
the inverse problem, in the case of uneven 
sampling only. Aliasing takes place only 
from small-scale signals to long wavelength 
signals, whereas leakage mav occur both - L2 

ways. For instance, in the determination of 
magnetic anomaly maps, it is common to 
expand the anomaly field into spherical 
harmonic degrees 15 through 60 (16) .  
Without anv precautions, there is a possi- , A 

hility of leakage froin low-frequency basis 
functions (below degree 15) as well as from 
high-frequency basis f~~nc t ions  (above de- 
gree 60). 

Another, more general, way of looking 
at the effects of leakage is by considering 
Eq. 6. The  first term of the right-hand side 
defines the classical resolution ooerator. 
The  additional term on the right-hand side 
defines the bias introduced by leakage, and 
its interpretation is similar to that of the 
resolution operator. It is clear from its ex- 
pression that the bias operator depends on 
only the sainpling geometry by lneans of the 
data kernels and the a priori information 
(or norm weightines). We calculated the - L~ , 

bias operator for the tomography problem 
discussed above for spherical harmonic de- 
grees 13 through 20. Figure 5 shows the bias 
operator together with the resolution oper- 
ator for each degree. Deeree 12 (the highest 

L2 

degree of the expansion) is most biased by 
degree 13 (the first neglected degree), and 
the spectral leakage is strongest for the 
spherical harmonic components close to 
the truncation level. Whereas the weight- 
ed least-squares model is almost identical 
to the true model, the classical least- 
sauares model denarts more and more from 
the true model with each higher degree. 
V(Iit11 a different approach, Hulot et al. (1 7) 
reached a similar conclusion and found that 
only the lowest degrees of core motiolls 
could be retrieved satisFactorily from geo- 
magnetic data. 

The far-reaching conclusio~ls of seislnic 
tomography in terms of geodynamic con- 
straints on the driving forces of mantle 
convection, petrological models, and min- 
eral physics call for the highest possible 
precision of the three-dimensional structure 
of the Earth's interior. The formulation of 
most seismic tomography problems intro- 
duces a bias by leaking basis f~mctions into 
the solution (Figs. 4 and 5). .%ccounting for 
such leakage might change our three-di- 
mensional image of the Earth. 
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Radiation-Induced Diamond Formation in 
Uranium-Rich Carbonaceous Materials 

Tyrone L. Daulton* and Minoru Ozima 

Nanometer-sized diamonds were identified by transmission electron microscopy in a 
uranium-rich, coal-like carbonaceous assemblage of Precambrian age. This observation, 
together with estimates of formation efficiencies, supports the hypothesis that diamond 
can form in carbonaceous material irradiated by the radioactive decay products of ura- 
nium. The results also suggest that the formation of carbonados cannot be sufficiently 
explained by a radiation mechanism alone. 

Dubinchuk et al. (1)  first reported submi- 
crometer-sized diamonds in uranium-bear- 
ing sedimentary rocks with a high carbon 
content (for example, kerogens, lignite, 
coal, and kerite) that had never been sub- 
jected to high temperatures or pressures; 
they speculated that diamond was formed 
when carbonaceous material was irradiated 
by the spontaneous fission products of ura- 
nium. Karninsky ( 2 )  extended this idea and 
proposed that carbonados were also forined 
by this mechanism. Carbonados are poly- 
crystalline porous aggregates of fine-grained 
diamonds foulld only in placer deposits and 
are characterized by many crustal features, 
including mineral inclusions of crustal as- 
semblages, tightly trapped atmospheric no- 
ble gases, and a lack of association with 
kimberlites or lamproites. These features 
strongly suggest that the diamonds did not 
form by high static pressure in Earth's man- 
tle. One possible mechanism of formation is 
shock metamorphism resulting from the im- 
pact of extraterrestrial bodies (3). Carbona- 
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dos containing the shock-associated dia- 
mond polymorph lonsdaleite have been 
found in meteorite craters (4). However, 
not all carbonados contain lonsdaleite or 
are associated with established irnnact struc- 
tures. A considerable amount of parentless 
fission Xe and Kr has been identified in 
Braziliall and African carbonados (5). The 
presence of such large amounts of fissiogenic 
Xe and Kr is possible o~l lv if the carbona- 
ceous precursots to dialnolid (as well as the 
diamond itself) were originally part of a 
finely dispersed L-rich material over geolog- 
ical time scales, consistent with the hypoth- 
esis of Kaminskv (2). Hoxever, the identi- 
fication of micrometer-sized grains as dia- 
mond by D i ~ h i n c h ~ ~ k  et a/. ( 1 )  is tenuous, 
because the determination was based on  
electron microdiffraction patterns that 
vielded unit-cell oaraineters silnilar to those 
of diamond. No stereographic al~alysis of the 
diffraction patterns or chemical analysis of 
the grains was reported. 

T o  evaluate the feasibility of a radiation- 
induced diamond formation mechanism, 
Fisenko e t  al. (6)  studied carburanium, a 
U-rich (-5% uranium oxides by weight), 
fine-grained, coal-like assemblage contain- 
ing hydrous, ainorphous carbonaceous ma- 
terial (-65% by weight) of Precambrian 
age (1.7 -t 0.2 billion years) from North 
Karelia, Russia (7). The carbonaceous 
grains in carburanium have received high 
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fluences of energetic particles; therefore, if 
diamond can be formed by a radiation pro- 
cess, it should be present. Fisenko et al. 
subjected fragments of carburanium to acid- 
dissolution treatments to isolate any dia- 
mond present (8). However, Debye x-ray 
diffraction failed to detect diamond in these 
residues (6) ,  indicating that diamond must 
constitute <lo% of the acid-dissolution 
residue if it were present. 

T o  determine whether diamond was 
present as a minor phase, we studied the 
constituent erains in these residues with - 
high-resolution transmission electron mi- 
croscopy (HRTEM). The carburanium res- 
idues contained grains that were about 500 
nm in diameter. Roughly 90% of the grains 
were single crystals, and the remainder were 
in the form of fine-grained polycrystalline 
aggregates. Energy-dispersive x-ray spectros- 
copy indicated that the single crystals were 
mostly yttrium phosphates and that the 
fine-grained aggregates (Fig. 1) consisted 
predominantly of carbon (9). These carbo- 
naceous aggregates produced selected area 

Fig. 1. An inverted-contrast dark-field image of a 
fine-grained polycrystalline aggregate observed in 
the carburanium residue. Dark regions corre- 
spond to localized areas of strong diffraction re- 
sulting from the presence of crystalline material 
with proper orientation to the incident electron 
beam to satisfy the Bragg condition. Scale bar, 
25.0 nm. 

diffraction patterns (Fig. 2) that exhibited 
diffraction maxima that indexed well to the 
maxima of cubic diamond (Fig. 3 and Table 
1). In addition to the allowed reflections, 
the kinematically forbidden (200), (222), 
and (420) cubic diamond reflections were 
also present with appreciable intensities; 
forbidden reflections are often observed in 
synthesized nanometer-sized diamonds and 
have been explained in terms of dynamical 
diffraction effects or lattice distortions aris- 
ing from atomic impurities (1 0-1 2). From 
the intensity of the diamond reflections and 
the lack of any other strong peaks (1 3), we 
inferred that these acid residue aggregates 
consisted predominantly of diamond. The 
discrete nature of the diffraction rings, 

Fig. 3. Selected area diffraction profile. Diffraction 
intensities were measured along a radial line from 
the center of the diffraction pattern in Fig. 2 (q, 
reciprocal space reflection). The background in- 
tensity was fitted to a power law and subtracted. 
The presence of diffraction peaks that indexed 
well to cubic diamond reflections (indicated by 
dashed lines) is evident. Because of the discrete 
and broken nature of the diffraction rings, the 
measured intensities varied with the choice of'the 
radial profile. The plotted intensities are consistent 
with the average intensities of the broken diffrac- 
tion rings, with the exception of the (400) reflec- 
tion, which plots with more intensity than the av- 
erage intensity of the (400) ring because the profile 
intersected an intense spot in this ring. 

which comprised individual reflections that 
varied in size, indicated that these aggre- 
gates contained randomly oriented nano- 
meter-sized diamonds that varied in size by 
at least an order of magnitude. 

HRTEM images of thin (<50 nm) areas 
near the perimeter of the aggregates re- 
vealed diamond grains approaching 40 nm 
in diameter, some of which exhibited low- 
angle grain boundaries that indicated inti- 
mate contact between the grains. High de- 
fect densities were observed in the form of 
dislocations, platelet-type defects, stacking 
faults, and twin boundaries; however, de- 
fect-free regions were also observed. In ad- 
dition, euhedral, multiply twinned, nano- 
meter-sized diamonds were observed em- 
bedded within amorphous material in the 
aggregate (Fig. 4). The observation of dia- 
mond in the carburanium residue provided 
additional evidence that carbonaceous ma- 
terial, catastrophically disrupted by energet- 
ic particles, can crystallize as diamond. In 
light of this evidence, we discuss the plau- 
sibility of a radiation mechanism for pro- 
ducing diamond and investigate the impli- 

Fig. 4. HRTEM atomic resolution lattice image 
recorded near the perimeter of an aggregate re- 
veals a multiply twinned nanometer-sized dia- 
mond. Twinning along (1 l l )  planes is a growth 
feature commonly observed in nanocrystalline di- 
amond. Scale bar, 2.0 nm. 

Table 1. Reciprocal space reflections, q, measured from the selected area diffractiqn pattern of Fig. 2 are 
compared with those predicted for cubic diamond. Typical error was +0.03 1/A. The corresponding 
d-spacings (2dq) for the measured and predicted reflections as well as their difference, 6, are shown 
for reference. 

(111) 3.074 2.044 
(200)' 3.543 1.773 
(220) 4.950 1.269 
(31 1) 5.803 1.083 
(222)' 6.059 1.037 
(400) 7.146 0.879 
(331) 7.700 0.81 6 

Fig. 2. A selected area diffraction pattern record- (420)* 7.850 0.800 

ed from a fine-grained polycrystalline aggregate (422) 8.575 0.733 

present in the carburanium residue. Scale bar, (333)/(511) 9.193 0.683 

1 /a. 'Forbidden cubic diamond reflections. 

SCIENCE VOL. 271 1 MARCH 1996 



cations of such a ~l lechanis~l l  for the forma- 
tion of carbonado. 

T h e  initial k i n e t ~ c  energies of "% f ~ s -  
sion fragments are ahout 98 and 67 MeV, 
\vhich can produce extensive damage in 
materials (14). Tracks of u r a n ~ u m  fission 
fraglnents observeii 111 muscovite mica are 
typically 20 y m  In l e~ lg th  (15) ,  and the  

low compared with those of graphite; car- 
huraniurn rewired acid-dissolut~on treat- 

ciency of i i i a~no~ld  formation per fiss~on 
fraement. T h e  formation of lnorc than one 

rnents to concentrate diamond sufficiently 
for detection as a minor phase by HRTEhl.  
This fact could contribute to the lack of 

nanometer-slzed d ia~nond  per fission frag- 
lnellt (on  average) correspo~liis to v , ~ ~  > 1 ,  
whereas v , ~ ,  < 1 corresponiis to the forma- 
tion of one nanometer-sized diarnonii for 
several flssion fragments ( o n  average). T h e  
parameters vU and xCy are iieflned similarly 
for a recoil nuclei. T h e  total Illass of iiia- 
~ n o ~ l d  fc~rnle~i (MD) can be cxprcsscii as 

observation of i i ia~nond in well-stuiiied ion- 
i ~ l l ~ l a n t e d  carbons. 

Recent stuil~es have shown that it IS not  
difficult to fc~rm nanometer-sized diamonils. 
In  fact, several areulnents have been nlacie 

diameter of their damaged cores 1s estitnat- 
eii a t  2.5 nm (161, corresponding to a vol- 
L I I ~ C  of l Q p l b  ~ 1 ~ 1 '  or -10' d~sp lace~ i  atoms. 
T h e  rate of '3'U a decay is more than six 
orders of magnitude greater than that of 

that for nanometer-sired crystals, diamond 
\voulJ be more stable than graphite (23).  
T h e  synthes~s of nanometer-s~red dia~llonds 
has been a c h ~ e ~ ~ e i i  with different laboratory 
tcchniilues, including chemical vapor dep- 
osition (24),  explos~ve detonation (2.51, and 
laser ~rra i i~at ion (1 I ) .  T h e  conJitions pro- 
duced by the  ionizing radiation of a laser 
might be sinlilar to those present within the  
ion~red channels fornled iiurina the  intense, 

~vhcre  p is the density of diamond and r is 
a n  cffect~ve sphcr~cal radius corresponding 
to the average volume of the nanometer- 
sired iliamonds. HRTEM results indicated 1 
11111 5 r 5 20 nm; a conservative estimate of 
r = 8 11111 (-3.8 x 10' atoms) yielded an 
M, of Q.92 vtxi t 6.7 X l@%cyX~y mg, or 
-0.92 v , ~ ,  t 6.7 x l@"c,X, for the mass 
fraction of the  ca rhuran i~~m acid resdue 
that can he in the  form of diamonii. 

spontaneous fission into t\vo heavy frag- 
ments and results in a recoil n ~ ~ c l c ~  (-I@@ 
keV) and a part~clcs (-4 MeV). Ho~vcver,  
the  range of a recoil nuclei is very short, 
- I@ nm, lcss than one-thousandth of that 
of fission fragrnents (1 7). 

Several theories have been uronoseil t o  
iiescribc the  mechanism b\- which encrget- 
IC particles produce catastrophic disrup- 
t ion of solids. Appreciable lattice damage 
occurs when the  total energy dissipation 
rate of a n  energetic particle is above some 
critical value characteristic of the  partic- 
ular solid heing traversed (13) .  A high- 
energy particle traversing a solid will rap- 
idly heconle stripped of all or some portion 
of its orbital electrons. A t  these high en-  
ergies, the  i lo~ninant  energy-loss mecha- 

short-duration h c a t ~ n g  events produccii as 
hlgh-energy f~ssion frag~nents penetrate sol- 
~d carbonaceoi~s material. hlorcovcr, the 
rapid the r~na l  qucnch~ng  that results from 
contact with the  hulk material may favor 
the  formation of metastable nhases. There- 

T h e  relative contributions to  i i ~ a ~ r ~ o n d  
fornlation fro111 fission fragments and a 
recoil nuclei are heavilv d e ~ ~ c n d c n t  o n  

fore, it is possihle that diamond might re- 
crvstallize from a catastronhicallv iiisor- 

, L 

geometrical factors. T h e  ~ ~ r a n i l ~ r n  in car- 
huranium is thought to  be in the  form of 
~ ~ r a n i u m  oxides, either ahsorhed in hy- Liered region proiil~ced by an  energetic 

heavy ion. 
T h e  Inass fraction of nanometer-sireii 

drous carbon compouniis or present as Jis- 
crete micrometer-sized grains (27) .  Dis- 

d ia~nonds that could forlll in carburanium 
by the interaction of spontaneous decay 
fraements of uranium w ~ t h  carbonaceous 

nism fur an  ionized particle arises from the  
Coulomh interactions hetween the  high- 
vclocitv ion and the  electrons attached to 

crete grains represent the  most limiting 
case for interaction ~ v i t h  carbon. If 50 Frn 
is used as a conservative uvner limit h r  

the  atoms in the  solid; this interaction 
results in  an  electrc>staticallv unstal3le ar- 

CY 

grains can be estimated. T h e  average num- 
ber of fission franlllents that interact with 

L L 

t he  uranium oxide grain size, the  fractions 
of decav fraements that  escane the  i~ ran i -  

ray that  breaks apart (19) .  ,4t low ener- 
gies, the  ion recombines with free elec- 
trons and the  dominant energy-loss mech- 

carbonaceous grains depencis o n  the  sire 
distribution of the  uranium oxide grains and 
their dispersion in the carbonaceous assem- 
blage. T h e  number of a recoil nuclei that 
interact ~ v i t h  carbonaceous erains IS rnore 

, ~ 

um grains are, respectively, v, > 0 .8  and 
vcy > 6 x l o p %  T h e  rnass fraction of 
d i a ~ n ~ n d  estimated 111 the  carhuranium 
residue (<@.03'% hy \ve~gh t )  suggests X, < 
0 . 1 4 ~  and x,, < 2.5 X 1 0 p ' ( l  - T ) ,  \ h e r e  
s reflects the  relative contribution to dia- 
mond formation by fission fraglnents and 
a recoil nuclei. Because nlodest formation 

anism is atollllc collisions, resulting in a 
cascade of lattice d i s~~ lacemcnts  (20) .  

T h e  irracllat~on of coallike material and 
a~llorphous hyiirogenated carhon results 111 

structural rearraneement: C-H bonds are 

critically dependent o n  these details be- 
cause of their lilnitcii range (10 nm) ;  only a 
fraction mav cscane the uranium oxide 

broken, resulting in the formation of both 
sb' and sb3  C-C boncls. T h e  radiochemical 

grains. Consequently, a recoil nuclei could 
reach lcss carbonaceous miaterial in the  car- 

efficiencies can account for the  Inass of 
dia~nonils ohscrved, it appears plausible 
that a radiation lllechanlsnl can produce 
nanometer-sized iiiamonds. 

T h e  nature of the iiiamond ohserveii in 

dehydrogenation of uraniurn-rich natural 
coal was studied by Ergun et al. (21 ). Diibeli 
et a/. (22)  sho~veii that the  conductivitv of 

huranium assernblagc and \voulii likely af- 
fect only the  outermost surfaces of the car- 
bonaceous grains. 

Within  the  tracks of iiisrupteii carhon 
atoms, the  total number of nanometer-sized 
iiiamonds (Nl,) produced by fission frag- 
ments and a recoil nuclei is given by 

, , 

a m o r p h o ~ ~ s  carhon filllls increased by sever- 
al orders of magnitude upon irradiation 
with 15-L4cV C1 ions, and they suggesteil 
that increased conductivity resulted fr1.om 
the formation of graphite microcrystallites 
along the tracks. This does not preclude the 
possibility of the formation of nanometer- 
sized cliarnonil along ivith the graphite; re- 
sistivity measurements are likely insens~tive 
to the formation of snlall amounts of nano- 

carburanium is different from that in car- 
bonado. Carhonado aggregates as large as 
8@0 carats (16@ g) with less than 20% of 
their volume in the fornl of nlineral inclu- 
sions have hcen fc~und (25) ;  the  individual 
i i ia~nond crystallites in  carbonado aggre- 
gates can reach 20 y m  (29).  In  contrast, 
carhuranium contains a iiisncrsion of -500- 

where A, = 8.46 X 1Qp" yearp' and A = 
1.55 x 1 0 - "  year-~'  (26) ;  these are the 
2 3 3 ~ 1  decay constants for spontaneous fis- 

sion and total Jecay ( a  t fission), respec- 
tively. Nu is the  number of uniiecayeii "'U 
atoms in the  carhuranium specimen, t is the 
age of the carburanium, v, is the fraction of 
fission fragments that interact with carbo- 
naceous grains, and xi is the  average effi- 

nnl poiycrystalline aggregates comprising 
nanometer-sized iiialnonii crystals, and the 
f r ac t~on  of dialnond present in hulk carbu- 
ranium is <0.@@1% by weight. 

C a r b ~ ~ r a n i u m  represents a n  ideal natu- 

meter-slreci iiiamonLi. Under appropriate 
conditions (proper ion mass, ion energies, 
and fluences), a carhonaceoi~s target might 

ral environment for radiation-induced di- 
a ~ n o n d  fornlation because it is a fine- 
graineel, L - r i ch  carbonaceous rnaterial 
with a n  exposure age that  is ahout one- 

produce an  appreciable amount of nano- 
meter-sized ii~amonds in ailciition to trra- 
phitic carhons. However, typical diamonil 
formation efficiencies might he relatively 



third the age of Earth. Nevertheless, the 
mass fraction of diamond observed in car- 
buranium is several orders of magnitude 
smaller than that of carbonado. This Dre- 
sents a serious difficulty if a radiation pro- 
cess is to account for carbonado formation. 
Mass transport problems must be ad- 
dressed; because <20% of the volume of 
carbonado is not diamond. some transDort 
mechanism would have to concentrate di- 
amond grains into large aggregates while 
removing the displaced uranium oxides 
and decay products. Because carburanium 
contains 500-nm polycrystalline aggre- 
gates, a sintering mechanism would then 
be required to coalesce these radiation- 
formed aggregates into the micrometer- 
sized single crystal grains typical of car- 
bonado. These factors indicate that a ra- 
diation mechanism alone cannot satisfac- 
torily explain the formation of carbonado. 
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Impact Origin of the Chesapeake Bay Structure 
and the Source of the North American Tektites 

Christian Koeberl,* C. Wylie Poag, Wolf Uwe Reimold, 
Dion Brandt 

Seismic profiles, drill core samples, and gravity data suggest that a complex impact crater 
-35.5 million years old and 90 kilometers in diameter is buried beneath the lower Ches- 
apeake Bay. The breccia that fills the structure contains evidence of shock metamor- 
phism, including impact melt breccias and multiple sets of planar deformation features 
(shock lamellae) in quartz and feldspar. The age of the crater and the composition of some 
breccia clasts are consistent with the Chesapeake Bay impact structure being the source 
of the North American tektites. 

T h e  recently discovered Chesapeake Bay 
structure is a complex peak-ring crater 
buried 300 to 500 m beneath the lower 
Chesapeake Bay, its surrounding peninsu- 
las, and the adjacent inner continental 
shelf ( I ) .  The crater is centered at 
37'16.5'N and 76'0.7'W, near the town 
of Cape Charles on Virginia's segment of 
the Delmarva Peninsula (Fig. 1). The ex- 
istence of this unusual circular structure 
was determined on the basis of 10 mul- 

sedimentary sequence rests on a crystalline 
basement complex comprising granitic 
and metasedimentary rocks of Proterozoic 
to Paleozoic age (2). Flexural downwarp- 
ing due to thermotectonism and sediment 
loading (3) has tilted the surface of the 
crystalline basement eastward toward the 
axis of the Baltimore Canyon trough (4). 
The seismic ~rofiles indicate that the floor 
of the eastern sector of the annular tro,ugh 
also steeDens eastward, and as a result the 

tichannel seismic-reflection profiles trough is' deeper in the east (Fig. 2). The 
transecting the bay and 3 single-channel faulted rim of the structure has undergone 
profiles on the inner continental shelf, as similar differential eastward subsidence. 
well as 56 bore holes drilled inside and Bore-hole samples showed that the 
outside the crater rim ( I  ). The seismic structure is partly filled with a unit termed 
profiles define the outer rim of the struc- the Exmore breccia, which is mainly com- 
ture. which is 90 km in diameter and is Dosed of autochthonous sedimentarv clasts 
marked by concentric normal faults that in a sandy matrix but also contains milli- 
dip down toward the crater (Fig. 2). A meter- to centimeter-sized basement clasts 
flat-floored annular trough 300 to 1200 m 
deep separates the outer rim from an ir- 
regular, low-relief peak ring (maximum 38" 

height, -175 m) (1 ) .  The peak ring, in 
turn, encircles a 30-km-wide inner basin 
with an estimated depth of 1 1 . 2  km. 

Correlation of bore-hole stratigraphy 
with seismic reflection profiles showed 
that the preimpact coastal plain rocks 
consisted of a seaward-thickening wedge 
of mainly Lower Cretaceous to upper Eo- 
cene, poorly lithified, and mainly silici- 37"N 
clastic sedimentary rocks (Fig. 2). The 

C. Kceberl, Institute of Geochemistrv. Universitv of Vi- 
enna, ~lthanstrasse 14, A-1090 ~ienna, Austria. ' I I 

77" 76" 75"W 
C. W. Poag, U.S. Geological Survey, Woods Hole, MA 
03543 l ISA Fig. 1. Location map showing the crater rim as - - - . - , - -. . . 
W. U. Reimold and D. Brandt, Department of Geology, defined by seismic reflection profiles and drill 
University of the Witwatersrand, Johannesburg 2050, cores. A-A' is cross section shown in Fig. 2. Solid 
South Africa. dots are drill core locations: N, Newport News; W, 
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