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Reconstructing the history of tropical hydroclimates has been 
difficult, particularly for the Amazon basin—one of Earth’s major 
centres of deep atmospheric convection1,2. For example, whether the 
Amazon basin was substantially drier3,4 or remained wet1,5 during 
glacial times has been controversial, largely because most study 
sites have been located on the periphery of the basin, and because 
interpretations can be complicated by sediment preservation, 
uncertainties in chronology, and topographical setting6. Here we 
show that rainfall in the basin responds closely to changes in glacial 
boundary conditions in terms of temperature and atmospheric 
concentrations of carbon dioxide7. Our results are based on a 
decadally resolved, uranium/thorium-dated, oxygen isotopic record 
for much of the past 45,000 years, obtained using speleothems 
from Paraíso Cave in eastern Amazonia; we interpret the record as 
being broadly related to precipitation. Relative to modern levels, 
precipitation in the region was about 58% during the Last Glacial 
Maximum (around 21,000 years ago) and 142% during the mid-
Holocene epoch (about 6,000 years ago). We find that, as compared 
with cave records from the western edge of the lowlands, the 
Amazon was widely drier during the last glacial period, with much 
less recycling of water and probably reduced plant transpiration, 
although the rainforest persisted throughout this time.

Paraíso Cave (4° 4′ S, 55° 27′ W; 60 metres above sea level (a.s.l.)) 
is located near the centre of the eastern Amazon lowlands, which are 
densely covered by rainforest (see Methods and Extended Data Fig. 1a, b).  
The local climate is strongly influenced by prevailing easterly winds, 
which transport moisture year round from the tropical Atlantic Ocean 
to the basin (Extended Data Fig. 2a, b). The mean annual temperature at 
the site is about 26 °C, with a small seasonal fluctuation of around 2 °C.  
The annual precipitation exceeds 2,400 mm, with nearly 70% of this 
falling during the wet season (November to June; Extended Data  
Fig. 2c).

Our results are based on high-resolution speleothem oxygen-isotope 
analysis of seven calcite specimens, which were broken and columnar 
in shape when collected from Paraíso Cave (see Methods, Extended 
Data Fig. 3a, b, and Supplementary Information). We determined the 
chronologies of the specimens using a recently improved uranium/
thorium dating technique (see Methods). Thanks to high uranium 
concentrations (up to 40 parts per million, p.p.m.) but low thorium 
concentrations (as low as 10 parts per trillion, p.p.t.), the ages of the 
samples are well constrained. The record is made up of 106 uranium/
thorium dates, and 2,196 oxygen and carbon stable-isotope analyses, 
and has a temporal resolution in terms of stable isotope measurements 
of 5–30 years (Fig. 1).

The Paraíso Cave record spans the past 45 thousand years (kyr), with the 
exception of three short gaps (see Methods). We found that Paraíso δ18O 
levels (where δ18O = [(18O/16O)sample/(18O/16O)standard – 1] × 1,000‰)  
shifted between −3.0‰ and −5.0‰ on millennial timescales from 

25 kyr to 45 kyr bp (before present, where ‘present’ means ad1950) 
in marine isotope stage 3 (MIS 3). After this interval, δ18O increased, 
reaching values as high as −2.3‰ between 19 kyr and 21 kyr bp, during 
the Last Glacial Maximum (LGM). The oxygen isotopic ratio broadly 
decreased throughout the last deglaciation, reaching about −4.0‰ 
between 14.9 kyr and 16.8 kyr bp (at about the time of Heinrich sta-
dial 1, HS1). δ18O continued to decrease and reached values of −6.0‰ 
in the early Holocene, and then a minimum of about −8.7‰ during 
the mid-Holocene, between 5 kyr and 6 kyr bp, before increasing to 
the modern value of −6.0‰. The two most remarkable aspects of the 
Paraíso record are the large, dramatic shift in δ18O values from the gla-
cial period to the Holocene—a shift of 6.4‰—and the millennial-scale 
features in the glacial period (Fig. 1).

The replicating δ18O profiles of contemporaneous growth intervals of 
different stalagmites, together with other lines of evidence (see Methods 
and Extended Data Figs 4a, b and 5a, b), demonstrate that the δ18O 
change is dominated by a climate signal, rather than being disturbed 
by water–rock interactions or by kinetic fractionation. As it is unlikely 
that cave temperatures have changed by more than 5–6 °C over the 
past 45 kyr in the tropical lowlands8,9, we infer that most of the δ18O 
variability in our record results from changes in precipitation δ18O.

The eastern Amazon underlies an enormous atmospheric deep 
convection zone, a landward extension of the intertropical conver-
gence zone (ITCZ). Because of its proximity to the tropical Atlantic 
Ocean, moisture entering this region has undergone only minor 
water  recycling along air-transport routes10; changes in rainfall δ18O 
 therefore largely reflect a Rayleigh fractionation process, by which 
water vapour enriched in 18O is progressively removed from air masses. 
Indeed, meteorological observations and model  simulations show 
that  variation in regional rainfall δ18O is predominantly  controlled by 
 precipitation amount11–13. If so, Paraíso δ18O is  negatively correlated 
with rainfall, and is largely determined by moist convection in the 
eastern Amazon.

The large shift in δ18O values in the Paraíso record indicates a sub-
stantial increase in convection intensity and rainfall over the eastern 
basin from glacial times to the Holocene. Considering that the trop-
ical Atlantic is the single dominant moisture source, we can use the 
Rayleigh distillation model11 as an approximation to calculate the frac-
tion of water vapour lost from air masses between the tropical Atlantic 
and the eastern Amazon (see Methods and Extended Data Fig. 1b).  
A similar calculation is valid for glacial times as well, because the conti-
nental shelf off the Amazon River mouth was not widely exposed even 
during the LGM2. We assume that, relative to the pre-industrial present, 
the Amazon basin endured a cooling of about 5 °C in the LGM8, but a 
subtle warming of about 0.5 °C in the mid-Holocene14 (see Methods). 
The percentage of water vapour lost before reaching Paraíso is then 
about 28%, 50% and 36% during the LGM, mid-Holocene and today, 
respectively (Methods and Extended Data Table 1). As the relative 
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humidity has probably remained close to 100% in the deep basin, then 
the precipitation amount integrated from source to the cave site was 
about 142% and 58% of today’s during the mid-Holocene and LGM, 
respectively.

What may have caused such large changes in precipitation in the 
eastern Amazon? Local summer insolation is often suggested as the 
major factor that is forcing hydroclimate change in the region1,15–17. 
The overall Paraíso record, however, does not obviously follow local 
insolation change, although it does cover two precessional cycles (Fig. 1  
and Extended Data Fig. 6). The largest shift in Paraíso δ18O occurred 
during the last deglaciation—the time interval that saw an increase 
in the atmospheric CO2 concentration of about one-third7 (Fig. 1, 
Extended Data Fig. 7). Proxy data and climate model simulations have 
indicated a pivotal role of CO2 in driving the deglacial warming18. 
Therefore, the reduced influence of insolation in our record  probably 
implies that, at least in the eastern Amazon lowlands, regional con-
vection is controlled largely by temperature changes associated with 
atmospheric CO2 levels. During the LGM, a drop in sea surface tem-
perature (SST) of about 2–3 °C in the equatorial western Atlantic19, 
accompanied by a cooling of around 5 °C on land8, could have sup-
pressed moisture supply from the ocean and reduced convection in the 
basin20. In contrast, warming in the mid-Holocene probably enhanced 
the upward motion of moisture and resulted in more abundant  
precipitation. However, the δ18O increase of about 2.3‰ through the 
past 5,000 years may not solely be attributed to a temperature change 
that was rather subtle14. Under modern climatic  conditions, periodic 
Amazon droughts—particularly in the eastern and  central regions—
are closely tied to positive SST anomalies in the  eastern  tropical 
Pacific21. Thus, a strengthening of El Niño/Southern Oscillation 
(ENSO) activity22 could have exacerbated rainfall decrease and water 
δ18O increase after the mid-Holocene. Alternatively, under  interglacial 
boundary conditions, it is possible that local insolation1,15–17 
 contributed to the observed Holocene changes.

During MIS 3, the Paraíso record shows strong millennial-scale 
variability, as a manifestation of Heinrich and Dansgaard–Oeschger 
(D/O) climate events. These variations coincide with, but in an anti-
phased fashion, their counterparts observed in eastern China23,24, and 
can also be correlated one-to-one with the rapid events in Greenland 
and Antarctica25 (Fig. 2 and Extended Data Fig. 8a, b). The latitudinal 

displacement of the mean position of the ITCZ, in response to changes 
in the Atlantic meridional ocean circulation (AMOC), may well have 
caused the anti-phased abrupt change in rainfall between the two 
low-latitude regions15. Perturbations in the AMOC can induce SST 
anomalies in the tropical oceans—anomalies that then alter moist 
convections and rainfall in the region. In this regard, the remarkably 
tight correlations among these records reinforce the notion that abrupt 
changes occurring in high latitudes can be rapidly propagated in the 
climate system, probably through an atmospheric linkage15.

Were the aforementioned large glacial-to-Holocene rainfall changes 
mainly confined to the eastern Amazon, or were they more extensive 
in the lowlands? Existing records from the Amazon basin and its sur-
rounding areas draw a contentious picture of rainfall changes during 
the LGM and the last deglaciation, compromised by less-than-ideal 
chronological control, sediment preservation and topographic effects 
(see, for example, refs 1–6). Meanwhile, several studies suggest a strong 
South American summer monsoon (SASM) intensity during the LGM, 
and hence higher rainfall in the central Andes and southern Brazil1,15,16. 
But these sites are not located within the basin itself.

We here compare the Paraíso record with speleothem δ18O profiles 
obtained from caves in the western lowlands near the eastern flank of the 
Andes (5° 44′ S, 77° 30′ W; ~960 m a.s.l.; Extended Data Fig. 1a, b)9,17,  
to assess surface moisture transport across the basin and spatial changes 
in precipitation (Fig. 3). During MIS 3, there is a substantial δ18O offset 
of about 4.5‰ to 5.1‰ between the Paraíso record from the eastern 
Amazon and the temperature-effect-corrected Diamante/Tigre Perdido 
record from the western Amazon (Methods). While the oxygen isotope 
ratio in the Paraíso samples is higher, varying between −3.0‰ and 
−5.0‰, δ18O values are about −8.1 to −9.5‰ in the Diamante profile 
(after correction for isotopic fractionation caused by cave temperature 
differences). This east-to-west difference is further enhanced during 
the LGM, by up to 6.6‰. However, the two records show similar values 
during the early to mid-Holocene, and their values differ by only about 
2.5‰ at present.

The change in δ18O offset between the two records, which essen-
tially describes a change in the gradient of rainfall δ18O across the 
basin, signifies a shift in the dominant isotope-fractionation process 
over time. Lower δ18O values in the western Amazon samples relative 
to those in Paraíso are consistent with the overall continental rainout 
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Figure 1 | Paraíso speleothem record, and comparisons with local 
summer insolation, tropical Atlantic SST and atmospheric CO2 
concentration. Top, the Paraíso record is spliced by replicated δ18O 
profiles from seven stalagmite samples. Uranium/thorium dates and error 
bars (2σ) are shown, with different colours for each stalagmite sample. 
The record covers the past 45,000 years, with three short gaps: ~16.6 kyr 
to 18.0 kyr bp, ~10.9 kyr to 15.0 kyr bp, and ~6.3 kyr to 7.6 kyr bp. The 

insolation at 5° S in January is also shown, in grey; note that the insolation 
is plotted in a reversed scale, as proposed in ref. 16. The correlation 
between the Paraíso δ18O values and local insolation is, however, not 
strong. See Extended Data Fig. 6 for more details. Centre, tropical Atlantic 
alkenone SST reconstruction from sediment core GeoB 3910-2 (in dark 
blue, ref. 19). Bottom, changes in atmospheric CO2 concentration7 (in light 
blue; see also Extended Data Fig. 7). p.p.m.v., parts per million by volume.
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effect of water isotopes11 when surface moisture is transported from 
the east to the west across the lowlands. Indeed, given the vast dis-
tance between the two locations (around 2,400 km), the spatial rate 
of speleothem δ18O change is −1.0‰ per 1,000 km, in concert with 
the precipitation δ18O gradient observed today in the lowlands, being 
−0.1‰ per degree longitude12. This gradient is, however, very low, 
largely because of water recycling in the basin, through plant transpi-
ration in particular. Plant transpiration supplies moisture downwind, 
yet does not induce water isotope fractionation when the ambient 
humidity is high in the tropics26,27. Such an effect—probably result-
ing from the much denser rainforest coverage in the basin—almost 
completely dominates during the early to mid-Holocene, as shown 
in the nearly identical δ18O values of the two speleothem records. In 
contrast, the precipitation δ18O gradient reached as high as −2.8‰ 
per 1,000 km during the LGM. This strongly suggests that, during 
glacial times, the Amazon basin was much drier with reduced rain-
forest coverage, in accordance with studies of marine and lacustrine 
sediments2,4. Therefore, the continental effect dictated the isotopic 
fractionation and led to a progressive depletion in 18O in rainfall 

when moisture was transported across the basin, whereas the effect 
of plant transpiration was much less.

As the largest tropical wetland, the Amazon basin is, in warm, wet 
times, a substantial contributor to global methane production through 
enhanced microorganism activity; conversely, a cold, dry Amazon 
basin during the LGM probably contributed to the drop in atmos-
pheric methane that is recorded in ice cores from this time (Extended 
Data Fig. 7). This might explain the controversy that Asian monsoon 
intensity was relatively strong during the LGM, while atmospheric 
methane abundance declined to its lowest value7,23. During MIS 3, 
however, there is a positive correlation between methane concentra-
tion and Paraíso δ18O on millennial timescales, which confirms that 
Northern Hemisphere tropical and boreal wetlands have been the dom-
inant sources of methane7,24. In contrast to a dry Amazon during the 
LGM, the values of δ13C in Paraíso stalagmites can be as low as −10‰, 
comparable with those in Holocene samples (Extended Data Fig. 9). 
This indicates that the Amazon basin was not dry enough during the 
LGM or at any time within the past 45 kyr for the forest to have turned 
into a savanna with substantial C4 vegetation. Rainforest has persisted 
in the eastern Amazon even when rainfall amounts were only about 
60% of today’s values during the LGM.

If our observed pattern of Amazonian hydroclimate change from 
the last glacial period to the Holocene can be extrapolated to a CO2-
induced warming future, rainfall in the Amazon lowlands could be 
expected to increase substantially, being consistent with the ‘wet  
wetter, dry drier’ mechanism28. Ironically, however, ongoing defores-
tation and expansion of plantations in the basin, particularly in the 
eastern region, as well as a possible intensification of ENSO21,29 may 
reduce water recycling through plant transpiration; therefore, this 
would reduce moisture delivery to the west30. Whether or not the 
long-lasting Amazon rainforest can be sustained in the future remains 
an open question.

Online Content Methods, along with any additional Extended Data display items and 
Source Data, are available in the online version of the paper; references unique to 
these sections appear only in the online paper.
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Figure 2 | Comparisons of eastern Amazon and eastern China 
stalagmite records. a, Stalagmite δ18O records from the eastern Amazon 
(Paraíso, in red and pink) and eastern China (Hulu, in blue)24 for the 
time interval from 25 kyr bp to 45 kyr bp. These records are oppositely 
correlated on millennial timescales, suggesting an anti-phased relationship 
for rainfall between the two regions. D/O climate events (numbered 
from 3 to 11) are also marked. b, The strong anti-phased correlation 
between the two records on millennial timescales is confirmed by squared 
wavelet coherence (http://noc.ac.uk/using-science/crosswavelet-wavelet-
coherence) of the two standardized time series. The 5% significance 
level against red noise is shown as a thick contour. The relative phase 
relationship between the two time series is shown as arrows, with anti-
phase pointing left.
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Figure 3 | Comparisons of speleotherm records from the eastern and 
western Amazon. The eastern Amazon δ18O record (red) is from Paraíso 
cave; the speleothem δ18O records in the western Amazon are from 
Diamante17 (blue) and Tigre Perdido9 (dark blue; left) caves. All three 
records are absolutely dated with uranium/thorium dating techniques.  
The original records from the western Amazon are shown in grey;  
they were then shifted 1.4‰ negatively to account for the oxygen isotopic 
fractionation that resulted from a difference in cave temperature between 
the western sites and Paraíso cave in the east (see Methods).
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Cave location and samples. Paraíso Cave (04° 04′ S, 55° 27′ W, 60 m a.s.l.) is 
located near the centre of the eastern Amazon lowlands, adjacent to the Tapajós 
River, which is one of the main tributaries of the Amazon River (Extended Data 
Fig. 1a, b). The cave is ~2.8 km long, overlaid by ~15-m-thick Pennsylvanian 
limestone of Itaituba Formation, and covered by dense tropical rainforest. The cave 
has a small single entrance. Gravels and boulders nearly block the initial chamber, 
which declines gradually towards an underground stream. The cave therefore has 
a very high relative humidity, near 100%.

We collected columnar stalagmites that were mostly broken, for reasons of ease 
of sampling and conservation. They were collected from scattered locations inside 
the cave. The stalagmites were cut into halves along their growth axes and their 
surfaces were polished. Seven of them were selected for this study. They are all 
composed of calcite, and some have clear banding structures.
Analytical methods. A total of 106 subsamples (16, 8, 13, 12, 41, 3 and 13 for 
stalag mites PAR01, PAR03, PAR16, PAR06, PAR07, PAR08 and PAR24, respec-
tively) were drilled for uranium/thorium dating. Procedures for chemical separa-
tion and purification of uranium and thorium are similar to those described31,32. 
The dating analysis was performed at the Minnesota Isotope Laboratory, University 
of Minnesota, USA, on a ThermoFinnigan Neptune multi-collector inductively 
coupled plasma mass spectrometer (MC-ICP-MS), and also on a Neptune Plus 
instrument housed in a newly established isotope geochemistry laboratory at the 
Earth Observatory of Singapore, Nanyang Technological University. The measure-
ments largely followed the methods described in refs 33, 34. All of the uranium 
and thorium isotopes, except 238U and 232Th, were measured with a peak-jumping 
mode on a secondary electron multiplier (SEM) equipped with a retarding poten-
tial quadrupole lens (RPQ) to improve abundance sensitivity. Consistent results 
were achieved with solution aliquots between the two laboratories.

All of the stalagmite samples have a high uranium concentration (a few parts 
per million) but a very low thorium concentration (typically around n × 10 or 
n × 100 parts per trillion) (Extended Data Fig. 3). The measured 230Th/232Th is in 
the range n × 1,000 p.p.m. to n × 1,000,000 p.p.m. in atomic ratio. We calculated 
corrected 230Th ages using the bulk Earth initial 230Th/232Th value of 4.4 p.p.m. 
in atomic ratio, with an arbitrary uncertainty of 50%. Whatever the true initial 
230Th/232Th value is, its contribution to the final uranium/thorium ages should be 
negligible. Uncertainties in the uranium/thorium isotopic data and 230Th dates are 
then calculated at the 2σ level (two standard deviations of the mean). The typical 
relative error in age is less than 0.5%.

The uranium/thorium ages for all of the stalagmite samples are in stratigraphic 
order. The stalagmites have relatively fast and constant growth rates (Extended 
Data Fig. 3a, b). Their age models were hence established by linear interpolations.

Oxygen and carbon stable isotope analyses of stalagmite samples were car-
ried out at the School of Geography Science, Nanjing Normal University, China. 
Calcite powder subsamples were milled with dental drill bits at intervals of 1–5 mm, 
and analysed on a Finnigan MAT 253 mass spectrometer equipped with a Kiel 
Carbonate Device III. Duplicate measurements of standard NBS19 and arbitrary 
samples show a long-term reproducibility of ~0.10‰ (1σ). In total, we carried 
out 2,196 oxygen and carbon isotopic measurements, comprising 449, 145, 406, 
110, 820, 100 and 166 analyses from stalagmites PAR01, PAR03, PAR16, PAR06, 
PAR07, PAR08 and PAR24, respectively. This yields a temporal resolution about 
5 to 30 years, slightly higher in the Holocene part than that during the last gla-
cial period portion. Stable isotopic results are reported in per mil (‰), relative 
to the Vienna Pee Dee Belemnite (VPDB) standard: (δ18O = [(18O/16O)sample/ 
(18O/16O)standard − 1] × 1,000‰).

Speleothems often have growth discontinuities owing to a wide range of fac-
tors, including changes in sea level, soil temperature or regional aridity, local cave 
flooding or drip-water dynamics35. Among the seven calcite specimens we used 
to construct the Paraíso Cave record, samples PAR06, PAR07, PAR16 and PAR24 
present detectable growth hiatuses (Extended Data Fig. 3b). Nevertheless, the 
striking similarities between their δ18O profiles of the seven samples over their 
contemporaneous growth periods strongly suggest that the dataset is robust. We 
hereby obtained a spliced record that spans the past 45,000 years, with three short 
gaps: ~16.6 kyr to 18.0 kyr bp, ~10.9 kyr to 15.0 kyr bp, and ~6.3 kyr to 7.6 kyr bp.
Equilibrium condition tests on carbonate deposition. Many processes other than 
climate—such as water–rock interactions in the vadose zone, and kinetic fraction-
ation during carbonate precipitation—could contribute to the stable isotopic signal 
in speleothems. It is, however, very unlikely that the combination of hydrological 
processes experienced by water drips is identical, especially if we consider the 
different growth rates of different samples and the carbonate supersaturation state 
in water films23,36.

The Paraíso δ18O profiles present substantial replications between different 
samples, even when their growth rates are different by a factor of ten (compare, 

for example, PAR07 and PAR08; Extended Data Fig. 3b). Although no contem-
poraneous samples have been found yet during the LGM, PAR07 and PAR24 
cover 19.0 kyr to 20.7 kyr bp, and 21.0 kyr to 22.8 kyr bp, respectively. Their δ18O 
values during the LGM are essentially the same: −2.72‰ ± 0.23‰ (1σ) and 
−2.79‰ ± 0.19‰ (1σ), respectively. Therefore, the replication between the δ18O 
profiles of contemporaneous samples strongly indicates that the Paraíso Cave 
speleothems were mostly deposited under equilibrium conditions, and that the 
influence of kinetic fractionation on the δ18O record must be negligible.

In addition, the low correlation coefficients between the δ18O and δ13C values 
for most of the Paraíso Cave samples (Extended Data Fig. 4a, b) confirm that 
kinetic CO2 degassing and water evaporation should have been minimal during 
calcite precipitation37. We further tested the equilibrium conditions in Paraíso Cave 
modern calcite depositions. The δ18O values of about −5.7‰ found for modern 
calcite are a good approximation to the value of around −5.8‰ that is predicted 
under equilibrium conditions with a cave temperature of 26 °C and annual average 
rainfall δ18O of about −4.2‰ (refs 38, 39). All of these lines of evidence suggest 
that calcite precipitation in Paraíso Cave mostly takes place under equilibrium  
conditions. Therefore, the δ18O signal in the Paraíso Cave speleothems is domi-
nated by climate variation at the time of calcite precipitation.
Calculations of moisture rainout in eastern Amazon. Paraíso Cave is in rela-
tive proximity to the coast. Moisture is brought into the region by the prevailing 
easterlies and has not endured strong water recycling along the air trajectory10,40. 
When water vapour is progressively removed from air masses during transport, 
the Rayleigh fractionation dictates, and results in a gradual depletion of 18O in 
the remaining water vapour and subsequent precipitation11. We therefore, to first 
order, can use the standard Rayleigh distillation model to calculate what fraction 
of the moisture has been removed when it is integrated from the source region to 
the cave site (Extended Data Table 1). For the calculation, we adopt the  equation: 
(1,000 + δ18Op)/(1,000 + δ18Osw) = f (α – 1), where δ18Op and δ18Osw are the δ18O 
signals of meteoric precipitation and seawater, respectively; f is the fraction of 
the original water vapour remaining in air masses; and α is the water/vapour 
 fractionation factor.

The same calculation can be applied to moisture transport in the past, such 
as during the mid-Holocene and the LGM, because the exposure and submer-
gence of the narrow continental shelf did not change dramatically the distance 
between the cave site and the moisture source2. Here, the time intervals of modern,  
mid-Holocene and LGM cover the past 1,000 years or so, the period from about 
5,000 to 6,000 years bp, and the period from about 19,000 to 23,000 years bp, respec-
tively, as defined in refs 14,41,42.

Relative to today’s temperature of 26 °C, we assign cave temperatures of 
26.5 °C and 21 °C during the mid-Holocene and LGM, respectively (Extended 
Data Table 1). This is after taking into consideration SST changes in the tropi-
cal Atlantic14,19,42,43, as well as surface temperature changes reported from higher 
altitudes or from further inland5,8,9. The uncertainty in temperature estimation 
at the cave site is probably within 1 °C. To test the sensitivity of water vapour loss 
to temperature, we also applied different temperatures for the mid-Holocene (for 
example, the same as modern temperatures) and LGM (for example, 4 °C or 6 °C 
lower than today’s value) (Extended Data Table 1b). The calculations show that 
the bulk estimations of water vapour loss are not sensitive to temperature change 
within the uncertainties of palaeotemperature reconstructions5,8,14.

In the equatorial lowlands, it is reasonable to assume that the relative humid-
ity is close to 100%, even when the surface temperature was ~5 °C lower during 
the LGM. We can thus further evaluate the absolute amount of moisture change 
through time (Extended Data Table 1).

The decrease in temperature and precipitation during the LGM could have 
affected the water balance in the region. At present, the mean annual rainfall is 
~2,400 mm in the region—substantially higher than the annual  evapotranspiration 
of ~1,200 mm (Extended Data Fig. 5a). If we assume that rainfall  seasonality 
remained similar during the LGM in the wet tropics, then estimations of water 
 balance44,45 show that, through most of the months, precipitation could have 
remained higher than actual evapotranspiration (Extended Data Fig. 5b). 
Therefore, seasonal groundwater recharge did not change enough during the 
LGM to cause biases in the stable isotopic composition of Paraíso cave drip water.
East–west moisture isotope gradient. We can study changes in the moisture iso-
tope gradient across the Amazon lowlands by comparing cave δ18O records from 
nearly the longitudinal ends of the basin. For this study, we chose the speleothem 
records from Diamante Cave17 and Cueva del Tigre Perdido9, both located in the 
western lowland (5° 44′ S, 77° 30′ W, ~960 m a.s.l.), and compared them with the 
Paraíso record from the east. The Diamante record extends continuously through 
the time period discussed, and its uranium/thorium dates are better constrained 
relative to other cave records in the region. Cueva del Tigre Perdido is located 
near Diamante Cave, and shares the same elevation. Its δ18O record has higher 
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resolution during the late Holocene, so we used this portion of the record for the 
spliced western profile.

In the tropics, below the height of the cloud base (at about 950 millibars), 
the air temperature drops as the altitude increases at a dry adiabatic lapse rate 
of −9.7 °C km−1 (ref. 46). Above the cloud base, the air temperature falls much 
more slowly, at a moist adiabatic lapse rate of −5 °C km−1 or less47. Nevertheless, 
because of the relatively low elevations of the caves, uncertainties in estimations 
of the lapse rate in a mountain region probably do not have a dramatic influence 
on the estimations of cave temperatures in the western Amazon, even between the 
glacial and interglacial periods48. However, the lapse rate can cause cave temper-
ature differences between the east and west cave sites. Owing to the temperature 
dependence of calcite-water isotopic fractionation, these cave temperature differ-
ences will have contributed to the difference in the calcite δ18O values of the two 
records. We here assign a constant, typical lapse rate of 6.5 °C km−1, which leads 
to a temperature that is ~5.8 °C (6.5 °C km−1 × 900 m) lower in the Diamante 
and Tigre Perdido caves than in Paraíso Cave. This number is consistent with the 
modern temperature difference between the caves (~26 °C and ~20 °C in Paraíso 
Cave and Cueva del Tigre Perdido, respectively)9. The temperature difference can 
transfer to an imprint of a ~1.4‰ calcite δ18O increase (−5.8 °C × (−0.24‰ per 
°C)) in the Diamante/Tigre Perdido record. Such a temperature effect caused by a 
difference in elevation must be removed from the Diamante/Tigre Perdido record 
to facilitate comparison of the records. We therefore shifted the western profile 
about 1.4‰ more negatively relative to the original record (Fig. 3). In other words, 
the local rainfall δ18O at the Amazon western sites should be lowered by ~1.4‰, 
assuming that carbonate deposition is under equilibrium conditions.

We calculated the offset between the two cave records by subtracting their 
 contemporaneous δ18O values. If speleothem calcite is deposited under  equilibrium 
conditions, then such an offset is a good approximation to the  discrepancy in rain-
fall δ18O between the east and west cave sites after we remove the  aforementioned 
temperature effect caused by their elevation difference. We can then obtain 
the precipitation δ18O gradient across the Amazon basin by dividing the  offset 
of  speleothem δ18O by the longitudinal distance (~2,400 km). Changes in cave 
 temperature and ocean reservoir δ18O related to sea-level fluctuations can 
 contribute to each speleothem δ18O signal, particularly on glacial–interglacial 
 timescales. Such effects, however, are of the same magnitude in the two records, 
and therefore should be cancelled out in the offset. Indeed, through this method, 
we estimated a modern spatial rate of speleothem δ18O change of ~1.0‰ per 
1,000 km (~2.5‰ δ18O offset divided by a distance of ~2,400 km). This is in 
 agreement with the precipitation δ18O gradient in the lowlands observed today 
(~0.1‰ per unit longitude)12. We therefore believe that, in the western Amazon, 
the effect of plant transpiration26,27,49 is probably more important than the effect of 
rainfall amount in determining rainfall δ18O and subsequent cave carbonate δ18O 
values, broadly in line with the conclusions reached in ref. 17.
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Extended Data Figure 1 | Cave locations and moisture pathways. 
a, The locations of Paraíso Cave in the eastern Amazon (red rectangle), 
and of Diamante cave17 (blue rectangle) and Tigre Perdido cave9 (purple 
rectangle) in the western Amazon. Paraíso Cave is located between Belém 
and Manaus, next to the Tapajós River. Also shown are easterlies, which 
carry moisture to the lowlands from the tropical Atlantic. The Amazon 
basin and the Andes are shown in green and brown, respectively. b, 72-hour  
back-trajectories of moisture arriving at Paraíso and the western 
Amazonian cave sites (white stars), during the wet season (in red) and 

the dry season (in blue), averaged over 1981 to 2010. The background 
topographical map was created with grid files from the global multi-
resolution topography (GMRT) synthesis (http://www.marine-geo.org/
tools/GMRTMapTool). Moisture trajectories were derived using the US 
National Oceanic and Atmospheric Administration (NOAA) Hysplit 
model (http://ready.arl.noaa.gov/HYSPLIT.php). The moisture at the 
Paraíso Cave site is predominantly from the tropical Atlantic, whereas 
precipitation received in the western Amazon has largely endured 
recycling in the lowlands.
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Extended Data Figure 2 | Climatology of tropical South America. 
a, Depiction of horizontal winds over South America at 850 hPa (vectors, 
in metres per second), based on data from the National Centers for 
Environmental Prediction (NCEP) Climate Forecast System Reanalysis 
(CFSR) (1981–2010; http://cfs.ncep.noaa.gov/cfsr/atlas/). Also shown 
is precipitation (blue shading, in millimetres per day) from the Tropical 
Rainfall Measuring Mission (TRMM) 3B43 dataset (1998–2010;  
http://trmm.gsfc.nasa.gov/3b43.html). Winds and precipitation are 

averaged over December to March. b, As in a, but for June to September. 
c, Monthly averaged temperature, precipitation and rainfall δ18O over Belém 
(blue dots) and Manaus (green triangles). The local climate at Paraíso Cave 
shares the same characteristics as those of Belém and Manaus. Data are 
from the International Atomic Energy Agency (IAEA) Global Networks 
of Isotopes in Precipitation (GNIP) database (http://www-naweb.iaea.org/
napc/ih/IHS_resources_gnip.html).
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Extended Data Figure 3 | A Paraíso calcite stalagmite, and age models. 
a, Image of a Paraíso sample. The Paraíso calcite stalagmites typically 
have a high uranium concentration (up to 40 p.p.m.) but a low thorium 
concentration (<1 parts per billion, p.p.b.), almost ideal for uranium/
thorium-based age determination. b, Age models for samples PAR01, 

PAR03, PAR06, PAR07, PAR08, PAR16 and PAR24. The chronology of the 
samples is established by linear interpolation between successive uranium/
thorium dates. Dates are shown in black dots. Age uncertainties (2σ) are 
also included (most of the error bars are smaller than the symbols).
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Extended Data Figure 4 | Scatterplots of oxygen and carbon isotope ratios for the Paraíso stalagmites. a, Relationship between the δ18O and δ13C data 
for Holocene Paraíso stalagmites. b, As in a, but for glacial Paraíso samples.
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Extended Data Figure 5 | Estimation of monthly water balance in the 
region. a, Monthly averaged precipitation (solid dots and triangles) and 
actual evapotranspiration (AET, open dots and triangles) over Belém 
and Manaus. We used the water-balance model44 as implemented in 
the US Geological Survey (USGS) Thornthwaite model45 to calculate 

monthly AET. b, As in a, but for LGM conditions. We assume that the cave 
temperature was ~21 °C during the LGM. Rainfall in the region was ~60% 
of today’s in each month, as calculated in Extended Data Table 1. The LGM 
and present-day patterns are essentially the same.
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Extended Data Figure 6 | Comparisons of the Paraíso record with local insolation curves. The cave δ18O record spans about 46,000 years, long enough 
to cover two precessional cycles. However, no obvious correlation can be observed between the cave record with local insolation in the months of January 
(blue), April (cyan), July (dark blue) and October (dark cyan). Insolation data are from ref. 50.
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Extended Data Figure 7 | Comparisons of the Paraíso δ18O record with atmospheric concentrations of greenhouse gases. Changes in atmospheric 
CO2 (blue) and CH4 (dark blue) concentrations are recorded in Antarctic ice cores51,52.
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Extended Data Figure 8 | Comparisons of the Paraíso cave record and 
ice-core records. a, The Paraíso δ18O record is compared with ice-core 
records from Greenland53 (dark blue; North Greenland Ice Core Project 
(NGRIP)) and from Antarctica54 (blue; EPICA Dronning Maud Land 
(EDML) Ice Core) during the time interval from 25 kyr bp to 45 kyr bp. 
The NGRIP ice-core data are plotted in the Antarctic ice-core chronology 
2012 (AICC12) timescale55, which is identical to the annual-layer-counted 
Greenland ice-core chronology 2005 (GICC05) timescale56 for the 
studied time interval. The EDML ice-core data are plotted in the AICC12 
age scale55. D/O events are marked on the NGRIP record. The strong 
correlations between the Paraíso record and the ice-core records confirm 

the existence of rapid air–sea interactions between the high latitudes and 
the tropics on millennial timescales57,58, probably through the so-called 
bipolar seesaw mechanism59. b, As in a, but the Paraíso record is compared 
with ice-core records from Greenland53 (dark blue; NGRIP) and from 
Antarctica25 (blue; West Antarctic Ice Sheet Divide Ice Core (WDC)).  
The NGRIP and WDC data are plotted in the West Antarctic Ice Sheet 
Divide (WD) 2014 timescale25. The slightly enhanced correlations between 
the Paraíso record and the ice-core records, albeit visually, support the 
chronological method adopted in ref. 60. VSMOW, Vienna standard mean 
ocean water.
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Extended Data Figure 9 | Paraíso δ13C record. Contrary to the stalagmite 
δ18O record, the Paraíso δ13C record does not show an obvious shift from 
the last glacial period to the Holocene. In fact, the δ13C value reaches as 
low as about −10‰ during the LGM, similar to the observed minimum 
value in the Holocene. This suggests that the type of vegetation in the 
region has not undergone dramatic changes, remaining dominated by 

C3 plants37,61. The rainforest in the eastern Amazon might have become 
an open forest when the precipitation decreased substantially during the 
LGM. However, it was not replaced by savanna or grassland—that is, it has 
not become dominated by C4 plants. The δ13C spikes were probably caused 
by individual air–water–rock interactions during calcite precipitation.
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extended data table 1 | Calculations of water vapour loss over the eastern Amazon

Top, temperature was assigned to be 5 °C lower in the LGM, and 0.5 °C warmer during the mid-Holocene, relative to modern values. δ18Oc is calcite δ18O value, read from the Paraíso speleothem record. 
δ18Op is the local precipitation δ18O value, calculated using an isotopic fractionation factor between calcite and water, α, derived from the following equation: 1,000 × lnα (calcite–H2O)  
= 17.66 × (103 × T−1) − 30.16, where T is the temperature (in kelvin)39. δ18Osw is sea water δ18O, assigned to be 0‰ for today and the mid-Holocene, and 1‰ in the LGM62,63. The fraction of water 
vapour remaining was calculated using the Rayleigh fractionation equation: (1,000 + δ18Op)/(1,000 + δ18Osw) = f(α – 1), where f is the fraction of the original water vapour remaining in air masses, and 
α is the isotopic fractionation factor between water liquid and vapour phases64. The percentage of water vapour removed from air masses after reaching the cave site is about 36%, 50% and 28% for 
the present (modern) day, the mid-Holocene, and the LGM, respectively. Given a relative humidity of 100%, the absolute humidity (AH, in g m−3) can be calculated from the equation: AH = (C × es)/T, 
where C is a constant with a value of 2,165 gK J−1; es is the saturation vapour pressure (in kPa); and T is the temperature (in kelvin). We obtained an absolute humidity of ~24.3 g m−3, 25.0 g m−3 and 
18.3 g m−3 for the present day, the mid-Holocene and the LGM, respectively. So, the absolute humidity in this equatorial region was about 103% and 75% of today’s value during the mid-Holocene and 
the LGM, respectively. The amount of moisture removed from air masses is then calculated relative to the modern value (set as a reference point at 100%).
Bottom, as for top, except that, to test the sensitivity of water vapour loss to temperature, we applied different temperatures for the mid-Holocene (for example, the same as the present-day 
temperature) and LGM (for example, 4 °C or 6 °C lower than the present temperature).
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