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High-density supercritical fluid (HDF)-bearing diamonds, like the majority of different
diamond types, form in the continental lithospheric mantle (CLM) during metasomatic enrichment
events by carbon- and water-rich (C-O-H) fluids'2. Constraining the timing and nature of these
events is an ongoing challenge in our understanding of the CLM history, and depends on our ability
to constrain the age of HDF-bearing diamonds. To date, the limited available Sr-Nd-Pb isotopic
data on HDF-bearing diamonds do not offer straight-forward age significance®®. The incompatible
element-enriched nature of the included HDFs, alternatively, provide the opportunity to obtain (U-
Th)/He radiogenic ages for their host diamond and constrain the timing of C-O-H metasomatic

events in the CLM.



The budget of He in HDF-bearing diamonds

Possible sources contributing to the budget of He in an HDF-bearing diamond are: (1) initial
He trapped in the diamond lattice during formation; (2) implantation of “He from the surrounding
host rock; (3) ®He produced within the diamond lattice from cosmic ray impact; (4) in situ
radiogenic production of *He from U and Th decay and ®He from ®Li(n,0)*H — 3He, and (5) “He
and 3He trapped within inclusions. “He can be lost from the diamond due to recoil from the
outermost <25 um of a diamond, and both “He and ®He can be lost by diffusion. The budget of He

in a diamond can therefore be written as:
4HeTotaI:4HeDiamond lattice initial+4HeImplanted+4HeRadiogenic+4Helnclusions'4HeRecoiI'4HeDiffusion

and —

3 =3 3 3 3 3
HeTotaI— HeDiamond lattice initial T HeCosmogenic"’ HeNucIeogenic"' Helnclusions' HeDiffusion

The following paragraphs discuss the possible processes that can add He to or remove He from
diamonds, and their significance for determining the He content, isotopic compositions and (U-
Th)/He age determinations of the De Beers Pool and Finsch HDF-bearing diamonds that were

analyzed in the present study.

Contributions of He from the diamond lattice: Release of He (both *He and “He) from the
diamond lattice is possible upon diamond graphitization at ~2000 °C. Kurz et al.% showed that the
amount of “He released from gem-quality monocrystalline diamonds by crushing is ~2 orders of
magnitude lower than by burning the same diamond. To evaluate the contribution of He released
from the diamond lattice by our sequential crushing method, we crushed and analyzed gem-quality

diamonds and found that the amounts of He released are within blank levels, and 2-3 orders of



magnitude lower compared to the De Beers Pool and Finsch HDF-bearing diamonds analyzed.
Thus, He trapped in the diamond lattice has a minimal contribution to the budget of He released

by crushing HDF-bearing diamond.

Implantation of “He from the surrounding host rocks: Implanted “He (a-particles) produced
from radioactive decay of U and Th in the surrounding rock can penetrate <25 pm into a diamond’.
The damage to the diamond lattice is expressed as a unique green and brown surficial coloration®®.
The De Beers Pool and Finsch HDF-bearing diamonds have no visual radiation color-change.
Moreover, in the present study, inner fragments of the diamond samples were selected for analyses

to avoid the possible contributions of implanted “He from the outermost 25 pum.

Cosmogenic 3He: Spallation reactions that produce 3He in rocks occur predominantly within
a few meters of the Earth's surface'®!!. 3He production by spallation in diamonds is therefore
significant only within the upper few meters of the kimberlite diatreme or in alluvial diamonds.
On this basis, extremely high 3He/*He ratios (>100 Ra) obtained in alluvial diamonds have been
interpreted to result from in situ cosmogenic *He production at the surface'>*3; a connection that
was later confirmed!*. The studied De Beers Pool and Finsch HDF-bearing diamonds are from

deep mining and are therefore unaffected by cosmic ray spallation.

In situ production of “He and 3He in the diamond lattice: “He can be produced in situ from
U and Th decay within the diamond lattice. For a U content of 1 ppb and Th/U ratio of 3.5in a
diamond, only ~107 ccSTP g “He will be produced over ~4.5 Ga'®, an amount which is 1-2 orders
of magnitude lower than the measured concentrations in HDF-bearing diamonds. Moreover, given
more realistic U and Th concentrations of 0.15 and 0.45 ppb, respectively, in an inclusion-free

diamond?®, the *He contribution is negligible. 3He can be produced within the diamond by



SLi(n,0)®*H — He. Kurz et al.® calculated that over 90 Ma, an amount of *He=3x10" cc g™* will
be produced within a diamond containing 1 ppm Li, from the production of 2.5x10° neutrons by
Th and U decay within the kimberlite (assuming 5 ppm U and Th/U=3.5 in the kimberlite). Such
an amount of nucleogenic ®He is ~2 orders of magnitude lower than most of our measured *He
contents in De Beers Pool and Finsch HDF-bearing diamonds. Moreover, the amount of Li in
diamonds rarely exceeds ~200 ppb'/, thus a concentration of 1 ppm Li in a diamond is
unrealistically high, and the amount of *He produced by ®Li(n,a)*H — 3He will be much smaller

over much longer periods of time.

Loss of “He from the microinclusions due to a-recoil: *He produced by U-Th radioactive
decay are expected to move <25 pum within a diamond’. Thus, radiogenic “He atoms produced
within um-size C-O-H microinclusions can be implanted into the surrounding diamond matrix.
However, the fact that radiogenic He/*He signatures are observed in HDF-bearing diamond
measurements by crushing (Fig. 1; Supplementary Data 1) indicates that these radiogenic *He
atoms find their way back to the microinclusions. A reasonable explanation for such return is fast
diffusion of He through radiation-damaged diamond paths'®?°, compared to the very slow
diffusion in an ordered diamond lattice (diffusion of He in diamonds is discussed below). While
radiogenic “He will be lost from microinclusions located in the outer <25 um of the diamond, using
inner fragments of the De Beers Pool and Finsch HDF-bearing diamonds for He analyses avoids

such a loss.

Diffusive loss of He from diamonds: Luther and Moore®® were the first to experimentally
measure He diffusion in diamonds. Using He-irradiated synthetic diamonds they determined the
diffusion coefficient (D) to range between 10°-107 cm? s™. These fast diffusion rates result from

the radiation-induced damage to the diamond lattice!>®°. A set of industrial-grade diamonds

4



yielded slower diffusion rates (D=1.9x10"6 cm? st ¥° similar to diffusion rates determined in
carbonado diamonds (D=3x10"" cm? s at 1300 °C?") and chemical vapor deposition (CVD)
polycrystalline diamonds??). Much smaller D-values were determined for He in monocrystalline
diamonds at 1000-1300 °C (1-4x107?! cm? s 2%). Diffusion coefficients in HDF-bearing diamonds
have not been determined experimentally, however, considering the large range of possible He
diffusivities, between D=107° to 10! cm? s, this process may impact the diamond’s potential to
retain He over geological time scales and thus can influence its He content, isotopic compositions

and resolution of calculated (U-Th)/He ages.

Considering the above, the He budget for the studied De Beers Pool and Finsch HDF-bearing
diamonds, which are from deep mining, and whose inner fragments were crushed rather than

burned for He analyses, can be therefore simplified to:

4 —4 4
H €Total— H €inclusions™ H EDiffusion

and —

3 =3 3
H €Total— H €inclusions™ H €Diffusion

This He budget is consistent with previous conclusions that the prime source of He in HDF-bearing

diamonds is the microinclusions?*-2.



Supplementary Figures
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Supplementary Fig. 1: Helium diffusion profiles in a diamond as a function of time for different He

diffusivities. The change in *He and *He content and *He/*He isotopic ratio is presented for D=1021-108

cm?s, Different colored curves are for different ages, in Ma, equivalent to diamond formation age. Model

details are in Methods section — ‘Diffusion model of He in diamonds’.
calculations: r=2.5 mm, *Hei=1.1x10" mole g?, *“Hei=1x107° mole g, U=5x10""° mole g*, and Th/U=4.

The parameters used for all

These parameters are representative for the studied De Beers Pool and Finsch diamonds and available HDF-

bearing diamonds data#".
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Supplementary Fig. 2: U and Th concentrations in HDF-bearing diamonds from De Beers Pool and
Finsch mines. Small diamond symbols coded by color represent duplicate LA-ICP-MS analyses in
different microinclusions-bearing parts of the studied diamonds. The variations in U and Th concentrations
in a single diamond reflect variations in the spatial abundance of microinclusions, which is small for some
of the De Beers Pool and Finsch HDF-bearing diamonds and somewhat larger for others. The conservative
Th/U ratios for changing U and Th concentrations demonstrate the compositional homogeneity of the
trapped HDFs within a single diamond. Also shown are two diamonds from Jwaneng (samples 110 and
115) that were analyzed multiple times by LA-ICP-MS?8 (average compositions are shown) and by INAAZ,
which average a much larger diamond volume (and are considered as bulk analyses). The similarity
between the results of the two methods indicates that the bulk trace element composition of HDF-bearing
diamond can be closely represented by averaging a few laser ablation ICP-MS analyses of different parts

in the diamond.
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