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Formation of nano-magnesite in the calcareous
spicules prepared under ambient conditions†

Chieh Tsao,‡a Pao-Tao Yu,‡a Chun-Chieh Wangb and Jerry Chun Chung Chan *a

We report that high-Mg calcite spherulites can undergo a coarsen-

ing process to form calcareous spicules of B30 microns in width

and several hundred microns in length after an aging process in air

for a prolonged period. During the aging process, the crystallinity of

the calcitic structure has been improved substantially with a sig-

nificant migration of Mg ions toward the mineral surface. In a thin-

foil sample of the spicule aged for 20 months, nanocrystallites of

magnesite with minor substitution level of Ca ions have been found

near the surface of the spicule.

Spherulites could be prepared in numerous organic and inor-
ganic materials under different crystallization conditions.1 The
preparation of spherulitic calcium carbonates in the presence
of Mg2+ ions have been well-documented in the literature.2–6

High-Mg calcites refer to the calcites in which the Mg2+ ions in
the calcite lattice are higher than 10 mol%.7 The effects of Mg2+

ions on the morphology of calcite and the solution chemistry of
the relevant transformation processes have been actively
studied.8–15 Although high-Mg calcite is susceptible to dissolu-
tion in aqueous solution, it has been commonly found in the
biominerals of marine organisms.16–19 It is not fully under-
stood why Mg-calcite plays an important role in the process of
biomineralization. In addition to its relevance in biominerali-
zation, Mg-calcite is structurally related to magnesite and
dolomite, whose formation under ambient conditions is one
of the biggest mysteries in geological science. The so-called
‘‘dolomite problem’’ or ‘‘magnesite problem’’ refers to the fact
that there is a wealth of evidence in geological science to
support the formation of [Mg,Ca]CO3 or MgCO3 in sediments
near Earth surfaces, and yet in vitro preparation of these
anhydrous salts at room temperature has not been successful

after decades of efforts.20 Although low-temperature prepara-
tion of anhydrous amorphous magnesium carbonate has been
achieved in formamide, Teng and co-workers concluded that
the formation of magnesite in water-free environments is
thermodynamically unfavorable owing to a substantial entropic
hindrance.21 Nonetheless, the key to the magnesite problem
does not necessarily rely on the precipitation of magnesite in a
solvent. Herein, we report that calcareous spicules were formed
by the coarsening of Mg-calcite spherulites in which nanocrys-
tallites of magnesite were found. The results provided plausible
physiochemical rationales on (i) the biological relevance of
high-Mg calcite and (ii) the geological formation of magnesite
under ambient conditions.

Previously, we reported that spherulites of high-Mg calcite
could be prepared in an aqueous solution of L-a-lecithin under
ambient conditions, in which mesocrystals of high-Mg calcite
were found in the broken fragment of a thin foil of the
spherulite.6 However, to fully characterize the size and orienta-
tion of the crystalline domains inside the spherulites, it is
highly desirable to obtain an intact thin foil of the spherulite
for transmission electron microscopy (TEM) investigations.
After repeat attempts, we were able to use focused ion beam
(FIB) milling technique22 to prepare intact thin foils of the
spherulites. The samples dried by N2 flushing are henceforth
referred to as Sx, where x denotes the setting time in lecithin
solution. The composite bright-field TEM images of S48h are
shown in Fig. 1(a). Near the surface of the spherulites, many
dark stripes were found aligned radially toward the center. The
grayscale of the figure indicates the varying degree to which the
impinging electrons had scattered. We acquired the dark-field
image originating from the (10%14) diffraction spot for the thin
foil prepared for S24h (ESI,† Fig. S1). By comparing it with the
bright-field image, it was clearly illustrated that the dark-stripe
regions comprised well aligned crystallites of calcitic structure.
The corresponding selected area electron diffraction (SAED)
patterns revealed that the substitution level of Mg in the calcite
lattice varied considerably in the length scale of nanometers
(ESI,† Fig. S2). To verify whether or not the voids appeared in
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the bright-field TEM image were artefacts by FIB milling, we
acquired the tomographic images of S16h using transmission
X-ray microscopy (TXM) with synchrotron radiation sources,
from which the micron-sized pores inside the spherulites were
clearly observed (Fig. 1(b)).

As illustrated in the SEM image of S16h (ESI,† Fig. S3 and
S4), twin-spherulites were found in addition to spherulites. The
composite bright-field and dark-field TEM image of a typical
twin-spherulite is shown in Fig. 2, where the crystalline stripes
of each spherulite were radially aligned such that the center
point of each spherulite was well defined. Notably, the dark
stripes were not only found on the mineral surface but also in
the boundary region of the two hemispherulites, where a sharp
boundary was formed (ESI,† Fig. S5). These observations sug-
gested that the twin-spherulite was formed by the fusion of
two individual spherulites through the mechanism of contact
flattening.23 To verify whether the spherulites of high-Mg
calcite have a strong propensity to fuse together, selected Sx
samples were aged in air under ambient conditions (298 K and
75–80% relative humidity) for different periods of time. The
samples are henceforth referred to as SxAy, where y denotes the
aging time. With reference to the scanning electron micro-
scopic (SEM) images illustrated in Fig. 3, calcareous spicules up
to a length scale of hundreds of microns were formed. For the
S28hA2m sample, the spicule appeared to be formed by the
fusion of a linear chain of spherulites. The spicule formed for
S28hA4m was irregular in width, revealing that the number of
fusing spherulites was varied at different spots along the
spicule. Interestingly, those spicules found in S28hA12m and
S28hA20m were rather uniform in width. The energy-dispersive
X-ray (EDX) analysis with SEM showed that the Mg content of

spherulites was in general on the order of 21% (ESI,† Fig. S6).
By contrast, the Mg content measured on the spicule surface

Fig. 1 (a) Composite bright-field TEM image of a thin foil of S48h prepared
by FIB. A circular band of dark stripes are prominent in the image. The dark
belt was the Pt strap deposited on the sample surface. (b) TXM images of a
typical spherulite of the S16h sample. The image on the left shows the
exterior of the spherulite, whereas the image on the right is a cross-sectional
image taken from the three-dimensional tomograph. The 3D tomograph in
mpg file format can be downloaded from the ESI† (Movie S1).

Fig. 2 Composite bright-field TEM image acquired for a twin-spherulite
of S48h (upper) and the composite dark-field image of the same particle
originating from the (10%14) diffraction spot (lower).

Fig. 3 SEM images of the spicules found in the samples of S28hA2m,
S28hA4m, S28hA12m, and S28hA20m. The white arrow in the top-right
image indicates the position at which a spherulite fused into the spicule.
The width of the spicule was B30 mm. As shown in the bottom-right
image, a thin foil was prepared by FIB for the subsequent TEM imaging. The
scale bar in white represents 1 mm.
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was as high as 48% (ESI,† Fig. S7). We inferred that the spicules
were formed by the accretion of the high-Mg calcitic spheru-
lites, which was accompanied with a substantial increase in the
Mg content on the spherulite surface owing to phase separa-
tion. This observation is consistent with the findings that the
distribution of Mg2+ and Ca2+ was rather heterogeneous in
biominerals.24–26 In any case, the pathway of the spicule
formation illustrated here is presumably different from that
of the calcareous spicule fabricated in the presence of silica-
tein-a, which is a protein extract of sponges.27

A thin foil of the spicule in S28hA20m was prepared for TEM
study. Fig. 4 shows the bright-field image of the foil, in which
the feature of dark stripes near the mineral surface was again
observed. Furthermore, we were able to assign the SAED patterns
acquired at different spots with reference to a calcitic structure.
Because calcite and magnesite are structurally isomorphic,28 the
Mg content in Mg-calcite can be estimated from the d-spacing of
(10%14) relative to that of calcite or magnesite as long as the
structural scenario of solid-solution is justified.29,30 In the litera-
ture, the d-spacing of the characteristic (10%14) diffraction of
magnesite and calcite are reported to be 0.27412 and 0.30357 nm,
respectively.28 For S28hA20m the SAED patterns acquired were
analyzed by the diffractGUI software.31,32 Remarkably, the results
of the d-spacing of (10%14), which ranged from 0.2757(1) to
0.3019(1) nm, revealed that the substitution level of Mg in the
calcitic lattice varied from the regime of low-Mg calcite to a level

that was almost the same as magnesite. Because the XRD pattern
of S28hA20m did not contain any characteristic diffraction peak
of magnesite, we therefore inferred that only a tiny amount of
nanocrystallites of magnesite were formed near the mineral surface
of S28hA20m. At the present stage, we only found nanocrystallites
of magnesite in the spicules of S28hA20m. Repeat experiments
confirmed that spicule formation occurred for S20hA1m, S28hA3m,
and S3dA2m (ESI,† Fig. S8), but not for S4hA7m. In other words,
the setting time of our samples in lipid solution may be an
important factor for the subsequent spicule formation under aging
conditions. Because the crystallinity associated with the SAED
patterns of S28hA20m is much higher than that of S24h (ESI,†
Fig. S2), we surmised that the fusion of the crystallites, which was
accompanied by the diffusion of Mg2+ ions, had led to a recrys-
tallization process which was facilitated by the moisture adsorbed
on the mineral surface.33–36

The formation pathway of calcareous spicule revealed in this
study may shed considerable insight into the biological relevance
of high-Mg calcite. The shell wall of many marine foraminifera
forms a primary calcite layer to delineate the boundary of a new
chamber.18 This process, as exemplified in porcelaneous forami-
nifera, proceeds by assembling crystallites of high-Mg calcites at
the site of chamber formation.18,39 The choice of high-Mg calcites
might originate from their ease of structural fusion, in the
presence of lipids or other organic species. On a more general
note, one may infer that the transient formation of high-Mg
calcite in many calcareous biominerals is not an undesirable
transient phase during the phase transformation of biogenic
ACC, because the spherulites of high-Mg calcite may serve as
versatile building blocks for the formation of skeletal framework.
The presence of the nanocrystallites of magnesite in S28hA20m is
another remarkable observation because the preparation of S28h
and the subsequent aging process were carried out under ambient
conditions. It has been well established that the geological regions
containing Recent magnesite often go through a pronounced
annual cycle of aridity and flooding. Typical examples include
the laminated sediment of the Great Salt Lake Desert, the
carbonate sediments of the coastal plain along the Persian Gulf
at Abu Dhabi, and the Holocene sediments of lakes in the
Kiskunság National Park.20 In the light of this work, this geo-
logical field observation appears to be closely associated with the
aging process in air required for the formation of magnesite
through the phase separation process of high-Mg calcite.

Preparation of high-Mg calcitic spherulites is well documen-
ted in the literature. To our great surprise, however, one could
obtain calcareous spicules and nano-magnesite by simply aging
the Mg-calcitic spherulites under controlled humidity condi-
tions for a prolonged period. Evidence was provided to support
that the spicules were formed through the fusion of spherulites.
We suggest that the aging process was accompanied by the
diffusion of Mg ions to the mineral surface which subsequently
led to the formation of nano-crystallites of magnesite. These
results aptly illustrated the fascinating structural features of
high-Mg calcitic spherulites.

This work was financially supported by the Ministry of
Science and Technology (106-2113-M-002-023). The TEM and

Fig. 4 Bright-field TEM image of the thin foil of S28hA20m and some
selected SAED patterns. The top-right image is the dark-field image of a
selected region of the bright-field image as indicated by a dashed square in
green, where a stripe of mesocrystal of Mg-calcite, which comprised a
large collection of well aligned nanocrystallites was observed.37,38 The
SAED patterns of different color frames, taken for a circular area of
B200 nm in diameter, correspond to the regions indicated by the spots
of the same color in the bright-field image. The d-spacing of (10%14) was
shown in the top-right corner of each SAED pattern. The large variation in
the d-spacing cannot be arised from the effect of miscalibration. The SAED
pattern in red frame, which was obtained near the spicule surface,
resembled closely to that of magnesite. From the scenario of solid-
solution, the Mg content was estimated to be B95%.
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