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Possibilities for misidentification of natural diamond and
coesite in metamorphic rocks

Duncan S.Keller® 2 *, Jay J. Ague!
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Abstract: Coesite and di d are the traditionzl ndicator usedmmhnnfyulhahngh—pmm([ﬂ-ﬂ}meh—
morphic rocks, which are rare records of deep subds zone However, UHP indicator mi
tification and sample imation drive dial on UHP di We d t mwlm:h
xhﬁ&mo&ammﬂphﬁesmﬂ)ﬁcﬂywvmﬂlymgmnﬂamphjcﬁm@mdmﬂe;ﬂﬁeumplﬁ
conpl and extend d of sampl cted UHP rocks. Di ds embedded or trapped dur-

ng routine sample preparation can appear nearly identical to metamorphic dizmeond texhares, meludimg the radial polishns
seratches that facilitate diamond recognition at thin saction swfaces, and in some cases may not be dislodged by ultrasomic
cleamng The diagnostic Raman peak at or shightly sbove mSZlcm‘lusedtDM.f} nuemudosemflzmaupeaks o\fcou—

e

tarninant crystalline Si? from SiC grit (~321 em ), and to p

b 15 of

s i

thﬁemhhmmayamemamepeakat=424m'l Tnlnlpmmdspmmlsremgmanocfdunmdand:uﬁm

welxuposeﬂnarsmﬁmal’ ds never be idered that 5i® and should be ruled out when proposing a coesite
ification using Raman sp py alone, and that inchusions <5 pm from the shide base generally be excluded from
consideration.
Key icrodiamand; coesite; jon; ultrahigh-pr phism; indicator mineral
Introduction

Ultrahigh-pressure (UHF) metamosphic rocks are central
to nmltidisciplinary study of subducting slabs and are un-
paralleled direct records of conditions in these environ-
ments (e.g., Sobolev & Shatsky 1990, Frezzotti et al. 2011,
Gilotti 2013). Discoveries of UHP rocks have necessitated
reconsideration of classic models for continental orogen-
esis (e.g., Chopin 1984, Smith 1984, Gilotti 2013) as well
as locality-specific revisions of geologic histories. Tradi-
tionally. the polymorphic transition of quartz to coesite at
~2.5t0 ~3 GPa (e.g.. Mirwald & Massonne 1980) has been
considered the Jower bound of UHP conditions (Chopin
1984, Smith 1984); metamorphic microdiamonds sipnify
UHP conditions >3 GPa (Sobolev & Shatsky 1990, Frez-
zotti et al. 2011).

Although coesite and diamond can be readily identi-
fied using modemn microanalytical techniques, the origins
of these phases can be controversial For example, the nat-
wral metamorphic growth of microdiamonds from some
localities used to infer UHP subduction of continental
crust has been questioned (e_g.. Beyssac & Chopin 2003,
Dohtzh:neq‘skzya etal 2014) Discovery of diamond, SiC.
and 5i’ in mineral from ophiolites has led to de-
bate over deep oph.lohne formation and possible sample
contamination (e.g.. Robinson et al. 2004, Howell et al
2013, Ballhaus et al. 2021). Additionally, hypotheses of
metastable diamond formation at significantly lower pres-
sures than ~3 GPa have prompted examination of min-
eral prowth mechanizms and sample preparation practices
{e.g.. Farré-de-Pablo et al. 2019, Massonne 2019, Pyjol-
Sola et al. 2020).
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On the geologic timescales of tectonic exhmmation
coesite and diamond are expected to recrystallize to the
lower-pressure polymorphs quartz and graphite unless in-
chuded within minerals with high tensile strength such as
gamet. pyroxene. or zircon that exert a strong confining
pressure. In tectonically exhumed rocks, matrix coesite
is very rarely observed (Liu et al. 2017) and matnix dia-
mond is only known from the Kokchetav Massif (Schertl
& Sobelev 2013). Recognition of these indicator minerals
therefore usnally relies on fully encapsulated grains iden-
tified with Raman spectroscopy or other nondestructive
techniques operable below the surface of a thin section.
Some studies also consider swrficial inchusions. We pre-
sent new doc ion of contamination which mim-
ics naturally-occwring diamond and coesite visually,
analytically, or in both respects and snggest additional ap-
proaches to avoid nisidentification.

Samples and Methods

Themmplawep(mlmﬂnssmdymﬂnrﬁuhofmﬂ:m
section preparation of three rock types from the B d Schust

Results

Diamond
Duning thin section preparation. small cor dia-
mon.dsmaybemlmduoedmmasampkmdbennstakm
for met phic microdi d. Di; d-studded saw-
blades are ubiquitous in rock preparation and diamond
abrasives are popular for the high-level polish the pastes
impart, with grit sizes commonly ranging from 6 pm to
025pm Diamond-studded lapidary wheels may also
implant diamond fragments during billet grinding; these
diamonds could persist at depth in the final thin section.
near the plass slide.

Microdiamonds protruding from gamet may readily
be identified by the presence of radial polishing scratches
surounding the inchision (e.g, Massonne et al 1998,
Koflova et al. 2011, Fig.1a). In a study of =600 petro-
graphic thin sections. Massonne et al. (1998) noted these
scratches in UHP samples but extremely rarely (<1%) in
lower-prade rocks. Embedding of contaminant diamond
into phyllosilicates (Massonne et al. 1998) and zircon

of the Central Maine Terrane in Connecticut, U5 A The first is a
silica-undersaturated gmeiss which records high-pressure gramu-
lite (HPG) facies conditions of ~L8 GPa and ~1,040 °C ("the sil-
ica-undersahwrated gmeiss,” Eeller & Ague 2018). The second 15 a
silica-saturated HPG znetss (Ferero et al. 2021) which also locally
ﬂmn:aduhalﬁghmmpﬂahneﬂmmhlages(“ﬂnm
mmeiss;” Ague et al. 2013, Axler & Ague 2015). The third 15 an-
other silica-saturated gmusdlsﬂngulslndby exsolution lamellae
of quartz, amphibole, mica, imenite, apatite, and mufile in gamet;
the lamellas formed on the retrograde path following 2 UHP stage
of P =5 GPa (“the UHP gnaiss;” Eeller & Azue 2020). All of these

(Ague et al. 2013); minerals formad by these overprnts developed
to varying degrees m each rock type Thin sections were prepared
' the Yale Unrversity Department of Farth and Planetary Sciences.
Billetz were cut using a diamond-studded saw blade, then ground
and polished using SiC grit down to 600 ANSI grit size (~15pm
diamater), followed by ahumina to a grit size of 3 pm Dhamond pel-
1shing of thin and thick sections used diamond paste in successive

(Dobrzhinetskaya et al. 2014) is known, but implantation
into pamet has seen little study. Despite testing of vis-
ual and/or spectroscopic methods for assessing whether
or not a microdiamond is contaminant (Massonne et al
1998, Beyssac & Chopin 2003, Perraki et al. 2009, Dobr-
zl:metslmyaetai_ZOM Nasdala et al. 2016), adeﬂmﬁve
test for genmi orphic diamonds Tu
'I'heperﬁect octahedral clea\'age of diamond allows pol—
ishing fragments to mimic the growth faces of a natural
diamond.

After routine diamond polishing of a thin section of
the silica-undersaturated gneiss, we observed seven dia-
monds ~3—7pm in diameter protruding from a partially
chloritized gamet, each displaying the distinctive radial
scratch pattern (e.g. Fig Ib). The diamonds were lo-
cated only in trails of breached, empty flnid mesions
similar to those hosting naturally-occurring metamorphic
di ds (e.g., Sobolev & Shatsky 1990, Frezzotti et al.

gt sizes of 6, 3, 1, and 0.25 um. Back i electron obs
tion and cathodol (CL) of diamonds were
performed with the JEOL TXA-8530F field emission gim electron
probe microanalyzer in the Yale University Department of Earth
and Planetary Sciences. Raman spectroscopy followed the methods
of Eeller and Ague (2020). Analytical conditions for collecting the
Raman spectra of Fig. 3a and 3d are 50% and 20= objective lenses,
respectively, no filter, 532nm laser wavelength 400 um hole,
150 pm slit, 1800 lines'mm grating. and 8 repetitions of 10 second
analyses. Spactra were processed using CrystalSleuth (Lafnente et
al. 2015) to remove backgrounds and cosmie ray interactions. Min-
eral abbreviations follow Whitney and Evans 2010).

2011). Cleaning of the sample in an ultrasonic bath at high
power for three munutes dislodged six of the diamonds.
but the seventh was so deeply embedded that it could not
be removed regardless of the cleaning protocol. We noted
no diamonds beneath the surface of the thin section, either
petrographically or with Raman spectroscopy. and found
no diamonds in a sample polished exclusively with alu-
mina grit. There are no other mineralogical indicators of
a UHP stage.

We also observed microdiamonds in breached flnid or
melt mchisions at the surface of thin sections of the HPG/
UHT gneiss polished with diamond paste (Fig. le—f). The
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Fig. 1. Microdiamond: in gamet (a) Reflacted light image of a larze

diamond from the UHP Saxonian

naturally-ocomring Erzzebirge
showing classic radial scratch pattern (Massonne et al. 1998). (b) Beflected light image of contamimant diamond embedded in garnet of the

sdlcamdu’sahlﬂindg]msszhoslwwmgndulsﬂa‘mhs (c—ﬂBﬂdsmmddeclmnmngesufmiammdlmdsm
nfill of &

the UHT/HPG gneiss showing p

may occupy inchusions with other minerals (Fig 1d. f).
and may be plentiful within a given thin section. We ex-
cited the diamonds using CL and observed a range of flu-
orescence colors, including biue, yellow, pink, and green,
often within the same thin section, and in some cases

zamet from
void space. Mineral abbreviations follow Whitney and Fvans (2010).

gneiss. we did not find microdiamonds completely en-
cased within garnet or in samples polished with alumina
and the diamonds are within the size range of the diamond
pastes used in preparation. Preservation of metamorphic
diamond is extremely unlikely because of the UHT, gram-
lite facies. and amphibolite facies overprints that affected
the HPG/UHT gneiss (Ague et al. 2013).
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Fig. 2. Overlapping features of the coesite Raman

spectrum with spectra
that do not overlap with quartz or almandine are at 426 cm™, 520!

of quartz, almandine Si°, and xenotime. The only coasite pazks
521@4, and 1145 em L. Labeled quart= and almandine peaks overlap

with coasite peaks; labeled coesite peaks do not have overlaps. Coesite, $i%, and xenotime all have a prominent peak at ~520—521 cm . The
coesite spectrum used is of a freestanding crystal with a peak at 520 em™; mmm;mﬂndedmgamﬁandmﬁumlﬂ{?mwwld—
wide may show a peak at 521-526 cm™ mstead (e.z. 'Pazhnsm&KmymEgg) Photolumy of REE in

peak at ~426 e (Lenz et al. 2015) that overlaps with a coesite pezk_ Spectra are from the RRUFF database fRﬂ?OSGS,RMmI,Rm9,

RO50145, RO50178; Lafuente et al. 2015). The y-zxis has dimensionless units of relative infensity.

Coesite

Coesite misidentification has not been documented be-
cause coesite is not used in geological sample preparation.
Coarse preserved coesite grains are commonly partialty
retrogressed and display a diagnostic “palisade texture™

of coesite rimmed by polygramular quartz, typically sur-
rounded by abundant radial eracks (e.g. Chopin 1984,
Smith 1984). This distinctive texture allows partially ret-
rogressed coesite to be identified visually. Small coesite
grains fully enclosed in a strong host mineral such as gar-
net may be preserved; in these cases. Raman spectroscopy
can be used to identify coesite beneath the surface of the
host (e.g., Sobolev et al. 2000, Taguchi et al. 2021). How-
ever, coesite identification by Raman spectroscopy alone
presents challenges, although this is rarely acknowledged.
Eachcoemepeak except those at 426 cor™, 521 o™, and
1145 cm? overlaps with quartz and/or almandine garnet

peaks (Fig 2). This means that only these three peaks
could be assigned to coesite in a quartz-bearing inchu-
sion in gamet without thorongh spectral analysis (e.g.
deconvolution, subtraction). It is important to note that
each of these peaks may shift due to preserved strain or
confining pressure. The stromgest coesite peak. which at
ambient conditions is at 520521 car), may shift upward
under residual pressure. reaching 532:::1‘1 for coesite in-
clusions in diamond (Scbolev et al. 2000). Peaks as high
as ~525-526cm™ are not uncommon for unfractured
coesite in garnet or zircon (Parkinson & Katayama 1999).
The coesite peak at ~1145 cm™ may also shift closer to
~1160 cor! and overlap with a minor quartz peak (Os-
bome et al. 2019).

Importantly, peaks at ~521 e and ~426 con™! are not
mmemcmmm.mdmnmnmlmftakatﬂlcm
overlaps with the strong peak of crystalline Si (Si%) and a



Possibilities for misidentification of natural diamond and coesite 257

i91e‘=

Relative intensity

W 200 0 40§09 60 T00 BB 800 1000 1100 1200
Wavenumbers (cm)

(d) -

Xtm+Qtz+Grt

Relative intensity

| I | i
f', .'| I|-||| \

;l-x' o VAN YA L /\

100 200 300 400 500 600 Fi BOQ 200 1000 100 1200
Wavenumbers (cm™)

Fig. 3.Phasﬁmﬂ:mmﬂﬁt:anmmﬂzmgﬁtmhﬂmmpeak(a)Rmspeﬁrmufabheﬁzmnfmmﬂme&°
in a composite quartz-chlorite inchision in gamet. The peak at ~325 cmi™ is attributable o 5i° under compressive stress and interactions
with the broad and compositionally-variable chlorite peak between 500 cm™ and 550 cm™. (b} Inchision analyzed in panel A at the bottom
of a thick section of the UHP gneiss. Circle indicates analysis location. {c]Im:hmnua.nalymdmpmelDfmmzthcksecmnufﬂnUHP
s Cuclemdl.cataa.nalysuskﬂhm(d)ﬂm of ime in quartz, included in gamet. ¥enotime peaks at 426 cm™ and
520 em™ overlap with major coasite pasks. Refarence silicon. quartz, chlorife, garet, and xenotime spectra are samples RO30143, R040031,

RO60188, RO60099, and RO50178 from the RRUFF databasa respectrvely (Lafuente et al 2015). The y-axis has dimensionlas: units of
relafive mtensity.
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photoluminescence excitation of Er** and possibly T
in xenotime (YPO,; Lenz et al 2015) (Fig. 2). Xenotime
is a common accessory nuneral. especially in metapelites.
Si¥ can be a relict reactant of the industrial production of
SiC grit (Greenwood and Eamshaw 1998, Ballhaus et al.
2021) and its strong peak at 521 co’® cmnmmctheasym
metry of the dominant coesite peak (Fig.2). The minor
coesite peak at ~426 con™! overlaps with peaks caused by
photoluminescence of rare earth elements (REE) in xeno-
time (Fig. 2; Lenz et al 2015) and a broad chlorite peak
(Fiz. 3a). hindering its use as a unique coesite identifier.
Further complications are posed by the common iden-
tification of coesite as fully encapsulated mduswrns De-
pendngouthedepthcd‘themchmmthe tions of

shift the wavenmmiber of the ~3521 enr! Si? peak by several
em? (e.g., Poborchii et al. 2006); additionally, convolu-
tion with the compositionally-vaniable a.u.d ‘broad chlo-
rite peak between ~300 cm™? and 550 cmi™! may produce
a composite peak shifted to slightly higher wavenumber.
This effect appears poorly resolved due to the depth of the
inchision. We emphasize that unstressed contaminant Si°
would show a Raman peak directly overlapping with the
521 cnr! peak of unstressed coesite (e.g. Fig 2).

In another thin section of the UHP gneiss, we analyzed
a small grain (~10 pm) within a quartz inclusion exposed
at the surface of its host garnet (Fig. 3c). The quartz m-
clusion shows a large anisotropic extinction halo in the

anisotropic minerals, the thicknesses of mcluded phases,
and the quality of the spectrum_ the strength of Raman
peaks can vary. Peals of included phases may also shift
due to anisotropic stresses (e.g.. Bonazzi et al. 2019) cre-
ated during decompression of inclnsion and gamet host;
wavermmber shifts can exceed 20 cm™. This increases the
chances of relevant peak overlap with other phases. The
limited range of diagnostic coesite peaks for a quartz-
bearing inclision in gamet, non-imique diagnostic peaks,
and likely suppression of minor peaks together present
considerable hindrances for identifying coesite in garnet
by Raman spectroscopy alone, especially inclnsions en-
cased fully by gamet.

We report two ples of composite, quartz-bearing
inclusions in gamet which show a prominent Raman peak
overlapping with or near 521 coi™ but which cannot be
confirmed to contain coesite. The first example is a biue-
ish-green grain in a quartz-chlorite inclusion at the bottom
of a thick section of the UHP gneiss (Fig. 3b). The Raman
peaks of quartz, chlonte, and a phase with a strong peak
at~525 cor! are somewhat suppressed relative to the gar-
net peaks becanse the section is ~150 pm thick Multiple
measwrements of the prain yielded peaks in the range of
523526 cm™; the spectrum in Figure 3 is typical. There
are several problems with interpreting the blue-green in-
clusion in Figure 3b as coesite. First, there are no known
examples of blue coesite, but coarse fragments of crystal-
line Si°, which may be present as polishing contaminant,
can be blue (Greenwood & Eamnshaw 1998). Fine-grained
Si° (eg. < ~5pm) is visually colorless Second. the
strongest coesite Raman peak at ~521 cor™! is shared with
Si? (Fig. 2). Third, no peak was noted at ~1145-1160 carl.
Finally, a chlorite peak at ~428car hinders clear rec-
ognition of a coesite peak at ~426cm™ (Fig. 3a). Peaks
of pamet. quartz, chlonte, and Si¥ are sufficient to re-
produce the observed spectrum without the presence of
coesite. Preserved compressive stress doe to wedging of
a Si? shard into garnet during polishing could positively

Sur ding garnet, suggesdngptesm‘ed strain. We noted
strong peaks at 520 cm™ and 426 em™ that could be as-
sipned to coesite. However, the additional presence of
peaks at 373, 406, 475, 604, 661, 998, 1023, and 1055 car!
indicate that the mineral is xenotime (Fig. 3d).

Discussion

The examples we present offer opportunities to assess the
ways in which genmine ms phic di d and coesite
may be recognized in thin section. In the case of diamond.
contamination by polishing material nmst be considered.
In the case of coesite. both natural xenotime and contami-
nant i from SiC polishing grit should be ruled out when
interpreting Raman spectroscopy results.
I]ledmtnmdsweobsen‘edaﬂtuﬂsecumsmfaces ai-
though visually similar to 1
(Flg.i)mmthmmemzemgeofpohshnggrﬂ Their
presence within breached mclusions, reminiscent of natn-
ral modes of diamond ocouvence, is an expected outcome
of pelishing grit retention. Varied fl e character-
istics suggest that the diamonds are a random sampling
from different natural occumrences such as kimberlites, as
would be expected for polishing material Based on these
traits, we conclude that the observed diamonds are con-
tamination and that diamond frapments may be embed-
ded into garnet during polishing and produce the radial
scratch pattern associated with metamorphic microdia-
monds (Fig 1b). Such diamonds may be difficult or im-
possible to dislodge via ultrasonic cleaning.
Interpretations of diamonds in metamorphic rocks
have also been shaped by suggestion of metastable dia-
mond formation at pressures below the equilibrium sta-
bility of diamond (e.g., Massonne 2014, Pojol-Scli et al.
2020, Li et al. 2020). The examples of diamond contami-
nation we present here reinforce concerns about the valid-
ity of all diamonds present in inclusion space that was
ever in contact with preparation surfaces of the sample

met hic
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(e.z.. Dobrzhinetskaya et al. 2014, Massonne 2019). Test-
ing of the hypothesis that diamond may form metastably

atlﬁnsecﬂcma'erm:posedmpoﬁshjngmmmxls should

in geologic environments would be best simplified and
clarified by restricting discussion to samples prepared en-
tirely without the use of diamond abrasives.

The Raman spectra we present with prominent peals
at or near 521 corl, commonly considered diagnostic of
coesite, cannot be assipned to coesite in our samples.
The spectra and properties of the inclusions are instead
consistent with Si’ and xenotime (Fig. 3). The Si® peak
is shifted to slightly hizher wavenumber, mhduema
combination of preserved stramn from implantation in
the gamet and interactions with chlorite peaks at I:ng;her
wavemunber. We conclude that $i° and xenotime included
at depth in garnet, especially in quartz-bearing inchisions,
present a nisk of being misidentified as coesite based on
Raman spectroscopy alone. 5i? presents a particularly in-
sidious problem becamse of its presence in a common pol-
id:u'.ﬂg compound (Ballhaus et al. 2021). In our example
of 8i contamination. the blue color of the Si¥ inclusion is
readily apparent becanse the contaminant grain is coarse
(~30 pm diameter), but finer-grained Si prit contamina-
tion would likely appear colorless. In this case, Si? could
be wvisually indistinguishable from coesite. si contami-
nation near the top or bottom of a thin section could be
mustaken for coesite in a composite inchision based on
the presence of a peak at or near 521cmi. especially if
minor peaks were dampened (Fig. 2). Similarly, if a com-
posite xenotime-bearing inchision is at depth in the gar-
net and minor xenotime Raman and photoluminescence
peaks are dampened. it is possible that coesite could be
inferred using peaks at ~52l e and ~424 cor. Stand-
ard thin section billet grinding using 600 grit will leave
pits and scratches of up to several pm depth which could
trap abrasives in the surface to be gloed to a pefrographic
slide. We therefore recommend that only inclusions at
least 5 pm away from the bottom of a slide should be used
for UHP phase investigation.

Conclusions

We show that comtaminant diamond may mimic the tex-
tures of phic microd: d at the surface of a
thin section. Combined with previons work demonstrat-
ing the difficulty of distingnishing contaminant from

not be consid asewdeuceoflﬂ-]]’cmdmms Sam—
ples infended to st R phic mic

shonld be polished oomplaetywﬁhoutanydlm
bearing 1als (e.g. with alumi and if possible,

should be prepared without diamond saws. We recom-
mend that inclusions in gamet or other phases selected
for study should be at least 5 pm above the plass slide for
standard thin sections billets prepared with 600 SiC gnt.

The strong Raman peak of coesite at ~521 cor™! is com-
monly taken as a diagnostic identifier, but is non-umique
and can be produced by polishing contamination artifacts.
Peak overlaps from xenotime. quartz, and almandine-rich
gamnet further mask the unique properties of a coesite
Raman spectrum in a composite inclusion in garet. If
a suspected coesite inclusion is fully encapsulated and
does not display the classic palisade texture, identifica-
tcmby Raman spectroscopy alone can prove problematic

ding on the oni ion and depth of the inchision
andtheiocaﬁmcd‘aﬂalvm Mot all studies that identi-
fied coesite by Raman spectrum alone performed rigor-
ons spectral decomposition to ensure the unambignous
presence of coesite. Misdiagnosis of coesite counld result
from undue weight given to the presence of a Raman peak
at ~521-526 e, particnlarly for a composite inclusion
at depth in garnet. Especially in cases where few analy-
ses are presented, this could lead to spurious diagnosis of
new UHP localities using only Raman data. We wge that
coesite discoveries should be confirmed not to be Si° con-
tamination or Xenotime by thorongh Raman spectroscopic
characterization and spectral decomposition, chemcal
analyses by electron pmbe mtuom.l}sls ('EP}JA)L and"
or do ion of the d 1et:
texture.

We raise these points not to call into question any
specific study but to emphasize the pitfalls present when
classifying a UHP rock based on diamond or coesite m-
chl&msalcne %hope#hatby calhngathenhmmpossn—
ble o dentification scenarios. meth-
ocbﬁarldennfymgUHPmckscanbeﬁr&mreﬁmA
UHP discovery can drastically change interpretations of
an entire crogenic belt. so these rocks deserve particular
scrutiny.

& izl
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