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Introduction: Impact trajectory direction and an-
gle to the target plane are important impact parameters 
that determine the direction of most severe environ-
mental consequences and the volume and depth of 
origin of vaporized target [1], as well as ejecta [2] and 
crater asymmetries [3]. Asymmetries in the subsurface 
structure of the Chicxulub crater have been linked to 
asymmetry in the preimpact target [4, 5], as well as 
impact angle and direction [1, 6], but those parameters 
are debated. Here we use 3D numerical modeling to 
examine the relationship between impact angle and 
structural crater asymmetries in a Chicxulub-scale 
peak-ring crater without preimpact target asymmetry. 

Methods: The Chicxulub impact was simulated us-
ing the iSALE3D shock physics code [7, 8], with equa-
tions of state [9, 10] and a strength model [11] appro-
priate for crustal and mantle rocks. The choice of mod-
el parameters was based on previous vertical impact 
simulations using iSALE2D [12, 5, 13] and oblique 
impact simulations of the early stages of the Chicxulub 
impact [14]. A mean crustal thickness of 33 km was 
used. Material number limitations precluded inclusion 
of a rheologically distinct sedimentary layer in the tar-
get; however, tracer particles allowed material at this 
stratigraphic level to be tracked during the simulation, 
as well as the peak shock pressure and provenance of 
peak ring materials. We considered four impact angles: 
90° (vertical), 60°, 45° and 30°. A low impact speed 
(12 km/s) was used for computational expediency and 
to afford direct comparison of the vertical impact case 
with previous 2D simulations. Impactor diameter was 
increased with decreasing impact angle (from 16 km at 
90° to 21 km at 30°) to achieve approximately equiva-
lent final crater diameters (<12% difference). Common 
acoustic fluidization parameters (viscosity and decay 
time) were used in all simulations. The minimum cell 
size was 500 m, affording resolutions of 16-21 cells 
per impactor radius, depending on impact angle.  

Results & Discussion: Oblique impact simulations 
of Chicxulub crater formation produce along-range 
asymmetries in crater evolution, final peak-ring and 
crater structure and surface morphology that in general 
become increasingly pronounced with decreasing im-
pact angle to the target surface (Figs. 1 & 2).  

Compared with the vertical impact case, oblique 
impact results in less uplift of the transient crater rim 
in the uprange direction and more uplift in the down-
range direction. Subsequent rebound of the crater floor 
during crater collapse begins uprange of the crater cen-

tre, but has a downrange component such that the cen-
tral uplift is tilted downrange and the centre of the up-
lift prior to its collapse is downrange of the crater cen-
tre (Fig. 2). Conversely, downward and outward col-
lapse of the central uplift occurs preferentially in the 
uprange direction, resulting in enhanced overthrusting 
of the central uplift on top of transient crater rim in the 
uprange direction. The net result of the downrange-
directed rise and uprange-directed fall of the central 
uplift is a peak ring with a centre only modestly offset 
in the downrange direction (Fig. 1). 

 
Figure 1: Surface topography of simulated Chicxulub crater, 
for different impact angles (to the target plane), immediately 
after peak-ring formation (T = 5 mins). Impact direction is 
right to left. Green dot indicates centre of mantle uplift; red 
dot - centre of crater; blue dot - centre of peak ring. 

Asymmetry in crater development produces differ-
ences in final crater structure in the uprange and down-
range directions. Interestingly, while the centre of the 
peak ring appears to be consistently offset downrange 
of the crater centre by ~5% of the crater diameter in 
the three oblique impacts, the centre of the mantle up-
lift is offset uprange of the crater centre in the 60° im-
pact; is coincident with the crater centre at 45°; and is 
offset downrange in the 30° impact (Fig. 1). Geophysi-
cal observations at Chicxulub suggest the peak-ring 
and mantle-uplift centres are offset in different direc-
tions from the crater centre, in a configuration similar 
to the 60° impact simulation. 

Tracer particles that track the history of material in 
the simulation afford analysis of the provenance and 
shock state of peak ring materials and their variation 
with azimuth. Approximately 80% of unmelted peak 
ring material experiences a shock pressure of 20-40 
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GPa with only a weak dependence on impact angle 
above 30°. Similarly, the fraction of impact melt in the 
peak ring materials is consistently 10-15% for all im-
pact angles. Asymmetry in shock wave strength results 
in slightly reduced shock pressures and a lower frac-
tion of impact melt in the uprange direction. In the 30° 
impact, melt fraction drops to zero and mean shock 
pressure by a factor of two in the uprange quadrant.  

Figure 2: Cross-sections of the final simulated Chicxulub 
crater, in the plane of the impact trajectory, for a 60° (top) 
and 30° (bottom) impact angle (to the target plane). Impact 
direction is right to left. Green tracers indicate the final posi-
tion of the upper 3-km of the preimpact target (sediments); 
red tracers indicate the position of melt; tracers with blue-
white shading indicate shock pressures of peak-ring materi-
als. The geometric centre of the crater rim defines the coor-
dinate origin (x = 0); negative x-values are downrange. 

The mean depth of origin of peak ring materials is 
10-12 km for the 45°, 60° and 90° impacts, only drop-
ping significantly, to ~8 km, in the 30° impact. In this 
case azimuthal variation is negligible apart from the 
uprange quadrant, within which the peak ring materials 
are sourced from shallower depths. In the 30° scenario 
a significant fraction of the peak ring originates from 
the sedimentary sequence in the uprange direction 
(Fig. 2), which is not consistent with geophysical in-
terpretations or results from Expedition 364 [13]. 

We also observe a systematic change in the up-
/downrange difference in subsurface structure of peak 
rings with impact angle (Fig. 2). Similar to the situa-

tion in a vertical impact, at 60° the peak ring is formed 
of overthrusted granitic crustal rocks from the central 
uplift above down-slumped sediments from the transi-
ent crater wall, in all directions. However, the sedi-
ments are deeper and extend farther beneath the peak 
ring in the uprange direction, compared to the down-
range direction (Fig. 2). At 45° and 30° this difference 
is more pronounced, to the point that in the downrange 
direction, because of enhanced transient crater rim 
uplift on this side of the crater, the inwardly slumped 
sediments do not extend under the peak ring (Fig. 2). 
This downrange configuration is inconsistent with ge-
ophysical interpretations at Chicxulub, which suggest 
sedimentary slump blocks lie beneath the outer portion 
of the peak ring at all azimuths offshore. However, 
preimpact asymmetries in sediment thickness, water 
depth, particularly in the NE part of the crater (and 
potentially in the crust), may also affect structure be-
neath the peak ring. 

Conclusions: Comparison of our numerical simu-
lation results with geophysical interpretations at 
Chicxulub suggest that the Chicxulub crater was 
formed by a steep angle (>45) impact. Several lines of 
evidence rule out a low-angle impact. This is con-
sistent with symmetric distribution of ejecta [15, 14, 
16]. Azimuthal variation in peak-ring material proper-
ties (shock pressure, depth of origin, etc.) is small, 
suggesting that the results of IODP Expedition 364 are 
likely to be representative of the general character of 
the Chicxulub peak ring. 
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