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Abstract: Ballas diamond is a rare form of the polycrystalline radial aggregate of diamonds with
diverse internal structures. The morphological features of ballas diamonds have experienced repeated
revision. The need that this paper presents for development of a crystal-genetic classification was
determined by a rich variety of combined and transitional forms of ballas-like diamonds, which
include aggregates, crystals, and intergrowths. The new crystal-genetic classification combines
already-known and new morphological types of ballas as well as ballas-like diamonds discovered in
the placers of Yakutia, the Urals, and Brazil. The ballas-like diamond forms include spherocrystals,
aggregates with a single crystal core, split crystals, radial multiple twin intergrowths, and globular
crystals. The crystal genetic scheme of the evolution of ballas and ballas-like diamonds is a sequence
of the morphological types arranged in accordance with the conventional model of the dependence
of the mechanism and diamond growth from carbon supersaturation developed by I. Sunagawa.
The evolution of the growth forms of ballas and ballas-like diamonds was tracked based on the
macrozonal structure of diamonds varying from a flat-faced octahedron to a fibrous cuboid with its
transition forms to the radiating crystal aggregates. The morphological diversity of the ballas-like
diamonds depends on the level of supersaturation, and abrupt changes of the level of supersaturation
engender abrupt changes in a mechanism of crystal growth. The change in the rate of growth under
the influence of adsorption and absorption of the mechanic impurities accompanied the sudden
appearance of the autodeformation defects in the form of splitting and multiple radial twinning of
crystals. The spherical shape of Yakutia ballas-like diamonds is due to the volumetric dissolution that
results in the curved-face crystals of the “Urals” or “Brazilian” type associated with ballas diamonds
in placers.

Keywords: ballas diamond; ballas-like diamond; twinning; morphology; polycrystalline of dia-
monds; crystals splitting

1. Introduction

Ballas diamond is a rare type of natural diamond aggregate that A.F. Williams [1]
first described as “shot bort”, a term that emphasised the similarity of the globular shape
and dark grey colour of ballas diamonds. Later, Yu.L. Orlov [2,3] defined ballas diamonds
as spherulites with a radial-fibrous structure. Ballas diamonds are well known in the
placers of Brazil and South Africa [1,3–5], while location of ballas in Russia is rare and
has to date received little attention in systematic studies. The classic ballas diamonds are
absent in kimberlites and have been reliably established in the diamondiferous placers of
the Urals [3,6], the Sayan region [7,8], and Yakutia [9]. Ballas-like spherical intergrowths
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of crystals in the Sytykanskaya and Yubileinaya kimberlite (Yakutia kimberlite province)
pipes have been described [10].

In addition to the rare ideal spherical shape of spherulite characteristic of classical
ballas diamonds, many ballas-like forms have been found among natural diamonds, and
the term “ballas-like diamond” has become firmly established in the literature. The term
“ballas-like diamond” was used to describe natural spherocrystals [10–12], complex twin
aggregates [10], polycrystalline coats, and shells with a radially oriented structure of fi-
brous aggregate on a single crystal core [10,13,14]. The similarity of the mosaic diamonds
intergrowths with the radial structure with ballas diamonds was emphasised in [15–18].
The listed types of diamonds are not included in conventional Orlov’s mineralogical clas-
sifications [2,3]; it was considered instead as separate morphological types of diamonds;
the common features are the spherical shape and radially oriented crystallites. The liter-
ature [5,12,14,19,20] has extensively discussed the problem of differentiating ballas-like
diamonds from ballas diamonds, as well as refinement of the morphological and genetic
features of ballas-like diamonds, but has yet to reach a conclusion. A wide variety of
morphological types was observed in the synthetic ballas diamonds synthesised in various
conditions [13,14,19–24]. The main aim of this work was to study the unusual types of bal-
las and ballas-like diamonds from various regions by means of complex minerals methods
to establish the diversity of morphological types and to determine the genetic features of
the formation of ballas and ballas-like diamonds.

2. Materials and Methods

We considered samples of ballas and ballas-like diamonds from the deposits of Yakutia,
the Urals and Brazil. Ballases from Brazil [5] and the Urals [2,6] are classical examples in
the studies of ballas diamond structure. The Urals ballases formed the basis for the Yu.L.
Orlov [3] mineralogical classification of diamonds and can be used as reference samples
for comparative analysis. The stone from Brazil (0.95 ct) was found in an alluvial deposit
of Macaúba river in Minas Gerais state. The ballas from the Urals (10.09 ct) was mined in a
placer of Vijay river. Ballas-like diamonds weigh from 3.11 to 3.45, and were mined in the
Holomolooh placer in Anabar district, Russia.

Optical microscopy studies of the morphology of diamonds were performed by means
of Olympus SZX-12 stereoscopic microscope (Olympus Corp., Tokyo, Japan) equipped with
digital camera. An OI-19 ultraviolet illuminator (Lomo Ltd., St.-Petersburg, Russia) was
used to excite photoluminescence. The micromorphology of the surface and the internal
structure of diamonds were investigated by means of a Jeol JSM-6480LV scanning electron
microscope (Jeol Ltd., Tokyo, Japan) at an accelerating voltage of 20 kV (DPMGI SB RAS,
Yakutsk). Cathodoluminescence patterns were recorded with a Gatan Mini CL attachment
to the Jeol JSM-6480LV electron microscope (Jeol Ltd., Tokyo, Japan) and a Centaurus
attachment to a Leo-1430V electron microscope (IGM SB RAS, Novosibirsk).

Goniometric measurements were performed on a ZRG-3 goniometer (Heidelberg
University, Heidelberg, Germany) (accuracy from 2’ to 20’). Diamond crystals were adjusted
based on signals from faces (111) located in the same zone [101].

Polished oriented sections of diamonds were studied by means of electron backscatter
diffraction (EBSD) analysis to establish the orientation of crystallites in deformed crystals,
aggregates, and twin crystal intergrowths. A Hitachi S-3400N scanning electron microscope
(Hitachi Ltd., Tokyo, Japan) equipped with an Oxford Instruments HKL detector was used.
The texture analysis of the crystal blocks, the angles of their orientation and the statistical
characteristics of the positions of grains with a certain orientational angle in the sample
were determined. The accuracy of the orientation angles determination was 0.5◦–1.0◦.

The X-Ray diffraction Topography (XRDT) method was realized at «Microscopy and
tomography» synchrotron radiation (SR) beamline station of the VEPP-3 synchrotron
source [25]. The energy of photons of X-ray monochromatic beams used in XRDT was
11 keV. Slits installed upstream the sample formed 2 × 2 mm2 collimated X-ray beam. The
sample was placed at a distance of 16.5 m from SR source. To find the Bragg reflection,
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the investigated crystal slab was pre-aligned in a translated axis with an accuracy of 1 µm
and in a rotation axis with an accuracy of 0.001. In order to efficiently surpass the spatial
resolution of the detector, a magnification system was used. Two asymmetrically cut
crystals reflecting in mutually perpendicular directions gave a uniform two-dimension
magnification of a factor of 20 in registered images.

3. Results
3.1. Morphology and Internal Structure of Ballas and Ballas-Like Diamonds
3.1.1. The Urals Ballas Diamond

The diamond (UR) is large (Figure 1a), with a diameter of 1.5 cm and a weight of
10.09 carats. The surface of the diamond has a specific relief characteristic of classical ballas
diamonds [3]: it is unevenly covered with irregularities, depressions, and microfaces; the
surface of the ballas is translucent and has a yellowish-grey colour; and some areas are
transparent and exhibit a grey colour as well. On the surface of the cut passing through
the centre of the ball, a transparent colourless core with uneven outlines of the boundaries
is observed (Figure 2a). The core is outlined by a clearly distinguishable radial-fibrous
aggregate of crystallites, which increase in size from the centre to the periphery and form
two circular zones in the radial aggregate that consist of thin needle-like and then larger
transparent crystallites (Figure 2a–c). The boundary between the outer and inner zones is
marked with dark brown spots of iron hydroxides (Figure 2a). The photoluminescence of
the ballas diamond corresponds to its macrozonal structure (Figure 2b). The transparent
areas of the ballas diamond glow zonally in bright blue and light blue, forming several
radial rays. Near the surface, an aggregate of crystallites exhibits a zonal glow of green
and bright green colours (Figure 2b).
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Cathodoluminescence of the surface of the central plate of the ballas revealed fine
details of its structure in the best way (Figure 2c). Several microcrystals of diamond in close
intergrowth with each other are observed in the central part of the ballas (Figure 2d, high-
lighted in white area). A shapeless diamond shard was found in the centre of growth of
each microcrystal. Microcrystals are outlined by a thin octahedral zone, the lines of which
intersect with each other and then coat several crystal cores together. Towards the periph-
ery, the aggregate of crystals, which apparently passed the stage of geometric selection,
is replaced by a full-faceted area without any signs of zoning (Figure 2d, highlighted in
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light gray). The full-facet region is gradually transformed into a radial-fibrous aggregate
(Figure 2d, highlighted in dark gray).

The images of the central section of the Urals ballas diamond, obtained by means of
X-ray topography (Figure 2e,f) and EBSD (Figure 2g) method, clearly show the structure of
its single-crystal and polycrystalline regions (Figure 2e,f). The centre of the ballas diamond
is composed of several slightly misoriented (from 2◦–4◦ to 10◦) crystalline blocks that
enclose the zonal and full-faceted regions of the ballas diamond. The blocks have a delta
shape, elongated radially from the centre of the aggregate (Figure 2e–g), and transform
into split sheaf-like bundles that consist of small misoriented (from 8◦ to 22◦) crystallites
(Figure 2e,f). The secondary-size bunches of rays of fibrous crystallites originating in
the re-entrant corners between delta-shaped blocks show a misorientation from 5◦ to 6◦.
Some bunches of crystallites located at the boundaries between large adjacent bunches
show a more significant misorientation that ranges from 30◦ to 38◦. The most frequent
misorientation values of the crystallites in the aggregate are 2◦ and 7◦ (Figure 2g). In
general, sheaf-like aggregates constitute the entire spherulite of the ballas diamond.

3.1.2. Ballas and Ballas-Like Diamonds from the Yakutia

This group of diamonds is represented by three large specimens of regular spherical
shape (Figure 1b–d). The diamonds are fractured, transparent, and in places translucent,
their color is heterogeneous, light gray and yellowish gray. Areas filled with inclusions are
dark gray in color.

Yakutia ballas-like diamond (RB-2). Visually, the diamond has a spherical, weakly
expressed crystallographic shape (Figure 1b). The surface of RB-2 is uneven and is covered
with a system of parallel oriented furrows. The weight of the diamond is 3.45 ct, and the
diameter is 9.5 mm.

The external shape of the spherical diamond has a well-defined tetrahedral appear-
ance in the SEM image (Figure 3a,b). The hemihedria of the crystal is indicated by the faces
of the octahedra unevenly developed along the tetrahedral motif. Conventionally, the large,
hexagonal, better-developed faces of the octahedron correspond to the “positive tetrahe-
dron”, and the less-developed triangular faces of the octahedron, which almost disappeared
from the faceting, correspond to the "negative tetrahedron". There are deep negative trigons
and, more rarely, hexagonal etch pits on both types of faces of the octahedron (Figure 3),
and these features indicate significant dissolution of the diamond crystal.

Another feature of a spherical crystal is the presence of an extended system of indexed
micro faces (411), (311), (211), (100) zones on its surface. According to the interruption
of light reflexes in the goniometer, the micro faces are separated from each other by
stepped shading (Figure 3a–d), encircle the entire crystal, and are located between the well-
developed faces of the octahedron, conventionally belonging to the “positive tetrahedron”.
As shown in the diagram (Figure 3b), the micro faces correspond to the crystallographic
position of the edges of the “tetrahedron”, which once again emphasises the tetrahedral
outlook of the spherical crystal.

The zonal structure of the crystal is clearly visible in the central section (Figure 4a).
The anomalously anisotropic outer zone, saturated with micro inclusions, is separated from
the octahedral diamond core by cleavage cracks along (111) (Figure 4b). Their appearance
is due to the relaxation of elastic stresses associated with the heterometry of the diamond
crystal lattice at the interface between the crystal core and its outer zone.

Rectilinear zoning in the octahedral core is replaced by zigzag zoning in the outer
zone of the crystal on the CL-images (Figure 4c). Its origin is probably associated with
the multi-headed polycentric growth of the octahedron faces. According to the presence
of a high concentration of micro inclusions in this zone (Figure 4a), it is associated with
the decay of the growth front of the octahedral face into many crystallisation centres. The
absorption of mechanical micro impurities by the crystal prevented flat-faceted growth of
its octahedral layers.
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X-ray topography of the plate shows (Figure 4d) that structural defects are distributed
in the crystal according to the crystal’s zoning and elastic stresses. Dislocation defects form
radial bunches in the crystal, and the concentration of defects increases throughout the
outer zone of the crystal.

Yakutia ballas (RB-4). The diamond is fractured, has a regular spherical shape, and
exhibits an intense and luminescent blue colour. Its diameter is 7.2 mm, and its weight is
3.11 ct.

The diamond has a smoothed surface that is dissected by extended etching channels.
The dissolution of the diamond is also evidenced by rare reverse-oriented triangular etching
pits on the relict faces of the octahedron.

Signs of regular accretion of diamond crystals that constitute the spherical diamond
are revealed in observation of the crystallographic orientation of a system of hatching lines
and a stepped relief of its surface (Figure 5a). Obviously, the shading is parallel to the
edges of the octahedra of the cyclic twin of diamond crystals, and it is highlighted with red
lines in the image retouching (Figure 5b) and is shown with black lines in the diagram of
the structure of the twin intergrowth (Figure 5c). Twin seams between octahedral crystals
appear well on the dissolved surface of the spherical diamond and are shown with red
dashed lines in Figure 5b and with solid red lines in Figure 5c,d.
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Cyclic twins of octahedral diamond crystals sequentially intergrown are well known.
Sometimes, these twins consist of five individuals that form a single open ring. Due to
geometry restrictions, this ring cannot be completely closed because the octahedra that
are intergrown in the twinning plane (111) physically cannot fill the entire space of a ring
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of many stepped micro faces (111), crowns the entire twin structure. On the reverse side,
the diamond has a bumpy surface covered with etching channels.

The spherical cyclic twin was cut with the intersection of several twin boundaries
found on the surface of the diamond. In the CL image (Figure 6a), re-entrant angles and
a mirror-symmetric pattern of zoning lines marking twinning planes are clearly visible.
Their directions are shown by red arrows in Figure 6a and again in Figure 6c,d. The rest
of the diamond section is occupied by concentric wavy zoning, which is manifested in a
segment composed of crystallites of a radial-fibrous aggregate (Figure 6a,b). Zoning lines
in twinned crystalline blocks and concentric zoning in the radial-fibrous aggregate form a
single entity, which implies synchronous development from a single growth centre.
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X-ray topography (Figure 6b) and EBSD analysis (Figure 6c) of the cut of the intersect-
ing twinned crystal blocks were performed. The twin boundaries are marked in Figure
6b,c with red arrows. Crystalline blocks show significant misorientation with maxima
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at 0◦, 18◦, 26◦, 31.5◦, 38◦ (Figure 6e). It is noteworthy that the orientation of some of the
crystallites in the radial-fibrous aggregate and twinned crystal blocks coincides in position
and has a deviation of 0◦, 18◦, 26◦, 31.5◦. It follows from the EBSD pattern analysis that
twin intergrowths of diamond crystals originated in the centre of growth of a radial-fibrous
aggregate and developed simultaneously with all its constituent rays. A model in the
form of five twinned octahedral individuals with a radial orientation of twinning planes
demonstrates their position in the ballas-shaped diamond aggregate (Figure 6d). The twin
components shown in the graphical model (Figure 6d) are coloured to match the colours of
the crystal blocks depicted in the EBSD image (Figure 6c). Thus, this ballas sample has a
combined structure of a radial-fibrous aggregate and cycle twinned crystals.

Yakutia ballas (RB-5). The diamond has a regular spherical shape. Its diameter is
9.8 mm, and its weight is 3.43 ct.

The specimen is a combination of radial-fibrous aggregate of crystallites and relatively
large twinned crystalline blocks of diamond (Figure 1d). The areas of the ballas surface
with signs of a radial structure (Figure 7a,b) consist of regions separated from each other
by deep channels. They represent the butts of crystalline rays that are terminated by the
flat (111) octahedron faces. Radial structure is revealed at the surface of the split made
through the centre of the aggregate (Figure 7c). An inhomogeneous intense glow of bright
blue colour in UV light emphasises the radial position of the crystal rays (Figure 7d).
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There are three vertexes of one octahedral diamond crystal (Figures 1d and 7b) on
the surface of the ballas. Figure 7b clearly shows that the octahedral face connecting its
vertices has split into several segments. In addition, another large twinned crystalline
block of diamond protrudes above the surface of the aggregate (Figures 1d and 7e). It is a
three-component polysynthetic twin, which is also in a twinning relationship along (111)
with a large octahedral crystal noted above. A volumetric model of the twinned complex
of a radial-fibrous aggregate constituting the framework (Figure 7f) with a single growth
centre has been constructed.

3.1.3. The Brazilian Ballas Diamond

Brazilian ballas diamond (BR-3). The diamond has an elongated spherical shape and
was originally defined as a ballas (Figure 8a). The colour of the diamond is yellowish-
grey, the diamond is translucent, and its weight is 0.95 ct. The surface of the diamond
is covered with numerous cavities, cracks, and chips. Scanning electron microscopy
revealed the crystallographic shape of the diamond in the form of a highly corroded
rounded hexahedroid with convex, irregular faces and indistinct edges (Figure 8b). Several
tetragonal fragments of etching figures were found on the crystal surface, which enables
recognition of significantly dissolved cube faces in them (Figure 8b).
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A central double side polished plate inclined to the (100) plane was made. Black
inclusions fill the cubic central region of the diamond and mark sectors with growth
pyramids of <100> faces (Figure 8c) in transmitted light. The photoluminescence also
clearly shows zonal-sectorial glow (Figure 8d). The anomalous anisotropy reflections are
sectorially distributed in the crystal in the polarised light (Figure 8e–f). Lines of optical
stress in sectors 〈110〉 extend from the centre to the periphery of the crystal, which allows
us to speak of a single-crystal structure of diamond in the direction of the cube edges.

According to the CL image, the diamond consists of many radially oriented crystalline
subindividuals separated from each other by microcracks and intergrowth boundaries.
They exhibit a fine octahedral zoning, which reflects the growth trajectories of the ver-
tices of the set of crystallites that compose the outer region of the diamond (Figure 9a–d).
Subindividuals gradually increase in size. The tops of some of them, crossed by adjacent
subindividuals, either stopped in development or changed the direction of growth (Figure
9d). The image of octahedral subindividuals growing on a cubic face composed of individ-
ual crystallites resembles a druse with a predominantly radial direction of crystal growth
and displays phenomena of geometric selection (Figure 9d).
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The cubic diamond core is composed of fibrous fragments and regularly oriented
crystal plates (Figure 9c). The plates are parallel to each other and have developed along
the (110) planes of the crystal, indicating the growth of diamond in the direction of the
cube edges. Peculiar skeletal formations composed of crystalline plates, crossing a cubic
macrozone saturated with solid micro inclusions, are transformed into subindividuals with
octahedral zoning (Figure 9d).

A single-crystal, atoll-shaped quadrilateral with elongated vertices centres the plate
cut from a Brazilian ballas (Figure 9e,f). Its orientation equals 0◦ on the EBSD diagram
(Figure 9f), which corresponds to the dark blue colour on the scale of orientation of texture
components (Figure 9f,g).

The atoll-shaped single-crystal area is a cross-section of a skeletal cubic crystal in the
form of an edge crystal 〈110〉. In general, the aggregate of single-crystal bunches can be
represented as a hexahedral crystal with a funnel-shaped structure of faces. Some of its
edges reach the ballas surface (Figure 9a,e) but at the same time change their orientation by
2–4◦ (Figure 9f,g). Crystallites inside and outside the atoll are equally misoriented by 3–7◦.
Crystallites enclosed between the edge bundles 〈110〉 have more significant misorientation,
reaching a deviation of 7–10◦ at the periphery. The appearance of self-deformation defects
was accompanied by geometric selection of octahedral crystallites at the growth stage.
An increase in the number of crystallites confined between the edge bunches 〈110〉 and
close misorientation angles suggests that their mutual displacements occurred in the (110)
directions due to wedging by adjacent crystal blocks.

4. Discussion

The morphology of the UR specimen corresponds to the description of the shape of
the ballas from the Krasnovishersky region [3]. However, inside the usual radial-fibrous
spherulite, most of the methods have revealed previously unknown structural features in
the form of a complex polycrystalline core surrounded by radiating fibrous crystallites.

According to the classification of the shape and texture of polycrystalline aggregates
proposed by I. Sunagawa [26], the shape of the UR in terms of its internal structure refers
to the type of “spherulites formed on a polycrystalline aggregate of the same species”. In
describing the morphology of spherulites, Sunagawa refers to illustrations and terminology
developed by D.P. Grigoriev [27], who noted that the crystal grains that constitute the
basis for the growth of a radial-fibrous aggregate of any mineral must be misoriented from
each other. According to our observations, the nucleation of the UR aggregate occurred
on an intergrowth of competing, randomly oriented, octahedral subindividuals, and the
seed for their nucleation was a set of several microscopic diamond fragments. Geometric
selection among crystalline subindividuals occurred until the normal growth of fibrous
crystallites replaced the tangential growth of the octahedron. The main generators of
splitting were the surface of deltoid crystal blocks and the re-entrant angles among them;
therefore, the crystallite fibres are not in a strict radial orientation. The aggregate of fibrous
crystallites developed in large sheaf-like bundles composing an integral spherical radial-
fibrous spherulite. According to the EBSD results, the beginning of the growth of the
fibrous aggregate was marked by a sharp misorientation of the crystalline fibres, which is
characteristic of split crystals [27]. The deviation of the angular values noticeably increases
with the growth of the aggregate of crystalline fibres and at the boundaries of adjacent
sheaf-like bunches.

According to the structure of the studied ballas, the generation of autodeformation
defects by a crystalline aggregate, and then the growth of fibrous bunches was accompanied
by active absorption of mechanical impurities. It is worth noting the unusual reverse nature
of the change in the tangential growth of the polycrystalline core of the UR, consisting of
octahedral subindividuals, by the mechanism of normal growth of the fibrous aggregate.
The formation of spherulites is closely related to the splitting of crystals [28]. The main
limiting conditions of this process are the achievement of a significant critical level of
supersaturation for each substance in the crystal-forming medium and the presence of
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an impurity in it, which ensures the appearance of stresses when entering the crystal
during growth.

Brazilian ballas is a split macrozonal diamond crystal of cubic habitus that consists
of radiating, partially misoriented, detached crystallites. Detaching of the crystallites was
initiated by the absorption of mechanical impurities from the environment, and further
development of the crystallites, generated by the faces of the cubic core, was accompanied
by a change of cubic with octahedral growth shape. The development of the detached
subindividuals followed the geometrical selection typical of mutual growth of randomly
oriented crystals on a flat substrate. Further crystal growth depended on the deviation
from the radial direction angle. Thus, the crystals with smallest deviation from the radial
orientation were in a most favourable position for further growth. Single crystals rays
constituting the [100] edges of the skeletal cube and funnel-shaped concaved (100) faces
filled with misoriented crystallites persevered in the split crystal. This crystallographic
form is a skeletal variety of a rhombic dodecahedron 〈110〉 [29].

A cubic crystal split is due to the appearance of stress among sectors and to the de-
velopment of autodeformation along the boundaries of growth sectors of <100> faces. An
example of such parallel autodeformation was considered in the cubic diamond crystal
of variety II [30]. The fibrous plates, oriented in (110) direction, were also observed in the
〈110〉 growth sectors of the cubic diamond crystals of variety III [31]. It was suggested
that their mutual shifts, related to the impurity defects, initiated splitting of the fibrous
cubic crystals into spherical, pseudocubic crystals. Parallel shift translations along sectorial
boundaries of a crystal are typical for the crystal growth at increased supersaturation
and high concentration of the mechanical surface-active impurities in the crystallisation
medium [32]. The aforementioned facts suggest that the split of the Brazilian ballas was ini-
tiated by the autodeformation defects and appeared in the ballas’s cubic core, with intense
absorption of mechanical impurities during the abrupt decrease of the supersaturation
level. Geometrical selection at the growth stage of split octahedral crystals neutralised the
effect of splitting and preserved the tetrahexahedron form of the crystal. Thus, we state that
Brazilian ballas passed through volume dissolution at the final stage of its development. At
the same time, the ballas’s structure differs from that of the “Brazilian” and “Urals” types
of globular diamonds.

The ballases and ballas-like diamonds of Yakutia have a pronounced individuality,
especially well manifested in their internal structure. However, they have a common
feature: all diamonds have a spherical shape, a single centre of growth, and a radial type of
internal structure.

Yakutia spherical diamond RB-2 is an example of ballas-like outlook. These crystals
were described as spherical curved facet dodecahedroids with curved instead of edge
shapes and classified as ballases in Orlov’s early classification of diamonds [33].

The zonal structure of ballas-like diamond crystal RB-2 demonstrates evidence of a
change in the tangential layer growth of flat-faced octahedra by the dislocation growth
of faces of octahedra. Absorption of the mechanical impurities by the octahedral face
provoked the change of the crystal growth mechanism, which led to the dissymmetri-
sation of the crystal. Hemihedria of the simple forms manifest in the lowering of the
diamonds’ structurally determined hexahedral symmetry m3m to tetrahedral symmetry
43m. According to the crystal zoning (Figure 4), the large faces of octahedra are observed
on the surface of the octahedral core of the diamond revealed by dissolution, while smaller
triangular faces are on the surface of the outer defect zone of the crystal. The presence of
trigonal and tetragonal pits on the diamond surface is unambiguously interpreted as a
dissolution process [34]. We conclude that positive and negative tetrahedral forms, related
to the peculiarities of the crystal’s structure and its anisotropy, appear on the surface of the
spherical diamond crystal during dissolution. Crystal dissymetrisation accompanied the
complication of the faceting. The morphology of the considered crystal displays “compli-
cation” of the (111) form of diamonds habitus (Figure 6c): (211), (311), (411), (100) faces
of the [011] zone appear between adjacent octahedral (111) faces. These series of faces



Crystals 2021, 11, 17 14 of 23

were observed earlier in the experiments on dissolution of spherical crystals [35] and
were termed as “edges of dissolution”. An appearance of the low indices faces on the
curved crystal surface and edges during dissolution was observed. Protruding edges can
be smoothed and consist of an arbitrary set of planes or can be hebetated by the separated
faces. The origin of these forms due to dissolution is confirmed by the presence of negative
trigons and by the presence of curved faces of the dodecahedroid. Therefore, influence of
growth-related autodeformation in the peripheral zone of a diamond plays a decisive role
in the formation of unusual hemihedral dissolution shapes.

A detailed study of the Yakutia ballases RB-4 and RB-5 found that they simultaneously
exhibit signs of splitting and twinning. In general, they are partially split twin intergrowths
of crystals that originated from one growth centre. It was found that the misorientation
of crystallites is both random and regular in the radially fibrous fragments of the ballases.
Cyclic and polysynthetic twinning of crystallites and their combinations play a leading role
in the structure of the Yakutia ballases. In RB-4 and RB-5, twin intergrowths constitute the
frame of a radial fibrous aggregate. The similarity in the structure of the Yakutia ballases
and of the classical ballases is obvious, which enables classification of radiating aggregates
as classical ballases.

Alluvial placers in the northeastern Siberian platform in Yakutia contain diamonds of
variety VII, with signs of radial splitting [15,18]. A radial mosaic structure was found in
polycrystalline diamond aggregates with signs of geometric selection from the Zarnitsa
pipe in Yakutia [16,17]. The authors emphasised mutual similarity, genetic closeness of
growth conditions, and similarity of morphology with ballases. However, in contrast to
the Yakutia ballases studied in this work, twin intergrowths were not reported.

The formation of all ballas and ballas-like diamonds studied in this work was com-
pleted by the dissolution process. The stage of dissolution had a significant effect on
the appearance of a spherical shape for both radially fibrous ballas spherulites and split
spherocrystals and complex twinned aggregates. The deep dissolution process was compre-
hensive and affected most diamonds in the placers of the northeastern Siberian platform,
which passed the final stage of dissolution in a hydrous carbonate-silicate melt [36]. The
typical forms of diamonds dissolution bodies are rounded dodecahedroid or tetrahexa-
hedroid depending on the initial shape of the crystals [37]. Radial intergrowths of split
crystallites, large crystalline segregations, and twinning elements in an aggregate usually
manifest in the formation of morphological features of the surface of dissolution of ballases.
It is noted that the dissolution rate of various crystal faces is not sensitive to small misori-
entations of its crystal blocks [38]; therefore, the geometrical forms of dissolution of single
crystals and split crystals can be identical.

4.1. Crystallographic Model of Crystals Multiple Twinning in Ballases

The phenomenon of twinning in the formation of varieties of ballas and ballas-like dia-
monds has an essential role. Twin intergrowths on the surface of a sample of Brazilian ballas
were first described by A. Fersman and V. Goldshmidt [4]. Goniometric measurements
showed that the sample was a complex polysynthetic twin, with some individuals showing
signs of cyclic twinning. Morphological studies of the Urals ballases [2] established that
their constituent grains are cyclic twin intergrowths; they form regular intergrowths around
one common axis [011], and at one of its outputs, there is an open three-, four-, or five-sided
relief figure bounded by the edges of the octahedra and twin seams among them.

Signs of multiple twinning were found in polished thin sections made from ballases
synthesised from graphite [23]. The authors emphasised that the twinning planes (111) are
radially oriented and can be traced from the centre of growth of the ballas to its surface.
In this case, the growth of radially twinned crystallites proceeded from the centre of the
ballas without the formation of a crystalline core and ended with the formation of twinned
microcrystals. There are other examples of multiple twin intergrowths as well as cyclic and
polysynthetic twins on the surfaces of natural and synthetic ballases [13,14,19].
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There is a report on the findings of microscopic, ballas-like, polycrystalline inter-
growths in the form of spherulites with five-pointed frames on the surface in the Sytykan-
skaya and Yubileinaya pipes [10]. The authors associated their morphology with the
parallel intergrowth of several cyclic “spinel fives”. Such a structure may indicate the radial
orientation of a set of twin boundaries directed to the centre of growth that unite crystals
into a regular aggregate.

Ch.B. Slawson first identified the fundamental possibility of multiple twinning of dia-
monds [39]; this type of twinning, characteristic for crystals of minerals of a cubic system,
leads to the formation of various aggregate-like intergrowths. The author emphasised that
diamond twins, consisting of more than three individuals, almost defy crystallographic
analysis. Macroscopically, this is hampered by the absence of visual twin contact among
numerous intergrown crystals. In addition, diamond lacks birefringence, which prevents
the identification of twinned crystals in an aggregate by optical microscopy. Twins are
identified by the difference in the hardness of individuals often observed on the ground
surface of a diamond. Fersman and Goldshmidt were the first to discuss multiple twinning
of diamond crystals [4]. A complex aggregate of crystals from South Africa, consisting of
seven spinel twins that were also sequentially twinned with each other, was described [40].
Frequent twin intergrowths of diamonds from the Urals placers were reported [6], and the
most complex of these consisted of 11 twinned octahedral crystals. However, usually com-
plex twins of natural diamond consist of several crystals of different sizes. In consideration
of the probable overgrowth of the twinned crystal by larger individuals, it is not possible
to recognise such a regular intergrowth.

In the present study, twinning was identified by direct observation of twin seams on
the surface along the boundaries of regular intergrowths (Figures 4–7). An example of
multiple cyclic and polysynthetic twinning manifested at the end face of a crystal ray in
the RB-5 ballas (Figure 10a); the cathodoluminescence of its radial section demonstrates
polysynthetic twinning in the form of numerous parallel translations of crystalline blocks
that cross the growth zoning of the aggregate (Figure 10c). Twinning patterns were found
in the depth of the etching channels, corroding boundaries of twinned blocks exposed
by late dissolution of the RB-5 ballas surface (Figure 10b). The walls and the bottom of
the etching channels are decorated with dissolution figures that demonstrate the mirror
symmetry of the relief elements (Figure 10b). They divide the rounded surface of the
diamond into twinned segments, which indicates multiple twinning in the radial direction.
Twin seams on the surface of RB-5 ballas are visible in the CL image of the cut along the
mirror symmetry of the elements of the deformed zoning of the aggregate (Figure 10d).
EBSD of a polished cut of RB-4 revealed the symmetrical orientation of twinned crystal
blocks (Figure 6).

Let us consider the models of the structure of ballas spherulites entirely consisting of
twinned radial intergrowths of octahedral individuals. In a real structural model of crystal
twinning, “intergrowth twins” are excluded, and only contact twins without gaps of the
crystal structure exist. The remainder of the boundaries among individuals in a multiple
twin intergrowth that do not have twin contacts are seams or voids filled with inclusions.
It is this structure that we observed in our samples of Yakutia ballases with macroscopic
signs of surface twinning.

The idealised geometric model of multiple twinning, according to the Spinel Law,
can be visualised by adding new components to the twin intergrowth suggested by Ch.
Slawson [39], who provided an example of cyclic twinning along (111), which is widespread
in diamonds, in the form of germination of three octahedral individuals (Figure 11a).
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(CL) under the etching channel shown in Figure 10b.
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The third individual between the dominant extreme “blue” and “green” individuals
in Slawson’s figure was not shown. In this case, the plane of twinning of the two extreme
crystals in the intergrowth is the plane (114) with respect to which they are symmetric. We
have added one more twinned octahedron of violet colour to Slawson’s figure (Figure 11b),
and we conducted further geometric modelling of multiple twinning of octahedral crystals
of this type of intergrowth. Twinning planes (111), (111), (111), (111) served as twinning
generators. A more complex multiple twin intergrowth supplemented by the fourth and
fifth twinned individuals is shown on Figure 11c. Geometrically it already resembles
spherulite. This aggregate has a crystallographic shape with external symmetry m3m.
Figure 11d shows the multiple twinning model, in which imaginary twin planes of the
second order (114) connecting two extreme individuals in a three-component twin served as
generators. The model consists of 16 octahedral components linked by the m3m symmetry
and exhausts the geometric possibilities of twinning in the (111) and (114) planes. Slawson
mathematically demonstrated further multiple twinning of higher orders; in geometrical
interpretation, this leads to the formation of “intergrowths” of crystals, in which it is
almost impossible to recognise regular intergrowths. These radiating bunches of crystals
resemble spherulite, and the occurrence of such multiple twinned structures is unlikely
because the primary twin surfaces will be completely hidden under the layers of new twin
components. Similar geometric models of multiple intergrowth twins were used to explain
the mechanism of the formation of diamond nodules grown by the CVD method [41]. The
scheme of their formation is strongly indicative and can be applied to the genesis of the
concentric layered structure of the hail-shaped diamond bort.

As noted above, numerous fragments, consisting of three- and five-component cyclic
twins, were observed on the surface of ballases bearing traces of twinning. These twins’
mutual relationship is difficult to interpret, and the problem of crystallographic study of
the aggregate of twin complexes emerging at the surface of ballases has not yet been posed.
Mutual twin intergrowths can exist between fragments of symmetric cyclic twins, and the
presented three-dimensional models can explain their probable relations.

Pseudopentagonal and icosahedral intergrowths of cyclic spinel twins of cuboctahe-
dral microcrystals of CVD diamond were found at the microlevel [42–44]. They can also be
the prototype for the formation of complex multiple twins in ballases. At the same time, as
was established in microdiamonds [45], growth dislocations can compensate for the angle
of mismatch among five successive twins.

The symmetry of the ballas surface is quite predictable. Apart from the expected
symmetric shapes of ballases formed by the mechanism of crystal splitting, a signifi-
cant variety of symmetric shapes can be assumed for split multiple twinned ballas-like
diamonds. In addition to the hexoctahedral m3m symmetry, these diamonds can have
icosahedral symmetry.

4.2. Crystal-Genetic Classification of Ballas and Ballas-Like Diamonds

Diamond formation by sheaf-like splitting of a crystal in opposite directions into
the bifoliate crystal [46] is an impossible principle because of the isometric form of the
diamond crystals.

Early studies denied the radial-fibrous nature of ballas diamonds [47]; it was noted
that ballas diamonds each have a crystalline (single crystal or crystals intergrowth) core
with a polycrystalline coat [2]. Prior to the publication of diamond classification [48], ballas
diamonds were mixed with the hail-like borts. A detailed study [13] demonstrated that the
aggregate of radial oriented micro-diamonds on the notched surface is the only diagnostic
sign of the ballas-like diamonds. Some scientists believe that ballas diamonds result from
the overgrowth of the core crystal [49].

The hypothesis of the origin of ballas diamonds from carbonado [22] was not con-
firmed in our work.

Analysis of the literature data shows that morphology of many ballas diamonds
deviates significantly from the typical ballas diamond forms. Thus, ballas diamonds
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from Prisayanie with radial-fibrous structures do not have spherical shapes [7]; instead,
they were described as “lumpy diamonds” [50] and, later, were classified as “shapeless
ballases” [8].

Most of the ballas diamonds attained a spherical shape after the growth process
because of the dissolution of the surface [2,3,11,13]. The morphology of the growth surface
of ballas diamonds was studied on the example of synthesised diamonds [13,14], which
consists of crystals faceted with (111) and (100) faces on top of radial crystallites. It was
noted that, in both natural and synthetic ballases, the L3 axes of crystallites are oriented
towards the surface, and the crystals’ growth plane is the face of an octahedron [13].
Synthesis via the CVD method resulted in ballas diamonds with preferred orientation of
crystallites in (111) and (100) directions [19,51]. The crystallites of ballases often form cyclic
and polysynthetic twins. Sometimes, ballases comprise solely twinned crystallites, and all
the twin planes are radially oriented [13,23,51].

Prior to the development of the classification features of the morphology of natural bal-
las diamonds, it is worth noting that aggregates of spherical crystals were often considered
as ballas. Thus, many ballas diamonds of Brazil (Bahia), South Africa (Premier Mine) [2,34],
and Yakutia (Russia) [9] display cubic, octahedral, or rhombic dodecahedral forms. These
diamonds are probably split crystals that preserved the habitus growth form, just as the
Brazilian ballas diamond with the form of split tetrahexahedron that we studied exhibited.
Diamond spherocrystals also have well-developed shapes of curved facets dodecahedra
and hexahedra [11,12]. However, the spherocrystals differ dramatically from the Brazil
diamond studied in this work due to the smaller size of fibres (up to the first hundred
microns) and significant misorientation of fibres (>10◦).

It was emphasised in [11] that a strict distinction cannot be made between single
crystals and polycrystalline aggregates of diamonds because there are many transitional
forms between these two categories. A similar view was expressed regarding the similarity
of ballas diamonds with crystal core and coated diamonds [10].

According to [3], ballas diamonds are transitional forms between crystals and aggre-
gates with distinctly granular structures. Thus, ballas diamonds were placed between these
two classes into variety VI. Following Orlov, we suggest retention of the conventional term
“ballas-like diamonds” for the diamonds with radial structures and spherical shapes.

To build a crystal-genetic classification of ballas and ballas-like diamonds, it is nec-
essary to complete a list of known morphological varieties with a set of new varieties
described in this work. The updated list of morphological varieties of the ballas and
ballas-like diamonds is as follows:

Classic ballas diamonds—coreless radial-fibrous spherulites of diamonds, usually
with an ideal spherical shape. This type of ballas diamond has all the features of variety VI
according to Orlov’s [3] aggregates of diamonds;

Ballas diamonds with a polycrystalline core—radial-fibrous intergrowths of crystal-
lites on the core of misoriented diamonds microcrystals that provided polycentric growth
of the aggregate. The Urals sample reported in this work is an example of this new
morphological variety;

Ballas-like spherocrystals—sectorial spherocrystals with radial orientation of fibres
in the directions (100), (111), and (110);

Ballas-like hail-shaped aggregates—hail-shaped bort (South Africa) that is often
considered “ballas diamonds” [49]. These aggregates have a core (either single crystal or
polycrystalline) and a concentric zonal coat consisting of misoriented crystallites [14]. The
genesis of this poorly studied form of aggregates remains unknown;

Ballas-like split crystals—these crystals appear as a result of auto-deformation caused
by the absorption of mechanical impurities and abrupt change of normal crystal growth
to tangential growth, which together cause the appearance of a multiple misoriented
crystallites. The segregation of crystallites in the Brazil diamond resulted in the change of
growth form from fibrous cuboid to facet octahedron;
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Ballas-like radial twin crystals—a new variety of the ballas-like intergrowth with
growth planes twinning radiated from the centre. These aggregates emerged in a process
of multiple cyclic, polysynthetic, and complex twinning of diamond crystals;

Ballas-like globular crystals—a new form of hemihedric globular crystals. The hemi-
hedria of the diamond shape is caused by auto-deformation defects that appear during
the growth of euhedral crystals in the conditions of unusual reverse change of tangen-
tial crystal growth, with polycentre crystal growth accompanying selective sorption of
micro-impurities in the conditions of low supersaturation. The spherical shape of globular
crystals is a result of a dissolution process.

The next step is to determine basic and mixed morphological varieties of ballas and
ballas-like diamonds. Some of these diamonds (e.g., split and radiating twin crystals) were
observed in the ballas diamonds of Yakutia.

4.3. Crystal Genetic Scheme of Ballas and Ballas-Like Diamonds

The zonal character of the crystallographic forms of the studied ballas-like diamonds
allows for tracking of the trends in the evolution of the ballas morphology and for plac-
ing these diamonds in a certain position in the conventional crystal-genetic scheme that
links the mechanism of crystal growth and crystal forms with the supersaturation of car-
bon [26,52]. Figure 12 displays the characteristic forms of diamond morphological varieties
with an indication of the corresponding crystal growth mechanism ordered according to
the level of supersaturation: polynuclear dislocation growth of octahedral crystal; two-
dimensional tangential growth of octahedral crystal; and normal crystal growth of fibrous
cuboids, fibrous spherocrystals, and radiate-fibrous ballas diamonds. The morphological
varieties of ballas and ballas-like diamonds are ordered according to the level of super-
saturation and the presence of the defect-forming impurities in the crystal growth media,
and analysis of the evolution of crystal morphology shows that the ballas-like diamonds
form at the drop of the supersaturation, with a change from one crystal growth mechanism
to another. The morphology of ballas and ballas-like diamonds reveals the history of the
changes of the level of supersaturation.

A classical spherical ballas in the form of radial-fibrous aggregate and sectorial sphe-
rocrystals of dodecahedron and tetrahexahedron shapes, with the radial and parallel
orientation of the fibres in the directions (100), (111), and (110), occurs in the region of
extreme supersaturation (Figure 12).

The origin of the Brazilian ballas-like split crystal occurs in the region of high super-
saturation. The nucleus of the crystal (a fibrous cuboid) is covered with misoriented, zonal,
octahedral crystallites passed through geometric selection. The high speed of diamond
growth accompanied with the intensive absorption of mechanical impurities and sharp
decrease of the level of supersaturation caused the appearance of defects, separation, and
misorientation of the crystallites. A shift from normal crystal growth to the tangential one
leads to the change of cubic to octahedral crystal shape.

Unlike the Brazilian ballas-like diamond, the growth of the Urals ballas diamond
occurs in conditions of increasing supersaturation. Such an unusual sharp reverse of
supersaturation explains the rarity of finding such diamonds in nature. The increase of the
supersaturation manifests in the change of faceted octahedral zoning in the polycrystal
nucleus of the ballas via the fibrous growth of the radially oriented crystallites. According
to our observation, the change of tangential growth with the normal one occurred without
interruption of the crystallisation process.
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Nucleation and growth of the complex spherulites that consist of split and radial
multiple twinned crystallites probably occurred at higher supersaturation values than
those that are typical for the growth of the flat-face octahedra. High supersaturation is
a basic condition for the formation of autodeformation defects such as crystal splitting,
twinning, and deformation [32].

A decrease of supersaturation (supercooling) leads to the following sequence of crystal
formation: spherulites > sheaf-like aggregate > contact and penetration twins > single
crystals [53]. Therefore, the position of ballas diamonds with multiple radial twin crystals
on a crystal-genetic scheme is between the area of normal crystal growth and the area of
tangential growth of octahedral crystals (Figure 12).

A decrease of supersaturation from moderate (tangential crystal growth) to low (dislo-
cation growth) values leads to the change from flat-face crystal shape to the polycentric
octahedral crystal with lowered tetrahedral external symmetry. The appearance of hemi-
hedral forms of diamonds is probably due to the selective adsorption and trapping of
the impurities, which breaks the speed of growth of some faces of octahedral crystals
at the decrease of the carbon supersaturation and level of diffusion in the crystallisation
medium. This crystal is an end-member of the crystal-morphological series of ballas-like
spherical crystals of diamonds, which covers the gamut of supersaturation levels in the
diamond-forming medium.

Most natural ballas and ballas-like diamonds with curved dissolution faces obtained
their final spherical shapes by resorption [2,6,11,13,33] probably in the water-containing
melt; this is confirmed by the fact that, at present, all known ballas diamonds have been
found only in the placers in Brazil, South Africa, the Urals, and Yakutia, in association with
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diamonds of curved face dodecahedra and cuboids that passed through intensive bulk
dissolution [36,37].

5. Conclusions

The presented study yields new morphologic varieties of ballas and ballas-like dia-
monds: Urals ballas that originated from polycrystalline core, Brazilian ballas-like split
cuboids, Yakutia ballas-like complex radial twin aggregates, and Yakutia ballas-like crystal
with signs of hemihedral symmetry. The formation of the ballas-like form of the stud-
ied diamonds was caused by an abrupt change of the supersaturation that changes the
crystal growth mechanism. We constructed the crystal-genetic classification of ballas-like
diamonds on the basis of the analysis of the morphology and inner structure of ballas-like
diamonds with the framework of modern models of formation of the radial aggregates,
growth defects, and radial twin aggregates. Our new crystal-genetic model of ballas and
ballas-like crystals growth fits well the Sunagawa model that links the supersaturation
with the crystal growth mechanism. The observed morphological series of the ballas-like
diamonds “spherulite > split crystal > radial twin aggregate > single crystal” correlates
with the level of supersaturation of carbon in the crystal-forming environment.

The present study’s results solve the problem with the identification of the mor-
phological features of ballas diamonds and provide classification for ballas-like crystals
and aggregates of diamonds as separate morphological varieties in the general crystal-
genetic classification.
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