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Abstract

Identification of thaumasite ðCaSiO3 � CaO3 � CaSO4 � 15H2OÞ in concrete undergoing external sulfate attack by X-ray powder
diffraction or by microscopic techniques is difficult due to its crystallographic and morphological similarity with ettringite. Widefield

Raman chemical imaging via liquid crystal tunable filter (LCTF) technology has been used in a preliminary study to determine the

presence of thaumasite in association with ettringite ð3CaO �Al2O3 � 3CaSO4 � 32H2OÞ and gypsum ðCaSO4 � 2H2OÞ. Raman
chemical imaging combines Raman spectroscopy with optical microscopy and digital imaging to provide images with molecular-

based contrast. Thaumasite has three major peaks at 658, 990, 1076 cm�1 and three minor peaks at 417, 453, 479 cm�1. Ettringite has

major peaks at 990, 1088 cm�1. Gypsum has a major peak at 1009 cm�1 and minor peaks at 417, 496, 621, 673, 1137 cm�1. When

these minerals are presented together, Raman chemical imaging provides an excellent way to determine their molecular composition

and spatial distribution within the sample. � 2002 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Formation of ettringite and gypsum as deleterious
products during the external sulfate attack of concrete
is well recognized [1]. Formation of these minerals in
a hardened concrete leads to expansion and cracking.
Several recent studies report that during sulfate attack a
third mineral, thaumasite forms in the system in con-
junction with gypsum and ettringite [2–9]. Thaumasite
formation by sulfate attack is recognized to be det-
rimental to concrete durability because its formation
consumes the binder phase, C–S–H [1]. Thaumasite
forms when carbonate containing rocks/fillers are pre-
sent in a concrete exposed to sulfate ions in ground
water at low temperatures (5–10 �C) [2,3]. A recent study
shows that thaumasite can also form in concrete without
any carbonate containing aggregates [9]. The required
carbonate ions for the formation of thaumasite are de-
rived from external sources when concrete is exposed to
the atmosphere or ground water for extended periods.
Identification of thaumasite is difficult using X-ray

diffraction (XRD) and optical microscopy due to its

similarity in crystallographic structure and morphology
to ettringite. Scanning electron microscope (SEM) cou-
pled with X-ray energy dispersive spectroscopy (EDS) is
useful for identifying the elemental content of thauma-
site and ettringite in concrete. Ettringite has three dis-
tinct peaks of Al, S, Ca while thaumasite has the distinct
peaks of Si, Al, Ca. The carbon peak of thaumasite is
not easy to detect by EDS.
Raman spectroscopy is another technique that has

been used in identifying thaumasite [10–12]. This tech-
nique has an advantage in identifying thaumasite as it
has a distinct peak at 658 cm�1 corresponding to Si [6].
In a recent study, Raman microprobe spectroscopy was
used to distinguish thaumasite from ettringite in dete-
riorated concrete [12].
The recent development of Raman chemical imaging

[13–19], which combines the molecular analysis capa-
bilities of Raman spectroscopy and the visualization
power of an optical microscope, provides a potential
solution for obtaining molecular information on various
minerals of concrete. Raman chemical imaging is based
on Raman spectroscopy, which reveals the molecular
composition of materials. Raman chemical imaging uti-
lizes wide field illumination and liquid crystal tunable
filters (LCTFs) to provide images with molecular-based
contrast. The spectral resolving power of the LCTF is
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high due to the narrow band pass (<9 cm�1). LCTF
Raman microscopy provides diffraction-limited spatial
resolution of 250 nm with appropriate high numeri-

cal aperture microscope objectives. Although relatively
new, Raman chemical imaging is a proven molecular
imaging technology.
In the present investigation, Raman chemical imaging

is used to identify the spatial distribution of thaumasite
in association with ettringite and gypsum. In this study,
only standard samples were used to simulate the envi-
ronmental condition of thaumasite in a concrete.

2. Methodology

2.1. Materials

A sample of thaumasite was obtained from Ward’s
Natural Sciences. Its purity was checked by XRD and
SEM–EDS. Ettringite was prepared in the R.J. Lee
Group laboratory by mixing solutions of calcium hy-
droxide and aluminum sulfate. The phase purity was
checked by XRD. Reagent grade gypsum was used as a
standard.

Fig. 1. Overlaid spectra of thaumasite, ettringite and gypsum (532 nm

laser excitation, 10� magnification, 5 s acquisition).

Fig. 2. Raman chemical imaging of thaumasite and gypsum: (A) Brightfield reflectance image; (B) polarized light image; (C) RGB image; and (D)

LCTF-generated Raman spectra associated with thaumasite (yellow box) and gypsum (orange box), respectively. (10� magnification, 20 s per frame,

LCTF tuning parameters: 600–700 and 950–1100 cm�1, 17 W=cm2 laser power density at sample).
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2.2. Optical microscopy, Raman spectroscopy and chem-
ical imaging analysis

A FALCONe Raman Chemical Imaging System
(ChemIcon, Pittsburgh, PA) equipped with 532 nm laser
excitation and a 100 W quartz tungsten halogen (QTH)
broad band source was used to collect brightfield mi-
croscopic images, Raman chemical images and dispersive
Raman spectra. Acquisition Manager 5.0 (ChemIcon)
and Chemimage 5.0 (ChemIcon) software packages were
used for data acquisition, analysis and visualization.
Raman chemical imaging data were generated by tuning
the LCTF from 600–700 and 950–1100 cm�1 in 7 cm�1

increments.

2.3. Sample preparation

Known samples of thaumasite, ettringite and gypsum
were prepared by placing a small amount of material
on a glass microscope slide and mixing them together.
Samples were isolated by manual optical microscopy
(10� magnification) and Raman dispersive spectra and
Raman chemical images were acquired.

3. Results and discussion

The overlaid dispersive Raman spectra for all three
samples are shown in Fig. 1. Ettringite has two major
peaks at 990 and 1088 cm�1, respectively. Gypsum has a
major peak at 1009 and five minor peaks at 417, 496,
621, 673, and 1137 cm�1, respectively. Thaumasite has
three major peaks at 658, 990, and 1076 cm�1 corre-
sponding to Si [6], sulfate and carbonate groups, re-
spectively. There are also three minor peaks at 417, 453,
and 479 cm�1 observed. The sulfate peaks for ettringite
and thaumasite have similar Raman shift values making
it difficult to distinguish between these two minerals
based on these peaks alone. However, thaumasite has
two distinct peaks at 658 and 1076 cm�1 corresponding
to Si [6] and carbonate group, respectively. Thaumasite
also has three unique minor peaks. Gypsum has a major
peak at 1009 cm�1 and minor peaks at 417, 496, 621,
673, 1137 cm�1, respectively. The peak positions of gyp-
sum are different from thaumasite and ettringite, mak-
ing it easier to distinguish gypsum in the presence of
ettringite and/or thaumasite. Raman spectroscopy alone
is a valuable tool to positively identify thaumasite in a

Fig. 3. Raman chemical imaging of thaumasite and ettringite: (A) Brightfield reflectance image; (B) polarized light image; (C) RGB image; and (D)

LCTF-generated Raman spectra associated with thaumasite (yellow box) and ettringite (orange box), respectively. (10� magnification, 10 s per

frame, LCTF tuning parameters: 600–700 and 950–1100 cm�1, 43 W=cm2 laser power density at sample).
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mixture with ettringite and gypsum. However, it pro-
vides virtually no information about the spatial distri-
bution of the minerals.
A brightfield reflectance and polarized light image of

thaumasite and gypsum deposited on a glass microscope
slide are shown in Figs. 2(A) and (B), respectively. Fig.
2(C) is a color composite Raman chemical image in
which data associated with the thaumasite and gypsum
particles have been assigned to the green and blue color
channels, respectively. Figs. 2(D) and (E) show LCTF-
generated Raman spectra associated with thaumasite
(yellow box) and gypsum (orange box) in the 600–700
and 950–1100 cm�1 spectral regions, respectively. The
LCTF spectra show the characteristic thaumasite peaks
at 658 and 1076 cm�1, respectively. The main peak of
thaumasite is clearly separated from gypsum. Thauma-
site is differentiated from gypsum in the polarized light
image (Fig. 2(B)) due to its high birefringence relative to
gypsum.
A brightfield reflectance and polarized light image of

thaumasite and ettringite deposited on a glass micro-
scope slide are shown in Figs. 3(A) and (B), respectively.
Fig. 3(C) is a color composite Raman chemical image in
which data associated with the thaumasite and ettringite
particles have been assigned to the green and red color
channels, respectively. Figs. 3(D) and (E) show LCTF-
generated Raman spectra associated with thaumasite
(yellow box) and ettringite (orange box) in the 600–700
and 950–1100 cm�1 spectral regions, respectively. The
LCTF spectra show the characteristic thaumasite peak
at 658 and 1076 cm�1, respectively. There are no peaks
in this spectral region for ettringite. The main peak of
thaumasite and ettringite nearly overlap. Despite the
similarities in peak positions, thaumasite and ettringite
could be distinguished based on differences in spectral
shapes (i.e. peak widths). Thaumasite is differentiated
from ettringite in the polarized light image (Fig. 3(B))
due to its high birefringence relative to ettringite.

4. Conclusions

Raman dispersive spectroscopy is a useful technique
to discriminate thaumasite in association with ettringite
and gypsum. However, Raman dispersive spectroscopy
alone does not provide information relative to the spa-
tial distribution of the minerals. Raman chemical
imaging analysis is shown here to be a powerful tool for
mapping the spatial distribution of external sulfate at-

tack products such as thaumasite, ettringite and gypsum
in concrete. This preliminary study demonstrates the
potential value of Raman chemical imaging in concrete
analysis.
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