
diamond to become unstable with respect to graphite, and also hotter
than any likely temperature conditions in the melt. There is therefore
a limit to the possible timing of a late-stage overgrowth.

The history of cratonic growth and diamond formation in southern
Africa is complex with multiple episodes of diamond formation being
proposed (e.g. Shirey et al., 2004) so it is difficult to make an indepen-
dent estimate of the likely age of rim formation. For Venetia, which is
relatively close toMurowa, diamond growth at about 2.0 Ga is proposed
(Richardson and Shirey, 2008; Richardson et al., 2009). Such a date for
rim growth on Mur70 would imply model temperatures of 1154 °C for
the first residence stage and 1117 °C for the second residence stage.

It should be emphasized that the assumption of constant tempera-
ture during the two phases of annealing is clearly a simplification, but
this approach nonetheless provides a substantial improvement on the
conventional analysis and interpretation of FTIR data for diamonds.
One aim of futurework is to identify diamondswithmultiple inclusions,
distributed between growth zones of different ages. If two dates
for separate growth events could be identified in the same diamond
(i.e. t1 and t2 were both known), a diagram such as the one in Fig. 8
would give valuable information on the thermal evolution of themantle
lithosphere.

5.2. Problem with overlapping zones

In Section 4.1 it was noted that a physically unrealistic “spike” in
model temperature can be seen in the line scans for Mur70 and
Mur33. This experimental artifact is seen in many of the line scans and
maps recorded in this laboratory (many more than the examples pre-
sented here) but it can be explained and indeedquantitatively predicted

as follows. In an idealized scenario, the volume of diamond sampled by
the infrared beam is homogeneous with respect to nitrogen concentra-
tion and hence (for a given thermal history) aggregation state. This
would always be the case if the sampled volume was infinitely small,
but as explained in Section 3.2 there is a practical limit to the volume
sampled, and this causes predictable deviations from the correct
model temperature. This can be best explained using the following hy-
pothetical example. Consider a diamond with three zones, core, inter-
mediate and rim that all formed so closely in time that they can be
considered to have the same mantle residence time of 2.7 Ga. The core
contains 1600 ppm Nwhich is 82% aggregated to 1aB, the intermediate
zone has 100 ppmN at 22% aggregation and the rim zone is the same as
the core with 1600 ppm N and 82% aggregation (Fig. 9a). If the volume
sampled by the infrared beam was infinitely small, every measured
point on the diamondwould give amodel temperature of 1140 °C, how-
ever for realistic analysed volumes, there will be points at the bound-
aries between zones that sample a mixture of the two zones (Fig. 9b).
If, for example, the analysed volume consists of 10% of the high N zone
and 90% of the low N zone, the apparent N concentration would be
((0.1 × 1600) + (0.9 × 100)) ppm or 250 ppm, but the apparent N
aggregation would be (((0.1 × 1600 × 82) + (0.9 × 100 × 22))) / 250
or 60.4% 1aB. Thus the apparent N concentration is reduced from 1600
to 250 ppm, but the apparent N aggregation is only reduced from 82%
to 60.4%. The effect of thismixing is to produce an anomalously high ap-
parent temperature for the points where two zones overlap. The model
temperature for this example is shown in Fig. 9c. The effect will be most
pronouncedwhere there is a large difference between N concentrations
in the two zones, but is predictable if the N concentrations and aggrega-
tion states of the two zones are known.

The considerations described here also apply to FTIR measurements
on whole diamonds. If a whole diamond (whether in its natural mor-
phology or cut as a gemstone) is studied by FTIR the resulting transmis-
sion spectrum will be an integration of the whole path length through
the diamond. As we have seen for Arg26 the nitrogen concentration
can be zoned in very complex ways. If we imagine a diamond with
20% of the analysed volume with 900 ppm N, 20% of the analysed vol-
ume with 500 ppm N and 60% of the analysed volume with 20 ppm N
and a “true”model temperature of 1150 °C the apparentmodel temper-
ature would be 1170 °C, the 20 °C discrepancy being due purely to the
predictable effect of heterogeneity within the diamond.

5.3. The relationship between N and H concentration in natural diamonds

One of the most prominent features of FTIR spectra of many
diamonds is the narrow peak at 3107 cm−1. This peak was observed
as early as the 1950s, and has long been associated with some sort of
H-related vibration (see Fritsch et al., 2007 for a historical review).
Recently a convincing attribution of the peak to VN3H defects has
beenmade by Goss et al. (2014). It is often stated that there is a correla-
tion between N concentration and the height or area of the 3107 cm−1

peak (e.g. Goss et al., 2014). However, our detailed studies of line scans
andmaps have shown that this is not always correct.Whereas for Arg26
the profiles for total nitrogen concentration and 3107 cm−1 area do
match closely (Fig. 6), for Mur70, Mur33 and Mur 265 (Figs. 2, 4 and
7) there is no such correlation. A common feature we have observed is
that there is a maximum in the intensity of the hydrogen-related 3107
cm−1 peak at the interface between the core and rim region of the dia-
monds. This is seen clearly in the line scan for Mur 70 andmost impres-
sively in the map for Mur 265. The same phenomenon can be seen in
maps reported by Babich and Babich (2012) and Spetsius et al. (2015),
but as the previous studies did not calculate temperature for each
pixel the context for the zone of elevated VN3H defects was unclear.
As diamond with high 3107 cm−1 absorption often has cuboid growth
(Fritsch et al., 2007) (for example in the core of Mur265) and the initial
growth habit of diamond core zones is often cubic or cubo-octahedral
(Bulanova, 1995) it is tentatively suggested that the second stage of
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Fig. 8. An illustration of thermalmodelling for diamondMur 70. The x-axis represents the
time since the initial growth of the diamond at 3.2 Ga. Exhumation of the diamond
occurred 2700 million years after growth, and the solid line at 3200 million years
represents the present day. The grey shaded area is the time interval since exhumation,
when no significant aggregation can have occurred. Each pair of colored symbols at a
given time represents the temperature required during each stage of annealing to
reproduce a core with 1600 ppm N and 82% 1aB and a rim with 400 ppm N and 20%
1aB. The two vertical dotted lines represent two possible scenarios. The grey dotted line
is for a rim growth 500 million years after core growth (i.e. at 2.7 Ga) which, reading
across to the temperature axis implies temperatures of 1176 °C and 1109 °C during the
first and second stages of annealing. The pink dotted line is for the unique time of
2.1 billion years after the growth of the core (i.e. at 1.1 Ga) where the temperature can
be constant (at 1139 °C) during the whole history of the diamond in the mantle. (For
interpretation of the references to colour in this figure legend, the reader is referred to
the web version of this article.)
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Fig. 7. Two dimensional maps of the distribution of defects in Mur 265. (a) is cathodoluminescence, (b) is an ultrafast map with the hotter colours representing higher infrared absorption at 1175 cm−1 (the frequency of the B defect vibration). The
mapwas takenwith a 20 μmstep size and the infrared beamapertured to 20× 20 μmat the sample. (c) to (e) are the results of fitting a high-quality dataset using a step size of 50 μm,with the infrared beamapertured to 60× 60 μmat the sample. (c) is
%1aB, (d) is the area of the 3107 cm−1 peak, (e) is the total nitrogen concentration and (f) is the model temperature in ° C , based on a mantle residence time of 2.7 billion years.
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Fig. 1 (a). Example of a map of “model temperatures” made up by automated fitting of 
several thousand FTIR spectra in a map of a diamond from Murowa, Zimbabwe. Model 
temperatures are calculated using a single assumed mantle residence time. The higher model 
temperatures in the core and lower temperatures in the rim reflect a growth and annealing 
history with at least two stages. (b). Modeling the possible combinations of temperature and 
time that could explain the FTIR characteristics of a zoned diamond from Murowa16.



Fig. 2 (a). Cathodoluminescence (CL) image of Marange diamond MAR06b20, showing core-
to-rim SIMS analytical spots. (b). Raman map showing distribution of graphite and methane 
micro-inclusions in a homogeneously grown cuboid zone. (c). Outwardly decreasing nitrogen 
content (atomic ppm) with increasing δ13C (‰) in this same cuboid growth zone (red) and 
other cuboid growth zones (grey). The modeled trend (red dashed line) is for CH4:CO2 of 1:1 
and assumes an initial δ13C for the fluid of -7.4 ‰. For an assumed water content of 98 mol%, 
the observed variation corresponds to 0.7% crystallization of the entire fluid (and 35% of the 
carbon in the fluid). For details on modeling see Stachel et al.31. 



Fig. 3(a,b). Scanning electron microscope images of monocrystalline diamond slices 
containing trapped inclusions, prepared by focused ion beam thinning from diamonds 
synthesised at 7 GPa and 1300 °C for 30 hours. The fluid is lost from the inclusions once they 
become exposed leaving only cavities. 



Fig. 4 (a,b). SiO2 and Cl versus MgO content of HDF microinclusions in 89 fibrous diamonds 
from different lithospheric provinces (in wt.% on a water- and carbonate-free basis). The high-
Mg carbonatitic compositions are close to experimental near solidus melts of carbonate-
peridotite, while the low-Mg carbonatitic to silicic HDFs form an array close in composition to 
experimentally produced fluids/melts in the eclogite+carbonate±water system73,74,76-78.  The 
saline HDF endmember have been related to fluids derived from seawater-altered subducted 
slabs79. Data: DeBeers-Pool, Koingnaas, S. Africa, & Kankan, Guinea, from Weiss et al. (ref73, 
accepted MS in EPSL, and unpublished data); Koffiefontein, S. Africa, from Izraeli et al.80; 
Brazil from Shiryaev et al.81; Diavik, Canada & Udachnaya, Siberia, from Klein Ben-David et 
al.82,83; Jwaneng, Botswana, from Schrauder and Navon84; Panda, Canada, from Tomlinson et 
al.85; Wawa, Canada, from Smith et al.86



Fig. 5. Lherzolitic diamond formation through time: ca. 2.1 to 1.8 Ga diamonds from Premier 
(Kaapvaal craton) and 23rd Party Congress/Udachnaya (Siberian craton), 1.4 Ga diamonds from 
Ellendale (Western Australia)97, 1.1 to 1.0 Ga diamonds from 23rd Party Congress/Mir (Siberian 
craton)98 and Venetia (Zimbabwe craton)99; and 0.72 Ga diamonds from Attawapiskat (Superior 
craton)100; numbers in parentheses give host kimberlite eruption ages (in giga-years) to 
illustrate the delay between lherzolitisation and kimberlite magmatism. Shown for comparison 
is the age distribution of kimberlites from Tappe et al.95, Os model ages of mantle sulphides 
from Griffin et al.101, which reflect predominantly Archaean craton formation when strongly 
refractory and reducing mantle lithosphere formed, and for xenoliths from the Siberian craton, 
which show a major Palaeoproterozoic lithospheric mantle formation event102.   
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Fig. 6. ∆33S (‰) vs δ34S in MORB (blue rectangle114,115), sulfide inclusion in diamonds 
(yellow hexagon113,116) and sulfides from OIB (Pitcairn and Mangaïa, green squares117,118). 
While MORB are homogeneous and devoid of MIF, sulfides from subcontinental lithospheric 
mantle and from some OIB contain the relict of Archean surficial sulfur. SID compositions are 
best explained by a combination of atmospheric and biotic effect and resemble as previously 
observed in Archean chemical sediments. Sulfide in OIB carry negative ∆33S together with 
negative δ34S as previously observed in sulfides from altered oceanic crust. 



Fig. 7. (a) Histogram of δ13C values of transition zone diamonds from Jagersfontein and 
Monastery (South Africa), the Juina area in Brazil (containing either majorite or Ca-rich 
inclusions) and Kankan (Guinea). The mantle range (grey band) is defined by the study of fibrous 
diamonds, mid-ocean ridge basalts, carbonatites and kimberlites. Data sources111,129-139. (b) 
Histogram of δ15N values of transition zone diamonds from Jagersfontein, Monastery, Brazil and 
Kankan. Data sources129,133-135. (c) Schematic history of diamond formation in the transition zone, 
illustrating the deep recycling of surficial carbon and nitrogen in the mantle. At each locality, 
transition diamonds did not necessarily form during single subduction events. 
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Fig. 8. Bulk silicate earth normalized trace element composition of (a) ‘calcium silicate 
perovskite’ and (b) majoritic garnet inclusions compared with models for these phases in 
subsolidus peridotite (dashed blue) and MORB (dashed red) at transition zone conditions, as 
described in Thomson et. al.37. Inclusion compositions from: Davies et al.151; Stachel et al.128,149; 
Kaminsky et al.131;Tappert et al.130; Bulanova et al.132; Hutchison129,152; Moore et al.153; 
Burnham et al.138. (c) Pressure-temperature plot showing the solidi of model carbonated MORB 
with 2.5 wt% CO2 146 and ~4.5% CO2 150 relative to model geotherms for slab surface 
temperature at modern subduction zones (Syracuse et al.154). The solidi create a depth interval 
over which most slab surface temperatures intersect the melting curves, producing a region of 
carbonated melt generation. Also shown are calculated pressures of majoritic garnet inclusions 
in diamonds from South America and South Africa37,130-132,137,147,149,152,155,156, calculated from the 
barometer of Beyer et al.,157.  



Fig. 9. Photograph of Juína diamond JuC-29 and a magnified view of the ringwoodite inclusion 
(lower panel, centre of image) showing the characteristic indigo-blue color of ringwoodite. 
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Figure 10 (a). Metallic inclusions in a 9.56 carat CLIPPIR diamond with an enlargement of 
one of the inclusions. These metallic inclusions sometimes have a needle-like tail and 
typically have large, graphitic decompression cracks around them. (b) Depth constraints place 
the origin of these diamonds within the mantle transition zone, where they are associated with 
subducted lithologies. The metallic inclusions are evidence for reduced, metal-bearing 
regions of the deep mantle, below a depth of approximately 250 km. 


