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Beryllium-10 from the Sun 

K. Nishiizumil* and M. W. CaffeeZt 

Beryll ium-10 (''Be) i n  excess o f  t ha t  expected f rom i n  s i tu cosmic ray spallation 
reactions is present i n  lunar surface soil 78481; i ts presence was revealed w i t h  
a sequential leaching technique. This excess ''Be, representing only 0.7 t o  1.1% 
o f  the  t o ta l  ''Be inventory, is associated w i t h  surface layers ( < I  micrometer) 
o f  t he  mineralgrains composing 78481. This excess ''Be and i ts  association w i t h  
surficial layers corresponds t o  (1.9 lr 0.8) X 10' atoms per square centimeter, 
requiring a ''Be implantat ion rate o f  (2.9 2 1.2) X lop6 atoms per square 
centimeter per second o n  the surface o f  the  Moon. The most  l ikely site f o r  the  
production o f  th is excess ''Be is t he  Sun's atmosphere. The ''Be is entrained 
in to  the  solar w ind  and transported t o  the  lunar surface. 

Lunar soils record exposure to the energetic 
particle environment of the inner solar sys- 
tem. This exposure includes the constant 
bombardment of the lunar surface by low- 
energy solar wind (SW) ions and high-energy 
galactic cosmic rays (GCR). Near the surface 
of the Sun, energetic protons are accelerated 
and trapped in closed magnetic loops (1). 
These trapped energetic protons bombarding 
the ambient solar atmosphere produce ''Be 
from target nuclei such as C, N, and 0. A 
fraction of this "Be escapes from the Sun 
and is probably entrained into the SW or into 
solar energetic particles (SEP). A small frac- 
tion of the "Be that escapes from the Sun can 
be intercepted by the Moon and implanted in 
lunar surface materials. 

Because the range of GCR and solar cos- 
mic ray (SCR) protons is larger than the 
average grain size of 100 to 200 pm, the 
distribution of both GCR- and SCR-produced 
''Be is correlated with grain volume. Im- 
planted species, on the other hand, may be 
associated with grain surface area. Accord- 
ingly, we performed step-wise acid leaching 
experiments designed to delineate volume- 
and surface-correlated components. 

Two Apollo 17 trench soils, 78481,16 (0- 
to 1-cm depth) and 78421,16 (bottom layer, 
10 cm thick, of a 25-cm-deep trench), were 
selected for this experiment. The soil samples 
were collected from Station 8, the base of the 
Sculptured Hills (2). The soil samples were 
separated into 30- to 65-pm, 65- to 130-pm, 
and >130-pm-diameter fractions. Each sam- 
ple (150 to 200 mg) was subsequently 
leached by 10 ml of different concentrations 
of acid solution, 0.02 mmol HNO,, 0.5 mmol 
HNO, + 0.002 mmol HF, 1 mmol HNO, + 
0.02 mmol HF, and 1 mmol HNO, + 0.2 
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mmol HF (1 mmol HF for 78421), in an 
ultrasonic bath for 30 min each. Each 
leachant contained 0.4 mg of Be carrier. After 
each leaching step, the supernatant and the 
undissolved sample were isolated by centrif- 
ugation. The supernatant was filtrated by a 
0.45-+m Millipore filter to remove microme- 
ter-sized grains in the solution. After taking 
an aliquot for chemical analysis, A1 and C1 
carriers were added to the supernatant. In 
aggregate, the sequential leaching steps dis- 
solved 19 to 34% of the original mass. After 
leaching, we dissolved a fraction of the un- 
dissolved residue. Between 70 and 100 mg 
was totally dissolved by an HF + HNO, 
mixture into which Be and C1 carriers had 
been added. Be, Al, and C1 were chemically 
separated and purified from each fraction 
with a combination of anion exchange ion 
chromatography, acetylacetone solvent ex-
traction, and cation exchange ionchromatog- 
raphy techniques. The concentrations of 
'OBe, 26Al, and were measured with 
accelerator mass spectrometry (AMS) (3). 
The concentration of each nuclide was nor- 
malized to ICN-''Be. NBS-2%l. and NBS- 

standards prepared by one of the authors 
(K.N.). Concentrations of Mg, Al, Si, Ca, and 
Fe in aliquots of the leachant and the total 
dissolution were measured by atomic absorp- 
tion spectroscopy (AA). The uncertainty of 
the AA measurements is lr2 to 3%, except 
for the A1 measurements in leaching steps, 
which have uncertainties of i10 to 20%. The 
compositions of the leaching steps were nor- 
malized to the amount of starting material; 
these are shown in Table 1. The ''Be. 2%1. 
and concentrations in each fraction var- 
ied by three to four orders of magnitude 
because different amounts of surface layers 
were dissolved. The amounts of dissolved 
materials are calculated from the concentra- 
tions of Mg, Al. Si, Ca, and Fe combined 
with the stochiometric concentration of 0. 

All cosmogenic nuclides in the deeper sarn- 
ple (78421) must be produced in situ by GCR. 
The factor of five higher concentrations of *'A1 
and slightly h~gher concentrations of In the 

surface sample (78481) indicate in situ SCR 
production of these nuclides in addition to GCR 
production (Table 1). Our 26A1 concentration in 
total dissolution of 78481 (243 to 251 dpmkg) 
agrees with the nondestructive gamma-ray 
measurements of 257 t 12 dpmkg (4). Oxy-
gen is the major target element for the produc- 
tion of "Be, A1 and Si for 26Al, and Ca and Fe 
for 36Cl. The 26A1 concentrations of all leaching 
fractions are slightly higher than that of the total 
dissolution because of preferential dissolution 
of A1 during leaching. Although the 36Cl con- 
centrations of the leaching fractions are slightly 
higher than that of total dissolution, the 36Cl 
activities normalized to target elements, in dpml 
kg (8Ca + Fe), are identical to that of total 
dissolution. GCR- and SCR-produced radionu- 
clides are the background; any additional com- 
ponents may be plausibly ascribed to SW im- 
plantation. However, the SW components 
should occur only in the outermost layer (50.2 
pm), owing to the low energy of implantation. 
SW-implanted "Be should be preferentially re- 
leased in the first leaching steps. 

If each lunar grain was homogeneously 
etched, the average etched depths in each leach- 
ing step, based on the volume of dissolved 
materials, are 0.3,0.7, and 1.7 pm for the 30- to 
65-pm fraction; 0.9,2.4, and 5.4 pm for the 65- 
to 130-pm fraction; and 1.5,3.7, and 10 pm for 
the >130-pm fraction. Because the total disso- 
lution sample was obtained after sequential 
leaching steps, it should contain only in situ- 
produced cosmogenic nuclides. The ''Be activ-
ity of each leaching fiaction in 78481 was 
compared with that of the total dissolution sam- 
ple (Table 2). For the leaching step with the 
most dilute HF (0.002 mmol), which removed 
the outermost layer of the grains, 14 to 16% 
more "Be was observed relative to the '''Be 
activity from the total dissolution. The 0.02 
mmol HF step for 30- to 65-pm fraction also 
indicates excess ''Be. However, the release 
pattern observed for ''Be does not hold for 26A1 
and 36Cl, indicating that the ''Be is produced 
by a different mechanism than that for the other 
nuclides. There are ''Be excesses in most of the 
leaching fractions of soil 78481; however, for 
the 0.02 and 0.2 mmol HF steps, except for the 
30- to 65-pm fraction, the measured excesses 
are within the experimental uncertainties. The 
stated uncertainties include the AMS errors and 
an uncertainty in the amount of dissolved ma- 
terials. The calculated amount of excess ''Be is 
(1.37 ? 0.31) X d p d g  for the 30- to 
65-p,m fraction, (1.19 ? 0.28) X lop" d p d g  
for the 65- to 130-pm fraction, and (0.91 t 
0.26) X lop4 d p d g  for the >130-pm fraction. 
The amount of excess "'Be decreases with in-
creasing grain sizes, as expected. The size dis- 
tibution of the bulk 78481 soil is 2.8, 61.0, 
16.7, and 19.5% in the <30-, 30- to 65-, 65- to 
130-, and >130-pm fractions, respectively. 
Combining the size distribution, assuming 20 
km as the average size of the grains <30 pm, 

352 12 OCTOBER 2001 VOL 294 SCIENCE www.sciencemag.org 

mailto:kuni@ssl.berkeley.edu


Table 1. Dissolved cation composition and cosmogenic nuclide concen- dissolution was adopted as 20.4% because we did not measure Si in the 
trations of each leaching step and those of the total dissolution in lunar fraction. ''Be, 26Al, and 36Cl concentrations in each leached fraction and 
soil 78481 and 78421.The compositions of leaching steps were normal- total dissolution were normalized to the dissolved amount of lunar soil 
ized to the amount of starting material. Concentration of Si in total 78481 and 78421. 

Size 
(l.4 

30-65 

65-130 

>I30 

30-65 

65-130 

>I30 

30-65 

65-1 30 

>I30 

30-65 

65-1 30 

>I30 


30-65 

65-130 

>I30 

30-65 

65-1 30 

>I30 

30-65 

65-1 30 

>I30 

30-65 

65-1 30 

>I30 


0.5mmol HNO, + 0.002rnrnol HF 
0.5 rnrnol HNO, + 0.002rnrnol HF 
0.5mmol HNO, + 0.002 rnrnol HF 
1 rnrnol HNO, + 0.02 rnrnol HF 
1 rnrnol HNO, + 0.02 rnrnol HF 
1 mrnol HNO, + 0.02 rnrnol HF 
1 mmol HNO, + 0.2rnrnol HF 
1 rnrnol HNO, + 0.2mmol HF 
1 mmol HNO, + 0.2mmol HF 
Total dissolution 
Total dissolution 
Total dissolution 

0.5 rnrnol HNO, + 0.002 rnrnol HF 
0.5 rnrnol HNO, + 0.002mmol HF 
0.5 rnrnol HNO, + 0.002rnrnol HF 
1 rnrnol HNO, + 0.02mrnol HF 
1 mmol HNO, + 0.02mmol HF 
1 rnrnol HNO, + 0.02mrnol HF 
1 rnmol HNO, + 1 mmol HF 
1 rnrnol HNO, + 1 rnrnol HF 
1 mmol HNO, + 1 rnrnol HF 
Total dissolution 
Total dissolution 
Total dissolution 

with the excess 1 0 ~ ~contents for each grain 
size, yields an excess ''Be of the bulk soil 
78481 of (1.27 ? 0.30) X dpm/g or 
(1.44 0.34) X lo8 atodg. Although the 
excess ''Be represents only 1.0% of the total 
amount of '%e in the soil, the result suggests 
that the excess ''Be is released from the outer- 
most 1-p,m layer of 78481. The upper few 
centimeters of lunar soil was gardened by mi-
crometeorites for a million years (5). 

The 26A1 concentration in 7848 1 indicates 
exposure to SCR for a few million years. If 
we assume an exposure time comparable to 
the ''Be mean-life, as seems reasonable giv- 
en the 26A1 results, we obtain a ''Be concen-
tration of (1.9 2 0.8) X lo8 atoms/cm2, 
assuming an average soil bulk density of 1.8 
g/cm3, a density based on four Apollo 17 
surface cores. The corresponding ''Be im-
plantation rate is (2.9 2 1.2) x atoms/ 
cm2.s on the surface of the Moon. The result 
includes the uncertainty (?33%) of depth of 
the skim soil 78481. Assuming that the ''Be 
flux varies falls with an inverse square law, 
the ''Be escape rate from the Sun is 0.13 2 
0.05 atoms/scm2. The SW proton flux at 1 
AU is 2.5 X 108/cm2.s, yielding a I0Be/H 
ratio of (1.1 2 0.5) X 10-14. Preliminary 
''Be and 14C measurements in lunar soils 
have also been reported by Jull et al. (6). 
Excess I4C in lunar soils and rock has been 
detected by several investigators whose rates 
determined I4C implantation: -1 X lop3 

Table 2. Excess ''Be in each leaching fraction of lunar soil 78481.The excess "Be of each leaching was 
calculated by comparison of that total dissolution sample. 

Size (prn) 

0.5 rnrnol HNO, + 0.002rnrnol HF 
0.5rnrnol HNO, + 0.002rnrnol HF 
0.5rnrnol HNO, + 0.002mmol HF 
1 rnrnol HNO, + 0.02 rnrnol HF 
1 mrnol HNO, + 0.02 rnrnol HF 
1 mmol HNO, + 0.02rnrnol HF 
1 rnrnol HNO, + 0.2 rnrnol HF 
1 rnrnol HNO, + 0.2 rnrnol HF 
1 rnrnol HNO, + 0.2mmol HF 
Total dissolution 
Total dissolution 
Total dissolution 

14C atoms/cm2.s (7),  2.3 X lop3 14C atoms/ 
cm2.s (a), and 1.5 to 4.5 x lop6 I4C atoms/ 
cm2.s (6, 9). The disparity between the Jull et 
al. (6, 9) implantation rates and those of the 
earlier works is the result of an incorrect 
"effective" surface area determination. If we 
use the convention for surface area used by 
the earlier works and that of this work, the 
Jull et al. (6,9) 14C measurements yield a I4C 
flux of -(0.2 to 2) X 1O P 3  14C atoms/cm2.s, 
consistent with previous determinations. 

Further evidence that the excess ''Be is 
SW implanted comes from SRIM (the stop- 
ping and range of ions in matter) and TRIM 
(the transport of ions in matter) calculations 
(10). For C ions having velocities of 300 to 

Excess Excess ''Be Excess ''Be 
dprn) dprnlg) 

800 k d s ,  representative of the average SW 
ion velocity, the maximum implantation 
depth in Si is more than 0.1 km, but the peak 
occurs at 0.03 p,m On the basis of the 
amount of material dissolved in the sequen- 
tial leaching experiment, we estimate that the 
range of implanted ''Be is no more than 0.3 
to 1 p,m (0.1 to 0.3 mg/cm2), which corre- 
sponds to less than 10 to 50 keV per nucleon, 
consistent with SW energies rather than the 
higher energies, i.e., MeV, typical of SEP. 
These calculations cany the qualification that 
diffusion of ''Be in silicates is not well char- 
acterized, but analogy with better character- 
ized elements, e.g., C, indicates that the dif- 
fusion rate should be slow. 
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Gamma-ray observations indicate that 
nuclear interactions between energetic pro- 
tons and ambient gas occur at various 
depths in the solar atmosphere, especially 
those associated with the lower chromo- 
sphere or the photosphere (11). The gam- 
ma-ray observations also indicate that these 
reactions occur prodigiously; in number, 
the interacting protons are generally more 
numerous than those escaping from the Sun 
(12). Preliminary theoretical estimates sug- 
gest that the time-averaged solar flare pro- 
duction at the surface of the Sun is on the 
order of 0.1 "Be/cm2.s (13). The SW es- 
cape rate from the Sun is -1013 Hlcm2.s, 
corresponding to a SW removal rate of 3 X 

Hlcm2 per million years. This corre- 
sponds to a column depth of gas extending 
down about 2000 km into the photosphere. 
If the ''Be produced in the top loz4 H/cm2 
of the Sun's atmosphere is not mixed any 
deeper than 2000 km into the photosphere 
in a million years, we would expect the SW 
to carry away the entire "Be production at 
the rate of 0.1 atom/cm2.s. If the ''Be is 
mixed within that time through the solar 
convective zone, probably 1 to 2 X lo5 km 
below the photosphere, then the mean ''Be 
concentration would be diluted by four to 
five orders of magnitude. Our result sug- 
gests that most of the ''Be is ejected in the 
SW and large flares without mixing and 
loss into the deeper solar convective zone. 
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Seismic Observations of 

Splitting of the Mid-Transition 

Zone Discontinuity in Earth's 


Mantle 

Arwen Deuss* and John Woodhouse 

The transition zone of Earth's mantle is delineated by globally observed dis- 
continuities in seismic properties at depths of about 410 and 660 kilometers. 
Here, we investigate the detailed structure between 410 and 660 kilometers 
depth, by making use of regional stacks of precursors to the SS phase. The 
previously observed discontinuity at about 520 kilometers depth is confirmed 
in many regions, but is found to be absent in others. There are a number of 
regions in which we find two discontinuities at about 500 and 560 kilometers 
depth, an effect which can be interpreted as a "splitting" of the 520 kilometer 
discontinuity. These observations provide seismic constraints on the sharpness 
and observability of mineralogical phase transitions in the mantle transition 
zone. 

The characteristics of the mantle transition 
zone (between 410 and 660 km) are impor- 
tant for our understanding of Earth's dynam- 
ics. Constraints on seismic velocity disconti- 
nuities in the transition zone can be obtained 
from reflection observations of seismic 
waves and high-pressure experiments on 
mantle rocks. The 410-km discontinuity is 
generally thought to be caused by the phase 
transformation of low-pressure olivine (a-
phase) to wadsleyite (P-phase) and the 660- 
km discontinuity by the phase transformation 
of ringwoodite (y-phase) to perovskite and 
magnesiowiistite (1, 2). Over the past de- 
cades, a number of seismic studies have dem- 
onstrated the global existence of these dis- 
continuities and have mapped their topogra- 
phy (3-6). 

A number of studies have reported a 
weaker discontinuity, in the mid-transition 
zone, at about 520-km depth. The 520-km 
discontinuity is generally believed to be 
caused by the transition in the mantle olivine 
component from wadsleyite (P-phase) to 
ringwoodite (y-phase) (1, 7 ) ; the Clapeyron 
slope of this transition is 4 MPa Kp ' .  The 
most consistent seismic evidence for the 520- 
km discontinuity comes from long-period S 
wave observations using SS precursors (5, 6, 
8, 9) or ScS reverberations (10). Some studies 
claim that the 520-km discontinuity is a glob- 
al feature (8, 9), whereas others find that it 
can be observed only in certain regions (5) or 
that it is not found beneath continental shields 
(6). It is much more difficult to observe 
reflections from this discontinuity in short- 
period data (I!), and refracted wave studies 
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(12, 13) do not find evidence for a disconti- 
nuity at 520 km, suggesting that it is not a 
sharp reflector, but a velocity gradient with a 
wide transition interval (14). 

We investigate the characteristics of the 
520-km discontinuity in detail by using 
precursors to the SS phase, which are un- 
derside reflections at a discontinuity below 
the SS bounce point. Long-period SS waves 
are used to investigate properties of the 
520-km discontinuity, because they are 
sensitive to weak discontinuities. The pre- 
cursors have small amplitudes and cannot 
be observed in individual seismograms. 
Thus, we stack the traces in the slowness- 
time domain to suppress incoherent noise 
and to enhance the visibility of the precur- 
sors. Such stacks amplify and clarify the 
peaks in amplitude associated with the ma- 
jor discontinuities at 410 and 660 km and 
provide a means of investigating hypothe- 
ses about the existence and regional varia- 
tion of the weaker 520-km discontinuity. 

We use a global data set of 7018 seismo- 
grams collected from the Incorporated Re- 
search Institutions for Seismology/Interna-
tional Deployment of Accelerometers (IRIS/ 
IDA) global network (15); this is the type of 
data set that has been used in other studies to 
obtain global maps of topography on transi- 
tion zone discontinuities. A stack of all seis- 
mograms in our data set shows reflections 
from "410" and " 6 6 0  and a weaker reflec- 
tion from a depth of about 520 km (Fig. I ) .  

We divide Earth's surface into 407 spher- 
ical caps with 10" radius (16) and stack all 
seismograms with bounce points in each cap. 
North America and the north Pacific provide 
an excellent region to observe small-scale 
regional variations in the 520-km discontinu- 
ity, because it is well covered by SS wave 
bounce points. The North American cross 
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