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Abstract

New measurements of the He, Ar and CO2 abundances trapped in basaltic glasses from the Southeast Indian Ridge (SEIR)

show that volatile concentrations in the SEIR magmas were controlled by fractional degassing. Fractionation between volatile

species is consistent with their solubilities in silicate melts. As a result, there are linear relationships between (for example)

ln(4He/40Ar*) vs. ln[40Ar*] and between ln(4He/40Ar*) vs. ln(40Ar*/CO2) (where
40Ar* is the 40Ar corrected for atmospheric

contributions). The slopes of these correlations permit the relative He/Ar and Ar/CO2 solubilities to be estimated; these are

generally consistent with experimentally determined noble gas solubilities in basaltic melts.

However, there are systematic differences in the degassing trajectories. For example, in a plot of ln(4He/40Ar*) vs. ln(40Ar*/

CO2), samples from the deepest portions of the ridge consistently plot at lower 4He/40Ar* for a given 40Ar*/CO2, compared to

shallower sections of ridge. These variations in 4He/40Ar* likely reflect variations in He/Ar in the primary melt, i.e. their relative

abundances prior to degassing. We estimated the variation in 4He/40Ar* in the initial melts (i.e. the 4He/40Ar* prior to

degassing) by extrapolating the degassing trend to a constant mantle-like 40Ar*/CO2 ratio and assuming that the relative He–

Ar–CO2 solubilities do not vary between samples. The 4He/40Ar* corrected for degassing in this manner varies by a factorc10

and correlates positively with the 3He/4He ratio.

It is possible that the correlation between bdegassing correctedQ 4He/40Ar* ratios and the 3He/4He ratio results from

preferential diffusion of 3He relative to 4He and of 4He relative to 40Ar from the solid mantle into primary melts during melting.

However, modeling this diffusive process fails to reproduce the comparatively large variations in 3He/4He found in the basalts;

therefore, it seems likely that mantle heterogeneities, in combination with diffusive fractionation, resulted in coupled He isotope

and He/Ar variations.
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1. Introduction

The noble gases He, Ne and Ar are highly

incompatible elements, which will be preferentially

incorporated into a melt during melting of the mantle

[1–3], so at partial melt fractions relevant to mid-ocean

ridges a primary melt will inherit the relative noble gas

abundance pattern of the mantle source. Given that the

range of 4He/40Ar ratios of the mantle is likely to vary

within narrow and comparatively well-established

limits owing to the similar geochemistry of the parents,

K, U and Th, the 4He/40Ar ratios of primary melts

should also be relatively restricted.

Relative noble gas fractionation is expected to

occur during subsequent magmatic degassing as the

melts ascend through the crust. During magmatic

degassing, 4He/40Ar* of residual volatiles increases

because He is more soluble than Ar (where
40Ar*=40Ar corrected for atmospheric contamination).

However, MORBs with the highest 4He/40Ar* ratios

(i.e. those that appear to be most degassed) also have

high He concentrations [4,5]. Therefore, He–Ar

systematics in oceanic basalts cannot be explained

by magmatic degassing alone, but require that there is

a variation in the primary melt 4He/40Ar* [4–6].

Burnard [6] and Matsuda and Marty [4] suggested that

preferential diffusion of He (relative to Ar) out of

solid mantle during melting could preferentially

enrich He relative to Ar in the primary melt. In this

scenario, more He than Ar diffuses into the melt,

producing a melt where He concentration increases

with increasing 4He/40Ar*, as in most MORBs. A

direct prediction of this model is that the He/Ar ratio

will increase with decreasing partial melt fraction

because the ratio (grain surface area)/(melt volume) is

maximized during low degrees of partial melting.

An ideal location for testing geochemical responses

to variations in melting regime is the Southeast Indian

Ridge (SEIR). The progressive increase in average

axial depth of the SEIR between 86 8E (slightly east

of the Amsterdam–St. Paul (ASP) Plateau) and 118 8E
(the western end of the Australian–Antarctic Discord-

ance (AAD)) reflects a progressive decrease in mantle

temperature [7] with a predicted decrease in the

pressure of the solidus and therefore a lower extent

of melting [8,9]. This is reflected in the progressive

decrease in Fe8 and increase in Na8 compositions

eastward along the ridge [10,11], because the Fe
content of primary melts decreases with decreasing

pressure of melting while the Na content of the melt

increases with lower partial melt fraction [12]. If

kinetic fractionation of He and Ar occurs during

melting, then the extent of fractionation should

increase as the partial melt fraction decreases

approaching the AAD.

The noble gases (He, Ne, Ar) and CO2 trapped in

vesicles in 29 basaltic glasses from this section of the

SEIR were analyzed, with up to 7 repeat analyses of

each sample, in order to investigate if the effect (if

any) of the melting regime on relative noble gas

abundances in MORB lavas could be distinguished

from the expected degassing fractionations. We show

below how the He–Ar–CO2 compositions can be used

to correct for the degassing process in order to

estimate the bpre-degassingQ relative He–Ar abundan-
ces. The bpre-degassingQ relative He–Ar abundances

estimated this way vary systematically with the

changes in melting regime and correlate with the
3He/4He ratio of the trapped He. Plausible geological

scenarios for these variations are discussed.

1.1. Introduction: degassing

The He–Ar system is an excellent tool with which

to study magmatic degassing due to the large differ-

ence in He and Ar solubilities, but also because 4He

and 40Ar* are produced by radioactive decay of U+Th

and K in the mantle. Therefore, it is possible to model

the relative 4He/40Ar* production ratio of the mantle.

Most estimates of the mantle (U+Th)/K ratio (K/U

weight ratio of c1�10�4) suggest that the mantle has

a 4He/40Ar* ratio of between 2 and 4 [13,14].

Virtually all oceanic basalts are supersaturated with

respect to CO2 when they erupt, resulting in two-phase

magmas consisting of bubbles of volatiles and a

silicate liquid [15]. The noble gases partition between

the two phases according to HenryTs law, after which
the bubbles remain isolated from the gases remaining

in the melt: variable He–Ar–CO2 concentrations

within individual sub-samples of basaltic glass [16–

18] demonstrate that the bubbles do not immediately

re-equilibrate with the surrounding magma. Thus,

formation of bubbles will fractionate the relative

abundances of noble gases in basaltic glasses. Noble

gas solubilities increase with decreasing mass such that

He is the most soluble; experimental work suggests
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that the relative He/Ar solubilities in MORBs are in the

range 7–10, varying within this range as a function of

melt composition [19,20] and volatile (CO2 and H2O)

concentrations [21,22]. Work by Marty and Zimmer-

man [23], Moreira and Sarda [24], Sarda and Moreira

[25], Burnard [18,26] and Burnard et al. [27,28] show

that there is good agreement between experimentally

determined solubilities and the effective relative

solubilities during natural degassing of basaltic mag-

mas: decreasing 40Ar* concentrations with increasing
4He/40Ar* in basaltic glasses can be modeled by either

a Rayleigh (fractional) degassing process, or a

combination of batch degassing with mixing between

the fractionated bubble compositions and less fractio-

nated melt [25]. Note that He concentrations in basalts

are poor tracers of degassing as He is the most soluble

noble gas; as demonstrated by [25,27], Ar concen-

trations show larger variations and are negatively

correlated with 4He/40Ar* ratios, as would be expected

for a degassing magma.

The concentrations of volatiles—noble gases and

CO2—in oceanic basaltic glasses therefore depend on

the extent of gas loss from the magma and on the

efficiency that vesicles are nucleated and preserved in
Fig. 1. Effects of degassing on noble gas concentrations and 4He/40Ar* r
4He/40Ar*; assuming that the process is dominantly fractional with relative

should be an inverse relationship between ln(4He/40Ar*) and ln([40Ar*]) in

is likely in the range 2–4 but the initial [40Ar*] concentration is not well con

trapped in vesicles; consequently, the distribution of vesicles will also affe

the 4He/40Ar*.
the glass (Fig. 1). It is easy to envisage a situation in

which a bcontrol volumeQ of magma experiences

vesicle depletion, and hence a decrease in volatile

concentrations, during bsweepingQ by a large vesicle

(which will ascend more rapidly, entraining vesicles

and leaving a bubble-free region of magma in its wake

[29]), or simply by vertical ascent of the vesicles

through the magmatic system.
2. Samples and geological background

The samples used in this study were dredged by the

RV Melville in 1996 on the Westward10 expedition to

the SEIR: a summary of their locations is given in

Table 1 (Supplementary Information) and shown in

Fig. 2. The chemistry and isotopic compositions of the

basalts have been reported by Mahoney et al. [10],

while vesicle He concentrations and isotopic compo-

sitions of the WW10 samples were reported by

Graham et al. [11].

All samples analyzed here were dredged from, or

very close to, the active spreading axis (Fig. 2). These

samples cover a range in compositions from normal,
atios. Degassing will reduce 40Ar* concentrations while increasing

He/Ar solubilities similar to experimentally determined values, there

the residual volatiles, as shown in the figure. The mantle 4He/40Ar*

strained. However, noble gases in basaltic glasses are predominantly

ct the measured 40Ar* concentrations without significantly affecting



Fig. 2. Map of the Southeast Indian Ridge showing major segmentation and segment numbers (C17. . .C2). Location of dredges from which

samples were analyzed during this study are shown by grey squares (numbers next to squares correspond to dredge number in Tables 1 and 2

(Supplementary Dataset)).
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depleted MORB to comparatively enriched MORB

(e.g. K/Ti ratios as high as 0.3 are found). All samples

isotopically resemble Indian Ocean MORB with radio-

genic Sr and elevated 208Pb/206Pb relative to Pacific or

Atlantic MORBs [10]. There is little or no evidence for

involvement of Kerguelen/Heard or Amsterdam/St.

Paul type mantle contributions to these basalts [10].

Graham et al. [11] showed that the general increase

in ridge depth and decrease in mantle potential

temperature (as traced by Fe8 and Na8) is also

accompanied by a decrease in 3He/4He; high 3He/4He

ratios (up to 9.7 Ra) are associated with higher

pressure, larger fraction melting compared to the low

partial melt fractions found in AAD lavas that only

have 3He/4He ratios of c6.5 Ra. These variations in
3He/4He could result from either a layered upper

mantle—such that higher 3He/4He ratios occur at

greater mantle depths—or from melting of discrete
4He-rich pyroxenitic dblebsT which are progressively

diluted with dnormalT mantle He at high partial melt

fractions [11].
3. Technique

The analytical technique used is that described in

detail by Burnard et al. [27]. Large glassy chunks 5–8
mm diameter were cleaned in 10% nitric acid, water

then ethanol, then loaded into online in vacuo

crushing devices. Each sample was baked under

vacuum at 120 8C for 6 h prior to sequential crushing

at room temperature using an all-metal extraction

system. The total volatiles released, which are

predominantly CO2 in MORBs [30], were analyzed

using an MKS Baratron 222B 1-Torr capacitance

manometer. After purification of active gases using

two Zr–Al SAES NP10k bgettersQ, one at room

temperature the other at 450 8C, Ar was separated

from He and Ne using liquid N2-cooled charcoal.

Once desorbed off the charcoal, Ar was then analyzed

using a 12-cm, 908 modified Nuclide noble gas mass

spectrometer. He and Ne were trapped on charcoal at

14 K, then sequentially desorbed at 25 and 70 K,

respectively, for analysis using a MAP215-50 noble

gas mass spectrometer. Abundances were determined

by peak-height comparison with an artificial noble gas

standard made using reduced pressure air with added

He, 3He/4He=2.04 Ra, 4He/40Ar=1.42. Calibrated

volumes of the extraction system allowed He pres-

sures to be reduced by either 77% or 93% in high
4He/40Ar* samples. After crushing, samples were

sieved to determine the crushing efficiency: normally

about 25% of the sample passed through a 100-Am
sieve.
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Due to problems of vesicle preservation and

heterogeneity which affect absolute noble gas com-

positions, it is desirable to normalize noble gas

abundances to another volatile, notably CO2: because

CO2 is the dominant volatile in MORBs, this is

equivalent to noble gas abundances in the volatile

phase. CO2 was measured during the same crushing

experiments as the noble gases; therefore, uncertainties

associated with heterogeneous vesicle distributions are

circumvented. Manometric CO2 measurements can

be problematic as powdering samples in the presence

of CO2 will result in adsorption of CO2 on the

powders, resulting in anomalously high noble gas/

CO2 ratios [27,28,31]. However, the effects of CO2

absorption are minimal, provided the CO2 release is

sufficiently large and the samples are not completely

powdered; crushing efficiency was deliberately kept

low to prevent undue CO2 adsorption on the glass

powder [27,28]. The last crush step of each sample

will have the most powder present in the crusher, as

well as low CO2 releases, increasing the potential for

adsorption of a significant proportion of the CO2

released. 40Ar*/CO2 and 4He/CO2 in the final crush

steps of each sample are anomalously high compared

to the earlier crushing steps, consistent with CO2

adsorption. However, excluding the last crush, the

reproducibility of 4He/CO2 and 40Ar*/CO2 of indi-

vidual samples is V10%, which is more than

adequate considering the factor 30 variation in 4He/

CO2 in the sample set as a whole.
4. Results

The abundances and isotope ratios of He, Ne and

Ar, and the abundances of CO2 released by multiple

crushing of SEIR basaltic glasses are given in Table 2

(Supplementary Information).

4.1. Neon

As with all oceanic basalts, the Ne isotopic

compositions of individual samples lie on a mixing

line between atmospheric Ne and Ne with elevated
20Ne/22Ne, 21Ne/22Ne. High (more nucleogenic)
21Ne/22Ne would be expected in samples with radio-

genic He (low 3He/4He). Despite the fact that 3He/4He

in some of these basalts are at the low end of the
MORB range, it is not possible to distinguish Ne that

is more nucleogenic than that found in MORBs, i.e.

higher 21Ne/22Ne at a given 20Ne/22Ne. Fig. 3 shows

that the significant errors involved in measuring Ne

isotopes—mostly due to large corrections at m/z=22

from CO2
2+—mean that the small differences in slope

between predicted nucleogenic Ne isotopic composi-

tions for a mantle with 3He/4He=5.5 Ra and the

bnormalQ MORB trend (observed in MORBs with
3He/4He=8 Ra) cannot be distinguished in this study.

4.2. Argon isotopes

As with Ne, there are large ranges in 40Ar/36Ar in

multiple crushes of each sample, reflecting addition of

a persistent atmospheric contaminant that is not

completely removed by baking the sample in vacuo

prior to analysis [32,33]; the highest ratio measured in

each sample is most representative of the uncontami-

nated magmatic Ar. Individual segments display large

ranges in 40Ar/36Ar. It is likely that the 40Ar/36Ar ratio

is determined by variable degrees of degassing

combined with a relatively constant addition of

atmospheric Ar, and therefore does not reflect changes

in mantle 40Ar/36Ar. The large 40Ar/36Ar range of

individual ridge segments is therefore largely an

artifact due to extent of degassing. The only firm

constraint on the sub-SEIR mantle 40Ar/36Ar is that it

must be higher than the highest ratio measured here

(sample WW10-135-8: 20,000F2000). This is typical

of MORBs [14].

4.3. Helium: external reproducibility

He isotopes and abundances were also measured at

NOAA (Newport) in a previous study [11]. There is

good agreement between 3He/4He measured at Cal-

tech relative to ratios measured at NOAA, e.g. average

(3He/4He)NOAA/(
3He/4He)CIT=0.98F0.02. However,

there is a marked difference between 4He concen-

trations determined in the two laboratories, with He

abundances measured at NOAA on average twice the

CIT analyses of the same glass. This cannot be

attributed to the poor efficiency of the CIT crushers

which typically only reduce about 25% of the sample

to b100 Am (Table 1, Supplementary Information)

because experiments have shown that only 10–20% of

the total He remains in the N100-Am fraction



Fig. 3. Neon isotopes. Compositions of SEIR basalts (filled triangles) are plotted along with data from Iceland [54] (d�T) and MORB (popping

rock) [55] (d+T) to illustrate the range in Ne isotope compositions observed in oceanic basalts; composition of air shown by large grey square. 1j
error bars are shown. Dashed line is calculated air–mantle mixing for a mantle source with 3He/4He=5.5 Ra (the most radiogenic He found on

the SEIR) and 3He/22Ne=10 [56] (initial 4He/3He=2000=350 Ra [57], initial 21Ne/22Ne=0.033 [58], 21Ne/4He=2.5�10�8 during nucleogenic

production in the mantle [59]).
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remaining after analysis (sieved residues of WW10-

134 and WW10-76 were recrushed; Table 2, Supple-

mentary Information). This is expected as the N100-

Am fraction is mostly composed of grains b1 mm,

whereas the noble gas budget is dominated by large

(N500 Am) vesicles. It is more likely that the differ-

ences in He abundances are due to different sample

processing in the two labs. Samples were not baked

before analysis at NOAA and it is likely that some

vesicles will have decrepitated during baking at

Caltech. Differences between CIT and NOAA He

concentrations can be accounted for by a single

vesicle b0.7-mm radius at seafloor pressure which

may have decrepitated during the CIT baking, but was

included in the NOAA analysis. Given the high

diffusivity of He in basaltic glasses [34], diffusive

loss of He from the glasses during baking at CIT is

possible. However, as only vesicle-trapped gases were

analyzed in both studies, diffusive loss is less likely: a

two-stage diffusion mechanism is required where the

He in vesicles has to first dissolve into the already He

saturated glasses before escaping through the glass.

Furthermore, the large chips used will limit diffusive

losses. The differences between the two datasets

highlight the difficulties faced using noble gas
abundances as a quantitative tool, particularly those

involving inter-lab comparisons and it is possible that

the most representative noble gas abundances (for

isotopes that are readily corrected for atmospheric

contamination) can only be measured in samples

which have not been baked.

4.4. The highest 4He/40Ar* in a MORB glass: sample

WW10-76-1

The first analysis of WW10-76-1 had 4He/40Ar* in

excess of 500 (Table 2, Supplementary Information),

considerably higher than previously measured in a

MORB glass (previous maximum 4He/40Ar*=150

[35]). In order to confirm this result, two additional

aliquots of the sample (each time starting with a new

rind of uncrushed glass) were analyzed; while these

still had very high 4He/40Ar* (170 and 160; Table 2,

Supplementary Information), these did not reproduce

the first analysis. In case there was a vesicle size

distribution issue (4He/40Ar* should be highest in the

smallest vesicles; [26]), the buncrushedQ (N100-Am)

residue from the second and third aliquots was

combined and re-analyzed as aliquot 4. Again,

although this fraction had slightly higher 4He/40Ar*
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(180) compared to aliquots 2 and 3, the very high
4He/40Ar* of the first aliquot was not reproduced.

This sample is noticeably heterogeneous with an

exterior rind composed of finely laminated glass

layers and it remains possible that the first aliquot

was a local heterogeneity; 4He/40Ar* ratios are

known to vary by more than a factor of 4 in a

single pillow rind (from 9.6 to 42 [17]). Furthermore,

the composition of the first aliquot is consistent with

the general degassing trends observed in the sample

set as a whole (for example, it lies on the same trend

in plots of 4He/40Ar* vs. [40Ar*] and 4He/40Ar* vs.

CO2/
40Ar*), suggesting that this result was not due

to analytical problems. However, until the analysis is

duplicated, 4He/40Ar* as high 500 in MORBs cannot

be confirmed.
Fig. 4. Degassing of (a) Ar, (b) He and (c) CO2 using
4He/40Ar* as a

degassing tracer. [CO2], [
4He] and [40Ar*] in cm3 STP g�1. Filled

circles: C2–C6, filled squares: C7–C12, open squares: C13–C15

filled diamond: C8/9 transform. Note that the He and Ar axes are on

the same scale to illustrate the effect of Ar insolubility on the

degassing process. Solid lines are modeled degassing using

published He–Ar–CO2 solubilities [20] but starting compositions

have been adjusted to fit the 40Ar* data (starting conditions

[40Ar*]=5�10�6 cm3 STP g�1 , 4He/40Ar*=2, 40Ar*

CO2=2.9�10�5). From least squares fit 4He/40Ar*=�0.79

[40Ar*]–9.2 (R2=0.83), which (assuming Rayleigh degassing

corresponds to SHe/SAr=8.5 (+2.9�5 ), overlapping experimental values

[20] and values estimated for degassing at the Amsterdam–St. Pau

Plateau (cf. SHe/SAr=5.8 (+1.7�2.7) by Burnard et al. [27]).
5. Discussion

5.1. Degassing

It is clear from Fig. 4 that the main control on

noble gas relative abundances, and the absolute

abundances of CO2 and 40Ar*, in these samples is

magmatic degassing; the excellent correlation

between ln(4He/40Ar*) and ln(40Ar*) is entirely

consistent with solubility controlled fractional (or

Rayleigh) degassing with relative solubilities within

the range determined experimentally (see Fig. 4

caption for more details). Batch degassing models

(e.g. [24,25]) (using experimentally determined sol-

ubilities) have difficulties reproducing the extent of

He/Ar fractionation that we observe in these samples.

While the range in 4He/40Ar*, 40Ar*/CO2, etc.

result from fractionation during magmatic degassing,

there must be an underlying mechanism that controls

the extent of gas loss from each sample. Increasing

gas loss can be achieved by either (a) reducing the

CO2 solubility of the melt or (b) by increasing the

CO2 concentration in the melt. Reducing pressure will

reduce CO2 solubility, therefore, CO2 solubility will

decrease during ascent and/or eruption of the basalts,

whereas fractional crystallization will produce a net

increase in CO2 concentration in the melt (because

CO2 behaves as an incompatible element) [23,27].

These possible causes have specific outcomes that are

discussed below.
,

:

/

)

l

5.1.1. Confining pressure at eruption

The confining pressure at eruption due to the

overlying seawater—i.e. the eruption depth—is

known to control the amount of volatiles trapped in

submarine basaltic glasses [27,30,36], suggesting that

magmatic gases are lost during eruption. In this

scenario, the 4He/40Ar* ratio should also be related

to the eruption depth. However, along this 2000-km

section of the SEIR, there is no clear relation between

eruption pressure and 4He/40Ar* ratio (Fig. 5), as

would be expected if gas was lost during eruption.

High 4He/40Ar* ratios are found in shallow erupted—



Fig. 5. 4He/40Ar* vs. ridge depth. Symbols as in Fig. 4. Degassing (traced by the 4He/40Ar* ratio) increases with decreasing eruption depth

(ueruption pressure) in segments C7 through C12, as may be predicted if significant degassing occurred during eruption. However, this

behavior abruptly changes east of segment 7 (east of 100 8E), where the 4He/40Ar* ratio appears to decrease in shallow erupted samples,

suggesting that (a) degassing during eruption was not significant and (b) some other mechanism—possibly one that would increase with

increasing depth—fractionates He from Ar. The western segments (C13–C15) have a considerable range in 4He/40Ar* with little variation in

eruption depth (of the samples studied). These changes in degassing style coincide with changes in ridge morphology: west of 100 8E (open

squares) is characterized by an axial high, whereas an axial trough is present east of 110 8E (filled circles). In between (110–100 8E, filled
squares), there is an intermediate ridge morphology without either pronounced ridge or trough [37].
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samples for some specific ridge segments, for

example, segment C8 (excluding the C8/C9 trans-

form) although this is not true for the entire length of

ridge studied. The eruption pressure is not the

dominant control on volatile loss in these samples.

5.1.2. Combined fractional crystallization–degassing

In some oceanic basalts, the degree of degassing

appears to be related to the extent of fractional

crystallization. CO2 is expected to behave incompat-

ibly; therefore, the CO2 concentration in the melt will

increase during fractional crystallization, thereby

increasing the fraction of gas lost from the melt

[23,27]. This process is thought to have produced

correlations between 4He/40Ar*, which traces the

extent of degassing, and indices of crystallization,

such as Mg#, in basalts from the Amsterdam–St. Paul

Plateau [27] and in MORBs globally [23]. However,

there is no correlation between 4He/40Ar* and Mg#

(not shown) in the SEIR samples analyzed here,

despite similar degrees of fractional crystallization and

gas concentrations to the Burnard et al. [27] study of

the ASP plateau (e.g. [CO2]ASP=0.003–0.074,
[CO2]SEIR=0.004–0.11 cm3 STP g�1, lowest Mg# in

ASP=50, lowest Mg# SEIR=50). bCrystallization
forcedQ degassing does not appear to be an important

process on the SEIR east of the ASP plateau, although

the reasons for this are not clear.

In summary, the absolute and relative volatile

abundances of these samples have been affected by

volatile loss prior to and during emplacement on the

seafloor. The volatile loss can be adequately modeled

as solubility controlled fractional degassing. Overall,

however, there seem to be several underlying causes

to the gas loss along the ridge which may be related to

variations in ridge morphology (Fig. 5, [37]). Gas loss

along some segments is apparently controlled by

confining pressure on eruption but along other

segments, shallow eruptions do not result in extensive

degassing.

5.2. Estimating the parental magma composition

It is clear that noble gas relative and absolute

abundances, and 40Ar*/CO2 ratios (Fig. 4), are pre-

dominantly controlled by magmatic degassing. The
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[40Ar*], 4He/40Ar* and 40Ar*/CO2 compositions can

be adequately modeled as fractional degassing using

experimentally determined solubilities (Fig. 4, Section

5.1). It should, therefore, be possible to invert the

degassing process (irrespective of the actual mecha-

nism involved) in order to estimate bpre-degassingQ
magmatic compositions. From Fig. 6, it is evident

that, at a given 40Ar*/CO2, the
4He/40Ar* ratios of

samples from the more shallow (western) end of the

SEIR are higher than those of the eastern end. The fact

that there are systematic differences above experi-

mental error in a plot of two degassing tracers (e.g.

Fig. 6) requires that either there were variations in the
40Ar–4He–CO2 compositions prior to degassing, or

there were large differences in the degassing trajecto-

ries of individual samples (i.e. the slope in Fig. 6).

Here, we have attempted to estimate the bpre-
degassingQ 4He/40Ar* ratio by assuming the slope in a

plot of 4He/40Ar* vs. 40Ar*/CO2 is that predicted by

fractional degassing using previously published vol-
Fig. 6. Pre-degassing fractionation of He–Ar–CO2. Symbols as in Fig. 4.

rectangle: 40Ar*/CO2=2.9�10�5, 4He/40Ar*=2) will reduce 40Ar*/CO2 an

which is the calculated fractional degassing path starting from mantle co

Although there is a reasonable correlation between 4He/40Ar* and 40A

segments, for example the western segments (C13–C15, open squares) sy

segments plot on or below the line. This suggests that there was fraction

amount of bpre-degassingQ He–Ar fractionation is quantified by assuming th

between the theoretical degassing line (solid line in the figure) is due to
4He/40Ar* ratio is referred to as bD4He/40Arinit* Q because, while the initia

guess for the mantle (e.g. corresponds to C/3He in the mantle of 1.5�109

unknown.
atile solubilities [20]. This is illustrated in Fig. 6.

However, very similar results are obtained if the slope

defined by a best fit through this dataset is used

instead of the experimentally predicted fractionation

slope. A similar degassing correction scheme is

illustrated in [6,26].

The major drawback to using this technique to

correct for magmatic degassing is the uncertainty in

choosing an initial volatile composition that can be

used as reference (in the way that fractional crystal-

lization is corrected back to 8 wt.% MgO, for

example). Ideally, it should be possible to use the

initial 4He/21Ne* ratio, as advocated by Burnard

[6,26]. Unfortunately, the errors involved in our
21Ne* measurements were too large and this method

cannot be applied to these data. Instead, we have

corrected all degassing trajectories to the same 40Ar*/

CO2 ratio, estimated from the extrapolations in Fig. 4

(see Fig. 4 caption), in order to estimate the bpre-
degassingQ 4He/40Ar* ratio. Although the initial
Degassing of a single mantle-like composition (given by the solid

d increase 4He/40Ar* along the trajectory given by the solid line,

mpositions (SHe/SAr=11.6, SAr/SCO2
=0.37 calculated from [20,60]).

r*/CO2, it is clear there are systematic differences between ridge

stematically plot above the theoretical trajectory, while the eastern

ation of the He–Ar–CO2 system prior to magmatic degassing. The

at the initial 40Ar*/CO2 was constant and that the vertical difference

variations in the initial 4He/40Ar* ratio. The bdegassing correctedQ
l 40Ar*/CO2 for the theoretical degassing trajectory is a reasonable

if the mantle 4He/40Ar* is 2), the true mantle 40Ar*/CO2 value is
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40Ar*/CO2 ratio used here (2.9�10�5) is a reasonable

guess for typical depleted mantle [23], it is not known

if this value is appropriate for the SEIR; consequently,

the binitialQ 4He/40Ar* ratio estimated in this way is

only an estimate of relative fractionation and therefore

is denoted D4He/40Arinit* .

5.2.1. Problems correcting for degassing

It is clear that variations in the pre-degassing
4He–40Ar*–CO2 compositions of the SEIR magmas

do exist. In order to quantify the extent of these

variations we have assumed there is no variation in
40Ar*/CO2 and all the variation is in

4He/40Ar*. This is

unlikely to be strictly true as mantle heterogeneities in
40Ar*/CO2 do exist [23], and processes operating in the

mantle which fractionate He from Ar could also

fractionate Ar from CO2. However, it seems likely that

the majority of the variation in initial He–Ar–CO2

compositions will be in the He/Ar ratio rather than the

Ar/CO2 ratio: variations in initial 40Ar*/CO2 in

MORBs generally appear to be small (bfactor 2 [23])

relative to the large (factorc100) variations observed

in this suite of basalts which are due to degassing. In

order to account for the bpre-degassingQ variation in

He–Ar–CO2 in these magmas solely through 40Ar*/

CO2 variability (i.e. assuming the pre-degassing
4He/40Ar* was constant) requires that the ratio (He or

Ar)/CO2 varies by a factor ofc20 over this section of

the ridge. Large variations of this ratio in the mantle are

most plausibly related to recycling of carbon-rich

sediments, yet there is no evidence of large variations

in the amount of recycled material in the Sr or Pb

isotope compositions of these basalts [10]. Therefore, it

seems likely that most of the variation in the pre-

degassing He–Ar–CO2 compositions is in the He/Ar

ratio rather than the (He or Ar)/CO2 ratio. Nevertheless,

it is important to bear in mind that bD4He/40Arinit* Q
carries with it the collective variation in the pre-

degassing He–Ar–CO2 compositions, rather than being

solely a reflection of the 4He/40Ar ratio prior to

degassing.

The initial 4He/40Ar* ratio calculated this way is

relatively insensitive to initial 40Ar*/CO2: a variation

of c2 in the initial 40Ar*/CO2 will have a

negligible effect on the computed D4He/40Arinit* ; for

example, the shaded box in Fig. 6 encompasses the

range in 40Ar*/CO2 reported for dnormalT MORBs

(2–4�10�5) [23].
The corrections for degassing also assume that the

relative He–Ar–CO2 solubilities do not change

significantly during degassing.

5.3. 4He–40Ar* variations in primary melts

The results of performing these degassing correc-

tions is that there appear to be real variations in

D4He/40Arinit* ; if the initial 40Ar*/CO2 used here is

correct and constant, then the actual 4He/40Arinit* ratios

of primary melts along the SEIR vary between 2 and

12, with the highest D4He/40Arinit* values limited to

the western end of the section studied.

Surprisingly, there is a relationship between

D4He/40Arinit* and the 3He/4He ratio (Fig. 7); with the

exception of sample WW10-126-1, high 3He/4He

ratios are found in primary magmas that have

high 4He/40Ar; there is considerable variation in

D(4He/40Ar*)init within segments C7–C12 at relatively

constant 3He/4He, despite the overall positive correla-

tion (Fig. 7). D4He/40Arinit* also decreases with the

general increase in average ridge depth eastward along

the SEIR (not shown). The relationship between

D4He/40Arinit* and 3He/4He existed prior to magmatic

degassing: if degassing produced these co-variations

(for example, if high 3He/4He magmas coincidentally

degassed more extensively, thereby also fractionating

He from Ar more extensively), then a correlation

between the uncorrected 4He/40Ar* ratio and 3He/4He

would be expected, whereas there is no discernable

relationship between 3He/4He and uncorrected
4He/40Ar* (not shown). Possible causes of the

variation in D4He/40Arinit* and the correlation between

D4He/40Arinit* and 3He/4He are investigated below.

5.3.1. Fractionating, post-eruptive He loss

It is possible that some of the range in D4He/40Arinit*

and 3He/4He result from diffusive loss of He from the

basalts after eruption; post-eruptive diffusive fractio-

nation of He from Ar has been previously postulated

[38]. If post-eruptive He loss was accompanied by He

isotope fractionation, then this would result in a

positive correlation between 3He/4He and the calcu-

lated bD4He/40Arinit* Q. While He diffusion at seafloor

temperatures is probably sufficiently slow to prevent

significant He loss, there is potential for diffusion of He

out of the erupting lava during chilling on the seafloor,

or from subsequent reheating during later emplacement



Fig. 7. D4He/40Ar* vs. 3He/4He; note that D4He/40Ar* is in natural log units. Symbols as in Fig. 4. The 3He/4He ratios used are those reported

for the same samples by [11] as these have smaller uncertainties than the data obtained here. The uncertainty in D4He/40Ar* (1j error bars) only

accounts for measurement errors and does not include uncertainties in relative solubilities when making the degassing correction. The line

shows the predicted fractionation of 3He/4He and 4He/40Ar* due to diffusion following Burnard [6] (numbers correspond to t/l2�10�6 years

cm�2). The most fractionated samples require t/l2c6�10�5 years cm�2; if a fracture spacing of 100 cm is present in the mantle, t/l2=6�10�5

years cm�2 corresponds to c0.5 year of melt residence in the fracture.
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of lavas. However, it is difficult to envisage a post-

eruptive mechanism which would produce a relation-

ship between 3He/4He and Fe8 as observed in these

lavas [11]; therefore, post-eruptive diffusive fractiona-

tion of 3He/4He ratios seems unlikely.

5.3.2. Artifacts introduced in the degassing correction

Noble gas relative solubilities in basaltic liquids are

known to be a function of the water (and, to a lesser

extent, CO2) content of the melts [22,39]. It is possible

that variations in water content modified the slope of

the degassing trajectory, and, as a result, the variations

in D4He/40Arinit* are merely artifacts of erroneous

degassing corrections. For example, all samples may

have started with the same 4He/40Ar* and 40Ar*/CO2

compositions, but do not lie on a single line in Fig. 6

due to differences in degassing trajectory from one

sample to the next, and these differences in degassing

trajectory are related to the source chemistry and
3He/4He. Realistically, the variations in degassing

trajectories that are required are impossibly large,

requiring several hundred percent change in the relative

He/Ar and Ar/CO2 solubilities. Unless there is an as yet

undiscovered major change in CO2 solubility mecha-
nism, then increases in CO2 solubility are accompanied

by increases in both He and Ar solubility, resulting in

approximately constant relative He/CO2 and Ar/CO2

solubilities.

It seems inescapable that there are variations in the

volatile compositions prior to magmatic degassing.

5.3.3. Two-stage degassing models

Cartigny et al. [40] and Shaw et al. [39] proposed

that degassing in oceanic basalts may occur in two

stages. The first stage is the formation of bubbles in a

batch process within the mantle, while the second

stage is open system degassing which results from

decompression in the crust. The effects of the first

stage of degassing will affect the D4He/40Arinit*

compositions computed above because the correction

procedure used only accounts for fractionation occur-

ring during the second, fractional degassing stage.

Thus, it is possible that the variation in D4He/40Arinit*

observed in these lavas results from variable degrees

of bubble formation prior to fractional degassing. The

magnitude of the shift in D4He/40Arinit* will depend on

the fraction volatiles lost during the first phase. The

maximum possible shift in D4He/40Arinit* is c10 (the
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ratio of the He and Ar solubilities). However, while

two-stage degassing may have occurred in the SEIR

magmas, this is unlikely to be the cause of the

correlated 3He/4He and D4He/40Arinit* for two reasons:

(a) equilibrium degassing is unlikely to fractionate He

isotopes and therefore would not result in the correla-

tion in Fig. 7 and (b) the range in D4He/40Arinit*

observed is greater than that possible during the first

stage of degassing.

5.3.4. 4He and 40Ar production in chemical hetero-

geneities within the mantle

Graham et al. [11] suggested that melting of U-rich

pyroxenitic heterogeneities in the sub-SEIR mantle

could result in the low 3He/4He observed in the AAD;

these pyroxenitic bblebsQ melt at a lower temperature

than ambient mantle, consequently they will constitute

a larger proportion of the melt at lower partial melt

fraction, hence low 3He/4He results from melting

colder mantle. Furthermore, the majority of the

variation in Fig. 7 results from samples from the

western end of the ridge segment studied, and it is

possible a localized mantle heterogeneity, with rela-

tively high 3He/4He ratios, exists in this region. Could

melting of these chemical and isotopic heterogeneities

also explain variations in D4He/40Arinit* observed along

the SEIR?

In order for chemical heterogeneity to account for

the correlation in Fig. 7, then:

(a) the low 3He/4He component must have low
4He/40Ar*;

(b) assuming that low 3He/4He results from hetero-

geneities within the mantle, then these hetero-

geneities must also have 4He/40Ar* lower than

ambient mantle; and

(c) (4He/40Ar*)ambient /(
4He/40Ar*)heterogeneityz10.

If the high 3He/4He component represents ambient

mantle with an actual 4He/40Ar* of 2–4 (correspond-

ing to production from a mantle with K/U=1.2�104

[41]), then, from (c), the low 3He/4He heterogeneities

must have 4He/40Ar* of 0.2–0.4. In order to generate

such low 4He/40Ar*, the cpx blebs require U/

KV1.5�10�5 (K/Uz6.5�104); this is assuming that

the radiogenic He and Ar accumulated for 4 Ga. A

more reasonable bageQ of a recycled cpx bleb may be

c1.5 Ga [42]; in this case, a U/K ratio around
7�10�6 (K/U=1.4�105) is necessary. The above

calculations assume a Th/U of 4.2.

Therefore, if the variations in D4He/40Arinit* result

from a mantle heterogeneity, the heterogeneity should

have a K/U ratio c10 times higher than that of the

bulk upper mantle value (1.2�104). From Pb isotope

evidence, the U/Pb ratio does not change drastically

along this section of ridge [10]; therefore, it seems

more likely that K addition (rather than U depletion)

could increase the K/U ratio. Assuming that 36Ar

distribution is uniform, this would result in more

radiogenic (higher) 40Ar/36Ar ratios in the cpx blebs;

unfortunately, problems associated with atmospheric

contamination make it impossible to test this hypoth-

esis using Ar isotopes.

Nevertheless, there is no relationship between

D4He/40Arinit* and K/Ti (not shown), which would be

expected if a K-rich geochemical heterogeneity

resulted in the high 4He/40Ar* ratios. Furthermore,

given the constancy of K/U ratios in MORBs generally

(for example, bdepletedQ MORBs and benrichedQ
MORBs have indistinguishable K/U, despite a factor

of 10 difference in K concentration [43]) and the

broadly similar partitioning behavior of U and K in cpx

of mantle composition [44], an enrichment in K/U of at

least a factor of 5 seems unlikely.

5.3.5. Kinetic fractionation of He and Ar during melt–

wallrock infiltration

Models by Torgersen and O’Donnell [45] and

experiments by Honda et al. [46] have shown that He

diffusion out of a newly formed fracture will be

considerably greater than that of Ar; He/Ar ratios in

the fracture can be up to 104 times that of the source

rock at geologically reasonable conditions. Melt

localized in channels within the mantle [47–52]

introduces the potential for diffusive fractionation of

He from Ar within the mantle. This process was

examined by Burnard [6] who showed that fractiona-

tion of He isotopes should occur, in addition to He–Ar

fractionation during diffusion from the solid mantle

into the melt, due to the predicted difference in

diffusivity between 3He and 4He [53]. In theory, large

(factor of 10) variations in 4He/40Ar* should be

accompanied by small, but detectable variations in
3He/4He of the order 10% (assuming that the relative

diffusivities of the noble gas isotopes are determined

by the square root of the mass difference). Given that
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it is difficult to account for the range in D4He/40Arinit*

in the SEIR basaltic glasses using variations in mantle

K/U, diffusive fractionation of He and Ar should be

considered.

The low concentrations of noble gases in equili-

brium mantle melts, combined with their high

diffusivities in solids, increases the potential for

observing diffusive fractionation during mantle melt-

ing. It seems likely that wallrock–melt diffusive

fractionation effects are only apparent for the noble

gases because all other mantle species are either slow

diffusing or are present in high concentrations in the

mantle. The degree of fractionation resulting from

diffusion of noble gases out of solid mantle into melt

channels (or, at least, fast diffusion pathways for the

noble gases) depends primarily on t/l2 where t is the

time the fast diffusion pathway has been established

and l is the separation between fast diffusion path-

ways (melt channels) [6]. In order to significantly

fractionate He isotopes during diffusion of He from

the solid into the melt, only a small fraction of He can

be extracted from the mantle by volume diffusion:

extraction of more than 1% of the He contained

between two melt channels will result in negligible

isotopic fractionation.

The models described in Burnard [6] predict that

there should be a positive correlation between
Fig. 8. D4He/40Arinit* vs. Na8. Symbols as in Fig. 4. Na8 data from [61]. The

occurs in basalts with the lowest Na8 values, i.e. those derived by the gre
D4He/40Arinit* and 3He/4He. Although there is a

positive correlation between D4He/40Arinit* and
3He/4He in Fig. 7, the slope predicted by the diffusive

fractionation model is significantly shallower than that

observed in the SEIR data: the model predicts less He

isotope fractionation for a given He–Ar fractionation

compared to the variations observed. It is difficult to

envisage a scenario where diffusive fractionation

could result in greater He isotope fractionation (for a

given He–Ar fractionation) than that predicted by the

model: by assuming bsquare root of mass differenceQ
behavior, the purpose of the diffusive fractionation

model was to investigate the maximum possible He

isotopic fractionation for a given He–Ar fractionation.

Furthermore, during diffusive fractionation of

noble gases, He and Ar in the primary magmas will

be a mixture of diffusively inherited noble gases and

unfractionated noble gases generated by the equili-

brium partial melting that produced the silicates. The

greatest D4He/40Arinit* values are expected in the

lowest degree partial melts, where the fraction of

noble gases derived from equilibrium partial melting

of the mantle will be least significant. This predicts a

positive correlation between 4He/40Ar* and Na8;

however, Fig. 8 shows that, although there is no

correlation between 4He/40Ar* and Na8, the greatest
4He–40Ar* fractionation occurs in high degree partial
most He–Ar fractionation during melting (i.e. highest D4He/40Arinit* )

atest extent of melting.
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melts (assuming that the Na8 variations are not related

to chemical or mineralogical heterogeneities in the

mantle), contrary to the prediction. It is possible that

diffusive fractionation of 4He/40Ar* in the mantle

depends on other parameters (e.g. t/l2), which may

counter balance the diluting effect of large melt

fractions, e.g. low degree partial melts could take

longer to extract from the mantle (due to a greater

tortuosity, for example), increasing t/l2 and thereby

resulting in less diffusive fractionation (more equili-

bration) of 4He/40Ar* in low degree partial melts.

In conclusion, some process (or processes) acting

in the mantle produced melts with a large range in
4He/40Ar which was correlated with the 3He/4He ratio

(with the possible exception of segments C7–C12).

However, the mechanism(s) producing these varia-

tions remains enigmatic. On the one hand, equilibrium

melting of a geochemical heterogeneity is unlikely to

create the very low D4He/40Arinit* values, while

fractionation by diffusion from the solid mantle into

the melt cannot create the full range in He isotope

composition observed. It is plausible that a combina-

tion of the two processes resulted in the correlation

between 3He/4He and D4He/40Arinit* . For example, a

low 3He/4He eclogitic heterogeneity in the mantle will

likely have different melting parameters than dnormalT
depleted MORBs, which may increase diffusive

fractionation of He from Ar, creating the correlation

observed in Fig. 7.
6. Summary

The large variations in 40Ar* concentrations,
40Ar*/CO2 and

4He/40Ar* in the SEIR basaltic glasses

can be attributed to variable extents of degassing. The

extent of degassing is not related to either the eruption

depth or the extent of fractional crystallization in any

simple way, in contrast to the Amsterdam–St. Paul’s

section of the SEIR [27].

Attempts to correct for the degassing processes

using combined He–Ar–CO2 data suggest that some

variation in 4He/40Ar* existed in the primary basalts

prior to any magmatic degassing, and the 4He/40Ar* of

the primary melts (D4He/40Arinit* ) correlates with
3He/4He.

Equilibrium distribution of He and Ar during

melting are unlikely to produce the fractionation as
both are similarly incompatible [1] and the relatively

large degrees of partial melting at mid-ocean ridges are

unlikely to fractionate incompatible elements. There-

fore, these compositional variations are more likely to

be related to either kinetic He–Ar fractionation during

mantle melting or to long-lived chemical heterogene-

ities within the mantle, or a combination of both

processes.

Although diffusion models show that, if He frac-

tionates from Ar by diffusion, then some fractionation

of He isotopes should also be expected as 3He diffuses

faster than 4He [53]. However, modeling suggests that

diffusive fractionation will not be able to produce the

observed range in 3He/4He (for a given 4He/40Ar*) and

it seems more likely that the range in 3He/4He results

from sampling a heterogeneous mantle, for example,

sampling eclogitic material with more radiogenic He

than the ambient mantle. However, mantle heteroge-

neities are unlikely to produce the range in 4He/40Ar*

(corrected for magmatic degassing) observed, because

K and U do not appear to fractionate significantly

during mantle processes [43]. In this case, it does

appear more likely that kinetic fractionation of He from

Ar did occur during mantle melting, and that this

fractionation is greatest when melting the non-eclogitic

portions of the mantle, resulting in high 3He/4He

magmas with high He/Ar ratios.

Although the processes producing correlations

between noble gas relative abundances (e.g. D4He/
40Arinit* ) and He isotopes in the SEIR primary melts

remain uncertain, the ability to correct for noble gas

fractionation during magmatic degassing opens the

way for future work investigating relative noble gas

abundances of primary melting. In particular, possible

kinetic fractionation of He isotopes during mantle

melting has implications beyond the scope of the

present contribution, such as isotopic fractionation

during mantle metasomatic processes and, with

appropriate parameterization, the possibility of using

kinetic fractionation of noble gases for constraining

models of mantle melting and transport.
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