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Abstract An olivine grain from a peridotite nodule 9206
(Udachnaya kimberlite, Siberia) was investigated by
TEM methods including AEM, HRTEM, SAED and
EELS techniques. A previous study of the 9206 olivine
sample revealed OH absorption bands in the IR spec-
trum and abundant nanometer-sized OH-bearing inclu-
sions, of hexagonal-like or lamellar shape. Inclusions,
which are several hundred nm in size, consist of 10 A
phase, talc and serpentine (chrysotile and lizardite). The
lamellar (LI) and hexagon-like small inclusions of sev-
eral ten nm in size (SI) are the topic of the present paper.
AEM investigations of the inclusions reveal Mg, Fe and
Si as cations only. The Mg/Si and Fe/Si atomic ratios
are lower in the inclusions than in the host olivine. The
Si concentration in the olivine host and both lamellar
inclusions and small inclusions is the same. A pre-peak
at 528eV was observed in EEL spectra of LI and SI,
which is attributed to OH™ or Fe’*. From these data it
is concluded that there is a OH - or Fe’'-bearing
cation-deficient olivine-like phase present.

HRTEM lattice fringe images of LI and SI exhibit
modulated band-like contrasts, which are superimposed
onto the olivine lattice. Diffraction patterns (Fourier-
transforms) of the HREM images as well as SAED
patterns show that the band-like contrasts in HRTEM
images of the inclusions are caused by periodic modu-
lations of the olivine lattice. Three kinds of superperi-
odicity in the olivine structure such as 2a, 3a and 3c,
were observed in SAED patterns. The corresponding
olivine supercells labelled here as Hy-2a, Hy-3a and Hy-
3¢ were derived. The M1-vacancies located in the (100)
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and (001) octahedral layers of the olivine lattice are
suggested to form ordered arrays of planar defects (PD),
which cause the band-like contrasts in HRTEM patterns
as well as the superperiodicity in the SAED patterns.

The vacancy concentrations as well as the chemical
composition of Hy-2a, Hy-3a and Hy-3c olivine super-
cells were calculated using crystal chemical approaches,
either {(OH)& ~ Ve — (OH)&} , or
{Fe}e — H;Me} or {2Fe<pe — V}{le}
ciates. The calculated theoretical compositions
Mg, ¢15Fe "2 0.135v0.255104H 5 (Hy-2a) and
Mg1.54Fez+0_12V0,33SiO4H0.6(, (Hy-3a and Hy-3c) arein a
good agreement with the AEM data on inclusions. Hy-
2a, Hy-3a and Hy-3c are considered to be a hydrous
olivine with the extended chemical formula (Mg;.
yFeHy)z_xv}(SiOﬁ‘Hzx. The crystal structure of hydrous
olivine is proposed to be a modular olivine structure
with Mg-vacant modules. The crystal chemical formula
of hydrous olivines in terms of a modular structure can
be written as [MgSiO4H,] - 3[Mg; g2Fe.18S104] for
Hy-2a, [MgSiO4H,] - 2[Mg; goFeq 15S104] for Hy-3a and
Hy-3c.

Hydrous olivine is suggested to be exsolved from the
olivine 9206, which has been initially saturated by OH-
bearing point defects. The olivine 9206 hydration as well
as the following exsolution of hydrous olivine inclusions
is suggested to occur at high pressure-high temperature
conditions of the upper mantle.

assuming

point defect asso-

Keywords Hydrous olivine - Ordered planar defects -
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Introduction

Water in the Earth mantle, its sources, transport and
storage are the subject of controversial debate. The most
common phases in the mantle, the «,  and y phases of
(Mg, Fe),Si0,4, are nominally anhydrous phases. How-



ever, recent experiments have shown that they can carry
large amounts of hydroxyl — up to 27 000 wt ppm H,O
under mantle conditions of 19.5 GPa and 1100 °C
(Kohlstedt et al. 1996). There is another group of min-
erals, the so-called dense hydrous magnesium silicates
(DHMS), which are also considered to be potential
carriers of water in the mantle. However, the DHMS
minerals such as phase A, phase B, phase D, phase F,
superhydrous B, hydrous wadsleyite and hydrous ring-
woodite (cf. Thompson 1992) have never been observed
in natural rocks. Only the }Olumite-like minerals, and the
very recently reported 10-A phase (Wirth and Khisina
1998; Khisina et al. 2001) are present in natural rocks. If
we accept that most of the DHMS phases are absent in
natural mantle rocks, because they have never been
observed, the problem of carriers of hydroxyl in the
mantle is focused on the hydrous «,  and y phases of
(Mg, Fe),Si0O4. Hydrous wadsleyite p-Mg,_SiH,,04
with 0.00 £ x <0.25 and hydrous ringwoodite 7-
Mg 59Sig9gH( 304 have been synthesised and investi-
gated (Kudoh et al. 1996, 1999, 2000). From solubility
experiments it is known that the maximum solubility of
hydroxyl in olivine at the o—f phase boundary is 1200 wt
ppm H,O (Kohlstedt et al. 1996). This is much less than
the maximum solubility of hydroxyl in the hydrous f
and y phases. In contrast to hydrous wadsleyite and
hydrous ringwoodite, hydrous olivine has not been
reported till now.

The question is, how is it possible that nominally
anhydrous minerals can carry such large amounts of
hydroxyl? Point-defect models are used to explain the
presence of hydroxyl in the three different (Mg,
Fe),SiO,; phases (Beran and Putnis 1983; Bai and
Kohlstedt 1993; Libowitzky and Beran 1995; Kohlstedt
et al. 1996; Kudoh et al. 1996; Kudoh et Inoue 1999;
Kudoh et al. 2000; Brodholt and Refson 2000; Mei and
Kohlstedt 2000). Under anhydrous conditions metal
vacancies and ferric iron on metal sites are the majority
point defects (cf. references in Mei and Kohlstedt
2000). Under hydrous conditions, the concentrations of
water-derived point defects may exceed those of metal
vacancies. Consequently, water will affect the point-
defect chemistry of olivine. There are three principal
mechanisms that have to be considered as a mode of
hydrogen incorporation in the (Mg, Fe), SiO,4 phases:
interstitial, binding at cation vacancies and binding at
silicon vacancies. Especially the binding at Si or Mg
vacancies is discussed controversially. Si as well as M1
and M2 vacancies associated with OH are favoured in
the model proposed by Libowitzky and Beran (1995).
From a computer simulation study it was concluded
that Si vacancies are energetically less favourable than
Mg vacancies, therefore, water was expected to increase
the number of Mg vacancies (Wright and Catlow
1994). Controversially, in a recent ab initio study
(Brodholt and Refson 2000), the presence of protons
was found to increase the number of Si vacancies. This
is in contrast to dry olivine, where Si vacancies are
many eV less favourable than Mg vacancies (Brodholt
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1997). From experimental work it is concluded that
metal vacancies are precisely the defects which are
important for the incorporation of hydrogen in olivine
(Bai and Kohlstedt 1993). Mei and Kohlstedt (2000)
showed that ferric iron cations associated with metal
vacancies could exceed the OH-bearing point-defect
population. With increasing water fugacity the charge
neutrality condition has been found to change from
[Fel(\',le] =2[}.] to [Fef\',[e] = [H}.)] Mei and Kohlstedt
2000).

Here we report that, additionally to hydrous wads-
leyite and hydrous ringwoodite, hydrous olivine
(Mg1_yFe§+)2_xv_\.SiO4H2x exists. Hydrous olivine was
found as nanometer-sized inclusions in mantle olivine.

Description of the specimen and previous data

The investigated olivine grain (Fog, ) was taken from a peridotite
nodule 9206 (kimberlite pipe Udachnaya, Siberia). A detailed de-
scription of the nodule is given in Khisina et al. (2000). The PT
conditions derived from the nodule are 700-800 °C and 5.5-6 GPa
(Ukhanov et al. 1988). IR spectra of olivine show OH absorption
bands (Khisina et al. 2001). TEM examination of the olivine 9206
has revealed nanometer-sized OH-bearing inclusions: (1) lamellar
inclusions of several 10 nm in width, (2) small inclusions up to
several 10 nm in size, and (3) large inclusions up to several 100 nm
in size. The large inclusions consist of 10-A phase, talc and
serpentine (chrysotile and lizardite), while hydrous olivine
Mg, v, SiO4H,, has been proposed as a possible phase in both
small and lamellar inclusions. The large inclusions have been
described in a previous paper (Khisina et al. 2001). The lamellar
inclusions and small inclusions are the topic of the present paper.
The specimen was thinned by conventional ion-beam thinning and
lightly coated with carbon. The olivine single crystal [(0 1 0) foil] of
olivine was investigated by transmission electron microscopy
(TEM), analytical electron microscopy (AEM), electron energy-
loss spectroscopy (EELS) and selected area electron diffraction
(SAED).

TEM was carried out in a Philips CM200 electron microscope
with an LaBg filament. AEM was performed using an EDAX
X-ray analyser with ultrathin window. A Gatan image-filtering
system GIF was used for EELS spectroscopy and for acquiring
energy-filtered images. A detailed description of the TEM tech-
niques is given in Khisina et al. (2000).

Results
TEM observations

Bright-field TEM images of the (0 1 0) olivine foil show
arrays of precipitates, which are arranged parallel to
either (1 0 0), or (1 0 2) or (1 0 2) of the olivine matrix.
The precipitates consist of three different types of in-
clusions: lamellar inclusions (LI), small inclusions (SI)
and large inclusions. The lamellar inclusions are several
10 nm wide and about several micron long (Fig. la).
They are oriented parallel to either (1 0 0) or (1 0 2) or
(1 0 2) of the olivine matrix. The small inclusions are up
to several 10 nm and the large inclusions are up to
several 100 nm in size. Both small and large inclusions
show a hexagon-like shape (Fig. 1b, c). Arrows in
Fig. 1b indicate some large inclusions; such inclusions
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olivine

100 nm

Fig. 1a— Bright-field electron micrographs of inclusions in olivine
sample 9206. (0 1 0) olivine foil. a Lamellar inclusion (LI) oriented
parallel to (1 0 0) of the olivine matrix. Small arrow heads indicate the
location of the inclusion. b Arrays of inclusions arranged along the ¢
direction of the oliving matrix. The largest of inclusions (arrow heads)
are composed by 10-A-phase + talc + serpentine. ¢ Arrays of small
inclusions (SI) arranged along the [0 0 1] direction of the olivine matrix
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Fig. 2 Fe/Si net intensity ratio plotted versus Mg/Si net intensity ratio
(cf. text). Rectangles indicate inclusions; host olivine (in green). The
plot shows that both Mg and Fe decrease in inclusions with respect to
the olivine matrix

Fig. 3 Concentration profile across two inclusions in the olivine
matrix. A thin straight line in the lower part of the image indicates the
location of the line-scan. The scan lines show that the Mg and Fe
concentrations in the inclusions decrease with respect to the olivine
matrix while the Si concentration remains almost the same as in
olivine (Si concentration does not increase)

consist of IO-A-phase, serpentine and talc (Khisina
et al., in press). Both small and large inclusions are
arranged parallel to the lamellar inclusions (Fig. 1b, ¢).

The AEM analyses of LI and SI show only Mg, Fe
and Si as cations. The Mg/Si net intensity ratio as well as
the Fe/Si net intensity ratio is smaller in the lamellar
precipitates and the small inclusions than in the host
olivine (Fig. 2). This indicates that either the Si con-
centration in SI and LI is larger than in the olivine, or
the Mg and Fe concentrations in SI and LI are lower
than in the olivine. Concentration profiles across olivine
and inclusions do not reveal any increasing of Si con-
centration in inclusions compared to the olivine host,
while the Mg and Fe concentrations appear to decrease
in LI and SI compared to that of the olivine host; a
typical concentration profile is presented in Fig. 3. The
oxygen K-edge of olivine in the EEL spectrum (Fig. 4a)
does not show a prepeak at about 528 eV, which can be



attributed to OH or Fe* " according to Wirth (1997) and
van Aken et al. (1998). However, this prepeak is ob-
served in EEL spectra of lamellar inclusions and small
inclusions (Fig. 4b).

Energy-filtered HRTEM lattice-fringe images of
lamellar inclusions and small inclusions exhibit coherent
olivineg/LI and olivine/SI interfaces (Figs. 5, 6). The
(200) and (00 2) Ilattice fringes are resolved in
the olivine matrix as well as in lamellar inclusions and
the small inclusions (Figs. 5, 6).

The lamellar inclusion in Fig. 5 and the small inclu-
sion in Fig. 6 show a modulated contrast pattern, a
band-like pattern, which is superimposed onto the
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olivine lattice-fringe pattern (Figs. 5a, b, ¢ and 6a).
Band-like contrasts of distinct kinds were observed in
HRTEM lattice-fringe images of both LI and SI. Peri-
odic band-like contrasts observed parallel to (1 0 0) ex-
hibit spacings corresponding to every second (Fig. 5a, b,
e) or every third olivine unit cell. Additionally, periodic
band-like contrasts parallel to (1 0 1) (Fig. 6a) or (1 0 2)
(Fig. 5a, b) were observed; in the latter case, the
HRTEM lattice fringe images show a combination of
(1 02)and (1 00) band-like contrasts. The modulated
contrast observed in Figs. 5 and 6 disappears within
seconds due to electron irradiation damage, thus indi-
cating that the LI and SI are not stable under the elec-
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tron beam. Once the modulations have disappeared, Diffraction patterns (fast Fourier transforms, FFT)
only the olivine lattice fringes are observed in LI and SI  from high-resolution images also reveal a superperiod-
(the region framed and labelled A in Fig. 5a; upper right icity (Figs. Sc, f and 6b). The 3d,o; superperiodicity in
and lower left corner in Fig. 5b). [1 0 17* reciprocal direction of olivine is shown in
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Fig. 6a— Energy-filtered HRTEM lattice-fringe images of one of the
small inclusions (SI). (0 1 0) olivine foil. a A periodic band-like
contrast is observed parallel to (1 0 1). b The diffraction pattern
(Fourier transform) from the image in a shows the 3d,q;-superperi-
odicity along [1 0 1]* direction of the reciprocal lattice of olivine.
¢ Diffraction pattern (Fourier transform) from the olivine matrix in
the vicinity of the inclusion

Fig. 6b. The 2d,9q and 8d,¢> superperiodicities are ob-
served in Fig. 5c. In addition to the 2d;qo superperiod-
icity, streaks with a spacing of 3djo; are observed along
the a* direction in Fig. 5f. Very weak superspots which
are not visible in the image (Fig. 5f) form the 3dq
superperiodicity in the a* direction.

SAED patterns support the idea that the band-like
contrasts in HRTEM lattice-fringe images (Figs. 5a, b,
e and 6a) are caused by periodic modulations of the

Pl
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olivine lattice. The SAED patterns of some of the
inclusions exhibit a superperiodicity along [100]* or
[001]* directions of the olivine reciprocal Ilattice
(Fig. 7a, b); both the direction and the spacing of the
superperiodicity in the SAED patterns are consistent
with these of FFT patterns shown in Fig. 6b. Three
different kinds of superperiodicities were observed in
the SAED patterns (Fig. 7a—d). Consequently, three
olivine supercells, derived from the Pbnm olivine unit-
cell geometry, were determined: Hy-3c, Hy-3a and Hy-
2a (Table 1). This terminology uses Hy for hydrous
olivine; 3c-, 3a- and 2a-indicate both the direction and
the spacing of superperiodicity.

In SAED patterns of Hy-3c (Fig. 7a) and Hy-3a
(Fig. 7b) the spots with /iy + gy —2n + 1 are absent.
This indicates that the olivine unit cell and the supercell
of olivine have the same symmetry Pbnm. The only
difference is that the translation n whichis 1/2a + 1/2c¢
in the olivine unit cell, is replaced by 3/2 a + 3/2 c in
the olivine supercell. However, in SAED patterns of
Hy-2a, Hy-3d,o; and Hy-8d,¢, reflections with Ay, +
lgyy = 2n + 1 are observed. This means that the sym-
metry of these supercells is reduced with respect to the
olivine unit cell (Table 1).

Crystal chemical approaches
Periodic array of planar defects

The observed superperiodicity in the SAED patterns is
the key to understanding the nature of the lamellar (LI)
and the small inclusions (SI). In general, superperiodic-
ity implies that atomic planes of a given topology, which
is crystal-chemically equivalent in a basic lattice, become
nonequivalent due to ordering of cations or vacancies.
Cations or vacancies can create a superperiodicity in the
diffraction pattern if they are arranged in only one and
the same sublattice of the crystal structure. In the olivine
structure there are M1 and M2 octahedral sites, which
are occupied by Mg and Fe, as well as tetrahedral sites
occupied by Si. We exclude a cation ordering from the
present consideration because Fe and Mg in the olivine
structure is well known to be completely disordered.
Therefore, either metal or Si vacancies are responsible
for the observed superperiodicity in LI and SI. Ac-
cording to the AEM data, the Mg/Si and Fe/Si ratios
decrease in LI and SI with respect to olivine (Fig. 2),
thus indicating that the olivine supercells described
above will contain metal vacancies. Consequently, the

Fig. Sa—f Energy-filtered HRTEM lattice fringe images of the
lamellar inclusion shown in Fig. 1a. (0 1 0) olivine foil. b Enlarged
image of the centre region of the lamellae (large frame, a. Arrows are
oriented parallel to (1 0 2) and (1 0 0) planes of the olivine lattice. The
complicated contrast pattern observed in a and b consists of two
systems of periodic band-like contrasts, one of them with a spacing of
2d,09 parallel to (1 0 0) of olivine; the other is 8d)g-spaced and
parallel to (1 0 2) of olivine. The regions with irradiation damage
(labelled A4 in a and observed in the lower left corner in b) show the

olivine lattice fringes only without the periodic band-like contrast.
¢ Diffraction pattern (Fourier transform) from the area with the band-
like contrasts (fiame a). In addition to the olivine spots, superspots are
observed. d Diffraction pattern (Fourier transform) from the area
labelled 4 in a. The pattern shows the olivine spots only. 101* and
002* olivine spots are indicated in ¢ and d. e, f. Another part of the
lamellar inclusion shown in Fig. la. e Periodic band-like contrasts,
which are parallel to (1 00) of olivine and f the corresponding
diffraction pattern (Fourier transform)
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Fig. 7a-d SAED patterns of inclusions with a periodic band-like
contrasts; (0 1 0) olivine zone axis. a Energy-filtered SAED pattern
from an inclusion with 3c-superperiodicity of the olivine lattice. Weak
superspots are observed along the ¢* direction of olivine. These spots
form the electron diffraction pattern, which is superimposed onto the
olivine reciprocal lattice; such a schematic pattern with symbols is
given in c¢. The olivine spots with 4 + 1=2n + 1, which are
forbidden in the space group Pbnm of the olivine lattice, are observed
here because the symmetry of the basic olivine cell is reduced due to
the presence of ordered M1-vacant planar defects (cf. text). Vertical
streaks observed in a are artefacts produced by the CCD camera
because of the high dynamic range between the strong and the weak
spots. b Superposition of an electron diffraction pattern from
coexisting areas with 2a- and 3a-olivine superperiodicity. Continuous
streaks observed along a* of olivine correspond to a 3c supercell,
which is disordered here, in contrast to the ordered 3c supercell in a.
Notice the splitting of the spots from the 2a supercell. This splitting is
due to the reduced symmetry of the 2a supercells twinned now by
(1 0 0). The beta angle in the 2a supercell in b is slightly less than 90°.
¢ and d show schematically the olivine reciprocal lattice together with
the superspots observed in a and b. Large circles Olivine; small open
circles the spots of the 2a supercell of olivine; crosses (+) the spots of
the 3a supercell of olivine; crosses (x) the spots of the 3¢ supercell of
olivine. ¢ A superposition of olivine spots and the spots of Hy-2a and
Hy-3c superlattices. The Hy-2a unit cell is framed in the upper left
corner; the Hy-3c unit cell is framed at the bottom. d A superposition
of olivine spots and the spots of Hy-2a and Hy-3a superlattices. The
Hy-2a unit cell is framed in the wupper left corner, the Hy-3a unit
supercell is framed at the bottom. The drawing d corresponds to the
SAED pattern in b. The streaks along a* as well as the splitting of the
spots of 2a supercell are ignored in d

ordering of metal vacancies in either M1 or M2 will
result in the formation of supercells, which are observed
in the diffraction patterns. We suggest the vacancies to
be M1 vacancies; for energetic reasons they can be more
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easily created than M2 vacancies (Lasaga 1981; Brod-
holt 1997). The M1 vacancies located in the (1 0 0) and
(0 0 1) octahedral layers of the olivine lattice are con-
sidered to form planar defects (PD). These PD are
causing the band-like contrasts which are observed in
HRTEM lattice-fringe images (Figs. 5, 6).

M1-vacancy concentrations

The olivine superstructure spots observed in SAED
patterns of SI and LI as well as HRTEM data indicate
a regular array of planar defects with distinct spacings.
However, the vacancy density and the vacancy ar-
rangement within an individual PD and between PD
are unknown. Generally, planar defects can be either
fully or partially free of metal ions in M1; they can be
either continuous or discontinuous; a structure of in-
dividual PD can be ordered or disordered; they can be
ordered or disordered related to each other. The
arrangement of the planar defects and/or that of the
vacancies within the planar defects can be deduced
from the electron diffraction pattern. Comparing the
general considerations with the diffraction data, three
cases of a regular array of planar defects can be de-
rived. (1) M1 sites in PD are fully vacant; as a result,
sharp superspots should appear in the diffraction pat-
tern; (2) half of the M1 sites are vacant and the
other half is occupied, forming a vacancy-ordered PD
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Table 1 Olivine superstructures .
observed in small (SI) and Olivine

superstructure (Hy)

HRTEM data

SAED data

lamellar (LI) inclusions

Periodic planar defects

Olivine superstructure

Orientation Periodicity Unit supercell parameters
Hy-2a (100) 9.5 A = 2a, apy = 2ag = 9.5A
by = by = 10.2A"
C]_[y = Co] = 6A
. 3
Vity = 2V = 582 A
Z=2_8
S.G. Pl1lm or P1
No forbidden spots
Hy-3a (100) T1A =324 Apy = 3aq = 142A
Buy = by = 10.2A"
Chy = col = 6A
Vi = 3V = 8T3A
Z=12
S.G. Pbnm
th+lHy 752}’l+]
Hy-3c 001) 9 A = 3/2¢ apy = ao = 4.75A

by = b = 10.2A"
chy = 3¢ = 18A
Vig = 3V = 8T3A
Z=12

S.G. Pbnm
huy + Iny # 2+ 1

2 b is assumed to be b,

Table 2 Calculated numbers of .
V. vacancies in the olivine Olivine

superstructure (Hy)

Ordered planar defects (PD)*

Calculated numbers of 77}, vacancies”

superstructures (Hy) estimated

from SAED data Orientation Periodicity quraged per one  Per one olivine
olivine unit cell supercell (Hy)

Hy-2a (100) 9.5 A = 2ay 1 2

Hy-3a (100) 7.1 A = 3/2ay 4/3 4

Hy-3c 001 9 A = 32¢, 4/3 4

#Planar defects (PD) are ordered in the olivine lattice
® Calculated from a model of planar defects with the M1 sites assumed to be completely vacant

structure. Again, sharp superspots should be observed
in the diffraction pattern. (3) PD are fully M1-vacant
but discontinuous. Diffraction patterns from Hy-3c
(Fig. 7a), Hy-3a and Hy-2a (Fig. 7b) as well as the
diffraction pattern from Hy-2a and Hy-3a (cf. Fig. 10
in Khisina et al. 2001) are consistent with both (1) and
(2) models. In the model (3) the alternated layers of the
PD-bearing structure and a normal olivine structure are
expected. These alternated layers which are oriented
normal to the PD plane should produce continuous
streaks in a diffraction pattern. This case is observed in
the Hy-3c¢ superstructure in Fig. 7b.

The Ml-vacancy concentrations per unit cell were
calculated with the assumption that either all
(Table 2) or half of the M1 positions in the planar
defects are vacant. The data of Table 2 represent a
maximum number of vacancies per unit cell, which is
allowed for Hy-2a, Hy-3a and Hy-3c superstructures
(all the M1 sites are vacant). If the M1 sites were only
half-vacant, then the vacancy density would be halved
compared to the data in Table 2. The resulted unit-
cell geometries (Table 2) are in agreement with the
space-group symmetry derived from SAED data
(Table 1).
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Hydrous olivine compositions

The olivine superstructures observed in both LI and SI
of the olivine 9206 are interpreted as hydrous olivine
with a composition of Mg,_,v,SiO4H,, (Khisina et al.,
2001). The reasons are: (1) OH-absorption bands have
been observed in IR spectra of the olivine 9206 thus
indicating the presence of water in the sample. (2)
Hydrous phases like 10-A phase, talc and serpentine
have been observed in the olivine 9206, thus pointing
out the extrinsic mode of hydrogen occurrence in the
sample. (3) The OH-related prepeak at 528 eV was
observed in the EEL spectra of LI and SI, thus indi-
cating the presence of OH in LI and SI. (4) Both Fe/Si
and Mg/Si ratio decrease in SI and LI with respect to
the olivine matrix.

Metal vacancies in a defect olivine structure should
be associated with either ferric iron or hydrogen or
both of them to achieve charge neutrality: [Fef\'/[e] =
2[Wre)s [Hwme] = 2[We] and [Feﬁde] = [Hme] (Mei and
Kohlstedt 2000). Therefore, it is necessary to take ferric
iron and hydrogen into account to derive a composi-
tion, which is equivalent to hydrous olivine. Unfortu-
nately, it is not possible to discriminate Fe** and OH~
from EEL spectra (Fig. 4), because the prepeak at
528 eV, which is observed in the spectra of the inclu-
sions, is indicative for both OH (Wirth 1997) and for
Fe’" (van Aken 1998).

The only possibility to discriminate the point-defect
associates such as [(OH)E) — e — (OH)g]H, (Fe<Fe—
H},..)” and (2Fe<Fe — W) in the inclusions is: (1) to
calculate the cation composition in dependence on the
point defect chemistry for the olivine with a given popu-
lation of M1 vacancies and (2) to compare the result with
the data observed. AEM measurements show that the
iron concentration decreases in inclusions with respect to
the iron concentration of the host olivine Fog, (Fig. 2).
We transformed the experimental net intensity ratio into
atomic ratio data using the following procedure.
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Fig. 8 Mg/Si atomic ratio versus Fe/Si atomic ratio. The closed
triangle represents the measured values for olivine. Open symbols
represent data of olivine matrix plus inclusions. The two rectangular
symbols are the calculated ratios of hydrous olivine Hy-2a, Hy-3a and
Hy-3c using a crystal-chemical approach (cf. text)

The relative elemental atomic concentrations (C; and
C>) and the corresponding c¢,/c, concentration ratios in a
specimen are directly calculated from the ratio of their
X-ray intensities (/; and I,):

C I
g - 1
G 1’212 ’ ( )

where k;, is a constant that accounts for the relative
detection efficiency of the whole analysis system for the
two elements. k; , is easily deduced from a thin standard
having a well-known proportion of the elements 1 and 2
(Chandler 1977). The C;/C, concentration ratio is
expressed in the form:

C1/Cy = (Ni/No)( /W) (2)

where N;/N, is the atomic ratio, W is atomic weight.
Using the olivine matrix 9206 as internal standard with
known Fe/Si (0.18) and Mg/Si (1.82) atomic ratios, the
(Wsi/Weekpesi and (Wsi/ Wmg)kmesi are determined
from EqS (1) and (2) (WSi/WFe)kFe,Si = 1410, (WSi/
Wamg)kmg,si = 0.692. The experimental Fe/Si and Mg/Si
net intensity ratios are transformed to the Fe/Si and Mg/
Si atomic ratios using Egs. (1) and (2).

The Mg/Si versus Fe/Si atomic ratios are plotted in
Fig. 8. The criterion for the theoretical chemical com-
position that is most likely is as follows: both Mg/Si
and Fe/Si atomic ratios in the theoretical chemical
formula of hydrous olivine should be lower than that in
the host olivine (Mg/Si =1.82; Fe/Si=0.18), and
should be consistent with the AEM data obtained from
inclusions (Fig. 8). The theoretical chemical composi-
tions of hydrous olivine structures with a given
M1-vacancy population assuming either
[(OH)o — Wi = (OH)G]™ o (Fep, — Hyy)™  or
(2Fep, — W)~ point-defect associates were calculated
(see Table 4). The calculations are based on the fol-
lowing assumption: (1) Each M2 site next to the M1
vacancy is occupied by either Fe* only or Mg only. (2)
The periodicity and the space-group symmetry of the
hydrous olivine structure are assumed to be the same as
that observed from SAED data (Table 1). (3) MI-
vacancy populations are assumed to be the same as that
calculated above (Table 2). The theoretical chemical
composition of hydrous olivine was calculated for two
cases assuming that the point-defect associates occur in
either Fo;qg or Fog, olivine structure. Two models were
treated: (1) point-defect associates in Fog, olivine
structure and (2) point-defect associates in Foqg olivine
structure. The reason for treating both models is the
following. Model (1) is based on an assumption that the
PD occurs within the olivine structure of the same
composition, like that of the enclosing olivine matrix
9206 (Fog,). On the other hand, according to the ex-
perimental data by McCammon et al. (1999), the oxi-
dation state of iron in hydrous silicate phases is Fe® .
Using these data (McCammon et al. 1999), we have to
assume that the iron, if it is present, exists as Fe’* in
the inclusions. Therefore, the model (2) of PD in Fojqq
olivine structure was used.
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Table 3 Cation-deficient olivine

compositions calculated in Olivine Point-defect Cation-deficient Mg/Si Fe/Si
terms of the different point superstructure (Hy) associate composition
defect associates ) ) ] )
Model 1. Point defect associates in forsterite, Fo;qq
Hy-2a {V](,ie2(OH)<} Mg|'75V0.25si04H045 1.75 0
{Fefvle,H{v[e} Mg sFedbv0.25810,Ho 5 1.5 0.25
{2Fe1<v[e, Vl(ge} Mg, 2sFed v 258104 1.25 0.3
Hy-3a, Hy-3C {Vl\',ﬁeﬂ(OH)(} Mg1_66V0_33SiO4H()_6(, 1.66 0
{Fel<\/lc7 H1</Ie} Mg, 33Fe] §3v0.338104Ho 33 1.33 0.33
{2Fels. VM} Mg, oFe) v0.335104 1.0 0.66
Model 2. Point-defect associates in Fog,
Hy-2a {V]\//,[e,z(OH)<} Mg]_615v0_25Fez+0,|35SiO4Ho_5 1.615 0.135
{Fel,., H} Mg, 365Feq 55v0.25F et 158104H 55 1.365 0.385
{2Fel,., 1.} Mg, 15Fe] 5ovo.25Fed ] Si0, 1.13 0.61
Hy-3a, Hy-3c {Vl\///[e’ 2(OH)<} Mgl_54v()_33FengSiO4H0_(,(, 1.54 0.12
{Fel,.. H};.} Mg, 215Fed s, vo.33Felt s SiO4Ho 33 1.215 0.455
{2Feyes it Mgoo1Fed o vo.33Fed 59 Si04 0.91 0.75

Table 4 Unit cell parameters of hydrous olivine and corresponding chemical compositions derived from the experimental data using

crystal chemical approaches

Hydrous olivine Unit-cell parameters

Chemical composition (present data)

Extended crystal chemical formula

Hy-Za a=95 Aa ’ Mgl‘615FC(2)_J§35V0_25Si04H0A5
b= 10;2 A? = (Mgo.92Feo.os)1.75V0.255iO4H0.5
c=6A | = [MgSiO4H,] - 3 [Mg, >Fe.185104]
V= 582 A’
Z =38
Sp.G. P11 m or Pl
Hy-3a a=142A Mg, saFed |, 0.335104Ho 66 (Mg,Fe* " ),_ v, SiO4H,.
b =102 A" = (Mgo.03F€0.07)1.66Y0.335104H0 66 = [MgSiO4H,] - n[(Mg,Fe’),Si04]
c=6A = [MgSiO4H,] - 2 [Mg; g-Feq 15S104] where n = (1-x)/x
v =873 A’
Z =12
Sp.G. Pbnm
Hy-3C a=475A Mg1‘54F6312V0‘33Si04H0A66
b =102 A* = (Mgo.03F€0.07)1.66Y0.335104H0 66
c=18A = [MgSiO4H,] - 2 [Mg >Fe.1585104]
V=873 A’
Z =12
Sp.G. Pbnm

* by assumed to be equal to by,

The theoretical chemical compositions of hydrous
olivine calculated with the assumption that the PD occur
in either Fog, or Fojo olivine structures, are listed in
Table 3. The data show that neither (Fe<Fe — Hjy.)” nor
(2Fep, — M) as point-defect associates can be present
in Hy-2a, Hy-3a and Hy-3c because they would increase
the Fe/Si ratio. The conditions of both Mg/Si and Fe/Si
ratio to be lower than 1.82 and 0.18 are fulfilled only
for [(OH)é) — We — (OH)&}H as a point-defect model
(Table 3). The point defect associates [(OH)g)—

Me — (OH)g]H in Foygg would result in compositions of
Hy-2a, Hy-3a and Hy-3c, which would not be in
agreement with the measured data in Fig. 8. However,
in the case of Fog,, the theoretical compositions are in

good agreement with the measured chemical composi-
tions (Fig. 8). The composition of Hy-2a is estimated to
be Mg 615 Fegt15v0.255104H 5, that of Hy-3a and Hy-3c
is Mg1A54 Feéj2VOA33SiO4HOA66 (Tables 3, 4)

The modular structure of hydrous olivine

The crystal structure of hydrous olivine is proposed to
be a modular olivine structure with Mg-vacant mod-
ules, which have a composition of MgSiO4H, (see
Fig. 9).

M1 vacancies in a given (1 0 0) octahedral layer of
Hy-2a and Hy-3a structures alternate with occupied M2
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Fig. 9a—d The structure of oli-
vine Mg,SiO, projected along
[0 10] a. b, ¢ and d Sections of
the three distinct olivine super-
structures with M1-vacant
modules. b and ¢ Hy-2a and
Hy-3a superstructures corre-
spondingly. The (1 0 0) planar
defects with 2a spacing in Hy-
2a and with 3a spacing in Hy-3c
are shown. Each of the M1
vacancies is connected to occu-
pied M2 octahedra, thus form-
ing MgSiO4H; modules parallel
to (1 0 0). ¢ Hy-3c superstruc-
ture contains the (0 0 1) planar
defects with 3c spacing. Each of
M1 octahedra in a given (0 0 1)
plane is vacant, thus forming
M¢gSiO4H, modules parallel to
001

octahedra, while in the Hy-3c superstructure the M1
vacancies form the (0 0 1) octahedral layers which are
free of cations. The crystal-chemical formula of hydrous
olivine in terms of a modular structure can be written

as [MgSiO4H,] - 3[Mg; soFeq 155104] for Hy-2a, as
[MgSiO4H»] - 2[Mg; soFeq 15S104] for Hy-3a and Hy-3c.

The derived chemical compositions and unit-cell
parameters of hydrous olivines are given in Table 4.



Fig. 9a—d (Continued)

Discussion

Hydrous olivine is an example of a non-stochiometric
compound with the point-defect concentration depend-
ing on the partial vapour pressure of the volatiles
(oxygen, sulphur, water etc.). It is rather typical for non-
stoichiometric compounds to arrange the vacancies with
decreasing temperature in some kind of an ordered
structure. There are many examples of such a mineral
behaviour: cation-depleted wiistite Fe;_,O, maghemite
Fe;_, Oy, laihunite Fe,_,SiOy4, pyrrhotite Fe,_,S. Planar
defects which contain oxygen vacancies are known as
Wadsley defects (Putnis 1992). It is interesting that even
small changes in stoichiometry of the Wadsley defect-
bearing structures are accommodated by changing the
spacing and orientation of the Wadsley defects (Putnis
1992). With increasing deviation from stoichiometry, the
defects become ordered into a parallel set with constant
spacing. The ordered array of planar Wadsley defects
produces a superlattice in which the periodicity of the
basic cell is modified by the superimposed periodicity of
the planar defects (Putnis 1992). Obviously, the planar
defects in hydrous olivine have features in common with
Wadsley defects. Wadsley defects are not very common
in mineral structures. However, single as well as periodic
or non-periodic planar defects in olivines are well known
(Kondoh et al. 1985; Kitamura etal. 1985, 1987;
Banfield et al. 1990, 1992; Khisina et al. 1995). (0 0 1)
planar defects associated with OH groups have been
observed in a mantle olivine by Kitamura et al. 1987.
(0 0 1) planar defects associated with Fe*" have been
found in oxidised fayalites; these planar defects result in
a crystal structure of laihunite Fel_ovo.S(Fe3+)0.5SiO4
(Tamada et al. 1983). M1 sites in the average laihunite
structure are occupied by vacancies and Fe2+ in alter-
nating layers parallel to (0 0 1), while the M2 sites are
predominately occupied by Fe®" (Tamada et al. 1983;
Shen et al. 1986). One-layer, two-layer and three-layer
polytypes have been identified (cf. references in Kondoh
et al. 1985). A three-layer polytype (3M-laihunite) with

two defect rows per unit cell was suggested for Fe-laih-
unite (Shen et al. 1986). Periodic and non-periodic
(1 0 0) planar defects are also very common in oxidised
Mg-rich olivines (Banfield et al. 1990, 1992; Khisina
et al. 1995; Janney and Banfield 1998). These planar
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Table 5 Powder diffraction data for phase D (Liu 1987) indexed
using the Hy-2a unit cell

Hy-2a Phase D
[Mg(OH), - SiO,] - 3Mg,SiOy4 Mg(OH); - SiO,
(present work) (Liu 1987)

Calculated from the data presented here Powder diffraction data

hkl dhkl(f&) dhkl(A)
100 9.5 9.5
211 43 4.3
030 3.49 3.37
002 3.00 3.00
202 2.57

040 2.55 253
600 1.61 1.61
204 1.452

004 1.522 1.496
633 1.39 1.390

defects were interpreted as an intergrowth of olivine and
laihunite-like layers (Banfield et al. 1990, 1992; Khisina
et al. 1995). Later, a three-layer distorted olivine struc-
ture with one defect row per unit cell was proposed for a
natural olivine sample, Foq ;3 (Janney and Banfield
1998). Therefore, we conclude that the superstructures
caused by a periodic arrangement of ordered planar
defects are rather common for olivines.

From the point-defect model, which is consistent with
the experimental data, it is concluded that the point
defect associates [(OH)é, — We — (OH)g]H are present
in hydrous olivine structures. These point defects are
condensed into ordered planar defects, which are
observed in HRTEM lattice-fringe images like the
periodic band-like contrasts. The latter disappeared
during exposure to the electron beam (Fig. 5). The OH-
related prepeak in EEL spectra also disappeared, thus
indicating that the hydrous olivine is dehydrated due to
irradiation damage. At the same time, neither in the
HREM image nor in the diffraction pattern was the
formation of an amorphous phase observed. In contrast,
after irradiation, a clear and undisturbed lattice-fringe
image of (2 0 0),; and (0 0 2), lattice fringes appeared.
This is explained by a change in the type of point defects.
Instead of point-defect associates [(OH)g — Wte—
(OH)&]H, Schottky defects are created: [(OH)é) — We—
(OH)S]” (Wi = V4)™ + HaO 1.

Finally, the Schottky defects became disordered in the
olivine lattice and therefore the superperiodicity disap-
peared. After irradiation, the olivine lattice inside inclu-
sions represents a stoichiometric defect olivine structure
saturated by vacancies in both M sites and oxygen sites.
This phenomenon is well known in superconductors —
compounds with a defect crystal lattice, which are
described as either incommensurate or commensurate
modulated structures (Withers and Rozier 2000).

Hydrous olivine (Mgl_J,Fef)z_XVxSiO‘;HzX has a
modular structure and discrete composition with x val-
ues 0.33 or 0.25. Such a feature is typical for polysomatic

series (Veblen 1991). Therefore, we consider hydrous
olivines to be an intermediate member of the polyso-
matic series between olivine (Mg, Fe),SiO4 and hypo-
thetical MgSiO4H,. Hydrous olivine seems to be similar
to the polysomatic series of humite-like minerals and
polysomatic series of laithunites (Veblen 1991). The
compositions of hydrous olivine, which are written as
crystal-chemical formulas of modular compounds, are
given in Table 4.

There is an interesting analogy between our data on
hydrous olivine and data on some DHMS phases pub-
lished by Kudoh and Inoue (1999) and Liu (1987).
Kudoh et al. (1999) have synthesised hydrous wadsleyite
Mg, SiO4H,, with 0> x <0.25 and found that the
crystal structure of Mg, 75S104H, 5 contains Mg-vacant
modules. These data on hydrous wadsleyite are similar
to our interpretation of Hy-2a hydrous olivine, a com-
position which can be represented by (Mgl,},Feﬁ)mS
VO.ZSSiO4HOA5 (Table 4)

Liu (1987) has synthesised a DHMS phase with a
calculated composition MgSiO4H, and called this phase
D. However, later it was assumed that Liu had obtained
in his high-pressure-high-temperature experiments a
mixture of several phases. Consequently, phase D by Liu
was discredited (Yang et al. 1997). Now, phase D is used
to describe the DHMS phase MgSi,H,O¢ (Yang et al.
1997). The powder diffraction pattern reported by Liu
(1987) could never be indexed. However, the powder
diffraction data given by Liu (1987) for phase D can be
indexed in terms of hydrous olivine Hy-2a (Table 5).
Phase D and the structural M1-vacant modules in our
hydrous olivines are equivalent with respect to the
chemical composition.

The question arises: what is the origin of hydrous
olivine precipitates? From the observations it is obvious
that hydrous olivine was precipitated from the olivine
matrix, which initially was saturated in OH point de-
fects, by an exsolution process. Based on the experi-
mental study of water solution in the o, f and y phases
of (Mg, Fe),SiO4 by Kohlstedt et al. (1996) — increas-
ing water solubility with increasing pressure — we
assume that olivine from nodule 9206 has been water-
saturated under mantle conditions. The point-defect
associates (Fef:e — Hj),.)~ were estimated in olivine
samples buffered near Ni/NiO (Mei and Kohlstedt
2000) but they are excluded in the mantle olivine 9206.
This indicates that the olivine 9206 has been formed
under oxygen fugacity conditions lower than Ni/NiO.
Phase D by Liu, which is similar to Hy-2a, has been
synthesised at 1000 °C at pressures exceeding 220 kbar
(Liu 1987). Hence, we propose that the exsolution of
hydrous olivine from the olivine matrix has occurred
under  high-pressure-high-temperature  conditions.
However, the pressure and temperature of hydrous
olivine exsolution (like a transformation process) might
have been lower than the PT conditions of synthesis of
a pure phase. We suggest hydrous olivine to be a new
DHMS phase(s) or, more precisely, a new DHMS
polysomatic series.
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