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Identifying the origin of primordial volatiles in the Earth’s mantle provides a critical test between models that advocate magma-
ocean equilibration with an early massive solar-nebula atmosphere and those that require subduction of volatiles implanted in late
accreting material. Here we show that neon isotopes in the convecting mantle, resolved in magmatic CO, well gases, are consistent
with a volatile source related to solar corpuscular irradiation of accreting material. This contrasts with recent results that indicated
a solar-nebula origin for neon in mantle plume material, which is thought to be sampling the deep mantle. Neon isotope
heterogeneity in different mantle sources suggests that models in which the plume source supplies the convecting mantle with its
volatile inventory require revision. Although higher than accepted noble gas concentrations in the convecting mantle may reduce
the need for a deep mantle volatile flux, any such flux must be dominated by the neon (and helium) isotopic signature of late

accreting material.

The difference between the noble gas isotopic compositions of
convecting mantle and deep mantle, sampled by mid-ocean-ridge
volcanism and ocean island volcanism, respectively, has been a
cornerstone of the ‘layered mantle’ model that has dominated our
conceptual understanding of the terrestrial mantle for the past
25 years"?. The difference in the *He/*He ratio between the values
for plume-source basalts and the more uniform (but mostly lower)
*He/*He from mid-ocean-ridge basalts (MORB) was explained by a
steady-state transfer of material from a primitive, volatile-rich
‘lower’ mantle into an ‘upper’ mantle, separated by the phase change
at 670 km depth’®. Further support for a layered mantle included the
K-derived *’Ar mass balance between the atmosphere and solid
Earth, which pointed to a hidden reservoir with a *°’Ar concen-
tration significantly higher than that in the upper mantle*. Similarly,
the imbalance between heat and helium fluxes from the Earth was
consistent with a mantle boundary layer (670km) capable of
separating these co-products of U and Th decay’.

Geoid and dynamic topography, seismic tomographic imaging
and fluid dynamical studies, taken together, show that chemical
layering is not achieved by the 670-km phase change®™®. The
existence of still deeper convectively isolated volatile-rich layers or
regions to provide the volatile flux to the convecting mantle has
been advocated”'®. The compositional density contrast proposed to
stabilize these regions should be observed seismically. Significantly,
however, it has not been imaged''. Other recent conceptual models
include a water-rich melt layer within the mantle that preserves a
volatile-rich deep reservoir while allowing whole-mantle convec-
tion'’. These, and the original steady-state models, source all
primitive volatiles in the convecting mantle from a deep, volatile-
rich reservoir.

Mantle-derived samples contain *°Ne/**Ne ratios higher than the
atmospheric value (9.8), and are interpreted as evidence for trapped
solar neon in the mantle?. Indeed, the 2°Ne/**Ne ratio of the Sun and
the solar nebula is thought to be >13.4, derived from analysis of
solar wind trapped in the lunar regolith (13.4-13.8), solar wind in
Al foil (13.7 £ 0.3) and observation of the solar corona
(13.8 = 0.7)">'*. These values are in distinct contrast to a mixture
of SEP (solar energetic particle) Ne and solar-wind Ne found in
meteoritic material irradiated by solar atoms and ions", called

NATURE | VOL 433 | 6 JANUARY 2005 | www.nature.com/nature

Ne-B". The mixture of these two components is found in relatively
uniform proportions to give a Ne-B value of 2°Ne/**Ne = 12.5 +
0.04 (ref. 16). Work reported in refs 16 and 17 has highlighted the
importance of identifying the source of the Ne isotopes in different
mantle reservoirs, as this information provides a critical evaluation
of the mechanisms proposed to incorporate volatiles into the silicate
Earth and, shown here, the extent of interaction between different
mantle reservoirs. To date, however, interpretation has been com-
promised by ubiquitous air contamination found in MORB and
ocean island basalt (OIB) samples'®. We show in this work that
magmatic natural gases can be used to obtain an unambiguous Ne
isotopic value for the convecting mantle that is consistent with
an irradiated meteorite origin (Ne-B). When compared to the
highest reliable values found in deep mantle plume material
(>13.0 = 0.2)", which are closer to solar nebula values, our result
rules out the possibility that this OIB volatile source provides the
noble gases found in the convecting mantle.

Magmatic CO, in New Mexico and noble gas results
Since the first identification of magmatic *He in continental fluids,
there has been an increasing awareness that magmatic CO, can
dominate some crustal fluid systems*>*'. The Bravo dome natural
gas CO, field (Fig. 1) was discovered in 1916 in Harding County;,
New Mexico* (it was originally known as the Bueyeros field). Today
this field is producing from over 250 wells. The gas is 98.6-99.8%
CO, with trace amounts of N,, CH, and noble gases. Earlier noble
gas isotopic studies of one well in the old Bueyeros section*** show
the CO, to be mantle-derived®. Here, 15 samples were collected
from producing wells across the field. Between 10 and 30 cm’ STP of
sample gas was analysed®. The “He, *°Ne, “°Ar and *Kr abun-
dances, and *He/*He, ***'Ne/**Ne and “°Ar/*°Ar isotope ratios,
were determined for each sample (Table 1). Xe isotopes, BAr/*CAr
and stable isotope results will be presented in future publications.
*He/*He shows a coherent variation from 0.76R, to 4.23R,, (R, is
the atmospheric ’He/*He = 1.4 X 10~ °) across the field (Fig. 1).
*Ne/**Ne and *°Ar/*°Ar show the same coherent spatial variation,
and have some of the highest values measured in a free crustal fluid,
up to 11.88 and 22,600, respectively. The samples define a plane in
three-dimensional plots of I/>*Ne versus *'Ne/*’Ne versus
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Figure 1 Study area. Filled circles, locations of samples from this study. Contours,
®He/*He ratios (expressed as /R ) across the field. Filled squares, locations of samples
collected from non-producing wells and one wildcat well not reported here, but used in the
®He/*He contouring. The location of the historical Bueyeros field is also shown.

2Ne/**Ne (where I is *He, “He, “°Ar, *°Ar or *Kr). The planes for
I = "He and *°Ar are shown in Fig. 2. The equations for the best-fit
planes are presented in Supplementary Information. This result
shows that the same three endmembers (from crust, mantle and
groundwater) can account for the noble gases in all samples.

Resolving the mantle Ne isotopic composition

Importantly, groundwater-derived (dissolved air) and crustal-
derived noble gases are pre-mixed with only a small amount of
variance®® (Fig. 2). We show in Fig. 3a how mixing between an
(air4-crust) and a mantle endmember would generate a mixing
wedge that defines the mantle Ne isotopic composition at its
intersection with the air-MORB mixing line*?’. The Bravo dome
Ne isotopic data are shown in Fig. 3b, and uniquely intersect the
MORB-air line at *°Ne/**Ne = 12.20 *+ 0.05 and *'Ne/*’Ne =
0.0558 £ 0.0008. Details of the statistical analysis of the robustness
of this model and fit can be found in Supplementary Information.
The identification of the mantle Ne isotopic composition by using
Ne isotopes alone provides a more robust estimate than other
techniques that rely a priori on assumed mantle isotopic or
elemental abundance information. These mantle *’Ne/**Ne and

*!Ne/**Ne isotopic values can, in the simplest case, be input into
the equations for the planes defined by the data, and then the mantle
I[/*Ne determined. This in turn enables the mantle *He/*He,
“OAr/°Ar and 1/°°Ar ratios also to be defined. In the Methods
section, we give a more detailed discussion of the resolution of these
mantle values, which are presented in Table 2.

Mantle 3He/*He, “°Ar/*®Ar and elemental ratios

One of the key questions regarding interpretation of the Ne isotopic
result is whether or not the mantle fluids from this continental
setting are representative of the convecting mantle. This issue is
addressed in detail by Reid and Graham?®, who conclude from a Nd
and He isotope study that the nearby Late Cenozoic Raton-Clayton
basalts, some of which extrude over the field, are dominated by a
depleted (convecting) mantle signature. Examination of the range
of mantle *He/*He, *’Ar/>°Ar and noble gas elemental abundance
patterns (Table 2, Fig. 4) also suggest a well-gas volatile source little
different to that found at mid-ocean ridges. Resolved mantle
He/*He ratios in individual samples range from 5.4R, to 7.4R,
(see Methods). This range is indistinguishable from 7.04 = 0.25R,
measured in local xenoliths®®, and is also within the average
convecting mantle range of 8.75 = 2.14R,. The resolved well-gas
mantle **Ar/*°Ar of between 37,000 to 55,200 is significantly higher
than the value of 25,000 estimated from bulk analysis of the volatile-
rich basalt glass IID43 ‘popping rock’ used as a reference sample for
many noble gas models of the mantle system®. However, variability
of “’Ar/*°Ar in bulk basalt glass samples can occur even for the same
*"Ne/**Ne value'®, and is probably related to atmospheric contami-
nation of whole-rock analyses'®. Laser decrepitation of individual
fluid inclusions in the popping-rock sample record values of up to
1OAr/*°Ar = 64,000 = 15,000 (ref. 29). Studies of other MORB
samples report values as high as 42,400 = 9,700 (ref. 30). The
question has been raised as to whether even the highest observed
values are subject to contamination®. Well-gas samples are not
subject to the same mechanism of air contamination as basalt
glasses, and are corrected for the air component (see Methods).
The resolved range of mantle *’Ar/*°Ar in the well gases therefore
confirms the highest measured values, and defines (to our knowl-
edge, for the first time) the **Ar/>°Ar limit for the convecting mantle
(Table 2).

Confirmation of the high mantle *°Ar/’°Ar has an important
consequence. Bulk analysis popping-rock data are used to deter-
mine the convecting mantle noble gas abundance pattern, which is
normalized to *°Ar. On the basis of the results of this study, the
mantle *°Ar from the popping-rock whole-rock analyses has been
overestimated by a factor of up to ~2, and is clearly subject to some
degree of air contamination. Whereas this correction can be made

Table 1 Noble gas results

Sample SHe/*He  Error  °Ne/”®Ne  Error  2'Ne/*Ne  Error  “°Ar/*°Ar  Emor  “He Error  °Ne Error  “°Ar  Eror  ®%Kr Error
(RIR2) (1079 (1079 (1079 (107') (1079 (1079 (1079 (107"}
BDO1 1.670 0.008 10.664 0.034 0.05623 0.00031 10,723 393 944 141 1.69 1.7 3.03 2.9 1.01 3.6
BDO2 0.764 0.004 9.955 0.035 0.05006 0.00032 4,660 59 415 5.0 7.00 71 6.52 5.9 5.04 13
BDO3 0.896 0.004 10.014 0.012 0.05152 0.00014 5,346 92 33.1 4.0 5.21 4.7 5.36 4.2 3.24 8.0
BD0O4 1.611 0.008 10.585 0.043 0.05409 0.00035 9,911 237 961 11 1.81 1.9 2.86 2.4 1.03 2.5
BD05 0.965 0.005 9.930 0.014 0.05255 0.00024 5,412 56 27.0 3.3 4.46 4.0 5.38 4.2 3.33 7.4
BD06 1.503 0.008 10.488 0.038 0.05612 0.00043 9,213 206 12.0 1.4 2.02 2.0 3.50 2.8 1.35 3.1
BDO7 2.104 0.011 11.201 0.049 0.05416 0.00041 10,955 387 7.81 0.95 1.80 2.1 2.80 2.5 0.900 3.5
BDO8 1.143 0.006 10.214 0.027 0.05778 0.00037 6,650 90 16.1 1.9 2.64 2.5 3.96 3.3 2.00 4.7
BDO09 1.724 0.009 10.735 0.051 0.05779 0.00054 ND 980 1.2 1.80 21 ND ND
BD10 1.104 0.006 10.196 0.021 0.05371 0.00029 6,726 106 19.9 2.4 3.08 2.9 3.96 3.0 2.02 4.3
BD11 3.784 0.019 11.880 0.047 0.05647 0.00044 21,560 1,591 391 047 1.08 1.3 2.41 3.5 0.455 1.8
BD12 3.627 0.018 ND ND 21,019 1,279 415 0.50 ND 2.42 2.9 0.467 2.3
BD12,epeat 3.634 0.018 11.603 0.061 0.05373 0.00024 22,612 3,061 413 0.50 1.20 1.5 2.40 3.8 0.490 2.3
BD13 1.318 0.007 10.250 0.046 0.05792 0.00045 7,735 277 153 1.8 2.40 2.8 3.82 3.8 1.92 4.9
BD14 1.418 0.007 10.543 0.125 0.05825 0.00023 8,517 645 11.5 1.4 1.79 3.2 3.07 2.7 1.23 3.3
WBD2 4.070 0.022 11.617 0.178 0.05583 0.00139 21,452 460 3.76  0.282 1.09 2.4 ND 0.404 11
Bueyeros (ref. 24) 3.136 0.321 11.6 0.9 0.062 0.008 16,200 340 1.67 6.30 9.86 9.8 3.3 9.8 0.435 0.41

Allvalues corrected for full procedural blanks equivalent to (6 + 2) x 10~?cm?® STP “He, (6 * 2) x 10~ "' cm® STP*°Ne, (6 = 2) x 10 ®cm®STP“%Ar, (1.4 + 0.52) x 10~ " cm® STP #*Kr. Blank Ne and Ar
isotopic ratios are atmospheric, while the blank He/*He = (1.397 * 0.007)R,. Concentrations in cm® STP cm 2. Errors are 1¢. ND, not determined.
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with confidence to He/*®Ar and Ne/*®Ar ratios, the mechanism of
air addition to basalt glasses remains poorly understood'®, and the
possibility that air Kr and Xe contamination has occurred in the
basalt glass reference sample cannot be discounted. The mantle
noble gas abundance pattern derived from well gases, with the air
component unambiguously removed, therefore provides a new and
critical data resource (Table 2), and is little different to the new
*$Ar,;,-corrected popping rock (Fig. 4) (also see Supplementary
Information).

The origin of resolved 2°Ne/?Ne

There are four possible reasons why the resolved **Ne/**Ne of the
well gases is lower than the solar value of 13.8: (1) enhanced 22Ne
nucleogenic production in the mantle is reducing a ratio that was
originally solar; (2) solar—air mixing; (3) enrichment in the heavier
isotopes of a reservoir residual from a mass-fractionating process
such as diffusion; or (4) a trapped component (Ne-B) in accreting
material'®'” is dominating the Ne inventory of the mantle source. To
generate a mantle *’Ne/**Ne = 12.2-12.5 and *'Ne/**Ne = 0.0558
from solar values by nucleogenic production requires a mantle
*'Ne/**Ne production ratio of 0.28, some 166 times lower than
the predicted value™'. Crustal gas values are lower than those
predicted for an homogeneous system by a factor of 5-7 because
of preferential U + Th siting with the dominant **Ne-producing
target element (fluorine)®'. However, in the mantle only about one-
third of the nucleogenic **Ne is produced by a-particle interaction
with fluorine, requiring this route to be enhanced by a factor of
~500 (ref. 2). Element siting effects are unlikely to be able to
account for the difference (more than two orders of magnitude)
required.

Reduction of solar *’Ne/*’Ne = 13.8 to 12.5 by air-recycling into
the mantle requires a 30% air Ne (**Ne/**Ne = 9.8) addition. We do
not envisage any process that could introduce an elementally
unfractionated air component into the mantle. Most systems,
including sediments® and water, are variably enriched in heavy
noble gases relative to modern air. If we take deep sea water as an
example, a 30% air Ne addition to the mantle would result in 310%,
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Figure 2 Correlation of measured >'Ne/?2Ne, 2°Ne/*?Ne with “He/2°Ne and “CAr/?’Ne.
a, ¢, Planes of best fit; b, d, rotations of the graph to view the plane edge-on. a, The small
variance in the crust+air component suggests that the air- and crustal-derived noble
gases are premixed in the groundwater system?® before variable interaction with the
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220% and 130% of the Ar, Kr and Xe respectively in the popping
rock being air-derived. It is shown above that because of
air contamination Kr and Xe are overestimated in the popping-
rock sample, and this estimate then represents a minimum. It
follows that the addition of air-Ne with appropriate heavy noble
gas enrichment would result in mantle **Ar/*°Ar, Kr and Xe isotopic
compositions dominated by air. '**Xe/'**Xe ratios in excess of the
air value found in both MORB popping rock®® and Bravo dome well
gas™** eliminates this possibility.

Preferential loss of lighter isotopes to reduce the *’Ne/**Ne from
13.8 to 12.5 by mass-dependent diffusion can be modelled as a
simple reduced-mass Rayleigh fractionation. This would require an
80% loss of **Ne from an originally solar mantle reservoir. The same
loss would reduce the pre-deuterium burning *He/**Ne ratio from a
solar value of 1.5 to 0.5. This is in the wrong direction to produce the
resolved *He/**Ne = 2.6-2.8 in the well gas, which are minimum
values in the case of phase fractionation effects during magmatic
degassing (see Supplementary Information). At **Ne/**Ne = 12.5,
He/**Ne in popping rock is even higher at 4.9 (Table 2), requiring
an initial mantle *He/**Ne of 15, an order of magnitude greater than
the solar nebula value. Similar arguments apply when considering
the similarity of the resolved mantle ®**Kr/>*Ne ratio in both
popping rock and well gases (Table 2). We discount mass-
dependent fractionation.

The value of the convecting mantle resolved in this study is
indistinguishable from the Ne-B component found in solar-wind-
irradiated meteoritic material. It would be fortuitous if the con-
vecting mantle had evolved a Ne isotopic composition by either
ancient (pre-'?’I, ***Pu decay) air-addition or nucleogenic pro-
duction to this same value, and we have ruled out the most viable
processes that could do this from their predicted effect on the other
noble gases. The most probable explanation for low *’Ne/**Ne in the
well-gas mantle source is that it originated as a trapped component
(Ne-B) implanted by solar corpuscular irradiation of accreting
material'®". To preserve this value, subsequent atmosphere recy-
cling, nucleogenic or other non-Ne-B neon admixtures to the
mantle must have been minimal.
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magmatic fluid. ¢, The “°Ar/22Ne fit to a plane again passes close to the air endmember
(not shown). b, d, The good fit to a plane shows that the elemental abundance and isotopic
data can be described by the same three endmember components for all samples.
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Figure 3 Intersection of a two-component air-+crust mixture with the MORB air—mantle
mixing line defines the mantle Ne isotopic endmember. a, Diagram showing different
possible mixing lines. b, Bravo dome data projected onto the 2°Ne/?*Ne versus 2'Ne/?*Ne
plane, showing a pseudo-two-component mix between air+crust and mantle
components. The scatter from a single mixing line is because of a small amount of
variance in the air+crust mixing ratio. The average and 1o variance of the resolved
air+crust component (see Supplementary Information) is shown on the x axis. The data
intersect the MORB air-mantle line?2” at 2°Ne/??Ne = 12.20 + 0.05.

Convection models and the origin of volatiles in the mantle

MORB has higher and distinct *He/**Ne compared with Hawaii**,
Iceland®™™” or Kola". Fluxing models therefore need to have
different residence times for He and Ne in the convecting mantle.
This could be caused by differential extraction at mid-ocean ridges.
Alternatively, preferential transferral of He relative to Ne from the
proposed volatile-rich source needs to be invoked by this form of
model. Although these processes cannot be simply ruled out, they
provide an additional level of complexity when justifying the flux
models. The observation that the Iceland plume source has a
2Ne/**Ne ratio indistinguishable from solar (13.75 *+ 0.32;
ref. 37) contrasts markedly with the Ne isotopic ratio of the mantle
source resolved in this work. Although the Iceland measurement is
the subject of debate'®'¥, more recent data from the Kola peninsula
reports reproducible plume source *°Ne/*’Ne > 13.0 + 0.2
(ref. 19). This is again consistent with a solar rather than a Ne-B
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Figure 4 Mantle noble gas isotopes relative to *®Ar normalized to the solar abundance,
relative to *°Ar (Table 2). The range of values derived from the Bush dome study is shown
as a shaded area, BD (range), and compared with the popping-rock sample, corrected for
the original literature *®Ar overestimate (see text). With the exception of a small *He deficit
in the well-gas system, the elemental abundance pattern of popping rock and the well
gases are indistinguishable. Also shown is the limit estimated for phase fractionation of
the magmatic gases, BD (phase) (see Supplementary Information), air, sea water and the
Q (P1) trapped component in primitive meteorites™.

origin for Ne in the plume source.

An average noble gas concentration in the convecting mantle that
is higher by a factor of ~3.5 would remove the need for either a *He
flux into the convecting mantle or a hidden “OAr-rich reservoir,
and the heat-helium imbalance could then be accounted for by
temporal variance in the ocean-ridge helium flux within a whole-
mantle convective regime®. This has been called the ‘zero paradox’
model concentration. This would allow the decoupling of the plume
and convecting-mantle volatile systems suggested by the *He/**Ne
and Ne isotopic difference highlighted here. But recent con-
straints® ' on average convecting mantle Nb/CO,, CO,/’He and
Nb make it unlikely that the ‘zero paradox’ >He concentration is
reached. Uncertainty within these values means that the *He
concentration may nevertheless be higher than that used by current
flux models, reducing the noble gas flux required from a deep
mantle source. As there is no obvious process capable of reducing a
solar Ne isotopic ratio to the Ne isotopic value observed in the well
gases, the source of the Kola and perhaps the Icelandic plume
material cannot provide the noble gases in the convecting mantle.
We therefore argue that any solar Ne heterogeneity is only a small
component of a Ne-B dominated deep mantle source.

The neon isotope heterogeneity of the mantle also has profound
implications for the processes and timing of Earth accretion. A
significant fraction of terrestrial accretion took place when the solar
nebula was still present in the first 10 Myr of the accretionary
process. During this period, planetary bodies the size of Mars
formed and differentiated, indicated independently by dynamical
simulations*> and the extinct radioactivity systematics of SNC
meteorites and other differentiated bodies*™**. Thus, solar-nebula
gas could have been trapped directly during accretion and compac-
tion, or indirectly during magmatic episodes and equilibration with

Table 2 Resolved mantle elemental and isotopic ratios

SHe/*He 2°Ne/?*Ne 4OAr/Ar “He/?'Ne* SHe/**Ne “He/*OAr SHe/%Ar 22Ne/*®Ar 84K/ Ar
Bravo dome 7.05R, 12,5 55,200 1.23x 107 2.56 1.09 0.50 0.1953 0.0545
Bravo dome 5.35R, 12.2 37,000 1.45 x 107 2.77 0.844 0.33 0.1202 0.0482
Popping rockt 83R, 125 25,000-44,000* 1.68x 107 4.90 106152  040(0.8§5  0.0816(0.163)§  0.0284 (0.0568)§
Air 9.8 295.5 - - - 0.0530 0.0207
Sea water 9.8 295.5 - - - 0.0156 0.0405
Solar 13.8 - 1.5% - 5.1%f 3.4 5.05x107*
2'Ne* indicates mantle 2"Ne corrected for solar contribution?.
*Ref. 29.
tRef. 27.

1 Pre-deuterium burning, see ref. 19.
§Corrected for *°Ar overestimate (see text).
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Figure 5 Resolving endmember compositions from simple mixing. Elemental ratios
plotted against *He/*He (a, b) or “He/*He (¢, d) are used to derive crustal and mantle
endmember values (see Methods and Table 2). Air-corrected 2'Ne (using mantle
2Ne/?2Ne = 12.5) (a) and air-corrected “°Ar (b) are normalized to *He to generate true

massive early planetary atmospheres*. It has also been shown that
under such circumstances a significant amount of noble gases could
be partitioned into core-forming phases*’. Gas loss processes could
also occur, for example, during collision with large impactors*. In
the case of the solid Earth, extensive volatile loss up to 80 Myr after
accretion is shown by the relative proportions of the Xe daughter
products of extinct 1291 and ***Pu (ref. 2). Late infall of solar-
corpuscular-irradiated material could then form a significant vola-
tile source for the degassed planetary bodies, with entrainment into
the mantle possible in an early, dry subducting system*. The
occurrence of solar-nebula gases in plumes is then evidence of
either a remnant of the silicate mantle that preserves an accretionary
volatile history distinct from that of the convecting mantle, or a
portion of the mantle that has received its different volatile
composition as a result of interaction with the core. The D" density
contrast with the convecting mantle may have helped to preserve
the distinct character of this portion of the mantle over time*®. The
results presented here, however, suggest that the bulk of
the terrestrial silicate mantle He and Ne is dominated by solar-
corpuscular-irradiated accretionary material. O

Methods

Resolving the mantle noble gas components

Resolution of the isotopic and elemental characteristics of the mantle noble gases depends
first on the resolved mantle *’Ne/**Ne and *'Ne/**Ne values. A magmatic fluid interacting
with a fluid at a near-constant air4-crust mixing ratio defines a unique (air--crust)-mantle
mixing wedge (Fig. 3). The intersection of the data wedge with the air—-MORB line at
20Ne/**Ne = 12.20 =+ 0.05 is, however, lower than the accepted Ne-B value of 12.5. As we
discuss, there are few viable mechanisms to reduce the *’Ne/**Ne ratio from solar to lower
values, and we must consider the possibility that the choice of the air-MORB line may
introduce some uncertainty. We therefore consider *’Ne/*’Ne mantle values along the
mixing line up to 12.5 (Fig. 3), providing a sensitivity test for the resolved mantle
components. Although input of the mantle Ne isotopic values into the equations for the
respective equations for a plane provides the simplest conceptual method of determining
the relationship between Ne and the other mantle-derived noble gases, care must be taken
with this approach as the plane fits are neither error-weighted nor have an error assessment
of the extrapolated values. We show here how the Ne isotopes are used to allow a full error
assessment of resolved components.

Crustal noble gas isotopic production ratios, like those in air, are well defined®'. The
mantle-, air- and crustal-Ne isotope endmembers then define the proportion of these
components in each individual sample* (Supplementary Tables 1 and 2), where, for
example:

21 _21 21 21
Neoral =" Negir +7 Necrust +7 Nemante (1)
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mantle—crust two-component mixing lines. Measured *6Ar/°He (¢) and &*Kr/°He (d)
versus “He/°He define pseudo-two-component mixing lines between crust+air and
mantle endmembers. All y-axis error bars are 1o confidence. Errors in *He/“He (Table 1)
or *He/°He are within the plotted symbol.

Resolved 2'Ne,;, is subtracted from >'Ney, to leave ‘air-corrected’ >'Ne, ZlNe(CmHmande).
A plot ofZlNe((msHmam]c)/ﬁ‘He against He/*He, with a negligible air-helium component,
then develops a simple two-component mixing line (Fig. 5a). Extrapolation to the crustal
*He/*He endmember value (*He/*Heu = 0.007R,)*" defines the local “He/?'Ne crustal
input value, *He/*'Ne 1, to be between (3.47 * 0.24) X 10 and (3.30 *+ 0.23) X 107 for
20Ne/**Ne = 12.2 and 12.5 (Fig. 5a), respectively. These values are indistinguishable, and
illustrate the insensitivity of the resolved crustal components to the choice of the mantle
Ne isotopic endmember value.

The crustal *He and *He contribution to each sample can then be calculated from
2'Negrusty “He/*Heruy and *He/*'Ne g This crustal *He and “He component can be
subtracted from the observed crust/mantle helium mixture to determine the mantle
*He/*He endmember for each sample. Three samples give a mantle component *He/*He
determination with propagated errors of <50%. For *’Ne/*’Ne = 12.2 and 12.5, samples
BDO07, BD11 and BD12 give crust-corrected *He/*He values of 5.18 + 0.76R, to
7.42 * 1.61R,, 5.29 = 0.42R, to 7.11 = 0.77R, and 5.58 * 0.52R, to 7.69 = 1.00R,,
with an error-weighted average of 5.35 = 0.36R, to 7.4 * 0.5R,, for the magmatic
’He/*He endmember. These compare with 4.9-6.0R,, derived from the full data set defined
planes (Supplementary Information). Extrapolation of the *'Ne(crust+ mantie)/ He mixing
line to mantle *He/*He values defines the range of 2'Ne/*He pante values resolved by this
data set.

Crustal and mantle “°Ar/**Ar ratios are both large, 6.1 X 107 (ref. 31) and >2.5 X 10°
respectively, compared with the air ratio. This allows “OAr in excess of *°Ary;,

YOAT (crust+ mantle)» t0 be calculated, where:

O AT (crust--mantle) =" Ateorat[1 = (CAr/* Ar)i, /(P Ar/* Ar) ] @

4DAr(m,sprmamle)/“He plotted against *He/*He then also generates a simple two-
component mixing line (Fig. 5b). Extrapolation to the mantle *He/*He values gives the
range of resolved “°Ar/*He e ratios.

P Ar a1 and 3#Krqy are treated as two-component mixtures of crust+air and mantle.
Although there is some variance in the crust-+air mixing ratio (Fig. 2), plots of
P Arora/*He and **Kr oo/ He versus *He/*He produce pseudo-two-component mixing
lines that converge towards the mantle “He/’He (Fig. 5¢, d). The convergence of data and
high correlation coefficients provide confidence in this approach. Extrapolation to the
mantle *He/*He values then gives the range of **Ar/’He,nae and **Kr/*Hepander
respectively. Combining the mantle *He/*He with *'Ne/*Hepande “°Ar/*Hemander
3 Ar/Hemante and **Kr/Hemange provides the range of isotopic and elemental abundance
ratios presented in Table 2.
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