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Introduction: Impact crater rims are produced by
uplifting and overturning target units. In structural
terms, the overturned rim is a compound syncline, because there are actually two folds involved (e.g., Chapter 6 of [1]). Uplift of the target produces a ring syncline that lies buried beyond the crater rim and is either
inferred from changes of dip or imaged using geophysical techniques. At the 1.2 km diameter Barringer
Meteorite Crater, the axial trace of the ring syncline is
located ~0.4 km beyond the crater rim [2,3]. The other
syncline occurs in the rim of the crater and can be seen
as an overturned stratigraphic sequence (e.g., [4,5]).
In rare cases, fold hinges in the overturned sequence
are exposed. Thus far, fold hinges have been documented (see Chapters 6 and 14 of [1]) in the Kaibab
Formation, of intermediate target depth, and in the
Moenkopi Formation, which was the surface unit at
the time of impact. In this study, we provide the first
description of a hinge within the Coconino and
Toroweap sandstones, which were the basal target
units affected by this impact event. We further show
how that fold was dramatically displaced by the
growth of the transient crater and integrated with structural thinning of the ejecta blanket.
Study Site: The hinge in the Coconino-Toroweap
sandstone is located in the southwest corner of the
crater (Fig. 1 and 2), slightly east of a tear fault that
defines that corner. The outcrop is exposed along a
road that was blasted from the crater wall by early 20th
century miners.
Description of Section: We rooted our measured
section in the Kaibab-Moenkopi contact. Above the
contact are the Wupatki and Moqui Members of the
Moenkopi Formation, which are the red units along the
road on the left edge of Fig. 2. As one begins to walk
along the road towards the right as seen in Fig. 2, those
units are overlain by an overturned sequence, with the
fold axis hidden within the shaly Moqui. The top of
the overturned Moenkopi is composed of an unconsolidated breccia of shaly and massive siltstone blocks
(either a mixture of both Moqui and Wupatki Members
or a mixture entirely of Wupatki, where the shaly

clasts are derived from its basal component). That redrock breccia is overlain by an unconsolidated breccia
of Kaibab and Moenkopi. This sequence is similar to
that measured on the south rim of the crater 300 m
farther east [6]. The sequence is then cross-cut with a
fault that juxtaposes those units with a hinge of overturned Coconino-Toroweap. The sandstone units are
thinly bedded and similar to those at the top of the
sandstone formation exposed in the lower crater walls.
Within the fold hinge is an abbreviated sequence of
Kaibab sandy dolomite (see Fig. 1 for closeup view).
That sequence of sandy dolomite is repeated five times
in exposures along the road parallel to the crater wall
and along the road where it cuts through the crater rim
towards the southwest (Fig. 2).
Structural Displacement of Hinge: Hinges in the
overturned Coconino-Toroweap are not normally preserved, because they either collapsed to the crater floor
during the impact or eroded from the upper crater
walls soon thereafter. The loss of that hinge material
exposed Kaibab and Moenkopi units in most portions
of the upper crater walls around the crater. The Coconino-Toroweap hinge at our study site must have
been closer to the crater center during the excavation
phase and then faulted radially outward during the
emplacement of the ejecta blanket. That motion requires up to 100 m of outward displacement of the
hinge. It was displaced along a fault that parallels the
road, except towards the east where the fault cuts up
across the upper crater wall (Fig. 2). Towards the
west, the fault approaches (and is probably buried in) a
tear fault that shapes the southwest corner of the crater.
Interestingly, this outcrop captures a dramatic change
in the physical properties of the rock during the excavation phase of crater formation: The units behaved
plastically when folded under the influence of shock
and rarefaction waves and rapidly regained their brittle
nature to accommodate the faulting. Another small
fold occurs in the Coconino on the outward-facing
slope of the crater rim that is shown in Fig. 2.
Structural Thinning of Ejecta: The Kaibab that
lies within the Coconino-Toroweap fold hinge was
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faulted multiple times and effectively thinned in a radial direction from the crater center. That type of thinning is necessary throughout the continuous ejecta
blanket, as that material now covers 9 times more surface area than it did before the impact (e.g., [1]). This
is the first location, however, where a mechanism responsible for that thinning is visible in outcrop. In this
case, extension was accomodated by a series of five
normal faults. Evidence of extension is also visible in
the Coconino-Toroweap at this study site. A series of
conjugate fractures in the sandstone indicates maximum compression was perpendicular to the overturned
bedding and that maximum extension was parallel to
bedding, effectively stretching the overturned bed to
greater radial distances.
Conclusions: Meteor Crater is one of very few
impact sites where the geologic details of crater excavation and ejecta emplacement are preserved. Previous work at the site has shown that those processes
folded and overturned the excavated units. As shown
here, they also created local shear in the ejecta blanket,
displacing material radially outward, and producing
extension of that material over a larger area around the
crater. Shear is more likely to occur in the uprange or
downrange rim of a crater (e.g., [7,8]), so the structural
displacement described here and that seen elsewhere
on the south side of the crater [6] suggest an impact
trajectory from the N to S or S to N. For a 45º impact
angle (the most probable impact angle and consistent
with the symmetrical shape of the crater), shear is
more likely to occur in the downrange rim of a crater,
suggesting an impact trajectory from the N to the S.
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Fig 1. View of hinge in Coconino-Toroweap sandstone (upper left)
and transition to sandy dolomite within the fold (lower right).

Fig. 2. A hinge (red curves) in the Coconino-Toroweap (PCT) is exposed in contact with the Kaibab (PK) in the southwest portion of the crater.
The hinge was faulted outward from the crater center by up to 100 meters (with relative motion indicated by large black arrows), although that
motion may also have had a lateral (west-directed) component that carried it towards a tear fault (not labeled) that cut through the crater rim in the
lower right corner of the view shown. The overturned PK, below the overturned PCT, was thinned in a series of outward-dipping normal faults
(with relative motion indicated by small black arrows), one of which cut through the hinge, producing a duplication of the hinged PCT-PK contact. Apparent displacements along the faults (from left to right) are ≤100 m, 3 m, 6 m, 30 m, 2 m, and ~20 m. The viewer is looking towards the
southeast.

