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ABSTRACT

Diamond inclusions are of particular research interest in mantle petrology and diamond exploration
as they provide direct information about the chemical composition of upper and lower mantle and
about the petrogenetic sources of diamonds in a given deposit. The objective of the present work is to
develop semi-quantitative analytical tools for non-destructive in situ identification and characterization
of mineral inclusions in diamonds using synchrotron micro-X-ray Fluorescence (WSXRF) spectroscopy
and micro-X-ray Absorption Near Edge Structure (WXANES) spectroscopy at a focused spot size of
4 to 5 micrometers. The data were collected at the Pacific Northwest Consortium (PNC-CAT) 20-ID
microprobe beamline at the Advanced Photon Source, located at the Argonne National Laboratory,
and yielded the first high-resolution maps of Ti, Cr, Fe, Ni, Cu, and Zn for natural diamond grains,
along with quantitative WSXRF analysis of select chemical elements in exposed kimberlite indicator
mineral grains. The distribution of diamond inclusions inside the natural diamond host, both visible
and invisible using optical transmitted-light microscopy, can be mapped using synchrotron uXRF
analysis. Overall, the relative abundances of chemical elements determined by USXRF elemental
analyses are broadly similar to their expected ratios in the mineral and therefore can be used to identify
inclusions in diamonds in situ. Synchrotron uXRF quantitative analysis provides accurate estimates of
Cr contents of exposed polished minerals when calibrated using the concentration of Fe as a standard.
Corresponding Cr K-edge X ANES analyses on selected inclusions yield unique information regard-

ing the formal oxidation state and local coordination of Cr.

INTRODUCTION

The exceptional chemical and physical properties of diamond
allow it to store and preserve information about the deep mantle
from which it originates. Diamond crystals often incorporate
grains of other minerals as they grow, and shield these mineral
inclusions from later destruction. These diamond inclusions
(DIs) record information about the mineralogy, composition,
and thermal regime of the ancient Archean-Proterozoic litho-
spheric mantle, thus providing constraints on processes that
lead to stabilization of proto-continents. In addition, diamonds
and DIs provide valuable information for diamond exploration
programs, allowing determination of diamond parent paragenesis
(eclogitic or peridotitic; Gurney 1989) and leading to prioritiza-
tion of exploration targets.

Historically, DIs have been studied by destructive methods in
which the diamonds are crushed (Sobolev et al. 1970; Gurney et
al. 1984; Gurney 1989) or ablated (Seitz et al. 2003), thereby de-
stroying all smaller inclusions and extracting only parts of larger
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inclusions. The recovered inclusions are then mounted on a slide,
polished, and analyzed using electron microprobe techniques.
This complicated and time-consuming process requires 2—3 days
to study major mineral inclusions in just one diamond.
Synchrotron micro-X-ray Fluorescence (LWSXRF) spectros-
copy is an established method for non-destructive extraction of
important chemical and mineralogical information from fluid and
solid inclusions in minerals (Frantz et al. 1988; Mavrogenes et
al. 1995). The utility of the synchrotron micro-techniques is en-
hanced by the high brightness and energy of the third-generation
synchrotron sources (Sutton et al. 2002), such as the Advanced
Photon Source (APS) and the Canadian Light Source (CLS),
and by the high spatial resolution of the associated microprobe
beamline and end-station. It takes only minutes to collect a fluo-
rescence spectrum from a high intensity X-ray beam produced
by synchrotron radiation and, due to its substantial penetration
depth, synchrotron WXRF can probe inclusions in situ. More-
over, with recent advances in micro-focusing techniques, one can
collect a meaningful USXRF signal from 5-10 wm inclusions
(Vincze et al. 2004) that previously could not be characterized.
Mineral inclusions in diamonds have been studied with the
USXRF technique qualitatively (Ohigashi et al. 2002; Meng et
al. 2003) and, most recently, quantitatively (Vekemans et al.
2004; Vincze et al. 2004). Quantification of the uSXRF data
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requires knowledge of the geometry of an individual inclusion
and its position in the host mineral. These two parameters could
be determined optically (Mavrogenes et al. 1995; Rickers et al.
2004) or extracted from the fluorescence spectrum (Philippot
et al. 1998) and transmission line scans (Cauzid et al. 2004).
Concentrations of trace elements are then evaluated by refer-
ence to an external or internal standard (Mavrogenes et al. 1995;
Vincze et al. 2004; Hansteen et al. 2000) or by comparison with
spectra simulated by a Monte Carlo routine (Rickers et al. 2004).
Such quantitative analysis, however, has a limited application to
mantle petrology and diamond exploration as it provides only
trace element abundances (i.e., elements with Z > 20), but does
not allow mineral identification.

The aim of this study is to optimize the uSXRF technique
for diamond exploration that requires non-destructive qualita-
tive determination of mineral inclusions hosted by diamonds.
We tested if USXRF method could identify DI in situ based on
simple semi-quantitative treatment of XRF spectra. Furthermore,
we used several elements in natural diamond indicator minerals
for internal standardization and assessed the uncertainties, sensi-
tivity, and limitations of such quantitative uSXRF analysis. We
also evaluated the utility of the Absorption Near Edge Structure
(LXANES) spectroscopy for identification and characterization
of mineral inclusions in diamonds. Our study reports the first
USXRF chemical distribution maps of natural diamonds and
DIs and extents our knowledge of metal impurities in diamonds
from artificial (Meng et al. 2003) to natural samples.

MATERIALS AND ANALYTICAL METHODS

Synchrotron X-ray fluorescence data were acquired for two kinds of natural
grains: (1) diamonds from the Jericho kimberlite (NWT, Canada) and (2) kimberlite
indicator minerals. All the grains were polished with 600-3 pm pastes to a standard
quality required for the electron microprobe analysis. Three diamonds (372X,
280RS, and 344X), up to approximately 3 mm in size and containing inclusions
of purple harzburgitic garnet, orange eclogitic garnet, green clinopyroxene, opaque
sulfide, and numerous colorless inclusions, were investigated. The inclusions, where
possible, were exposed by polishing away the host diamond and then analyzed on a
fully automated CAMECA SX-50 electron microprobe (Earth and Ocean Sciences
Department, UBC), operating in the wavelength-dispersion mode with the follow-
ing operating conditions: excitation voltage, 15 kV; beam current, 20 nA; peak
count time, 10s; beam diameter, 3 um. The electron microprobe data were reduced
using the “PAP” @(pZ) correction procedure. Several selected kimberlite indicator
minerals were also analyzed by USXRF for use as reference minerals in subsequent
elemental quantification evaluations. The kimberlite indicator minerals are chromite
(Chromite 9-12, Table 1A) from Jericho peridotite xenoliths and eclogite garnet
(Eclogitic Garnet YK 2416, Table 1A) and green clinopyroxene (Cr-diopside YK
2416, Table 1). Electron microprobe analyses (EMP) of the chromites are reported
in McCammon and Kopylova (2004). The garnet and clinopyroxene were analyzed
using a JEOL 8600 Superprobe (Department of Geological Sciences, University of
Saskatchewan). The probe was operated at an accelerating voltage of 15 kV, beam
current of 50 nA, take off angle of 40°, and a beam diameter of ~5 um. Grains of
natural Cr-diopside, olivine, and pyrope were used as standards. All elements were
counted for 100 s. Matrix and ZAF corrections were performed using formulas
modeled after Heinrch/Duncumb-Reed.

Synchrotron pXRF elemental distribution maps and Cr K-edge uXANES
spectra were collected at the APS Pacific Northwest Consortium Collaborative
Access Team (PNC-CAT) 20-ID beam line using an energy of 11.8 keV (A =
1.05085 nm). The PNC-CAT spectrometer has been described in detail by Heald
et al. (2001). X-rays exiting the Si(111) double-crystal monochromator were at
an incident angle of 45° to the sample. The samples were placed on Kapton tape
and mounted on a high-precision x-y translation stage. The resolving power of the
monochromator was approximately 10000 and a Kirkpatrick-Baez mirror pair (Eng
et al. 1995) focused the beam to a spot size of approximately 4 m x 5 pum. This spot
size limits the spatial resolution of the method. As the analytical setup was open to
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the atmosphere, significant attenuation of the lower-energy X-rays in the air path
to the detector occurred and only the fluorescence data for elements heavier than
Ca (such as Ti, Cr, Fe, Ni, Cu, and Zn) was collected. The pSXRF spectra were
collected using a 7-element intrinsic Ge detector mounted at 90° to the incident
beam (45° to the sample normal). This 45° incident angle to the sample is within
the 40—-60° range recommended for the optimal set-up of analytical uSXRF (Cauzid
et al. 2004). Spectral reproducibility was excellent among repeat USXRF spectra.
Elemental distribution maps of Ti, Cr, Fe, Ni, Cu, and Zn were obtained using a
step size of 10—15 um and counting times of 0.5 s/step, resulting in maximum data
acquisition times of approximately 9 hours. Estimated detection limits for these
analytical conditions range from approximately 100 ppm for Ti (Z = 22) to around
10 ppm for Zn (Z = 27). uSXREF spot analysis spectra of DIs and kimberlite indica-
tor mineral grains were integrated over a 60 s collection period, yielding lower
detection limits of around 10 ppm for Ti to less than 1 ppm for Zn.

USXREF spectroscopy is a volume analysis technique. It records an integrated
signal from excited atoms distributed within the 3D analytical volume of mate-
rial. The technique, therefore, depends little on the quality of the material surface.
The main restriction on the analytical penetration depth is X-ray absorption of
the incident and fluorescent beams by the host material and the inclusion itself
(Frantz et al. 1988). The XRF signals that we analyzed were derived mainly from
the upper half of the samples as incident X-rays attenuate exponentially when
passing through matter. Diamond, however, shows less attenuation and absorp-
tion of X-rays than other common minerals as it is made of lighter carbon atoms.
It was estimated that an 8.6 keV X-ray beam decreases in intensity by more than
40% after passing through a 0.35 mm diamond layer (Meng et al. 2003). In a given
matrix, the maximum analytical depth of the technique depends on the X-ray
excitation energy and on the concentration and characteristic X-ray fluorescence
of an element. Elements with X-ray energies closer to the excitation energy can
be detected in lower concentrations, and lighter elements can only be analyzed in
shallower inclusions (Mavrogenes et al. 1995). For example, Sr X-ray fluorescence
from in situ diamond inclusions is completely attenuated in a 200 um diamond
layer, whereas Zr becomes undetectable below a 275 um diamond layer using a
28 keV X-ray beam energy (Vekemans et al. 2004). With a 8.3 keV X-ray excita-
tion energy, Fe inclusions were detected in a 0.5 mm diameter diamond (Ohigashi
et al. 2002). In our study, the excitation energy of 11.8 keV allowed detection of
measurable Fe, Mn, Ni, Cu, Zn, Co, Cr, and Ti in inclusions located in the upper
0.5 mm diamond layer as determined optically.

UXANES analysis, using focused spot sizes of 4 to 5 um, was done on several
of the inclusions following acquisition of the elemental distribution maps. Fluo-
rescence LXANES spectra were collected at the Cr K-edge (1s) absorption edge
(E, = 5989 eV) on selected areas on the diamond inclusions, reference minerals
and Cr foil. Cr K-edge uXANES spectra were collected over the pre-edge region
(5850 to 5979 eV) using a step size and dwell time of 8 eV and 2 s, respectively
and across the absorption edge (5980-6280 eV) using a step size and dwell time
of 0.25 eV and 2 s, respectively. All uXANES spectra collected were calibrated
using pure Cr foil (E, = 5989 eV).

Data reduction

To quantify the data, synchrotron uXRF spectra were deconvoluted using
a Levenburg-Marquardt non-linear minimization algorithm (Bevington 1969),
taking into account a quasi-linear baseline. The areas of the fitted peaks were
determined using PeakFit 4.12 program developed by SeaSolve Software (http:
/Iwww.systat.com/products/PeakFit/) and the ratios of the areas semi-quantitatively
characterize the minerals (Table 1A).

Quantification of the elemental concentrations was done using SNRLXRF
software (Sutton et al. 2002), a modification of NRLXRF developed by the Naval
Research Laboratory (Birks et al. 1977; Criss et al. 1978), which converts elemental
peak areas into absolute concentrations using theoretical predictions of fluorescence
intensity assuming that the concentration of one constituent is known. A sensitivity
analysis of the software corrections on the resulting element concentrations was
carried out by varying several input parameters, such as the reference element
concentration, mineral density, and grain thickness (Table 1B). The primary sources
of error are the uncertainties in the peak areas derived from the peak fitting routine
and in the reference element concentration, while minor changes in mineral density
and grain thickness have little impact on the final result.

Using the electron microprobe Fe concentration as the reference element in
the SNRLXRF quantification routine, the calculated Cr contents of the kimberlite
indicator minerals agree well with the electron microprobe data (Table 1A). Ac-
curacy of the Cr analysis is calculated to be 1.2-13.1 rel%, which is similar to
the 0.2-14.0 rel% accuracy of the uSXRF analysis of elements with Z = 29-92,
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TABLE 1A. Chemical compositions and element ratios for DIs and indicator minerals analysed by electron microprobe (EMP) and micro-SXRF

Mineral Cr (wt%) Fe (wt%) Ti (Wt%) Ni (wt%)
Using Fe as reference element EMP UXRF* EMP UXRF* EMP UXRF* EMP UXRF*
Chromite 9-12 37.32 37.77 17.25 17.25 0.05 n/d1 n/d n/d
Eclogitic garnet YK-2416 3.81 232 5.65 5.65 0.11 n/d 0.00 n/d
Cr-diopside YK-2416 0.31 0.08 2.80 2.80 0.1 n/d 0.02 n/d
Mineral Element Ratios [100*(element/Fe)] EMP summary XRF summary
Cr Ti Mn Ni
EMP  uXRF* pXRFt EMP pXRFt EMP  pXRFt EMP  pXRFt
Chromite 9-12 2164  219.0 296.65 0.29 n/d 0.34 n/d 0.31 n/d  Cr>Fe>Ti=Mn=Ni Cr>Fe>Ti=Mn=Ni
Eclogitic garnet YK-2416 67.4 411 27.28 1.95 n/d 5.61 n/d 0.07 n/d Fe>Cr>>Mn>Ti>Ni  Fe>Cr>>Mn=Ti=Ni
Cr-diopside YK-2416 11.0 286 6.2 379 nd 3.27 n/d 0.79 n/d  Fe>Cr>Mn=Ti>Ni  Fe>Cr>Mn=Ti=Ni
diamond 372X inclusion 1 0.8 n/d n/d 24 n/d 13 n/d 0.58 1.82  Fe>>Ti=Cr=Mn=Ni Fe>>Ti=Cr=Mn=Ni
(eclogitic Cpx)
diamond 372X inclusion 2 0.2 n/a n/d 1.0 n/d 1.8 1.19 >0.5 179  Fe>>Ti=Cr=Mn=Ni Fe>Ni>Mn>Ti=Cr
(eclogitic Gar+sulfide)
diamond 280RS inclusion 1Tand 2 0.04-0.08 n/a  24.06 0.04-0.08 n/d 0.04-0.08 n/d 71-139 1033 Fe=Ni>>Cr=Ti=Mn Fe=Ni>>Cr>Ti=Mn
(sulfides)
diamond 344X inclusion 1 25-60 n/a 38.1 04-3 n/d 35-49 183 05-25 n/d Fe>Cr>>Mn>Ti=Ni  Fe>Cr>>Mn>Ti=Ni
(peridotitic Grt)
diamond 344X inclusion 2 0.30 n/a 143 0.20 n/d 07-1.1 097 44-52 n/d Fe>>Ni>Cr=Mn=Ti Fe>>Cr=Mn>Ti=Ni
(olivine)
* Element ratios obtained using SNRLXRF wt% data.
t Element ratios obtained using uXRF peak area values.
TAaBLE 1B. SNRLXRF sensitivity analysis using Fe as the reference element
SNRLXRF sensitivity analysis Fe, wt% item rel% Crrel% var.
change (1)

delta Fe = 0.5 wt% Chromite 9-12 17.25 2.90 6.05

Eclogitic garnet YK-2416 5.65 8.85 4.50

Cr-diopside YK-2416 2.8 17.86 4.80

delta density = 0.5 g/cm? n/a 10.0 0.00
delta thickness = 0.2 mm n/a 20.0 0.00

Notes: Qualitative elemental ratios for diamond inclusions in the EMP column (except 372X DI1) are estimated based on general composition on typical garnets,
oliving, clinopyroxene and sulfides associated with diamonds in the Jericho xenoliths reported in Kopylova et al. (1999a, b). Eclogitic clinopyroxene 372X DI2 is
analysed at the EOS department at UBC. n/d = not detected; n/a = not applicable/analyzed.

with quantification achieved by reference to a standardized element (Hansteen
et al. 2000). For Cr content in indicator minerals, we compared elemental ratios
based on USXRF PeakFit peak areas with the ratios based on SNRLXRF software.
While Cr estimates in chromite and garnet are greatly improved by the SNRLXRF
quantification, the Cr content in Cr-diopside is more accurate for the uXRF PeakFit
data reduction (Table 1A). Good spectral reproducibility of this study indicated
that precision of our USXRF data is comparable with that reported in other uSXRF
studies with external or internal standards, i.e., from 8% (Philippot et al. 1998) to
10-39 rel% (Mavrogenes et al. 1995).

RESULTS AND DISCUSSION

USXREF analysis

Figure 1-3 show high-resolution, false color elemental distri-
bution maps of /, (transmitted beam attenuation), and Ti, Cr, Fe,
Ni, Cu, and Zn fluorescence for Jericho diamonds 372X, 280RS,
and 344X along with XRF spectra of selected DIs. It is imme-
diately evident that the elemental distribution is heterogeneous
and inclusions with sizes of approximately 10 wm, which are not
visible using transmitted light microscopy, are clearly visible. The
USXREF signal originated mainly from within the upper ~0.5 mm
of diamond grains and thus delineates the precise location and
chemical composition of exposed and non-exposed inclusions in
situ. Contents of Ti, Cr, Fe, Ni, Cu, Zn, and Sr in the host dia-
monds, although low and variable, are often above the minimum
detection limit of approximately 5—10 ppm, under these analytical
conditions, of the uXRF technique (Quirt 2003).

Diamond 372X hosts numerous inclusions of green eclogitic
clinopyroxenes (i.e., DI1 on Fig 1E) and one grain of light orange

eclogitic garnet (DI2 on Fig 1E). The inclusions contain high
and variable amounts of Fe (Figs. 11 and 1J) and minor Ni (Fig.
11), Cr (Fig. 1C), and Ti (Fig. 1D). The garnet has higher Fe than
the clinopyroxene inclusion (Table 1A), in accordance with the
typical compositions of Jericho eclogitic minerals (Kopylova
et al. 1999a). Ni content of the garnet grain is higher due to the
accidental presence of sulfide flakes optically detectable around
the inclusion. Diamond 372X itself demonstrates an interesting
pattern of heterogeneous distributions of Ni and Cu. These ele-
ments show relatively elevated concentrations only in one part
of the diamond, separated from the rest of the diamond by a
straight boundary (Figs. 1G and 1H). We ascribe this pattern to
differing levels of Ni and Cu in a twinned diamond crystal or
in various diamond growth zones as the diamond was carefully
checked and showed that it is a single grain, not a polycrystal.
The presence of more than 8 ppm Ni (the approximate MDL for
a counting time of 0.6 s) in a natural diamond is rare and more
often is restricted to synthetic diamonds (Meng et al. 2003).
Diamond 280RS hosts several opaque sulfide grains. All
mineral inclusions contain similarly high amounts of Fe and Ni
(Fig. 2I), minor Ti (Fig. 2D), Cu and Zn (Fig. 2I). The largest
two inclusions depicted in Figures 2B and 2C were plucked
and/or polished out during polishing and the elemental maps in
Figure 2 therefore show lower concentrations of Fe and Cr in
the central parts of the inclusions. Smaller inclusions annotated
as 1 and 2 have similar compositions based on uSXRF spectra
(Fig. 2I and Table 1A); high contents of siderophile elements
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FIGURE 1. Optical image, WXRF maps, and inclusion chemistry of diamond 372X. (A) Optical image; specimen is 3.05 mm in maximum dimension.
Images (B-D) and (F-H) are false color maps for Fe, Cr, Ti, Zn, Ni, and Cu, with horizontal and vertical sides of 2650 um and 1700 um, respectively,
with a step size of 15 um. On all X-ray maps of Figures 1-3, the brightness of the colors is proportional to element concentration. Location of spectra
is shown on the corresponding 7, density map (E). (I) Results of PeakFit deconvolution of uXRF spectra for inclusions DI1 and DI2.
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FIGURE 2. Optical image, uXRF maps, and inclusion chemistry of diamond 280RS. (A) Optical image; specimen is 1.70 mm in diameter. Images
(B-D) and (F-H) are false color maps for Fe, Cr, Ti, Zn, Ni, and Cu, with horizontal and vertical sides of 2000 wm and 1200 wm, respectively,
and a step size of 10 um. Location of spectra is shown on the corresponding 7, density map (E). (I) An original spectrum and results of PeakFit
deconvolution of uXRF spectrum for inclusions DI1 and DI2.

Ni, Cu, and Zn classify them as sulfides. elevated contents of Fe (Fig. 3 B, F, G), Cr (Fig. 3C), and Ti (Fig.

Diamond 344X hosts one large inclusion of purple peridotitic ~ 3E), and they contain detectable amounts of Mn and Co (Fig. 3F).
garnet and at least one smaller colorless inclusion, most likely — The peridotitic garnet (inclusion 1 — Fig 3D) has high contents
olivine. Both stand out from the diamond matrix by displaying  of Fe and Cr (Fig. 3F), while olivine (inclusion 2 — Fig 3D) is
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FIGURE 3. Optical image, uXRF maps,
and inclusion chemistry of diamond 344X.
(A) Optical image; specimen is 2.00 mm
in maximum dimension. Images (B, C, E)
are false color maps for Fe, Cr, and Ti, with
horizontal and vertical sides of 2100 um
and 1500 pm, respectively, with a step size
of 10 um. Location of spectra is shown on
the corresponding /,density map (D). (F, G)
Results of PeakFit deconvolution of uXRF
spectra for inclusions DI and DI2.
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Fe-rich and is significantly lower in Cr content (Fig. 3G). The
ratios of elemental peak areas for inclusions 1 (Cr/Fe = 38) and
2 (Cr/Fe = 1.4; Table 1) match well their optical classification
and general compositions of DI (Table 1A). In Jericho xenolithic
peridotites, and in cratonic peridotites in general, only olivine is
richer in Fe than Cr-pyrope (Kopylova et al. 1999b).

In all analyzed diamonds, the ratios of the elemental peaks
in WXRF spectra can qualitatively identify even non-exposed

inclusions in diamonds, as the relative abundances of the ele-
ments in the WXRF spectra are broadly similar to their expected
ratios (Table 1A). In all 8 minerals where a comparison between
electron microprobe and {XRF analyses were possible, the rela-
tive abundances of elements summarized in the last two columns
of Table 1A are close. The results agree well with minor selec-
tive self-absorption of the elemental XRF expected in the light
diamond matrix for elements with a limited range of atomic



1746

cd
11 \—/k
Cri‘oﬂ
ba
| —KLr0,
—_—t] /
N
'\\N
Chromite (9-12)
M \/\.
f\{_‘\ Cr-Diopside (YK-2418)
i "‘\.,«m\ 344X DI2 (olivine)
| n\'\/\\w 344XDI1(Gar)
|| 372X DI 1 (eclogitic Cpx)
1 \W
== 280RS DI 1 (sulfide)
_..-"---

5980 5990 6000 6010 6020 6030 6040
Photon Energy (eV)

FIGURE 4. Cr K-edge XANES Spectra for reference standards
(Cr,0s5, K,Cr0,), reference chromite (Chromite 9-12) and chrome
diopside minerals (Cr-Diopside, YK-2416) and micro-inclusions from
diamond samples 280RS, 344X, and 372X. Locations of inclusions in
diamonds are shown in Figures 1 to 3. Solid vertical lines designate
photon energy positions for (a) pre-edge Cr®* absorption peak, (b) Cr**
pre-edge absorption peak, (¢) main absorption edge for Cr** in spinel
structure (~6008.5 eV; Levy et al. 1999) and (d) main absorption edge
for Cr** in corundum structure (~6011 eV; Levy et al. 1999).

numbers Z = 22-27.

We conclude that (1) the distribution of diamond inclusions
inside the natural diamond host, both visible and invisible using
optical transmitted-light microscopy can be mapped with syn-
chrotron uXRF analysis, and (2) synchrotron uXRF quantitative
analysis provides accurate estimates of Cr contents of exposed
polished minerals when calibrated using the concentration of
Fe as a standard.

MXANES analysis

Cr K-edge UXANES analyses on selected diamond inclu-
sions, reference compounds and supplied indicator minerals (Fig.
4) have been used to (1) provide unique information regarding
the formal oxidation state of Cr in the inclusions and (2) char-
acterize the localized chromium structural environment. None
of the Cr K-edge uXANES spectra for the reference indicator
minerals (Chromite 9-12; Cr-Diopside YK-2416; Fig. 4) and
diamond inclusions (DI samples, Fig. 4) contain an absorption
band at approximately 5993 eV (line a on Fig. 4), indicative of
the presence of hexavalent Cr in a tetrahedral coordination, as
in potassium dichromate (K,CrO,).

In general, two types of Cr K-edge uXANES spectra can
be distinguished. Spectra with one main absorption feature
at approximately 6008.5 eV (line c, Fig. 4), and spectra with
split peaks around 6010 (line d, Fig. 4) and 6006 eV. Similar
Cr absorption edge positions were documented by Levy et al.
(1999) wherein Cr K-edge XANES analyses on Cr** in natural
and synthetic mineral compounds indicated one or two Cr-O
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bond distances, typical of spinel and corundum structures, re-
spectively. Cr K-edge XANES spectra in this study have been
interpreted to represent Cr’** occurring in regular octahedrons
(equal Cr-O bond distances, spinel structure) or distorted octahe-
drons (unequal Cr-O bond distances, corundum structure). This
is reasonable based on the crystallography and compositions of
the minerals analyzed. Synthetically prepared garnets at 1200
°C have chromium K-edge XANES spectra suggesting Cr** in
distorted octahedrons (Gunsser et al. 1994). Olivine minerals
have both distorted and regular octahedrons (Klein and Hurlbut
1993), both of which can contain Cr** (Taura et al. 1998) and
could yield Cr K-edge XANES spectra similar to that of either
spinel or corundum structure. Cr K-edge XANES on crystal
lattices of chromite and diopside (Cabaret et al. 1998; Levy et
al. 1999; Cloutis 2002) suggest Cr** coordination comparable
with regular octahedral coordination of Cr in a spinel structure,
which is in agreement with the Cr K-edge uXANES spectra for
chromite (9-12), Cr-diopside (YK-24126) and eclogitic clino-
pyroxene (Fig. 4).

Extension of these spectral-crystallographic relations to the Cr
K-edge UXANES spectra for DI in this study provide information
regarding the structural coordination of Cr** and may be linked
broadly with DI mineralogy and chemical analyses. For instance,
elemental ratios from uSXRF (Table 1A), supportive of sample
344X DI1 and 344X DI2 being previously identified as perido-
titic garnet and olivine, respectively, yields Cr K-edge uUXANES
spectra expectable, although non-unique, for these minerals. We
conclude that uXANES spectra provide accurate information
about the valence state and local structure of Cr for DI in situ,
but has limited utility for identification of DI minerals.
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