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TEM imaging and analysis of microinclusions in diamonds: A close look at
diamond-growing fluids
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ABSTRACT

Fluid-bearing microinclusions in diamonds (<1 pm) provide a unique source of information on the
diamond-forming medium. Transmission electron microscopy (TEM) investigation of such microin-
clusions enables the detailed study of their size, external habit, internal morphology, and mineralogy,
and yields information on the chemical composition and crystallography of the included phases. Here
we present a detailed TEM examination of microinclusions in four fibrous diamonds from Canada
and Siberia, each with a distinctive inferred original fluid composition. Most microinclusions contain
multi-phase assemblages that include carbonate, halide, apatite, possible pyroxene, and high-silica
mica (6.8-7.7 Si atoms per formula unit) whose composition lies along the phlogopite—Al-celadon-
ite join. The TEM results, together with the tight range of composition detected by electron probe
microanalysis (EPMA) and the volatiles detected by infrared (IR) spectroscopy, suggest that the
microinclusions trapped a uniform, dense, supercritical fluid and that the crystallized minerals grew
as secondary phases during cooling.

Carbonates appear in all assemblages, together with either halides or silicates, indicative of the
importance of carbonatitic high-density fluid during diamond growth and fluid evolution. The pres-
ence of halide-carbonate or silicate-carbonate assemblages is in agreement with the bulk composition
of the microinclusions as detected by EPMA. The high K content of some microinclusions detected
by EPMA cannot be accounted for by the solid phases analyzed by TEM. This discrepancy suggests
that K is concentrated in the residual fluid that is lost during TEM sample preparation. In addition
to microinclusions, large cavities containing amorphous phases were found in the inner parts of one
Siberian and one Canadian diamond. An Al-rich phase is the most abundant, and it is accompanied by
Ca-rich and Si-rich phases. These phases may be explained by amorphization of crystalline phases.

A breakdown of a single melt into three immiscible components is less likely.
Keywords: Crystal structure, high-density fluid, high-silica mica, carbonate, halide, secondary

minerals, multi-phase assemblage

INTRODUCTION

Inclusions in diamonds provide a unique opportunity to
investigate the mantle rocks in which diamonds are formed
and the fluids from which diamonds crystallize. The strength
of diamond and its low reactivity in a silicate environment al-
low encapsulation of trapped material and preservation of its
original composition. Mineral inclusions range in size from
tens of nanometers to almost a millimeter, and most indicate a
peridotitic or eclogitic paragenesis. Mineral assemblages consist
mainly of silicates and chromites with minor oxide, sulfide, and
carbonate minerals (Meyer 1987; Harris 1992). Temperatures
and pressures calculated from phase equilibria indicate that most
diamonds grow at 900-1300 °C and at depth of 150-200 km
(Meyer 1987; Harris 1992).

Based on cathodoluminescence (CL) images of the internal
structure of diamonds (Milledge et al. 1984; Bulanova 1995), the
low density of dislocations (Sunagawa 1984), and the associa-
tion of diamonds with cracks within their host xenoliths (Taylor
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et al. 2000), it was concluded that most natural diamonds grow
from fluids. The compositions of such fluids can be examined by
studying fluid-bearing microinclusions. Such microinclusions are
not common, but they can be found in fibrous cubic diamonds,
in the fibrous coats of coated diamonds, and as internal clouds in
octahedral diamonds (Navon 1999). The microinclusion-bearing
zones are populated by millions of sub-micrometer inclusions.

Transmission electron microscopy (TEM) is an ideal tool
for the investigation of microinclusions in diamonds. It yields
information on their size, external habit, internal morphology, and
mineralogy as well as on the chemical composition and crystal-
lography of the included phases. Previous TEM studies revealed
the presence of apatite, ankerite, high- and low-Ca carbonate,
quartz, biotite, and an unidentified mica (Lang and Walmsley
1983; Guthrie et al. 1991; Walmsley and Lang 1992a, 1992b). In
most cases, two or more of the above phases coexist in individual
inclusions. The minerals always occupy only a fraction of the
inclusion volume, the rest is occupied by a fluid phase. The pres-
ence of such fluid was suggested by Guthrie et al. (1991), who
observed motion of the secondary crystals within intact micro-
inclusions upon condensing the electron beam. This observation
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is also consistent with the presence of water and carbonate in
the infrared spectra of microinclusion-rich zones. The uniform
compositions of the microinclusions in individual diamonds,
as detected by electron-probe microanalysis (EPMA) led to the
conclusion that the microinclusions originally were trapped as a
supercritical, volatile-rich fluid (Schrauder and Navon 1994). At
the pressures and temperatures of the diamond stability field, the
silicate melts, carbonatitic melts, and hydrous fluids are beyond a
second critical point and are fully miscible (Wyllie and Ryabchikov
2000). The trapped fluid is a highly concentrated, high-density
fluid (HDF) and is similar in its composition to subcritical melts.
This HDF needs to be distinguished from the residual, low-density
fluid that is left in the microinclusions after the secondary mineral
phases crystallized from the HDF during cooling. In many cases,
the inclusions are penetrated during the milling of the TEM sample
and the residual low-density fluid is lost. Occasionally, the inclu-
sion is kept intact, allowing the observation of the low-density
fluid as well (Guthrie et al. 1991).

Whereas TEM provides data on individual secondary phases,
EPMA yields the bulk compositions of the microinclusions. The
bulk compositions can be grouped into three different “end-
members” (Schrauder and Navon 1994; Izraeli et al. 2001): (1)
a hydrous-silicic end-member rich in water, Si, Al, and K; (2) a
carbonatitic end-member rich in carbonate, Mg, Ca, Fe, K, and
Na; and (3) a hydrous-saline end-member rich in Cl, K, and Na.
Water and carbonates, detected by Fourier transform infrared
(FTIR) spectroscopy (Chrenko et al. 1967; Navon et al. 1988), are
the main volatile components. All compositions are rich in K and
many other incompatible elements (Schrauder et al. 1996).

Microinclusions in diamond represent an exceptional crys-
tallization environment in the mantle, rich in alkalis, chlorine,
carbonate, and water under high internal pressure (Navon 1991).
Investigation of the phases that crystallized inside the microinclu-
sions provides a rare view into the nature of diamond-forming flu-
ids and into a unique crystallization environment. Here we present
a detailed TEM investigation of the mineralogy of the secondary
mineral phases in four representative diamonds, each displaying
a different compositional range of the original HDF.

SAMPLES AND METHODS

Sample descriptions

Three diamonds from the Diavik mine, Lac de Gras, Slave Craton, Canada, were
analyzed. Diamond ON-DVK-272 has an octahedral transparent core surrounded by
an opaque, gray, fibrous coat (Fig. 1a). Diamond ON-DVK-281, is a gray fibrous cube
(Fig. 1b). Diamond ON-DVK-294 has an octahedral transparent core surrounded
by alternating cavity-rich layers and greenish fibrous zones (Fig. Ic, see also Klein-
BenDavid et al. 2004). One fibrous cube, UB-5-41, from the Yubileinaya mine in
Siberia with a central microinclusion-rich zone, was also analyzed (Fig. 1d).

FTIR and EPMA analysis

Before studying the microinclusions by TEM, polished plates (0.4—1.2 mm
thick) of the four diamonds were characterized using optical microscopy, CL
(Gatan miniCL), and FTIR (Bruker IRscope II microscope coupled to a Nicolet
740 spectrometer). Individual microinclusions were analyzed using EPMA (JEOL
JXA 8600 probe). Analytical conditions and procedures for the EPMA, CL, and IR
methods are described in detail by Izraeli et al. (2001, 2004) and Klein-BenDavid
et al. (2004). The CO,/(CO,+ H,0) ratio of the material trapped in the diamond is
inferred using the height of the water and carbonate bands at 3420 and 1448 cm™'
respectively (Fig. 2) and the absorption coefficients of Navon et al. (1988). The
precision of the ratio is better than 10%.

EPMA provided the relative abundance of Si, Ti, Al, Fe, Mg, Ca, Ba, Na, K, P,
and Cl. The microinclusions detected by EPMA are shallow, subsurface inclusions
and are fully surrounded by carbon matrix. They could be seen in back-scattered
electron imaging and were analyzed by energy dispersive spectrometry (EDS). The
inclusions are smaller than the volume activated by the electron beam. Moreover,
as much as 30% of the microinclusion is filled by low electron density elements (in
water and carbonate), thus the analyses comprise mostly carbon and only ~4% of
the other elements, resulting in low totals. Izraeli et al. (2004) demonstrated that in
spite of the low totals, precision is good (about 10% relative), and they estimated
accuracy as better then 15% for the major elements. Each EPMA analysis represents
a single analyzed microinclusion.

To combine FTIR and EPMA data we assumed that chloride, phosphate, and
carbonate ions balance the charge of Ca, Mg, Fe, Ba, Na, and K. Silicon, Al, and
Ti are assumed to form silicates and be balanced by O. Thus, CO} = Ca®* + Mg>* +
Fe?*+ Ba?*+ 0.5Na* + 0.5K*~ 0.5CI" — 1.5POZ’. The water may than be calculated
based on the CO,/(CO,+ H,0) ratio determined from the IR spectra.

Sample preparation for TEM analysis

Sample preparation has always been an obstacle for TEM analysis of diamond
microinclusions. Thinning the diamond to ~200 nm led to loss of much of the
microinclusion filling (Lang and Walmsley 1983). We used a focused ion beam
(FIB) of Ga ions, accelerated to 30 kV to mill a small volume of diamond and to
extract a thin foil (10 X 15 x 0.2 um) of microinclusion-bearing diamond (Figs.
le and If). FIB milling was conducted in the oil-free, high-vacuum chamber of
an FEI FIB2000 instrument (GFZ, Potsdam). Before milling, a 2 um Pt layer was
deposited on the diamond from a high-purity C¢H,sPt gas to protect the sample
surface. After milling, the foil was cut (Fig. 1f), extracted, and placed on a carbon-
coated Cu grid. Details of the FIB milling and TEM foil preparation are given in
Wirth (2004) and references therein.

Chemical analysis and electron diffraction. TEM analysis and imaging were
conducted using a Philips CM200 microscope with a LaB, electron source. The elec-
tron acceleration voltage was 200 kV. Electron energy-loss spectroscopy (EELS)
was done using a Gatan imaging filter (GIF). Foil thickness was measured using
the zero-loss spectrum and the total EEL spectrum (Egerton 1996). The electron
inelastic mean free path in diamond was calculated using the formalism given in
Egerton (1996). Chemical analysis was carried out using an energy dispersive X-ray
spectrometer (EDAX) with an ultrathin window, spot size of 3.8 nm, specimen tilt of
20°, and counting time of 200 s. All analytical data were corrected for fluorescence
and absorbtion using the foil thickness as determined using EELS (although, the
thickness of the analyzed material in the microinclusion may be smaller due to solid
and fluid loss from the exposed microinclusion upon foil preparation).

EDAX spectra were quantified using the ratio technique of Cliff and Lorimer
(1975) where C,/C,= K,(I/I,). C, and C, are concentrations and 7, and [, are the
intensities of elements a and b, respectively. The K, factor depends on the matrix
and on the fluorescence yield of different elements. The total error strongly depends
on the counting statistics and hence the concentration of the various elements.
The total error estimate for major components (>10 wt%) is 2—-5%, for minor
elements (510 wt%) is 7-15% and for lower concentrations it may exceed 50%.
Total error includes the errors in the K, factors, the counting statistics and the
unknown microinclusion thickness (which may be smaller than the sample thick-
ness). Sodium concentrations could not be measured due to interference of its Ko
peak with the GaLopeak.

RESULTS

Results from FTIR and EPMA

Infrared spectra were obtained from only three diamonds, as
diamond ON-DVK-294 is opaque. All three are IaA diamonds
(carrying pairs of N atoms) as is common for microinclusion
bearing diamonds (Fig. 2). Additional bands due to absorption
by the material trapped in the inclusions include water bands at
3420 and 1640 cm™ and carbonate bands at 1448 and 880 cm™'.
The IR spectrum of diamond ON-DVK-281 reveals additional
bands at 460, 832, 1000, 1020, 1072, and 1095 cm™ (Fig. 3a).
They resemble the absorption bands of mica. The H,O to car-
bonate ratio was calculated from the relative intensities of the
bands at 3420 cm™ and 1448 cm™', using the absorption coef-
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FIGURE 1. Images of diamond sections
(a—d). Transmitted light micrographs of
diamond slabs of diamond ON-DVK-272
(a), ON-DVK-281 (b), ON-DVK-294 (c),
and UB 5-41 (d). The concentric zones in (c)
are marked by letters: A-core, B-inner cavity-
rich zone, C-inner fibrous zone, D-outer
cavity-rich zone, E-outer fibrous zone. (e) A
focused ion beam (FIB) image showing the
location of foils extracted for TEM analysis
from diamond ON-DVK-294 (zones A-E as
in ¢); (f) Diamond foil (10 x 15 x 0.2 um)
just before extraction. The image shows the
foil in the center of a rectangular pit milled
by the focused ion beam. The foil was later
extracted under the microscope using a glass
fiber; (g) a microinclusion showing cubic and
octahedral faces reflecting diamond habit;
(h) a microinclusion showing carbonate with
rhombohedral growth habit, the microinclusion
exhibits a multi-phase filling (phlogopite +
carbonate).

a Nitrogen

FIGURE 2. FTIR spectra of diamond ON-DVK-281. (a) The recorded
Diamond + Water Diamond spectrum that includes intrinsic bands of the diamond matrix (in the
two and three phonon regions), absorption due to nitrogen impurities
in the diamond matrix (N, mostly type IaA spectrum), and bands due to
absorption by the material in the inclusions. (b) Residual spectrum after

i

b Water Water, ,"UI
‘w/ | o0, - .ﬂ \ \”"\' Mpos subtraction of standard spectra of the diamond bands and the best-fitted
i “‘““x_/—\)}"-w_‘._a" Wt U rer amount of absorption by the various N centers in the diamonds. Note the
| water bands at 3420 and 1640 cm™ and carbonate bands at 1448 and 880
: : : : : cm™'. Peaks at 1150—1300 cm™" are mostly remnants from the imperfect
4000 3500 3000 2500 2000 1500 1000 500 subtraction of bands caused by N in the diamond matrix. Mica bands are

located between 900 and 1100 cm™ (see Fig. 3 for details). The CO, band
Wavenumber cm’ at 2340 cm™ includes a contribution from atmospheric CO,.

Carbonate
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TABLE 1. Average compositions of the fluid microinclusions as measured by EPMA and IR

Diamond ON-DVK-272 ON-DVK-281 ON-DVK-294+ UB 5-41
Hydrous-saline rich Carbonatitie melt Carbonatitie melt
wt% Average Std Average Std Average Std Average Std Average
Number of analyses 21 55 71 61 2
Analytical Total* 3.2 13 34 15 3.9 2.0 5.0 23 3.6
Sio, 43 24 27.6 4.0 6.4 24 9.3 2.8 7.3
TiO, 0.2 1.1 2.5 23 0.8 1.5 1.0 17 1.5
AlL,O; 0.8 1.2 35 1.7 0.9 1.4 1.6 1.3 1.5
FeO 74 36 12.6 34 6.3 3.0 7.7 2.0 9.5
MgO 36 1.9 6.1 1.8 9.1 24 18.6 2.6 10.6
Cao 74 3.1 14.0 3.2 8.1 24 13.0 3.1 15.3
BaO 11.7 55 26 3.7 10.2 4.6 77 4.2 1.1
Na,O 8.5 2.6 3.0 17 17.6 4.7 15.5 2.6 12.1
K,O 289 6.5 224 34 20.0 4.6 131 2.0 245
P,0s 0.3 0.7 33 2.2 2.0 1.8 3.0 1.8 6.3
a 31.9 3.1 1.8 1.1 21.6 5.1 9.1 2.8 7.8
CO,/(H,0+C0,)8 0.21 0.27 No IR Data No IR Data 0.56
Co,|| 16.93 427 52.12
H,O# 63.70 1154 41.41
Normalized to 100% molar
Si 3.1 1.7 25.0 3.6 4.6 1.8 7.2 2.2 5.8
Ti 0.1 0.5 17 16 0.4 0.8 0.6 1.0 0.9
Al 0.6 1.0 3.8 1.8 0.8 1.2 14 12 14
Fe 4.5 22 9.6 2.7 3.8 1.9 5.0 1.4 6.3
Mg 39 2.1 8.2 23 9.8 2.8 214 3.0 124
Ca 5.7 24 13.5 3.0 6.3 2.1 10.7 2.6 13.0
Ba 34 1.6 0.9 1.4 29 1.4 24 1.3 0.4
Na 1.9 35 5.2 29 244 5.1 23.2 3.6 18.5
K 26.4 5.2 25.9 37 18.4 3.8 129 19 24.7
P 0.2 0.4 2.6 1.7 1.2 1.1 2.0 1.2 4.2
cl 38.9 3.0 2.7 1.8 26.1 4.7 11.9 3.6 104

*Total amount of oxides and Cl before normalization (the rest being mainly carbon from the surrounding diamond).
t All components except CO, and water are measured by EPMA and are normalized to 100%.
$The data for ON-DVK-294 is divided to carbonatitic melt and hydrous-saline rich compositions due to compositional zoning within the diamond (Klein-BenDavid

etal. 2004).

§ The CO,/(CO,+ H,0) molar ratio is calculated from the IR spectrum using absorption coefficients of water and carbonates from Navon et al. (1988).

|| The CO, content is calculated based on the assumption that:

CO, in carbonate estimated as CO3~ = Ca*" + Mg** + Fe?* + Ba>* + 0.5Na* + 0.5K* - 0.5Cl- - 1.5PO3~.

#The H,0 content is calculated fom the CO, value and the CO,/(CO, + H,0) ratio.

ficients of Navon et al. (1988). The CO,/(CO,+H,0) ratio (CO,
— as inferred from carbonates) is higher in sample UB5-41, in
which the composition of the inclusions is closer to that of the
carbonatitic end-member (Table 1).

The bulk compositions of the microinclusions were deter-
mined using EPMA. Each of the four selected diamonds display
distinct compositional ranges that fall within the known range of
microinclusions (Fig. 4). The compositions of the microinclu-
sions in diamond ON-DVK-281 fall along the array between
the carbonatitic and the hydrous-silicic end-members. Diamond
ON-DVK-272 is enriched in the hydrous-saline component; dia-
mond ON-DVK-294 is zoned and spans a wide compositional
range between the carbonatitic and hydrous-saline end-members.
EPMA analysis of individual microinclusions in diamond UB
5-41 yielded two different compositions: carbonatitic HDF was
found in two microinclusions, whereas 15 other microinclusions
contained S-Fe-Ni-rich compositions. The foil extracted for TEM
analysis contained no sulfide microinclusions, thus the EPMA
analysis of the microinclusions carrying sulfide melt are not
included in this paper.

Table 1 presents the average compositions of the fluid mi-
croinclusions measured in each of the four diamonds. Detailed
EPMA analyses of individual microinclusions in diamond ON-
DVK-294 and UB 5-41 are presented in Klein-BenDavid et al.

(2004) and Logvinova et al. (2003) and Klein-BenDavid et al.
(2003b) respectively. Those of the other two diamonds will be
discussed elsewhere, together with additional diamonds from
Canada (Klein-BenDavid et al. In preparation)

TEM results

General description of the microinclusions. The micro-
inclusions range between 30 and 700 nm in diameter. They are
anhedral to euhedral in shape, reflecting the diamond habit (Fig.
1g). Lattice dislocations are found around some microinclusions.
These appear as short lines extending from the microinclusion
into the diamond matrix; diffraction fringes are bent around these
dislocations. All of the microinclusions contain one to several
mineral phases and vacant space (commonly less than 40% of
the volume). This space was probably filled with a low-density
fluid prior to the preparation and extraction of the foil, although
in some cases, loss of solid material may also have occurred. In
most cases, the vacant spaces do not penetrate the full width of
the diamond foil, leaving a thinner diamond matrix (the inclu-
sion wall). This is concluded from the bright contrast visible in
bright-field images and from plasmon images that demonstrate
that this bright contrast is not due to a hole in the foil.

Diamond ON DVK 272. Seven microinclusions from one foil
were analyzed (Table 2). Figure 5 presents six inclusions in a 2.8
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FIGURE 3. FTIR spectra of mica between 800-1200 cm™. (a)
Mica-bearing diamond ON-DVK-281. (b) Biotite (Name: Biotite
K(MgFe*?);(ALFe*)Si;0,,(OH,F), 2002) and phlogopite (Name:
Phlogopite KMg;Si;Al0,4(F,OH), 2002) standards. (¢) Phengite
standard (Mookherjee and Redfern 2002) and Al-celadonite (Beran
2002). (d) Mica-bearing diamond KFF-166 from Koffiefontein (Izraeli
et al. 2004).

x 1.7 um? area in the foil; one (A) is empty. The element maps
retrieved by EDAX analysis show that K and CI are present in
all five microinclusions; Ca is abundant in three, and Ba in two.
The Ca- and Ba-rich zones do not overlap with the K- and Cl-rich
areas, indicating that they reside in different phases. EDS of the
solid phases within these inclusions yield compositions that are
intermediate between those of KCI and carbonate. This result
probably means that the boundary between neighboring crystals
is intricate and that the beam penetrates overlying phases.

The halide is composed of K and Cl, with K/Cl~1. No diffrac-
tion pattern of the halide phase could be retrieved due to rapid
decomposition under the beam. For the Ca-Mg-Fe rich phase,
EELS indicates bonding to carbonate ions. IR spectroscopy also
indicates the presence of carbonate in this diamond. Most car-
bonates have molar compositions indicative of ferroan dolomite
(50% Ca; 30% Mg and 20% Fe; Fig. 6). Two analyses indicate
Mg-Fe-rich carbonate. Ba-rich analyses suggest the presence
of Ba-carbonate (e.g., analysis 18 of diamond ON-DVK-272
in Table 2).

Figure 7 shows a line scan across another microinclusion that
contains both carbonate and halide phases. The distribution of
Ca, Mg, and Fe is not uniform and, at the right-hand side of the
scan, Mg and Fe concentrations increase whereas Ca concentra-
tion decreases. A slight increase in Si concentration (not shown)

Si+Al

K Na+Ca+Mg+Fe

Cl

K Na+Ca+Mg+Fe
B uss41

[] Koffisfontein diamonds (izrali el al,, 2001)

A ovovkarz
X onDvK-z81
‘ ON-DVK-204 Hydrous-saline melt O Botswanan diamonds (Schrauder el al., 1994)

/\ Diewik Diamonds

(Kiein-BenDavid &1 al., 2003; Klei

@ or-0vK-z4 Carbanatitic melt

BenDavid et al., in

D Worldwide fleld range

FIGURE 4. Compositions (molar proportions) of all the analyzed
microinclusions in all four diamonds as measured by EPMA. Also
presented are the average compositions of the inclusions in individual
fibrous diamonds from Botswanan (Schrauder and Navon 1994),
Diavik Diamonds (Klein-BenDavid et al. 2003a; Klein-BenDavid et al.
in preparation) and Koffiefontein cloudy diamonds (Izraeli et al. 2001)
and the range they span.
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TABLE 2. TEM-EDAX analysis of selected phases identified in the microinclusions in the diamond foils*+

Diamond no.# ON-DVK-272 ON-DVK-281 ON-DVK-294 ON-DVK-294
Foil no.t 446 418 453 452
Phases Halide  Carbonate Ba-Carbonate+ Carbonate  High Carbonate Carbonate Apatite Halide Carbonate Carbonate Pyroxene
Normalized + Carbonate + silicate halide + + halide silica + mica + apatite +
wt% silicate + silicate mica silicate + halide
Analysis no.t 1 6 18 20 4 6 18 31 23 28 12 28
Si0, - 9.7 8.7 6.5 57.1 0.8 18.2 - - 7.9 3.2 51.7
TiO, - - - - 5.2 - 7.8 - - - - -
Al,O, - - - - 8.7 - - - - - - 9.1
FeO - 171 - 15.6 12.0 253 1.1 28 - 13.6 10.7 9.1
MgO - 223 4.2 11.7 8.1 17.2 - - - 139 26.3 248
Cao 0.4 44.6 - 243 - 54.5 55.7 553 - 17.1 41.7 -
BaO 54 35 47.8 235 - - - - - 11.2 2.1 -
K,O 68.0 2.8 219 8.8 8.8 - 7.2 - 65.1 26.3 1.2 29
P,Os - - - - - - - 42.0 - 7.8 23 24
cl 338 - 225 124 - - - - 45.1 2.7 0.7 -
SO, - - - - - 23 - - - - 5.2 -
SrO - - - - - - - - - - 57 -
Normalized to 100% molar
Si - 8.8 8.7 6.3 54.6 0.7 17.8 - - 74 3.0 459
Ti - - - - 3.7 - 5.7 - - - - -
Al - - - - 9.8 - - - - - - 9.5
Fe - 13.0 - 125 9.6 19.7 9.1 24 - 10.6 83 6.8
Mg - 30.2 6.3 16.7 1.5 239 - - - 19.3 36.3 328
Ca 0.3 434 - 249 - 54.4 58.4 61.0 - 171 413 -
Ba 1.5 1.2 18.8 8.8 - - - - - 4.1 0.8 -
K 59.2 33 28.0 10.8 10.7 - 9.0 - 52.1 31.2 1.4 33
P - - - - - - - 36.6 - 6.2 1.8 1.8
cl 39.0 - 383 20.1 - - - - 479 4.2 0.4 -
S - - - - - 1.2 - - - - 2.8 -
Sr - - - - - - - - - - 3.1 -

* Most analyses display mixed compositions of superimposed phases.

t Deposit item AM-06-006, appendix tables. Deposit items are available two ways: For a paper copy contact the Business Office of the Mineralogical Society of
America (see inside front cover of recent issue) for price information. For an electronic copy visit the MSA web site at www.minsocam.org, or go to the American
Mineralogist Contents, find the table of contents for the specific volume/issue wanted, and then click on the deposit link there.

-

FIGURE 5. Element map of microinclusions in diamond ON-DVK-
272 using Cl1Ko, KKo., BaL, and CaKo X-ray intensities. The dark lines
in the background are due to the supporting film.

at the right-hand side of the inclusion is too small to account for
the large increase in Fe, indicating heterogeneity in the carbon-
ate composition.

The above observations indicate that the carbonate composi-
tion is variable both within and among neighboring microinclu-
sions. The diversity among neighboring microinclusions may
be the result of: (1) entrapment of a heterogeneous HDF; (2)
necking of a large inclusion after cooling and crystallization; and
(3) material loss during sample preparation. As no evidence for
necking was observed and as bulk microinclusion composition
measured by the EPMA is relatively homogeneous, we suggest
that the microinclusions were penetrated during FIB milling and
that some of their original content lost. It is also possible that
some variability is due to the original entrapment of HDF +
minute crystals (cf., Izraeli et al. 2004).

Diamond ON DVK 281. One FIB foil was cut from dia-
mond ON-DVK-281, and five microinclusions were detected.
The microinclusions in this diamond are relatively homogenous
in composition and contain several distinguishable crystalline
phases. A Ca-Mg-Fe carbonate phase was identified in four of the
microinclusions (Fig. 6). It contains on average 55% Ca, 22.5%
Fe, and 22.5% Mg (molar proportions) and minor amounts of
Ba. In two microinclusions, a Ca- and P-rich phase was detected
with lattice fringe spacings that fit that of apatite (Table 3).

A K-rich phase, with a composition that corresponds to that of
high-silica mica, was detected in all of the microinclusions. The
lattice fringe spacings presented in Table 3 correspond to those of
micas. The Si content of the mica is on average 7.4 +0.3 Si atoms
per formula unit (pfu, for 22 O atoms), much higher than the 6
atoms in common biotite or phlogopite. The Al cation propor-
tion of the high-silica mica is low, 1.2 + 0.3 pfu, but because of
the high Si content, only ~0.6 Al pfu is needed to complete the
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TABLE 2. — Extended

ON-DVK-294 UB 5-41
450 455
Si-rich  Al-rich  Ca-rich Element Si-rich  Al-rich  Ca-rich Element
phase phase  phase map phase phase phase map
37 48 47 12 14 18
553 3.9 0.6 34.7 94.7 35 25 14.9
- - - - - - - 2.3
26.4 94.8 13 29.2 53 93.5 7.0 69.1
7.6 0.5 0.6 6.9 1.6 1.6 1.9
- - 0.9 55 - - - -
6.7 0.6 94.4 15.8 - 0.9 88.2 9.8
1.9 0.3 1.0 2.5 - - - 1.1
2.2 - - 3.8 - - - -
- - - 03 0.8 0.8 13
— - - 14 — — - -
- - 1.1 - - - - -
53.1 33 0.6 323 93.8 29 2.4 13.1
- - - - - - 1.5
29.9 95.5 15 320 6.2 94.0 77 71.6
6.1 0.3 0.4 54 - 1.1 13 1.4
- - 1.3 7.6 - - -
6.9 0.5 94.4 15.8 - 0.8 874 9.2
23 0.3 1.2 3.0 - - 1.2
1.8 - - 3.0 - - - -
- - - 0.2 - 1.1 13 19
—_ - — 08 —_ — —
- — 0.6 - - - - -

* Most analyses display mixed compositions of superimposed phases.

tetrahedral occupancy, leaving ~0.6 Al pfu in octahedral sites.
Together with Mg, Fe, and minor Ti, the octahedral sites are
occupied by 4.7 + 1.1 cations pfu. The average Mg no. of the
mica is 0.53 £0.06. The K cation content is 1.8 + 0.3 pfu (Table
4). In the discussion, we conclude that this mica is intermediate
between phlogopite-biotite and Al-celadonite.

Diamond ON DVK 294. The microinclusions in diamond
ON-DVK-294 span a wide compositional range between the
carbonatitic and the hydrous-saline end-members. The hydrous-
saline-enriched microinclusions are located in the inner fibrous
zones (C and E in Fig. 1c), and the carbonatitic component is
enriched in the microinclusions of the outer fibrous zone (the
outer part of E in Fig. 1c). Cavities up to 20 um in size were
observed in zones B and D (Fig. 1c, Klein BenDavid et al. 2004).
Three FIB foils were cut from the different zones of the diamond
(Fig. 1e): two from the inner and outer fibrous layers and one
from a cavity-rich zone. Each foil exposed different features and
will be discussed separately.

Foil 452 was cut from the outer fibrous zone (E in Figs.
Ic and le). In contrast to the relatively homogenous chemical
composition in the microinclusions of the previous diamond,
the five microinclusions in this foil differ. EDAX analyses (Fig.
6) recorded carbonate, silicate, and apatite. Carbonate composi-
tion spans the range between Mg-Ca carbonate with minor Sr,
Ba, and Fe, and Mg carbonate with about 15% Fe. The silicate
is rich in Si, Mg, Fe, and Al but also carries small amounts of
K and P. Assuming that K and P reside in accessory phases, its
formula is Mg, s,Fe31Aly 3451, 8306, similar to that of a pyroxene
with Mg no. = of 0.83.

All the microinclusions contain one or more of these phases.

TasLe 3. Diffraction data of apatite and high-silica mica in five mi-
croinclusions in foil 418 of diamond ON-DVK-281
Mineralogy d hkl hkl d hkl
observed (A) calculated (A)
Apatite 3.65 (0002) 3.44
Apatite 4.18 (2020) 4.06
6.48 (0001) 6.88
High-silica mica 4.78 (020) 4.6
3.29 (112) 3.15
(022) 34
High-silica mica 4.56 (110) 4.54
(020) 46
High-silica mica 3.52 (022) 34
3.72 112) 3.67
4.56 (110) 4.54
High-silica mica 3.65 (112) 3.67
High-silica mica 1.09 (001) 1.01

An example of this multiphase nature of the microinclusions
in this sample is presented in Figure 8. The microinclusion is
dominated by Ca- and Mg-rich carbonates. Apatite is detected
left of the microinclusion center and an Mg-silicate occurs on
its right side.

Foil 453 was cut from the inner fibrous zone (C in Figs. 1c and
le). Seven microinclusions were detected. Their compositions
vary between K-Cl-rich and Ca-Mg-Fe-rich (Fig. 6). Carbonates
span a similar range to those analyzed in foil 452. Minor amounts
of Si are also present.

The K/Cl ratio of the halide phases in three of the microinclu-
sions is about 1. Sodium was not measured, but its presence is
confirmed by EPMA analyses of microinclusions in this zone.
As Cl is compensated by K, the Na is most probably bound in
carbonate. A phase having a lower K/Cl ratio of 0.43 0.4 in one
of the microinclusion is interpreted as Na-K-halide. An analysis
yielding a high K/Cl ratio (5.4 + 1.2) in another microinclusion
is attributed to the presence of a non-halide K-bearing phase.
As the Si concentration in this microinclusion is low and it
contains mainly carbonate, it is likely that the K is bound in a
carbonate phase.

Foil 450 was cut from the inner cavity-rich zone (B in Figs.
Icand le). The foil exposes two elongated cavities that are much
larger than the typical microinclusions: 1 x 4 um? and 2.5 x 8
pum?. The cavities contain both filled and empty volumes. Two
microinclusions that resemble those described previously were
detected near the cavities (Fig. 9). Microinclusion 1 contains
Mg-Ca-Fe carbonate, Si-K-rich component, and minor K-Cl-rich
halide. Microinclusion 2 contains mainly apatite and Ba-rich
carbonate. Minor Si, K, and CI were also detected.

The material in the cavities is completely different from that
of the microinclusions. Most of the material in both cavities is
amorphous, with only a few small crystals detected within the
bulk amorphous matrix. The composition of this matrix differs
from that of the fluids commonly found in diamond microin-
clusions. Cavity 1 is rich in Al and has lesser Si. Cavity 2 is
more heterogeneous and is filled with three distinct amorphous
phases (Fig. 10). The dominant phase is rich in Al, with a few
other elements. An Si-rich phase also contains Al, Mg, Fe, and
K. A Ca-rich phase also contains minor P. Figure 6d displays the
compositional range observed in the two areas.

Diamond UB 5-41. One FIB foil was cut from diamond
UB 5-41. Three cavities (3.0, 0.68, and 0.75 um in size) were
exposed. We investigated the large cavity, which is filled with
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TaBLE 4. Compositions of high-silica mica as measured in five microinclusions in foil 418 of diamond ON-DVK-281

Inclusion 1 Inclusion 2

Inclusion 3

Wt% 1 2 3 4 5 Average std 15 16 17 21 22 23 24 Average std 25 26 27 28 29 Average

Sio, 57.1 57.7 575 57.1 58.1 575 042 514 508 484 49.7 485 506 502
TiO, 56 62 57 52 50 55 047 54 58 54 49 56 52 5.9
ALO, 72 85 80 87 86 82 062 63 7.7 7.8 70 56 7.5 7.3
FeO 128 11.8 113 120 11.1 11.8 067 165 166 168 159 174 147 154
MgO 78 69 94 81 93 83 1.06 104 110 112 123 118 110 99

Ca0 - - - - - - - - - - 1.1 33 06 1.25
K,0 92 85 76 88 79 84 065 101 80 104 101 111 99 81
cl 04 04 03 - - 0.2 0.21 - - - - - - -
Total 100 100 100 100 100 100 100 100 100 100 100 100
Formula proportions based on 22 O atoms
Si 77 77 76 76 76 76 003 72 70 68 70 69 70 70
Ti 06 06 06 05 05 06 005 06 06 06 05 06 05 06
Al .1 13 12 14 13 13 0.09 1.0 13 1.3 1.2 09 1.2 1.2
Fe 14 13 13 13 12 13 0.08 1.9 1.9 2.0 1.9 21 1.7 1.8
Mg 16 14 19 16 18 16 020 22 23 24 26 25 23 20
Ca - - - - - 0.0 0.00 - - - - - 0.2 0.5
K 16 14 13 15 13 14 012 1.8 1.4 1.9 1.8 20 1.8 1.4
cl 01 01 01 - - 00 0.04 - - - - - - -

49.9 115 546 557 524 55.1 514 53.8
55 035 77 59 63 62 61 64
7.0 0.81 - 85 73 71 92 64
16.2 092 157 144 146 13.1 141 144
1.1 0.81 91 44 80 76 61 70

9.7 117 13.0 11.0 114 109 13.0 11.9

100 100 100 100 100

7.0 0.11 77 76 73 75 72 75
0.6 004 08 06 07 06 06 0.7
1.2 0.13 - 14 12 11 15 10
19 0.12 19 16 17 15 16 17
23 018 19 09 17 15 13 15

0.1 0.19 - - - - - 00
1.7 022 23 19 20 19 23 21
0.0 0.00 - - - - - 00

K Mg+Fe+Ca

K Mg+Fe+Ca
Legend for a-c Legend for d
A Diamond ON-DVK-272 A Diamond UB5_41
@ Diamond ON-DVK-281 4 Diamond ON-DVK-294 foil 450 cavity 1

O Diamond ON-DVK-294 foil 452 © Diamond ON-DVK-294 foil 450 cavity 2

X Diamond ON-DVK-294 foil 453

FIGURE 6. Compositions of solid phases in microinclusions measured by TEM-EDAX (all in
molar proportions). (a) All microinclusions presented on a Si + Al, Mg + Fe + Ca, and K ternary
diagram. (b) Carbonate-bearing microinclusions presented on a Mg, Ca, and Fe ternary diagram.
(c) Halide-bearing microinclusions presented on a Cl, Mg + Fe + Ca, and K ternary diagram. (d)
Cavity-fill composition presented on a Si, Al, and Ca ternary diagram.

three phases: Al-rich, Ca-rich, and Si-rich;
part of the cavity is now empty. Diffrac-
tion patterns and dark-field images indicate
that most of the matrix is amorphous; small
crystals (10-200 nm) of various minerals
were detected within the bulk amorphous
matrix. EELS indicated that Al is bonded
to O and Ca is bonded to COs. The Si-rich
phase also contains Fe, K, and CI. The
concentrations of the latter two correlate
positively.

DISCUSSION

Microinclusion fillings

TEM imaging and analysis of FIB-
milled foils provide unique observations
into microinclusions in diamonds. TEM
imaging of the microinclusions detected
multiphase mineral assemblages. In most
cases, vacant spaces were also present in
the microinclusions and were probably
filled with low-density fluids before the
microinclusions were exposed during
sample preparation. This conclusion is
supported by the following observations:
Guthrie et al. (1991) reported an amorphous
phase that moved under the beam and in-
terpreted it as a fluid phase. IR spectra of
the diamonds show abundant water in the
microinclusions. Navon (1991) showed
that the microinclusions in diamonds from
Zaire are under high internal pressure
(1.5-2 GPa at room temperature) and at-
tributed it to a compressed volatile phase.
Last, high K concentrations that cannot be
accommodated by mica and halides were
found in the microinclusions. This excess
K (Fig. 11) is probably concentrated in the
low-density residual fluid that was lost
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TABLE 4. — Extended

Inclusion 4 Inclusion 5

std 32 33 34 35 40 Average std 42 Average All Stdev
185 558 56.1 56.4 56.7 53.7 55.7 1.19 436 534 3.8
072 68 52 54 53 70 59 088 1.2 5.6 1.2
369 76 83 83 68 73 77 065 88 74 1.8
094 121 116 116 136128 123 0.86 203 14.2 24
183 82 84 88 65 83 80 089 113 8.9 20

- - - 02 0.7
1.06 96 104 95 11.0109 103 0.71 147 10.2 1.8

- - - 00 0.1

100 100 100 100 100 100

023 75 75 75 77 73 75 014 73 74 0.3
008 07 05 05 05 07 06 009 0.1 0.6 0.1
060 12 13 1.3 1.1 1.2 1.2 009 15 1.2 0.3
013 14 13 1.3 16 15 14 011 1.7 1.6 0.3
039 16 17 1.8 13 17 16 017 22 1.8 0.4
0.00 - - - 00 0.00 - 0.0 0.1
022 16 18 16 19 19 1.8 014 18 1.8 0.3
0.00 - - - - - 00 0.00 - 0.0 0.0

FIGURE 7. Scanning TEM image with line-scan across a
microinclusion in diamond ON-DVK-272 showing CaKo., FeKa.,
and MgKo X-ray intensities. The dark areas in the background are the
perforated carbon film supporting the foil.

during foil preparation. The high volatile fraction of secondary
solids suggests that the material trapped in the inclusions was
a melt-like, high-density, supercritical fluid. Upon cooling, this
fluid was quenched to solid phases and a residual low-density,
water-rich fluid.

Microinclusion heterogeneity

Although EPMA of microinclusions from the same diamonds
display relatively homogenous compositions, some heterogene-
ity was observed among microinclusions from the same foil.
Neighboring microinclusions may contain different mineral
phases or show different compositions. Most of the observed
variation is attributed to rupture of microinclusion during mill-
ing. However, some variation can arise from the entrapment of
high-density fluid carrying small crystals that precipitated from
it prior to entrapment.

Carbonate minerals

The presence of carbonate minerals in diamond microinclu-
sions was inferred from diffraction patterns (Guthrie et al. 1991;
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FIGURE 8. Line-scan across a microinclusion in diamond ON-DVK-
294 foil 452, illustrating the multi-phase nature of the microinclusion.

)

FIGURE 9. Cavities in foil 450 (diamond ON-DVK-294). The frame
at the bottom center defines the area of the element map presented in
Figure 10. Dark gray horizontal columnar contrasts at the right side of
the image are FIB thinning artifacts. The dark lines in the background
are part of the supporting carbon film.
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FIGURE 10. Element map of cavity 2 (see Fig. 9). Note the different
distribution of the CaKa., SiKo., and AlKo X-ray intensities.

Si+Al

FIGURE 11. TEM-
EDAX analyses of phases
in the microinclusions (molar

Walmsley and Lang 1992a), IR spectra of microinclusion bearing
diamonds (Chrenko et al. 1967; Navon et al. 1988) and EPMA
analysis that detected high Ca, Mg, and Fe with no compensat-
ing anions (Schrauder and Navon 1994; Izraeli et al. 2001).
The abundance of these elements correlates positively with the
CO,/(H,O + CO,) ratio retrieved from the IR spectra (Schrauder
and Navon 1994; Izraeli et al. 2001). In the present work, we
contribute additional evidence for the presence of carbonates.
EELS reveals carbon-K and oxygen-K edges that display the
characteristic signatures of carbonates. In addition, we observed
some crystals with arhombohedral habit, characteristic of Mg-Fe
carbonates (Fig. 1h).

Carbonate minerals were identified in foils from all diamonds
in which microinclusions were studied. They appear in all as-
semblages, with either halides or silicates, thus emphasizing the

Si+Al

proportions). (a) diamond
ON-DVK-281. (b) Foil 452 K
of diamond ON-DVK-294.

(¢) Diamond ON-DVK-272.

(d) Foil 453 of diamond ON- m
DVK-294. Shaded areas:
EPMA analyses of the
relevant diamonds; open
areas — compositional range
of diamond from Botswana,
South Africa and Canada Cl
(See also Fig. 4) (Schrauder
and Navon 1994; Izraeli et al.
2001; Klein-BenDavid et al.
2003a; Klein-BenDavid et al.
in preparation).

O Worldwide fluid range

Mg+FetCa K

ON-DVK-281 EPMA analysis
€ ON-DVK-281 foil 418 TEM-EDAX analysis

Mg+Fe+Ca
O Worldwide fluid range

= ON-DVK-294 carbonatitic melt EPMA analysis
O ON-DVK-294 foil 452 TEM-EDAX analysis

Cl

K Mg+Fe+Ca K

O Worldwide fluid range

g ON-DVK-272 EPMA analysis
A ON-DVK-272 foil 446 TEM-EDAX analysis

Mg+Fe+Ca

O Worldwide fluid range
g ON-DVK-294 hydrous-saline melt EPMA analysis
2 ON-DVK-294 foil 452 TEM-EDAX analysis
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FIGURE 12. A plot of YY(Mg + Fe + Ti + Al) vs. VSi in analyzed
micas in the microinclusions of diamond ON-DVK-281 (calculated
based on 22 O atoms per formula unit, different shades correspond
to the different microinclusions). Also shown: high-silica mica in
microinclusions in a diamond from South-Africa (Izraeli et al. 2004);
phlogopites in kimberlites (Mitchell 1995b); phlogopite inclusions in
diamonds (Giardini et al. 1974; Prinz et al. 1975; Gurney et al. 1979;
Meyer and McCallum 1986; Sobolev et al. 1997); and phengites from
metamorphic rocks (Hermann 2003; Willner et al. 2004).

importance of carbonatitic HDF in the growth of diamond and
the evolution of mantle fluids.

The carbonates identified in diamonds ON-DVK-281 and 272
(Fig. 6b) are ferroan dolomites similar to the high-Ca carbonate
identified in microinclusions from Zaire (Guthrie et al. 1991;
Walmsley and Lang 1992a). Two of the carbonate analyses in
diamond ON-DVK-272 are depleted in Ca and are similar to the
low-Ca carbonates reported by Guthrie et al. (1991). Those in
ON-DVK-294 are depleted in Fe and span a continuous range
between dolomite and magnesite. They resemble the composition
of magnesite and dolomite of larger diamond inclusions (Meyer
1987; Harris 1992).

Apatite

Apatite was identified in diamond ON-DVK-281, based on
its composition and diffraction pattern. It was identified earlier
in microinclusions in diamonds from an unknown source (Lang
and Walmsley 1983) and from Zaire (Guthrie et al. 1991). In
the Zairian diamond, the apatite coexisted with carbonate and
an unidentified sheet silicate. A similar assemblage was identi-
fied in diamond ON-DVK-281. Evidence of apatite intergrowth
with carbonates is shown in foil 452 of diamond ON-DVK-294
(Fig. 8). No apatite was detected in the hydrous-saline-rich
ON-DVK-272.

High-silica mica

High-silica mica was identified in all analyzed microinclu-
sions in diamond ON-DVK-281. The electron diffraction and
lattice fringe spacings identified the phase as mica. The silica-
rich composition of the mica in diamond ON-DVK-281 devi-
ates significantly from that of phlogopite in diamond inclusions
(Meyer 1987; Harris 1992; Sobolev et al. 1997), kimberlites and
lamproites (Mitchell 1995a, 1995b). Silicon occupies between
6.8 and 7.7 of the 8 tetrahedral sites with an average of 7.4 £0.3
(22 O atoms pfu). Mica in diamond microinclusions also was
found by Guthrie et al. (1991) and Walmsley and Lang (1992b),

who confirmed elevated Si concentrations but provided no ac-
curate analyses. Izraeli et al. (2004) found high silica mica in
microinclusions in cloudy diamonds from Koffiefontein; in these,
the Si content is 6.3—7.0 pfu, lower than the present results, but
still higher than in phlogopite or biotite (Fig. 12). Mica inclusions
containing up to 7.2 Si atoms pfu were recorded in ultrahigh-pres-
sure metamorphic microdiamonds from the Kokchetav massif
(Shatsky et al. 1995).

The octahedral sites are occupied by Fe and Mg together
with Ti and the non-tetrahedral Al. The occupancy of the
octahedral sites range between 4.3 and 4.9 pfu, intermediate
between di- and tri-octahedral micas. Octahedral occupancy
correlates negatively with Si and falls along the array between
Al-celadonite [K,;Mg,Al,Sis0,0(OH),] and phlogopite/biotite
[K,(MgFe)s(SisAly)O4(OH),] (Fig. 12). The average K content
is 1.8 + 0.3 atoms pfu. The relatively low occupancy of the
interlayer site can be the result of substitution of Na for K. Al-
ternatively, the low occupancy may compensate for the charge
increase in the tetrahedral site, similar to illite-muscovite or
talc-phlogopite substitutions.

The IR spectrum of the microinclusions reveals clear mica
bands at 460, 832, 1000, 1020, 1072, and 1095 cm™" (Fig. 3a).
The locations of the bands show similarities to both phlogopite-
biotite and Al-celadonite-phengite (Figs. 3b and 3c). A band at
~1020 cm™ is common to all spectra. The bands at 1000 and
1072 cm™ are close to those of high silica micas (1005 and
1075 cm™); that at 1095 cm™ is close to the 1090 cm™ band of
phlogopite. The phlogopite band at 972 cm™ is missing in the
spectrum of ON-DVK-281.

Izraeli et al. (2004) reported IR spectra of high silica mica-
bearing diamonds from Koffiefontein (Fig. 3d). In the Koffie-
fontein spectrum, the 1020 cm™ band is more pronounced then
the 1000 cm™ band and an additional band appears at 971 cm™'.
The higher intensities of the 1020 and 971 cm™ bands are in
agreement with the higher proportion of the phlogopite compo-
nent relative to the Al-celadonite component in the Koffiefontein
microinclusions (Fig. 12).

The mica compositions detected in ON-DVK-281 have not
been reported previously. Phlogopite inclusions in diamonds are
close to stoichiometric, and may even show Si deficiency (Fig.
12). Some kimberlitic phlogopites show modest Si enrichment
above 6 Si atoms pfu (Mitchell 1995b). However, they are deplet-
ed in Al and enriched in Fe (tetra-ferri mica substitution). A single
analysis of extreme Si-enrichment in such micas was reported
by Seifert and Schreyer (1971). Phengites from high-pressure
metamorphic rocks have elevated amounts of Si (Guidotti 1984).
However, their octahedral sites contain four Al atoms pfu with
only trace amounts of divalent ions (Fig. 12).

Schreyer (1965) investigated synthetic Si-rich micas that
incorporated both Mg and Al in equal proportions at their octa-
hedral site. He speculated that the immiscibility range between
di- and tri-octahedral micas closes at high pressure. The high
silica micas in diamond ON-DVK-281 along with the high silica
micas described by Izraeli et al. (2004) fall within this range and
suggest that the miscibility gap closes under natural conditions
at the high pressure of the diamond stability field.

High silica mica included in diamonds was found both as a
secondary phase that precipitated from the trapped fluids (this
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study) and as a trapped crystalline mineral phase (Izraeli et al.
2004) that was present during the precipitation of the diamonds.
This rare occurrence reflects the unique environment where HDF
rich in Si, K, and H,O are present at such high pressure.

Halide

K-Cl rich phases that decomposed rapidly under the beam
were detected in diamonds ON-DVK-272 and ON-DVK-294
(foil 453), and are most probably halides. As Na was not ana-
lyzed, it is impossible to state the specific halide composition.
But, a KCl-dominated halide is most likely as K correlates posi-
tively with Cl and the K/Cl ratio is around one. The fact that the
K/ClI ratio measured by EPMA for bulk microinclusions from
these diamonds is lower then unity suggests that some of the Cl
is associated with other ions. Surprisingly, no clear indication
for halite was found in this study. The excess Cl is high, and the
minor P found in the halide-bearing microinclusions precludes C1
accommodation in apatite. It is possible that the excess Cl resides
in the residual fluid released during sample preparation.

Pyroxene

The presumed pyroxene in diamond ON-DVK-294 differs
from common orthopyroxene mineral inclusions in diamond by
its lower Mg no. (0.83) and high Mg-Tschermak component
(10%). The microinclusion contained only pyroxene; thus, it
may have been trapped as a primary mineral inclusion. Diopside,
chromite, and possible olivine were detected in ON-DVK-294
using EPMA (Klein-BenDavid et al. 2004). However, unlike the
present pyroxene, the Xy, of the diopside (0.94) and the olivine
(0.93) fall within the common range of diamond inclusions. If
the pyroxene is secondary and grew from the fluid, it is the first
report of this mineral in the assemblage of secondary phases in
diamond fluid microinclusions.

Correlations between TEM, EPMA, and IR results

TEM analyzes the secondary phases within a single micro-
inclusion, EPMA analyzes the bulk composition of individual
microinclusions, and IR records the composition of many micro-
inclusions in a certain volume of the diamond. It is significant
that the results obtained by all three analytical methods agree
with each other and exhibit a coherent set of results. Figure 11
compares the EPMA and TEM data. EPMA analyses show that
the bulk compositions of the microinclusions in each diamond
span a relatively narrow range. In many cases, this range may be
accounted for by the combined chemistry of the solid phases of
that diamond as detected using TEM. Where this is not possible
(e.g., ON-DVK-281 and foil 294-452), the missing ingredient is
K, which may have remained in the residual low-density fluid that
filled the vacant part of the microinclusion before it was exposed
(cf., Hwang et al. 2005). This assumption is supported by the
experimental results of Stalder et al. (2002), who equilibrated
fluid and melt with mantle minerals at elevated pressures and
temperatures and found that K remained in the residual hydrous
solution of the quenched products.

Schrauder and Navon (1994) and Izraeli et al. (2001) have
shown a positive correlation between the CO,/(CO, + H,O) ratios
calculated from the infrared spectra and the divalent ion content
as detected by EPMA. Here, we note a low CO,/(CO,+ H,0)
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ratio in diamonds ON-DVK-272 and ON-DVK-281 that carry
abundant halides or micas. This ratio is high in diamond UB
5-41, where carbonate phases are more abounded.

Cavity fill

Cavities that are a few micrometers in size were observed
in two diamonds: ON-DVK-294 and UB 5-41. The chemical
composition of their trapped material is similar. It differs from
that of the sub-micrometer inclusions in the same diamonds and
is dominated by Al-rich and Si-rich amorphous phases (Fig. 10).
To the best of our knowledge, this is the first observation of such
compositions within a diamond.

The cavities may be the result of diamond dissolution, but as
the cavity-rich zones reside in the inner part of the diamond (Fig.
le), such dissolution and entrapment of material should have
occurred in the diamond stability field. The cavities may have
trapped crystalline phases that later became amorphous, e.g.,
during ascent. Such Al- or Si-rich minerals may evolve during
metasomatism of mantle silicates by carbonate and water-rich
fluids. Alternatively, the coexistence of the three well-separated,
amorphous phases may indicate the entrapment of a homogenous
melt that separated immiscibly upon cooling.

Comparison with other diamond microinclusions

The secondary mineral assemblages identified in the micro-
inclusions are broadly similar to those detected at other localities
(Lang and Walmsley 1983; Guthrie et al. 1991; Walmsley and
Lang 1992a, 1992b). The finding of halides in hydrous-saline-
rich microinclusions and pyroxene in a carbonatitic fluid and
the full characterization of the high-silica mica add new phases
to the suite of secondary minerals in diamond microinclusions.
Quartz was reported by Guthrie et al. (1991) in microinclusions
with highly silicic composition. No quartz was observed in the
diamonds we studied, probably because none was rich enough
in silica.

The secondary minerals that crystallized from the trapped
fluids differ substantially from primary mineral inclusions in
diamonds. Carbonates, phosphates, halides, sheet silicates, and
quartz are all rare in the mantle and appear in low abundance, if
at all, as macro-mineral inclusions in diamonds.

The presence of this unique assemblage in microinclusions
reflects the entrapment of a primary HDF enriched in incompat-
ible elements (Cl, K, P, Ba, and Sr), water, and carbonate under
high internal pressure. Entrapment in the diamond ensures high
CO, pressure that persists in the microinclusions even after
ascent to the surface [1.5-2 GPa at room temperature (Navon
1999)]. This high CO, pressure ensures bonding of most Mg,
Fe, and Ca in stable carbonates and allows for the presence of
quartz as reported by Guthrie et al. (1991). The high pressure
and the high activity of silica and K,O also explain the forma-
tion of high-silica mica rather than phlogopite that is preferred
in the Mg-rich mantle environment. The high content of P leads
to precipitation of apatite; the excess K ends up in the residual
low-density fluid.

The detection, for the first time, of halides along with car-
bonates in the chlorine-rich microinclusions strengthens the
evidence for the growth of diamonds from chlorine-carbon-
ate-rich fluids.
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Carbonate phases were identified in most of the microinclu-
sions, both in silicate assemblages and in saline ones. Carbonatit-
ic compositions are also the link between the two compositional
arrays defined by the average compositions detected using EPMA
(Navon et al. 2003). Thus, the TEM analyses provide additional
evidence for the importance of carbonatitic HDF in the forma-
tion of the diamonds.
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