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Abstract: Here we present an overview of speleothem %O records from South America, which
mostly are available in the Speleothem Isotopes Synthesis and Analysis (SISAL_v1) database. South
American tropical and subtropical 'O time series are primarily interpreted as being driven by the
amount effect and, consequently show the past history of the convection intensity of convergence
zones such as the Intertropical Convergence Zone and the South America Monsoon System. We
investigate past hydroclimate scenarios in South America related to the South American Monsoon
System in three different time scales: Late Pleistocene, Holocene and the last two millennia. The
precession driven insolation is the main driver of convective variability over the continent during
the last 250 kyrs, including the Holocene period. However a dipole is observed between the west
and east portions of the continent. Records located in the central region of Brazil appear to be
weakly affected by insolation driven variability and more susceptible to the South Atlantic
Convergence Zone. Cold episodic events in Northern Hemisphere increase the activity of the South
American Monsoon System on all time scales, in turn increasing rainfall amounts in South
America, as was documented during Heinrich events in the late Pleistocene and Bond events in the
Holocene, as well as during the Little Ice Age.
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1. Introduction

Rainfall variability in South America is primarily driven by the Intertropical Convergence Zone
(ITCZ) [1] and the South American Monsoon System (SAMS) [2], which in turn is influenced,
between other forcings, by South Atlantic cyclones (SACs), the Southern Hemisphere (SH) westerly
winds (SHWW) and sea surface temperatures of the ancient Atlantic and Pacific Ocean. To gain a
deeper understanding of these past variations, it is essential to reconstruct past climate changes of
the South American hydroclimate in space and time, infer regional and continental teleconnections
from these reconstructions and to identify the underlying climate mechanism. This is not only
important for predictions of future changes of the South American hydroclimate in response to
global warming, but also to decipher the ecological and biogeographical response to these past
changes, such as from the Amazon rainforest, Pantanal, caatinga (Brazilian savanna), cerrado and
Atlantic forests, which together, contains one of the richest region of biodiversity on Earth. One rich
archive of past changes in the South American hydroclimate are speleothems. The SISAL
database/initiative [3] is therefore a major contribution towards these aims, because it aims to collect
all available speleothems data allowing to conduct spatio-temporal analysis of time slices or time
periods, to compare new reconstructions with existing speleothem datasets (which is apparently
much easier if all available reconstructions are archived in one single database) or to test new
concepts.
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Figure 1. Map showing distribution of carbonate and evaporite rocks in South America, provided by
the World Karst Aquifer Mapping project (WOKAM [4]). Green triangles indicate study sites in the
region identified by the SISAL working group but not included yet, while purple circles show sites
that are already in SISAL_v1. Specific information on sites and entities are listed in Table 1.

Speleothem-based reconstructions from South American are distributed over the entire
continent ranging from the tropical climate of Venezuela in the North to the chilly climate of
Patagonia at the southern tip of South America, as well, from the wet and cold climates of the Andes
in the West thought the tropical climate in the Amazonas to the dry climate of Nordeste, respectively
(Figure 1). However, despite this continental coverage, currently, all records that are included in
SISAL_v1 are located in the tropical and sub-tropical climate zones of central and southeastern
Brazil that are influenced mainly by the SAMS. For this reason, this review is focused mainly on past
variations of the SAMS that are revealed by speleothem 00 time series (0'8O states the ratio of
18-oxygen (180) to 16-oxygen in carbonates relative to the VPDB standard). The interpretation of
speleothem 080 is, compared to other regions, straightforward, because it is determined either by
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the amount effect, which describes the negative relationship between rainfall amount and
speleothem 0'80 (i.e. 9'¥0 decreases if rainfall amount increases) [5] or by a pronounced source effect
in southeastern Brazil related to moisture that origins from the Amazon basin (low 580 values) or the
adjacent South Atlantic ocean (high 8%0 values) [6,7]. These two major processes determining
speleothem 5O values for most of the discusses speleothem 080 time series and exceptions are
clearly stated in the discussion of individual speleothem 5O time series if necessary.

Table 1. Cave sites (name and id in SISAL) and entities (name and id in SISAL) of speleothems in
South America. Cave sites and entities that are included in SISALv1 have a unique identifier (id)
whereas the id is empty if cave sites and entities are not included yet. Min and max year state the
youngest and oldest age of the isotope time series in the SISAL_v1 database. Furthermore, headers
that are italic (e.g. Site name) are variables in SISAL_v1 database.

Latitude Longitude Min Max
Site_name Side_id Country Entity_name Entity_id . o Year Year Reference
°N °E
BP BP
Abissal cave 18 Brazil Abissal 79 -5,6 -37,73 24164 25694 [8]
Abissal cave 18 Brazil Ale-1 80 -5,6 -37,73 15057 17199 [8]
Botuvera cave 144 Brazil BTV2la 311 27,22 -49,16 196 9211 [9]
Botuvera cave 144 Brazil BT2 312 -27,22 -49,16 -55 116100 [6]
Botuvera cave 144 Brazil BTV4A 27,22 -49,16 [10]
Botuvera cave 144 Brazil BTV4C -27,22 -49,16 [10]
Botuvera cave 144 Brazil BT3A -27,22 -49,16 [1 1]
Cascayunga Peru CAS-A -6,09 77,22 [12]
cave
Cascayunga Peru CAS-D -6,09 77,22 [12]
cave
Chiflonkhakha Bolivia Botol -18,12 -65,77 234 375 [1 3]
cave
Chiflonkhakha Bolivia Boto3 -18,12 -65,77 180 1106 [1 3]
cave
Chiflonkhakha Bolivia Boto7 -18,12 -65,77 91 315 [1 3]
cave
Chilibrillo cave 78 Panama CHIL-1 167 9,17 -79,62 690 2180 [14]
Cristal cave Brazil CR1 -24,58 -48,58 [5]
Cueva Del Peru NAR-C -5,73 -77,5 [15]
Diamante
Cueva Del Peru NAR-D -5,73 -77,5 [15]
Diamante
Cueva Del Peru NAR-F -5,73 -77,5 [15]
Diamante
Cueva del Peru NC-A -5,94 -77,31 [16]
Tigre Perdido
Cueva del Peru NC-B -5,94 -77,31 [16]
Tigre Perdido
Curupira cave 35 Brazil CUR4 110 -15,02 -56,78 -21 154,85 [17]
Diva cave 38 Brazil DVv2 113 -12,37 -41,57 39 2765 [18]
El Condor cave Peru ELC-A -5,93 -77,3 [15]
El Condor cave Peru ELC-B -5,93 -77,3 [15]
Huagapo Cave Peru P00-H1 -11,27 -75,79 [19]
Huagapo Cave Peru P09-H2 -11,27 -75,79 [19]
Jaragua cave 10 Brazil JAR7 55 -21,08 -56,58 5489 18596 [20]
Jaragua cave 10 Brazil JAR14 56 -21,08 -56,58 15331 22305 [20]
Jaragua cave 10 Brazil JAR13 57 -21,08 -56,58 21852 27906 [20]
Jaragua cave Brazil JAR4 -21,08 -56,58 -50 760 [21]
Jaragua cave Brazil JAR1 -21,08 -56,58 499 1508 [21]
Lapa Doce 103 Brazil LD12 203 -12,37 -41,57 -61 39 [21]

cave
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Lapa Grande Brazil LG3 -14,36 -44,28 [22]
Lapa Grande Brazil LG11 -14,36 -44,28 [22]
Lapa Grande Brazil LG12B -14,36 -44,28 [23]
Lapa Grande Brazil LG19 -14,36 -44,28 [23]
Lapa Grande Brazil LG25 -14,36 -44,28 [23]
Lapa Sem Fim Brazil LSF3 -16,26 -44,6 [23]
Lapa Sem Fim Brazil LSF9 -16,26 -44,6 [23]
Lapa Sem Fim Brazil LSF11 -16,26 -44,6 [23]
Lapa Sem Fim Brazil LSF13 -16,26 -44,6 [23]
Lapa Sem Fim Brazil LSF15 -16,26 -44,6 [23]
Lapa Sem Fim Brazil LSF16 -16,26 -44,6 [23]
Lapa sem fim 24 Brazil LSF16 91 -16,15 -44,63 14373 18168 [24]
cave
Lapa sem fim 24 Brazil LSF3 92 -16,15 -44,63 17296 19304 [24]
cave
MA Cave Chile MA-1 -52,68 -73,38 [25]
MA Cave Chile MA-2 -52,68 -73,38 [25]
MA Cave Chile MA-3 -52,68 -73,38 [25]
Marota Brazil MAG -12,58 -41,03 [23]
Gigante cave
Pacupahuain Peru P09 -11,24 -75,82 [26]
Cave
Pacupahuain Peru PH2 -11,24 -75,82 [26]
Cave
Paixao cave Brazil PX7 -12,61 -41,02 [23]
Paixato cave 113 Brazil PX7 228 -12,62 -41,02 14983 19144 [24]
Palestina cave 25 Brazil PAL3 93 -5,92 -77,35 22 851 [27]
Palestina cave 25 Brazil PAL4 94 -5,92 -77,35 100 1537 [27]
Paraiso cave 3 Brazil PARO1 20 -4,07 -55,45 714 4812 [28]
Paraiso cave 3 Brazil PARO3 21 -4,07 -55,45 -48 768 [28]
Paraiso cave 3 Brazil PARO06 22 -4,07 -55,45 40683 44636 [28]
Paraiso cave 3 Brazil PAR0O7 23 -4,07 -55,45 17957 45144 [28]
Paraiso cave 3 Brazil PARO8 24 -4,07 -55,45 26490 28444 [28]
Paraiso cave 3 Brazil PARI16 25 -4,07 -55,45 4440 10927 [28]
Paraiso cave 3 Brazil PAR24 26 -4,07 -55,45 9476 28286 [28]
Pau d'Alho 52 Brazil ALHO6 128 -15,21 -56,8 90 1458 [17]
cave
Rainha cave 111 Brazil RN1 219 -5,6 -37,73 4045 23890 [8]
Rainha cave 111 Brazil RN4 220 -5,6 -37,73 4393 17222 [8]
Santana Cave Brazil St-8 -24,53 -48,73 [29]
Sao Bernardo Brazil SBE3 -13,81 -46,35 -60 827 [21]
cave
Sao Matheus Brazil SMT5 -13,81 -46,35 749 1686 [21]
cave
Shatuca cave Brazil Sha-2 -5,7 -77,9 [30]
Shatuca cave Brazil Sha-3 -5,7 -77,9 [30]
Tamboril cave 27 Brazil TMO 97 -16 -47 -32,22 1678 [31]
Tamboril cave 27 Brazil ™2 98 -16 -47 1485 3847 [31]
Torrinha cave 62 Brazil TR5 146 -12,37 -41,57 -57 76 [18]
Umajalanta Bolivia Botol0 -18,12 -65,77 604 1328 [13]

The onset of the monsoon season in tropical and subtropical South America begins in the
austral Autumn (SON) as easterly trade winds associated with the southward shift of ITCZ,
following maximum SSTs, and enhance moisture transport from the tropical Atlantic over the
continent. Southward migration of insolation drives enhanced ocean-land heat gradient over the
continent, leading to low-level convergence over the continent in turn increasing precipitation, and a
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zone of deep convection is established at ~10 - 15°S over the southern Amazon Basin. This intense
convection during the onset of the SAMS contributes to formation of an upper-level atmospheric
high over Bolivia (Bolivian High; 15°S, 65°W), and a low-level atmospheric low over the Chaco
region (Chaco low; ~25°S). This dynamic draws humid air from the core monsoon region, which is
then transported south to the La Plata Basin region by the South American Low-Level Jet (SALLJ),
because the easterlies at the core monsoon region are blocked by the Andes [2,32]. The monsoon
reaches its mature phase in the austral summer (DJF) and the Bolivian High is well established. The
South Atlantic Convection Zone (SACZ), a NW-SE trending band of convection that extends from
the center of convection to the western South Atlantic, is a dominant feature of the mature SAMS
(Figure 2). As a consequence of the establishment of the Bolivian High, divergent convection
conditions occur in response to the increased upper level convergence, leading to subsidence and a
deficit in summer precipitation over northeastern Brazil over the Nordeste (Nordeste Low) [33],
which provides the antiphase relationship between the convection in the West and East of South
America.
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Figure 2. Map showing the core region of the South American Monsoon System (SAMS), the South
American Convergence Zone (SACZ) and the Atlantic Intertropical Convergence Zone (ITCZ)
(colour shading). Identified cave sites are indicated by closed red circles: 1) Chilibrillo cave; 2) Cueva
del Diamante; 3) Tigre Perdido; 4) El Condor Cave; 5) Huagapo Cave; 6) Pacupahuain; 7) Paraiso
Cave; 8) Rainha Cave, Abissal cave; 9) Pau d’Alho Cave and Curupira CaveAbissal cave; 10) Sao
Bernardo and Sao Matheus Cave; 11) Tamboril Cave; 12) Diva Cave, Torrinha Cave, Lapa Doce
Cave, Marota Gigante Cave and Paixao Cave; 13) Lapa Grande and Lapa Sem Fim; 14) Umajalanta
Cave and Chiflonkhakha Cave; 15) Jaragua Cave; 16) Botuvera Cave; 17) MA Cave. Also illustrated
is the austral summer (December—February, DJF) 850 hPa wind field and fractional DJF precipitation.
The core region of the SAMS is defined here for continental regions where the fraction of total annual
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precipitation falling during austral summer (DJF) > 0.3; contour interval of the colour shading is 0.05.
Wind data are from ERA-Interim [34] and precipitation data from GPCC [35], with averages
calculated for the period from 1979 to 2014. Figure modified after ref [17].

In the following sections we first discuss aspects of all available (i.e. included in SISAL_v1) and
identified speleothem records (Section 2). Section 3 presents results and discussion of past variation
in the SAMS during the Late Pleistocene, the Holocene and the last 2 kyrs, utilizing speleothem 0180
time series that are currently in SISAL_v1. However, we recognize the absence of critical records,
and include, if necessary for the discussion, speleothem 080 time series that are not yet available in
SISAL_v1. The Pleistocene section (Section 3.1) sets the focus on variations of the SAMS that are
associated with changes in insolation due to variations in Earth’s orbit and millennial scale
variations. The Holocene section (3.2) details discrepancies and similarities between speleothem 580
time-series and potential drivers of these variations. The last section (3.3) focuses on hydroclimate
scenarios of the last two millennia, such as the Little Ice Age (LIA), the Medieval Climate Anomaly
(MCA) and the Current Warm Period (CWP), and further, identifies the possible climate drivers of
the SAMS and ITCZ during this period.

2. Assessing SISAL_v1 for South America

Thus far 75 individual specimen (speleothem isotope time series) from South America have
been identified (Table 1). From these identified 75 speleothem isotope time series 31 are already
available in SISAL_v1 whereas the remaining 44 (not including isotope time series that are not
published yet) will be added to the SISAL database in the near future. Currently, almost all isotope
time series in SISAL_v1 are in the domain of the South American Monsoon System (SAMS) (Figure 1
and 2). However, many speleothem isotope time series that are identified but not included yet, are
also located within the zone of influence of the SAMS (Figure 1 and 2) — only the records from
Patagonia (MA cave) and Panama (Chilibrillo cave) are not influenced by the SAMS. Therefore,
SISAL_vl and future updates of the SISAL database are especially suitable to investigate
spatio-temporal variations of the SAMS.

12
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Figure 3. Histogram of SISAL_v1 speleothem isotope time series during the last 120 kyrs from South
America. For this the 120 kyrs time window was subdivided in 250-year long bins and available
speleothem isotope time series were counted if at least one d'%0 value was within a bin. The two
vertical boxes indicate the last 10 kyrs and 2 kyrs, respectively.
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The SISAL_v1 80 time series cover more or less the last 120 kyrs (Figure 3). However, the
distribution of speleothems 0O time series is clearly biased towards the last 30 kyrs. In the time
from 120 kyrs BP to about 50 kyrs BP, only one 880 time series is available (BT2 from Botuvera
cave). In the time from 30 kyrs BP to present day, the most 080 time series are available for the last 2
kyrs followed by the Holocene and the LGM. This non-uniform temporal distribution of 5O time
series is explained mainly by the focus of the research articles that published the d'80 time series.
Thus, Figure 3 indicates that speleothem 880 time series in SISAL_v1 are especially suitable for
analyses of past variations in the SAMS in the period from 30 kyrs BP to present day. Applications of
the SISAL for analysis of the SAMS are further elaborated in Section 4.

3. Results and Discussion

3.1. Pleistocene variations of the SAMS as recorded by speleothem 630 time series

This section is subdivided into two parts discussing, i) speleothem d'%O time series that show
orbital scale changes and, ii) speleothem 080 time series exhibiting millennial-scale climate changes.

3.1.1. Insolation forced changes of the SAMS

Thus far only a few published speleothem 980 time series show orbital scale changes. These
include stalagmites BT2 [6], BTV4A*, BTV4C* [11] from Botuvera cave, St8* [29] from Santana cave,
which are all located in southeastern Brazil. (An asterisk indicates entities that are not included in
SISAL_v1.) Furthermore, speleothem 6'*O time series from El Condor (ELC*) and Cueva del
Diamante (NAR¥), located on the eastern side of the Andes (northern Peru) and western Amazonia,
respectively, show pronounced orbital scale changes [15] (Figure 1). We note that such orbital-scale
changes are not observed in eastern Amazonia during the last 40 kyrs [28]. In the following, the
focus is only on speleothem 080 time series of Botuvera (BT2) and from western Amazonia.
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Figure 4. Orbital scale changes in South American speleothems inferring insolation driven changes
of the SAMS. (a) Speleothem 'O time series of BT2, Botuvera cave (southeastern Brazil) [6] and the
austral summer insolation in February at 30°S. (b) Speleothem '#0 time series from El Condor (red)
and Cueva del Diamante (orange), Western Amazonia [15] and the austral summer insolation in
February at 30°S [36]. Note that the shown speleothem 8'%0 are composed of several individual
speleothems and are set to a mean 00 value of 0 (see text for detail). Speleothem %O values
indicate wetter conditions if 80 values are decreasing. Vertical dashed lines indicate maxima of the
BT2 880 time series. (¢) #Pa/?'Th time series from ODP site 1063 which infers variations in the
strength of the Atlantic Overturning Circulation (AMOC) [37]. A decreasing »'Pa/?'Th ratio
indicates an increase of the strength of the AMOC while decreasing 2*'Pa/?Th ratio point towards a
slowing down of the vigour of the AMOC. If the 8'Pa/?'Th ratio is close to or reaches the production
ratio the AMOC is in its off mode. This 2'Pa/?°Th time series indicates that AMOC is in its warm
mode (strong AMOC) until about 70 kyrs when it begins to weaken until the LGM where two
pronounced stops of the AMOC are recognised associated with Heinrich Stadial 1 and 2, respectively
(light blue bars at bottom of the figure). During the Holocene the AMOC is again in its warm mode.
See B6hm et al. [37] for details.

BT2 grew continuously during the last c. 112 kyrs and the d'80 time series exhibits pronounced
orbital scale changes that follow the austral summer insolation (Figure 4a) [6]. Changes in BT2 880
values are determined by the varying contribution of moisture that originates from the Amazon
basin that is associated with monsoonal rainfall (low 6'80) during summer and the adjacent South
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Atlantic ocean (high 0'80) in winter [6,7]. Therefore, changes in BT2 580 reflect mainly the varying
contribution of monsoonal rainfall to the annual rainfall in southeastern Brazil caused by shifts of
the SACZ [8]. These shifts are possibly caused by latitudinal shifts of the termini of the Hadley cell
(i.e. the width) or by the rainfall history of the moisture that is transported from the Amazon basin
towards southeastern Brazil by the SALL]J [6].

Combined, the stalagmite %0 time series from El Condor (ELC-A* ELC-B*) and Cueva
del Diamante (NAR-C*, NAR-D*, NAR-F*) cover more or less the last 250 kyrs [15]. However, since
BT2 covers the last 112 kyrs only, the following discussion is limited to this period. In the following
the combined stalagmite 5180 time series from El Condor and Cueva del Diamante is stated as the
western Amazonia (WA) 980 time series. 0'%0 values in the WA speleothem 0'¥0O time series are
primarily controlled by the amount effect related to SAMS rainfall in summer as well as the rainfall
history and the moisture-recycling by transpiration over the Amazon basin; which may attenuate
the true rainfall history, because transpiration is a non-fractionation process [15]. The WA 50 time
series follows, with some exceptions, the austral summer insolation, though less perfect compared to
BT2 and is therefore also broadly in-phase with the BT2 'O time series (Figure 4 a,b). Marked
differences between the 5¥0O time series from Botuvera and western Amazonia occur in the period
from 50 kyrs BP to 20 kyrs BP when the two time series appear to be anti-correlated. Thus, when 880
time series of BT2 decreases, indicating wetter conditions in southeastern Brazil, 'O values in the
WA speleothems increase, inferring dryer conditions in western Amazonia. This change in the
phase-relationship between BT2 and the WA speleothems is also observed between the WA 9180
time series and the austral summer insolation (Figure 4b). The WA 980 time series appears to be
out-of-phase with the austral summer insolation in the period from c. 60 kyrs BP to 20 kyrs BP. This
feature is further elaborated below. The coherence of the orbital scale changes between the
speleothem 580 time series from southeastern Brazil and western Amazonia in the period until c. 60
kyrs BP and from 20 kyrs BP to present-day indicates that SAM rainfall broadly co-varies in these
distant regions and appears to be mainly controlled by changes in the austral summer insolation
forced by variations in Earth’s precession whereas increasing austral summer insolation provokes an
intensification of the South American Monsoon System [6,15]. The proposed mechanism beyond this
insolation forcing of the SAMS is that increasing insolation causes stronger continental heating
which in turn provokes a stronger convective activity. This increases the convective heating and
vertical updraft in the core monsoon region. It provokes also an intensification of the Nordeste Low
and increases subsidence in northeast Brazil, respectively, resulting in generally arid conditions in
this region (higher 58O values) [8,15].

The WA 00 time series appears to be in-phase with the austral summer insolation (i.e.
degreasing 080 values correlate with increasing summer insolation) until c. 60 kyr BP and the last 20
kyrs and is out-of-phase in the period from 60 kyr BP to 20 kyr BP (see above). Interestingly, the
period when the WA 580 time series is out-of-phase with the austral summer insolation, the
strength of the Atlantic Meridional Ocean Circulation (AMOC) is reducing and switches in its glacial
(cold) mode [37] (Figure 4c). This infers that the oceanic meridional heat transport is reduced in this
period, which should, according to energetic constrains, force a southward migration of the ITCZ
[38,39]. This possibly alters rainfall pattern associated with the SAMS especially at the northern side
of the core monsoon region in the Amazon basin and western Amazonia, respectively. Hence, the
WA stalagmites are possibly located in a strategic location where rainfall responds differently to the
austral summer insolation depending on the strength of the AMOC and inter-hemispheric
temperature contrasts, respectively. Hence, when the AMOC is in its cold mode, the ITCZ and the
core monsoon region shifts poleward and Western Amazonia is located at the boundary of core
monsoon region. Rainfall in western Amazonia depends then mainly on spatial shifts of the
precipitation pattern associated with the SAMS and not on the rainfall amount. If the austral
summer insolation increases in such a case the ITCZ and the core monsoon region may be shifted
even further south due to a warmer Southern Hemisphere in turn provoking decreasing
precipitation amounts in western Amazonia (i.e. increasing 5O values in WA speleothems). In
contrast, this causes increasing precipitation amounts when the austral summer insolation decreases
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because the ITCZ and the core monsoon region shifts equatorwards provoking decreasing 5O
values in WA speleothems.

3.1.2. Millennial-scale climate events

Millennial scale climate variability associated with Dansgaard-Oeschger and Heinrich stadials
in the Northern Hemisphere are observed all across the region that is under influence of the SAMS.
The region that is most sensitive to these Northern Hemisphere climate modes is northeastern Brazil
(Nordeste) where semi-arid conditions prevail at present. However, speleothem and travertine
growth periods during the last 220 kyrs reveal that during Heinrich stadials rainfall amounts
increase substantially in this region allowing for speleothem and travertine growth [40]. Increasing
rainfall amounts during Heinrich stadials are also inferred by changes in speleothem 5O values
observed in Central (Lapa Sem Fim Cave: LSF3, LSF9*, LSF11*, LSF13*, LSF15%, LSF16; Lapa Grande:
LG3, LG10*% LG11, LG12B* LG25*) and northeast Brazil (Paixao Cave, PX5* PX7; Marota: MAG¥)
[23,24], middle-western Brazil (Jaragua Cave: JAR7, JAR14, JAR13) [20] as well as in eastern (Paraiso
cave: PARO1, PAR0O3, PARO6, PARO7, PAR0OS, PAR16, PAR24) [28] and western Amazonia (El
Condor: ELC-A*, ELC-B¥; Cueva del Diamante: NAR-C*, NAR-D*, NAR-F¥) [15] and southeastern
Brazil (Botuvera cave: BT2, BTV3A*, BTV4A*, BTV4C¥) [6,10,11] (Figure 5).
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Figure 5. Millennial-scale changes in South American speleothems during the last 50 kyrs reveal
coherent changes in rainfall associated with variations in the SAMS activity. (a) North GRIP 3O
time series showing millennial scale climate changes associated with Dansgaard-Oeschger (DO)
stadials [41]. DOs are numbered beginning with 1 and are increasing with time and the beginning of
each DO is indicated by a vertical dashed line. (b) 2'Pa/?'Th time series from ODP site 1063 (see also
Figure 4), which infers variations in the strength of the Atlantic Overturning Circulation (AMOC)
[37]. This %'Pa/?'Th-based reconstructions of the vigour of the AMOC shows that the
AMOC:-strength is greatly reduced during Heinrich stadials (HS) (blue shaded bars), especially
during HS1 and HS2, when the AMOC is in its off mode. Western Amazonia (WA) speleothem 5'8O
time series include speleothems from (c) Cueva del Diamante (NAR-C*, NAR-D*, NAR-F*) and (d) El
Condor (ELC-A* ELC-B*) [15]. (e) Speleothem 'O time series from Eastern Amazonia are from
Paraiso cave (PAR01, PARO3, PAR06, PAR07, PAR0S, PAR16, PAR24) [28]. Speleothem d'%0 time
series from Eastern Brazil (EB) are from (f) Rainha cave (RN1, RN4) [8], (g) Paixdo Cave (PX7), (f)
Lapa sem fin cave (LSF3, LSF16) [24]. (h) Jaragud Cave (JAR7, JAR14, JAR13) is located in
mid-western (central) Brazil (CB) [20] while (i) Botuvera cave (BT2) is located in southeastern Brazil
(SEB) [6].

The coherent response of rainfall increases all across the regions under SAMS influence during
HS1 is termed as the Mega-SACZ [24]. The comparison of the South American SISAL_v1 880 time
series together with the %0 time series from Western Amazonia (Figure 5) and new findings from
northeastern Brazil [23] that are yet to be included in the SISAL database, show an increase of
rainfall during Heinrich stadials during the last 50 kyrs. These responses in rainfall amounts across
the SAMS domain suggests that the development of a Mega-SACZ is not only restricted to HS1 but
to Heinrich stadials in general since the Emian. The speleothem and travertine growth periods from
northeastern Brazil, which date back 220 kyrs, hint that this could have been also the case before the
Emian [40]. However, this is only a hypotheses and certaintly requires the generation of new
high-resolution speleothem 9O time series from all across the SAMS region. The suggested
mechanim for the development of the Mega-SACZ is a strengthening of the cross-equatoral heat
transport related to changes in Sea Surface Temperatures (SSTs) in the tropical Atlantic [24]. This
would be consistent with results of modelling experiments investigating the effect of a mid-latitude
Northern Hemisphere cooling through an AMOC shutdown, which provokes a change in SSTs in
the tropical Atlantic [42]. However, in this study, drier conditions would occur in northeast Brazil,
which contradics to some extent the speleothem-based rainfall reconstructions. It is not clear at this
stage why the modelling and the empirical results show opposite trends in response to Heinrich
stadials (NH cooling); further work is necessary to work out the discrepancies. It may also highlight
Nordeste as a key region for data-model comparisons.

3.2 Holocene variations of the SAMS as recorded by speleothem 630 time series

We note that many published records partially cover the Holocene. However, very few of these
records are currently included in the SISAL database (SISAL_v1), and even fewer of these records
cover the entire extent of the Holocene (Table 1). In this review we only include speleothem 880
time series that cover the Holocene (i.e., early-, mid-, and late- subdivisions) to assure the ability to
discuss dynamics related to the Holocene climate variability of the SAMS (Figure 6). These records
include PARO1, PARO3, and PAR16 [28] from Paraiso Cave, LG3 and LG11 [22] from Lapa Grande
Cave, and BT2 [6] and BTV21a [9] from Botuvera Cave. These caves are from the eastern Amazon,
central Brazil, and southeast Brazil. While not included in SISAL_v1 yet, we note that several
speleothem 90 time series from the Western Amazon and Peruvian Andes are similar to the
Botuvera record from SE Brazil in the context of Holocene rainfall changes (Figure 5) inferring also
increasing precipitation amounts during the Holceoen. Thus, discussion of the Botuvera cave
records may, but not certainly, apply to those sites.

In South America, the Holocene is characterized by increasing austral insolation through
the entire Holocene. This insolation trend is matched by the Botuvera 'O records (Figure 6), but is
notably absent in speleothem 980 time series from Paraiso cave (eastern Amazon) and Lapa Grande


http://dx.doi.org/10.20944/preprints201810.0094.v1
http://dx.doi.org/10.3390/quat2010006

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 5 October 2018 d0i:10.20944/preprints201810.0094.v1

(central Brazil). Instead, the Lapa Grande 080 time series exhibits a relatively stable trend, while
Paraiso tracks insolation from the early- to mid-Holocene, and then diverges from the mid-Holocene
(~8 ka) to present. Globally, the Holocene is often cited as a period of stable climate, relative to
previous periods, as evidenced from little variance in Greenland and Antarctica ice core records
[43,44] (Fig. 4a). Periods of abrupt climate change in the Holocene, such as the 8.2 kyr event and
Bond events [45], are superimposed on this stable climate. Further, regional climatic anomalies are
emerging in the literature, including The Holocene Climatic Optimum and the 4.2 kyr event [46,47].
How these events are manifested, and if at all, in tropical and subtropical South America remains
uncertain. Climatic anomalies constrained to the last 2-kyr will be discussed in Section 2.3, and are
not detailed here.
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Figure 6. Holocene speleothem 0O time series available in SISAL_V1. (a) Paraiso Cave (blue)
(PARO1, PARO03, and PAR16) and Rio Grande do Norte (red) (RN-1 and RN-4), (b) Lapa Grande (LG3
and LG11), and (c) Botuvera (BT-2 and BTV21a).

3.2.1 Insolation Driven Holocene 6180 records

As previously discussed in Section 2, detailing Pleistocene records, the proposed mechanism
driving the Botuvera d"®O time series is intensification of the SAMS as driven by increasing
summertime insolation. Therefore, a progressive increase of the precipitation amount trough the
Holocene period is inferred from the Botuvera 5O time series. We note that this does not
necessarily suggest that precipitation amount increased in SE Brazil coupled with increasing
monsoon intensity, but rather that SE Brazil received more 08O-depleted precipitation from
increased convection upstream, within the core of convection in the monsoon region [5]. That is,
increased convection within the core monsoon region leads to more depleted water masses, which
then lead to depleted precipitation along the entire water mass trajectory, relative to periods of
weakened monsoon convection. Thus, it might be expected that any regions along the monsoon
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trajectory will exhibit the same 08O values, unless mechanisms beyond monsoon intensity are
driving these records [5]. Such mechanisms may be increased (decreased) local precipitation or
changes in relative contributions of water-mass sources (e.g. [8]). However, a speleothem Sr/Ca time
series from Botuvera cave, a proxy for the local effective rainfall [48], clearly shows that rainfall
amounts increase in this region with increasing influence of SAMS rainfall during the course of the
Holocene [9]. Therefore, other speleothem measurements, such as trace elements, can yield
important complementing information to 980 values and shed further light on past monsoon
variability. While not available in the SISAL_v1 yet, speleothem d'8O records from the Peruvian
Andes, El Condor and Cueva Diamante records (as previously discussed) as well as Haupago Cave
[19] and lake and ice core records [49] all exhibit 880 values that follow Botuvera Cave and
insolation, suggesting these sites along the monsoon water-mass trajectory are being influenced by
increased monsoon convection and/or increases in local precipitation amount potentially due to
increased water availability associated with increased monsoon strength.

3.2.2 Dipole of Holocene 6130 wvalues

The South American rainfall dipole inferred by 80 values of NE Brazil (Nordeste) and the rest
of the monsoon domain on orbital timescales seems to be also persistent during the Holocene.
Although the Rio Grande do Norte (RN-1 and RN-4) 580 records of the SISAL database do not cover
the entirety of the Holocene, they are discussed here for their pertinence to discussion of the
observed climatic dipole. Notably, the RN records are in-phase with the Paraiso 080 time series
(eastern Amazon) for the length of the RN records, although the increasing 080 values of the RN
records in the mid-Holocene are more pronounced compared to the Paraiso 08O time series (Figure
6). The proposed rainfall dipole between the Nordeste and the rest of the SAMS domain is not
readily apparent in the early-Holocene (~12 — 8 ka) 88O time series available here, but becomes
distinct in the time from the mid- to late-Holocene between the RN and Paraiso %0 time series and
the Botuvera 080 time series (Figure 6).

3.2.3 Holocene Variations of the SACZ

The stable trend of 00 values at Lapa Grande cave is unique among the speleothem 980 time
series available in the SISAL_v1, particularly over longer time scales (Figure 6). One possible driver
of the variability in the Lapa Grande O time series are changes in regional rainfall amounts
associated with latitudinal fluctuations of the SACZ (Figure 2). This is further elaborated in Section
2.3. In short, latitudinal fluctuations and shifts of the SACZ affect rainfall amounts in proximal
regions while precipitation amounts in the center of the SACZ are possibly very constant [21]. Thus,
Lapa Grande’s position within the center of the SACZ, and steady mean 00 values of Lapa Grande
speleothems during the Holocene, imply little change in precipitation amount at this site, possibly
because it was under the influence of the SACZ during the entire Holocene. This would suggest the
Lapa Grande Cave 080 time series are not dominantly influenced by upstream rainout in the core
monsoon region, but rather local rainfall amount associated with the strength of the SACZ. If so, this
suggests the SACZ has not increased or decreased in intensity throughout the entirety of the
Holocene, despite increasing insolation and increasing intensity in the core of monsoon convection
in the Amazon Basin. Strikis et al. (2011) [22] identify depleted 880 episodes in the Lapa Grande
record that coincide with the cold Bond events in the Northern Hemisphere. It was interpreted by
the authors as a result of the southward positioning of the ITCZ following the same mechanism, but
with smaller amplitude, as occurred during the Heinrichs stadials in the South America. The abrupt
climate events that occurred at 2.7 ka and 8.1 ka were also documented in speleothems in the
Northeast Brazil [18,50].

3.3 Variations of the SAMS during the last 2 kyrs as recorded by speleothem 6130 time series
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For the last two millennia 10 stalagmite records from 6 different regions are in the current
SISAL database. Most of the presented records only have the 8¥0 data available, their resolution is
approximately annual and, with exception of the ALHO6 stalagmite that is annually laminated, all
speleothems age models are based on U/Th ages. These stalagmites are from Northeast Brazil [18],
Southeast Brazil [5], Central Brazil [21,31], middle-western Brazil [17,21], Amazon [28], Peruvian
Andes [12,27,30] and Bolivian Andes [13].

The main climate features during the last two millennia in South America was determined
by the warm and could periods in the Northern Hemisphere (NH) during the Medieval Climate
Anomaly (MCA) and the Little Ice Age (LIA), respectively [5,49]. Warm conditions in the NH
determines a northward positioning of the ITCZ what depletes the moisture of the SASM. It was
documented during the MCA period in speleothem records from Diva Cave from Northeast Brazil
[18], Pau d’Alho and Jaragua caves from mid-western Brazil [17,21], Palestina [27] and Cascayunga
caves [12] from the Peruvian Andes. However, speleothem records from Tamboril [31] and Sao
Bernardo [21] caves located in central Brazil, and Crystal cave [5] from southeast Brazil do not show
a significant anomaly at this period. Intriguing, speleothem record from the Umajalanta—
Chiflonkhakha cave system in the eastern Bolivian Andes [13] show increase of the convective
activity during the MCA period, which was interpreted by the authors as a result of a different
mechanism (not ITCZ/SAMS system), which implies that was moisture sourced mainly from the
southern tropical Atlantic.

The southward positioning of the ITCZ during LIA period was responsible for the wet
conditions documented in the majority of the speleothem records in the South American [21], as for
example, was documented in the caves: Pau d’Alho (Novello et al., 2016), Jaragua [21], Palestina [27],
Cascayunga [12] and Crystal [5]. However, during this period, the SACZ (an internal feature of
SAMS responsibly by its variability) was also displaced southward what provided an antiphase of
convection between southwest and northeast portions of the SAMS domain [21]. Thus, while records
from southwest of SAMS domain show wet conditions [5,12,13,17,21,27] the records from northeast
represented manly by the Diva cave [18] show dry conditions. As a consequence, the records located
near the node of this dipole (S0 Matheus and Tamboril caves), which experienced continuous
SACZ influence at all times, hence displaying neutral moisture conditions during the LIA period
and no trend over the last millennium (Figure 7) [21].
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Figure 7. Holocene speleothem 5'%0 time series for the last 2kyrs: northeast Brazil (DV2 stalagmite — Diva Cave,
TR5 stalagmite — Torrinha cave, LD12 — Lapa Doce); middle Brazil (SBE3 stalagmite — Sao Bernardo Cave,
SMTS5 stalagmite — Sao Matheus Cave); middle Brazil (ALHOG6 stalagmite — Pau d’Alho Cave, CUR4 —
Curupira Cave), and southwestern Brazil (JAR4 and JAR1 stalagmites —Jaragua Cave). Figure modified from
Novello et al. (2018).

During the Current Warm Period (CWP), after the LIA, the convective conditions over
South America appears to be similar to the MCA, which means, warming in the NH, a northward
positioning of ITCZ and a progressive weakening of the SAMS.

A centennial periodicity of the SAMS (around 210 years) was reported from different sites
[17,18,27] and is associated with the de Vriess-Suess solar cycle, with depleted 5'¥O during high solar
irradiance periods. It is suggested that this relationship is due to several feedbacks involving
amplification of solar forcing by coupled air-sea dynamics, cloud formation and stratospheric
warming due to enhanced UV absorption through increased stratospheric ozone concentration,
resulting adjustment in the Hadley cell modulates the position of the ITCZ and SACZ (Novello et al.,
2016 and references therein) [17]. Multidecadal variability (60 — 90 years) associated with the Atlantic
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Multidecadal Oscillation (AMO) also affect the SAMS, with a more southerly position of the ITCZ
during its negative phase (warm in southern tropical Atlantic) Cruz

[17,18,27]. Although El Nifio-Southern Oscillation (ENSO) may be a predominant forcing over
the SAMS in the current climatology, there is no exist evidence of the influence of this mode into the
past millennia. The argument against an ENSO influence at the time is related to the often
synchronous climate conditions observed between the Peruvian Andes and southeast Brazil during
the last two millennia, even though the canonical ENSO impact in these two regions is the exact
opposite [5,21].

4. Conclusion and Outlook

4.1 Summary on SAMS variability

The speleothems 0180 time series from South America are interpreted mainly as proxies of amount
effect and infer past variations of the Intertropical Convergence Zone (ITCZ), the South America
Monsoon System (SAMS) and of the South Atlantic Convergence Zone (SACZ). Precession driven
insolation is the main driver of convective variability over the continent during the last 250 kyrs,
including the Holocene period. A climate dipole is observed between the west and east portions of
the continent, which is most prominent on orbital time scales. Records located in the central region
of Brazil appear to be weakly affected by insolation and are more susceptible to the variations of the
SACZ. Cold episodic events in the Northern Hemisphere are responsible for the southward position
of the ITCZ and increases rainfall in the SAMS domain on all times scales, as were documented
during millennial events from the last glacial period (Heinrich events), Bond events during the
Holocene, as well as during the Little Ice Age. Variations in Northern Hemisphere temperatures
were the main forcing of changes in SAMS during the last two millennia, which resulted in a
predominant dry condition during the Medieval Climate Anomaly and wet conditions during the
LIA, which was followed by progressive arid condition during the Common Warm Period.

4.2 Outlook and potentials for future speleothem-based empirical research

Most speleothem records from South America are located in the tropical region of the Southern
Hemisphere. Many of these speleothems are from high altitudes sides in the Andes, which are under
influence of the SAMS. Thus far, no records are available from north of the equator and only one
record was documented from the high latitudes of South America (Figure 1 and 2). The next
challenge for a better understanding of past changes in the South American hydroclimate will be
through the generation of new speleothem proxy time series that are located outside of the SAMS
domain. Furthermore, another step for a deeper understanding of the South American hydroclimate
and the SAMS in particular is the generation of longer time series. Most of the studies conducted so
far are not longer than 50 kyrs, and only a few time series are longer than 100 kyrs (Figure 3). In
addition to 5'*0, complementing speleothem proxies should be measured, such as trace elements or
elemental isotope ratios (e.g. 8Sr/%Sr), to explore the relationship between local precipitation and
regional monsoon strength [9,31]. Furthermore, speleothem 0%“C records, which are usually
neglected in the many studies related to monsoon reconstructions can be used for reconstructions of
the palaeovegetation or soil dynamics [51,52].

4.3 Next steps and potentials for SISAL-based research

Critically for SISAL-based research is that identified and not included speleothem isotope time
series need to be added to the SISAL database in the near future (Table 1). This will greatly improve
the spatio-temporal coverage of the SAMS domain (Figure 1 and 2), in turn allowing to perform
detailed analysis of past variations of the SAMS using the SISAL database. Such analysis should not
only be focused on speleothem 0'80 time series but also on the available 5'3C time series. This is of
particular interest, because d*C is in most cases not discussed, but yields additional insights in the
response of the palaeovegetation on variations of the SAMS. Better understanding of such
SAMS-vegetation feedbacks are not only important for a better understanding of spatio-temporal
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0180 variations (moisture recycling) [28] but also to better predict the response of the tropical rain
forest to precipitation changes in the Amazon basin (an important carbon sink or source) in response
to global warming. By using 0'¥0 as a proxy for past precipitation variations, speleothem 5'*O time
series in the SISAL database are very appropriate for data-model comparisons. This does not
necessarily include only isotope enabled climate models, because trends in speleothem 980 time
series — and patterns — yield also information on whether specific regions got wetter or drier in the
past, which is in many cases already sufficient to test the response of a climate model to e.g. NH
cooling. Such a test case for data-model comparisons are Heinrich stadials or the transition from the
early to the late Holocene where on the one hand many records are available (e.g. Heinrich stadial 1)
and on the other hand changes in the hydroclimate were so pronounced that a comparison of trends
in isotope and non-isotope climate models is possible. A strategic region for such tests is
northeastern Brazil (Nordeste), which is at present dominated by semi-arid conditions, but was
much wetter during Heinrich stadials or in the mid-Holocene [8,40]. Hence, comparison with
climate models is essentially easy for this region. Considering that variations of precipitation in
northeastern Brazil are linked to the low-level circulation of the SAMS, which appears to be even
linked to the tropical atmospheric circulation in Africa [8], accurate modeling of the precipitation in
Nordeste is a crucial benchmark test for the tropical atmospheric circulation in climate models.
Furthermore, to get a deeper understanding of spatio-temporal changes of past changes of the
SAMS, the SISAL database can be used to perform spatio-temporal analysis using e.g. MC-PCA
techniques [53]. This could help to better constrain the different forcing and coherence of
precipitation changes in the core monsoon region (central Brazil) and regions that are mainly
influenced by shifts of the SACZ (southeastern Brazil). Such analysis could be also used for a better
understanding of the drivers of variations in 50O time series, if these are caused by local amount
effects or dominated by downstream processes associated with the precipitation history and
recycling of moisture [5,15,28]. In summary, the SISAL database makes it possible to conduct a
variety of different analysis of the South American Monsoon System, which will ultimately yield to a
better understanding of its past changes.
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