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A B S T R A C T

All large planets in our Solar System have rings, and it has been suggested that Mars may have had a ring in the 
past. This raises the question of whether Earth also had a ring in the past. Here, we examine the paleolatitudes of 
21 asteroid impact craters from an anomalous ~40 m.y. period of enhanced meteor impact cratering known as 
the Ordovician impact spike, and find that all craters fall in an equatorial band at ≤30◦, despite ~70 % of 
exposed, potentially crater-preserving crust lying outside this band. The beginning of this period is marked by a 
large increase in L chondrite material accumulated in sedimentary rocks at 465.76 ± 0.30 Ma, which, together 
with the impact spike, has long been suggested to result from break-up of the L chondrite parent body in the 
asteroid belt. Our binomial probability calculation indicates that it is highly unlikely that the observed crater 
distribution was produced by bolides on orbits directly from the asteroid belt (P = 4 × 10–8). We therefore 
propose that instead, a large fragment of the L chondrite parent body broke up due to tidal forces during a near- 
miss encounter with the Earth at ~466 Ma. Given the longevity of the impact spike and sediment-hosted L 
chondrite debris accumulation, we suggest that a debris ring formed after this break up event, from which 
material deorbited to produce the observed crater distribution. We further speculate that shading of Earth by this 
ring may have triggered cooling into the Hirnantian global icehouse period.

1. Introduction

Interactions between the Earth and incoming materials from the 
Solar System have dramatically influenced the evolution of life on Earth, 
well exemplified by the extinction of the dinosaurs caused by the 
Chicxulub impact event (Alvarez et al., 1980; Hildebrand et al., 1991; 
Kring and Boynton, 1992). Unique in at least the last 540 m.y. (the 
period for which there are data; Terfelt and Schmitz, 2021), was a 
dramatic increase in the impact cratering rate and flux of meteorite 
material to Earth starting in the mid-Ordovician and extending for 
perhaps as much as 40 m.y. (Fig. 1; Liao et al., 2020; Martin et al., 2018; 
Osinski et al., 2022; Schmieder and Kring, 2020; Terfelt and Schmitz, 
2021), although the duration is presently poorly constrained. The 
beginning of this period is recorded in limestone, at multiple places 
around the world, recognised by a 2–3 order of magnitude enrichment in 
L chondrite meteorite and micrometeorite debris (Martin et al., 2018; 
Schmitz et al., 2022, 2001; Terfelt and Schmitz, 2021). A coincident 
period of enhanced seismic and tsunami activity, recognised through 
globally distributed megabreccia deposits, may be related (Parnell, 
2009); although an alternative has been suggested by (Meinhold et al., 
2011). This event may have promoted the Great Ordovician 

Biodiversification Event (Schmitz et al., 2008), after triggering a global 
icehouse (Schmitz et al., 2019). Deposition of L chondrite material in 
limestones at this time was suggested to have been caused by an increase 
in asteroid dust dispersed throughout the inner Solar System after 
impact-associated break-up of an L chondrite parent body (LCPB) within 
the asteroid belt (Schmitz et al., 2008, 2001). We hypothesise that 
instead, a large L chondrite asteroid had a near-miss encounter with the 
Earth at about 466 Ma, passing within the Roche limit, which caused the 
body to break-up and form a debris ring.

To investigate the possibility of a ring-forming event in the mid- 
Ordovician, we examined the paleolatitude positions (based on six tec-
tonic plate reconstruction models; Domeier, 2016, 2018; Merdith et al., 
2021; Scotese, 2016; Torsvik and Cocks, 2016; Torsvik et al., 2014) of 
the 21 meteorite impacts known to coincided with the enhanced 
Ordovician meteorite flux. The beginning of the period of interest is 
considered to be precisely defined by the age of volcanic ash layers in the 
meteorite-rich limestone at Thorsberg Quarry in Sweden, at 465.76 ±
0.30 Ma (Liao et al., 2020). The duration of the period of time from that 
point is poorly constrained, but is based on the observation that there is 
still above background L chondrite flux preserved in the geological re-
cord 40 m.y. later (Martin et al., 2018; Terfelt and Schmitz, 2021). We 
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then calculated the probability that the observed crater positions 
resulted from randomly distributed impact events across the globe, 
which would be expected if all impactors were derived from orbits in the 
asteroid belt (Rumpf et al., 2016), but not if they were derived from a 
single body that broke up during a close encounter with the Earth.

2. Methods and results

2.1. Paleogeographic reconstructions of the Ordovician impact record

Paleogeographic reconstructions were modelled in GPlates using all 
available global plate models for the Ordovician. The models used in this 
study are DOM16 (Domeier, 2016), DOM18 (Domeier, 2018), TOR14 
(Torsvik et al., 2014), MER21 (Merdith et al., 2021), SCO16 (Scotese, 
2016), and TC16 (Torsvik and Cocks, 2016). A detailed critical evalua-
tion of these plate models in the context of this study is provided in 
Supplementary Material.

The measured age data and present-day latitude and longitude of 
Ordovician impacts were acquired from (Schmieder and Kring, 2020). 
The impact sites were georeferenced and loaded into Gplates (https 
://www.gplates.org/; Müller et al., 2018) along with the rotation 
model and landmass/craton/continent files for the six models. The im-
pacts were assigned a plate ID correlating with the landmass of its 
present-day coordinates and then the models reconstructed to the 
Ordovician. Paleolatitude versus time data for each impact, and for the 
major cratons, from 467 to 400 Ma were exported for each model. To 
compare the plate models, the paleolatitude versus time data were then 
compiled into line graphs for the period of 467–400 Ma (Fig. 2) and box 
plots for 467–450 Ma, which is the period of the impact spike prior to the 
Hirnantian Icehouse glaciation (Fig. 3).

Impact paleolatitude distributions for each plate model for 467–450 
Ma were quantitatively compared using the Kruskal-Wallis H test to 
evaluate the null hypothesis that the means of the impact paleolatitude 
distributions from each model are equal. Analysis of variance assump-
tions (ANOVA) of normally distributed data with equal variance among 
distributions were not satisfied so the non-parametric test was preferred. 
Kruskal-Wallis indicated that there was a statistically significant 

difference between sample means (H(5) = 45.13542, p = 1.36 × 10–8, 
Fig. 3) and the null hypothesis was rejected. As a p-value, or statistical 
significance, does not measure the size of an effect nor the importance of 
a result, a Post-hoc Dunn’s test was carried out to identify pairs that 
failed to reject the null hypothesis at a significance level of α = 0.05. 
Dunn’s test revealed that SCO16 was statistically significantly different 
from the other models (α = 0.05, Fig. 3).

2.2. Estimation of continental area capable of preserving an Ordovician 
impact crater

To investigate the probability that the observed impact crater dis-
tribution is non-random, and preferentially distributed closer to the 
equator, we calculated the continental surface area capable of preser-
ving mid-Ordovician impact craters. Processes that hide or remove ev-
idence of an impact crater include: (1) burial beneath more recent 
sediments or ice (such as Antarctica and Greenland), (2) erosion in 
response to uplift or because the impact was located in a mountainous 
area, and (3) tectonic overprinting. Thus, areas best suited to preser-
vation of mid-Ordovician impact craters are Cambrian and older rocks 
situated on stable cratons that have not been tectonically disturbed.

A further issue is that regions situated close to the south pole during 
the Ordovician could be covered in ice, which could plausibly prevent 
preservation of particularly smaller impacts, as would be the case for 
Antarctica today. But ice sheet extent varies as a function of global 
temperature. At the beginning of the period of interest, the global 
temperature was likely warm enough for there to be no large ice sheets 
at the poles (Fig. 1), but the global temperature plummeted dramatically 
from about 463 to 444 Ma to what was briefly the coldest period in the 
last 540 m.y. (the Hirnantian Ice Age) (Scotese, 2021). From about 450 
to 444 Ma what are now Africa and South America are thought to have 
been largely covered in an extensive ice sheet (Scotese, 2021), so it 
might be expected that these regions would not preserve impact struc-
tures during this period.

We used QGIS (https://www.qgis.org/) and geological datasets from 
the USGS to evaluate each continent individually and calculate the 
appropriate surface areas. Rocks of Cambrian age or older located on 

Fig. 1. Age estimates of the currently recognised Ordovician impact spike craters (Parisi et al., 2024; Schmieder and Kring, 2020), overlain on the estimated period of 
anomalous extraterrestrial chromite accumulation in sediments (Terfelt and Schmitz, 2021), and the known period of seismic/tsunami-induced megabreccia deposits 
(Parnell, 2009). The blue line indicates the global average temperature prior to 1990 (Martin et al., 2018; Schmitz et al., 2022; Scotese, 2021; Terfelt and 
Schmitz, 2021).
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stable cratons were included, and there are a small number of areas 
where minimally disturbed, flat-lying early Ordovician rocks could be 
included. Areas covered by younger material were removed from 
consideration; although advanced geophysical techniques and drilling 
can be used to locate and confirm shallowly buried impact craters, this 
approach has not yet been applied globally. Areas tectonised since the 
mid-Ordovician were removed from consideration. The depth of erosion 
since the mid-Ordovician is more difficult to evaluate on a global scale, 
but some areas in China were excluded because they have a combination 
of exposure of many younger granitoids (requiring erosion to expose) 
and recent tectonism to generate the granite magmas (further detail 
below).

Both Antarctica and Greenland were excluded because they are 
covered by ice today (the two craters identified under ice in Greenland 
have not been dated). The young tectonic elements in the Asia-Pacific 
are unsuited to preservation of Ordovician impact structures. The area 
estimates are based on the MER21 reconstruction for the period 466 to 
450 Ma.

Australia. In Australasia, only the western two-thirds of Australia 
(west of the Tasman Line) is well suited to preservation of mid- 
Ordovician impact structures. Although there are pre-Ordovician and 
early Ordovician rocks in the eastern third of Australia, these have been 
strongly tectonised, and were thus removed from consideration. The 
Australian continent straddled the equator during the period of interest, 
and the area of suitable crust is estimated at 1938,036 km2.

North America. The North American Craton is well suited to preser-
vation of Ordovician impact structures, and a considerable proportion of 
those recognised globally are situated there. The North American 
Cordillera along the west side of North America is an extensive belt of 
recently tectonised rock, and so was excluded from the area calculation. 
Laurentia also straddled the equator during the period of interest, and 
the area of suitable crust is estimated at 4578,367 km2.

Europe. Most of Europe is poorly suited to preservation of Ordovician 

impact craters, and yet this small region contains a large proportion of 
those recognised (Schmieder and Kring, 2020). Fig. 4 indicates that 
much of Scandinavia (western Baltica) is well suited despite recent 
glaciation, and all of the Ordovician impact structures in Europe are 
located in this region. Small areas in western France, Scotland and 
Czechia were deemed suitable and included in the area calculation. The 
recently tectonised regions in southern Europe are considered unsuit-
able. The region containing all of the Ordovician impact structures in 
Europe drifted from ~35–30◦S to 30–15◦S over the period 466 to 450 
Ma, rotating anticlockwise. All of this region (1108,872 km2) is included 
as proximal to the equator for the purposes of this calculation. A small 
area of interest in France (29,184 km2) moved from ~ 50◦S to 35◦S over 
the period of interest and thus is considered distal to the equator.

Russia, including eastern Baltica. Fig. 4 shows that relatively small 
areas are well suited to preservation of Ordovician impact craters in 
Russia. To the east of Scandanavia, eastern Baltica is also well suited to 
crater preservation (and contains two Ordovician craters). Appropri-
ately aged rocks in the Altaids have been deformed since the Ordovician 
and were excluded. Large areas of flat-lying Ordovician aged rocks north 
of Lake Baikal and surrounding the Siberian Traps (indicated in dark 
blue) were not included in the area calculation (because the GIS data do 
not distinguish between early, middle and late Ordovician), but they 
would be well suited to preservation of L chondrite meteorite and 
micrometeorite material. Over the period of interest, Siberia swept 
northward across the equator into low northern latitudes; all of this 
region and Baltica (1518,689 km2) were thus proximal to the equator.

India. Much of the main continent of India, including Sri Lanka, is 
well suited to preservation of Ordovician impact craters. Northern India, 
Nepal and Bangladesh have been affected by the Himalayan collision 
and were excluded from the area calculation. During the period of in-
terest, the southernmost part of the Indian Craton drifted from ~35◦S to 
~30◦S, so all of this craton is included as the proximal to the equator, 
representing an area of 1171,670 km2.

Fig. 2. Comparison of paleolatitude positions of the Ordovician impact craters for the six models evaluated. The length of each line represents the error on the age 
estimate, indicated by the point at the center.
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China. Fig. 4 shows that much of the pre-Ordovician crust in China 
has undergone recent tectonism. The North and South China Cratons 
experienced much Jurassic and Cretaceous magmatism and erosion has 
exposed these plutons, so we surmise that this would have removed all 
old impact craters, and indeed there is only one 50 k.y. old crater in 
China. The plate reconstructions show that China has been subject to 
extensive tectonism since the Ordovician, so there are no significant 
crustal elements suited to Ordovician impact structure preservation.

Africa. Much of the African continent consists of pre-Ordovician 
crust, albeit with considerable younger cover in broad areas. In terms 
of tectonic stability, Africa is well suited to preservation of Ordovician 
impact structures. The Ordovician aged rocks indicated in Fig. 5 were 
not included in the area calculation to be conservative. Most of Africa 
was situated south of 35◦S from 466 to 450 Ma, although southern Africa 
was north of this latitude. The area of suitable crust situated south of 
35◦S is estimated at 24,875,914 km2, and the area north of this latitude 
is estimated at 2193,000 km2.

South America. Eastern South America consists of several stable 
ancient cratons well suited to preservation of Ordovician impact 

structures. The Andes are not suitable for preservation of old impact 
structures. There are no impact craters recognised in South America that 
could plausibly be from the Ordovician impact spike. All of the suitable 
South American crust was distal to the equator from 466 to 450 Ma, and 
the area of suitable crust is estimated at 4821,352 km2.

2.3. Multi-distance spatial cluster analysis (Ripley’s K Function)

To evaluate the null hypothesis that the distribution of impacts is 
completely spatially random, multi-distance spatial cluster analysis 
(Ripley’s K Function; Ripley, 1976) was conducted using ArcGIS. This 
approach evaluates the number of neighbouring features associated with 
each feature that are closer than the distance being evaluated, at mul-
tiple scales. This method illustrates how the spatial clustering or 
dispersion changes with various scales. If the data are completely 
spatially random, the multi-distance cluster analysis will yield a 1:1 
correlation (expected K values) between the L(d) transformed Ripley’s K 
function and the specified distance. Data that are clustered will lie above 
the 1:1 line and data that are dispersed will lie below the 1:1 line at 

Fig. 3. Statistical comparison of the paleolatitude distribution of asteroid impacts 467–450 Ma grouped by plate model.
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Fig. 4. Areas of continental crust proximal to the equator during the Ordovician. Areas older than Ordovician are indicated in salmon colour, Ordovician rocks are 
dark blue, and younger are grey. Light blue indicates lakes in Europe and Russia. The labelled pink points are the recognised Ordovician impact spike craters: in 
Australia, Lawn Hill (LH); in North America, Tunnunik (T), Pilot (P), Lac Couture (LC), East Clearwater Lake (ECw), La Moinerie (LM), Charlevoix (Ch), Brent (B), 
Slate Islands (SI), Rock Elm (RE), Decorah (D), Calvin (Ca), Glasford (G), Ames (A); in Europe, Lochne (Lo), Malingen (M), Granby (G), Tvaren (T), Hummeln (H), 
Ilyinets (Iy) and Kardla (Ka) (the latter two are situated on the western edge of the map for Russia). The labelled black points are impact structures with very poorly 
defined ages that could plausibly be Ordovician in age (Parisi et al., 2024; Schmieder and Kring, 2020), but have not been included in our considerations: Goyder 
(Gy), Glikson (Gl), Matt Wilson (M), Woodleigh (W), Liverpool (L), Glover Bluff (GB), Crooked Creek (CC), Santa Fe (SF), Holleford (H), ̂Ile Rouleau (IR), Presqu’île 
(P), Lumparn (L), Saarijärvi (Sj), Summanen (Sm), Kamenetsk (K), Ramgarh (R).
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varying distances (x-axis). When the observed K values are larger than 
the expected K value for a specific distance, the distribution is more 
clustered than a random distribution at that distance, and vice versa 
regarding dispersion. Distance is a calculation in-built in the statistical 
model and calculated as: maximum distance value is 25 % of the 
maximum length of a minimum enclosing rectangle around the impacts 
(increments = maximum distance/n iterations).

Multi-distance spatial cluster analysis revealed that for modern 
impact craters formed within the last 40 m.y., there is a small degree of 
statistically significant clustering of impacts at small distances (Fig. 6A). 
In distinct contrast, for Ordovician impacts (reconstructed at 460 Ma 
using MER21), there is a high degree of statistically significant clus-
tering of the impacts at a wide range of distances (Fig. 6B). This sub-
stantiates our assertion that the distribution of Ordovician impacts is 

unlikely the result of random chance.

2.4. Simple estimate of the Roche Limits for Earth

A simple estimate of the approximate bounds on the range of Roche 
Limits for breakup of an L chondrite asteroid at Earth (radius =
6,371,000 m; avg density = 5513 kg m-3) can be made by calculating the 
solid body Roche Limit using the density of L chondrites (3350 kg m-3), 
and the liquid body Roche Limit (approximating a cohesionless rubble 
pile) using the measured density of Itokawa (1900 kg m-3), which is 
thought to be comprised of low metal ordinary chondrite material 
(Fujiwara et al., 2006).

For the solid body Roche Limit: 

Fig. 5. Areas of continental crust distal to the equator during the Ordovician. Areas older than Ordovician are indicated in salmon colour, Ordovician rocks are dark 
blue, and younger are in grey. Light blue indicates lakes in Africa. The labelled point (L) in Africa is the Luizi impact structure, which has a very poorly defined age 
that could plausibly be Ordovician, constrained to be between 0 and 573 Ma (Schmieder and Kring, 2020).

Fig. 6. Statistical comparison of impact clustering for the last 40 m.y. using current geography (A) and the Ordovician craters at 460 Ma using MER21 (B). The blue 
line (with white confidence envelope) shows the expected distance between randomly distributed craters (expected K) based on the data, and the orange line shows 
the observed distance (observed K). When the observed distance is larger than the expected distance for a particular distance, the distribution is more clustered than a 
random distribution at that distance. Shaded orange areas show distances that fall outside the confidence envelope and are statistically significantly clustered. L(d): 
modified Ripley’s K function. Distance: modelled distance.
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ds ≈ RE

(

2
ρE

ρA

)1/3

(1) 

In which case, ds ≈ 3106 km above the Earth’s surface. Here, ds is the 
solid body Roche Limit, RE is Earth’s radius, ρE is Earth’s density, and ρA 
is the asteroid’s density. And, for the liquid body Roche Limit (dl): 

dl ≈ 2.44RE

(
ρE

ρA

)1/3

(2) 

In which case, dl ≈ 15,801 km above the Earth’s surface.

3. Discussion

3.1. Paleolatitudes of Ordovician impact craters

Fig. 7 shows the continental plate and impact crater positions from 
467 to 450 Ma (Middle Ordovician) for the most recent global paleo-
geographic reconstruction model (Merdith et al., 2021). Although there 
are large errors on the age estimates of some craters (Figs. 1 and 2), this 
period captures the relevant crater positions before the southernmost 
continents became ice covered (Scotese, 2021). In the six plate recon-
struction models we evaluated, the impact craters are all distributed 
relatively close to the equator (Figs. 2, 3, 7), primarily ≤30◦ ± 13.4◦

ranging as far as 39◦S at maximum possible distance from the 
paleo-equator in the most recent model of (Merdith et al., 2021).

It is notoriously difficult to ascertain the composition of bolides that 
created impact structures. Lockne crater was likely formed by an L 
chondrite impactor, Clearwater East possibly formed by an L or H 
chondrite impactor, and the bolide composition is either unknown or 
masked by considerable uncertainly for the other 19 craters of interest 
(Schmitz et al., 2022).

There are 17 additional craters that have very poorly defined ages 

that could plausibly be Ordovician in age (Schmieder and Kring, 2020); 
of these, only Luizi would be positioned at high latitude (Figs. 4 and 5). 
Lawn Hill crater in Australia has an age close to the beginning of the 
period of interest (472 ± 8 Ma) (Darlington et al., 2016). It and/or 
several others of comparable age (Fig. 1) may have formed during the 
suggested near-Earth asteroid break-up event (see below). The paleo-
geographic reconstruction models hint that the oldest impact structures 
have greater variation in paleolatitude than the younger craters (Fig. 2).

3.2. Probability that the crater distribution is random

For impact craters from the period of interest to be observed today, 
they need to have impacted older continental crust that subsequently 
avoided significant reworking and/or erosion. The average global tem-
perature at the beginning of the period of interest (ca. 466 Ma) was 
warm enough that there was likely no ice cap at the South Pole, but rapid 
cooling from then is thought to have generated an ice sheet reaching low 
latitudes (~30◦) from about 450 to 444 Ma (Scotese, 2021). Thus, in all 
plate reconstruction models, the components of Africa and South 
America are well suited to preservation of impact craters from 466 to 
450 Ma, but the intensity of global cooling was such that ice sheets may 
have inhibited preservation of impact craters from 450 to 444 Ma. The 
brief Late Ordovician glaciation is considered unlikely to have removed 
evidence of impact structures because the majority of the craters of in-
terest are well preserved despite being affected by recent continental 
glaciation in North America and Europe. Of the craters of interest, 14 
have ages with probability ≥ 0.5 of occurring within the 466 to 450 Ma 
window. The differences between the plate models impart only minor 
variations in our estimates of the area of crust that could preserve 
Ordovician impact craters as a function of latitude.

The probability calculation is based on the proportion of appropriate 
crustal surface area within a ± 30◦ paleolatitude band for the MER21 

Fig. 7. Positions of the Ordovician impact craters on the reconstructed plate positions of the MER21 model, showing the movement of continents and trace of impact 
sites from 467 to 450 Ma. AMZ, Amazonia; ANT, Antarctica; AS, Arabian Shield; AUS, Australia; AZ, Azania; BAL, Baltica; IND, India; LAU, Laurentia; NC, North 
China; SA, Southern Africa; SAH, Saharah; SC, South China; SEA, South-eastern South America; SIB, Siberia; SSA, Southern South America; T, Tarim; WAF, 
West Africa.
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model for 466 to 450 Ma, compared to that at higher latitudes. The 
underlying principle here is that typical impacts are distributed 
randomly across the globe, whereas impacts resulting from a body that 
broke up during a close encounter would fall in a latitudinal band.

In total, the area of continental crust considered suitable of preser-
ving Ordovician impact structures proximal to the paleo-equator (± 30◦) 
based on MER21 is 12,508,635 km2. The suitable area of crust distal to 
the paleo-equator is 29,697,266 km2. Thus, the proportion of proximal 
crust is estimated at 29.6 %. So, for the MER21 model, the probability 
that each impact would randomly occur in the proximal region rather 
than the distal region is 0.296, and this probability is multiplied through 
the number of impact events. Fourteen craters have age ranges that >50 
% overlap the 466 and 450 Ma period (all 21 craters have age ranges that 
overlap this period to some extent; Fig. 1). The binomial probability that 
at least 14 impacts occurred in crust proximal to the equator due to 
random impacts is 3.96 × 10–8 (or about 1 in 25 million): 

P(X) =
(

n
X

)

. pX . (1 − p)n− X (3) 

where, 
(

n
X

)

= n!
X!(n− X)!, p = probability of a single success = 0.296, n =

number of trials = 14, and X = number of successes = 14.
If additional impacts are identified in the proximal range during the 

impact spike period, these would further reduce the probability (e.g., 
probability of 20 successes = 2.67 × 10–11). Notably, as normal random 
impact events likely occurred during the Ordovician impact spike (i.e. 
impacts could be outside of the equatorial band) the binomial proba-
bility is not significantly reduced by one or two fewer successes. For 
example, if two impacts are later considered to have formed through 
unrelated impact events, the binomial probability for 12 random im-
pacts successfully occurring in proximal crust is 2.04 × 10–5. The situ-
ation for DOM18 is essentially the same.

The multi-distance spatial cluster analysis independently confirms 
that the crater distribution is non-random, showing that the Ordovician 
impacts have a high degree of statistically significant clustering at a 
wide range of distances. By comparison, impact structures formed in the 
last 40 m.y. are unclustered, consistent with the normal randomly 
distributed cratering of the Earth (cf. Rumpf et al., 2016).

3.3. Formation of a debris ring may explain the non-random crater 
distribution

It has long been known that chains of impact craters form in response 
to single bodies breaking up as they near a planet or moon. A latitudinal 
band of impacts formed in Jupiter’s atmosphere, for example, after 
comet Shoemaker-Levy 9 broke up around the planet (Zahnle and 
MacLow, 1994). But these linear bands of craters form in geologically 
short timeframes: Shoemaker-Levy 9 was initially captured by Jupiter, 
then after 20–30 years of orbits broke up in July 1992, before the many 
impactors collided between July 16 and 22, 1994. We have demon-
strated that it is highly improbable that the non-random, latitudinal and 
quasi-equatorial band of Ordovician impact craters were produced by 
many different bodies derived from separate locations in the inner Solar 
System. The observation that sedimentary rocks from this time are two 
to three orders of magnitude more enriched in meteorite debris and 99 % 
of this is from the L chondrite parent body (Terfelt and Schmitz, 2021) 
also strongly suggests that a single body was involved. We suggest the 
most appropriate explanation is that the meteorite debris in the sedi-
mentary rocks and the impactors came from a large LCPB fragment that 
was tidally disrupted during a close encounter with the Earth at 466 Ma. 
However, unlike the Shoemaker-Levy 9 event, and other crater chain 
forming events, the enhanced L chondrite sedimentation and impact 
cratering appear to have persisted for up to 40 m.y. (noting that the 
duration of this period is currently poorly constrained). To explain these 
observations, we suggest that fragments of disrupted LCPB were 

captured by the Earth, forming a debris ring that gradually decayed to 
explain both the equatorial distribution of impact craters, and the 
exponential decrease in meteorite debris in the sedimentary rocks. Rings 
around other planets are known to persist considerably longer than this; 
Saturn’s rings are thought to be on the order of 100–400 m.y. old (Kempf 
et al., 2023).

For a small body to be captured by a planetary body it must enter that 
planet’s Hill Sphere (region of gravitational dominance), and be slowed 
down to below its escape velocity (Araujo et al., 2008). All Solar System 
planets readily capture asteroids (Bailey, 1972), and there is a constant 
population of temporarily captured objects around the Earth (Granvik 
et al., 2012) where km-scale asteroids are captured about once every 10 
m.y. (Fedorets et al., 2017). In a process that occurs much more rarely, 
particularly around smaller planets, small bodies break up when they 
pass within a planet’s Roche Limit, the distance within which objects are 
pulled apart by tidal forces (Williams, 2003). Because the gravitational 
forces involved in capture are stronger within Earth’s Roche limit than 
at larger distances within the Hill sphere, capture is more likely when a 
body passes through the Roche limit (cf. Hyodo et al., 2017). Fragment 
orbits that are initially elliptical become circularised over time in 
response to collisional interaction, producing a ring inside the Roche 
limit (Charnoz et al., 2018). Planetary rings are refined as perpendicular 
motions of these fragments are minimised relative to their motions in the 
equatorial plane, which occurs because planets bulge at their equators 
creating a gravitationally-controlled preferred orbital plane (Tiscareno 
and Hedman, 2014). Thus, material deorbiting onto a planet from a ring 
is preferentially distributed close to the equator.

The Roche Limit for a solid L chondrite body (bulk density 3350 kg 
m-3 (Britt and Consolmagno, 2003) is 3106 km above the Earth’s surface 
(9477 km from the center), whereas that for a rubble-pile asteroid is far 
greater. For S-class rubble pile asteroid Itokawa it would be ~15,800 km 
above the surface (22,171 km from the center; density from (Fujiwara 
et al., 2006) and assuming cohesionless rubble; a precise value cannot be 
calculated without knowing the asteroid shape and internal cohesion 
properties). Within this transition zone between the rubble pile and the 
solid body Roche Limit, a body consisting of a power law collection of 
fragments (as expected for a rubble pile (Sánchez and Scheeres, 2014) 
would break up and disperse, with abundant miniscule fragments 
forming a ring, and the largest solid fragments forming moonlets (see 
also Hyodo et al., 2017). Another possibility is a solid body heavily 
fractured by impacts, which would also break up within this transition 
zone, probably forming a higher proportion of larger fragments than in 
the rubble pile body. Given that longevity of the L chondrite event (ca. 
40 Ma), break-up of a power law rubble pile asteroid, or a heavily 
impact-fractured body, is our preferred model. Thus, there was probably 
a debris ring around the Earth from about 466 Ma that gradually dissi-
pated over an extended time period. The lack of increased meteorite flux 
associated with other known asteroid break-up events (Terfelt and 
Schmitz, 2021) also implies that a close break-up event is a better 
explanation for the Ordovician impact spike. And, the small size of the 
orbital window that such a body would need to pass through to break up 
in this way means that such events are very rare; this is consistent with 
the extraterrestrial chromite data, which suggest that this has happened 
only once in the last 540 m.y. and probably longer (Martin et al., 2018; 
Schmitz et al., 2022).

Much of the Roche Limit transition zone is within the current Earth’s 
exosphere, extending from 700 to 10,000 km. Objects passing through a 
comparable tenuous outer edge of the atmosphere in the Ordovician 
would be slowed through friction, resulting in orbital decay and colli-
sion with the Earth. Interactions between the exosphere and ring ma-
terial would tend to remove gases by chemical reaction with ring 
particles, reducing friction and slowing down decay of the ring. How-
ever, tidal decay would also play an important role in this setting. Given 
that the outermost Roche Limit (15,800 km above the surface) is well 
within the geostationary orbit position (35,786 km above the equator), 
much of the debris would undergo tidal decay and deorbit to the Earth’s 
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surface (see Rosenblatt et al., 2016). Tidal decay affects larger bodies 
more than small, so larger fragments will tend to sweep up smaller 
fragments and grow in the process, but this can only apply outside the 
Roche Limit. Thus, larger debris fragments that, after the initial 
break-up event, are positioned outside the Roche Limit and inside 
geosynchronous orbit would tend to grow as they migrate inward, and 
then break up again upon reaching the Roche Limit. This process would 
gradually clear out the ring. Models applied to the evolution of a giant 
impact-derived debris disk around Mars suggest that this process may 
have formed Phobos and Deimos, these having grown from outward 
migrating material from above Mars-synchronous orbit, with material 
inside orbit falling back to the Martian surface (Rosenblatt et al., 2016).

Capture of an L chondrite body from the asteroid belt would begin 
with an elliptical orbit, breakup of that body at a perigee inside ~15,800 
km, with some of the resulting fragments interacting with the exosphere 
as their orbits became circularised and migrated to the equatorial plane, 
and higher altitude fragments undergoing tidal decay. Fragments 
outside geosynchronous orbit might be expected to dissipate through 
collisional interactions and the Yarkovsky effect (Vokrouhlický et al., 
2000), or perhaps form one or more mini-moons through tidal dissipa-
tion (cf. Rosenblatt et al., 2016) that are no longer with us.

Argon dating of L chondrite meteorites has found that many have 
ages indicating a major shock event at ~470 ± 6 Ma, and this age has 
been linked to the L chondrite asteroid break-up event purported to have 
scattered fragments throughout the inner solar system (Korochantseva 
et al., 2007). It is possible that a major collisional event in the asteroid 
belt did occur (explaining the Ar data), sending a single large L chondrite 
fragment into a Jupiter-resonant orbit and from there onto an 
Earth-encountering orbit. This process is the main mechanism (along 
with Yarkovsky and YORP effects) that continuously sends asteroid 
fragments < 30 km from the asteroid belt onto planet-encountering 
orbits (Bottke et al., 2015). This would explain why 99 % of the mete-
orite debris in sediments on Earth is L chondrite material (Schmitz et al., 
2019), rather than contributions from two bodies colliding (one sample 
of another meteorite type has been found; Schmitz et al., 2016). Note 
that our model does not require a collision in the asteroid belt, but a 
collision at ~470 Ma may be part of the history.

A recent analysis of impact craters on Earth, Mars and the Moon 
recognised the Ordovician impact spike on Earth, but found no equiv-
alent on Mars or the Moon (Lagain et al., 2022). These authors then 
suggested that there was no anomalous impact cratering rate during the 
Ordovician on the basis that: (1) the lack of anomalous cratering on Mars 
and the Moon is inconsistent with breakup of the L chondrite parent 
body causing a shower of debris through the inner solar system, and (2) 
a preservation bias favoured crater preservation in the Ordovician 
causing an apparent spike in cratering rate (having recognised the 
equatorial distribution). However, the first point actually supports our 
hypothesis in that it is consistent with break-up of a single body prox-
imal to Earth rather than break-up of an LCPB in the asteroid belt; the 
latter would be expected to affect Mars more than Earth. Secondly, 
regarding the preservation bias argument, Legain et al. (2022) consid-
ered only 10 of the possible 21 Ordovician impact craters, noting that 
three of these formed in shallow seas, and six impacted into sedimentary 
rocks. However, of the 21 Ordovician craters, 5 were into crystalline 
targets (23.8 %), and 10 into mixed crystalline and sedimentary targets 
(47.6 %), and only 6 into sedimentary targets (28.6 %; data in (Osinski 
et al., 2022; Schmieder and Kring, 2020). Thus, the proportion of 
Ordovician impacts into crystalline, mixed and sedimentary targets are 
similar to Earth’s entire impact crater record, with slightly more impacts 
into mixed targets and less impacts into sedimentary and crystalline 
targets (all Earth structures: crystalline = 29 %, mixed = 30 %, sedi-
mentary = 40 %; Osinski et al., 2022). Furthermore, the logic about 
sediments near the equator preferentially preserving craters relative to 
sediments at higher latitudes is flawed: for example, the area of mini-
mally disturbed Ordovician sedimentary rocks through the 
high-paleolatitude Sahara region (Ghienne et al., 2023) is far larger than 

the area of comparable rocks in Europe and North America (compare 
Figs. 5 and 7). And arguably, preservation of impact structures in 
actively accumulating sedimentary systems is less favourable than for 
craters impacting solid rock on land because tides, currents, wave action 
and new sedimentation combine to rapidly destroy and bury evidence of 
loosely consolidated, topographically irregular geological features at the 
surface. Indeed, amongst Earth’s entire record of 201 craters, only 13 
(6.5 %) may have been partially preserved in sediments that were un-
consolidated at the time (Osinski et al., 2022). However, 24 % of the 
Ordovician craters appear to have been partially preserved by uncon-
solidated sediments, which may have been caused by the higher sea 
levels and greater extent of continental shelf before the global cooling 
towards the end of the Ordovician. We acknowledge that ancient im-
pacts preserved by disruption of sedimentary strata are arguably easier 
to recognise than those affecting crystalline targets. Lastly, the evidence 
for increased flux of material to Earth in the Ordovician is not just from 
the cratering rate; the large increase in L chondrite debris in sedimentary 
rocks away from craters is well-established (Schmitz et al., 2022), and a 
significant increase in the abundance of seismic- and tsunami-related 
megabreccia deposits is also recorded at this time, implying increased 
impact activity (Parnell, 2009).

Break-up of a single body proximal to Earth would also explain the 
extremely short cosmic ray exposure (CRE) ages of L chondrite debris 
from Thorsburg quarry, which indicate that the material broke up < 100 
k.y. before being deposited, and the observed increase in CRE ages from 
the base to the top of the sequence (from 0.1 to 1.2 Ma) (Heck et al., 
2004, 2008). By comparison, stony meteorites typically have CRE ages 
ranging up to 100 Ma, with most ordinary chondrite meteorites having 
ages in the ranges 5–30 Ma (H chondrites), 5–50 Ma (L chondrites), and 
5–60 Ma (LL chondrites), indicating the normal timescale of their 
transfer from the asteroid belt to the Earth (Herzog and Caffee, 2014).

3.4. Future tests of the hypothesis

There is a clear need to determine whether L chondrite impactors 
formed the Ordovician craters in the period of interest. The longevity of 
the ring (or period of enhanced extraterrestrial flux) is also poorly 
constrained and needs to be refined by a combination of higher reso-
lution extraterrestrial chromite counting from sedimentary rocks 
younger than 466 Ma, and chromite CRE ages. The latter may provide 
insights into progressive break-up of larger bodies within the ring sys-
tem. It is plausible that the apparent bimodality in the crater ages 
(Fig. 1) reflects a system where a small moon formed from the initial 
debris that found itself between 15,800 km and 35,786 km altitude 
(above Roche limit, below geostationary orbit) and then broke up again 
as tidal decay brought the body down through the Roche Limit (perhaps 
at ~455 Ma) (Hesselbrock and Minton, 2017; Rosenblatt et al., 2016). 
This could be tested by refined crater dating, and discovery of an 
additional spike in meteorite debris in ~455 Ma sediments would also 
support such a hypothesis. Mathematical modelling of ring evolution, as 
exemplified by Rosenblatt et al. (2016), needs to be undertaken to test 
this concept and provide insights into ring longevity.

If a ring system existed, accretion of its material to Earth would add 
more meteoritic debris to sediments formed near the equator 
(Rosenblatt et al., 2016), so we predict a systematic decrease in abun-
dance of L chondrite material in appropriately aged sedimentary rocks 
with increasing distance from the paleo-equator (normalised to sedi-
ment accumulation rate). Although difficult to determine, 
tsunami-related megabreccia deposits might be expected to reflect a 
more intense tsunami waves closer to the equator. Impactors deorbiting 
from a debris ring would be expected to transit the atmosphere slowly by 
comparison with all other impactors, and likely impact at shallow angles 
(Schultz and Lutz-Garihan, 1982). Evidence of shallow impact angle is 
primarily preserved in ejecta aprons and although preservation of such 
ancient aprons would be extremely rare due Earth’s to rapid erosion 
rates (Pierazzo and Melosh, 2000), this is something to be tested if 
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possible.
Gravitational dynamics modelling could test the plausible limits of 

the initial ring formation process. For use in this modelling, an estimate 
for the size of the L chondrite asteroid can be derived from the size of the 
bodies needed to form the observed craters (derived from Marcus et al., 
2024), an estimate of the number of caters not preserved, the amount of 
L chondrite debris preserved in sedimentary rocks and assuming 
end-member densities for the body. A source of uncertainty is the 
preservation rate for the Ordovician. Using the average slope of the 
frequency density distribution function from figure 12b in Kenkmann 
(2021), the Ordovician impact and preservation rate compared to today 
is roughly approximated at 0.1; close to our estimate for the fraction of 
crust suitable for preserving Ordovician impact craters relative to the 
land area today (0.084), so we consider using the latter to be a 
reasonable approach. We thereby estimate that the body may have been 
on the order of 12.5 km diameter for a rubble pile, or 10.5 km diameter 
for a solid body (Supplementary Material). These are underestimates 
because an unconstrained amount of L chondrite material would be 
ejected from Earth’s orbit during break-up and disk evolution.

3.5. Speculations on the implications for paleoclimate

If an equatorial ring existed, the axial tilt of the Earth relative to the 
Sun would cause it to shade the winter hemispheres of the Earth, and 
reflected sunlight would slightly increase the solar flux to the summer 
hemispheres. This would accentuate winter cooling (Pearson et al., 
2006) and slightly increase summer heating, increasing the temperature 
range experienced through the seasonal cycle, but decreasing the tem-
perature gradient between equator and pole in the winter hemisphere 
(Fawcett and Boslough, 2002). Dust in the atmosphere produced by 
impacts would also contribute to cooling. We suggest that this global 
cooling mechanism might explain the dramatic plunge into global 
icehouse conditions that developed over 463–444 Ma (Rasmussen et al., 
2016; Scotese, 2021), perhaps solving the puzzle of why such intense 
cooling happened despite high atmospheric CO2 (Lenton et al., 2012). A 
rapid-onset increase in temperature variability would create the need for 
adaptation in living organisms, potentially providing an explanation for 
the Great Ordovician Biodiversification Event. We suggest that the ~8 
◦C of global cooling for this period (Scotese, 2021) could be used to 
calculate how much of the Sun’s energy was blocked by the ring, and 
therefore how diffuse the ring was (cf. Fawcett and Boslough, 2002). 
Furthermore, dissipation of a ring would cease the cooling effect and 
cause global warming back to typical global temperatures, and we 
suggest that this might explain the rapid warming from 444 to 437 Ma 
(Scotese, 2021) (Fig. 1). The average global temperature curve of Fig. 1
might thereby date the duration of the ring (which would be ~22 m.y.) 
and this could be tested through climate modelling.

4. Summary and conclusions

We have suggested that a large L chondrite asteroid had a near miss 
encounter with Earth at ca. 466 Ma, which caused it to break up as it 
passed through Earth’s Roche limit. This can explain why sedimentary 
rocks from this time contain 99 % L chondrite material at abundances 
2–3 orders of magnitude above background, with extremely brief CRE 
ages. We have further suggested that the resulting fragments formed a 
debris ring that decayed over several tens of millions of years resulting in 
an anomalous spike in impact cratering rate. This hypothesis may 
explain why all impact structures from this time are located proximal to 
the equator; impacts from bodies originating in the asteroid belt are 
expected to be randomly distributed across the globe. We have esti-
mated the probability that this impact structure distribution resulted 
from random unrelated impactors at 1 in 25 million. We speculate that 
this ring may have promoted the coldest global cooling event in the last 
540 million years, the Hirnantian Icehouse period.
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