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Impacts into marine targets are known to create 

abnormal crater morphologies, including ‘inverted 

sombreros’ and substantial central mounds [1, 2]. Flynn 

Creek is a ~3.8 km diameter impact crater, thought to 

have formed in a shallow sea [3, 4]. Confirmation of an 

impact origin for the Flynn Creek structure came with 

the discovery of shatter cones in exposures of the 

central uplift [5] in rocks from ≤ 450 m beneath the pre-

impact surface. Higher-pressure indicators were not 

found, limiting peak shock pressure range to 3-5 GPa. 

Various works [e.g., 3-6] have suggested that the 

impactor likely struck a shallow sea before penetrating 

underlying Upper Ordovician limestone at relatively 

low impact velocities. We define the range of possible 

sea depths based on the thorough comparison of 

hydrocode simulation results with observational data.  

Method: We conducted hydrocode simulation of 

vertical impact into a limestone target using iSALE2D 

[7-11]. The material models and equations of state used 

are presented fully in [12]. To explore the possible 

impactor velocity-size combinations that might have 

formed the Flynn Creek impact structure, we simulated 

spherical iron impactors striking the ocean surface with 

various velocities (1-30 km/s). A tracer particle was 

placed at 450 m depth to record peak shock pressure. 

Suitable results were chosen based on peak pressure of 

3 - 5 GPa, in addition to suitable morphology. To 

determine the sea depth present at the time of the Flynn 

Creek impact, simulations were also performed with a 

shallow sea of varying depth (0 m – 1000 m). Results 

were compared to the post-resurge topographic profile 

of [1] to check for the correct morphology, and the drill 

core analyses of [13, 14] to confirm the correct amount 

of resurge breccia deposition. The third physical 

constraint on our simulations, was the exhumation of a 

tracer particle from 450 m depth to the peak surface, 

representing the shatter cone detections of [5].  

Results: Only impact velocities between 2 and 5 

km/s produced suitable shock pressures at the tracer 

particle. The shallow depth and overly large central 

peak of Flynn Creek crater were successfully produced 

in several ways, involving simulations with a 200m, 

400m and >600 m ocean (Fig. 1). In all cases, the over-

turning rim-flap deposited onto ocean, resulting in 

significant rim slump deposits within the crater cavity.  

In the case of the 200 m ocean, these slumps reached 

the crater center forming a large ‘false peak’ on top of 

the originally more modest uplift. The 400 m ocean 

simulation also produced a ‘false peak’, this time due to 

the collection of resurged ejecta at the crater center. 

This ‘false peak’ masked the ‘inverted sombrero’ 

morphology formed by the rim slump deposits. Once 

sea depth exceeded 600 m, enhanced uplift occurred, 

presumably due to the release of the additional over 

burned pressure of a deeper ocean. 

 Of these three morphological best-fits, the 

observed depths of resurge breccia (78 m on the flank 

and 14-21 m in the moat [13, 14]) were recreated best 

by a sea depth of 400 m: 75 (± 10) m deep on the central 

peak flank and 20 (± 10) m in the crater moat.  The 700 

m ocean simulation also produced an acceptable fit of 

resurge breccia at the peak-flank (55 ± 10 m), although 

crater moat resurge breccia could not be differentiated 

from the quickly collapsing rim breccia. 

A tracer particle at an original pre-impact depth of 

450 m, was uplifted to within 30 m of the peak surface 

only in the 700 m ocean depth simulation, and recorded 

a peak pressure of 3.09 GPa for an impact velocity of 5 

km/s. The 200m and 400m ocean simulations likewise 

lifted to the tracer particle to near the peak surface, but 

were then buried by rim collapse deposits. Our best-fit 

ocean depth, based on a good match to crater 

morphology, breccia thickness, and peak pressure at the 

central peak surface is 700 m.  

Implications: Our simulations, for water depths 

150 - 400 m, create broad, shallow craters with a central 

depression as the result of large-scale rim collapse. The 

deeper sea simulations (250-400 m), include infilling of 

this central depression by resurge deposits. As we used 

a homogeneous sedimentary target it demonstrates that 

nested marine crater morphology does not require the 

presence of a stronger material at depth, as has been 

suggested for other marine-target craters [2]. 

The significant peak formed during some of our 

simulations suggests that extremely tall and broad 

peaks can be produced as part of the crater formation 

process when standing water is present at the surface. 

This result has implications for abnormally large central 

deposits such as those in Gale Crater, Mars, and the 

terrestrial marine impact crater Mjolnir – their peaks 

might have already been sizeable prior to post-impact 

tectonism or sediment deposition [2, 15].  

An impact velocity of 5 km/s is significantly below 

the average terrestrial impact velocity (~18 km/s). 

Atmospheric drag can slow an impactor somewhat, but 

fragmentation and dispersion of the meteor in flight is a 

more likely explanation for a very low velocity at Flynn 

Creek crater [16]. The creation of a “false peak” at 

Flynn Creek has implications for the absence of high 

pressure impactites in drill cores, and the inferred low 

impact velocity. Our simulations reproduced the 

morphology of the Flynn Creek crater with significant 
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rim slumps that covered the original crater floor in some 

cases – burying material which had experienced higher 

pressures.  If drill cores around the crater were not deep 

enough to excavate through the low-shock material of 

slump deposits, it is possible that high shock pressure 

indicators exist at Flynn Creek, but remain undetected.   
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Figure 1: Simulation time-steps after impact for the three morphological best fits. 200 m water layer (left), 

400 m water layer (centre), and 700 m (right). Colour shows regions of material that has been significantly 

moved from its initial position (high total plastic strain -TPS) in red, and material less removed from its 

original position (low TPS) in blue. These simulations present pristine impact crater morphology. Further 

erosion over time will have subdued this initial crater morphology, eroding the topographic highs and infilling 

the topographic lows.  
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