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Highlights 

 Multidisciplinary proxy for characterizing coralloid speleothems from Easter 

Island 

 Deposition layers with different mineralogical composition and significant 

amount of OC  

 Py-GC-MS showed contribution of plant remains and microorganisms  

 Combination of gas chromatography and stable isotope mass spectrometric 

analyses revealed the origin of organic species in speleothem layers 

 Organic matter in speleothem layers reflects different climate conditions during 

their genesis  

 

 

 

 

 

Abstract 

This study comprises an innovative approach based on the combination of 

chromatography (analytical pyrolysis and pyrolysis compound-specific isotope analysis 

(Py-CSIA)), light stable isotopes, microscopy and mineralogy analyses to characterize 

the internal layering of coralloid speleothems from the Ana Heva lava tube in Easter 

Island (Chile). This multidisciplinary proxy showed that the speleothems consist of 

banded siliceous materials of low crystallinity with different mineralogical 

compositions and a significant contribution of organic carbon. Opal-A constitutes the 

outermost grey layer of the coralloids, whereas calcite and amorphous Mg hydrate 

silicate are the major components of the inner whitish and honey-brown layers, 

respectively. The differences found in the mineralogical, elemental, molecular and 

isotopic composition of these distinct coloured layers are related to environmental 

changes during speleothem development. Stable isotopes and analytical pyrolysis 
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suggested alterations in the water regime, pointing to wetter conditions during the 

formation of the Ca-rich layer and a possible increase in the amount of water dripping 

into the cave. The trend observed for δ15N values suggested an increase in the average 

temperature over time, which is consistent with the so-called climate warming during 

the Holocene.  

The pyrolysis compound-specific isotope analysis of each speleothem layer showed a 

similar trend with the bulk δ13C values pointing to the appropriateness of direct Py-

CSIA in paleoenvironmental studies. The δ13C values for n-alkanes reinforced the 

occurrence of a drastic environmental change, indicating that the outermost Opal layer 

was developed under drier and more arid environmental conditions. 

 

 

Keywords: Analytical pyrolysis; speleothems; lava tubes; environmental changes; 

Easter Island 

 

 

1. Introduction 

In the last decade, revolutionary instrumentation for obtaining analytical 

information on the composition and chemistry of complex solid samples has emerged. 

Applied gas chromatography coupled to isotope ratio mass spectrometry (GC-C-IRMS) 

is an analytical method that allows compound-specific isotope analysis (CSIA). This 

technique provides valuable information on biogenetic and geographic origin of organic 

molecules [1, 2]. Nevertheless, the application of chromatographic techniques to study 

cave speleothems is scarce due to their low content in organic compounds and low 

volatility. Pyrolysis compound-specific isotope analysis (Py-CSIA) combines the 

advantages of analytical pyrolysis (Py-GC-MS) with IRMS for the characterization of 

entrapped or low solubility organic compounds. In this case, the pyrolysate is directed 

to an isotope ratio mass spectrometer (Py-GC-C-IRMS) to measure stable isotope 

proportions i.e., δ13C, δ15N, of specific pyrolysis compounds [3]. Early work 

demonstrated that the pyrolysis process does not produce appreciable fractionation of 

stable isotopes and therefore the pyrolysis products are considered to be isotopically 
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representative of the starting material [4-6]. Typical configurations of generic Py-CSIA 

devices have been previously described [7-9]. This technique has been recently used in 

a variety of fields from extraterrestrial OM in meteorites [7, 8], soil and sediments [10-

13], oil shales and petrol [14, 15], polymers and food [3, 16]. Therefore, Py-CSIA 

represents a promising technique with high potential for the study of the effect of 

environmental changes in subterranean environments, such as caves.  

Analytical pyrolysis (Py-GC-MS) is defined as the thermochemical 

decomposition of organic materials at elevated temperature in the absence of oxygen 

[17]. The products of pyrolysis (pyrolysates) are amenable to chromatographic 

separation which, when combined with a mass spectrometry detector, yields a valid 

fingerprint information about the molecular structure even of complex mixtures of 

macromolecular substances. This chromatographic technique has become an important 

tool for the analytical characterization of a wide spectrum of complex carbonaceous 

matrices including fossil OM, fungal, algal and higher plant materials, sediments, aged 

wood, soot and urban dust [18-24].Conventional analysis used for studying complex 

environmental matrices, usually requires solvent extraction and a significant amount of 

sample material (several grams). Pyrolytic techniques, such as Py-CSIA and Py-GC-

MS, have well-known advantages such as the requirement of small sample size and 

little to no sample preparation. Therefore, the combination of Py-GC-MS and Py-CSIA 

provides accurate information on the molecular and isotopic composition of organic 

matter from complex matrices.  

Speleothems, or secondary mineral deposits found in caves, are formed due to 

dissolution of primary minerals from the host rock and subsequent precipitation. Their 

formation is greatly prompted by water-rock interactions and climate conditions, which 

dictate how much water drip into the cave system [25]. In humid climates or during 

heavy precipitation a relatively rapid speleothem growth may occur, whereas in arid 

climates or during drought the growth is moderated or ceased. Hence, the composition, 

abundance and growth pattern of speleothems may be indicative of climate changes, as 

reported by several authors [25-29].  

Both solution caves and lava tubes may contain a variety of speleothems, such as 

stalactites, stalagmites, flowstone and coralloids. Speleothems in lava tubes generally 

consist of siliceous minerals owing to the mineralogy and chemical composition of the 

host basalts [30, 31]. Nevertheless, calcium carbonate or calcium sulfate minerals (in 
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the form of calcite or gypsum, respectively) have been reported on the walls and 

ceilings of lava tubes [32-34]. For instance, the internal structure of many cave corals, 

or coralloids, found in lava tube caves shows deposition layers with different 

mineralogical compositions, alternating between siliceous and carbonate minerals [27, 

35]. This intercalation has been attributed to changes in the pH or chemical composition 

of dripping water, environmental changes of the surface area overlying caves and 

diagenesis [25, 27, 36, 37].  

Coralloid speleothems are commonly found on the surface of basaltic lava caves. 

They are defined as a variety of white to grey or dark brown nodular, globular, 

botryoidal or coral-like speleothems [36]. Their mineralogy has been described as 

amorphous silica, mainly opal-A [31, 38], and their genesis has been interpreted as 

microbially-mediated [39, 40].  

The morphology, mineralogy and genesis of speleothems from lava tubes have 

been investigated by several researchers using conventional mineralogical and isotope 

analyses [25, 27, 32]. Analysis of δ13C has been successfully applied to characterize the 

calcite fraction of speleothems. However and taking into account that the overlying 

sediments are a major source of carbon for speleothem growth, the δ13C of the organic 

fraction (δ13Corg) can also provide useful information on the origin of the organic matter 

(OM) of speleothems [41, 42]. Moreover, stable isotopes (δ13Corg, δ15N) and C/N ratios 

can also be valuable indicators of OM origin and decay [42-44]. The basis for this 

approach is that each individual organic compound in OM inherits a specific isotopic 

signature resulting from its natural origin and post-depositional transformation pathway 

[45]. While marine and lacustrine sediments, peats, soils, pollen, glacier ice and 

paleosols have been extensively studied to discern OM origin and environmental 

changes [17, 42, 45, 46], very few works combining stable isotopes and OM-molecular 

analyses have been carried out on cave speleothems [47, 48]. In this study, stable 

isotopes, Py-GC-MS and Py-CSIA are combined for the first time to determine the 

origin and composition of OM in the internal layers of the coralloid speleothems from 

the Ana Heva lava tube in Easter Island (Chile). Miller et al. [37] previously studied the 

geomicrobiological interactions and mineralogical composition of these coralloid 

speleothems using conventional microscopy and mineralogy. However, to fully 

understand the internal banded structure, composition and origin of these coralloids, 

more comprehensive biogeochemical analyses based on isotopic signatures and 
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molecular compositions have been incorporated. Moreover, these data have been related 

to past environmental changes previously documented in peat sequences and sediments 

from Easter Island [42, 46, 49, 50]. 

 

The distribution of pyrolysis compounds and their stable carbon isotopic 

compositions were analysed and combined with morphological and mineralogical data 

to understand the origin and composition of the internal layers of the coralloids from the 

Ana Heva lava tube in Easter Island (Chile). Since the first adaptation of the Py-CSIA 

hyphenated technique for δ13C by Goñi and Eglinton [4], and to our knowledge, the 

present work is the first report combining light stable isotopes, Py-GC-MS and Py-

CSIA for the characterization of siliceous speleothems. 

 

2. Material and Methods 

2.1 Site description and sampling 

Easter Island, or Rapa Nui, is located in the Pacific Ocean about 3,500 km west 

of the Chilean coast. The island has more than 2,000 known lava cave entrances, being 

the Roiho lava field the most explored area. It derived from multiple eruptions of the 

volcano Maunga Hiva Hiva and has an area of about 4 km2.  

The Ana Heva lava tube from the Roiho lava field (27º6’47.90’’S, 

109º24’49.94’’W) was probably formed during the last important eruption of the 

Maunga Hiva Hiva volcano, which occurred between 10,000 and 12,000 years ago [51]. 

Globular coral-like speleothems, or coralloids, were carefully taken from the ceiling of 

this lava tube as described in Miller et al. [37].  

 

2.2 Microstructural and mineralogical characterization 

2.2.1 Stereomicroscopy 

Several speleothem subsamples were impregnated with epoxy resin and cross 

sectioned for microstructural characterization of the internal structure of the coralloid 

stalactites. Polished cross-sections of coralloid speleothems were examined using an 

Olympus SZ51 stereomicroscope (Olympus, Tokyo, Japan) to describe the internal 
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structure of the samples and hand-picking visually homogeneous materials for further 

analyses. 

 

2.2.2 Field emission scanning electron microscopy 

To appraise the morphology and chemical composition of the internal layers of 

the speleothems, field emission scanning electron microscopy combined with energy 

dispersive X-ray spectroscopy (FESEM-EDS) were performed. Polished cross-sections 

were directly mounted on sample stubs, sputter coated with gold/palladium, and 

subsequently examined on a Jeol JSM-7001F microscope (Jeol, Tokyo, Japan) equipped 

with an Oxford EDS detector (Oxford Microbeam, Oxford, UK). FESEM examinations 

were operated using the secondary electron (SE) detection mode with an acceleration 

potential of 15 kV. 

 

2.2.3 X-ray micro-computed tomography 

The X-ray micro-computed tomography (micro-CT) was performed to assess the 

three-dimensional (3-D) microstructural and compositional heterogeneities of the 

coralloids. Digital radiographs were acquired with a micro-CT SkyScan 1172 scanner 

(Bruker, Massachusetts, USA) using an X-ray cone incident on a rotating specimen. 

Due to sample variable size and composition the experimental conditions were 

optimized for each specimen using a constant source power (10W). The following 

operating conditions were used: source voltage of 100 kV, current of 100 µA, a pixel 

size resolution ranging from 11.5 to 17.8 µm, and an averaging of five radiographs per 

each position. Downstream 0.5 mm aluminum filtration was used to increase beam 

penetration into the samples in order to prevent “beam hardening”, a nonlinear X-ray 

absorption effect. The acquisition was performed by rotating the specimen over 180° 

with variable rotational step. Slice reconstructions were obtained with the NRecon 1.6.3 

routine, and volumetric visualization was achieved with DataView and CTvox 

programs, which integrate the instrument software packages.  

 

2.2.4 X-ray diffraction (XRD) 
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The mineralogical composition of the hand-picked materials (layers with 

different colours) was determined by XRD using a XPERT-PRO (PANalytical, Almelo, 

The Netherlands) diffractometer with CuKα radiation and a X´Celerator detector. The 

measurement conditions were: 40 kV and 35 mA, 0.002 º2θ step size and 20 s of 

counting time. The “High Score Plus” analytical software and PDF2 database were 

used. 

 

2.3 Isotopic and molecular characterization  

2.3.1 Elemental analysis and stable isotope analysis (13C and 15N IRMS) of bulk samples 

Elemental (EA) analysis was carried out by dry combustion in a flash 2000 HT 

elemental micro-analyzer (Thermo Scientific, Bremen, Germany) at a combustion 

temperature of 1020°C. Total nitrogen (TN) and carbon (TC) were measured in 

triplicated and total organic carbon (TOC) was determined after the removal of 

carbonates by treating the soils samples with 1M HCl.  

Bulk isotopic signature of light elements (δ13C and δ15N) was analyzed using a 

Flash 2000 HT elemental micro-analyzer coupled via a ConFlo IV interface unit to a 

continuous flow Delta V Advantage isotope ratio mass spectrometer (IRMS) (Thermo 

Scientific, Bremen, Germany) (C/TC-IRMS). Analyses were carried out on triplicate 

aliquots of each coralloid layer (between 0.5 and 1 mg) that were packed into tin 

capsules and combusted in excess oxygen at 1020 ºC in a reactor packed with chromium 

oxide, copper oxide and silver wool. Stable isotope results are expressed in the delta 

notation (δ) as parts per thousand deviation (‰) from corresponding international 

standards of Pee Dee Belemnite (13C/12C, PDB) recognized by the International Atomic 

Energy Agency (IAEA) [52]. The standard deviation of bulk δ13C was typically less 

than ± 0.05‰ and for bulk of δ15N less than ± 0.3‰. In addition, Carbon (13C) isotope 

analyses of the organic fractions were also performed in decarbonized samples (δ13Corg). 

Approximately 20 mg of each speleothem layer was ground to a fine powder, 

homogenized in a ball mill and treated with 1M HCl, then washed and dried (40ºC; 

48h). 

 

2.3.2 Analytical pyrolysis (Py-GC-MS) 
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Direct pyrolysis-gas chromatography/mass spectrometry (Py-GC-MS) was 

performed using a double-shot pyrolyser (Frontier Laboratories, model 2020i) attached 

to a GC-MS Agilent 6890N system. Samples (1-2 mg) were placed in small crucible 

capsules and introduced into a preheated micro-furnace at (500°C) for 1 min. The 

volatile pyrolysates were then directly injected into the GC-MS for analysis. The gas 

chromatograph was equipped with a HP-5ms-UI, low polar-fused silica (5%-Phenyl-

methylpolysiloxane) capillary column of 30 m × 250 μm × 0.25 μm film thickness. The 

oven temperature was held at 50°C for 1 min and then increased to 100°C at 30°C min-

1, from 100°C to 300°C at 10°C min-1, and stabilized at 300 °C for 10 min. The carrier 

gas was helium at a controlled flow of 1 mL min-1. The detector consisted of an Agilent 

5973 mass selective detector, and mass spectra were acquired at 70 eV ionizing energy. 

The mass spectrometer scanned from m/z 40 to m/z 450. Compound assignment was 

achieved by taking advantage of: i) ion chromatography via single-ion monitoring 

(SIM) for the major various homologous series, ii) via low-resolution mass 

spectrometry, and iii) via comparison with published data reported in the literature or 

stored in digital libraries (NIST and Wiley libraries). 

To detect the presence of long-chain fatty acids present in the different coralloid 

layers, the samples were also subjected to thermally assisted hydrolysis and methylation 

gas chromatography (THM-GC) in the presence of tetramethylammonium hydroxide 

(TMAH) [53]. This process incorporates a derivatization step into the pyrolysis, 

whereby the hydroxyl groups of carboxylic acids are converted to methyl esters by the 

proposed mechanism of hydrolysis at the ester bond, followed by formation of 

tetramethylammonium salts and finally thermal dissociation to the methylated 

derivatives. For each sample, approximately 5 mg of material were placed into a quartz 

boat, to which 2 μL of 25% TMAH–methanol solution was added directly on top of the 

sample. THM-GC pyrolysis analyses were performed on each sample at 500ºC for 1 

min. Each of the samples was run under splitless conditions and chromatographic 

conditions were settled similarly than analytical pyrolysis; however, an initial 5 min 

solvent delay was used at the start of each analysis to prevent exposing the MS detector 

to excess TMAH. The mass spectra of fatty acids (analysed as fatty acids methyl esters 

FAMEs) is dominated by m/z 74, thus this ion was specifically monitored to detect the 

presence of FAMES. 
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2.3.3 Pyrolysis compound-specific isotope analysis (Py-CSIA) 

Direct Py-CSIA of δ13C was carried out by coupling a double-shot pyrolyzer 

(Frontier Laboratories, model 3030D) attached to a GC Trace GC Ultra system. At the 

end of the chromatographic column the flux is divided to a GC-Isolink System equipped 

with a micro-furnace for combustion set at 1000°C and coupled via a ConFlo IV 

universal interface unit to a continuous flow Delta V Advantage isotope ratio mass 

spectrometer (IRMS) (Thermo Scientific, Bremen, Germany) (Py-GC-C-IRMS). 

Samples of 1–2 mg in weight were placed in small stainless steel crucible 

capsules and introduced into a preheated micro-furnace at (500°C) for 1 min. The 

evolved gases were then directly injected into the GC-C-IRMS system for analysis. The 

gas chromatograph was equipped with a low polar-polarity HP-5ms-UI -fused silica 

(5%phenyl-methylpolysiloxane) capillary column of 30 m × 250 μm × 0.25 μm film 

thickness. The oven temperature was held at 50°C for 1 min and then increased to 

100°C at 30°C min-1, from 100°C to 300°C at 10°C min-1, and stabilized at 300°C for 

10 min using a heating rate of 20°C min-1. The carrier gas was helium at a controlled 

flow of 1 mL min-1. 

Isotopic ratios are reported as parts per thousand (‰) deviations from 

appropriate standards recognized by the IAEA [52]. The standard deviations of 

compound specific δ13C were typically less than ± 0.1‰. Structural features of specific 

peaks were inferred by comparing and matching the mass spectra obtained by 

conventional Py-GC-MS chromatograms obtained using the same column type and 

identical chromatographic conditions. 

 

 

 

3. Results and Discussion 

3.1 Morphological, chemical and mineralogical composition of the coralloid 

speleothems 
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The coralloid speleothems from the Ana Heva lava tube consists of irregular 

branched stalactites with varied colour (Fig. 1), as previously described by Miller et al. 

[37]. Figure 1A shows a cluster of highly irregular coralloid stalactites with several 

broken branches revealing the honey-brown coloured layer of the inner part of the 

speleothems. Internally these stalactites are composed of a succession of coloured 

layers, ranging from white to brown, with vitreous to resinous luster (Fig. 1B). 

According to their colour and texture, three main layers and a dark surface coating are 

easily distinguishable, from the surface to the inner part of the coralloid speleothems: 

(a) a superficial dark brown to black coating, with approximately 0.1 mm thick; (b) a 

0.1-1 mm thick semi-transparent greyish layer; (c) a 0.1-2 mm thick white layer, and (d) 

a heterogeneous honey-brown layer, with 1-5 mm thick and shades ranging from 

yellowish to honey-brown (Fig. 1B). The white layer shows typical colloidal deposition 

structure with occasional inclusions of brown lumps (Fig. 1B). This internal layering 

was clearly observed by the different opacity of the mineralogical phases to X-rays as 

revealed by micro-CT for all radiographed coralloid samples (Supplementary Fig. S1). 

FESEM-EDS microanalyses performed on a coralloid cross-section showed 

differences in the chemical composition of the internal layers (Figs. S2 and S3). In 

general, they contain variable proportions of Si, Mg and Ca (Table S1 and Fig. S2), 

corresponding to different minerals, such as opal-A and clay minerals, as revealed by 

XRD (Fig. S4). 

Gathering all the microstructural and mineralogical data together, the thin dark 

coating of the coralloid surface (layer a, Fig. 1B) is probably derived from impurities of 

the weathering of the overlying volcanic rock and microbial activity [37, 54]; the semi-

transparent grey layer (layer b, Fig. 1B) is composed of opal-A (hereinafter Opal layer), 

and the whitish layer (layer c, Fig. 1B) is calcite (hereinafter Ca-rich layer). In contrast, 

the innermost honey-brown layer (layer d, Fig. 1B) corresponds to an amorphous Mg 

hydrate silicate and clay minerals, probably smectite and sepiolite (hereinafter Mg-rich 

layer). 

 

3.2 Elemental (C, N, TOC) and stable isotope analyses of the coralloid layers 

Table 1 shows the total N (TN) and total OC (TOC) contents, as well as the 

stable isotopic ratios of organic carbon (δ13Corg) and nitrogen (δ15N) of the three 
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coloured coralloid layers. Their TOC contents range from 4.2 to 5.2 %, which are 

significantly greater than the average OC content of the innermost Mg-rich layer 

(approx. 0.9%) reported by Miller et al. [37]. The bulk inner part of the coralloid 

samples from Easter Island was combusted at 1000 ºC prior to elemental analysis to 

eliminate carbonates [37]. Nevertheless, this procedure also removes the OC from the 

samples. In the present study, the removal of the inorganic carbon was carried out by 

digestion with HCl (1M) prior to combustion. Webb and Finlayson [55] reported an OC 

content of 6.5% in coralloids from the Bald Rock Cave, Australia, which is similar to 

the OC values obtained in the present study.  

The C/N ratios (TOC/TN) of the three studied layers are very homogeneous, 

ranging from 4.7 to 5.7. C/N values from 4 to 10 are typical from organisms rich in 

protein (algae and microorganisms) [56-58]. Numerous authors have suggested that 

microorganisms may be significant in the formation of opal-A coralloids by aiding 

silica deposition [37, 38, 40].  

The stable carbon isotopic ratios of organic carbon (δ13Corg) are not influenced 

by particle size but by climate conditions and microbial activity. In addition, it is well 

known that δ13Corg may be used to distinguish between remains from plants with C3 or 

C4 metabolic pathways of photosynthesis [58], making them useful indicators in 

reconstructing past sources of OM [41]. The three layers show values of δ13Corg ≤ 

−24‰, which suggests that during speleothem formation the OM was dominated by C3 

plants. Margalef et al. [46], by using a peatland record from Easter Island, noticed a 

constant presence of C3 plants (δ13C≤−24‰) after 45 cal kyr BP and the existing 

paleoecological data reports that the island was largely forested in prehistoric times 

[59]. 

The more depleted δ13Corg values in the Mg-rich (−26.1 ± 0.6 ‰) and Ca-rich 

(−27.3 ± 0.4 ‰)  layers (Table 1), as compared with the more recent outer Opal layer 

(−24.6 ± 0.6 ‰), can be interpreted as a greater contribution of microbial and C3 OM 

detrital input, both favoured by wetter conditions (atmospheric precipitation and 

meteoric water dripping into the cave). Nonetheless, a number of studies have also  

documented that the δ13Corg values of C3 plants are sensitive to humidity or 

precipitation, in general, the more negative δ13Corg values, the more precipitation or soil 

water content and vice versa [60-62]. In contrast, the shift to a slightly enriched δ13Corg 
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in the Opal layer (Table 1) likely indicates the decreasing of water availability and an 

arid climate at more recent times. This fairly agrees with the chemical and mineralogical 

composition of the coralloid speleothems, as the outermost Opal layer (most recent 

layer) is almost exclusively siliceous, which is consistent with a decrease in the element 

release rate during speleothem formation. The composition and weathering of the host 

rock is also important, as the highly fractured nature and high permeability of basalt 

rock leads to a more rapid process of water dripping into the cave, and thus less water-

rock interactions. The biogeochemistry data from Mann et al. [49] suggest that Easter 

Island suffered a period of warm and dry climate episode sometime after 4090-4410 yr 

BP, which only finished centuries or decades before AD 1180-1290. These high 

temperatures and significant reduction in the precipitations caused severe droughts of 

the lake basins of the island. Other researchers have reported further periods of drought 

between ca AD 200 and 700 [63]. Our findings are in agreement with the hypothesis of 

Miller et al [37] regarding the existence of two stages of deposition during the 

formation of the coralloid stalactites from the Ana Heva lava tube due to climate 

changes.  

The values of δ15N for the three layers of the coralloids (Table 1) are typical of 

N fixation (from 0 to 7 ‰), and 4‰ is generally considered the average of land plants 

[64]. Globally, soil and plant δ15N have been shown to decrease with decreasing mean 

annual temperature [65]. In cold ecosystems, soil biomass activity is reduced and little 

nitrogen is lost from the cycle, thus soil and plant δ15N remain low [66]. In hot and/or 

arid ecosystems a greater amount of nitrogen moves from the organic to the mineral 

nitrogen pools, which are subject to preferential loss of 14N through leaching, 

denitrification and ammonia volatilization, resulting in higher soil and plant δ15N [66,  

67]. Therefore, the δ15N values observed in this study could indicate a trend from colder 

(Mg-rich layer: 0.8±1.2‰) to warmer temperatures (Opal layer: 5.4±0.9 ‰). Moreover, 

Kleinebecker [68] reported that an increase in the δ15N signal in soils and plants was 

consistently linked to a decrease in the plant diversity. This suggests that during the 

formation of the coralloid speleothems, a drastic reduction in plant diversity occurred 

during the final stage (Opal layer) of the coralloid formation. Mann et al. [49] stated that 

currently Easter Island is a treeless landscape and grass species dominate the vegetation, 

mainly due to deforestation by Polynesian farmers. Before their arrival around AD 1200 
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to Easter Island, the prehistoric land vegetation was a mesophytic forest dominated by 

giant palms [69]. 

3.3 Analytical pyrolysis (Py-GC-MS) 

The total ion current chromatograms (TIC) of the OM included in the three 

coralloid layers (Mg-rich, Ca-rich and Opal layers) are shown in Figure 2, and the 

identified compounds are listed in Table 2. The three pyrograms are similar. Briefly, 

they reveal a diversity of entrapped organic compounds, mainly consisting of 

alkylbenzenes, naphthalenes (including methyl-naphthalenes), series of n-alkanes (C8 to 

C24) and a few N-containing compounds. In addition, THM-GC hydrolysis in the 

presence of TMAH shows the presence of well resolved series of fatty acids for the Ca-

rich layer (Fig. 3). The specific differences observed between the three layers of the 

coralloids are discussed in the next paragraphs.  

Alkylbenzenes: This series of compounds is the most abundant in the three speleothem 

layers, being toluene, xylene and trimethylbenzene (peaks 1, 3 and 5) the most abundant 

compounds. Toluene is a ubiquitous pyrolysis product. Low molecular weight aromatic 

compounds, i.e. alkylbenzenes, indanes and naphthalenes, are commonly observed in 

the pyrolysis products of natural macromolecular OM. The pyrogram of the Ca-rich 

layer is particularly enriched in C4 to C8-alkylbenzenes. Although previous pyrolysis 

studies of soil OM linked the presence of Cn-alkylbenzene series to the degradation of 

lignin-derived structures [70], it is also known that alkylbenzenes can be formed 

directly through cyclization of aliphatic chains upon pyrolysis or biomass burning [71]. 

n-Alkanes: n-Alkane homologous were identified in all the pyrolysates. They ranged 

from C8 to C20 for the Mg-rich layer, C8-C24 for the Ca-rich layer and C8-C21 for the 

Opal layer, with the most abundant homologs in the C14-C16 range. A similar pattern has 

been attributed to the pyrolysis products of aliphatic biomolecules found in phototrophic 

microorganisms and plant roots [72]. The n-alkanes with C27 to C33 carbon atoms 

originated from waxes typical of higher land plants were absent in the coralloid layers. 

The Carbon Preference Index (CPI) is the sum of the odd-carbon-number homologs 

over a specified range divided by the sum of the even-carbon-number homologs over 

the same range. It is usually significantly greater than 1 for recent OM from unaltered 

terrestrial vegetation. Our samples resulted in CPI close to 1, which could suggest the 

alteration (biological and/or physical) of the OM. The detection of larger n-alkane series 
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(C8 to C24) in the Ca-rich layer can be caused by a higher abundance of OM in this 

layer, probably related to an increase in the dripping water from the overlying andosol, 

which is also consistent with the δ13Corg data obtained for this coralloid layer. In 

addition to the linear n-alkanes, the isoprenoid pristane was found in the Ca-rich layer. 

It is primarily derived from the phytol side chain of the chlorophyll molecule [73]. 

Polycyclic aromatic hydrocarbons (PAHs): Several polycyclic aromatic hydrocarbons 

were identified in the three samples. They consist of naphthalenes (including mono-, di- 

and tri-methylnaphthalenes) and a minor peak corresponding to dimethylanthracene 

(peak 27 in Table 2). These products may derive from incomplete combustion of OM 

and have been identified, among other sources, in particles from plant burning [17, 74].  

Fatty acid methyl esters (FAMEs): It is known that analytical pyrolysis presents some 

limitations in the detection of FAs due to the incompatibility with the apolar columns 

used in GC [75] and to secondary reactions that occurs at elevated temperatures [76], 

and thus a derivatization step into the pyrolysis was carried out (TMAH-Py-GC-MS). 

Fatty acid methyl esters (FAMEs C6 to C18) were identified in the pyrogram of the Ca-

rich layer (Fig. 3, m/z= 74), with palmitic acid methyl ester (C16) as the major 

compound; traces of FAMEs were detected in the Mg-rich layer. These FAMEs derive 

from recent biogenic sources, microorganisms and plant waxes [77, 78]. The complete 

absence of FAMEs in the amorphous Opal layer points out to different speleothem 

formation conditions (e.g. water shortage and consequently low microbial activity). This 

reinforces the mineralogical, isotopic and elemental data, discussed in the 

Supplementary data and in section 3.2. 

 

3.4. Pyrolysis compound-specific isotope analyses (Py-CSIA) 

It was possible to obtain isotopic composition readings for several compounds 

common to the three coralloid layers and to assign δ13C values confidently to different 

chemical structures (Fig. 2 and Table 2). Among these, series of low molecular weight 

aromatic compounds (LMWA), such as alkylbenzene series from C2 to C4, indane (peak 

8) and methylindane (peak 12), and the polycyclic aromatic hydrocarbon naphthalene 

(peak 13) were detected. In addition, series of n-alkane in the range of C15 to C18 were 

also found. 
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In general, the differences among specific compounds within each layer showed 

a similar trend with the bulk δ13C values, being the δ13C of the specific compounds from 

the Ca-rich layer ˂ Mg-rich layer ˂ Opal layer. This correspondence between the values 

of the individual compounds and the bulk δ13C (Fig. 2 and Table 2) is an indication that 

no preferential C isotopic fractionation occurs during the pyrolysis process. 

Significant 13C depleted signatures (−28.6 ± 1.0 ‰) were found for the Ca-rich 

layer. The LMWA may derive from the pyrolysis/combustion of biomass, i.e. wildfires 

[17]. In addition, the δ13C values of aromatic compounds were similar to that of burnt 

fuel wood [79]. For the other speleothem layers, significantly more 13C enriched 

signatures were found (−23.8 ± 0.9 ‰ for the inner Mg layer and −23.2 ± 1.3 ‰ for the 

outer Opal layer), which indicates a possible contribution of microbial activity or a 

mixture of both burning biomass and microbial reworked OM. 

Easter Island was an unaffected fire ecosystem prior to the first human arrivals 

that began ca. AD 1200 [80]. Therefore, the presence of a conspicuous light δ13C 

signature for LMWA in the Ca-rich layer could indicate that its formation and 

development may correspond to the period of the Polynesian settlement and the use of 

fire that ended with the complete deforestation of the island ca. AD 1200-1650. 

Taking into consideration that n-alkanes (Table 2) are known to be isotopically 

13C depleted in comparison with the bulk SOM [81] and that δ13C values decrease with 

increasing chain length [82], the average values obtained for the n-alkanes series from 

C15 to C18 in each layer (−28.0 ± 1.2 ‰ for the Mg-rich layer,  −29.0 ± 0.6 ‰ for the 

Ca-rich layer and −27.2 ± 0.5 ‰ for the outermost Opal layer) show good correlation 

(R2= 0.977) with the bulk δ13C of the OM contained in the corresponding speleothem 

layer (Table 1). Therefore this finding points to the appropriateness of direct Py-CSIA 

as an accurate technique for measuring δ13C isotopic signatures of n-alkanes. 

Several recent studies have demonstrated that leaf wax biomarker δ13C vary 

considerably among different plant species growing at the same location [83 and 

references therein]. For the outermost Opal layer, δ13C values for alkanes were 

significantly 13C enriched than the Ca-rich layer. This may indicate that the organisms 

that produced the original biomass in the outermost Opal layer grew under drier and 

more arid environmental conditions, reinforcing the occurrence of a drastic 

environmental change. 
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4. Conclusions 

The microstructural and mineralogical approach applied for characterizing the 

internal structure of the coralloid speleothems from the Ana Heva lava tube revealed 

that they consist of three major coloured layers with different mineralogical 

composition and OM content. Biogeochemical analyses based on isotopic signatures 

and molecular characterization confirmed that the genesis of the three coloured layers of 

the coralloid was related to two different stages of speleothem development caused by 

environmental changes on Easter Island. Analytical pyrolysis data reflected the 

contributions of plant remains and microorganisms in the OM entrapped in the coralloid 

speleothems. Bulk and compound-specific isotope analyses suggested different water 

regime during speleothem development, as well as the presence of 13C depleted series of 

low molecular weight aromatic compounds with a probable pyrogenic origin in the Opal 

layer. Variations in δ13Corg values pointed to wetter conditions during the formation of 

the innermost Mg- rich layer and a water shortage during the latest stage of speleothem 

formation (Opal layer) producing n-alkane series with heavier δ13C signature. In 

addition, the trend observed for the δ15N values could also indicate an increase on the 

average temperature, which is consistent with the so-called climate warming during the 

Holocene. The combination of analytical pyrolysis and mass spectrometric isotope 

analysis creates possibilities for successfully analysing organic compounds present in 

speleothems and reveal their origin.   
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Fig. 1. Coralloid speleothems from the Ana Heva lava tube. Cross-section showing 

occasional inclusions embedded in the coloured layers. (A) Top view of a cluster of 

coralloid stalactites with varied colour. Scale bar: 5 mm. (B) Polished cross-section of a 

coralloid stalactite depicting four different coloured layers. Brown lumps are observed 

within the white layer. Scale bar: 1 mm.  
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Fig. 2. Analytical pyrolysis (Py-GC-MS) of the three coralloid layers from the Ana 

Heva lava tube with indication of the corresponding peak labels according to Table 2. 
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Fig 3. Single ion monitoring (SIM) chromatogram trace of mass fragments m/z 74 from 

the pyrograms of each coralloid layer. Numbers on the peaks refer to carbon chain 

lengths of n-fatty acid methyl esters. 
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Table 1. Total Nitrogen (TN), Total Organic Carbon (TOC) and bulk isotopic 

signatures (δ13Corg and δ15N) of decarbonized samples of the coralloid layers (mean ± 

STD in % and ‰ respectively). 

Sample TN (%) TOC*(%) TOC/TN 
δ13Corg* 

(‰) 
δ15N (‰) 

Mg-rich layer 0.90±0.01 5.1±0.1 5.7 -26.1±0.6 0.8±1.2 

Ca-rich layer 0.90±0.01 4.2±0.1 4.7 -27.3±0.4 1.5±1.0 

Opal layer 0.96±0.01 5.2±0.1 5.4 -24.6±0.6 5.4±0.9 

* TOC and δ13Corg analyses were performed after the removal of the inorganic 

C by treating the samples with HCl (1M). 
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Table 2. Products released by Py-GC-MS at 500 ºC of the coralloid layers with the peak 

labels indicated in Figure 2.  The retention time (R.T.), component series (Family), 

molecular weight (MW) and δ13C of specific compounds determined by Py-CSIA (at 

500 ºC and the same chromatographic conditions as analytical pyrolysis) are specified. 

  Analytical Pyrolysis (Py-GC/MS) Py-CSIA 

Peak 

label 
Compound 

R.T. 

(min) 

Family of 

compounds 
MW 

 (δ13C; ‰ vs VPDB)  

 

Mg-rich 

layer 

Ca-rich 

layer 
Opal layer 

1 Toluene 2.34 Ar 92 
  

  

C8 2-Octene 2.46 Alk 112 
 

-27.8   

2 2-Furancarboxylic acid 2.51 Alk 112 
  

  

3 p-Xylene 2.97 Ar 106 -24.9 -29.3 -25.1 

4 Benzene, x,x-dimethyl 3.16 Ar 106 -24.9 -29.1 -24.8 

C10 n-Decane 3.65 Alk 142 
  

  

5 Benzene, 1,2,3-trimethyl 3.71 Ar 120 -23.9 -29.4 -23.6 

6 Benzene, 1,3,5-trimethyl 4.01 Ar 120 -25.1 -29.5 -24.7 

7 Benzene, x,x,x-trimethyl 4.30 Ar 120 
  

  

8 Indane 4.45 Ar 118 -23.3 -27.8 -22.5 

9 Benzene, 1-methyl-3 propyl 4.56 Ar 134 -23.6 -28.9 -23.2 

10 Benzene,x-ethyl-x,x-dimethyl 4.84 Ar 134 -23.5 -28.5 -22.6 

10 Benzene,x-ethyl-x,x-dimethyl 4.92 Ar 134 
  

  

C11 n-Undecane 4.99 Alk 156 
  

  

11 Benzene, 1,2,3,4 tetramethyl 5.34 Ar 134 -23.2 -29.8 -22.6 

12 1H-Indene, 2,3-dihydro-5-methyl 5.57 Ar 132 -22.7 -26.5 -21.6 

13 Naphthalene 5.82 Ar 128 -22.5 -28.1 -21.5 

13 Azulene 6.15 Ar 128 
  

  

C12 n-Dodecane 6.18 Alk 170 
  

  

14 C5-Alkylbenzene 6.36 Ar 148 
  

  

15 1H-Indene, 2,3-dihydro-4,7-dimethyl 6.45 Ar 146 
  

  

C11-

br 
Undecane, 2,4-dimethyl 7.10 Alk 184 

  
  

16 Naphthalene, x-methyl 7.12 Ar 142 
  

  

17 C6-Alkylbenzene 7.25 Ar 162 
  

  

C13 n-Tridecane 7.33 Alk 184 
  

  

18 Naphthalene, x-methyl 7.48 Ar 142 
  

  

19 C7-Alkylbenzene 7.90 Ar 176 
  

  

C14 n-Tetradecane 8.55 Alk 198 
  

  

20 Naphthalene, 2,3-dimethyl 9.02 Ar 156 
  

  

21 Naphthalene, x,x-dimethyl 9.30 Ar 156 
  

  

C15 n-Pentadecane 9.75 Alk 212 -26.2 -28.5 -26.7 

22 Naphthalene, x,x,x-trimethyl 10.28 Ar 170 
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23 Branched n-alkane 10.40 Alk 
   

  

24 Naphthalene, 2,3,6-trimethyl 10.75 Ar 170 
  

  

C16 n-Hexadecane 10.93 Alk 226 -28.4 -28.8 -27.7 

C17 n-Heptadecane 12.09 Alk 240 -28.3 -28.9 -27.5 

Pr 
Pristane (2,6,10,14-

Tetramethylpentadecane) 
12.20 Alk 268 

  
  

25 Tetramethyl naphthalene 12.10 Ar 184 
  

  

C18 n-Octadecane 13.15 Alk 256 -29.0 -29.8 -26.8 

C19 n-Nonadecane 14.10 Alk 270 
  

  

26 C8-Alkylbenzene 14.40 Ar 190 
  

  

C20 n-Eicosane 15.05 Alk 284 
  

  

27 Anthracene, x,x-dimethyl 15.65 Ar 206 
  

  

C21 n-Heneicosane 16.01 Alk 298 
  

  

C22 n-Docosane 16.86 Alk 312 
  

  

C23 n-Tricosane 17.61 Alk 326 
  

  

C24 n-Tetracosane 18.41 Alk 340       

  

  Summary of δ13C data 

Py-CSIA (δ13C; ‰ vs VPDB) 

  

 

Mg-rich 

layer 

Ca-rich 

layer 
Opal layer 

  

 

Average Total (Py-CSIA) -25.0±2.2 -28.7±0.9 -24.4±2.2 

  

 

Average aromatic -23.8±0.9 -28.6±1.0 -23.2±1.3 

    Average Alkane -28.0±1.2 -29.0±0.6 -27.2±0.5 

 

 




