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Abstract: The Mengyin diamondiferous kimberlite cluster in Shandong province is one of the three
major sources of natural diamond in China, where many brown diamonds are mined, but the genesis
of their color is still controversial. In this paper, studies including microscopic examination, optical
properties of orthogonal polarization, low temperature photoluminescence spectra, infrared spectra,
Raman spectra, ultraviolet-visible absorption spectra, luminescence of cathodoluminescence, and
transmission electron microscopy have been carried out on the uncut brown diamonds and their slice
samples to constrain on the color genesis of brown diamond from the Mengyin deposit. The results
show that the brown color is dominantly caused by plastic deformation, and some samples are also
caused by non-deformation-related defects and inclusions.

Keywords: brown diamond; plastic deformation; inclusion; non-deformation-related defects;
Mengyin; China

1. Introduction

Coloration in diamond can principally be induced by defects, plastic deformation,
atomic impurities, and radiation damage [1–3]. Among these colors, brown is the most
commonly observed, with up to 98% of all mined color diamonds [3], owing their color to
both non-deformation-related (NDR) and deformation-related (DR) defects [4,5]. Natural
NDR brown diamonds mainly consist of CO2-beared and pseudo CO2-beared diamonds
as well as certain hydrogen-rich diamonds [4]. Plastic deformation and lattice defects are
likely in principle contributed to coloration of the DR brown diamonds [5–7], which can
be well identified by various spectral features [8]. Natural DR diamonds are generally
annealed brown color at a heat treatment above 1800 ◦C, and the intensity of the brown
color is substantially reduced [5,9].

Brown is a composite spectral color that mixing red and green, orange and blue, purple
and yellow, or just darkening red or orange of a diamond. As a result, brown diamonds
often show hues of yellow, orange, green, and pink [5]. Brown in diamond is caused by a
gradually increasing absorption coefficient towards shorter wavelengths such as blue [3].
The brown color of diamond is generally considered to be the result of plastic deformation
of diamond under high temperature and high pressure in the mantle [10]. Nitrogen-free
type II diamonds are commonly originated from much deeper mantle, and have a higher
proportion of brown color than those of nitrogen bearing type I diamonds [10]. Brown
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coloration has been observed in both type I and II diamonds, suggesting that a brown color
is an unobvious direct correlation with nitrogen content in diamond [3]. Plastic deformation
results in dislocation of atoms and formation of vacancy groups in diamond lattice. These
vacancy clusters absorb some light resulting in the appearance of brown in color, which
range in intensity from light to very dark hues. The surface of a brown diamond usually
shows parallel lines, which are called deformation lines and can extend to adjacent crystal
planes. This is the surface representation of the dislocations, which are caused by the
displacement and displacement of carbon atoms along the crystal plane (glide–plane) [5].
These brown diamonds are damaged by dislocation on the glide-plane, and structural
defect centers are formed after the valence bond broken. The absorption of light by these
defects can result in rose-purple and brown on the glide planes [11]. Line defects mainly
exist in the form of {111} plane slip caused by plastic deformation [12,13]. Brown becomes
more intense along individual faces, creating mottled colors or bands within the diamond.
In the process of diamond reabsorption, the deformation lines become more prominent. A
diamond commonly exhibits up to four sets of deformation lines in different orientations
that coincide with four possible directions of the octahedral plane. At the intersection of
the glide-planes with the diamond surface, the diamond is more resistant to be resorbed,
so these intersections become more distinct during resorption [10,14].

Globally, the Argyle diamondiferous lamproite cluster located in the margin of the
Kimberley Craton in northwest Australia is one of the world’s largest sources of color
diamonds, the output ratio of brown diamond reaches up to 80% of all outputted dia-
monds [15]. Comparatively, the Mengyin diamond deposit occurred in the North China
Craton is the most important mine of brown diamond in China [12,16–18]. However, the
wall rock of the Mengyin diamond is kimberlite, which is different from those of the Argyle
lamproite, and it is not clear whether the coloration in the Mengyin brown diamonds is
caused by plastic deformation and defects that are the same as those of the Argyle brown
diamonds. Many studies have been conducted on the genesis of brown diamonds from
Hunan and Liaoning in China, and several color genetic models have been proposed
mainly including plastic deformation and structure defects [3,5,12,19–30], irradiation [31],
color centers [2,32], metallogenic energy [33], and inclusions [2]. However, the origin of
coloration of the Mengyin brown diamond in Shandong province has hardly been reported.

In this study, we present the microscopic features, polarizing microscopy analysis,
cathodoluminescence (CL) images, ultraviolet-fluorescence spectra, infrared spectra, low
temperature photoluminescence spectra, Raman spectra, ultraviolet-visible spectroscopy
(UV-Vis) absorption spectra, and transmission electron microscopy (TEM) studies of brown
diamonds from the Mengyin deposit. These new data and interpretation provide new
constraints on the coloration of the Mengyin brown diamond.

2. Materials and Methods
2.1. Materials

Currently, diamondiferous kimberlites with industrial value in China are merely
produced in Mengyin of Shandong province and Wafangdian (also named Fuxian) of
Liaoning Province; both deposits occur in the eastern part of the North China Craton.
From south to north, the Mengyin deposit consists of three diamondiferous kimberlite
belts of Changmazhuang, Xiyu, and Poli [34]. Brown diamonds mainly produce from the
Shengli No. 1 kimberlite mine which includes large and small pipes in the Changmazhuang
kimberlitic belt. The distance between the two pipes is about 20 m on the surface, and the
large and small pipes merge into one pipe below the vertical depth of 250 m. The large
pipe is mainly composed of coarse-grained porphyritic kimberlite and kimberlitic breccia
with a small amount of serpentinized cataclasite. The northwestern section of the small
pipe is mainly composed of coarse-grained porphyritic kimberlite with a relatively high
diamond-bearing grade of 200–2000 mg/m3. The southeast section is mainly ore-bearing
kimberlitic breccia, and its grade exceeds the industrial requirements [12].
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2.2. Methods

The studied samples of brown diamond in this paper were investigated from the
Shengli No. 1 kimberlite mine in the Mengyin deposit. Twenty-five grains were carefully
screened from 60 grains of raw diamond samples, and each was cut into a slice with two
large parallel faces and polished to the center of crystals with about 1 mm in thickness in
the Qingdao Jinghua Jewelry Co., Ltd. During this cutting process, sample MY-12 cut into
two pieces would be named MY-12-1 and MY-12-2, respectively. Sample MY-27 was split
into two pieces from its core, and both were named MY-27-1 and MY-27-2, respectively.
Although two grains of sample MY-36 were grinded, one grain was not grinded on one
side, so only one grain was selected and named MY-36-1; two grains of sample MY-43 were
grinded and named MY-43-1 and MY-43-2, respectively; Sample MY-46 also yielded two
grains which were designated as MY-46-1 and MY-46-2, respectively. Moreover, samples
DB3 and DB5 with special purple in CL images [12] were included. Thus, the total 29 slice
samples were analyzed.

Microscopic examination and crossed-polarizing observation were acquired in the
Gem Laboratory of China University of Geosciences (Beijing), China. The CL is performed
on CL-2 gemstone cathodoluminescence instrument in the Gemmological Institute, China
University of Geosciences (Wuhan), China. The test was recorded at room temperature
with voltage range of 2–5 kV and the current range of 0.8–2.5 mA.

The infrared spectra were obtained by the Nicolet Magana-IR 750 infrared spectrom-
eter (Nicolet Magana Co., Madison, WI, USA) of the National Jewelry and Jade Quality
Supervision and Inspection Center, Beijing, China with a resolution of 3.857 cm−1, 64 scans
of each spectrum, and a scanning range of 6000–400 cm−1.

Low-temperature photoluminescence measurements were performed by the Infrared-
Raman laboratory, Institute of Physics, Chinese Academy of Sciences, Beijing, China. The
instrument is a HR800 semiconductor laser produced by JY Company in Paris, France. The
excitation wavelength is 532 nm, which is equivalent to 514 nm excited by argon ions, the
power is 3 MW, the excitation wavelength range is 532–850 nm, and the spot diameter is
2 µm.

The Raman spectra of 29 samples of brown diamonds were analyzed by the Renishaw
Raman 1000 laser Raman spectrometer (Renishaw Trading Company Ltd., London, UK) of
National Jewelry and Jade Quality Supervision and Inspection Center, Beijing, China, with
resolution of 4 cm−1, power supply voltage of 220 V, and current of 10 A. The excitation
source is 514.5 nm laser of argon ion laser with scanning time of 20 s, cumulative number
of 1, and scan range from 4000 to 100 cm−1.

The UV-Vis absorption spectra were obtained in the Gem Research Laboratory of China
University of Geosciences (Beijing), China. The test instrument is a UV-2000 ultraviolet-
visible spectrophotometer manufactured by Lab Tech, Beijing, China. Wavelength range is
400–700 nm for visible, 200–900 nm for UV-visible. Scanning speed is fast. Record width is
2.0. Slit width is 2 nm. Room temperature is 24 ◦C. The measurement method is Abs/T%.

The TEM test was conducted in the Geoscience Test Center of China University of
Geosciences (Beijing), China, and the test instrument is an lky-AB ion etching sample
low-temperature thinning instrument (Shenyang, China). A representative sample MY-38
(yellowish brown in color) was polished twice to 0.2 mm, and a disc with a diameter of
about 3 mm was cut and perforated by argon ion bombardment for 95 h. The edge of the
hole is thinned to a thickness that the electron beam can penetrate for electron microscope
observation and photography. The H-8100 electron microscope is made by Hitachi Limited
(Tokyo, Japan), and the working accelerating voltage is 200 kV. The instrument is equipped
with a Philp EDAX-4 X-ray spectrometer (EDS), Amsterdam, Netherlands, whose detector
has an ultra-thin window and can identify all elements from boron (atomic number 5) to
uranium (atomic number 92). At the same time of direct observation of TEM samples, the
micro-area composition analysis test of inclusion binding EDS was carried out. Additionally,
the weak beam dark field technology of transmission electron microscope is used to take
pictures, which greatly improves the resolution.
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3. Results
3.1. Microscopic Magnification Examination

Diamonds exhibit a wide range of textures that are linked to growth and resorption
processes when the diamonds were residing in the Earth’s mantle, and ascend to the Earth’s
surface in deeply derived mantle magmas, such as kimberlites and lamproites. Thus, the
relationship between surface textures of diamonds can be used to reconstruct the sequence
of events that have affected the diamonds since their formation [10].

The 60 grains of brown diamond in this study show complex patterns of growth and
rough corroded surface features. Multiple imbricated plates with a stepped appearance,
raised disks, circular pits, parallel and tightly-spaced grooves and plastic deformation line
are robust pieces of evidence that the brown diamonds from the Mengyin deposit have
suffered from strong dissolution and resorption. Two crossed pinnate and “V” shaped
fissures with an angle of 45◦, black punctated and cloudy-shaped inclusions are observed
in the studied diamonds. The overall color of the rough brown diamonds is relatively
uniform, and no obvious color bands are found (Figure S1). However, after being cut into
parallel slices, obviously uneven brown is observed. For example, a group of brown bands
are exhibited in the slice samples MY-35, MY-38, and MY-40, the plane of which is parallel
to the {111} lattice plane. In the slice of sample MY-25, the color is distributed in a ring
shape, the color in the core was brown, and gradually became lighter along its periphery.
Samples MY-30 and MY-47 have uniform color, but dark inclusions rimmed brown patches
were observed in their slices.

Generally, a few of slices of brown diamonds are uniform in color, and most of them
are unevenly distributed in color shown the following features (Figure 1, Table S1):

(1) Uniform color distribution. The color of MY-20 has unobvious bands, color spots
are not visible (Table S1). The color of rough diamond MY-28 is uniform. However,
the left part of its slice sample looks nearly colorless compared to the right part with
brown to light brown (Figure 1a).

(2) The color is divergently distributed from core to rim. The brown color of MY-25
gradually becomes lighter from core to rim (Figure 1b).

(3) Brown is distributed as parallel strips in shape. A group of brown bands are observed
in the slice samples of MY-35 (Figure 1c), MY-38 (Figure 1d), and MY-40 (Figure 1e);
MY-43-1 (Figure 1f), and shows a broad brown area from top to bottom.

(4) Brown is scattered in a circular zone. Sample MY-47 has an obvious brown color
band, which is distributed in a ring shape. The brown band of the sample MY-47
is the darkest and becomes lighter from the center to both wings (Figure 1g). Black
inclusions in the core rimmed changing colors from colorless to light brown in sample
MY-30. Remarkably, the color near the rim displays as slightly darker, and shows
transitional color from light brown to brown, and it is interspersed in a vague ring
(Figure 1h). Abundant black inclusions and fractures associated with the brown zones
are scattered in the whole slice sample DB5 (Figure 1i) (Table S1).
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run through the whole sample from the upper right to the lower left (MD 3.63 mm); (d) Brown 
bands are wide and run through the whole sample from the upper right to the lower left (MD 3.66 
mm); (e) Faint brown bands occur in the core, the brown color patch and small inclusions such as 
microfractures and the tiny particles so abundant in three brown zones (MD 2.77 mm); (f) Evenly 
brown patch rimmed by colorless sides to the left and right (MD 3.09 mm); (g) Black inclusions 
surrounded by colorless sector in the core, square-shaped brown patches in the mantle rimmed by 
colorless sector (MD 2.60 mm); (h) MY-30 color is not uniform, with Black inclusions in the core 
rimmed changing colors from colorless to light brown (MD 2.80 mm); (i) Abundant black inclu-
sions and fractures associated with the brown zones (MD 2.74 mm). 
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in diamond as an anomalous optical property for a homogenous cubic mineral. It pro-
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Figure 1. The color features of brown diamond from the Mengyin deposit. (a) Unevenly colored, two
black micro-inclusions surrounded by light brown color patches in the right sector compared to the
colorless sector to the left (maximum diameter abbreviated as MD 3.64 mm); (b) Uneven in color,
abundant black inclusions surrounded by brown color patches in the core and lighter color sector
along the periphery (MD 3.29 mm); (c) Brown bands are straight and thin in the core, and run through
the whole sample from the upper right to the lower left (MD 3.63 mm); (d) Brown bands are wide
and run through the whole sample from the upper right to the lower left (MD 3.66 mm); (e) Faint
brown bands occur in the core, the brown color patch and small inclusions such as microfractures
and the tiny particles so abundant in three brown zones (MD 2.77 mm); (f) Evenly brown patch
rimmed by colorless sides to the left and right (MD 3.09 mm); (g) Black inclusions surrounded by
colorless sector in the core, square-shaped brown patches in the mantle rimmed by colorless sector
(MD 2.60 mm); (h) MY-30 color is not uniform, with Black inclusions in the core rimmed changing
colors from colorless to light brown (MD 2.80 mm); (i) Abundant black inclusions and fractures
associated with the brown zones (MD 2.74 mm).

3.2. Properties of Orthogonal Polarization

Birefringence that is generally linked to defects and impurities has been recognized in
diamond as an anomalous optical property for a homogenous cubic mineral. It provides
us with one of the most effective ways to identify specific diamond types and interpret
its formation stages [35]. The abnormal birefringence patterns of brown diamond from
the Mengyin deposit under crossed-orthogonal polarizer are mainly divided into six types
(Figure S2):

(1) Flat extinction strip

Many samples are observed as a set of parallel or two sets of intersecting extinction
stripes under cross-polarized light. For example, sample MY-35 shows a straight and dense
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extinction band from the upper left to the lower right, which is consistent with the direction
of the brown band developed on it (Figure 2a); Sample MY-40 has an extinction band
from the upper right to the lower left in the upper left corner, which is consistent with
the direction of the brown band (zone) developed on it (Figure 2b); Sample MY-43-2 has a
dense, flat extinction band from the upper right to the lower left (Figure 2c).
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the upper right to the lower left in the upper left corner in MY-40, where bow-tie extinction can
be observed, and the interference color around the inclusion in the lower left corner is distinct;
(c) A dense and straight extinction band, from the upper right to the lower left in MY-43-2, the
interference color level is different, the right half shows obvious bow-tie extinction, and the overall
interference color level is distinct; (d) A high interference color around the inclusion showing a
stepped radial extinction pattern, and a bowtie-like extinction pattern in MY-25; (e) Burn marks
around the fracture of sample MY-27, with obvious lattice-like extinction (tatami) and bowtie-like
extinction; (f) Visible grid matting (tatami) and bow-tie matting patterns in MY-47; (g) A cross-shaped
extinction pattern with high interference color in the cross-shaped distribution area in MY-28; (h) A
set of extinction strips are visible in the lower left corner of MY-36-1. The bow-tie extinction pattern is
more pronounced, and the oblique cross pattern is faintly observed.

(2) Radial extinction pattern

The abnormal extinction pattern is mainly caused by the uneven impurity content and
the existence of cracks. Occasionally, many micro-cracks are produced around a relatively
large inclusion, showing a radial extinction phenomenon. For example, sample MY-25 has
the inclusions in the center, and shows a stepped radial extinction pattern (Figure 2d).

(3) Fine lattice-like matte pattern (“tatami” in shape)

Samples MY-27 (Figure 2e) and MY-47 (Figure 2f) display two groups of straight
extinction bands under cross-polarized light, and both samples show special fine lattice-
like extinction, or “tatami” extinction.

(4) Cross extinction pattern

It is mainly caused by the uneven distribution of impurities, and sometimes the
volume stress also produces a similar cross-shaped extinction pattern. For example, a
cross-shaped extinction pattern is visible in sample MY-28 (Figure 2g). Sample MY-36-1
shows a faint oblique cross-shaped extinction pattern (Figure 2h).

(5) Bow-tie extinction pattern

Due to the presence of inclusions and fractures, bow-tie extinction patterns are ob-
served locally under cross-polarized light, such as samples MY-47 (Figure 2f) and MY-43-2
(Figure 2c).

(6) Combined and superposing extinction pattern

The different forms and combinations of anomalous birefringence in diamonds are
commonly considered as the result of growth stress and post-growth plastic deforma-
tion [2,3]. Therefore, there is not only a single extinction pattern for one sample, but also a
superposition combination of different patterns. For example, MY-25 (Figure 2d), MY-27
(Figure 2e), MY-35 (Figure 2a), MY36-1 (Figure 2h), MY-40 (Figure 2b), MY-43-2 (Figure 2c),
and MY-47 (Figure 2f) show the superposed combination of different patterns.

3.3. Cathodoluminescence Features

Cathodeluminescence (CL) is widely used to study the luminescence of diamonds and
their homogeneity. The luminescence primarily occurs upon irradiation by medium- and
high-energy electrons light, which depends on the presence of impurities, and intrinsic
defects is a kind of surface physical phenomenon, which is produced by the electron
with certain energy bombarding the surface of fluorescent material, so that the electric
energy is converted into light radiation. Those energy-carrying electrons are generally
emitted from the cathode and accelerated by the anode voltage; this luminescence is called
cathodeluminescence [36] and references therein.

The internal textures of diamond are shown mainly through changes in the color
and intensity of CL. According to the observed CL pattern characteristics, the internal
growth textures of brown diamonds can be divided into the following types: (1) speckled
structure; (2) simple growth band structure; (3) complex growth band structure; and
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(4) “agate like” growth structure. The CL patterns of natural diamonds are complexed
and contrasted in shape and color, such as regular zoning, multi-stage zoning, erosion
and etching features, and irregular brecciated patchy. The color of the CL image is mainly
blue, and includes non-luminous and yellow-green luminous areas [12]. CL images of
diamonds can be used to (1) reveal the growth structure, growth mechanism, growth
stage, and process of the diamond, (2) provide information on the plastic deformation
of diamond and the distribution of CO2, (3) verify and interpret the related results of
diamond micro-area infrared spectrum analysis, stable isotope analysis, and geological age.
(4) These inhomogeneities provide crucial and valuable evidence for distinguishing natural
diamonds from those of artifacts [37].

The CL colors of 27 brown diamonds are mainly blue and yellow-green in color
with complex and heterogeneous patterns. The CL images of raw diamond are mainly
blue-white, blue-green, and yellow-green (Figure 3e,i,k). Comparatively, pure purple is
occasionally observed in a few samples [12] (Figure 3a,b,g). The CL discrepancies of raw
diamond have limited contrast, but some growth rings can be observed. For example, CL
images of MY-38 and MY-47 show triangular rings (Figure 3c,i).
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Figure 3. Cathodoluminescence features of brown diamonds from the Mengyin deposit. (a) Uncut
sample DB5 showing purple and yellow-green luminescence; (b) Uncut sample DB3 dominantly
showing purple; (c) Slice sample MY-38 has blue-violet, green, and tiny brown triangular growth-
bands and mottled structure; (d) Slice sample MY-43-1 showing yellow-green with brown straight
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growth bands; (e) Uncut sample MY-40 is blue-green; (f) Slice sample MY-40 showing blue-violet,
yellow-green agate-like growth bands; (g) Uncut sample MY-41 with a lilac luminous image; (h) Slice
sample MY-41 exhibits yellow-green luminescence, and has blue ladder-like irregular growth zona-
tion; (i) Uncut sample MY-47 showing yellow-green luminous and triangular girdle; (j) Slice sample
MY-47 mainly displaying green-blue agate-like growth zone; (k) Uncut sample MY-36 has blue-green
luminescence; (l) Slice sample MY-36-1 mainly showing yellow-green and blue, with an agate-like
growth zone.

According to the CL contrasting patterns of the slice samples, internal growth struc-
tures of the brown diamond can be divided into four types: (1) mottled structure, such as
the mottled pattern shown in sample MY-38 (Figure 3c); (2) simple growth zonal structure
from sample MY-43-1 showing a brown straight growth zone (Figure 3d); (3) Complex
growth zone structure, such as multiple complex octahedral blue growth zones in sample
MY-40 (Figure 3f). Sample MY-41 shows multiple blue step-like rhombohedral dodecahe-
dral growth zonings composed of blue luminescent regions of different shades (Figure 3h);
(4) The “agate-like” growth structure shown as in samples MY-36-1 and MY-47 (Figure 3j,l).

3.4. Infrared Spectrum Features

The ability of infrared spectroscopy to identify the types of diamond and number of
different chemical functional groups present at a surface in a nondestructive manner has
contributed to its widespread application [38]. The position and classification of the infrared
absorption peaks of brown diamond from the Mengyin deposit are shown in Table S2.
Except for samples MY-08, MY-25, and MY-46, the other 20 samples are shown more or
less absorption peaks attributed to {111} plane slip, including 1427.08 cm−1, 1328.73 cm−1,
1010.53 cm−1, and 1097.31 cm−1 [39–41].

The infrared spectra of samples MY-8, MY-12, MY-17, MY-20, MY-30, MY-35, MY-36,
MY-37, MY-38, MY-40, MY-41, MY-44, MY-45, MY-47, and MY-50 are characterized by a
strong absorption peaks of 1175 cm−1, 1282 cm−1 and between 1363 and 1375 cm−1, which
is a typical absorption peak of the mixed type of IaA and IaB diamond, namely IaAB
type. Samples MY-43 and MY-48 have a weak absorption peak near 1282.52 cm−1, which
is a typical feature of the IaA type diamond. Samples MY-21, MY-27, and MY-28 have a
different intensity absorption peak at 1170.59 cm−1, which is evidence to be classified as an
IaB type. Samples MY-21 and MY-27 have absorption peaks caused by platelet nitrogen
at 1369.23 cm−1 and 1363.44 cm−1, respectively [39–41]. The infrared spectra of samples
MY-03, MY-25, and MY-46 showing that there is almost no absorption in the range from
1400 to 1100 cm−1, which can be classified as type IIa. The peak values of 1326.82 to
1328.19 cm−1 deviate significantly compared with typical value of 1332 cm−1, as well as
with those of brown diamonds from the Mengyin deposit showing the range from 1331
to 1330 cm−1 (Figure 4) [12]. Therefore, the shift may be rather due to heating during the
spectroscopy.
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In general, most of the studied 23 brown diamond samples are IaAB type (15 grains),
followed by IaB (3 grains), IIa type (3 grains), and IaA type (2 grains) (Table S2). Therefore,
it can be inferred that the brown diamonds in the Mengyin deposit are dominated by type
IaAB. The result is consistent with a global overview that the majority of natural crystals
belong to the transitional type IaAB [42,43]. Baseline correction, quantitative calculation
and analysis of nitrogen concentration, nitrogen aggregation state, and model temperature
for the 15 IaAB type diamond samples were carried out by the software of QUIDDIT3 [44].
The nitrogen contents of A- and B-centers were calculated from absorption peaks at the
frequencies of 1282 cm−1 and 1175 cm−1, respectively. The absorption coefficients for A-
and B-centres are taken from references [43,45]. Model temperatures are determined from
both nitrogen aggregation [46,47] and platelet degradation [44]. The total nitrogen contents
NT of 15 brown diamond samples show a large range from 26 to 992 ppm with the average
of 378 ppm. The proportion of aggregated nitrogen NB% of the studied samples obviously
varies from 27% to 98% with an average of 60%. The model temperature ranges from 1118
to 1237 ◦C (average 1160 ◦C) with the diamond formation age of 3 Ga, which is similar to
most peridotitic diamonds worldwide, or from 1130 to 1251 ◦C (average 1172 ◦C) with the
diamond formation age of 1.8 Ga (Table S3).

3.5. Low-Temperature Photoluminescence Spectrum Features

Photoluminescence (PL) is the radiation emitted by the relaxation and recombination
process of electrons excited by photons. A simple luminescence process results from the
electronic transition between the conduction and valence bands and subsequent relaxation.
The transition between electronic states or between electronic states caused by impurities
or lattice defects allows sensitive detection and characterization of such perturbations [48].
PL is a mature tool for studying diamond, and mainly includes constant temperature PL
that is excited by light waves at 388 nm at 300 K, and low temperature PL that is excited by
a 514.5 nm wavelength (argon ion) or semiconductor laser at liquid nitrogen temperature.
This study is carried out by the later method.

Six samples of brown diamond slices are analyzed for low-temperature photolumines-
cence. The results show that nearly all the samples basically have characteristic peaks of
535 (534) nm, 572.66 nm, 575.92 nm, 566 (567) nm, 579.95 nm, 607.32 nm, 612.59 nm, and
637 nm. Some samples also show peaks at 595 nm, 632 nm, and 649 nm. The intensity of
their characteristic peaks of 572.66 nm, 575.92 nm, 612.59 nm, and 637 nm are strong; by
contrast, the 535 (534) nm, 566 (567) nm, 579.95 nm, and 607.32 nm are weak (Table S4 and
Figure 5).

Moreover, samples MY-25 and MY-36-1 have obviously characteristic peaks at 617
(618) nm. Samples MY-28 and MY-38 exhibit a characteristic peak of 626.89 nm. The strong
emission peaks of 572.66 nm and 612.5 nm are observed in all studied samples.
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3.6. Raman Spectral Features

Raman spectroscopy is a non-destructive tool for the structural characterization of
carbons that uses the scattering spectrum obtained by inelastic collision between photons
and molecules to study the microstructure of molecules or substances [49]. It is widely
employed to characterize the lattice dynamics of diamond.
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The Raman spectrum peaks of brown diamond from the Mengyin deposit are shown in
Table S5 and Figure 6. Diamond with a perfect lattice commonly has a characteristic Raman
peak of 1332 cm−1 [50]. The intrinsic peaks of the brown diamond from the Mengyin
deposit generally drift to the low wavenumber, and present a small Raman spectrum range
from 1326.82 to 1328.19 cm−1. In this study, we found that samples MY-28, MY-35, MY-36-1,
MY-38, and MY-40 had some regular secondary peaks, such as 794 cm−1, 2084 cm−1, and
3120 cm−1.
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3.7. Ultraviolet-Visible Absorption Spectrum Features

The UV-Vis is a method of analyzing and determining the radiation in the spectral
region of 10–800 nm absorbed by the molecules of substances. The molecular absorption
spectra are produced by the transition of electrons in valence electrons and molecular
orbitals between electron energy levels.

The UV-Vis absorption spectrum features of brown diamond from the Mengyin deposit
are shown in Table S6 and Figure 7. There are obvious three absorption peaks at 416 nm,
602 (or 600) nm, and 688 (or 690) nm in the visible absorption spectra. Moreover, the
studied samples with the characteristic peak of 416 nm in the visible absorption spectra are
all IaAB type, and most of them are yellowish brown in color.
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3.8. Transmission Electron Microscope Features

Transmission electron microscope (TEM) is a kind of imaging method with high
resolution (point resolution up to 0.2–0.3 nm), which uses a short-wavelength electron
beam as an illumination source and uses an electromagnetic lens to focus imaging. Crystal
lattice resolution has reached about 0.1 nm and high magnification (50–800,000 times,
continuously adjustable) of electronic optical instruments. Thus, the TEM is routinely used
to observe the atomic structure of defects.

Dislocation is a kind of line defect in crystal, which is mostly distributed along the
[110] direction in diamond. If there are multiple dislocations in the same plane, under the
action of a small external force, the atoms in the dislocation part are easy to move and will
slip out of the crystal one after another, resulting in macroscopic visible deformation, that
is, slip lines [11].

The direction and degree of erosion of diamond crystal surface are mainly related
to the slip line. When the crystal is subjected to weak dissolution, the slip line is usually
not obvious; when the dissolution is strong, the triangular etching image will be etched
along the direction of the slip line, and the etching image will form a long chain along this
direction. For example, the surface of sample MY-38 was corroded seriously, and a group
of slip lines appeared. Dislocations cross the surface of the sample MY-38 and appear as
dots and lines, and dislocations are tangled in some areas in the TEM image (Figure 8). The
density of local dislocations is high, mainly stacking faults, with few total dislocations.
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4. Discussion
4.1. Brown Color Related to Plastic Deformation

Among the uncut studied samples of brown diamonds in this paper, ten samples show
obvious slip structures (Table S7), of which nine samples are brown or yellowish brown
in color, as well as one slice sample MY-20 being light yellowish brown, suggesting that
plastic deformation is mainly responsible for the formation of brown color [51]. The slip
lines observed in brown diamonds from the the Mengyin mine indicate that the crystals
have undergone plastic deformation due to stress in deep mantle during their growth stage.
These slip lines in response to plastic deformation mainly appear on the diamond {111}
plates, commonly shown as parallel spaced lineations, sometimes as two distinct sets of
intersecting, occasionally as three groups of intergrown. Some samples (such as MY-47)
underwent strong plastic deformation under strain (Figure S1). A set of slip lines on their
crystal planes developed a rough and uneven stepped appearance.

As a homogenous cubic mineral, diamond with a perfect lattice is generally transpar-
ent, colorlesss and optically isotropic, and exhibits extinction under orthogonal polarization
completely. However, diamond always shows optical anomalies of birefringence under
cross-polarized light. Abnormal birefringence is generally observed in Mengyin brown
diamonds. Brown bands of diamonds and extinction orientations are commonly over-
lapping very well. These brown diamond samples related to plastic deformation show
parallel abnormal extinction bands in the cross-polarized light and run through the com-
plex growth zones exhibited by the entire crystal (Figure 2), which were considered to
be plastic deformation contributing to the direction consistent with the slip line orienta-
tion [12]. A characteristic birefringent tatami-like pattern resembling a crosshatch twinning
structure of micro-plagioclase was observed in some thin slices from type II diamonds [14]
(Figure 2f). The tatami-like pattern occurs in lamellae dominantly parallel to one octahedral
plane, and they cut right through the growth stratifications. These features coincide with
those slice samples MY-47 and MY-36-1 having an “agate-like” growth structure under CL
(Figure 3j,l), speculating that the sample may produce plastic deformation under the high
temperature [12].

The variation of Raman spectra also indicates the distribution of the brown color in
terms of the particular strain-producing plastic deformation of Mengyin diamonds respon-
sible for them. The Raman intrinsic peaks of brown diamond from the specimens MY-20,
MY-35, MY-38, MY-44, MY-46, and MY-48 generally drift to the low wavenumber direction,
and present a diagnostic Raman spectrum range from 1326.82 to 1328.19 cm−1 compared
with those of 1332 cm−1 for “perfect” and defect-free diamond (Figure 6). The studied
samples MY-28, MY-35, MY-36-1, MY-38, and MY-40 also exhibit Raman spectra of 794 cm−1

and 2084 cm−1 compared with those subordinate typical peaks of 798 cm−1 and 2088 cm−1.
Even if their shifts may be instead due to heating during the spectroscopy, this drift phe-
nomenon is indeed prevalent in Mengyin diamonds according to previous studies [12] and
unpublished data. The intensities of two Raman spectra are proportional to the strength
of plastic deformation in brown diamond [21]. All these Raman spectra correspond well
with their plastic deformation characteristics under microscopic magnification, orthogonal
polarization, and CL observation, suggesting that the variation of spectral peaks is closely
related to the plastic deformation in the studied brown diamonds.

The infrared absorption peaks 1010 cm−1, 1100 cm−1, 1330 cm−1, and 1428 cm−1 are
produced by the slip plane {111} of diamond [39–41], of which 1010 cm−1 and 1100 cm−1

were related to dislocation rings (Ns (111), called B1 center) parallel to the {111} plane in
diamond lattice, and 1430 cm−1 was related to a strain effect on defect edge, which was
generally weak and called the B2 absorption line. The studied samples generally have
infrared spectra of 1010.53 cm−1, 1097.31 cm−1, 1328.73 cm−1, and 1427.08 cm−1 (Figure 4)
that are generated by the {111} slide plane [39–41,52,53]. These features can be used as
characteristic spectra for identifying those of brown diamonds that experienced plastic
deformation [3,39,40].
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Photoluminescence spectra of 575.9 nm (MY-28, MY-36-1, MY-40, MY-43-1), 612.4 nm
(MY-25, MY-43-1), and 617 nm (MY-25, MY-36-1, MY-38, and MY-40), 626 nm (MY-28,
MY-38), as well as other luminescence centers related to dislocation of lattice (Figure 5),
indicating that the plastic deformation is the key factor controlling studied diamonds to be
brown [54]. The 617.65 nm characteristic peak (main peak) of the MY-36-1 sample is unique
to type Ia brown diamonds associated with plastic deformation [5]. In addition, 576.0 nm
(MY-38) and 612.5 nm (MY-36-1, MY-38, MY-40) commonly found in our samples are related
to typical defects caused by plastic deformation of brown diamonds [5]. In particular,
strong luminescence of 572.66 nm in all the tested samples was speculated to be caused by
dislocation. Combined with the orthogonal polarization observation, we propose that the
internal strain of studied brown diamonds is responsible for the characteristic peaks [55].

The dislocation of natural diamond is very low in density when it crystallizes. How-
ever, the brown diamonds from Mengyin mine observed under TEM have a high dislocation
in density and uneven distribution, with local density up to 1010 cm−1 [56]. The strong
interaction between the dislocations indicates that the samples have undergone large plas-
tic deformation. This deformation should be carried out under high temperature (over
1700 ◦C) and high pressure, indicating that the brown diamonds have undergone intense
deformation at high temperature after the formation, and there is dislocation concentration
in some areas [56].

4.2. Brown Color Related to Non-Deformation

The brown color in overwhelming majority of diamonds is attributed to post-growth
plastic deformation and corresponding slip plane defects responsible for this color of such
plastically deformed diamonds as confirmed by the brown diamonds in the Mengyin
deposit studied in this paper as well as previous points [51]. However, brown diamonds
that owe their color to NDR defects are discovered in succession, even quite rare ones, and
it is proposed that the NDR brown diamonds mainly include CO2-beared and pseudo CO2-
beared diamonds as well as certain hydrogen-rich diamonds [4,5]. These NDR diamonds
had extraordinary properties in terms of inclusions and color distribution. They appear
black to brown or highly reflective white under the microscope, and show anomalous
CL color such as pink, pale violet, orange, and brown, instead of the blue color typically
exhibited by CO2-free diamonds [57]. The characteristic inclusions in CO2-bearing and
pseudo CO2-bearing diamonds are likely very small graphite particles [4]. The probable
link between structurally bound oxygen and some of the spectroscopic features, such as a
480 nm absorption band, nickel-nitrogen-related 990 nm series with hydrogen involved,
and a 1330 nm defect without hydrogen involved, is apparent in these diamonds [4].
These NDR brown diamonds barely changed color upon high pressure high temperature
treatment compared to those of DR brown diamonds [4,5].

The Mengyin brown diamonds shown by CL images are characterized by anomalous
CL colors such as blueviolet and brown luminescence from samples DB3, DB5, MY-36,
and MY-40, and complexed patterns compared to those of various blue colors typically
exhibited by CO2-free diamonds from the most of the studied samples (Figure 3), indicating
the possible presence of CO2 in the micro-lattice defects of some studied diamonds. Various
extinction patterns under crossed polarizing light were visible, such as striped birefringent,
bow-tie, radial, cross, tatami, extinction stripe, and complex superimposed patterns, appear
in some samples (Figure 2). These abnormal extinction patterns not only indicate that
the brown diamonds are caused by plastic deformation, but also indicate the effect of
impurity composition, inclusions, features, and strain in the brown diamonds [11,14,55].
It is especially noteworthy that the distribution of brown annular bands with dark center
rimmed light color indicates that the diamond samples studied probably produced different
brown hues during crystal formation in the deep mantle, where the carbon concentration
of some brown diamonds was oversaturated during crystallization [12]. The IR and UV-
Vis-NIR exhibit that nitrogen, oxygen, and hydrogen absorptions shown as C–H, N–H,
O–H bonds were detected in the brown zones of diamond. In particular, IR spectrometry
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provides a means of evaluating the concentrations not only of nitrogen (A and B) impurity
centers, but also of platelets (P centers) and hydrogen (H) centers [42]. The nitrogen
contents and aggregation in natural diamond depend on nitrogen concentration, mantle
residence time, and mantle temperature. The state of nitrogen aggregation is very high
sensitivity to temperature and relatively weak dependence on residence time; particularly,
a short period of elevated temperature will make a disproportionately large effect on
nitrogen aggregation [58,59]. The aggregation sequence of the nitrogen clusters changes
gradually with geological period. The initial nitrogen form is C center that refers to a
single substitutional nitrogen in type Ib diamond [35,42]. Such rare natural Ib diamonds
have not experienced temperatures above ∼850 ◦C, indicating that they were rapidly
transported to shallower and cooler depth after formation. Aggregation of nitrogen from
single substitutional atoms to a pair of neighboring atoms of nitrogen substituting for
carbon (A center) typically happens very quickly, but aggregation from the A center to the
B-center, which is created by four nitrogen atoms tetrahedrally arranged around a vacancy
at high temperature occurs at a much slower rate [46,59]. The total nitrogen contents NT of
brown diamonds from the Mengyin deposit show a much higher range from 26 to 992 ppm
with the average of 378 ppm. The values are much higher than those of policrystalline
diamonds from the Mengyin kimberlite pipes (17–73 ppm) [18], but are consistent with
those of colorless diamonds from the No. 1 Shengli pipe in Mengyin deposit (302–395 ppm,
n = 13) [60]. Coupled with most natural types, Ia diamonds have a pale yellow or brown
color attributable to aggregations of nitrogen atoms [58]. These brown diamonds have no
C center (Figure 4, Table S3), and the characteristic peak at 416 nm in the visible absorption
spectra is triggered by N3 [61,62] that contributed to the IaAB type and is yellow-brown in
color (Figure 7), indicating that nitrogen content of less 1000 ppm is not the main factor for
the color genesis of the Mengyin brown diamond.

The proportion of aggregated nitrogen NB% of the studied samples exhibits a large
range from 27% to 98%. Their corresponding large span of formation temperature varies
from 1118 to 1237 ◦C at the age of 3 Ga, and from 1130 to 1251 ◦C at the age of 1.8 Ga (for
the convenience of discussion, the following part is not based on these data of 1.8 Ga). The
brown diamonds can be divided into terms of NB% and temperature into three groups.
Group 1 is characterized by high NB% and high temperature values of 90% and 98%,
1196 ◦C and 1237 ◦C from samples MY-38 and MY-12, respectively. These group diamonds
have more aggregated nitrogen and higher temperature; the features are similar to those
of super-deep diamonds from the Juina deposit in Brazil [63], combined with the peaks
at 575.9 nm centers from samples MY-28, MY-36-1, MY-40, MY-43-1, and 626.89 nm from
samples MY-28 and MY-38 (Figure 5) and can be assigned to nitrogen-interstitial atom
composite defects in the PL spectra, which were interpreted to be generated under high
pressure and high temperature in the mantle [35,64]. These features indicate that they
may form in a more than 250 km deep mantle. Group 2 has relatively low values of NB%
and model temperatures from the other samples range from 27% and 74%, 1118 ◦C and
1179 ◦C, respectively. The data are similar to those of kimberlite-hosted diamonds from
subcontinental lithospheric mantle.

The brown diamonds showed that the characteristic peak at 3106.8 cm−1 is assigned
to the hydrogen absorption (Figure 4), and the peak at 3107 cm−1 is due to the VN3H
defect [44]. Sharp bands at 3236.01 cm−1 in both samples MY-08 and MY-50, and peaks at
3667.99 cm−1 are due to N-H bond absorption. In addition, 3733.56 cm−1 and its vicinity of
weak shoulder bands are confined to O-H stretching vibration in samples MY-38, MY-40,
MY-45, and MY-50 (Figure 4). The optical observation is consistent with the result that
variable contents in hydrogen occur in all the studied samples of the IaAB-type diamond
(Table S3). VN3H is an excellent candidate for the 3107 cm−1 center related to the high
temperature of formation and thermal stability [65]. The defect is trigonal with the C–H
bond lying along [111] crystal axes. This information coupled with its very high formation
temperature suggests the existence of the color centers in which hydrogen participates, and
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the diamond likely tendentiously undergoes plastic deformation and produces a brown
color after its formation.

The sample MY-25 is of type IIa, whereas the type-II diamond is considered to be
“nitrogen-free”, probably containing less than 20 ppm nitrogen, which is below the detection
limits of infrared spectroscopy. If there are no other factors coloring the crystal, the sample
should present as colorless, which is analogous to the sample MY-03. However, more than
four dark inclusions in different sizes and radial extinction patterns surrounding them are
observed in the slice diamond under microscopic magnification examination (Figure 2d).
It verifies that inclusions have made abundant microcracks, which is consistent with the
divergence and distribution of brown color from core to rim in the Mengyin diamonds.
Therefore, it is speculated that plastic deformation leads to lattice defects around some
dark inclusions which are wrapped during the crystals formation, or another scenario that
plastic deformation leads to lattice defects, and then some dark inclusions of e.g., graphite
are wrapped under the effect of lattice defects, resulting in the brown color of sample MY-25.
In those two cases, we propose that the plastic deformation contributes to lattice defects of
diamond, surrounding part of the dark inclusions or some dark inclusions were wrapped
in defects and cracks, resulting in the brown appearance of some diamond samples.

Therefore, the complex patterns of CL images, extinction diagrams, and spectroscopic
data record a multi-stage process involved in genesis of the Mengyin brown diamonds
and their mantle residence history in the Earth’s mantle before they were brought to the
surface of the earth by kimberlitic magmatism. Furthermore, different kinds of inclusions
of graphite, potassium salt, pyrope, olivine, and diopside are commonly enveloped in
the Mengyin brown diamonds during their formation in the deep mantle [56]. While the
diamond is carried to the surface of the earth by kimberlite or lamproite magmatism, a
continuous decrease in temperature and pressure will result in an increase in volume, then
further form the dislocation of diamond, due to the difference in the thermal expansion
coefficient between the inclusions and host diamond. This process may make the diamond
brown in color, which resembles those of inclusions of small reflective particles in both CO2
beared and pseudo CO2 beared diamonds [4].

5. Conclusions

A series of treatment experiments on the uncut and sliced diamonds from the Mengyin
deposit mainly included microscopic examination, cathodoluminescence, orthogonal polar-
ization, infrared spectroscopy, Raman spectroscopy, low-temperature photoluminescence
spectroscopy, ultraviolet-visible absorption spectroscopy, and transmission electron mi-
croscopy. We propose that plastic deformation-related detects play an important role on
the color formation of brown diamond. Some samples are also caused by non-deformation-
related defects, atomic impurities, and inclusions.
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.3390/cryst12040449/s1, Figure S1: Morphological pictures of rough diamonds from the Mengyin
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Table S2: Infrared spectrum peaks (cm−1) and its type of brown diamonds from the Mengyin deposit;
Table S3: Nitrogen concentration (µg·g−1) and NB% values of 15 brown diamonds from the Mengyin
deposit; Table S4: The low temperature photoluminescence spectrum peaks of brown diamonds from
the Mengyin deposit; Table S5: Raman spectrum peaks (cm−1) of brown diamonds from the Mengyin
deposit; Table S6: UV-Vis absorption spectrum (nm) peaks of brown diamonds from the Mengyin
deposit; Table S7: Slip line of plastic deformation of raw brown diamonds from the Mengyin deposit.
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