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The use of in sinc produd l%e-=~l to determine exposure ages and erosion rates of terrestrial rocks and 
sediments has been undex development for several years [I, 2,3]. The production rate of these two nuclides and the 
production ratio has been estimated from studies of very late Pleistocene glacially polished surfaces in the Sierra 
Nevada [3]. We are currently investigating the application of this techni ue to the determination of ages of 

26 temmial meteorite mrs. In order to test the calibration of the ' O B ~  and A1 production rates and to explore 
various sampling strategies, we have undertaken a study of the exposure history of Meteor Crater. Arizona. 

Meteor Crater (3S002' N, 11 1'01' W) is the largest known crater on the Earth with associated meteorites 
(Canyon Diablo) and is exceptionally well exposed and well explored [4, 51. The crater, which is 1.2 km in 
diameter and about 200 m deep, is late Pleistocene in age [4]. Since the crater was formed, the fallout deposit and 
upper units of the ballistic ejecta deposit have been stripped from the rim of the crater. The lower parts of the crater 
walls are mantled with Pleistocene talus and debris flow deposits, and the cram floor is overlain by Pleistocene and 
Holocene alluvium and lake beds up to 30 m thick From a variety of obsemations on erosion and deposition at 
the crater, including cavernous weathering of dolomite blocks on the rim, Blackwelder (1932) suggested that the 
crater was formed between the times of the and Tioga glaciations of the Siem Nevada [6]. Shoemaker 
(1978) found that the cratering event occurred during an interval in which the ground water table was much higher 
than at present and that two distinct Pleistocene units occur on the lower crater walls: (1) an old deposit of talus 
that rests on bedrock, allogenic breccia, or locally on the fallout deposit in the crater, and (2) a younget sequence of 
debris flow deposits that rest unconformably on the old talus and occupy deep gullies cut into the talus [5]. He 
suggested that the old talus is mid-Wisconsin in age and that the debris flow deposits are late Wisconsin [5]. 

A variety of chronometric techniques have been applied that help delimit the age of Meteor Crater and its 
history of erosion and deposition. In principle, a date for the impact event can be obtained from the terrestrial age 
of the Canyon Diablo meteorite deumnined from concentrations of cosmogenic radicmuclides. Howevet, no reliable 
14c (half-life = 5730 years) data are available because of the meteorite's long terreserial age and the low production 
rate of 14c in large iron meteorites. Kaye (1963) measured '%i (half-life = 7 .6~10~  years) in 4 pieces of Canyon 
Diablo and obtained a terrestrial age of < 4x10~ years, based on a value of 53 f 4 dpmjkg fll. Attempts to date the 
crater directly have yielded more definitive ages. Sutton (1985) obtained an age of 49.000 f 3000 years for the 
impact event from a M e d  inveaigatb of tbe themnoluminescence of quartz in shocked rocks from breccia in the 
floor of the crater and shocked fragments derived from the fallout layer [8]. A radiocarbon age of 24,000 f 2,000 
years was obtained by Ives et al. (1%4) from gastropod shells from a sample of lake beds in the crater floor [9]. 
This sample was collected from the tailings of a shaft; consequently its stratigraphic position in the lake bed 
sequence is unknown, and it may in fact have come from some depth, as it was collected from the surface of the 
dump. Leavy et al. (1988) reported a mean cosmogenic 36Cl exposure age of approximately 20,000 years for 
samples collected from the summits of large blocks of dolomite on the rim of the crater [lo]. This age has since 
been revised upward on the basis of a new estimate of the production rate of 36Cl Ipersonal communication]. 

In the present study, we collected four samples from the crater walls and one sample from the summit of 
Whale Rock, a large block in the layer of Kaibab ejecta on the west rim of the crater. All samples were collected 
from relatively flat surfaces on bedrock or on blocks derived from the Kaibab Formation; they consist chiefly of 
dolomite with various amounts of detrital and secondary quartz. Maximum sample depth from the exposed surfaces 
is 1.5 cm. M-1 was collected near the base of the Beta Member of the Kaibab on a pinnacle rising above the oldest 
Pleistocene talus on the northeast crater wall; M-2 and M-4 are from large blocks in the old talus unit on the west 
wall; M-3 is from a block at the head of the old talus on the north wall; M-5 is from Whale Rock. The b k k s  
sampled in the talus are from the lower part of the Alpha Member, as is the large block that forms Whale Rock. 
All rocks sampled lay at depths greatet than 10 m just prior to the cratering event, and were, therefore shielded from 
cosmogenic production of '(be and =AL 

The samples were prow& to obtain a pure quartz phase, and Be and Al were then chemically seqarated 
and purified. '%e and 26A1 measurements were performed at the University of Pennsylvania's tandem accelerator 
using AMS (accelerator mass spectrometry). The results are shown in Table 1, which also lists approximate 
altitudes of the samples. The m e a d  =Al/'%e d o s  are in excellent agreement with the previously measured 
production ratio of 6.0 [3]. Exposure ages (Table 2) were calculated for these samples using the estimated 
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production rates of "Be and 26~1 at sea level (>50°), 6.9 and 42 atodyear g Si02 respectively [31, and correcting 
for sample altitude and latitude. 

Three distinct sets of exposure ages were found, -40,000 years, -20,000 years, and -12,000 years. The age 
of -40,000 years, found for the summit of Whale Rock, probably records the approximate time that the summit 
was exposed after erosion had removed the fallout layer, the Coconino debris layer, and uppermost part of the 
Kaibab debris layer from the crater rim. If we accept both this exposure age and Sutton's thermoluminescence age 
for the impact event, the time required for this stripping would be 9000 + 3500 years, or roughly 20% of the age of 
the crater. This result is based on the "Be and 26Al production rates presented by Nishiizumi et aL [3], and on the 
corrections for altitude contained therein. At present there is an overall uncertainty of about +lo% in the 
production rates of these nuclides at the location of Meteor Crater, primarily because of uncertainties in the 
dependence of production rates on altitude. Several additional samples have been collected for further study from the 
summits of other large blocks on the crater rim, including sites of samples taken for 3 6 ~ 1  measurements [lo]; 
measurements are in progress. 

The surface of a block in the old talus unit on the west crater wall and the most stable surface on bedrock 
that we could identify in the crater, which is above the old talus unit on the northeast wall, have exposure ages of 
about 20,000 years, close to the peak of the late Wisconsin pluvial maximum. These ages, at first, seem ts 
support Blackwelder's interpretation that the old talus unit is of late Wisconsin age (Tioga, as used by Blackwelder) 
[6]. However, as the old talus unit rests directly on the easily eroded fallout deposit in many places, the base of 
this unit locally must be the earliest talus formed, and it must have been deposited shortly after the crater's 
formation. The 20,000 year exposure ages evidently reflect the approximate time at which the sampled surfaces 
were exhumed or freshly eroded during the late Wisconsin pluvial maximum, which can now be identified as the 
interval during which the old talus was dissected and younger debris flows were deposited. Indeed, -12,000 year 
exposure ages also were obtained from two blocks in the old talus unit, which suggests that the episode of 
dissection continued, perhaps intermittently, nearly to the end of the Pleistocene. 
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Table 1. RESULTS OF "Be AND 26AI lN METEOR CRATER SAMPLES 

ID Altitude Si02 "Be 26~1 2 6 ~ ~ 1  OB e 

(m) Wt(g) (lo6 atom/g si09 

Table 2. CUULATED EXPOSURE AGES OF METEOR CRATER SAMPLES 

ID ''Be Age " ~ 1  Age Average 
(years) (Years) O m )  
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