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The thermal behavior of two specimens of 14 Å tobermorite (plombièrite) was studied in situ at the GILDA
beamline (ESRF, Grenoble, France). During dehydration, plombièrite shortens its basal spacing from 14 to
11 Å, through a progressive approaching of the complex structural modules characterizing its crystal struc-
ture. Upon heating, the 11 Å phase progressively contracts its c periodicity, with its d002 varying from 11.7
to 11.3 Å. At ca. 300 °C, a 9.6 Å phase appears; it is stable up to ca. 700 °C. Above this temperature, it expands
its basal spacing up to 10.2 Å, before transforming into wollastonite.
Moreover, one specimen was heated at 150 °C for 4 h and the heated product, identified as 11 Å tobermorite
through X-ray powder diffraction, was used to collect micro-Raman spectra. The heated product shows single
chains, in contrast with the 11 Å natural specimens studied up to now in which double wollastonite-like
chains occur.

© 2013 Elsevier Ltd. All rights reserved.
1. Introduction

Plombièrite belongs to the tobermorite group, a series of calcium
silicate hydrates (C–S–H) studied for their relationship with the
main binding agent of the Portland cement and for their potential
technological applications. These phases may be distinguished on the
basis of their basal spacings, that are related to their different degrees
of hydration. In particular, plombièrite, with a basal spacing of 14 Å, is
the most hydrated member of this group.

The name plombièrite was firstly used in [1] for a C–S–H gel formed
through the action of thermal springs on Roman cementitious material
at Plombières, Vosges, France; probably, the originalmaterial belongs to
the C–S–H (I) group [2]. On the basis of the chemical similarity between
this nearly amorphous material and a crystalline compound from
Ballycraigy, the use of the name plombièrite was extended in [3] to the
14 Å phase of the tobermorite group. Therefore, this name has been tra-
ditionally retained in the mineralogical community. In the following we
will use the name plombièrite to indicate the natural phase, whereas
the synthetic counterpart will be called 14 Å tobermorite.

The ideal chemical formula of plombièrite is Ca5Si6O16(OH)2·7H2O.
Its crystal structure has been solved [4] using a specimen from
Crestmore (California, USA). The atomic coordinates of one of the
two possible MDO polytypes were derived on the basis of the OD
theory and were refined using intensity data collected both with
laboratory and synchrotron X-ray sources [4]. The crystal structure
of plombièrite (Fig. 1) is formed by the same complex structural
rights reserved.
module characteristic of 11 Å tobermorite. In the crystal structure
of plombièrite, complex structural modules with chemical composition
[Ca4Si6O16(OH)2·2H2O]2− are shifted each other of b/2 along [010]
and are separated by an interlayer of H2O molecules and Ca2+ cations.
Consequently, the wollastonite-like silicate chains are not connected
and remain single (Dreiereinfachketten; [4,5]).

The thermal behavior of plombièrite – as reported in literature – is
apparently simple: at 80 °C–110 °C, its c parameter shrinks to 11 Å; at
300 °C, the latter reduces to 9 Å. Above 800 °C–1000 °C the 9 Å phase
recrystallizes into wollastonite. This is actually an oversimplification
of a more complex behavior. The appearance of a 10 Å phase was ob-
served [6] by heating specimens of plombièrite from Crestmore and
Bingham above 700 °C. Plombièrite from Crestmore was studied also
in [7] and the presence of an intermediate phase between tobermorite
9 Å and wollastonite, with a basal spacing of 9.7 Å was detected at
770 °C. In [6] a 10.1 Å basal spacing was reported at 900 °C.

Another intriguing aspect is related to the real nature of the
11 Å phase formed through the dehydration of plombièrite. According
to [8] and [9], the so-called molybdate method and 29Si NMR data,
respectively, suggested that this 11 Å phase has single dreierketten,
whereas all known natural and directly synthesized 11 Å tobermorites
have doublewollastonite-like chains. The thermal behavior of synthetic
14 Å tobermorite was studied also by [10]; the authors described the
dehydration process of a hydrothermally synthesized sample outlining
the formation of a 11.8 Å tobermorite that shrinks to 11.3 Å tobermorite
at 250 °C, before thefinal shrinking into a 9.6 Å phase. 29Si NMR spectra
collected on dehydration products of 14 Å tobermorite, obtained at
different temperatures, showed the presence of single chains in the
11.8 Å tobermorite, and the possible occurrence of Q3 sites in 11.3 Å
tobermorite and, maybe, in the 9.6 Å phase [10].
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Fig. 1. Crystal structure of plombièrite, as seen down [100] on left and [010] on right. The calcium-centered polyhedra are drawn in dark gray whereas the SiO4 tetrahedra are shown
in light gray. Oxygen atoms and hydroxil groups are indicated as dark gray circles and H2O molecules are represented as light gray circles. Along [010] the apical sites of the
seven-fold coordinated Ca-centered polyhedra are alternatively occupied by (OH)− groups whenever they are shared with an SiO4 tetrahedron, and by H2O molecules if not shared.
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Natural specimens of plombièrite from Fuka (Okayama Prefecture,
Japan), intimately associated with tobermorite, were studied and
described in [11]. During the first part of the heating process, a 11 Å
phase characterized by single chains formed, whereas 9 Å tobermorite
appeared above 300 °C. According to these authors, the broadness of
the 002 reflections of both 11 and 9 Å phases suggested the possible
existence of a phase with an intermediate spacing.

The aim of this paper is the description of the thermal behavior of
two specimens of plombièrite from Crestmore (California, USA), and
one specimen from the Zeilberg quarry (Bavaria, Germany). The
samples were studied through X-ray diffraction and their behavior
has been compared with those described in the previous works on nat-
ural and synthetic 14 Å tobermorites. Finally, one of the two samples
from Crestmore was used for the collection of micro-Raman spectra
on both unheated and thermal-treated samples.

2. Materials and methods

Plombièrite from Crestmore (California, USA) and the Zeilberg
quarry (Bavaria, Germany) were investigated. Two specimens from
Crestmore were used: in the former few micrometric single crystals
were selected for micro-Raman spectroscopy, before and after heating;
they were picked up from the same sample used for the determination
of the crystal structure [4]. The second sample from Crestmore was a
white crust of microcrystalline 14 Å tobermorite kindly given to us by
the late Prof. H.F.W. Taylor; it was crushed and used for the in-situ
thermal study.

In situ time-resolved X-ray powder diffraction (TR-XRD) patterns
were collected in the Debye Scherrer transmission geometry, with
samples contained in a 0.5 mm amorphous silica capillary at the
GILDA (General Italian Line for Diffraction and Absorption) of the
ESRF (Grenoble, France) synchrotron facility, using the same experi-
mental apparatus described in [12]. The two slits in front of the image
plate (IP) allowed the selection of a vertical slice of the Debye rings
generated by the diffracting powder, which rotated about the φ axis
while the recording IP support linearly translated, with constant speed,
behind the slits. Consequently, the diffraction pattern was recorded as
a function of time and sample treatment. This experimental setup
allowed us to collect a continuous diffraction pattern while the sample
was heated by a hot air blower.

Sample to detector distance and detector tilt were carefully calibrat-
ed against standard LaB6 (SRM 660a). The calibration of the heating ap-
paratus was performed by measuring accurate Rietveld refined lattice
parameters of standards with known thermal expansion coefficient
[12]. The data stored in the latent image were recovered and digitized
using a Fuji BAS-2500 laser scanner with a 100 × 100 μm2 pixel size
and a dynamic range of 16 bit/pixel. The digitized images were inte-
grated using the FIT2D [13] software to have intensity vs 2θ diffraction
patterns.

The sample from Crestmore was heated from room temperature
(25 °C) up to 960 °C, with a heating rate of ca. 2.4 °C/min. Initially, the
powder sample was maintained at 25 °C for 15 min, then heated up to
960 °C. Finally, it was maintained at the final temperature for 15 min.
The radiation wavelength was set at λ = 0.687337 Å; the measured 2θ
ranges between 2° and 40°.

The sample from Zeilberg was heated from room temperature
(30 °C) up to 950 °C, with a heating rate of ca. 7.7 °C/min. The radiation
wavelength was λ = 0.783485 Å; the measured 2θ range is 2.5°– 40°.

The cell parameters were refined using the GSAS program [14]
with the EXPGUI graphical user interface [15]. The refinements of
the cell parameters were carried out by means of the Le Bail method
[16]. The background was fitted with a shifted-Chebyshev function,
using 18 terms for the specimen from Crestmore and a number of
terms ranging from 12 to 24 for the German plombièrite; the profile
shape was modeled by Pseudo-Voigt functions, refining the Gaussian
parameter GW, the Lorentzian parameters LX and LY, and the asymmetry
of the peak profiles.

Crystals of plombièrite from Crestmore were heated at 150 °C for
4 h and used for the collection of X-ray powder diffraction patterns
using a 114.6 mm Gandolfi camera with Ni-filtered Cu Kα radiation.
These crystals were used for the collection of micro-Raman spectra
in nearly backscattered geometry with a Jobin-Yvon Horiba “Labram”



Fig. 2. X-ray powder diffraction patterns of plombièrite from Crestmore, from room
temperature up to 960 °C. (1) At T = 25 °C the sample contains mainly plombièrite
and oyelite; (2) at ca. 118 °C plombièrite disappears being substituted by 11 Å
tobermorite; (3) at ca. 300 °C 11 Å tobermorite is replaced by 9 Å tobermorite, while
oyelite disappears; (4) above 700 °C the very weak basal reflection of 9 Å tobermorite
shifts towards lower angle values.

Fig. 3. Trend of the ratio between the refined cell parameters and the parameters at
room temperature for the sample from Crestmore (a) and Zeilberg (b).

50 C. Biagioni et al. / Cement and Concrete Research 49 (2013) 48–54
apparatus with a 1800 lines/mm grating and equipped with a motor-
ized x–y stage and an Olympus BX40microscope with a 50× objective
(NA 0.75). The 632.8 nm line of a He–Ne laser (15 mW) was used;
laser power was controlled by means of a series of density filters.
The reported measurements were obtained using a ND1 filter. The
power on the sample is then 1.5 mW, resulting in an estimated radi-
ation power of 50 kW/cm2. The input slit was set to 150 μm, resulting
in a minimum lateral resolution of 3 μm and an estimated depth res-
olution of 6 μm. The system was calibrated using the 520.6 cm−1

Raman band of silicon before each experimental session. The spectral
resolution is 2 cm−1 while the spectra accuracy, estimated by Gauss–
Lorentzian interpolations after calibration, is 0.5 cm−1. Spectra were
collected with multiple acquisitions (2 to 6) with single counting times
ranging between 20 and 180 s. Micro-Raman spectra were collected for
both the unheated plombièrite and the heated product. Peaks were fitted
through the software FITYK [17].

3. X-ray diffraction results

The results of the X-ray diffraction studies performed on the speci-
mens from Crestmore and Zeilberg will be described separately.

3.1. Plombièrite from Crestmore (California, USA)

Plombièrite from Crestmore was used both for in situ and ex situ
thermal studies. The ex situ study was performed in order to obtain
suitable material for micro-Raman spectroscopy, aiming to the study
of the degree of polymerization of silicate tetrahedra.

3.1.1. In situ study
The X-ray powder diffraction pattern collected at room tempera-

ture showed that the sample was polyphasic; in addition to the most
abundant phase plombièrite, the presence of oyelite and minor 11 Å
tobermorite was detected. The association of plombièrite and oyelite in
the deposit of Crestmore is well-known and the amount of B2O3 reported
in some analyses of plombièrite from this locality, e.g. in [6], could be
due to the admixture of oyelite.

The sub-cell parameters of plombièrite and tobermorite were
used as starting values for the unit-cell parameter refinements; the
crystallographic parameters of oyelite are those of the sub-cell mea-
sured on a crystal from the N'Chwaning II mine (Kalahari Manganese
Field, Republic of South Africa) with an Oxford Xcalibur S four-circle
diffractometer and CCD detector [18], i.e. a 3.6131(6), b 5.557(1), c
20.457(2) Å, α 90.77(2), β 90.38(2), γ 90.27(2)°. The refinement was
conducted up to the disappearance of the 11 Å phase, at ca. 300 °C; at
this temperature, a broad and weak 9.6 Å basal reflection appeared.
Fig. 2 shows the X-ray powder patterns. In the temperature range
100 –118 °C the basal reflection of plombièrite progressively shifts
towards higher 2θ angles and weakens, completely disappearing at ca.
118 °C; Fig. 3a shows the variation of the parameters of this phase as
a function of temperature, normalized to the value at room tempera-
ture. Whereas the a and b cell parameters do not change significantly,
the c axis shortens above 100 °C. The constancy of the values of the
a and b axes suggest that the complex structural modules described
in the “Introduction” section do not change and that the dehydration
causes only their approaching.

The same trend was also observed for the newly formed 11 Å phase
that appears at 110 °C, coexisting for ca. 10 °C with plombièrite. It is
important to stress the difference in the basal spacings between the
two 11 Å phases observed during the thermal study of the specimen
from Crestmore; in fact, whereas the 11 Å tobermorite coexisting with
plombièrite and oyelite at room temperature has a basal spacing of ca.
11.25 Å, the 11 Å phase formed through the dehydration of plombièrite
has a longer c axis, with a d002 of 11.7 Å.

Above ca. 118 °C, plombièrite completely disappears. A progres-
sive shortening of the c axis of the newly formed 11 Å phase can be
observed (Fig. 4a), in agreement with the study of [10], from 23.4 Å
down to 22.45 Å, corresponding to a shift in the basal spacing d002
from 11.7 to 11.22 Å.

At ca. 286 °C, both 11 Å tobermorite and oyelite disappear, with the
appearance of a 9.6 Å phase. The basal reflection of this newly formed
phase is weak and broad, indicating a high structural disorder along c;
the other classes of reflections remain intense and relatively narrow.

image of Fig.�2
image of Fig.�3


Fig. 4. Variation of the c parameter (in Å) for the 11 Å tobermorite formed by the
dehydration of plombièrite from Crestmore (a) and Zeilberg (b).

Fig. 5. Behavior of the basal spacing of the 9.6 Å tobermorite as a function of
temperature.

Fig. 6. X-ray powder diffraction patterns of plombièrite from Crestmore and its heating
product at 150 °C for 4 h. For sake of clarity, the values dhkl of the most intense reflec-
tions are shown.
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Increasing the temperature, the basal reflection shifts towards lower 2θ
values (Fig. 5), up to the appearance, at ca. 720 °C, of a phase with a
basal spacing of 10.2 Å, preceding the crystallization of wollastonite,
at ca. 880 °C.

3.1.2. Ex situ study
An interesting topic related to the thermal behavior of plombièrite

is the nature of the silicate chains in the 11 Å phase produced by the
dehydration of the 14 Å one. According to some experimental works
[8–10], the dehydration of synthetic 14 Å tobermorite produces 11 Å
tobermorite with single wollastonite-like chains, with only a minor
amount of double wollastonite-like chains above 250 °C.

Owing to the low amount of available material, the polymerization of
the silicate chains was studied through micro-Raman spectroscopy on
small single crystals. For this reason, some crystals of plombièrite, pre-
viously identified through X-ray powder diffraction, were heated at
150 °C for 4 h. The heating product was identified as 11 Å tobermorite
through the same technique. Fig. 6 shows the powder patterns of
plombièrite before and after the thermal treatment. A general broaden-
ing of the diffraction effects can be observed, resulting from increasing
disorder in the stacking of complex layers. The diffraction pattern of
the dehydrated product is similar to that of natural 11 Å tobermorite.

3.2. Plombièrite from Zeilberg (Bavaria, Germany)

The X-ray diffraction pattern collected at room temperature showed
that also the powder sample of the specimen from Zeilberg was poly-
phasic; in addition to plombièrite, that was the most abundant phases,
11.7 Å tobermorite as well as ettringite are present. Ettringite, ideally
Ca6Al2(SO4)3(OH)12·26H2O, crystallizes in the space group P63/mmc,
with cell parameters a 11.23 and c 21.48 Å [19].

During the study of the thermal behavior of plombièrite from
Zeilberg, the same transition observed in the sample from Crestmore
was observed, even if at a higher temperature. This may be caused by
the faster heating rate used during the in situ study of the German
plombièrite. In fact, plombièrite disappeared at ca. 150 °C, whereas
the 9 Å phase crystallized at 360 °C. Ettringite disappeared below
130 °C, in agreement with several studies on the thermal behavior of
this mineral [19–24].

Fig. 3b shows the trend of the cell parameters of plombièrite from
Zeilberg, as a function of temperature, normalized to the cell constants
at room temperature. 11 Å tobermorite is present in the studied sample
at the beginning, with a d002 of 11.65 Å. Such a high value is usually
related to high Al content in natural tobermorites [25]. For the studied
specimen from Zeilberg, chemical data are missing; however, due to
the associationwith ettringite, it is possible that Almay partially replace

image of Fig.�4
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Table 1
Observed frequencies (cm−1) in micro-Raman spectra of plombièrite and its dehydra-
tion product, i.e. 11 Å tobermorite.

Plombièrite 11 Å tobermorite Interpretation

310 320 Ca\O polyhedra vibrations
360
398 Internal deformation of Si\O tetrahedra

(bending O\Si\O bonds)443
479
527
664 670 Symmetrical bending Q2

680 682
996 1010

1070
Symmetrical stretching Q2

1024
1057
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Si in the bridging tetrahedra of tobermorite. Beginning from 150 °C, the
intensity of the 002 reflection of tobermorite 11 Å increases, whereas
that of plombièrite abruptly decreases. The angular position of the
reflection of the 11 Å phase shifts towards lower 2θ values, achieving
a basal spacing of ca. 11.8 Å. At ca. 168 °C, plombièrite is no longer pres-
ent in the studied sample. Fig. 4b shows the variation of the c parameter
of the 11 Å phase from this temperature up to its complete transforma-
tion into the 9 Å phase. As observed for the specimen from Crestmore,
also in this sample a decrease in the basal spacing of the newly formed
11 Å tobermorite is observed. The irregularity in the decreasing trend
can be an artifact due to the worse quality of the data, collected with a
higher heating rate than that used for the specimen from Crestmore.

The 9 Å phase appears above 360 °C; at 430 °C it is the only phase in
the powder sample. The intensity of its basal reflection, at 9.6 Å, is very
weak and the peak is very broad. On the contrary, the other classes of
reflections remain relatively intense and narrow, probably indicating
that the high degree of disorder is mainly related to the stacking along
the direction normal to (001).
4. Micro-Raman spectroscopy results

Micro-Raman spectrawere collected both on plombièrite and on the
dehydrated 11 Å phase. Fig. 7 and Table 1 report the spectra and
the observed frequencies, respectively. The main bands are related to
stretching and bending vibrations of Si\O bonds (Fig. 8). The most
intense band in the spectrum of plombièrite is at 664 cm−1, and it is
due to bending vibrations of Q2 tetrahedra; an additional weaker band
is present at 680 cm−1, contributing to the asymmetry towards higher
frequencies of the main band. In the region of the stretching vibrations
of Si\O bonds, three bands occur, i.e. at 996 cm−1, 1025 cm−1, and
1057 cm−1. These bands could be attributed toQ2 stretching vibrations.
In [26] Raman spectra were collected on a hydrothermally synthesized
14 Å tobermorite and the authors observed a band at 1005 cm−1,
interpreted as the stretching of Q2 tetrahedra, and a weak and broad
band at 850 cm−1, interpreted as the occurrence of Q1 tetrahedra.
Our plombièrite sample does not show the weak and broad band relat-
ed to the presence of Q1 tetrahedra. They also observed a band at
1070 cm−1 [26]; according to them, it can be assigned to the stretching
of CO3 groups. However, the occurrence of CO3 groups in plombièrite is
not supported by the structural study in [4], and it can be due to super-
ficial carbonation. According to [27], the spectral region ranging from
1040 to 1200 cm−1 may show band related to Si\OH bonds. Owing
to the presence of silanol groups in plombièrite [28,10,4], the three
bands (at 996, 1024, and 1051 cm−1, respectively) could be attributed
Fig. 7. Micro-Raman spectra of plombièrite from Crestmore and 11 Å tobermorite
obtained through heating at 150 °C for 4 h.
to different local environments around Q2 tetrahedra, i.e. Si\O and
Si\OH bonds. In addition to the most intense peaks, the spectrum of
plombièrite shows very weak bands probably related to Ca\O vibra-
tions and to the internal deformation of silicate tetrahedra.

The spectrum of the 11 Å tobermorite shows the same features as
that observed in plombièrite, with a worse signal to noise ratio and
broader bands. The most intense band is composed by two vibrations
at 670 and 682 cm−1, respectively, and can be interpreted as the
Si\O\Si bending vibrations related to Q2 sites. The corresponding
Si\O\Si bending vibration related to Q3 sites, which in natural
11 Å tobermorite occurs at 619 cm−1 [29] (Fig. 7) is definitely not
present in the 11 Å dehydration product. The region of the stretching
vibrations is similar to that of plombièrite, with two broad bands at
1010 and 1070 cm−1, respectively. The latter can be hypothetically
attributed to a superficial carbonation formed during the heating
process in air.
5. Discussion

The studied specimens of natural plombièrite show thermal be-
haviors identical with those described by previous authors and, in
particular, agree with that reported by [10] for the synthetic 14 Å
tobermorite.

During dehydration, plombièrite transforms into a 11 Å tobermorite
through the progressive approaching of the complex structural modules.
Before its complete disappearance, the basal spacing of plombièrite
diminishes down to ca. 13 Å. The newly formed 11 Å phase progressively
contracts its basal spacing, reaching a value similar to that of natural
11 Å tobermorite, i.e. 11.3 Å. Notwithstanding the similarity between
the basal spacings, the silicate chains of the dehydration product are
single, according to the micro-Raman spectra. This conclusion agrees
with that of previous authors; in addition, in [10] the possible occurrence
of Q3 site is suggested, probably as a result of stacking faults during
the approaching of the complex modules. It is not clear if the 11 Å
tobermorite with single chain is a metastable phase or if it could be
found in geological environments. Crystals of this phase kept at roomcon-
ditions maintain the same X-ray powder diffraction patterns after few
years. If this kind of 11 Å tobermorite is stable, it is not possible to exclude
the natural existence of specimens with single wollastonite-like chains,
e.g. formed during a very mildly thermal metamorphism of plombièrite.
As a matter of fact, all the natural 11 Å tobermorites for which we have
structural data contain double chains.

An interesting topic is related to the nature of the 9.6 Å phase and
its relationship with the 9 Å phase obtained through dehydration of
normal tobermorite. In fact,whereas the former expands to a 10 Å com-
pound upon heating, the latter is stable up to its transition into wollas-
tonite. Finally, also the nature of this 10 Å phase and its relation with
the 10 Å tobermorite described in [29] are unknown and should be
investigated.

image of Fig.�7


Fig. 8. The deconvolution of the micro-Raman bands of natural plombièrite (a,b) and thermally treated plombièrite (c,d). The (a) and (c) diagrams refer to the symmetrical bending,
whereas the (b) and (d) diagrams refer to the symmetrical stretching of the Si\O bonds.
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