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ABSTRACT 

 

This study deals with the palaeohydrological information obtained from lipids 

composition and vegetal tissue preservation of two peat cores from Asturias, North 

Spain. The two profiles differ in the type of peatland (raised bog in La Borbolla and 

blanket bog in Buelna) and the type of organic matter being more bryophytic in the 

raised bog and more herbaceous in the blanket bog. The peatlands are located close to 

the coast on impermeable, old flat erosion surfaces which favoured peat accumulation 

within a distance of 3.5 km from each other. The accumulation rate varied between 0.05 

and 0.07 mm/yr and the records extend from around 9000 to 2500 cal. yr BP.  

The main differences between the two peat sites can be summarized as follows: 

the raised bog has lower mineral matter content and H/C atomic ratio and higher C/N 

ratio and extraction yields compared to the blanket bog. It has also a higher Tissue 

Preservation Index for Huminite macerals and increasing Inertodetrinite Index with 

depth. Regarding biomarkers, the raised bog has a relatively higher concentration of n-

alkane-2-ones compared to the corresponding n-alkane of similar carbon number, higher 

concentration of medium- vs. high-molecular-weight-methyl-ketones and higher 

triterpenoids/steroids ratio than the blanket bog.  

Alternating humid/dry periods have been recorded in both profiles based on lipid 

concentrations indicating that the Sphagnum-rich intervals in the raised bog are more 

sensitive than the herbaceous blanket peat record to climatic variations. The main humid 

intervals identified are dated as 5000-7500 cal. yr BP in the blanket bog and as 6000-

3500 cal. yr BP and last 2500 cal. yr BP in the raised bog and correlate with the humid 

periods traced in other peatlands locations in this region. The transition Middle-to-Late 
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Holocene is characterized by humid conditions in the region which favoured the 

Sphagnum growth in the peats.  

The reflectance of huminite in these records appears to be more related with 

differences in the oxidative conditions than with variation of peat maturity. It is higher 

in the layers with high mineral matter content at the beginning of organic matter 

accumulation and also in the upper part of the profile subjected to seasonal desiccation.  

A more intense biochemical gelification coincides with higher concentration of 

hopanoids derived from bacteria in the upper part of the profile (acrotelm).  

High amount of nonadecan-2-one (K19) and high concentrations of triterpenyl 

acetates, which are also determined in other peat profiles from Northern Spain are also 

detected in these profiles. This indicates that the specific conditions required for the 

formation of these compounds, probably associated to wet temperate climate, 

dominated throughout the region.  

 

 

Keywords: raised bog, blanket bog, tissue preservation index, Sphagnum, 

biomarkers, palaeohydrology 
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1. Introduction  

 

Since the early work of Blytt (1876) and Sernander (1909), who established a 

climatostratigraphic division of the Holocene based on alternating dark peat layers 

containing wood associated to drier and warmer climate, and lighter-coloured, 

Sphagnum-rich horizons indicative of wetter cooler conditions, there has been an 

increasing number of palaeoclimate studies using peat-bog archives (e.g. Blackford, 

2000; Charman, 2002; Barber et al., 2003; Bindler, 2006). The main assumptions on 

which the peat-based climatic reconstructions rely are: that the vegetation remains are 

an accurate record of the original vegetation on the mire surface at the time of 

deposition and that the assemblage composition responds to changes in the water table 

driven by changing climate. Although any peat deposit can offer palaeoenvironmental 

information, those with a higher palaeoclimate potential are rain-fed ombrothrophic 

bogs, the evolution of which is closely linked to meteoric precipitation without any 

influence from surface water or aquifers (Barber et al., 2003). Both raised bog (van Geel 

1978; Barber et al., 1994, Galka et al., 2013) and blanket mire records (Blackford and 

Chambers, 1991; Chambers et al., 1997; Ellis and Tallis, 2000) have been used for 

palaeoenvironmental studies. Both kinds of deposits, even being essentially 

ombrothrophic, have a number of peculiarities that should be taken into account when 

used as archives. Blanket bogs are developed in more open areas and even on gentle 

slopes that might be responsible for their slightly higher mineral matter contents 

compared to raised bogs. The latter are typically confined and owe their origin to low 

relief and impeded drainage, having domed surfaces hydrologically isolated from 

ground water. High precipitation sustains the blanket bogs that generally have a lower 
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Sphagnum contribution than raised bogs. Their overall characteristics may result in 

different sensitivity to climate variation.  

Numerous studies allowed having independent and continuous peat records of 

climate variability, which have permitted the identification of climate events of different 

relevance at regional or global scale (Chambers et al., 2010). Efforts focus now in the 

correlation of different deposits   (Mauquoy and Barber, 1999; Hughes and Barber, 

2004; Barber and Langdon, 2007; Loisel and Garneu, 2010; Lopez-Dias et al., 2013b) 

and in the refinement of the methodology to make results more comparable (Charman et 

al., 2009). Many of the palaeoenvironmental studies on peat bogs have been based on 

palynological profiles, which provide information not only on the peat-forming 

vegetation in the palaeomire but also on the vegetation in the surrounding area, as 

pollen and spores are blown by wind. The macrofossil analysis focus on the peat-

forming vegetation but it is not always possible to be carried out, when intense 

humification processes affect the peat. Although peat has been commonly studied using 

transmitted light (Cohen and Spackman, 1972; Cohen, 1982), reflected light microscopy 

offers a number of procedures that are very useful for investigating the degree of 

humification. Koch (1969) distinguished five degrees of humification which can be 

identified on the basis of their appearance under reflected light microscopy. Esterle 

(1994) distinguished various types of peat at megascopic and microscopic scale 

accompanied by chemical signature. Spectral analysis of the fluorescing components 

(cellulose tissues, some huminites and liptinite components) may provide valuable 

information not only about the degree of humification but also about the alteration and 

oxidation processes prior to burial (Hagemann and Dehmer, 1991; Dehmer 1993). In 

addition, maceral analysis of peat reflects the degree of preservation of tissues 
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(Sykorova et al., 2005) and quantifies the impact of wildfires (Glasspool and Scott, 

2013).  

The Cantabrian region of Spain is the southernmost area in Europe where the 

climate conditions are adequate for the development of ombrotrophic mires. These have 

been described in mountainous and littoral locations throughout the Cantabrian region 

(Fernandez Prieto et al., 1987, Pontevedra-Pombal et al. 2006). Organic geochemical 

studies on Asturian peats have increased in recent years (Ortiz et al., 2010, 2016; 

López-Días et al., 2010a and 2010b, 2013a, 2013b). This work presents an integrated 

biomarker and petrographic study of two peat profiles which cover the middle Holocene 

and the transition to the Late Holocene in the oriental part of Asturias. Both are located 

very close to each other and can be defined as blanket and raised bogs. Their organic 

input and the record of arid/humid events are discussed on the basis of preferential lipid 

concentrations, and degree of preservation of tissues providing an opportunity for 

discussing the sensitivity of both profiles to palaeoenvironmental variation. 

 

2. Geological setting 

 

The coastal Asturian mires have typically developed on top of a series of sub-

parallel, flat, east-west trending ridges (“rasas”) over a quartzitic substrate (Mary, 

1983). The densest area of littoral mires is located in the eastern part of Asturias close to 

the boundary with the province of Santander. The flat ridges on which the peat bogs 

have developed are the result of marine erosion surfaces over the Ordovician quartzite 

(Mary, 1983). The plane relief and an impermeable surface have prevented drainage, 

thereby favouring the accumulation of ombrotrophic peat. The studied bogs developed 

onto two different erosion surfaces situated at different altitudes. La Borbolla is a raised 
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bog (UTM 30 T 365813 4804949) with an extension of 8 ha situated at 227 m above sea 

level (masl) on a flat surface formed during the Miocene, whereas Buelna blanket bog 

(UTM 30T 369898 4805333) is located over a Lower Pliocene erosion surface at a 

height of 133 masl and covers an area of around 9 ha. A general view of both sites, 

located within a distance of 3.5 km, is shown in Figure 1.  

The climate in this region is of the Atlantic type with humid temperate winters 

and occasional droughts in the summer. Identified flora comprises Sphagnum, heather: 

Erica tetralix and Calluna vulgaris, grass as Molinia caerulea and sedges as 

Eriophorum angustifolium and Carex nigra. The pollen analysis revealed a significant 

amount of Betula, Alnus and Erica pollen (Menedez Amor, 1950). 

 

3. Methods 

3.1. Sample collection and preparation 

 

A semi-cylindrical peat core sample was taken with a manual Russian probe 5 

cm in diameter and 50 cm in length. The sampling site was chosen making transects and 

selecting the core with the thickest peat layer. The core was then cut into portions 

approximately 1 cm thick on the same day of collection and kept at -18ºC. The samples 

were freeze-dried prior to analysis to prevent peat alteration. In general, one out of 4 

samples was analysed, except in cases where there was significant variation in the 

parameters. In this case one out of two samples was selected. Only one sample was 

analysed from the uppermost and lowermost intervals corresponding to living 

vegetation and bottom sediment, respectively.  

 

3.2. Radiocarbon dating 
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Radiocarbon chronology based on Accelerator-Mass-Spectrometry (AMS) 
14

C 

dating was performed at the Centro Nacional de Aceleradores, Seville, Spain. Seven 

samples were analysed from La Borbolla and four from Buelna profiles. Prior to 

analysis identifiable roots which could belong to various levels of vegetation were 

removed. The sample was then treated with HCl to eliminate carbonates, NaOH to 

remove secondary organic acids and finally it was acid rinsed to neutralize the solution 

prior to drying. AMS results were obtained by reducing the carbon sample to graphite 

and using the corresponding standards and backgrounds. The conventional radiocarbon 

age represents the measured radiocarbon age corrected for isotopic fractionation, which 

was calculated from the 
13

C values. Calibrated dates (2σ) were calculated using the 

CALIB RADIOCARBON CALIBRATION PROGRAM (Stuiver et al, 2005) version 

CALIB 6.0 (Reimer et al., 2009) and the calibration curve INTCAL09 (Reimer et al., 

2009).  

 

3.3. Elemental analysis and ash yield 

 

The mineral matter content of the samples was calculated as ash yield by heating 

the samples up to 600ºC under air (100 mLmin
-1

) at a heating rate of 10ºCmin
-1

, after 

confirming the total absence of carbonates. The carbon, nitrogen and hydrogen contents 

were determined using a LECO CHN-2000 device. The carbon could be assumed to be 

organic as no carbonates were detected. Before analysis the samples were ground to 212 

m in an agate mortar  

 

3.4. Organic geochemical analyses 
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The samples were ultrasonically extracted for 1 h in dichloromethane/methanol 

solution (3/1). The sample/solvent ratio was kept at 1:20. After extraction, the solvent 

solution was filtered and the solvent was removed in a rotary evaporator and then dried 

under a nitrogen flow. The extracts were analysed using a gas chromatograph (GC) 

Agilent 7890A attached to a mass spectrometer (MS) Agilent 5975C equipped with a 

HP-5 capillary column with He as carrier gas. The GC oven temperature was 

programmed to rise from 35 to 300ºC at a rate of 3ºC min
-1

. This was followed by an 

isothermal period of 15 min at 300ºC. The internal standard used was n-Tricosane-d48. 

Patterns of n-alkanes were identified and quantified in the GC traces by comparing the 

retention times with an external standard prepared for this purpose. Other classes of 

compounds were identified on the basis of their mass spectra and their retention times 

by comparing them with previously published results (Philp, 1985; Peters et al., 2005). 

 

3.5. Organic petrography analyses 

 

Samples were embedded in epoxy resin and polished according to standard 

procedures for coal analysis (ISO 7404-2, 2009). The nomenclature applied for the 

classification of components followed that developed by the International Committee 

for Coal and Organic Petrology-ICCP (ICCP, 2001, for inertinite macerals, and 

Sykorova et al., 2005 for huminite macerals). In the case of huminite macerals the 

definitions have to be extended to include recent plant tissues and therefore, well-

preserved transparent tissues under white light with strong fluorescence are recorded as 

textinite, and often attrinite is also transparent in white light. Maceral analysis were 

carried out following essentially the ISO 7404-3 (2009) standard but under blue-light 

excitation, since a significant amount of the peat material was translucent and therefore 
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indistinguishable under reflected white light. The identification was confirmed under 

white light too. The amount of fluorescent components would probably be 

overestimated since particles or portions of fluorescent particle slightly under the 

surface would likely be counted. Reflectance was measured on the highest reflecting 

huminite macerals according to ISO 7404-5 (2009) and separate records were 

performed for corpohuminite, telohuminite and detrohuminite.    

 

4. Results  

 

4.1. Description of the profiles 

 

La Borbolla profile reaches a depth of 56 cm and consists of around 8 cm of 

living vegetation dominated by Sphagnum, followed by an interval of bryophytic 

reddish peat with abundant roots. From 28 to 42 cm the peat becomes darker, more 

compact and clayey. The following 6 cm are dark grey and silty and from this point to 

the end of the profile the sediment becomes lighter (Fig. 2). The Buelna blanket bog is 

placed on gentle slope. The sampled core reaches a depth of 87 cm. The first 15 cm 

consists of unconsolidated living vegetation with many roots. Up to a depth of 24 cm, 

roots are still abundant but the peat becomes more consolidated. The following 36-cm-

thick layer consists of compact dark reddish peat. This interval is followed by 8 cm of 

dark clayey material. The last 20 cm are a light grey siltstone with low organic content.  

 

4.2. Chronology 
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Table 1 shows the results of the AMS 
14

C dating of samples selected from the La 

Borbolla and Buelna profiles. The oldest sample dated from La Borbolla showed an age 

of 9152 cal. yr BP (2: 7356-7047 BC) at a depth of 43-44 cm. Below this sample, at a 

depth of 49-50 and 52-53 cm the age of the sediment was very close but slightly 

younger (8086 and 8994 cal. yr BP, respectively). The scattering in the ages of 

sediments with a low C content (~2%) can be interpreted as evidence of material 

reworking before the conditions for significant accumulation of organic matter were 

established. The age of the samples at depths 12, 23, 32 and 43 cm fits in well with a 

linear trend indicating an accumulation rate for the peat of around 0.05 mm/yr. The 

sample at 17 cm depth could have contained roots from younger plants because its age 

appears younger than that of sample 12 (3103 cal. yr BP). Considering that the upper 8-

cm-thick layer clearly shows signs of living vegetation, peatification might have ceased 

at this site around 2800 years ago.  

The four samples dated in Buelna also adjust well to a linear trend and the 

deepest sample dated (65-66 cm) yielded an age of 9483 cal. yr BP (2: 7613-7453 cal. 

yr BC), similar to that reported at the bottom of La Borbolla. The carbon content of this 

sample is below 7% and can be considered bottom sediment, although below this point 

there is a 20-cm-thick silt layer very lean in organic matter. From the trend shown in 

Figure 3, the first peat sample below living vegetation at a depth of 16 cm depth would 

have an age of 2044 cal. yr BP, a similar age to that observed for the end of peat growth 

in La Borbolla. The accumulation rate in Buelna profile was slightly higher (0.07 

mm/yr) than in La Borbolla (0.05 mm/yr). In both profiles a similar time interval is 

represented allowing comparison of the various proxies in two independent settings.  

 

4.3. Bulk composition of the peat 
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The ash yield, carbon content and some other relevant parameters for finding out 

about organic matter input and alteration in the profiles are shown in Figure 4. The 

parameters are plotted versus age that was calculated using the depth-age models of 

Figure 3. The ash yield in the raised bog is lower than 10% with rather small variations 

in the uppermost 26 cm (last 5500 cal. yr BP). In a 10 cm interval (from a depth of 26 to 

36 cm) the ash yield increases sharply from 10 to 84% and from this point down it 

slowly increases up to 96%. The variation of the ash yield in the profile indicates that 

the establishment of bog conditions occurs in an age interval comprised between 5500 

and 7500 cal. yr BP. In the Buelna profile, the ash yield in the uppermost 20 cm (less 

than 2500 cal. yr. BP) is around 10-15%, close to that observed in top of La Borbolla 

raised bog. The following 20 cm (2500-6000 cal. yr. BP) are characterised by an ash 

yield of around 30% that decreases downwards, staying at around 20% in the interval 

44-60 cm (6000-8500 cal. yr. BP). In the interval 60-68 cm (8500-9000 cal. yr. BP) the 

ash yield sharply increases (from 20 to 95%), remaining close to 95% until the bottom 

of the profile. As can be observed in Figure 4 the ombrotrophic conditions in Buelna 

were established 3000 years earlier than in La Borbolla. The variation of carbon content 

is the reverse of that of ash yield in both profiles while the N content follows a similar 

trend to that of C with some differences. In the 2000-3000 cal. yr BP interval a slight 

increase in N is observed in both profiles that could be interpreted as an acceleration of 

the destruction of organic matter based on the assumption that the alteration of organic 

matter results in a relative enrichment of N vs. C (Sternberg et al., 2007). The C/N 

atomic ratio decreases in this interval (particularly in the raised bog), then increases 

again for samples younger than 2000 cal. yr BP. Between 3000 and 7000 cal. yr BP the 

C/N atomic ratios in both profiles were close to each other, though slightly higher in La 

Borbolla raised bog. The values are typical for ombrotrophic bogs in the region 
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(Pontevedra-Pombal et al., 2006; Ortiz et al., 2010, 2016; Lopez-Dias et al., 2013). The 

H/C atomic ratio reflects differences in the nature of the organic matter accumulated. 

The organic matter in blanket bog profile is richer in H compared to that of the raised 

bog and this coincides with the generally lower extraction yields (Fig. 4). At the top of 

the profiles (last 2000 years) the extraction yields approach one another.  

 

4.4. Humification and level of tissue preservation 

 

Huminite reflectance would provide an indication of the degree of humification, 

although it should be taken into account that a significant part of lignocellulose tissues 

did not undergo even biochemical gelification and therefore reflectance values were 

taken on the lighter reflecting components. The number of readings varied between few 

points and around forty; measurements were taken on telohuminite, detrohuminite and 

corpohuminite (Fig. 5). The reflectance values were in the range 0.25-0.12% without 

significant differences between telohuminite and detrohuminite in both profiles. The 

number of readings increased towards the top in both profiles indicating a higher 

amount of gelified macerals, which was accompanied by slightly higher values in the 

topmost 20 cm of both profiles. This could be interpreted as an intensification of the 

humification processes as consequence of the stopping of peat growth and the seasonal 

dryness in the acrotelm increasing the amount of oxygen available. The lowermost part 

of the Buelna profile yielded few particles over 0.3% reflectance, measured on oxidized 

particles associated to high mineral matter levels. Corpohuminite generally showed 

higher reflectance values than both detrohuminite and telohuminite and the differences 

were larger in La Borbolla than in Buelna profile.  
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As shown in the maceral analysis (Table 2), huminite macerals are dominant, 

with inertinite ranging between 10 and 25% in the major part of the profile and liptinite 

being below 15%. Among the huminite macerals, textinite was the dominant maceral 

and a totally transparent variety with intense green fluorescence was separately recorded 

as textinite 0 (Fig. 6). This component was abundant in the topmost samples and sharply 

decreased with increasing depth. Comparatively the amount of ulminite, indicating a 

higher degree of gelification, was rather low. Among the structureless huminite 

macerals attrinite was dominant and only densinite reached a relevant proportion in the 

topmost part of BO profile. A Tissue Preservation Index for huminite macerals (TPIH) 

has been calculated to account for the structured huminite vs total huminite macerals 

and is plot in Figure 7, along with the maceral group concentrations in both profiles. 

TPIH decreased with age in both profiles, but was significantly higher in the raised bog 

(BO) profile than in the blanket bog profile (BU). Even not considering the oldest two 

points in BU profile, which correspond to samples with over 90% mineral matter, which 

are subjected to large calculation errors when percentages are expressed on mineral-free 

basis, a significant consistency in the variation of the maceral content with age is 

observed suggesting that this variation is palaeoenvironmentally driven. A peak in 

liptinite content is observed between 3500 and 4500 cal. yr BP, coinciding with a drop 

in inertinite content. The major liptinite maceral is sporinite, cutinite ranges from 0.5 

and 3% and the highest contents are in the upper part. Liptodetrinite has been restricted 

to unassignable fragments of very high fluorescence intensity (as those observed in 

pollen) since most variably fluorescing debris are likely to derive from lignocellulose 

tissues. Liptodetrinite is generally scarce and only increases coinciding with the liptinite 

peak in BO profile.  In both profiles inertinite is peaking between 5000 and 5500 cal. yr 

BP and the maximum occurs earlier in the blanket bog profile (BU) situated at lower 
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altitude. An additional maximum is observed in BU profile at 3000 cal. yr BP, which 

likely represents a more local phenomenon. Within the inertinite macerals, funginite is 

present throughout the profiles in amounts below 3% and reaches higher values in BU 

profile, whereas semifusinite is only present in the upper part of La Borbolla profile and 

coincides with lower inertodetrinite amounts. Fusinite and inertodetrinite are the most 

abundant inertinite macerals. The drop in inertinite occurring in the upper part of both 

profiles is mainly due to the lower inertodetrinite content in these intervals, whereas the 

abundance of fusinite is more regular throughout the profiles (Table 2). An 

Inertodetrinite Index (Idt index) reflects the relative proportion of inertodetrinite vs. 

inertinite (Fig. 7), which is higher in BU profile. It continuously decreases towards the 

top in La Borbolla profile suggesting a decrease in the level of inertinite fragmentation. 

In both cases the uppermost 10 cm of peat contain low inertinite proportion.  

 

4.5. Biomarkers 

 

The main families of compounds identifiable under the chromatographic 

conditions used in this study are marked in Figure 8 in which samples of similar age (ca. 

3200 and 7100 cal. yr BP) are shown for both peat profiles. The chromatograms show 

peaks corresponding to linear lipids of different molecular weight. The high molecular 

weight (HMW) homologues are thought to derive from plant wax and the medium 

molecular weight (MMW) ones from bacterial lipids (Eglinton and Hamilton, 1963). A 

more clear distribution of linear lipids is observed in the m/z 57-59 chromatographic 

traces (Fig. 9) which show predominant odd n-alkanes in the C15-C35 range with major 

peaks at C27 or C31 depending on the sample and odd n-alkane-2-ones (K13-K35) with 

major C27 or C19 members. Other linear lipids are even n-aldehyde with major peaks at 
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C22 and C18 in the raised bog and at C22-C26 in the blanket bog. These are thought to act 

as intermediates in the biosynthesis of n-alcohols from n-acids in higher land plants and 

can accumulate as components of cuticular wax (Prahl and Pinto, 2007). They are 

readily altered during diagenesis (Lehtonen and Ketola, 1990) and are preserved only 

under favourable conditions. Methyl esters with an even carbon number, formed by the 

methylation of fatty acids during the extraction process in the presence of MeOH, 

whose dominant counterparts are either C20 or C26 depending on the sample, are also 

found in the extracts.  

Among the triterpenoids both the bacterial-derived ones with a hopane structure 

(Ourisson and Rohmer, 1992) and vascular plant-derived ones with ursane, oleanane 

and lupane skeletons (Simoneit, 1986) are the dominant compounds. Sitosterol and 

stigmasterol derivatives, the most common steroids in the epicuticular waxes of higher 

plants (Baker, 1982; Bianchi, 1995), are the dominant steroids in the profiles. Prominent 

peaks in some samples correspond to alkyl benzene derivatives (Fig. 8), whose 

dominant representative is a methyl-dodecyl-benzene. Alkyl-benzenes have been 

reported to be present in coal wax and are thought to derive from the direct cyclization 

of straight-chain fatty acids or alcohols via a clay-catalyzing mechanism (Dong et al., 

1993), although they could also have an anthropogenic origin (Eganhouse et al., 1983). 

 

4.5.1. Linear Lipids 

 

Linear lipids such as n-alkane and n-ketone have a high stability and potential 

for self-preservation and their chain lengths can be associated to different sources (Bray 

and Evans, 1961), even within strictly terrestrial environments such as those of bogs. 

Peat-forming grasses tend to peak at n-C31 (Bi et al., 2005; Seki et al., 2010) and trees 
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and shrubs at n-C27 (Rieley et al., 1991). A high abundance of n-C31 is not only found in 

higher plants but also in Sphagnum magellanicum and S. capillifolium (Nichols et al. 

2006), although most Sphagnum species display maximum at n-C23, high amounts of 

n-C25 and low concentrations of n-C29 (Baas et al., 2000; Bingham et al., 2010). In 

general the Sphagnum species occupying the relatively drier hummock habitat have 

lower values of n-C23 and are dominated by the C25 and/or C31 homologues (Bingham et 

al., 2010). Based on these findings the n-C23/n-C25 ratio can be used as humidity proxy 

(Bingham et al., 2010). Other ratios which contain information about the hydrological 

regime are n-C23/n-C29, n-C25/n-C29, Paq (∑[C23,C25]/∑[C23,C25,C29,C31]), which can be 

used to estimate the bryophytic vs. vascular plant input and ratios such as n-C27/n-C31 

for woody vs. herbaceous input (Ficken et al., 2000; Nott et al., 2000; Pancost et al., 

2002; Nichols et al., 2006; Schellekens et al., 2011). The distribution of odd n-alkane in 

the studied profiles is shown in Figure 10. In both profiles a minimum concentration of 

n-alkanes is observed at around 5000 ca. yr BP. The HMW homologues predominate 

over the MMW compounds and the most recent samples have a high concentration of n-

C33 and n-C31, also n-C23 in the raised bog. The concentrations of n-alkanes throughout 

the profiles are very different. La Borbolla shows a higher concentration of n-alkanes 

than Buelna in the first 5000 cal. yr BP. A peak in the concentration of n-alkane in the 

blanket bog profile coincides with the commencement of organic matter accumulation. 

In the last 5000 cal. yr BP, the concentration of n-alkane in the raised bog is rather 

constant whereas a maximum occurs in the blanket bog profile in n-C29 concentration at 

3000-5000 cal. yr BP interval coinciding with higher mineral matter contents.  The 

concentration of n-C33 in the upper part of both profiles increases reaching values close 

to those of n-C31 in La Borbolla. A higher concentration of n-C33 than of n-C31 has been 

reported for different parts of Calluna vulgaris and Erica tetralis (Pancost et al., 2002) 
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and Juncus, all of which have been collected in the vicinity (Ortiz et al., 2011). In 

general longer chain lengths have been associated to drier conditions in regional studies 

(Feakins and Sessions, 2010).  The Average Chain Length calculated multiplying the 

amount of an n-alkane by its number of carbons over a given range referred to the total 

n-alkane concentrations allows comparing with a single parameter the variation of 

change length over the profile. In this study it has been calculated in the range C19-C33 

and only for odd n-alkanes (ACL19-33odd in Fig. 11). ACL19-33odd keeps values close to 29 

for the most part of Buelna profile increasing only at the bottom and in the last 3000 

years. The ACL19-33odd in La Borbolla is very similar before the raised bog period starts 

and then increases to later decrease in the last two millennia (coinciding with high Paq 

periods). The differences in Paq and ACL19-33odd trends are essentially due to the strong 

effect of n-C33 in ACL19-33odd, a compound found in high concentrations in the upper 

part of both profiles.  

HMW methyl-ketones have often been reported to occur in peat (Lehtonen and 

Ketola, 1990; Xie et al., 2004; Nichols and Huang,  2007; Zheng et al., 2007 and Ortiz 

et al., 2010) and recent organic-rich sediments (Wenchuan et al., 1999; Hernandez et al., 

2001; Xie et al., 2003; Xu et al., 2007; Zeng et al., 2011). Four possible sources of these 

compounds are currently under discussion: (i) direct input from peat-forming plants: K25 

and K27 are considered biomarkers of  Sphagnum (Nichols and Huang, 2007), high 

concentrations of K25 have been  found in seagrasses (Hernandez et al., 2001),  K29 and 

K17 have been associated to blue-green algae and submergent plants respectively in the 

Taihu Basin in China (Wenchuan et al., 1999) and some mosses enriched in K19 have 

been recently reported in Penido Vello, N Spain (Schellekens et al., 2015). The  

concentration of methyl-ketones in living plants has been shown to be significantly 

lower than in peat (Lehtonen and Ketola, 1990; Nichols and Huang, 2007; Ortiz et al., 
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2011); (ii) microbial oxidation of the related n-alkanes (van Bergen et al., 1998), the 

most widely accepted source of n-alkane in sediments (Jansen et al., 2008); (iii)  

oxidative decarboxylation of fatty acids (Volkman et al., 1981), proposed as the main 

origin of these compounds in the Zoigê-Hongyuan peat in West China (Zheng et al., 

2007) and in the Chines Loess Plateau (Bai et al., 2009); (iv) a microbial source 

associated to temperate raised bogs based on the higher isotopic signal of n-alkane-2-

ones compared to the n-alkanes (López-Días et al., 2013a). 

The concentrations of methyl-ketones are lower than those of n-alkane in Buelna 

and have maxima at similar intervals (Fig. 10), but the carbon number of the major 

compounds is not always coincident. Those with 23, 29, 31 and 33 carbons have 

relatively high correlation coefficients (R
2
=0.73-0.98), which might support a microbial 

oxidation path. Concentrations of K25 and K27 are higher than those of the 

corresponding n-alkanes and require an additional input, probably of Sphagnum spp. 

(Nichols and Huang, 2007). The R
2
 of n-C23, K25 and K27, all compounds associated 

with Sphagnum (Nichols and Huang, 2007; Bingham et al., 2010) are very high (Table 

3). The concentration of K19 methyl ketone is significantly higher than that of n-C19, 

requiring an additional input for K19, a characteristic frequently observed in the bogs of 

North Spain (Ortiz et al., 2010, López-Días et al., 2010b, 2013a, Schellekens et al., 

2011).  In addition, generally high R
2
 coefficients are obtained among the ketone 

homologues, except for K19, whereas the R
2
 among n-alkanes are significantly lower.  

The correlations are very different in La Borbolla raised bog. The different 

ketones tend to concentrate at similar intervals which do not necessarily coincide with 

those of n-alkane enrichment, as can be seen from the poor correlations between n-

alkanes and n-ketones with similar carbon numbers (Table 3). In the C19-C29 range 

ketones predominate over n-alkanes, whereas the concentrations of n-C31 and n-C33 are 
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higher than those of the corresponding ketones (K31 and K33). The K19 methyl-ketone 

increases towards the bottom, a characteristic that has also been observed in a Swedish 

peat bog (Lehtonen and Ketola, 1990). This was not the case in Roñanzas or Las 

Conchas profiles, located only a few km away, where high concentrations of K19 

extended throughout the whole three-meter profiles (Ortiz et al., 2010, 2016; López-

Días et al., 2013a). Methyl-ketones in bogs from North Spain have been recently 

attributed to a microbial source on the basis of the isotopic values, most probably 

associated with Sphagnum rich in n-C25 (López-Días et al., 2013a).   Nevertheless, the 

correlation coefficient between  K19 and n-C25 in La Borbolla is rather low (R
2
=0.61).  

The compound ratios allow different studies to be compared. Figure 11 shows 

the variation of some ratios that are of palaeohydrological significance. Paq (Ficken et 

al., 2000) while having similar values in the lower part of both profiles, indicate wetter 

conditions in the raised bog in the last 6000 years. This is reflected not only in the 

values of Paq, but also in those of n-C23/n-C29 and n-C23/n-C25 ratios. In addition the n-

C27/n-C29 ratio indicates an enrichment in leaf waxes in 5500-8000 cal. yr BP. This is 

evident in both profiles, although it has greater significance in the raised bog. Some 

ratios involving n-ketones have also been suggested as proxies for palaeohydrological 

conditions in the Hongyuan peat in China (Zheng et al., 2011).  One of the proposed 

ratios estimates the relative contribution of MMW to HMW ketones 

(∑[C23,C25]/∑[C27,C29,C31]-KET) in a profile with a relatively high contribution of K23. 

In the present case, the ratio has been adapted to include the concentrations of K19 in the 

numerator, which is characteristic of these peats. Figure 11 shows that except for a short 

period (6000-7000 cal. yr BP), the ratio is higher in the raised bog and this interval 

coincides with the high values of n-C27/n-C29 and with the fen period that led to the 

installation of bog conditions in the peat (Fig. 4).  
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4.5.2. Hopanoids 

 

 Hopanes are pentacyclic triterpanes ubiquitously found in sediments and 

petroleum and are readily identified in the m/z 191 mass chromatogram. The 

biohopanoids, although detected in several higher plants, ferns, mosses, fungi and 

protists, are particularly abundant in the membranes of cyanobacteria and bacteria living 

in oxygenated media and are generally considered as biomarkers for these organisms 

(Ourisson et al., 1987). Regular hopanes with different configurations at C-17 and C-21 

are present in the profiles with a carbon number from C27 to C31 (there being no C28 

member). The most abundant is 17, 21-homohopane (with an unstable R-

configuration), whose formation is favoured in the acidic environment typical for 

peatlands (van Dorselaer et al., 1977). The presence of homologues with an unstable  

configuration confirms the low maturity of peat. The concentration of regular hopanes, 

which is generally higher in the upper part of the profile, peaks at intervals with higher 

n-C23/n-C29 and n-C23/n-C25 ratios (Figs. 11 and 12). The 22,29,30-trisnorhopan-21-ona 

is also a prominent peak among the hopanoids and is present throughout the profile, 

maximizing in its upper half, but following a distribution that is not exactly coincident  

with that of the C31-homopane. 

 Other hopanoids in the samples have a diplotene (C30 hop-22(29)-ene) 

configuration, a compound which is considered to be directly inherited from living or 

recently decayed microorganisms (Ries-Kautt and Albrecht, 1989). This compound 

tends to transform into hop-21(22)-ene and hop-17(21)-ene in acid catalyzed reactions 

(Ageta et al., 1987). Of these compounds, the C27 and C30 homologues with a double 

bond in the 17-21 position were identified in the peat profiles in small amounts and the 
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presence of their acetyl and ketone derivatives, functionalized at the C-3 position, is 

restricted to the upper part of both profiles (Fig. 12). The Hop-22(29)-en-3-one and its 

acetate are also present in the upper part of the profile.  Hopanoids with oxygen 

functionalities at the C-3 position and no extended side chain, are considered to derive 

from oxidosqualene rather than squalene, and are associated to higher plants 

(Kanneberg and Poralla, 1999). The 17(21)- and 22(29)-hopen-3-ones follow a very 

similar distribution in both profiles with the former predominating over the latter and 

maximizing at a depth of 10-20 cm in the profile. The maxima do not coincide with 

those of regular hopane concentrations (Fig 9). This discrepancy, together with the fact 

that the hopen-3-ones are more abundant than the regular hopanes, suggests a different 

source for both classes of compounds. The period of high concentration of hopen-3-

ones coincides with the last period of regular peat accumulation. 

 

4.5.3. Higher-plant triterpenoids 

 

Among the triterpenoids associated with the higher plants input, derivatives with 

oleanane (I), ursane (II), friedelane (III), bauerane (IV), simiarenane (V) and lupane 

(VI) skeletons, whose structures are shown in Figure 13, have been identified. They 

elute in the high boiling point region of the chromatograms (Fig. 8) and generally have 

ketone or acetyl functionality at carbon C-3. The amounts of the different compounds 

are shown in Figure 14. Overall higher plant-derived triterpenones concentrate in the 

upper part of the La Borbolla profile and follow distributions that peak at similar 

intervals, with friedelin folding at least ten times the concentration of other triterpenoid 

ketones, and lupanone and bauerenone following a different concentration pattern.  The 

concentration of -amyrenone (urs-12-en-3-one), -amyrenone (olean-12-en-3-one) and 
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simiarenone (D:B-Friedo-B´:A´-neogammacer-5-en-3-ona) peaked at around 2400 and 

4000 cal. yr BP and the friedelin concentration (DA-friedooleanan-3-one) has an 

additional peak at 5500 cal. yr BP. Lupan-3-one in La Borbolla profile could only be 

quantified separately in a couple of samples, and has comparatively high values at 4800 

cal. yr BP, an interval in which the contentration of other triterpenoid ketones is low. 

The concentration bauerenone (D:C-Friedours-7-en-3-one) has higher values at around 

3000, 6000 and 8000 cal. yr BP. Concentration maxima are observed in the acetyl-

derivatives at similar intervals to those of the ketones for the 2400 and 5500 cal. yr BP 

intervals, and slightly earlier in the case of the 4700 cal. yr BP maxima (ketones peak at 

4000 cal. yr BP), a phenomenon which is particularly important for the 3β-lup-20(29)-

en-3-yl acetate. As in the case of bauerenone, bauerenyl acetate had a different 

distribution to the other triterpenyl acetates, peaking at the same intervals as ketone, but 

with a wider distribution and in greater abundance (Fig. 14).  

In the blanket bog profile, the concentration of triterpenoid derivatives is lower 

than in the raised bog, except for bauerenyl acetate. The concentrations of all the 

ketones parallel each other, with different compounds predominating at different 

intervals. In the lower part of the profile lupanone and bauerenone have the highest 

concentrations whereas in the upper part, bauerenone decreases significantly and both 

friedelin and lupanone are the dominant ketones with their highest values at 5500 and 

4000 cal. yr BP. The concentration of acetyl derivatives is lower in this profile except in 

the case of the bauer-7-en-3-yl acetate, which has very high concentrations in the 

lower part of the profile (Fig. 14).  

Triterpenoids with lupane, ursane, oleanane and friedelane skeletons have a 

typically low specificity and are considered as markers of angiosperms (Cranwell, 1984; 

Simoneit 1986). Friedelane and ursane derivatives have been reported in high amounts 
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in the roots of Ericaceae (Pancost et al., 2002), typical peat-forming plants in the area 

(Mary et al., 1973; Ortiz et al., 2011). The distribution of the bauerane derivatives 

requires an additional source. These compounds have been associated with the input of 

Asteraceae reported in open grasslands (Lavrieux et al., 2011). Bauerane derivatives are 

mainly associated with the period with high mineral matter content in La Borbolla and 

with the initial period of bog conditions in Buelna. The occurrence of other triterpenyl 

acetates with similar distribution to that of the corresponding ketones could be 

associated with a postdepositional reaction caused by the persistence of acetate in the 

profile. Thus the formation of either ketones or acetates would depend on the 

availability of acetate and the relative stability of both molecules. Friedelin is much 

more abundant than its acetate, whereas bauerenyl acetate is more abundant than its 

ketone in both profiles. More similar concentrations are observed for the ursane, 

oleanane and lupane derivatives (Fig. 14). 

 

4.5.4. Steroids 

  

 The chromatogram of the total extract also showed steroid alcohols and ketones 

(Fig. 8), probably derived from higher plants (Hinrichs and Rullkötter, 1997). The most 

abundant are Stigmast-4-en-3-ona and 5-Stigmastanona, which have been identified in 

Ericaeae remains (Pancost et al., 2002). In La Borbolla profile the sterones are more 

abundant than in Buelna and have a similar distribution to that of the bauerane 

derivatives. This is not the case in Buelna, where the sterones show a higher 

concentration in the upper part of the profile. Overall both hopanoids and higher plant 

triterpenoids are comparatively more abundant than steroids in Buelna profile compared 

with La Borbolla.  
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5. Discussion  

 

The study of two neighbouring relatively short peat profiles, representing a long 

period of time, developed on siliceous substrate at very low and similar (0.05-0.07 

mm/yr) growth rate allows the establishment of similarities and differences between the 

two peatlands.  La Borbolla mire with a slightly domed surface can be considered a 

raised bog not only because of the geomorphology but also for the low mineral matter 

content (<10%). The establishment of the bog conditions lasted 2000 yr  and dated back 

to 5500-7500 cal. yr BP (Middle Holocene), during which a pool infilling likely 

occurred. The blanket bog mire initiated on a smooth slope 3000 years earlier than the 

raised bog and developed relatively fast (500 years).  The first part of the Middle 

Holocene (from 8000-7500 to 5500 cal. yr BP) reflect enrichment in woody plants in 

both Buelna and La Borbolla profiles as determined n-alkane ratios. Bauerenyl 

derivatives, attributed to Asteraceae are the only higher plant triterpenoid found in 

significant amounts in this period, and the presence of plants of this family is confirmed 

by the petrographic studies (Fig. 15). The nearby Roñanzas peat profile also records a 

vegetation change from vascular plant-rich (Middle Holocene) to Sphagnum-dominated 

peat (Late Holocene) as indicated by the higher-plants triterpenoids (López-Días et al., 

2013b) and the transition occurs later (at around 4000 cal. yr BP) than observed in  La 

Borbolla. 

The last part of the Middle Holocene appears to have been more humid in La 

Borbolla (6000-4000 cal. yr BP), and is followed by drier conditions at the beginning of 

the  Late Holocene, which turns more humid in the last 2500 cal. yr BP.  The Buelna 

profile (blanket mire) appears to be dominated by a more herbaceous vegetation  as 
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shown by high n-C31, n-C33, and occasionally n-C27, relatively low but rather constant 

presence of higher plant triterpenoids (dominated by friedelin and lupanone) and low 

values of ratios reflecting moss input (Paq, n-C23/n-C25 and n-C23/n-C29).  The Buelna 

floral association appears to be less sensitive to climate variation than the Sphagnum-

rich vegetation. 

The humid/arid intervals recorded in La Borbolla are also represented as 

pulsating intervals in the nearby Roñanzas profile, which showed a higher growth rate 

(Ortiz et al., 2010; López-Dias et al., 2013b). Other studies of peat profiles in the 

geographical area (Las Conchas) indicated that local hydrology and drainage from the 

nearby Cuera Range ensured humid conditions in this record over the entire Holocene 

(Ortiz et al., 2016) masking the changes attributable to climate variation. 

Studies based on palynology of a 13000 years old glacial lake sequence in the 

region (Lake Enol) and of other peat profiles (Mary et al., 1973; Fábregas Valcarce et 

al., 2003; Muñoz Sobrino et al., 2004; Magny et al., 2007; López-Merino et al., 2010; 

Moreno et al., 2011; Rubiales et al., 2012) indicate a warm and dry Middle Holocene 

followed by a wet and cold Late Holocene. The present study reflect little oscillations of 

climate in the blanket bog compared with the raised bog and overall more humid 

conditions in the raised bog, in particular in the last couple of millennia.    

The petrographic composition of the peat profiles indicates a high level of 

lignocellulose tissue preservation (TPIH) in agreement with the high C/N ratios typical 

for mostly ombrotrophic records. The higher TPIH is recorded in the raised bog, 

associated to higher moss contributions, and would indicate that these tissues are more 

resistant to alteration. The record of passed fire events is essentially represented by 

inertodetrinite, which is the most abundant inertinite component. The fact that most of 

the charred material is formed by small tissue fragments suggests their derivation from 
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unlignifed tissues as could be expected from moss and herbaceous plant tissues. The 

amount of inertinite is relatively high and rather similar for both peat profiles indicating 

that this characteristic is probably related to the low growth rate of both peats, giving 

time for tissue mouldering and desiccation. The upper levels have lower inertinite 

contents. Peaking at around 5000-5500 cal. yr BP there is an increase in inertinite 

recorded in both profiles, whereas a peak at 2500-3000 cal. yr BP is only registered in 

the blanquet bog and could be related with a local episode.   

Peat accumulation ceased 2500 years ago in the Buelna and La Borbolla sites 

and the uppermost peat has developed under more humid conditions and maintains a 

higher index of tissue preservation. This level coincides with the acrotelm and the 

huminite reflectance indicates a higher level of humification to which likely contributed 

oxy-bacteria as indicated by regular hopanoid concentration.  

 

 

6. Conclusions 

Two condensed peat profiles from a raised bog and a blanket bog within a 

distance of 3.5 km, covering the Middle and the transition-to-Late Holocene in the 

North of Spain have been studied for organic petrology and geochemistry with the focus 

being placed on their ability to record environmental changes. Both have a similarly 

slow accumulation rate and cover a similar time span, stopping around 2500 years ago 

which facilitates the comparison, although peat began accumulating later in the raised 

bog. Some typical characteristics of Asturian peats such as a high amount of nonadecan-

2-one (K19) and high concentrations of triterpenyl acetates have been observed in these 

profiles indicating that the specific conditions, probably associated to wet temperate 

climate, were widespread throughout the region.  
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The two peat profiles have some specific characteristic that differentiate each 

other: The raised bog is more bryophytic has lower mineral matter content and higher 

C/N ratio and extraction yields compared to the blanket bog; the latter resulting in a 

generally higher concentration of biomarkers. It has a relatively high concentration of n-

alkane-2-ones compared to n-alkane of similar carbon number, suggesting an additional 

source for the n-ketones and the proxies for humidity indicate that developed under 

more humid conditions. The bryophytic peat has a higher Tissue Preservation Index for 

huminite macerals (TPIH) indicating a higher resistance to decay of bryophytic 

vegetation. The blanket bog is dominated by herbaceous vegetation, has a more regular, 

although lower, concentration of higher plant and hopanoid triterpenoids throughout the 

profile and the high correlation coefficients between concentration of n-alkane and n-

ketone suggest a related origin for both compounds classes. A lower variability of 

humidity proxies is recorded in the blanket bog compared to the raised bog.    

Both profiles have a significant amount of inertinite, predominantly 

inertodetrinite, a characteristic which is probably related with the very low growth rate.  

The inertodetrinite index peaks in both profiles at a level probably associated to wild 

fires (5000-6000 cal. yr BP). Both profiles can be considered analogues for inertinite-

rich coals since the amounts in a sediment which has not been yet compacted and 

dehydrated is between 10 and 25%. 

The huminite reflectance appears to be related at this mild maturation stage more 

with differences in the oxidative conditions than with variation of peat maturity. It is 

higher in the levels with high mineral matter content at the beginning of organic matter 

accumulation and also in the upper part of the profile exposed to seasonal desiccation.  

The concentration of hopanoids derived from bacteria in the upper part of the profile 
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(acrotelm) coincides with a larger amount of material reflecting biochemical 

gelification. 
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Figure Captions 

 

Fig.1. General view of the raised bog (left: La Borbolla) and blanket bog (right: Buelna) 

estudied. 

 
Fig. 2. Location of the study sites and lithological description of the profiles.  

 

Fig. 3. Age-depth models for La Borbolla and Buelna profile.   

 

Fig. 4. Variation of some bulk chemical parameters along both peat profiles. Solid 

symbols=La Borbolla, voids=Buelna  

 

Fig. 5. Reflectance of huminite (HRr) sub-macerals measured in the two peat profiles; 

ch=corpohuminite, dh=detrohuminite, th=telohuminite  

 

Fig. 6. Photomicrographs of the most common macerals in the peat profiles (oil 

immersion, left: under blue-violet light excitation, right: under white reflected light)  

 

Fig. 7. Variation of maceral group composition and petrographic indices with age. 

TPIH=Tissue Preservation Index calculated for huminite macerals  Idt Index=relative 

proportion if inertodetrinite to inertinite. 

 

Fig. 8. Total Ion Current (TIC) Chromatograms of the total extracts showing the 

variation of biomarkers at different depths in the two profiles. The subscripts indicate 

the number of carbons in the corresponding compound (Cn, Kn, En).  

 

Fig. 9. Chromatograms of the ion m/z 57-59 of the extracts showing n-alkane (Cn), 

aliphatic esters (En), aliphatic aldehydes (An)  and methyl ketones (Kn) at different 

depths. The subscripts indicate the number of carbons in the corresponding compound. 

 

Fig.10. Concentration of odd n-alkanes and methyl-ketones in La Borbolla and Buelna 

profiles.   

 

Fig. 11. Ratios based on linear lipid concentrations in La Borbolla and Buelna profiles. 

Solid symbols=La Borbolla, voids=Buelna. ACL=Average Chain Length calculated for 

odd n-alkanes in the interval C19-C33; ACL=∑(n-C19*19+…+n-C33*33)/(n-C19.+…+ 

n-C33).  MMW and HMW=Medium and High Molecular Weight, Paq after Ficken et al., 

2000. See text for explanation. Shadow areas=Humid periods. 

 

Fig.12. Concentration of hopanoids derivatives in the peat profiles. Solid symbols=La 

Borbolla, voids=Buelna  

.   

Fig.13. Structures of higher plant triterpenoids mentioned in the text.  

 

Fig.14. Concentration of higher plant triterpenoids in the peat profiles. The arrow after 

the compound indicates that concentrations for these compounds should be read in the 

bottom abscise axis. 

 

Fig.15. Some examples of Asteraceae pollen in the peat profiles. Blue-violet light 

excitation. 
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