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Zusammenfassung 

Klimaarchive wie Speläotheme, Eisbohrkerne, Sedimentkerne oder Baumringe enthalten 

wertvolle Informationen über lokale und globale klimatische Ereignisse. Sie können dazu 

verwendet werden, verschiedene Aspekte vergangener Umweltbedingungen zu 

rekonstruieren und so wiederum helfen, künftige Klimaänderungen vorherzusagen. 

Speläotheme eignen sich hervorragend als Klimaarchive, da sie über einen Zeitraum von bis 

zu 100.000 Jahren kontinuierlich wachsen können und ihr Alter mit Hilfe von U-Serien-

Methoden absolut, genau und hochaufgelöst bestimmt werden kann. Etablierte Proxies (z.B. 

Isotopenverhältnisse oder Spurenelemente) werden zunehmend durch organische 

Biomarker ergänzt, die spezifischere Aspekte der Paläoumweltbedingungen wie 

Vegetationstyp, Feuerdynamik und Temperatur erfassen. Ziel dieser Arbeit war es, 

spurenanalytische Methoden für drei verschiedene Gruppen von biochemischen Proxies in 

Speläothemen zu entwickeln. Die Methoden wurden dann auf Realproben angewandt, um 

zeitliche Veränderungen in den Proxysignalen nachzuweisen und diese in Bezug auf 

Veränderungen der klimatischen und umweltbedingten Gegebenheiten zu interpretieren. 

Im ersten Teil dieser Arbeit wurde eine elektrochemische Methode für die anodische 

Oxidation und den nachfolgenden Aufschluss von Lignin in Speläothemen entwickelt, um die 

entstehenden Ligninoxidationsprodukte (LOPs) als Paläo-Vegetationsmarker zu nutzen. Die 

LOPs wurden mit einem Ultra-Hochleistungs-Flüssigkeitschromatographiesystem analysiert, 

das mit einem hochauflösenden Massenspektrometer gekoppelt war. Die Methode erreichte 

vergleichbare oder sogar höhere LOP-Konzentrationen als die etablierten CuO- und CuSO4-

Oxidationsmethoden. Die Methode stellt ein neues Werkzeug für die Analyse und 

Rekonstruktion der Paläovegetation dar und hat das Potenzial, auch auf andere Klimaarchive 

und Matrizes angewandt zu werden. 

Im zweiten Teil wurden Levoglucosan, ein Verbrennungen anzeigender Anhydrozucker, und 

LOPs in einem Stalagmit analysiert, um die Feueraktivität und die Vegetationszusammen-

setzung in der California Coast Range während des 8.2 kyr-Ereignisses zu rekonstruieren. 

Erhöhte Levoglucosankonzentrationen deuten auf eine erhöhte Feueraktivität hin, während 

die veränderte LOP-Zusammensetzung auf eine Verschiebung hin zu einer stärker verholzten 

Vegetation während dieses Ereignisses schließen lässt. Wie stabile Kohlenstoff- und Calcium-

isotopenverhältnisse zeigen, gehen diese Veränderungen mit einer erhöhten Unbeständigkeit 

des Hydroklimas einher. Zusammengenommen deuten diese Daten darauf hin, dass Klima-

schwankungen (Oszillationen zwischen extremer Nässe und Trockenheit) und Regenfälle in 

Kalifornien, die mit dem anthropogenen Klimawandel voraussichtlich zunehmen werden, im 

frühen Holozän eng miteinander verbunden waren. 

Im letzten Teil wurde eine sequentielle Extraktion von pulverisierten Stalagmitproben 

durchgeführt, um diese auf 16 polyzyklische aromatische Kohlenwasserstoffe (PAKs) und 

drei Monosaccharidanhydride (MAs) zu untersuchen. Die Probenvorbereitung erfordert nur 

kleine Probemengen; die PAKs und MAs wurden mittels GC-MS beziehungsweise LC-HILIC-

MS gemessen. Die Methode wurde an 10 Proben eines ~400 Jahre alten Stalagmiten aus der 

Cenote Ch'en Mul in Mayapan, der größten postklassischen Maya-Hauptstadt der Halbinsel 

Yucatán, angewendet. Es wurde eine starke Korrelation zwischen dem bedeutendsten MA 
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(Levoglucosan) und den nicht-alkylierten PAKs (Σ15) festgestellt. Es wurden mehrere 

diagnostische PAK- und MA-Verhältnisse untersucht, und obwohl nicht alle als 

Paläobrandproxy geeignet waren, scheinen Verhältnisse, die PAKs mit MAs kombinieren, 

vielversprechende Hilfsmittel zu sein, um verschiedene Brandregime zu identifizieren und 

Rückschlüsse auf die Art des verbrannten Materials zu ziehen. In den 1950er und 1960er 

Jahren verdoppelten sich die Konzentrationen von Levoglucosan und Σ15 im Vergleich zu 

anderen Zeiten in den letzten 400 Jahren, was auf eine größere Feueraktivität in Mayapan 

während dieser beiden Jahrzehnte schließen lässt. Die höheren Konzentrationen von 

Feuermarkern könnten auf die Rodung des Geländes und die Erkundung der Höhle durch 

Archäologen des Carnegie Institutes zurückzuführen sein. 
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Abstract 

Climate archives like speleothems, ice cores, sediment cores, or tree rings hold valuable 

information about local and global climatic events. They can be used to reconstruct different 

aspects of past environments and thus in turn help to predict future climate change. 

Speleothems are ideally suited as climate archives since they can grow continuously over a 

period of up to 100,000 years and their age can be determined absolutely with high accuracy 

and high resolution using U-series methods. Established proxies (e.g. isotopic ratios or trace 

elements) are increasingly complemented by organic biomarkers that record more specific 

aspects of paleoenvironmental conditions like vegetation type, fire dynamics, and 

temperature. The aim of this work was to develop trace analysis methods for three different 

groups of biochemical proxies in speleothems. The methods were then applied to real samples 

to elucidate temporal changes in the proxy signals and interpret them in regards to changes 

in the climatic and environmental conditions. 

In the first part of this work, an electrochemical method for the anodic oxidation and 

subsequent degradation of lignin in speleothems was developed to utilise the resulting lignin 

oxidation products (LOPs) as paleo-vegetation markers. LOPs were analysed using an ultra-

high performance liquid chromatography system coupled to a high-resolution mass 

spectrometer. The method achieved comparable or even higher LOP concentrations than 

established CuO and CuSO4 oxidation methods. The method represents a new tool for the 

analysis and reconstruction of paleo-vegetation and has the potential to be applied to other 

climate archives and matrices. 

In the second part, levoglucosan, a combustion-sensitive anhydrosugar, and LOPs were 

analysed in a stalagmite, reconstructing fire activity and vegetation composition in the 

California Coast Range across the 8.2 kyr event. Elevated levoglucosan concentrations suggest 

increased fire activity while altered LOP compositions indicate a shift toward more woody 

vegetation during the event. These changes are concurrent with increased hydroclimate 

volatility as shown by carbon and calcium isotope proxies. Together, these records suggest 

that climate whiplash (oscillations between extreme wetness and aridity) and fire activity in 

California, both projected to increase with anthropogenic climate change, were tightly 

coupled during the early Holocene. 

In the last part, a sequential extraction of pulverised carbonate samples was conducted to 

analyse them for 16 polycyclic aromatic hydrocarbons (PAHs) and three monosaccharide 

anhydrides (MAs). The preparation method requires only small sample sizes; PAHs and MAs 

were measured by GC-MS and LC-HILIC-MS, respectively. The method was applied to 10 

samples from a ~400-year-old stalagmite from Cenote Ch'en Mul, at Mayapan, the largest 

Postclassic Maya capital of the Yucatán Peninsula. A strong correlation between the major MA 

(levoglucosan) and non-alkylated PAHs (Σ15) was observed. Multiple diagnostic PAH and MA 

ratios were investigated and although not all were applicable as paleo-fire proxies, ratios that 

combine PAHs with MAs appear to be promising tools for identifying different fire regimes 

and inferring the type of fuel burned. In the 1950s and 1960s, levoglucosan and Σ15 

concentrations roughly doubled compared to other times in the last 400 years, suggesting 

greater fire activity at Mayapan during these two decades. The higher concentrations of fire 



 

IV 
 

markers may be due to land clearance at the site and explorations of the cave by Carnegie 

Institution archaeologists. 
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1. Introduction and theoretical background 

1.1. Speleothems as paleoclimate archives 

Speleothems, such as stalagmites, stalactites, and flowstones, are secondary carbonate 

deposits in caves that form in karst areas as a result of weathering of the bedrock (usually 

soluble rock types such as limestone CaCO3 or dolomite CaMg(CO3)2). Speleothems are 

usually composed of calcareous the two most common are calcite and aragonite.1,2 

Speleothems are ideally suited as climate archives since they can grow continuously over a 

period of up to 100,000 years and their age can be determined absolutely with high accuracy 

and high resolution using U-series methods.3,4 Most caves have a year-round stable climate 

which in addition to the generally sheltered conditions lead to reduced weathering of the 

speleothems. In addition, speleothems are usually chemically closed systems that do not 

change after deposition, so that trapped biomolecules are also preserved. Speleothems have 

a vast terrestrial scope which incorporates most ice-free landmass, and for this reason they 

are a valuable tool for reconstructing global and local climate events of the past.5,6 

 

1.1.1. Formation 

The processes involved in the formation of speleothems are shown in Figure 1.1. In the soil, a 

high partial pressure of CO2 (pCO2) prevails due to the respiration of plants and the 

decomposition of organic matter. Rainwater absorbs the dissolved CO2 from the soil and thus 

forms a solution of carbonic acid (H2CO3; Equation 1.1). The solution seeps through the soil 

into the epikarst zone and subsequently dissolves carbonate from the underlying karst rock 

until saturation with respect to Ca2+ is reached (Equation 1.2). Carbonate rocks are capable 

of storing and transmitting water through pores and fissures and are therefore called 

aquifers. As illustrated in Figure 1.1, the water table divides the bedrock into the overlaying 

vadose and the lower phreatic zone. Often, the water level falls over time, leaving previously 

water-filled caves exposed and allowing new cavities to form in deeper layers of the bedrock. 

The saturated carbonate solution is able to pass through the aquifer until it hits a cavity where 

the pCO2 is lower than in the surrounding rock due to ventilation. To reach a new equilibrium, 

CO2 degasses from the solution. This leads to an increase in pH and the solubility of carbonate 

decreases. This shifts the equilibrium described by Equation 1.3 to the right and CaCO3 

precipitates from the now supersaturated solution and forms speleothems.1–3,7 

 

In the soil: 2 H2O + CO2(aq) ⇌ H2CO3 + H2O ⇌ HCO3
- + H3O+ Equation 1.1 3 

In the bedrock: CaCO3(s) + H2CO3 ⇌ Ca2+
(aq) + 2 HCO3

-
(aq) Equation 1.2 3 

In the cave: Ca2+
(aq) + 2 HCO3

- ⇌ CaCO3(s) + H2O + CO2(g) Equation 1.3 3 
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Various forms of speleothems are distinguished, with the most studied for paleoclimatology 

being flowstones formed under running water on the floor or wall, or dripstones. Flowstones 

form under the influence of a fissure or conduit flow and frequently cover large areas. The 

large extension often allows for duplicate sampling in the form of drill cores. In the case of 

dripstones, stalagmites growing from the floor upwards are usually preferred as paleoclimate 

archives over stalactites growing from the ceiling downwards, as they have a unambiguous 

stratigraphy (i.e. lower layers are younger) and often have a simpler geometry. Ideally, a 

stalagmite will only feature one continuous growth axis along which samples are taken. 

However, it is not uncommon for the growth axis to shift over time due to a positional change 

of the drip water. In addition, the calcite deposition can stop for extended periods of time 

based on the cessation of dripping or a change in the drip water chemistry. The 

discontinuation of dripping may be caused by climatic changes (e.g. the formation of 

permafrost above the cave) or by a change in the flow path. Sometimes dust or other residues 

are deposited on the surface of the speleothem during the absence of drip water; this then 

visually marks a hiatus.1,3 

 

Figure 1.1. Schematic of the formation of speleothems and necessary chemical processes. Drawing produced 
after Fairchild et al. (2006).3 

 

1.1.2. Dating 

To make practical use of (paleo-)climate archives, it is necessary to date them precisely. The 

radiocarbon method (14C) can be used to date speleothem samples to a limit of ca. 60,000 

years8,9, but U-series methods such as U/Th and U/Pb dating can provide longer timescales of 
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600,000 years – 20 million years respectively.4,10 Both of the latter methods are based on the 

radioactive decay of radionuclides within their decay chains. 

In an undisturbed system, parent and daughter nuclides reach equilibrium after a few million 

years. 230Th/U dating is based on the fractionation of parent (234U and 238U) and daughter 

(230Th) nuclide and subsequent re-equilibration in the speleothem. The return to equilibrium 

allows the quantitative determination of time and thus the dating of the time of fractionation. 

The observed fractionation is a result of the different solubilities of U and Th. In nature, U 

occurs predominantly as water-soluble uranyl (UO2
2+) and thus in the oxidation state +VI. 

Th, on the other hand, is mainly present in the oxidation state +IV and forms water-insoluble 

complexes. As a result, groundwater contains dissolved U but virtually no Th, meaning that 

initially, no Th is incorporated into a forming speleothem. Thus, 230Th contained in 

speleothems should only be a result of U decay processes. Nevertheless, it is possible that, for 

instance, during a growth stop, Th attached to clay minerals is introduced into the speleothem. 

This initially present Th would result in a higher age of the corresponding growth layer. To 

avoid such a falsification, 232Th is measured as well. 232Th is not part of the decay series, but 

behaves in the same way as 230Th and can therefore be used as a detritus indicator and to 

correct the raw ages.4,11 

To date individual layers of a speleothem, the degree to which the equilibrium has been 

restored is determined. Typically, several samples are dated along the growth axis of the 

speleothem. The carbonate samples are dissolved in acid, spiked with a mixture of artificial 

Th and U isotopes (229Th, 233U, and 236U), and oxidised to eliminate organic contaminations. U 

and Th are separated on an anionic exchange column prior to measurement.12 Nowadays, U 

and Th are mainly measured by multi-collector inductively coupled plasma mass 

spectrometry (MC-ICP-MS); this technique allows precise quantification at low detection 

limits.13–16 An age model is calculated from the U and Th concentrations, which ascribes an 

age to every measured proxy data point.4 Various algorithms are available for calculating the 

age model, such as StalAge17, OxCal18, and COPRA19. The algorithms differ in their required 

inputs and procedures in handling disruptions like hiatuses. 
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1.2. Established proxies 

Signals archived in the speleothem may originate from the atmosphere (e.g. water, CO2, and 

aerosols), the overlying soil and vegetation, the karstic aquifer, or the cave itself.3 Thus, they 

archive important climatic aspects of the environment such as mean annual temperature, 

rainfall variability, changes in atmospheric circulation, and vegetation transitions. To 

reconstruct these changes different features (proxies) are investigated. Typically measured 

parameters include stable isotope ratios (e.g. δ13C and δ18O), variations in trace element 

concentrations and ratios(e.g. Sr or Mg/Ca), growth-rate changes, and crystal form of the 

carbonate (i.e. calcite vs. aragonite).20 

 

1.2.1. Stable isotopic ratios 

The most described stable isotopic ratios in speleothem science are δ13C and δ18O but other 

ratios are reported as well, e.g. δ2H, δ44Ca, and 87Sr/86Sr. The δ-values refer to the ratio of the 

rare isotope to their more common isotope in relation to a standard material (Equation 1.4); 

δ values are expressed in per mil (‰). Isotopic ratios of Carbon and Oxygen are determined 

through dissolution of the carbonate in orthophosphoric acid and subsequent analysis of the 

formed CO2 with an isotope-ratio mass spectromete. Alternative measuring techniques, 

especially used for the analysis of isotopes of other elements, include laser ablation (LA), 

thermal ionisation mass spectrometry, and MC-ICP-MS.3,20 

δ18O = (
O18 / O16

Sample − O18 / O16
Standard

O18 / O16
Standard

) · 1,000 Equation 1.4 21 

δ18O values of the drip water, and thus also δ18O values of the newly formed carbonate, 

records the weighted mean δ18O value of the meteoric water at the site, as long as isotopic 

equilibrium prevails. This is only the case, if speleothem growth is only due to degassing of 

CO2 and not to evaporation of water. The latter would cause kinetic fractionation, thus altering 

the isotopic pattern. These conditions dominate in temperate locations, where a stable cave 

air temperature and high humidity levels in the cave are achieved. In arid and semi-arid sites 

however, this is often not the case, complicating the interpretation of δ18O values.20 The δ18O 

value of meteoric water is influenced by the surface air temperature, the isotopic composition 

of the vapour source (i.e. body of water that the cloud water evaporated from), distance from 

the main vapour source, and amount of precipitation. Thus, δ18O values are usually used to 

study changes in global atmospheric circulation patterns (e.g. North Atlantic Oscillation and 

El Niño-Southern Oscillation ), changes in the main vapour source of the site, and first order 

climatic events (e.g. Dansgaard–Oeschger events and the 8.2 kyr event). Local effects like 

heavy rainfall might also need to be considered for each site.1,20,21 

The δ13C values of speleothems are mainly affected by the δ13C values of the overlying soil 

which in turn is influenced by the soil respiration rate, the type and density of vegetation, and 

the dominant photosynthetic pathways of vegetation (C3 versus C4). In an open system, 

enough gaseous soil CO2 is present during the dissolution of the host rock to allow for full 

carbon-exchange. The dissolved carbonate species (mainly bicarbonate; HCO3
-) will then only 
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reflect the isotopic composition of the soil CO2. Under closed conditions, no gaseous soil CO2 

is available during dissolution and the δ13C will be altered by the host rock’s isotopic 

composition. In reality, most caves constitute partially closed systems so that the δ13C is 

subject to multiple controls.7,20 In arid regions, large shifts in δ13C can be caused by a change 

in the photosynthetic pathway of above ground vegetation (C3 versus C4). In temperate zones, 

higher δ13C values can be due to high rainfall, leading to insufficient equilibration in the soil 

so that isotopically heavier atmospheric CO2 is transported into the cave. Alternatively, higher 

δ13C ratios may also be induced by overall drier conditions, resulting in evaporation of the 

dripwater or degassing of isotopically lighter CO2 above the cave; the latter is referred to as 

prior calcite precipitation (PCP). A decrease in δ13C can be ascribed to a gradual build-up of 

soil and resulting increase in soil activity and pCO2, for example at the transition from a glacial 

to an interglacial period.7,20 To disentangle the various factors influencing δ13C, a combination 

with other proxies (e.g. δ18O, trace elements, or biomarkers) in a multi-proxy approach is 

sensible. 

A more recent development is the analysis of clumped isotopes. For this the temperature 

dependant preference of heavy nuclides to bond with other heavy isotopes rather than lighter 

nuclides is utilised. For carbonate analysis, four different isotopologues of CO2 can be 

observed: 12C16O2 (mass 44), 13C16O2 (mass 45), 12C18O16O (mass 46), and 13C18O16O (mass 47). 

The isotopologue with mass 47 shows the desired clumped isotopes (heavy isotopes of both 

C and O); its relative abundance is expressed as Δ47. The Δ47 is a function of the 

crystallisation temperature and can thus be used to derive paeo-temperatures.1,22–24 

Apart from the carbonate itself the isotopic composition of fluid inclusions within the 

speleothem tissue can also be investigated. Fluid inclusions are repositories of the dripwater 

from the time of calcification. They provide a direct link to the isotopic composition of the 

meteoric water at the time and can therefore be used to calculate paleo-temperatures. To 

enable their measurement, the speleothem is crushed while subject to mild heating to ensure 

only water from visible inclusion is released. Then, the δ2H and δ18O ratios of the water are 

determined.1,23,25 

 

1.2.2. Trace elements 

Speleothems contain a range of trace elements that can be used as proxies for rainfall, 

temperature, soil conditions, fire occurrence, and other environmental conditions. The 

primary source of trace elements in speleothems is the dissolved bedrock; the dissolution is 

at its maximum where pCO2 is highest. The atmosphere only plays a minor role as a source of 

trace elements in dripwater and speleothems. However, Sr and Si can origin from aeolian dust, 

NaCl, Sr, and Mg may be input by deposition of sea-salt aerosol, and sulphate can be a tracer 

of various atmospheric pollutants (e.g. volcanic activity or anthropogenic sources).26 

Trace elements can be incorporated into the growing speleothem in different ways; Ca2+ and 

CO3
2- can be directly substituted in the crystal lattice by divalent ions with similar sizes (e.g. 

Mg2+, Sr2+, Ba2+, and SO4
2-). Other ions (e.g. Y3+, Na+, Br-, and PO4

3-) are preferentially 

integrated at defect sites where the exact ion size is of less importance. Single and triply 
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charged ions substitute as couples to preserve charge balance. Ions that are adsorbed to 

particles or are transported as colloids can be enclosed in small detrital particles or associated 

to sub-micron-sized organic colloids. This is most commonly found for elements complexed 

by organic matter, e.g. Mn2+, Cu2+, Ni2+, Zn2+, Pb2+, and PO4
2-. Lastly, sodium chloride can be 

dissolved in fluid inclusions.26,27 

Interpretation of trace element signals in speleothem is often difficult because of the different 

sources and processes responsible for availability and incorporation. One well studied event 

is the PCP; if PCP occurs, CaCO3 precipitates from the solution prior to the studied speleothem 

drip-site. This results in an increase of the Sr/Ca and Mg/Ca ratios of the studied carbonate, 

often accompanied by an increased δ13C. As discussed above (Chapter 1.2.1), PCP is most 

likely due to a drier climate but can also be caused by a more efficient ventilation of the cave 

resulting in a lowered cave pCO2. Periods of high rainfall can be linked to an increase in 

elements that are transported through colloids or elements that are preferentially mobilised 

in reducing conditions like Mn2+. P exhibits a seasonal signal as it is released into the soil 

through die-back of vegetation in autumn and is then flushed into the cave during the 

following season.26 

Fire impacts the soil rather than the bedrock, even though fissures can be formed during 

severe fires. A primary consequence of fire on soils is the reduction of pCO2 as plant roots and 

bacterial communities are diminished; as a result, dissolution of bedrock is lessened, 

concentrations of bedrock-based elements (e.g. Ca, Mg, Sr) decrease, speleothem growth is 

reduced, and δ13C values increase (i.e. enrichment in 13C).28–31 Elements that are normally 

bound in biomass (e.g. P, sulphate, and K) can be released through fire and are subsequently 

washed into the cave. Depending on the site, fire may either lead to more water-permeable 

soil or increased susceptibility to evaporation. In the first case, the increased water-flow 

results in a dilution of trace elements. In the second case, the augmented evaporation leads to 

a concentration of the present trace elements.28,30–35 

To disentangle the different influences involved at the investigated site, often a principal 

component analysis is carried out. This clusters together the examined proxies that are 

subject to the same controls.31,32,35,36 

In the past, analysis of trace elements in speleothems was often carried out using atom 

absorption spectroscopy or inductively coupled plasma optical emission spectroscopy. Due 

to the significantly improved detection limits, mainly (LA-)ICP-MS or microprobe techniques 

(e.g. secondary ionisation mass spectrometry and micro x-ray fluorescence) are used.3,26 
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1.3. Novel molecular proxies 

For a long time, mainly inorganic proxies were studied in speleothems. In more recent times, 

these established proxies are increasingly complemented by organic biomarkers that record 

more specific aspects of the paleoenvironmental conditions like vegetation type, fire 

dynamics, and temperature.36–40 

A fairly non-specific proxy for climate and vegetation is luminescence, which is elicited by 

organic compounds with weakly bound electrons.6,38 Racemisation of amino acids is being 

investigated as an alternative dating method. However, this method is not very specific due 

to the variety of entry possibilities and more research is needed.6 Speleothems can also 

contain different bacterial membrane lipids, glycerol dialkyl glycerol tetraethers (GDGTs), 

which can be used as a paleo-thermometer (TEX86 index).37,41–43 Low molecular weight fatty 

acids (C12-C20) are also of bacterial origin44, while high molecular weight fatty acids (> C20) 

originate from vascular plants and are considered as vegetation proxies.39,45 Similarly, longer 

chain n-alkanes (> C20) are associated with leaf waxes and are therefore considered as 

indicators of higher plants.6,46,47 

While multiple proxies yield more general vegetational information like abundance or 

predominance of C3 versus C4 plants, a proxy that can be unambiguously linked to plants and 

give more detailed information on the vegetation composition would be essential to bettering 

the reconstruction of paleo-environments.38 

Another important aspect of past environments is the occurrence and dynamics of fires, 

whether natural or anthropogenic. It is well documented that aerosols in the atmosphere have 

a major influence on climate and climate change through various direct and indirect 

processes, e.g. light scattering or condensation on particles.48 Combustion processes have 

been a source of large amounts of particles in the atmosphere since prehistoric times. The 

development of fire-sensitive proxies in paleoenvironmental archives can help elucidate 

interactions among climate, regional hydrology, vegetation, and fire activity.32 

 

1.3.1. Lignin as a vegetation proxy 

Lignins are biopolymers that occur in all terrestrial plants and give them strength and stability 

through incorporation into the cell walls. After cellulose, lignins are the most abundant 

biopolymers and account for about 30 % of the organic carbon in the biosphere.49,50 The 

polymer is mainly composed of the three monomers shown in Figure 1.2: coumaryl alcohol, 

coniferyl alcohol and sinapyl alcohol. The monomers react with each other by radical 

polymerisation to form a three-dimensionally linked network similar to the partial structure 

shown in Figure 1.2.49,51 
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Figure 1.2. Molecular structures of the three main constituents of polymeric lignin. After Jex et al. (2014).52 

Due to the very stable bonds contained in the biopolymer, mainly aromatic six rings, carbon-

carbon bonds, and ether bonds, it is only degraded very slowly by microorganisms. Therefore, 

it is possible that lignins are transported through the soil and are eventually stored in 

speleothems.52 

 

Figure 1.3. Example of a partial molecular structure of lignin. After Vanholme et al. (2010).51 

To render the polymer accessible for analysis, it is digested by oxidation under basic 

conditions. Often, a digestion with copper (II) oxide (CuO) is used for this purpose, in which 

CuO acts as an oxidant and ammonium iron (II) sulphate ((NH4)2Fe(SO4)2) is used as an 

oxygen scavenger.52–55 An alternative digestion can be employed based on copper (II) sulfate 

(CuSO4) and ascorbic acid.56,57 The advantage of the latter is that no toxic chemicals are used 

and that it is possible to work with solutions instead of solids. In both cases, the chemicals 

and the polymeric lignin are added to a sodium hydroxide solution and heated to 150 – 170 °C 

for a few hours in an inert gas atmosphere. The resulting monomeric units are described as 

lignin oxidation products (LOPs) and can be sorted into four groups based on their molecular 
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structures (Figure 1.4): the vanillyl (V), syringyl (S), cinnamyl (C) and p-hydroxyl (P) 

group.52,54 

 

Figure 1.4. Classification of the LOPs based on their structural features. After Jex et al. (2014).52 

Lignins are particularly interesting as vegetation proxies because the structure of the polymer 

and thus the distribution of the oxidation products allow conclusions to be drawn about the 

origin of the polymer. Investigations of fresh plant parts by Hedges and Mann (1979) have 

shown that lignins from gymnosperms (bare-seeded plants, softwoods) and angiosperms 

(cover-seeded plants, hardwoods), as well as from herbaceous and woody plants, each have 

different monomer compositions.54 The monomers of the S-group (syringic acid, 

syringaldehyde, and acetosyringone) only occur in significant amounts in angiosperms, while 

the C-group monomers (p-coumaric acid and ferulic acid) are only found in non-woody plant 

parts. The phenols of the V-group (vanillic acid, vanillin, and acetovanillone) are present in 

all parts of all vascular plants and are used to normalise the other two groups. By examining 

the C/V and S/V ratios, it is thus possible to draw conclusions about the type of plant material 

(see Figure 1.5).52,54 

The analytes of the p-hydroxyl group (p-hydroxybenzoic acid, p-hydroxybenzaldehyde and p-

hydroxyacetophenone) can also originate from sources other than lignin and are therefore 

not interpreted as vegetation proxies.52,54 
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Figure 1.5. Scatter plot of the S/V vs. C/V ratios for the assignment of the source of a lignin. Indicated areas 
according to Hedges and Mann (1979).54 Dark orange: woody angiosperms; light orange: non-woody 
angiosperm; dark green: woody gymnosperm; light green: non-woody gymnosperm. Drawing produced 
after Jex et al. (2014).52 

The application of lignin oxidation products for the reconstruction of paleo-vegetation has 

already been demonstrated some time ago in other paleoclimate archives such as peat and 

sediments.52 A study from Heidke et al. (2021)58 found decreasing lignin concentrations in 

soil, drip water, and speleothems, respectively. However, as the relative vegetation signal (i.e. 

relative distribution within the S/V vs. C/V scatter plot) was preserved throughout the 

transport into the cave and the incorporation into the carbonate, the applicability of LOPs in 

speleothems was demonstrated.58 The determination of lignins in speleothems, is still novel, 

but there are already some studies on which this work will build.36,45,53,57–59 

 

1.3.2. Monosaccharide anhydrides as a biomass burning proxy 

Monosaccharide anhydrides (MAs) are formed only during the combustion of biomass at 

temperatures of 150 – 300 °C. The most abundant MA levoglucosan (1,6-anhydro-β-D-

glucopyranose) is formed during the combustion of cellulose; the corresponding processes 

are shown in abbreviated form in Figure 1.6. Two further MAs, mannosan and galactosan (1,6-

anhydro-β-D-mannopyranose and 1,6-anhydro-β-D-galactopyranose), are primarily formed 

from the pyrolysis of hemicellulose, a polymer which is composed of various 

monosaccharides.60–62 

During combustion, the MAs are released into the particle phase either as a pure substance or 

adsorbed on soot particles. It was shown that the analytes are not photolytically decomposed 
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even in an oxidative environment (O3 or NO2), but reactions with hydroxyl radicals occur and 

stability decreases with increasing pH.61,63 Levoglucosan has an atmospheric lifetime of 2-

26 days meaning that no hydrolysis occurs under the conditions prevailing in the atmospheric 

particle phase (aqueous environment, pH ~2).63–65 The circumstances are thus given that the 

anhydro sugars can be transported and deposited.63 

 

Figure 1.6. Schematic representation of the pyrolytic degradation of cellulose at T > 150 °C. Adapted from 
Elias es al. (2001).60 

Levoglucosan is primarily formed during the combustion of wood or other cellulosic biomass 

such as straw or leaves and is therefore suitable as a biomass burning marker. However, the 

concentration of levoglucosan has to be considered critically, as the emission is strongly 

dependent on fuel type, oxygen availability, and temperatures during pyrolysis.66 Moreover, 

Fabbri et al. (2009)67 and Yan et al. (2018)62 have recently shown that small amounts of 

levoglucosan are also produced during the combustion of (brown) coal. It is therefore 

recommended to employ the ratio of levoglucosan to its isomers mannosan and galactosan 

(L/(G+M)) to distinguish between combustion of coal and different types of biomass.62,67 

Levoglucosan has long been used as a combustion proxy in aerosols68 and is also preserved 

in sediments60,69 and ice cores57,70 through particle deposition. Elias et al. (2001)60 

demonstrated that the concentration of levoglucosan in sediments correlates well with 

charcoal (r = 0.81), a general combustion marker In a similar way, levoglucosan could also 

reach speleothems; this has been investigated in former studies that each detected all three 

isomers in speleothem samples.57,71,72 These results confirm that levoglucosan and its isomers 
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are preserved in speleothems and can provide new valuable palaeoclimatological 

information. 

 

1.3.3. Polycyclic aromatic hydrocarbons as combustion proxies 

Polycyclic aromatic hydrocarbons (PAHs) are a group of compounds that consist of two or 

more fused benzene rings that are products of incomplete combustion over a wide 

temperature range (200-700 °C)73,74 with both natural (e.g. biomass burning, volcanism, and 

oil seeps) and anthropogenic (e.g. combustion of fossil fuels, traffic) sources.75,76 The 

formation of the PAHs during pyrolysis has been mainly associated with Diels-Alder type 

reactions and the deoxygenation of oxygenated aromatic compounds.74,77–79 

 

Figure 1.7. Molecular structures of 15 of the 16 priority PAH compounds as defined by the United States 
Environmental Protection Agency.80 Not depicted is Benzo(k)fluoranthene. 
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PAHs are very persistent in the environment and are thus found ubiquitously, even in remote 

areas like the Arctic81, and have been described in many different environmental matrices like 

aerosols82, soil83,84, peat85, sediments86,87, water88, ice cores89, and even speleothems90,91. Due 

to their carcinogenic nature, some PAHs, e.g. the substances shown in Figure 1.7, are 

monitored in exhaust gases and wastewater.80,92,93 

The composition of PAH emissions is highly dependent on the combustion temperature, 

oxygen availability, gas phase resident time, and fuel type.74 By studying the PAH profile and 

employing different PAH diagnostic ratios, it is possible to distinguish between different fuel 

types, to draw conclusions about the pyrolysis temperature, and determine whether the PAHs 

are derived from smoke or residues.86,87,94–97 Furthermore, some PAH compounds are 

unambiguous markers for the fuel source; for example, retene (Figure 1.8) is a unique marker 

for the combustion of gymnosperm biomass.98,99 

 

Figure 1.8. Molecular structure of retene, a molecular marker of gymnosperm combustion. After Ramdahl 
(1983).98 

Both, PAHs and MAs, have been reported as combustion markers and have been used in paleo-

applications. Due to their different sources, formation processes, and physicochemical 

properties, the tandem analysis of these two groups of analytes is very promising. It opens up 

the possibility not only to detect the presence of fire but also to explore changes in fire regime 

(e.g. fire frequency, intensity, and fuel source). A joint analysis has so far only been reported 

in lake sediment cores100–102 but not for speleothems. 
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1.4. Analytical methods 

The analytical procedures employed in this work encompass various sample preparation 

methods, such as solid phase extraction (SPE) and centrifugal evaporation. The samples are 

then measured using ultra-high performance liquid chromatography (UHPLC) or gas 

chromatography (GC) coupled to a high-resolution mass spectrometer (HRMS). The 

respective techniques are described in the following chapters. 

 

1.4.1. Solid phase extraction 

SPE is a widely used sample preparation technique that can be used for the preconcentration 

of an analyte in solution, matrix removal, or a solvent exchange, for example from an aqueous 

to an organic solvent. A polypropylene or glass cartridge holds a small amount of a solid phase 

material that is in between two frits. The solid phase is chosen according to the desired 

application and is mostly silica or polymer based but in recent times more specialised 

materials like graphitised carbon are available 103–106. 

 

Figure 1.9. Schematic of a SPE procedure. Drawing produced after Harris et al. (2014).103 

A typical SPE procedure is illustrated in Figure 1.9 and starts with conditioning of the solid 

phase (A). The sorbent is first wetted with a solvent (here: Methanol, MeOH) to assure that 

the whole surface is covered in solvent and the functional groups are activated. Afterwards, 

the cartridge is equilibrated with another solvent that is matched to the sample matrix (here: 

H2O). Subsequently, the sample solution is added to the cartridge (B) and the analyte and 

matrix components are adsorbed to the solid phase. To remove any undesired compounds, 

the cartridge can be washed with a weak eluent (C). This step can be repeated with a stronger 

eluent, if necessary (D). In a final step (E), the analyte is eluted with the strongest eluent. If 

the elution of the analyte is combined with a solvent exchange, the solid phase is dried before 

the final step to allow full sample recovery. Some components might stay bound to the solid 

phase, if the interaction with the sorbent is too strong.103,104 
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1.4.2. Sample evaporation 

If no sufficient retention or recovery can be reached with the available SPE materials, it might 

be necessary to evaporate the sample solution in order to concentrate the sample or isolate 

the analyte. To enter the gaseous state, a molecule needs to overcome the intermolecular 

interactions in the solution, the surface tension, and the vapor pressure above the surface. 

Evaporation can be enhanced by lowering any of these three values or by adding more energy 

into the system by heating.107–109 

Often, nitrogen blowdown is used to facilitate the evaporation of small sample volumes of a 

few millilitres. A gentle stream of nitrogen is passed over the surface of the solution to 

accelerate the evaporation by reducing the partial pressure of solvent over the liquid. To 

avoid thermal degradation of analytes, this is carried out at room temperature or only slightly 

elevated temperature. However, volatile analytes may evaporate even at low temperatures 

especially if long evaporation times are required due to large sample volumes or high boiling 

points of the solvents.107 

Alternatively, a vacuum can be applied to the sample to decrease the boiling point of the 

liquid. However, the subsequent evaporation is often accompanied by bumping and foaming 

of the solution which can lead to sample loss and cross-contamination. This can be avoided 

by conducting the vacuum evaporation in a centrifuge; this process is called centrifugal 

evaporation. The sample vials are loaded into a centrifuge and rotated at high speed. The 

resulting centrifugal force moves denser particle towards the margins of the sample vessel 

while compounds of lesser density migrate towards the centre of rotation. The resulting 

pressure gradient ensures that the solution only boils at the surface, thus preventing foaming 

of the liquid. Centrifugal evaporation is suited for the evaporation of larger sample volumes 

(> 10 mL) and leads to high recovery rates due to minimal thermal degradation and 

degradation by oxygen.107,110,111 

 

1.4.3. High performance liquid chromatography 

Chromatography is a versatile separation technique that is based on the repeated distribution 

of compounds between a mobile (gaseous or liquid) and a stationary (liquid or solid) phase. 

In liquid chromatography (LC), the mobile phase is a liquid of varying polarity and the 

stationary phase is composed of spherical microparticles which are either silica or polymer 

based. The surface of the particles is derivatised to allow the desired interactions with the 

analytes. The solid phase is tightly packed into a column through which the mobile phase is 

pumped; this results in a high back pressure.103,112 Newer columns are packed with sub 2 µm 

particles and operated at higher flow rates to reduce analysis time. However, this leads to 

increased back pressure; systems that can withstand these pressures of up to 1000 bar are 

referred to as ultra-high performance liquid chromatography (UHPLC).113 

A high performance liquid chromatography (HPLC) system is comprised of eluent reservoirs, 

a pump, an injection system, a column with optional column oven, and a detector (Figure 

1.10).103,112 In most cases, the detector is either a mass spectrometer (MS; see Chapter 1.4.5) 
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or a UV/Vis-Detector to analyse ionic species or absorbed light, respectively. The obtained 

signal is plotted against the time to produce a chromatogram. 

 

Figure 1.10. Schematic of a HPLC including two eluent reservoirs, a pump, the injector, a column with 
optional column oven, and a detector. 

Different LC modes can be defined in dependence on the polarities of mobile and stationary 

phase. Originally, polar silica particles were used as stationary phase in combination with 

non-polar organic solvents as mobile phase; this setup is called normal phase LC (NP-LC). 

Here, apolar components will elute quickly while polar analytes show higher retention times. 

Over time, non-polar stationary phases were developed, like C18 derivatised silica gels. These 

were employed in combination with aqueous eluents, to better retain apolar analytes. These 

methods are described as reversed phased LC (RP-LC). Of late, the necessity for a technique 

that is capable of separating highly polar compounds while also exhibiting a high sensitivity 

for electrospray ionisation mass spectrometry (ESI-MS; see Chapter 1.4.5.1) has arisen. Here, 

hydrophilic interaction chromatography (HILIC) is employed. For this method, polar 

stationary phases, similar to phases used in NP-LC, are used. The mobile phases, however, 

resemble the ones used in RP-LC and are mostly comprised of polar organic solvents like 

acetonitrile (ACN) and small amounts of aqueous buffers. Figure 1.11 illustrates the 

suitability of the different LC modes in relationship to the analyte polarity and the ESI-MS 

sensitivity. These two variables determine the choice of analysis method for a separation 

problem on hand.112,114–116 

 

Figure 1.11. Analyte polarity and ESI-MS sensitivity of normal phase LC, reversed phase LC, and hydrophilic 
liquid interaction chromatography (HILIC). Drawing after Kahsay et al. (2014).116 
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In this work, RP-LC and HILIC have been employed. Therefore, these two methods will be 

discussed in more detail below. A special focus will be placed on the respective separation 

mechanisms of the column materials used. 

 

1.4.3.1. Reversed phase chromatography 

As already described, derivatised silica gels are predominantly used as stationary phases in 

the RP-LC. For this purpose, various non-polar residues are chemically bonded to the free 

silanol groups on the surface of the silica particles. In this work, a phase modified with 

pentafluorophenyl residues (PFP, Figure 1.12) was used.114,115 

 

Figure 1.12. Schematic structure of a PFP phase. Drawing based on Przybyciel (2006).117 

While pure hydrophobic interactions dominate in phases with alkyl groups, the phenyl 

structure and the more polar fluorine substituents of the PFP moiety enable further 

interaction mechanisms. The aromatic structure of the PFP group allows for π-π interactions 

making this phase especially suitable for the separation of aromatic compounds. 

Furthermore, silanol interactions increase the retention of basic analytes.117,118 

A mixture of an organic solvent and aqueous buffer is used as the mobile phase. To support 

the separation, the eluent composition is shifted from predominantly aqueous to higher 

organic proportions during the course of the analysis. This gradually increases the eluting 

power of the eluent and analytes strongly bound to the stationary phase are also eluted.115 

 

1.4.3.2. Hydrophilic-interaction chromatography 

Hydrophilic interaction chromatography (HILIC) was initially described as a variant of NP 

chromatography.119 HILIC uses polar stationary phases. Oftentimes, typical NP adsorbents 

such as pure silica gel or modified silica gel (e.g. diol, amine, or amide) are used, but in this 

work zwitter-ionic phases with quaternary ammonium, phosphoric acid, and sulfonic acid 

groups (Figure 1.13) were employed. The mobile phase is relatively nonpolar compared to 

the stationary phase and consists mostly of an organic solvent such as ACN (usually ≥ 70%), 

which is mixed with aqueous solutions. Often a residue-free evaporable salt such as 

ammonium formate or acetate is added to optimise the separation.103,120–123 
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Figure 1.13. Schematic of the column phases used in this work: iHILIC-Fusion and iHILIC-Fusion(+). 
Drawing produced after HILICON AB (2018).123 

The exact separation mechanism remains elusive; however, it is apparent that various 

mechanisms such as partitioning, adsorption; and electrostatic interaction come into play. For 

uncharged solutes, separation by partition is the predominant mechanism. It is based on the 

formation of an aqueous adsorption layer on the stationary phase, as a result of which a 

polarity gradient is formed between the stationary and mobile phases (Figure 1.14, left). 

Depending on the polarity of the analyte, it will preferentially reside in the immobilised 

aqueous layer or in the organic bulk-eluent; a distribution equilibrium is established. Because 

of this main mechanism, HILIC is sometimes considered a liquid-liquid chromatography 

technique.120,124–127 

 

Figure 1.14. Left: Schematic of the polarity gradient between stationary and mobile phase by formation of 
an aqueous sublayer. Drawing produced after Jandera (2011).121 Right: Schematic of different interactions 
between analyte and stationary phase in HILIC. Drawing produced after Vogel (2012).128 

However, other processes will disturb the partitioning. Buffer salts contained in the eluent 

predominantly influence the electrostatic interactions of analyte and stationary phase. If they 

disturb the interaction, the retention is reduced, but it is also possible to reduce the repulsion 

between equal charges, which increases the retention. Likewise, charged stationary phases 

can interact with the solutes through coulomb interactions (Figure 1.14, right). The pH value 

of the eluent has no direct influence on the separation, but only on the charge of the analytes, 
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which determines the polarity and possible electrostatic interactions. Furthermore, RP 

retention on hydrophobic parts of bound ligands of the solid phase and specific adsorption of 

polar groups can be observed. In summary, it can be said that the exact separation mechanism 

and the resulting retention order is highly dependent on the analytes present and the 

separation system used.120,124–127 

 

1.4.4. Gas chromatography 

In gas chromatography (GC), the mobile phase is comprised of an inert gas (e.g. Helium, 

Nitrogen, or Hydrogen) and an immobilised liquid is used as the stationary phase. A GC system 

is comprised of a gas cylinder holding the carrier gas (mobile phase), various pressure 

regulators and a flow control valve, an injection system (syringe, septum, and heated 

injector), a column that is coated with the stationary phase is contained within the column 

oven, and a detector (Figure 1.15). For carbon based analytes, flame ionisation detectors or 

MS systems are often employed for detection.103,112,129,130 

 

Figure 1.15. Schematic of a GC including a gas cylinder containing the carrier gas, pressure regulators, a flow 
control valve, an injection system, a column in a column oven, and a detector. After Otto (2014).112 

During analysis, the sample is injected as a narrow band, vaporised, and transported through 

the column by the carrier gas; the individual components partition between the liquid 

stationary phase and the gas phase. Separation is achieved based on the analyte’s relative 

vapour pressure and affinities to the stationary phase. Temperature programmes can be used 

to optimise separation and shorten analysis time. The temperature is increased during the 

measurement, which results in an increase in the vapour pressure of the analytes so that they 

elute more quickly. The detector monitors the gas stream as it leaves the column and 

produces the chromatogram.103,112,129,130 

Most current applications use fused-silica columns covered with a protective polyimide jacket 

to increase the stability of the column and protect it. Typical column inner diameters are 

0.15 - 0.5 mm at 15 – 100 m column length. Remaining active sites of the column material are 

deactivated by high-temperature silylation. The liquid stationary phase is deposited in a thin 
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film (0.1 – 5 µm) on the inside of the column; such a design is called wall-coated open tubular. 

All coatings are characterised by high thermal and chemical stability and have a high boiling 

point / low vapour pressure. The stationary phases are often based on cross-linked 

polysiloxanes derivatised with appropriate residues. As is the case in LC, the principle of "like 

solves like" applies, so that -CN, -C=O or -OH residues are used for the separation of polar 

analytes, while phenyl residues or aliphatic hydrocarbons are used for non-polar targets. In 

the case of non-polar systems, the separation is based purely on differences in vapour 

pressure, while in polar systems dipole-dipole interactions between the analyte and the 

stationary phase also have an effect. In contrast to LC, there is no interaction between the 

mobile phase and the analyte.103,112,129 

 

1.4.5. Mass spectrometry 

Mass spectrometry allows the determination of the mass-to-charge ratio (m/z) of electrically 

charged particles in the gas phase. The analytes are often transferred from the condensed 

phase to the gas phase beforehand. Figure 1.16 shows the schematic structure of an MS. Each 

MS requires an inlet system to transport the analytes into the ion source. Depending on the 

technique used, the sample inlet and ionisation may be under atmospheric pressure or low 

vacuum, while the rest of the MS requires high vacuum (10-5 – 10-11 mbar) to achieve a high 

mean free path. In the ion source, the analytes are converted into charged species by various 

procedures.112 

 

Figure 1.16. Schematic of the set-up of a mass spectrometer. Drawing produced after Otto (2014).112 

The quality of the mass separation is called mass resolution R and is calculated according to 

Equation 1.5. 

R =  
m

Δm
 Equation 1.5 112 

R:   Mass resolution 

m:  Analysed mass 

Δm:  Distinguishable mass difference 
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Here, m describes the mass of an ion and Δm the mass difference, which can still be 

distinguished from m. High-resolution devices (R > 50 000) can thus be used to calculate sum 

formulas from the determined m/z ratio. Other important parameters of a mass spectrometer 

are the analysable mass range and the measuring rate.112,131,132 

 

1.4.5.1. Electrospray ionisation 

For electrospray ionisation (ESI), an analyte solution is finely nebulised under the influence 

of a strong electric field. Ions are released from the droplets of the aerosol, which can then be 

analysed in the MS. For this purpose, the sample solution is passed through a steel capillary 

to which a potential of 2-5 kV is applied. Due to the small diameter of the capillary, the 

resulting electric field is very strong, so that a redox reaction leads to a charge separation and 

an accumulation of positive or negative charge carriers (depending on the capillary's 

polarisation) on the surface of the meniscus. As shown in Figure 1.17 on the left, these are 

attracted by the counter electrode and the so-called Taylor cone is formed. In this, there rules 

an equilibrium of electric field and surface tension. With increasing distance from the tip of 

the capillary, the Taylor cone is destabilised and a fine liquid jet results. If the Coulomb 

repulsion of the surface charges exceeds the surface tension, the Rayleigh limit is reached, and 

the jet breaks up into individual droplets. Often the sputtering of the solution is supported by 

a stream of inert gas, e.g. N2, concentrically arranged around the capillary.103,131,133–136 

 

Figure 1.17. Left: Schematic of the processes taking place in an ESI-source. After Hunag et al. (1990), Kebarle 
and Tang (1993), and Konermann et al. (2013).134–136 Right: Schematic of the ion formation following the 
Ion Emission Model (IEM) and the Charge Residue Model (CRM). Drawing produced after Konermann et al. 
(2013).136 

Solvent evaporates from these relatively large droplets until the Rayleigh limit is reached 

again and microdroplets are formed in a Coulomb explosion that carry less than 2 % of the 

mass but about 15-25 % of the charge of the mother droplet. This process is repeated several 

times until the radii of the droplets are in the nano meter range. The formation of free ions 

from these highly charged nanodroplets can follow two different models, which are shown 

schematically in Figure 1.17 on the right. It is assumed that ions are formed from small, 

surface-active molecules according to the ion emission model (IEM).137 Here, the emission of 
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individual ions from droplets with radii of about 8 nm competes with the further Rayleigh 

decay of the droplet. For large, spherical molecules, ion formation is observed according to 

the charge residue model (CRM)138, in which the solvent evaporates completely from a 

droplet and only the ion remains in the gas phase. The ions are subsequently passed through 

an interface into the MS. This is a fine hole in the counter electrode or a heated transfer 

capillary. In the second case, the set-up is called heated ESI (HESI). Since the processes 

described so far take place under atmospheric pressure, the pressure is gradually reduced 

after the interface has passed through to achieve the high vacuum required for 

analysis.133,134,136–139 

ESI is a soft ionisation technique, which means that very little fragmentation of the ions occurs 

during ionisation. If the analyte is not already present as an ion in the solution, the actual 

ionisation is usually based on protonation or deprotonation of the ions in solution or in the 

gas phase; the quasimolecule ion with [M+H]+ or [M-H]- (M: molecule) is observed in the 

mass spectrum. Because of this mechanism, analysis by ESI is limited to more polar molecules 

or those with high gas-phase acidity or basicity. Another characteristic of ESI is the occurrence 

of ion clusters (e.g. [M+Na]+) and multiply charged ions. This makes molecules with very high 

absolute masses, such as proteins, accessible to mass spectrometers with a limited mass 

range. The greatest advantage of ESI is the very easy coupling to liquid chromatography, so 

that an MS can be used as a detector. Such a coupling is useful because analytes with the same 

mass cannot be distinguished in MS without prior chromatographic separation. Moreover, 

since different molecules exhibit different ionisation efficiencies by ESI, prior separation 

allows analytes with a low response to still be detected and not be suppressed by more readily 

ionised substances.133,136,139 

 

1.4.5.2. Electron ionisation 

Electron ionisation (EI) describes the process of bombarding an analyte in the gas-phase with 

an electron beam of defined energy. This results in a transfer of energy, causing the analyte to 

ionise.140  

 

Figure 1.18. Schematic of the processes taking place in an EI-source. Drawing produced after Gross 
(2019).131 
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The electron source is comprised of a heated W- or Re-filament (Figure 1.18); the emitted 

electron beam is accelerated into the ion volume with voltage Ue, usually 70 V. To assure a 

high mean free path, the ion volume is kept at a vacuum of ≤10-6 mbar. The electrons collide 

with gaseous analyte molecules (M) that enter the ion volume through a sample inlet that is 

perpendicular to the ion beam. As the sample needs to be gaseous, a coupling of EI with GC 

suggests itself.103,112,131,140,141 

Upon impact of the electrons, the analytes are ionised resulting in the formation of molecule 

radical ions (M+·). Depending on the electron’s energy, the molecule radical ion still retains 

excess energy from the collision, resulting in diverse fragmentation. The ions are then 

accelerated through a high voltage potential (Ua; 3-10 kV), focused into an ion beam with 

electrostatic lenses, and transported to the mass analyser.103,112,131,140,141 

EI is considered a hard ionisation technique, meaning that it often generates multiple 

fragment ions for one analyte. Therefore, EI spectra often contain detailed structural 

information and can assist with the identification of unknown compounds. The standardised 

electron energy of 70 eV results in fingerprint-like spectra for each sample and analyte 

molecule that can often provide unambiguous target identification by library 

comparison.112,140,141 

 

1.4.5.3. Orbitrap mass analyser 

The Orbitrap mass analyser has been commercially available since 2005 and the latest models 

can achieve resolutions of up to 1 000 000; thus, the Orbitrap is among the high-resolution 

mass spectrometers. Figure 1.19 schematically shows the setup of a Q-Exactive Hybrid 

Quadrupole Orbitrap mass spectrometer, which was used in this work. 

 

Figure 1.19. Schematic of a Q-Exactive Hybrid Quadrupole-Orbitrap mass spectrometer. Adapted from 
Thermo Fisher Scientific (2019).142 

The ions produced in the ESI source pass through a heated transfer capillary to the ion optics, 

which focus the ion beam before it enters a quadrupole analyser. A quadrupole analyser 

consists of four hyperbolic cross-sectioned rods positioned on the corners of a square, with 

equal poles facing each other. By superimposing a DC voltage on an AC voltage in the radio 

frequency (RF) range, only ions with a certain m/z ratio can pass through the quadrupole 
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without colliding with the rods. Therefore, quadrupole analysers are often called mass filters. 

By varying the frequency of the AC voltage, all m/z ratios can be scanned in 

succession.103,131,143 

After selecting the desired ions in the quadrupole, they are stored in a C-trap, a c-shaped ion 

trap. This temporary storage is necessary because quadrupole analysers work continuously, 

but the orbitrap analyser is pulsed. The principle of an ion trap is the same as that of a 

quadrupole, but the high-frequency field is three-dimensional so that the ions can be stored 

on stable orbits. The C-trap is filled with low pressure nitrogen to moderate the kinetic energy 

of the analytes through collisions. From the C-trap, the ions can either be directed into an HCD 

(higher-energy collisional dissociation) cell or they are injected into the orbitrap. In the HCD 

cell, collisions of the ions with inert gas molecules (N2) result in bond cleavage due to the 

conversion of kinetic energy into internal energy, leading to fragmentation of the analytes. 

The fragments then re-enter the C-trap, from which they are injected into the Orbitrap 

analyser.103,144,145 

The Orbitrap analyser consists of a spindle-shaped inner electrode and a two-part, barrel-

shaped outer electrode, between which a DC voltage is applied. An electric field results, the 

field lines of which are shown schematically in Figure 1.20. The injection of the ion packets 

from the C-trap takes place perpendicular to the electric field. The injected ions start to 

migrate back and forth between the right and left side of the electrode without further 

excitation. As illustrated in Figure 1.19, stable trajectories involve both a rotation around the 

inner electrode and a migration along the z-axis. This axial oscillation is independent of the 

initial properties of the ions, such as their kinetic energy, so that the axial frequency is used 

to determine the m/z ratios.103,146,147 

 

Figure 1.20. Schematic of the electric field in the rz-plane of an Orbitrap mass analyser. Adapted from 
Harris et al. (2014).103 

The oscillation of the ions generates a proportional mirror charge in the outer electrode, 

which results in an image current. This time-dependent signal is transformed into a frequency 

spectrum by means of a Fourier transformation, from which the mass spectrum is generated. 

The relationship between frequency v and the m/z ratio is described by Equation 1.6.103,146,147
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v ~ 
1

√m
z⁄

 Equation 1.6 103 

v:  Axial frequency 

m/z:  Mass-to-charge-ratio 
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2. Development of a method for anodic degradation of lignin for the 

analysis of paleo-vegetation proxies in speleothems 

 

This chapter has been published in ChemElectroChem:148 
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2.1. Abstract 

Here we present an electrochemical method for the anodic oxidation and subsequent 

degradation of lignin in speleothems to utilise the resulting lignin oxidation products (LOPs) 

as paleo-vegetation markers. LOPs were analysed using an ultra-high performance liquid 

chromatography (UHPLC) system coupled to a high-resolution mass spectrometer (HRMS). 

The method presented here achieved comparable or even higher LOP concentrations than 

established CuO and CuSO4 oxidation methods. The method represents a new tool for the 

analysis and reconstruction of paleo-vegetation and has the potential to be applied to other 

climate archives. 

 

2.2. Introduction 

Speleothems are well established climate archives because they can grow continuously over 

thousands of years and can be dated with unprecedented precision using the 230Th/U 

method.3,4,16 Due to the stable conditions in caves, speleothems undergo only minor physical 

and chemical changes over time.5,6 Traditionally, speleothem research mainly used inorganic 

climate proxies, such as δ13C or δ18O values or trace elements, while organic proxies played 

only a minor role.21,26 However, with the improvement of techniques for organic trace 

analysis, more and more organic compounds have been investigated as potential proxies.38 

One of them is lignin, a biopolymer found exclusively in vascular plants. The main constituents 

are sinapyl-, coniferyl-, and coumaryl alcohol units linked by stable ether and C-C bonds.49 To 

analyse the lignin, it is broken down into monomeric units by oxidative digestion. The 

resulting lignin oxidation products (LOPs) can be divided into three groups according to their 

phenolic: the guajacly moiety (V), the syringyl group (S) and the cinnamyl group (C).52 The 

composition of the polymer with respect to these groups allows conclusions to be drawn 

about the different types of vegetation from which the lignin originates. According to a study 

by Hedges and Mann,54 it is possible to distinguish between angiosperms (flowering plants, 

enclosed seed-bearing plants) and gymnosperms (“naked seed”-bearing plants) as well as 

woody and non-woody lignin by comparing the two parameters C/V and S/V. Here, C is the 

sum of all lignin oxidation products in the C-group, etc. This is possible because only non-

woody plant parts produce substantial amounts of cinnamyl units and only angiosperms 

produce substantial amounts of syringyl units. Guajacyl moieties are ubiquitous. The origin of 

lignin and the pathway of the polymer into the speleothem is shown in Figure 2.1 Hedges and 

Mann visualised their results with scatter plots and define limits for each result (Figure 2.4). 

However, their data were limited to a small number of samples and are further constrained 

by the method used for digestion and analysis. Therefore, their results may rather be 

considered as a guideline and only applied to the variations between individual samples in a 

consecutive set of samples. In addition, the parameter ∑8, representing the sum of the 

concentration of all 8 analysed LOPs, is used as a general measure for the amount of lignin in 

the sample. 
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Figure 2.1. Schematic representation of the origin of lignin and the pathway of the polymer into the 
speleothem. 

Traditionally, CuO,55,149 nitrobenzene,150 or tetramethyl-ammonium hydroxide (TMAH)151 

were used for the oxidative/ thermal degradation. However, large sample volumes, impurities 

of the chemicals used, or a variety of possible reaction products make it difficult to adapt to 

analytical purposes.53,152 More recently, Yan and Kaiser introduced a method based on 

alkaline CuSO4 oxidation, which is particularly suitable for small sample volumes.56 

However, all established methods result in toxic waste, are costly and time consuming, and 

can cause relatively high blank values. In addition, the composition of the reaction mixture 

and thus the resulting quantity of LOPs depends on several factors, such as the organic carbon 

content and the presence of oxygen. A new approach is highly desired to simplify the 

procedure and obtain more reproducible results. 

Electrosynthesis seems to be a promising alternative for the conversion of lignocellulose 

biomass.153–155 Since only electricity serves as oxidizing and/or reducing agent, the generation 

of reagent waste is avoided, and the atomic efficiency increased. In addition, electric current 

is an inherently safe, renewable, and cost-efficient reagent.154–157 Thus, it meets the criteria of 

“green chemistry”.158–160 In recent decades, electrochemical degradation of lignin has been 

investigated to produce low molecular fine chemicals in a sustainable manner.153 Several 

applications for the electrochemical conversion of lignosulfonate,161–164 Kraft lignin,165–180 

organosolv lignin,181–183 and native(-like) lignin184–190 have been published here. High 

temperature electrolysis (>100 °C) has been established for efficient electrochemical 

depolymerization of technical lignins, such as lignosulfonate, Kraft and organosolv lignin, into 

valuable aromatic fine chemicals (mainly vanillin).162,180,183 In general, nickel-based anodes 

were commonly used for the electrochemical production of monoaromatics from lignin.162,170–

176,180,183 For example, the Waldvogel laboratory reported the anodic degradation of lignin to 

produce vanillin using Ni electrodes in a simple undivided set-up.170–172,180,183 Detailed 

mechanistic studies of the electrocatalytic anodic conversion of lignin utilising nickel anodes 
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were provided by Utley et al. Here, the formation of low molecular weight products, such as 

vanillin, was associated with the oxidation of phenolic structures in the lignin via oxygenated 

Ni(III) species at the anode surface.162,191 

In this study, we developed a new electrochemical degradation method using nickel anodes 

for the analysis of lignin in speleothems and present the results in comparison with the 

established CuO and CuSO4 degradation methods. 

 

2.3. Results and Discussion 

Two different temperatures and three different amounts of electric charge applied were 

tested. The results are summarised in Table 2.1 and illustrated in Figure 2.3 A. All conditions 

tested lead to a noticeable formation of LOPs with ∑8 values ranging from 425.3 ng ∙g−1 to 

753.7 ng ∙ g−1. The ∑8 stays at the same level with the increase of the applied charge from 

0.1 C to 0.15 C per g speleothem. When the amount of charge is further increased to 0.2 C per 

g speleothem, the ∑8 value drops significantly at 30 °C, while it remains at the same level at 

50 °C. 

 

Figure 2.2. A: Comparison of LOP concentration obtained for different anodic oxidation conditions. B: 
Comparison of the acid-to-aldehyde ratios (Ad/Al) for the V- and S-group obtained for different anodic 
oxidation conditions. 

The decreasing concentration can be explained by over-oxidation of the polymer leading to 

the formation of units, which were not investigated in this study. This implies that if such 



Development of a method for anodic degradation of lignin for the analysis of paleo-
vegetation proxies in speleothems 

 

31 
 

highly oxidised compounds are a desired product, the application of higher charge amounts 

might be advisable. At 50 °C, the ∑8 value is significantly higher, even at 0.1 C ∙ g−1. This is due 

to the fact that as the electrolysis temperature increases, the (oxidative) degradation of the 

polymer is also enhanced.180 Therefore, a larger amount of low molecular weight compounds 

is generated. However, these monoaromatic compounds are often more prone to anodic 

conversion, resulting in highly oxidized species. This is evident from our data, as the main 

contribution to the ∑8 value comes from the V-group, more precisely from vanillic acid 

(Figure 2.3 B). Moreover, an increasing ratio between vanillic acid and vanillin ((Ad/Al)V) is 

observed, applying higher amounts of charge, indicating the over-oxidation of the polymer 

and/or LOPs. Although the ∑8 values for oxidation at 50 °C are all significantly increased 

compared to the reaction at 30 °C, these conditions are considered unsuitable for analytical 

purposes because monomeric units of the V-group appear to be formed preferentially over all 

other LOPs. This would distort the S/V and C/V ratios, making the analytical technique 

unsuitable to provide reliable results. This behaviour be due to the partial degradation and 

over-oxidation of the polymer and LOPs at the higher electrolysis temperature, where the 

corresponding vanillyl units (V) are partially more stable to over-oxidation and/or more 

easily anodically depolymerised. Therefore, the electrolysis temperature of 30 °C and an 

applied charge amount of 0.15 C ∙ g−1 were chosen for all further experiments and 

comparisons since these conditions gave the highest ∑8 value at relatively low (Ad/Al) 

values. 

Table 2.1. Concentrations of the V-, S-, and C-group LOPs, the sum of all eight LOPs (Σ8), and the ratios C/V 
and S/V of the speleothem sample determined using different oxidation methods. 

 

To demonstrate the effectiveness of the anodic oxidation, a set of samples was prepared that 

was only thermally degraded (Set 1). In addition, a set of samples was prepared that was 

subjected to anodic conversion only, but not to subsequent thermal degradation (Set 2). The 

results are shown in Table 2.1. The ∑8 value for Set 1 is at 168.9 ng ∙g−1 and the ∑8 value for 

Set 2 is at 83.6 ng ∙g−1. Thus, both values are significantly lower than the ∑8 value of the anodic 

oxidation and subsequent thermal degradation of 512.8 ng ∙g−1. The results illustrate that 

Sample ∑S [µg ∙ g-1] ∑V [µg ∙ g-1] ∑C [µg ∙ g-1] ∑8 [µg ∙ g-1] C/V S/V 

30°C, 0.10 C/g 194.8 ± 9.6 242.7 ± 21.7 88.4 ± 6.0 526.0 ± 37.3 0.45 ± 0.05 1.25 ± 0.17 

30°C, 0.15 C/g 334.6 ± 30.2 121.4 ± 10.6 56.8 ± 2.1 512.8 ± 42.9 0.17 ± 0.02 0.36 ± 0.06 

30°C, 0.20 C/g 154.6 ± 11.4 203.4 ± 14.9 67.3 ± 1.2 425.3 ± 27.6 0.44 ± 0.04 1.32 ± 0.19 

50°C, 0.10 C/g 407.1 ± 28.0 241.8 ± 23.0 83.8 ± 2.0 732.8 ± 53.0 0.21 ± 0.02 0.59 ± 0.10 

50°C, 0.15 C/g 385.9 ± 34.8 253.2 ± 18.0 88.7 ± 1.8 727.7 ± 54.6 0.23 ± 0.03 0.66 ± 0.11 

50°C, 0.20 C/g 475.4 ± 33.8 191.5 ± 20.2 86.8 ± 3.0 753.7 ± 57.1 0.18 ± 0.02 0.40 ± 0.07 

Set 1 69.6 ± 10.1 86.0 ± 9.0 13.3 ± 0.6 168.9 ± 19.7 0.19 ± 0.04 1.24 ± 0.31 

Set 2  63.2 ± 2.7 12.0 ± 0.9 4.5 ± 0.2 83.6 ± 4.7 0.07 ± 0.01 0.20 ± 0.04 

CuO 135.5 ± 1.7 195.1 ± 5.4 21.9 ± 0.9 349.5 ± 8.0 0.17 ± 0.01 1.47 ± 0.06 

CuSO4 341.7 ± 24.1 79.7 ± 28.9 46.0 ± 0.5 467.4 ± 53.5 0.13 ± 0.01 0.23 ± 0.10 



Results and Discussion 

 

32 

 

both steps are necessary for the successful formation of LOPs from lignin. The anodic 

oxidation converts the strong ether and C-C bonds of lignin into weaker oxidised bonds, which 

undergo cleavage by the subsequent thermal degradation.192 

To compare the anodic oxidation method with established methods, both the CuSO4 and CuO 

oxidation method were performed. The results are shown in Table 2.1 and Figure 2.4. The ∑8 

values obtained (CuSO4: 467.4 ng ∙g−1; CuO: 349.5 ng ∙g−1) are comparable to those obtained 

by the anodic oxidation method (512.8 ng ∙g−1). The S/V and C/V ratios are also similar, and 

all lie approximately in the same region of the scatter plot (see Figure 2.4). Minor differences 

in the results are to be expected and result from the different mechanisms involved in the 

formation of the LOPs and the general large variability in the composition of natural lignin. 

Overall, these results indicate that the newly developed anodic oxidation method provides 

robust LOP values that allow for sound interpretation of the S/V and C/V ratios. 

 

Figure 2.3. S/V versus C/V values of the speleothem sample, and lignin samples determined using anodic 
oxidation (AO), CuSO4 oxidation, or CuO mediated oxidation. 

The method was applied to two different types of commercial lignin powder to verify that the 

C/V and S/V ratios obtained agreed with the literature, and again to verify that the results 

were comparable to those obtained by the CuSO4 oxidation method. The results are listed in 

Table 2.2 and illustrated in Figure 2.4. Application of the anodic oxidation method to both 

wheat straw and mixed woods lignin (Lignin A) and conifer wood lignin (Lignin B) results in 

∑8 values of about 1 600 µg ∙ g−1, corresponding to a conversion factor of 0.16% (w/w). The 

∑8 values resulting from the CuSO4 oxidation method are only 1 176 µg ∙ g−1 for Lignin A and 

588 µg ∙ g−1 for Lignin B, respectively. These values correspond to conversion factors of about 

0.12% and 0.06% (w/w). This shows that the anodic oxidation method can degrade various 

lignins more effectively than the established CuSO4 oxidation method. Again, the C/V and S/V 

ratios of the two different methods are very similar, and the ratios for each of the two different 

lignin species fall within the regions of the scatter plot expected according to the regions 

defined by Hedges and Mann.54 This last test also confirmed the suitability of anodic oxidation 

for the analytical degradation of lignin. 
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Table 2.2. Concentrations of the V-, S-, and C-group LOPs, the sum of all eight LOPs (Σ8), and the ratios C/V 
and S/V of the lignin samples determined using different anodic oxidation (AO) or CuSO4 oxidation. 

 

2.4. Conclusion 

We developed an electrochemical method for the anodic oxidation and subsequent 

degradation of lignin in speleothems to analyse the resulting LOPs as paleo-vegetation 

markers. The new method achieved comparable or even higher LOP concentrations than the 

established CuO and CuSO4 oxidation methods. The method also speeds up sample 

preparation and reduces the risk of contamination input from the chemicals used. In addition, 

the use of electricity as the terminal oxidant avoids the use of stoichiometric amounts of heavy 

metals. Furthermore, the oxidation step can be easily adopted to the particular sample matrix, 

e.g., organic carbon content, and thus could be useful for the analysis of other environmental 

samples such as soils or sediments. However, the method has so far only been applied to a 

homogenised speleothem sample and should therefore be further tested with a variety of 

different speleothem samples to confirm the presented results. 

 

2.5. Experimental Section 

Analytical standards of acetosyringone (97 %), acetovanillone (≥ 98 %), para-coumaric acid 

(≥ 98 %), ethylvanillin (99 %), ferulic acid (99 %), syringaldehyde (98 %), and syringic acid 

(> 95 %), as well as L-ascorbic acid (SigmaUltra), copper(II) oxide (> 99 %) and ammonium 

iron(II) sulfate (99 %) were purchased from Sigma-Aldrich. An analytical standard of vanillin 

(99 %) was obtained from Acros Organics, and an analytical standard of vanillic acid (98 %) 

was obtained from Alfa Aesar. Sodium hydroxide (pellets, ≥ 99 %), hydrochloric acid (HCl, 

suprapure, 30%), and water (LC-MS-Grade) were purchased from Merck KGaA. Mixed lignin 

from wheat straw and various kinds of wood (Lignin A) was purchased from Bonding 

Chemical. Lignin from mainly coniferous wood (Lignin B) was obtained from BASF SE. 

Ammonium hydroxide solution (NH3, analytical grade, 25%) was obtained from Honeywell 

Fluka. Solid-phase extraction columns (Oasis HLB, 6 mL tubes, 200 mg packing material, Oasis 

HLB, 3 mL tubes, 60 mg packing material, and Oasis HLB, 1 mL tubes, 30 mg packing material) 

were purchased from Waters. Ultrapure solvents (LC/MS grade) acetonitrile (ACN) and 

methanol (MeOH) were obtained from VWR and Carl Roth, respectively. Ultrapure water with 

18.2 MΩ resistance was produced using a Milli-Q water system from Merck Millipore 

(Darmstadt, Germany). 

Sample ∑S [µg ∙ g-1] ∑V [µg ∙ g-1] ∑C [µg ∙ g-1] ∑8 [µg ∙ g-1] C/V S/V 

Lignin A 
AO 492.8 ± 8.9 1047.3 ± 17.4 96.4 ± 0.9 1636.5 ± 27.2 0.20 ± 0.01 2.13 ± 0.07 

CuSO4 342.4 ± 5.6 744.5 ± 17.6 88.8 ± 1.0 1175.7 ± 24.2 0.26 ± 0.01 2.17 ± 0.09 

Lignin B 
AO 1573.9 ±22.6 4.4 ± 0.2 23.7 ± 0.1 1602.0 ± 22.8 0.02 ± 0.00 0.00 ± 0.00 

CuSO4 570.6 ± 6.8 2.8 ± 0.3 14.6 ± 0.2 588.0 ± 7.2 0.03 ± 0.00 0.00 ± 0.00 



Experimental Section 

 

34 

 

For all experiments, aliquots of powder standard prepared from a speleothem from Ifri 

Inouqben cave, northern Morocco, were used. The age of this stalagmite is beyond the limit of 

the 230Th/U-dating method. Therefore, it is not suited for paleoclimate reconstruction, but is 

ideal as a standard.193 The speleothem was ground coarsely and then homogenised to create 

a standard material with uniform analyte distribution. 

Aliquots of 3 g of the standardised speleothem sample were dissolved in 3 mL HCl (30%) per 

g speleothem and then diluted 1:1 with ultrapure water. To ensure repeatability, every 

experiment was conducted fourfold and one blank sample was treated the same way. 

The 200 mg HLB cartridges were preconditioned with 6 mL each of MeOH and ultrapure 

water, acidified to pH 1-2 with HCl (30%). The speleothem solution was filtered through 

paper filters (Whatman, Grade 40, 8 µm pore size) to prevent undissolved materials from 

clogging the cartridges and was loaded onto the cartridges using sample reservoirs. The 

cartridges were washed twice with 6 mL of acidified ultrapure water and then dried by 

drawing air through the cartridges with a vacuum pump. The lignin was eluted with 10 

portions of 500 µL MeOH. The solvent was subsequently evaporated under a gentle stream of 

nitrogen at 30 °C. 

The residue was dissolved in 2.5 mL NaOH (1 mol ∙ mL−1) by sonification for 10 min at 45 °C. 

The solution was transferred into undivided reaction cells with a capacity of 10 mL made from 

PTFE (see Figure 2.2). The procedure was repeated, and the sample solutions were combined. 

Nickel anodes with an active surface area of 1.5 cm2 were used. A magnetic stirrer ensured 

homogeneous mixing. Electrolysis was performed at either 30 °C or 50 °C in galvanostatic 

mode with a current of 17 mA, a current density of 11.3 mA ∙ cm−2, and a terminal voltage of 

1.7-1.8 V. The applied electric charge was varied between 0.10 C, 0.15 C, and 0.20 C per g 

speleothem. 

 

Figure 2.4. Schematic view of the reaction cells.194 
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For experiments with pure lignin, about 50 mg of lignin powder was weighed into the reaction 

cells and dissolved in 5 mL NaOH (1 mol ∙ mL−1). Electrolysis was performed at 30 °C in 

galvanostatic mode with a current of 17 mA, a current density of 11.3 mA ∙ cm−2, and a 

terminal voltage of 1.7-1.8 V. The applied charge was set to 30.6 C per g lignin powder. 

After electrolysis, the solution was transferred into microwave digestion vessels with a 

capacity of 30 mL made of PTFE. The vessels were heated to 155 °C in 5 min and held at that 

temperature for 90 min using a 5890A Gas Chromatograph (Hewlett Packard, USA). 

Immediately after opening the vessels, 10 µL of a 1 µg ∙ mL−1 standard solution of ethyl 

vanillin in ACN was added as an internal standard, and the oxidised sample solution was 

acidified to pH 1-2 with HCl (30%). 

The CuSO4 oxidation procedure was developed based on the method described by Yan and 

Kaiser (2018).56 The residue was dissolved in 200 µL MeOH and sonicated at 45 °C for 10 min. 

The solution was transferred to a PTFE microwave digestion vessel with a capacity of 500 µL. 

The procedure was repeated with 100 µL MeOH and the combined solutions were evaporated 

to dryness under a gentle stream of nitrogen at 30 °C. The residue was dissolved in 200 µL 

NaOH (1 mol ∙ mL−1) by sonification for 10 min at 45 °C. To each, 10 µL of each CuSO4 solution 

(10 mmol ∙L-1 in H2O) and a solution of L-ascorbic acid (0.2 mol ∙ L−1 in H2O) were added. The 

vessels were each purged with nitrogen for 20 s each and quickly sealed to ensure inert gas 

atmosphere. The digestion vessels were packed 5 at a time into a larger Teflon vessel and 

covered with 7 mL of NaOH (1 mol ∙ mL−1) to ensure better heat transfer. These vessels were 

also purged with nitrogen for 1 min. 

For experiments with pure lignin, about 50 mg of lignin powder was weighed into microwave 

digestion vessels with a capacity of 30 mL made of PTFE. For oxidation, 126 µL of CuSO4 

solution (10 mmol ∙L−1 in H2O), 315 µL of L-ascorbic acid solution (0.2 mol ∙ L−1), and 1060 µL 

NaOH (1 mol ∙ mL−1) were added. The vessels were purged with nitrogen for 1 min and 

quickly sealed. 

The vessels were heated to 155 °C in 5 min using a gas chromatographic oven (5890A Gas 

Chromatograph, Hewlett Packard, USA) and held at that temperature for 90 min. Immediately 

after opening the vials, 10 µL of a 1 µg ∙ mL standard solution of ethyl vanillin in acetonitrile 

was added as an internal standard and the oxidised sample solution was acidified to pH 1-2 

with HCl (30%). 

The residue was dissolved in 2 mL NaOH (2 mol ∙ mL−1) by sonification for 10 min at 45 °C. 

The solution was added into a 100 mL Teflon microwave reaction vessel. The sample vial was 

sonicated again with 2 mL of NaOH (2 mol ∙ mL−1) and the solutions were combined. The 

microwave-assisted CuO-mediated oxidation procedure was performed as described by 

Heidke et al. (2018).53 An Ethos Plus Microwave Labstation (MLS GmbH, Germany) was used 

with an HPR-1000/10S high-pressure segment rotor, which can hold up to 10 reaction 

vessels, and an ATC-CE temperature sensor to measure the temperature inside one reaction 

vessel. Immediately after opening the vessels, 50 µL of a 1 µg ∙ mL standard solution of ethyl 

vanillin in acetonitrile was added as an internal standard and after clean-up, the oxidised 

sample solution was acidified to pH 1-2 with HCl (30%). 
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The 60 mg HLB cartridges were preconditioned with 3 mL each of MeOH and ultrapure water, 

acidified to pH 1-2 with HCl (30%). The 30 mg HLB cartridges were preconditioned with 1 mL 

each of MeOH and ultrapure water, which was acidified to pH 1-2 with HCl (30%), twice. The 

acidified oxidised sample solutions were loaded onto the 60 mg cartridges using sample 

reservoirs. Only the speleothem samples prepared by the CuSO4 oxidation method were 

loaded directly onto the 30 mg cartridges. The cartridges were washed twice with their void 

volume of 3 mL or 1 mL, respectively, and then dried by sucking air through the cartridges 

with a vacuum pump. The LOPs were eluted with 8 portions of 125 µL acetonitrile to which 

2% NH3 was added to reach a basic pH of 8-9. The eluate was evaporated under a gentle 

stream of nitrogen at 30 °C, and the residue was dissolved in 200 µL acetonitrile/H2O (1:9) 

by sonification at 45 °C for 10 min. 

The analysis of the LOPs was carried out on a Dionex UltiMate 3000 ultrahigh-performance 

liquid chromatography system (UHPLC) that was coupled to a heated electrospray ionization 

source (ESI) and a Q Exactive Orbitrap HRMS (all by Thermo Fisher Scientific). To separate 

the LOPs, a Acquity UPLC CSH Fluoro Phenyl (PFP) column, 100mm x 2.1mm with 1.7 μm 

particle size (Waters), was used. The injection volume was 5 µL. A H2O/acetonitrile gradient 

program was applied with a flow rate of 0.5 mL ∙ min-1. The gradient started with 5% eluent 

B (consisting of 98% acetonitrile and 2% H2O) and 95% eluent A (consisting of 98% H2O, 2% 

acetonitrile, and 400 μL ∙ L−1 formic acid). Eluent B was increased to 10% within 0.5 min and 

held for 4.5 min. It was then increased to 15% within 1 min and further increased to 30% in 

1 min and to 50% in 0.5 min, respectively. Finally, it was increased to 99% within 0.5 min, 

held for 1.5 min, and then eluent B was decreased to the initial value of 5%. The ESI source 

was operated in negative mode so that deprotonated molecular ions [M-H]- were formed. ESI 

and MS conditions were the same as reported by Heidke et al. (2018).53 
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3. Linked fire activity and climate whiplash in California during the 

early Holocene 

This chapter has been published in Nature communications:40 

 

3.1. Abstract 

Recent wildfire activity in semi-arid regions like western North America exceeds the range of 

historical records. High-resolution paleoclimate archives such as stalagmites could illuminate 

the link between hydroclimate, vegetation change, and fire activity in pre-anthropogenic 

climate states beyond the timescale of existing tree-ring records. Here we present an analysis 

of levoglucosan, a combustion-sensitive anhydrosugar, and lignin oxidation products (LOPs) 

in a stalagmite, reconstructing fire activity and vegetation composition in the California Coast 

Range across the 8.2 kyr event. Elevated levoglucosan concentrations suggest increased fire 

activity while altered LOP compositions indicate a shift toward more woody vegetation 

during the event. These changes are concurrent with increased hydroclimate volatility as 

shown by carbon and calcium isotope proxies. Together, these records suggest that climate 

whiplash (oscillations between extreme wetness and aridity) and fire activity in California, 

both projected to increase with anthropogenic climate change, were tightly coupled during 

the early Holocene. 

 

3.2. Introduction 

Increasingly, observations suggest that California’s hydroclimate is shifting toward shorter 

rainy seasons driven in particular by a decline in autumn precipitation.195,196 The delayed wet 

season enhances moisture stress on living vegetation and further decreases moisture levels 

in dormant and dead vegetation, increasing flammability in a critical season when offshore 

winds intensify across the state.196,197 These observations are corroborated by climate models 

which project further “sharpening” of the winter rainy season with anthropogenic 

warming196,198,199, and increases in year-to-year precipitation volatility, or “climate whiplash”, 

with extreme wetness following extended droughts.200 These trends can exacerbate fire 

recurrence by intensifying autumn dryness and promoting the growth of fast-responding 

grasses and brush during wet winter peaks that provide fuel to subsequent autumn 
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wildfires.201–203 Likewise, extreme rainfall events following fires are also projected to increase 

in high emissions scenarios, exacerbating threats of debris flows and vegetation loss.204 

Speleothems host numerous isotopic and geochemical proxies that are capable of recording 

changes in precipitation amount, source, and seasonality that can shed light on hydroclimatic 

variability during key intervals of Earth’s past. Stalagmite-based multi-proxy records have 

documented a highly dynamic hydroclimate in California across the last several thousand 

years.205–209 At White Moon Cave (WMC) in the California Coast Range, published stable 

carbon isotope (d13C), calcium isotope (d44Ca), and trace element ratios (P/Ca) in stalagmite 

WMC1 records suggest an interval of enhanced precipitation volatility occurred between 

~8,250 and 8,100 years BP (where present is 1950 CE), during the 8.2 kyr event, a 

pronounced Holocene cold period first noted in Greenland ice cores.13,15 Further, these 

proxies record a precursor event at 8,300 years BP, potentially associated with an earlier 

pulse of freshwater from glacial Lake Agassiz210 when precipitation exceeded the wet and dry 

extremes of the last 60 years in coastal California.13,15,23 Thus, hydroclimatically-sensitive 

proxies from fast-growing stalagmites can provide evidence of changes in climate whiplash, 

but our understanding of how wildfires may be recorded in stalagmites is just beginning to 

emerge.28,30,35 New proxies are necessary to document wildfire activity to investigate the 

relationship between climate whiplash and wildfire in the past. 

We analysed levoglucosan and lignin as indicators of fire activity and vegetation composition 

in the portion of stalagmite WMC1 that brackets the 8.2 kyr event (from ~8,600 to 6,900 

years BP) where previously analysed proxies suggest increased climate whiplash.207,209 The 

anhydrosugar levoglucosan naturally originates only from the combustion of cellulose60, 

where it is emitted into the particle phase and constitutes a fingerprint of biomass 

burning.63,211 While already used in other paleoclimate archives, especially in aerosols60,68–

70,212, neither levoglucosan nor its isomers are typically analysed in speleothems. Lignin, a 

biopolymer found exclusively in vascular plants, consists of sinapyl-, coniferyl-, and coumaryl 

alcohol units linked by stable ether and C-C bonds.49 For analysis, lignin is broken into 

monomeric units by oxidative digestion. The resulting lignin oxidation products (LOPs) can 

be divided into three groups according to their phenolic structures: the vanillyl group (V), the 

syringyl group (S), and the cinnamyl group (C) (Supplementary Fig. 1).52 Through 

comparison of the C/V and S/V ratios, we can determine if the lignin originated from 

angiosperms or gymnosperms and distinguish woody and non-woody vegetation.54 

White Moon Cave, located in the Santa Cruz Mountains east of Davenport, CA (N37º00′, 

W122º11′) experiences a warm-summer Mediterranean climate. Local climate and geology 

of the site are fully described in ref. 209. Vegetation directly above WMC consists of mixed 

evergreen forest composed of coastal Redwood and Douglas Fir with interspersed Coyote 

Bush and grasses. The site burned in August 2020 during the CZU Lightning Complex Fire 

which covered 350 km2 and began as the Warnella Fire near Davenport, CA.213 Smaller fires 

frequently occur in the surrounding coast range during most fire seasons. 

Here we demonstrate a link between fire activity, vegetation change, and climate whiplash in 

California during the early Holocene. We also provide an analysis of levoglucosan and LOPs in 
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modern dripwater and calcite to place constraints on how surface signals of fire and 

vegetation move through the modern cave system. 

 

3.3. Results 

3.3.1. Stalagmite-based fire and vegetation proxies 

Speleothem calcite deposited between 8217 ± 23 and 7847 ± 20 years BP shows elevated 

levoglucosan levels relative to the remaining stalagmite record (Figure 3.1 d; Table S1), with 

the highest concentrations found between 8,167 ± 20 and 8,019 ± 15 years BP. This suggests 

that fire activity in the vicinity of White Moon Cave was elevated during the 8.2 kyr event 

relative to the rest of this-early to mid-Holocene record (8,500 to 6,900 years BP). Unlike 

levoglucosan concentrations, we find no clear pattern in the concentration of LOPs across the 

speleothem record (Figure S2 and Figure S4; Table S1). However, when plotted by their C/V 

and S/V ratios (Figure 3.2) the speleothem samples fall into three distinct zones suggesting 

that the vegetation community surrounding the cave changed over time. Most prominently, 

between 8,300 and 8,200 years BP, we observe a shift from non-woody to woody vegetation. 

This is followed by a shift back to more non-woody vegetation between 7,800 and 7,700 years 

BP. The period of more woody vegetation (specifically 8,271 ± 23 to 7,793 ± 25 years BP) 

includes the interval of elevated levoglucosan concentrations (8,217 ± 23 to 7,847 ± 20 years 

BP). 

The recovery of the 13C6-levoglucosan spike for all but one stalagmite sample fall within the 

standard deviation of the average recovery of the whole sample set (Figure S2). This includes 

the samples with the highest measured levoglucosan concentrations, indicating that there is 

no divergent recovery rate and that these high values are unlikely to be an analytical artefact. 

Theoretically, stalagmite levoglucosan concentrations could also reflect changes in 

subsurface seepage water flow pathways that would route water from different locations on 

the surface to the stalagmite. Changes in subsurface water routing would also likely bring 

water into contact with different mineral phases within the host rock, and thus should be 

recorded by stalagmite strontium isotope ratios (87Sr/86Sr) which reflect the balance of water 

interactions with soils and host rocks with different 87Sr/86Sr fingerprints. Although we do 

observe host rock and soil phases with different 87Sr/86Sr values above WMC, we do not find 

a shift in stalagmite 87Sr/86Sr during the 8.2 kyr event209 concurrent with the levoglucosan 

peak. This indicates that a sustained change in seepage water routing very unlikely during 

this interval. Thus, the observed changes in levoglucosan concentrations and LOP ratios 

across the WMC1 record most likely reflect shifts in fire activity and vegetation community in 

the vicinity of the cave across the 8.2 kyr event. 
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Figure 3.1. Proxy records for White Moon Cave (WMC) stalagmite. a: Fraction of calcite remaining in 
solution (F) computed from speleothem δ44Ca using Rayleigh fractionation model209 and translated to 
estimated rainfall using modern cave system δ44Ca values and modern rainfall. Horizontal lines provide a 
comparison to rainfall amounts in the last decade: Wys (water years; 12-month period from October 1st to 
September 30th designated by the calendar year in which it ends) 2012-2016 (red dashed, 58% modern); 
Wys 2017-2019 (blue dash-dot, 109% modern); Wys 2019-2021 (red dash-dot, 69% of modern) modern 
average annual (1950-2021, purple); WMC1 record average computed rainfall (black). b: δ13C (‰ Vienna 
Peedee Belemnite (VPDB)), red lines highlight mean values of segments between changepoints identified 
based on mean and variance. c: P/Ca (mmol mol-1). d: Levoglucosan concentrations (ng g-1). Error bars 
represent the standard deviation of samples measured in duplicate. Vertical shading delineates the duration 
of the 8.2 kyr event (green) and pre-cursor event (blue). 
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Increased fire activity coincident with higher proportions of woody vegetation is also evident 

in Holocene charcoal and pollen records from across the Pacific Northwest214, reflecting a 

potential feedback of increased woody fuel driving fire dynamics or a climate driver that 

affects both vegetation type and fire activity. The vegetation change noted in WMC1 is broadly 

consistent with regional changes in vegetation as recorded by pollen from the marine 

sediment core ODP 1018 off the coast of Santa Cruz which indicates increased redwood and 

decreased herbs and chaparral species just prior to 8000 years BP.215 Lake sediment records 

from California and southern Oregon suggest increasing fire activity under progressively 

more intense aridity from the early to middle Holocene216–219, with lakes in the Klamath 

Mountains suggesting enhanced fire activity at 8400 years BP and the growth of a chaparral 

understory through the mid-Holocene.220 However, challenging chronologies and low 

sediment accumulation rates preclude investigation of fire-vegetation relationships at these 

sites at temporal resolution comparable to the WMC speleothem. 

 
Figure 3.2. Lignin oxidation product (LOP) ratios (S/V versus C/V) for speleothem samples and modern 
calcite. Shown are speleothem samples with ages from 8.5-8.3 kiloyears before present (kyrs BP) 
(triangles), 8.2-7.8 kyrs BP (squares), and 7.7-7.0 kyrs BP (circles). The combined modern calcite samples 
are shown as an open diamond. The area shaded in dark brown corresponds to lignin originating from 
gymnosperm woody plants, as defined by Hedges and Mann.54 The orange area is associated with 
gymnosperm non-woody plants, the purple area corresponds to angiosperm woody samples, and the pink 
area is associated with angiosperm non-woody plant parts. Error bars represent the standard deviation of 
samples measured in duplicate. The arrows highlight the changes over time. Plant icons available from 
phyloPic.org221 (lower left) and freesvg.org222 (others) and are licensed under Creative Commons.223 

3.3.2. Fire and vegetation proxies in the modern cave environment 

To explore the behaviour of levoglucosan and LOPs in the modern cave environment in 

support of our interpretations of the paleoenvironmental record, we analysed glass plate 
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calcites and dripwaters from several locations within the cave. Glass plates containing ~3 

years of calcite growth (see Methods section) were analysed from sites WMC1 and WMC2 in 

the upper level of the cave (Figure S3). Levoglucosan concentrations in these modern calcites 

(3.6 ± 0.3 ng ∙ g-1 and 6.6 ± 0.3 ng ∙ g-1) are higher than all early to mid-Holocene speleothem 

samples. Additionally, we analysed portions of the speleothem younger than 6,900 years BP, 

and these showed higher levoglucosan concentrations up to 4.7 ± 0.3 ng ∙ g-1 (Table S1). This 

increase towards the present may be indicative of higher levoglucosan input into the soil 

through increased fire activity in the mid to late Holocene, consistent with regional lake 

records.216,218,219 However, we do not have precise age constraints on this part of the 

stalagmite and can only estimate their ages to be between 6,900 and ~240 years BP. Like 

levoglucosan, modern calcite samples show higher LOP concentrations than speleothem 

samples Figure S2 and Figure S4). This might reflect a denser present-day vegetation above 

the cave compared to the early Holocene. The C/V and S/V ratios for modern calcite samples 

are consistent with the current mixed evergreen forest above the cave and are most similar 

to the speleothem values from ~8,200 to 7,800 years BP when the plant community above 

the cave consisted of more woody vegetation (Figure 3.2). 

To investigate in-cave spatial and temporal patterns in levoglucosan concentrations and their 

relationships to recent fire activity, we analysed dripwater from four sites collected during 

the wet seasons (December to February) of 2019, 2020, and 2021 (Figure 3.3). Waters from 

sites WMC1 and 3 in the upper level of the cave had higher levoglucosan concentrations than 

waters collected from sites WMC4 and 6, which are approximately 55 m deeper below the 

surface (Figure S3). These differences may reflect increased adsorption of levoglucosan to 

rock surfaces along longer seepage water flow paths. Notably, levoglucosan levels of all 

samples obtained in February 2020 are significantly higher than in samples from February 

2019 and December 2021. Smaller (<1 km2) fires occurred within 30 km of the cave in 

autumn 2019.224 Levoglucosan can easily be transported in the particle phase over such 

distances69,225 although it is currently unclear how signal intensity changes in relation to the 

distance to the fire. Winter rainfall prior to dripwater collection (January-February) was 

much higher in 2019 than in 2020 (430 vs. 75 mm).226 This might have supported leaching of 

levoglucosan from the soil in 2019 and resulting loss of signal from previous fire seasons. The 

samples collected in December 2021, after the August 2020 fire, do not show elevated 

levoglucosan levels relative to other years. Like 2019, the interval prior to water sampling in 

December 2021 was particularly wet (280 mm, October – December 2021) and more than 

one rainy season had passed between fire occurrence and dripwater collection. This suggests 

that the levoglucosan signal in WMC dripwater may only reflect the fire activity of the most 

recent fire season, and that high rainfall intervals rapidly leach the signal from the soil. 

Further investigation into the persistence of the levoglucosan signal in cave environments 

and the required proximity of fires for influencing dripwater chemistry is warranted to better 

understand the dynamics of this proxy. Given a growth rate of ~0.1 mm · yr-1 of stalagmite 

WMC1 and the sampling resolution of the levoglucosan analyses (5-9 mm or ca. 50-90 years), 

we are not able to evaluate interannual variability in fire activity in the early Holocene. 

However, peak levoglucosan levels over 4 samples in stalagmite WMC1 indicates that periods 

of elevated fire activity persisted above the cave over ~150 years during the 8.2 kyr event and 
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that fire activity in this interval exceeded that in the remaining record from 8,600 to 6,900 

years BP. 

 
Figure 3.3. Levoglucosan concentrations in dripwater. Water samples were collected in February 2019, 
February 2020, and December 2021. Error bars represent the standard deviation of samples measured in 
duplicate and may be smaller than the symbols. 

 

3.4. Discussion 

Tree-ring data from western North America reveal strong sensitivity of fire activity to 

summer temperatures and hydrological drought since the late Holocene.227–229 In the 

southern Cascades229 and Sierra Nevada230, variations in fire activity have been associated 

with changes in the magnitude of interannual fluctuations in rainfall amount, with enhanced 

fire activity occurring when high interannual variations in the Palmer Drought Severity Index 

(PDSI) coincide with higher temperatures.229 Similar relationships are evident in the early to 

mid-Holocene record of the Pacific Northwest, where pollen and charcoal reconstructions link 

increased fire activity to summer drought214,216, while lacustrine oxygen isotope records 

document wetter winters.231 

Winter rainfall accounts for >80% of annual precipitation at WMC.209 Thus, stalagmite 

precipitation proxies will provide a record of winter rainfall changes, while the levoglucosan 

record likely reflects fire activity from the preceding summer. During the 8.2 kyr event and a 

“precursor” event at 8,300 years BP, stalagmite isotope and trace element proxies all indicate 



Discussion 

 

44 

 

overall wetter winters and a potentially more volatile hydroclimate relative to the rest of the 

record (Figure 3.1 and Figure 3.4). 207,209 Semi-quantitative estimates of precipitation 

determined using d44Ca, a proxy that is uniquely sensitive to prior carbonate precipitation 

(PCP), suggest that during the 8.2 kyr event rainfall oscillated between dry and wet periods 

with similar magnitude as over the instrumental record (1950-2020) (Figure 3.1 a). However, 

during the precursor event, these oscillations exceeded modern multi-year droughts and 

precipitation excesses, including the recent 2012-2015 multi-year drought232 and ensuing 

2016-2017 wet interval.209 Similarly, the higher resolution d13C record is sensitive to changes 

in PCP via preferential removing of 12C during CO2 degassing from seepage waters and 

changes in soil respiration driven by precipitation or temperature changes.7,207 Changepoint 

analysis conducted on the d13C record  Figure 3.1 b) suggests a shift in mean and variance at 

the onset of the precursor event, and another shift at the end of the 8.2 kyr event interval at 

~8,070 years BP. This indicates the combined precursor and 8.2 kyr event were characterised 

by higher variance and lower mean d13C compared to the Holocene. This agrees with overall 

wetter (lower d13C) but more volatile winter conditions. The changepoint identified in the 

d13C record just predates the rise in levoglucosan near the onset of the 8.2 kyr event at 

8,217 ± 23 years BP (Figure 3.1 and Figure 3.4). The vegetation shift indicated by LOP ratios 

also occurs at 8,271 ±23 years BP, just after the precursor event but preceding the rise in 

levoglucosan. This indicates that abrupt changes from wet to dry extremes during the 

precursor event may have initiated a shift towards more woody vegetation that persisted as 

fire activity increased and may have provided increased fire fuel.214 Notably, stalagmite P/Ca 

(Figure 3.1 c), which reflects inputs of soil colloidal material to dripwater209 and has been 

linked with enhanced fire activity in Australian stalagmites35, also increases at this time. 

These proxy comparisons describe a link between hydroclimate volatility, vegetation change, 

and fire occurrence during the 8.2 kyr event similar to that observed in modern tree-ring 

records, that are of higher temporal resolution than the stalagmite, and in Holocene lake 

sediments, that are of lower resolution.214,216,229,230 Seasonality was enhanced in the early 

Holocene including during the 8.2 kyr event, with increased summer insolation leading to 

higher summer temperatures and vice versa.219,231 Although freshwater forcing led to cooling 

in the North Atlantic region, modelling indicates only a small (<0.5C) reduction in average 

annual temperatures associated with the 8.2 kyr event in western North America.233 Similar 

to other instances of freshwater release to the North Atlantic205,234,235 the effect of the 8.2 kyr 

event on California climate was primarily through hydroclimatic change. The WMC1 d13C 

record resolves precipitation changes internal to the 8.2 kyr event and suggests that the 

interval was characterized by heightened interannual precipitation volatility even though the 

mean shift in precipitation was small. Similar to links between modern PDSI variability and 

summer temperatures229, we propose that this heightened volatility coupled with the 

enhanced early Holocene summer temperatures219 drove the shift to more woody vegetation 

and elevated fire activity.  

Our method for the quantification of levoglucosan and LOPs in small speleothem samples 

(<1 g) and dripwater offers a pathway for reconstructing wildfire activity and paleo-

vegetation, respectively in paleoclimate archives on longer pre-instrumental timescales than 

what is offered by tree-ring records and at higher temporal resolution than what is offered by 
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lake sediments. Further information from cave monitoring studies along geologic, ecologic, 

and hydrologic gradients is necessary to evaluate the degree to which levoglucosan records 

more distal fires, the longevity of the levoglucosan signals in soils, and how the signals are 

transported through the epikarst and embedded in speleothems. Study sites with a known 

fire history or with adjacent paleoclimate archives containing other fire and vegetation 

markers like fire scars in tree-rings, or charcoal, pollen, or polycyclic aromatic hydrocarbons 

(PAHs) in lake sediments should be prioritised to better restrict the parameters that influence 

the levoglucosan and LOP signal in speleothems. Techniques to analyse PAHs in dripwaters236 

and speleothems90,91 are also in development. Combined analysis of levoglucosan and PAHs 

within the same speleothem would offer another powerful tool for disentangling the 

relationships between climate, fire, and vegetation change on multiple timescales. 

 

Figure 3.4. Summary of proxy interpretations for stalagmite WMC1 with time. Gray shading denotes the 
precursor event (centered on 8,300 years BP) and the 8.2 kyr event. See Fig. 1 for proxy time series. 

The combined records of hydroclimatic change, wildfire, and vegetation community from 

White Moon Cave support the link between precipitation volatility and fire activity in western 

North America that has been observed in tree ring records in the late Holocene, inferred from 

mid-Holocene lake records, and predicted for future warming scenarios.7,8 Our record 

provides evidence for this climate-fire relationship under early Holocene boundary 

conditions prior to substantial forcing from anthropogenic greenhouse gas emissions and 

land use changes such as fire suppression.237 Further, our records suggest enhanced volatility 

and fire activity during the 8.2 kyr event, an interval of freshwater forcing and abrupt cooling 

in the North Atlantic. The incorporation of paleo-fire and vegetation proxies into the WMC1 
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record demonstrates the potential for fast growing speleothems from fire-prone regions to 

illuminate the drivers behind in precipitation volatility and the relationship between "climate 

whiplash” and fire under a range of background climate states. 

 

3.5. Methods 

3.5.1. Statistical analysis of previously sampled proxy records 

In order to statistically identify changes in the amplitude and frequency of proxy variability, 

and thus to pinpoint the potential onset and cessation of changes in hydroclimate volatility, 

we conducted changepoint analysis on the previously published stalagmite d13C record14 

using the changepoint package in R.238 Changepoints were identified in the d13C record as 

changes in mean and variance using the PELT algorithm239 and the modified Bayes 

Information Criterion (MBIC) penalty.240 The d13C timeseries was chosen for this analysis 

because of its continuity (trace element records for this stalagmite have gaps) and high 

resolution (the d44Ca record is of much lower temporal resolution).  

An age model was constructed for the levoglucosan and LOP samples using the Stalage 

algorithm in R17 and the previously collected stalagmite 230Th/U dates.207 The ages of the 

upper and lower surfaces of the segments collected for levoglucosan and LOP analysis were 

modelled separately and presented as the upper and lower bounds of the sample ages. 

 

3.5.2. Chemicals and materials 

Analytical standards of levoglucosan (99 %), acetosyringone (97 %), acetovanillone (≥ 

98 %), para-coumaric acid (≥98 %), ethylvanillin (99 %), ferulic acid (99 %), syringaldehyde 

(98 %), and syringic acid (>95 %), as well as L-ascorbic acid (SigmaUltra)were purchased 

from Sigma-Aldrich. An analytical standard of 13C6 levoglucosan (98 %) was obtained from 

Cambridge Isotope Laboratories. An analytical standard of vanillin (99 %) was obtained from 

Acros Organics, and an analytical standard of vanillic acid (98 %) was obtained from Alfa 

Aesar. An analytical standard of ammonium acetate (≥99 %) and ultrapure acetonitrile (ACN, 

LC/MS grade) were obtained from VWR Chemicals. Sodium hydroxide (pellets, ≥99 %), 

hydrochloric acid (HCl, suprapure, 30 %), and water (LC-MS grade) were purchased from 

Merck KGaA. Ammonium hydroxide solution (NH3, analytical grade, 25 %) was obtained from 

Honeywell Fluka. Ultrapure methanol (MeOH, LC/MS grade) was obtained Carl Roth while 

ultrapure dichloromethane (DCM, LC-MS grade, ≥99.8 %) was purchased from Fisher 

Scientific. Ultrapure water with 18.2 MΩ resistance was produced using a Milli-Q water 

system from Merck Millipore (Darmstadt, Germany). Solid-phase extraction columns (Oasis 

HLB, 6 mL tubes, 200 mg packing material and Oasis HLB, 1 mL tubes, 30 mg packing 

material) were purchased from Waters. 
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3.5.3. Speleothem and modern calcite sample preparation 

Stalagmite samples were obtained by using a tile saw to sequentially slice 0.5 to 0.9 cm 

segments along a section of the WMC1 growth axis. This resulted in calcite samples that 

ranged in weight from 0.5 to 1.3 g. The 20 speleothem samples were first cleaned in 

DCM/MeOH 9:1 by 10 min of sonification and subsequently washed with Milli-Q water. 

Afterwards, the samples were bedecked with HCl (0.6 %) for 5 min to remove any adhesive 

contaminations, washed again with Milli-Q water, and dried at 150 °C. Thereafter, the sample 

blocks were pulverised using an electric coffee grinder (Grundig CM 4760 GMS2070). 

Samples of modern calcite were scraped from the surface of artificial substrates (glass plates) 

that were placed in the cave underneath active drip sites. Artificial substrates were placed 

under drip site WMC2 in December 2015 and WMC1 in March 2016 in the upper level of the 

cave (see Supplementary Fig. 3). Both plates were recollected in June 2018.  

For the extraction of levoglucosan, the pulverised speleothem and modern calcite samples 

were spiked with 100 µL of a solution of 13C6 levoglucosan (100 ng ∙ g-1 in ACN) and extracted 

twice with 5 mL or 2.5 mL of MeOH, respectively. The extraction was assisted by ultrasonic 

sound and lasted 45 min at a time. After sonification the samples were allowed to rest for 10-

20 min to improve phase separation. Then, the supernatant was removed, filtered over a 

1.0 µm glass fibre fabric filter (Macherey Nagel), and evaporated under a gentle stream of 

nitrogen at 30 °C. The residue was taken up in 200 µL of ACN/H2O (95:5) by 10 min of 

sonification at 45 °C. The solution was filtered with a 0.2 µm PA-filter (Altman-Analytik) and 

stored in the freezer at -25 °C. 

For the analysis of LOPs, the extracted speleothem powder was dried over night at 50 °C and 

dissolved in 3 mL HCl (30 %) per g sample and then diluted 1:1 with Milli-Q water. The two 

modern calcite samples were combined to assure that the resulting LOP concentrations would 

be above LOD. The 200 mg HLB cartridges were preconditioned with 6 mL of each MeOH and 

ultrapure water, which was acidified to pH 1-2 with HCl (30%). The speleothem solution was 

filtered through paper filters (Whatman, Grade 40, 8 µm pore size) to prevent undissolved 

materials from clogging the cartridges and was loaded onto the cartridges using sample 

reservoirs. The Cartridges were washed twice with 6 mL of acidified ultrapure water and then 

dried by sucking air through the cartridges using a vacuum pump. The lignin was eluted using 

10 portions of 500 µL MeOH. The solvent was subsequently evaporated under a gentle stream 

of nitrogen at 30 °C. The CuSO4 oxidation procedure was developed based on the method 

described by Yan and Kaiser (2018).56 The residue was dissolved in 200 µL MeOH and 

sonicated for 10 min at 45 °C. The solution was added to a PTFE microwave digestion vessel 

with a capacity of 500 µL. The procedure was repeated with 100 µL MeOH and the combined 

solutions evaporated to dryness under a gentle stream of nitrogen at 30 °C. The residuum was 

dissolved in 200 µL NaOH (1 mol ∙ mL-1) through sonification for 10 min at 45 °C. To this, 

10 µL each of CuSO4 solution (10 mmol ∙L-1 in H2O) and a solution of L-ascorbic acid 

(0.2 mol ∙ L−1 in H2O) were added. The vessels were purged with nitrogen for 20 s each and 

quickly capped to ensure inert gas atmosphere. The digestion vessels were packed into a 

bigger Teflon vessel 5 at a time and covered with 7 mL of NaOH (1 mol ∙ mL-1) to ensure better 

heat transfer. These vessels were also purged with nitrogen for 1 min. The vessels were 

heated to 155 °C in 5 min and held at that temperature for 90 min using a 5890A Gas 
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Chromatograph (Hewlett Peckard, USA). Immediately after opening the vessels, 10 µL of a 

1 µg ∙ mL-1 standard solution of ethyl vanillin in ACN was added as an internal standard and 

the oxidised sample solution was acidified to pH 1-2 with HCl (30 %). The 30 mg HLB 

cartridges were preconditioned with two times 1 mL of each MeOH and ultrapure water, 

which was acidified to pH 1-2 with HCl (30 %). The acidified oxidised sample solutions were 

loaded onto the cartridges and the vessels were washed with acidified water twice. 

Subsequently, the cartridges were washed twice with their void volume and then then dried 

by sucking air through the cartridges using a vacuum pump. The LOPs were eluted using 8 

portions of 125 µL of ACN with 2% NH3 added to reach a basic pH of 8-9. The eluate was 

evaporated under a gentle stream of nitrogen at 30 °C and the residue was dissolved in 200 µL 

ACN/H2O (1:9) by 10 min of sonification at 45 °C. The solution was filtered with a 0.2 µm PA-

filter (Altman-Analytik) and stored in the freezer at -25 °C. 

Cave drip water samples were collected from four active drip sites at different depths within 

the cave in February 2019 and 2020 and December 2021 (Supplementary Fig. 3). The samples 

were passed over a preconditioned 200 mg HLB cartridge (see above). The flow-through was 

collected and subsequently evaporated using a vacuum centrifuge (Eppendorf Concentrator 

plus, 248 g) at 30 °C. The centrifuge tubes were washed with two portions of 1.5 mL ACN each 

by 10 min of sonification at 30 °C. The combined solutions were evaporated under a gentle 

stream of nitrogen and the residue was taken up in 200 µL of ACN/H2O (95:5) by 10 min of 

sonification at 45 °C. The solution was filtered with a 0.2 µm PA-filter (Altman-Analytik) and 

stored in the freezer at -25 °C. 

The loaded SPE cartridges were handled following the same procedure described for the 

speleothem samples in Preparation for lignin analysis. 

 

3.5.4. Levoglucosan Analysis 

All samples were analysed for levoglucosan and LOPs. For this, they were each measured in 

duplicate. The analysis was carried out on a Dionex UltiMate 3000 ultrahigh-performance 

liquid chromatography system (UHPLC) that was coupled to a heated electrospray ionisation 

source (HESI) and a Q Exactive Orbitrap high-resolution mass spectrometer (HRMS) (all by 

Thermo Fisher Scientific). To retard the analytes, an iHILIC-Fusion (+) column, 100mm x 

2.1mm with 1.8 μm particle size (Hilicon), was used. The injection volume was 10 µL. A 

H2O/ACN gradient program was applied at a flow of 0.4 mL ∙ min-1. The gradient started with 

97 % eluent B (100 % ACN) and 3 % eluent A (consisting of 5 mmol ∙ L-1 ammonium acetate 

in H2O). Eluent B was held at 97 % for 0.5 min and then decreased to 90 % within 0.5 min. 

Afterwards, eluent B was further decreased to 85 % in 5 min and 60 % in 1.5 min, 

respectively. Finally, it was decreased to 50 % within 1.5 min, held for 2.0 min, and then 

eluent B was increased to the initial value of 97 %. This was held for 8.5 min to re-equilibrate 

the column. To improve ionisation, a post-column flow of 50 mmol ∙ L-1 NH4OH in MeOH was 

applied with a flow rate of 0.1 mL ∙ min-1. The ESI source was operated in negative mode so 

that deprotonated molecular ions [M-H]- were formed. The spray voltage was -4.0 kV, the ESI 

probe was heated to 150 °C, and the capillary temperature was 350 °C. The sheath gas 
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pressure was 60 psi and the auxiliary gas pressure was 20 psi. The mass spectrometer was 

operated in full scan mode with a resolution of 70,000 and a scan range of m/z 80–500. At the 

respective retention time windows, the full scan mode was alternated with a targeted MS2 

mode with a resolution of 17,500. For the MS2 mode (i.e., parallel reaction monitoring mode 

in the software Xcalibur, provided by Thermo Fisher Scientific), higher-energy collisional 

dissociation (HCD) was used with 35% normalised collision energy (NCE). 

 

3.5.5. LOP Analysis 

The analysis of the LOPs was carried out on a Dionex UltiMate 3000 UHPLC system that was 

coupled to a HESI and a Q Exactive Orbitrap HRMS (all by Thermo Fisher Scientific). To 

separate the LOPs, a Acquity UPLC CSH Fluoro Phenyl (PFP) column, 100mm x 2.1mm with 

1.7 μm particle size (Waters), was used. The injection volume was 5 µL. A H2O/ACN gradient 

program was applied with a flow of 0.5 mL ∙ min-1. The gradient started with 5 % eluent B 

(consisting of 98 % ACN and 2 % H2O) and 95 % eluent A (consisting of 98 % H2O, 2% ACN, 

and 400 μL ∙ L−1 formic acid). Eluent B was increased to 10 % within 0.5 min and held for 

4.5 min. It was then increased to 15 % within 1 min and further increased to 30 % in 1 min 

and to 50 % in 0.5 min, respectively. Finally, it was increased to 99 % within 0.5 min, held for 

1.5 min, and then eluent B was decreased to the initial value of 5 %. The ESI source was 

operated in negative mode so that deprotonated molecular ions [M-H]- were formed. The 

spray voltage was -4.0 kV, the ESI probe was heated to 150 °C, and the capillary temperature 

was 350 °C. The sheath gas pressure was 60 psi and the auxiliary gas pressure was 20 psi. The 

mass spectrometer was operated in full scan mode with a resolution of 70,000 and a scan 

range of m/z 80–500. At the respective retention time windows, the full scan mode was 

alternated with a targeted MS2 mode with a resolution of 17,500. For the MS2 mode (i.e., 

parallel reaction monitoring mode in the software Xcalibur, provided by Thermo Fisher 

Scientific), HCD was used with 35% NCE for all analytes. 

 

3.6. Data availability 

The levoglucosan and LOP data generated for this study are provided in the supplementary 

information in Supplementary Table 1 and are publicly archived with the National Centers for 

Environmental Information at https://www.ncei.noaa.gov/access/paleo-

search/study/37018. Previously published proxy data are archived at 

https://www.ncei.noaa.gov/access/paleo-search/study/32012 and 

https://www.ncei.noaa.gov/access/paleo-search/study/22270. 
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4. Past fire dynamics inferred from polycyclic aromatic 

hydrocarbons and monosaccharide anhydrides in a stalagmite 

from the archaeological site of Mayapan, Mexico 

This chapter has been accepted for publication in Biogeosciences:241 

4.1. Abstract 

Speleothems (cave stalagmites) contain inorganic and organic substances that can be used to 

infer past changes in local and regional paleoenvironmental conditions. Specific biomarkers 

can be employed to elucidate the history of past fires, caused by interactions among climate, 

regional hydrology, vegetation, humans, and fire activity. We conducted a simple solid-liquid 

extraction on pulverised carbonate samples to prepare them for analysis of 16 polycyclic 

aromatic hydrocarbons (PAHs) and three monosaccharide anhydrides (MAs). The 

preparation method requires only small samples (0.5-1.0 g); PAHs and MAs were measured 

by GC-MS and LC-HILIC-MS, respectively. Detection limits range from 0.05-2.1 ng for PAHs 

and 0.01-0.1 ng for MAs. We applied the method to 10 samples from a ~400-year-old 

stalagmite from Cenote Ch'en Mul, at Mayapan (Mexico), the largest Postclassic Maya capital 

of the Yucatán Peninsula. We found a strong correlation (r=0.75, p < 0.05) between the major 

MA (levoglucosan) and non-alkylated PAHs (Σ15). We investigated multiple diagnostic PAH 

and MA ratios and found that although not all were applicable as paleo-fire proxies, ratios that 

combine PAHs with MAs are promising tools for identifying different fire regimes and 

inferring the type of fuel burned. In the 1950s and 1960s, levoglucosan and Σ15 

concentrations roughly doubled compared to other times in the last 400 years, suggesting 

greater fire activity at Mayapan during these two decades. The higher concentrations of fire 

markers may have been a consequence of land clearance at the site and exploration of the 

cave by Carnegie Institution archaeologists. 
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4.2. Introduction 

Speleothems are valuable continental paleoenvironmental archives. They can grow 

continuously over long time periods1,242 and can provide very high-resolution (sub-annual) 

proxy time series of past climate and environment.243,244 Most can be reliably dated using 

uranium series isotopes.4,10. Well-established inorganic proxies such as δ18O and δ13C are 

increasingly complemented by organic biomarkers that record more specific aspects of the 

paleoenvironmental conditions.36–40 One important aspect of past environments is the 

occurrence and dynamics of fires, whether natural or anthropogenic. The development of fire-

sensitive proxies in paleoenvironmental archives can help elucidate interactions among 

climate, regional hydrology, vegetation, and fire activity.32 Two such fire proxies are 

polycyclic aromatic hydrocarbons (PAHs) and monosaccharide anhydrides (MAs). PAHs are 

products of incomplete combustion of biomass and petrogenic fuels over a wide temperature 

range (200-700 °C).73,74,87,94 

The presence of specific biomarkers is indicative of the fuel source. Retene, for example, is a 

PAH that is a unique marker for the combustion of gymnosperm biomass.98,99 MAs are formed 

only during combustion of biomass at lower temperatures (150-350 °C). The predominant 

MA is levoglucosan, which is formed during combustion of cellulose.60,211 Both PAHs and MAs 

can be present in the gas and the particle phase245,246 and have been reported to undergo long-

range transport.81,247 Their atmospheric residence times, however, differ widely, ranging from 

1-3 hours (gas phase) to 4-5 days (particulate phase) for PAHs and 2-26 days for MAs.63–65 

This difference in atmospheric longevity may explain why Denis et al. (2012)86 found PAHs to 

record only very local (≤0.5 km) fires, whereas known fires that occurred 1-2 km from the 

sampling site were not recorded. 

These different behaviours of PAHs and MAs are the rationale for analysis of both fire proxies 

in tandem, not only to detect the presence of fire but also to explore changes in fire regime 

(e.g. fire frequency, intensity, and fuel source). Whereas PAHs and MAs have been measured 

simultaneously in lake sediment cores100–102, they have not yet been investigated jointly in 

speleothems, although both have been extracted individually from stalagmites.40,90,91 Another 

motivation to survey different markers simultaneously is to better understand their transport 

and incorporation mechanisms in speleothem carbonate. In principle, PAHs and MAs can be 

transported into a stalagmite either via infiltrating water, and/or via deposited aerosol 

particles, delivered via cave ventilation or by cave-internal sources (e.g. campfires, torched, 

candles, or petroleum lamps). Whereas samples from caves without substantial ventilation 

(i.e. with no or very narrow entrances) would only archive a dripwater-derived signal, it is 

likely that in caves with substantial ventilation and easy human access, markers would be 

introduced via both dripping water and externally introduced or cave internally formed 

aerosol particles. 

Here we focus on the extraction of PAHs and MAs from speleothem carbonate. We report the 

results of sequential extraction of 16 PAHs and three MAs from a speleothem and their 

analysis using GC-MS and LC-HILIC-MS, respectively. We applied the new, simple method to a 

young (~400-year-old) stalagmite (MAYA-22-7) collected in August 2022 from Cenote Ch'en 

Mul, Mayapan, Yucatán Peninsula, Mexico. Several smaller stalagmites from the same cave 
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contained charcoal inclusions, indicating that the studied stalagmite was a promising 

candidate for this proof-of-concept study. We used the measured PAH and MA concentrations 

and selected diagnostic ratios to interpret past aspects of fire dynamics in the cave and 

surrounding area. Even though some of the biomarkers were below the limit of detection 

(LOD), the analysed stalagmite samples provided valuable hints about past fire dynamics. 

 

4.3. Methods 

4.3.1. Materials 

Ultrapure methanol (MeOH, LC/MS grade) was obtained from Carl Roth, ultrapure 

dichloromethane (DCM, LC/MS grade, ≥99.8 %) and water (LC/MS grade) were purchased 

from Fisher Scientific. Ultrapure acetonitrile (ACN, LC/MS grade) and ammonium formiate 

(99 %) were obtained from VWR Chemicals. Analytical standards of levoglucosan (1,6-

Anhydro-β-D-glucopyranose, 99 %), p-terphenyl (≥99 %), naphthalene-d8 (2000 µg mL-1 in 

DCM), acenaphthene-d10 (2000 µg mL-1 in DCM), phenanthrene-d10 (2000 µg mL-1 in DCM), 

and a standard of 16 PAHs (QTM PAH Mix, 2000 µg mL-1 in DCM), as well as ultrapure ethyl 

acetate (EA, GC/MS grade) were purchased from Sigma-Aldrich. An analytical standard of 
13C6-levoglucosan (98 %) was obtained from Cambridge Isotope Laboratories. An analytical 

standard of retene (10 µg mL-1 in cyclohexane) was purchased from LGC and analytical 

standards of mannosan (1,6-Anhydro-β-D-mannopyranose) and galactosan (1,6-Anhydro-β-

D-galactopyranose) were obtained from Carbosynth Ltd. Ultrapure water with 18.2 MΩ 

resistance was produced using a Milli-Q water system from Merck Millipore. Solid-phase 

extraction columns (CHROMABOND SiOH, 3 mL tubes, 45 µm particle size) were purchased 

from Macherey-Nagel. 

The developed extraction and measurement methods were tested on stalagmite MAYA-22-7, 

collected in 2022 from Cenote Ch'en Mul at the Postclassic Maya archaeological site of 

Mayapan in northern Yucatan (Mexico), with permission granted by the Instituto Nacional de 

Antropología e Historia (INAH). The stalagmite was retrieved from a narrow passage in the 

south-east sector of the cave (Figure S5). The growth surface of stalagmite MAYA-22-7 was 

wet from drip water prior to collection. The stalagmite was cut in half lengthwise, i.e. along 

the growth axis, and cut again to produce a central working slab and an off-axis working piece, 

using a Diamond WireTec DSW175 wire saw with a 0.35-mm-diameter diamond-studded 

steel wire at Northumbria University, UK. Powdered samples for biomarker analysis and U-

Th dating were drilled at the University of Cambridge along exposed growth layers on the 

working half (Figure 4.1), using a handheld Dremel drill with a 0.8-mm-diameter tungsten 

carbide dental drill bit. The bench surface, drill, drill bit, and aluminium tools for powder 

collection were all sprayed with compressed air and wiped down with a Kimwipe™ and 

methanol between sample drilling. Sample pit vertical heights along the growth axis differed 

depending on the sample pit size, with a range of 3 to 8 mm (Figure 4.1). The stalagmite 

surface was also wiped with a Kimwipe™ and methanol before each pit was drilled. Powder 

sample weights ranged from 500 to 1200 mg and were stored in methanol-cleaned glass 

sample vials with a plastic screw cap. 
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Figure 4.1. Scan of stalagmite MAYA-22-7 with samples taken for U-Th dating and biomarker analysis 
indicated in red and cyan, respectively. For simplicity, rectangles indicate the position of the samples 
projected onto the central growth axis, whereas samples were drilled off-axis, along growth layers. Black 
vertical lines indicate the growth axis along which grey values were measured. Ages are given in calendar 
years (C.E. = Common Era) with 95% confidence intervals. 

The chronology of MAYA-22-7 was determined with a U-Th age model constructed from five 

U-Th ages drilled from the central working slab (Figure 4.1). Sample preparation and 

analytical chemistry for dating were conducted at the Department of Earth Sciences, 

University of Oxford. Samples were dissolved in distilled concentrated nitric acid and spiked 

with a mixed 229Th-236U solution. U and Th were separated using column chemistry, following 

procedures adapted from Edwards et al. (1987).248 U and Th isotopes were measured using a 

Nu Plasma II Multi-ion-counting, Multi-collector Inductively Coupled Plasma Mass 

Spectrometer (MC-ICP-MS), following procedures adapted from Hoffman (2008).14 Ages 

were calculated iteratively using the 230Th/238U age equation249, derived in Richards and 

Dorale (2003).250 The 234U and 230Th half-lives used for age calculations are those reported in 

Cheng et al. (2013).13 Age uncertainty was calculated using a Monte Carlo method, which 

accounts for instrument measurement, chemical blank, and initial detrital 230Th/232Th activity 

ratio uncertainty. The initial detrital 230Th/232Th activity ratio is set as a uniform distribution 

of values between 0.1 and 2.0, which encompasses the bulk earth value (230Th/232Th 

activity = 0.82) and the median detritus value determined from a collection of speleothem 

studies (230Th/232Th activity = 1.5)251. All U-Th ages are in sequential order, with the 

corrected youngest date (9.3 mm from stalagmite top) 2001 ± 11 (2σ) CE.  

The interpolated age model for the stalagmite central growth axis was produced using the 

OxCal version 4.4 Poisson-process Deposition model, with the stalagmite vertical growth rate 

constrained using model inputs k0 = 0.1 mm−1 and log10(k/k0) = U(−2, 2).18,252,253 Because 
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sample pits in this study were drilled off the central axis, visible laminae were tracked to 

connect the sample pit locations to the central growth axis to determine the mean age range 

and 95% confidence age range of the sample pits. The OxCal Deposition model input code, an 

age-depth plot (Figure S6), U-Th isotope activity ratios and calculated age of U-Th samples 

(Table S3), as well as ages and their respective errors of the biomarker samples (Table S4) 

are found in the supplement. 

 

4.3.2. PAH and MA extraction 

The sample preparation procedure is illustrated in Figure S7. The PAH extraction method was 

adapted from Shahpoury et al. (2018).254 Powdered speleothem samples were weighed into 

baked-out (>8 h at 450 °C) 20 mL glass vials and spiked with 100 µL of a solution of 

100 ng mL-1 naphthalene-d8, acenaphthene-d10, and phenanthrene-d10 in ethyl acetate (EA). 

Subsequently, each sample was extracted twice with 5 mL g-1 dichloromethane (DCM) in an 

ultrasonic bath for 45 min. After sonication, samples were allowed to stand for 10-20 minutes 

to improve phase separation. The supernatant was removed, filtered through a 1 µm glass 

fibre filter (Macherey Nagel), and loaded onto the preconditioned (3 mL each of EA and DCM) 

SPE cartridges. The flow-through was collected in baked-out 20 mL glass vials with tapered 

bottoms. The cartridge was rinsed with 3 mL each of DCM and EA and dried by blowing air 

through the cartridge. Subsequently, the solution was evaporated under a gentle stream of 

nitrogen at 30 °C to a volume of approximately 500 µL. The walls of the vial were washed with 

3 mL EA, the solution was once again evaporated to approximately 500 µL, and the walls were 

washed again with another portion of 3 mL EA. Then the sample solution was evaporated to 

approximately 200 µL, the walls were washed a last time with 500 µL EA, and the solution 

was finally evaporated to a volume of ~100 µL. This solution was transferred into a baked-

out 250 µL vial. The evaporation vial was washed with 100 µL EA and the solution was added 

to the sample. To enable volume calculation and corrections during measurement, 2 µL of a 

solution of p-terphenyl (7.5 µg mL-1 in EA) were added. The sample solution was stored in the 

freezer at -25 °C. 

The extracted speleothem carbonate powder was dried in an oven at 50 °C overnight and then 

spiked with 100 µL of a solution of 100 ng mL-1 13C6-levoglucosan in acetonitrile (ACN). The 

extraction procedure is described in Homann et al. (2022).40 In brief, two 45 min ultrasonic 

extractions were performed using 5 mL g-1 methanol (MeOH) as an extraction agent. The 

supernatant was filtered with a 1 µm glass fibre fabric filter and evaporated to dryness under 

a gentle stream of nitrogen at 30 °C. The residue was redissolved in ACN/H2O (95:5) and 

filtered through a 0.2 µm PA-filter (Altman-Analytik) prior to storage at -25 °C. 

 

4.3.3. PAH analysis 

The analysis was performed using a Thermo Fisher Scientific Orbitrap Exploris GC system. 

Analytes were separated on a TG-5-SILMS column (30 m, 0.25 mm inner diameter, 0.25 µm 

film thickness, Thermo Fisher Scientific). A volume of 1 µL was injected in splitless mode at 
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an injector temperature of 320 °C, a transfer-line temperature of 320 °C, and an oven 

temperature of 50 °C. The carrier-gas (helium, 5.0, Nippon Gases) flow was set to 1 mL min-1. 

The initial temperature was held for 2 min, then increased to 160 °C at a rate of 10 °C min-1 

(1 min hold), then to 270 °C at 3 °C min-1, then to 300 °C at 30 °C min-1 (5 min hold), and 

finally to 320 °C at 30 °C min-1 (2.7 min hold). The injector was cleaned after each injection 

for 5 min at 330 °C with a flow rate of 150 mL min-1. The mass spectrometer was operated in 

positive electron ionisation mode (EI+) using selected ion monitoring mode (SIM). The SIM 

m/z ratios and retention times of the respective PAHs are found in Table 4.1. Analytes were 

quantified via the ratio of the peak area of the analyte to the peak area of the internal standard. 

Table 4.1. Common name, acronym, sum formula, retention time, m/z value, limit of detection, repeatability, 
and accuracy of all d-PAHs, internal standards, and PAHs determined by the GC-MS method. 

 Analyte Acronym Sum 

formula 

tR (min) m/z [M]·+ LOD 

(ng) 

Repeat-

ability 

(%) 

Accuracy 

(%) 

Sp
ik

ed
 d

-P
A

H
s 

an
d

 
in

te
rn

al
 s

ta
n

d
ar

d
 Napthalene-d8 d-NAP C10D8 9.49 136.1128 0.97 4.5 8.3 

Acenaphthene-d10 d-ACE C12D10 13.67 164.1410† 1.37 4.6 1.5 

Phenanthrene-d10 d-PHE C14D10 19.40 188.1410 1.29 11.4 2.6 

p-Terphenyl PTP C18H14 29.90 230.1096 / 6.6 / 

In
v

es
ti

ga
te

d
 P

A
H

s 

Naphthalene NAP C10H8 9.53 128.0626 1.41 5.7 0.6 

Acenaphthylene ACY C12H8 13.28 152.0626 0.07 7.0 0.2 

Acenaphthene ACE C12H10 13.77 154.0783 0.14 5.1 0.3 

Fluorene FLN C13H10 15.43 166.0783 0.17 25.6 0.1 

Phenanthrene PHE C14H10 19.50 178.0783 2.07 17.6 4.8 

Anthracene ANT C14H10 19.77 178.0783 0.04 3.3 0.1 

Fluoranthene FLT C16H10 26.45 202.0783 0.67 6.2 1.0 

Pyrene PYR C16H16 27.81 202.0777† 0.34 2.2 0.5 

Retene RET C18H18 30.48 234.1409 0.36 19.4 0.7 

Benzo(a)anthracene BAA C18H12 36.53 228.0939 1.09 3.7 1.2 

Chrysene CHR C18H12 36.75 228.0939 1.14 8.9 0.9 

Benzo(b)fluoranthene BBF C20H12 44.02 252.0939 1.30 8.7 0.2 

Benzo(a)pyrene BAP C20H14 45.99 252.0939† 0.55 9.6 1.5 

Indeno(1,2,3-c,d)pyrene INP C22H14 52.00 276.0939† 0.51 10.2 1.1 

Dibenz(a,h)anthracene DBA C22H14 52.18 278.1096 NA 12.0 1.0 

Benzo(g,h,i)perylene DPE C22H12 52.73 276.0939 0.47 12.4 1.5 
†: Detection of fragment. 

 

4.3.4. MA analysis 

Analysis of MAs was carried out on a Dionex UltiMate 3000 ultrahigh-performance liquid 

chromatography system (UHPLC), coupled to a heated electrospray ionisation source (HESI) 

and a Q Exactive Orbitrap high-resolution mass spectrometer (HRMS) (all by Thermo Fisher 

Scientific) equipped with an iHILIC-Fusion column, 100 mm x 2.1 mm with 1.8 μm particle 

size (Hilicon). The injection volume was 10 μL. A H2O/ACN isocratic program was applied at 

a flow of 0.3 mL min-1 with a run time of 5 min. The eluent composition was 97 % eluent B 

(100 % ACN) and 3 % eluent A (consisting of 5 mmol L-1 ammonium formate in H2O). To 



Past fire dynamics inferred from polycyclic aromatic hydrocarbons and monosaccharide 
anhydrides in a stalagmite from the archaeological site of Mayapan, Mexico 

57 
 

improve ionisation, a post-column flow of 50 mmol L-1 NH4OH in MeOH was applied with a 

flow rate of 0.1 mL min-1. The HESI source was operated in negative mode to form 

deprotonated molecular ions [M-H]-. The HESI probe was heated to 150 °C, the capillary 

temperature was set to 350 °C, and the spray voltage was -4.0 kV. The sheath gas pressure 

was 60 psi and the auxiliary gas pressure was 20 psi. The mass spectrometer was operated in 

full scan mode with a resolution of 70,000 and a scan range of m/z 80–500. During the 

expected retention times (Table 4.2), the full scan mode was alternated with a targeted MS2 

mode with a resolution of 17,500. For the MS2 mode (i.e. parallel reaction monitoring mode 

in the software Xcalibur, provided by Thermo Fisher Scientific), higher-energy collisional 

dissociation (HCD) was used with 35% normalised collision energy (NCE). 

Table 4.2. Common name, acronym, sum formula, retention time, m/z value, limit of detection, repeatability, 
and accuracy of 13C-MAs and MAs determined in the MA LC-MS method. 

Analyte Acronym Sum formula tR (min) m/z [M-H]- LOD (ng) Repeat-ability 

(%) 

Accuracy 

(%) 

13C6-

levoglucosan 

13C-LEV 13C6H10O5 3.28 167.0657 NA 11.5 0.1 

Mannosan MAN C6H10O5 2.65 161.0455 

129.0193† 

0.05 4.4 0.3 

Galactosan GAL C6H10O5 2.77 161.0455 

113.0245† 

0.01 11.0 0.2 

Levoglucosan LEV C6H10O5 3.30 161.0455 

113.0245† 

101.0244† 

0.09 6.4 0.1 

†: Fragments resulting from targeted MS2. 

 

4.4. Results and discussion 

4.4.1. Method validation 

Detection limits (LODs) were calculated using Equation 4.1 where B is the blank and SDB the 

corresponding standard deviation.112 

𝐿𝑂𝐷 = 𝐵 + 3 𝑆𝐷𝐵  Equation 4.1 112 

Recovery was calculated by spiking samples with known amounts of naphthalene-d8 (42-

102 %), acenaphthene-d10 (41-120 %), phenanthrene-d10 (46-137 %), and 13C6-levoglucosan 

(62-83 %). The comparatively low PAH recovery rates were likely a consequence of 

volatilisation during the evaporation step. A comprehensive overview of all recoveries is 

found in Table S3. The sample set data were not corrected for recovery to acknowledge that 

the three deuterated PAHs examined do not necessarily reflect the properties of all 16 

analysed PAHs. A 25 ng mL-1 (PAHs) or a 2.5 ng mL-1 (MAs) standard was used to calculate 

the accuracy of the method (percent relative deviation with respect to the standard 

concentration). Repeatability was calculated as the standard deviation of nine measurements 

of 25 ng mL-1 (PAHs) or 2.5 ng mL-1 (MAs) standards. Results are summarised in Table 4.1and 

Table 4.2. 
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4.4.2. Speleothem MAs and PAHs 

Levoglucosan (LEV) and Σ15 (sum of non-alkylated PAHs) concentrations are presented in 

Figure 4.2. Concentrations of individual MAs and PAHs are found in Table S5, whereas 

calculated sums and ratios are shown in Table 4.3. The LEV and Σ15 concentrations range 

from 0.6 to 5.7 ng g-1 and 3.8 to 16.9 ng g-1, respectively. The Σ15 concentrations are greater 

than values presented by Argiriadis et al. (2019)90 but lower than those reported by Perrette 

et al. (2008).91 Σ15 concentrations and to a lesser extent, LEV concentrations, track the colour 

(grey value) of the stalagmite (Figure 4.2), suggesting a link between grey scale value and fire 

activity (soot). 

Table 4.3: Calculated sums and diagnostic ratios of the 10 samples from stalagmite MAYA-22-7 from Cenote 
Ch'en Mul, Mayapan. 

Age (Year CE)* 
2010-
2015 

2000-
2010 

1995-
2000 

1945-
1985 

1945-
1965 

1920-
1935 

1890-
1905 

1855-
1875 

1760-
1790 

1640-
1650 

Sample # 4 3 5 2 6 8 9 1 10 11 

Σ15† 6.44 6.2 9.95 14.7 15.4 3.8 11.9 6.7 10.3 5.4 

LMW‡ 6 5.6 9 13.8 14.5 3.7 11.3 6 9.7 5.04 

HMW◊ 0.4 0.5 0.9 0.9 0.9 0.02 0.6 0.7 0.5 0.3 

LMW/HMW 13.6 10.4 10.33 14.9 15.8 175.5 19.3 8.5 18.9 14.7 

PHE/ANT 74.7 4 43 3.4 NA NA NA 4.8 NA NA 

ANT/(ANT+PHE) 0.01 0.2 0.02 0.2 NA NA NA 0.2 NA NA 

RET/(RET+PHE+ANT) NA NA 0.16 NA NA NA 0.1 NA NA NA 

LEV/(LEV+Σ15) 0.5 0.2 0.4 0.4 0.5 0.6 0.3 0.3 0.4 0.5 

LEV/MAN 5.9 9.7 8 9.5 18.8 7.4 NA 9.1 8.8 6 

LEV/(MAN+GAL) 3.3 4.7 4.6 4.8 5.9 3.7 18.6 5.4 4.7 3.1 

*: Start and end dates have errors of ± 6-20 years (95 % confidence interval) †: Sum of non-alkylated PAHs; ‡: Sum of 

two and three-ring PAHs; ◊: Sum of four and five-ring PAHs. Errors of sums and diagnostic ratios are reported in Table 

S6. 
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Figure 4.2. Concentrations of levoglucosan (dark blue) and Σ15 (sum of non-alkylated PAHs; orange) in the 
10 analysed samples from stalagmite MAYA-22-7. Symbols are centred on the middle of their respective 
sample pit (Figure 4.1). Error bars in the x-axis reflect the lengths of the sample pits. Error bars on the y-
axis represent one standard deviation and may be smaller than the symbols. The grey line shows the grey 
value of stalagmite MAYA-22-7, measured along the growth axis. A value of 0 = black and 250 = white. 
Green shading represent the width of the sample pits and their respective U-Th dates are given at the top. 

Overall, a strong correlation (r = 0.75, p < 0.05) between LEV and Σ15 is observed (Figure 

4.3). This correlation changes only slightly (r=0.76, p < 0.05) when solely low-molecular-

weight PAHs (LMW, sum of two- and three-ring PAHs) are considered. This is consistent with 

the findings of Battistel et al. (2017)101 and suggests a common origin for LEV and smaller 

PAHs. The three most abundant PAHs (phenanthrene (PHE), naphthalene (NAP), and 

fluorene (FLN)) constitute an average of 82 ±7 % of Σ15 in the analysed samples. However, 

PHE, the most abundant PAH, does not show a significant correlation with LEV (r=0.60, 

p < 0.1, Figure 4.3, green circles). This is likely caused by different sources of PHE and LEV; it 

is possible that PHE is generated by higher-intensity fires than required to produce LEV. 

Most high molecular weight PAHs (HMW, four- and five-ring PAHs) are below LOD in the 

analysed sample set. This is consistent with the results of Argiriadis et al. (2019)90 and 

Perrette et al. (2008)91 and is likely a consequence of a filtering by the overlying soil and 

epikarst, as discussed by Perrette et al. (2013).236 They found that HMW PAHs accumulate in 

soils and only LMW PAHs are transferred into the ground water under steady state conditions. 

No literature addresses the inclusion of airborne PAHs into speleothems or whether 

fractionation between HMW and LMW PAHs might be expected. However, it is plausible that 

LMW PAHs are more readily dissolved in the water-film that covers actively growing 

speleothems, than are HMW PAHs. This is supported by the respective n-octanol/water 

partition coefficient (KOW) and air/water partition coefficient (KAW) values, according to 

which, for instance, NAP is 1-2 orders of magnitude more likely to enter the aqueous phase 

than BAA.255,256 HMW PAHs adsorbed to particles could also be incorporated into the growing 

speleothem. However, Dickson et al. (2023)257 demonstrated that microscopic particles are 

situated on the flanks of a stalagmite rather than at the centre. As the samples analysed in this 

study were drilled along the growth axis, particulate PAHs would very likely not be 

encountered. 
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Figure 4.3. Correlation of levoglucosan and PAHs in the 10 samples analysed from stalagmite MAYA-22-7. 
Blue squares: Σ15 (sum of non-alkylated PAHs); beige triangles: LMW (sum of two and three-ring PAHs); 
green circles: PHE. Error bars represent one standard deviation and may be smaller than the symbols. 

Table 4.4. Typically reported values of diagnostic ratios of PAHs and MAs, and respective interpretations. 

Ratio Values Interpretation Reference Medium applied 

to 

LMW/HMW < 1 

> 1 

Pyrogenic 

Petrogenic 

Zhang et al. (2008)258 Water 

PHE/ANT < 10 

> 15 

Pyrogenic 

Petrogenic 

Zhang et al. (2008)258 Water 

ANT/(PHE+ANT) < 0.1 

> 0.1 

Petrogenic 

Pyrogenic 

Yunker et al. (2002a)88 River sediment 

RET/(RET+CHR) 0.15-0.50 

0.30-0.45 

0.83-0.96 

Petrol combustion 

Coal combustion 

Softwood combustion 

Yan et al. (2005)95 Lake sediment 

RET/(RET+PHE+ANT) > 0.1 

< 0.1 

Gymnosperm combustion 

Angiosperm combustion 

Karp et al. (2020)97 Aerosols 

LEV/(LEV+Σ15)† < 0.5 

0.5 

> 0.5 

High-intensity fires 

Boundary 

Low-intensity fires 

Ruan et al. (2020)259 Marine Sediment 

LEV/MAN 0.5-14 

3-32 

4-55 

30-90 

Softwoods 

Hardwoods 

Grasses 

Lignite 

Fabbri et al. (2009)67 

and references therein; 

Kuo et al. (2011)66 

Aerosols; Chars 

LEV/(MAN+GAL) 0.5-6 

1.5-10 

4-55 

30-90 

Softwoods 

Hardwoods 

Grasses 

Lignite 

Fabbri et al. (2009)67 

and references therein; 

Kuo et al. (2011)66 

Aerosols; Chars 

†: LEV and Σ15 are normalised to the highest value of the series. 

 

The lack of HMW PAHs means that some PAH ratios normally used to characterise PAH 

profiles (Table 4.4) may not apply to speleothems. An example of such a ratio is LMW/HMW; 

for directly deposited samples such as aerosols or sediments, a ratio > 1 indicates a 

petrogenic origin of PAHs.258,260 The artificially lowered HMW levels observed in speleothems 
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results in very high LMW/HMW ratios (Table 4.3), rendering this ratio insensitive to the 

origin of the PAHs. More promising diagnostic metrics in speleothem analysis could be 

individual PAHs. For this purpose, we studied the ratios of two or more compounds with 

similar molecular formulas but different molecular structures, assuming that the compounds 

have comparable physicochemical properties (i.e. volatility, solubility, atmospheric lifetime, 

adsorption, and transport mechanisms) but different predominant origins.87 At high 

temperatures, a less stable, “kinetic” isomer is formed, which has more aromatic rings and 

less alkyl substitutes compared to the product at lower combustion temperatures or of 

petrogenic origin.73,74,94 Phenanthrene (PHE) and anthracene (ANT) form one pair, where 

PHE is the thermodynamic and ANT the kinetic isomer.260 The resulting PHE/ANT and 

ANT/(ANT+PHE) ratios can also be used to distinguish between pyrogenic (PHE/ANT < 10; 

ANT/(ANT+PHE) > 0.1) and petrogenic (> 10; < 0.1) origins of the PAHs and appear to 

apply to our stalagmite samples. The PHE-ANT ratios of samples #1-3 indicate pyrogenic 

origin; for the remainder of the samples, ANT is very close to or below the LOD. Therefore, we 

cannot conclude with certainty a petrogenic origin of the PAHs in samples #4-11. 

Retene (RET) is an alkylated PAH and a molecular marker of gymnosperm combustion.98,99,261 

Unfortunately, RET was below the LOD for all but two samples. Literature suggests that 

gymnosperm vegetation is not common in the study area.262–265 Nevertheless, RET might 

provide a promising marker of fire dynamics in speleothems if it is present in sufficient 

concentrations. RET is also used in various diagnostic ratios. For instance, in combination 

with chrysene (CHR), where RET/(RET + CHR) helps to determine fuel type.95 Because CHR 

is one of the HMW PAHs, it is below the LOD for all samples in this study, but this ratio could 

potentially be utilised in other samples. In addition, Karp et al. (2020)97suggested the use of 

a ratio that includes three 3-ring PAHs, RET, PHE, and ANT, where RET/(RET+PHE+ANT) is 

used to distinguish between gymnosperm (softwood, > 0.1) and angiosperm (hardwood, 

< 0.1) combustion. As mentioned above, in our sample set, RET is above the LOD in only two 

samples. For one of these (1995-2000 CE) the ratio points towards gymnosperm fuel, 

whereas the result for the other sample (1890-1905 CE) falls right on the boundary between 

angiosperm and gymnosperm fuel. This ratio could be particularly useful in combination with 

the MAs, which can also be used to determine fuel type. 

MA ratios, LEV MAN-1 and LEV (MAN + GAL)-1, respectively, have been shown to capture the 

type of biomass burned (Fabbri et al. (2009)67 and references therein; Kuo et al. (2011)66). 

According to Fabbri et al. (2009)67, the use of LEV (MAN + GAL)-1 is even more sensitive and 

discriminating. The ratios in our study are shown in Figure 4.4 (a) and indicate combustion 

of predominantly mixed hardwoods and softwoods. Kuo et al. (2011)66, however, showed that 

high combustion temperatures may shift the MA ratios to higher values because 

hemicellulose is less thermally stable than cellulose. This means that MAN and GAL are not 

emitted at higher temperatures, whereas LEV can still be formed. This could be the case for 

our sample from 1890-1905 CE (light orange in Figure 4.4 (a)), in which no MAN could be 

detected and the resulting LEV (MAN + GAL)-1 is very high. Therefore, it might be useful to 

combine the MA ratios with an indicator of fire intensity. 
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Figure 4.4: (a) LEV MAN-1 (dark blue) and LEV (MAN + GAL)-1 (orange) ratios of the 10 samples analysed 
from stalagmite MAYA-22-7. Coloured bars on the right indicate the burned fuel based on the LEV (MAN + 
GAL)-1 ratio according to Fabbri et al. (2009)67and Kuo et al. (2011). 66 Green: grasses; grey: hardwoods; 
blue: softwoods. Age range listed is the OxCal modelled mean age at the top and bottom of each sample pit. 
Start and end dates have errors of ± 6-20 years (95 % confidence interval; see Table S3). Error bars 
represent one standard deviation. (b) LEV (LEV + Σ15)-1 ratios of the 10 samples analysed. The dashed line 
represents the boundary between MA-dominated fire regimes (low intensity) and PAH-dominated fire 
regimes (high intensity). Age range listed is the OxCal modelled mean age at the top and bottom of each 
sample pit. Start and end dates have errors of ± 6-20 years (95 % confidence interval; see Table S3). Error 
bars represent one standard deviation. 

Ruan et al. (2020)259 suggested the use of LEV (LEV + Σ15)-1, with both LEV and Σ15 

normalised to the highest value in the series. Values > 0.5 indicate a predominance of PAHs 

and high fire intensity, whereas values < 0.5 indicate low intensity fires with dominant MA 

emission. Figure 4.4 (b) shows two distinct peaks in fire intensity (i.e. low LEV contribution) 

in the 1855-1875 CE and 2000-2010 CE samples. The 1890-1905 CE sample mentioned above 

also shows high-intensity fires, supporting the interpretation that the LEV (MAN + GAL)-1 

ratio may have been artificially increased. The 1920-1935 CE sample is the only one that 

clearly indicates low fire intensity, whereas the remaining samples fall into the high-intensity 

fire regime. We note however, the relatively large analytical uncertainties make a definitive 

interpretation difficult. 
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4.4.3. LEV and PAHs as indicators of fire activity at Cenote Ch’en Mul 

We applied our results to infer past fire activity in and around Cenote Ch’en Mul. Mayapan 

was the last capital of the Late Postclassic Maya period and was abandoned in the mid-15th 

century.266,267 Its ruins, including the round temple and the Kukulcan temple, were first 

reported to the English-speaking world in 1841 by John Stephens. Although preliminary 

excavations were conducted in the early 20th century, major archaeological work only took 

place in the 1950s under the auspices of the Carnegie Institution.267 These archaeological 

activities are relevant to the present study, because human-induced fires related to the 

excavations (land-clearing, use of kerosene lamps or open fires, etc.) produced LEV and PAH 

that should be recorded in our dataset. Activities like water collection or ritual incense 

burning have a very long history in Yucatan and are still conducted to this day. Any open flame 

combustion thus adds to the overall PAH and MA load in the cave, and potentially in 

speleothems. The signal observed in a stalagmite represents the integral of all accumulated 

PAHs and MAs, and in-depth research is required to differentiate the relative contribution of 

each pathway. 

Stalagmite MAYA-22-7 grew fast (growth rate of 200-300 µm/year before the dark layer at a 

distance of 15-23 mm from the top, and 500-600 µm/year after that dark layer) and covers 

only the last ~400 years, i.e. the period after the site was abandoned by the Postclassic Maya. 

The fire history inferred from the stalagmite is likely related to both natural fires in the low-

stature, thorny, deciduous tropical forest that charaterised the area, and land-clearing 

activities that preceeded archaeological excavation at the site. Early and middle 20th century 

archaeological efforts likely used kerosene lamps for work in Cenote Ch’en Mul. Parts of the 

Mayapan site might have been cleared of vegetation using fire, although it is difficult to find 

evidence for this practice in archaeological field reports. The Carnegie excavations might have 

used both kerosene and battery powered lights. Either way, it is plausible that LEV and PAHs 

from human-induced fires might be recorded in the stalagmite. 

This is in accordance with our findings, in that the samples covering the period 1945-1985 

show the highest LEV and PAH concentrations in the whole sample set. Finding elevated PAH 

and MA concentrations in speleothem carbonate that dates to a time of higher human-induced 

fire activity is encouraging and suggests that speleothems are sensitive recorders of 

combustion products.  

 

4.5. Conclusions 

We used a sequential extraction preparation method for analysis of 16 PAHs and three MAs 

in samples from a stalagmite collected at the Postclassic Maya archaeological site of Mayapan, 

Yucatán, Mexico. Sample preparation involved solid-liquid extraction of pulverised carbonate 

samples. To our knowledge, this is one of only a few methods for analysis of PAHs in 

speleothems and the only one that also enables analysis of MAs. The new method requires 

relatively small sample amounts (0.5-1.0 g) and simple instrumentation, i.e. an ultrasonic 
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bath and a sample concentrator. PAHs and MAs were measured by GC-MS and LC-HILIC-MS, 

respectively. 

We applied the method to 10 samples from the MAYA-22-7 stalagmite, collected at Cenote 

Ch'en Mul, directly below the site of Mayapan. We used concentrations and selected ratios of 

PAHs and MAs described in the literature to explore fire history in this area of the Yucatán 

Peninsula. We found a positive correlation between the major MA, levoglucosan, and non-

alkylated PAHs (Σ15), or two- and three-ring PAHs (LMW), (r = 0.75, p < 0.05, and r = 0.76, 

p < 0.05, respectively). Not all diagnostic PAH ratios were applicable, but the ratios combining 

PAHs with MAs appear to have promise for discriminating among different fire regimes and 

inferring the source of burned fuel. Furthermore, retene (RET) can be used as a molecular 

marker for gymnosperm combustion, if present in high enough concentrations. However, it 

has to be noted that the HMW PAHs were often below LOD, probably because of a filtering 

effect of the overlying soil. This limited our ability to fully exploit the data set to interpret past 

fire dynamics at Mayapan. 

Our analyses suggest that within the analysed time series, the period 1945-1985 stands out 

in terms of high fire activity. We tentatively interpret this result to indicate clearing of the site 

prior to and during mid-20th-century archaeological excavation. A longer record of the two 

biochemical proxies from older stalagmites from Che’Mul Cave could document the history of 

cave use by the Maya for ceremonial and practical purposes - burning undoubtedly occurred 

within the cave (e.g. torches for lighting). 

 

4.6. Future Work 

Future work should be directed towards i) refinement of methods to delineate dripwater- and 

aerosol-derived fire proxies, ii) deciphering transport mechanisms and potential scavenging 

effects in the soil and epikarst, and iii) interplay with other proxies. The PAH extraction 

method should be improved to optimise recovery and reduce its variance. One possible 

approach is to perform a systematic solvent screening to improve the extraction efficiency. 

Alternatively, the extraction method could be modified, e.g. by utilisation of microwave 

extraction or accelerated solvent extraction. Another route is the addition of a keeper (e.g. 

nonane) during evaporation, to reduce losses to volatilisation, similar to the method 

described by Wietzoreck et al. (2022).84 To correct the data for recovery, additional 

deuterated PAH standards could be added. 

In addition, monitoring rainfall and dripwater at the sample site would be useful to track 

changes in PAH and MA patterns and to gain a deeper understanding of site-specific transport 

mechanisms. It would also be beneficial to apply our method to other speleothems from the 

same cave and other sites, to test whether our results are generally applicable. The two 

biochemical proxies studied here should be combined with other, established proxies such as 

carbon and oxygen isotope ratios as well as trace elements described by Campbell et al. 

(2023),32 to gain further insights into the interplay among fire, hydrology, vegetation, and 

human activities. Finally, other source-specific PAH species could be added to enhance the 

interpretation of the PAH patterns. Potentially suitable PAHs include 1,2- and 
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1,7-dimethylphenanthrene (1,2- and 1,7-DMP). Kappenberg et al. (2019)268 suggested that 

their ratio could be used as an alternative to distinguish among different types of burned 

biomass. 
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5. Conclusion and outlook 

In this work, selective and sensitive methods for the analysis of different organic marker 

species in speleothem samples have been developed or adapted from previous works. 

Existing sample preparation procedures for the extraction and oxidation of lignin and the 

extraction of three monosaccharide anhydrides (MAs; levoglucosan, mannosan, and 

galactosan) have been optimised. New procedures for the electrochemical oxidation and 

degradation of lignin and the extraction of polycyclic aromatic hydrocarbons (PAHs) from 

speleothem samples have been developed. The methods have subsequently been applied to 

real-world samples. 

An electrochemical method for the anodic oxidation and subsequent degradation of lignin in 

speleothems was developed. The new method achieved comparable or even higher lignin 

oxidation product (LOP) concentrations than the established CuO and CuSO4 oxidation 

methods. The method sped up sample preparation and reduced the risk of contamination 

input from the chemicals used. The use of electricity as the terminal oxidant avoided the use 

of stoichiometric amounts of heavy metals. The oxidation step can easily be adapted to the 

particular sample matrix (e.g. organic carbon content) and thus could be useful for the 

analysis of other environmental samples such as soils or sediments. 

The established CuSO4 oxidation method for lignin and the solid-liquid-extraction method for 

levoglucosan were applied to samples from White Moon Cave (WMC) in the California Coast 

Range. A portion of stalagmite WMC1 that brackets the 8.2 kyr event (an interval of 

freshwater forcing and abrupt cooling in the North Atlantic) and modern dripwater were 

analysed. During the 8.2 kyr event and a “precursor” event at 8,300 years BP, stalagmite 

isotope and trace element proxies all indicate overall wetter winters and a potentially more 

volatile hydroclimate relative to the rest of the record.207,209 During the event, elevated 

levoglucosan concentrations suggest increased fire activity while altered LOP compositions 

indicate a shift toward more woody vegetation. Together, these records suggest that climate 

whiplash (oscillations between extreme wetness and aridity) and fire activity in California, 

both projected to increase with anthropogenic climate change, were tightly coupled during 

the early Holocene. The dripwater analysis suggest that the levoglucosan signal in WMC 

dripwater may only reflects the fire activity of the most recent fire season, and that high 

rainfall intervals rapidly leach the signal from the soil. This study successfully demonstrated 

that LOPs and levoglucosan can be used jointly in a suitable speleothem to reconstruct 

climatic changes on a timescale of a few decades to centuries. The extension of the marker 

substances to include levoglucosan as a biomass burning marker enables a more 

differentiated view of which environmental and climatic conditions may drive vegetation 

changes and vice versa. 

The developed sequential extraction preparation method for the analysis of 16 PAHs and 

three MAs was applied to 10 samples from a stalagmite collected at the Postclassic Maya 

archaeological site of Mayapan, Yucatán, Mexico. Determined PAH and MA concentrations and 

selected ratios of PAHs and MAs described in the literature were used to explore the fire 

history in this area of the Yucatán Peninsula. The results revealed a positive correlation 

between the major MA, levoglucosan, and non-alkylated PAHs (Σ15), or two- and three-ring 
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PAHs (LMW), (r = 0.75, p < 0.05, and r = 0.76, p < 0.05, respectively). Not all diagnostic PAH 

ratios were applicable, but the ratios combining PAHs with MAs appear to have promise for 

discriminating among different fire regimes and inferring the source of burned fuel. 

Furthermore, retene (RET) can be used as a molecular marker for gymnosperm combustion, 

if present in high enough concentrations. The analyses suggests that within the analysed time 

series, the period 1945-1985 stands out in terms of high fire activity. This could be due to the 

clearing of the site prior to and during mid-20th-century archaeological excavation. A longer 

record of the two biochemical proxies from older stalagmites from Che’Mul Cave could 

document the history of cave use by the Maya for ceremonial and practical purposes as 

burning undoubtedly occurred within the cave (e.g. torches for lighting). 

In addition to the projects presented in this thesis, further speleothem samples were analysed 

from Siberia (Botovskaya Cave and Taba Bastaakh), Scotland (Rana Hole and Uamh Mhor), 

Germany (Bleßberg Cave), Spain (Cueva Victoria) and Brazil (Cuíca Cave and Lage Branca 

Cave). Some of these results are currently being prepared for publication. 

For future work, the described methods should be further optimised with regards to recovery 

and required sample size. Recovery of the PAH extraction method may be increased through 

the addition of a keeper (e.g. nonane) during the evaporation steps to avoid loss by 

evaporation; a similar procedure is described by Wietzoreck et al. (2022).84 In addition, a 

variety of solvents should be systematically tested for their suitability as extraction agents for 

PAHs. The simplest way to reduce the sample size would be to use a more sensitive analysis 

technique. This could be achieved by using a triple quadrupole mass spectrometer. 

The three biochemical proxies studied here should be combined with other, established 

proxies such as carbon and oxygen isotope ratios as well as trace elements similar to the study 

described by Campbell et al. (2023)32 to gain further insights into the interplay among fire, 

hydrology, vegetation, and human activities. Further information from cave monitoring 

studies along geologic, ecologic, and hydrologic gradients is necessary to evaluate the degree 

to which MAs and PAHs record more distal fires, the longevity of their signals in soils, and 

how the proxies are transported through the epikarst and embedded in speleothems. Study 

sites with a known fire history or with adjacent paleoclimate archives containing other fire 

and vegetation markers like fire scars in tree-rings, charcoal, or pollen should be prioritised 

to better restrict the parameters that influence the MA, PAH, and LOP signal in speleothems. 

It would also be beneficial to apply the described methods to multiple speleothems from one 

cave covering the same timeframes and samples from various sites, to test the repeatability 

and restraints of the methods. 

Finally, other biochemical proxies should be investigated. Another source-specific PAH 

species could be added to enhance the interpretation of the PAH patterns. Potentially suitable 

PAHs include 1,2- and 1,7-dimethylphenanthrene (1,2- and 1,7-DMP). Kappenberg et al. 

(2019)268 suggested that their ratio could be used to distinguish among different types of 

burned biomass. Faecal sterols could be investigated to mark the presence of humans and 

grazing animals. This analysis is already applied to sediment cores100–102 and holds the 

potential to provide information on the interplay of climatic and vegetal conditions and 

human activity. The additional analysis of GDGTs (glycerol dialkyl glycerol tetraethers) as 



Conclusion and outlook 

69 
 

indicators of paleo-temperature would also add another helpful component to the 

interpretation. Several procedures for their analysis in speleothems have already been 

published and could easily be adapted. 37,41–43 
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Figure S1. Structural formulas of levoglucosan (A) and the eight investigated lignin oxidation products 
(LOPs) (B), sorted by structural group. 
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Figure S2. Determined lignin oxidation products (LOPs), levoglucosan concentrations, and recovery rates 
of 13C6 levoglucosan. a: Determined concentration of the sum of all 8 LOPs (Σ8; blue); b: Levoglucosan (light 
green); c: Determined recovery rates of 13C6 levoglucosan (pink) of the 20 speleothem samples and the 
modern calcite samples. WMC1 plate was in place from March 2016 – June 2018 and WMC2 plate from 
December 2015 – June 2018. Width of the lines represent the time range for each sample. Error bars 
represent the standard deviation of samples measured in duplicate. Modern calcite samples were combined 
for the LOP measurements. The horizontal brown line indicates the average recovery for all speleothem 
samples and the shaded area represents the error, calculated as the standard deviation. 
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Figure S3. Map of White Moon Cave (WMC) and approximated overburden profile. Water and modern 
calcite sampling sites are marked in blue; site of the investigated speleothem is marked in red. The 
overburden at the sample WMC1 is ca. 120 m. 
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Figure S4. Determined lignin oxidation products (LOPs) concentrations of the 20 speleothem samples and 
combined modern calcite samples shown by structural group. Light green: sum of the V-group LOPs; Green: 
sum of the S-group LOPs; Dark green: sum of the C-group LOPs. Error bars represent the standard deviation 
of samples measured in duplicate. 
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Table S1. Ages of the speleothem and modern calcite samples, as well as determined levoglucosan concentration, 13C6-levoglucosan recovery, and LOP concentrations. 

Sample Depth from top 
(cm) 

Age ± 2 uncert. 
(cal yr BP 1950)† 

Levoglucosan 
± SD (ng/g) 

13C6-levoglucosan 
recovery ± SD (%) ∑V ± SD (ng/g) ∑S ± SD (ng/g) ∑C ± SD (ng/g) ∑8 ± SD (ng/g) 

a* 5 to 5.5 

<6900 

4.74 ± 0.28 49.6 ± 1.8 95.78 ± 10.64 69.94 ± 11.12 27.26 ± 0.99 192.97 ± 22.75 
b* 5.5 to 6.2 2.80 ± 0.13 45.6 ± 2.6 98.02 ± 2.81 54.80 ± 2.52 25.18 ± 1.46 178.00 ± 6.79 
c* 6.25 to 6.9 2.21 ± 0.14 38.8 ± 0.1 77.41 ± 2.76 57.37 ± 5.99 19.64 ± 0.48 154.43 ± 9.24 
d* 7 to 8 1.31 ± 0.01 36.9 ± 16.2 12.02 ± 0.29 8.40 ± 0.90 3.76 ± 0.11 24.19 ± 1.30 
e 8 to 8.6 7071 ± 37 1.29 ± 0.08 27.9 ± 6.8 39.83 ± 1.23 34.58 ± 4.45 10.17 ± 0.43 84.58 ± 6.11 
f 8.75 to 9.4 7178 ± 48 1.32 ± 0.06 31.7 ± 2.9 37.89 ± 1.28 26.65 ± 0.72 4.99 ± 0.06 69.53 ± 2.06 
g 9.5 to 10.1 7280 ± 40 1.06 ± 0.06 27.6 ± 2.0 51.37 ± 0.58 29.70 ± 1.31 14.64 ± 0.25 95.71 ± 2.14 
h 10.25 to 11.5 7401 ± 62 0.41 ± 0.03 19.7 ± 2.7 40.89 ± 0.93 23.28 ± 2.10 12.19 ± 0.07 76.37 ± 3.10 
i 12.5 to 13.25 7579 ± 30 0.63 ± 0.01 24.0 ± 1.8 47.19 ± 10.04 32.42 ± 0.96 12.71 ± 0.44 92.32 ± 11.44 
j 13.25 to 13.9 7642 ± 24 0.49 ± 0.01 20.2 ± 1.9 39.91 ± 1.82 17.59 ± 0.76 11.60 ± 0.57 69.10 ± 3.15 
k 13.9 to 14.5 7700 ± 24 0.67 ± 0.01 28.4 ± 0.7 33.02 ± 1.76 18.33 ± 4.26 8.47 ± 0.33 59.81 ± 6.36 
l 15 to 15.6 7793 ± 25 0.81 ± 0.003 12.7 ± 0.8 55.90 ± 0.64 28.39 ± 7.71 10.03 ± 0.25 94.31 ± 8.60 
m 15.6 to 16.1 7847 ± 20 1.74 ± 0.06 25.3 ± 0.8 79.24 ± 0.48 26.84 ± 3.95 11.67 ± 0.60 117.74 ± 5.03 
n 17 to 17.5 7970 ± 22 1.56 ± 0.14 25.8 ± 1.0 57.63 ± 1.64 19.07 ± 2.30 8.80 ± 0.57 85.50 ± 4.51 
o 17.65 to 18 8019 ± 15 2.99 ± 0.22 28.4 ± 0.5 79.61 ± 3.88 29.37 ± 1.30 15.23 ± 0.09 124.21 ± 5.28 
p 18.1 to 18.7 8066 ± 24 2.10 ± 0.04 27.1 ± 0.2 34.66 ± 2.01 12.94 ± 0.87 5.64 ± 0.32 53.24 ± 3.20 
q 18.8 to 19.4 8118 ± 21 2.79 ± 0.004 22.5 ± 0.1 54.81 ± 1.01 24.70 ± 1.01 8.37 ± 0.10 87.88 ± 2.13 
r 19.4 to 20 8167 ± 20 3.25 ± 0.07 27.8 ± 2.1 64.08 ± 1.44 26.38 ± 1.69 11.02 ± 0.67 101.48 ± 3.79 
s 20 to 20.6 8217 ± 23 1.72 ± 0.01 26.2 ± 0.6 89.11 ± 2.43 36.78 ± 1.34 9.93 ± 0.21 135.82 ± 3.99 
t 20.7. to 21.3 8271 ± 23 0.57 ± 0.01 18.2 ± 1.2 40.59 ± 1.09 19.56 ± 1.12 6.38 ± 0.10 66.53 ± 2.30 
u 21.3 to 21.9 8327 ± 24 0.62 ± 0.003 22.0 ± 1.1 55.37 ± 1.24 23.44 ± 1.74 24.05 ± 0.51 102.87 ± 3.49 
v 22 to 22.5 8379 ± 19 1.09 ± 0.09 29.1 ± 0.5 35.94 ± 0.98 16.63 ± 6.38 14.31 ± 1.04 66.88 ± 8.41 
w 22.5 to 23.25 8436 ± 30 0.82 ± 0.01 19.4 ± 1.6 22.90 ± 1.32 12.76 ± 1.25 9.56 ± 0.29 45.22 ± 2.85 
x 23.3 to 24 8500 ± 29 0.74 ± 0.04 37.1 ± 0.8 28.84 ± 0.13 12.03 ± 1.57 9.63 ± 0.16 50.50 ± 1.87 
Mod A / / 3.62 ± 0.35 28.7 ± 1.2 

126.63 ± 3.00 29.89 ± 3.56 23.05 ± 0.38 179.58 ± 6.94 Mod B / / 6.57 ± 0.27 23.6 ± 0.0 
*Results of measurements of these samples were not discussed in the manuscript as the dating on them is uncertain and no other proxy data is 

available for comparison. 

† Ages provided are for the midpoint of the sample depth range. 
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B. Supplementary material chapter 4 

Cave survey and stalagmite sample MAYA-22-7 

Because only very rough scetch maps were available, our team surveyed part of Cenote Ch’en Mul in 

August 2022 (Fig. S1). The cenote is in direct vicinity to the Kukulcan temple and the observatory 

(structure Q-152).269 The cenote has been targeted in archaeological studies since the Carnegie Maya 

project 1952-1957.270 

The cave extends from the collapse doline in north-easterly then easterly direction and results from an 

ancient underground stream. The overburden is only between 7 and 8 m thick and facilitates rapid 

infiltration. Today, the passages are characterised by large breakdown and washed-in silt- and clay-rich 

unconsolidated sediment. The sediment on the cave floor is rich in organic material that has been 

washed in during floods. Several trenches have been excavated (and filled in afterwards) in the cenote 

and in the main cave passage, including a trench in 1953 and two trenches called ‘Bernard Trench’.269 

Hell Chamber in the north-eastern section of the cave hosts a large colony of bats and manifold 

centipedes and millipedes, crickets and other cave dwellers. Maya potsherds are widespread in all 

passages, indicating human activity in the past. While the main passage is largely devoid of secondary 

cave carbonates (speleothems), the side passages are very well decorated with stalagmites and 

stalactites. During our visit in 2022 the cave showed active dripping in only few places, especially in the 

SE, where a small puddle was detected which might be linked to the water table.  

Stalagmite MAYA-22-7 (Figure 4.1) was found a few meters above the puddle. It was active (i.e., 

dripwater was falling onto it) when it was collected. The stalagmite was packed in a large plastic zip-

lock bag before being detached from the growth spot to avoid contamination of the youngest surface. 
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Figure S5. Map and profile of Cenote Ch’en Mul below the Mayapan ruins. The survey, conducted in August 2022, is 
incomplete due to time constraints. The cave passages extend below the prominent structure Q-152, which is also called 
Observatory. 269 Significant additional passages remain currently unmapped. 
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OxCal Deposition model input code 

Below is the code used to run the OxCal Poisson-Process Deposition model. Boundaries were placed at 

14 mm and 24 mm distance from top, where there are clearly visible detrital layers in the stalagmite. A 

top boundary at 0 mm distance from top was input as a date between 2010-2022 CE, uniform 

distribution. 

Plot() 

 { 

  P_Sequence("M7",0.1,null,U(-2,2)) 

  { 

   timescale="UTh"; 

   Boundary(); 

   Date("bh03",N(calBP(332),11.5)) 

   { 

    z=121; 

   }; 

   Date("bh01",N(calBP(233),7)) 

   { 

    z=90.3; 

   }; 

   Date("bh05",N(calBP(100),6.2)) 

   { 

    z=53.3; 

   }; 

   Date("bh02",N(calBP(22),5.4)) 

   { 

    z=27.3; 

   }; 

   Boundary("detrital_2") 

   { 

    z=24; 

   }; 

   Boundary("detrital_1") 

   { 
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    z=14; 

   }; 

   Date("bh04",N(calBP(-51),5.3)) 

   { 

    z=9.3; 

   }; 

   Date("top",U(calBP(-72),calBP(-60))) 

   { 

    z=0; 

   }; 

   Boundary(); 

  }; 

 }; 
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Figure S6. Age-depth plot of stalagmite MAYA-22-7. Black triangles show the mean corrected U-Th age and error bars 
indicate the 95% confidence interval. Red x’s mark the uncorrected U-Th ages. A black rectangle is placed between 
2010-2022 C.E., marking the estimated top age of the stalagmite, collected in August 2022. 
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Table S2. U-Th isotope activity ratios, calculated age (years C.E.), and Monte Carlo derived 95% confidence interval on 
the age for the five stalagmite MAYA-22-7 U-Th samples. An initial 230Th/232Th activity ratio range of 0.1-2 (uniform 
distribution) was used to correct the ages for initial detrital Th contamination. The 234U and 230Th half-lives used to 
calculate age are provided in Cheng et al. (2013). 

Sample 

ID 

Distance 

from top 

(mm) 

238U 

(ppb) 

232Th 

(ppb) 

(230Th/ 
232Th) 

measured 

(234U/ 
238U) 

measured 

(234U/ 
238U) 

1s 

(230Th/ 
238U) 

measured 

(230Th / 
238U) 

1s 

(232Th / 
238U) 

measured 

(232Th / 
238U) 

1s 

bh04 9.3 1097 0.04 17 1.0236 0.0004 0.00022 0.00005 1.254E-05 3E-08 

bh02 27.3 1322 0.09 43 1.0369 0.0006 0.00092 0.00005 2.134E-05 3E-08 

bh05 53.3 1202 0.07 92 1.0435 0.0005 0.00167 0.00006 1.805E-05 4E-08 

bh01 90.3 1181 0.22 50 1.0338 0.0005 0.00296 0.00006 5.905E-05 5E-08 

bh03 121.0 1133 0.11 119 1.0330 0.0005 0.00386 0.00011 3.237E-05 7E-08 

 

Sample 

ID 

Year 

measured 

(years CE) 

Initial 

(230Th/ 
232Th) 

Age 

uncorrected 

(years CE) 

95% 

CI 

lower 

95% 

CI 

upper 

Age 

corrected 

(years CE) 

95% 

CI 

lower 

95% 

CI 

upper 

bh04 2022.83 0.1-2 1999 1989 2010 2001 1990 2011 

bh02 2022.83 0.1-2 1926 1915 1936 1928 1918 1939 

bh05 2022.83 0.1-2 1848 1836 1861 1850 1838 1863 

bh01 2022.83 0.1-2 1710 1698 1722 1717 1703 1731 

bh03 2022.83 0.1-2 1615 1592 1637 1618 1595 1641 
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Table S3. OxCal modelled ages of the 10 biomarker samples. 

Sample # Position Distance from top 

(mm) 

OxCal modelled mean 

age (years CE) 

Error 2σ (years) 

4 pit top 0.5 2015 6 

4 pit bottom 4.1 2009 8 

3 pit top 4.6 2009 8 

3 pit bottom 9.1 2001 10 

5 pit top 9.6 2000 11 

5 pit bottom 13.0 1994 19 

2 pit top 15.0 1986 21 

6 pit top 15.0 1986 21 

6 pit bottom 19.1 1965 19 

2 pit bottom 19.1 1965 19 

8 pit top 23.2 1944 17 

8 pit bottom 23.2 1944 17 

9 pit top 25.1 1936 15 

9 pit bottom 30.8 1918 11 

1 pit top 35.6 1903 11 

1 pit bottom 39.1 1892 11 

10 pit top 44.8 1874 11 

10 pit bottom 50.8 1855 11 

11 pit top 70.3 1788 12 

11 pit bottom 78.7 1759 12 
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Figure S7. Flow chart of the sample preparation method. 
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Table S4. Determined d-PAH and 13C-levoglucosan recoveries (%) of the 10 samples from stalagmite MAYA-22-7 from Cenote Ch'en Mul, Mayapan. 

Age 

(Year CE)* 
2010-2015 2000-2010 1995-2000 1945-1985 1945-1965 1920-1935 1890-1905 1855-1875 1760-1790 1640-1650 

Sample # 4 3 5 2 6 8 9 1 10 11 

d-NAP 48.1 ±9.8 57.6 ±4.2 101.7 ±36.4 48.9 ±3.5 67.4 ±19.7 41.6 ±8.2 82.8 ±26.8 66.6 ±5.0 97.2 ±27.0 60.8 ±16.5 

d-ACE 51.6 ±10.5 47.7 ±3.5 120.7 ±43.1 40.7 ±2.9 77.3 ±22.6 45.5 ±9.0 93.8 ±30.3 56.7 ±4.3 101.1 ±28.0 57.4 ±15.5 

d-PHE 66.9 ±13.6 76.8 ±5.6 127.2 ±45.5 66.6 ±4.8 89.6 ±26.2 46.4 ±9.1 100.3 ±32.4 88.7 ±6.7 110.0 ±30.5 69.7 ±18.9 

13C-LEV 70.7 ±7.6 66.8 ±6.9 79.2 ±1.8 66.1 ±4.5 74.2 ±6.5 61.8 ±4.7 82.9 ±10.2 80.7 ±2.2 71.4 ±17.2 78.1 ±5.2 

*: Start and end dates have errors of ± 6-20 years (95 % confidence interval) 
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Table S5. Determined PAH and MA concentrations (ng g-1) of the 10 samples from stalagmite MAYA-22-7 from Cenote Ch'en Mul, Mayapan. 

Age 

(Year CE)* 
2010-2015 2000-2010 1995-2000 1945-1985 1945-1965 1920-1935 1890-1905 1855-1875 1760-1790 1640-1650 

Sample # 4 3 5 2 6 8 9 1 10 11 

NAP 1.4 ±0.3 < LOD 3.2 ±1.1 2.8 ±0.2 7.1 ±2.1 1.4 ±0.3 5.2 ±1.7 1.2 ±0.1 4.0 ±1.1 2.2 ±0.6 

ACY 0.1 ±0.02 0.3 ±0.02 0.1 ±0.04 0.5 ±0.04 0.3 ±0.1 < LOD 0.3 ±0.1 0.1 ±0.01 0.2 ±0.1 < LOD 

ACE 0.2 ±0.05 0.2 ±0.01 0.5 ±0.2 0.3 ±0.02 0.7 ±0.2 0.2 ±0.05 0.5 ±0.2 0.2 ±0.02 0.4 ±0.1 0.3 ±0.1 

FLN 0.4 ±0.1 0.4 ±0.03 0.6 ±0.2 0.8 ±0.1 0.7 ±0.2 0.2 ±0.05 0.6 ±0.2 0.4 ±0.03 0.5 ±0.1 0.4 ±0.1 

PHE 3.8 ±0.8 3.8 ±0.3 3.9 ±1.4 7.20 ±0.5 5.7 ±1.7 1.8 ±0.4 4.0 ±1.3 3.3 ±0.3 3.9 ±1.1 2.2 ±0.6 

ANT 0.1 ±0.01 1.0 ±0.1 0.1 ±0.03 2.1 ±0.2 < LOD < LOD < LOD 0.7 ±0.1 < LOD < LOD 

FLT < LOD < LOD 0.7 ±0.3 < LOD < LOD < LOD 0.7 ±0.2 < LOD 0.7 ±0.2 < LOD 

PYR 0.4 ±0.1 0.5 ±0.004 0.6 ±0.2 0.9 ±0.1 0.9 ±0.3 < LOD 0.5 ±0.2 0.7 ±0.05 0.5 ±0.1 0.3 ±0.1 

RET < LOD < LOD 0.8 ±0.3 < LOD < LOD < LOD 0.4 ±0.1 < LOD < LOD < LOD 

BAA < LOD < LOD < LOD < LOD < LOD < LOD < LOD < LOD < LOD < LOD 

CHR < LOD < LOD < LOD < LOD < LOD < LOD < LOD < LOD < LOD < LOD 

BBF < LOD < LOD < LOD < LOD < LOD < LOD < LOD < LOD < LOD < LOD 

BAP < LOD < LOD < LOD < LOD < LOD < LOD < LOD < LOD < LOD < LOD 

INP < LOD < LOD < LOD < LOD < LOD < LOD < LOD < LOD < LOD < LOD 

DBA 0.1 ±0.02 0.0 ±0.001 0.2 ±0.1 0.1 ±0.004 < LOD 0.02 ±0.004 0.1 ±0.03 0.1 ±0.004 0.04 ±0.01 < LOD 

DPE < LOD < LOD < LOD < LOD < LOD < LOD < LOD < LOD < LOD < LOD 

MAN 0.3 ±0.03 0.1 ±0.02 0.3 ±0.02 0.4 ±0.08 0.3 ±0.06 0.3 ±0.01 < LOD 0.1 ±0.02 0.2 ±0.01 0.3 ±0.0003 
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Age 

(Year CE)* 
2010-2015 2000-2010 1995-2000 1945-1985 1945-1965 1920-1935 1890-1905 1855-1875 1760-1790 1640-1650 

Sample # 4 3 5 2 6 8 9 1 10 11 

GAL 0.3 ±0.1 0.1 ±0.02 0.2 ±0.003 0.4 ±0.07 0.7 ±0-01 0.3 ±0.01 0.1 ±0.02 0.1 ±0.01 0.2 ±0.03 0.3 ±0.01 

LEV 1.8 ±0.20 0.6 ±0.09 2.3 ±0.001 3.4 ±0.05 5.7 ±0.67 1.9 ±0.02 1.9 ±0.14 0.8 ±0.02 2.0 ±0.42 2.0 ±0.07 

*: Start and end dates have errors of ± 6-20 years (95 % confidence interval) 
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Table S6. Calculated sums and diagnostic ratios of the 10 samples from stalagmite MAYA-22-7 from Cenote Ch'en Mul, Mayapan. 

Age (Year CE)* 2010-2015 2000-2010 1995-2000 1945-1985 1945-1965 1920-1935 1890-1905 1855-1875 1760-1790 1640-1650 

Sample # 4 3 5 2 6 8 9 1 10 11 

Σ15† 6.4 ±1.3 6.2 ±0.5 9.9 ±3.5 14.7 ±1.1 15.4 ±4.5 3.8 ±0.7 11.9 ±3.8 6.7 ±0.5 10.3 ±2.8 5.4 ±1.5 

LMW‡ 6.0 ±1.2 5.6 ±0.4 9.0 ±3.2 13.8 ±1.0 14.5 ±4.2 3.7 ±0.7 11.3 ±3.7 6.0 ±0.5 9.7 ±1.4 5.0 ±1.4 

HMW◊ 0.4 ±0.1 0.5 ±0.04 0.9 ±0.3 0.9 ±0.1 0.9 ±0.3 0.02 ±0.004 0.6 ±0.2 0.7 ±0.1 0.5 ±0.1 0.3 ±0.1 

LMW/HMW 13.6 ±5.5 10.4 ±1.5 10.3 ±7.3 14.9 ±2.1 15.8 ±9.2 175.5 ±69.1 19.3 ±12.5 8.5 ±1.3 18.9 ±10.5 14.7 ±8.0 

PHE/ANT 74.7 ±30.3 4.0 ±0.6 43.0 ±30.7 3.4 ±0.5 NA NA NA 4.8 ±0.7 NA NA 

ANT/(ANT+PHE) 0.01 ±0.01 0.2 ±0.03 0.02 ±0.02 0.2 ±0.03 NA NA NA 0.2 ±0.03 NA NA 

RET/(RET+PHE+ANT) NA NA 0.16 ±0.18 NA NA NA 0.10 ±0.06 NA NA NA 

LEV/(LEV+Σ15) 0.5 ±0.1 0.2 ±0.04 0.4 ±0.1 0.4 ±0.04 0.5 ±0.2 0.6 ±0.1 0.3 ±0.1 0.3 ±0.03 0.4 ±0.2 0.5 ±0.2 

LEV/MAN 5.9 ±1.2 9.7 ±3.8 8.0 ±0.6 9.5 ±2.3 18.8 ±5.7 7.4 ±0.5 NA 9.1 ±2.1 8.8 ±2.5 6.0 ±0.2 

LEV/(MAN+GAL) 3.3 ±0.8 4.7 ±3.0 4.6 ±0.4 4.8 ±2.1 5.9 ±1.8 3.7 ±0.4 18.6 ±4.96 5.4 ±2.0 4.7 ±2.1 3.1 ±02. 
*: Start and end dates have errors of ± 6-20 years (95 % confidence interval) †: Sum of non-alkylated PAHs; ‡: Sum of two and three-ring PAHs; ◊: Sum of four and five-ring PAHs 
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C. Adaptation of CuSO4 digestion to other matrices 

C.1. Introduction 

As mentioned in Chapter 2, a CuSO4 digestion method for lignin in speleothem samples has 

been developed following Yan and Kaiser.56 A schematic representation of the procedure can 

be found in Figure S5. Briefly, the speleothem sample is dissolved in 30% HCl and the solution 

is loaded onto an HLB SPE cartridge to isolate the polymeric lignin. This is eluted and then 

digested with CuSO4 to produce the lignin oxidation products (LOPs), which are finally 

concentrated by another SPE. 

 

Figure S8. Schematic representation of the CuSO4 digestion method. 

However, to study the polymer’s transport through and natural degradation within the soil it 

is necessary to also analyse lignin from other matrices like soil, leaves, and branches. 

To adapt the existing method for the analysis of other natural samples and pure lignin 

powder, two different approaches were explored based on sample preparation procedures 

described by Heidke et al. (2018,2019)36,53 and Hedges and Mann (1979).54 

C.2. Solid-liquid extraction prior to CuSO4 digestion 

For the first approach, the different sample types were soaked in solvent for two weeks and 

the resulting extracts then treated like the speleothem solutions in the original method. 

Soil, leaf litter, and small branches were collected from a green corridor at the campus of 

Johannes Gutenberg-University Mainz. The samples were dried at 130 °C for three days prior 

to analysis and homogenised. In addition, a lignin powder from wheat straw and various kinds 

of wood was analysed. 

Approximately 100 mg of each natural sample and 50 mg of the lignin powder, respectively, 

were covered with 2 mL solvent to soak for one to two weeks. HCl (30%), NH3 (25%), and 

water were tested as solvents with an initial extraction time of two weeks. 

To test the repeatability of the method, each of the samples were prepared in triplicate and 

extracted with HCl (30%) for a week. 

To determine the optimal duration of the extraction, soil samples were extracted for a length 

of 1 h, 2 h, 3 h, 4 h, 6 h, 8 h, 24 h, 48 h, 70 h, and 143 h. 
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All samples were filtrated through a Whatman 40 paper filter onto preconditioned 200 mg 

HLB SPE-cartridges and then processed as described in Chapter 2. 

C.2.1. Selection of extraction solvent 

The extraction of lignin lead to the highest sum of all 8 investigated lignin oxidation products 

(Σ8) irrespective of the extraction solvent (Figure S6). However, the extraction with water 

resulted in much higher Σ8 concentrations (1892 ± 150 ng · g-1) than the extraction with 

hydrochloric acid (1423 ± 84 ng · g-1), and ammonia solution (1039 ± 126 ng · g-1). This 

trend is not found for the other sample types in the same extent. Water extraction also results 

in the highest Σ8 concentration for leaf litter (883 ± 94 ng · g-1) but extraction with the two 

other solvents do not differ significantly from one another (518 ± 39 ng · g-1 (HCl) and 

482 ± 55 ng · g-1 (NH3)). The extraction of branches led to the same Σ8 range with all three 

solvents (708 ± 64 ng · g-1 (H2O), 632 ± 128 ng · g-1 (HCl), and 687 ± 20 ng · g-1 (NH3), 

respectively) while hydrochloric acid led to the highest Σ8 concentrations for the extraction 

of soil (148 ± 13 ng · g-1), followed by ammonia solution (92 ± 8 ng · g-1) and water 

(51 ±45 ng · g-1). 

 

Figure S9. Σ8 values of the extraction of branches, leaf litter, soil, and lignin with H2O (blue), HCl (30 %; 
green)), and NH3 (25 %; grey), respectively. Extraction time was 14 days in all cases. Error bars represent 
one standard deviation of samples measured in duplicate. 

Interestingly, extraction with the three different solvents results in unique distribution of ΣV, 

ΣS, and ΣC for each sample type (Figure S7, left) which in turn leads to different positions in 

the C/V vs. S/V scatter plot (Figure S7, right) for each sample-solvent pair. 

Based on the known origin of the investigated samples it was determined that the extraction 

with HCl (30 %) lead to the most accurate results. Therefore, HCl (30 %) was chosen as the 

solvent for further extraction experiments. 
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Figure S10. ΣV, ΣS, and ΣC values (left) and S/V versus C/V ratios (right) of the extraction of branches (A), 
leaf litter (B), soil (C), and lignin (D) with H2O (blue), HCl (30 %; green)), and NH3 (25 %; grey), 
respectively. ΣV, ΣS, and ΣC values are normalised to the highest value for each sample type. Shaded areas  
in the scatter plots correspond to different vegetation sources as defined by Hedges and Mann (1979).54 
Extraction time was 14 days in all cases. Error bars represent one standard deviation of samples measured 
in duplicate. 
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C.2.2. Repeatability of extraction 

To test the repeatability of the HCl extraction, every sample type was extracted three times 

for 7 days each. The resulting Σ8 and RSD values are shown in Figure S8. 

 

Figure S11. Σ8 values of individual extractions (blue, green, and grey) and mean of three extraction (black) 
(left) and RSD (right) of the extraction of branches, leaf litter, soil, and lignin with HCl (30 %) for 7 days. 
Error bars represent one standard deviation of samples measured in duplicate. 

The determined Σ8 values are significantly higher than the corresponding concentrations 

found in chapter C.2.1 (e.g. 1.05 ± 0.11 µg ·g-1 vs. 0.15 ± 0.01 µg ·g-1 for soil) but the 

distribution is the same with branches and lignin powder resulting in the highest Σ8 values, 

followed by leaf litter, and soil displaying the lowest concentrations. The higher 

concentrations might be caused by inhomogeneity of the sample material. For this reason, the 

influence of the extraction time on the determined lignin oxidation products (LOP) 

concentrations should be investigated. 

The repeatability experiments displayed reasonable RSD values with 27.6 % for branches, 

19.0 % for leaf litter, 17.6 % for lignin powder, and 10.1 % for soil, respectively. As all sample 

types are of natural origin, a higher variation of lignin constitution is expected53,54 and RSDs 

of under 30 % are well acceptable. 

C.2.3. Determination of optimal extraction time 

As mentioned above, the influence of the extraction time on the determined LOP 

concentrations need to be investigated to retrieve maximal Σ8 values while maintaining 

reasonable C/V and S/V values. For this reason, soil samples were extracted for various time 

periods. 

Figure S9 shows the obtained ΣV, ΣS, and ΣC values plotted versus the extraction time. While 

ΣV and ΣS decrease after the first three hours of extraction before building up again after 

24 – 48 hours, ΣC starts off with very low concentrations and only approaches the reference 

concentration (chapter C.2.2) after 24 – 48 hours. After an extraction time of 48 hours, the 

obtained values for both ΣV and ΣC lie withing the error of the reference concentration. ΣS 

also stabilises after 48 hours but only at about 60 % of the reference. This effect could be due 

to a methodological error due to which syringic acid (SA) could not be detected in the latter 

half of the sample set. This is also reflected in the Acid-to-Aldehyde ratio of the S-group 

((Ad/Al)S) which is significantly lower than the comparison while the respective ratio of the 

V-group ((Ad/Al)V) falls within the error of the reference (Figure S10). However, this does 

not necessarily mean, that the samples did not contain any SA as the calibration solutions 
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were likewise affected. It is possible that SA is degraded in solution over time, however this 

issue remains unsolved. 

 

Figure S12. ΣV (triangles), ΣS (squares), and ΣC (circles) values of the extraction of soil with HCl (30 %) in 
dependence on the extraction time. Results are normalised to the results from the repeatability experiment 
(chapter C.2.2). Error bars represent one standard deviation of samples prepared in triplicate and 
measured in duplicate. The red lines represent the respective results from the repeatability experiment 
with one standard deviation shown by the shaded areas. The grey dotted lines represent the moving 
average. 

 

Figure S13. Acid-to-Aldehyde ratios (Ad/Al) for the V- (blue) and the S-group (green) LOPs of the extraction 
of soil with HCl (30 %) in dependence on the extraction time. Error bars represent one standard deviation 
of samples prepared in triplicate and measured in duplicate. The dark lines represent the respective results 
from the repeatability experiment with one standard deviation shown by the shaded areas. The dotted lines 
represent the moving average. 
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Irrespective of the unclear results for SA, the experiment shows that a saturation is reached 

after an extraction time of 24 – 48 hours. While, an extraction time of up to 143 hours does 

not lead to higher concentrations it also does not lead to an overoxidation which would be 

visible in increased (Ad/Al) values. Therefore, it can be concluded that an extended extraction 

time of over 48 hours is neither useful nor harmful. 

 

C.3. Direct CuSO4 digestion 

As an extraction adds an additional step to the sample preparation making it more time 

consuming and increasing the possibility of analyte loss or contamination, a direct digestion 

(Figure S11) of the sample materials would be preferred. In this case, the dried and pulverised 

sample is directly fed to the CuSO4 digestion and the LOPs are isolated on a HLB SPE cartridge. 

 

Figure S14. Schematic representation of the newly developed direct digestion using CuSO4 as the oxidising 
agent. 

As a proof of principle, the different sample types (soil, leaf litter, branches, and lignin 

powder) were digested with two different oxidant- (CuSO4) to-antioxidant (ascorbic acid) 

ratios (O/AO) representing the ratios used in the original CuSO4 (1:56) and CuO (1:20) 

digestion methods, respectively. 

Approximately 100 mg of each natural sample and 50 mg the lignin powder, respectively, 

were used for the digestion. The samples were mixed with respective volumes of CuSO4- and 

ascorbic acid solutions and covered with 1.25 mL of degassed NaOH. The digestion and 

subsequent sample processing was conducted as described in Chapter 2. 

To test the repeatability of the method, each of the sample types was prepared in triplicate 

with an oxidant-to-antioxidant ratio (O/AO) of 1:20. 

To systematically optimise the O/AO ratio, six ratios (no AO, 1:1, 1:5, 1:10:1:20, 1:50) were 

investigated using two different kinds of lignin powder (A: wheat straw and various kinds of 

wood; B: softwood). This was done by keeping the volume of oxidant constant (126 µL 10 mM 

CuSO4-solution) while varying the amount of added antioxidant. 
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C.3.1. Proof of principle 

Both O/AO ratios resulted in successful digestions of all sample types. The achieved Σ8 values 

and the S/V and C/V ratios are displayed in Figure S12. 

 

Figure S15. Σ8 values (left) and S/V versus C/V ratios (right) of the digestion of branches, leaf litter, soil, 
and lignin with an oxidant-to-antioxidant ratio (O/AO) of 1:56 (blue) and 1:20 (green), respectively. Shaded 
areas in the scatter plots correspond to different vegetation sources as defined by Hedges and Mann 
(1979).54 Error bars represent one standard deviation of samples measured in duplicate. 

The digestion with an O/AO ratio of 1:20 led to significantly higher Σ8 concentrations for 

branches, leaf litter, and lignin powder (7.2 ± 0.0 µg · g-1, 4.3 ± 0.3 µg · g-1, and 

2.6 ± 0.1 µg · g-1, respectively) than the digestion with an O/AO ratio of 1:56 

(2.4 ± 0.4 µg · g-1, 0.9 ± 0.1 µg · g-1, and 1.0 ± 0.2 µg · g-1, respectively). The latter method 

only led to higher concentrations for the soil sample (0.7 ± 0.0 µg · g-1 versus 

0.3 ± 0.1 µg · g-1). The resulting positions in the S/V versus C/V scatter plot were reasonable 

for all samples, although the branches and lignin samples of the digestion with an O/AO ratio 

of 1:56 led to high values in both LOP ratios. These two data points therefore differ a lot from 

the corresponding samples with an O/AO ratio of 1:20. 

Because of the higher Σ8 values achieved through an O/AO ratio of 1:20, this method was used 

for the determination of the repeatability of the direct digestion. 

C.3.2. Repeatability of digestion 

To test the repeatability of the direct digestion, every sample types was digested three times 

with an O/AO ratio of 1:20. The resulting Σ8 and RSD values are shown in Figure S13. 
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Figure S16. Σ8 values of individual extractions (blue, green, and grey) and mean of three extraction (black) 
(left) and RSD (right) of the digestion of branches, leaf litter, soil, and lignin with an oxidant-to-antioxidant 
ratio (O/AO) of 1:20. Error bars represent one standard deviation of samples prepared in triplicate and 
measured in duplicate. 

The repeatability experiments displayed reasonable RSD values with 21.9 % for soil, 15.1 % 

for branches, 15.5 % for leaf litter, respectively. Only the digestion of lignin powder led to an 

RSD of over 30 % at 34.3 %. 

Overall, the digestion displays a good repeatability which renders the method suitable for 

routine analysis. 

C.3.3. Optimisation of oxidant-to-antioxidant ratio 

The first experiments in chapter C.3.1 showed that the oxidant-to-antioxidant ratio (O/AO) 

has a large impact on the achievable Σ8 values and the resulting position in the C/V vs. S/V 

scatter plot. For this purpose, two different lignins of known origin (A: wheat straw and 

various kinds of wood; B: softwood) were each digested with six different O/AO ratios to 

optimise the direct digestion method. 

The digestion without the addition of an antioxidant resulted in the highest Σ8 values for both 

kinds of lignin (Figure S13, left). However, the resulting datapoint in the C/V vs. S/V scatter 

plot for lignin A lay apart from the cluster of the other lignin A datapoints (Figure S13, right). 

In addition, the corresponding acid-to-aldehyde (Ad/Al) ratios were elevated in comparison 

to the results of the other O/AO ratios (Figure S15) which is an indicator for over-oxidation. 

This is reasonable, as the addition of antioxidant to the digestion is meant to prevent just that. 
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Figure S17. Influence of the oxidant-to-antioxidant ratio (O/AO) on the obtained Σ8 (left) and S/V versus 
C/V ratios (right) of two different lignin powders (A: wheat straw and various kinds of wood, blue; B: 
softwood, green). Shaded areas in the scatter plots correspond to different vegetation sources as defined by 
Hedges and Mann (1979).54 Error bars represent one standard deviation of samples prepared four times 
and measured in duplicate. 

The Σ8 values for the remaining O/AO ratios show a gradual increase from 1:1 up to 1:20 and 

then a slight decline towards 1:50 for both types of lignins (Figure S14, left). However, the 

differences between the individual ratios are within one standard deviation of each other. The 

datapoints of the two lignins also each cluster very closely together in the C/V vs. S/V scatter 

plot (Figure S13, right), indicating that a digestion with any of the O/AO ratios could possibly 

be used for vegetation reconstruction. As there is no other trend visible in the Ad/Al ratios, 

an O/AO ratio of 1:20 is recommended for further experiments. This ratio is equivalent to the 

ratio used in the original CuO method. 

 

Figure S18. Influence of the oxidant-to-antioxidant ratio (O/AO) on the obtained Acid/Aldehyde ratios 
(Ad/Al) for the V- (left) and the S-group (right) of two different lignin powders (A: wheat straw and various 
kinds of wood, blue; B: softwood, green). Error bars represent one standard deviation of samples prepared 
four times and measured in duplicate. 

C.4. Comparison and conclusion 

Both the extraction with HCl (30 %) and the CuSO4 digestion (O/AO 1:20) were shown to lead 

to high LOP concentrations and sensible vegetation reconstructions based on the data’s 

position in a C/V vs. S/V scatter plot. 
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In an immediate comparison, the Σ8 values of the digestion surpass those of the extraction for 

all natural sample types while the concentrations obtained from the analysis of lignin powder 

are of comparable magnitude with both methods (Figure S16).  

 

Figure S19. Comparison of the Σ8 values (left) and RSD (right) of branches, leaf litter, soil, and lignin when 
prepared with a 7-day HCl (30 %) extraction (blue) and a CuSO4 digestion (O/AO 1:20, green). Error bars 
represent one standard deviation of samples prepared in triplicate and measured in duplicate. 

As the RSDs for both methods are also in an acceptable range for all sample types and both 

methods, no clear preference can be stated based on the data alone. However, if the sample 

preparation procedure is also taken into account, the CuSO4 digestion is clearly preferable as 

it omits the extraction and pre-concentration steps before the digestion. Thus, the digestion 

method is less time consuming and resource intensive than the extraction method. 

 

  



Appendix 

119 
 

D. Levoglucosan in speleothems: An evaluation of various sample preparation 

methods 

The results discussed in this chapter have been presented as a poster during EGU General 

Assembly 2021.271 

D.1. Abstract 

Secondary mineral deposits in caves, such as stalagmites or flowstones, are valuable 

paleoclimate archives and they have several advantages over other environmental archives. 

These include stable in-cave conditions, protecting the speleothems from external influences, 

and the potential to precisely date samples up to 600,000 years using 230Th/U-dating.4 

Supplementing established climate proxies, such as stable isotopes and trace elements, 

organic proxies have been increasingly used in recent years to inform on local vegetation and 

soil dynamics.38 

Biomass burning events are major sources of atmospheric particulate matter that influence 

global and local climate.70 Investigating fire proxies in paleoclimate archives may therefore 

help determine the interactions of climate, hydrology, and fire activity. Levoglucosan, an 

anhydrosugar, naturally only originates from the combustion of cellulose and thus constitutes 

a biomass burning marker. Analysis of levoglucosan in sediments has shown high correlation 

with traditional burning markers, such as black charcoal.60 Mannosan and galactosan, both 

stereoisomers of levoglucosan, are formed during combustion of hemicellulose. Previous 

work suggests that rather than absolute levoglucosan concentrations the ratio of 

levoglucosan to its isomers should be considered when characterizing burning events.67 To 

date, no data on levoglucosan or its isomers in speleothems has been published, whereas the 

anhydrosugars are already utilised in other paleoclimate archives, such as sediments and ice 

cores.38,70 

We test three approaches (solid phase extraction (SPE), soxhlet extraction and solid/liquid 

extraction) for the isolation and quantification of anhydrosugars using HILIC-MS 

instrumentation. As the anhydrosugars are highly polar molecules, extraction from the 

calcium carbonate matrix and subsequent sample preparation proved challenging. We 

evaluate the different approaches and compare the resulting concentrations and assumed 

recoveries. We find that the anhydrosugars do not show significant retention on any of the 

evaluated SPE materials. While solid/liquid extractions lead to detectable analyte 

concentrations, soxhlet extractions with methanol or dichloromethane/methanol mixtures 

are more efficient. 
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D.2. Introduction 

Investigating fire proxies in paleoclimate archives may help determine the interactions of 

climate, hydrology, and fire activity. Levoglucosan, an anhydrosugar, naturally only originates 

from the combustion of cellulose and thus constitutes a biomass burning marker. Analysis of 

levoglucosan in sediments has shown high correlation with traditional burning markers, such 

as black charcoal.60 Mannosan and galactosan, both stereoisomers of levoglucosan, are 

formed during combustion of hemicellulose. To date, no data on levoglucosan or its isomers 

in speleothems has been published, whereas the anhydrosugars are already utilised in other 

paleoclimate archives, such as sediments and ice cores.38,70 

For analysis, levoglucosan has to be extracted from the speleothem matrix. In theory, an 

extraction from a solution of the dissolved speleothem would be preferable as all analyte 

should be available for extraction. In contrast, only the molecules at the phase interface are 

extractable with methods using solid samples. Therefore, the particle size has to be as small 

as possible to maximise surface area. In literature, multiple different extraction techniques 

are utilised for the extraction of levoglucosan from sediments and aerosol filter samples. 

There, mostly H2O272,273, methanol (MeOH)60,67,274,275, or dichloromethane (DCM)211,276 have 

been used as extraction agents. In a past research project277 and a master thesis72 different 

extraction methods have already been investigated. Based on the results of these two projects, 

five different sample preparation methods were compared. 

 

D.3. Experimental 

For the experiments, aliquots of a speleothem from Ifri Inouqben cave in northern Morocco 

were used. The speleothem was ground to a particle size of about 60 µm and then 

homogenised to create a standard material with (ideally) uniform analyte distribution. 

D.3.1. Chemicals and materials 

An analytical standard of levoglucosan (99 %) and sodium thiosulphate (≥98 %) were 

purchased from Sigma-Aldrich. An analytical standard of 13C6 levoglucosan (98 %) was 

obtained from Cambridge Isotope Laboratories. An analytical standard of ammonium acetate 

(≥99 %) and ultrapure acetonitrile (ACN, LC/MS grade) were obtained from VWR Chemicals. 

Sodium hydroxide (pellets, ≥ 99 %), hydrochloric acid (HCl, suprapure, 30 %), C18 solid-

phase extraction columns (LiChromlut, 3 mL, 200 mg packing material), and water (LC-MS 

grade) were purchased from Merck KGaA. Ammonium hydroxide solution (NH3, analytical 

grade, 25 %) was obtained from Honeywell Fluka. Ultrapure methanol (MeOH, LC/MS grade) 

was obtained Carl Roth while ultrapure dichloromethane (DCM, LC-MS grade, ≥99.8 %) and 

diethyl ether (DEE, LC-MS grade, ≥99.5 %) were both purchased from Fisher Scientific. 

Ultrapure water with 18.2 MΩ resistance was produced using a Milli-Q water system from 

Merck Millipore (Darmstadt, Germany). HLB solid-phase extraction columns (Oasis HLB, 

3 mL tubes, 60 mg packing material) were purchased from Waters. GCB (ENVI-Carb, 3 mL 

tubes, 250 mg packing material) and SAX solid-phase extraction columns (Discovery DCS-

SAX, 3 mL, 500 mg packing material) were both obtained from Supelco. HILIC solid-phase 

extraction columns (iSPE-HILIC, 3 mL, 200 mg packing material) were purchased from 

HILICON AB. 
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D.3.2. Solid-liquid extraction (SLE) 

Aliquots of 1 g of speleothem were spiked with 100 µL of a solution of 13C6 levoglucosan 

(100 ng ∙ mL-1 in ACN) and extracted twice with 5 mL of MeOH or MeOH/DCM (1:3), 

respectively. The extraction was assisted by ultrasonic sound and lasted 45 min at a time. For 

each solvent a blank was prepared in the same manner. After sonication the samples were 

allowed to rest for 10-20 min to improve phase separation. Then, the supernatant was 

removed, filtered over a 1.0 µm glass fibre fabric filter (Macherey-Nagel), and evaporated 

under a gentle stream of nitrogen at 30 °C. The residue was taken up in 200 µL of ACN/H2O 

(95:5) by 10 min of sonification at 45 °C. The solution was filtered with a 0.2 µm PA-filter 

(Altmann-Analytik) and stored in the freezer at -25 °C. 

D.3.3. Soxhlet extraction 

Aliquots of 1 g of speleothem were added into a glass extraction thimble and spiked with 

100 µL of a solution of 13C6 levoglucosan (100 ng ∙ mL-1 in ACN). The sample was extracted for 

6 h with 50 mL of MeOH or MeOH/DCM (1:3), respectively. For each solvent, a blank was 

prepared accordingly. The solution was evaporated under a gentle stream of nitrogen at 30 °C 

and the residue was redissolved in 200 µL of ACN/H2O (95:5) by 10 min of sonification at 

45 °C. The liquid was filtered with a 0.2 µm PA-filter (Altmann-Analytik) and stored in the 

freezer at -25 °C. 

D.3.4. Solid-phase extraction (SPE) 

The C18, HLB, GCB, and SAX solid-phase extraction cartridges were pre-conditioned with 

6 mL of MeOH followed by 6 mL of water. The HILIC SPE columns were pre-conditioned with 

6 mL of each water and ACN. The HILIC SPE columns were loaded via reservoirs with 

solutions of 10 ng levoglucosan (100 µL of 100 ng ∙ mL-1 in ACN) diluted in 10 mL solvent. The 

solvent consisted of 50 %, 80 %, 90 %, and 100 % ACN each mixed with water to amount to 

100 %. The remaining cartridges were loaded via reservoirs with solutions of 10 ng 

levoglucosan (100 µL of 100 ng ∙ mL-1 in ACN) dissolved in 10 mL water that had been 

acidified to pH 1-2 with HCl (30%). The flowthrough was collected and evaporated under a 

gentle stream of nitrogen at 30 °C. Afterwards, the C18 and HLB cartridges were washed twice 

with 3 mL of an aqueous solution containing 5% MeOH. GCB columns were washed twice with 

3 mL of water. SAX and HILIC columns were not washed. Again, the flowthrough was gathered 

and evaporated. Subsequently, the HILIC columns were eluted 6 times with 250 µL water. HLB 

and SAX cartridges were eluted 10 times with 500 µL MeOH each. C18 and GCB cartridges 

were eluted using 4 and 3 portions of 500 µL MeOH, respectively. The combined eluates were 

once more evaporated under a gentle stream of nitrogen at 30 °C. Finally, all residues were 

redissolved in 200 µL ACN/H2O (95:5) by 10 min of sonification at 45 °C. The liquid was 

filtered with a 0.2 µm PA-filter (Altmann-Analytik) and stored in the freezer at -25 °C. For 

reference, a sample of 100 µL of levoglucosan (100 ng ∙ g-1 in ACN) was evaporated under a 

gentle stream of nitrogen at 30 °C. The workup of the residue was the same as described 

above. 

D.3.5. Liquid-liquid extraction (LLE) 

1 g aliquots of speleothem were weighed into a 15 mL centrifuge tube and dissolved in 2.5 mL 

HCl (30 %). The solution was diluted 1:1 with water and 100 µL of a solution of 13C6 
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levoglucosan (100 ng ∙ mL-1 in ACN) were added. The sample solution was extracted 5 times 

with each 3 mL of DEE or DCM, respectively. The organic phases were collected and 

evaporated under a gentle stream of nitrogen at 30 °C. For each solvent, a blank was prepared 

following the same procedure. The residue was taken up in 200 µL of ACN/H2O (95:5) by 

10 min of sonification at 45 °C. The liquid was filtered with a 0.2 µm PA-filter (Altmann-

Analytik) and stored in the freezer at -25 °C. 

D.3.6. Electrochemical neutralisation (ECN) 

For the experiments, a Dionex CERS 500 (2 mm) suppressor (Thermo Fisher Scientific) was 

used in combination with a peristaltic pump (Perimax 16, Spetec GmbH). The sample solution 

(6 mL of HCl (15%), or 10 µL each of solutions of levoglucosan and 13C6 levoglucosan (each 

10 µg ∙ mL-1 in ACN) diluted with 6 mL HCl (15%)) was pumped in a circular flow at a flow 

rate of 0.25 mL ∙ min-1. For this a white-white tube (fluoro rubber) was used. For the counter-

current flow NaOH (100 mmol ∙ L-1) or water was utilised with a flow of 1.4 mL ∙ min-1 in a 

double strand of violet-violet tubing (fluoro rubber). The waste was passed into a sodium 

thiosulphate solution (approximately 10 g in 200 mL water) to neutralise the generated 

chlorine gas. The reaction was run for about 3 h until the pH of the sample solution was at 2-

5. During this time, the sample volume fell to approximately 4.5 mL. Afterwards, the 

equipment was purged with water which was combined with the sample until its volume was 

at 6 mL again. In total, 5 samples were prepared, alternating between blanks and spiked 

solutions starting and ending with blanks. The solution was evaporated with a vacuum 

centrifuge (Eppendorf Concentrator plus, 1,400 rpm) at 45 °C for 6 h to 12 h. The residue was 

redissolved twice in 1.5 mL ACN each by 10 min of sonification at 45 °C. These solutions were 

combined and evaporated under a gentle stream of nitrogen at 30 °C and the residue taken 

up in 200 µL of ACN/H2O (95:5) by 10 min of sonification at 45 °C. The liquid was filtered with 

a 0.2 µm PA-filter (Altmann-Analytik) and stored in the freezer at -25 °C. 

D.3.7. Analysis 

The analysis was carried out on a Dionex UltiMate 3000 ultrahigh-performance liquid 

chromatography system (UHPLC) that was coupled to a heated electrospray ionisation source 

(HESI) and a Q Exactive Orbitrap high-resolution mass spectrometer (HRMS) (all by Thermo 

Fisher Scientific). To retard the analytes, an iHILIC-Fusion(+) column, 100 mm x 2.1mm with 

1.8 μm particle size (Hilicon), was used. The injection volume was 10 µL. A H2O/ACN gradient 

program was applied at a flow of 0.4 mL ∙ min-1. The gradient started with 97 % eluent B 

(100 % ACN) and 3 % eluent A (consisting of 5 mmol ∙ L-1 ammonium acetate in H2O). Eluent 

B was held at 97 % for 0.5 min and then decreased to 90 % within 0.5 min. Afterwards, eluent 

B was further decreased to 85 % in 5 min and 60 % in 1.5 min, respectively. Finally, it was 

decreased to 50 % within 1.5 min, held for 2.0 min, and then eluent B was increased to the 

initial value of 97 %. This was held for 8.5 min to re-equilibrate the column. To improve 

ionisation, a post-column flow of 50 mmol ∙ L-1 NH4OH in MeOH was applied with a flow rate 

of 0.1 mL ∙ min-1. The ESI source was operated in negative mode so that deprotonated 

molecular ions [M-H]- were formed. ESI and MS conditions were the same as reported by 

Heidke et al. (2018).53 
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D.4. Results and discussion 

D.4.1. Solid-liquid extraction (SLE) 

The results of the SLE experiments are visualised in Figure 8.1. Both DCM/MeOH 3:1 and 

MeOH lead to comparable recoveries, but the values obtained for MeOH are slightly higher. 

The recovery of 13C6 levoglucosan is elevated for blank samples in comparison to the real 

samples. This implies some irreversible attachment of the analyte molecules to the sample 

matrix. Another possible explanation is that in the real samples other extractables are present 

besides levoglucosan with which the solvent preferably interacts. The recovery for the blank 

samples is at 31.7 ± 0.2 % for DCM/MeOH 3:1 and at 36.1 ± 0.3 % for MeOH. The recovery 

for the real samples is significantly lower with 12.1 ± 0.1 % for DCM/MeOH 3:1 and 

13.9 ± 0.5 % for MeOH. 

 

Figure 8.1. Percentage recovery of 13C6-levoglucosan in blanks and spiked sample after SLE. Error bars 
represent one standard deviation of samples prepared four times and measured in duplicate. 

Because even the recovery for the blank samples is greatly reduced, methods for the increase 

of recovery should be evaluated. It might be possible to improve the recovery through the 

utilisation of silanated glassware. The silanisation could reduce adhesion to the glass. Another 

possible analyte sink are the consecutive evaporation steps. While these are necessary for the 

sample preparation, the effect should be quantified through appropriate experiments. 

D.4.2. Soxhlet extraction 

The recovery for the Soxhlet extractions is shown in Figure 8.2. Again, the recovery is higher 

for the blank samples than for the real samples. However, the difference is not as pronounced 

as for the SLE experiments. The recovery for the blank samples lies at 14.6 ± 0.1 % and 

18.5 ± 0.8 % for DCM/MeOH 3:1 and MeOH, respectively. The real sample recoveries amount 

to 9.7 ± 0.2 % for DCM/MeOH 3:1 and 12.0 ± 0.2 % for MeOH. These results confirm the 

observation from the SLE experiments that the utilisation of MeOH as extraction solvent leads 

to slightly higher recoveries. 
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Figure 8.2. Percentage recovery of 13C6-levoglucosan in blanks and spiked sample after Soxhlet extraction. 
Error bars represent one standard deviation of samples prepared four times and measured in duplicate. 

Overall, the results are inferior to the SLE data and furthermore, the sample preparation is 

more time consuming and more prone to contamination and loss due to the higher solvent 

volume necessary. Therefore, SLE is preferred over Soxhlet extraction. 

D.4.3. Solid phase extraction (SPE) 

The results of the HILIC-SPE experiments are visualised in Figure 8.3. It is apparent that only 

if the analyte is applied in 100 % ACN a significant percentage is retained on the cartridge. 

This renders the application useless for the present problem because the speleothem sample 

first has to be dissolved in acid and then either evaporated and redissolved in ACN or must be 

extremely diluted with ACN. Firstly, the former case is impossible to achieve, as concentrated 

HCl cannot be fully evaporated and secondly, even if it could, it would be easier to just 

redissolve the residue in the solvent for measurement directly. The second case, while 

technically possible, is impractical and expensive as large quantities of ACN would be needed. 

 

Figure 8.3. Percentage recovery of levoglucosan after HILIC-SPE. 100 ng analyte were applied in 10 mL 
solvent. The percentage of ACN in the solvent is given in the respective label. Elution with 6 x 250 µL H2O. 

The results of the other SPE experiments can be found in Figure 8.4. While the C18 and SAX 

material seem to be able to retain levoglucosan to some degree, MeOH does not seem to be a 

suitable eluent. This implies that the interaction of the analyte with the solid phase is stronger 

than the interaction with the solvent. Elution with an aqueous solvent might lead to better 
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recoveries. However, the evaporation of aqueous solvents is tedious and should be avoided. 

Therefore, the utilisation of SPE for the present problem was discarded. 

 

Figure 8.4. Percentage recovery of levoglucosan after SPE. 100 ng analyte were applied in 10 mL solvent. 
Elution 10 x 500 µL of MeOH. C18: n=2; SAX and DE: n=3; HLB and GCB: n=4. Error bars represent one 
standard deviation of n samples. 

D.4.4. Liquid-liquid extraction (LLE) 

Figure 8.5 visualises the results of the LLE experiments. It is evident, that recoveries could 

only be calculated for the blank sample that had been extracted with DEE. For all other 

samples, no 13C6 levoglucosan could be detected. While the procedure is easy to perform and 

the necessary equipment very cheap, the recovery for the DEE blank sample only lies at 

4.1 ± 0.5 %. Therefore, the method proved to be unsuitable for this application. 

 

Figure 8.5. Levoglucosan concentration determined after LLE. Percentage recovery of 13C6-levoglucosan in 
blanks and spiked sample. Error bars represent one standard deviation of samples prepared four times and 
measured in duplicate. 

D.4.5. Electrochemical neutralisation (ECN) 

Figure 8.6 shows the results of the ECN experiments. The recovery of both, levoglucosan and 
13C6 levoglucosan, only amount to 3.5 ± 0.9 % and 3.7 ± 0.9 % respectively. A possible 

explanation for the low recovery is that the analyte might be degraded by the electric current 

during the sample preparation time of 3 h. Furthermore, the method shows a significant 

carry-over between measurements, which is apparent in the blank values which are of the 
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same magnitude as the samples. For these reasons and the very particular equipment needed, 

the method was discarded. 

 

Figure 8.6. Concentration and percentage recovery of levoglucosan and 13C6-levoglucosan after ECN. 100 ng 
analyte were dissolved in 6 mL HCl (15 %). Blank: n=3; Standard: n=2. Error bars represent one standard 
deviation of samples measured in duplicate. 

D.5. Comparison 

For a concluding comparison of the discussed methods, the obtained concentrations of the 

speleothem sample are compared in Figure 8.7. As expected, the LEE led to the lowest 

concentrations with -1.1 ±0.2 ng ∙ g-1 and 3.5 ±0.2 ng ∙ g-1 for DCM and DEE, respectively. It 

should be noted that the negative concentration for the extraction with DCM is an artefact due 

to the applied calibration and does not correspond to an actual negative concentration. Both 

Soxhlet extraction and SLE show higher concentrations for the use of MeOH as extraction 

solvent which is in accordance with the recovery data presented above. However, it is striking 

that while the concentrations gained from the MeOH extraction are similar for both methods 

with 9.5 ±0.1 ng ∙ g-1 for SLE and 9.2 ±1.2 ng ∙ g-1 for Soxhlet extraction, the concentrations 

obtained through the extraction of DCM/MeOH 3:1 differ significantly. Here, the 

concentrations are determined as 8.4 ±0.1 ng ∙ g-1 and 4.9 ±0.1 ng ∙ g-1 for SLE and Soxhlet 

extraction, respectively. Furthermore, the Soxhlet extraction with MeOH shows a large 

standard deviation of ±1.1 ng ∙ g-1 compared to only ±0.1 ng ∙ g-1 for the equivalent SLE 

experiment. 

 

Figure 8.7. Comparison of LLE, Soxhlet extraction, and SLE based on the concentrations found for aliquots 
of the same speleothem sample. Error bars represent one standard deviation of samples prepared four 
times and measured in duplicate. 
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These results validate the former decision to prefer SLE for the extraction of levoglucosan 

from speleothems and similar matrices. 

 

D.6. Conclusion 

Five different sample preparation methods were evaluated for the extraction of levoglucosan 

from speleothems. Solid-phase extraction (SPE) and electrochemical neutralisation (ECN) did 

not prove suitable for the desired purpose. It is possible to extract small amounts of 

levoglucosan via liquid-liquid extraction (LLE) with diethyl ether, but the recovery rate is 

very low, and the method should only be applied if no other procedure is available. Solid-

liquid extraction (SLE) and Soxhlet extraction, both with methanol as the extraction agent, led 

to similar concentrations, but SLE showed higher recovery rates and an overall easier 

procedure. Therefore, SLE with MeOH is recommended for the extraction of levoglucosan 

from speleothems and similar matrices. 
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E. Further optimisation and validation of the levoglucosan extraction method 

and lignin digestion 

E.1. Silanisation of extraction vessels 

As described in Chapter 3, the recovery for 13C6 levoglucosan with the recommended solid-

liquid-extraction (SLE) method was quite low. To improve the recovery, silanisation of the 

25 mL extraction vials and the 1.5 mL vials used for evaporation was explored by adapting a 

silanisation procedure as described by Anna van Eijck (2013).278 

Aliquots of a speleothem from Ifri Inouqben cave in northern Morocco were used. The 

speleothem was ground to a particle size of about 60 µm and then homogenised to create a 

standard material. 

E.1.1. Experimental 

The glass vials were submerged in a solution of 60 mL nitric acid in 340 mL water over night. 

Afterwards, they were cleaned with Milli-Q water and dried at 120 °C for 60 min. The vessels 

were submerged in a solution of 5 % dimethyldichlorosilane in hexane for 5 min while still 

hot and subsequently cleaned with methanol by sonification for 30 min. Finally, they were 

dried at 60 °C for 30 min, rinsed with acetonitrile, and once more dried at 60 °C for 60 min. 

The subsequent extractions of the standard speleothem were conducted following the 

procedure described in Chapter 3. 

For comparison, samples prepared with silanated vessels (1), samples prepared with a 

regular extraction vessel and a silanated evaporation vial (2), as well as samples prepared 

with non-silanated glass ware (3) were analysed. 

The analysis was carried out following the procedure described in Chapter 3. However, an 

iHILIC-Fusion column was used and the analysis was conducted in isocratic mode with an 

eluent ratio of A/B 3:97 (A: 5 mM ammonium formiate in water, B: Acetonitrile (ACN)) and a 

flow of 300 µL · min-1. 

E.1.2. Results 

The recoveries of 13C6-levoglucosan were determined as 3.9 ± 2.7 % (1), 7.7 ± 6.1 % (2), and 

2.5 ± 0.4 % (3), respectively (Figure S17, left). The levoglucosan concentrations were 

determined as 0.13 ± 0.12 ng ∙ g-1 (1), 0.27 ± 0.22 ng ∙ g-1 (2), and 0.07 ± 0.02 ng ∙ g-1 (3) 

(Figure S17, right). 

Experiment (2) yields the highest recoveries and levoglucosan concentrations. However, the 

standard deviations of both (1) and (2) are almost of the same magnitude as the determined 

values. 



Further optimisation and validation of the levoglucosan extraction method and lignin 
digestion 

 

132 

 

 

Figure S20. Comparison of recoveries of 13C6 levoglucosan (left) and levoglucosan concentration (right) 
after extraction in silanated vessels (1), regular extraction vessel and a silanated evaporation vial (2) and 
normal glass vessels (3). Black frames represent the averages of samples prepared in triplicate and 
measured in duplicate with the error bars representing one standard deviation. 

Figure S17 also shows the individual measurements. From these it is apparent that for both 

experiment (1) and (2), the first two measurements (corresponding to the first of three 

samples) seem to cause the high standard deviation. Upon excluding these values from the 

results, the new recoveries can be calculated as 2.2 ± 0.9 % (1) and 3.9 ± 1.24 % (2). The 

levoglucosan concentrations then amount to 0.05 ± 0.04 ng ∙ g-1 (1) and 0.13 ± 0.07 ng ∙ g-1 

(2). Taking into account the errors, these values are still within the same range as the results 

from experiment (3), meaning that no significant difference can be observed between them. 

All in all, no sound proof could be found that the silanisation of the extraction vessels and/or 

the vials used for evaporation results in higher yields of levoglucosan during the extraction of 

speleothem. Therefore, this practice is not recommended for future use. 
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E.2. Extraction efficiency for different sample amounts 

To assure the same extraction efficiency for different sample amounts, the extraction 

procedure was carried out for 1 g and 2 g aliquots of the standard speleothem. 

E.2.1. Experimental 

Sets of 4 samples for each 1 g and 2 g aliquots were prepared. The extraction of the standard 

speleothem was conducted following the procedure described in Chapter 3 using 5 mL of 

methanol (MeOH) per g speleothem for extraction. The samples were analysed as described 

above (Chapter E.1.1). 

E.2.2. Results 

The obtained concentrations for the three isomers are illustrated in Figure S18. It is apparent, 

that the concentrations found for the 1 g aliquots are in good agreement with the 

concentrations determined for the 2 g samples. This implies that the extraction efficiency is 

independent of the sample amount for the investigated range. 

 

 

Figure S21. Comparison of anhydrosugar concentrations for extraction of 1 g and 2 g sample. Error bars 
represent one standard deviation of samples prepared four times and measured in duplicate. 

It is further visible that levoglucosan is by far the biggest contributor to the overall 

anhydrosugar concentration with 1.13 ± 0.03 ng ∙ g-1 to 0.12 ±0 .01 ng ∙ g-1 and 

0.24 ± 0.01 ng ∙ g-1 for mannosan and galactosan, respectively. Therefore, and because the 

application of the iHILIC-Fusion column which allows for the separation of the isomers 

proved instrumentally challenging, only levoglucosan was quantified in some experiments 

with mannosan and galactosan contributing to the peak area. 
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E.3. Impact of extraction of levoglucosan on retrieved LOP concentration 

To investigate whether the prior extraction of levoglucosan has a negative impact on the 

obtained lignin oxidation products (LOP) concentration and to assure the linearity of the 

method, sample sets of 1 g and 2 g aliquots of the standard speleothem material from Ifri 

Inouqben cave were analysed for LOPs, both before and after extraction of levoglucosan. 

E.3.1. Experimental 

Sets of 4 samples for each 1 g and 2 g aliquots, before (b) and after (a) extraction of 

levoglucosan, were prepared. The extracted speleothem samples from Chapter E.2 were dried 

at 60 °C over night and then treated the same way as the other samples. 

The speleothem powder was dissolved in 3 mL HCl (30 %) per g sample and then diluted 1:1 

with Milli-Q water. The 200 mg HLB cartridges were preconditioned with 6 mL of each MeOH 

and ultrapure water, which was acidified to pH 1-2 with HCl (30%). The speleothem solution 

was filtered through paper filters (Whatman, Grade 40, 8 µm pore size) to prevent 

undissolved materials from clogging the cartridges and was loaded onto the cartridges using 

sample reservoirs. The Cartridges were washed twice with 6 mL of acidified ultrapure water 

and then dried by sucking air through the cartridges using a vacuum pump. The lignin was 

eluted using 10 portions of 500 µL MeOH. The solvent was subsequently evaporated under a 

gentle stream of nitrogen at 30 °C. 

The residue was dissolved in 200 µL MeOH and sonicated for 10 min at 45 °C. The solution 

was added to a PTFE microwave digestion vessel with a capacity of 500 µL. The procedure 

was repeated with 100 µL MeOH and the combined solutions evaporated to dryness under a 

gentle stream of nitrogen at 30 °C. The residual was dissolved in 200 µL NaOH (1 mol ∙ L-1) 

through sonification for 10 min at 45 °C. To this, 10 µL of each CuSO4 solution (10 mmol ∙ L-1 

in H2O) and a solution of L-ascorbic acid (0.2 mol ∙ L−1 in H2O) were added. The vessels were 

purged with nitrogen for 20 s each and quickly capped to ensure inert gas atmosphere. The 

digestion vessels were packed into a bigger Teflon vessel five at a time and covered with 7 mL 

of NaOH (1 mol ∙ L-1) to ensure better heat transfer. These vessels were also purged with 

nitrogen for 1 min. The vessels were heated to 155 °C in 5 min and held at that temperature 

for 90 min using a 5890A Gas Chromatograph (Hewlett Packard, USA). Immediately after 

opening the vessels, 10 µL of a 1 µg ∙ mL-1 standard solution of ethyl vanillin in acetonitrile 

was added as an internal standard and the oxidised sample solution was acidified to pH 1-2 

with HCl (30 %). 

30 mg HLB cartridges were preconditioned with two times 1 mL of each MeOH and ultrapure 

water, which was acidified to pH 1-2 with HCl (30 %). The acidified oxidised sample solutions 

were loaded onto the cartridges. The cartridges were washed twice with 1 mL and then then 

dried by sucking air through the cartridges using a vacuum pump. The LOPs were eluted using 

8 portions of 125 µL of acetonitrile with 2% NH3 added to reach a basic pH of 8-9. The eluate 

was evaporated under a gentle stream of nitrogen at 30 °C and the residue was dissolved in 

200 µL acetonitrile/H2O (1:9) by 10 min of sonification at 45 °C. The solution was filtered 

with a 0.2 µm PA-filter and stored in the freezer at -25 °C. 
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The analysis of the LOPs was carried out on a Dionex UltiMate 3000 ultrahigh-performance 

liquid chromatography system (UHPLC) that was coupled to a heated electrospray ionization 

source (ESI) and a Q Exactive Orbitrap high-resolution mass spectrometer (HRMS) (all by 

Thermo Fisher Scientific). To separate the LOPs, a Acquity UPLC CSH Fluoro Phenyl (PFP) 

column, 100mm x 2.1mm with 1.7 μm particle size (by Waters), was used. The injection 

volume was 10 µL. A H2O/acetonitrile gradient program was applied with a flow of 

0.5 mL ∙ min-1. The gradient started with 5 % eluent B (consisting of 98 % acetonitrile and 2 % 

H2O) and 95 % eluent A (consisting of 98 % H2O, 2% acetonitrile, and 400 μL ∙ L−1 formic 

acid). Eluent B was increased to 10 % within 0.5 min and held for 4.5 min. It was then 

increased to 15 % within 1 min and further increased to 30 % in 1 min and to 50 % in 0.5 min, 

respectively. Finally, it was increased to 99 % within 0.5 min, held for 1.5 min, and then eluent 

B was decreased to the initial value of 5 %. The ESI source was operated in negative mode so 

that deprotonated molecular ions [M-H]- were formed. ESI and MS conditions were the same 

as reported by Heidke et al. (2018).53 

E.3.2. Results 

Figure S19 (left) illustrates the obtained LOP concentrations and it is striking that the 

concentrations after the extraction of levoglucosan are significantly higher than for the 

analysis before the extraction (185.5 ± 10.4 ng ∙ g-1 versus 932.4 ± 45.4 ng ∙ g-1 and 

118.8 ± 6.3 ng ∙ g-1 versus 827.3 ± 40.6 ng ∙ g-1 for the sum of all 8 LOPs (∑8)). A possible 

explanation for this phenomenon is that other organic compounds present in the speleothem 

are also removed from the calcium carbonate matrix during the initial methanol extraction. 

These compounds might be oxidised preferentially during the digestion of lignin. Therefore, 

the extraction step leads to a more targeted oxidation of lignin and thus results in higher LOP 

concentration. 

   

Figure S22. Comparison of the Σ8 values (left) and the C/V and S/V ratios (right) in 1 g and 2 g aliquots, 
before (b) and after (a) the extraction of levoglucosan. Error bars represent one standard deviation of 
samples prepared four times and measured in duplicate. 

Figure S19 illustrates that the concentrations obtained for the 1 g sample sets are elevated in 

comparison to the 2 g sample sets (185.5 ± 10.4 ng ∙ g-1 versus 118.8 ± 6.3 ng ∙ g-1 and 

932.4 ± 45.4 ng ∙ g-1 versus 827.3 ± 40.6 ng ∙ g-1 for ∑8). However, the LOP ratios (Figure S19, 

right) are comparable. These findings imply that the lignin oxidisation is more efficient in 

smaller sample amounts. Therefore, results should only be compared directly if the original 

samples had the same weight.  
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F. List of Abbreviations 

13C-LEV 13C6-levoglucosan 

ACE Acenaphthene 

ACN Acetonitrile 

ACY Acenaphthylene 

Ad/Al Acid-to-aldehyde-ratio 

ANT Anthracene 

BAA Benzo(a)anthracene 

BAP Benzo(a)pyrene 

BBF Benzo(b)fluoranthene 

BP Before present 

C-group / ΣC Monomers of the cinnamyl-group 

CHR Chrysene 

CRM Charge residue model 

d-ACE Acenaphthene-d10 

DBA Dibenz(a,h)anthracene 

DCM Dichloromethane 

DEE Diethyl ether 

d-NAP Napthalene-d8 

DPE Benzo(g,h,i)perylene 

d-PHE Phenanthrene-d10 

EA Ethyl acetate 

ECN Electrochemical neutralisation  

EI Electron ionisation 

ESI Electrospray ionisation 

ESI-MS Electrospray ionisation mass spectrometry 

FID Flame ionisation detector 

FLN Fluorene 

FLT Fluoranthene 
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GAL Galactosan 

GC Gas chromatography 

GCB Graphitised carbon black 

GDGTs Glycerol dialkyl glycerol tetraethers  

HCD Higher-energy collisional dissociation  

HESI Heated electrospray ionisation 

HETP Hight equivalent of a theoretical plate  

HILIC Hydrophilic interaction chromatography 

HLB Hydrophilic-lipophilic-balanced 

HMW High molecular weight 

HPLC High performance liquid chromatography 

HRMS High-resolution mass spectrometry 

ICP-MS Inductively coupled plasma mass spectrometry 

IEM Ion emission model 

INP Indeno(1,2,3-c,d)pyrene 

LA Laser ablation 

LC Liquid chromatography 

LEV Levoglucosan 

LLE Liquid-liquid extraction  

LMW Low molecular weight 

LOD Limit of detection 

LOPs Lignin oxidation products 

M Molecule 

m/z Mass-to-charge-ratio 

MAN Mannosan 

MAs Monosaccharide anhydrides  

MBIC Modified Bayes Information Criterion  

MC-ICP-MS Multi-collector inductively coupled plasma mass spectrometry 

MeOH Methanol 
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MS Mass spectrometry 

NAP Naphthalene 

NCE Normalised collision energy  

NP-LC Normal phase liquid chromatography 

O/AO Oxidant-to-antioxidant-ratio 

PA Polyamide 

PAHs Polycyclic aromatic hydrocarbon 

pCO2 Partial pressure of CO2 

PCP Prior calcite precipitation 

PDSI Palmer Drought Severity Index  

PFP Pentafluorophenyl residues 

PHE Phenanthrene 

PTFE Polytetrafluorethylen 

PTP p-Terphenyl 

PYR Pyrene 

RET Retene 

RF Radio frequency 

RP-LC Reversed phase liquid chromatography 

RSD Relative standard deviation 

Σ8 / S8 Sum of all 8 LOP monomers 

Σ15 Sum of 15 non-alkylated PAHs 

SA Syringic acid  

SAX Strong anion exchange 

SD Standard deviation 

S-group / ΣS Monomers of the syringyl-group 

SIM selected ion monitoring mode  

SLE Solid-liquid extraction  

SPE Solid phase extraction 

TMAH Tetramethyl-ammonium hydroxide  
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UHPLC Ultra-high performance liquid chromatography 

V-group / ΣV Monomers of the vanillyl-group 
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