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Streams and reservoirs in the Harz National Park expe-
rience high dissolved organic matter (DOM) concentra-
tions, the cause of which is unknown. We studied po-
tential sources of DOM by means of pyrolysis-GC-MS
(Py-GC-MS). The biological materials include vegeta-
tion samples (spruce, birch, blueberry, heather, sedge,
grass, peat moss, epiphytic moss), microbial sources
(epilithic biofilm, lichen, fungi) and excremental fab-
ric. In addition to ground biological samples (bulk or-
ganic matter; BOM), their leachates (water extraction
of BOM samples followed by filtration; WEOM) were
analyzed, to obtain knowledge on solid-liquid transfer
effects. Results of BOM showed potential for molec-
ular provenancing on the basis of relative proportions
of major biopolymers (lignin, polysaccharides, tannin,
resin, etc.) and specific products (biomarkers). Even
though WEOM had lower molecular diversity than
BOM, identified molecular features of WEOM can be
useful to identify potential sources of environmental
DOM. Unsubstituted guaiacol prevails among the py-
rolysis products of the WEOM of spruce samples (es-
pecially wood), which probably originates from py-
rolytically decarboxylated vanillic acid moieties. The
other plant materials produced a more diverse finger-
print of phenols, guaiacols and syringols, which can be
used to distinguish gymnosperm-derived DOM, peat-
land vegetation and angiosperm trees and shrubs. Sev-
eral other O-containing moieties such as benzoic acids,
benzaldehydes and indanones (not present in BOM)
were also frequent products of WEOM. These results
lay the foundation for future interpretations of environ-
mental DOM samples’ molecular fingerprints.

Keywords Harz Mountains; dissolved organic matter; Py-GC-
MS; biological sources.

1. INTRODUCTION

The Harz National Park in Central Germany is suffering
major ecological alterations which are best reflected by two phe-
nomena. Firstly, the massive deterioration of the Norway spruce
(Picea abies) stands that dominate the forest biome. It is widely ac-
cepted that this is due mainly to the damage caused by the bark
beetle (Ips typographus), which attacks and eventually kills trees
that are in a physiologically weak state (Overbeck and Schmidt,
2012). Heat waves reduce the fitness of Norway spruce and
increase its vulnerability to bark beetles (Arnberger et al., 2018),
linking the forest degradation to global warming. Secondly,
there has been a strong increase in the amount of dissolved or-
ganic matter (DOM) that is being transported by streams and
rivers into the large number of freshwater reservoirs in the Harz
(Broder and Biester 2015; Broder et al., 2017), giving rise to pro-
found brown/red colours of the surface waters. These reservoirs
are used as a source of drinking water. In the water treatment
pipeline, DOM and organically bound pollutants require drastic
use of chemicals, which also create environmentally hazardous
substances such as chlorine disinfection by-products including
trihalomethanes (Matilainen et al., 2011).

The cause of the increase of DOM and associated pollutants
fluxes has not been determined yet. It is commonly thought
that enhanced decay of the mountain peatlands is the main
source. The underlying mechanism could be climate change
(warmer conditions) accelerating peat decay by lowering the
water table, or a stimulated peat decay rate due to the general
cessation of acid rain impacts since the late 1990s (hence, re-
equilibration after environmental deterioration) (Vogt, 2003).
However, enhanced DOM release from forest soils due to either
decomposing spruce debris or enhanced microbial alteration of
soil organic matter (SOM), possibly related to climate change as
well, can also play a significant role (Kaal et al., 2017).

The project DOMtrace (DFG 419258863), of which this is
the first contribution, uses the DOM in the streams and reser-
voirs of the Harz Mountains to identify what ecological factor
is stimulating DOM release and which habitat is subjected to
the strongest environmental change in terms of re-equilibrating
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OM dynamics (Amon et al., 2012). There are numerous bio-
logical (vascular plants, phytoplankton, zooplankton, bacteria,
fungi, arthropods, etc.) and thus biomolecular (polysaccharides,
protein, lipids, lignin, chitin, peptidoglycan, terpenoids, etc.)
precursors of freshwater DOM and many processes involved
in its formation and alteration. As a consequence, DOM is one
of the most complex and challenging types of natural organic
substances (Hedges et al., 2000). Due to this complexity, a de-
tailed analyses of possible sources of DOM is needed to create a
reference molecular database to which the stream and reservoir
DOM can be compared eventually.

Pyrolysis techniques such as Py-GC-MS are valuable tools
for rapid screening of organic matter in environmental sam-
ples (Derenne and Quénéa, 2015; Kögel-Knabner and Rumpel,
2018). For the present study, a series of biological materials
were selected on the basis of their hypothetical role in the catch-
ment. Hence, we selected various materials of dominant tree
species in the forests (Norway spruce and birch), blueberry (an
important member of understorey vegetation in both spruce and
birch stands), heather (important member of the peatland veg-
etation), peat moss (Sphagnum), herbaceous material from the
floodplain of the Ecker stream and a random sedge sample. Fur-
thermore, samples from an epiphytic moss, lichen, fungi (fruit
body), epilithic biofilm (from the Ecker stream), green algae and
deer excrement were considered as representatives of several
other sources.

Besides the examination of the bulk biological materials
(BOM), we study the dissolved fraction of water-extractable
organic matter (i.e., WEOM, filtered leachates). The comparison
of the molecular composition of BOM and WEOM fractions, by
means of Py-GC-MS, aims to create the necessary framework to
identifying the sources of DOM in the environment (catchments,
streams and reservoir), and estimating their relative contribu-
tions. This is the first time that a detailed ecosystem-targeted
fingerprinting of potential sources has been performed using
BOM and WEOM as reference materials to eventually study
environmental DOM.

2. MATERIALS AND METHODS

A. Sample selection
Samples were collected during several DOM sampling cam-

paigns in the Ecker catchment in 2018 (Table 1). Due to the pos-
sible importance of Norway spruce, not only in terms of plant
cover, but also in terms of litter production (vast amounts of de-
caying dead spruce logs), the biological materials of this species
was studied in more detail than the other sources, separating
different plant organs (wood, needles, bark and cones). Further-
more, two samples of dead spruce trunks were taken, both of
which had a reddish appearance and the wood could be easily
crumbled, indicative of a profound effect of decomposition. The
managers of the National Park leave felled logs of spruce trees,
presumably killed by the bark beetle, on site for decay. Of the
spruce logs, a qualitative degree of alteration was based on the
fragility of the material (dead log 2 is more decomposed in that
sense; Table 1). The other higher plant sources were sampled
by mixing wood/stem, leaf/needle and bark materials. Some
microbial sources were included as well, most of which have
not been identified precisely. As for the Poaceae, Cyperaceae
and moss epiphyte samples, the uncertainty in source is accept-
able because the fingerprints are assumed to be only roughly
representative of the order or class organism they belong to. The
examination of useful molecular features from the pyrolyzates

does not solely rely on these pyrolyzates, but also on Py-GC-
MS literature where multiple plant types were compared (e.g.,
Schellekens et al., 2012).

Samples were dried at 50 °C for ten days and shredded to
a homogenous and manageable sample; the goal is to obtain a
finely divided sample and increase its surface area in contact
with the aqueous phase during the leaching process.

B. Production and isolation of WEOM
Water-extractable OM was obtained by creating a suspension

of ground biological materials, i.e. 0.4 to 0.8 g dry BOM [with
the exception of the epilithic biofilm and green algae samples
(0.05 g) due to limited sample availability] and distilled wa-
ter (25 ml), in 50 ml polyethylene tubes. The suspension was
maintained horizontally on a linear shaking device for 2 hrs,
followed by 10 min of sonication, aiming to disrupt the fabrics
and enhance the release of organic matter. This sequence of
homogenization/sonication was performed three times, after
which the suspensions were left overnight on the shaking instru-
ment. The next day, the suspensions were centrifuged (3000 rpm,
10 min) filtered through 0.45 µm cellulose nitrate membrane fil-
ters (by means of vacuum), isolating the WEOM. Two ml of the
resultant WEOM solutions were used to measure total organic
carbon content (data not available yet). The remaining solution
was evaporated at 40 °C. For clarity, the sonication-stimulated
WEOM is thought to mimic the abiotically produced leachate
DOM in the natural environment. Given that it is performed
in plastic material, the sonication step is expected to have very
little effect on WEOM release but it might have stimulated some
cell lysis as it caused a mild change in the colour of some of the
suspensions.

The experimental procedure for generating leachates of bio-
logical materials is very diverse, including differences in tem-
perature (hot-water extraction is more efficient), salt used to
enhance the extraction efficiency (here avoided because salts
will affect decomposition pathways during the pyrolytic reac-
tions) and filter size (e.g., Zsolnay, 1996; Chantigny, 2003). Hence,
any WEOM is operationally defined and our procedure aimed
to have as little effect on molecular composition as possible. The
WEOM samples have also been incubated to examine microbial
decay effects (cf. Moore and Dalva, 2001), but those attempts
so far produced insufficient DOM (suffice it to mention that
only the residue of sedge materials generated enough material
for Py-GC-MS analysis, and that the resultant chromatogram
resembled that of the WEOM leachate).

C. Pyrolysis-GC-MS
Pyrolysis-GC-MS was performed using the same method as

that used by Kaal et al. (2017) for the study of DOM in the Oder-
sprung system. For BOM, approximately 1 mg of dried material
was inserted into quartz wool-containing quartz tubes. The
WEOM was redissolved by addition of 1 ml of H2O and a plug
of pre-combusted quartz wool. Then, the solvent was evapo-
rated again to concentrate the WEOM on the quartz wool, which
was then inserted into quartz tubes. The BOM and WEOM were
analyzed using a pyrolyzer from CDS (Pyroprobe 5000) that was
coupled to an Agilent 6890 gas chromatograph, which in turn
was interfaced with a 5975 mass selective detector from Agilent.
The pyrolysis set-point temperature was 650 °C. The gas chro-
matograph was equipped with a HP-5MS (non-polar) column.
For the WEOM, sample concentration efficiency on the quartz
wool could not be controlled, giving rise to large differences
in signal intensity of the pyrolysis chromatograms. For some
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Table 1. List of biological sources and reference to figures of corresponding chromatograms.

Type Source Plant organ Lab code Figure

Plant Picea spruce wood (living) H0480a 1

Plant Picea spruce wood (log 1) H0479 1

Plant Picea spruce wood (log 2) H0484 1

Plant Picea spruce bark H0480c 2

Plant Picea spruce needles H0480b 2

Plant Picea spruce cone H0480d 2

Plant Betula birch mixed litter H0485 3

Plant Vaccinium blueberry mixed litter H0476 3

Plant Calluna heather mixed litter H1506 3

Plant Poaceae grass mixed litter H0477 4

Plant Cyperaceae sedge mixed litter H0487 4

Plant Sphagnum peat moss mixed litter H1507 5

Plant Epiphytic moss mixed litter H0478 5

Microbial Lichen - H0481 5

Microbial Excrement (deer) - H0483 4

Microbial Mushroom - H0482 6

Microbial Epilithic biofilm - H0486 6

Microbial Green algae - H1511 6

samples of which poor data was obtained, the quartz wool was
rewetted and rubbed against the bottom of the centrifuge tube,
and re-analyzed.

D. Data evaluation
Pyrolysis-GC-MS chromatograms of the BOM and WEOM

were evaluated qualitatively. A list of 150 products was obtained
by denoting the main peaks in each of the chromatograms of
the BOM samples (Table 2, see end of document). The pyrolysis
product numbers in Table 2 are used to label the peaks in the
chromatograms of both BOM and WEOM. For several of the
WEOM samples signal intensities were too low and those chro-
matograms were discarded. Finally, a qualitative comparison
was made between the results of environmental DOM from the
Odersprung stream (Broder and Biester, 2015; Kaal et al., 2017),
located nearby the Ecker stream, and the results from the BOM
and WEOM from the potential source materials in the Ecker
catchment.

3. RESULTS AND DISCUSSION

A. Vascular plant materials
A.1. Norway spruce materials

For spruce, the BOM samples of xylem from living spruce
wood produced a Py-GC-MS fingerprint typical of gymnosperm
wood in general, i.e. dominated by the products of polysaccha-
rides (acetic acid, cyclopentenones, furans, furaldehydes, pyrans
and anhydrosugars) and of lignin of the guaiacyl (G) type (gua-
iacol and various guaiacols with diverse substitutions on the
C1 carbon atom) (Figure 1). Furthermore, multiple products

of abietane diterpenes were identified, such as dehydroabietic
acid (DHA) derivatives and retene. Guaiacyl dimer products
could also be identified, such as the often observed m/z 272 and
m/z 298 compounds (Evans et al., 1986; van der Heyden and
Boon, 1994; Dijkstra et al., 1998; Dufour et al., 2013). The link
between the guaiacyl groups of these dimers can be of B-O-4,
phenylcoumarane or diarylpropane nature (Evans et al., 1986;
Kuroda et al., 2010). Guggenberger and Zech (1994) also found
these compounds using Py-FIMS of spruce forest litter. These
compounds have not been identified in the pyrolyzates of the
other lignin-containing biological materials (see below), or are
present in much lower abundances (e.g., birch), suggesting that
the molecular conformation of spruce lignin favours the produc-
tion of dimers during pyrolysis. These products may be useful
to evaluate the proportion of spruce-derived guaiacyl groups to
total guaiacyl groups, and to determine the alteration state of
this lignin fraction.

The WEOM from the branch wood of Norway spruce (Figure
1) reveals a remarkable dominance of guaiacyl lignin deriva-
tives with no side-chain substitution, i.e. guaiacol. This was
also observed for environmental DOM from the Odersprung
(Kaal et al., 2017), and in that case the THM-GC-MS data
(“pyrolysis-derivatization” using tetramethylammonium hy-
droxide (TMAH)) showed that the 3,4-dimethoxybenzoic acid
methyl ester (G6) prevailed. This compound G6 is the methy-
lated (by TMAH) product of vanillic acid (guaiacol with a car-
boxylic acid group at C1 position). Hence, it is concluded that
the Py-GC-MS product guaiacol formed mainly upon decarboxy-
lation of vanillic acid. The minor peaks with a guaiacyl group
showed another interesting difference with the G-products of the
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BOM of the same material. These peaks correspond to vanillin
(4-formylguaiacol), vanillic acid, vanillic acid methyl ester, 4-
acetylguaiacol, 4-propan-2-one-guaiacol and an unidentified
product with m/z 151 (base peak), 123, 108 and probably 194
(M+), which could be guaiacol with a C3H5O2 group (hence,
coniferyl alcohol with an additional ketone group). The pre-
dominance of guaiacol and detection of compounds like vanillic
acid methyl ester, suggest that the guaiacol in the WEOM is
largely deacylated vanillic acid that was esterified to the lignin
backbone. Indeed, absence of G units with propanoid groups
(which are formed upon pyrolysis of B-O-4 bonds) is in agree-
ment with a negligible contribution of intact macromolecular
lignin to the WEOM samples. It seems likely that the production
of the leachates favoured the hydrolysis of acylated vanillic acid
rather than mobilization (depolymerization) of the lignin itself.

Besides G-based products, the WEOM showed several peaks
of carbohydrates, in particular 3/2-furaldehyde and 5-methyl-
2-furaldehyde and perhaps benzofuran is a product of carbo-
hydrates as well. Phenol was also a significant peak. Another
product gave m/z 115, 145 and 160 and could correspond to
a dimethylindanone or isopropenylacetophenone (i.e. acetyl-
styrene), the former option of which is considered more likely
due to detection of other indanones. This set of compounds
shows the pyrolysis fingerprint of spruce lignin-derived WEOM,
which is clearly very different from that of the pyrolyzate of the
POM, in great detail. It is concluded that signal of spruce lignin
is probably relatively easily identified in DOM on the basis of
the guaiacol dominance and vanillic acid products. The release
of G6 upon (abiotic) leaching due to deacetylation may also ex-
plain why DOM samples tend to have such high G6/G4 ratios
(e.g. van Heemst et al., 2000; Jiang et al., 2017). This proxy may
therefore not reflect the degree of biological alteration of lignin
(the WEOM is assumed to be unaffected by biological decay).
Lignin dimers and resin products were below the detection limit.
Both the BOM and the WEOM are virtually devoid of long-chain
aliphatic products and nitrogen moieties.

The chromatograms of the BOM samples from the decom-
posing spruce logs clearly show the loss of polysaccharide sig-
nals and the relative enrichment of the peaks from guaiacyl
lignin (Figure 1), when compared to the results of the extant
wood (cf. Filley et al., 2002). In addition, products of oxidized
lignin seemed to increase relative to the other G products in
the decomposed wood samples, especially vanillin but also 4-
acetylguaiacol (Guggenberger and Zech, 1994). However, con-
trary to the latter study, a decrease in coniferyl alcohol was not
apparent, and in general terms the chromatograms of the BOM
samples of the logs were quite similar to that obtained from
living wood. The chromatograms of the WEOM of the decom-
posing wood samples were of poor quality, but as was observed
for fresh branch wood, the fingerprints were dominated by un-
substituted guaiacol. The poor quality of the chromatograms
could be an indication of (1) the imperfection of the WEOM sam-
ple introduction method and thus need for use of larger amounts
of material for the isolation of WEOM, and/or (2) that early de-
composition eliminates preferentially those lignin groups that
tend to be mobilized into the WEOM fraction so that the decom-
posing logs release less WEOM than fresh wood.

The pyrolyzate of the BOM sample of bark material (Figure 2)
of living Norway spruce shows the same dominance of G-lignin
products as observed for the wood samples, and large peaks for
multiple products of polysaccharides including levoglucosan.
The peaks of fatty acids are higher for bark than for wood, and
not limited to the omnipresent C16 and C18 fatty acids but also,

and even in higher abundances, of C20, C22 and C24 fatty acid.
This signal of long-chain fatty acids can be ascribed to the high
suberin content of bark materials, which act as a protective bar-
rier (Kolattukudy, 2001). The peak for catechol is considerably
higher, probably due to the condensed tannin. Diterpene prod-
ucts (DHAs) and an unidentified product with m/z 396 and 381
are abundant, whereas lignin dimers are scarce. The WEOM of
the bark material is dominated by unsubstituted guaiacol, as was
observed for the wood, indicating that lignin derivatives prevail
in the WEOM. Other peaks were phenol, multiple carbohydrate
products (including pyrans), 4-methylguaiacol, 4-ethylguaiacol,
4-vinylguaiacol, 4-methylbenzoic acid (a rare product in py-
rolyzates, with m/z 91, 119, 136), the aforementioned tentatively
identified dimethylindanone, all of which probably represent
the lignin/polysaccharide complex. The WEOM of bark ma-
terial was prolific of a homologous series of alkenes, of C16
fatty acid, of alkylnaphthalenes (C3 and C5), retene and several
abietane products, which originate from the suberin and resin
constituents. Catechol, possibly from tannin, was also identi-
fied and clearly more abundant than in the pyrolyzate of the
WEOM from the wood materials. It is concluded that the spruce
bark would contribute a more diverse set of G-type products
from lignin-derived WEOM and a signature of tannin, resin and
suberin.

The importance of spruce needles as a potential source of
DOM is evidenced by the loss of needles during recent sum-
mer heat waves (e.g., 2019), when the spruce forest lost massive
amounts of leaf materials (green needles that would not be ex-
pelled in that time of the year under normal conditions). The
Py-GC-MS chromatogram (Figure 2) shows G lignin products,
relatively intense signal of fatty acids but only C16 and C18 (in-
cluding unsaturated fatty acids), a stigmasterol, and catechol.
Clearly, needle materials are composed mainly of polysaccha-
rides, G lignin, tannin and fatty acids. The fatty acid pattern
probably indicates cutin as a partial source. The abundance of
nitrogen-containing compounds is higher in the chromatograms
of needles than in those from other anatomical parts of spruce.
The WEOM of spruce needles has a significant peak for guaiacol,
but it is overshadowed by catechol. This probably indicates that
the WEOM from the needles is composed primarily of deriva-
tives of condensed tannin. Other peaks were 2-methylfuran,
toluene, indanone (m/z 104 and 132), 4-vinylguaiacol, 4-propan-
2-one-guaiacol, 4-hydroxyacetophenone (m/z 121, 136) and ho-
movanillic acid (m/z 137 and 182). Products of resins and fatty
acids/alkenes were not detected. Hence, the needles fingerprint
is recognized from mainly catechol due to the high tannin con-
tent, but other phenolic products are indicative of a patterns of
G-based products other than vanillic acid derivatives.

Finally, the BOM of spruce cones shows elevated proportions
of condensed tannin products (catechol and methylcatechols
upon Py-GC-MS; Figure 2). Nevertheless, lignocellulose is also
clearly present. The peak of DHA (abietane resin) is larger than
in any other sample. The abundance of diterpene resin is also the
main feature of the Py-GC-MS fingerprint of the WEOM from
the cone materials, dominated by retene and di- and tetrahy-
droretenes, but with numerous other aromatic diterpene prod-
ucts (m/z combinations 235/310, 237/312, 251/266, 253/268,
232/202). Besides the resin signal, phenolic products are mainly
guaiacol and derivatives (4-vinylguaiacol), isopropenylacetophe-
none/dimethylindanone, and importantly, 4-vinylphenol. This
latter compound is a decarboxylation product of p-coumaric
acid (and perhaps also of phloretic acid), which is abundant in
herbaceous lignin structures but also in sporopollenin (Wehling
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Fig. 1. Pyrolysis chromatograms (pyrograms) of BOM and WEOM samples. Numbers refer to peak labels in Table 2, which was
based on the BOM samples. For WEOM products that were not identified in the BOM as well, the following abbreviations were
used: 4HAP=4-hydroxyacetophenone (m/z 121/136); 4MBA=4-methylbenzoic acid (91/136); a= alkane fragment; ab312= uniden-
tified abietane compound (237/312)(2 isomers); aP= C2-C3 alkylphenols; BD= benzendiol (hydroquinone, resorcinol); CAK=
coniferyl alcohol (keton substitution); dhRet= dihydroretene (221/236); DMI=dimethylindanone (or 4-isopropenylacetophenone)
(115/145/160); e= alkene fragment; HVA= homovanillic acid (137/182); Indanone=indanone; m180= unidentified product with
M+ 180 (tentatively identified as phenazine); MB= methylbenzaldehyde (91/119/120); pQ= p-quinone (54/82/108); pypy= pyri-
dine/pyrrole; thRet= tetrahydroretene (223/238); un220= unidentified compound (91/150/177/220), VA= vanillic acid, VAME=
vanillic acid methyl ester. Colours of labour help in the identification of pyrolysis product groups, i.e. guaiacyl (red), syringyl (or-
ange), phenols (yellow), long-chain aliphatic products (alkanes, alkenes, fatty acids; magenta), carbohydrate (blue), diagnostic
terpenoids (green), other compounds (black).
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Fig. 2. Pyrolysis chromatograms (pyrograms) of BOM and WEOM samples. For explanations of labels see Figure 1 caption.

et al., 1989; Montgomery et al., 2016). Alkanes and alkenes
(short-chain, i.e. <C18) are also conspicuous (possible also from
sporopollenin; de Leeuw et al., 2006) and phenols (including
C1- and C2-alkylphenols). Carbohydrate products are relatively
scarce but clearly distinguishable. The cone material is enriched
in resin and sporopollenin (from pollen), the former of which
seems to be efficiently transferred to the WEOM fraction, but
lignin and polysaccharides can be clearly recognized. Sporopol-
lenin is extremely hydrophobic and recalcitrant and its transfer
to WEOM is not expected (spruce pollen cannot pass the mem-
brane filter) but from the available data it cannot be discarded.

It is concluded that there are plenty of differences to distin-
guish the different parts of spruce debris on the basis of relative
abundances of lignin, resin, suberin, cutin, tannin and sporopol-
lenin. The spruce debris in general can be identified from the
guaiacol that dominates the Py-GC-MS chromatograms. The
wood has exceptional dominance of G lignin derivatives includ-
ing vanillic acid-based products, the bark WEOM shows the
fingerprint of some resin and tannin but with dominance of G-
type lignin, the needles are marked by the release of catechol
and several phenols that are not abundant in the wood-derived
WEOM, and the cones show the fingerprints of sporopollenin
(from pollen) and of the diterpene resin. It is remarkable that the
vast majority of the typical G-lignin products of gymnosperm
wood, including the often dominant C3:1 (propylene) guaiacols
are barely detectable in the WEOM. This implies that their ab-
sence in environmental DOM (Kaal et al., 2017) is not a result
of biological decomposition, and neither of mineral-catalyzed

decomposition during pyrolysis, but basically of the lack of un-
altered macromolecular lignin in the leachates. Note that the
tannin fingerprint of the living materials is strongly concentrated
on catechol, which is also a product of demethylated G lignin
products in spruce litter that is affected by fungal decay (Filley
et al., 2002). This implies that for environmental DOM samples,
demethylated lignin cannot be distinguished from condensed
tannin when Py-GC-MS is used.

A.2. Other vascular plants

The relatively high abundance of both fatty acids –includ-
ing unsaturated C18:1, C18:2, C22:1 and probably C22:2 fatty acid–
and triterpenoids in the BOM sample of birch mixed litter, is
indicative of a high aliphatic content, predominantly from the
bark and/or leaf organs rather than xylem (Figure 3). The lignin
is recognized from the simultaneous presence of guaiacyl (G)
and syringyl (S) compounds, the latter of which are represented
primarily by 4-methylsyringol, 4-vinylsyringol and trans C3:1-
syringol (Figure 3). Polysaccharides are well-represented by lev-
oglucosan. Several high molecular weight products produced
intense peaks, i.e. alpha-tocopherol (M+ 430) and unidentified
compounds with characteristic m/z 163, 190, 394 and with m/z
409 and 424, the latter of which probably corresponding to pen-
tacyclic triterpenoids such as lupenones and betulones. Tan-
nins are possibly reflected by catechol and methylcatechols.
The WEOM pyrolyzate is prolific of carbohydrate products
(acetic acid, 3/2-furaldehyde, 1,4:3,6-dianhydro-a-D-glucose, 2,3-
dimethylcyclopent-2-en-1-one), guaiacol, syringol (both unsub-
stituted), alkylphenols, dimethylindanone and alkenes. Besides
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the typical woody angiosperm fingerprint of the lignin, birch
litter may be recognized in DOM from the unidentified high
molecular weight compounds and perhaps the relatively high
proportion of 1,4:3,6-dianhydro-a-D-glucose. However, it may
be antipicated that this fingerprint will not be easily identified
in environmental DOM pyrolyzates unless birch-derived DOM
is a large proportion of total DOM.

The sample of blueberry (Vaccinium) was a mixture of branch,
shoot and buds, and the molecular fingerprints are indicative
of a diverse mixture of biopolymeric constituents (Figure 3).
The lignin products dominate the Py-GC-MS chromatogram,
and include many G- and S-type moieties, especially of gua-
iacol, syringol and the 4-methyl-, 4-vinyl- and C3:1-(propenyl-
)substituted analogues, reflecting the angiosperm wood compo-
nent. Homosyringic acid was identified as well. This sample
produced significant peaks of catechol, methylcatechols and
dimethyl/ethylcatechol, which probably originate from tannins.
Carbohydrate products are also abundant, including levoglu-
cosan. Minor constituents were fatty acids (C16, C18), pentacyclic
triterpenoids (probably amyrins; Neto, 2011) and a homologous
series of n-alkanes, maximizing at C29. Proteins or alkaloids
are represented by diketodipyrrole and other N-containing com-
pounds. The WEOM pyrolyzate has large contributions of furan,
2-methylfuran, 2,5-dimethylfuran and 5-methyl-2-furaldehyde,
representing carbohydrates. Lignin derivatives are represented
by guaiacol and syringol, the latter of which is more abundant
(largest peak of the chromatogram) and suggests that the S lignin
(or acylated S groups) in blueberry debris is more easily released
to the WEOM fraction than the S lignin in birch materials. Hence,
similar to observation for G products in spruce lignin, the di-
versity of S products is also much lower for WEOM than for
BOM. 4-Vinylphenol also produced a significant peak. Catechol
and methylcatechols may be indicative of a significant tannin
content, but the peak for 1,3- or 1,4-benzenediol (hydroquinone
or resorcinol, i.e. an isomer of catechol) may point towards a
non-tannin source of these compounds. In short, the blueberry
fingerprint could be recognized on the basis of angiosperm wood
lignin, with a relatively high proportion of S groups, and several
phenolic products that are scarce or absent in the other higher
plant pyrolyzates.

The signal of G and S moieties from lignin, and polysac-
charides, dominate the chromatogram of BOM from peatland
heather (Figure 3). Of the BOM samples of the vascular plant
sources, the similarities are strongest for the samples of the Eri-
caceae, i.e. Vaccinium myrtillus and Calluna vulgaris. In terms of
polyphenols, the sample of heather is less prolific of catechols
and a methoxycatechol, but such minor differences can easily
be explained by differences in the balance between the different
anatomical parts of the sampled plant and can therefore not be
used for distinguishing the materials. The aliphatic products of
heather included large peaks for a series of n-2-methylketones
(C25-C29, with a clear maximum at C27) and the n-alkanes are
accompanied by significant peaks of n-alkenes and n-alkanols.
Heather BOM was also prolific of a triterpenoid compound with
m/z 95, 109 and 410. For the WEOM, 3/2- and 5-methyl-2-
furaldehyde are the principal carbohydrate products. The peak
of p-quinone (m/z 54, 82, 80, 108) may be a particular feature of
heather-derived DOM. Phenol and benzoic acid are among the
prominent peaks, indicative of H lignin structures or acylated
H groups, probably. Guaiacol and 4-vinylguaiacol were also
identified and a large broad peak of catechol, methylcatechols,
indanone and 4-vinylphenol was detected. Syringyl structures
were not identified, and, again, the aliphatic moieties that are

abundant in the pyrolyzates of the BOM are scarce in those of
the WEOM. As such, the WEOM of heather will probably cause
enrichment of H lignin products, p-quinone and perhaps car-
bohydrate products when a significant part of DOM originates
from it.

Comparing the results of the three WEOM samples obtained
from angiosperm shrubs and trees, the birch fingerprint is en-
riched in alkenes, that of blueberry in syringol and hydro-
quinone, and that of heather of phenol, p-quinone and benzoic
acid. Interestingly, the three considered sources have differ-
ent carbohydrate patterns (furaldehydes for birch and heather,
1,4:3,6-dianhydro-a-D-glucose for birch, furans for blueberry).

The Poaceae are represented by a riverbank grass from the
Ecker stream (near its spring). The pyrolysis fingerprint (Figure
4) is dominated by 4-vinylguaiacol, which originates from ferulic
acid. 4-Vinylphenol, from p-coumaric acid, was also abundant.
These compounds reflect the herbaceous lignin and lignin-like
phenolics (glycosylated cinnamyl compounds) typical of grasses.
Polysaccharides are also well-represented in the chromatogram.
The results of the BOM serve as an example of the easy recog-
nition of herbaceous lignin-derived materials. The abundance
of fatty acids, triterpenoids and tannin are very small in this
kind of samples. The WEOM has significant peaks for pyrrole
and pyridine, suggesting that the grass-derived WEOM is rela-
tively protein-rich. Alkylbenzenes (toluene, C2-alkylbenzenes)
and phenols (phenol, alkylphenols) generated significant peaks
that cannot be assigned to a specific biopolymer source but a
source in protein cannot be discarded, and alkanes, alkenes and
fatty acids were also identified. Guaiacol, 4-ethylguaiacol, 4-
vinylguaiacol, syringol and 4-vinylsyringol reflect angiosperm
lignin. 4-Vinylphenol was also present but not as dominant as
in the analogous BOM.

The BOM sample of a Cyperaceae stalk material (Carex ssp.)
was also prolific of 4-vinylphenol and 4-vinylguaiacol (Figure
4). The polysaccharide products are relatively scarce. Significant
peaks are also found for catechol, C16-fatty acid and a triter-
penoid. WEOM produced a chromatogram of minor quality, in
which toluene, phenol, alkylphenols, 2,3-dimethylcyclopent-2-
en-1-one, guaiacol, 4-vinylguaiacol, syringol and indole were
found. Furthermore, a product with M+ 180 shows a spectral
fingerprint that is very similar to that of phenazine in the NIST
library, probably indicating the presence of alkaloids in the
WEOM (as pyrrole, pyridine and diketopiperazines, usually
from vegetal protein, were not detected). Alkaloids could ex-
plain the large peak for indole as well. The most typical feature
of this chromatogram is, however, the abundance of C14- and
especially C12-fatty acid. This fatty acid pattern, different from
that of the other source candidates (with prevalence of C16 and
C18), in addition to the alkaloid products, could be useful for
identifying DOM derived from Cyperaceae.

Sphagnum moss from the Torfhausmoor peatland produced
a large amount of levoglucosan and other polysaccharide
products that are relatively abundant in comparison with the
other samples, such as levogalactosan, 5-hydroxymethyl-2-
tetrahydrofuraldehyde-3-one and 1,4-dideoxy-D-glycero-hex-
1-enopyranose-3-ulose (see also Kuder and Kruge, 2001) (Figure
5). Some of these compounds may have been formed partially
from the relatively decay-resistant carbohydrate in Sphagnum
known as sphagnan. The phenolic products were dominated by
4-vinylphenol and 4-isopropenylphenol, the latter of which is
widely considered as a marker of sphagnum acid (p-hydroxy-
b-[carboxymethyl]-cinnamic acid) in pyrolyzates (e.g. Kracht
and Gleixner, 2000). Phenol is also abundant, in this case proba-
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Fig. 3. Pyrolysis chromatograms (pyrograms) of BOM and WEOM samples. For explanations of labels see Figure 1 caption.

bly formed after side-chain elimination of sphagnum acid dur-
ing pyrolysis. The Sphagnum sample did not produce enough
WEOM to generate a meaningful chromatogram, but it may be
anticipated that Sphagnum-derived DOM carries a signal of iso-
propenylphenol accompanied with 4-vinylphenol, as this was
identified in the headwater DOM from the Odersprung bog
(Kaal et al., 2017).

Contrary to Sphagnum, the epiphytic moss (growing on a
trunk of dead spruce wood) did not produce sphagnum acid
products. However, the polysaccharide fingerprint, which is
dominant in the Py-GC-MS chromatogram, is quite similar (Fig-
ure 5). This sample is prolific of fatty acids, a homologous series
of n-alkanes and a big hump of alkane and alkene products
which could not be resolved. The WEOM pyrolyzate was of low
intensity and dominated by alkenes and alkylbenzenes, repre-
senting a fingerprint of little diagnostic value.

B. Other materials
The sample of an unidentified lichen was profilic of polysac-

charides products, including anhydrosugars (Figure 5). The
BOM produced 3-methoxy-5-methylphenol, which is one of
the most omnipresent markers of lichen (Schellekens et al.,
2015). Another prominent peak that was not observed in other
sources is that of m/z 254 and 226, probably corresponding
to an anthraquinone (possibly chrysophanol). Anhydrosugars
and G-type lignin products as well (in particular guaiacol, 4-
methylguaiacol and 4-ethylguaiacol, but not 4-vinylguaiacol or
4-propenyl-substituted guaiacols). The fungus (or fungi) that
compose(s) the lichen is probably lacking chitinase activity (non

chitinous cell walls, known for many lichenised ascomycota)
as markers of chitin were below the detection limit. Protein-
derived N-containing were slightly more abundant than in vas-
cular plant sources in general. The 3-methoxy-5-methylphenol
was also one of the largest peaks in the chromatogram obtained
from the WEOM, supporting the value of this moiety as a marker
of lichens (or lichinized fungi) in DOM. A compound with m/z
152, 137 and 121, that eluted at the same retention time as 4-
ethylguaiacol from the other samples (which also produces m/z
137 and 152 but in different relative proportions), could corre-
spond to a dimethoxytoluene. Alkenes, guaiacol, benzofuran,
phenols, furaldehydes and toluene were also detected but in
minor proportions.

The fruit body of an unidentified fungus barely produced
products of chitin such as acetamide and acetamidofurans
(not listed), suggesting that the proportion of chitin was low.
The majority of the BOM’s Py-GC-MS signal can be ascribed
to polysaccharides (levoglucosan, levogalactosan, 5-methyl-
2-furaldehyde, 2-hydroxy-3-methyl-2-cyclopenten-1-one, dian-
hydrorhamnose, 1,4-dideoxy-D-glycero-hex-1-enopyranose-3-
ulose and 5-hydroxymethylfurfural) (Figure 6). An unidentified
compound (allegedly an alkylcyclohexane) was also abundant
and another unidentified product with m/z 244, 382 and 422
may be a marker of this fungus. A hump of alkene fragments
at the end of the chromatogram could not be resolved. Methyl-
naphthalenes were also relatively abundant. Phenol and fatty
acids were among the minor compounds (no methoxyphenols
detected). With exception of the possible high molecular weight
markers and several unusually abundant carbohydrate prod-
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Fig. 4. Pyrolysis chromatograms (pyrograms) of BOM and WEOM samples. For explanations of labels see Figure 1 caption.

ucts, these results are not very useful for source identification.
Furthermore, it may be anticipated that the fruit bodies of this
fungus are not representative of the soil or stream fungi in the
system, as the microbial DOM from the Odersprung did pro-
duce acetamide and the main N-containing products of DOM,
i.e. pyrroles and pyridines (Kaal et al., 2016, 2017). The WEOM
samples produced some alkenes upon pyrolysis but the chro-
matogram was of poor quality.

The epilithic biofilm was taken from a slimy layer on a rock
substrate in the Ecker stream. Such materials are known to be
hotspots of in-stream DOM degradation (Kamjunke et al., 2016).
Fatty acids (C16, C18) dominate the Py-GC-MS chromatogram
(Figure 6) but markers of polysaccharides (e.g. levoglucosan and
pyrans) and proteins (e.g. indoles, pyrrole, pyridine, and in this
case probably toluene) are abundant as well. Phytadienes from
chlorophyll probably indicate green algae in this material. How-
ever, traces of abietane diterpenes suggests that gymnosperm
needles may have deposited in the film, which could also be a
source of chlorophyll. Short chain alkanes/alkenes were also rel-
atively abundant, possibly from phytoplankton or bacteria. The
WEOM sample gave a chromatogram of moderate quality, con-
taining the series of alkenes (C14-C16 chain length range), phenol,
guaiacol (probably from spruce debris inclusions) and a large
peak (the largest peak) for a compound with m/z 91, 119 and 120,
tentatively identified as methylbenzaldehyde. This compound
was identified as smaller peaks in many other pyrolyzates. A
series of unidentified high molecular weight compounds was
also detected.

The BOM sample of green algae (Figure 6) gave largest peaks
for C16 and C18 fatty acid, phytadienes and several unidentified
products with characteristic m/z 79 and 91. The alkane/alkene
pattern had a noteworthy maximum at C17. An aromatic com-
pound with m/z 157, 142 and 172 probably corresponds to a
trimethyldihydronaphthalene. Toluene, carbohydrate products
and some N-containing products were identified as well. The
results suggest that fresh green algae may be recognized by
high proportions of phytadiene but this signal is unlikely to be
transferred to, and preserved in, DOM samples. No data was
obtained for WEOM (insufficient BOM).

Finally, the excremental fabric (Figure 4) showed a clear sign
of stanols from the animal tract. However, the majority of the
signal can be ascribed to lignin: guaiacol, 4-methylguaiacol,
4-vinylguaiacol, C3:1-guaiacol (trans) and the syringyl ana-
logues represent the lignin fibre, from the animals’ predomi-
nantly herbaceous diet. Nitrogen-containing compounds are
also clearly present in the chromatograms. Amyrins represent
vegetal-derived pentacyclic terpenoids (amyrins; some of which
also identified in the pyrolyzate of blueberry BOM), long-chain
alkanes may correspond to plant waxes (including Vaccinium),
long-chain methylketones might originate mainly from blue-
berry as well, traces of retene represent gymnosperm diter-
pene (probably spruce) and tocopherol was also identified. The
WEOM signal revealed (tetrahydro)retene peaks indicative of
diterpene resins, probably of spruce (spruce is known to be
eaten by deer, but it is not their favourite food; e.g., Duncan et
al., 1994). Multiple peaks of compounds with high molecular
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Fig. 5. Pyrolysis chromatograms (pyrograms) of BOM and WEOM samples. For explanations of labels see Figure 1 caption.

weight could not be identified and might correspond largely to
stanols. The dimethylindanone was also detected, as were phe-
nols (including abundant C3-alkylphenols), guaiacols, alkylhy-
dronaphthalenes and indole. This chromatogram reflects primar-
ily grasses, spruce needles and Vaccinium tissues (also browsed
by roe deer; Bergquist et al., 2001).

C. Use of BOM and WEOM data to evaluate environmental
DOM chemistry
The Py-GC-MS fingerprints of the environmental DOM from

the Odersprung system are dominated by phenols, especially
phenol, and alkylbenzenes (Kaal et al., 2017). Polycyclic aromatic
hydrocarbons (PAHs, non-resinous) are much more abundant
than in any of the WEOM samples studies, and this might be
indicative of a significant effect of Fe-DOM complexes (DOM-
bound free or mineral Fe), deteriorating the Py-GC-MS finger-
prints (Miltner and Zech, 1997). It could clearly be established
that the samples from the forest environment are enriched in
guaiacol and microbial products (N-compounds), whereas DOM
samples from the peatland environment contained larger pro-
portions of phenol, syringols and sphagnum acid products.

Using the results of BOM and WEOM from the source can-
didiates, we can hypothesize on the likely sources of the pyroly-
sis products from the Odersprung DOM. Firstly, the abundance
of 2-methylfuran and 2,5-dimethylfuran might indicate a source
in polysaccharides from Vaccinium. The proportion of these prod-
ucts decreases downstream. The products 4-vinylphenol and
4-isopropenylphenol also diminish at the boundary from peat to
forest environment, and both can be explained by a reduction

in the proportion of DOM from Sphagnum, and possibly also of
peatland graminoids (grasses/sedges). The predominance of
guaiacol among the guaiacols, and virtual absence of syringols
in all samples except for those from the peatland, indicate that
it is very likely that woody spruce debris is the main source of
lignin-derived DOM in all the samples taken from the forest en-
vironment. This is confirmed by the presence of the same DHA
(diterpene) products as identified in particular from spruce nee-
dles. The microbial DOM was prolific of furaldehydes (can be of
any source though, including many vascular plants analyzed)
but also of diketodipyrrole. This latter compound was not a
significant product in the source candidates’ chromatograms
(WEOM), suggesting that they may originate from microbial
soil organic matter which has no representatives in the present
reference set of fresh source candidates. Hence, so far there is
no indication that could be used to link this microbial DOM to
WEOM fingerprints of the source candidates.

The possible effects of mineral-induced alterations compli-
cate the further analysis of the sources of the DOM samples
from the Odersprung, especially in absence of a detailed nu-
merical evaluation of the WEOM pyrolysis fingerprints. Kaal
et al. (2017) found that THM-GC-MS provided a much better
signal-to-noise ratio of the chromatograms than the Py-GC-MS
chromatograms. However, Py-GC-MS provided a more reliable
fingerprint of the microbial-derived DOM (probably from the
forest soils). The next step in the research project is to elaborate
the THM-GC-MS data of the BOM and WEOM of the source
candidates in detail (using semi-quantitative data instead of vi-
sual inspection of chromatograms) and use that information for
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Fig. 6. Pyrolysis chromatograms (pyrograms) of BOM and WEOM samples. For explanations of labels see Figure 1 caption.

source identification, similar to the Py-GC-MS data discussed
here. In addition, the Odersprung THM-GC-MS data will be
re-quantified using the much longer compound list and an at-
tempt is made to isolate the signal of microbial DOM in the
samples from the Odersprung (not done for Py-GC-MS as Py-
GC-MS produces fewer compounds that can be used to identify
sources, and is more prone to secondary rearrangements), partly
by means of quantification of a series of microbial products not
used in the published study of the Odersprung (Kaal et al., 2017).

4. CONCLUSIONS

The Py-GC-MS results of the BOM samples analyzed were in
line with what can be expected of the different types of poten-
tial sources analyzed, which is useful for tracing the origin of
environmental DOM samples in the future. Analysis of BOM
also enabled to identify the link between BOM and WEOM
chemistries. In that regard, most BOM samples with a high
aliphatic content produced a WEOM that was depleted in such
compounds. WEOM fractions were enriched in phenols of di-
verse nature and other O-containing aromatic compounds that
were not produced by their BOM counterparts, so that they
likely reflect effects of mobilization and or different pyrolytic
pathways between BOM and WEOM. The remarkable contrast
in the distribution of likely lignin products could also be iden-
tified on the basis of comparing BOM and WEOM. This was
found for syringols, but especially for guaiacols. For guaiacyl
products, dominance of guaiacol and presence of vanillic acid

methyl ester, possibly indicate an important source in acylated
vanillic acid (esterified to the lignin backbone) rather than the
lignin macromolecule as well. The abundance of dimers (high
in POM, low in WEOM) may also relate to the balance of aryl
ether B-O-4 polymeric lignin and vanillic ester (G-G acylation)
side-chains. This will be further explored using THM-GC-MS.
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Table 2. List of pyrolysis products. Labels refer to peak labels in the chromatograms depicted in Figures 1 to 6.

Label RT (min) Compound

1 1.800 2-methylfuran

2 2.008 benzene

3 2.033 acetic acid

4 2.200 hydroxypropanone

5 2.609 toluene

6 2.874 (2H)-furan-3-one

7 2.910 propionaldehyde

8 3.170 3/2-furaldehyde

9 3.237 2-cyclopenten-1-one

10 3.517 unidentified carbohydrate product

11 3.616 tetrahydrofuran-3-one/pentanal

12 4.098 2,3-dihydro-5-methylfuran-2-one

13 4.358 5-methyl-2-furaldehyde

14 4.540 benzofuran

15 4.555 benzonitrile

16 4.597 phenol

17 4.684 4-hydroxy-5,6-dihydro-(2H)-pyran-2-one

18 4.887 limonene

19 4.980 2-hydroxy-3-methyl-2-cyclopenten-1-one

20 4.998 indene

21 5.053 dianhydrorhamnose

22 5.141 2,3-dimethylcyclopent-2-en-1-one

23 5.364 4-methylphenol

24 5.421 2-propan-2-one-tetrahydrofuran

25 5.505 guaiacol

26 5.650 levoglucosenone

27 5.728 3-hydroxy-2-methyl-(2H)-pyran-4-one

28 5.831 C1-indole

29 6.060 unidentified carbohydrate product

30 6.151 naphthalene

31 6.304 4-methylguaiacol

32 6.359 5-hydroxymethyl-2-tetrahydrofuraldehyde-3-one

33 6.532 3,5-dihydroxy-2-methyl-(4H)-pyran-4-one

34 6.610 4-vinylphenol

35 6.677 1,4:3,6-dianhydro--D-glucose

36 6.772 catechol

37 6.781 ethylbenzaldehyde

Continued on next page
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Continued from previous page

Label RT (min) Compound

38 6.859 5-hydroxymethyl-2-furaldehyde

39 6.942 4-ethylguaiacol

40 6.989 C1-naphthalene

41 7.072 3-methoxycatechol

42 7.108 indole

43 7.112 C1-naphthalene

44 7.134 4-isopropenylphenol

45 7.248 4-vinylguaiacol

46 7.362 alkylhydronaphthalene compound (C3-(4H)-naphthalene)

47 7.414 2-coumaranone/trans-4-propenylphenol

48 7.429 3-methyl-5-methoxyphenol

49 7.518 syringol

50 7.532 4-(prop-1-enyl)guaiacol

51 7.575 biphenyl

52 7.695 1,4-dideoxy-D-glycero-hex-1-enopyranose-3-ulose

53 7.699 2,5-dimethoxytoluene

54 7.741 C1-indole

55 7.897 4-(prop-2-enyl)guaiacol (cis)

56 7.907 4-formylguaicol (vanillin)

57 8.005 Vanillic acid/C2-catechol

58 8.102 4-(prop-2-enyl)guaiacol (trans)

59 8.130 4-methylsyringol

60 8.135 fatty acid C10

61 8.286 homovanillin

62 8.348 2,6-di-tert-butylphenol

63 8.467 4-acetylguaiacol

64 8.696 4-ethylsyringol

65 8.737 4-propan-2-one-guaiacol

66 8.872 4-vinylsyringol

67 8.882 levogalactosan

68 8.939 fluorene

69 9.002 C1-catechol

70 9.069 4-(prop-1-enyl)syringol

71 9.090 coniferyl alcohol

72 9.261 alkene C17

73 9.292 levomannosan

74 9.360 4-(prop-2-enyl)syringol (cis)

75 9.360 alkane C17

76 9.661 4-(prop-2-enyl)syringol (trans)

Continued on next page



Analytical Pyrolysis Letters, Volume 8 (2020) APL008 16

Continued from previous page

Label RT (min) Compound

77 9.894 fatty acid C14

78 10.182 anthracene/phenanthrene

79 10.237 4-propan-2-one-syringol

80 10.268 phytadiene 1

81 10.486 phytadiene 2

82 10.496 phytadiene 3

83 10.755 unidentified product

84 10.885 C1-anthracene

85 11.046 fatty acid C16

86 11.093 levoglucosan

87 11.477 unidentified compound

88 11.606 unidentified compound

89 11.798 fatty acid C18:1

90 11.840 unidentified product

91 11.881 unidentified compound

92 11.887 fatty acid C18

93 11.975 unidentified compound

94 12.032 fatty acid C18:2

95 12.353 retene

96 12.411 unidentified compound

97 12.649 unidentified compound

98 12.675 unidentified compound

99 12.722 unidentified compound

100 12.769 unidentified compound

101 12.779 unidentified compound

102 12.789 unidentified gymnosperm diterpene

103 12.790 fatty acid C20

104 12.795 unsaturated fatty acid

105 12.815 unsaturated fatty acid

106 12.862 unidentified compound

107 12.961 unidentified compound

108 13.059 unidentified compound

109 13.278 n-alkane

110 13.329 guaiacol dimer (or abietance)

111 13.412 unidentified compound

112 13.568 fatty acid C22

113 13.660 unsaturated fatty acid

114 13.713 n-alkane

115 13.717 guaiacol dimer

Continued on next page
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116 13.972 guaiacol dimer

117 14.019 long-chain 2-methylketone

118 14.060 n-alkane

119 14.133 guaiacol dimer

120 14.180 guaiacol dimer

121 14.341 fatty acid C24

122 14.455 n-alkane

123 14.813 n-alkane

124 14.839 long-chain 2-methylketone

125 15.031 unidentified compound

126 15.119 unidentified compound

127 15.166 n-alkane

128 15.493 unidentified compound

129 15.529 fatty acid C26

130 15.560 n-alkane

131 15.586 unidentified compound

132 15.586 alkanol

133 15.643 long-chain 2-methylketone

134 15.731 unidentified compound

135 15.794 stigmastan-3,5-diene

136 15.799 alpha-tocopherol

137 16.478 unidentified compound

138 16.629 long-chain 2-methylketone

139 16.722 unidentified compound

140 16.748 unidentified compound

141 16.779 unidentified compound

142 16.894 unidentified compound

143 17.174 pentacyclic triterpenoid (amyrin)

144 17.330 pentacyclic triterpenoid (amyrin)
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