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As a training guide for Space Shuttle astronauts, we have assembled spacecraft images (Shuttle, Large Format 
Camera, Landsat and SPOT) for 61 terrestrial impact craters that have surface manifestationsl. This large collection of 
images provides an opportunity to examine the morphologic elements of impact craters through time [the craters range 
in age from 25,000 yrs (Meteor Crater) to 1970 m.y. (Vredefort)], and as a function of diameter (from 1 km for Meteor 
Crater and Wolf Creek to -140 km for Sudbury and Vredefort). For completeness, we have also looked at maps and 
aerial photographs of 7 craters with D<1 km. For craters with D>1 km our observations are directly comparable to 
crater observations on other planets, for we use only information derived fsom spacecraft images, and nor ground-based 
structural data. We have, however, used literature data for information on the existence of central peaks in water-filled 
terrestrial craters. 

Most impact cTaters on Earth are very difficult to recognize due to erosion, burial, tectonic disturbance and 
human land use. If Earth were studied only photogeologically - as are other planets and moons - few of these craters 
could be identified, and probably none could be confidently interpreted as impact structures. The detectability of craters 
is not simply related to crater age or size: Zhamanshin, the largest known young crater on Earth (10 km, 0.75 m.y.), 
is totally inconspicuous on spacecraft images. Additionally, some structures that look extraordinarily like impact 
craters on spacecraft images (Kondar, USSR) are shown by field investigations to have non-impact originsz. We can 
not be complacent in thinking t h a  only Earth has geologic processes which strongly and rapidly modify impact 
cralers or otherwise produce circular landforms (e.g. coronas on Venus). 
General C r a t e r  Morphology: The three most important morphologic components of impact craters are an 
elevated circular rim, a depression, and a central peak or ring. We have also recognized a zone beyond the crater rim 
that is sometimes apparently affected by the impact event. Secondary craters and other ejecta are rarely preserved; 
Wabar and Meteor Crater are uncommon examples. Lonar, Riacho and Meteor Crater have bright halos similar to fresh 
young lunar craters. These terresmial bright halos may be caused by a variety of mechanisms: Milton3 ascribed the rim 
brightness of Boxhole Cratcr to the lack of weathering of ejecta compared to undisturbed surface materials. Meteor 
Crater distributed the underlying light yellow Kaibab and Coconino sandstones over the dark red Moenkopi sandstone 
plains. At Riacho the brightness is not due to ejecta, but to weathering of a quartzite bed. 
Crater Rims: Although circular elevated rims are preserved at some craters (e.g. most young craters with D<3 km; 
El'gygtgyn: 23 km; and Ries: 24 km), rims are generally destroyed very rapidly. Commonly, only the crater's innatc 
circularity is retained, being expressed as arcuate traces of rivers, fracture patterns, or albedo boundaries. 
Cratcr Depressions: Holes in the ground tend to be rapidly filled with sediments, yet many terrestrial impact craters 
hundreds of millions of years old appear as circular depressions (e.g. East Clearwater: 22 km, 290 my; Middlesboro: 6 
km. 300 m.y.). In the case of some northern latitude craters, old sediments have been scoured out and the structure 
accentuated during recent glaciations, thus morphologically rejuvenating the craters, as apparently can also happen on 
M a d .  
Ccntral Peaks: Only 19 of our 68 terrestrial impact craters have morphologically detectable central peaks (Fig. I), 
with Stcinheim Basin (3.4 km) being the smallest crater with a detectable peak, and Charlevoix (46 km) the largest. 
Multi-ring structure occurs faintly at Ries (24 km) and all craters with D>46 krn that have detectable central structures 
have rings. West Clearwater (32 km) and Manicouagin (100 krn) have central peaks as well as rings. The detection of 
ccntral peaks is a function of the size and age of craters, with no central peaks seen in craters whose diameterlage >1. 
Central peak morphology is considerably different from lunar examples; only the peaks of Sierra Madera look likc 
lunar peaks, but ironically, there is virtually no surface expression of Sierra Madera's rim! In some cases, the 
morphologic central peak is. in fact, an erosional artifact. In other cases, central peaks apparently disappear very 
quickly, and commonly only the circular depression and traces of the rim remain. This complication is known only 
through ground observations; the situation would be confusing if, as on other planetary bodies, only spacecraft images 
were available. Some terrestrial craters are young enough and large enough to be expected to have central peaks (e.g. 
Zhamanshin: 10 krn, 0.75 m.y.), but do not. This is a mystery, for nearly all fresh lunar craters with D>10 km have 
central peaks. Are peaks not formed readily in terrestrial impact craers,  or are they simply eroded away very rapidly? 
FractureIDead Zones: Based on spacecraft images the majority of impact craters have no noticeable structural pattern 
surrounding them, but as long ago noted for Deep Bays, some craters have concentric streams and lakes in a zone out 
to about .5D beyond their rims. Using our spacecraft images, such "fracture" zones have been detected around 9 craters, 
all with D>8 km and an average D of 20.6 krn. "Dead" zones (i.e., with diminished fracturing compared to areas further 
from the crater) surround 4 craters with D<12 km and an average D of 6.1 km. Thus, large impacts have a tendency Lo 
incrcasc fracturing beyond the crater rim, but it is unclear why and how small impacts appear to "anneal" crater 
surroundings. A possible explanation may be that erosion, particularly glacial erosion, reinforces regional structural 
trends. Impact-induced fracturing superimposed on regional trends may produce a relatively random pattern of trends 
resulting in an apparent "dead" zone around the crater. 
Diameter-Age Relations: There is considerable scatter in a diameter-age plot for exposed terrestrial impact craters 
(Fig. 2), but a general trend is clear. The sizes of impact craters formed on Earth has progressively decreased with time 
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during the last billion years (e.g., there are no craters in the upper left comer of Fig. 2). Secondly, there appears to be 
a lower diameter limit for preservation of craters over time (e.g., all craters with Dd km and older than 1 b.y. have 
been destroyed). Zotkin and Dabizha6 independently noticed the same absence of craters when their quantity 
ageldiameter squared > 100 yrsIm2; the independently drawn lower diagonal line in Fig. 2 satisfies this relation. It is 
clillic~rlt, howcvcr, to gcnerali~x about the lifctimc of impact craters because each has a unique erosional history, with 
the possibility of time-stopping burial and re-exposure episodes. 
Conclusions: Many more craters, of smaller size than perhaps expected, ought to exist on the Earth's surface than 
ate known today. Additionally, most craters which have been positively identified are very poorly known. In some 
cases, it seems that once shatter cones or other evidence of shock are discovered and reported, the crater is left to 
languish in the "proven impact" list without further work beyond the original identification. Terrestrial impact craters 
should be considered a planetary research topic ripe for new advances. Perhaps, the continuing hiatus in new spacecraft 
data from other planets can be compensated for by increased studies of these most important planetary features on our 
own planet. 
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Fig. 1: Central peaks in terrestrial craters (note change in bin interval at 20 km). 

Fig. 2: Relation of terresm'al impact crater diameters and ages. 
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