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Supplementary Text 
Cave setting and speleothem sample 
Tham Doun Mai cave (TM cave) is a ~3,745 m-long cave located at ca. 352 m above sea level, 
adjacent to the Nam Ou river in Luang Prabang Province, Laos (20°45’N, 102°39’E). TM cave 
was extensively surveyed by members of the Northern Lao-European Cave Project in 2012 
(Dreybrodt et al., 2013) and has only a single small (1.5 x 2 m) known entrance. The main 
portions of the cave are separated from a smaller entrance chamber by a short narrow crawl. The 
cave is formed in a Late Paleozoic limestone karst massif that rises several hundred meters above 
the river level. The overlying terrain is extremely steep and difficult to access, so has not likely 
been impacted by anthropogenic factors, such as deforestation. The thickness of bedrock 
overlying the cave varies from a few meters close to the entrance up to hundreds of meters in the 
deepest sections.  
 
Cave monitoring conducted at TM cave includes temperature (T), relative humidity (RH), drip 
rate, and pCO2 measurements, as well as collection of drip water and modern calcite samples for 
geochemical analysis. Results indicate that the temperature in TM cave is ~22 °C (close to the 
expected mean surface temperature) and the RH is >95%. Drip rates measured at two sites using 
Stalagmate automated drip loggers show strong seasonality, with rapid increases in drip rate at 
the onset of the summer monsoon season, indicating a piston flow-like hydrologic response to 
rain events (Tooth and Fairchild, 2003). Cave air pCO2 is ~600 ppm, though we have only made 
these measurements between January and March, so cannot rule out the possibility of seasonal 
changes in cave ventilation. The average δ18O of drip water samples taken from several locations 
in the cave between December 2010 and March 2017 is -7.8 ± 0.9 ‰ (n = 67), close to the 
weighted annual mean precipitation δ18O of -8.2 ‰ simulated for our site using the IsoGSM 
isotope enabled climate model (Yoshimura et al., 2008). This suggests a mixing/transit time of at 
least one year before the drip water reaches the cave. The average δ18O of modern calcite grown 
by placing glass plates under active drips for a period of at least one year is -8.7 ± 0.3 (n=40), 
samples close to the plate center range between -9 and -9.5 ‰, within the range of the predicted 
equilibrium values (Kim and O’Neil, 1997). 
 
Stalagmite TM-17 (Fig. 1) was collected on a steep slope approximately ~200 m from the 
entrance, ~half way down the 26 m drop from the upper level to the active river passage. TM-17 
was no longer an active stalagmite when collected, so no monitoring was possible on this 
specific drip site, though drip water and modern calcite samples were collected from other 
nearby sites. The regular and constant morphology of the TM-17 stalagmite in the investigated 
topmost section suggests a slow and almost constant drip rate (Kaufmann, 2003), likely 
preventing the possible influence of differential kinetic fractionation on the δ13C signal as a 
function of fluctuating drip rates (Mühlinghaus et al., 2009). Petrographic logging of TM-17 
following the rationale in Frisia et al. (Frisia et al., 2000) and the methodology described in 
Frisia et al. (Frisia, 2015) show that it is primarily composed of columnar calcite, ranging from 
compact to porous. While speleothem δ18O values could reflect occurrence of non-classical 
crystallization pathways, which include the precipitation of amorphous carbonate or vaterite 
(Demény et al., 2016), for TM-17 this effect is unlikely because in situ precipitation experiments 
from freshly collected dripwater near the TM-17 sampling site yielded exclusively calcite. By 
considering that crystallization processes and speleothem growth had a negligible effect in 
driving δ18O changes and that any kinetic effects were relatively minor and constant, we assume 



that TM-17 δ18O variations are primarily driven by change in mean precipitation δ18O and δ13C 
variations are primarily driven by soil and vegetation responses to changing water balance. 
 
Spectral and Wavelet Analyses 
To detect decadal to centennial cycles in the TM-17 record, we performed a red-noise power 
spectral analysis (REDFIT) (Schulz and Mudelsee, 2002) specifically adapted for unevenly-
spaced data (Fig. S3) using the PAST software (Hammer et al., 2001). The results highlight 
decadal to centennial-scale periodicities (193, 128, 29 and 9 years) in the TM-17 δ18O record that 
are significant above a red-noise background of a first-order autoregressive process (Fig S2). 
Additional spectra performed from age models generated via Monte-Carlo simulations in the 
COPRA1.0 model (Breitenbach et al., 2012) also show significant multidecadal-centennial 
cycles thus confirming the robustness of the TM-17 δ18O periodicities. Wavelet transform 
analysis (Torrence et al., 1998) of the δ18O record also indicates significant multidecadal to 
centennial-scale variability throughout the record (Fig. S2). These observed periodicities may be 
associated with those of known solar cycles, such as the sub-harmonics of the de Vries-Suess 
(~210 years) (Stuiver et al., 1998) and the Hale (~132 years) (Attolini et al., 1990) solar cycles. 
However, we are cautious in interpreting the results from the spectra to suggest causation and 
cannot completely rule out the possible influence of internal coupled climate modes such as the 
ENSO (Zhao et al., 2015) or AMO (Berkelhammer et al., 2010). Power spectral analysis of the 
δ13C data reveals periodicities centered at 386, 66-77, 37 years (significant at 95% confidence 
level) and these periodicities are supported by wavelet transform analysis (Fig. S2).  
 
Supplementary Methods 
Synchrotron radiation X-ray fluorescence. Synchrotron radiation X-ray fluorescence (XRF) 
microscopy was performed on the XFM beamline at the Australian Synchrotron (Paterson et al., 
2011) using the Kirkpatrick-Baez mirror microprobe end-station. A 12 mm-thick polished slab 
was analyzed with a monochromatic 2 μm beam spot size and energy at 18.5 keV. A 45 x 2 mm 
map was acquired in the axial part of the stalagmite at 2 μm pixel size resolution on both axis 
and a dwell time of 1.2 ms/pixel, yielding a detection limit for Sr of ~ 2 ppm. Single element 
foils Mn, Fe and Pt (Micromatter, Canada) were utilized as references to calibrate the final 
elemental spectra. The Maia XRF spectral data were analyzed using the GeoPIXE software suite 
which uses a fundamental parameters approach, with spectral deconvolution and imaging using 
the dynamic analysis method. Spectra were fitted using X-ray line relative intensities that reflect 
integration of yields and X-ray self-absorption effects for the calcite matrix and the contrasting 
efficiency characteristics across the detector array (Ryan et al., 2010). 
 
Age Model. Annual laminae counting was conducted on the Sr synchrotron XRF map clustered 
at 4 μm resolution by visually identifying the Sr minima using ImageJ. The corrugated nature of 
the lamination and the presence of blurred areas centered along crystal boundaries prevented the 
use of automated laminae counting techniques. Two separate continuous counts were made 
following the areas with sharper definition on the map (Fig. 1), whereas in condensed and 
blurred intervals up to four different counts were made. The final laminae number was calculated 
with the arithmetic average on successive sections of the map. The total counting error, C, 
between replicate counts was 23 years, whereas an error of 54 years was estimated for the 
presence of fuzzy areas in which the lamination is not completely clear (F). The total laminae 



counting error (LC) was calculated as: 𝐿𝐶 = √𝐶2 + 𝐹2 (Domínguez-Villar et al., 2012). The 
calculated LC error of 58.7 years amounts to ~3% of the total layers counted (1,934).   
 
Due to the fact that TM-17 was not active upon collection and the laminae counting age model is 
therefore floating, we anchored the laminae counting age model to the U-Th ages using a least-
squares fit method (Domínguez-Villar et al., 2012). One U-Th age (TM-17 U3) was excluded 
during application of this method due to the large uncertainty on the raw age, which indicates a 
poor analysis. We determined the top age by calculating the linear regression of the relative 
laminae number versus the U-Th ages by using least squares fitting. The slope of the regression 
(0.98, with a 95% confidence range of 0.95 and 1.02) is indistinguishable from 1 and confirms 
the annual nature of the Sr laminae. The errors in the age model were constructed from the 
individual U-Th 2σ error bars by propagating the calculated LC error of 3% within each section 
between two adjacent U-Th ages. Based on this method, the average age uncertainty throughout 
the record is 26 years. In summary, the final TM-17 chronology is constrained by the six 
uranium-thorium (U-Th) dates coupled with annual laminae in Sr measured using a least-squares 
fit method to the U-Th dates (Table S1 and Fig. 1).  
  



Fig S1. Summer (JJAS) precipitation and 850 mb winds climatology and location of select 
paleoclimate records. Mean JJAS precipitation (1951-2007 CE) derived from Asian Precipitation 
-  Highly-Resolved Observational Data Integration Towards Evaluation (APHRODITE) (Yatagai 
et al., 2012). 850 mb winds are derived from NCEP Reanalysis mean (1951-2007 CE) (Kalnay et 
al., 1996). The location of Tham Doun Mai Cave, Laos is indicated by the yellow circle. The 
locations of select regional paleoclimate records marked by black circles. These include 
Wanxiang Cave, China (Zhang et al., 2008), Dongge Cave, China (Zhao et al., 2015), Dandak 
and Jhumar Caves, India (Sinha et al., 2007), Bidoup Nui Ba National Park (BDNP) in Southern 
Vietnam (Buckley et al., 2010), and Lake Pa Kho, Thailand (Chawchai et al., 2015; Yamoah et 
al., 2016).  



 

 
 

Fig. S2. Morlet wavelet analysis performed using the software PAST (Hammer et al., 2001) and 
the spectral analysis of TM-17 δ18O and δ13C performed with the REDFIT method (Schulz and 
Mudelsee, 2002). (a) δ18O and (b) δ13C wavelet transform from colors ranging from deep purple 
(weak) to bright yellow (strong). The TM-17 data were interpolated to a 2-year timescale using 
MATLAB interp1 function. Black lines indicate 95% significance level and the cone of 
influence. (c) δ18O and (d) δ13C spectral power performed by REDFIT (Schulz and Mudelsee, 
2002), which uses the Lomb-Scargle Fourier Transform for unevenly spaced data. The black line 
indicates the power spectrum. The blue and red lines represent the 95% and 90% confidence 
limits, respectively, relative to the red-noise spectrum. The utilized parameters were window: 
welch; oversample: 2; segment: 4. 
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Figure S3. Comparison of the TM-17 δ13C record with regional proxy records. The black line in 
all panels shows the stalagmite TM-17 δ13C record compared with (a) Leaf wax (δDwax) from 
Lake Pa Kho (LPK), Thailand (Chawchai et al., 2015; Yamoah et al., 2016). (b) Tree ring 
reconstructed Palmer Drought Severity Index (PDSI) from Bidoup Nui Ba National Park 
(BDNP), Vietnam (Buckley et al. 2010). The grey line represents the raw PDSI and the blue line 
is the 15-year Butterworth filtered data. (c) Dinosterol δ2H from Clear Lake, Palau (Richey and 
Sachs, 2016). (d) Mean grain size (MGS) from Cattle Pond, Dongdao Island, South China Sea 
(Yan et al., 2011). (e) Leaf wax δD from Lake Lading, East Java, western Indonesia (Konecky et 
al., 2013). The y-axes in all panels are oriented such that wetter conditions/stronger convection is 
oriented up. Blue shaded bar corresponds to the timing of the Little Ice Age (LIA; 1400-1850).  
  



 
Figure S4. Comparison of the TM-17 record with South American Monsoon proxy records. The 
black line in all panels shows the stalagmite TM-17 δ18O record compared with (a) Pumacocha 
Lake δ18O (Bird et al., 2011). (b) Stalagmite δ18O from Curupira Cave, Brazil (Novello et al., 
2016). (c) Stalagmite δ18O from Diva de Maura Cave, Brazil (Novello et al., 2012).The y-axes in 
all panels are oriented such that weaker monsoon intensity recorded at TM Cave and stronger 
South American summer monsoon intensity is down.  



Fig. S5. Comparison of TM-17 δ18O and solar activity proxies. (a-c) show the δ18O record and 
(d-f) show the δ13C record in black compared with records of (a) raw total solar irradiance 
reconstruction (Vieira et al., 2011) in yellow and 50-year low pass filtered time series in red, (b) 
reconstruction of the sunspot number based on 14C concentrations (Solanki et al., 2004) in blue 
and (c) 10Be stack derived from Central Antarctica ice cores in pink (Delaygue and Bard, 2011). 
The y-axes in (a-c) are oriented such that weaker monsoon intensity and increased solar activity 
are down. The y-axes in (d-f) are oriented such that drier conditions and decreased solar activity 
are down. 
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Fig. S6. Cross-wavelet and Wavelet Coherence analyses between TM-17 δ18O with solar activity 
proxies. (a,d) Reconstructed Total Solar Irradiance reconstruction (Vieira et al., 2011). (b,e) 
Reconstruction of the sunspot number based on 14C concentrations (Solanki et al., 2004). (e,f) 
10Be stack derived from Central Antarctica ice cores (Delaygue and Bard, 2011). For clarity, (a-
c) are the cross-wavelet analyses and (e-f) are the wavelet coherence analyses. The cross-wavelet 
measures the high common power in time-frequency space and the wavelet coherence measures 
the linear correlation between two time series at a given frequency (Grinsted et al., 2004). In all 
of the panels, the black outlines represent significance at 95% confidence interval against a red 
noise backgrounds using Monte Carlo methods. Right-facing arrows represent relative in-phase 
between the time series. Arrows are pointing to the left (out of phase) in (c,f) given the inverse 
relationship between 10Be and δ18O, but still reflects decreased solar activity corresponding to 
increased monsoon intensity. Thin black line and white shading represents the cone of influence. 
The results show significant cross-wavelet power and high coherency at the multidecadal-
centennial timescales in all panels.   
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Fig. S7. As described in Fig. 4 except for each individual ensemble member in the CESM LME 
solar-only forcing. (a) Ensemble member 1 from CESM solar-only run. (b) Ensemble member 2 
from solar-only run. (c) Ensemble member 3 from solar-only run. (d) Ensemble member 4 from 
solar-only run.  
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Fig. S8. As described in Fig. 4. (a) Solar-only forcing ensemble mean from 850-1878 CE. (b) 
Solar-only forcing ensemble mean from 1200-1878 CE. 
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Table S1. U-Th concentrations, isotope ratios, and calculated ages for TM-17. Uncertainties are 
2σ. Half-lives are those of Cheng et al. (2013). All ages are relative to 1950 CE. Corrected ages 
assume the initial 230Th/232Th atomic ratio of 5.38 +5.38/-4.84 ppm. The activity ratios are 
indicated by parentheses. TM-17 U3 was excluded from the age model due to a large 
uncertainty.  
 

 
 
 
Table S2. Correlation coefficients reported between TM-17 δ18O and solar activity proxies: 
Total Solar Irradiance (TSI) (Vieira et al., 2011), sunspot number (Solanki et al., 2004), and 10Be 
stack (Delaygue and Bard, 2011). The Pearson r values are shown for both unfiltered (raw) and 
50 year low-pass filtered data for two separate time periods: 850-1878 CE and 1200-1878 CE. 
The bolded coefficients are significant at 95% confidence level or greater. The numbers in the 
parenthesis represent the p-value calculated using the method of Macias-Fauria et al. (2012)1. 

 
 
 
 
 
 

Sample ID

Depth 
from 
top 
(cm)

238U 
(ppm)

232Th 
(ppb)

TM-17 U1 0.3 2.22 2.05 1.6844 ± 0.0065 16.0 ± 0.4 0.0048 ± 0.0001 1.6849 ± 0.0065 249 ± 7 229 ± 19
TM-17 U27 0.9 1.88 0.92 1.6803 ± 0.0051 55.2 ± 1.4 0.0089 ± 0.0002 1.6810 ± 0.0050 511 ± 13 501 ± 16
TM-17 U28 1.3 2.10 0.81 1.6747 ± 0.0052 90.9 ± 1.9 0.0116 ± 0.0002 1.6600 ± 0.0052 691 ± 14 682 ± 16
TM-17 U29 1.8 1.95 1.17 1.6645 ± 0.0051 84.9 ± 1.2 0.0167 ± 0.0002 1.6660 ± 0.0052 1034 ± 13 1020 ± 18
TM-17 U3 2.7 2.09 0.33 1.6521 ± 0.0051 469.3 ± 29.3 0.0245 ± 0.0007 1.6550 ± 0.0053 1563 ± 46 1560 ± 47
TM-17 U30 3.3 2.89 0.27 1.6663 ± 0.0051 880.9 ± 26.2 0.0274 ± 0.0002 1.6700 ± 0.0051 1742 ± 13 1739 ± 13
TM-17 U31 3.8 3.12 0.63 1.6663 ± 0.0051 460.3 ± 5.4 0.0303 ± 0.0002 1.6700 ± 0.0051 1932 ± 11 1927 ± 12

Uncertainties are 2σ. Half lives are those of Cheng et al., 2013. All ages are relative to 1950. Corrected ages assume the initial 230Th/232Th atomic ratio of 
5.38 +5.38/-4.84 ppm. The activity ratios are indicated by the round brackets. TM-17 U3 was excluded from the age model due to a large uncertainty.  

(234U/238U) (230Th/232Th) (230Th/238U) (234U/238U)initial
Raw age 
(yrs BP)

Corr. age  
(yrs BP)
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