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Introduction. Tempe Terra has undergone several episodes of tectonic deformation, 
dominated by NW-SE extension along NE-trending grabens and E to NE compression along N- to 
NW-trending wrinkle ridges [I, 21. Rough estimates of NW extensional strain range from 8 to 50 
krn, based on simple approaches [3, 41. A more comprehensive study using measured slope 
widths of grabens indicates a total extension of about 17.6f13.4 km, or an average strain of 
1.8f 1.3% given the 1,000 km average width of Tempe Terra [5]. In agreement with [5], the 
elongations of 91 impact craters on Tempe Terra yield an average extensional strain of 1.%1.2%. 
The elongated craters are crossed by about 400 normal faults and wrinkle ridges, yielding an 
average of about 100 m of strain per structure, similar to results, based on photoclinometric 
measurements of grabens and wrinkle ridges, for these feature types in other Martian areas. 

Methods and approach. Measurement of crater elongation is a simple task in itself. 
However, very different results and interpretations of strain can be obtained, depending upon the 
approach, technique, and assumptions that are used in choosing and measuring craters. In 
addition, impacts may have formed noncircular craters, or erosional processes may have given 
them elliptical or irregular shapes [see 41. 

To obtain a reasonable estimate of the extensional strain across Tempe Terra from 
measurements of crater elongations, we used the following methods and approach in this study: 
(1) to attempt to limit our sample to Noachian-age craters, all large, degraded craters lacking well- 
preserved ejecta were used to provide the largest possible sample of craters that predated much of 
the structural deformation; (2) the Mars Digital Image Mosaic (MDIM), displayed on a computer 
video terminal, was used to ensure consistent projection and resolution of the database (231 
rnlpixel); a few craters on image boundaries were not measured; (3) fault scarps that cut the crater 
rims were noted (because of crater fill, not all scarps can be seen to cut the crater floor); (4) wrinkle 
ridges that deform crater floors were counted (these positive-relief features are generally well 
exposed); and (5) shortened craters were assigned negative values. 

Results. First, we attempted to measure the inherent uncertainty in our crater-strain 
measurements by determining the statistical elongation of ten craters in the sample set that show no 
observable signs of tectonic deformation. As expected, their average elongation is near zero 
(~0.1%).  However, the standard deviation of the elongation is 4.7% and the maximum value is 
7%. For absolute values of crater strain, the mean and standard deviation is 3.7k2.7%. 

Next we analyzed the relation between observed structural deformation and measured crater 
elongation. Overall, 336 normal faults, most of which bound grabens, and 56 wrinkle ridges were 
observed to cut across the rims or floors of craters. Figure 1 plots the amount of extension vs. the 
number of crosscutting structures for each crater. Despite a large uncertainty for each individual 
measurement of crater elongation (which accounts for the poor correlation in Fig. I), the least- 
squares fit line shows generally increasing deformation as a function of number of structures. The 
overall average amount of deformation per fault or wrinkle ridge is about 100 m. This average 
value is imprecise because of uncertainties in crater elongations and crosscutting observations, but 
it is likely accurate within a factor of two. 

Finally, we estimated regional strain to be 1.9rt1.2%. This strain value is an average of 
individual measurements weighted by crater diameter (measured strain multiplied by original crater 
diameter and divided by average original crater diameter for the entire sample set). Thus larger 
craters, which cross more terrain, have correspondingly greater weight in the results. The error 
given is the 95% confidence interval of the mean. 

Discussion and interpretation. Our first result indicates that individual measurements of 
crater elongation have a high uncertainty due to nontectonic ellipticity acquired during impact or by 
later modification. This restricts the application of the method for strain purposes to broad 
statistical inferences; precise, local evaluations are not possible. For our study, we note a sampling 
bias to areas of older terrain, which preserve a higher density of large Noachian craters. Also, 
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extension is concentrated along the Tempe rifts, which cut across the center of the plateau. Thus 
the accuracy of our overall strain estimate rests largely on both the degree of spatial randomness 
and the number of craters in the dataset. 

Overall estimated extension across Tempe Terra, whose extended width is 1,000 krn, is 
19k12 krn. This value is much lower than the 50 km of extension (across 500 krn) and the 9.8% 
strain value estimated from the measurement of 13 elongate craters by [4]. In addition to the 
smaller size of their sample set (which included only craters elongated in the proper direction), 
other factors also appear to account for the discrepancy, as is seen from our remeasurement of 
these craters. We measured nine of their craters and obtained significantly less elongation for most 
of the measurements; the average strain of nine of the craters is 4.1 %. (Four of the craters could 
not be remeasured, because one could not be positively located, two are on MDIM boundaries, and 
one is missing part of its rim in a critical location.) The reason for the discrepancies with 
measurements in [4] are unknown. 

Our overall results coincide, within reasonable limits of statistical precision, with estimates 
produced from measurements of fault-scarp widths across Tempe Terra [5], which are assumed to 
mimic typical scarp geometries associated with grabens in other parts of the Tharsis region [6-81. 
Mean extension per narrow graben (each made up of two normal faults) and its standard deviation 
has been estimated at 101+83 m (or about 50 m per normal fault) [9]. In addition, the Tempe rifts 
are bordered by major normal faults having much higher amounts of extension [5], which would 
increase the overall average value per fault. Shortening produced by wrinkle ridges in Lunae 
Planum and Arcadia Planitia has been modeled from photoclinometric data; average strain values 
per wrinkle ridge in the two regions are 131 m and 57k40 m, respectively [lo, 111. 

Our examination of crater-elongation measurements shows that they cannot be used for 
precise strain estimates due to the overshadowing effects of nontectonic vs. tectonic crater 
elongation and the dependence of meaningful strain estimates on crater distribution. On the other 
hand, overall crater-strain estimates of Tempe Terra form an independent approach that appears to 
a f f m  the methodologies used to obtain more direct strain estimates based on measured dimensions 
of grabens and wrinkle ridges. 
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