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Abstract Growing demands for sustainable land use

challenges the management of soil organic matter (SOM).

Research on SOM stabilization mechanisms during the last

decades opened access to new approaches of SOM

assessment. This study tried to empower this trend with a

focus on the interrelations between soil components

including clay, organic carbon and bound water toward a

unifying assessment for practical land use. Soil samples

from different regions of the world were collected, air-

dried, sieved and equilibrated to 76 % relative humidity

prior to analysis. Thermogravimetry was applied to search

for a relationship between thermal mass losses corre-

sponding to soil components and mass losses on ignition

(MLI) between 110 and 550 �C. The results refer to a

predictability of MLI from thermal mass losses in two

10 �C temperature steps (TML), which are both closely

correlated with the content of clay and soil organic carbon

(SOC), respectively. We found a relationship MLI = 10 9

TML130–140 �C ? 25 9 TML320–330 �C - 2 with R2 =

0.98, applicable for soils with a wide range of properties.

Using previous results, this equation can be rewritten as

SOC = 0.48 9 MLI–0.12 9 clay ? 0.2, which is similar to

previously published relationship. The application of equation

to plots with varying fertilization in long-term field experi-

ments revealed deviations, which could be explained by dif-

ferent amounts of biologically degradable, non-humified,

fresh organic residues or similar organic admixtures. This

assumption was tested by application to untouched by human

activity soils before and after laboratory incubation. The

microbiological decay of SOM in incubated samples led to

significantly lower differences of calculated and measured

MLI, confirming a decrease in the amount of fresh organic

matter. We conclude that thermogravimetry is applicable to

study interrelations between soil components and to assess

soil organic carbon content and quality.
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Introduction

During the last years, soil quality and sustainable land use

have become more appreciated as key factors for long-term

society development [1]. A better understanding of soil

function seems necessary for mitigation of climate changes

[2] and to safeguard long-term economic welfare [1]. A
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wide range of scientific publications, reviews and meta-

studies reflects the growing attention to these challenges.

Many of these works focused on carbon (C) cycling, C

sequestration [3], on modeling of C dynamics [4], organic

C (OC) storage [5] or on development of new analytical

methods [6, 7]. One result is the recognition that storage of

soil organic carbon (SOC) is an important ecosystem

property [8]. Its sequestration was found to be governed by

several mechanisms [9, 10]. This could be an inherent

chemical resistance or mutual interactions between soil

organic matter (SOM) molecules [11], interactions with

pedogenic oxides or clay minerals forming organo-clay

complexes [12], bonding to clay by proteinaceous sub-

stances [13], physical inaccessibility of SOC in soil

aggregates [14–16] and other mechanism depending on

environmental conditions and soil-forming factors.

Despite great progress in the understanding the SOC

protection mechanisms, there are still unsolved practical

questions related to the quality and quantity of SOM in

soils under productive land use [17, 18]. One example is

shown in Fig. 1, which reports the results of SOC content

at two long-term agricultural experiments consisting of

both non-fertilized and fertilized plots [18]. The extracted

results imply an increasing content of SOC due to fertil-

ization at both experimental sites. Comparing the sites,

however, plots with the same amount of long-term fertilizer

application are different from each other depending on clay

content. As a result, SOC content determination does not

indicate the amount of added fertilizers or the SOC stabi-

lization potential. The absence of clearly defined threshold

values for SOM challenges the development of sustainable

land-use technologies, maintenance of soil fertility, pro-

ductivity regulation and related aspects.

In addition to difficulties in quantifying the influence of

clay on SOM, answers to these questions may be hampered

by scattered information on the temporal and spatial

dynamics of SOC [19], incomplete understanding of the

interrelations between soil formation factors, soil proper-

ties and soil classification [20] as well as an incomplete

understanding of the influence of chemical composition of

biomass on SOM and carbon sequestration [8, 21].

To model the dynamics of SOC, the rapid and accurate

measurement of its content in a wide range of soil types is

essential [22]. Measurement of SOC in clay- and carbon-

ate-rich mineral soils is challenging, and several methods

have been suggested including acid treatments to remove

inorganic carbon (IC), determining organic carbon (OC)

and IC separately, measuring only OC, leaving IC intact or

measuring simultaneously both OC and IC employing

thermal gradient analysis [23].

Although many researchers are interested in solely SOC

and soil nitrogen contents, total SOM content is also

important. SOM can only be indirectly measured due to its

complex structure and interactions with minerals [22]. Its

determination seems even more complicated to measure

accurately than SOC [24]. Mass loss on ignition (MLI) is

often used to directly estimate SOM content [24–27]. In

principle, dried soil is heated to its ashing temperature and

the MLI is assumed to be the SOM content. To assure the

complete removal of organic carbon, the temperature range

where the mass losses are measured is typically between

105 and 550 �C (DIN 19128). Nevertheless, the applica-

bility of this method is limited mainly to soils with low

clay content (i.e., the higher the clay content, the larger the

error) [24]. Indeed, the MLI method leads to the overesti-

mation of SOM due to the loss of hygroscopic water

(around 100 �C), inter-crystalline water and hydroxy

groups in sesquioxides (above 100 �C), destruction of

charcoal, and the decay of carbonates at temperature

starting around 550 �C [22, 24]. Due to its simplicity, the

MLI determination is still widely used, but a matter of

intensive investigations due to its limitations [22, 24–26].

The current trend is to focus on increasing accuracy of

SOM determination by overcoming its application limits

with a correction for clay content [22], or to deal with

detection of thermally stabile carbon [24].

In our previous works [28–33], we focused on the

investigation of SOM following recommendations from

previous studies, e.g., [34, 35], that intrinsic soil properties

can be detected mostly in soils untouched by human

activity. This avoids misinterpretations originating from

the compositional and structural changes in soils caused by

productive land use. As water is an important component

involved in soil formation [36] and found to influence

SOM stabilization [33], soil samples were additionally

conditioned at 76 % relative air humidity after air-drying

for comparable water contents. Soil samples were only

sieved (\2 mm), but not ground to avoid possible changes

in soil chemical or physical structure, which might influ-

ence TG results. This approach enabled a rapid and reliable

determination of OC, and inorganic carbon (IC), nitrogen

(N) and clay contents in a wide range of soil types. We
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Fig. 1 Organic carbon content of selected plots with different

fertilization of two long-term agricultural experiments in Müncheberg

and Bad Lauchstädt, sampling depth 0–30 cm (Ap-horizon, data from

[43])
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suggested the use of thermal mass losses in 10 �C tem-

perature steps (TML) instead of mass losses in large tem-

perature areas such as MLI [29].

The dynamics of bound water release was found not

only to correlate with the content of clay, but to be cor-

related also with CO2 evolved by biological degradation of

SOM in samples rewetted to 65 % of field water holding

capacity in laboratory incubation experiments [30–32]. We

concluded that an increasing closeness of these interrela-

tions in time may indicate that bound water is a possible

factor involved in the regulation of microbiological sta-

bility of SOM [32]. These findings were not applicable to

plant materials, composts, gardening muds or other similar

soil like mixtures of geological parent materials containing

organic carbon [28]. They imply new opportunities for a

distinction between SOM and organic admixtures in soil

samples. In contrast to SOM, organic admixtures are not

formed by long-term biological regulation processes,

which cause specific deviations from proportions between

thermal mass losses found in soils untouched by human

activity [33].

Here, we present the results of an extended data evalu-

ation. The aim of the work was to reveal interdependencies

between mass loss on ignition (MLI) and thermal mass

losses in 10 �C temperature steps (TML), which were most

closely connected with content of soil organic carbon,

nitrogen, clay or other soil components. The second part is

an application of these relationships for the assessment of

soil organic matter content and soil biological transfor-

mation of easily biodegradable organic residues.

Materials and methods

Soil samples

Soil samples (n = 301) consisted of eight sample sets from

regions with contrasting climate conditions, vegetation

cover, and parent materials, including both natural, not

disturbed by human activity sites and soils under different

land uses. The list of soils with the general descriptions and

references with detail information is reported in Table 1.

Sample preparation and analytical methods

Soil samples were gently air-dried, sieved to pass 2 mm

and subsequently stored at 76 % relative humidity to insure

comparable content of bound water in samples of different

origins. The thermogravimetric experiments consisted of

heating of around 1 g of a sample in a thermoscale (TGA/

SDTA 851, Mettler-Toledo)) from 20 to 950 �C with

5 �C min-1 heating rate and a data acquisition rate of 1

reading per 4 s. As a purge gas was used flow of air

200 mL min-1, which was enriched by 76 % relative

humidity (25 �C).

All samples were analyzed in duplicate by thermo-

gravimetry (TG). First analyses were conducted in the

same way as described above. The second analysis was

carried out after the rewetting of the air-dried samples to

around 65 % of field water holding capacity and incubating

soils at 20 �C over 3 months under laboratory conditions

with continuously measurement of biological CO2-respi-

ration (details can be found in [30, 31]).

Sieved samples were further ground with an agate

mortar and analyzed by dry combustion for carbon and

nitrogen (LECO and ELEMENTAR) using standard

methods.

Data treatment and analysis

Thermal mass losses (TMLs) for all calculations were

obtained from TG curves as a mass loss in 10 �C intervals.

This resulted in 93 TMLs from room temperature (ca.

30 �C) to 950 �C per analysis. In this work, a TML is

referred to with its upper temperature limit of a 10 �C
temperature increase interval. For example, TML110

describes mass losses between 100 and 110 �C. The

abbreviation MLI is used for mass losses on ignition, which

is represented here as the thermal mass losses between 110

and 550 �C, obtained from the same TG run as the TMLs.

The lower limit of MLI determination of 110 �C is higher

than the 105 �C according to DIN 18128. This change was

the result of pre-experiments in which isothermal heating

according to DIN 18128 was compared with continuously

heating rate of 5 �C min-1 during thermogravimetric

analyzes.

All correlation analyzes were based on linear, nonlinear,

and exponential function models between MLI and TML

between 30 and 950 �C. Because the application of non-

linear function models did not provide significantly higher

coefficients of determination compared with linear function

models, we present the data only from linear models.

Initially, all calculations were carried out separately for

each of the eight sample sets listed above. Later the cal-

culations were repeated with combined sample sets in the

case of proven similar relationships.

Results

Initial correlation between MLI and TML revealed similar

relationships for most sample sets, whereas the samples

from Gezira region (North Africa) and from Antarctica

were different. One example of the difference in sample

sets is presented in Fig. 2 for the relationship between

TML160 and MLI.
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Data of soils from most regions showed a weak corre-

lation between TML160 and MLI with a coefficient of

determination (CD) R2 = 0.64. The fitting of data of

Antarctica soils (marked in Fig. 2 with ‘‘9’’) resulted in

higher slope of the regression with a similar R2 = 0.68. A

few samples from Antarctica fitted well to soils from other

sources. Soils from Gezira region are represented as ‘‘?’’

in Fig. 2. The slope did not differ from Antarctica soils, but

from all other sample sets. The regression for Gezira soils

shows a higher R2 = 0.90.

Figure 3 summarizes CDs of TML with MLI. Fig-

ure 3a provides background information with dynamics

of mean mass losses from all samples. Marked TML

shows temperature regions closely correlated with soil

properties such as content of organic C (TML330 and

TML350), nitrogen (TML330 and TML410) or clay

(TML120 and TML530) contents [29]. In addition, Fig. 3

also shows the temperature areas that are related to the

amount of CO2 released by biological decay of organic

matter in laboratory incubation experiments with rewet-

ted samples [30–32]. The capital letters refer to the

major temperature areas with mass losses caused by

following processes:
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Fig. 3 Dynamics of thermal mass losses in 10 �C temperature increase

steps (TML) and correlations with mass losses on ignition (MLI).

Upper part a Mean dynamics of thermal mass losses of all samples

with marked the most important temperature intervals. Gray areas

indicate TML correlating with soil properties and soil respiration in

incubation experiments [28–32]. Lower part b Coefficients of deter-

mination of TML with MLI (110–550 �C) for sample sets Antarctic

and Gezira separately and remaining sample sets together

Table 1 Summary of analyzed soil samples

Collection site Date of

collection

Dominant soil types Number of

samples

Reference

Western Siberia 2000 Luvisols, Alfisols, Mollisols and

Phaeozems

83 [29, 32]

Long-term agriculture experiments

in Western Europe

2003 Luvisols 53 [29]

National Parks in Germany 2008 Luvisols and Alfisols 33 [29, 30]

National Parks and biosphere reserves

in South America

2007–2009 Alfisols, Aridisols, Andisols and Oxisols 28 [31]

Western Siberia 2010 Chernozems, Mollisols, Phaeozems

and Luvisols

33 [31]

Pacific North West of USA 2011 Inceptisols, Andisols, Alfisols and Mollisols 21 [31]

Antarctica 1999 Entisols 27 [37]

Long-term agricultural experiments

in Gezira region (Sudan)

2001 Vertisols 23 [38]
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A. evaporation of bound water from SOM and organo-

mineral complexes up to 200 �C,

B. transformation of thermal labile organic matter

between 200 and 450 �C,

C. degradation of organic matter accumulated in depen-

dency of the content of clay between 450 and 550 �C,

D. decay of carbonates mostly above 550 �C, although the

onset temperature can be modified by associated

compounds or chemical composition [27, 28].

Figure 3b summarizes calculated coefficients of deter-

mination for all correlations of MLI (thermal mass losses

110–550 �C) with TML (thermal mass losses in 10 �C
temperature increase steps between 30 and 950 �C) for all

sample sets (bold solid line) except for samples from

Gezira and Antarctica. These soil sample sets are presented

separately due to the results given in Fig. 2. Coefficients of

determination of these sample sets are illustrated with a

thin solid line for Gezira region and a thin dotted line for

samples from Antarctica.

As can be seen, the closeness of correlations of MLI with

TML is changing with temperature. Below 50 �C, the bold

line showed weak correlations with TML. For example, at

30 �C R2 was \0.40. With increasing temperature, CD is

increased. The R2 reached values *0.7 with a maximum at

TML90 (R2 = 0.74). Further temperature increase was

accompanied by a decrease in correlation and then R2

changed irregularly after that. Local maxima of R2 were

observed at TML210 (R2 & 0.89), TML330 (R2 & 0.93) and

TML390 (R2 & 0.92). Therefore, up to 93 % of all variation

of MLI can be explained with only one TML at 330 �C
(TML330). As shown in Fig. 3a, this TML highly correlates

with soil organic carbon. The samples from Gezira (thin

black line) and Antarctica (dotted line) show different rela-

tionships. The maximum R2 were located in different tem-

perature regions than the other sample sets.

Introducing a second TML in these regression analyses

increased CD. The application of power, exponential or

other nonlinear function models did not lead to improve-

ments in CD compared with a linear regression model,

which was described by the formula:

MLI ¼ a� TML1 þ b� TML2 þ c; ð1Þ

where TML1 and TML2 were two independent thermal

mass losses in 10 �C temperature intervals between 30 and

950 �C in mg g-1 sample each and a, b and c were fitted

parameters.

The application of this function led to CDs [0.98

even for all samples sets together. The highest CDs

between MLI and the two TMLs were observed for

TML1 between 100 and 160 �C and TML2 between 280

and 360 �C.

Figure 4 presents the regression for the multiple linear

regression model with the highest CD. According to this

figure, the relationship of MLI with two TMLs results in an

R2 = 0.98 for all samples together (including Antarctica

and Gezira) with the equation:

MLI ¼ 10 � TML140 þ 25 � TML330 � 2 R2 ¼ 0:98
� �

ð2Þ

where MLI the thermal mass losses between 110 and

550 �C, TML330 thermal mass losses from 320 to 330 �C
and TML140 thermal mass losses from 130 to 140 �C.

All are given in mg g-1 sample. Using the onset tem-

perature 105 �C (according to DIN 18128) instead of

110 �C for MLI calculation did not significantly lower

the CD. Similar results were found if in Eq. (2) the

TML330 was substituted either by TML410, or content of

carbon or nitrogen determined by elemental analysis and/

or TML140 were substituted either by TML530, or content

of clay.
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Figure 4b compares the measured MLI and MLI cal-

culated from Eq. (2) in order to reveal the prediction

accuracy and to inform about data distribution. Figure 5

shows measured and calculated MLI for samples from

long-term agricultural experiments (Fig. 5a) together with

the residuals of Eq. (2) as differences of calculated minus

measured MLI (Fig. 5b). As can be seen in Fig. 5a, MLI

varied with fertilization and with the experimental site.

Considering the different contents of clay at every site,

these results reports same challenges with assessment of

SOM as shown in Fig. 1. In Fig. 5b, a higher number of

negative than positive residuals indicated a prevalence of

lower calculated MLI than measured ones. Non-fertilized

and only mineral fertilized plots showed the lowest values

at every site (calculated MLI\measured ones). In con-

trast, plots with organic fertilization or with combined

(mineral and organic) fertilization resulted in higher and

frequently positive deviations from Eq. (2) (calculated

MLI[measured MLI).

In order to test whether easily biologically degradable

organic residues were a possible cause for deviations from

Eq. (2) in Fig. 5, Fig. 6 presents the residuals of the same

equation as differences of calculated minus measured MLI

for soils collected in Siberia in 2010 [31] at different

sampling depths and before and after incubation. These

samples were incubated to reduce the content of easily

degradable organic residues by microbiological decay. As

can be seen in Fig. 6, upper soil horizons show the highest

values at each site (calculated MLI[measured MLI).

With increasing sampling depth, the differences become

lower. The difference between calculated and measured

MLI was typically lower after incubation.

Discussion

Theoretical understanding of the relations

First, we would like to discuss the relationship between

MLI and different TMLs (Fig. 2), which were most

probably caused by distinguishing regional soil-forming

conditions or prevalent SOC sequestration mechanisms.
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Fig. 5 Measured and calculated MLI (upper part) and residues of the
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Samples from Antarctica were collected from very thin

layers of mineral dust from melting glaciers under cold

climate condition allowing only a very weak vegetation

cover (less than 2 % of the surface in case of very few

samples). In contrast to other regions, the organic

matter was accumulated not from vegetation cover

during ecosystem succession typical under moderate

climatic conditions, but from residues of penguin

colonies [37]. The soils in Gezira region were charac-

terized by high clay content and peloturbation (mixing

of layers due to clays shrinking and swelling [38]).

Furthermore, the traditional fertilization of Gezira soils

with wood ashes containing charcoal may have affected

the results [33].

The distinguishing influence of regional specifics on our

results was less important after the addition of a second

TML in Fig. 4. As a result, the model represented by

Eq. (2) seems to be universally and generally applicable for

the determination of MLI from TML330 and TML120 across

all sample sets used here.

Hoogsteen et al. [26] and Ghabbour et al. [25] referred

to application risks for determination of SOM using MLI in

clay-rich soils. As already mentioned, decomposition of

SOM between 110 and 550 �C could be also accompanied

by water release from soil minerals, mainly clays [39].

Accordingly, MLI in Eq. (2) is composed of mass loss of

SOM degradation and water release mostly from clays

(CW, ‘‘clay water’’) released between 110 and 550 �C.

This means, Eq. (2) can be extended by

MLI ¼ SOM þ CW ¼ 25 � TML330 þ 10 � TML120 � 2

ð3Þ

This equation not only illustrates the challenges of direct

determination of SOM from MLI due to CW or other

unknown influences. It also implies a role of chemically

bound clay water in processes of SOM accumulation.

The relationship between SOM and CW implies that

adsorption of water on clay might be a competitive

process to SOM adsorption; similar observations were

reported, for example, in the chemistry of zeolites [39–

42]. However, these considerations are beyond the scope

of this paper.

According to Siewert [29], the TML330 in Eq. (2) can be

substituted by SOC content and TML140 by the content of
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clay using equations SOC = 1.18 9 TML330 - 0.05 and

Clay = 4 9 TML120 ? 9.8.

Then, Eq. (2) can be rewritten as:

MLI ¼ 21 � SOC þ 2:5 � clay � 4:4 ð4Þ

where all units are given in mg g-1 sample.

Transforming Eq. (4), SOC content can be determined

not only from TML330 but as well from MLI using fol-

lowing Eq. (5):

SOC ¼ 0:48 � MLI � 0:12 � clay þ 0:2 ð5Þ

where all units are given in %.

De Vos et al. [22] suggested the determination of SOC

from MLI using relationship

SOC ¼ 0:5936 � MLI � 0:1046 � clay ð6Þ

Equation (6) was found valid for non-calcareous forests

soils and less applicable for sandy soils with low SOC and

clay content [22]. Formally, Eqs. (5) and (6) are similar

and differ from each other only by coefficients. The dif-

ferent coefficients could be caused by the different soils

used in Ref. [22] and in the current study and especially by

carbonates in soils investigated in this work, because their

decay starts in some cases below 550 �C [27, 43].

The differences in equation parameters may also result

from our search for highest coefficients of determination,

which suggests the possibility to substitute TML330 (SOC

content) by TML around 410 �C (soil organic N content,

[29]) giving Eqs. (7) and reduces slightly the CD.

MLI ¼ 8:76 � TML130 þ 36:23 � TML410 � 0:725

R2 ¼ 0:95
� � ð7Þ

Such modification can justify, among others, the func-

tionality of nitrogen in organisms or the participation of

proteinaceous components involved in water binding in

soils [33]. We speculate that the decrease in CD for soil

organic nitrogen in comparison with SOC may be con-

nected with a changeable C/N ratio that depends on soil-

forming processes and soil cultivation [44].

In addition, the interrelations between content of SOM,

MLI and clay reflected in Eqs. (2), (5) or (6) provide the

opportunity to calculate the content of clay in soils from

the measurement of MLI and from SOC determined using

element analyzes using Eq. (8)

Clay ¼ 4 � MLI � 8:3 � SOC þ 1:7 ð8Þ

Opportunities for practical application and validation

Such application, however, provides a connection to the

already mentioned questions (Fig. 1) about a possible quality

assessment of the easy measurable SOC. Usually, SOM is

separated into at least two fractions [45]. Considering the

majority of clay-associated SOC in Eq. (2) is stable, devia-

tions are caused by a changing amount of labile, biologically

easily degradable organic carbon. Such an idea is supported

by the deviations shown in Fig. 5 by the dependency of results

from fertilization and in the level of crop yield [46]. For

example, organic fertilizers are known to provide highest

yield and show in Fig. 5 the largest deviations between cal-

culated and measured MLI. Similar results were obtained with

the combination of organic and mineral fertilization. The

deviations were less pronounced, however, for the application

of only mineral fertilizers (NPK). Although mineral fertil-

ization supports plant growth and thereby soil fertility, it can

have adverse effect such as soil acidification, soil structure

degradation and other undesired side effects. On the contrary,

the plots, which were not fertilized, showed the lowest devi-

ation from Eq. (2). These plots were reported to have lowest

fertility [46] and thus the lowest content of organic residues.

Figure 6 provides a primary validation of the assump-

tions on the applicability of Eq. (2). The labile or fresh

residues are quickly decomposed during soil incubation,

which should lead to a decrease in the difference between

calculated and measured MLI. Figure 6 reports results for

both fresh soil samples (dark gray columns) and incubated

ones (light gray columns). As a rule, the upper layers of

natural soils are characteristic of a high amount of fresh

organic residues, due to the absence of cultivation pre-

venting fast microbiological decay and mixing with lower

horizons. Thus, a high amount of residues implies larger

differences between calculated and measured MLI, which

was in line with the results in Fig. 6. This does not exclude

negative values if the amount of residues is lower than the

mean of investigated samples (e.g., due to low vegetation

productivity at dry sites). In contrast, the supply of organic

residues decreases with increasing sampling depth. Gen-

erally in Fig. 6, the differences of calculated minus mea-

sured MLI decrease with increasing depth, which

supported the assumptions about the influence of a lower

amount of labile SOC on calculated MLI.

Conclusions

Our results suggest lower importance of SOM content

determination than in comparing relationships between

organic carbon, clay, water and other components of soils,

which are recognized as unique and very complex objects

formed during long-term ecosystem succession. We

assume the found relationships with TG analyses between

components were enabled by equilibration of SOM by

comparable humidity prior to analyses, which was facili-

tated by using only sieved, non-ground samples. A con-

firmation would imply a key role of bound water for

understanding soil formation processes for both organic
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and inorganic soil compartments, including SOM accu-

mulation, SOM/SOC ratios and other properties and pro-

cesses. The heterogeneity of the sample sets used supported

a distinction between regional specifics and detection of

general or unifying for all soils regulations processes and

features, which are applicable to a wide range of soils. The

presented results require independent validation, which can

initiate an open discussion about necessary investigations

for practical land-use assessment.
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