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Abstract

The geochemical characteristics of mildly alkalic basalts (24—25 Ma) erupted in the southeastern Kerguelen Archipelago are
considered to represent the best estimate for the composition of the enriched Kerguelen plume end-member. A recent study of
picrites and high-MgO basalts from this part of the archipelago highlighted the Pb and Hf isotopic variations and suggested the
presence of mantle heterogeneities within the Kerguelen plume itself. We present new helium and neon isotopic compositions for
olivines from these picrites and high-MgO basalts (6—17 wt.% MgO) both to constrain the enriched composition of the Kerguelen
plume and to determine the origin of isotopic heterogeneities involved in the genesis of Kerguelen plume-related basalts. The
olivine phenocrysts have extremely variable “He/*He compositions between MORB and primitive values observed in OIB
(~90,000 to 40,000; i.e., R/R, ~8 to 18) and they show primitive neon isotopic ratios (average >'Ne/*'Negy ~0.044). The
neon isotopic systematics and the “He/>He ratios that are lower than MORB values for the Kerguelen basalts clearly suggest that
the Kerguelen hotspot belongs to the family of primitive hotspots, such as Iceland and Hawaii. The rare gas signature for the
Kerguelen samples, intermediate between MORB and solar, is apparently inconsistent with mixing of a primitive component with a
MORB-like source, but may result from sampling a heterogeneous part of the mantle with solar *He/**Ne and with a higher
(U, Th)/*He ratio compared to typically high R/R, hotspot basalts such as those from Iceland and Hawaii.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

The Kerguelen Archipelago (Fig. 1) is located in the
Indian Ocean, 1200 km to the southwest of St. Paul
Island on the Southeast Indian Ridge (SEIR) and repre-
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sents the subaerial expression of the last 40 Ma of
Kerguelen mantle plume-related volcanic activity. Ker-
guelen plume activity has been recorded over the last
132 Ma [1-17] and the relative position of the Kergue-
len hotspot compared to continental margins and Indian
Ocean ridge has changed considerably during this long
period of time. These variations are reflected in the
variable isotopic geochemistry of Kerguelen plume-
related basalts. In particular, there is no geochemical
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Fig. 1. Simplified geological map of the Kerguelen Archipelago after [78] showing the distribution of flood basalts (85% of the surface area),
plutonic complexes (5%) and Quaternary deposits (10%). The locations of basaltic sections that have been studied to date are labeled with solid
black circles and the sample sites for the picrites and high-MgO basalts in this study are indicated by the large filled circles. Complete descriptions
of the samples are provided in [14]. Inset in the figure shows a schematic map of the Indian Ocean with the location of the Kerguelen Archipelago.

evidence for continental contamination in the 29-24
Ma Kerguelen Archipelago lavas that formed far
away from continental margins. In these lavas, the
role of a mid-ocean ridge basalt (MORB)-like source
component is identified in early tholeiitic—transitional
basalts (29 Ma) that formed closer (about 200 km) to
the SEIR-axis (e.g., [13—16,18-20]). This is followed
by a decreasing contribution of the SEIR-MORB-like
source with decreasing eruption age in the geochemis-
try of the Kerguelen Archipelago basalts. Finally, the

youngest basalts collected on the archipelago (24-25
Ma), which erupted when the archipelago was about
400 km away from the ridge axis, show little to no
significant contribution of a MORB-like source. Mildly
alkalic basalts (24-25 Ma) erupted in the southeastern
Kerguelen Archipelago (Fig. 1) have limited Pb—Sr—
Nd-Hf isotopic variations that are considered as the
best estimates for the composition of the enriched
Kerguelen plume end-member [20-23]. Doucet et al.
[14] showed that MgO-rich rocks from this part of the
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archipelago are characterized by significant Pb and Hf
isotopic variations that may reflect the presence of
discrete heterogeneities within the Kerguelen mantle
plume source itself. Alternatively, these variations
could reflect contamination of the parental magmas
by the overlying Kerguelen Plateau, although no obvi-
ous geochemical evidence to date is supportive of such
a hypothesis. Additional information is thus required to
better characterize the nature of discrete heterogeneities
within the mantle source of Kerguelen plume-derived
basalts.

Helium has two stable isotopes, *He and “He. *He
has mainly a primordial origin, whereas *He is pro-
duced during radioactive decay of U and Th. The
helium systematics in oceanic basalts suggest the exis-
tence of different reservoirs in the Earth’s mantle
[24,25]. The *He/’He ratio for MORB has been
shown to be relatively constant with a value of
90,000 £+ 10,000 (or R/R,=8 + 1, where R and R, are
*He/*He ratios for the sample and air, respectively).
Oceanic island basalts (OIB) show variable “He/*He
ratios between extremely low ratios of ~15,000 (R/
R,=50) to ratios more radiogenic than the mean
MORB value (>150,000, R/R,<5) [25-32]. These
observations were interpreted as reflecting the existence
of a layered mantle, with the MORB source being a
degassed reservoir and the source of low “He/*He
mantle plumes being less degassed [29,33,34]. The
origin of hotspots having more radiogenic *He/*He
than MORB is still debated, but they are generally
attributed to mantle plumes sampling recycled oceanic
lithosphere and/or sediments [26,31,35]. An alternative
explanation for these radiogenic helium ratios is helium
degassing, followed by radiogenic production and/or
crust assimilation [34,36,37].

Neon has three isotopes, 20N, 21Ne, and **Ne. ?'Ne
is produced by nucleogenic reactions '*O(a,n)*'Ne and
24Mg(n,OL)ZlNe, which are related to U and Th decay.
Nucleogenic production of *'Ne is therefore related to
the production of radiogenic helium, and the production
ratio “He/?'Ne is estimated at 2.2 x 107 in the mantle
[38]. MORB samples are linearly distributed in a three
neon isotope diagram (**Ne/*Ne vs. 2'Ne/**Ne) [39]
and are characterized by both higher °Ne/?*Ne and
2'Ne/?*Ne ratios than the atmospheric values of 9.8
and 0.029, respectively. The linear distribution of sam-
ples in a three neon isotope diagram is generally inter-
preted as reflecting air contamination of a magma
having **Ne/?’Ne higher than 12.5 (e.g., solar-like;
the solar wind value being 13.8 [40]). Note that the
origin of the difference observed between atmospheric
*"Ne/*Ne of 9.8 and mantle *°Ne/*Ne>12.5 is com-

monly attributed to a neon loss, with mass fractionation,
during either the phase T-Tauri of the sun or to the large
impact that created the moon [49,50]. Similar to MORB
samples, OIB samples show higher *°Ne/**Ne and
*INe/**Ne than atmospheric values. In addition, OIB
are systematically characterized by lower *'Ne/*Ne
ratios for a given 2’Ne/**Ne ratio compared to MORB
[41-48]. These neon systematics again suggest the exis-
tence of at least two distinct reservoirs in the mantle: one
having low **Ne content and the other one being much
less degassed [33], thus confirming the helium isotopic
systematics of oceanic basalts.

Because of the scarcity of high-MgO basalts on the
Kerguelen Archipelago, only a few rare gas analyses
are available for this site. Previous measurements on
Kerguelen xenoliths [51-53] and on Kerguelen basalts
[K. Nicolaysen, unpublished data] have shown impor-
tant helium isotopic variations with *He/*He ratios
between 145,000 and 36,000 (R/R, between 5 and
20). Only a few values of xenoliths and basalts reach
the moderate to high R/R, of 12 to 20 (*He/’He
~60,000 and 36,000), recorded in some OIB such as
Iceland and Hawaii (e.g., [41-43,46,54,55]). The ma-
jority of helium isotopic ratios determined from Ker-
guelen basalts and xenoliths to date are close to the
mean MORB ratio (*He/*He=90,000 + 10,000 or R/
R, = 8+ 1). We present in this study new helium and
neon isotopic compositions for olivines from eight
high-MgO basalts and picrites (6—17 wt.% MgO) col-
lected in the southeastern Kerguelen Archipelago.
These compositions are used to determine the isotopic
characteristics of the enriched component of the Ker-
guelen mantle plume and constrain the origin of isoto-
pic variations observed in the high-MgO basalts and
picrites from the Kerguelen Archipelago [14].

2. Samples and analytical procedure

Blocks and boulders of high-MgO basalts and
picrites were sampled from the southeastern Kerguelen
Archipelago area during the CartoKer field mission in
Nov—Dec 1999 (Fig. 1) and were selected on the basis
of the presence and abundance of olivine phenocrysts.
A detailed description of the location and the origin of
these samples is provided in [14]. Both rounded and
euhedral olivines are present in the samples. The aver-
age core compositions for the olivine phenocrysts is
=~ Fogy and the most Mg-rich olivine (Fog;) is from
sample AG99-34 (see olivine core and rim composi-
tions in [14]). Only two samples (AG99-34 and AG99-
36) provided enough material for distinct olivine phe-
nocryst populations to be separated and analyzed. In



Table 1

Helium and neon abundances and isotopic ratios in olivine aliquots from eight Kerguelen Archipelago basalts

A. Crushing experiments on olivines phenocrysts

Sample Machine Olivine Weight ~ Crushing ~ *He “He/*He R/R, lo 2Ne Ne/*Ne  lo 2INe/*Ne 1o 2INe/*Negy
material (g) strokes (1079 (10713
(cm® STP/g) (cm® STP/g)
AG99-34 a ARESIBO  Light green  0.90 200 3.6 53128 13.6 0.9 0.165 9.84 0.14  0.0292 0.0021
AG99-34 b ARESIBO  Light green 1.95 400 43 61589 11.7 0.5 0.495 10.25 0.05  0.0301 0.0007  0.038
AG99-34 ¢ ARESIBO  Brown olive  0.94 600 1.5 41218 17.5 2.5 0.447 9.85 0.10  0.0290 0.0007
AG99-34 d WHOI Light green ~ 0.29 2.5 68945 10.5 0.3
AG99-35 a ARESIBO  Brown olive  0.78 200 6.5 79996 9.0 0.6 1.158 10.19 0.08  0.0303 0.0009  0.043
AG99-35 b ARESIBO  Brown olive  2.06 325 8.7 79939 9.0 0.3 1.515 10.42 0.05  0.0311 0.0004  0.042
AG99-36 a ARESIBO  Light green  0.85 200 4.5 81621 8.9 0.9 0.387 10.14 0.11  0.0280 0.0013
AG99-36 b ARESIBO  Light green 1.65 600 4.8 74465 9.7 0.5 0.493 10.42 0.07  0.0319 0.0005  0.047
AG99-36 ¢ ARESIBO  Light green  2.12 400 7.4 69913 10.3 0.4 0.909 10.34 0.06  0.0320 0.0008  0.052
AG99-36 d ARESIBO  Brown olive  1.28 700 6.4 65094 11.1 0.5 0.440 10.30 0.07  0.0299 0.0011  0.036
AG99-36 ¢ WHOI Light green ~ 0.29 0.5 87454 8.3 1.0
AG99-37 ARESIBO  Brown olive  1.26 550 4.9 91461 7.9 0.8 0.681 10.66 0.07  0.0328 0.0007  0.047
AG99-38 a ARESIBO  Brown olive  1.24 550 16.0 73206 9.9 0.2 0.412 10.55 0.07  0.0312 0.0009  0.041
AG99-38 b WHOI Brown olive  0.30 16.6 75588 9.6 0.1
AG99-41 ARESIBO  Brown olive  1.35 445 20.0 67213 10.8 0.1 1.590 10.33 0.04 0.0313 0.0005  0.046
AG99-125 a  ARESIBO  Brown olive  0.89 300 5.1 52326 13.8 8 1.897 9.83 0.05  0.0279 0.0008
AG99-125b  ARESIBO  Brown olive  1.27 455 6.3 48202 15.0 0.3 1.240 10.24 0.05  0.0303 0.0005  0.041
AG99-126 a  ARESIBO  Brown olive  0.86 350 3.8 58972 12.3 1.4 0.692 10.04 0.09  0.0289 0.0009
AG99-126 b ARESIBO  Brown olive  1.55 520 33 50492 14.3 0.4 2.580 9.95 0.03  0.0297 0.0003  0.048
AG99-126 ¢ WHOI Brown olive  0.24 1.5 66840 10.8 0.55
B. Heating experiments on olivines powders (remaining from crushing)
Heating Machine Olivine material Weight T reached “He(10~?) “He/*He R/R, lo
(2 O (cm’ STP/g)
AGY9-34 ARESIBO Light green 0.36 1000-1100 8.25
AG99-35 ARESIBO Brown olive 0.38 1000-1100 30.00 475913 1.5 1.1
AG99-36 ARESIBO Light green 0.36 1000-1100 7.90 50800 14.2 3.0
AG99-37 ARESIBO Brown olive 0.38 1000-1100 14.72 28915 25.0 23
AG99-38 ARESIBO Brown olive 0.37 1000-1100 9.36 25684 28.1 3.6
AG99-41 ARESIBO Brown olive 0.37 1000-1100 13.03 124774 5.8 25

Helium and neon concentrations and isotopic compositions for olivines from high-MgO basalts on the Kerguelen Archipelago. A. Helium and neon concentrations and isotopic
composition of gas extracted by crushing. B. Helium concentrations and isotopic compositions determined by heating experiments on olivine powders (remaining from crushing
experiments). WHOI means Woods Hole Oceanographic Institution. ARESIBO is the name of mass spectrometer used at IPGP (ARESIBO 1). R/R,: R is the value of > He/* He
measured in the sample; R, is the * He/* He atmospheric ratio (1.384 % 107 ). 2! Ne/?* Negy is the value of ?' Ne/?* Ne “extrapolated”, which is the value of *' Ne/** Ne expected
when removing air contamination 21 Ne/?® Nem:(m Ne/?? Negopar— 2° Ne/?? Ney,) X (21 Ne/? Nepeasured — > Ne/? Negi) /(2% Ne/? Nemeasured — 2 Ne/? Negi)+2! Ne/?? Ney;e with
% Ne/? Negorr=13.8, * Ne/** Neyi;=9.8, and ' Ne/** Ney,=0.029.
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these samples, the most abundant population is charac-
terized by pure light green olivine crystals containing
few oxide inclusions and no visible melt inclusions.
The less abundant population in samples AG99-34 and
AG99-36 is characterized by typical brown olive crys-
tals containing many melt and fluid inclusions. These
crystals are typically rounded or resorbed, which sug-
gests that they were in disequilibrium with the melt.
Despite the fact that direct analysis of phenocrysts was
not done for this study, analyses of sample AG99-34
provided in [14] show that euhedral crystals are slightly
more Mg-rich (average Fog,) than resorbed and round-
ed crystals (average Fogg), which confirms the presence
of two populations. We analyzed the two populations
separately in order to investigate whether these olivines
were formed from magmas with isotopically distinct
sources.

Noble gas analyses in subaerial lavas are generally
done with olivines that include fluid or melt inclusions
that themselves contain mantle-derived gases. Cosmo-
genic helium and/or neon, produced by interaction of
secondary neutrons with the major elements of olivine,
are located within the matrix of the minerals [56-59].
The more appropriate analytical method for extracting
the mantle signal from this material thus consists in
crushing the olivines under high vacuum. Cosmogenic
helium can then be released by heating the powder.
However, some cosmogenic helium (up to 25%) can be
extracted during the crushing process, especially in old
samples that have been exposed for a long time to
cosmic rays [60,61]. Therefore, special attention
needs to be given to the interpretation of measured
primitive helium isotopic ratios in samples with a
long exposure history to cosmic rays, such as the
relatively “old” MgO-rich rocks from the Kerguelen
Archipelago (24-29 Ma [62]).

The rocks were crushed to approximate the olivine
phenocryst grain sizes (<2 mm) and about 0.7 to 2 g of
olivine phenocrysts were handpicked from this materi-
al. Olivines were cleaned with 7N HF, ethanol and
acetone. The samples were loaded in a crusher and
baked overnight at ~150 °C under vacuum using a
turbo-molecular pump. The samples were crushed
using a magnetic ball moved with a magnet. The num-
ber of strokes that were done to complete the crushing
procedure is reported in Table 1. The gas extracted from
this step was purified with a hot Ti-getter and a SAES-
getter at room temperature. Noble gases were trapped at
a temperature of 10 K on charcoal using a cryogenic
system. Helium was separated from neon at 35 K and
neon from the other noble gases at 75 K. These gases
were introduced successively into the ARESIBO I glass

mass spectrometer. The analytical procedure was per-
formed using a new fully automated line with low
helium and neon blanks (*He=4x10"'" and **Ne=
1.5x 107" cm® STP).

Duplicate analyses of the samples were carried out
when sufficient quantities of olivine were available.
This was the case for samples AG99-34, -35, -36,
-125, and -126. In addition, four samples were also
duplicated for helium isotopic analysis at the Woods
Hole Oceanographic Institution (WHOI) by M.D. Kurz
(AG99-34, -36, -38, and -126). Gas extraction was also
done by crushing these samples. The analytical proce-
dure is associated with low helium blanks (*He=3 to
5x 107" cc STP He). Note that the size of olivine
samples analyzed at WHOI was smaller compared to
those analyzed at the Institut de Physique du Globe de
Paris (IPGP) (<1 and >1 mm, respectively) because
only a small amount of material was available at this
stage.

For six samples (AG99-34, -35, -36, -37, -38, and
-41), the gas present in the olivine matrix (i.e., in the
powder remaining from the crushing procedure, ~pm
size powder) was extracted by heating at ~1000 °C for
30 min. The heating procedure was done in a separate
stainless steel tube and blanks measured between each
extraction were as low as blanks measured between
crushing experiences. The cosmogenic and/or radio-
genic helium located in the olivine matrix was then
analyzed using the same analytical procedure as that
used for crushing. The heating temperature (~1000 °C)
was below the melting point for pure forsterite olivine
(1850 °C). However, considering the size of the grains
(~1 pm), a diffusion coefficient of helium at 1000 °C
of D ~107'" cm?/s [63], complete extraction of the
helium can be achieved after a time £=x*/D of ~100 s.

3. Results
3.1. Helium results

Helium results are presented in Table 1. Helium
isotopic compositions are represented as a function of
“He concentration on Fig. 2A for results obtained by
crushing only. The quality of duplicate analyses for
helium isotopic compositions and for *He concentra-
tions that result from the three different procedures at
IPGP and at WHOI by crushing, and at IPGP by
heating, are shown on Fig. 2B and C.

3.1.1. Crushing results
Helium concentrations vary from 0.5 to 20 x 10~ °
cm® STP/g (Fig. 2A). Isotopic and concentration results
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Fig. 2. A. *He/*He (and corresponding R/Ra) vs. “He/*He determined for olivine phenocrysts from the Kerguelen Archipelago by the crushing
extraction procedure only. B and C. All results (B. *He/*He, and C. *He concentrations) determined for duplicates made at IPGP (by crushing:
black squares, and heating extraction procedure: white circles) and at WHOI (crushing procedure: grey triangles). Note: (1) important variations of
“He/*He=90,000 to 25,000 (i.c., R/R, = 8 to 29, typical values from MORB to OIB), (2) differences between two populations of olivine
phenocrysts (3) significant differences between results obtained by heating experiments vs. crushing experiments, and (4) duplicates made at WHOI
are systematically characterized by higher “He/?He than those analyzed at IPGP, when different.

for samples AG99-35, -38, and -125 are reproducible
within 1o ( Fig. 2B and C). For samples AG99-36 and
AG99 -126, duplicates are reproducible at 20, except
for *He concentrations obtained at WHOI, which are
particularly low (0.5 and 1.5x 10~ % cm® STP/g, re-
spectively). Finally, for sample AG99-34, two dupli-

cates are reproducible at 2¢ for isotopic and “He
concentrations, whereas the other two duplicates
both have lower “He concentrations. For these latter
two samples, the samples duplicated at WHOI have
slightly lower R/R, and the sample measured at IPGP
has higher R/R,, but is affected by a large 1o error.
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Except for sample AG99-38, the other three dupli-
cates analyzed at WHOI on smaller grain size (grey
triangles on Fig. 2B and C) show lower “He concen-
trations and R/R, values than those analyzed at IPGP.
These duplicates, despite being characterized by lower
values of *He, are reproducible with the IPGP helium
isotopic values at 2¢. Finally, important variations of
helium isotopic compositions can be observed (Fig.
2B), from typical MORB values (90,000 or R/
R, =8; e.g., sample AG99-37) to a more primitive
signature of 41,200 (R/R,=17.5+£2.5; e.g., sample
AG99-34).

3.1.2. Heating results

Helium concentrations vary from 7.9 to 30 x 10~°
cm® STP/g (Fig. 2A). This clearly suggests that the
heating procedure allowed for degassing of the powder
at ~1000 °C (cf., Section 2). The “He/He ratios vary
between very low ratios (25,700 for sample AG99-38)
and extremely radiogenic values (475,900 or R/
R,=1.5; sample AG99-35) (Fig. 2B). Sample AG99-
34 did not show any measurable *He, but rather shows
a relatively high “He content suggesting a radiogenic
component in the olivine matrix.

3.2. Neon results

Neon contents and isotopic ratios are given in Table
1. Neon concentrations range from 0.17 to 2.6 X 10~ '2
ecm® STP/g. *°Ne/**Ne and *'Ne/**Ne values show
clear anomalies compared to air and they are between
atmospheric values of 9.8 and 0.029, respectively, and
values of up to 10.66 £ 0.07 and 0.0328 + 0.0007 (sam-
ple AG99-37), respectively. Data from this study are
reported in Fig. 3 together with the MORB line [39],
the solar wind composition [40], and the Loihi and
Iceland lines [46,48]. Also shown are the results deter-
mined for Kerguelen Archipelago xenoliths [52]. All of
the compositions determined in this study are distrib-
uted on a line, which is characterized by an intermedi-
ate slope between the MORB and Iceland lines, near the
Loihi line.

4. Discussions

Below, we (1) discuss the origin of helium isotopic
ratio variability observed within one single sample and
between the different Kerguelen Archipelago high-
MgO basalts, and (2) evaluate the source of the Ker-
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Fig. 3. 2°Ne/**Ne vs. >'Ne/**Ne triplot of high-MgO basalts from the Kerguelen Archipelago. Neon isotopic results are reproducible within error.
The high-MgO basalts and picrites form a linear trend that is characterized by an intermediate slope between the Iceland and MORB lines with an
average 2'Ne/**Ne,y, value of 0.044, thus indicating that gas present in the olivine melt and fluid inclusions has a primitive origin (low >'Ne/**Ne
extrapolated relative to MORB). Note that the linear distribution of the samples is interpreted as a binary mixture between the air and a mantle
component with a constant 2’Ne/>*Ne of 13.8. The Kerguelen Archipelago xenoliths previously analyzed are also reported with the corresponding
line, which is intermediate between the Kerguelen basalts and the MORB lines [52]. The MORB line is that defined by [39]. The solar line between
the atmospheric composition (0.029, 9.8) and solar estimates (0.033, 13.8) are from [79].
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guelen Archipelago high-MgO basalts and picrites in
light of the helium—neon isotopic systematics, together
with previously published Hf~Nd—Pb—Sr isotopic com-
positions for these MgO-rich rocks [14].

4.1. Helium isotopic variations

Three samples show large variations of helium iso-
topic ratios for olivines obtained by the crushing pro-
cedure (AG99-34, AG99-36, and AG99-126; Fig. 2B).
“He/?He ratios are between 41,200 £ 6100 and
69,000 £4100 for sample AG99-34, between
65,100 £3000 and 87,500 + 10,500 for sample AG99-
36, and between 50,500 + 1300 and 66,900 + 3400 for
sample AG99-126. One possibility for explaining such
variability within single basaltic samples is that this
reflects the natural variability of olivine magmatic sig-
natures within a sample. The observation of different
olivine populations in the majority of the samples (cf.,
Section 2) supports this hypothesis. In particular, in
samples AG99-34 and AGY99-36, for which two dis-
tinctive populations were abundant enough to be ana-
lyzed separately, most “primitive” helium isotopic
compositions (higher R/R, and lower *He/>He) are
recorded in the population characterized by brown ol-
ivine crystals that contain many melt and fluid inclu-
sions (*He/*He=41,200 + 6100 and 65,100 + 3000 for
samples AG99-34 and AG99-36, respectively). In con-
trast, the other three analyses of sample AG99-36,
which all correspond to light green olivine phenocrysts,
are reproducible within 1¢ error. Note that all of the
duplicate values for sample AG99-125 are reproduc-
ible. This particular sample has already been highlight-
ed, because it represents a high-MgO sample from the
Kerguelen Archipelago in which the olivine pheno-
crysts are compositionally in equilibrium with the ba-
saltic melt (i.e., no substantial olivine accumulation
apparently occurred for this sample) [14]. Good repro-
ducibility in this case may thus reflect the homogeneity
of the olivine population in sample AG99-125.

The olivine phenocryst populations analyzed at
IPGP were approximately twice the size of the olivine
phenocrysts analyzed in WHOI (cf., Section 2). We
observe large geochemical variations between dupli-
cates of sample AG99-34 made on smaller grains
(*He/*He = 69,000 + 1900, R/R,=10.5 + 0.3; WHOI)
and larger grains (*He/*He = 61,600 + 2500; R/R,=
11.7 £ 0.5; IPGP). Similar observations are made for
sample AG99-36 on smaller grains (‘He/’He =
87,500 + 10,500, R/R,=8.3+1.0; WHOI) and larger
grains (4He/3He = 70,000 +£2600; R/R,=10.3+0.4;
IPGP) and more important variations are observed for

sample AG99-126 on smaller grains (‘He/’He =~
67,000 + 3400, R/R,=10.8£0.6; WHOI) and larger
grains (4He/3He = 50,500 £ 1300; R/R,=143+0.4;
IPGP). These differences between results obtained in
the two laboratories are consistent with similar obser-
vations previously made in Hawaiian lavas by Kurz et
al. [64] on the effect of grain size on helium isotopic
compositions. These authors interpret the differences
in isotopic compositions of small grains and pheno-
crysts as reflecting the natural variability within phe-
nocryst populations. In contrast to the observations
made for samples AG99-34, -36, and -126, isotopic
ratios and “He concentrations analyzed for sample
AG99-38 at IPGP and WHOI are perfectly reproduc-
ible, which clearly indicates good interlaboratory re-
producibility (Table 1; Fig. 2B and C). The large
variations observed in the other samples may thus
reflect the natural variability of the olivine pheno-
cryst trace element and isotopic compositions within
such basaltic samples. However, below we examine
other processes that could potentially generate isoto-
pic variability.

Extraction of cosmogenic or radiogenic helium from
the matrix during crushing may also have disturbed the
magmatic signal leading to the isotopic variations ob-
served for the Kerguelen samples. The samples ana-
lyzed in this study are relatively old (~25 Ma), and may
have been exposed to cosmic rays for a long time and
thus probably contain substantial amounts of cosmo-
genic helium in the matrix. Radiogenic helium may also
be present in the olivine matrix due to alpha implanta-
tion from the relatively U-Th-rich basalt during this
period of time. This is illustrated by heating experi-
ments that show significant quantities of radiogenic and
cosmogenic helium within the matrix (Table 1 and
white circles on Fig. 2B and C). It has been shown
that up to a few percent of helium present in the matrix
can be extracted during crushing depending on the
quality of the crushing procedure [60,61]. This is an
important process to consider because the Kerguelen
samples are generally poor in mantle-derived helium
(~2-3x 1077 ecm® STP/g) and even a small contribu-
tion of helium present in the matrix may thus signif-
icantly influence the total helium signal for the sample.
Therefore, helium isotopic variations observed in du-
plicate analyses maybe due either to 1) natural hetero-
geneity of magmatic helium compositions, or 2)
distinct relative contributions of cosmogenic, radiogen-
ic and magmatic helium during each analytical proce-
dure. Detailed analysis of the results obtained by
crushing and subsequent heating allows us to place
qualitative constraints on the distinct relative contribu-
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tion of cosmogenic, radiogenic and magmatic helium
during the analytical procedure. For example, helium
isotopic variations and “He concentration variations
(with constant *He concentration) observed for
AG99-34 light olivines (AG99-34 a and b; Table 1)
might be interpreted as reflecting the increasing con-
tribution of radiogenic helium due to a more efficient
crushing process (strokes 200 to 400; Table 1). Indeed,
the powder of AG99-34 left after crushing clearly
contains a radiogenic component in the matrix that
was extracted by heating (*He=8 x 10~ % cm® STP/g;
no detectable *He). If we consider that the composition
of AG99-34a represents a magmatic composition (i.e.,
without any contribution of post-magmatic radiogenic
helium), and that the helium isotopic variations in
sample AG99-34 from R/R,=13.6+£0.9 to 11.7+£0.5
(samples a and b; Table 1) are due to an increasing
contribution of radiogenic helium, then this indicates
that the additional 200 strokes allowed for the extrac-
tion of 16% of the radiogenic *He ((4.3-3.6)/
4.3 % 100), which is 8.5% of the *“He measured in the
AG99-34 matrix while heating the sample. Note that
this estimation represents a maximum contribution
because the analytical uncertainty is not considered
in this rough estimation. This seems a reasonable
percentage [60]. If post-magmatic radiogenic helium
disturbed the magmatic signal, then the R/R, signature
of 11.7 £ 0.5 for sample AG99-34 (value of AG99-34
associated with the smallest error bar) represents a
minimum value for the magmatic composition, which
is consistent with a primitive origin. Similarly, we can
compare the variable compositions recorded in sample
AG99-36. In this case, heating results for the sample
highlight the presence of cosmogenic “He together
with radiogenic *He in the olivine matrix (R/
R,=14.2; *He=7.9 x10~° cm’ STP/g). When compar-
ing the compositions of AG99-36a and AG99-36c,
increasing R/R, from 8.9+0.9 to 10.3+0.4 might
be related to an increasing cosmogenic contribution
(and to a lesser extent, a radiogenic contribution) due
to more efficient crushing (200 to 400 strokes). In this
case, we roughly estimate a maximum contribution of
cosmogenic helium of 33% of the *He measured in the
AG99-36 matrix while heating the sample. Such pro-
portions appear particularly elevated considering the
duration of the crushing procedure (5 min), the grain
sizes (I mm to several im), and the diffusion coeffi-
cient for helium (cf., Section 2). Moreover, the
corresponding neon isotopic compositions are inconsis-
tent with a significant contribution of cosmogenic neon.
Increasing R/R, is accompanied by increasing
*"Ne/*Ne together with increasing *'Ne/**Ne, which

contrasts with the expected decreasing *°Ne/**Ne due to
cosmogenic contamination, as observed for example in
[80]. The results for sample AG99-36b that were ac-
quired with particularly efficient crushing (600
strokes), compared to sample AG99-36¢ (400 strokes),
are also characterized by “He similar to sample a (200
strokes) and *He between a and ¢ (200 and 400
strokes). Finally, for sample AG99-35, increasing the
stroke number from 200 to 325 (35a and 35b) did not
influence the helium isotopic composition, despite the
fact that radiogenic helium is unambiguously present in
the sample matrix, as shown by the heating results
(Table 1). Thus the quality of crushing clearly does
not influence the contribution of cosmogenic and ra-
diogenic helium in the samples from this study. Finally,
contamination of the magmatic signature by cosmogen-
ic and radiogenic signals from the matrix does not
explain the compositional variability. In conclusion,
the isotopic variations observed between duplicates
are most likely related to the natural compositional
variation of olivine in the samples. The detailed anal-
ysis of duplicates, and the results obtained by crushing
and heating show that we cannot completely exclude a
possible contribution of post-magmatic helium. How-
ever, such a contribution appears to be minor if any,
and does not affect the major conclusions reached from
this study (to follow).

4.2. Helium loss in olivine phenocrysts

Almost all of the Kerguelen samples are character-
ized by lower *He/?'Ne*(radiogenic/nucleogenic pro-
duction ratio) and *He/**Ne, (ratio corrected for air
using a solar *°Ne/**Ne=13.8) than production and
solar values [38,40] (Fig. 4). These ratios are particular-
ly low for the Kerguelen Archipelago xenoliths [52] and
have been interpreted as reflecting syn- or post-mag-
matic helium loss due to simple helium diffusion. The
fact that the samples are distributed along a linear trend
in Fig. 4 indeed suggests natural diffusion of helium.
According to [52], because the xenolith correlation line
passes through zero and solar/production ratios, this
implies that the helium loss event is likely to be rela-
tively recent, otherwise in-growth of radiogenic *“He
would have led to a systematic horizontal shift of the
data. The same conclusion can be reached for the sam-
ples from this study, although with a lesser degree of
helium loss as the olivine samples are closer to the solar
and production ratios. Note that two samples have more
radiogenic helium isotopic compositions compared to
mantle values, which is consistent with the addition of
radiogenic *He for these two samples.
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Fig. 4. 3He/**Neg vs. “He/?'Ne*. 3He/?*Ne, is the *He/**Ne cor-
rected for air-contamination (i.e., extrapolated to value of **Ne/**Ne
of 13.8 relative to air). The grey square represents the production ratio
of radiogenic helium to nucleogenic neon (*He/*'Ne*) and the solar
*He/**Ne value (107; 3.6; [43,68]). Fields for typical oceanic island
basalts (OIB, e.g., Loihi) and mid-ocean ridge basalts (MORB) are
reported. The fields for Kerguelen Archipelago xenoliths show values
significantly lower than mantle and this has been interpreted as
reflecting helium loss during or after magmatic processes. The gen-
erally low values of *He/?*Ne, vs. “He/?'Ne* for the studied high-
MgO basalts together with a slope that does not pass through zero
suggest that helium loss may have been perturbed by addition of
radiogenic “He (see explanation in the text).

4.3. Origin of the Kerguelen Archipelago basalts

The neon isotopic compositions of the studied sam-
ples show a clear anomaly compared to air (higher
2Ne/?*Ne and *°Ne/?*Ne), reflecting a mantle-derived
component (cf., Section 3.2). In addition, all of the
neon isotopic results for Kerguelen Archipelago basalts
are distributed linearly on a line characterized by a
slope that is intermediate between the MORB and Ice-
land lines. This is in agreement with the moderate
helium isotopic ratios observed in the Kerguelen
basalts, between MORB and OIB values (cf., Sections
1 and 3.1). The Kerguelen line in the Ne isotopes
diagram (Fig. 3) and the *He/?He ratio lower than
MORB values (Fig. 2) clearly suggest that the Kergue-
len hotspot belongs to the family of primitive hotspots,
such as Iceland and Hawaii. However below, we dis-
cuss the origin of moderate helium and neon isotopic
ratios (between MORB and OIB). In Fig. 5, the
2'Ne/?*Ne extrapolated (corrected for air contamina-
tion; [65]) vs. helium isotopic compositions for the
studied MgO-rich rocks are reported. Theoretical binary
mixing curves between MORB and solar end-members

are also indicated with » parameters (r=(‘He/**Ne)-
MORB /(3He/22Ne)so]ar) of 1 and 10. Also reported are
compositions for basalts from Loihi and Iceland
[46,55,65-67], which define a global mixing trend
between MORB and solar end-members. On this dia-
gram, some of the Kerguelen Archipelago samples are
distributed along the mixing curve between MORB and
solar, and other samples are characterized by higher
“He/’He for a given *'Ne/*’Ne extrapolated (e.g.,
sample AG99-35, 37 and 38). As explained in Section
4.1, compositional variations between duplicates, and
heating results for AG99-35, AG99-37 and AG99-38
are inconsistent with significant post-magmatic radio-
genic helium contribution during crushing, thus higher
“He/He in these three samples reflects higher mag-
matic “He/>He. An important characteristic to consider
is that the picrites (AG99-34, 36, 125, 126) have dis-
tinctly lower U (average=0.4+0.1 ppm) and Th
(average=1.75£0.25 ppm) concentrations compared
to those of the other MgO-rich basalts (AG99-35, 37,
38, 41) with values of U and Th of 0.9 £ 0.05 ppm and
4.05 £ 0.5 ppm, respectively [14]. This indicates that
the picrites were generated from a source with lower U
and lower Th than the other MgO-rich rocks. Therefore,
the observation that the picrites are characterized by
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Fig. 5. >'Ne/?*Ne extrapolated vs. measured “He/>He in high-MgO
basalts from the Kerguelen Archipelago. Two different binary mixing
models between a MORB and a primitive mantle source are shown,
and they are characterized by different values of » (r=((*He/**Ne
mors)/ CHe/**Negorar or Loini))=1 or 10. The high-MgO basalts are
generally distributed along the binary mixing lines between a plume-
like source and MORB-like source, which is inconsistent with previ-
ously published data from [14]. Several samples have more radiogenic
helium isotopic ratios (higher “He/?He) and the general distribution
of the samples suggests that the source for the Kerguelen high-MgO
basalts evolved in a relatively closed system from a (U, Th)/*He-
enriched source compared to the Iceland and Loihi sources.
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higher magmatic R/R, (lower “He/*He) is consistent
with the hypothesis of a source having a lower
(U+Th)/He. If we consider mixing as a possible mech-
anism for the variations of helium and neon, especially
in the case of samples having lower U and Th concen-
trations, this may suggests that the Kerguelen source
contains primitive material mixed with MORB-like
material, leading to a relatively constant *'Ne/**Ne
extrapolated value of = 0.044 for the Kerguelen basalts
(cf., Kerguelen line in Fig. 3).

Another hypothesis may explain the distribution of
the samples in Fig. 5. The Kerguelen samples may have
been derived from a source having initial solar helium
and neon isotopic ratios of *He/**Ne ~3 [43,68] and
higher (U, Th)/He ratios compared to the Iceland and
Hawaii plume sources. This source could have been
isolated from the rest of the mantle, thus explaining the
more radiogenic helium isotopic values that character-
ize the Kerguelen hotspot basalts (Fig. 5). This hypoth-
esis is in agreement with the conclusions based on
radiogenic isotope systematics [14], where the Sr—Pb
isotopic systematics in the picrites and high-MgO
basalts are clearly inconsistent with mixing of magmas
derived from the enriched Kerguelen plume end-mem-
ber and magmas derived from a MORB-like source.

The linear distribution of Kerguelen samples in the
neon diagram (Fig. 3) clearly reflects an important air
contamination of the samples. Air addition is a recur-
rent problem in noble gas geochemistry and the pro-
cess for this air “contamination” is still debated (e.g.,
[69-72]). It may reflect a recycled air-like contaminant
that has been preserved during subduction processes
[72], undegassed mantle [73], syn- or post-eruptive
atmospheric contamination [70]. An important obser-
vation for the studied high-MgO basalts is that low
**Ne/*Ne and low *He/*He ratios are associated with
higher '"°Hf/'7"Hf ratios (reverse correlations in Fig.
6A and B, respectively). This is also wvalid for
2'Ne/**Ne ratios that are correlated with *°Ne/**Ne
ratios (cf., Fig. 3). Note that the range of '"°Hf/'7"Hf
ratios observed in Fig. 6 corresponds to the range
defined for the enriched Kerguelen plume end-member
[11,14,21]. Such reverse correlations have no direct
chemical signification since Hf behavior is independent
from neon and helium behavior, i.e., high '7°Hf/'""Hf
does not reflect atmospheric contamination, contrary to
low *°Ne/?*Ne and *'Ne/?*Ne. However, the observa-
tion that high '"°Hf/'7"Hf is associated with low
2Ne/**Ne and *'Ne/**Ne and low *He/*He is real.
This indicates that the source characterized by higher
76Hf/""THS is primitive with respect to its helium
isotopic composition, and has been air-contaminated,
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Fig. 6. '7°Hf/"7"Hf vs. “He/*He (A) and '7°Hf/'7"Hf vs. *’Ne/**Ne
(B) for the olivines from high-MgO basalts on the Kerguelen Archi-
pelago. The results show that *He/*He and **Ne/?*Ne are reversely
correlated with '7®Hf/'7"Hf. This suggests that the air-like contami-
nant, which is reflected in the lower 2*Ne/*?Ne values (because of a
nearly constant >'Ne/*?Neey,, cf., Fig. 3), is characterized by the most
primitive “He/*He compositions (highest R/R,), and by the most
radiogenic Hf, characteristics of the enriched Kerguelen plume end-
member [21].

as shown by neon isotopic compositions. This is an
important result that has not been observed before and
clearly confirms the conclusions reached in Section 4.1
that helium and neon isotopic compositions measured
in the samples reflect magmatic compositions with no
significant contribution of post-magmatic cosmogenic
and/or radiogenic helium. In addition, “He/*He and Ne
isotopic ratios are slightly correlated with Nd isotopic
ratios (not shown), and generally helium and neon
isotopic variations from the samples in this study are
not correlated with other isotopic system (Pb, Sr).
These observations are not problematic, because [14]
show that Hf isotopic variations observed in the studied
basalts also appear to be decoupled from *°°Pb/?**Pb
variations (e.g., Fig. 15 in [14]). These authors inter-
preted the Hf isotopic variations as reflecting discrete
heterogeneities in the Kerguelen mantle plume itself.
Finally, the comparison of the helium and neon isotopic
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results with Hf isotopic variations in these samples [14]
place some important constraints on the nature of the
discrete components present within the plume. The
observed variations suggest that the air-like contami-
nant, which is reflected in the lower 2°Ne/?*Ne values
(because of a nearly constant >'Ne/?*Negy, cf., Fig. 3),
is characterized by most primitive *He/*He composi-
tions (highest R/R,), and by the most radiogenic Hf.
Below, we evaluate two different hypotheses that could
account for the observed rare gas isotopic vs. Hf isoto-
pic ratio correlation: (1) assimilation of the overlying
Cretaceous Kerguelen Plateau during magma ascent
through the lithosphere, or (2) recycling of an atmo-
spheric neon-like end-member within the Kerguelen
plume source.

Possible contamination of the high-MgO parental
magmas from the studied basalts by the overlying
northern Kerguelen Plateau can be evaluated by exam-
ining the compositional characteristics of the plateau.
The northern Kerguelen Plateau basalts [77] that could
have potentially contaminated the high-MgO magmas
have higher '7®Hf/'"Hf than estimates for the Kergue-
len plume (Hf;>6; [14]), with evidence for binary
mixing between the SEIR-MORB source and the
enriched Kerguelen plume source [11]. Therefore, this
part of the Kerguelen Plateau should be characterized
by helium isotopic ratios that are intermediate between
MORB ratios and primitive ratios observed in many
hotspots formed by melting of a deep-seated mantle
plume (e.g., [74-76]). They should also be character-
ized by atmospheric neon isotopic composition, due to
syn-eruption neon contamination of lavas forming the
Kerguelen Plateau. However, the MgO-rich rocks are
slightly shifted to lower Hf isotopic ratios compared to
other Kerguelen basalts (Hf;<4; [14]) and if they were
contaminated by the Kerguelen Plateau during ascent,
we may expect higher '"°Hf/!""Hf ratios than those
observed. Some Cretaceous Kerguelen Plateau lavas
(Site 1137) have distinctly lower '"°Hf/'7"Hf than
estimates for the Kerguelen plume [11], as observed
for the high-MgO basalts from the Aubert de la Riie
area (Fig. 1). However, these plateau basalts are located
almost 10° to the south of the Kerguelen Archipelago at
Elan Bank (western salient of the southern Kerguelen
Plateau). There is no direct evidence of the MgO-rich
basalts being contaminated by the Kerguelen Plateau,
because there are no appropriate compositions recorded
to date on the Kerguelen Plateau that could account for
the compositions of the studied MgO-rich rocks (cf.,
discussion in [14]).

Below we evaluate the hypothesis of recycling of an
atmospheric neon-like end-member within the Kergue-

len plume source. It has been shown that the studied
high-MgO basalts have Sr—Nd isotopic compositions
typical of the enriched composition of the Kerguelen
plume [14]. The high-MgO basalts located near the Mt.
Ross volcano, on the Aubert de la Riie Peninsula (Fig.
1) are characterized by slightly lower '"°Hf/ THE
(= 0.28275) compared to basalts located in Armor
and on the Courbet Peninsula whose compositions are
comparable to those for the enriched component of the
Kerguelen plume with '°Hf/'7"Hf =~ 0.28285 [21].
These slight differences have been interpreted as poten-
tially reflecting small-scale heterogeneities present
within the Kerguelen plume itself [14]. The fact that
higher '7®Hf/'""Hf in Fig. 6 are associated with lower
*'Ne/**Ne and *He/’He clearly indicates that air-like
contamination (lower *°Ne/?’Ne) increases with an
increasing contribution of the more primitive helium
component (lower “He/*He), and with sampling of the
composition of the Kerguelen plume recorded on the
Courbet Peninsula with '"°Hf/'""Hf =~ 0.28285. The
part of the Kerguelen plume characterized by lower
76Hf/'7"Hf, which is recorded in sample AG99-37
and -38 for example, is also characterized by primitive
2INe/?*Ne,,, values (0.047 and 0.041, respectively), in
agreement with a deep mantle plume origin, but is also
characterized by MORB-like *He/*He values (Fig. 6).
Thus the most radiogenic helium isotopic compositions
recorded in the studied basalts are inconsistent with a
MORB-like source origin, in agreement with the con-
clusions of the trace element and radiogenic isotope
study from [14]. These observations further suggest that
the high-MgO basalts were generated from a heteroge-
neous mantle source characterized by variable initial
(U, Th)/?He ratios. The He-Ne—Hf systematics suggest
that the part of this source, which may have higher
initial (U, Th)/?He, was less contaminated by an atmo-
sphere-like component.

5. Summary and conclusions

Important variations of helium isotopic composi-
tions are observed in basalts from the Kerguelen
Archipelago. The “He/*He ratios vary from typical
MORB values to more primitive ratios observed in
OIB (*He/*He ~41,218; R/R,=17.5). This variability
is mostly related to the natural variability of magmatic
olivine signatures within individual samples. A minor
contribution of cosmogenic and radiogenic helium
accumulated in the matrix during exposure time can-
not be excluded but combined crushing and heating
extraction procedures for gas analysis allowed us to
consider results obtained by crushing as reflecting
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magmatic compositions and to conclude that the Ker-
guelen samples are mostly characterized by a primitive
helium isotopic composition. The nearly constant and
primitive mantle 21N€/ 22Necorrected for air contamination
value of = 0.044 confirms the deep mantle source
origin of the high-MgO basalts and indicates source
characteristics that are intermediate between MORB
and Iceland values. The source of the Kerguelen
Archipelago basalts could be a homogeneous mixture
between a MORB-like source and a primitive/solar-
like lower mantle source, but this hypothesis is incon-
sistent with detailed He—Ne systematics and with pre-
viously published Sr—Nd-Hf-Pb isotopic systematics.
The primitive characteristics of the Kerguelen basalts
are consistent with a deep mantle plume origin. How-
ever, generally lower and variable *He/’He helium
and hlgher 21Ne/22Necorrected for air contamination COM-=
pared to other OIB such as Iceland suggest that the
Kerguelen hotspot source is generally heterogeneous
and is mostly characterized by initial (U, Th)/*He
ratios that are higher compared to the Iceland plume
source and may have evolved in a relatively closed
system.
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