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Solar forcing of early Holocene 
droughts on the Yucatán peninsula
Sophie F. Warken1,2*, Nils Schorndorf1,2, Wolfgang Stinnesbeck2, Dominik Hennhoefer3, 
Sarah R. Stinnesbeck4, Julius Förstel1, Simon D. Steidle1,5, Jerónimo Avilés Olguin6 & 
Norbert Frank1

A speleothem record from the north-eastern Yucatán peninsula (Mexico) provides new insights into 
the tropical hydro-climate of the Americas between 11,040 and 9520 a BP on up to sub-decadal scale. 
Despite the complex atmospheric reorganization during the end of the last deglaciation, the dominant 
internal leading modes of precipitation variability during the late Holocene were also active during 
the time of record. While multi-decadal variations were not persistent, Mesoamerican precipitation 
was dominated by changes on the decadal- and centennial scale, which may be attributed to ENSO 
activity driven by solar forcing. Freshwater fluxes from the remnant Laurentide ice sheet into the Gulf 
of Mexico and the North Atlantic have additionally modulated the regional evaporation/precipitation 
balance. In particular, this study underlines the importance of solar activity on tropical and subtropical 
climate variability through forcing of the tropical Pacific, providing a plausible scenario for observed 
recurrent droughts on the decadal scale throughout the Holocene.

The tropical hydrological cycle plays an important role in global climate modulation and in regulating modern 
rapid climate change1–3. Today, and for the most of the mid- to late Holocene, a significant decadal to centennial 
variability of precipitation is well attested in the tropical Atlantic region in accordance with Atlantic and Pacific 
SST variability, volcanic forcing and solar insolation changes3–8. Due to the regional distribution of land and 
the position close to both the tropical Atlantic and Pacific Oceans, the local response of the seasonal ITCZ and 
the associated trajectories and strength of the trade winds and convective precipitation patterns, is, however, 
regionally very complex and dynamic9, 10. The resulting environmental conditions on the Yucatán peninsula at 
the northernmost boundary of the influence of the ITCZ are characterized by prolonged inter-annual droughts, 
which for example have had severe consequences for the collapses of the mid- to late Holocene Maya empire4, 5, 11. 
Despite these unfavorable conditions, human presence on the northern Yucatán peninsula was attested dating 
back until the late Pleistocene [e.g.12, 13].

During the early Holocene, i.e. the period between 11,700 and 8200 a before present (BP = 1950), the ter-
minal deglaciation followed upon the dramatic re-organization of global climate. During this epoch, northern 
hemisphere warming was almost completed, modern atmospheric and ocean circulation nearly established, and 
the melting of Laurentide and European ice sheets led to a sea-level of c. − 20 m below modern values14. Large 
meltwater pulses from the remnant Laurentide ice sheet into the North Atlantic (NA) ocean and the Gulf of 
Mexico yielded frequent lowering of sea surface temperatures (SST) on centennial to millennial timescales15, 16. 
These events coincided with a weak and southward shifted ITCZ, and, as a consequence, reduced precipitation 
in Central America and the northern Caribbean16–20. Nevertheless, the intensification of northern hemisphere 
summer insolation was accompanied by a progressive northward migration of the ITCZ, but the initiation of a 
stable convective hydro-climate in Central America occurred, although not before c. 9000 a BP21.

The atmospheric circulation over the Yucatán peninsula is shaped by the competition between the North 
Atlantic subtropical high pressure system and the eastern Pacific ITCZ, which influence the convergence patterns 
on seasonal and inter-annual timescales22, 23. This so-called Pacific-Atlantic ‘inter-basin mode’ is modulated by 
several forcing mechanisms, such as El Niño–Southern Oscillation (ENSO) variance, volcanic and solar radiative 
forcing, or variations in (sub-)tropical Atlantic SSTs4, 6–8, 24. However, over the modern era solar and volcanic 
forcing is masked by the increasing dominance of anthropogenic radiative forcing25. Over the course of the 
Holocene the evolution of the strength of ENSO variance was subject to pronounced changes26. During the mid-
Holocene, ENSO was likely dampened and only increased to its present dynamic since c. 3000–4000 a BP27–29.
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High-resolution paleoclimate information has been retrieved from e.g., lacustrine and speleothem-derived 
climate records spanning the mid- to late Holocene, which helped to understand how the global climatic system 
has reached its current state5, 20, 21, 30. In contrast, comparatively little is known about how early Holocene hydro-
climate dynamics compared to the mid- and late Holocene, including periods and occurrence of prolonged 
droughts, the persistence of leading modes of climate variability (ENSO, AMO), or severe tropical cyclone 
activity. To fill the present knowledge gap regarding the early Holocene climate in Yucatán, and, in particular, 
to allow future research to put the numerous archaeological and paleontological findings into an environmental 
context, we here present a new multi-proxy record from a submerged stalagmite from the north-eastern Yucatán 
peninsula. This record provides evidence for pronounced precipitation variability and the occurrence of droughts 
on a decadal scale during the transition into the mid-Holocene, suggesting a climate similar to present-day.

Stalagmite NAH14 was collected by technical divers at a depth of − 17.7 m below sea level from the presently 
submerged Naharon sinkhole, which is part of the Naranjal cave system in the area of Tulum, Quintana Roo, 
Mexico (20° 11.93′ N, 87° 30.78′ W, Fig. 1). It covers the earliest phase of the Holocene on the north-eastern 
Yucatán peninsula. The speleothem constitutes an excellent archive to reconstruct past environmental condi-
tions at unprecedented time resolution, and provides important new evidence on the geographical extent of 
centennial-scale climatic anomalies.

Results
Chronology.  In total, 18 samples were analyzed for Th-U-dating from stalagmite NAH14 (Table S1, Fig. 1). 
The specimen has a moderately high U content ranging between 700 and 1600 ng g-1. The natural most abundant 
232Th isotope has a low abundance of < 0.3 ng g-1, which results in (230Th/232Th) activity ratios of > 3000, indicat-
ing negligible residual detrital contamination. However, since elevated initial 230Th concentrations were reported 
for several caves on the Yucatán peninsula, we here use an initial (230Th/232Th) ratio of 3.5 ± 1.8 to correct activity 
ratios for initial 230Th and ages37, 38. The resulting age correction yields an average value of 10 a, which is within 
uncertainty of the analytical precision of the corrected ages of c. ± 45 a. Figure 1 shows the Th-U ages relative 
to the year 1950 (BP) and the age depth model. Stalagmite NAH14 was deposited between c. 11,040 and 9520 a 
BP, indicating that speleothem growth was continuous for c. 1500 years, with an average almost constant growth 
rate of c. 75 µm per year.

Proxy results and time series analysis.  The stable O and C isotope composition of the stalagmite var-
ies strongly with δ18O ranging from − 6 to − 1‰, and δ13C ranging from − 10 and − 4‰ (VPDB), respectively. 
NAH14 has relatively high contents of the elements Mg, Sr, and Ba, with Mg/Ca mass ratios in the range of 
5–20 mg g-1. Sr/Ca and Ba/Ca ratios show values of 3–6 mg g-1 and 0.03–0.07 mg g-1, respectively (Fig. 2).

Figure 1.   (a) Location of the Naharon sinkhole (A, yellow star) and positions of discussed studies. Orange 
circles indicate speleothem-based reconstructions, green diamonds lacustrine records, and gray diamonds 
marine sediment studies: (B) Chan Hol cave system12; (C) Lake Chichancanab4, 11; (D) Lake Petén Itzá19; (E) 
Dos Anas Cave System20; (F) Cariaco Basin2; (G) Gulf of Mexico17, 31; (H) Soledad basin (I) Shatuca cave, Peru32; 
(J) Jaraguá Cave, Brazil33 (K) Pink Panther Cave, New Mexico34; (L) Leviathan Cave35. The average annual 
northernmost (July) and southernmost (January) margins of the Intertropical Convergence Zone (ITCZ) as 
well as the region dominated by the NH westerlies are also shown (yellow and green bands, respectively). The 
climate in the region is further under direct influence of the strength of the surface ocean currents as a part of 
the Atlantic meridional overturning circulation (AMOC). Map created using the free and open source software 
QGIS v3.16.3 (http://​www.​qgis.​org). (b) Age-depth-model of stalagmite NAH14 constructed with COPRA36. 
Green lines indicate the 2.5% and 97.5% confidence intervals, respectively. On the right a scan of NAH14 is 
shown. The stalagmite consists of translucent, honey-colored columnar calcite, frequently interrupted by white, 
opaque layers of sub-mm thickness.

http://www.qgis.org
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δ18O values are uncorrelated with the δ13C values (rδ18O/δ13C = 0.26) and minor elemental to Ca ratios. In con-
trast, the elemental ratios of Sr/Ba and Mg/Ba correlate with rSr/Ba = 0.79, and rBa/Mg = 0.64. Even though Mg/Ca 
shows visible deviation from Sr/Ca the correlation between Sr and Mg remains in a moderate range (rSr/Mg = 0.52). 
Also, the δ13C values appear visually well correlated with Mg/Ca in a peak-to-peak comparison, which is reflected 
in a correlation coefficient of rMg/δ13C = 0.66 for the (down sampled) Mg/Ca times series. All analyzed proxies 
lack a linear or monotone trend across the period of continuous growth, but exhibit frequent peaks which occur 
concurrently, where e.g., Mg/Ca values increase by a factor of 2–3. While these short-term excursions towards 
more positive values occur at approximately decadal scale, the stable C and O isotopes exhibit pronounced swings 
superimposed on the short-term positive peaks documented above. The stable isotope record has an average 
temporal resolution of 3–5 years per sample, while the trace element record reaches even sub-annual resolution 
which allows us to investigate the decadal to centennial periodicities.

Spectral power analyses of δ13C, δ18O and Mg/Ca confirm the impression from visual inspection and first 
order correlation analyses (Fig. 3a–c). All three proxies exhibit pronounced power at the centennial scale with 
periods of c. 250–300 a, and on the multi-decadal and decadal scales. The peaks in the higher frequency range 
are most pronounced in the δ13C record, with significant variability at decadal (c. 11–17 a), and to inter-decadal 
(22–35a) periods (Fig. 3a). These periods are also pronounced in the Mg/Ca record, even though at lower sig-
nificance levels (Fig. 3c). The wavelet analysis (Fig. 3d–f) reveals that the decadal to inter-decadal periods are 
particularly pronounced from c. 10,950 to 10,850, 10,600–10,400 and between 10,100 to 9600 a BP.

The observed swings on the centennial scale in the δ18O record appear to be out of phase when compared 
with the NAH14 δ13C and Mg/Ca values (Fig. 2). The cross-wavelet transform (XWT) for these proxies unveils 
high common powers and relative phases in a time–frequency space (Fig. 4), and demonstrates that δ18O, δ13C 
and Mg/Ca values are largely in phase on the decadal to multi-decadal scale, whereas the δ18O record leads the 
other time series by about 100 a on the centennial scale.

Figure 2.   Records of stable isotope and in-situ element/Ca ratios of NAH14. All signals show pronounced 
variability, but no obvious long-term trend. The stable δ18O (black) and δ13C (red) isotope records of NAH14 
are compared with δ18O (gray) and δ13C values (light red) from stalagmite CH7 from Chan Hol Cave, also from 
the Tulúm area of the north-eastern Yucatán peninsula12. Light blue vertical bars indicate phases with increased 
aridity as inferred from the NAH14 δ13C and Mg/Ca records.
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Discussion
The NAH14 hydro‑climate record.  The apparent co-variability of δ13C values and Mg/Ca, Sr/Ca and 
Ba/Ca ratios is a widespread observation in speleothem geochemical records, and is commonly interpreted as a 
dominant hydrological control of these proxies40, 41. Here, the strongest relationship exists between δ13C and Mg/
Ca, which are correlated throughout the record (r = 0.66). Prior calcite precipitation (PCP) results in covariations 
of trace elements such as Sr and Mg, and the evolving δ13C composition of the solution, and hence the composi-
tion of calcite further down the water flow-line42, 43. Thus, higher δ13C and Mg/Ca values occur in response to 

Figure 3.   Time series analyses of proxy records: left panels: spectral power diagrams of (a) δ18O, (b) δ13C 
and (c) Mg/Ca calculated with REDFIT39). Colored lines indicate the calculated AR(1) false-alarm levels of 
80% (blue), 90% (green), and 95% (red), respectively. Right panels: continuous wavelet transform spectra 
computed for the continuous growth period of NAH14 for (d) δ18O, (e) δ13C and (f) Mg/Ca records down-
sampled to 5a-equidistant time series. Red (blue) colors correspond to high (low) values of the transform 
coefficients (power). Contour lines indicate the 90% significance levels calculated using an AR(1) spectrum with 
autocorrelation coefficients ρ derived with REDFIT for each proxy record individually (ρδ13C = 0.75, ρδ18O = 0.85, 
ρMg = 0.45). The white line indicates the cone of influence where edge effects are not negligible.
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enhanced PCP during periods with lower recharge and allows to interpret synchronous peaks in Mg/Ca and 
δ13C values as a sign of aridity40, 43. Sr/Ca and Ba/Ca values in speleothems are often masked by additional pro-
cesses, such as growth rate or minor detrital contamination, which is reflected by the slightly weaker correlation 
of these elements to Mg/Ca or δ13C values41, 44. On the decadal to multi-decadal timescales, frequent excursions 
towards higher values (i.e. pronounced dry conditions) occur simultaneously not only in δ13C and Mg/Ca, but 
also in the δ18O values (Fig. 2). Since the oxygen isotopic composition of the drip water is usually less affected 
by PCP, this argues for a possible additional kinetic control of the proxies. We suggest that the driving process is 
most probably carbonate deposition in response to decreasing drip rates and/or enhanced degassing of CO2

42, 45.
Besides the previously mentioned short-term spikes in all proxies, δ18O values appear to be largely uncor-

related with δ13C or Mg/Ca values and out of phase on centennial timescales (Fig. 4). This is, for example, visible 
at c. 10,900, c. 10,300, and c. 9600 a BP, when δ13C and Mg/Ca values persist on a relatively high level for roughly 
100 years longer than the δ18O values, while the δ18O values switch towards the most negative values of − 4 to − 6 
‰ (Fig. 2). A similar lag between δ18O and δ13C values is noticeable during the periods of, e.g. 10,800–10,700 and 
10,130–10,070 a BP, when δ18O values increase, but δ13C values remain on a lower level for c. 60–100 a longer.

Following the traditional interpretation of δ18O values in tropical speleothems, the very low (high) values 
could evidence higher (lower) precipitation amount and thus recharge5, 46–48, while δ13C and Mg/Ca argue for 
persistently dry (wet) conditions for another century. Thereafter, all three proxies reveal lower (higher) values in 
concert with the interpretation of increasing (decreasing) precipitation and recharge. This apparent decoupling of 
the proxies’ responses suggests that the changes in the oxygen isotopic composition of the drip water reflect other 
effects in addition to precipitation amount and effective recharge, where the latter is regarded as the dominant 
driver of δ13C and Mg/Ca values.

In the low latitudes, enhanced tropical cyclone activity can influence the oxygen isotopic composition of 
the drip water, due to the particularly low δ18O values of tropical cyclone rainfall, and these low δ18O values are 
then transmitted to the growing stalagmite46, 49. Intervals in which the NAH14 δ18O values drop prior to δ13C 
values may thus indicate decades when the δ18O value of the reservoir water in the epikarst—which reflects the 
recharge-weighted mean of the isotopic composition of precipitation—is no longer able to mask the very nega-
tive signature of tropical cyclone rainfall8, 50. In the NAH14 record, the uncorrelated shifts towards very negative 
δ18O values occur especially during times with high δ13C or Mg/Ca values, which are thought to indicate per-
sistently dry conditions or even multi-annual droughts. This suggests that the previous described effect is most 
notable when the total water volume of the reservoir is small46. The same process might be an explanation for 

Figure 4.   Cross-wavelet transform (XWT) for the (a) δ18O and δ13C record of NAH14, and the (b) δ13C and 
Mg/Ca record. Arrows indicate the relative phase between the time series, with arrows pointing towards the 
right (0°) indicating in-phase variability. Similarly, arrows pointing down (up) (90° (270°)) indicating a lead (lag) 
of the first time series relative to the second time series. Red (blue) colors indicate high (low) common spectral 
power. The XWTs show high common power of the δ13C record with δ18O (a) and Mg/Ca (b) in the decadal to 
centennial periods, but δ13C values lag the δ18O record on the higher periods by c. 100a on the centennial scale.
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the inverse scenario, when δ13C values remain on a lower level, but δ18O values increase. This could mean, that 
the reservoir reached the threshold of sufficient size to be capable to mask the isotopic signature of the tropical 
cyclone rainfall46, 49.

In addition, rainfall δ18O in Central America and the Yucatán Peninsula has been shown to be influenced by 
other effects, such as, e.g., a varying mixture of Caribbean and Pacific moisture sources, which are associated 
with both a different isotopic composition of the source as well as changing moisture history and trajectories7, 47. 
Moreover, frequent orographic rainfall from trade-winds or northerly cold fronts, may contribute to the isotopic 
composition of the reservoir water51. Thus, we suppose that the speleothem δ18O values appear to show a mixed 
origin related to both precipitation-derived recharge and drought index coupled to regional tropical cyclone 
activity and varying moisture source and history. Furthermore, kinetic fractionation during the carbonate for-
mation cannot be ruled out completely. Consequently, we interpret the speleothem δ13C (and Mg/Ca) values of 
stalagmite NAH14, which are largely unaffected by moisture source effects, as the more reliable indicators of the 
underlying structure of local effective recharge, and drought variability.

Early Holocene precipitation variability on the north‑eastern Yucatán peninsula.  Due to its 
unprecedented and unique time resolution, the NAH14 record provides the opportunity to investigate decadal 
to centennial early Holocene climate variability on the north-eastern Yucatán peninsula. In particular, the spe-
leothem covers a 1500 a-long continuous interval between c. 11,040 and 9520 a BP, during a time when previous 
evidence provides only a fragmentary picture of past precipitation patterns in the tropical Americas as illustrated 
in Fig. 5 and Fig. S118–20.

Paleo-precipitation records spanning the transition of the last glacial to the mid Holocene in the Caribbean 
and Central American realm describe a dry-to-wet transition between c. 11,000 and 9000 a BP following the 
increasing boreal summer insolation, and a relatively stable hydro-climate thereafter2, 21 (Fig. 5). In the NAH14 
record, however, the above described trend is not identified. In addition, low water tables and terrestrial environ-
ments persisted after the deglaciation until c. 8000–9000 a BP in the Lake Chichancanab basin on the northern 
Yucatán peninsula4, 11, and SST reconstructions from the Gulf of Mexico also lack a pronounced orbital trend17, 31. 
This indicates that a progressive northward movement of the mean meridional position of the ITCZ as a whole, 
as suggested by other proxy records located further to the south2, 21, is not (yet) noticeably reflected on the north-
eastern part of the Yucatán peninsula (Fig. 5).

δ18O, δ13C and Mg/Ca values of NAH14 demonstrate that droughts on the decadal to multi-decadal scale were 
frequently occurring events, as evidenced by repeated peaks towards positive values concurrently in all proxies 
(Figs. 2 and 3). A higher drought frequency with c. 5–10 drought phases per 100a is identified between 10,950 
and 10,800 a, 10,680–10,480 a, 10,330–10,200 a, 10,080–10,000 a, and 9950–9520 a BP. In contrast, during the 
intervals 10,800–10,680, and 10,200–10,090 a BP, relatively humid and stable conditions prevailed on the north-
eastern Yucatán peninsula. In the century between 10,420 and 10,320 a BP, climate was also generally wetter, 
but humid conditions were interrupted by a drought phase between c. 10,370 and 10,350 a BP. Superimposed 
on this high-frequency signal, strong swings on the centennial scale indicate pronounced changes in regional 
rainfall patterns. The NAH14 record suggests that during the more humid phases, decadal-scale droughts were 
exceedingly rare and climatic conditions were relatively stable. On the other hand, during the already drier 
intervals, additional, severe droughts occurred much more frequently, with the documented pronounced decadal 
periodicities of 11–17a in the NAH14 record translating in 5–10 droughts of a duration of up to several years.

Major droughts occurring on a decadal to centennial scale have been widely reported for Mesoamerica dur-
ing the last millennia4–6, 24, thus reflecting a pattern similar to that preserved in NAH14 for the early Holocene. 
Increased drought frequency during the late Holocene, however, came along with generally drier conditions, 
resulting from a progressive southward displacement of the ITCZ after 7000–3000 a BP11, 21, 30. In contrast, 
the mid-Holocene northernmost position of the ITCZ was accompanied by reduced precipitation variability. 
Similarly, the here observed early Holocene decrease in precipitation variability occurs during presumably more 
humid phases, which is indicative of an extension of the ITCZ on these timescales. An expansion of the convec-
tive centers positions the Yucatán peninsula within the seasonal latitudinal bounds of the ITCZ for a longer 
period each year30, 56. In contrast, during the drier phases of the record, the study site experienced prolonged dry 
seasons, which leads to a higher seasonal contrast, and thus higher precipitation variability.

In addition to the absent, previously discussed long-term orbital trend, the centennial- to millennial scale 
swings between wet and dry conditions in the north-eastern Yucatán peninsula appear to be largely unrelated to 
the high-resolution reflectance record from the Cariaco basin (Fig. 5), which has been associated with the lati-
tudinal position of the ITCZ2. The precipitation at our locality is likely sensitive to changes in the northernmost 
margin of the ITCZ, responding to both meridional ITCZ displacement but also to expansion and contraction of 
the band of seasonal ITCZ movement (Fig. 1)3, 57. This discrepancy thus hints towards a more complex behavior 
of the ITCZ and its northernmost extent over Mesoamerica.

Forcing mechanisms of precipitation variability.  On seasonal and inter-annual timescales, the dis-
tribution of precipitation over the Yucatán peninsula is modulated by the so-called Pacific-Atlantic ‘inter-basin 
mode and is thus influenced by several forcing mechanisms, such as ENSO activity, radiative forcing, or vari-
ations in Atlantic SSTs4, 6–8, 22, 23. Deglacial and early Holocene records from the tropical Atlantic realm suggest 
a link of local precipitation to sub-centennial to millennial freshwater input into the North Atlantic and the 
Gulf of Mexico19, 20. The comparison of NAH14 speleothem data with marine records from the Gulf of Mexico 
(Fig. 5), shows that meltwater flux into the Gulf of Mexico resulted in decreasing SSTs and drier conditions on 
the north-eastern Yucatán peninsula17, 31, 55. The centuries-long dry–wet cycles also roughly agree with previous 
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paleoclimatic evidence deduced from lacustrine sediments of Lake Petén Itza, southern Yucatán, suggesting a 
series of wet–dry cycles concurrent to pre-boreal meltwater flooding events in the Gulf of Mexico15, 19, 55.

In addition to these single events, spectral analyses revealed dominant forcing mechanisms with pronounced 
periodicities of 11–17 a, 25–35 a and c. 250 a (Fig. 3). The strong spectral power of these periods reflect reported 
periodicities in records of modern Mesoamerican climate variability, and are very similar to solar activity cycles 
(11 a Schwabe solar (or sunspot) cycle and reoccurrence of the c. 210–220 a de Vries/Suess solar cycle58, 59. A 
strong link between the NAH14 proxies and solar forcing is further supported by the agreement with a recon-
struction of sunspot numbers54, as well as solar activity reflected in the residual cosmogenic 14C53, as shown in 
Fig. 5. A relation of early Holocene speleothem δ18O values with solar activity has been previously suggested by 
Stinnesbeck et al.12 to better constrain the chronology of a speleothem record from Chan Hol cave on the north-
eastern Yucatán peninsula between 9000 and 13,000 a BP. We here confirm this link, but based on a precisely 
dated record of much higher temporal resolution.

The influence of solar variability on tropical hydro-climate has been predicted by model studies60, 61, and 
especially the centennial-scale Suess-cycle is documented in various early to late Holocene records throughout 
the tropical and subtropical Americas4, 12, 18, 24, 34, 56, 62. In particular, solar cycles modulate ENSO variability via 
the so-called “ocean dynamical thermostat” response, because negative (positive) radiative forcing results in 

Figure 5.   Comparison of the NAH14 δ13C record (bottom panel) with early Holocene paleo-environmental 
records and climate forcing reconstructions. From top to bottom: (a) reconstructed volcanic forcing from 
GISP252, displayed as the Volcanic impact index indicating the potential cooling effect in °C; (b) Records of 
solar activity, as indicated by cosmogenic 14C production shown as residual Δd14C from Intcal20 (green53) and 
the reconstructed sunspot numbers (cyan54) showing the pronounced centennial-scale Suess/de Vries cycle; (c) 
Cariaco Basin Reflectance record2 indicating the meridional position of the ITCZ center over northern South 
America following NH summer insolation (also shown); (d) Stacked δ18O record planktonic foraminifera G. 
ruber from seven LOUIS cores55 representing the evaporation-precipitation balance in the Gulf of Mexico. 
According to this record, grey vertical bars indicate the timing and duration of major meltwater floods into the 
Gulf of Mexico. Vertical black lines indicate additional meltwater pulses from Lake Agassiz as documented by 
Teller et al.15; (e) Mg/Ca-based SST from Orca Basin, Gulf of Mexico (light purple:17, dark purple:31). (f) Mg/
Ca-based SST reconstruction in planktonic foraminifera from Soledad Basin28 demonstrating ENSO-forced 
tropical Pacific SST variations; (g) Speleothem JAR7 δ18O values from Jaraguas, Brazil (pink line33), reflecting 
the strength of the South American Monsoon System (SAMS) indicating pan-American precipitation variability 
compared to the NAH14 δ13C values (h, red line).
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a dynamic warming (cooling) of the eastern tropical Pacific26, 28, 60, 63. ENSO itself influences the precipitation 
pattern over the Yucatán peninsula, where a warm El Niño event is associated with drier conditions6, 23. As a 
consequence, the question of the role of solar activity in climate variability of the tropical Americas has been 
frequently debated7, 24, 62. We here present a record that is sufficiently well resolved and clearly provides evidence 
for an empirical similarity between solar activity and early Holocene Mesoamerican precipitation. The origin of 
this coupling, however, may be suspected in ENSO activity, which evolved over the course of the Holocene26, 27, 64. 
During the early to mid-Holocene, a dampening of ENSO activity has been reported29, while other studies suggest 
that ENSO variance was close to modern levels65. For example, an early Holocene (c. 9500 a) model experiment 
suggests that freshwater flux and remnant ice sheet forcing factors led to significant remote responses in the 
tropical Pacific strengthening the amplitude of eastern Pacific El Niño events64. The visual inverse relationship of 
the NAH14 record to Pacific SSTs28 provides additional support for a strong influence of tropical Pacific dynam-
ics on Mesoamerican precipitation (Fig. 5). The late Holocene onset of major dry events after c. 3000–4000 a BP 
coincided with ENSO and ITCZ changes, with an increasing dominance of the Pacific Ocean18, 56. Consequently, 
the persistent decadal to centennial solar cycle forcing of the regional hydro-climate, appears to be modulated by 
an ENSO activity which seems to be similar as the one in late Holocene leading to pronounced decadal droughts 
in northern Yucatán and Mesoamerica.

The spectral analyses also suggest the presence of inter-decadal periods of c. 25–35 years in the NAH14 record 
(Fig. 3). Long-term ENSO variability may modulate the Pacific Decadal oscillation (PDO), which is not a single 
physical mode of ocean variability, but rather the sum of several processes with different dynamic origins66. 
Enhanced rainfall over Mesoamerica on the multi-decadal scales may be also related to a warmer North Atlantic 
Ocean related to a pattern similar to the late Holocene Atlantic multidecadal oscillation (AMO)6, 23. However, 
the wavelet analyses of the NAH14 record show that these multi-decadal periods are not a persistent feature in 
this record and only significant during a few, short intervals. This is similar to the results of Lachniet et al.7, who 
reported no clear link to the PDO or AMO regarding the strength of wet season rainfall in the Mesoamerican 
monsoon based on late Holocene stalagmite records from south-western Mexico. Similarly, recent studies suggest 
that especially the AMO is no internal oscillation of Earth’s climate, but rather an externally forced quasiperiodic 
variation67. In particular, recent research suggested an influence of volcanic eruptions and aerosol emission on 
the regional evaporation/precipitation balance in Mesoamerica, and that these exacerbated or prolonged multi-
decadal drought intervals during the past centuries in Mesoamerica8, 67. In Fig. 5, we compare our data with a 
reconstruction of volcanic forcing generated from sulphate concentrations of the Greenland GISP2 ice core52. 
This comparison shows, that the number of recorded droughts in the NAH14 proxies exceeds by far the number 
of known strong volcanic eruptions. Coeval to two major volcanic events at c. 10,400 and 10,250 a BP apparently 
strong dry events are recorded in the NAH14 proxies. In contrast, the most pronounced dry phases, such as for 
example after c. 10,930 a, 10,650 a, or 10,050 a, rather occur in absence of major detected volcanic eruptions 
in the ice core sulphate loads. Even though, we cannot exclude the possibility that volcanic forcing might have 
punctually contributed to or exacerbated droughts occurring during the early Holocene, we argue that other 
mechanisms were probably more dominant.

A large-scale comparison of the NAH14 record with other speleothem-based reconstructions from North 
and South America highlights the associated link of both low and mid-latitude precipitation patterns during 
the early Holocene. The centennial-scale dry/wet cycles on the north-eastern YP are largely anti-phased to pre-
cipitation recorded in speleothems from Brazil33 (Fig. 5) and Peru32 (Fig. S1). Both records reflect the strength 
of the South American Monsoon System (SAMS), thus the visual anti-correlation is interpreted as an expres-
sion of a hemispheric anti-phasing in the low-latitudinal Americas, similar to late Holocene observations9. 
In addition, an inverse relationship of precipitation in the northern American low- and mid-latitudes may be 
suggested by comparing the NAH14 record with the hydro-climate reconstructions from the Great Basin35 and 
New Mexico34 (Fig. S1). Despite the lower temporal resolution of these records compared to NAH14, periods 
of higher precipitation in Central America appear to coincide with drier conditions in New Mexico, and more 
northerly moisture sources in the Great Basin. This comparison thus further supports previous evidence that the 
meridional displacement or expansion and contraction of the ITCZ shifts the Hadley cell and drives circulation 
processes in the higher latitudes9, 34.

Southward shifts of the ITCZ and the Hadley Cells reduce the meridional pressure gradient in the northern 
hemisphere, inducing expansion and southward displacement of the polar and mid-latitude pressure cells9. 
Consequently, the polar jet and westerlies (Fig. 1) shifted southward and weakened, and monsoonal systems 
propagated less far northward1. Similar to the past 2000 a, the observed low-latitude hemispheric anti-phasing 
over decadal-centennial timescales in response to a superposition of meridional shifts and expansions/contrac-
tions of the ITCZ during the early Holocene, is most likely a result of a combination of external forcing. These 
encompass in particular solar activity and maybe also volcanic eruptions, but also internal feedback mechanisms, 
including meltwater fluxes into the Gulf of Mexico and the North Atlantic Ocean.

Conclusions
The high-resolution precipitation record presented here from the north-eastern Yucatán peninsula provides a 
valuable, unprecedented snapshot of early Holocene climate variability for the area. In particular, our research 
suggests a strong decadal‐ to centennial‐scale climatic and hydrologic variability during the early Holocene, a 
time without anthropogenic radiative aerosol forcing. This study further demonstrates that the reconstruction 
of sub-decadal drought occurrence is feasible on the north-eastern Yucatán peninsula.

The elemental (Mg/Ca) and isotopic (δ13C) speleothem records provide evidence of drought frequency domi-
nantly modulated by solar forcing on both the c. 11a sunspot cycle, as well as the c. 250 a de Vries/Suess periods 
of solar activity as estimated from residual Δd14C. In absence of a long-term trend related to insolation or the 
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retreat of the Laurentide ice sheet, the precipitation variability on the north-eastern Yucatán peninsula during the 
interval from 11,040 and 9520 a BP was characterized by pronounced centennial variability. These swings were 
likely related to a combination of solar forcing and additional impacts by freshwater flux into the Gulf of Mexico 
and the North Atlantic, influencing both local evaporation/precipitation ratios and the position of the ITCZ.

Despite the global atmospheric reorganizations during the early Holocene, the frequently recurring drought 
events on the decadal scale suggest that one of the leading modes of precipitation variability during the late 
Holocene, the El Nino-Southern Oscillation, was also active during the time of our record. In contrast, the partial 
absence of multi-decadal modes in our record questions the existence of a persistent internal oscillation of the 
climate system on these scales. Our analyses suggest an overall similar precipitation pattern compared to the late 
Holocene, while the climate boundary conditions have been very different. Thus, we suggest that in absence of 
strong volcanic or anthropogenic aerosol forcing, our study underscores the previously suggested link of tropical 
hydro-climate with a strong ENSO activity driven by solar forcing of the tropical Pacific.

The coherence of our data with other low- and mid-latitude speleothem records from the Americas indicates 
that low- to mid-latitude teleconnections persisted on the centennial timescales during the early Holocene. We 
argue that the observed low-latitude see-saw on centennial timescales shows that the same forcing mechanisms 
and teleconnections dominated the hydrological regime in the tropical Americas during the early and late Holo-
cene, and that solar forcing may explain much of the observed variability throughout the Americas.

Methods
Analytical methods.  For this study, the growth history of NAH14 has been investigated by high-precision 
230Th-U dating using a multi-collector inductively coupled plasma source mass spectrometer (MC-ICPMS, 
Thermo Fisher Neptuneplus). Sub-samples of 80–130 mg were cut using a diamond wired band saw along the 
major growth axis. Chemical preparation of the samples and analytical methods at the Institute of Environmen-
tal Physics, Heidelberg University, followed previously reported procedures44. The calculations of activity ratios 
and 230Th-U ages were performed using the half-lives from68. Age uncertainties are quoted at the 2σ-level and do 
not include half-life uncertainties. All ages are reported relative to the year 1950 (BP). The age-depth model for 
the stalagmite proxies was constructed using the algorithm ‘COPRA’36.

Trace element analysis was performed via laser ablation ICP-MS using a 193  nm ArF excimer laser 
(NWR193UC by New Wave Research) coupled to an inductively coupled plasma quadrupole mass spectrometer 
(Thermo Fisher iCAP-Q) at the Institute of Environmental Physics, Heidelberg University. Line scans were 
performed at a speed of 20 µm/s along the growth axis of NAH14 using a rectangular spot size of 15 × 150 µm 
(with the longer side being vertical perpendicular to the track) and a scan speed of 20 µm/s. To avoid potential 
surface contamination, the scan path was pre-ablated at a scan speed of 80 µm/s. The repetition rate of the laser 
pulses was 20 Hz, and each isotope was measured every 100 ms on the mass spectrometer. Background counts 
were measured with the laser in off mode and subtracted from the raw data. In order to account for matrix effects, 
the blank corrected count rates of the analyzed isotopes (24Mg, 27Al, 31P, 34S, 88Sr, 138Ba, 232Th, 238U) are calculated 
relative to the intensity of the 44Ca signal of the internal standard element Ca. The silicate glass NIST SRM 612 
was analyzed for external calibration of the trace element analyses using the reference values by Jochum et al.69. 
The resulting element to Ca ratios are presented as mass concentration ratios.

Samples for stable isotope analysis were drilled directly adjacent to the trace element track at a spatial resolu-
tion of 250 µm using a micro mill. All samples were analyzed using an isotope ratio mass spectrometer (IRMS) 
(Thermo Scientific Delta V coupled with a Gasbench II at Elemtex Ltd., Cornwall, UK). Quality control is per-
formed using a Carrara marble standard (δ13C = 2.10‰, δ18O = − 2.01‰) and a second in-house calcite standard 
(δ13C = 2.89‰, δ18O = − 6.15‰), calibrated directly against NBS18 and NBS19. The reported long-term preci-
sion (1sd) is 0.022‰ for δ13C and 0.040‰ for δ18O values. All δ-values are reported relative to Vienna Pee Dee 
Belemnite (VPDB) standard.

Correlation and time series analysis.  To quantify the nature of the observed variability on the different 
timescales in the proxy record we performed dedicated time serial analytical methods, including correlation, 
spectral and wavelet analyses. Correlation analysis was performed with a test statistic based on Pearson’s product 
moment correlation coefficient r (x, y) following a t-distribution with length(x)-2 degrees of freedom. Reported 
correlation coefficients are all significant at the 0.05 level. For the calculation of the correlation coefficients, 
element/Ca ratios were interpolated to the lower resolution of the stable isotope records. Spectral analysis was 
conducted using the algorithm “REDFIT”39, as implemented in the open source software R package “dplR”70. 
REDFIT fits a first-order autoregressive (AR1) process directly to unevenly spaced time series. Wavelet analyses 
were performed using the R package “Biwavelet”71.

Data availability
Data associated with this study will be uploaded to the open data library PANGAEA (www.​panga​ea.​de) and will 
be available after acceptance of this paper.

Received: 13 April 2021; Accepted: 24 June 2021

References
	 1.	 Jo, K.-N. et al. Mid-latitude interhemispheric hydrologic seesaw over the past 550,000 years. Nature 508(7496), 378–382 (2014).
	 2.	 Deplazes, G. et al. Links between tropical rainfall and North Atlantic climate during the last glacial period. Nat. Geosci. 6(3), 

213–217 (2013).

http://www.pangaea.de


10

Vol:.(1234567890)

Scientific Reports |        (2021) 11:13885  | https://doi.org/10.1038/s41598-021-93417-z

www.nature.com/scientificreports/

	 3.	 Asmerom, Y. et al. Intertropical convergence zone variability in the Neotropics during the Common Era. Sci. Adv. 6(7), eaax3644 
(2020).

	 4.	 Hodell, D. A. et al. Solar forcing of drought frequency in the Maya lowlands. Science 292(5520), 1367–1370 (2001).
	 5.	 Medina-Elizalde, M. et al. High resolution stalagmite climate record from the Yucatán Peninsula spanning the Maya terminal 

classic period. Earth Planet. Sci. Lett. 298(1–2), 255–262 (2010).
	 6.	 Bhattacharya, T., Chiang, J. C. & Cheng, W. Ocean-atmosphere dynamics linked to 800–1050 CE drying in mesoamerica. Quatern. 

Sci. Rev. 169, 263–277 (2017).
	 7.	 Lachniet, M. S. et al. Two millennia of Mesoamerican monsoon variability driven by Pacific and Atlantic synergistic forcing. 

Quatern. Sci. Rev. 155, 100–113 (2017).
	 8.	 Ridley, H. E. et al. Aerosol forcing of the position of the intertropical convergence zone since AD 1550. Nat. Geosci. 8(3), 195–200 

(2015).
	 9.	 Lechleitner, F. A. et al. Tropical rainfall over the last two millennia: evidence for a low-latitude hydrologic seesaw. Sci. Rep. 7, 45809 

(2017).
	10.	 Oster, J. L. et al. Speleothem Paleoclimatology for the Caribbean, Central America, and North America. Quaternary 2(1), 5 (2019).
	11.	 Hodell, D. A., Curtis, J. H. & Brenner, M. Possible role of climate in the collapse of Classic Maya Civilization. Nature 375(6530), 

391–394 (1995).
	12.	 Stinnesbeck, W. et al. The earliest settlers of Mesoamerica date back to the late Pleistocene. PLoS ONE 12(8), e0183345 (2017).
	13.	 Chatters, J. C. et al. Late Pleistocene human skeleton and mtDNA link Paleoamericans and modern Native Americans. Science 

344(6185), 750–754 (2014).
	14.	 Lambeck, K. et al. Sea level and global ice volumes from the Last Glacial Maximum to the Holocene. Proc. Natl. Acad. Sci. USA 

111(43), 15296–15303 (2014).
	15.	 Teller, J. T., Leverington, D. W. & Mann, J. D. Freshwater outbursts to the oceans from glacial Lake Agassiz and their role in climate 

change during the last deglaciation. Quatern. Sci. Rev. 21(8), 879–887 (2002).
	16.	 Bond, G. et al. Persistent solar influence on North Atlantic climate during the Holocene. Science 294(5549), 2130–2136 (2001).
	17.	 LoDico, J.M., B.P. Flower, & T.M. Quinn. Subcentennial-scale climatic and hydrologic variability in the Gulf of Mexico during the 

early Holocene. Paleoceanography. 21(3) (2006).
	18.	 Bernal, J. P. et al. A speleothem record of Holocene climate variability from southwestern Mexico. Quatern. Res. 75(1), 104–113 

(2011).
	19.	 Hillesheim, M. B. et al. Climate change in lowland Central America during the late deglacial and early Holocene. J. Quat. Sci. 20(4), 

363–376 (2005).
	20.	 Fensterer, C. et al. Millennial-scale climate variability during the last 12.5 ka recorded in a Caribbean speleothem. Earth Planet. 

Sci. Lett. 361, 143–151 (2013).
	21.	 Winter, A. et al. Initiation of a stable convective hydroclimatic regime in Central America circa 9000 years BP. Nat. Commun. 

11(1), 716 (2020).
	22.	 Enfield, D. B. & Alfaro, E. J. The dependence of Caribbean rainfall on the interaction of the tropical Atlantic and Pacific Oceans. 

J. Clim. 12(7), 2093–2103 (1999).
	23.	 Giannini, A., Kushnir, Y. & Cane, M. A. Interannual variability of Caribbean Rainfall, ENSO, and the Atlantic Ocean. J. Clim. 13, 

297–311 (2000).
	24.	 Burn, M. J. & Palmer, S. E. Solar forcing of Caribbean drought events during the last millennium. J. Quat. Sci. 29(8), 827–836 

(2014).
	25.	 Schmidt, G. A. et al. Climate forcing reconstructions for use in PMIP simulations of the last millennium (v10). Geosci. Model Dev. 

4(1), 33–45 (2011).
	26.	 Emile-Geay, J., et al. Past ENSO variability. in El Niño Southern Oscillation in a Changing Climate 87–118 (2020).
	27.	 Emile-Geay, J. et al. Links between tropical Pacific seasonal, interannual and orbital variability during the Holocene. Nat. Geosci. 

9(2), 168–173 (2016).
	28.	 Marchitto, T. M. et al. Dynamical response of the Tropical Pacific Ocean to solar forcing during the Early Holocene. Science 

330(6009), 1378–1381 (2010).
	29.	 White, S. M., Ravelo, A. C. & Polissar, P. J. Dampened El Niño in the early and mid-Holocene due to insolation-forced warming/

deepening of the thermocline. Geophys. Res. Lett. 45(1), 316–326 (2018).
	30.	 Serrato-Marks, G., et al. Evidence for decreased precipitation variability in the Yucatan Peninsula during the mid-Holocene. 

Paleoceanogr. Paleoclimatol. 36(5) (2021).
	31.	 Williams, C., et al. Deglacial abrupt climate change in the Atlantic Warm Pool: A Gulf of Mexico perspective. Paleoceanography. 

25(4) (2010).
	32.	 Bustamante, M. G. et al. Holocene changes in monsoon precipitation in the Andes of NE Peru based on δ18O speleothem records. 

Quatern. Sci. Rev. 146, 274–287 (2016).
	33.	 Novello, V. F. et al. A high-resolution history of the South American Monsoon from Last Glacial Maximum to the Holocene. Sci. 

Rep. 7(1), 44267 (2017).
	34.	 Asmerom, Y., et al. Solar forcing of Holocene climate: New insights from a speleothem record, southwestern United States. Geology. 

35(1) (2007).
	35.	 Lachniet, M. S. et al. Great Basin Paleoclimate and aridity linked to arctic warming and tropical pacific sea surface temperatures. 

Paleoceanogr. Paleoclimatol. 35(7), e2019PA003785 (2020).
	36.	 Breitenbach, S. F. et al. Constructing proxy records from age models (COPRA). Clim. Past 8(5), 1765–1779 (2012).
	37.	 Moseley, G. E. et al. Early–middle Holocene relative sea-level oscillation events recorded in a submerged speleothem from the 

Yucatán Peninsula, Mexico. Holocene 25(9), 1511–1521 (2015).
	38.	 Stinnesbeck, W. et al. New evidence for an early settlement of the Yucatán Peninsula, Mexico: The Chan Hol 3 woman and her 

meaning for the Peopling of the Americas. PLoS ONE 15(2), e0227984 (2020).
	39.	 Schulz, M. & Mudelsee, M. REDFIT: Estimating red-noise spectra directly from unevenly spaced paleoclimatic time series. Comput. 

Geosci. 28(3), 421–426 (2002).
	40.	 Cruz, F. W. et al. Evidence of rainfall variations in Southern Brazil from trace element ratios (Mg/Ca and Sr/Ca) in a Late Pleistocene 

stalagmite. Geochim. Cosmochim. Acta 71(9), 2250–2263 (2007).
	41.	 Fairchild, I. J. & Treble, P. C. Trace elements in speleothems as recorders of environmental change. Quatern. Sci. Rev. 28(5–6), 

449–468 (2009).
	42.	 Riechelmann, D. F. et al. Disequilibrium carbon and oxygen isotope fractionation in recent cave calcite: Comparison of cave 

precipitates and model data. Geochim. Cosmochim. Acta 103, 232–244 (2013).
	43.	 Johnson, K. et al. Seasonal trace-element and stable-isotope variations in a Chinese speleothem: The potential for high-resolution 

paleomonsoon reconstruction. Earth Planet. Sci. Lett. 244(1–2), 394–407 (2006).
	44.	 Warken, S. F. et al. Reconstruction of late Holocene autumn/winter precipitation variability in SW Romania from a high-resolution 

speleothem trace element record. Earth Planet. Sci. Lett. 499, 122–133 (2018).
	45.	 Carlson, P. E. et al. Constraining speleothem oxygen isotope disequilibrium driven by rapid CO2 degassing and calcite precipita-

tion: Insights from monitoring and modeling. Geochim. Cosmochim. Acta 284, 222–238 (2020).



11

Vol.:(0123456789)

Scientific Reports |        (2021) 11:13885  | https://doi.org/10.1038/s41598-021-93417-z

www.nature.com/scientificreports/

	46.	 Lases-Hernandez, F., M. Medina-Elizalde, & A.B. Frappier. Drip water δ18O variability in the northeastern Yucatán Peninsula, 
Mexico: Implications for tropical cyclone detection and rainfall reconstruction from speleothems. Geochimica et Cosmochimica 
Acta (2020).

	47.	 Lachniet, M. S. & Patterson, W. P. Oxygen isotope values of precipitation and surface waters in northern Central America (Belize 
and Guatemala) are dominated by temperature and amount effects. Earth Planet. Sci. Lett. 284(3–4), 435–446 (2009).

	48.	 Vieten, R. et al. Monitoring of Cueva Larga, Puerto Rico—A First Step to Decode Speleothem Climate Records. In Karst Ground-
water Contamination and Public Health (eds White, W. B. et al.) 319–331 (Springer International Publishing, 2018).

	49.	 Vieten, R. et al. Hurricane impact on seepage water in Larga Cave, Puerto Rico. J. Geophys. Res.-Biogeosci. 123(3), 879–888 (2018).
	50.	 Baldini, L. M. et al. Persistent northward North Atlantic tropical cyclone track migration over the past five centuries. Sci. Rep. 6(1), 

37522 (2016).
	51.	 Scholl, M. A. & Murphy, S. F. Precipitation isotopes link regional climate patterns to water supply in a tropical mountain forest, 

eastern Puerto Rico. Water Resour. Res. 50(5), 4305–4322 (2014).
	52.	 Kobashi, T. et al. Volcanic influence on centennial to millennial Holocene Greenland temperature change. Sci. Rep. 7(1), 1441 

(2017).
	53.	 Reimer, P. J. et al. The IntCal20 Northern Hemisphere radiocarbon age calibration curve (0–55 cal kBP). Radiocarbon 62(4), 

725–757 (2020).
	54.	 Solanki, S. K. et al. Unusual activity of the Sun during recent decades compared to the previous 11,000 years. Nature 431(7012), 

1084–1087 (2004).
	55.	 Aharon, P. Meltwater flooding events in the Gulf of Mexico revisited: Implications for rapid climate changes during the last degla-

ciation. Paleoceanography. 18(4) (2003).
	56.	 Pollock, A. L. et al. A mid-Holocene paleoprecipitation record from Belize. Palaeogeogr. Palaeoclimatol. Palaeoecol. 463, 103–111 

(2016).
	57.	 Singarayer, J. S., Valdes, P. J. & Roberts, W. H. G. Ocean dominated expansion and contraction of the late Quaternary tropical 

rainbelt. Sci. Rep. 7(1), 9382 (2017).
	58.	 Knudsen, M.F., et al. Taking the pulse of the Sun during the Holocene by joint analysis of 14C and 10Be. Geophys. Res. Lett. 36(16) 

(2009).
	59.	 Usoskin, I. G. A history of solar activity over millennia. Living Rev. Sol. Phys. 14(1), 3 (2017).
	60.	 Mann, M. E. et al. Volcanic and solar forcing of the tropical Pacific over the past 1000 years. J. Clim. 18(3), 447–456 (2005).
	61.	 Emile-Geay, J., et al. El Niño as a mediator of the solar influence on climate. Paleoceanography. 22(3) (2007).
	62.	 Novello, V. F. et al. Centennial-scale solar forcing of the South American Monsoon System recorded in stalagmites. Sci. Rep. 6(1), 

24762 (2016).
	63.	 Clement, A. C. et al. An ocean dynamical thermostat. J. Clim. 9(9), 2190–2196 (1996).
	64.	 Luan, Y. et al. Tropical Pacific mean state and ENSO changes: sensitivity to freshwater flux and remnant ice sheets at 9.5 ka BP. 

Clim. Dyn. 44(3–4), 661–678 (2015).
	65.	 Carré, M. et al. Holocene history of ENSO variance and asymmetry in the eastern tropical Pacific. Science 345(6200), 1045–1048 

(2014).
	66.	 Newman, M. et al. The Pacific decadal oscillation, revisited. J. Clim. 29(12), 4399–4427 (2016).
	67.	 Mann, M. E. et al. Multidecadal climate oscillations during the past millennium driven by volcanic forcing. Science 371(6533), 

1014–1019 (2021).
	68.	 Cheng, H. et al. Improvements in 230Th dating, 230Th and 234U half-life values, and U-Th isotopic measurements by multi-

collector inductively coupled plasma mass spectrometry. Earth Planet. Sci. Lett. 371, 82–91 (2013).
	69.	 Jochum, K. P. et al. Determination of reference values for NIST SRM 610–617 glasses following ISO guidelines. Geostand. Geoanal. 

Res. 35(4), 397–429 (2011).
	70.	 Bunn, A., et al. Package ‘dplR’. (2020).
	71.	 Gouhier, T.C. et al. Package ‘biwavelet’. (2019).

Acknowledgements
We gratefully acknowledge financial support by the German Research Foundation (DFG Project STI128/28; 
INST35-1143-1 FUGG) and Khalifa University (Grant no. FSU-2019-01 to DH). We acknowledge financial sup-
port by the Open Access Publishing Fund of Ruprecht-Karls-Universität Heidelberg.  R. Eichstädter, O. Wienand 
and I. Fin are thanked for support in the lab and G. Austermann and A. Hildenbrand for access to microscopic 
infrastructure (all University of Heidelberg). We further acknowledge technical support by D. Scholz and D. 
Riechelmann from the University of Mainz. A. Schröder-Ritzrau, F. Lases Hernández and M. Medina Elizalde 
are thanked for comments to previous versions of this manuscript. We also thank the members of the cave diving 
community for their support: Eugenio Aceves, Alejandro Elizondo, Flor de María Curiel, Steve Gerrard, Valentina 
Cucchiara and Kate Lewis. A. González González from the Museo del Desierto at Saltillo is acknowledged for 
introducing us to his geoarchaeological research project in caves of Quintana Roo.

Author contributions
S.W., N.F., W.S. and S.R.S. conceptualized the project. J.A.O. and W.S. organized field work and speleothem 
sampling. S.W. and N.S. planned and designed the analytical work. S.W. and S.D.S. performed U/Th dating with 
support of N.F. J.F. conducted the LA-ICPMS analyses. N.S. and D.H. conducted stable isotope analyses. S.W. and 
N.S. constructed the age model and performed the time series analyses. All authors contributed to the interpreta-
tion and discussion of the data. S.W. wrote the manuscript with contribution from all authors.

Funding
Open Access funding enabled and organized by Projekt DEAL.

Competing interests 
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://​doi.​org/​
10.​1038/​s41598-​021-​93417-z.

Correspondence and requests for materials should be addressed to S.F.W.

https://doi.org/10.1038/s41598-021-93417-z
https://doi.org/10.1038/s41598-021-93417-z


12

Vol:.(1234567890)

Scientific Reports |        (2021) 11:13885  | https://doi.org/10.1038/s41598-021-93417-z

www.nature.com/scientificreports/

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note  Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access   This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/.

© The Author(s) 2021

www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Solar forcing of early Holocene droughts on the Yucatán peninsula
	Results
	Chronology. 
	Proxy results and time series analysis. 

	Discussion
	The NAH14 hydro-climate record. 
	Early Holocene precipitation variability on the north-eastern Yucatán peninsula. 
	Forcing mechanisms of precipitation variability. 

	Conclusions
	Methods
	Analytical methods. 
	Correlation and time series analysis. 

	References
	Acknowledgements


