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Abstract 

He-Ne-Ar compositions were determined in diamonds from the Argyle lamproite, Western 

Australia, to assess whether subducted material affects the noble gas budget and composition 

of stable old sub-continental lithospheric mantle (SCLM). Twenty diamonds (both peridotitic 

and eclogitic) were characterized for their carbon isotopic compositions and N abundance and 

aggregation from which 10 eclogitic growth zones and 5 peridotitic growth zones were 

analysed for their He-Ne-Ar compositions. The eclogitic diamonds have δ13C values of -4.7 to 

-16.6‰ indicating a subduction signature, whereas the peridotitic diamonds have mantle-like 

compositions of -4.0 to -7.8‰. Mantle residence temperatures based on N-in-diamond 

thermometry showed that the eclogitic diamonds were mainly formed at 1260-1270°C or 

above 1300°C near the base of the lithosphere, whereas the peridotitic diamonds generally 

formed at lower temperatures (mostly 1135-1230°C). A noble gas subduction signature is 

present to various extents in the eclogitic diamonds and is inferred from a hyperbolic mixing 

relationship between R/Ra and 4He and δ13C values concentrations with a predominance of 

low R/Ra values (<0.5; R/Ra = 3He/4Hesample / 3He/4Heair). In addition, low 40Ar/4He and 40Ar/36Ar 

ratios, high nucleogenic 21Ne/4He and low 3He/22Ne ratios are characteristic of subducted 

material and were found in the eclogitic diamonds. The peridotitic diamonds show generally 

higher R/Ra values (median 1.1 ± 1.1) and lower 4He/40Ar ratios compared to eclogitic 

diamonds (median 0.1 ± 0.8 R/Ra; with 7/10 samples having an average of 0.13  ± 0.14 R/Ra). 

The studied peridotitic diamond growth zones showed a negative correlation between R/Ra 

and 4He concentrations over 2 orders of magnitude and limited variation in 3He, that can be 

largely explained by radiogenic 4He ingrowth. At low 4He concentrations the R/Ra value is 
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around 2.8 for both paragenesis of diamonds and is significantly lower than present-day SCLM 

values, suggesting (1) a more radiogenic helium isotope composition beneath the Halls Creek 

Orogen than those for typical SCLM from other cratons and/or (2) that the peridotitic diamonds 

are formed from fluids that also had a subduction input. The high mantle residence 

temperature and low R/Ra value in the core and low temperature and higher R/Ra value in 

the rim of a single peridotitic diamond indicate multiple growth events and that part of the 

lherzolitic diamond population may be genetically related to the eclogitic diamonds. Combining 

the diamond mantle residence temperatures with noble gas compositions shows that noble 

gas subduction signatures are present at the base of the lithosphere below 180 km depth 

beneath Argyle and that fluid migration and interaction with the SCLM occurred over scales of 

at least 15 kilometres, between 180 and 165 km depth. 

 

Keywords: deep volatile cycles, lithospheric mantle, metasomatism, diamond growth, 

subduction 

 

1 Introduction 

Noble gases are volatile and incompatible in the Earth’s mantle, and for these reasons very 

sensitive indicators of the source components, partial melting, melt migration and mixing 

processes in the mantle. The distinct noble gas signatures of the upper mantle and 

crustal/atmospheric sources enable them to be used to trace the influence of subducted 

crustal materials and subsequent homogenization with the mantle. Previous studies have 

shown that the heavy noble gases (Ne, Ar, Kr, Xe) are subducted into the mantle (Holland and 

Ballentine, 2006; Kendrick et al., 2011; Kendrick et al., 2018). Noble gases are incompatible 

in minerals relative to fluids (e.g. Heber et al., 2007) and hence are largely lost from their 

mineral hosts in the subducting slab during metamorphic dehydration reactions and melt 

formation. Lower temperatures suppress dehydration, melting and diffusion, and therefore 

subduction of noble gases is most efficient along cold subduction zones (Smye et al., 2017) 

where the noble gases are carried down in serpentinite and amphibole minerals (e.g. Kendrick 

et al., 2011; 2015; Tolstikhin et al., 2016). The amount and depth of noble gas subduction 

beyond depths associated with arc magma genesis is, however, not well constrained. 

Additionally, it is not known to what extent the subduction zones affect the noble gas budget 

and composition of stable old sub-continental lithospheric mantle (SCLM). Diamonds lock in 
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noble gases during their formation in the SCLM and subduction zones, and can therefore 

provide valuable information to resolve these issues.  

Previous studies of noble gases in diamonds have been focused on fibrous and polycrystalline 

diamonds (e.g. Ozima and Zashu, 1983, Ozima et al., 1985; Honda et al., 1987; Burgess et 

al., 1998; Wada and Matsuda, 1998; Honda et al., 2004; Gautheron et al., 2005; Burgess et 

al., 2009; Honda et al., 2011; see review in Basu et al., 2013; Broadley et al., 2018; 

Timmerman et al., 2018), due to their abundant fluid inclusions and higher gas concentrations 

relative to monocrystalline or gem-quality diamonds. Polycrystalline diamonds are especially 

affected by loss of the light noble gases (Gautheron et al., 2005) and ingrowth of radiogenic 

noble gases, and are therefore not suitable for investigating subduction influences. Noble gas 

studies on monocrystalline diamonds of known paragenesis and location are, however, very 

scarce. McConville et al. (1991) studied composite (several different diamonds combined) 

monocrystalline diamonds of unknown paragenesis from the Argyle deposit, but these were 

affected by 4He implantation from surrounding U-Th rich material in the case of diamonds 

mined from the pipe and cosmogenic 3He for the alluvial diamonds, and therefore the helium 

results are not readily interpretable. Honda et al. (2012) determined noble gas compositions 

of three industrial-grade monocrystalline diamonds from Argyle of possible eclogitic 

paragenesis and proposed a subduction influence. Kurz et al. (1987) found the helium isotope 

data of two peridotitic and two eclogitic diamonds from Orapa to be indistinguishable, though 

some differences are clearly visible in the step-heating experiments of that study. As a result, 

a larger-scale study of the noble gas compositions of well-characterised diamonds is 

warranted. The Argyle diamond deposit was chosen for our research as it is ideal for such a 

study because of a distinction in residence temperatures between eclogitic and peridotitic 

diamonds, with eclogitic diamonds being indicated as formed at the base of the SCLM with a 

subduction influence and peridotitic diamonds formed mainly at shallower depths (Jaques et 

al., 1989a; Stachel et al., 2018). 

In this study we present a combined carbon isotope and nitrogen content and aggregation 

state study along core to rim profiles of twenty Argyle diamonds to assess whether the 

diamonds were formed in single or multiple growth events. The samples are characterized by 

paragenesis based on mineral inclusions and carbon isotope compositions, and for their 

mantle residence temperatures based on nitrogen systematics. Subsequently He and Ar 

isotope analyses were performed on the major growth zones of 8 eclogitic and 3 peridotitic 

diamonds. The present study is the first systematic study to compare helium and argon isotope 

compositions of eclogitic and peridotitic monocrystalline diamonds collected from the same 
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kimberlite or lamproite pipe with the aim of evaluating the influence of subduction of noble 

gases on the sub-continental lithosphere noble gas composition.  

 

2 Geological background 

The major Argyle diamond deposit is hosted in the AK1 lamproite pipe, located in the 

Proterozoic Halls Creek orogenic belt at the margin of the Kimberley Craton in northwest 

Australia. The lamproite erupted around 1.18 Ga (1178 ± 47 Ma based on Rb-Sr phlogopite – 

whole rock isochron; Pigeon et al., 1989; Rayner et al., 2018) and ascended through a 

depleted Archean sub-continental lithospheric mantle (Luguet et al., 2009; Jaques et al., 

2018). Argyle peridotite xenoliths have low FeO and Al2O3 contents that are evidence of a 

depleted mantle, and record equilibration temperatures and pressures of 1050-1330 °C and 

4.8-6.1 GPa (equal to depths of 150-200 km; Jaques et al., 1990; Luguet et al., 2009; Jaques 

et al., 2018). Peridotitic silicate inclusions in Argyle diamonds have equilibration temperatures 

within this range (1120° to 1230°C at 5 GPa; Jaques et al., 1989a, 1994; Stachel et al., 2018) 

and the extent of nitrogen aggregation of peridotitic diamonds gives a mantle residence 

temperature of 1250 ± 60 °C. Trautman (1999) obtained similar mantle residence 

temperatures (1250-1300 oC) for microdiamonds recovered from Argyle peridotite xenoliths. 

Rhenium-osmium dating indicates an Archean age for the peridotite xenoliths (Graham et al., 

1999) with most having rhenium depletion model ages (TRD) of 2.3-3.2 Ga (Luguet et al., 2009).  

 

While eclogitic diamonds form the majority of the diamond population at Argyle (>90%), no 

eclogitic xenoliths have been recovered. Eclogitic silicate inclusions in Argyle diamonds show 

a wide range of compositions and equilibration temperatures of 1085-1350 °C (Jaques et al., 

1989a; Stachel et al., 2018). High K2O contents found in many omphacite inclusions indicate 

formation at high pressures of 6-6.5 GPa near the base of the lithosphere (Jaques et al., 

1989a; Luguet et al., 2009). Stachel et al. (2018) reported 3 garnet inclusions (2 eclogitic, 1 

peridotitic) with a small majorite component indicating formation at slightly higher pressures 

(up to ~8 GPa). Another Argyle eclogitic diamond with a two-phase garnet-omphacite inclusion 

was inferred to have re-equilibrated from former majorite garnet at an even higher formation 

pressure of 9 GPa, equivalent to ~300 km depth (Bulanova et al., 2018). Nitrogen aggregation 

in eclogitic diamonds indicates mantle residence temperatures of 1085-1366 °C (at a 

residence time of 0.4 Ga; Taylor et al., 1990; Viljoen, 2002), with the majority residing at 1250-

1300 °C consistent with an origin near the base of the lithosphere (Bulanova et al., 2018; 

Stachel et al., 2018). Pooled eclogitic garnet and clinopyroxene inclusions yield a Sm-Nd age 

of 1580 ± 60 Ma (Richardson, 1986). As noted by Luguet et al. (2009) this age does not appear 

to be associated with significant geological events in the Halls Creek Orogen or elsewhere on 
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the Kimberley Craton but does coincide with major thermal and tectonic events involving 

crustal shortening that affected other terranes of the North Australian Craton (see for example 

Betts and Giles, 2006; Cawood and Korsch, 2008). Subduction at the Kimberley Craton margin 

is inferred to have occurred in the early Paleoproterozoic and was followed by collision and 

terrane accretion during the Hooper (1870–1850 Ma) and Halls Creek (1835–1805 Ma) 

orogenies that marked the collision and amalgamation of the Kimberley craton with the 

remainder of the North Australian craton (e.g., Griffin et al., 2000; Cawood and Korsch, 2008; 

Tyler et al., 2012). It has long been proposed that the eclogitic diamond population at Argyle 

was formed from subducted crustal carbon as the eclogitic diamonds have predominantly light 

C isotope compositions (-5 to -19 ‰, with most ~-11 to -12 ‰; Jaques et al., 1989a; Stachel 

et al., 2018). Other evidence for a subduction-related origin for the Argyle eclogitic diamonds 

are their noble gas compositions (low 40Ar/36Ar, absence of 129Xe/130Xe anomalies; Honda et 

al. 2012), the association of heavy O isotope compositions in garnet and coesite (+6 to +16 ‰) 

with light carbon in the diamonds (Schulze et al., 2013), and positive Eu/Eu* anomalies and 

low Yb contents (attributed to plagioclase accumulation in mafic protoliths; Stachel et al., 2018) 

in eclogitic garnet inclusions from Argyle. For more information on major elements and trace 

elements of inclusions in Argyle diamonds, and on the geology of Argyle and the area, the 

reader is referred to Hall and Smith (1985), Griffin et al. (1988), Jaques et al. (1989a); Stachel 

et al. (2018), Rayner et al. (2018) and Jaques et al. (2018).  

 

3 Materials and methods 

3.1 Samples 

Twenty diamonds from Argyle were studied for their internal structure by 

cathodoluminescence (CL), mineral inclusions by Raman spectroscopy and electron 

microprobe (EPMA), carbon isotope compositions by ion microprobe (SHRIMP-SI), and 

nitrogen systematics by Fourier transform infrared spectroscopy (FTIR). Subsequently, growth 

zones (n=15) were selected for further helium and argon isotope analyses, based on relatively 

homogeneous carbon isotope compositions of individual major growth zones and sufficient 

material available for noble gas measurements.  

An overview of the studied samples is provided in Table 1 and Fig. A1. The first 12 sample 

numbers starting with ‘A’ are whole diamonds kindly provided by Argyle Diamond Mines Ltd. 

These samples were cut along the (110) crystallographic plane into a central plate (varying 

between 0.8 and 1.5 mm in thickness, except for A17 from the suite studied by Jaques et al., 

1989a that was >2.5 mm) plus off cuts at Laseredge Services in Antwerp, and subsequently 
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polished at the Australian National University (ANU). The latter 8 samples with the prefix  ‘Arg’ 

were off cuts or central plates provided by Argyle Diamonds Ltd for research by G. Bulanova 

and C.B. Smith. Central plates of samples Arg-36, Arg-26, Arg-006, Arg-41, Arg-89 were 

previously studied by Bulanova et al. (2018) by techniques indicated in Table 1. A detailed 

FTIR study of sample Arg-26 was previously undertaken by Kohn et al. (2016).  

3.2 CL imaging, Raman and EPMA 

Internal structures of the diamond central plates and off cuts were recorded by 

cathodoluminescence imaging, with a Robinson CL detector on a JEOL JSM-6610A scanning 

electron microscope at ANU. Inclusions were identified with Raman and EPMA. A coesite 

inclusion in Argyle sample A52 was identified with micro-Raman, where a laser with a 

wavelength of 532 nm was used on a Renishaw inVia™ confocal system at ANU. Exposed 

mineral inclusions were analysed for their major element composition (Table 2) on a Cameca 

SX100 Electron Probe Microanalyzer, with a beam current of 20 nA and an acceleration 

voltage of 15 kV, and on a JEOL 8530 FE EPMA with a beam current of 10 nA and an 

acceleration voltage of 15 kV. The elements on the Cameca were calibrated using the 

standards sanidine (Na, K), MgO (Mg), CaAl2O4 (Ca, Al), apatite (P), TiO2 (Ti), Cr2O3 (Cr), 

rhodonite (Mn), SiO2 (Si), Fe (Fe), and internally checked using San Carlos olivine and other 

international EPMA reference standards (augite, hornblende, and garnet; Jarosewich et al., 

1980). The elements on the JEOL were calibrated using sanidine (Si, Al, K), diopside (Ca), 

chromite (Cr), rutile (Ti), apatite (P), periclase (Mg), rhodonite (Mn), and hematite (Fe), and 

checked with almandine garnet standards. Counts were transferred into concentrations using 

the X-Phi correction routine.  

3.3 SHRIMP 

Carbon isotope compositions were measured on in-situ spots (Table A1) with a 

15 keV Cs+ primary beam and a current of 13 nA on the Sensitive High Resolution Ion 

Microprobe – Stable Isotopes (SHRIMP-SI) at ANU. The SHRIMP-SI has a mass resolution 

of >5000 (m/∆m) and can therefore separate 13C− from 12CH− ions. For each analysis the 

background was measured in 6 scans of 20 seconds each, followed by optimizing the beam 

and data collection in 6 scans of 20 seconds each. The diamond standard MC08 was used as 

the primary calibration standard (δ13CPDB = −8.85 ± 0.19 ‰ (n = 37); standard from Stern et 

al., 2014). The stability of the instrument was monitored with an in-house nano-polycrystalline 

diamond (BS249; Irifune et al., 2003), which yielded δ13CPDB = −24.91 ± 0.32 ‰ (n = 70).   
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3.4 FTIR 

Multiple spots were analysed for nitrogen content and aggregation state on core-rim traverses 

for each studied diamond (Table A2) on a Bruker Tensor 27 Hyperion FT-IR spectrometer 

attached to a Hyperion2000 microscope. This FTIR instrument has a 15x condenser lens, KBr 

beam splitter, and a liquid N2 cooled MCT detector. Spectra were taken from 4000 to 650 cm-

1 wavelength with a resolution of 2 cm-1 and a 50 μm spot size. The spectra were processed 

and deconvolved using DiaMap (Howell et al., 2012a, b), where each spectrum was fitted to 

a type IIa diamond spectrum in the two-phonon region by finding the minimum between 1990 

and 1995 cm-1 wavelength and normalised to an absorption of 11.94 for 1 cm thickness. The 

nitrogen area was fitted with A, B, and D components and concentrations were calculated with 

conversion factors of 16.5 for A and 79.4 for B (Boyd et al., 1994; Boyd et al., 1995).  

3.5 Noble gas mass spectrometry 

Diamond fragments were cleaned at 120°C in concentrated HF, HNO3, and 6 M HCl 

respectively over several nights, to remove any adherent material. After drying, weighing and 

wrapping in tin foil, the samples were loaded into a metal sample cursor that is connected to 

a high temperature double-vacuum tantalum furnace on-line to a high mass resolution (>1800) 

multi collector Helix-MC Plus noble gas mass spectrometer. The furnace section was 

subsequently baked at 150°C for 2 days and the Ta crucible was degassed for 5 hours each 

day for 5 days at 2000°C.  

Details of the Helix-MC Plus set-up at ANU can be found in Zhang et al. (2016) and Zhang 

and Honda (2017). The general settings of the mass spectrometer were an acceleration 

voltage of 9.9 kV and source slit width of 0.1 mm. For the measurement of procedural hot 

blanks and diamond fragments the furnace was initially heated to 800 °C in dynamic operation 

to pump out gases released from surfaces of the diamond sample, tin wrapping, and crucible, 

and directly heated further to 2000 °C in static operation (60 min for heating to 2000 °C – 

settling 25 min at 2000 °C – 30 min for cooling) to release gases from the sample. The noble 

gases were purified by NP10 SAES getters and physically adsorbed to a Janis cryogenic 

charcoal system at 10 K and subsequently noble gases were released separately, starting 

with He at 40 K, followed by Ne at 115 K, and Ar at 250 K. A charcoal finger on-line to the 

mass spectrometer was held at liquid N2 temperature to reduce isobaric interferences during 

He and Ne isotope analysis.  

Helium data were collected in 20 cycles by peak jumping on the Faraday detector with a 1012 

Ohm feedback resistor (4He) and CDD detector (3He) on the H1 collector, with a lower mass 

resolution of 1000. A calibrated small volume of neon was admitted into the mass 

ACCEPTED MANUSCRIPT



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

spectrometer to adjust the collector positions for H2 (22Ne+) and L2 (20Ne+). Subsequently the 

remaining volume fraction of neon was measured for 10 cycles in multi-collector mode. In a 

similar way argon data were collected for 20 cycles, with 40Ar on the Faraday detector on H2, 

38Ar on the AX CDD and 36Ar on the L2 CDD. Peak centering was done every 2 cycles for 

helium and neon, and every 4 cycles for argon.  

 

 

3.6 Error propagation and blank contributions in noble gas analyses 

Procedural hot blank levels at 2000 °C were <9.7x10-12 ccSTP for 4He, 1.5-2x10-14 ccSTP for 

3He, 4.6-5.3x10-12 ccSTP for 20Ne, 2.7-7.3x10-9 ccSTP for 40Ar and 8.3-22x10-12 ccSTP for 36Ar. 

Blank contributions, relative to the total gas measured, were 0-0.5% for 4He, 21-86% for 3He 

(2 samples had no detectable 3He above blank), and 30-80% for 40Ar. The good reproducibility 

of the 3He blank allows for reliable blank corrections. Argon results with a blank contribution 

of more than 80% for 40Ar are excluded from Table 3. The argon blank decreased linearly over 

the 3 months of noble gas analyses and therefore a time-dependent blank correction was 

made (see the graphs in the Supplementary information A4 ‘noble gas raw data’). In the case 

of neon, only sample A50-1 had neon contents significantly above blank level with a 61% 

blank correction for 20Ne (results described in section 4.4); neon results from all other samples 

had >88% blank correction and were discarded. 

 

The data were corrected for CO2
++ interferences (in the case of Ne analyses), total procedural 

blank, sensitivity and mass discrimination (based on the HESJ standard for He; Matsuda et 

al., 2002 and a small Heavy Air gas standard for Ne and Ar), with fully propagated errors 

following error propagation laws. Details on the error propagation are provided in Appendix – 

Table A3. 

 

4 Results 

4.1 Diamond external and internal morphology 

The samples in this study are colourless or brown (Fig. A1) with octahedral-dodecahedral 

morphologies. Diamond A56 was a macle. Most of the diamonds in the present study have 

frosting and trigonal or hexagonal pits. Cathodoluminescence images revealed that the 

internal structure of the peridotitic diamonds show clear tangential growth without significant 

distortion or evidence of stress (this study; Bulanova et al., 2018). Resorption of growth layers 

has occurred internally (Arg89) and externally (Arg41).  
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The CL images of the eclogitic diamonds are more complex (Fig. 1; Bulanova et al., 2018). 

While most eclogitic samples show tangential (layer-by-layer) growth, there are often distortion 

and elongations present (A50, A51, A52, A53, A56, A57, A60, Arg43; Fig. 1). These features 

are evidence of plastic deformation and thus a high stress environment. Distorted, rounded 

and unclear growth structures are present in A50, A51, A52, and A53. Internal resorption is 

also very common (A50, A51, A53, A56, A57, A58, Arg26, Arg36, A2-010). Several samples 

have multiple ‘seeds’ in the centre of the diamond, prior to growth layers around all the 

seedlings (A51, A53, A56, A57, A59). Cathodoluminescence images are given Figure 1, where 

the FTIR and SHRIMP-SI spot analyses locations are also indicated.  

 

4.2 Paragenesis 

The majority (~90%) of the diamonds recovered at the Argyle mine have an eclogitic 

paragenesis (Hall and Smith, 1985; Jaques et al., 1989a; Stachel et al., 2018). As this study 

is focused on comparing eclogitic and peridotitic diamonds, the sampling is biased with a 

deliberate over-representation of peridotitic diamonds. Division into the established peridotitic 

and eclogitic suites (e.g. Meyer, 1987) was based on the mineral inclusions found in the 

studied diamonds. Eclogitic garnet, eclogitic clinopyroxene or coesite were identified by 

Raman or EPMA analyses in 11 diamonds. The analysed pyrope-almandine garnet inclusions 

have compositions with low Cr2O3 contents (<0.1 wt%), a limited range in CaO contents (9.0-

13.1 wt%), a large range in magnesium numbers (46-70; where Mg# = Mg/[Mg+Fe]*100), and 

belong to the eclogitic suite (Table 2). Diamond A17 also shows variation in the composition 

of included garnets (Table 2; Jaques et al., 1989a). Higher Na2O and TiO2 contents (up to 1.2 

wt%; A54, A59) and a slight excess of Si are found in some of the garnets (A54) and indicate 

equilibration at higher temperatures and pressures (Bishop et al., 1978) in the sub-continental 

lithospheric mantle (<7 GPa). All these compositions fall within the compositional range of 

Argyle mineral inclusions previously recorded (Jaques et al., 1989a; Stachel et al., 2018). 

Olivine inclusions, belonging to the peridotitic suite, were identified in 3 diamonds and had 

magnesium numbers of 92-93 (Table 2 this study; Table 1 of Bulanova et al., 2018), but it is 

unknown whether they are harzburgitic or lherzolitic.  

 

4.3 Carbon isotope compositions 

Previous studies have shown that diamonds from Argyle have a distinct carbon isotope 

distribution with a range of -3.7 to -10.5‰ for peridotitic diamonds and -5 to -18.7‰ but with a 
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pronounced mode at -11 to -12‰ for eclogitic diamonds (Jaques et al., 1989a; Bulanova et 

al., 2018; Stachel et al., 2018). Peridotitic diamonds have been sub-divided into lherzolitic and 

harzburgitic paragenesis based on mineral inclusions and show some distinction in carbon 

isotope values of -10.5 to -4‰ and -7 to -4‰ respectively (Stachel et al., 2018). Based on the 

distinction in carbon isotope values, diamonds A53, A50, A55, and A58 are likely eclogitic 

considering their light carbon isotope values of -11.6, -12.3, -12.4 and -13.1‰ respectively 

(Table 1; Appendix Table A1). These carbon isotope compositions fall within the range of the 

previous studies, with individual analyses ranging from -4.0 to -7.8‰ for peridotitic and -4.7 to 

-16.6‰ for eclogitic diamonds. Intra-diamond carbon isotope variations are limited to <2‰ for 

10 diamonds and 2-4‰ for the other 10 diamonds in this study (Appendix Table A1, Figure 

A2).  

 

4.4 Nitrogen content and aggregation state 

Our results of the diamond nitrogen content and aggregation state for individual spot analyses 

are given in Appendix Table A2 and Figure A2, with the minimum and maximum values for 

each sample provided in Table 1. All the studied diamonds have A-centres (pairs of nitrogen 

atoms) and/or B-centres (four nitrogen atoms around a vacancy), with the aggregation state 

expressed as %B (= 100*B / (A+B)). The eclogitic diamonds have contents of 15-888 at.ppm 

N and aggregation states of 46 to 100 %B (average 87 %B), whereas the peridotitic diamonds 

have 30-1439 at.ppm N (this study; Bulanova et al. 2018) and 15-100 %B (average 67 %B; 

Fig. 2). The generally higher N aggregation state of the eclogitic diamonds compared to 

peridotitic diamonds is consistent with previous FTIR studies of Argyle diamonds (Taylor et 

al., 1990; Viljoen, 2002; Bulanova et al., 2018; Stachel et al., 2018). As only spot analyses 

were conducted along core-to-rim traverses, it is likely that not all micro-heterogeneity was 

sampled, as is shown by the more limited variation found in this study for diamond Arg26 (73-

80% IaB) compared to the variation found in the same diamond (58-98% IaB) by a more 

detailed study undertaken by Kohn et al. (2016). The N content and aggregation variation in 

individual diamonds presented in this study therefore records only larger scale perturbations, 

which is sufficient for the aim of our study. 

 

4.5 Helium and argon isotope compositions 

The helium and argon concentrations and isotope compositions of 15 major diamond growth 

zones from 11 of the diamonds studied are provided in Table 3. Based on the above defined 
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parageneses for the Argyle diamonds of this study, the noble gas systematics are described 

separately for peridotitic and eclogitic diamonds. The peridotitic diamonds have a limited 

variability in 3He concentrations of 1.1-6.6 x 10-12 ccSTP/g (cm3/g at standard temperature and 

pressure), and R/Ra values of 0.3-3.1 (Fig. 3a). In contrast, the eclogitic diamonds have an 

order of magnitude larger range in 3He concentrations (0.2-53 x 10-13 ccSTP/g) and R/Ra 

values of <0.01 to 23.3 (Table 3). Both peridotitic and eclogitic diamonds in this study exhibit 

a correlation between R/Ra and 4He (Fig. 3b), as was previously found in two eclogitic Orapa 

gem diamonds by Kurz et al. (1987).  

 

The neon concentrations of most samples were at or below the total procedural blank and are 

therefore not shown or discussed. Only eclogitic diamond A50-1 had neon concentrations 

significantly above blank (7.9 x 10-12 ccSTP/g 22Ne) and an isotopic composition of 12.45 ± 

1.64 for 20Ne/22Ne and 0.0719 ± 0.0179 for 21Ne/22Ne (1SD), which may indicate a contribution 

of a nucleogenic Ne component slightly larger than those found in MORBs, though the isotopic 

compositions are within error of the air-MORB mixing line (Fig. 4; Sarda et al., 1988). The 

40Ar/36Ar ratios are low for both peridotitic (258-5955) and eclogitic (243-765) diamonds. Some 

values are lower than the present-day atmospheric 40Ar/36Ar ratio of 298.6 (Lee et al., 2006) 

but are theoretically possible given that in the Archaean atmospheric argon compositions were 

lower (40Ar/36Ar of ~240-260 at 1.6 Ga, 167-211 at 3.0 Ga; Pujol et al. 2013). Argon ratios 

close to the atmospheric value have been found previously in Argyle gem diamonds (40Ar/36Ar 

= 301-1147; Honda et al., 2012; McConville et al., 1991).   

 

5 Discussion 

5.1 Variation in N systematics and δ13C 

Nitrogen aggregates in the diamond from single nitrogen atoms (C-centre) to pairs of nitrogen 

atoms (A-centre) to four nitrogen atoms around a vacancy (B-centre), and is dependent on 

time, temperature and nitrogen concentrations (Evans and Harris, 1989; Taylor et al., 1990). 

After about 200 Ma the nitrogen aggregation becomes relatively insensitive to time (Navon, 

1999). Thus, nitrogen systematics are more useful as a thermometer than to constrain exact 

time differences between growth events. Mantle residence temperatures are calculated (Table 

A2) with the nitrogen aggregation thermometer (using values from Taylor et al., 1996) and 

platelet degradation thermometer (Speich et al., 2018). Isotherms and residence temperatures 

were determined with mantle residence times of 0.4 Gyr for eclogitic diamonds and 0.4 and 

2.0 Gyr for peridotitic diamonds based on the difference between the lamproite eruption age 

(1.18 Ga; Pigeon et al., 1989) and diamond and xenolith formation ages (see section 2 
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Geological background). As multiple diamond-forming events occur in the mantle beneath 

other diamond mines (e.g. Pearson et al., 1998; Wiggers-de Vries et al., 2013; Timmerman et 

al., 2017), this is probably also the case in the mantle beneath Argyle. There is currently only 

limited diamond age data available for Argyle and for this reason we have calculated residence 

temperatures for both 0.4 and 2.0 Gyr residence times for peridotitic diamonds.  

The studied peridotitic diamonds show mantle residence temperatures of 1231-1350, ~1135, 

and ~1200°C for samples Arg006, Arg41, Arg89, respectively, using the nitrogen aggregation 

thermometer and 2.0 Gyr residence time. Slightly higher temperatures (1277-1350, ~1175, 

and 1245°C) are calculated for these samples using a 0.4 Gyr residence time. Temperatures 

calculated with the platelet degradation thermometer are mostly comparable to temperatures 

of the nitrogen aggregation thermometer and within error (Table A2) using the uncertainties 

stated in Speich et al. (2018). The eclogitic diamonds, on the other hand, show residence 

temperatures of 1220-1360°C with most samples around 1260-1270 or above 1300°C. This 

confirms previous findings of mantle residence temperatures based on N of Argyle diamonds 

(Taylor et al., 1990; Viljoen, 2002; Bulanova et al., 2018; Stachel et al., 2018), with eclogitic 

diamonds formed mostly near the base of the lithosphere and at higher temperatures relative 

to most Argyle peridotitic diamonds, regardless of using a 0.4 or 2.0 Gyr residence time.  

5.1.2  Intra diamond variations 

Nitrogen concentrations vary widely within some of the studied diamonds, but generally 

decrease towards the rim (Fig. A2). Individual diamonds show a limited carbon isotopic 

variation internally (all <4‰ variation). There are limited systematic changes and coupling 

between N and δ13C values. The observed large decreases in nitrogen content but insignificant 

changes in carbon isotope compositions within major growth zones can be caused by small 

amounts of Rayleigh fractionation processes, as was shown by Smart et al. (2011). Many of 

the studied diamonds do, however, show higher δ13C values in their rims with respect to their 

cores (9/20 diamonds higher, 3/20 diamonds lower, 8/20 diamonds no significant difference 

with <0.4‰), possibly indicating that some of the fluids that formed the rims of these diamonds 

had interacted more extensively with mantle material causing a change towards more mantle-

like δ13C values. Further evidence for multiple diamond growth events comes from their 

changes in residence temperatures. The eclogitic diamonds A50 and A60 showed a range of 

temperature decreases from core to rim (1324  1262 °C and 1254  1220 °C respectively), 

indicating multiple growth events but from fluids with similar carbon isotope compositions. The 

temperature decreases from core to rim (>1340  1231 °C; Fig. 2) but similar δ13C values in 

peridotitic diamond Arg-006 can be explained by the same process. The precision of the 

residence temperature calculated from N systematics is better than ±20°C in the case of Arg-
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026 (Kohn et al., 2016) and is better for diamonds with higher nitrogen contents (> 100 

at.ppm).  

 

Core-rim traverses for N content, residence temperature, and δ13C values of the Argyle 

diamonds studied are provided in the Appendix Fig. A2. While detailed evaluations of the N 

systematics and δ13C values and assessment of likely Rayleigh fractionation and fluctuations 

in the nitrogen and carbon composition of the fluid are not the focus of this study, the N 

systematics and δ13C values are important in assessing diamond growth and selection of 

growth zones appropriate in terms of homogeneity for noble gas analyses. It can be concluded 

from the variations identified that both the eclogitic and peridotitic diamond populations are 

formed in multiple growth events. This is important for the discussion below on 4He ingrowth 

and comparing eclogitic and peridotitic diamonds. The N-δ13C variation also shows more 

dating studies are needed to determine the number and timing of the various diamond growth 

events in the mantle beneath Argyle.    

 

5.2 Differences in He-Ar between eclogitic and peridotitic diamonds 

The 3He concentrations of most peridotitic diamonds are higher than for eclogitic diamonds 

(Fig. 3a). The studied peridotitic diamonds have a similar range in 4He concentrations to the 

eclogitic diamonds, but for a given 4He concentration the R/Ra value (Fig. 3b) and 40Ar 

concentration is equal to or higher than for those in the eclogitic diamonds. The range and 

difference in helium and argon concentrations and He isotopic compositions between 

peridotitic and eclogitic diamonds is not caused by 4He implantation from neighbouring U-Th 

rich minerals (affecting the outer 27 μm of the diamond; Shelkov et al., 1998), as for all 

samples the outermost rim (30-50 μm) of the diamonds was removed. Cosmogenic 3He 

production post-emplacement can also be discounted. All the diamonds studied were likely 

recovered from mining of the Argyle AK-1 pipe (rather than associated alluvial deposits that 

were mined up until 2003). The exception is sample A17 from the earlier study (Jaques et al., 

1989a), which was recovered before 1985 and may have come from the alluvial deposits. The 

unusual high R/Ra of 23.3 and higher 3He concentrations of this eclogitic sample A17-1 is 

therefore most likely the result of and can be explained by addition of a cosmogenic 3He 

component formed by nuclear reactions with cosmic rays near the Earth’s surface. Two 

models that may explain the difference in He-Ar between peridotitic and eclogitic diamonds 
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are (1) in-situ radiogenic 4He ingrowth post-diamond formation and (2) formation of fluids with 

different chemical compositions. These two possibilities are evaluated below. 

 

5.2.1 In-situ radiogenic 4He ingrowth post-diamond formation 

R/Ra values lower than those in the SCLM can be caused by in-situ radiogenic 4He ingrowth 

after diamond formation. Estimations of the amount of radiogenic 4He ingrowth since diamond 

formation can be made based on U and Th concentrations and the diamond and xenolith ages. 

For this evaluation we have used ages of 1600 Ma and 2200 Ma for eclogitic and peridotitic 

diamonds respectively. Upper limits are provided by the third quartile values (6.6 ppb Th and 

<LOQ U; maximum 1 ppb) of the ‘dirtiest’ (most inclusion-rich) Argyle monocrystalline 

diamonds measured with on-line LA-ICP-MS by Rege et al. (2010). This results in 4.8 x 10-7 

ccSTP/g 4He after 1600 Ma and 6.7 x 10-7 ccSTP/g 4He after 2200 Ma. This corresponds to 

11-74 % of the total 4He for 11 samples and 100% for 4 samples of the measured 

concentrations. Median values of monocrystalline African and Canadian diamonds (0.20 ppb 

U) measured by off-line LA (Timmerman et al. 2019; Krebs et al., 2019) likely provide a more 

realistic estimate of U-Th concentrations we can expect in the Argyle diamonds in this study. 

Decay over 1600 (E-type) and 2200 (P-type) million years from these U-Th concentrations 

results in 9.16 x 10-8 ccSTP/g 4He and 1.27 x 10-7,ccSTP/g 4He respectively. This contributes 

1.9-10% of the total observed 4He for 7 of the 10 eclogitic diamond growth zones and 41.8-

56.8% for the other 3 of the 10 eclogitic diamond growth zones. For peridotitic diamonds it 

makes up 2.1-5.8% (n=4) and 51.3% (n=1) of the total 4He. This shows radiogenic 4He 

ingrowth after diamond formation likely plays only a small role in three quarters of the samples 

but potentially a  significant role in a quarter of the samples in the observed  R/Ra value. The 

region where radiogenic 4He ingrowth becomes significant for the eclogitic and peridotitic 

diamonds is shown in Figure 3c. 

 

In R/Ra-4He space the peridotitic diamonds and eclogitic diamonds both form trends (Fig. 3b), 

with lower R/Ra values present in samples with higher 4He concentrations. As most eclogitic 

Argyle diamonds are likely formed in the same growth event, and the peridotitic diamonds are 

possibly related to each other, the role of radiogenic 4He ingrowth can be evaluated further by 

modelling radiogenic ingrowth from a set initial R/Ra value and the median 3He content. An 

initial R/Ra value of 4 was chosen, and 3He contents of 5.6x10-13 and 4.1x10-12 ccSTP/g for 

the eclogitic and peridotitic diamonds respectively. The formula of Graham et al. (1987; 4He* 

= 2.8x10-8 x 7.35 x U (ppm) x t (Myr)) was used for modelling the ingrowth, with a Th/U ratio 

of 3, 1600 Myr (E-type) and 2000 Myr (P-type) and varying U contents. While the modelled 
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curves (Fig. 3b) can reproduce most of the data, the amount of U (12 ppb for P-type, 15 ppb 

for E-type) needed to produce the lowest observed R/Ra values is an order of magnitude 

higher than the bulk of the literature range for gem-quality diamonds (<1.2 ppb U n=28, only 

one sample had 15 ppb; Timmerman et al., 2019; Krebs et al., 2019). In addition, the plotted 

modelled curves are R/Ra values versus the ingrowth of 4He, which is shifted relative to curves 

of R/R values versus total 4He (initial+ingrowth) and would result in a poor fit for the peridotitic 

diamonds. The appropriateness of radiogenic ingrowth curves for the Argyle samples can be 

assessed using R/Ra values versus the reciprocal of the helium concentration. Mixing trends 

are hyperbolic in R/Ra vs [He] and linear in R/Ra vs 1/[He] space, whereas radiogenic decay 

trends are curved in R/Ra vs [He] and remain curved in R/Ra vs 1/[He]. Figure 3d shows that 

a mixing line shows a better fit than the radiogenic growth curve for the eclogitic diamonds, 

particularly at lower helium concentrations (higher 1/[He]), and thus a mixing process is 

involved in the fluids that form the eclogitic Argyle diamonds.  

 

However, the peridotitic Argyle diamonds show a negative correlation between R/Ra and 4He 

concentrations over 2 orders of magnitude and only less than 1 order of magnitude variation 

in 3He (Fig. 3a), suggesting this could largely be caused by radiogenic ingrowth. The lower 

R/Ra values of the cores of peridotitic diamonds Arg-006 (0.3 R/Ra) and Arg-41 (1.1 R/Ra) 

relative to their rims (1.8 and 3.1 R/Ra, respectively), might indicate older cores that had more 

time for radiogenic 4He ingrowth. Nitrogen systematics of diamond Arg-006 indicates an age 

gap between core and rim, so the additional 4He in the core could potentially be accounted for 

by greater radiogenic ingrowth. Arg-41 shows no age gap between core and rim and therefore 

the higher R/Ra of the rim must be due to a lower (U+Th)/3He ratio of the diamond forming 

fluid, a change that may coincide with the decrease in N concentration (Table A2). 

 

5.2.2 Different fluid compositions for formation of peridotitic and eclogitic diamonds 

As mixing may be involved, we evaluate what sources are likely involved, based on the 

chemical evidence from this and previous studies. The distinction in fluid compositions 

between the peridotitic and eclogitic diamonds is evident in plots of R/Ra values versus helium 

concentrations (Fig. 3a, b), R/Ra versus δ13C values (Fig. 5), and in R/Ra values (Fig. 6a) and 

4He/40Ar ratios (Fig. 6b), and suggests at least two different sources. Peridotitic diamonds have 

carbon isotope compositions indicative of primarily mantle-sourced carbon (Jaques et al., 

1989a; Stachel et al., 2018; this study). While there is significant overlap in R/Ra values, the 

peridotitic diamonds with heavier carbon isotope compositions show generally higher R/Ra 

values (median 1.1 ± 1.1; Fig. 6a) compared to eclogitic diamonds (median 0.1 ± 0.8, excluding 

sample A17-1), which have lighter carbon isotope compositions. R/Ra values at low 4He 
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concentrations are ⁓2.8 and approaches the proposed present-day SCLM He composition of 

5.9±1.2 R/Ra (Day et al., 2005). The peridotitic diamonds show 4He/40Ar ratios close to fibrous 

diamonds (Fig. 6b) with an SCLM-like He-Ar composition (Panda, Jwaneng; Burgess et al., 

1998; 2009). This argues for a large mantle/SCLM component in the source of peridotitic 

diamond-forming fluids.   

 

Eclogitic diamonds, on the other hand, have a large enrichment in 4He relative to 40Ar, 

compared to a mantle 4He /40Ar ratio of 1.4-4.8 (Matsuda and Marty, 1995). This may be 

explained by involvement of subducted material that is enriched in U and Th and has low K/U 

ratios relative to the mantle. However, the difference in K/U ratios of upper continental crust 

(9475; Rudnick and Gao, 2014) (that will be weathered, eroded, and subducted) and MORB 

(16775; White and Klein, 2014) is only a factor of 2, whereas the difference between the 

average eclogitic and peridotitic 40Ar/4He ratio is a factor of ~5. This poses the question 

whether potassium can be lost relative to uranium during subduction and cause the systematic 

difference in absolute 40Ar concentrations between eclogitic and peridotitic diamonds (Table 

3). Further evidence for the involvement of subducted material in eclogitic diamond-forming 

fluids is provided by He/Ne ratios of the studied diamonds.  

 

The 3He/solar 22Ne ratio of 0.034 ± 0.027 (1SD) calculated for diamond A50-1 is significantly 

lower than the solar (~1.5; Tucker and Mukhopadhyay, 2014) and mantle values (~10; Tucker 

and Mukhopadhyay, 2014), suggesting 3He was lost relative to solar 22Ne. Nucleogenic 21Ne 

is mainly produced via the reaction 18O(α,n)21Ne, with α particles generated by U-Th decay. 

Any radiogenic 4He produced in the mantle and in fluid inclusions in diamonds (initial trapped 

4He + in-situ radiogenic 4He), where oxygen is present, should thus be accompanied by 

nucleogenic 21Ne. Sample A50-1 has a 22Ne concentration of 7.9 x 10-12 ccSTP/g and a 

21Ne/22Ne ratio of 0.0719 ± 0.0179 (1SD). Solving the mixing equations of air, solar, and 

nucleogenic neon, the sample contains a nucleogenic component of 3.2 x 10-13 ccSTP/g 21Ne 

and a nucleogenic 21Ne/4He ratio of 1.44 x 10-7. This is higher than the nucleogenic 

21Ne*/radiogenic 4He* production ratio of the Earth’s mantle (4.56x10–8; Yatsevich and Honda, 

1997) and indicates 4He, originally residing in the crust/sediments, was lost relative to 21Ne, 

most likely during subduction. The discrepancy in depletion factors between 3He/22Ne (0.0034) 

and 4He/21Ne ratios (0.32) relative to the solar and radiogenic/nucleogenic production ratios 

further indicates that the original He (3He and 4He) in the slab has been totally lost but the 

majority of 4He* produced in the slab during subduction reaches and is present in the diamond-

forming regions. In addition, radiogenic 4He is produced within the diamond. 
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A subduction component is further supported by low 40Ar/36Ar compositions (this study; Honda 

et al., 2012) and noble gas abundance patterns found in 3 diamonds from Argyle (Honda et 

al., 2012). Eclogitic diamonds from Argyle and Orapa (this study; Kurz et al., 1987; Honda et 

al., 2012) have a greater abundance of low R/Ra values compared to peridotitic diamonds 

(Fig. 6a). This is consistent with the presence of a subduction component, as Gautheron and 

Moreira (2002) proposed that mixing of He is inefficient in the SCLM and mixing with 

subducted material results in more sampling of low R/Ra values. Low R/Ra values found in 

the eclogitic diamonds in this study are also consistent with low R/Ra values found in eclogitic 

xenoliths associated with subduction (Day et al., 2015). 

The two sources that are likely involved in eclogitic diamond-forming fluids are subducted 

material and typical SCLM/mantle material. To evaluate if mixing between these two end-

members is consistent with the observed variation in R/Ra-4He and R/Ra-δ13C, mixing lines 

are calculated. The SCLM component is represented by a δ13C value of -5‰ (Cartigny, 2005) 

and an R/Ra value of 26.6 (before in-situ radiogenic ingrowth at 1600 Ma; Seta et al., 2001) 

and an R/Ra value of ⁓4 after radiogenic ingrowth. The subduction component is set at a δ13C 

value of -25‰ (close to the lowest value of altered oceanic crust that dominates the carbon 

budget; Li et al., 2019), and an R/Ra value of 0.005 (Ballentine and Burnard, 2002). The mixing 

between mantle and subduction component using 1x10-7 and 6x10-6 ccSTP/g 4He respectively, 

can reproduce the observed R/Ra and 4He values with 2SD of the eclogitic diamonds (Fig. 3b, 

d). Mixing between mantle and subduction components can explain the observed R/Ra and 

δ13C values with high r values (He/Csubduction / He/Cmantle ratios). Helium resident in a slab is 

likely (almost completely) lost during dehydration during subduction, resulting in a low 3He 

abundance (Staudacher and Allegre, 1988), but some 4He may be present due to radiogenic 

ingrowth from U-Th decay in the slab during the time between subduction and diamond 

formation. This was also observed in eclogitic xenoliths from South Africa, Siberia, and 

Morocco (Day et al., 2015). However, due to the extreme incompatibility of He, fluids coming 

off the slab have relatively high helium concentrations. This can result in high He/Csubduction / 

He/Cmantle ratios. Mixing lines were also calculated at present-day, accommodating for 1600 

Ma of radiogenic 4He ingrowth from various U concentrations (Fig. 5). This shows that the 

observed R/Ra values in peridotitic diamonds are likely the result of radiogenic 4He ingrowth 

and little or no subduction influence is required. Eclogitic diamonds, in contrast, are the result 

of both a subduction influence and subsequent in-situ radiogenic 4He ingrowth.   
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5.3 Lherzolitic diamond growth and the helium composition of the SCLM beneath 

Argyle  

When the correlation between R/Ra and 4He of peridotitic diamonds is extrapolated to low 4He 

concentrations (low in-situ produced radiogenic 4He; Fig. 3b, d), the initial R/Ra value can be 

calculated and is representative of the starting composition/SCLM value beneath Argyle. This 

gives an R/Ra value of 2.8 at present-day, which is significantly lower than present-day CLM 

values for North America and Africa (5.9±1.2 R/Ra; Day et al., 2005). This suggests that the 

SCLM beneath the Halls Creek Orogen has a more radiogenic helium isotope composition 

than typical SCLM from other cratons and/or that at least some of the Argyle peridotitic 

diamonds were formed from fluids that had a subduction influence.  

 

The peridotitic diamonds fall on the higher end of the ‘mixing + radiogenic 4He ingrowth’ lines 

(Fig. 5), indicating that if there is a subduction influence, it only played a small or no role in the 

Argyle peridotitic diamond population. Evidence for a potential small subduction influence 

comes from peridotitic diamond Arg-006. The 3He concentration of the core of this diamond is 

lower than of the rim, whereas the 4He concentration is higher. This combination may suggest 

a subduction influence in the fluid that formed the core. The possibility of a lherzolitic diamond-

forming event associated with subduction is supported by chemical evidence from previous 

studies; i) a distinct tail to lighter carbon isotope compositions of lherzolitic Argyle diamonds 

down to -10.5‰ caused by slab-derived fluids migrating into originally depleted peridotite 

(Stachel et al., 2018), and ii) enriched incompatible elements of peridotitic pyroxene inclusions 

in Argyle diamonds (Stachel et al., 2018) and xenoliths (Jaques et al., 2018). Further, the 

Argyle lamproite is enriched, which is inferred to have been derived by small degrees of 

melting of formerly depleted mantle that had undergone long-term geochemical enrichment 

(Jaques et al., 1989b; 2018). 

 

The most likely scenario is that some of the peridotitic diamonds, namely the harzburgitic 

diamonds, were formed before the Paleoproterozoic subduction event with low R/Ra values 

caused by radiogenic 4He ingrowth. However, part of the peridotitic diamond population - the 

lherzolitic diamonds - may be genetically related to the eclogitic diamonds with R/Ra-δ13C -

4He/40Ar trends caused by mixing between subducted and mantle material through fluid 

migration and wall-rock interaction.  

 

5.4 Percolation of subduction fluids into the SCLM 
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If the lherzolitic diamond population was formed after the Paleoproterozoic subduction and 

related to the eclogitic diamond growth event (Stachel et al., 2018), inferences can be made 

about scales and extents of fluid migration and interaction with the mantle. By combining 

mantle residence temperatures and noble gas compositions, a depth profile can be 

established by projection onto the paleogeotherm obtained from geothermobarometry of 

chrome diopsides xenocrysts recovered from the Argyle lamproite (Jaques et al., 2018). The 

mantle residence temperatures are comparable to formation temperatures (1085-1350 °C) 

based on geothermobarometry of garnet-clinopyroxene inclusions in Argyle eclogitic 

diamonds (Jaques et al., 1989a; Stachel et al., 2018). Nitrogen residence temperatures can 

therefore be used as a good approximation of the diamond formation temperature and thus 

depth of the diamond formation in the case of Argyle. Geothermobarometry data of Argyle 

diamond peridotitic mineral inclusions in previous studies are limited but generally confirm 

lower formation temperatures relative to those of eclogitic diamonds (Stachel et al., 2018). 

The eclogitic diamonds studied for noble gases here had temperatures that equate to 170-191 

km depth, whereas the peridotitic diamonds resided at depths of 155-172 km (and the core of 

Arg-006 at 188 km) depth. 

From the R/Ra and 40Ar/4He versus temperature graphs (Fig. 7a and b) it can be seen that at 

higher temperatures near the base of the lithosphere a clear subduction signature is present, 

whereas at lower temperatures (shallower depths) there is more variation in 3He/4He and 

40Ar/4He ratios, with noble gas signatures trending towards mantle compositions. A similar 

trend is also visible in carbon isotope values, with lower δ13C values at higher temperatures 

and more mantle-like δ13C values at lower temperatures (Fig. 7c). When the temperatures are 

translated to a depth profile it shows subduction signatures are consistently present between 

180 and 190 km depth, whereas various intensities of subduction signatures are present 

between 165 and 180 km (Fig. 8). This suggests that accreted subducted material is located 

at the base of the lithosphere and local heterogeneities caused by migration of subduction 

fluids extends over at least 15 kilometres. The percolation of subduction fluids into the SCLM 

is depicted in Figure 7d. 

 

6 Conclusions 

This study, based on twenty diamonds from Argyle, found abrupt changes in N-δ13C across 

growth zones and a change in mantle residence temperature in one peridotitic and two 

eclogitic diamonds, indicating that not all diamonds were formed in one event and multiple 

diamond growth events occurred in the mantle beneath the Argyle deposit.  
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The strong plastic deformation and high mantle residence temperatures indicated by high 

levels of nitrogen aggregation of many of our studied eclogitic diamonds are consistent with 

the results of previous studies that indicate these diamonds formed in eclogitic source rocks 

accreted at the base of the lithosphere. Coupled with the 1.58 Ga age for Argyle eclogitic 

diamonds (Richardson, 1986) and the location of the Argyle pipe in the Paleoproterozoic 

orogenic belt at the craton margin, the major eclogitic diamond-forming event is linked to a 

Paleoproterozoic subduction event. Distinct differences in carbon isotope compositions 

between peridotitic (-4.0 to -7.8‰) and eclogitic (-4.7 to -16.6‰) Argyle diamonds further 

confirm the subduction signature in eclogitic diamonds and SCLM/mantle-like signature in 

peridotitic diamonds. The studied eclogitic Argyle diamonds have clear noble gas subduction 

signatures; a high abundance of low R/Ra values, a hyperbolic mixing relationship between 

R/Ra and 4He and δ13C values, low 40Ar/4He ratios indicating an enriched 4He end-member 

consistent with 4He ingrowth in subducted material, and a high nucleogenic 21Ne/4He and low 

3He/22Ne ratio consistent with He being lost relative to Ne during subduction. 

 

In contrast, the peridotitic diamonds show generally higher R/Ra values (median 1.1 ± 1.1) 

and higher 40Ar/4He ratios, compared to eclogitic diamonds (median 0.1 ± 0.8 R/Ra, excluding 

sample A17-1). The studied peridotitic diamond growth zones showed a negative linear 

correlation between R/Ra and 4He concentrations over 2 orders of magnitude and only limited 

variation in 3He, indicating this may be caused by radiogenic ingrowth of 4He. Based on U 

concentrations from the literature, the in-situ radiogenic 4He ingrowth in diamond since 

diamond formation is, however, not the only component contributing to the total 4He 

concentrations observed in the samples. Projection of the noble gas trend in peridotitic 

diamonds towards extremely low 4He concentrations (no significant in-situ radiogenic 4He 

ingrowth) results in a R/Ra value of around 2.8, significantly lower than present-day SCLM 

values (5.9±1.2 R/Ra; Day et al., 2005), suggesting radiogenic 4He ingrowth may have 

occurred prior to diamond formation. It also shows that the SCLM beneath the Halls Creek 

Orogen has a more radiogenic helium isotope composition than typical SCLM from other 

cratons and/or that these peridotitic diamonds are formed from fluids that also had a 

subduction influence. Based on the high mantle residence temperature in the core of peridotitic 

diamond Arg006 and its low R/Ra, we suggest that part of the peridotitic diamond population 

(the lherzolitic diamonds) may potentially be genetically related to the eclogitic diamonds. 

Other peridotitic (harzburgitic) diamonds likely formed before the subduction event (2.3-3.2 

Ga Re-Os TRD ages for peridotitic xenoliths; Luguet et al., 2009) from fluids of more SCLM-

like composition. The R/Ra-δ13C and R/Ra-4He/40Ar of eclogitic diamonds can be generated 

by mixing between subducted and mantle material through fluid migration and wall-rock 
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interaction, plus in-situ radiogenic 4He ingrowth. A depth profile shows noble gas subduction 

signatures are present at the base of the lithosphere up to 180 km depth and fluid migration 

and interaction with the SCLM towards higher R/Ra values occurs over scales of at least 15 

km (to 165 km depth). 
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Figures captions 

 

Figure 1 Cathodoluminescence images of the diamonds with FTIR spot analyses (white squares; 

transect A-B) and SHRIMP spot analyses (yellow circles; transect starting at 1) indicated. For visibility 

the SHRIMP spots are presented larger than the actual spot size of 27 μm. 

 

Figure 2 Nitrogen content and aggregation state of studied Argyle diamonds. Isotherms calculated 

based on 2.0 Gyr (a; solid lines) and 0.4 Gyr (a; dashed lines) residence times for peridotitic and 0.4 

Gyr (b, c) for eclogitic diamonds respectively (see text). Where no paragenesis was known, a residence 

time of 0.4 Gyr was assumed as most diamonds are likely eclogitic based on their carbon isotope 

compositions. 

 

Figure 3 Helium isotope data of the studied Argyle diamonds versus 3He (a) and 4He (b) concentrations. 

Literature data of gem diamonds (in triangle symbols) with known paragenesis (Orapa; Kurz et al., 

1987) are given as reference. Fitted linear and hyperbolic lines are provided in green for peridotitic 

diamonds and hyperbolic lines in purple and red for eclogitic diamonds. Solid lines show radiogenic 

ingrowth models and the dashed line for mixing between slab and mantle. See text for details. c) 

importance of radiogenic ingrowth to the R/Ra value, d) R/Ra values versus the reciprocal of the helium 

concentration, including radiogenic ingrowth and mixing lines (see discussion for details).  

 

Figure 4 Neon isotope composition of sample A50-1 relative to the air-solar and air-MORB mixing lines. 

 

Figure 5 R/Ra versus carbon isotope composition in Argyle diamonds. Diamond A17-1 is excluded 

because of suspected addition of cosmogenic 3He. Crosses for fibrous diamonds from various locations 

(Burgess et al., 1998; 2009), white diamonds for potential eclogitic diamonds from Argyle (Honda et al., 

2012), orange diamonds for eclogitic diamonds from southern Africa (Timmerman et al., 2019), green 

squares for peridotitic, purple diamonds for eclogitic samples of this study. Mixing lines and 

mixing+radiogenic 4He ingrowth (over 1600 Myr with various U contents) lines are calculated between 

a mantle component at 1600 Ma (26.6 R/Ra without radiogenic ingrowth and -5‰; Seta et al., 2001; 

Cartigny, 2005) and a subduction component (0.005 R/Ra and 0 to -27‰ for oceanic crust, set at -25‰; 

Ballentine and Burnard, 2002; Li et al., 2019). For reference MORB (Graham, 2002; Mattey et al,. 1984) 

and SCLM values (Day et al., 2005; Cartigny, 2005) are shown. The r values indicate the He/Csubduction : 

He/Cmantle ratio. 

 

Figure 6 a) Frequency distribution of R/Ra values of eclogitic and peridotitic diamonds. Previously 

published data for Argyle diamonds from Honda et al.  (2012) and Orapa diamonds from Kurz et al. 

(1987). b) Helium versus 4He/40Ar compositions. Symbols are the same as in figure 5. Inset shows data 

plotted on a logarithmic scale, with MORB as a reference (Graham, 2002; Staudacher et al., 1989). 

 

Figure 7 R/Ra values (a) and 40Ar/4He ratios (measured 40Ar/4He are upper limits of 40Ar*/4He ratios) (b) 

coupled to the mantle residence temperatures of eclogitic (in purple) and peridotitic (in green) Argyle 

diamonds. Fields for SCLM, MORB, and subducted material are shown (Staudacher et al., 1989; Day 

et al., 2005; Ballentine and Burnard, 2002). c) Mantle residence temperatures from N aggregation and 

carbon isotope compositions, including previously published data (Jaques et al., 1989a; Stachel et al., 

2018). d) Schematic section across the eastern margin of the Kimberley Craton and Halls Creek Orogen 

showing accreted subducted crust at the base of the SCLM (blue), the migration of subducted fluids 

into the SCLM, and diamond formation. 
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Figure 8 Depth profile with colour intensities expressing the percentage of subduction influence linearly 

(using 0.005 R/Ra for subduction and 6 R/Ra for SCLM as end-members). Argyle paleogeotherm 

(modified after Jaques et al., 2018) based on P-T estimates for mantle Cr-diopsides (Nimis and Taylor, 

2000) from the Argyle pipe and the FITPLOT routine of Mather et al. (2011). The graphite – diamond 

transition is from Kennedy and Kennedy (1976). 
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Table 1 Overview of the studied diamonds from Argyle. The minimum and maximum of the 

carbon isotope composition, nitrogen content, aggregation state and temperature are given. 

Individual analyses of core-rim traverses can be found in the appendix. 

Sample Colour Inclusions Paragenesis min δ13C (‰) max δ13C (‰) N (at ppm) %B T (°C)** Previous studies 

A50 col-light grey - E? -12.3 -11.5 20-30 46-88 1262-1324   

A51 col-light grey alt E-grt E -16.6 -14.0 15-49 82-100 1318-1350   

A52 col-light grey cs E -10.9 -10.0 53-112 99-100 >1350   

A53 col-light grey - E? -11.6 -8.9 22-145 93-100 1303-1350   

A54 brown 3 E-grt E -13.4 -11.5 65-163 78-91 1268-1278   

A55 col-light grey - E? -12.4 -8.6 38-97 100 >1350   

A56 light brown - - -9.1 -6.7 84-279 78-95 1259-1284   

A57 col-light grey - - -10.8 -8.6 50-209 84-96 1266-1322   

A58 light brown - E? -13.1 -9.2 90-145 80-89 1268-1276   

A59 brown 2 E-grt E -12.0 -8.6 57-338 84-94 1261-1315   

A60 light brown 4 E-grt, 1 E-cpx E -9.3 -8.3 104-489 58-93 1220-1253   

A17 colourless 4 E-grt E -11.2 -9.7 80-107 73-75 1254-1260   

Arg-43 brown 3 E-cpx E -9.2 -8.1 64-888 65-98 1253-1282   

Arg-42  brown E-cpx E -11.1 -7.8 67-348 69-95 1252-1275   

Arg-36  brown cs E -10.7 -8.5 91-322 84-97 1257-1296 (1) a, b 

Arg-26  brown cs E -10.5 -9.4 67-97 73-80 1258-1265 (1,2) a, b, c 

A2-010  colourless cs E -6.9 -4.7 112-286 79-93 1249-1271   

Arg-006  brown 2 ol P -7.7 -6.3 30-419 65-100 1231-1350 (1) c, d 

Arg-41 brown ol P -4.4 -4.0 107-680 15-49 1133-1142 (1) c, d 

Arg-89  brown 1 ol, 1 grp P -7.8 -7.2 154-400 76-91 1194-1213 (1) d 

* col = colourless 

** Nitrogen aggregation temperature based on 0.4 Ga residence for E-type and unknown paragenesis and 2 Ga 

for P-type. At 100% B aggregation state no temperatures can be calculated and it is assumed the residence 

temperature was ≥1350°C.  

*** 1) Bulanova et al. 2018; 2) Kohn et al. 2016 

**** a = Raman, b = FTIR, c = CL, d = EPMA 
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Table 2 Major element compositions of mineral inclusions of Argyle diamonds. 

Sample A54 A54 A59 A60 A17 A17 Arg-006  Arg-89  

Mineral grt 1 grt 2 grt grt 1 grt 1 grt 2 ol ol 

P2O5 na na 0.31 0.10 0.25 0.14 na na 

SiO2 40.11 40.26 39.87 41.94 41.34 40.87 40.85 42.21 

TiO2 0.86 0.91 1.18 0.57 0.26 0.56 <0.03 <0.03 

Al2O3 21.97 22.06 19.98 22.94 22.48 22.30 0.09 <0.02 

Cr2O3 0.06 0.05 0.04 0.10 0.05 0.05 0.14 0.19 

FeO 18.73 18.59 17.42 10.78 10.76 11.71 7.86 6.53 

NiO <0.03 <0.03 <0.03 <0.03 <0.03 0.04 0.41 0.36 

MnO 0.31 0.31 0.32 0.24 0.18 0.21 0.10 0.08 

MgO 9.44 9.45 8.29 14.13 11.69 11.68 50.75 51.00 

CaO 9.20 9.01 11.48 9.89 13.08 12.15 0.04 0.02 

Na2O 0.42 0.44 0.54 0.22 0.29 0.29 <0.03 <0.03 

K2O <0.03 <0.03 0.03 0.04 0.04 0.04 <0.03 <0.03 

Total 101.11 101.09 99.47 100.94 100.43 100.03 100.28 100.41 

           

Cations (apfu 12O) 8.02 8.01 8.03 7.99 8.01 8.01 3.01 2.98 

Mg# 47.3 47.5 45.9 70.0 65.9 64.0 92.0 93.3 

*na = not available 

**grt = garnet, ol = olivine 

*** detection limits are ~250-300 ppm for TiO2, K2O, NiO, ~200 ppm for Na2O and ~100 ppm for Al2O3.  

  

ACCEPTED MANUSCRIPT



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

Table 3 He and Ar concentrations and isotopic compositions of Argyle diamonds. 

Sample Comment Paragenesis weight (g) 4He (cc/g) 1SD 3He (cc/g) 1SD 3He/4He 1SD R/Ra 1SD 

A50-1 rim E? 0.03870 2.22E-06 1.16E-08 1.93E-13 3.02E-14 8.69E-08 3.18E-08 0.06 0.02 

A50-2 core E? 0.05575 4.83E-06 2.56E-08 3.86E-13 3.83E-14 7.98E-08 1.85E-08 0.06 0.01 

A51-2 int E 0.04221 2.79E-06 1.46E-08 5.17E-13 4.26E-14 1.85E-07 3.57E-08 0.13 0.03 

A52 whole E 0.03682 9.11E-07 4.79E-09 5.43E-13 3.98E-14 5.96E-07 1.02E-07 0.42 0.07 

A54-1 core E 0.02601 1.83E-07 1.05E-09 6.23E-13 8.19E-14 3.40E-06 1.04E-06 2.39 0.74 

A54-2 rim E 0.02828 2.00E-06 1.04E-08 5.80E-13 7.54E-14 2.91E-07 8.83E-08 0.20 0.06 

A59-1 core E 0.01811 2.19E-07 1.36E-09 blb - <1.01E-07 - <0.07  - 

A60-3 rim E 0.02413 2.88E-06 1.50E-08 blb - <7.75E-09 - <0.01  - 

A17-1 int E 0.03273 1.61E-07 9.15E-10 5.34E-12 1.29E-13 3.31E-05 1.89E-06 23.31 1.33 

A81-2 int E 0.00643 9.87E-07 5.43E-09 2.11E-12 1.94E-13 2.14E-06 4.61E-07 1.51 0.32 

  
          

  

Arg006-1 core P 0.01118 6.06E-06 3.17E-08 2.48E-12 1.65E-13 4.09E-07 6.37E-08 0.29 0.04 

Arg006-2 rim P 0.00318 2.58E-06 1.43E-08 6.61E-12 5.04E-13 2.56E-06 4.56E-07 1.80 0.32 

Arg41-1 core P 0.00837 2.19E-06 1.15E-08 3.32E-12 2.68E-13 1.52E-06 2.87E-07 1.07 0.20 

Arg41-23 rim P 0.00760 2.48E-07 2.27E-09 1.09E-12 2.44E-13 4.39E-06 2.29E-06 3.09 1.62 

Arg89-2 rim P 0.00578 5.31E-06 2.80E-08 3.99E-12 2.01E-13 7.51E-07 8.87E-08 0.53 0.06 

blb = below blank 
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Table 3 continued 

Sample Paragenesis 40Ar (cc/g) 1SD 40Ar/36Ar 1SD 38Ar/36Ar 1SD 4He/40Ar 1SD 

A50-1 E? blb - - - - - - - 

A50-2 E? 7.17E-08 5.69E-10 552 7 0.175 0.003 67.5 1.1 

A51-2 E 8.41E-08 6.67E-10 775 12 0.18 0.004 33.2 0.6 

A52 E blb - - - - - - - 

A54-1 E blb - - - - - - - 

A54-2 E 1.26E-08 1.22E-10 247 5 0.186 0.01 158.7 3.2 

A59-1 E 2.23E-08 1.84E-10 344 9 0.177 0.012 9.8 0.2 

A60-3 E 2.92E-08 2.42E-10 260 4 0.16 0.005 98.4 1.7 

A17-1 E blb - - - - - - - 

A81-2 E blb - - - - - - - 

  
          

Arg006-1 P 1.70E-07 1.35E-09 556 10 0.185 0.005 35.7 0.6 

Arg006-2 P blb - - - - - - - 

Arg41-1 P 1.22E-07 9.85E-10 6033 1101 0.196 0.089 17.9 0.3 

Arg41-23 P 7.94E-08 6.64E-10 261 5 0.178 0.006 3.1 0.1 

Arg89-2 P 1.13E-06 8.98E-09 299 3 0.186 0.002 4.7 0.1 
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Highlights 

 Difference in He-Ar compositions between eclogitic and peridotitic diamonds 

 Low δ13C values coupled to low 3He/4He ratios in eclogitic Argyle diamonds 

 3He/4He ratio of peridotitic diamonds is lower than typical lithospheric mantle 

 Noble gas subduction signature at 205-180 km and fluid migration to ~165 km depth 
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