Accretion Rate of Extraterrestrial Matter:
Iridium Deposited 33 to 67 Million Years Ago

FrRANK T. KyTE AND JOHN T. WASSON

Iridium measured in 149 samples of a continuous 9-
meter section of Pacific abyssal clay covering the time
span 33 to 67 million years ago shows a well-defined peak
only at the Cretaceous/Tertiary boundary. In the rest of
the section iridium ranges from a minimum concentra-
tion near 0.35 nanograms per gram in the Paleocene to a
maximum near 1.7 in the Eocene; between 63 and 33
million years ago the mean iridium accumulation rate is
approximately 13 nanograms per square centimeter per
million years. Correction for terrestrial iridium leads to
an extraterrestrial flux of 9 = 3 nanograms of iridium per
square centimeter per million years, and an estimated
annual global influx of 78 billion grams of chondritic
matter, consistent with recent estimates of the influx of
dust, meteorites, and crater-producing bodies with mass-
es ranging from 107" to 10'® grams. Combining the
recent flux of objects ranging in mass from 10° to 10’
grams with the flux of 10'*- to 10'*-gram objects indi-
cates that the number of objects is equal to 0.54 divided
by the radius (in kilometers) to the 2.1 power. Periodic
comet showers should increase the cometary iridium flux
by a factor of 200 to 600 on a time scale of 1 to 3 million
years; the predicted iridium maxima (more than 30 times
background) are not present in the intervals associated
with the Cretaceous/Tertiary boundary or the tektite-
producing late Eocene events.

masses ranging from tiny fractions of a gram up to about

10% g. Although most accretion occurred during the first
100 million years (m.y.) after the birth of the solar system about 4.5
billion vears ago, it continues at the present time.

During the past century a number of techniques have been used to
estimate the influx of interplanetary matter. Each technique applies
to a limited range of particle sizes. The first quantitative estimates
were based on the observation of visual meteors corresponding to
projectiles ranging in size between 1072 and 10" g (1). These were
augmented in the 1950’s by radio observations extending the range
down to 107® g and in the 1960s and 1970’s by satellite data of
objects as small as 107 "% g (2). The fall rate of meteorites 10? to 10°
g in size is estimated from their recovery rates in highly populated
regions.

The accretion rate of large (>10% g) objects is not historically
observable, but can be determined by counting craters and inferring
the size of the meteoroid from the diameter of the crater. Ancient
craters are preserved on the earth (for example, in eastern Canada)
and, more legibly, on the moon, but the integration periods are very
long (=3.2 10° years), and the flux may show temporal variations
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on a shorter time scale. One can also calculate an influx of large
objects from the observed earth-crossing asteroid population. Rates
based on crater counts (3) and asteroid populations agree to within a
factor of 2 (4). Crater counts offer information on objects between
10" and 10%° g in size; asteroid observations cover those from 10'
to 10® g.

The technique we use spans a much greater mass range than
others; measurement of a noble-metal tracer in sediments integrates
all masses up to that of the largest objects that fall during the
sampled time span; during the 30-m.y. interval that we investigared
the largest objects were 10" to 10'® g. If we accept Hughes’ (2)
lower limit of 107" g, our sampled mass range covers 30 to 31
orders of magnitude. The work of Barker and Anders (5) using this
technique was confined to sediments less than 1 m.y. in age, and
thus a mass interval about two orders of magnitude smaller (6) was
sampled.

Samples and Techniques

For practical reasons, we studied a core from a region with a low
accumulation rate. Giant piston core 3 (GPC-3) was recovered from
an abyssal clay section from the central North Pacific (7). Figure 1
shows the core’s location relative to the location of the Hawaiian hot
spot through time. In 24 m, the core contains a nearly complete
record of sedimentation for more than 70 m.y. (7). The major
sediment source at this locality is windblown dust (8) from the
Asian mainland (9) although Leinen and Heath (7) suggested a
predominantly North American source before 25 million years ago.
Authigenic minerals (primarily iron-manganese oxides) precipitated
from seawater are a volumetrically minor but important component.
We used neutron-activation analysis to determine iridium (/0) and
25 other elements in a continuous 9-m section (12 to 21 min depth)
representing approximately 34 m.y. [from 33 to 67 million years
ago (11)}]. Iridium was analyzed radiochemically; the other elements
by counting gamma rays from the neutron-activated whole samples.
This is the most extensive published set of Ir data on a single core
both in terms of the number of analyses and the length of the
deposition interval.

Iridium Profile in Giant Piston Core 3

The Ir content as a function of depth is shown in Fig. 2. In the
large and well-defined Ir peak at the Cretaceous/Tertiary (K/T)
boundary, concentrations reach 12 ng of Ir per gram of sample; the
continuum Ir concentration on either side of the peak is 0.3 to 0.4
ng/g. After subtraction of the continuum, the net fluence of the Ir in
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Fig. 1. The path of the Pacific plate has been generally northward during
most of the 70-m.y. history of the GPC-core. Adapted from Corliss and
Hollister (7).

the K/T peak is about 70 ng cm™2. As has been reported (12), the
siderophile element pattern and the presence of sanidine- and spinel-
bearing (13) spherules indicate that we have sampled the same
horizon identified at numerous localities around the world. The
most probable source for this horizon is a major accretionary event
at the end of the Cretaceous. The boundary occurs near the base of a
homogeneous, nonlaminated unit extending from 2067 to 2010 cm.
The breadth of the congruent Ir and sanidine-spherule profiles, and
the homogeneous texture of the clay indicate that this portion of the
section was, like much of the core, reworked by bioturbation. Thus
we are unable to examine the boundary depositional record on a fine
scale.

The K/T peak is distinct; although srhall Tt masimums occur
elsewhere, they generally represent only one or two samples (Fig. 2).
Analysis of smaller vertical intervals may show whether any of the
other peaks are enough above the contintur to imply accretionary
events. Although no definite Ir peak corresponding to the late
Eocene microtektite evérit cdn be resolved, the It continuum in this
region is high, resulting in poor sensitivity for small events. Either of
the potential peaks at about 12.3 and 13.6 m could represent this
event; upper limits on the excess Ir dbove the continuum are
approximately 9 and 12 hg tm~?, respectivcly, not inconsistent with
reported fluences (14).

Away from the K/T, Ir concentritions are lowest (~0.35 ng/g) in
the Paleocene and highest (~1.7 ng/g) in a broad plateau extending
from the mid-Eocene to the earliest Oligocene. If one neglects small
irregularities, the variation by a factor of five describes a rather
smooth curve across a 30-m.y. interval. A key problem is to define
the process or processes responsible for this variation.

Figure 3 shows that the profiles of Ir and cobalt are quite similar
(15). The nickel profile is also similar; it is not plotted because the
precision of the data is not as good. The manganese profile reported
by Corliss and Hollister (7) also varies by a factor of 5 across this
interval. Kadko (16) observed similar profiles in late Cenozoic
sediments of elements such as Mn, Co, Ni, and Cu and showed that
these variations were consistent with a constant depositional flux of
authigenic (chemically precipitated) minerals as discussed by Krish-
naswami (17); the variations reflect differences in the degree of
dilution of this minor component by detrital sediment. Halbach ¢z
al. (18) have shown that authigenic Co accumulation in Mn-rich
crusts and nodules is relatively constant, averaging 2.95 mg cm™2
m.y.”!. The measured Co accumulation rate in GPC-3 of 2.5 mg
ecm~2 m.y.”! is similar to this, and leaching experiments (19) have
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shown that the Co is enriched in the hydrogenous authigeric
component (that is, in ferromanganese oxides) in this portion of
GPC-3. 1

We conclude that most dhd perhaps all of the observed fictor of 5
variation in the Ir concentration above the K/T results from
differences in sediment accumuilation rates. High concentrations of
Ir and Co roughly coincide with low sediment accumulation rates
inferred by Rea et /. (8). In a study of the eolian dust contents of
GPC-3 and Deep Sea Drilling Project hole 576, they inferred very
low eolian sediment accumulation rates in the Oligocene and
Eocene, and higher rates in the Paleocene and Cretaceous. They
noted that the mid-Pacific eolian dust deposition rate is inversely
correlated with inferred rates of continental meteoric precipitation.
High aerosol deposition rates are associated with larger grain sizes,
which indicated dryer conditions and stronger tropospheric circula-
tion in the late Cretaceous and Paleocene.

Terrestrial and Extraterrestrial Components

The mean Ir deposition rate for the GPC-3 interval between 12
and 20 m (which does not include the K/T) is about 13 ng cm™?
m.y.”". To determine the influx of extraterrestrial matter, we must
subtract the fraction of Ir that is terrestrial. Potential sources include
continental weathering and volcanism.

The most relevant and precise data on the Ir content of continen-
tal rocks appear to be those on Mississippi delta sediments of Fenner
and Presley (20); their means of five samples are 0.046 ng of Ir and
12.2 pg of Co per gram of sample (21). This implies a maximum
detrital contribution of 13% of the Ir in Paleocene sediments and
2.7% in the mid- to late Eocene sediments. On the average, detrital
Ir probably does not account for more than 7% of the total in the
section.

The role of leaching from fluvial (or to a lesser extent, volcanic)
particles to produce dissolved Ir is difficult to estimate but the
amount should be relatively small. Because of its tendency to be
present as insoluble noble-metallic grains or to occupy high (+3 or
+4) oxidation states, we expect Ir to be less easily leached than Co.
If so, the product of the crustal Ir/Co ratio and the authigenic Co
concentration yields an upper limit on the authigenic Ir derived

Age (m.y.) 37 58 66
Oligocene] Eocene Paleocene K
T T T T T T T T T
10.0 | -
5.0+ 4
- ’ -
o
> 2.0f
s
1.0 F 4
- tad
0.5 F 4
0.2 1 S 1 i ) 1 L 1
11 13 15 17 19 21
Depth (m)

Fig. 2. Profile of Ir concentrations in a 9-m section of piston core GPC-3
from the central Pacific gyre. The only anomalously high Ir peak is observed
at the K/T boundary.
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from continental weathering. Using the Fenner-Presley (20) ratio
and assuming that 95% of the Eocene Co is authigenic, we estimate
a maximum authigenic Ir concentration of approximately 0.92 ng/g,
about 55% of the observed concentration.

Some extraterrestrial Ir undoubtedly enters the ocean as oxides
produced by vaporization and as relatively large (>0.1 mm) dense
particles that are rapidly transported to the sea floor. Since this Ir
flux is probably constant, it yields concentration variations similar to
those expected for a constant authigenic precipitation rate.

It seems doubtful that volcanism contributes appreciable Ir to this
section. Andesitic and silicic volcanic solids are probably similar to,
and represented by, our continental estimate. The amount of Co or
Ir introduced into solution by submarine volcanism is not known.
However, it is known that Fe-Mn oxides form at high rates in the
immediate vicinity of spreading centers and it seems likely that these
would sequester the bulk of the Co and Ir. Submarine volcanism
probably contributes only a small fraction of the dissolved Ir
removed by authigenic precipitation at sites distant from spreading
centers. In any case, if the Ir/Co ratio in dissolved matter associated
with submarine volcanism is less than or equal to that in Mississippi
delta sediments, the above Co-based upper limit on the continental
contribution (<55%) would encompass any volcanogenic Ir.

Zoller et al. (22) showed that Hawaiian hot-spot volcanism
releases appreciable Ir into the atmospheré. However, no reliable
estimates of the worldwide volcanic Ir flux are available; our rough
calculations suggest that this flux is minor. The inferred gaseous
iridium fluorides should be highly reactive with particulates, leading
to deposition near the source. Only that fraction reaching the
stratosphere should be deposited globally, and the fraction of the
Hawaiian gaseous Ir that reaches the stratosphere must be trivial.
We note that the GPC-3 site was about 2000 km east (far away and
probably upwind) of the Hawaiian hot spot at the time that the
sediments in this section were deposited.

Arsenic and antimony are highly enriched in volcanic aerosols (22,
23), whether or not Ir is enriched; they are probably also introduced
into the ocean by submarine volcanism. We observe major fluctua-
tions in antimony concentrations (Fig. 3) (arsenic trends are
identical) which probably reflect the volcanic contribution but do
not correlate with Ir or the authigenic Co. Thus, the bulk of the Ir
probably has a nonvolcanic origin.

The terrestrial contribution to the 13 ng of Ir per square
centimeter per million years must be between the 7% maximum
eolian contribution and the 55% maximum authigenic estimate. We
propose that the extraterrestrial fraction lies in the range of 6 to 12
ngem >m.y.”', and that 9 = 3 ngcm™2 m.y.”! is the best available
value for the extraterrestrial influx in the size range sampled during
our 30-m.y. integration (24). This mean value corresponds to an
It/Co ratio in the terrestrial authigenic fraction of about 2 x 1078,
about half the ratio in Mississippi delta sediments (20).

Other Studiesb

Barker and Anders (5) studied five Pleistocene abyssal clays
having maximum ages of 1 m.y. and estimated an Ir influx of 7 = 3
ng cm~? m.y.”!. Ku ¢t al. (25) show that the sedimentation rates
(26) used by Barker and Anders (5) are too low by factors averagin%
to about 2. Thus their flux should be increased to 14 ng cm™
m.y.”!, identical to our estimate of 13 ng cm™2 m.y.”! within
estimated uncertainties. As a result of bioturbation, the Barker-
Anders cores probably represent mean fluxes for the past 1 to 2 m.y.
(6) which should include 10'®-g objects and possibly a 10'7-g
object. Thus, there is evidence that, aside from punctuation by
objects with radii of at least 4 km, the extraterrestrial influx has
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Fig. 3. Comparison of Ir, Co, and Sb profiles in GPC-3. In the section above
the K/T boundary, Co is strongly correlated with Ir, having low concentra-
tions in the Paleocene and high concentrations in the Eocene and Oligocene.
This probably reflects an inverse correlation between concentration and
sedimentation rate. The K/T Ir peak plots off scale. The Sb profile probably
reflects volcanic activity and does not correlate with Ir or Co.

remained constant during the past 70 m.y. Our excraterrestrial Ir
flux estimate is also in agreement with the value of 9 ng cm > m.y. ™!
calculated by Ganapathy (27) from analyses of Antarctic ice. How-
ever, Ganapathy noted that allowance for enhanced stratosphere-
troposphere mixing at temperate latitudes leads to an estimated
global flux 4 times as high, too high to be consistent with our result.

Our Ir accumulation rate of 13 ng em™2 m.y.”! is not in
agreement with values reported by Crocket and Kuo (28) ranging
from 61 to 866 ng cm™? m.y.”!. They reported Ir concentrations
near 0.3 ng/g in calcareous and siliceous oozes and in pelagic clay,
considerably higher than continuum values (<0.1 ng/g) measured in
similar materials (14, 29). Our substantially lower Ir accumulation
rate is more likely.

Concentration and isotopic studies of osmium in sediments are
consistent with our estimate of the extraterrestrial Ir. Osmium and Ir
are similar in their geochemical and cosmochemical properties; in
meteoritic samples they fractionate coherently, and the Os/Ir ratio
rarely differs from the cosmic ratio of 1.2 by more than a factor of 2.
Terrestrial samples show a somewhat larger range. Barker and
Anders (5) found a strong Os-Ir correlation consistent with a
constant ratio in deep-sea sediments, an indication that both are
mainly extraterrestrial. Potentially more telling is the '#7Qs/'8QOs
ratio; because '¥Os is partly produced by the decay of "¥’Re, this
ratio is sensitive to the age and Re/Os ratio of the source. In mean
continental matter the '*7Os/'®Os ratio is expected to range be-
tween 13 and 26; in mantle and meteoritic samples it is near 1.0
(30). Luck and Turekian (31) leached Os from ferromanganese
nodules from deep ocean basins and found '¥7Os/'8Os ratios
between 6 and 8. These are indicative of a continental fraction of 25
to 50% of the leached Os. The remainder is of mantle or extraterres-
trial origin; their data offer no means for discriminating between
these two possibilities, but arguments similar to those given above
for Ir suggest that extraterrestrial Os is more abundant than mantle
Os introduced by oceanic volcanism. In their experiment, only the
ferromanganese oxides were leached; it is not known what fraction
of the total Os was extracted. Their leach would not have attacked
the Os in cosmic spherules (32) or other particulate matter that may
be a major fraction of the Os in the nodules. Thus, these Os isotopic
data support the idea that ~75% of deep-sca Ir and Os are of
extraterrestrial origin. A more extensive Os study is highly desirable.
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Other Accretion Rate Estimates

Our extraterrestrial Ir influx of 9 = 3 ng em™2 m.y.”! and an

assumed Ir concentration of 592 ng/g in the infalling matter yields a
mean accretion rate to the carth (33) of 78 billion grams (Gg) per
year. Because of the long time interval involved in this estimate it
should (with due allowance for stochastic effects) apply to bodies
that fall at a rate of at least one per 30 m.y.

Hughes (2) used satellite, radar, and visual observations of
meteors and meteorite fireballs to estimate a global influx of 16 Gg
per year for objects with masses of 10° g or less; Griin ez al. (34)
support this estimate. A convenient way to discuss data on masses
spanning so many orders of magnitude is to compare the mass influx
per magnitude (Fig. 4). Maxima of 5 Gg per year occur at mass
intervals of 107¢ to 107> and 107° to 10* g. The difference (62 Gg
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Fig. 4. The estimated influx of extraterrestrial marter shows a peak at low
masses largely due to the accretion of cometary dust [adapted from (2)] and
an exponential relation that increases with increasing size and is due to the
accretion of fragments of asteroids and comets (4). The dashed exponential
curve is a revision of the exponent in the number-radius relation from —2.0
to —2.1, determined by fitting the exponential relation to the observed flux
of 10°- to 107-g objects.
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Fig. 5. Comparison of the Ir profile in GPC-3 to the increase in Ir
sedimentation expected from dust produced by periodic comet showers. The
solid curves represent the increase Ir accumulation expected during a 3-m.y.
event. The dashed curves represent that expected from an ultraconservative
model in which only 2% of extraterrestrial Ir is cometary.
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per year) between our global flux and that of Hughes must result
from accretion of bodies having masses between 106 and 10' g.

Wetherill and Shoemaker (4) summarized available information
on the flux of large, crater-forming objects. They report that the
impact rate (N) of all bodies having radii (#) greater than # is roughly
proportional to #72, that N is equal to 10 m.y. ! where ris 0.25 km.
This led to the relation N = 0.63 # 2 where 7 is expressed in
kilometers. We evaluated the mass accretion rate from this relation
by assuming a density of 3 g cm™. The largest-sized body with:an
expected earth impact rate of one per 30 m.y. is about 10" g, or a
radius of 4.3 km. For 7,.x = 4.3 km, the calculated accretion rate is
68 Gg per year. If 7,0 = 2.0 km, corresponding to a mass of 10'7 g,
the rate is 31 Gg per year. Since uncertainties associated with this
approach are at least a factor of 2, these estimates are remarkably
close to the 62 Gg per year by which our accretion rate exceeds that
estimated by Hughes (2) for bodies having masses of 10° g or less.
The general agreement lends credence to both techniques for
estimating accretion rates.

The Wetherill-Shoemaker relation is shown in Fig. 4. Since the
largest meteoroids considered by Hughes should belong to the same
population as the crater-producing objects, we would expect the
histograms to merge in the kilogram to megagram range. In fact, the
two models yield essentially the same influx for the interval 107 to
10% g. Wetherill and Shoemaker suggest a large uncertainty (=0.5)
in the exponent —2 in their equation. The general agreement of our
Ir-based influx with that predicted by their model suggests a lower
uncertainty. The fall rate (35) of large (10° to 107 g) meteorites is
relatively well determined and yields a flux of about 0.015 Gg per
year with an uncertainty of abour a factor of 2. We suggest that the
slope is very close to —2.1 and within an uncertainty of only +0.2.
If the flux of 10 m.y.”" at » = 0.25 km is well determined, this
uncertainty corresponds to a factor of 4 uncertainty in the flux of
objects in the mass range 10° to 107 g. We show as a dashed line in
Fig. 4 our recommended revision of the cumulative flux relationship
to N = 0.54 » 2!, where 7 is in kilometers.

One could argue that the K/T object corresponds to the 10'%-g
object expected during a 30-m.y. period and that the largest objects
in our section are approximately 10'” g. The absence of recognizable
Ir peaks corresponding to objects having masses near 10'7 g can be
attributed to factors such as heavy dilution of the projectile material
by terrestrial ejecta or accretion during the Eocene-Oligocene period
when the low sedimentation rate lowered the signal-noise ratio.

Periodic Comet Showers?

The proposal that periodicities are recognizable in the biological
extinction record (36) has stimulated models calling for periodic
swarms of comets to invade the inner solar system (37). These
models rely on periodic perturbations of the Oort Cloud by an
eccentrically orbiting dark solar-companion star, by a tenth giant
planet, or by giant molecular clouds in the galactic plane. Davis et al.
(37) estimated that such a typical cometary swarm would consist of
about 2 X 10° new long-period comets with perihelia of 1 astro-
nomical unit or less—sufficient to result in about 25 terrestrial
impacts of comets (presumably with radii of 0.5 to 5§ km) during a
1-m.y. to 3-m.y.-long shower. Since the modern flux of long-period
comets with perihelia of less than 1 AU is 16 per year, of which
about 3 are dynamically new, the resultant increase in the comet flux
would be by a factor of 200 if the duration of the shower is 3 m.y.
(38). The dynamics of the planet-X model are not yet specified (39),
but the results must be similar in order to ensure that there are
enough large impacts to yield periodic extinctions.

In order to compare our results with predictions of these models
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we need to know what fraction of the extraterrestrial influx is
cometary. There seems to be general agreement on a cometary
source for a large fraction, gerhaps essentially all, of the material
having masses less than 107 g (Fig. 4). Hughes (2) estimates an
annual influx of these materials of 15.7 Gg. There is also no doubt
that an appreciable (5 to 20%) fraction of the meter- to kilometer-
sized accreted bodies is also cometary. We will assume that at least
16 Gg, or 20% of our inferred influx of extraterrestrial matter, is
cometary. This conservative lower limit (essentially including only
the dust) corresponds to an Ir accumulation rate of 1.8 ng cm™?
m.y.”'. The estimates cited above show that this should increase
200 times during the 3-m.y. period (or by 600 if the duration is 1
m.y.) when the perturbing planet or star is near perihelion. In Fig. 5
we indicate this increased flux with normal curves having a standard
deviation of 0.75 m.y. and areas equal to 1080 ng of Ir per square
centimeter. Not only is the predicted increase not observed, but it is
apparent from the dashed curves that the late Eocene data rule out
an increase one-tenth as large corresponding to the assumption that
only 2% of the extraterrestrial Ir is of cometary origin. Even the
distinct K/T event does not yield as much Ir as predicted by the
ultraconservative 2% model.

The absence of evidence for Ir maximums spanning 1 to 3m.y. at
the predicted times is strong evidence against the occurrence of
comet showers. This evidence confirms other arguments disputing
their existence (40) and casts serious doubt on the existence of
periodicities in catastrophe-induced extinctions.
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