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ABSTRACT 
 
 

Late Holocene climate changes in the Southeast USA are poorly documented due to the 

paucity of high-resolution paleo-records. This study provides high-resolution records of rapid 

hydroclimate changes in the Southeast over the last three millennia. The records are based on 

stable isotope rainfall proxies whose time series are constrained by precise U/Th dates from a 

stalagmite sampled at DeSoto Caverns. The average growth rate of the stalagmite was 149 µm/yr 

prior to 1400 years and it has been growing with an average growth rate of 42 µm/yr in the last 

1400 years. During the past three thousand years stable isotope time series document six wet 

episodes (at ~ 2950, 2450, 1675, 1200, 700 and 70 years ago) alternating with six drier periods 

(at ~ 3100, 2800, 1900, 1500, 800 and 300 years ago). The biannually resolved δ18O record 

agrees well with the contemporaneous SST record from the Sargasso Sea cores suggesting that 

changes in moisture availability in the Southeast are likely linked to subtropical North Atlantic 

SST variability. Power spectra analysis of the stalagmite-based oxygen isotope record reveals 

statistically significant periodicities at 24±1 and 36±1 year that are consistent with those 

observed in the contemporaneous atmospheric 14C production record. The 24 years periodicity is 

also consistent with the 24-year NAO Index periodicity. On the basis of our analysis we propose 

that the hydroclimate in the Southeast USA over the last three millennia was intimately linked to 

NAO variability powered by solar activity fluctuations. 
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1. Introduction 

1.1. Climate change over the last three millennia 

The study of past climate helps to understand the complex interactions between the 

atmosphere, oceans and biosphere that control the Earth climate. A number of studies have 

indicated that the last three millennia witnessed widespread changes in temperature and 

precipitation. Such events include the Little Ice Age (LIA, ~ 650 to 160 yrs), Medieval Climate 

Anomaly (MCA, ~1200 to 810 yrs), Dark Ages Cold Period (DACP, ~1550 to 1300 yrs), Roman 

Warm Period (RWP, ~1800 to 1500 yrs), among others (Bianchi and McCave, 1999) (Fig 1) 

(years are relative to 2008 A.D.). 

 

 
 
Figure 1. Major climatic events during last three millennia.  
(Modified from: http://www.mitosyfraudes.org/images/Graph-2.gif) 

 

Many studies have been done to unveil the driving forces for the past three millennia climate 

changes. The proposed drivers for the climate variability during the past 3000 years can be 
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divided into two categories: (i) Earth climate factors, and (ii) Extraterrestrial factors. The Earth 

climate factors include North Atlantic Oscillation (NAO) (Hurrell and Vanloon, 1997), Atlantic 

Meridional Overturning Circulation (AMOC) (Heinrich, 1988), Inter Tropical Convergence 

Zone (ITCZ) (Holton et al., 1971) and El Niño-Southern Oscillation (ENSO) (Trenberth K.E. 

1997).  

NAO refers to a meridional oscillation owing to the difference of atmospheric pressure at sea 

level between the Icelandic low and the Azores high. It is an important source of seasonal to 

decadal-state climate variability in the North Atlantic sector (Cook et al, 1998). AMOC 

transports warm, salty, dense waters to high latitudes where they cool and sink to the ocean floor 

and returns southward forming the North Atlantic Deep Water (Thornalley et al., 2009). AMOC 

plays an important role in supplying heat to the Northern Hemisphere and is responsible for 

much of the total oceanic heat transport in the Atlantic (Clark et al., 2002). ITCZ is a narrow 

east-west band of strong thunder-cloud convection and heavy precipitation which forms along 

the equator boundary of the trade wind regimes (Holton et al., 1971). ITCZ moves north during 

the boreal summer season and south during the boreal winter season. Variations in the position of 

ITCZ drastically affect rainfall resulting in wet and dry seasons of the tropics. 

In general, the western Pacific Ocean off the coast of Australia is warmer than eastern Pacific 

Ocean. ENSO is characterized by interannual climate variability in the Pacific basin and beyond. 

(Sandweiss et al., 1996). The El- Niño phase of ENSO is manifested by elevated sea surface 

temperatures in the eastern Pacific near western South America and is associated with floods, 

droughts and hurricanes in different parts of the world. The La-Niña phase of ENSO is 

characterized by large scale cooling of the tropical Pacific Ocean. La-Niña causes mostly the 

opposite effects of El- Niño.  
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Solar and cosmic ray flux variabilities are some of the more prominent extraterrestrial causes 

of relatively short-term climate changes (multi-decadal to centennial scale) on Earth (Solanki et 

al., 2004). Solar variability represented by changes in the amount of solar radiation emitted by 

the sun is caused by the occurrence of sunspots on the Sun photosphere. Satellite observations 

indicate that solar irradiance is lower by 0.1% during an 11-yr cycle sunspot minimum phase 

(Willson et al., 1986). These variations in solar activity may have caused larger climatic changes 

(temperature, precipitation) on Earth (Hodell et al., 2001). Cosmic ray flux is another important 

extraterrestrial factor that may cause climate change on Earth. According to Svensmark (1998) 

the Earth’s cloud cover observed by satellites is strongly correlated with the solar cycle 

variations of galactic cosmic ray flux monitors. A proven relation between cosmic ray flux and 

cloud cover would be important in explaining the high correlation between solar cycle length and 

global temperature (Svensmark, 1998). 

 1.2. Relation between climate changes in the past three millennia and society 

Climatic changes documented in the last three millennia are pertinent not only to the current 

global climatic variations but also to the rise and fall of human civilizations. For example, the 

cold period from 3,260 to 2,750 yrs ago may have contributed to the downfall of great empires 

(e.g. Assyrian Empire, Middle Egyptian Empire) of the Bronze Age (Perry and Hsu, 2000). 

Similarly the cooler climate that occurred during the time interval from 2,120 to 1,460 yrs ago 

may have caused the collapse of the Roman Empire and the Chinese Empire (Perry and Hsu, 

2000). The flourishing Maya World in the early 8th century disappeared in the period between 

1250 to 1080 yrs ago (Gill et al., 2007). Four episodes (at about 1250, 1200, 1150, and 1100 yrs 

ago) of severe droughts are blamed for the collapse of the Maya civilization from the Yucatan 

Peninsula (Gill et al., 2007). According to deMenocal (2001) late Holocene climate changes are 
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responsible for the collapse of the Akkadian (~ 4250 yrs ago), Classic Maya (~1200 yrs ago), 

Mochica (~1550 yrs ago) and Tiwanaku (~1050 yrs ago) empires. 

1.3. Ocean temperatures in the Atlantic Warm Pool 

The Atlantic warm pool (AWP), characterized by sea surface temperatures warmer than 28.5 

0C, is a large body of warm water encompassing the Gulf of Mexico, the Caribbean Sea, and the 

western tropical North Atlantic (Wang et al, 2008). A number of geochemical proxy records 

from corals, sclerosponges and foraminifera have been used to investigate the sea surface 

temperature in the region encompassed by the AWP (Richey et al., 2009). According to 

Nürnberg et al (2008), the Gulf of Mexico is an ideal place to explain the dynamic evolution of 

the AWP. In boreal summer Caribbean surface waters enter and heat up the entire Gulf building 

it a part of AWP (Ziegler et al, 2008). The size of the AWP in the summer affects precipitation 

and trade winds over the subtropical North Atlantic region (Dondars et al., 2009). During August 

to October, large AWP is associated with the increased precipitation in the Caribbean, Mexico 

and the southeast Pacific and decreased rainfall in the northwest USA and eastern South America. 

The large AWP also favors the Atlantic hurricane activity (Weng et al., 2006).  

 

2. Previous study 

Cave deposits, known as speleothems (e.g. stalagmites), are well-established archives of past 

temperature and precipitation variations. They are effective in hydroclimate research because 

they deposit continuously and can be precisely dated by U-Series dating methods. Speleothems 

capture the changes in the external environment preserving climate proxies such as growth rates, 

oxygen and carbon isotope compositions, annual band thickness and trace elements, among 

others. Constant temperature and high humidity levels inside caves also favors the stalagmites to 
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form under isotope equilibrium conditions (Denniston et al., 2000). Growth rates are typically 

determined by U/Th age models and used to identify wet vs. dry intervals (Ayliff et al., 1998). 

Oxygen isotope ratios (18O/16O) are often interpreted as variations in cave temperature and/or 

rainfall amounts (McDermott, 2004). Similarly, carbon isotope ratios are interpreted as changes 

in vegetation types (C3 vs. C4) (Dorale et al., 1998) and rainfall amount (Weiguo et al., 2005). In 

some cases carbonate deposits with annual bands help to identify rainfall amounts (Fleitmann et 

al., 2004). Therefore, cave deposits have the potential for archiving the past climate changes 

through these climate proxies. 

A number of previous studies have used pollen, tree rings, sediments and speleothems to 

reveal past terrestrial climate records in Southeast USA. Stahle et al. (2007) analyzed tree rings 

and concluded that the Southeast was wetter in A.D. 1864 while most other parts of USA 

witnessed severe droughts. Leigh and Webb (2006) determined radiocarbon ages of wood 

charcoals present in excavated undisturbed silt loam and measured past depositional rates of 

sediments at Southern Blue Ridge Mountains to reconstruct the past climate variability. Leigh 

and Webb (2006) opined that the first half of the Holocene was wetter than the later half (6000 

yrs to present) as the rates of sedimentation range from about 0.5-0.8 mm/yr from 11000 yrs until 

6000 yrs ago, in comparison with 0.1-0.2 mm/yr during the middle Holocene through late 

Holocene. Donders et al (2005) showed evidence of stepwise increase in wetland vegetation in 

the Southeast during past 5000 years on the basis of pollen analysis of peat deposits from 

southwest Florida. Lambert and Aharon (2004) analyzed stable isotopes of an aragonitic 

speleothem from DeSoto Caverns (Childersburg, AL), and showed evidence of changing land 

practices and increased air temperature at about 1850 AD. Based on pollen records in sediment 

cores from Chesapeake Bay, Willard et al (2003) suggested that the Southeast witnessed dry 

5



 

 

conditions in the time interval between ~200 BC and 300 AD. Willard et al. (2001) studied 

pollen assemblages in the Florida Everglades and concluded that MCA was drier in the Southeast 

in comparison with other parts of North America. Stahle and Cleaveland (1994) developed a 

1053-year reconstruction of spring rainfall (March – June) for the Southeastern USA based on 

tree- rings from North Carolina, South Carolina and Georgia and agreed with Willard et al. (2001) 

findings.  

It is widely accepted that climate variability on time scale of 104 to 105 years, leading to 

alternate glacial and interglacial conditions, is primarily caused by orbital forcing (McDermott, 

et al., 2001). The last 3,000 years has experienced climatic variations on multi-decadal to 

centennial scale which cannot be simply related to orbital forcing (Gallet et al., 2005) because 

orbital forcing is mainly associated with the long-term (millennial scale) climate changes. A 

number of studies (Shindell and Schmidt, 2003; Miller and Rind, 2001) have suggested that 

short-term climate changes may be linked to solar and/or volcanic variability but the linkages are 

poorly understood. This study addresses the causes of these short-term climate changes over the 

last 3000 years in the Southeast USA. 

 

3. Objectives of the Study 

• Reveal rainfall changes in Alabama during past 3000 years 

• Delineate major droughts in Alabama in the past 3 millennia 

• Investigate the link/s between climate variability and societal events 

• Document the relation between stalagmite fabrics and stable isotopic compositions 
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4. Study Area 

The study site is the DeSoto Caverns at an elevation of 170 m asl and located near 

Childersburg, AL at approximately 160 km east of Tuscaloosa (Fig. 2). The cave is capped by 

Ordovician-age dolomite. The main room is twelve stories high and larger than a football field. 

The stalagmite DSSG 5 is located in the center of the main chamber of the cave.  

 
 
Figure 2. Map of DeSoto Caverns with the location of the stalagmite DSSG 5 (modified from a 
map produced by Michael T. Liang and Allen W. Mathis III, 1976). 
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The thickness of the overlying bedrock at the stalagmite location is 10m. The cave contains all 

six common types of speleothems including stalactites, stalagmites, flowstones, soda straw, 

columns and draperies. Its central position in the Southeast is suitable for archiving a climate 

record representative of the region as a whole (Lambert and Aharon 2007). 

 

5. Methods  

A new coring technique rather than the traditional prizing was used to obtain the stalagmite 

sample. A vertical core along the stalagmite growth axis was acquired without causing 

permanent damage to the whole formation. Stalagmite core DSSG 5, which was retrieved in 

August 2008, is 75 cm long and 4 cm in diameter. In the laboratory the core was cut in half and 

after cleaning in the sonicator with deionized water one half was used for 230Th/234U dating and 

stable isotope analysis, and the other half was utilized to make thin sections for petrographic 

study. 

Eight thin sections were prepared in order to examine the carbonate fabrics under an optical 

microscope (Nikon SMZ800 microscope equipped with a Spot Insight QE Camera). Spot 

Advanced software was utilized to take photomicrographs and to measure the crystal sizes. 

Enlarged photographs of the thin sections were used to analyze the fabrics.  Petrographic studies 

indicate that the stalagmite DSSG 5 is mostly aragonite with significant secondary calcite in 

some places. Areas of recrystallization were avoided during samples collection for dating and 

isotope analysis because (i) replacement calcite might fail to preserve the isotopic signatures of 

the precursor mineral (Frisia et al., 2002), and (ii) loss of uranium during recrystallization of 

aragonite to secondary calcite are likely to make the 230Th/234U dates unreliable (Railsback et al., 
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2002). Some secondary calcite samples were drilled out to verify whether the stable isotope 

values are significantly affected during the aragonite-calcite transformation process.  

Samples with weights in the range of 60-100 µg were drilled for stable isotope analysis along 

the stalagmite growth axis using a computer-controlled micro-milling machine. Although the 

total core length is 75 cm, only samples from the upper 31 cm, covering the last three millennia, 

have been drilled out. Samples from the top 3.2 cm were drilled out at an interval of 100 µm and 

the rest were drilled out at an interval of 300 µm. U-Th dating reveals that the upper part of the 

stalagmite has slow growth rate in comparison with the lower part. So to acquire high-resolution 

data, top 3.2 cm of the stalagmite were drilled at an interval of 100 µm.  

Oxygen and carbon isotope measurements were performed on a modified Delta-plus CF-

IRMS. Samples were reacted with 100% phosphoric acid at 50 0C and the released CO2 was 

separated from other interfering gases in a GasBench II online with the mass spectrometer. 

Fifteen standards (NBS-19) were measured randomly with every eighty samples. Because 

standards are calcite, oxygen isotope values were corrected for aragonite mineralogy by – 0.34‰ 

at 50 °C according to Kim et al (2007). The isotope ratios are reported in the conventional delta 

(δ) notation in per mil (‰) relative to Vienna Pee Dee Belemnite (V-PDB). Samples for δ18O 

and δ13C analysis were also taken along two growth layers (an upper layer at 82 mm depth and a 

lower layer at 299 mm depth) to perform the Hendy tests. Kinetic fractionation, which is 

associated with incomplete and rapid reactions, may prevent the stalagmites from being 

deposited under equilibrium condition (Hendy, 1971). Conditions indicative of non-equilibrium 

during the deposition of stalagmites are (i) an increase in δ18O values with distance away from 

the growth axis; (ii) positive correlation between δ18O and δ13C; and (iii) δ18O and δ13C 
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covariation along the growth axis. Hendy tests need to be done to evaluate the kinetic 

fractionation in the stalagmite DSSG 5.  

According to Baker and Bradley (2009) the δ18O isotopic composition of stalagmites is a 

combined result of both rainfall and temperature. It is assumed that δ18Odripwater corresponds with 

δ18Orainfall and cave temperature represents annual mean temperature outside the cave. The δ13C 

compositions have been taken into account in order to single out the dominant factor responsible 

for δ18O values in the DSSG5 stalagmite. Temperature has little effect (~0.1‰ 0C-1) in the 

variability of carbon isotopic compositions (Genty et al., 2003) in comparison with much greater 

variation of oxygen isotopic composition (0.24‰ 0C-1) (Harmon et al., 1978).  

Power Spectral Analysis (PSA) was performed on the stalgmite isotope time series data using 

ARAND software written by Philip Howell 

(http://www.ncdc.noaa.gov/paleo/softlib/arand/arand.html). The relatively high temporal 

resolution (bi-annual resolution) of the δ18O and δ13C records of stalagmite DSSG 5 makes PSA 

viable enabling the identification of a wide range of periodic cycles in the time-series data. 

 

6. Results  

6.1. U-Th dating  

Eleven carbonate powder samples with weights in the range of 35-40 mg were acquired from 

unaltered aragonite for U/Th dating. 230Th/234U dating of the samples was performed at the 

University of Melbourne, Australia, by Dr. John Hellstrom using a Nu multicollector inductively 

coupled plasma mass spectrometer (Hellstrom 2003). Ages are reported with analytical errors of 

2σ of the mean. 

10



 

 

Results of the 230Th/234U dating are listed in Table 1. The samples show higher Uranium 

concentration (0.7 to 3.9 ppm) than typical values for calcite speleothems (≤ 0.5 ppm).  

Table 1 U-Th analytical data for the upper 319 mm of stalagmite DSSG-5 (Absolute Ages 

relative to 2008) 

Sample 
Code 

      DBT 
(mm) 

[U] 
ppm 

[U] 
± 2σ  

U/Th 
Age  

(cal_ka) 

U/Th 
±2σ   

DSSG5-1      56 3.147 0.012 1.363 0.028 
DSSG5-2      163 1.866 0.008 2.355 0.049 
DSSG5-3      269 3.960 0.017 2.987 0.028 
DSSG5-4      319 2.912 0.011 3.272 0.048 
DSSG5-12      34 0.719 0.005 0.871 0.057 
DSSG5-13      76 1.645 0.014 1.555 0.029 
DSSG5-14      85 2.605 0.020 1.641 0.021 
DSSG5-15      98 2.244 0.017 1.724 0.024 
DSSG5-16      115 1.048 0.008 2.066 0.067 
DSSG5-17      143 1.694 0.015 2.208 0.033 
DSSG5-18      241 3.733 0.037 2.737 0.047 

 

In aragonite Ca2+ is surrounded by nine oxygens rather than six in calcite. The resulting 

lattice expansion sites in aragonite allow cations larger than Ca2+, such as UO2
+2, Sr+2 and Ba+2, 

to replace for Ca2+ at significant levels (Railsback, 2000). The favorable accommodation of 

UO2
+2 in aragonite increases Uranium concentration thus improving the reliability of the 

radiometric dating. The age-depth profile reveals that the oldest age in the studied section of 

stalagmite DSSG 5 is 3272± 48 years at 319 mm whereas youngest age is 871± 57 years at 34 

mm depth below top (DBT). The ages depict significant variations in the growth of stalagmite 

over time (Fig 3). The stalagmite grew fast, with average growth rate of 149 µm /yr, prior to 

1400 years except the slow growth rate of 50 µm /yr in between 1700 to 2000 years. The 

stalagmite has been growing slow with an average growth rate of 42µm/yr in the last1400 years.  
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Figure 3. U-Th age versus distance below stalagmite DSSG5 top (DBT). Numbers represent the 
changing growth rates between dated intervals.  
 

6.2. Petrography 

Detailed petrographic studies of speleothems are important in order to recognize and quantify 

diagenetic phenomena (Frisia and Wenk, 1994). In-depth analysis of mineral content and the 

textural relationships are useful to understand the aragonite-calcite transformation process within 

the samples. Thin section studies at the different locations of the core DSSG 5 reveal that the 

stalagmite was subjected to digenetic processes over time.  
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6.2.1. Calcite fabrics 

Although most of the stalagmite is aragonitic, substantial secondary calcite has been 

observed at 3.5 mm and 188 mm DBT (Fig. 4). Detailed fabric studies of the stalagmite reveal 

noteworthy variations in aragonite and calcite crystals morphology (Fig. 5). Significantly, five 

calcite fabrics have been recognized in the stalagmite: microsparitic, spar, columnar, palisade, 

and equant. Calcite at 3 to 6.5 mm DBT is microsparitic in transmitted light and columnar in 

polarized light (Fig. 6A and 6B). The average length of the columnar calcite is 2052 ± 352 µm 

and width is 262 ± 85 µm (Fig 5). Few secondary spar calcite crystals interspersed with relics of 

aragonite are also visible at 50 mm from the top (Fig. 6E and 6F). Both palisade and spar calcite 

are noticed from 188 to 270 mm from the top (Fig. 6I and 6J). The layer at 219 mm from the top 

separates spar calcite (below) from palisade calcite (above) (Fig. 5). The average length of 

palisade calcite is 3492 ± 1551 µm and width is 317 ± 104 µm. Partially recrystallized aragonite 

into microcrystalline calcite in the highly porous area is also observed. Figure 6G exhibits a 

partially recrystallized aragonite around large pores.  
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Figure 4. Upper section of DSSG5 showing the thin sections (A–H) and photomicrographs (1-
14) position on the core. Calcite intervals are shown in green. 
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Figure 5. Stalagmite DSSG5 showing variations in calcite and aragonite fabrics. The upper 
section (0 to 100 mm from the top) consists mostly of irregular massive aragonite bundles with 
minor calcite crystals and intercrystalline macropores. Calcite fabrics are mostly microsparitic, 
spar and columnar. Dash line at 219 mm from the top separates palisade calcite (above) from 
equant/spar calcite (below). Dense regular aragonite with few intercrystalline voids is developed 
at 270mm from the top.   
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6.2.2. Recrystallization of Aragonite into calcite 

Folk and Assereto (1976) proposed four petrographic criteria to identify recrystallized calcite 

in speleothems: (a) terminations of original crystals are quadratic or feathery; (b) sharp contrast 

between the preserved external form of the original crystal and randomly oriented secondary 

calcite crystals that now comprises them; (c) needle-like inclusions of surviving aragonite within 

the equant calcite, and (d) extensive dissolution that occurred in the less stable aragonite layer. 

The aragonite-calcite transformations documented in the DSSG5 core exhibit all four 

petrographic features recognized by Folk and Assereto (1976). For example, Figure 6C shows 

quadratic terminations of aragonite crystals with secondary calcite enclosed within the 

surrounding primary aragonite. Figure 6D depicts calcite mosaics with ghosts of aragonite 

needles. Relics of aragonite bundles interspersed with calcite crystals are shown in Figures 6E 

and 6J. Similarly Figure 6H exhibits the external morphology of a precursor aragonite that was 

preserved by the recrystallized calcite.  

6.2.3. Aragonite fabrics 

The aragonites in the stalagmite have generally a vertical orientation that fan upwards and are 

normal to the growth surface. This particular arrangement of aragonite is described as a fibrous 

fabric in which adjacent crystals have the same crystallographic orientation under optical 

microscope (Bertaux et.al, 2002). The coalescence and size of the aragonite bundles in the core 

varies over time. Figure 7 depicts the successive variations in aragonite bundles from bottom to 

the core top. At the base (270-320 mm from the top) the coalescence of aragonites form a 

densely packed fabric 
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Figure 6. Recrystallization of aragonite into calcite. (A) Photomicrograph taken in transmitted 
light from thin section A, location no. (Ln) 1 (see Fig. 4) depicts (a) microsparitic calcite and (b) 
aragonite bundle. (B) Same thin section photograph in polarized light showing columnar calcite 
(a). (C) Photomicrograph taken under polarized light from thin section E, Ln 12 exhibits (a) 
secondary calcite enclosed within the primary aragonite (Ar) (arrow) and (b) quadratic 
termination of original crystal (arrow). (D) Photomicrograph taken under transmitted light from 
thin section A, Ln 2 shows (a) relic aragonite surrounded by microsparitic calcite. (E) 
Photomicrograph in transmitted light from thin section C, Ln 5 depicts (a) relict aragonite bundles, 
and (b) spar calcite. (F) Same thin section photograph under polarized light showing 
intercrystalline black area representing voids. (G) Photomicrograph taken under polarized light 
from thin section C, Ln 7 depicts partially recrystallized aragonite into microcrystalline calcite (a). 
Dark area denotes intercrystalline dissolution voids. (H) Photomicrograph taken in transmitted 
light from thin section C, Ln 6 shows preserved morphology of original aragonite bundles by 
secondary calcite (a). (I) Photomicrograph taken in transmitted light from thin section G, Ln 10 
depicts a irregular boundary between palisade calcite (a) and aragonite (b). (J) Photomicrograph 
taken under polarized light from thin section H, Ln 11 exhibits dense aragonite bundles (a) and 
spar calcite (b).  
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with regular voids between the crystals  and small (average length and width are 814 ± 131 µm 

and 250 ± 68 µm, respectively), regular and densely packed crystals (Fig. 7C). At 80 to 170 mm 

from the top (middle section of the core) irregular aragonite bundles separated by intercrystalline 

macropores are common (Fig. 7B). The average length and width of individual aragonites are 

1367 ± 342 µm and 367 ± 108 µm, respectively. At the upper part (0 – 70 mm from the top) 

randomly oriented massive irregular aragonite bundles (length 2349 ± 522 µm, width 591 ± 182 

µm) and large intercrystalline dissolution voids are common (Fig. 7A). In the highly porous 

sections the stalagmite has shorter and wider aragonite bundles than that of denser sections 

because dissolution voids have partially destroyed the original fabric (Frisia et al, 2002). 

6.2.4. Black laminations 

Dark-gray to black layers with thickness varying from 0.5 mm to 13mm occur in the upper 115 

mm of the core. Three prominent black layers have been observed at 12 mm, 45 mm and 101 

mm from the top, which are 1 mm, 0.5 mm and 13 mm thick respectively. A clear dissolution 

feature occurs in aragonite along the upper black layer (Fig. 8A). An erosional unconformity is 

observed at 28 mm from the top that separates high-density regular aragonite (below) from more 

porous, randomly oriented, irregular aragonite (above) (Fig. 8B). A photomicrograph taken from 

the thick (13mm) black band shows the irregular shape of several laminae cutting across large 

aragonite bundles. Post deformation, which interrupts these laminae growth and destroys original 

aragonite fabric, is noticeable (Fig. 8C). Randomly oriented, irregular, aragonite bundles along 

the black band are depicted in Figure 8D.  
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Figure 7. Successive variations of aragonite bundles from bottom (C) to the top of the core (A). 
(A) Photomicrograph taken under polarized light from thin section B, Ln 13A. (B) 
Photomicrograph taken under polarized light from thin section F, Ln 13B (C) Photomicrograph 
taken under Photomicrograph taken under transmitted light from thin section E, Ln 13C. 
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Figure 8. Unconformities and deformations present in the stalagmite. (A) Photomicrograph taken 
under transmitted light from thin section A, Ln 3 (see Fig. 4) depicts dissolution (a) and 
precipitation features along a black layer (b). (B) Photomicrograph taken in polarized light from 
thin section B, Ln 4 showing an unconformity (arrow) that separates dense regular aragonite 
bundles (b) from more porous irregular aragonite bundles (a). (C) Photomicrograph taken under 
transmitted light from thin section D, Ln 9 exhibits irregular shape of dark colored lamina 
cutting across the massive aragonite bundle (arrow at a) and post deformation feature (b). (D) 
Photomicrograph taken under polarized light from thin section D, Ln 8 shows highly porous 
irregular aragonite bundles occurring in a black band. 
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 6.3. Stable Isotopes 
 
6.3.1. Oxygen and carbon isotope time series 

 
 
Figure 9. Stable isotope profiles of the stalagmite DSSG 5. 
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Figure 10. Age model of the stable isotope records of the stalagmite DSSG 5. Age model is 
developed using the Ager program of the Arand software written by Philip Howell 
(http://www.ncdc.noaa.gov/paleo/softlib/arand/arand.html).  
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Figs 9 and 10 exhibit the plots of the isotopic compositions of the stalagmite DSSG 5 against 

DBT and Age respectively (appendix). Oxygen and carbon isotope records show good 

correspondence with each other for entire studied section of the stalagmite except for the first 

800 years (Fig. 10). In the past 3000 years, the entire profile of δ18O in the stalagmite DSSG 5 

ranges from  –2.5 ‰ to -5 ‰, with the highest value occurring at ~1950 years and lowest at ~70 

years. Similarly, the profile of δ13C vary from -2 ‰ to –10 ‰, with the highest value at ~ 800 

years and lowest at ~150 years. In general, both the δ18O and δ13C records vary significantly 

after 1400 years than before. The δ13C record fluctuates with higher amplitudes than δ18O record 

in the time interval between 100 to 600 years. Although δ13C shows higher amplitude at ~ 376 

years, there is no significant variation in oxygen isotope record. Major negative peaks of δ18O 

and δ13C can be noticed at around 3200, 2950, 2450, 1650, 1200, 700, and 70 years whereas 

positive peaks can be observed at 3100, 2800, 1900, 1450, 800 and 400 years. 

 

7. Discussion 

7.1. Evaluation of the DSSG 5 isotope time series fidelity 

 Stable isotopic composition of the stalagmites can be affected by internal (such as, kinetic 

fractionation of drip waters, fabric structures) as well as external factors (such as, North Atlantic 

Oscillations, Bermuda High).  

7.1.1. Internal factors  

Internal factors that influence the oxygen and carbon records of the stalagmites include (a) 

kinetic fractionation between water and carbonate, (b) fabrics and unconformities contained in 

the stalagmite, and (c) mineral transformation. 

(a) Kinetic fractionation between water and carbonate 
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Figure 11. δ18O and δ13C values with distance from the central axis of the core along two growth 
layers, which are at 82 mm (A) and 299 mm (C) from the top of the stalagmite. Note the absence of a 
relationship between δ18O and δ13C (B and D).  
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As already mentioned above, kinetic fractionation between water and carbonate may inhibit 

the primary climate signal from being recorded in the stalagmites, assessment of the degree of 

isotopic equilibrium is necessary to prevent the wrong interpretation of stalagmite δ18O and δ13C 

as paleoclimate records. To assess kinetic fractionation in the stalagmites, it has been suggested 

to analyze δ18O and δ13C both from single growth layer and along the growth axis, which is 

popularly known as Hendy tests (Hendy, 1971). We performed Hendy tests to ensure whether the 

stalagmite DSSG 5 deposited under the equilibrium condition. We tested two growth horizons, 

which are at 82 mm and 299 mm from the top of the stalagmite. Results of the Hendy tests are 

shown in Figure 11. There is no significant correlation between δ18O and δ13C, which conforms 

that the stalagmite was deposited under equilibrium condition. 

We performed another test to obtain predicted δ18O for the stalagmite DSSG 5 value using 

the following equation modified from Kim et al. (2007) where the cave temperature is 17.2 °C 

and average oxygen isotope composition of the drip waters is -4.9 ‰ (V-SMOW) (Lambert and 

Aharon, 2010). 

) 

Predicted DSSG 5 δ18O value using above equation is -5.1‰, which is close to the lowest 

δ18O value (-5‰) we measured in the stalagmite. It also conforms the ratability of the oxygen 

isotope record of the Desoto stalagmite DSSG 5.  

(b) Stalagmite fabric features 

The δ18O and δ13C values are inconsistent and highly fluctuated during the first 1400 years. 

Under the optical microscope the stalagmite is highly porous with massive aragonite bundles in 

this period (Fig. 12). Some of the fabric features contained in the stalagmite are ascribed to 

acquire short-term high fluctuations in the stable isotope values during the first 1400 years. The 

26



 

 

 
Figure 12. Carbon and oxygen isotope profiles of the DeSoto stalagmite DSSG5 graphed 
along a record of stalagmite fabrics. The high amplitude δ13C excursion at ~400 years 
corresponds with dissolution feature (A) .The high amplitude δ18O and δ13C excursions 
around 800 years is associated with an erosional unconformity (B). A prominent black band is 
marked at C and a boundary between palisade (upper) and spar (lower) calcite is marked at D. 
Blue ovals represent isotope values of secondary calcite. 
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carbon isotope record of high amplitude of –3.3 ‰ around 376 years is attributed to the 

dissolution of aragonite along the black layer at ~15 mm from the top of the stalagmite (figs 10, 

8A). There is no significant variation in oxygen isotope record owing to this dissolution feature. 

Another big leap of δ18O values, from –4.6 ‰ to –2.3 ‰ and δ13C values, from –9 ‰ to –2.8 ‰ 

in between ~742 to ~ 809 years is ascribed to an unconformity that can be noticed at about 29 

mm from the top of the stalagmite (fig 10). This 67 years depositional gap might be owing to the 

severe drought prior to the Little Ice Age.  Despite these characteristics, the high jump of δ18O  

(from –3.9 ‰ to –3.1 ‰) and δ13C (from –8.8 ‰ to –3.7 ‰) values around 586 years is assigned 

to the breakage of the slab at ~ 23 mm from the top. However, the δ18O and δ13C values are more 

consistent and less fluctuated during the time interval between 1400 to 3200 years in comparison 

with the first 1400 years. The stalagmite is less porous with high coalescence of aragonite 

bundles during this time interval (fig 12). 

(c) Aragonite-calcite transformation 

Samples were drilled from the secondary calcite for the stable isotope analysis at 200 mm from 

the top of the stalagmite. Initial results reveal that δ18O and δ13C values of secondary calcite 

fabrics are more negative relative to original aragonite and also vary according to their crystal 

habits. The oxygen isotope values for all secondary calcite fabrics average 0.57‰ lower than the 

δ18O of the original aragonite. The carbon isotope values of palisade and columnar calcite are 1.8 

‰ lower than the unaltered aragonite whereas δ13C values of spar/equant calcite and primary 

aragonite are similar.  
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7.1.2 External factors 

The stalagmite DSSG 5 shows good correspondence between δ18O and δ13C profiles (fig 10). 

This type of correlation between carbon isotopic composition and oxygen isotopic composition 

can be expected if (a) there is non-equilibrium condition (kinetic fractionation) during the 

deposition of stalagmite and (b) the stable isotopes carry the same climate regime. Because the 

stalagmite has been deposited under the equilibrium condition, the robust combination between 

δ18O and δ13C profiles suggests that the same climate regime has dominated above the cave 

during the past 3000 years. External Earth climatic factors that can affect stable isotope values of 

the stalagmite DSSG 5 include North Atlantic Oscillation, El Niño-Southern Oscillation, 

Bermuda High (BH), and Atlantic Meridional Overturning Circulation. 

 According to Hurrell and Vanloon (1997), variations in temperatures and precipitation over 

the Southeast USA are related to the changes in the NAO. Similarly, on the basis of the tree ring 

records, Briffia (2000) suggested that warm climate in the Southeast USA is associated with the 

high positive NAO. The strong pressure gradient between Iceland and the Azores, which 

enhanced westerly flow into Western Europe, is associated with the warmth over northwest 

Europe and Southeast USA. Enhanced ENSO activity during late Holocene probably played an 

important role for climate variability in the Southeast USA (Kiladis and Diaz, 1989). El Niño 

brings above average rainfall during winter and early spring in the Southeast whereas La Niña is 

responsible for the dry winter/early spring in the Southeast USA.  

The BH, which is located over the northeast Atlantic Ocean, affects the rainfall variability in the 

Southeast (Stahle and cleaveland, 1992). Summer/early fall rainfall in Alabama is controlled by 

the east-west position of the BH. Westward movement of the BH from its normal location brings 

more Summer/early fall precipitation in the Southeast USA. The similarities between 
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Figure 13. A) Summer North Atlantic Oscillation (SNAO) Index (Folland et al., 2009) compared 
with summer (July and August) precipitation from Alabama from 1895 to 2009. Data are 
smoothed using low pass filter where ∆t =5 years, and frequency of 1/2*∆t=0.1. B) Cross-
spectral analysis of the Alabama summer precipitation versus SNAO. At 80 % confidence 
interval level, 14, 5 and 2 years periods are common in both records.  
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B 
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Alabama summer (July and August) precipitation record to the SNAO Index (Folland et al., 2009) 

(fig 13A) indicates that the BH plays significant role to enhance moisture transport from the Gulf 

of Mexico to Alabama during summer. The cross-spectral analysis (fig 13B) of these two records 

shows three common peaks of 14, 5 and 2 years periods at 80% confidence level, which further 

conforms the similarities between them.  According to B. Hardt et al., (2010), the SNAO which 

is characterized by higher sea-level pressure in the subtropical North Atlantic, consistent with an 

enhanced BH. According to Lambert and Aharon (2010), the Gulf of Mexico is a dominant 

source of moisture in the study area. DeSoto caverns capture the north-tracking moisture from 

tropical maritime air masses that originate over the Gulf of Mexico. Generally, convection style 

thunderstorm, which brings rainfall during the summer, is linked to the BH and winter 

precipitation is related to the jet streams. 

7.2. Environmental interpretation of the stable oxygen isotope signal 

Hendy Test clearly shows that the stalagmite was deposited in the equilibrium condition (Fig 

9). Under isotopic equilibrium condition, the δ18O values of a speleothem carbonate are related 

to two variables (Hendy, 1971): (i) cave temperature, and (ii) δ18O value of the drip water. Since 

the cave has the constant temperature of 17.20C, we assume that cave temperature represents 

annual mean temperature outside the cave. Although stalagmite carbonate deposited in the lower 

temperatures demonstrate positive in δ18O, the temperatures have less significance in the 

variation of oxygen isotopic composition because of the limited carbonate/ water fractionation of 

oxygen isotopes with temperature (-0.23‰ per 0C, Friedman & O’Neil, 1977) and due to the 

featureless temperature fluctuation (in between 0 to 0.50C) during the Late Holocene (Korhola et 
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al., 2002). The δ18O values of stalagmite DSSG 5, which exhibit large amplitude variation (upto 

-2.5‰), therefore correspond with oxygen isotopic composition of the precipitation. 

In general it is believed that dripwaters carry the same δ18O value as that of the precipitating 

water but rapid degassing within the cap rock vedose zone and within the cave must be taken 

into account prior to interpretation of the oxygen isotope signal. In the summer, due to the high 

evapotranspiration, cap rock vedose zone is unlikely in the saturated condition thus favoring 

rapid degassing, which subsequently elevates δ18O values prior to reach into the opening of the 

cave. In the winter, the scenario is just the opposite. Since the ceiling is several meters (~36 m) 

above the tip of the stalagmite DSSG 5, the possibility of rapid degassing in dripwaters prior to 

reach to the top of the stalagmite cannot be ruled out.  

7.3. Environmental interpretation of the stable carbon isotope signal  

Carbon in speleothem carbonates is derived from two primary sources: (i) dissolution of 

carbonate bedrock, and (ii) soil-CO2 produced by plant-roots respiration and microbial soil 

organic-matter decomposition (Hendy, 1971). The carbon isotope variations in the stalagmite 

often reflect the changes in vegetation type above the cave, abundance of soil-CO2, degree of 

degassing of the fluids and amount of rainfall above the cave. The difference in carbon isotope 

fractionation during photosynthesis in C3 and C4 plants results in their different δ13C values. The 

δ13C values obtained from the stalagmite of DeSoto caverns are unlikely to be controlled by 

vegetation types. According to Delcourt (1980), southern Alabama has been dominated by 

warm-temperate broad-leaved forest, with C3vegatation during the past several thousand years. 

The δ13C signal in the DeSoto caverns stalagmites therefore mainly reflects the soil-zone 

conditions, i.e. its moisture and temperature variations. Drier conditions hinder the vegetation 

growth above the cave, which consequently inhibits the CO2 production in the soil and in any 
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percolating water. Under this situation, δ13C values of dripwaters reflect the carbon isotopic 

composition of the overlying carbonate bedrock, thus increasing the δ13C values of stalagmite. In 

contrast, under the wetter conditions, soil-CO2 production accelerates following the high 

vegetation growth above the cave. As a result, δ13C values of dripwaters reflect the carbon 

isotopic composition of coming from the vegetation rather than bedrock, thus decreasing the 

δ13C values of stalagmite. Under drier conditions, degassing of CO2 in fluids prior to getting into 

the cave can cause the solution to be enriched in δ13C. Sufficiently rapid infiltration also inhibits 

the solution from being in isotope equilibrium with soil gas or carbonate bedrock. If outgassing 

of CO2 in the cave is extremely rapid, kinetic fractionation effects can cause isotope 

disequilibrium between HCO3 - and CO2 (aq), thus increasing δ13C values (Denniston et al, 2000). 

Another important factor for variability of carbon isotopic composition in stalagmites is 

precipitation amount above the cave. Weiguo et al., (2005) plotted the δ13C values for C3 plants 

against mean annual precipitation and concluded that there is a significant negative correlation 

between the plant δ13C and precipitation amount. Therefore, the carbon isotopic composition of 

soil- CO2 produced from plants depends upon variations in rainfall amount and consequently 

affects the δ13C values of speleothems. Accordingly, higher values of δ13C of DeSoto caverns 

stalagmites reflect the drier condition whereas lower values of δ13C reflect the wetter condition. 

7.4. Hydroclimate record in the DeSoto stalagmite DSSG 5  

The high-resolution δ18O and δ13C records suggest that the Southeast USA witnessed century 

to sub-millennial scale climate variability in the past three millennia. Relatively higher values of 

δ18O and δ13C depict drier conditions before 1400 years ago, whereas lower values indicate 

wetter conditions after 1400 years. During the past three thousand years, the stable isotope 

records of the stalagmite DSSG 5 document wetter periods at ~2950, 2450, 1675, 1200, 700 and 
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70 years, as denoted by depleted values. Similarly, drier periods at ~ 3100, 2800, 1900, 1500, 

800 and 300 years are documented by elevated δ18O and δ13C values. 

The isotope records in the time interval between 2600–3200 years indicate that there were 

two intervals (2600–2900, and 3000–3200 years) of drier conditions and a wetter period (2900–

3000 years). Since the climate was dominated by the drier conditions, this time interval agrees 

with the Centuries of Darkness (Perry and Hsu, 2000). The significant negative δ18O and δ13C 

values in the time interval between 2300 to 2600 years document the wetter conditions. During 

this period, climate in Europe and North America was notably warm (Lamb 1995). The 

following period, ~2200- 1800 years was apparently drier at DeSoto Caverns, as implied by 

increased δ18O and δ13C values. Willard et al (2003) also suggested that the Southeast USA was 

drier during this time interval. 

 The depleted δ18O and δ13C values in the time interval between 1800 to 1550 years record 

the wetter conditions in the Southeast USA. This chronology of the warm phase is 

contemporaneous with the RWP, defined by Ritchter et al (2009). The Southeast was drier in the 

time interval between ~1550 to 1390 years, as demonstrated by elevated δ18O and δ13C values. 

This time interval coincides with the Dark Ages defined by Lamb (1995), during which the 

climate in Northwest Europe was deteriorated. Greenland and Antarctic ice cores indicate a 

substantial and extensive atmospheric acidic dust veil at ~1462 years, the middle of the Dark 

Ages (Larsen et al., 2008). This was likely produced by a large explosive, near equatorial 

volcanic eruption, causing widespread dimming and cooling across much of the Northern 

Hemisphere (Larsen et al., 2008).  The positive stable isotope values of the stalagmite document 

this widespread dust veil. Our high-resolution stable isotope records demonstrate that the Dark 

Ages completely terminated at ~1385. The highly depleted δ18O and δ13C values in the time 
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interval between 1385 to 900 years indicate the wetter conditions in the Southeast USA. The 

chronology of this warm phase corresponds with the MCA, defined by Richter et al (2009). 

However, it does not entirely coincide with the MCA, defined by Willard et al (2001). On the 

basis of pollen records from the Southeast USA, Willard et al. (2001) suggested that the MCA 

spans between 1200 to 800 years. According to Stahle and Cleaveland (1994), the Southeast 

USA was drier than average during MCA. However, significantly lower δ18O and δ13C values of 

the stalagmite DSSG 5 demonstrate the increased precipitation in the Southeast USA during 

MCA.  

The period between 160 to 900 years is characterized by elevated δ18O and δ13C values 

documenting general drier conditions during LIA. In contrast, the depleted oxygen isotope values  

~ 700 years suggest a warm spell within the LIA. Stahle and Cleaveland, (1994) reported the 

extensive cold episode during the early 17th century and a prolonged dry episode during mid -18th 

in the Southeast USA. These cold and dry episodes are recorded in the DeSoto stalagmite by 

positive stable isotope values. According to Bradley and Jones (1995), there is significant 

regional variation in the timing of the LIA.  

The highly depleted δ18O values centered at 70 years indicate that the Southeast USA today is 

warm and wet. These significantly lower oxygen isotope values after 160 years may reflect the 

post-LIA recovery and, possibly (late) 20th century anthropogenic warming (Richter et al. 2009). 

According to Overpeck et al (1997), from the mid -19th to the mid -20th century, the Northern 

Hemisphere warmed to the highest temperatures in four centuries. 

As discussed above, the high temporal resolution stable isotope records of the Desoto 

stalagmite DSSG 5 documents major climatic events such as LIA, MCA, Dark Ages and RWP in 

the Southeast USA. However, there are still controversies regarding the causal factors of those 
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events. Crowley (2000) opined that the thermohaline circulation to caused climate variability 

over the past 1000 years. Lamb (1977) has mentioned the strong volcanic activities as the reason 

behind the LIA in his book “Climate:  Past, Present and Future”. Polissar et al (2006), studied 

lake sediments in the Venezuelan Andes and showed a good correlation between solar activity 

minima and four glacial advancements that occurred during LIA. Recently published papers 

reported that the major climatic events such as LIA, MCA and RWP are related to the changes in 

the North Atlantic Oscillation (NAO) (Trouet et al., 2009, Richter et al., 2009).   

 

8. Comparison with other records  

Figure 14 compares the high-resolution δ18O record with the Globigerinoides ruber δ18O record 

from the Bermuda Rise and sea surface temperature (SST) of the Sargasso Sea (Keigwin et al. 

1996). Oxygen isotopic variations of G. ruber represent the SST and salinity variations in the 

Sargasso Sea. Increased δ18O values confer the cooling climate and decreased δ18O values 

suggest the warming climate (Keigwin et al., 1996). Drier conditions suggested by elevated δ18O 

values of the stalagmite DSSG 5 generally correlate with higher G. ruber δ18O values and lower 

SST. Similarly wetter conditions demonstrated by negative δ18O values of the stalagmite pertain 

to negative G. ruber δ18O values and higher SST. The variations in the SST in the Sargasso Sea 

are associated with minima in the NAO, strong westerlies at lower middle latitudes, and 

southwestward movement of storm centers in the North Atlantic (Keigwin et al., 1996). 

Therefore, positive correlation of our record with G. ruber δ18O and negative relation with SST 

in the Sargasso Sea indicates that the changes in moisture availability at DeSoto Caverns are 

probably related to the changes in sea surface temperature in the North Atlantic.  
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Figure 14. Comparison of the DeSoto stalagmite (DSSG5) oxygen isotope record (A) with 
bootstrapped Globigerinoides ruber δ18O record from the Bermuda Rise (B) and Sea surface 
temperature (SST) of the Sargasso Sea (C) (Keigwin, 1996).  
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Figure 15. Comparison of 14C production record (Stuiver et al., 1998) and δ18O of the DeSoto 
stalagmite DSSG5 for last 3200 years. Smooth program of Arand software is used to smooth the data. 
Both records are smoothed using low pass filter where ∆t (time interval) =5 years, filter weights = 50, 
frequency of ½ *∆t = 0.03.  
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Many studies have revealed the relationship between NAO fluctuations and solar variability 

(Boberg and Lundstedt 2002; Kirov and Georgieva 2002; Gimeno et al., 2003; Cook at al 1997; 

Bond et al., 2001). The NAO and the Northern Hemisphere surface temperature are dependent 

on solar activity, being positive for high solar activity and not significant for low solar activity 

(Gimeno et al., 2003). According to Kirov and Georgieva (2002), NAO index decreases in 

secular solar maximum and increases in the secular solar minimum. Cook et al (1998), revealed 

the oscillations with periods of 24, 8 and 2.1 years for the NAO. In order to test whether δ18O 

record of the stalagmite DSSG5 documents the solar variability as a principal forcing climate 

factor, we compare our oxygen isotope record with atmospheric ∆14C production record (Stuiver 

et al., 1998) (Fig. 15). The 14C concentration in the atmosphere is directly related to the solar 

activity. According to Geel et al (1999), the production of 14C in the atmosphere has inverse 

relationship with solar activity. When solar activity is high, the strong solar wind sweeps cosmic 

rays and thus reducing the production of 14C. But oppositely low solar activity lets more cosmic 

rays enter into the atmosphere and produce more 14C. Similarly the δ18O has inverse relationship 

with solar activity (Stuiver et al, 1995). Figure 15 depicts the good correlation between δ18O and 

∆14C record, which suggests that climate variations documented in the DeSoto stalagmite are 

related to the solar variability.        

Spectral analysis was performed on the oxygen isotope time-series of the stalagmite DSSG 5. 

The results (Fig. 15) show significant (95 % confidence level) periodic cycles at 24 and 36 years. 

Spectral peak with period at year 862 year is also apparent. The periodic oscillations at 24 and 36 

years are also evident in the 14C production record (Stuiver et al., 1998) (Fig 16). The periodicity 

in the14C production record is a proxy for solar variations. Therefore, this robust correlation of 

periodic cycles between δ18O and14C records strongly suggests that the stalagmite DSSG 5 has  
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Figure 16. Spectral analysis of δ18O time series in DSSG5 (A) and ∆14C record (B) (14C data 
from Stuiver et al., 1998). Statistically significant periodicities of 36 and 24 years are common in 
both records. (where LOG RPSD is the ratio of power spectral density in logarithmic scale and f 
is frequency). 
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recorded the variability in solar output. The periodicity of 24 years of our data is consistent with 

the 24-year NAO oscillation, suggesting that the North Atlantic climate system might be a cause 

of changes in precipitation in the Southeast USA. Our high-resolution stable isotope records of 

the DeSoto stalagmite documents the climatic changes in the Southeast USA that are influenced 

by the NAO and solar activity. 

 
Conclusions 

(1) Petrographic study reveals that the aragonite – calcite transformations have occurred in the 

stalagmite DSSG 5. 

(2) Unconformity, which represents 67 years depositional gap during the period between ~742 

and 809 years have been noticed in the stalagmite. 

(3) Major climatic events such as LIA, MWP, RWP and Dark Ages have been documented in the 

core. 

(4) The biannually resolved δ18O record agrees well with the contemporaneous SST record from 

the Sargasso Sea cores suggesting that changes in moisture availability in the Southeast are 

likely linked to subtropical North Atlantic SST variability. 

(5) Power spectra analysis of the stalagmite-based oxygen isotope record reveals statistically 

significant periodicities at 24±1 and 36±1 year that are consistent with those observed in the 

contemporaneous atmospheric 14C production record.  

(6) On the basis of our analysis we propose that the hydroclimate in the Southeast USA over the 

last three millennia was intimately linked to NAO variability powered by solar activity 

fluctuations. 
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Stalagmite δ18O and δ13C geochemical data 

DBT (mm) of   
δ18O and δ13C 

profiles 

Chronology of 
δ18O and δ13C   

profiles 
(r.t. 2008 A.D.) 

δ13C 
(‰ V-PDB) 

δ18O 
(‰ V-PDB) 

0 0 -9.1 -4.1 
0.1 2.6 -9.3 -4.4 
0.2 5.1 -9.8 -4.5 
0.3 7.7 -8.4 -4.2 
0.5 12.8 -9 -4.3 
0.6 15.4 -9 -4.4 
0.7 17.9 -8.8 -4.6 
0.8 20.5 -8.5 -4.5 
0.9 23 -7.7 -4.3 
1 25.6 -7.8 -4.4 

1.1 28.1 -7.9 -4.4 
1.2 30.7 -9.4 -4.8 
1.4 35.8 -8.4 -4.7 
1.5 38.4 -9.2 -5 
1.6 40.9 -9.4 -4.8 
1.7 43.5 -9 -4.7 
1.8 46.1 -9.2 -4.8 
1.9 48.6 -9.3 -4.2 
2 51.2 -9.2 -4.9 

2.1 53.7 -9.4 -4.7 
2.3 58.9 -9.3 -4.8 
2.4 61.4 -9.4 -4.6 
2.5 64 -9.3 -4.7 
2.6 66.5 -8.8 -5.1 
2.7 69.1 -8.3 -4.5 
2.8 71.6 -9.3 -4.8 
2.9 74.2 -8.9 -4.6 
3 76.8 -9.1 -4.8 

3.2 81.9 -9.5 -4.9 
3.3 84.4 -10.3 -5 
3.4 87 -10.6 -5 
3.5 89.6 -10.8 -4.2 
3.6 92.1 -10.5 -3.9 
3.7 94.7 -10.5 -3.6 
3.8 97.2 -10.6 -3.6 
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Stalagmite δ18O and δ13C geochemical data 

DBT (mm) of   
δ18O and δ13C 

profiles 

Chronology of 
δ18O and δ13C   

profiles 
(r.t. 2008 A.D.) 

δ13C 
(‰ V-PDB) 

δ18O 
(‰ V-PDB) 

4 102.4 -10.7 -3.7 
4.1 104.9 -10.7 -3.6 
4.2 107.5 -10.7 -3.2 
4.3 110 -10.8 -3.6 
4.4 112.6 -10.9 -3.6 
4.5 115.1 -10.9 -3.4 
4.6 117.7 -10.9 -3.6 
4.7 120.3 -11 -3.3 
4.9 125.4 -11 -3.2 
5 127.9 -10.8 -3.6 

5.1 130.5 -10.8 -3.4 
5.2 133.1 -10.7 -3.4 
5.3 135.6 -11 -3.6 
5.4 138.2 -10.9 -3.4 
5.5 140.7 -10.6 -3.5 
5.6 143.3 -10.7 -3.5 
5.8 148.4 -10.9 -3.5 
5.9 151 -10.5 -3.6 
6 153.5 -10.6 -3.4 

6.1 156.1 -10.3 -3 
6.2 158.6 -9.7 -3 
6.3 161.2 -9.9 -2.9 
6.4 163.8 -9.3 -2.7 
6.6 168.9 -9 -3.4 
6.7 171.4 -8 -3.2 
6.8 174 -8.2 -3.2 
6.9 176.6 -7.7 -3.4 
7 179.1 -8.1 -3.3 

7.1 181.7 -7.6 -3.3 
7.2 184.2 -8.2 -3.6 
7.3 186.8 -8.2 -3.5 
7.5 191.9 -7.6 -3.2 
7.6 194.5 -7.3 -3.1 
7.7 197 -8.3 -3.4 
7.8 199.6 -9.1 -3.6 
7.9 202.1 -9.1 -3.3 
8 204.7 -8.8 -3.4 

8.1 207.3 -8.4 -3.1 
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Stalagmite δ18O and δ13C geochemical data 

DBT (mm) of   
δ18O and δ13C 

profiles 

Chronology of 
δ18O and δ13C   

profiles 
(r.t. 2008 A.D.) 

δ13C 
(‰ V-PDB) 

δ18O 
(‰ V-PDB) 

8.2 209.8 -8.8 -3.1 
8.4 214.9 -8.7 -3.2 
8.5 217.5 -8 -3.2 
8.6 220.1 -8.5 -3.4 
8.7 222.6 -8.3 -3.5 
8.8 225.2 -8.2 -3.1 
8.9 227.7 -8.5 -3.3 
9 230.3 -8.5 -3.1 

9.1 232.9 -9 -3.3 
9.3 238 -8.1 -3.2 
9.4 240.5 -7.5 -3.2 
9.5 243.1 -7.4 -2.9 
9.6 245.6 -7.6 -2.7 
9.7 248.2 -6.7 -3 
9.8 250.8 -7.6 -3 
9.9 253.3 -7.6 -2.9 
10.1 258.4 -7.5 -2.9 
10.2 261 -7.6 -2.8 
10.3 263.6 -7.4 -2.7 
10.4 266.1 -7.8 -2.9 
10.5 268.7 -7.7 -2.8 
10.6 271.2 -7.4 -3.1 
10.7 273.8 -6.9 -3.3 
10.8 276.4 -7.3 -2.9 
11 281.5 -7.5 -3 

11.1 284 -7.6 -3.3 
11.2 286.6 -7.8 -3.3 
11.3 289.1 -8.4 -3.4 
11.4 291.7 -8.2 -3.1 
11.5 294.3 -7.6 -3 
11.6 296.8 -8 -3 
11.7 299.4 -7.7 -3 
11.9 304.5 -7 -3 
12 307.1 -6.5 -3 

12.1 309.6 -7.1 -3.1 
12.2 312.2 -7 -3 
12.3 314.7 -6.8 -2.9 
12.4 317.3 -6.4 -3 
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Stalagmite δ18O and δ13C geochemical data 

DBT (mm) of   
δ18O and δ13C 

profiles 

Chronology of 
δ18O and δ13C   

profiles 
(r.t. 2008 A.D.) 

δ13C 
(‰ V-PDB) 

δ18O 
(‰ V-PDB) 

12.5 319.9 -6.5 -2.8 
12.7 325 -6.8 -2.8 
12.8 327.5 -7.8 -3.2 
12.9 330.1 -7.5 -3.1 
13 332.6 -7.2 -3 

13.1 335.2 -7.5 -3.1 
13.2 337.8 -7.7 -3 
13.3 340.3 -6.7 -2.9 
13.4 342.9 -6.1 -2.8 
13.6 348 -5.8 -3.2 
13.7 350.6 -5.5 -3.1 
13.8 353.1 -5.5 -3 
13.9 355.7 -6 -3.2 
14 358.2 -5.8 -3.2 

14.1 360.8 -6.2 -3 
14.2 363.4 -6 -3.2 
14.3 365.9 -5.5 -3.3 
14.5 371 -4.9 -3.3 
14.6 373.6 -4.4 -2.9 
14.7 376.1 -3.3 -2.8 
14.8 378.7 -3.5 -3 
14.9 381.3 -3.7 -3 
15 383.8 -4.5 -3 

15.1 386.4 -4.9 -3 
15.2 388.9 -5.4 -3.2 
15.4 394.1 -5.5 -3.1 
15.5 396.6 -5.2 -3.2 
15.6 399.2 -5.5 -3.4 
15.7 401.7 -5.9 -3.2 
15.8 404.3 -6.4 -3.3 
15.9 406.9 -6.5 -3.2 
16 409.4 -6.1 -3.3 

16.2 414.5 -6.3 -3.2 
16.3 417.1 -6.4 -3.1 
16.4 419.6 -6.5 -3.1 
16.5 422.2 -6.4 -3.2 
16.6 424.8 -6.4 -3.3 
16.7 427.3 -6.8 -3.3 
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Stalagmite δ18O and δ13C geochemical data 

DBT (mm) of   
δ18O and δ13C 

profiles 

Chronology of 
δ18O and δ13C   

profiles 
(r.t. 2008 A.D.) 

δ13C 
(‰ V-PDB) 

δ18O 
(‰ V-PDB) 

16.8 429.9 -7.1 -3.4 
16.9 432.4 -6.9 -3.5 
17.1 437.6 -6.6 -3.4 
17.2 440.1 -7 -3.4 
17.3 442.7 -7.1 -3.2 
17.4 445.2 -7 -3.3 
17.5 447.8 -7.2 -3.1 
17.6 450.4 -7.1 -3.3 
17.7 452.9 -7.5 -3.4 
17.8 455.5 -7 -3.3 
18 460.6 -7 -3.2 

18.1 463.1 -6.7 -3 
18.2 465.7 -7.4 -3.2 
18.3 468.3 -7.4 -3.1 
18.4 470.8 -7.2 -3.2 
18.5 473.4 -7.6 -3.1 
18.6 475.9 -7.8 -3.1 
18.8 481.1 -6.7 -3 
18.9 483.6 -7 -3.2 
19 486.2 -6.8 -3.2 

19.1 488.7 -6.3 -3.1 
19.2 491.3 -5.9 -2.9 
19.3 493.9 -6.1 -3.2 
19.4 496.4 -6.3 -3.3 
19.5 499 -6.6 -3.3 
19.7 504.1 -6.6 -3.4 
19.8 506.6 -7.1 -3.6 
19.9 509.2 -6.9 -3.5 
20 511.8 -7.3 -3.6 

20.1 514.3 -7.7 -3.5 
20.2 516.9 -7.3 -3.4 
20.3 519.4 -6.7 -3.3 
20.4 522 -7.1 -3.3 
20.6 527.1 -7.2 -3.4 
20.7 529.7 -8.1 -3.5 
20.8 532.2 -8.2 -3.4 
20.9 534.8 -7.5 -3.3 
21 537.4 -7 -3 
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Stalagmite δ18O and δ13C geochemical data 

DBT (mm) of   
δ18O and δ13C 

profiles 

Chronology of 
δ18O and δ13C   

profiles 
(r.t. 2008 A.D.) 

δ13C 
(‰ V-PDB) 

δ18O 
(‰ V-PDB) 

21.1 539.9 -7.8 -3.2 
21.2 542.5 -7.8 -3.3 
21.3 545 -7.3 -3.3 
21.5 550.1 -7 -3.3 
21.6 552.7 -7.9 -3.2 
21.7 555.3 -7.7 -3.4 
21.8 557.8 -8 -3.4 
21.9 560.4 -8.1 -3.5 
22 562.9 -7.9 -3.5 

22.1 565.5 -7.8 -3.5 
22.3 570.6 -7.8 -3.4 
22.4 573.2 -7.8 -3.5 
22.5 575.7 -7.9 -3.6 
22.6 578.3 -7.5 -3.6 
22.7 580.9 -8 -3.6 
22.8 583.4 -8.8 -3.9 
22.9 586 -3.7 -3.1 
23 588.5 -3.9 -3.2 

23.2 593.6 -4.3 -3.2 
23.3 596.2 -4.1 -3 
23.4 598.8 -4.4 -3.3 
23.5 601.3 -5.6 -3.5 
23.6 603.9 -5.6 -3.1 
23.7 606.4 -5.8 -3.2 
23.8 609 -5.8 -3.4 
23.9 611.6 -6 -3.3 
24.1 616.7 -5.9 -3.5 
24.2 619.2 -6 -3.1 
24.3 621.8 -6 -3.3 
24.4 624.4 -6.1 -3.8 
24.5 626.9 -5.8 -3.4 
24.6 629.5 -5.4 -3.2 
24.7 632 -5.3 -3.2 
24.9 637.1 -5.2 -3.4 
25 639.7 -5.2 -3.2 

25.1 642.3 -5.1 -3.1 
25.2 644.8 -4.7 -3.2 
25.3 647.4 -5 -3.4 
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Stalagmite δ18O and δ13C geochemical data 

DBT (mm) of   
δ18O and δ13C 

profiles 

Chronology of 
δ18O and δ13C   

profiles 
(r.t. 2008 A.D.) 

δ13C 
(‰ V-PDB) 

δ18O 
(‰ V-PDB) 

25.4 649.9 -5.7 -3.3 
25.5 652.5 -5.9 -3.2 
25.6 655.1 -6.4 -3.3 
25.8 660.2 -6.5 -3.5 
25.9 662.7 -6.6 -3.1 
26 665.3 -6.8 -3 

26.1 667.9 -6.8 -3.3 
26.2 670.4 -6.7 -3.3 
26.3 673 -6.8 -3.5 
26.4 675.5 -6.8 -3.4 
26.5 678.1 -6.9 -3.5 
26.7 683.2 -6.7 -3.5 
26.8 685.8 -6.9 -3.6 
26.9 688.3 -6.9 -3.9 
27 690.9 -7.3 -3.8 

27.1 693.4 -7.3 -3.6 
27.2 696 -7.1 -3.6 
27.3 698.6 -7.2 -3.6 
27.4 701.1 -6.7 -3.6 
27.6 706.2 -7.1 -3.6 
27.7 708.8 -6.9 -3.4 
27.8 711.4 -7.1 -3.6 
27.9 713.9 -7.2 -3.9 
28 716.5 -7.2 -3.7 

28.1 719 -7.2 -3.7 
28.2 721.6 -7.4 -3.7 
28.4 726.7 -7.2 -3.9 
28.5 729.3 -7.2 -3.8 
28.6 731.8 -7.2 -4 
28.7 734.4 -7.5 -4.1 
28.8 736.9 -7.9 -4.1 
28.9 739.5 -8.3 -4.2 
29 742.1 -9 -4.6 

29.1 744.6 -9.4 -4.5 
29.3 749.7 -9.6 -4.5 
29.4 752.3 -10.7 -4.5 
29.5 754.9 -9.3 -4.5 
29.6 757.4 -8 -4.1 
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Stalagmite δ18O and δ13C geochemical data 

DBT (mm) of   
δ18O and δ13C 

profiles 

Chronology of 
δ18O and δ13C   

profiles 
(r.t. 2008 A.D.) 

δ13C 
(‰ V-PDB) 

δ18O 
(‰ V-PDB) 

29.7 760 -6.7 -4 
29.8 762.5 -6 -3.9 
29.9 765.1 -5.2 -3.6 
30 767.6 -4.7 -3.3 

30.2 772.8 -4.5 -3.5 
30.3 775.3 -4.4 -3.4 
30.4 777.9 -4.9 -3.2 
30.5 780.4 -4.7 -3.2 
30.6 783 -4.4 -3.1 
30.7 785.6 -3.9 -3 
30.8 788.1 -3.4 -3 
31 793.2 -3.1 -3 

31.1 795.8 -3.2 -3.1 
31.2 798.4 -3.1 -3.2 
31.3 800.9 -2.4 -2.9 
31.4 803.5 -2 -2.7 
31.5 806 -2.3 -2.5 
31.6 808.6 -2.8 -2.3 
31.7 811.1 -2.9 -2.4 
31.9 816.3 -4.3 -2.5 
32 818.8 -5.7 -2.7 

32.1 821.4 -5.9 -2.8 
32.2 823.9 -6 -2.9 
32.3 826.5 -6 -2.9 
32.4 829.1 -5.2 -2.9 
32.5 831.6 -5.1 -2.7 
32.6 834.2 -4.6 -2.6 
32.8 839.3 -4.3 -2.6 
32.9 841.9 -5.2 -2.8 
33 844.4 -5.6 -2.7 

33.1 847 -5.6 -2.8 
33.2 849.5 -6 -3 
33.3 852.1 -6 -3 
33.4 854.6 -6.1 -2.9 
33.5 857.2 -5.5 -3.1 
33.7 862.3 -5.4 -2.9 
33.8 864.9 -4.9 -2.9 
33.9 867.4 -4.7 -3.1 
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Stalagmite δ18O and δ13C geochemical data 

DBT (mm) of   
δ18O and δ13C 

profiles 

Chronology of 
δ18O and δ13C   

profiles 
(r.t. 2008 A.D.) 

δ13C 
(‰ V-PDB) 

δ18O 
(‰ V-PDB) 

34 870 -5.1 -2.9 
34.3 876.7 -4.8 -3.1 
34.7 885.7 -5.2 -2.8 
35 892.4 -6.2 -3 

35.4 901.4 -5.3 -3 
35.7 908.1 -4.3 -3.1 
36.1 917.1 -4 -3.1 
36.4 923.8 -3.4 -3.1 
36.8 932.7 -4.9 -3.2 
37.1 939.5 -7.2 -3.5 
37.4 946.2 -6.8 -3.5 
37.8 955.2 -7.3 -3.7 
38.1 961.9 -7 -3.5 
38.5 970.8 -6.7 -3.4 
38.8 977.6 -6.1 -3.2 
39.2 986.5 -5.4 -3.1 
39.5 993.3 -4.9 -3.3 
39.8 1000 -5.4 -3.4 
40.2 1008.9 -8.3 -4 
40.5 1015.7 -8.3 -4.2 
40.9 1024.6 -8.1 -4.1 
41.2 1031.3 -8.3 -3.9 
41.6 1040.3 -8.2 -3.9 
41.9 1047 -7 -3.2 
42.3 1056 -7.6 -3.5 
42.6 1062.7 -7.8 -3.5 
42.9 1069.4 -8.7 -3.9 
43.3 1078.4 -7.9 -3.6 
43.6 1085.1 -9.4 -4.2 
44 1094.1 -9.5 -4.2 

44.3 1100.8 -9.2 -4 
44.7 1109.8 -9.7 -4.4 
45 1116.5 -8.3 -3.7 

45.3 1123.2 -8.2 -3.4 
45.7 1132.2 -8.1 -3.3 
46 1138.9 -8 -3.3 

46.4 1147.9 -8.3 -3.6 
46.7 1154.6 -9.5 -4.2 
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Stalagmite δ18O and δ13C geochemical data 

DBT (mm) of   
δ18O and δ13C 

profiles 

Chronology of 
δ18O and δ13C   

profiles 
(r.t. 2008 A.D.) 

δ13C 
(‰ V-PDB) 

δ18O 
(‰ V-PDB) 

47.1 1163.6 -9.5 -4.1 
47.4 1170.3 -9.6 -4 
47.8 1179.2 -10.1 -4.5 
48.1 1186 -9.9 -4.5 
48.4 1192.7 -9.4 -4.4 
48.8 1201.7 -9.3 -4.4 
49.1 1208.4 -8.4 -4.1 
49.5 1217.3 -8.1 -4.1 
49.8 1224.1 -8 -3.9 
50.2 1233 -8.3 -4 
50.5 1239.8 -8.9 -4 
50.8 1246.5 -8.7 -3.7 
51.2 1255.4 -8.3 -3.6 
51.5 1262.2 -8.7 -3.5 
51.9 1271.1 -8.7 -3.5 
52.2 1277.8 -8.4 -3.4 
52.6 1286.8 -8.9 -3.5 
52.9 1293.5 -10.2 -4.2 
53.3 1302.5 -9.9 -3.9 
53.6 1309.2 -8.6 -3.6 
53.9 1315.9 -8.6 -3.3 
54.3 1324.9 -8.2 -3.4 
54.6 1331.6 -8.6 -3.3 
55 1340.6 -8.5 -3.7 

55.3 1347.3 -8.6 -3.5 
55.7 1356.3 -8.9 -3.8 
56 1363 -9.2 -3.9 

56.3 1365.9 -9.1 -3.9 
56.5 1367.8 -9.6 -4.1 
56.8 1370.6 -9.3 -3.9 
57 1372.6 -8.6 -3.6 

57.3 1375.4 -8.6 -3.8 
57.6 1378.3 -8.9 -4.1 
57.8 1380.2 -8.7 -3.7 
58.1 1383.1 -8.7 -3.6 
58.3 1385 -8.6 -4 
58.6 1387.8 -9.1 -3.9 
58.9 1390.7 -8.9 -3.7 
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Stalagmite δ18O and δ13C geochemical data 

DBT (mm) of   
δ18O and δ13C 

profiles 

Chronology of 
δ18O and δ13C   

profiles 
(r.t. 2008 A.D.) 

δ13C 
(‰ V-PDB) 

δ18O 
(‰ V-PDB) 

59.1 1392.6 -8.8 -3.6 
59.4 1395.5 -8.3 -3.3 
59.6 1397.4 -8.1 -3.5 
59.9 1400.2 -7.8 -3.5 
60.2 1403.1 -6.6 -2.9 
60.4 1405 -7.2 -2.8 
60.7 1407.9 -6.6 -2.5 
60.9 1409.8 -6.4 -2.9 
61.2 1412.7 -6.8 -2.7 
61.5 1415.5 -7.2 -3 
61.7 1417.4 -7.2 -3 
62 1420.3 -6.7 -3 

62.2 1422.2 -6.1 -2.9 
62.5 1425.1 -5.9 -2.5 
62.8 1427.9 -6.3 -2.5 
63 1429.9 -7.1 -2.8 

63.3 1432.7 -7.3 -2.7 
63.5 1434.6 -7.1 -3 
63.8 1437.5 -7.2 -2.9 
64.1 1440.4 -7.2 -3 
64.3 1442.3 -7.1 -3.1 
64.6 1445.1 -7.5 -3.1 
64.8 1447 -7.3 -3.1 
65.1 1449.9 -7.4 -2.8 
65.4 1452.8 -7.4 -2.8 
65.6 1454.7 -7.1 -3 
65.9 1457.5 -7 -2.8 
66.1 1459.5 -6.7 -2.7 
66.4 1462.3 -6.1 -2.4 
66.6 1464.2 -6.1 -2.5 
66.9 1467.1 -5.8 -2.6 
67.2 1470 -6.7 -2.8 
67.4 1471.9 -7.1 -2.7 
67.7 1474.7 -7.2 -2.9 
67.9 1476.6 -6.6 -2.6 
68.2 1479.5 -6.6 -2.6 
68.5 1482.4 -6.8 -3 
68.7 1484.3 -7.1 -2.9 
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Stalagmite δ18O and δ13C geochemical data 

DBT (mm) of   
δ18O and δ13C 

profiles 

Chronology of 
δ18O and δ13C   

profiles 
(r.t. 2008 A.D.) 

δ13C 
(‰ V-PDB) 

δ18O 
(‰ V-PDB) 

69 1487.2 -7.1 -2.8 
69.2 1489.1 -6.9 -3 
69.5 1491.9 -6.6 -2.8 
69.8 1494.8 -7.4 -2.9 
70 1496.7 -7.1 -2.7 

70.3 1499.6 -7.1 -2.5 
70.5 1501.5 -7.1 -2.8 
70.8 1504.3 -7.2 -2.9 
71.1 1507.2 -7.5 -3 
71.3 1509.1 -7.2 -2.8 
71.6 1512 -7 -3 
71.8 1513.9 -7 -2.8 
72.1 1516.8 -7.1 -2.9 
72.4 1519.6 -6.7 -2.8 
72.6 1521.5 -6.8 -3 
72.9 1524.4 -6.4 -2.9 
73.1 1526.3 -6.2 -3 
73.4 1529.2 -6.3 -3 
73.7 1532 -7 -3.2 
73.9 1533.9 -6.7 -2.8 
74.2 1536.8 -8.1 -3.1 
74.4 1538.7 -7.1 -3 
74.7 1541.6 -7.2 -3.2 
75 1544.5 -7.4 -3 

75.2 1546.4 -7.4 -3.1 
75.5 1549.2 -6.7 -2.9 
75.7 1551.1 -6.6 -3 
76 1554 -7.1 -3.3 

76.3 1556.9 -7.2 -3.3 
76.5 1558.8 -6.9 -3 
76.8 1561.6 -7.4 -3 
77.1 1564.5 -7.4 -3 
77.3 1566.4 -7.9 -3 
77.6 1569.3 -7.5 -2.9 
77.9 1572.2 -6.9 -3 
78.1 1574.1 -7 -3.1 
78.4 1576.9 -6.8 -3 
78.6 1578.8 -6.9 -2.8 
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Stalagmite δ18O and δ13C geochemical data 

DBT (mm) of   
δ18O and δ13C 

profiles 

Chronology of 
δ18O and δ13C   

profiles 
(r.t. 2008 A.D.) 

δ13C 
(‰ V-PDB) 

δ18O 
(‰ V-PDB) 

78.9 1581.7 -6.9 -2.8 
79.2 1584.6 -7.1 -3.2 
79.4 1586.5 -6.8 -2.9 
79.7 1589.4 -7.3 -3 
80 1592.2 -7.3 -2.9 

80.2 1594.1 -6.4 -2.7 
80.5 1597 -5.9 -2.7 
80.8 1599.9 -7.3 -3 
81 1601.8 -7.1 -2.7 

81.3 1604.6 -7.1 -3.1 
81.6 1607.5 -7 -2.8 
81.8 1609.4 -7.3 -3.2 
82.1 1612.3 -7.4 -3.2 
82.4 1615.2 -7.4 -3.4 
82.6 1617.1 -7.5 -3.3 
82.9 1619.9 -7.5 -3.4 
83.1 1621.8 -8.1 -3.5 
83.4 1624.7 -7.2 -3.2 
83.7 1627.6 -7.5 -3.2 
83.9 1629.5 -7.7 -3.3 
84.2 1632.4 -7.6 -3.2 
84.5 1635.2 -8.1 -3.2 
84.7 1637.1 -7.8 -2.9 
85 1640 -7.7 -3 

85.3 1641.9 -7.8 -3.2 
85.6 1643.8 -7.9 -3.2 
85.9 1645.7 -7.3 -3.4 
86.2 1647.7 -7.6 -3.2 
86.5 1649.6 -7.8 -3.4 
86.8 1651.5 -7.8 -3.4 
87.1 1653.4 -8 -3.3 
87.4 1655.3 -7.7 -3.4 
87.7 1657.2 -7.4 -3.3 
88 1659.2 -7.2 -3.3 

88.3 1661.1 -7.5 -3.5 
88.6 1663 -7.6 -3.5 
88.9 1664.9 -7.6 -3.5 
89.2 1666.8 -7.8 -3.6 
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Stalagmite δ18O and δ13C geochemical data 

DBT (mm) of   
δ18O and δ13C 

profiles 

Chronology of 
δ18O and δ13C   

profiles 
(r.t. 2008 A.D.) 

δ13C 
(‰ V-PDB) 

δ18O 
(‰ V-PDB) 

89.5 1668.7 -7.4 -3.1 
89.8 1670.6 -7.4 -3.6 
90.1 1672.6 -7.4 -3.7 
90.4 1674.5 -7.7 -3.8 
90.7 1676.4 -7.4 -3.7 
91 1678.3 -7.1 -3.4 

91.3 1680.2 -7.2 -3.4 
91.7 1682.8 -7.4 -3.4 
92 1684.7 -7.3 -3.4 

92.3 1686.6 -6.6 -2.9 
92.6 1688.5 -6.8 -3.1 
92.9 1690.4 -6.4 -3.1 
93.2 1692.4 -6.8 -3.2 
93.5 1694.3 -6.7 -2.8 
93.8 1696.2 -7 -3.3 
94.1 1698.1 -7.3 -3.3 
94.4 1700 -7.4 -3.4 
94.7 1701.9 -7.1 -3.3 
95 1703.8 -7 -3.2 

95.3 1705.8 -7.4 -3 
95.6 1707.7 -6.8 -3 
95.9 1709.6 -6.8 -3.1 
96.2 1711.5 -7 -3.1 
96.5 1713.4 -6.6 -3.1 
96.8 1715.3 -7.4 -3.3 
97.1 1717.3 -7.7 -3.3 
97.4 1719.2 -8.4 -3.6 
97.7 1721.1 -8 -3.6 
98 1723 -7.1 -3.2 

98.3 1729 -7.3 -3.2 
98.5 1733.1 -6.7 -2.8 
98.8 1739.1 -6.6 -2.7 
99 1743.1 -7.8 -3.1 

99.3 1749.2 -7.2 -2.9 
99.5 1753.2 -6.9 -2.5 
99.8 1759.2 -6.9 -2.6 
100 1763.2 -7.4 -3 

100.3 1769.3 -7 -2.6 
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Stalagmite δ18O and δ13C geochemical data 

DBT (mm) of   
δ18O and δ13C 

profiles 

Chronology of 
δ18O and δ13C   

profiles 
(r.t. 2008 A.D.) 

δ13C 
(‰ V-PDB) 

δ18O 
(‰ V-PDB) 

100.5 1773.3 -7.1 -2.9 
100.8 1779.3 -7.2 -3 
101 1783.4 -7.6 -3 

101.3 1789.4 -7.6 -3 
101.6 1795.4 -7.6 -3 
101.8 1799.4 -7.7 -3 
102.1 1805.5 -7.4 -2.8 
102.3 1809.5 -6.7 -2.5 
102.6 1815.5 -7.1 -2.7 
102.8 1819.6 -7.1 -2.6 
103.1 1825.6 -7 -2.7 
103.3 1829.6 -6.5 -2.7 
103.6 1835.7 -6.7 -2.8 
103.8 1839.7 -6.6 -3 
104.1 1845.7 -6.6 -3 
104.3 1849.7 -5.9 -2.9 
104.6 1855.8 -5.3 -2.5 
104.9 1861.8 -5.6 -2.7 
105.1 1865.8 -5.8 -3.1 
105.4 1871.9 -6 -2.8 
105.6 1875.9 -5.6 -2.7 
105.9 1881.9 -5.6 -2.7 
106.1 1886 -5.5 -2.5 
106.4 1892 -5.6 -2.6 
106.6 1896 -5.4 -2.9 
106.9 1902 -6.8 -2.9 
107.1 1906.1 -6.3 -2.8 
107.4 1912.1 -6.4 -2.9 
107.6 1916.1 -6.3 -2.7 
107.9 1922.2 -6.1 -2.6 
108.1 1926.2 -5.8 -2.3 
108.4 1932.2 -5.7 -2.4 
108.7 1938.3 -6 -2.7 
108.9 1942.3 -5.7 -2.2 
109.2 1948.3 -6.3 -2.5 
109.4 1952.3 -6.7 -2.6 
109.7 1958.4 -6.6 -2.7 
109.9 1962.4 -6.7 -2.8 
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Stalagmite δ18O and δ13C geochemical data 

DBT (mm) of   
δ18O and δ13C 

profiles 

Chronology of 
δ18O and δ13C   

profiles 
(r.t. 2008 A.D.) 

δ13C 
(‰ V-PDB) 

δ18O 
(‰ V-PDB) 

110.2 1968.4 -6.4 -2.7 
110.4 1972.5 -7 -3.2 
110.7 1978.5 -6.9 -3.1 
110.9 1982.5 -7 -2.9 
111.2 1988.6 -7 -3 
111.4 1992.6 -6.9 -2.8 
111.7 1998.6 -6.4 -2.8 
112 2004.6 -7.1 -3 

112.2 2008.7 -8 -3.5 
112.5 2014.7 -9.3 -3.8 
112.7 2018.7 -9.4 -3.6 
113 2024.8 -8.2 -3.5 

113.2 2028.8 -7.4 -3 
113.5 2034.8 -6.7 -2.8 
113.7 2038.8 -6.4 -3.1 
114 2044.9 -6.6 -2.9 

114.2 2048.9 -6.1 -3 
114.5 2054.9 -6.1 -2.8 
114.7 2059 -6.4 -2.8 
115 2065 -6.2 -2.5 

115.3 2066.5 -6.7 -2.7 
115.6 2068 -7 -2.7 
115.9 2069.6 -7.3 -2.9 
116.2 2071.1 -7.4 -2.8 
116.6 2073.1 -6.6 -3 
116.9 2074.6 -6.5 -2.8 
117.2 2076.2 -6.6 -2.9 
117.5 2077.7 -7 -3.3 
117.8 2079.2 -6.7 -3.2 
118.1 2080.7 -6.9 -3.5 
118.4 2082.2 -6.9 -3.4 
118.7 2083.8 -6.2 -3.1 
119 2085.3 -6.5 -3.2 

119.4 2087.3 -6.4 -2.7 
119.7 2088.8 -7 -2.8 
120 2090.4 -7.5 -3.3 

120.3 2091.9 -7 -3.1 
120.6 2093.4 -7.3 -3 
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Stalagmite δ18O and δ13C geochemical data 

DBT (mm) of   
δ18O and δ13C 

profiles 

Chronology of 
δ18O and δ13C   

profiles 
(r.t. 2008 A.D.) 

δ13C 
(‰ V-PDB) 

δ18O 
(‰ V-PDB) 

120.9 2094.9 -7.2 -3 
121.2 2096.4 -7.4 -3 
121.5 2098 -7.2 -3 
121.8 2099.5 -7.6 -3.1 
122.2 2101.5 -7.3 -2.9 
122.5 2103 -7 -3 
122.8 2104.6 -6.8 -2.7 
123.1 2106.1 -7.1 -2.8 
123.4 2107.6 -6.8 -2.7 
123.7 2109.1 -7.3 -2.9 
124 2110.6 -6.8 -2.7 

124.3 2112.2 -8 -3.2 
124.6 2113.7 -7.3 -3.3 
125 2115.7 -8 -3 

125.3 2117.2 -8 -3.4 
125.6 2118.8 -8 -3.2 
125.9 2120.3 -8.1 -3.5 
126.2 2121.8 -6.9 -2.9 
126.5 2123.3 -7.6 -3.3 
126.8 2124.8 -7.4 -3.2 
127.1 2126.4 -7.4 -3.4 
127.4 2127.9 -8.1 -3.4 
127.8 2129.9 -7.7 -3.3 
128.1 2131.4 -8.9 -3.8 
128.4 2133 -8.6 -3.4 
128.7 2134.5 -7.7 -3 
129 2136 -7.9 -3.3 

129.3 2137.5 -7.1 -3.1 
129.6 2139 -6.7 -3.1 
129.9 2140.6 -7.8 -3.1 
130.2 2142.1 -7.3 -3 
130.6 2144.1 -6.9 -3 
130.9 2145.6 -7.5 -3.2 
131.2 2147.2 -7 -3.1 
131.5 2148.7 -6.5 -2.7 
131.8 2150.2 -7.3 -2.8 
132.1 2151.7 -7.4 -2.9 
132.4 2153.2 -7.5 -3.3 
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Stalagmite δ18O and δ13C geochemical data 

DBT (mm) of   
δ18O and δ13C 

profiles 

Chronology of 
δ18O and δ13C   

profiles 
(r.t. 2008 A.D.) 

δ13C 
(‰ V-PDB) 

δ18O 
(‰ V-PDB) 

132.7 2154.8 -6.7 -3.2 
133 2156.3 -7 -3.2 

133.4 2158.3 -6.5 -2.9 
133.7 2159.8 -7.3 -3 
134 2161.4 -6.9 -2.9 

134.3 2162.9 -7 -2.8 
134.6 2164.4 -7.3 -2.8 
134.9 2165.9 -7 -2.9 
135.2 2167.4 -6.6 -2.8 
135.5 2169 -7.2 -2.8 
135.8 2170.5 -6.9 -2.9 
136.2 2172.5 -7 -2.9 
136.5 2174 -7 -2.9 
136.8 2175.6 -6.9 -3 
137.1 2177.1 -6.6 -2.8 
137.4 2178.6 -6.9 -3 
137.7 2180.1 -6.6 -2.6 
138 2181.6 -6.9 -2.5 

138.3 2183.2 -7.1 -2.7 
138.6 2184.7 -6.5 -2.6 
139 2186.7 -7.5 -3.2 

139.3 2188.2 -7 -2.7 
139.6 2189.8 -7.3 -2.8 
139.9 2191.3 -7.3 -2.9 
140.2 2192.8 -7.1 -2.8 
140.5 2194.3 -6.8 -2.7 
140.8 2195.8 -6.6 -2.9 
141.1 2197.4 -7.2 -3.1 
141.4 2198.9 -7.8 -3 
141.8 2200.9 -7.4 -2.9 
142.1 2202.4 -6.8 -2.7 
142.4 2204 -7.4 -2.9 
142.7 2205.5 -7.4 -2.9 
143 2207 -7.3 -3 

143.3 2209.2 -7 -2.8 
143.5 2210.7 -6.8 -2.7 
143.8 2212.9 -7.6 -3.1 
144.1 2215.1 -7.1 -3.3 
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Stalagmite δ18O and δ13C geochemical data 

DBT (mm) of   
δ18O and δ13C 

profiles 

Chronology of 
δ18O and δ13C   

profiles 
(r.t. 2008 A.D.) 

δ13C 
(‰ V-PDB) 

δ18O 
(‰ V-PDB) 

144.4 2217.3 -7.7 -3.4 
144.6 2218.8 -7.5 -3.3 
144.9 2221 -7.4 -3.4 
145.2 2223.2 -7.3 -3.5 
145.5 2225.4 -7 -3.1 
145.7 2226.8 -7.3 -3.2 
146 2229.1 -7.6 -3.4 

146.3 2231.3 -7.7 -3.2 
146.6 2233.5 -7.2 -3.1 
146.8 2234.9 -7.2 -2.9 
147.1 2237.1 -7.6 -3.1 
147.4 2239.3 -7.7 -3.1 
147.7 2241.5 -7.6 -3.3 
147.9 2243 -7.8 -3.4 
148.2 2245.2 -7.9 -3.1 
148.5 2247.4 -8 -3.1 
148.8 2249.6 -7.9 -3.2 
149 2251.1 -7.9 -3.3 

149.3 2253.3 -7.2 -2.8 
149.6 2255.5 -7.8 -2.9 
149.8 2257 -7.3 -2.9 
150.1 2259.2 -7.4 -2.9 
150.4 2261.4 -7.3 -3.2 
150.7 2263.6 -7.5 -3.2 
150.9 2265.1 -7.2 -2.9 
151.2 2267.3 -7.7 -3.3 
151.5 2269.5 -7.5 -3 
151.8 2271.7 -7.3 -3.2 
152 2273.2 -7.6 -3.1 

152.3 2275.4 -7.7 -2.9 
152.6 2277.6 -7.2 -3 
152.9 2279.8 -7.1 -2.9 
153.1 2281.2 -7.1 -2.9 
153.4 2283.4 -7.6 -3.4 
153.7 2285.6 -7.3 -3.2 
154 2287.9 -7.4 -3.2 

154.2 2289.3 -7.6 -3.4 
154.5 2291.5 -7.7 -3.3 
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Stalagmite δ18O and δ13C geochemical data 

DBT (mm) of   
δ18O and δ13C 

profiles 

Chronology of 
δ18O and δ13C   

profiles 
(r.t. 2008 A.D.) 

δ13C 
(‰ V-PDB) 

δ18O 
(‰ V-PDB) 

154.8 2293.7 -7.5 -2.9 
155.1 2295.9 -7.7 -3 
155.3 2297.4 -7.4 -3 
155.6 2299.6 -7.9 -3.4 
155.9 2301.8 -7.8 -3.2 
156.2 2304 -7.2 -3 
156.4 2305.5 -7.5 -2.9 
156.7 2307.7 -8.2 -3.4 
157 2309.9 -7.5 -3.3 

157.2 2311.4 -6.8 -3.4 
157.5 2313.6 -7.8 -3.8 
157.8 2315.8 -7.4 -3.6 
158.1 2318 -6.9 -3.5 
158.3 2319.5 -7 -3.4 
158.6 2321.7 -7.3 -3.3 
158.9 2323.9 -7.5 -3.4 
159.2 2326.1 -7.6 -3.5 
159.4 2327.5 -7.2 -3.5 
159.7 2329.7 -7.6 -3.5 
160 2332 -6.9 -3.3 

160.3 2334.2 -7.4 -3.8 
160.5 2335.6 -7.2 -3.4 
160.8 2337.8 -6.9 -3.1 
161.1 2340 -7 -3 
161.4 2342.2 -6.8 -2.9 
161.6 2343.7 -6.9 -3.1 
161.9 2345.9 -7.2 -3.1 
162.2 2348.1 -7 -3.2 
162.5 2350.3 -7.2 -3.2 
162.7 2351.8 -7.3 -3.3 
163 2354 -7.3 -3.3 

163.3 2355.5 -6.9 -3.4 
163.6 2356.9 -6.9 -3.2 
163.8 2357.9 -7.4 -3.2 
164.1 2359.4 -7.3 -3.1 
164.4 2360.9 -7.1 -2.9 
164.7 2362.3 -7.7 -3.1 
165 2363.8 -7.4 -3.1 
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Stalagmite δ18O and δ13C geochemical data 

DBT (mm) of   
δ18O and δ13C 

profiles 

Chronology of 
δ18O and δ13C   

profiles 
(r.t. 2008 A.D.) 

δ13C 
(‰ V-PDB) 

δ18O 
(‰ V-PDB) 

165.3 2365.3 -7.4 -3 
165.5 2366.2 -6.7 -2.7 
165.8 2367.7 -8.1 -3.1 
166.1 2369.2 -7.5 -2.9 
166.4 2370.7 -7.7 -3.2 
166.7 2372.1 -7.8 -3.4 
167 2373.6 -7.5 -3.2 

167.2 2374.6 -7.7 -3.4 
167.5 2376 -7.7 -3.4 
167.8 2377.5 -7.5 -3.6 
168.1 2379 -7.9 -3.8 
168.4 2380.4 -7.7 -3.8 
168.7 2381.9 -7.4 -3.5 
168.9 2382.9 -8 -3.6 
169.2 2384.4 -8.1 -3.5 
169.5 2385.8 -8 -3.3 
169.8 2387.3 -7.7 -3.4 
170.1 2388.8 -7.9 -3.2 
170.3 2389.8 -8.1 -3.4 
170.6 2391.2 -7.9 -3.4 
170.9 2392.7 -7.8 -3.4 
171.2 2394.2 -7.7 -3.5 
171.5 2395.6 -7.8 -3.5 
171.8 2397.1 -7.7 -3.6 
172 2398.1 -7.6 -3.5 

172.3 2399.5 -7.4 -3.4 
172.6 2401 -7.6 -3.6 
172.9 2402.5 -7.9 -3.8 
173.2 2404 -7.6 -3.8 
173.5 2405.4 -7.9 -3.7 
173.7 2406.4 -7.9 -3.8 
174 2407.9 -7.5 -3.7 

174.3 2409.3 -7.8 -3.7 
174.6 2410.8 -7.7 -3.7 
174.9 2412.3 -7.4 -3.4 
175.2 2413.7 -7.4 -3.5 
175.4 2414.7 -7.7 -3.5 
175.7 2416.2 -7.8 -3.5 
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Stalagmite δ18O and δ13C geochemical data 

DBT (mm) of   
δ18O and δ13C 

profiles 

Chronology of 
δ18O and δ13C   

profiles 
(r.t. 2008 A.D.) 

δ13C 
(‰ V-PDB) 

δ18O 
(‰ V-PDB) 

176 2417.7 -7.8 -3.6 
176.3 2419.1 -8.2 -3.8 
176.6 2420.6 -8.3 -3.9 
176.8 2421.6 -8.1 -3.6 
177.1 2423.1 -8 -3.4 
177.4 2424.5 -7.5 -3.2 
177.7 2426 -7.9 -3.4 
178 2427.5 -7.9 -3.5 

178.3 2428.9 -7.4 -3.2 
178.5 2429.9 -7.4 -3.5 
178.8 2431.4 -8.2 -3.7 
179.1 2432.8 -7.7 -3.5 
179.4 2434.3 -7.7 -3.6 
179.7 2435.8 -7.7 -3.5 
180 2437.3 -7.8 -3.3 

180.2 2438.2 -7.6 -3.4 
180.5 2439.7 -7.7 -3.3 
180.8 2441.2 -7.8 -3.4 
181.1 2442.6 -7.9 -3.5 
181.4 2444.1 -7.7 -3.5 
181.7 2445.6 -7.4 -3.5 
181.9 2446.6 -7.6 -3.4 
182.2 2448 -7.7 -3.4 
182.5 2449.5 -7.8 -3.4 
182.8 2451 -8.1 -3.5 
183.1 2452.4 -8.3 -3.7 
183.3 2453.4 -8.2 -3.6 
183.6 2454.9 -8.4 -3.8 
183.9 2456.4 -7.7 -3.8 
184.2 2457.8 -7.4 -3.8 
184.5 2459.3 -7.4 -3.8 
184.8 2460.8 -7.9 -3.8 
185 2461.7 -8.1 -3.5 

185.3 2463.2 -8 -3.4 
185.6 2464.7 -8.2 -3.5 
185.9 2466.2 -7.9 -3.5 
186.2 2467.6 -8.2 -3.5 
186.5 2469.1 -8.2 -3.4 
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Stalagmite δ18O and δ13C geochemical data 

DBT (mm) of   
δ18O and δ13C 

profiles 

Chronology of 
δ18O and δ13C   

profiles 
(r.t. 2008 A.D.) 

δ13C 
(‰ V-PDB) 

δ18O 
(‰ V-PDB) 

186.7 2470.1 -9.1 -3.7 
187 2471.5 -8.4 -3.6 

187.3 2473 -8.9 -3.6 
187.6 2474.5 -9.2 -3.8 
187.9 2475.9 -9.1 -3.8 
188.2 2477.4 -9.5 -4.1 
188.4 2478.4 -8.6 -3.8 
188.7 2479.9 -8 -3.6 
189 2481.3 -8.2 -3.5 

189.3 2482.8 -8.4 -3.6 
189.6 2484.3 -8.2 -3.5 
189.8 2485.3 -7.5 -3.3 
190.1 2486.7 -7.6 -3.3 
190.4 2488.2 -7.9 -3.5 
190.7 2489.7 -8.7 -3.1 
191 2491.1 -9.1 -3 

191.3 2492.6 -9 -2.9 
191.5 2493.6 -8.4 -2.8 
191.8 2495 -8.1 -3.4 
192.1 2496.5 -8.4 -3.6 
192.4 2498 -7.7 -3.8 
192.7 2499.5 -7.7 -3.7 
193 2500.9 -8.1 -3.9 

193.2 2501.9 -8.3 -3.9 
193.5 2503.4 -7.8 -3.6 
193.8 2504.8 -7.5 -3.6 
194.1 2506.3 -7.9 -3.7 
194.4 2507.8 -7.9 -3.5 
194.7 2509.2 -7.3 -3.4 
194.9 2510.2 -6.6 -3.1 
195.2 2511.7 -7.1 -3.3 
195.5 2513.2 -7.5 -3.6 
195.8 2514.6 -7.4 -3.2 
196.1 2516.1 -7.6 -3.4 
196.3 2517.1 -7.7 -3.5 
196.6 2518.6 -7.9 -3.4 
196.9 2520 -7.7 -3.5 
197.2 2521.5 -7.9 -3.7 
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Stalagmite δ18O and δ13C geochemical data 

DBT (mm) of   
δ18O and δ13C 

profiles 

Chronology of 
δ18O and δ13C   

profiles 
(r.t. 2008 A.D.) 

δ13C 
(‰ V-PDB) 

δ18O 
(‰ V-PDB) 

197.5 2523 -7.4 -3.4 
197.8 2524.4 -7.6 -3.4 
198 2525.4 -7.6 -3.5 

198.3 2526.9 -7.6 -3.5 
198.6 2528.3 -8 -3.5 
198.9 2529.8 -7.3 -3.3 
199.2 2531.3 -7.9 -3.5 
199.5 2532.8 -7.3 -3.5 
199.7 2533.7 -7.4 -3.7 
200 2535.2 -7.2 -3.8 

200.3 2536.7 -7.4 -3.7 
200.6 2538.1 -7.5 -3.5 
200.9 2539.6 -7.3 -3.5 
201.2 2541.1 -7.2 -3.5 
201.4 2542.1 -7.8 -3.7 
201.7 2543.5 -8.2 -2.9 
202 2545 -9.6 -3.3 

202.3 2546.5 -9.9 -3.3 
202.6 2547.9 -9.9 -3.4 
202.8 2548.9 -10 -3.6 
203.1 2550.4 -9.8 -3.7 
203.4 2551.9 -9.7 -3.6 
203.7 2553.3 -9.7 -3.5 
204 2554.8 -9.8 -3.2 

204.3 2556.3 -9.5 -3.3 
204.5 2557.2 -9.3 -3.1 
204.8 2558.7 -8.8 -3 
205.1 2560.2 -8.6 -3 
205.4 2561.7 -8.6 -3.2 
205.7 2563.1 -7.2 -3.5 
206 2564.6 -7.2 -3.3 

206.2 2565.6 -7.2 -3.5 
206.5 2567 -7.3 -3.6 
206.8 2568.5 -7 -3.6 
207.1 2570 -7.1 -3.4 
207.4 2571.4 -7.3 -3.5 
207.7 2572.9 -7.1 -3.5 
207.9 2573.9 -7.8 -3.6 
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Stalagmite δ18O and δ13C geochemical data 

DBT (mm) of   
δ18O and δ13C 

profiles 

Chronology of 
δ18O and δ13C   

profiles 
(r.t. 2008 A.D.) 

δ13C 
(‰ V-PDB) 

δ18O 
(‰ V-PDB) 

208.2 2575.4 -7.1 -3.4 
208.5 2576.8 -7.6 -3.2 
208.8 2578.3 -6.9 -2.9 
209.1 2579.8 -7.2 -3 
209.3 2580.8 -7.4 -3.3 
209.6 2582.2 -6.8 -3.1 
209.9 2583.7 -6.9 -3.2 
210.2 2585.2 -7.2 -3 
210.5 2586.6 -7.2 -2.8 
210.8 2588.1 -6.9 -2.7 
211 2589.1 -6.8 -2.6 

211.3 2590.5 -7.3 -2.8 
211.6 2592 -7.2 -2.9 
211.9 2593.5 -7.1 -2.8 
212.2 2595 -7.1 -2.9 
212.5 2596.4 -6.6 -2.7 
212.7 2597.4 -6.9 -2.8 
213 2598.9 -7.1 -3 

213.3 2600.3 -7 -3 
213.6 2601.8 -6.7 -2.9 
213.9 2603.3 -6.5 -2.8 
214.2 2604.7 -6.9 -2.9 
214.4 2605.7 -6.8 -2.9 
214.7 2607.2 -6.9 -3 
215 2608.7 -6.8 -3.1 

215.3 2610.1 -7 -3 
215.6 2611.6 -6.7 -3 
215.8 2612.6 -6.3 -3 
216.1 2614.1 -7.3 -3.3 
216.4 2615.5 -7 -3.3 
216.7 2617 -7 -3.4 
217 2618.5 -7.2 -3.5 

217.3 2619.9 -7.2 -3.3 
217.5 2620.9 -7 -2.9 
217.8 2622.4 -7.3 -3.1 
218.1 2623.8 -7.5 -2.9 
218.4 2625.3 -7.3 -3.1 
218.7 2626.8 -6.9 -2.9 
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Stalagmite δ18O and δ13C geochemical data 

DBT (mm) of   
δ18O and δ13C 

profiles 

Chronology of 
δ18O and δ13C   

profiles 
(r.t. 2008 A.D.) 

δ13C 
(‰ V-PDB) 

δ18O 
(‰ V-PDB) 

219 2628.3 -7.1 -3.2 
219.2 2629.2 -7.2 -3.2 
219.5 2630.7 -7.6 -3.4 
219.8 2632.2 -7.4 -3.1 
220.1 2633.6 -6.8 -2.9 
220.4 2635.1 -7.1 -2.9 
220.7 2636.6 -7.3 -2.7 
220.9 2637.6 -7.4 -2.9 
221.2 2639 -7.4 -2.9 
221.5 2640.5 -7.7 -3.2 
221.8 2642 -6.8 -3 
222.1 2643.4 -7.3 -3.1 
222.3 2644.4 -7.2 -3 
222.6 2645.9 -7.1 -3 
222.9 2647.4 -7.8 -3.2 
223.2 2648.8 -6.9 -3 
223.5 2650.3 -7.5 -3.2 
223.8 2651.8 -6.9 -3.1 
224 2652.7 -6.6 -3 

224.3 2654.2 -7.4 -3 
224.6 2655.7 -7.8 -3 
224.9 2657.2 -8.1 -2.9 
225.2 2658.6 -7.3 -2.8 
225.5 2660.1 -7 -2.8 
225.7 2661.1 -7 -2.8 
226 2662.5 -7.6 -2.8 

226.3 2664 -7.3 -2.9 
226.6 2665.5 -7.7 -2.7 
226.9 2666.9 -7.8 -2.9 
227.2 2668.4 -7.5 -2.9 
227.4 2669.4 -7.2 -2.7 
227.7 2670.9 -8 -2.8 
228 2672.3 -7.4 -2.8 

228.3 2673.8 -7.8 -2.7 
228.6 2675.3 -7.5 -2.7 
228.8 2676.3 -7.1 -2.7 
229.1 2677.7 -6.8 -2.7 
229.4 2679.2 -6.8 -2.7 
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Stalagmite δ18O and δ13C geochemical data 

DBT (mm) of   
δ18O and δ13C 

profiles 

Chronology of 
δ18O and δ13C   

profiles 
(r.t. 2008 A.D.) 

δ13C 
(‰ V-PDB) 

δ18O 
(‰ V-PDB) 

229.7 2680.7 -7.3 -2.8 
230 2682.1 -7.3 -2.6 

230.3 2683.6 -7.7 -2.8 
230.5 2684.6 -7.5 -3 
230.8 2686 -7.6 -2.9 
231.1 2687.5 -7 -2.8 
231.4 2689 -7.4 -3.1 
231.7 2690.5 -7.3 -2.9 
232 2691.9 -7.7 -3 

232.2 2692.9 -7.6 -3 
232.5 2694.4 -7.5 -3 
232.8 2695.8 -7.2 -3 
233.1 2697.3 -7.1 -3 
233.4 2698.8 -7.8 -3.4 
233.7 2700.2 -7.8 -3.1 
233.9 2701.2 -7.6 -3.3 
234.2 2702.7 -6.6 -3.1 
234.5 2704.2 -7.6 -3.2 
234.8 2705.6 -7.7 -3.3 
235.1 2707.1 -7.6 -3.4 
235.3 2708.1 -7.8 -3.4 
235.6 2709.6 -7.8 -3.2 
235.9 2711 -8.1 -3.2 
236.2 2712.5 -7.7 -3 
236.5 2714 -7.1 -3 
236.8 2715.4 -7.9 -3.4 
237 2716.4 -7.5 -3.3 

237.3 2717.9 -7.6 -3.4 
237.6 2719.3 -7.9 -3.2 
237.9 2720.8 -8 -3.4 
238.2 2722.3 -7.6 -3 
238.5 2723.8 -7.5 -3 
238.7 2724.7 -6.8 -2.9 
239 2726.2 -7.6 -3.1 

239.3 2727.7 -6.8 -2.8 
239.6 2729.1 -8.1 -3.2 
239.9 2730.6 -7.9 -3.1 
240.2 2732.1 -7.5 -3.1 
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Stalagmite δ18O and δ13C geochemical data 

DBT (mm) of   
δ18O and δ13C 

profiles 

Chronology of 
δ18O and δ13C   

profiles 
(r.t. 2008 A.D.) 

δ13C 
(‰ V-PDB) 

δ18O 
(‰ V-PDB) 

240.4 2733.1 -7.8 -3.2 
240.7 2734.5 -7.7 -3.1 
241 2736 -8.1 -3.2 

241.3 2738.7 -7.7 -3.2 
241.6 2741.4 -7.9 -3.1 
242 2744.9 -7.2 -3 

242.3 2747.6 -7.1 -3.1 
242.6 2750.3 -7.9 -3.2 
242.9 2753 -7.4 -3 
243.2 2755.6 -7.7 -3.2 
243.5 2758.3 -7.2 -3 
243.9 2761.9 -7.1 -2.9 
244.2 2764.6 -7.7 -2.9 
244.5 2767.3 -7.5 -3 
244.8 2769.9 -7.3 -2.9 
245.1 2772.6 -7.2 -2.7 
245.5 2776.2 -7.2 -2.6 
245.8 2778.9 -7.3 -2.6 
246.1 2781.5 -7.1 -3 
246.4 2784.2 -7.2 -3 
246.7 2786.9 -7.4 -2.6 
247 2789.6 -7.5 -2.8 

247.4 2793.1 -7.6 -2.5 
247.7 2795.8 -7.4 -2.7 
248 2798.5 -7.6 -2.8 

248.3 2801.2 -7.4 -2.6 
248.6 2803.9 -7.3 -2.6 
249 2807.4 -7.4 -2.6 

249.3 2810.1 -7.5 -2.9 
249.6 2812.8 -7.6 -2.6 
249.9 2815.5 -7.7 -2.9 
250.2 2818.1 -7.7 -2.6 
250.5 2820.8 -7.8 -2.9 
250.9 2824.4 -7.7 -3.1 
251.2 2827.1 -7.8 -2.9 
251.5 2829.8 -8 -3 
251.8 2832.4 -8.2 -2.9 
252.1 2835.1 -7.5 -3.1 
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Stalagmite δ18O and δ13C geochemical data 

DBT (mm) of   
δ18O and δ13C 

profiles 

Chronology of 
δ18O and δ13C   

profiles 
(r.t. 2008 A.D.) 

δ13C 
(‰ V-PDB) 

δ18O 
(‰ V-PDB) 

252.5 2838.7 -7.9 -3.3 
252.8 2841.4 -8 -3.2 
253.1 2844 -8.3 -3.3 
253.4 2846.7 -7.7 -3.2 
253.7 2849.4 -7.9 -3.1 
254 2852.1 -7.9 -3.3 

254.4 2855.6 -8.2 -3.3 
254.7 2858.3 -7.4 -3.1 
255 2861 -7.6 -2.6 

255.3 2863.7 -7.4 -2.7 
255.6 2866.4 -7.2 -2.7 
256 2869.9 -7.6 -2.7 

256.3 2872.6 -8.4 -2.8 
256.6 2875.3 -8.9 -3.2 
256.9 2878 -9 -3.2 
257.2 2880.6 -8.5 -2.9 
257.5 2883.3 -8.4 -2.9 
257.9 2886.9 -8.2 -2.8 
258.2 2889.6 -8.2 -3 
258.5 2892.3 -8.1 -2.9 
258.8 2894.9 -8.2 -3.1 
259.1 2897.6 -8.2 -3 
259.5 2901.2 -8.2 -2.9 
259.8 2903.9 -7.9 -2.9 
260.1 2906.5 -8.1 -2.6 
260.4 2909.2 -7.7 -2.8 
260.7 2911.9 -8 -2.8 
261 2914.6 -8.5 -2.9 

261.4 2918.1 -8.4 -3 
261.7 2920.8 -7.4 -2.9 
262 2923.5 -7.4 -3.8 

262.3 2926.2 -7.2 -3.3 
262.6 2928.9 -7.6 -3.5 
263 2932.4 -7.5 -3.5 

263.3 2935.1 -7.5 -3.4 
263.6 2937.8 -7.5 -3.4 
263.9 2940.5 -7.3 -3.3 
264.2 2943.1 -7.3 -3.5 
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Stalagmite δ18O and δ13C geochemical data 

DBT (mm) of   
δ18O and δ13C 

profiles 

Chronology of 
δ18O and δ13C   

profiles 
(r.t. 2008 A.D.) 

δ13C 
(‰ V-PDB) 

δ18O 
(‰ V-PDB) 

264.5 2945.8 -7.5 -3.6 
264.9 2949.4 -7.2 -3.5 
265.2 2952.1 -7.6 -3.4 
265.5 2954.8 -7.2 -3.5 
265.8 2957.4 -7.3 -3.4 
266.1 2960.1 -7.6 -3.4 
266.5 2963.7 -7.6 -3.6 
266.8 2966.4 -7.8 -3.5 
267.1 2969 -7.8 -3.5 
267.4 2971.7 -7.4 -3.3 
267.7 2974.4 -7.6 -3.2 
268 2977.1 -7.9 -3.7 

268.4 2980.6 -7.8 -3.4 
268.7 2983.3 -7.6 -3.2 
269 2986 -7.8 -3.2 

269.3 2987.7 -7.7 -3.3 
269.6 2989.4 -7.6 -3.3 
269.9 2991.1 -7.7 -3.4 
270.2 2992.8 -7.7 -3.5 
270.5 2994.6 -8 -3.6 
270.8 2996.3 -8.2 -3.6 
271.1 2998 -7.8 -3.4 
271.4 2999.7 -7.5 -3.5 
271.7 3001.4 -7.8 -3.5 
272 3003.1 -7.9 -3.4 

272.3 3004.8 -8.6 -3.6 
272.6 3006.5 -8 -3.6 
272.9 3008.2 -7.6 -3.4 
273.2 3009.9 -7.9 -3.3 
273.5 3011.7 -7 -3.2 
273.8 3013.4 -7.1 -3.1 
274.1 3015.1 -7.2 -3.2 
274.4 3016.8 -7.3 -3.2 
274.7 3018.5 -7.3 -3.3 
275 3020.2 -7.7 -3.4 

275.3 3021.9 -8.1 -3.4 
275.5 3023.1 -7.7 -3.2 
275.8 3024.8 -7.9 -3.3 
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Stalagmite δ18O and δ13C geochemical data 

DBT (mm) of   
δ18O and δ13C 

profiles 

Chronology of 
δ18O and δ13C   

profiles 
(r.t. 2008 A.D.) 

δ13C 
(‰ V-PDB) 

δ18O 
(‰ V-PDB) 

276.1 3026.5 -7.3 -3.1 
276.4 3028.2 -7.2 -3 
276.7 3029.9 -7.8 -3.2 
277 3031.6 -7 -3.1 

277.3 3033.3 -7.6 -3.2 
277.6 3035 -7.3 -3.3 
277.9 3036.7 -6.4 -3.1 
278.2 3038.4 -6.6 -3.1 
278.5 3040.2 -7 -3.3 
278.8 3041.9 -6.5 -3 
279.1 3043.6 -6.6 -3.1 
279.4 3045.3 -7 -3.2 
279.7 3047 -7.5 -3.1 
280 3048.7 -6.5 -2.9 

280.3 3050.4 -6.7 -3.1 
280.6 3052.1 -6.4 -2.9 
280.9 3053.8 -6.6 -3.1 
281.2 3055.5 -6.9 -3 
281.5 3057.3 -6.8 -3 
281.8 3059 -7.4 -3.1 
282.1 3060.7 -7.1 -3 
282.4 3062.4 -7 -3 
282.7 3064.1 -7.7 -3.3 
283 3065.8 -7.5 -3.2 

283.3 3067.5 -7.3 -3 
283.6 3069.2 -7.4 -3.1 
283.9 3070.9 -7.4 -2.9 
284.2 3072.6 -7.3 -2.8 
284.5 3074.4 -7.2 -2.8 
284.8 3076.1 -6.3 -2.7 
285.1 3077.8 -6.6 -2.8 
285.4 3079.5 -6.8 -2.8 
285.7 3081.2 -7 -2.9 
286 3082.9 -7 -2.8 

286.3 3084.6 -7.4 -2.8 
286.6 3086.3 -7.9 -2.9 
286.9 3088 -7.4 -2.9 
287.2 3089.7 -7.1 -2.7 
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Stalagmite δ18O and δ13C geochemical data 

DBT (mm) of   
δ18O and δ13C 

profiles 

Chronology of 
δ18O and δ13C   

profiles 
(r.t. 2008 A.D.) 

δ13C 
(‰ V-PDB) 

δ18O 
(‰ V-PDB) 

287.5 3091.5 -7.1 -2.9 
287.7 3092.6 -6.7 -2.9 
288 3094.3 -7.4 -3 

288.3 3096 -6.7 -3.6 
288.6 3097.7 -7 -2.9 
288.9 3099.4 -7 -2.8 
289.2 3101.1 -6.9 -2.8 
289.5 3102.9 -6.2 -2.6 
289.8 3104.6 -6.3 -2.6 
290.1 3106.3 -7.2 -2.9 
290.4 3108 -7.8 -3 
290.7 3109.7 -7.6 -2.9 
291 3111.4 -6.8 -2.8 

291.3 3113.1 -7.1 -2.9 
291.6 3114.8 -6.9 -3.1 
291.9 3116.5 -6 -2.9 
292.2 3118.2 -6.2 -3.1 
292.5 3120 -6.8 -3.2 
292.8 3121.7 -6.9 -3.1 
293.1 3123.4 -7.1 -3.2 
293.4 3125.1 -6.6 -3 
293.7 3126.8 -5.4 -2.8 
294 3128.5 -6.5 -3 

294.3 3130.2 -6.7 -2.9 
294.6 3131.9 -6.8 -3.2 
294.9 3133.6 -7.6 -3.2 
295.2 3135.3 -8.2 -3.5 
295.5 3137.1 -7.8 -3.3 
295.8 3138.8 -7.2 -3.1 
296.1 3140.5 -7.9 -3.5 
296.4 3142.2 -8.4 -3.7 
296.7 3143.9 -7.7 -3.3 
297 3145.6 -7.1 -3.3 

297.3 3147.3 -6.4 -3.2 
297.6 3149 -6.8 -3.4 
297.9 3150.7 -7.9 -3.8 
298.2 3152.4 -8.5 -3.7 
298.5 3154.2 -7.8 -3.7 
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Stalagmite δ18O and δ13C geochemical data 

DBT (mm) of   
δ18O and δ13C 

profiles 

Chronology of 
δ18O and δ13C   

profiles 
(r.t. 2008 A.D.) 

δ13C 
(‰ V-PDB) 

δ18O 
(‰ V-PDB) 

298.8 3155.9 -8 -3.6 
299.1 3157.6 -7.5 -3.4 
299.4 3159.3 -7 -3.4 
299.7 3161 -7.2 -3.2 
300 3162.7 -7.1 -2.9 

300.2 3163.8 -7.6 -3 
300.5 3165.6 -7.3 -2.9 
300.8 3167.3 -7.1 -2.9 
301.1 3169 -6.9 -3.2 
301.4 3170.7 -7.2 -3.2 
301.7 3172.4 -7.4 -3.4 
302 3174.1 -7.9 -3.1 

302.3 3175.8 -7.3 -3 
302.6 3177.5 -7.5 -3.1 
302.9 3179.2 -7.2 -3.1 
303.2 3180.9 -7.8 -3.5 
303.5 3182.7 -8.5 -3.4 
303.8 3184.4 -8.4 -3.5 
304.1 3186.1 -8.2 -3.4 
304.4 3187.8 -7.9 -3.6 
304.7 3189.5 -7.8 -3.8 
305 3191.2 -7.6 -3.6 

305.3 3192.9 -6.7 -3.3 
305.6 3194.6 -6.9 -3.6 
305.9 3196.3 -7.3 -3.3 
306.2 3198 -6.7 -3.3 
306.5 3199.8 -7.1 -3.3 
306.8 3201.5 -6.8 -3.2 
307.1 3203.2 -6.9 -3.3 
307.4 3204.9 -6.7 -3.1 
307.7 3206.6 -6.5 -3.4 
308 3208.3 -6.7 -3.7 

308.3 3210 -6.5 -3.7 
308.6 3211.7 -6.7 -3.9 
308.9 3213.4 -6.5 -3.8 
309.2 3215.1 -7.2 -3.6 
309.5 3216.9 -7.3 -4 
309.8 3218.6 -7.3 -3.8 

82



 

 

Stalagmite δ18O and δ13C geochemical data 

DBT (mm) of   
δ18O and δ13C 

profiles 

Chronology of 
δ18O and δ13C   

profiles 
(r.t. 2008 A.D.) 

δ13C 
(‰ V-PDB) 

δ18O 
(‰ V-PDB) 

310.1 3220.3 -7.4 -3.7 
310.4 3222 -7.1 -3.6 
310.7 3223.7 -7.2 -3.7 
311 3225.4 -7.1 -3.5 

311.3 3227.1 -7.5 -3.4 
311.6 3228.8 -7.6 -3.6 
311.9 3230.5 -7.5 -3.4 
312.2 3232.2 -7.3 -3.5 
312.5 3234 -7.5 -3.5 
312.7 3235.1 -7.4 -3.7 
313 3236.8 -7.4 -3.5 

313.3 3238.5 -7.8 -3.7 
313.6 3240.2 -7.6 -3.7 
313.9 3241.9 -7.4 -3.8 
314.2 3243.6 -7.8 -3.7 
314.5 3245.4 -8 -3.9 
314.8 3247.1 -7.8 -3.9 
315.1 3248.8 -7.6 -3.8 
315.4 3250.5 -7.7 -3.9 
315.7 3252.2 -7.9 -3.9 
316 3253.9 -7.4 -3.7 

316.3 3255.6 -7.5 -3.6 
316.6 3257.3 -7.8 -3.5 
316.9 3259 -7.5 -3.5 
317.2 3260.7 -7.8 -3.5 
317.5 3262.5 -7.7 -3.7 
317.8 3264.2 -8.5 -3.7 
318.1 3265.9 -7.6 -3.5 
318.4 3267.6 -7.7 -3.6 
318.7 3269.3 -8 -3.6 
319 3271 -7.5 -3.6 
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