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The distribution of U and P11 in the St. Severin chondrite* 
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Abstract-A detailed study of the U distribution of the St. Severm chondrite has been made by fission 
track radiography in order to clarify the interpretation of fission Xe thermal release data in terms of the 
mineralogical loca£ion of the fission Xe within the meteorite. This is of importance because the 

ratio for St. Severin has been widely adopted as the average solar system value. The U 
contents of the constituent minerals cannot account for the total rock U which, instead appears to be 
primarily localized on grain boundaries. The greatest localizations of U are in olivine-poor, orthopyrox
ene-rich 'clasts'. Our data coupled with those of PODOSEK (1970a) show that 244Pu in St. Severin was 
also located on grain boundaries and that the bulk of Pu and U are unfractionated within this meteorite. 
Due to recoil. the 244Pu fission Xe is found in 10 micron surface layers on major phases. Assuming that 
the grain boundaries (on which the Pu was located) was formed during metamorphism, the 244Pu 236U 
ratio for St. Severin applies to a time subsequent to the textural recrystallization of the meteorite. Our 
data support the interpretation of Podosek and our best estimate of the solar system 244Pu/ 238U is 
0.015. 

INTRODUCTION 

Inspired by the measurement of a relatively high 
(0.03) 244Pu;238U ratio in a separate of whitlockite 
[Ca3(P04),} from the St. Severin chondrite (WASSER
BURG er al., 1969a), many calculations on the time 
scale for galactic nucleosynthesis have been published 
(see. e.g., HoHENBERG. 1969; w ASSERBURG et aL 
1969b; SCHRAMM and WASSERBURG, 1970; FOWLER. 
1971 ), showing that the 0.03 value required a rela
tively late injection of r-process elements immediately 
prior to the formation of the solar system. However, 
interpreting 0.03 as the solar system abundance ratio 
for 244Pu/238U involved the assumption that Pu and 
U are not geochemically fractionated. The well 
known constancy of Th;U at 3.8 (MORGAN and 
LOVERING, 1968; ToKsbz and JOHNS'!DN, 1977) sup
ports this assumption; however, assuming no frac
tionation is particularly suspect when the Pu/U ratio 
is obtained from the analysis of a specific mineral. 
Based on a stepwise heating measurement of the 
heavy Xe isotopes in a neutron-irradiated St. Severin 
sample, PoOOSEK ( 1970a b, 1972) reported a 
244Pu/238U ratio for a total rock sample of St. 
Severin of 0.015, which was interpreted as indicating 
that Pu was enhanced relative to U in whitlockite and 
that 0.015 should be used for the solar system 
244Pu/238U ratio. 

GANAPATHY and GROSSMAN (1976) questioned this 
interpretation, arguing that the whitlockite Pu/U 
ratio was difficult to understand relative to the other 
minerals in St. Severin and, thus. that St. Severin was 
probably a disequilibrium assemblage, formed from 
materials of fractionated Pu/U ratio. O<oZAZ (1974) 
reported a high Th;U = 10 for whitlockite from St. 

*Caltech ContribUtion No. 3211. 

Severin, which challenges the whitlockite Pu1U ratio 
as the solar system abundance ratio. Laboratory par
titioning measurements (BENJAMIN et al., 1978) indi
cate, at least for the experimental conditions under 
which the samples were synthesized. that Pu is prefer
entially incorporated into whitlockite over both Th 
and U, demonstrating that the whitlockite Pu;U is 
probably too high. However, Crozaz found no other 
significant U-bearing phases other than phosphates in 
St. Severin. She concluded [as had W ASSERB!JRG et al. 
(1969a) previously] that phosphates accounted for a 
small proportion of the U in the meteorite. 
Thus, the sources of the fission Xe on which the 0.015 
value of Podosek was based were still unknown. 

LUGMAIR and MART! {1977) and w ASSERBURG et al. 
(1977) have shown that the Pu/Nd ratio is constant 
for whitlockite and clinopyroxene in Angra dos Reis 
and have proposed that this ratio be used for 244Pu 
chronology rather than 244Pu/238U. MARTI et al. 
(1977) point out that the Pu;Nd ratio of Angra dos 
Reis is also found in Juvinas and in melilite from an 
Allende coarse-grained inclusion and further propose 
that a solar system 244Pu; 238U ratio of 0.004 be 
adopted where this value is calculated as the product 
of the Angra dos Reis (Pu/Nd) ratio and a chondritic 
(Nd/U) ratio. The relationship of this result to the 
O.G! 5 value from Podosek for St. Severin is unclear. 

It appeared to us that a detailed study of the distri
bution of U in St. Severin would help in understand
ing the Podosek data in a petrographic context. The 
basic issue is the interpretation of the fission Xe data 
in terms of the mineralogical sites of 244Pu in the 
meteorite. Knowing these sites should provide an im
proved basis for the evaluation of the 
244Pu/238U = O.D15 value as the solar system aver-
age. 

1895 
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EXPERIMENTAL 

Six polished sections of ..... 45 mm1 each were prepared, 
covered with mica fission track detectors, and irradiated 
with neutrons to a ftuence of -1-2 x 1018 n/cm2

• Prior to 
irradiation all samples were ultrasonically cleaned in 100°~ 
ethanol with a final cleaning stage of spectro-quality meth
anol. Standards were 368 ppb U glass. as determined by 
isotopic dilution. The amount of contamination on the sec
tions was assessed from the background track density on 
those portions of the mica exposed to the epoxy in which 
the sections were mounted. The section with the lowest 
background track density {equivalent to about 2 ppb U. 
similar to the range. l.2-1.9 ppb, observed on blank epoxy 
discs) was selected for detailed mapping. The other sections 
were only scanned for high track density phases ( > 50 ppb 
U ). However. since any localized area can be influenced by 
contamination. we have measured the U concentrations of 
the major. but U-poor. minerals, olivine and orthopyrox
ene. by direct etching of irradiated grains. Prior to irradia
tion these grains were sealed in quartz vials while under 
vacuum and then annealed at 80<YC for l hr. For oHvine 
and orthopyroxene. this annealing should remove all cos
mic ray and fossil fission tracks (FLEISCHER et al., 1975; 
CARVER and ANDERS. 1976). 

To assure proper etching conditions, test grains of St. 
Severin olivine and orthopyroxene were irradiated with 
252 Cf fission fragments. Etchants and etching times 
reported by LAL et al. (1968) were found to be suitable. All 
grains on which tracks were counted were identified using 
the electron microprobe. The irradiated grains were 
mounted in epoxy and polished such that at least 10 mic
rons of material was removed; thus. any U surface con
tamination on the grains cannot contribute to the observed 
track density. We assume that the track density on the 
mterior surfaces of our irradiated grams is twice that which 
would have been observed on a polished surface in contact 
with our external mica detector. This factor of 2 is not 
exactly correct (REIMER et aL 1970) but is sufficiently accu
rate for our purposes. For phosphates, U concentrations 
are based on the central track densities from SEM photo· 
graphs from lightly-etched (8 min) mica detectors. 

RESULTS 

In order to calculate the fraction of the totaJ rock U 
which is accounted for by any given mineral. it is necessary 
to know the. modal abundances of the various phases. We 
have uuJized modes obtained in two ways: (1) calculated 

from bulk chemical and mineral compositions: and (21 
observed by direct measurement over ..... 25 mm2 on our 
best section. Our mineral analyses (Table 1) are consistent 
with representative LL chondrite data. as given by V Al" 

SCHMUS (1969). For method (l) we used the bulk ana!yS1s of 
JAROSEW1CH and MASON (1969), but analyses reported by 
MULLER (1968) or by 0RCEL et al. (1967) are in good agree
ment and would have given essentially the same mode. The 
directly measured modes [method (2)] were obtained with 
an automated microprobe point-count procedure (ALBEE et 
al .• 1977). St. Severin is known to have a light-dark struc
ture (WASSERBURG er aL 1969a) which is presumably the 
result of impact brecciation. The specimen from which our 
sections were made is primarily dark material, but we have 
also measured a mode for the light material for compari
son. Measurements were made of 1800 and 1500 points 
respectively for the whole rock and light sections. The 
various modes given in Table 2 show distinct differences. 
Although our section appears to be metal and sulfide defi
cient compared to abundances expected from bul~ chemi
cal data. the light material is especially deficient m metal 
and sulfide. and it appears to be depleted in orthopyroxene 
as well. The mode for the dark material is closer to the 
mode from the bulk chemical analysis but is still deficient 
in opaques and orthopyroxene compared to olivine .. ~nd 
plagioclase. For our purposes we adopt the mode fo'r the 
'best' section in Table 2. for which most of our U data 
apply; however. our conclusions would be unchanged if the 
mode from the bulk analyses were adopted instead. 

Table 3 gives a summary of our U analyses for the 
varlous phases in St. Severin. Oh.vine systematicall.Y 
excludes large-ion lithophile elements; consequently, it ts 
observed to be essentially devoid of U. This also shows up 
clearly in sections where large, rellct olivine chondrules 
define essentially track-free regions. 

Because U has no known siderophile or chalcophile 
character, well located sulfide and metal grains in our irra
diated section yield very low U contents, The limits given 
in Table 3 correspond to only a few grains; much lower 
limits could be obtained but this does not seem worth
while. Our results are consistent with those of REED and 
TURK.EVICH (1955) for iron meteorites ( <0.5 ppb) and those 
ofTATSUMOTO et al. (1973) or REED et al. {1960) for troilite 
from iron meteorites (0.1-1 ppb). These results are given as 
limits because we have no way to correct for the effects of 
contamination on localized areas on sections at these con~ 
centrations. In general no contamination corrections have 
been applied to Table 3. Because of small grains the chromite 
value may be high, but given its low modal abundance. 

Table l. Representative ele<:tron microprobe analyses of St. Severin minerals (wt%) 

Olivine Orthopyroxene Oinopyroxene Plagioclase Chromite Whitlockite Chlorapatite 

Na,o NA 0.01 0.78 9.60 2.83 0.31 

MgO 36.67 28.10 16.27 1.91 3.43 0.03 

AJ,O, 0.11 0.93 21.56 5.43 

SiO, 37.93 55.68 53.66 66.68 0.04 0.08 

CaO 0.05 0.82 21.08 2.25 46.92 53.78 

Ti02 O.QJ 0.17 0.36 4.19 NA NA 
Cr20 3 0.15 0.24 0.64 NA 52.69 NA NA 
MnO 0.48 0.45 0.33 NA l.11 NA NA 
FeO 27.81 16.49 5.90 0.68 33.11 0.48 0.12 

NiO 0.04 NA NA NA NA NA NA 
K,O NA NA NA 0.91 NA NA 

46.14 41.21 P20, 
NA 0.90 F 

a NA 3.45' 

Total 103.14 102.02 99.94 101.78 98.46 99.83 98.99 

NA ::$: not analyzed. . . . . . . 
a the measured halogen abundances would fill only about 3/4 of the ha.Iogen sne m st01ch1ometnc _ap~t1te. This may 

reflect site vacancies, systematic errors in microprobe F analyses or, conceivably, some hydroxyl substnuuon. 
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Table 2. Modal abundance of St. Severm mineralsa 

From chemica\ Point-count Point-count Dark structure 
Mineral analysisb 'best' section light structure calculated<: 

Olivine 54 62 79 55 
Orthopyroxene 19 !9 3.7 25 
C1inopyroxene 6.2 5.1 6.8 4.5 
Plagioclase 10.3 10.3 9.9 10.5 
Troilite 5.8 1.7 0.2 2.4 
Metal 3.2 1.0 0.1 1.4 
Chromite 0.82 0.6 0.5 0.6 
Whitlockite 0.48' 0.47 

{ O.ot { 0.73 
Chlorapatite 0.024 

~ modal data in wt0,~. 
busing bulk analysis of JAROSEWICH and MASON (1969) and mineral analyses from 

Table 1. 
c cakulated assuming 'Best' Section = 70% dark + 30~/~ light. 
'assumes all Pin whitlockite; if 121 ppm a (QUUANO-Rtco and W:O.NKE, 1969) assumed 

to be in chlorapatite, 035?~ chlorapatite and 0.15?~ whitlockite is calculated. See text. 

it makes an insignificant contribution to the whole-rock 
uranium content. Our whitlockite analyses are in agree
ment with others from the literature (CANTELAUBE et al .. 
1967; CJwzAz, 1974: l'ELLAS and STORZER, 1975; MANHES 
et al .. 1978). Crozaz reported one chlorapatite grain in her 
St. Severin sections: in contrast, we observed two large 
(lQ0--.200 micron) and seven small ( S: 50 micron) chlorapa· 
tites. Our apatite U concentration agrees with Crozaz. but 
is somewhat higher than values of 3. 7 and 4.8 ppm: 
reported for two grains by PELLAS and STORZER (1975). 
Our adopted modal abundance is an area-weighted aver
age of the grains seen in our sections and those of Crozaz. 
Despite the greater abundance of chlorapatite in our sec
tions, the phase still makes only a small contribution to the 
whole rock U. However, it should be noted that if all the 
chlorine in St. Severin (121 ppm; QuuANO-R1co and 
WANKE. 1969) is assumed to be in chlorapatite, then all of 
the U in the meteorite could be accounted for by this 
phase. Given the relatively high U concentration, chlorapa
tite grains greater than -1~3 microns in size would be 
readily spotted. Therefore, if only grains greater than this 
size are considered. there is a material balance problem for 
chlorine as well as U. We cannot rule out that submicron 

Table 3. U concentrations of St. Severin minerals 

Mineral 

Oh\.·lne 
Orthopyroxene 
Clinopyroxene 
Plagioclase 
Troilite 
Metal 
Chromite 
Whitlockite 
Chlorapatite 

u (ppb) 

Whole rock 
contribution 

(ppb)'' 

0.3 ± 0.1 0.18 
2.9 ± 0.2 0.54 
5.3 ± 1.4 0.28 
3.2 ± 0.5 0.33 

< 1.3 <:O.o2 
< 1.8 <0.02 

4.7 ± 0.7 0.03 
276 ± 16 1.30 

6775 + 360 1.63 
- Total = 4.3 + 0.5 

Whole rock value: 14 ppb-PELLAS (pers~nal communi
cation). 16ppb--FISHER (1972). ll ppb--This work. 

a Utilizing mode from 'best section', Table 2. Except for 
apatite where 0.024~~ was used. See text. 

b Correction for fission fragment range differences in 
minerals relative to glass standards has been applied based 
on ranges calculated by NmtTHCLIFFE and SCHlLLING 
( 1970). Except for metal and sulfide corrections are less 
than 9~~-

ch\orapatite grains contain aH the U in St. Severin. but this 
does not change any subsequent conclusions. 

We were not able to etch tracks in St. Severin plagio
clase because the grains are highly fractured (shock?) amt·· 
dissolved before tracks were revealed. Consequently. the 
plagioclase U content in Table 2 is based on ptagiodase 
grains mapped in our 'best' section. Our plagioclase U 
content is based on only a few grains; however. track 
densities over small plagioclase grains in the sections con
clusively show that U is not concentrated in this mineral. 
Given the low plagioclase abundance. 160 ppb would be 
required to account for the total .U and this can unequivo
cally be ruled out. For comparison, anorthitic feldspars 
from lunar rocks (CROZAZ et al., 1970) and achondrites 
(CARVER and ANDERS. 1976) have low (<I ppb) U contents. 
If there is a significant amount of surface contamination. 
even on our best section, the plagioclase U content will be 
somewhat high. 

Figure I shows a grain by grain breakdown of our orth
opyroxene concentrations, plotted against the area of the 
grain which was scanned. Some studies have shown that U 
content is a decreasing function of grain size for igneous 
rocks (see, for example, BURNEIT et al., 1971 ). There is no 
obvious correlation but large errors for individual grains 
prohibit strong conclusions. Secondly. such a correlation 
would only exist statistically because the grains were 
extracted from a crushed sample. Thirdly, the area scanned 
is smaBer than the actual grain area because of the pres
ence of opaque inclusions and of badly corroded regions 
from etching. These prevent tracks from being counted on 
alt portions of the grains., and this difference in area 
scanned and grain area win also put scatter into F1g. 1. 
Nevertheless, the results are consistent with a uniform 
(equilibrated) orthopyroxene U content as shown by the 
inset in Fig. 1. The inset shows that all but 3 of 30 grains 
lie within ± 2 standard deviations from the mean. Many of 
the grains counted have fractures which may be natural 
cleavages. Any U in these fractures could produce fission 
tracks leading to high apparent U concentrations for the 
orthopyroxene. U localizations in clinopyroxene cleavages 
have been documented by BHANDARI et al. (1971). In one 
grain, excluded from Fig. 1, we saw tracks arising from 
such cleavages. According to Pellas (private communica
tion, 1977) the U concentration for St. Severin orthopyrox
ene is given incorrectly in LAL et al. ( 1969), with the actual 
value being 7 ppb. This is about a factor of 2 higher than 
our concentration of 3 ppb. The 7 ppb figure was based on 
a measured neutron flux rather than by direct comparison 
with a U standard, and this may be a source of some of the 
discrepancy. However, even at 7 ppb. orthopyroxene would 
only account for - 10% of the total rock U. Our orthopyr-
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Area Counted tor Tracks (in cm 2) 

Fig. I. U concentration in orthopy~xene (in ppb} vs area scanned for tracks. Inset in upper right shows 
the distribution of the deviation (L\..) of each point from the average divided by its standard deviation (a,) 

based on counting statistics. Most points are within D./a = ±2. 

oxene U contents are much higher than those for large 
orthopyroxene grams from achondrites (CARVER and 
ANDERS, 1976), even though the achondrite total rock U 
contents are much higher. This difference is somewhat sur
prising, and it suggests that our apparent orthopyroxene U 
contents are high because of tracks originating from frac
tures or from grain boundaries. It is possibly significant 
that the lowest U concentration was observed on our most 
perfect crystal (ploned at -5.5 on rhe inset to Fig. I J. 

A priori. dinopyroxene was the most likely mineral to be 
a major source of U. In fact. some discussions of the Pu 'U 
fractionation for St Severm have alreadv assumed that this 
was determined by partitioning between. clinopyroxene and 
whit!ockite {SEITZ er al.. 1974; GANAPATHY and GROSSMAN. 
1976). Large clinopyroxene grains in St. Severin are very 
rare, as indicated by the fact that this mineral was not 
reported in two previous petrographic descriptions (0RCEL 
et al., 1967; JAROSEWICH and MASOS. 1969). Our identifica
tion of this mineral as chnopyroxene is based on micro
probe analyses (Table l) and the fact that diopsidic clino
pyroxene is a well-known constituent of ordinary chon
drites. Based on four, approximately JOO micron, grains in 
our best section, the average U concentration is 5.7 ppb. 
with a total range in concentration from 4.4 to 7 .7 ppb. 
Again, this value may be slightly high if there is significant 
contamination for this section. Most importantly, clinopyr
oxene grains greater than 20 µ with 80 ppb U (the amount 
required to dominate the total rock U) would produce 
distinctive clusters of tracks (stars) in our irradiated sec
tions., and these are definitely not present. 

Table 3 combines the measured U mineral contents 
and the modal abundances to calculate the fraction of 
the total rock U which can be accounted for by each 
phase. Table 3 shows that the total rock U content of 
St. Severin cannot be accounted for by the U contents 
of the principal minerals, at least for larger ( > 20 mic
ron) grains. The preceding discussion indicates that 
the uncertainties in the mineral analyses tend to lead 
to high U contents; thus, this conclusion is quite firm. 

The whole-rock U concentration of FISHER (1972) 
(16 ppb, with ± 10~~ agreement among four duplicate 
analyses) appears reasonable compared to other 

literature chondrite U concentrations. Random scan
ning over our best section gave 11 ppb; by the same 
method, CROZAZ (1974) found 9-14 ppb, and Storzer 
and Pellas (private communication) found 
13.8 ± 1.4 ppb. The radiogenic 4 He data of MARTI et 
al. (1969) correspond to a 4.5 x 109 yr. U-He age if 
11 ppb U and Th/U = 3.8 is assumed. All of these 
measurements are reasonably consistent. We shall 
adopt 11 ppb as measured for our section. Thus. the 
rock sections have the U. but our analyzed mineral 
grains do not. 

In order to obtain a more detailed view of the 
actual U distribution. the mica detector for our best 
section was given a Jong (30 min) etch to make the 
235 U fission tracks readily visible at low magnifica
tion. The fission tracks are not randomly distributed 
but are concentrated in broad (hundreds of microns). 
comparatively fine-grained (20-30 microns) regions 
that are rich in orthopyroxene, clinopyroxene and 
plagioclase and are nearly devoid of olivine. The U 
content in these regions is -4-0 ppb. It may be profit
able to think of St. Severin as a breccia with these 
fine-grained, olivine-poor areas as 'clasts'. These 
'clasts' appear to be contained within the dark breccia 
fragments, consistent with our observation of low 
orthopyroxene contents in the light material. Not all 
fine-grained areas have high U contents, however. 

In light of the foregoing discussion, we conclude 
that the U in St. Severin is conce;.trated on grain 
boundaries or interstitial phases in the fine-grained 
olivine-poor clasts, with the amounts of interstitial U 
varying from clast to clast. 

We have attempted to observe directly a correlation 
between track patterns and grain boundary locations in the 
track rich areas. This comparison is difficult because: (a) 
there are too few tracks to delineate clearly an image of the 
grain boundary distribution, (b) the fiss10n fragment range 
{ - IO microns) is comparable to many grain radii making 
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(a) 

(b) 
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I 

Fig. 2. Detailed view of U fission tracks for a St. Severin 
section irradiated to - l0 19n,cm 2

. Part (a) is a superposi
tion of the gram boundaries and the fission tracks (dots) on 
the mica detector affixed to the meteorite during the irra
diation. Part (b) is a map identifying the minerals corre
sponding to the grains in (a). The nominal track locations 
have been shifted relative to the meteorite secuon by an 
amount given by the arrow in (al to get a better fit of the 
.. holes .. in the track distribution to the large olivine grains. 
The average U concentration of the area drawn is 11 ppb. 
Given the 10 micron range of fission fragments, a grain 
boundary distribution is hard to observe directly. but the 
data shown are· consistent with this hypothesis. particularly 

the boundaries illustrated by the path ABC. 

a grain boundary correlation difficult to recognize. (c) there 
are uncertainties ( -15 microns) in relating positions on the 
mica detectors to the corresponding sample locations and 
{d) a small gap between the sample and mica detector will 
blur any small scale track pattern. The problems involved 
in trying to demonstrate the grain boundary-U correlation 
are illustrated in Fig. 2. Polished (cm-sized) slabs of St. 
Severin were covered with mica detectors and irradiated 
with a thermal neutron ftuence of ..... 1019/cm 2 (slabs were 
used because epoxy cannot survive this fluence). Several 
relatively coarse-grained areas (80-100 micron grains) were 
selected prior to irradiation. Fig. 2a shows the detailed 
track-grain boundary comparison for the area selected for 
detailed analysis. Figure 2b (based on microprobe data) 
identifies the minerals in Fig. 2a. Each dot in 2a represents 
the point of exit of a single fission fragment from the 
sample. but it should be emphasized that the location of 
the fissioning U atom may be as much as 10 microns 
removed from the point of exit and larger if there is a gap 
between sample and detector. Figure 2a is a 'best fit' in the 
sense that the large 'holes' in the track map were matched 
to the large olivine grains by a small translation (:::::: 20 mic
rons, indicated by arrow in 2al relative to the 'absolute' 
locations of the tracks determined by matching large phos
phate grains (elsewhere in the section) and corresponding 
localizations of tracks (stars) on the mica detector. This 
amount of translation is acceprable within the errors of 
locating the absolute position of a given fission track on a 

section. The area pre-selected for analysis turned out to be 
rich in clinopyroxene and free of orthopyroxene. The aver
age U content defined by the tracks shown in Fig. 2a is 
11 ppb indicating lack of significant contamination. Inter
pretation of the track patterns is complicated by the pres
ence of the fine-grained phases: nevertheless. the features 
of the track patterns, particularly the concentrations along 
the boundaries ABC (Fig. 2b~ are best accounted for by a 
grain boundary U distribution. The overall track patterns 
in our sections are not well matched by postulating tha1 
the U is concentrated in small clinopyroxene grains. 
although that model could not completely be ruled out for 
the area shown in Fig. 2. 

Our assignment of U to grain boundary locations is thus 
primarily indirect, but it is required by the mineral results 
and not ruled out by the actual observed track distribu
tions. 

DISCUSSION 

Based on the data of Table 3 and the actual fission 
track distribution over polished sections of St. 
Severin, we find that at least 50~ ~ of the U resides on 
grain boundaries, preferentially in tine-grained oli
vine-poor 'clasts'. Fission fragments from fission 
events along these grain boundaries-both 244Pu 
spontaneous fission. 4.6 x 109 yr ago and the 235 U 
neutron induced fission produced by reactor irradia
tion during the analysis by PooosEK ( 1972)--will 
recoil into the surrounding mineral grains. If our 
observation of U localization in orthopyroxene-rich 
clasts is generally valid more fission Xe will be found 
in orthopyroxene, but there will still be significant 
recoil into olivine. feldspar and clinopyroxene. We 
conclude that the fission Xe measured by Podosek 
arose from the outer 10 micron layers of major 
phases. 

Podosek found a linear array of stepwise-heating 
Xe isotopic data (for a reactor-irradiated St. Severin 
sample) when plotted on a 130Xe/ 132 Xe vs 
134Xe/ 132 Xe correlation diagram. Taken at face value 
this linear array indicates that the heavy Xe isotopes 
in St. Severin could be regarded as a two-component 
mixture of fission Xe (from both 244Pu and neutron
induced 235U fission) with an ambient 'trapped' Xe 
component similar to that found in carbonaceous 
chondrites (A VCC). The fact that different tempera
ture fractions showed variations in these isotopic 
ratios indicated that the fission and trapped Xe com
ponents were located at different sites in the meteor
ite: otherwise no isotopic variations would have been 
observed. Extrapolation of the correlation line to the 
130Xe/ 132Xe = 0 axis yielded the 134Xe; 132Xe ratio in 
the fission component, and from this a 244Pu '238U 
ratio was calculated. The fact that only one fission 
component was observed (i.e., the data formed a 
linear array) suggested that Pu and U were unfrac
tionated. In relating our work to the stepwise heating 
data, it is useful to consider two (perhaps oversimpli
fied) scenarios: 

I. When the amounts of fission Xe released in the 
various temperature fractions are considered most 
( - 60%) of the fission Xe is found in the I 300- l 500°C 
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temperature fractions. However. the spread in the iso

tope ratios which permits the calculation of a 
244Pu; 238U ratio is obtained from the 1100 and 
l200'C temperature fractions. The 1300, 1400 and 

lSOO'C data points plot comparatively close to 
A VCC. and the errors on Pu;1J derived from these 
data points by themselves correspond to a wide range 
of Pu/U ratios (0-0.02). although the actual values 
tend to be lower than 0.015. Extrapolation of the cor
relation line thus might give only the Pu/U ratio of a 
specific phase(s) which releases Xe at I I00-1200°C. 
This phase could contain as little as 30% of the fission 
Xe and might have a Pu;1J ratio which is chemically 

fractionated from the actual total rock value. Assum
ing that this hypothetical phase is also required to 
have about 30~~ of the U, it could be identified in our 
experiment. For example, a major mineral with rela

tively low U content ( :S 50 ppb) could account for an 
appreciable fraction of the total U but still have been 
missed in previous studies. 

In summary, scenario I essentially postulates that 
the Podosek correlation line does not actually yield 
the total rock Pu;U but that of some specific phase. 

II. Here we take the Podosek correlation line at 
face value to indicate that. except for minor phases 
such as phosphates. Pu and U are not fractionated. In 
this scenario. the distribution of U gives directly the 

distribution of Pu. which was the original experimen
tal objective. 

Our data appear to rule out scenario I, for which 
the extrapolation of the correlation line was deter
mined by the release of a single phase accounting for 
about 30° 0 of the fission Xe. No phase accounting for 
30° 0 of the U was found. In particular, clinopyroxene. 
which a priori was the most plausible candidate. 
accounts for less than 10~ 0 of the U. 

However. a variation on scenario l must be considered 
in which the l 100 ·nonce fission Xe represents the com
bined release of the two phosphates: whitlockite plus apa
tite. From Table 3 the combmed phosphates account for 
2.9 ppb or 26° 0 of the total rock U (assuming I l ppb). The 
amount of "'U fission Xe in the 1100 and 1200°C tern· 
perature fractions is equivalent to 25~~ of the U fission Xe 
(equivalent to -3 ppbl (PoooSEK. 1970a~ in good agree
ment with that obtained from our track data and modal 
abundances. Furthermore, combining our relative phos
phate U contents and modal abundances with the Pu 
(whitlockite). Pu {apatite) == 2 ratio from adjacent grain fos
sil track measurements by PELLAS and STORZER (1977 and 
private communication) gives a weighted average Pu/U 
ratio for the two phosphates of 0.017, in agreement with 
the Podosek value~ 1f this 'phosphat~ moder is correct, the 
Pu;U = 0.015 ratio of Podosek cannot be immediately 
equated to th~ total rock ratio, followlng the general dis
cussion in 'scenario I' 

Similarly. using the data of OlOZAZ (1974) and our 
modal abundances. an average St. Severin phosphate Th/U 
ratio of 6 is obtained indicating fractionation of Th and U 
in the combined phosphates compared to our assumed 
total rock Th/l1 of 3.8. Since Th and U are fractionated. 
the probability of Pu-U fractionation ts also high. Paren
thetically. there is no direct measurement of Th/U in the 
same whole rock St. Severin specimen. Combining the total 
rock Th concentration of MATSUDA er al. (1972) with a 

range of total rock U contents from 11-16 ppb---gives low 
Th<'U ratios. 2.0-3.6, but we tentativelv ascribe this to sam
pling differences. A Th/U measureme~t on the same speci
men is required. However. there are serious difficulties with 
this 'two-phosphate moder which probably make it incor· 
rect: (1) It is probable that our samples are anomalously 
apatite-rich. Shirck reports two apatites out of 200 phos· 
phate grains (as quoted in CROZAZ. 1974), 5 times less than 
our modal abundances. Morover. W ASSERBCRG er al. 
(t969a) found no apatites in microprobe analyses of 
~undreds of phosphate grains from their mineral separates. 
(2) LEWIS (1975) reports Xe analvses for both neutron-irra
diated and unirradiated sampl~s of phosphate separates 
from a large. l.3 kg. sample of St. Severin. His mineral 
characterization procedures did not distinguish apatite 
fro~ whitlockite: however. on the assumption that the sep
aration procedures did not bias between the two phos
phates. the data for his irradiated samples provide a direct 
measurement of the Pu/U for a mixture of St. Severin 
phosphates. Stepwise temperature measurements on the 
irradiated samples indicated variations in the Pu/U ratio 
within the separate. This variation can be explained by the 
presence of both apatite and whitlockite with verv different 
Pu U ratios or. following Lewis. by variations- in Pu.1U 
among different whhlockite grains. The data of PELLAS and 
STORZER (1975) support the latter interpretation. In.....any 
case. however, the average Pu/U ratios of the phosphate 
separates can be calculated from the Xe data, yielding 
0.040 and 0.034 for the coarse and fine size fractions 
respectively. These ratios are higher than calculated above 
(0.017) for an apatite-whitlockite mixture_ The discrepanq 
probably indicates that either the adopted Pu(whitlockite),1 
Pu(apatite} ratio or the relative modal abundance of whit
lockite and apatite is incorrect. It appears much more 
reasonable that the apatite abundance in our sample is 
high. (3) Plagioclase of the St. Severin composition 
(An 1o_.,) begins to melt at 1130-l!SOT and the recoil 
fission Xe on the surface of this mineral should be released 
by l lOO·c or certainly in the 1200'C fraction (allowing for 
temperature calibration uncertainties). The modal plagio
clase abundance is 10° ~ so at least this much of the fission 
Xe should be accounted for by recoils into plagioclase. 
Further, because plagioclase grains are svstematicallv 
smaller (thus having more surface area} a~d/or if ouf 
observation of a concentration of U in olivine-free clasts 
(which have 20-30° 0 feldspar) is generally valid. the plagio
clase surface fission Xe might account for most of the fis
sion Xe observed in the 1100i120CfC fractions, 

Summarizing, we feel that arguments (l-3) are quite 
strong and rule out the 'two-phosphate' model as an inter
pretation of the 1100/!200'C fission Xe release of Podosek. 
The agreement between the Pu(U measured in the step
wise-heating experiments of Podosek and that calculated 
from this model is probably coincidental. due to an ano
malously high apatite abundance in our sections. However. 
it should also be emphasized that there are features of the 
PooosEK (1970a) data that are not easily understood 
and/or require further study: (1) The PoOOSEK (1970) data 
yield a U content of 6 ppb which does not agree well with 
other total rock U data. (2) The neutron tluences, required 
to calculate Pu;U, were obtalned from the amount of 
1 isxe produced in KI. assuming only thermal neutron cap
ture on 12 ,1; effects of resonance neutron capture were not 
considered. The effect of this assumption will be to over
estimate (Pu1U) and to underesumate the U content. The 
magnitude of the error is difficult to estimate; ALEXANDER 

et al. (1972) obtain reasonable U values for Apollo 12 
samples by the same assumption. Consequently, it appears 
that systematic neutron fluence errors are not serious. and 
that the U concentration discrepancies indicated in (1) and 
(2) must be ascribed to other sources of error. e.g .. absolute 
Xe concentration measurements. It should be emphasized 
that only the neutron fiuence and Xe isotope ratios enter 
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the calculation of Pu,1U, consequently there is no strong 
basis for questioning the 0.015 value on analytical grounds. 
although additional data are clearly needed. 

We conclude that scenario II given in the introduc
tion is probably correct; thus. the interpretation of the 
Podosek correlation line can be taken at face value, 
indicating 244Pu/238U = 0.015 as the actual total 
rock ratio and implying that, overall, U and Pu have 
the same distribution within the meteorite. There are 
two ways in which this conclusion could be invalid: 
(a) The Pu/U ratio varies systematically for different 
grain boundaries, and (b) Podosek also analyzed a 
specimen which is anomalously apatite-rich. There is 
no evidence for either of these alternatives. One can 
then equate the grain-boundary distribution of U we 
observe today to the distribution of 244Pu in the 
meteorite 4.6 x 109 yr ago. We can now pursue the 
implications of that distribution. 

Given the superficial distribution of 244Pu fission 
Xe on grain surfaces, the question arises whether the 
inferred 244Pu/238U ratio of O.o\5 could be low 
because of diffusion loss of 244Pu fission Xe. The high 
release temperature of the reactor-produced "'U tis· 
sion Xe which, as our data show, will also recoil into 
grain surfaces, suggests that this is unlikely. The recoil 
of the fission Xe into major mineral phases has prob
ably stabilized it against diffusion loss. Similarly, 
assuming Th is also concentrated on grain boun· 
daries, the alpha particles in the U-Th decay series 
will be implanted to 15-30 micron depths and the 
resulting 4 He also stabilized against diffusion loss. 
The relatively high U-He age of St. Severin (MARTI et 
al., 1969; FISHER, 1972) and the qualitatively similar 
siting of the 4He and fission Xe is a strong argument 
against diffusion loss of fission Xe. However, the 
recoil effects in the radiogenic Pb are much smaller; 
consequently, disturbances of the Pb·U·Th isotopic 
relationships in St. Severin and other equilibrated 
chondrites may be rather likely, given the superficial 
location of the U, Th and radiogenic Pb. No disturb
ance is evident in the St. Severin Pb data of MANHES 
et al. (1978), but the measurements made were not 
particularly sensitive to anything except very large 
disturbances. 

The above arguments against significant 244Pu fis
sion Xe loss are qualitative; it would be desirable to 
be able to treat the problem of fission Xe retention 
quantitatively. Given the knowledge of the location of 
the 244Pu fission Xe in St. Severin and the fact that 
the distribution (surface layer) is relatively simple, it 
would appear possible to define more precisely the 
concept of a 'time (or temperature) of Xe retenti<m' 
which is important for all chronology calculations 
based on 244Pui238U or 244Pu!Nd. Estimates of the 
diffusion coefficients as a function of temperature in 
principle can be obtained from thermal release data; 
however. even for an initial surface layer distribution 
the diffusive loss for spherical grains of the size found 
in St. Severin still depends on grain size. More impor
tantly. essentially all fission Xe was observed at tern· 

peratures above 1100°C where partial melting has 
occurred. This prohibits interpretation of the release 
data in terms of diffusion. However careful stepwise 
heating measurements below partial melting tempera
tures yield fission Xe diffusion coefficients which then 
could be used to· calculate reliable amounts of gas loss 
for an assumed thermal history. 

St. Severin is a complex and evolved object. It has 
suffered brecciation and metamorphic recrystalliza· 
tion, probably in that order. The metamorphic time 
scale was probably not negligible compared to the 
244Pu half-life, as indicated by the 244Pu fission track 
studies of PELLAS and STORZER (1977) or by evolved 
87Sr/86Sr measured in some whitlockites (PAPANASTAS
smu and w ASSERBURG, 1969; MANHES et al., 1978). It 
is perhaps unreasonable that such an evolved object 
be used for the solar system 244Pu/238U ratio; this is 
essentially the basis of GANAPATIIY and GROSSMAN'S 
(1976) arguments. One might then expect other 
meteorites, theoretically more 'primitive', to show 
higher 244Pu/238U ratios. But the high Pu/U ratio for 
a mixed set of Allende white inclusions (PODOSEK and 
LEWIS, 1972) undoubtedly reflects PujU chemical 
fractionation as judged by the high Th/U ratios in 
some inclusions (CHEN and TILTON, 1976; TATSUMOTO 
et al., 1976). The 244Pu/238U ratio for a coarse
grained Allende inclusion matches the St. Severin 
ratio well (DROZD et al., 1977). The only known can
didate for such a primitive sample is Nadiabondi (H5) 
whose whitlockite has a 244Pu/238U ratio - 5 times 
that of St. Severin 's whitlockite (KIRSTEN et al., 1977). 
However. another H5 chondrite, Allegan. appears to 
have a lower Pu/U ratio than St. Severin (PODOSEK, 
! 970b). The question then arises as to whether the 
244Pu fission Xe data for St. Severin define a 
244Pu/238U ratio which predates metamorphism. 

PAPANASTASSIOU and WASSERBURG (1969) found sig· 
niJicant evolution in initial (87 Sr/86Sr) for St. Severin 
whitlockite, (0.6998), suggesting metamorphic re-equi
libration over a time scale of - 300 Myr. MANHES et 
al. (1978) using the whitlockite separates of LEWIS 
(1975), report a much lower (0.6990) initial 87Sr/86Sr; 
however they also found that a hand-picked separate 
of large whitlockite grains gave a high (0.6996) value. 
They ascribed this evolved ratio to inherited radio· 
genie 87 Sr from adjacent troilite because the hand· 
picked whitlockites were binary grains with troilite 
and because troilite exhibited high Rb/Sr and a low 
model age, suggestive of Sr loss. It is not clear that the 
MANHES et al. explanation can account for the 
Papanastassiou and Wasserburg result which was 
based on a separate from about 100 g of meteorite 
(W ASSERBURG et al., 1969a), although our sections in· 
dicate that a relatively high ( - 35%) fraction of whit
lockites (> IOOmicrons) show a grain boundary with 
troilite. The low initial 87 Sr/86Sr of MANHES et al. 
suggests that either the metamorphic interval of St. 
Severin was rather short or that a significant fraction 
of the Sr in St. Severin was not isotopically re-equili· 
brated during motamorphism. The slow cooling rates 
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inferred by PELLAS and SroRZER ( 1977) argue against 
a short metamorphic interval. Thus, our interpre
tation is that Sr isotopic re-equilibration was not 
complete during metamorphism. Could the 244Pu fis· 
sion Xe data also relate to an older time. i.e .• was 
fission Xe retained during the metamorphic interval? 
Results by HUNEKE et al. (1977) for basaltic clasts in 
the Kapoeta achondrite indicate that Sr re-equilib· 
ration occurred in these without 244Pu fission Xe loss. 
Our data put some constraints on the discussion of 
this problem. From the simplest point of view the 
grain boundaries on which the U resides today and 
from which the measured fission Xe evolves were 
probably formed during the metamorphism. These 
boundaries did not exist during older times; conse· 
quently, it would be concluded that the measured 
244Pu/2 "U ratio does not apply to a time prior to 
metamorphism, but instead corresponds to some time 
during metamorphism. Specifically, the measured 
ratio applies to a time after the textural re-equilib· 
ration of the meteorite. 

Our conclusions raise (or at least reemphasize) 
some serious chronology problems. If the 
244Pu/238U = 0.015 ratio applies to the end of a 
period of metamorphism lasting more than 108 years. 
then one should find meteorites with 244Pu/238U 
ratios at least 2-3 times that measured for St. Severin. 
However, the "'Xe- 1291 age for St. Severin is not 
significantly lower (8 Myr younger than Bjurbiile) 
than most other meteorites (PoooSEK, t 970a). Since 
the distribution of I is not known, it is possible that 
the time of radiogenic 129Xe retention was pre-meta
morphism and therefore much earlier than the time of 
244Pu fission Xe retention. There is not a good corre
lation between radiogenic 129Xe and fission Xe in St. 
Severin. supporting this possibility. Alternatively, 
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since textural re-equilibration and fission Xe retention 
may have occurred relatively early in the metamor
phic period, it is also possible that there is no signifi
cant difference between one effective time of retention 
for radiogenic 129Xe and fission Xe and that signifi
cantly higher Pu/U ratios will not be found in other 
meteorites. In general. we have no solutions for the 
difficulties in understanding the results of various 
methods of measuring meteorite age differences which 
have been noted by several authors (see. e.g., GRA y et 
al., 1973). 

Jn summary, we feel that our data (I) strongly sup
port the validity of the 244Pu/238U value of O.Dl5 for 
St. Severin as a true whole rock result and (2) support 
the assumption that this ratio is unaffected by fission 
Xe diffusion loss. Thus, 244Pu/238U = O.ot5 would be 
our best estimate for the solar system value although 
additional direct measurements on equilibrated chon
drites are required. The arguments of Grossman and 
Ganapathy for the use of Allende coarse-grained in
clusions as the source of the solar system 244Pu/238U 
appear equally valid to us; however more dat~ to 
check the constancy of Th/U in Allende coarse
grained inclusions are needed (BoYNroN. 1978: CHEN 
and TtL TON. 1976). It is probably significant that 
DROZD et al. (1977) found 0.017 = 244Pu/238U in one 
such inclusion. 

Our data of course say nothing about the possibi
lity that Pu and U were fractionated on a whole rock 
basis during the formation and metamorphism of St. 
Severin. However, this possibility can be tested by 
exactly the same method as used by Grossman and 
Ganapathy for the Allende coarse-grained inclusions. 
Figure 3 shows the ratio of the concentrations of 
'refractory" trace elements in St. Severin to those in 0 
chondrites. These elements (plus others for which St. 

Ca Sr La Ce Nd Sm Eu Gd Dy Er Yb Lu Th 

Fig. 3. Enrichment factors for refractory elements in St. Severin relative to Cl chondrites are shown to be 
uniform. Factors given are weight concentration ratios. Data sources for St. Severin and Cl's respectively 
are as follows: Ca-JAROSEWICH and MASON (1969~ GROSSMAN and GANAPATHY (1976): Sr-GOPALAN 
and WETHERILL (1969), TATSUMOTO et al. (1976): REE-MASUDA et al. (1973). NAKAMURA (1974); Th
MATSl!DA et al. (1972), TATSUMOTO et al. (1976): U: solid points-FISHER (1972). solid square--PELLAS 
(personal communication), solid triangle--{this paper). the range of values labeled C is from CROZAZ 

(1974). all are normalized to the U data of TATSUMOTO er al. (1976) for Cl chondntes. 



192 

The distribution of U and Pu in the St. Severin chondrite 1903 

Severin data are unavailable) are uniformly enriched 
in coarse-grained Allende inclusions. The figure also 
shows that there is no consistent evidence for strong 
fractionations of these refractory elements in St. 
Severin. (Note the supressed zero in Fig. 3). Much of 
the observed scatter may represent sample variations 
in absolute abundances rather than in relative abun
dance variations. It would seem worthwhile to have 
an analysis of these elements on a single sample, par
ticularly the Th;U ratio, which is the best clue to 
Pu/U fractionation. 

MARTI et al. (1977) have proposed 0.004 as the solar 
system 244Pu/238U ratio, where this value was calcu~ 
lated as ('44Pu;Nd)•oo• x (Nd/238U),, where ADOR 
refers to Angra dos Reis and ch to chondritic. Figure 3 
shows that Nd/U in St. Severin is equal to the Cl 
chondrite value; consequently, the Pu;Nd is about 4 
times higher for St. Severin than ADOR, if we adopt 
0.015 as the 244Pu/235U ratio for St. Severin. [It is 
also possible to calculate (Pu;U) or (Pu/Nd) for St. 
Severin based on Pu concentrations obtained from 
absolute fission 136Xe concentrations for unirradiated 
whole rock St. Severin samples. However, we consider 
these less reliable because of sampling problems and 
errors in the decomposition of the Xe mass spectrum 
whereas the Podosek Pu/U comes from the same 
sample and is independent of any absolute rare gas 
concentration measurements. Thus, using Xe data 
from MARTI et al. (1969) and WASSERBURG et al. 
(1969) and 12 ppb U, Pu.JU ratios for St. Severin rang
ing from 0.005 to 0.013 are obtained. These tend to be 
lower than 0,015, but do not clarify the situation, 
although it is worth noting that the uncertainties in 
the O.QJ5 ratio are such as to make it high]. The 
studies on ADOR (MARTI and LUGMAIR, 1977, WAS
SERBURG et al., 1977) support the Pu/Nd hypothesis 
although recent work (BENJAMIN et al., 1979) shows 
that Nd and Pu do not have equal crystal-liquid par
tition coefficients. This means that fractionation can 
occur in some igneous processes, although in many 
cases the fractionation will be small. It is also possible 
that the lack of fractionation is only valid for igneous 
processes and that Pu and Nd were fractionated (e.g., 
by nebular processes) in the formation of the ADOR 
parent planet. Another possibility is that the lower 
Pu;Nd ratio may represent a 160 Myr younger age 
for ADOR than St. Severin. ADOR has a slightly 
lower initial 81 Sr/86Sr (WASSERBURG et al., 1977) rela
tive to 0.6990 as quoted by Manhes et al. for St. 
Severin; however, the extremely low alkali contents 
and K/U ratio of ADOR (TERA et al., 1970) suggest 
a very refractory parent planet for ADOR (perhaps 
one formed from Allende-coarse-grained-inclusion type 
material). If so, then the low 87 Sr/86Sr reflects an 
early time of formation for the ADOR parent planet 
but the lower Pu;Nd (or Pu/U) in ADOR reflects a 
later magmatic event 160 Myr after the textural re
equilibration of St. Severin. This is speculative, but in 
any case we feel that the directly measured chondritic 
Pu.JU from St. Severin is preferable for the solar sys-

tern ratio to the one inferred indirectly by Marti et al. 
The closer coherence of Pu to Nd than U is a fact for 
ADOR, and we agree that relative meteorite ages may 
be more accurately calculated from Pu/Nd. This hy
pothesis can be independently evaluated. but relative 
meteorite ages should be recognized as a distinct ap
plication of the presence of 244Pu in the early solar 
system from the use of 244Pu; 238U for cosmochrono
logical purposes. 
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Appendix IV 

Beta Radiography of Finite Samples 

The following examples are used to illustrate the dependence of Smu 

values on grain size. Because individual beta particles do not have 

definite, well-defined ranges, beta ranges must be treated collectively. 

Empirically, betas are exponentially absorbed by a thick absorber (thick-

ness, E) such that the flux I is given by 

I = I e-ur 
0 

where I 0 is the unattenuated flux and u is the coefficient of absorbtion. 

The absorber thickness necessary to attenuate the beta flux by 0.5 (d1/2) 

is given by 

d1; 2 = ln2 • p /u 

where p is the density of the absorber (Evans, 1955). For a 15lsm source 

of p = 3g/cm3 and d1; 2 = 2.1 x l0-3g/cm 2, u is approximately 10 3/cm. 

Case I - Infinite half-space source 

For a semi-infinite 151 sm source of strength I
0 

(betas/cm3•sec), the 

contribution to the track production rate at the surface dS of a volume 

element dv (located at a polar angle e with respect to the surface) is 

given by 

dS = I(r) case dv/(4w r 2) 

integrating over all volume yields 

Case II - Hemispherical source, radius R 

This case is very similar to the infinite half-space but with different 

limits of integration. Therefore, at the center of the hemisphere 
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Case III. - Infinite thin source 

For a thin plate of thickness.!_, the solution consists of two parts: 

£(distance from source volume dv to surface) < t and (2) r)t. For r < t, 

as in the case of the hemispherical grain. For r)t 

and 

00 

f32 =I
0
f Ct 2/r 2) e-ur dr/4 
t 

Case r.T. - Long cylindrical source, radius R. 

where 

'Th.e axial track production rate f3 is given by 

00 

[ 1 - e -uR + u f f ( R/ r) 
R 

e-ur dr] 

f(R/r) = sin-l(R/r) - (R/r)(l - (R/r)2)1/2 • 

Case V. - Edge of a thick source 

e-ur dr] 

On the surface of a large, thick source (infinite quarter-space) at a 

distance Z from the edge (source boundary normal to the surface containing 

Z), f3 is given by 
00 

l/1TJ u e-ur g(Z/r) dr] 
z 

where g(Z/r) sin-l(z/r) + (Z/r)(l - (Z/r)2)1/2 
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As examples these cases will be tabulated and compared to the semi-

infinite slab (Case I), to show how f3 is affected by grain size. All 

calculations assume the "grain" to be surrounded by inert material. 

For Case II, the hemispherical grain, radius R 

R (3center/(3case I 

10µ 0.63 
20µ 0.86 
30µ 0.95 
50µ 0.99 

For Case III, thin grain of thickness t 

t f3III/f3I 

10µ o. 75 
20µ 0.94 
30µ 0.98 

For Case IV, long, cylindrical source, radius R 

10µ 
20µ 
30µ 

R f3IV/f3I 

0.73 
0.92 
0.98 

For Case V, a distance Z from the edge of a thick source 

z f3V I f3 I 

10µ 0 .92 
20µ 0.97 

Based on these calculations, large crystals analyzed > 20µ from glass-

crystal interfaces should yield satisfactory results. 


