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NATURAL-COLOR D-10-Z DIAMONDS:
A CRYSTAL-CLEAR PERSPECTIVE
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Colorless to light yellow or brown diamonds with a “D-to-Z” color grade make up the overwhelming majority of
the world’s gem diamond trade. Besides clarity features (such as inclusions) and fluorescence observations, however,
comparatively little has been explored and published regarding the distinguishing characteristics of these diamonds.
The vast majority are type la, with infrared spectra showing very high concentrations of nitrogen aggregates. This
population of diamonds could not have been subjected to HPHT decolorizing treatment or been laboratory grown,
and thus they have been spectroscopically scrutinized in much less detail than the far more rare natural diamonds
of types Ila, 1Ib, and 1aB, which need to be investigated as potentially color-treated or synthetic.

This study examines a large sample set comprising the full complement of D-to-Z diamonds submitted to GIA
laboratories during a significant portion of 2017. The data were evaluated on the basis of diamond type prop-
erties, as well as distribution among various grading quality factors, to provide an unprecedented glimpse into
the role of these diamond types and differences in their geologic conditions of formation.

en people hear the word diamond, color-
Wss diamonds generally come to mind—
not the more exotic colors discussed
earlier in this article series. In purchasing a diamond,
they are likely to choose one that is colorless to near-
colorless. When one thinks of perfection in a dia-
mond, a D-Flawless stone is usually the benchmark.
The lack of color, which so inhibits the consumer ap-
peal of many other gemstones, is instead considered
a measure of stature for diamonds.

Therefore, we finish this series (Breeding et al.,
2018, 2020; Eaton-Magana et al., 2018a, 2018b, 2019)
by examining diamonds with very little to no color at
all—those on the D-to-Z grading scale. Although they
make up by far the largest proportion of stones submit-
ted to GIA, detailed statistics of D-to-Z diamonds have
never been presented before. In each of our previous
colored diamond articles, we presented data on stones
submitted to GIA from 2008 to 2016. For example,
GIA examined more than 15,000 naturally colored
blue/gray/violet diamonds in that period (Eaton-Mag-
ana et al., 2018a). During those same years, GIA re-
ceived millions of D-to-Z diamonds (e.g., figure 1).

See end of article for About the Authors and Acknowledgments.

Gems & GEMOLOGY, Vol. 56, No. 3, pp. 318-335,
http://dx.doi.org/10.5741/GEMS.56.3.335

© 2020 Gemological Institute of America

318 NATURAL-COLOR D-T0-Z DIAMONDS

For this study, we examined all D-to-Z diamonds
submitted for grading reports or dossier reports to any
of GIA’s laboratories during much of 2017. From our
analysis of submissions over the last decade, those
from 2017 and used in this study are representative
of GIA’s current and historical intake. Any diamonds
submitted on multiple occasions during this period
were identified, and only the most recent data for
each stone are included in this study.

In Brief

e D-Z diamonds represent the vast majority of all gem
diamonds but have rarely been documented systemati-
cally and in detail from a gemological laboratory.

e When D-Z diamonds are distinguished by diamond
type, we see distinct trends in their grading quality
factors.

e HPHT-treated diamonds have distinct trends in their
grading quality factors compared to their natural
counterparts.

Additionally, we wish to highlight that these data
represent a snapshot for a certain period and only
include those diamonds submitted to GIA. They
may not represent the entirety of the marketplace,
such as some lower-quality diamonds that are not
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usually submitted for grading. However, for those
in the marketplace that are certified, these results
are representative.

The trends presented in this article apply to
faceted diamonds. They represent not only the rough
selected for manufacturing but also the business and
cutting decisions of the polishers. Each faceted dia-
mond is ultimately the culmination and intersection
of science, artistry, and commerce.

The GIA system for grading (the absence of) color
with the D-to-Z scale has gained worldwide trade and
consumer acceptance since its introduction in 1953
by Richard T. Liddicoat and Robert Crowningshield,
followed by the first diamond grading reports issued
by GIA in 1955 (Dirlam et al., 2002). The grading ter-
minology (though not necessarily the practices) has
since been adopted by most other gemological labo-
ratories (King et al., 2008).

Many articles about various aspects of diamond
grading have been published regarding color grading
(King et al., 2006, 2008), cutting decisions (Caspi,
1997), cut grading of round brilliants (Hemphill et al.,
1998; Moses et al., 2004), symmetry (Geurts et al.,
2011), crystal inclusions (Koivula, 2000; Kaminsky
et al., 2000; Shirey and Shigley, 2013; Smith et al.,
2016; Renfro et al., 2018), trends exclusively seen in
large diamonds (Smith et al., 2017), and fluorescence
(Moses et al., 1997; Luo and Breeding, 2013; Bouman
et al., 2018; Breeding and Eaton-Magana, 2019). Re-
counting the specifics of the grading process or the
mechanics of fluorescence observations is beyond
the scope of this article. Instead, we present some
statistics of these grading quality factors and other
recorded data to illuminate relationships and trends
not recognized before.

NATURAL-COLOR D-T0-Z DIAMONDS

Figure 1. Diamond
rings that commemo-
rate a marriage engage-
ment often utilize
colorless to near-color-
less diamonds and con-
stitute a major sector of
the gem and jewelry
world. Photo courtesy
of Neil Lane.

CAUSES OF COLOR

Only diamonds deemed to be colorless or possessing
faint to light yellow or brown color are graded accord-
ing to the D-to-Z color scale (figure 2). Diamonds
with faint to light color saturation of other hues are
considered “fancy color” (King et al., 2008), and
many of those categories have been described previ-
ously in this series. The causes of yellow coloration
for D-to-Z diamonds are similar to those for Fancy
yellow color (Breeding et al., 2020} and brown col-
oration (Eaton-Magana et al., 2018b), but these color
causes will be briefly recounted here.

Stones with grayish coloration were discussed in
detail in Eaton-Magana et al. (2018a). In most natural
diamonds, the grayish color is produced by clouds of
dark (often graphitic) inclusions. For grayish diamonds
with a depth of color equivalent to K or greater, the di-
amond is given a color description of Faint gray, Very
Light gray, etc., but without a letter grade (King et al.,
2008). Therefore, only D to ] diamonds (that is, color-
less to near-colorless) with a grayish color contribu-
tion would be placed on the D-to-Z scale.

Yellow. The majority (~74%) of Fancy yellow dia-
monds submitted to GIA are colored by “cape” spec-
tral features (figure 3), which include a combination
of absorptions from the N3 defect (three nitrogen
atoms adjacent to a vacancy and a zero-phonon line
at 415.2 nm), the associated N2 band at 478 nm, and
absorptions at 451 and 463 nm (Breeding et al.,
2020). The term cape, originally used for yellow di-
amonds from Cape Province in South Africa (the
first prominent source of such diamonds), is now
used for any yellow diamond colored by N3 and its
associated defects.
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(yellow)
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Figure 2. The color grades of D-to-Z diamonds are generally assessed in the table-down position (King et al., 2008)
but admired in jewelry in face-up orientation. While most D-to-Z diamonds show a yellow coloration, a small per-

centage (about 5% overall) show a brown color.

Similarly, among those D-to-Z diamonds with a
yellowish tint, that color is predominantly from
cape-related defects. However, the defects are at such
a low concentration that the diamond cannot attain
a Fancy color grade.

Figure 3. The Vis-NIR absorption spectra for two Y-Z
diamonds and two D-color diamonds. The type la dia-
monds show cape features that correspond with yellow
coloration; the D-color type Ia sample also shows the
contribution of N3 fluorescence, which reduces the ap-
pearance of the N2 absorption for that sample. The
spectra of the two type Ila diamonds show the brown
absorption continuum, a relatively featureless absorp-
tion that increases toward lower wavelengths and be-
comes more prominent with stronger brown color.

VIS-NIR SPECTRA

N3 —— Y-Z; Light yellow; type la
— Y-Z; Light brown; type lla
— D; type la
— D; typella

ABSORBANCE —>

400 500 600 700 800
WAVELENGTH (nm)
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Brown. Though not as common as yellow in submis-
sions to the laboratory, brown is more prevalent than
most other diamond colors. The vast majority of D-
to-Z diamonds with brownish tints owe their color
to selective light absorption due to vacancy clusters
(i.e., clusters of vacant carbon-atom positions; see
Hounsome et al., 2006; Fisher et al., 2009). These
clusters, created through natural plastic deformation
of the diamond lattice, are believed to contain ap-
proximately 40-60 vacancies that cause a gradually
increasing absorption across the visible spectrum to-
ward lower wavelengths (Fisher et al., 2009; Do-
brinets et al., 2013; figure 3).

OCCURRENCE AND FORMATION

Yellow. Most diamonds grow within the earth’s con-
tinental lithosphere (Shirey and Shigley, 2013). By the
time they are faceted, there are typically no distin-
guishing features remaining from the geographic re-
gion in which they formed or from their transport to
the earth’s surface. The yellowish coloration in D-to-
Z diamonds generally arises from cape features such
as the N3 center, which forms from a high amount of
nitrogen incorporation (> 500 ppm) combined with the
dual variables of geologic time and high temperature.
The presence of nitrogen in the earth’s lithosphere
where diamonds grow, residence time scales of mil-
lions to billions of years, and temperatures of about
1100-1200°C (Shirey and Shigley, 2013) all lead to the
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transformation of single nitrogen to more aggregated
nitrogen defects, and the accompanying formation of
cape spectral features, in the vast majority of natural
diamonds. Most of these show intermediate concen-
trations of color-causing nitrogen incorporation such
as N3 and its related absorptions such as N2—neither
so small that the diamond is colorless, nor so great
that it achieves a Fancy yellow color grade.

Brown. Both brown and pink color in diamonds (due
to the formation of the brown absorption continuum
and the 550 nm absorption band) are believed to be
created by plastic deformation. However, careful
high-pressure, high-temperature (HPHT) annealing
of brown-pink diamonds can reduce the brown color
while preserving the pink color, indicating that the
corresponding 550 nm absorption band has higher
thermal stability. Therefore, it appears likely that the
deformation producing pink color occurs inside the

earth's mantle (Smit and Shor, 2017; Eaton-Magarnia
et al., 2018b), while the more prevalent brown col-
oration is likely caused by the diamond’s rapid ascent
to the surface in kimberlite or lamproite vulcanism
(Gaillou et al., 2010).

Distinction by Diamond Type. Diamond type has
proven to be an important distinguishing character-
istic in fancy-color diamonds, and colorless dia-
monds are no exception (Breeding and Shigley, 2009).
Box A illustrates the nitrogen configurations that
lead to the different diamond types, as well as the im-
portance of this classification for color origin deter-
mination in colorless to near-colorless diamonds.
Recent research on the inclusions contained
within type IIa (Smith et al., 2016), type IIb (Smith et
al., 2018), and some type IaB diamonds (Kagi et al,,
2016; Rudloff-Grund et al., 2016; Gu and Wang, 2017)
has demonstrated that many of these stones have a

Figure 4. Recent research has shown that some type IaB, many type Ila, and potentially all type IIb diamonds have
superdeep origins below the continental lithosphere, while the majority of the world’s diamonds (generally type
Ia/laAB, but also some type Ila) have a more shallow lithospheric origin (~150-200 km depth; Shirey and Shigley,
2013). Most kimberlite pipes are found in geologically ancient and stable portions of the crust that geologists call

cratons.

Kimberlite eruptions
containing diamonds

Sublithospheric diamonds

CLIPPIR (Smith et al., 2016, 2017)
Type llb (Smith et al., 2018)
Other sublithospheric diamonds
(those that have been studied

over the past ~30 years; e.g.,
Shirey and Shigley, 2013)
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Lower mantle
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Box A: A BRIEF SUMMARY OF DIAMOND TYPE

One of the foundations of diamond science is the determi-
nation of diamond type. The presence/absence of nitrogen
or boron distinguishes the range of color, defects, and po-
tential treatment history. Recent research has also shown
that the various diamond types can have very different ge-
ological formation methods and depths (Shirey and
Shigley, 2013; Smith et al.,, 2016, 2017, 2018; Kagi et al.,
2016; Rudloff-Grund et al., 2016; Gu et and Wang, 2017).
The B-aggregate has been identified as four nitrogen
atoms surrounding a vacancy (Boyd et al., 1995), and it
is generally considered the end product of the nitrogen
aggregation process. Geologically young diamonds show
nitrogen as single isolated atoms that coalesce over geo-
logic time into pairs (A-aggregates; Kiflawi et al., 1994)
and then ultimately into B-aggregates (figure A-1). This
pairing of nitrogen atoms (and the subsequent steps of
aggregation) involves internal diffusion at relatively high
temperature and/or long geologic residence times during
which the nitrogen atoms can move through the lattice
by filling vacancies or changing places with adjacent car-

bon atoms. During the next stage of aggregation, the A
centers form B-aggregates, and there is the side reaction
(Woods, 1986) that produces N3 centers (three nitrogen
atoms with a vacancy). The A- and B-aggregates are in-
frared active and produce infrared spectral features but
no features in the visible spectrum (i.e., they do not pro-
duce any color). Meanwhile, the N3 defect is the oppo-
site—it has no infrared features but possesses visible
spectral features that result in yellow coloration.

If all A-aggregates have converted to B-aggregates and
formed a type IaB diamond, then generally the diamond
is geologically quite old or was subjected either to higher
temperatures that encouraged aggregation or a combina-
tion of long residence time and high temperature. How-
ever, the vast majority of type I diamonds show a
combination of A- and B-aggregates, so very few D-to-Z
natural diamonds (0.09 %) are shown to reach the type IaB
endpoint.

Figure A-1 (bottom) shows another example of the im-
portance of diamond types. The natural abundance of D-

Figure A-1. Top: The progression of nitrogen aggregation in natural diamonds. All young diamonds that contain nitrogen
have it in the isolated form. Over millions to billions of years of residence in the earth, these isolated atoms find each
other and pair to form A-aggregates. These A-aggregates further coalesce to form B-aggregates resulting in a combination of
A- and B-aggregates—most natural diamonds are at this point on the A—B pathway. Very few progress to complete aggre-
gation and show only B-aggregates. Bottom: The diamond type distribution for several forms of D-to-Z diamond demon-
strates the importance of identifying whether a diamond is type II or type IaB, as these could be laboratory-grown or

HPHT-treated.
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Figure A-2. This flowchart illustrates the identification process for determining diamond type.

to-Z diamonds is heavily skewed toward type Ia/laAB
(99%). Meanwhile, laboratory-grown diamonds in the D-
to-Z color range are type II, while HPHT-treated D-to-Z di-
amonds can be either type IT or type IaB (see box B for more
regarding HPHT-treated diamonds). However, some re-
ports on treated HPHT-grown diamonds indicate this
could change in the future (Fang et al., 2018).

One aspect of comparing the infrared spectra of faceted
stones is that the path length through a rough or polished
diamond is unknown and rather difficult (or impossible)
to determine compared to a double-sided parallel-polished
plate, where the path length is simply the plate thickness.
Fortunately, we can compare infrared spectra from differ-
ent diamonds because the absorption coefficient of dia-
mond is generally considered to be constant in the two-
and three-phonon regions. For example, at 2000 cm™ the
absorption coefficient is 12.3 cm™ (Tang et al., 2005;
Breeding and Shigley, 2009). Each diamond IR spectrum,
regardless of the sample’s thickness or path length, can be
compared by applying this normalization. As the two-
phonon region is often saturated in the IR spectra of
faceted diamonds, we generally compare each IR spec-
trum using the three-phonon region and apply that nor-
malization to determine nitrogen/boron concentrations.

An interesting side note regarding the naming of the
N3 and H3 centers (among others) is that the “N” in N3

NATURAL-COLOR D-T0-Z DIAMONDS

and the “H” in H3 do not refer to nitrogen or hydrogen.
Instead, they refer to “natural” and “heated,” (Zaitsev,
2003), as these defect centers were observed and named
decades ago in the Vis-NIR absorption spectra of natural
and heated diamonds. Researchers at the time designated
the peaks across the spectrum as 1, 2, 3, etc. In the years
since, diamond scientists have identified these configura-
tions. We now understand their formation process and can
also detect H3 in the Vis-NIR absorption and photolumi-
nescence spectra of natural, unheated diamonds. Never-
theless, the defect nomenclature remains. The
configuration of the N3 defect is N,V—it is pure coinci-
dence that this defect contains three nitrogen atoms—and
the H3 defect is NVN.

Similarly, type I and type II diamonds were distin-
guished decades ago, mainly on the basis of UV trans-
parency (Robertson et al., 1933) instead of the detailed
analysis of IR spectra used today. In the decades since
that initial identification, scientists have recognized that
the absence of nitrogen leads to observed UV trans-
parency in type II diamonds, while the presence of nitro-
gen creates the UV absorption (type I). IR spectroscopy
has allowed the distinguishing of the various forms of
nitrogen and whether boron is present as the major im-
purity, to further subcategorize the two diamond types
(figure A-2).
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“superdeep” origin. These form principally at depths
of ~300-800 km, largely within the mantle transition
zone and uppermost lower mantle, while the vast
majority of diamonds form within the continental
lithosphere at depths of 150-200 km (figure 4). The
differences in pressure, temperature, and local chem-
istry at these very distinct formation depths produce
many of the differences between these diamond
types.

At the greater depths where type II diamonds
form, nitrogen is presumably not available in the sur-
rounding geologic environment. Therefore, it cannot
be incorporated into the growing diamond as with
type I stones. Superdeep type IaB diamonds are ex-
posed to much higher temperatures and pressures
than their lithospheric cousins, and those higher
temperatures promote complete nitrogen aggregation
(again, see box A or Breeding and Shigley, 2009, for
more information). While many, if not most, type Ila
diamonds may be assumed to have a superdeep ori-
gin, there are some known type Ila diamonds that
originate from the lithosphere along with type Ia di-
amonds (Smith et al., 2017). It is important to note
that the type classification scheme does not translate
directly to a geological classification, even though
some notable and meaningful correlations exist be-
tween diamond type and the various geological set-
tings of formation.

COMPARISON OF SPECTROSCOPY WITH
LABORATORY GRADING

Standard testing conditions and instrumentation are
applied to all diamonds submitted to GIA. Some that
are potentially treated or laboratory-grown undergo
additional testing. The instrumentation has been de-
tailed in other publications (e.g., Smit et al., 2018)
and is summarized for this series of articles in Breed-
ing et al. (2018). In this study, diamond type was au-
tomatically determined from the IR spectra using a
mathematical algorithm similar to the one used by
GIA’s DiamondCheck instrument, and the result
was verified by the technician. Among those deter-
mined as type Ia, the calculation of the collected
spectra, particularly the nitrogen concentration (in
the form of A- and B-centers) and the intensity of the
N,VH defect (3107 cm™ peak), was performed using
custom software written by one of the authors (TA).
The evaluation of these results was verified by man-
ually calculating the aggregate concentrations on
several hundred diamonds using a customized algo-
rithm derived from a spreadsheet provided by Dr.
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David Fisher (De Beers Group Technology, Maiden-
head, UK) and comparing those results with the soft-
ware’s calculations. After the spectral results of all
type Ia diamonds were calculated, the calculations
were verified again on several hundred randomly se-
lected diamonds. For the plots in this article, the
dataset consisted of D-to-Z diamonds submitted to
all GIA labs within a significant portion of 2017, as
described above. A different dataset was used for the
charts presented in box B, and those specifics are de-
scribed therein.

Diamond Type and Grading Quality Factors. As
noted above, diamond type is an important metric
for inferring the likely formation depth of a diamond.
It also creates a number of interesting comparisons
when evaluating differences in grading quality fac-
tors. Box A provides a brief summary of diamond
type; Breeding and Shigley (2009) examines this topic
in much greater depth.

Because type II and type IaB diamonds comprise
such a small percentage of submitted faceted dia-
monds, the dataset needed to be quite large so that
these rare diamond types would have adequate repre-
sentation, and therefore the dataset is composed of a
majority of GIA’s 2017 D-to-Z intake. Nevertheless,
many of the following figures compare the distribu-
tion of grading quality factors for the various diamond
types, even though the population within these
groups may differ by several orders of magnitude. We
show the distribution of the various grading quality
factors for type II diamonds (separated into type Ila
and boron-containing type IIb) and type I diamonds
(separated as type IaB and type Ia/IaAB). To clarify, we
use the designation of “type Ia” for all diamonds with
saturated nitrogen (i.e., spectral absorption is too great
to be quantified by the spectrometer, where we can-
not distinguish the nitrogen aggregates more specifi-
cally) along with those that have unsaturated nitrogen
and are determined to be either type IaA or type [aAB.
These are also illustrated in box A. Among the many
D-to-Z diamonds used for this study, 99.06% were de-
termined to be type Ia/laAB, 0.83% type IIa, 0.09%
type IaB, and 0.02% type IIb. Figure 5 plots the distri-
bution of various grading quality factors and fluores-
cence observations for type Ia/IaAB stones, and figure
6 plots the distribution for the remaining diamond
types. Type Ib diamonds are not included in these fig-
ures, as the isolated nitrogen defect (N) associated
with this diamond type generally introduces suffi-
cient color to be classified as fancy color.
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QUALITY FACTORS FOR TYPE la/laAB D-TO-Z DIAMONDS
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GRADE-SETTING INCLUSION

Weight. Figures 5A and 6A show the distribution of
D-to-Z diamonds across the carat weights for type I
and type II. The data are presented in 0.1 ct incre-
ments, and noticeable spikes in quantity are observed
(not surprisingly) near important carat-weight thresh-
olds (e.g., 0.25,0.5, 1.0, 1.5, and 2.0 ct), particularly for
type I diamonds. These figures also show that type Ia
diamonds are more plentiful among the smaller carat
weights, while type II are more plentiful at higher
weights—a trend consistent with prior observations
(Smith et al., 2017). For example, 34% of type IIa dia-
monds weighed 0.5 ct or less and 60% weighed 1 ct or
less. Among type Ia/TaAB diamonds, 49% weighed 0.5
ct or less and 79% weighed 1 ct or less.

NATURAL-COLOR D-T0-Z DIAMONDS

Faint Medium Strong  Very Strong

FLUORESCENCE INTENSITY

Color. Figures 5B and 6B plot the distribution of D-to-
Z color grades for the various diamond types. For type
IT and type IaB diamonds, the most common color is
D, and the percentages decrease as the color grade in-
creases. For type IIb, 72% of those within the D-to-Z
range are D-color. These stones have a low boron con-
centration (<100 parts per billion); high boron values
would generally place a diamond in the gray-to-blue
fancy color range (King et al., 2008; Faton-Magana et
al., 2017). Since type ITa diamonds have no detectable
single nitrogen or nitrogen aggregates in the infrared,
which can also correlate with nitrogen-related defects
in the visible region, their major cause of color is plas-
tic deformation, which gives a brown coloration.

Gems & GEMOLOGY FALL 2020 325



QUALITY FACTORS FOR TYPE lla/lIlb/1aB D-TO-Z DIAMONDS
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GRADE-SETTING INCLUSION

Among type Ia diamonds, the color grades of F
and G show the highest population (figure 5B). Since
type Ia is by far the most abundant diamond type,
this color distribution represents the vast majority of
D-to-Z diamonds submitted to GIA for grading.
Again, for type Ia diamonds, the major causes of color
are higher concentrations of nitrogen-related defects
that increase the yellow coloration.

Figure 7A shows the distribution of G to Z
grades and the percentages for each color grade for
brown versus yellow coloration; the brown/yellow
assessment was made using GIA’s internal color
grading methodology. For G-color diamonds, only
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Figure 6. The dataset of D-
to-Z diamonds was sepa-
rated according to
diamond type and their
grading quality factors
chronicled accordingly.
Here we present data for
type Ila/IIb/IaB. A: The
weight histogram is di-
vided into 0.1 ct incre-
ments between 0 and 5 ct.
Also shown are the per-
centages of the remaining
graded diamonds larger
than 5 ct. B: The color dis-

M 112 0.83%
llb 0.02%
M |aB 0.09%

/ tribution for type II and

type IaB diamonds shows
that the majority are D-
color. C: For type Ila and
type IIb diamonds, a bi-
modal distribution is seen
with maxima at IF/VVS,
clarity ranges and the VS,
clarity grade (also marked
J by black arrows). This pat-
tern noticeably contrasts
a9 with type I diamonds,
which show a single maxi-
mum at the VS,/SI, clarity
range. D: For the majority
of type II diamonds, the
grade-setting inclusion fea-
ture is a feather, with a rel-
atively low incidence of
both crystals and twinning
wisps compared to type I.
E: Type II diamonds have
the highest number with
no fluorescence response,
while type IaB show the
lowest percentage.

2

CLARITY GRADE

Very Strong

5% had brown coloration. For the combined-grade
diamonds (O to Z that are presented as O-P, Q-R, S-
T, etc.), the percentage showing brown coloration
has increased to 16%. It is interesting to note that
for diamonds beyond the D-to-Z scale—that is, un-
modified brown or yellow diamonds on the fancy
color scale—there is a decidedly reverse trend, as
there are far fewer Fancy brown than Fancy yellow
diamonds submitted for grading, most likely due to
market forces.

This trend in D-to-Z diamonds toward an increas-
ing proportion of brown coloration with higher color
saturation is also seen in figure 7B, which plots the
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average nitrogen concentration of B-aggregates with
color grade in type IaB diamonds. From D to G color,
we see an increase in the concentration of B-aggre-
gates, reaching a maximum for G color. For the com-
bined-grade range (O to Z), the average nitrogen
concentration (across all diamonds in the dataset) de-
creases as the percentage of diamonds with brown
coloration becomes more prominent.

Figure 7C shows the results of the automatic cal-
culations for nitrogen-aggregate defect concentrations
from the infrared spectra for type Ia/IaAB diamonds.

Diamonds on the D-to-Z scale are predominantly type
Ia with a mixture of A- and B-aggregates; many of them
have such high nitrogen concentrations that we cannot
determine the A/B ratio or the exact concentration (be-
cause the intensity of the infrared peaks exceeds the
vertical scale of the spectrum plot due to very strong
absorbance in this region). We generally refer to these
as saturated type Ia or often as simply “type Ia.” For
faceted diamonds analyzed with current infrared spec-
trometers, those with nitrogen concentrations greater
than 500 parts per million generally have infrared spec-

Figure 7. A: The yellow or brown coloration is shown for G to Z color. The percentage of diamonds with brown col-
oration increases from 5% for G color to 16% for the combined grades (O to Z). B: Among the small quantity of
type I diamonds determined as type laB, the concentration of B-aggregates can be determined and plotted versus
color. The quantity increases from D to G color and then decreases as the brown coloration in these type IaB dia-
monds becomes more pronounced. C: The vast majority of type Ia/IaAB diamonds have IR spectra with a satu-
rated nitrogen region, making it impossible to calculate their nitrogen concentration or A/B aggregate ratio. D: The
3107 cm™ peak (N,VH) in the IR spectra can be determined in diamond, even if the nitrogen region is saturated.
Here, the calculated median value and the values for the upper and lower quartiles illustrate the range of values

for each color grade.
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Box B: GRADING QUALITY FACTORS IN HPHT-TREATED DIAMONDS

We discuss here a dataset that is different from the one
in the main body of the article. Here, the dataset consists
of HPHT-treated diamonds in the D-to-Z range that have
been submitted to all GIA laboratories over the last
decade; it includes several thousand stones.

Gemological data have been published on small
quantities of stones when this treatment was first seen
in the trade (Chalain et al., 1999; Fisher and Spits, 2000)
and when notably large diamonds were HPHT treated
(e.g., Wang, 2010). As mentioned in the Identification
section, only type II and the rare type IaB diamonds may
be HPHT treated to remove or reduce brownish or gray-
ish coloration. Most commercial HPHT treatments are
conducted in the 1900-2100°C range, as reaching these
temperatures is considered relatively inexpensive and re-
liable for the color treatment of light brown diamonds
(Dobrinets et al., 2013).

The spectra and images for our dataset of HPHT-
treated diamonds were collected using similar methods
to those described above for natural-color D-to-Z dia-
monds. The same software was used to assist in diamond
type determination and nitrogen concentrations for type
IaB diamonds. Among this dataset of HPHT-treated dia-
monds, 0.5% were type IaB, 1.7% were type IIb, and the
balance (97.8%) were type Ila. Among the type IaB dia-
monds chosen for HPHT treatment, the concentration
of B-aggregates is considerably lower than among natu-
ral, untreated type IaB. The HPHT-treated, type IaB dia-
monds had B-aggregates ranging from ~1 ppm to 90 ppm,
with an average value of <10 ppm. In comparison, the B-
aggregates in natural, untreated type [aB ranged from ~1
ppm to 570 ppm, with an average value of ~120 ppm.

Figure B-1 illustrates the distribution of various grad-
ing quality factors for these stones. Unlike the data in

tra with saturated nitrogen. The likelihood that an IR
spectrum will be saturated is also affected by the size
of the faceted diamond as the path length approxi-
mately increases with size for the same shape. A thin
plate fashioned from a type Ia diamond would have a
higher threshold for saturation, and these higher nitro-
gen concentrations could be quantified.

Figure 7C shows that the vast majority, nearly
100% for most color grades, have saturated spectra in
which the A- and B-aggregate concentrations cannot
be determined. The exceptions are D-color diamonds,
in which only 65% have saturated nitrogen. There is
a slight decrease in the percentage of lower color
grades (moving toward Y-Z color) showing saturated
spectra; the higher number of diamonds showing
brown coloration decreases the overall average nitro-
gen concentration.
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the main body of this article, these graphs plot the dif-
ferent diamond types together due to the much smaller
sample set. A comparatively large percentage of these
stones (11%) are greater than 5 ct, almost twice the per-
centage we see among natural type Ila diamonds (6%;
compare figure B-1A with figure 6A). It is possible that
the larger-size, off-color diamonds were considered
worth the risk and expense of the treatment to improve
their color.

Figure B-1B shows the post-treatment color distri-
bution of these HPHT-treated diamonds. The majority
are heated to high temperatures (1900-2100°C; Do-
brinets et al., 2013) such that the result is in the color-
less range (D to F). Figure B-1C shows the shape
distribution of HPHT-treated diamonds. Figure B-1D
shows the clarity distribution of HPHT-treated dia-
monds, which, as with natural type Il diamonds, skews
toward the higher clarity grades but does not show the
bimodal distribution seen among the natural type Ila
diamonds (figure 6C). Despite the high stabilizing pres-
sures used in HPHT treatment, diamonds with poorer
clarity grades and a number of internal clarity features
generally do not benefit from HPHT treatment due to
discoid fractures that form around crystal inclusions
and graphitization of preexisting fractures (Fisher and
Spits, 2000). For a majority of these HPHT-treated dia-
monds, a feather is the grade-setting feature (figure B-
1E), which is comparable with the natural distribution
of type Ila diamonds (figure 6D). Yet the incidence of
crystal inclusions is far lower in HPHT-treated dia-
monds (10% compared to 25% for Ila natural dia-
monds), showing that type Ila diamonds are carefully
chosen for HPHT processing to minimize the possibil-
ity of adverse effects from this treatment process.

Since the vast majority of type Ia/laAB D-to-Z di-
amonds have saturated nitrogen in their infrared
spectra, we are unable to determine their nitrogen
concentration or their A/B aggregate ratio. Therefore,
any trends in total nitrogen or A/B ratio can include
only a small percentage of diamonds where the in-
frared spectral features fall within the vertical scale
of the spectrum plot. In order to observe trends in the
infrared spectra of this massive database without
being able to look at nitrogen aggregates, we can con-
sider other features in the infrared—most notably the
3107 wavenumber (cm™') peak. This peak has long
been correlated with hydrogen impurity in diamond,
and it has been recently attributed to the N,VH de-
fect—that is, the N3 center plus a hydrogen atom
(Goss et al., 2014). N3 is an important color center
in D-to-Z diamonds. It is one of the major defects

Gems & GEMOLOGY FALL 2020



QUALITY FACTORS FOR HPHT-TREATED D-TO-Z DIAMONDS
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Figure B-1. The distribution of grading quality factors in D-to-Z HPHT-treated diamonds are shown for weight (A), color
(B), shape (C), clarity (D), and grade-setting clarity characteristic (E).

leading to yellow coloration, and it creates the most
commonly observed blue fluorescence. The 3107 cm™!
peak rarely saturates within the spectrum, so its in-
tensity can be determined for almost all infrared
spectra, including those with saturated nitrogen-ag-
gregate spectral features, although its intensity may
not always correlate with other nitrogen defects. Fig-
ure 7D presents the results of these calculations for
the normalized 3107 cm™ peak area (which is gener-
ally proportional to the concentration) plotted versus
the graded color (see box A for more detail on this
normalization). The values represent the median
within each color grade, while the upper and lower
quartile values indicate the spread of data for these
diamonds. The graph shows that the median value
of the 3107 cm™ intensity increases with color. The
upper quartile (i.e., those diamonds with values be-
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tween the median and the 75th percentile) also
shows a high value at around G color, possibly due
to the very high nitrogen seen in those diamonds.

Clarity. One interesting trend among the various dia-
mond types (figures 5C and 6C) is that type II dia-
monds have a bimodal clarity grade distribution—that
is, they show a maximum in percentage of diamonds
with IF/VVS, clarity grades and another maximum in
VS, clarity (indicated by arrows on the graph). This
pattern is seen independently in both type Ila and type
ITb. Meanwhile, type I diamonds (both type Ia/TaAB
and type IaB) show one maximum at VS, /SI, clarity
grades. While type IaB diamonds share a similar pat-
tern in color grade distribution with type I diamonds
(see again figure 6B), they show a similar clarity grade
distribution with type Ia diamonds in figure 5C.
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Figures 5D and 6D show the distribution of grade-
setting clarity characteristics for the different dia-
mond types. Since many of the type II diamonds
skew toward the higher clarity grades, the clarity fea-
tures are likely smaller and less abundant/noticeable
than in their type Ia/IaB counterparts. Nevertheless,
the most common clarity characteristic in type II di-
amonds is feathers, with a much smaller percentage
of crystal inclusions than in type I. This comparison
is consistent with the prior observation of Smith et
al. (2017) regarding superdeep type Ila diamonds,
which they termed CLIPPIR diamonds—an acronym
that contains the phrase “inclusion-poor.” Also, the
twinning wisp clarity feature is much less abundant
among type II than type I diamonds (10% in type
Ia/TaAB diamonds versus 0.7 % in type Ila and 0% in
type IIb). Twinning wisps are groups of microscopic
inclusions formed along an orientation change in the
crystal structure (a twin plane) during growth. These
are considered unique to natural diamonds and, as
seen here, mostly type Ia natural diamonds.

To study the bimodal distribution of clarity grades
in type II diamonds in greater detail, we examined
the grade-setting inclusions. The results show that
among type Ila and type IIb diamonds with VVS  clar-
ity, feathers were the most common grade-setting in-
clusions, while other inclusions such as pinpoints or
clouds were seldom the grade setters. At lower clar-
ity grades in type Ila diamonds, feathers or crystals
were the most common. For a grade-setting feather
to be considered VVS,, it must be small, located on
the pavilion, and most importantly have little to no
depth; often these can be improved to IF by repolish-
ing. Therefore, type II diamonds appear to have two
distinct clarity populations—about half (48 % of type
Ila and 53 % of type IIb) are FL or IF, or VVS, that are
potentially improvable to IF. The other half generally
have more significantly sized feathers, crystal inclu-
sions, or other features, spanning from VVS, to I, clar-
ity. Subsequent analysis of the clarity distribution in
type II diamonds across the years 2010-2019 showed
that this bimodal distribution was consistent and not
specific to 2017.

If we limit our examination to only those stones
larger than 10 ct, we see other interesting observa-
tions and distinctions between type I and type II di-
amonds. For large type II diamonds, the bimodal
distribution does not remain. Instead, the majority
of large type II diamonds are FL to VVS,, which is
consistent with figure 2C in Smith et al. (2017). For
such large diamonds, cutters are quite diligent in
planning around inclusions within the rough. For ex-
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ample, the 603 ct Lesotho Promise rough showed
several dark and likely metallic eye-visible inclu-
sions and yet, through careful preparation and skilled
cutting, yielded 26 D-FL diamonds (0.55-75 ct total-
ing 224 ct; Krawitz, 2008). Meanwhile, type Ia/TaAB
diamonds larger than 10 ct show a clarity distribu-
tion similar to the entire dataset with a maximum
at VS, clarity grades, consistent with figure 2C in
Smith et al. (2017).

While planning and cutting decisions help im-
prove the clarity grade of faceted diamonds and guide
the polisher to an IF/VVS, grade, this does not gener-
ally appear to be possible for type Ia, even among
higher-weight stones. It appears specific to a signifi-
cant portion of type II rough.

Fluorescence. While fluorescence is not a grading
quality factor, its observation is reported on grading
reports and included here as well. Figures 5E and 6E
show the distribution of fluorescence intensities
among the various diamond types. As expected for
type II diamonds, which have no detectable nitrogen
in the infrared spectrum, they have very little inci-
dence of fluorescence. In nearly 100% of these, fluo-
rescence is described on the grading report as “None.”
In contrast, type IaB diamonds have only ~50%
with “None.” This is not surprising, as the primary
cause of fluorescence is the N3 defect, which is cre-
ated as A-aggregates progress to B-aggregates (again,
see box A). Additionally, type IaB diamonds do not
contain A-aggregates that could act to quench (sup-
press) fluorescence, so type IaB diamonds show the
highest incidence of medium to strong fluorescence.
In diamonds containing A-aggregates, these interact
with N3 defects in such a way that fluorescence may
not be observed. The presence of A-aggregates in-
hibits fluorescence of the N3 center by creating an al-
ternate, non-radiative (i.e., non-fluorescing) pathway
for the electron to return from the excited state to the
ground state (Collins, 1992, Vasil’ev et al., 2004).
Figure 8 plots the calculated features from the in-
frared spectra against the fluorescence intensity ob-
servations. As mentioned above, the vast majority of
type Ia diamonds have saturated response in the ni-
trogen region of their infrared spectra, which makes
it impossible to determine their concentration of ni-
trogen aggregates. In a small percentage of type Ia di-
amonds, we can determine the A- and B-aggregates
and correlate those with the fluorescence intensity.
Figure 8 (left) shows the median values for the A- and
B-aggregates (and the upper and lower quartiles) for
each fluorescence intensity. As the intensity pro-
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A- AND B-AGGREGATE CONCENTRATION VS.
FLUORESCENCE INTENSITY (UNSATURATED IR)
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Figure 8. Left: For diamonds with unsaturated nitrogen, the A- and B-aggregates were calculated and plotted ac-
cording to their fluorescence observations. For both A- and B-aggregates, the median value along with the upper and
lower quartile are plotted. Right: For a far higher number of the IR spectra for diamonds, the 3107 cm™ normalized
peak area, the median value, and the upper and lower quartile can be plotted.

gresses, there is a shift from predominantly A-aggre-
gates among the “None” category to predominantly
B-aggregates among the “Very strong.” Figure 8 (right)
shows the increase in the 3107 cm™ normalized peak
area of the infrared spectra (again, the 3107 cm™ peak
is the N3 fluorescence defect associated with hydro-
gen; see Goss et al., 2014). The median value for the
3107 em™ normalized peak area increases from ~1.0
for those showing “None” to ~2.5 for “Very strong.”

OTHER FACTORS: SHAPE AND CUT

Software introduced shortly after 2000 has allowed
manufacturers to plan the cutting of rough shapes
with high color and clarity by mapping their inclu-
sions. Cutters now use sophisticated planning pro-
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grams that maximize the cut quality (with specific
parameters for various cut shapes) and clarity grades
so that the highest-value yield guides the cutting
choices. The software lists the options available in
value order, and the cutter can then view instructions
for where to saw the rough and parameters to cut in
order to yield the highest value from the entire piece.
The morphology of the original rough also influ-
ences the shapes available to cutters. The octahedron,
generally sourced from the continental lithosphere, is
the most common shape for diamond rough. Figure 9
(Left) shows that two round brilliants are often the best
use of the available rough octahedron when planning.
In contrast, irregular rough can often present a variety
of shapes (such as rounds and a pear in the example in
figure 9, right) as the best choices to the cutters.

Figure 9. Left: The com-
puter-generated planning
solution for faceting a
rough diamond octahe-
dron into two rounds. This
shape of rough is only ex-
pected to occur in dia-
monds originating from
the lithosphere. Right: An
irregular rough crystal
(generated by Lexus M-Box
software) can often lend it-
self to a variety of result-
ing shapes.
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GEMOLOGICAL OBSERVATIONS

Under magnification, the most prominent visible
features in D-to-Z diamonds are mineral inclusions
(crystals and clouds), feathers, twinning wisps, and
graining. Numerous resources detail the various
crystal inclusions and the microscopic world of nat-
ural diamonds (e.g., Koivula, 2000; Renfro et al,,
2018). Among the most common mineral inclusions
are garnets, olivines, clinopyroxenes, and various sul-
fide minerals, identified by their appearance and dis-
tinctive Raman spectra.

Graining, however, is not as widely understood as
crystal inclusions. Graining in D-to-Z diamonds—
particularly whitish, reflective, and transparent
graining—was discussed by King et al. (2006) and in-
cludes any planar (or visibly linear and repeating) in-
ternal features seen under magnification (figure 10A).
These features are widely considered to be planes of
misaligned carbon atoms in the crystal structure,
usually due to plastic deformation. In its more ex-
treme forms, graining is associated with vacancy
clusters that absorb light and produce a brown color
(figure 10B). Brown graining is common in type Ia
brownish diamonds in the G to Z range, but not as
prevalent in type IIa diamonds with similar colors.
When vacancy clusters are not sufficiently concen-
trated in the grain lines to produce brown color, the
graining appears transparent or colorless and may be
whitish or reflective, or even exhibit interference col-
ors in rare instances due to distortion of the light by
the planar features (figure 10, C and D). Even HPHT-
processed diamonds that have been decolorized often
retain clearly visible transparent graining that was
once brown before the vacancy clusters were de-
stroyed by the treatment (figure 10E).

IDENTIFICATION CONCERNS

The vast majority of natural D-to-Z diamonds are
type Ia/TaAB (99 %; figure A-1) and cannot be decol-
orized by HPHT processing. Natural diamonds in the
D-to-Z range that are type Ila (0.83%), type IIb
(0.02%), or type IaB (0.09%) can be subjected to
HPHT processing to reduce a brownish or grayish ap-
pearance, and the color origin of such diamonds
should be confirmed by a gemological laboratory
(Chalain et al., 1999; Fisher and Spits, 2000). More
information regarding HPHT-treated diamonds is
discussed in box B.

For a colorless diamond to be grown by chemical
vapor deposition (CVD) or HPHT methods, its dia-
mond type must be type II (e.g., see figure A-1, top).
An infrared spectrometer can quickly determine di-
amond type, helping to separate the vast population
of colorless natural type Ia diamonds from the much
smaller population of those that might have been
treated or laboratory grown, but IR analysis cannot
determine the color origin of a diamond. Many types
of detection equipment based upon other methods,
such as Vis-NIR absorption spectroscopy or fluores-
cence spectroscopy, indirectly ascertain the diamond
type. The assessment of such detection methods is
beyond the scope of this article; however, third-party
testing and evaluation of common laboratory-grown
diamond detection equipment is available (e.g.,
https://www.naturaldiamonds.com/council/assure-
testing-program/). More details regarding growth
methods and identification criteria of CVD- and
HPHT-grown diamonds with D-to-Z color have been
previously documented (Wang et al., 2012; D'Hae-
nens-Johansson et al.,, 2015; Eaton-Magana and
Shigley, 2016; Eaton-Magana et al., 2017).

Figure 10. Graining in D-to-Z diamond is relatively common and related to displaced planes of carbon atoms in
the atomic lattice (A). Brown graining indicates vacancy cluster defects along the areas of distortion (B), while re-
flective or interference (rainbow) graining is a product of light interaction with the grainlines (C and D). Even after
HPHT treatment has removed the brown color to decolorize a diamond, remnant transparent graining can often
still be seen (E). Photomicrographs by Kyaw Soe Moe (A), Vincent Cracco (B and C), and John I. Koivula (D and E).
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CONCLUSIONS

Previous research has shown that most type I and type
II diamonds (distinguished by the presence/absence of
detectable nitrogen in their IR spectra) formed under
very different conditions (Shirey and Shigley, 2013;
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Figure 11. Colorless dia-
monds are a cornerstone
of the gem trade. Photo
by Robert Weldon.

Smith et al., 2016, 2018). These differences extend to
the faceted diamonds studied here. We examined the
grading quality factors (among other properties) on all
diamonds submitted to all GIA laboratories during
much of 2017, and these showed quite distinct distri-
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butions. A majority of type II and type IaB diamonds
show D color. For type I diamonds, the average carat
weight is greater and the cut grades are higher. Addi-
tionally, type I diamonds show a bimodal clarity dis-
tribution, with a significant percentage of both type
IIa and type IIb showing IF clarity (or VVS, clarity that
is perhaps improvable to IF), while the remaining type
II diamonds more closely resemble the clarity distri-
bution of type L.

In a separate examination, we looked at the distri-
bution of grading quality factors for HPHT-treated di-
amond (box B). The vast majority of these are large
type Ila diamonds, treated at a sufficiently high tem-
perature to become colorless. Due to the adverse ef-
fects of HPHT treatment on lower-clarity diamonds,
the majority of the stones chosen are in the VVS range.

Most people are familiar with colorless to near-
colorless diamonds and GIA’s 4Cs grading system for
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evaluating them. However, analyzing the distribu-
tion across the grading range for such a large sample
set illuminated some heretofore unseen trends. The
majority of the world’s diamonds that have been
submitted to GIA—type Ia/TaAB that likely formed
in the continental lithosphere—generally show high
quantities of nitrogen and often have no observable
fluorescence. Type II diamonds show some dis-
tinctly different patterns in grading quality factors
that likely correspond with their unique formation,
along with cutting decisions stemming from those
differences.

Although this article compiles and combines data
for an enormous dataset of the world’s diamonds (fig-
ure 11), each stone remains unique. No two natural
diamonds are alike. Each has its own specific clarity
plot, IR spectrum, faceting pattern, and formation
story.
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