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isotope effect that has any quantitative meaning within the context
of simple BCS superconductivity.

We have argued that our observed reduced total isotope coeffi-
cient is the result of a large Coulomb repulsion resulting in a large
value of p*. Certainly, many other causes for a reduced total isotope
effect can occur—for example, anharmonic lattice vibration could
affect the mass dependence of {w), or complex dimensional effects
on the Fermi surface could affect f{A\,u*). The model of An and
Pickett’, for example, might lead to a reduced total isotope effect if
the two-dimensional nature of the hole band is found to have an
effect on \ or p*. This difference between the measured total isotope
effect and 1/2 may appear insignificant, but the cause of this
discrepancy may be in some way related to the high T, observed
in this material. Although it is possible to calculate T, for MgB,
based on reasonable choices of parameters using the McMillan
equation, correctly modelling o, (and oy and ap) may place
constraints on these calculations that will provide important insight
into how such a high T, is achieved in this simple sp metal.

Note added in proof: The reduced isotope effect in MgB, has recently
been explained™ as being due to the large anharmonicity of the E,,
mode. If correct, this would reduce the value of N and u* required to
account for the high T, of the material. U
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Lake Vostok, the largest subglacial lake in Antarctica, is covered
by the East Antarctic ice sheet, which varies in thickness
between 3,750 and 4,100 m (ref. 1). At a depth of 3,539 m in
the drill hole at Vostok station, sharp changes in stable isotopes
and the gas content of the ice delineate the boundary between
glacier ice and ice accreted through re-freezing of lake water’.
Unlike most gases, helium can be incorporated into the crystal
structure of ice during freezing’, making helium isotopes in the
accreted ice a valuable source of information on lake environ-
ment. Here we present helium isotope measurements from the
deep section of the Vostok ice core that encompasses the
boundary between the glacier ice and accreted ice, showing
that the accreted ice is enriched by a helium source with a
radiogenic isotope signature typical of an old continental pro-
vince. This result rules out any significant hydrothermal energy
input into the lake from high-enthalpy mantle processes, which
would be expected to produce a much higher *He/*He ratio. Based
on the average helium flux for continental areas, the helium
budget of the lake leads to a renewal time of the lake of the
order of 5,000 years.

In the upper part of the Antarctic ice sheet, helium is of atmos-
pheric origin®. Previous measurements obtained between 1989 and
1992 at various depths—from 116 to 2,501 m (Table 1)—in the
Vostok ice core indicate a nearly constant helium concentration:
[He] = 121+ 1.3 nmolkg’l, with an isotopic ratio R = (0.97 =
0.03)R,, where R = *He/*He and R, is the atmospheric ratio (1.38 X
107°). The measured concentration represents only a fraction of the
helium initially present in the air bubbles at the pores’ close-off
(21.4-22.3nmol kg™ at Vostok*) owing to the upward diffusion of
helium to the atmosphere as the air bubbles are increasingly
compressed’. In deeper layers, the helium isotope distribution
may be influenced by the radiogenic signature from the bedrock®.
In Lake Vostok, dissolved helium may therefore have three main
possible origins: (1) atmospheric helium, with an isotope ratio close
to R,, trapped in glacier ice and released into the lake water as the
basal layers are melted; (2) radiogenic crustal helium produced by
the decay of U and Th in the bedrock and bottom sediments,
characterized by R < 0.05R, (refs 7,8); and (3) mantle helium with
R >8R, (refs 8—10). (We note that, because of the large ice—gas age
difference at pore close-off in central Antarctica, of the order of
1,000 years or greater, there should be no imprint of any tritiugenic
’He produced by the decay of natural tritium.)

We analysed 14 new samples from the Vostok ice core from a
depth range of 3,530-3608 m (Table 1), which encompasses the
transition between glacier ice and the refrozen lake water at 3,539 m
depth. The main feature of the helium isotope distribution with
depth (Fig. 1) is the pronounced difference in both the helium
concentration and isotope ratio between glacier ice and the refrozen
lake water. For depths between 3,530 and 3,535m, the mean
helium concentration, [He] = 10.0 = 1.3 nmol kg_l, is similar to
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that measured in the upper layers of the Vostok ice core, with R =
(1.03 = 0.08)R,, close to the atmospheric value. Below 3,539 m
depth, the helium content of the samples is enriched by a factor
of 3 with respect to glacier ice ([He] = 33.9 = 2.6 nmol kg’l) and
exhibits a clear radiogenic signature, R = (0.25 = 0.04)R,, typical of
old stable continental provinces.

Lake VostoK’s ice ceiling is tilted, with an ice thickness of 4,300 m
in the north and 3,750 m in the south. This north—south gradient of
the pressure-dependent melting point favours glacier ice melting in
the north and lake water refreezing in the south'"'?, where the
Vostok station is located. Radar studies also suggest basal melting
on the western margin upstream from Vostok'; however, the
numerous solid inclusions observed in the upper part of the lake
ice in the Vostok core indicate that freezing may indeed occur as
soon as glacial ice loses contact with bedrock’. Water influx also
occurs as a result of ice melting off the base of the glacier over the
lake catchment in response to geothermal flux and shear-strain
heating.

The long-term mass balance between the input of melt water and
the accreted ice export allows us to determine the helium isotope
budget of the lake. Per unit of time, the amount of helium released
to the lake by the melted glacier ice (with a helium concentration
Cie1) and basal water runoff (with a helium concentration Cie,),
together with the amount of crustal helium injected into the lake
from the bedrock (Qy.), must be balanced by the amount of helium
that leaves the lake by direct diffusion through the glac1er ice/lake ice
interface (Qh), together with the exported lake ice of helium
concentratlon Crie. This leads to the following equations written
for “He and *He, respectlvely.

(1 — oymCfi,, + amCii, + Que = mC + Qi (1)

(1 — a)ymR"C", + amRPC™, + RQy, = mR™C + QI
)

where m is the amount of water[ ice exchanged per unit of time, « is
the water runoff fraction, and R}, Ry and R*"" are the isotope ratios
of melted glacier ice, runoff basal water, and accreted ice respec-
tlvely R is the isotope ratio of the helium source Qy,, and Qif and
QSff, are the amounts of *He and *He leaving the lake by direct

Table 1 Helium isotope data

Depth [*He] RIR,
(m) (nmolkg™)
Previous sampling (1989-92)*
116-165 10.4+1.2 0.985 +0.011
120-145 11.9+x14 1.017 £ 0.031
1,252-1264 13.3+0.5 0.943 = 0.007
2,441-2501 13.2+0.9 0.954 £0.015
Deep core sampling (1997)
3,530 9.5+0.8 1.111 £0.005
3,531 8.7+0.8 1.098 = 0.005
3,635t 9.8+0.8 0.951 =0.005
3,635t 11.9+0.8 0.945 +0.005
3,540 29.1+0.8 0.282 +0.005
3,551 38.4+0.8 0.262 £ 0.005
3,565 36.0+0.8 0.225 £ 0.005
3,568 35.8+0.8 0.235 = 0.005
3,576 32.1x0.8 0.253 = 0.005
3,578 34.5+0.8 0.240 = 0.005
3,580 35.8+0.8 0.327 +0.005
3,599 33.1+0.8 0.191 £0.005
3,605 31.8+0.8 0.267 £ 0.005
3,608 325*0.8 0.219 = 0.005

Each sample consisted of one piece of ice, typically 10 g, cut from the core immediately following its
retrieval (immediate processing of the sample is essential to avoid helium post-coring diffusion®). The
samples were stored in one inch diameter copper cylinders evacuated for 2 min with a primary
pump to 10~10"torr and sealed with a metal clamp (the helium blank due to air contamination is
negligible, < 4.5x 107" mol). In spite of the strict sampling protocol, some helium is lost during
sample preparation. With a total preparation time of 15min (including 2 min pumping time), we
calculate that this post-coring loss could amount to 10%, but with no significant isotope fractiona-
tion). Samples were analysed at LSCE (Saclay) using standard procedures®.

*Unpublished data.

1 Duplicate samples.
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dlffusmn through the glacier 1ce/lake ice interface.

QSifis negligible because the *He concentration gradient between
the lake ice and the glacier ice is zero within the experimental
uncertainties. Hence, combining equations (1) and (2), we can
deduce R by:

—[Roul He — (1 - Ol)Ri]n i]?cl - aRizn ;—Icz]/
t dif i (3)
[Chie + (Qi/m) — (1 — )Ciiq — Gl

Cout and Ry, can be taken as the mean Values in the accreted ice
below the interface (Cie = 33.9 * 2.6 nmol kg and R, = (0.25 =
0.04)R,). The glac1er ice layer immediately above the interface,
between 3,530 and 3,535 m depth, is assumed to be representative of
the input of melted glacier ice occurrmg in the northern part of
the lake (C%,; = 10.0 * 1. 3nmolkg™ and R = (1.03 = 0.08)R,).
Although this layer shows no crustal helium tagging, its near-
bottom origin is suggested by the occurrence of small size moraine
particles at the base of the section: our preliminary study of the dust
in the 3,400-3,538 m layer does indeed reveal the presence of
particles, 4—20 wm in diameter, which exceed in size the aeolian
dust found at Vostok and are interpreted as crustal dust created by
glacier work on the western side of the lake. Crustal helium tagging
of the basal layer depends on the intensity of the helium flux and on
the residence times of the ice resting on the bedrock. We note that
the lack of helium crustal signature in a glacier basal layer was also
observed in Greenland. The lowermost 200 m of the GISP2 core®
shows two sharp spikes of crustal helium, but these spikes do not
correspond to layers of silty ice, although there is such a layer at the
bottom of the core. The author of ref. 6 concludes that the lack of a
simple exponential helium profile at the bottom of the core shows
that the crustal helium injection does not involve ice resting directly
on the bedrock but may represent disturbed ice layers which have
had a significantly longer residence time above the bedrock—long
enough to accumulate a large amount of crustal helium from below.
The hehum isotope values of these crustal anomalies’ (Cife, =
20nmolkg ™' and RY =~ 0.02R,) are taken as representative of the
runoff water that melts at the ice—bedrock 1r1terface

With the above data set and neglecting Q{i/m, equatlon (3) leads
to a maximum isotope ratio R of helium escaping from the lake
bottom of R = (0.11 = 0.05)R, for values of « of up to 50%. Based
on a basal melt rate of a few millimetres per year for the water
runoff"", a hydrological catchment area equal to several times the
lake’s surface area, and a melt rate of 100 mmyr" in the northern
half of the lake', the most probable value for « falls in the range 5—
15%, thus leading to an isotope ratio R < 0.06R,. This low *He/*He
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Figure 1 Measured vertical distribution of helium isotopes across the glacier ice/lake ice
boundary (dotted line) at Vostok. a, Vertical profile of helium concentration. b, Helium
isotope ratio R = He/*He, scaled to the atmospheric ratio R,
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ratio is typical of radiogenic crustal helium®’. Taking into account
the diffusive term Qﬂ[ig/ m leads to an even lower estimate. *He/*He is
a sensitive indicator of mantle involvement in crustal thermal
activity". In continental areas of recent tectonic-magmatic activity
such as the Yellowstone'® or Larderello'® geothermal areas, *He/*He
is at its highest, accompanied by excess heat flow. On the contrary,
in stable areas, where low *He/*He ratios are found, the mantle
contribution to the heat flow is also low and reaches a minimum
value that can be considered as the continental background®.
Therefore, our data virtually rule out any mantle-derived high-
enthalpy hydrothermal manifestations at the bottom of the lake.

Rewriting equation (1) using m = M/7, where 7 is the renewal
time of the lake and M its mass (with M = pHS where p is the lake
mean density, H the mean depth and S the average surface area), we
obtain:

Py = (Cit — (1 — @)Chy — aCiiy)pHIT + i 4)

where @y, and P8 are the helium flux from the bedrock and the
helium diffusive flux respectively, scaled to the average lake surface
area S (@, = Qu./S and Pt = QUl/S). The diffusive component
® ;¢ can be estimated from the helium concentration gradient across
the glacier ice/lake ice interface (VC) and the helium diffusion
coefficient (Dy,) by @4;r = Dy X VC. Taking for VC the concentra-
tion gradient measured at Vostok across the glacier ice/lake ice
boundary (VC = 3.8 pumol m™?), and a diffusion coefficient Dy, = 5
x107% cm?s™! (refs 3, 17, 18) at the temperature of the interface (T =
—3°C), we calculate a diffusive flux of 60 nmol myr™". If we adopt
for @y, the average estimate for the continental crust of
1.46 pmol m>yr~' assuming that the helium loss from crust is
equal to production', it follows that the first term of equation (4)
(advective component) equals 1.4 pwmol myr ", leading to a resi-
dence time 7 ranging from 4,800 to 5,000 years (taking o between
5% and 15% and a mean lake depth of 300 m; ref. 19).

This residence time corresponds to a lake mean melting/accretion
rate h = 2(1—a)H/7 of 11 cm yr’1 (if the respective surface area of
melting and freezing are assumed to be roughly equal). This value is
of the same order of magnitude as that inferred from airborne 60-
MHz radar transects above the lake''. Owing to the low heat flux
measured at Vostok, corresponding to a maximum apparent accre-
tion rate of 4 mmyr™ (ref. 20), this high accretion rate implies that
upon freezing, most of the latent heat is released within the lake
water itself rather than in the overlying ice. This is consistent with
the recent hypothesis of Souchez et al."?, who suggest that the main
mechanism responsible for lake ice formation is loose frazil ice
crystals produced in supercooled waters rising along the tilted ice—
water interface.

In reasonable agreement with geophysical inferences'' indicating
the significant water exchange between the base of the ice sheet and
the lake waters, helium data in the deep Vostok ice core point to
appreciable mass exchange occurring between the subglacial lake
and the overlying ice sheet. More importantly, the helium isotope
data virtually eliminates any significant high-enthalpy hydrother-
mal input to the energy budget available for metabolic activity
within the lake, an important issue with regards to the sustainability
of life in this isolated environment. O
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The proximity and similarity of the 1992, magnitude 7.3 Landers
and 1999, magnitude 7.1 Hector Mine earthquakes in California
permit testing of earthquake triggering hypotheses not previously
possible. The Hector Mine earthquake confirmed inferences that
transient, oscillatory ‘dynamic’ deformations radiated as seismic
waves can trigger seismicity rate increases, as proposed for the
Landers earthquake' ™. Here we quantify the spatial and temporal
patterns of the seismicity rate changes’. The seismicity rate
increase was to the north for the Landers earthquake and pri-
marily to the south for the Hector Mine earthquake. We suggest
that rupture directivity results in elevated dynamic deformations
north and south of the Landers and Hector Mine faults, respec-
tively, as evident in the asymmetry of the recorded seismic velocity
fields. Both dynamic and static stress changes seem important for
triggering in the near field with dynamic stress changes dominat-
ing at greater distances. Peak seismic velocities recorded for each
earthquake suggest the existence of, and place bounds on,
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