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High-Pressure Carbonaceous Phases as Minerals

Oliver Tschauner

ABSTRACT

High-pressure carbonaceous minerals establish a link between one of the most abundant chemical elements and
processes that occur at high pressures, either in the interior of the Earth or during shock-metamorphosis in
space or on Earth. Diamonds from the Earth’s mantle carry inclusions of carbides, carbonates, methane, and
carbon-dioxide. These inclusions elucidate diamond formation and the carbon recycling in the mantle. This
chapter focuses on these inclusion minerals themselves, the means of detection, and the reconstruction of
pressure-temperature conditions of their formation in the mantle.

2.1. INTRODUCTION

Understanding the evolution of the interior of Earth
requires correlation of geochemical and geophysical data.
However, geochemistry and geophysics probe different
time spans and, probably, also different spatial scales of
reservoirs (Helffrich & Wood, 2001; van Keken et al.,
2002): The differentiation of chemical elements in Earth
often occurs on timescales that are beyond the survival of
distinguishable seismic features of the geophysical hetero-
geneities that have caused them, such as a particular sub-
ducted slab or mantle plume. In addition, noticeable
geochemical reservoirs in the mantle may not even corre-
spond to a particular zone or region in Earth which can be
detected through seismic waves but are finely dispersed in
the mantle or simply reflect a temporal evolution of
isotopic signatures. Correlation becomes the more diffi-
cult the deeper parts of the mantle shift into scope: In
absence of large bodies of rocks obducted from great
depth, individual grains of minerals that were entrapped
in diamonds are the only direct witnesses of processes in
the deeper Earth, and the mineralogical and chemical
information obtained from them has to provide the con-
straints on geochemical deep-mantle signatures and
their correlation with seismic features and with
geodynamic models. Minerals that originate from
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sublithospheric mantle may have transformed back to
phases more stable at shallower depth but may still carry
the chemical signatures of their origin because diamond is
a chemically inert host material of exceptionally high con-
fining pressures and temperatures (Brenker et al., 2002;
Harte et al., 1999; Shirey et al., 2013; D. Smith et al., 2018;
Sobolev, 1997; Stachel et al., 2000; Walter et al., 2011). In
rare cases, diamonds conserve high-pressure minerals in
their original structure by supporting high residual pres-
sures of these inclusions that prevent transformation to
lower-pressure polymorphs (Howell et al., 2012; Navon,
1991; Nestola et al., 2018; Pearson et al., 2014; Tschauner
et al., 2018). The residual pressure of these inclusions cor-
responds to the end point of a thermodynamic path that
connects current residual pressure at 300 K with the
pressure and temperature of entrapment of this inclusion.
Because of the high plastic yield limit, low compressibility,
and low thermal expansivity of diamond, these paths are
nearly isochoric (Navon, 1991, 2017; Tschauner et al.,
2018), although thermoelastic corrections for diamond
have to be made or the approach of a corrected isochore is
substituted by the use of isomekes (Angel et al., 2014;
Nasdala et al., 2003). This overall simple, monotonic path
makes the reconstruction of the conditions of entrapment
of these inclusions comparatively much easier than in case
of inclusions in other minerals. For the same reason,
inclusions in diamond differ from inclusions in garnets or
other minerals, which have much lower plastic deformation
limits than diamond by supporting inclusions with
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residual pressures in the range of several GPa. Exhumation
speed may be estimated from isotope-data of inclusions
whose pressure has been determined in prior geochemical
analysis or from the nitrogen-aggregation state of the host
diamond (Taylor et al., 1990). Both methods come with
challenges: Inclusions with high residual pressure appear
to be generally small (micrometer-scale) because larger
inclusions cause accordingly higher local stresses in the
surrounding diamond and result in cracking and anneal-
ing at shallow depth. However, isotope analysis of very
small inclusions is very difficult. The analysis of nitrogen
aggregation states is in principle straightforward. However,
many diamonds are not homogeneous containing zones
of different nitrogen concentration and aggregation.
Overall, the assessment of exhumation speed is less
straightforward than the assessment of pressure and tem-
perature of the source region.

As it will be shown, high-pressure carbonaceous phases
play an important role in assessing the global carbon
cycle; they are conserved within and connected to the
formation of diamonds, and they place diamond
formation into the context of the global carbon cycle.

2.1.1. High-Pressure Minerals in Meteorites
and Impactites

High-pressure minerals also occur (and are actually
found more frequently than in diamonds) in a very differ-
ent environment: Meteorites and terrestrial crustal rocks
that have been subjected to severe shock-metamorphism
during asteroid impacts (Sharp & DeCarli, 2006; Stoffler
et al., 1991) contain veins and pockets of minerals that
otherwise only occur in the deep mantle of rocky planets
like Earth. A comprehensive list of meteorite minerals,
including shock-metamorphic minerals, can be found in
Rubin and Ma (2017). A list of the more recently discov-
ered high-pressure minerals is given by Ma (2018).
Carbon and carbonaceous species are abundant in the
solar system, and the occurrence of diamond in carbona-
ceous chondrites is established (Anders & Zinner, 1993).
Moissanite (SiC-2H) (Anders & Zinner, 1993) and other
carbides have been found as well in iron-meteorites,
ureilites, enstatite-chondrites, achondrites, and in CAls
(calcium-aluminum rich inclusions that formed under
highly reducing conditions early in the solar system).
Most of these minerals have not formed at high pressure,
and the reader is referred to the recent comprehensive
account of meteorite minerals by Rubin and Ma (2017).
Besides diamond, lonsdaleite (the 2H polytype of dia-
mond) has been reported but was recently discredited
(Nemeth et al., 2014). Furthermore, chaoite and other
structurally uncharacterized dense forms of carbon were
reported from terrestrial impact craters (El Goresy &
Donnay, 1968; El Goresy et al., 2003). At the high pres-
sures and temperatures in the isobaric core of large

impacts carbonates dissociate (Schulte et al., 2009),
whereas the decaying shockwave in the more remote
regions of the bedrock is not known to cause irreversible
transformations of carbonates to high-pressure forms.
Thus, with diamond as the only well-characterized
impact-generated high-pressure phase of a carbonaceous
species (Anders & Zinner, 1993; Hough et al., 1995), we
do not further discuss shock-related dense carbonaceous
phases here. Novel micrometer and submicrometer struc-
tural and spectroscopic probes may reveal more impact-
related carbonaceous phases in the future. Occurrence
and formation of diamonds from impacts, meteorites,
and interplanetary and interstellar dust are interesting
topics by themselves but more fit for a monograph about
diamond rather than carbon in general.

Within the context of this monograph about carbon in
natural systems we dedicate this chapter to two particular
types of terrestrial occurrences of carbonaceous min-
erals: (a) naturally occurring dense polymorphs of C-rich
phases that are stable or that form at high pressure and
(b) occurrences of carbonaceous minerals that retain
high residual pressures as inclusions in diamond.

We use the term carbonaceous in reference to phases with
carbon as constituting element. We discuss a few cases
where carbon as minor component in a solid high-pressure
phase induces a characteristic change in structure. This
chapter is about high-pressure carbonaceous minerals.
Minerals are crystalline phases by definition (Nickel &
Grice, 1998); hence, state and properties of dense liquid or
fluid carbonaceous phases are beyond our scope.

We follow the conventional classification scheme of
minerals by chemical classes starting with elemental min-
erals, alloys, and carbides, and progressing to sulfides,
oxides, and so on (Dana, 1869). While this scheme has
become problematic because it largely ignores structural
relations between minerals of different composition and
fundamental differences in chemical bonds of phases of
same composition, it causes no significant issues in dis-
cussing a topic that is already restricted by its focus on
carbon as constituent atomic species and may serve here
as a known and accepted framework. Consequently, the
number of subchapters is limited to elements, carbides,
oxides, and carbonates. Unless stated otherwise, we
henceforth reserve the term diamond here to natural ter-
restrial diamonds that are not impact related.

2.2. CARBONACEOUS PHASES AS INCLUSION
IN DIAMOND: ELEMENTS AND CARBIDES

2.2.1. Diamond in Diamond: Indication for Methane
Breakdown in the Lithospheric Mantle

The first carbonaceous phase that occurs as inclusion
in diamonds is, seemingly paradoxically, diamond.
Terrestrial diamonds are composed of single crystal
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domains on the scale of tens of micrometers to millimim-
eters or more. Mosaicity of diamonds varies extensively
(see, for instance, Shirey et al., 2013), and many diamonds
exhibit zones or kernels of different age, orientation, and
domain sizes (Boyd et al., 1994; Shirey et al., 2013). In
addition, domains of very fine-grained diamond are
found within single crystal diamonds. Polycrystalline dia-
mond is found in the surrounding of inclusions of other
minerals, at the surface of single crystal diamonds, and
other locations where mechanical damage disrupted the
original large-scale crystalline order. A distinct occur-
rence of polycrystalline diamond is very fine-grained, iso-
lated, polycrystalline diamond inclusions within diamond
single crystals. These inclusions are fully encapsulated in
well-crystallized single crystal domains of low strain. The
grain size ranges from 10 nm to Y p m based on the
Scherrer equation that correlates noninstrumental
powder diffraction peak width with average grain size.
The spatial extension of these inclusions ranges from a
few to a few tens of micrometers. To our knowledge, the
pressure of these fine polycrystalline diamond inclusions
is always ambient to nearly ambient and not different
from that of the surrounding single crystal diamond host
lattice beyond uncertainty. An example of polycrystalline
diamond in single crystal diamond is given in Figure 1.1.
It is indicative that these pockets of fine-grained poly-
crystalline diamond are a result of breakdown of C-
bearing fluid after entrapment. In particular, breakdown
of methane and subsequent diffusion of H out of the
inclusions into point defects of the surrounding diamond
host lattice seems a plausible explanation of this occur-
rence (see section 2.2.2.1). This process also accounts for
efficient pressure relaxation between inclusion and host
crystal. Other than for heavier atomic or molecular
species for H,, the diamond host lattice does not neces-
sarily define a closed system. If we accept methane
breakdown as origin of these inclusions, the pressure-
temperature regime of their formation is constrained by
the graphite-diamond phase boundary and the methane
breakdown reaction. In subduction-zone environments
or the mantle, decomposition of methane as component
of C-H-O fluids depends on the activity of the fluid com-
ponents (Stachel & Luth, 2015). However, the breakdown
of encapsulated methane is constrained by pressure and
temperature only, albeit that proton diffusion into the
surrounding diamond lattice may affect mass balance.
The relation between methane breakdown and plausible
P-T regimes for formation and ascent of the host dia-
mond is shown in Figure 2.1b: Plausible P-T points are
defined through the intersection of the breakdown reac-
tion (Lobanov et al., 2013) and the pressure-temperature
evolution in a cold slab at 14 GPa, 1255 K as upper
pressure bound, with the conditions of a hot slab at 5.7
GPa, 1350 K as lower bound or with the graphite-
diamond boundary at 4.6 GPa, 1360 K as ultimate lower

bound. Both lower bound estimates require interpolation
of the decomposition line to conditions where experi-
mentally mixtures of diamond, hydrogen, and higher
alkanes had been observed (dashed blue line in
Figure 2.1b; Lobanov et al., 2013). These constraints
have to be placed into context with information from
other inclusions in the same diamond to turn into a use-
ful assessment of P-T paths. Currently, there is no good
account how these occurrences of fine-grained diamond
inclusions relate to type and origin of their host dia-
monds and about their abundance, because it requires
synchrotron microdiffraction to detect these polycrystal-
line diamond inclusions within diamonds.

Graphite is a common inclusion in natural diamonds.
In many cases chemically distinct inclusions in diamond
are surrounded by graphitic damage zones, thus resulting
in an optically dark appearance of these inclusions
independent of their intrinsic optical absorption of
visible light (Harris & Vance, 1972). Graphite and its
occurrence in diamond as retrograde transformation
product (Harris & Vance, 1972) are not within the scope
of this chapter. We note that carbon phases of structure
and bonding intermediate between graphite and diamond
(Mao et al., 2003; Oganov et al., 2013) are suspected to
occur also in such damage zones in diamonds but have
not yet been firmly proved to exist in nature.

2.2.2. Carbides: Possible Indicators of Reducing
Conditions in the Transition Zone and Lower Mantle

2.2.2.1. Methane

Methane is a component of C-H-O rich fluids in the
mantle that are related to diamond formation (Stachel &
Luth, 2015). Possible mechanisms are discussed in other
chapters of this book. Here we focus on indications for
methane or methane-bearing phases as crystalline inclu-
sions in diamond. Methane crystallizes at §9.7 K in an
fce lattice (Hemley & Dera, 2000; Press, 1972), which at
8 GPa, 300 K, undergoes major structural rearrangement
into a larger cubic structure with carbon atoms equivalent
to those of a-Mn (Maynard-Casely et al., 2014). This
high-pressure phase is called “methane B.” This phase of
methane appears to be stable to at least 25 GPa (Maynard-
Casely et al., 2014). However, on Earth methane as solid
phase is commonly found as clathrate with H,O: Methane
hydrates I and II are typical clathrate structures with van
der Waals forces confining the methane guest molecule
within the H-bonded ice network (Hemley & Dera, 2000;
Loveday & Nelmes, 2008) and are abundant in perma-
frost soils and at the slope of continental shelfs
(Kvenvolden, 1993). Above 2.4 GPa a different crystalline
phase in the methane-water system replaces these clath-
rates (Loveday et al., 2001a, 2001b; Machida et al., 2007).
Methane-hydrate II1 is a so-called “stuffed ice” (Loveday
et al., 2001b): Other than in the clathrates, there is H
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Figure 2.1 (a) Diffraction image of polycrystalline diamond within a single crystal diamond from Orapa,
Botswana. The diffraction image was obtained during an overview diffraction map with 2 x4 pm? focused x-ray
beam of 0.4133 A wavelength at beamline 13-IDD, GSECARS, APS, Argonne National Laboratory. A Pilatus CdTe
detector was used for data acquisition. In order to discriminate the diffraction signal from the intense elastic and
inelastic diffuse scattering of the host diamond, an inclusion-free frame from within 20 um distance from the
inclusion was subtracted from this diffraction frame. Thus, the Bragg reflections from the host diamond are not
visible. The strong texture of the polycrystalline diamond inclusion is clearly visible as intensity variation along
the Debye fringes. Inset: Diffraction image before background frame subtraction. The single crystal diamond
reflections are clearly visible. (b) Integrated diffraction pattern (black crosses) along with a whole profile refine-
ment (red line) and residual of fit (green line). Bragg angles of diamond reflections are indicated as tickmarks. No
excess pressure beyond a 0.1 GPa uncertainty is measurable. (c) Relation of the methane breakdown reaction
(Lobanov et al., 2013) with the graphite-diamond phase boundary and pressure-temperature conditions in cold
and hot subducted slabs (after Thomson et al., 2016). Intersection points mark possible conditions for diamond
growth and ascent but additional geobarometric and thermometric constraints are necessary to determine which
regime has actually occurred. See electronic version for color representation of the figures in this book.
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bonding between methane and H,O. The resulting struc-
ture is much denser than methane-hydrate I or Il and can
be well described as a distorted ice-lh structure with
methane molecules residing in the channels of this struc-
ture (Loveday et al., 2001b). Structures and properties of
methane-hydrates are described in detail by Loveday and
Nelmes (2008).

As of yet, direct evidence for methane in diamond
comes from gas release into mass spectrometers upon
crushing diamond specimens and from optical spectros-
copy. E. Smith et al. (2015, 2016, 2018) reported Raman
shifts of C-H bands at 2914 cm™ and assigned them to
methane. Infrared spectroscopy of diamonds shows fre-
quent occurrence of C-H absorption bands that are
related to alkanes (Navon, 1989) within the frequency
range of 2915-3000 cm' (Figure 2.2). A frequently
observed, additional C-H absorption band at 3107 cm™ is
assigned to protons that were trapped on nitrogen-related
point defects in the diamond lattice and formed a chemical
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Figure 2.2 Infrared transmission spectrum of a doubly polished
platelet of a fibrous diamond from Orapa, Botswana. The spec-
trum was taken from the fibrous rim of the specimen with
60x80 p m? slits with 1.5 cm™ spectral resolution at beamline
1.4, ALS, LBNL, Berkeley and has not been reported previously.
The most prominent absorption feature are N-defect bands at
1000-1300 cm™ and bands from two phonon processes of the
regular diamond lattice between about 1800 and 2600 cm™.
C-O, C-H, and O-H related bands are indicated. The energy of
the “nu”, (C-O asymmetric stretching band) of CO, at 2365(1)
cm” corresponds to 2.7(2) GPa, based on the pressured
dependence of this mode in solid CO, (Hanson & Jones, 1981).
Similarly, the carbonate asymmetric stretching mode at 1465
cm™ corresponds to an elevated pressure, but the interpretation
is less straightforward than for solid CO,. For instance, for dolo-
mite the energy of this band corresponds to a pressure around
2-3 GPa (Efthimiopoulos et al., 2017), but for calcite it is ~1 GPa
(Koch-Mueller et al., 2016). See electronic version for color
representation of the figures in this book.

bond with N (Goss et al., 2014). This band is very sharp,
consistent with an isolated chemical bond that allows for
slowly decaying phonon states separated from the energy
range of diamond phonons (defect band).

IR-spectra of diamonds often show multiple bands
around 2850-2950 cm!. These bands are related to surface
contamination rather than to hydrocarbon inclusions
within diamond (Navon, 1989).

Bands in the 2950 to 3050 cm™ range can be assigned to
methane at ambient pressure to several GPa or to other
hydrocarbons at ambient to elevated pressures. Further
studies are required to understand the state and the
residual pressure of CH, in diamond. While methane is a
likely component of diamond-forming fluids (see review
by Shirey et al., 2013), it is important to know if C-H
bands in diamond adhere to free alkanes and at which
residual pressures they occur, or are bound to water as
clathrates. We mentioned above that occurrences of fine-
grained diamond inclusions within single crystal dia-
mond can be interpreted as result of breakdown of
entrapped methane (Figure 2.1).

2.2.2.2. Transition Metal Carbides and Carbonaceous
Iron

Carbides of transition metals, notably of Fe, have been
reported as rare occurrences in diamonds (Bulanova
et al., 2010; Jacob et al., 2004; Kaminsky & Wirth, 2011;
Mikhail et al., 2014). Mikhail et al. (2014) and E. Smith
et al. (2016) found indications that these occurrences are
not exotic anomalies. Inclusion of iron and iron carbides
are plausibly connected with the formation process of
sublithospheric diamonds and in particular with the
formation of CLIPPIR, a specific type of diamonds (E.
Smith et al., 2016). Tschauner et al. (2018) observed
inclusions of carbonaceous iron in a number of dia-
monds of different origin and observed that some of
these inclusions maintain high residual pressures, similar
to inclusions of ice-VII, ilmenite, and calcite, reported in
the same study.

The particular interest in iron and iron-carbide inclu-
sions comes from their potential role in deep carbon recy-
cling. In an experimental study Rohrbach and Schmidt
(2011) found indication that diamond formation, carbon
subduction, and the depth dependence of the mantle
redox state are intrinsically connected. It is generally
assumed that the mantle becomes more reducing with
increasing depth. In the shallow upper mantle the domi-
nant oxidation state of iron is 2+. Pressure in the range of
tens of GPa favors disproportionation of ferrous iron
into ferric and metallic iron (Frost et al., 2004; Frost &
McCammon, 2008). Garnet inclusions in sublithospheric
diamonds exhibit overall higher amounts of ferric iron
(as skiagite) (Kiseeva et al., 2018) in consistency with the
experimental studies. Rohrbach and Schmidt (2011) pro-
posed that native iron in the transition zone and lower
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mantle reacts with carbonate from fluids that are released
from subducted slabs. The reaction results in formation
of diamond and iron carbides. Consequently, inclusions
of iron and iron carbides in diamond are not reflecting
unusual processes but may be remnants of this “redox
freezing” process.

The solubility of carbon in iron varies largely with tem-
perature and structure. Pressure on the scale of several 10
GPa was found to suppress solubility (Lord et al., 2009).
Pressure also affects the stability field of iron carbides
and favors different stoichiometries than does ambient
pressure (Lord et al., 2009). The carbon-rich side of the
iron-carbon phase diagram at high pressure has been
studied extensively in relation with the search for the light
element in the Earth’s out core (Lord et al., 2009;
Dasgupta & Hirschmann, 2010, Chen et al., 2014). The
iron-rich side of the Fe-C phase diagram is well known at
ambient pressure, but little work has been dedicated to it
at elevated pressure (Narygina et al., 2011). In nature,
iron carbides have been found in meteorites (see review by
Rubin & Ma, 2017), in terrestrial volcanites whose con-
duit intersected coal deposits (Irmer, 1920), in fulgurites
(Essene & Fisher, 1986), and as inclusions in diamond
(Jacob et al., 2004; Kaminsky & Wirth, 2011; Mikhail
et al., 2014; E. Smith et al., 2016). As the other occur-
rences do not involve pressures on a GPa level, we only
discuss the occurrences in diamond.

Cohenite, Fe,C, has been found in diamonds (Jacob
et al., 2004; Mikhail et al., 2014; E. Smith et al., 2016).
Kaminsky and Wirth (2011) also reported haxonite,
Fe,.C,, and di-iron-carbide as inclusions in diamonds
from Juina, Brazil. Occurrence of cohenite places a pos-
sible constraint on P-T conditions of entrapment:
Pressures above 8 GPa favor formation of Fe C, at high
carbon activity (Lord et al., 2009). Thus, cohenite has
either been entrapped at lower pressures or formed upon
retrograde transformation from Fe C, where excess
carbon was resorbed by the surrounding diamond. E.
Smith et al. (2016) reported occurrences of inclusions
with taenite and cohenite intergrowth in CLIPPIR dia-
monds. In this case, Fe is in excess, and cohenite is exso-
lution product of a more carbonaceous alloy or melt,
whereas the surrounding diamond was not significantly
involved in formation of these phases other than through
methane formation. Smith et al. argue that the cohenite-
iron inclusion point to formation of the host diamonds in
the deep transition zone because they observe in other
CLIPPIR diamonds majoritic garnets and calcium sili-
cate phases that are possible retrograde transformation
products of CaSiO,-perovskite (E. Smith et al., 2016).

This study as well as earlier observations of taenite and
cohenite (Jacob et al., 2004; Kaminsky & Wirth 2011;
Mikhail et al., 2014) are based on analyses of inclusions
exposed by cutting or FIB milling.

A different approach was chosen recently by Tschauner
et al. (2018) using in-situ synchrotron micro-X-ray
diffraction and X-ray fluorescence spectroscopy for
detection and identification of submicroscopic inclu-
sions. While this work was primarily aiming to examine
former fluid-inclusions in diamonds such as ice-VII, the
same method also allowed for identifying micrometer-
scale inclusions of other minerals, including iron, iron-
nickel, and Fe-carbides (Tschauner et al., 2018). As in the
case of ice-VII, in-situ micro-XRD allows for assessing
the residual pressure of these inclusions and reconstruct-
ing the pressure and temperature of their entrapment
based on nearly isochoric release paths (Navon 1991,
2017; Tschauner et al., 2018) or isomekes (Angel et al.,
2014; Nasdala et al., 2003). In most cases the iron and
carbide inclusions detected by synchrotron micro-X-ray
diffraction and fluorescence resided at pressures below 1
GPa, but a smaller set of inclusions was found at residual
pressures of 1 to 7 GPa. These rather high residual pres-
sures are also consistent with the redox-freezing model,
although it has to be noted that presently other pathways
of reduction of ferrous or ferric species as side-product
of reduction of carbonate to carbon cannot be excluded.
For instance, ice-VII inclusions in diamonds are rem-
nants of diamond-forming fluids, but probably they do
not represent the bulk composition of those fluids
(Tschauner at al., 2018).

We note that both taenite (fcc-iron, y-iron) and iron
(bec-iron, a-iron) are observed, although so far only in
different host diamonds. For clarification we recall here
that mineral names are defined by structure and compo-
sition of the dominant endmember (Nickel & Grice,
1998). For taenite, this endmember is iron in fcc structure,
although taenite usually contains few to several at% Ni
(Rubin & Ma, 2017). For iron, the endmember is also Fe
but in bee structure, although in many natural occur-
rences it contains noticeable amounts of Ni (“kamacite”).
In synchrotron micro-X-ray fluorescence measurements,
I found that taenite inclusions in diamond contain Ni at
levels of few to 30 at%, but iron contains ~1 at% Ni or
less. However, this observation is based on about a dozen
occurrences and it is not clear if this holds as a general
pattern for iron inclusions in diamond.

In this context we note that “hcp-Fe” (e-Fe) has actu-
ally been found in serpentinized peridotites and CAls
(calcium-aluminume-rich inclusions in chondrites) and is
an approved mineral with the name hexaferrum
(Mochalov et al., 1998; Rubin & Ma, 2017). In both types
of occurrences hexaferrum is stabilized at ambient condi-
tions through high amounts of Ir and Ru. So far, it has
not been reported as inclusion in diamonds, where it
would define release from lower mantle conditions.

The carbon-content of p m-scale inclusions of taenite
and iron is hard to assess through microchemical analysis.
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However, the same structural distortion as in synthetic
carbonaceous iron and iron-nickel is observed for many
of these iron-metal inclusions, and Rietveld refinement
of relative electron density at nonequivalent lattice sites is
consistent with the presence of a light element. The satu-
ration limit of C in fcc-iron and Fe-Ni has been examined
by Narygina et al. (2011) and was found to be <0.9 at% at
9 GPa beyond which cohenite exsolution occurs upon
cooling. The C content of iron has been found to be
<4at% at 9 GPa, above which cohenite exsolution occurs,
whereas at 20 GPa exsolution occurs at lower concentra-
tions (Narygina et al., 2011). SEM-EDS analyses of
exposed iron inclusions do not indicate the presence of
Si. An example of a diffraction pattern of iron as dia-
mond inclusion is given in Figure 2.3. We note that the
iron inclusions in diamonds that we identified were
always fine grained and textured. The d-spacings of a few
single crystal reflections in the same pattern can be
matched to cohenite and similar patterns with smooth
powder-like iron patterns, and a few spots of d-spacings
that match cohenite have been observed several times.
Although the occurrence of diffraction features in the
same diffraction image does not strictly imply coexis-
tence, we note that the intergrowth of taenite with
cohenite reported by E. Smith et al. (2016) generates an
equivalent kind of diffraction patterns. Isolated inclu-
sions of cohenite were generally found to be more coarse
grained (few crystallites on micrometer scale within one
inclusion) and consistently at pressures below 1 GPa.

(a) (b)

This low to ambient residual pressure may be owed to
inelastic deformation and cracking of the host diamond
around the carbide inclusions. Cohenite has a much
higher bulk modulus than fcc- or bee-iron (Chen et al.,
2014), and a nearly isochoric release path from the condi-
tions of the transition zone would imply much higher
residual pressures than for metallic iron. We recall that
some occurrences of cohenite in diamond may be prod-
ucts of the backreaction of Fe C,, in which case the
condition of a nearly conserved inclusion volume did not
avail and the present state is the result of pressure release
upon backreaction.

Finally, we note that other carbides have been found in
concentrates from ultra-high-pressure terrains such as the
Luobusha complex in Tibet. In particular, qushongite
(WC), yarlongite, and tongbaite (Cr,C,) have been
reported (Fang et al., 2009; Shi et al., 2009). The actual
mechanism of their formation is not clear but their occur-
rence in rocks that have been obducted from deep litho-
spheric or even sublithospheric mantle (Dobrzhinetzkaya
et al., 2009) justifies their mentioning here. It is also note-
worthy that tantalcarbide (Ta,Nb)C was found in placers
in the Ural mountains already at the beginning of the 20th
century (originally interpreted as native Ta; von John,
1910), where possible synthetic origin can be precluded.
Although tantalcarbide and niobocarbide (Jedwab, 2009)
are derived from orogenic mantle peridotites, they are not
necessarily mantle minerals. Formation under reducing
conditions at low pressure during serpentinization cannot
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Figure 2.3 (a) Diffraction image of suessite as inclusion in a diamond from Orapa, Botswana. The image was
obtained and treated in the same way as the one shown in Figure 2.1. Few isolated indexed single crystal
reflections match cohenite. (b) Integrated diffraction pattern (black) with Rietveld refined modeled pattern of
tetragonally distorted iron (red) and residual of fit (green). Bragg angles of allowed reflections are indicated by
tickmarks. See electronic version for color representation of the figures in this book.
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be excluded in absence of additional information about
their content of trace elements and carbon isotopes.

2.3. OXIDES AND CARBONATES

As in the case of carbonaceous iron and iron carbides,
the occurrence of CO, and carbonates as inclusions in
diamonds bears witness of the formation process of dia-
mond and the process of carbon recycling in the mantle.
Extensive studies on carbonaceous fluid inclusions in
diamonds (Izreali et al., 2001; Jablon & Navon, 2016) and
experimental work on carbonate and carbonate-rich sili-
cate melts have been conducted (Litasov et al., 2011;
Podnorodnikov et al., 2001) to the purpose of elucidating
these processes. Both molecular carbon dioxide and car-
bonate were detected in diamond by means of their
characteristic absorption bands in transmission infrared
spectroscopy (Navon, 1991). The energy of the band
related to asymmetric stretching of the carbonate C-O
bond ranges from 1430 to 1445 cm™. Frequently, a dou-
blet or multiplet is observed (Navon, 1989; see also
Figure 2.3), which indicates either carbonate inclusions at
different residual pressures or of different composition
and structure. In addition, a carbonate C-O bending
mode is observed at 876 = 1.5 cm! shifted to 878 to
879 cm! in diamonds where the carbonate C-O stretching
band is shifted to 1445 cm™ (Navon, 1989), which is con-
sistent with elevated residual pressure in the GPa-range.
We discuss the residual pressure of carbonate inclusions
in diamonds further below.

2.3.1. Carbon Dioxide

Carbon dioxide exhibits a large variety of phases at dif-
ferent pressures and temperatures (Iota et al., 1999, 2007,
Tschauner et al., 2001; Datchi et al., 2009, 2012, 2014;
Litasov et al., 2011; Santoro et al., 2012). CO, crystallizes
as dry ice (CO,-I) at 194.5 K and ambient pressure and
becomes stable at ambient temperature at 0.5 GPa
(Bridgman, 1914). The structure is an fcc-like arrangement
of CO, molecules (Simon & Peters, 1980) whose librational
modes stabilize the cubic lattice. At pressures in the GPa
range, CO, undergoes a transition to a metastable low-
symmetric arrangement of molecules (CO,-II) which
transforms to orthorhombic CO,-III at ~ 10 GPa (Aoki
et al., 1994). This spontaneous structural distortion is a
result of the suppression of librational modes upon com-
pression. At above 23 GPa and temperatures above 2000
K, CO, assumes a crystalline network structure, CO,-V.
This drastic change in structure and chemical bonding was
first observed by lota et al. (1999) by means of Raman
spectroscopy and subsequently characterized as formation
of a cristobalite-like structure (Datchi et al., 2012; Santoro,
2012). In the intermediate pressure-temperature regime

between the stability field of CO,-I and CO,-V, a variety of
different phases has been observed with little consistency
in structure and stability fields (Datchi et al., 2012, 2014;
Iota et al., 1999, 2007; Santoro et al., 2012). This includes
different reconfigurations of molecules to denser packing
(Datchi et al., 2012, 2014) as well as, possibly, unbent CO,
molecules in a rutile-like arrangement (Iota et al., 2007).
Various studies (Tschauner et al., 2001; Takafuji et al.,
2006; Litasov et al., 2011) found that above 25-30 GPa,
CO, decomposes along a negative Clapeyron slope that
intersects the present average mantle geotherm between
900 and 1100 km depth. Given the range of residual pres-
sures found in diamond inclusions (Navon, 1991; Schrauder
& Navon, 1993; Tschauner et al., 2018), CO,-L-11, -1I1, and
-IV may occur as inclusions in diamond.

Both bending and asymmetric stretching related bands
of molecular CO, were observed, often in diamonds that
also contain carbonate. Interestingly, the IR absorption
band of the vibron (that is: the C-O asymmetric stretch-
ing vibration of molecular CO,) of CO, in diamonds has
an energy of around 2350 cm™! or higher (2365 cm™ in the
example given in Figure 2.3) and is usually split. This
energy is noticeably above the vibron energy of dry ice
(CO,-I) at ambient pressure (interpolated to 300 K;
Hanson & Jones, 1981). The splitting of the vibron indi-
cates its interaction with other phonon states and is also
characteristic for CO, phases at elevated pressure (Hanson
& Jones 1981). It was noticed that at least in some cases,
the CO, bending mode energies do not match the the
energies of the vibron for any pressure and any known
phase of CO, (Hainschwang et al., 2008). A possible
explanation is that CO, is not occurring as free phase but
captured in a clathrate or “filled ice.” Currently, there is
no diffraction-based structural information about this
dense CO, or CO,-bearing phase.

In general, the vibron energy is a good scale of pressure
as it is rather independent on the structural configuration
of CO, molecules, due to its nature as intramolecular
vibration (Hanson & Jones, 1981). Consequently, Navon
(1991) and Schrauder and Navon (1993) used this
information to estimate current residual pressure of CO,-
bearing inclusions. In a second step, they estimated the
conditions of entrapment of CO, based on isochoric
paths that connect the current residual pressure and tem-
perature with the pressure and temperature of entrap-
ment. They obtained pressures of between 4 and 7 GPa
where these isochores of CO, intersect plausible geo-
therms of the lithospheric mantle underneath the local-
ities of the CO,-hosting diamonds. Hereby they assumed
that CO, forms a phase by itself. These pressures and
temperatures are at the upper limit of CO, stability in
eclogite (Thomson et al., 2016). CO, as inclusion in
diamond does not necessarily represent high CO, concen-
trations in diamond-forming environments but may
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represent a transient state or by-product of the breakdown
of carbonate and subsequent diamond formation:
Forming diamond can trap reaction educts and transient
products as inclusions. For instance, methane and molec-
ular hydrogen have been observed as inclusions in
synthetic diamonds (E. Smith & Wang, 2016) and ice-VII
inclusions in natural sublithospheric diamonds are likely
such by-products of diamond formation during fluid-
rock interaction rather than implying presence of an
H,O-dominated fluid (Tschauner et al., 2018).

2.3.2. Carbonates

Calcite, magnesite, siderite, eitelite Na,Mg(CO,),, nah-
kolite NaHCO,, shortite Na,Ca,(CO,),, and nyerereite
Na,Ca(CO,), have been observed as inclusions in dia-
monds. While these minerals are not genuinely high-
pressure phases, it has been argued that they have formed
in the mantle along with their host diamonds. Infrared
absorption bands of some carbonate inclusions in dia-
mond are consistent with elevated sustained pressures
(Figure 2.3). Recently, a magnesian calcite inclusion at a
residual pressures of 8.5£0.5 GPa was reported
(Tschauner et al., 2018). This direct as well the indirect
petrographic evidence for carbonate formation at pres-
sures of several GPa makes it important to discuss these
occurrences here. We start with nonquenchable high-
pressure polymorphs of these carbonates, which have not
yet been observed but may occur as inclusions in dia-
monds; then we briefly summarize observed occurrences
of carbonate inclusions and conclude with the recon-
struction of the entrapment conditions of a high-pressure
calcite inclusion in a diamond.

Pure calcite undergoes a sequence of transformations
to high-pressure structures: At 2 GPa, calcite undergoes a
distortive transition to calcite-II (Merill & Bassett, 1975),
which at 4 and 9 GPa transforms to calcite-11I and cal-
cite-1V, respectively, both of which assume very different
configurations of Ca and carbonate groups (Merlini
et al., 2012, 2014), though they can still be considered as
highly distorted NaCl-type lattices, like calcite itself. At
elevated temperature and pressure, calcite transforms to
aragonite, which itself undergoes structural transitions
upon compression (Oganov et al., 2006, 2008; D. Smith
et al., 2018). As pure phases, magnesite and dolomite
appear to be stable up to pressures in the 70-80 GPa
range (Fiquet et al., 1994; Oganov et al., 2006, 2008,
2013; Pickard & Needs, 2015).

In principle, calcite-11, -I1II, -1V, aragonite, and posta-
ragonite may be expected as inclusions in diamonds over
the pressure range that has been found for CO,
(Schrauder & Navon, 1993), ice-VII (Tschauner et al.,
2018), magnesian calcite, and ilmenite (Tschauner et al.,
2018), but none of these phases of CaCO, has been

observed so far; the principal reason is the Mg content
of calcite entrapped in diamond. The magnesite compo-
nent stabilizes the calcite structure due to its high nega-
tive excess volume (Redfern & Angel, 1999; Buob et al.,
2006). With increasing pressure of the calcite inclusions,
an increase of Mg content is observed to levels where
calcite-dolomite segregation occurs at low pressure.
Experimental studies indicate that dolomite, magnesite,
and Na carbonates replace calcite as stable carbonate
phase in eclogite over pressures of 3 to above 15 GPa
(Thomson et al., 2016), but inclusions in diamond may
be more enriched in less compatible elements such as Ca
over Mg or K over Na.

Siderite has been observed as inclusion of diamond but
at nearly ambient pressure. Hence, it may be a precipitate
at a crack. This also holds for numerous occurrences of
Mg-poor calcite whose residual pressure is ambient or
nearly ambient.

Studies based on Raman spectroscopy and electron
microscopy (Bulanova et al., 2010; Kaminsky et al., 2009;
Kaminsky & Wirth, 2011) have found a number of
alkaline carbonates as inclusions in diamond, which high-
lights the role of carbonaceous melt in formation and
growth of diamonds. These minerals are eitelite
Na,Mg(CO,),, nahkolite NaHCO,, shortite Na,Ca,(CO,),,
and nyerereite Na,Ca(CO,),, which have also been found
as fluid inclusions in olivine xenocrysts from kimberlites
(Golovin & Sharygin, 2007) and appear to have stability
fields in carbonaceous melts in the range of a few GPa
(Podnorodnikov et al., 2018). These carbonates are also
found in carbonatitic volcanites. Sodic carbonates can
also form at much higher pressure in eclogitic paragenesis
(Thomson et al., 2017).

So far, residual pressures of calcite inclusions have been
found to range between 1 and 9 GPa. Figure 2.4a shows the
diffraction pattern of one of these inclusions (Tschauner
et al., 2018). The composition is (Ca0,75(z)Mg0_25<2))C03- As
described in Tschauner et al. (2018), the residual pressure
can be estimated based on the compositional dependence
of the bulk moduli and volumes of carbonates in the calcite
and dolomite series (Redfern & Angel, 1999). Thermoelastic
parameters were calculated by a combination of ab-initio
and finite-temperature methods. The residual pressure was
corrected for elastic relaxation of the surrounding diamond
(Angel et al., 2014). This corrected pressure was used as
endpoint of a quasi-isochoric release path, where volume
changes of the diamond were taken into account (Tschauner
et al., 2018). Figure 2.4 shows the upper and lower bound
of the release path. The path intersects the solidus of car-
bonated MORB around its maximum between 11 and 13
GPa (Thomson et al., 2017). This pressure-temperature
regime is a plausible upper bound for entrapment of the
carbonate and diamond formation. With this tentative fix
point, the limits of the entrapment path of magnesian
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Figure 2.4 (a) Integrated diffraction pattern (black crosses), Rietveld refined calcite model pattern (red line), and
residual of fit (green line) of a magnesian calcite inclusion in a cloudy diamond from Shandong, China (after
Tschauner et al., 2018, Supplement). Tick marks indicate the Bragg angles of allowed reflections of calcite. The
Rietveld refinement was used to determine unit cell parameters and Ca/Mg ratio. The phase contrast between Ca
and Mg is sufficiently large to constrain this ratio to within 8% of the Mg content. (b) Reconstruction of entrap-
ment conditions of this magnesian calcite. Black lines: Upper and lower bound of the release path for the
inclusion. The possible breakdown of magnesian calcite into dolomite and magnesite (Buob et al., 2006) is not
considered. Black diamonds: current residual pressure corrected for elastic relaxation of diamond (Tschauner
etal., 2018), geobarometric and geothermometric estimate of growth of clinopyroxene with ilmenite exsolution
lamellae (Gao et al., 2008), estimate of entrapment of an olivine inclusion in a diamond from the same area (Yin
et al., 2017). Red line: solidus of carbonated MORB (Thomson et al., 2016); blue and orange lines: bounds for
cold and hot subduction (after Thomson et al., 2016). Dashed green line: average mantle reference geotherm

(after Brown & Shankland, 1981). See electronic version for color representation of the figures in this book.

calcite define a range of 1300 to 1650 K and 11 to 13 GPa,
just above the boundary between upper mantle and
transition zone. We compare this result with an estimate of
pressure-temperature regime based on ilmenite exsolution
in clinopyroxenes (Gao et al., 2008) and an independent
estimate of entrapment conditions of an olivine crystal in
diamond (Yin et al., 2017). The geobarometric estimate
from ilmenite exsolution in clinopyroxene varies signifi-
cantly between a minimal pressure of 2 GPa and 8 GPa and
temperatures of 1300 to 1600 K. The estimated entrapment
of an olivine inclusion does not provide an uncertainty in
pressure. The three data points taken together constrain
pressures and temperatures of subduction and ascent of
material such as subduction to 11-13 GPa or deeper, release
of carbonate-rich melt and subsequent melting of shal-
lower peridotitic mantle, in agreement with scenarios that
have been proposed for the North China Craton from geo-
chemical data (Gao et al., 2008). However, reconstruction
of entrapment conditions of diamond inclusions
(Figure 2.4b; Yin et al., 2017) along with geobarometric
estimates promise better constraints on the actual P-T con-
ditions of these different steps.

CONCLUSION

Carbonaceous mineral inclusions at high residual
pressures and high-pressure carbonaceous minerals pro-
vide important constraints on formation of diamond
and the deep carbon cycle of Earth. Both reduced carbo-
naceous species, such as carbides, and oxidized species,
such as carbonates, allow for correlating experimental
petrological constraints on formation and stability with
actual occurrences of carbonates and carbides in deep,
diamantiferous mantle. As of yet, diamond, methane,
transition metal carbides, CO,, and various carbonates
have been found either directly as minerals through
microchemical and microstructural analysis, or have
been detected through optical spectroscopy of inclusions
in diamonds. The actual structural state of CH, and CO,
either as pure phases as inclusions or as clathrates or icy
phases is not yet known. Iron carbides, carbonaceous
iron, and carbonate minerals have been identified. Some
of these inclusions sustain still-high residual pressures,
which can be used to reconstruct the pressures and tem-
peratures of their entrapment. These results can be
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combined with geochemical and geophysical modeling
of processes in the mantle.
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