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Abstract
Platelets are one of the most common defects occurring in natural diamonds but their behaviour has not previously been well 
understood. Recent technical advances, and a much improved understanding of the correct interpretation of the main infrared 
(IR) feature associated with platelets (Speich et al. 2017), facilitated a systematic study of platelets in 40 natural diamonds. 
Three different types of platelet behaviour were identified here. Regular diamonds show linear correlations between both 
B-centre concentrations and platelet density and also between platelet size and platelet density. Irregular diamonds display 
reduced platelet density due to platelet breakdown, anomalously large or small platelets and a larger platelet size distribution. 
These features are indicative of high mantle storage temperatures. Finally, a previously unreported category of subregular 
diamonds is defined. These diamonds experienced low mantle residence temperatures and show smaller than expected 
platelets. Combining the systematic variation in platelet density with temperatures of mantle storage, determined by nitrogen 
aggregation, we can demonstrate that platelet degradation proceeds at a predictable rate. Thus, in platelet-bearing diamonds 
where N aggregation is complete, an estimate of annealing temperature can now be made for the first time.

Keywords  Diamond · Platelets · Thermochronometry · FTIR

Introduction

Diamonds are a valuable tool in studying mantle processes. 
They remain chemically unchanged by their transportation to 
the surface by kimberlite and lamproite magmas. Thus, the 
crystallographic defects and inclusions within them reflect 
their thermal history during growth and mantle storage only. 
Most diamonds were formed in the lithospheric upper man-
tle at a depth between 140 and 200 km (e.g. Stachel and 
Harris 2008) but diamonds from the sublithospheric upper 
mantle, the transition zone and lower mantle have been 
recorded as well (e.g. Harte 2010; Walter et al. 2011), put-
ting diamonds among the deepest sourced samples of man-
tle material available for study. Additionally, diamonds are 

among the oldest known geological samples and thus present 
an opportunity to study mantle processes over geologic time 
scales (for example, see Shirey and Richardson 2011).

Platelets are extended planar defects that occur in dia-
mond containing aggregated forms of nitrogen. They are 
among the most common defects in natural diamonds and 
their presence is often reported in FTIR studies of natural 
diamond (e.g. Bulanova et al. 2018). However, their for-
mation and behaviour at high temperatures are not fully 
understood and to our knowledge only one attempt has been 
made to utilise them quantitatively in a geological context 
(Mendelssohn and Milledge 1995). Thus, the aim of this 
paper is to understand some of the characteristics of the most 
prominent platelet IR feature in more detail and to quantify 
systematic changes making platelets. These efforts will make 
platelets accessible as a new tool in studying the thermal 
history of diamonds.

Platelet formation is closely linked to nitrogen aggrega-
tion—the process by which nitrogen within the diamond 
structure undergoes a sequence of defect reactions over 
time (Allen and Evans 1981). Nitrogen is the most abun-
dant impurity in diamond and is incorporated into the crystal 
lattice during growth as single atoms substituting for carbon 

Communicated by Othmar Müntener.

Electronic supplementary material  The online version of this 
article (https​://doi.org/10.1007/s0041​0-018-1463-4) contains 
supplementary material, which is available to authorized users.

 *	 L. Speich 
	 ls13943@my.bristol.ac.uk

1	 School of Earth Sciences, University of Bristol, Bristol, UK

http://orcid.org/0000-0003-4735-5864
http://crossmark.crossref.org/dialog/?doi=10.1007/s00410-018-1463-4&domain=pdf
https://doi.org/10.1007/s00410-018-1463-4


	 Contributions to Mineralogy and Petrology  (2018) 173:39 

1 3

 39   Page 2 of 21

(Dyer et al. 1965). This type of defect is called a C-centre. 
In natural diamond that has been subjected to typical mantle 
temperatures, C-centres are very rare since nitrogen diffuses 
to form pairs, the so-called A-centres (Davies 1981), within 
a few million years under these conditions. Over longer 
timescales (billions of years) at typical mantle conditions, 
nitrogen can aggregate further to form B-centres, groups of 
four nitrogen atoms arranged tetrahedrally around a vacancy 
(Bursill 1983).

It is widely accepted today that platelets consist of a thin 
{100} layer of carbon interstitials (Humble 1982; Goss et al. 
2003). In the past, a number of models involving nitrogen 
have been discussed and refuted (e.g. Lang 1964). In fact, 
electron energy loss measurements of the nitrogen content 
in platelets show a wide range of concentrations between 
undetectable (Bruley and Brown 1989; Bruley 1992) and up 
to 0.95 nitrogen atoms per unit cell cross section a2 in one 
sample (Fallon et al. 1995). The latter value is equivalent 
to 47 % of the atoms in a platelet mono-layer. Kiflawi et al. 
(1998) report values between 0.65 and 0.93 atoms per a2 
(equivalent to 32 to 46 %) that do not change significantly 
upon treatment at high temperature and pressure but values 
closer to 10 % seem more common in other studies (Bruley 
1992; Berger and Pennycook 1982; Fallon et al. 1995) based 
on a limited number of samples and platelets analysed.

These results indicate that nitrogen is an impurity in the 
platelet rather than a fundamental building block. In addi-
tion, Woods et al. (1993) detected no shift of the most promi-
nent IR feature caused by platelets (often referred to as B ′ ) 
in diamonds with isotopically heavy nitrogen, strengthening 
the argument against models requiring major amounts of 
nitrogen. Energetic considerations by Goss et al. (2003) sug-
gest that the nitrogen concentration in platelets is affected 
by nitrogen solubility and kinetic factors. They predict that 
platelets annealed at high temperatures for sufficient time 
periods, such as the ‘man-made’ platelets in Kiflawi et al. 
(1998), will contain more nitrogen than their lower tempera-
ture counterparts. In addition to nitrogen impurities, Goss 
et al. (2003) also investigate vacant sites as a possible defect 
within the platelet.

A comprehensive study by Woods (1986) on the relation-
ship between the B ′ peak, and nitrogen-related features in 
IR spectra shows that in the majority of diamonds, there is a 
positive linear correlation between the integrated B ′ absorp-
tion and absorption due to B-centres. The author concludes 
that nitrogen aggregation and platelet formation are related. 
This conclusion is also compatible when mass balance is 
considered: the formation of B-centres from A-centres 
requires a lattice vacancy, whereas the formation and growth 
of platelets requires self-interstitials. Interstitials are atoms 
inhabiting sites within the crystal lattice that would be unoc-
cupied in a perfect diamond crystal. They can consist of an 
impurity atom or a species native to the mineral, in this case, 

carbon. The latter is called self-interstitial. It is also evident 
that since no nitrogen is released from the point defects in 
this process, it cannot be an essential constituent of platelets.

The exact mechanism of platelet formation is still 
unknown. Woods (1986) speculates that during formation 
of B-centres, interstitials could be released and subsequently 
form platelets. On the other hand, Goss et al. (2003) argue 
that, based on ab initio calculations, the energetically most 
favourable mechanism of platelet growth is by the release of 
vacancies. These vacancies are likely trapped by A-centres 
(a pair of nitrogen atoms, N2 ) to form first VN2 (adding a 
vacancy, V to the defect) and then B-centres ( VN4 ) by trap-
ping another A-centre. Despite being conceptually different, 
both scenarios closely link platelet formation and nitrogen 
aggregation.

Some diamonds show weaker than expected platelet 
absorption. This is commonly interpreted as the result of 
platelet breakdown due to short-lived high temperature 
events (e.g. Melton et al. 2013; Hunt et al. 2009). Plastic 
deformation is often mentioned as a potential additional 
cause for platelet degradation (Woods 1986) but was never 
studied systematically and its exact role in this process is 
hence unknown.

The dissociation of platelets leads to the formation of 
voidites and dislocation loops (Hirsch et al. 1986). The for-
mer are octahedral defects bounded by {111} planes often 
found in the vicinity of dislocation loops and sometimes 
partially degraded platelets (e.g. Hirsch et al. 1986). They 
are often confined to {100} sheets (e.g. Barry et al. 1987) 
but randomly distributed voidites have been reported as well 
(e.g. Luyten et al. 1994; Rudloff-Grund et al. 2016). How-
ever, it has been suggested that randomly distributed voidites 
may not be associated with platelet breakdown (Vantendeloo 
et al. 1990). Sizes between a few nano-metres and up to 
200 nm have been reported with large voidites frequently 
elongated in <110> (e.g. Kiflawi and Bruley 2000; Rudloff-
Grund et al. 2016; Navon et al. 2017).

Several attempts were made to assess the chemical 
composition and structure of the interior of voidites. The 
term ‘voidite’ was coined because on first inspection, these 
defects appear empty, whereas more recently they have been 
referred to as micro- or nano-inclusions since several stud-
ies have shown the presence of a nitrogenous phase in this 
type of defect (e.g. Berger and Pennycook (1982); Bruley 
and Brown (1989)). This phase might be crystalline at man-
tle pressure but can escape upon exposure during sample 
preparation (Rudloff-Grund et al. 2016). Navon et al. (2017) 
demonstrate the presence of solid molecular � − N2 under 
high pressure in these inclusions using Raman spectroscopy.

It has been tentatively suggested that the source of nitro-
gen in voidites is nitrogen previously present as impurities 
in platelets. Kiflawi and Bruley (2000) estimated the nitro-
gen concentration in voidites produced by annealing regular 
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diamonds based on previous experimental work by Evans 
et al. (1995). Nitrogen concentrations in ‘man-made’ void-
ites were found to agree with those of naturally occurring 
voidites and are also roughly equal to the amount of nitrogen 
found in platelets. However, large uncertainties were asso-
ciated with measuring the nitrogen concentration in both 
platelets and voidites. Navon et al. (2017), however, propose 
the breakdown of B-centres as a source for the nitrogen in 
voidites.

The kinetics and exact mechanism of platelet degrada-
tion are not well understood. Goss et al. (2003) predicts a 
stable platelet radius of only a few nano-meters, significantly 
smaller than commonly observed platelets (see Speich et al. 
2017, and references therein). In fact, ‘giant platelets’ with 
diameters of up to several micro-meters have been reported 
(e.g. Woods 1976). This implies that platelets are metastable 
and exist only because their conversion to perfect dislocation 
loops is kinetically constrained. However, platelet degrada-
tion appears to occur more readily under graphite-stable 
conditions (Evans et al. 1995). A possible mechanism for 
platelet degradation involving formation and climb of new 
dislocations and cancelling out the bounding dislocation of 
the platelets is discussed in Hirsch et al. (1986).

The platelet IR peak is known to vary in both its shape 
and exact position. Several efforts have been made to trace 
these variations in appearance back to physical properties 
of the defects. As was first discovered by Clackson et al. 
(1990), IR peak position is a measure of average platelet 
size. The relationship between these two parameters was 
re-investigated by Speich et al. (2017), who also confirmed 
that the integrated intensity of the B ′ peak is controlled by 
population density as was previously determined by Sumida 
and Lang (1988). However, the variation in peak width and 
symmetry are most likely a consequence of the functional 
form of the relationship between average platelet radius and 
peak position (Speich et al. 2017), not linked to variations 
in platelet morphology or size distribution as was proposed 
in the past (Sobolev et al. 1969; Kiflawi et al. 1998). These 
observations are the basis for the interpretation of the data 
discussed in the current paper.

Samples and methods

Sample preparation

A set of 40 plane-parallel plates prepared from natural dia-
monds from various localities worldwide was selected based 
on previous FTIR results in an attempt to include a wide 
range of parageneses (eclogitic, ecl; and peridotitic, per) and 
thermal histories. Samples originate from Argyle (Western 
Australia), Diavik (Canada), Murowa and Sese (Zimbabwe) 

and several Yakutian mines (Aikhal, Mir, Udachnaya and 
23rd Party Congress).

The diamonds of octahedral and dodecahedral morphol-
ogy were polished on two sides to yield thin central plane-
parallel plates oriented parallel to {110}. This orientation 
was shown to be optimal to study growth zoning in dia-
monds by optical methods (Bulanova et al. 2005).

Cathodoluminescence (CL) images were used to con-
firm sample orientation and that each plate was polished to 
include the centre of growth of the diamond, such that, ide-
ally, images of the two sides of the plate are mirror images. 
These images also record the internal structure of the crystal.

Sample thickness ranges from under 200 to 1800 � m, 
meaning that some samples are thicker than the ideal thick-
ness for FTIR absorption spectroscopy proposed by Kohn 
et al. (2016). Thick samples can complicate FTIR analysis 
by exacerbating the problem of measuring inhomogeneous 
sample volumes (Kohn et al. 2016). However, we are able 
to identify samples where this poses a problem, as is shown 
here.

FTIR

For Fourier transform infrared (FTIR) spectroscopy, each 
sample was mounted on a knife-edge aperture. The plate was 
placed with the unpolished apexes attached to the aperture 
to leave almost the entire polished area exposed and avail-
able for FTIR analysis. This allows for complete mapping of 
the internal structure of each sample. High resolution maps 
were obtained with a Thermo iN10 MX microscope, using a 
2 cm−1 spectral resolution and typically a step size of 40 � m 
unless stated otherwise. With the aperture set to a size of 
50 by 50 � m, high-quality spectra can be achieved with 64 
scans. The instrument was purged with dry air to reduce the 
background signal.

Data processing

The software used to obtain maps only allows for rectangular 
map areas. Due to the typical shape of each diamond plate 
and the manner of mounting for FTIR, a rectangular map 
area will always include non-diamond spectra. To simplify 
data processing, spectra that were measured on inclusions, or 
close to or off the edge of the diamond were removed from 
the dataset by visual inspection. All remaining IR spectra 
were then processed automatically with a set of Python (ver-
sion 2.7.6) programs developed in our lab for this purpose. 
For simultaneous baseline removal and normalization to 
1 cm diamond thickness, spectra were fitted to a normalized 
spectrum of type IIa diamond allowing for a sloping linear 
baseline. Both the baseline and type IIa spectrum were then 
subtracted from the measured spectrum.
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Then, the most prominent H-related feature in diamond 
spectra, the 3107 cm−1 peak, was examined. For this pur-
pose, a third-order polynomial baseline was fitted to the 
region between 3200 and 3000 cm−1 . The baseline was sub-
tracted and a pseudo-Voigt function with the peak position 
fixed within close proximity of the known value was fitted 
to the peak using least-squares optimization. Treating this 
peak first allows the height of the related 1405 cm−1 peak 
to be predicted since it was found that it is correlated to the 
height of the 3107 cm−1 peak by a factor of approximately 
0.275. This aids in fitting the platelet peak because the two 
overlap strongly (see Speich et al. (2017)). Next, the platelet 
peak was treated as described in Speich et al. (2017).

Concentrations of the two main nitrogen-containing 
defects observed in the type of diamond studied here (A- and 
B-centres) were obtained by fitting linear combinations of 
the pure endmember spectra of the A-, B- and D-components 
to the one-phonon region of each measured spectrum using 
a least-squares routine. As the D-component is related to 
platelets, it was omitted in spectra that do not show the main 
platelet peak at ca. 1370 cm−1 . For platelet containing spec-
tra, the maximum intensity of the D-component was con-
strained by �B , the amount of absorption due to B-centres. 
For regular diamonds, the intensity of the D-component is 
expected to be 0.365 times that of the B-component (Woods 
1986). Assuming that D decreases as platelets are degraded, 
this value is the maximum possible amount of D and was 
used as an upper limit in fitting. Concentrations of A- and 
B-centres were calculated using the absorption coefficients 
in Boyd et al. (1994, 1995). Assuming a mantle residence 
time for each diamond according to locality and paragen-
esis determined from silicate inclusions, model temperatures 
were calculated for each point on the map using the kinetic 
rate equation for the A–B reaction from Taylor et al. (1990) 
and revised activation energy and pre-exponential factor 
from Taylor et al. (1996). Mantle residence times used and 
corresponding references can be found in Table 1.

Images showing the spatial variation in platelet peak 
characteristics, nitrogen concentration, aggregation state 
and model temperature and the integrated intensity of the 
3107 cm−1 peak were thus produced for all samples. Using 
the two-dimensional maps and CL images as a guide, core 
and rim, and in some cases intermediate, regions within the 
diamond were identified where applicable.

The data were also used to generate diagrams of the co-
variation of the position, width and symmetry of the platelet 
peak along with regularity diagrams after Woods (1986), 
with core and rim regions treated separately. Because of 
the large number of spectra in each map, a Gaussian kernel 
density estimation (KDE) was performed on these diagrams 
using a Gaussian KDE routine implemented into Python 
(for further information see Scott 2015). Thus, representa-
tive values of �B , platelet peak position, area, width and 

symmetry were identified for each zone. These values are 
akin but not identical to averages of the same parameters. A 
disadvantage of using averages is that they might not rep-
resent real values occurring anywhere in the sample, espe-
cially if core and rim data were not separated appropriately. 
The points obtained by kernel density estimation, in contrast, 
are representative since they indicate where most of the data 
in a given dataset fall.

Assessing uncertainties associated with IR spectroscopy 
of diamond is not simple. Estimates of the uncertainties 
involved in measuring the size, shape and position of the 
platelet peak are discussed in Speich et al. (2017). Accurate 
determination of nitrogen concentrations, and hence man-
tle storage temperatures, depends on a variety of factors, 
some of which are different for each spectrum (Kohn et al. 
2016). For example, appropriate baseline correction and a 
high signal-to-noise ratio are essential in improving preci-
sion. In samples with low nitrogen concentration (below 
ca. 80–100 ppm), uncertainty is larger. The same applies to 
low concentrations of either B- or A-centres, even if total 
nitrogen concentration is sufficiently high (i.e. very strong 
or weak aggregation). In these cases, spectral deconvolution 
is less straightforward. In favourable cases, nitrogen aggre-
gation model temperatures vary by ± 5 ◦C or less within a 
single growth zone even if the variation in nitrogen concen-
tration and aggregation state is large. However, in a worst-
case scenario of a highly aggregated (> 95% B) diamond 
with a short mantle residence time, uncertainty is likely to 
be on the order of ± 50 ◦C.

Sources of systematic errors in temperature calculation 
arise from the determination of absorption coefficients for 
A- and B-centres (standard deviations of ± 6% and ± 10%, 
respectively are reported in Boyd et al. 1994, 1995), and the 

Table 1   Mantle storage durations used to obtain model temperatures

References aRichardson (1986), bPidgeon et  al. (1989), cLuguet 
et  al. (2009), dAulbach et  al. (2009), eGraham et  al. (1999), fSmith 
et al. (2009), gSmith et al. (2004), hPearson et al. (1999), iKinny et al. 
(1997).The effect of a given error in storage duration on calculated 
temperatures depends on overall storage duration and is more signifi-
cant for shorter mantle storage durations. For long storage durations 
>1 Ga, even a large variation in storage duration of several hundred 
Ma will result in insignificant differences in storage temperatures 
(Taylor et al. 1990)

Locality Paragenesis Crystal-
lization age 
(Ga)

Eruption 
age (Ga)

Mantle stor-
age duration 
(Ga)

Argyle ecl 1.58a 1.18b 0.40
per 2.2 – 3.1c 1.18b 1

Diavik ecl 1.86d 0.06e 1.81
per 3.3d 0.06e 3.25

Murowa/Sese ecl/per 3.4f 0.54g 2.9
Yakutia ecl/per 3.1 to 3.5h 0.36i 2.9
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calibration of the nitrogen aggregation thermometer Taylor 
et al. (1990, 1996).

It should be noted that to calculate the model tempera-
tures provided throughout this paper, a single mantle stor-
age duration was used for the whole diamond unless stated 
otherwise. Of course, this assumption is not correct since, 
provided that the diamond grew from the core outward, it 
follows that the rim must always be younger than the core. 
Some samples show evidence of two or more phases of 
growth that may be separated by a period of time with very 
little or no growth or even dissolution, such as distinctly 
different isotopic compositions (e.g. Smart et al. 2011). In 
these cases, the rim could be considerably younger mean-
ing that the model temperature using the same age as for 
the core would be an underestimate. In fact, Rudnick et al. 
(1993) and Wiggers de Vries et al. (2013b) report different 
inclusion ages for core and rim zones in some Yakutian dia-
monds and the Kohn et al. (2016) model demonstrates that 
rim growth may have occurred hundreds of million years 
after core growth.

Another important assumption made here is that the 
same storage duration can be applied to all diamonds of a 
certain paragenesis from one locality. Overall, the lack of 
more detailed inclusion dates adds systematic uncertainty 
to model temperatures determined from nitrogen aggrega-
tion and limits the calibration of a platelet thermometer to a 
certain extent. However, the effect of a given error in mantle 
storage duration on calculated nitrogen aggregation model 
temperatures depends on the overall storage duration. It is 
more significant for short storage durations and decreases 
dramatically for storage durations longer than ca. 1 Ga (Tay-
lor et al. 1990). Further, comprehensive inclusion dating, 
ideally of multiple inclusions within separate growth zones 
in a single diamond, combined with IR analysis is needed to 
overcome these difficulties.

Results and discussion

To explore the spatial distribution of nitrogen and the varia-
tion of platelet peak properties across samples, two-dimen-
sional maps were produced. Figure 1 shows examples of a 
CL image and IR maps of the total nitrogen concentration, 
aggregation state and model temperature and platelet charac-
teristics of sample DVK 160. All remaining high-resolution 
maps can be found in Online Resource 1. From these maps, 
growth zones within the diamond were identified where 
applicable.

In the case of sample DVK 160, the core is high in 
nitrogen (in excess of 1200 ppm total nitrogen) and highly 
aggregated (ca. 85 %), producing large platelet peaks as a 
consequence. The rim however, displays lower nitrogen con-
centration overall, a higher proportion of which is found in 

A-centres, leading to much smaller platelet peak areas. A 
thin zone of high N3VH abundance can be found near the 
transition between core and rim as is often reported (Kohn 
et al. 2016). N3VH is a defect consisting of three nitrogen 
atoms surrounding a vacancy that has trapped a hydrogen 
atom and is the cause of the 3107 cm−1 peak. Model tem-
peratures of ca. 1160 and 1090 ◦C were obtained for core 
and rim, respectively. Seemingly higher model temperatures 
near the core–rim boundary are likely to be an artefact due 
to analysis of overlapping zones as described in Kohn et al. 
(2016). Platelet peak position and width show a less clear 
core–rim division but both vary considerably, especially 
within the rim area.

Most diamonds show two or more distinct growth zones 
like DVK 160, characterised by changes in nitrogen con-
centration, model temperature or platelet behaviour. This 
observation is in accordance with previous studies sug-
gesting multiple growth events for a single diamond (e.g. 
Wiggers de Vries et al. 2013a, b). The changes in nitrogen 
aggregation systematics can occur gradually over hundreds 
of micro-meters of diamond growth or more commonly 
within the limit of spatial resolution in FTIR. Other dia-
monds show multiple narrow, oscillatory growth zones. 
The origin of such zonation in diamonds is discussed and 
changes in the composition or oxidation state of the source 
fluid have been proposed (Wiggers de Vries et al. 2013a, b).

Describing platelet behaviour

Two approaches were tested to define regular platelet behav-
iour. The first approach involves using a single, regular rep-
resentative sample (Mur 235) as a reference (see Fig. 2 for 
2-dimensional maps and Fig. 3 top for platelet behaviour). 
This sample was chosen above others because of its nitrogen 
aggregation characteristics. Its total nitrogen concentration 
is well above 100 ppm in all spectra, aggregation ranges 
from ca. 65%B ([NB]/[N{total}]) in the core to 35%B in the 
rim in agreement with total nitrogen concentration, yield-
ing a model temperature of 1135 ± 2 ◦C , illustrating the 
very high precision of the nitrogen aggregation thermometer. 
Low nitrogen concentrations and both very high and low 
aggregation can affect data processing adversely, making 
this sample an ideal candidate. Furthermore, it exhibits a 
comparatively simple zoning pattern (see Fig. 2), simplify-
ing interpretation of the high resolution map. The second 
approach uses representative values of all regular samples as 
determined by KDE as described in section  (Fig. 3 bottom).

Four types of diagrams were found to be critical in study-
ing the co-variation of different diamond IR characteristics. 
These are shown in Fig. 3 and are referred to as diagrams 
one to four throughout this paper.

Diagram One (see Fig. 3a, e) The first diagram of inte-
grated platelet peak intensity ( I(B�) ) versus absorption due to 
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B-centres ( �B ) was first used by Woods (1986) to distinguish 
between regular and irregular diamonds. It should be noted 
that this diagram was modified here to account for differences 
in the calculation of I(B�) , most importantly differences in 
baseline correction. This was accomplished by locating regular 
diamonds in the dataset and carrying out a linear regression on 
values determined by KDE (see Fig. 3e), yielding

(1)I(B�) = 64 × �B (R2 = 0.996).

It is unclear why some regular diamonds, such as Mur 235 
deviate from this line, displaying slightly smaller peak areas. 
Our reference sample, Mur 235, seemingly defines a lower 
boundary and follows

(see Fig. 3a). Other samples fall between these two lines. 
There appears to be no systematic correlation with model 
temperature or data quality. The two correlation factors of 

(2)I(B�) = 60.9 × �B (R2 = 0.995)

Fig. 1   Example of CL image 
(a) and high resolution IR 
maps (b-h). Peridotitic sample 
Diavik 160. b Total nitrogen 
concentration (ppm), c aggrega-
tion state (%B), d model tem-
perature derived from nitrogen 
aggregation ( ◦C ), e platelet 
peak area (cm-2), f platelet peak 
position ( cm−1 ), g width of the 
platelet peak (FWHM, cm−1 ), h 
integrated area of the 3107cm−1 
peak ( cm−1)
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64 and 60.9 stated above are higher than the factor of ca. 
50 observed by Woods (1986). The author does not give a 
detailed description of the baseline correction applied to his 
data but differences between his approach and ours are the 
most likely cause for the discrepancy in correlation factors.

Diagram Two (see Fig. 3b, f) The second diagram shows 
the relationship between I(B�) and the position of the platelet 
peak maximum. The relationship between these two param-
eters was found to be more complex than is the case for 
diagram one. A considerable amount of variation was found 

Fig. 2   Example of CL image 
(a) and high resolution IR maps 
(b–h). Sample Murowa 235 
(per). b Total nitrogen concen-
tration (ppm), c aggregation 
state (%B), d model temperature 
derived from nitrogen aggrega-
tion ( ◦C ), e platelet peak area 
(cm-2), f platelet peak posi-
tion ( cm−1 ), g width of the 
platelet peak (FWHM, cm−1 ), h 
integrated area of the 3107cm−1 
peak ( cm−1)
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between samples deemed regular, making an approach of 
using kernel density estimation somewhat unreliable.

Thus, the relationship between the integrated area ( I(B�) , 
in cm−2 ) and the position of the maximum of the platelet 
peak (x, in cm−1 ) in our reference sample can be described 
in terms of the following equation.

Using representative values for all regular samples as deter-
mined by kernel density estimation, yields a very similar 
relationship, providing some confirmation. However, the 
variation between samples leads to a certain amount of scat-
ter (see also Fig. 3f).

Hence, we prefer Eq. 3 using a reference sample even though 
combining all regular samples may seem more rigorous.

Diagram Three (see Fig. 3c, g) The next diagram exam-
ines the variation of platelet peak symmetry with peak posi-
tion. Peak symmetry is determined as the difference between 
the average and mode of the distribution of intensities in 
the platelet peak. Negative values describe peaks skewed 
towards the high wavenumber side. Platelet behaviour in this 
diagram can be described with the following equations using 
our reference sample (5) and KDE values (6)

(3)I(B�) = 123.3 × x − 1678 × 102 (R2 = 0.979)

(4)I(B�) = 109.6 × x − 1492 × 102 (R2 = 0.731)

There appears to be very little variation between different 
diamonds. In other words, peak symmetry behaves in the 
same fashion regardless of provenance of the diamond, 
model temperature or total nitrogen concentration. Vari-
ations in platelet peak symmetry have been reported pre-
viously (e.g. Woods 1986) but were limited to qualitative 
observations. Our quantitative approach lends further evi-
dence to the conclusion drawn by Speich et al. (2017) that 
peak symmetry correlates with platelet peak position and 
hence platelet size.

Diagram Four (see Fig. 3d, h) Finally, a linear trend in 
platelet peak width (FWHM, in cm−1 ) versus peak position 
(x, in cm−1 ) was found in all subregular and regular diamonds 
(see Fig. 3d, h). The following equations can be derived, using 
our reference sample, Mur 235 (Eq. 7) and representative val-
ues for all samples (Eq. 8).

(5)sym = −1.078 × x + 1467 (R2 = 0.932)

(6)sym = −0.987 × x + 1342 (R2 = 0.870)

(7)FWHM = 0.730 × x − 986 (R2 = 0.844)

(8)FWHM = 0.844 × x − 1142 (R2 = 0.984)

Fig. 3   Diagrams used to distinguish between regular (reg.), irregular 
(irreg.) and subregular (subreg.) platelet behaviour, comparing two 
approaches. a–d: Using regular reference sample (Mur 235, see also 
Fig.  2) e–g: using representative values for all samples determined 
by kernel density estimation (KDE) to define regular behaviour. A 
small number of samples could not be assigned to any of these cat-
egories unambiguously (ambig.). a and e: regularity diagram after 

Woods (1986) (diagram one), b and f: variation of platelet peak area 
( I(B�) ) with position of the peak maximum (x) (diagram two), c and 
g: variation of peak symmetry with peak position (diagram three), d 
and h: variation of peak width (FWHM) with position (diagram four). 
Dashed line: best fit to reference sample (Mur 235), solid line: best fit 
to values determined by KDE
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These agree well with peak widths predicted by modelling 
by Speich et al. (2017) and a similar correlation was found 
by Woods (1986) (see Fig. 4). Linear regression of data in 
the latter yields FWHM = 0.9899 × x − 1339 ( R2 = 0.839 ). 
As can be seen by comparing the current data and models 
with the data by Woods (1986) in Fig. 4, considerably wider 
peaks were observed by Woods (1986). This difference is 
particularly pronounced in peaks occurring at high wave-
numbers with a ca. 4 cm−1 difference in width at 1375 cm−1 
and negligible at low wavenumbers. This likely reflects 
differences in baseline correction but the exact procedure 
used by Woods (1986) is unclear. Peaks occurring at high 
wavenumbers are usually large, broad and asymmetric, as 
is implied by the behaviour found in diagram two–four, and 
likely show a stronger overlap with the neighbouring 1405 
and 1332 cm−1 peaks. Ignoring this overlap results in an 
inaccurate baseline correction and a large uncertainty in 
peak height and full width at half maximum, especially for 
peaks at the high wavenumber end of the observed range.

The systematic variation in all samples confirms the con-
clusion drawn by Speich et al. (2017) based on modelling 
that platelet peak width is proportional to platelet peak posi-
tion which is a proxy for platelet size.

However, the highest temperature irregular diamonds 
display wider platelet peaks overall (see Fig. 3h) producing 
a trend that is parallel to that of lower temperature samples 
but shifted towards broader peaks. The same behaviour has 
previously been reported for HPHT treated diamonds (Fisher 
2009; Kiflawi et al. 1998). There must be an additional 
unknown factor causing broadening of the B ′ peak in these 
samples, such as an unusually wide size distribution. The 

fact that this phenomenon only occurs after HPHT treatment 
and in our irregular diamonds suggests that it is a character-
istic of all high temperature stones.

Types of platelet behaviour

According to the diagrams described shown in Fig. 3, our 
samples can be roughly divided into three subsets with dif-
ferent platelet characteristics as discussed below. These sub-
sets also correlate with ranges of model temperature derived 
from nitrogen aggregation thermochronometry ( TN ). The 
three types of platelet behaviour are summarised in Table 2 
and representative examples of each type of behaviour are 
shown in Figs. 5, 6 and 7. The full dataset including nitrogen 
aggregation temperatures and information on the paragen-
esis of each diamond can be found in Online Resource 2.  

Regular diamonds (see Fig. 5) were first defined by 
Woods (1986) as displaying a linear relationship between 
platelet peak area and B-centre absorption (our diagram 
one). In addition, diamonds in this group also show a linear 
variation of platelet peak area ( I(B�) , in cm−2 ) with peak 
position (x, in cm−1 ), roughly resembling Eq. 3 (our diagram 
two).

Since platelet peak area is related to platelet density and 
peak position is linked to platelet diameter (using equations 
and correlation factors from Speich et al. 2017), it follows 
that the platelet diameter (D, in nm) and density of the 
platelets (platelet area per unit volume of diamonds, �p , in 
nm2∕nm3 ) are correlated by the following relationship

In other words, platelet density is proportional to 1 / D. This 
can be explained in terms of classic nucleation and growth 
theory. If total nitrogen concentration in the diamond is high, 
a large number of carbon interstitials becomes available as 
nitrogen aggregates. Thus, oversaturation is high, so that 
the nucleation rate exceeds the growth of existing plate-
lets. This results in a large number of small platelets. On 
the other hand, if comparatively few interstitials are avail-
able and oversaturation is low, the platelet population will 
consist of only a few large platelets. However, this seems 
implausible if platelets grow by releasing vacancies that are 
subsequently incorporated into B-centres as proposed by 
Goss et al. (2003). Regular diamonds generally have model 
temperatures between ca. 1120 and 1220 ◦C.

Irregular diamonds (see Fig. 6) fall below the line in dia-
gram one and frequently their platelet peaks are at higher or 
lower wavenumbers than expected for a regular diamond of 
similar platelet density in diagram two (see Fig. 6c, h and 
m). However, initial platelet density has to be taken into 
account and can be inferred from the relationship in dia-
gram one and Eq. 1. When compared to the peak position 

(9)�p = 2.41 × 10−6 ×
2.72 × 104

D
− 1.66 × 105

Fig. 4   Comparison of different methods to predict the width 
(FWHM) of the platelet peak, including data and best fit shown in 
Fig. 3, using both KDE (regular and subregular only) and reference 
sample Mur  235, modelling by Speich et  al. (2017) and data taken 
from Woods (1986) and linear regression of the latter
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Fig. 5   Examples of regular platelet behaviour. Top: Murowa  141 
( T

N
 core: 1145 ◦C , rim: 1135 ◦C , centre: Aikhal 2100 (per; T

N
 core: 

1150◦C , intermediate: 1150  ◦C , rim: 1130  ◦C , bottom: Argyle  57 
(ecl); T

N
 1145 ◦C ). Types of diagrams as in Fig. 3. Dashed lines are 

preferred references for regular behaviour as found in Eqs. 1, 3, 6 and 
8. Red: core, blue: rim, green: intermediate. Regular diamonds gener-
ally are found to have nitrogen aggregation temperatures between ca. 
1120 and 1220 ◦C

Fig. 6   Examples of irregular platelet behaviour. Types of diagrams as 
in Fig. 3. Dashed lines are preferred references for regular behaviour 
as found in Eqs. 1, 3, 6 and 8. Top: Argyle 140 (per; whole sample; 
this sample does not show distinct core and rim zones, T

N
 1225 ◦C ), 

centre: Diavik  122 (per; T
N

 core: 1260  ◦C , rim: 1225  ◦C ), bottom: 
Argyle 78 (core only; per; fully aggregated). Irregular diamonds gen-
erally occur at temperatures above ca. 1220 ◦C



Contributions to Mineralogy and Petrology  (2018) 173:39 	

1 3

Page 11 of 21   39 

predicted by initial platelet density in diagram two, platelet 
size is often nearly constant with a slight tendency for plate-
lets to become smaller. It is easy to understand why platelets 
would decrease in size during degradation. However, it is 
unclear why they appear to have grown in some cases. It 
may be that a process similar to Ostwald ripening is respon-
sible. This could result in preferential degradation of small 
platelets and further growth of large platelets, altering the 
pre-existing platelet size distribution. Lower than expected 
platelet peak positions in diagram two were only observed 
for peaks with a small integrated area, suggesting that over-
all platelet density is low. Thus, a process such as Ostwald 
ripening would require fast diffusion of interstitials or vacan-
cies between platelets. Model temperatures above 1220 ◦C 
were determined for diamonds in this subset.

It has been suggested that the structure of platelets grown 
experimentally at high temperatures and pre-existing natural 
platelets treated under similar conditions is subtly differ-
ent to that of the defects occurring in diamonds annealed at 
much lower temperatures in the mantle (Kiflawi et al. 1998). 
These structural changes also lead to the introduction of an 
additional small absorption band at ca. 1488–1490 cm−1 and 
the disappearance of the band at 328 cm−1 that is observed 
in natural, platelet containing diamonds. The latter is below 
the wavenumber range recorded in our laboratory but IR 
analysis of several high temperature diamonds conducted 
in our lab using up to 2000 scans yields a small peak at ca. 

1490–1493 cm−1 , assumed to be the same feature. This band 
is often underlain by a broader absorption between ca. 1480 
and 1560 cm−1 and accompanied by a narrower but weak 
absorption at ca. 1547 cm−1.

Subregular diamonds (see Fig. 7) are largely regular with 
respect to diagram one. A small number of possible excep-
tions can be found in our data, one of which is DVK 143, 
shown in Fig. 7k–o. The core of this diamond is regular 
but the subregular rim shows a number of points below the 
trend defined as regular. The main distinguishing feature, 
however, is the fact that platelets in subregular diamonds 
are smaller than in regular diamonds according to our dia-
gram two. Their low mantle storage temperatures (below ca. 
1120 ◦C ) and general agreement with the trend in diagram 
one suggest that platelet degradation is unlikely to be the 
cause for this. One explanation could be that, rather than 
having been degraded, the platelets in these samples have 
not fully grown.

It has been suggested by Howell et al. (2012) that platelet 
growth may depend on diamond growth habit with cuboid 
sectors showing a significantly reduced platelet signal com-
pared to contemporary octahedral sectors in one mixed habit 
diamond. Platelets in both the cuboid and octahedral growth 
sectors of the single diamond plate presented in Howell et al. 
(2012) fall below the Woods (1986) line and display very 
high platelet peak positions. This implies that the diamond 

Fig. 7   Examples of subregular platelet behaviour. Types of dia-
grams as in Fig. 3. Dashed lines are preferred references for regular 
behaviour as found in Eqs. 1, 3, 6 and 8. Top: Mir 1164 (ecl, T

N
 core: 

1080 ◦C , rim: 1070 ◦C ), centre: Mur 248 (per; T
N

 core: 1090 ◦C , rim: 

1080 ◦C ), bottom: Diavik 143 (per; T
N

 core: 1160◦C , rim: 1100 ◦C ), 
note: the core of this sample is regular, whereas the rim is subregu-
lar. Subregular diamonds generally occur at temperatures below ca. 
1120 ◦C
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studied by Howell et al. (2012), is subregular. However, the 
majority of our data is based on octahedrally grown dia-
monds. Thus, we propose that the diamond examined in 
Howell et al. (2012) might represent an extreme example 
of subregularity and that subregular behaviour might be 
amplified in cuboid growth. Yet, it should be noted that the 
origin and thus the age of this stone in Howell et al. (2012) is 
unknown. With the data presented by the authors and using 
reasonable mantle storage durations between 1 and 3 Ga, we 
obtain model temperatures between 1120 (average for 1 Ga) 
and 1090 ◦C (average for 3 Ga), consistent with our range of 
subregular diamonds.

A crucial consequence of the above observations is that 
not all diamonds that fall below the trend in diagram one 
are irregular in the usual sense. The relationship between 
B-centres and platelets as described by our diagram one 
alone might not be sufficient to determine whether some dia-
monds are regular. In fact, a similar conclusion was drawn 
by Vasilyev et al. (2005) and Vasilev and Sofroneev (2007).

Vasilev and Sofroneev (2007) suggest that instead of 
being degraded, platelets did not develop fully in irregular 
samples. However, using their IR data on nitrogen aggre-
gation and the same model age of 2.9 Ga that is used in 
our lab for samples from Mir (see Table 1), we obtained 
model temperatures in the range 1060–1130 ◦C , which is 
in good agreement with the range found here for subregular 
diamonds. This observation suggests that the conclusion of 
Vasilev and Sofroneev (2007) is only valid for low tempera-
ture or subregular samples.

These authors base their conclusion on very weak addi-
tional peaks in IR spectra of diamonds from the Mir mine 
(Siberia) at 1520–1525 and 1545–1550 cm−1 , named E and 
F, respectively. It is unknown which defect causes these 
peaks but it is speculated that they could be due to defects 
involving smaller clusters of interstitials. These defects 
could act as a precursor to platelets.

Additional IR peaks at ca. 1524 and 1550 cm−1  assumed 
to be the same as E and F reported by Vasilev and Sofroneev 
(2007), can be found in all our diamonds in the subregular 
group and in some lower temperature regular diamonds but 
in none of the irregular diamonds. An example is shown 
in Fig. 8. The peak at ca. 1550 cm−1 is similar to a peak 
sometimes observed in high temperature samples but lacks 
the broad underlying shoulder observed in the latter. Where 
platelet behaviour varies within samples, such as in sample 
Diavik 160, only subregular zones exhibit the E and F peaks.

If the E and F absorptions described by Vasilev and 
Sofroneev (2007) and observed in our data are, in fact, due to 
a precursor defect of platelets, their intensity is expected to 
be proportional to the deviation from regular behaviour. To 
test this, the E and F peaks were fitted in a similar manner to 
the platelet peak but a correlation could not be established. 
There is, however, a positive linear correlation between the 

combined peak area of E and F and the platelet peak area. It 
follows that the E and F peaks are likely related to platelets 
but their role as a precursor to platelets could not be veri-
fied even though they appear to anneal out at temperatures 
that coincide roughly with the transition from subregular to 
regular. It should be noted that E and F are very small and 
quantification is not straightforward.

The existence of subregular diamonds with a lower than 
expected platelet density implies that in some rare cases, 
platelet formation is slower than the formation of B-centres. 
This does not agree with the conclusion drawn by Goss et al. 
(2003) that nitrogen aggregation is driven by the growth of 
platelets. The authors suggest that platelets can be viewed 
as partial dislocations the climb of which releases vacan-
cies and leads to platelet growth. These vacancies are 
trapped by A-centres to form B-centres. If this is the case, it 
seems impossible that the amount of platelets is lower than 
expected for a given amount of B-centres in a non platelet 
degraded sample. Alternatively, a process other than platelet 
growth would be required to generate additional vacancies 
needed to drive nitrogen aggregation through the Goss et al. 
(2003) model. This inconsistency requires further study.

Quantifying deviation from regular In addition to the 
qualitative observations made above, deviation from 
regular can be quantified. Diamond Mur 235 is used as 
a reference for regular platelet behaviour in terms of the 
relation between peak position and area (diagram two). 
The expected peak position can be determined using the 
expected platelet peak area, derived from �B (Eqs. 1 and 
3). The horizontal deviation from this reference can be 
shown to be small (0 ± 2 cm−1 ) for regular diamonds and 
increases both towards very low and very high model tem-
peratures (see Fig. 9). Values up to 8 and ca. 2.5 cm−1 
for subregular and irregular samples, respectively were 

Fig. 8   Spectrum of Diavik  128. Note the additional peaks at 1550 
and 1525  cm−1 in this subregular sample. It contains in excess of 
2000 ppm nitrogen, 49% of which is in the form of B-centres, result-
ing in a model temperature of 1090 ◦C . Spectrum obtained at 2 cm−1 
resolution, using a 60 � m wide aperture and 2000 scans
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observed in our dataset. This equates to mean platelet 
diameters being smaller than expected in some of the sub-
regular samples by almost 150 nm. However, these values 
do not represent the full range of deviation from regu-
lar but are based on kernel density estimation. Individual 
spectra can deviate more strongly from the reference (for 
example, see Fig. 7b, f). The size of platelets in irregular 
samples is generally unchanged or decreased slightly.

Out of the 40 diamonds studied, five were found to be 
unambiguously subregular. A further four samples appear 
to have some but not all characteristics of subregular dia-
monds. These have model temperatures close to 1120 ◦C , the 
estimated transition between subregular and regular platelet 
behaviour. A total of nine samples was found to be regular 
and another nine samples can be described as irregular. The 
latter includes most but not all samples from Argyle studied 
here and only a few diamonds from other localities. The 
remaining samples show mixed behaviour with regular core 
and subregular rim zones or irregular core and regular rim 
zones. Model temperatures vary considerably within these 
diamonds, as well. One example of such diamonds is shown 
in Fig. 10e–h. In this case, the core appears to be regular, 
whereas the rim is subregular.

One diamond (Mir 1525) exhibits a fully platelet 
degraded core, an intermediate zone with low nitrogen 
concentration that is likely regular and a subregular rim. 
The model temperature obtained for the core of ca. 1190 ◦C 
is comparatively low for an irregular diamond. Both total 
nitrogen concentration and aggregation state (exceeding 
1000 ppm, ca. 90 %B) should allow for a good estimate of Ta
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Fig. 9   Deviation from regular platelet behaviour in diagram two with 
model temperature derived from nitrogen aggregation. Deviation cal-
culated as distance to line defined by Eq. 3. Regular samples (blue) 
show very little deviation ( 0 ± 2  cm−1 ), whereas in both irregular 
(orange) and subregular (green) samples, the platelet peak can be 
shifted towards higher wavenumbers
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model temperature. In this case, plastic deformation could 
play a role in platelet degradation. These examples illus-
trate that the growth history of natural diamonds can be very 
complex, preserving various stages of annealing.

In some diamonds, the problem of “mixing zones” (Kohn 
et al. 2016) is evident. It arises from analysing a mixture of 
neighbouring growth zones in FTIR if plates are thick and 
not purely central. The measured spectra exhibit nitrogen 
concentrations and aggregation states intermediate between 
the two (or more) zones analysed, resulting in artefacts in 
model temperature. A similar situation applies to platelet 
characteristics. It can be shown that mixing between two 
neighbouring zones is linear in diagram one (see Fig. 10a) 
but more complex in the remaining three diagrams 
(Fig. 10b–d). The example shown here is sample Mur 33 that 
has markedly different core and rim zones. These were used 
to model the result of “mixing” two different platelet peaks, 
one equivalent to the peak found in the core, the other using 
characteristics from the rim. Combining these end-members 
in different proportions leads to the “mixing” lines shown 
in Fig. 10b–d, illustrating that “mixing” has to be taken into 
account when interpreting diagrams one to four and how to 
recognise it.

Platelet thermochronometry

In addition to the qualitative observations made in section , 
we can calibrate the rate of platelet degradation as a ther-
mochronometer. Our approach is similar to that of Taylor 
et al. (1990), who calibrated the rate of nitrogen aggrega-
tion for thermochronometry by combining data from natural 
diamonds annealed at mantle conditions over several hun-
dred million years and diamonds annealed experimentally 
at much higher temperatures by Clark and Davey (1984).

In contrast to the aggregation of A-centres to B-centres 
which is a second-order reaction (Taylor et al. 1990), the 
order of the platelet degradation reaction is unknown. How-
ever, the reaction rate appears to depend on initial platelet 
concentration. In diagram one, platelet degraded diamonds 
with varying nitrogen concentrations frequently form a lin-
ear trend that is “rotated” around the origin by some angle 
relative to the regular trend (for examples, see Fig. 11a, b). 
It is assumed that diamond growth occurs rapidly enough 
so that the duration and temperature of annealing do not 
vary considerably within a given growth zone (Kohn et al. 
2016). Total nitrogen concentration and aggregation state 
and hence the amount of platelets available for degradation, 
on the other hand, may vary even within a single growth 
zone. In other words, the amount of degradation that has 
taken place in a given growth zone varies with the amount 
of platelets present initially which is a characteristic of reac-
tions of order higher than 0.

Fig. 10   Example of ‘mixing zones’ problem and preservation of dif-
ferent types of platelet behaviour within a single sample. Top a–d 
example of ‘mixing zones’ problem (sample Mur  33; T

N
 1135 ◦C ). 

Mixing lines (solid) modelled by adding representative platelet peaks 
from the core and rim, represented by the centre of the red and blue 

distributions of data points. Bottom e–h Sample DVK  160 (per; T
N

 
core: 1160 ◦C , rim: 1090 ◦C , see also Fig. 1). The core is regular, the 
rim appears to be subregular. Types of diagrams as in Fig. 3. Dashed 
lines are preferred references for regular behaviour as found in Eqs. 1, 
3, 6 and 8
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If platelet degradation was a zeroth-order reaction so that 
the reaction rate is independent of initial concentration, a 
trend parallel to the line defined by Woods (or Eq. 1) but 
offset to lower I(B�) would be expected. In other words, the 
absolute amount of platelet degradation is the same regard-
less of initial concentration. In fact, this behaviour can be 
observed in some of our samples as well but is less common 
(for example, in Arg 78 and DVK 122, see Figs. 6g, l and 
11c). Thus, we argue that platelet degradation can best be 
approximated as a first order reaction.

Strictly speaking, two separate rate components have 
to be taken into consideration to determine the amount of 
platelets present at any given time: (1) the positive change 
in platelet concentration due to nucleation and growth of 
new platelets, proportional to nitrogen aggregation and thus 
proportional to [NA]

2 (with the concentration of nitrogen in 
A-centres [NA] ) and (2) the negative rate of change due to 
destruction of existing platelets that is proportional to the 
current amount of platelets, P0.

To assess the effect of concurrent formation and destruc-
tion of platelets over time, a simple forward model was 
devised and tested on 28 of our samples. Using the known 
rate of nitrogen aggregation (Taylor et al. 1990, 1996) and 
Eq. 1, the overall amount of platelet produced in each time 
step can be estimated. The sum of these newly formed plate-
lets and platelets present from previous time steps is then 
degraded. Using the known mantle storage duration and tem-
perature of each sample, our model can be used to replicate 
the trend observed in diagram one by systematically varying 
kp , the rate constant of platelet degradation (for example, 
see Fig. 12a).

Figure 12b–d illustrate the principles of the forward mod-
elling in more detail for a hypothetical sample annealed at 

1280 ◦C with total nitrogen concentrations up to 1800 ppm. 
For clarity, a slightly higher rate constant for platelet degra-
dation than the best fit determined for Arg 10 as per Fig. 12a 
was used here. The grey lines in panel b are isochrons that 
represent the state of platelet degradation after time inter-
vals between 100 and 400 Ma. The trend observed for our 
natural samples in diagram one and panel a represents the 
final ‘isochron’.

Since the rate of nitrogen aggregation increases with [NA]
2 

(Taylor et al. 1990), aggregation progresses very quickly 
initially and slows down as the concentration of A-centres 
decreases (see Fig. 12c). Thus, the bulk of the B-centres 
are formed within the first ca. 100 Ma. The rate of platelet 
formation in response to nitrogen aggregation is unknown 
and the existence of subregular diamonds demonstrates that 
it is not instantaneous at low temperatures. However, at tem-
peratures compatible with platelet degradation, it is probably 
very high and can be ignored safely. If this is the case, a large 
majority of platelets are formed very quickly in the early 
stages of nitrogen aggregation.

Figure 12d shows the evolution of platelet peak area over 
time under the same conditions, accounting for continued 
nitrogen aggregation (dashed lines) and assuming instan-
taneous aggregation (solid lines). As can be seen, the two 
models differ significantly for an initial period of ca. 100 Ma 
but predict very similar platelet peak areas thereafter. The 
same conclusion can be drawn when examining platelet evo-
lution in terms of diagram one (Fig. 12b). Since this diagram 
shows the relationship between B-centres and platelets, the 
evolution of a diamond with a given total nitrogen concen-
tration starts in the bottom left corner, then moves along 
the regularity line until the rate of nitrogen aggregation and 
hence platelet formation decrease enough for degradation to 

Fig. 11   Diagram one for selected samples. Dashed lines is the pre-
ferred reference for regular behaviour as found in Eq.  1. a Arg  10 
(ecl; T

N
 core: 1280 ◦C , rim: 1255 ◦C ), b Arg 46 (ecl; T

N
 intermediate: 

1290 ◦C , rim: 1280 ◦C ), core: DVK 122 (per; T
N

 core: 1260◦C , rim: 

1225 ◦C ). red: core, blue: rim. Data in a and b shows a slope consist-
ent with first order reaction kinetics, whereas in c, the core is consist-
ent with a zeroth order reaction (as emphasised by dashed arrows)
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dominate the overall rate of platelet change. Despite the path 
differences between the two models, corresponding isoch-
rons (grey) in Fig. 12b are almost indistinguishable.

Another interesting observation is that, due to the interplay 
between the changing rates of platelet formation and destruc-
tion, forward modelling predicts slightly concave down isoch-
rons when, in fact our data, if curved, is always concave up 
(compare Fig. 11).

Thus, there is no advantage in using a more complicated 
model including continuous nitrogen aggregation since the 
simpler model leads to results indistinguishable within the 
uncertainties involved in platelet measurement. In addition, 
replicating the observed data by manual forward modelling 
is subjective and difficult in samples with very subtle degrees 
of platelet degradation and the simple model is much more 
straightforward to use as a thermochronometer.

Hence, we use a simple first-order rate equation of the fol-
lowing form to describe platelet degradation:

with the initial amount of platelets P0 (in terms of platelet 
peak area in cm−2 , determined from the absorption due to 
B-centres using Eq. 1), the present amount of platelets Pt 
(in cm−2 ), the rate constant of platelet degradation ( kP ) and 
duration t (in seconds). We define the rate constant as

This rate constant and the temperature derived from nitrogen 
aggregation ( TN ) can then be used to construct an Arrhe-
nius diagram (see Fig. 13). One important limitation of this 
approach is the uncertainty in mantle storage duration. Espe-
cially the age (and hence storage duration) of rim zones that 
show markedly different model temperatures to their core 
is likely to be an overestimate as is discussed in Kohn et al. 

(10)Pt = P0 × e−kPt

(11)kP =
ln
(

P0

Pt

)

t

Fig. 12   Forward model of platelet degradation in sample Arg  10 at 
1280 ◦C . a platelet degradation predicted by forward modelling using 
different exemplary values for ln(k

P
) (see labels) and comparison to 

observed data (red: core, blue: rim) to illustrate the fitting process, b 
development of B-centres ( �

B
 ) and platelet peak area over time using 

instantaneous (solid) and continuous (dashed) nitrogen aggregation 
for nitrogen concentrations ranging from 200 (orange) to 1800 ppm 

(light blue). To highlight one example, pink arrows mark platelet 
development for 1200 ppm total nitrogen. Grey lines are isochrons for 
100–400 Ma for instantaneous (solid) and continuous (dashed) nitro-
gen aggregation. c continuous nitrogen aggregation over time for the 
same nitrogen concentrations as in b, d development of platelet peak 
area over time for the same nitrogen concentrations assuming instan-
taneous (solid) and continuous (dashed) nitrogen aggregation
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(2016). In an attempt to correct for this uncertainty, a model 
of diamond growth and annealing in two stages was applied 
(Kohn et al. 2016). This model uses the total nitrogen con-
centration and aggregation state of both the core and rim to 
estimate the age of the rim, assuming a constant temperature 
over the whole annealing duration. Even though the growth 
history of the diamond may be more complex than this sim-
ple two-stage model, it is without doubt a better approxi-
mation than assuming the same duration of mantle storage 
for core and rim. The slope and intercept of the Arrhenius 
diagram thus constructed using our data only yield an acti-
vation energy Ea∕R of 73.8 × 103K−1 and a pre-exponential 
factor ln(AP) of 9.9, respectively ( R2 = 0.820 , see dashed 
line in Fig. 13).

Several experimental studies were performed on natural 
diamonds to investigate platelet formation and degradation. 
Some of these were likely performed under graphite-stable 
conditions (Brozel et al. 1978). It has been proposed that 
outside the stability field of diamond, the rate of platelet 
degradation is increased, potentially by several orders of 
magnitude (Evans et al. 1995). This agrees with Fig. 13 
which shows that the rate constant is much higher in experi-
ments performed under graphite-stable conditions (white 
symbols) than the other experimental (grey symbols) data 
despite similar temperatures. As a consequence, some of the 

experimental data may be unreliable and were not used in 
our calibration (notably that of Brozel et al. 1978 and most 
of the data in Kiflawi et al. 1998). Thus, we rely on experi-
mental data by Evans et al. (1995) and Kiflawi et al. (1998), 
including only the experimental runs conducted at diamond 
stable conditions from the latter.

Furthermore, platelet peak height rather than area was 
reported for most samples. This poses a problem because the 
platelet peak is highly variable in width and shape. Hence, 
peak area would be a better descriptor than peak height. 
However, peak height was used where necessary for lack 
of more dependable data. Thus, Ea∕R and ln(AP) were also 
obtained for our new data and the experimental data, yield-
ing 88.4 K−1 and 19.7 ( R2 = 0.996 , see solid line in Fig. 13) 
and are in general agreement with the values obtained from 
the natural samples only.

Subregular samples generally lie above the trend line, 
as is to be expected. They can show a lower than expected 
platelet peak area despite not being degraded. Hence, they 
were not used in the calibration and are shown in Fig. 13 for 
comparison only.

Thus, using Eq. 11 and the Arrhenius relationship

we can now obtain platelet degradation temperatures using 
the following equation

Apart from the subregular samples, all annealing tempera-
tures as determined from nitrogen aggregation can be repro-
duced within ± 50 ◦C (see Fig. 14) using Eq. 13 and values 
for Ea∕R and ln(AP) as stated above. Most temperatures lie 
within a smaller range of ± 30 ◦C . For subregular diamonds, 
temperature will be overestimated using platelet degrada-
tion. This is expected since even though no degradation has 
taken place, they sometimes show slightly smaller platelet 
peak areas than would be the case for a regular diamond.

Compared to the study by Taylor et al. (1990) on nitrogen 
aggregation, our Arrhenius diagram displays a larger amount 
of scatter. It is possible that other factors contributing to 
platelet degradation, such as plastic deformation, are respon-
sible. These were not taken into account here but are likely 
to have an impact on the accuracy of a platelet degradation 
thermochronometer. An assessment of the role of plastic 
deformation in platelet degradation is currently under way.

Another source of uncertainty stems from the mantle stor-
age durations used to obtain model temperatures for core 
zones and also to estimate the age of the corresponding rim. 
The amount of data on both inclusion and eruption ages is 
generally limited. Nevertheless, the resulting mantle storage 

(12)kP = AP × e
−Ea

RT

(13)TP =
Ea∕R

ln(AP) − ln
(

ln (P0∕Pt)
t

)

Fig. 13   Arrhenius plot for the platelet degradation reaction, com-
bining data from natural diamonds (circles) and experimental data 
by Evans et  al. (1995) (squares), Kiflawi et  al. (1998) (triangles) 
and Brozel et  al. (1978) (diamond symbols). Grey symbols indi-
cate experiments conducted under diamond-stable conditions, open 
symbols indicate experiments conducted under graphite-stable con-
ditions. The kinetic rate constant, k

P
 , was calculated according to 

Eq.  11. Solid line: best fit to the experimental data and our data of 
irregular and regular diamonds, yielding E

a
∕R = 88.4 ± 0.9 × 103 K 

and ln(A
P
) = 19.7 ± 0.5 ( R2 = 0.996 ). Dashed line: best fit 

to our data of irregular and regular diamonds only, yielding 
E
a
∕R = 73.8 ± 7.2 × 103  K and ln(A

P
) = 9.9 ± 4.8 ( R2 = 0.820 ). 

Shaded areas applying 1� errors to values of E
a
∕R and ln(A

P
)
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duration is applied to a whole suite of diamonds that are 
assumed to have grown simultaneously. The presence of late 
stage overgrowth in many diamonds (such as in DVK 160, 
see Figs. 1 and 10e–h) demonstrates that, even within a sin-
gle suite of diamonds, there is evidence for multiple growth 
stages that may have occurred at significantly different times. 
This is unlikely to have a noticeable effect on diamonds with 
long mantle storage durations (above ca. 1 Ga) but could be 
relevant for the Argyle samples since their mantle storage 
duration is believed to be very short (compare Table 1).

Furthermore, the mechanism of platelet degradation 
could vary with nitrogen concentration or temperature. In 
fact, there is evidence that the kinetics of the reaction might 
not be as straightforward as proposed here. As explained 
earlier and shown in Fig. 11, the amount of degradation is 
dependent on the initial platelet concentration in most but 
not all cases, indicated by a trend in diagram one that is 
oblique to the regularity line. Some samples, however, show 
a shift from oblique to parallel to the regularity line with 
increasing �B (e.g. Fig. 11c), suggesting a potential change 
in mechanism, for example with platelet size.

So far, platelet degradation has only been employed as 
a thermometer, i.e. temperatures of mantle storage were 
obtained using a mantle storage duration determined inde-
pendently. The reverse calculation is more challenging but 
can be applied to the data reported in Navon et al. (2017). 
The authors report current platelet peak areas ( Pt ) of ca. 
1 cm−1 and initial peak areas ( P0 ) of ca. 500 cm−1 based on 
the amount of B-centres present. Combining this data with 
their temperature estimate of 1640 ◦C yields a mantle stor-
age duration of ca. 64 ka which is in reasonable agreement 

with their estimate of the duration of voidite growth of ca. 
0.2–10 ka depending on the size of the voidite.

In principle, it should be possible to combine the rates 
of nitrogen aggregation and platelet degradation into a sin-
gle thermochronometer. Both rates depend on duration and 
temperature and the activation energies were determined for 
both processes. If we assume that they occur simultaneously, 
i.e. over the same time scale and at the same conditions, 
we should be able to solve for both unknowns. However, 
the activation energies of the two processes are remarkably 
similar.

Figure 15 shows the relationship between duration and 
temperature for both platelet degradation and nitrogen 
aggregation using sample Arg 46 as an example. This dia-
mond yields similar temperatures using nitrogen aggregation 
and platelet degradation ( TN=1290 ◦C , TP=1307 ◦C ). The 
two lines represent combinations of duration and tempera-
ture that would all lead to the extent of nitrogen aggregation 
and platelet degradation found in this diamond. In theory, 
the cross-over between them should yield the duration and 
temperature at which both are satisfied. However, it occurs 
at an unrealistically high temperature and short duration of 
well over 1500 ◦C and under 1 Ma. As can be seen, the slope 
and intercept of the two lines, determined by Ea∕R and ln(A) 
of the two processes are very similar. As a result, even a 
small error causes the cross-over to occur at vastly different 
conditions. The shaded areas represent 1 � errors for both 
processes. The fact that the activation energies of platelet 

Fig. 14   Comparing temperature from platelet degradation ( T
P
 , calcu-

lated using Eq. 13 and E
a
∕R and ln(A) derived from the solid line in 

Fig.  13) and temperature from nitrogen aggregation ( T
N

 , calculated 
according to Taylor et al. (1990)). Dashed lines indicate ± 50 ◦C

Fig. 15   Comparing the kinetics of platelet degradation and nitrogen 
aggregation for sample Arg 46 (ecl, [ N

T
]=200 ppm, [ N

A
]=10 ppm, P

0

=153 cm−2 , P
t
=17 cm−2 ) using values for E

a
∕R and ln(A) from this 

study and Taylor et al. (1996). Shaded areas represent errors (green: 
nitrogen aggregation, blue: platelet degradation).Taylor et  al. (1996) 
does not state errors, estimates used here are based on the errors 
given in Taylor et al. (1990). Grey dashed line represents 402 Ma, the 
mantle storage duration assumed for eclogitic Argyle samples
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degradation and nitrogen aggregation are so similar could 
suggest that both reactions operate by the same rate-limiting 
mechanism.

Despite these limitations, it is possible to use platelet 
degradation to estimate mantle storage temperatures. This 
is particularly beneficial if nitrogen is fully aggregated, 
so that nitrogen aggregation can not be used to accurately 
determine the diamond’s mantle storage temperature. An 
example where this is the case is diamond Argyle 78 (see 
Fig. 6). The core of this sample is highly platelet degraded 
and Eq. 13 implies a temperature of ca. 1285 ◦C . This tem-
perature is within error of the minimum temperature from 
nitrogen aggregation of 1305 ◦C given by Bulanova et al. 
(2018) for the same sample. The minimum temperature is 
based on the detection limit of A-centres, i.e. the maximum 
permissible concentration of nitrogen in A-centres and is 
only an estimate.

Additionally, nitrogen thermochronometry is less reliable 
in very highly aggregated diamonds, where the signal from 
A-centres is low, hampering accurate determination of con-
centrations. Under these circumstances, our newly developed 
platelet degradation thermochronometer is likely to provide 
more reliable results.

Conclusions

Because of a notable improvement in data processing, 
namely a more thorough and automated examination of the 
platelet peak in IR spectra, we are now able to better under-
stand the systematics of platelet peak variation. Speich et al. 
(2017) provides a comprehensive analysis of the relationship 
between platelet peak area, position, width and symmetry 
in IR and the actual size and size distribution of platelets, 
enabling much better interpretation of our data.

The most important qualitative conclusion that can be 
drawn is that the behaviour of platelets in diamond depends 
on mantle storage temperature and duration. Three differ-
ent types of behaviour were found to occur within certain 
temperature regimes determined by nitrogen aggregation 
thermometry. Our diagrams one to three (see Fig. 3) can be 
used to identify the type of behaviour present and can thus 
be an indication of temperature regime.

Regular diamonds occur over a wide temperature range 
between ca. 1120 and 1220 ◦C . In addition to following the 
trend defined by Woods (1986) that is widely used to assess 
regularity, they show a correlation of platelet density with 
platelet size. Subregular diamonds are described here for the 
first time. They occur at low mantle residence temperatures 
and share some of the characteristics of regular diamonds. 
However, their platelet size is smaller than expected and 
they can show lower than expected platelet peak areas, indi-
cating that there is a potential for further platelet growth. 

At high temperature, with the onset of platelet degradation, 
platelet density can decrease dramatically, producing Irregu-
lar diamonds. There is a small tendency for platelet size to 
be decreased in these diamonds as well. Additionally, the 
platelet peak is markedly broader in irregular diamonds as 
was also observed in heat-treated natural diamonds (Fisher 
2009). Hence, both platelet growth and degradation can 
involve changes in platelet size.

This suggests that platelets can be used to reveal and 
constrain the complex growth history of natural diamonds. 
In some of the samples studied here, significantly different 
platelet and nitrogen aggregation properties are preserved 
in different zones of a single diamond. With nitrogen aggre-
gation thermometry alone, it is impossible to distinguish 
whether in these cases the rim is significantly younger than 
the core or whether the temperature changed, illustrating the 
need for further constraint on their thermal history.

We were able to calibrate a platelet degradation ther-
mometer (see Fig. 13 and Eq. 13) that can now be used to 
acquire temperatures for diamonds that have experienced 
at least some degree of platelet degradation. Temperatures 
thus calculated are in good agreement with temperatures 
derived from the rate of nitrogen aggregation in natural dia-
monds. Further careful study is needed to explain the appar-
ent change in reaction mechanism with the concentration of 
B-centres that could be a response to changes in platelet size. 
Our data does not allow for such analysis but the current 
simple thermometer is particularly useful, where nitrogen is 
highly or fully aggregated. In such cases, the concentration 
of A-centres, if present, can not be determined accurately 
and no meaningful model temperatures can be obtained 
from the A to B conversion. Theoretically, platelet degra-
dation could be used as a thermochronometer, constrain-
ing the duration of mantle processes, but the uncertainties 
involved in its calibration make it more efficient as a mantle 
thermometer.

Several additional weak IR peaks that were previously 
described were found to be indicative of certain tempera-
ture regimes of mantle storage and can thus aid in assigning 
diamonds. Absorptions found at ca. 1526 and 1548 cm−1 
were identified in low temperature diamonds, whereas a sin-
gle weak peak at ca. 1490 cm−1 , sometimes underlain by a 
broader absorption occurs only in high temperature samples.
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