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Abstract—We present estimates of “realizable” influx of selected cosmogenic isottes.°Be, 2°Al, and

14C, and platinum group elements, Ir, Os, and Re on the earth via influx of meteoroids. Werdatiirable

as the particulate fraction of mass influx which is included in standard geochemical analyses of terrestrial
sediments. This is the surviving mass fraction of siz8.5—-1 cm, which gets mixed with terrestrial samples,

and is analyzed in normal terrestrial assays of sediments. Larger surviving meteoroid fragments, of the order
of cm to m or larger, obviously belong to th®n-realizable flux category, since (i) their distribution in
terrestrial samples would be very patchy, resulting in a highly variable density matrix, and (ii) they would also
generally (except in wide-diameter cores) be excluded from sediment cores. We estimate the realizable influx
of meteoritic particles, based on a recent model describing production of smaller size fragments arising during
the atmospheric entry of meteoroids. Implicit in this work is the assumption that the secondary fragments are
not subject to much heating and therefore most of the ik (and noble gases) would be preserved in the
secondary fragments since after break-up they are not subjected to much heating. Under this assumption,
production of small size fragments in the ablation process constitutes a “safe” landing mechanism for parts of
the meteoroid. In this paper, we show that the meteoritic ablation/fragmentation process produces a significant
flux of *He, platinum group metals, and cosmogefflal. In fact, measurements of these isotopes in ocean
sediments should allow a reasonable estimate of temporal variations in the flux of meteoroids of 50 cm to 5 m
radii, which produce most of the secondary fragments in the size radgem.

We would like to state here that, as pointed out in our previous work, stratospheric collections would be
biased towards collection of the primary incident extra-terrestrial particles, whereas terrestrial accumulations
representing large (area time) accumulations, as in the case of ocean sediments, would efficiently sample
the fragmented particles.Copyright © 2003 Elsevier Ltd

1. INTRODUCTION surface waters by ocean currents. For details, reference is made
to Lal and Jull (2002).

In their passage through the atmosphere, meteoritic bodies | this paper, we adopt the fragmentation model of Lal and
undergo appreciable mass-wastage due to ablationary processegy|| (2002). These authors adopted the time-averaged fluxes of
causing vaporization, melting, and fragmentation. Recently, gyira_terrestrial matter in the size range of radii, r; 46< r <
Lal and Jull (2002) considered in some detail the effect of this cm, as summarized by Ceplecha (1992). Ceplecha (2001)
process in altering the population of small size particles, which | .o recently revised the flux of meteoroids>e10 m radius
are produced from fragmer_nation of meteoroid; impacting the objects, basing on results from the Space Watch project. We
Eart_h. They showed that th'S_ leads to an appreciably Iarg(_er flux also point out here that the integrated fluxes in the particle size
of: (i) an enhanced population of secondary fragments in the range, 5X 107 to 2.3 X 1072 cm (10°° to 10°* g), as

siz? rangde, 11(04.t0 1f0 CT:’ p(;()d;ced in éhg_ fragme_ntz;tion of determined by Love and Brownlee (1993) from studies of
meteoroids ot sizé- Tew huhdred cm, an (i) vaporized mass particle impacts on Long Duration Exposure Facility (LDEF)
flux, both of which exceed the near-Earth mass influx due to higher b f £3 th h based he d
meteoroids of mass, m, I6* < m < 10° g (corresponding are higher by a factor of-3 than those based on the data
radius. 1. 104 < r < 162 cm). Secondary fragments of size summarized by Ceplecha (1992), and the fluxes estimated by
v . ) ary rag . Grin et al. (1985). The measurements of Love and Brownlee
=100 microns ansing from frggmentatlon of meteoronds would (1993) are real measurements, whereas the studies of Ceplecha
mostly be deposited in the vicinity of the point of entry of the (1992) and Gfu et al. (1985) ar,e flux models based on extrap-

meteoroid, due to Stokes settling. Smaller particle$ (mi- lati ¢ de with diff hod h
crons), and the vaporized mass fraction would be expected tooatlo_ns 0 mea§urements made with different met 0 SZ eac
covering only a limited mass range and each having a variety of

be removed from the stratosphere at midlatitudes, 40°-50° in AN o .
uncertainties in mass and flux calibrations. For convenience,

zones of turbulence at the tropopause. After entry in the tro- el k
posphere, they would most likely be preferentially deposited in NOWeVver, in this paper we will adopt the number-mass fluxes as

high latitudes via wet precipitation. Their deposition in the 9iven by Ceplecha (1992), which were adopted by Lal and Jull

ocean bottom would however be diffused due to transport in the (2002) in their fragmentation model calculations. We wish to
point out here that irrespective of what extra-terrestrial flux

model we use, the critical result is robust such that an appre-
*Author to whom correspondence should be addressed Ciable mass flux results in secondary particles in the size range
(jull@email.arizona.edu). 10~“to 10 cm. Secondary fragments that are not heated much
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subsequently in their transit through the atmosphere, should
serve as carriers of organic matter, volatiles, and noble gases
present in the meteoroids.

Although the long-term averaged particle fluxes of smaller
particles are greatly enhanced, these particles would not be
sampled efficiently in stratospheric collections, because they
are produced in fragmentation of larger size objects whose
impact rates are small. Thus, stratospheric collections would be
biased towards collection of the primary incident extra-terres-
trial particles, whereas terrestrial accumulations representing
large (area X time) products, asin the case of ocean sediments,
would efficiently sample the fragmented particles.

We present here model calculations of the expected influx
rates of the radioactive nuclides: *He, °Be, 2°Al, and C, and
three platinum group elements viaimpact of meteoroids on the
Earth, and discuss the implications of the results in the light of
reported measurements of their extra-terrestrial accretion by the
Earth. We conclude that bulk of *He found in terrestrial sedi-
ments arises from the fragmentation of the meteoroids in the
atmosphere (Lal and Jull, 2002), which contributes to soft
landing of *He present in meteoritic material, and also aug-
ments the realizable flux of *He by producing a large popula-
tion of smal particles. The term “redizable” refers to the
particul ate fraction of mass flux, which is included in standard
geochemical analyses of terrestrial sediments. We cannot how-
ever exclude that some of the *He may also be carried with
small interplanetary particles, which have been irradiated with
solar wind. The fragmentation model augments the realizable
flux of platinum group elements.

2. METEOROID FRAGMENTATION MODEL

As mentioned earlier, we adopt the atmospheric fragmenta-
tion model of Lal and Jull (2002). Briefly, the model assumes
that each meteoroid entering the atmosphere undergoes frag-
mentation as given by the break function, g(r,r), describing the
production of secondary fragments of radius in the fragmenta-
tion of a meteoroid:

g(rar)=c-r? D

where c is a constant; « is slope in the differential spectrum of
secondary particles. The break function, g(ro,r), describes the
probability that a particle of initial radius, ro, will lead to a
particle of radius, r on its entry through the atmosphere. The
upper limit for the size of the fragmented particles is assumed
to be k.ro, with k, = 0.5. It is assumed that only particles of
size greater than r, (>100 w) undergo fragmentation. Smaller
particles are not heated much and escape melting and fragmen-
tation. If we designate the initial differential number-radius
distribution function of interplanetary objects impacting the
Earth, as ny(r):

d
O el B @
initial

the modified particle size distribution (after a single stage
fragmentation in the atmosphere), and the combined number-
radius distribution of primary particles of radius, r < rq, and al
secondary particles is given by:

J T. dull

®

n(r) =f(ro)<n + f f(ro) -g(ro, r)-drg €)

With the regquirement of mass balance, Lal and Jull (2002)
show that the resulting size distribution of meteoritic particles,
primary and secondary, in the atmosphere is given by:

n(r)‘atm: f (r)r0<n + g - (4 - a) -r @

3

_ J' f(ro) - ro dry (4)

[(ku ) r0)<47a) - (rmin)(Aiﬂ)]

r

where my is the average mass fraction which survives during
ablation; the rest is vaporized. The value of the slope, « in the
break function, is estimated to lie between 4 and 5, based on
studies of the observed population of shower and sporadic
meteoroids, and the hypervelocity impact studies in the labo-
ratory (see Lal and Jull, 2002).

The results of integration of Eqn. 4 with the plausible values:
a =41 m =05 K, = 0.5 areshown in Figure 1, separately
for differential number-radius, and mass fluxes in bins of mass
interval, d (log,o (m)) = 1. Asdiscussed earlier (Lal and Jull,
2000), the results are not very sensitive to the chosen value of
a intherange 4-5. The flux unitsare per year— over theearth’s
surface; mass is expressed in grams, and radius in centimeters.
The model results are near-straight lines since we assumed a
constant value for a = 4.1) in the break function (Egn. 1). The
wiggly lines represent the differential fluxes for the extra-
terrestrial particles in near-Earth space based on data summa-
rized by Ceplecha (1992).

The contribution to production of secondary particles de-
pends on the slope in the differential number-radius spectrum
of the primary meteoroid population. To be an effective pro-
ducer of secondary fragments, the slope has to be much smaller
than that in the break function, namely, « = 4.1. Over the
radius range, 1-5x10% cm, the slope in the primary dn/dr
spectrum lies between 2 and 3 compared to slopes of (4-5) for
most of the lower and higher radii, respectively (see Fig. 2 in
Lal and Jull, 2002). The effect of fragmentation of meteoroids
in this size range can be seen in Figure 2 where we have plotted
the relative contributions to the production of secondary frag-
ments, from fragmentation of meteoroids of different sizes
during atmospheric ablation. Most of the secondary particles
arise from fragmentation of meteoroids of 50 to 500 cm radius.

In Table 1, we present the near-Earth particle fluxes and the
estimated long time-averaged atmospheric fluxes of extra-ter-
restrial particles, in bins of mass interval, d (log,;m) = 3. To
these fluxes must be added the total vaporized mass flux. The
numbers in the last column of Table 1 differ somewhat from
those in Lal and Jull (2002), since the present upper limit of
integration in Eqgn. 4 is larger, 10* cm. It should be noted here
that since meteoroid fluxes are finite and small, especially for
meteoroids of > 5-10 m radius, the efficiency of sampling
secondary particles would depend on the product, collection
area X time, represented by the collection. This point has
been treated in detail by Lal and Jull (2002) who have
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Fig. 1. Differentia fluxes (per year on the earth) of extra-terrestrial particles in near-Earth space, based on observational
data reviewed by Ceplecha (1992). The wiggly linein (a) gives the differential number of primary particles of radius, r, and that
in (b) givesthe differentiadl number of primary particles of mass, m. The dotted linesin (a) and (b) give the corresponding fluxes
of secondary particles produced in the atmosphere based on the fragmentation model of La and Jull (2002).

shown that in experiments based on studies of marine sedi-
ments, the product of “collection area and time” represented by
the sample analyzed should be =103 105 and 10® (cm.y)
respectively for efficiently sampling fragments produced by
meteoroids of > 10, 10% and >10° cm radii. Long term-
averaged fluxes can only be obtained if the sample collector
meets this condition.

The last row in Table 1 gives the mass of secondary frag-
ments produced in the size fractions 107* < r < 10~ and
would contribute primarily to the realizable flux of extra-
terrestrial matter in sediments. The realizable mass flux is
seen to be appreciable, comparable to the total mass flux in
the primary population for meteoroids of radii exceeding
100 cm.

3. ACCRETION FLUXES OF COSMOGENIC NUCLIDES
AND PLATINUM GROUP ELEMENTS

We will now estimate the long-term averaged fluxes of
galactic cosmic ray (GCR) produced *He and radionuclides,
19Bg, 2°Al, and *C, and platinum group elements, Ir, Os, and
Re in the different size fractions in the secondary fragments.

3.1. GCR Produced Nuclides, *He, °Be, °Al, and “C

The problem of cosmogenic production of these nuclides has
been dealt with extensively in the past. We adopt the most
detailed recent cal culations presented by Leyaet al. (2000) who
have given the nuclide production rates of *He, 1°Be, 2°Al, and
14C by galactic cosmic radiation in stony meteorites of radii, 5,
10, 15, 25, 32, 40, 50, 100, and 120 cm. For larger radii meteorites,
we assumed that the average production rate in the meteorite
decreased exponentially with a mean value of 60 cm. In the case
of *He, we added a uniform contribution of meteoritic (planetary)
*He, which was estimated using a procedure suggested by K.
Marti (private communication). The trapped xenon concentrations
in meteorites have been determined by Marti (1967). Using the
isotopic ratios, *He/*He = 1.4 = 0.3 X 10™* and “He/**?Xe =
374 + 72 asdetermined by Bussemann et d. (2000), we obtain the
mean values of 3.7 X 10~ *° cc STP and 1.0 X 10~° cc STP for
the planetary *He concentrations of carbonaceous chondrites (CC)
and ordinary chondrites (Ch.), respectively.

In the case of the radionuclides, 1°Be, 2°Al, and **C, we
assumed that their concentrations in meteorites were in secular
equilibrium with production. In the case of *He, we assumed
that the meteorites had an average exposure age of 10 my. We
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Fig. 2. Relative contributions to production of secondary fragments, from fragmentation of meteoroids of different sizes

during atmospheric ablation, normalized to unity at the peak.

further assume that the nuclide concentrations of the fragments
are given by the average concentration of the nuclide in the
meteoroid fragmented.

The results of the calculations based on the above estimates of
nuclide concentrations are shown in Figure 3, and presented in
Tables 2 and 3 in the same format as Table 1. The differences
introduced due to differences in the planetary component of *He
concentrations between carbonaceous (CC) and ordinary chon-
drites (Ch.) are small, and we ignore this difference. Essentially
nearly al of the *He in the fragments is derived from GCR
interactions.

3.2. Platinum Group Elements, Ir, Os, and Re

We adopt for the concentrations of these elements the me-
teoritic abundance values given by Anders and Grevesse
(1989). Using the atomic abundances given by these authors,
and values of 10.6% and 27.2%, respectively for the mean Si
concentration (w/w) of carbonaceous (CC) and ordinary (Ch.)
chondrites, we obtained the mean values of 0.48 (1.23), 0.49
(1.25), and 0.037 (0.094) ppm for Ir, Os, and Re, respectively;
thefirst valueisfor CC, the second within parenthesisisfor Ch.
meteorites. These values agree fairly well with the mean con-
centrations of Ir, Os, and Rein CC (Ch.) meteorites as given by

Table 1. Near-Earth, and the estimated long time-averaged fluxes of extra-terrestrial particles due to atmospheric fragmentation, in bins of d (log,qr)

=1, and d (log,m) = 3.

Estimated flux of
fragmented particles

Near-Earth mass flux
(Ceplecha, 1992)

Size range (cm) Mass range (g) (aly) to the earth (gly)
107%<r<10°2 1002 <m<10°8 1.1 x 10° 1.4 x 10%°
1073 <r< 1072 108 <m<10% 2.6 X 10° 1.1 x 10
102<r<107* 10°<m< 1072 49 x 10° 8.2 X 10°
10 t<r<1 1072<m< 10 1.1 x 108 6.5 X 10°
10° < r < 10* 10t <m< 10* 3.9 x 108 5.1 X 10°
10t <r < 10? 10* < m < 107 8.5 x 10° 3.8 x 10°
102 < r < 10° 10" < m < 10%° 5.9 X 10%° 1.5 x 10°
1074<r<10?t 102 <m<1072 3.2 x 10° 3.3 x 10
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Fig. 3. Estimated differential concentrations of isotopes in the secondary fragments of different radii are plotted as a
function of radius, based on the fragmentation model of Lal and Jull (2002). The curve-marked *He represent average
contributions from carbonaceous (CC) and ordinary (Ch.) chondrites. *He concentrations are given in units of 10~8 cc/g.
Other differential concentration (atoms/g) curves are for the isotopes, *4C, 2°Al, and *°Be, produced by the galactic cosmic
radiation in ordinary chondrites, based on calculations of nuclide production rates by Leyaet al. (2000). The *He curve for
CC meteorites is divided by 10, and that for 2°Al is multiplied by 10 for clarity.

Lodders and Fegley (1998), 0.47 (1.1), 0.49 (1.2), and 0.038
(0.073) ppm, respectively. The results of calculations are pre-
sented in Table 4 in the same format as Tables 1, 2, and 3.

4. DISCUSSION
41. *He

Results of our model calculations are presented in Figure 3
and in Table 2. Ablation during atmospheric entry leads to

heating and fragmentation of meteoroids, with significant mass
wastage. Except for primary particles smaller than 100 um,
which are not heated appreciably during atmospheric entry
(Farley et al., 1997), others suffer intensive heating and frag-
mentation. Before proceeding further, we must note that very
little is known about the survival efficiency of larger size
fragmentation debris, and in particular about the survival of
volatiles like He (Don Brownlee, private communication). For
particles to survive atmospheric entry, the parent particles have

Table 2. Estimated long time-averaged fluxes of GCR produced *He due to fragmentation of carbonaceous (CC) and ordinary (Ch.) meteoroids in

the atmosphere, in bins of d (log,or) = 1, and d (log,om) = 3.

Estimated average *He fluxes via fragments produced in the atmosphere

Size range (cm) Mass range (g)

3He(CC) X 10 *® cc/(cm? - y)

3He(Ch.) X 107 cc/(cm? - y)

10 <m<108
108<m<10°°
100°<m< 102

10°4<r<103
103 <r< 1072
102<r<10?

107t<r<1 102<m< 10

10°<r< 10t 10' < m < 10*
10t < r < 107 10* < m < 107
102 <r<10® 107 < m < 10%°

1074<r<10? 10" <m<102

12x 101 12x 101
8.4 % 1072 83 % 1072
5.9 X 102 5.8 X 102
47 %1072 46 % 1072
3.7x 1072 3.6x 102
22 % 1072 21 % 1072
9.0 x 10~* 80x 1074
27%x 101 26x%x 107t
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Table 3. Estimated long time-averaged fluxes of GCR produced °Be, 2°Al and *“C due to fragmentation of meteoroids in the atmosphere, in bins
of d (log,or) = 1, and d (log,gm) = 3.

Estimated average nuclide fluxes via fragments produced in the
atmosphere (atoms/cm? - year)

Size range (cm) Mass range (g) 10Be 26 1c
104<r<108 10 r<m<10® 16 23.4 17x10°*
103<r<102 108<m<10°° 10.6 16.5 13x 107t
102<r<10? 10°<m< 102 7.3 12.1 9.7 X 1072
10 t<r<1 102<m< 10 5.8 9.6 7.7 %X 1072

10° < r < 107 10* < m< 107 4.6 7.6 6.1 X 1072

10t <r <102 10* < m< 107 27 45 38x10°2

10?2 <r< 10° 10’ < m < 10%° 9.8 X 1072 18x 107t 15x 1072
104<r<10?t 10" <m<102 3.4 x 10t 5.2 X 10* 40x 107t

to fragment near 100 km altitude, and then decelerate to low
velocities. Brownlee states: “Most meteoroids fragment at high
speed. If they fragment at high speed and ‘lower than IDP
[interplanetary dust particles] deceleration dtitudes then the
generated particles are exposed to severe heating. Thefrictional
power density generated by a small particle at a given speed
varies directly as the ambient air density, which decreases by a
factor of ten every 15 km change in dtitude. Typicaly larger
bodies fragment below the atitude where IDPs decelerate and
thus their debris should be much more strongly heated.”

Realizing our present lack of understanding of the survival
efficiency of particles and the volatiles in the fragmentation
process, we have proceeded in this paper with the working
hypothesis that particles of radius, 107* to 10~ * cm (10~ ** g
< m< 102 g) arefairly well preserved. We also assume that
most of the *He should be well preserved in the secondary
fragments in this size range. The mass of secondary fragments,
1074 <r<1071 (10" < m < 1072, is appreciable, 3.3 X
10'° g/(year. Earth) (Table 1). This component, deriving from
the interior solid parts of the meteoroids, should be well pre-
served in sediments, and constitutes what we call the realizable
extrarterrestrial flux for He. The corresponding 3He flux val-
ues for CC and Ch. meteoroids (Table 2) are 0.27 X 10~ *°
cc/(cm?. y) and 0.26 X 107 *® cc/(cm?. y), respectively. Thisis
a significant flux, being comparable to the measured *He in
sediments (as discussed below), and would not be expected to
be there had it not been for the fact that these fragments soft
landed, in the sense they are assumed not to be heated much
after production in the fragmentation process.

Several measurements have recently been reported of *He

concentrations in sediments. Farley and Patterson (1995) re-
ported estimated He fluxes of 0.5-1.75 X 10~ *® cc *He/(cm?.
y) in sediments from the mid-Atlantic Ridge, during 250—400
ky B. P. Similar concentrations, 1.1 + 0.4 X 105 cc *He/
(cm?. y) are reported by Marcantonio et al. (1996, 1999) in
Equatoria Indian and Pacific Ocean cores, over the past 200
ky. Brook et al. (2000) reported measurements of *He concen-
trationsin Greenland ice core from the Summit. They measured
3He fluxes of 0.62 + 0.27 X 107 *® cc 3Hel(cm?. y) for
~400-yr-old ice. Earlier measurements by Sowers et al. (1993)
for the Vostok ice core yielded fluxes of 0.77 = 0.25 X 10~ *°
cc ®He/(cm?. y) for ice samples of age ~3.8 ky B. P. and 75-97
ky B. P. These depositional fluxes, averaging to ~1.0 X 10™*®
cc *Hel(cm?. y), should be compared with the mean value of
0.29 X 10~ *® cc/(cm?. y), obtained from the model calculations
presented in this paper for the GCR produced He.

So far, we did not consider the possibility of influx of solar
wind *He via small particles, which escape heating in the
atmosphere. Measurements by Nier and Schiutter (1992) and
Pepin et al. (2000) show that stratospheric cosmic dust particles
(termed interplanetary dust particles, IDPs) often contain high
amounts of helium with high *He/*He ratios, and the *He
concentrations are appreciable. The masses of the particles
studied by Pepin et a. (2000) lie in the range 0.2-30 ng. There
is apparent size dependence, with larger particles having
smaller *He concentrations. IDPs of ~1 ng mass have 105 to
103 cc *Helg, whereas the particles of 5-50 ng have ~ 10~7
to 107° cc *He/g. Taking the mass fluxes of primary extra-
terrestrial particles in the size range <102 cm (Table 1), and
assuming an average *He concentration of 10~ 7 cc *He/g, we

Table 4. Estimated long time-averaged extra-terrestrial fluxes of three platinum group elements due to fragmentation of meteoroids in the

atmosphere, in bins of d (log,or) = 1, and d (log,om) = 3.

Fluxes via fragments produced in the atmosphere (g/cm? - my)

Size range (cm) Mass range (g) Ir (CC) Ir (Ch.) Os (CC) Os (Ch.) Re (CC) Re (Ch.)
1074<r<10® 10%<m<10°8 1.4 x 107° 35%x10°° 1.4 x 10°° 35x 1078 1.0 x 107 2.6 X 1071
10%<r<107? 10%<m<10°° 1.0x 107° 26x107° 1.0x 107° 26 % 107° 7.7x 101 2.0x 1071
102<r<107' 10°<m<1072 7.7 X 1071 20%107° 7.8x 107 20%x107° 58 x 107 15x 107
107t < r<10° 1072<m< 10t 6.1 x 10°1° 16X 10°° 6.2 X 10710 1.6x 107° 46 x 1074 1.2 x 1071

10° < r < 10* 10t < m< 10* 49 x 107 12 x 107° 49 x 107 13 % 107° 3.7x 1074 9.4 x 107*

10t < r < 107 10* < m < 107 3.6 x 1071 9.4 x 1071 3.7 x 1071 9.3x 1071 27X 1071t 70x 107

107 <r < 10° 10” < m < 10%° 1.4 x 1071° 35x 1071 1.4 x 107*° 3.6x 1071 11x 107 27X 1071
10%<r<10* 10¥%<m<102 3.1x107° 8.0x% 10°° 32x107° 8.1x 107° 2.4 x 1071 6.1 x 1071




Extra-terrestrial influx rates of He, 2°Al, and Ir 4931

obtain avalue of 5 X 10~ *° cc *He/(cm?. y) for the flux of *He
via IDPs. However, this must be treated as an upper limit
because *He in the IDPs may not be preserved in sediments.
The IDPs are known to be fluffy and amorphous (as a result of
radiation damage due to implantation of solar wind and solar
flare ions). Consequently, the *He carried by the IDPs may be
lost quickly in sediments by chemical action. Because of the
lack of our understanding of the behavior of IDPsin sediments,
it is therefore difficult to reach any conclusions at the present
moment about the role of IDPs in contributing to the *He
content of the sediments. This question can possibly be an-
swered by subjecting IDPs to seawater.

4.2. °Be, °Al, and *C

Based on the GCR production rates as given by Leya et al.
(2000), the influx rates of *°Be, 2°Al, and *“C via fragmented
particles are given in Figure 3 and Table 3. The last row in
Table 3 gives their redlizable contributions (for the size range
10~4-10"* cm) in sediments. The volatilized fraction of '°Be,
25A1 would be removed to sediments in short time periods
<1000 yr. The volatilized **C will mix with the atmospheric
carbon dioxide; only a small fraction of this would be removed
to the ocean sediments since the residence time of carbon in the
oceans is ~50,000 yr. Therefore, only in the case of °Be and
26A| are their fluxes to sediments twice the values given in the
last row of Table 3; the value for C is not affected by the
volatilized fraction. The global atmospheric production rates of
1%Bg, 2°Al, and *%C are 1.4 X 10° 4.4 X 10° and 7.9 X 107
atoms/(cm?.s), respectively (Lal and Peters, 1967). The mete-
oritic contributions for *°Be and *“C are thus smaller by 4 and
8 orders of magnitude than their production in the Earth's
atmosphere, respectively. (Nevertheless, we have presented
these figures because in planets with small atmospheres, or of
composition unfavorable to production of '°Be and 4C, the
meteoritic contributions may become significant). In the case of
26Al, however, the meteoritic contribution is not small; the
valuein Table 3 is ~2.3% of the cosmogenic production in the
Earth’s atmosphere. At such levels, one may expect to observe
high pulses in sediments associated with enhanced fluxes of
meteoroids during certain epochsin the past. (We would like to
note here that in the case of 2°Al, the contribution to its
extra-terrestrial flux due to production in IDPs by solar flare
accelerated energetic particles is estimated to be at least an
order of magnitude smaller than that due to galactic cosmic ray
produced 2°Al in large meteoroids.)

4.3. Platinum Group Elements

Sufficiently representative terrestrial flux estimates are avail-
able in the case of Ir (Kyte and Wasson, 1986; Kyte et a.,
1993). This is however not the case for Os and Re, although
Peuker-Ehrenbrink and Ravizza (2000) used a model to obtain
reasonable fluxes based on Os. In the case of Os, the results of
Lee et al. (2003) show that it may not be an easy task to
estimate its globally representative flux to the sediments, since
Osispreferentially precipitated in reducing coastal regions. We
will therefore only confine ourselves to a discussion of the
modeled Ir fluxes in relation to its measured fluxes in sedi-
ments.

Kyte et a. (1993) measured Ir in several sections of along
piston core (LL4-GPC3) from the centra North Pacific and
obtained atime series of the flux of Ir since the late Cretaceous.
They obtained values lying between 10-17 ng/(cm?.my) for six
epochs covering the time range 1.8—66.4 my, and a value of 30
ng/(cm®my) for the Pleistocene (0—1.8 my). In an earlier
paper, Kyte and Wasson (1986) measured a mean iridium flux
of 13 ng/(cm®.my) in a long sediment core section from the
same Pacific core covering the time period 33 to 67 my. These
fluxes have to be corrected for terrestrial Ir contributions,
estimated to lie between 1 ng/(cm?.my) from eolian deposition,
and 7 ng/(cm?.my) from authigenic deposition. Thus, over the
past 60 my, the deposition rate of extra-terrestrial Ir seems to
range from 5 to 25 ng/(cm?.my), with an uncertainty of +4
ng/(cm?.my).

We obtained values of 3 and 8 ng/(cm?.my) for the Ir fluxes
from secondary fragmentsin the size range, 1074 <r < 10 *
cm arising from CC and Ch. meteorites respectively (Table
4). To this we must add the amount expected to be deposited
globally from vaporization of meteorites during ablation.
Taking a value of 50% as the volatilized mass fraction (Lal
and Jull, 2002), we obtain avalue of 3.55 X 10° for the flux
of the vaporized mass (/yr. Earth). This corresponds to
additional Ir depositional fluxes of 3.0 and 7.4 ng/(cm?.my)
for CC and Ch. meteoroids, respectively. The total Ir flux
therefore lies between 6 and 15.4 ng/(cm?.my), which isin
good agreement with the value of (5-25) + 4 ng/(cm?.my),
based on Kyte et al. (1993) and Kyte and Wasson (1986),
discussed above.

5. CONCLUSIONS

We have presented results of model calculations of realiz-
ableinflux of galactic cosmic ray produced nuclides, *He, *°Be,
26A1, and **C due to fragmentation of meteoroids during their
passage through the atmosphere. Two unique features of this
model are that: (1) it results in soft landing of GCR produced
3He in the secondary fragments arising from a breakup of the
meteoroid, and (2) it distributes the larger mass meteoroids
as small particles on the Earth, making it possible to effi-
ciently detect extra-terrestrial flux in terrestrial deposits.
One way to state thisis that the break-up makes the influx of
large meteoroids realizable, in that the material is dispersed
throughout the sediments. In fact, it is now recognized that
virtually all stony meteorites are irregular unmolten atmo-
spheric fragmentation debris of larger bodies (Brownlee,
private communication; Engrand and Maurette, 1998; Taylor
and Lever, 2001).

Model fluxes of ®He and Ir due to fragmentation seem to
explain their measured depositional fluxes satisfactorily. The
two cases differ substantially in their modes of deposition
viameteoroids. In the case of Ir, about half of its flux comes
from the vapor produced during volatilization of meteoroids,
and therefore an agreement with its observed depositional
flux does not constitute a test for the validity or otherwise of
the fragmentation model proposed by Lal and Jull (2002).
The validity of this model is put to stringent test in the case
of 3He, since in this case, it predicts significant survival of
GCR produced ®He via production of secondary fragments
which are not heated appreciably in the atmosphere; note
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that the ablated vapor component does not contribute to He
in the sediments. The break-up model predicts *He fluxes
which are lower by afactor of ~3 compared to the observed
depositional fluxes of *He in sediments and in ice, as dis-
cussed in Section 4. This is not a serious discrepancy,
considering present uncertainties in the meteorite fluxes, and
in the model parameters. We must also stress here that the
yield of secondary fragmentsis quite critically dependent on
the slopes in the differential number-radius spectra of the
primary meteoroid population. If we are underestimating the
yield of secondary fragments by a factor of ~3 (needed to
explain the discrepancy in the depositional flux of 3He), this
would raise the predicted value for Ir only by a factor of 2,
since our model predicts ~50% deposition due to vaporiza-
tion of meteoroids. However, as mentioned in the previous
section, the explanation of the discrepancy may lie in the
additional contribution from solar wind implanted *He in
particles of radii smaller than 100 uwm, which are not ex-
pected to be heated much during entry in the atmosphere. At
the present time, one of the important questions is. what
fraction of He measured in sediments (Farley and Patterson,
1995; Marcantonio et al., 1996) is contributed from IDPs? It
is quite likely that these particles, being fluffy and amor-
phous, may in fact lose most of their *He during their
residence in the corrosive sediments. An insight into the
retention of solar *He in micrometeorite particles of 50 to
400 um recovered from Antarctic ice was obtained by Stuart
et a. (1999) from laser extraction experiments. The degree
of corrosion and therefore the loss of solar *He from mi-
crometeoritesin ocean sediments may be much more severe!
This hypothesis, however, needs to be tested.

We have aso presented model calculations for extra-terres-
trial influx of cosmogenic nuclides, *°Be, 2°Al, and *“C. The
contributions from break-up of meteoroids are insignificant
for *°Be and “C, which are produced efficiently in the
atmosphere from N and O. The meteoroid flux constitutes
about 2% on the average of the terrestrial inventory of 2°Al,
which is produced primarily in cosmic ray interactions with
atmospheric Ar, whose concentration is 0.9% (v/v). One
may therefore expect to observe high 2°Al concentration
pulses in sediments during periods of enhanced fluxes of
meteoroids in the past. We wish to point out here that in the
case of planets with thin atmospheres, meteoroid contribu-
tion would be expected to be important for the three nu-
clides: °Be, 2°Al, and *“C.

Interestingly, the meteoroid model presented here predicts
that: (i) the population of IDPs sampled in the stratosphere
would mostly be the primary interplanetary dust particles, but
that (ii) the extra-terrestrial particles in the size range 0.1 mm
to 1 cm found inice cores and in sediments would primarily be
the secondary fragments produced in ablation/break-up of in-
cident meteoroids of radii 50 cm to 5 m. These facts and the
expected fluxes of isotopes and platinum group elements
should alow stringent testing of the fragmentation model of
Lal and Jull (2002).
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