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ABSTRACT

The growing interest in the spectroscopic properties of Type Ib diamonds has revealed several complex-
ities associated with nitrogen (N)-related defects that have yet to be identified. One defect in particular, the
Y-center, produces a characteristic spectrum in the N-region (~1000—1400 cm™") that is extremely common
in the IR spectra of diamonds with a dominant 7ype Ib component. In this study, a suite of 178 Type Ib +
laA diamonds with variable N-aggregation states (%IaA) and N contents was examined to evaluate the
effect of ¥-center absorbance on the results obtained from standard deconvolution of the N-region. To
achieve this, a new deconvolution routine was developed that incorporates the Y-center spectrum (obtained
by decomposition of Type Ib spectra), and an updated spreadsheet (Caxbd_Inherit_2024-1Ib, Online
Materials!) for processing the IR spectra of Type Ib diamonds is provided here. It is shown that neglecting
Y-center absorption during least-squares fitting of the IR spectra of Type Ib + laA diamonds results in
poor-quality fits of the N-region that may result in erroneous C- and A-center contents. The identity of
the Y-center, and the relevant absorption coefficient, have not been constrained. However, several studies
have shown that Y-centers are structurally related to single-substitutional N (called N§ or C-centers); thus,
the ¥Y-center contents were calculated using the C-center absorption coefficient. Using the new deconvolu-
tion method, it is shown that neglecting ¥Y-centers may result in N-aggregation states that vary by £10 %laA
and total N contents (Nior) that may be overestimated by >100 at. ppm. The samples studied here have an
average Nyt of ~100 at. ppm, and errors in %laA and N may be much larger for diamonds with higher
Niot- Such errors translate to potentially significant discrepancies in the calculated mantle residence times on
the order of hundreds of millions of years. Comparisons of the normalized ¥-center content and %laA show
that ¥-centers are an intermediate defect that is produced from 0 to 40 %laA at the expense of C-centers and
then consumed from 40—100 %laA to produce A-centers. A strong linear correlation with some IR peaks
between 1400 and 1350 cm™! (e.g., 1358 cm_l) is observed. Evidence supporting the assignment of such
peaks to defects containing interstitial carbon and nitrogen (C; and N;) is described, suggesting that the
formation of ¥-centers is driven by interstitial-assisted aggregation. Moreover, the Y-center itself may
be an intermediate form of Ng linked to C; or N; or larger interstitial complexes that become unstable with
increasing N-aggregation (mantle residence time/temperature). Evidence for alternative hypotheses for the
identity of the Y-center involving O- and Ni-related defects and X-centers is also discussed.

Keywords: Diamond, Type Ib diamond, FTIR spectroscopy, defects, N-aggregation, substitutional
nitrogen, Y-centers, Spectroscopy in geology: a decade of breakthroughs

INTRODUCTION

The study of impurities in diamond, particularly nitrogen (N),
which forms substitutional and interstitial defects, provides
important information about the composition of mantle substrates
and the sources of fluids/melts associated with diamond formation
(Shatsky et al. 2014; Reutsky et al. 2017; Zedgenizov et al. 2017;
Curtolo et al. 2023; Day et al. 2023). Nitrogen is the most abun-
dant impurity observed in natural diamonds, and a tremendous
amount of work has been aimed at understanding the mechanisms
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and rates of N-defect migration and aggregation (Evans and
Qi 1982; Mainwood 1994; Taylor et al. 1996; Jones et al.
2015). In Type Ib diamond, N occurs predominately as single-
substitutional atoms in the neutral charge-state (N3) called
C-centers. With continued annealing, C-centers aggregate to form
N defects (a pair of substitutional N atoms called 4-centers) in
Type laA diamonds and eventually VN, defects, four substitu-
tional N atoms surrounding a carbon (C) vacancy (V) called
B-centers, in Type laB diamonds (Evans and Qi 1982; Taylor etal.
1996; Kiflawi et al. 1997). Deconvolution of the unique signal
produced by each of these defects in the one-phonon region
(i.e., N-region) allows calculation of the N-aggregation state,
ie., A/(C+ A)x 100 ="%]IaA or B/(A + B) x 100 = %IaB, where
C, A, and B represent the concentration of N (in at. ppm) in C-,
A- and B-centers. Moreover, the time/temperature dependence
of the idealized aggregation sequence C—A—B has been
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determined experimentally, and thus the N-aggregation state of a
diamond can be used to estimate the time or temperature (if one or
the other is known/assumed) of diamond residence in the mantle
post-formation and pre-eruption (Taylor et al. 1990; Mendelssohn
and Milledge 1995; Day et al. 2023).

However, the C—A— B aggregation sequence in reality is
much more complex. The migration and eventual aggregation
(combination) of N-related defects is driven by: (1) vacancy-
and/or (2) (self-)interstitial-assisted aggregation sequences
involving V and interstitial carbon (i.e., a self-interstitial, C;)
and nitrogen (i.e., an interstitial, N;) and, in some cases, other
interstitials like nickel (Ni) and cobalt (Co) (Collins 1980;
Kiflawi et al. 1998; Jones et al. 2015). These are associated with
different migration/formation mechanisms and activation
energies (E,) for different defects that control the rate of defect
formation (e.g., C—A aggregation rate) (Mainwood 1994;
Taylor et al. 1996). The C—A aggregation sequence also
involves intermediate defects that correspond to discrete phases
of N-aggregation (i.e., the transformation of NI-centers [N-C-N
defect] to A-centers, Nadolinny et al. 2024) and/or N-defects
with electronic properties that differ from the traditional
C- and A-centers (i.e., positively charged single-substitutional
N{ defects called X-centers) (Lawson et al. 1998). The growing
body of evidence for different N-related defects (e.g., Dischler
2012; Ashfold et al. 2020), supported largely by spectroscopic
data, has resulted in the proposition of novel N-aggregation
sequences that may involve volatile impurities, such as hydro-
gen (H) (Goss et al. 2002; Massi 2006; Wood 2020; Day et al.
2024), transition-metal impurities, including Ni and Co (Fisher
and Lawson 1998; Nadolinny et al. 2000), and a large number of
different (self-)interstitial complexes that involve interstitial C;
and N; (Mainwood et al. 1978; Kiflawi et al. 1996; Goss et al.
2001, 2003; Liggins et al. 2010). The passivation of dangling
carbon bonds by H has been shown to impede N-aggregation
and drive the formation of V/N/H-related defects (e.g., VN3H)
through several different sequences (Goss et al. 2014; Peaker
etal. 2015; Day et al. 2024). The formation of Ni-related defects
leads to the production of C; (Nadolinny et al. 2000) which has
been shown to promote the formation of A-centers (Kiflawi et al.
1997) and other related defects such as the Hla-center (N3 and
N; occupying one carbon site, Goss et al. 2004; Liggins et al.
2010) and the N,V defect which in-turn, disassociate to form
A-centers with progressive annealing (Jones et al. 2015). The
traditional C—A and A—B aggregation sequence has been
shown to follow a second-order rate equation (Evans and Qi
1982; Mainwood 1994; Taylor et al. 1996) allowing for the cal-
culation of mantle residence time/temperature for natural dia-
mond. However, the involvement of impurities other than N
(e.g., H and Ni as discussed above) may cause departures from
the second-order kinetics that can produce large errors associ-
ated with calculated residence times/temperatures (Fisher and
Lawson 1998; Jones et al. 2015). Moreover, evidence for the
disaggregation of B-centers (Kanda and Watanabe 1999;
Nadolinny et al. 2020) and A-centers (Kiflawi and Bruley
2000) suggests that some proportion of A- or C-centers may
form from disaggregation (rather than aggregation) and will
contribute to errors associated with %IlaA or %IaB and thus
residence times/temperatures.

Despite these potential sources of error, deconvolution of the
infrared spectra of Type laA and laB diamonds often produces
high-quality fits of the N-region, and the resultant N contents
and residence temperatures are typically in reasonable agreement
with chemical data from alternative techniques [e.g., secondary-
ion mass spectrometry (SIMS)] and (elastic) thermobarometric
data from analyses of mineral inclusions (e.g., Nestola et al.
2018; Kaminsky et al. 2024). This is because the degree to which
alternative N-aggregation sequences (distinct from A—B) are
active decreases with progressive annealing (increasing residence
times/temperatures). This has been observed in H-bearing
diamonds, where a drastic decrease in the number of different
V/N/H-related defects coincides with the progressive loss of
C-centers, producing Type laA and eventually Type IlaB
diamonds (Day et al. 2024).

The case is much different for Type Ib and /b + laA natural
diamonds that contain detectable amounts of both C- and A-cen-
ters (using standard FTIR spectroscopy). Deconvolution of the
infrared spectrum of natural diamonds with a dominant Type Ib
component (i.e., <50 %laA), with the most commonly used soft-
ware (e.g., DiaMap), often produces poor quality fits, and there
is a growing body of evidence that suggests this is due to an
N-related defect referred to as the Y-center (Hainschwang et al.
2008, 2012; Titkov et al. 2008; Titkov et al. 2015a, 2015b;
Zedgenizov et al. 2019; Mashkovtsev et al. 2021). Here, an
important distinction must be made between natural and
synthetic diamonds, as ¥Y-centers have not yet been reported
in chemical vapor deposition (CVD) or high-pressure, high-
temperature (HPHT) synthetic diamonds. Hainschwang et al.
(2012), the first to definitively demonstrate the existence of
Y-centers, describe similarities between the F-center absorption
system described earlier by Clark and Davey (1984) in Type Ib
+ laA diamonds, which is most likely representative of the same
defect. Thus far, no structural model of the Y-center has been
proposed. However, the prevalence of plastic deformation fea-
tures (e.g., amber centers) in 7ype Ib diamonds suggests that
the formation of Y-centers may require interstitial N; and C;
(and/or V) produced during deformation and dislocations (Smit
et al. 2018). A potential genetic relationship between ¥Y-center
absorption and the 480 nm band (assigned to substitutional
oxygen [O] and/or Ni-related defects) has been described
(Hainschwang 2014; Kupriyanov et al. 2020; Lai et al. 2024).
A different model for the Y-center has been proposed, which
involves an extended defect where electrons from C-centers
interact with distant X-centers (Titkov et al. 2015a). However,
direct evidence for this model has not yet been found. Y-centers
are associated with a broad peak centered at ~1145 to 1150 cm™!
and sharper characteristic peaks at 1220 to 1240 cm™! and have
been shown to produce significant residual intensity after fitting
and deconvolution of the N-region using the spectra of C- and
A-centers (Hainschwang et al. 2012). As the identity and
absorptivity (i.e., p1145-1150 cm™" absorption coefficient) of
Y-centers remains unknown, it is not surprising they are often
overlooked during deconvolution, as one must either accept
errors in C- and A-center contents due to neglecting ¥-centers
or choose not to process the spectra of any diamond with
Y-centers. Moreover, given that least-squares fitting of the
N-region has been streamlined in programs such as DiaMap
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(Howell et al. 2012b, 2012a), Caxbd_02010 (De Beers UK Ltd,
Maidenhead, 2010), and QUIDDIT (Speich and Kohn 2020),
users may be less likely to evaluate trends in residual signal after
batch processing of large numbers of spectra.

In this study, averaged (bulk) infrared spectra were recorded
from 178 Type Ib + laA diamonds and were processed using a
new deconvolution routine allowing for the simultaneous deri-
vation of the C-, A4-, X-, and Y-center components of each spec-
trum. A diverse sample suite with variable %laA, N content, and
C-, A-, and X-center content has allowed the assessment of the
degree to which Y-centers affect the results of deconvolution
and, consequently, the accuracy of calculated mantle residence
times and temperatures. Despite the limitations of bulk spectra,
the large number of samples has allowed recognition of several
important correlations between N-defect contents and normal-
ized peak intensities. The determination of the X- and Y-center
composition of each diamond has revealed new trends between
several of the first-formed N-related defects and their relative
concentrations at different N-aggregation states.

TERMINOLOGY AND NOMENCLATURE

Each IR spectrum was processed using different deconvolu-
tion routines, and several of the resultant fitting and deconvolu-
tion values are discussed in a comparative manner. Moreover,
spectral lines observed in the IR and their potential correspon-
dence to a large number of different defects (with different struc-
tural and electronic properties) are discussed. Consequently, the
following terminology was developed and is listed below for the
purposes of clarity.

Type Classification

Each diamond is described with the modified Type Classifica-
tion used by Day et al. (2024) (modified from Robert et al. 1933
and Hainschwang 2014). Here, the relative concentrations of C-,
A-, and B-centers are indicated in the Type, e.g., diamond 1 = Type
laA > Ib describes a diamond with more N in A-centers (at. ppm)
than in C-centers. As all diamonds studied here contain variable
amounts of X- and Y-centers, the corresponding symbols are not
indicated in the Type classification. However, signal in the one-
phonon region of some diamonds (see Discussion) is dominated
by solely X- and/or Y-center absorption and, thus, described as
Type IbX, IbY, or IbXY accordingly (Hainschwang 2014). In many
cases, we broadly describe diamonds that contain different
N-defects but do not specify their relative abundance, e.g., Type
laA + Ib describes a diamond with detectable amounts of both
A- and C-centers.

N-Aggregation State

The specific N-aggregation state is always expressed as %laA,
as no diamonds studied here contain detectable B-centers. The
N-aggregation state determined using the conventional deconvo-
lution routine [i.e., with DiaMap (Howell et al. 2012b, 2012a)]
is indicated as %laA. The N-aggregation state determined by
incorporating the ¥-center spectrum during deconvolution (i.e.,
with the updated spreadsheet including Y-centers, Caxbd_
Inherit_2024-Ib, see Online Materialsl) is indicated as %laA(Y).
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Different absorption bands due to different defects do not
convolute but instead produce a composite signal, following
the additivity principle. Therefore, decomposition, compared
to deconvolution, more accurately describes the process by
which component bands are isolated from the complex compos-
ite absorption. However, as the term “deconvolution” has
become deeply ingrained in the community, we use it here for
the sake of clarity.

N-Defect Content

The concentration (in at. ppm) of N associated with C-, 4-, X-,
and Y-centers determined by deconvolution with and without
incorporation of the ¥-center spectrum are indicated as N¢, Ny,
and Nx and N¢(Y), Na(Y), Nx(Y), and Ny, respectively. Simi-
larly, total N contents are given as Nio and Nio(Y). Since samples
show variable Ny, it is useful to normalize N¢(Y), Nx(Y), and
Ny to Ny, allowing for comparison. Normalized N¢(Y), Nx(Y),
and Ny values are expressed as %C(Y), %X(Y), and %Y, e.g.,
%Y =100 X Ny/Not.

IR Absorption Peaks and Systems

Local (discrete) vibrational modes (LVMs) typically give rise to
sharp IR peaks that are best defined (fit) with a single function.
Absorption systems produce broad peaks over a much wider fre-
quency range and are best defined (or fit) using multiple compo-
nent functions. Relatively intense regions (peaks) in the different
absorption systems are referred to as C-, A-, X-, and ¥-center com-
ponents. Their intensities (after baseline correction and thickness
normalization) are used in conjunction with the appropriate absorp-
tion coefficient to calculate the concentration of the corresponding
defect. Here, the normalized intensity (after baseline correction) of
such peaks (or frequency regions) is indicated using their position
(e.g., 11130 cm™! for C-centers) such that their intensity can be
compared independently of the concentration of the corresponding
defect (e.g., Nc). For the Y-center absorption system, the averaged
thickness normalized intensity from 1145 to 1150 cm™! (n1145-
1150 cm_l) is used to calculate Ny-center content (see “Methods
and Materials” and Online Materials' Appendix A).

Impurities and Defects

Only a small proportion of spectral lines observed in diamond
have been definitively assigned to specific defects, and the prop-
erties of only a handful of these defects have been rigorously
determined. Consequently, if only the identity of the impurity
(e.g., N or H) associated with a specific defect (and spectral line)
is known, we simply refer to such a defect as impurity-related. For
example, “N-related defect” (or “N-defect”) indicates a defect that
is thought to contain only N, and a “}/N-related defect” indicates
a defect that may contain /" and N. Where the identity of a defect is
known or has been proposed, it is indicated normally, e.g., VNg,
and the name of defects (e.g., H3-center) is indicated where the
respective defect is discussed. Interstitial impurities are indicated
with a subscript i (e.g., interstitial, N; or self-interstitial, C;) and
(self-)interstitial complexes are described accordingly, e.g.,
(N;-N;) or (C-N;). In Online Materials' Table C1, the names, iden-
tities, compositions, and identifying signals assigned to point and
extended defects discussed in this paper are provided.
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METHODS AND MATERIALS

A set of FTIR spectra recorded from Type Ib + laA diamonds with variable
%]laA and total N-contents was selected from the Gemological Institute of America
(GIA) database. All spectra were recorded from diamonds submitted to the GIA for
gemological analysis; other spectroscopic data, their source locality, and any other
identifying information (e.g., color or the presence of inclusions) were not
provided for confidentiality reasons.

Fourier Transform Infrared (FTIR) Spectroscopy

FTIR spectra were recorded from Type Ib + la4 diamond samples at the GIA
using a diffuse reflectance DRIFT accessory attached to Thermo Fisher Nicolet
iS50 units equipped with a KBr beam splitter and a LN-cooled MCT detector.
The spectra were recorded at an operating resolution of 1 cm™! with 32 scans, over
the range 6000-650 cm™". Additional spectra were recorded from one Type Ib dia-
mond from the Zimmi locality (Smit et al. 2016) to test the assumed ¥Y-center
absorption coefficient (see Online Materials' Appendix A). These spectra were
collected at the University of Padova (Italy) using a Thermo Fisher Nicolet
iN10 InfraRed microscope equipped with a KBr beam splitter and a LN-cooled
MCT detector. The spectra were recorded at an operating resolution of 2 cm™" with
64 scans over the range 6000—750 cm™". The deconvolution results for the Zimmi
diamond were averaged from six spectra.

Before deconvolution, all spectra were baseline corrected (using polynomial fit-
ting) and normalized to a Type Ila reference spectrum, following the procedure out-
lined in the DiaMap Excel spreadsheet (Howell et al. 2012b, 2012a). Initial
deconvolution using only the spectrum of C-, A-, and X-centers resulted in obvious
poor-quality fits of the N-region due to absorption from ¥-centers. Consequently, a
modified deconvolution routine was developed and integrated into a customized
Excel spreadsheet (Caxbd_Inherit_2024-Ib, see Online Materials') modified from
the Caxbd_02010 Excel spreadsheet (De Beers UK Ltd, Maidenhead 2010). This
modified deconvolution routine allows one to account for absorption due to
Y-centers, in addition to C-, A-, and X-centers, during deconvolution. The ¥-center
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reference spectrum used for deconvolution was taken from Hainschwang et al.
(2012), where the N-region of Y-center-rich Type Ib 4 la4 diamonds was decom-
posed by iteratively subtracting the spectrum of C- and A-centers until N¢ and
Na=0. The spectrum of Y-centers (see Fig. 1) shows a broad absorption peak
centered at ~1145 to 1150 cm™!, a slightly weaker broad peak at 1261 to
1268 cm™, and sharper characteristic peaks at 1220 to 1240 cm™" (Hainschwang
et al. 2012). As the position of the main peak in the spectrum of C- and Y-centers
is similar (1130 and 1145 cm’l), least-squares fitting of a spectrum may converge
to a false minimum if both the C- and ¥-center components are unconstrained during
refinement of the fit. Consequently, the C-center component was manually con-
strained to the observed intensity of the characteristic peak at 1344 cm™! (Dyer et al.
1965) as this peak is not observed in the ¥-center spectrum. Allowing the D-compo-
nent to refine freely during least-squares fitting resulted in a minimal D-center com-
ponent and negligible improvement to the fit. This is expected as D-centers represent
platelet (B')-induced lattice absorption, and large platelets are only observed in Type
laAB and laB diamonds (Clark and Davey 1984; Woods 1986). The X-center com-
ponent was manually constrained to the observed intensity of the peak at 1332 cm™.
Although a peak at 1332 cm™ ! is also observed for B-centers, diamonds with signifi-
cant C- and B-center content [e.g., ABC diamonds (Hainschwang et al. 2006)] are
exceedingly rare, and no peak at 1172 em™! was observed in any of the spectra,
and thus a null (or negligible) B-center content was assumed for all spectra. More-
over, relatively weak broad peaks are observed at 1115 and 1046 cm™! confirming
the presence of X-centers (Lawson et al. 1998).

Forall spectra, Nc, Na, and Nx [and Nc(Y), Na(Y), and Nx(Y) in at. ppm] were
calculated using the following absorption coefficients [C-centers] =25 at. ppm X
pl130 cm™! (Chrenko et al. 1971; Kiflawi et al. 1994); [4-centers] = 16.5 at. ppm x
1282 cm™! (Boyd etal. 1994; Kiflawi et al. 1994); and [X-centers] = 5.5 at. ppm X
pnl1332 cm™! (Lawson et al. 1998). C-center contents calculated using the alternative
absorption coefficient [C-centers] =37 at. ppm x u1344 cm™ (Liggins 2010) were
in good agreement (5-10%) with those calculated using [C-centers] =25 at. ppm x
1130 cm™" (Chrenko et al. 1971; Kiflawi et al. 1994) except for some spectra with
low Niot (<30 at. ppm) that also showed poor signal-to-noise ratios and thus were not
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FiGurke 1. The least-squares fitting and deconvolution results of the N-region in the IR spectrum of (a) sample #2193, where Y-centers were
incorporated during deconvolution; (b) sample #2193, where Y-centers were not incorporated during deconvolution and N¢, Nx, and N were freely
refined; (c) sample #2193, where Y-centers were not incorporated during deconvolution, N¢ and Nx were constrained to the height of the 1344 and
1332 cm™! peaks, respectively; and (d) sample #3760 where Y-centers were incorporated during deconvolution. Note the higher quality fit (Sc) in
(a) and (d) and how N¢ and N4 are overestimated in (b) and how N¢ is underestimated and Na overestimated in (¢). Refer to “Terminology and

nomenclature” for explanations of all terms.

American Mineralogist, vol. 111, 2026



364

included. Although Hainschwang et al. (2012) recommend using the absorption
coefficient [C-centers] =37 at. ppm x u1344 cm™! when there is significant absorp-
tion due to ¥-centers, the 1344 cm™" peak in some spectra is too weak to be reliably
fitted or differentiated from noise due to atmospheric H,O. Here, the C-center com-
ponent is constrained to the height of the 1344 cm™! peak (where possible) during
least-squares fitting, and the absorption coefficient [C-centers] =25 at. ppm x
pl130 cm™! is used to calculate N¢ [and Ne(Y)]. Where the 1344 cm™! peak is
too weak or not observed, u1130 cm™! is not constrained during least-squares fitting.
In some cases, the relative intensity of the 1344 cm™" peak compared to that in the
C-center reference spectrum may vary due to strain. Where this is the case, constrain-
ing the C-center component to the 1344 cm™! peak intensity will not produce reliable
C-center contents. Although this was apparent in only a handful of samples, it was
easily recognized due to low-quality fits from 1150 to 1130 cm™" and rectified by
freely refining the C-center component. The relative intensity of the 1332 em™! peak
may also vary with respect to that of the X-center reference spectrum due to changes
in local symmetry and interaction with other defects (Liggins 2010). If one suspects
this is the case, it is recommended that the X-center component be freely refined
instead of constraining it to the observed intensity of the 1332 cm™! peak.

The identity and absorption coefficient of the ¥-center are unknown. However,
several authors describe evidence showing that Y-centers are related to defects that
contain single substitutional N (C- or X-centers) (e.g., Hainschwang et al. 2012;
Titkov et al. 2015a, 2015b). The similar position of the C- and Y-center absorption
maxima (1130 and 1145 cm™, respectively) may indicate a similar (IR-active)
N-C bond as IR peak positions are sensitive to both bond strength (i.e, N-C bond
energy) and the identity of each participating element (i.e., reduced mass of N
and C). Moreover, we identify a discrete peak, located at 1358 cm™!, that is posi-
tively correlated with Y-centers (Hainschwang et al. 2012; Reutsky et al. 2017),
and may represent a local vibrational mode of the ¥-center absorption system, sim-
ilar to the 1344 cm™" peak associated with C-centers. In this context, one can envi-
sion the Y-center absorption system as being shifted, with respect to the C-center
absorption system, by ~15 cm™! to higher frequencies (i.e., 1130 cm™" shifted to
1145 cm™" and 1344 cm™! shifted to 1358 cm™").

For the reasons described above, we assign the absorption coefficient for
C-centers to Y-centers ([Y-centers] =25 at. ppm x p1145-1150 Cm’l). The validity
of this assignment was tested using two different methods (see Online Materials'
Appendix A1), the results of which support this assumption, suggesting the Y-center
absorption is between 19 and 41 at. ppm/cm™". This assumption allows calculation
of the Y-center content (Ny [at. ppm]) and thus Nio«(Y) and the N-aggregation state:
%IaA(Y) =100 x NA(Y)/[Na(Y) + Nc(Y) + Nx(Y) + Ny)]. Assigning the absorp-
tion coefficient of C-centers to ¥-centers introduces some degree of uncertainty into
the calculation of %laA(Y) and Ni(Y). However, it produces more accurate (and
precise) N-defect concentrations (higher-quality fits of the N-region) than the
approach currently used in the literature, where absorption due to ¥-centers is ignored
and all intensity from 11501130 cm™! is fitted with the spectrum of C-centers.

In Online Materials' Appendix A2, statistical methods used to assess fits of
the N-region and the statistical significance of data correlations are described.
Moreover, the bulk (averaged) nature of the FTIR spectra and its potential effect
on the observed trends is discussed.

REsuLTs
Deconvolution of the N-region: The Effect of Y-Centers

The deconvolution results for selected spectra are shown
in Figure 1, determined with (Figs. 1a and 1d) and without (Figs. 1b
and 1c) incorporating ¥-centers during fitting. Results for sample
#2193 determined using the new deconvolution routine (with
Y-centers incorporated) are shown in Figure la. Results deter-
mined without incorporating Y-centers and by freely refining
Ne (p1344 cm™") and N (11332 cm™") are reported in Figure 1b,
where a much lower quality fit is obtained (Sc = 0.783) compared
to the fit shown in Figure 1a (S¢=0.203). Comparing Figures la
and 1b shows that neglecting ¥Y-centers during deconvolution of
the FTIR spectrum of Type Ib + laA diamonds may result in over-
estimation of 1344 cm™' (and thus N¢) and p1282 cm™' (and
thus Ny; Fig. 1b) (Hainschwang et al. 2012). To correct for this
overestimation, N¢ (p1344 em™') and Nx (p1332 cm™!) are
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constrained to the observed intensity of the corresponding peaks
(e.g., Fig. 1c) in previous studies. However, this also results in
a poor-quality fit (Sc = 2.059) and underestimates Nyo¢ (65.2 com-
pared to 97.3 at. ppm) as all composite absorption due to Y-centers
in not accounted for (Fig. 1c). To validate our new deconvolution
results, we evaluate whether the signal associated with Y-centers is
in fact due to a discrete defect, as opposed to an artifact associated
with the C-center absorption system. As there is no positive
correlation (proportionality) between p1130 cm™' and pl145-
1150 cm™! (Online Materials' Fig. B1), C- and Y-centers must
be discrete defects that may occur in variable proportions and form
via different aggregation sequences. This is further demonstrated
by comparing the spectra in Figures 1a and 1d, which have similar
%IlaA(Y) and Ni(Y) but significantly different Nc(Y) and Ny,
i.e., Ne(Y)/Ny ratios of 3.3 and 0.79, respectively. In almost all
spectra, evidence of Y-centers was observed, and significantly
higher quality fits of the N-region were obtained when ¥Y-centers
were included during deconvolution. A comparison of the decon-
volution results obtained using DiaMap (%laA and Ny deter-
mined without ¥-centers) and our method [%laA(Y) and Ni(Y)
determined with Y-centers] is provided for selected spectra in
Table 1 and for all spectra in Online Materials! Table C2. Addi-
tional peaks from ~1350 to 1390 cm™! related to (self-)interstitial-
related defects (Dischler 2012; Hainschwang et al. 2012) are
observed in most spectra. The normalized intensities of such peaks
are also reported for selected spectra in Table 1 and for some spec-
tra in Online Materials! Table C2. A series of complete spectra
from Online Materials' Table C2 is plotted in Online Materials'
Figure B2 as a function of increasing %laA(Y).

Values calculated using DiaMap (%laA and Niy) and our
method [%laA(Y) and Ni(Y)] show a positive linear correlation
(Figs. 2a and 2b). This correlation is expected as the same absorp-
tion coefficient is used for the calculation of N¢ and Ny, and
Y-centers are treated as single-substitutional N: i.e., %laA(Y)
=100 X NA(Y)[NA(Y) + Nc(Y) + Nx(Y) + Ny]. However, the
effect of incorporating Y-centers is observed as increasing disper-
sion about the identity line as Nio(Y) increases (Fig. 2b). As shown
in Figure 2c, there is good agreement between Nyt and Nioi(Y)
[Niot — Niot(Y) < ~20 at. ppm] for samples with relatively low
N, as either the majority of absorption in the N-region is assigned
to A-centers or Ni(Y) is relatively low. However, as Nc(Y)
increases, this agreement becomes considerably worse as samples
with high N¢ may also have high Ny, which is not accounted
for during conventional deconvolution (e.g., using DiaMap).
Inspection of Figure 2¢ shows that fitting the N-region of diamonds
containing Y-centers using only C- and A-centers may result
in overestimation of Ny by up to ~100 at. ppm. The cause of
this overestimation is apparent in Figure 1b, where both
Nc (n1344 cm_l) and Np (p1282 cm_l) are overestimated during
least-squares fitting to compensate for the absence of a Y-center
component. In general, the degree to which Ny is overestimated
increases with decreasing N¢/Ny ratios. If N¢ and Nx are con-
strained to the observed peak intensities of 1344 and 1332 cm™!
(e.g., Fig. 1c), Ny is drastically overestimated and Ny is underes-
timated. The difference between %laA and %IlaA(Y) plotted as a
function of Nc(Y) (Fig. 2d) shows that incorporation of Y-centers
during deconvolution shifts the calculated aggregation state by
~+10 %laA.
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501986
888257
390746
665540
643299
761265
112167
187552
546866
501987

DAY ET AL.: Y-CENTERS IN NATURAL TYPE Ib + laA DIAMOND 365

g The Relationship Between N-Aggregation State (%olaA)
°385 and Y-Centers
Inspection of Figure 3a shows a positive linear correlation
o between %X(Y) and %Y (R?=0.87, r=0.62). As X-centers,
§§§ and likely Y-centers, are related to single-substitutional N,

one might expect a similar linear correlation between %Y [or
%X(Y)] and %IaA(Y). However, this is not the case as shown
in Figure 3b. Here, %Y first increases up to %laA(Y)=~20
(green zone, Fig. 3b), then shows an approximately flat trend
between %laA(Y)=20-40 (yellow zone, Fig. 3b) and finally
decreases from %laA(Y)=40-90 (red zone, Fig. 3b). The same
trend is observed in Figure 3¢, where %X(Y) is plotted as a func-
tion of %laA(Y) showing that an increase in %X(Y) coincides
with the initial onset of A-center formation, then plateaus
between %IlaA(Y)=20-40 and then decreases linearly from
%laA(Y)=40-90. Similar trends are also observed for %X(Y)
and %Y plotted as a function of %C(Y) (Online Materials'
Figs. B3 and B4). These trends show that the formation mecha-
nism of Y-centers (and X-centers) becomes inactive at ~20%
IaA(Y) and, instead of aggregation products, Y- and X-centers
become aggregation reagents at ~35—40% laA(Y) where they
likely combine with different types of V/N- or (self-)intersti-
tial-related defects to eventually form A-centers. The effect
of this transitional behavior of Y- and X-centers is observed
in Figure 3d, where there is relatively more scatter in %C(Y)
from %laA(Y)=20-40, and Ny and Nx(Y) reach peak

0.084 0.041
0.268 0.031
0.053

0315

0.143
0.156
0.162

-0.8
=21
—6.0
-26
-0.7
-1.8

Notes: The concentration of C-, A-, X-, and Y-centers (N¢, Na, Nx, and Ny content, at. ppm), the total N content [N¢ot(Y)], and the N-aggregation state [%laA(Y)] were calculated by incorporating the Y-center spectrum in the

nN2M oo
RERESS concentrations.
eyaNn~e Peak Intensity Correlations: The 1353 to 1387 cm™! Peaks
NN A and Y-Centers

Several peaks, observed between 1353 and 1387 cm_l, are
MmN commonly accompanied by a significant Y-center component
NQ2D2me

and thus have been tentatively assigned to local vibrational
modes of the ¥Y-center absorption system (Hainschwang et al.
2012; Titkov et al. 2015a; Reutsky et al. 2017) in addition to
other defects such as platelets [i.e., (self-)interstitial complexes].
However, as an approximation of Y-center content has not been
previously attempted, these peaks have not been rigorously
investigated until now. The normalized intensities of peaks at
1353, 1358, 1363, 1374, and 1387 cm™! are reported in Online
Materials! Table C2. Additional peaks observed at 1348 and
1368 cm™" are often observed in samples with Nio(Y) > 150 at.
ppm but are relatively weak and were not considered here. The
IR spectrum of a Type Ib + laA4 (18.4%laA) specimen is shown
in Figure 4a, and peaks observed between 1353 and 1387 cm™!
are shown in Figure 4b.

The intensities of the 1358 and 1387 cm™' peaks are posi-
tively correlated with %Y (Figs. 5a and 5b) defining a positive
correlation between the 1358 and 1387 cm™! peak intensities
(Fig. 5¢). The correlation observed in Figure Sa is much stronger
(R*=0.78, r=0.88) compared to that observed in Figure 5b
(R>=0.32, r=0.57) and the 1358 cm™! peak intensity (and thus

-Ib Excel spreadsheet (Online Materials'). For the purposes of comparison, Nyo and %laA were calculated using the conventional deconvolution routine using the DiaMap

d_Inherit_2024
Excel spreadsheet, in which the Y-center spectrum is not incorporated during deconvolution.

deconvolution routine using the Caxb

QX MO M
SEIHINT the 1387 cm™! peak intensity, Online Materials' Fig. B5) is neg-
atively correlated with %laA(Y) (Fig. 5d). The intensities of the
1353 and 1374 cm™! peaks show a relatively strong positive cor-
NANWUNNOO® . 2 . .
2R88F3AM relation (R“=0.92, r=0.96) (Fig. 6a) and generally increase
B3I RSA with increasing Ni«(Y) (e.g., Fig. 6b and Online Materials'
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Ficure 3. Comparisons of (a) Nx(Y) vs. Ny (at. ppm), (b) %Y vs. %laA(Y), (¢) %X(Y) vs. %laA(Y), and (d) %C(Y) vs. %laA(Y). Note the trends
in (b) and (c), which show that ¥-centers and X-centers are intermediate defects that form between 0 and 40 %laA(Y) and then are consumed between
40 and 100 %IaA(Y) to produce A-centers. Maximum %Y is observed between 20 and 40 %laA(Y), this effect is observed as scatter between
20 and 40 %IaA(Y) in (d). Results of two-tailed #-tests are given in the format r(df) =r, pa, where df is the degrees of freedom, r is the Pearson
correlation coefficient, p is the p-value, and a is the significance level. Refer to “Terminology and nomenclature” for explanations of all terms.
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FiGure 4. The IR spectrum of sample #0677 shown in the frequency range (a) 4100 to 750 em™! and (b) 1400 to 1350 em™! showing peaks at
1353, 1358, 1363, 1368, 1374, and 1387 cm™" due to different types of (self-)interstitial complexes. This spectrum was baseline corrected and thick-
ness normalized to the Type II reference spectrum used in the DiaMap Excel spreadsheet (Howell et al. 2012a, 2012b). Refer to “Terminology and
nomenclature” for explanations of all terms.
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FiGure 5. Comparisons of (a) the normalized 1358 cm™! peak intensity and %Y, (b) the normalized 1387 cm™! peak intensity and %Y, (c) the
normalized 1387 and 1358 cm™! peak intensities, and (d) the normalized 1358 cm™! peak intensity and %IaA(Y). Note the strong positive linear
correlation in (a) (»=0.88, R?= 0.78) suggesting that the 1358 cm™! peak may be a local vibrational mode of the ¥-center absorption system or that
the (self-)interstitial complex that gives rise to the 1358 cm™! peak is produced as a bi-product of ¥-center formation. The intensity of the 1358 and
1387 cm™! peaks in (a) and (b) are normalized to Ny [indicated as 1358 (cm™")*] such that they can be compared to %Y. Results of two-tailed r-tests
are given in the format r(df) =r, pa, where dfis the degrees of freedom, r is the Pearson correlation coefficient, p is the p-value, and « is the signifi-
cance level. Refer to “Terminology and nomenclature” for explanations of all terms.

Fig. B6). However, no correlation is observed between the nor- ~ The intensity of the 1363 cm™' peak shows a weak positive
malized 1353 em™! (or 1374 em™!, Online Materials! Figs. B7  correlation with %laA(Y) (R*=0.31, r=0.56) (Fig. 7a) but
and B8) peak intensity and Ny or %laA(Y) (Figs. 6¢c and 6d). no correlation with Ny (»=-0.02) (Fig. 7b).
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FiGure 7. Comparisons of (a) the normalized 1363 cm™! peak intensity and %IlaA(Y), and (b) the normalized 1363 cm™! peak intensity and Ny.
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Discussion order kinetics (Satoh et al. 1990; Mainwood 1994; Taylor et al.
Correcting Mantle Residence Time and Temperature 1996). Although typically, two separate activation energies are
Using Y-Centers used for octahedral and cuboid growth morphologies (Taylor et al.

1996), these values were determined from experiments on syn-
and Ny, and thus mantle residence times/temperatures, we pro- thetic diamonds before the rate-enhancing effect of transition

vide the following examples where we assume a C—A activa- ~ metal impurities (e.g., Ni and Co) was known (Kiflawi et al.
tion energy, E,=5.5+0.7 eV (Kiflawi et al. 1997), and that ~1997; Jones et al. 2015). Moreover, there is no experimental evi-
the rate of A-center formation behaves according to second- dence from natural diamonds that indicates the C—A activation

To demonstrate the effect of ¥Y-centers on calculated %laA
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energy in octahedral sectors is lower than that in cuboid sectors,
and thus we use £, =5.5+0.7 eV (Kiflawi et al. 1997).

Consider sample #547284 (Online Materials' Table C2),
here Nyt and %laA (determined without incorporation of
Y-centers) are 71.8 and 51.2 at. ppm, respectively. After repro-
cessing while incorporating Y-centers, Ni«(Y) and %laA(Y) are
57.3 and 61.0 at. ppm, respectively. If we assume an average
mantle residence temperature of 800 °C, the corrected Noi(Y)
and %laA(Y) values correspond to a ~200 Myr increase in man-
tle residence time from ~200 to ~400 Myr (see red arrow in
Fig. 8a). If we assume a mantle residence temperature of 775
°C, a ~750 Myr increase in mantle residence time (from
~875 to ~1625 Myr) is required. If we assume higher residence
temperatures of 900 °C and 1000 °C, an ~1.12 Myr and ~16.5
Kyr increase in mantle residence time is required, respectively.
As expected, the effect of this correction is not as pronounced for
residence temperature, for example, if we assume the residence
time for sample #547284 is 100 Myr, the corrected Ni(Y) and
%IlaA(Y) values correspond to a ~13 °C increase in mantle resi-
dence temperature (see red arrows in Fig. 8b). Additional plots at
higher mantle residence temperatures (900 °C) and shorter resi-
dence times (10 Myr) are provided in Online Materials' Figures
B15 and B16.

For the data studied here, we report errors in mantle residence
times of up to ~750 Myr, due to deconvolution without the
incorporation of Y-centers, assuming a residence temperature of
775 °C, which is sufficiently low to allow for partial preservation
of C-centers. Apart from accurately determining residence time
and temperature, accurate Nio(Y) values calculated from IR
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spectra are crucial when evaluating the reliability of alternative
techniques (e.g., SIMS) commonly used to quantify Ny in dia-
mond (Hauri et al. 2002; Kaminsky et al. 2024).

Early Aggregation of N-Related Defects and the
Formation of Y-Centers

As previously proposed, our results suggest that Y-centers
may form as an intermediate byproduct of C—A aggregation.
In general, the transformation of C-centers to A-centers is driven
by: (1) vacancy-assisted and/or (2) (self-)interstitial-assisted
aggregation processes. The originally proposed mechanism by
which C-centers (N) directly substitute for an adjacent C atom
requires significantly higher £, than (1) and (2) (Goss et al. 2003,
2004) and has been largely ruled out based on several experi-
mental observations (Jones et al. 2015). Vacancy-assisted
C—A (N$ — NY) aggregation is simply described in the follow-
ing sequence (Collins 1980):

Ng (C-center) + V' — N° 1)
NQ + NV - VN (H3-center) (1.1)
VNS — NY (4-center) + V0 1.2)

Here, N may donate electrons to the band-gap, resulting in the
production of N§ (X-centers) and negatively charged defects such
as V= (NDI-center) (Davies et al. 1992), where /° (GR1-center)
(Collins 1982) acts as the dominant electron acceptor (Lawson
etal. 1998). Here, sequences (1) and (1.1) can be modified accord-
ingly to produce NV~ and VN3 (NVN~, H2-center) (Hainsch-
wang et al. 20006):

10000

(b)

t=100 Myr

1000

Nt (at.ppm)

100 +

@ Data calculated using Y-center
# Data calculated without using Y-center

0 10 20 30 40 50 60 70 80 90 100
%laA

Ficure 8. Total N content [Ny (at. ppm)] plotted as a function of N-aggregation state (%laA) where (a) 800 °C isotherms (blue lines) are plotted

for residence times of 9 to 400 Myr and (b) 100 Myr isochrons are plotted for residence temperatures of 757 to 825 °C. To show the effect of ¥Y-centers
on calculated mantle residence times or temperatures, Nt and %IlaA (green diamonds), determined without incorporation of Y-centers, and No(Y)
and %IlaA(Y) (orange diamonds), determined by incorporating Y-centers, are plotted for selected samples. Arrows show the effect of correcting Nyt
and %laA [to Nio(Y) and %IaA(Y)] on residence time and temperature. The red arrow represents sample #547284. Where %IaA is overestimated,
there is minimal difference between Niot and Nio(Y) (see arrows pointing from right to left). Isotherms were calculated and plotted by modifying the
second-order rate equation formula from DiaMap (Howell et al. 2012a, 2012b). The C—A activation energy, £, = 5.5 eV, determined by Kiflawi et al.
(1997), was used to calculate residence time/temperatures.
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N + V- - NV~ @)

N +NV- — VN5 (H2-center) 2.1

For sequences (1)—(2) to proceed, a mechanism by which po
and V'~ are produced is required. In diamonds, ° and V'~ are
produced by different types of irradiation (Collins 1982) (from
minerals and fluids or by man-made treatment) or by various
deformation mechanisms, e.g., plastic deformation and the sub-
sequent production of lattice dislocations (Hull and Bacon 1984;
Fisher et al. 2009). For natural Type Ib + laA diamonds from the
Zimmi alluvial locality (West Africa), Smit et al. (2018) explain
the production of #° and V'~ and the preservation of C-centers by
exhumation-related deformation where shear-stress due to exhu-
mation resulted in lattice dislocations [evidenced by a “band A”
observed in cathodoluminescence (CL) spectra (Graham et al.
1991)] and the production of 70 and V. The proposed exhuma-
tion to residence temperatures of 650-700 C° [significantly
lower than average mantle residence temperatures of 1000 to
1100 C° (Stachel and Luth 2015)] drastically slowed the rate
of C—A aggregation thus preserving N while allowing for con-
tinued ¥, =, N¥°, and NV~ migration/aggregation which
requires temperatures >600 C° (Dale 2015).

If one assumes that C—A aggregation is driven largely by a
vacancy-assisted mechanism, it is tempting to assign NV and/or
VN3 (in the neutral or negative charge-state) to ¥Y-centers as both
defects are produced as intermediates in sequences (1) and (2)
(Collins 1980). Although evidence for such defects is frequently
observed in UV-vis and PL spectra of natural Type Ib + laA dia-
monds (e.g., Smit et al. 2018; Mashkovtsev et al. 2021), no rigor-
ous correlations between the intensities of peaks attributed to N0
and VN9 (or NV~ and ¥'N3) and ¥-centers have been reported.
However, the absence of such a correlation does not necessarily
preclude the involvement of Y-centers with the production of these
defects as N and V'N; can also form by 4-centers trapping Wor
V7~ (Kiflawi and Lang 1976; Van Enckevort and Visser 1990)
or by disassociation of A-centers and the subsequent formation
of N0 and NV~ (Kiflawi and Bruley 2000). If one assumes X-
centers (N{) serve as the primary electron donors in the diamonds
studied here, it is unlikely that electron acceptors (negatively
charged vacancy-related defects, e.g., NV~ and/or V'N3) occur
at significant concentrations, as they must occur in equilibrium
concentration with N [average Nx(Y)=2.2 at. ppm].

Alternatively, the positive correlation observed between
Nx(Y) and Ny (Fig. 3a) and the similar behavior of %X and
%Y with increasing %laA(Y) (Figs. 3b and 3c) may lead one
to assume Y-centers represent some variant of X-centers (NY)
or are produced by similar charge-transfer processes. Titkov et al.
(2015a) observed two EPR centers [MS5- and Mé6-centers
(Mineeva et al. 2013)] associated with C-centers (denoted as
PI-center in EPR spectra) and suggest they may be due to N3
in an excited state where electrons of N couple with distant
N{ (separated by 8-10 interatomic spacings). Titkov et al.
(2015a) suggest this type of extended defect may be responsible
for Y-center absorption. However, if this were the case, one must
assume coupling of N and N¢ does not shift the 1332 em™! peak.
Furthermore, this type of extended defect does not explain the cor-
relations observed between 1358 cm™! (and 1387 cm™') and %Y
unless one assumes these peaks are derivatives of the 1332 cm™!
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$)and 1344 em™! (N2) peaks that are frequency-shifted due to
coupling (electronic interaction) between N and N. However, if
this was the case, and the formation of ¥Y-centers shifts the 1332
and 1344 cm™! peaks to higher wavenumbers, one would expect a
negative correlation between Nx(Y) and Ny (i.e., as more Y-cen-
ters form, an increasing proportion of absorbance at 1332 cm™ is
shifted), but this is not the case as shown in Figure 3a. Based on
our data, it is more likely that the linear trend in Figure 3a is, at
least in part, a reflection of increasing Nio(Y) as both %X(Y) and
%Y decrease similarly with increasing No«(Y) (see Online Mate-
rials' Figs. B9 and B10). Alternatively, the positive correlation
observed in Figure 3a may suggest that the formation of ¥-centers
may be due to electron charge transfer with X-centers (Ng). How-
ever, more work on other defects common in Type /b diamonds
that may accept electrons from N¢ (e.g., NV~ and V'N5) (Luo and
Breeding 2013; Fritsch and Delaunay 2018; Smit et al. 2018;
Kazuchits et al. 2021) is required. Moreover, the existence of
diamonds that contain almost exclusively Y- or X-centers
(e.g., Hainschwang 2014; Reutsky et al. 2017) suggests that
the formation of Y-centers is not solely reliant on charge transfer
from X-centers.

Evidence of (Self-)Interstitial-Assisted Aggregation

Above, vacancy-assisted aggregation is discussed as a mecha-
nism for the formation of ¥- and A-centers. Next, attention is
turned to alternative aggregation mechanisms involving (self-)
interstitial atoms and the complexes they form. Peaks at 1353,
1358, 1363, 1374, and 1387 cm~! are observed in most spectra
studied here. In Type laAB and laB diamonds, some similar peaks
are commonly attributed to platelets of varying size (nano- to
micrometers in size) and composition (C;, N;, and V' contents)
(Woods 1986; Dischler 2012; Speich et al. 2017). However, such
platelets are thought to form as a byproduct of A—B aggregation
and the subsequent generation and accumulation of C; (via Ny +
Ny = VN4 + C)). In natural Type Ib diamonds, the formation of
vacancies, and thus interstitials, relies partly on deformation-
and irradiation-related mechanisms (Smit et al. 2018). However,
low mantle resindence times (¢)/temperatures (7) and potentially
low interstitial content limit the accumulation of interstitials,
and instead, small (usually 1—4 atoms) (self-)interstitial complexes
form (Goss et al. 2003, 2004). This series of peaks is common in
Type Ib diamonds and is often associated with interstitials or plate-
lets (e.g., Lai 2018; Lai et al. 2020b, 2024; Vasilev et al. 2024).

Based on theoretical work (Goss et al. 2004), upon irradia-
tion of Type Ib diamond, C; is trapped by N2 to form (N3-C;),
with progressive annealing, this complex disassociates, releas-
ing mobile C; and N;, which in-turn, may recombine with
(N2-C;) and N2 to form (N;-C;) and (N2-N;) complexes. The for-
mation of (N3-N;) and its eventual reconfiguration to (N2-C;)
(Goss et al. 2004) can be generally described as:

Ng +C;, — (N(S’-C,-) 3)
(Ng +C)+N; = (N(s),'Ni) +C; = (N-C) (3.1)
(N,-C;) + annealing T/t — N9 (4-center) + C; (3.2)

Here, (N,-C;) forms when N; combines with N(S) where both N
atoms substitute for a single C atom that is subsequently trapped
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as an interstitial (C;) (Liggins 2010). At sufficient annealing tem-
peratures, (N»-C;) disassociate to form A-centers (N9) by releas-
ing C; (Nadolinny et al. 2000; Goss et al. 2004; Jones et al.
2015), an example of how (self-)interstitials drive C—A aggre-
gation. Here, (N»-C;) is often referred to as the Hla-center.
However, several energetically reasonable structural models
have been proposed for the H1a-center, and a general consensus
on a structural configuration for this defect has not been reached.
In sequence (3.2), the release of C; is important as it promotes the
continued production of different N;, (N;-C;)-related interstitial
complexes and (N;-C;), that when annealed, will eventually
form A-centers (Kiflawi et al. 1997; Nadolinny et al. 2000).
In turn, N;- and (N;-C))-related interstitial complexes continue
to drive aggregation by combination with N (Goss et al.
2004). Two examples of these alternative intermediate
sequences are described as follows:

N; + N2 = (N,-C;) +annealing 7'/t - N9 + C; 4.1
Ng +(C)y = (N-C)) (5)
(N;-C;) +N¢ = (N;-N)) (5.1
(N;-N)+V = N;+N{ — (N,-C;) +annealing T/t - NI +C;

(5.2)

Sequences (3)—(5) assume that there is an active mechanism
by which interstitials (C; and N;) are generated in sufficient con-
centrations. As is the case with V, irradiation and/or temperature-
and pressure-induced plastic deformation, causing the formation
of dislocations, may generate interstitials (Collins 1982; Smit
et al. 2018). Moreover, the presence of transition-metal impuri-
ties (e.g., Ni), that readily substitute for C, producing C; (Nado-
linny et al. 2000; Jones et al. 2015), may also drive initial
transformation of C-centers to A-centers via (self-)interstitial-
assisted aggregation sequences. Evidence of plastic deformation
is present in the diamonds studied here, in the form of amber
centers (Massi et al. 2005; Hainschwang et al. 2020), which
are observed as broad bands at 4064 and 4109 cm™". However,
no correlation between the intensity of such bands and any peaks
in the one-phonon region was observed.

Of the peaks listed above, the 1358 cm™! peak shows the
strongest positive correlation with %Y (Fig. 5a) and a relatively
weaker correlation with %X(Y) (see Online Materials' Fig.
B11). This observation is in agreement with the findings of
Reutsky et al. (2017) who observed a correlation between the
1332 and 1358 cm™! peaks. Consequently, this peak may repre-
sent a local vibrational mode of the Y-center absorption system
(Hainschwang et al. 2012), akin to the sharp peaks at 1344 and
1332 cm™ associated with the A- and X-center absorption sys-
tems, respectively. It is tempting to assign the 1358 cm™! peak to
the intermediate (N-C;) defect. However, the Hla-center pro-
duces a characteristic IR peak at ~1450 cm™! (Liggins et al.
2010) which is not observed in any of the spectra studied here
suggesting that the formation of ¥-centers may inhibit formation
of (N2-C)) and that (self-)interstitial-assisted C—A aggregation
may proceed according to sequences different from (3.1)—(3.2),
(4.1), and/or (5.2). The association of the ¥Y-center with any of

the other complexes containing one or two N; (and C;) atoms is
also problematic, as theoretical works suggest that such defects
have local vibrational modes at much higher frequencies
(1400-1900 cm™") (Goss et al. 2004; Salustro et al. 2018). Peaks
in this region have been observed in natural Type Ib + lad
diamonds (e.g., Lai et al. 2020b) but are not observed here, likely
due to noise from atmospheric HyO. Alternatively, the 1358 cm™!
peak (and thus ¥-centers) may represent a slightly larger intersti-
tial complex that is produced by the combination of smaller inter-
stitial defects such as (N3-N;) or (N2-C;). Humble (1982) was the
first to suggest that particular interstitial complexes serve as the
building blocks for platelets, specifically the /4 (tetra interstitial)
complex composed of four C; atoms. Several local vibrational
modes of the I complex 1349, 1362, and 1401 em™! (Goss et al.
2003) are close to peaks observed at 1353, 1358, 1363, 1374, and
1387 cm™! as described above. Moreover, N;, may replace C; in
the /4 complex and other structural variants (e.g., the /3 complex)
producing potentially numerous vibrational modes in this
region. Therefore, it is likely that some of the peaks in the
1350-1390 cm™! region observed here are due to similar (self-)
interstitial complexes. As the 1358 and 1387 cm™! peaks are pos-
itively correlated with %Y, it is likely the Y-center is associated
with an interstitial complex that forms from ~0-40 %laA(Y)
(Fig. 3b). The intensity of the 1358 cm™! peak decreases with
increasing %laA(Y) suggesting that this interstitial complex is
eventually consumed to produce A-centers. Based on the correla-
tion observed in Figure Sc, similar interpretations about the
1387 cm™! peak can be made. However, the correlation between
the 1387 cm™! peak intensity and %Y, as shown in Figure 5b, is
much weaker than that observed in Figure 5a suggesting that the
defect corresponding to the 1387 cm™! peak may be involved in
additional aggregation sequences distinct from those responsible
for the formation of Y-centers. As described above, platelet peaks
are attributed to vibrational modes involving C; and N; in platelets
(Clark and Davey 1984; Fritsch et al. 1991; Zaitsev 2001), and the
intensity of such peaks is proportional to the signal attributed to
D-centers in Type laAB and IlaB diamonds (Woods 1986).
Consequently, the D-center has been attributed to platelet-
stimulated lattice vibrational modes. If, in fact, ¥Y-centers are
related to a (self-)interstitial complex, absorption in the lower-
frequency N-region may also represent lattice perturbations
associated with the N;/C;-related (self-)interstitial defect, akin to
the D-center in Type laA + laB diamonds.

As first observed by Fisher and Lawson (1998), there is
strong positive correlation between the intensity of the 1353
and 1374 cm™! peaks (Fig. 6a). Moreover, the 1353 and
1374 cm™' peak intensity increases with increasing Ni(Y)
(Fig. 6b), unlike the 1358, 1363, and 1387 cm™! peaks (see
Online Materials' Figs. B12-B14), suggesting the 1353 and
1374 cm™! peaks represent the same defect. The 1353 and
1374 cm™" peak intensities do not show any correlation with
Ny (Fig. 6¢) or %laA(Y) (Fig. 6d), suggesting that the corre-
sponding defects are not directly related to the formation of A-
or Y-centers. The intensity of the 1363 cm™! peak is positively
correlated with %laA(Y) (Fig. 7a) but shows no correlation with
Ny (Fig. 7b), suggesting that production of the corresponding
defect is coupled with the formation of A-centers (or consump-
tion of C-centers). In Figure 9, general trends in the C-, Y-, and
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Increasing defect content / peak intensity

Increasing residence temperature/time (%laA)

Ficure 9. Illustration showing trends in defect content plotted as a
function of %laA(Y) (increasing mantle residence temperature/time).
Solid black lines represent traditional C—A aggregation sequences.
The 1363 cm™ peak intensity increases with %laA(Y) (dashed black
line), and the corresponding defect is likely a byproduct of the formation
of A-centers (and the destruction of C-centers) but is not correlated with
Y-center content. It follows that the 1363 cm™! defect may form across a
range of %laA(Y) shown with the double dashed black lines. The 1353
and 1374 cm™! peak intensities show no correlation with %IlaA(Y) or
Y-center content and are therefore not plotted here. ¥Y-center content (solid
yellow line) increases from 0-20 %laA(Y), where additional defects that
correspond to the 1358 and 1387 cm™! peaks (yellow dashed lines) may be
produced as byproducts of ¥-center formation. It follows that the 1358 and
1387 cm™! defects may form from 0-20 %IaA(Y) (double dashed yellow
lines). From 40-100 %IaA(Y) (solid yellow line), ¥-centers are consumed
to produce A-centers along with related defects that correspond to the
1358 and 1387 cm™' peaks. It is also possible that the 1358 and
1387 cm™! peaks represent vibrational modes of the Y-center itself rather
than discrete defects. Defect contents (y-axis) are not based on real data
and instead are used to simply show variations in C-, ¥-, and A-center
content (or peak intensities) as a function of %laA(Y).

A-center content and different peak intensities are plotted as a
function of %laA(Y). Based on the trends described above
and those shown in Figure 9, it is apparent that several different
(self-)interstitial-assisted aggregation sequences may be opera-
tive during C—A aggregation. Interestingly, some diamonds
contain almost exclusively X- or Y-centers, called Type IbX
and /bY diamonds (Hainschwang 2014) in which no apparent
C—A aggregation has occurred. Although such diamonds are
not observed in this data set, such diamonds likely represent
an unaggregated diamond in which the majority of C-centers
couple with (self-)interstitial complexes.

Untreated and Treated Natural Type Ib Diamonds

Thus far, Y-centers have never been observed in synthetic
diamonds. However, peaks attributed to platelets at similar
positions (~1350-1375 cm™!) have been produced via HPHT
treatment of natural Type Ib + laA yellow diamonds (Lai et al.
2020a) and synthetic diamond (Fisher and Lawson 1998). The
Hla-center (1450 cm™! peak) has been produced by HPHT
treatment of synthetic diamond, where its distribution in such
diamonds suggests it is involved in C—A aggregation (Babich
et al. 2016a, 2016b). These findings suggest HPHT-induced
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plastic deformation (in both synthetic and natural Type Ib dia-
mond) may produce interstitials, which in turn, drive C—»A4
aggregation via (self-)interstitial-assisted aggregation.

The behavior of Y-centers during HPHT- and/or irradiation
treatment is apparently much different from that observed for
natural mantle annealing, as described here. In one study, HPHT
treatment of natural Type /b + laA diamonds (at >2000 °C)
resulted in a decrease in Y-center absorption and the production
of an unidentified peak at 1060 em™!; some production of
A-centers was also observed (Kupriyanov et al. 2020). In a dif-
ferent study, HPHT treatment of Type IbY diamonds resulted in
disassociation of the Y-center and subsequent production of
C-centers, a 480 nm band, and a 690 nm red luminescence
band, but no production of A-centers (Hainschwang 2014).
Theoretical calculations indicate the 480 nm band may represent
substitutional oxygen in the positive charge state (O™) (Gali etal.
2001). An increase in the CO, peak intensity after HPHT treat-
ment of some Type IbY diamonds has led to the assumption that
O associated with Y-centers is released upon heating and com-
bines with C-O bonds to produce structurally bound CO,
(Hainschwang et al. 2008). However, O contents have not been
determined in diamonds with the 480 nm band (Lai et al. 2024),
and no direct correlation has been found between Y-centers and
an O-related vibrational mode. Moreover, a recent study (Lai
et al. 2024) shows that diamonds with the 480 nm band often
contain several different Ni-related defects.

Hainschwang (2014) describes that HPHT-treatment of Type
IbY diamonds results in a loss of Y-centers that is not associated
with the progressive formation of A-centers, in stark contrast
from what is discussed here (e.g., Fig. 3b). However, such
HPHT-treatments were conducted at temperatures (typically
1700 to 2200 °C) and pressures (typically >6.5 GPa) that far
exceed the estimated mantle residence conditions of Type Ib dia-
monds <800 °C (Smit et al. 2018, 2019) and even the conditions
of natural diamond formation [1160+ 100 °C and 5-6 GPa
(Stachel and Harris 2009; Stachel and Luth 2015)]. It follows that
the drastically different behaviors of ¥Y-centers observed during
HPHT treatment and natural mantle annealing may reflect the
instability of ¥Y-centers when subjected to extreme temperatures.
Moreover, several different (dis)aggregation sequences become
active at typical HPHT temperatures compared to normal mantle
residence temperatures (e.g., Ashfold et al. 2020) and proceed
at rates dependent on pressure and temperature, €.g., increasing
pressure slows the rate of C—A aggregation (Kiflawi et al.
1997). Moreover, HPHT treatments are conducted on extremely
short timescales (minutes to hours) compared to mantle residence
times for Type Ib diamonds (tens to hundreds of millions of
years). Although C—A aggregation is often induced during
HPHT treatment (Chrenko et al. 1977), complex vacancy- or
(self-)interstitial-assisted aggregation (that are active at only spe-
cific temperature ranges) may require annealing for significantly
longer times than what is possible during HPHT treatment.

IMPLICATIONS

Based on the results of this study, in addition to numerous
others completed over the last decade, it has become clear that
Y-centers represent a fundamental absorption system in most
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natural Type Ib + laA diamonds. As the exact identity and IR
absorptivity of the Y-centers remain unknown, the signal asso-
ciated with this defect is commonly neglected during routine
deconvolution (fitting) of the one-phonon region of Type Ib +

laA spectra. Using a new routine that incorporates the spectrum
of Y-centers during deconvolution, we demonstrate that fitting
all aggregated intensity in the 1130-1150 cm™! region with
the spectrum of only C-centers (and not Y-centers) can result
in an overestimation of Ny by more than 100 at. ppm and var-
iations in the N-aggregation state of ~£10 %IlaA. These errors
were determined for a sample set with an average Ny of
~100 at. ppm and could be much larger for samples with higher
Niot- These errors translate to potentially large variations in cal-
culated mantle residence times/temperatures (hundreds of Myr)
and may lead to erroneous interpretations about the P/7 (geologic)
history of Type Ib + laA diamonds and/or misleading interpreta-
tions based on agreement (or the lack thereof) with thermobaro-
metric data obtained from mineral inclusions in diamond.

Our data suggest that Y-centers are related to the (self-)intersti-
tial-assisted aggregation of C-centers and are likely composed of a
(self-)interstitial complex involving N$. Comparison of %¥ with %
TaA(Y) shows that Y-centers are an intermediate by-product of C-
to-A aggregation produced when %laA(Y)=0-40, and then are
consumed to produce A-centers where %laA(Y)=40-100. Our
results suggest IR peaks at 1353, 1358, 1363, 1374, and
1387 cm™! may be due to (self-)interstitial complexes involving
C; and N; atoms. A positive correlation between the normalized
intensity of the 1358 and 1387 cm™! peaks and %Y suggests that
Y-centers may involve a (self-)interstitial point-defect (complex)
involving both N;/C; and Ng. It follows that the 1358 and
1387 cm™! peaks may represent local vibrational modes of
the Y-center. The intensity of the 1358 cm™! peak decreases
with increasing %laA(Y) providing further evidence that (self-)
interstitials serve as an important reagent in the transformation
of C-centers to A-centers. Interestingly, in one study, upon HPHT
treatment, ¥Y-centers disassociate to produce C-centers and a 480
nm band, which has been attributed to substitutional O (or Ni);
however, no A-centers are produced. Although this behavior is
markedly different than what is observed here, temperatures, pres-
sures, and annealing times associated with HPHT treatment are
drastically different from those of the mantle residence environ-
ment of natural diamonds.

Although aggregation sequences involving interstitials gener-
ally have lower E, compared to vacancy-related sequences
(Kiflawi et al. 1996; Jones et al. 2015), it is possible that
vacancy-assisted aggregation dominates in diamond where the
vacancy content is significantly larger than the C; and N; content.
Moreover, (self-)interstitial-driven aggregation does not preclude
the involvement of vacancies, and it has been shown that vacancies
may expedite (self-)interstitial-assisted aggregation [e.g., sequence
(5.2)], and thus a combination of vacancy- and (self-)interstitial-
assisted aggregation (e.g., Dale 2015) is likely operative in most
Type Ib + laA diamonds. This is evidenced by several V-related
defects, such as N and VNg (or NV~ and V'N3), that are com-
monly observed in the UV and PL spectra of natural Type Ib dia-
monds and have been shown to form as intermediates during C—A
aggregation. However, the degree to which one type of aggrega-
tion mechanism dominates over the other will vary considerably
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based on the content (availability) of vacancies and interstitials,
which is related to the deformation and thermal growth history
of the diamond (Hull and Bacon 1984; Fisher et al. 2009; Smit
et al. 2018).

DATA AVAILABILITY

The Caxbd_Inherit_2024-1b Excel spreadsheet for deconvo-
luting the N-region of the FTIR spectra of Type Ib + IaA dia-
monds and Online Materials' Appendix A (Sections Al and
A2; Figs A1-A7), Appendix B (Figs. BI-B16), and Appendix
C (Tables C1 and C2) can be accessed online and from the
University of Padova repository at https://researchdata.cab.
unipd.it/id/eprint/1537. See also the Online Materials'.
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