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ABSTRACT

Fibrous diamonds containing mantle fluid inclusions have been studied to explore their unique
growth patterns and the evolution of mantle fluids. However, the growth of fibrous diamonds is not
a completely homogeneous process, and there has been limited focus on the growth fluctuations of
the diamonds themselves. This gap in research hinders our understanding of mantle fluid evolution.
To address this issue, polarizing microscope, energy-dispersive spectroscopy (EDS), cathodolumines-
cence (CL), Raman spectroscopy, and Fourier transform infrared spectroscopy (FTIR) were used to
investigate the distribution and composition of fluid micro-inclusions, growth structure, plastic defor-
mation, residual stress, and impurities in coated diamonds from the Democratic Republic of the Congo
(DRC). It was found that VN3H defects controlled the luminescence of diamond growth layers, and
plastic deformation and residual stress were mainly related to nitrogen content. However, the relation-
ship between VN3H defects and nitrogen content in the core varied, leading to contrasting correlations
with plastic deformation and residual stress. In the fibrous coat, there are growth layers with varying
densities of micro-inclusions. Interestingly, both the dark fibrous layers with the highest density of
micro-inclusions and the light-yellow fibrous layers with the lowest density ofmicro-inclusions showed
positive anomalies of plastic deformation, tensile residual stress, nitrogen concentration, and VN3H
defects. According to the micro-inclusion composition and the effect of growth conditions on the
growth rate and impurity incorporation of diamonds, it was speculated that growth media with high
water contents led to the formation of dark layers with the highest growth rate, and reduced growth
pressures were the major reason causing the crystallization of light-yellow fibrous layers. This study
demonstrates that the nucleation of natural fibrous diamonds could be subjected to the influence of
multiple factors, and the systematic correlations between the structural and impurity features of
diamonds have the potential to reflect variations of mantle conditions under which they crystallized.
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INTRODUCTION

Diamonds attract geologists’ attention because they carry
valuable information from deep within the Earth. Due to the
extreme growth conditions and superior stabilities of diamonds,
their growth structures, impurity features, surface morphologies,
and characteristics of trapped inclusions all provide crucial clues
about their growth and post-growth history, thus offering us a
window into themantle conditions under which they crystallized
(Harris et al. 2022).

Coated diamonds, a type of fibrous diamond, consist of an octa-
hedral monocrystalline core and a fibrous coat. Carbon and nitro-
gen isotopic studies of the core and coat have revealed that they
were formed from different carbon sources (Boyd et al. 1992;
Zedgenizov et al. 2020). The significantly higher nitrogen aggre-
gation rate in the core compared to the coat also suggests that they
were formed by separate events (Yelisseyev et al. 2004). Numerous
fluid inclusionswere encapsulated between fibers in the coat during
its crystallization (Weiss et al. 2022). Previous studies about fibrous

diamonds mainly focused on the compositional features of fluid
inclusions to investigate the metasomatic reactions responsible
for their special fibrous growth (Kopylova et al. 2010). The com-
position of fluid inclusions within a single fibrous diamond is
not entirely homogeneous. Klein-BenDavid et al. (2004) observed
the transformation of brine micro-inclusions into carbonatitic melt,
accompanied by a change in the carbon isotopic composition from
the inner to outer growth zones of a fibrous diamond from the Dia-
vik mine. Weiss et al. (2009) identified a transition from silicic to
carbonatitic fluids toward the rim of fibrous diamonds from Kan-
kan, Guinea. Zedgenizov et al. (2011) reported that the composi-
tions of micro-inclusions in fibrous diamonds from the Ebelyakh
placers changed from carbonatitic to silicic. These reports about
compositional variations of fluid inclusions within a single fibrous
diamond indicate that the growth conditions of fibrous diamonds
were not stable. However, most studies about fluid inclusions in
fibrous diamonds based on the average composition of a certain
amount of tested micro-inclusions have overlooked fluctuations
of growth conditions, and few studies have focused on the variation
of the diamond itself during the fluctuating growth process.

Fortunately, growth conditions have impacts on various prop-
erties of diamonds. The nucleation of natural fibrous diamonds has
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been attributed to the involvement of increased water content
(Smith et al. 2015). With increasing water, the diamond growth
rate would increase, and the morphology of grown diamonds
evolves from octahedra to {111} dendrites (Palyanov et al. 2012).
The diamond growth rate is also influenced by growth temperature
and pressure. Experimental results from chemical vapor deposition
(CVD) synthesis of diamonds revealed that the growth rate
increases with both growth pressure and substrate temperature
(Sakaguchi et al. 1999; Brinza et al. 2008; Cao et al. 2021). In
high-pressure high-temperature (HPHT) synthesis of diamonds,
the diamond growth rate also strongly depends exponentially on
temperature (Palyanov et al. 2017).Moreover, growth temperature
and pressure can affect the incorporation of N and H atoms into
diamonds during growth. For example, Tian et al. (2009) observed
a decrease in nitrogen concentration in HPHT diamonds from 460
to 117 ppmwith an increase in temperature from 1500 to 1560K at
5.5 GPa. Liu et al. (2023) reported that nitrogen concentration
decreased from 279 to 241 ppm when growth pressure increased
from 5.8 to 6.8 GPa at 1600 K. While hydrogen incorporation
decreases with increasing pressure (Sakaguchi et al. 1999), and it
increases with higher substrate temperatures (Tang et al. 2004). In
addition, in polycrystalline diamonds, the incorporation of impu-
rity atoms would also be promoted by decreasing grain size
(Xu et al. 2007; Tang et al. 2010; Chen et al. 2023). Therefore,
based on the influence of growth conditions on the structural
and impurity features of diamonds, changes in growth conditions
could be recovered in turn. This study took coated diamonds from
the Democratic Republic of the Congo (DRC) as an example,
explored correlations between the distribution of micro-inclusions,
plastic deformation, residual stress, and impurity defects, and
attempted to recover fluctuations of growth conditions responsible
for the variation of these features, which strengthened our cogni-
tion about the crystallization process of fibrous diamonds, and

provided new perspectives to investigate mantle condition evolu-
tion responsible for the growth of diamonds.

MATERIALS AND METHODS

This study examined 70 coated diamonds collected from theDRC through polar-
izing microscope. The diamonds were cut and polished into smooth sections
∼0.3 mm thick. Of all the diamonds examined, 20 samples with prominent color dif-
ferences in the fibrous coat all showed apparent correlations between structural and
impurity features (as summarized inOnlineMaterials1 Table S1). Two representative
sections cut along the (110) planes, labeled DRC196 (3 × 4 mm) and DRC205
(5 × 7 mm), were selected to illustrate the study’s findings. The distribution of
micro-inclusions and birefringence in the samples was observed using an Olympus
BX51 polarizing microscope (the Open Facility Center, Tokyo Institute of Technol-
ogy, Japan). Both DRC196 and DRC205 exhibited transparent cores surrounded by
fibrous coats containing numerous micro-inclusions (Figs. 1a and 1d). The fibrous
layers, varying in micro-inclusion density, displayed different colors under single
polarized light: dark layers with high density (dashed black rectangles), gray layers
withmedium density (dashed gray rectangles), and light-yellow layers with low den-
sity of micro-inclusions (dashed light-yellow rectangles) (Figs. 1b and 1e). Birefrin-
gence patterns are primarily distributed along the boundaries of layers with differing
micro-inclusion densities (Figs. 1c and 1f), indicating strong strain between them.

The growth structures of these two samples were revealed through cathodo-
luminescence (CL) imaging using a ZEISS Sigma 300 scanning electron micro-
scope (SEM) with an accelerating voltage of 10 kV and a working distance of
15 mm (Institute of Mineral Resources, Chinese Academy of Geological Sciences,
China). Raman mapping tests conducted on regions indicated by blue rectangles in
Figures 1a and 1d, were performed with a Renishaw inVia Raman spectrometer
equipped with a Leica DM 2500Mmicroscope in confocal mode. These tests were
conducted at room temperature with a step size of 10 μm (Innovation Center,
National Gems and Jewelry Co. Ltd., China). Before each test, the spectrometer
was calibrated according to the 520.7 cm−1 band of a silicon wafer (Kadlečíková
et al. 2018). Every spectrum was collected with a static scan from 741.1 to
1880.5 cm−1, using a laser wavelength of 532 nm, a laser power of 5 mW, a grating
of 2400 L/mm, an exposure time of 1 s, and an accumulation of 1. The full-width at
half maximum (FWHM) of the LO = TO band, which is sensitive to the lattice dis-
order (Stoneham 1968), was used to indicate the degree of plastic deformation in
the diamonds (Erasmus et al. 2011; Agrosì et al. 2017). Due to the effect of stress
on changing bond lengths in the diamond lattice, the vibration frequencies of these

FIGURE 1. Microscopic images of DRC196 (a) and DRC205 (d). Blue rectangles indicate the regions of Raman mapping tests, and red rectangles
indicate the regions of FTIRmapping tests. (b) and (e) are single-polarized images of the regions indicated by black rectangles in (a) and (d), respectively.
(c) and (f) show birefringence patterns of the same region of (b) and (e), respectively, under cross-polarized light.
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bonds together with the Raman shift of LO = TO bands change accordingly.
The LO = TO band of an unstressed diamond is featured by the Raman shift of
1332 cm−1 and the FWHM of 1.6 cm−1. The peak position shifts to higher wave-
numbers with the increase of compressed stress and to lower wavenumbers with
the increase of tensile stress (Grimsditch et al. 1978; Izraeli et al. 1999). Therefore,
the peak position of the LO = TO bands indicates residual stress in the diamond
crystal (Howell et al. 2010). Residual stress in the samples was calculated using
the ratios proposed by Grimsditch et al. (1978).

The distribution of impurities in diamonds was determined using micro-Four-
ier transform infrared spectroscopy (FTIR). FTIR mapping was conducted on
regions indicated by red rectangles in Figures 1a and 1d, using a Nicolet iN10
MXmicro-FTIR spectrometer equippedwith amercury-cadmium-telluride (MCT)
detector and a KBr beam splitter (Innovation Center, National Gems and Jewelry
Co. Ltd., China). Samples were placed on a circular CaF2 plate to collect transmis-
sion IR maps with a step size of 50 μm after the detector was cooled to liquid
nitrogen temperature. Each spectrum was scanned in the range of 675–4000 cm−1

with a spectral resolution of 4 cm−1 and an accumulation of 64 scans. After base-
line subtraction, normalization, and deconvolution of the absorption spectra, the
nitrogen concentration in A centers [NA, a pair of neighboring substitutional nitro-
gen atoms (Davies 1976)] and B centers [NB, four nitrogen atoms surrounding a
vacancy (Woods 1986)] were calculated using equations proposed by Boyd et al.
(1994, 1995). The H2O# values [H2O/(H2O�CO2), concentration ratio] were
calculated using ratios proposed by Weiss et al. (2010).

The fluid micro-inclusion composition at different positions in the coat of
DRC196 and DRC205 was determined using a JED-2300 energy-dispersive spec-
trometer (EDS) on a JSM-7200F field emission scanning electron microscope
(School of Materials Science and Engineering, Tokyo Institute of Technology,
Japan). After ultrasonic cleaning with HF (46%) and HNO3 (60%) acids for
two hours, and then rinsing in distilled water and ethanol for an hour, individual
micro-inclusions (with size <1 μm) in samples were identified through the lower
electron detector imaging (LED, a recombination of low-angle backscattered elec-
trons and secondary electrons) and analyzed using a focused electron beamwith an
acceleration voltage of 15 keV, a beam current of 14 nA, an acquisition time of
30 s, and ZAF-correction (atomic number, absorption of X-ray emission, and fluo-
rescence) under high-vacuum mode (9.6 × 10−5 Pa). At least 35 micro-inclusions
were tested at each position to calculate the average composition.

RESULTS

Growth structures revealed by CL

The cores of coated diamonds exhibited much brighter cath-
odoluminescence than the coats. Different brightness in the core
indicated variations in defects and multi-stage layer growth. The
coat was composed of concentric growth layers, with the fibrous
layers nearest to the core mimicking its contour and gradually
evolving into more cuboid layers toward the rim (Figs. 2a and
2b). CL images revealed no structural transitions between the core
and coat. Fibrous crystals oriented perpendicular to the octahedral
facets of the core abruptly appeared in the coat (Fig. 2c). Despite
the relatively weak luminescence of the coat, the layers within it
displayed varying brightness. Comparing CL images with single
polarized microscope images, the dark CL layers in the coat
corresponded not only to the darkmicro-inclusion-rich layers near
the core but also to the light-yellow layers with the lowest density
of micro-inclusions (Figs. 2a and 2b).

Moreover, the dark layers in the coat did not exhibit apparent
fibers, unlike the gray layers (Figs. 2d and 2i). Instead, they
featured numerous black triangles smaller than 4 μm under CL
(Figs. 2g and 2k). The growth layers in the fibrous coat were
jagged, along which there could also be lots of black triangles.
The outline of the jagged fibrous growth layer was related to the
accumulation of fibers, with the tip of each fiber pointing to a
kink of the growth layer (Figs. 2e and 2h). Inside a single fiber,
there were straight black lines parallel to the {111} planes, while

bright lines existed at the boundaries between fibers, connecting
the serrated tips of the jagged growth layers (Figs. 2f and 2h).
Additionally, the fibers at the rim of the coat were much longer
than those in the inner coat (Fig. 2j).

Distribution of plastic deformation and residual stress

The LO = TO bands of five representative spots at different
parts of the two samples are shown in Figures 3a and 3b. These
spots were: inner core1, with the highest value of FWHM in the
inner core; core rim2, with the lowest FWHM value at the rim of
the core; dark coat3, representing the dark growth layer with the
highest micro-inclusion density; gray coat4, indicating the gray
growth layer with moderate micro-inclusion density; and light-
yellow coat5, at the light-yellow layer with the lowest micro-
inclusion density. Raman shifts of all these spots were lower than
1332 cm−1, indicating that tensile residual stress dominated in
these samples. Moreover, the FWHM of the band increased with
the Raman shift’s deviation from 1332 cm−1.

Positive anomalies of Raman peak width appeared not only in
dark growth layers but also in light-yellow layers (Figs. 3c and
3d). In DRC196, the FWHM of dark and light-yellow layers
ranged from 3.5 to 3.9 cm−1, generally higher than that of the
gray layers, which ranged from 2.9 to 3.2 cm−1. In DRC205,
the FWHM of dark and light-yellow layers ranged from 3.4 to
3.7 cm−1, also higher than that of gray layers, which ranged from
2.9 to 3.1 cm−1. A notable difference between the two samples
was the FWHM value of the core. The central core of DRC196
had an FWHM of up to 3.9 cm−1, comparable to the dark fibrous
layers in the coat, while the FWHMvalues of the core of DRC205
(2.19–3.1 cm−1, mostly lower than 2.8 cm−1) were even lower
than those of the gray, fibrous layers. Interestingly, both samples
showed negative anomalies of FWHM in layers corresponding
to the latest growth stage of the core (down to 2.73 cm−1 in
DRC196 and 2.19 cm−1 in DRC205).

The distribution of residual stress in samples is shown in
Figures 3e and 3f. In DRC196, residual stress ranged from –0.07
to –0.035 GPa in the core and from –0.39 to 0.11 GPa in the coat.
In DRC205, residual stress ranged from –0.05 to –0.25 GPa in the
core and from –0.31 to 0.10 GPa in the coat. Positive values indi-
cate compressive stress, while negative values correspond to ten-
sile stress (Nasdala et al. 2004). Both samples predominantly
exhibited tensile residual stress throughout the tested regions,with
compressive stress appearing only at the fissure tips. Comparing
residual stress maps with FWHM maps, it was apparent that
regions with stronger plastic deformation (indicated by higher
FWHM values) also displayed stronger tensile residual stress.

Impurity distribution and micro-inclusion features
The typical absorption spectra of the inner core1, core rim2,

dark coat3, gray coat4, and light-yellow coat5 of the two samples,
as indicated by arrows in Figures 4c1 and 4d1, are shown in
Figures 4a and 4b. Combined with maps of the distribution of
characteristic defects (Figs. 4c and 4d), it was revealed that nitro-
gen atoms in the core and coat existed in different forms. Nitrogen
in the coat existed only in A centers, while the cores contained
nitrogen in both A and B centers (Figs. 4c1, 4c2, 4d1, and 4d2).
Maps of total nitrogen concentration (Ntotal, Figs. 4c3 and 4d3)

1014 SUN ET AL.: CORRELATIONS BETWEEN THE STRUCTURAL AND IMPURITY FEATURES

American Mineralogist, vol. 110, 2025



showed that in the core, growth layers that crystallized earlier usu-
ally had higher Ntotal. At the rim of the core in both samples, there
was a sharp decrease in NA and NB. The cores also showed

absorptions related to platelets (B 0, Figs. 4c4 and 4d4); the peak
position of platelets in DRC196 was about 1372.21 cm−1, while
that in DRC205 was about 1364.37 cm−1. Since the platelet peak

FIGURE 2. Growth structures of coated diamonds revealed by CL images. The overall CL images of DRC196 (a) and DRC205 (b). (c) Abrupt
structure changes from the core to the coat in DRC196. (d) Black triangles in dark layers and apparent fibers in gray layers in DRC196. (e) Fibers with
straight black lines inside them point to kinks of jagged growth layers, along which black triangles also exist. (f) Bright lines between fibers in gray
layers. (g) Black triangles in dark CL layers of DRC196. (h) Bright lines between fibers connecting serrated tips of growth layers. (i) Dark CL layers
with black triangles and gray layers with apparent fibers in DRC205. (j) Long fibers at the outermost fibrous growth regions of DRC205, with bright
lines between them. (k) Black triangles in dark CL layers of DRC205.
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position increases as platelet size decreases (Speich et al. 2017),
the platelet size in DRC205 was larger than that in DRC196.
The absorption coefficients of platelets [μ(B 0)] shared very similar
distribution features with NA and NB in the core. Positive correla-
tions between the concentration of platelets, A centers, and B cen-
ters indicated that no significant dissolution of platelets occurred
during the annealing (Woods 1986). Regarding the absorption of
VN3H defects [μ(VN3H), Figs. 4c5 and 4d5], it was apparent that
the outer parts of the core displayed very low values of μ(VN3H)
(absorptions lower than 0.4 cm−1), and high values of μ(VN3H)

only occurred in certain parts of the core (up to 1.10 cm−1 in
the core of DRC196, and 0.95 cm−1 in the core of DRC205).
In addition, the distribution of VN3H defects within the core
did not correspond with the distribution of nitrogen or platelets.
Specifically, in the core of DRC205, regions exhibiting higher
nitrogen concentration and μ(B 0) showed lower μ(VN3H) values.

In the fibrous coat, nitrogen existed only in A centers, with the
highest nitrogen concentration in the darkest fibrous layers closest
to the core, reaching up to 1820 ppm in DRC196 and 1670 ppm in
DRC205. The NA in the outer fibrous parts of DRC196 was

FIGURE 3. Raman spectra (a and b), FWHM maps (c and d), and residual stress maps (e and f) of DRC196 and DRC205.
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typically lower than that of the core, whereas, in DRC205, the NA

in the coat was much higher than that in the core. Both samples
demonstrated higher μ(VN3H) values in the coats compared
to the cores. In fibrous regions, absorptions related to water and
carbonates were the highest in dark coat layers, followed by gray
coat layers, while light-yellow coat layers displayed the lowest
absorptions, consistent with the lowest micro-inclusion density
as observed under the microscope (Figs. 1b and 1e). Dark fibrous
layers with higher micro-inclusion densities displayed positive
anomalies of Ntotal (equivalent to NA in the fibrous coat),
μ(VN3H), and absorptions related to carbonates �μ�CO2−

3 �� and
water [μ(H2O)] (Figs. 4c5–4c7 and 4d5–4d7). However, light-

yellow fibrous layers with negative anomalies of μ�CO2−
3 � and

μ(H2O) also displayed positive anomalies of Ntotal and μ(VN3H).
Moreover, higher absorptions of carbonates and water did not
necessarily correspond to higher H2O# values. Although dark
coat layers exhibited the highest H2O# values, light-yellow fibrous
layers could also display positive anomalies ofH2O# (Fig. 4c6–4c8
and 4d6–4d8).

Micro-inclusions in the fibrous coat mainly belonged to silicic
or silicic–carbonatitic groups and were enriched in SiO2,
K2O,CaO,Al2O3, FeO,MgO, andCl. From the inner dark fibrous
layers to the outer gray and light-yellow layers, micro-inclusions
displayed compositional variations. The SiO2 contents of

FIGURE 4. FTIR spectra (a and b) and distribution maps of various impurities (c and d) in DRC196 and DRC11205.
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micro-inclusions in the dark layers were the highest, then the
micro-inclusions in the light-yellow layers. Micro-inclusions in
the gray layers had the lowest content of SiO2, but the highest con-
tent of CaO (Online Materials1 Table S2).

DISCUSSION

Correlations between structural and impurity features in
coated diamonds

Based on the contents above, the distribution of micro-
inclusions, growth structures, and characteristics of plastic defor-
mation and residual stress could all be related to the distribution of
nitrogen and hydrogen-related defects. In fibrous regions, dark
layers with the highest micro-inclusion densities and light-yellow
layers with the lowest micro-inclusion densities both exhibited
weaker luminescence compared to gray layers with moderate
micro-inclusion densities. These layers also displayed positive
anomalies of FWHM, tensile residual stress, nitrogen concentra-
tion, and VN3H defects. In the cores, the contrast zonings
observed under CL were more closely associated with the distri-
bution of VN3H defects, and regions with higher absorptions of
VN3H defects were darker under CL.Meanwhile, the distribution
of FWHM and residual stress in the core appeared to be more
related to the distribution of nitrogen content.

Dependence of CL structures. Cathodoluminescence of
diamonds under the excitation of electrons is the result of lumines-
cence recombination of various defects. Contrasting luminescence
zonings in diamonds primarily arise from the overlapping emis-
sions of band-A emission (425 nm) related to sp2 hybridization
of dislocations (Takeuchi et al. 2001), H3 centers [503 nm, com-
posed of two nitrogen atoms and a vacancy (Iakoubovskii et al.
2001)], andN3 centers [415 nm, composed of three nitrogen atoms
and a vacancy (Boyd et al. 1995)]. H3 centers are mainly formed
through the trapping of vacancies by A centers (Collins 1978) or
the trapping of single nitrogen atoms by NV centers upon irradia-
tion or plastic deformation (Collins 1980). N3 centers are mainly
formed during the aggregation of A centers into B centers (Boyd
et al. 1995). They could be formed by the combination of
A centers with NV centers, or the combination of H3 centers with
single substitutional nitrogen atoms (Vasilev et al. 2021). CL spec-
tra of coated diamonds in previous studies revealed band-A emis-
sions in both the core and coat, with additional peaks of H3 centers
in the core (Shimobayashi and Kitamura 2001). The formation of
VN3H defects in diamonds primarily involves the trapping of H
atoms byN3 centers and the trapping of A centers byVNHdefects
(Goss et al. 2014; Lai et al. 2020). H atoms play a crucial role in
quenching the aggregation of nitrogen atoms, thereby hindering
the formation of luminescent centers in the core (H3 and N3 cen-
ters) and the coat (mainly H3 centers) while promoting their trans-
formation into VN3H defects (Day et al. 2023). Consequently,
core regions with fewer VN3H defects exhibited brighter lumines-
cence, whereas fibrous layers with positive anomalies of VN3H
defects appeared even darker under CL. The corresponding
relationship between the enrichment of VN3H defects and the
weakening of luminescence also implied that the black triangles
in dark layers under CL should be related to VN3H defects.

Causes of plastic deformation and residual stress. To
determine the major factors causing the broadening and shifting

of Raman bands of coated diamonds, FWHM together with resid-
ual stress was plotted vs. NA, NB, and μ(VN3H) in Figures 5a and
5b after unifying coordinates of Raman maps and FTIR maps.
Both in the core and coat, FWHM and tensile residual stress
increased with nitrogen defects (NA in the coat and both NA

and NB in the core), and the slopes of NA were steeper than that
of NB. However, considering the structures of A centers and B
centers, it was speculated that nitrogen atoms in B centers had
a stronger influence on these two values. Previous studies have
documented the broadening of diamond Raman bands with the
increase of nitrogen concentration (Surovtsev and Kupriyanov
2017), boron doping (Ushizawa et al. 1998), and dangling bonds
(Fabisiak et al. 1993). In CVD synthetic diamonds, the intrinsic
Raman band also broadenswith increasing growth rates of the dia-
mond films (Bachmann and Wiechert 1992). The shift to lower
frequencies of diamond Raman bands with the increase of nitro-
gen contents has been observed in HPHT-grown diamonds (Chen
et al. 2018) due to the expansion effect of nitrogen on the diamond
lattice (Ferrari et al. 2018). In addition, although the FWHM and
tensile residual stress in the coat of these two samples were also
positively related to μ(VN3H), the cores of DRC196 andDRC205
displayed different relationships between the μ(VN3H) and
FWHM as well as the residual stress. For core layers where
μ(VN3H) was relatively high (>0.4 cm−1), both FWHM and ten-
sile residual stress increased with μ(VN3H). But when μ(VN3H)
was relatively low (<0.4 cm−1), FWHMand tensile residual stress
of the core of DRC196 still increased with the increase of
μ(VN3H), while those of DRC205 decreased with the increase
of μ(VN3H). Compared to A centers and B centers, VN3H defects
weremuch fewer (especially in the core) in these samples, thereby
having little influence on FWHM or residual stress. As a result,
their relationships with FWHM and residual stress depended
on their correlation with nitrogen defects and the influence of
nitrogen defects on FWHM and residual stress.

Relationship between nitrogen concentration and VN3H
defects. The cores of DRC196 and DRC205 displayed contrast-
ing correlations between μ(VN3H) and the concentration of
nitrogen defects (Figs. 5c and 5d). Both samples exhibited posi-
tive dependence of μ(VN3H) on nitrogen contents in the core
when μ(VN3H) was higher than 0.4 cm−1 (indicated by black
dashed lines). While in the range of μ(VN3H) <0.4 cm−1, the
core of DRC196 with relatively high NA contents showed a pos-
itive correlation between μ(VN3H) and the concentration of
nitrogen defects, but in the core of DRC205 with relatively high
NB contents, μ(VN3H) conventionally decreased with the
increase of NA, NB, and Ntotal. Although it is debatable whether
the intensity of the 3107 cm−1 peaks could be used for the quan-
tification of hydrogen content in diamond (Sweeney et al. 1999;
Day et al. 2024), previous results still revealed that regions with
higher hydrogen contents determined by elastic recoil detection
analysis (ERDA) or secondary ion mass spectrometry (SIMS)
also showed higher intensities of 3107 cm−1 peaks in octahedral
or mixed-habit diamonds (Vangu et al. 2023; Kaminsky
et al. 2024). Therefore, it was assumed that layers with higher
μ(VN3H) had higher hydrogen contents within the same growth
region. μ(VN3H) has been observed to exhibit complex relation-
ships with nitrogen content, showing both positive and negative
correlations in different types of diamonds. In synthetic
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diamonds with a low nitrogen aggregation state, μ(VN3H) tends
to be positively related to nitrogen content (Kiflawi et al. 1996).
Conversely, in natural diamonds with a higher degree of nitro-
gen aggregation, μ(VN3H) is often negatively correlated with
NB (Speich et al. 2017). Mixed-habit diamonds further illustrate
this variability, where octahedral sectors with higher nitrogen
contents and aggregation states (%IaB = NB/Ntotal) exhibit lower
μ(VN3H) compared to cuboid sectors with lower nitrogen con-
tents and aggregation states (Sun et al. 2022). Rondeau et al.

(2004) supposed that hydrogen impurities impeded nitrogen
aggregation, resulting in higher μ(VN3H) but lower aggregation
of nitrogen in cuboid sectors. Vasilev et al. (2021) proposed that
the inverse dependence of μ(VN3H) on B centers was not a
directly causal relationship, but resulted collectively from vari-
ous factors like hydrogen concentration, nitrogen concentration,
dislocation density, and micro-inclusion density in different
growth sectors. However, few studies about natural diamonds
have focused on the statistical relationship between the

FIGURE 5. Plots of FWHM (a) and residual stress (b) vs. NA, NB, and μ(VN3H), and plots of μ(VN3H) vs. NA, NB, and Ntotal (c, d) in the core and
coat of DRC196 and DRC205.
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concentration of VN3H defects and nitrogen defects. In this
study, even though most of the core of DRC196 did show higher
μ(VN3H) but lower nitrogen aggregation state compared to
the core of DRC205, akin to cuboid sectors compared to octa-
hedral sectors in mixed-habit diamonds, μ(VN3H) in the core
of DRC196 displayed positive dependence on NA, NB, and Ntotal

(Fig. 5c). Therefore, it was assumed that when hydrogen content
was low [μ(VN3H) < 0.4 in this study], VN3H defects in the
cores of DRC196 and DRC205 were formed through different
processes as a result of distinct annealing conditions.

The significantly lower %IaB values in the core of DRC196
(∼30%) compared to DRC205 (∼60%) suggested that the core
of DRC196 was annealed at lower temperatures or for shorter
durations. At relatively low annealing temperatures, under
which the formation of B centers was possible, nitrogen atoms
in the diamond lattice first aggregated into A centers. With
plenty of A centers and a relatively slow aggregation rate of
A centers into B centers, A centers would simultaneously con-
tribute to the formation of B centers and VN3H defects by com-
bining with H3 centers and VNH defects, respectively. This
resulted in the positive relationship between μ(VN3H), NA,
and NB, as observed in the core of DRC196. While for the
annealing at relatively high temperatures, the aggregation rate
of A centers increased. A centers would mainly aggregate into
B centers through the formation of N3 centers. However, the for-
mation of VN3H defects would also occur based on N3 centers
(Vasilev et al. 2020). Under this circumstance, nitrogen atoms
mainly existed in the form of B centers, but the formation of
VN3H defects impeded the formation of B centers, thus leading
to the negative relationship between μ(VN3H) and nitrogen con-
tents observed in the core of DRC205. However, with the
increase of hydrogen content [i.e., μ(VN3H)> 0.4 in this study],
the formation of VN3H defects became less dependent on
annealing temperature because there was a greater chance for
H atoms to be combined with either H3 centers or N3 centers,
leading to a slight positive correlation between VN3H defects
and nitrogen concentration. Therefore, considering the positive
dependence of FWHM and tensile residual stress on nitrogen
concentration, the cores of these samples displayed contrasting
correlations of the strength of plastic deformation and tensile
residual stress with the content of VN3H defects. In the coat
of these diamonds, where only A centers existed alongside
enough high concentration of vacancies and H atoms, VN3H
defects formed through the combination of A centers with
VNH defects, resulting in the positive relationship between
VN3H defects and nitrogen defects. In addition, plastic deforma-
tion and tensile residual stress were positively related to both
nitrogen concentration and VN3H defects.

Growth condition fluctuations of fibrous diamonds

Over the long residence history, N and H atoms in diamonds
have aggregated into more stable forms. However, the aggrega-
tion of nitrogen is constrained to a confined volume because
nitrogen can only diffuse on a nanometer level (Stachel et al.
2022). The diffusion of hydrogen is faster than nitrogen
(Cherniak et al. 2018), but it can still be strongly impeded by
point and extended defects (Stacey et al. 2012). Therefore, the
distribution of aggregated defects within the fibrous coat has

been predetermined since the incorporation of individual N
or H atoms during growth. The trapping of nitrogen into
the diamond lattice is naturally favored because even a perfect
diamond lattice is internally compressed (Dobrinets et al. 2013),
and nitrogen could reduce the internal compressive stress by
expanding the diamond lattice. Due to the stability change
of the diamond lattice under different conditions, the amount
of nitrogen incorporated is also growth condition-dependent.

In this study, both dark and light-yellow fibrous layers exhib-
ited elevated nitrogen contents and VN3H defects (Figs. 6a and
6b). The density of micro-inclusions could be related to the growth
rates of diamonds (Howell et al. 2012); the growth rate of dark
layers with a high density of micro-inclusions should be higher
than that of gray layers, and then light-yellow layers with a low
density of micro-inclusions. Fluid micro-inclusions in fibrous
diamonds indicate that they crystallized during the interaction
between subducted KCl-rich saline fluids and carbonated rocks
in themantle (Weiss et al. 2022).With the increase ofwater content
in the reaction system, produced fluids would be more enriched in
SiO2 and less enriched in CaO (Elazar et al. 2019). This suggests
that dark layers crystallized in media with water content higher
than those of light-yellow layers, and gray layers were formed
in media with relatively low water content. The high growth rate
of dark layers could be attributed to the high H2O# values of the
growth medium. Previous HPHT synthesis of diamonds with dif-
ferent water contents demonstrated that water content had an
important impact on the diamond morphology (Palyanov et al.
2012). During diamond growth, water not only enhances carbon
solubility (Sokol and Pal’yanov 2008) but also lowers the interfa-
cial energy between the diamond surface and growth media
(DeYoreo 2003). Consequently,water is expected to promote both
fibrous diamond growth and nucleation rates (Smith et al. 2015).
Alternatively, the high growth rate of dark layers could result sim-
ply from increased carbon supersaturation in the growth medium.
High growth rates of dark layers explained their positive anomalies
of nitrogen and VN3H defects because smaller grain sizes under
higher growth rates would facilitate stronger incorporation of H
atoms into grain boundaries and other structural defects (Michael-
son et al. 2007; Tang et al. 2007; Rakha et al. 2009).Moreover, the
decrease in grain sizewould lead to higher compressive stress, thus
also promoting the incorporation of nitrogen atoms (Chen et al.
2023). In contrast, light-yellow layers, grown from media with
higher H2O# than gray layers, displayed the lowest growth rates
but still showed positive anomalies of nitrogen content and
VN3H defects. Higher nitrogen contents at certain growth layers
within a diamond have been attributed to higher nitrogen contents
of the growth medium during corresponding growth stages (Zed-
genizov et al. 2006). Previous experiments of homoepitaxial dia-
mond growth under different nitrogen doping levels have shown
that growth rates first increased with an N2/CH4 ratio of up to 20%
but decreased with further increases of an N2/CH4 ratio of up to
200% (Nakano et al. 2022). Nevertheless, these experiments
showed that even with lower growth rates, diamonds grown under
N2/CH4 ratios higher than 20% still showed higher nitrogen con-
tents. By contrast, the nitrogen contents of light-yellow layers were
lower than those of dark layers. Therefore, it was unlikely that
light-yellow layers crystallized from growth media with higher
nitrogen contents than those of dark layers.
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The growth rate and impurity incorporation of diamonds
could also be influenced by growth temperature and pressure.
Experimental studies on polycrystalline CVD-grown diamonds
revealed that growth rates increased with temperatures, pres-
sures, and methane concentrations in the gas phase (Sakaguchi
et al. 1999; Brinza et al. 2008; Cao et al. 2021). The decrease in
substrate temperature would result in a higher nitrogen concen-
tration in grown diamonds (Lobaev et al. 2017). Similar inverse
dependences of nitrogen contents on temperature and pressure
were also observed in HPHT diamonds (Tian et al. 2009;
Liu et al. 2023). Hydrogen incorporation, on the other hand,
increases with growth temperature but decreases with growth
pressure (Sakaguchi et al. 1999; Tang et al. 2004). Based on
these findings regarding the effects of growth conditions on the
growth rate and impurity incorporation, the low growth rate but
high content of nitrogen andVN3H defects in light-yellow layers
could result from reduced growth pressure. Additionally,
according to the influence of temperature and pressure on nitro-
gen and hydrogen concentration, the increase in growth temper-
ature or pressure should not be the reason for the high growth
rates of dark layers. Therefore, it was speculated that during
the growth of the fibrous coat, dark layers grew under higher
water contents or higher supersaturation of carbon grew faster,
thus incorporating more fluid micro-inclusions, hydrogen, and

nitrogen atoms. Although also grown under high water contents,
the reduction in growth pressure during the formation of
light-yellow layers led to slower growth rates but promoted
the incorporation of hydrogen and nitrogen impurities.

IMPLICATIONS

This study has revealed systematic correlations among growth
structures, plastic deformation, residual stress, and impurity, as
well as micro-inclusion distribution features of coated diamonds
from the Democratic Republic of the Congo (DRC). Growth
structures observed under CLwere related toVN3Hdefects, while
plastic deformation and residual stress were mainly associated
with nitrogen impurities. Nitrogen content in the core could be
contrastingly related to VN3H defects due to different annealing
conditions. In the coat, nitrogen contents and VN3H defects were
conventionally positively correlated. However, positive anoma-
lies of nitrogen and VN3H contents appeared not only at dark
fibrous layers with high micro-inclusion densities but also at
light-yellow layers with low micro-inclusion densities. Consider-
ing factors influencing growth rates and the incorporation of
nitrogen and hydrogen atoms during diamond growth, it was
speculated that high water contents of growth mediums led to
the formation of dark layers, and growth pressure decreases

FIGURE 6. Impurity feature variations
during the growth of the coat of DRC196
(a) and DRC205 (b).
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should be the major reason causing the formation of micro-inclu-
sion-poor but nitrogen- and hydrogen-rich light-yellow fibrous
layers. This study advanced our understanding of the unique
fibrous growth of natural diamonds and exemplified the occur-
rence ofmultiple fluctuations in growth conditions during the rapid
crystallization of diamonds. Therefore, careful attention should be
paid to the layer position of analyzedmicro-inclusionswhen inves-
tigating the compositions of mantle fluids trapped in fibrous dia-
monds, as fluid inclusions within the same fibrous diamond may
form under different conditions. Furthermore, this study suggested
that comprehensive investigations into the impurity evolution of
diamonds would provide important supplemental information
about the evolving mantle conditions in which they crystallized.
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