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Abstract

The terrestrial carbon to nitrogen ratio is a key geochemical parameter that can provide
information on the nature of Earth’s precursors, accretion/differentiation processes of our
planet, as well as on the volatile budget of Earth. In principle, this ratio can be determined
from the analysis of volatile elements trapped in mantle-derived rocks like mid-ocean ridge
basalts (MORB), corrected for fractional degassing during eruption. However, this correction
is critical and previous attempts have adopted different approaches which led to contrasting
C/N estimates for the bulk silicate Earth (BSE) (Marty and Zimmermann, 1999; Bergin et al.,
2015). Here we consider the analysis of CO»-rich gases worldwide for which a mantle origin
has been determined using noble gas isotopes in order to evaluate the C/N ratio of the mantle
source regions. These gases experienced little fractionation due to degassing, as indicated by
radiogenic “He/"’Ar* values (where “He and “°Ar* are produced by the decay of U+Th, and
40K isotopes, respectively) close to the mantle production/accumulation values. The C/N and
C/He ratios of gases investigated here are within the range of values previously observed in
oceanic basalts. They point to an elevated mantle C/N ratio (~350-470, molar) higher than
those of potential cosmochemical accretionary endmembers. For example, the BSE C/N and
I5A1/N ratios (160-220 and 75 x 107, respectively) are higher than those of CM-CI chondrites
but within the range of CV-CO groups. This similarity suggests that the Earth accreted from
evolved planetary precursors depleted in volatile and moderately volatile elements. Hence the
high C/N composition of the BSE may be an inherited feature rather than the result of
terrestrial differentiation. The C/N and J5A/N ratios of the surface (atmosphere plus crust) and
of the mantle cannot be easily linked to any known chondritic composition. However, these
compositions are consistent with early sequestration of carbon into the mantle (but not N and

noble gases), permitting the establishment of clement temperatures at the surface of our planet.
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1. Introduction

Carbon and nitrogen are essential ingredients to build a habitable Earth-like planet (Alexander
et al., 2012; Marty, 2012; Bergin et al., 2015; Johnson and Goldblatt, 2015; Hirschmann,
2018; Grewal et al., 2020). Together with water, these elements were delivered to Earth by
accretionary materials mainly originating from the inner solar system, whose remnants can be
found in primitive meteorites (chondrites). Stable isotope ratios point to an asteroidal-like
origin for terrestrial water, carbon and nitrogen (Marty, 2012; Alexander et al., 2012),
whereas other potential cosmochemical sources such as cometary material were likely to be
minor (Bekaert et al., 2020). Of particular interest is C, one of the main greenhouse forcing
elements in the atmosphere. Its present-day abundance at Earth’s surface is reasonably well
known from the geological record (27+5 ppmw, normalized to the mass of the BSE, 4.0 x
1027g; Hirschmann, 2018), but the abundance of carbon in the other major terrestrial
reservoirs (e.g., the core and the mantle) is not well-constrained and somewhat model-
dependent (Dalou et al., 2017; Hirschmann, 2018; Grewal et al, 2020). For example, C is
often advocated to be an important trace element in the core, but quantitative estimates of its
concentration depend on several poorly constrained parameters such as pressure,
composition-dependent metal-silicate partitioning coefficients and chronology of core
formation (e.g., Dalou et al., 2017; Li et al., 2020). As both carbon and nitrogen are
incompatible during partial melting under present-day mantle oxygen fugacity conditions,
their contents in the mantle-derived lavas can thus, in principle, be used to estimate the
composition of the mantle source. However, CO>, the main carbon-bearing species in present-
day magmas, has a low solubility in basaltic melts and lavas reaching Earth’s surface are
readily degassed, including those erupted at high hydrostatic pressure and rapidly quenched

on the ocean floor. Some authors have considered oceanic basalt glasses with minimally-
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degassed basalts (Hirschmann, 2018) to estimate the ratio of CO- to non-volatile elements
with known geochemical behaviors such as Ba or Nd (Rosenthal et al., 2015), for which the
mantle abundance are known. Assuming that the CO2/Ba ratio (100+20 ppmw/ppmw;
(Hirschmann, 2018) is representative of the mantle sources of analyzed lavas, and taking a Ba
concentration of the convective mantle to be 4.0+0.4 ppmw (Palme and O’Neill, 2013), the
concentration of C in the mantle was hence estimated at 110+40 ppmw for parent reservoirs
(Hirschmann, 2018). Volcanism at the Earth’s surface is volumetrically dominated by mid
ocean ridge (MOR) magmatism (~16 km*/yr; Le Voyer et al., 2019) which is sourced directly
from the convecting depleted MORB mantle (DMM). The DMM carbon concentration can be
estimated independently from the total flux of CO; from ridges, the magma production rate,
and the average MOR melting rate (~12%). MOR CO:z flux values computed following
different approaches yield comparable values: [1.3+0.8] x 10'2 mol/yr from MOR data
compilation (Le Voyer et al., 2019), [2.2+0.9] x 10'? mol/yr (Marty and Tolstikhin, 1998) and
[1.6+0.2] x 10'2 mol/yr (Tucker et al., 2018) from calibration to *He. The corresponding
MOR mantle C content would be about 20-30 ppmw (Tucker et al., 2018), significantly lower
than the one obtained from the Ba calibration. Current constraints on the C content of the
mantle therefore remain uncertain, especially if regions that are not involved in mantle
convection (e.g., the plume mantle source) are significant repositories for C, as independently

suggested by noble gas isotopes (e.g., Mukhopadhyay and Parai, 2019).

Nitrogen in the atmosphere-mantle system can be estimated on a global scale. N2 and
radiogenic *°Ar abundances correlate in MORB glasses and ocean island basalt (OIB) glasses
from different localities worldwide (Marty and Zimmermann, 1999; Marty and Dauphas,
2003). Consequently, the N content of the mantle can be estimated from that of “°Ar produced

by the decay of “°K because the potassium content of the BSE is reasonably well estimated
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(28060 ppm K, Arevalo et al., 2009). Terrestrial “°Ar has been produced by the radioactive
decay of “°K in the BSE, and about half (42*32.;3 %) of radiogenic *“’Ar (noted *°Ar*) is now
in the atmosphere as a result of terrestrial degassing (Allegre et al., 1996). The surface
reservoirs (atmosphere: 0.97 ppmw N, sediments and crust) can account for about 1.56+0.06
ppmw N (Johnson and Goldblatt, 2015; Hirschmann, 2018; after correction in error
propagation). Using a mass balance approach, the mantle N concentration was estimated to be
around 1 ppmw (Marty, 2012) and more recently to be 1.10+0.55 ppmw (Hirschmann, 2018).
Available constraints on the global inventory of N in the Earth's mantle and surface constitute
a solid basis for estimating the volatile content of the BSE (Marty, 2012; Johnson and

Goldblatt, 2015; Bergin et al., 2015; Hirschmann, 2018).

By combining the mantle carbon concentration obtained from calibration to Ba together with
the above mantle N concentration, Bergin et al. (2015) estimated a mantle C/N ratio of ~90 (in
the following elemental ratios are molar and written in italics while C and N concentrations
are in ppmw of the BSE having a mass of 4 x 10?’g). Using their estimated surface C/N ratio
(21+6), Bergin et al. proposed a BSE C/N ratio of 61+23. In contrast, Marty (2012) estimated
a significantly higher BSE C/N ratio of 365+233 from the analysis of CO; and N2 in MORBs
and OIBs (Marty and Zimmermann, 1999; Marty and Dauphas, 2003). The implications are
not trivial, as a high C/N ratio of the BSE would imply a high mantle C concentration and
drastic volatile fractionation either in the planetesimals that formed our planet or during

Earth’s formation.

The bulk mantle C/N estimate of Marty (2012) is based on the C-N-noble gases composition
of a suite of 47 MORB and OIB samples extracted following vacuum crushing to remove

secondary contributions within basaltic glasses. Gases trapped in oceanic glasses always
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constitute a residual fraction of the initial volatile content due to pre-eruption and syn-
eruption degassing. Hence residual volatiles are elementally fractionated according to their
solubilities in basaltic melts. The solubilities of N2 and Ar are comparable (Kn2 ~ Kar ~ 2-3 X
1012 mol/g.hPa; Jambon et al., 1985; Libourel et al., 2003), and their degassing fractionation
is minimal. However, CO; and He are ~3 and ~10 times more soluble than N or Ar
respectively (Kcoz = 9 x 1012 mol/g.hPa, Dixon et al., 1995; Kue =2.5 x 10"'! mol/g.hPa,
Jambon et al., 1985). Accordingly, He and CO, will be depleted (relative to N2-Ar) in the first
fractions of gas escaping from a magma and enriched in residual gas trapped in erupted lavas.
One way to correct for degassing fractionation is to use the radiogenic *He/*’Ar* ratio (where
40Ar* is the amount of “°Ar corrected for atmospheric contamination). Its
production/accumulation ratio in the mantle is estimated from the parent (U+Th)/ K
abundance ratio to be ~2 (range: 1.8-3.0; e.g., Marty, 2012; Mukhopadhyay and Parai, 2019).
Oceanic basalt glasses present systematically higher values in the range 3-96 (Marty and
Zimmermann, 1999), demonstrating the effect of elemental fractionation that could be
modeled following a Raleigh-type distillation process. The initial (C/N); ratio of the mantle

source could be computed from the measured (C/N )meas ratio according to Egn. I:

-1_ -1
(KNZ_KCOZ)
—1_—1
(KHe_KAr)

(4He/4°Ar)m
(#*He /*0Ar); ]

(C/N)i = (C/N)m X | (1)

where K; are the basaltic melt/gas partition coefficients for species j and suffixes i and m
mean initial and measured, respectively. After correction, the mean MORB (C/N) ratio was
computed to be 535+224 (Marty and Zimmermann, 1999), with E-MORBs ((C/N) =
1839+641) being richer in C (relative to N) than N-MORBs ((C/N) = 273+106). This study

indicated that (i) the C/N ratio of the MORB mantle is much higher than that of the surface
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inventory ((C/N)surface = 2126, computed with abundances given in Hirchsmann, 2018), and
(i1) the C content of mantle sources is highly variable, possibly due to preferential subduction

of C compared to N (Marty and Zimmermann, 1999).

Bergin et al. (2015) questioned this approach by noting that the extent of correction for
largely variable C/N ratios in MORB complicates the reconstruction of the C/N ratio of
mantle sources (Bergin et al, 2015). Natural CO;-rich gases for which isotopic ratios of C, N
and noble gases demonstrate a mantle origin may provide an independent means to
investigate the C/N ratio of the mantle. Continental CO»-rich gases tap into large crustal
volumes where mantle-derived gases have accumulated over long periods of time (Ballentine
and Holland, 2008), making them presumably more representative of the original mantle
composition than residual gases left over in oceanic basaltic glasses. Atmospheric and/or
crustal contamination can be problematic for natural gases, yet the noble gases along with C
and N can provide sensitive tools to assess these effects and identify the original mantle
source composition. Here we have selected CO»-rich gases from different geodynamic
environments where these effects can be robustly corrected for, to thoroughly estimate the
C/N ratios of the corresponding magma sources and provide new insights into the C/N ratio of

the BSE.

2. Samples

We have selected CO»-rich gases for which the “’Ar/°Ar ratios are markedly higher than the
atmospheric value of 298.6. Other noble gas constraints were used as additional sample
selection criteria, namely those with (i) mantle-derived helium, rich in primordial *He, (ii)

mantle-derived neon with 3-isotope compositions lying along the MORB or the mantle plume
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correlation, and (iii) excess '>’Xe from the radioactive decay of extinct '*I (as mantle Xe is
enriched in '2°Xe with respect to atmospheric Xe) (Table 1). Samples having all these features

are not common and as far as we know are restricted to the list presented in Table 1.

We include CO»-rich gases from continental Europe. Briuer et al.(2013) carried out a
systematic survey of CO;-rich gases in the Eifel quaternary volcanic province (Germany), and
found two locations (Victoriaquelle and Schwefelquelle) with elevated “’Ar/°Ar ratios in the
range 1,500-3,000. Repeated sampling of these springs by the CRPG group identified even
higher “?Ar/®Ar ratios up to 8,300, '2°Xe excesses up to 7 % relative to atmospheric Xe and
MORB-like neon (Bekaert et al., 2019). Nitrogen isotopologues of these samples indicate
undetectable atmospheric N» contribution (Labidi et al., 2020). We also include data for a

COs-rich gas sampled at Bublak, Eger graben, Czech Republic (Bréuer et al., 2004).

In 2018, we undertook a survey of geothermal gases in the Yellowstone National Park (USA),
which is located at the present-day apex of a high->He mantle plume (Craig et al., 1978).

Some of the gases that were collected show “’Ar/°Ar ratios higher than the atmospheric value
(Broadley et al., 2020) and their data are reported here in three groups (Table 1): (1) the Mud
Volcano group located inside the Yellowstone caldera where the highest *He/*He values (> 14
Ra, typical of mantle plume He signature) are observed (Craig et al., 1978); (i1) the Turbid
Lake group located at the border of the caldera (He/’He = 5.2 Ra), and (iii) the Brimstone
Basin group outside the caldera (*He/*He = 2.8 Ra). He isotope variations are consistent with
dilution of a typical mantle plume signature by radiogenic He from the Precambrian basement.
Brimstone Basin samples also have Xe and Ne isotopes consistent with a crustal contribution

to plume-like noble gases (Broadley et al., 2020). Nitrogen isotopologues of Yellowstone
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gases also point to a mantle plume origin for nitrogen, with limited contributions of

atmospheric or crustal N (Labidi et al., 2020).

The Naftia sample from Sicily is a CO2 well gas in the vicinity of Mount Etna which shows
an excess of '??Xe and MORB-like Ne (Nakai et al., 1997). At this site, the *He/He ratio
varies between 6 and 7 Ra and correlates with the eruptive activity at Mt. Etna, suggesting
that new injections of magma under the volcano periodically contribute fresh mantle gases to
this CO; reservoir (Caracausi et al., 2003). Volcanic gases were also sampled at Oldoinyo
Lengai, an active carbonatitic volcano located on the eastern branch of the East African Rift
Valley (Fischer et al., 2009). Atmospheric contamination is low, as indicated by “?Ar/%Ar
ratios up to 948 (OLD-2 sample), which is among the highest values ever measured for
volcanic gases. The SHe/*He ratio (6.9 Ra) is in the low range of MORB values, and neon has
a MORB-like isotopic composition. Fischer et al (2009) interpreted the C, N and noble gas
compositions as reflecting degassing of a new batch of magma from a MORB-like source. A
“He/"Ar* ratio of 0.4 (Table 2) lower than the mantle range (1.8-3.0) is consistent with this
interpretation because less soluble argon in silicate melts tends to degas more readily than

more soluble helium during the first stages of magma degassing.

Gases extracted from two well-studied, gas-rich, basaltic glasses are also included in this
compilation for the purposes of comparison. 2I1D43 is a MORB glass from the Mid-Atlantic
Ridge at 14°N (Javoy and Pineau, 1991; Moreira et al., 1998). This sample is considered to
best represent the composition of a MORB gas phase. DICE corresponds to a subglacial glass
sampled in Iceland (N64°10'31.9"/W021°02'43.0") which is also a reference sample that is

considered representative of unfractionated mantle plume-sourced gas (Harrison et al., 1999;
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Mukhopadhyay, 2012). Both samples have *He/*’Ar* close to, or within the range of

accumulation/production mantle values, indicating limited, if any, degassing fractionation.

3. Data handling

In order to determine the mantle source compositions, gas data need to be corrected for
atmospheric contribution and fractional degassing of magmas, respectively, which we explain

below.

3.1- Correction for atmospheric contamination

The correction for atmospheric contamination is negligible for CO> given its low atmospheric
concentration (440 ppmv) but can be important for N2 and Ar which are abundant in air
(78.08 vol % and 0.93 vol%, respectively; Table I). Atmospheric contamination of natural
gases is always critical for non-radiogenic noble gases (e.g., *°Ar) and can overprint the
original composition. This is less of a problem for *°Ar because this isotope is more abundant
in the mantle than primordial *®Ar relative to the atmosphere (*’Ar/°Ar = 298.6 in air versus
> 10,000-40,000 in the mantle, see below). Correction for atmospheric contamination is

achieved using measured “’Ar/%Ar ratios:

40
40 _ ATmeas
Ao = —H @)
with:
(s527) o~ ()
36 20 4. “\20,4,
— Ar _ \*041)eas \*0AT) gtm (3)
— \404y - (36Ar) _(36Ar)
@ *0ar) gem \*OAT) mantie

10
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Where suffixes ca, meas, atm and mantle refer to “°Ar/%Ar values corrected for atmospheric
contamination, measured in the sample, in the atmosphere and the mantle end-member,
respectively. For the latter, we chose 40,000 and 10,000 for convective mantle and mantle
plume sources, respectively (Bekaert et al., 2019; Mukhopadhyay, 2012). Taking 27,000 as
the mantle source endmember of 2I1D43 (Moreira et al., 2018) would have a minor effect on
the correction. The corrections for the “°Ar concentrations are in most cases marginal (within
0.1- 20 %), except for the Mud Volcano and Turbid Lake samples (65-71%) and for the

Bublak gas sample (54%).

For N> which is also less affected by atmospheric contamination than primordial noble gases
((N2/*%Ar) = 1.5-3 x 10* in air and air-saturated water, and >10° in the mantle), the correction
is achieved by using the No/*’Ar ratio, with corrected N, being computed using the corrected

40Arca concentration:

(41‘:]:7”)“1 (4f)vjr)meas tax [(4gvjr)meas B (4f)vjr)atm] )
Njcq = (42]:7,) X 4OArca &)

where ais computed from Egn. 3. The atmospheric contaminant for geothermal and volcanic
gases is generally carried by underground aquifers (Giggenbach, 1980). For the atmospheric
(No/*°Ar)um ratio, we assume a value 39.2, which is a mean for air-saturated water at
equilibrium temperatures of 10°C (37.9) and 100°C (40.5) (computed with the Bunsen

coefficients given in Ozima and Podosek, 2002).
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3.2- Correction for fractional degassing

As for oceanic basalts, the correction for fractional degassing is based on the measurement of
the “He/"°Ar* ratio using Egn. (1), where “°Ar* is approximated by “°Ar.,. The abundance of
helium does not need to be corrected for atmospheric contamination given its low
atmospheric content (5.24 ppmv) and the generally low level of air contamination for the
gases selected here (correction for the He isotopic ratios are also negligible for these samples).
The “He/*’Ar* ratios of the gases (including gases trapped in DICE and 2I1D43 vesicles)
range between 0.4 (Oldoinyo Lengai) and 2.3 (DICE) (Table 2). These values are much closer
to the mantle production/accumulation range (1.8-3.0) than ratios measured in oceanic basalt
glasses (3-96; Marty and Zimmermann, 1999), making correction for fractional degassing
limited. Contrary to MORB glasses which are extensively degassed, CO»-rich gases represent
a gas phase in equilibrium with a degassing batch of magma and may also be related to new
batches of rising magmas as in the case of Oldoinyo Lengai (Fischer et al., 2009) and Etna
(Caracausi et al., 2003). The C/N, C/AHe, NAHe and *°A/N ratios corrected for atmospheric

contamination and fractional degassing are given in Table 2 and Table 3, respectively.

4- Discussion

4.1- Distribution of C/N values in COz-rich gases and MORBs

In Fig. 1 we compare the distribution of corrected C/N ratios in CO>-rich gases and in the two

gas-rich glasses (211D43 and DICE) with that of all corrected MORB data (Marty and

Zimmermann, 1999). The distribution of CO;-rich gas data shows a mean C/N around 500

whereas the distribution of MORB values is shifted towards low N-MORB values, which
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were more numerous than carbon-rich E-MORB values in the compilation of Marty and
Zimmermann (1999). Hence data from natural gases confirm that the respective magma
sources have C/N ratios higher than Solar, Chondritic (CI and CM, Fig. 5) and the mantle

value previously proposed by Bergin et al (2015).

4.2- Crustal or subcontinental lithospheric mantle (SCLM) contribution?

Although gas compositions reported here indicate that C/N and C/He ratios are comparable
to those of the mantle sources of oceanic basalts (Figs. I & 2; Tables 2 & 3), the underlying
crust and/or subcontinental lithospheric mantle may also significantly contribute to the budget
of outgassing volatiles. We note that the isotopic compositions of carbon and nitrogen are
consistent with a mantle origin (&°C =-5+2%0; &d°N=-54+2%0 for MORBs and diamonds,
J’N=023%o for mantle plumes; e.g., Javoy and Pineau, 1991; Marty and Zimmermann, 1998;
Marty and Dauphas, 2003; Cartigny et al, 2014) for these gases (Table 1), although some of
the values are intermediate between those of carbonates (J#°C =0) and of the atmosphere
(J°N=0%o), respectively, suggesting contributions of surface and/or crustal volatiles. The
SHe/'He ratios of some of the CO»-rich gases considered here (3.2 Ra for New Mexico gases,
4.4-5.9 Ra for continental Europe gases, 2.4 Ra for Yellowstone gases sampled outside the
caldera) are lower than the canonical MORB range of 8+1 Ra, and samples from inside the
Yellowstone caldera. This is also consistent with contributions of radiogenic “He from the

regional crust.

Here we investigate crustal C (and by extension N) contribution to mantle-derived gases by
using the C/He ratios, which constitute a good indicator of C provenance since the crust is

highly depleted in primordial *He relative to the mantle. In a C/He versus C/N diagram (Fig.
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2), several of the samples plot close to the field defined by MORBs and are intermediate
between the mean N-MORB and the carbon-rich E-MORB endmembers. However, some of
the data points also seem to depart from the mixing trend between these two MORB
endmembers. This tendency is best exemplified by the Eger Rift sample (Fig. 2a), but it could
also be the case for the New Mexico and Eifel samples. For the Eifel samples, Labidi et al
(2020) argued from N isotope systematics that crustal contamination of the gas is unlikely.
However, these authors did not exclude the contribution of ancient subducted crust to the
subcontinental mantle in Western Europe. For the Yellowstone gases, Werner and Brantley
(2003) estimated that ~50% of COx is of sedimentary origin for the emanations outside the
caldera and that more than ~70% CO> is magmatic inside the caldera. In line with this view,
we note that the CO»/He ratios at Mud Volcano in the center of the caldera are lower (2.5 x
10°) than those of the Brimstone basin gases (4 x 10°) located outside the caldera, despite
having comparable &7C values (Table I). Labidi et al (2020) concluded from N isotopologues
that the contribution of crustal nitrogen to the Yellowstone gases inside the caldera is
negligible. Overall the C/He ratio of the Yellowstone gases inside the caldera (2.7 x 10°) is
comparable to the Icelandic DICE ratio (2.8 x 10°) (Table 3), where crustal contamination is

minimal.

In principle it should be possible to correct C for crustal contribution using the CO2/He ratios,
but this is complicated by the fact that E-type MORB glasses or plume samples also have
elevated CO»/He ratios (up to 6 x 10°) and high CO»/He ratios could be due to mantle source
heterogeneities and not crustal contamination of magmas or related gases. In a C/He versus
C/N diagram plot (Fig. 2b), contributions of pure crustal C (without crustal N) will produce
correlations anchored at the mantle end-member values and extending toward high C/He and

C/N ratios. Each data point is corrected for crustal C contribution by extrapolating measured
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data towards zero and taking the intersection of these lines with the CO»/He ratio inferred for
the mantle (2.240.6 x 10°, Marty and Zimmermann, 1999 or 1.74+0.2 x 10°, Tucker et al.,
2018; Fig. 2b). With these two CO:/He values, the mantle source C/N ratios are constrained

to be within 100-530 (Fig. 2b).

There is however two caveats with this approach. Firstly, the dispersion of data can be
accounted for by preferential loss of *He while leaving unaffected C and N (near-constant
C/N ratio), as suggested by one reviewer. In this case, the observed C/N ratios should be
representative of the mantle source value(s). Secondly, the correction for crustal C addition
assumes that only C, and not N, is contributed by the crust. To check this assumption, the
C/He ratios are plotted as a function of the NAHe ratios in Figure 3 (data from Table 2). Data
seem to define two domains that both originate from the N-MORB composition, one
encompassing the E-MORB endmember and the other one pointing toward high NAHe values
and encompasses most of continental gas data. This correlation corresponds to a C/N ratio
around 400-500 (Fig. 3). However, a typical crustal C/N ratio would be <70 (with C = 2745
ppmw, Hirschmann, 2018, and N = 0.50+0.04 ppmw, Johnson and Goldblatt, 2015) and

cannot therefore account for the elevated C/N ratio of the CO»-rich gases.

The sub-continental lithospheric mantle (C/N = 390£260, computed with C = 100+20 ppmw,
Hirschmann, 2018, and N = 0.3+0.2 ppmw, Johnson and Goldblatt, 2015) could be a possible
endmember for some of the continental gases (Fig. 3), but other geochemical and geophysical
evidence support an asthenospheric, rather than lithospheric, origin for Cenozoic magmatism
in these regions. Evidence include: (i) trace element and isotope systematics of erupted lavas
(Hoernle et al., 1995); (i1) geochemical affinities with HIMU-type magmatism for Eifel

(Bekaert et al, 2019, and refs. therein, Sicily (Mt. Etna; Caracausi et al., 2003, and refs.
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therein), Tanzania (Oldoinyo Lengai; Fischer et al., 2009, and refs. therein) and New Mexico
(Fitton et al., 1988), and (iii) geophysical imaging showing upwelling of asthenospheric
material below European magmatic provinces (Hoernle et al., 1995). Thus, the C-N-He
signatures of related CO»-rich gases are likely to reflect the composition of asthenospheric
sources different from those feeding mid-ocean ridges. Enrichments in C and N compared to
typical MORBs (Fig. 3) may be due to primordial heterogeneities, or the recycling of surface
C and N deep into the mantle (Busigny and Bebout, 2013), in line with the HIMU character of
some of the corresponding magmatic provinces. In support of this possibility, Labidi et al.
(2020) argued from N isotopologues that about 30% of nitrogen in the Eifel CO»-rich gases

could be recycled in origin.

Contribution of C-rich material into the mantle sources of E-MORBs and of intraplate
volcanoes could potentially account for the high C/N component suggested by trends
displayed in Fig. 3. It is not clear however if the high C/N ratio of the Icelandic DICE sample
and of the (inside caldera) Yellowstone samples have a similar recycled origin. Labidi et al.
(2020) proposed that nitrogen in Yellowstone gases defines a primordial mantle plume
signature having a J°N value close to 0%o (+3£2 %o) and a N/°°Ar ratio of 2.4-3.9 x 10°.
Marty and Dauphas (2003) also noted that plume-related gases have J°N values close to 0%o
(-1.5 to 3.3 %o for DICE) but these signatures were instead attributed to recycling of surface N
into the source of mantle plumes (Marty and Dauphas, 2003; Halldorson et al, 2016). We note
that the C/N ratios are different between Yellowstone (400-500) and Icelandic (1200-1400)
samples (Table 2), suggesting that the C/N ratio of the deep mantle is heterogeneous as a

possible result of different mixings between primordial and recycled nitrogen.

4.3- The C/N ratio of the mantle

16



387

388

389

390

391

392

393

394

395

396

397

398

399

400

401

402

403

404

405

406

407

408

409

410

411

We attempted to estimate the C/N ratio of the BSE using a mass balance involving nitrogen
and mantle C/N ratios (Supplementary Material). As in previous work, this approach is based
on (i) the bulk K content of the BSE (Arevalo et al, 2009) and K-Ar-N systematics of MORB
and OIB-related samples (Marty, 1995; Marty and Dauphas, 2003; Johnson and Goldblatt,
2015; Bergin et al, 2015; Hirschmann, 2018), which are used to estimate the BSE N content,
and (i1) the C/N ratios measured in MORB and OIB basalt glasses (Marty, 1995; Marty and
Dauphas, 2003) and in mantle-derived COz-rich gases (this study). In doing so, we assume
that the C/N ratios measured in surface basalts are representative of the mantle source
composition, after correction for fractional degassing and atmospheric contamination (see
Introduction). Because we selected samples from both the convective mantle (MORB glasses,
COs-rich gases with MORB-like noble gas composition, e.g., Ne isotopes) and from OIB-like
mantle domains including high—3He/4He plumes (Iceland, Yellowstone), we further posit that
these samples are representative of not only the convective mantle responsible for feeding
mid-ocean ridges, but also encompass mantle plume domains. However, this approach relies
on the assumption that the C/N ratio measured in mantle-derived basalts and gases is
representative of the whole mantle composition from its shallowest regions down to the core-
mantle interface, which is not guaranteed. There are some suggestions from diamond studies
that the C/N ratio of mantle fluids from which diamonds formed may vary with depth,
although such variations could result from processing during diamond formation rather than
from compositional variation of the mantle itself (e.g., Mikhail andHowell, 2016, and refs.

therein).

With these caveats in mind, we considered two data sets; the previously published MORB

data (Marty and Zimmermann, 1999), and the volcanic/geothermal gas data presented in this
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study. In order to estimate the mantle and BSE C/N ratios, we carried out Monte Carlo
simulations following three approaches as detailed in Supplementary Material. We also
estimated the °Ar/N ratios of the surface and mantle reservoirs in order to further constrain

the composition of the BSE (Table 4).

Approach 1 uses gas data only (without gas-rich glasses) for the mantle. The corresponding
samples tap large magmatic gas reservoirs which are more prone to homogenize the chemical
compositions, and for which the effects of fractional degassing are limited. In this approach
we use the mean C/N ratio of 541 and its standard deviation of 199 (computed with CO»-rich
gas data from Table 2; for each sample we took the average of the two numbers obtained with

“He/*Ar* values of either 1.8 or 3.0).

Approach 2 also relies on the gas data only, using a median C/N value of 474, and an
interquartile range ((IQR= 75" percentile - 25" percentile = Q3 - Q1 = 618-399 = 219). The
fact that the mean and the median values are close is consistent with the observed near-

Gaussian distribution of gas data (Fig. I and Fig. S1).

Approach 3 considers all available data for MORB and gases. When taking this approach, the

distribution becomes non-Gaussian and we therefore use median and IQR values.

In the following we considered only Approaches 2 and 3 (median and quartiles) given the
non-Gaussian distribution of MORB (/N data that prohibits using means and standard
deviations. For the sake of homogeneity, we also considered median and quartiles for the
I5A1/N values of the mantle and of the BSE. The outcomes of these calculations are

summarized in Table 4 and displayed in Fig. 4. Our new range of best estimates for the

18



437

438

439

440

441

442

443

444

445

446

447

448

449

450

451

452

453

454

455

456

457

458

459

460

461

mantle C/N ratio is between 350-420, which is significantly higher than the ratio of ~90
obtained from the CO»/Ba calibration (Bergin et al., 2015; Hirschmann, 2018), although
marginally compatible when taking into account the large range of uncertainties (Q1: 167,

G3: 618). We nevertheless assert that our estimate is representative of the mantle value(s)
because low mantle C/N values predicted from the CO>/Ba approach are rarely observed in
MORBs or COz-rich gases. Doing so, we estimated a mantle C content around 330-450 ppmw
(Table 4), which is higher than values previously suggested (e.g., 110+40 ppmw; Hirschmann,

2018), although the range of uncertainties is also large (Q1: 157, Q3: 583).

4.4- Origin of the BSE C/N ratio

From our newly computed mantle C/N ratio we estimated BSE C/N ratio to be 158-219 (range
of 1Qs: 112 - 259; Table 4), higher than the previously proposed value of ~60 (Bergin et al.,
2015), further emphasizing the non-canonical composition of terrestrial volatiles pointed out
by Bergin et al. (2015). The high C/N ratio of the mantle could have resulted from preferential
sequestration of nitrogen in planetary cores compared to carbon during Earth’s formation
events and/or during differentiation of parent planetesimals (Marty, 2012; Roskosz et al.,
2013). However, experimental evidence does not support a higher metal-silicate partitioning
of N compared to C (Dalou et al, 2017), although the role of other elements like H and
pressure need to be assessed (Grewal et al, 2020). One possibility is that the metal-silicate
partitioning behavior of C/N could be dependent on pressure, which remains to be
experimentally constrained"

Preferential degassing of nitrogen during accretionary processes and its subsequent loss to
space, possibly combined with metal-silicate partitioning, was proposed as an alternative

(Bergin et al., 2015). It is not clear if magma degassing during Earth’s accretionary events
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could have fractionated enough N relative to C to account for the BSE C/N ratio, which
signature might have been inherited from planetary bodies that accreted to form the Earth
(Hirschmann, 2016). Alternatively, Liu et al. (2019) proposed the formation of nitrogen-rich
immiscible liquids that would have removed N from the forming mantle material during

metal-silicate interaction.

Here we add a supplementary dimension to this problem by adding the noble gas/nitrogen
ratios. In Fig. the C/N ratios of meteorites and terrestrial reservoirs are plotted against the
I5A1/N ratios (Supplementary Material). The different meteorite groups appear to define a
cosmochemical trend from CI-CM, EC and CR groups towards CV and CO groups (and
possibly ureilites) having elevated C/N and °Ar/N ratios. The CV (and CO) chondrites are
depleted in volatile elements (including C, N and noble gases) and moderately volatile
elements compared to CM-Cls (Palme and O’Neill, 2013). CVs, which are metamorphized to
variable extent, are depleted in volatile elements and thought to represent the non-
differentiated upper layers of a differentiated planetary body (Elkins-Tanton et al, 2011). The
silicate Earth also presents a monotonous depletion of moderately volatile elements
(compared to CI-CM chondrites) that, although more pronounced, resembles that of CVs
(Palme and O’Neill, 2013; Braukmiiller et al, 2019). This trend cannot be due solely to
nebular condensation and is instead consistent with volatile loss during highly energetic
events (e.g., impacts) and/or from metamorphism on planetary parent bodies. Hence the
cosmochemical trend of meteorite families (Fig. 4) may represent the combined effects of
parent body metarmophism and partial differentiation. These processes resulted in (i) the
depletion of nitrogen relative to C and *°Ar, and (ii) the moderately volatile element depletion

trend observed in evolved planetary bodies including the Earth.
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Because Ar is not as depleted as N (Fig. 4), this differential behavior of these two elements
may be due to variable retention rates of their respective host phases. Indeed, meteoritic noble
gases are trapped in a refractory phase (the poorly-defined Q phase associated with insoluble
organic matter - IOM) whereas a considerable fraction of nitrogen is trapped in less refractory
organics like the soluble organic matter (SOM). Due to the much higher thermal sensitivity of
the SOM relative to the IOM (Remusat 2015), the preferential loss of N over noble gases
could be accounted for by a preferential destruction of labile, N-bearing organic phases
relative to the more refractory, noble gas-bearing ones. An alternative possibility would be the
formation of N-rich liquids and subsequent degassing/loss to space as proposed by Lui et al.
(2019), which would have depleted N only, and not C nor Ar, from forming planetesimals or

proto-Earth.

The fact that the C-N-Ar signature of the BSE is within the field of CV-CO data does not
imply that the building blocks of Earth were made of this material. Conversely we propose
that Earth was made of an assemblage of precursors that condensed and evaporated at various
temperatures, which are best represented from a volatile element perspective by the CV
chondrites. This possibility is independently supported with the monotonous volatile
depletion trend of the silicate Earth that parallels that of CVs (Palme and O’Neill, 2013;

Braukmiiller et al, 2019).

4.5- Terrestrial fractionation

The terrestrial reservoirs (surface and mantle) clearly plot outside the meteoritic trend (Fig. 5).

The surface of Earth has a C/N ratio compatible with the range of CI-CMs but its A#/N ratio

is in the range of CV-CO values, whereas the terrestrial mantle has an elevated C/N ratio akin
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of CV-COs, but its ratio As/N ratio is within the range of CI-CM-ECs. Hence none of these
reservoirs can be directly linked to known chondritic compositions. However, summing up
the C, N %°Ar concentrations of these reservoirs, the obtained BSE composition falls on the
cosmic trend and plots within the field of CV-COs, as explained in Section 4.4. We therefore
propose that surface and the mantle compositions were established by chemical fractionation
of the initial BSE, involving preferential incorporation, or retention, of C into the silicate
Earth compared to volatile N and noble gases, and its corresponding depletion at the Earth’s

surface relative to N and noble gases.

The C/N ratio of the mantle, as estimated in this study (350-420), is in line with that outgassed
at mid ocean ridges (385 £ 287), as calculated from the CO, (Marty and Tolstikhin, 1998) and
N fluxes (5.7 + 3.6 x 10"? mol/yr; Hirschmann, 2018 and references therein). The similarity
between the mantle C/N estimated in this study and that degassed at MOR suggests that C and
N are not significantly fractionated during degassing under the relatively oxidizing conditions
that prevail in the present-day mantle (Hirschmann, 2016), as well as further supporting the
validity of our mantle C/N estimates. Since both C and N are highly incompatible during
mantle melting this is not unexpected but it does highlight that the long-term degassing from
the mantle cannot account for the difference in C/N between the mantle and the surface.
Therefore to explain the difference in the C/N between the mantle and the surface requires
that C has been preferentially retained in the silicate Earth, or that volatile N has been

preferentially lost of the Earth's surface.

Impacts during terrestrial accretion might have severely degassed impacting planetesimals,

which themselves could have already been differentiated between a core, a silicate mantle and

a proto-atmosphere and could therefore provide a mechanism for fractionation C and N. If N
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was preferentially released to the early atmosphere, then during periods of impact driven
atmospheric loss, nitrogen would be preferentially lost to space and the C/N of the Earth's
surface would be lowered towards its present value. This mechanism has been previously
suggested to account for the Earth's subchondritic C/H and CI/F ratios (Tucker and
Mukhopadhyay, 2014). For this mechanism to satisfactorily explain the low C/N of the
Earth's surface requires that incompatibility of C and N during mantle melting was different
than at present, with N being preferentially degassed relative to C. This may have been the
case during the early Earth when the mantle was most likely dominated by reducing
conditions (Aulbach and Stagno, 2016). However, recent experimental studies show that even
under reducing conditions C and N may behave similarly with both likely being retained in
the silicate mantle (Grewal et al., 2020). It therefore remains unclear whether N was
preferentially degassed to, and subsequently lost from, the Earth's early atmosphere. Further
constraints can also be gained by comparing the °A#/N of the mantle and the Earth's surface
reservoir (Fig. 5). Since Ar is a noble gas, it's solubility in mantle melts is not subject to
differences in oxidation state and therefore even during reducing conditions, Ar would be
concentrated in the atmosphere relative to the mantle. Episodes of atmospheric loss should
therefore lower the F°A7/N in the atmosphere relative to the mantle, which is not the case. The
role of atmospheric loss on the C/N of the surface reservoir therefore remains unclear and

warrants further investigation.

The fractionation of C/N between the Earth's surface and the mantle may be the result of the
long-term preferential recycling of C in the crust or the mantle. Li et al. (2019) proposed that
the altered oceanic crust is the key carrier of C recycling into the mantle. An intermediate
reservoir could be the arc crust (Barry et al. (2019) or the lithosphere (Kelemen and Manning,

2015), although this view has been challenged (Plank and Manning, 2019). These processes
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might have been operative since the onset of plate tectonics but little is known about the
tectonic regime of Early Earth. Recycling/sequestration of carbon should have been specific
to this element with regard to nitrogen in order to yield the elevated C/N ratio of the mantle.
Furthermore, recycling of C should have taken place early in Earth’s history in order to avoid
a Venus-like greenhouse effect. Sleep et al. (2001) proposed an elegant solution to this
problem. These authors postulated that C might have been reintroduced into the mantle early
in Earth’s history through the foundering of crustal blocks that formed the lid of magma
oceans (Hadean vertical tectonics). The carbonate formed in the crust would have formed
directly from the massive CO; early atmosphere. If such a mechanism could transport C from
the surface to the mantle, without venting CO; back to the atmosphere, then the fractionation
of C and N between the mantle and the surface could have been an early feature. The early
sequestration of C into the mantle is independently required to allow for clement temperature
conditions and the formation of liquid water on the Earth's surface, which is known to have
existed early on the Earth’s surface. In order to achieve this and avoid the development of a
CO; dominated atmospheres such as that that exists on Venus, large amounts of CO, must
have been transported from the surface to the mantle and sequestrated there over geological
timescales. To account for the different C-N-*Ar compositions of the surface and the mantle,
~ 90 % of surface C should have been being sequestrated into silicates during these early
episodes. Following the onset of plate tectonics subduction could have further augmented C
sequestration in the mantle by preferential recycling C relative to N (Busigny and Bebout,
2013) and noble gases (Parai and Mukhopadhyay, 2019, and refs. therein). Carbon
sequestration in the deep mantle either via early crustal foundering or subduction therefore
not only plays a significant role in fractionating the C and N between the Earth's surface and
interior but may play an essential role in modulating the Earth's climate and developing the

conditions right for the emergence of life on the early Earth. The fact that the isotopic
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composition of mantle carbon is comparable with that of surface carbon (Mackenzie and
Lerman, 2006) suggests that carbon sequestration did not fractionate its isotopes. In contrast,
N and noble gases were less efficiently homogenized between the surface and the mantle,

which permitted the survival of isotopic heterogeneities for these elements.

5- Conclusions

All sample considered in this study show high C/N and F°A#/N ratios relative to the surface
(atmosphere plus crust) inventory, pointing towards a mantle that has a unique volatile
composition when compared to cosmochemical reservoirs (Fig. 5). The BSE composition
resembles that of chondritic groups (CV-CO) which are volatile-depleted and appear to have
experienced variable extent of metamorphism and planetary differentiation. We propose that
Earth formed from a range of already evolved planetary precursors that were depleted in
volatile and moderately volatile elements chemically (but not isotopically affected) akin to
CV and CO groups. Hence the high C/N character of the BSE may be inherited rather than
uniquely due to Earth’s forming processes. In this scenario, most C (~90%) was preferentially
sequestrated into the mantle relative to volatile elements like N and noble gases early in
Earth’s history, permitting habitable environmental conditions to develop at the surface of our

planet.
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Type Country Location Sample Excess Neon CO; &BC N2 SN He Ar He/  “Ar/ Refs.

%o,

name 129Xe isotopes % PDB % %0, ATM ppmv ppmv “‘He,Ra 3°Ar
CO2-rich gases
CO2 well gas USA Bueyeros NM Mitchell n°4 v DMM 99.9 -3.9 0.12 n.d. 45 28 32 22500 1,2
CO2 well gas USA Bueyeros NM Mitchell n°12 v DMM 99.8 -4.1 0.15 n.d. 47 29 3.2 34000 1,2
Bubbling water Germany Eifel Victoriaquelle v DMM  99.77 2.1 0.18 -1.7 32 37 4.4 4040 34,5
Bubbling water Germany Eifel Schwefelquelle v DMM  99.68 2.0 0.24 -1.8 31 62 4.5 8287 345
CO2 well gas Czech Rep. Eger graben Bublak n.d. n.d. 99.8 -2.0 0.20 -3.2 19 36 5.9 551 3
CO2 well gas Italy Etna area Naftia v DMM 97.6 -1.0 0.53 n.d. 64 78 6.6 1445 6,7
Volcanic gas Tanzania Oldoinyo Lengai OLD-2 n.d. DMM  99.34 2.4 0.66 4.1 27 90 6.9 947 8
Geothermal gas USA Yellowstone, inside Mud Volcano 2A n.d. PM 98.50 -2.6 0.26 -8.6 15 40 14.4 414 5,79
Geothermal gas USA Yellowstone, inside Mud Volcano 2B n.d. PM 98.10 2.7 0.31 -1.9 18 77 13.8 450 5,79
Geothermal gas USA Yellowstone, border Turbid Lake 3A n.d. PM 96.34 29 0.23 -1.9 34 67 5.27 433 5,79
Geothermal gas USA Yellowstone, border Turbid Lake 3B n.d. PM 96.55 2.6 0.22 -0.1 38 62 5.19 433 5,79
Geothermal gas USA Yellowstone, outside Brimstone Basin 4A v PM 98.15 2.7 0.16 0.2 72 52 2.77 1536 5,79
Geothermal gas USA Yellowstone, outside Brimstone Basin 4B V. n.d. 98.05 2.8 0.16 -1.4 68 52 2.85 1417 5,7,9
Basaltic glasses
MORSB glass Mid-Atlantic 14°N 211D43 v DMM 95.0 -3.7 0.12 -3.1 33 24 8.1 24500 10.11
Subglacial glass Iceland 64°N DICE v PM 99.9 -3.6 0.04 0.2 14 6.2 17.9 7047 12,13,14,15
Atmosphere 0.04 78.08 0 5.24 9340 1 298.6 16
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Table 1: List of selected samples, chemical compositions and geodynamic settings. For the Yellowstone samples, inside, border and outside refer to
the location of the sampled sites with respect to the limit of the caldera. DMM and PM refer to the depleted MORB mantle and the plume mantle,
respectively, as defined by Ne isotopes measured in these samples. The *He/*He ratios are expressed as multiples of the atmospheric value of Ra = 1.39
x 10’6, “n.d”: not determined. ppmv: part per million in volume. References: 1: Zartman et al. (1961); 2: Staudacher (1987); 3: Briuer et al. (2013); 4:
Bekaert et al. (2019); 5: Labidi et al. (2020) for N isotope data; 6: Nakai et al. (1997); for He, Ne and Xe isotope data; 7: Chemical analysis carried out
at INGV Palermo. 8: Fischer et al. (2009); 9: Broadley et al (2020) for He, Ne and Xe isotope data; 10: Javoy and Pineau (1991); 11: Ne and He data
from Moreira et al. (1998), the “°Ar/*®Ar ratio is the highest value reported by these authors; 12: He, Ne and Xe isotope data from Mukhopadhyay
(2012), the “?Ar/%Ar ratio is the highest value reported by this author; 13: Carbon isotopes for sample MD-1 from the same site (Barry et al., 2014); 14:

Chemical analysis (CO, He isotopes) carried out at CRPG; 15: Marty and Dauphas (2003) for N isotopes; 16: Ozima and Podosek (2002).
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Location Name Type C/ N/ He/ N/ C/ ‘He/ C/N
N Ar Ar Ar N 40A Corr for atm. cont
Meas. Meas. Meas. Corr. Corr. Corr. & degas. fract.
Atm. Atm. Atm.
1.8 3.0
CO:z-rich gases
Bueyeros NM Mitchell n°4 DMM 416 86 1.59 86 417 1.60 459 688
Bueyeros NM Mitchell n°12 DMM 333 103 1.60 103 333 1.60 366 549
Eifel Victoriaquelle DMM 277 97 0.87 101 285 0.94 479 718
Eifel Schwefelquelle DMM 208 77 0.50 79 211 0.52 565 847
Eger graben Bublak n.d. 249 100 0.53 108 559 1.15 798 1198
Etnean province Naftia DMM 92 136 0.82 161 98 1.03 152 228
Oldoinyo Lengai OLD-2 DMM 76 145 0.30 192 83 0.43 256 384
Yellowstone, inside Mud Volcano 2A PM 189 130 0.39 355 241 1.35 304 456
Yellowstone, inside Mud Volcano 2B PM 158 81 0.23 158 232 0.67 511 767
Yellowstone, border Turbid Lake 3A PM 209 69 0.50 131 343 1.57 382 573
Yellowstone, border Turbid Lake 3B PM 219 71 0.61 139 352 1.92 334 502
Yellowstone, outside | Brimstone Basin 4A PM 307 62 1.38 66 344 1.67 366 548
Yellowstone, outside | Brimstone Basin 4B PM 306 62 1.31 67 348 1.61 379 569
Basalt glasses
MAR 14°N 211D43 DMM 396 100 1.36 101 396 1.37 492 738
Iceland 60°N DICE PM 1130 142 2.26 146 1141 2.26 952 1428
COz-rich gases, mean 412 617
All MORB 535 + 224
N-MORB 273 + 106
T-MORB 433 + 392
E-MORB 1839 + 641
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Table 2: Abundance ratios of COz-rich gases (same notation as in Table I). The ratios are corrected for atmospheric contamination using Egns.
2-5 (first three numerical columns). The 4" column gives the C/N ratio where the N content has been corrected for atmospheric contamination.
The 5" column gives the *He/*?Ar* ratio where “He equals to the He content and “°Ar* is approximated by the total Ar content corrected for air
contamination. n.d.: not determined. Note that the *He/*’Ar* ratios are within, or close to, the mantle production/accumulation range of 1.8-3.0.
The exact value of this ratio is not precisely known since it depends on the parent (K+U)/Th abundance ratio and on the residence time of noble
gases in the respective mantle sources. The last two columns represent the C/N molar ratios corrected for atmospheric contamination and
degassing fractionation. Correction for the latter has been made using Egn. 1 for the two end-member values of the mantle range. The mean C/N
ratio of the CO»-rich gases analyzed here excluding glass data (412-617) of with glass data (453-680) is consistent with the mean MORB

(535+224; Marty and Zimmermann, 1999).
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Location Type C/ N/ 36AY/ ‘He/ C/l*He N/*He
‘He ‘He N$ 407 pk Corr. degas. Corr. degas. fract.
fract.
Meas. Corr. Atm Corr. Atm  Corr. Atm 10° 10¢
10° 106 107 1.8 3.0 1.8 3.0
CO2-rich gases
Harding Bueyeros NM CM 5.12 12.3 291 1.60 4.99 4.50 10.9 6.54
Harding Bueyeros NM CM 4.88 14.7 243 1.60 4.76 4.29 13.0 7.81
Eifel CM 5.01 18.1 2.46 0.94 4.38 3.94 9.15 5.49
Eifel CM 5.06 243 3.18 0.52 391 3.52 6.93 4.16
Eger graben n.d. 8.34 21.2 2.31 1.15 7.60 6.84 9.52 5.71
Etna area CM 1.66 18.0 1.56 1.03 1.48 1.33 9.71 5.83
Oldoinyo Lengai CM 3.82 50.3 1.30 0.43 2.85 2.56 11.1 6.67
Yellowstone PM 3.29 17.4 2.82 1.35 3.10 2.79 10.2 6.12
Yellowstone PM 2.86 18.1 6.32 0.67 2.33 2.09 4.55 2.73
Yellowstone PM 1.42 6.8 7.61 1.57 1.38 1.24 3.62 2.17
Yellowstone PM 1.26 5.7 721 1.92 1.28 1.15 3.82 2.29
Yellowstone PM 3.87 12.6 15.1 1.67 3.80 3.42 104 6.25
Yellowstone PM 4.39 14.3 15.0 1.61 4.29 3.86 11.3 6.78
Mean 5.40 3.55 3.20 8.79 5.27
Median 2.90 3.80 3.42 9.71 5.83
Basalt glasses

MAR 14°N CM 2.60 6.57 2.48 1.37 2.46 221 5.00 3.00
N 64° PM 3.03 2.53 6.84 2.26 3.18 2.86 3.15 1.89

Table 3: C/He, NAHe and N/°Ar ratios of analyzed gases (same notation as in Table 2). %: 3Ar/N ratios corrected for atmospheric contamination
assuming “?Ar/°Ar ratios of 40,000 for the convective MORB mantle (Bekaert et al., 2019) and 10,000 for the plume mantle (Mukhopadhyay,
2012), respectively
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Surface Mantle BSE

N, ppmw 1.56+0.06 1.10£0.55

A2: 479 @1:323

c 5745 Q3: 646
, ppmw +
. 01:211
A3: 337 3320
36Ar, 10 ppmw 50 1.29 83 (1):25
A2: 474 531500 A2:219 3350
C/N mol/mol 21+6 01: 167 01: 112
A3:352 33007 | A3:158 %5 1
12.35 1 65.
36Ar/N, 10”7 mol/mol 12445 2.90 8; g.io 74.3 8; gs.g

Table 4: C, N and *°Ar concentrations (inventories divided by the mass of the silicate Earth
of 4 x 10%’ g) and elemental ratios. For the surface of the Earth (atmosphere and crust), C and
N data are from Hirschmann (2018) and refs. therein and the *°Ar concentration corresponds
to the atmospheric inventory (Ozima and Podosek, 2002), the crustal reservoir being
neglected. For the mantle, the N concentration is from Hirschmann (2018) and the C and *°Ar
concentrations are computed from the mantle C/N and *Ar/N ratios estimated here (see text
and Supplementary Material). A2 and A3 refer to Approach 1 and Approach 2, respectively,
as described in the main text and in the Supplementary Material section. A2 is median and
interquartile range (between brackets, Q1 = 1% interquartile and Q3 = 3 interquartile,

respectively) of gas data only and A3 is median and interquartile range of gas+MORB data.
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Figure 1: Kernel density distribution (made with Past4® software) of C/N ratios in CO»-rich
gases (this work, including gas-rich glasses) and MORB samples (Marty and Zimmermann,
1999). For the CO»-rich gases, each data corresponds to the mean of the corrected ratios using
“He/"Ar* of 1.8 or 3, assigning an uncertainty equal to the difference between the two

calculated values (typically 20 %).
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Figure 2a: C/He versus C/N for CO»-rich gases (data from Tables 2 & 3). Red dots:
Yellowstone gases; Green dots: volcanic gases; Brown dots: Eifel gases; Blue dots: New
Mexico and Eger Rift gases. Variations can be understood as resulting from a 3-end-member
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822  Figure 2b: same format as Fig. 2a. Attempt of correction for contribution of crustal C and N.
823  The green area represents C/He and C/N ratios trending towards the origin (no carbon). N-
824  MORB and E-MORB averages are from Marty and Zimmermann (1999). The blue areas

825  represent the ranges of C/He ratios for the MORB mantle according to Tucker et al. (2018)
826  and Marty and Zimmermann (1999), respectively. The mantle source C/N ratio is obtained by
827  intersecting the green area with the blue area.
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838  Figure 4: Graphic summary of the estimates presented in this work (data from Tables 3 and
839  4). Abundance ratios are molar.
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