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The Siberian flood basalts (SFB) erupted at the end of the Permian period (~250 Ma) in response to a
deep-rooted mantle plume beneath the Siberian Sub-Continental Lithospheric Mantle (SCLM). Plume-
lithosphere interaction can lead to significant changes in the structure and chemistry of the SCLM
and trigger the release of metasomatic material that was previously stored within the stable craton.
Here, we investigate the nature of the Siberian-SCLM (S-SCLM) by measuring nitrogen abundances and
isotopes (8'°N) in 11 samples of two petrologically-distinct suites of peridotitic xenoliths recovered

Keywords: from kimberlites which bracket the eruption of the SFB: the 360 Myr old Udachnaya and 160 Myr old
nitrogen Obnazhennaya pipes. Nitrogen isotope (§'>N) values range from -5.85 & 1.29%o to +3.94 + 0.63%o, which
neon encompasses the entire range between depleted Mid-Ocean Ridge Basalt (MORB) mantle (DMM; -5 =+
argon 2%0) and plume-derived (+3 + 2%¢) endmembers. In addition, we present neon (n=7) and argon (n=8)
SCLM abundance and isotope results for the same two suites of samples. The 2°Ne/22Ne and 2!Ne/22Ne range

metasomatism

plume from atmospheric-like values of 9.88 up to 11.35 and from 0.0303 to 0.0385, respectively, suggesting an

admixture of DMM and plume-derived components. Argon isotopes (“°Ar/36Ar) range from 336.7 to 1122
and correlate positively with “9Ar contents. We show that volatile systematics of Siberian xenoliths: (1)
exhibit evidence of ancient metasomatic and/or recycled signatures, and (2) show evidence of subsequent
plume-like re-fertilization, which we attribute to the emplacement of the SFB. Metasomatic fluids are
highly enriched in radiogenic gases and have elevated Br/Cl and I/Cl values, consistent with an ancient
subducted crustal component. The metasomatic component is marked by light N isotope signatures,
suggesting it may be derived from an anoxic Archean subducted source. Taken together, these N;-Ne-
Ar isotope results suggest that mantle plume impingement has profoundly modified the S-SCLM, and
that N, Ne and Ar isotopes are sensitive tracers of metasomatism in the S-SCLM. Metasomatic fluids that
permeate the S-SCLM act to archive a “subduction-fingerprint” that can be used to probe relative volatile-
element recycling efficiencies and thus provide insight into volatile transport between the surface and
mantle reservoirs over Earth history.

© 2020 Elsevier B.V. All rights reserved.

1. Introduction erogeneities introduced through interactions with mantle-plumes,
crustal and/or subduction-related sources since its formation. The
SCLM therefore represents a potentially important geological reser-
voir where energy and mass fluxes are greatly-enhanced and fo-
cused, acting as magnifying lenses into metal and volatile trans-
port fractionation, ultimately leading to ore deposition (Holwell et

al,, 2019). The ability of the SCLM to retain metasomatic compo-

The SCLM, which formed through the repeated under-thrusting
of oceanic slabs beneath stable continental crust (Griffin and
O'Reilly, 2007), represents a relatively minor component of the
Earth’s depleted mantle (~ 1.5 vol%). It has remained isolated from
the convecting asthenosphere over billion-year time-scales (Pernet-

Fisher et al., 2015) and now forms the interface between the man-
tle and the stable continental crust. Due to its isolation from the
convecting mantle, the SCLM has retained local geochemical het-
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nents over geologically-significant periods of time indicates that
it could potentially constitute a significant long-term reservoir of
volatile elements (Broadley et al, 2018a). Furthermore, the re-
lease of volatiles stored in the SCLM to the surface during ther-
mal events associated with plume impingement and rifting could
have globally-significant effects on the environment, which further
highlights the importance of understanding the contribution of the


https://doi.org/10.1016/j.epsl.2020.116707
http://www.ScienceDirect.com/
http://www.elsevier.com/locate/epsl
http://crossmark.crossref.org/dialog/?doi=10.1016/j.epsl.2020.116707&domain=pdf
mailto:pbarry@whoi.edu
https://doi.org/10.1016/j.epsl.2020.116707

P.H. Barry and M.W. Broadley

SCLM to the global volatile budget (Broadley et al., 2018a). This is
particularly the case for S-SCLM, where the thick stable cratonic
lithosphere may have accumulated significant quantities of meta-
somatic volatiles over billions of years (Broadley et al., 2018a).

Isotopic and elemental signatures of volatiles such as nitrogen,
noble gas and halogens can be used to quantify the extent of meta-
somatic modification and potentially reveal important information
about the source(s) of volatiles within the SCLM. Coupled noble
gas and halogen studies have been used in the past to suggest that
a significant proportion of volatiles in the mantle may have been
introduced by the subduction of marine pore fluids, serpentinites
and altered oceanic crust (AOC) (Sumino et al, 2010; Kendrick
et al, 2011; Chavrit et al., 2016; Broadley et al., 2016). Mantle
xenoliths sourced from the SCLM contain volatiles hosted in self-
contained fluid inclusions that are unlikely to be contaminated by
surface components. They can therefore provide a direct window
into the volatile composition of the SCLM. From the analysis of
SCLM xenoliths, it has been suggested that the volatiles trapped
in the SCLM may also originate from surface-derived metasomatic
fluids (e.g., Broadley et al., 2016) that were introduced during pe-
riods of subduction and went on to pervasively modify the compo-
sition of the SCLM.

Geochemical investigations of N isotopes in various terrestrial
reservoirs have revealed a discernible N isotopic contrast between
surface reservoirs and the mantle. For example, the DMM is esti-
mated to have a §1°N of ~ -5 + 2% (Javoy et al., 1986; Marty and
Zimmermann, 1999) (normalized to air, 8> N,i; = 0%o). In contrast,
the deep mantle, as sampled by the Kola magmatic province, Ice-
land, Yellowstone, Loihi Seamount, Hawaii and the Society Islands,
is enriched in °N relative to air by up to +12%o (Dauphas and
Marty, 1999; Halldérsson et al., 2016; Labidi et al., 2020), with a
mean §'°N value of +3 % 2%,. Modern ocean floor sediments are
also enriched in "N, with §1°N values ranging from +5 to +7%
(e.g., Peters et al, 1978), indicating that high §'>N material may
be recycled into the deep mantle by modern subduction processes
(Barry and Hilton, 2016; Bekaert et al., 2021). Nitrogen isotopes
may therefore be able to provide a new insight into the origin of
volatiles in the SCLM.

Despite a number of studies over the past two decades (e.g.,
Matsumoto et al., 2002; Yokochi et al, 2009; Yamamoto et al.,
2020), the nitrogen isotope composition of SCLM remains poorly
constrained. Several investigations of N and Ar in peridotitic fluid
inclusions showed §'°N values similar to those of oceanic basalts
(Yamamoto et al., 2020), with slightly higher Nj/Ar values, at-
tributed to recycled crustal material (Matsumoto et al., 2002). The
S-SCLM beneath Udachnaya is one of the most geochemically well-
characterized sections of the S-SCLM (e.g., Pokhilenko et al., 1999;
Sumino et al., 2006). However, to date, relatively few studies have
investigated the origin of the metasomatic processes responsible
for the compositional variations reported in associated peridotites
(e.g., Pokhilenko et al, 1999; Howarth et al., 2014; Barry et al,,
2015; Pernet-Fisher et al., 2015, 2019; Broadley et al., 2018a). Here
we use Ne-N-Ar isotopes and halogen elemental ratios in order to
identify the different volatile components present in the S-SCLM.
This multi-tracer approach provides unique insights into the geo-
chemical composition of the S-SCLM and enables the history of
volatile interaction, potentially dating back to the Archean, to be
determined.

2. Geologic settings

Cratonic areas represent ideal settings for studying the tem-
poral evolution of the SCLM. The Siberian craton (see Fig. 1 in
Barry et al., 2015) encompasses approximately 44 x 10% km? of
north-central Asia. It is composed of several island-arc terrains,
which amalgamated during the Archean and Proterozoic (Pearson
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et al,, 1995), and has subsequently experienced a complex history
of Phanerozoic metasomatism and kimberlite emplacement (e.g.,
Pearson et al., 1995; Griffin et al, 1999). Between the Silurian
and Jurassic periods (Howarth et al,, 2014), over 1000 kimberlites
were intruded within Siberia (Griffin et al., 1999; Pokhilenko et
al., 1999), transporting mantle xenolith material which had largely
remained isolated from asthenospheric convection, to the Earth’s
surface.

Superimposed atop the Siberian craton is one of Earth’s largest
igneous provinces - the Siberian Flood Basalts (SFB) - which
erupted ~ 2 x 108 km? of basaltic magma over a 1-2 Myr duration
at ~250 Ma (Reichow et al., 2002; Kamo et al., 2003). Several inde-
pendent lines of evidence, including thermal anomaly constraints
(e.g., Sharapov et al., 2008) and plume-like He isotope data (Basu
et al., 1995), suggest that SFB emplacement is directly related to
the presence of a deep-rooted mantle plume beneath Siberia. Due
to the close proximity of the SFB to the Siberian craton, it has been
suggested that this large emplacement event modified the S-SCLM
and vice versa (Sobolev et al., 2011; Broadley et al., 2018a).

Here, we focus on petrologically-distinct peridotite xenoliths
(Howarth et al., 2014), which were transported to the surface
by two Siberian kimberlites: the diamondiferous Late-Devonian
Udachnaya (360 Ma) and Jurassic Obnazhennaya (160 Ma) pipes.
As these eruptions bracket the ~250 Myr old SFB event (Reichow
et al, 2002), they provide insight into the Phanerozoic metaso-
matic history of the S-SCLM.

3. Results
3.1. Nitrogen abundances and isotopes

The 8N (where §'°N [(SNTN/MNM™N)gample/("° NN/
14N14N),i; - 1] x 1000) determined for the Siberian peridotite
xenolith samples range between -5.85 and +3.94%¢ relative to
air (i.e., 0%p) (Table 1). Obnazhennaya samples (n=6) are °N-
depleted, with 8'°N values ranging from -0.71 to -3.12% (Fig. 1;
Table 1), which notably fall above the DMM range (Marty and Zim-
mermann, 1999; Cartigny and Marty, 2013). In contrast, Udachnaya
samples (n=5) span the range from DDM to plume-like §1°N
(Fig. 1), with values from -5.85 to +3.94%c. N, contents extend
from 5.20 to 36.0 pcm3 STP N,/g for Obnazhennaya samples and
from 10.5 to 109 pcm? STP Ny /g for Udachnaya samples.

3.2. Neon abundances and isotopes

Neon concentrations measured in Siberian xenoliths are re-
ported in Table 2. Obnazhennaya samples (n=3) range from 0.09
to 0.44 ncm? STP 2°Ne/g and Udachnaya samples (n=4) range from
0.17 to 3.22 ncm3 STP 2°Ne/g. In Fig. 2, we plot all xenoliths data
on a neon three-isotope diagram. The 2°Ne/22Ne ratios range from
air-like values (9.80) up to 11.35, whereas the 2! Ne/?>Ne ratios plot
between the atmospheric ratio (0.029) and 0.0385 (Gyére et al.,
2019). All data plot between the air-DMM mixing line, defined by
mid-ocean ridge popping rock 2] D43 (Moreira and Allégre, 1998),
and the air-solar wind mixing trajectory (Benkert et al., 1993)
(Fig. 2). The highest 2°Ne/>?Ne (11.35 4 0.32; Siberian peridotite
sample 0-1104) is however significantly lower than proposed pri-
mordial mantle values (i.e., Ne-B 2°Ne/>2Ne = 12.5; Ballentine et
al., 2005; solar nebula 2°Ne/22Ne = 13.2; Williams and Mukhopad-
hyay, 2019).

3.3. Argon abundances and isotopes
Xenolith samples span a wide range in argon concentrations,

from 165.8 to 6178 ncm? STP #CAr/g (Table 2). Obnazhennaya sam-
ples (n=3) range from 165.8 to 917.6 ncm?STP “Ar/g, whereas



Table 1
Helium and nitrogen isotope and concentration variations of Siberian mantle xenoliths.

Sample ID Sample Wt. Phase  [He]c (x1076) 3He/*He (Rc/Ra)  X-value? [N2]c (x1076) S15N N2 /*Ar N2/?6Ar (x103)  Br/Cl (x1073)¢  [/Cl (x1073)°  Nitrogen Blank
(g)* for N (cm3 STP/g)P (cm3 STP/g) (%)

Obnazhennaya Peridotites

0-1104 214 Cpx 1.00 457 + 0.04 5340 36.0 -0.83 + 0.14 65.7 33.8 10.0 28.3 3

0-1107 4.94 Gt - - - 5.20 -312 + 149 - 13

0-1107 (N, DUP)  2.601 Cpx 1.05 0.54 + 0.01 1320 24.3 -2.28 + 0.70 147 493 4

0-129/74 2.6969 Cpx 158 3.49 + 0.02 632 188 -0.71 £ 0.76 205 8.70 6.25 213 6

0-1100 1.60 Cpx 0.08 3.67 + 0.14 64.6 12,6 -149 £ 0.75 - 17

0-1106 132 Cpx 0.71 5.62 + 0.08 632 23.0 -300 + 083 - 552 341 10

Udachnaya Peridotites

UV-98-10 3110 Cpx 1.06 0.46 + 0.01 881 17.9 -187 £ 0.76 431 14.3 40.3 9.4 6

UV-84-09 0.5686 Cpx 493 0.67 #+ 0.01 37900 83.2 -5.85 + 1.29 30.2 26.0 52.1 28.0 5

UV-33-10 - Cpx 93.6 0.38 + 0.01 14700 - - - 48.0 13.0

UV-352-08 0.1603 Cpx 349 0.79 + 0.01 29300 109 +394 + 063 476 34.8 14.5 115 13

UV-367/08 2.090 Cpx 135 0.10 + 0.01 8490 119 -385+ 045 456 18.4 19.5 24.9 10

UV-39-02 322 ol - - - 105 -476 £ 066 - 6

Air 1.0 0.0 84 25.0

Seawater 1.0 0.0 50 11.0 35 0.3

DMM 8.0 + 1.0 -5.0 & 2.08 124 + 40" 4600 28 £ 06 6.0 £ 3.0

Plume 12.0 &+ 1.0 +3.0 £ 2.0 74 + 34" 2000 28 £ 06 6.0 & 3.0

ARM <05 -7.0 + 1.0 ~42 ~10 ~55 ~45

4 Weight of crystals loaded into crushing device and pulverized to grain size < 100 um.
b Helium concentration data are corrected for air contamination where [He]c = ([He]m x(X—1))/X. Uncertainty =+ 5%.
¢ Rc/Ra notation: Rc = air-corrected sample He/*He ratio; Ry = atmosphere >He/*He ratio (= 1.4 x 105); Air-corrected He isotope ratio = [(R/RaxX)—1]/(X—1), where R = measured sample >He/*He ratio. Uncertainties
quoted at the 1o level. Data from Barry et al. (2015).
4 X = (*He/?Ne)w /(*He/2°Ne)air, Ry is the measured “He/2°Ne ratio. Dash indicates no measurable 2°Ne above blank.
Data from Broadley et al., 2018a.
Graham, 2002.
Marty and Zimmermann, 1999.
Marty and Dauphas, 2003.
Labidi et al., 2020.
Kendrick et al., 2013.
Basu et al., 1995.
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Table 2
Helium, neon, and argon isotope and concentration variations of Siberian mantle xenoliths.

Sample ID Sample Phase “0Ar Ar-Blank 40Ar36Ar “He/[*0Ar* 20Ne 20Ne/22Ne 21Ne/22Ne Ne-Blank
Wt. (g)? (ncm? STP/g) (%) (ncm? STP/g) (%)
for Ne-Ar

Obnazhennaya Peridotites

0-1104 1.5321 Cpx 548.3 1 5143 £ 1.5 0.4 0.09 11.35 £ 0.32 0.0323 + 0.0021 11

0-1107 - Gt - - - - - - - -

0-1107 (N, DUP) 0.5221 Cpx 165.8 5 336.7 + 0.7 66.2 0.35 10.76 + 0.13 0.0385 + 0.0012 6

0-129/74 1.2309 Cpx 917.6 1 4246 + 09 3.5 0.44 10.31 £ 0.11 0.0323 £ 0.0005 3

0-1100 - Cpx - - - - - -

0-1106 - Cpx - - - - - -

Udachnaya Peridotites

Uv-98-10 0.8847 Cpx 4149 1 3325 £ 0.6 11.8 017 11.04 + 013 0.0314 + 0.0011 10

UV-84-09 0.1659 Cpx 2754 1 860.8 + 1.7 38.0 2.08 10.25 + 0.11 0.0316 + 0.0009 5

UV-33-10 0.0916 Cpx 6178 1 1121.8 +£ 2.0 25.5 1.81 9.88 + 0.12 0.0303 £ 0.0013 6

UV-352-08 0.1508 Cpx 2289 1 730.8 + 1.2 114.6 3.22 10.25 + 0.11 0.0303 £ 0.0006 2

UV-367/08 - Cpx 261.0 8 403.0 + 14 45.0 - - -

UV-39-02 - ol - - - - -

Air 298.6 9.8 0.029

DMM 40000° 12.5¢ 0.06¢

Plume 8000 13.2¢ 0.034°

2 Weight of crystals loaded into crushing device and pulverized to grain size < 100 um.

b Burnard et al., 1997.

¢ Ballentine et al., 2005.

4 Sumino et al., 2006.

e

Williams and Mukhopadhyay, 2019.
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Fig. 1. He isotopes (1a), N2/3%Ar (1b), as a function of N isotopes. Endmember values
are given in Tables 1 and 2 and described in section 4.4 along with details of the
mixing model. Briefly, the model assumes an ancient radiogenic metasomatic (ARM)
component that was pervasive in the S-SCLM before 360 Ma, followed by plume
re-fertilization of the Obnazhennaya samples by a plume component at 250 Ma,
associated with the SFB event. Uncertainties are shown to 1o.
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Fig. 2. Ne three isotope plot (*°Ne/22Ne vs. 2'Ne/?2Ne). Air-Solar and Air-MORB
mixing lines are superimposed atop the data. Mixing lines from two previous stud-
ies of Udachnaya olivine phenocryst (Sumino et al., 2006) and diamonds from the
Nyurbinskaya kimberlite (Broadley et al., 2018b) are also shown. Ne isotope data
suggest that both Obnazhennaya and Udachnaya samples contain an admixture of
plume and DMM contributions. Uncertainties are shown to 1o.

Udachnaya samples (n=5) range from 261.0 to 6178 ncm?3 STP
40Ar/g. The highest argon contents are found in sample UV-33-10,
which is an extremely gas-rich sample. Argon contents bracket typ-
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ical concentrations from vesicular MORBs (1200 x 10~° cm?3 STP
40Ar/g; Moreira and Allégre, 1998). Ny /Ar ratios extend from 20.5
to 147 for Obnazhennaya samples and from 30.2 to 47.6 for
Udachnaya samples (Table 1), therefore covering the DMM range
(i.e., 84-164; Marty and Dauphas, 2003).

Argon isotope compositions (“CAr/3®Ar) of the peridotite xeno-
liths range from 332.5 to 1122, with the highest values found
in the sample with the highest 4°Ar concentration (Fig. S1). Ob-
nazhennaya xenolith samples 4°Ar/36Ar values range from 336.7 to
514.3. Udachnaya xenoliths 4°Ar/36Ar values range from 332.5 to
1122. All measured “9Ar/36Ar values are significantly lower than
DMM source (~40,000; Matsuda and Marty, 1995; Bekaert et al.,
2019) and plume-source estimates (~8,000; Marty et al., 1998;
Sumino et al., 2006).

4. Discussion

This suite of Siberian mantle peridotites was previously ana-
lyzed for a wide array of geochemical parameters, including major
and trace elements (Howarth et al., 2014), Re-Os (Pernet-Fisher et
al.,, 2015), He isotopes (Barry et al., 2015) and halogens (Broadley
et al, 2018a). In brief, Howarth et al., 2014 showed that garnet
compositions have two distinct trends in CaO-Cr,03 space: in-
creasing CaO at constant CrpO3 within the harzburgite field, and
decreasing CaO and Cr03 within the lherzolite field, moving from
ultramafic compositions in Udachnaya toward more mafic compo-
sitions in Obnazhennaya. Pernet-Fisher et al., 2015 demonstrated
that pre-plume Udachnaya peridotite xenoliths generally display
unradiogenic Os-isotopes, whereas post-plume Obnazhennaya peri-
dotites display '870s/1880s values that overlap with the convecting
mantle range. Barry et al., 2015 showed that 3He/*He values range
from 0.1 to 9.8 Ra (where Ra = air 3He/*He) and plot in two dis-
tinct groups: predominantly radiogenic pre-plume Udachnaya sam-
ples (*He/*He = 0.41 + 0.30 Ra), and ‘mantle-like’ post-plume Ob-
nazhennaya samples (*He/*He = 4.20 + 0.90 Rp). Finally, Broadley
et al., 2018a suggested that fluids within the Obnazhennaya xeno-
liths represent a mixture between a component rich in radiogenic
4He, Br and I, and a component with mantle-like He/*He and
halogen compositions. The lower 3He/*He and elevated Br/Cl and
I/Cl values characteristic of Udachnaya xenoliths were considered
representative of the ancient metasomatized section of the S-SCLM
that was present before major influence of the SFB mantle plume.
A comprehensive overview of previous findings is provided in the
supplementary online material (SOM) (S.1). Here, we report new N,
Ne and Ar isotope data, which are considered to be representative
of mantle plume sources (section 4.2) and/or metasomatic features
(section 4.3). We then present a binary mixing model (section 4.4)
to explain the observed noble gas, nitrogen and halogen variations
within the context of existing data.

4.1. Sample integrity

Gases released from fluid and melt inclusions within mantle-
derived xenoliths are generally considered to be minimally-affected
by their kimberlitic host magmas (Taylor and Anand, 2004) and/or
degassing fractionation (e.g., Fischer et al., 2005), although the pos-
sibility exists that fluid inclusions can trap (air-like) fluids from
kimberlitic host magmas during their ascent (Farley and Craig,
1994; Dunai and Baur, 1995). Previously, Fischer et al. (2005)
showed that N isotopes measured in mineral separates from man-
tle xenoliths do not correlate with “He/CAr*, which is often con-
sidered a sensitive tracer of degassing due to the differing sol-
ubilities between He and Ar (Jambon et al., 1986; Colin et al,
2013). Here, “He/*Ar* values span a wide range (0.4 to 114.6),
with Siberian sample values both above and below the mantle
production ratio (Fig. 3). Notably, xenolith data exhibit a positive
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Fig. 3. N isotopes (3a), Ne isotopes (3b) and 2°Ne/36Ar (3c) as a function of
4He/*°Ar*. The lack of correlation in Fig. 3a and 3b, suggests that the isotopes of N
and Ne are controlled by degassing induced fractionation and rather represent the
source composition. There is a strong correlation between 2°Ne/36Ar and “He/*CAr*
in Fig. 3b. The data fall roughly along a solubility controlled Rayleigh degassing
curve, suggesting that the noble gas elemental ratio may have been fractionation
samples may have been fractionated during degassing. Rayleigh degassing equation
is given in Graham, 2002 and the noble gas solubility coefficients are taken from
Jambon et al., 1986. Uncertainties are shown to 1o and are often smaller than sym-
bol size.

correlation between #He/*CAr* and 2°Ne/36Ar (Fig. 3c), which is
broadly consistent with solubility controlled degassing fractiona-
tion, but could also result from mixing with a metasomatic com-
ponent. Furthermore, there is no correlation between “He/*0Ar*
and N isotopes (Fig. 3a) or Ne isotopes (Fig. 3b), suggesting that
isotopic signatures of the xenoliths have not been significantly af-
fected by degassing fractionation.

The solubility controlled degassing curve in Fig. 3c, assumes
that sample 0-129-74 is most representative of the original magma
given that it has a *He/*0Ar* of 3.5, which is within the range of
mantle “He/4CAr production ratios (1.6 - 4.2; Graham, 2002). How-
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ever, the majority of the Siberian xenoliths have “He/*°Ar* values
that are in excess of the mantle production ratio and are unusu-
ally high for gas extracted from xenolith fluid inclusions (Kim et
al.,, 2005; Yamamoto et al., 2004). Fluid inclusions in xenoliths are
thought to represent gases extracted early from ascending mag-
mas, predicted to have “He/*CAr* values lower than the original
magma (Moreira and Sarda, 2000). However, the high 4He/*0Ar*
values observed in the Siberian xenoliths are more in line with
residual basalts in a closed system, whereby degassing is predicted
to increase the “He/%0Ar* in the residual materials (e.g., Sarda and
Graham, 1990) due to the higher solubility of He in the silicate
melt (Jambon et al., 1986). At face value, the relationship between
20Ne/35Ar and “He/*Ar* appears more compatible with straight
line mixing rather than a Rayleigh process, which would require
a more curved trajectory (Fig. 3c). Furthermore, the 2°Ne/36Ar of
0-129-74 (Fig. 3c) is significantly lower than the mantle value
(~1.2; Williams and Mukhopadhyay, 2019), suggesting that sim-
ple solubility-controlled degassing fractionation from an original
mantle-like composition cannot account for the correlation be-
tween 4He/4CAr* and 2°Ne/3®Ar (Fig. 3c). Instead, the wide range
in “He/*0Ar* values - above the mantle production ratio - and the
correlation with 29Ne/36Ar may therefore be controlled by another
process, such as mixing with a metasomatic component (see sec-
tion 4.3.2).

4.2. Evidence for a mantle plume beneath the S-SCLM

4.2.1. Neon isotopes

Neon isotopes reported here are in good agreement with pre-
viously reported Ne data from Sumino et al. (2006) and Broadley
et al. (2018b), who measured Ne isotopes in olivine phenocrysts
and diamonds from different Siberian kimberlite pipes (Udachnaya
and Nyurbinskaya), respectively, and suggested a pervasive plume
contribution. Here, all Obnazhennaya and Udachnaya samples plot
intermediately between DMM and plume-like endmembers in Ne
three-isotope space (Fig. 2). Notably, Udachnaya samples have
larger air contributions than the younger (160 Ma) Obnazhennaya
samples, suggesting that the Udachnaya samples may be more
strongly overprinted by the addition of atmospheric-derived Ne ei-
ther during eruption, or from the introduction of atmosphere to
the SCLM by subduction-related metasomatism.

The fact that plume-like Ne isotope features are observed in
both suites suggests that the S-SCLM must have been influenced
by plume-derived volatiles prior to the eruption of the Udachnaya
suite at 360 Ma. If we assume that the same plume that formed
the SFB at 250 Ma (Basu et al., 1995) imparted plume-like Ne in
Udachnaya samples, then this implies that plume-lithosphere in-
teraction occurred over a period of >100 Myr, prior to significant
surface volcanism. It is possible however, that the S-SCLM has been
impacted by multiple plume components throughout its history.
Evidence for mantle metasomatism is also supported by He iso-
topes, which are as high as 9.8 Ra (Barry et al., 2015). Notably,
Obnazhennaya samples presented in this study exhibit He/*He
values up to 8.4 Ra, strongly suggesting a mantle contribution, but
not necessarily a plume contribution. In contrast, Udachnaya sam-
ples are strongly radiogenic, with 3He/*He values extending as low
as 0.1 Ra. Low 3He/*He in Udachnaya samples, despite plume-like
Ne isotopes, suggest that Ne isotope systematics are more sus-
ceptible to overprinting by plume-driven metasomatism than He
isotope systematics. This can be explained by considering the mass
balance of 4He in these samples; the Udachnaya suite is marked by
extremely high “He concentrations (Barry et al., 2015; SOM) pre-
sumably from the radioactive decay of subducted U and Th, which
makes He isotopes less susceptible to overprinting.

In summary, we show that: (1) Ne isotopes are in broad agree-
ment with previous measurements of peridotites and diamonds
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from the Udachnaya and Nyurbinskaya kimberlites (Sumino et al.,
2006; Broadley et al., 2018b), and (2) both plume and DMM Ne
components are present in both suites (Fig. 2), albeit to a lesser
extent in Udachnaya samples. The latter observation indicates that
Obnazhennaya samples experienced wholesale metasomatic over-
printing, whereas Udachnaya samples were merely infiltrated by a
“sniff” of plume-volatiles prior to the eruption of the SFB at 250
Ma.

4.2.2. Nitrogen isotopes

Nitrogen isotopes can potentially provide additional insights
into the nature of the mantle source beneath Siberia, as DMM (-5
+ 2%0) and plumes (+3 £ 2%¢) have diagnostic N isotope signa-
tures (Dauphas and Marty, 1999). However, plume N isotope values
have previously been proposed to be the direct result of recy-
cling of surface material (Dauphas and Marty, 1999), potentially
complicating this signal. Fig. 1a shows the wide range in §1°N val-
ues measured in Siberian xenoliths, ranging from -5.85 + 1.29%
to +3.94 + 0.63%o. Udachnaya §'°N data span this entire range,
whereas Obnazhennaya samples cluster around -3 to -1%,. All val-
ues fall within the broad range of what was previously reported
for the SCLM (-13 to +14%o; Yokochi et al., 2009; Yamamoto et al.,
2020), which is significantly larger than the accepted DMM and
plume-derived §'°N ranges. In Fig. 1a, we plot He isotopes (Barry
et al,, 2015) as a function of N isotopes (this study), together with
DMM and plume mantle endmembers. It is clear from Fig. 1a that
the He-N systematics of the S-SCLM cannot be explained by simple
binary mixing between DMM and plume mantle components, and
that an additional radiogenic 3He/*He component is required (see
section 4.4 for details). Previously, Barry et al. (2015) suggested
that this component was related to an ancient subduction-derived
metasomatic event, resulting in the low 3He/*He values found in
the Udachnaya samples. These authors speculated that subsequent
addition of plume-derived volatiles to the radiogenic S-SCLM could
then account for the higher 3He/*He measured in younger Ob-
nazhennaya samples, which is consistent with Ne isotope observa-
tions. Assuming a plume §'°N endmember of +3 + 2%, the range
in He-N isotope data (Fig. 1a) can be explained by binary mix-
ing (section 4.4) with a radiogenic (i.e., low 3He/*He) endmember
marked by 8'°N of <-6%o (Fig. 1a; Section 4.3), which we hy-
pothesize to be subduction-derived, based on the lower 3He/*He
ratio. Alternatively, considering the large spread of §'°N values in
the low 3He/*He Udachnaya samples, data could potentially be ex-
plained by DMM mixing with a radiogenic component marked by
positive 81°N (~+4%), consistent with modern recycled sedimen-
tary N.

In summary, the large range in §'°N in peridotitic xenoliths
suggests a complicated and enigmatic petrogenic and geochemical
history of the S-SCLM. We conclude that N isotopes in isolation do
not provide a clear picture of mantle source contributions (DMM
vs. plume-derived), as data span much of the mantle range. It is
however clear that the spread in data requires an additional radio-
genic component, which we characterize in the following section
(4.3) and hereby denote as the “Ancient Radiogenic Metasomatic”
(ARM) component. In section 4.4 we use N, noble gas and halogen
data to construct a comprehensive binary mixing model, account-
ing for the geochemical evolution of the S-SCLM since >360 Ma.

4.3. Nature of the ancient radiogenic metasomatic (ARM) component

In order to evaluate the source of N within the S-SCLM, we
probe the relationship between N isotopes and halogens. In Fig. 4a
and 4b, we plot Br/Cl and I/Cl as a function of N isotopes, re-
spectively. Notably, Br/Cl and I/Cl form a negative correlation with
815N, that ranges from plume-like Br/Cl, I/Cl and §'>N values to-
wards higher Br/Cl, I/Cl and lighter N isotopic values. The high
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Fig. 4. Br/Cl (4a), I/Cl (4b), as a function of N isotopes. Endmember values are
given in Tables 1 and 2 and described in sections 4.4 along with the details of
the mixing model. The Siberian xenoliths plot between the plume mantle endmem-
ber and values similar to altered oceanic crust. The data suggests that the S-SCLM
was metasomatized by an ancient radiogenic metasomatic (ARM) component prior
360 Ma. This was followed by plume re-fertilization of the Obnazhennaya samples
by a plume component at 250 Ma, associated with the SFB event. Uncertainties are
shown to 1o.

Br/Cl and I/Cl values observed in the S-SCLM were previously at-
tributed to infiltration of metasomatic fluids from subducted AOC
and/or eclogite (Broadley et al., 2018a). The negative correlation
between Br/Cl and I/Cl with N isotopes (Fig. 4) supports the hy-
pothesis that light N isotopic signatures in xenoliths (i.e., the ARM
component) are also derived from subduction. Notably, AOC is a
major carrier of subducted N (Mitchell et al., 2010), however, the
815N isotopic signature of AOC varies widely (Li et al., 2007). The
proposed ARM endmember is consistent with the >N depleted
end of this range and could result from the biotic reduction of
mantle-like N, by reaction with H, produced during alteration of
basaltic minerals (Li et al., 2007). If true, this would implicate re-
cycled AOC as the source of the ARM nitrogen.

4.3.1. Evidence for Archean subduction?

Strongly radiogenic He isotope signatures (Fig. 1a), coupled
with high Br/Cl and I/Cl (Fig. 4) signatures in Udachnaya sam-
ples provide convincing evidence for the addition of a subducted
component to the Siberian lithospheric mantle (SOM; Barry et
al,, 2015), however the origin of this component and the over-
all timing of the metasomatic event remains enigmatic. Nitrogen
isotopes provide a potentially promising tool in this regard, as
N-bearing sediments and AOC are considered to be recycled via
subduction (Mitchell et al., 2010), potentially since the Archean
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the Obnazhennaya samples, erupted at 160 Ma.

(Marty and Dauphas, 2003). As a result, N isotopes have been used
to trace subducted material in volcanic arcs (e.g., Fischer et al.,
2002) and different mantle reservoirs (Dauphas and Marty, 1999;
Fischer et al., 2005).

Modern sediments have an average §'°N of ~ +5 to +7 %o,
attributed to the kinetic isotope fractionation of N during dissim-
ilatory denitrification of NO3 in the modern oxygenated oceans
(Altabet and Francois, 1994). However, Archean metasediments are
significantly lighter with respect to §1°N than kerogens in mod-
ern sediments (Pinti et al., 2001). This is due to the fact that the
N cycle in an anoxic Archean ocean would likely be dominated by
chemical and metabolic reactions involving reduced forms of ni-
trogen (N2, NH3, NH} ), resulting in '°N depleted sediments. For
example, in an anoxic Archean ocean, NO; would be scarce and
thus dissimilatory denitrification of NO; (and the associated ki-
netic "N enrichment) would not readily occur. Instead, the biota
in the euphotic zone would directly fix Ny or assimilate NH,
leading to more negative §1°N values (Marty and Dauphas, 2003)
in the oceanic crust and overlying sediments. Therefore, we sug-
gest that the ARM component could be a remnant of isotopically
light subducted Archean N. This was previously hypothesized by
Marty and Dauphas (2003), who showed that subduction-derived
eclogitic diamonds had a distinct low §°N (-5 %) signature, sim-
ilar to Archean organic matter. Notably, under similarly reducing
conditions, low §1°N values could also be produced in modern AOC
(Li et al., 2007).

Pernet-Fisher et al. (2015) used Re-Os isotopes to constrain the
antiquity of the metasomatic fluids; these authors demonstrated
that Siberian xenoliths are a metasomatic remnant of fluids de-
rived from a high 187Re/'880s source, such as recycled oceanic
crust and/or sediments. According to Re-Os systematics, this sub-
ducted (ARM) component was introduced into the S-SCLM during
craton growth events from ~1.8 to 3.0 Ga. Furthermore, Udachnaya
Archean eclogite xenoliths are enriched in §'80 relative to the
DMM (Jacob et al., 1994), suggesting that they originate from
oceanic crust that underwent extensive seawater alteration prior
to subduction. Together, these ancillary pieces of evidence suggest
that the subducted ARM component was originally sourced from
Archean aged AOC.

4.3.2. Evolution of slab fluids during subduction

Together, halogen, N and noble gas data suggest that the S-
SCLM has been metasomatized by subducted Archean AOC fluids
(Fig. 5). However, we note that there are other mechanisms that
could account for the non-mantle-like elemental and isotopic ra-
tios within these samples. For example, Halama et al. (2010)
measured N concentrations and §'°N values in high-pressure
and ultrahigh-pressure mafic eclogites and subducting AOC. They
showed that, with increasing metamorphic grade, the N concen-
trations of eclogites decreased whilst §!°N increased up to values
of +8%o. The decrease was attributed to preferential loss of 4N
into the fluid phase (Bebout and Fogel, 1992), suggesting kinetic
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fractionation occurred during generation of the fluid (Yamamoto
et al,, 2020). The resulting fluids released during slab dehydration
would thus be isotopically lighter in §1°N, in line with values mea-
sured in xenoliths samples from the mantle wedge (Yamamoto et
al., 2020), which show 81°N values as low as -14%o. Therefore, the
low 8'°N value of the ARM component could, in theory, be ex-
plained by fractionation during fluid release from the subducted
slab.

The dehydration of oceanic crust at subduction zones can also
have a significant effect on the K and U concentrations in the re-
leased fluids and the dehydrated slab (Lassiter, 2004). Understand-
ing how K is released from the slab can provide further insight
into the behavior of N during subduction, as N in the form of
NHI can readily substitute for K* in K-bearing minerals (Busigny
and Bebout, 2013). Potassium is highly soluble in fluids generated
during slab dehydration, whilst U solubility is dependent on the
overall oxidation state. As a large proportion of U in the oceanic
crust is in the form of insoluble U%*, the K/U in the residual slab
is predicted to decrease with time, whilst any released fluids will
have higher K/U than the residual slab (Lassiter, 2004). This pro-
cess is highlighted by the high K/U (> 20,000) found in arc lavas
and low K/U (~800) in eclogites (Fig. 5). A dehydrated slab with
low K/U would therefore generate high “He/*0Ar*, similar to those
observed in Siberian xenoliths (Fig. S2). In fact, high “He/4CAr* val-
ues (similar to that measured within the Udachnaya samples) have
previously been observed in subduction-related mantle xenoliths
with low 3He/*He (Yamamoto et al., 2004; Matsumoto et al., 2005),
suggesting that high (and variable) *He/CAr* in Siberian xenoliths
is a feature of subduction-driven metasomatism rather than de-
gassing. The high “He/*%Ar* in Udachnaya xenoliths highlight that
the subducted component in the S-SCLM must have originated
from a section of oceanic crust that was previously dehydrated
and depleted in K, most likely during an early phase of subduction
and arc magma generation. This suggests that light §1°N values in
the S-SCLM do not originate from fractionated fluids (Yamamoto et
al.,, 2020), which would be marked by high K/U and therefore low
4He/*Ar*. The lack of any clear correlation between “He/*0Ar* and
819N (Fig. 3a) further supports the notion that fractionation during
fluid release played a limited role in controlling the N isotopic sig-
nature of the S-SCLM. We therefore conclude that the light §1°N
component in the S-SCLM originates from either the subduction of
Archean N or a light N component in AOC.

However, we note that the low §'°>N components in both mod-
ern AOC and Archean sediments are the result of reactions occur-
ring under reducing conditions (Pinti and Hashizume, 2001; Marty
and Dauphas, 2003), and therefore the two potential sources of
subducted N in the S-SCLM may not be mutually exclusive. Ni-
trogen is stable as ammonium under subduction redox conditions
(fO2 < QFM; e.g., Mikhail et al., 2017) and behaves similarly to
large ion lithophile elements, substituting for K-bearing minerals
and sedimentary material. Thus, subduction of isotopically heavy
NHI (~+5%o) in altered oceanic crust and sediments into the man-
tle may result in isotopically distinct mantle reservoirs (Sano et
al., 1998; Busigny and Bebout, 2013; Halama et al., 2014). Be-
cause modern oceanic sediments are enriched in the heavy iso-
tope of nitrogen (i.e. 1°N) relative to the DMM, it has been pro-
posed that subduction of material, containing molecularly-bound
nitrogen - residual to sub-arc fluid loss - could result in the in-
troduction of heavy N-isotope signatures into the (deep) mantle
(Marty and Humbert, 1997; Halama et al., 2010). N-isotope en-
richments have been observed in subduction related geothermal
gases (Fischer et al., 2002) and ocean island basalts (OIBs; Marty
and Dauphas, 2003; Fischer et al., 2005). To date, however, such
N-isotope anomalies have rarely been detected in the DMM (Marty
and Zimmermann, 1999; Cartigny et al., 2001).
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Fig. 6. (6a) “He/*CAr* vs. Cl (ppm); (6b) 29Ne/3Ar vs. Cl (ppm). The strong positive
correlation between both “He/4°Ar* and 2°Ne/36Ar with CI concentrations indicates
that the noble gas elemental ratios are not a feature of degassing but are instead
related to metasomatism. The correlation between 2°Ne/36Ar and Cl indicates that
the ARM endmember is enriched in Ne, relative to air and seawater indicating that
Ne can be recycled to SCLM depths. The high 2°Ne/36Ar also suggests that Ne may
have been preferentially released from the slab relative to Ar, confirming that Ar is
recycled to the mantle more efficiently than Ne. Uncertainties are shown to 1o and
are often smaller than symbol size.

The subducted origin of high “He/4CAr* in the Siberian xeno-
liths is further substantiated by the strong correlation between
4He/*°Ar* and Cl concentration (Fig. 6a). High Cl concentrations
measured within the Udachnaya samples coupled with the ele-
vated Br/Cl and I/Cl (Fig. 4), indicates that the majority of the halo-
gens within the S-SCLM have a recycled origin. The positive corre-
lation between “He/*9Ar* and Cl concentrations, therefore suggests
that the high “He/*CAr* measured within the xenoliths is associ-
ated with the subducted ARM component and is not a feature of
degassing fractionation (Fig. 3). The positive correlation that exists
between 2°Ne/36Ar and “4He/4°Ar* (Fig. 3c) is therefore more likely
to represent mixing between the S-SCLM and a subduction-derived
metasomatic component. The correlation between 2°Ne/36Ar and
Cl (Fig. 6b) suggests that the subducted (ARM) endmember has
a 20Ne/36Ar higher than both seawater (0.17) and atmosphere
(0.52). Interestingly, the 2°Ne/36Ar of serpentinites increases from
seawater-like values during dehydration and transformation to sec-
ondary peridotites (Kendrick et al., 2018). This indicates that sub-
ducting slabs can retain Ne past the point of serpentinization de-
hydration within the magmatic arc and deliver Ne deeper into
the SCLM. However, we note that the maximum 2°Ne/36Ar ratio
measured in the Siberian xenoliths is still higher than previously
measured subducting lithologies (<0.5) suggesting that at SCLM
depths Ne may be preferentially released from the slab, relative to
Ar, thus raising the 2°Ne/36Ar in the ARM component and presum-
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ably leaving the residual slab with low 2°Ne/36Ar. This implies that
Ar would be preferentially retained within minerals in the sub-
ducting slab relative to Ne, and may be more efficiently transferred
into the cratonic lithosphere or into the deeper mantle (Holland
and Ballentine, 2006). A similar fractionation mechanism could po-
tentially account for higher xenolith Br/Cl values relative to AOC
fluids and eclogites (Fig. 4a), as Cl is considered to be preferen-
tially subducted into the mantle relative to Br and I (Kendrick et
al., 2014). Therefore, metasomatic fluids released from the slab to
the S-SCLM may have enriched Br/Cl and I/Cl relative to the origi-
nal AOC composition (Broadley et al., 2018a).

Finally, in Fig. 1b we show Ny/36Ar as a function of §'°N; no-
tably, Siberian xenoliths are characterized by N;/36Ar values that
are significantly lower than DMM values (~2 x 108; Labidi et al.,
2020), plume values (1.6 x 108; Labidi et al., 2020), cratonic end-
member value (~4.5 x 10°; Labidi et al, 2020)), sediments (~6
x 108; Sano et al., 1998), deep ASW (~1.1 x 10%; Yamamoto et
al.,, 2020), or air-values (~2.5 x 10%). However, all data can be ex-
plained by an admixture between ARM material (N,/36Ar = 1 x
10%; 81N = -7 & 1%¢) and a plume endmember (N,/36Ar = 1.6
x 108; 81N = +3 + 2%0) - see model in section 4.4. The low
N,/36Ar of the ARM endmember suggests that 36Ar is preferen-
tially released during subduction relative to N3, thus lowering the
N3 /?6Ar in the residual slab. The implication is that N, would be
preferentially retained within minerals in the subducting slab rela-
tive to 3%Ar, and may be preferentially transferred into the cratonic
lithosphere or into the deeper mantle.

4.4. Comprehensive model of S-SCLM evolution

Here we present a binary mixing model to explain new (N, Ne
and Ar isotopes) and previously reported (He and halogen) data.
The timing of these events can be constrained from the known
eruptive history of the two Siberian pipes (Udachnaya = 360 Ma;
Obnazhennaya = 160 Ma) relative to the timing of the emplace-
ment of the SFB (250 Ma). The model assumes that the S-SCLM
was initially metasomatized by ARM-like fluids (section 4.3), re-
sulting in strongly radiogenic He and Ar signatures. Large-scale
metasomatism by an ARM-like component must have occurred be-
fore the Udachnaya eruption at 360 Ma and perhaps as early as
the Archean (see section 4.3.1). At 360 Ma, the Udachnaya sam-
ples erupted and retained these dominantly radiogenic He and
Ar features, as well as Ne isotope evidence for a sniff of plume-
derived fluids. This is likely the result of initial plume impinge-
ment, whereby Udachnaya Ne isotopes were overprinted, but He
and Ar isotopes remained dominantly radiogenic due to mass
balance considerations. If true, this observation implies that the
plume that ultimately resulted in the SFBs may have been present
below the craton, prior to 360 Ma - imparting a trace of plume-like
Ne more than 100 Myr before the SFB eruption event. At 250 Ma,
the SFB were emplaced on a massive scale, effectively overprinting
the ARM signatures with plume-derived volatiles. Obnazhennaya
samples (erupted at 160 Ma) were overwhelmed by these mantle
fluids and thus shifted towards plume-like volatile compositions
(Fig. 5b). Supporting evidence from additional geochemical tracers
are detailed in section S.1.

This model is consistent with all noble gas, halogen and nitro-
gen isotope observations. In Fig. 1a, helium isotopes are plotted
versus 81°N values for all Siberian peridotite samples along with
postulated plume (?He/*He = 13 + 1Ra; 81°N = +342%0) and
ARM (3He/*He < 0.5Rp; 8'°N = -741%) components and binary
mixing trajectories between these two endmembers. Both plume
and crustal He isotope endmember values are well-constrained
(Basu et al., 1995; Barry et al,, 2015). The §'>N values of man-
tle plumes are typically positive, whereas AOC is highly-variable.
In this framework, we show that two-component mixing can ex-
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plain coupled §'>N->He/*He systematics. As a result, Obnazhen-
naya samples have higher He isotopes on average and a higher
815N than the most ARM-like Udachnaya samples. Notably, all re-
fertilized Obnazhennaya samples display higher than DMM §1°N,
suggesting mixing back towards a plume-like (high *He/*He and
positive §1°N) source. A similar mixing model can also explain the
Br/Cl (Fig. 4a) and I/Cl (Fig. 4b) variations as a function of N iso-
topes, whereby an initially ARM-like S-SCLM was re-fertilized at
~250 Ma - shifted He isotopes to higher values and N isotopes
to less negative values, both consistent with mixing between ARM
and plume-like endmember components.

5. Summary

In summary, data presented here - together with previous stud-
ies of mantle xenoliths (Kim et al., 2005; Yamamoto et al., 2004,
2020) - suggests that metasomatism of the SCLM may be a glob-
ally significant process. Critically, the metasomatic material that in-
filtrates the S-SCLM records an important “subduction-fingerprint”
that can be used to gain insight into relative volatile element re-
cycling efficiencies and shed light on volatile movements between
Earth’s surface and interior over our planet’s history. We report
new N and Ne-Ar isotope data for two petrologically-distinct suites
of peridotitic xenoliths recovered from kimberlites that bracket the
eruption of the SFB: the 360 Myr old Udachnaya and 160 Myr old
Obnazhennaya pipes. We show that volatile systematics of Siberian
xenoliths: (1) exhibit evidence of ancient metasomatic and/or re-
cycled signatures - which we refer to as “Ancient Radiogenic Meta-
somatism” or ARM, and (2) show evidence of subsequent plume-
like re-fertilization, which we attribute to the emplacement of
the SFB. ARM fluids are highly enriched in radiogenic (*He and
40Ar) gases and have elevated Br/Cl and I/Cl values, consistent with
an ancient subducted crustal component. The ARM component is
marked by light N isotope signatures, suggesting it may be derived
from an anoxic Archean subducted source. The ARM component
also has high 2Ne/36Ar and low Ny/?6Ar, suggesting that Ne is
preferentially released during subduction/dehydration relative to
Ar, whereas Ar is preferentially released relative to Nj. This im-
plies that in the residual slab, N is most efficiently transferred to
greater depths (i.e., the cratonic lithosphere and/or deep mantle),
followed by Ar and finally Ne, if at all.
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