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Abstract 

According to the IPCC report of 2013, anthropogenic warming has increased the Earth’s global 

energy inventory since the industrial revolution. 93% of this warming is taken up and locked 

in the oceans. However, heat uptake is not equally distributed over the oceans. Sea Surface 

Temperatures (SST) in the South-Central Indian Ocean are shown to have a larger increase 

than the global average SST increase. Interannual SST variability in the Indian Ocean is 

known to be the result of the interplay between the East Asian monsoon, El Niño–Southern 

Oscillation (ENSO) and the Indian Ocean Dipole (IOD). Correlation between the Pacific 

Decadal Oscillation (PDO) and ENSO suggests that intercorrelation between climatological 

drivers complicates regional SST patterns. How the climatological drivers developed over time 

and what the trend will be in the future is not known. The precession-driven shift of the 

Intertropical Convergence Zone (ITCZ) in combination with an obliquity maximum led to the 

Holocene Climatic Optimum (HCO) around 9000-5000 years ago. This period was 

characterized with warmer summers in the Northern Hemisphere and colder on the Southern 

Hemisphere. The African climate is driven by climate variability on the Northern Hemisphere; 

Asian monsoon strengthening led to the African Humid Period (AHP). After the HCO, the 

Southeast African region was characterized by general cooling and drying. Speleothems are 

known to be an excellent archive of the past, able of reconstructing precipitation and 

temperature variability. Rodrigues Island is located in the Southwestern Indian Ocean. The 

location of the island is optimal for deciphering the interplay between modulating climate 

phenomena and interconnection between the shifting positions of the ITCZ and the Mascarene 

High in the Indian Ocean. In this thesis, a 1550-year isotope record derived from a stalagmite 

from Rodrigues Island is presented from the Late Holocene (2700-1200 BP). An oxygen and 

carbon isotope record in combination with XRF data and clumped isotopes led to a paleo-

climatological reconstruction. Temperature was reconstructed with both clumped isotopes and 

fluid inclusion data from Spliethoff [2015]. The record showed increasing aridity over the 

whole record with stable temperatures, agreeing with the global trend and the subtropical 

climate. Zonally shifting high-pressure areas in the Indian Ocean possibly caused rainfall 

variability in the region. A significant increase in humidity occurred between 1375-1275 BP 

and was linked to an increase in El Niño intensity, forcing the system in a positive Indian 

Ocean Dipole (IOD) state. Wavelet analysis showed a 300-year cyclicity of these decadal-

scale transitions to a positive IOD, agreeing with other research on Mauritius by De Boer et 

al. [2014]. Due to global warming, increased heat uptake by the Indian Ocean is expected in 

the future, causing further desiccation of the Rodrigues Island area.  
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Introduction 

1.1. General introduction 

The South-Central Indian Ocean is known to be a focal point of heat uptake, leading to a 

larger increase in its sea surface temperatures (SST’s) than the average global SST increase 

(Lee et al., 2015; Roxy et al., 2014). Recently, this increased heat uptake has been explained 

by an asymmetric response of the Indian Ocean to El Niño-Southern Oscillation (ENSO) 

variability; El Niño conditions cause anomalously warm SST’s in the Western and Central 

Indian Ocean, while La Niña’s do not cause anomalously cool SST’s in that region (Roxy et 

al., 2014). This effect will be enhanced by the increased frequency of El Niño events in a world 

that is warming by increased greenhouse gas output (Cai et al., 2014). It is unknown what 

the role of the main coupled air-sea interaction of the Indian Ocean, that is the Indian Ocean 

Dipole (IOD), is for this Western and Central Indian Ocean warming. 

The recent warming of the Indian Ocean can be ascribed to the buildup of warmer 

waters due to the long-lasting La Niña events with a lacking balancing El Niño event (Baudoin 

et al., 2017; Cai et al., 2014; Lee et al., 2015). The increased warming of the South-Central 

Indian Ocean is thought to weaken convective atmospheric flow to Southeast Africa, resulting 

in drought and famine in that area (Baudoin et al., 2017; Funk et al., 2008). This should 

simultaneously result in higher precipitation in the South-Central Indian Ocean. The current 

most accepted hypothesis for the increased heat uptake in the Indian Ocean is the recent 

intensification in the interplay between modulating climate phenomena in the Indian and 

Pacific Ocean (Abram et al., 2008). 

To understand the relation and future response of the system and the intercorrelating 

climatological phenomena, research is needed, especially on the Southern Hemisphere 

(Marcott et al., 2013).  

 

1.2. Climatology 

The Indian Ocean climate is primary dependent on the seasonally shifting Intertropical 

Convergence Zone (ITCZ) (figure 1). The ITCZ is a wind convergence zone, characterized by 

relatively heavy precipitation. This zone shifts latitudinally towards the warmest SST. 

Latitudinal SST variability is driven by yearly changes in the angle of incoming solar radiation 

due to the tilt of the Earth’s axes, also known as seasonality (Schneider et al., 2014). The 

location of the ITCZ determines the onset and duration of global rain patterns and the 

monsoonal season(s) (Fleitmann et al., 2003). Its northern latitudinal maximum in July and 

southern latitudinal maximum in January (figure 1). Rainfall patterns in the (sub)tropics 

correlate with the latitudinal migration of the ITCZ (Schneider et al., 2014).  

 



MSc thesis – Holocene Climate Variability in the Southwestern Indian Ocean 
 

 
6 

 

Generally, ocean circulation in the Indian Ocean subtropical gyre occurs in two gyres: 

A Northern and Southern gyre (Lutjeharms, 2006; figure 2a). The South Equatorial Current 

(SEC) brings warm water and moist air from Indonesia to Africa and splits the Indian Ocean 

gyre in two. Water mass exchange between the Pacific and Indian Ocean occurs mainly 

Figure 1. The migration of the ITCZ with its two maxima in January (top figure) and July (bottom figure). The 

location of Rodrigues Island is indicated as a green dot. The Mascarene high pressure area is indicated with a red H. 

Note the northward movement of the ITCZ in July. Dominant wind patterns (surficial) are illustrated as arrows. 

Modified from Richter [2001]. The solid fixed lines in the figure are the borders between the tropical and extratropical 

climates as defined by Troll (1950). Note that topography and position of continents influence atmospheric 

circulation. 
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through Indonesia, which is called the Indonesian Throughflow (ITF), transporting about 10-

15 Sv (Linsley et al., 2010). Other inflow occurs from the southern Indian Ocean, through the 

Antarctic Circumpolar Current (ACC) and the Red Sea. The Agulhas Current is the most 

important outflow transporting water masses from the Indian Ocean along the coastline of 

South-Africa to the Atlantic Ocean reaching up to 70 Sv, making it the most important western 

boundary current (Lutjeharms, 2006; Bryden et al., 2005, figure 2b). The ITF is the link 

between the IOD and ENSO causing SST anomalies in the Indian Ocean (Newman et al., 

2003; Wang et al., 2014). 

 

1.3. Indian Ocean Dipole 

Changes in the SST of the Indian Ocean correlate with changes in the strength of the trade 

winds and/or southern Westerlies. 12% of the changes in SST can be ascribed to the Indian 

Ocean Dipole (IOD) (Saji, 1999). There are three phases of IOD: positive, negative and 

neutral. In neutral phase, air rises around Indonesia and sinks in the western Indian Ocean, 

completing the cycle with westerly winds blowing along the equator. In case of a positive 

(negative) IOD event anomalous warmer (colder) temperatures are visible in the 

(south)western Indian Ocean and colder (warmer) in the Southeastern Indian Ocean, creating 

a dipole structure. Every phase occurs every 3-5 years. Positive or negative phases occur in 

autumn/winter and return to neutral around the end of spring when the northern Australian 

Figure 2.  Figure 2a gives an overview of the Indian Ocean circulation; subtropical gyre split by the Indian South Equatorial 

Current (ISEC) bringing water westward. The Indian Equatorial Counter Current (IECC) and South Indian Counter Current 

(SICC) bring water eastward. Inflow occurss through the Indonesian Throughflow (ITF) and Antarctic Counter Current (ACC). 

Outflow occurs through the Agulhas Current (AC). Figure 2b shows the submesoscale ocean circulation around Madagascar 

as presented by Lutjeharms and Bornman [2010]. 

a

. 

b

. 
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monsoon arrives (Behera et al., 2006; Saji, 1999). With the east-west (west-east) 

temperature anomaly gradient, westward (eastward) shift of the Walker Cell by weakened 

(intensified) westerly winds causes an increase (decrease) in upwelling in the eastern Indian 

Ocean, leading to an increase (decrease) in productivity in the Sumatran waters, an increase 

(decrease) in precipitation in western Indonesia, a decrease (increase) in precipitation in 

Australia and drought in Africa (Behera et al., 2006; Kwiatkowski, et al., 2015).  

Climatological models suggest that internal variability of SST in the Indian Ocean is 

initiated by a(n) decrease (increase) in the thermocline depth during El Niño (La Niña). Thus, 

the ITF decreases (increases) during El Niño (La Niña) events; since the ITF transports warmer 

Pacific waters into the Indian ocean, anomalous lower (higher) temperatures are found in the 

eastern Indian Ocean, the positive (negative) phase of IOD. These two climate phenomena 

have had global climatological impact with records indicating the extent over the whole 

Holocene epoch (Abram et al., 2007; De Boer et al., 2014).  

Not only the position, also the intensity of the ITCZ is altered by the IOD. During a 

positive IOD, the ITCZ weakens and precipitation intensifies north of the ITCZ (Saji et al., 

1999). Correlation between the main high-pressure area around the Mascarene Islands, the 

Mascarene High, short rainfall events in eastern Africa, the IOD and ENSO support the idea 

of changing location and intensity of the ITCZ (Baudoin et al., 2017; Manatsa et al., 2014). 

It is unclear if the Pacific Decadal Oscillation (PDO), which describes decadal cyclicity in SST 

in the Northern Pacific, is a dominant driver in this region (Mantua and Hare, 2002; Newman 

et al., 2003). However, correlation between the PDO and ENSO is acknowledged (Newman et 

al., 2003; Wang et al., 2014) influencing the Indian summer monsoon rainfall (Krishnan and 

Sugi, 2003).  

 

1.4. Rodrigues Island 

The location of the island is optimal for deciphering the interplay between modulating climate 

phenomena in the Indian Ocean since the islands paleo-archives are ideally located to directly 

reflect oceanographic and atmospheric changes due to its maritime climate and isolated 

location (figure 1 and 3). 
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The long term annual precipitation and temperature over the period 1961-2007 is 

listed in figure 4. The wettest month is February, the driest months are September and 

October. The annual temperature variability lies between 20-30 °C. Highest temperatures are 

reached in January-March and the coldest around August, see figure 4. The island is located 

between the ITCZ and a high-pressure area called the Mascarene high (figure 1), resulting in 

prevailing trade winds with constant wind speed without seasonal/monthly variations and, 

according to Windfinder©, with an east/east-southeast direction (figure 4).  

 

1.5. Stalagmites; paleo-archives 

The isotopic composition of calcium carbonate (CaCO3) in speleothems is known to be an 

excellent archive of past climatic and environmental conditions like temperature and relative 

humidity (Fleitmann et al., 2003; Lachniet, 2009; McDermott, 2004). Both the carbon (13C) 

and oxygen (18O) isotopes include more than one variable in their isotope value (Bar-

Matthews et al., 1996; Lauritzen and Lundberg, 1999). The δ18O signal reflects cave 

temperature and the isotopic composition of formation water or so called meteoric water 

(Feng et al., 2014; Grant et al., 2012; Ravelo and Hillaire-Marcel, 2007). The isotopic content 

of meteoric water can be determined by measuring the isotopic composition of fluid inclusions 

in the stalagmite (Eiler, 2011). The δ13C value in the stalagmite has bedrock, atmospheric 

Figure 3. Rodrigues island including surrounding coral reefs and important cities (red dots, labelled). The entrance 

of the Potato cave (yellow point), the Caverne Potato area (purple) and patchy vegetation cover (green) are indicated. 

No (significant) vegetation cover around the Caverne Potato area is present. Image adjusted from Google Earth and 

Google Maps. 
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and gas sources (Dorale and Liu, 2009; Lauritzen and Lundberg, 1999).  Additionally, several 

incorporated trace elements might reflect trends in paleo-environmental conditions and can 

eventually pinpoint different signals found in the isotope value (Fairchild and Treble, 2009; 

Folk and Land, 1975; Verheyden, 2004).  

 

 

 

1.6. Clumped isotopes 

The clumped isotope thermometry focusses on the abundance of naturally occurring 

molecules with more than one rare isotope. In carbonates, rare isotopes can either be oxygen 

(18O) or carbon (13C). This method assumes homogeneous isotope exchange equilibrium 

during deposition and can therefore not be executed after failing the Hendy test (Eiler, 2011; 

Hendy, 1971). Elaboration on the Hendy test can be found in section 2.5. The abundance of 

the 18O-13C bonds correlates with the temperature component in the isotope signal in 

speleothems since it is independent of the isotopic composition of meteoric waters from which 

the carbonate minerals originated (Douglas et al., 2014; Eiler, 2011; Kele et al., 2015; 

Meckler et al., 2015). When combining the isotopic data with the clumped isotopes data, one 

can differentiate between the temperature and precipitation component of the found signals 

in the trend. If temperatures derived from clumped isotopes are relatively stable, the 

dominant signal is humidity variability. When the signals are split, the trends can be 

extrapolated to paleo-environmental variability (van Breukelen, 2009). 

 

Figure 4. Monthly mean precipitation, wind speed and temperature of Rodrigues island. In figure 4a, precipitation and wind 

speed are shown on the right axis, whereas temperature is shown on the left axis. Exact values are listed in the table in figure 

4b. Data derived from Mauritius Meteorological Services: http://metservice.intnet.mu/climate-services/climate-of-rodrigues-

and-islands.php  

 

a

. b
. 

http://metservice.intnet.mu/climate-services/climate-of-rodrigues-and-islands.php
http://metservice.intnet.mu/climate-services/climate-of-rodrigues-and-islands.php
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1.7. Aim of this thesis 

The aim of this thesis is to explore the use of speleothems to extend the knowledge on 

interannual climatological variability in the subtropical Indian Ocean in the Late Holocene and 

to help unravel the relation between the intercorrelating (interannual) oscillating 

climatological drivers of the convective ocean circulation in the South-Central Indian Ocean.  

In this thesis, a speleothem proxy is used to produce a high-resolution δ18O and δ13C 

isotope record. With these results, trends in paleotemperatures and paleohumidity will be 

reconstructed. Clumped isotope thermometry will make a distinction between the humidity 

and temperature signal in the isotope value. The record will be compared with other 

speleothem data from the cave and with prior research in the Southeastern Indian Ocean. 

Comparison with these existing data sets will give an overview of the climatological changes 

in the Holocene in this area. The main research question of this thesis is: 

 

Which climatological drivers were dominant in the Late Holocene  

 causing SST variability in the subtropical Indian Ocean? 

 

Additional sub-questions to aid the research question are: 

- Which cyclicities are present and dominant in the speleothem record?  

- How are the cyclicities interconnected in the speleothem record? 

- What is the regional and global pattern when the data is extrapolated? 
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Materials and methods 

2.1. Location description 

Rodrigues Island is located in the Southwestern Indian Ocean about 1500 km east of 

Madagascar with coordinates 19°42′S and 63°24′E (figure 1). It lies in the Mascarene Basin 

and forms with Reunion and Mauritius Island the Mascarene Archipelago. The surface area of 

the island covers about 108 km2 and the highest point is reached at 396 m. The island 

foundation consists mostly of igneous rock and rose from the sea at about 1.5 million years 

ago, due to volcanic activity around the meeting point of three tectonic plates; namely the 

African, Australian and Antarctic plate (Cheke and Hume, 2010). The island is almost 

continuously encircled with coral reef with a small southeast river outlet. In the southwestern 

part, several karst features mark the presence of the limestone formation underneath the 

surface; about 3 km2 of the surface between Plaine-Corail and Baie-Topaze is covered by 

limestone rock (figure 3). The limestones on the island are eolian calcarenites and are formed 

on top of the basalt foundation of the island. The southwestern location of the eolianites can 

be explained by the present dominant wind direction and ocean circulation (Burney et al., 

2015; Lace and Mylroie, 2013; Middleton and Burney, 2016). 

The limestone formation includes over 30 surveyed dissolution caves. Among these is 

the most extensive cave known in the Republic of Mauritius, the Caverne Patate or in English, 

the “potato” cave. This chained cave system reaches a length of 1,040 meters and has its 

entrance at coordinates S19°45.492’ E63°23.191’ (figure 3). Part of the Caverne Patate 

system is the “Cave aux Crabes” or Caverne de la Vierge, shortly “La Vierge”. The cave is a 

“fossil stream cave” since it is the remnant of a former flowing water body (Middleton and 

Burney, 2016).  

The first inhabitants arrived in 1691 (Gade, 1985). Sharp population increase led to a 

population of 42,058 in 2015 (Cassimally, 2015). It was a British colony until declaration of 

independence in 1962. (Stuart et al., 1990). Human impact led to deforestation, cultivation 

and introduction of invasive species. Altering of the islands hydrology and biodiversity led to 

environmental degradation and fragmentation (Gade, 1985). Currently Rodrigues has three 

conservation areas, covering about 0.58 km2 (WWF and IUCN, 1994). 

The stalagmite was harvested during an expedition, led by Hubert Vonhof, 4 years ago 

(2013). A slab of 0.5 cm was sawn out of the center of the stalagmite. The surface was 

scoured with sandpaper, using increasingly finer grit sizes: from 600 up to 2000 according to 

the ISO/FEPA grit designation. The centered slab was used for all measurements. The cave 

air humidity was about 100% (Rijsdijk et al., 2011). The average cave air temperature was 

25.5 °C which is higher compared to an average 20-25 °C outside temperature (Spliethoff, 

2015; Rijsdijk et al., 2011; graph 1). 
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2.2. Preparing for sampling 

2.2.1. XRF 

Several scans and pictures from the stalagmite were taken by an Avaatech scanner before 

choosing a sample drill path. This machine is equipped with an XRF-scanner and can make 

high resolution line-scan pictures, both under visible and ultraviolet (UV) light. For a precise 

description of the machine’s specifications, one can visit http://www.avaatech.com. With the 

XRF-scan, counts of all elements over a cross-section can reveal possible, color-correlated, 

trends in (trace)elements (Frisia et al., 2005; Dendurand et al., 2011). The stalagmite was 

exposed to 10 kV and 30 kV X-rays. Spectral analysis will give insight into possible trends 

and cyclicity within the data. The counts measured should be 10 times above the standard 

deviation for the signal to be significant to the background noise.  

2.2.2. UV-radiation 

Ultraviolet radiation on carbonates is known to show luminescent banding in both corals and 

stalagmites up to annual scale (Baker et al., 1993). Trends in the UV-radiation cross-section 

was quantified according to Hunter’s L, a, b color space principle (1942). This principle states 

that all colors can be divided into two color dimensions, a and b. The lightness L*, where  

L*=0 at its darkest color (black) and L*=100 at its brightest color (white), gives the 

luminescence. The luminescence is caused by incorporation of organic acids derived from the 

overlying soil (Baker, 1996) The stalagmite was exposed to UV radiation with a range of 

different exposure times. The best setting was found at an exposure time of 20 milliseconds 

through an f/2.8 aperture. 

2.2.3. X-ray radiation 

Lastly, before setting out the sample path, the stalagmite was exposed under X-ray radiation. 

Internal density variability can reveal hidden growth history and detailed structures (Frisia, 

1996). The best setting was an exposure of 50 kV for 120 seconds. 

 

2.3. MicroMill sampling 

Samples were drilled at the NIOZ institute, located on Texel Island, the Netherlands. A 

MicroMill with a 1 μm drilling precision was used. MicroMill sampling took place perpendicular 

with respect to the growth rings of the stalagmite in the center of the sample at a 500 μm 

interval. The path was shifted with the varying center of the growth bands. For the exact 

drilling locations, see figure 6. To prevent contamination of the sample by drilling through 

several layers, samples were drilled with a cut width of 50 μm. For the same reason, the 

drilling depth was set at 50 μm as well. Samples were drilled in 2000 μm long lines along the 

growth bands. The drilling speed was set at a constant pace of 15 μm/s. 

http://www.avaatec/
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Two sets of both 6 lines of 2000 μm were drilled to test the isotopic equilibrium during 

speleothem formation. To see if there is any difference between the different opacity of the 

layers, the tests are set in a milky and in a transparent layer. If isotopic equilibrium during 

formation is not reached, the stalagmite cannot be used for isotopic analysis. 

 

2.4. Dating 

Dating of speleothems occurs usually through U/Th dating. Uranium can be incorporated into 

the crystalline structure due to its solubility, while thorium is usually insoluble. Secular 

equilibrium is hereby excluded and the radioactive clock is reset. However, when initial 

thorium is not equal to zero, it will result in overestimation of age (Frisia et al., 2002). 

The stalagmite was dated with U/Th at the two different points in the center of the stalagmite. 

The ratio was measured using inductively coupled plasma-quadrupole mass spectrometry 

(ICP-QMS), a method proved to be able to repetitive age measurement and precise numbers 

(Douville et al., 2010; Genty et al., 2003; Mallick et al., 2002). Although the stalagmite was 

harvested under an active drip, the age of the top is 1206 ±162 years BP. The second 

measurement was 4.2 cm top-down and is 1764 ±100 years BP (for locations, see figure 6). 

From these two U/Th measurements, an age model was fitted to the isotope records.  

 

2.5. Isotopic equilibrium test 

As the choice of equilibrium fractionation factor is critical when calculating temperature 

(McDermott et al., 2006), the reliability of the results was tested by applying the Hendy test 

(Hendy, 1971). There are two criteria to the test: 1) Isotopic equilibrium should be maintained 

over a single growth layer; when there is no equilibrium at deposition, the isotope value will 

enrich away from the apex due to kinetic fractionation. If values remain similar over the 

growth band, 18O/16O variations are caused by climatic variations only. 2) There is no 

correlation between δ13C and δ18O, because they are both affected by climate differently. A 

discussion about the Hendy test can be found in section 4.1. 

 

2.6. Isotope analysis δ13C and δ18O  

Isotope measurements of the La Vierge stalagmite were performed at the Max Planc institute, 

located in Mainz, Germany. The carbon and oxygen isotope values were measured following 

a method set up by Breitenbach and Bernasconi [2011]; the sample was treated by a 

GASBENCH preparation device, after which the carbon and oxygen isotope value was 

measured by a Thermo Delta V mass spectrometer (figure 5). Each sample had a typical mass 

between ~20-200 μg and was placed in 4 ml tubes. The samples were flushed with Helium 

gas to prevent bias via atmospheric contamination. The samples were digested with 

phosphoric acid (HPO4
-3). Subsequently, the CO2-He gas mixture is transported to the 
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GASBENCH in He-carrier gas. In the GASBENCH, water and other gaseous compounds are 

separated from the He-CO2 mixture before sending it to the mass spectrometer. The mass of 

the released CO2 was measured seven times by the mass spectrometer, which collects the 

ions with the Faraday collector. The average value of the seven amplitudes is the final value 

of the sample. The measured amplitudes decrease with number because of dilution of the 

sample. The isotope ratio mass spectrometer measures CO2 with three different ion masses, 

44, 45 and 46 mol/g: 12C16O16O, 13C16O16O and 12C18O16O, respectively. Differences between 

the values will determine the δ13C and δ18O. The isotope values are given as δ13C and δ18O 

relative to the V-PDB standard. 

Two different series of standards were measured with different sample sizes. The 

standards were sampled from a uniform carbonate rock. For each run, the correction was 

calculated. The samples were plotted against amplitude and a logarithmic trend line was 

fitted. When filling in the amplitude in the equation, the correction was set per sample. The 

reproducibility of routinely analyzed lab CaCO3 standards in this research was better than 

0.1‰ (1 SD) for both δ13C and δ18O. A logarithmic calibration curve is fitted through the 

measured data points, after which the right correction per measured amplitude can be 

applied. For calculating the temperature with the δ18O (equation 1 as used by Lachniet 

[2009]), the time of precipitation and the initial δ18O value of the formation water (δ18Owater) 

should be known. In the most precise case, fluid inclusions are used for paleo-δ18Owater since 

fluid inclusions enclose old drip water in the cavities (e.g. Kluge et al., 2008; van Breukelen, 

2009. The δ18Owater is given in SMOW whereas the δ18Ocarbonate is given in VPDB (Feng et al., 

Spliethoff, 2015). 

 

T= 15.75 - 4.3 ∙ (δ18Ocarbonate - δ18Owater) + 0.14 ∙ (δ18Ocarbonate - δ18O water)2  eq. 1 

 

After measuring the δ18Ocarbonate, the average δ18Owater from the thesis of Spliethoff 

[2015] was used. Although the speleothems are from the same cave, this will not give a true 

temperature. However, despite the differences, the calculated temperatures will get a general 

overview to validate the results from the clumped isotopes. 
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Figure 5. The top figure by Hilkert and Avak [2016] shows the 

steps for preparing the samples before measuring the isotopes in 

the isotope ratio mass spectrometer. The mass spectrometer 

measures the sample seven times, creating a graph as indicated 

top right. The mass spectrometer measures three different ion 

masses, 44, 45, 46 with Faraday collectors, a multiplier detector, 

shown in the left figure from Revesz et al. [2001]. 

 

 

 

Correction for biases related to the experimental setup include a correction for machine drift. 

As the machine executes its measurements, it deviates over time when the same sample 

sizes are measured. Therefore, the standards were measured randomly, not size-sorted. The 

second correction is due to differing sample size. The smaller the sample, the lower the 

amplitude measured by the machine. As the amplitude becomes smaller, the correction is 

bigger and thus the reliability lower. Therefore, a sample size too small (< 150 µg) should be 

avoided. 

 

The effect of tube size on measured isotope value was investigated. Hypothetically, the 

smaller the tube size, the larger the ratio sample/volume. Thus, the measured amplitude 

would be higher. Using a smaller tube size would therefore work better for smaller samples. 

To test the hypothesis, samples were measured in two different tube sizes. I deviated between 

the tubes: uneven sample numbers in a different sized tube than the even numbers. 
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2.7. Frequency analyses  

Correlations between isotopes is expressed with the correlation coefficient, R2; when R2=1, 

there is perfect correlation, whereas when R2=0, there is no correlation. REDFIT spectral 

analysis will show if there is any cyclicity in the results (Schulz and Mudelsee, 2002). 

Additionally, Wavelet analysis will show cyclicity trends over the derived isotope records 

(Torrence and Compo, 1998). REDFIT spectral analysis and Wavelet analysis are executed 

with the program Paleontological Statistics, or for short PAST (Hammer et al., 2001). The 

program AnalySeries is used to execute Gaussian bandpass filters on the carbon and oxygen 

isotopes and selected element records (Paillard et al., 1996). Significant peaks from the 

REDFIT analysis will be used as filter. The filter should agree with the Nyquist frequency: the 

filter should be at least twice the sample resolution (Allen, 1977). Additionally, bandwidth or 

bandpass filter should fit over the data; overfitting as well as underfitting was avoided as it 

may lead to bias in the results after filtering (Allen, 1977).  

 

2.8. Clumped isotopes (Δ47) 

Clumped isotopes were measured at the GML laboratory, located in Utrecht, the Netherlands, 

following the method as described by Schmid and Bernasconi (2010). The method of the 

clumped isotopes resembles the method used in Mainz. However, because of the low 

concentration of Δ47, high precision and different bias correction is critical during and after 

measurement. 

The standard formula for calculating the temperature dependent mass-47 in permilles 

is given in equation 2, where R represents the ratio between the abundance to the most 

abundant carbonate isotopologue with mass-44. 

 

𝛥47(‰) =  [(
𝑅

47
44

𝑅47 𝑠𝑎𝑚𝑝𝑙𝑒
) − (

𝑅
46
44

𝑅46 𝑠𝑎𝑚𝑝𝑙𝑒
) − (

𝑅
45
44

𝑅45 𝑠𝑎𝑚𝑝𝑙𝑒
)] ×1000     eq. 2 

 

Samples were treated with a Thermo Scientific Kiel IV carbonate device (more 

information https://goo.gl/YX5TSy), after which samples were transported into a Thermo 

Scientific MAT 253 isotope ratio mass spectrometer. Samples were dissolved in phosphoric 

acid (H3PO4
3-) at 70 °C . Water is quantitatively removed by flushing and trapped by the use 

of repetitive loops before the released CO2 gas is ionized and measured over variable 

collectors to measure specific mass-to-charge ratio (m/z) of 44 up to 49 (figure 5). Precision 

in the measurements is obtained by measuring the CO2 gas alternately against a CO2 

reference gas for six cycles. During each cycle, the beam intensity decreases and differs per 

Faraday collector (figure 5). The KIEL also corrects for “composition-specific artifacts causing 

the nonzero slope of the heated and equilibrated gas lines, which … was shown to be the 

result of negative backgrounds or ’pressure baseline’ (PBL) signals in the Faraday cups of the 

https://goo.gl/YX5TSy
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smaller ion beams, which are linearly related to the intensity of the major ion beam (m/z 44)” 

(Meckler et al., 2014). The total time for one Kiel run, including 22 samples and 6 aliquots of 

each standard, is about 36 hours. Every sample has a typical weight of 150-180 µg, which 

later is corrected for. In every run, four different standards were used to find the regression 

between temperature and Δ47. A linear fit through the four standards can then determine 

paleo-temperature. The more standards and aliquots measured, the better the end-fit of the 

data and the more precise the paleotemperature. The standard deviation for the standards 

was typically 0.05 ‰. 

The data was corrected for machine derived biases by standardization to create an 

absolute reference frame (Meckler et al., 2014). Other corrections are applied for acid 

digestion fractionation and whether there is an average standard offset by conducting 

regression. When the samples are normally distributed, the standard deviation gives the 

reliability and potential bias of the measurements; the lower the deviation, the higher the 

reliability of the results. Also, a different correction is applied for different types of carbonates 

(Perrin et al., 2014). 

Four sample locations were determined. The four locations were chosen to compare 

the δ13C and δ18O variability. Every sample has a typical weight of 3-4 mg. For every sample 

that had to be measured, as many aliquots as possible were derived. After determining the 

temperature component, the variability can be explained. The isotope value of the sample will 

be determined as well. By comparing the results from the KIEL and the GASBENCH, the 

precision, accuracy and reliability of the two machines can be analyzed. 

 The Δ47 data was transposed to temperature using two different calibrations. The two 

calibrations have the same analytical setup but based on travertine and synthetic calcite 

respectively. First is the travertine calibration given by Kele et al. (2015) where the 

temperature is expressed in Kelvin. This equation can cover temperatures between 5 and 95 

°C. Equation 3 gives the formula used in this paper including the standard deviations. 

𝛥47(‰) =  (
0.044∙106±0.005

𝑇2 ) + 0.205 ± 0.047      eq. 3 

The conversion from temperature in Kelvin (K) to temperature in Celsius (°C) is made by 

equation 4. The ± indicates the calibration error in the formula. 

𝑇 (°𝐶) = 𝑇 (𝐾) − 273.15         eq. 4 

 
The second calibration method is based on synthetic calcite assessed at the University of 

Leeds as presented in the paper by Meckler et al [2014]. This method has a temperature 

range of 3.5 to 70 °C (equation 5). 
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𝛥47(‰) =  (
0.044∙106±0.006

𝑇2 ) + 0.179 ± 0.071      eq. 5 

 

If the clumped isotopes measurements all would produce the same temperatures, 

variability within the isotope records would be caused by humidity. Temperatures derived 

from the stalagmite are expected to be around 25 °C, compared to the situation of today 

(figure 4). With the standard deviation (σ), sample bias can be evaluated and with that the 

internal validity of the temperature calculations. After temperatures are determined using the 

two different calibration methods, they are compared with the temperatures calculated with 

the formula by Lachniet [2014] (equation 1) and the δ18Owater from Spliethoff [2015]. 

Before σ can be calculated, the results should first be proven to be normally distributed 

by making a QQ-plot for every sample. If all samples follow a straight line, the samples are 

normally distributed. The slope of the line is the standard deviation. A correlation coefficient 

(c) and Shapiro-Wilk test (W) was performed to calculate the validity of the results and the 

behavior of the samples. The null-hypothesis (H0) of the Shapiro-Wilk test is that the samples 

are normally distributed; the hypothesis can be rejected if the samples are not normally 

distributed. The Shapiro-Wilk test gives a W and a p-value. The closer the W-value is to one, 

the closer the samples are to normal distribution. If the samples are normally distributed, the 

p-value gives the probability of getting the observed value of the test statistic. The smaller 

the p-value, the greater the evidence against the null-hypothesis. However, if samples are 

closely to each other, the samples are unlikely to have a large p-value. If sample size is small, 

the Shapiro-Wilk test may also give misleading results (Shapiro and Wilk, 1965). The tests 

were executed using RStudio version 1.0.143. 
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Results 

3.1. Stalagmite description 

The La Vierge stalagmite is 121 millimeters long. The base of 

the stalagmite is 75 mm wide and it tapers towards the top 

where it flats out to approximately 30 mm. This shape is 

characteristic for a stalagmite, whereas stalactites have a 

more elongated shape (Short, 2005). Within the stalagmite, 

there is an alternation between milky-white, opaque layers 

and more transparent, clear layers. The color of the 

stalagmite suggests no or little intrusions of organic material. 

There are three distinct milky-white layers and a smaller one, 

only present in the core of the stalagmite. The base of the 

stalagmite (40-50 mm) consists of two milky-white opaque 

layered “shoulders” which can best be seen under X-ray 

(figure 7.2). The depression between the shoulders is a 

formation phenomenon caused by either the impact of falling 

drops (Bögli, 2012) or by dissolution occurring through partial 

periodic undersaturation of the drip water (Frisia, 2000). In 

the center of the base, several remnants of fluid inclusions 

and irregular growth bands are visible. It is therefore 

expected that isotopic analysis of the last samples will show 

more variations and will be less usable for analysis of 

paleoclimatology. The stalagmite has a fracture line on the 

second milky-white band, this section was not sampled 

(figure 6, orange arc); unsampled samples are marked red. 

 From the two data points (figure 6, yellow stars), a data 

model was extrapolated and the average growth rate is 

calculated. The average growth rate for this stalagmite was 

42 mm/558 years = 0.075 mm/year. As the samples are 

taken every 0.5 mm, every sample overlaps about ~6.7 

years. The average growth rates of stalagmites are 0.02-0.3 

mm/year (McDermott et al., 2006; Genty et al., 2001). A 

growth rate of 0.075 mm/year value falls between this range, 

although relatively low.  

The growth rate of a speleothem changes with 

temperature and drip water calcium content and to a lesser 

Figure 6. La Vierge stalagmite with all 

sample locations indicated as green lines. Red 

lines are unsampled. The orange arc indicates 

the fracture line on the second milky-white 

band.Black and white photos are taken with 

the MicroMill. Yellow stars indicate locations of 

U/Th measurements.  
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extent, the drip rate (Lauritzen and Lundberg, 1999; Genty et al., 2001).  

The certainty of the age model is highest when the sample lies close or in between the 

two U/Th data points (figure 6, yellow stars), and decreases towards the bottom of the 

stalagmite because of the uncertainty of hiatuses in the stalagmite. Aridity, vegetation cover 

and glacial-interglacial cycles can cause hiatuses and disturb the age model, although the 

sub-tropical location of the island should minimize the extent of these hiatuses (McDermott 

et al., 2006; McDermott, 2004).  

 

3.2. Ultraviolet and X-ray photos 

The image of the La Vierge stalagmite under visible light shows some alternation between 

milky-white and more transparent layers. The picture was taken before scouring, so the 

diagonal scouring grooves are still visible (figure 7.3). When looking at the stalagmite with 

ultraviolet and X-ray radiation, layering becomes more detailed. Transparent banding 

becomes more visible with UV radiation, whereas banding in the milky-white areas can better 

be seen under X-ray. In the milky base, the sample path lies to the right side of the growth 

axes since layering in the right shoulder was more distinct (figure 7.1 and 7.2). 

 

3.3. XRF-scan 

The XRF-scan showed highest values in calcium. The magnesium and aluminum content in 

the stalagmite are undetectably low. Barium content does not show any correlation with the 

alternating bands in the stalagmite. The Sr/Ca shows a different correlation between the first 

calcium dip and the second dip (figure 8). Correlation between calcite content and whiteness 

of the layers is indicated with orange bands in figure 8. The milky layers tend to have lower 

calcite content. XRF-scans of important elements can be found in the appendix. 
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Figure 7. The La Vierge stalagmite as seen under ultraviolet (UV) 

radiation (top-left figure; a), X-ray radiation (top-right figure; b) and 

with a digital Color Line Scan Camera (bottom-right figure; c).  

The UV image was taken with an exposure time of 20ms through an 

f/2.8 aperture. Color data was calculated over the rimmed black 

areas and expressed in lightness, shown in the graph right of the UV 

image. The right image shows the La Vierge stalagmite under X-ray 

radiation, exposed to 50kV for 120s. The color image of the La Vierge 

stalagmite is taken before scouring; the diagonal sawing grooves are 

still visible. Scans and photos a and b, are made with the Avaatech 

scanner located at the NIOZ institute, Texel, the Netherlands. For the 

precise specifications, one can visit http://www.avaatec. 
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Figure 8. Correlations between calcium density in counts (top graph) and sample location map of the La Vierge 

stalagmite. Calcium density measured with an Avaatech XRF-scanner over an 82 mm transect (blue line in top figure). 

The bottom graph shows the strontium/calcium with a darker blue 10-moving average. For more specifications, visit 

http://www.avaatech.com/. The age model was determined from the two U/Th measurements, see section 2.4. 
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3.4. Crystallography  

Clumping occurs different per type of carbonate. Therefore, the type of carbonate should be 

determined. Although no high-scale resolution microscopic pictures are available from the 

stalagmite, the XRF data can tell you the type of carbonate as well (Perrin et al., 2014). In 

calcite stalagmites, this would be the other way around. Dolomite can form only if the Mg/Ca 

ratio exceeds 5-10:1 (Folk and Land, 1975). This stalagmite had undetectable magnesium 

values and relatively abundant strontium values; the stalagmite is assumed to be aragonite. 

Additionally, Mg/Ca and Sr/Ca ratios are indicators for the residence time of the 

meteoric water. Since the Mg content was below detection limits, only the Sr/Ca is plotted in 

figure 8. The values in the stalagmite will therefore closely reflect environmental changes.  

 

3.5. Hendy test 

The results to test whether the stalagmite was deposited under isotopic equilibrium is shown 

in table 1 and figure 9. Two tests were performed along two different bands. Six samples 

were taken by drilling 2 mm lines, 0.5 mm deep and 0.5 mm apart along the same growth 

band. Sample size varied with the density of the stalagmite. Samples in the milky-white layers 

were drilled at a greater drilling depth as samples in the transparent layers to get the same 

sample sizes.  

When comparing the smaller sized tubes with the bigger ones, little or no difference 

was seen in average amplitude size. Per sample, the amplitude size did decrease faster over 

the six measurement cycles when using smaller tubes; since there is a smaller volume and 

the same input of Helium gas, flushing occurred at a faster rate. Because of the larger 

difference in amplitude, the fault marge will increase. With this information, it is 

recommended to use larger sized tubes if possible. 

The Hendy test was performed twice on two different layers; one in a transparent and one in 

a milky-white band (figure 6 and 9). If kinetic fractionation occurs during growth, 

rapid/uneven loss of CO2 from the speleothem surface causes precipitated calcite enriched 

with 18O and 13C. Speleothems cannot be used for research if kinetic loss has occurred during 

growth (Hendy, 1971). 

In table 1, standard deviation (SD) expresses the variability in the results. The highest 

variation, 0.328 ‰, is found in δ13C of the first test, mostly caused by sample 6. The Hendy 

test results (figure 9 and table 1) show that the isotope values do not change significantly 

when moving along the growth band. There seems to be a trend in the milky-white layer 

where isotope values enrich away from the apex. Also, the correlation coefficient R2 reflects 

there is no relation between δ13C and δ18O. Thus, during the stalagmite formation no kinetic 

isotopic fractionation has occurred, meaning that the rate of CO2 loss was evenly distributed 

over the speleothem surface and the reliability of the isotope results is high. 
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Table 1. Results of the Hendy test over the two layers for oxygen and carbon isotopes. All isotope values 

are in permilles V-PDB. 

Milky layer Transparent layer 
 

δ13C δ18O  δ13C δ18O 

Average -7.48 -4.14 Average -7.47 -4.85 

SD 0.328 0.096 SD 0.097 0.093 

Min -7.77 -4.21 Min -7.61 -4.96 

Max -6.93 -3.97 Max -7.33 -4.69 

R² = 0.1019
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Figure 9. Results of the Hendy tests. Top figures show results from six test samples in the milky-white layer (left) and five test 

samples in the transparent layer (right). Both carbon as oxygen isotopes were determined and displayed against distance from the 

apex of the growth band, with on the left y-axes δ13C values and on the right δ18O values. Note that all y-axes have a 1‰ scale. 

Bottom graphs show the correlation between carbon and oxygen isotopes in the two tests. The correlation coefficient R2 is given in 

the top-right of the bottom graphs. For the location of the Hendy test samples, see figure 5. All isotope values are given in permilles 

V-PDB. 
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3.6. δ13C Analysis  

All results of the δ13C analysis are shown in top graph of figure 10. Values with an amplitude 

beneath 800 were indicated with red triangles. These values therefore have a lower reliability. 

Samples with amplitudes lower than 400 were not included in the trend (same accounts for 

the δ18O record).  

The produced carbon isotope record shows a decreasing linear trend with age (dotted black 

line in figure 10), from -6.5 to -8.6‰. The formula is shown in the graph with a correlation 

coefficient, R2, of ~0.34. Most isotopic variations lie within 1.5 ‰, indicated with a light grey 

band. Correlation between the location of milky-white bands and drops in the carbon isotope 

record is shown with orange bands. The dashed line marks the second white band at 35 mm 

which is not visible in the δ13C trend. A possible explanation for the non-correlation is that 

the layer was not broached because of shallow drilling depth of the MicroMill or that this layer 

is less pronounced (in terms of variability) than the other milky-white layers. The XRF-scan 

also did not show an increase in calcium in the less pronounced white layer (see figure 8). 

There is one clearly visible dip in δ13C in between 1375-1275 BP. The second dip is around 

1875-1975 BP, though less distinctive than the youngest one.  

 

3.7. δ18O Analysis  

All results of the δ18O analysis are shown in bottom graph of figure 10. Similar to the δ13C 

record, the δ18O shows a decreasing trend with age, from -4.7 to -5.2‰. Variability in the 

oxygen isotopes record is much higher than the carbon isotopes record, which is also reflected 

by the correlation coefficient, R2, which equals 0.043. Scatter increases when the samples are 

older than 2400 BP. Where the carbon isotopes in the orange boxes in figure 10 which showed 

correlation (dip δ13C in milky-white layers), the oxygen isotopes seem to have little or no 

correlation of this kind.  
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Figure 10. Correlations between the La Vierge stalagmite carbon (top graph) and oxygen (lower graph) isotope 

record and sample location. All sample locations are indicated in the middle figure; red lines are unsampled. 

Stalagmite isotope records are plotted against the distance as seen from the top of the stalagmite, with the top 

being zero. Triangles represent samples with a 400> amplitude <800. Both linear trend lines, the black dotted 

lines, are expressed in the equations shown in the top right of the corresponding graph. Correlations between 

trends in the carbon isotope record and the alternating (visual) white bands are indicated with orange boxes. 

The dotted orange box has a lack of correlation with the isotope trend. The same bands are drawn over the 

oxygen isotope record. The grey band marks all samples within a ±0.75‰ deviation from the trend line. The age 

model was determined from the U/Th measurements. 
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3.8. Correlation δ13C and δ18O 

The correlation between carbon and oxygen isotopes is displayed in figure 11. Its correlation 

coefficient, R2 is 0.18; although both records show a decrease in isotope value with age, 

covariance between the two variables is low.  

 

 

3.9. REDFIT Analysis  

REDFIT spectral analysis was done at two confidence intervals, namely 95% and 99%; 

Significant frequencies have a power above the confidence interval. REDFIT frequency 

analysis was executed on the element Sr, on the Sr/Ca ratio and the isotope records. REDFIT 

frequency analysis on strontium shows a cyclicity in the element over 291, 134 and 9 years 

(figure 12). The Sr/Ca shows a cyclicity of 9.5, 109, 155 and 364 years (figure 13). Figure 14 

shows a cyclicity within the oxygen isotope record of about 24, 33 and 40 years. The carbon 

isotope record captures a similar cyclicity of about 28, 43 and 48 years (figure 15). 

 Thus, while the cyclicity found in the isotope values show a decadal cyclicity, the 

cyclicity in calcium and strontium is more centennial or yearly. 
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Figure 11. Correlation between carbon (δ13C) and oxygen (δ18O) isotopes. The equation of the dotted linear trend 

line is shown in the top right of the graph as well as the correlation coefficient, R2. 
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Figure 12. REDFIT frequency analysis of strontium content in the stalagmite. Confidence intervals (95-99%) indicate a 

cyclicity of 291, 134 and 9 years. Significant cyclicity is labeled on the graph in years. Figure made with PAST. 
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Figure 13. REDFIT frequency analysis of Sr/Ca content in the stalagmite. Confidence intervals (95-99%) indicate a cyclicity of 

364 and 9.5 years. The smaller peaks correspond to a 155 and 109 year cyclicity. Significant cyclicity is labeled on the graph in 

years. Figure made with PAST. 
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Figure 14. REDFIT spectral analysis of the oxygen isotope record. Significant confidence intervals (95-99%) are 

indicated with significant cyclicity in years.  

Figure 15. REDFIT spectral analysis of the carbon isotope record. Significant confidence intervals (95-99%) are 

indicated with significant cyclicity in years. 

 

3.10. Wavelet analyses  

The wavelet analyses of both the carbon (figure 16) and oxygen (figure 17) isotopes show a 

cyclicity over the record of about 300 years. It can be noted that the carbon isotope record 

includes higher significance in cyclicity than oxygen isotopes; the carbon isotopes also include 

smaller scale cyclicity compared to the oxygen isotopes. However, the yearly cyclicity found 

in the strontium content is not found in either of the isotopes. 
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Figure 16. Wavelet analysis on δ13C over the 1550-year record displayed as a contour plot. The contour bar is shown on the right. 

Red fields are periods of high cyclicity of the corresponding y-value. Note that a log2 scale is used on the y-axes. Black lines around 

the contours indicate a significance level of p=0.05. The cone of influence is indicated as a black line. All values are given in years. 

Figure 17. Wavelet analysis on δ18O over the 1550-year record displayed as a contour plot. The contour bar is shown on the right. 

Red fields are periods of high cyclicity of the corresponding y-value. Black lines around the contours indicate a significance level of 

p=0.05. The cone of influence is indicated as a black line. Note that a log2 scale is used on the y-axes. All values are given in years. 
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3.11. Gaussian bandpass filter  

Gaussian bandpass filters were applied on the strontium, carbon and oxygen record. 

Amplitude size reflects the presence of significant cyclicity in the record. Three significant 

cyclicities in the strontium record were applied as bandpass filter. The significant cyclicities 

are 9, 134 and 291 years. Figure 18 shows the 9-year cyclicity with a bandwidth of 0.01 ‰ 

with a positive correlation over the strontium record. Variations in power can be observed 

over the record. The variability in amplitude size is caused by a combined effect of the other 

significant cyclicities. Three significant cyclicities in the carbon record were applied as 

bandpass filter on the data: 28, 43 and 48 years. Figure 19 shows the 40-year cyclicity with 

a bandwidth of 0.002 ‰ with a positive correlation over the carbon record. Three significant 

cyclicities in the oxygen record were applied as bandpass filter on the data: 24, 33 and 40 

years. Figure 20 shows the 42-year cyclicity with a bandwidth of 0.001 ‰ with a positive 

correlation over the oxygen record. The dominance in the 42-year cyclicity is increasing over 

time. 
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Figure 18. Gaussian bandpass 9-year filter (orange) applied on the strontium density (black) over time. A bandwidth of 0.01‰ was 

applied. Strontium density is measured with an Avaatech XRF-scanner over an 82 mm transect (figure 8) and indicated in counts. For 

specifications about the Avaatech scanner, visit http://www.avaatech.com/. The age model was determined from two U/Th measurements, 

see section 2.4.  

http://www.avaatech.com/
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Figure 19. Gaussian bandpass 40-year filter (orange) applied on the carbon isotope record (black) over time. A bandwidth of 

0.002‰ was applied. The age model was determined from two U/Th measurements, see section 2.4. 
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Figure 20. Gaussian bandpass 42-year filter (orange) applied on the oxygen isotope record (black) over time. A bandwidth of 

0.001‰ was applied. The age model was determined from two U/Th measurements, see section 2.4. 
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3.12. Clumped isotopes 

The four locations for the clumped isotope 

measurements are indicated in figure 21. The four 

locations are two sets of two which show strong 

δ13C shift between them. 

  Table 2 gives the number of aliquots per 

sample, the correlation coefficient (c), the W-value 

and the p-value. In sample RS-4, there was one 

abnormality. The RS-4c, gives the correction 

without this sample to show the difference. The 

first sample gives the highest values whereas the 

uncorrected sample RS-4 gives the lowest. The RS-

4 samples not follow normal distribution and 

therefore the standard deviation cannot be 

determined. This RS-4 sample is first to be rejected 

from the null-hypothesis, but when sample 10, 

with a Δ47 of 1.712 is removed from the hypothesis, 

the samples follow a normal distribution. This 

sample is then therefore not used to calculate 

temperature. The clumped data was analyzed 

statistically using QQ-plots and boxplots. An 

overview of the samples was given in a boxplot in 

figure 22. All clumped isotopes QQ-plots can be 

found in figure 23. The summary of all QQ-plots is given in figure 24. 

Temperatures calculated with the Kele [2015] give all relatively high temperatures, whereas 

the Meckler [2014] calibration gives more representable values (table 4). In both calibrations, 

a decrease in temperatures is visible towards the top. Median values show smaller scatter 

than average values (table 3), which is an indicator of the amount of scatter within the 

samples. Increase in bias is found with increase in Δ47 value. Temperatures are compared 

with values derived from equation 1. The δ18Owater used was -2.25 ‰ (Spliethoff, 2015). 

When filling in, the average temperature was 28.2 °C. The general trend was cooling over the 

1550 years, see figure 25. However, the standard deviation is larger than the decrease in 

temperature. 

  

Figure 21. The four sample locations for measuring 

the clumped isotopes value (Δ47) indicated as black 
stars. The locations are based on variations in the 

isotope record (figure 10). Color made on NIOZ, 

Texel with a digital Color Line Scan Camera 
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Name Aliquots c W p Δ47 Δ47 SD Δ47 Q2 ΔQ2-average 

RS-1 5 0.99 0.98 0.95 0.663 0.053 0.665 0.002 

RS-2 13 0.96 0.91 0.21 0.649 0.069 0.673 0.024 

RS-3 14 0.97 0.93 0.30 0.660 0.086 0.658 0.002 

RS-4 12 0.79 0.64 0.0003 0.746 - 0.643 0.103 

RS-4c 11 0.98 0.97 0.89 0.657 0.112 0.639 0.018 

Table 2. Summary of the clumped isotopes results including sample name, number of aliquots, the correlation 

coefficient, the W-value, the p-value, average Δ47, its standard deviation and the median (Q2) of the Δ47 samples. 

The temperature was calculated both from the average and median Δ47 value. Lastly, the differences in average 

and median was listed. All isotope values are in permilles. 

Table 3. Temperatures calculated according to two different calibrations. The Kele [2015] calibration based on 

travertines, the Meckler [2014] calibration based on synthetic calcite precipitation. Temperatures are calculated 

with the average Δ47 values and median values to correct for non-normally distributed data. All isotope values 

are in permilles. 

Type of calibration Kele [2015] Meckler [2014] 

Used data Δ47 average Δ47 Q2 Δ47 average Δ47 Q2 

RS-1 36.8 36.3 28.4 27.7 

RS-2 41.7 33.6 32.8 25.3 

RS-3 29.1 38.8 29.3 30.1 

RS-4 12.0 44.1 5.4 35.0 

RS-4c 38.9 45.4 30.3 36.1 

Figure 22. Boxplot of all clumped isotopes. The box shows the 1st and 3rd quartile and median (Q2) value in 

the middle. Whiskers indicate maximum and minimum values. One outlier is found in RS-4. 
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Figure 23. Probability plots from clumped isotopes results of 

the four measured samples. Samples were measured with the 
Kiel in Utrecht. The sample name was displayed as title above the 

graphs with RS meaning Rodrigues Stalagmite. Graphs are made 

with RStudio. 



MSc thesis – Holocene Climate Variability in the Southwestern Indian Ocean 
 

 
37 

 

 

 

 

Aliquots 43 

c 0.99 

W 0.98 

p 0.61 

Δ47 average 0.656 

SD Δ47 0.083 

Kele T(°C) 39.2 

Meckler T(°C) 30.6 

 

Table 4. Summary of all clumped isotope statistics. 

With c (correlation coefficient), the W-value, the p-value, 

Δ47 with its standard deviation and thereafter calculated 

average temperature calculated with two different 

calibrations; the travertine calibration by Kele et al. [2015] 

and the synthetic calcite calibration by Meckler et al. 

[2014].  

 
 

 
 
Figure 25. Temperatures calculated from the oxygen isotope record using in situ fluid inclusions from the MSc 

Thesis from Spliethoff [2015]. Showing a cooling linear trend over the stalagmite with a relatively large scatter. The 

formula and correlation coefficient (R2) are displayed on the graph.  

y = 0.0013x + 25.449
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Figure 24. Probability plot of all clumped isotope results, 

assuming temperature difference was insignificant. 
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Discussion 

4.1. Formation of stalagmites 

Formation of stalagmites can occur in two kinds of caves: 

o Primary caves, which form during the formation of the rock. Examples are lava tubes 

and cave blisters (van Breukelen, 2009). 

o Secondary caves are formed by dissolving acidic water. The most common 

speleothems are formed in secondary caves in calcareous rock bodies, mainly 

limestone. These speleothems consist mainly of calcium carbonate (CaCO3). As water 

percolates through the soil, it is acidified by respired CO2 or by available CO2 in the 

soils on top of the limestone rock (van Breukelen, 2009; Hendy, 1971). Dissolution of 

calcareous rock occurs through equation 7 and 8. The solubility of the CaCO3 depends 

on the partial pressure in solution (Garrels and Christ, 1965) 

 

 CO2 + H2O  H2CO3          eq. 7 

 H2CO3 + CaCO3 + H3O+  Ca2+ + HCO3
-      eq. 8 

 

When the percolated water enters the cave, it drips from the ceiling. The humidity in caves 

lies around 95-100% which minimizes the amount of evaporation and promotes precipitation 

of the CaCO3 minerals to form new layers on speleothems (McDermott et al., 2006). 

Since the water has an increased concentration of CO2, degassing occurs. With the degassing 

of CO2, CaCO3 is deposited, shown in equation 9. 

 

 Ca2+ + 2 HCO3
-  CaCO3 + CO2 + H2O       eq. 9 

 

Within the cave, crystal growth disturbance is minimal. Therefore, drip water chemistry is 

mostly externally influenced (van Breukelen, 2009; Dorale and Liu, 2009; Hendy, 1971; 

McDermott et al., 2006). Over time, new thin film layers, about 100 μm thick, of deposited 

carbonate cause growth of these speleothems. The visible layering in stalagmites is caused 

by inclusion of organic matter or changes in growth rate (Genty et al., 2001).  

During the formation of new layers on speleothems, altering of the crystal structure 

can create cavities. These cavities can either be caused by intrusion of organic material or by 

CO2 gas. Later, these cavities can be filled with cave drip water, which can become trapped 

during the ongoing formation of the speleothem (Kluge et al., 2008). This trapped cave drip 

water in the cavities are called fluid inclusions. Because of the fluid inclusions, these layers 

have a lower density than layers with no fluid inclusions (van Breukelen, 2009). Closed off 

from external influences, these fluid inclusions can be a proxy for paleo-rainfall and act as an 

indicator for increased growth if homogenization in the fluid inclusion water is assumed and 

corresponding age of the paleo-water with the surrounding carbonate. (Kendall and 
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Broughton, 1978). The ultraviolet and X-ray photos showed that the milky-white layers have 

lower density (figure 7 and 8), which can be linked to periods of higher rainfall. Also, when 

comparing the transparent layer to the milky-white layer in the Hendy test, the δ13C deviated 

from the apex in the milky-white layers, whereas the difference in the transparent layers was 

minimal. Thus, in milky-white layers, some kinetic fractionation occurred when moving away 

from the apex (within 1‰). This can be linked to increased drip rate. This could indicate 

higher rates of percolation during an increase in either temperature and/or humidity (Genty 

et al., 2001). Since these climate variabilities would not only have local effect, it is expected 

that the trends found in this speleothem can be correlated to other speleothems in the region 

(van Breukelen, 2009; Feng et al., 2014). 

Fractionation away from the apex does not imply that fractionation occurred in the 

apex itself, since theoretically isotopic equilibrium could be reached at the same time in the 

apex when not at the flanks (Dorale and Liu, 2009; Kotlia et al., 2012). So, even with failing 

the Hendy test in the milky-white layers, the stalagmite can still be used to reconstruct paleo-

rainfall (Kotlia et al., 2012). Clumped isotope measurements can help detect equilibrium 

fractionation as well (Kluge and Affek, 2012). Kluge and Affek [2012] also add that with 

increasing growth rate, a supersaturation is not reached always, which will hamper new layers 

to reach an isotopic equilibrium. 

 

4.2. δ18O variations 

The δ18O is affected by the several factors, three of them will be discussed hereafter. A 

schematical overview is given in figure 26. The first is the salinity effect: when the ratio 

evaporation/precipitation increases, δ18Owater increases. Secondly, the ice volume effect: when 

the ratio (global) ice melt/ice growth increases, δ18Owater decreases (Grant et al., 2012) and 

lastly the temperature effect; when temperature increases, δ18Owater decreases (Ravelo and 

Hillaire-Marcel, 2007). The combined effect will influence the local hydrology and with that 

the isotopic value in the stalagmite. For example, a Mediterranean stalagmite (semi-arid area) 

included varying δ18O values from -6‰ to -3.7‰ over one seasonal cycle because of local 

hydrologic variability (Bar-Matthews et al., 1996). Rodrigues has a subtropical, maritime 

climate with relatively stable yearly temperatures; the so called “amount effect” is most 

significant in this climate region (Feng et al., 2014; Lachniet, 2009; Ravelo and Hillaire-

Marcel, 2007). The amount effect refers to the net effect of kinetic fractionation due to 

precipitation and evaporation. When there is an increase in environmental precipitation, 

heavier isotopes (18O) are more likely to precipitate, leading to a different isotopic composition 

of precipitation (Bar-Matthews et al., 1996; Dansgaard, 1964). Since precipitation variability 

changes the isotopic composition of meteoric water, monthly to annual intervals with higher 

precipitation, like monsoons, as well as small episodes with higher precipitation, like cyclones, 

will be characterized by a depletion of heavier isotopes in the atmosphere. This will lead to 
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lower δ18O values that can condensate and eventually lower δ18O in the precipitated carbonate 

forming the speleothem (Huntington et al., 2009; Lee et al., 2008).  The throughflow of the 

meteoric water through the karstic overlying bedrock will determine how much of the varying 

signal is found in the isotopic value; when throughflow is very slow, the δ18O will be an 

average signal over a longer time. This in turn enables the speleothem to reflect either on 

inter- or intra-annual variability (Bar-Matthews et al., 1996; McDermott et al., 2006). This 

signal can also be picked up by element ratios in speleothems, which is described earlier. 

Thus, there are many signals causing fluctuations in δ18O. It depends on drip rate, percolation 

time and region which signal is dominant (Bar-Matthews et al., 1996; McDermott et al., 2006).  

 

Additional factors influencing the δ18O include the effect of raindrop size; the larger 

the raindrop the longer it takes before isotopic equilibrium takes place. And when relative 

humidity decreases, there is an increase in heavy isotope content (Lee et al., 2008). Other 

effects contributing to the amount effect is the location of the cave (as mentioned above) and 

its altitude and distance relative to the sea (McDermott et al., 2006). Thus, it should be 

considered that the δ18O values reflect fractionation by precipitation and temperature at 

moment of deposition as well as location-based effects. Additionally, the calcite-aragonite 

Figure 26. Schematic overview of the factors influencing isotopic variability externally and during percolation before 

stalagmite formation (apart from direct global temperature). The oxygen isotope signal reflects cave temperature and the 

isotopic composition of meteoric water. Carbon isotopes include bedrock, soil, atmospheric and gas sources. Before 
evaporation, seawater chemistry can vary by changing sea level, mainly by locking away fresh water in ice. From the 

moment of evaporation to precipitation over the soil, distance and altitude will change the isotopic value of the water vapor 

will change due to kinetic fractionation. Carbon isotope values are then also altered by the biosphere since isotopic value 
of the soil changes with age and thickness of the soil. As the water percolates through the carbonate rock, isotopic variability 

occurs due to dissolution of the surrounding CaCO3 bedrock and acidification due to respired CO2. Lastly, variability in 
percolation time and drip rate can result in variability of the isotopic composition in speleothems. Figure by Lauritzen and 

Lundberg, 1999. 
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mineralogy influences the equilibrium fractionation factors (Frisia et al., 2002; Grossman and 

Kiu, 1986; McDermott et al., 2006; Lachniet, 2009). The temperature offset by using a 

different fractionation effect or a different paleotemperature formula is critical and can lead 

to a bias of several degrees (McDermott et al., 2006). 

There are three possible ways of using fluid inclusions to measure temperature. First, 

through liquid-vapor homogenization of fluid inclusion water, second by the content and ratios 

of noble gas concentrations dissolved in fluid inclusion water and third by the partitioning of 

oxygen isotopes between fluid inclusion water and calcite (van Breukelen, 2009; Krüger et 

al., 2011; Kluge et al., 2008; Meckler et al., 2015). The fluid inclusions used to calculate 

temperature from the thesis by Spliethoff [2015] used the third technique. The value of δ18O 

water positively correlates with temperature. The scatter found in figure 20 can therefore be 

reduced when specific δ18O water values from the stalagmite are known over the whole record. 

However, with applied correction, the general decreasing trend in temperature will remain the 

same. 

 

4.3. δ13C variations 

There are several mechanisms that can cause the δ13C fluctuations seen in figure 10. All 

causes are listed in the order of the formation process of stalagmites and illustrated 

schematically in figure 26. Dissolved CO2 seeping through the carbonate karst system has 

two sources: atmospheric CO2 and respired CO2. Thus, as δ13C has a dampened signal, having 

its source at the bedrock, the δ18O trend can be caused by changing dominant factors. 

4.3.1. Areal 

Globally, δ13C in atmospheric pCO2 has no fluctuations that can explain the change in δ13C; 

the value is relatively constant, about ~ -6‰ pre-industrially (Böhm et al., 2002); significant 

δ13C decrease (about 1‰) in atmospheric CO2 occurred with the start of the industrial 

revolution starting ~1800 AD (Böhm et al., 2002; Pachauri and Reisinger, 2007), a signal too 

young to be seen in the stalagmite. Thus, the isotopic signal will be reflecting source carbonate 

influences and respired CO2. Sea surface productivity fluctuations can alter the dissolved 

inorganic/organic carbon ratio in the surface ocean; IOD forcing of sea surface productivity 

increases the δ12C due to increased respiration. However, chlorophyll increase occurs mostly 

in the northern Indian Ocean during such an event (Currie et al., 2013). Thus, changes in sea 

surface productivity is unlikely to be the dominant factor of the δ13C variability. 

4.3.2. Surficial 

On the surface above the cave, vegetation and/or soil alterations can cause variation in δ13C 

of the seeped CO2. Vegetation can be classified by their pathway for photosynthesis; C3, C4 

or a combination of the two: CAM plants.  The δ13C values are not significantly altered when 

it is decomposed to soil, so changes in vegetation can correlate to δ13C variability in the soil 
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as well (Boutton et al., 1998). The type of vegetation matches its climate; C4 plants include 

mainly tropical grasses, C3 plants endure in a cooler climate, such as grasses, shrubs and 

trees. CAM plants are mainly succulents (Cerling et al., 1993; Huang et al., 2001; Millard et 

al., 2008). The carbon isotope composition (δ13C) differs when plants use different pathways 

during photosynthesis. The δ13C of C3-plants varies from about -23 to -35‰, averaging 

around -26‰ while the δ13C of C4-plants is about -10 to -14‰, averaging around -13‰ 

(Cerling et al., 1993). Ratios of C3-C4 can be used to trace glacial-interglacial cycles; C4 

photosynthesis is favored over C3 photosynthesis when there are low concentrations of 

carbon dioxide in the atmosphere (Huang et al., 2001; Millard et al., 2008). Also, the δ13C 

within C3 plants is known to correlate with humidity; with increase in humidity, the 

incorporated δ13C decreases about 2-7‰ (Winter et al., 1982). Thus, with the surficial 

variation of vegetation type, the signal in the soil can change, changing the isotopic 

composition of the meteoric water as well (Frappier et al., 2002). Deforestation occurred only 

after arrival of the first inhabitants which is why this signal is not visible in the carbon isotope 

record of the stalagmite. Although current vegetation cover suggests that the surface was 

more heavily vegetated before human settlement, British colonists mentioned that at the time 

of their settlement on Rodrigues around 1800, the western part of the island was mostly grass 

and small trees (Middleton and Burney, 2013).  

Also, the age of the soil influences the δ13C; as the age of the soil increases, the δ13C 

will increase. Therefore, when soil thickness exceeds 20 cm, a general top-bottom increase 

of 1-3‰ occurs (Stout et al., 1981). Thus, variability in soil thickness will alter meteoric 

water before percolating into the cave.  

Lastly, humidity and temperature alter soil respiration rates (Boutton et al., 1998; Liu 

et al., 2017). The amount of old soil formation is temperature dependent because of 

correlation with soil respiration rates (Genty et al., 2001). Since vegetation cover change 

might not have had a large influence (see above) and little incorporated organic material input 

implies a thin soil cover, the dominant factor causing δ13C variability is changes in soil 

respiration by change in humidity and or temperature. Thus, additionally to the calcium 

decrease, the two dips in the δ13C trend seem to imply a period of increased humidity and 

elevated temperatures by altering the overlying soil on the cave (Genty et al., 2001).  

 

4.3.3. Pathway 

As the water seeps through the karst formation, one should consider the percolation time 

since it can result in a lag between forcing and the trend found in the stalagmite. The Mg/Ca 

and Sr/Ca content seem to be controlled by residence time, which refers in this case to the 

time it takes for the water to percolate through the soil into the cave. The longer the 

percolating time, the more calcite precipitation occurs along the flow path prior to precipitation 
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on the speleothems. This process is also referred to as prior calcite precipitation (PCP) (Genty 

et al., 2001). This increases the Mg and Sr content in the drip water, and decreases Ca along 

with an increase in δ13C. Thus, the percolation time in combination with speleothem growth 

rate influences the isotope value of the stalagmite. (van Breukelen, 2009; Genty et al., 2001). 

Some research suggests the correlation between partitioning of Mg in calcite speleothems 

with temperature, while others pose contradicting data (Verheyden, 2004). However, 

magnesium is below detection level in this speleothem, implying either a fast percolation time 

or low Mg content in the source carbonates. One period of increase in strontium is found 

around 1975-1875 BP, figure 10. However, this trend does coincide with a decrease in δ13C, 

figure 10. Since volcanic rock has high levels of strontium, increase in strontium content can 

also be explained by incorporation of volcanic rock due to increase in humidity. Why this trend 

is not visible in the first dip around 1375-1275 BP is not clear. Another trace element reflecting 

seepage throughflow is barium (Hellstrom and McCulloch, 2000). If δ13C is negatively 

correlated with Ba (high δ13C, low Ba) a slower throughflow causes PCP, which can be linked 

to environmental humidity (Avalon et al., 1999; Hellstrom and McCulloch, 2000). Also, 

temperature related correlations were found by Goede (1994) in combination with a negative 

Br trend (Verheyden, 2004). However, there is not a trend visible in barium content since 

values are below detection level, like magnesium. The elements that do indicate changes in 

throughflow are calcium and strontium. These elements indicate that milky-white intervals 

are periods of increased throughflow, which might have changed the growth rate of the 

speleothem as well. 

4.3.4. Internal 

When the meteoric water has seeped through the karst formation, internal variability can still 

alter the final isotopic composition in the speleothem. For example, the pH of the drip water 

alters the dissolution ability of the carbonate rock (Hendy, 1971). The pH of the drip water 

decreases with the dissolution of CaCO3, forming bicarbonate (HCO3
-). Periods with an 

increase in precipitation can lead to a drop in pH due to increased dissolution of source 

carbonate. δ13C in the drip water is unknown so this effect cannot be quantified. However, 

this effect was assumed to be negligible in the δ13C variability of comparable speleothems 

(Frappier, 2002). 

Other internal variability in δ13C comes from the composition of stalagmite bands. 

Precipitated bands with higher organic content have lower δ13C values than bands consistent 

of mostly limestone (Lauritzen and Lundberg, 1999). The input of organic material does not 

only correlate with the vegetation on top, also soil formation and relative limestone 

dissolution. However, the organic content of this stalagmite is rather low. This is reflected by 

the undetectably low aluminum concentrations in the stalagmite which also show no trend in 

the spectral analysis, and the color of the stalagmite (van Breukelen, 2009).  
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The growth rate of stalagmites is dependent on the Ca2+ content (Genty et al., 2001). 

Figure 8 showed a decrease of calcium in the milky layers which therefore likely had a higher 

growth rate than the more transparent layers. The higher growth rate sealed off the 

micropores in the structure rather than filling them with new carbonate minerals, resulting in 

bands with high fluid inclusion density (McDermott et al., 2006). Therefore, the alternation of 

milky and transparent layers is usually characterized by a sharp change in growth rate of the 

speleothem (McDermott et al., 2006). Due to the limited age model, hiatuses cannot be 

detected. However, it should be taken into consideration when looking at cyclicity in the 

records. 

 The last influence which may cause internal variability before locking the final isotope 

value in the stalagmite, is the rate of degassing. As drip water falls on the stalagmite, CO2 

degasses and CaCO3 as explained in section 4.1. The faster the degassing, the less kinetic 

fractionation can alter the final δ13C value (Lauritzen and Lundberg, 1999). As mentioned 

above, the Henry test gave insight in the degree at which the degassing rate influenced the 

precipitation process. The results suggest that there was no significant fractionation at 

moment of deposition in the transparent layers and little fractionation in the milky-white 

layers. However, there is currently discussion about the validity of the Hendy test (Dorale and 

Liu, 2009; Kluge and Affek, 2012; Meckler et al., 2014), because the test assumes that δ13C 

is not affected by climate and that therefore carbon and oxygen isotopes behave 

independently. However, now it is known that δ13C is affected by climate, just in a different 

way than δ18O (Dorale and Liu, 2009). The concentration of CO2 in the cave also influences 

the degassing rate: with low pCO2 concentration, the degassing will be high.  

 

4.4. Clumped isotope results 

The isotope values were similar to values measured with the KIEL in Utrecht. However, the 

clumped isotope values had large deviation and had typical higher values than today’s 

temperatures and the temperatures calculated with the formula by Lachniet [2014] using fluid 

inclusions measured by Spliethoff [2015]. Reasons for bias in the clumped isotope 

thermometry can be categorized into measurement errors and calibration errors.  

4.4.1. Measurement errors 

The to be measured values are relatively small, resulting in larger mass-spectrometer induced 

artifacts. Correction for this bias is critical for the final result: temperature. Additionally, the 

number of aliquots can be too little to get a precise value. Therefore, the first sample will be 

less accurate than the other samples. Because of the large number of aliquots needed, the 

sample size of the clumped isotopes is larger (± 4 mg) compared to samples in the GASBENCH 

(± 40 µg). Bigger sample sizes result in more precise measurements since bias can be 

corrected for by aliquots. A bigger sample size does lead to an average temperature signal 
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over a longer time. Also, the KIEL was stopped during the second run to switch bearings. 

Since the KIEL corrects the measured values with all previously measured standards, the 

correction was less precise after the switch.  

4.4.2. Calibration errors 

Meckler et al. [2014] found that the travertine calibration by Kele et al. [2015] led to a 

temperature bias of around 5 °C higher on average than the calibration posed by Meckler et 

al. [2014]. A possible reason is the faster precipitation rate of travertines versus synthesized 

calcite (which is used for the Meckler et al. [2014] calibration. Furthermore, this study found 

that clumped isotope temperatures were characterized with larger bias and variations with 

the Kele et al. [2015]. This paper concludes that the formula made from assessment at Leeds 

University conducts more precise temperatures. The same conclusion can be drawn from this 

thesis, see table 4. Furthermore, the assumption the speleothem was 100% aragonite was 

based on XRF data. This could be incorrect as well. Changing the crystallography assumption 

will lead to a different correction for the clumped results. The assumption on crystallography 

was based on a research by Perrin et al. [2014]. Contradicting research by Turgeon and 

Lundberg [2001] states that the Mg/Ca in aragonites should be >2.9 and that most calcites 

consist of low Mg values. A reason for the low Mg content in the speleothem, is that it was 

not present in the drip water and therefore not in the source carbonates as well. However, 

the Mg and Sr content is dependent on the drip water. A source of Sr can be volcanic leaching. 

Drip water content and partition coefficients between Mg, Sr and Ca are needed over time is 

needed to ensure this statement. 

When assuming all aliquots having the same temperature, the average temperature 

can be calculated (table 4). The temperature was 39.2 °C according to the Kele [2014] 

calibration and Kele et al. [2015] found an offset of about 10 °C in some samples. Taking this 

into account, the value can be accurate though relatively imprecise; measurement validity 

remains low for the clumped isotopes. One should be careful drawing conclusions from these 

measurements. 

 

4.5. Paleo-climatological reconstruction 

The isotope records suggest a linear increasing desiccation trend between 2750-1200 years 

BP, so during the lifespan of this stalagmite. Two periods of sharp increase in humidity are 

indicated in the carbon isotope record around 1975-1875 BP and 1375-1275 BP. This section 

will put the results into a bigger climatological perspective. Clumped isotopes and fluid 

inclusion data showed relatively stable temperatures between 25-30 °C, which agrees with 

the subtropical climate temperature range. 

From the Holocene Climatic Optimum (HCO) occurring in the Early Holocene on to the 

Mid-Holocene to today, a shift from a humid and warm period to a long-term cooling and 
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drying was observed within several climate records, including lake sediments and ice cores 

(Kilimanjaro) on the Southern Hemisphere (Conroy et al., 2008; Claussen et al., 1999; Lee-

Thorp et al., 2001; Liu et al., 2014; Thompson et al., 2002; Abram, 2007). The warm and 

humid period in Africa was characterized by ubiquitous presence of lakes and vegetation and 

is called the African Humid Period (AHP), a period from about 11.5 to 5.5 kyr. cal. BP (Renssen 

et al., (2006). Insolation changes over the Holocene are mainly driven by Milankovitch 

precession cycle. The timing of the HCO correlates with a precession maximum. After 8000 

kyr. BP, the precession cycle drives incoming solar radiation, decreasing seasonality on the 

Southern Hemisphere while increasing seasonality on the Northern Hemisphere (Haug, 2001; 

Shanahan et al., 2015). After the HCO, desertification of the Saharan and Arabian area 

occurred (Claussen et al., 1999; Marriner et al., 2012; Renssen et al., 2006). This resulted in 

a southward biome shift on the African continent and a change in precipitation patterns 

(Marcott et al., 2013; Shevenell et al., 2011; Truc et al., 2013; Shanahan et al., 2015; Wei 

and Wang, 2004; Wolfe et al., 2001). There are several carbonate and sediment records 

indicating a change in temperature and humidity on the Southern Hemisphere as well 

(Gingele, 1996; Lee-Thorp et al., 2001).  

However, if precipitation is driven by orbital forcing shifting the ICTZ, it is expected 

that Southern and Northern climate records are not in phase (Haug, 2001). However, previous 

research on the African continent suggest that interannual variability of SST in the Indian 

Ocean plays a dominant role, where the Indian monsoon on the Northern Hemisphere 

determines precipitation patterns on the African continent (Tierney et al., 2008). 

4.5.1. Indian Ocean Dipole 

Based on a sediment record from Mauritius Island and coral records, De Boer et al. [2014] 

suggested a shift from a more positive IOD to a more negative IOD state from the Middle-

Holocene on. Short decadal-scale positive IOD events occurred within this 350-year cyclicity. 

This cyclicity is also visible in the stalagmite record from La Vierge, as shown in the wavelet 

analysis, figure 16 and 17. Small-scale cyclicity is visible in the strontium record (figure 8 and 

12). However, this cyclicity can also be caused by ENSO. 

4.5.2. El Niño–Southern Oscillation 

The two dips in the δ13C record, 1375-1275 BP and 1975-1875 BP, can be marked as relatively 

humid, this can also be seen in the milky-white, low density, layers (Bar-Matthews et al., 

1996; McDermott et al., 2006). A period of increased humidity can be caused by a strong El 

Niño event, leading to a decrease in the throughflow of Indonesian warmer waters, forcing 

the system to a positive IOD state. Along with the increasing SST in the eastern Indian ocean, 

the location of the Mascarene high will shift zonally, in this case eastward (Manatsa et al., 

2004) leading to more and longer rain events in East-Africa. Connection between the IOD and 

the El Niño–Southern Oscillation (ENSO) has been recognized, though scientists have not yet 
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come to a consensus (Muangsong et al., 2014, Saji et al., 1999; Behera et al., 2006; Fischer 

et al., 2005; De Boer et al., 2014). In figure 27, a correlation between El Niño events and the 

δ13C is illustrated. The dip around 1300 BP does show co-occurrence of increased El Niño 

events. 

 

 

  

 

The El Niño event chart in figure 27 is based on a 6-meter long sediment core from lake 

Laguna Pallcacocha (Peru) near the western Pacific, correlating El Niño to occurring flood 

events from Moy et al. [2002]. Other records show a trend in El Niño events over the 

Holocene; for example, Rein et al. [2004] shows a strong shift from a high El Niño intensity 

before 1250 BP to a weaker El Niño in the Medieval warm period. 

   

4.5.3. Pacific Decadal Oscillation 

Significant cyclicity in the oxygen and carbon record had a decadal scale (figure 14/15 and 

figure 19/20). In the wavelet analysis (figure 16 and 17) variation in significant cyclicity is 

visible. The decadal cyclicity has alternating periods of dominance.  

Possible explanation can be found within the precipitation and SST patterns and 

anomalies of the Pacific Ocean (Mantua and Hare, 2002). Barron and Anderson [2011] 

presented PDO mode shifts over the Holocene period from two lake sediment records from 

North America. These records showed alternating dominating positive or negative PDO modes. 
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Figure 27. Combined chart of the δ13C record (black line) from the La Vierge stalagmite and El Niño events (blue 

bars. El Niño events data presented by Moy et al. [2002]. 
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Around 1200 BP there was a shift from a more dominant negative PDO mode to a more 

positive mode, which could have induced stronger and more El Niño events as shown in figure 

24 (Newman et al., 2003).  

From this data, the dominant climatological driver would be the PDO, but it should be 

noted that yearly cyclicity may not have been detected because of inadequate sample density. 

Still, decadal cyclicity is significant. Which climatological driver is dominant cannot be 

determined from this data. However, the yearly cyclicity is visible in the strontium and calcium 

content of the stalagmite. This could be reassuring that although yearly cyclicity was not 

visible in the isotope records, it was simply undetected due to insufficient sample density. 

Either smaller sample sizes or the usage of a faster growing speleothem may resolve this 

insufficient sample density. It can be speculated that when ENSO and PDO are working 

together, they can force the Indian Ocean system into a mode shift. In this case leading to a 

period of increased humidity. Thus, careful conclusions should be drawn about the 

intercorrelation between climatological drivers in the Southwestern Indian Ocean in the Late 

Holocene. 

 

4.6. Comparison to previous research 

The presented record can be compared with a stalagmite from the same cave analyzed by 

Rijsdijk et al. [2011]. One would expect that speleothems in the same cave have the same 

isotopic signals (Feng et al., 2014; van Breukelen, 2009). The Rijsdijk et al. [2011] record 

has a comparable range in the δ18O data from the La Vierge stalagmite. Also, both records 

have an increasing trend in δ13C. The δ13C in the Rijsdijk stalagmite have lower values overall 

compared to the δ13C record presented in this thesis. However, the Rijsdijk et al. [2011] 

record extends further back in time (4200-2250 cal. yr. BP) than the record here presented. 

Combining the two records, the trend of desiccation of the Rodrigues area can be traced even 

further back in time. Rijsdijk et al. [2011] linked δ18O cyclicity (among others) to the mass-

extinction of several species in Mauritius, including Dodo birds (Raphus cucullatus) and giant 

tortoises (Cylindraspis spp.) due to the lowering of ground water level. Therefore, results of 

this thesis might also be correlated with the local biodiversity and hydrology on the island. 

Further research in the extent of this correlation might ascertain this hypothesis. 

 Research by Li et al. [2016] (unpublished) on a La Vierge stalagmite covering the 

period of 11,000-300 years cal. yr. BP showed comparable linear trends in the carbon and 

oxygen isotopes. According to the Replication Test, proposed by Dorale and Liu [2009], 

isotopic equilibrium during precipitation in this speleothem is likely to have occurred. This 

supports the validity of the results presented in this thesis. 

 

In the future, it is predicted that the Indian Ocean will take up more heat (Roxy et al., 2014; 

Lee et al., 2015). The trend over the last decades was the cooling of the Pacific Ocean with 
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the additional storage in the Indian Ocean due to increasing transport of warm waters into 

the Indian Ocean (Lee et al., 2015). The ITF will increase, which will shift the Mascarene High 

westward. Therefore, it is expected that with global warming, aridity over the Rodrigues Island 

region will increase. 
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Conclusion 

Several methods were applied on a speleothem to reconstruct and find the dominant 

climatological drivers of SST variability in the Southeastern Indian Ocean. These methods are 

X-ray, UV-radiation, isotope analysis and clumped isotope thermometry. An 11-centimeter 

long stalagmite was used from the La Vierge cave in Rodrigues Island, located in the Western 

Indian Ocean. The stalagmite covered a period of 1550 years from 2700-1200 BP. 

In the stalagmite, alternation between growth bands was visible under X-ray and UV-

radiation. The stalagmite consisted of alternating intervals between milky-white and 

transparent bands. XRF-scans showed correlation between the intervals and calcium content. 

Lower calcium and higher strontium content was visible in the milky-white intervals caused 

by leaching of minerals. Volcanic rock can be a possible source of strontium leaching. Thus, 

milky-white layers correspond to relatively humid intervals and the transition between milky-

white and transparent layers will mark a change in growth rate.  

The isotope record showed a linear increasing trend in both the carbon (δ13C) and 

oxygen (δ18O) isotopes. These increasing carbon and oxygen isotope values were interpreted 

as increasing aridity over this period in a cooling climate. This agrees with the general cooling 

trend after the African Humid Period (AHP) around 11.5 to 5.5 kyr. cal. BP. The trend in the 

Indian Ocean climatology agrees with the positive radiative forcing Northern Hemisphere 

which resulted in the Holocene Climatic Optimum (HCO) (Fleitmann et al., 2007). Two dips in 

the δ13C around 1975-1875 BP and 1375-1275 BP can be linked to milky-white intervals. The 

dominant variable for these dips is increased soil respiration, which can be interpreted as 

periods of increased precipitation and/or humidity in the area. The dominant variable in δ18O 

is the amount effect, which has a less regional character and showed larger scatter in the 

results. 

Clumped isotope thermometry and XRF-scans were used to support the isotope 

records and to filter the signal from the different variables causing climatological variability. 

Paleotemperatures were determined with clumped isotope thermometry using calibrations of 

Meckler [2014] and Kele [2015]. The Meckler [2014] calibration had more reliable results, 

with temperatures around 30°C. It can therefore be concluded that the methods used on the 

speleothem proxy seemed to support each other and agree with other records in the area 

even though measurement validity was different per method. 

Thus, with the findings in this thesis, the general research question can be answered. 

Answers to the sub-research questions will aid the conclusions. 
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- Which cyclicities are present and dominant in the speleothem record?  

REDFIT spectral analysis and wavelet analysis showed different dominant cyclicities in the 

strontium content and in the carbon and oxygen isotopes. The strontium record had a yearly, 

as well as a centennial scale cyclicity. The carbon and oxygen isotopes showed a dominant 

decadal cyclicity.  

 

- How are the cyclicities interconnected in the speleothem record? 

The yearly and decadal cyclicity in temperature and humidity could be the effect of 

interconnection between IOD, ENSO and PDO. ENSO and PDO are connected to the IOD 

through the ITF. The interplay between these climatological phenomena regulates SST and 

SSP. This interplay drives atmospheric circulation and precipitation in the Rodrigues area. 

ENSO seems to be driving the IOD state. The PDO in turn is driving the strength of ENSO. 

Other interpretation is given by De Boer et al. [2014]. They interpreted the data as a 350-

year interval with decadal-scale positive IOD events. 

 

- What is the regional and global pattern when the data is extrapolated? 

Precipitation variability on Rodrigues Island is correlated to the location of the Mascarene High 

and Intertropical Convergence Zone. Comparing the data from this thesis to data from Li et 

al [unpublished] and Rijsdijk et al. [2011] from the same cave, showed that isotope values 

and trends are similar. This supports the measurement validity as well as the internal validity 

of this thesis. When combining the isotope records, the trend in desiccation can be extended 

even further towards the HCO, which ended about 5000 years BP. Centennial as well as yearly 

scale cyclicity was also found by the Boer et al. [2014]. It is expected that due to global 

warming, heat uptake by the Indian Ocean will increase (Roxy et al., 2014; Lee et al., 2015) 

leading to increased drought in the Rodrigues Island area.  

 

Which climatological drivers were dominant in the Late Holocene  

 causing SST variability in the subtropical Indian Ocean? 

 

Lastly, to answer the general research question: in this thesis, several climatological drivers 

in the subtropical Indian Ocean could be specified. However, because external validity cannot 

be fully accounted for, intercorrelation between them remains open for debate. 
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