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Abstract Thermal analysis is primarily used in the field of

materials science, but has a long history in the geosciences.

Soil organic matter (SOM) has received a great deal of

recent scientific interest because of its role in the global

carbon cycle. Conventional methods of characterizing SOM

quality are unsatisfactory because they do not adequately

capture the complete quality continuum that SOM com-

prises or the various mechanisms that act to stabilize it in

the soil matrix. Thermal analysis techniques have the

potential to capture this quality continuum, but are depen-

dent on numerous experimental conditions that limit the

comparability of results among different studies. Published

methodology on thermal analysis of soils and sediments has

largely focused on the characterization of the mineral

component, while the organic component has received little

attention. We tested several experimental conditions for

their effects on the exothermic region of curves generated

by thermal analysis of easily dispersed soil clay fractions

and non-protected light-density particulate organic matter

fractions isolated from the surface horizon of a forest soil.

Results were found to be highly repeatable but strongly

sensitive to crucible material, heating rate, and sample

amount, and relatively insensitive to the use of a reference

material. Thermal analysis is an important addition to the

set of analytical tools used to characterize SOM quality

because it provides direct, quantitative information of the

energy potentially available for microbial metabolism.

However, users will need to balance the needs of specific

scientific objectives with the need for standardized methods

and comparability between studies.
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Heating rate

Abbreviations

SOM Soil organic matter

TG Thermogravimetry

DSC Differential scanning calorimetry

Introduction

Current estimates are that 1500–2000 Pg (1 Pg = 1015 g)

of carbon are stored in the top meter of the Earth’s soils,

making soil organic matter (SOM) the third largest global

C pool after the oceanic and geologic pools, and the largest

of the active terrestrial pools [1, 2]. Despite the large

contribution of SOM to the global C cycle and its deter-

minant influence over a number of soil properties, knowl-

edge about SOM composition and dynamics is still nascent.

SOM is a heterogeneous, composite material consisting of

fresh biological inputs, products of biological activity

within soil, and in some circumstances organic matter of

geologic or pyrogenic origin (e.g., coal, char). SOM quality

is defined as a set of properties meant to characterize the

continuum of materials comprising SOM in terms of how

easily organic carbon present in the soil can be mineralized
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by the microbial community [3]. Characterization of SOM

quality is critical because of its implications in SOM per-

manence which can directly affect key issues related with

climate change such as carbon sequestration or the vul-

nerability of current SOM stocks to disturbance [4–6]. Due

to the heterogeneous nature of SOM, quantifying its

quality has remained elusive, as reflected by the large

number of current methods used to describe it. The demand

for a quantitative means to assess the complete SOM

quality continuum, therefore, remains high [7].

While thermal analysis techniques have long been used

in the study of soils, particularly clay mineralogy [8–10],

the exothermic reactions associated with the thermal oxi-

dation of SOM have received much less attention until

recently. However, there are important reasons to consider

adding thermal methods to the set of analytical techniques

used to characterize SOM quality [11]: thermal methods

can potentially help elucidate fundamental mechanisms of

SOM stability, they can be used to distinguish pyrogenic C

from other SOM in terrestrial ecosystems exposed to fires,

and, contrary to many of the current methods, thermal

techniques are inexpensive, rapid, require little sample

preparation, and give reproducible results.

In recent years, several researchers have used thermal

analysis techniques, such as differential thermal analysis

(DTA), differential scanning calorimetry (DSC), and ther-

mogravimetry (TG), to characterize organic matter in bulk

soils, isolated soil fractions, humic substances, and other

organic materials such as forest litter and composts. While

the results obtained are quite promising, a wide range of

experimental conditions have been used (Table 1) because

few methodological issues have been reported for the spe-

cific use of thermal analysis in SOM studies. As with many

other techniques, results obtained by thermal analysis

depend not only on the properties of the sample, but also on

the specific experimental conditions that can influence the

resulting curves. Smykatz-Kloss [12] proposed a set of

standard experimental conditions for the DTA of minerals,

but these conditions were specifically designed for the study

of the mineral component of soils rather than the organic

component, for which no such standards currently exist.

Now that the number of thermal analyses of SOM

reported in the literature is increasing, it is necessary to

provide information to answer some new important meth-

odological questions. This information will help inform the

selection of experimental conditions to achieve valid,

reproducible, and comparable results when thermal tech-

niques are specifically applied to the study of SOM. The

objective of this research is, therefore, to explore the effect

of several experimental conditions on the exothermic

region of DSC and TG curves of two representative soil

fractions. We seek to provide valuable information about

how thermal analysis results and their comparability T
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between studies can be affected by these factors. For this

aim, several experimental conditions are examined and

discussed, with special attention to the influence of: heating

rate, crucible material, and sample mass. Various combi-

nations of these three experimental settings were tested on

two isolated soil fractions representing a predominantly

organic soil fraction and a predominantly mineral soil

fraction. To the best of our knowledge, this represents the

first time that such methodological issues are reported in the

literature. While it is beyond the scope of this study to

provide universal standards for experimental conditions,

our results represent an important step in establishing rec-

ommendations for obtaining valid and comparable data for

the thermal analysis of SOM.

Materials and methods

Samples analyzed

Trials were conducted using aliquots of an easily dispersed

clay fraction (clay, total organic C = 65 g C kg-1) and a

non-protected light fraction (LF, total organic C =

190 g C kg-1).

These fractions were previously isolated from surface-

horizon (0–5 cm) soil samples collected from an Orthic

Gray Luvisol (in the Canadian soil classification system)

[13] or Typic Haplocryalf (in U.S. Soil Taxonomy) [14] in

an undisturbed aspen woodlot adjacent to the Breton

Classical Plots site near Breton, Alberta Canada (53�070N,

114�280W). Soil fractions were isolated by partial disper-

sion and physical fractionation by fractionating air-dried

2-mm sieved soil in a microaggregate isolator [15]. The

easily dispersed clay fraction was separated from water-

stable aggregates and from the easily dispersed silt fraction

by wet sieving and subsequent centrifugation. The unpro-

tected light fraction was isolated from the microaggregate

fraction by density flotation using 1.85 g cm-3 sodium

polytungstate [16]. Further details of the site, soil, and

fractionation procedure are reported in detail in Plante et al.

[17] and Stewart et al. [18]. These fractions were chosen as

two of the most representative forms in which organic

matter can be found in soils. LF is mainly compose of

particulate organic matter with a high content in labile

organic matter and a rapid turnover, and the clay fraction is

typically rich in stable organo-mineral compounds due to

the high capacity of clay minerals of stabilizing organic

matter in soils [19].

Table 2 Tested combinations of experimental conditions with suggested standard experimental conditions reported in the second column

Tested parameters Fixed parameters

Crucible material: Pt–Rh, Al, Al2O3 Heating rate: 10 �C min-1 Sample weight: 10 mg LF; 30 mg clay

Heating rate: 2, 5, 10, 20, and 40 �C min-1 Crucible material: Pt–Rh Sample weight: 10 mg LF; 30 mg clay

Sample weight: 1, 2, 5, 10, 20, 30, and 40 mg Crucible material: Pt–Rh Heating rate: 10 �C min-1

All analyses were performed using a temperature range of 25–700 �C, with an empty crucible used as reference, and a posteriori baseline

correction applied
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Fig. 1 Repeatability

of differential scanning

calorimetry (Exo up) of

a dispersable clay and b light

fractions, and of

thermogravimetry of

c dispersable clay and d light

fractions, showing mean (black,

solid line) and standard

deviation envelope (gray,

dashed line) of six analyses

performed over the span

of a year
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Instrumentation and experimental design

The instrument used in this study was a Netzsch simulta-

neous heat flux thermal analyzer (STA 409PC Luxx)

equipped with a type-S (Pt/PtRh) TG–DSC sample carrier

supporting a PtRh10-Pt thermocouple (Netzsch-Gerätebau

GmbH, Selb, Germany). The experimental conditions for

this instrument consisted of using an 85 lL sample cruci-

ble with a lid and an identical empty crucible as a refer-

ence. Samples were heated from ambient (*25 �C) to

700 �C in a furnace atmosphere consisting of synthetic air

(80% N2 and 20% O2) flowing at 30 mL min-1 and N2

protective gas flowing at 10 mL min-1. Multi-point cali-

brations for temperature and enthalpy sensitivity were

performed using a range of standard inorganic salts

(i.e., RbNO3, KClO4, Ag2SO4, CsCl, and K2CrO4) or

metals (i.e., In, Sn, Bi, Zn, Al, and Au). Separate calibra-

tions are required for each different experimental condi-

tion, particularly for crucible material and atmosphere, but

typically not for heating rate.

The experimental conditions tested (Table 2) were var-

ious combinations of heating rate (2, 5, 10, 20, and 40 �C

min-1), sample quantity (1, 2, 5, 10, 20, 30, and 40 mg),

crucible material (Pt, Al, and Al2O3), and the presence or

absence of calcinated kaolinite as a reference material.

Initial analyses of the clay (30 mg) and LF (10 mg) sam-

ples were conducted six times over the span of a year under

the standard conditions described above to assess sample

and analytical variability. Otherwise, all analyses were

performed in triplicate over the span of a few days.
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Modern thermal analysis instruments provide the means

to create baseline corrections by running an empty crucible

under the same conditions of sample analysis. The cor-

rection is then automatically subtracted from the resulting

sample DSC curve to adjust the baseline. However, in our

experience, results obtained in this way are not always

satisfactory. We elected to perform additional a posteriori

baseline corrections of sample DSC curves. Peakfit v.4.12

(Systat Software Inc, San Jose CA) was used to subtract

baselines from DSC curves using a non-parametric

adjustment from the terminal region of the curve (generally

at temperatures[600 �C). We compared DSC curves with

and without instrumental or additional baseline correction.

Results and discussion

Instrumental considerations: repeatability

and use of a reference sample

Repeatability

While the first thermal analysis instruments used decades

ago were known to have problems with repeatability of

measurements, modern instruments generally have high

repeatability. DSC and TG curves of six aliquots analyzed

over the span of a year showed high reproducibility and

small standard deviation envelopes (Fig. 1). As thermal

analysis is destructive, differences between measurements

reflect instrumental variability as well as variability

between sample aliquots. Repeated analyses of reference

materials such as calcium oxalate suggest that instrumental

variability is minimal (data not shown), and therefore, the

majority of the observed variability can be attributed to

variation in the composition of sample aliquots.

Reference sample

Until recently, the use of a reference sample was a com-

mon practice (Table 1). However, most modern instru-

ments do not require the use of reference materials, and an

empty crucible is usually sufficient. For TG measurements

not using a reference material eliminates any concern

about potential mass losses from the reference material

since, contrary to DSC measurements, the instrument has a

single balance that measures changes in the entire system

and not between crucibles. For DSC, only slight differ-

ences, which did not interfere with interpretation, were

observed in the exothermic regions of clay and LF analyses

obtained using an empty crucible versus calcinated kao-

linite as a reference (data not shown). In general, an empty

crucible may be sufficient as a reference and the preferredT
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option, but this should be tested for each instrument

because of potential effects on baseline stability.

Experimental conditions

Temperature range

Thermal analyses of soil samples typically begin at room

temperature (*20–25 �C), but end at various temperatures

(*600–1000 �C) (Table 1). The interval of interest for

characterizing SOM quality is typically between 180 and

650 �C, where the main exothermic reactions associated

with thermal decomposition and oxidation of organic

compounds take place [20]. The region \180 �C is domi-

nated by endothermic reactions associated with water

evaporation and desorption. Rovira et al. [21] suggested

programming an isothermal stop of 15 min at 105 �C to

minimize the effect of sample water on the transition from

endo- to exo-thermic reactions. Most of the hygroscopic

water is estimated to be eliminated at 105 �C temperature,

though sometimes the dehydration can be incomplete and

some salts (e.g., gypsum) may be present in the soil and can

release water at temperatures above 105 �C [22]. For soils

dominated by hydrated clays, Schulte and Hopkins [23]

recommended using 150 �C as the pre-heating temperature

for determination of SOC by the loss-on-ignition (LOI)

method. Meanwhile, the region [700 �C is dominated by

mineral reactions including carbonate decomposition [24]

and clay mineral degradation [25]. In non-calcareous soils,

the end of the exothermic region can generally be assessed

by the end of mass loss at around 550 �C, which was also

suggested by some authors as the optimal temperature for

the LOI method [26, 27]. In general, a temperature range

between 25 and 700 �C is adequate for analyzing most soil

samples. However, the presence of highly recalcitrant forms

of carbon (e.g., black carbon) can occasionally involve

exothermic reactions at temperatures greater than 650 �C

[28], in which case the upper temperature limit will need to

be increased to 900 �C. In this case, it was not necessary to

increase the temperature range since none of the samples

showed evidence for the presence of this kind of material

(i.e., no significant mass loss at [600 �C), and thus the

upper temperature limit was kept at 700 �C.

When soil samples are analyzed under identical experi-

mental conditions, some common thermal patterns due to

differences in the thermal stability of SOM can be observed.

Typically, the presence of peaks at the low-temperature part

of the exothermic region around 300–350 �C has been

associated with the combustion of carbohydrates and other

aliphatic compounds while reactions around 400–450 �C

are thought to result from the loss of aromatic compounds

such as lignin or other polyphenols [29, 30]. In addition,

some highly recalcitrant forms of organic matter such as

polycondensed aromatic carbon can show peaks at temper-

atures higher than 500 �C [28]. These differences are

essentially a function of SOM chemical composition, degree

of humification, and the degree of mineral association.

These patterns are usually better defined in samples domi-

nated by less altered and less mineral-associated SOM as is

observed here with the clear bimodal DSC pattern generated

by LF samples. In contrast, SOM that is more altered by

decomposition and humification and more closely associ-

ated with soil minerals by various sorption mechanisms

typically results in a shouldered single peak, such as that

obtained from the clay samples.

Though some thermal reactions attributable to organic

matter can occur at similar temperatures as mineral thermal

reactions, the contribution from thermal reactions of the
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mineral phase is usually relatively small compared to the

contribution from SOM [31], with exception of samples

from subsoils or low-C samples. Thermal reactions con-

tributed by soil minerals can generally be distinguished by

re-running samples a second time under the same condi-

tions (applicable only to reversible reactions),or by running

a second aliquot of sample under a non-oxidative atmo-

sphere (e.g., N2).

Crucible material

Al, Al2O3, and Pt–Rh crucibles are the most commonly

used for SOM analyses. DSC curves of 10 mg of clay and

30 mg of LF samples obtained using different crucibles at

the same heating rate (10 �C min-1) showed significant

differences (Fig. 2). In general, DSC peaks from samples

in Al2O3 crucibles appeared at slightly higher temperatures

compared to metallic crucibles, and were also smaller.

To a large extent, the degree to which experimental

conditions of thermal analyses affect the size and shape of

the exothermic region is a result of deviations from thermal

equilibrium within and throughout the sample during the

heating program. The ideal set of experimental conditions

will generate the same temperature throughout the entire

sample at the same moment during the heating process.

Divergence from ideal conditions can occur when using

different crucible materials to analyze similar samples

because of differences in the thermal conductivity of the

crucible materials. Heat is transferred rapidly through

metallic materials while ceramic materials, such as Al2O3,

have lower thermal conductivity [32]. This would explain

why peaks were broader and occurred at higher tempera-

tures for the Al2O3 crucibles (Fig. 2). The selection of the

most adequate crucible material will depend on the nature

of the sample and the temperature at which the analysis is

to be performed. There are several incompatibilities that

must be avoided such as fusion of melting products with

the crucible, corrosion, or even crucible melting (e.g., Al

crucibles can melt at temperatures above 600 �C). These

incompatibilities are well documented, making crucible

material selection straightforward. For soil analysis, the

use of Pt–Rh crucibles are recommended because they

provide better peak resolution than Al2O3 crucibles, do not

present incompatibilities with soil components, and can be

heated to higher temperatures than Al crucibles for black C

and carbonate analyses.

Heating rate

Changes in the heating rates strongly affected the width

and height of the DSC exothermic region, as well as the

shape of the TG curves of the clay (30 mg) and LFT
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(10 mg) samples analyzed using Pt–Rh crucibles (Fig. 3).

For both samples, DSC curves obtained with the slowest

heating rate (2 �C min-1) featured only weak exothermic

signals in terms of peak height when plotted against tem-

perature. Meanwhile, faster heating rates (20 �C min-1 and

especially 40 �C min-1) showed peak overlaps (Fig. 3),

higher exothermic signals, and shifts in peak temperature

(Table 3). Temperature shift of peaks obtained at different

heating rates is a well-documented phenomenon that has

been suggested by the ASTM as a way to measure acti-

vation energies [33]. Peaks shifting with increasing heating

rates generally shows a strong logarithmic relationship

[34], and in the current study fitting peak temperature to a

logarithmic function yielded r2 = 0.95 for clay samples

and 0.99 for LF samples.

Rapid heating rates can induce significant thermal dis-

equilibrium. Instrumental heating rates can vary from 0.1

to 200 �C min-1, but a heating rate of 10 �C min-1 is

usually considered optimal for clay mineralogical analysis

[35], and heating rates are typically 5–20 �C min-1 for soil

analysis [25]. At faster heating rates, the temperature gra-

dient inside the sample will be larger, such that neighbor-

ing peaks tend to overlap and get broader (Fig. 3). As a

result, slower heating rates are preferred when two or more

reactions might overlap in a relatively small temperature

interval, such as in the case of SOM quality characteriza-

tion. However, thermal effects are less pronounced and

without well-defined start and end points when heating

rates are too slow [32]. While using the slowest heating

rate appears to be the best option for TG analyses,

researchers must balance this with the loss of resolution in

DSC analyses. We recommend using a 10 �C min-1

heating rate as a good compromise between peak resolu-

tion, overlapping problems and total time required for

analysis, which is consistent with the frequency of use by

other researchers (Table 1).

Sample quantity

When different quantities of clay or LF were analyzed using

Pt–Rh crucibles with a 10 �C min-1 heating rate, patterns

of TG curves varied significantly only for the smallest

sample quantities (1 and 2 mg) (Fig. 4). Meanwhile, DSC

curve peaks become less defined as the quantity of the

sample increases. Differences in results between larger

sample quantities (C10 mg) were smaller for those samples

with lower carbon content (i.e., clay) than for LF samples,

which exhibited shifts in peak temperature and decreases in

peak height with increasing sample weight (Table 4).

Thermal transformations rarely occur simultaneously

throughout the sample volume because of differences

between the temperature of the walls of the crucible and the

center of the sample. This temperature gradient depends

directly on the amount of the sample. If the sample is too

large, then the gradient will adversely affect the results of

analyses because of a delay of thermal effects [12]. In

addition, large sample mass may hinder oxygen diffusion

into the sample if consumption rates are high during com-

bustion [36]. This is especially important in samples with

high SOM content. If the sample is too small, then sample

homogeneity and representativeness can be compromised.

Generating a uniform flux of energy also becomes more

problematic, producing an overestimation of evolved

energy and errors in mass loss such as those observed for the

1 and 2 mg samples. In the case of bulk soils, isolated soil

fractions, litters, or composts, a standardized quantity of

sample cannot be recommend because the exothermic sig-

nal and mass loss during the heating process are strongly

correlated to sample SOM content. In these kinds of sam-

ples, carbon content can vary widely and consequently,

comparisons between samples may be improved when

equivalent quantities of SOM rather than bulk sample are

used, for example, by diluting C-rich materials. On the other

hand, the quantity of the sample in the crucible must be

sufficient to ensure a uniform flux of energy. Resulting data

may also be normalized by initial organic C mass rather

than initial sample mass for further comparisons.

Baseline correction

Baselines for DSC curves from soils samples can differ

strongly from other materials commonly analyzed by
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thermal techniques because the heat capacity of the mineral

matrix of the soil can increase upon heating and can cause a

slope in heat flow [34]. The application of no baseline cor-

rection, instrumental baseline correction, or a posteriori

baseline correction to DSC curves did not show significant

differences in peak positions or areas (Fig. 5). However, the

lack of large differences is likely due to high SOM con-

centrations in the samples analyzed, which resulted in large

exothermic regions. In our experience, supplemental base-

line correction is essential for samples with low SOM con-

centration where changes in heat capacity or transfer rate

may cause the baseline to drift and generate more significant

errors. In these cases, subtracting a second measurement of

the already oxidized sample can reduce the effects of

changes in heat capacity of the mineral compounds [34].

Conclusions

Cebuliak and Langier-Kuzniarowa [36] suggested that one

of the reasons for the decline in use of thermal analysis in

recent decades can be attributed to the lack of compara-

bility of analytical results between laboratories. We have

demonstrated that thermal analysis of soils for the char-

acterization of SOM quality is highly repeatable (Fig. 1),

but those results are strongly influenced by a number of

experimental conditions such as crucible material, heating

rate, and sample quantity. It is indispensable to consider

that these conditions can affect the results obtained, and

whether it is possible to make reliable comparisons among

DSC and TG curves obtained under different conditions or

in different laboratories.

Thermal methods are a promising approach for charac-

terizing SOM quality. While a single optimal set of

experimental conditions may be impractical due to the

large inherent variability of environmental samples, the

thermal analysis of SOM will be most widely applicable

when individual researchers balance the need to standard-

ize experimental conditions with the needs of specific

scientific objectives. The results reported here together

with our experience in running hundreds of samples and

the experience collected from other researchers lead us to

provide the following recommendations: 1) the use of an

empty crucible as a reference once this is verified as ade-

quate for the given instrument; 2) the use of Pt–Rh cruci-

bles, which will favor good peak resolution and permit

heating samples to high temperatures; 3) the use of a

10 �C min-1 heating rate as an efficient option to avoid

peak overlapping and low resolution problems; 4) the

quantity of sample analyzed should be based on the char-

acteristics of the sample itself, especially its carbon con-

tent, but the final quantity analyzed should always ensure

good representativeness and an uniform energy flux.
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