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Outline
• Why do we study diamonds? What makes it a unique mineral? 

• age, occurrence, properties 
• Where do we find diamonds? 

• Primary sources (kimberlites, lamproites) and placers
• Unconventional diamond sources
• Ultra-high pressure metamorphic rocks

• What can we learn from diamonds?
• Review of diamond properties and modern analytical 

techniques used in diamond studies 
• Composition (impurities) – nitrogen 
• Carbon and nitrogen isotopes
• Inclusions: mineral and fluid
• Age dating
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Why do we study diamonds? What makes it a unique 
mineral? 
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FIG. 1.  Age ranges (in Ma) of diamond deposits, diamond-bearing rocks, and diamond inclusion minerals. Sedimentary
host rocks: JHC = Jack Hills conglomerate, with age range of zircons containing microdiamond inclusions, WR = Central
Rand sequence of Witwatersrand Supergroup containing oldest macrodiamonds, Wa = Wawa, Bi = Birimian containing old-
est paleoplacer deposits (open diamonds), Ro = Roraima, Es = Espinhaço, increasing thickness of solid line represents in-
creasing frequency of paleoplacers. GI = Group I kimberlite: Tw = Turkey Wells, Ku = Kuruman , Pre = Premier repre-
senting oldest Group I kimberlite mine (filled diamond), increasing thickness of solid line represents increasing frequency
of Group I diamond mines with decreasing age. GII = Group II kimberlite (in southern Africa only). Lamproite: Bo = Bobi,
Ar = Argyle, El = Ellendale. UML = Ultramafic lamprophyres: Wa = Wawa, Bi = Birimian dikes, Ak = Akluilak, Gr = Green-
land. UCS = Unconventional diamond sources: Da = Dachine. UHP = Ultra-high pressure metamorphic rocks: Ko =
Kokchetav, Da = Dabie Shan, Ba = Bantimala, Sulawesi. DI-E = eclogitic diamond inclusions. DI-P = peridotitic diamond
inclusions: L = lherzolitic, H = harzburgitic. M = Meteorites.

Gurney	et	al.	(2010)
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Chemistry and structure
Diamond Graphite

Octahedron Cube

- Simple chemistry & compact structure, 
- The hardest mineral
- Chemically and mechanically stable: 

- during long history in the mantle
- During transportation in magma
- In surface environment



Carbon in the Earth
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Figure 3. This graph depicts the rise of temperature with depth (the geothermal gradient) in the lithosphere. Diamonds are stable under the high pressure and temperature conditions
that are only met at great depth in the earth’s mantle. This phase diagram depicts the stability fields of graphite and diamond in relation to the convecting mantle (asthenosphere) and
the lithospheric mantle. The graphite/diamond transition was recently revised to lower pressures (Day, 2012), providing for even greater storage of diamonds at shallower levels in the
cratonic keel. Note that only the cratonic lithospheric keel is cold enough at high enough pressures to retain diamonds. Adapted from Tappert and Tappert (2011).

Most of the mantle is within the field of diamond stability. The crust, which is normally too thin (usually less than 40 km thick) to lie within this field,
can do so only if it has been thickened by the geologic processes related to plate tectonics. Yet diamonds are very rare because the mantle has a
relatively low abundance of carbon. Furthermore, diamonds are far from evenly distributed throughout the earth—they are found in mineable
quantities only in very unique geologic settings. Why is this so?

Geologic Age of Continental Rocks. Earth is special among the planets in that it has two crustal types, continental and oceanic, that sit at two
very different heights, approximately 840 meters above and 3,840 meters below sea level on average. This happens because the continental crust
contains more of the lighter elements such as silicon and aluminum, and is underlain by a thickened mantle keel (described below), while the
oceanic crust is composed of heavier elements such as iron and calcium and is not underlain by a thickened mantle keel. The continental crust is
old—up to four billion years old. Its oldest parts, the ancient continental nuclei, or cratons, are isolated in the interior of the continent by belts of
successively younger continental crust (figure 4). By comparison, oceanic crust is much younger and progresses regularly in age from zero
(formation today) to the oldest known ocean floor, which is about 0.2 billion years old. This basic age distribution of rocks at the earth’s surface
(Hurley and Rand, 1969) became widely known within five years of the acceptance of plate tectonics theory in the mid-1960s, as naturally
decaying radioactive elements (uranium, thorium, and rubidium) provided a quantitative way to measure the geologic age of exposed crustal
rocks.

From	Tappert and	Tappert (2011),	Day	(2012)
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that the oxy-thermobarometer of Gudmundsson and Wood (1995) has not been tested experi-
mentally at pressures above 3 GPa, so some unquantified uncertainty exists in garnet peridotite 
oxygen fugacity estimates due to extrapolation of thermodynamic data beyond the tested range. 
In Figure 6a and 6c oxygen fugacity is reported relative to the fayalite-magnetite-quartz (FMQ) 
buffer reaction,

       FMQ 3Fe2SiO4 + O2 = 2Fe3O4 + 3SiO2 (4)
                                                            fayalite                 magnetite    quartz

i.e., Dlog fO2 (FMQ), which removes some of the temperature and pressure dependence inherent 
in all fO2 dependent equilibria (e.g., Frost et al. 1988). The majority of xenolith samples plot in 
the range between −2.5 and −4.5 Dlog fO2 (FMQ). There is a slight fO2 pressure dependence to 
the xenolith samples, which mainly arises from the volume change of Equation (3) that has the 
tendency to drive the determined oxygen fugacities to lower levels at high pressures (e.g., Frost 
and McCammon 2008). Consequently, some of the highest-pressure xenolith samples shown 
in Figure 1c, which record the lowest oxygen fugacities, are relatively fertile peridotites with 
garnet Fe3+/SFe ratios that are among the highest for these samples. Many xenolith samples 
in fact record oxygen fugacities close to the Fe-Ni precipitation curve. This curve marks the 
fO2 where Ni-rich Fe alloy will start to precipitate out of mantle silicates as a consequence of 
reduction of iron oxide, which can be calculated following procedures described in O’Neill and 
Wall (1987). The curve has a fO2 close to the iron-wüstite buffer (IW),

       IW 2Fe + O2 = 2FeO (5)
                                                                        iron               wüstite

and marks an effective lower bound in mantle fO2 because significant amounts of FeO would 
be required to reduce from the silicates before the fO2 could pass substantially below this curve. 
The important point here is that at pressures where diamond is stable, cratonic lithosphere is 
likely to have a prevailing fO2 that is reducing enough that carbon can exist as diamond.

Carbon speciation in peridotite. The highest oxygen fugacity at which diamond could 
form within carbonated peridotite assemblages can be described in simplified terms by the 
reaction,

       EMOD MgSiO3  +  MgCO3  =  Mg2SiO4  +  C  +  O2 (6)
                                                enstatite       magnesite         olivine     diamond

which is referred to by the mineral acronym EMOD (enstatite-magnesite-olivine-diamond) 
(Eggler and Baker 1982; Luth 1993). The fO2 buffered by this equilibrium is shown in Figures 
6a and 6c. Curves plotted in Figure 6c are calculated along the average geothermal gradient for 
the Archean lithosphere recorded by the xenolith samples, and EMOD falls between −2 and 
−0.5 Dlog fO2 (FMQ). At oxygen fugacities above EMOD diamonds are unstable in peridotite 
rocks with respect to magnesite, and below EMOD carbonate minerals are unstable. As shown, 
the vast majority of mantle xenoliths plot firmly in the diamond stability field with respect to 
EMOD. The EMOD buffer can be calculated using thermodynamic data as in Figure 6 (Hol-
land and Powell 2011) and recent experiments that have measured the fO2 of this buffer using 
independent redox sensitive equilibria are reasonably consistent with such calculations (Stagno 
and Frost 2010). 

Stagno and Frost (2010) measured the fO2 of the equilibrium between diamond and 
carbonate melt for a peridotite assemblage as a function of pressure and temperature. The fO2 of 
this diamond and CO2-bearing melt equilibria was found to evolve to lower values compared to 
the extrapolated EMOD buffer as temperatures increase, as shown in Figure 6a. This lowering 
of the fO2 arises not only from the difference in thermodynamic properties between the mineral 
and melt phases, but also results from the dilution of the carbonate melt by silicate components 
at high temperature. Experiments confirm that the dilution of the carbonate melt component by 
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solutes other than silicates can also drive the fO2 of the diamond melt equilibria to lower levels 
(Stagno and Frost 2010). H2O is likely important in this role, as can be seen from the following 
calculations of C-O-H fluid speciation, but other solutes such as brines and phosphates would 
also act in a similar way.

Figure 6b shows the speciation of a C-O-H fluid calculated at 5 GPa and 1200 °C as a 
function of fO2, assuming an ideal mixing model (Holloway 1987; Belonoshko and Saxena 
1992). This speciation calculation considers only the fluid phase and ignores the potential 
reaction of fluid species with silicate minerals to produce carbonates or volatile-rich melts for 
example. However, it provides a framework to examine likely volatile speciation as a function 
of fO2, even if the predicted volatile species would in reality be components in other phases. 
At oxygen fugacities compatible with the grey region in Figure 6b, diamond is unstable with 
respect to CO2 fluid. Diamond can only form below the fO2 defined by the DCO (diamond-
carbon-oxygen) buffer equilibrium,

       DCO C + O2 = CO2  (7)

The DCO buffer, as shown in Figure 6b, is generally above but within 1 log unit of EMOD at 
lithosphere conditions. At oxygen fugacities below the DCO buffer diamond remains stable 
but the equilibrium C-O-H fluid phase evolves to become more H2O-rich. At approximately 2 
log units below DCO the so-called “water maximum” occurs, where almost pure H2O fluid is 
in equilibrium with diamond. At oxygen fugacities below the water maximum, concentrations 
of CH4 in the fluid phase, and to a lesser extent H2, start to increase. As shown in Figure 6a 
by the grey vertical melting curves, carbonate melts are likely to form at temperatures in the 
region of 1200 °C, but pure carbonates are incompatible with the fO2 of mantle xenoliths as 
described above. As also shown in Figure 6a, the H2O-CO2 peridotite solidus is depressed to 
low temperatures (Foley et al. 2009) but H2O-rich carbonate melts are also unlikely to be stable 
at the fO2 recorded by most xenoliths. The majority of samples in fact record oxygen fugacities 
compatible with the existence of H2O-CH4 fluids, which are likely to form fluids rather than 
melts in the mantle due to the smaller melting point depression associated with these species 
(Jakobsson and Holloway 1986; Taylor and Green 1988). In a recent experimental study where 
the fluid in quenched experimental samples was analyzed using gas chromatography to quantify 
fluid speciation, however, much higher concentrations of H2 compared to CH4 were identified in 
reduced gas mixtures produced at 6.3 GPa and 1400-1600 °C (Sokol et al. 2009). 

The majority of peridotite samples record an fO2 consistent with the stability of H2O-CH4 
fluids if the calculations are informative (Fig. 6), or possibly H2O-H2 fluids if the experiments 
are a better guide. In either case, these results do not mean that diamonds necessarily formed 
from such fluids. Instead, diamond crystallization can occur as a consequence of redox gradients 
that exist when metasomatic melts or fluids infiltrate mantle peridotite. Fluids that are either 
more oxidizing or more reducing than the fluid that would be stable at the oxygen fugacity of 
mantle peridotite would be expected to crystallize diamond. For example, oxidized carbonate-
rich melts or high-density fluids could crystallize diamond by reduction of CO2 component 
(as in Eqn. 1), whereas diamond growth from reducing fluids could occur by oxidation of CH4 
(e.g., Eqn. 2). In these cases oxygen is absorbed or supplied by local re-adjustment of Fe2+-
Fe3+ equilibria in mantle minerals. Evidence for such reactions were reported by McCammon 
et al. (2001), who noted significant zonation in the Fe3+/SFe ratios determined for garnets in 
mantle xenoliths from the Wesselton kimberlite, consistent with the passage of liquids that have 
metasomatized and oxidized only the outer rim of garnet grains.

Carbon speciation in eclogite. A large proportion of cratonic diamonds and diamond 
inclusions are associated with eclogitic rocks and minerals. Currently, however, there is no 
calibrated oxythermobarometer that can be used to determine the fO2 of eclogitic rocks. Luth 
(1993) performed experiments on model carbonated eclogite and concluded that the equilibrium,
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       DCDD CaMg(CO3)2 + 2SiO2 = CaMgSi2O6 + 2C + 2O2 (9)
                                              dolomite           coesite           diopside      diamond

which has the mineral acronym DCDD (dolomite-coesite-diopside-diamond), would control 
the stability of carbonate minerals and diamond in eclogitic rocks (see also Luth 1999). As 
shown in Figure 6, DCDD is approximately 1 log unit above EMOD, implying that the diamond 
stability field is larger with respect to fO2 in eclogitic rocks. The larger stability field would 
imply that carbonate-bearing melts or fluids stable within peridotite rocks could be reduced 
to diamond on entering eclogites, even if the fO2 remained essentially constant. This change in 
controlling equilibria may be a factor in the close association between diamonds and eclogitic 
xenoliths, and the prevalence of eclogitic inclusions in certain suites of lithospheric diamonds. 

Diamond formation in the lithospheric mantle (experimental results). The oxygen fugac-
ity structure of the lithospheric mantle discussed above indicates that diamond is the likely form 
of carbon within deep lithospheric mantle. Fluids and melts have long been favored as potential 
growth media for diamonds, but it is a challenge to deduce the exact conditions of growth from 
diamonds themselves due to their elemental purity. However, mineral and fluid inclusions, trace 
impurity chemistry (e.g., N, H, and other trace elements) and growth morphology, can provide 
important information for interpreting growth history. Diamond nucleation and growth experi-
ments have a long and glorious history, having been motivated by the importance of diamonds 
in both industry and academia, and provide an important context for observations from natural 
diamonds (Hazen 1999). A brief synopsis of relevant experiments will contribute to understand-
ing diamond growth in the mantle.

Diamond synthesis directly from C-O or C-O-H fluids has been studied experimentally at 
pressures generally appropriate for the lithosphere (e.g., ~5-8 GPa), although experimental tem-
peratures tend to be higher than lithospheric because of the chemically simple systems. In gen-
eral, results show that diamonds can grow from a wide range of fluid compositions at oxygen 
fugacities at or below the DCO buffer (Hong et al. 1999; Akaishi et al. 2000, 2001; Kumar et 
al. 2000; Pal’yanov et al. 2000; Sokol et al. 2001b, 2009; Sun et al. 2001; Yamaoka et al. 2002). 
These studies attest to the fecundity of CO2-rich fluids, CO2-H2O fluids, graphite-H2O fluid, 
and CH4-rich fluids as media for nucleation and growth of diamond. Nucleation and growth is 
apparently enhanced in H2O-rich fluids but inhibited in H2-rich fluids (Sokol et al. 2009).

Diamond growth can occur directly by reduction of carbonate components in minerals and 
melts, and numerous experiments show that carbonated fluids and melts provide productive di-
amond-forming media (e.g., Pal’yanov et al. 1998; Sato et al. 1999; Sokol et al. 2000, 2001a, 
2004; Arima et al. 2002; Sokol and Pal’yanov 2004; Spivak and Litvin 2004). For example, at 
7.7 GPa diamonds can form readily either from molten Ca- and Mg-carbonate (Sato et al. 1999; 
Arima et al. 2002) or from solid carbonate in equilibrium with a reduced, CH4-H2O fluid (Ya-
maoka et al. 2002). Experiments also indicate enhanced diamond growth from dolomitic melts 
in the presence of fluids enriched in H2O and CO2 (Sokol et al. 2000), although Bataleva et al. 
(2012) found that CO2-rich ferrous carbonate-silicate melt can be an effective waterless medium 
for diamond crystallization at 6.3 GPa. The addition of alkalies to carbonate-rich fluids and melts 
also yields fertile diamond growth media (Litvin et al. 1997, 1998a,b; Litvin and Zharikov 1999). 

Although experiments in simplified C-O-H fluid and carbonated systems are essential 
and insightful, fluids and melts in the lithospheric mantle will react with silicate minerals in 
peridotite or eclogite, which can lead to a wide range of chemically diverse compositions as 
seen, for example, in fibrous diamonds. Experimental data show that an array of complex fluid 
and melt compositions involving C-O-H fluids, carbonates, chlorides, and silicates, reminiscent 
of those trapped in natural diamonds, can provide suitable diamond growth media. Pal’yanov 
et al (2002, 2005) show that reaction of carbonated fluids or melts with silicates can lead to 
diamond nucleation and growth. Alkaline-carbonate-silicate melts can be highly efficient for 

Reproduced with permission of the copyright owner.  Further reproduction prohibited without permission.

Diamonds, eclogites, and the oxidation state of the Earth's
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Figure 3. This graph depicts the rise of temperature with depth (the geothermal gradient) in the lithosphere. Diamonds are stable under the high pressure and temperature conditions
that are only met at great depth in the earth’s mantle. This phase diagram depicts the stability fields of graphite and diamond in relation to the convecting mantle (asthenosphere) and
the lithospheric mantle. The graphite/diamond transition was recently revised to lower pressures (Day, 2012), providing for even greater storage of diamonds at shallower levels in the
cratonic keel. Note that only the cratonic lithospheric keel is cold enough at high enough pressures to retain diamonds. Adapted from Tappert and Tappert (2011).

Most of the mantle is within the field of diamond stability. The crust, which is normally too thin (usually less than 40 km thick) to lie within this field,
can do so only if it has been thickened by the geologic processes related to plate tectonics. Yet diamonds are very rare because the mantle has a
relatively low abundance of carbon. Furthermore, diamonds are far from evenly distributed throughout the earth—they are found in mineable
quantities only in very unique geologic settings. Why is this so?

Geologic Age of Continental Rocks. Earth is special among the planets in that it has two crustal types, continental and oceanic, that sit at two
very different heights, approximately 840 meters above and 3,840 meters below sea level on average. This happens because the continental crust
contains more of the lighter elements such as silicon and aluminum, and is underlain by a thickened mantle keel (described below), while the
oceanic crust is composed of heavier elements such as iron and calcium and is not underlain by a thickened mantle keel. The continental crust is
old—up to four billion years old. Its oldest parts, the ancient continental nuclei, or cratons, are isolated in the interior of the continent by belts of
successively younger continental crust (figure 4). By comparison, oceanic crust is much younger and progresses regularly in age from zero
(formation today) to the oldest known ocean floor, which is about 0.2 billion years old. This basic age distribution of rocks at the earth’s surface
(Hurley and Rand, 1969) became widely known within five years of the acceptance of plate tectonics theory in the mid-1960s, as naturally
decaying radioactive elements (uranium, thorium, and rubidium) provided a quantitative way to measure the geologic age of exposed crustal
rocks.

From	Tappert and	Tappert (2011),	Day	(2012)
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Diamond primary sources

Astenosphere

LITOSPHERE
900o

900o

1200o 1200o Mobile belt

KIMBERLITES

50

Depth 
(km)

after Haggerty, 1986

CRUST

100

150

200

250

Graphite Graphite
Diamond Diamond

1. KIMBERLITES 2. LAMPROITES



Unconventional diamond sources
Headless placer diamond deposits:

Davies et al., 2002
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Kalimantan (Fig. 1). Similar to other Southeast Asian diamond occur-
rences in Phuket (Thailand), Momeik and Theindaw (Myanmar;
Griffin et al., 2001; Win et al., 2001), the alluvials containing diamonds
from Kalimantan have no associated kimberlite/diamond indicator
minerals and their primary source is unknown (Spencer et al., 1988).
The setting of the Southeast Asian diamonds within young orogenic
belts, interspersed with many suture zones containing (ultra-) high-
pressure low-temperature (HP-LT) complexes and ophiolites led to
speculations about unconventional (non-kimberlitic) sources for these
“anomalous” diamond deposits, especially regarding the largest
diamond deposits located in Southeast Kalimantan.

So-called “headless” alluvial diamonds in comparable geological en-
vironments are reported in several young orogenic belts in eastern
Australia (Davies et al., 2002), the western USA and Canada (Canil
et al., 2005; Casselman and Harris, 2002; Hausel, 2007; Kopf et al.,
1990) and the Ural Mountains in Russia (Laiginhas et al., 2009). Their
origin is proposed to be linked to (1) subduction of ophiolites into the
diamond stability field, (2) exhumed ultrahigh-pressure rocks, or
(3) to ancient kimberlite or lamproite sources in which a long alluvial
history destroyed all common indicator minerals.

The Southeast Kalimantandiamond occurrences are closely associat-
ed with the Meratus Mountains, a northeast–southwest trending colli-
sion orogen with prominent ophiolitic units formed in Cretaceous
times. Recently, diamonds from chromite pods are increasingly recog-
nized in ophiolites worldwide, reviving the discussion of their signifi-
cance for the Southeast Asian alluvial diamonds (Nixon and Bergman,
1987; Yang et al., 2014). Similarly, diamonds from the ultra-high pres-
sure metamorphic complexes indicate deep subduction of continental

crust, a process that is also considered to have taken place in the late
Mesozoic during amalgamation of Central Indonesian continental core
(Parkinson et al., 1998). Barron et al. (2008) and Barron et al. (2011)
recognized similarities in the Raman-response of Kalimantan
diamonds and subduction-related Copeton–Bingara alluvial diamonds.
Graphite pseudomorphs after octahedral diamond were described
from peridotites from Beni-Bousera (Morocco; Pearson et al. (1989))
and Ronda (Spain; Davies et al. (1993)). These localities are the classical
example of exhumed deep subcontinental lithospheric mantle (SCLM)
and Pearson et al. (1989) proposed a similar source for the anomalous
diamond deposits in Kalimantan. Based on the trace element data on ul-
tramafic rocks collected in theMeratus area, Monnier et al. (1999) infer
that SCLM is present in the region. Smith et al. (2009) determined a
suite of mineral inclusions within the Kalimantan diamonds that
were typical of a deep peridotitic lithospheric mantle origin with
minor eclogite. The plate tectonic reconstructions of Southeast Asia
interpreted the presence of diamonds as an indirect evidence for
North Australian lithospheric fragments that were dispersed during
the Gondwana breakup (e.g. Metcalfe, 1988) and form the continental
core of Southeast Asia (Metcalfe, 2011). Taylor et al. (1990) emphasized
a Northwest Australian Cratonic origin for the Kalimantan diamonds.
These diamonds could have been emplaced either by tectonic emplace-
ment via ophiolite and SCLM obduction during a collisional event, or
via post- or syn-orogenic diamond-lifting alkaline magmatic rocks
(Bergman et al., 1988; Taylor et al., 1990). Despite an increasing amount
of background information, the source rock as well as the timing and
geographic location of the emplacement of the Kalimantan diamonds
remain unknown.
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Terrane, also known as Paternoster Block. The latter two belong to the Argoland Block. Diamond symbols: Alluvial diamond occurrences. A= Sanggau,West Kalimantan, B = Central Ka-
limantan, C=Kutai Basin, East Kalimantan, D=Cempaka andMeratus Area, Southeast Kalimantan. Bold black lines are inferred paleo-subduction zones. 1=Karimunjawa trench (active
in the Triassic to Jurassic prior to the collision of EJT terrane with SWB), 2 = Bantimala trench (activation in the Cretaceous after collision of EJT with SWB).
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Ultra-high pressure rocks

5 GPa (diamond stability field; Day, 2012) exceeds 1300 °C. Such
a high temperature is unrealistic as it implies extreme thermal
gradients; it far exceeds the estimates of c. 1100 °C at c. 5 GPa for
the associated mantle garnet peridotites (Medaris et al., 2015; Fig. 16).

Ti-in-garnet thermometry applied on diamond-bearing garnet
cores, showing the highest Ti contents, gives somewhat lower temper-
atures, up to c. 1040 °C at 5 GPa. However, this temperature represents
rather aminimum value as the Ti content of garnet likely decreased due
to rutile exsolution upon cooling.

The modelled XGrs isopleths suggest that the diamond-bearing core
of garnet porphyroblast with grossular content of ≥30 mol% formed
at UHP, above 4.5 GPa. On the other hand, the modelled isopleths
corresponding to XMg values (0.37–0.42) of pyrope-poor cores of garnet
porphyroblasts are situated at low temperatures of 500–600 °C, which
are inconsistent with the ultrahigh temperatures documented by high
Ti contents of the diamond-bearing mantle of zircon. Preservation of
the low-temperature prograde stage in our UHP rocks is unlikely, also
in view of the high Ti contents in the garnet cores. As we demonstrate
below, the XMg increase at the rim is related to decompressional
reactions along the exhumation path, which do not require any
temperature increase. We assume that the discrepancy between

the UHT conditions and position of the isopleth for low XMg of garnet
core most probably results from the fact that the bulk rock composi-
tion used for pseudosection calculation is not representative of the
effective composition of the peak mineral assemblage associated
with these pyrope-poor cores.

5.1.3. Post-peak evolution
During early exhumation, no significant changes of mineral assem-

blages and mineral modes apart from coesite to quartz transformation
occurred, thus no remnants documenting this stage are preserved. The
transition from eclogite to high-pressure granulite facies is marked by
production of extensive amounts of feldspar and garnet, at the expense
of omphacite and kyanite at 2.6–2.4 GPa and 1050–1100 °C (Fig. 13)

Fig. 15. P–X pseudosection testing the influence of the addition of up to 2 mol% Al2O3 on
the stability of kyanite at a constant temperature of 1070 °C.

Table 5
Summary of thermobarometric constraints.

Stage Method Used phases P (GPa) T (°C)

UHP–UHT peak conditions Dia stability, Ti-in-Zrn Dia-bearing Zrn mantle c. 4.5–5.0 ≥1037–1117
Dia stability, Ti-in-Grt Dia-bearing Grt core c. 4.5–5.0 N993–1039

Decompression, eclogite-facies conditions JAQ equilibrium Omph + ternary Fsp inclusions ≥2.4 ≥1050
Pseudosections (XJd isopleth in Cpx) Omph inclusion ≥2.3 ≥1050

Decompression, HP granulite-facies conditions GASP equilibrium Grt I mantle (high XMg), mx ternary Fsp, Qz, Ky b2.0–2.1 c. 1050
Pseudosection (XGrs in Grt isopleth) Grt I mantle, matrix Grt II 1.8–1.9 c. 1050
Solvus of ternary Fsp mx ternary Fsp 1.8–2.0 ≥1040–1075

Cooling, late HP granulite-facies conditions GADS, Grt–Cpx Mg–Fe exchange equilibria Grt I rim/mx Grt II, Di, Pl, Qz 1.4 890–915
Pseudosection (XGrs, XMg isopleth in Grt; XMg

isopleth in Cpx)
Grt I rim/mx Grt II, Di 1.3–1.5 850–900

GADS, Grt–Cpx Mg–Fe exchange equilibria Sympl. assemblage Grt, Di, Pl, Qz 1.4 880
Zr-in-Rt mx population of Rt 1.4 880–897

See text for details. Abbreviations used in the table: mx — matrix, sympl. — symplectite.

Fig. 16. P–T diagram comparing the P–T evolution of garnet–clinopyroxene UHP rocks
from the North Bohemian Massif with the UHP rocks from the Dabie–Sulu (paths 1–2),
the Kokchetav Massif (3–6) and the German Erzgebirge (7–9). Displayed P–T paths are
after: 1 — Liou et al. (2009), 2 — Liu and Liou (2011), 3 — Zhang et al. (1997), 4 and
8 — Massonne (2003), 5 — Hermann et al. (2001), 6 and 9 — Massonne and Fockenberg
(2012), 7 — Hwang et al. (2001). 10 — experimentally determined solidus curve of
garnet–phengite UHP gneiss from the German Erzgebirge (Massonne and Fockenberg,
2012). Peak metamorphic conditions of UHP kyanite eclogite (E) (Kotková and Janák,
2015) and garnet peridotite (P) (Medaris et al., 2015) from borehole T-7 and geotherms
of 5, 10 and 20 °C/km are also shown. Diamond/Graphite and Coesite/Quartz transition
curves are after Day (2012) and Mirwald and Massonne (1980), respectively.

377J. Haifler, J. Kotková / Lithos 248–251 (2016) 366–381

P–T evolution of garnet–clinopyroxene UHP rocks 
from the North Bohemian Massif, Dabie–Sulu, the 
Kokchetav Massif, and the German Erzgebirge. 
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(a minor, highly refl ective, fi ne-grained, highly 
ordered type with a single Raman band [Nasdala 
et al., 2004] at 1582 cm−1 and a predominant, 
coarse-grained, disordered type with intensive 
Raman bands at 1582 and 1352 cm−1). Similar 
diamond-free graphite aggregates, to 0.1 mm 

in diameter (Fig. 2A), perhaps represent com-
pletely retrograded microdiamonds. Associated 
phases with graphite in garnet are apatite, rutile, 
quartz, and carbonate minerals.

The conditions for the formation of dia-
mond are deep within the coesite stability 

fi eld (Kennedy and Kennedy, 1976; Mirwald 
and Massonne, 1980), thus these quartz-
bearing granulites probably once contained 
coesite. Several samples contain polycrystal-
line quartz aggregates (Fig. 4A) resembling 
pseudomorphs after coesite (Liou et al., 2009). 
Micro-Raman study of one of these samples 
managed to identify coesite, with a narrow rim 
of quartz, as an inclusion in kyanite, which 
was completely enclosed in garnet (Fig. 4B). 
Confocal micro-Raman mapping, focusing 
the laser to a plane below the sample surface 
and within the inclusion, yielded an image 
produced by color coding the characteristic 
bands of the different minerals (Fig. 4C; white 
= coesite, 524 cm–1; gray = quartz, 474 cm–1; 
black = kyanite, 891 cm–1) that shows clearly 
the 10 µm inclusion with its core of coesite 
and surrounding quartz. As in the case of 
microdiamond, both quartz and coesite peaks 
(Fig. 3B) are shifted to higher wave numbers 
refl ecting the residual internal pressure (Hem-
ley, 1987; Schmidt and Ziemann, 2000) in the 
inclusion within an inclusion.

DISCUSSION AND CONCLUSIONS
We realize the possibility that microdiamond 

can be introduced during the preparation of 
samples (e.g., from drill bits, saw blades, and 
polishing pastes; Perraki et al., 2009), but in our 
case, the common presence below the polished 
surface, variation in grain size and morphology, 
occurrence in samples from exposures as well 
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Figure 1. A: Geological sketch map of North 
Bohemian Massif with locations of newly 
discovered diamond-bearing granulites: 
1—boreholes, 2—Eger Crystalline Complex, 
3—diamondiferous Saidenbach gneisses 
(adapted from Cháb et al., 2007); undiff.—un-
differentiated, i.e., phyllite and micaschist-
eclogite units; n.L. = nad Labem (on the Elbe 
River). B: High-pressure granulite locations 
in central European Variscan Belt (dots). BM 
is Bohemian Massif. 

Figure 2. Photomicrographs. A: Graphite clusters. B: Polishing scratches from dia-
monds protruding from garnet. A–C, E: Identifi ed diamonds in garnet. D: Identifi ed 
diamond in kyanite. A, C, and D are from felsic granulite, T-7 borehole. B and E are 
from intermediate granulites from Eger Crystalline Complex and from T-38 borehole. 
A–C were taken in refl ected light; D and E were taken in transmitted light. 
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Micro-Raman study of one of these samples 
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and surrounding quartz. As in the case of 
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ley, 1987; Schmidt and Ziemann, 2000) in the 
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Bohemian Massif with locations of newly 
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(adapted from Cháb et al., 2007); undiff.—un-
differentiated, i.e., phyllite and micaschist-
eclogite units; n.L. = nad Labem (on the Elbe 
River). B: High-pressure granulite locations 
in central European Variscan Belt (dots). BM 
is Bohemian Massif. 

Figure 2. Photomicrographs. A: Graphite clusters. B: Polishing scratches from dia-
monds protruding from garnet. A–C, E: Identifi ed diamonds in garnet. D: Identifi ed 
diamond in kyanite. A, C, and D are from felsic granulite, T-7 borehole. B and E are 
from intermediate granulites from Eger Crystalline Complex and from T-38 borehole. 
A–C were taken in refl ected light; D and E were taken in transmitted light. 
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What can we learn from diamonds?

14

o Processes in the Earth mantle
o Evolution of mantle processes through time
o Multiple diamond-growth events, sampling of 

different stages of mantle history (variable 
age of kimberlites) – snap-shots
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Review of diamond properties and modern 
analytical techniques used in diamond studies 

• Composition (impurities) – nitrogen 
• Carbon and nitrogen isotopes
• Inclusions: mineral and fluid
• Age estimates 
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Nitrogen impurities in diamond

4.5.1. JDE A diamonds
Cathodoluminescence images of eleven JDE A dia-

monds reveal that the diamonds fall into two groups:
well-formed octahedral diamonds that have a uniformly
deep blue color in CL (Fig. 3a), and fragmented, irregu-
larly-shaped diamonds that have narrow (!50 lm-thick)
light blue rims and light blue areas in the interior of the
stones (Figs. 3b, c and 4). Blue CL colors for diamond
are due to the naturally occurring N3 color center and typ-
ical for diamonds that have not experienced significant
metamorphism (Bruce et al., 2011). Diamonds commonly
display resorbed edges and plastic deformation. d13C values
from the interiors of most JDE A diamonds are remarkably
uniform, with only small differences in average composition
between diamonds from JDE-2 ("40.21 ± 0.15&, 1 SD)
and JDE-7 ("39.42 ± 0.21&). Nitrogen analyses from the
homogeneous stones also show little variability. Even for
diamonds that show some growth zonation in the interior
(Fig. 3b), there is little difference in d13C values between
the irregular light-colored areas and the dark diamond inte-
rior. However some isotopic and nitrogen abundance differ-
ences between the interior and narrow light-colored rim can
be observed on diamond JDE-2 S7 (Fig. 3b). The irregular
contact between diamond rim and interior is suggestive of
partial resorption followed by re-growth of the rim. The
rims have d13C values 0.5–1.8& higher than the cores
(Fig. 3b) and have significantly lower nitrogen abundances
(from 20 to <1 at. ppm in JDE-2 S7). In addition, there are
several JDE A diamonds with complex CL images that
show much more pronounced variations in d13C values
and nitrogen abundances. One large, irregularly shaped
diamond, JDE-7 S1 (Fig. 3c), has distinctive light and dark

CL concentric zoning at the rim and displays variation
from "38.9& and 90 at. ppm N (core) to "34.1& and
5 at. ppm N (rim). JDE-2 S4 has a dark interior with a
center cross structure only partially visible due to fragmen-
tation of this diamond and has sharp demarcated
boundaries to a large (!400 # 800 lm) inhomogeneous
light-colored structure near the corner of the grain that
exhibits both a !10& increase in d13C values relative to
the adjacent isotopically homogeneous core and an internal
variation from "13.3& to "30.9&.

4.5.2. JDE B diamonds
One 0.5 cm diameter, clear octahedral JDE B diamond

(JDE-25 S1) was selected for CL imaging and SIMS analy-
ses. CL images (Fig. 5) reveal a dark inner core surrounded
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Fig. 1. Time-averaged mantle residence temperatures calculated
from nitrogen content and aggregation after Taylor et al. (1990).
Temperatures are indicated for isotherms calculated with residence
times of 1.8 Ga (black lines) and 2.5 Ga (grey lines). The JDE B
diamonds display a range of temperatures from 1000 to 1075 !C,
while no temperatures are available for the JDE A diamonds due to
low aggregation (see text for alternate calculation). Eclogitic data
from De Stefano et al. (2009) are also displayed.

Fig. 2. Carbon isotope compositions of diamonds from Jericho
eclogites from (a) conventional combustion and (b) SIMS analyses.
Jericho diamond data from De Stefano et al. (2009) are shown for
comparison. In (b) the peak at "40& to "35& represents analyses
from the dark blue interiors and zoned rims of JDE A diamonds.
The values from "10& to "30& are taken exclusively from the
highlighted diamond growth area in Fig. 4(a).
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Fig. 7. Arrhenius plot for the second-order A - B aggrega-

tion reaction using experimental and natural data (Argyle and
Finsch diamonds). Note the strong linear correlation. The acti-
vation energy for the conversion is 7.03 eV, close to the estimate
ofEvans and Harris (1989).

regression gives a value for E" only marginally higher
(7.15 eV vs. 7.03 eV), resulting in an average calculated
temperature only 14 "C higher than is the case for E":
7.03 eV. This is well within reasonable uncertainties as-
sociated with the geothermometric and age data and im-
plies no significant loss in IR active N from A, B, and D
defect sites in Argyle diamonds.

Relationships among temperature, mantle residency time
(/-*), and N content of diamond

The kinetic equations may be used to model the rela-
tionships among the relative proportions of A defects,
storage temperature, time, and N content of diamond. In
Figures 8A-8C we have considered diamond with aran;ge
of N contents from 0-1250 atomic ppm resident in the
upper mantle for periods (symbol 1.") of 3.2 Ga, 1.6 Ga,
and 0.4 Ga. The residency period of 3.2 Ga is the same
as that determined for Finsch peridotitic diamonds
(Richardson et al., 1984) and a residency of 0.4 Ga has
been determined for Argyle eclogitic diamonds (Richard-
son, 1986). Plotted on the figures are a series of isotherms
depicting the extent of A - B conversion as a function
of total N concentration. As expected from the kinetic
equations, the extent of conversion at a given tempera-
ture increases with increasing N concentration. For ex-
ample, for mantle storage temperatures of I100'C a di-
amond with -1000 ppm N will have undergone
conversion of almost 500/o A defects to B defects after 3.2
Ga. Conversely, at the same temperature a diamond with
-200 ppm N would only have about 100/o B defects after
3.2 Ga. The plots show that for long storage times for
diamond in the upper mantle, the extent of N defect ag-
gregation will be sensitive to temperatures in the range
1050-1300'C, which agrees with the results of Evans and

TAYLOR ET AL.: NITROGEN DEFECT AGGREGATION OF DIAMOND
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Fig. 8. Results of kinetic modeling of the A - B agelregation
reaction displayed as a series ofisotherms in plots of0/o A defects
vs. N content for mantle residence times of 400 Ma (A), 1600
Ma (B), and 3200 Ma (C). To achieve similar A - B conversions
to /MR : 3200 Ma, diamond storage temperatures must be 15 'C
higher for tMR : 1600 Ma and 50'C higher for l.^ : 400 Ma.

Harris (1989). At temperatures < 1050'C there is no sig-
nificant conversion ofA defects, even for diamond for-
mation in Archean times, whereas at temperatures > 1300
oC conversion is near completion after only a few hun-
dred million years. Note that there would be no signifi-
cant effect on N aggrcgation state resulting from entrap-
ment and transport of diamond in a hot kimberlite or
lamproite melt on the short time scales (-hours, days,
e.g., Spera, 1984) required to transport these magmas and
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the earth’s lifetime), that it has a concentration that may be close to steady state (i.e., unchanged by addition from subduction or loss due to

volcanism), and that it is an actively cycled element. It is remarkable that diamonds display a large range in their 13C/12C isotope ratio despite the
mantle mixing process of convection that might lead to isotope homogenization. In fact, diamonds retain compositional variability that is as large

as the range induced by photosynthesis at the earth’s surface (the largest range in 13C/12C routinely measured).

Figure 21. Carbon isotope content reflects the nature of the host diamond and tells us about its geologic history. This figure shows the difference between some of the main diamond
types. δ13C is the 13C/12C ratio measured against a reference standard and deviating from this standard by 0.1%. Note the negative scale and how eclogitic diamonds extend to much
lower δ13C than peridotitic diamonds; n = number of analyses. Adapted from Cartigny (2005), with permission of the Mineralogical Society of America.

The variability in carbon isotopic composition is not random; instead, it is related to the diamond type and presumably to the petrogenesis or
igneous geologic history of the diamond (figure 21). P-type diamonds display a restricted range in carbon isotopic composition (given in the delta

notation, δ13C, where 13C/12C is referenced to a standard and expressed in ‰) of –10 to –2 δ13C, with more than 95% of P-type diamonds falling

in the main mantle range of –8 to –2 (Cartigny, 2005). E-type diamonds show a very wide range in δ13C, from –42 to +3, even though they too
have a large percentage that fall within the main mantle range.

Superdeep diamonds from the top of the lower mantle have a carbon isotopic distribution similar to that of P-type diamonds, whereas superdeep
diamonds from the mantle transition zone more closely resemble E-type diamonds (Pearson et al., 2003). Other unusual specimens such as
fibrous, polycrystalline, and crustal metamorphic diamonds have their own unique compositional ranges (Cartigny, 2005). Carbon in meteorites

has a very large range in 13C to 12C that was inherited from solar system sources (Haggerty, 1999) and is much greater than that of the average
mantle. If the carbon isotopic variability were inherited from primordial carbon with compositions even close to the large range seen in meteorites,
then it remains unexplained how groups of diamonds would retain different compositional distributions and not all reflect that large range. A more

Main mantle range
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Fluid inclusions
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whereas the hydrous fluid is rich in SiO2, Al2O3 (Schrauder and Navon 1994). K2O contents are 
high in both fluid types. In contrast, fluid inclusions from cloudy diamonds contain much higher 
Cl contents and are classified as brines, being distinct from the other fluid types found in fibrous 
diamonds (Izraeli et al. 2001). The brines carry very little SiO2 (3-4 wt%), possibly because of 
the low water content restricting the solvating capacity of the fluid. Recent work over the last 
decade has discovered fluids in diamonds (Fig. 4) from some localities (Diavik, Udachnaya, 
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Figure  4. Composition of fluids in diamonds from worldwide locations. Data from the work of Klein-
BenDavid (2004, 2007a, 2009), Izraeli (2001), and Tomlinson (2006, 2009). Note the clear delineation 
of three end-members (a), the large compositional variability (b), and that some localities have specific 
differences in their Fe/Mg (b).

From	Shirey et	al.	(2013)	and	references	therein

From Klein-BenDavid et al. (2006)



22Figure 19. Peridotitic (P-type, A and B) and eclogitic (E-type, C and D) inclusions of silicate (A,C) and sulfide (B,D) mineral groups that have been successfully used for radioisotopic
age dating (geochronology). A: harzburgitic garnet (high in Cr, low in Ca), used in Rb-Sr and Sm-Nd dating by Richardson et al. (1984). B: Ni-rich iron sulfide (pentlandite) used in Re-
Os dating by Westerlund et al. (2006). C: orange garnet and colorless clinopyroxene used in Rb-Sr and Sm-Nd dating by Richardson (1986). D: Ni-poor iron sulfide (pyrrhotite) used in
Re-Os dating (Pearson et al. 1998; Richardson et al., 2001). Grain size ranges from 50 to 300 microns. Photos courtesy of J.W. Harris, S.H. Richardson, and K. Westerlund.

Sulfide mineral inclusions such as pyrrhotite and pentlandite (again, see figure 19) also allow diamonds to be subdivided into P- and E-types in a
manner analogous to silicate inclusions. For sulfides, the distinction is based on Ni content. The higher-Ni sulfides occur in P-type diamonds, while
the lower-Ni (and slightly higher-Cu) sulfides occur in E-type diamonds (Pearson and Shirey, 1999). Recent isotopic work using the platinum-group
element osmium on single sulfides has yielded osmium abundance data that show the P- versus E-type distinction even more clearly (Pearson
and Shirey, 1999). Unfortunately, the opacity of sulfides and their obscuration by internal fracturing renders this classification scheme useful only
after breakage of the diamond and removal of the mineral inclusion.

Figure 20. This diagram shows the mineralogy with depth for two different rock compositions that would be expected at great depth in the mantle. The peridotitic compositions on the

From	Shirey and	Shingley (2013)
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procedures and generally demonstrated an Archean age (more than 2.5 billion years old) for the most depleted (harzburgitic) garnet inclusions in
diamonds from the mines in the Kimberley area and Finsch in the Kaapvaal craton.

Figure 23. This diagram shows how the radioactive decay of 147Sm produces 143Nd (see table 1), resulting in a line, known as an isochron, whose slope increases directly with age
and can be used to calculate the exact age. The five-point Sm-Nd isochron here is produced from silicate inclusions in diamonds from the Orapa mine (Richardson et al., 1990). The
data were obtained by breaking apart 630 inclusion-bearing diamonds and grouping each set of inclusions as clinopyroxene (cpx) or garnet (gar). The number of inclusions combined
together in one chemical dissolution procedure to produce one Sm-Nd data point is given by the numbers in parentheses. Based on the isochron here, the average age of these
diamonds can be calculated to be 990 Ma, with an uncertainty of about 50 Ma.

The use of batches of inclusions derived from separate diamonds led to concerns about mixing diamonds of different ages and producing an
average age that might not correlate with a specific geologic process (Navon, 1999; Pearson and Shirey, 1999). These uncertainties drove the
need to perform chemical analyses on single inclusions. The argon-argon method on clinopyroxene inclusions was the first to be applied (Phillips
et al., 1989; Burgess et al., 1992) because eclogitic omphacite (a sodium-bearing clinopyroxene) contains sufficient potassium to allow age
determinations. Although argon-argon geochronologic studies of eclogitic pyroxenes generally confirm the results of the samarium-neodymium
method, problems arose due to diffusion of argon out of the inclusion to the surface where the inclusion and diamond meet. Nonetheless, argon-
argon studies indicated not only E-type formation from the Neoarchean (about 2,800 Ma) onward in southern Africa but also some unexpected old
diamonds, highlighting the need for work on single diamonds.

23
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Surface features

Conditions in the mantle and 
in kimberlite magma

deformed, stressed, have complicated internal structures, and
show growth and/or corrosion features on crystal faces. Al-
though diamonds impose their cubo-octahedral morphology
on all other internal coexisting phases, very few diamonds are
equidimensional and some, particularly aggregates, have a
flattened form suggestive of formation along grain boundaries
in preexisting rocks.

Internally, diamonds can reveal simple, straightforward
growth patterns, but complicated crystallization histories are
common as well. The rate of crystallization may change, and
growth may terminate and restart. Both cubic and octahedral
growth can occur in the same diamond. Resorption is pre-
dominantly a late stage process, but may also occur between
successive growth events. Postcrystallization deformation is
also common, typically in the form of plastic deformation

lamellae, and brittle fracture has been occasionally noted
(e.g., Chinn, 1995).

These observations summarize significant characteristics
that terrestrial diamonds can display (e.g., Robinson, 1979).
Most of the summarized features can be found in diamond
production from a single locality, although proportions may
vary widely as illustrated for selected morphologies in Figure
5 for six kimberlites from Ekati, Northwest Territories,
Canada.

With few exceptions, diamonds worldwide can be described
within the above categories. Broad fundamental distinctions
can be drawn between diamond octahedral growth forms
and cuboids. The latter generally exhibit fibrous growth,
have abundant macroscopic trapped fluid inclusions, which
render them opaque, with rough surfaces, and exhibiting low
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FIG. 5.  Morphology of diamonds in six kimberlites on the Ekati deposit, Northwest Territories, Canada. Variations shown
in the form of pie diagrams. Data from Gurney et al. (2004).

Morphology of diamonds in six kimberlites from Ekati
diamond Mine, Canada. Gurney et al. (2004, 2010). 
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