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Abstract 

 The South American Monsoon System is the dominant convective system over 

tropical South America during austral summer that is critical to a region heavily 

dependent on agricultural and hydroelectric production. An understanding of the controls 

on moisture conditions throughout Brazil is critical to assessing recurrent droughts and 

global climate change responses. An increasing number of monsoon reconstructions from 

δ18O records provide insight into last millennium variation of regional monsoon intensity. 

However, the relationship between past variations in monsoon intensity and local 

moisture conditions has yet to be investigated. In this study, we develop speleothem 

87Sr/86Sr values as a paleo-moisture proxy from a cave site located in central Brazil. 

Increasing speleothem 87Sr/86Sr values and decreasing δ234U values over the last 

millennium indicate progressively wetter conditions. A similar trend in monsoon 

intensity is not evident in δ18O records from the region, suggesting that monsoon 

intensity is decoupled from the local moisture conditions through the late Holocene. The 

potential decoupling between the monsoon and local moisture conditions suggests that 

processes independent from those governing monsoon intensity may play a critical role in 

dictating moisture variability in the region.  
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Introduction 

The Brazilian Cerrado (savanna) is a region with rich biodiversity and a strong 

agricultural economy that is sensitive to changes in climate and water availability (Franco 

et al., 2014). The majority of annual precipitation over the region occurs in the austral 

summer in association with the South American Monsoon System (SAMS). The SAMS 

consists of two major convective systems: insolation-driven convection centered over the 

southern Amazon Basin (i.e., core monsoon region) (Zhou and Lau, 1998; Vuille et al., 

2012) and convergence-driven convection in the region extending from the central 

Amazon Basin to the South Atlantic (South Atlantic Convergence Zone, SACZ) (Lenters 

et al., 1999; Vera et al., 2006) (Fig. 1). Numerous studies have attempted to delineate the 

factors governing modern precipitation variability in the region and have sought to 

understand the relationship between the SACZ and the monsoon (e.g. Hastenrath and 

Greischar, 1993; Nogues-Paegle and Mo, 1997; Gandu and Silva Dias, 1998; Lenters et 

al., 1999; Chaves and Cavalcanti, 2001; Liebmann et al., 2001; Grimm, 2003; Gan et al., 

2004; Grimm et al., 1998; 2007; Vera et al., 2006; Drumond et al., 2008; Dufek and 

Ambrizzi, 2008; Grimm and Tedeschi, 2009; Garreuad et al., 2009), but understanding of 

multi-decadal to centennial variability in Cerrado moisture conditions and the response of 

water availability to past climate change is still limited.  

Existing reconstructions of SAMS intensity are largely based on δ18O records 

(e.g. Cruz et al. 2005; 2006; 2009; Bird et al., 201; Kanner et al., 2013), which reflect 

both seasonality (i.e., proportion of summer monsoon vs. winter precipitation) and the 

degree of water vapor 18O depletion (with respect to 16O) due to convective activity over 
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the Amazon Basin (i.e., monsoon intensity) (Vuille and Werner, 2005; Vuille et al., 2012; 

Liu and Battisti, 2015). Although δ18Oprecip over all of Brazil is a reliable proxy of  

regional monsoon intensity based on the high correlation between δ18Oprecip and 

precipitation amount over the monsoon core region (2.5 – 7.5°S, 45 - 75°W) (Vuille and 

Werner 2005; Vuille et al., 2012; Brienen et al., 2012), local precipitation amount can be 

poorly correlated with local δ18Oprecip values at a given site (Thompson et al., 2000; 

Hoffman et al. 2003; Vimeux et al. 2005; Vuille and Werner 2005). Additionally, the 

strength and sign (i.e., positive or negative) of the correlation between monsoon intensity 

and precipitation amount is variable across the region and, in some areas, dependent upon 

the parameter from which the monsoon index is based (Fig. 2; Fig. S3). This suggests that 

variability in local moisture conditions, on inter-annual time scales, is not necessarily 

driven by variability in monsoon intensity outside of the monsoon core region. There is a 

large contrast between decoupling of monsoon intensity and moisture conditions over the 

modern interval and the strong apparent coupling of reconstructed monsoon intensity and 

moisture conditions in the early to late Holocene. That is, existing reconstructions of 

moisture conditions from vegetation and sediment records document wetter late Holocene 

conditions over central and southeastern Brazil relative to mid-Holocene (Stevaux, 2000; 

Schellekens et al., 2014; Horak-Terra et al., 2015), consistent with δ18O records that 

document the strengthening of the monsoon from the early to late Holocene (e.g., Bird et 

al., 2012; Kanner et al., 2013; Thompson et al., 1995; Bird et al., 2011). The resolution, 

however, of existing paleo-moisture records is insufficient to assess sub-millennial 

variability in moisture conditions, highlighting the need for higher resolution 
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reconstructions of last millennial moisture conditions from monsoon-independent, 

moisture-sensitive proxies, which will enable assessment of the coupling between 

regional monsoon intensity and local moisture conditions on time scales of decades to 

millennia. 

In this study, we develop a reconstruction of past changes in local precipitation 

from speleothem (TM0) 87Sr/86Sr values collected from Tamboril Cave located within the 

Cerrado region of central Brazil. Comparison of TM0 87Sr/86Sr variability to δ18O values 

in the same stalagmite and to existing paleoclimate reconstructions enables assessment of 

the coupling between monsoon intensity and paleo-moisture conditions over the last 

millennium. We find a distinct trend in TM0 87Sr/86Sr values that evolve from the 

isotopic signature of the cave bedrock to the isotopic signature of soils collected above 

the cave. The increasing trend in 87Sr/86Sr values is interpreted to reflect decreasing 

water-bedrock interaction due to shorter water residence times under increasingly wetter 

conditions. Corresponding trends of increasing monsoon intensity are absent in last 

millennium monsoon reconstructions from speleothem δ18O values, suggesting a 

decoupling between regional monsoon intensity and local moisture conditions.  

Setting 

Tamboril Cave (16°S, 47°W) is located in the northern part of Minas Gerais, 

Brazil (Fig. 1). This cave formed in the Neoproterozoic Bambui Group in the São 

Francisco Basin (Martins – Neto, 2009) that consists of limestones, dolomites, marls, 

metapelites, shales and siltstones (Carta Geologiça do Brasil, 2003). Previous studies 

have characterized Neoproterozoic limestones with a 87Sr/86Sr range of 0.70700 to 
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0.71278 (Asmerom et al., 1991; Kaufman et al., 1992; Walter et al., 2000; Thomas et al., 

2004) and the Bambui limestones with a range of 0.70743 to 0.70755 (Misi and Veizner, 

2006). Soils of the Cerrado region have developed in situ since the late Cretaceous on 

three distinct groups of parent material: sedimentary deposits from the river systems, 

gneiss and schist bedrock, and basalt flows (Marques et al., 2004). Modern climate of the 

Cerrado is classified as semi-humid with mean annual precipitation ranging from 958 to 

1426 mm/year (Strikis et al., 2011; Silva et al., 2008), and an annual mean temperature of 

22.5°C (Silva et al., 2008). Rainfall in the region is primarily controlled by the SACZ, 

tightly linked with the SAMS, with the majority of the precipitation occurring in the 

austral summer (DJF; Fig. 1a) (Vera et al., 2006; Strikis et al., 201; Moquet et al., 2016).  

Materials and Methods  

Soils and dripwater were collected from the cave during the dry season in July 

2015 to characterize the potential 87Sr/86Sr endmembers from the cave setting (see 

Supplementary Material). A 50 cm pit was dug, and soils were sampled every 10-12 cm. 

Dripwater was collected from three sites during a single 2-3 hour interval. Soil samples 

were leached with 1 M ammonium acetate buffered to a pH of 8 to determine the isotopic 

value of the exchangeable Sr (Musgrove and Banner, 2004; Wong and Banner, 2010; 

Oster et al., 2010; Wong et al., 2011).  

 The speleothem, TM0, was collected from Tamboril Cave, at least 30 m from the 

entrance in a large room. TM0 is 80 cm long, generally symmetrical around a central 

growth axis, and consists of white aragonite needles. We recognize that inversion of 

speleothem aragonite to low-Mg calcite is possible during the drilling process, however, 



 
 

 

5 
 

the potential for inversion is lower in hand-milled samples and inversion has not been 

shown to affect trace elements (Waite and Swart, 2015).  Powder subsamples (3-4 mg) 

were hand-milled from along the growth axis of TM0 at 0.5-1 cm resolution (average of 

~20 years). Speleothem powders, soil leachates, and dripwater samples were processed 

using ion exchange chemistry following the methods of Montañez et al. (2000). Solution-

mode multiple-collection ICP-MS analyses of strontium isotopic compositions were 

performed using a Nu Plasma HR instrument equipped with a DSN-100 desolvating 

nebulizer at the Interdisciplinary Center for Plasma Mass Spectrometry at University of 

California, Davis (UCD/ICPMS, n=10) and a Nu Plasma II instrument (also with DSN-

100 sample introduction) at the Facility for Isotope Research and Student Training 

(FIRST) at Stony Brook University (n=80). Uncertainty (2σ) for analyses performed at 

the FIRST lab is 6.7 x 10-5 based on two standard deviations of 100 replicate analyses of 

the NIST SRM 987. Uncertainty for analysis performed at UCD/ICPMS is 3.3 x 10-5 

based on two standard deviations of 32 replicate analyses of the NIST SRM 987 standard. 

The UCD/ICPMS lab also measured an internal aragonite standard (South China Sea 

Coral, 0.709170) that was put through ion-exchange column extraction (Sr resin) in 

parallel with unknowns, and the two-standard deviation of 18 replicate analyses is 2.8 x 

10-5. In both labs, analyses were drift corrected to the values of the bracketing standard, 

normalized to an 86Sr/88Sr value of 0.1194, and corrected for 84Kr by subtracting 

background values. Splits of 25 samples were replicated using an IsotopX Phoenix 

Thermal Ionization Mass Spectrometer (TIMS) at FIRST. Uncertainty (2σ) for TIMS 

analyses is 6.3 x 10-6 based on 12 replicate analyses of NIST SRM 987. Differences in 
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samples analyzed via MC-ICPMS vs. TIMS ranged from 5.1 x 10-6 to 2.2 x 10-4. The 

differences between all replicate splits were less than 1.3 x 10-4, the external 

reproducibility of the MC-ICP-MS at FIRST (Table S2).  

The age model for TM0 is based on U/Th dating of 15 distinct horizons conducted 

at MIT (see Supplementary Material; Table S3; Fig. S2). Speleothem powder was 

micromilled every 0.1 – 0.15 cm (~1-3 year resolution) and samples were analyzed for 

δ18O using a GVI Optima IRMS at UCD and a Thermo Finnegan MAT 253 with a Kiel 

Device at UT. Uncertainty for δ18O analyses at UCD and UT are 0.07‰ and 0.05‰, 

respectively, based on 64 replicate analysis of an internal standard. The TM0 stable 

isotope record is the focus of an independent manuscript, and will not be discussed in 

detail in this manuscript (Silva et al., in prep). Depth-age relationships were calculated 

using the COPRA algorithm (Brietenbach et al., 2012).  

Results 

Measured soil 87Sr/86Sr values range from 0.7309 to 0.7333 (n=4), and are 

substantially higher relative to limestone 87Sr/86Sr values of the Bambui Group reported 

in the literature (0.70743 to 0.70755; Misi and Veizner, 2006). Cave dripwater (0.7180 to 

0.7223) and speleothem (0.7209 to 0.7236) 87Sr/86Sr values fall between the soil and 

bedrock end-members (Fig. 3inset; Table S1). Speleothem 87Sr/86Sr values increased over 

the last millennium (Fig. 3), gradually increasing from values closer to those of cave 

bedrock to values approaching those of soils overlying the cave. The initial δ234U values 

of TM0 range from 1111 to 844 ‰ (Table S1) and decreased from the early to the late 

part of the last millennium. 



 
 

 

7 
 

TM0 δ18O values and existing δ18O records from the region, in contrast, do not 

exhibit long-term trends over the last millennium (Fig. 3). Rather, existing δ18O records 

exhibit distinct multi-centennial variation widely interpreted to reflect a weaker monsoon 

during the Medieval Climate Anomaly (MCA) and/or stronger monsoon during the Little 

Ice Age (LIA) (Thompson et al., 1995; Seltzer et al., 2000; Pollisar et al., 2006; 

vanBreukelen et al., 2008; Reuter et al., 2009; Bird et al., 2011; Vuille et al., 2012; 

Kanner et al., 2013).  

Discussion 

Speleothem 87Sr/86Sr values as a moisture proxy 

 Variations in TM0 87Sr/86Sr values likely reflect changing amounts of water-rock 

interaction in response to variations in moisture conditions, similar to previous 

speleothem 87Sr/86Sr time series that have been developed as proxies of paleoclimate 

conditions. In regions where soil and bedrock have distinct 87Sr/86Sr signatures, dripwater 

and speleothem 87Sr/86Sr values generally reflect varying durations of contact with the 

host bedrock associated with varying water residence time (Banner et al., 1994; 1996; 

Bar-Matthews et al., 1999; Musgrove and Banner, 2004; Oster et al., 2009; Wong and 

Banner, 2010; Wong et al., 2011; Vaks et al., 2013). That is, infiltrating waters acquire an 

initial 87Sr/86Sr signature from the soil overlying the cave, which then progressively 

evolves toward the 87Sr/86Sr signature of the host carbonate bedrock (Fig. S1). Previous 

numerical modeling of contemporary cave dripwater and groundwater 87Sr/86Sr 

compositions in Texas and in California are consistent with relatively shorter water 

residence times, due to relatively wetter conditions and/or more conduit- (vs. diffuse-) 
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dominant flow-paths, limiting the extent of water-rock interaction and the evolution of 

the isotopic signature toward the bedrock end-member (Musgrove and Banner, 2004; 

Oster et al., 2010; Wong et al., 2011). Lastly, speleothem 87Sr/86Sr variability can 

additionally reflect variations in dust flux in settings where proximal dust sources have 

distinct isotopic signatures relative to the cave site. Variations in dust flux, as tracked by 

speleothem 87Sr/86Sr values, can serve as a proxy for changes in atmospheric circulation 

as is the case in China (Goede et al., 1998; Li et al., 2005; Zhou et al., 2009), or aridity in 

the dust source region, as in the case of Israel (Frumkin and Stein, 2004). 

We argue that TM0 speleothem 87Sr/86Sr values reflect paleo-moisture conditions 

and likely reflect a trend of increasing water availability over the last millennium. Cave 

dripwater and TM0 87Sr/86Sr values lie between by endmember soil and bedrock 87Sr/86Sr 

values, consistent with the interpretation that the isotopic signature of infiltrating water 

evolves via water-rock interaction from that initially acquired from the soil toward that of 

the host bedrock (Fig. S1). Furthermore, TM0 87Sr/86Sr variations cannot be accounted 

for by variations in dust flux as discussed below. 

It is unlikely that aerosol dust deposition played an influential role in 87Sr/86Sr 

variability of TM0. It is well known that African dust is transported across the Atlantic to 

South America during the austral summer (e.g., Koran et al., 2006; Ben-Ami et al., 2010). 

Although no studies specifically investigate dust deposition in the region of Tamboril 

Cave, several studies provide prospective on the relative contribution of Saharan dust to 

regions further north in the Amazon Basin that receive the largest fluxes (Koran et al., 

2006; Ben-Ami et al., 2010). Saharan dust does not appear to contribute substantial 
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amounts of Sr to regional soils as i) African dust and Amazonian deposits have distinct 

Pb-Nd-Sr isotopic signatures  (Abouchami et al., 2013; Pourmand et al., 2014), ii) the 

composition of Amazonian deposits is consistent with in-situ weathering and erosion of 

the Precambrian Amazon craton (Abouchami et al., 2013), and iii) vertical erosion rates 

dwarf aeolian accumulation rates at the core of the Brazilian monsoon region 

(Abouchami et al., 2013). Additionally, recent work suggests that the boreal summer 

African dust plume has been stable over the last 2 ka (Hayes et al., submitted), which 

may also suggest stability in the winter dust plume as the strength of summer and winter 

dust plumes tends to co-vary (Grousset et al., 1998; Moreno et al., 2000; Ridley et al., 

2014; Williams et al., submitted). Given the limited influence of Saharan dust on the 

isotopic composition of surface material in the region of greatest dust flux and the 

stability of the dust flux over the last 2 ka, it is unlikely that Saharan dust played a role in 

evolving TM0 87Sr/86Sr values over the last millennium. 

Decreasing TM0 δ234U values are also consistent with our interpretation of 

increasingly wetter conditions over the last millennium at Tamboril Cave (Fig. 4). 

Speleothem δ234U values are directly inherited from the drip-water they precipitate from, 

and drip-water δ234U values evolve as a product of water residence time. Infiltrating 

water acquires an initial δ234U signature from the surface material with which it first 

interacts (e.g. soil or soil carbonates), which, if sufficiently old (> 1 million years), is 

typically depleted in 234U with respect to 238U relative (i.e., δ234U > 106 years; Oster et al., 

2012). Relatively longer water transit times from the surface to the cave results in higher 

δ234U values as infiltrating water accumulates 234U due to the combination of 
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preferentially leaching of 234U from damaged lattice sites within the bedrock and the 

ejection of 234Th (which decays to 234U) from the bedrock associated with 238U decay via 

α-recoil. Conversely, lower δ234U values reflect shorter water residence time and more 

limited extents of water-rock interaction (as driven by higher infiltration rates) (Ayalon et 

al., 1999; Bar-Matthews et al., 1999; Frumkin and Stein, 2004; Zhou et al., 2005; 

Griffiths et al., 2010; Polyak et al., 2012; Oster et al., 2012). The stepped nature of TM0 

δ234U values, relative to the more progressive evolution of 87Sr/86Sr values, suggests 

varying sensitivity of these two proxies to changing moisture conditions. Differences in 

sensitivity between the proxies could be an artifact of the differences in sampling 

resolution, i.e., δ234U was measured at lower resolution, relative to 87Sr/86Sr values, thus 

the nature of the transition is less clearly resolved. Alternatively, δ234U values have been 

found to be invariant when speleothem growth rates relatively fast and δ234U values are 

near secular equilibrium (234U/238Uo ~ 0.7-1.0), suggesting that sufficiently short transit 

times severely limit the evolution of dripwater δ234U values (Zhou et al., 2005). This is 

consistent with the TM0 records, which show an increase in growth rate towards the 

present (Table S1) and a stability of the δ234U record over the last millennium.  

Decoupling of monsoon intensity and Cerrado hydroclimate 

TM0 and regional δ18O records do not reflect a similar long-term shift in the 

intensity of the monsoon (Fig. 2), suggesting the influence of non-monsoon related 

processes on the local moisture conditions. Measured δ18Oprecip values across the region 

reflect the intensity of convection over the southern Amazon Basin that drives the 

summer monsoon, but are not necessarily a reliable proxy of precipitation amount at a 
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given site throughout the tropical to subtropical South American region (Vuille et al., 

2012). Although last millennium δ18O records from the region document distinct 

centennial variability in regional monsoon intensity (e.g. Bird et al., 201; Kanner et al., 

2013), these records do not suggest a progressive intensification of the monsoon over this 

same time period that could account for the wetting trend indicated by the TM0 87Sr/86Sr 

record. A lack of co-variation between local moisture conditions and regional monsoon 

intensity over the last millennium could indicate the decoupling of the convective 

systems associated with the SAMS. Considering that central Brazil lies within the direct 

influence of the South Atlantic Converge Zone (SACZ) (Liebmann et al., 1999; Strikis et 

al., 201; Moquet et al., 2016) it is possible that variability in the position or intensity of 

the SACZ is independent of variations in convective intensity over the Amazon Basin.  

Investigations of modern and past climate suggest that variability in monsoon 

intensity is driven by climate dynamics distinct from those governing the position and 

strength of the SACZ. Modern climate simulations document the production of a Rossby 

wave train in response to El Nino and La Nina events that results in a dipole pattern of 

convective activity across South America, enhancing convection over the Amazon Basin 

during an El Nino while suppressing convection over the SACZ (Grimm, 2003; Garreaud 

et al., 2009). Both modern climate simulations and paleoclimate reconstructions suggest 

that the position of the Intertropical Convergence Zone shifts in response to variations in 

Tropical Atlantic sea surface temperatures (SSTs), which modulates the intensity of 

monsoon convection (REFS) The mean position and strength of the SACZ, however, is 

dictated by variability in subtropical South Atlantic SSTs (e.g. Barros, 2000; Doyle and 
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Barros, 2002; Chaves and Nobre, 2004; de Almeida et al., 2007). Lastly, paleoclimate 

simulations delineate distinct climate dynamics governing the responses of the SAMS 

convective zones to orbital (precessional) variability in insolation. Comparison of high- 

(207ka) and low- insolation (218 ka) climate simulations (difference of 90 W/m2 at 30°S) 

document that variations in insolation drive variability in differential land-ocean heating 

that modulates convective activity over the Amazon basin. The response of the SACZ to 

insolation differences, however, results a Rossby wave train associated with shifts in 

temperature and moisture conditions over southern Africa (Liu and Battisti, 2015). 

Although these studies span different temporal scales and forcing mechanisms, these 

studies provide evidence that convection over the Amazon Basin and SACZ can be 

influenced by distinct climate processes, and, in some cases, drive the decoupling of 

monsoon intensity from local (central Brazil) moisture conditions.  

 Output from the last millennium climate ensemble simulation using the 

Community Earth System Model (Otto-Bleisner et al., 2015) seemingly could provide 

additional insight into the potential decoupling of the monsoon and SACZ convective 

systems. These lack an obvious precipitation (and evapo-transpiration) trend in central 

Brazil and do not capture the variability of monsoon intensity during the MCA and LIA 

(Sup Figs. 4, 5). The inconsistency between model results and climate proxies suggests 

that the simulation does not capture all factors associated with atmospheric dynamics, 

which are critical to last millennium moisture conditions over subtropical South America 

(Landrum et al., 2013).  
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The contrast between the TM0 reconstruction of local moisture conditions and 

existing reconstructions of regional monsoon intensity could alternatively reflect the 

influence of local water dynamics unrelated to the SAMS. For instance, our record could 

be influenced by austral winter precipitation, a potentially plausible explanation 

considering austral winter (JJA) precipitation accounts for 40% of the annual 

precipitation in the modern climate. A decrease in evapotranspiration could account for 

increasing water availability inferred from the TM0 87Sr/86Sr record. However, 

paleovegetation reconstructions from the region document the expansion of woodland 

forest over savanna during the late Holocene (Silva et al., 2008). Although forest 

encroachment is expected to both suppress evaporation and increase transpiration, a 

transition from open savanna to woodland likely increased rather than decreased 

evapotranspiration locally. Furthermore, such shifts in vegetation distribution are 

generally interpreted as a response to (not driver of) wetter conditions in corroboration of 

the effective moisture trend inferred from paleo-vegetation records in many parts of 

South America (Silva, 2014). It is evident that additional work is necessary to resolve the 

mechanism(s) driving the apparent decoupling between last millennium moisture 

conditions and monsoon intensity in central Brazil. Future studies stand to gain valuable 

information by including additional paleo-moisture records from the region and plant-

derived records of water availability (Silva, 2015; Silva et al., 2015), which are needed to 

understand the impact of climate variability on terrestrial ecosystems.   
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Conclusions 

 Our current understanding of how and why moisture conditions varied over 

central Brazil over the last millennium is limited and relies on monsoon reconstructions, 

for which the coupling to local moisture conditions has yet to be rigorously assessed. We 

developed a last millennium speleothem 87Sr/86Sr record that documents the evolution of 

87Sr/86Sr values from the isotopic signature of the bedrock towards that of the soil, which 

is interpreted to reflect decreasing water-rock interaction due to increasing moisture 

availability in central Brazil. This interpretation is consistent with decreasing δ234U 

values in the same speleothem, suggesting wetter conditions. A similar trend in existing 

δ18O reconstructions of monsoon intensity is lacking, highlighting a decoupling between 

regional monsoon intensity and local moisture conditions. Determining the drivers of 

spatial and temporal variability in local moisture conditions is critical to assess the degree 

to which moisture is coupled to regional monsoon intensity and the vulnerability of 

moisture conditions to global climate change.  
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Figures 

 

Figure 1: SAMS precipitation patterns over study region (a) Shading reflects average 

austral summer (DJF) precipitation as a percentage of the annual precipitation (data 

spanning 1981-2010 from Global Precipitation Climatology Project). Locations of 

exisiting late Holocene paleo-SASM reconstructions with decadal to subdecadal 

resolution indicated by circles (Andean Sites: HG-Huagapo Cave, CS-Cascayunga 

Cave,TP-Tigre Perdido Cave, LP-Lake Pumacocha, LJ-Lake Junin, QC-Quelccaya Ice 

Cap. Also shown: CC-Cristal Cave, LG-Lapa Grande Cave, DV-Diva de Maura record, 

and LV-Lake Verdes Alta and Baja). The mean positions of the ITCZ and the SACZ 

during DJF are shown as black dashed lines. Star indicates the location of the study site, 
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Tamboril Cave (TM). Black arrow represents the easterly transport of moisture across the 

Amazon Basin, and subsequent deflection of winds to the south by the Andean Mountain 

range creating the South American low-level jet.  

 



 
 

 

22 
 

Figure 2: Correlations between three unique indices of monsoon intensity and gridded 

precipitation (Climate Prediction Center Merged Analysis of Precipitation; A, C, E) and 

precipitation guage (squares; B, D, F) data across South America for the interval of 1979-

2013. (A and B) Monsoon index calculated as the average DJF (gridded) precipitation 

amount over the monsoon core region (-2.5 to -17.5°N, -47.5 to -72.5°E; as defined by 

Vuille et al., 2012). (C and D) Monsoon index based on the negative anomaly from 

climatological average  of outgoing longwave radiation (OLR) spatially averaged over 

the monsoon core region (as defined by Vuille and Wagner, 2005). (E and F) Monsoon 

index calculated as vertical zonal wind shear (u850-u250) spatially averaged over the west 

tropical Atlantic Ocean (7.5 to -2.5°N, -20 to -45°E; as defined by Vuille and Werner, 

2005). OLR and wind data from the Modern Era Retrospective analysis for Research and 

Applications. Representative precipitation gauge stations with close proximity to existing 

monsoon reconstructions (Fig. 1) and continuous coverage over the time period 1979-

2013 were selected from the Global Historical Climate Network (stations: PEM00084673 

[1], PEM00084686 [2], VE000080438 [3], BR038983570 [4], BR00E3-0520 [5]) and the 

Bank of Meteorological Data for Education and Research (station 83377 [6]). 
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Figure 3: Time series of TM0 87Sr/86Sr values along with variaions in δ18O values in 

speleothems from Tamboril Cave and Cristal Cave (southeastern Brazil) and Laguna 

Pumachocha carbonate sediments (Peruvian Andes). TM0 87Sr/86Sr values exhibit a 

substantial increasing trend over the last millennium (r = -0.88, one-tailed p = 0.00), 

whereas the trend in δ18O does not increase over the last millenium (r = 0.02, one-tailed p 

= 0.31). 87Sr/86Sr values are shown for cave dripwater (n=3) and soils collected above 

Tamboril Cave (n=4) as well as the cave host rock, Bambui Group limestone (n=3; Misi 

et al., 2006), and Saharan dust collected in Barbados (Pourmand et al., 2014). U/Th age 

constraints are shows as gray bars (BP = years before 1950 C.E.). Little Ice Age (LIA; 

700 to 1000 years BP) and Mideval Climate Anomaly (MCA; 250 to 450 years BP) 

shown as solid grey bars. The gap in the TM0 δ18O record reflects an interval not 

sampled with respect to δ18O (as opposed to a growth hiatus). 

 

Figure 4: Comparison of TM0 87Sr/86Sr to TM0 δ234U. TM0 87Sr/86Sr (green squares) 

and δ234U values (blue circles) corrected to their initial values. Uncertainty for 87Sr/86Sr 

analysis is shown by the green 2σ bar, uncertainty for most of the δ234U is smaller than 

the marker size. Both moisture conditions sensitive proxies indicate an increase in local 
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moisture and changing moisture conditions. Growth rate (red circles) increases towards 

the present, potentially affecting speleothem δ234U values. Note that the δ234U axis is 

reversed for ease of interpretation (WRI = water rock interaction). 

Supplementary Material 

Sample collection  

 Soils were collected in one trench directly above the entrance of Tamboril Cave. 

The trench was dug using a combination of steel shovels and a hammer and chisel. Four 

samples were taken from the side of the trench at depth: 0-12 cm, 12-20 cm, 20-38 cm, 

and 38-49 cm (Table S1). Samples were stored in double walled Ziploc bags and shipped 

to the University of California, Davis (UCD).  

Bedrock samples were collected within Tamboril Cave (n=1), on the entrance 

wall of Tamboril Cave (n=1) and in the nearby Tamboril River (n=2). Fresh bedrock 

samples were chipped off of the surface using a rock hammer. Bedrock within Tamboril 

Cave was only collected if it was considered to be host rock and not secondary, 

speleothem carbonate that could have been deposited after the cave formed. A bedrock 

sample was also collected from the entrance wall of the cave. These samples were stored 

in Ziploc bags and shipped to the UCD.  

Sample preparation for analysis 

Cave dripwaters were collected (July 28, 2015) throughout the cave by placing 

non-acid cleaned 250 ml low-density polyethylene bottles placed under chosen drip sites 

(n=4) throughout Tamboril Cave for 1-3 hours. A sampling blank was collected within 

Tamboril Cave by leaving a sampling bottle filled with nanopure water open in a dry area 
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of the cave for 3 hours. Upon collection, aliquots from each bottle were placed in 

separate 25 ml acid-cleaned polypropylene bottles and parafilmed for strontium analysis. 

Each original sample bottle was additionally parafilmed and refrigerated until shipped to 

UCD. After arrival on campus they were again refrigerated until analysis. Acidified 

aliquots of 8-15 ml of cave dripwaters were dried down in acid cleaned 7 ml snap-cap 

Teflon vials. The dried down portions of the dripwaters were brought up in 50 μl of 3N 

nitric acid and prepared for ion-exchange chemistry (Table S1).  

Each soil sample was gently disaggregated prior to any chemical procedures to 

dislodge soil clumps. Approximately 1-2 grams of each sample was placed in a 15 ml 

acid-cleaned centrifuge tube. 5 ml of 1 M ammonium acetate, buffered to a pH of ~8, was 

added to each centrifuge tube. These tubes were shaken 3 times over a 30 minute span, 

and then centrifuged. The liquid was pipetted off each sample and placed in an acid-

cleaned Teflon vial. This method was repeated twice, and soil residues were discarded 

after three total leaches with 1 M ammonium acetate. All liquid was dried down and 

brought up with 100 μl of 3N nitric acid and was process through ion-exchange 

chemistry. 

Bedrock samples were prepared in three separate rounds for analysis. In the first 

round of analysis, chips of bedrock with fresh, un-weathered faces were used and 

disaggregated using a clean agate mortar and pestle. 3 to 4 mg of each bedrock sample 

were leached with 1 ml 4 % acetic acid for 3 to 4 hours in an acid cleaned 15 ml 

centrifuge tube at the Sedimentary Geochemistry Lab at UCD. Leachates were dried 

down and redissolved in 50 μl of 3N HNO3 and processed through ion exchange 
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chemistry using a peripump column procedure. In the second bedrock preparation, the 

same procedure as above was completed at the McGee Lab for Paleoclimate and 

Geochronology and process through ion exchange chemistry at the FIRST lab at Stony 

Brook University. Lastly, 340 mg of each bedrock sample was drilled from a fresh 

surface and split into 3 replicates and stored in microcentrifuge tubes. Two of the three 

replicates were leached with 1 ml 4% acetic acid and processed through ion exchange 

chemistry (standard gravity columns) at the Analytical Lab for Paleoclimate Studies at 

the University of Texas, Austin. One replicate was dissolved completely to determine the 

Sr budget of the whole rock.  

Analytical methods 

 U-Th dating samples processed at MIT were prepared following methods detailed 

in Steponaitis et al. (2015). Samples weighing 2-50 mg were combined with a 229Th- 

233U-236U tracer, digested, and purified via iron co-precipitation and ion exchange 

chromatography. Separate U and Th aliquots were analyzed using a Nu Plasma II-ES 

multi-collector ICP-MS equipped with a CETAC Aridus II desolvating nebulizer at MIT. 

Analyses were performed in static mode with 234U and 230Th measured on the ion counter 

and all other masses measured on Faraday cups, with U and Th standard solutions 

bracketing each analysis to monitor mass bias and ion counter yield. Tailing was assessed 

for each U sample by measurement of half-masses and mass 237. Th tailing was 

measured once per day. Corrections for procedural blanks were small, amounting to a 

maximum of 10 years in the ages of these samples. Corrections for initial 230Th assumed 

an initial 230Th/232Th atomic ratio of 4.4 ± 2.2 x 10-6. Reported age uncertainties reflect 
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uncertainties from measurements, spike calibration, procedural blanks, SEM yield drift 

and tailing. Uncertainties on U and Th half-lives are not included, but would be 

insignificant relative to other uncertainties (Table S3). 

Aragonite powders (~80μg) were subsampled from TM0 growth axis billets at 1.5 mm 

steps. This step size provided an average temporal resolution of 3 years, which was bin-

averaged to the 25 year average temporal resolution of the 87Sr/86Sr record (Figure 2; 

Table S4). Samples were analyzed for δ18O using a GVI Optima IRMS at UCD and a 

Thermo Finnegan MAT 253 with a Kiel Device at UT. Uncertainty for δ18O analyses at 

UCD and UT are 0.07‰ and 0.05‰, respectively based on 64 replicate analysis of an 

internal standard (Silva et al. in prep).  

Calculating monsoon indexes 

The three modeling proxies for monsoon intensity used in this study were originally 

presented in Vuille and Werner (2005) and expanded upon in Vuille et al. (2012). We 

applied those methods to outputs from the Community Earth System Model Last 

Millennium Ensemble (CESM LME; Otto-Bleisner et al., 2015). The first of these is total 

precipitation over the monsoon core region (2.5 – 7.5°S, 45 - 75°W). This is calculated 

by adding total advective precipitation and total convective precipitation. The second 

monsoon index is Outgoing Longwave Radiation (OLR), which is affected by cloudiness 

and is therefore thought to be a proxy for convective activity. Vuille and Werner (2005) 

defined their convective OLR index as the negative DJF anomalies with respect to the 

annual cycle of OLR averaged over the monsoon core region, that convention is also used 

here. Finally, vertical wind shear is derived as the zonal wind anomalies (u850-u250) 
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over the region (7.5N–2.5°S, 45–20°W). The OLR and precipitation calculations were 

also applied to the SACZ region defined by Liebmann et al. (1999) (Fig.S4). 

Evapotranspiration is also evaluated using the CESM LME over the Cerrado region (15 

to 22°S, 43 to 48°W). 

Supplementary Figures 

 

Supplementary Figure S1. Conceptual diagram of flow routing and dripwater Sr 

evolution during drier (left) vs. wetter (right) time periods.  
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Supplementary Figure S2. Age to depth model using COPRA algorithm. Uncertainty on 

ages is smaller than the marker size. Red circles indicate data included in the age-depth 

model construction, gray circles indicate data that were not included in the age model.  
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Supplementary Figure S3. Time series of precipitation indices evaluated from the last 

millennium ensemble runs of the Community Earth System Model (Otto-Bleisner et al., 

2015) for the SACZ region and the monsoon core.  

 

Supplementary Figure S4. Time series of evapotranspiration developed from the last 

millennium ensemble run of the Community Earth System Model for the Cerrado region.  
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Supplementary Figure S5: Indices for monsoon strength are defined as OLR anomalies 

over the core region, precipitation amount over the core region, and vertical wind shear 

over the west tropical Atlantic Ocean. The precipitation index is significantly related to 

the OLR index (r = 0.36, one-tailed p = 0.02), but not to the vertical wind shear index (r = 
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0.17, one-tailed p = 0.16). The OLR index is significantly related to the vertical wind 

shear index (r = 0.28, one-tailed p = 0.05).  

Supplementary Tables 
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