
expected value of 209Bi a-decay, Qa ¼ 3,137 ^ 0.9 keV (ref. 1, see
comment in Supplementary Information).

Finally, possible contaminations by already-known a emitters of
close Qa were considered: 186Os (T1/2 ¼ 2.0 £ 1015 years; Qa ¼
2,822 keV) and 190Pt (T1/2 ¼ 6.5 £ 1011 years; Qa ¼ 3,249 keV)
were discarded because the results implied very high atomic concen-
trations, respectively Os/Bi < 6,500 p.p.m. and Pt/Bi < 250 p.p.m.
A dedicated quantitative Pt implantation experiment in BGO,
followed by a secondary ion mass spectrometry (SIMS) analysis,
proved that Pt concentration was under 2 p.p.m. Higher concen-
trations were very unlikely18, and would have strongly affected the
scintillating properties of the crystal19.

The auxiliary observation of 209Bi decay to the first excited state
of 205Tl (Fig. 1b) would constitute a conclusive test of our proper
identification of the a line. Such a—negative—search was performed
recently, using a very low background facility under the Oroville
dam, where 204 keV g-particles emerging from 1.8 kg of Bi2O3 were
looked for20. Thanks to the high Z of Bi, and to their slow time
constant (t < a few ms .. 1.5 ns), BGO bolometers naturally sum
the energies of the a-particle and of the following absorbed g,
adding another event to the ‘full energy’ peak. However, the g escape
probability is not negligible: we estimate it to be 12.8% in our 46-g
BGO detector by Monte Carlo simulations. Taking into account
internal conversion21, the overall efficiency for detecting a-decay at
this level through recording of the escape peak is h ¼ 8.8%. With
reasonable assumptions (see Supplementary Information), the
associated partial half-life is estimated to be T1/2 ¼ 6–13 £ 1020

years: a two-month exposure would then probably lead to its
detection (Table 1).

These data extend by more than three orders in magnitude the
range of a-particle decays ever reported (T1/2 ¼ 7 £ 1015 years;
148Sm). a-particle events may now be accurately tracked down to
500 keV, with background suppression efficiency over 98%, in
common laboratory radioactive environments. Equivalent rejection
power against g-particles should be observed down to around
50 keV, provided that the confusing recoils background is reduced
(in underground experiments, for example; see Supplementary
Information). These possibilities in the search for rare events—
indicated also by our recent improvements of the 180W a-particle
decay rate limit22—justify the greater complexity added by the low-
temperature requirements.

With this 209Bi decay detection, BGO bolometers open up the
rarest of natural main energy lines—whereas much rarer double
b-particle decays are observed among naturally abundant
elements23, no line corresponding to the neutrinoless mode 0nbb
has been hitherto convincingly reported. This particular property
motivated recent searches for 209Bi decay: with respect to the search
for proton decay, a proposal was made to use ‘freshly produced’
bismuth to check for deviation of radioactive decay from the
exponential law at small times24,25. A
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The Endeavour segment of the Juan de Fuca ridge is host to one of
the most vigorous hydrothermal areas found on the global mid-
ocean-ridge system, with five separate vent fields located within
15 km along the top of the ridge segment1. Over the past decade,
the largest of these vent fields2, the ‘Main Endeavour Field’, has
exhibited a constant spatial gradient in temperature and chloride
concentration in its vent fluids, apparently driven by differences
in the nature and extent of subsurface phase separation3. This
stable situation was disturbed on 8 June 1999 by an earthquake
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swarm4. Owing to the nature of the seismic signals and the lack of
new lava flows observed in the area during subsequent dives of
the Alvin and Jason submersibles (August–September 1999), the
event was interpreted to be tectonic in nature4. Here we show that
chemical data from hydrothermal fluid samples collected in
September 1999 and June 2000 strongly suggest that the event
was instead volcanic in origin. Volatile data from this event and
an earlier one at 98 N on the East Pacific Rise show that such
magmatic events can have profound and rapid effects on fluid–
mineral equilibria, phase separation, 3He/heat ratios and fluxes
of volatiles from submarine hydrothermal systems.

There is no evidence of recent volcanism in the area of the Main
Endeavour Field (MEF; Supplementary Fig. 1), and a 0.5-km-wide
axial valley indicates that the area is currently in a tectonically
controlled phase5. In 1988, a weak seismic reflector was imaged at
about 2.5 km depth6, but a later refraction experiment showed no
evidence for a low-seismic-velocity zone (magma chamber) beneath
this reflector7. Recent seismic data indicate that on-axis micro-
earthquakes persist to a depth of 3.5 km below the sea floor, well
below the weak seismic reflector at 2.5 km, although most occur
above 3 km (ref. 8). For these reasons, Endeavour has become the
type example for a ‘cracking front’ hydrothermal system, in which
heated sea water continually penetrates deeper within a frozen
magma chamber and extracts heat from the gabbroic layer9,10.
However, new seismic reflection data collected in July 2002 indicate
a magma body at about 2.3–2.6 km depth11. This forces us to re-
examine our ideas about the heat source driving the Endeavour
hydrothermal system, and to consider whether periodic magma
resupply12 may be important.

Although the earthquake swarm was originally argued to be a
tectonic event4, a reanalysis of the seismic data has shown it to be
more consistent with a volcanic event13. Additionally, perturbations
in crustal fluid pressure and temperature recorded at Ocean Drilling
Program (ODP) sites on the eastern flank of the Endeavour segment
indicated that the seismic energy generated by the earthquake
swarm could account for only a small fraction of the estimated
12 cm displacement14. Thus, most of the displacement was aseismic,
and occurred slowly enough not to produce seismic waves. This is
consistent with slow magma movement.

CO2 and He are magmatic volatiles that are strongly enriched in
areas with active magma chambers, such as Axial volcano15, Loihi
seamount16 and the eruptive area at 98 50

0
N on the East Pacific

Rise17,18 (EPR). The concentrations of these two volatiles were
relatively stable in fluids from five selected sulphide edifices
(Hulk, Dante, Bastille, Puffer and Sully) in the MEF during the
period 1991–98. However, in 1999 their concentrations dramatically
increased and then declined to near pre-event values in 2000
(Fig. 1a, b; Supplementary Table 1). If we assume that the high-
temperature reaction zone beneath Endeavour is about 2.5 km
below the sea floor11, the basaltic saturation value for CO2 at this
depth is 5 mmol kg21 (ref. 19). Field data from the Juan de Fuca
ridge indicate that CO2 concentrations in most basalts range from
saturation to twice saturation20. On the basis of Li/Cl ratios, the
water/rock ratio before and after the 1999 event remains relatively
unchanged, and is about 2 (refs 3, 21; Fig. 1c; Supplementary Table
1). Assuming CO2 values twice saturation, and allowing for the
complete extraction of CO2 in a single-pass system, rock extraction
can only account for a fluid concentration of 5 mmol kg21. A
tectonic event exposing new rock will not increase the CO2

concentration without a reduction in the water/rock ratio. Water/
rock ratios approaching 0.1 would be required to achieve the high
CO2 concentrations measured in 1999. As such low values were not
seen, a magmatic source is required for the increased CO2.

The significant drop in Cl concentration at Sully and Puffer
immediately following the 1999 event (Fig. 1d) could be caused by
increased phase separation induced by heat from either a tectonic or
magmatic event. However, phase separation alone cannot explain
the changes in gas concentration. Before 1999, these sulphide
structures already exhibited low Cl concentrations owing to con-
tinuing phase separation. Increased phase separation should further
increase the concentrations of gases, but this did not happen for all
gases. For example, there was only a small increase in N2 and Ar
concentrations in 1999 beyond that seen in previous years (data not
shown), whereas there was a 5-fold increase in CO2 at Puffer in 1999
relative to 1998 (Fig. 1a). N2 and Ar in vent fluids are primarily
derived from circulating sea water and, except for a small Ar
contribution from the mantle22, behave conservatively in the hydro-
thermal circulation cell. The relatively unchanged values for N2 and

Figure 1 Time-series data for five of the major sulphide structures within the MEF. Shown

are the concentrations of CO2 (a), He (b), Cl (d), H2 (f), H2S (g) and CH4 (h); also shown

are the ratios Li/Cl (c) and 3He/heat (e). The values are ‘endmember’ concentrations.

During sampling, small amounts of ambient sea water are entrained. This effect is

removed by extrapolating to zero Mg concentration, as pure hydrothermal fluid contains

no Mg. The earthquake swarm started on 8 June 1999. The 1999 fluid samples were

collected in September with DSV Alvin using gas-tight titanium samplers. The gases

were extracted under vacuum at sea, and sealed in break-seal glass ampoules for

analysis on shore by gas chromatography.
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Ar indicate that the increased degree of phase separation in 1999
does not account for the large increases in CO2 and He at Sully and
Puffer (Fig. 1a, b). A shift to supercritical phase separation (brine
condensation) at depth23 could reduce the Cl content of the vapour
phase without significantly altering the gas content. This, coupled
with the earlier discussion of CO2 extraction from basalt, indicates
input from a magmatic source.

Before 1999, both Sully and Puffer had Cl concentrations (135–
160 mmol kg21) much below that of sea water (540 mmol kg21).
These low Cl values are indicative of a stable phase separation
condition before the 1999 event. In 1999, however, the Cl concen-
tration in MEF fluids decreased at four of the five sites, most
dramatically at Puffer and Sully (Fig. 1d). In contrast, the Cl
concentration at Bastille (near Puffer and Sully) increased in
1999, indicating the complexity of the effect of the event on the
nature and degree of phase separation. In 2000, the Cl concen-
trations measured at Puffer, Sully and Bastille were more than
double their respective concentrations seen before the event. Similar
behaviour in Cl concentration after a magmatic event was seen at ‘A’
vent in 1991 on the EPR24. Conversely, an apparent tectonic event on
the EPR in 1995 had relatively little effect on Cl concentrations at
nearby vents25.

Without a decrease in water/rock ratio, elevated 3He/heat ratios
can also be taken to be a clear indicator of recent perturbation
by magmatic activity. In all instances where data are available, the
3He/heat ratio of fluids sampled after sea-floor volcanic events
has been found to be elevated above the mean value of
0.5 £ 10217 mol J21 for ‘mature’ hydrothermal fluids and to decline
with time after the event26. At MEF, the 3He/heat ratio increased
significantly at four of the five structures studied after the 1999
event, and then decreased back to, or below, the values recorded in
preceding years (Fig. 1e). Our measurements at Endeavour were
made approximately 4 months after the seismic event, and again at 1
year after the event. The relatively rapid decrease of CO2 and He
concentrations and 3He/heat ratio back to pre-event levels within
one year is similar to that observed at the ‘A’ vent at 98 46.5

0
N on

the EPR. At ‘A’ vent, the rapidly changing volatile concentrations
(Fig. 2) were associated with the emplacement of a dyke about
200 m below the sea floor just two weeks before the collection of the
first samples22. The rapid decrease in 3He/heat ratio and corre-
sponding increase in CO2 concentrations indicates that CO2 and
He were differentially released during this magmatic event. These
are the only volatile data documenting the early stages of such an
event. By 1992, the ‘A’ vent 3He/heat ratio had decreased to values
similar to that at Endeavour. Concomitant initial decreases in Cl

concentration and increases in H2S were also noted at ‘A’ vent22.
In addition to an increase in CO2 and He concentrations, the

1999 Endeavour event resulted in significant increases in H2 and
H2S concentrations in some of the vents (Fig. 1f, g). Similar
enrichments were noted at ‘A’ vent immediately following the
dyke injection on the EPR, where H2 values are the highest
measured in hydrothermal fluids (Fig. 2). The concentration of
H2 in hydrothermal fluids is controlled by pressure, temperature, Cl
concentration, and fluid–mineral equilibria27. For a reaction zone at
400 8C and 500 bar, a mineral assemblage consisting of anhydrite þ
anorthite, clinozosite, pyrite and magnetite would result in an H2

concentration of about 0.2 mmol kg21 (ref. 27). This fits well with
the H2 concentrations seen at Hulk and Dante (Fig. 1f). H2

concentrations of the order of 0.5 mmol kg21 were reported at
Dante in 1999 at a higher-temperature vent than the source of
our sample28. On the basis of these mineral equilibria, the significant
increases in H2 and H2S at Puffer and Sully following the 1999
event indicate a shift towards a more reducing pyrite–pyrrhotite–
magnetite (PPM) redox buffer (Fig. 3). The redox shift at ‘A’ vent
was more extreme, with H2 and H2S levels resting solidly within the
pyrrhotite stability field. These more extreme values probably result
because the heat source was only 200 m below the sea floor22, and
also represent incipient rock alteration by seawater-derived hydro-
thermal fluid27. These field data are consistent with the experimen-
tally determined redox progression of basaltic alteration by
hydrothermal fluid27, but increased reaction-zone temperature
and decreased pressure associated with magma movement would
also substantially increase H2 and H2S concentrations in equilib-
rium with basaltic rock27.

Not all gases within these systems behave similarly during a
magmatic event. CH4 concentrations decreased at Endeavour in
1999, and continued to decrease at three sites in 2000 (Fig. 1h), in
marked contrast to CO2, He, H2 and H2S. Since 1984, anomalously
high CH4 concentrations (attributed to sedimentary involvement)
have been in evidence at Endeavour29. The decoupling of CH4

concentrations from the other gases confirms that the Endeavour
CH4 source is not magmatic. CH4 concentrations at ‘A’ vent,
however, did show a systematic temporal trend as a result of the
dyking event (Fig. 2).

Figure 2 Time-series data for ‘A’ vent at 98 N on the EPR. Shown are concentrations of

He, CO2, H2 and CH4, and the 3He/heat ratio. Samples were collected with DSV Alvin on

10, 17 and 24 April 1991; 10 March 1992; and 26 March 1994.

Figure 3 H2 and H2S concentrations plotted on the phase diagram for the mineral

assemblage pyrite–pyrrhotite–magnetite (PPM) in the presence of

anhydrite þ anorthite–clinozosite (dashed line). Endeavour vents are designated by H

(Hulk), D (Dante), B (Bastille), P (Puffer) and S (Sully) followed by the year sampled. The

mineral stability fields represent the conditions at 400 8C–500 bar, and are taken from

ref. 27. These conditions are a good representation of the reaction zone at Endeavour, but

the reaction zone at ‘A’ vent was much shallower (about 270 bar), which will shift the

mineral stability fields to the right. As these low pressures promote large increases in H2

and H2S concentrations, the relationship of the ‘A’ vent samples to the stability fields is

approximate.
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Taking the data together—that is, the original seismic data13, the
borehole data14, the large concentration increases in the magmatic
gases CO2 and He, and the increase in 3He/heat ratio—we conclude
that the 8 June 1999 seismic swarm on Endeavour was the result of
magma movement beneath the ridge crest, and not of a purely
tectonic event. The data presented here confirm that magmatic
events have profound effects on the characteristics of hydrothermal
fluids. Magmatic activity causes transient fluxes of magmatic gases
and shifts of pressure, temperature and redox conditions in the
high-temperature reaction zone, thereby influencing fluid phase
separation and causing large changes in the Cl concentration of
hydrothermal fluids. Magmatic events can cause significant changes
in the flux of ore-forming metals to the sea floor27,30. The concen-
trations of CO2, He and H2 rise rapidly during magmatic events, but
these concentration changes are not yet well constrained. The
volatile flux during the first few months after magmatic events
clearly needs to be better evaluated, as the resulting contribution of
volatiles during this early period may rival that released by a mature
hydrothermal system during an entire year. A
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One of the fundamental questions of ecology is what controls
biodiversity. Recent theory suggests that biodiversity is con-
trolled predominantly by neutral drift of species abundances1–4.
This theory has generated considerable controversy5–12, because
it claims that many mechanisms that have long been studied by
ecologists (such as niches) have little involvement in structuring
communities. The theory predicts that the species abundance
distribution within a community should follow a zero-sum
multinomial distribution (ZSM), but this has not, so far, been
rigorously tested. Specifically, it remains to be shown that the
ZSM fits the data significantly better than reasonable null
models. Here I test whether the ZSM fits several empirical data
sets better than the lognormal distribution. It does not. Not only
does the ZSM fail to fit empirical data better than the lognormal
distribution 95% of the time, it also fails to fit empirical data
better even a majority of the time. This means that there is no
evidence that the ZSM predicts abundances better than the much
more parsimonious null hypothesis.

The unified neutral theory of biodiversity (or UNTB, hereafter
used to refer to either the theory or Hubbell’s 2001 book1) predicts
that species abundance distributions (SADs) should follow the ZSM
(see Box 1). To test whether the ZSM fits the data better than the null
lognormal hypothesis, I used two data sets. First, I used the North
American Breeding Bird Survey13–15 (BBS), for the simple reason
that it is one of the few data sets that has replicates (in this case
different sites) taken with identical sampling methodologies. Repli-
cates are important for testing statistical significance. Since the ZSM
has been applied primarily to intensively sampled data, I averaged
the BBS data over a five-year period (1996–2000). Thus, rare species
that show up only once in five years are included. I took 100
replicates by randomly selecting 100 routes that were rated to be of
high quality for all five years. As an alternative data source, I also
used the well-known Barro Colorado Island (BCI) tree data set, in
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