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Thermomechanical analysis of air-dried whole soil samples
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Abstract

Macromolecular characteristics of organic matter in soil can greatly influence the sorption behavior of organic compounds. Previous
investigations of the macromolecular nature of whole soil samples by differential scanning calorimetry (DSC) revealed step transitions in air-
dried soil samples, which do not fully mimic typical glass transition behavior. This work further explores these step transitions through a second,
independent method: thermomechanical analysis (TMA). TMA was validated with respect to detection, localization, and quantification of the
s p transition
( f initial
e ble results.

ts changes
i e slow,
n pressibility
f
©

K

1

o
a
c
s
a
m
t
g
h
G
s
a

iden-

le to
s to
at

eat.
pical
tion
ransi-
ec-
mal
curs
is
d
era-
he
t an
rease

0
d

tep transitions in whole soil samples. TMA was found to sensitively detect the transitions, indicating sample softening near the ste
T ∗

g ), while localization ofT ∗
g by TMA appears to be accurate in pellets only. Quantification via difference between coefficients o

xpansion and final compression, respectively, is favorable for weak transitions, where the sensitivity of DSC is too low to obtain relia
Although the nonreversing nature of the step transition is atypical for glass transitions, the observed matrix softening sugges

n matrix rigidity nearT ∗
g . This softening is hypothesized to be associated with water bridging individual soil structural units. Th

onreversing changes in soil rigidity are expected to affect the sorption behavior of organic contaminants, and the increase in com
urther suggests relevance for soil mechanical properties.

2005 Elsevier B.V. All rights reserved.
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. Introduction

Similar to synthetic organic macromolecules, natural
rganic matter (NOM) is suggested to consist of glassy
nd rubbery domains. Glassy domains, described as rigid,
ondensed organic matter, are considered responsible for
low desorption, non-Fickian diffusion, non-linear sorption,
nd sorption/desorption hysteresis, whereas rubbery domains
ay be responsible for increased diffusion rates, linear sorp-

ion, and partitioning-like processes[1]. The relevance of
lassy domains in NOM for sorption of organic compounds
as meanwhile been shown in a number of studies[2–4].
lass transition behavior has been detected with differential
canning calorimetry (DSC) in several NOM fractions and in
small number of soil samples[3,5–7]. Complementary to

∗ Corresponding author. Tel.: +49 30 314 73173; fax: +49 30 314 29319.
E-mail address: Gabi.Schaumann@TU-Berlin.DE (G.E. Schaumann).

these findings, two types of step transitions have been
tified in a peat soil[8,9]: a weak transition at 17–37◦C in
dry and thermally pre-treated peat, which is comparab
the transitions found in NOM samples and correspond
typical glass transitions[3,5–7], and a stronger transition
60–70◦C, which is detectable only in water-containing p
The latter resembles a glass transition, but shows aty
behavior: the transition mimics the form of a step transi
in hermetic systems, but represents a rather continuous t
tion in open systems[9]. The transition occurs neither in a s
ond, immediately subsequent DSC run nor following ther
pretreatment nor in the cooling cycle. It, however, reoc
following a storage period[9]. The nature of this transition
discussed in detail in Refs.[8,9] and most probably is linke
with a decrease in matrix rigidity near the transition temp
ture, which we refer to asT ∗

g in this context to emphasize t
irreversible nature of the transition. It was concluded tha
additional mechanism besides temperature-induced dec

040-6031/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
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in matrix rigidity may be responsible for the observed tran-
sition. Water bridges between individual structural units are
believed responsible for the unexpected behavior, providing
explanations to all unanticipated characteristics observed by
DSC[8,9]. From the viewpoint of matrix rigidity, water may
act in an antagonistic manner as a short-term plasticizer and
long term antiplasticizer in the soil organic matrix[8,9]. The
antiplasticizing function of water is unexpected, but has been
observed also in starch[10], in a meat-starch extruded matrix
[11], and in polypropylene oxide[12]. In the case of the peat
sample employed in our work, water was hypothesized to
bridge the soft segments and thus increase matrix rigidity
[8,9]. For an improved understanding of the processes under-
lying the observed transitions and their dependence on water
content and time, the hypothesized changes in matrix rigid-
ity [8,9] requires verification by an additional, independent
method.

Thermomechanical analysis (TMA) commonly serves as
a complementary thermoanalytical method to gain further
evidence of glass transition behavior[13,14]. While DSC
possesses the advantage of great temperature accuracy, TMA
is generally more sensitive to glass transitions than DSC[15].
It displays a wide range of useful application to the characteri-
zation of materials. The deformation or the dimension change
of a sample (expansion, contraction) is measured under a
defined load (static or dynamic) as a function of time or tem-
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glass transition behavior in NOM fractions and organic whole
soils and sediments[5,7,9].

One problematic aspect of the study of whole soils by
TMA is sample consistency. Generally, samples need to be
dimensionally stable. Granular or powdery samples need to
be stabilized, which is usually accomplished by melt-pressing
[18]. Pellets or tablets of whole soil samples can only be
produced if the material is sufficiently homogeneous and
possesses fine particle size. Mineral soil samples consisting
of organic and mineral particles are often not amendable to
investigation in the pellet form. To investigate such granular
material, the material may be filled into a glass receiver and
the dimension change may be recorded directly from the gran-
ular material (“powder form”) in the instrument’s dilatometer
mode.

The goals of this study are to (i) further investigate the
transition mechanism and to verify the decrease in matrix
rigidity hypothesized from DSC results, and (ii) validate
the powder form TMA method for detection, localization,
and quantification of thermal transitions in air-dried whole
soil samples. We therefore compared TMA traces of a sam-
ple in pellet and powder form, and compared the transi-
tion parameters derived from TMA and DSC for nine soil
samples.
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erature[16]. From TMA, data can be obtained as dive
s transition temperatures, thermal expansion charac

ics, modulus, viscoelastic properties, thermal stability,
iquid–solid interactions as functions of temperature and
17]. The most common applications of TMA are expans
18] and penetration[19] measurements. Glass transiti
ay be identified by a sudden increase in the linear ex

ion coefficientα [14,20], by a reduction of sample volum
r increase of penetration[13,21,22], or by sample softe

ng [16,23]. While the flow transition of polymers procee
t temperatures above the main (glassy to rubbery) tran

24], sample softening is also observed above[25], at [26,27]
r below[27] the glass transition temperature. Observat
f softening below theTg is observed especially with hig

oads[27]. TMA has only recently been applied to ver

able 1
roperties of the investigated soil samples

ample Soil type

eat[9] Peat soil from Rhinluch fen
horin (Ah)[28] Cambisol
iberia (Oh)[29] Luvisol
iberia (Ah)[29] Luvisol
iberia (Ah)[29] Chernozem
iergarten 1 (5–10 cm)[29] Heterogeneous anthropogenic soil f
iergarten 2 (5–10 cm)[29] Heterogeneous anthropogenic soil f
uch 1 (5–10 cm)[29] Anthropogenic soil from former sewa
uch 2 (5–10 cm)[29] Anthropogenic soil from former sewa
a Related to the sample dry mass.
b Of the air-dried sample related to the sample dry mass.
. Experimental

.1. Soil samples

The samples used in this study include the B8
escribed by DeLapp and LeBoeuf[7], the peat describe
y Schaumann and LeBoeuf[9], a sandy forest soil samp

rom Chorin near Berlin[28], sandy soil samples from Ber
iergarten and a former sewage farm in Berlin-Buch[29] as
ell as Ah and Oh samples from Siberia[29]. Selected sam
le characteristics are provided inTable 1; for a more detaile
escription please refer to the respective references. The
les were air-dried and then stored in a water atmosphe
6% relative humidity (RH) at 20◦C to obtain a reproducib
oisture content.

Soil texture Organic matter
content (%)a

Water content
(%)b

– 55.2 12
Sand 10.4 0.6
Loam 49.8 3.0
Loam 21.1 2.0
Loam 15.1 1.1

er-city park Sand 7.6 1.6
er-city park Sand 8.8 1.2

Sand 5.8 1.6
Sand 5.3 1.4
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2.2. Thermomechanical analysis (TMA)

TMA involved use of a TA Instruments Model 2940
Thermomechanical Analyzer (TA Instruments, New Cas-
tle, DE, USA) using the instrument’s dilatometer mode at
2.5 K min−1 with a force of 10 mN (probe diameter: 4 mm in
the dilatometer mode for powdery samples, and a 6.25 mm
diameter probe in the macroexpansion mode for pellets) and
nitrogen purge gas (99.0% purity from A-L Compressed
Gases, Inc., Nashville, TN, USA). Lower heating rates are
typically employed in TMA versus DSC due to the relatively
low heat capacity of the sample and the fact that the rate of
heat conductivity is affected by the relatively larger sample
sizes normally used in TMA. Temperature calibration was
conducted with indium and water, and dimension calibration
was conducted with aluminum. Samples were used either in
pellet form or powder form. The pellets were produced as
described in Ref.[7]. Fifty to 140 milligrams of the samples
investigated in powder form were placed in a glass receiver
containing a layer of silica. The height of the sample layer
was 4–8 mm.

The first TMA run characterizes the current state of the
sample without thermal pre-treatment, while the second run
characterizes sample characteristics in a defined, thermally
pre-treated state[7]. The second run is thus comparable to the
DSC thermograms published in Refs.[5–7], while the first run
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Fig. 1. TMA thermograms of the B8 soil described in Ref.[7] recorded in
pellet form (first and second run) and in powder form (first run). The small
step in the powder trace at 20◦C is not representative of other samples.

Fig. 2. Representative DSC (1: first heating; 2: second heating) and TMA
thermograms (first heating) of an air-dried peat sample in powder form. The
shape of the thermograms is representative for all investigated samples, and
the respectiveT ∗

g are summarized inTable 2.

ical transition described in Refs.[8,9,29]. DSC data were
analyzed using Universal Analysis 2000 software (V4.1; TA
Instruments). The change in the heat flow atT ∗

g is indicated
by an inflection in the thermogram. Operationally, three tan-
gent lines are applied for evaluation (Fig. 2).T ∗

g is defined
as the temperature at the half height of the central tangent
line. The change of heat capacity (�Cp) is calculated from
the height of the central tangent line.

3. Interpretation of the TMA thermogram of the
powdery sample

The soil sample is assumed to consist of organic matter
showing thermal transitions in the investigated temperature
s comparable to the DSC thermograms of the thermally
retreated samples described in Refs.[8,9,29]. TMA experi-
ents were conducted in open conditions. The thermog

eflect the effect of heating on the sample volume, meas
s dimension change. Glass transitions typically reflect a
ificant change in the thermal expansion coefficient,α, and

hus are often identified by a change in the thermogram s
7]. Data were analyzed using Universal Analysis 2000 s
are (V4.1; TA Instruments). The transition temperatureT ∗

g ,
as determined either from the intersections of straight
efore and after the transition (seeFig. 1) or by applicatio
f three tangent lines to the step in the first derivative o
MA trace, withT ∗

g representing the temperature at the
eight of the central tangent line (seeFig. 2). The therma
xpansion coefficient before the transition,α, and the com
ression coefficient,κ, after the transition were calculat

rom the slopes of the TMA traces before and after the t
ition, respectively.

.3. DSC experiments

TA Instruments Model Q1000 DSC (TA Instrumen
lzenau, Germany) using a heating rate of 10 K min−1 from
50 to 110◦C with nitrogen as purge gas (50 mL min−1) was
mployed for DSC analysis. Heat flow and temperature

bration was conducted with indium. Two to 20 milligra
f air-dried samples were placed into sample pans, an
ans were sealed hermetically before the DSC experim
he samples were investigated without pretempering in
rst DSC run. The DSC transition data thus refer to the a
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region and of (mainly mineral) particles without thermal tran-
sitions beside a continuous thermal expansion in the inves-
tigated temperature range. The latter samples are assumed
to be thermally inert. TMA records the dimension change as
function of temperature. The dimension change is associated
with an overall sample volume change, dV, and the slope
of the thermogram (dV/dT) represents the effective sample
expansion or compression:

dV

dT
= VTα (expansion),

dV

dT
= VTκ (compression)

(1)

VT, α and κ represent the whole sample’s total volume,
effective expansion coefficient and compression coefficient,
respectively.α (% K−1) is positive, andκ (% K−1) is neg-
ative. The TMA thermograms show quasilinear regions of
different slopes (seeFig. 1), with a distinct change in slope
at the transition temperatureTT. Below TT (referred to as
region I), an overall expansion is observed, which consists of
the expansion of the thermally inert grains of the soil and the
expansion of the organic matter:
(

dV

dT

)
I
=

(
dV

dT

)
inert

+
(

dV

dT

)
OM,I

,

αIVT,I = αinertVinert,I + αOM,IVOM,I (2)
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Region I and II can be neglected:

Vi,I ≈ Vi,II ≡ Vi (4)

with i = OM, T or inert, respectively. This results in

κII − αI = �αOM
VOM

VT
+ κSe (5)

where�αOM represents the change in expansion coefficient
of the organic matrix at the transition temperatureTT, e.g.,
due to glass transition. The differenceκII − αI can be calcu-
lated from the respective slopes of the TMA thermogram. If
softening and lubrication are induced by the step transition
observed with DSC,κSeas well as�αOM should be a function
of the intensity of the step transition (IG) and thus correlate
with the apparent change of heat capacity,�C, determined
by DSC. Additional effects are expected from the local pres-
sure, which is a function of sample load and grain size and
shape (e.g., edges). Based on these assumptions, both terms
on the right handside of Eq.(5) are functions ofIG. Eq. (5)
then transforms to:

κII − αI = (A + B(L))IG (6)

A andB represent constants of proportionality betweenIG
andαOM or κSe, respectively. A correlation between�C and
κII − αI thus supports a connection between the TMA and
DSC results. Eq.(3) also matches for the sample in the pellet
f ssion
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inert andVinert represent the expansion coefficient and
olume of the inert particles, respectively, and the in
OM,I” denotes the respective parameters of the org
atrix in temperature Region I. In Region II, i.e. ab

T, sample compression is observed in the powdery sa
Fig. 1), which is accounted for by an additional compres
erm:

dV

dT

)
II

=
(

dV

dT

)
inert

+
(

dV

dT

)
OM,II

+
(

dV

dT

)
Se

,

IIVT,II = αinertVinert,II + αOM,IIVOM,II + κSeVT,II (3)

he index “OM,II” denotes the parameters of the orga
atrix in the temperature Region II, andκSecharacterizes th

ompressibility of the whole sample due to sample set
κSe< 0). The overall compression may be caused by the
f intraparticle pore volume induced by a collapse of mi
ores in the softening organic matrix. The larger part o
ompression is, however, likely caused by loss of interp
le pore volume, which is induced by deformation or rela
ovement of grains (sample settling) due to lubrication
article softening. The compression is of irreversible cha

er, i.e., it will induce changes in the sample which can
everse upon cooling. Therefore, the sample is in a diffe
nitial state in the second TMA run ifκSe is not zero.

Although the expansion of the inert mineral matrix
nknown, it can be easily eliminated by subtracting Eq(2)

rom Eq.(3). As all expansion and compression coefficie
sually are considerably below 0.5% K−1, the change of th
bsolute volumes of the individual compartments betw
orm, where sample expansion as well as sample compre
ay be observed, depending on the sample load. In this

Se stands for the sample compression due to collaps
ntraparticle micropores[5]. As long as such a collapse can
e excluded, the TMA thermogram of a soil sample in
ellet form is expected to show irreversible characteris

.e., differences between the first and subsequent TMA
f the sample load is high, the compression termκSeVt may
verbalance the expansion terms, and an overall compre
ill also be observed in the pellet (e.g.,[5]).

. Results and discussion

.1. Pellet versus powder form

Fig. 1shows two subsequent TMA thermograms of a
et of the B8 soil described by Delapp and LeBoeuf[7]. The
MA traces reveal an increase in volume in the whole t
erature range, and four regions with different slopes
e distinguished with transition temperatures of 15, 34
2◦C. The trace of the second run is qualitatively comp
le to the first run, with significantly lower slopes and hig

ransition temperatures (21, 51 and 71◦C, respectively). In
ontrast to the multiple transitions indicated by TMA, o
ne single transition was detected by DSC at 52◦C after ther
al pre-treatment[7]. This transition corresponds well wi

he transition temperature of 51◦C in the second TMA run
he more detailed transition structure of the TMA ther
ram as compared to the single DSC transition corresp
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to observations that TMA usually shows a more complicated
thermogram structure than DSC[18,20]. The lower slope
above 62◦C (region III) may be explained by a beginning
flow transition, but further experiments are required for a
final interpretation. For a more detailed discussion of the pel-
let TMA thermograms please refer to DeLapp and LeBoeuf
[7].

In contrast to the TMA thermograms of the pellet, the
TMA trace of the B8 soil in powder form reveals only one
significant transition, which extends from 20 to 60◦C. This
transition indicates a broad expansion to compression transi-
tion. The exact localization of the transition point depends on
the evaluation limits and varies within 44± 10◦C. The com-
pression region can be explained by a collapse of the powdery
sample packing due to particle softening and deformation[7]
and is in accordance with literature observations describing
reduction in volume or increased penetration due to softening
at Tg [13,21,22,30]. The thermograms additionally revealed
jumps, which can be attributed to sudden changes in the
highly heterogeneous sample packing. In the second run, the
dimension changes are less pronounced, and the jumps are
then in the same size of order as the dimension changes, mak-
ing quantitative evaluation difficult (data not shown). The
above-mentioned collapse is partly irreversible, as indicated
by the distinctly less pronounced traces in the second TMA
run.
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pared to the DSC and the TMA (pellet) thermograms.
The broadening suggests a rather continuous transition
in the powder form extending over a significantly wider
temperature range than in the pellet. This suggests that
particle softening and particle expansion represent two
different expressions of the transition with different ther-
mal profiles, and their overlay leads to an overall broad
transition.

We conclude that transitions can be identified in the same
temperature range as for the pellet form. The exact localiza-
tion of the transition temperature is, however, difficult, and
quantification ofαII after the transition is impossible due
to the overlay with the sample settling. Interpretation of the
underlying processes remains difficult due to the overlay of
a number of unknown processes.

Evaluation of this information provides reason to suggest
additional questions. (1) Is the expansion to compression
transition in the TMA traces of air-dried powder whole soil
samples supportive of glass-like transition behavior in the
respective samples despite its nonreversing characteristics?
(2) To which extent do quantification ofTg and intensity in
change in TMA lead to comparable results in TMA and DSC?
To answer these questions, TMA thermograms of nine air-
dried soil samples, which can only be investigated in powder
form, are compared to the results obtained from the respec-
t n are
c

4
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Commonly for pellet and powder forms, first and sec
hermal cycles show comparable behavior, but to a m
ess pronounced extent in the second run. This indicates
ersible changes for both sample forms, which may be ca
y the high temperature, by water evaporation, or by
ersible changes in the inter- and intraparticle pore volu
here are, however, two basic differences between the

races of the pellet and the powder sample.

(i) Expansion in the powder sample is observed only be
the transition temperature, while the pellet form rev
expansion regions throughout the thermogram. The
of expansion regions above the transition tempera
indicates that the sample compression in the first ru
not complete and leaves behind a number of inte
ticle pore spaces for subsequent runs. It would ind
be improbable that the overall sample compressio
the powder sample during the TMA run (sample l
pressure: 800 Pa) attains the same magnitude as p
pressed at 200 MPa.

ii) The powder sample reveals only one transition as c
pared to three transitions in the pellet form, and
transition in the powder sample is significantly broa
than in the pellet form. The broadness of the trans
may be explained by the overlay of the three transit
observed in the pellet, but it may also be caused by a
tional fuzziness due to the antagonistic effects of par
expansion on the one hand and sample settling o
other hand. It is, however, improbable that these ef
account for the total broadening of the transition as c
ive DSC thermograms, and parameters of quantificatio
ompared between TMA and DSC.

.2. Detection and localization of transitions

Fig. 2illustrates well representative DSC and TMA (po
er form) thermograms of the air-dried peat sample desc

n Ref. [9]. The DSC thermograms illustrate an initial
nd an immediately subsequent second (2) run. The si
ant transition atTg = 63◦C disappears in the second run
escribed and discussed in Refs.[8,9]. Thermogram evalua

ion was conducted in two manners: (A) interpretation of
ransition as a pure step transition (right tangent line sta
5◦C), and (B) the evaluation of the transition as a step tra

ion with enthalpic overshoot peak (right tangent line star
05◦C). From the shape of this individual thermogram, b

nterpretations are possible; the evaluation of a larger nu
f high organic soil samples, however, suggests that the

ransition is accompanied by a more or less significant o
hoot peak[29]. Peak position andTg increase with storag
ime under constant external conditions[8] and thus indicat
rocesses comparable to physical aging in the organic m
lthough the annealing peak is not as strongly pronounc
xpected for synthetic organic polymers.

The DSC step transition corresponds well to the ex
ion to compression transition at 60◦C in the TMA trace
he jumps in the TMA trace between 80 and 90◦C likely

ndicate unavoidable re-arrangements of the highly he
eneous sample packing. While the transition in the D

race extends from above 40◦C to below 70◦C, TMA indi-
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Table 2
Summary of transition temperatures (T∗

g ) for the transitions determined by standard DSC and TMA measurements (powder form).αI corresponds to the
expansion coefficient belowT ∗

g , andκII corresponds to the apparent compression coefficient aboveT ∗
g

Sample [reference] T ∗
g (TMA) (◦C) αI (% K−1) −κII (% K−1) T ∗

g (DSC) (◦C) �C (J g−1 K−1)

Peat[9] 60± 10 0.0067± 0.0004 0.0518± 0.0036 65± 2 0.10± 0.02b

Chorin (Ah)[28] 32± 10 0.0024± 0.0001 0.0062± 0.0004 64± 1a 0.01± 0.01a

Siberia (Oh)[29] 54± 10 0.0070± 0.0012 0.0492± 0.0034 63± 1 0.10± 0.03b

Siberia (Ah)[29] 44± 10 0.0031± 0.0002 0.0130± 0.0009 59± 1 0.04± 0.01
Siberia (Ah)[29] 43± 10 0.0030± 0.0002 0.0123± 0.0009 47± 1 0.01± 0.01
Tiergarten 1 (5–10 cm)[29] 42± 10 0.0029± 0.0002 0.0105± 0.0007 64± 3a 0.01± 0.01a

Tiergarten 2 (5–10 cm)[29] 34± 10 0.0025± 0.0001 0.0137± 0.0010 n.d. n.d.
Buch 1 (5–10 cm)[29] 31± 10 0.0026± 0.0002 0.0051± 0.0004 53± 3a 0.01± 0.01a

Buch 2 (5–10 cm)[29] 36± 10 0.0025± 0.0002 0.0052± 0.0004 n.d. n.d.

The errors denote the estimated maximum error of evaluation. n.d. denotes not detected.
a Weak transition.
b With consideration of relaxation peak.

cates a broad continuous transition, ranging from 20 to 90◦C
as illustrated by the first derivative of the TMA trace inFig. 2.
The broadness of the transition in the TMA thermogram is
representative of all investigated samples.

Table 2summarizes transition data derived from DSC and
TMA thermograms for nine soil samples. The table com-
pares transition temperatures (T∗

g ) as well as�C for DSC,
αI andκII . While TMA reveals significant transitions in all
samples, DSC identifies step transitions in seven out of nine
samples, and all samples from Berlin-Buch and Tiergarten
revealed only weak transitions in DSC. Transitions are thus
identified in TMA even in cases where DSC reveals only weak
transitions or no transition, which underscores the higher sen-
sitivity of TMA than DSC[15].

The transition temperatures determined by TMA range
from 31 to 60◦C with errors of±10◦C resulting from the
broadness of the transition. The broadness indicates the lack
of a distinct transition temperature and suggests a rather con-
tinuous process indicated by TMA.T ∗

g (TMA) is lower than
T ∗

g (DSC) in all cases with differences of up to 35◦C. Consid-
ering the high error ofT ∗

g (TMA), however, the size of these
differences is not significant. The lower transition tempera-
tures can be explained by the lower heating rate in the TMA
experiment[20,25,31]and by the mechanical stress applied
in TMA, as T ∗

g (TMA) is commonly reduced with increas-
ing load[20,26]. No significant trend was found betweenT ∗
( ts
o d fur-
t rial
c er. It
i ven-
d s of
t ater
w may
h rying
a able
o ely
h ter
w com-
p hich

contain larger amounts of water. This suggests that, if at all,
the presence, rather than the amount of water, may lead to
broadening of the TMA thermogram.

4.3. Quantification of the transition intensity

Common measures for the transition intensity (IG) include
the change in specific heat capacity (�C) from DSC, and the
change in volume expansion coefficient (�α) from TMA.
Due to the overlay of particle expansion, sample softening
and settling of the sample packing, a determination of the
expansion coefficient of individual particles is not possible
from powder form TMA measurement. The apparent soft-
ening of the sample may, however, serve as an indirect tool
to quantify the transition intensity as described in Section
3. The difference (αI − κII ) between the initial expansion
coefficient and the apparent compression coefficient after
the transition could be taken as a measure for the transition
intensity.

To test this hypothesis, (αI − κII ) (TMA) was plotted as
function of�C (DSC) inFig. 3. The plot indicates a signifi-
cant correlation between both parameters (P= 0.01) and thus

F DSC
(

g
DSC) andT ∗

g (TMA). This may be due to different impac
f the load on the transition process in the samples, an

her illustrates that the transition affects different mate
haracteristics in a similar, but not exactly equal, mann
s interesting to note that the TMA thermograms of the o
ried B8 soil (Fig. 1) are comparable to the thermogram

he air-dried samples (Fig. 2). This may suggest that w
as present in the oven-dried sample. The B8 sample
ave absorbed low amounts of water between oven-d
nd start of the TMA measurement due to the unavoid
pen conditions of the TMA experiment and the relativ
igh relative humidity in the laboratory. Whether or not wa
as present in the B8 sample, the extent of expansion to
ression appear comparable to the air-dried samples, w
ig. 3. Comparison of transition intensity parameters determined by
�C) and TMA (αI − κII ) for selected soil samples.
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supports the use of (αI − κII ) as a measure of transition inten-
sity. The significance of the correlation is, however, deter-
mined mainly by the two datapoints at�C > 0.1 J g−1 K−1.
The plot shows that (αI − κII ) varies in the low�C range,
where changes of�C were no longer significant due to
the lower sensitivity of DSC. TMA may thus serve as a
tool to estimate the transition intensity of weak transitions
in powder samples, but a quantitative comparison between
data of DSC and TMA remains difficult. The current scatter-
ing shows that calculation of�C from (αI − κII ) may result
in large errors for individual samples, even if the relation
between�C and (αI − κII ) is investigated for a larger sample
set.

TMA thus represents a highly sensitive method to detect
transitions in samples in pellet as well as powder form. Local-
ization is accurate in pellets, but not in powder samples,
where a broad transition range is observed. A source of error
for the quantification of the transition intensity may be the
mineral content of the samples, which is expected to addi-
tionally affect the apparent compressibility. This makes DSC
more favorable for the quantification of stronger, more easily
detected transitions. Quantification is more favorable from
TMA measurements for weak transitions, where DSC is less
sensitive.

While DSC points to changes in sample specific heat
capacity, TMA indicates an apparent sample softening in
t pel-
l nsi-
t sized
d f
t cter-
i n
t lved
i ed
b id-
u r
i ot at
a nges
i ss-
i sults
o in
t mid-
i soil
s sses.
T tly far
f ow-
e loring
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e t soil-
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