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3.  Pre-impact Structure                                              ❖❖❖ 
 
 
 The impact occurred in a relatively flat lying (4 ± 1°; Kumar and Kring, 2008) sequence of Permian and 
Triassic sediments.  There are two structural interpretations of the region.  One is the classic interpretation 
of Shoemaker (1960) and another is a more recent rendering produced by a USGS mapping project (Ulrich 
et al., 1984; Bills et al., 2004). 
 
 Folds in the region are evident, but subtle.  According to Shoemaker (1960), synclines and anticlines 
occur within a few kilometers of the crater and the impact occurred on a gentle anticlinal bend or 
monoclinal fold that runs approximately NNW-SSE (Fig. 3.1).  Although a thin-veneer of Moenkopi 
occurs at the crater, it is absent around Canyon Diablo and over a vast region to the west of the crater.  The 
presence of Moenkopi at the impact site is fortuitous, however, because it greatly assists in interpretation of 
crater formation (as discussed in Chapter 7).  In contrast, others (Ulrich et al., 1984; Bills et al., 2004) 
mapped a series of small anticlinal ridges (Fig. 3.2) that run nearly perpendicular to the anticlinal bend of 
Shoemaker (1960).  These structural features were measured using plane table and alidade techniques 
(George Ulrich and Richard Hereford, personal communication, 2015) and are considered robust. 
 
 Target sediments are cross-cut by NW-SE trending normal faults (Fig. 3.1) that may be many 
kilometers long, but only have offsets of a few to about 30 m (Shoemaker, 1987).  The region is also 
cross-cut by a strong set of joints that can extend for hundreds of meters (Kelley and Clinton, 1960), with 
pre-impact orientations of that seem to have formed a conjugate NW-SE and weaker SW-NE.  Roddy 
(1978) measured the joints within a few kilometers of the crater and found the most prominent orientations 
in Moenkopi are 293° (with a range of 290 to 297°) and in Kaibab are 304° (with a range of 301 to 308°).  
A secondary set is oriented 23° (with a range of 10 to 32°) in the Moenkopi and 30° (with a range of 17 to 
36°) in the Kaibab.  As Roddy (1978) describes, these joints remain vertical in canyon walls down to 
depths of 100 m in the region and have been implicated in the unusually square shape of the impact crater 
(Shoemaker, 1960, 1987), as discussed further in the next chapter.  Indeed, based on that finding, 
polygonally-shaped craters on other planetary surfaces (e.g., on the Moon (Eppler et al., 1983) and Mars 
(Öhman et al., 2008)) have been used to study target structural histories.  
 
 Meteor Crater is the best terrestrial example of pre-impact tectonic structures affecting impact crater 
processes.  Those joints are visible in the crater walls (Kumar and Kring, 2008), but in orientations that 
may have been affected by impact.  It can be difficult to see the pre-impact joints in the surrounding 
bedrock unaffected by the impact, because access to the land is closed.  Fortunately, some of those features 
are illuminated with indicator plants that form long lines of vegetation (e.g., sagebrush, snakeweed, 
rabbitbrush, groundsel, cliffrose, grama) along joints, providing an easy-to-observe method to study their 
orientations and spatial properties (Kring, 2015).  These vegetation lines are adjacent to the paved road 
from the interstate highway to the crater visitor center and can even be seen from a moving vehicle.  
 
 Aerial and ground-level views of the vegetation lines are shown in Fig. 3.3.  The joints capture water 
in the arid environment, providing the necessary sustenance for plant growth.  These lineations occur 
beyond the edge of the ejecta blanket.  Where vegetation lines are present, bedrock is either exposed or 
covered with only a thin shaly scree or organic-poor soil. 
 
 The bearings of 80 vegetation lines were measured (Kring, 2015).  Thirty-eight bearings were 
measured adjacent to Meteor Crater Road on the north side of the crater, which is on the west limb of the 
monocline that Meteor Crater may penetrate (per Shoemaker’s mapping, Fig. 3.1).  Forty-two bearings 
were measured on the south side of the crater on the east limb of the monocline.  The monocline, which 
affects dips by only a degree or less in the immediate vicinity of the crater (Roddy, 1978), had little effect 
on the bearings.  The measurements confirm the dominant joint set runs NW-SE (Shoemaker, 1960; 
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Roddy, 1978).  A smaller number of minor cross-joints exist, which are generally oriented NE-SW.  
These weaker cross-sets have short lengths (≤5 m) and are bounded by the longer NW-SE-trending joints. 
 
 On the south side of the crater the spacing of the dominant joints ranges from 2.00 to 6.40 m and the 
spacing of minor cross-joints ranges from 1.55 to 3.42 m (or far greater where they were virtually 
non-existent).  On the north side of the crater the spacing of dominant joints ranges from 1.35 to 7.20 m. 
 
 The bearings are illustrated in a rose diagram (Fig. 3.3).  The 61 measurements of the dominant joint 
set produce a mean bearing of 114 (294) ± 1.1° (corrected for a magnetic declination of 10.6° E at the time 
of the measurements).  The bearings of the joints in the weaker set are between 25 and 30°.  These values 
are consistent with Roddy (1978), which included 24 rock surface measurements and 158 stereophoto- 
graphic measurements on both Moenkopi and Kaibab surfaces.  In the subset of Moenkopi data, Roddy 
(1978) reported an average bearing for 293° (=113°) with a range from 290 to 297°.  A small fraction of the 
joints has other orientations.    
 
 An additional set of measurements were made in the first Moenkopi ridge beyond the continuous ejecta 
blanket on the NNW side of the crater (Kring et al., 2015).  There, 206 measurements indicate a dominant 
joint bearing of 117 (297) ± 2.1° (Fig. 3.4).  It is important to note that the joints highlighted by surficial 
vegetation lines and atop this ridge are in the Moenkopi, which forms a thin veneer over the thicker Kaibab 
Formation and Coconino-Toroweap sandstones.  To evaluate the consistency of the joint orientations, a 
small number (37) of measurements were made in Kaibab along Canyon Diablo at Two Guns, NNW of the 
crater.  The dominant orientation in that Kaibab is 125 (305) ± 7.6° (Fig. 3.4).   
 
 The bearing of the dominant joint set measured with vegetation lines corresponds to high points on the 
crater rim (Fig. 3.3) that are bounded by radial corner faults (Kring, 2015).  In the SE quadrant, the 
orientations of the joints correspond to a high topographical point (elev. 5,706 ft) on the rim on a block that 
is bounded by two major faults along which the block rose far higher than the adjacent crater walls (see Fig. 
18.18 and 19.13 for more details of block movement).  In the NW quadrant, the orientations of the joints 
correspond to Barringer Point (elev. 5,723 ft), beneath which an extra section of Kaibab was thrust into the 
crater wall (see Fig. 6.3 and 6.4 elsewhere in the guidebook).  A cross-section of the crater along the 
bearing that connects those two points is illustrated in Chapter 4 (Fig. 4.2).  As nicely shown in Fig. 2a of 
Kumar and Kring (2008) and Fig. 8b of Poelchau et al. (2009), both the NW and SE blocks are structurally 
higher than the adjacent blocks in the crater wall. 
 
 The orientation of the weaker joint set corresponds (albeit less precisely) with the two highest 
topographic points in the NE and SW quadrants.  In the NE quadrant, the joint bearing corresponds 
roughly to Moon Mountain, adjacent to the museum, and beneath which lay an extra section of Kaibab that 
was thrust into the crater wall.  In the SW quadrat, the joint bearing corresponds with a major fault in that 
quadrant, but is directly adjacent to the highest point (elev. ~5,740 ft) along the entire crater rim.  Another 
thrust wedge of Kaibab exists beneath that topographically high point. 
 
 Thus, the joints appear to have had two effects on crater formation.  They made it easier for material to 
be excavated parallel to joints (e.g., Gault et al., 1968; Poelchau et al., 2009; Eppler et al., 1983), enlarging 
the radial dimensions of the crater in those directions.  As illustrated previously (Fig. 12 of Poelchau et al., 
2009), the joint sets also made it easier for the crater walls to be uplifted parallel to the joints and allowed 
thrust wedges to be added in the crater walls, both of which contributed to topographically high blocks 
along the crater rim.  Relatively higher erosion rates along the faults that bounded those uplifted blocks 
(Kumar and Kring, 2008; Kumar et al., 2010) further accentuated the non-radial symmetry of the crater rim.  
A preliminary numerical model of the process was reported by Plesko (2013). 
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 The west and east boulder fields of ejecta, originally noted by Barringer (1905), bisect the major and 
minor joint orientations.  Although this distribution could reflect the trajectory of the impactor, it is also 
possible that excavation flow, oblique to both sets of joints, created Kaibab blocks with dimensions of the 
joint spacing and deposited them relatively close to the crater rim, because excavation flow was not as 
effective in that direction. 
 
 Before departing this topic, two other observations should be noted.  First, the joint spacing can vary 
between the units.  In Walnut Canyon National Monument, where a section of Kaibab and Coconino is 
exposed 47 km from bedrock effects of impact, the joint spacing in Kaibab is generally 1 to 3 m and in 
Coconino generally 5 to 10 m.  
 
 Second, measurements by Kumar detected a different orientation in the target Kaibab (Kumar and 
Kring, 2008), posing a problem for the interpretation of excavation flow described above.  While that work 
reported fracture orientations in Moenkopi similar (e.g., a mean of ~110°, albeit with a spread from 80 to 
140°) to those inferred from the vegetation lines (see their Fig. 3f), the orientation in Kaibab appears to be 
~74° and, thus, perpendicular to the east and west crater walls and parallel to the north and south crater 
walls.  Kumar seems to have detected a pre-impact structural orientation coincident with the axes of 
anticlines mapped (Fig. 3.2) across the target area. 
 
 Other features in the area can have slightly different orientations.  For example, a ~15 m-wide and >25 
m deep fissure in Kaibab northwest of the crater (Kring and Andes, 2015) has a bearing of 165°.  It is 
possible, perhaps even likely, that fissures and related cavernous openings occurred in the target rocks, 
potentially affecting local transmission of shock and rarefaction waves and, consequently, heterogeneities 
in excavation flow.  Other nearby slots in the Kaibab, enhanced by dissolution of the dolomite, have 
orientations of 145°, 132°, and 130°, although the latter then swings to a bearing of 112°.   
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Fig. 3.1.  Bedrock geologic map for the region around Barringer Meteorite Crater (a. k. a. Meteor Crater) imprinted 
on an image taken from Space Shuttle Columbia (a cropped version of image #STS040-614-058).  The formation 
contacts of Moenkopi (Tm) and Kaibab (Pk) are approximate, because Moenkopi is thin and becomes patchy in the 
vicinity of the crater.  No effort was made to represent Pleistocene and Holocene alluvium or to distinguish 
Quaternary basalt (Qb) from talus derived from the basalt.  Pleistocene impact ejecta and older subsurface 
lithologies exposed in the crater walls are also not mapped at this scale.  Solid-line normal faults are mapped as seen 
in the image.  Solid-line anticlines are inferred from geologic exposure and are consistent with the geologic map of 
Shoemaker (1957-1958, as published in 1960).  Anticlinal and synclinal bends are taken from Shoemaker (1960); 
solid lines represent more precise location of axes than do dotted lines. 
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Fig. 3.2.  Structural map for the region around Barringer Meteorite Crater (a. k. a. Meteor Crater) imprinted on an 
image taken from Space Shuttle Columbia (a cropped version of image #STS040-614-058).  The structural details 
here are derived from Bills et al. (2004) and Ulrich et al. (1984).  In contrast to the structure shown in Fig. 3.1, a set 
of southwest-northeast trending anticlines (shown in red) cross the impact site.  The drainage system that feeds from 
the southwest to the Little Colorado River in the northeast roughly parallels the anticlinal structures.  George Ulrich 
and Richard Hereford (personal communication, 2015) say the structures were measured with plane table and alidade 
techniques.  Symbols in the figure are the same as those in Fig. 3.1.  A slight mis-match in the overlay of the 
structural map and the Space Shuttle Columbia image is likely do to oblique nature of the shuttle photograph.  The 
map was not distorted to fit the image (or vice versa). 
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Fig. 3.3.  (upper left) Aerial view of vegetation lines in bedrock Moenkopi that surrounds Barringer Meteorite 
Crater.  Spacing between the lines is typically a few meters.  The dominant NW-SE joint set is oriented vertically 
in this photograph.  (center) Roadside views of several vegetation lines on shaly Moenkopi that trend away from 
viewer (center top) and lie oblique to the viewer (center bottom).  (upper right) Rose diagram with the bearings of 
vegetation lines, which are the same as the bearings of joints in outcrops of Moenkopi.  Eighty measurements with 
a dominant set at 114 (294) ± 1.1º and a weaker set at 25 to 30º.  The rose diagram is shown on top of a picture of 
the crater to illustrate the relative orientation of the joints and the crater. 
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Fig. 3.4.  In addition to the bearings of joints in Moenkopi inferred from vegetation lines (Fig. 3.3), 206 
measurements were made on a 6-m-high ridge of Moenkopi NNW of the crater (Kring et al., 2015).  The 
measurements of the bearings of those joints indicate a dominant set at 117 ± 2.1° and two minor sets at 20 to 40° 
and 150 to 155°.  That orientation is similar to the 114 ± 1.1° inferred from vegetation lines (Fig. 3.3).  Another 
set of joints was measured on a Kaibab surface along the Canyon Diablo at Two Guns NNW of the crater.  
Although there are fewer measurements (n = 37 rather than 206), the dominant orientation is also similar, 125 ± 
7.6°.  All measurements were corrected for the magnetic declination at the time the measurements were made. 
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