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structures formed within ~10-20 ka. Enrichments of 3He in coeval sediments also indicate high fluxes
of interplanetary dust to Earth for ~2 Ma. Additionally, several medium-sized impact structures are
known from the Late Eocene. Here we report from sediments in Italy the presence of abundant ordinary
chondritic chromite grains (63-250 pm) associated with the ejecta from the Popigai impactor. The grains

Keywords: occur in the ~40 cm interval immediately above the ejecta layer. Element analyses show that grains in
Late Eocene the lower half of this interval have an apparent H-chondritic composition, whereas grains in the upper
Popigai crater half are of L-chondritic origin. The grains most likely originate from the regoliths of the Popigai and
helium-3 the Chesapeake Bay impactors, respectively. These asteroids may have approached Earth at comparatively
ordinary chondrite low speeds, and regolith was shed off from their surfaces after they passed the Roche limit. The regolith

asteroid belt

ice age grains then settled on Earth some 100 to 1000 yrs after the respective impacts. Further neon and oxygen
1

isotopic analyses of the grains can be used to test this hypothesis.
If the Popigai and Chesapeake Bay impactors represent two different types of asteroids one can rule out
previous explanations of the Late Eocene extraterrestrial signatures invoking an asteroid shower from a
single parent-body breakup. Instead a multi-type asteroid shower may have been triggered by changes
of planetary orbital elements. This could have happened due to chaos-related transitions in motions of
the inner planets or through the interplay of chaos between the outer and inner planets. Asteroids in a
region of the asteroid belt where many ordinary chondritic bodies reside, were rapidly perturbed into
orbital resonances. This led to an increase in small to medium-sized collisional breakup events over a
2-5 Ma period. This would explain the simultaneous delivery of excess dust and asteroids to the inner
solar system. Independent evidence for our scenario are the common cosmic-ray exposure ages in the
range of ca. 33-40 Ma for recently fallen H and L chondrites.
The temporal coincidence of gravity disturbances in the asteroid belt with the termination of ice-free
conditions on Earth after 250 Ma is compelling. We speculate that this coincidence and a general
correlation during the past 2 Ga between K-Ar breakup ages of parent bodies of the ordinary chondrites
and ice ages on Earth suggest that there may exist an astronomical process that disturbs both regions of
the inner asteroid belt and Earth’s orbit with a potential impact on Earth’s climate.

© 2015 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction and background

The Late Eocene, ~37.8-33.9 Ma ago, was the time when

* Corresponding author at: Astrogeobiology Laboratory, Department of Physics, Earth’s climate Changed nto the present icehouse _State after
Lund University, Sweden. ~250 Ma of “greenhouse” conditions. Although the major change
E-mail address: birger.schmitz@nuclear.lu.se (B. Schmitz). in climate occurred at the Eocene-Oligocene boundary, an accel-

http://dx.doi.org/10.1016/j.epsl.2015.05.041
0012-821X/© 2015 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).


http://dx.doi.org/10.1016/j.epsl.2015.05.041
http://www.ScienceDirect.com/
http://www.elsevier.com/locate/epsl
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:birger.schmitz@nuclear.lu.se
http://dx.doi.org/10.1016/j.epsl.2015.05.041
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1016/j.epsl.2015.05.041&domain=pdf

78 B. Schmitz et al. / Earth and Planetary Science Letters 425 (2015) 77-83

erating cooling trend prevailed through the Late Eocene when
also the first significant ice sheets on Antarctica formed (Vonhof
et al., 2000; Zachos et al.,, 2001; Bodiselitsch et al., 2004; Lear
et al., 2008; Scher et al., 2014; Villa et al., 2014). The Late Eocene
was also a period with an enigmatic, enhanced flux of extrater-
restrial matter to Earth. The evidence comes primarily from two
very large and several medium-sized impact craters, as well as an
interval in the sedimentary strata with high concentrations of ex-
traterrestrial >He (e.g., Montanari et al., 1993; Farley et al., 1998;
Glass and Koeberl, 1999; Whitehead et al., 2000; Koeberl, 2009;
Kyte et al.,, 2011; Paquay et al., 2014). The Popigai crater in north-
ern Siberia is 100 km in diameter and the largest known impact
crater post-dating the Cretaceous-Tertiary boundary (Vishnevsky
and Montanari, 1999; Whitehead et al., 2000; Koeberl, 2009). The
second large astrobleme, Chesapeake Bay in the eastern US, is a
structure with a diameter of 85-90 km, but the true crater is
~40 km in diameter, with the larger size reflecting collapse of sed-
iment structures (Poag et al., 2004; Kyte et al., 2011). This impact
was thus considerably less energetic than the Popigai impact. The
Chesapeake Bay and Popigai structures have radiometric ages of
35.5+0.6 and 35.7 £ 0.2 Ma, respectively (Koeberl et al., 1996;
Bottomley et al, 1997). The stratigraphic positions of the dis-
tal ejecta layers from the craters indicate that the impact events
occurred within ~10-20 ka (Koeberl, 2009). The ejecta layers
occur in the middle part of the sedimentary interval enriched
in extraterrestrial >He, reflecting a ~2 Ma period of enhanced
flux of small (<50 pm) interplanetary dust particles to Earth
(Farley et al., 1998). Three well-dated, medium-sized craters with
ages ~40-35 Ma are Haughton, Mistastin, and Wanapitei (Koeberl,
2009), but there are also a number of craters with larger dating
uncertainties of which some could be of Late Eocene age (Earth
Impact Database, 2015).

The Late Eocene 3He anomaly and associated impacts were
originally proposed to reflect a comet shower from a random per-
turbation of the Oort comet cloud (Farley et al., 1998; Farley, 2009).
This scenario was supposed to best explain the ~2 Ma duration
of the enhanced flux of fine-grained 3He-rich dust to Earth. Also
the simultaneous delivery of large projectiles and fine-grained in-
terplanetary dust reconciles best with models for cometary events.
An asteroid breakup was ruled out because following such an event
the ejected dust moves directly to Earth by Poynting—Robinson
drag, whereas the km-sized fragments need to drift into an orbital
resonance before being redirected to an Earth-crossing orbit. Thus
the km-sized asteroids will arrive on Earth typically several million
years after the fine-grained dust (Zappala et al., 1998). Tagle and
Claeys (2004, 2005), however, challenged the comet scenario and
suggested the breakup of an L-chondritic asteroid in the asteroid
belt as an alternative source of Late Eocene >He and impactors.
They based their claims on platinum-group element (PGE) anal-
yses of melt rock in the Popigai crater (Tagle and Claeys, 2004,
2005), but more elaborated evaluation of the PGE data show that
they may be consistent with any type of ordinary chondrite (i.e., H,
L or LL) (Farley, 2009; Kyte et al.,, 2011). There are also other un-
certainties around PGE signatures, related to element fractionation
in the condensing impact plume or during sediment diagenesis
(Schmitz et al,, 2011). It has also been speculated that following
an L-chondritic asteroid breakup, a shower of smaller asteroids to
the Earth-Moon system ejected large amounts of 3He-rich fine-
grained lunar regolith that settled on Earth (Fritz et al., 2007). The
most compelling data so far as to the causes of the Late Eocene
events comes from Cr-isotopic analyses of distal ejecta from the
Popigai crater (Kyte et al, 2011). These data constrain the origin
of this impactor to be an ordinary chondritic asteroid. The authors
speculated that the Popigai impactor and excess He may be re-
lated to the breakup of the Brangdne asteroid, with an assumed
H-chondritic composition. Based on astronomical observations this
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Fig. 1. Profiles for the Massignano section of extraterrestrial 3He concentrations
(black curve) (Farley et al., 1998) and the total number of recovered EC grains per
kg sediment (orange curve) in this study and by Schmitz et al. (2009). Indicated in
numbers on the latter curve are the masses in kilogram of the samples searched for
EC grains. Magnetostratigraphy after Jovane et al. (2007).

body broke up at ~50 440 Ma (Nesvorny et al., 2005) and is the
only major family-forming event involving an S-type (i.e. ordinary
chondritic) asteroid that is a potential match for Late Eocene 3He
and impactors.

In a previous study we aimed at testing the hypothesis of
a Late Eocene major L-chondrite breakup event by searching
for L-chondritic chromite grains over the 3He-rich interval in
the pelagic sediments of the Massignano section in central Italy
(Schmitz et al., 2009). This is the section where some of the most
detailed studies of the Late Eocene extraterrestrial events have
been performed, including the original reconstruction of the 3He
anomaly (Farley et al., 1998) (Fig. 1). A major breakup event in the
Late Eocene would have given a chromite signature in the sedi-
ment similar to that following the breakup of the L-chondrite par-
ent body in the mid-Ordovician 470 Ma ago (Schmitz et al., 2003;
Schmitz, 2013). Slowly formed marine sediments from immedi-
ately after this event contain up to ten L-chondritic chromite
grains (63-250 pm) per kg of sediment, attesting to a very high
flux of L-chondritic matter to Earth. Chromite makes up ~0.25%
of ordinary chondrites and is the only common mineral in this
meteorite type that survives weathering on Earth. In our previous
study at Massignano we searched for chromite grains in 167 kg of
rock from 12 levels within the 14 m stratigraphic range of the
3He anomaly. We found only one ordinary chondritic chromite
grain, arguing against a major breakup event similar to that in the
mid-Ordovician. The single grain recovered occurred in a sample
~45 cm above the Popigai ejecta layer. This finding prompted us
to continue the search for extraterrestrial spinels, but at a higher
resolution. Therefore, in the present study a total of 491 kg of
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Table 1
EC and OC grains (>63 pm) recovered in Massignano section.

Sample depth Sample weight No. EC grains No. OC grains 0C/kg rock

(m) (kg)

10.25-10.35 11.6 0 34 2.9
10.00-10.15 14.0 0 28 2.0
9.00-9.15 141 0 71 5.0
8.60-9.00 98.4 0 90 0.9
8.20-8.40 14.2 0 36 2.5
6.70-6.90 14.1 0 24 1.7
6.15-6.25 14.0 1 22 1.6
6.15-6.40 97.6 1 331 34
6.00-6.15 96.4 6 122 1.3
5.75-6.00 99.9 17 165 1.7
5.70-5.80 13.8 0 16 1.2
5.60-5.65 13.9 0 35 2.5
5.10-5.40 99.0 0 248 2.5
4.80-5.10 14.6 0 19 1.3
3.05-3.35 15.0 0 22 1.5
1.95-2.20 13.9 0 29 2.1
1.25-1.35 13.9 0 32 2.3

Total: 658.4 25 1324 2.0

limestone, in addition to the previous 167 kg, were collected in
the Massignano section with a focus on the interval around the
Popigai ejecta bed.

2. Materials and methods

Three of the new samples, each of ~100 kg, were collected at
succeeding levels beginning at the top of the Popigai ejecta layer,
at the 5.75 m level in the section, and covering the entire overlying
65 cm of section (Fig. 1). Two background samples, each ~100 kg
large, were collected at the 5.10 and 8.60 m levels. Meter levels
in the Massignano section are marked by iron plates, but some of
these markers have lately disappeared. The Popigai impact ejecta
does not represent a distinct bed and can be difficult to demar-
cate in the field. Montanari et al. (1993) place the base at 5.61 m,
whereas Paquay et al. (2014) measure enhanced iridium concen-
trations over the interval from 5.64 to 5.73 m. Huber et al. (2001)
state that the “impactoclastic” layer occurs between levels 5.64 and
5.72 m. Our level 5.75 m in the present study coincides with a
change from reddish gray to plain gray sediments, but this color
change can best be seen in fresh rock exposures. There may be
uncertainties of a few centimeters when comparing sample depths
between our previous study (Schmitz et al., 2009) and the present
study.

All samples have been carefully cleaned, then dissolved in 6 M
HCl in our lab specially designed for dissolution of large rock
samples. The residue >63 pm was recovered by sieving and sub-
jected to 11 M HF at room temperature for two days. From the
HF residues all opaque chrome spinel grains were picked under
a stereo light microscope, then embedded in epoxy, polished and
analyzed for element composition with a calibrated SEM-EDS in-
strument (Schmitz et al., 2009). The analytical approach and the
classification of chrome spinel grains into extraterrestrial (EC) or
terrestrial (or “other chrome spinel” = OC) based on their chemi-
cal composition is further discussed in the Supplementary Online
Material. Our approach relies on that chromite in equilibrated ordi-
nary chondrites has a very narrow and unique range in elemental
composition, and thus can be readily discriminated from chrome
spinels from other sources (Schmitz, 2013).

3. Results
In 658 kg of sediment from the 3He-rich interval at Massig-

nano we have found a total of 1349 opaque chrome spinel grains
(Table 1; Fig. 1). Of these, only 25 have the typical EC composition

and they were all found in the 308 kg of sediment representing
the 65 cm interval immediately above the Popigai ejecta (Fig. 2).
In the 350 kg of sediment from the remainder of the section no EC
grains were found. The 1324 chrome spinel that do not have the
typical EC composition are all, or almost all, of terrestrial origin.
There are no major changes in the composition of the terrestrial
grains through the section. Their chemical composition indicates
an ophiolitic source, probably the Sardo-Corso massif to the west.

In the interval that contains EC grains, from 5.75 to 6.40 m, the
grains show an apparent tailing-off trend, with 17, 6 and 2 grains
in the three vertically succeeding ~100-kg large samples. However,
the chemical results show that the situation is more complex and
that two events close in time probably are registered (Fig. 3). The
17 EC grains in the sample from 5.75-6.00 m, immediately above
the Popigai ejecta bed at ~5.64-5.73 m, represent a significant en-
richment in EC. This is clear when considering the relatively high
average sedimentation rate at Massignano, ~1 cm per ka (Farley
et al, 1998; Brown et al.,, 2009). Condensed limestone of earliest
Paleocene age in the Gubbio section, central Italy, formed on av-
erage about four times slower than the Late Eocene sediments at
Massignano. The Gubbio limestone contains only ~3 EC grains per
100 kg of rock, which is considered to represent the background
flux of EC grains (Cronholm and Schmitz, 2007). This means that
the background flux at the Massignano section would yield ~1+1
EC grain per 100 kg sediment. The 17 EC grains per 100 kg of sed-
iment in the 5.75-6.00 m interval thus reflect an enhanced flux by
a factor of ~17. In comparison, the mid-Ordovician EC abundance
after the breakup of the L-chondrite parent body, normalized to
the circa three times higher sedimentation rates at Massignano,
lies typically in the range 30-170 EC grains per 100 kg, a fac-
tor 2-10 higher than in the Late Eocene. In the mid-Ordovician
the signature of the chromite rain endures through many (>10)
meters of section, but at Massignano only over a few decimeters.
These differences confirm that there was no Late Eocene asteroid
breakup of the same magnitude as the one 470 Ma ago (Schmitz
et al., 2009).

The chemical composition of the 17 EC grains from immedi-
ately above the Popigai ejecta indicates that all or almost all of
these grains have an H-chondritic origin (Fig. 3) (Supplementary
Table 1). We have analyzed several 1000 EC grains from Ordovician
sediments that formed after the breakup of the L-chondrite parent
body (Schmitz, 2013). Although chromite chemistry is susceptible
to partial diagenetic alteration, some aspects are very stable no
matter the diagenetic conditions. Particularly the Ti, and to some
extent also Al, concentrations are indicative of the origin of grains.
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Fig. 2. Three EC grains from the 5.75-6.00 m interval in the Massignano section.
Scale bars are 100 pm wide.

These elements in the 17 grains from just above the Popigai ejecta
plot with H-chondritic chromite. The grain assemblage clearly has
a different composition compared to the L-chondritic grains from
the Ordovician. Quite surprisingly the 8 grains from the three sam-
ples (with a total weight of 208 kg) in the next succeeding in-
terval (6.00-6.40 m) plot dominantly in the field of L-chondritic
chromite. Although there is some overlap in the composition of
the grains between the lower and upper interval, there is an ob-
vious general difference. For example, all 17 grains in the lower
sample have MgO concentrations >3.5 wt% and FeO <27.3 wt%,
whereas only one of the 8 grains in the overlying interval shows
such values. Although TiO, and Al,O3 for the grains in the lower
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sample clearly indicate an H-chondritic origin, the FeO values are
a few percent lower than in such chromite (Fig. 3). Previous stud-
ies have shown that during diagenesis FeO is the least stable of
the oxides in chromite (Schmitz et al., 2001), and this could ex-
plain the data. Further oxygen three isotopic analyses or studies of
inclusions in the grains are required to ascertain an H-chondritic
origin (Schmitz, 2013).

4. Discussion

Most likely the 17 grains from immediately above the Popigai
ejecta originate from the dust trail of this impactor. The Popi-
gai impactor was on the order of 5+ 2 km in diameter (Tagle
and Claeys, 2005; Kyte et al., 2011; Paquay et al., 2014). Its en-
counter with the gravity of the Earth-Moon system may have
shed off substantial amounts of asteroid debris already at dis-
tances of 10,000-20,000 km from Earth. Asteroids entering within
the Roche limit get affected by tidal gravity, and anything be-
tween loss of surface material to complete disruption of the as-
teroid may happen (Richardson et al., 1998; Nesvorny et al., 2010;
Toéth et al., 2011; Schunova et al., 2014; Yu et al., 2014). Recent
space missions to asteroids Itokawa and Eros (mean diameters 0.3
and 17 km, respectively) have shown that small to large asteroids
have a significant layer of lose regolith or “rubble-pile” debris on
their surface (Murdoch et al., 2013). Model simulations show that
regolith avalanches are expected on asteroids affected by Earth’s
gravity (Yu et al.,, 2014). There are a number of tidal effects that
can disturb the surface of an asteroid during a planetary encounter,
for example, the tidal torque may spin up an asteroid, and centrifu-
gal forces exceeding the asteroids gravity may move the regolith
(Nesvorny et al., 2010).

If we assume that one would find worldwide the same num-
ber of Popigai-derived EC grains per surface area as at Massignano,
then a regolith-layer about 30 cm thick would have had to be
shed off a 5 km Popigai impactor in order to explain the occur-
rence of the EC grains on Earth. For the estimate we used chromite
data for ordinary chondrites (1000 grains >63 pm per gram) from
Bjarnborg and Schmitz (2013). Considering that the average thick-
ness of the regolith of Eros is estimated at 20-40 m (Robinson
et al.,, 2002) the ~30 cm of regolith shed off from the Popigai im-
pactor may only represent a small fraction of the entire regolith
layer on such a body. The Late Eocene impacting asteroids may
have approached Earth at comparatively low speeds increasing the
tidal effects. The fact that the EC grains at Massignano are found
in the interval above the ejecta and not within it can be explained
by a delayed settling within a few 100 to 1000 yrs after the first
encounter with Earth’s gravity. One would not expect abundant EC
grains in the ejecta bed itself because all original minerals were
destroyed when the asteroid vaporized upon impact. Instead the
ejecta layer contains abundant dendritic Ni-rich magnesioferrite
spinel grains that formed when the impact vapor cloud condensed
(Pierrard et al., 1998). It should be noted that the Massignano sec-
tion is bioturbated and vertical redistribution of single grains can
take place (Huber et al., 2001).

The origin of the 8 dominantly L-chondritic chromite grains in
the overlying 6.00-6.40 m interval is more enigmatic, but likely
they originate from the dust trail of the Chesapeake Bay impactor.
In the Late Eocene there are two widespread impact ejecta lay-
ers that based on biostratigraphy formed within ~10-20 ka (Glass
and Koeberl, 1999; Koeberl, 2009). The lower ejecta bed from the
Popigai event probably has a global distribution. It is character-
ized by clinopyroxene-bearing spherules, so called microkrystites.
This is the same bed that is enriched in iridium, magnesioferrite
spinels and shocked quartz at Massignano, but the microkrystites
are completely weathered, flattened and replaced by clay minerals.
The younger of the two ejecta layers represents the less energetic

Chesapeake Bay impact and has a more restricted geographic dis-
tribution, from the northwestern Atlantic to the Caribbean Sea.
The bed contains glassy microtektites and unmelted impact de-
bris including shocked quartz. No definitive traces of this ejecta
have so far been discovered at Massignano. A second, very small Ir
anomaly in the section, measured ~50 cm above the Popigai ejecta
bed, is not always reproducibly detected (Bodiselitsch et al., 2004;
Paquay et al., 2014). With an average sedimentation rate of ~1 cm
per ka at Massignano, the Chesapeake Bay ejecta would occur
about 10-20 cm above the Popigai ejecta. Thus the observed ver-
tical distance of ~10-20 cm between the two groups of EC grains
can readily be reconciled with the difference in time between the
Popigai and Chesapeake impacts.

The scenario with breakups of both H- and L-chondritic bod-
ies in the Late Eocene asteroid belt receives further support from
cosmic-ray exposure (CRE) ages of recently fallen meteorites. The
L chondrites show a major peak in their CRE ages at ~40 Ma
ago, which is also their largest peak for the entire Cenozoic
(Wieler and Graf, 2001). The peak coincides with a small peak
in K-Ar gas retention ages for the same meteorites (Marti and
Graf, 1992). There is thus evidence from recent meteorites of a
significant L-chondrite breakup event around 40 Ma ago (but it
is an event much smaller than the one 470 Ma ago, see e.g.,
Swindle et al., 2014). The H chondrites show a prominent, max-
imum peak in CRE ages around 7-8 Ma ago, but also a major peak
at ~33-36 Ma ago (Graf and Marti, 1995; Wieler and Graf, 2001;
Kyte et al., 2011). The CRE ages for recent meteorites have un-
certainties typical in the range 10-20% because of uncertainties
in many underlying assumptions in the approach (Marti and Graf,
1992; Farley, 2009). Uncertainties in CRE ages are largely dom-
inated by unknown shielding conditions of a sample, including
depth of sample within the meteoroid and size of the meteoroid.
It is not likely that this would create systematic differences in CRE
ages of two random populations of meteorites. Hence the different
CRE ages of ~35 and ~40 Ma ago for the H and L chondrites,
respectively, most likely represent at least two different events
separated by one to a couple of million years. The important point
here is that also the CRE ages of recent meteorites indicate pertur-
bations of both H and L chondrite parent bodies in or around the
Late Eocene and over a protracted period of time.

Our results concur with previous Cr-isotope and PGE data sug-
gesting that the Popigai impactor was an ordinary chondrite (Tagle
and Claeys, 2005; Kyte et al., 2011), but the discovery of chromite
from apparently two different types of ordinary chondrites is not
consistent with an origin from one major family-forming breakup
event. Kyte et al. (2011) base their idea of a Late Eocene breakup
of an H-chondritic Brangdne parent-body on the peak in CRE ages
of ~33-36 Ma for many of the recent H chondrites. But they point
out that the relatively small Brangdne family also lies too far from
an orbital resonance to deliver large bodies from a breakup event
within the same short time scales that the fine-grained dust would
need to drift to Earth. We suggest instead based on our findings
and the CRE ages that a Late Eocene asteroid and dust shower to
the inner solar system was triggered by an episode of gravitational
perturbations of asteroid orbits in the asteroid belt. This may have
affected primarily a region where many smaller ordinary chon-
dritic asteroids resided. The asteroids were rapidly perturbed into
an orbital resonance position. The frequency in collisions increased
over a few million years, which could explain both the protracted
3He signature in Earth’s sedimentary record as well as the simulta-
neous delivery of dust and km-sized bodies to Earth. Perturbations
of asteroid orbits and orbital resonances may be triggered, for ex-
ample, by unusual planetary alignments or changes in the motions
of the inner planets (Varadi et al., 1999, 2003), or by the interplay
of chaos between the outer and the inner planets (Hayes et al.,
2010). Long-term integrations of planetary orbits have indicated
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Fig. 4. K-Ar ages of recent H chondrites, from Swindle et al. (2014). The plot shows
individual probability distribution for ages of individual meteorites (dashed line)
and a combined probability distribution (solid line) for all of the data. The diagram
takes into account the uncertainties in the individual data points in a graphical
way by giving each data point equal area. There are essentially no impact resetting
events recorded for H chondrites between 1.3 and 3.5 Ga ago; see further Swindle
et al. (2014) and Schmitz (2013).

that orbits in the inner solar system behave chaotically. Varadi
et al. (2003) noted a potential chaos-related transition between dif-
ferent dynamical regimes around 65 Ma ago, and speculated about
a relation to the impactor that hit Earth at the Cretaceous-Tertiary
(K-T) boundary. Today, empirical evidence has accumulated sug-
gesting that the K-T impactor was a lonely stray object, whereas
the evidence is mounting in favor of an asteroid shower in the Late
Eocene.

If indeed an asteroid shower in the Late Eocene was triggered
by minute changes in the orbits of the inner planets, these changes
could have left also a signal in Earth’s climate. Brown et al. (2009)
observe a disturbance over the *He-rich interval in the Massig-
nano section of the orbitally controlled cyclicity in calcite, but
this could represent overprinting climatic effects of repeated aster-
oid impacts. It is generally accepted that Earth’s climate variations
are primarily astronomically driven, i.e. diurnal, seasonal and Mi-
lankovitch cycles, but the fundamental transition after 250 Ma
of greenhouse to icehouse climate in the Late Eocene is gener-
ally explained in terms of Earth-bound causes, such as the closing
or opening of different seaways or changes in atmospheric CO,
(Zachos et al., 2001). Our data cannot alone challenge such ex-
planations in favor of astronomical causation, but an additional
argument comes from the K-Ar ages of recently fallen ordinary
chondrites (Swindle et al., 2014). These meteorites show an enig-
matic bimodal pattern with gas-retention ages either >3.4 Ga or
<1.5 Ga (and mostly <1 Ga) (Fig. 4). The many young ages indi-
cate that major collisions involving ordinary chondrites were much
more common in the past 1 Ga than in the 1 Ga before that. The
period on Earth from ca. 2 to 1 Ga before the present, sometimes
referred to as the Boring Billion (Hazen, 2012), does not have any
documented ice age, and there is only one confirmed impact crater
from this long period (for a detailed discussion, see Schmitz, 2013).
It is compelling that both the ordinary chondrites and Earth’s
climate show a similar trend, with stability in the period 2 to
1 Ga before the present, followed by a period of instability up to
the present. In the past ~0.8 Ga there have been seven or eight
major ice age episodes, starting with the Snowball Earth glacia-
tions. The onset of Snowball Earth coincides approximately with
the formation of the Copernicus crater, the largest young (<2 Ga)
crater on the Moon. This crater formed ~0.8 Ga ago (Bogard et al.,
1994) and some evidence indicate that it formed during an as-

teroid shower (Zellner et al., 2009). Only the ordinary chondrites
among recent meteorites show common young (<1 Ga) gas reten-
tion ages, indicating that only the inner asteroid belt may have
been affected by gravity perturbations. Shoemaker (1998) argued
based on lunar and terrestrial crater abundances that “the long-
term average cratering rate may have increased late in geological
time, perhaps as much as a factor of two” (see also, McEwen et al.,
1997). If ordinary chondrites have been the dominating type of
projectile impacting Earth, as indicated by the present study and
previous work on the mid-Ordovician, then the bimodal distribu-
tion of gas retention ages of the recently fallen ordinary chondrites
lends support for an increase in the impact rate the past ca. 0.8 Ga
or so. Some support for this scenario comes also from studies of
craters on the Moon, where Kirchoff et al. (2013) have noticed
“lulls” in the impact rate >600 Ma long and approximately co-
inciding with the Boring Billion years. Dating uncertainties for the
lunar craters, however, add complexities to the issue. The ordinary
chondrites clearly dominate the meteorite flux today, and a major
fraction of them originate from the Late Eocene or mid-Ordovician
events. If one takes these two events out, the recent meteorite
flux (and most likely also the asteroid flux) would have been sig-
nificantly lower. The breakup of the Baptistina asteroid family at
160 Ma ago has been suggested to have increased the flux of km-
sized bodies by at least a factor of two over the last 100 Ma (Bottke
et al., 2007), however, there is no known obvious link between any
of the recent common meteorite types and this event (see further
Schmitz, 2013).

5. Conclusions

In the Massignano section we find two types of relict chromite
grains from ordinary chondrites in the beds just above the ejecta
layer from the Popigai impact. The grains most likely represent
preserved fragments from the extraterrestrial bodies that cre-
ated the large Popigai and Chesapeake Bay impact craters in the
Late Eocene. Elemental analyses of the chromite grains indicate
an H- and L-chondritic composition, respectively, of the two im-
pactors. Thus the enigmatic extraterrestrial signatures in Earth’s
Late Eocene geological record may neither represent a comet
shower nor an asteroid shower related to a single, major breakup
event, as previously suggested. Instead the data hint at an aster-
oid shower involving different types of ordinary chondrites. Further
oxygen and neon isotope analyses, however, are required to test
this hypothesis. A multi-type asteroid shower can be explained by
gravitational perturbations of the asteroid belt, possibly associated
with chaos-related transitions between different solar-system dy-
namical regimes. Such perturbations that are synchronous on a
general geological-astronomical time scale with a drastic change
in Earth’s climate from a greenhouse to icehouse state may indi-
cate a connection. Changes in the orbits of the inner planets may
be reflected in the collisional history of asteroids with orbits sen-
sitive to such changes.
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