Plutonium-Fission Xenon
Found in Earth’s Mantle
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Data from mid-ocean ridge basalt glasses indicate that the short-lived radionuclide
plutonium-244 that was present during an early stage of the development of the solar
system is responsible for roughly 30 percent of the fissiogenic xenon excesses in the
interior of Earth today. The rest of the fissiogenic xenon can be ascribed to the spon-
taneous fission of still live uranium-238. This result, in combination with the refined
determination of xenon-129 excesses from extinct iodine-129, implies that the accretion
of Earth was finished roughly 50 million to 70 million years after solar system formation
and that the atmosphere was formed by mantle degassing.

Xenon isotopes can be used as powerful
tracers for early processes in the solar sys-
tem, because the extinct radionuclides '#°1
(half-life = 16 X 10° years) and #*Pu
(half-life = 80 X 10° years) decay to pro-
duce measurable contributions of isotopi-
cally distinct Xe (1). Large anomalies have
been found for meteorites, and the I-Xe
system is an established tool that can be
used to study age differences during the first
few million years of solar system formation
(2). The '"Xe anomalies found in mid-
ocean ridge basalt (MORB) glasses estab-
lished a time scale of ~150 X 10° years for
accretion, MORB differentiation, and de-
gassing of Earth (3-5).

Because !2°1 was able to contribute to
the present-day mantle Xe budget, this pos-
sibility should also be the case for 2#*Pu in
view of its longer half-life. However, the
anomalies found in terrestrial mantle rocks
are rather small, and therefore this question
has remained unanswered. A complication
is that spontaneous fission of 238U (half-
life = 4.47 X 10° years), which is still
present in the mantle, yields the same Xe
isotopes as 2**Pu with somewhat different
ratios. We describe here results that allow
these two different fission sources in the
mantle to be distinguished and discuss im-
plications for Earth’s early history.

Analyses on CO, well gases from differ-
ent sites show considerable excesses of fis-
siogenic Xe isotopes that are in some cases
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accompanied by 2°Xe excesses. However,
plutoniogenic '*'-13%Xe is missing (6).
These results led to the hypothesis that
129% e excesses are the product not of live
1291 after the accretion of Earth but of
chemical fractionation of 2*®U (spontane-
ous) and #*°U (neutron-induced) disinte-
gration products (7). This interpretation
implies that the '>°Xe excesses observed in
mantle-related samples are meaningless for
understanding the degassing history of
Earth. On the other hand, Xe isotopic com-
positions found in diamonds seem to indi-
cate that all the fission excesses can be
attributed to **Pu (8). Mantle-derived di-
amonds (that are assumed to have a consid-
erable crystallization age) and present-day
MORBs apparently show the same correla-
tion of 12°Xe with fissiogenic **Xe excess-
es: this correlation should have changed
with time if 2*3U contributed considerably.
This result critically depends on assump-
tions about crystallization and Xe closure

ages of the diamonds because the analytical
precision was too low to permit the fission
Xe components to be identified directly.
However, it supports earlier estimates (4)
that the initial ***Pu/?*®U ratio of Earth
had the chondritic value, 0.0068 (9). For
this ratio **Xep, should be up to 27 times
the amount of 1**Xey, in a mantle reservoir
that has retained most of its fission Xe since
4.5 X 10° years ago.

We have improved our analytical pre-
cision sufficiently to detect even small
isotopic deviations from predictions for
pure uranogenic or plutoniogenic contri-
butions by the installation of a single ion-
counting facility in one of our noble gas
mass spectrometers. We reanalyzed previ-
ously measured MORB glasses, with a spe-
cial focus on the so-called “popping rock”
2IID43 (10), which appears to bear the
most pristine sampling of upper-mantle
volatiles (11, 12). Our data (Table 1 and
Fig. 1) show a close correlation between
the excesses in '2°Xe and fission product
136Xe (slope: 3.125 = 0.084) that is con-
sistent with earlier results (slope: 3.01 =
0.10) (13). However, the well gas (slope:
2.37 = 0.10) and the diamond data sets
(slope: 2.34 = 0.11) deviate from the
MORB trend. Most likely, they represent
Xe samples from the upper mantle that are
contaminated by some additional fissio-
genic contribution from 2*8U. This con-
clusion, contrary to earlier ideas (14), is
further supported by data on Ne isotopes.

The new MORB data set shows the
contributions of 2*U and ***Pu to the
fissiogenic isotopes 31713Xe (Fig. 2, A
through C). The isotopic ratios scatter
between the evolution lines for pure plu-
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rightward-pointing triangles from Smith and Reynolds. Well gas data (filled triangles) from Navajo C-1 are
from various sources in (6): upward-pointing triangles from Clarke and Thode; downward-pointing arrows
from Lin and Manuel. Diamonds represent data from (8). The precise new MORB data set indicates that
the diamond values and the Harding County CO,, well gas samples are Xe samples from the upper mantle
that are most likely contaminated by some additional fissiogenic contribution from 238U, a property already

obvious for the Navajo C-1 well gas.
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toniogenic and pure uranogenic fission Xe
and show a linear correlation. They resem-
ble mixing between the atmosphere and a
MORB pole, which itself is a mixture of
238U and ?**Pu fission products. We can-
not deduce the absolute position of the
MORB pole from Xe systematics, but Ne-
Xe correlations (12) and Fig. 1 restrict
2.5 < (*Xe/"%%Xe) \orp < 2.8. However,
the geometry of the plot implies that the
relative contributions of 228U and 2**Pu in
excess to atmospheric composition are
given by the slopes of the mixing lines
(Fig. 2D). Our data set indicates that 32 +
10% (error, 20) of the fissiogenic 136X e
excesses to air are produced by **Pu.
The measurements of the fission-shield-
ed, nonradiogenic isotopes !24126:128Xe
have considerable uncertainties because
amounts are small and we reserved most of

Table 1. Xenon data on MORB. Column 2 gives temperature (For step
heating) or cumulative number of hits (for step crushing experiments). %°Xe
amounts (column 3) are in cubic centimeters (at standard temperature and
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the time of the measurements for the radio-
genic and fissiogenic isotopes. The avail-
able data imply that the isotopic ratios
124,126,128% o /130X e in the mantle are atmo-
spheric (Fig. 3), because they do not corre-
late with '*°Xe excesses. Atmospheric and
mantle Xe reservoirs are likely to have a
common origin, which is another constraint
in favor of models that explain atmosphere
formation by mantle degassing (3, 4).
With our data we can couple the geo-
chronometers 12°1-12%Xe, **4Pu-13%Xe, and
238(J.136Xe. In this approach we use ele-
mental and isotopic ratios rather than ab-
solute amounts, which appear to be less
reliable. A minimum '?°1/24*Pu ratio of
5.1 X 10™* is required to explain present-
day '??Xe and plutoniogenic **Xe excesses
in the mantle (15). The difference between
this value and a reasonable initial ?°I/**Pu
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ratio for bulk Earth of 7.5 X 1072 is caused
by radioactive decay of | and Pu with a time
constant of (X9 = Nyyy) ™! = 28.9 X 10°
years for the coupled system. This short
time constant implies for a simple model
approach of total degassing before the ac-
cretion time At and total accumulation af-
ter At that the mantle started to accumulate
radiogenic and fissiogenic Xe not later than
At ~ 78 X 10° years after the solar system
had formed 4.556 X 107 years ago (5).
However, a similar calculation for
Earth’s ##4Pu/**8U ratio gives a time interval
of At ~ 400 X 10 years. This difference is a
result of our oversimplified model. After ac-
cretion, Earth most likely suffered partial
degassing over some time, producing the at-
mosphere (16), and partial accumulation of
radiogenic and fissiogenic Xe isotopes in the
mantle must have started even earlier than

digits. Precision for absolute amounts is about 10%. Earlier analyses of the
samples may be found in (70, 77, 26); see there for sample description
details. Parts of the data for 2I1ID43 no. 6 have already been published in

pressure) per gram. Numbers in parentheses designate 1o errorsinthelast ~ (72).
Step 1 SOXe 1 24Xe 1 26Xe 1 28Xe 1 29Xe 131 Xe 132Xe 1 34Xe 1 SGXe
Sample weight heat./ a
crush. (1074 Normalized to "3%Xe = 100
All 96-18 650°C 35.3 2.35 (5) 2.11(5) 46.6 (3) 647 (3) 520 (3) 655 (4) 256 (1) 216 (1)
3.2683 g 1600°C 8.4 2.47 (5) 212(7) 47.9(7) 733 (4) 529 (3) 683 (3) 283 (2) 246 (2)
21ID26 800°C 6.6 2.71(15) 1.96 (14) 47.3(7) 692 (12) 525 (8) 666 (10) 266 (5) 233 (4)
2.4326 g 1100°C 2.5 2.79 (20) 1.87 (21) 47.5(1.00 695 (10) 526 (9) 675 (11) 271 (5) 231 (5)
1400°C 1.7 2.44 (19) 1.79 (26) 47.3 (9) 726 (12) 541 (10) 695 (10) 273 (5) 239 (5)
211D43, #1 600°C 0.5 3.08 (94) 1.24 (89) 48.3(8.4) 699 (86) 557 (78) 700 (79) 266 (31) 235 (33)
1.9035¢g 1600°C 1.8 2.22 (14) 1.74 (25) 47.8(7) 695 (6) 526 (6) 682 (8) 271 (3) 238 (7)
2I1D43, #2 600°C 145.4 2.41(2) 2.16 (2) 47.0 (3) 673 (3) 521(2) 661 (3) 263 (1) 225 (1)
3.0164 g 1000°C 92.2 2.36 (4) 2.28 (4) 47.4 (3) 702 (3) 525 (3) 671(2) 272 (1) 234 (2)
1600°C 13.6 2.18 (11) 2,12 (8) 47.6(7) 721 (6) 524 (5) 675 (6) 277 (3) 241 (2)
211D43, #3 4x 249.4 2.35(2) 218 (3) 47.0 (2) 673 (2) 521 (2) 664 (2) 267 (1) 230 (1)
2.0874 g 8x 47.9 2.36 (8) 2.15(7) 471 (5) 738 (3) 523 (4) 675 (6) 280 (1) 246 (1)
16x 17.7 2.47 (10) 2.33(12) 47.4 (6) 734 (3) 528 (2) 675 (6) 276 (1) 241 (1)
100x 10.2 2.59 (14) 2.27 (18) 46.7 (9) 731 (7) 533 (6) 681 (8) 276 (4) 244 (1)
2I1D43, #4 660°C 204.5 2.38 (3) 2.20 (3) 47.2 (2) 693 (2) 523 (1) 671(2) 269 (1) 232 (1)
3.0312 g 1000°C 39.1 2.40 (5) 2.18(7) 47.5 (4) 723 (5) 523 (3) 677 (5) 277 (2) 241 (2)
1600°C 8.4 2.24 (17) 2.14 (15) 46.9 (6) 709 (6) 526 (5) 674 (6) 273 (2) 238 (2)
211D43, #5 600°C 443.1 2.32 (8) 2.15(5) 46.7 (3) 656 (3) 523 (2) 663 (3) 259 (1) 220 (1)
1.637¢g 1000°C 83.9 2.45 (10) 2.22(8) 47.5 (4) 695 (4) 520 (4) 667 (4) 268 (2) 229 (2)
1200°C 4.0 2.21(26) 1.84 (24) 46.4(1.2) 723 (13) 523 (10) 673 (14) 271 (6) 240 (7)
1400°C 24.5 2.50(18) 2.44 (12) 47.8 (9) 673 (9) 523 (7) 670 (8) 264 (3) 221 (4)
211D43, #6 3x 1040.1 2.29 (5) 211 3) 46.6 (3) 655 (3) 519 (2) 663 (3) 259 (1) 222 (1)
1.4052 g 6x 47.0 2.30(7) 2.23 (5) 47.1 (3) 713 (4) 523 (3) 672 (4) 273 (2) 238 (1)
10x 50.2 2.32(7) 219 (6) 47.3 (4) 712 (4) 526 (4) 676 (4) 274 (2) 239 (2)
15x 12.3 2.26 (12) 2.18 (10) 48.0 (7) 706 (6) 525 (5) 671(6) 269 (3) 235 (3)
25x 11.3 2.38 (13) 2.14 (11) 48.3 (6) 750 (6) 530 (5) 686 (7) 285 (3) 251 (3)
50x 17.9 2.42 (10) 2.40(10) 47.4 () 691 (6) 519 (5) 664 (6) 267 (3) 231 (3)
100x 4.5 2.34 (28) 1.96 (25) 46.2 (1.1) 724 (10) 515 (10) 664 (14) 272 (5) 238 (5)
400x 1.1 2.60 (39) 2.02 (49) 48.3(2.00 711 (22 528 (18) 676 (22) 273 (11) 240 (9)
211D47 800°C 5.3 2.38 (12) 2.25(16) 49.4 (6) 688 (7) 534 (6) 673 (7) 270 (3) 230 (3)
2.463¢g 1100°C 1.3 2.42 (25) 1.85(29) 46.5(1.4) 693 (13) 529 (9) 675 (10) 262 (7) 229 (6)
1400°C 1.3 2.04 (28) 1.76 (37) 45.7 (1.3) 692 (11) 532 (9) 674 (14) 263 (6) 228 (6)
2[1D48 800°C 25.9 2.26 (9) 2.06 (7) 46.4 (5) 663 (3) 520 (3) 661 (3) 260 (2) 222 (2)
3.3547 g 1100°C 3.5 2.45 (19) 2.29 (16) 48.1 (8) 666 (8) 522 (7) 672 (8) 263 (4) 223 (4)
1400°C 2.9 2.23 (22) 2.34 (40) 48.0(1.3) 650 (9) 520 (8) 647 (10) 257 (4) 219 (4)
Searise |, DR04 800°C 01 - — - — 441 (6.2) 765 (70) 569 (51) 764 (66) 255 (26) 273 (23)
3.3011¢g 1100°C 2.6 2.33 (38) 1.78 (40) 48.7 (1.7) 671 (15) 533 (11) 676 (16) 264 (7) 228 (7)
1400°C 1.4 2.08 (41) 1.88 (41) 475(1.9) 702 (13) 537 (12) 686 (10) 268 (7) 233 (7)
Air contemporary 2.337 (7) 218 (1) 4715 ()  649.6 (6) 521.3(6) 660.7(6) 256.3(4) 217.6(2)
nonradiogenic 2.337 (7) 2.18 (1) 47.15() 6053 ((2.9) 5187 (7) 651.8(1.3) 247.0(1.3) 207.5(1.3)
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At ~ 78 X 10° years after solar system for-
mation to compensate. We thus applied a
two-stage exponential degassing model that
was developed to describe the evolution of
radiogenic “°Ar and '?°Xe in the atmosphere
and the mantle (17). The degassing time
scales best suited to the Xe data (18) are
similar to time scales given previously (Fig.
4). Our model calculations also indicate that
the mantle started to retain (partially) radio-
genic and fissiogenic Xe isotopes not later
than At ~ 50 X 10° to 70 X 10° years after
solar system formation, which is just after the
extraction of the moon from the young Earth
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Fig. 2. The correlations of fissiogenic '3'Xe (A),
132Xe (B), and '34Xe (C) excesses with fissiogenic
136Xe indicate a mixing between air and the up-
per-mantle reservoir. The latter reveals a mixture
of plutoniogenic and uranogenic contributions.
For reasons of clarity we show only MORB data
with 132Xe/'3%Xe > 6.7, '36Xe/'3%Ke > 2.3, and
relative error in 136Xe/'3%e < 1.5%. However,
because the correlation lines were error-weighted
best fits to the data (73), the results remain nearly
the same when all data points are included. For
each figure part we find quite similar ratios of
136Xen,/1%8Xep, ., IN excess to air: (A) 42%
(+29%, —18%); (B) 25% * 8%; (C) 29% * 18%
determined by the slopes of the correlation lines
as shown in (D). Thus, 32% * 10% (2¢ error) of
fissiogenic '36Xe excesses to air are plutonio-
genic. Data labels are as in Fig. 1; line labels are as
in (A). Panel (C) includes the evolution line for neu-
tron-induced fission of 235U.
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by a giant impact ~4.51 X 10° years ago
(19).

At that time, mantle degassing, the re-
mains of which were from now on accu-
mulating in the atmosphere, was massive
but decreased rapidly. About 80% of the
rare gas budget at At ~ 50 X 10° to 70 X
106 years after solar system formation were
lost from the mantle to the atmosphere
within the following 20 X 10° to 30 X 10°
years. Then the degassing became more
constant at a low level, and the present-
day degassing state of ~99% for the upper
mantle (4, 20, our model calculation) was
achieved during the following ~ 4.4 X 10°
years. A possible interpretation of this ear-
ly change in degassing flux is the initia-
tion of a two-layer convection of the man-
tle such that the upper mantle has begun
to degas efficiently while the lower mantle
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Fig. 3. Fission-shielded, nonradiogenic Xe iso-
topes (i) in MORB glasses in comparison to air,
solar, planetary, and U-Xe (23). MORB points
were calculated from linear fits in 124:126.128Xg/
130Xe versus '36Xe/13Xe diagrams extrapolated
to 36Xe/13%Ke = 2.5.
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Fig. 4. The '3%Xe degassing flux in units of the
initial mantle concentration at accumulation
time = 0 (which is ~50 X 10° to 70 X 10° years
after solar system formation) per million years. At
this point in time, Earth’s atmosphere starts to
accumulate the degassing flux from the mantle.
The degassing flux steeply decreased with a time
constant of ~3 X 10° years during the first ~ 20 X
108 to 30 X 106 years. As in an earlier Ar + Xe
approach (17), we find a bend in the curve indicat-
ing a change in the degassing dynamics with a
new time constant of ~0.2 X 10° years.

REPORTS

has remained more or less closed since
then and may still contain ~15 to 20% of
its primordial volatile budgets. Although
it is not clear whether the present-day
mantle is still divided into two indepen-
dently convecting layers, this interpreta-
tion explains why lower-mantle rare gases,
which are most pristinely sampled in glass-
es and xenoliths from Loihi seamount
(Hawaii), appear to be slightly radiogenic
and nucleogenic in comparison to primor-
dial isotopic ratios and much less radio-
genic and nucleogenic than the upper-
mantle reservoir (21).
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Reaction Sequence of Iron Sulfide Minerals in
Bacteria and Their Use as Biomarkers

Mihaly Pésfai,* Peter R. Buseck, Dennis A. Bazylinski,
Richard B. Frankel

Some bacteria form intracellular nanometer-scale crystals of greigite (Fe,S,) that cause
the bacteria to be oriented in magnetic fields. Transmission electron microscope ob-
servations showed that ferrimagnetic greigite in these bacteria forms from nonmagnetic
mackinawite (tetragonal FeS) and possibly from cubic FeS. These precursors apparently
transform into greigite by rearrangement of iron atoms over a period of days to weeks.
Neither pyrrhotite nor pyrite was found. These results have implications for the inter-
pretation of the presence of pyrrhotite and greigite in the martian meteorite ALH84001.

Intracellular Fe sulfide crystals are pro-
duced by two morphological types of mag-
netotactic bacteria, one of which is referred
to as a magnetotactic many-celled pro-
karyote (MMP) (1); the other constitutes a
morphologically similar group of rod-shaped
bacteria (2). Magnetosomes (membrane-
bounded magnetic crystals) in the rod-
shaped bacteria were originally reported to
contain greigite (Fe;S,) (3), whereas greig-
ite and pyrite (FeS,) (4) and, tentatively,
pyrrhotite (Fe;  S) (5) were identified in
magnetosomes in the MMP. Neither pyr-
rhotite nor pyrite were identified in subse-
quent studies, however, and the role of
pyrite in magnetotactic bacteria is un-
known (6). Here, we report observations
that elucidate the mechanisms of formation
of Fe sulfide minerals in bacteria, and we
discuss whether structural features exist to
distinguish Fe sulfide minerals formed in
bacteria from those formed inorganically.
Attempts to culture magnetotactic bac-
teria that produce Fe sulfides have been
unsuccessful. Thus, we collected cells from
natural sites where they are abundant, in-
cluding the water column of Salt Pond,
Woods Hole, Massachusetts, and the water
and sediments of shallow salt-marsh pools

in the Parker River Wildlife Refuge, Row-
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ley, Massachusetts, and Sweet Springs Na-
ture Preserve, Morro Bay, California. Cells
were deposited onto carbon-coated and
Formvar-coated Ni grids for transmission
electron microscopy (TEM) (7). Both rod-
shaped magnetotactic bacteria and the
MMP containing Fe sulfide crystals were
present in the sediments and water samples
collected from these sites (Fig. 1).

We obtained interpretable selected-area
electron diffraction (SAED) patterns from
between 95 and 100 crystals from several
tens of bacteria; the studied crystals were
chosen either randomly from the chains of
magnetosomes or on the basis of their dis-
tinctive morphologies. Consistent with the
results of earlier studies (3), most of these
crystals were greigite in both types of bac-
teria. However, we identified several grains
of mackinawite. Like greigite, mackinawite
was present in both the rod-shaped bacteria
and the MMP. A third phase, cubic FeS
with the sphalerite structure, also may have
been present in these magnetotactic bacte-
ria. We found no pyrite or pyrrhortite.

We only observed mackinawite crystals
in relatively fresh (less than a few weeks
old) specimens; the mackinawite crystals
converted to greigite over time. The two
SAED patterns in Fig. 2, A and B, were
obtained 10 days apart from the same crys-
tal in a rod-shaped bacterium. The angular
relationships and d spacings show that the
original mackinawite transformed into
greigite. We did not observe any changes in
the crystal (either as mackinawite or as
greigite) while it was exposed to the elec-
tron beam; the transformation occurred
during the time the sample was stored be-
tween the two studies. These results indi-
cate that mackinawite can be a precursor to
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