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impurity partitioning between growth sectors. Gener-
ally poor with IR-active hydrogen at moderate nitrogen 
aggregation parameters, studied diamonds likely resemble 
the low hydrogen content from the growth medium that, 
for cubic diamonds, was typically suggested hydrogen-
rich and a crucial factor for growth of cubic and mixed-
habit diamonds. We also show that mixed-habit diamond 
growth may occur not only in peridotitic suite but also in 
an extended field of geochemical affinities from high-Ni 
to low-Ni or maybe even Ni-free environments, such as 
pyroxenitic or eclogitic.

Keywords Siberian craton · Diamond · Mixed-habit 
growth · Nitrogen · Hydrogen · Infrared absorption · 
Photoluminescence

Introduction

Natural diamonds are well known to exhibit two princi-
ple growth morphologies—octahedron and cuboid (near-
cube crystal shape often with the fibrous internal structure) 
(Orlov 1977). Based on the crystal growth fundamentals, 
the stability of flat octahedron faces and rough hummocky 
cuboid surfaces and—therefore—their proportion in the 
overall diamond habit are controlled by the carbon satu-
ration of the growth medium (Sunagawa 1984, 1990). In 
case of the low oversaturation degree, layered growth of 
monocrystalline octahedral diamonds occurs, whereas 
high degrees of oversaturation lead to high-rate skeletal 
and fibrous growth. This evident link between the growth 
morphology and fluid/melt saturation easily controlled by 
a changing temperature resulted in a long-lasting sugges-
tion of a high-T origin of octahedral diamonds and—on the 
other hand—relatively low-T nature of cubic stones (e.g. 
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Haggerty 1986). Beside the saturation characteristics, dia-
mond growth mechanism and resulting morphology may 
be influenced by the physical state of the growth medium, 
e.g. its viscosity that may control the rate of carbon dif-
fusion through a fluid/melt to a growing crystal surface 
and—therefore—stability or instability of octahedron faces 
(Bulanova et al. 1993). As revealed by a few experimen-
tal studies in metal–carbon, diamond nucleation, growth 
rate and morphology as well as the other diamond proper-
ties may be directly influenced by concentration of addi-
tives (e.g. nitrogen or water) in a diamond-forming liquid 
(Palyanov et al. 2010, 2013; Khokhryakov et al. 2015). 
However, the application of the latter to natural diamond-
systems and natural gem-quality diamonds is quite strict 
due to commonly lacking independent indicators of P–T–
fO2 growth conditions and parental media as well as due 
to an uncertain behaviour of abundant impurities relative to 
a growing diamond (e.g. see Mikhail and Howell 2016 for 
review on nitrogen).

Regardless of really acting reasons for morphology vari-
ations, it is undisputed that a change of growth conditions 
(pressure, temperature, degree of carbon saturation, redox 
state) in a closed system or due to a flux of a brand-new 
diamond-forming fluid may result in both notable intrac-
rystal variations of diamond properties and re-shaping of 
natural stones, e.g. in case of coated diamonds (Boyd et al. 
1994 and references therein; Skuzovatov et al. 2012) or 
more seldom octahedral crystals with the microinclusion-
rich cubic cores (e.g. Zedgenizov et al. 2006; Skuzovatov 
et al. 2011, 2015, 2016). A distinct and the most uncertain 
type of structural heterogeneity is observed in diamonds 
exhibiting a simultaneous growth of both cuboid and octa-
hedron faces, so-called mixed-habit diamonds (Lang 1974; 
Suzuki and Lang 1976; Welbourn et al. 1989; Bulanova 
et al. 2002; Cartigny et al. 2003; Zedgenizov and Harte 
2004; Lang et al. 2004, 2007; Rondeau et al. 2004; How-
ell et al. 2013a, b, 2015; Smit et al. 2016). According to 
the early studies of Seal (1965), Harrison and Tolansky 
(1964), Lang (1974) and Suzuki and Lang (1976), many of 
the diamonds commonly exhibit an early mixed-habit stage 
followed by “extinction” of the cube growth pyramids, as 
they are growing out to produce octahedral crystals. Much 
rarer are cubic crystals with a concentric zoning and subtle 
sectors of octahedron (Moore and Lang 1972). For some 
of natural stones, mixed-habit patterns are recognized opti-
cally through the distribution of microinclusions (Smit 
et al. 2016) or coloration due to specific defects (Babich 
and Feigelson 2009a; Howell et al. 2013a); however, for 
most of mixed-habit diamonds growth patterns are distin-
guishable only by characteristic luminescence making such 
samples tough for distinguishing and further studies.

Most of the studies focused on mixed-habit samples 
have broached a wide range of aspects of the diamond 

formation, such as redox conditions (Smit et al. 2016), 
carbon and nitrogen isotope (e.g. Cartigny et al. 2003; 
Zedgenizov and Harte 2004; Howell et al. 2013a, 2015) 
as well as trace element (Howell et al. 2013b) fractiona-
tion between growth sectors. Along with that, the biggest 
challenge—to give general constrains for possible growth 
conditions of mixed-habit diamonds in the Earth’s man-
tle—still remains almost unsolved. Here we performed 
combined study of the internal structure (by cathodolumi-
nescence and photoluminescence topography) and optical 
characteristics (FTIR and PL local spectroscopy) of a num-
ber of natural mixed-habit diamonds from Siberian kim-
berlites in order to reassess growth conditions, post-growth 
history as well as to testify the existing models providing 
new insights to mixed-habit growth.

Samples and methods

Nine diamond crystals with different external shapes and 
internal structures all from 1 to 2 mm in size were selected 
for the study from a large collection of kimberlitic dia-
monds of the Yakutian province (Siberian craton) (Fig. 1). 
Five diamonds (samples A1263, I-17, Ud-02-305, NBI-67, 
A100111) are from the Mir, Internatsionalnaya (both pipes 
belonging to the Malobotuobia kimberlite field), Udach-
naya (Daldyn field), Nyurbinskaya (Nakyn field), and 
Aikhal (Alakit–Markha field), respectively. The other four 
(S-4, S-27, S-26, S-37) were selected from a mixed popu-
lation derived from the Internatsionalnaya and Udachnaya 
pipe. The diamonds were polished parallel to one of the 
{110} surfaces into thin plates no more than 200 microns 
and examined by cathodoluminescence topography (CL) 
from both sides of the plate to check the observed internal 
structure, constrain the position for further spectroscopic 
studies and minimize possible signal contamination due 
to integration of signal from several distinct growth zones 
and/or sectors. Cathodoluminescence images were obtained 
using a LEO 1430VP electron scanning microscope with a 
beam current of 10 nA and accelerating voltage of 20 kV 
at the Analytical Center of Sobolev Institute of Geology 
and Mineralogy (Novosibirsk, Russia). The type and con-
centration of major nitrogen- and hydrogen-related defects 
were determined by Fourier-transformed IR spectroscopy. 
Measurements were performed using a Bruker Vertex 70 
FTIR spectrometer with a HYPERION 2000 IR micro-
scope. Absorption spectra were recorded in different dia-
mond zones, with an aperture of 50 × 50 μm and a spec-
tral range of 7500–750 cm−1 (spectral resolution 4 cm−1, 
cumulative signal 30 scans per spectrum). Acquired spec-
tra have been quantified through regression-based decon-
volution using a self-made Excel-based spreadsheet and 
SpectrExamination software (compiled and provided by 
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Oleg Kovalchuk, NIGP Alrosa). Both procedures include 
baseline correction, internal standardization by the intrin-
sic diamond absorption, and subtraction of characteristic 
absorption of A, B and C-type nitrogen defects. The con-
centration of each defect has been estimated using ratios 
proposed by Boyd et al. (1995). The uncertainty of the 
nitrogen content calculation due to instrumental error and 
that of the spectra deconvolution is considered to be within 
10% limit. The uncertainty for nitrogen aggregation was 
estimated within ±3% (2σ). In order to provide the fuller 
data for impurity distribution in a diamonds with the most 
complicated growth pattern (similar for A1263 and Ud-02-
305 samples), the A1263 diamond has been mapped using 
the same instrumentation and technique. The distribution of 
UV fluorescence in diamonds has been studied by means 
of the confocal luminescence microscopy with a temporal 
resolution using a MicroTime 200 luminescence micro-
scope at the Irkutsk Branch of the Institute of Laser Phys-
ics (Irkutsk, Russia). The distribution patterns for lumi-
nescence over the sample were obtained during excitation 
from lasers with wavelengths of 405, 450, and 532 nm; 
those shown further in figures are for the 532 nm excitation 
that gives the clearest representation of the growth patterns. 
The PL spectra have separately been acquired for growth 

sectors of cube and octahedron in six samples showing con-
trast UV fluorescence patterns at the liquid nitrogen tem-
perature (77 K) during excitation from a picosecond pulse 
laser with a 375-nm wavelength as previously reported by 
Skuzovatov et al. (2015).

Results

Internal structures of mixed‑habit diamonds (by CL 
topography)

Diamonds A100111 (Fig. 2a) and NBI-67 (Fig. 2b) are 
octahedral crystals showing mixed-habit structure in the 
whole crystal volume. For both samples, the octahedron/
cuboid surface ratio remains almost constant throughout the 
crystal leading to the mixed-habit cuboctahedral zoning. At 
the terminal stage growth of cube sectors in A100111 is 
inhibited resulting in the almost pure octahedral habit with 
negative pits instead of {100} surfaces delimited by (111) 
and (11̄1) growing faces; while NBI-67 preserves a minor 
cube surface in its final shape.

A1263 has a mixed-habit “hourglass” core overgrown 
first by hummocky (“agate-like”) cuboid surfaces and then 

Fig. 1  SEM images of crystal morphology of seven studied dia-
monds (see description in the text). Presented ones are octahedrons 
with (I-17, NBI-67) or without (A1263) a rough but variable growth/

dissolution sculpture, cuboctahedrons (S-26, S-27 and S-37) and a 
cubic stone (S-4). Not shown here are two octahedrons (primitive, 
A100111, and coated, Ud-02-305)
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by an octahedral layered rim (Fig. 2c) that is very similar 
to diamonds reported by Bulanova et al. (2002)and Kamin-
sky and Khachatryan (2004). Ud-02-305 is a typical coated 
octahedron with a transparent “hourglass” type mixed-
habit core (Fig. 2d) similar to that of A1263 and an opaque 
microinclusion-bearing coat. I-17 is a cloudy diamond of 
an overall octahedral habit (Fig. 2e) reported by Skuzova-
tov et al. (2011, 2016), with a subtle microinclusion-rich 
cubic core surrounded by a mixed-habit intermediate zone 
exhibiting a clear decrease in the cube/octahedron surface 
ratio but clearly preserving (001) and (010) curvilinear 
cube sectors and a thin octahedral rim at a final stage.

Along with abundant octahedral crystals studied dia-
monds include samples with a higher input of {100} sur-
faces. Two diamonds (S-27, S-26) are of cuboctahedral 
habit with a near similar development of {111} and {100} 
surfaces (Fig. 2f, g). The first has a layered cuboctahedral 
core and mixed-habit surrounding, while the second exhib-
its a mixed-habit structure throughout the whole. In both 
cases the relative proportion of cube faces slowly increases 
towards the crystal periphery reflecting the inhibition of 
{111} layered growth. S-37 diamond of almost cubic over-
all shape in fact has a mixed-habit structure dominated by 

{111} sectors and only minor {100} surfaces leading to 
negative relief at {100} positions (Fig. 2h). The S-4 sam-
ple is a typical cube with a curvilinear concentric zonation 
showing thin growth sectors of octahedron (Fig. 2i).

Infrared spectroscopy

The summary of the FTIR measurement results for studied 
diamonds are presented in Fig. 3; measured values are pro-
vided only for the zone of mixed-habit growth as a centre-
to-rim profiles through neighbouring cube and octahedron 
growth sectors. These include total nitrogen content (N, 
in atomic ppm), nitrogen aggregation state (expressed as 
a proportion of B1-centres, %B1), absorption intensity of 
platelets-related band (B2,  cm−1) and the main band related 
to IR-active hydrogen (k3107; CH,  cm−1). The summary of 
FTIR and PL measurements are provided in Table 1.

Nitrogen systematics

The variability of nitrogen concentration of the mixed-
habit domains in the studied sample group is non-surpris-
ingly huge (mostly within 600–1500 ppm) as it includes 

Fig. 2  Cathodoluminescence 
images of polished plates made 
of all studied diamond crystals. 
Growth sectors of octahedron 
and cube along with some other 
growth zones are outlined. 
Filled circles are positions of IR 
spectra acquisition (see below)
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Fig. 3  Representative profiles along the octahedron and cube growth 
sectors of studied diamonds. Squares and rhombs correspond to val-
ues in {100} and {111} growth sectors, respectively. For the figures 
to the left, total nitrogen content (in atomic ppm) and the intensity of 
B2 (platelets) absorption are marked by full and dashed lines (left and 

right Y-axes, respectively). For the figures to the right, nitrogen aggre-
gation state [expressed as a proportion of B1-centres, %B1 = B1/
(A + B1)] and the intensity of 3107 cm−1 absorption band for C–H 
bonding are again given by full and dashed lines and correspond to 
left and right Y-axes, respectively)
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Fig. 3  continued
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diamonds with drastically different growth histories and 
represents several different kimberlitic fields. The total 
N content is also remarkably lower than that reported in 
most of comprehensive studies focused on mixed-habit 
diamonds (1500–2700 ppm) (Rondeau et al. 2004; How-
ell et al. 2013a; Smit et al. 2016). Within-crystal variations 
are more limited but also notable (from 80 to 500 ppm). All 
of the studied samples are of type IaAB (i.e. with nitrogen 
atoms making up A- and B1-centres of  N2 and  N4V struc-
ture, respectively) but with a relatively low nitrogen aggre-
gation state (expressed as a proportion of B1-type defects, 
%B1 = B1/(B1 + A)) mostly within 6-12%.

The patterns of nitrogen distribution are slightly dif-
ferent but most of them follow one scenario based on (1) 

relatively constant (A100111, NBI-67; Fig. 3a, c) or slightly 
increasing N content (S-27, S-37, I-17; Fig. 3e, k, m) at the 
initial stage of mixed-habit growth), (2) gradual decrease of 
the N content by 110–650 ppm (i.e. from the values close 
to the measurement uncertainty to statistically significant) 
in both {111} and {100} growth pyramids as the growth 
terminates (e.g. for S-27, S-37, I-17; Fig. 3e, k, m), and (3) 
different enrichment of the {111} sector in nitrogen rela-
tive to {100} by 80–440 ppm (9–40% relative to enriched 
octahedron sectors), similar to that multiply reported earlier 
for natural and synthetic diamonds (e.g. Burns et al. 1990; 
Reutsky et al. 2008; Rondeau et al. 2004; Zedgenizov and 
Harte 2004; Howell et al. 2013a). The A100111 diamond 
has the nearly constant N content (within the uncertainty) 

Table 1  Summary of the FTIR and PL characteristics of studied mixed-habit diamonds

Fractionation factor ΔN
111−100 is given in relative % and calculated as  (N{111} − N{100})/N{111}

Sample Sector Nitrogen content and  
aggregation

ΔN
111−100 (%) Hydrogen absorption, 

k3107,  cm−1
ΔH

111−100  (cm−1) Additional luminescence 
centres

NBI-67 {100} 887–1540 ppm, 48–55% B1 −4/+27 4.2–30 +6.5/–15.7 N3, S2, 537, 573, 603.8, 
621, 640, 701, 715, 725, 
738, 750 and 793 nm 
features

{111} 1118–1475 ppm, 51–54% B1 12.3–24.9 N3 and weak 793 nm

A100111 {100} 679–897 ppm, 9–10% B1 +9/+40 0.2–3.0 −0.2/–1.7 S3, S2, 537, 562, 603.8, 
738, 752, 788 and 
793 nm features

{111} 1026–1102 ppm, 10% B1 0.0–1.3 Weak S2, 788 and 793 nm 
features

I-17 {100} 549–718 ppm, 19–24% B1 −6/+29 0.1–5.6 −0.2/+1.5 No PL

{111} 763–1020 ppm, 18–24% B1 0.1–7.1

S-4 {100} 1170–1314 ppm, 9–12% B1 n.d. 3.2–6.8 n.d. S1, S3, S2, 537, 562, 694, 
708 and 793 nm

{111} Weak PL bands of the 
same set as in {111}

S-26 {100} 848–1220 ppm, 11–13% B1 +12/+22 0.1–0.6 −0.0/−0.5 No PL

{111} 960–1425 ppm, 12–13% B1 0.0–0.1

S-27 {100} 729–1139 ppm, 7–13% B1 +4/+23 0.2–0.4 −0.1/−0.2 No PL

{111} 1104–1260 ppm, 9–12% B1 0.0–0.2

S-37 {100} 843–1097 ppm, 8–10% B1 −5/+26 1.4–2.7 +0.5/−1.5 S2, 537, 562, 793 nm

{111} 804–1236 ppm, 8–9% B1 0.2–1.7 Weak 793 nm

Ud-02-305 {100} 813–1051 ppm, 52–53% B1 −10/−30 3.1–21.9 +2.3/−5.9 N3, S2, 537, 573, 603.8, 
621, 640, 701, 715, 
725, 738, 750, 788 and 
793 nm features

{111} 661–964 ppm, 49–51% B1 0.9–23.7 Similar to that in {111} 
but only N3 as a strong 
band

A1263 {100} 1194–1407 ppm, 11–12% B1 −4/−39 0.7–10.4 +2.3/−5.2 S3, S1, S2, 537, 603.8, 
694, 710, 788 and 
793 nm

{111} 956–1387 ppm, 10–12% B1 Similar to that in {111} 
but with a weaker total 
intensity
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through {111} sector but decreasing N content through a 
{100} sector (Fig. 3c). The {100} sector in the I-17 dia-
mond shows a gradual N enrichment throughout the whole 
mixed-habit domain until it equals the N level of the {111} 
sector. For the internal zones of NBI-67 and A100111 dia-
monds, ΔN

111−100 factor (i.e., difference in nitrogen content 
between adjacent sectors of octahedron and cube) is within 
the analytical uncertainty and may be influenced by the sig-
nal integration with adjacent zones.

Two “hourglass” diamonds (A1263 and Ud-02-305) 
where the internal mixed-habit domains are overgrown by 
an octahedron show gradual decrease of the N content by 
order of 240–430 ppm. Due a specific structure of these 
two diamonds, it is hard to construct adequate IR pro-
files. However, both diamonds have octahedron sectors 
relatively depleted in nitrogen (by order of 80–300 ppm) 
that is especially obvious on the N distribution map for 
A1263 (Fig. 4a). The “reverse” type of fractionation with 
ΔN

111−100 < 0 is unusual but has been reported for some sim-
ilar diamonds from Siberian kimberlites (Bulanova et al. 
2002).

The principal exception from above is the S-26 diamond 
that shows similar trend towards extinction of the octahedron 

facets (Fig. 2g) and positive ΔN
111−100 of 110–260 ppm 

(Fig. 3i) but is characterized by a gradual increase of the N 
content towards the rim in both {111} and {100} sectors.

The mixed habit domain of the S-4 cubic diamond 
exhibits a fluctuating N content (Fig. 3g) within a relatively 
narrow range of 1130–1320 ppm. Due to a small scale 
of {111} sectors, we were not able to localize the spec-
trum acquisition points for S-4 cubic reliably for precise 
ΔN

111−100 estimation.

Nitrogen aggregation, platelets and calculated mantle 
residence conditions

Regardless of details of the mixed-habit domain structure 
and associated nitrogen distribution, the proportion of 
B1-centres (%B1) is rather similar for most of the studied 
diamonds (including one “hourglass” octahedron A1263) 
(7–13%); commonly it does not exceed the value of a few 
per cents for the intracrystal variations (Fig. 3, right side) 
that is within the analytical uncertainty and undetectable 
on the FTIR maps (Fig. 4c). Relatively variable (up to 4%) 
nitrogen aggregation degree is observed for the S-27 dia-
mond where %B1 slightly decreases towards the crystal 

Fig. 4  FTIR maps of the A1263 octahedron showing the distribution of the total nitrogen content (a), values of the absorption intensity for the 
major hydrogen-related peak (3107 cm−1) (b), nitrogen aggregation state (c) and values of the platelets absorption intensity (d)
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periphery but still close the 2σ interval. Sample I-17 has 
a higher (20–24%) but still poorly variable B1 percentage. 
NBI-67 and Ud-02-305 samples have similar and promi-
nently more aggregated nitrogen impurity (49–55% of B1 
centres). The difference between {111} and {100} sectors 
for all studied diamonds is extremely low (within 0–3% 
B1) and does not seem statistically significant.

Based on the total nitrogen content and its aggregation 
state (Fig. 5), most of the data cluster nicely within a nar-
row temperature range between 1050 and 1100 °C, and 
also likely to have quite similar mantle residence times. 
The more the nitrogen converted to B1-type defects 
(up to 23–24% in case of I-17 diamond), the higher the 
temperature and the longer the residence time estimates 
quantified (possibly up to 2 Ga at 1100 °C, with a bit 
younger but not “cooler” outermost zone). Two of stud-
ied diamonds (NBI-67, Ud-02-305) are strongly distinct 
and were possibly subjected to mantle residence at higher 
temperature (up to 1150 °C).

All the diamonds with a low B1 percentage show weak 
~1355–1370 cm−1 absorption attributed to B2-type defect 
(platelets) (Woods 1986). For most of the samples the 
absorption intensity is too low to check for its correlation 
with the N content or %B1 proportion (Fig. 5b), though 
for some diamonds it does clearly correlate well with an 
overall nitrogen distribution (Fig. 3a, e, m). Diamonds 
with mixed-habit interiors overgrown by octahedrons 
(Ud-02-305, A1263) do not exhibit any obvious behav-
iour of the platelets (Figs. 3o, 4d) possibly due to partial 
annealing-induced degradation (Fig. 5b).

Hydrogen content

Hydrogen is well known as a common impurity in natu-
ral and synthetic diamonds (e.g. Woods and Collins 1983; 

Kiflawi et al. 1996; De Weerdt and Collins 2006) that has 
a number of typical peaks in the infrared spectrum (1405, 
2785, 3050, 3107, 3154, 3236 cm−1). Here, distribution 
of IR-active hydrogen has been evaluated using its major 
peak at 3107 cm−1 found to be related to combination of 
hydrogen with nitrogen and a vacancy (Goss et al. 2014). 
Most of the studied mixed-habit diamonds are extremely 
poor in the IR-active H defect (e.g. Figure 3d, j, l); the lat-
ter reaches have notable amount only in high-B1 diamonds 
NBI-67 and Ud-02-305 (Fig. 3b, p) and also in the inner 
zone of I-17 close to microinclusion-rich core (Fig. 3f). 
Hydrogen content either remains relatively constant and 
slightly decreases from the centre towards the rim (Fig. 3d, 
f, h, j, l, p) or tends to correlate with the N content (Fig. 3b, 
n). Growth sectors of cube are always richer in hydrogen 
relative to those of octahedron (Fig. 3, right side, and the 
H-defect distribution map in Fig. 4b), with the distribution 
pattern for the outer zone of NBI-67 diamond (two near-
rim data-points in Fig. 3b) being quite uncertain and related 
to complexity of the outer growth domain.

UV fluorescence and PL spectroscopy data

Three of the diamonds (I-17, S-26 and S-27) do not exhibit 
a clear UV fluorescence pattern. Other six that were further 
studied by means of the confocal PL spectroscopy are char-
acterized by the two distinct patterns based on the abun-
dance of defects containing highly aggregated nitrogen and 
nickel (Fig. 6).

The Ud-02-305 diamond shows a uniform blue lumines-
cence throughout the crystal except opaque whitish {100} 
growth sectors and the outer coat (Fig. 6a). The PL spec-
tra of different blue-coloured zones are similar and exhibit 
N3-type centre (aggregations of three adjacent nitrogen 
atoms plus vacancy,  N3V) with a zero-phonon line (ZPL) 

Fig. 5  Nitrogen aggregation characteristics of the studied diamonds. 
a Time–temperature integration plot for the studied mixed-habit 
diamonds based on the nitrogen content (Total N) and aggregation 
state (%B1). The function curves were calculated and plotted using 
equations from Leahy and Taylor (1997). For each temperature, left 

and right isochrones are for 1 and 3 Ga residence, respectively. b 
Dependence between nitrogen aggregation state (%B1) and intensity 
of platelets’ absorption (IB’). For both diagrams, filled rhombs mark 
the values for different growth zones of {111} sectors, whereas cubes 
nearby represent those for {100} sectors
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at 415 nm (Davies 1972; van Wyk 1982) (Fig. 7a). This 
is typical of IaAB-type diamonds with a high degree of 
nitrogen aggregation; it is also supported by a weak 496-
nm feature related to H4 centre (B-centre plus vacancy) 
(Davies 1972). The central part of the diamond also shows 
a series of absorption features at 523, 537, 603.8, 623, 642, 
700, 727, 738, 787 and 793 nm. Except of the latter two, 
all mentioned lines are not detected in the outer zones of 
the blue-coloured crystal core and have notably lower (but 
still detectable) intensity in {111} sectors relative to {100} 
(Fig. 7a). Several of the observed PL features (S2 centre 
with a ZPL at 523.2 nm, S3 at 496.7, and 793 nm centre) 
are attributed to the presence of nickel–nitrogen com-
plexes with a nickel ion in the position of divacancy and 
three, two and four nitrogen atoms, respectively (analogues 
of NE3, NE1 and NE9 paramagnetic centres) (Yelisseyev 
and Kanda 2007). These are common in cubic crystals 
and cubic sectors of natural mixed-habit diamonds (Bokii 
et al. 1986; Welbourn et al. 1989; Lang et al. 2004). Some 
of the centres observed (603.8, 788 nm) typically correlate 
with the intensity of S2- and S3-type luminescence (Field 
1992; Kupriyanov et al. 1999) and are also abundant in 

cube growth sectors in natural mixed-habit diamonds (Plot-
nikova et al. 1980; Zaitsev 2001). Nickel-related origin is 
also considered for 537, 623, 642, 727 and possibly 700 nm 
centres (Kupriyanov et al. 1999; Nadolinny et al. 1999; 
Yelisseyev and Kanda 2007). The 737–738 nm feature is 
similar to that observed in Si- and Ni-containing synthetic 
diamonds (Kiflawi et al. 1997) but also possible due to 
Si–V bonding (Breeding and Wang 2008). Similar list of 
defects is also typical of the other diamond characterized 
by a high proportion of B1-defects (NBI-67) (Fig. 7c). In 
contrast to Ud-02-305, NBI-67 exhibits a slightly yellowish 
fluorescence of {100} growth sectors (Fig. 6c) that is con-
sistent with a lower intensity of N3-centre luminescence 
relative to Ni-bearing defects mentioned above (Fig. 7c).

Although the other four diamonds (S-4, S-37, A100111, 
A1263) have distinct growth structures, their UV fluores-
cence patterns are similar and show green coloration of 
{100} growth pyramids and non-fluorescent {111} sectors 
(Fig. 6b, d–f). According to the characteristic PL spectra, 
the colour is induced by a series of nickel-bearing cen-
tres preferentially incorporated into {100} growth sec-
tors (e.g. Welbourn et al. 1989; Lang et al. 2004; Howell 
et al. 2013a, 2015; Smit et al. 2016 and references therein) 
(Fig. 7b, d–f).The luminescent core of the A1263 diamond 
(Fig. 6b) shows PL features of S3, S1, S2, 537, 603.8, 788, 
793, 694 and 710 nm (Fig. 7b); the last two were also found 
to contain nickel ions (Nadolinny et al. 1999). Despite the 
light greenish luminescence {111} growth sectors exhibit 
much lower intensity of mentioned PL features, but the list 
of those is similar for {111} and {100}. The similar set of 
defects was detected in A100111 sample (S3, S2, 537, 562, 
575, 603.8, 710, 738, 752, 788, 793 nm) (Fig. 7d), though 
for S-37 and S-4 this is more limited (S2, 537, 562 and 
793 nm for the former; S3, S1, S2, 537, 562, 694, 708 and 
793 nm for the latter) (Fig. 7e, f). According to the recent 
review of Dischler (2012), 694, 701 and 793 nm features 
for all four studied diamonds with the mentioned fluores-
cence pattern may be due to S5 and S9 centres also bearing 
nickel atoms along with a nitrogen-vacancy combinations.

Discussion

Nitrogen and hydrogen systematics of the mixed‑habit 
diamonds

Summary of the present data is given schematically in 
Fig. 8 along with the data for natural mixed-habit dia-
monds published earlier. As compared to the nitrogen sys-
tematics for previously studied natural samples (Fig. 8a), 
inclusion-free mixed-habit samples from the present work 
are evidently poorer in nitrogen (mostly within 800–1300 
vs 1500–2700 ppm and exhibit an variable ΔN

111−100 value 

Fig. 6  Spatial distribution of UV fluorescence excited by the 532-nm 
laser in six diamond crystals. Points of the spectra acquisition and 
examined growth sectors are given
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from 40% of that in the enriched {111} sector to totally 
negligible. Evidently, no principal difference in the type of 
ΔN

111−100 fractionation are observed for those growth zones 
in the studied diamonds that show clearly positive ΔN

111−100 
factors and the N-rich mixed-habit diamonds reported ear-
lier, for which the N content was estimated by means of 
FTIR and varied from more than 40% to within-uncertainty 

scale (Fig. 8a). In contrast to majority of the diamonds 
studied here, samples reported by Howell et al. (2013a) and 
Smit et al. (2016) exhibit a wide range of mantle residence 
parameters (as follows from %B1 values). Additionally, 
two “hourglass” diamonds (A1263, Ud-02-305) show unu-
sual nitrogen partitioning into the {100} sectors (ΔN

111−100 
well below zero) similar to that observed by Bulanova et al. 

Fig. 7  Photoluminescence spectra acquired at 77 K through the excitation with 375 nm picosecond laser in the growth sectors of cube and octa-
hedron of studied diamonds
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2002; more specifically, a trend of {100} N enrichment 
towards the N-poorer zones is observed. The two diamonds 
have different %B1, high (Ud-02-305) and low (A1263), 
and corresponding PL luminescence patterns dominated 
by aggregated nitrogen (N3) and nickel-nitrogen centres, 
respectively. Another diamond with the high percent-
age of B1 centres (NBI-67) does not differ in the type of 
nitrogen distribution (ΔN

111−100 > 0) from majority of low-
B1 diamonds (Fig. 8a) with a common green Ni-related or 
no even PL luminescence that suggests similar nitrogen 
partitioning at drastically different temperatures or times 
of mantle residence and corresponding defect-producing 

annealing. Together with the absence of any signatures typ-
ical for vacancy-producing events that might enhance the 
impurity re-distribution (e.g. plastic deformation or irradia-
tion), such as H3, H4 or 575 nm PL features, the data reject 
any possibility of annealing-caused nitrogen redistribution 
and support the idea of growth-controlled nitrogen behav-
iour (discussed below). As green luminescence induced 
by nitrogen-nickel defects in diamonds is commonly (e.g. 
Howell et al. 2013a) but not necessarily linked with a peri-
dotitic suite for diamond growth (e.g. Smit et al. 2016 and 
references therein), its absence in diamonds S-26 and S-27 
with  Ntot-%B1 values (and, thus, annealing parameters) 

Fig. 8  Co-variation of major impurity characteristics (nitrogen con-
tent, aggregation state, intensity of hydrogen-related IR-absorption 
along with partitioning values of N and H) in studied diamonds and 
mixed-habit diamonds reported earlier (see references and discus-
sion in the text). The legend follows that of Fig. 5. Abbreviations for 
the literature data for mixed-habit diamonds here are: S16 13 N-rich 
diamonds from Marange, Zimbabwe (Smit et al. 2016), R04 2 N-rich 
diamonds from unknown source (Rondeau et al. 2004); H13 13 N-H-
rich diamonds from unknown source (Howell et al. 2013a); ZH04 
cuboctahedron from the Udachnaya pipe (Zedgenizov and Harte 
2004); KK04/1 mixed-habit dodecahedron from the Northern Urals 
placer (Kaminsky and Khachatryan 2004); C03 low-N diamond from 

Wellington, New South Wales (Cartigny et al. 2003); high-B1 octa-
hedron from the Udachnaya pipe (Kaminsky and Khachatryan 2004); 
B02 high-B1 octahedron from the Mir pipe (Bulanova et al. 2002). 
Superscript 1 Relative position for the S-4 cubic diamond is shown 
as we were unable to localize the spectra acquisition point precisely 
in a thin {111} sector, and no information on the {111}/{100} par-
titioning is available. Superscript 2 Relative position is given for the 
figurative rectangle of the Mir diamond reported by Bulanova et al. 
(2002) as the real %B1 values exceed 90%. Superscript 3 The used 
values from Rondeau et al. (2004) are for 1405 cm−1. Superscript 4 
Only the upper limit is given for the H partitioning reported by How-
ell et al. (2013a)
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similar to most of the other studied samples is likely indica-
tive of the low-Ni, possibly eclogitic environment. Since no 
transitions and almost no absorption intensity changes had 
been experimentally observed for nickel-related defects 
at typical growth temperatures for lithospheric diamonds 
(1300–1600 °C) (Yelisseyev and Kanda 2007), the abun-
dance of defects with only high N/Ni (e.g. S5 or S9) in 
studied diamonds of cubic (S4) and near-cubic habit (S-37) 
may a sensitive indicator of either a lower-Ni environment 
or lower growth rate (Kanda and Lawson 1995; Kiflawi 
et al. 2002).

Unlike most of thoroughly studied populations of mixed-
habit diamonds (e.g. Howell et al. 2013a) and numerous 
reports for cubic and coated diamonds, the intensity of 
hydrogen-related absorption in almost gem-quality trans-
parent cube sectors in the diamonds studied here (with a 
typical nickel-related luminescence and %B1 values within 
only 13%) lies within a few  cm−1 (see diamonds A100111, 
S-4, S-26, S-27, S-37; Fig. 3d, h, j, l, n). A higher mantle 
residence temperature and/or—less likely—longer period 
at the similar nitrogen content observed for the I-17 dia-
mond (Fig. 5) leads to %B1 increase up to 25%, but does 
not produce any significant changes in hydrogen absorp-
tion (that is still low) or hydrogen partitioning (almost 
negligible within uncertainties of the method). As the B1 
value remains nearly constant throughout a mixed-habit 
domain of this diamond pointing out single-act growth and 
further annealing, the higher hydrogen absorption in the 
crystal centre may reflect gradual depletion of the paren-
tal fluid by hydrogen towards growth termination (Fig. 3f). 
For all mentioned diamonds with a relatively low IR-active 
hydrogen content a ΔH

111−100 is near-zero (and so less pre-
cisely estimated) (Fig. 8) and shifts towards a “normal” 
negative values only in a bit hydrogen-enriched zones of 
A1263 sample. As the hydrogen concentrations are of trace 
levels and should not affect the partitioning, we may sug-
gest that for the low %B1 and low H diamonds a pattern 
of hydrogen distribution might not be constrained good 
enough due to the method limitations. More ambiguous 
is a hydrogen behaviour in natural diamonds with pro-
gressively aggregated nitrogen as deduced from the two 
samples here (NBI-67, Ud-02-305) and some literature 
data for high-%B1 octahedral diamonds (Bulanova et al. 
2002; Kaminsky and Khachatryan 2004) (Fig. 8). Two of 
the high-%B1 diamonds studied here have relatively high 
hydrogen absorption at 3107 cm−1 (10–30 cm−1). While 
the Ud-02-305 sample has the predominant partitioning of 
hydrogen into {100} sectors similar to that observed in the 
high-B1 octahedron by Bulanova et al. (2002) and asso-
ciation of H with N impurity throughout the both crystal 
(Fig. 3o, p), inner zones the NBI-67 diamond lack this cor-
relation (likely due to a complex and unclear structure of 
the internal zones) and outer zones show H enrichment of 

{111} sectors (i.e. unusual ΔH
111−100 partitioning) (Fig. 3a, 

b). The reason for the latter is not evident. According to 
studies of Saguy et al. (2003) and Shiryaev et al. (2007), 
diffusion of hydrogen in a growing diamond may be suc-
cessfully controlled by other matrix impurities, including 
nitrogen. The latter, if presented in a diamond as A-defects, 
may significantly enhance H diffusion through its loss in 
the annealing process and A → B1 transformation due to a 
weak N–H interaction relative to that between H and single 
nitrogen (C-type) defects (Shiryaev et al. 2007). This might 
cause a partial re-distribution that might result in uneven 
distribution of hydrogen within growth sectors, and hence 
would account for the mismatch in the ΔH

111−100 with the 
commonly observed values.

Growth morphology, impurity systematics and growth 
conditions of mixed‑habit diamonds

At the dawn of growth theories the morphology of a grow-
ing crystal was related to either atomic bonding forces or 
distinct growth mechanisms depending on the saturation 
value (Sunagawa 1984). In case of a diamond, the latter is 
favoured by distinct growth patterns and impurity and iso-
tope characteristics of cubic and octahedral crystals, but 
appears to be controversial when applied to samples with a 
mixed-habit history where distinct growth pyramids occur 
at exactly the same thermodynamic state and composition 
of the system. In fact, growth sector zoning is likely to 
occur in crystals grown at high rates (e.g. Paterson and Ste-
phens 1992; Northrup and Reeder 1994) that makes such 
growth strongly kinetics-dependent and a priori may almost 
preclude the application of equilibrium-based theories and 
calculations. Some models based on slow lattice diffusion 
of incompatible components (e.g. Watson and Liang 1995; 
Watson 1996) favour a possibility of low growth rate for 
some magmatic and metamorphic environments, but their 
application to diamonds grown from high-PT high-den-
sity fluids or melts seems questionable. Nonetheless, at 
low growth rates fractionation of impurities based on the 
match of their size with the different distances between 
the dangling bonds in different crystallographic directions 
may have an equilibrium character and thus may shift from 
the equilibrium via (1) the change of growth rate and/or 
(2) change of impurity speciation (and atomic size) in the 
parental media.

There is a limited agreement in the nitrogen content and 
partitioning between growth sectors of a diamond if one 
compares the data from nature and experiments. In addi-
tion to distinct bulk chemistries, i.e. metal–carbon systems 
for the most of synthetic diamonds (e.g., Palyanov et al. 
2010, 2013) and generally carbonatitic and carbonate–sili-
cate high-density fluids for natural Siberian diamonds (e.g., 
Zedgenizov et al. 2009; Skuzovatov et al. 2011, 2016), 
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diamonds with contrasting nitrogen contents are produced 
in these environments, in most cases not higher than 200–
300 ppm for synthetic diamonds grown in metal–carbon 
systems (without special N-containing additives) versus up 
to a few thousands ppm for kimberlitic diamonds (Evans 
1992; Cartigny et al. 2004; Mikhail and Howell 2016). 
Some non-metallic systems (see “Introduction” in Paly-
anov et al. 2010) including those compositionally similar to 
the natural ones (e.g., Palyanov et al. 2007) and even some 
metal–carbon systems (Borzdov et al. 2002; Palyanov et al. 
2010) are known so far to successfully produce nitrogen-
rich diamonds (up to 3300 ppm) but to reach these levels 
of the impurity content within the stability of a monocrys-
talline diamond required up to unexpected 0.2 atomic % 
of N in the parental melts. More uniform are the data for 
the nitrogen partitioning between growth sectors. The early 
experimental studies on the diamond growth in metal–car-
bon systems followed by some more recent works on dia-
mond synthetics showed the 2–4 times enrichment in N 
content of {111} growth pyramids relative to {100} (Boyd 
et al. 1988; Burns et al. 1990; Reutsky et al. 2008; Babich 
and Feigelson 2009a, b). Smaller but still notable partition-
ing of the nitrogen impurity between growth sectors was 
observed in some individual natural diamonds (Zedgenizov 
and Harte 2004; Howell et al. 2013a; Smit et al. 2016; this 
study). This is not only the case of nitrogen but also some 
important trace elements, e.g. Ni that tends to partition into 
the {100} growth sectors as a Ni–N-containing defects in 
natural diamonds (Lang et al. 2004; Howell et al. 2013a, b; 
Smit et al. 2016; this study) due to different surface char-
acteristics of the {100} sectors in natural diamonds and 
their synthetic analogues. This similarity in the nitrogen 
incorporation should reflect a single reason for the selec-
tive impurity uptake, i.e. generally similar nitrogen incor-
poration dependent of distinct atomic surface structure of 
cube and octahedron diamond surfaces and kinetics- and/
or growth-rate control of the impurity incorporation during 
mineral growth (Watson and Liang 1995; Watson 1996).

For nitrogen, the principal differences between synthetic 
diamonds and most of natural diamonds are as follows: 
(1) the difference in the {100} surface features (micro-
scopically coarse, unknown but most probably atomically 
coarse or even blocky for the most of natural diamonds; 
microscopically flat in case of synthetic diamonds) that 
may lead to different character in ΔN

111−100 fractionation, 
and (2) different residence times at HP-HT conditions and 
resulting aggregation state of nitrogen in a diamond. Dur-
ing residence at mantle conditions nitrogen commonly 
tends to form larger aggregates through interaction with 
available vacancies (as in NV or B1 centres) (Allen and 
Evans 1981; Evans and Qi 1982; Pinto et al. 2012; Jones 
et al. 2015) rather than re-distribute between growth sec-
tors due to numerous dislocations at sector boundaries 

separating the adjacent growth pyramids (Chernov et al. 
1980). Thus, for nitrogen-poor synthetic diamonds grown 
in relatively short periods without a subsequent annealing, 
only the first factor really affects nitrogen partitioning, and 
the positive ΔN

111−100 partitioning demonstrated by these 
diamonds (Boyd et al. 1988; Burns et al. 1990; Reutsky 
et al. 2008; Babich and Feigelson 2009a) should reflect the 
“ideal” model driven by the surface crystal chemistry even 
at low levels of N content. The difference in {100} surface 
configuration between natural and synthetic diamonds evi-
dently does not affect N partitioning but may effectively 
influence that of other mentioned impurities, like hydrogen 
(e.g., systematic H enrichment of octahedral sectors in IIb 
diamonds; Shiryaev et al. 2007) or nickel ({111} Ni enrich-
ment in synthetic samples; Collins et al. 1990).

For natural diamonds, positive ΔN
111−100 partitioning 

is well documented only for samples with high N (How-
ell et al. 2013a; Smit et al. 2016), whereas the only N-poor 
mixed-habit diamond with a positive ΔN

111−100 fractiona-
tion factor (Cartigny et al. 2003) has been interpreted by 
Howell et al. (2015) as actually non-mixed-habit (Fig. 8a). 
For most the diamonds studied here, we observe similar 
trends of {111} nitrogen enrichment that is for some extent 
shadowed by the analytical uncertainties but at the lower 
N content in a diamond that may result from either in the 
parental composition (that might be poorer in nitrogen), or 
different behaviour of the impurity. Nitrogen distribution 
profiles suggest that growth likely occurred in a closed sys-
tem gradually depleted in nitrogen (in case of its compat-
ible behaviour relative to a diamond) or at slowly decreas-
ing growth rate leading to a decreasing kinetics-dependent 
incorporation of an impurity (if nitrogen behaves as incom-
patible). Some diamonds exhibit a clear nitrogen depletion 
at the initial stage of growth because a portion of nitrogen 
was consumed for nickel–nitrogen defects and growth pro-
ceeded at a bit higher temperature (Kanda and Lawson 
1995). As compared to the experiments that modelled dia-
mond morphology change through the increase of impu-
rity content in the parental melt (e.g., Palyanov et al. 2010, 
2013), a scale to which the nitrogen content changes during 
a natural single-stage diamond growth (e.g. in this study) 
is very limited and, therefore, unable to affect the stability 
of distinct growth shapes but more likely is a function of 
growth conditions. According to experimental growth and 
impurity distribution of mixed-habit diamonds (Reutsky 
et al. 2008; Babich and Feigelson 2009a), nitrogen content 
in a diamond may be directly dependent on the growth rate 
that is consistent with a incompatible behaviour of nitro-
gen relative to a growing diamond (e.g. Boyd et al. 1994; 
Cartigny et al. 2001). The two conclusions that may be 
drawn from this are the following: (1) high overall growth 
rate would result in a shift from equilibrium fractionation 
leading to saturation of the more defective cube surface 
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with the incompatible impurity (as in case of “hourglass” 
diamonds studied here and by Bulanova et al. 2002), (2) a 
slight decrease in the overall growth rate towards the crys-
tal periphery would lead to the nitrogen fractionation close 
to “equilibrium” as supported by most of the remaining 
diamonds (e.g., NBI-67, A100111, S-27, S-37). The miss-
ing point here is a definition of the actually high and low 
growth rates as natural diamonds grown at definitely high 
rates are believed to exhibit fibrous patterns with numer-
ous microinclusions (e.g. Zedgenizov et al. 2009; Skuzo-
vatov et al. 2016) and should contain more nitrogen than 
their inclusion-free analogues if accepting the incompatible 
nature of nitrogen. However, for a series of the Botswanian 
diamonds, Smit et al. (2016) reported a usual positive type 
of the ΔN

111−100 partitioning but with surprisingly higher 
level of ΔN

111−100 if considering inclusion-free {100} sec-
tors (hence likely grown at relatively low growth rates) as 
compared to {100} sectors rich with numerous methane 
inclusions that should reflect high growth rates. The mech-
anism for these variations needs an additional clarification.

Hydrogen impurity and its distribution within diamond 
crystals in relation to growth parameters is much more dif-
ficult matter, as the ratio de-facto hydrogen content and 
hydrogen-related IR-absorption is unclear and cannot be 
assessed quantitatively (e.g. as highlighted by Sweeney 
et al. 1999). It has been also a matter of long-term discus-
sions whether IR-active hydrogen is structurally bonded, 
e.g. with nitrogen-related defects (Rondeau et al. 2004) or 
present on a surface of cavities/microinclusions (Woods 
and Collins 1983) or some sort of macroscopically detected 
“disc-crack-like” defects (Walmsley et al. 1987; Howell 
et al. 2013a). Possible role of microinclusions in enhanc-
ing hydrogen-related absorption is especially emphasized 
in cloudy diamonds where the maximum intensity of the 
corresponding spectral features usually associates with 
inclusion-rich cubic cores (e.g. Skuzovatov et al. 2011, 
2015, 2016). The mixed-habit domains of the diamonds 
studied here are evidently macrodefect- and inclusion-
free, whereas a mixed-habit structure is observed only 
through CL/PL excitation. Thus we may reliably regard the 
observed IR hydrogen absorption as structure-related and 
presenting at least a significant portion of a total hydrogen 
or even a whole amount of that.

Based on a number of direct observations, the enrich-
ment of cubic diamonds in hydrogen and a strong partition-
ing of the impurity to cube growth sectors of mixed-habit 
samples are known (e.g. Suzuki and Lang 1976; Woods and 
Collins 1983; Howell et al. 2013a and references therein). 
According to some recent models, this tends to reflect a 
necessity of high hydrogen content in the parental fluid/
melt required for cubic diamond growth (e.g. Rondeau 
et al. 2004; Howell et al. 2013a). Strongly contradicting 
standpoint is met when looking up a clear correlation of 

3107 cm−1 and other hydrogen-related IR features with 
diamond annealing and nitrogen aggregation process (Kif-
lawi et al. 1996; De Weerdt and Kupriyanov 2002; Goss 
2003; De Weerdt and Collins 2006) as well as an extreme 
enrichment in hydrogen of some high-%B1 octahedral dia-
monds (Iakoubovskii and Adriaenssens 2002). In general, 
we may conclude that both low-B1 diamonds with low 
amount of IR-active hydrogen and high-B1 octahedrons 
with more complex growth history may resemble a simi-
lar and common type of negative ΔH

111−100 partitioning that 
should reflect “normal” lattice-controlled hydrogen distri-
bution. If assuming the reports of high-B1 (from 29 up to 
100%) mixed-habit octahedra with a much lower hydrogen 
absorption (Bulanova et al. 2002; Kaminsky and Khacha-
tryan 2004) and strongly hydrogen-enriched mixed-habit 
samples with “normal” ΔH

111−100 partitioning at relatively 
low %B1 (mostly within 15%) (Howell et al. 2013a), we 
may suggest that diamond mixed-growth may occur not 
only from hydrogen-rich media (Howell et al. 2013a) but 
also from fluids/melts with drastically different H contents 
or at different conditions directly affecting the kinetics of 
hydrogen incorporation.

Conclusions

A significant variability of spectroscopic features for a 
series of mixed-habit diamonds directly indicates the diver-
sity of growth conditions may be generated. Definitely 
grown at relatively constant pressure–temperature and 
closed or nearly closed system conditions, mixed-habit 
stones though exhibit different degree of impurity partition-
ing possibly linked to variable degree of non-equilibrium 
controlled directly by growth kinetics and temperature. 
Based on this study, we may argue that mixed-habit dia-
mond growth is successfully reproduced in natural systems 
with a lower impurity content as compared to some recent 
conclusions considering only N-rich diamonds and—thus—
nitrogen-rich fluids/melts. Relatively constant and notable 
partitioning of impurities between adjacent growth sectors 
reported earlier for a series of mixed-habit diamonds seems 
to result from a better analytical sensitivity at much higher 
nitrogen content, since the high nitrogen content itself could 
not produce larger ΔN

111−100 fractionation values. A similar 
pattern is typical of hydrogen behaviour, but in contrast to 
nitrogen this impurity may be partially re-distributed during 
post-crystallization annealing and formation of A- and B1-
type defects. Significantly lower content of IR-active hydro-
gen in some samples studied here relative to “standard” 
sectorial diamonds with cubic sectors enriched with that 
impurity, shift the lower limit of H concentration towards 
extremely depleted. The combined data on relatively low 
nitrogen and low IR-active hydrogen content may suggest 
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that diamond-forming systems are not necessary to con-
tain high concentrations of these impurities for mixed-habit 
growth to be reproduced. The crucial role for this as well 
as for unusual impurity fractionation between growth sec-
tors may be in the overall growth rate which affects the total 
impurity content in a diamond, and relative growth rates of 
{111} and {100} sectors that—in case of a prominent dif-
ference—may shift the ΔN

111−100 partitioning towards cuboid 
enrichment. The detection of abundant Ni–N defects and 
their absence in diamonds with similar impurity contents 
and mantle residence conditions may also extend a field of 
possible geochemical affinities for growth of mixed-habit 
diamonds to low-Ni or maybe even Ni-free environments, 
such as pyroxenitic or eclogitic suites.
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