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Abstract: Diamonds from Juina, Brazil, are well-known examples of superdeep diamond crystals
formed under sublithospheric conditions and evidence would indicate their origins lie as deep as the
Earth’s mantle transition zone and the Lower Mantle. Detailed characterization of these minerals and
of inclusions trapped within them may thus provide precious minero-petrogenetic information on
their growth history in these inaccessible environments. With the aim of studying non-destructively
the structural defects in the entire crystalline volume, two diamond samples from this locality, labelled
JUc4 and BZ270, respectively, were studied in transmission mode by means of X-ray Diffraction
Topography (XRDT) and micro Fourier Transform InfraRed Spectroscopy (µFTIR). The combined use
of these methods shows a good fit between the mapping of spatial distribution of extended defects
observed on the topographic images and the µFTIR maps corresponding to the concentration of N
and H point defects. The results obtained show that both samples are affected by plastic deformation.
In particular, BZ270 shows a lower content of nitrogen and higher deformation, and actually consists
of different, slightly misoriented grains that contain sub-grains with a rounded-elongated shape.
These features are commonly associated with deformation processes by solid-state diffusion creep
under high pressure and high temperature.

Keywords: super deep diamonds; structural defects; X-ray diffraction topography; infrared
spectroscopy; plastic deformation

1. Introduction

Diamond shows brittle behaviour at low temperatures, but with increasing temperature it
softens considerably and plastic flow arises. Most natural diamonds experience post-growth plastic
deformation during their period of residence in the mantle, which can be observed, for example, in
birefringence patterns. Several different features of deformation can be found in lithospheric and
sub-lithospheric diamonds, depending on both extrinsic and intrinsic factors. Temperature, pressure,
time of residence and applied stress are extrinsic factors, whereas the different growth defects such as
dislocations, twins, stacking faults, point defects and inclusions represent the intrinsic factors. The
major difference between the plastic deformation of sub-lithospheric diamonds compared to that of
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lithospheric diamonds is that the former grow at much higher pressure and temperature, and in a
mantle characterized by convection, whereas lithospheric diamonds grow in a stiffer mantle host that
is not undergoing convection. Consequently, the plastic deformation of diamonds originating from
the Earth’s sub-lithospheric mantle is much more complex and can only be investigated in detail by
combining different techniques.

In diamond research, X-ray Diffraction Topography (XRDT) and micro-Fourier Transform
InfraRed Spectroscopy (µFTIR) are useful tools for investigating extended and point lattice defects,
respectively, in transmission mode [1]. With the aim of contributing to the characterization of plastic
deformations in sub-lithospheric diamonds, a multi-methodological and non-destructive approach,
combining both XRDT and µFTIR, was used here to study two superdeep diamond crystals from São
Luiz (Juina, Brazil) that had solid inclusions still trapped within them. This integrated methodological
analysis provides a sort of “diamond mapping”, which visualizes the growth and post-growth defects,
totally preserving the sample.

XRDT is a non-destructive technique that has been extensively used to obtain images of structural
defects with a resolution limit of a few µm. In particular, this method has been employed to control the
growth process of synthetic crystals used as electronic devices, to characterize their crystalline quality
and their physical properties, and to obtain information on crystal growth mechanisms [2,3]. Recently,
XRDT has been successfully employed in Earth Science to study the growth history of tourmalines,
garnets, and beryl [4–7]. XRDT in transmission mode (Laue geometry) is particularly suitable for
studying structural defects in diamonds, because the low attenuation coefficient of the X-ray beam
makes this mineral matrix highly transparent to X-rays. This allows investigation of the structural
defects of the whole sample [8,9] instead of just its surface, as is the case with cathodoluminescence.
Indeed, this peculiarity allows for imaging of the strain fields associated with defects, without the
necessity of cutting the sample into slices. The results obtained in two previous studies by XRDT on
diamonds from the Finsch mine, South Africa [10], and from the Udachnaya kimberlite, Siberia [11],
provided significant minero-petrogenetic insights into their growth conditions. In the first case, a
reconstruction of the growth history of a diamond characterized by the development of sub-individuals
(twinned and untwinned) was possible. The data showed how the development of sub-grains could
be related to a relaxation phenomenon following the stress caused by the incorporation of large pyrope
and orthoenstatite inclusions; a complete discrimination between growth and post-growth defects was
also performed. The second study contributed to the debate on the criteria required to establish the
genetic nature of inclusions in diamonds, supporting the hypothesis of [12] that diamond-imposed
morphology can be caused by a processes of selective partial dissolution at the interface between the
diamond and, in this case, its olivine inclusions. To the best of our knowledge, XRDT is used in the
present paper for the first time to analyse the structural defects of superdeep diamonds from São Luiz.

FTIR spectra are sensitive to the presence of point defects, in particular nitrogen and its
aggregation patterns (N-type defects), that are characterized by different absorption bands in the 1000
to 1500 cm−1 wavenumber range [13,14]. FTIR also allows for evaluation of the presence of H defects
by using an absorption peak centred at ≈3107 cm−1. The distribution of these defects in diamond
samples is rarely homogenous, and its zoning patterns depend on multiple episodes under changing
crystal growth conditions [15–19]. Finally, FTIR spectroscopy allows for studying, with relatively
high-resolution (nominally 5–10 µm when using a bi-dimensional FPA detector), the distribution of
a target molecule across a sample [20]. FTIR spectroscopy is a relatively well known analytical tool
for diamonds and has been extensively used to characterize impurities and/or inclusions typically
present in these materials [21–24]. In the diamond literature, the mapping of single FTIR absorption
bands are typically reported [1,25–29] to represent the distribution of the selected defect, obtained by
plotting the intensity measured at a specific wavenumber or the integrated peak area. Resulting maps
can generate a better understanding of the diamond growth environment.
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2. Results

2.1. Samples

The samples studied in this work labelled BZ270 (Figure 1a) and JUc4 (Figure 1b), respectively,
are from São Luiz (Juina, Brazil; JUc4 from WGS84 Zone 21S 261000; 8708000 and BZ270 from an
unkown alluvial location in the wider area); they are broken crystals up to 6–7 mm in maximum
dimension, exhibiting an irregular morphology and a brownish color. This color in diamond is
commonly related to vacancy clusters, produced by plastic deformation of the crystal structure [30], as
recently confirmed also by spectroscopic studies [31]. Both diamond crystals are partially flattened
along the (111) plane. Optical observations revealed anomalous birefringence and the presence of
dark and opaque inclusions that, from data published in a previous work [32], are mostly identified as
ferro-periclase. These inclusions are very large in size (some hundreds of µm), although the BZ270
sample also exhibits smaller inclusions of as yet uncertain origin.
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Figure 1. Optical micrographs of diamond crystals: (a) BZ270; (b) JUc4.

2.2. XRDT

The X-ray topographic images show that both diamonds exhibit an extensive plastic deformation
that precludes simultaneous X-ray diffraction of the whole crystal. Nevertheless, despite their
common provenance and similarity of inclusions, they show a significantly different type of
post-growth deformation.

According to the XRDT data, diamond BZ270 consists of an aggregate of slightly misoriented
grains (G) that are not visible simultaneously at the individual angular settings due to the different
diffraction vector (Figure 2). Topographs taken with a diffraction vector of type <111> (Figure 2a,b)
exhibit a misalignment of about 1◦ between 2 different portions, irrespective of grains and growth
sector. The boundary between these portions (CP in the Figure) belongs to the (−111) plane and
represents a typical cleavage plane, interpreted to be due to post-growth brittle deformation (Figure 2).

In the topographs of Figure 2c,d, the diffraction contrast corresponding to two slightly different
angular settings of the same diffraction vector (g = 2–20) shows that the diamond region containing
the ferro-periclase inclusions is really a grain (G) that is differently oriented with respect to the other
diamond regions. In the Figure 2c G is out of contrast, whereas in Figure 2d G is in diffraction contrast
and the surrounding grains are out of contrast.

In Figure 2e,f two slightly different angular setting (few seconds of arc) of the same diffraction
vector (g = −131) show that the grain labelled G is out of contrast together with other portions
corresponding to further grains. It is worth noting that the apparent different size and shape of the
topographic images and the different grains are due to the projection effect under the different angular
setting of the different topographs. Within the same grains, patchy sub-grains exhibiting a rounded
and elongated drop shape are visible (SG).
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The diffraction contrast analysis shows that the grains and the subgrains are visible mainly under
the reflections g = 2–20 and g = −131, because of non-simultaneous diffraction conditions for each of
them (Figure 2c–f). This finding implies a condition of extinction for some grains and subgrains with
respect to the others under these reflections. Applying the extinction criteria, the common direction
that satisfies in both cases the extinction corresponds to the (−112) direction.

In Figure 3, an optical micrograph taken under crossed polars of the enlarged detail of the grain
(G) containing large inclusions of ferro-periclase is compared with the corresponding topographic
image. Comparison reveals that the topographic image exhibits a similar shape of diffraction contrast
corresponding to the inclusions (marked by numbers) and the subgrains (SG).
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Figure 2. X-ray topographic images (MoKa1) of diamond B7270. The black arrows represent the
diffraction vector projection g. CP: Cleavage plane; G: misoriented grains; SG: sub-grains indicated by
dashed blue arrows; I: area magnified in Figure 3. The directions of the diffraction projection vector are:
(a) g = −1–11; (b) g = 11–1; (c,d) g = 2–20; (e,f) g = −131. The apparent different size and shape of the
topographic images is due to the projection effect of the angular setting for the different reflections.
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In Figure 5a two selected single-point spectra (50 µm beam dimension) collected on samples 
BZ270 and JUc4, respectively, are compared. The broad and convolute absorption extending from 
2700 to 1700 cm−1 is due to the diamond matrix, while the broad absorption in the range 1400–1000 
cm−1 is due to the different N defects (for type I diamonds). In more detail, the different peaks in 
this region allow differentiation of the possible N-related defects and clusters within the structure, 
i.e., isolated vs. aggregated N impurities [13] (for assistance following the discussion below, the N 
impurity region for sample JUc4 is enlarged in Figure 5b). In particular, the spectrum of diamond 
JUc4 shows two very weak peaks at 1405 and 1385 cm−1, respectively, an intense and a sharp peak at 
1330 cm−1, and a very broad and intense absorption at 1170 cm−1 (Figure 5b). Two broad and 
relatively weak absorptions can finally be resolved at 1095 and 1010 cm−1, respectively (Figure 5b). 

Figure 3. Enlarged portion of diamond B7270 surrounded by the red dashed line in Figure 2b.
(a) Optical micrograph taken under crossed polars; (b) X-ray topographic image (MoKα1). The red
numbers tag the inclusions and the corresponding contrasts. Note the similar shape of the inclusions
and sub-grain (SG).

XRDT images acquired on JUc4 show different plastic deformation patterns: this sample is shown
to be a single crystal, extensively plastically deformed, while no subgrains are visible. The diffraction
contrast of topographs taken under the reflection with g = −220 (Figure 4a,b) exhibits laminations
along different slip systems that are out of contrast in the topograph taken with the diffraction vector
g = −1–11 (Figure 4c). The interaction of the different slip systems and the initial bending of lattice
planes determine a resultant elongated strain (Figure 4).
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2.3. µFTIR

In Figure 5a two selected single-point spectra (50 µm beam dimension) collected on samples BZ270
and JUc4, respectively, are compared. The broad and convolute absorption extending from 2700 to
1700 cm−1 is due to the diamond matrix, while the broad absorption in the range 1400–1000 cm−1 is
due to the different N defects (for type I diamonds). In more detail, the different peaks in this region
allow differentiation of the possible N-related defects and clusters within the structure, i.e., isolated vs.
aggregated N impurities [13] (for assistance following the discussion below, the N impurity region for
sample JUc4 is enlarged in Figure 5b). In particular, the spectrum of diamond JUc4 shows two very
weak peaks at 1405 and 1385 cm−1, respectively, an intense and a sharp peak at 1330 cm−1, and a very
broad and intense absorption at 1170 cm−1 (Figure 5b). Two broad and relatively weak absorptions can
finally be resolved at 1095 and 1010 cm−1, respectively (Figure 5b). The spectra of Figure 5a show that
the examined samples have significantly different N contents: while JUc4 has a well resolvable nitrogen
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absorption, BZ270 has a very low, barely appreciable absorption in the 1400–1000 cm−1 range. Based on
the N-band nomenclature given in [13] the most intense peaks at 1330 and 1170 cm−1 can be assigned
to N impurities aggregated in clusters of four atoms and associated structural vacancies (B defects). N
impurities aggregated in pairs (A defects) are characterized by an intense band at 1282 cm−1; this band
is absent from the spectrum of both examined diamonds. The weak peak at 1385 cm−1 can be assigned
to B2 aggregates or platelets. This peak is usually found paired to the band of 1170 cm−1 corresponding
to B aggregates [33]. The broad band at 1095 can be assigned to the overlapping of two characteristic
bands: the first at 1090 cm−1 corresponding to the A and B defects [34], and the second (1100 cm−1) that
could be ascribed to the dislocation loop remaining from the decomposition of the platelets under plastic
deformation [35]. Both samples, in addition, show a weak but resolvable peak assigned to the presence
of H impurities, centered at 3107 cm−1 (Figure 5a). The hydrogen impurity peak is barely appreciable
in sample BZ270 (Figure 5a), while it is relatively prominent in sample JUc4. The different intensity
associated with the N absorbance in Figure 5a cannot be used for quantitative evaluations, due to the
different thickness of the studied crystal sections. Previous direct analytical data carried out destructively
on small fragments extracted from both samples (Hutchison, unpublished data) gave different N contents
for different fragments from the same sample, suggesting an inhomogeneous N concentration; the average
total N for JUc4 is about 64.8 ppm while being 17.8 ppm for BZ270. Based on all available data, sample
JUc4 can be classified a type IaB diamond, while based only on its average N content, under 50 ppm,
BZ270 could be classified a type IIa diamond, but locally the amount of the detected B defects suggests a
classification of a type IaB.

The FTIR maps integrated over the range 1400–1000 cm−1 for N defects and over the range
3120–3075 cm−1 for H defects are shown in Figures 6 and 7. These maps were superimposed on the optical
micrographs of the samples, and care was taken to make the maps transparent. The maps allow a better
understanding of the heterogeneous distribution of N in JUc4 and BZ270. Notably, on both samples, the
spatial distribution of the intensity associated with H defects is always related to that of N defects. In
particular, for BZ270 the maps of total N defects (Figure 6a) and H defects (Figure 6b) show a singular
distribution in the micro-domains, which apparently correspond to the grain and subgrains observed in
the topographic image (cf. G and SG in Figure 2). In particular, the grain labelled G, which contains the
ferro-periclase inclusions, appears completely free of N and H defects. Conversely, the FTIR spectroscopic
maps of diamond JUc4 show a clear concentric zoning of total N defects (Figure 7), confirming that this
diamond can be interpreted as a single crystal. However, also for this sample, the elongated shape of the
zoning pattern reproduces the deformation observed on the topographic images.
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show that the diamonds studied here experienced different growth and post-growth history. 

The sample labelled BZ270 consists of an aggregate of misoriented grains. However, formation 
of this diamond from multiple simultaneous growth centers can be ruled out. The grain, labelled G 
in the topographs, containing large inclusions of ferro-periclase and lacking N and H point defects, 
is different from the others and can be considered as the product of an early stage of growth. 

A second step of growth was characterized by the development and aggregation of different 
grains with the entrapment of a second generation of small inclusions, possibly along some grain 
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proportional to the measured intensity, from blue (zero intensity) to red/whitish (max intensity).

Crystals 2017, 7, 233  7 of 11 

 

 
Figure 6. FTIR maps of diamond BZ270. (a) N concentration, integration range 1400–1000 cm−1;  
(b) H defects, integration range 3120–3075 cm−1. Both maps were taken with a 50 µm2 beam at step 
of 50 µm. The spectroscopic maps are superimposed on the optical micrograph of Figure 1. The color 
scale is proportional to the measured intensity, from blue (zero intensity) to red/whitish (max 
intensity). 

 

Figure 7. FTIR maps of diamond JUc4. (a) N concentration, integration range 1400–1000 cm−1; (b) H 
defects, integration range 3120–3075 cm−1. Both maps were taken with a 50 µm2 beam at step of 50 µm. 
The spectroscopic maps are superimposed to the optical micrograph of Figure 1. The color scale is 
proportional to the measured intensity, from blue (zero intensity) to red/whitish (max intensity). 

3. Discussions 

The XRDT images are remarkably similar to FTIR maps. The topographs clearly show a strained 
zone at the boundary separating the domains with different concentrations of N defects, suggesting a 
migration of point defects during the plastic deformation process. More in detail, the results obtained 
show that the diamonds studied here experienced different growth and post-growth history. 

The sample labelled BZ270 consists of an aggregate of misoriented grains. However, formation 
of this diamond from multiple simultaneous growth centers can be ruled out. The grain, labelled G 
in the topographs, containing large inclusions of ferro-periclase and lacking N and H point defects, 
is different from the others and can be considered as the product of an early stage of growth. 

A second step of growth was characterized by the development and aggregation of different 
grains with the entrapment of a second generation of small inclusions, possibly along some grain 
boundaries. These grains exhibit a low content of point defects even if their concentration is 
significantly higher than in the early stage, suggesting modified growth conditions. Episodes of 
partial dissolution could be invoked to explain the irregular shape of the grains.  

Figure 7. FTIR maps of diamond JUc4. (a) N concentration, integration range 1400–1000 cm−1; (b) H
defects, integration range 3120–3075 cm−1. Both maps were taken with a 50 µm2 beam at step of 50 µm.
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3. Discussion

The XRDT images are remarkably similar to FTIR maps. The topographs clearly show a strained
zone at the boundary separating the domains with different concentrations of N defects, suggesting a
migration of point defects during the plastic deformation process. More in detail, the results obtained
show that the diamonds studied here experienced different growth and post-growth history.

The sample labelled BZ270 consists of an aggregate of misoriented grains. However, formation of
this diamond from multiple simultaneous growth centers can be ruled out. The grain, labelled G in
the topographs, containing large inclusions of ferro-periclase and lacking N and H point defects, is
different from the others and can be considered as the product of an early stage of growth.

A second step of growth was characterized by the development and aggregation of different grains
with the entrapment of a second generation of small inclusions, possibly along some grain boundaries.
These grains exhibit a low content of point defects even if their concentration is significantly higher
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than in the early stage, suggesting modified growth conditions. Episodes of partial dissolution could
be invoked to explain the irregular shape of the grains.

After the diamond development, a stage of plastic deformation characterized by the formation
of subgrains occurred. This type of plastic deformation has never been reported for diamonds
from São Luiz. This could be related to the fact that diamonds from São Luiz have been studied
by XRDT in transmission mode for the first time in the present work. Actually, previous studies
were performed using mainly cathodoluminescence (surface analyses), and the most common plastic
deformation features found were lamination and thus micro-twinning along {111} planes [36]. It is well
known that the formation of the twinned micro-lamellae is an important mechanism for deformation
accommodation in diamond [37]. Previous high-pressure and high-temperature (HP-HT) experiments
carried out on synthetic diamonds suggested that the {111} micro-twins begin to form under a range
of P and T conditions typical for the upper mantle [26,38,39]. Howell et al. (2012) [26] showed
that further differential stress brings a continuous crystal bending that produces the formation of
subgrains. In particular, when multiple slip systems {111} <110> occur simultaneously, a rotation of
subgrains arises around <112> axes. However, owing to the quantitative estimation of P and T and/or
applied stress responsible for this further deformation, is difficult to estimate for natural diamonds,
because the inherent growth defects of the diamond crystal, mechanical properties, and degree of
homogeneity of the medium in which the crystal is deformed are unknown [40]. The analysis of
diffraction contrasts of this study confirms that the subgrains observed in BZ270 are rotated around the
(−112) direction. Commonly, a deformation process by dislocation movement causes a polygonal shape
of subgrains [41–43]. The lobate shape of subgrains found in BZ270 suggests a formation mechanism by
solid state diffusion creep under HTHP conditions similar to sublithospheric mantle conditions. When
a crystal deforms by diffusion creep to accommodate space problems from simultaneous movement of
whole grains along grain boundaries, a process of superplastic-like flow occurs [44,45]. This process
could also explain the nitrogen aggregation state found by FTIR. The similar shape of diffraction
contrast between the inclusions and the subgrains (Figure 3) suggests that the plastic deformation
could have also affected the inclusions. An important topic, which can be considered in the future,
regards the study of the different behavior of diamond and ferro-periclase under the same stress and
the mechanical effects at the interface between diamond and non-diamond inclusions.

Finally, during the ascent of the diamond or during its eruption, the diamond BZ270 experienced
brittle deformation with CP formation.

Conversely, diamond JUc4 consists of a single N-zoned crystal with a higher amount of N with
respect to the sample BZ270. FTIR maps reveal that also for this sample the concentration of N follows
the shape of plastic deformation. No subgrains were found but a polygonised network of different
systems of lamination with an elongated shape of deformation can be ascribed to a lower level of
plastic deformation compared to BZ270. This difference might be related to the different content
of nitrogen and/or to a different density of growth defects, as well as to dislocations. In addition,
different types of stress might generate different deformation features.

The plastic deformation found in the studied samples and the differences found between BZ270
and JUc4 are consistent with derivation of these diamonds from a heterogeneous sublithospheric
mantle characterized by convection.

4. Materials and Methods

4.1. XRDT

The diamonds were investigated by XRDT in transmission geometry, using a conventional source,
at the University of Bari (Italy). The technique, developed by [46], is a non-destructive imaging
technique, sensitive to the strain associated with extended defects, that yields the spatial distribution
and full characterization of the crystal defects in the whole sample volume. The topographs taken
with Laue geometry were carried out using a Rigaku camera (Rigaku International Corporation,
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Tokyo, Japan) with monochromatic radiation (MoKα1) and with a micro-focus X-ray tube. XRDT is
particularly suitable for the non-destructive investigation of the structural defects in diamond because
of its low X-ray attenuation coefficient that allows the optimum kinematic diffraction condition µt ≈ 1
(µ = linear absorption coefficient; t = crystal thickness) to be made, minimizing the X-ray absorption.
Spatial resolution using these conditions is about 1–2 µm. The diffraction contrast was recorded
on high-resolution photographic films (SR Kodak). Characterization of the structural defects was
performed by applying the extinction criteria to their diffraction contrasts, according to kinematic and
dynamic X-ray diffraction theories [47]. The detailed XRDT procedures used in this study are given in
Agrosì, et al. (2016) [11].

4.2. µFTIR

Micro-FTIR maps were obtained by using a Bruker Hyperion 3000 microscope fitted to a Vertex
V70 (both Bruker Optics, Ettlingen, Germany) optical bench, a Globar IR source, and a KBr broadband
beamsplitter. The FTIR microscope was equipped with a 15X Schwardzschild objective, a motorized XY
stage, and an LN2 cooled MCT detector. The data were collected at a nominal resolution of 4 cm−1; 128
spectra were averaged for both spectrum and background. The analytical grid covered continuously
the mapped area, using a square aperture of 50 µm2 at step of 50 µm. The diamond sample was initially
placed on a ZnSe sample holder, but preliminary tests showed a significant periodic disturbance in
the pattern (interference fringes) due to the interference of the IR beam exiting from the sample. This
disturbance hindered any reliable integration of the absorbance peaks, therefore to overcome this
problem, a thin layer of powdered KBr was inserted between the diamond crystal and the ZnSe
sample holder. This shrewdness was effective in eliminating the interference fringes from the patterns.
Spectroscopic maps were obtained by integrating the target peak as indicated in the text. Additional
information on the method can be found in [20].

5. Conclusions

Although the diamonds studied both derive from the same area of São Luiz and contain the same
types of inclusions, they show a heterogeneity of growth and post-growth history that can be explained
only if the crystallization and deformation processes occurred within a heterogeneous sublithospheric
mantle characterized by convecting movement. This study suggests that the reconstruction of the
different stages of growth and plastic deformation of the studied diamonds by means of the analyses
of structural defects should be preliminary to the studies on the inclusions in order to obtain robust
conclusions on the inclusion–host growth relationships and their minero-petrogenetic implications.
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