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ABSTRACT

Sn-rich particles, Ni-rich particles, and cosmic spherules are found together at
four discrete stratigraphic levels within the 362-360 m depth interval of the Green-
land Ice Sheet Project 2 (GISP2) ice core (72.6°N, 38.5°W, elevation: 3203 m). Using
a previously derived calendar-year time scale, these particles span a time of increased
dust loading of Earth’s atmosphere between A.D. 533 and 540. The Sn-rich and Ni-
rich particles contain an average of 10-11 wt% C. Their high C contents coupled with
local enrichments in the volatile elements I, Zn, Cu, and Xe suggest a cometary source
for the dust. The late spring timing of extraterrestrial input best matches the Eta
Aquarid meteor shower associated with comet 1P/Halley. An increased flux of com-
etary dust might explain a modest climate downturn in A.D. 533. Both cometary dust
and volcanic sulfate probably contributed to the profound global dimming during
A.D. 536 and 537 but may be insufficient sources of fine aerosols. We found tropical
marine microfossils and aerosol-sized CaCO, particles at the end A.D. 535-start A.D.
536 level that we attribute to a low-latitude explosion in the ocean. This additional
source of dust is probably needed to explain the solar dimming during A.D. 536 and
537. Although there has been no extinction documented at A.D. 536, our results are
relevant because mass extinctions may also have multiple drivers. Detailed examina-
tions of fine particles at and near extinction horizons can help to determine the rela-
tive contributions of cosmic and volcanic drivers to mass extinctions.
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INTRODUCTION

‘We have previously used historical, particle, and ion data to
propose a calendar-year time scale for the Greenland Ice Sheet
Project 2 (GISP2) ice core from central Greenland at depths
between 362 m and 360 m during part of the early sixth century
A.D. Because previous work suggested a significant extraterres-
trial influence on climate and tree rings between ca. A.D 533 and
541 (Baillie, 1999, 2007), we selected ice-core samples that cov-
ered this time. We found Ni-rich particles and I-type (Fe-oxide)
cosmic spherules from 361.8 to 360.51 m depth, dated by us to
between 533 and 540 A.D., the same time range as observations
of increased atmospheric dust i.e., “dancing stars,” in historical
records (Abbott et al., this volume, Chapter 22). There are at
least five possible sources for the dust in our samples: asteroi-
dal debris, cometary dust, volcanic sulfates, windblown particles,
and terrestrial impact ejecta. In this paper, we address the mul-
tiple origins of this dust and its possible effects on climate from
533 to 540 A.D.

Previous Work on Extraterrestrial Debris within Polar Ice

There are many accepted tracers for extraterrestrial debris
in polar ice: noble gas abundances and isotopic compositions
(Brook et al., 2000; Lal and Jull, 2005; McGee and Mukhopad-
hyay, 2013), Ir, Pt, and Ni abundances (Brocas and Picciotto,
1967; Karner et al., 2003; Gabrielli et al., 2004), nonvolcanic Fe-
and Ni-rich spherules (Hodge and Wright, 1964; Hodge et al.,
1964; Taylor et al., 1998, 2000), meteoritic fragments (Yada et
al., 2004; Misawa et al., 2010), and magnetic properties (Lanci
and Kent, 2006). A major drawback to most of these tracers
is that they require relatively large volumes and stratigraphic
thicknesses of ice. For example, a study of extraterrestrial He?
abundance in replicate samples found that around 1000 g of ice
were needed to achieve reproducible results with 26 errors on
the order of +30% (Brook et al., 2009). Another study achieved
lower errors, but individual samples represented over 100 yr of
ice accumulation (Winckler and Fischer, 2006). In addition, noble
gases are lost from larger or higher-velocity particles as they heat
up during atmospheric entry (Farley et al., 1997; Mukhopadhyay
and Farley, 2006). Thus, noble gases can only provide a lower
bound on the deposition rate of extraterrestrial debris (Marcanto-
nio et al., 1996, 1998, 1999).

One study of Ir and Pt abundances required 1000-2000 g
samples to achieve reproducible results (Karner et al., 2003).
Magnetic studies use smaller 360 g samples but constrain only
the background levels of meteoritic smoke recorded in par-
ticles 7-17 nanometers in diameter (Lanci and Kent, 2006). In
our study, we assessed the composition and origin of particles
from a relatively small amount of ice meltwater, between 27 and
102 g (mL) per sample (Appendix Table 1A). Individual samples
of meltwater represent between 0.3 and 0.92 yr of time. Based
on previous ice-core research, such brief intervals of time and
masses of ice would be expected to yield no micrometer-sized

extraterrestrial particles. As we have shown (Abbott et al., this
volume, Chapter 22) and will further demonstrate in this paper,
we instead found surprisingly large abundances and sizes of
inferred extraterrestrial particles within a restricted stratigraphic
interval. These results could mean that the time between A.D.
533 and 540 had an unusually high deposition rate of extraterres-
trial particles. In this paper, we make a case for a cometary origin
of many of these particles.

COMETS OR ASTEROIDS AS SOURCES OF
EXTRATERRESTRIAL DUST IN THE GISP2
ICE CORE

Our previous findings of Ni-rich particles and cosmic
spherules do not require a cometary source for the historically
documented dust loading of Earth’s atmosphere, i.e., “the danc-
ing stars,” between A.D. 533 and 540 (Abbott et al., this vol-
ume, Chapter 22). Ni-rich particles and cosmic spherules could
come from either asteroids or comets. They are both sources of
micrometer-sized cosmic dust particles and interplanetary dust
particles (IDPs).

Asteroids are composed of material that was differentiated
at the same temperatures as igneous rocks, that is, at minimum
primitive liquidus temperatures of ~1100 °C (McKenzie and
Bickle, 1988). Because comets represent material that condensed
from the primordial solar nebula at lower temperatures than
asteroids, comets should contain higher concentrations of mate-
rial with low-equilibrium nebular condensation temperatures, in
particular C (Table 1; Lodders, 2003). Some ultravolatile materi-
als, for example, water ice and noble gases, are likely to be very
rare or absent in asteroids and relatively abundant in comets.

Some cosmic dust contains concentrations of volatile ele-
ments such as Sn, Zn, and Bi (Table 2). During the 1990s, all
or most of the volatile elements in cosmic dust particles were
considered to be volcanogenic contaminants that condensed
onto the particle surfaces after they entered Earth’s atmosphere
(Jessberger et al., 1992; Rietmeijer, 1993, 1995). The most recent
research suggests that these volatile elements are integral parts
of the grains (e.g., cometary) rather than volcanogenic surface
precipitates (Flynn et al., 2006). In the late 1990s, ultra-carbon-
rich micrometeorites were found in Antarctica (Engrand and
Maurette, 1998). As a result of this and other discoveries, the
percentage of cosmic dust consisting of carbonaceous chondrite-
like material has been steadily revised upward. At present, it is
estimated that comets (e.g., carbonaceous chondrite-like dust)
probably represent the ultimate source of over 80% of the cosmic
dust entering Earth’s atmosphere (Engrand, 2011).

Observational Evidence for Excess Concentrations of
Volatile Elements in Comets

Several types of observations constrain the concentrations of
volatile elements in comets relative to ordinary chondritic meteor-
ites. The first are direct observations of the coma of comets. The
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TABLE 1. ELEMENTS WITH LOW NEBULAR CONDENSATION TEMPERATURES (DATA FROM LODDERS, 2003)

Element 50% condensation temperature (°K) Phase

C 40 CH4-7H,0 plus CH, (ice)
Xe 68 Water

| 535 Cl apatite

Sn 704 Fe alloy

Zn 726 Forsterite plus enstatite
Pb 727 Fe alloy

Bi 746 Fe alloy

K 1006 Feldspar

Cu 1037 Fe alloy

spectra of comet Ikeyi Seki indicate excess Cu (Rietmeijer, 1988);
the spectra from Comet 1P/Halley indicate excess Zn (Krueger
and Kissel, 1987). The second are observations of the volatile con-
tent of chondritic, porous, cosmic dust, the type of cosmic dust
that comes from comets (Bradley and Brownlee, 1986; Brown-
lee, 1987; Bradley et al., 1999). Chondritic, porous, cosmic dust
includes particles with excess Bi, Sn, and Zn relative to chondritic
meteorites (Rietmeijer, 1989; Schulze et al., 1997; Ciucci et al.,
2010). The third are observations of high concentrations of vola-
tiles in the lunar soil. Excess Zn and Pb are attributed to input
from comets (Dikov et al., 1998). When these concentrations are
normalized relative to the concentrations of the same element in
chondritic meteorites (e.g., asteroids), they provide an index that
can be used to distinguish cometary from asteroidal material.
The volatile elements most diagnostic of a cometary origin
are those for which concentrations are highest relative to ordinary
chondritic meteorites. The excess concentrations of volatiles can
be very high, typically several times chondritic for Sn, but possi-
bly up to 350,000 times chondritic for the same element in com-
etary dust in an ice core (Table 1; La Violette, 1987). Zn also has
very high excess concentrations: 3—4 times chondritic to possibly
610 times chondritic in material from the 1908 explosion over
Tunguska in Siberia. Thus, Sn and Zn are good proxies to use to
distinguish between cometary and asteroidal material.

LABORATORY METHODS

Our ice-core samples were processed under a laminar-flow
hood. The hood has a filter and positive pressure that prevent con-

tamination from local dust. The outside surface of each ice-core
sample was rinsed with quartz-distilled water to remove contami-
nation from drilling and atmospheric dust. The remaining ice was
melted under the laminar-flow hood and centrifuged. The super-
natant was analyzed for ion concentrations using ion chromatog-
raphy. All of the remaining particle-rich water was placed inside
cleaned Teflon washers, glued to cleaned glass slides, and left to
evaporate in the laminar-flow hood. All final cleaning and rinsing
was done with quartz-distilled water. Each slide was then covered
until immediately before insertion into a Zeiss Supra 50 scan-
ning electron microscope (SEM) with attached EDAX energy-
dispersive X-ray spectrometer (EDS). Micrographs were col-
lected in secondary electron (SE), backscattered electron (BSE),
or mixed SE and BSE modes. Imaging and analyses were con-
ducted in high-vacuum mode at 15 kV accelerating voltage. In
between SEM sessions, each slide was re-covered immediately
upon removal from the SEM and stored inside the laminar-flow
hood to prevent contamination from atmospheric dust. Marine-
sediment cores are stored in a different building, thus precluding
them as a source of contamination.

Our standard method of searching for interesting particles
on the SEM combines 50% backscattered and 50% secondary
electrons to make a composite image in order to maximize both
structural and chemical data. We survey for interesting particles
at a magnification of 200x, increasing the magnification when
we find an interesting particle or particle group. We select par-
ticles that have one or more of the following attributes: distinct
sharp edges, a spherical morphology, a biological morphology,
or a bright appearance. Each slide of particles from a given

TABLE 2. VOLATILE ELEMENTS AND THEIR ENRICHMENTS IN COMETS AND COMETARY MATERIAL

Metal ~ Where observed Amount Reference

Bi Chondritic porous IDP 4-35 times chondritic (best 20 times) Rietmeijer (1989)
Cu Comet lkeya Seki high Rietmeijer (1988)
Pb Lunar soil 0.1-0.2 at% Dikov et al. (1998)

Sn Chondritic aggregate IDP
Sn Chondritic porous IDP

3 grains of Sn oxide

3-8 times chondritic (best 6.3 times), includes Sn-rich particles

Ciucci et al. (2010)
Rietmeijer (1989)

Sn Cometary dust in ice core 350,000 times chondritic? La Violette (1987)

Sn Tunguska (comet) 11.6 times chondritic? La Violette (1987)

Zn Lunar soil 4 at% Dikov et al. (1998)

Zn Dust from comet 1P/Halley 3-4 times chondritic Schulze et al. (1997)

Zn Comet 1P/Halley high Krueger and Kissel (1987)
Zn Tunguska (comet) 610 times chondritic La Violette (1987)

Note: IDP—interplanetary dust particle.
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stratigraphic level contains hundreds to thousands of grains; we
cannot analyze every grain. The most carbon-rich or fluffy grains
are usually not selected. This means that most of our particles
are in one or more of the following classes: metal-rich, minerals,
biological skeletons, spherules, or glass.

A COMETARY SOURCE FOR Ni-RICH AND
Sn-RICH PARTICLES

Particles of cometary origin typically contain at least a few
percent carbon (C). The most primitive asteroids are those most
like comets, i.e., carbonaceous chondrites. Although the amount
of carbon is quite variable, the most primitive carbonaceous
chondrites (CI chondrites) contain ~4% carbon (Alexander et al.,
2012; Marty, 2012). The more primitive chondritic IDPs contain
~12% carbon (Thomas et al., 1993). Dust from comet 1P/Halley
contains ~18% carbon (Delsemme, 1991; Marty et al., 2013).

Because we coat our samples with Au/Pd, our semiquantita-
tive X-ray microanalyses are a rough measure of the carbon con-
tent of our samples. We use the measured C content of terrestrial
SiO, grains in our samples to estimate background C levels (the
maximum level of C potentially attributable to terrestrial sources)
of ~2-3 wt% (Appendix Table 1B). On average, we find ~11 wt%
C (range 5-19 wt%) in our samples of Ni-rich particles (Table 3).
This C content is in the right range for cometary materials but is
somewhat low. (We attribute this to our criteria for sample selec-
tion, which systematically avoids the most C-rich particles.) We
also find local enrichments of the volatile elements Zn and Cu.

Because the brightness in backscatter mode of C is directly
proportional to its average atomic weight, a particle of nearly
pure C appears dark gray. In contrast, a pure heavy metal oxide
or native heavy metal appears light gray or bright white, respec-
tively. With the exception of a grain of native Ni, our Ni-rich
samples did not appear as bright in backscatter mode (fig. 3 in
Abbott et al., this volume, Chapter 22) as is typical of pure Fe-Ni
oxides or pure Fe-Ni metal. The lower relative brightness of our

Ni-rich particles in backscatter mode is consistent with the pres-
ence of significant amounts of carbon (10% level) with the metal.

Sn-Rich Particles in the GISP2 Ice Core

‘We found small Sn-rich particles at four different horizons in
the GISP2 ice core (Figs. 1 and 2; Table 4). Because Sn is a heavy
metal, small, Sn-rich particles appear bright in backscatter mode
on the SEM. Their relative brightness enhances the visibility of
small, Sn-rich particles.

The Sn-rich particles have several characteristics. The first is
their small size (Fig. 1). The largest particle is ~3 um in diameter.
The particles are platy in appearance. The brightness and compo-
sitions of the particles are heterogeneous (Fig. 1; Table 4). The
Sn-rich particles all contain substantial C, on average ~10 wt%.
The Sn-rich particles contain Fe with the Sn or in neighboring
grains. Two spectra of Sn-rich particles are best fit with the addi-
tion of about 1 wt% of the noble gas Xe. To achieve a best fit, a
third spectrum required the addition of 3.2 wt% I in addition to
3.5 wt% Xe (Fig. 2). A few of the spectra show significant peaks
(>1%) in either Cu or Zn.

The Sn-rich particles show several similarities to other parti-
cles of inferred cometary origin. The first is their platy appearance,
which resembles that of two Sn-rich particles previously found in
cometary-type IDPs (Rietmeijer, 1989; Ciucci et al., 2010). The
second similarity is their average 10 wt% C content (Delsemme,
1991; Marty et al., 2013), which is closer to that of cometary IDPs
(12 wt% C) than to carbonaceous chondrite meteorites (4 wt%
C). The Fe associated with the Sn is consistent with models of
primordial condensation from the solar nebula (Lodders, 2003),
which predict that Sn (and Cu) should initially condense within
an iron alloy (Table 1). The last and perhaps most compelling
factor is the need to frequently add Xe and in one case I to fit
the spectra of the Sn-rich particles (Fig. 2). (We have carefully
checked for sum and escape peaks of Sn, O, C, and Si and found
that these are not present at the right energy levels to fit the spectra

TABLE 3. SEMIQUANTITATIVE EDS ANALYSES OF Ni-RICH PARTICLES

Sample no. C Si Ca Cr Fe Ni Zn Cu
(Wt%) (Wt%) (Wt%) (Wt%) (Wt%) (Wt%) (Wt%) (Wt%)
11-8a 8.8 1.1 0.3 0 249 25.9 0 0
11-15¢ 10.9 1.7 0.8 0.2 34 34.9 0 0
8-8a 5.1 15.1 1.8 0.4 0.4 3 14.9 36.6
8-8b 5.4 12.8 1.4 0.4 0.5 5.5 15 37.6
8-8c 6.4 17.6 2.3 0.4 0.4 3.1 12.2 33.4
6-20a 18.4 3.6 0.1 0 0 65.4 0 0
6-20b 10.9 1.2 0.4 0.1 0.2 80 0.4 0
5C-9 19.2 29.2 2.7 0.2 8.6 7.3 0 0

Note: Sample no.—stratigraphic level is the number before the dash; the number after the dash is the grain number within a given stratigraphic
level. Suffixes of a, b, and c represent multiple analyses of the same grain. Differences of a few percent between analyses of the same grain
primarily reflect local heterogeneity rather than analytical error. None of these samples contained more than 1 wt% Ti, which would be present in
terrestrial material (Hodge and Wright, 1964). Sample 11-8 in Figures 3A and 3B (Abbott et al., this volume, Chapter 22), micrograph (85%
backscattered electrons [BSE]), 15% in-lens secondary electrons (ILSE). Sample 8-8 in Figure 11 micrograph (50% BSE, 50% ILSE). This might
be a refractory grain like that found by Wark (1986). Sample 6-20 in Figures 3C and 3D (Abbott et al., this volume, Chapter 22), micrograph 50%
BSE, 50% SE2 (secondary electrons). Sample 5C-9 in Figures 3E and 3F (Abbott et al., this volume, Chapter 22) micrograph 50% BSE, 50%

ILSE.
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Figure 1. Scanning electron micro-
scope (SEM) micrographs of particles
from the ice core. (A, C, E, J) Sn-rich
particles with one Fe-rich spherule in
E. (B, D, F, G, H) Semiquantitative
energy-dispersive X-ray microanalyses
of compositions. (Note that the peak
heights are not absolute so no scale is
given for peak heights. This means that
the relative heights of nearby spectral
peaks provide a good estimate of rela-
tive abundances of these elements. In
contrast, the relative heights of peaks
with different energies are only loosely
correlated to their relative abundance.)
Four out of five analyses are of Sn-rich
particles. Analysis D shows a small but
distinct Cu peak in addition to Sn peaks.
The remaining analysis is of a Fe-rich
spherule (F). (I) Ni-rich particle-analysis
in Table 3. Ratios of backscattered and
secondary electrons were adjusted to
maximum the image quality: (A) 100%
BSE (backscattered electron mode);
(C, 1) 50% BSE, 50% ILSE (in-lens sec-
ondary electron mode); (E) 90% BSE,
10% ILSE, (J) 50% BSE, 50% SE2
(standard secondary electron mode).
Black arrows or lines point from par-
ticles to their spectra.



without the addition of Xe and I. No rare earth elements fit the
spectra.) Xe and I are both highly volatile elements with nebu-
lar condensation temperatures of 68 K and 535 K, respectively
(Table 1). Xe is thought to condense with water in the solar nebula
(Lodders, 2003). In addition, some Xe isotopes can be produced
during bombardment of iodine by subatomic particles in the solar
wind (Pepin et al., 1995). The Sn-rich particles sometimes contain
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Figure 2. Comparison of two models for the composition of Sn-rich
particle. (Note that the peak heights are not absolute so no scale is
given for peak heights. This means that the relative heights of nearby
spectral peaks provide a good estimate of relative abundances of these
elements. In contrast, the relative heights of peaks with different ener-
gies are only loosely correlated to their relative abundance.) Spectral
peaks from the Au/Pd coating are not included in either model. (Mi-
crograph of particle is given in Figure 1E; spectrum is in Fig. 1G.) Red
area—raw spectrum. Dark blue line—background to the spectrum.
(A) Light-blue line—model of the spectral peaks based on selected
element peak locations and the accelerating voltage used for the analy-
sis. Red area extends above the light-blue line to the right of the peak
labeled Sn, Ca. The data are poorly fit here at the three peaks designat-
ed by arrows. (B) Black line—model of spectral peaks The spectrum
is best fit by adding both Xe and I to the Sn and Ca peaks between 3.8
and 4.8 keV. Cu, Zn, Ni, and Fe are also present at modest levels.

significant Zn and Cu, i.e., two other volatile elements that are
enriched in comets relative to asteroids. Thus, the overall patterns
of morphology and elemental abundance of the Sn-rich particles
are most consistent with a cometary source.

The final argument for a cometary origin of the Sn particles
is their co-occurrence with the Ni-rich particles (Fig. 3). The Ni-
rich particles, more generally accepted as extraterrestrial, also
have high C contents that resemble the C contents of cometary
dust (Table 3). Thus, if the high C contents of the Ni-rich par-
ticles are accepted as being indicative of cometary origin, it fol-
lows that the four co-occurrences of high-C, Sn-rich particles are
also likely to have a cometary origin.

POTENTIAL SOURCES OF COMETARY DEBRIS

Now that we have made a case for a cometary source of the
Sn-rich and Ni-rich dust in our samples, we seek to determine
whether or not a specific comet or comets can be linked to this
dust. We use two data sets to provide constraints: the changes in
volume of extraterrestrial debris over time, and the seasonality
of input of extraterrestrial debris. Finally, we use modeling of
cometary orbits to determine those comets that could have shed
debris that would affect Earth during its rotation about the Sun.

In the 10 yr period between A.D. 532 and 542 covered by our
ice-core samples, there were seven observed comets (Hasegawa,

TABLE 4. SEMIQUANTITATIVE MICROANALYSES OF Sn-RICH PARTICLES

Sample C O Na Al Si Sn Ca Cr Fe Ni Zn Cu Other elements
no. (Wt%)  (Wt%)  (Wt%)  (Wt%)  (Wi%)  (wit%) (Wt%) (Wt%)  (Wt%)  (Wt%)  (wt%) (Wt%)

11-57a 5.1 24.4 41 1.7 3.7 47.2 1.9 0.2 5.7 0.6 2.2 0.7 0.8% Xe
11-57b 53 38 6.4 2.2 11.4 22.7 1.7 0 9 0 0.4 0 0.7% Xe
11-57¢ 59 23.9 4.2 1.7 3.8 45.9 2.1 0 8.3 0.3 1.7 0.4 0.7% Xe
6-1b 32.3 23.8 2.8 0.2 3.1 33.1 1.6 0 1.2 0.1 0.7 0.4 No Xe
5C-8a 4 6.2 0.7 0.7 1.8 59 3.5 0.8 2.48 2.1 7 4.3 3.2% 1, 3.5% Xe
4A-30a 6.8 13.1 2.9 0.3 21 68.9 1.3 0 0.7 0.4 0.4 0.4 1.2% Xe
4A-30b 7.4 14.8 3.4 0.5 41 63.9 1.4 0 0.9 0.4 0 0.9 0.8% Xe
4A-30c 11 20.4 5.2 0.5 6.7 52 1.4 0 0.3 0 0.2 0 0.7% Xe

Note: Differences above the percent level reflect sample heterogeneity. Sample 11-57 is Figures 1A and 1B; sample 5C-8 is Figures 1E and
1G; sample 4A-30 is Figures 1C and 1D; sample 6-1b is Figures 1H and 1J.
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1980; Kronk, 1984). In comparison, there were seven comet
passes observed between A.D. 500 and 532 (a 32 yr period) and
five comet passes between A.D. 542 and 560 (a 28 yr period).
It is possible that one or more of the debris fields left behind
by comets (i.e., the sources of meteor showers) might have been
strengthened prior to A.D. 533. If more than one meteor shower
was strengthened, the volumes of extraterrestrial debris would
not decrease uniformly over time but would show multiple
peaks and lows. If only one meteor shower was strengthened,
the volume of extraterrestrial debris should decrease relatively
uniformly over time.

The change in volume of extraterrestrial material over time
(Fig. 4) is derived from summing the estimated volumes of Ni-
rich particles, Sn-rich particles, and I-type cosmic spherules in
each sample that contains them. The upper envelope of volumes
(four samples) shows a linear power of 2 decline from A.D. 533
to 540.

Discussion

The volume of extraterrestrial dust from A.D. 533 to 540
measured in our GISP2 samples declines over time. The first and
simplest interpretation is that dust from a single comet pass pro-
duced declining volumes of cosmic dust starting in A.D. 533 and
ending in A.D. 540. The data also permit a second interpreta-
tion involving multiple injections of cosmic dust. The volume of
cosmic dust is greatest in A.D. 533 and declines until A.D. 536.
Later in A.D. 536, there is a new injection of cosmic dust that
declines until A.D. 537. There is a final injection of cosmic dust
in A.D. 538 that declines until A.D. 539-540. With our data set,
we cannot distinguish among these interpretations.

There are other caveats. Our ice samples are small, far
smaller than is necessary to obtain good constraints on the size

Ni-rich

® Cosmic Spherule

0>]

. Sn-rich

532 534 536 538 540 542
Year (yr A.D.)

Figure 3. Extraterrestrial material versus calendar-year age in the
Greenland Ice Sheet Project 2 (GISP2) ice core. Gray squares with
black rim—Ni-rich particles; solid black circles—I-type cosmic spher-
ules; gray triangles with black rim—Sn-rich particles.

distribution of extraterrestrial particles (Peucker-Ehrenbrink
and Ravizza, 2000). Our methods do not allow us to constrain
the abundance of nanometer-sized extraterrestrial particles. The
latter are fine aerosol sized, the most likely particles to remain
in the atmosphere for months at a time and to reduce the trans-
parency of the atmosphere during their residence. Thus, we do
not know if a reduced or increased volume of fine-aerosol-sized
particles accompanied the apparently reduced volume of larger
extraterrestrial particles during A.D. 536 and 537.

Seasonality of Cosmic Input

Although ice-core records usually have some uncertainty as
to their absolute age, the seasons within annual ice-core records
are relatively well defined. The GISP2 ice core shows seasonal
changes in bubble and near-surface grain structure, §'*0, and
conductivity that allow identification of annual layers (Alley et
al., 1997; Meese et al., 1997). Within the Holocene, the counting
of annual layers is reproducible at the 1% level. This means that
it is possible to estimate the seasonality of input of extraterrestrial
debris into the GISP2 ice core.

If the debris can be related to a specific season and meteor
shower, we have a stronger basis for relating it to a specific
comet. Many of our ice-core samples cover nearly an entire year,
so they contribute less to an evaluation of the seasonality of extra-
terrestrial input. Some of our samples cover only part of a year,
and these permit a more precise evaluation of the seasonality of
extraterrestrial input.

To evaluate the seasonality of input of extraterrestrial debris,
we constructed a time series from the estimated time range
of each of the 10 samples that contained some cosmic debris.
(There are intercalated samples that contain no cosmic debris.)
We interpolated at daily intervals to produce a time series with
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Figure 4. Change in volume of extraterrestrial material versus time in
our ice-core samples. Y-axis is the log base 2 of the total volume in cu-
bic micrometers of extraterrestrial material. Solid black line—estimate
of the decline in volume of the largest samples over time if there was
a single source of extraterrestrial material. Dashed lines—estimate of
the change in volume over time if there were multiple sources of ex-
traterrestrial material.
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Extraterrestrial Debris in Ice Core vs Time of Year
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Figure 5. Seasonality of input of extraterrestrial dust particles. Black
line with diamonds—total number of days in 2 wk intervals with extra-
terrestrial particles as weighted by total number of particles per sam-
ple. Brown line with circles—total number of days in 2 wk intervals
with extraterrestrial particles. Red symbols—meteor showers derived
from Comet 1P/Halley. Blue triangles—meteor shower derived from
Comet 109P/Swift-Tuttle. Dark green circles—meteor shower derived
from Comet 55P/Tempel-Tuttle. Purple star—most prominent peak in
the number of meteor showers observed by Chinese astronomers prior
to A.D. 918 (Yang et al., 2005).

one data point per day. To produce the weighted time series, we
multiplied each time series of days of the year by the number
of particles of cosmic debris in that particular sample. We then
stacked both the weighted and unweighted time series to search
for peaks in the seasonal input of cosmic debris. Finally, we
reduced noise by summing and binning each time series over 2
wk intervals (Fig. 5).

Not every comet is a potential source of fine cosmic dust that
might cloud Earth’s atmosphere. Only a few comets pass close
enough to Earth’s orbit for Earth to cross their fields of aban-
doned debris. These latter comets are the main sources of meteor
showers and cosmic dust on Earth.

During the first millennium A.D., ancient astronomers docu-
mented four meteor showers with known cometary associations:
the Eta Aquarid, Orionid, Perseid, and Leonid meteor showers
(Imoto and Hasegawa, 1958). The dates of these meteor showers
were somewhat different during the sixth century A.D. (Table 5).
With the exception of the Orionids, the adjusted dates for each
shower came from models of three or more observations of each

shower. The adjusted dates for the Orionids are from the two
extant observations of this shower.

Implications of Seasonality

The seasonality of particle input suggests that comet 1P/
Halley was the main source of the extraterrestrial dust in the
GISP2 core. Comet 1P/Halley passed near Earth in A.D. 530.
The Chinese observed comet 1P/Halley between 29 August
530 A.D. and 27 September 530 A.D. Why was this particular
apparition of comet 1P/Halley a significant source of extrater-
restrial dust to Earth’s atmosphere? One important variable is
the amount of dust and vapor that degasses from the comet.
Because degassing removes the black outer rind of a comet,
it increases the brightness of the comet. Therefore, we use the
absolute magnitude of a comet as a proxy for the intensity of
cometary outgassing. Out of 22 apparitions of comet 1P/Halley
between 239 B.C. and A.D. 1682, the comets of A.D. 530 and
A.D. 1222 share the highest absolute magnitude of 5.5 (Kronk,
1984). We infer that comet 1P/Halley was ejecting unusually
large amounts of dust and vapor during its A.D. 530 transit
through the inner solar system.

Modeling of Comet Intersections with Earth’s Orbit

Over time, the intersections of cometary debris trails
with Earth’s orbit slowly change. At present, Earth’s orbit is
most likely to intersect those of larger comet fragments when
it crosses the path of prior passes of comet 2P/Encke during
late June and early July. This is the time of the Taurid meteor
showers. Two recent events are suspected of being caused by
the Taurid meteor stream. The first was the Tunguska explo-
sion on 30 June 1908. The second was a meteor storm on the
Moon in June 1975 (Hartung, 1993). During the sixth century
A.D., the most prominent intersection of Earth’s orbit with a
meteor shower was with the Eta Aquarid meteor shower of
Comet 1P/Halley

Orbital Simulations—Methods and Implications

Orbital simulations were carried out using a software pro-
gram for N-body integrations (Chambers, 1999). This tech-
nique considers the positions and velocities of all bodies in a
system and predicts where each body will end up a short time
later based on the combined gravitational pull caused by all
other bodies. By repeating the calculations, the positions and

TABLE 5. DATES OF PROMINENT METEOR SHOWERS DURING THE SIXTH CENTURY A.D.

Adjusted date Day range Meteors Parent comet
27 Sep-9 Oct 270-282 Leonids 55P/Tempel-Tuttle
15 Jul-18 Jul 196-199 Perseids 109P/Swift-Tuttle
13 Apr—-22 Apr 103-112 Aquarids 1P/Halley
~23 Sep—25 Sep ~266—268 Orionids 1P/Halley
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velocities of the bodies are established for a series of time incre-
ments. Similar integrations have been performed for comets
over 400,000 yr (Valsecchi et al., 1995) and 40,000 yr periods
(Harris and Bailey, 1998).

For this paper, simulations were performed over the past
6000 yr for short-period comets. In general, comets are usually
on orbits that do not intersect Earth’s orbit. With precession and
perturbations of their orbits, there may be occasions when the
orbits intersect. During such occasions, the node of the comet’s
orbit (where it intersects the ecliptic plane) will be equal to 1.0 +
0.05 astronomical units (au). From this simulation, Comet 1P/
Halley emerged as significant during the sixth century.

The orbital simulations have several important implica-
tions (Fig. 6). They suggest that the Eta Aquarid meteor shower,
caused by the descending node of comet 1P/Halley’s orbit, was
an important source of meteors during the sixth century A.D.
During the period from ca. A.D. 528 to 537, the descending node
was closest to the plane of Earth’s orbit. After the comet passed
close to the sun in 530 A.D. (Fig. 6A), there could have been a
renewed source of cometary debris to the Eta Aquarid meteor
shower. As we will show, this debris may be related to subsequent
climate downturns.
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Figure 6. Comet 1P/Halley between A.D. 400 and 600. Distances are
in au (astronomical units). (Top) Distance of 1P/Halley from the Sun.
(Bottom) Distance of the descending node of Haley’s orbit (source of
Eta Aquarid meteor shower) from the Sun. Arrow on the right shows
the range of distances of the orbital node (0.95-1.05 au) at which 1P/
Halley could be a source of debris for a meteor shower that would af-
fect Earth.

SEVERE CLIMATE DOWNTURN OF A.D 536-537

Ancient histories have provided us with at least four con-
temporary accounts of a dramatic decrease in the Sun’s bright-
ness during A.D. 536 and 537 (Stothers, 1984). In Mesopo-
tamia (30-37°N), a source later quoted by Michael the Syrian
(ca. 1166-1199 A.D.) and Bar-Hebraeus (ca. 12461286 A.D.)
stated “in the year 848 of the Greeks [536 A.D.] ... the Sun
was dark and its darkness lasted for eighteen months, each
day it shone for about 4 hours, and still this light was only a
feeble shadow... the fruits did not ripen and wine tasted like
sour grapes” (translated to English from Chabot [in French],
1901, p. 220-221). According to an anonymous writer, associ-
ated by tradition with Zacharius of Mytilene in Constantinople
(41°N) (Hamilton and Brooks, 1899, p. 267), “in the year 14
[536 A.D.]... the Sun began to be darkened by day and the Moon
by night... from the 24th of March in this year until the 24th of
June in the following year 15.” Because the dimming was less
severe and shorter in duration (15 mo instead of 18) at higher lati-
tudes, it is generally agreed that the atmosphere was filled with
fine dust from an unknown, low-latitude source. Volcanic ash and
impact debris as the source of that dust are vigorously promoted
by different writers (Rigby et al., 2004; Larsen et al., 2008).

What Are the Forcing Factors for the Climate Downturn
of A.D. 536-537?

An increased input of extraterrestrial dust from A.D. 533 to
540 could have been one factor that contributed to the promi-
nent climate downturn between A.D. 536 and 537. We know that
there was also a modest volcanic eruption during this time that
probably injected sulfate aerosols into the stratosphere early in
A.D. 536. The question is whether the sulfate associated with this
volcanic eruption was enough to have caused what is arguably
the most significant solar dimming in the past 2000 yr. Our data
suggest that the maximum volume of extraterrestrial dust load-
ing was in A.D. 533. This is intriguing, as some tree rings record
reduced growth, implying a modest climate cooling in A.D. 533
(Baillie, 2007). There is no record of a volcanic eruption at this
time. Thus, high volumes of extraterrestrial dust could have
dimmed Earth’s atmosphere and cooled the climate in 533 A.D.

The problem with explaining the prominent climate down-
turn between A.D. 536 and 537 with a combination of extrater-
restrial dust loading and a relatively small volcanic eruption is
that the maximum volume of extraterrestrial dust was apparently
around 16 times smaller in A.D. 536 than it was in A.D. 533 (Fig.
4). This amount of dust seems insufficient to force an unprece-
dented climate downturn. It is possible that there was an injection
of fine-aerosol-size (<~0.5 um in diameter) extraterrestrial dust
early in A.D. 536 that we did not observe due to our small sample
sizes and relatively low magnifications. However, we should also
ascertain if our data contain any evidence for another source of
aerosol-sized dust. Next, we make a case for an additional source
of dust beyond volcanic sulfate and extraterrestrial aerosols.
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Was There a Low-Latitude, Submarine Explosion Early
in 536 A.D.?

Our ice-core data in two samples spanning the end of 535
and the start of A.D. 536 contain an unusual assemblage of
marine and terrestrial microfossils. Based on our calendar-year
time scale, we found and identified low-latitude diatoms and
silicoflagellates in two samples centered at A.D. 535.4 + 0.4 and
536.1 +0.41 (Appendix Table 1A). All but one of the 23 diatoms
are marine. Based on the presence of Thalassiosira oestrupii var.
oestrupii and Dictyocha stapedia, the A.D. 535.4 + 0.4-536.1 +
0.41 microfossil assemblage is most likely from a low latitude
(Fig. 7).

Diatoms in general, and marine diatoms in particular, are
rare in ice cores (Gayley and Ram, 1984; Burckle et al., 1988).
So far as we know, no one had ever found diatoms in the GISP2
ice core before this research. Kellogg and Kellogg (2005) per-
formed a search of the GISP2 core and found no diatoms. In addi-
tion, the concentration of diatoms at the A.D. 536 + 0.41 level
(667 diatoms/L) is the highest ever recorded in any ice core (Kel-
logg and Kellogg, 2005; Kellogg, 2010, written commun.).

The marine source of the diatoms and silicoflagellates is
also unusual, given the elevation of 3203 m at the GISP2 site.
Of the ice cores taken at elevations above 3000 m where diatoms
have been found, nonmarine diatoms dominate the assemblages.
Ninety-eight percent of the diatoms at Dome C (3240 m) in Ant-
arctica are nonmarine (Burckle et al., 1988). In the Crete ice
core from Greenland (elevation 3174 m), 100% of the diatoms
are nonmarine (Gayley and Ram, 1984). In contrast, a compre-
hensive study of 136 samples from the South Pole water well
(elevation 2835 m) found 29% nonmarine diatoms (Kellogg and
Kellogg, 1996; Kellogg, 2010, written commun.).

The characterization of the diatoms in meltwater from the
South Pole water well is the most detailed we know of (Kel-
logg and Kellogg, 1996, 2005). Tom Kellogg (2010, written
commun.) sent us his data on the number of diatoms versus
depth and the volume of water filtered per sample. The maxi-
mum number of diatoms per liter in the South Pole water well is
455 diatoms/L. Our water samples are much smaller (27—
102 mL; Appendix Table 1A) than theirs (modal volumes of
800-900 mL). If our diatom count is spread over non-diatom-
bearing samples from the stratigraphic levels immediately
above and below them (328 mL of water total), the diatom count
averages 79 diatoms/L of water. Of the 136 samples from the
South Pole water well, five contained more than 79 diatoms/L
of water. Thus, the diatom concentrations that we found are
high but not unprecedented.

Kellogg and Kellogg (1996, 2005) identified 1179 diatoms
from the South Pole water well. They identified 839 specimens
of marine diatoms. All but two marine diatoms are high latitude
or cosmopolitan. A single high-latitude diatom and a single
Miocene-age diatom were found in the two samples with the
highest concentrations of diatoms and over 100 diatoms total.
Their detailed study shows that low-latitude diatoms are some-

times moved to high latitudes, but such transport is rare. Other
workers found evidence that diatoms are ablated from Antarctic
ice and subsequently blown elsewhere by the wind (McKay et
al., 2008). Although some marine diatoms are present, the wind-
blown assemblages are dominated by terrestrial species. The dia-
tom surfaces appear ablated and smoothed, as would be expected
for reworked material (see figures in McKay et al., 2008). In con-
trast, our diatoms exhibit clear, sharp surface textures (Fig. 7).
Thus, our finding of a dominantly marine, well-preserved, low-
latitude assemblage of diatoms in a high-altitude ice core is not
matched in previous studies.

Figure 7. Scanning electron microscope (SEM) micrographs of ma-
rine microfossils from the Greenland Ice Sheet Project 2 (GISP2)
core: (A-E) A.D. 536 + 0.41 and (F) A.D. 535 + 0.4. The total num-
ber of occurrences follows each species name. (A) Dictyocha stape-
dia haeckel (1), an equatorial to subequatorial marine silicoflagellate;
(B) Opephora (1), a benthic marine diatom; (C) girdle band from
marine diatom Thalassiosira oestrupii (4); (D) Thalassiosira oestru-
pii var. oestrupii (7), a marine equatorial to subequatorial planktonic
diatom; (E) Cyclostephanos sp. (1), a nonmarine planktonic diatom;
(F) marine planktonic diatoms Thalassiosira oestrupii var. oestrupii
(right) and Thalassiothrix (left middle) (5). Total diatoms: A.D. 536 +
0.41 layer (23); A.D. 535 + 0.4 layer (3). Ratios of backscattered and
secondary electron imaging modes were chosen to maximize the dis-
play of the images: A, D, F: 50% ILSE (in-lens secondary electron
mode), 50% BSE (backscattered electron mode); B: 100% SE2 (stan-
dard secondary electron mode); C, E: 50%SE2, 50% BSE.
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Provenance of Marine Microfossils

The marine silicoflagellate is from equatorial to subtropi-
cal latitudes (Barron and Bukry, 2007). Thalassiosira oestrupii
is identified as the variety oestrupii on the basis of its diameter
(Lloyd Burckle, 2010, oral commun.). Thalassiosira oestrupii,
a tropical to subtropical diatom, can occur at higher latitudes
but is abundant (>10%) only in low-latitude assemblages. Our
assemblage is >20% Thalassiosira oestrupii (Burckle, 1977).
Opephora is a benthic marine diatom. Because they are photo-
synthetic, benthic diatoms live within the photic zone at water
depths shallower than ~100 m, so their presence in oceanic
sediments normally indicates proximity to land. The other
marine diatoms are planktonic. The occurrence of the terres-
trial diatom Cyclostephanos is suggestive of a continental mar-
gin environment (Abrantes, 2007). If all of the diatoms and
the silicoflagellate are from the same location, they are from
a continental margin at water depths of less than 100 m in the
tropics or subtropics.

Marine Dust as an Additional Forcer of the A.D. 536-537
Climate Downturn

Some of the diatoms are found among piles of particles
(Fig. 7E). We suggest that the marine sediment containing these
diatoms and associated fine particles may have provided an
additional source of dust during the severe climate downturn
between A.D. 536 and 537. The dominant component of the dust
may be constrained by the presence of high Ca (574.8 pg/L) at
the A.D. 536 level. This is the highest Ca value in our ion data
(Table 1, sample 7; Abbott et al., this volume, Chapter 22). In
general, high Ca values in ion data are considered to be a proxy
for CaCO, dust (Zdanowicz et al., 2000; Bory et al., 2003; Kang
et al., 2003; Fischer et al., 2007), which is usually interpreted as
being terrestrial dust. The finding of low-latitude marine micro-
fossils suggests another interpretation—the high Ca as derived
from marine carbonate dust. Because sulfate aerosols from Ice-
landic volcanic eruptions acidify the snow at the GISP2 site,
calcium carbonate is usually not preserved. Instead, the calcium
carbonate is dissolved and contributes Ca to meltwater (ion data)
derived from the ice.

The concentration of Ca at the A.D. 536 level is one of the
highest ever observed. For example, the average Ca concentra-
tion in the detailed ion data from 96 to 593 m depth (GISP2-D)
is 7.2 ug/L (Mayewski et al., 1997). The maximum Ca concen-
tration is 87 ug/L. This depth interval represents over 2000 yr of
time (259 yr B.P. to 2589 yr B.P.). If the Ca value of 575 pg/L is a
proxy for dust and by implication dust loading of the atmosphere,
then the dust loading is ~80 times the background level. We do
not know how much fine dust/aerosol was needed to produce
the A.D. 536 solar dimming, but 80 times the background level
seems promising.

We found calcium carbonate crystals in the same samples
as those containing tropical diatoms. The calcium carbonate

is in the form of single crystals or crystal aggregates (Fig. 8).
Calcium carbonate often precipitates within sediments dur-
ing diagenesis. However, diagenetic CaCO, precipitates have
many morphologies, and only a few are equant single crys-
tals (Morse et al., 2007; Dupraz et al., 2009; Moore and Wade,
2013). It is common for marine microfossils and nannofossils
to become more coarsely crystalline during early diagenesis
(Reid and Macintyre, 1998; Crudeli et al., 2004). If broken,
these coarsely crystalline carbonate aggregates may appear
hollow. The presence of hollow CaCO, aggregates could mean
that the fine CaCO, crystals in our ice-core particles are pri-
mary rather than secondary. The single crystals in our samples
may represent either broken fragments of the hollow aggre-
gates or diagenetic carbonate crystals derived directly from
low-latitude marine sediment. Either of these origins would
mean that the fine calcium carbonate crystals were suspended
in the atmosphere before they and the diatoms were deposited
in Greenland.

The individual CaCO, crystals are typically less than
1 ym in diameter (Fig. 8 A). This puts these crystals into the
aerosol size range. Aerosols can remain in the stratosphere for
over a year. Calcium carbonate is typically white or light gray
in color. Black aerosols like black carbon act as black bodies
that absorb heat (Jacobson, 2001; Roberts and Jones, 2004,
Ramanathan and Carmichael, 2008). White or light-gray aero-
sols reflect sunlight and nucleate clouds, helping to cool the
climate. Thus, if significant percentages of the fine carbonate
crystals were primary, they could be the reason it became cold
and dark during A.D. 536 and 537. We will not know until we
can examine less acid ice from Antarctica covering the same
time period.

In addition to calcium carbonate aggregates, we found one
distinctive plagioclase feldspar grain at the same stratigraphic
level. The grain has micro-offsets in directions that define a
staircase-like pattern (Figs. 8B and 8C). It is possible that this is
the ladder structure found in impact ejecta (French, 1998), but we
cannot be sure without further study, which is impossible (for us)
with such small grains.

The source of the explosion that transported diatoms,
feldspar, and possibly carbonate dust from low latitudes to
Greenland is still in question. Recent work has shown that ter-
restrial diatoms can be lofted high into the atmosphere during
explosive volcanic eruptions (Van Eaton et al., 2013); thus,
the occurrence of diatoms is not by itself a marker for any
particular type of explosion. Because transport from low lati-
tudes to the poles is most probable in the stratosphere, a large
explosion is required. Regardless of whether the dimming was
primarily produced by mineral aerosols or sulfate aerosols,
the aerosols must have resided in the stratosphere for 15—
18 mo. The primary source of the explosion can be determined
by a combination of microprobe work on possible volcanic
glass particles in the GISP2 core and an assessment of the
types of particles within the portions of Antarctic ice cores
dating to ca. A.D. 536-537.
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MASS EXTINCTIONS—RELEVANCE
AND APPLICATIONS

Our work on the GISP2 ice core shows the complications
that are present in a 10 yr period involving one or more extra-
terrestrially driven perturbations of the climate with some addi-
tional forcing from volcanic sulfate aerosols. Although only the
Cretaceous-Tertiary mass extinction has unequivocal evidence
of extraterrestrial input, some studies suggest that coupling of
both volcanism and impact are needed to produce extinctions.

If the terrestrial system is stressed by large-scale volcanism, a
large impact event could provide the coup de grace. Therefore,
we favor the pulse-press model of mass extinctions with cou-
pled volcanic and extraterrestrial (or other) forcing (Arens and
West, 2008).

The largest extraterrestrial bodies are comets, not asteroids.
Ninety-five percent of the extraterrestrial bodies big enough to
produce a large impact crater (20-100 km in diameter) are com-
ets (Hughes, 1998). For impact craters over 100 km in diameter,
the proportion of comets will be even higher. The problem is
how to detect their signal in the geological record. This is not
easy. There are still arguments about the cometary versus aster-
oidal nature of the 65 Ma Cretaceous-Tertiary impactor (Hut et
al., 1987; Bottke et al., 2007). Our study suggests another novel
marker for extraterrestrial input that may help to distinguish com-
etary from asteroidal sources.

Improved Strategies for Finding Extraterrestrial Markers

Another problem in detecting extraterrestrial inputs to mass
extinctions is that the signal of extraterrestrial forcing is confined
to a narrow stratigraphic interval and may be obscured by dia-
genesis, erosion, or tiny grain size. We show two examples in the
following section.

In the past, bulk chemical analyses for Ir, Pt, and Ni have
been the method of choice, along with a search for shocked
quartz. The Cretaceous-Tertiary impact event was relatively
“easy” to prove because it was partially on land and occurred at a
time when the Atlantic Ocean was narrow. In the case of a distal
oceanic impact in the middle of a paleo—Pacific Ocean, both bulk
chemical analyses and searches for shocked quartz are less likely
to yield results. Because the shock lamellae in the largest quartz
grains are annealed out with increasing distance from an impact
site (Croskell et al., 2002), the preserved, still-shocked grains are
very small. For example, the average size of distal ejecta grains
deposited 5000 km away from an abyssal crater is ~10-32 um
(Collins et al., 2005) for impacts with recurrence intervals up to
the length of the Phanerozoic (Fig. 9). This is far below the mini-
mum grain size of ~125 um that is needed to make a good thin
section of shocked quartz. Thus, any plausible size of impactors
hitting near the center of a paleo—Pacific Ocean at an average
abyssal water depth of 3800 m (Parsons and Sclater, 1977) would
be unlikely to produce a detectable, verifiable layer of shocked
quartz on land.

<
<

Figure 8. Scanning electron microscope (SEM) micrographs of un-
usual grains from stratigraphic level containing marine diatoms.
(A) CaCO, crystals. Micrograph image is 50% BSE (backscattered
electron mode), 50% SE2 (standard secondary electron mode). Aggre-
gates of crystal on upper right may represent recrystallized nanofos-
sils. (B) Feldspar grain with unusual cleavage patterns. Micrograph
50% BSE, 50% ILSE (in-lens secondary electron mode). (C) Enlarge-
ment of area inside of white rectangle in B.
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Bulk chemical analyses for Ir, Pt, and Ni may be affected
by the development of water-soluble chlorides during a major
oceanic impact. We know that these elements exhibit similar
chemical behavior and are often associated with Fe. Although the
carrier phases for Ir and Pt are uncertain, both Fe and Ni weather
to form water-soluble salts, in particular, Fe and Ni chlorides.
In one study of polar snow, ~35% of the Ni was estimated to
reside in a water-soluble Ni salt (Brocas and Picciotto, 1967).
Because most of the CI within polar snow and ice comes from
sea salt (O’Brien et al., 1995), we suggest that an abyssal oceanic
impact might produce water-soluble salts of Ni, Ir, and Pt within
the impact ejecta layer. If so, these soluble salts would make it
difficult to preserve a local peak in Ir, Pt, or Ni over geologi-
cal time. (Interestingly, only one out of five of the known tektite
strewn fields has a significant Ir anomaly [Glass, 1990; Koeberl
and Shirey, 1993].)

Recent research has found a new marker for extraterres-
trial inputs by examining small particles: Fe-Ni silicides (for-
mation temperature >2000 °C) within impact spherules (Wu
et al., 2013). This particular spherule-bearing layer does not
produce a detectable Ir anomaly in analyses of the bulk sedi-
ment. Our ice-core results further suggest that examination
of individual small particles can complement bulk analyses.
The finer particles should be examined for shocked ilmenite
(Sclar et al., 1973; Harris et al., 2005) and cometary mark-
ers such as excess Sn and noble gases. Although noble gases
are removed by heating the sediment to temperatures above
70 °C (Farley et al., 2005), the other markers can survive low-
grade metamorphism.

Because atmospheric deposition of fine particles is often
enhanced at high latitudes (Megner et al., 2008), extinction-
level stratigraphic sections with high paleolatitudes are preferred
if they exist. At Cenozoic-age high-latitude sites, out-of-place
equatorial diatoms or foraminifera might provide marker hori-
zons. In addition, many of the stratigraphic markers for impact
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either are intrinsically magnetic (e.g., shocked ilmenite, magnetic
spherules, Fe-Ni silicides) or are typically associated with Fe
oxide (Sn-rich particles). Magnetic separation of disaggregated
sediment followed by examination of the magnetic fine particles
may produce more reliable results.

CONCLUSIONS

Cometary dust is the probable source of micrometer-sized
C-rich, Sn-rich particles found at four stratigraphic levels in the
GISP2 ice core. The input of extraterrestrial dust is concentrated
in late spring, suggesting that dust from Comet 1P/Halley con-
tributed to increased opacity of Earth’s atmosphere between A.D.
533 and 540. High volumes of cometary dust in A.D. 533 may
have caused the minor climate downturn recorded by tree rings
and historical sources. Later on, in A.D. 536 and 537, the volumes
of cometary dust were possibly much smaller but with an uncer-
tain contribution from fine-aerosol-sized particles. Atmospheric
aerosols derived from multiple sources mostly likely produced
the profound solar dimming in A.D. 536 and 537. By analogy,
synergistic catastrophic events may also cause mass extinctions.
Detailed examinations of fine particles may complement previ-
ous methods of testing models of synergistic impact and volcanic
drivers of mass extinctions.
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APPENDIX 1 APPENDIX 2

Appendix 1 (Appendix Table 1A) contains the metadata and
data for all of the samples analyzed for ions and particles. The data
in this appendix will provide a framework for comparison of our
data to other data sets from the GISP2 core.

Appendix 2 (Appendix Table 1B) contains representative
EDS analyses of clean quartz grains. This data shows the back-
ground levels of carbon measured on clean quartz that was not
carbon coated.

APPENDIX TABLE 1A. TIME SCALE AND VOLUMES OF WATER CENTRIFUGED TO DERIVE PARTICLES

Sample no. Meltwater Depth range Age Age
(mL) (m) (yr A.D., Meese-Sowers) (yr A.D., adjusted)

1A 33 360-360.1 543.8 + 3.26 541.8 +0.26
1B 42 360.1-360.2 543.3 +3.26 541.3 +0.26
2-S1 51 360.2-360.38 542.6 + 3.46 540.6 + 0.46
2-S2 51 360.2-360.38 542.6 + 3.46 540.6 + 0.46
3-81 45 360.38-360.51 541.8 +3.33 539.8 + 0.33
3-S2 45 360.38-360.51 541.8 +3.33 539.8 +0.33
4A-S1 39 360.51-360.64 541.1 +3.33 539.1 £ 0.33
4A-S2 32.5 360.51-360.64 541.1 +3.33 539.1 +0.33
4B 38.5 360.64-360.7 540.6 +3.15 538.6 +0.15
4C 40 360.7-360.77 540.3 +3.18 538.3 +0.18
5A 30 360.77-360.84 540 +3.18 538 +0.18
5B 34 360.84-360.92 539.6 + 3.2 537.6 +0.2
5C 52 360.92-361 539.2 +3.2 537.2+0.2
6 42 361-361.08 538.8 +3.2 536.8 +0.2
7 33 361.08-361.24 538.1 + 3.41 536.1 + 0.41
8 37 361.24-361.39 537.4 +3.38 535.4 +0.38
9 27 361.39-361.45 536.8 +3.15 534.8 +0.15
10A 32.5 361.45-361.55 536.4 +3.26 534.4 +0.26
10B 32.5 361.55-361.64 535.9 +3.23 533.9 +0.23
11-81 46 361.64-361.8 535.3 + 3.41 533.3 + 0.41
11-82 47 361.64-361.8 535.3 + 3.41 533.3 + 0.41
12A 46 361.8-361.9 534.6 + 3.26 532.6 +0.26
12B 45 361.9-362 534.1 +3.26 532.1 +0.26

Note: The Meese-Sowers time scale (Meese et al., 1997) is primarily derived from annual layer counts that rely on the formation of coarse-
grained hoar layers during the Arctic summer (Alley et al, 1997). When the annual signal is poorly resolved in visual stratigraphy, it is
supplemented by measurements of electrical conductivity, oxygen isotopes, laser light scattering of dust, and major ion chemistry.

APPENDIX TABLE 1B. SEMIQUANTITATIVE ENERGY-DISPERSIVE SPECTROMETRY ANALYSES
OF CLEAN TERRESTRIAL QUARTZ GRAINS IN LEVEL 11

Sample no. C O Si Total
(Wt%) (Wt%) (Wit%)

11-20 1.7 42 54.4 98.1

11-19 2.9 39.3 55.5 97.7

11-31 2.8 43 52.4 98.2

11-39 1.7 41.6 54.2 97.5

Average 2.3 41.5 54.1
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