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Raman spectroscopic characterization of the
magnesium content in amorphous calcium
carbonates
Dongbo Wang, Laura M. Hamm, Robert J. Bodnar and Patricia M. Dove*
A series of Mg-bearing synthetic amorphous calcium carbonates (ACC) were characterized by Raman spectroscopy. The spectra
showed a systematic increase in the carbonate n1 peak position from the control samples that contained 0.0 mol % MgCO3
to samples that contained up to 43 mol % MgCO3. The relationship is best described by the function: mol % MgCO3 = (n1 –
1079.66) / 0.2017. The Mg content is equally well-predicted by a correlation with the instrumentally corrected n1 full width
at half maximum that is quantiﬁed by: mol % MgCO3 = (n1 – 23.26) / 0.1969. An analysis of the Raman data collected
for ACC combined with insights from crystalline materials suggests that compositional dependencies arise from changes in
the local metal–oxygen bonds as Mg substitutes for Ca. The calibrations described here provide a rapid and nondestructive
means of determining the Mg content of ACC, with additional advantages of minimal sample preparation and a high degree
of lateral spatial resolution (approximately 1 mm). This method may be appropriate for investigations of heterogeneous
samples such as biominerals. Copyright © 2011 John Wiley & Sons, Ltd.
Supporting information can be found in the online version of this article.
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With the realization that amorphous calcium carbonates (ACC)
are ubiquitous in biomineralizing environments,[1] the formation
and transformation of this reactive intermediate phase into
crystalline products has become the focus of recent research in
carbonate biomineralization.[1–9] In vitro and in vivo investigations
of calciﬁcation processes show that ACC acts as a ‘moldable’
precursor that is essential for the formation of complex hierarchical assemblages. Moreover, ACC provides a means of storing
Ca2+ and CO32– ions until these constituents are needed for rapid
mineralization.[6,10] As a result, carbonate biomineralizing systems
are able to produce functional materials of complex morphologies
and enhanced mechanical properties.
One factor that greatly inﬂuences ACC stability and its transformation to a crystalline phase is magnesium (Mg) content.[11,12]
Magnesium is commonly found in biological systems at relatively
high concentrations and, additionally, modern seawater contains
ﬁve times more Mg than Ca.[13] A recent study shows calcifying
eukaryotic organisms use Mg to regulate the kinetics and
pathway of mineralization by slowing the ACC to crystalline
transformation.[5] Despite the newly recognized importance of
Mg in regulating ACC formation and crystallization, there are
few reports of the Mg contents of ACC from biological tissues
or environmental samples. This deﬁciency is likely because a
simple chemical probe with a high spatial resolution that is
speciﬁcally sensitive to ACC has not yet been developed. One
limitation to developing such a probe is the overwhelmingly
strong signature of crystalline components observed using standard bulk characterization techniques, such as X-Ray Diffraction
(XRD) and aqueous analyses (inductively coupled plasma-mass
spectrometry/optical emission spectroscopy or atomic absorption

spectroscopy). Here, we show that Raman spectroscopy can be
used to determine the Mg content of ACC. This approach offers
signiﬁcant advantages for ACC analysis because it is a rapid, nondestructive technique that requires minimal sample preparation
and provides a high lateral spatial resolution (approximately
1 μm) and a small analytical volume (~1–10 μm3).
There are six common phases of calcium carbonate, of which
three are anhydrous crystalline phases, commonly found in
biominerals: calcite, aragonite, and vaterite. The three others are
hydrated, two of which are crystalline and only found in geological samples: monohydrocalcite and ikaite.[14] Finally, there is
ACC, which normally exists as an amorphous monohydrate.[15]
Calcite is the only crystalline form of calcium carbonate that
accommodates substantial amounts of structural Mg,[16–18]
where Mg contents of up to 25 mol % are common. The crystalline carbonates typically exhibit six vibrational modes by Raman
spectroscopy (Table 1). Two of the vibrations are lattice modes,
observable in all crystalline carbonates (a translation mode, and
a higher frequency libration) but not in ACC. The carbonate ion
has four internal modes, although only two modes are known
to be observable in ACC: the symmetric C–O stretch (n1) and an
antisymmetric stretch (n3).[14]
A recent Raman spectroscopic study correlated the Mg concentration in calcite with peak position.[19] We use a similar approach
to relate the symmetric stretch (n1) peak position and the full
width at half maximum (FWHM) of the n1 peak to the Mg content
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Table 1. Summary of peak positions for Raman active modes in
calcite, dolomite, magnesite[27] and ACC (this study)
Carbonate
phase

Lattice
Internal

Calcite Dolomite Magnesite ACC
Raman active modes
Peak position (cm–1)
Translation
154
175
213
Libration
281
299
329
n1 (symmetric)
1085 1097
1094
n2 (out of plane bend) 1748 1750
1762
n3 (antisymmetric)
1434 1439
1444
n4 (in-plane bend)
711
724
738

—
—
1080
—
—
714

of ACC. Because of the absence of the Raman lattice modes in
ACC, the strongest carbonate internal mode (n1, symmetric
stretch) is characterized in this study. The resulting relationship
between the Mg content in ACC and the Raman spectral properties holds promise for applications in heterogeneous biological
and environmental specimens where the simultaneous identiﬁcation of the phase and determination of its Mg content in
ACC is desired.

Experimental
Amorphous calcium carbonate was synthesized using the standard
ammonium carbonate diffusion method.[2,20] Samples of Mgcontaining ACC were produced using solutions with Mg/Ca ratios
of 0 to 10 by holding [Ca2+] constant at 25 mM (CaCl2, 99.9%; Sigma)
and adjusting Mg concentrations accordingly (MgCl2, 99.9%;
Sigma). The solution (6.0 mL) was pipetted into a glass Petri dish
and then sealed in a desiccator with 0.6–0.7 g of ammonium carbonate salt [(NH4)2CO3; Sigma]. For each solution Mg/Ca ratio, three
replicates were prepared from single solutions for both compositional analysis and corresponding Raman analyses.
To prepare each ACC sample, acid/peroxide washed glass
slides were placed in glass Petri dishes. The solutions were then
introduced and incubated with ammonium carbonate. Each
experiment was carefully monitored until the solutions became
visibly cloudy, after which the glass slides were removed and
washed in anhydrous ethanol (99.5%; Sigma). Then samples were
dried and stored under vacuum until Raman analysis. The
remaining solution with suspended ACC was prepared for
chemical analysis by ﬁltering the solutions through 0.2 mM nylon
membranes (Whatman). The ﬁltrate was then rinsed in anhydrous
ethanol and dried overnight under vacuum. The ﬁlter membranes were placed in 0.1 M nitric acid (99.999%; Sigma) for
30 min and then removed prior to analysis by inductively coupled
plasma–optical emission spectrometry (ICP–OES) using a Spectro
CirOS VISION. The Mg and Ca concentrations were determined
from calibration curves that were prepared from plasma-grade
single element standards (SPEX CertiPreps).
The Mg and Ca molar concentrations of ACC measured by ICP–OES
were converted into mol % MgCO3 by assuming the stoichiometry:[2]

 

yMg2þ þ zCa2þ þ ðy þ z Þ CO3 2 ¼ Caz Mgy ðCO3 Þy þz
(1)
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where mol % MgCO3 is given by y/(y + z)*100. The resulting materials
contained 0.0 to approximately 43 mol % MgCO3.
Raman spectra were acquired for each of the corresponding
samples using a JY Horiba LabRam (800 mm) HR spectrometer
equipped with a 632.81 nm He–Ne laser emitting 15 mW power
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at the source and focused through an Olympus 100 objective
(Numerical aperture (NA) = 0.9). The spectrograph had a 600
grooves/mm grating and spectra were collected with a 150 μm
slit width and 400 μm confocal aperture setting. The detector
was a Peltier-cooled charge coupled device with 1024  256 pixels,
optimally operating at 70  C. The spectral window corresponding
to the grating and detector characteristics was approximately
1000 cm–1. Three 180s spectra accumulations were collected and
averaged for each of the samples analyzed and reported in this
study. Corrections for drift and nonlinearity of the spectrometer
were performed to obtain true peak positions. Two Ne emission
lines at 914.90 cm–1 and 1371.26 cm–1 bounding the n1 peak of
the carbonate were simultaneously collected with every ACC spectrum, as shown in Fig. 1. The measured position of the n1 peak for
carbonate was corrected using the known positions of the Ne lines
according to:
n1;carbonate
corrected ¼

i
1 h carbonate  Ne;914:90
n1; measured þ nstandard  nNe;914:90
measured
2h

i
Ne;1371:28
Ne;1371:28
þ n1;carbonate
þ
n

n
measured
standard
measured

f

(2)

g

As noted by other workers, Raman peaks will show some
variability in measured position over time as the laser intensity,
microscope focus, temperature in the laboratory, etc. varies.[21,22]
In our study, the observed positions of the Ne emission lines
drifted to higher wavenumbers during the course of our experiments. We observed shifts of up to one wavenumber over 12 h,
demonstrating the necessity to collect reference Raman lines
simultaneously with the spectrum of the unknown (ACC) to compare and correlate Raman peak positions measured at different
times within a single analytical session and in different analytical
sessions. The collection of Ne reference lines simultaneously with
each ACC spectrum was also necessary to develop a calibration
equation that is instrument-independent and is transportable
between laboratories. While the measured positions of the individual Ne lines vary during an analytical session for the reasons
mentioned above, the difference in peak positions remained
constant at 456.3 cm–1  0.09, which suggests that the linear
interpolation used in Eqn (2) above is valid. It should also be
noted that in an earlier study in this laboratory in which two
other Ne lines were used for peak position calibration, a total of
231 analyses of the peak positions were made, and the measured
position of the higher wavenumber Ne line varied from 2972.91 cm–1
to 2972.44 cm–1, or a range of 0.47 cm–1. Similarly, the measured position of the lower wavenumber Ne line ranged from 2851.86 cm–1 to
2851.40 cm–1, for a total variation of 0.46 cm–1. However, the difference in peak positions showed a range of only 0.05 cm–1, with a standard deviation of 0.012 cm–1.[21,22]
The Ne peak positions and the carbonate peak positions and
widths were estimated using a summed Gaussian/Lorentzian
peak-ﬁtting routine after baseline corrections were made using
the JOBIN YVON LABSPEC version 4 software. A neon calibration lamp
(model 6032, Newport Instruments) positioned within the optical
path of the Raman spectrometer made it possible to collect the
Raman spectra for the Ne calibration lines and for the ACC
simultaneously.
It is well known that Raman measurements such as FWHM are
instrument-dependent. However, if the instrument parameters
are known, it is possible to correct the measured FWHM to obtain
a real (or corrected) FWHM that can then be used to compare
results from different instruments.[23] This approach has been
applied successfully to the study of metamictisation of zircon
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Figure 1. Scanning electron microscopy images show the characteristic morphologies of ACC precipitates with the corresponding Raman spectra
of carbonate n1 peak (center) and Ne emission lines at 914.90 cm–1 and 1371.26 cm–1. (a) ACC that contains 0 mol % MgCO3; (b) ACC with 10 mol %
MgCO3; (c) ACC with 34 mol % MgCO3; and (d) ACC with 43 mol % MgCO3. All scale bars = 1 mm.

crystals.[24] Nasdala et al.[24] described a simpliﬁed equation for
determining the true FWHM from measured data,
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sﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
 2ﬃ
s
b ¼ bs  1-2
bs

where b is the corrected FWHM, bs is the measured FWHM and s
is the apparatus function. The apparatus function is determined
by measuring the FWHM for a peak with a known (theoretical)
FWHM and comparing the two values (L. Nasdala, personal
comm., 2010). In this study, the FWHM of the diamond peak
nominally located at 1332 cm–1 and with a known FWHM
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of ~1.6 cm–1[25] was used to determine the apparatus function.
The measured FWHM of the 1332 cm–1 peak, obtained using a
LabRam HR (800 mm) spectrometer with 600 grooves/mm
grating and 632.81 nm excitation wavelength, was ~3.7 cm–1,
resulting in an apparatus function of 2.3. Generally, the corrected
peak widths (b) can be considered to be reliable as long as
b ≥ 2 s.[24] In this study the corrected FWHM values (b) ranged
from ~23 to 33, or approximately 10–14 times greater than the
value for the apparatus function, s. All FWHM are presented as
corrected measurements.

Results
Representative morphologies of ACC materials that contain
0–43 mol% MgCO3 are shown in Figs 1(a)–(d). Mg-free ACC is
comprised of discrete spherical particles (Fig. 1(a)). This morphology is maintained over the compositional range from 0 to 10 mol %
MgCO3 (solution Mg/Ca = 2) and perhaps higher (Fig. 1(b)). As
the Mg content of ACC increases to 34 mol % MgCO3 (Fig. 1(c))
(solution Mg/Ca = 5) and 43 mol % MgCO3 (Fig. 1(d)) (solution
Mg/Ca = 10), the morphology evolves to produce a texture comprised of smaller aggregated particles. The change in morphology
with increasing Mg content is consistent with a previous investigation that showed that ACC with MgCO3 contents >20 mol %
exists as coalesced particles.[26]
The corresponding Raman spectra for the ACC shown in
Figs 1(a)–(d) have systematic shifts in peak position, FWHM, and
intensity with increasing Mg content. These variations form the basis for the correlation reported here. The measured Raman shifts are
also consistent with analyses of Mg-bearing calcites that show a decrease in peak intensity, peak broadening and red shifts in the Raman
n1 carbonate symmetric stretch[27] with increasing Mg content.
To establish the correlation between the Mg content of ACC
and Raman spectral properties, we ﬁrst determined the n1 peak
position of the Mg-free control materials. The average corrected
peak position of the n1 band was 1079.87 cm–1 +/ 0.04 cm–1,
where n = 3. This position is in general agreement with the literature values of 1077 cm–1 in synthetic samples.[14] We combined
the control measurements of the n1 peak with the analyses of
the Mg-bearing ACC materials to obtain the relationship shown
in Fig. 2. A linear regression ﬁt of the n1 peak positions to the
measured MgCO3 contents gives the following relationship:

mol % MgCO3 ¼

n1  b
m

error mol % MgCO3 ¼ n1

rﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
s 2 s 2
m
b
þ
m
b

(4)

and values for sm and sb are tabulated in Table 2.
Further analysis of the data shows that the FWHM of the n1
peak is related to the peak position (Fig. S1) and may provide
an equally useful predictor of Mg content in ACC. For those
who were unable to collect Raman spectra for peak position
calibration lines (i.e. using Ne, Hg, or Ar lines) simultaneously with
the spectrum for the ACC, the FWHM calibration may be preferred because peak width is independent of peak position,
although it can be instrument-dependent. The linear regression
ﬁt of FWHM versus mol % MgCO3 in ACC (Fig. 3 and Table 2)
yields a coefﬁcient of determination equal to 0.947, a value
identical to that obtained for the peak position ﬁt (Fig. 2).

Discussion
To understand the relationships between Raman spectral features and the Mg content of Mg–ACC shown in Figs 2 and 3,
we ﬁrst consider how Mg content inﬂuences the Raman spectra
of calcite because the effect of Mg incorporation on the crystal
structure is better understood. It is known in calcites that contain
less than 25 mol % MgCO3 that Mg substitutes for Ca and forms a
solid solution.[29] Accommodation of the smaller Mg2+ ion causes
signiﬁcant disorder (strain) in the calcite structure (R-3c), resulting
in a decrease in the average length of the metal–oxygen bond
and a relative decrease in the length of the c-axis.[17] The
decrease in the average metal–oxygen bond length is due to the
presence of shorter Mg–O bonds (2.11 Å by Extended X-ray absorption ﬁne structure (EXAFS)) compared with Ca–O bonds (2.39 Å by
EXAFS).[8,30] Changes in metal–oxygen bond length have been
Table 2. Parameters to calculate the MgCO3 content of ACC from
carbonate n1 peak position or carbonate n1 FWHM, and the errors
associated with calculations (cm–1)
Measurement
n1 peak position
n1 FWHM

m

b

sm

sb

0.2017
0.1964

1079.66
23.40

0.0087
0.0084

0.243
0.235

(3)
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Figure 2. Carbonate n1 peak position versus MgCO3 content of ACC
(mol %). Line represents least squares ﬁt with a R2 value of 0.945.
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where the b (intercept) and m (slope) parameters of Eqn (3) are
listed in Table 2. Proportional error based on Raman measurements gives the relationship[28]

Figure 3. Carbonate n1 FWHM versus MgCO3 content (mol %) of ACC.
Line represents least squares ﬁt with an R2 value of 0.946.

Copyright © 2011 John Wiley & Sons, Ltd.
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complex model that assumes the n1 peak consists of two
(or more) discrete peaks. Although there is not enough reliable
physical evidence to justify such an interpretation, it is known in
calcium phosphate systems it can be hard to distinguish between
a heterogeneous mixture of two different materials and a homogeneous solid solution.[37] The implication of using two or more
peaks to ﬁt the spectra would suggest that high-Mg–ACC could
be described as a heterogeneous mixture of both ACC and an
amorphous magnesium carbonate, rather than as a solid solution.
Cryo–Transmission Electron Microscopy (Cryo–TEM) suggests that
ACC is heterogeneous at the nanometer scale, and that the initial
stage of ACC formation is the generation of 2 nm prenucleation
clusters that subsequently aggregate and coalesce.[38] At high
Mg concentrations, MgCO3 prenucleation clusters may form and
combine with CaCO3 clusters. The resultant aggregates would
contain discrete MgCO3 and CaCO3 domains and represent a
physical mixture that would account for two n1 peaks. Although
this is an intriguing and interesting concept, the possibility of a
heterogeneous amorphous MgCO3 + CaCO3 mixture cannot be
proven at this time and requires further investigation.
The ﬁndings herein show that the Mg content of ACC can
be estimated based on the peak position or on the peak width
of the Raman n1 carbonate symmetric stretch. The Raman
technique thus provides a useful and reliable analytical tool to
estimate Mg content in ACC of both synthetic and biological
samples. This direct probe has the further advantage of providing
a simple and nondestructive means of sample analysis that does
not require extensive sample preparation beyond what is necessary for optical microscopy. The high spatial resolution of modern
Raman microscopy offers a useful means of examining the
Mg content of ACC within mineralizing specimens.
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