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a b s t r a c t

Three suites of synthetic chars, produced from honey mesquite, cordgrass and loblolly pine
under controlled combustion conditions, served as model materials for diverse natural
chars originating from combustion of angiosperm/gymnosperm and woody/non-woody
plants. The lignin oxidation products (LOPs), quantified using the alkaline cupric oxide
(CuO) oxidation method, were used to study the impact of combustion on lignins and their
commonly used parameters.

Our results show that combustion can greatly decrease the yield of the eight major lignin
phenols (vanillyl, syringyl and cinnamyl phenols) with no lignin phenols detected in any
synthetic char produced at P 400 �C. With increasing combustion temperature, the value
of the syringyl/vanillyl phenols ratio (S/V) of angiosperm char initially increased but then
declined dramatically when the temperature reached 200–250 �C. The pattern of change
may relate to the thermal alteration of the plant cell ultrastructure. The cinnamyl/vanillyl
phenols ratio value (C/V) of a non-woody plant, cordgrass, also showed a similar two-stage
change with increasing combustion temperature. Combustion duration also caused a sim-
ilar effect on the yield and signatures of lignin phenols, showing that the combustion sever-
ity (temperature and/or duration) has great influence on LOP yield and signature. The acid/
aldehyde ratio of vanillyl phenols [(Ad/Al)v] and syringyl phenols [(Ad/Al)s] increased with
increasing combustion temperature and duration and reached a maximum value at 300–
350 �C, regardless of plant species. The highly elevated acid/aldehyde ratio value reached
in some cases exceeded the reported values of humic and fulvic acids extracted from soils
and sediments. Furthermore, the ratio of 3,5-dihydroxybenzoic acid to vanillyl phenols
(3,5Bd/V), a soil humification indicator, increased significantly during combustion at
250–350 �C in char samples from all the plant species. Our results imply that changes in
LOP signatures in chars can serve as potential indicators of their formation temperature.

Simulations using a two end member mixing model showed that different char samples,
with different degrees of lignin alteration, could have a substantial effect on the biomarker
signatures of soil organic matter (SOM). The shifts in lignin signatures in SOM vary widely,
depending on the SOM characteristics (e.g. soil litter vs. mineral soil) and the proportion of
char in the mixture. Overall, the input of high temperature char tends to dilute the lignin
signal in SOM and may lead to underestimation of vascular plant OM input to environmen-
tal matrices. Our observations demonstrate that, in addition to photochemical degradation,
thermal alteration is an important abiotic lignin degradation process.
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1. Introduction

Lignin, the second most abundant naturally occurring
polymer after cellulose, is a complex and important struc-
tural component of vascular plants (Sarkanen and Ludwig,
1971). Because of its unique structural features, it pos-
sesses greater stability to biodegradation than hemicellu-
lose and cellulose and is considered to be among the best
preserved components of vascular plants after deposition
(Kirk and Farrell, 1987; Hedges, 1991; Dignac et al.,
2005). This recalcitrant nature confers a significant role
on lignin in the biospheric carbon cycle (Colberg, 1988).
In addition, because vascular plants are exclusively terres-
trial, lignin is both an important contributor to soil organic
matter (SOM) and its presence in aquatic environments
helps trace the input of terrigenous OM to such systems
(Ertel and Hedges, 1985; Prahl et al., 1994; Louchouarn
et al., 1999; Goñi et al., 2000; Benner et al., 2005; Dalzell
et al., 2005; Houel et al., 2006).

Alkaline CuO oxidation is a technique commonly used
to analyze lignin in plant tissue and environmental
matrices such as soils, sediments and dissolved OM
(Hedges and Mann, 1979a; Ertel and Hedges, 1985;
Goñi and Hedges, 1992; Kögel-Knabner and Ziegler,
1993; Opsahl and Benner, 1998; Louchouarn et al.,
2000; Otto and Simpson, 2006). Upon oxidation, the lig-
nin macropolymer is hydrolyzed to small structural
units belonging to three classes of methoxylated phe-
nols: vanillyl (V), syringyl (S) and cinnamyl (C). Each
class of lignin oxidation products (LOPs) is in turn com-
prised of an acid, an aldehyde and a ketone (for V and
S) or only acids (for C). The yields and ratios of these
lignin phenols have been extensively used to identify
the structure of plant lignin (Hedges and Mann, 1979a;
Goñi and Hedges, 1992) and estimate inputs of plant
carbon to soils and aquatic systems (Hedges et al.,
1982; Prahl et al., 1994; Louchouarn et al., 1999; Goni
et al., 1997; Goñi et al., 2000; Farella et al., 2001; Dalz-
ell et al., 2005; Houel et al., 2006), as well as evaluate
the diagenetic status of lignin (Goñi et al., 1993; Opsahl
and Benner, 1995; Benner and Opsahl, 2001; Otto and
Simpson, 2006).

Under aerobic conditions, fungal decomposition is the
most important pathway of lignin degradation, whereas
bacterial degradation predominates in oxygen-limited
environments (e.g. bogs, aquatic environments; Ruel and
Barnoud, 1985; Colberg, 1988). Both biodegradation path-
ways can alter the yield of lignin phenols due to the pref-
erential degradation of certain phenolic classes or
individual lignin phenols, causing a shift in lignin signature
and potentially affecting its biogeochemical applications
(Hedges et al., 1988a; Nelson et al., 1995; Opsahl and Ben-
ner, 1995; Klap et al., 1999). In addition to these biological
processes, photochemical oxidation has recently been rec-
ognized (Opsahl and Benner, 1998; Hernes and Benner,
2003) to substantially alter the composition of dissolved
lignin and change its signature over short timescales
(hours to days).

Thermal decomposition is another abiotic process that
may lead to lignin alteration and degradation in the envi-
ronment. For example, following laboratory pyrolysis

experiments to assess the usefulness of lignin as a tracer
of paleovegetation, Ohta and Venkatesan (1992) observed
substantial modifications to the CuO-derived LOPs in
wood combusted at 200 �C. Closed system pyrolysis of
wood and lignin substructure model compounds showed
that aryl ether bond cleavage, alkylation, and sequential
demethoxylation are major reactions during early coalifi-
cation (Ohta and Venkatesan, 1992; Behar and Hatcher,
1995; Vane and Abbott, 1999; Drage et al., 2002). This
led to the use of thermally altered lignin structural models
to depict coal structure at different stages of coalification
(Hatcher, 1990; Hatcher et al., 1994). However, while
most studies of lignin thermal alteration focussed on elu-
cidating the coalification process during geothermal alter-
ation, studies of the thermal degradation of lignin in
wildfire-induced char/charcoal are scarce (Dickens et al.,
2007).

Chars/charcoals are solid combustion residues derived
from biomass burning. They are highly heterogeneous,
resulting from highly variable conditions during combus-
tion (temperature, oxygen availability, presence of min-
eral oxides) and thus form one of the major groups in
the continuum of pyrogenic organic residues, the so-
called black carbon (BC), in the environment (Hedges
et al., 2000; Masiello, 2004; Hammes et al., 2007). Be-
cause of its recalcitrant nature and strong sorption capac-
ity, BC is considered to play an important role in the
carbon cycle and many biogeochemical and environmen-
tal processes (Gustafsson et al., 1997; Kuhlbusch, 1998;
Masiello and Druffel, 1998). The identification and quan-
tification of chars/charcoals is often lacking in many BC
studies since most BC methods cannot determine them
well (Preston and Schmidt, 2006; Kuo et al., 2008). Re-
cently, however, more and more studies have pointed
out the significance of chars/charcoals in environments.
Kuhlbusch and Crutzen (1995) estimated that the annual
production of pyrogenic carbon from vegetation fires
ranges from 50 to 270 Tg/yr, > 80% of which remains
on the ground following a fire. Skjemstad et al. (2002) re-
ported that charcoal carbon comprised up to 35% of the
total organic carbon (TOC) in five U.S. agricultural soils,
whereas DeLuca and Applet (2008) estimated that char-
coal comprised 13–43% of the TOC in surface and mineral
soils (0–10 cm) from coniferous forest ecosystems. Such a
large production of naturally occurring char/charcoal may
represent a significant input of thermally altered vascular
plants to soils and thus may lead to marked shifts in
overall soil lignin signatures.

In the present study, we selected three plant species
covering different taxonomic groups (angiosperm/gymno-
sperm and woody/non-woody) to produce a series of syn-
thetic chars under controlled combustion conditions.
These synthetic chars served as model materials for the di-
verse natural chars generated from wildfires. We quanti-
fied the CuO-derived LOPs and used the information to
assess: (i) the effect of two primary combustion factors,
temperature and duration, on the thermal alteration of lig-
nin parameters, (ii) the response of lignin parameters from
different plant types to thermal alteration and (iii) the po-
tential effect of char input on the characterization of SOM
using lignin signatures.
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2. Materials and methods

2.1. Materials

A detailed description of the source materials and com-
bustion conditions are described in more detail by Kuo
et al. (2008). Briefly, the materials included two angio-
sperms, honey mesquite (HM: Prosopis glandulosa Torr.)
and cordgrass (CG: Spartina spartinae), which were col-
lected from Laguna Atascosa National Wildlife Refuge (Rio
Hondo, TX, USA) in June, 2005. A gymnosperm wood, lob-
lolly pine (PI: Pinus taeda), was collected from Bastrop State
Park (Bastrop, TX, USA) in April, 2006. Twigs of HM and PI
were collected by sawing or by hand and the CG stem
was collected using shears. After transporting them to the
laboratory, they were cut into small pieces (HM and PI
0.5–1.5 cm long; CG 2 cm long) and dried in an oven at
60 �C (3 d) before charring. To mimic wildfire conditions
in the field, we did not remove the bark from HM and PI
and therefore combusted the sample whole. Following dry-
ing, small blocks of HM and PI, and stem pieces from CG,
were placed in individual quartz crucibles and charred in
a muffle furnace (Lindberg Hevi-Duty box furnace Model
51442 with instrument console Model 59344, Asheville,
NC, USA). The quartz crucible was capped with a quartz
lid to create an oxygen-limited environment during com-
bustion. The raw material was heated from room tempera-
ture to the desired final temperature (150–1050 �C) at
26 �C/min and held there for a scheduled period (0.5–5 h).
Duration of combustion was counted after the temperature
reached its maximum. After combustion, the synthetic
chars were cooled down in the furnace overnight with
the furnace door still closed, to prevent the char from being
exposed to excess oxygen at high temperature. The chars
were then ground to a fine powder (< 60 mesh) and stored
in glass vials in a desiccator. With the synthetic chars from
the three plant species, we can compare the LOPs of angio-
sperm chars (HM, CG) vs. those from gymnosperm chars
(PI), as well as woody chars (HM, PI) vs. non-woody chars
(CG) under identical combustion conditions.

Pre-fire and post-fire surface soils from two control
burn sites in New Mexico (USA) were kindly provided by
Dr. P. D’Odorico (University of Virginia, VA, USA). They
were air dried and passed through a 2 mm sieve. The stan-
dard reference materials (SRM) of New York/New Jersey
waterway sediment (SRM 1944) was obtained from the
U.S. National Institute of Standards and Technology (Gai-
thersburg, MD, USA).

2.2. Lignin analysis

Lignin-derived CuO oxidation products were deter-
mined using the method developed by Hedges and Ertel
(1982) and Goñi and Hedges (1992), with slight modifica-
tions by Louchouarn et al. (2006). Briefly, a ground sample,
providing 2–5 mg OC (Louchouarn et al., 2000) was mixed
with CuO (�300 mg) and Fe(NH4)2(SO4)2�6H2O (�50 mg) in
a stainless steel mini-reaction vessel (3 mL; Prime Focus
Inc.), to which 8 wt% N2-sparged NaOH solution was added
(3 mL). The headspace of 12 of such reaction mini-bombs

was purged with N2 and the bombs were heated at
155 �C for 3 h in a customized Hewlett-Packard 5890 gas
chromatograph. Trans-cinnamic acid (3-phenylprop-2-
enoic acid) was used as internal standard and was directly
added (�12–20 lg) to each mini-bomb after cooling. The
aqueous solution was acidified with 6 N HCl and extracted
(3�) with ethyl acetate. Extracts were dried with Na2SO4

and evaporated to dryness using a LabConcoTM solvent con-
centrator. The CuO reaction products were re-dissolved in
a small volume of pyridine (200–500 lL). After further
dilution (1:10 to 1:20), a sub-sample was derivatized with
N,O-bis(trimethylsilyl)trifluoroacetamide (BSTFA) contain-
ing 1% trimethylchlorosilane (TMCS) at 75 �C in a heating
block (1 h).

Separation and quantification of trimethylsilyl deriva-
tives of CuO oxidation by-products were performed using
gas chromatography–mass spectrometry (GC/MS) with a
Varian Ion Trap 3800/4000 system fitted with a fused silica
column (VF 5MS, 60 m � 0.25 mm i.d.; Varian Inc.). Each
sample was injected, under splitless mode, into a straight
glass liner inserted into the GC injection port; He was the
carrier gas (�1.3 mL/min). The GC oven was programmed
from 100 �C, with no initial delay, to 300 �C (held
10 min). The GC injector and GC/MS interface were both
maintained at 300 �C. The mass spectrometer was operated
in the electron ionization (EI, 70 eV) and full scan modes.
Compound identification was performed using GC reten-
tion times and by comparing full mass spectra with those
of commercially available standards. Quantification was
performed using relative response factors adjusted to the
internal standard. The analytical precision of the major
CuO oxidation products and related parameters was de-
rived from replicate analyses of standard estuarine sedi-
ments (i.e. NIST SRM 1944), as well as selected charcoal
and soil samples, and averaged �5% or lower.

2.3. Elemental analysis and ash content

Elemental analysis (C and N content) was carried out
with an Elementar Vario EL III elemental analyzer (Elemen-
tar Americas, Inc., Mt. Laurel, NJ, USA). The temperature of
the combustion reactor was set at 1150 �C. Quantification
was based on a calibration equation using sulfanilic acid
(Merck KGaA, Germany) as standard. For soil and sediment
samples, inorganic carbon was removed prior to analysis
using acid vapor acidification (Hedges and Stern, 1984).
Char samples were also sent to UC-Davis Stable Isotope
Facility (Davis, CA, USA) for H analysis. C/N and H/C atomic
ratios were calculated from the resulting C, H, and N con-
tents. Ash content was determined using the modified
ASTM 1102-84 method (ASTM, 2000).

3. Results and discussion

3.1. Thermal alteration of lignin phenols in synthetic chars

3.1.1. Characterization of synthetic chars
Table 1 lists the carbon content, % mass and carbon loss,

ash content, and concentration of eight primary lignin oxi-
dation products as well as 3,5-dihydroxybenzoic acid

1524 L.-J. Kuo et al. / Organic Geochemistry 39 (2008) 1522–1536
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Table 1
Elemental composition and yield of individual lignin phenols from synthetic chars (values for k8 are mg/100 mg OC; values for other lignin phenols and 3,5Bd are mg/g; –, not detected; n.d., not determined)

Plant species Sample ID Combustion temperature
(�C)

Combustion duration
(h)

Mass lossa (%) Asha (%) %Ca Resid.C
(%)b

Resid.LOP
(%)b

P
8c k8c Vlc Vnc Vdc

Honey
mesquite

HM raw 5.5 44.7 100.0 100.0 63.7 14.3 20.3 5.0 4.4
HM 200 200 1 8.8 6.1 47.2 97.1 99.7 69.2 14.7 17.6 5.1 6.4
HM 250 250 1 23.7 6.9 52.3 90.7 45.1 37.2 7.1 7.4 2.9 5.2
HM 300 300 1 46.1 9.4 62.1 78.2 7.7 8.7 1.4 1.7 0.56 1.9
HM 350 350 1 54.6 10.0 63.5 67.7 0.62 0.84 0.13 0.15 0.07 0.41
HM 400 400 1 61.7 11.7 64.6 59.3 0.00 0.00 – – – –
HM 450 450 1 65.5 13.4 68.1 57.4 0.00 0.00 – – – –
HM 650 650 1 71.6 15.6 72.6 51.7 0.00 0.00 – – – –
HM 850 850 1 74.8 17.5 75.1 48.5 0.00 0.00 – – – –
HM 1050 1050 1 76.6 18.9 74.9 45.7 0.00 0.00 – – – –
HM
250_0.5

250 0.5 21.8 6.1 52.7 92.8 59.1 47.7 9.1 9.5 3.9 5.9

HM 250_3 250 3 28.3 5.7 53.6 86.2 39.2 34.8 6.5 6.5 2.7 5.3
HM 250_5 250 5 31.1 5.6 55.3 85.2 31.2 28.9 5.2 5.3 2.4 5.2

Cordgrass CG raw 8.8 41.0 100.0 100.0 62.7 15.3 14.1 2.0 2.0
CG 150 150 1 7.0 9.8 43.9 100.7 77.6 51.7 11.8 9.6 2.2 2.0
CG 200 200 1 17.7 10.6 46.2 94.6 41.0 30.7 6.6 5.1 1.4 2.5
CG 250 250 1 29.6 12.4 49.3 88.0 17.9 15.3 3.1 2.9 0.23 2.5
CG 300 300 1 50.1 17.1 56.1 75.0 2.7 3.1 0.56 0.83 – 1.1
CG 350 350 1 57.0 20.2 55.2 66.1 0.59 0.77 0.14 0.13 0.06 0.26
CG 400 400 1 63.7 23.0 55.1 57.7 0.00 0.00 – – – –
CG 550 550 1 72.2 30.3 54.1 47.9 0.00 0.00 – – – –

Loblolly pine PI raw 1.3 45.9 100.0 100.0 71.4 15.6 52.1 8.3 9.0
PI 200 200 1 6.3 2.1 51.8 106.6 68.6 51.8 10.0 29.9 7.1 9.4
PI 250 250 1 16.9 1.9 55.7 101.5 34.3 29.3 5.3 15.0 4.0 9.6
PI 300 300 1 39.1 2.4 63.8 85.5 13.1 15.2 2.4 5.9 2.0 7.1
PI 350 350 1 55.7 3.4 68.3 67.3 2.1 3.3 0.48 0.94 – 2.4
PI 400 400 1 64.1 4.1 71.4 57.5 0.00 0.00 – – – –
PI 450 450 1 68.3 6.4 73.3 53.4 0.00 0.00 – – – –
PI 650 650 1 73.3 5.5 83.8 51.0 n.d. n.d. n.d. n.d. n.d.

Slc Snc Sdc Cdc Fdc 3,5Bdc S/Vd C/Vd Cd/
Fdd

(Ad/
Al)v

d
(Ad/
Al)s

d
3,5Bd/
Vd

Honey
mesquite

HM raw 17.0 9.3 5.8 0.42 1.5 0.38 1.1 0.06 0.28 0.22 0.34 0.01
HM 200 19.4 9.8 8.4 0.58 2.0 0.67 1.3 0.09 0.29 0.36 0.43 0.02
HM 250 9.5 4.8 6.7 0.16 0.60 0.38 1.4 0.05 0.26 0.70 0.70 0.02
HM 300 1.8 0.60 1.9 0.07 0.21 0.54 1.0 0.07 0.33 1.1 1.1 0.13
HM 350 0.07 – 0.14 – – 0.51 0.34 0.00 2.7 1.8 0.82
HM 400 – – – – – 0.33
HM 450 – – – – – 0.12
HM 650 – – – – – –
HM 850 – – – – – –
HM 1050 – – – – – –
HM
250_0.5

12.5 6.3 8.3 0.27 1.3 0.49 1.4 0.08 0.20 0.62 0.66 0.03

HM 250_3 8.3 4.3 6.8 0.21 0.66 0.46 1.3 0.06 0.32 0.81 0.82 0.03
HM 250_5 6.4 2.9 5.9 0.19 0.67 0.70 1.2 0.07 0.28 0.97 0.94 0.05

(continued on next page)
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(3,5Bd) from synthetic chars. Under identical combustion
conditions, the three series experienced similar mass loss
values and changing patterns (Table 1 and Fig. S1 in Sup-
plementary Material). The steepest rate of change in mass
loss occurred between 200 and 300 �C. Above 300 �C, the
loss continued but at a much slower rate. The proportion
of OC increased steadily in all synthetic chars, reaching
maxima and leveling off (HM and CG) for samples prepared
under elevated combustion temperatures. The high tem-
perature chars derived from woody tissue (HM and PI)
were more enriched in carbon (> 75%) than the grass char
(CG), which only reached 55% OC at 550 �C (Table 1). The
lower OC proportion in CG chars may be due to the rela-
tively high mineral and ash contents (Table 1), which
would dilute the OC content of the bulk samples (grasses
can contain up to 50% silica). We calculated the absolute
residual carbon content of chars by correcting the carbon
content in Table 1 with the corresponding ash content
and mass loss. The proportions of residual OC are very sim-
ilar in the char series of these three different plants. The
large changes in residual carbon content in chars produced
between 200 and 400 �C point to substantial loss of ther-
mally labile, carbon-rich constituents, such as hemicellu-
lose and cellulose, in this temperature range (Kuo et al.,
2008). The relatively consistent residual carbon content
in the high temperature chars (P 450 �C) supports the for-
mation of a graphite-like structure derived from the lignin
backbone (Mackay and Roberts, 1982). In our previous
study on the same synthetic chars, H/C and O/C atomic ra-
tios also showed that the aromatization pathway starts to
dominate at combustion temperatures > 300 �C (Kuo et al.,
2008).

3.1.2. Thermal alteration of lignin oxidation products and
lignin parameters
3.1.2.1. Total lignin oxidation products. All three charred
plants experienced a dramatic decrease in LOPs in the early
stages of combustion (Fig. 1). Less than 20% remained in
300 �C chars and no detectable levels were observed in
chars produced at temperatures P 400 �C. Dickens et al.
(2007) reported a similar finding for a suite of synthetic
chars made from red pine (Pinus resinosa) in a temperature
range of 70–350 �C. However, they found that lignin phe-
nols reached undetectable levels at slightly lower temper-
atures (250–350 �C) than those reported here. This may be
due to the prolonged combustion duration (24–72 h) these
authors used. In the present study, we observed that ex-
tended combustion does have a negative impact on LOP
yield (Table 1). The substantial decrease in yield during
combustion demonstrates the thermal lability of lignin
even at relatively low combustion temperature
(6 350 �C). This observation is also in accord with the re-
sults of earlier thermogravimetric analysis which showed
that lignin decomposes over a broad range of temperature,
overlapping with the temperature of hemicellulose and
cellulose degradation (about 250 �C and 350 �C, respec-
tively; Antal and Varhegyi, 1995; Lopez-Capel et al.,
2005; Kuo et al., 2008).

3.1.2.2. Ratio of syringyl to vanillyl phenols. In addition to
the information from mass- or carbon-normalized ligninT
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content, internal parameters based on specific phenolic lig-
nin oxidation products highlight compositional differences
in lignin source and thus provide a means for discriminat-
ing between taxonomic vascular plant groups (gymno-
sperms vs. angiosperms), tissue type (soft tissue vs.
woody tissue) and diagenetic state or alteration of the ori-
ginal lignin material (Hedges and Mann, 1979a; Hedges
et al., 1985, 1988b; Goñi and Hedges, 1992; Goñi et al.,
1993; Opsahl and Benner, 1995). For example, a value of
syringyl (S) to vanillyl (V) phenols appreciably greater than
zero for complex environmental mixtures is indicative of
the presence of at least some angiosperm tissue because
syringyl structural units are only incorporated in signifi-
cant amounts into angiosperm lignin but are virtually ab-

sent from gymnosperm tissue (Sarkanen and Ludwig,
1971; Hedges and Mann, 1979b; Goñi and Hedges, 1992;
Opsahl and Benner, 1995). Similarly, a value of cinnamyl
(C) to vanillyl phenols greater than zero is indicative of
the presence of non-woody material because cinnamyls
are abundant in most herbaceous and soft tissues (i.e.
leaves and needles) but virtually absent from wood (Sarka-
nen and Ludwig, 1971; Hedges and Mann, 1979b; Goñi and
Hedges, 1992; Opsahl and Benner, 1995).

In the present study, the two unburned angiosperm
plant tissue samples possess high S/V values (HM 1.06;
CG 1.32), while the value for unburned gymnosperm (PI)
is only 0.01. The effect of combustion on the S/V signature
is thus only shown for HM and CG (Fig. 2). Interestingly,

Fig. 2. Thermograms of ratio of syringyl to vanillyl phenols (S/V) for honey mesquite (HM) and cordgrass (CG) chars. The S/V values are plotted only for
samples 6 350 �C since S and V were not detected in chars produced above that limit.

Fig. 1. Thermograms of percentage total lignin oxidation products (LOP) remaining for honey mesquite (HM), cordgrass (CG) and loblolly pine (PI) chars.
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these two plant tissues show similar two-stage trends with
increasing combustion temperature. During combustion,
their S/V values show an initial increase up to 200–
250 �C, followed by a steep decrease, with values
approaching zero at 400 �C. The main difference between
the two species is the turning point temperature between
the two stages (HM 250 �C; CG 200 �C).

This two-stage S/V ratio trend in thermal degradation
suggests that different lignin subunits have different ther-
mal stability and/or that ultrastructural components of
plant tissues themselves have different thermal stability.
Differences in stability of different ultrastructural compo-
nents have been shown to occur during fungal attack and
partly contribute to the diverging results for lignin degra-
dation by white-rot and brown-rot fungi (Ruel and Bar-
noud, 1985; Hedges et al., 1985, 1988a). In hardwoods,
the middle secondary cell wall layer (S2 layer) is enriched
in syringyl structural units, while the outer and inner sec-
ondary cell wall layers (S1 and S3 layer, respectively) and
the compound middle lamella (CML) are predominantly
composed of vanillyl and condensed p-hydroxy structural
units (Terashima and Fukushima, 1989). Because the S2
layer is more labile to attack by white-rot fungi than other
cell wall substructures, the preferential degradation of
syringyl phenols vs. vanillyl phenols was often found in
white-rot fungal degradation (Ruel and Barnoud, 1985;
Hedges et al., 1985, 1988a). The features of these cell wall
ultrastructures have also been shown to be susceptible to
thermal treatment (McGinnes et al., 1971; Scott, 1989;
Jones and Chaloner, 1991). Jones and Chaloner (1991) indi-
cated that the stratification of cell wall layers (e.g. S1 and
S2 layers) is still visible in wood pyrolyzed at 180–
220 �C, but that the cell wall layers become homogenized
(no layering) at 230–340 �C, with further cracking of the
homogenized cell wall along the CML at 340–600 �C. These
features of ultrastructural change are often used for fossil
charcoal identification and may relate to the observed
two-stage S/V ratio change in the present study because
the turning point temperatures of S/V values of HM and
CG are close to that of cell wall homogenization.

The generation of extra vanillyl phenols from syringyl
phenols through demethoxylation may be an alternate
process leading to a decrease in S/V values upon thermal
degradation. However, our data show that the yields of
vanillyl and syringyl phenols decrease with increasing
combustion temperature (Table 1). Studies of lignin ther-
mal degradation have indicated that direct demethoxyla-
tion of lignin phenols is not a predominant reaction
during combustion (Ohta and Venkatesan, 1992; Behar
and Hatcher, 1995; Vane and Abbott, 1999). For example,
Ohta and Venkatesan (1992) found no accumulation of
vanillyl phenols with thermal degradation of syringyl phe-
nols for heating at 200 �C for up to 200 h. In their confined
system pyrolysis of a fossil angiosperm wood, Behar and
Hatcher (1995) found that, with increased severity of pyro-
lysis (increase temperature and/or duration), a loss of lig-
nin-related compounds was accompanied by an increase
in alkylated benzene diols (such as alkyl catechols and
methoxycatechol). The authors associated the abundance
of these catechols in pyrolyzed wood with an increased
presence of lignin residues that had undergone demethyl-

ation during combustion. As catechols themselves began to
diminish under more severe pyrolysis conditions, other
aromatic compounds (phenols, cresols, alkyl phenols, alkyl
benzenes and alkyl naphthalenes) became predominant in
the residues. The authors thus indicated that the multi-
step mechanism, demethylation in the early stage followed
by dehydroxylation and/or ring opening, was most likely
responsible for the observed thermal degradation of lignin.
This proposed multi-step mechanism was further sup-
ported by Vane and Abbott (1999), who monitored the
thermal degradation products of two lignin model com-
pounds, 2-methoxyphenol and 2,6-dimethoxyphenol, un-
der closed system pyrolysis and pointed out that
demethylation is the dominant reaction during early coal-
ification of lignin. The prevailing demethylation of lignin
during combustion would alter the structure of the lignin
polymer (Hatcher, 1990) and hence remove the common
lignin oxidation phenols from the analytical window of
the CuO oxidation method. This may explain the substan-
tial decrease in LOP yield observed in the present study
(Table 1 and Fig. 1).

3.1.2.3. Ratio of cinnamyl to vanillyl phenols and p-coumaric
acid to ferulic acid. As expected, the unburned cordgrass, a
non-woody plant, is characterized by a much higher C/V
value (1.13) than the two other woody tissues (HM and
PI, 0.06 and 0.01, respectively). As we observed for the S/
V values of HM and CG chars, the C/V ratio of the CG char
shows a two-stage trend with increasing temperature
(Fig. 3a). Although the C/V value did not change signifi-
cantly at low temperature (< 150 �C), it dropped dramati-
cally > 200 �C and approached zero at 400 �C. The
increased C/V value at 350 �C may be an artifact resulting
from the very low concentrations of cinnamyl and vanillyl
phenols in the sample. This thermogram implies that cin-
namyl phenols are more susceptible to thermal degrada-
tion than vanillyl phenols. However, the significant
depletion in these two lignin phenol families with increas-
ing combustion temperature (Table 1) demonstrates that
they are both labile with respect to combustion.

Looking specifically at the changes in the two cinnamyl
phenols, p-coumaric acid (Cd) and ferulic acid (Fd), we
found no preferential thermal degradation for either of
these (Fig. 3b), suggesting that they have similar thermal
stability.

3.1.2.4. Ratios of acid to aldehyde phenols. In addition to the
taxonomic parameters discussed above, both V and S clas-
ses afford acid and aldehyde phenols in proportions char-
acteristic of the state of degradation of the parent lignin
polymer. For example, low ratio values of acid over alde-
hyde moieties [(Ad/Al): 0.1–0.5] are typical of fresh lignin
(Hedges and Mann, 1979a; Goñi and Hedges, 1992),
whereas increased proportions of acidic groups in oxida-
tively altered lignin yield elevated acid/aldehyde values
(> 0.5) upon alkaline CuO oxidation (Hedges et al., 1988b;
Goñi et al., 1993; Nelson et al., 1995; Opsahl and Benner,
1995, 1998). Other processes, such as selective dissolution
of acid moieties and their sorption to minerals, can also
lead to increased (Ad/Al) values for environmental samples
(Houel et al., 2006; Hernes et al., 2007). Thus, elevated
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values for environmental samples, particularly within the
vanillyl family ((Ad/Al)v), suggest that lignin has either
been altered by microbial and/or photochemical degrada-
tion (Hedges et al., 1988b; Kögel-Knabner et al., 1991;
Goñi et al., 1993; Opsahl and Benner, 1995, 1998; Hernes
and Benner, 2003), or that dissolution/sorption processes
have selectively enriched the matrix in acid groups (Kaiser
and Guggenberger, 2000; Rumpel et al., 2002; Houel et al.,
2006; Hernes et al., 2007). In this thermal alteration study
of plant residues, the latter process is not at play and po-
tential changes in (Ad/Al) values will track changes in com-
position rather than losses/enrichment as a result of
dissolution/sorption.

The values of (Ad/Al)v for unburned HM, CG and PI
(0.22, 0.14 and 0.17, respectively) are all within the re-

ported values for fresh vascular plants discussed above.
However, the values increased dramatically across the
temperature range over which LOPs were detectable (up
to 350 �C; Fig. 4). The maximum (Ad/Al)v values reached
for HM, CG and PI chars (2.7, 2.0 and 2.1, respectively)
are at the higher limit reported for humic and fulvic acid
fractions (0.7–2.5) extracted from soil/sedimentary OM
(Ertel and Hedges, 1984; Sánchez-García, 2007) or DOM
sorbed onto soil minerals (Hernes et al., 2007). The 5- to
10-fold increase in (Ad/Al)v from unburned plants (in
which vanillin is up to 5 times more concentrated than
vanillic acid) to 350 �C char (in which the concentration
of vanillic acid is twice that of vanillin; Table 1) may reveal
the role of side chain oxidation of aldehyde precursors in
lignin macromolecules during combustion (Hedges et al.,

Fig. 3. Thermograms of (a) ratio of cinnamyl to vanillyl phenols (C/V) and (b) p-coumaric acid (Cd), ferulic acid (Fd), sum of two cinnamyl phenols (C) and
ratio of Cd to Fd (Cd/Fd) from cordgrass (CG) char. The C/V and Cd/Fd values are plotted only for samples 6350 �C since V, Cd and Fd were not detected in
chars produced above that limit. NB the x-axis in Fig. 3b is non-linear.
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1988a). However, vanillin might also be lost via cleavage of
the Ca–Caromatic bond (Ohta and Venkatesan, 1992). This
mechanism, coupled with a potentially greater thermal
stability of vanillic acid, could reasonably explain the sig-
nificant decrease in vanillin content vs. the relatively min-
or change in vanillic acid for low temperature chars (Fig. 4).
Changes in (Ad/Al)v are also incurred by lengthening the
combustion duration. As shown in Fig. 4d, the (Ad/Al)v va-
lue for the 250 �C HM char increases from 0.6 to 1.0 over
the 0.5–5.0 h combustion periods. These results confirm
those of Ohta and Venkatesan (1992) who observed a sim-
ilar effect on (Ad/Al)v in their experiment on chars (200 �C)
made from red alder (Cunonia capensis) and pine (Pinus
pinea) over combustion periods of 20–200 h.

We also found that the syringyl phenols, abundant in
the two angiosperm plants, are susceptible to thermal
alteration, with (Ad/Al)s values increasing concomitantly
with increasing combustion temperature (Table 1). The
highest value for HM (1.8) occurs at 350 �C, whereas the
highest value for CG (2.4) is produced at 300 �C. These
two very high values are above the reported range for
soil/sediment humic and fulvic acids (0.42–1.6, Ertel and
Hedges, 1984; Sánchez-García, 2007), showing the highly
oxidized nature of the two chars. Notably, the similarity
between (Ad/Al)s and (Ad/Al)v ratios during combustion
is in contrast to the results obtained from soft-rot fungal

degradation and photochemical oxidation, which showed
no or only little change in (Ad/Al)s (Hedges et al., 1988a;
Opsahl and Benner, 1998). This observation reflects the
non-selective nature of thermal alteration.

3.1.2.5. Ratio of 3,5-dihydroxybenzoic acid to vanillyl
phenols. Among additional CuO oxidation products, the
phenolic compound 3,5-dihydroxybenzoic acid (3,5Bd) is
a common product of soil degradation (Christman and
Oglesby, 1971; Ugolini et al., 1981; Prahl et al., 1994) and
has been regularly found within freshwater and marine
sediments (Hedges and Parker, 1976; Gough et al., 1993;
Prahl et al., 1994; Louchouarn et al., 1999; Houel et al.,
2006; Dickens et al., 2007). It has been shown to derive
mostly from the oxidation of SOM (Ugolini et al., 1981), ex-
cept for some marine sediments receiving large inputs
from brown macroalgae (Goñi and Hedges, 1995). In turn,
the ratio of 3,5Bd to total vanillyl phenols (3,5Bd/V) has
been shown to be much higher for humic matter than for
bulk sediment OM (Sánchez-García, 2007), confirming
the use of the ratio for determining the degree of oxidation
of different soil OM (Otto et al., 2005; Otto and Simpson,
2006). Recently, Dickens et al. (2007) and Sánchez-García
(2007) further validated the use of this ratio as a robust
tracer for SOM input to aquatic systems, including coastal
and shelf environments. The likely precursors of this

Fig. 4. Thermograms of vanillin (Vl), acetovanillone (Vn), vanillic acid (Vd), sum of three vanillyl phenols (V) and (Ad/Al)v ratio from (a) honey mesquite
char, (b) cordgrass char and (c) loblolly pine char. (d) Changes of Vl, Vn, Vd, V and (Ad/Al)v ratio from honey mesquite char (250 �C) as a function of
combustion duration. The (Ad/Al)v values in (a–c) are plotted only for samples 6350 �C since vanillin was not detected in chars produced above that limit.
NB the x-axis is non-linear.
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phenolic product are not altered lignin macropolymers but
tannins and other flavonoids (Christman and Oglesby,
1971; Goñi and Hedges, 1995). Because tannin-like materi-
als tend to accumulate within decaying cells (de Leeuw
and Largeau, 1993), the relative increase in this compound
in soils may be related to the extent of degradation and
humification of fresh vascular plant tissue (Prahl et al.,
1994; Houel et al., 2006). However, although Dickens
et al. (2007) have shown that charring can increase the
yield of 3,5Bd in vascular plants, the effect of thermal deg-
radation on the 3,5Bd/V ratio has not been addressed. In all
plant charcoals, the value of 3,5Bd/V remains negligible
under combustion temperatures 6 250 �C and peaks at
350 �C; while values of chars from P 400 �C combustion
could not be calculated for lack of detectable vanillyl phe-
nols in those chars (Table 1). The large difference in maxi-
mum value across char types probably reflects a plant
species effect. For example, the relatively low values for
the PI chars are probably a direct result of relatively high
yields of vanillyl phenols from gymnosperm wood (Table
1). Nevertheless, the extremely high 3,5Bd/V and (Ad/Al)v

values for 350 �C chars are striking, demonstrating that
combustion can alter these two diagnostic indicators and
suggesting that 350 �C may be a critical temperature in
terms of thermal degradation of lignocellulose. Further-
more, the lack of sensitivity of the 3,5Bd/V ratio to low
temperature combustion (6 250 �C), contrasting with the
behavior of the (Ad/Al)v ratio, could be used to roughly
estimate the combustion temperature for environmental
chars. However, such an application may suffer from seri-
ous interference when chars are mixed with soils contain-
ing highly degraded non-char OC since the latter also
yields elevated (Ad/Al)v and 3,5Bd/V ratios. Although
(Ad/Al)s responds differently between thermal alteration
and some other degradation pathways, this ratio still in-
creases during diagenesis (Opsahl and Benner, 1995). It is
unlikely we can differentiate the presence of char and
other lignin degradation pathways in complex environ-
mental matrices by using shifts in LOP patterns alone.
But this task may be possible at least qualitatively only
when other char identification approaches are available
(see example in next section).

3.2. Effect of char input on OM characterization

The influence of thermal alteration on CuO-derived lig-
nin parameters in synthetic chars implies that combustion

in natural environments can alter the lignin signals in
burned residues of vascular plants. A more significant
question is: Does the input of these thermally altered
vascular plants (char/charcoal) in soils/sediments have
the potential to induce a shift in the lignin signal of envi-
ronmental matrices? Here we apply a simple two end
member mixing model to characterize the changes in bulk
lignin parameters of selected SOM on input of specific
chars. Biomarker signatures from a soil litter layer and a
mineral soil collected from B horizon were adapted from
Houel et al. (2006) as ‘‘model” end members for SOM with
characteristics from the two ends of the soil spectrum
(carbon-rich litter vs. carbon-poor mineral soil). Pine chars
(PI 300, 350 and 400 �C) were used in this mixing model
because the soil end members come from podzols from a
northern Canadian forest, which consist predominantly of
pine/spruce stands (Houel, 2003). Using the elemental
and biomarker concentration data for each end member
(Table 2), we can calculate OC-normalized total lignin phe-
nols (k6, which only contain vanillyl and syringyl phenols)
and 3,5Bd/V ratio by using the equation:

A
B

� �
obs
¼ ðAchar � fcharÞ þ ½Asom � ð1� fcharÞ�Þ
ðBchar � fcharÞ þ ½Bsom � ð1� fcharÞ�Þ

ð1Þ

where A represents the mass-normalized value of the
parameter in the numerator of the ratio (3,5Bd and

P
6);

B represents the mass-normalized value of the parameters
in the denominator (V and OC); subscripts char and SOM
denote added char and SOM, respectively; fchar is the frac-
tion of char in the mixture; (A/B)obs is the observed ratio of
the mixture. Note that, for the undetectable values of HM
400, we use zero in the calculations. Because we have no
prior knowledge of pre-existing charcoal in these soils,
we assume here that the soil end member signatures are
entirely due to uncharred plant residues. The presence of
chars in the soils, would, however, not change the overall
result of the mixing models since we use the measured soil
compositions rather than theoretical values calculated
from a composite of plant tissue inputs, and only model
the potential impact on soil signatures due to char inputs.
Using such a model to assess quantitatively the amount of
char inputs to the soil requires additional information such
as additional indicators of char or BC and lignin content/
signature prior and after burning (see discussion below).

Fig. 5 shows the estimated trends for selected CuO
parameters (k6, 3,5Bd/V, and (Ad/Al)v) in soil litter and
mineral soil under increasing char input. The lignin yield

Table 2
Elemental and biomarker mass-normalized concentrations of diverse end members for modeling [all units in mg (g dry wt)�1; –, undetectable]

End member Corg
a P

6b Vb Sb Vdb Vlb 3,5Bdb

Soil litterc 526.0 16.8 13.2 3.6 3.2 7.4 0.69
Mineral soilc 30.0 0.11 0.09 0.02 0.04 0.03 0.07
PId: 300�C char 638.1 14.9 14.9 – 7.1 5.9 0.53
PId: 350�C char 682.7 3.3 3.3 – 2.4 0.94 0.58
PId: 400�C char 714.2 – – – – – 0.41

a Organic carbon.
b R6, Mass-normalized sum of three vanillyl phenols (V) and three syringyl phenols (S); Vd, vanillic acid; Vl, vanillin; 3,5Bd, 3,5-dihydroxybenzoic acid.
c Data cited from Houel et al. (2006).
d Loblolly pine.
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(k6) of soil litter and mineral soil are affected differently by
the addition of char (Fig. 5a and b). Lignin yields for the soil
litter, which are OC-rich and comprised of relatively abun-
dant plant debris (k6, 3.2 mg/100 mg OC), decreases con-
tinuously (Fig. 5a) with the addition of relatively lignin-
depleted char (k6 = 2.3, 0.5 and 0.0 mg/100 mg OC for PI
300, 350 and 400, respectively). In contrast to litter, the
mineral soil possesses low OC content and is lignin-poor
(k6 = 0.4 mg/100 mg OC). In this type of soil sample, inputs
from PI 300 increase the overall lignin yield, whereas those
from PI 350 and 400 result in almost constant and decreas-
ing k6 signal, respectively, for the mineral soil–char mix-
ture (Fig. 5b). This model suggests that the impact of
char input on soil lignin yield will greatly depend on both

the type of soil and the combustion temperature generat-
ing the char particles that reach the soil.

Fig. 5c and d show the change in 3,5Bd/V in soil–char
mixtures. The addition of these char end members does
not lead to significant shifts in litter signatures (initial
3,5Bd/V = 0.05) unless they are derived from high temper-
ature and become the predominant OC fraction (> 75%;
Fig. 5c). This results from the abundance of vanillyl phenols
in soil litter, effectively diluting the potential impact of
char input with high 3,5Bd (Table 2). In the mineral soil
(3,5Bd/V = 0.82), char input results in distinct 3,5Bd/V
trends depending on the relative difference in biomarker
yields among the three chars and mineral soil (Fig. 5d).
The input of low to mid-temperature chars (PI 300 and
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Fig. 5. Predictions of (a) k6 of soil litter; (b) k6 of mineral soil; (c) 3,5Bd/V of soil litter; (d) 3,5Bd/V of mineral soil; (e) (Ad/Al)v of soil litter; and (f) (Ad/Al)v

of mineral soil, while mixed with increasing amount of 300, 350 and 400 �C pine chars (PI 300, 400 and 450, respectively) based on simple two end
members mixing model.
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350; 3,5Bd/V = 0.04 and 0.17, respectively) results in
decreasing trends, while inputs of high temperature chars
(PI 400; 3,5Bd = 0.41 mg/g; V undetectable) lead to an
exponential increase in the mixture’s 3,5B/V ratio and a
significant shift above a char fraction of 60%. Finally, it is
notable that our modeling does not include the high tem-
perature charcoals produced >500 �C, which do not possess
detectable 3,5Bd and V. Based on our simple mixing model,
the input of such high temperature charcoal to soils/sedi-
ments should not affect the 3,5Bd/V ratio but may greatly
reduce the OC-normalized lignin value due to its enriched
OC content and lack of LOP.

The vanillic acid to vanillin ratio ((Ad/Al)v) of both the
litter and mineral soil also shows substantial shifts in sig-
nature upon char addition (Fig. 5e–f). The substantial in-
crease in the proportion of vanillic acid in the PI 300 and
350 chars (Table 1; (Ad/Al)v = 1.2 and 2.5, respectively)
contribute to a significant increase in (Ad/Al)v for the lit-
ter-char mixture even at a 20–30% proportion of char in-
put. The lack of vanillyls (acid and aldehyde) in the PI
400 char results in no impact, upon char addition, on the
(Ad/Al)v ratio in this modeled mixture. Similarly, no change
is observed when this charcoal is mixed with the mineral
soil end member. In contrast, the PI 300 and 350 chars
have opposite effects on mineral soil overall (Ad/Al)v signa-
ture, with a slight decrease in value under the PI 300 addi-
tion and a rapid and large increase under the PI 350
addition. The increase proportion of acid moieties in min-
eral soil horizons has been well documented (Kaiser and
Guggenberger, 2000; Rumpel et al., 2002; Houel et al.,
2006) and suggest that the acid enrichment in deep soils
is the result of a combination of processes such as oxida-
tive degradation of lignin, selective dissolution of acid con-
stituents, and their sorption on active mineral sites
(aluminosilicates, oxydo-hydroxides) following their verti-
cal transport in soil columns (Kaiser and Guggenberger;
Rumpel et al., 2002; Houel et al., 2006). Hence, because
of the already high proportion of vanillic acid in mineral
soils, only the addition of the most acid-rich chars can lead
to substantial increase in (Ad/Al)v values.

To test the predictions from this simple mixing model,
we analyzed two pairs of pre-burn/post-burn soil samples
from control burning sites at an experimental station in the
desert grassland/scrubland ecosystem of the Sevilleta Na-
tional Wildlife Refuge (New Mexico, USA). The sites were
described by Ravi et al. (2007) in a study focused on the
link between fire and wind erosion in such arid environ-
ments. The vegetation consists of grassland/scrubland with
a mosaic of soil patches dominated by grasses and shrubs.
Soil samples were collected from the surface (top 2 cm)
under the grasses and around the shrubs at several repli-
cated plots before and after the prescribed burning. Table
3 shows the elemental and biomarker information for
these soils before and after burning. The pre-burn soils
contain low OC contents while their high k6 and low
(Ad/Al)v, (Ad/Al)s, and 3,5Bd/V values point to inputs from
fresh plant debris. After the control burn, the OC content in
the soils increases, showing the input of chars or fire in-
duced litter fall from plants (Alexis et al., 2007).

Since the HM and CG samples are the closest to the
plant species found in the shrub/grass land cover at these
sampling sites, we selected their synthetic chars to test
our model on the New Mexico soils (see Fig. S2 in Supple-
mentary Material for model results). The observed shifts in
biomarker signatures [slightly increasing k6 and (Ad/Al)v

values with stable 3,5Bd/V] can actually only be explained
by a mixture of the pre-burn New Mexico soil with a small
proportion of char produced at 6250 �C (max. 10–20%
depending on the plant source of the char). The order of
magnitude increase in levoglucosan concentration (Table
3), an exclusive molecular marker of cellulose/hemicellu-
lose combustion (Simoneit et al., 1999; Elias et al., 2001;
Otto et al., 2006), provides strong evidence for inputs of
chars to the soils. Because levoglucosan is only present in
char produced under low combustion temperature
(6350 �C; Kuo et al., 2008), elevated levoglucosan yields
from environmental samples thus help confirm inputs
from relatively low temperature chars. Moreover, the sig-
nificant increase in

P
6 in the post-burn soils suggests that

these soils predominantly received unaltered or slightly

Table 3
Elemental composition, lignin oxidation product values and ratios and levoglucosan yield for two New Mexico soils before and after control burning
(abbreviations for lignin parameters as Table 1)

Soil Soil 1 Soil 2

Type Pre-burn Post-burn % Changea Pre-burn Post-burn % Changea

N (%) 0.06 0.12 100 0.06 0.17 183
C (%) 0.60 1.48 147 0.55 1.66 202
(C/N)ab 11.7 14.4 23 10.7 11.4 7P

6 (mg/g) 0.16 0.54 229 0.14 0.43 211
k6 2.72 3.28 20 2.49 2.57 3
S/V 1.03 0.87 �15 0.97 0.98 1
C/V 0.54 0.41 �24 0.29 0.25 �11
(Ad/Al)v 0.41 0.48 18 0.41 0.44 8
(Ad/Al)s 0.39 0.48 23 0.33 0.38 16
3,5Bd/V 0.08 0.07 �9 0.07 0.07 �3
Cd/Fd 1.39 1.00 �28 0.99 0.92 �7
Levoglucosanc (ug/g OC) 141.7 2565.5 1711 60.0 1324.1 2107

a % Change = (post-burn � pre-burn) (pre-burn)�1 (100%).
b Atomic C/N ratio.
c Values from Kuo et al. (2008).
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charred plant debris. This observation is in line with the
findings of Alexis et al. (2007) who showed that, during
prescribed fires in a scrub oak ecosystem in Florida, USA,
the vast majority (�75%) of OC released from vegetation
to the soil was due to leaf litter fall in the form of unburned
tissue.

The above example of New Mexico soils shows that
such a mixing model has the potential to roughly assess
the fraction of char inputs following a major fire when
the LOP data of soil before and right after burning are
known. This ‘‘environmental reconstruction”, is, however,
presently over simplified and bound to suffer from com-
plex factors such as diverse char inputs (different combus-
tion conditions and/or different parent materials),
secondary combustion at the site, alteration of LOP signa-
tures of pre-burn soils due to combustion, and the further
decomposition of post-burn soils. An obvious caveat to the
application is the difficulty in teasing apart the source in-
puts from highly degraded, but unburned, SOM with those
from high temperature chars. Both would have high (Ad/
Al)v and 3,5Bd/V ratios and relatively low k values. One
of the main differences expected from major inputs of
the latter organic materials, would, however, be a higher
OC content and significant presence of thermally stable
BC (Kuo et al., 2008). Low temperature chars, on the other
hand, should be simultaneously traced by the presence of
low temperature charcoal markers such as levoglucosan.
Hence, we acknowledge that a simple modeling applica-
tion to distinguish between types of charcoal inputs to nat-
ural environmental matrices is fraught with problems and
can only be useful when performed in combination with
supporting analyses (biomarkers of chars, thermal or
chemical oxidation to measure soot BC). Nevertheless,
our results demonstrate that thermal alteration of lignin
should be considered in LOP data interpretation when
there is positive evidence of char input.

4. Conclusions

Because of its relatively recalcitrant nature and good
preservation potential over long timescales, lignin is often
used as a proxy for estimating the input of terrestrial OM
to diverse environments. However, when lignin undergoes
degradation, its signature is modified, complicating its
source interpretation. The present study systematically
investigated the thermal alteration of lignin by analyzing
the CuO-derived LOPs in synthetic chars made from se-
lected angiosperms and gymnosperms under controlled
combustion conditions. The results showed that thermal
alteration greatly affects the lignin signature even at low
temperature, ultimately eliminating the common CuO-de-
rived LOPs (syringyl, vanillyl and cinnamyl phenols) under
severe combustion conditions (P400 �C). Furthermore, the
observed removal of all these LOPs from chars demon-
strates that thermal alteration of lignin is different from
biological degradation and photochemical oxidation in that
it is predominantly a non-selective process. Our results
also showed that three CuO-derived diagenetic indicators,
(Ad/Al)v, (Ad/Al)s and 3,5Bd/V, can provide some qualita-
tive indication of the extent of thermal degradation, with

the 3,5Bd/V ratio providing the narrowest temperature
range (250–350 �C). Because of their altered lignin signa-
tures, substantial inputs of chars to environment mixtures
can generate artifacts during the characterization of OM
native to such mixtures. The results of a simple two end
member mixing model showed that the effects of char in-
put will be most influenced by the combustion tempera-
ture during char production and the relative difference in
biomarker yields between char and SOM. The real situation
in environments would be further complicated since natu-
ral char from biomass burning is actually a mixture of
chars with variable characteristics. Hence, in environments
with potential char input, the characterization of terrestrial
OM source via lignin analysis should probably be con-
firmed/contrasted with additional biomass combustion
markers such as levoglucosan.
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