Co-existing fluid and silicate inclusions in mantle diamond
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We have analysed the compositions of co-existing silicate macro-inclusions and fluid
micro-inclusions in the fibrous coats of eight coated diamonds from the Panda kimberlite
(Canada), by electron microprobe and infrared spectroscopy. The mineral inclusions in
the diamond coats come from either the peridotite suite (Cr-pyrope, orthopyroxene,
olivine and Cr-diopside) or eclogite suite (omphacite). Therefore, fibrous diamonds may
grow in the same paragenetic environments as octahedral diamonds. The inclusions
document a more fertile source composition (lower Mg# and higher Ca#) than for
equivalent phases in octahedral diamonds from Panda and worldwide. Geothermometry
of the silicate inclusions yields low equilibration temperatures of 930 to 1010°C. The co-
existing fluid micro-inclusions are dominated by H,0, carbonate and KCI. Fluid
inclusions in both the peridotitic and eclogitic samples fall along linear arrays between
Fe-Ca-Mg carbonate and KCI. Inclusions in the eclogitic sample also contain moderate
concentrations of a Si-Al fluid component, and the eclogitic sample has quartz in its
infrared spectra. We suggest that the diamonds have trapped both metasomatised
minerals and the metasomatic fluid, and so provide a snap shot of a metasomatic event
in the mantle.
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1. Introduction

Fibrous diamonds and the fibrous coats of coated diamonds often contain fluid
inclusions trapped along the lateral surfaces of the diamond fibres. The fibrous
morphology and presence of fluid inclusions is consistent with rapid diamond growth
from a fluid. A remainder of this fluid phase is represented by the inclusions, and
provides information on the compositions of the diamond growth fluids [1-7]. These
diamonds provide the deepest, and the only pristine, examples of upper mantle fluids.
However, to date, it has not been possible to see the whole fluid-rock system. Here we
report and examine the relationship between the compositions of co-existing fluid micro-
inclusions and peridotitic and eclogitic suite mineral inclusions in the fibrous coats of
diamonds from the Panda kimberlite (Canada).

The conditions of diamond growth, such as temperature, pressure and host rock
chemistry, are generally determined from the chemistries of non-touching silicate
inclusions in diamonds, which are unable re-equilibrate to subsequent changes in the
prevailing chemical and physical conditions. 'Macro' inclusion (sizes of the order of 100
pm) minerals of the peridotitic (olivine, Cr-pyrope, orthopyroxene, diopsidic
clinopyroxene, chromite), eclogitic (pyrope-almandine garnet and omphacitic
clinopyroxene, coesite, kyanite, rutile, sanidine) and "superdeep" (Majoritic garnet,



ferropericlase, stishovite, CaSi and MgSi perovskite) suites constrain the composition of
the host mantle. Geothermobarometry of these inclusions indicate that, in the first two
cases, they equilibrated at temperatures of 900-1300°C and at depths of 150-200 km [8,
9] in the lithospheric mantle. The sublithospheric diamonds of the third group come from
a depth range from 200 to just below the 660 km upper/lower mantle discontinuity [10].

The much smaller fluid 'micro’ inclusions (generally < 0.5 um [11]) present in fibrous
diamonds from Botswana and the Democratic Republic of the Congo (DRC) contain
fluids that vary between carbonatitic, enriched in Ca, P and CO,, and silicate rich in Si,
Al, K and H;O [1, 2]. Additionally these fibrous diamonds contain quartz, apatite, mica
and carbonates [1, 11-14]. In contrast, fluid in a fibrous diamond coat from the Diavik
mine (Canada) ranged in composition from Na-K-ClI brine to Na-rich carbonate [7]. The
brine end-member is similar to KCI brine described in internally cloudy diamonds from
Koffiefontein (South Africa) [4]. Additionally, primary mantle minerals (Cr-diopside,
chromite and olivine) were identified as micro-inclusions phases in the Canadian coated
diamond [7] and peridotitic and eclogitic silicates and carbonates were detected as a
component of the micro-inclusions in cloudy diamonds from Koffiefontein [5]. However,
single phase mineral inclusions have not previously been described from fibrous
diamonds.

2. Geological setting, previous work and samples

Panda is a group | (basaltic) kimberlite that intrudes the Central Slave Craton and has a
Rb-Sr isochron eruption age of 52.3 £ 3.8 Ma [15]. The xenocryst population of the
Panda kimberlite consists of mantle-derived olivine, garnet, pyroxene (Cr-diopside and
enstatite), chromite and ilmenite [16]. The lithosphere below Slave consists of two
distinct compositional layers [15, 18]: an ultra-depleted hartzburgite-dominated upper
layer that straddles the diamond-graphite boundary at 4.2 GPa, 900°C [15], and a
deeper layer dominated by more fertile lherzolite.

Silicate mineral inclusions in octahedral diamonds from Panda are dominantly peridotitic
(=85%) [19] and equilibrated at 1100-1250°C [17]. Westerlund et al., [20] derived an age
of 3408 + 280 Ma for peridotitic octahedral diamonds from this kimberlite by Re-Os
dating of sulphide inclusions. Eclogitic diamond inclusions include jadeite-poor
clinopyroxene and garnet and have not yet been dated. A distinctive feature of the
Panda diamond production is the high proportion of coated diamonds, this probably
reflects low degrees of diamond resorption during kimberlite ascent [17].

For this study, eight coated diamonds (fibrous diamond ‘coat’ on an octahedral diamond
‘core’) from Panda (0.17-0.29 ct) were made into doubly polished wafers with [100]
orientation. The coats are between 26 and 41 mm wide and are milky grey to black.
Cathodoluminescence images of all the samples show that the coats are composed of a
single growth zone. Prior to analysis, all the samples were cleaned using HCI, acetone
and then distilled water. The sample characteristics are summarised in Table 1.

3. Analytical method
Two techniques were principally used in the present study.

31FT-IR

Infrared absorption spectra were collected using a Vector22 Fourier Transform infrared
(Ft-ir) spectrometer equipped with a HeNe laser (633 nm), a KBr beam splitter and a
deuterated triglycine sulfate (DTGS) detector. The beam diameter was approximately



0.6 mm. Spectra were recorded in transmission with a resolution of 2 cm™ in the range
4000 to 380 cm™ with one spectrum being the average obtained from 512 scans.
Polished diamond plates were mounted on a A524 accessory plate with 5x beam
condenser. An Al foil mask was used to ensure that only the fibrous coat was analysed.
Lattice-bound nitrogen concentrations are determined using the method of Mendelssohn
and Milledge [21] (Table 1).

Nitrogen is present as mildly aggregated laA in all of the diamond coats, this is
consistent with global fibrous diamond populations [22-24]. Nitrogen concentrations
range between 403 and 1660 ppm in the coats. Lattice bound nitrogen in the Panda
diamond cores is more aggregated than in their coats, having up to 33% laB centres
with some platelet development and nitrogen concentrations of 500 to 1540 ppm.

The concentrations of H,O and carbonate as CO, were calculated from the intensities of
the O-H stretching band of water (using £€3420=80 L per mol cm™, [25]) and of the vs
stretching band of calcium carbonate (using €143,=235 L per mol cm™, [26]). Taking into
account the difference in absorption coefficients of different carbonates and the effect of
pressure on water and carbonate absorption, the error on the calculated H,O and CO,
concentrations are estimated as £25 and +40 ppm, respectively [1]. Since the absolute
concentration of volatiles is dependent on inclusion density, we use the ratio H,O# =
H,0O/(CO,+H,0) to describe the volatile composition.

Table 1

3.2 Electron microprobe analyses

Electron Microprobe Analyses (EMPA) of individual macro- and micro-inclusions in the
diamond coats were performed using a JEOL Superprobe 733. Analyses were carried
out using an accelerating voltage of 15 keV and a beam current of 10 nA, at these
conditions the spot diameter was approximately 2 ym. The instrument is equipped with
an Energy Dispersive Spectrometer (EDS), a collimator and a SiLi crystal detector with
an atmospheric thin window (ATW). The channel width is 0.01 KeV and the resolution
(the full width half maximum of Mn) is 138 eV. The count rate was 6 to 7 kcps for a count
time of 100 s. Spectra were reduced using the Oxford Instruments Link ISIS SEM-Quant
(ZAF) correction relative to a cobalt standard.

3.2.1 Macro-inclusions

Silicate inclusions were exposed during polishing of six of the eight Panda coated
diamonds. Both peridotitic (PAN1, PAN3, PANS, PAN7, PAN8) and eclogitic
parageneses (PAN4) are represented. Silicate inclusions in the coated diamonds are
small (typically 2 to 20 um) and abundant. Inclusions at the small end of the size range
do not give 100% totals. Table 2 shows the analysed total and the normalised molecular
proportions of these inclusions. Multiple analysis (20) of a single clinopyroxene grain in
PAN4 revealed good reproducibility, with the following standard deviations (10): SiO;
(0.22), Al,03 (0.09), FeO (0.10), Cr,03 (0.08), MgO (0.08), CaO (0.09), TiO,(0.12).

Inclusions in the Panda diamond coats are compared to inclusions in octahedral Panda
diamonds analysed by WDS. Only differences in the major element concentrations (Mg,
Fe, Ca) are considered, because the lower resolution of the EDS. Quoted errors for Mg#
(= Mg/(Mg+Fe)) and Ca# (= Ca/(Ca+Mg+Fe)) of each mineral phase are derived by
propagating an error of 3o for the inclusion with the lowest total before normalisation.



Table 2

3.2.2 Micro-inclusions

Individual inclusions were identified immediately below (<1 um) the surface of the
diamond coats using backscattered electron imaging mode. The inclusions are
completely enclosed in the diamond host and are not connected to the diamond surface
by cracks. Because of the low mean atomic number of diamond, the electron beam
shows a significant degree of penetration into the sample with an activation volume of
approximately 4 pm® at 15 KeV, this is larger than the average inclusion volume (< 1

pm®).

The small size and high volatile contents of the inclusions means that analysed totals
are significantly lower than 100%, the average oxide plus chlorine concentration is 12
wt% (2 to 45 wt%). The sum of oxides plus chlorine was normalised to 100 wt% in order
to remove the effect of variable inclusion size, depth and C-O-H content. Normalising the
data to 100% assumes a uniform distribution of carbon and oxides in the analysed
volume. In actual fact, the inclusions consist of oxides surrounded by carbon matrix
therefore low energy x-rays from light elements will be more strongly attenuated. Navon,
cited in [5] calculated that this effect has a small effect on most of the analysed
elements, but is ~10% for Na, and higher for lighter elements. The accuracy of the
analyses of oxides for single inclusions is approximately 10-20% (relative), on the basis
of repeated analysis of olivine and clinopyroxene detected in micro-inclusions

The following elements were analysed in the micro inclusions (brackets show the
detection limits at 95% confidence): Si (0.05 %), Ti (0.13 %), Al (0.06 %), Mg (0.07 %),
Fe (0.15 %), Ca (0.08 %), P (0.08 %), Na (0.08 %), K (0.09 %) and CI (0.09 %).. The
mean of the individual inclusion compositions measured in a sample was taken to
represent the bulk major element composition of that sample. The bulk and a selection
of representative individual inclusion analyses for each sample are given in Table 3.

4. Results
Table 1

4.1 Macro-inclusions

Olivine, garnet and pyroxene were identified in the infrared spectra of the diamond coats
(Fig.1) and from EMPA (Table 1), phlogopite was not detected. No silicate inclusions
were observed in the diamond cores.

Figure 1

4.1.1 Garnet

Two diamond coats contain garnet inclusions (PAN8 and PAN5). The garnets have
moderate Cr,03 (7.3 to 8.9 wt%) and high CaO contents (5.1 to 6.7 wt%) and are
classified as Iherzolitic Cr-pyrope (Fig. 2). The chemistry of these garnet inclusions
overlap with the compositions of garnet inclusions in octahedral diamonds from Panda
[17, 19] and extend the range to more Ca- and Fe-rich compositions. This is reflected in
the high values of Ca# of 13.8 to 18.2 (£ 1.5).

Figure 2



The Mg# of the garnets varies between 80.6 and 84.3 with an average of 82.0 (x 1.2).
The effect of Ca on the Mg—Fe partitioning between garnet and olivine was eliminated by
recalculating all garnets to a Ca-free composition according to the method of [17]. From
the data of [28], it can be estimated that the Mg# of garnet decreases by 3.0 per cation
Ca ([0O]=24) at 1000 to 1100°C and 5 GPa, when coexisting with olivine with an Mg# of
91. The recalculated Mg#'s of the Panda garnets vary between 83.4 and 87.1 (mean =
85); the mean Mg# for Slave Cr-pyrope inclusions in diamond is 87.0 and for worldwide
samples 87.9 [17]. Therefore, the garnet Mg# values are low.

Low Mg# values are generally considered to be indicative of a high source fertility (i.e.
not significantly affected by depletion through partial melting) and low equilibration
temperatures. The garnet inclusions also have high Na,O concentrations (0.2 to 0.40
wt%), a characteristic shared by garnets in octahedral diamonds from Panda [19]. In all
the garnets, the TiO, concentrations are below the 0.4 wt% cut-off value used as an
indicator of metasomatic activity by silicate melts [29, 30].

4.1.2 Olivine

Three of the coated diamonds contain olivine inclusions (PAN1, PAN7 and PAN8). The
olivines have forsterite contents of Mg# = 89.7 to 93.1 (zx 0.6); this is within the lower half
of the worldwide database for inclusions in diamonds and extends the range recorded in
olivine inclusions in octahedral Panda diamonds (91.9-93.2 [17, 19]) to lower Mg
numbers. In consequence, there is an overlap between the Mg# values of olivine
inclusions in the Panda diamond coats and olivine xenocrysts from Panda (generally 90-
93, [15]). NiO concentrations range from 0.3 to 0.5 wt% and are within the range of NiO
content of inclusions in octahedral diamond from Panda (0.19 to 0.40 wt%, [19]) and
worldwide [17].

4.1.3. Clinopyroxene

Eclogitic (PAN4) and peridotitic (PAN3, PAN1, PAN5 and PANS8) clinopyroxenes are
represented in the Panda coated diamond inclusion population. Eclogitic clinopyroxene
inclusions are found in sample PAN4 and have molar ratios of Mg# = 70.1 to 72.9 and
Ca# =10 44.5 to 45.9 and so are omphacitic. Al,O3 and Na,O concentrations are low
(7.1 £ 0.3 wt% and 4.7 + 0.2 wt%, respectively) relative to eclogitic clinopyroxene
inclusions from Snap Lake and from worldwide sources. Cr,O3 concentrations are
generally within or below the detection limit (0.08 wt%).

Peridotitic clinopyroxenes have molar ratios of Mg# = 92.8 to 95.0 (£ 1.8) and Ca# =
43.8 t0 46.7 (£ 1.5); they have Cr,0O3 concentrations of 1.2 to 2.9 wt% and so are Cr-
diopsides. Peridotitic clinopyroxene inclusions are classified as lherzolitic on the basic of
their Al,O3 and Cr,O3; compositions (Fig. 3). These compositions are less magnesian and
more Ca-rich than the world average and overlap both with those of clinopyroxene
inclusions in octahedral diamonds and clinopyroxene inclusions in xenoliths (91 to 93)
from Panda [15, 19].

Figure 3

The Cr-diopside inclusions have Al,O3 contents of 0.8 to 2.5 wt% and Na,O
concentrations of 0.7 to 2.3 wt%. Clinopyroxene inclusions in sample PAN3 are
compositionally heterogeneous, showing a range of CaO, Al,O3, FeO, MgO and Na,O
contents. K,O concentrations in clinopyroxene inclusions are generally below the



detection limit, and coexist with KCl-bearing fluid micro-inclusions in the Panda diamond
coats.

4.1.4 Orthopyroxene
Four orthopyroxene inclusions were analysed, all from PAN3. Like the Cr-pyrope and
olivine inclusions, orthopyroxenes have relatively low Mg# values of 89.8 to 92.2 (+1.4).

4.1.5 Inclusion geothermobarometry

We have estimated the temperature of fibrous diamond growth using the non-touching
inclusions assemblages in peridotitic samples PANS8 (garnet-olivine, [28, 31]), PAN5S
(garnet-clinopyroxene, [32]), PAN1 and PANS5 (enstatite-in-clinopyroxene, [33]).
Pressure was estimated using the Cr-in-clinopyroxene barometer of [33] in samples
PAN3 and PANS. The results are given in figure 4 and summarised in table 1.

Figure 4

Geothermobarometry indicates that the peridotitic diamond coats grew at an average
temperature of 930-1010 +50°C and pressures of 4.2 to 4.6 GPa. These conditions are
right on the diamond stability line, and overlap with pressure-temperature estimates from
xenocrysts in the Panda kimberlite. This may account for the low degree of nitrogen
aggregation. These temperatures are slightly lower than those calculated for non-
touching pairs of inclusions in non-fibrous diamonds from Panda (1061 to 1233°C, [19]).
The calculated PT conditions place the Panda coats on a geotherm of 37 to 40 mW/m?
[34], this is slightly lower than for world-wide diamond sources, where geothermal
gradients of about 40-42 mW/m? have been deduced [35-37]. The geothermal gradient
of the diamond coats are similar to the geothermal gradient indicated by touching garnet
and orthopyroxene pairs in Panda octahedral diamonds [17, 19], which have re-
equilibrated to the lower mantle temperatures after entrapment in the diamond. The
calculated equilibration temperatures are below the Iherzolite-H,0-CO, solidus of Wyllie
[38].

Compositional disequilibrium in PANS8 leads to wide variations in temperature: calculated
temperatures ranging from 730 to 1090°C depending whether low-Mg or high-Mg garnet-
olivine pairs were used. The maximum temperature variation calculated within the other
samples is <100°C. This wide range calculated temperature in PANS is unlikely to be the
true temperature range because it is not recorded in the other samples, more likely this
reflects varying degrees of disequilibrium between coexisting minerals.

Table 3

4.2 Micro-inclusions

Carbonate and water are present in the infrared spectra of all the Panda diamond coats
(Fig. 1). The inclusion spectra are dominated by an intense O-H stretching band in the
2800-3800 cm™ region, due to the presence of hydrogen-bonded O-containing species
in the inclusions. The species are identified as molecular H,O by the strong H,O v,
bending vibration at 1656 cm™ (Fig. 1). The ratio H,O# (100H,0O/ (CO,+H,0)) is =61 (58
to 70). The broad band centred at 1447 cm™ in both the peridotitic and eclogitic samples
is due to the asymmetric stretching vibration (vs) of CO3* groups [39], whilst the eclogitic
sample (PAN4) has a second carbonate peak centred at 1423 cm™ suggesting the
presence of a second carbonate species. Quartz is only observed in the single eclogitic



sample. No apatite was detected in the infrared spectra of any of the Panda diamond
coats.

In addition to their occurrence as macro-inclusions, olivine (PAN1, PAN2, PAN3, PANG)
and clinopyroxene (PAN1, PAN4, PAN5) are present in the micro-inclusions, where they
coexist with K-Na-Cl fluid and/or carbonate. The compositions of these mineral phases
are poorly constrained as they are present in very small, multi-phase inclusions.
Peridotitic and eclogitic inclusions do not occur mutually within samples. Micro-inclusions
containing these mantle silicates are ignored in order to reveal the composition of the
coexisting brine and carbonate in the peridotitic and eclogitic samples.

Representative and average major element fluid compositions for each sample are given
in table 3. The samples contain Fe-Ca-Mg carbonates, K-Na-Cl brine and silicate; no
sulphide was detected. The inclusions span a wide compositional range and the
samples are not zoned in terms of major elements.

4.2.1. Peridotitic

Micro-inclusion compositions in the peridotitic coated diamonds from Panda contrast
with inclusions in African [1, 2] samples which have higher concentrations of SiO, and
Al;Os. The inclusions are similar to inclusion compositions described in a single fibrous
diamond from Diavik [7] (Fig. 5). Fe, Mg and Ca are present in all Panda inclusions and
often in the absence of Si and Al. This observation, combined with the presence of
carbonate bands in the Ft-ir spectra of all samples, indicates that the micro-inclusions
contain carbonate. The average Mg# is 0.42 +0.1. The peridotitic diamond coat fluids
also have high concentrations of Ba (5 - 8 mol%).

The chemistry of the micro-inclusions in the peridotitic diamonds shows that Cl is
negatively correlated with Ca, Mg, Fe and Si and positively correlated with K and Na.
The average K/Cl molar ratio of the fluid is 0.4 (range 0.07 to 0.71) and the (K+Na)/Cl
ratio is 0.6 (range 0.22 to 1.88). The inclusion compositions fall along linear arrays from
carbonate towards K-Na-Cl rich compositions (Fig. 5), indicating the presence of a Cl-
brine end-member. The calculated end-member carbonate and brine compositions are
given in table 3. The brine is similar to the composition of K-ClI rich fluid in cloudy
diamonds from Koffiefontein [5] and to the brine end-member fluid in a fibrous diamond
from Diavik, Canada [7].

In most inclusions, the molar ratio Na+K/Cl is less than 1, therefore Cl in the inclusions is
not fully charge balanced by the alkali cations. However, the sum of the charge
associated with positive mono- and divalent (K, Na, Fe, Mg, Ca) ions is >100 (average
223) per 100Cl ions and it is thought that the charge is balanced by carbonate ions as
suggested by [4].

Figure 5

4.2.2 Eclogitic

Relative to the peridotitic fluid, the eclogitic fluid is Si- and Al-rich (Fig. 5). The high Si-
content is consistent with the presence of quartz, which is observed in the infrared
spectra. This chemical composition is similar to published data for fibrous diamonds from
Zaire and Botswana [1, 2], but the Panda fluid has a higher concentration of K, Cl and
Ba. The eclogitic coat fluid is more Fe-rich (Mg# = 0.2 £0.1) than that in the peridotitic
samples.



In the single eclogitic diamond fluid, Cl is negatively correlated with Ca, Mg, Fe and Si,
and correlated with K. In consequence, the inclusion compositions fall along linear
arrays from carbonate towards K-ClI rich compositions (Fig. 5), again indicating the
presence of a Cl-brine end-member. The average K/CI molar ratio of the fluid is 0.45
(range 0.07 to 0.60). The calculated composition of the low-Cl and brine end-members is
given in table 3. The end-member brine composition in the eclogitic suite micro-
inclusions is similar to that in the peridotitic diamond micro-inclusions except for its
slightly higher Fe content.

5. Discussion

5.1 Mantle conditions during fibrous diamond growth

The compositions of the silicate inclusions in the Panda diamond coats indicate that
fibrous diamonds can grow in both peridotitic and eclogitic host rocks. Therefore, fibrous
diamonds grow in the same paragenetic environments as octahedral diamonds. The
relatively low Mg# of garnet and olivine in the diamond coats are indicative of high
source fertility. Harzburgitic inclusions were not found in the Panda coats, this is in
contrast to inclusions in octahedral diamonds from Panda, which are dominantly
harzburgitic. Furthermore, the calculated PT conditions of the Panda coats place them
within the ultra-depleted upper layer of the Slave lithosphere defined by [15, 18]. The
absence of harzburgitic inclusions may be a sampling artefact due to the fact that there
are only eight Panda coated diamonds in this study. Alternatively, the dominance of
Iherzolitic inclusions may suggest that the diamond coats formed during a localized
refertilization event involving the influx of the coexisiting Ca-rich fluid, which converted
harzburgite to lherzolite.

Geothermometry of silicate macro-inclusions indicates that the Panda diamonds grew
over a narrow temperature range of 930 to 1010°C. These calculated temperatures from
EDS analyses are lower than indicated by inclusions in non-fibrous diamonds from
Panda (1100-1250°C, [19]). For the amount of nitrogen present, the low degree of
nitrogen aggregation is also consistent with temperatures <1200°C. Diamond growth at
lower temperatures may be possible because of the high level of fluid supersaturation,
which is consistent with the development of a fibrous morphology. Synthetic diamonds
grown in KCI [40] and carbonate-KCI [41] exhibit skeletal forms, testifying to high
crystallisation rates in KCl-bearing systems. Geobarometry gives calculated equilibration
pressures of 4.2-4.6 GPa for Panda coat inclusions.

The pressure-temperature conditions indicated by inclusion geothermobarometry of the
Iherzolitic Panda diamond coats fall just below the lherzolite + H20 + CO2 solidus of
Wyllie et al., [42]. This is consistent with the presence of liquid water in all samples and
the absence of silicate melt in the peridotitic Panda diamond coats. These low
temperatures also suggest that fibrous diamonds growth at Panda was not the result of a
thermal event and favours a growth model driven by open system arrival of externally
derived metasomatic fluids.

5.2 Origin of the silicate inclusions

The silicate inclusions in the Panda diamond coats are smaller and more abundant than
silicate inclusions in octahedral diamonds. The macro-inclusions in the diamond coats
may either be 1) syngenetic inclusions precipitated directly from a melt; precipitation of
silicate and diamond left a residual carbonate-KCI-H,O fluid; or 2) protogenetic
inclusions from the mantle host which coexisted with the fluid from which diamond



precipitated. Survival of the diamond cores is an important criterion for both of these
models. These events are not thought to be late stages of core growth (i.e. from the
residual melt) because the sharp boundary, and the difference in nitrogen aggregation
states between the core and coat suggests that the two formed at separate times.

In the syngenetic scenario, the presence of both eclogitic and peridotitic silicate
inclusions in the diamond coats indicates that fibrous diamond growth occurred during at
least two events involving silicate-bearing melts. The small size and abundance of the
silicate inclusions may reflect conditions in the growth environment: small and abundant
minerals suggest that the nucleation rate was higher than the growth rate during
crystallisation. High levels of nucleation are generally attributed to supersaturation of the
growth medium and/or to undercooling (growth temperature lower than saturation
temperature). Silicate supersaturation of the fibrous diamond coat growth environment is
considered unlikely because of the low Si-content of the trapped fluid. The H,O-rich
nature of the coexisting fluid suggests that diffusion was unlikely to be slow, so the
growth rate should not have limited the size of silicate crystals. The low equilibration
temperatures are not inconsistent with undercooling, however rapid cooling is not
considered likely in the upper mantle.

In the protogenetic scenario, the silicate macro-inclusions represent the host rock in
which the diamond cores resided, and which has been modified by an incoming
carbonate-H,O metasomatic fluid similar to that trapped in the micro-inclusions.
Significant melting/crystallisation of the silicate host rock did not occur in this scenario,
this is consistent with the equilibration temperatures of the silicate inclusions, which are
below the lherzolite+H,O+CO, solidus. In this scenario, the small size of the silicate
inclusions is due to preferential uptake of smaller crystals. This model is more consistent
with the carbonate-rich, Si-poor nature of the trapped fluid.

5.3 Nature of the trapped fluid

All the of the Panda diamond coat micro-inclusions contain H,O and have carbonate and
KCl in varying proportions. The similarity between the compositions of carbonate in the
peridotitic and eclogitic samples suggests that this fluid may have been derived
externally and percolated through both paragenetic environments. In this scenario, the
peridotitic and eclogitic diamond coats grew in the same metasomatic event.

Klein-BenDavid et al., [7] suggest that the carbonatite melt evolves towards a more KCI-
rich composition by mineral crystallisation. During late stage crystallisation, the residual
melt/fluid will contain a higher concentration of KCl and Ba. This mechanism may explain
the small scale variations in observed micro-inclusion compositions. Olivine and
clinopyroxene found in the some of the fluid micro-inclusions may be precipitates from
such a carbonatite melt. The very high K and Cl concentrations of the Panda fluids
suggest that the brine was not sourced locally, but from a large volume of the mantle.
Burgess et al., [43] measured halogen ratios in coated diamonds from Panda and
concluded that high I/Cl and Br/Cl ratios also require the fluids to have acquired
halogens from a large volume of the mantle.

The carbonate-, KCI- and H,O-rich fluid inclusions represent the residual fluid after
precipitation of diamond. The prevailing oxidation state during fluid influx and diamond
coat formation is constrained by the need for diamond to remain stable throughout, so
that the diamond cores are preserved. The upper limit of diamond stability in Iherzolite is
defined by the reaction: enstatite + magnesite = forsterite + diopside + diamond



(EMFDD), which occurs approximately -1.5 log fO, below the fayalite-magnetite-quartz
buffer [44]. Diamond and carbonate may co-exist at this reaction line. The diamond coat
may have formed from the parental C-bearing fluid, either by reduction of an oxidized
fluid, such as carbonate or CO, or by the oxidation of a reduced fluid, such as CHy: 1) If
the initial fluid was reducing, then oxidation would drive the fluid composition to higher
fO,. The fluid would initially precipitate diamond and carbonate would only form once the
EMFDD buffer was intersected. However, CH, is not detected in the Ft-ir spectra of the
diamond coats and carbonate is not concentrated towards the rim of the diamond coats.
Furthermore, in this scenario, carbonate is formed at the expense of diamond. 2) If the
initial fluid was oxidising, then the fO; of the fluid must have been lowered by reaction
with the more reducing host mantle. Once the fluid intersected the EMFDD buffer,
diamond would have been precipitated at the expense of carbonate. The reduction
process was buffered by the formation of diamond, this allowed carbonate to coexist with
diamond throughout the growth of the coat. This is consistent with the lack of zoning in
the diamond coats. The redox state if the host mantle is raised slightly during interaction
with the incoming fluid, but do not increase above the EMFDD buffer, therefore the
diamond cores remain stable throughout. The similarity between the composition of the
carbonate components in the peridotitic and eclogitic samples also support the
suggestion that the incoming fluid was carbonate-rich, rather than reducing. Therefore,
we suggest that this fluid was then reduced by interaction with the minerals of the host
rock to form the fibrous diamond coats.

The Si-rich fluid component, which is virtually absent in the peridotitic samples, is an
important component of the fluid in the single eclogite sample. This is emphasized by the
presence of quartz in the inclusions. This suggests that this silicate end-member fluid
component may have been derived locally. In the eclogitic Panda fluid, the minor silicate
component may be due to either: 1) partial melting of the eclogite host rock as a result of
the lower temperature of the eclogite + H,O solidus; or 2) to the greater availability of Al
and Si in minerals in the solid eclogite host rock, which may be liberated by metasomatic
reactions between fluid and host rock minerals. In both these scenarios, the silicate fluid
component is generated locally. SiO; is thought to have crystallized from the trapped
silicate fluid component.

Figure 6

5.4 Relationship between the diamond core and its coat

For the purposes of this section, we assume that the Panda diamond cores are part of
the same diamond population as normal octahedral diamonds sampled by the Panda
kimberlite. The similarity between the nitrogen content and degree of nitrogen
aggregation in the diamond cores in this study and of undeformed octahedral diamonds
from Panda [1, 45] suggests that the populations may be broadly contemporaneous.

The contrasting nitrogen characteristic of the diamond core and its coat suggests that
they grew during separate events. This is supported by the sharp boundary between the
core and coat in the CL image. Nitrogen in the cores is more aggregated (up to ~30%
laB centres) than in the coat (100% laA), suggesting that the growth of the coat was
succeeded by a period of mantle residence prior to the growth of the coat. Growth during
separate events is supported by the lower equilibration temperature of the coat
inclusions, relative to those in Panda octahedral diamonds [19]. Therefore we assume
that the growth of the diamond cores, which are equivalent to normal octahedral
diamonds, occurred some time before the growth of their fibrous coats, and that the host



mantle cooled by approximately 200°C in the intervening period. If the macro inclusions
are indeed protogenetic, then the diamond coat inclusions come from the same host
rocks as those in octahedral diamonds from Panda [17, 19], so may be directly
compared.

The coat inclusions extend the compositional range of Panda diamond inclusion
compositions from relatively undepleted inclusions in octahedral diamonds [17, 19] to
more fertile Fe- and Ca-rich compositions (lower Mg# and higher Ca#). When compared
to the composition of the trapped fluid (Fig. 6), it can be seen that the compositions of
garnet, olivine and orthopyroxene inclusions in the Panda diamond coats are more Fe-
rich, and garnet and orthopyroxene are more Ca-rich than equivalent minerals in
octahedral Panda diamonds. The trend between the compositions of octahedral and
coat inclusion compositions is towards the composition of the Fe- and Ca-rich carbonate
observed in the coat micro-inclusions. This suggests that the inclusions in the diamond
coats may be protogenetic and, if so, the differences between octahedral diamond and
diamond coat inclusion compositions provide a snap-shot of mantle metasomatism. This
metasomatic event was probably localised, for example to vein walls, firstly because
H,O-rich fluids have high dihedral angles in mantle rocks: ~40° in dunite [46] and higher
in multi-mineralic peridotites; and >60° in eclogite [47] at 5 GPa. The diamond-forming
H,0O-CO; fluids can thus only infiltrate grain edges under conditions of high fluid volume
or host-rock deformation. Secondly, because most xenoliths from < 5 GPa are ultra-
depleted harzburgite [15, 18].

6. Conclusions

Panda diamond coats contain macro-inclusions of olivine, garnet, orthopyroxene and
clinopyroxene. Both peridatitic (lherzolitic) and eclogitic suite minerals are represented,
therefore fibrous diamonds may grow in the same paragenetic environments as
octahedral diamonds. The calculated equilibration temperatures for the peridotitic coat
inclusions (930 to 1010°C) are lower than indicated by inclusions in octahedral diamonds
from Panda (1100-1250°C;[19]) and fall below the Iherzolite+H,O+CO, solidus [38]. The
silicate inclusions have low values of Mg# and have higher Ca# values than equivalent
minerals in octahedral diamonds from Panda [17, 19]. The coat inclusion compositions
trend away from those of equivalent phases in octahedral diamonds from Panda in the
direction of the trapped fluid. This suggests that, if the silicate inclusions in the coat are
protogenetic, then chemical difference between inclusions in octahedral diamonds and
those in the diamond coats record the effect of mantle metasomatism.

The co-existing fluid micro-inclusions are dominated by H,O, carbonate and KCI. Fluid
inclusions in both the peridotitic and eclogitic samples fall along linear arrays between
Fe-Ca-Mg carbonate and KCI. Inclusions in the peridotitic samples contain very low or
zero concentrations of Si-Al and do not contain quartz. In contrast, inclusions in the
eclogitic sample do contain moderate concentrations of a Si-Al fluid component, and the
eclogitic sample has quartz in its infrared spectra. Therefore, the eclogitic Panda sample
bears some resemblance to fluids in coated diamonds from Africa [1, 2], but has a higher
KCI content. We suggest that the carbonate-H,O-KClI fluid component may have been
externally derived and percolated through both peridotitic and eclogitic diamond (core)
bearing mantle. Metasomatism of the host mantle modified the fluid composition, leading
to a higher Si-Al content in eclogite. Diamond precipitated from this fluid, and the micro-
inclusions represent the residue after metasomatism and mineral (including diamond)
precipitation.
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Figure captions

Figure 1: Infrared absorption spectra of selected Panda diamond coats. The original
spectra shown by the grey line, the black line shows the result after subtraction of the
residual laA diamond spectrum. All spectra show a wide absorption band at #3440 cm’
and the band at #1652 cm™ is due to the presence of OH. Minerals present include:
olivine (PAN1: 887, 507, 987, 608, 532 and 843 cm'1), pyroxene (PAN4: 1090, 480, 877
(shoulder), 520, 977, 908, 644 cm'1), garnet (PANS: 484, 877, 904 (shoulder), 575, 967,
993 cm™), quartz (PAN4: 812 and 784 cm™) and carbonate (880 and 1460-1420 cm™).
Additionally, all samples have a sharp peak at 3107 cm™ due to lattice bound hydrogen.

Figure 2: Cr,03 verses CaO for garnet inclusions in diamond coats PANS5 (large open
triangles) and PANS8 (large open squares). Also shown are compositions of garnet
inclusions in octahedral diamonds from Panda, data from [17, 19] (small closed circles)
and of garnets from Panda peridotite xenoliths from [15] (small diamonds).

Figure 3: Al,O3 verses Cr,0; for clinopyroxene inclusions in Panda coated diamonds
(large symbols). Also shown are compositions of clinopyroxene inclusions in octahedral
diamonds from Panda, data from [17] (closed circles) and mantle xenoliths from Panda
(small open diamonds) [15].

Figure 4: Average pressure-temperature conditions of clinopyroxene equilibration in
samples PAN3 and PANS5 calculated using [33] (error bars show the range of conditions
calculated using the full range of compositions), and the temperature of PAN8 calculated
for a range of pressures (dark grey line) calculated using the garnet-olivine
geothermometer of [28, 31]. Black circles are the temperatures of formation of non-
touching pairs of garnet-olivine inclusions in octahedral diamonds from Panda calculated
at 5 GPa; the light shaded area represents the range of temperatures at given pressures
of inclusions in octahedral diamonds [19] and of clinopyroxene crystals in mantle
xenoliths (solid black circles) from Panda (open diamonds) [15] calculated using [33].
Dashed lines show conductive geotherms (in mW/m?) for various surface heat flow
values are calculated after [34], the graphite-diamond stability boundary is shown as a
solid black line [48].

Figure 5: Compositions of micro-inclusions in peridotitic (grey diamonds; PAN1, PAN2,
PAN3, PAN5, PANG, PAN7, PAN8) and eclogitic (black diamonds; PAN4) coated
diamonds from Panda. Also shown are published data from coated diamonds from Africa
[1, 2] (open squares) and Diavik (Canada) [7] (open triangles) cloudy diamonds from
Koffiefontein [4] (open circles). Summary insets show the compositional fields of
inclusions in the peridotitic (P, grey) and eclogite (E, black) samples.

Figure 6: Ternary diagram showing the compositions of garnet (squares), olivine
(circles), orthopyroxene (diamonds) and clinopyroxene (triangles) inclusions in
octahedral diamonds (grey-filled symbols) [17, 19] and the fibrous diamond coats (open
symbols) and of the average fluid composition (cross) and field of measured fluid
compositions (grey filled area) in micro-inclusions in the coat. Garnet, opx and olivine in
the diamond coat trend away from the composition of equivalent minerals in octahedral
diamond in the direction of the trapped fluid composition.

Table 1: Summary of Panda diamond coat characteristics determined from Ft-ir
spectroscopy and EMPA. Nitrogen aggregation state quotes as percentage of |aB



aggregate in core. Nitrogen and H,O concentrations are given in ppm.
H,O=100H,0/(H,0+CQO,). Mineral phases as detected in: *Ft-ir absorption spectra,
EMPA as ’single phase macro-inclusions “micro-inclusion phases. Pressure and
temperature conditions are calculated from macro-inclusion compositions using the
geothermometers of [28, 31], °[32] and the geothermobarometer of °[33]. Starting
pressures for calculation were 4.6 GPa, indicated as the most appropriate pressure by
geobarometry.

Table 2: EMPA analyses of silicate inclusions in diamond coats from Panda. Totals are
normalised to 100 wt% and the analysed total is given, the analysed totals are also
given. Mg# = Mg/(Mg+Fe), Ca# = Ca/(Ca+Mg+Fe). Abbreviations: Iherz. - Iherzolite, ecl.
- eclogite, nd - not detected.

Table 3: Compositions of fluid inclusions in coated diamonds from Panda. The average
and standard deviation are given for each sample, in addition to four (peridotitic) or ten
(eclogitic) representative inclusion compositions. The total molecular proportions and the
total oxide plus chlorine contents are normalised to 100 wt%, with the analysed total also
given. The calculated brine and carbonate end-members for the peridotite and eclogite
suite inclusions and also given.
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core

coat

Sample | N %B | Suite N H,O H,O# Minerals present T (°C) P (Gpa)
PAN1 - - P 580 61 68 olivine™?, cpx’®, carb.”

PAN2 500 33 |P 405 33 64 olivine®, carb.

PAN3 | - - P 1345 351 63 pyroxene”, (cpx’,opx’), carb.* 935° 4.2°
PAN4 | - - E 1560 354 68 cpx™, rutile’, quartz*, carb.”

PAN5 |585 30 |P 1270 564 59 garnet”, cpx’, carb. 959°, 980° 5.4°
PANG 1040 10 | P 600 31 56 olivine?, carb.

PAN7 1550 8 P 1660 248 55 olivine’, carb.

PAN8 | 1200 3 P 845 251 56 garnet’, olivine’, carb.* 1006°




Suite Sample | SiO, TiO, AlLO; Cr,0; FeO NiO MgO CaO Na,0O KO total Si Ti Al Cr Fe Mg Ca Na Mg# Cat#
Garnet

lherz.  PAN8 | 414 02 16.7 8.5 74 02 179 5.4 03 07 66.1 6.1 0.02 2.9 1.0 0.9 3.9 0.8 0.1 81.1 14.9
lherz.  PAN8 | 41.9 nd 171 8.6 6.9 nd 18.1 5.4 03 04 912 | 6.1 - 29 1.0 0.8 3.9 0.8 0.1 82.3 15.1
lherz. PAN8 | 4138 02 175 7.6 7.5 nd 18.2 5.0 04 08 101.8 | 6.1 0.02 3.0 09 09 40 0.8 0.1 81.2 13.8
lherz. PAN8 | 414 0.1 16.9 9.0 7.0 nd 18.0 5.7 04 01 79.7 | 6.0 0.01 2.9 1.0 0.9 3.9 09 0.1 82.1 15.6
lherz. PAN5 | 4238 0.1 18.0 7.3 6.1 nd 185 6.1 0.2 nd 99.8 | 6.2 0.01 3.1 0.8 0.7 40 09 0.1 84.3 16.8
lherz. PAN5 | 425 nd 17.9 7.4 6.6 01 177 6.6 0.2 nd 101.1 6.2 - 341 0.8 0.8 3.8 1.0 041 82.7 18.2
lherz.  PAN5 | 412 nd 17.6 8.3 74 nd 17.3 6.0 03 05 59.3 | 6.0 - 3.0 1.0 0.9 3.8 09 0.1 80.6 16.8
lherz.  PAN5 | 421 nd 17.9 7.5 6.6 02 176 6.6 02 01 876 | 6.1 - 341 0.9 0.8 3.8 1.0 041 82.6 18.2
lherz. PAN5 | 424 nd 17.9 7.6 6.7 nd 17.6 6.5 0.2 nd 99.7 | 6.2 - 341 0.9 0.8 3.8 1.0 041 82.4 18.0
lherz. PAN5 | 4238 nd 18.1 7.3 6.5 nd 17.7 6.3 02 0.1 101.1 6.2 - 341 0.8 0.8 3.8 1.0 041 82.9 17.5
Clinopyroxene

lherz. PAN5 | 546 nd 1.0 1.9 2.1 nd 173 218 1.2 nd 552 | 2.0 - 00 o041 0.1 0.9 0.8 0.1 93.6 459
lherz. PAN5 | 554 nd 1.0 1.9 1.6 nd 17.0 217 1.1 nd 68.8 | 2.0 - 00 o041 0.0 0.9 0.8 0.1 949 46.6
lherz. PAN5 | 56.9 0.1 1.0 nd 1.7 nd 17.3 220 1.0 nd 83.8 | 20 000 0.0 - 00 0.9 0.8 0.1 949 464
lherz. PAN5 | 56.2 nd 1.0 1.8 1.6 nd 169 213 1.0 nd 849 | 20 - 00 o041 0.0 0.9 0.8 0.1 95.0 46.3
lherz. PAN5 | 55.0 nd 1.4 1.7 1.8 nd 17.8 20.6 1.1 0.3 52.1 2.0 - 01 0.0 0.1 1.0 0.8 0.1 946 44.0
lherz.  PAN1 56.3 0.1 3.3 1.9 22 02 150 184 23 nd 80.1 20 000 o041 0.1 0.1 0.8 0.7 0.2 924 449
lherz.  PAN1 55.9 0.1 3.3 2.0 24 nd 152 185 24 nd 736 | 20 000 041 0.1 0.1 0.8 0.7 0.2 91.8 446
lherz. PAN3 | 55.0 0.3 1.2 2.0 23 nd 16.6 21.2 1.0 0.1 877 | 2.0 0.01 0.0 0.1 0.1 0.9 0.8 0.1 92.8 46.0
lherz. PAN3 | 56.0 0.3 25 29 1.7 nd 153 189 22 nd 854 | 2.0 0.01 0.1 0.1 0.1 0.8 0.7 0.2 942 455
lherz. PAN3 | 56.2 0.2 0.9 1.7 22 nd 162 214 0.9 nd 915 | 2.0 0.01 0.0 0.0 0.1 0.9 0.8 0.1 93.1 46.9
lherz. PAN3 | 554 0.4 25 27 2.1 nd 157 191 1.8 03 88.6 | 2.0 0.01 0.1 0.1 0.1 0.8 0.7 0.1 93.1 44.9
lherz. PAN3 | 56.4 0.3 23 27 1.8 nd 153 189 2.1 nd 940 | 2.0 0.01 0.1 0.1 0.1 0.8 0.7 0.1 939 454
lherz.  PAN3 | 56.1 0.3 1.8 22 1.7 nd 164 19.7 1.5 nd 96.5 | 2.0 0.01 0.1 0.1 0.0 0.9 0.8 0.1 946 45.0
lherz. PAN3 | 557 0.5 0.8 1.2 2.0 nd 171 217 0.7 01 943 | 2.0 0.01 0.0 0.0 0.1 0.9 0.8 0.0 940 46.1
ecl. PAN4 | 557 0.4 74 nd 6.7 nd 9.8 155 4.6 nd 979 | 2.0 0.01 0.3 - 02 0.5 06 03 723 452
ecl. PAN4 | 559 nd 7.3 nd 6.9 nd 96 156 4.7 nd 98.6 | 2.0 - 03 - 02 0.5 06 03 713 454
ecl. PAN4 | 555 nd 7.3 nd 7.0 nd 9.8 156 4.8 nd 999 | 2.0 - 03 - 02 0.5 06 03 714 4438
ecl. PAN4 | 557 nd 7.3 nd 6.8 04 9.7 153 4.7 nd 1004 | 2.0 - 03 - 02 0.5 06 03 71.8 4409
ecl. PAN4 | 556 nd 7.3 nd 6.9 nd 9.9 155 4.8 nd 99.8 | 2.0 - 03 - 02 0.5 06 03 719 4438
ecl. PAN4 | 555 nd 74 nd 7.0 nd 9.8 156 4.8 nd 96.6 | 2.0 - 03 - 02 0.5 06 03 712 4409
ecl. PAN4 | 558 0.3 71 nd 6.6 nd 9.9 157 4.6 nd 98.8 | 2.0 0.01 0.3 - 02 0.5 06 03 726 453
ecl. PAN4 | 554 nd 7.3 nd 7.0 nd 9.8 156 4.9 nd 96.6 | 2.0 - 03 - 02 0.5 06 03 714 4438
ecl. PAN4 | 559 nd 7.3 nd 67 nd 98 156 47 nd 985 | 2.0 - 03 - 02 05 06 03| 723 453
ecl. PAN4 | 55.2 nd 6.3 nd 6.9 nd 104 16.9 4.3 nd 96.4 | 2.0 - 03 - 02 0.6 0.7 03 729 459




Suite Sample | SiO, TiO, AlLO; Cr,0; FeO NiO MgO CaO Na,0O KO total Si Ti Al Cr Fe Mg Ca Na Mg# Ca#
Clinopyroxene
ecl. PAN4 | 558 0.3 7.2 nd 6.7 nd 9.8 156 4.6 nd 999 | 2.0 0.01 0.3 - 02 0.5 06 03 722 454
ecl. PAN4 | 559 nd 7.3 nd 6.5 nd 9.8 158 4.6 nd 100.2 | 2.0 - 03 - 02 0.5 06 03 728 456
ecl. PAN4 | 550 nd 7.2 0.3 6.9 nd 100 159 4.7 nd 916 | 2.0 - 03 00 0.2 0.5 06 03 721 45.1
ecl. PAN4 | 555 nd 71 nd 74 nd 9.7 156 4.7 nd 99.5 | 2.0 - 03 - 02 0.5 06 03 70.1 44.6
ecl. PAN4 | 554 0.3 7.2 nd 7.2 nd 9.8 154 4.7 nd 102.0 | 2.0 0.01 0.3 - 02 0.5 06 03 70.8 445
ecl. PAN4 | 557 nd 7.2 nd 67 nd 98 158 47 nd 1003 | 2.0 - 03 - 02 05 06 03| 722 455
ecl. PAN4 | 557 0.4 7.3 nd 6.6 nd 9.7 155 4.8 nd 1012 | 2.0 0.01 0.3 - 02 0.5 06 03 723 455
ecl. PAN4 | 555 nd 7.3 nd 71 nd 9.8 156 4.7 nd 100.2 | 2.0 - 03 - 02 0.5 06 03 712 4409
ecl. PAN4 | 550 nd 7.0 0.3 74 nd 9.9 157 4.7 nd 99.6 | 2.0 - 03 00 0.2 0.5 06 03 70.3 445
ecl. PAN4 | 553 0.3 7.3 nd 7.0 nd 9.9 154 4.7 nd 101.7 | 2.0 0.01 0.3 - 02 0.5 06 03 716 445
ecl. PAN4 | 56.0 nd 7.2 nd 6.9 nd 9.8 155 4.7 nd 1003 | 2.0 - 03 - 02 0.5 06 03 717 450
ecl. PAN4 | 553 0.3 7.2 nd 65 04 9.8 157 4.8 nd 1015 | 2.0 0.01 0.3 - 02 0.5 06 03 729 456
Olivine
lherz.  PAN8 | 434 nd 0.3 nd 85 04 472 0.1 0.2 nd 655 | 1.6 - 00 - 03 2.6 0.0 0.0 90.9 -
lherz.  PAN8 | 441 nd 0.2 nd 85 04 464 nd 0.3 nd 794 | 16 - 00 - 03 25 - 00 90.6 -
lherz. PAN8 | 45.2 nd nd nd 65 04 475 0.1 0.2 nd 956 | 1.6 - - - 02 25 0.0 0.0 92.8 -
PAN7 | 44.0 nd nd 0.1 64 05 488 nd 02 01 952 | 1.6 - - 00 0.2 2.6 - 00 93.1 -
PAN7 | 44.0 nd nd 0.1 73 05 478 nd 0.3 nd 94.1 1.6 - - 00 0.2 2.6 - 00 92.1 -
PAN7 | 446 nd nd nd 6.8 04 479 nd 0.3 nd 943 | 16 - - - 02 2.6 - 00 92.6 -
PAN7 | 43.9 nd nd 0.1 6.7 04 486 0.1 0.2 nd 947 | 16 - - 00 0.2 2.6 0.0 0.0 92.8 -
PAN7 | 43.1 nd 0.2 0.2 95 04 463 nd 0.3 nd 598 | 1.6 - 00 00 0.3 25 - 00 89.7 -
Iherz.  PAN1 43.7 nd nd nd 85 03 473 nd 0.3 nd 96.6 | 1.6 - - - 03 2.6 - 00 90.9 -
lherz.  PAN1 44.0 nd nd nd 81 03 474 nd 0.3 nd 979 | 16 - - - 02 2.6 - 00 91.3 -
lherz.  PAN1 44.7 nd nd nd 83 03 463 0.2 0.2 nd 94.1 1.6 - - - 03 25 0.0 0.0 90.8 -
Iherz.  PAN1 43.9 nd nd nd 84 03 470 nd 0.3 nd 96.1 1.6 - - - 03 25 - 00 90.9 -
Iherz.  PAN1 43.7 nd nd nd 88 0.3 470 nd 0.2 nd 856 | 1.6 - - - 03 25 - 00 90.5 -
lherz.  PAN1 43.9 nd nd nd 83 04 472 nd 0.3 nd 957 | 1.6 - - - 03 25 - 00 91.0 -
lherz.  PAN1 43.8 nd nd nd 84 03 473 nd 0.3 nd 947 | 16 - - - 03 2.6 - 00 91.0 -
Iherz.  PAN1 43.9 nd nd nd 86 04 467 nd 0.3 nd 88.0 | 1.6 - - - 03 25 - 00 90.6 -
Orthopyroxene
lherz.  PAN3 | 63.0 nd 1.7 nd 55 04 287 0.3 02 02 615 | 2.1 - 01 - 02 1.4 0.0 0.0 90.3 0.7
lherz. PAN3 | 64.1 nd 0.7 nd 54 04 288 0.2 02 02 59.8 | 2.2 - 00 - 02 1.4 0.0 0.0 90.6 0.5
lherz. PAN3 | 66.2 nd 1.0 nd 41 03 275 0.3 0.1 0.2 438 | 2.2 - 00 - 01 1.4 0.0 0.0 92.2 0.6
lherz. PAN3 | 60.6 nd 0.6 nd 6.2 04 308 0.8 03 03 474 | 21 - 00 - 02 1.6 0.0 0.0 89.8 1.6




sample PAN2 PAN3 PAN5 PANG6 Peridotitic

inc. no. 18 24 41 43 ave. (0) 2 3 12 17 ave. (0) 8 23 25 28 ave. (0) 1 4 10 12 ave. (0) Brine (1) Carb. ()
wt% oxide

SiO, 39 66 38 29 46((22)| 46 22 28 29 3.1(0.7) 82 50 78 81 5.8 (2.5) 56 27 33 33 4.0 (2.2) 2.2(0.5) 7.6 (0.4)
TiO, - -
Al,Og 1.3 12 09 06 1.4 (1.4) 0.7 0.7 0.8 (0.6) 6.5 1.1 1.9 (1.9) 1.0 1.3(0.4) - 2.5(1.1)
MgO 149 78 21 9.3 5739 | 60 23 28 4.0 33(16)| 124 31 64 108 78((%6)| 113 12 29 24 4.6 (3.4) 0.0 (0.7) 14.1(2.6)
FeO 294 185 54 200 122(78)| 126 3.7 63 56 6.9(25)| 309 80 234 296 26.8(14.2)| 365 54 160 89 16.9(11.4) 14(2.0) 37.6(0.7)
Ca0O 199 146 26 105 71(48)| 7.7 34 36 36 49(23)| 167 57 84 140 12.7(96)| 164 3.0 87 32 7.6 (4.9) 0.7 (0.7) 19.9(1.7)
BaO 6.3 151 112 152 120(6.7) | 176 151 16.6 129 17.2(4.7)| 165 71 73 164 11.4((73)| 218 11.7 116 125 15.7 (4.7)| 14.7(5.3) 16.6(1.7)
Na,O 22 33 44 27 39(1.7)| 49 6.0 49 42 4.6 (0.9) 31 135 29 32 5.9 (4.4) 25 69 41 93 7.6(34)| 10.3(4.2) 1.6 (0.5)
KO 10.2 129 343 20.0 224(10.7)| 23.0 323 31.0 342 279(5.9) 21 290 211 54 12.7 (10.8) 1.4 337 289 284 219(11.3)| 34.3(0.5) -
P,0s 1.6 - -
Cl 75 141 328 154 213(93)| 236 321 29.6 30.6 29.2(4.3) 1.5 286 196 4.7 13.1(10.9) 19 337 246 297 23.4(9.6)| 36.5(11.9) -
Total 212 148 128 283 13549)| 65 62 63 6.1 6.1(2.3) 72 73 66 83 7.9(1.9) 97 70 100 9.0 7.9 (3.6) - -
mol. %

Si 40 72 38 31 5.004.7)| 47 22 29 29 3.2(3.2) 94 47 79 95 6.1(3.8) 65 26 33 33 4.0 (4.2) 2.1(0.3) 8.4 (0.7)
Ti - -
Al 08 08 05 04 0.9 (1.7) 04 04 0.5(1.5) 4.4 0.8 1.2(1.7) 0.0 06 0.8 (0.5) - 1.6 (0.8)
Mg 230 127 31 150 91(123)| 91 35 43 59 49(108)| 211 44 9.7 188 123(126)| 197 18 44 36 6.8(10.1) 0.0 (1.5) 23.1(3.6)
Fe 254 169 45 181 11.0(13.7)| 107 31 54 47 5909.7)| 295 64 199 289 236(178)| 357 44 135 74 14.0(18.7) 1.1(29) 34.6(1.8)
Ca 221 171 28 122 82(108)| 84 37 39 38 53(113)| 204 58 92 175 143 (154)| 205 31 94 34 8.1(10.3) 0.7 (1.4) 23.4(1.3)
Ba 26 65 43 64 7355 | 70 6.0 6.7 5.0 6.9 (8.4) 74 27 29 75 47(43)| 100 45 46 49 6.1(3.6) 5.6 (5.6) 7.2(1.0)
Na 22 35 42 28 41(36)| 48 59 49 40 4.6 (4.0) 34 124 29 36 6.0 (6.4) 28 66 40 89 7.3(6.4)| 9.6(10.3) 1.7 (0.6)
K 6.7 90 217 138 154(144)| 149 208 20.2 21.7 182(17.2) 1.5 176 13.7 4.0 8.5(10.3) 1.0 211 186 18.0 13.8(14.2)| 21.1(9.5) -
P 2.7 - -
Cl 132 262 551 282 38.9(33.3)| 406 549 514 516 50.5(33.9) 29 461 338 93 23.3(27.7) 3.8 56.0 421 50.0 39.2(32.0)| 59.7(0.3) -
K/Cl 0.51 0.34 039 049 0.40(043)| 037 038 0.39 042 0.36(0.51)| 053 0.38 040 043 0.37(0.37)| 0.28 0.38 0.44 0.36 0.35(0.44) - -
KNa/Cl 0.68 0.48 047 059 0.50(054)| 049 049 049 050 045(0.63)| 1.71 0.65 049 082 0.62(0.60)| 1.03 049 0.54 0.54 0.54(0.64) - -
CaFeMg/ClI 536 179 019 160 0.73(1.11)| 0.69 0.19 0.26 0.28 0.32(0.94)| 24.46 0.36 1.15 7.01 2.15(1.65) | 20.16 0.17 0.65 0.29 0.74(1.22) - -
Ca/(CaMgFe) | 0.31 0.37 0.27 0.27 0.29(0.29)| 0.30 0.36 0.29 0.27 0.33(0.36)| 0.29 0.35 0.24 0.27 0.29(0.34)| 0.27 0.34 0.34 0.24 0.28(0.26) - -




Sample PAN7 PAN8 PAN4 Eclogitic

Inc. no. 2 10 12 30 ave. (0) 3 10 13 19 ave. (0) 7 8 9 13 14 17 20 23 24 ave. (o) Brine (z) Carb. (+)
wt% oxide

SiO, 7.6 1.7 33 27 35(14)| 64 28 45 39 45(2.1)| 189 131 228 59 259 11.0 123 103 13.0 15.1 (6.4) 3.4 (34) 39.1(4.6)
TiO, 100 55 98 46 6.1(2.5) 1.8 1.6 0.3 (0.6) - -
Al,Og 06 0.9 0.8 (0.1) 19 10 18 16 2.8 1.9 141 1.3 15 1.7 (0.7) 0.7 (0.1) 4.0 (0.2)
MgO 1.0 24 39 30 49(31) (114 28 6.6 47 5.5(4.2) 1.8 11 1.7 09 1.8 1.1 09 11 1.8 1.2(1.0) 0.0 (0.0) 4.3 (0.0)
FeO 317 106 100 196 18.9(13.8)(349 55 193 82 13.6(11.3) 86 87 109 116 111 115 82 108 11.8 9.8 (3.3) 9.4 (04) 12.8(0.4)
Ca0O 156 53 52 538 9.0(56)| 151 36 88 438 7.4 (6.2) 51 51 56 33 5.8 35 35 42 42 4.9(1.8) 0.6(0.2) 12.7(0.3)
BaO 176 91 129 99 120(71)| 173 56 121 9.0 119(.2)| 118 16.8 122 16.6 1.3 115 119 178 121 13.2(3.4)| 11.2(2.1) 14.3(2.8)
Na,O 40 192 113 6.7 9.0(5.3)| 48 134 45 150 11.8(5.5) 30 41 33 35 3.0 38 45 55 50 4.1(0.8) 3.6 (0.1) 5.0 (0.1)
K0 43 170 235 26.2 19.99.2) | 53 30.0 227 306 224(9.1)| 25.6 234 221 2438 223 269 303 247 251 26.0(6.9) | 37.4(2.8) 0.0 (4.2)
P,0s 30 32 341 1.3 23 19 22 35 33 2.6 (1.3) 1.2 (0.5) 7.9 (1.5)
Cl 42 342 281 236 214(96)| 73 346 211 262 26.6(11.2)| 187 222 165 297 140 262 252 193 220 222(6.6)| 32.5(0.4) 0.0 (0.0)
total 78 224 205 293 232((101)| 51 51 67 57 51(14)| 152 148 6.2 125 43 86 69 58 62 8.0 (3.8) - -
mol. %

Si 8.6 156 32 28 35(26)| 62 25 42 36 40(36)| 202 142 245 6.0 28.1 113 127 115 13.7 15.7(20.1) 3.4 (34) 458 (4.4)
Ti 73 37 69 32 4.1(3.2) 1.4 1.3 0.2 (1.5) - -
Al 03 05 0.5(0.2) 12 06 11 1.0 1.8 11 07 09 09 1.0 (1.3) 0.4 (0.0) 2.7 (0.1)
Mg 187 32 57 46 7387|164 38 92 64 7.3(10.7) 29 18 27 14 29 1.7 14 18 28 1.9 (4.7) 0.0 (0.0) 7.4 (0.2)
Fe 302 80 82 168 16.0(21.5)|282 41 151 6.4 10.2(16.2) 77 79 98 99 10.1 98 7.1 101 104 8.5(8.7) 7.9(1.5) 125(0.1)
Ca 190 541 55 64 97(112)|156 35 89 47 7.1(11.3) 58 59 65 36 6.8 38 39 50 47 5.5(5.9) 0.7 (0.1)  16.0(0.0)
Ba 79 32 49 40 48(5.2)| 66 19 44 33 4.2 (3.5) 49 71 52 66 4.8 46 48 7.8 50 5.4 (4.2) 4.4(2.1) 6.6 (1.5)
Na 44 168 107 6.7 8.8(9.6)| 45 115 41 135 10.2(9.1) 31 43 34 35 3.2 38 45 59 51 4.1(2.6) 3.5(1.0) 5.7 (0.3)
K 3.1 98 147 172 128(109)| 33 170 136 180 128(9.9)| 175 16.1 152 16.1 1565 176 199 176 16.8 17.3(13.9)| 24.0(8.0) 0.0 (3.2)
P 14 15 14 06 1.1 08 10 17 15 1.1(1.7) 0.4 (0.1) 3.2(0.5)
Cl 8.1 523 46.7 411 36.6(30.2)| 11.9 521 336 409 40.3(32.5)| 339 407 30.1 514 258 455 441 36,5 39.2 39.2(352)| 55.4(12.6) 0.0 (0.0)
K/Cl 0.39 0.19 0.31 042 0.35(0.36)| 0.27 0.33 0.40 044 0.32(0.31)| 0.51 040 0.50 0.31 0.60 0.39 045 0.48 0.43 0.44(0.40)

KNa/Cl 093 051 054 058 0.59(0.68)|0.65 055 053 0.77 0.57(0.58)| 061 0.50 0.62 0.38 0.72 047 055 064 0.56 0.55(0.47)

CaFeMg/CI 837 0.31 041 068 0.90(1.37)|5.05 022 099 043 0.61(1.17)| 048 0.38 0.63 0.29 0.77 0.34 0.28 0.46 0.46 0.41(0.55)

Ca/(CaMgFe) | 0.28 0.31 0.28 0.23 0.29(0.27)| 0.26 0.31 0.27 0.27 0.29(0.30)| 0.36 0.38 0.34 0.24 0.34 025 0.31 030 0.26 0.35(0.31)




