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Text and Table S1 and S2  
At least 20 terrestrial impact structures have proven or likely Ordovician stratigraphic and/or 
isotopic ages, most of which appear to postdate the ~470 Ma breakup of the L-chondrite parent 
body (LCPB) (e.g., Schmitz et al. 2001, 2008; Korochantseva et al., 2007; Swindle et al., 2014; 
Liao et al. 2020). These impact structures are, in the United States: Rock Elm, Ames, Decorah, 
Calvin, and Glasford (Buschbach and Ryan, 1963; Cordua, 1985; Milstein, 1994; Koeberl et al., 
2001; French et al., 2004, 2018; Monson et al., 2019); on the Canadian Shield: East Clearwater 
Lake, Brent, La Moinerie, Slate Islands, Pilot, Charlevoix, and Tunnunik (Canada; Bottomley et 
al. 1990; Grahn and Ormö, 1996; Sharpton et al., 1997; Grieve, 2006; Lepaulard et al., 2019; 
Schmieder et al., 2015, 2019; McGregor et al., 2019, 2020); in Baltoscandia: Kärdla (Estonia; 
Grahn et al., 1996), Granby, Hummeln, Tvären, Lockne, and Målingen (Sweden; Ormö 1994; 
Grahn et al., 1996; Grahn, 1997; Alwmark, 2009; Ormö et al., 2014; Alwmark et al., 2015); on the 
Ukrainian Shield: Ilyinets (Pesonen et al., 2004); and in Australia: Lawn Hill (Darlington et al., 
2016). The mid-Ordovician Osmussaar Breccia (Estonia; Alwmark et al., 2010) has a similar 
stratigraphic age, but its source crater is currently unknown. The relatively large, ~50 km-diameter 
Carswell impact structure, Canada, with an early Ordovician 40Ar–39Ar age of 481.5 ± 0.8 Ma 
(Alwmark et al., 2017), seemingly predates the LCPB breakup event by a few Myr. Likewise, the 
Newporte (USA) and Mizarai (Lithuania) impact structures both have stratigraphic ages that span 
the late Cambrian and early Ordovician (Koeberl and Reimold, 1995; Masaitis, 1999; Abels et al., 
2002). The Crooked Creek, Glover Bluff (USA), and Lumparn (Finland) impact structures have 
Ordovician stratigraphic maximum ages but may be younger (Snyder and Gerdemann, 1965; 
Merrill, 1980; Read, 1983; Bottomley et al., 1990; Abels, 2003); the Lac Couture impact structure 
(Canada) has an Ordovician to early Devonian 40Ar–39Ar age (Bottomley et al., 1990; Grieve, 
2006).  
 
Some stratigraphically constrained impact ages are remarkably precise, such as that of the ~14 km-
diameter marine Lockne impact structure of Central Sweden. Because the youngest pre-impact 
and oldest post-impact sediments both lie in the late Sandbian (early Caradocian; Cohen et al., 
2013) lower Lagenochitina dalbyensis chitinozoan microfossil zone, which has been studied 
micropaleontologically in detail (Grahn et al., 1996; Grahn, 1997; Ormö et al., 2014), the impact 
age can be constrained to ~455 Ma plus/minus approximately 1 Myr. The crater-filling post-impact 
deposits of the so-called Winneshiek Shale that occurs within the ~5.5 km-diameter Decorah 



impact structure in Iowa, USA, suggests a middle Ordovician (Darriwilian) age of ~467–464 Ma 
for the deposition of the shale and, by inference, the slightly older impact (Bergström et al., 2018). 
This age, obtained through high-precision chemostratigraphic (δ13Corg) correlation, is within 
uncertainty identical to the ages of a number of impact structures and fossil L-chondrites found in 
Sweden (e.g., Schmitz et al., 2001). 
 
Uranium-lead ages were obtained via laser ablation inductively coupled plasma mass spectrometry 
(LA–ICP–MS) for shocked zircon in impact melt rock from the ≥54 km-diameter Charlevoix 
impact structure in Canada (Schmieder et al., 2019). The recently obtained U–Pb zircon age of 450 
± 20 Ma spans into the Silurian; however, because of concordant U–Pb laser spot results around 
~450 Ma for zircon, the partial overthrusting of the Charlevoix impact structure along the 
(Ordovician) Taconian front of the Appalachian nappes, and taking into account previous 40Ar/39Ar 
geochronologic results (Whitehead et al., 2003; Kelley, 2006), Schmieder et al. (2019) tend to 
favor a Late Ordovician age for the Charlevoix impact, which has a stratigraphic maximum age of 
~454 Ma based on the occurrence of shatter-coned limestone. Using a different U-baring target 
mineral, LA-ICP–MS analysis of shocked and age-reset apatite grains by McGregor et al. (2019) 
yielded an Ordovician isotopic age of 453 ± 5 Ma for the La Moinerie impact structure, also located 
in Canada.  
 
Several older 40Ar–39Ar ages, such as the results of Bottomley et al. (1990) for a number of 
Canadian impact structures, have been recalculated using the revised K decay constants and 
standard (neutron fluence monitor) ages of Renne et al. (2010, 2011) and the ArAR tool of Mercer 
and Hodges (2016), so that the resultant ages are directly comparable to modern U–Pb ages. For 
example, the age of 445 ± 2 Ma of Bottomley et al. (1990) for the Pilot impact structure, Canada, 
which was calculated using an age of 1071 ± 7 Ma for the Hb3gr (hornblende from the Lone Grove 
granite pluton, Texas, USA) dating standard and the K decay constants of Steiger and Jäger (1977; 
λε = 0.581 ± 0.00581 × 10-10 a-1; λß = 4.962 ± 0.04962 × 10-10 a-1) becomes 450 ± 2 Ma after 
recalculation (revised Hb3gr age: 1081 ± 1.2 Ma; revised K decay constants: λε = 0.5757 ± 0.0016) 
× 10-10 a-1; λß = 4.9548 ± 0.0134 × 10-10 a-1; Renne et al., 2011, see also Schwarz et al., 2011; 
Mercer and Hodges, 2016). Errors on U–Pb and 40Ar–39Ar impact ages are, unless otherwise noted, 
given at the 2σ (~95% confidence) level. 
 
In addition to the proven impact structures listed above, a number of possible and likely impact 
structures have been proposed (e.g., Schmieder et al., 2015, their Table 3). These are the Dycus, 
Howell, Jeptha Knob, Peerless, and Versailles structures in the United States (Born and Wilson, 
1939; Black, 1964; O’Connell, 1965; Seeger, 1968; Comstock et al., 2004; Herrmann and Mayne, 
2011; Maione, 2015) and the Banat Baqar and Jalamid structures in Saudi Arabia (Neville et al., 
2014). However, geologic evidence for an impact origin of these enigmatic structures is, at this 
point, still unconvincing. We would like to point out that our impact crater density reconstructions 
are entirely based on the confirmed Ordovician impact cratering record, clearly separating proven 



from potential terrestrial impact sites. A list summarizing all confirmed terrestrial impact structures 
and deposits of proven and likely Ordovician age is provided in Table S1. Candidate impact 
structures with (likely) Ordovician ages are listed in Table S2. 
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Table DR1: Summary of confirmed terrestrial impact structures and deposits*, as well as candidate impact sites of proven and likely Ordovician age. Modified after Schmieder et al. (2015); 
Schmieder and Kring (2020). Stratigraphic ages were taken from Cohen et al. (2013, updated). 

Impact 
structure Country Latitude Longitude Diameter 

(km) 
Stratigraphic age 

constraints 
Radioisotopic age 

constraints 

Other age 
constraints, 

remarks 

Recommended 
age (Ma) Age reference 

Reported age 
(Ma) before 
recalculation 

Ames Oklahoma, USA  N 36°15' W 98°10' 16 Early–Middle Ordovician  
(Floian–Darriwilian) 

  ~478– 458 Koeberl et al. 
(2001) 

 

Brent Ontario, Canada  N 46°05' W 78°29' 3.8 
Early Caradoc 

(=Sandbian), conodont and 
chitinozoan biostratigraphy 

U-Pb on zircon  
and apatite 

 458–453 
452.8 ± 2.7 

Grahn & Ormö 
(1996) 
McGregor et al. 
(2020a) 

 

Calvin Michigan, USA  N 41°50' W 85°57' 8.5 Late Ordovician   458–443 Milstein (1994)  

Carswell 
Saskatchewan, 
Canada  N 58°27' W 109°30' 39  

Ar-Ar  
(adularia in  

impact melt rock) 
 481.5 ± 0.8 Ma 

Alwmark et al. 
(2017) 

 

Charlevoix Québec,  
Canada  N 47°32' W 70°18' 54  

U-Pb  
(LA-ICP-MS on 
zircon in impact 

melt rock) 

 ~454–430 Schmieder et al. 
(2019) 

 

Crooked 
Creek Missouri, USA  N 37°50' W 91°23' 7 Early Ordovician to 

pre-Pennsylvanian   485–323 
Snyder and 
Gerdemann 
(1965) 

 

Decorah Iowa, USA N 43°19' W 91°46' 5.5 

Middle Ordovician 
(Darriwilian Dw1–Dw2 

interval) early post-impact 
Winneshiek Shale 

  ~467–464 

French et al. 
(2018) 
Bergström et al. 
(2018) 

 

East 
Clearwater 
Lake 

Québec, Canada  N 56°05' W 74°07' 22  Ar-Ar  
(impact melt rock) 

 470–460 

Bottomley et al. 
(1990) 
Schmieder et al. 
(2015) 

 

Glasford Illinois, USA  N 40°36' W 89°47' 4 Late Ordovician 
(Sandbian) 

  ~455 ± 2 

Buschbach and 
Ryan (1963) 
Monson et al. 
(2019) 

 

Glover Bluff Wisconsin, USA  N 43°58' W 89°32' 10 Early Ordovician or 
younger   <485 Read (1983)  

Granby Sweden  N 58°25' E 14°56' 3 
Lower C. regnelli zone 
(=lower Darriwilian) 

(chitinozoans) 
  ~466 

Grahn et al. 
(1996) 
Alwmark (2009)  

 

Hummeln Sweden  N 
57°22'04" 

E 
16°14'56" 1.2 

Upper C. regnelli zone 
(=lower Darriwilian) 

(chitinozoans) 
  ~465 

Grahn et al. 
(1996) 
Alwmark et al. 
(2015)  

 

Ilyinets Ukraine  N 49°08' E 29°11' 4.5  
Ar-Ar  

(impact melt 
breccia) 

 445 ± 10 Pesonen et al. 
(2004) 

 



Kärdla Estonia  N 58°59' E 22°40' 4 

Transition A. curvata /  
L. dalbyensiszone  

(=late Sandbian), likely 
slightly older than Lockne 

  455 ± 1 Grahn et al. 
(1996) 

 

Lac Couture Québec, Canada  N 60°08' W 75°20' 8  Ar-Ar  
(impact melt rock) 

 429 ± 25 
Bottomley et al. 
(1990), 
recalculated 

425 ± 25 

Lawn Hill Queensland, 
Australia  S 18°40' E 138°39' 18  

Ar-Ar  
(impact melt 

breccia) 
 476 ± 8 

Darlington et al. 
(2016), 
recalculated 

472 ± 8 

La Moinerie Québec, Canada  N 57°26' W 66°37' 8 Ordovician, pre-Silurian 
U-Pb  

(LA-ICP-MS on 
apatite) 

 453 ± 5 
Grieve (2006) 
McGregor et al. 
(2019) 

 

Lockne Sweden  N 63°00' E 14°48' 7.5  
(~14) 

Lower L. dalbyensis zone 
(=late Sandbian), likely 
slightly younger than 

Kärdla 

  455 ± 1 

Grahn et al. 
(1996) 
Grahn (1997) 
Ormö et al. 
(2014) 

 

Lumparn Finland  N 
60°08'20" 

E 
20°07'30" 10 Middle Ordovician 

(Caradocian) or younger   ≤458 Merrill (1980) 
Abels (2003)  

Målingen Sweden N 62°55' E 
14°33.84' 0.7 

Lower L. dalbyensis zone 
(=late Sandbian), 

contemporary with Lockne 
  455 ± 1 Ormö et al. 

(2014) 
 

Mizarai Lithuania  N 54°00' E 23°54' 5 Late Cambrian to 
Early Ordovician 

  ~520–480 
Masaitis (1999) 
Abels et al. 
(2002) 

 

Newporte North Dakota, 
USA  N 48°58' W 101°58' 3 Late Cambrian –  

Early Ordovician   ~500–480 Koeberl and 
Reimold (1995)  

Pilot 
Northwest 
Territories, 
Canada  

N 60°17' W 111°01' 6  Ar-Ar  
(impact melt rock) 

 450 ± 2 
Bottomley et al. 
(1990), 
recalculated  

445 ± 2 

Rock Elm Wisconsin, USA  N 44°43' W 92°14' 6 Early – Middle Ordovician   ~485–458 
Cordua (1985) 
French et al. 
(2004) 

 

Slate Islands Ontario, Canada  N 48°40' W 87°00' 30  Ar-Ar  
(impact melt rock) 

 ~450 
Sharpton et al. 
(1997) 
Grieve (2006) 

 

Tunnunik 
(Prince 
Albert) 

Northwest 
Territories, 
Canada 

N 72°27' W 113°54' 25   Paleomagnetic 
age ~450–430 Lepaulard et al. 

(2019) 
 

Tvären Sweden  N 58°46' E 17°25' 2 L. stentor zone  
(=early Sandbian) 

  ~458 
Ormö (1994) 
Grahn et al. 
(1996) 

 

Osmussaar 
Breccia* Estonia N 59°17' E 23°24' n/a Middle Ordovician  

(early Darriwilian)  Source crater 
unknown ~466 

Suuroja et al. 
(2003) 
Alwmark et al. 
(2010) 

 



 
 
Table DR2: Summary of proposed impact structures of enigmatic origin and of proven and likely Ordovician age. Modified after Schmieder et al. (2015). Stratigraphic  
ages were taken from Cohen et al. (2013, updated). 

Proposed structure Country Latitude Longitude Diameter (km) Stratigraphic age constraints Reported age (Ma) Age reference 

Banat Baqar Saudi Arabia N 29°07' E 37°36' 12 Middle Ordovician ~470– 458 Neville et al. (2014) 

Bouscaren Texas, USA N 31°01' W 102°00' 1.3 Late Cambrian –  
Early Ordovician 

~500–470 Maione (2015) 

Dycus Tennessee, USA N 36°22' W 85°45' 1.2 Ordovician ~470–443 Mitchum (1951) 
O’Connell (1965) 

Howell Tennessee, USA N 35°14' W 86°36' 1.5 Ordovician ~470–443 Born and Wilson (1939) 

Ingalls Oklahoma, USA N 36°06' W 96°53' 2 Ordovician ~470–443 Herrmann and Mayne (2011) 

Jalamid Saudi Arabia N 31°27' E 39°35' 19 Early Ordovician 485–470 Neville et al. (2014) 

Jeptha Knob Kentucky, USA N 38°10' W 85°07' 4.3 Late Ordovician or older >443 Seeger (1968) 

Peerless Montana, USA N 48°45' W 105°50' 6 Late Ordovician ~450–430 Comstock et al. (2004) 

Versailles Kentucky, USA N 38°05' W 84°41' 1.6 Late Ordovician ~458–443 Black (1964) 

 


