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Kate is a lecturer in Geochemistry at the University College Cork (UCC), Ireland. She obtained her
undergraduate degree in petrology, mineralogy and geochemistry from the State Mining Institute, SaintPetersburg, Russia and her PhD in experimental petrology from the Australian National University,
Canberra, Australia. She then worked as a postdoctoral researcher and then as a NERC independent
fellow at the University of Oxford, UK. Kate’s main research interests include the deep carbon cycle,
metasomatism in the cratonic mantle, distribution of trace elements during mantle melting, and the
oxidation state of the mantle transition zone. To address these topics, she uses a combination of highpressure high-temperature experimental techniques and natural samples, such as mantle xenoliths and
inclusions in diamonds. Here she writes about the important role diamond inclusions play in revealing the
inner workings of the Earth’s mantle and tectonic cycle.
Despite multiple efforts in studying our planet and solar system, our knowledge of the deep Earth is rather limited.
Only a tiny proportion of the Earth close to the surface is accessible for direct sampling. The deepest borehole drilled
by humankind does not exceed 12.3 km; in comparison the Earth’s continental crust extends up to 40 km (and only
accounts for ≈0.5% volume of the Earth), and the Earth’s upper mantle that extends to 410 km. The lack of access
drives the necessity to study the Earth’s layers by indirect methods, using seismic waves to correlate velocities with
density, or experimental petrology, to generate the pressure-temperature conditions of the Earth’s mantle in the
laboratory and through that to model the processes that are likely to occur at depth.
An alternative method to investigate the Earth’s upper mantle, transition zone and the lower mantle is through
inclusions in diamonds. Diamonds are brought to the surface by kimberlites that originate at larger depths than any
other known volcanoes (Fig. 1). Kimberlites are very special volcanoes. Although there is no current kimberlite
volcanism, and the youngest kimberlite erupted more than 30 million years ago, using their shape and composition of
the rocks, it is possible to determine that these magmas contained a high concentration of gases (such as CO2 and
H2O) and were very explosive. Kimberlites are characterised by a large (up to a few kilometres) diatreme and very
narrow (usually a few metres wide) channel that fed the magma towards the surface. Technically, they are igneous
dykes, although some kimberlites are also found in the shapes of sills. The depth of the origin for kimberlite magmas
remains a matter of debate, ranging from 150-200 km up to the lower mantle (>600 km). However, because
kimberlites contain diamonds, it is well established that they originated at least at 150-200 km depth, a region of the
Earth where carbon is stable in the form of diamond as opposed to graphite, stable at shallower levels (Fig 2).

North of England Institute of
Mining and Mechanical Engineers

1/4

Transactions Article – August 2019
Diamond Windows into the Deep Earth
Dr Kate Kiseeva
University College Cork and University of Oxford

Figure 1: Orapa
kimberlite mine,
Botswana,
September 2017.
Orapa is one of the
largest kimberlite mines
in the world, with a size
of ~1.2 km across.
This kimberlite mine also
has two pipes, well-seen
on the image.

While growing from melt or fluid, diamonds capture small mineral inclusions from the surrounding material and on
their ascent to the surface they act as capsules preserving these minerals intact and unmodified. This is extremely
important because if not preserved, most of the material from the great depth reverts to its low-pressure form and
does not differ from the minerals found on the surface.
Typically, inclusions in diamonds are very small, in the order of
10-100 microns, and very rare. Only about 2% of diamonds
contain mineral inclusions. Minerals vary from oxides (spinel)
to silicates (garnet, pyroxene, olivine) and sulphides. In their
review article, Stachel and Harris (2008) subdivided inclusions
into categories, depending on their reservoir and type of rock
they are coming from: lithospheric, coming from cratonic
lithosphere; deep peridotitic and deep eclogitic, coming from
the convecting mantle below the lithosphere and extending
throughout the mantle transition zone; and lower mantle
inclusions (Fig 3). Eclogitic and peridotitic inclusions refer to
the type of the rock mineral inclusions are associated with.
The Earth’s crust consists of multiple rocks: igneous, such as
granite or basalt, sedimentary (sandstone, limestone) and
metamorphic (marble, sсhist). It is considered that the variety
of rocks is much smaller in the Earth’s mantle. According to
seismic data, the Earth’s mantle is composed of ≈95%
peridotite and 5% eclogite. Eclogite is a metamorphosed
basalt, that formed by the melting of peridotite. The presence
of these rocks is also confirmed by mineral inclusions in
diamonds. Both peridotitic (olivine, pyroxenes, garnet) and
eclogitic (garnet and clinopyroxene) mineral inclusions are
commonly observed in diamonds.
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Figure 2: Adopted from Shirey and Shigley, 2013.
Stability of diamond and graphite in the Earth’s
mantle. Typical temperatures at 100-120 km depth are
more than 800°C, therefore kimberlites that carry
diamonds have to originate at >120 km depth.
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Out of all diamond inclusions reported in
literature in 2008, less than 10% originated in the
deep sublithospheric mantle (Fig. 4). To date,
there are less than 200 mineral inclusions in
diamonds reported for the lowermost upper
mantle and the mantle transition zone. Yet, these
inclusions provided us with a number of key
discoveries about our planet.
One of the major applications of studying deep
inclusions is in direct sampling of the transition
zone and the lower mantle. During the last
decade, a number of publications were dedicated
to the first discovery of minerals stable at depths
between 400 and 700 km. Pearson et al. (2014)
reported the first finding of ringwoodite, a highpressure polymorph of olivine, which the most
common mineral in the upper mantle.

Figure 3: Cross-section of the Earth, showing location
and depth of inclusions in diamonds.

Up until 2014, a natural crystal of ringwoodite, the high-pressure form of olivine has never been reported. Moreover,
this inclusion contained 1 wt% water, providing evidence for the H2O presence at the depths of the mantle transition
zone. In 2018, Nestola et al. (2018) found a Ca-perovskite phase, recovered from the depth of ~680 km. The authors
confirmed that this mineral is the main host for Ca in the lower mantle.
Another important application of inclusions in diamonds revolves around the ages of mineral inclusions and the deep
carbon cycle. In their article, Tappert et al. (2005) investigated the origins of carbon in diamonds, and it emerged that
the diamond carbon contained a significant proportion of organic components that could only be derived from
oceanic crust, subducted, perhaps, billions of years ago (Figs 3, 5). Interestingly, not only carbon, but some of the
mineral inclusions in diamonds have also been exposed to the surface at some stage of their history. Ickert et al.
(2015) analysed oxygen isotopes of 13 garnet inclusions in diamonds from Jagersfontein kimberlite, South Africa, and
concluded that this material, was derived from oceanic crust residing at Earth’s surface before being returned into the
deep mantle. This means that both diamonds and inclusions have made at least one full cycle from being on the
surface, then subducted to the deep mantle, and then return to the surface through kimberlite magmatism (Fig.5).
The knowledge, that comes from tiny inclusions in diamonds, is capable of unravelling the history of our planet, and
provide us with the information about the processes that took place on Earth billions of years ago.

Figure 4: Adapted from Stachel and Harris,
2008. Proportions of diamonds reported in
literature for different mantle reservoirs.
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Figure 5: Schematic cycle of material forming garnet inclusions in diamonds. Not to scale.
1 – material forming garnet is a part of the mantle peridotite. 2 – after partial melting of peridotite it erupts to the surface as
a mid-ocean ridge basalt. 3 – tens of millions of years later it transports back into the mantle via subduction. 4 – formation of
garnets at large depths of 250-550 km; encapsulation by diamond. 5 – ascent to the surface via kimberlite magmatism.
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