on the hydroclimate dynamics of South
America for most of the Holocene. This, however, requires prior
examination on the geochemical processes occurring in the karst,
upstream the stalagmite, which might be modulating the trace el-
ement variability in the stalagmite to identify the elements whose
variability is most likely to be controlled by Prior Calcite Precip-
itation. While these processes appear to be common within the
Botuvera karst (Cruz et al., 2007; Tremaine and Froelich, 2013),
they should not be extrapolated to other localities without thor-
ough assessment.
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Our Sr/Ca record indicates that SAMS modulation by the At-
lantic Multidecadal Oscillation has been intermittent for most of
the Holocene, and in conjunction with other marine (Chiessi et al.,
2009) and speleothem (Novello et al, 2012; Vuille et al.,, 2012)
records, it is possible to establish that such modulation/coupling
has been in place throughout most of the last 18 ka. Other factors
modulating SAMS intensity, include solar oscillation and ENSO, al-
though the effect from the latter is rather subtle.

Because of the complexity in the interpretation of §80 vari-
ability due to the different moisture sources affecting southeastern
Brazil, the trace element record from BTV21la allows to couple
the information of SAMS intensity with moisture sources, provid-
ing a more robust paleoclimate reconstruction. This allows us to
detect complex atmospheric dynamics occurring throughout the
Holocene and establish that several forcing factors have modu-
lated the strength of SAMS. Our results suggest the placement of
a mega-SACZ during cold stadials in the North Atlantic, similar to
those occurring under glacial conditions (Strikis et al., 2015), yet,
the low resolution of contemporaneous hydroclimate records from
western Amazonia inhibits full confirmation of such conditions.

The trace element record also provides valuable insights on the
climate dynamics during the 8.2 ka event and the Little Ice Age.
Our results suggest that the well-known double-plunge structure
of the event detected in marine and continental records can be
further expanded to southeastern Brazil. However, detailed analy-
sis of our record suggests that the SAMS/AMO coupling that has
been in place for most of the last 18 ka, was briefly interrupted
for a period of ~100 yr, during the 8.2 ka event. This reveals pre-
viously undetected consequences of the abrupt discharge of fresh-
water into the North Atlantic, and should be verified with further
analyses of high-resolution records as well as models of ocean-
atmosphere interaction to pinpoint the most likely mechanism.
Similarly, the effects of the LIA over southeastern Brazil can also
be extracted from our record, and in conjunction with other high-
resolution hydroclimate records from South America, we are able
to confirm the establishment of the dry/wet dipole between north-
eastern Brazil, western Amazonia, central Andes and southeastern
Brazil.
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