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Abstract. Most techniques for determining the chemical nature of natural organic matter in soil, sediment
and water require prior extraction or concentration steps that are not quantitative and that create artifacts.
13C nuclear magnetic resonance (NMR) analysis can avoid these problems, but it gives little information
at the scale of molecules. Here we show that the molecular composition of a diverse range of natural
organic materials could be inferred from '*C NMR analysis combined with C and N analysis. Forty-six
different organic materials including undecomposed and decomposed plant materials, soil organic matter,
phytoplankton, and the organic matter found in freshwater, estuarine and marine sediments were exam-
ined. A mixing model simultaneously solved a series of equations to estimate the content of four bio-
molecule components representing the organic materials produced in greatest abundance by plants and
other organisms (carbohydrate, protein, lignin and aliphatic material) and two additional components (char
and pure carbonyl). Based on defined molecular structures for each component, signal intensities for '*C
NMR spectra were predicted and compared with measured values. The sum of the absolute differences in
signal intensity between the measured and predicted spectral regions was <7% for the terrestrial materials.
For aquatic materials the fit of the predicted to measured signal intensities was not as good. Predicted
molecular compositions correlated well with independent analyses of cellulose, protein and lignin contents
of plant samples and char contents of soil samples. Across all samples, carbohydrates accounted for
10-76% of the sample C (40-76% in plants and 10-42% in soils, sediments and phytoplankton), protein
for 2-80% (21-80% in phytoplankton and marine water column samples and 2-36% in plants, soils and
sediments), lignin for 0-36%, aliphatic materials for 2—44%, char for 0-38% and carbonyl for 0-22%. For
the soils, sediments and decomposed plant materials, the close correspondence between actual signal
intensities and those predicted using known biomolecular components, suggested that either ‘humic’
structures can be approximated by mixtures of common biologically derived molecules or that humic
structures did not exist in significant amounts.

Abbreviations: CP — cross-polarisation; DP — Direct polarisation; MAS — magic-angle-spinning; NMR —
nuclear magnetic resonance; UV NMR — ultra-violet photo-oxidation of the <53um fraction followed by
13C NMR analysis

Introduction

Natural organic matter in soil, water and sediments plays an important role in many
ecosystem functions. It provides energy and nutrients for organisms; acts as an
important pool of elements in global cycles; buffers against chemical changes such as
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acidification; alters the mobility and reactivity of pollutants such as heavy metals and
synthetic organic chemicals; and influences the physical properties of soils and sedi-
ments (Baldock and Skjemstad 1999). Due to its complex chemical nature, and its
ability to form strong associations with mineral materials, natural organic matter has
proved difficult to characterise chemically, and despite its importance, its chemical
nature is not yet fully understood.

Traditional approaches to characterising the molecular composition of natural
organic materials have relied on a variety of prior extraction, concentration and
chemical degradation techniques. These techniques include both general procedures
that extract a range of different organic molecules and more specific procedures
designed to quantify individual classes of biomolecules. The most common general
extraction procedure uses strong alkaline and acidic solutions to extract and frac-
tionate organic material into ‘humic acid’, ‘fulvic acid’ and ‘humin’. Application of
a variety of analytical procedures to the isolated materials has identified a large range
of known biochemicals and left substantial portions of the materials unidentified.
Characterisation of the unidentified materials has lead to the development of generic
chemical ‘humic’ structures thought to be representative of decomposed organic
materials in natural systems (Schulten and Schnitzer 1993) and of various pathways
of humic substance formation (Waksman 1936; Hatcher and Spiker 1988; Hedges
1988; Baldock and Nelson 2000).

Specific extraction techniques have been developed for protein, carbohydrate,
lignin and lipid fractions. Protein content has been estimated by determining the
quantity of amino acids released by hydrolysis in hydrochloric acid (Beavis and
Mott 1996, 1999). Carbohydrate content has been estimated by quantification of the
products of sulphuric acid hydrolysis (Baldock et al. 1987). Lignin has been
estimated by quantification of the products of CuO oxidation (Hedges and Ertel
1982; Reeves 1995) and tetramethylammonium hydroxide thermochemolysis
(Hatcher et al. 1995; Baldock et al. 1997a). A variety of organic solvents and
solvent mixes have been used to extract and quantify various lipid fractions (Heng
and Goh 1981; Ma’shum et al. 1988; Wu et al. 1995). Several of these specific
extraction techniques can be combined, as in the proximate-analysis approach, in
an attempt to completely define the molecular composition of organic materials
(Preston et al. 1997).

A problem with using specific and general extractions prior to analysis of the
molecular composition of natural organic materials is that the procedures are not
quantitative or selective and that artifacts can form. For example, Preston et al.
(1997) showed that the Klason lignin fraction isolated from various forest litter
samples by a proximate-analysis approach contained significant amounts of lipid
carbon. Typically, selective chemical degradation techniques identify only 20-80%
of organic materials present in natural samples e.g., litter and soil organic horizons
examined by Ogner (1985), Kdgel et al. (1988), Kogel-Knabner et al. (1988) and
marine organic materials examined by Wakeham et al. (1997).

There are two possible reasons why identification of known biochemicals does
not account for all the organic matter in samples of soil, sediment and water. The
first is that much of the organic matter may be in the form of complex ‘humic’



molecules of the type proposed by Schulten and Schnitzer (1993). The second is that
the organic matter may consist of potentially identifiable molecules, but they are
associated with each other and with mineral particles so intimately that they cannot
be fully and non-destructively isolated and identified. In order to determine which of
the two possibilities is correct, we need to examine the nature of the organic
materials quantitatively and in-situ, without prior extraction or degradation.

Recent advances in the use of solid-state '*C nuclear magnetic resonance (NMR)
as a tool for examining the chemical structure of organic materials in natural
environments has allowed non-destructive and potentially quantitative examinations
of organic carbon chemistry in-situ, without prior extraction and/or degradation
procedures (Wilson 1987; Kinchesh et al. 1995a, b; Smernik and Oades 2000a, b).
Although the results of solid-state '>*C NMR can be used to quantitatively assess the
structural environment of each C atom, provided correct NMR parameters are first
defined, no direct information pertaining to how the various C atoms are joined
together into molecular structures is provided. Therefore to date, the results of NMR
studies have usually been reported in terms of C types, rather than molecular
structures.

A method of inferring molecular structures of natural organic matter from '*C
NMR spectra was formulated by Nelson et al. (1999) and subsequently also applied
to marine plankton and particles sinking through the marine water column (Hedges
et al. 2001, 2002). The method begins by assuming that the organic matter in
natural ecosystems exists in the form of molecules produced by organisms (bio-
molecules). More than 90% of all biomolecules can be classified into a few distinct
types (e.g., proteins, carbohydrates, lipids, etc.), with each type having a charac-
teristic '*C NMR spectrum and N:C ratio. To predict the molecular composition of
a sample (the content of each type of biomolecule), the distributions of '*C NMR
signal intensity defined for each biomolecule can be mathematically mixed together
so that the N:C ratio, and the signal intensity in some regions of the NMR spectrum
are equated to that measured for the sample. This mixing process estimates
(models) the proportion of organic C found in a sample of organic matter that can
be attributed to each distinct type of biomolecule. The deviation between predicted
and actual signal intensities for the remaining regions can be used to give an
indication of the goodness of fit between the distribution of '*C NMR signal
intensity measured for the sample and that predicted for the modelled mixture of
biomolecules. A high level of agreement between the measured and modelled
distributions of '>*C NMR signal intensity suggests that the organic matter in the
samples might consist purely of biomolecules, rather than ‘humic’ structures
formed by other abiotic means.

In this study, we set out to extend our previous use of this biomolecular mixing
model (Nelson et al. 1999; Hedges et al. 2001, 2002) to determine whether the
chemistry of natural organic matter in samples taken from a more diverse range of
environments and exhibiting various extents of decomposition could be explained
by a mixture of common biomolecules. It is proposed that, if the biomolecular
mixing model can successfully account for the distribution of '*C NMR signal
intensity in samples of natural organic material, then the modelling process will
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provide a useful extension of current NMR methodologies and allow the overall
gross molecular composition of natural organic materials to be estimated.

Material and methods
Samples

The 46 samples of natural organic matter examined in this study included fresh and
decomposed plant materials, soils, soil particle size fractions, phytoplankton, aquatic
sediments (freshwater, estuarine and marine), marine plankton, and particles in the
marine water column. For soil and sediment samples, low concentrations of carbon
and the presence of paramagnetic minerals can make the acquisition of solid-state
13C NMR spectra difficult. Some samples, as indicated in the subsequent descrip-
tions of sample origins, were demineralised prior to application of the elemental and
solid-state '>’C NMR analyses.

Several pasture grasses and legumes covering a range of digestibilities were anal-
ysed by '*C NMR and for molecular components using conventional methods typical
of those used to assess ruminant feed quality. The samples included an oaten hay
(Avena sativa) from southern Australia, and Seca stylo (Stylosanthes scabra) stems,
wet season Buffel grass (Cenchrus ciliaris) and dry season native grasses (mixed
species) from northern Australia. The conventional feed quality measurements in-
cluded crude protein (total Kjeldahl nitrogen multiplied by 6.25) and crude cellulose
and lignin by the van Soest method (Goering and van Soest 1972). Crude cellulose,
which includes hemicellulose, was determined by subtracting ‘acid detergent lignin’
from ‘neutral detergent fibre’. Crude lignin, which includes aliphatic material such as
cutin, was the ‘acid detergent lignin’ fraction. Additional samples of plant material and
decomposed plant material included: (1) corn (Zea maize L.) and alfalfa (Medicago
sativa) residues collected at the end of the growing season from a research site near
Winchester, Ont. Canada (45°04’ N, 75°21” W) and (2) maple (Acer saccharum)
leaves collected on litter traps placed in a woodlot located approximately 3 km from
the agricultural research site. Samples of the corn litter that had been placed in
15 emx10 cm litter bags with 1 mm openings and buried at 15 cm depth in a corn and
forest soil (equivalentto 7 Mg ha™") for 0,306, 387 and 582 days were also examined.

The soils examined originated from Canada and Australia. The Canadian soils
were collected from the 0—10 cm layer of a Brookston clay loam (280 g kg™ ' sand,
350 g kg~" silt, and 370 g kg™' clay) near Woodslee, Ont. Canada (42°13" N,
82°44” W). The corn and grass pasture soils were collected from the 0-10 cm layer
of research plots supporting corn in monoculture and bluegrass (Poa pratensis L.)
in monoculture from 1959 until sample collection in 1995. The maple forest soil
was collected from the 0—10 cm layer of mineral soil under a remnant mixed
deciduous woodlot adjacent to the corn and grass pasture research plotsfs, All
Canadian soils were examined in their whole state (no size separation or demin-
eralisation procedure was applied). The eight Australian soils were collected from
the 05 or 0—10 cm depth layer from different environments in Australia. '>*C NMR
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spectra had been obtained following pre-treatment with 2% HF according to
Skjemstad et al. (1994) to remove paramagnetic materials. Details of the classifi-
cation, location, properties and preparation of the eight Australian soils were
described by Skjemstad et al. (1999b). Soil particle size fractions of a Mollisol from
Millicent, South Australia (37°36” S, 140°22" E) were examined using the data of
Baldock et al. (1992).

The phytoplankton Botryococcus braunii, Chorelia pyrenosidosa, Dunaliella
tertiolecta and Scenedesmus obliguus were examined using the data of Zelibor et al.
(1988). The Lake Washington sediment (0-30 cm layer) was collected in 1981 from
the northern part of Lake Washington (47°39.0" N, 122°15.3" W, Washington State,
USA) under 59 m of water using a box core. The Chesapeake Bay sediment sample
(37°11" N, 76°11” W, Virginia, USA) and Buffalo River sediment sample (Buffalo,
New York, USA) were standard reference materials of the US National Institute of
Standards and Technology (reference numbers 1646a and 8704, respectively). All
three sediment samples may have been anthropogenically influenced, and the
Chesapeake Bay and Buffalo River samples were demineralised according to
Gélinas et al. (2001) prior to analysis.

The marine surface plankton, sinking particles and sea floor sediment samples
were depth sequences collected from the Arabian Sea (Lee et al. 1998) and the
Equatorial Pacific Ocean (Wakeham et al. 1997). These depth sequences are typical
of open ocean regions in terms of organic composition and disappearance of organic
matter with depth (Hedges et al. 2001). The water column samples were analysed
intact, but the sediment samples were demineralised according to Gélinas et al.
(2001) prior to analysis.

3C NMR spectroscopy

We obtained solid-state '*C NMR spectra of the plant materials (fresh and
decomposed), Canadian soils, freshwater and estuarine sediments, and marine
samples in the following way. Spectra were acquired at a '*C frequency of
50.3 MHz on a Varian Unity 200 spectrometer. Samples were ground to a fine
powder, packed into a 7 mm diameter cylindrical zirconia rotor with Kel-F end-caps
and spun at 5000+100 Hz in a Doty Scientific MAS probe. A conventional cross-
polarisation/magic-angle-spinning (CP/MAS) pulse sequence (Wilson 1987) was
used with a 1.0 ms contact time. Variable contact time experiments (Wilson 1987)
were used to establish the optimum contact time. An inversion recovery pulse
sequence (Wilson 1987) was used to estimate relaxation times (T1H values) for each
sample analysed and thereby define the duration of the recycle delay required
between pulses (seven times the longest TIH), Spectral distributions (the distribu-
tion of total signal intensity amongst various chemical shift ranges) for each sample
were calculated as documented by Baldock and Smernik (2002), by integrating the
signal intensity in seven chemical shift regions based on previous work (Levy et al.
1980; Wilson 1987), The chemical shift regions used and their corresponding
labels were: carbonyl (210-165 ppm), O-aromatic (165-145 ppm), aromatic
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(145-110 ppm), O,-alkyl (110-95 ppm), O-alkyl (95-60 ppm), N-alkyl/methoxy
(6045 ppm), and alkyl (45 to —10 ppm). The labels only indicate major types of C
found in each region. It is acknowledged that some overlap of C types in adjacent
regions may exist and that the use of discrete chemical shift values may not handle
shoulders on larger peaks very well. However, the spectral distributions used for the
model components included the overlap that occurs for those materials. It was
critical that the same discrete set of chemical shift limits was used to describe the
distribution of signal intensity for each of the model components and the samples
examined in this study. This was necessary to ensure consistency in the mathe-
matical process used to estimate molecular composition of the samples based on the
distribution of signal intensity in the model components.

Solid-state '>*C NMR spectra of the remaining samples were obtained from the
following sources: (1) Mollisol particle size fractions (Baldock et al. 1992), (2)
Australian soils with known char contents (Skjemstad et al. 1999b), and (3) phy-
toplankton (Zelibor et al. 1988). Spectral distributions for these samples were
determined by integrating the intensity found in the seven chemical shift regions
previously identified, using the original data or digitised versions of published
spectra. The Australian soils had been examined using conventional CP/MAS NMR
and also using Bloch decay NMR. In this paper we use the term direct polarisation
(DP) rather than Bloch decay.

Mixing model for inferring molecular structures from '>C NMR spectra

The approach used was the ‘model components and simultaneous equations’
method of Nelson et al. (1999), which is fully described below, including some
minor modifications to the previous version. The biomolecules chosen for the
mixing model were those produced in greatest abundance by plants (i.e., cellulose,
hemi-cellulose, protein, lignin, cutin and suberin) and microorganisms (i.e., protein
[structural and enzymes]; chitin; structural and muco-polysaccharides; and
aliphatic membrane components). These categories of biomolecules were reduced to
four model components having characteristic and distinctive '*C NMR spectra and
N:C ratios: (A) carbohydrate (representing cellulose, hemi-cellulose, muco-poly-
saccharides and smaller molecular weight saccharides), (B) protein (representing
proteins, peptides and amino acids), (C) lignin, and (D) an aliphatic component
(representing cutin, suberin and aliphatic membrane components). In addition to
protein and carbohydrate, chitin (an amino-sugar polymer produced by a variety of
terrestrial and aquatic organisms) is a biomolecule produced in abundance in natural
ecosystems (Muzzarelli and Muzzarelli 1998). However, neither chitin nor glyco-
proteins were included as model components, because they have '>*C NMR spectra
and N:C ratios intermediate between, and indistinguishable from, a mixture of
protein and carbohydrate. Likewise, protein-phenols are represented by the protein
and lignin model components. Two additional model components were included in
the analysis. A pure carbonyl component (component E) allowed for the presence of
additional carboxyl C in the other components (A, B, C and D), for example uronic
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acids in the carbohydrate component and fatty acids in the aliphatic component.
Char was included as component F, as it is known to exist in some soils and
sediments (Gustafsson and Gschwend 1998; Skjemstad et al. 1999b).

For each model component, the spectral distribution of signal intensity in the seven
spectral regions was determined in one of two ways, For the protein, aliphatic and
carbonyl components, spectral distributions were calculated using the known chemical
shifts of all the C atoms in chemical structures of pure materials. For the protein and
aliphatic material components, the pure materials used are described below. For the
carbohydrate, lignin and char components, spectral distributions were obtained from
spectra of representative materials. Two sets of model components were used; a “ter-
restrial’ set, applied to all samples, and an ‘aquatic’ set, applied to the aquatic samples
only. The two sets differed only in the protein and aliphatic components (Table 1).

The spectral distribution of the terrestrial protein component was calculated using
the weighted average of the amino acid composition of HCI hydrolysates isolated
from sub-tropical soils (Stevenson 1994), which was similar to that of temperate
soils (Stevenson 1994). The spectral distribution of the aquatic protein component
was calculated using the weighted average amino acid composition of phyto-
plankton (Cowie and Hedges 1992). The amino acid composition of phytoplankton
was similar to that of vascular plant tissues, macrophytes, zooplankton, and bacteria
and fungi (Cowie and Hedges 1992).

The spectral distribution of the terrestrial aliphatic component was calculated
from the chemical structure of cutin (Kolattukudy 1980). '*C NMR and pyrolysis
gas chromatography mass spectrometry analyses have shown cutin to be an
important aliphatic constituent of soil organic matter (Kobgel-Knabner et al. 1992).
For the aquatic aliphatic component, stearic acid was used (Hedges et al. 2001).

For the carbohydrate, lignin and char model components, spectral distributions
were derived by integrating spectra of pure examples. For the carbohydrate com-
ponent, cellulose was used. The spectrum of cellulose is identical to that of glucose.
Using a hexose to represent carbohydrates underestimated the signal in the
110-95 ppm region relative to that in the 95-60 ppm region in many samples. This
was probably due to the presence of pentoses, which are produced by plants and
microorganisms (Oades 1984). The spectral distribution of the lignin component
was derived from the mean of spectra for Norway spruce lignin and red alder lignin
(Wilson 1987). That of the char component was derived from a spectrum of charcoal
fragments picked from a sandy soil by hand.

To predict the molecular composition of each sample, we mathematical-mixed the
model components together so that the N:C ratio and the signal intensity in some
regions of the NMR spectrum for the model mixture equalled those for the sample.
The mixing process was accomplished by solving Equation (1)—(6) Solution of these
equations defined a proportion of each model component for that sample (a—,
shown as percentage in Figures 2,4-6,8,9). The proportions of the various model
components were used to calculate a predicted spectral distribution for that sample
by summing, for each chemical shift region, the product of (a) the proportion of each
model component and (b) the present C in that region for that model component
(from Table 1). The spectral regions used in the equations (45 to —10, 95-60,
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210-160 and 145-110 ppm) were chosen because they differed most widely be-
tween model components (Table 1).

atb+ctdtetf=1 (1)
a(aa) + b(ng) + c(nc) + d(np) + e(ng) + [ (nF) = Ngample (2)
a(oa) + b(ap) + c(oc) + d(ap) + e(aE) + £ (oF) = dtsample (3)
a(Ba) +b(By + c(Bc) +d(fp) + e(Be) +/ (Be) = Pampe (4)
a(xa) +b(xs) + clrc) +d(xp) + e(xe) +/ () = Lsampie (5)
a(0x) + b(dg) + c(d¢c) + d(dp) + e(de) + 1 (9F) = Ssample (6)

In Equations (1)—(6), a, b, ¢, d, e and f equal the proportions of components A
(carbohydrate), B (protein), C (lignin), D (aliphatic material), E (carbonyl) and F
(char) in the model. Equation (1) ensures that the sum of all component proportions
equals 1. In Equation (2), n equals the N:C ratio of the component (or sample)
specified (e.g., na equals the N:C ratio of component A, the carbohydrate compo-
nent). Molar N:C ratios of the model components are shown in Table 1. In Equations
(3)(6), o, B, x and o equal the proportions of carbon in the specified components (or
sample) that resonate in the 45 to —10, 95-60, 210-165 and 145-110 ppm chemical
shift regions, respectively (e.g., a5 equals the proportion of total signal in the 45 to
—10 ppm region in the carbohydrate component).

In samples where solution of the six equations generated a proportion for a given
model component that was more negative than —1%, Equation (6) was eliminated
from the model, and all instances of that component in Equations (1)—~(5) were
removed. The model was then solved again to generate a new solution. If there was
still a component having a proportion more negative than —1%, Equation (5) was
removed and all instances of that component in Equations (1)-(4) were removed;
and so on until all component proportions were zero or positive. If the proportion of
a given component was between —1 and 0%, it was assumed to be 0, Reducing the
number of equations reduced the number of constrained spectral regions and
therefore generally increased the difference between actual and predicted spectral
distributions, For phytoplankton samples, lignin and char were omitted from the
initial set of equations, and for the plant samples char was omitted from the initial set
of equations, because those components are known not to exist in those samples.

Assessment of the agreement between measured
and predicted spectral distributions

The ability of the model to accurately define molecular composition can be assessed
through a comparison of the predicted and measured distributions of spectral
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intensity. However, in the modelling process, the simultaneous solving of some
combination of the Equations (1)—(6)forces predicted signal intensities to be equated
to the measured intensities for some spectral regions. If the number of equations
simultaneously solved is defined as n, the number of spectral regions with predicted
signal intensities equal to the measured signal intensities is n—2, and the number not
equated to measured signal intensities is 7— (n—2). For example, when all six
equations are used, the predicted signal intensities for the four regions o, 5, y and J
are all equal to their measured signal intensities and any lack of fit between pre-
dicted and measured data can only be associated with the three remaining spectral
regions.

An indication of goodness of fit between predicted and measured data for an
individual sample was derived by calculating the sum of the absolute value of the
differences between the measured and predicted signal intensities obtained for all
seven spectral regions, hereafter referred to as the ‘error’, Since the total NMR
signal intensity of all samples analysed was normalised to a value of 100, the
magnitude of the error value indicates the percentage of the total measured signal
intensity not accounted for by the predicted distribution of signal intensity derived
from the predicted molecular composition.

Results and discussion
Correspondence between measured and predicted spectral distributions

Good agreement between the measured and predicted distributions of '*C NMR
signal intensity was obtained for all the terrestrial samples (Tables 2—4). The error
was always < 9%, with a mean of 3.6% and median of 3.2%, indicating that the
predicted molecular composition accounted for 291% and often 295% of the total
measured '?C NMR signal intensity for the terrestrial samples. The difference
between measured and predicted intensities in any individual spectral region of the
terrestrial samples never accounted for more than 4.5% of the total signal intensity.
Variations of this magnitude within individual spectral regions are comparable to
maximum variation (3.9% of total signal intensity) associated with replicate analyses
of well ground and homogenised heated wood samples determined using the same
spectrometer (Baldock and Smernik 2002).

For the eight Australian soils, the fit between measured and predicted distribu-
tions of '*C NMR signal intensity was better when the measured values were
derived from the cross polarisation (CP) analysis than from the direct polarisation
(DP) analysis. It is perhaps not surprising that less accurate fits were obtained for
the direct polarisation data. The spectral distributions used for the molecular
components included in the modelling procedure were either calculated or derived
from CP analyses. Significant variations in the distribution of signal intensity have
been observed between CP and DP '>*C NMR analyses, particularly in the aryl
(145-110 ppm) and alkyl (45-10 ppm) regions (Skjemstad et al. 1999b; Smernik
et al. 2002a, b). As a result, when estimates of molecular composition are made
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using DP analyses, it is suggested that the distribution of signal intensities asso-
ciated with the model components be derived from DP analyses.

The fits between measured and predicted distributions of signal intensity obtained
for the aquatic samples were not as good as those obtained for the terrestrial samples
(Tables 5 and 6). Using the ‘terrestrial’ model components, the error ranged from 0.5
to 22.7% with a mean of 7.8% and a median of 5.8%. Within the aquatic samples,
the agreement between measured and predicted was poorest for the single-species
phytoplankton samples, intermediate for the multi-species marine plankton samples
and best for the sediment samples. The poor performance of the model in the case of
the single phytoplankton and plankton species was attributed to the fact that the
model used generic, average environmental compositions for the components.
Particular species of phytoplankton or plankton may produce relatively large
quantities of certain molecules that do not necessarily reflect the broad averages
produced by many organisms in a community. For example, some organisms are
known to produce large quantities of particular proteins or aliphatic constituents.
This problem was not so pronounced in the plant samples because of the predom-
inance of cellulose in those samples and the fact that the carbohydrate component
was an accurate representation of the cellulose produced by all plant species
examined.

For the aquatic samples, use of the ‘aquatic’ model components resulted in worse
fits (larger errors with maximum 26.7%, mean 11.9%, median 9.8%) than use of
‘terrestrial’ model components for all samples except the Equatorial Pacific 500 m
sediment trap (Tables 5 and 6). The main difference between ‘aquatic’ and ‘ter-
restrial” model components was in the aliphatic component (Table 1). Stearic acid
was used as the ‘aquatic’ aliphatic component while cutin was used for the ‘ter-
restrial” aliphatic component. It would therefore appear that stearic acid may not be
the most appropriate ‘aquatic’ aliphatic component and perhaps a more complex
structure containing a portion of unsaturated carbon and additional functional groups
may be more appropriate. Indeed, Hedges et al. (2002) found that oleic acid with its
two unsaturated carbons served as a better ‘aquatic’ aliphatic component than stearic
acid. However, a more complex material similar to terrestrial cutin may serve as an
even better approximation of the ‘aquatic’ aliphatic component.

Correspondence between measured and predicted molecular composition

The ability of the modelling procedure to accurately predict molecular composition
was examined using additional data for the Australian pasture samples and the
Australian soils. For the Australian pasture samples, the predicted molecular com-
position was compared with that derived from conventional wet chemical analyses
(Figure 1). The predicted proportions of each molecular component calculated by
the model are expressed on a total C basis. To allow these values to be compared
with the molecular composition measured by the wet chemical methods, predicted
data were converted to mass proportions using C contents of 43.7% for the protein
component, 64.0% for the lignin component, 44.4% for the carbohydrate
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Figure 1. Predicted molecular composition of Australian pasture samples compared with their corre-
sponding molecular composition measured using conventional wet chemical analyses. The labels use the
model component names; for the wet chemical analyses, carbohydrate represents neutral detergent fibre
minus acid detergent lignin, protein represents crude protein, and lignin + aliphatic represents acid
detergent Lignin.

component, and 50.0% for all other components. A significant relationship between
the predicted and measured data existed, with the variation in the measured data
accounting for 92% of the variation in the predicted data. The predicted proportions
tended to be higher than conventionally measured proportions, as indicated by the
slope (>1) of the regression line. The higher proportions obtained for the predicted
composition reflected the fact that the conventionally derived fractions accounted for
only 70-80% of the total sample mass whereas the predicted components accounted
for 96-100% of the total sample mass (the remainder consisting of the carbonyl
component). The 20-30% of sample mass not accounted for by the conventional
analysis consists largely of cytoplasm constituents (mostly proteins and saccharides)
and pectins (Goering and van Soest 1972; Lowry et al. 1994). In addition, the
conventional method tends to underestimate lignin content, especially in tropical
grasses (Lowry et al. 1994).

For the eight Australian soils, the ability of the model to estimate the content of
the char component was examined. The char content of each sample had been
measured previously using an ultra-violet photo-oxidation treatment of the <53um
fraction followed by '*C NMR analysis (UV NMR) (Skjemstad et al. 1999b). The
predicted char contents were highly correlated with char contents determined by the
UV NMR procedure (Figure 2). The value of 0.50 for the slope of the relationship is
consistent with the fact that CP/MAS '>C NMR does not detect all C in highly
aromatic structures with low proton contents such as those found in char (Skjemstad
et al. 1999b; Smernik et al. 2002a, b). The modelling analysis was repeated using the
DP '*C NMR data rather than CP '*C NMR data. The DP '*C NMR analysis
theoretically detects all forms of C, including that in non-protonated aromatic
structures, with a high efficiency unless a significant amount of para-magnetic
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Figure 2. The relationship between predicted content of char carbon (using CP and DP '*C NMR
spectra) and previously determined estimates of char carbon content (using UV photo-oxidation of the
<53um fraction followed by NMR (Skjemstad et al. 1999b), in eight Australian soils.

material is present in the sample. Char contents estimated using the DP '*C NMR
data were higher than those obtained by Skjemstad et al. (1999b) as indicated by the
value of 1.30 obtained for the slope of the relationship between predicted and
measured char contents (Figure 2). Skjemstad et al. (1999b) pointed out that the UV
NMR technique was conservative, and provided a measure of the minimum char
content of soil because of the potential existence of char in the > 53 um soil fraction
and the potential for some oxidation of char during the UV oxidation process. The
CP and DP '*C NMR spectra used in this study were obtained from whole un-
fractionated soil that was not exposed to the UV oxidation process. Thus, the actual
char content of a sample may be estimated better by the modelling approach (using
DP data) than by the UV NMR technique. The substantial differences between the
molecular compositions determined using CP and DP spectra suggest that in any
samples containing char, modelling using CP spectra will underestimate char con-
tent. Char content was not specifically targeted by the modelling approach, so the
ability of the modelling technique to predict it over a wide range of values means
that the prediction of the other molecular components must also have been rea-
sonably accurate.

Molecular composition of plant residues

The predicted molecular composition of C in the three Canadian plant litters differed
(Figure 3). The corn litter was relatively rich in carbohydrate, consistent with a high
requirement for the structural carbohydrate cellulose in the large sterm and leaf
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Figure 3. Predicted molecular composition of organic carbon in the Canadian and Australian plant
samples.

structures. The alfalfa litter contained the largest concentration of protein, consistent
with its ability to fix N through the root/rhizobia symbiosis and its high molar N:C
ratio. The maple leaf litter contained the lowest concentration of carbohydrate,
moderate concentrations of protein and lignin, and the highest concentration of
aliphatic material, consistent with the presence of waxy cuticular materials on leaf
surfaces.

Of the Australian pasture samples, the native grasses had the highest predicted
contents of carbohydrate and lignin and the lowest protein contents. Given the low
nitrogen status of soils and the water limited environment conditions under which
these native grasses grow, such low protein contents and high contents of struc-
tural polymers are understandable. In progressing from the native grasses through
Buffel grass and Seca stylo to the oaten hay, the predicted contents of carbohy-
drates tended to decrease and protein contents increased. The high protein content
of the oaten hay may have resulted partly from an overestimation of the N:C
ratio of the organic components present in these residues due to the presence of
nitrate-N.

Changes in predicted molecular composition of corn shoot residues decomposing
in agricultural and forest soil are shown in Figure 4. In both soils, a general trend of
decreasing carbohydrate and increasing protein and lignin contents with time was
noted with increasing duration of decomposition. Other studies with a wide range of
plant residues decomposing in a variety of environments have consistently shown a
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Figure 4. Predicted molecular composition of organic carbon in corn litter buried in an agricultural soil
and a forest soil for increasing durations.

similar rapid loss of carbohydrate structures and an accumulation of lignin struc-
tures, using wet chemical molecular analyses (e.g., Cortez et al. 1996; Hamadi et al.
2000; Tian et al. 2000; Sariyildiz and Anderson 2003) and inference from '>C NMR
measurements (e.g., Baldock et al. 1997a; Quideau et al. 2001, 2000).

Molecular composition of organic matter in several
Canadian and Australian soils

The molecular composition of the organic matter in soils under corn, grass pasture
and maple forest was similar (Figure 5), despite differences in the composition of
plant litter added to the soils (Figure 3). Carbohydrates accounted for the largest
fraction, with protein, lignin and aliphatic materials making similar contributions.
In the Mollisol particle size fractions, there was a general tendency for carbo-
hydrate and lignin content to decrease and protein and aliphatic material contents
to increase with decreasing particle size (Figure 5). These changes with decreasing
particle size are consistent with a change from dominantly plant-derived materials
to microbial products, as noted by Baldock et al. (1992) and Nelson et al. (1999).
The high aliphatic content of the finest fraction is consistent with an increasing
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Figure 5. Predicted molecular composition of organic carbon in three Canadian soils under different
vegetation, and various particle size/density fractions of an Australian Mollisol.

extent of decomposition being associated with decreasing particle size since ali-
phatic carbon has been shown to be one of the more recalcitrant forms of carbon
in soils (Baldock et al. 1997b). *C and '°N-labelling studies have also shown a
concentration of resistant plant remains in sand fractions and microbial biomass
and metabolites in clay fractions (Ladd et al. 1996). Char was concentrated in the
0.2-53um fractions, consistent with the observations of Skjemstad et al. (1999b,
2002).

The molecular composition of organic C in the Australian soils predicted from the
CP analyses differed, consistent with the fact that the soils were collected from
ecosystems with different vegetation, climate and landuse. The predicted proportions
of soil C contributed by the molecular components ranged from 23-31% for car-
bohydrate, 17-26% for protein, 5-23% for lignin, 18-31% for aliphatic and 1-15%
for char (Figure 6). The predicted molecular compositions derived using the CP and
DP analyses differed, with more char and lignin predicted using the DP '*C NMR
signal intensity data. The higher char and lignin contents were balanced by lower
carbohydrate and aliphatic contents. The protein content was the same in results
based on CP and DP analyses because it was determined by the amount of N in the
samples.
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Figure 6. Predicted molecular composition, using CP or DP NMR analysis, of organic carbon in
Australian soils with different char contents.

Molecular composition of phytoplankton, freshwater sediments
and marine water columns

Of the phytoplankton, B. braunii, C. pyrenosidosa and S. obliquus were similar,
consisting of similar proportions of carbohydrate, protein and aliphatic material, and
with a substantial carbonyl component. D. tertiolecta was quite different, with a very
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Figure 7. Predicted molecular composition of organic carbon in phytoplankton and freshwater and
estuarine sediments using the terrestrial (Te) or aquatic (Aq) sets of model components.

high protein content. Unlike the others, D. fertiolecta does not produce a cellulose
cell wall (Zelibor et al. 1988).

The freshwater and estuarine sediments contained similar proportions of carbo-
hydrate and aliphatic material, and different proportions of protein, lignin and char
(Figure 7). They tended to have lower proportions of carbohydrate than the terres-
trial soil samples. It appears that there is a higher input of char and/or
anthropogenically derived soot into Chesapeake Bay and the Buffalo River than into
Lake Washington.

In the marine water column samples, previous studies have shown a marked
mineralisation of the sinking organic matter, with only a few percent of C fixed by
primary producers reaching the ocean floor (Wakeham et al. 1997; Lee et al. 1998).
The fraction of organic matter that was measurable using a comprehensive molecular
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analyses decreased steadily with depth, from around 80% near the surface to around
20% in the sea floor sediments (Wakeham et al. 1997). Wakeham et al. (1997)
concluded that detailed study was needed of the biologically and analytically
recalcitrant material that predominates at depth. For the molecularly well-charac-
terised plankton samples, the NMR results corresponded with known biochemical
compositions (Hedges et al. 2001). The composition of plankton was similar at the
two sites. However, the changes with depth were different at the two sites. In the
Pacific the proportion of carbohydrate increased and aliphatic material decreased
consistently with depth. Protein content decreased with depth in the water column,
but was high on the sea floor (Figure 8). Our results were consistent with the
absolute decreases in measurable amino acids and lipids noted previously (Wakeham
et al. 1997). In the Arabian Sea samples the changes with depth were not as marked.
Lignin was a significant component at depth, which was unexpected, considering
that it is not produced by marine organisms. The aromatic signal in the marine
samples may arise from aromatic structures in aliphatic or protein molecules or other
unsaturated carbon structures rather than from lignin. However, lignin may actually
be present, as biomarkers from vascular land plants have been found in the sedi-
ments (Wakeham et al. 1997). Overall, the character of the total organic materials
changed much less with depth than did the concentration of particular biomolecules
found by Wakeham et al. (1997). Hedges et al. (2001) suggested that the increasing
biological and analytical recalcitrance with depth might be due to physical protec-
tion by silicates, carbonates, aluminosilicates or other inorganic species, or perhaps
by complex glycoproteins.

Molecules not accounted for in the model

In the model, protein was the only N-containing component of organic matter.
Other N-containing materials, such as nucleotides and other heterocyclic com-
pounds are known to occur in soil and other materials. However, '>’N NMR studies
have indicated that soil organic N is dominated by amine/amide structures with
little contribution from heterocyclic N structures (Knicker et al. 1995; Knicker and
Liidemann 1995; DiCosty et al. 2003). Inclusion of a model component repre-
senting nucleotides was examined, but no improvements in model performance
were noted.

Carbon in glycoproteins or peptidoglycans was attributed to the carbohydrate and
protein components by the molecular mixing model. Similarly, biomolecules con-
taining amino-sugars (e.g., chitin) could not be differentiated from a mixture of
carbohydrate and protein. It might be possible to improve the ability of the
modelling approach to account for the presence of these types of biomolecules by
including additional equations based on independent analyses such as the quantity of
amino-sugars and amino acids in extracts or hydrolysates. Alternatively, the com-
position of the protein or carbohydrate components used in the model could be
altered to include estimates of glycoprotein, peptidoglycan and amino-sugars, pro-
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Figure 8. Predicted molecular composition of organic carbon in marine water column samples using the
terrestrial (Te) or aquatic (Aq) sets of model components.

vided it can be shown that variations in the proportions of these biomolecules within
ecosystems are consistent. Such an approach will form the basis of subsequent work
with the model aimed at more accurately defining the composition of the biomo-
lecular components to better reflect changes in ecosystem type and dominant forms
of organic carbon inputs.
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Are humic molecules required to explain the chemical
structure of natural organic materials?

The results presented here do not prove that the organic matter in the samples
examined consisted solely of the molecular components described, nor do they
disprove the existence of humic structures in the samples. However, the degree to
which measured '*C NMR signal intensities and N:C ratios could be accounted for
by mixtures of known biomolecules was striking. The presence of a ‘humic’ com-
ponent would not be expected for the fresh plant residues phytoplankton or plankton
samples. However, for the highly decomposed litter, the soils and soil fractions, and
the various aquatic sediments, a significant amount of organic C would likely be
extracted using the traditional alkaline extraction and acid precipitation methodol-
ogy, be unidentifiable as known molecules, and thus be classified as ‘humic’
substance (MacCarthy et al. 1990). Even in these samples, the predicted NMR signal
intensities based on known biomolecules corresponded well with the actual signal
intensities for the whole sample.

Conclusions

Our data show that the distribution of signal intensity in '*C NMR spectra of
samples collected from a diverse range of environments could be explained using a
simple mixture of common biomolecules. For several of the plant and soil samples it
was possible to compare our results with measurements of molecular components
made by other means, and for those samples there was close correspondence. The
results and methodology presented allow:

(1) An extension of the information typically derived from '>*C NMR analyses so
that an indication of how the various types of C are joined together into mol-
ecules can be obtained.

(2) A biologically informative means of estimating gross chemical characteristics of
natural organic materials found across a range of diverse environments.

(3) An indication that the organic matter in highly decomposed organic materials is
composed mainly of a mixture of known biomolecules, not ‘humic’ molecules
produced by abiotic means.

Although some uncertainty in the ability of the biomolecular mixing model to
accurately represent the true molecular composition of natural organic materials
undoubtedly remains, this methodology provides a significant step forward from the
more traditional approach of classifying organic matter on the basis of its chemical
solubility in acid and alkaline solutions. In addition, given that complete molecular
analysis of natural organic material by conventional chemical degradation tech-
niques cannot quantitatively account for all organic material found in a sample, and
given the analytical time and expense required to perform such analyses, the com-
bined use of '>*C NMR, C and N elemental analysis and the biomolecular mixing
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model offers an effective alternative for characterising the molecular composition of
natural organic materials. Further refinement of the number and composition of the
molecular components included in the model and a tuning of these components to
different ecosystems should help to reduce the uncertainties associated with the
predicted molecular compositions.
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