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An outstanding problem in understanding the origin of the gaseous phase, particularly the rare gas
compositions in magmatic rocks, is the ubiquitous atmospheric component in bulk rock samples, and
whether this atmospheric component is a late stage contamination of the sample, or a recycled component
though sediments or altered oceanic crust. In the present study we address this problem by analyzing single
vesicles from the “popping rock 2[|D43” sample from the Mid-Atlantic Ridge using a UV laser ablation
system. We have determined both elemental and isotopic compositions of He, Ne and Ar in single vesicles as
well as Kr and Xe abundances. All vesicles analyzed have an isotopic composition identical to the referred
degassed mantle value estimated from this same sample, despite analyzing vesicles from a wide size
distribution. The atmospheric component, which is always detected in bulk samples by crushing or heating,
was not detected in the single vesicles. This implies that the recycling of atmospheric noble gases in the
mantle cannot explain the air-like component of this sample. The addition of the atmospheric component
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must occur either during the eruption, or after sample recovery.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

Understanding the distribution of helium, neon, argon, krypton and
xenon in the mantle, both for elemental and isotopic compositions, is
important for constraining the volatile acquisition and the evolution of
Earth's surface reservoirs (Allégre et al., 1987; Allégre et al., 1983;
Hiyagon et al, 1992; Kellogg and Wasserburg, 1990; Marty and
Tolstikhin, 1998; Onions and Tolstikhin, 1996; Ozima and Zahnle,
1993; Porcelli and Wasserburg, 1995; Poreda and Farley, 1992; Sarda
etal, 1985; Staudacher et al., 1989; Trieloff and Kunz, 2005). However,
the interpretation of rare gas data has been challenging because of an
air-like component in mantle-derived rocks. Rare gas data from a
single sample generally displays a binary mixture between a mantle
and an atmospheric component. The binary mixture is illustrated in
Fig. 1, where neon isotope data from Mid Oceanic Ridge Basalt (MORB)
and Oceanic Island Basalt (OIB) are plotted in the three-neon isotopes
diagram (Allégre and Moreira, 2004). This mixture raises two
important questions, which are still the subject of debate. The first is
the origin of the air-like component. Several hypotheses have been
postulated to elucidate this origin but there is still no general
consensus. This component was first considered to be dissolved in
the glassy matrix (Marty et al., 1983) as a result of interaction between
seawater (where the atmospheric gases are dissolved) and magma
before or during the eruption (Farley and Poreda, 1993; Fisher, 1997;
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Patterson et al., 1990; Sarda et al., 1985). High precision crushing
analyses of both MORB and OIB have revealed heterogeneity in rare gas
isotopic compositions at a millimeter scale (Harrison et al., 1999;
Moreira et al., 1998; Trieloff et al., 2003; Trieloff et al., 2002; Trieloff
et al., 2000). The air-like component was therefore interpreted either
as a late stage surface contamination during sampling or contamina-
tion during sample preparation in laboratories (Ballentine and Barfod,
2000) where modern air could be introduced into micro fractures and
released during crushing (Mungall et al., 1996). Alternatively, this
component has been interpreted as a component recycled in the
mantle via subduction processes (Sarda, 2004) and mixed with the
normal MORB source mantle. This concept of noble gas recycling has
been suggested since the discovery of relationships between noble
gases and trace elements in arc magmatism settings (Bach and
Niedermann, 1998) and between noble gases and isotopic ratios (e.g.
lead) in Mid-Atlantic Ridge basalts (Sarda et al., 1999). This hypothesis
of noble gases recycling was reinforced by the work of Matsumoto and
collaborators where data from paleo-arc settings seem to confirm a
possible atmospheric noble gas recycling in the mantle wedge via the
subduction process (Matsumoto et al., 2001). More recently, precise
124-126-128x 0 /130Xe measurements in CO, well gases indicate a slight
enrichment in the light isotopes of xenon, compared to the atmosphere
suggesting an important recycling of atmospheric xenon in the mantle
through geological times (Holland and Ballentine, 2006) and challenge
the so-called “noble gases subduction barrier” which suggests that
noble gases of the subducted oceanic crust (and sediments) are
returned back to the atmosphere through arc volcanism (Staudacher
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Fig. 1. The neon three isotopes diagram (*°Ne/*’Ne versus >'Ne/*’Ne). Data are those
used in Allégre and Moreira (2004) with the addition of unpublished data (Raquin and
Moreira, 2005). The shaded region represents OIB data from Galapagos, Loihi, Island and
Pitcairn (GLIP). MORB and OIB data plot on two different mixing lines between a mantle
component and an ubiquitous atmospheric component. This air-like addition prevents
knowing the exact 2°Ne/?>?Ne value for the upper mantle: neon-B (12.5) or SW neon (13.8).

and Allégre, 1988). Hence, knowledge of the origin of this air addition is
important to estimate the concentration of noble gases in the mantle
and to calculate fluxes between Earth reservoirs. For example, if we
consider data on sample 2[|D43, as being the most representative for
the upper mantle volatile content (Javoy and Pineau, 1991; Moreira
et al., 1998; Pineau and Javoy, 1994; Staudacher et al., 1989) and, if air
addition is only due to a superficial contamination, then the 36Ar
concentration in the mantle would be two orders of magnitude lower
than if the air addition is due to recycling.

The second question that is raised by the three-neon isotopes
diagram is the value of the stable and non-radiogenic 2°Ne/*?Ne ratio
in the mantle. Although this was first considered to be similar to the
solar wind neon (13.82 (Grimberg et al., 2006)) (Yokochi and Marty,
2004), such a high value is not recorded with confidence in mantle-
derived rocks, because only a very small contamination from the air-
like component is sufficient to cause large deviations from the solar
neon isotope composition. A solar wind value implies a model where
gases are trapped in the mantle during the Earth accretion by
dissolution of solar wind gases in a magma ocean previously degassed
(Harper and Jacobsen, 1996; Hayashi et al., 1979; Mizuno et al., 1980;
Porcelli et al., 2001; Sasaki, 1999). However, this origin was challenged
in recent studies and a component with a neon-B value (12.5 (Black,
1972)) has been proposed. Such a component is mainly recorded in gas
rich meteorites and on the lunar regolith. This suggests that the Earth
material precursors have acquired this signature by irradiation by the
solar wind during an early stage of the solar nebula formation, such as
during the T-Tauri phase (Ballentine et al., 2005; Raquin and Moreira,
2005; Trieloff et al., 2002; Trieloff et al., 2000).

Solving these two unknowns is important to improve models of
the origin and evolution of volatile elements in the Earth. Knowing the
real value of the 2°Ne/?’Ne ratio in the mantle will improve our
understanding of how gases are trapped in the mantle and the
quantification of the air addition will help to calculate correctly fluxes
from mantle reservoirs.

The traditional analytical procedure such as total crushing or total
fusion gives an average composition of gases trapped in basalt
vesicles. An attractive alternative is to analyze single vesicles. This
type of work was initiated by Burnard and collaborators, who gave the
first noble gas results in single vesicles (Burnard, 1999b; Burnard et al.,
1997). In the present study, a similar approach was used. Using a laser
UV ablation system on the famous “popping rock” 2[[D43 sample, we
have determined both elemental and isotopic compositions of He, Ne
and Ar in single vesicles as well as Kr and Xe abundances. The results

enable us to discuss the origin of the air-like rare gas component
present in the MORB and OIB glasses.

2. Samples and analytical procedure

The sample 2[[D43 called “popping rock” was dredged in the North
Atlantic at 13°46’N at a depth of 3500 m during the R/V “Akademik Boris
Petrov” cruise in 1985. This sample has been the subject of many studies
(Burnard, 1999a; Burnard et al., 1997; Javoy and Pineau, 1991; Moreira et
al., 1998; Pineau and Javoy, 1994; Sarda and Graham, 1990; Staudacher et
al, 1989). The main feature that makes this sample unique is the
exceptionally high vesicularity (up to 18%) and the very high gas content.
The vesicle size distribution has been well described in Sarda and Graham
(1990) and Burnard (1999a) with small and large vesicles coexisting
together (from 0.02 to 1.5 mm of diameter) implying that this sample has
suffered minor coalescence or loss of any vesicles. Analysis of this sample
by step crushing or step heating has revealed “He, #>Ne, 3°Ar, 3*Kr and
130Xe concentrations close, in that order, to 8x10™°,10” ,5x1078,10” 1°
and 10" cm3STP/g (Moreira et al., 1998; Raquin and Moreira, 2005; Sarda
et al., 1988; Sarda and Graham, 1990; Staudacher et al., 1989). For He, these
concentrations are more than one order of magnitude more than typical
MORB concentrations (Sarda and Graham, 1990).

The helium isotopic ratio is similar to the mean MORB value with a
mean “He/*He of 88,000 (or 8.2 Ra where Ra is the atmospheric *He/*He
ratio with a value of 1.384x 10" ©) (Javoy and Pineau, 1991; Sarda et al,,
1988; Staudacher et al., 1989). The *°Ne/**Ne, *'Ne/**Ne, “°Ar/>®Ar and
129%e[130Xe ratios vary between the atmospheric value and 12.5, 0.06, 28
000 and 7.5 respectively Sarda et al., 1988; Staudacher et al., 1989; Kunz,
1999; Moreira et al,, 1998; Raquin and Moreira, 2005. The “He/*°Ar is
close to 1.5 and roughly similar to the theoretical production ratio using
the mantle (U + Th)/K ratio (Allégre et al., 1987). In spite of the fact that
this sample shows the trace element characteristics of E-MORB
signature (Bougault et al., 1988), most studies agree that this sample is
the most representative of the upper mantle volatile content and
isotopic compositions.

This sample presents all the characteristics required for studying
the origin of the air-like noble gas component trapped in basalts. As
mentioned above, analyses by step crushing or step heating have
revealed various isotopic signatures in the same piece of sample: the
degassed mantle component, the air-like component and the mixture
between this two latter. The air-like component is found preponder-
antly in the first step of analyses and the mantle component in the
latest. The sites related to the air-like component must be easier to
rupture during the extraction procedure than the site containing the
mantle component (Ballentine and Barfod, 2000; Sarda, 2004). It can
be the largest pressurized vesicles.

The pioneer work of Burnard using a laser extraction technique in
single vesicle has shown vesicles with a mantle component (*°Ar/>®Ar
as high as 40,000) but not the air-like component (Burnard et al.,
1997). However, in their study, 300 um thick sections have been made
on the sample in order to visualize the vesicles to be open. This result
is coherent with an air-like component located in the largest vesicles
and lost during the thick section preparation.

Here, we processed large pieces of glass sample (~1 cm?). This has
the advantage of allowing analysis of all the range of vesicle sizes. In
particular we were able to analyze the largest vesicles susceptible to
contain the atmospheric component. The disadvantage, however is that
vesicles are not visible before ablation.

After cleaning with ethanol and acetone, a piece of sample approxi-
mately one centimeter-size of fresh basalts was selected using a
binocular. Samples are introduced in a vacuum cell connected through
avalve to the purification line of the ARESIBO Il mass spectrometer. The
cell is then baked at 150 °C over 48 h under ultra-high vacuum. A MKS
baratron pressure system, which is sensitive at 10”4 Torr on a range of
10 Torr, is located in the volume of the cell allowing the measurement
of the total gas pressure in a vesicle.
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Gases are released by laser ablation using an ALTEX 300i (argon
fluoride) UV laser, which has a wavelength of 193 nm. This wavelength is
associated with a4-6 ns pulse with a power of 2 x 10° W at a frequency of
100 Hz, permitting an ablation process without heat diffusion at the
point of impact (Geertsen et al., 1994). Craters formed by the beam for a
one-minute shot have a diameter of ~50 ym and depth of ~70 yum.
Various ablation times are carried out in a random way on the sample. In
many cases there is no vesicle under the surface of the sample and only a
small volume of the matrix is ablated. Gases released from this latter
volume have sometimes been purified and analyzed, but mostly when
no vesicle was pierced the gases were pumped out of the cell, and
another ablation was conducted. However, in the case when the ablation
randomly pierces a vesicle, an immediate increase of the pressure is
recorded in the cell. Gases are afterwards purified with one hot Ti getter
(800 °C) and one cold SAES getter. Noble gases are trapped on charcoal at
a temperature of =10 K. Finally, He, Ne, Ar 34Kr '2°Xe and '*°Xe isotopes
where analyzed on the ARESIBO II mass spectrometer. Kr and Xe are
released with argon from the charcoal at 320 K. Masses 84, 129 and 130
are measured just after introduction in the mass spectrometer and
before analyzing argon. “He and “°Ar were collected on a Faraday cup,
whereas 3He, 20-21-22Ne, 363871, 84Kr and 29-13%e isotopes were
collected using an electron multiplier in ion counting mode. Correction
of “°Ar** and CO%" were applied on mass 20 and 22 using the following
ratios “°Ar**/*°Ar*=0.085 and **C0O3*/*4C0%=0.009.

Blanks are of major importance because the quantity of rare gases
contained in a single bubble can be very small. The ARESIBO II mass
spectrometer and the purification line are made of Kovar glass, and
during the experiment, helium diffuses through the walls. The “He blank
amount is consequently directly proportional to the time of the
experimental procedure of extraction and purification. These times
must therefore be as short as possible. In addition, some gases are
adsorbed on the surface of the sample. At the beginning of the study,
shootings could last up to 6 min and the sample was not isolated from
the purification line during experimentation. In these conditions, typical

blank values were respectively 8x10™ %, 5x10™ 2 and 2x10™"! cm?STP
for “He, 22Ne and 3®Ar. Later, shootings have been limited to 1 min and a
valve has been placed between the cell and the purification line to limit
the contribution of gases adsorbed to the surface of the sample and
diffusion of neon through the fused silica window. Blanks decreased to
4x107°%,5x10" ® and 8 x 107> cm>STP for the same isotopes, an order of
magnitude lower than without closing the valve.

Few blanks were performed just after introduction of the sample
into the cell until the 2Ne concentration stabilizes at 5x10™ ' cm®.
After a vesicle was decrepitated, we performed a new blank. Blank
corrections have been done using the mean value, before and after the
vesicle decrepitated.

Argon isotopic ratios have to be corrected because of the pressure
effect on the mass discrimination. As an example, the argon amount
released by a single vesicle is much smaller than the air standards. In
order to address this issue, the mass discrimination was calibrated for
a large range of >Ar content by inletting a variable number of air
pipettes and by using different volumes of the line. For example on the
38Ar/3®Ar ratio, for >®Ar abundances higher than 2x10™ ! ¢m?, mass
discrimination is constant: 0.997 normalized to the atmosphere. For
36Ar abundances lower than 2x10” ' cm?, a correction using a linear
interpolation was applied on the mass discrimination because the
latter is much higher: 1.020 (normalized to the atmosphere) for an

introduced 3°Ar concentration of 2x10™ 2 cm®.

3. Results

CO,, He, Ne, Ar, Kr and Xe elemental abundances and He, Ne and Ar
isotopic composition for each vesicle are given in Tables 1 and 2. “He
abundances in single vesicle vary between 4x107° cm® (V13) and
4.7x10"7 cm? (V5) and are very well correlated to the pressure of gas
released from the vesicle and recorded in the cell. The helium isotopic
composition is very homogeneous for all vesicles (Fig. 2). The mean
“He/He is 93,000£10,000 (or 7.75+0.86 Ra where Ra is the

Table 1
He, Ne, Ar, Kr and Xe abundances from laser extraction of single vesicles of the “Popping rock” 2[]D43

Pcell Lasering times Co, “He 22Ne 36Ar K 129%e 130xe

(mTorr) (min) (cm3x107°) (cm3x107°) (cm3x10713) (cm3x10713) (cm3x10714) (cm3x1071%) (cm3x1071%)
2[1D43 vesicle
Vi 50 1.5 106 35 6.3 43.4 NA NA NA
V2 178 3.0 371 124 34 37.8 NA NA NA
V3 482 25 1216 406 143 105.9 NA NA NA
\'Z3 926 35 1412 471 12.5 130.0 48.3 29.6 4.1
V5 730 6.0 1307 436 11.6 111.5 43.7 26.2 3.5
V6 105 0.5 159 53 17 15.0 48 7.8 0.7
\' 25 0.6 40 13 11 35 1.8 NA NA
V8 56 4.0 92 31 43 10.8 4.4 3.5 0.8
V9 73 0.5 138 46 19 9.5 5.6 34 1.0
V10 37 0.9 61 20 1.0 24 1.2 NA NA
V11 91 1.0 164 55 1.7 12.8 6.0 33 NA
V12 48 0.3 13 4 0.9 NA NA NA NA
Vi3 248 0.3 512 171 29 433 15.8 10.8 1.9
Vi4 513 0.5 1010 337 6.5 86.1 334 20.1 2.8
V15 100 15 213 71 3.0 19.3 73 33 NA
V16 6 0.1 17 6 13 0.9 NA NA NA
V17 46 0.2 84 28 112.0 26.8 5.4 2.0 NA
V18 273 0.2 601 201 5.4 52.8 17.9 9.3 1.7
V19 561 0.5 1236 412 10.0 100.7 36.4 20.8 24
V20 98 4.6 210 70 0.2 20.5 7.6 NA NA
V21 18 1.2 42 14 5.6 4.1 23 NA NA
2[1D43 matrix
M1 5 NA NA 0.9 11.2 NA NA NA
M2 5 NA NA 13 2.1 NA NA NA
M3 2 NA NA 24 5.7 NA NA NA
M4 2 NA NA 14 13 NA NA NA
M5 2 NA NA 1.1 54 NA NA NA

Abundances for laser shots on the matrix are also reported. All 1-sigma uncertainties are of 10%. CO, concentration is estimated assuming a constant “He/*He of 90,000 and the CO,/
3He of 2.7x10° measured on the same sample by Javoy and Pineau (1991).
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Table 2
He, Ne and Ar isotopic compositions from laser extraction of single vesicle of “Popping rock” 2[]D43

He/*He R/Ra 20Ne/?*Ne 21Ne/?*>Ne 4OAr/*SAr 38Ar/*CAr “He/[*°Ar*
2[1D43 vesicle
V1 92,470 (7890) 7.81 (0.67) 10.46 (0.55) 0.027 (10) 6260 (220) 0.185 (4) 1.26 (6)
V2 92,070 (3580) 7.85 (0.31) 11.80 (1.99) 0.067 (37) 22,570 (870) 0.182 (4) 1.35(7)
V3 88,430 (2420) 8.17 (0.22) 11.75 (0.50) 0.050 (7) 27,780 (800) 0.184 (1) 1.31 (6)
V4 93,190 (1880) 7.75 (0.16) 11.80 (0.20) 0.054 (3) 27,870 (740) 0.189 (1) 1.34(7)
V5 90,020 (1940) 8.03 (0.17) 12.25 (0.28) 0.058 (4) 27,070 (710) 0.188 (1) 148 (7)
V6 88,370 (6510) 8.18 (0.60) 11.50 (0.69) 0.058 (16) 28,520 (1,010) 0.187 (2) 1.29 (6)
V7 97,390 (14,570) 742 (1.11) NA NA 27,040 (2,070) 0.184 (5) 1.52 (8)
V8 97,720 (7950) 7.39 (0.60) 10.49 (0.27) 0.038 (6) 20,740 (770) 0.189 (3) 144 (7)
V9 86,810 (4900) 8.32(0.47) 11.34 (0.67) 0.034 (13) 36,470 (1,350) 0.188 (4) 141 (7)
V10 102,560 (11,650) 7.05 (0.80) 11.08 (1.21) 0.050 (25) NA NA NA
Vi1 93,720 (3770) 7.71 (0.31) 11.65 (1.11) 0.060 (18) 30,850 (1,150) 0.188 (3) 145 (7)
Vi2 135,240 (54,960) 5.34 (2.17) NA NA NA NA NA
Vi3 86,170 (3440) 8.39 (0.34) 11.66 (0.62) 0.065 (12) 28,890 (430) 0.190 (2) 1.51 (8)
V14 88,420 (3120) 8.17 (0.29) 11.96 (0.37) 0.056 (16) 29,710 (260) 0.192 (1) 1.48 (7)
V15 85,710 (3680) 8.43 (0.36) 11.86 (0.49) 0.034 (8) 26,700 (570) 0.190 (1) 1.51 (8)
V16 94,720 (17,640) 7.63 (1.42) NA NA NA NA NA
V17 91,540 (4870) 7.89 (0.42) 9.99 (0.17) 0.033 (2) 11,510 (210) 0.186 (2) 0.99 (5)
V18 86,340 (3546) 8.37 (0.34) 11.44 (0.28) 0.053 (5) 26,610 (370) 0.189 (1) 1.54 (7)
V19 88,330 (2940) 8.18 (0.27) 11.92 (0.25) 0.060 (5) 28,030 (280) 0.189 (1) 1.57 (8)
V20 90,750 (3807) 7.96 (0.33) NA NA 25,850 (560) 0.187 (2) 141 (7)
V21 91,110 (6490) 7.93 (0.56) 10.31 (0.29) 0.029 (4) 21,770 (1,890) 0.179 (7) 1.56 (8)
2[1D43 matrix
M1 NA NA 9.91 (1.3) NA 306 (10) 0.180 (4) NA
M2 NA NA 10.15 (0.8) NA 331 (18) 0.172 (15) NA
M3 NA NA 11.67 (2.2) NA 310 (14) 0.194 (7) NA
M4 NA NA 9.05 (1.83) NA 258 (43) 0.182 (18) NA
M5 NA NA 8.80(1.02) NA 199 (94) 0.208 (27) NA

R/Ra is the *He/*He ratio normalized to the air ratio (1.384x107°). All data are corrected for blank. An additional correction has been included for the pressure effect on the mass
discrimination for >Ar/*°Ar and “°Ar/°Ar ratio. Analyses of matrix are also reported, showing an air-like isotopic composition. All isotopic data are given with 10 uncertainty. NA
means not available values generally due to the signal being indistinguishable from the blank.

atmospheric 3He/*He with a value of 1.384x10” 6 The average
decreases to 90,000+3000 (or 8.03+0.28) if data with uncertainties
more than 10% are not considered. This value is similar to the value
reported by crushing (Fig. 2).

36Ar abundances in an individual vesicle vary between 1x10™ 3
and 1.3x 107" cm>STP. In the majority of cases, the proportion of blank
does not exceed 50% of the signal of the vesicle. However, some
abundances were too low to be measurable.

Argon isotopic ratios are reported in a “°Ar/*°Ar versus *He/*®Ar
diagram (Fig. 3). Data, where the analytical uncertainty on “°Ar/*®Ar
ratios is higher than 10% (10 uncertainties) are not reported, because
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Fig. 2. “He/He and “He/*°Ar* ratios in single vesicles of the popping rock 2[]D43. Ratios
are homogeneous and similar to the ratios obtained by crushing or heating on the same
sample (Moreira et al., 1998; Raquin and Moreira, 2005).

they correspond to a high blank correction (>90%). For comparison, the
data obtained by step crushing from Kunz (1999), Moreira et al. (1998),
and Raquin and Moreira (2005) are also plotted. The “°Ar/3CAr ratio of
single vesicles varies between 6300 and 36,500. However, what is very
surprising is that 2/3 of the data shows a “°Ar/*°Ar between 27,000 and
30,000. These ratios are similar to the highest values obtained by
crushing, with the exception of seven points labeled individually on
Fig. 3. Six of these points have lower “°Ar/*Ar ratios between 6300 and
22,500, while V9 has a higher ratio of 36,470+ 1350 (10). This latter value
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Fig. 3. Data of single vesicles plotted in the “°Ar/*Ar ratio versus the >He/®Ar ratio
diagram. Data from Moreira et al. (1998) and Raquin and Moreira (2005), obtained by
crushing, are also reported. Data on single vesicle do not spread over the mixing line
obtained by crushing. Most of the data, not labeled, have a mantle-like isotopic
composition with a “°Ar/3°Ar ratio similar to the highest values obtained by crushing.
Only a few vesicles, shown by their labels, have a different “°Ar/>®Ar and *He/*®Ar ratios.
Except for the vesicle V9, the isotopic ratios are lower, which can be the result of a little
contribution of gases released from the ablated matrix, with atmospheric composition.
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is close to the mean “°Ar/>®Ar of the plateau observed (in a 4°Ar/>®Ar-1/
38Ar diagram) for the same popping rock by Burnard et al. (1997). Indeed,
this value is 32,440 and probably corresponds to the uncontaminated
argon ratio for the sample piece analyzed by Burnard et al. (1997).

Our data are more homogenous than the data of Burnard et al.
(1997), where the “°Ar/?°Ar ratio in single vesicles start from 3500 and
increase up to 40,000.

The 38Ar/3®Ar is indistinguishable from the atmospheric ratio
(0.1880), within uncertainties, even for “°Ar/*°Ar ratios higher than
25,000.

The “He/*°Ar* ratio (*°Ar* is radiogenic “°Ar, meaning corrected for
air) in individual vesicles are also homogeneous, with a mean value of
1.41+0.14 (Fig. 2). This ratio is within uncertainty identical to that
obtained by crushing (1.5) (Moreira et al., 1998; Raquin and Moreira,
2005).

22Ne abundances in single vesicles vary between 10”3 cm® and
1.4x10" 2 cm>. As the blank signal reaches 95% of the analyzed signal
released from a single vesicle, 2°Ne/?’Ne isotopic ratios have
uncertainties ranging from 2% to 20%. For neon isotopes, we have
discarded data with 10> 10% (data corresponding to more than 90% of
blank). In spite of the large uncertainty, a detectable signature is
revealed. The neon data are reported in the three-neon isotopes
diagram. The 2°Ne/??Ne varies between 10.31£0.29 and 12.25+0.28,
with most of the data having a 2°Ne/?’Ne ratio above 11.5, with an
average value of 11.7£0.3. Vesicles showing the slightly smaller ratios
have been distinguished from other samples in Fig. 4. They are
associated to low abundances, with the exception of the vesicle V17,
which has the highest amount of ?Ne (10™ ' cm®).

Within uncertainty, the neon data are similar to the highest values
obtained by step crushing (considered to be the mantle signature)
(Sarda et al., 1988; Moreira et al., 1998; Raquin and Moreira, 2005).
They plot very close to the neon-B ratio (12.5) and clearly different to
the solar wind value (13.8).

84Kr abundance varies between 4.8x10™ > and 4.8x10™ ® cmSTP.
129Xe abundance varies between 2x10™ *> and 3x 10~ ™ whereas *°Xe
is less than 5x 107" cm>STP.

CO, abundances were estimated using the CO,/>He ratio of
2.7x10° reported by Javoy and Pineau (1991) and the mean value of
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Fig. 4. Neon data for single vesicles in the three-neon isotope diagram. Data from Kunz
(1999), Moreira et al. (1998)and Raquin and Moreira (2005) obtained by crushing are
also reported. The shaded box defines the uncontaminated MORB domain (focused on a
2Ne/??Ne value of 12.5 with an associated 'Ne/*?Ne ratio of 0.06) (Moreira et al., 1998).
According to the uncertainties and except some labeled vesicles, the 2°Ne/>?Ne ratio of
single vesicles of popping rock is similar to the highest values obtained by crushing. This
value is close to the neon-B value (12.5). The poor-gas labeled vesicles V21 and V8 have
lower 2°Ne/*?Ne, which tend to atmospheric values, consistent with a contribution of
gases released from the ablated matrix.

the “He/?He of the vesicles (90,000). The CO, varies between 1.5x 104
and 1.4x10" 2 cm® (or 6 and 630 nmol). We note that the lowest
amount of gases recorded during this study are similar to the highest
abundances reported by Burnard et al. (1997) on the same sample, but
on a 300 um thick section. The importance of sample thickness, hence
vesicle size is discussed later in the present study.

Two vesicles (V1 and V17) present elemental composition slightly
different from the other vesicles. According to their CO, (or “He)
abundances, they have an exceptionally high amount of Ne or Ar.
Those vesicles present the lowest argon isotopic ratio too, trending to
an air-like value (e.g. “°Ar/*°Ar of 6260+220 and 11,510+£210
respectively). They are reminiscent of the air component seen during
crushing or heating experiment but the amount of gases released is
not as abundant as it would be expected. Moreover, the vesicle V17 has
10 times more 22Ne than the other vesicles and this enrichment is not
observed with the 3°Ar. We do not have explanation for such a
behavior. This leads us to take this data point carefully.

4. Discussion
4.1. The *He/*°Ar* ratio

The “He/*°Ar* ratio measured in single vesicle is very homo-
geneous (1.5) and identical to the ratio measured during crushing (1.5)
experiment. Such homogeneity was previously seen by Burnard and
collaborators even if they measured a “He/*°Ar* ratio slightly lower
(0.99) (Burnard et al., 1997). The constancy in the “He/4CAr* ratio is in
agreement with the study of Sarda and Graham (1990) on this sample,
when they claim that this sample has only a single population of
vesicles and that the use of this sample is appropriated to constrain
models of vesiculation (Guillot and Sarda, 2006).

As mentioned above, there is a difference between the “He/*CAr*
measured in this study (1.5) and the one measured by Burnard and
collaborators (0.99). This difference could be due to different degrees
of magmatic degassing between vesicles. All Chunks used in the
present study had a vesicularity visually estimated between 15 and
20%. This is higher than the vesicularity of the pieces of sample
analyzed by Burnard et al. (1997) (5%). This could reflect a greater
degree of exsolution. The majority of helium and argon is in the gas
phase, with minimum levels of gases still remaining in the glass. In our
study, several pieces of sample were used and it is highly unlikely that
each individual piece of sample has exactly the same vesicularity.
Despite this, the “He/*°Ar* ratio in each vesicle is identical.

It is also important not to neglect the potential for variation of the
mass discrimination or sensitivity during analysis at low pressure.
Hence, an alternative explanation is that the difference between our
results and those of Burnard et al. (1997) is due to an analytical artifact
because their study, argon isotopic ratio was not corrected for the
mass discrimination related to the amount of gases introduced in the
mass spectrometer (Burnard personal communication). This lack of
correction could reconcile the lower “He/*°Ar* ratio and the more
dispersed “°Ar/*®Ar ratio in their data set. Indeed, without the mass
discrimination correction applied to our data set, we would over-
estimate the “°Ar/3®Ar ratio by about 3%. That would have induced an
overestimate of the “°Ar* and then an underestimate of the “He/*°Ar*.

The value of 1.5 for the *He/*°Ar* ratio is the lowest measured in
MORB samples. It coincides with the ratio expected for the mantle
from estimated K and U concentrations (Alleégre et al., 1987). For the
vesicularity observed on the popping rock (>10%), due to the low
solubility of rare gases in melts, all of them are located in vesicles. This
implies that noble gases have been transferred entirely to the vesicle
and that the amount of gases left in the glass is negligible. As a
consequence there should be minimal or no elemental fractionation
during melting process, which tend to strengthen the view that the
noble gases are incompatible elements (Brooker et al., 2003; Heber
et al., 2007).
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Fig. 5. Effect of gases released from the matrix on the signal of the vesicles according to
the time of ablation and the vesicle gas contents. For gas-poor vesicle (with a “He
abundance less than 2x1077 cm>STP) and long time of laser ablation, the signal of the
matrix perturbs the signal of the vesicle (dashed line). For the other cases, the “°Ar/°Ar
recorded in single vesicle is constant with a mean value of 27,000 £4000. This indicates
that only one population of vesicles is pierced with a mantle composition.

4.2. Isotopic compositions

The Ne-Ar systematics show that the majority of the vesicles have
isotopic compositions very close to the highest values obtained by step
crushing and heating experiments on the same sample (12.5 and
25,000) (Kunz, 1999; Moreira et al., 1998; Raquin and Moreira, 2005).
However, in the case of argon, vesicles V1, V2, V8, V9, V17, V21 (for
neon, only V8, V17,V21 are reported) have slightly different ratios and,
except V9, closer to an atmospheric end-member.

Compositions from those vesicles seem to define a mixture between
the mantle signature and an air-like component. Nevertheless, this
mixture is different from that obtained during the crushing or heating
experiments. During the crushing or heating procedure, rare gases have
a “pure” atmospheric signature with °Ar/3®Ar ratio equal to 296 and
29Ne/?Ne equal to 9.8, in the first steps. Concentrations associated to
these values are up to three orders of magnitude higher than
concentrations associated to mantle values (Kunz, 1999; Moreira et al.,
1998; Staudacher et al., 1989; Raquin and Moreira, 2005; Sarda et al.,
1988).

The basaltic matrix pulverized by ablation can contain gases, which
can be added to the signal of vesicles. Two possible sources of gases
can be released from the matrix: 1 — gases adsorbed on the surface of
the sample at the point of impact, and 2 — gases dissolved in the
volume of the ablated matrix.

To test the contribution from these two sources of gas, two factors
must be taken into account. The first is the time of ablation before
piercing a vesicle, which is proportional to the volume of the
pulverized matrix. The second factor is the rare gases amount released
from the vesicle. The lower the amount of rare gases in the vesicle, the
greater the degree of contamination from the matrix. The influence of
the matrix on the signal of the vesicle is observed in the “°Ar/*°Ar
versus “He abundances diagram (Fig. 5). Data are plotted with
different symbols according to the time of ablation. The matrix was
initially analyzed. Its signature clearly differs from the mantle
composition in spite of the large uncertainties and shows an air-like
isotopic composition. The helium abundance was below the detection
limit, indistinguishable from the blank.

The “°Ar/*®Ar ratio is constant (27,000+4000) for either high gas
abundances with long time of ablation (> 1 min) or short time of ablation
(<1 min) with high or low rare gas abundances. A matrix contribution
can be observed for long ablation times, associated with low amount of
gases. Vesicles named for their low 2°Ne/??Ne and “°Ar/*®Ar ratios and

presenting both long time laser ablation and low amount of gases. A
small influence of volatiles released from the matrix explains their “non-
mantle” signature. The tendency of this influence is underlined by the
dashed curve on Fig. 5. If gases released from such a small volume of
matrix can induce isotopic variations during laser ablation, then during
crushing or heating experiment, a much greater volume of gas with this
air-like signature must be released, causing the mixing line generally
observed. Indeed, during crushing, new surfaces are exposed to vacuum.
This may encourage degassing by the direct application of the Henry's
law. Moreover, diffusion is also encouraged because during crushing, the
sample can be heated at temperatures above 50 °C.

This is evident in the “°Ar/*°Ar versus 2°Ne/?’Ne space (Fig. 6). Data
obtained by crushing from Kunz (1999), Moreira et al. (1998), and
Raquin and Moreira (2005) are also plotted alongside the ablation data
from the present study. In such a diagram, a mixture between two
components is defined by a mixing hyperbola where the R parameter
reflects the (*Ar/?>Ne)air/(3®Ar/*2Ne)mante ratio. Data obtained using
the laser ablation system and those obtained by crushing plot on two
different hyperbolae. Hence, there are two air-like components with
two different 6Ar/?>’Ne ratios in the basalt.

The first is the one released during crushing experiment (not seen
during the laser ablation procedure). The mixing hyperbola fitting the
best data obtained by crushing, for a neon-B 2°Ne/?*Ne ratio (12.5) and
4OAr/?Ar of 27,000, is achieved for a R parameter of 1.6. Taking the
value of 12.25 for the 36Ar/??Ne ratio in the upper mantle (Moreira
et al., 1998) this first air-like component has a 3°Ar/*?Ne ratio of
around 19, which is exactly the atmospheric value. Note that this ratio
can be also obtained when air (with a 3*®Ar/?’Ne of 18.7; Ozima and
Podosek, 1983) is first dissolved in seawater (it increases to 71; Allegre
etal,, 1987) and then when that seawater is dissolved into magma (the
ratio comes back to 18.7). The solubility in seawater and basalts
compensate each other numerically.

The second air-like component is the one released from the matrix
during laser ablation. In this case, the mixing hyperbola fitting the best
the data (except V9) is achieved for a R parameter of 0.1 (Fig. 6). The
calculated 3®Ar/??>Ne ratio of the matrix (for 3Ar/*?Ne ratio of 12.25
the upper mantle) is then 1.2. This value is close to the mean >Ar/>?Ne
measured in the matrix sample (4+3) (Table 1).
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Fig. 6. 2°Ne/*’Ne versus “°Ar/*®Ar. Data obtained by laser ablation plot on a different
mixing hyperbola than those obtained by crushing (Kunz, 1999; Moreira et al., 1998;
Raquin and Moreira, 2005). R is a parameter defining the curvature of the two different
mixing hyperbolae (= (*°Ar/?2Ne).iriike/ C°Ar/?>Ne)mante)- Data obtained using the laser
air-like mantle ablation method (except V9) plot on a mixing hyperbola defined with
R=0.1 whereas data obtained using crushing plot on a mixing hyperbola with R=1.6.
This indicates that the *°Ar/??Ne of the matrix is different from the >*®Ar/>?Ne of the very
abundant air-like component released by crushing. Consequently, there are 3
components in the glass: the matrix, the mantle component and the air-like
component, not seen in this study.
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One way to produce the 36Ar/??Ne in the matrix is to dissolve first
seawater in magma. As described above the resulting 6Ar/*?Ne ratio
will be 18.7. Secondly, this magma is degassed. According to the
solubility of neon and argon from Jambon et al. (1986), the residue in
the matrix will have a *5Ar/?’Ne ratio of ~ 4, close to our calculated
36Ar/??Ne ratio in the matrix (1.2) or our measured value (4+3).

Another possible process that can provide the 3Ar/*?Ne ratio
measured in the matrix is solution of noble gases from seawater or
from air in rigid glass after cooling on the sea floor into the first
nanometers of the glass rim. Because neon has a higher solubility than
argon in silicate glasses, it can conduct to a smaller ®Ar/?>Ne ratio
(<5).

The main conclusions on the study of the signal of the matrix are
the following:

1. Using the laser ablation extraction procedure, we have only
detected one population of vesicles with a mantle signature
(“°Ar/>5Ar=27,000+4000 and 2°Ne/?’Ne=11.7+0.3). The lower
values can be attributed to the contamination of gases released
from the matrix.

2. There are three sources of rare gases in this basalt: the mantle-
derived component, the matrix, and an air-like component, which
is not observed by the ablation procedure but is only present during
crushing extraction procedure. The matrix and this air component
have two different >°Ar/?>Ne ratios as indicated by the two mixing
hyperbolae in Fig. 6.

3. The two hyperbolae describing the mixture between the mantle
component and the two air related components (one seen on
crushing the other on ablation) can provide constraints on the
49Ar2°Ar and 2°Ne/??Ne value of the degassed mantle because
they have the same mantle end-member in common. Hence, the
20Ne/?2Ne ratio can be considered as close to the Neon-B ratio
(12.5) (Black, 1972) and the associated °Ar/?®Ar ratio as close to
27,000. The small difference between the 2°Ne/??Ne ratio
measured in single vesicle (11.7) and that of the Neon-B (12.5)
can be due to a small contribution of neon from the matrix even for
short time of laser shooting.

4.3. Origin of the air-like component released by crushing

The location of the atmospheric component present in the basalt
released by crushing remains unidentified. It has been mentioned that
the site bearing the air-like component must be the easier to rupture
like the largest vesicles (Ballentine and Barfod, 2000; Sarda, 2004).

In his model, Sarda proposed that such vesicle can be formed in the
2[]D43 sample during the melt of a heterogeneous mantle reservoir.
This reservoir contains the normal lherzolitic component and a recycled
component (with an air-like noble gas signature) (Sarda, 2004). In this
model, the recycled component melts preferentially compared to the
lherzolitic component and induces the formation of air-bearing vesicles.
As the melt occurs, the proportion of the recycled component decreases
and let the formation of vesicle with a more normal lherzolitic mantle
signature. The first vesicles have more time to grow; hence the air-like
component is related to the largest vesicle. As this sample does not suffer
of lost of vesicles such heterogeneity in the isotopic signature may be
preserved in the vesicles. Then, it is important to have an estimation of
the range of the size of the decrepitated vesicle. Unfortunately, in the
present study it was not possible to determine the size of the vesicle that
was pierced. Indeed, it is not simple to have a 3D cartography on 1 cm?
samples with a resolution of few microns. However, by comparison our
results with the results of studies of Burnard and collaborators and Sarda
and Graham on the same sample (Burnard et al, 1997; Sarda and
Graham, 1990), we were able to estimate the maximum size of the
vesicles that was pierced but it requires some assumptions.

1. InBurnard's work, thin sections of 300 um have been made in order to
have cartography of the vesicle. The largest vesicle that can be pierced

with this sample preparation is 200 um (see the analytical procedure
in Burnard, 1999b). The assumption is that in Burnard's study on the
2[ID43 sample (Burnard et al, 1997), the size of the vesicles
containing the highest amount of gases corresponds to the largest
vesicle that can be pierced with this sample preparation (200 um).
This vesicle is the 4/la7 vesicle, where CO, and “He abundances are
4x10" % cm® and 1x 10 8 cm? respectively (on a range of abundance
varying between 7x10™ > cm® and 4x 10™* cm? for CO, and associated
“He amount between 2x10™ ® cm® and 1x10™ 8 cm?).

2. The abundance of the vesicle 4/1a7 from is almost similar to the lowest
abundances recorded in our present study (vesicle V7 where CO, and
“He are 4x10™*cm? and 1.3x10™  cm>STP). Hence the maximum size
of the vesicle V7 can be evaluated at 200 pm in diameter.

3. We consider that all the pierced vesicles (with a mantle composi-
tion) had the same pressure prior to the ablation. The vesicle size
distribution, well described by Sarda and Graham, implies that the
nucleation was done in equilibrium with the surrounding magma
with no significant movement of the vesicle compared to the melt
and at relatively slow magma ascent rate (Sarda and Graham, 1990).
The identical “He/*°Ar* of each vesicle strengthens this hypothesis.
Then the pressure of volatiles in vesicles after the rapid quenching
of lava can thus be considered to be the final equilibrium pressure
at the depth of eruption (~350 bar).

The pressure in the cell when gases are released from a vesicle is
less than 1 Torr. CO,, the major gas (more than 90%, Javoy and Pineau,
1991) can be considered as a perfect gas. The ratio of the diameters for
two different vesicles is given by the cubic root of the ratio of the
pressures measured in the cell: B = () ' :(:zggg) o

D, and D, are the diameters of two vesicles Va and Vb, P; and P,
are the pressures recorded in the cell when Va and Vb decrepitated.

g—; = 3.3 when pressures recorded for the vesicles V7 (25 mTorr)
and V4 (926 mTorr) are considered. If we assume that vesicle V7 has a
diameter of 200 um, vesicles with a diameter less than 660 um have
been pierced.

Studies on vesicle size distribution on centimeter-size sample,
similar to the samples we introduced in the cell for this study, show
that the observable vesicle size varies between 0.02 and 1.5 mm
(Burnard, 1999a; Sarda and Graham, 1990). Hence, we have pierced an
intermediate range of this vesicle size distribution. It is easy to
imagine that the smaller vesicles were too gas-poor to be detected. If a
pierced vesicle of 200 um in diameter causes an increase of pressure in
the cell of 25 mTorr, then a 20 pm vesicle will cause an increase of the
pressure of 0.02 mTorr in the cell, one order of magnitude below the
detected level (0.1 mTorr). However, largest vesicles with a diameter
as great as 1.5 mm were not detected in the present study and a
possible reason is the following.

The scarcity of piercing vesicles using a laser beam of some tens of
microns in diameter has to be mentioned. The probability to open a
vesicle of a given size can be defined as the ratio of the surface area of the
vesicles of a given size to the total surface of the sample in two dimen-
sions. Using the vesicle size distribution data from Sarda and Graham for
sample one (similar to our chunk of sample, Sarda and Graham, 1990),
we are able to estimate the probability to pierce large vesicles. In their
paper, 12 vesicle classes have been determined. The largest, (i.e. 1.31 to
1.04 mm) has a mean diameter of 1.18 mm. The surface of one such
spherical vesicle is m x %2 = 1.08 mm?. The measured number of such
vesicle per unit area (mm?) is 0.0189. Then, the surface fraction occupied
by those vesicle is: 1.8x0.0189=0.02. The probability of opening the
largest class of vesicle is 2%. Doing the same calculation, for all classes of
vesicle, we demonstrate that the probability of shooting open a vesicle of
a given size does not exceed 2.5% (for the intermediate class: i.e. 0.52 to
0.66 mm). The scarcity to shoot open a large vesicle can explain why we
have not seen vesicle as large as 1.5 mm of diameter.

The maximum depth at which the laser can penetrate into the
matrix can also be a parameter that increases the scarcity of having
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large vesicles. For one-minute shot, the depth of the crater is around
70 um. For the maximum lasering time (6 min) the depth of the crater
becomes 150 pum. Therefore, some vesicles that were located too close
to the surface of the sample could have been previously opened. Other
vesicles may be positioned too deep to be reached by the laser beam.
Moreover, for vesicle ideally positioned, the thickness of the glass
separating the pressurized vesicle from the outside can be too fragile
to withstand the pumping of the cell after the sample is placed.

Given the small penetration depth and the low probability of
opening a vesicle, the possibility still exists that large vesicle (1.5 mm
of diameter) has not been seen in this study.

This size of 660 um for the largest decrepitated vesicle in this study
is a maximum estimation. Nevertheless, all the vesicles with high gas
concentrations then considered as the biggest decrepitated vesicle in
this study (except the vesicle V17), have almost the same mantle
isotopic composition. There is no continuous range of vesicle
composition according to the size of the vesicle as the model where
vesicles were formed from two different material sources (recycled
and primordial) predicted (Sarda, 2004).

Another possibility, which may be the overwhelming atmospheric
component measured in oceanic basalts during crushing or heating
experiment is that the site bearing this component is not the largest
vesicles of samples but some cracks as suggested by Ballentine and
Barfod (2000). However, the mechanism for the incorporation of the
atmospheric component into the basalt remains unknown.

5. Conclusions

For the first time, both elemental and isotopic compositions of He, Ne
and Ar in single vesicles of MORB have been measured. The “He/*He and
4He/*°Ar* ratios are constant and similar to the ratio obtained by
crushing experiments. The Ne-Ar systematics indicate that only one
population of vesicles with mantle isotopic composition has been
pierced with a mean “°Ar/?Ar value of 27,000 +4000 and a 2°Ne/**Ne of
11.7£0.3. The latter value more likely reflects neon-B (12.5) than the
Solar wind value (13.8). The two defined mixing hyperbolae indicate
that there are three components in the basalt: the mantle component,
the matrix and an air-like component not visible in this study, but
present during crushing or heating experiments. Gases released from
the matrix have an air-like isotopic composition but a >Ar/??Ne different
to that of the air. Comparisons with the works of Burnard et al. (1997)
and Sarda and Graham (1990) imply that the maximum size of
decrepitated vesicle in the present study is 660 um. The largest vesicle
has been missed, but according to the very homogeneous composition of
vesicles bearing the largest amount of gases in our study, we prefer the
model where air-like component always released by crushing is located
in some crack as proposed Ballentine and Barfod (2000) rather than the
model of recycling proposed by Sarda (2004). However, the exact
location of this component still remains unknown.
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