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ABSTRACT

Abundance peaks in microscopic materials, including meltglass, microspherules, Ni, Ir, and Pt have been found in 
Native American Hopewell-age cultural strata. This discovery includes micrometeorites (possibly pallasites) recovered 
from heavily burned strata in two Hopewell villages. This evidence suggests that a prehistoric cosmic airburst/impact 
event occurred in the Ohio River valley. The peaks in these exotic materials only occur within a dark, charcoal-rich burn 
layer containing a wide range of Hopewell artifacts, and they are not found above or below the layer. Transgenerational 
oral histories and possibly two unique airburst-shaped Hopewell earthworks at or near the epicenter suggest that Native 
Americans living in the Ohio River valley may have been eyewitnesses to the impact event. AMS radiocarbon ages 
(n = 15) obtained directly from cultural and geological contexts indicate that the airburst/impact event occurred within 
a 70-year window from 1640-1570 cal BP. The Hopewell culture existed from ~2100-1500 cal BP and suffered a severe 
decline beginning ~1650 cal BP, suggesting that the proposed impact event occurred near the end of that span. After 
the proposed event, the hallmarks of the Hopewell culture, such as monumental landscape architecture, the largest 
geometric earthen enclosures in the world, intricate hilltop water management systems, massive burial mounds, and 
extensive ceremonial centers, were no longer constructed in the area impacted by the airburst. We propose that this 
cosmic airburst/impact event catalyzed the economic and sociopolitical decline and reorganization of the Hopewell 
cultural complex in the Ohio River valley for villages directly affected by the proposed airburst.
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Introduction

For more than 250 years, scientists have written about the 
effects of cosmic impact events on economic, political, and 
social systems [1–5], whether from single impactors or mul-
tiple airbursts/impacts by fragments of a giant comet [1, 
6–8]. As early as 1755, Thomas Wright expressed concern 

that a cosmic impact event could lead to cultural decline [1]. 
In 1806, Marquis de Laplace warned that an impact event 
would have dramatic human consequences [1]. Their con-
cerns about potential cultural responses to an impact event 
were based on astronomical data and observations. Like the 
Moon, the Earth has experienced relatively constant cosmic 
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impacts over the past three billion years [1, 9], but unlike 
the Moon, evidence of these cosmic events on Earth has 
been obscured by the geological processes of erosion and 
weathering.

Earth-impacting asteroids, comets, and their fragments 
can result in cratering, ejecta deposition, overpressure 
shock, seismic shaking, tsunamis, thermal radiation, and 
wind blasts [9]. Modern disaster managers recognize that 
these side effects could be devastating, if not catastrophic, to 
human life. The cosmic impact events that occur on or over 
land are the most disastrous to human populations and their 
cultures [9]. The long-term environmental effects of medium 
to large ocean impactors can be even more destructive [10]. 
In comparison, airburst events by small oceanic-impacting 
cosmic objects are relatively benign to human populations 
but can be devastating over land [11]. Consequently, NASA 
has funded the Asteroid Terrestrial-impact Last Alert System 
(ATLAS), an automated system of eight telescopes, which 
can provide a one-week warning for a > 45 m diameter aster-
oid or comet and a three-week warning for an asteroid or 
comet > 120 m in diameter [12].

Numerous cosmic impact events have occurred on the 
Earth over the last 4.5 billion years, including some with 
catastrophic consequences for past humans and their cul-
tures [13, 14]. On Sunday, April 15, 2018, a 48-110 m wide 
asteroid (2018 GE3) came within 192,000 km of the Earth 
(half the distance to the Moon). It was more than three times 
the size of the asteroid that caused the 1908 Tunguska air-
burst [15]. Because of these dangers, it is crucial to research 
past occurrences and future possibilities of such catastrophic 
events.

The Hopewell culture
The term “Hopewell” refers to an archaeological cul-
tural complex of the Middle Woodland cultural period in 
the Midwestern United States from ~2100 to 1500 calen-
dar years before present or cal BP (~100 BCE to 500 CE). 
The archaeological record of Hopewell includes ancestral 
Algonquian and Iroquoian burial grounds, habitations, intri-
cate water management systems, and monumental land-
scape architecture [16, 17]. Their descendants include mem-
bers of the Adawe, Anishinaabe, Haudenosaunee, Lenape, 
Myaamiaki, Piqua, Shawano, and Wyandotte (Tionontati, 
Attignawantan, and Wenrohronon) tribes [18].

Archaeological interpretations of Hopewell culture and 
all previously published literature on meteorites excavated 
from Hopewell archaeological sites have been written by 
settler colonists [16–18], and typically, Indigenous cultural 
accounts have been minimized or ignored. Even the archae-
ological term “Hopewell” was named after a settler colonist, 
Mordecai Cloud Hopewell [16–18]. For some 200 years, the 
term Hopewell was ethnocentrically misconstrued by many 
as an ancient “lost white race” [17].

More meteorites have been excavated from Hopewell 
archaeological sites than any other prehistoric cultural 

period in the Western Hemisphere [19–22]. They occur as 
unaltered meteorites and as cold-hammered raw materials 
used to manufacture cultural materials, such as jewelry and 
musical instruments [19, 20]. For more than 100 years, the 
anomalously high concentration of Hopewell micromete-
orites has been explained in terms of an ancient exchange 
system or trade network [16–18]. We explore whether some 
Indigenous stories about meteorites that fell from the sky 
match the archaeological evidence.

Objective
This study presents evidence from 11 Hopewell archaeo-
logical sites to investigate the hypothesis that one or more 
cosmic airbursts/impacts may have occurred between ~1650 
and 1500 cal BP. This objective is based on previous stud-
ies identifying a distinctive Hopewell burn layer containing 
micrometeorites. We also explore criticisms of this hypothe-
sis as presented by Nolan et al. [23].

Results

Searching for potential airburst/impact proxies
Previous investigations of near-surface cosmic airbursts 
and impacts have used a suite of microscopic impact-re-
lated proxies, including micrometeorites, meltglass, micro-
spherules, and positive anomalies of platinum group ele-
ments such as iridium (Ir) and platinum (Pt) [5, 11, 24–36]. 
Consequently, we examined Hopewell sediments from 11 
archaeological sites in the Ohio River valley for evidence of 
these impact-related proxies (Figures 1-16). We also exam-
ined the stable carbon isotope values of carbon-rich sedi-
ments from a Hopewell-constructed reservoir for evidence 
of changes in vegetation before, during, and after the pro-
posed airburst event.

Hopewell sediments were identified based on informa-
tion previously published by others, new radiocarbon ages 
for this study, chronologically and typologically distinctive 
artifacts, and earthwork features (Table 1 and Table S1). 
Supplementary Information can be found at https://zenodo.
org/records/10511513 (10.5281/zenodo.10511513). We 
created Bayesian age-depth models for the three sites with 
sufficient dating information using OxCal, version 4.4.4, 
with the IntCal20 calibration curve (Figures 3, 6, and 8). 
The goal was to test several questions. 1) Are the burn layers 
Hopewell in age across multiple sites? 2) If so, do the burn 
layers date to the end of the Hopewell cultural span? 3) Is 
the suite of ages for the burn layers synchronous within the 
limits of radiocarbon dating?

Meteoritic material was initially discovered at the 
Hopewell Turner site by Charles Louis Metz during the late 
19th century [19, 37]. No other impact-related proxies have 
been previously reported at other Hopewell sites, possibly 
because most of what we know about Hopewell archaeology 
has come from archaeological excavations conducted more 
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than 100 years ago, before the widespread use of dry-screen-
ing, water-screening, and flotation recovery techniques. 
Thus, it is not surprising that microscopic evidence of a 
near-surface cosmic airburst or impact has gone unnoticed 
during past archaeological investigations.

Archeological site settings
The following figures and captions describe and illustrate 
the locations and stratigraphy of the sites investigated in this 
study (Figure 1).

Bayesian tests of potential synchronicity
We conducted two Bayesian tests of synchroneity to 
explore whether the probability distributions for 17 radi-
ocarbon dates could indicate a contemporaneous event. 
For details, see Methods below and SI, Methods. First, we 
used OxCal’s Combine routine, which, although it can-
not determine whether a group of dates represents a syn-
chronous event, Bayesian analyses can indicate whether 
dates are statistically diachronous. A chi-squared test 
is automatically performed with the Combine function, 

Figure 1: Hopewell archaeological sites in the Ohio River valley examined for impact-related proxies.

Table 1: Radiocarbon ages obtained for this study directly from Hopewell impact strata in the Ohio River valley. 

Sample  Lab Numbers 14C Age yr BP  

Calibrated Age
yr BP

(Probability)1  Depth (m)

Turner village site, Hamilton County, Ohio
Collagen  Beta-237345  1820 ± 40  1827-1690 (69.9%)

 1.00   1673-1613 (25.5%)
Jennison-Guard village site, Unit A, Dearborn County, Indiana
Collagen  Beta-547669  1630 ± 30  1568-1409 (95.4%) 0.55-0.85
Collagen  Beta-547668  1680 ± 30  1695-1665 (13.8%)

 
0.55-0.85

 1625-1518 (81.7%)
Collagen  Beta-547667  1740 ± 30  1705-1549 (95.4%) 0.55-0.85
Jennison-Guard paleo-swale, Unit B, Dearborn County, Indiana
Wood Charcoal Beta-547670  1730 ± 30  1703-1652 (32.6%)

 
1.50

   1645-1544 (62.9%)
Miami Fort village site, Hamilton County, Ohio2

Wood Charcoal M-1869  1680 ± 130  1867-1855 (1%)
 

0.91-1.59
   1835-1310 (95%)

Other Hopewell radiocarbon dates on burn layers by other researchers are reported in Supplementary Information, Table S1. Supplementary 
Information can be found at https://zenodo.org/records/10511513 (10.5281/zenodo.10511513).
1Oxcal Calibration Program 4.4.
2Crane H. R., Griffin, J. B., (1968). University of Michigan Radiocarbon Dates 10, 61-114.

https://zenodo.org/records/10511513
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and an error message is generated if the confidence lim-
its drop below 5%. Although one Jennison-Guard date 
was rejected as too young, for 16 of the 17 dates on the 
Hopewell burn layers, OxCal determined that they passed 
the chi-squared test and can be combined. In other words, 
they could be  statistically synchronous within the limits 
of radiocarbon dating and Bayesian analysis (Figure 17, 
Table S11). This finding is contrary to the claims by Nolan 
et al. [23] who claim a chi-squared test failed to support a 
single event.

Second, we used OxCal’s Sequence and Difference 
codes to determine the most likely common age interval 
for the 17 radiocarbon dates on the Hopewell burn layer. 
In this test, if the computed interval at 95% CI allows for 
a total overlap, i.e., includes zero years (often presented 
as “-5”), then synchroneity is possible. On the other hand, 
if the estimated interval at 95% CI includes only non-zero 
values, then it is probable that the calibrated dates are too 
different, and synchroneity can be rejected. OxCal rejected 
three of the 17 younger and older dates, but for 14 of 17, 
the program computed a minimum interval of zero years 
(displayed as “-5”) at 68.3%, 95.4%, and 99.7% CI. Thus, 
synchronicity for the Hopewell burn layer at four sites is 
statistically possible and cannot be rejected (Figure 18, 
Table S12).

Using the results from the Difference command in the 
Sequence code, we calculated the modeled age span of the 
Hopewell burn layer by using the values for median age and 

uncertainty from the Start and End boundaries. The range 
is 70 ± 60 years or 1640-1570 cal BP, which most likely 
includes the proposed impact event that could be synchro-
nous across the four sites.

Meteoritic material
Meteoritic material was initially discovered at the Turner 
site by Charles Louis Metz during the late 19th century [19, 
37]. Approximately 1,600 g of pallasites were collected 
from what Metz labeled “altars” in Mound 3 and Mound 4 
[19–21]. AMS radiocarbon ages from botanical remains col-
lected from Mound 3 range between 1805 and 1404 cal BP 
(Table S1). At the time of Metz’s excavations, the Turner 
site consisted of a complex of Hopewell geometric earth-
works, mounds, and a village covering more than 165 ha in 
Hamilton County, Ohio [19, 37, 38].

After more than a century of sand and gravel mining, 
only ~1% of the site remains: ~0.05 ha of the northern-most 
margin of the village and ~0.13 ha containing a segment of 
the southern-most earthwork (Figure 2). Sediment samples 
were collected from a 1 m2 test unit in village portion of 
the site from which the calibrated radiocarbon age of 1827-
1613 cal BP was obtained (Table 1, Table S1). A neodymium 
magnet was used to look for micrometeorites in samples 
collected from the exposed strata. We recovered 14 gran-
ular, fine gravel-to-coarse-sand-sized iron and stony-iron 
melted material from ~25 kg of sediment obtained from 
the charcoal-rich Hopewell burn layer (i.e., less than 1/kg) 

Figure 2: Geographic and stratigraphic location of the Turner site. (A) Stratigraphic profile illustrating the location of the charcoal-rich 
Hopewell burn layer and associated calibrated AMS radiocarbon age. Note the inclination and highly variable depths of the burn layer. The burn 
layer contains abundance peaks in micrometeorites, microspherules, Ni, Pt, and Ir. (B) Center for the Electronic Reconstruction of Historical 
and Archaeological Sites (CERHAS) reconstruction of the Turner site earthworks and location of the area sampled. (C) Location of the Turner 
site in southwestern Ohio. (D) Overlay of the 1887 Hosbrook and 1960 Starr maps of the Turner site projected onto a georeferenced 1932 
aerial photo. See also Tables S2, S3, S4.
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(Figure 19). They matched the geochemistry of pallasites, 
were recovered from heat-altered, clay-lined, rectangu-
lar basin-shaped features built on top of a ~25 cm heavily 
burned stratum (see Supplementary Information for more 
details). Micrometeorites were absent above and below the 
burn layer.

Weathered Widmanstätten crystal patterns (i.e., Thomson 
structures) distinctive of octahedrite and pallasites were 
found on the surface of a micrometeorite from the Turner site 
(Figure 20, Table S3). The surface morphology of the Turner 
site fine gravel-to-sand size specimens is distinctive of indi-
vidual micrometeorites and not the debris from the ancient 

Figure 3: Bayesian age-depth model for the Turner site. Bayesian analysis indicates the burn layer dates to ~1715 ± 105 (1940-1470 cal 
BP at 95.4% Confidence Interval (CI)). The results show that the age overlaps the end of the Hopewell cultural span (red dashed line: 2100-
1500 cal BP). The layer contains Hopewell artifacts co-occurring with peak concentrations of micrometeorites, microspherules, Ni, Pt, and Ir 
with few to none above or below, including in the layers containing Clovis cultural artifacts, for which typical cultural age spans were used. For 
the Bayesian code and tables, see Table S5.
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manufacture of Hopewell material culture. Additionally, the 
surface morphology of the Turner site specimens differs 
from micrometeorites described and illustrated from the late 
Holocene Brenham/Haviland strewnfield in Kiowa County, 
Kansas and from the Eagle Station strewnfield in Carrol 
County, Kentucky [35, 36].

Energy-dispersive X-ray spectroscopy (EDS) shows that the 
microscopic meteorites include NiFe and olivine (Mg,Fe)

2
SiO

4
. 

(Table 2). EDS also identified phosphorus and aluminum, pre-
viously documented in pallasites [39]. Unlike the EDS anal-
ysis of a cut, polished, and acid-etched macroscopic pallasite 
described and illustrated by Nolan et al. [23], the microscopic 

Figure 4: Geographic and stratigraphic location of the Moundview site. (A) Stratigraphic profile illustrating the location of the char-
coal-rich Hopewell burn layer and typological age. Note the inclination and highly variable depths of the burn layer. The burn layer contains 
abundance peaks in microspherules, Pt, and Ir. (B) Location of the Moundview site along McCollough Run, a tributary of the Little Miami River 
valley. (C) The location of the Moundview site in southwestern Ohio. See also Table S2, S6.

Figure 5: Geographic and stratigraphic location of the Jennison-Guard site. (A) Stratigraphic profile of Unit A illustrating the location 
of the charcoal-rich Hopewell burn layer and calibrated radiocarbon ages. Note the variable depths of the burn layer, the only one observed 
in the occupational history. (B) Stratigraphic profile of Unit B illustrating the location of the charcoal-rich Hopewell burn layer and calibrated 
radiocarbon age. The burn layer contains abundance peaks in microspherules, Pt, and Ir. (C) Location of the excavated area (Units A & B) in 
southeastern Dearborn County, Indiana. See also Table S2, S7.
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micrometeorites from the Turner site retain elements asso-
ciated with the clay minerals illite (K H

3
O)·(Al, Mg, Fe)

2
· 

(Si Al)
4
·O

10
·[(OH)

2
 (H

2
O)] and chlorite (Mg,Fe)

3 
(Si,Al)

4 
O

10 

(OH)
2
·(Mg,Fe)

3
(OH), which occur in the soils of the Turner 

site [37]. Clay minerals have a high adhesive strength, and 
microscopic particles remain after washing with water.

Meltglass
Petrographic thin sections were made of the microme-
teorite-bearing Hopewell sediments of the Turner site. 
Vesicular, scoria-like meltglass was found in the thin sec-
tions  co-occurring with microspherules and carbonized 
plant remains (Figure 21). Near-surface cosmic airbursts 

Figure 6: Bayesian age-depth model for the Jennison-Guard site. Bayesian analysis indicates the burn layer dates to ~1530 ± 55 (1700-
1405 cal BP at 95.4% Confidence Interval (CI)). The results show that the age overlaps the end of the Hopewell cultural span (red dashed line: 
2100-1500 cal BP). The layer contains Hopewell artifacts co-occurring with peak concentrations of microspherules, Pt, and Ir with few to none 
above or below, including in the layers containing cultural artifacts from the Lake Fort Ancient period and the Adena culture, for which typical 
cultural age spans were used. For the Bayesian code and tables, see Table S8.
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and impacts can form vesicular, scoria-like meltglass [5, 
24, 33, 34] that results from the high temperatures and ther-
mo-mechanical shock produced during a cosmic impact 
event. Meltglass has been found at ground zero at the Trinity 
nuclear explosion site in New Mexico [40], the Australasian 
strewnfield in southern China and Australia [40], and Meteor 
Crater in Arizona [41, 42]. Microscopic meltglass has also 
been found at the K/T boundary Chicxulub crater in Mexico 
[43] and multiple sites for the proposed YDB impact event 
in North America, Europe, and Asia [5, 24, 33].

Microspherules
Magnetic microspherules were recovered from the char-
coal-rich Hopewell burn layer in the village portion of the 
Turner site. The burned surfaces were “peppered” with 
micrometeorites that are absent in the overlying and under-
lying strata. Magnetic microspherules include the distinctive 
dendritic or “Christmas tree” patterns of magnetite crystals, 
coarse plate-like crystals, polygonal crystal structures, and 
open vesicles from degassing (Figures 22-24; Table S2) with 
a melting point of 1,583–1,597°C. Such temperatures are 
not possible in village campfires but are common in impact 
events. Distinctive barred olivine textures form during cool-
ing rates between 500 to 2300°C/h (Figure 24) [44]. High-
temperature, melt-quenched, and accretionary microspher-
ules are commonly used to indicate extraterrestrial impact 
events [45–48].

Microspherules result from high-velocity cosmic impact 
events when Si-rich or Fe-rich minerals melt and condense 
into microscopic spheroidal particles (Figure 25). They are 
known as microkrystites if they contain crystallites from 

the impactor or as microtektites if they are composed of ter-
restrial materials [45]. They also have been recovered from 
impact event sites associated with the K/T and Younger 
Dryas boundaries. Microkrystite microspherules may con-
sist of clinopyroxene, Fe-rich pyroxene, feldspars, olivine, or 
spinels, and digenetic processes may replace these minerals 
with clay minerals such as chlorite and glauconite, as well 
as carbonates, goethite, K-feldspars, quartz, and  sericite [45].

Microspherules have been recovered from the Hopewell 
sediments of all the archaeological sites examined (Figure 1, 
Figures S2-S11, Table S2). They were exclusively recov-
ered from Hopewell strata and were absent in overlying and 
underlying strata, suggesting a discrete event rather than a 
gradual accumulation (Figures 26 and 27). The geographic 
size distribution of microspherules shows that the estimated 
direction of the proposed impact was from northeast to 
southwest (Figure 28).

Platinum group elements
Positive anomalies of platinum group elements such as 
Ir and Pt have been found in the sediments of previously 
reported late Holocene age meteor impact sites in Kansas 
and Kentucky [35, 36]. Since micrometeorites occur at both 
the Turner and Marietta sites, we should expect to find posi-
tive anomalies of platinum group elements at these  locations. 
However, macroscopic and microscopic micrometeorites are 
absent from the other nine Hopewell sites sampled.

Positive anomalies of the leachate concentrations (ppb) of 
Ir and Pt were found in the Hopewell sediments of the Turner 
village site and the nearby Moundview village site 5.5 km 
away (Table 3). The positive Ir anomalies (1.08 ppb) at these 

Figure 7: Geographic and stratigraphic location of the Miami Fort site. (A) Excavation of the charcoal-rich Hopewell burn layer, heat- 
altered subsurface, and calibrated radiocarbon age. (B) Stratigraphic trench profile exposing the charcoal-rich Hopewell burn layer and heat- 
altered subsurface. The burn layer contains abundance peaks in microspherules, Pt, and Ir. (C & D) Close-up of the charcoal-rich burn stratum 
and underlying heat-altered subsurface. (E) Location of the Miami Fort site in southwestern Ohio. See also Table S2, S9.
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sites greatly exceed the natural crustal abundance (0.02 ppb). 
The Ir leachate concentrations for the Hopewell stratum at 
the Turner and Moundview villages sites are also within the 
range of those reported from YD boundary impact event strata 
(< 0.5 to 3.8 ppb) [3, 49]. The Ir leachate concentrations of 

the Hopewell strata from all the sites sampled are within the 
range reported from pallasite bearing impact feature strata in 
the Brenham/Haviland strewnfield (0.1 to 0.3 ppb) [36].

Positive anomalies of the leachate concentrations of Pt 
(0.70 to 6.23 ppb) were found in ten of the eleven Hopewell 

Figure 8: Bayesian age-depth model for the Miami Fort site. Bayesian analysis indicates the burn layer dates to ~1555 ± 130 (1815-1305 
cal BP at 95.4% Confidence Interval (CI)). The results show that the age overlaps the end of the Hopewell cultural span (red dashed line: 2100-
1500 cal BP). The layer contains Hopewell artifacts co-occurring with peak concentrations of microspherules, Pt, and Ir with few to none above 
or below, including in the layers containing cultural artifacts from the Late Fort Ancient period, Clovis culture, and the Adena culture, for which 
typical cultural age spans were used. For the Bayesian code and tables, see Table S10.
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archaeological sites sampled (Table 3, Tables S2, S13-S19). 
They exceed the natural crustal abundance of Ir (0.5 ppb) 
and the leachate concentration of Ir reported from pallasite- 
bearing strata in the meteorite impact features of the 
Brenham/Haviland strewnfield in Kansas (0.3 to 1.0 ppb) 
[36]. The Pt level of the Turner village site (6.23 ppb) is well 

within the ranges reported for the impact event strata at the 
K-Pg (4.0 to 8.0 ppb) and YD (0.3 to 65.6 ppb) boundaries 
[3, 49, 50].

Given that the Hopewell stratum of the Turner village 
site has the highest leachate concentrations of Ir and Pt, it 
was likely located at or near the epicenter of a near-surface 

Figure 9: Geographic and stratigraphic location of the Beech Tree site. (A) Stratigraphic profile of the charcoal-rich Hopewell burn layer 
and the underlying heat-altered subsurface. The burn layer contains abundance peaks in microspherules, Pt, and Ir. (B) Topographic location 
of the Beech Tree sample site above Salt Run, a tributary of the East fork of the Little Miami River. (C) Location of the Beech Tree site in south-
western Ohio. (D) LiDAR image showing the location of the sample site. See also Table S2.

Figure 10: Geographic and stratigraphic location of the Milford earthworks site. (A) Stratigraphic profile of the charcoal-rich Hopewell 
burn layer, typological age, and the juxtaposed overlying historic and anthropogenic Hopewell earthwork sediments (individual loading events 
outlined). Note the inclination and highly variable depths of the burn layer. The burn layer contains abundance peaks in microspherules, Pt, and 
Ir. (B) Aerial view of the Milford earthworks site. (C) Location of the Milford earthworks site in southwestern Ohio. (D) The 1847 Ephraim George 
Squier and Edwin Hamilton Davis map of the Milford earthworks. See also Table S2.
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cosmic airburst or impact event. As with the distribution of 
microspherules, the leachate concentrations of Ir and Pt in 
the Hopewell strata from the other archaeological sites sam-
pled in the Ohio River valley decrease with increasing dis-
tance from the Turner village site (Table 3, Figures 29-31). 
Residual plumes of Ir and Pt were reconstructed by plotting 
the geographic distribution of their leachate concentrations 

in the strata of the Hopewell archaeological sites sampled 
(Figures 32 and 33).

Like the microspherules, the residual plumes of Ir and 
Pt appear in a northeast-to-southwest orientation, which is 
comparable to the alignment of the airburst-shaped Milford 
earthwork (Figures 10, 27, 32, 33). The lowest concentrations 
of the Ir and Pt residual plumes extend in a north-to-south 

Figure 11: Geographic and stratigraphic location of the Indian Fort Mountain site. (A) Composite stratigraphic profile of the charcoal- 
rich Hopewell burn layer and typological age. The burn layer contains abundance peaks in microspherules, Pt, and Ir. (B) Topographic view 
of the Indian Fort Mountain sample site. (C) Location of the Indian Fort Mountain site in southeastern Kentucky. (D) Aerial photo of Indian Fort 
Mountain. See also Table S2.

Figure 12: Geographic and stratigraphic location of the Fosters Crossing earthworks site. (A) Stratigraphic profile of the charcoal-rich 
Hopewell burn layer and typological age. Note the inclination and highly variable depths of the burn layer. The burn layer contains abundance 
peaks in microspherules, Pt, and Ir. (B) LiDAR image of the Fosters earthwork sample site. (C) Location of the Fosters earthwork site in south-
western Ohio. See also Table S2.
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orientation. This shift in direction was likely produced by 
the prevailing west-to-east weather fronts that commonly 
pass across North America.

Stable carbon isotopes
Stable carbon isotope values were obtained on bulk organic 
matter from stratified sediments in a Hopewell-constructed 

reservoir at the Miami Fort village site (Table S20). The res-
ervoir was part of a water management system constructed 
at the beginning of the Middle Woodland cultural period; 
ancestral Algonquians maintained it until European contact 
(Figure 34). Stable carbon isotope values were obtained 
from climosequences identified using X-ray diffraction 
(XRD) analysis of reservoir sediments [51]. They correlate 

Figure 13: Geographic and stratigraphic location of the Krasnosky earthworks site. (A) Stratigraphic profile of the charcoal-rich 
Hopewell burn layer and typological age. Note the inclination and highly variable depths of the burn layer. The burn layer contains abundance 
peaks in microspherules, Pt, and Ir. (B) LiDAR image of the Krasnosky earthwork sample site. (C) Location of the Krasnosky earthwork site 
in southeastern Ohio. See also Table S2.

Figure 14: Geographic and stratigraphic location of the Marietta earthworks geological sample site. (A) Location of the test unit rela-
tive to the Conus Mound, earthwork berm, and ditch. Note the inclination and highly variable depths of the burn layer. (B) Stratigraphic profile 
of the charcoal-rich Hopewell burn layer and typological age. The burn layer contains abundance peaks in micrometeorites, microspherules, 
Pt, and Ir. (C) Excavation of the geologic test unit in the ditch surrounding Conus Mound. (D) Location of the Marietta earthworks site in south-
eastern Ohio. See also Table S2.
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with the amount and type of vegetation cover in the reservoir 
catchment area.

Stable carbon isotope values from organic-rich sedi-
ments in the Hopewell reservoir show that the vegetation 
composition of the Miami Fort village site varied over time 
(Figure 33, Table S20). The δ 13C values from the Hopewell 
sediments ranged from −23.8 to −24.8‰ (N = 3) with an 

average of −24.2 ± 0.5‰. The δ 13C values of bulk organic 
matter from the post-Hopewell sediments ranged from −24.4 
to −26.5‰ (N = 17) with an average of −25.3 ± 0.5‰. The 
stable carbon isotope values are indicative of a landscape 
 dominated by C3 vegetation throughout the late Holocene. 
A significant change in the mix of plant species is indi-
cated by a δ 13C value of −23.8‰, obtained from a stratum 

Figure 15: Geographic and stratigraphic location of the Marietta earthworks archaeological sample site (304 m from the radiocarbon- 
dated Capitolium Mound). (A) Location of the test unit relative to the Quadranaou Mound. (B) Stratigraphic profile of the charcoal-rich 
Hopewell burn layer and typological age. The burn layer contains abundance peaks in microspherules, Pt, and Ir. (C) Location of the Marietta 
earthworks site in southeastern Ohio. (D) The test unit next to the Quadranaou Mound. See also Table S2.

Figure 16: Geographic and stratigraphic location of the Junction earthworks site. (A) Stratigraphic profile of the charcoal-rich Hopewell 
burn layer and typological age. Note the inclination and highly variable depths of the burn layer. The burn layer contains abundance peaks in 
microspherules, Pt, and Ir. (B) Location of the test unit inside one of the Junction earthworks. (C) Location of the Junction earthworks sample 
site in southcentral Ohio. See also Table S2.
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Figure 17: Test #1 of Synchronicity in OxCal. We used the Combine routine to determine that 16 of 17 radiocarbon dates likely represent a 
single event at 1635 ± 35 cal BP. The light gray curves represent unmodeled calibrated ages, and the dark gray represents modeled calibrated 
ages. Note that they overlap the modeled combined age, confirming the likelihood of synchronicity. The white dot beneath the curves equals 
the mean age. Progressively longer brackets beneath curves represent 68.3% and 95.4% confidence intervals (CI). The program performed 
two statistical probability tests to test the robustness of the model. Both the Acomb and chi-squared statistical tests show a high probability. For 
the table and OxCal code, see Table S11.

dating to the time of the proposed Hopewell airburst event 
(Figure 33). A value of 23.8‰ is within the range of C3 
plants, but it is rare to see such positive values in terrestrial 
plants. One possible explanation is a mix of C3 terrestrial 
organics with either C4 terrestrial plants or aquatics/algae. 
The latter are known as “disaster species” that flourish after 
wildfires or other significant disturbances in the landscape 
[28], as proposed for the Hopewell sites.

Discussion

A suite of potential cosmic airburst or impact-related prox-
ies, including micrometeorites, meltglass, microspherules, 
and elevated concentrations of platinum group elements 

(Ir and Pt), were found exclusively within the Hopewell 
strata of 11 archaeological sites in the Ohio River valley. 
These strata were comprised of burned Hopewell habitation 
surfaces, including the unambiguous remnants of burned 
wooden Hopewell structures, carbon-rich, and intensively 
heat-altered habitation surfaces (Figure 7).

Anthropogenic burning as possible causation
Numerous archaeological sites worldwide commonly con-
tain evidence of bonfires, campfires, cremations, structural 
fires, and, in some cases, entire burned villages. However, 
for those sites that have been studied for impact-related 
proxies, all contain one burned layer with a suite of prox-
ies and one or more burned layers without proxies (Ir, Pt, 
microspherules, and meltglass) [5, 11, 21, 33, 34]. In our 
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Figure 18: Test #2 of Synchronicity in OxCal. We used the Sequence routine and the Difference command to test the potential synchronicity 
of 17 radiocarbon dates on the Hopewell burn layer. Three dates were excluded as being too young or too old, but for the remaining 14 dates, 
the Sequence and Difference codes calculated the common age interval as ranging from 1600 ± 40 to 1615 ± 40 (1640-1570 cal BP), as rep-
resented by the black probability distributions. Light gray probability distributions represent the individual modeled YDB ages for each record; 
note that the unmodeled ages overlap the modeled probability distribution (black), confirming the likelihood of synchronicity. For the table and 
OxCal code, see Table S12.

research, we have found numerous cultural burn layers and 
fire features (e.g., hearths) at these and other Hopewell sites. 
Indeed, we have excavated dozens of Hopewell and other 
ancient Native American sites and have only found anoma-
lous peaks in Ir, Pt, microspherules, and meltglass in coeval 
strata and have never observed these peaks above or below 
the synchronously dated occupation layer [35–37, 51–56]. 
This heterogenic distribution suggests a unique regional 
incident, such as the proposed airburst/impact event. It is 
important to emphasize that anthropogenic bonfires are 

exceedingly common in nearly all occupation layers in 
excavated villages, and yet, the only charcoal-rich deposits 
that contain this suite of proxies are in the proposed airburst/
impact layer and not above or below it. If such proxies are 
caused by biomass burning alone, one would expect them to 
be ubiquitous in all burned layers, but they are not. Cultural 
layers above and below the Hopewell burn layer contain no 
detectable microspherules.

The Hopewell proxy-rich occupation layers from the 
Ohio River valley appear comparable to the Abu Hureyra 
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Table 2: EDS analysis of micrometeorites from the Turner site, Ohio.

NiFe Crystal and Olivine Group Elements

Ni  Fe  Mg  Ca  Mn  Al  P  K  Si  O

0  41.59 4.25  0  0  0  0  0  3.33  50.83
0  29.82 11  0  0  0  0  0  9.97  49.2
0  33.19 9.63  0.62  0.66  0  0.35  0  8.98  45.38
0  33.19 9.63  9.63  0.66  1.09  0.35  0  8.98  45.38
0  28.42 12.72 0.52  0  0  0.33  0  11.8  45.78
0  30.14 12.42 0  0  0  0  0  11.67 45.77
0  59.78 2.66  0.7  0  0  0  0  3.09  33.67
0  23.48 16.55 0.33  0  0  0  0  11.5  48.07
0  29.23 13.34 0  0  0  0  0  9.81  47.62
0  41.55 8.5  0  0  0  0  0  10.04 39.76
0  4.26  0  1.28  0  1.03  0  0  2.59  24.22
0  0  2.01  4.2  0  8.42  0  1.73  18.2  44.83
0  39.68 5.22  0  0  0.94  0  0  4.28  38.33
0  33.35 10.45 0.76  0  0  1.62  0  7.33  46.48
0  39.23 3.23  2.88  0  0  5.84  0  2.79  46.03
0  38.14 3.16  2.83  0  0  5.74  0  2.71  45.2
0  33.35 10.45 0.76  0  0  1.62  0  7.33  46.48
0  38.14 3.16  2.83  0  0  5.74  0  2.71  45.2
0  0  0  0.25  0  5.03  0  0.41  14.6  42.09
0  53.86 0  0.28  0  1.15  0  0  2.76  37.13
0  0  2.01  4.2  0  8.42  0  1.73  18.2  44.83
0  66.44 0  0  0  0  0  0  0  33.56
0  0  0.85  0  0  3.99  0.26  0  9.18  43.38
0  0  0  0.25  0  4.23  0  0.41  14.6  42.09
0  0  0.85  0  0  3.99  0.26  0  9.18  43.38
0  9.08  1.74  1.12  0  9.69  0  1.84  23  53.53
0.6  15.68 14.77 0.59  0  4.32  0  0.78  17.79 45.47
0.79  33.51 10.8  0.42  0  0.68  0.33  0  8.07  45.4
0.95  35.57 2.2  0.16  0  0  0.2  0  2.5  44.81
1.18  31.14 15.12 0  0  0  0  0  8.93  43.62
1.33  38.33 6.91  0  0  3.16  0  0  9.32  39.64
1.36  83.65 0  0  0  0  0  0  0  14.99
1.36  83.65 0  0  0  0  0  0  0  14.99
1.96  47.86 0  0  0  0  0  0  10.55 37.41
3.23  55.06 0  0.28  0  1.18  0  0  2.85  37.39
3.53  45.67 3.21  1.56  0  0  3.89  0  2.78  39.36
27.03  44.02 1.61  0  0  0  15.29 0  0  10.6
27.55  44.69 1.66  0  0  0  15.5  0  0  10.6
0  14.74 23.8  0.21  0  0  0.67  0  13.29 47.28
0  12.32 26.88 0  0  0  0  0  15.83 44.97
0.53  11.91 26.3  0  0  0  0  0  15.3  44.36
0  9.3  26.69 0  0  0  0  0  18.37 45.64
0  14.74 23.8  0.21  0  0  0.67  0  13.29 47.28
0  14.57 25.37 0  0  0  0  0  18.32 41.74

High concentrations of Ni (orange) are inconsistent with most terrestrial deposits and consistent with known meteoritic material. Values 
highlighted in green from the Hopewell Turner site closely match known values for pallasites highlighted in yellow. Uncertainties are ± 10 wt%.
Note. last results in yellow for olivine are from https://webmineral.com/data/Olivine.shtml.

site in Syria and the Tall el-Hammam site in Jordan [5, 33, 
34]. For the impact proxies at Abu Hureyra, Moore et al. 
[33] performed furnace experiments demonstrating that bulk 
sediment can melt at ~1200°C. In contrast, temperatures 
of >1430°C are required to melt some observed grains at 
the Hopewell sites: chromferide (Fe

3
Cr

0.4
 = melting point, 

2265°C); zircon (ZrSiO
4
 = 1775°C); olivine ((Mg,Fe)

2
SiO

4
 = 

1760°C); quartz (SiO
2
 = 1720°C); titanomagnetite 

(Fe2+(Fe3+,Ti)
2
O

4
 = 1625°C); magnetite (Fe

3
O

4
 = 1590°C); 

nickel-iron (NiFe = 1430°C). These temperatures are too 
high to permit melting in typical Native American campfires.

Moore et al. [33] also discussed previous research showing 
that midden or haystack fires cannot generate temperatures 
high enough to melt those grains. Similarly, Bunch et al. [24] 
found that midden fires, bonfires, and forest fires are not hot 
enough to melt magnetite into spherules. Otherwise, every 
forest fire would produce such spherules, and Bunch et al. 
[24] and Wittke et al. [27] searched for such deposits and 

https://webmineral.com/data/Olivine.shtml
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Figure 19: SEM images of coarse sand-size stony-iron micrometeorites from the Turner site, Hamilton County, Ohio. (A-D) Rounded 
pallasites, NiFe + (Mg,Fe)2SiO4). Note: these are individual, well-rounded microscopic micrometeorites, not ancient, angular Hopewell manu-
facturing debris.

found none in forest fires. A search of the available literature 
confirms that no forest fires have been reported to produce 
Fe-rich spherules such as those found at the Hopewell sites.

Based on previous evidence, we conclude that micro-
spherules recovered from the Hopewell strata form at tem-
peratures that greatly exceed those obtained in bonfires, 
 midden fires, campfires, cremations, structural fires, and nat-
ural forest fires, as concluded for the Abu Hureyra site and 
Tall el-Hammam [5, 11, 33, 35]. The extreme temperatures 
that occur during impact events that form microspherules 

and meltglass do not occur under natural terrestrial condi-
tions except for lightning strikes [5, 11, 33, 34]. However, 
lightning produces fulgurites, which were not observed in 
any Hopewell stratum and are easily distinguished from 
impact meltglass [5, 11, 33, 34].

Native American trade networks as possible 
causation
Trading of meteorites and subsequent reworking of those 
materials has been proposed to account for the high 

Figure 20: Micrometeorite from the Turner site, Hamilton County, Ohio (see Figure 19A). (A) SEM image of a coarse sand-size microme-
teorite from the (B) SEM image of Widmanstätten patterns on the weathered surface of a coarse sand-size pallasite that has not been polished 
or acid etched.
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concentrations of micrometeorites and PGEs at the Turner 
and Marietta sites. However, micrometeorites do not occur 
at the other nine Hopewell sites sampled. Likewise, mete-
orite trade cannot account for micrometeorites at the Turner 
site or the co-occurring peak concentrations of microspher-
ules. In the Ohio River valley, meteorites only occur on 
Hopewell archaeological sites. If meteorites were valuable 
trade items, there should be evidence of trading meteorites 
in the archaeological strata of all cultural periods. However, 

there is no such evidence. Thus, a cosmic impact event is the 
most likely explanation for the co-occurring concentrations 
of these proxies.

Cosmic impact as possible causation
Although some of the melted Si-rich spherules at the 
Hopewell sites sampled may have been produced in bonfires, 
the Fe-rich spherules and other high-temperature melted 
grains could not have been produced that way – temperatures 

Figure 21: Photomicrographs of a petrographic thin section of sediment samples from the charcoal-rich Hopewell burn layer at the 
Turner site. (A) Photomicrograph of a petrographic thin section of meltglass and clear microspherules. (B) Photomicrographs of a petrographic 
thin section of clear microspherules and charcoal.

Figure 22: SEM micrographs of microspherules from the charcoal-rich Hopewell burn sediments at the Turner sample site, Ohio. 
(A & B) SEM micrographs of microspherules with “soccer ball-like” polygonal crystal plates. (C) SEM micrographs of microspherules with den-
dritic, “Christmas tree” magnetite crystal patterns. (C & D) SEM micrographs of microspherules with degassing holes.
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were too low. Thus, they require some other formation mech-
anism. The best explanation to account for the evidence is the 
occurrence of a cosmic impact event, most likely as multiple 
regional airbursts/impacts like those found associated with 
the Brenham/Haviland impact event in Kansas and the Eagle 
Station impact event in Kentucky [35, 36].

Based on the spatial distribution of Pt, Ir, microspherules, 
and meltglass from 11 Hopewell sites, we estimate the area 

affected by the airburst to be ~14,900 km2. The epicenter of 
the proposed airburst was approximately ~500 km2 and dis-
plays positive Pt anomalies > 3.0 ppb, positive Ir anomalies 
> 0.6 ppb, and peak abundances of microspherules.

Near-surface cosmic airburst and impact-related proxies 
occur in a stratum underlying the Milford airburst-shaped 
earthwork (Figure 10). The law of superposition dictates 
that the impact-related proxies likely predate the earthwork 

B

Figure 24: SEM micrographs of barred olivine microspherules from Hopewell sediments. (A) Miami Fort Village, Ohio. (B) Fosters 
earthworks, Ohio.

Figure 23: Photomicrographs of petrographic thin sections of Si-rich, glassy microspherules from the Hopewell stratum of the 
Turner village site, Hamilton County, Ohio. (A) Si-rich microspherule with needle-like rutile crystals (TiO2, melting point 1843 °C, diameter 
315 µm). (B) Microspherule with polygonal crystal textures and degassing holes (diameter 385 µm). (C) Microspherule with polygonal crystal 
textures and degassing holes (diameter 375 µm). (D) Microspherule with degassing holes (diameter 340 µm). (E) Microspherule with polygo-
nal crystal textures and degassing holes (diameter 825 µm). (F) Microspherule with polygonal crystal textures and degassing holes (diameter 
650 µm).
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construction. The compass angle of the geographic distribu-
tion of significant Pt and Ir anomalies is the same as that of 
the Hopewell-age Milford earthwork in Clermont County, 
Ohio. This common compass direction of the impact- related 
proxies and the airburst-shaped earthwork support the 
hypothesis that Native Americans witnessed the airburst and 
recorded their observation in a way comparable to the eye-
witnesses of the Tunguska event.

Nolan et al. [23] argue that an impact event on a Native 
American village is statistically improbable and, therefore, 
questionable. However, ‘improbable’ does not mean ‘impos-
sible.’ Earth’s history is replete with hundreds of major 
impact events, all proposed to have been far larger than the 

one in the Ohio Valley. All of them were highly improbable 
events, yet they occurred. Thus, rarity is not a reasonable 
argument against an event’s occurrence.

Napier and Clube [1, 6–8, 34] have provided an evidence- 
based model for such impacts. In addition, Moore et al. [34] 
attribute them to the hierarchical fragmentation of Giant 
comets called Centaurs, one of many <300-km-wide bod-
ies in unstable orbits between the giant planets. Such large 
celestial bodies are proposed to undergo cascading disin-
tegrations, some of which produced the Taurid Complex 
containing Comet Encke and ~90 asteroids with ~1.5- to 
5-km diameters. When the Earth intersects the details of 
such large comets, the risk of multiple impact events across 

Figure 26: Quantity (#/kg) of microspherules in Hopewell archaeological sample sites by depth (m). (A) Turner site, Ohio. (B) Moundview 
site, Ohio. (C) Miami Fort, Ohio. (D) Jennison-Guard, Indiana. (E) Beech Tree site, Ohio. (F) Milford earthworks, Ohio. It is important to note that 
microspherules were not detected above or below the burn layer, even though the site was occupied before and after the event. This narrow 
distribution argues against formation through cultural biomass burning and other potential anthropogenic contamination.

Figure 25: SEM micrographs of a pitted microspherule from the Hopewell sediments of the Turner site. (A) SEM micrograph of a large 
microspherule displaying numerous impact craters. (B) Close-up SEM micrograph of an impact crater on the surface of the largest microspher-
ule (see SEM micrograph A).
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one Earth hemisphere increases substantially. Moore et al. 
[34] report that “comets >100 km in diameter are expected 
to arrive from the Centaur region and enter short-period, 
Earth-crossing orbits about once every 20 to 60 kyr…. A 
100 km-wide comet would have a mass 50-100 times that 
of the current near-Earth asteroid system, making such 
 comets much more hazardous than the contemporary popu-
lation of near-Earth asteroids when fragmenting in the ter-
restrial neighborhood…. The measured light curves of 34 
of the associated asteroids and the mass and spread of the 
[Taurid] Complex … indicate that the Complex represents 

the remains of a ~100-km-wide progenitor comet whose dis-
integration and dispersion has continued for at least the last 
~20,000 years.” This model could account for all the evi-
dence we observed in the Ohio Valley and could result in a 
much larger statistical probability.

Anomalies in Pt and microspherules at control 
sites
To determine the distribution of this suite of proxies, 
we used the stratigraphic correlation between archaeo-
logical and non-archaeological units at two Hopewell 

Figure 27: Quantity (#/kg) of microspherules in Hopewell archaeological sample sites by depth (m). (G) Marietta earthworks, Ohio. 
(H) Fosters Crossing, Ohio. (I) Krasnosky earthwork, Ohio. (J) Indian Fort Mountain, Kentucky. (K) Junction earthworks, Ohio. As at the sites 
above, microspherules were not detected above or below the burn layer.

Figure 28: Geographic distribution of microspherules by size (mm) from the carbon-rich Hopewell burned strata sampled in the 
Ohio River valley. The red color indicates the proposed epicenter of the airburst event.
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archaeological sample sites—the Jennison-Guard vil-
lage site and the Marietta earthworks. We used a suite of 
criteria to conclude that strata in the archaeological and 

non-archaeological units had been thermally altered, includ-
ing a visible change in soil color and texture, reduced soil 
porosity, and increased soil density. The thermally damaged 

Figure 29: Significant Pt and Ir anomalies in the carbon-rich Hopewell burned strata sampled in the Ohio River valley. (A) Turner site, 
Ohio. (B) Moundview site, Ohio. (C) Miami Fort, Ohio. (D) Jennison-Guard site, Indiana.

Figure 30: Significant Pt and Ir anomalies in the carbon-rich Hopewell burned strata sampled in the Ohio River valley. (E) Beech Tree 
site, Ohio. (F) Milford earthworks, Ohio. (G) Indian Fort Mountain, Kentucky. (H) Fosters Crossing, Ohio.
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strata exhibited red and orange soil coloration from ferric 
oxide, a concentration of carbonized plant remains, a loss 
of absorbed and constitutional water, structural and com-
positional change in the hydrous silicates (i.e., clay), and 
decomposed carbonate minerals and rocks (e.g., aragonite, 
calcite, limestone, and micrite). The decomposition reaction 
of calcium carbonate (CaCO

3
) to solid calcium oxide (CaO) 

and carbon dioxide gas (CO
2
) occurs at a temperature of 

1,200oC.
For the Jennison-Guard site in Dearborn County, Indiana, 

we excavated two units – one on an archaeological Hopewell 
village site located on a floodplain scroll bar of the Ohio 
River (Unit A) and a second unit on a nearby paleo-swale 

(Unit B), which served as a non-archaeological control 
(Figure 5). The units were separated by a linear distance of 
~30 m. It is important to note that although the depths of the 
well-defined soil horizon boundaries varied widely across 
the units, we were able to use stratigraphy and radiocarbon 
dating to correlate the archaeological strata with the non- 
archaeological ones based on the presence of cosmic airburst 
and impact-related proxies recovered from the buried strata 
at both sites. This method is commonly used, often across 
vast distances, for diagnosing an impact spherule layer 
[47, 57].

To support our stratigraphic correlation at these two units 
(A and B), we obtained an AMS radiocarbon age of 1740 ± 

Figure 31: Significant Pt and Ir anomalies in the carbon-rich Hopewell burned strata sampled in the Ohio River valley. (I) Krasnosky 
earthworks, Ohio. (J) Marietta earthworks, Ohio. (K) Junction earthworks, Ohio.

Figure 32: Geographic distribution of positive Pt anomalies from the carbon-rich Hopewell burned strata sampled in the Ohio River 
valley. The red color illustrates the proposed epicenter of the airburst event.
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30 yr BP (1645-1544 cal BP, 62.9%) from the heavily burned, 
proxy-bearing stratum (paleosol, 2Aa) in Unit B, the paleo-
swale at a depth of ~147.0 cm (Figure 5, Table 1, Table S1). 
No artifacts or archaeological features were identified in the 
paleo-swale’s stratigraphy (Unit B). We also obtained three 
AMS radiocarbon ages from the heavily burned (Aa) archae-
ological stratum in Unit A located on a floodplain scroll bar: 
1740 ± 30 yr BP (1705-1549 cal BP, 95%), 1680 ± 30 yr BP 
(1625-1518 cal BP, 81.7%), and 1630 ± 30 yr BP (1568-
1409 cal BP, 95.4%). These calibrated radiocarbon ages 
are comparable to those previously obtained from the site 
(Table S1).

We conducted similar tandem unit excavations at the 
Marietta earthworks in Washington County, Ohio (Figures 14 
and 15, Table S1). One unit, which exposed a Hopewell hab-
itation surface, was excavated adjacent to the Quadranaou 
mound (~60 x 11 x 3 m) located 304 m from the radiocar-
bon-dated Capitolium Mound strata (Table S1). A second 
control unit was excavated in the center of a deep Hopewell-
constructed ditch (~5 m wide, ~1 m deep) located between 
the Conus mound (~9 m) and surrounding earthen berm 
(~6 wide, ~180 m circumference). The locations of the two 
units were selected because the sites are separated by 968 m, 
and they contained surfaces that would have been exposed 
at the time of the airburst. Given that the ditch likely was 
filled with water at the time of the proposed airburst event, it 
would have been an ideal setting for the collection of accu-
mulating carbon, magnetic microspherules, and PGEs.

We found that the Conus mound ditch contained an undis-
turbed Hopewell stratum and a sequence of subsequent 
natural infilling postdating the construction of the ditch 
(Figure 14). We found both significant Pt and Ir anomalies 
as well as microspherules co-occurring in the carbon-rich 

stratum from both the cultural and non-cultural units at the 
Marietta earthworks (Figures 14 and 15). The two units were 
separated by almost 1,000 m linear distance.

Social decline/reorganization at the end of the 
Hopewell cultural complex
Archaeologically, the Hopewell cultural complex is defined 
by the largest geometric earthen enclosures in the world, 
sophisticated hilltop water management systems, massive 
burial mounds, and ceremonial centers [16]. Distinctive 
reoccurring symbols are present on ceramic, ground-stone, 
and cold-hammered copper artifacts throughout the Ohio 
River valley and beyond [16]. Exotic Hopewell raw mate-
rials obtained from sources >2,400 km from archaeological 
sites suggest a widespread social network existed between 
the Atlantic Ocean and the Rocky Mountains and from 
Canada to the Gulf of Mexico [18]. These ancient cultural 
features and materials collectively suggest a stable, seden-
tary society with a political hierarchy [58, 59].

By ~1500 cal BP, the construction of world-class mon-
umental landscape architecture had ended and was already 
in decline by ~1600 cal BP in southwestern Ohio [38]. 
While some hilltop water management systems, such as 
Miami Fort, continued to be maintained, new construction 
had ended [51]. Large ceremonial centers, over a hundred 
hectares in size, massive geometric earthworks, and burial 
mound complexes located along the Scioto and the Little and 
Great Miami rivers and their tributaries were no longer being 
built or expanded [58, 38]. The transcontinental movement 
of exotic raw materials such as obsidian and Knife River 
silicified lignite from distances >2,400 km ceased [18]. 
Temporally, the disappearance of these cultural hallmarks 
from the archaeological record has been used to define the 

Figure 33: Geographic distribution of positive Ir anomalies from the carbon-rich Hopewell burned strata sampled in the Ohio River 
valley. The purple color indicates the proposed epicenter of the airburst event.
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end of the Hopewell cultural complex [18, 60]. The disap-
pearance of these archaeological hallmarks suggests that a 
social collapse, economic decline, or political reorganization 
occurred in the Ohio River valley by ~1500 cal BP [60].

For more than 200 years, archaeologists have speculated on 
possible causes of the socio-political end of the Hopewell cul-
tural complex [61, 62]. Various Eurocentric theories have been 
proposed to explain the disappearance of distinctive Hopewell 
cultural traits from the archaeological record, including eco-
nomic collapse, intrusion of rival cultures, migration, and 
warfare [58, 60]. Economic collapse from immigration and 
fighting between one or more rival cultures has been the 
longest-championed and most popular theory. It is based on 
three assumptions: (1) there was a socio-political breakdown 
in the long-distance spheres of interaction, (2) there were 
armed conflicts that resulted from an immigration of one or 
more rival cultures into the Ohio River valley, and (3), hilltop 
Hopewell earthworks were defensive fortifications that served 
as places of refuge during times of warfare [63, 64].

There are multiple problems with the theory of economic 
collapse from immigration and fighting between one or 
more rival cultures: (1) hilltop earthworks are inadequate 
for defensive purposes, (2) hilltop earthworks were built for 
ceremonial purposes and water management, and (3) hilltop 
earthworks appear at the beginning, rather than the end, of 
the Middle Woodland cultural period [65–68].

Two Bayesian tests indicate that the proposed impact 
event was synchronous across at least four Hopewell sites. 
In addition, the presence of abundance peaks in micromete-
orites, microspherules, Ni, Pt, and Ir suggests that the event 
occurred synchronously across the study area. Pan-globally 
and through time, natural catastrophes such as cosmic 

airburst events have led to socio-political decline and reor-
ganization [1, 6–9, 49]. We propose that the occurrence of a 
cosmic airburst near the end of the Hopewell cultural com-
plex is a far more plausible explanation for socio-political 
decline than the previously proposed Eurocentric theories. 
Transgenerational oral histories of Indigenous peoples living 
in the Ohio River valley provide what Vine Deloria Jr. called 
“eyewitnessed” accounts of a cosmic airburst [69].

Indigenous oral histories in support of cosmic 
impact events
Transgenerational astronomical knowledge is crucial to the 
survival of Indigenous peoples, and this knowledge is com-
municated through symbols in art, ceremony, dance, music, 
and song and through landscape architectural artwork (e.g., 
earthworks), all of which are effective ways to communicate 
transgenerational Indigenous knowledge [70]. Hopewell 
earthwork symbolism provides a visual representation of 
human-landscape relationships so that anyone versed in the 
symbolism of the Indigenous culture that created the earth-
works can derive a consistent narrative from them [71, 72]. 
Both the Turner and nearby Milford sample sites in south-
western Ohio contain unique airburst-shaped Hopewell 
earthworks (Figures 2, 10, 35, and 36). They are located 
within 3.75 km from one another. There are no other known 
Hopewell earthworks like them, suggesting they represent 
unique landscape symbols tied to a specific transgenera-
tional narrative [72].

The shape of the elevated circle and graded way of the 
Turner earthworks closely resembles the photographs of the 
9,100-metric ton, low-angle, Chelyabinsk meteor that came 
into view over Russia on February 15, 2013 (Figure 36C). 

Figure 34: Stable carbon isotope values and ages by depth in a Hopewell-constructed reservoir at the Miami Fort village site, 
Hamilton County, Ohio. The δ 13C values indicate a significant change in the composition of C3 vegetation (−23.8‰) at the time of the pro-
posed Hopewell airburst event.
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The Chelyabinsk meteor appeared brighter than the sun, 
generated intense heat, and it was visible from 100 km away 
[73]. The meteor exploded in an airburst ~29.7 km above the 
Earth’s surface [73].

The Milford earthwork is very similar to the hand-
drawn sketches made by eyewitnesses of the ~12-mega-
ton Tunguska impact event on June 30, 1908, in Yeniseysk 
Governorate, Russia (Figure 36C) [74, 75]. Eyewitness 
drawings of the Tunguska impact event depict a red ball, 
twice as large and as bright as the sun with a fiery broom 
emitting sparks behind it [74, 75]. Given the remarkable 
similarity with the eyewitness drawings of the Tunguska 
impact event, it is reasonable to speculate that the Milford 
earthwork is also a visual record of a comparable impact 
event (Figure 36A-C).

The writings of Vine Deloria Jr. and Native American 
oral histories support the interpretations of the Turner and 
Milford earthworks as physical representations of an eye-
witnessed cosmic event. He argued that Native American 
symbolism and oral histories contain transgenerational 
knowledge of past cosmic impact events [69]. He main-
tained that they are deeply rooted in eyewitnessed events. 
Indeed, there are intertribal accounts for the same or sim-
ilar impact events [49]. The Anishinaabe have an oral his-
tory of Genondahwayanung, the Long-Tailed Heavenly 
Climbing Star, which was as bright as the sun with a long, 
wide tail that destroyed Anishinaabe villages [48]. The 
Anishinaabe oral history emphasizes that this was not the 
first occurrence of Genondahwayanung, nor would it be the 
last [49].

Oral histories of the Myaamiaki tell of a star that was 
as bright as the sun and crossed the sky. They called it 
Lenipinšia, which means horned serpent [76]. They observed 
it dropping rocks from the sky before it plummeted into a 
river, consistent with the observed behavior of bolides that 
typically break into multiple fragments due to intense fric-
tion after impacting Earth’s atmosphere. These stories are 
consistent with the comet/meteor-shaped earthworks at the 
Turner and Milford sites (Figures 10, 35, and 36).

The Adawe described one cosmic impact event on a day 
when the sun fell from the sky [48]. The Wyandotte remem-
ber an apparent impact event as a time when a black cloud 
rolled across the sky [76]. The Haudenosaunee spoke of the 
impact event in which Dajoji, the Sky Panther, tore down 
forests [77]. The Shawano and Piqua made similar observa-
tions, which they called Tekoomsē, meaning blazing comet, 
also known as the Sky Panther [78–80]. The name Tekoomsē 
was given to Tecumseh in 1769, within the first year of his 
life, when comet C/1769 P1 was visible to the naked eye [79, 
80]. It is also noteworthy that Comet C/1811 F1 is known 
as Tecumseh’s Comet because he believed the comet was a 
good sign for his intertribal plan to expel the settler colonists 
[79, 80].

Micrometeorites and images of horned serpents (Sky 
Panthers) were collected from the same Hopewell contexts at 
the Turner site [19]. For example, pallasites were found along 
with two carved horned serpents in Mound 4 (Figure 37). 
One was carved from chlorite mica with a freshwater pearl 
eye and covered in red ochre, and the other was manufac-
tured from a red heat-altered carbonate-rich shale [19]. Their 

Figure 35: The Turner earthworks compared to the Chelyabinsk meteor. (A) The Elevated Circle and Graded Way of the Turner earth-
works. (B) The 1887 Hosbrook map of the Turner earthworks revised by Starr in 1960. (C) The Chelyabinsk meteor with white lines illuminating 
features are comparable to those of the Turner earthworks [73].
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co-occurrence suggests a first-hand understanding of the 
Sky Panthers’ relationship with the meteorites.

Conclusion

Anomalous abundance peaks in micrometeorites, melt-
glass, melted microspherules, Ni, Pt, and Ir occur together 
in Hopewell cultural strata in the Ohio River valley. These 

peak abundances only occur in a dark, charcoal-rich burn 
layer and are not found above or below that layer. We pro-
pose that this suite of proxies is best explained as repre-
senting a cosmic airburst event. Identifying these proxies 
is an effective tool for diagnosing a cosmic impact or air-
burst event, and they also provide a useful chronostrati-
graphic marker in archaeological and non-archaeological 
contexts.

Figure 36: The Milford earthwork and eyewitness drawings of the Tunguska impact event. (A, B) The 1847 Ephraim George Squier and 
Edwin Hamilton Davis map of the Milford earthwork. (C) Eyewitness drawings depicting the June 30, 1908, Tunguska impact event in Yeniseysk 
Governorate, Russia [74, 75].

Figure 37: Micrometeorites and horned serpents (Sky Panthers) from the Mound 4 of the Hopewell Turner site [19]. (A) Pallasites 
excavated in direct association with horned serpents (Sky Panthers) from Mound 4 of the Turner Hopewell site. (B) A Sky Panther, also known 
as a horned serpent, carved from chlorite mica with a freshwater pearl eye and covered in red ochre. (C) A Sky Panther, also known as a horned 
serpent, manufactured from a red heat-altered carbonate-rich shale.
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Airbursts are by far the most frequent cosmic events that 
have affected the Earth and are known to have caused struc-
tural damage and contributed to cultural downturns. NASA 
has concluded that a Chelyabinsk-sized meteor impacts 
the Earth every 10 to 100 years on average over a millen-
nium, based on our constantly evolving understanding of the 
population of comets and asteroids [81]. Even a relatively 
small impact event or airburst could have had the ability to 
destroy several villages and negatively impact the Hopewell 
socio-political system. Multiple simultaneous airbursts/
impacts from a fragmented comet or asteroid are capable of 
regional devastation.

Following the proposed impact event, Hopewell sites 
at or near the epicenter of the airburst, such as Turner, 
Moundview, Beech Tree, Milford, and Foster, were aban-
doned. We found no evidence of subsequent Indigenous 
occupations at these sites. Elsewhere in southwestern Ohio, 
the ancient mega-cultural features, including monumen-
tal landscape architecture, transcontinental movement of 
raw materials, and extensive burial mound and ceremonial 
centers, began to decline ~1600 cal BP and eventually disap-
peared altogether in the Ohio River valley by ~1500 cal BP. 
This age range includes the Bayesian-derived age range of 
the impact event (1640-1570 cal BP). These changes suggest 
a widespread social decline or reorganization in this region 
and possibly beyond. While many previous theories have 
been offered to explain the “end” of epic Hopewell earth-
work building, none address all the relevant issues. Based 
on the currently available evidence, we suggest that a cosmic 
airburst/impact event may have triggered the decline or reor-
ganization of what archaeologists call the Hopewell cultural 
complex.

Methods

Field methods
Sediment samples were obtained from archaeological units 
and trenches, which were hand excavated using standard 
archaeological procedures. Stable carbon isotope samples 
were extracted using a split-spoon, 5-cm diameter solid sed-
iment core, and a hand-operated drop hammer. Soil horizons 
and stratigraphic boundaries were defined in the field based 
on color, texture, structure, and pedogenic features and con-
firmed in the lab with particle size analysis and Munsell soil 
color charts. The location of all archaeological features, sed-
iment cores, excavation units, and trenches were recorded in 
the field using a hand-held GPS.

ICP-MS analysis
All ICP-MS analyses were conducted at the University of 
Georgia, Center for Applied Isotope Studies. They pre-
pared all solutions gravimetrically with ultra-pure deion-
ized (18MΩ) water and certified trace metal grade acids. 
Certified trace-metal grade HNO

3
 (67-70% w/w) and HCl 

(36% w/w) were purchased from Fisher Scientific (USA). 
Indium 1000 ppm and 10-ppm multielement standard CMS-2 
were purchased from Inorganic Ventures (USA). An Iridium 
10-ppm standard was purchased from Ricca (USA), and a 
Pt 1000-ppm standard was purchased from SPEX CertiPrep 
(USA). SARM-7 reference material (RM) is from SACCRM 
(South Africa). Certified values are 0.074 ± 0.012 mg/kg Ir 
and 3.74 ± 0.0045 mg/kg Pt. PFA digestion vessels were 
from Savillex (USA). Metal-free polypropylene centrifuge 
tubes were from VWR (USA).

A large sub-sample was dried in an oven at 60 °C for 
48 hours and then ground in a porcelain mortar and pestle. 
Clean, dry Savillex vessels were accurately weighed to 4 
decimal places on an analytical balance, whose calibration 
is checked daily. A 200 mg sub-sample of the ground sam-
ple was transferred to Savillex and weighed. Exactly 200 μl 
deionized water was pipetted into Savillex for use as method 
blank and weighed. Exactly 1 ml of freshly prepared aqua 
regia (4:1 v/v HCl:HNO

3
, equivalent to 3:1 mol/mol) was 

added to each Savillex. The Savillex capped and vortexed 
gently. It was then placed on a hot block with caps loos-
ened and heated at an internal temperature of 90 °C for 1 
hour. Samples were allowed to cool, the caps were tightened, 
and the Savillex weighed. The contents of the Savillex were 
transferred to a pre-weighed centrifuge tube, which was then 
centrifuged to prevent the transfer of particulates.

An aliquot of the supernatant was transferred via micro-
pipette to a pre-weighed centrifuge tube, which was then 
weighed again. The aliquot was diluted with deionized 
water, vortexed, and weighed again. This diluted solution 
was run on the ICP-MS. The remaining sediment was dried 
and weighed to determine the proportion of the original 
sample that had been digested. Instrumentation included a 
Thermo X-Series II (Thermo Fisher Scientific, Germany) 
with peristaltic pumps and Cetac ASX 520 auto-sampler 
(USA). The cyclonic spray chamber was maintained at 3 °C 
to minimize oxide formation. Ion lens voltages, nebulizer 
flow, and stage positioning were optimized daily using a 
tuning solution to maximize ion signal and stability while 
minimizing oxide levels (as CeO+/Ce+) and doubly charged 
ions (as Ba2+/Ba+). The ICP-MS was run in kinetic energy 
discrimination mode (KED) using a collision/reaction cell 
with a custom 8% H

2
 in He gas (Airgas, USA) and nega-

tive pole and hexapole biases separated by 3 V. This is done 
to remove polyatomic interferences, such as oxides. KED 
mode was optimized to minimize the signal on m/z 75 of an 
HCl blank while maximizing 75As signal of an As solution 
in HCl. Internal standard: 20-ppb indium solution supplied 
by Trident inline mixing Tee (Glass Expansion, USA). 115In 
was used for drift correction.

A blank consisting of 5% w/w HCl was used to calibrate 
and calculate the detection limits. Pt: 0.001, 0.01, 0.1, 1, 
10, 100 μg/kg calibration solutions prepared in 5 % HCl. Ir: 
0.001, 0.01, 0.1, 1, 10 μg/kg calibration solutions prepared 
in 5 % HCl. QC standard: 0.01 and 0.1 μg/kg solutions of 
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CMS-2 prepared in 5 % HCl for continuing calibration veri-
fication were run every 12 samples and at the beginning and 
end of the analysis. Preferred isotopes measured for analyte 
elements are listed in report (193Ir and 195Pt). Alternate iso-
topes of the analyte elements (191Ir and 194Pt) were also mon-
itored. All samples and standards run in triplicate, except for 
the blank, which was run in triplicate for the calibration and 
ten times for the LOD determination. QC standards were 
within 80-120% recovery.

Dilution factors were calculated from the mass of the 
sub-sample digested, the mass of the digested solution, the 
mass of the aliquot taken, and the mass of the final dilu-
tion. The ICP-MS software, PlasmaLab (Thermo Fisher 
Scientific, Germany), calculated the concentration of each 
replicate of the diluted solutions using the calibration curve. 
The data were exported to Excel (Microsoft, USA), where 
the three replicates were averaged. Limits of detection were 
calculated as 3 times the standard deviation of the 10 repli-
cates of the blank. Concentrations were checked against the 
LOD. Any that were found to be less than the LOD were 
reported as such. If any Pt or Ir was found in the MB, it was 
subtracted from the samples and reference materials. The 
solution concentration was multiplied by the dilution factor 
to determine the concentration in the dry solid sample. The 
concentrations of the samples and RM were reported, along 
with the proportion of samples digested.

Stable carbon isotope analysis
All Stable carbon isotope analyses were conducted at the 
Center for Applied Isotope Studies at the Reston Stable 
Isotope Laboratory, United States Geological Survey. They 
prepared samples for carbon isotopic analysis and were pow-
dered via a ball mill grinder until the aliquot was reduced to 
a fine enough grain size to analyze on an elemental analyzer. 
Samples were converted to CO

2
 with an elemental analyzer; 

gases were separated with a GC, and the gases were analyzed 
with a continuous flow isotope ratio mass spectrometer. 
Isotopic reference materials are interspersed with samples 
for calibration. Relative carbon isotope ratios are reported 
in per mil relative to VPDB (Vienna Peedee belemnite) and 
normalized on a scale such that the relative carbon isotope 
ratios of L-SVEC LiCO

3
 carbonate and NBS 19 CaCO

3
 are 

−46.6 and +1.95 per mil, respectively. Stable carbon-isotope 
results are reported on the VPDB-LSVEC scale via normal-
ization with other internationally distributed isotopic refer-
ence materials. The 2-sigma uncertainty of carbon isotopic 
results is 0.5 per mil unless otherwise indicated, meaning the 
values are within an uncertainty of 95 percent.

Micrometeorites, microspherules, and meltglass
Micrometeorites, microspherule morphologies, and melt-
glass from Hopewell strata were extracted in the Ohio 
Valley Archaeology Laboratory at the University of 
Cincinnati based on previously published protocol [3, 25]. 
Sediment samples were collected from well-dated, stratified 

archaeological sites and labeled by depth and chronostrati-
graphic context. A 450-g aliquot was weighed for each sam-
ple, and a slurry was created from a mixture of bulk sediment, 
water, and a deflocculant (hydrogen peroxide, H

2
O

2
). The 

magnetic grain fraction was then extracted using a rare earth 
neodymium magnet. Additional sieving was used to collect 
non-magnetic melt-glass and microspherules. Microscopic 
 meteorites, magnetic microspherule morphologies, and melt-
glass were identified using light microscopy, petrographic 
thin-section analysis, and scanning electron microscopy. 
An EDS system was used to identify the elemental compo-
sition of the microspherules. SEM and EDS were accom-
plished in the Advanced Materials Characterization Center 
at the University of Cincinnati, the Electron Microscopy 
and Surface Analysis Lab at the University of Utah, and 
Elizabeth City State University.

Bayesian analysis
Age-depth model
This description here and in the text is adapted from Kennett 
et al. [82]. We calibrated all dates using the calibration curve 
using IntCal20 within OxCal v4.4.4, r:5 [83, 84], and then 
calculated age models using Bayesian analyses in OxCal, 
based on the Markov chain Monte-Carlo (MCMC) algorithm. 
We used standard codes and commands in OxCal, including  
P_Sequence, Sequence, and Phase. The Outlier code was 
also used because charcoal derives from vegetation that is, 
by definition, older than the fire that carbonized it.

Combine function
This description is adapted from Bunch et al. [11]. Two func-
tions in OxCal are used for combining dates from a single 
inferred event. The ‘R Combine’ function is used to combine 
two or more radiocarbon dates from the same source, e.g., a 
single skeleton. The ‘Combine’ function tests two or more 
radiocarbon dates from different sources believed to be coe-
val, e.g., the date of the Hopewell burn layer. The ‘Combine’ 
routine is used here because there were burn layers repre-
senting radiocarbon from different sources at multiple sites. 
For the Combine function, a chi-squared test is automati-
cally performed. An error message will be generated if the 
confidence limits drop below 5%, in which case, the dates 
cannot be considered coeval. The Hopewell sites passed the 
chi-squared test.

Synchronicity function
The description here and in the manuscript is from that study 
by Kennett et al. [82] using the protocol for testing synchro-
neity, as described in Bronk Ramsey [83], which is mod-
ified and presented here. We used OxCal’s Sequence and 
Difference codes to determine the most likely common age 
interval for the 17 radiocarbon dates from the Hopewell burn 
layer. In this test, synchroneity is possible and is not rejected 
if the computed interval at 95% CI allows for a full overlap, 
i.e., includes zero years.
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