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Textural and spectroscopic studies on hydrothermal
dumortierite from an Al-rich clay deposit, southeastern Korea
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ABSTRACT

Dumortierite occurs as small nodules or thin layers along horizontal fractures in the altered volcanic
rocks of the Milyang clay deposit, southeastern Korea. Textural evidence shows that dumortierite is
associated with pyrophyllite, suggesting that the silica activity increased with decreasing B and Al
activities during the hydrothermal alteration. Dumortierite chemistry shows a slight excess of Al,
possibly due to common occurrence of Al-rich minerals in the clay deposit. The structural formula of
dumortierite is recalculated as Alg o3(Fe 03Mg0.07)B(Sis 00Alg01)O15. An absorption peak at 1387 cm ™"
in the IR spectrum indicates that B is present in three-fold coordinated sites. The ?°Si MAS NMR
spectrum has two peaks at —90.9 and —95.5 ppm, showing that Si in dumortierite is located in two
different crystallographic sites and is linked to four octahedral Al atoms. The *’Al MAS NMR
spectrum shows only one asymmetrical peak near O ppm, suggesting that there is no substitution of Al
for Si. The ''B MAS NMR spectrum at 17.5 ppm shows a typical second order quadrupole pattern
represented by the three-fold coordinated B. The ''B chemical shifts indicate that all of the B occupies
such sites, indicating that the B sites are axially symmetric or nearly so in a very well defined site.
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Introduction dumortierite to Ti-free magnesiodumortierite is

DUMORTIERITE is the most abundant mineralogical
sink for B after tourmaline. Boron is noted for
being a mobile element in many geochemical
environments and any introduction of B into a
system will potentially produce dumortierite as
well as tourmaline (e.g. Henry and Dutrow, 1996).
Dumortierite commonly occurs in rocks such as
pegmatite and aplite, in acidic dykes and in
granitic rocks (Huijsmans et al., 1982), late-stage
pneumatolytic deposits or hydrothermal deposits
(Kerr and Jenney, 1935; Sabzehei, 1971; Foit et
al., 1989), and regional metamorphic rocks up to
very high grades (Schreyer et al., 1975; Takahata
and Uchiyama, 1985; Beukes et al., 1987; Chopin
et al., 1995). The dumortierite group consists of
two types of minerals, namely, dumortierite and
magnesiodumortierite. The transition from
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favoured by increasing pressure (Chopin et al.,
1995).

Spectroscopic methods such as magic angle
spinning nuclear magnetic resonance (MAS
NMR) and infrared (IR) spectroscopy may be
more accurate than conventional X-ray diffraction
(XRD) in structural interpretations of dumor-
tierite. The NMR, in particular, has proven to be a
useful tool in investigating the local structure of
silicate minerals. °Si and ’Al are the two main
isotopes which are successfully applied and
mostly used in mineralogy and geochemistry
(Kirkpatrick, 1988). Other isotopes including
alkali cations and ''B have been also studied
(Turner et al., 1986; Kim and Kirkpatrick, 1998).
!B is a good candidate for NMR study because it
has 100% natural abundance (spin number I = 3%)
and easily differentiates three- and four-fold
coordinated B in minerals (Turner et al., 1986).
It also provides information on the B symmetry.
Recently, ''B MAS NMR was used to verify the
existence of B in four-fold coordination in
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tourmaline (Tagg et al., 1999). Dumortierite has
not previously been studied by NMR. Boron in
dumortierite has been assumed to be present in
three-fold coordination (Tagg et al., 1999), but no
spectroscopic study has been carried out to
support that assumption.

Dumortierite occurs in the Milyang clay
deposit, southeastern Korea (Lat. 35°30'N-
35°32'N and Long. 128°41'E-128°47'E). This
clay deposit is characterized by the common
occurrence of Al-rich minerals composed predo-
minantly of pyrophyllite, dickite and diaspore
with accessory minerals such as quartz, tosudite,
illite, tourmaline, dumortierite, andalusite, wavel-
lite, baryte and pyrite (Kim et al., 1992; Lee et al.,
1993; Koh et al., 2000). The aim of the present
study is the investigation of textural and spectro-
scopic features of dumortierite formed at an Al-
rich clay deposit developed in volcanic rocks.

Occurrence of dumortierite

In southeastern Korea, several clay deposits were
formed by hydrothermal alteration of the
Yucheon volcanic rocks affected by intrusion of
the Bulguksa Granite of late Cretaceous to early
Tertiary. The Yucheon volcanic rocks are
75-64 Ma old (Min et al, 1982) and the
Bulguksa Granite, derived from I-type magma,
with calc-alkaline series are 66.5-62 Ma (Hong
and Choi, 1988; Jin et al., 1991), respectively.
There have been many geochemical and miner-
alogical studies on the Milyang clay deposit (Kim
etal., 1992; Lee et al., 1993; Oh and Chon, 1993;
Koh and Chang, 1997, Koh et al., 2000, Choo et
al., 2001). Using K-Ar age dating, the hydro-
thermal alteration age of this clay deposit has
been measured as 69.7+2.1 Ma (Koh et al., 2000).
The deposit is known to have formed in late-
Cretaceous andesitic tuff by hydrothermal altera-
tion, possibly associated with subsequent intru-
sion of adjacent granite.

Dumortierite occurs as small nodules or thin
layers along horizontal fractures in the altered
volcanic rocks. Dumortierite nodules are a few
mm in diameter and dumortierite layers are <2 cm
thick. Dumortierite nodules contain a concentric
growth texture with a cobalt blue hue, especially
in the outermost and innermost growth layers.
Under stereomicroscopic observation, dumor-
tierite commonly forms bundles, needles or
fibrous aggregates with a radial texture.
Radiating dumortierites are closely associated
with pyrophyllite. Distinctive optical properties
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are strong pleochroism and negative elongation
under the polarizing microscope.

Analytical methods

X-ray diffraction analysis in the identification of
and in the calculation of cell dimensions for
dumortierite was performed using a Rigaku
Geigerflex RAD3-C with Ni-filtered Cu-Ko
radiation. The XRD data were recorded at
40 kV and 30 mA by counting at 3 s intervals
steps of 0.02°20, from 5 to 65°20. Field emission
scanning electron microscopy (FESEM) observa-
tions were performed on the fresh surfaces of
materials using Hitachi model S-4200 equipped
with an energy-dispersive spectrometer (EDS).
Electron microprobe analysis (EMPA) was
performed on polished petrographic thin-sections
using a Shimazu 1600 Electron Microprobe
equipped with four channels wavelength-disper-
sive spectrometers (WDS). Backscattered electron
(BSE) images were obtained from the polished
thin sections after carbon coating using the same
microprobe. Quantitative chemical analysis was
performed by EMPA fitted with automated WDS
operated at 1 pm beam diameter, 15 kV accel-
erating voltage and 10 nA beam current. The
chemical results were calculated using a ZAF
correction and Fe was assumed as ferrous, and
cation numbers were normalized on the basis of
18 oxygens. Due to analytical limitations for B by
EMPA, the B,O; contents were fixed as a unit by
assuming full occupancy of the B site per formula
unit and thus the weight percent of B,O; was
correspondingly recalculated. Such assumptions
could yield satisfactory data when analysing
borosilicates (Alexander et al., 1986; Werding
and Schreyer, 1990; Visser and Senior, 1991;
Henry and Dutrow, 1996; Aurisicchio et al., 1999;
Platonov et al., 2000).

Magic angle spinning nuclear magnetic reso-
nance was applied to the interpretation for
important cation sites in the dumortierite struc-
ture. 2°Si, 2’Al and ''B MAS NMR spectra were
collected at 59.6, 78.2 and 96.3 MHz using a
300 MHz Varian FT NMR. The samples were
spun at 6 kHz. Single pulse excitation with pulse
width of 1 ps was used with a 5 s delay for *°Si,
3 ps with 5 s delay for ''B and 4 ps with a 1 s
delay for *’Al. The chemical shifts are reported in
parts per million (ppm) relative to external
tetramethylsilane (TMS) for 2°Si, 1 M AICl
solution for ?’Al, and B trifluoride diethyl etherate
(BF;0et,) for ''B. The experimental line shapes
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of ''B MAS NMR were simulated by the method
of Lippmaa et al. (1986). A Bruker IFS120 HR
Fourier Transform Infrared (FTIR) spectrometer
was used in order to characterize B and OH
groups in dumortierite using pellets of a mixture
of KBr plus the mineral powder in the range
4000400 cm™" with a resolution of 0.5 cm™".

Results and discussion

Crystal chemistry of dumortierite

Dumortierite was once considered to be anhy-
drous Al;BSi3O,g, but spectroscopic analysis has
revealed the presence of hydroxyl groups (Moore
and Araki, 1978; Alexander et al., 1986; Werding
and Schreyer, 1990). Moore and Araki (1978)
proposed 0.75 OH per formula unit, though
Alexander et al. (1986) and Platonov et al.
(2000) suggested different hydroxyl contents,
e.g. 0.6 OH. The total amount of OH varies not
only with the number of octahedral vacancies but
also with the divalent ions such as Mg, Ca, Fe?*
and tetravalent substituent for octahedral Al and
trivalent substituent for tetrahedral Si (Alexander
et al., 1986; Werding and Schreyer, 1990). The
Milyang dumortierite contains negligible Fe, Mg
and Ti. For comparison, magnesiodumortierite
commonly has these elements up to a few percent
(Visser and Senior, 1991). Our sample may
contain some hydroxyl, as shown by IR spectro-
scopy. The structural formula of dumortierite is
recalculated as Alg 935(Feg g3sMgg o07)B
(Si2_99A10_01)018. The fact that Al is Shghtly
excessive per formula unit can be explained by
the common association with other Al-rich
minerals such as diaspore, dickite, pyrophyllite,
tourmaline and andalusite in the Milyang clay
deposit. Likewise, dumortierite is frequently
associated with Al-rich minerals such as andalu-
site (Taner and Martin, 1993), or cordierite (Kerr
and Jenney, 1935; Visser and Senior, 1991).
Based on the classification of colours by the ratio
Fe/(Fe+Ti) in dumortierite (Alexander et al.,
1986), the chemistry of the Milyang dumortierite
lies in the blue colour region, consistent with
colour description in the field. The Fe and Ti are
responsible for the blue or pink colour of
dumortierite, depending on the relative impor-
tance of Fe?*-Fe** and Fe**-Ti** charge transfers,
respectively (Alexander et al., 1986).

The strongest dumortierite XRD reflection is at
5.91 A with moderately strong reflections at
5.11 A, 345A, 298 A, 255 A and 2.11 A. By
use of least-squares refinement, the calculated cell
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dimensions of dumortierite are a = 11.71 A, b=
2039 A, ¢ = 470A and V = 1129.48 A°,
respectively. Alexander et al. (1986) calculated
a range of dimensions with values varying as
follows: @ = 0.021 A, b = 0.055 A, ¢ = 0.018 A
and V = 7.7 A* from twelve dumortierites
collected because cell dimensions vary with
crystal chemistry. Chopin et al. (1995) measured
unit-cell dimensions of magnesiodumortieries: a
= 1191 A, b = 2040 A, ¢ = 4730 A and V =
1149 A® for single crystal, and a = 11.91 A b=
2042 A, ¢ = 4714 A and V = 1146 A® for
powder data, respectively. The a axis and cell
volume of magnesiodumortierites are slightly
larger than those of common dumortierites
possibly due to substitution of Fe, Mg and Ti
for Al. The fact that cell parameters of the
Milyang dumortierite are relatively small is
possibly due to the influence of excess Al in
octahedral sites.

Textural features by SEM and BSE images

Dumortierites consist of radiating fibres or
acicular aggregates (Fig. 1a). Some are a few
pm wide, but, in rare cases, others are up to tens
of um wide. They show different orientation
depending on each packet, suggesting competition
during the crystal growth (Fig. 1b). Backscattered
electron (BSE) images reveal that dumortierite
composed of radiating fibres was altered to
pyrophyllite (Fig. 2a), indicating that dumor-
tierite was unstable with respect to pyrophyllite.
Note that radiating dumortierite and decomposed
tourmaline are together found in the pyrophyllite
matrix (Fig. 2b). Tourmaline relics are easily
found in the pyrophyllite matrix and around the
marginal parts of dumortierite. There is no
compositional zoning in dumortierite, but weak
zoning in tourmaline. Therefore it is evident that
the stages at which borosilicate minerals dumor-
tierite and tourmaline grew were considerably
different from each other. A mixed phase where
dumortierite significantly altered to pyrophyllite
is shown in Fig. 3. Very small crystals of
pyrophyllitt grew on the steps or edges of
dumortierite. The grain boundaries between the
two minerals are relatively obscure and they are
densely compacted.

Because textural evidence shows that tourma-
line was predated by dumortierite, the breakdown
of tourmaline as a precursor might have supplied
the B for the dumortierite formation. Otherwise, it
is possible that dumortierite formed at the expense
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Fic. 1. SEM images of dumortierite. (a) Radiating
dumortierite. (b) Enlarged portion of part a.

of tourmaline owing to the marked depletion of Fe
and Mg prior to the addition of B. The fact that
dumortierite is closely associated with pyrophyl-
lite suggests that the silica activity increased with
decreasing B and Al activities during the
hydrothermal alteration. Boron was probably
introduced early in the episode of hydrothermal
alteration. Formation of dumortierite, together
with tourmaline, may have involved leaching of
Al from silicate wallrocks under high water/rock
conditions in order to precipitate these aluminous
minerals (Slack, 1996). The Al activity in melt
appears to be among the important parameters for
dumortierite stability and requires a higher total
concentration of Al to promote dumortierite
growth and the presence of Al favours the
fractionation of B into the minerals (Werding
and Schreyer, 1996). Such an implication is
supported by the common occurrence of diaspore,
dickite and pyrophyllite as major minerals in this

50y

Fic. 2. BSE images showing dumortierite (D) and

associated minerals. (a) Radiating dumortierite in the

pyrophyllite (P) matrix. (b) Dumortierite and tourmaline

(T) decomposed. The arrows indicate relics of
tourmalines.

clay deposit. The presence of dumortierite in a
hydrothermal clay deposit suggests an important
role for B in acidic volcanic rocks that show
evidence of Al-rich mineralization.

Spectroscopic data

According to the FTIR spectrum (Fig. 4), the
hydroxyl-stretching vibration with a large broad
peak occurs at 3492.5 cm™ ", which indicates that
the hydroxyl group is incorporated loosely in the
structure. A strong absorption peak at
1386.6 cm™! indicates that B is present in
threefold coordination as part of a planar BO3
group, namely BOj3. Since the spectrum related to
the threefold coordinated B is nearly symmetrical,
it is suggested that all B in dumortierite is in
threefold coordination.
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Fic. 3. SEM images. (a) Dumortierite intensely altered

to pyrophyllite. () Small crystals of pyrophyllite (P)

grew on the steps or edges of dumortierite (D). Note the

arrows showing that grain boundaries between the two
minerals are relatively obscure.

The MAS NMR may be more accurate than IR
in interpreting important cation sites in the
dumortierite structure. For silicate minerals, the
empirical relationships between >°Si chemical
shifts and structural and chemical parameters are
well known (Kirkpatrick, 1998). Recently, ab
initio calculations have been used successfully to
gain an insight into these correlations (Xue and
Kanzaki, 1998). The most important correlations
for 2°Si are the Si—O-Si angle and the mean
Si-Si distance per tetrahedron for SiO, phases,
polymerization of Si (next neighbour, NN) for
silicates, the number of tetrahedral Al next-
nearest neighbours (NNN) for aluminosilicates,
and other structural effects. The 2°Si MAS NMR
spectra of most framework aluminosilicates with
more than one crystallographictetrahedral site are
not well resolved because of peaks from Si on
different sites with different numbers of Al next-
nearest neighbours (NNN) and only a few have
been reported to have resolved peaks (Putnis et
al., 1985).

Figure 5 shows the MAS NMR spectra for
dumortierite. The 2°Si MAS NMR spectrum
shows two peaks from dumortierite at —90.9
and —95.5 ppm. It also contains one sharp peak
from quartz as an impurity in our sample and
some low-intensity peak which cannot be
identified. The Si in dumortierite is located in
two different crystallographic sites and is linked
to four octahedral Al atoms. Therefore, °Si MAS
NMR peaks in dumortierite do not have
disordered Al around Si, showing two separate
peaks for two different Si sites at —90.0 and
—95.5 ppm. Our dumortierite is not pure and most
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Fic. 4. FTIR spectrum showing a hydroxyl group and a BO3 group in two dumortierite samples.
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FiG. 5. MAS NMR spectra of dumortierite showing 2°Si, ?’Al and ''B peaks, respectively.

of the impurities are of quartz and clay minerals,
represented by the peak at —107.8 ppm and some
other low-intensity peaks. The width of the
—90.0 ppm peak is broader than that at
—95.5 ppm, probably due to the overlap with
peaks related to impurities.

The *’Al MAS NMR spectrum has only one
asymmetrical peak near O ppm without second-
order quadrupolar line shape, suggesting that
there is only octahedral Al without substitution
of Al for Si and also indicating that there is a
distribution in the isotropic chemical shift and the
quadrupole interaction (Kentgens, 1997).
Dumortierite has four crystallographically
different Al atoms with different bond lengths,
leading to this kind of pattern.

The ''B MAS NMR spectrum shows a typical
second-order quadrupole pattern represented by
the threefold coordinated B. Simulation results
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show that the threefold coordinated B has its
isotropic chemical shift at 17.5 ppm, quadrupole
coupling constant (e’Qg/h) 2.75 MHz, and
asymmetry parameter (n) 0.1. The one *’Al
MAS NMR peak near O ppm (octahedral Al)
suggests that there is no substitution of Al for Si.

In natural minerals, B can exist in both three-
and four-fold coordination and it can be verified
easily by NMR (Turner et al., 1985). Boron in
dumortierite has been assumed to be in a trigonal
form, but no direct spectroscopic study has been
performed to support that idea. By comparison,
tourmaline is assumed to contain B in thre-fold
coordination, but a recent study by Tagg et al.
(1999) showed that some of the excess B in
tourmaline exists in tetrahedral form.
Spectroscopic investigations by Schreyer et al.
(2000) proved that B occurs not only in three-fold
coordination but is also located in the tetrahedral
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ring site of the synthetic tourmaline (olenite). The
""B chemical shifts at 17.5 ppm for our dumor-
tierite sample, however, indicate that B is entirely
in three-fold coordination, unlike some tourma-
lines. The ''B NMR peak is broad and has a
typical second order quadrupole pattern with very
small asymmetry parameter (1, 0.1), showing that
trigonal B in dumortierite is axially symmetric or
nearly so in a very well defined site. Our
spectroscopic results obtained from FTIR and
MAS NMR indicate that only three-fold coordi-
nated B is present in dumortierite.

Conclusions

From the textural evidence, we conclude that
dumortierite formed during the early stages of
hydrothermal alteration, and later, pyrophyllite
formed with the addition of silica. Dumortierite
was unstable with respect to pyrophyllite as
hydrothermal alteration proceeded. The silica
activity increased with decreasing B and Al
activities during the hydrothermal alteration.
Because textural evidence shows that tourmaline
was predated by dumortierite, the breakdown of
tourmaline as a precursor might have supplied the
B for the formation of dumortierite. The presence
of dumortierite suggests an important role for B in
hydrothermal alteration and clay mineralization.
Spectroscopic results obtained from FTIR and
MAS NMR indicate that B in dumortierite is
present only in three-fold coordination, as part of
a planar BO3 group. However, spectroscopic and
chemical data for more samples further need to be
investigated in order to better understand the
crystal chemistry of dumortierite in association
with Al-rich minerals.
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