
 

      
         

      
      

     
       
        

       
       

         
      
       

      
      

       
      

       
         

      
    

         
       

       
      

         
         

       
       

        
      

      
      

        
         
        

     

      

 

                   
               

             
                  

              
            

         
       

     

        
         

      
          

FEATURE AR ICLES 

RECENT ADVANCES IN UNDERSTANDING THE 
GEOLOGY OF DIAMONDS 
Steven B. Shirey and James E. Shigley 

It has been more than two decades since diamond ages have proven to be up to billions of years older 
than their host magmas of kimberlite or lamproite. Since then, there have been significant advances in 
the analysis of diamonds and their mineral inclusions, in the understanding of diamond-forming fluids 
in the mantle, and in the relationship of diamonds to the deep geology of the continents and the con-
vecting mantle. The occurrence of natural diamonds is remarkable and important to earth studies. This 
article reviews current thinking of where, how, when, and why natural diamonds form. 

Research into natural diamonds (figure 1) has 
emerged over the last two decades as one of the 
keys to understanding the deep earth. Analyt-

ical advances, improved geologic knowledge, and the 
emergence of new diamond-producing regions (such 
as the Slave craton of Canada) have all contributed 
to this change. The most prized specimens for re-
search are flawed with visible inclusions (figure 2), 
for these carry actual samples of mantle minerals 
from depths as great as 800 km beneath the surface. 
Diamond provides the perfect container for mantle 
minerals, isolating them from the high pressure and 
temperature reactions within the earth for geologic 
time scales. Even low elemental concentrations and 
minute features in diamond can now be analyzed 
using instruments with higher sensitivity and reso-
lution. As a result, study combining the inclusion 
and its diamond host is a powerful tool for geologic 
research, which itself has improved our understand-
ing of diamond formation. 

The purpose of this article is to describe our cur-
rent understanding of where, how, when, and why 
natural diamonds have been formed. This article re-
views currently accepted areas of knowledge, along 
with topics that are still the subject of ongoing re-
search, where science does not yet have all the an-

See end of article for About the Authors and Acknowledgments. 
GEMS & GEMOLOGY, Vol. 49, No. 4, pp. 188–222, 
http://dx.doi.org/10.5741/GEMS.49.4.188. 
© 2013 Gemological Institute of America 

swers. This basic subject was discussed more than 
two decades ago in Gems & Gemology (Kirkley et 
al., 1991); since then, there have been major advances 
in our understanding of diamond geology. Recent 
work of the research community (summarized in 
Pearson and Shirey, 1999; Cartigny, 2005; Harlow 
and Davies, 2005; Stachel et al., 2005, 2009; Stachel 
and Harris, 2008, 2009; Gurney et al., 2010; Shirey et 
al., 2013) has been of considerable interest to eco-
nomic geologists searching for natural diamonds, 

Figure 1. Archean cratons in South Africa have yielded 
gem diamonds such as these specimens from the GIA Mu-
seum’s Oppenheimer Student Collection. The loose crys-
tals range from 1.24 to 22.32 ct. Photo by Orasa Weldon. 
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Figure 2. These photos show inclusions of silicate minerals in natural diamond whose background reflectivity 
has been enhanced by faceting: almandine (left), magnified 10×; pyrope (center), magnified 40×; and diopside 
(right), magnified 30×. Photomicrographs by John Koivula. 

guiding their models of how to explore for new oc-
currences. But it is also of importance to the practic-
ing gemologist, since these are fundamental 
questions that a wearer of a beautiful diamond might 
ask. It is hoped that this article will give the gemol-
ogist a ready way to convey how nature first created 
the rough diamonds. 

For the reader who is unfamiliar with geologic 
terms, a glossary is presented at the end of the arti-
cle. Terms listed in the glossary are italicized on 
their first use in the text. 

GEOLOGY AND THE DISTRIBUTION OF 
DIAMONDS ON EARTH 
Carbon Abundance. Carbon is widely dissolved in the 
earth’s silicate minerals at part-per-million levels and 
lower. But whenever carbon occurs as a free species, 
diamonds have the potential to form. Carbon in the 
earth can occur in oxidized forms, such as when 
bound with oxygen in CO2 or CO3, or in reduced 
forms such as diamond, graphite, or bound with hy-
drogen in methane and other organic molecules. The 
experimentally determined pressure-temperature 
conditions where diamond is stable (figure 3) dictate 
formation pressures higher than 40 thousand atmos-
pheres (4 GPa) and temperatures of 950–1400ºC. 
While these pressure-temperature conditions seem 
extreme, for a large rocky planet such as ours, they 
are not. Within the earth, temperature always rises 
with depth along a path known as the geothermal 
gradient, which is typically high enough for diamond 
growth at the necessary pressures. Thus, diamond can 
potentially form in any region of the earth where the 
depth of the crust or the mantle provides high enough 
pressure, because the temperature will also be high 
enough. 

Most of the mantle is within the field of diamond 
stability. The crust, which is normally too thin (usu-
ally less than 40 km thick) to lie within this field, 

can do so only if it has been thickened by the geo-
logic processes related to plate tectonics. Yet dia-
monds are very rare because the mantle has a 
relatively low abundance of carbon. Furthermore, di-
amonds are far from evenly distributed throughout 
the earth—they are found in mineable quantities 
only in very unique geologic settings. Why is this so? 

Figure 3. This graph depicts the rise of temperature 
with depth (the geothermal gradient) in the litho-
sphere. 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 de-
picts the stability fields of graphite and diamond in 
relation to the convecting mantle (asthenosphere) and 
the lithospheric mantle. The graphite/diamond tran-
sition 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). 
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Figure 4. World diamond localities are shown here in relation to Archean cratons and classified as either kimberlite-
hosted and from mantle keels (lithospheric), kimberlite-hosted and from the convecting mantle (superdeep), of sur-
face origin (alluvial), from ultra-high-pressure crustal terranes (UHP crustal), or formed by the shock of meteorite 
impact (impact). Only a subset of these localities are rich enough to be mined for diamonds. The crustal age/craton 
basemap is from Pearson and Wittig (2008). Locality information is from Tappert et al. (2009), Harte (2010), Harte 
and Richardson (2011), Tappert and Tappert (2011), Dobrzhinetskaya (2012), and the authors. 

Localities are as follows: (1) Diavik, Ekati, Snap Lake, Jericho, Gahcho Kue, DO-27; (2) Fort a la Corne; (3) Buffalo 
Hills; (4) State Line; (5) Prairie Creek; (6) Wawa; (7) Victor; (8) Renard; (9) Guaniamo; (10) Juina/Sao Luis; (11) Are-
napolis; (12) Coromandel, Abaete, Canasta; (13) Chapada Diamantina; (14) Boa Vista; (15) Koidu; (16) Kan Kan; (17) 
Akwatia; (18) Tortiya; (19) Aredor; (20) Bangui; (21) Mbuji-Mayi; (22) Camafuca, Cuango, Catoca; (23) Masvingo; 
(24) Mwadui; (25) Luderitz, Oranjemund, Namaqualand; (26) Orapa/Damtshaa, Letlhakane, Jwaneng, Finsch; (27) 
Murowa, Venetia, The Oaks, Marsfontein, Premier, Dokolwayo, Roberts Victor, Letseng-la-Terae, Jagersfontein, 
Koffiefontein, Monastery, Kimberley (Bultfontein, Kimberley, De Beers, Dutoitspan, Kamfersdam, Wesselton); (28) 
Kollur; (29) Majhgawan/Panna; (30) Momeik; (31) Theindaw; (32) Phuket; (33) West Kalimantan; (34) South Kali-
mantan; (35) Springfield Basin, Eurelia/Orroroo, Echunga; (36) Argyle, Ellendale, Bow River; (37) Merlin; (38) 
Copetown/Bingara; (39) Mengyin; (40) Fuxian; (41) Mir, 23rd Party Congress, Dachnaya, Internationalskaya, 
Nyurbinskaya; (42) Aykhal, Yubileynaya, Udachnaya, Zarnitsa, Sytykanskaya, Komsomolskaya; (43) Ural Mts.; (44) 
Arkhangelsk; (45) Kaavi-Kuopio; (46) W Alps; (47) Moldanubian; (48) Norway; (49) Rhodope; (50) Urals; (51) 
Kokchetav; (52) Qinling; (53) Dabie; (54) Sulu; (55) Kontum; (56) Java; (57) New England Fold Belt; (58) Canadian 
Cordillera; (59) Lappajärvi; (60); Ries; (61) Zapadnaya; (62) Popigai; (63) Sudbury; and (64) Chixculub. Adapted from 
Shirey et al. (2013), with permission of the Mineralogical Society of America. 

Geologic Age of Continental Rocks. Earth is special continental and oceanic, that sit at two very differ-
among the planets in that it has two crustal types, ent heights, approximately 840 meters above and 
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3,840 meters below sea level on average. This hap-
pens because the continental crust contains more of 
the lighter elements such as silicon and aluminum, 
and is underlain by a thickened mantle keel (de-
scribed 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 con-
tinental crust is old—up to four billion years old. Its 
oldest parts, the ancient continental nuclei, or cra-
tons, are isolated in the interior of the continent by 
belts of successively younger continental crust (fig-
ure 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 el-
ements (uranium, thorium, and rubidium) provided 
a quantitative way to measure the geologic age of ex-
posed crustal rocks. 

Plate Tectonics and Diamonds. Plate tectonics is the 
modern unifying theory that explains the earth’s ac-
tive geologic processes today, and is thought to have 
operated perhaps for as long as the latter half of the 
planet’s history. No other planets in the solar system 
apparently have plate tectonics. The earth’s upper 
surface is composed of rigid, lithospheric plates of 
crustal rock (too stiff to flow on geologic time scales, 
yet stiff enough to break and cause earthquakes) un-
derlain by mantle rock. Surface deformation, vol-
canic activity, and earthquakes occur more readily at 
the margins of plates than at their interior. Two gen-
eral types of lithosphere can occur on the same plate: 
continental and oceanic. Continental lithosphere is 
thickest where it is oldest. It can be more than twice 
the thickness of oceanic lithosphere, which is geo-
logically younger. The latter is constantly being cre-
ated at mid-ocean ridges where seafloor spreading 
occurs, and where oceanic crust is recycled back into 
the mantle by the process of subduction. The move-
ment of the plates occurs on the mobile portion of 
the mantle known as the asthenosphere, and it is 
driven by deeper flow of the mantle, a process known 
as convection. The power for convection comes from 
the sinking of the oceanic lithospheric plates, the 
heat generated in the mantle by radioactive decay, 
and the return flow of warmer mantle. Plate tecton-
ics is critical to diamond formation in two ways: It 
permits the recycling of surficial carbon, and it en-

ables mantle melting, both of which allow the cre-
ation of diamond-forming fluids/melts. 

Continental regions that long ago ceased partici-
pating in active plate tectonic processes such as rift-
ing, mountain building, or subduction are known as 
continental cratons. They are easily defined by an ab-
sence of earthquake activity. Such regions have been 
leveled by long-term weathering and erosion, though 
they may be relatively recently uplifted, as is the case 
for southern Africa. Most continents contain several 
cratons (again, see figure 4) joined by younger crust 
at times long after their creation. A craton always 
contains the oldest rocks within its host continent, 
and it typically has ages older than 2.5 billion years, 
from a geologic era known as the Archean. Common 
usage has evolved so that the term craton often im-
plies the Archean portion. But strictly speaking, cra-

In Brief 
• Diamonds hold great value for understanding the earth, 

and knowing how they formed contributes to the dis-
covery of new deposits. 

• Diamonds contain the world’s oldest and deepest min-
eral samples as inclusions. 

• Diamonds were created by ancient processes often 
related to continent formation. 

• Non-gem diamonds occur in a variety of geologic 
settings. 

tons are not limited to the Archean era. Numerous 
younger terranes (e.g., 1 billion to 2.5 billion years 
old) now fit the requirement for long-term geologic 
stability. Thus, the plate tectonic process of conti-
nental assembly and breakup has led these younger 
terranes to be attached to the older cratonic core, so 
that they too can effectively be considered part of the 
craton. Both the Slave craton in Canada and the 
Kaapvaal craton in southern Africa are the Archean 
components of the larger Laurentia and Kalahari su-
percratons, respectively. 

For economic geologists, the most important 
point is the striking correspondence between the old-
est Archean portion of a craton and diamond occur-
rences, especially those hosted in kimberlite, the 
main carrier and hence “ore” of gem-quality dia-
mond. This relationship, first formalized by Clifford 
(1966) and known as Clifford’s Rule, implies that the 
diamondiferous kimberlites erupted through the old-
est Archean portions of the cratons, whereas non-di-
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Figure 5. Seismic waves can illuminate the presence of mantle keels beneath most old continental regions (cra-
tons). This global model of the velocity of seismic shear waves (Vs) at 125 km depth and 350 km depth indicates a 
large range in shear wave velocity: ±6% and ±3% respectively. Note the high velocities (left) underneath the re-
gions of ancient crust, which are not visible at 350 km depth (right). These regions have high velocity at 125 km 
because of a mantle keel attached down to 250 km depth, as depicted in figure 6. The blue regions indicate where 
lithospheric diamonds were stored for billions of years. Adapted from Ritsema et al. (2004) and Carlson et al. 
(2005), with permission of Wiley-Blackwell. 

amondiferous kimberlites erupted through younger 
rocks. This relationship is nowhere more evident 
than the Kaapvaal craton, where all of the diamon-
diferous kimberlites are “on-craton” and all of the 
“off-craton” kimberlites are diamond-free. We will 
examine the geologic explanation for this below. 

The erosion of ancient cratons has led to the 
weathering of surface exposures of kimberlite, and 
the release of diamonds to the regolith. Without 
crustal uplift, these diamonds remain trapped in geo-
logic basins as in West Africa, Zimbabwe, and Brazil, 
where they can be panned for like gold. Where the 
craton has been uplifted, diamonds released from 
their host rocks have been transported by rivers (such 
as the Orange River in South Africa) and by longshore 
currents (such as the Benguela, along the continental 
shelf of the southern Atlantic Ocean). These alluvial 
diamonds are recovered by placer and marine mining 
techniques that are very different from hard-rock 
kimberlite mining. Although these specimens are 
found “off-craton,” they derive from “on-craton” 
kimberlites and are thus formed by those processes. 

Mantle Keels Under Continental Cratons. Sitting be-
neath both oceanic and continental crust is rigid peri-
dotitic mantle that, with the overlying crust, 
comprises the lithosphere. This region of rigid mantle 

is known to exist because it can rupture to cause earth-
quakes; the resultant seismic waves travel faster 
through it than the convecting but still solid mantle 
just below. Beneath the cratons, the lithospheric man-
tle extends from about 40 km depth down to perhaps 
250–300 km (figures 5 and 6). Under the oceans, it only 
extends down to about 110 km (Jordan, 1979). Because 
of its downward-protruding shape and its long-term at-
tachment to the continental crust of the craton, this 
portion of mantle has taken the term mantle keel. The 
mantle keel is a major reason for some features we as-
sociate with continents: tectonic stability, elevation 
above the ocean floor, and the occurrence of diamonds. 
The kimberlite eruptions that transport diamonds to 
the surface also carry samples of lithospheric mantle 
rocks called xenoliths. From these samples, we know 
much about the mantle keel beneath the continents, 
such as the fact that it also contains about 5% of the 
high-pressure form of basalt known as eclogite. The 
mantle keel hosts nearly all of the world’s gem dia-
monds, and thus it deserves more than passing atten-
tion when considering the geologic origin of diamonds. 

Naturally occurring radioactive elements present 
in small amounts in peridotite and eclogite allow ge-
ologists to measure the age of rock samples of the 
mantle keel (table 1). These include rhenium (Re), 
which decays over millions of years to osmium (Os), 
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and samarium (Sm), which decays to neodymium 
(Nd). The age of the keel is the same (within uncer-
tainties) as the geologic age of the overlying crust. 
Consequently, most geologists think that the crust 
and mantle keel of the continent were created to-
gether in a process of crust creation and craton sta-
bilization. The duration of this process is poorly 
known, but may have taken many tens of millions 

TABLE 1. Radioisotopic systems for diamond dating. 

Figure 6. This block dia-
gram depicts the basic rela-
tionship between a 
continental craton, its 
lithospheric mantle keel 
(the thick portion of the 
lithospheric mantle under 
the craton), and diamond 
stability regions in the keel 
and the convecting mantle. 
Under the right conditions 
of low oxidation, diamonds 
can form in the convecting 
mantle, the subducting 
slab, and the mantle keel. 
Adapted from Stachel et al. 
(2005), Tappert and Tappert 
(2011), and Shirey et al. 
(2013), with permission of 
the Mineralogical Society of 
America. 

of years, starting with the formation of the oldest 
continental crust (nearly four billion years ago). The 
significance of this for diamond formation is that the 
bottom 100 km of the mantle keel under each old 
continental crustal region is at high enough pressure 
and comparatively low temperature to allow dia-
monds to crystallize whenever they receive fluids 
saturated in carbon from the underlying convecting 

Isotope 
system 

Parent 
isotope 

Daughter 
isotope Decay 

Half-life 
(Ma) 

Ratio 
measured 

Inclusion minerals 
analyzed 

Rb-Sr 

Sm-Nd 

U-Pb 

87Rb 

147Sm 

238U 
235U 

87Sr 

143Nd 

206Pb 
207Pb 

b 

a 

a, b 
a, b 

48,800 

106,000 

4,469 
704 

87Sr/86Sr 

143Nd/144Nd 

206Pb/204Pb 
207Pb/204Pb 

Garnet, 
clinopyroxene 

Garnet, 
clinopyroxene 

Sulfides, zircon, 
perovskite 

Re-Os 187Re 187Os b 41,600 187Os/188Os Sulfides 

Ar-Ar 40K 40Ar 
40Ca 

b 1270 40Ar/39Ar Clinopyroxene 

Notes: a = alpha decay, b = beta decay, and half-life is the average time taken for half of the parent radioiso-
tope to decay. This is a constant and given here in millions of years (Ma). Note that for 87Rb, 147Sm, and 187Re 
these times are much longer than the earth’s age (~4,570 Ma). 
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mantle. Thus, the keel bottom can be viewed as an 
“ice box” (albeit with higher temperatures), avail-
able for billions of years to store diamonds and keep 
them from entering mantle circulation, yet ready to 
be sampled by a rising kimberlite magma. Both peri-
dotite and eclogite contain diamonds, but intact 
peridotites erupted to the surface with their dia-
monds in place are rare, while eclogites with their 
diamonds in place are common. (For a detailed de-
scription of rock type, see Kirkley et al., 1991.) The 
mineralogical reason for this is a result of the way 
diamonds crystallize within the keel itself. 

Diamonds in Tectonically Active Areas. Clifford’s 
Rule demonstrates the connection of the ancient sta-
ble mantle keel to gem-quality diamonds. Its corol-
lary is that geologic activity related to plate tectonics 
such as volcanism, mountain-building, and intrusive 
magmatism near the earth’s surface typically de-
stroys diamonds, because it occurs at pressures, tem-
peratures, or oxidizing conditions where diamond 
cannot crystallize or remain stable. The typical slow 
mantle upwelling and resultant magmatism that 
occur beneath an ocean island such as Hawaii offers 
a good example. Nonetheless, a few exceptions to 
Clifford’s Rule do exist, where diamonds are found 
in non-kimberlitic rocks formed in tectonic areas 
that were once active. 

A few localities are known where a non-kimber-
litic, subduction-related magma type carries dia-
monds: young microdiamonds in the Japan island 
arc (Mizukami et al., 2008), and 2.7 billion-year-old 
macrodiamonds in the Wawa belt of the Superior ge-
ologic province of Canada (Stachel et al., 2006). In 
both cases, diamonds appear to have been created not 
by direct subduction magmas themselves, but rather 
by late-stage magmas that produced a rock called a 
lamprophyre. These magmas were intruded as dikes 
and transported diamonds to the surface that may 
have been created elsewhere in the mantle. At the 
world’s largest diamond producer by carat weight, 
Australia’s Argyle mine (Shigley et al., 2001), and its 
smaller and younger cousin, the nearby Ellendale 
mine, specimens were brought to the surface by an-
other non-kimberlitic magma that produced a rock 
called lamproite. These diamonds are about 1.5 bil-
lion years old. The Australian geologic provinces in 
which they occur are known as mobile belts, which 
also contain metamorphic crustal rocks that are 
slightly older (1.8 billion years old). The thermal 
pulse revealed by the study of crustal rocks at the 
surface is thought to result from a tectonic process 

that heated and recrystallized older lithospheric 
mantle while permitting the formation of diamonds 
at the same time (Smit et al., 2010). 

More abundant than these examples are unique 
blocks of crustal rock known as ultra-high-pressure 
(UHP) metamorphic terranes. These were buried 
deep enough by crustal thickening, a process where 
portions of the crust override other portions and 
allow microdiamonds to crystallize, evenly distrib-
uted, throughout the buried crustal host rock with 
no apparent magmatic transport. Examples of this 
geologic setting occur in China, Germany, Norway, 
Russia, and Indonesia. 

Perhaps the most prevalent example of diamonds 
formed by active geologic processes are those known 
as superdeep diamonds. These are usually not gem-
quality macrodiamonds. Superdeep diamonds formed 
at great depths in freely convecting mantle beneath 
the continental lithosphere (again, see figure 6). They 
were brought up by the same kimberlitic volcanism 
that carried lithospheric diamonds, and therefore they 
are found in the same deposits. The high-pressure 
minerals they include show that they formed far 
below the 300 km approximate depths of kimberlite 
generation, perhaps as deep as 400–800 km (Harte, 
2010). Thus, they must be carried into the depth of 
kimberlite generation by upwelling mantle convec-
tion in mantle plumes. Mantle plumes are thought to 
trigger kimberlite formation, because they bring hot-
ter mantle to shallower depths where it begins to 
melt. Kimberlites form at the very first stages of man-
tle melting. 

These examples of diamonds formed in actively 
convecting mantle are often subeconomic, lacking 
sufficient gem-quality stones. But they hold great sci-
entific worth by preserving the record of dynamic ge-
ologic processes in the deep earth. 

EMPLACEMENT AND HOST ROCKS 
OF DIAMONDS 
The kimberlitic volcanism that carried diamonds to 
the earth’s surface is unique and rare; in fact, no kim-
berlite eruption has ever been witnessed. The associ-
ation of diamonds with ancient cratons makes it clear 
that kimberlitic volcanism occurs exclusively in these 
stable continental crustal environments. Because 
kimberlites are unknown in the oceanic mantle, the 
presence of mantle keels under the continents and the 
mechanical impediment provided by the rigid keel ap-
pears to be an important aspect of kimberlitic magma 
formation. The stiff lithosphere slows the rise of up-
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Figure 7. This pressure-temperature diagram compares 
the melting curve for mantle peridotite containing 
volatiles and carbonate (black) versus mantle peridotite 
that is dry and free of volatiles and carbon (red). Up-
welling ambient mantle at the present day falls within 
the green band and may melt below 300 km. At depths 
shallower than 300 km, the carbonated mantle melting 
temperature drops drastically below 1400ºC and melt-
ing occurs, producing carbonatitic liquids that will 
evolve to kimberlite. Note that there is just enough 
space below the base of the continental lithosphere for 
the melting to occur. Adapted from Dasgupta (2013). 

welling mantle beneath it, at about the same depth 
where carbonate-bearing peridotite has been shown to 
begin to melt (figure 7). As melting begins, the first 
melts form in between the stiffer main silicate grains. 
These volatile-rich melts migrate rapidly through the 
silicate grains, separating a volatile-enriched kimber-
lite. Such an effect is missing under the oceans. 

Magmas That Carry Diamonds. Diamonds are 
known to be carried to the earth’s surface in only 
three rare types of magmas: kimberlite, lamproite, 
and lamprophyre. Of the three types, kimberlites are 
by far the most important, with several hundred di-
amondiferous kimberlites known. Although the 
number of diamondiferous lamproites is much 
smaller, they do host the Argyle mine and notable 
subeconomic occurrences in the United States, India, 
and Australia. Lamprophyres are rarely diamondifer-
ous; they are only of petrological interest as hosting 
the world’s oldest erupted diamonds, which occur at 
Wawa in Ontario, Canada. In general, all three 
magma types are: (1) derived by small amounts of 
melting deep within the mantle; (2) relatively high 

in volatile (H2O, CO2, F, or Cl) contents; (3) MgO-
rich; (4) marked by rapid eruption; and (5) less oxidiz-
ing than more common basaltic magma. These 
features work together to transport diamond crystals 
upward to the surface without enough resorption to 
dissolve them (figure 8)—something that is just not 
possible with other melts from the mantle, such as 
the far more abundant basalt and its alkalic varieties. 

The classification of volcanic rocks by their tex-
tures, mineralogy, and chemical composition in a 
way that accounts for their genesis (Woolley et al., 
1996) has historically been an inexact science. But 
such classification (table 2) is critical to finding and 
recognizing diamond-hosting rocks in the field—the 
essential first step to extracting gem diamonds. Kim-
berlites weather rapidly in the geologic sense, often 
forming exposures of low topographic relief, and even 
lakes. When exposed and fresh, they are dark bluish 
green to greenish gray rocks that rapidly turn brown 
and crumbly. Texturally, they are full of mineral 
grains and rock clasts ranging from the size of a wa-
termelon down to small grain sizes that dominate 
the matrix (figure 9). These diamond-bearing rocks 
are distinguished from the related ca bonatites by 
having an igneous carbonate mineral abundance of 
less than 50%. Experiments show that kimberlites 
and carbonatites can form a continuum in which car-
bonatites may beget kimberlites. Furthermore, car-
bonatites may be a ready source of diamond-forming 
fluids (e.g., Walter et al., 2008). But at the earth’s sur-
face, carbonatites are almost never diamond-bearing. 
The simple reason is that their carbon is locked up 
in the carbonate mineral calcite (CaCO3), which sim-
ply has too much oxygen to allow carbon to exist in 
the elemental form needed to stabilize diamond. 

Figure 8. Comparison of natural diamond morpholo-
gies: a 15.96 ct euhedral octahedron (left) and a 4.82 
ct rounded resorbed octahedron (right). Photos by 
Robert Weldon. 
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TABLE 2. Characteristics of known diamond-carrying magmas. 

Characteristic Kimberlite Lamproite Lamprophyre 

Color of rock in outcrop 

Volatiles 

Composition 

Setting 

Depth of origin 

Eruptive style 

Diagnostic phenocryst minerals 

Typical matrix mineralogy 

Diamond potential 

Green, dark bluish green 

CO2>H2O, halogens (Cl, F) 

Not peralkaline, hybrid, 
K2O>Na2O 

Cratonic 

200–300 km mantle, can be 
sourced >400–700 km 

Explosive volcanic pipes, 
pyroclastic 

Olivine 

Olivine, carbonate 

Common, can range to high 
diamond grade 

Dark gray, black 

H2O>CO2, halogens 

Peralkaline, hybrid to magmatic 

Mobile belt, craton margin 

>140 km, but probably not 
much deeper 

Small volcanic pipes and cones 

Ti-phlogopite 

Phlogopite 

Rare, but can range to high 
diamond grade 

Dark gray, black 

H2O>CO2, halogens 

Peralkaline, magmatic 

Subduction zone 

>140 km, but probably not 
much deeper 

Dikes 

Biotite, amphibole 

Feldspar 

Rare, few diamondiferous 
known 

Notes: A hybrid composition is one that is substantially modified by incorporation of early-crystallizing minerals, xenoliths, and pieces of country rock so 
that determining a real magmatic composition is difficult; magmatic composition can be directly related to its igneous source. 

These three diamond-carrying rocks all lack the 
minerals melilite (Ca-Na-Mg-Al-silicate) and kalsilite 
(KAlSiO4), whose presence would indicate a different 
clan of rocks (Woolley et al., 1996) that are never dia-
mond-bearing. If the magma forms a minor-size intru-
sion, is not peralkaline (Na2O+K2O>Al2O3), and is 
dominated by ferro-magnesian (mafic) mineral phe-
nocrysts—more of which are olivine compared to 

lesser phenocrysts of magnesite, phlogopite, carbon-
ate, or diopside—then the rock is a kimberlite (table 
2). If these lesser phenocrysts dominate and the rock 
is peralkaline and contains obvious Ti-phlogopite, 
then it is a lamproite. If the rock is similar to a lam-
proite in being peralkaline but contains abundant bi-
otite or amphibole, then it can be considered a 
lamprophyre. If this sounds confusing, you are not 

Figure 9. These direct, incident-light photomicrographs of kimberlite slabs illustrate the variable appearance and 
texture of kimberlites when seen in hand specimens. Left: black, very fresh, fine-grained, massive, magmatic kim-
berlite with xenocrysts of ilmenite, garnet, olivine, and phlogopite (from the Monastery pipe, South Africa). Center: 
medium to fine-grained, dark gray to black, fresh, hypabyssal kimberlite with rounded grains of spinel, monticel-
lite, serpentine, and carbonate (from the Grizzly pipe in the Ekati mine, Canada). Right: medium to coarse-
grained, light green to buff-colored pyroclastic kimberlite composed nearly entirely of subrounded to angular 
xenocryst of altered olivine, garnet, and ilmenite. The sample has coarse to medium rounded peridotite, garnet 
peridotite, and limestone xenoliths (from the Victor North pipe, Canada). Note the progression in the three panels 
toward less-fresh kimberlite and toward a lower ratio of matrix to grains. Also, the left and center samples crystal-
lized at much deeper levels in the kimberlite pipe (see figure 13), while the one on the right crystallized at the sur-
face. Scale bar in all photos is 1 mm. Photos by Steven B. Shirey. 
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alone; many papers (summarized in Woolley et al., 
1996) have been written to ensure that geologists who 
study diamondiferous rocks use consistent criteria in 
the field and laboratory. The point is that volcanic 
rocks that carry diamonds have a specific chemical 
and mineral composition, and can be recognized in 
outcrop or drill core by their textural characteristics 
above (again, see figure 9). Recognizing kimberlite in 
the field is important because diamonds are always so 
scarce in kimberlite that they are never visible in out-
crop. Starting with the right rock is the first step to 
finding diamonds. 

Typically, the host rocks that carry diamonds are 
younger than the diamonds and the ancient continen-
tal cratons they intrude, as shown in figure 10. With 
only a few exceptions (Argyle, Premier, and Wawa), 
all known diamond-bearing kimberlites are less than 
about 550 Ma (million years old) and most of them 
less than 300 Ma, with abundant episodes of kimber-
lite eruption at less than 120 Ma in southern Africa 
and less than 80 Ma in North America. Kimberlites 
are very quickly weathered and eroded rocks, so 
quickly—years, in fact—that this degradation cannot 
explain the preponderance of young kimberlitic vol-
canism. Instead there are likely some unique changes 
in mantle volatiles and the relationship of plate tec-

Figure 10. This diagram 
shows the ages of conti-
nental keels and their re-
lationships with tectonic 
processes, diamond-host-
ing magmas, and differ-
ent diamond types. Note 
the antiquity of mantle 
keels and lithospheric di-
amonds (>1 billion years) 
and the youth of most 
kimberlite eruptions 
(<550 million years). 
Solid vertical bars depict 
the duration of ongoing 
processes, magmas, or di-
amond-forming events, 
while solid dots indicate 
single known occur-
rences. Dashed lines con-
nect known ages or 
indicate when these 
events might have oc-
curred. Adapted from 
Gurney et al. (2010), with 
modifications. 

tonic subduction to the mantle keels beneath cratons 
that account for this observation, but its explanation 
remains unknown. 

How Emplacement Occurs. Kimberlites are difficult 
to interpret texturally, mineralogically, and chemi-
cally because of the high-energy mechanism of em-
placement that breaks up the abundant extraneous 
materials they contain. Kimberlites are chaotic mix-
tures of xenoliths of crustal rocks and mantle, min-
erals released from the xenolith crumbling during 
eruption, phenocryst minerals, alteration minerals of 
these previous phases such as serpentine, and pieces 
of preexisting kimberlite. The texture of the host 
kimberlite and the relative proportions of these com-
ponents (including diamonds) vary greatly with depth 
in the kimberlite pipe. The rock is a mixture consist-
ing of preexisting materials and those that crystal-
lized during the eruption. Geologists describe this as 
a hybrid rock (figure 11), which they do not consider 
a true representation of melt composition. Typical 
kimberlites and lamproites are hybrid rocks, and lam-
prophyres less so even though they may contain 
abundant xenoliths. 

The volcanic emplacement of a kimberlite, though 
it has never actually been witnessed, is thought to be 
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Figure 11. Kimberlites are complex mineralogically, texturally, and in their degree of alteration. These high-reso-
lution images of the mineral composition of three different hypabyssal kimberlites (see definition in figure 13 
caption) were made with a QEMScan, which uses X-rays to map the surface of thin slices of the kimberlite and 
can identify all minerals at all sizes in the rock. Such an unprecedented level of detail in the fine-grained matrix 
mineralogy will lead to a much better understanding of these important diamond host rocks. Dark green = 
olivine, medium green = serpentine, light green = chlorite, dark blue = pyroxene, light blue = dolomite, yellow = 
pyrite, red = Ti oxides, buff = phlogopite, and white = calcite. Note the variability in the alteration of the olivine, 
and its content in the matrix. Diamonds are too scarce to be visible in these sections. Left to right: Letseng kim-
berlite, Lesotho; unknown kimberlite, Alberta, Canada; Jos kimberlite, Nunavut, Canada. Scale bar in all photos 
is 1 mm. Left and center photos by Karin Olson; right photo adapted from Malarkey et al. (2010), with permission 
of Elsevier. 

one of this planet’s most dynamic volcanic processes. 
Kimberlites propagate upward through the lithosphere 
by hydraulically fracturing the overlying rock. They 
move at relatively high velocity for a magma (from 4 
to 20 meters per second; Sparks et al., 2006), and the 
progressively lower pressure as they rise allows a 
vapor phase to exsolve from the system. This vapor 
phase keeps the components fluidized, and it supports 
a column of entrained material that becomes rounded 
and broken during transport. The evolution of the 
magma from its deep mantle source is a complex his-
tory of changing features such as the magma compo-
sition (siliceous or carbonaceous), the proportion of 
the system that is condensed (magma+rock and min-
eral fragments) versus gaseous (H2O+CO2), and the 
ratio of CO2 to H2O. 

A kimberlite magma can start at depths as great 
as 200–300 km, but must be generated at least below 
the depths where diamonds are stable (>140 km) in 
order to pick them up from their lithospheric source. 
The source of kimberlite, either within or below the 
lithosphere, is a matter of active debate in the geo-
logic community. Theory and field observation led 
Sparks et al. (2006) to propose a four-stage model of 
kimberlite eruption (figure 12): 

• Stage I: Overpressured, explosive fissure erup-
tion producing high vent velocities (>200 m/s) 

• Stage II: Underpressured, erosive pipe forma-
tion causing brecciation near the surface 

• Stage III: Waning, fluidized pyroclastic stage 

producing volcaniclastic kimberlite ranging 
from massive to layered 

• Stage IV: Post-eruptive hydrothermal meta-
morphism producing widespread serpentiniza-
tion and crater fill 

Fallback of volcanic material can occur once the 
eruption halts, but the kimberlitic rock formed dur-
ing the latter three eruptive stages is typically well-
preserved in the kimberlite pipe (figure 13). Their 
field interpretation by volcanologists, aside from 
being pivotal to understanding the nature of these 
eruptions, forms the basis for determining the distri-
bution of diamonds in the kimberlite. This distribu-
tion is the essential step to evaluating the diamond 
grade of any kimberlite. Establishing diamond grade 
is a laborious process that combines bulk assay for 
diamonds in large amounts of exposed kimberlite (in 
some cases hundreds of tons) with core drilling of the 
unexposed kimberlite. The goal of this process is to 
accurately estimate the size of the kimberlite that 
could be mined (figure 14), the carats of diamond per 
hundred tons of rock, and the revenue per ton versus 
mining cost per ton. 

The high-energy dynamics and changing condi-
tions of a kimberlite eruption leave their textural im-
print on the minerals and rock fragments carried by 
a kimberlitic magma. From these mineral clues and 
the textures described above, the geologist must de-
duce the nature of the eruption. Foreign rocks (xeno-
liths) of upper crust such as shale, dolomite, and 
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Figure 12. Stage I of a kimberlite eruption is overpressured, and eruption at this stage experiences the highest ve-
locities. Stage II is underpressured, and during this stage significant wallrock erosion occurs. Stage III produces a 
kimberlite pipe in its final form, as shown in figure 10. Significant fallback of material can occur in Stage III. Stage 
IV (not shown) involves hydrothermal metamorphic alteration of the kimberlite pipe. Adapted from Sparks et al. 
(2006), with permission of Elsevier. 

basalt, or of lower crust such as felsic and mafic gran-
ulite, are commonly found in the kimberlite pipe. 
Common too are xenoliths of mantle rocks such as 
harzburgite, lherzolite, websterite, and eclogite—the 
more fragile of which (e.g., magnesite-bearing 
harzburgite) are easier to break apart into their con-
stituent minerals. 

These foreign minerals, or xenocrysts, include 
olivine, clinopyroxene, orthopyroxene, garnet, il-
menite, and diamond itself, whose composition and 
relative abundance can reveal the makeup of the 
lithospheric mantle even in the absence of discrete 
rocks. As we will see below, such xenocrysts become 
the main prospecting tool for finding new diamondif-
erous kimberlites. Crystallizing directly out of the 
kimberlitic magma are phenocrysts of olivine, zircon, 
phlogopite, and groundmass perovskite. The latter 
three minerals can be used to determine the absolute 
geologic age and source composition of the kimberlite. 

Very rarely, diamond can precipitate from the kim-
berlite. When it does, it can occur as overgrowths on 
monocrystalline diamond cores, as xenocrystic dia-
mond hosts, and as microdiamonds. Any of these min-
erals,once formedor liberated, is subject tomodification 
in the dynamic kimberlite eruption. Breakage, abra-
sion, and resorption may occur. Perhaps the most dra-

matic examples of resorption come from diamonds 
themselves (again, see figure 8), which display mor-
phologies that range from simple etching to even 
teardrop shapes. There also is a noticeable difference 
between the perfect crystal morphology of type I dia-
monds and the cleavage fragments often seen in type 
II specimens. 

Finding New Diamonds. Until the early 20th century, 
diamonds—even the famed Koh-i-Noor, Hope, and 
Cullinan—were typically found in alluvial or surface 
deposits, more or less by accident. The richness of the 
alluvial deposits of the Vaal and Orange Rivers of 
South Africa eventually led to the discovery of kim-
berlite and the famous workings around Kimberley, 
establishing kimberlite as the primary volcanic host 
of diamonds. From that point, exploration techniques 
centered on the best ways to find diamondiferous 
kimberlite using modern scientific methods. To the 
list of early alluvial diamond producers (e.g., South 
Africa, Namibia, India, Congo, and Brazil) have been 
added other hard ground or primary rock countries 
(namely Botswana, Russia, Australia, and Canada), 
which have greatly increased worldwide production. 

As with other valuable ores, diamond exploration 
has become increasingly sophisticated and now in-
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Figure 13. This perspective diagram of a kimberlite 
pipe with the surrounding country rock removed 
shows dikes and sills related to different levels of in-
trusion of kimberlitic magma and the kimberlite types 
exposed at different levels. Shown here is the terminol-
ogy used by field geologists to understand what part of 
the kimberlite is exposed at the surface or sampled in 
drill core. Figures 9 and 11 show examples of shal-
lower pyroclastic kimberlite (erupted into the air) ver-
sus deeper or hypabyssal kimberlite (crystallized 
several kilometers below the earth’s surface). Dia-
monds can potentially be distributed through all the 
types of kimberlite shown here. Adapted from Kjars-
gaard (2007), with permission from the Geological As-
sociation of Canada. 

cludes some combination of different methods: geo-
physical techniques (airborne magnetic surveying, 
electrical resistivity, and gravity); geologic modeling 
(isotopic dating of ancient terranes and recognition of 
the history of their geologic modification); mineral 
analysis (garnet, ilmenite, and spinel indicator miner-
als); and geochemistry (surficial materials). Geophys-
ical techniques and geologic modeling are useful for 
general narrowing of the exploration target area on a 
continental scale, whereas mineral analysis and geo-
chemistry are applied on the ground when relatively 
close to the kimberlite. 

Continental cratons are the first target for dia-
mondiferous kimberlite exploration (see “Geology 
and the Distribution of Diamonds on Earth” and 
Clifford’s Rule above). By definition, these regions are 
not orogenically active. They consist of flat or pene-
planed surfaces that can be deeply weathered (Brazil 
and Australia), covered by desert sands (Botswana), 
uplifted and eroded (South Africa), or extensively 
glaciated (Russia and Canada). Locating diamondif-
erous kimberlites is challenging due to their small 
surface outcrop and their tendency to weather faster 
than the surrounding crystalline country rock, which 
means the pipes are often hidden beneath vegetation, 
unconsolidated surface deposits, or lakes (figure 15). 

One very successful method for locating diamon-
diferous kimberlites employs a search in surficial de-
posits for actual fragments of the kimberlite, or for 
grain-sized indicator minerals weathered from these 
fragments (figure 16). These grains survive erosion, 
and their presence in sediments and soils is a predic-
tor of whether a nearby kimberlite might contain di-
amonds. Indicator minerals range from single grains 
of silicate and oxide phases that have been released 
from mantle xenoliths broken up during sampling 
and transport by the kimberlite, to actual phenocryst 
phases in the kimberlite (Cookenboo and Grütter, 
2010). In kimberlite, indicator minerals (figure 17) are 

Figure 14. This aerial view shows the open pits con-
taining the kimberlite pipes that comprise the bulk of 
the Diavik mine. The open pits outline the vertical 
geologic form of a typical kimberlite eruption, though 
the pit shape is wider than the actual kimberlite so 
that the pit walls do not collapse. The lines on the in-
side of the pit walls are benches along which massive 
100-ton ore trucks are driven. Photo courtesy of Di-
avik Diamond Mine. 
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Heavy mineral
stream sediment

anomaly

Heavy mineral and till
geochemical anomaly

Kimberlite clasts
on surface

Subsurface Exposed at surface

Direction of glacial transport

Modern stream �ow

Heavy mineral and
till geochemical anomaly

Kimberlite clasts
on surface

Modern stream 

Host rock

KimberliteHydrogeochemical
anomaly

Soil selective leach and soil gas anomaly Vegetation geochemical anomaly

Buried kimberlite

Till

B: Cross-section view

A: Plan view

Till

Figure 15. These illustrations show the mechanism for dispersal of indicator mineral grains from a buried kimberlite. 
Note the variety of techniques used to detect a kimberlite and the wide scattering of indicator minerals (see figure 
16). Adapted from McClenaghan and Kjarsgaard (2007), with permission of the Geological Association of Canada. 

much more abundant than diamonds, serving as 
markers for the chemically depleted mantle that can 
contain diamonds at depth. Furthermore, systematic 
mapping of the pattern of indicator minerals in sur-
face deposits such as till, glaciofluvial sediments, or 
beach and stream sediments can point to the location 
of a kimberlite (McClenaghan and Kjarsgaard, 2007). 

The key feature of the indicator mineral is its 
chemical composition as analyzed with the electron 
microprobe. A mineral is an indicator when its com-
position is characteristic of either the extreme melt 
depletion that typifies Archean continental mantle 
keels (peridotitic diamonds), or the high pressures 
found in subducted basaltic slabs (eclogitic dia-
monds). Indicators for peridotitic diamonds are so-
called G10 pyrope garnets (high Cr and low Ca), 
chromite (high Cr + Mg and low Al + Ti), diopside 

(high Cr + Al), and orthopyroxene (high Mg/Mg+Fe). 
For eclogitic diamonds, Cr-poor garnets (high Na + 
Ti) and diopside (high Na) are commonly used. Mg-
rich ilmenite (picroilmenite) is a general kimberlite 
indicator. The relationship between indicator min-
eral composition and diamond can be imperfect, and 
a more sophisticated approach uses pressure and 
temperature relations (geothermobarometers) de-
duced from the composition of individual minerals 
as if they were in equilibrium with other coexisting 
mantle minerals (Cookenboo and Grütter, 2010). 
This approach can be applied to a wider range of min-
eral compositions, and it has provided more sensitiv-
ity in locating mantle lithosphere capable of hosting 
diamond. 

Exploration tools based on indicator minerals and 
surficial geochemistry are tailored to the nature of 
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Figure 16. The indicator-mineral dispersion patterns 
for chromite, chrome diopside, pyrope garnet, and il-
menite are shown here for the Attawapiskat kimber-
lite in Canada. Dispersion of the ilmenite grains is 
detectable more than 300 km from the kimberlite 
source, whereas chromite and chrome diopside yield 
much smaller dispersion halos closer to the source be-
cause they are more easily weathered. The indicator 
minerals were collected from streams that were erod-
ing glacial deposits. Adapted from Kjarsgaard and 
Levinson (2002), with permission of GIA. 

the weathering process. In deeply weathered and arid 
climates, vegetation, termite mounds, and geochem-
ical anomalies directly overlie kimberlites and 
streambeds that potentially hold diamond placer de-
posits. In heavily glaciated terranes, kimberlite indi-
cators are dispersed for tens of kilometers in patterns 
that relate to ice-flow directions (figure 16; Kjarsgaard 
and Levinson, 2002). In glaciated settings, other in-
dicators include geochemical analysis of till, soil, soil 
gas, biota, and groundwater (figure 15; McClenaghan 
and Kjarsgaard, 2007). Under these conditions, re-
gional surveys have proven quite effective in locating 
kimberlitic targets. 

The success of these exploration methods has led 
directly to the discovery of some of the world’s most 
productive diamond mines, including Orapa and Jwa-
neng (Botswana’s Zimbabwe/Kaapvaal craton) and 
Ekati and Diavik (Canada’s Slave craton). As with all 
mined commodities, diamond exploration is highly 
dependent on price, global economic cycles, and rap-

idly changing mining company partnerships (to fund 
the costly exploration techniques). This search effort 
goes through boom and bust periods. Insightful case-
study descriptions can be found on the Argyle deposit 
(Shigley et al., 2001) and occurrences in Canada 
(Kjarsgaard and Levinson, 2002). 

The Argyle case study provides a perfect example 
of how long-known but sparse alluvial diamond oc-
currences in an arid and unglaciated terrain were 
combined with unconventional thinking, persever-
ance, and scientific methods to bring about the 
world’s most productive deposit. Of all the aspects of 
the Argyle discovery, perhaps the most important is 
unconventional thinking, because the diamonds 
occur in lamproite (all other rich deposits are in kim-
berlite) and are located off-craton (not truly adhering 
to Clifford’s Rule). The Canadian case illustrates ex-
ploration in heavily glaciated terrain. Here the dia-
monds were distributed far from their sources, and 
the most important discovery aspects were persever-
ance and scientific method. 

In both cases, systematic exploration led to the 
discovery of many potential diamond host rocks 
(more than 80 kimberlite pipes in the Kimberley cra-
ton, and more than 300 in the Slave craton), only 
some of which were diamondiferous (10% and 50%, 
respectively). Even fewer were of sufficient diamond 
grade to mine (none in the Kimberley craton and 
<1% in the Slave craton). Taking into account how 
difficult it is to find just one kimberlite buried below 
surficial deposits and vegetation, these diminishing 
percentages illustrate just how special an economi-
cally viable deposit is. With the exception of the 
Canadian discoveries of the 1980s and 1990s (sum-
marized in Kjarsgaard and Levinson, 2002), none of 
the producing countries have seen the discovery of a 
major diamond-bearing kimberlite pipe in recent 
decades. When this scarcity of discoveries is com-
bined with the finite lifetime of existing mines, 
sometimes as brief as 25–30 years with modern min-
ing techniques, a future shortage of rough diamond 
production could result. 

ORIGIN OF DIAMONDS 
Since the summary by Kirkley et al. (1991) that ap-
peared in this journal, there have been major ad-
vances in understanding the relationship between 
diamond types and their hosts, the pressure and tem-
perature conditions for diamond formation, the 
sources of carbon, and how diamond growth relates 
to fluids in the mantle. Much of this new informa-
tion has centered around: 
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(1) Better geologic dating on the mineral inclu-
sions in diamonds in relation to the ages of de-
pletion/metasomatic processes in the mantle 

(2) Refined models for the partitioning of major el-
ements between the main minerals in mantle 
rocks 

(3) Improved analytical sensitivity, permitting 
spatially resolved, spot-sized chemical analy-
ses for stable isotopes and trace elements 

(4) Realistic laboratory simulations of the behav-
ior of carbon-bearing fluids in the mantle 

(5) High-resolution imaging and analysis of 
nanophases in microscopically transparent 
diamonds 

Host Rocks for Diamond Crystallization and Dia-
mond Types. Eclogite and peridotite are the chief 
rocks in which diamonds grow in the mantle (figure 
18). Single diamonds in kimberlite are thought to be 
released from eclogite or peridotite by mechanical 
disaggregation during eruptive transport (Kirkley et 
al., 1991; Harlow and Davies, 2005). Whereas eclog-
ites, diamondiferous or otherwise, survive transport by 
kimberlite, nearly all peridotite xenoliths are dia-
mond-free. Diamond within a few eclogites has been 
studied by computerized axial tomography (CAT-
scan) techniques. There diamond is found in between 
the major silicate minerals along pathways where 
metasomatic fluids usually traveled (Keller et al., 
1999; Anand et al., 2004), although it is unknown 
whether diamond always has this spatial relation-
ship. Diamond in peridotite may have a similar tex-
tural relationship with its major silicates, but 
because CO2-rich diamond-forming fluids react with 
magnesian silicates to form friable magnesite 

A B C 

D E F 

Figure 17. Examples of 
colors and surfaces of 
important kimberlite 
indicator minerals: (A) 
Cr-pyrope, (B) Cr-diop-
side, (C) Cr-spinel, (D) 
Mg-ilmenite, (E) Mg-
olivine, and (F) pyrope-
almandine garnet. 
Adapted from McCle-
naghan and Kjarsgaard 
(2007), with permission 
of the Geological Asso-
ciation of Canada. 

(MgCO3) along grain boundaries, diamondiferous 
peridotites disaggregate and release their diamonds, 
destroying the textural relationship with their host. 

Figure 18. Incident-light photomicrographs of rock 
types that typically can host diamonds in the lithos-
pheric mantle keel. A: Sheared garnet peridotite from 
Jagersfontein, South Africa. Shown is the typical buff 
color of the external surface of a rounded xenolith 
composed chiefly of olivine and orthopyroxene. Note 
the red garnets and green diopside. B: Garnet peri-
dotite from Letlhakane, Botswana, Kaapvaal craton. 
Dark green = olivine, light green to white = orthopy-
roxene, bright green = clinopyroxene. C and D: Eclog-
ites from Roberts Victor, South Africa (Kaapvaal 
craton). The garnet is red to reddish brown, while the 
clinopyroxene is green to blue green to pale brown. 
Note the diamond in the center of panel D. The scale 
bar in panel A is 1 cm; the scale bar in panels B, C, 
and D is 1 mm. Photomicrographs by Steven B. Shirey. 

A B 

C D 
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Little is known about where, texturally, superdeep 
diamonds reside in their mantle hosts. At the high 
pressures and temperatures of the mantle transition 
zone and below, and in a mantle that is mobile by 
solid-state convection, they are not likely to reside 
in open cracks. They could, however, form in anom-
alously fluid-rich regions of the deep mantle. 

Diamonds that formed in the crust are restricted 
to terrains exposed by continental tectonic processes 
(again, see figure 4). They are found directly within 
their host lithologies, which are typically carbonate-
bearing packages of rocks, including garnet-biotite 
gneisses and schists, which get reduced to form dia-
monds in place. Diamond also forms in the crust dur-
ing the high pressures and temperatures produced 
when an extraterrestrial body strikes the earth’s sur-
face to form impact diamonds from carbon-rich tar-
gets (graphite to diamond solid-state transition) or 
impact melts. Crustal diamonds are either small or 
not of gem-quality, and useful only to the abrasives 
industry. 

The gemologist is taught the basic “type” classi-
fication of diamonds by nitrogen content and aggre-
gation (Breeding and Shigley, 2009). This is very 
useful for gemology, but not for understanding dia-
mond in its geologic context. Some 95% of natural 
lithospheric diamonds are type Ia. With the excep-
tion of sublithospheric diamonds, which are mostly 
type II, the remaining 5% non–type Ia specimens are 
poorly correlated with geologic setting. The compo-
sition of mineral inclusions in diamonds, even 
though more than 95% of monocrystalline diamonds 
are devoid of them, provides a more useful scheme 
because inclusion mineralogy can be closely related 
to the host rock. 

Inclusions of silicate minerals (garnet and pyrox-
ene) in lithospheric diamonds allow gem diamonds 
to be classified into two dominant groups following 
their major eclogitic and peridotitic host rocks in the 
mantle (figure 19). Silicate minerals transmit light 
and their compositional differences produce striking 
color variations, making these inclusions an effective 
way to classify diamonds into types. Compositional 
parameters akin to those used for indicator minerals 
in exploration are used to make the classification. 
Peridotitic diamonds are known as “P-type” and 
eclogitic diamonds as “E-type.” P-type specimens 
can be further subdivided into harzburgitic and lher-
zolitic in descending order of abundance that paral-
lels the occurrence of these types of peridotites in the 
population of mantle xenoliths in diamondiferous 
kimberlites. 

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 analo-
gous 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 plat-
inum-group element osmium on single sulfides has 
yielded osmium abundance data that show the P- ver-
sus 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. 

Mineral inclusions in sublithospheric diamonds 
are less understood than in lithospheric diamonds be-
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Figure 19. Peridotitic (P-type, A and B) and eclogitic 
(E-type, C and D) inclusions of silicate (A,C) and sul-
fide (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. 
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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 peri-
dotitic compositions on the left make up most of the 
mantle by volume. The compositions on the right are 
typical of basalt that would be subducted to high 
pressure and recycled into mantle peridotite. The 
basaltic composition is more SiO2-rich, and therefore 
has much more clinopyroxene (CPX) and garnet 
(GRT) than the peridotitic composition. At 200 km 
depths, for example, the basaltic composition contains 
only clinopyroxene, and garnet, whereas the peri-
dotitic composition has olivine (OL), garnet, clinopy-
roxene, and orthopyroxene (OPX). MAJ=majorite, 
WD=wadsleyite, RW=ringwoodite, FPER=ferroperi-
clase, MPV=magnesium perovskite, CPV=calcium per-
ovskite, STV=stishovite, CF=calcium ferrite, NAL = 
Na- and Al-bearing phase. Adapted from Harte (2010). 

cause of the rarity of specimens, the small grain size 
of inclusions, and difficulties in recognizing original 
high-pressure minerals from their low-pressure forms. 
But the basic distinction (figure 20) between peri-
dotitic diamonds is basically related to Mg-rich, ultra-
mafic mineral assemblages (such as Mg-perovskite, 
ringwoodite, wadsleyite, and olivine with ferro-peri-
clase, majorite, and Ca-perovskite); in eclogitic dia-
monds it is related to basaltic mineral assemblages 
(such as majorite, clinopyroxene, CaTi-perovskite, Ca-
perovskite, Ca-ferrite, stishovite, and the Na- and Al-
bearing phase). These distinctions, which seem to 
apply to the deepest diamonds (Pearson et al., 2003; 
Shirey et al., 2013) will be fundamental in understand-
ing the source of recycled materials in the deep earth. 

Pressure-Temperature Conditions. All diamonds at 
the earth’s surface today exist outside the pressure and 
temperature regime for their growth. Yet we know the 
conditions under which they can form, based on ex-
perimental studies that simulate diamond-forming re-
actions, the mineral inclusion indicators of pressure 
and temperature (geothermobarometers), and the co-
occurrence of diamonds in kimberlites with xenoliths 
whose pressure-temperature history can be studied. 
Basically, most gem diamonds are thought not to form 
directly from graphite. They can form at pressures 
and temperatures higher than the graphite-to-
diamond phase transition under the right reducing 
conditions, and when there is enough free carbon to 
allow diamond to form. With depth below the sur-
face, rocks reside at ever higher pressure and temper-
ature along the geothermal gradient. This renders the 
entire mantle below about 140 km capable of forming 
diamond. 

Pressure-temperature estimates for the formation 
of lithospheric, gem-quality diamonds can be calcu-
lated from analysis of their mineral inclusions. Re-
view studies of more than 1,000 diamonds (e.g., 
Stachel and Harris, 2008) show that they formed at a 
temperature of 1150–1200°C and at a depth within 
the appropriate P–T range for diamond growth. 
Rather than reflecting a favored condition for forma-
tion, this may simply represent the most “probable” 
temperature range within the limits imposed by dia-
mond stability and mantle conditions. Superdeep di-
amonds obviously form in a pressure-temperature 
regime much higher than what can be obtained in 
the lithospheric mantle, but one that can be esti-
mated from the solid solution of silicon (the pyrox-
ene or “majorite” component) into the garnet 
structure (Shirey et al., 2013), or some other estimate 
of minerals that have exsolved at low pressure from 
a higher pressure inclusion (e.g., Walter et al., 2011). 
Crustal diamonds have formation conditions best es-
timated from the metamorphic history of their en-
closing host rocks, because they typically lack 
mineral inclusions that indicate pressure and tem-
perature. Impact diamonds, forming directly at the 
earth’s surface, can only be modeled from the heat 
and pressure effects generated by the transient shock 
wave of the impact. 

Sources of Carbon. Major advances in understanding 
the sources of carbon that eventually turn into dia-
mond have come from examining carbon’s isotopic 
composition. Elemental carbon is composed of two 
stable isotopes: 12C (98.9%) and 13C (1.1%). The ratio 
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of 13C to 12C, measured easily with a gas-source mass 
spectrometer, varies with geologic process and the 
original source of carbon. Nitrogen, the second most 
abundant element in diamond, also has two isotopes, 
14N (99.6%) and 15N (0.4%), and is amenable to the 
same kind of study; however, because nitrogen is a 
trace element in diamond and much more difficult 
to analyze accurately, it has been subjected to far less 
scrutiny and less is known (for a recent review, see 
Cartigny and Marty, 2013). In general, isotopic study 
remains a very active area of research, because of the 
potential for diamonds to trace the igneous rock as-
pects of the deep mantle portion of the carbon cycle. 
Earth’s large solid volume relative to the atmosphere 
makes the mechanisms by which carbon contributes 
to the volcanic CO2 gas flux a critical factor that re-
quires better understanding. 

Carbon that becomes diamond has two sources in 
the earth: primordial and recycled. Primordial carbon 
is that which has resided in the mantle since the ac-
cretion of the planet. Recycled carbon has, at some 
stage, been released from the mantle to form CO2 in 
the atmosphere, or become incorporated in organic 
matter and formed carbonate, graphite, or other car-
bon-bearing minerals in sedimentary and metamor-
phic rocks. Carbon is a volatile element, and much 
of the original carbon available to be incorporated in 
the earth may have been lost during accretion (Marty 
et al., 2013). Thus, the amount of carbon in the man-
tle is not known (estimated at 500–1000 ppm; Marty 
et al., 2013), nor is the proportion of primordial to re-
cycled carbon (given the large meteoritical range; 
Haggerty, 1999). We can say that carbon has a long 
residence time in the mantle (similar to 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 di-
amonds display a large range in their 13C/12C isotope 
ratio despite the mantle mixing process of convec-
tion 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 rou-
tinely measured). 

The variability in carbon isotopic composition is 
not random; instead, it is related to the diamond type 
and presumably to the petrogenesis or igneous geo-
logic history of the diamond (figure 21). P-type dia-
monds display a restricted range in carbon isotopic 
composition (given in the delta notation, d13C, where 
13C/12C is referenced to a standard and expressed in ‰) 

Peridotitic diamonds
(n=1357)

Eclogitic diamonds
(n=997)

Fibrous diamonds
and diamond coats
(n=127)

Lower mantle diamonds
(n=78)

Transition zone
diamonds (n=31)

Main mantle range
 (!brous diamonds, mid-ocean ridge basalts

carbonatites and kimberlites)

 Lowest value
 Highest

value

Jagersfontein
(South Africa)

Sao Luiz
(Brazil)

Kankan
(Guinea)

δ13C (0/00)
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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. d13C is the 13C/12C 
ratio measured against a reference standard and devi-
ating from this standard by 0.1%. Note the negative 
scale and how eclogitic diamonds extend to much 
lower d13C than peridotitic diamonds; n = number of 
analyses. Adapted from Cartigny (2005), with permis-
sion of the Mineralogical Society of America. 

of –10 to –2 d13C, with more than 95% of P-type dia-
monds falling in the main mantle range of –8 to –2 
(Cartigny, 2005). E-type diamonds show a very wide 
range in d13C, from –42 to +3, even though they too 
have a large percentage that fall within the main man-
tle range. 

Superdeep diamonds from the top of the lower 
mantle have a carbon isotopic distribution similar to 
that of P-type diamonds, whereas superdeep dia-
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monds from the mantle transition zone more closely 
resemble E-type diamonds (Pearson et al., 2003). 
Other unusual specimens such as fibrous, polycrys-
talline, 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 vari-
ability 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 likely scenario is that the compositional differ-
ences have been created by active geologic processes 
such as those related to plate tectonics. 

Active geodynamic processes create and bring to 
the surface the diamonds we have today, just as they 
have shaped the earth for 4.5 billion years. These 
processes formed the ancient continents with mantle 
keels ready to store diamonds. They also introduced, 
deep in the earth’s interior, mobile substances such 
as water and carbon that were essential for the cre-
ation of diamonds and their sampling by kimberlitic 
volcanism. Oceanic lithospheric plates are eventu-
ally subducted, and when the oceanic lithosphere is 
created at the mid-ocean ridges by the decompression 
melting that occurs during spreading, hydrothermal 
circulation of seawater alters the primary minerals 
and deposits hydrous minerals in their place. Sedi-
mentary carbonate minerals (high d13C) and organic 
compounds (very low d13C) collect in the oceanic 
lithosphere, along with volatile elements such as 
chlorine, fluorine, sulfur, and nitrogen. Since subduc-
tion must occur along the pressure-temperature path 
of the geothermal gradient, none of these volatile ele-
ments and compounds can be transported to the con-
ditions of diamond growth as a fluid; otherwise, they 
would be driven off by the high temperatures 
reached. Rather, these elements must become 
locked, in solid form, in mineral structures (e.g., 
graphite, apatite, and biotite) or dissolved as trace el-
ements within stable minerals (e.g., hollandite) that 
can be subducted to great depth. 

One of the most active areas of current research is 
the distribution, speciation, and mineral hosts of 
volatile species in the oceanic lithosphere, and their 
transformations with pressure and temperature as the 
oceanic lithosphere is subducted. A goal for under-
standing diamond formation is to be able to predict 
the minerals involved and estimate their water- and 

carbon-carrying capacity. This is challenging enough 
for the earth’s current geodynamic regimes, where the 
present lithosphere can be sampled and geophysics 
can be used to form a picture of lithospheric plates 
and their rates and depths of subduction. But for 
understanding gem diamonds, most of which are bil-
lions of years old, an even greater challenge is 
whether current geodynamic processes are like those 
of the past. Despite these unknowns, the spatial as-
sociation of old diamonds of different types with the 
rocks of known geologic history allows us to under-
stand past processes at the basic level and to investi-
gate the role of primordial versus recycled carbon. 

Mantle convection, in which subduction plays a 
part, is the key process driving plate tectonics. Deep 
in the mantle, convection will trigger adiabatic or de-
compression melting, which occurs when the hotter 
mantle from below is convected upward too quickly 
to exchange heat with the surrounding mantle 
through which it moves (again, see figure 7). Due to 
the lower pressure of the shallower level it has 
reached, it is now hotter than its melting temperature 
at that pressure and will melt. Associated with mantle 
convection is the subduction of oceanic lithosphere. 
Subduction will enable the recycling of carbon as car-
bonate (CO3), leading to the creation of carbonated 
peridotite. Carbonated peridotite melts more easily 
than carbonate-free peridotite, and upon small degrees 
of melting will release a low-viscosity melt known as 
a carbonatite. Carbonatites are carbonate-rich igneous 
liquids that have too much oxygen to stably host a re-
duced carbon mineral such as diamond. They are, 
however, extremely mobile, and can move through 
parts of the mantle where they can be reduced and 
produce diamonds. Furthermore, carbonatitic liquids 
show compositional continuity with kimberlitic liq-
uids (Gudfinnsson and Presnall, 2005), and it has been 
proposed that carbonatites will dissolve enough of the 
silicate mantle through which they pass to actually 
form a kimberlite (Russell et al., 2012). Thus, it is ev-
ident that the earth’s active geodynamics are inti-
mately associated with all facets of the diamond cycle, 
including creation of carbon-rich regions where dia-
monds form, production of carbonated peridotite that 
can melt, the generation of the mantle upwelling that 
leads to melting, and formation of the kimberlite. 

Fluids, Textures, and Diamond Growth in Mantle 
Rocks. The marriage of imaging techniques that can 
reveal diamond growth patterns with small-spot-size 
analytical capabilities has led to new ideas about 
how they grow in the mantle. Some work at the 
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small scale borrows from the field of nanotechnol-
ogy, and includes high-tech procedures at the cutting 
edge of resolution and sensitivity that involve laser 
ablation, secondary ion mass spectrometry, and fo-
cused ion beam fabrication and extraction of tiny di-
amond wafers. 

Such analytical work starts with the internal tex-
tures. Gem diamonds that show no growth zoning in 
visible light may show it in polarized light, photolu-
minescence, and especially cathodoluminescence 
(CL), as shown in figure 22. Nitrogen, the major dia-
mond impurity, activates CL in diamond; thus, CL 
can be applied to almost every sample. It is best ac-
complished on polished plates, which must be ori-
ented perpendicular to one of the {110} axes and not 
parallel to {100} or {111} to cut across the growth 
zones and display them (Bulanova et al., 2005). 

Irregular forms of lithospheric diamonds (macles, 
bort, and the like) exist, but many monocrystalline 
lithospheric diamonds have a roughly concentric in-
ternal structure. In gem-quality monocrystalline dia-
monds, the zoning patterns are characterized by two 
chief features: (1) extremely thin oscillations between 
stronger and weaker luminescence, and (2) alternating 
episodes of resorption and overgrowth on top of the 
resorption. Both features strongly support the idea that 
diamond grows from an aqueous fluid and/or low-vis-
cosity melt with an aqueous component rather than 
from a solid medium such as graphite. Growth from 
graphite is not likely under the P-T conditions of the 
lithospheric mantle for monocrystalline diamonds 
(Stachel et al., 2009), and it would not produce the fine 
oscillations (e.g., rapid change in nitrogen content) or 
periods of resorption between periods of growth. Zon-
ing patterns are extremely important to interpreting 

carbon and nitrogen isotopic composition changes 
during growth and crystallization of individual min-
eral inclusions. Coated diamonds are a special case of 
monocrystalline diamond, where monocrystals have 
been overgrown by a thick, cloudy, polycrystalline 
coat laden with microinclusions of fluid. If the coat is 
composed of rods or blades of diamond, it will exhibit 
a fibrous structure and be termed a “fibrous” dia-
mond. These coats are believed to grow during trans-
port in the kimberlite and therefore represent young, 
new diamond growth surrounding often ancient dia-
mond (Shirey et al., 2013). 

The textures revealed in sublithospheric dia-
monds are strikingly different, because they rarely 
form euhedral monocrystals or (as seen with CL) dis-
play regular concentric zonation. Instead, these dia-
monds are characterized by multiple growth centers, 
non-concentric zonation of a blocky texture, and 
even what appears to be deformation texture; in 
short, they display almost polycrystalline internal 
structures. The major difference is that sublithos-
pheric diamonds grow at much higher pressure and 
temperature and in a mantle that is actively convect-
ing, whereas lithospheric diamonds grow in a mantle 
host that is not convecting. We can only speculate as 
to whether these textural differences are caused by 
the dramatic differences in the nature of the host 
mantle or by the possibility that some growth from 
solid graphite (Irifune et al., 2004) is favored by the 
much higher P-T conditions and deformation. 

Diamond formation in the lithospheric mantle is 
considered a process whereby supercritical fluids or 
melts react with the mantle rocks through which 
they pass, a process known as metasomatism. A de-
tailed discussion of this complicated topic is beyond 

Figure 22. CL images of pol-
ished diamond plates from 
Orapa show the concentric 
growth zoning seen in lithos-
pheric, gem-quality stones. 
The diamond on the left has 
a more complicated growth 
history, with multiple epi-
sodes of growth and resorp-
tion. A multistage history 
can be seen on the right; 
bright spots in the lower part 
are sulfide inclusions. Scale 
bars are 1 mm; composite 
photomicrographs by Steven 
B. Shirey. 
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the scope of this paper, but a brief review is necessary 
to understand general aspects of diamond growth. Di-
amond will crystallize when carbon is released from 
the fluid, either by the reduction of CO2 species or 
by the oxidation of methane (CH4) species. It be-
comes evident that the speciation of carbon and the 
formation of diamond will be intimately associated 
with the oxidation state of mantle rocks through 
which the fluids pass, which in turn is controlled by 
the mineralogy of the rocks and the type of reactions 
that ensue with the fluids/melts (Shirey et al., 2013). 
Thus, we can expect different diamond-forming re-
actions in peridotitic versus eclogitic host rocks. For 
example, a common reaction in peridotites involves 
enstatite and magnesite, which react to form olivine 
and diamond in the presence of a fluid. The mineral-
ogy of an eclogite is different, so a comparable situa-
tion in an eclogite would involve dolomite and 
coesite to form diopside and diamond in the presence 
of a fluid. In both cases, CO2 is released by the system 
into the fluid, and diamond will only form if the ox-
idation state is low enough to allow it to be stable 
relative to CO2. The oxidation conditions for these 
different reactions in eclogite versus peridotite do not 
overlap, so that fluids too oxidized to form diamonds 
in peridotites are reduced enough to form diamonds 
in eclogite. Diamond-free fluids could pass through 
peridotite into eclogite to crystallize diamond. This 
process could explain the common occurrence of 
eclogite xenoliths with diamonds in metasomatic 
veins (e.g., Shirey et al., 2013). 

At pressures where diamond is stable, cratonic 
lithosphere is likely to have sufficient reducing con-
ditions for carbon to exist as diamond. A modern 
approach to diamond formation includes a compre-
hensive view of mantle oxidation state, carbon spe-
ciation in peridotitic and eclogitic mantle rocks, 
and both experimental and theoretical mechanisms 
for growth. 

AGE OF DIAMONDS 
Although some gemologists see beauty in mineral in-
clusions, a diamond with visible inclusions is of 
lesser value in the market. To the geologist or geo-
chemist, a diamond with its mineral inclusion cargo 
is highly prized, because it preserves the oldest and 
deepest samples that can be obtained from the earth. 
Mineral inclusions are important for what they can 
tell us about the formation conditions (pressure + 
temperature), the host rock for growth, the source of 
diamond-forming fluids, and the age of a diamond. 

Inclusion Types for Dating and Diamond Ages. Min-
eral inclusions can be classified as syngenetic, proto-
genetic, or epigenetic, according to when they 
crystallized with respect to their host diamond. Syn-
genetic inclusions crystallized simultaneously with 
the diamond, presumably in equilibrium with the 
diamond-forming fluid, and any geologic information 
extracted from the inclusion (e.g., P-T of formation, 
geochemical environment, and age) unequivocally 
applies to the host diamond. A protogenetic inclu-
sion formed before the diamond and was encapsu-
lated by it after some period that could vary from a 
geologically short to a very long time scale, and it 
could be related or unrelated to the diamond fluid. 
The maximum age obtained from a protogenetic in-
clusion might be close to the diamond’s age, and a 
general age pattern of diamond growth in a region of 
lithospheric mantle might still be evident. Inclusions 
forming along fractures or made of alteration miner-
als that formed after syngenetic or protogenetic in-
clusions can be identified as epigenetic. They are 
viewed as being secondary, and data from them on 
diamond crystallization is suspect. 

P- and E-type inclusions of syngenetic and proto-
genetic nature from gem-quality lithospheric dia-
monds have provided most diamond ages to date 
(again, see figure 19). (The dating of sublithospheric 
diamonds is in its infancy, hampered because the in-
clusions are small and have unfavorable mineralogy 
for the commonly used radioactive decay schemes.) 
There is a large age difference between the relatively 
young kimberlites and the old lithospheric diamonds 
they transport. Diamondiferous kimberlites older 
than 550 Ma are rare, and most are younger than 150 
Ma; the diamonds they carry are older than 1,000 Ma 
and may be as old as 3,500 Ma (again, see figure 10). 
With few exceptions, this age difference clearly 
negates a genetic link between kimberlite and dia-
mond (see Kirkley et al., 1991), making the timing 
and origin of the host irrelevant to the timing and ori-
gin of its diamond cargo. The diamond cargo is just 
an accidental sampling of the ancient mantle lithos-
pheric keel in which the diamonds were stored for 
long periods. The antiquity of lithospheric diamonds 
does make them ideal for probing the geologic 
processes occurring in the mantle keel during conti-
nent formation. 

Inclusion Analysis Methods. Age dating of diamonds 
through analysis of their mineral inclusions has been 
reviewed regularly over the past two decades (Pearson 
and Shirey, 1999; Gurney et al., 2010; Shirey et al., 
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2013), and these reviews provide a source for the fol-
lowing discussion. Five isotopic decay schemes have 
been applied to the dating of these mineral inclusions 
(table 1): rubidium-strontium (Rb-Sr), samarium-
neodymium (Sm-Nd), uranium-lead (U-Pb), argon-
argon (Ar-Ar), and rhenium-osmium (Re-Os). All 
isotopic systems are classified as “long-lived” decay 
schemes, where the time it takes for the parent nu-
clide to decay to half its original amount is ideally 
suited to the old ages of diamonds. 

Not all methods can be applied to every mineral 
inclusion; minerals have different abundances of the 
elements, and the analytical procedures themselves 
have different sensitivities. Breakthrough dating 
studies were made using the uranium-lead method 
on sulfide inclusions by Kramers (1979), and the 
samarium-neodymium method on silicate inclu-
sions by Richardson et al. (1984), by combining all 
the available grains (sometimes many hundreds of di-
amonds, each with a single inclusion) of similar min-
eral composition (figure 23). This work established 
the validity of the procedures and generally demon-
strated an Archean age (more than 2.5 billion years 
old) for the most depleted (harzburgitic) garnet inclu-
sions in diamonds from the mines in the Kimberley 
area and Finsch in the Kaapvaal craton. 

The use of batches of inclusions derived from sep-
arate diamonds led to concerns about mixing dia-
monds 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 chem-
ical 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 clino-
pyroxene) contains sufficient potassium to allow age 
determinations. Although argon-argon geochrono-
logic studies of eclogitic pyroxenes generally confirm 
the results of the samarium-neodymium method, 
problems arose due to diffusion of argon out of the in-
clusion to the surface where the inclusion and dia-
mond 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, high-
lighting the need for work on single diamonds. 

Analysis of single inclusions is now chiefly carried 
out using the rhenium-osmium isotope system in sul-
fides (table 1). The relatively high sensitivity of mass 
spectrometry techniques for Re and Os, and their rel-
atively high concentration in sulfides, makes single-

grain analysis possible. P-type sulfides weighing as lit-
tle as a microgram (figure 24) can be analyzed due to 
their extraordinarily high osmium concentrations 
(Westerlund et al., 2006; Smit et al., 2010). But E-type 
sulfides have much lower concentrations (by as much 
as 1,000 times), and the focus on these mineral inclu-
sions that are larger and easier to analyze has led to 
an apparent bias toward dating studies involving E-
type diamonds (e.g., Pearson et al., 1998; Richardson 
et al., 2001; Richardson et al., 2004; Shirey et al., 
2004a, b; Aulbach et al., 2009). Nonetheless, the sin-
gle-inclusion work on sulfides by the rhenium-os-
mium method, with its ability to analyze a wide 
range of P-type and E-type sulfides, has led to impor-
tant conclusions about the relationship of diamond 
growth episodes to processes that form and modify 
cratons (see below). 

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 in-
creases 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-bear-
ing diamonds and grouping each set of inclusions as 
clinopyroxene (cpx) or garnet (gar). The number of in-
clusions combined together in one chemical dissolu-
tion 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. 
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Figure 24. A 14-point Re-Os isochron on sulfide inclu-
sions in diamonds from the Ekati mine, Canada. In this 
diagram, radioactive decay of 187Re produces 187Os (see 
table 1), resulting in a line whose slope increases directly 
with age. The isochron was produced by analyzing sepa-
rately each sulfide from a diamond. Diamonds with 
multiple sulfides are numbered individually and shown 
connected by gray dumbbells between the “a” and “b” 
inclusions in each diamond. These serve as internal 
“mineral isochrons” and corroborate the age of the dia-
monds as 3,523 Ma. These are the oldest known dia-
monds whose age has been determined directly. At low 
187Re/188Os, some sulfides do not plot on the age isochron 
but are still connected by dumbbells. These connect two 
sulfides from the same diamond whose initial isotopic 
composition changed with diamond growth from core to 
rim (lower to higher 187Os/188Os). These types of isotopic 
changes can be correlated with specific geologic condi-
tions of growth more than 3.5 billion years ago. The inset 
box on the right presents an expanded view of the data 
points. Adapted from Westerlund et al. (2006). 

To date, only three age determinations have been 
made on inclusions from ultra-deep, sublithospheric 
diamonds, and all have come from the Brazilian craton. 
The uranium-lead method was used on one Ca-silicate 
perovskite inclusion (re-equilibrated to walstromite) 
from the Collier-4 kimberlite (Bulanova et al., 2010) 
and gave an age of 107 Ma, just slightly older than kim-
berlite eruption. A preliminary rhenium-osmium 
method was used on a sulfide inclusion from Juina and 
gave an early Proterozoic mantle model age around one 
billion years (Hutchison et al., 2012). Age inferences 
can be drawn from the Sr and Nd isotopic composition 
of majoritic garnets from Sao Luis that fall on the pres-
ent oceanic mantle isotopic array (Harte and Richard-

son, 2011), which is known to often display Phanero-
zoic (e.g., 0–542 Ma) mixing ages. The point is that 
these ages are significantly younger than those of 
nearly all lithospheric diamonds. 

Diamonds of Multiple Ages from Some Kimberlites. 
With the advent of widespread single-mineral inclu-
sion analyses, it has become possible to see, with bet-
ter resolution, if there is more than one episode of 
diamond formation at any one locality. Early work on 
E-type silicate inclusions clearly showed this possi-
bility, but the need to combine many different grains 
from different diamonds always raised the possibility 
of combining formation ages as well. The general pic-
ture of lithospheric formation revealed by several gen-
erations of age dating, and the advent of the 
rhenium-osmium dating, is that there can be multiple 
diamond ages within the lithosphere sampled by any 
one kimberlite; perhaps this is the rule rather than 
the exception (Pearson et al., 1998; Richardson et al., 
2004; Aulbach et al., 2009). For example, the Orapa 
and Jwaneng kimberlites carry three and four genera-
tions, respectively, of E-type sulfide-bearing dia-
monds, whereas the Diavik kimberlite carries 
Paleoarchean P-types and Paleoproterozoic E-types. 
The Ellendale kimberlite carries one P-type and three 
E-type generations. And of course, lithospheric dia-
monds are always found accompanying sublitho-
spheric specimens because they are erupted in the 
same kimberlites, perhaps illustrating the greatest 
possible contrast in age and geologic setting. 

Residence Time in the Mantle. Extensive samarium-
neodymium studies by Richardson (summarized by 
Pearson and Shirey, 1999; Gurney et al., 2010) con-
firmed the general antiquity of lithospheric dia-
monds and their billion-year or longer residence in 
the lithospheric mantle, and established the Protero-
zoic as an important time of formation, at least for 
the Kaapvaal craton. Within the population of old 
lithospheric gem diamonds, some patterns emerge. 
The E-type sulfide-bearing diamonds analyzed thus 
far appear to have formed no earlier than three billion 
years ago (again, see figure 10). In contrast, diamonds 
containing P-type sulfides and silicates may be older 
or younger than three billion years. The geodynamic 
implications of these differences in residence time 
are discussed below. 

This long lithospheric residence time for dia-
monds, as shown by all the mainstream studies with 
the samarium-neodymium and rhenium-osmium sys-
tems, contrasts sharply with a small number of stud-
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ies in uranium-lead and argon-argon (e.g., Phillips et 
al., 1989; Burgess et al., 1992) on inclusions in lithos-
pheric diamonds that have yielded relatively young 
formation ages due to analytical aspects of the partic-
ular system. Because the minerals analyzed can be re-
lated to proto-kimberlite melts, these ages are part of 
a growing body of evidence, supported by nitrogen-ag-
gregation systematics, that a small proportion of 
lithospheric gem diamonds grew shortly before kim-
berlite eruption and occur mixed in with the much 
more abundant older diamonds in any one kimberlite. 

The few sublithospheric specimens that have been 
analyzed are younger than most lithospheric dia-
monds. The uranium-lead on Ca-perovskite of 107 Ma 
was only slightly older than the age of kimberlite em-
placement 93 million years ago, and was consistent 
with the highly aggregated nitrogen; this indicates a 
brief, hot residence time in the mantle (Bulanova et al., 
2010). A model age of around 500 Ma, resolvably older 
than kimberlite ages but again much younger than 
lithospheric diamonds, was obtained with rhenium-
osmium on a sulfide inclusion by Hutchison et al. 
(2012). This age is consistent with growth deep in the 
convecting oceanic mantle. Furthermore, neodymium 
and strontium isotopic analyses of a composite of ma-
joritic garnets are also consistent with oceanic mantle 
compositions (Harte and Richardson, 2011), and sup-
port their derivation from the convecting mantle. The 
restricted age information on superdeep diamonds 
compared to lithospheric diamonds, and its potential 
for estimating deep mantle convection rates, means 
that this is an area of continuing research. 

MANTLE GEOLOGY AND DIAMONDS 
A sustained focus over the years on diamonds and 
how they form has allowed researchers to turn the 
tables and use diamonds as indicators of geologic 
processes in the mantle rocks that host them. This 
type of research is standard fare in the fields of ig-
neous/metamorphic petrology and meteoritics, 
where each rock’s composition and the age relations 
of its constituent minerals may reveal an important 
story. Diamonds have always had unique potential 
because of their antiquity and depth of formation. 
But because they occurred as isolated xenocrysts in 
kimberlite, a detailed understanding of how they 
form was needed to realize their potential as a record 
of deep-mantle geologic processes. 

Imitating Diamond Fluids at Depth. Perhaps one of 
the best ways that diamonds can be used to inform 
us about the deep earth is to simulate their growth 

in realistic physicochemical models of their mantle 
host rocks. This field of endeavor, known as experi-
mental petrology, has a core research goal of dupli-
cating diamond formation in the laboratory (see 
Shirey et al., 2013) at the pressure, temperature, be-
havior, and composition of the various components 
involved in the natural setting. This experimental ap-
proach is an essential aspect of understanding mantle 
geology through diamonds, because in many of the 
world’s diamond-forming regions the kimberlites 
have failed to expose samples of diamond host rocks. 

Diamond is the likely mineral form of free carbon 
(not bound up in other silicates) within the lithos-
pheric mantle, leading to many ways that it can 
form, as briefly discussed above. From an experimen-
tal perspective, formation in the lithosphere will be 
in the compositional system carbon-oxygen or car-
bon-oxygen-hydrogen which will produce fluids that 
contain mostly CO2, mixed CO2 plus H2O, mostly 
H2O, and mostly CH4 (figure 25). Specific experi-
ments and their results are too numerous to quote 
here, but various combinations of these fluids with 
carbonate or graphite in the presence or absence of 
silica or alkali metals have been shown to be effec-
tive in forming diamond. Sulfides and native metals 
also have been shown experimentally to foster dia-
mond growth. Sulfides are common inclusions in di-
amonds, and metals are at least known. In the end, 
fluid/melt composition is likely to be important in 
facilitating or inhibiting diamond nucleation and per-
haps in determining growth mechanism and crystal 
form. Although simplified systems are an insightful 
starting point, fluids and melts in the lithospheric 
mantle will react with silicate minerals in peridotite 
or eclogite, which can lead to a wide range of chem-
ically diverse compositions as seen, for example, in 
fibrous diamonds. 

In the convecting mantle below the lithosphere, 
diamond again will be the likely mineral form of free 
carbon. This region, which comprises the whole 
mantle above the core, has a silicate mineralogy that 
accommodates progressively higher pressure with 
depth. The olivine + orthopyroxene + clinopyroxene 
+ garnet mineralogy of the lithospheric upper mantle 
gives way to a mineralogy dominated by wadsleyite 
+ majoritic garnet in the transition zone and eventu-
ally aluminous silicate perovskite in the lower man-
tle (Harte, 2010; see figure 20). Because of the 
challenges of high-pressure experiments on these 
minerals, much of our current understanding comes 
from theoretical studies. The essential results of 
these numerous studies show that with increasing 
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Figure 25. This model of diamond formation in the 
lithospheric mantle involves the introduction of 
volatile components from the deep mantle into the 
cratonic lithospheric mantle keel where diamonds 
can form. It was this type of process in the ancient 
past that led to widespread creation and storage of 
gem-quality diamonds that were subsequently sam-
pled by much younger kimberlites. ∆FMQ stands for 
the offset relative to the reduction-oxidation condi-
tions specified by the fayalite-magnetite-quartz oxy-
gen buffer, a measure of how strongly reducing or 
oxidizing a rock is. EMOG, an acronym for the reac-
tion enstatite + magnesite = olivine + graphite, indi-
cates a surface where, at lower pressure and higher 
oxidation than FMQ, diamonds cannot form in the 
mantle. Adapted from Shirey et al. (2013), with per-
mission of the Mineralogical Society of America. 

pressure, Fe2O3 (FeO1.5) is stabilized in the structure 
of these minerals over FeO. The net effect is to bind 
oxygen more greatly within the silicate bulk miner-
alogy of the mantle, reducing the rest of the minerals. 
Thus, the deep upper mantle and the entirety of the 
transition zone and lower mantle are expected to be 
reducing, metal-saturated, and potentially diamond-
forming—even more so than the lithospheric mantle. 

As in the lithospheric mantle, diamond again will 
form in the compositional system carbon-oxygen-hy-
drogen from fluids that are CH4- and H2O-dominated 
in the transition zone and shallow lower mantle and 
will become H2O-dominated in the deeper lower man-
tle (Frost and McCammon, 2008). At these incredibly 
high pressures, there is considerable storage capacity 
for hydrogen in the silicate minerals, which tends to 
suppress the existence of a free fluid and suggests that 
the carbon may be locked up in Fe(Ni) carbides (e.g., 

Fe3C and Fe7C3; figure 26). These phases may be stable 
enough to accommodate the entire carbon budget of 
the deep mantle for normal mantle regions that are 
not anomalously carbon-rich. Rohrbach and Schmidt 
(2011) recently proposed that the subduction of car-
bonate or carbonated peridotite to transition zone 
depths and below are an important way to add carbon 
to the deep mantle. If this were to occur often enough, 
carbonate reduction via the mechanism just outlined 
would be a ready way to make diamond. 

The thermodynamic and experimental observa-
tions described above permit a number of pathways 
for diamond crystallization, from a compositional 
range of fluids/melts. The compositional range of 
mineral and fluid inclusions found in diamonds 
likely attests to the importance of these pathways in 
nature, and perhaps involving both recycled and pri-
mordial carbon. What is clear from the range of man-
tle compositions is that diamond crystallization is 
an explicable and expected outcome of melt migra-
tion and mantle metasomatism. Future experiments 
will hopefully link sublithospheric inclusion miner-
alogy and trace-element composition to diamond 
fluid composition, deep mantle carbonate melt mi-

Figure 26. This model of superdeep diamond forma-
tion in the sublithospheric mantle involves introduc-
tion of volatile components into the deep mantle 
through subduction of carbonate-bearing, hydrated 
oceanic crust. The interaction of these fluids with the 
surrounding silicate mantle reduces the fluids and 
carbonate, triggering diamond formation. Adapted 
from Shirey et al. (2013), with permission of the Min-
eralogical Society of America. 
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gration, and mantle reducing/oxidizing conditions in 
a way that can be related to mantle convection pat-
terns (e.g., Walter et al., 2008). 

Specific Mantle Geologic Settings. From the data 
gathered on diamond ages within some cratons, pat-
terns of age and mineral inclusion composition can 
be linked to broad-scale regional cratonic litho-
sphere evolution. The way diamonds form in the 
lithosphere is better understood if diamond forma-
tion pulses can be correlated with thermo-tectonic 
events for which there is independent evidence. The 
best examples where this correlation can be drawn 
are the Kaapvaal craton of southern Africa (box A) 
and the Slave craton of Canada. In both cases, suites 
of diamonds that form with initial craton stabiliza-
tion can be distinguished from diamonds produced 
by later fluids added to the base of the mantle keel 
by underthrusting of oceanic slabs or upwelling 
plume magmatism. 

Correlation of Diamond Type with Geodynamic 
Processes. The diamond record remains one of the 
prime ways to examine geodynamic processes on the 
broad scale from mantle depths while avoiding the 
later overprinting effects of magmatism and metaso-
matism. A compilation of all the ages determined on 
lithospheric diamonds to date (figure 27) shows a sig-
nificant difference in age distribution between E- and 
P-types. As a result of the association of the E-type 
paragenesis with eclogite, this difference can be inter-
preted to record the first capture at three billion years 
of high-pressure basaltic rock in the mantle keel of 
the continents. This process would have been inti-
mately associated with ocean basin closure and con-
tinental collision (a process of modern plate tectonics 
known as the Wilson Cycle), because the basalt 
would have been derived from the ocean floor as it 
was underthrust, and incorporated into a portion of 
the mantle keel that thickened during collision. The 
absence of E-type diamonds before this time suggests 
that the process did not occur earlier, and may mark 
a transition from a planet dominated by more vertical 
geodynamic processes of plumes, recycling, and 
poorer crustal preservation to one dominated by lat-
eral tectonics, subduction, and more efficient crustal 
preservation. Independent evidence from geologic 
studies of exposed crustal rocks supports such a dra-
matic change. 

This proposed change in geodynamics may have 
important implications for the nature of carbon-bear-
ing fluids and their delivery to diamond-forming 
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Figure 27. This figure illustrates the use of inclusions in 
diamonds to understand the onset of a global process. 
The absence of diamonds with E-type (eclogitic) inclu-
sions in the oldest diamond populations suggests that 
something changed around 3,200 Ma to create and pre-
serve diamonds with E-type inclusions. The letters 
refer to specific localities around the world (Pa = 
Panda, M =Murowa, L = Letseng, U = Udachnaya, W = 
Wellington, Dv = Diavik, K = Kimberley, Kl = Klip-
springer, Jw = Jwaneng, V = Venetia, Ja = Jagersfontein, 
E = Ellendale, and Ko = Koffiefontein). Closed symbols 
are from many inclusion isochron ages, and open sym-
bols are single inclusion model ages. Shirey and 
Richardson (2011) hypothesized that the change 
recorded was the onset of the major cycle of plate tec-
tonics known as the Wilson Cycle (WC). The Wilson 
Cycle is comprised of the opening of an ocean basin 
(stages 1–2, thin gray band) and its closing (stages 5–6, 
thicker gray band), which culminates in continental 
collision. Global patterns in diamond composition, 
style of formation, and paragenesis hold great promise 
for understanding the earth’s deep geologic processes. 
Adapted from Shirey and Richardson (2011), with per-
mission of the American Association for the Advance-
ment of Science. 

depths in the mantle. Using subtle trends in the car-
bon isotopic composition of P-type diamonds, 
Stachel and Harris (2009) proposed that older speci-
mens formed by methane oxidation and younger 
ones by carbonate reduction. If this observation is 
combined with the proposed onset of the Wilson 
Cycle, it could signify a change from the geodynamic 
processes that favor primary mantle devolatilization 
and/or the outgassing of recycled reduced fluids, to 
the geodynamic processes that favor carbonate recy-
cling via slab subduction (Shirey et al., 2013). 

Sublithospheric diamonds may be young enough 
to provide a unique way to follow the deepest parts 
of the mantle convection that drives current plate 
tectonics. Seismic studies, using a technique called 
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 BOX A: THE KAAPVAAL AND KIMBERLEY CRATONS 

The Kaapvaal craton in southern Africa was assembled 
about three billion years ago from two independent con-
tinental blocks by continental collision that thrust 
oceanic lithosphere under the western block. Fluids and 
sulfur carried under the western block by the hydrated 
oceanic lithosphere percolated upward, triggering a 
major pulse of diamond formation at the time of colli-
sion. The surface distribution of diamond ages and types 
is a direct result of this process. Mines in the western 
block all contain three-billion-year-old E-type diamonds, 
which are absent in the eastern block. 

Younger diamond formation in the Kaapvaal craton 
can be related to post-collisional events that modified the 
amalgamated cratonic block. In the center of the craton, 
igneous intrusion of the Bushveld Complex two billion 
years ago created the world’s largest storehouse of 
chromium and platinum-group metals. The parental 
mafic-ultramafic melts, originating below the litho-
sphere, passed through it before filling the Bushveld 
magma chamber in the upper crust. As the melts passed 
through the lithosphere, they left behind basaltic compo-
nents. These basaltic components (eclogitic at these pres-
sures in the lithospheric mantle) can be detected at 
present through their lowered seismic velocities in the 
region of the lithospheric mantle below the Bushveld 
Complex. This region of the lithosphere correlates with 
a greater proportion of E- versus P-type silicate inclusions, 
a greater incidence of younger (Mesoproterozoic era) Sm-
Nd inclusion ages, a greater proportion of diamonds with 
light carbon isotope compositions, and a larger proportion 
of higher nitrogen-containing diamonds. The likely 
explanation is that diamond-forming fluids equilibrated 
with the preexisting silicate mineralogy of the litho-
spheric mantle and incorporated the silicates as inclu-
sions, retaining the mineralogical differences imparted by 
the sublithospheric magmatism of the Bushveld Com-
plex. The ability of fluids to form diamonds under wider 
reducing/oxidizing conditions in eclogitic rocks explains 
the correspondence of E-type diamonds with the seis-
mically slow region, because some fluids unable to form 
diamonds as they pass through peridotite can still form 
diamond once they encounter eclogite. 

mantle tomography, are able to image the subduction 
of oceanic lithospheric plates into the mantle transi-
tion zone (400–660 km depth), and in a few cases into 
the very top of the lower mantle (700–800 km). Min-
eral inclusions in sublithospheric diamonds from 
these depths can be grouped into those that have 
peridotite-like compositions, those that have basalt-
like compositions (again, see figure 20), and those 
that are calcium-rich (Harte and Richardson, 2011). 

Subduction around the margin of the Kaapvaal craton 
was known to occur repeatedly (perhaps two to four 
times) throughout the Proterozoic era. Evidence for this 
is seen in the thermal and metamorphic history of rocks 
on the western and southern margins of the craton. The 
likely geometry of craton-margin subduction would have 
been to underthrust altered and thus fluid-rich oceanic 
lithosphere beneath the continental mantle lithosphere, 
allowing subduction-related fluids to invade the continen-
tal mantle lithosphere from below. Once these fluids en-
countered the reducing conditions of the continental 
mantle lithosphere, diamonds would form. Diamond 
mines in kimberlite that have penetrated such mantle 
lithosphere can sample multiple generations of diamonds. 

In the rather small Archean craton on northern Aus-
tralia known as the Kimberley craton, diamonds formed 
differently. Here, continental lithosphere did not remain 
stable, yet it was a good host for diamond formation. The 
Kimberley craton is surrounded by zones of deformed 
crustal rocks known as mobile belts. The deformation ev-
ident in the crustal rocks must extend through to the con-
tinental lithospheric mantle because the continental crust 
will have mantle keel attached. Many of the lamproites 
and kimberlites that penetrate these mobile belts are dia-
mondiferous, including two lamproites rich enough to be 
economic, Ellendale and Argyle. Here, the timing of dia-
mond formation matches some of the deformation in the 
mobile belts. Sulfide inclusions in Ellendale samples carry 
three-billion-year-old rhenium-osmium isotope signa-
tures attesting to the presence of ancient continental man-
tle keel in the mobile belt and its ability to host diamond 
growth despite evident tectonic activity. Other examples 
of intra-cratonic domains of younger Proterozoic mobile 
belt or magmatic arc terrain containing diamonds must 
exist; the Yavapai-Mazatlal terrane southeast of the 
Wyoming craton, and the Buffalo Head terrane southeast 
of the Slave craton in North America, may be examples 
of the same phenomena. The idea that diamonds can form 
beneath the younger mobile belts surrounding the ancient 
cratonic nuclei opens up new tectonic settings for explo-
ration and ties some diamond formation to deep conti-
nent-scale geologic processes. 

The first two groups of inclusions are suggested to 
form in diamonds whose source fluids/melts may 
have been generated by dewatering the subducting 
oceanic lithospheric plate, whereas the third group 
is thought to be produced in association with carbon-
atitic melts generated from carbonated peridotite. In 
many cases, the basalt-like inclusions have compo-
sitions indicative of a surface origin and are housed 
in diamonds composed of a significant amount of re-
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cycled carbon. The return of these minerals in kim-
berlite-erupted diamonds confirms the seismological 
evidence of subduction-recycling to the depth of the 
shallowest lower mantle (figure 26). Furthermore, as-
sociation of some inclusions with carbonatite may 
suggest a connection between diamond formation in 
the deep mantle and the onset of plume initiation. 

SUMMARY OF THE GEOLOGY OF DIAMONDS 
The past 25 years have seen scientific research answer 
many of the basic questions about gem-quality dia-
monds. For example, we now know that diamonds are 
old—in many cases nearly as old as the continental 
mantle keel in which they are stored. We can relate 
their age to the age of their hosts—in some cases dis-
tinguishing different generations of diamond-forming 
events. 

We also know that diamonds form from fluids/ 
melts whose composition and carbon speciation is 
controlled by the reduction-oxidation state of the rock 
through which they pass. We know that recycling of 
carbon may be essential, with the possibility that the 
recycled material may have changed through geologic 
time. Furthermore, the analytical tools exist to extend 
this knowledge and use diamonds as more sophisti-
cated probes and tracers of deep mantle processes. 

New Perspectives on Diamond Geology. Just as an 
enormous leap was made in the 1880s with the recog-
nition that diamonds are found in kimberlite, recent 
advances have been made by putting together high-
precision, high-resolution microanalyses of diamonds 
and their mineral inclusions, radiogenic and stable iso-
topes, geophysics, and the discovery of diamonds in 
unexpected new places. Clifford’s Rule, the prospec-
tor’s guideline that confines diamondiferous kimber-
lites to the Archean or oldest parts of the stable 
cratonic blocks of continental crust, worked well be-
cause of fortuitous geologic features. It is not only that 
the Archean was a special time to form diamonds— 
we have large numbers of samples formed in the Pro-
terozoic. Rather, it is that in South Africa, the site of 
early geologically driven diamond prospecting, the cra-
ton was formed by an Archean continental collision 
that produced many diamonds at that time (figure 28). 
The collision made the mantle keel under the 
Archean crust deeper and more melt-depleted than the 
mantle keel under Proterozoic crust. Thus, it was just 
deep enough and reduced enough to receive much 
younger diamond-forming fluids created by subduc-
tion-related orogenic processes. 

A new revelation, the result of dating both the di-
amonds and the depletion of their host mantle, is 
that diamond formation can appear associated with 
mobile belts, and that those intracratonic regions 
near Archean cratons may contain Archean mantle 
keel that was later remobilized. These could be an-
cient cratonic specimens that survived later tecton-
ism in the mantle keel, or simply appear to be in a 
mobile belt because the latter was thrust onto the 
craton. A third possibility is that they could actually 
be younger diamonds formed from much older com-
ponents. Indeed, the Argyle mine lies in just such a 
mobile belt, as do other very productive mines (e.g., 
Venetia) or diamond-rich localities (e.g., Sloan, Buf-
falo Head). Far from the simple correlation with just 
ancient crust, predicting where to look for diamonds 
must now include new thinking about the geologic 
evolution of the mantle lithosphere and the geologic 
sources of the diamond-forming fluids. 

Ubiquitous Diamonds. Despite the rarity of gem-qual-
ity lithospheric diamonds in kimberlite and the rarity 
of kimberlite as a volcanic eruption, diamonds may 
not be as rare a mineral in deep sublithospheric man-
tle. The recent improvements in understanding the re-
duction-oxidation conditions of the deep mantle show 
that most of the mantle presents the right conditions 
for diamond to crystallize. In other words, diamonds 
should be ubiquitous. What typically keeps them from 
being more abundant is the lack of a geologic mecha-
nism to put enough carbon in a free fluid/melt phase 
from which the diamond can crystallize. Where this 
can occur, diamonds will form. Another important as-
pect is that only a kimberlite (or lamproite) can bring 
them to the surface, so they may not be easily sampled 
from such depths. Diamonds may not be capable of 
surviving slow-ascending mantle plumes, and they 
certainly will be dissolved in the oxidizing magmas of 
basalt, alkali basalt, nepehelinite, and carbonatite that 
might be derived from them. 

Tracing the Carbon Cycle. Diamond is recognized as 
the only material sampling the very deep mantle to 
depths exceeding 800 km, as shown in figures 25 and 
26. Diamond is less useful at revealing deep carbon 
flux (the amount of carbon in motion) because it can 
provide only a small, variably distributed sample that 
is usually not directly related to its kimberlite host. 
Since we recognize diamond as deriving from a mo-
bile carbon-bearing fluid/melt, it takes on new im-
portance in tracking carbon mobility in the deep 
mantle via these fluids/melts. At the same time, di-
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amond can be used to reveal mantle mineralogy and 
mantle reduction-oxidation state—actually exposing 
and preserving very tiny mantle minerals from these 
great depths. Through these mineral inclusions and 
the composition of the diamond, we have the unique 
ability to follow the path and history of the carbon 
from which it formed. Thus, diamond truly occupies 
a unique position in any discussion of the igneous 
and metamorphic aspects of the earth’s carbon cycle. 

FUTURE RESEARCH 
The advances of the last two decades have led to new 
conclusions about how diamonds crystallize and are 
stored in the mantle. We now know that they form 
from C-O-H-S fluids that flow through deep mantle 
rocks, especially in the lithosphere. These fluids 
transform the rocks by metasomatism while precipi-
tating diamond. The reduction-oxidation state of the 
host rocks controls the diamond-forming reactions 
and can tie, locally and globally, geologic processes 
and mineral inclusion compositions to specific dia-
monds. Diamond has an internal growth morphology 
that records the chemical effects of this process and 
incorporates minerals during growth; this morphol-
ogy can be used to study the deep mantle. Through-
out the earth’s history, diamonds formed by a 
multiplicity of reactions, rather than just one. Dia-
monds are potentially widespread in the mantle, as 
opposed to their scarcity in kimberlites and indeed 
the scarcity of kimberlites themselves. Formation 
could have taken place in recent geologic times, and 
may even be occurring now. The study of diamond 
provides a way to study deep mantle convection re-
lated to plate tectonics. 

As scientists, we want to know the source of the 
carbon from which diamond is composed. Is it pri-
mordial or recycled? If the carbon is recycled, how 
does it get into the pressure and temperature regime 
of diamond growth from a low-T, perhaps even mo-
bile phase? If the carbon is primordial, what does its 
presence and distribution tell us about how it was ac-
creted into the earth and stored since the earliest 
times? 

Nitrogen is the most abundant element in dia-
mond after carbon. What is its chemical nature, and 
how is it partitioned between the diamond and its 
fluid during growth? When a diamond grows, is the 
isotopic composition of the carbon and nitrogen 
maintained or changed? Herein lies the key to using 
the isotopic composition of these two elements as 
important tracers of a diamond’s geologic history. 

Diamonds have long been grown by industrial 
processes, but we are just now capable of conducting 
geologically realistic growth experiments. How will 
the conditions of diamond growth relate to external 
morphological features or the incorporation of min-
eral components on the atomic scale, or the molecu-
lar makeup of the components in diamond-forming 
fluids? 

In the deepest mantle, it is just now being under-
stood that diamond formation may be related to 
highly mobile carbonatitic (CO3-dominant) magmas 
and regions where metal formation can remove the 
oxygen to leave reduced carbon ready for diamond 
crystallization. Could it be that diamond is an essen-
tial mineral link, not just an occasional participant 
in this aspect of the carbon cycle? 

Diamond has a unique position as one of the 
earth’s oldest preserved minerals. How have all these 
processes, especially the nature of diamond-forming 
reactions, changed with time? The answers to these 
questions await the discoveries of the next decade. 

Figure 28. Gem diamonds such as these, ranging in 
weight from 3.00 to 22.33 ct, result from unique geo-
logic processes, adding to their desirability among 
today’s jewelry consumers. Photo by Robert Weldon. 

UNDERSTANDING THE GEOLOGY OF DIAMONDS                                                 GEMS & GEMOLOGY                                             WINTER 2013 217 



 

       
        

     
         

  

      
        

       
   

        
          

        
        

 

     
        

        

      
         
        

         
    

     

        
      

      

       
       
         
           

      
     

 

        
      

        
      

       
      

        
       

      
          

      
         

  

         
          

  

        

      
          

   

     
      

         
  

       
 

         

      
        

       
         

         

     
        

       

         
        

     
       
       

        
       
       

        

       
         
      

     
    

      
         

        
        

     

       
         

 

       
            

      

       
  

               
   

GLOSSARY 

Note: Some of the definitions here are adapted from Neuendorf et al.’s Glossary of Geology, 5th edition 
(American Geological Institute, 2011). 

Accretion: the process by which two continental masses 
collide and weld together, resulting in a larger continent. 

Adiabatic melting: the melting of upward-moving mantle 
rocks as a result of depressurization, which leads to the 
formation of magmas. 

Alluvial: a sorted or semi-sorted sediment deposited during 
comparatively recent geologic time by a stream or other 
moving body of water, and which occasionally contains 
concentrations of valuable minerals. 

Archean: the earliest of the four principal divisions of geo-
logic time, extending from 2.5 to about 3.8 billion years ago. 

Asthenosphere: a part of the upper mantle below the lith-
osphere that is weak and capable of mobility, convection, 
and melting. 

Basalt: a dark-colored, fine-grained igneous rock, composed 
mainly of plagioclase feldspar and pyroxene, that is formed 
by the solidification of magma near the earth’s surface. 

Breccia: a coarse-grained rock of sedimentary or igneous 
origin that is composed of angular rock fragments held to-
gether by a mineral cement or fine-grained matrix. Brec-
ciation is the process of forming a breccia or the magma 
that crystallizes such a rock. 

Carbonatite: a carbonate rock of magmatic origin. 

Continental crust: the portion of the earth’s crust that un-
derlies the continents and continental shelves, ranging 
from about 35 to 60 km thick. 

Craton: a large, ancient, and geologically stable portion of 
the continental lithosphere that has been little deformed 
for a prolonged period of geologic time. In diamond geol-
ogy, a craton is the Archean portion of a much larger cra-
tonic block, in which diamondiferous kimberlites are 
located on-craton. Non-diamondiferous kimberlites are lo-
cated off-craton. 

Crust: the earth’s outermost layer or shell, consisting of the 
thicker continental crust and thinner oceanic crust. 

Dike: a tabular intrusion of igneous rock that cuts across 
the bedding or structure of preexisting rocks. 

Eclogite: a granular, ultramafic rock composed mainly of al-
mandine-pyrope garnet and omphacite pyroxene that is 
formed by the metamorphism of basalts from the oceanic 
crust that have been subducted into the mantle. 

Emplacement: referring to igneous rocks that intrude into 
a host rock or country rock, usually higher in the crust. 

Equilibrium: a thermodynamic state where two minerals 
or components will not undergo further change at a given 
pressure and temperature. 

Exsolved: when a mineral is crystallized directly in a solid 
host mineral, usually due to a decrease in pressure or tem-
perature or both. 

Friable: easily crumbled, as with a strongly weathered rock. 

Geothermal gradient: the rate of increase of temperature 
with depth in the earth, with an average value of approxi-
mately 25°C per km. 

Geothermobarometer: a pair of minerals whose chemical 
composition is temperature and pressure dependent, and 
which can be used to estimate the conditions under which 
the minerals formed. 

Glaciofluvial: deposited by the streams or rivers flowing 
from glaciers. 

Grade: a general term for ore content, in this case diamond 
abundance. 

Hybrid: an igneous rock whose chemical composition results 
from assimilation of the country rock into a magma. 

Igneous: a rock that solidified from molten or partially 
molten magma (the term is also applied to the geologic 
processes leading to or related to the formation of igneous 
rocks). 

Indicator minerals: minerals that are geologically associ-
ated with diamonds but much more abundant, and which 
can be used to explore for diamond deposits. 

Island arc: a curved chain of islands arising from the deep-
sea floor that is the volcanic product of subduction. 

Kimberlite: a hybrid, volatile-rich potassic ultramafic ig-
neous rock composed principally of olivine, along with 
lesser amounts of phlogopite mica, diopside pyroxene, ser-
pentine, calcite, garnet, ilmenite, and spinel. It can con-
tain foreign rock fragments (xenoliths such as peridotite 
and eclogite) and crystals such as diamond (xenocrysts). 
Kimberlite is the chief host rock for commercial diamond 
mining. 

Lamproite: a group of related dark-colored intrusive or ex-
trusive igneous rocks that are rich in potassium and mag-
nesium and characterized by minerals, including leucite, 
phlogopite, and feldspars. Diamondiferous varieties carry 
dominant olivine and lack feldspar. 

Lamprophyre: a group of dark-colored intrusive igneous rocks 
characterized by a high percentage of mafic minerals (such as 
biotite mica, hornblende, and pyroxene) as larger crystals, set 
in a fine-grained groundmass composed of the same minerals 
plus feldspars or feldspathoids. 

Lithosphere: the solid outer portion of the earth, consisting 
of the crust and upper mantle, that is approximately 100 
km thick. 

Longshore (or littoral) current: an ocean current caused by 
the approach of waves to a coastline at an angle so that it 
flows parallel and near to the shore. 

Macrodiamond: a rough diamond that is more than 0.5 
mm in diameter. 
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Mafic: a dark-colored igneous rock chiefly composed of 
iron- and magnesium-rich minerals. 

Magma: molten material generated with the crust or upper 
mantle from which igneous rocks are derived by solidifica-
tion, and that is capable of intrusion at depths in the crust 
or extrusion at the surface as lava or a pyroclastic ash flow. 

Magmatic: related to or derived from magma. 

Mantle: the zone between the earth’s crust and core, con-
sisting of a rigid lithosphere and an underlying asthenos-
phere of plastically flowing rock. 

Mantle keel: the downward-protruding, thickened portion 
of the lithospheric mantle that resides under the continen-
tal crust of the craton, and which has had an extended pe-
riod of attachment to the craton. 

Melt depletion: an igneous process by which melt is re-
moved, leaving a residual rock that is more refractory than 
the original starting composition. 

Metamorphism: the process that causes mineralogical, 
chemical, or structural changes in solid rocks by exposing 
them to new pressure and temperature conditions by bur-
ial within the crust or mantle. 

Metasomatic: formed by metasomatism, a geologic process 
that produces new minerals in an existing rock by replace-
ment. 

Microdiamond: a rough diamond less than 0.5 mm in 
diameter. 

Mid-ocean ridge: a continuous chain of underwater moun-
tains along the sea floor that mark the volcanic centers 
from which new oceanic crust is formed from magma 
being brought up by convection from the mantle. The so-
lidified magma forms basalt, which spreads away along 
both sides of the ridge to form new oceanic crust. 

Mobile belt: a long, relatively narrow crustal region of for-
mer tectonic activity. 

Mountain building (or orogeny): the processes by which 
geologic structures in mountainous regions are formed. 
These processes include thrusting, folding, faulting, and 
(at depth) metamorphism and igneous intrusions. 

NAL: Na- and Al-bearing mineral that occurs in basaltic-
composition rocks subjected to pressures and temperatures 
equivalent to the top of the lower mantle (Harte, 2010). 

Nuclide: a species of atom characterized by certain num-
ber of protons and neutrons in its nucleus. 

Oceanic crust: the portion of the earth’s crust that under-
lies the ocean basins, and that ranges in thickness from 
about 5 to 10 km. 

Peneplaned: leveled to a quite flat surface by the sum of 
erosional geologic processes. 

Peralkaline: a chemical classification of igneous rocks in 
which the molecular proportion of aluminum oxide is less 
than sodium and potassium oxides combined. 

Peridotite: an ultramafic igneous rock composed of 

olivine, orthopyroxene, clinopyroxene, and perhaps garnet, 
that is thought to be the most common and abundant rock 
type in the mantle. 

Phenocryst: the large, conspicuous crystals set in a fine-
grained groundmass in a porphyritic igneous rock. 

Placer: a surface deposit consisting of valuable minerals that 
have been weathered out and then mechanically concen-
trated (normally by flowing water) in alluvial sediments. 

Plate tectonics: a theory in which the lithosphere is di-
vided into a number of thin, rigid crustal plates which 
move across the earth’s surface and interact with one an-
other at their boundaries along zones of tectonic and seis-
mic activity. 

Plume: an upwelling of molten rock that originates near 
the core-mantle boundary, and then rises upward through 
the mantle. 

Pyroclastic: an igneous rock composed of angular rock 
fragments that originate from a volcanic explosion. 

Radioactive decay: the spontaneous disintegration of the 
atoms of certain nuclides into other nuclides, which may 
be stable or undergo further decay until a stable nuclide is 
created. 

Regolith: the fragmental and unconsolidated rock material 
which nearly everywhere forms the surface of the land and 
overlies the bedrock. 

Remobilized: a once-molten igneous rock that has been 
remelted. 

Rifting: a plate tectonic process that creates a zone where 
the lithosphere has ruptured due to extension. 

Subduction: the process where one lithospheric plate de-
scends beneath another plate. 

Superdeep: an unusual type of diamond that originates at 
depths well below the base of the lithospheric mantle keel 
from within the convecting mantle. 

Surficial: occurring at the earth’s surface. 

Tectonic stability: a region of the earth that is not under-
going active geologic processes such as volcanism, moun-
tain building, subduction, faulting, or rifting. These 
regions have no or very few earthquakes. 

Thermal pulse: a wave of heat passing through the crust 
carried by fluids or magma from below. 

Till: an unsorted glacial deposit usually composed of finely 
ground rock flour, which may also contain dispersed, 
rounded cobbles or boulders. 

Ultramafic: an igneous rock composed mainly of mafic 
minerals. 

Uplift: a structurally high area in the crust that was pro-
duced by the raising or uplifting of rocks. 

Xenocryst: a large crystal in an igneous rock that is foreign 
to the rock in which it occurs. 

Xenolith: an inclusion of a foreign rock in an igneous rock. 

UNDERSTANDING THE GEOLOGY OF DIAMONDS                                                 GEMS & GEMOLOGY                                             WINTER 2013 219 



 

  
          

         
          

       

         
        

      
      

        
         
         
       

        

        
          
   

        
        

        
    

         
        

        
      

      
     

          
       
         

        
      

         

          
       

         
       

        

      
        

  
       

      
       

 
        
        

       

        
        

     
     

      

          
         

   

      
     
        

            
 

        
       

           
 

       
         

 
         

   
          

         
        

 
        

         
        

 
        
      

        
       

       
 

          
        

        
         

 
         

       

         
        

     

 

          
             

       
 

ABOUT THE AUTHORS ACKNOWLEDGMENTS 

Dr. Shirey is a senior scientist in the Department of Terrestrial The authors are grateful for the advice and support of Duncan 

Magnetism of the Carnegie Institution in Washington, DC. He is Pay, to John Koivula for the use of figure 2, and to three anony-
one of the world’s leading diamond geoscientists. Dr. Shigley is a mous peer reviewers whose constructive criticism improved the 

distinguished research fellow at GIA in Carlsbad. manuscript. 

REFERENCES 
Anand M., Taylor L.A., Misra K.C., Carlson W.D., Sobolev N.V. 

(2004) Nature of diamonds in Yakutian eclogites: Views from 
eclogite tomography and mineral inclusions in diamonds. 
Lithos, Vol. 77, No. 1–4, pp. 333–348, http://dx.doi.org/ 
10.1016/j.lithos.2004.03.026. 

Aulbach S., Shirey S.B., Stachel, T., Creighton S., Muehlenbachs 
K., Harris J.W. (2009) Diamond formation episodes at the south-
ern margin of the Kaapvaal Craton: Re-Os systematics of sul-
fide inclusions from the Jagersfontein Mine. Contributions to 
Mineralogy and Petrology, Vol. 157, No. 4, pp. 525–540, 
http://dx.doi.org/10.1007/s00410-008-0350-9. 

Breeding C.M., Shigley J.E. (2009) The “type” classification system 
of diamonds and its importance in gemology. G&G, Vol. 45, No. 
2, pp. 96–111, http://dx.doi.org/10.5741/GEMS.45.2.96. 

Bulanova G.P., Varshavsky A.V., Kotegov V.A. (2005) A venture 
into the interior of natural diamond; genetic information and 
implications for the gem industry. Journal of Gemmology, Vol. 
29, No. 7–8, pp. 377–386. 

Bulanova G.P., Walter M.J., Smith C.B., Kohn S.C., Armstrong L.S., 
Blundy J., Gobbo L. (2010) Mineral inclusions in sublithos-
pheric diamonds from Collier 4 kimberlite pipe, Juina, Brazil: 
subducted protoliths, carbonated melts and primary kimberlite 
magmatism. Contributions to Mineralogy and Petrology, Vol. 
160, No. 4, pp. 489–510, http://dx.doi.org/10.1007/s00410-010-
0490-6. 

Burgess R., Turner G., Harris J.W. (1992) 40Ar-39Ar laser probe stud-
ies of clinopyroxene inclusions in eclogitic diamonds. Geochim-
ica et Cosmochimica Acta, Vol. 56, No. 1, pp. 389–402, 
http://dx.doi.org/10.1016/0016-7037(92)90140-E. 

Carlson R.W., Pearson D.G., James, D.E. (2005) Physical, chemical, 
and chronological characteristics of continental mantle. Re-
views of Geophysics, Vol. 43, No. 1, p. 1001, http://dx.doi.org/ 
10.1029/2004RG000156. 

Cartigny P. (2005) Stable isotopes and the origin of diamond. Ele-
ments, Vol. 1, No. 2, pp. 79–84, http://dx.doi.org/10.2113/ 
gselements.1.2.79. 

Cartigny P., Marty B. (2013) Nitrogen isotopes and mantle geody-
namics: The emergence of life and the atmosphere–crust–man-
tle connection. Elements, Vol. 9, No. 5, pp. 359–366, 
http://dx.doi.org/10.2113/gselements.9.5.359. 

Clifford T.N. (1966) Tectono-metallogenic units and metallogenic 
provinces of Africa. Earth and Planetary Science Letters, Vol. 
1, pp. 421–434. 

Cookenboo H., Grütter H. (2010) Mantle-derived indicator mineral 
compositions as applied to diamond exploration. Geochem-
istry: Exploration, Environment, Analysis, Vol. 10, No. 1, pp. 
81–95, http://dx.doi.org/10.1144/1467-7873/09-220. 

Dasgupta R. (2013) Ingassing, storage, and outgassing of terrestrial 
carbon through geologic time. Reviews in Mineralogy and Geo-
chemistry, Vol. 75, No. 1, pp. 183–229, http://dx.doi.org/ 
10.2138/rmg.2013.75.7. 

Day H.W. (2012) A revised diamond-graphite transition curve. Amer-
ican Mineralogist, Vol. 97, No. 1, pp. 52–62, http://dx.doi.org/ 
10.2138/am.2011.3763. 

Dobrzhinetskaya L.F. (2012) Microdiamonds—Frontier of ultra-
high-pressure metamorphism: A review. Gondwana Research, 
Vol. 21, No. 1, pp. 207–223, http://dx.doi.org/10.1016/j.gr. 
2011.07.014. 

Frost D.J., McCammon C.A. (2008) The redox state of Earth’s man-
tle. Annual Reviews of Earth Planetary Science, Vol. 36, No. 
1, pp. 389–420, http://dx.doi.org/10.1146/annurev.earth.36. 
031207.124322. 

Gudfinnsson G.H., Presnall D.C. (2005) Continuous gradations 
among primary carbonatitic, kimberlitic, melilititic, basaltic, 
picritic, and komatiitic melts in equilibrium with garnet lher-
zolite at 3–8 GPa. Journal of Petrology, Vol. 46, No. 8, pp. 1645– 
1659, http://dx.doi.org/10.1093/petrology/egi029. 

Gurney J.J., Helmstaedt H.H., Richardson S.H., Shirey S.B. (2010) 
Diamonds through time. Economic Geology and the Bulletin 
of the Society of Economic Geologists, Vol. 105, No. 3, pp. 689– 
712, http://dx.doi.org/10.1093/petrology/egi029. 

Haggerty S.E. (1999) A diamond trilogy; superplumes, superconti-
nents, and supernovae. Science, Vol. 285, No. 5429, pp. 851– 
860, http://dx.doi.org/10.1126/science.285.5429.851. 

Harlow G.E., Davies R.M. (2005) Diamonds. Elements, Vol. 1, No. 
2, pp. 67–70, http://dx.doi.org/10.2113/gselements.1.2.67. 

Harte B. (2010) Diamond formation in the deep mantle; the record 
of mineral inclusions and their distribution in relation to mantle 
dehydration zones. Mineralogical Magazine, Vol. 74, No. 2, pp. 
189–215, http://dx.doi.org/10.1180/minmag.2010.074.2.189. 

Harte B., Richardson S.H. (2011) Mineral inclusions in diamonds 
track the evolution of a Mesozoic subducted slab beneath West 
Gondwanaland. Gondwana Research, Vol. 21, No. 1, pp. 236– 
245, http://dx.doi.org/10.1016/j.gr.2011.07.001. 

Hurley P., Rand J. (1969) Pre-drift continental nuclei. Science, 
Vol. 164, No. 3885, pp. 1229–1242, http://dx.doi.org/10.1126 
science.164.3885.1229. 

Hutchison M.T., Dale C.W., Nowell G.M., Laiginhas F.A., Pearson 
D.G. (2012) Age constraints on ultra-deep mantle petrology 
shown by Juina diamonds. 10th International Kimberlite Con-
ference, Bangalore. 

Irifune T., Kurio A., Sakamoto S., Inoue T., Sumiya H., Funakoshi 
K.I. (2004) Formation of pure polycrystalline diamond by direct 
conversion of graphite at high pressure and high temperature. 
Physics of the Earth and Planetary Interiors, Vol. 143–144, pp. 
593–600, http://dx.doi.org/10.1016/j.pepi.2003.06.004. 

Jordan T.H. (1979) The deep structure of the continents. Scientific 
American, Vol. 240, No. 1, pp. 92–107, http://dx.doi.org/ 
10.1038/scientificamerican0179-92. 

Keller R.A., Taylor L.A., Snyder G.A., Sobolev V.N., Carlson W.D., 
Bezborodov S.M., Sobolev N.V. (1999) Detailed pull-apart of a 
diamondiferous eclogite xenolith: implications for mantle 

220     UNDERSTANDING THE GEOLOGY OF DIAMONDS                                     GEMS & GEMOLOGY                                                         WINTER 2013 

http://dx.doi.org
https://593�600,http://dx.doi.org/10.1016/j.pepi.2003.06.004
https://Vol.164,No.3885,pp.1229�1242,http://dx.doi.org/10.1126
https://245,http://dx.doi.org/10.1016/j.gr.2011.07.001
https://189�215,http://dx.doi.org/10.1180/minmag.2010.074.2.189
https://2,pp.67�70,http://dx.doi.org/10.2113/gselements.1.2.67
https://860,http://dx.doi.org/10.1126/science.285.5429.851
https://712,http://dx.doi.org/10.1093/petrology/egi029
https://1659,http://dx.doi.org/10.1093/petrology/egi029
http://dx.doi.org/10.1146/annurev.earth.36
http://dx.doi.org/10.1016/j.gr
http://dx.doi.org
http://dx.doi.org
https://81�95,http://dx.doi.org/10.1144/1467-7873/09-220
http://dx.doi.org/10.2113/gselements.9.5.359
https://gselements.1.2.79
http://dx.doi.org/10.2113
https://viewsofGeophysics,Vol.43,No.1,p.1001,http://dx.doi.org
http://dx.doi.org/10.1016/0016-7037(92)90140-E
https://160,No.4,pp.489�510,http://dx.doi.org/10.1007/s00410-010
https://2,pp.96�111,http://dx.doi.org/10.5741/GEMS.45.2.96
http://dx.doi.org/10.1007/s00410-008-0350-9
http://dx.doi.org


      

        
      

          
         

       
       

       
     
        

        
      

        
     

       
       

        
          

         
      

       

       
      
       

         
      

     
       
        

        
     

          
         

         
        

 
         
         

       
       
        

         
           

 
         
       

         
      

    

         
         

        
    

        
       

      

        
       

         
         

   
         

       
      

        
       

       
       

        
       
        

          
       

     
        

        
       

         
       
    
         

         
   

           
       
      

        
        

       
        

        
         

   
          

        
         

       

          
       

        
      

       

          
        

       
     

          
        

    

         
        

         
         

   
        
       
        

       
    

processes during diamond genesis. Proceedings of the 7th In-
ternational Kimberlite Conference, Vol. 1, pp. 397–402. 

Kirkley M.B., Gurney J.J., Levinson A. (1991) Age, origin, and em-
placement of diamonds. G&G, Vol. 27, No. 1, pp. 2–25, 
http://dx.doi.org/10.5741/GEMS.27.1.2. 

Kjarsgaard B.A. (2007) Kimberlite diamond deposits. In W.D. 
Goodfellow, Ed., Mineral Deposits from Canada: A Synthesis 
of Major Deposit-Types, District Metallogeny, the Evolution of 
Geological Provinces, and Exploration Methods. Geological 
Association of Canada, Special Publication No. 5, pp. 245–272. 

Kjarsgaard B.A., Levinson A. (2002) Diamonds in Canada. G&G, 
Vol. 38, No. 3, pp. 1–31, http://dx.doi.org/10.5741/GEMS. 
38.3.208. 

Kramers J.D. (1979) Lead, uranium, strontium, potassium and ru-
bidium in inclusion-bearing diamonds and mantle-derived 
xenoliths from southern Africa. Earth and Planetary Science 
Letters, Vol. 42, No. 1, pp. 58–70, http://dx.doi.org/10.1016/ 
0012-821X(79)90190-0. 

Malarkey J., Pearson D.G., Kjarsgaard B.A., Davidson J.P., Nowell 
G.M., Ottley C.J., Stammer J. (2010) From source to crust: Trac-
ing magmatic evolution in a kimberlite and a melilitite using 
microsample geochemistry. Earth and Planetary Science Let-
ters, Vol. 299, No. 1–2, pp. 80–90, http://dx.doi.org/10.1016/ 
j.epsl.2010.08.020. 

McClenaghan M.B., Kjarsgaard B.A. (2007) Indicator mineral and 
surficial geochemical exploration methods for kimberlite in 
glaciated terrain: Examples from Canada. In W.D. Goodfellow, 
Ed., Mineral Deposits from Canada: A Synthesis of Major De-
posit-Types, District Metallogeny, the Evolution of Geological 
Provinces, and Exploration Methods. Geological Association 
of Canada, Special Publication No. 5, pp. 983–1006. 

Marty B., Alexander C.M.O., Raymond S.N. (2013) Primordial origins 
of Earth’s carbon. Reviews in Mineralogy and Geochemistry, Vol. 
75, No. 1, pp. 149–181, http://dx.doi.org/10.2138/rmg.2013.75.6. 

Mizukami T., Wallis S., Enami M., Kagi H. (2008) Forearc diamond 
from Japan. Geology, Vol. 36, No. 3, p. 219, http://dx.doi.org/ 
10.1130/G24350A.1 

Navon O. (1999) Diamond formation in the earth’s mantle. Pro-
ceedings of the International Kimberlite Conference 7, Vol. 2, 
pp. 584–604. 

Pearson D.G., Shirey S.B. (1999) Isotopic dating of diamonds. In 
D.D. Lambert and J. Ruiz, Eds., Reviews in Economic Geology: 
Application of Radiogenic Isotopes to Ore Deposit Research 
and Exploration. Society of Economic Geologists, pp. 143–171. 

Pearson D.G., Wittig N. (2008) Formation of Archaean continental 
lithosphere and its diamonds: the root of the problem. Journal 
of the Geological Society of London, Vol. 165, No. 5, pp. 895– 
914, http://dx.doi.org/10.1144/0016-76492008-003. 

Pearson D.G., Shirey S.B., Harris J.W., Carlson R.W. (1998) Sul-
phide inclusions in diamonds from the Koffiefontein kimber-
lite, S Africa; constraints on diamond ages and mantle Re-Os 
systematics. Earth and Planetary Science Letters, Vol. 160, 
Nos. 3/4, pp. 311–326, http://dx.doi.org/10.1016/S0012-
821X(98)00092-2. 

Pearson D.G., Canil D., Shirey S.B. (2003) Mantle samples in-
cluded in volcanic rocks: xenoliths and diamonds. In R.W. Carl-
son, Ed., Treatise on Geochemistry: Vol. 2, The Mantle. 
Elsevier, New York, pp. 171–277. 

Phillips D., Onstott T.C., Harris J.W. (1989) 40Ar/39Ar laser-probe 
dating of diamond inclusions from Premier kimberlite. Nature, 
Vol. 340, No. 6233, pp. 460–462, http://dx.doi.org/10.1038/ 
340460a0. 

Richardson S.H. (1986) Latter-day origin of diamonds of eclogitic 
paragenesis. Nature, Vol. 322, No. 6080, pp. 623–626, 
http://dx.doi.org/10.1038/322623a0. 

Richardson S.H., Gurney J.J., Erlank A.J., Harris J.W. (1984) Origin 
of diamonds in old enriched mantle. Nature, Vol. 310, No. 
5974, pp. 198–202, http://dx.doi.org/10.1038/310198a0. 

Richardson S.H., Erlank A.J., Harris J.W., Hart S.R. (1990) Eclogitic 

diamonds of Proterozoic age from Cretaceous kimberlites. Na-
ture, Vol. 346, No. 6279, pp. 54–56, http://dx.doi.org/10.1038/ 
346054a0. 

Richardson S.H., Shirey S.B., Harris J.W., Carlson R.W. (2001) 
Archean subduction recorded by Re-Os isotopes in eclogitic 
sulfide inclusions in Kimberley diamonds. Earth and Plane-
tary Science Letters, Vol. 191, No. 3–4, pp. 257–266, 
http://dx.doi.org/10.1016/S0012-821X(01)00419-8. 

Richardson S.H., Shirey S.B., Harris J.W. (2004) Episodic diamond 
genesis at Jwaneng, Botswana, and implications for Kaapvaal 
Craton evolution. Lithos, Vol. 77, Nos. 1–4, pp. 143–154, 
http://dx.doi.org/10.1016/j.lithos.2004.04.027. 

Ritsema J., van Heijst H., Woodhouse J. (2004) Global transition zone 
tomography. Journal of Geophysical Research: Solid Earth, Vol. 
109, No. B2, 14 pp., http://dx.doi.org/10.1029/2003JB002610. 

Rohrbach A., Schmidt M.W. (2011) Redox freezing and melting 
in the earth’s deep mantle resulting from carbon-iron redox 
coupling. Nature, Vol. 472, No. 7342, pp. 209–214, 
http://dx.doi.org/10.1038/nature09899. 

Russell J.K., Porritt L.A., Lavallée Y., Dingwell D.B. (2012) Kimber-
lite ascent by assimilation-fuelled buoyancy. Nature, Vol. 481, 
No. 7381, pp. 352–356, http://dx.doi.org/10.1038/nature10740. 

Shigley J.E., Chapman J., Ellison R. (2001) Discovery and mining 
of the Argyle diamond deposit, Australia. G&G, Vol. 37, No. 
1, pp. 26–41, http://dx.doi.org/10.5741/GEMS.37.1.26. 

Shirey S.B., Richardson S.H. (2011) Start of the Wilson cycle at 3 
Ga shown by diamonds from subcontinental mantle. Science, 
Vol. 333, No. 6041, pp. 434–436, http://dx.doi.org/10.1126/ 
science.1206275. 

Shirey S.B., Richardson S.H., Harris J.W. (2004a) Age, paragenesis 
and composition of diamonds and evolution of the Precambrian 
mantle lithosphere of Southern Africa. South African Journal 
of Geology, Vol. 107, No. 1–2, pp. 91–106, http://dx.doi.org/ 
10.2113/107.1-2.91. 

Shirey S.B., Richardson S.H., Harris J.W. (2004b) Integrated models 
of diamond formation and craton evolution. Lithos, Vol. 77, No. 
1–4, pp. 923–944, http://dx.doi.org/10.1016/j.lithos.2004.04.018. 

Shirey S.B., Cartigny P., Frost D.J., Keshav S., Nestola F., Nimis 
P., Pearson D.G., Sobolev N.V., Walter M.J. (2013) Diamonds 
and the geology of mantle carbon. Reviews in Mineralogy and 
Geochemistry, Vol. 75, No. 1, pp. 355–421, http://dx.doi.org/ 
10.2138/rmg.2013.75.12. 

Smit K.V., Shirey S.B., Richardson S.H., le Roex A.P., Gurney J.J. 
(2010) Re/Os isotopic composition of peridotitic sulphide inclu-
sions in diamonds from Ellendale, Australia: Age constraints on 
Kimberley cratonic lithosphere. Geochimica et Cosmochimica 
Acta, Vol. 74, No. 11, pp. 3292–3306, http://dx.doi.org/10.1016/ 
j.gca.2010.03.001. 

Sparks R.S.J., Baker L., Brown R.J., Field M., Schumacher J., Stripp 
G., Walters A. (2006) Dynamical constraints on kimberlite vol-
canism. Journal of Volcanology and Geothermal Research, Vol. 
155, No. 1–2, pp. 18–48, http://dx.doi.org/10.1016/j.jvolgeores. 
2006.02.010. 

Stachel T., Harris J.W. (2008) The origin of cratonic diamonds‚ con-
straints from mineral inclusions. Ore Geology Reviews, Vol. 34, 
Nos. 1/2, pp. 5–32, http://dx.doi.org/10.1016/j.oregeorev.2007. 
05.002. 

——— (2009) Formation of diamond in the earth’s mantle. Journal 
of Physics: Condensed Matter, Vol. 21, No. 36, 364206, 
http://dx.doi.org/10.1088/0953-8984/21/36/364206. 

Stachel T., Brey G.P., Harris J.W. (2005) Inclusions in sublithos-
pheric diamonds: Glimpses of deep earth. Elements, Vol. 1, No. 
2, pp. 73–78, http://dx.doi.org/10.2113/gselements.1.2.73. 

Stachel T., Banas A., Muehlenbachs K., Kurszlaukis S., Walker 
E.C. (2006) Archean diamonds from Wawa (Canada): Samples 
from deep cratonic roots predating cratonization of the Superior 
Province. Contributions to Mineralogy and Petrology, Vol. 151, 
No. 6, pp. 737–750, http://dx.doi.org/10.1007/s00410-006-0090-
7. 

UNDERSTANDING THE GEOLOGY OF DIAMONDS                                                 GEMS & GEMOLOGY                                             WINTER 2013 221 

https://No.6,pp.737�750,http://dx.doi.org/10.1007/s00410-006-0090
https://2,pp.73�78,http://dx.doi.org/10.2113/gselements.1.2.73
http://dx.doi.org/10.1088/0953-8984/21/36/364206
http://dx.doi.org/10.1016/j.oregeorev.2007
https://straintsfrommineralinclusions.OreGeologyReviews,Vol.34
https://155,No.1�2,pp.18�48,http://dx.doi.org/10.1016/j.jvolgeores
https://Acta,Vol.74,No.11,pp.3292�3306,http://dx.doi.org/10.1016
https://10.2138/rmg.2013.75.12
http://dx.doi.org
https://1�4,pp.923�944,http://dx.doi.org/10.1016/j.lithos.2004.04.018
https://10.2113/107.1-2.91
http://dx.doi.org
http://dx.doi.org/10.1126
http://dx.doi.org/10.5741/GEMS.37.1.26
https://No.7381,pp.352�356,http://dx.doi.org/10.1038/nature10740
http://dx.doi.org/10.1038/nature09899
http://dx.doi.org/10.1029/2003JB002610
http://dx.doi.org/10.1016/j.lithos.2004.04.027
http://dx.doi.org/10.1016/S0012-821X(01)00419-8
http://dx.doi.org/10.1038
https://diamondsofProterozoicagefromCretaceouskimberlites.Na
https://198�202,http://dx.doi.org/10.1038/310198a0
http://dx.doi.org/10.1038/322623a0
http://dx.doi.org/10.1038
http://dx.doi.org/10.1016/S0012
https://914,http://dx.doi.org/10.1144/0016-76492008-003
http://dx.doi.org
https://75,No.1,pp.149�181,http://dx.doi.org/10.2138/rmg.2013.75.6
http://dx.doi.org/10.1016
http://dx.doi.org/10.1016
http://dx.doi.org/10.5741/GEMS
http://dx.doi.org/10.5741/GEMS.27.1.2


 

         
         

 
         

      
         
        

         
       

         
        

        
       

 
         

          
        
        

        
           

       
       

      
     

         
        

     
       

  

    

         

    
   

    
   

    
    

     
    

 

Stachel T., Harris J.W., Muehlenbachs K. (2009) Sources of carbon 
in inclusion bearing diamonds. Lithos, Vol. 112, Supp. 2, pp. 
625–637, http://dx.doi.org/10.1016/j.lithos.2009.04.017. 

Tappert, R. Tappert, M.C. (2011) Diamonds in Nature: A Guide 
to Rough Diamonds. Springer Verlag, Heidelberg, Germany. 

Tappert R., Foden J., Stachel T., Muehlenbachs K., Tappert M., 
Wills K. (2009) Deep mantle diamonds from South Australia: 
A record of Pacific subduction at the Gondwanan margin. Ge-
ology, Vol. 37, No. 1, pp. 43–46, http://dx.doi.org/10.1130/ 
G25055A.1. 

Walter M.J., Bulanova G.P., Armstrong L.S., Keshav S., Blundy J.D., 
Gudfinnsson G., Lord O.T., Lennie A.R., Clark S.M., Smith 
C.B., Gobbo L. (2008) Primary carbonatite melt from deeply 
subducted oceanic crust. Nature, Vol. 454, No. 7204, pp. 
622–625, http://dx.doi.org/10.1038/nature07132. 

Walter M.J., Kohn S.C., Araujo D., Bulanova G.P., Smith C.B., 

Gaillou E., Wang J., Steele A., Shirey S.B. (2011) Deep mantle 
cycling of oceanic crust; evidence from diamonds and their 
mineral inclusions. Science, Vol. 334, No. 6052, pp. 54–57, 
http://dx.doi.org/10.1126/science.1209300. 

Westerlund K.J., Shirey S.B., Richardson S.H., Carlson R.W., Gur-
ney J.J., Harris J.W. (2006) A subduction wedge origin for Paleo-
archean peridotitic diamonds and harzburgites from the Panda 
Kimberlite, Slave Craton: evidence from Re-Os isotope sys-
tematics. Contributions to Mineralogy and Petrology, Vol. 
152, No. 3, pp. 275–294, http://dx.doi.org/10.1007/s00410-006-
0101-8. 

Woolley A.R., Bergman S.C., Edgar A.D., Le Bas M.J., Mitchell 
R.H., Rock N.M.S., Scott Smith B.H. (1996) Classification of 
lamprophyres, lamproites, kimberlites, and the kalsilitic, 
melilitic, and leucitic rocks. The Canadian Mineralogist, Vol. 
34, pp. 175–186. 

For More on Diamond Geology 
Discover more about the fascinating 
world of diamond-related research 
at the Carnegie Institution of 
Washington, DC. G&G‘s exclusive 
online content gives you access 
to articles and video interviews, 
providing a rare view inside one 
of the world’s leading geoscience 
research institutions. 

Visit www.gia.edu/gems-gemology, or scan the QR code on the right. 

222     UNDERSTANDING THE GEOLOGY OF DIAMONDS                                     GEMS & GEMOLOGY                                                         WINTER 2013 

www.gia.edu/gems-gemology
https://152,No.3,pp.275�294,http://dx.doi.org/10.1007/s00410-006
http://dx.doi.org/10.1126/science.1209300
https://622�625,http://dx.doi.org/10.1038/nature07132
http://dx.doi.org/10.1130
https://ArecordofPacificsubductionattheGondwananmargin.Ge
https://625�637,http://dx.doi.org/10.1016/j.lithos.2009.04.017



