
truded by granite at about 1450 million 
years ago (Ma). Both are crosscut by diabase 
dikes, probably of Keweenawan age 
(-1000 Ma). The crystalline basement is 
covered by a thick sequence of Precambrian 
to Mesozoic sedimentary rocks including 

40Ar-39Ar Dating of the Manson Impact Structure: 
A Cretaceous-Tertiary Boundary Crater Candidate 

The mineralogy of shocked mineral and lithic grains in the Cretaceous-Tertiary (K-T) 
boundary claystone worldwide is most consistent with a bolide impact on a continent. 
Both the concentrations and sizes of these shocked grains are greatest in the western 
interior of North America. These data suggest that the Manson impact structure in 
north-central Iowa is a viable candidate for the K-T boundary impact event. Argon- 
40-argon-39 age spectrum dating of shocked microcline from the crystalline central 
uplift of the Manson impact structure indicates that there was severe argon-40 loss at 
65.7 & 1.0 million years ago, an age that is indistinguishable from that of the K-T 
boundary, within the limits of  analytical precision. 

0 N THE BASIS OF AN UNUSUALLY 

high concentration of iridium in a 
claystone layer that occurs at the 

K-T boundary in outcrops of marine rocks 
in Italy, Denmark, and New Zealand, Alva- 
rez et al ,  hypothesized that the extinctions 
that occurred at the K-T boundary were the 
result of an asteroid impact (1). The iridium 
anomaly that they described has now been 
detected at many other K-T boundary loca- 
tions throughout the world (2). The hy- 
pothesis that an impact was the cause of 
extinctions at the K-T boundary is still being 
debated, and a competing hypothesis sug- 
gests that the extinctions and many features 
of the K-T boundary layer can best be 
explained to be a result of large-scale volca- 
nism (3). One of the uncertainties regarding 
the impact hypothesis is the location of the 
impact crater. Using the concentrations de- 
tected, Alvarez et al, suggested that the 
impacting bolide was 10 +. 4 km in diame- 
ter. The impact of a bolide of this size would 
have resulted in a crater = lo0  km in diame- 
ter. 

Geochemical data on material from the 
K-T boundary interval in marine sections 
suggested that the impact was probably in 
oceanic crust (4), in which case it may have 
been subducted. This interpretation was 
challenged following the recognition of 
shock-metamorphosed mineral and lithic 
grains in the K-T boundary claystone (5, 6). 
Shocked grains include quartz, quartzite and 
metaquartzite, oligoclase, microcline, and 
granite-like oligoclase-microcline-quartz 
lithic grains (5, 6). The mineralogy and 
cathodoluminescence (7) of the boundary 
layer clastic grains and their relative propor- 
tions suggest that an impact occurred in an 
area dominated by continental sedimentary 

and metasedimentary rocks. The presence of 
trace amounts of shock-metamorphosed oli- 
goclase, microcline, and granite-like lithics 
suggests that the target rocks also included 
some granitic rocks or continental crystalline 
basement. The shock features  reserved in 
these grains include multiple sets of inter- 
secting planar lamellae, shock mosaicism, 
lowered refractive indices and birefringence, 
and shock-induced fluid inclusions (6). Al- 
though it has been argued that shock fea- 
tures could be produced by volcanism (3) ,  
multiple intersecting sets of planer lamellae 
are characteristic of shocked grains found in 
impact environments and have never been 
described in volcanic rocks (8). 

The general location of a continental im- 
pact site can be inferred from data on the 
maximum grain size and relative abundance 
of shocked grains in the K-T boundary 
claystone (6). Shocked grains in the clay- 
stone are more abundant in the western 
interior of North America than elsewhere 
and the maximum size of the shocked grains 
is also significantly greater in western North 
America (6). 

On the basis of these data, a likely candi- 
date is the Manson impact structure (MIS) 
(9). The MIS is located in northwestern 
Iowa, about 30 km west of Fort Dodge near 
the town of Manson, and has a diameter of 
about 35 km; it is the largest known impact 
structure in the United States. It is covered 
with 30 to 90 m of Pleistocene glacial till 
and has no obvious topographic expression. 
Much ofwhat is known of the MIS has been 
learned from the study of shallow well cut- 
tings. 

The basement rocks in the MIS area are 
composed of Proterozoic garnetiferous-oli- 
goclase-biotite-quartz gneiss, which was in- 

sandstone, conglomerate, shale, fluvial sei- 
mentary rocks, and marine carbonate and 
clastic rocks (9). The thick Precambrian 
clastic rocks thin abruptly to the northwest, 
and total sedimentary rock thickness ranges 
from 3700 m on the northwest of the MIS 
to 7500 m on the southeast (9). The compo- 
sition of the target rocks at m an so^ is 
consistent with that of shocked grains found 
in the K-T boundary claystone. 

The center of the MIS has been uplifted, 
and crystalline basement is at the level of the 
glacial subcrop. The sedimentary rocks sur- 
rounding the central uplift have been com- 
pletely disrupted and are characterized by 
exotic (metamorphic and igneous) litholo- 
gies and severe deformation. This region is 
surrounded by a region where the strata 
have retained their original depositional se- 
quence but have been displaced vertically. 
Down-dropped blocks in this zone locally 
preserve Cretaceous marine shale. The total 
diameter of these three zones is about 35 
km. The rocks in the surrounding 10 to 16 
km have been slightly uplifted (9). 

The MIS was originally interpreted to be 
a cryptovolcanic (cryptoexplosive) structure 
(10). Interpretation as an impact structure is 
based on the discovery of multiple intersect- 
ing sets of shock lamellae in quartz from the 
rocks of the crystalline uplift (11) and its 
overall morphology. The MIS has been 
thought to be Cretaceous in age because 
Mesozoic fish scales and Cretaceous Inocera- 
mus fossils have been found in the rocks of 
the disrupted zone (12). 

Paleomagnetic data from the MIS central 
uplift core, however, suggest that it cannot 
be associated with the K-T boundarv. The 
K-T boundary is known to have occurred 
during chron 29R, a time when the earth 
was in a period of reversed magnetic polarity 
(13). Hypervelocity shock accompanying an 
impact could reset the remanent magnetic 
field of a rock to that of the ambient field at 
the time of impact (14). Thus, in this case, if 
the MIS was formed at the time of the K-T 
boundary, the shocked rocks could have a 
reversed magnetic polarity. Paleomagnetic 
polarities from four lithologies at three dif- 
ferent levels in the core have been deter- 
mined (15). The two upper samples contain 
a normal component of magnetization. The 
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two lithologies lower in the core record a 
more complex natural magnetic remanence 
that was interpreted to represent a normal 
polarity at the time of impact with a possible 
Precambrian remanence that survived the 
impact event. There are, however, several 
reasons to question this interpretation of the 
data (16). The intense deformation that 
occurs during the formation of a central 
uplift includes wholesale block rotation. 
Some or all of the reported magnetic polari- 
ties could simply represent blocks that have 
been inverted. An alternative interpretation 
of the data from the deepest samples sug- 
gests that a reverse overprint may be pre- 
sent. Finally, the observed normal polarity 
might represent viscous magnetization ac- 
quired after the impact event. A thorough 
study of the paleomagnetic polarity of the 
shocked rocks in the MIS is needed before 
the paleomagnetic data can be accepted as 
strong evidence against a K-T boundary age 
for the MIS. Until additional data are avail- 
able, a connection between the K-T bound- 
ary impact layer and the MIS cannot be 
ruled out. 

One could argue that the MIS could not 
have ~roduced the worldwide K-T bound- 
ary deposits simply on the basis of its size. 
Alvarez et al .  (1) estimated that the K-T 
boundary crater would have been about 100 
krn in diameter, but the MIS is only about 
35 km in diameter. However, because of the 
number and range of variables possible for 
any one impact- (6) ,  the diameter of the 
single crater of the Alvarez et a l .  hypothesis 
cannot be estimated precisely with available 
data. Furthermore, if multiple impacts oc- 
curred at the K-T boundary, then the diame- 
ter of any single crater is clearly undefined. . - 

Earlier dating of materials from the cen- 
'2 

tral uplift core has hinted at the age of the 
MIS. Severely microfractured apatite grains 
from the core of the MIS yielded a fission 
track age of 61 + 18 Ma (17). When com- 
pared with fission track ages of apatite 
grains from basement material taken from a 
drill core in northwestern Iowa, which 
range from 641 C 90 to 934 k 86 Ma (18), 
the dramatically younger ages suggest that 
the Manson apatite age was reset at the time 
of impact. Similarly, 40Ar-39Ar age spectrum 
dating results from shocked potassium feld- 
mar from the 70.4-m level in the core (17) 
suggest +at the maximum age for the im- 
pact is -70 Ma. These ages are similar to the 
age of the K-T boundary. 

Because of the uncertainty in the age of 
the crater, we have dated two potassium 
feldspar samples from granitic materials at 
the 61.0- and 131.1-m levels (19) in the 
MIS central uplift core with 40Ar-39Ar age 
spectrum da;ing techniques (20-23). At 
these levels, the core is a coherent shocked 

granite composed of quartz, potassium feld- 
spar, plagioclase, and chloritized biotite. X- 
ray diffraction analysis of potassium feldspar 
grains separated from our samples (24) show 
that they are composed of maximum micro- 
cline having about 3 to 4% (2A200) and 10 
to 15% albite (2A430) (25). The mecha- 
nism by which the argon systems of potassi- 
um feldspars are reset during shock meta- 
morphism has not been directly determined. 
Experimental data show that plagioclase, 
when subiected to high levels of shock and " 
then quenched, does not lose radiogenic 
40Ar, indicating that shock-induced heating 

is responsible for the 40Ar loss (26). If these 
results also apply for microcline, the mecha- 
nism of 40Ar loss is most likely shock- 
induced heating and subsequent cooling 
through its argon retention temperature. 
Maximum microcline is especially usehl in 
this type of study because it has a relatively 
low temperature for argon closure and de- 
gasses by simple volume difhsion (27). 

The overall shape of the age spectra for 
the two samples, although similar, differs in 
detail (Fig. 1 and Table 1). We first analyzed 
2A200, and the heating schedule used for 
degassing the sample did not give us enough 

Table 1. 40Ar-39Ar analytical data for MIS microcline samples 2A200 and 2A430 (35); 40ArR/39ArK 
ratios represent radiogenic 40Ar and potassium-derived 39Ar after corrections for mass discriminations, 
the presence of atmospheric argon, and the production of interfering argon isotopes during neutron 
irradiation (22, 23). 39ArK concentrations were calculated by use of the measured sensitivity of the mass 
spectrometer and thus are reproducible to about 5% based on repeated measurements of MMHb-1 
spaced over a period of 8 months. Errors of individual temperature steps (1 SD) are calculated from 
standard statistical methods on five sets of argon peak values measured over an interval of about 10 min 
by the method described in (22). No error is calculated for the total gas age. The uncertainty of the 
preferred age (2 SD) includes the 1 SD uncertainty in the irradiation parameter, J, as described in (22). 
This uncertainty has been quadratically combined with the published uncertainty in theage of the 
monitor mineral MMHb-1 (34). For both samples, J = 0.005710 + 0.5 (1 SD); sample weights were 
0.1440 g for 2A200 and 0.1448 for 2A430; T, temperature. 

- -- 

Apparent Percent Radlogenlc 40ha/39hK WCa 3 9 h K  Apparent 
("c) 39Ar yield (%) (10-l3 mole) age (Ma) 

Preferr 

Total gas age 
Minimum age (29.7% of gas In 600°C step) 

2A430 Micmcliwe 
3.2 97.1 6.38 
8.4 98.8 16.7 
7.1 98.8 14.2 

11.4 99.2 22.9 
11.5 99.2 23.1 
5.4 99.3 10.8 
4.5 98.1 9.01 
2.3 98.3 4.54 
3.1 99.0 6.28 
3.0 97.8 5.97 
6.3 91.3 12.6 

11.6 98.2 23.2 
2.4 98.3 4.88 
2.4 97.7 4.76 
7.0 98.9 14.0 
8.9 99.3 17.8 
1.5 97.4 2.92 

Total gas age 
.ed age (32.9% of gas in 550" to 590°C steps) 
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resolution. The analysis of 2A430 was per- 
formed with the results of 2A200 in hand, 
and the heating schedule used was much 
more appropriate. The results of both analy- 
ses display the same general features (28): 
the apparent ages in the very low tempera- 
ture portion (450" to 525°C) of the spectra 
decrease with increasing temperature; the 
apparent age is constant (in 2A430) within 
the limits of analytical precision in the low- 
temperature portion (550" to 590°C) of the 
spectra; the apparent age rapidly increases 
with increasing extraction temperature in 
the higher temperature steps (600" to 
1250°C). The trend of decreasing apparent 
age with increasing degassing temperature 
for the first five steps of 2A430 and first four 
steps of 2A200 suggests that the slightly 
older apparent ages calculated for these steps 
reflect the pressure of 40Ar-enriched inter- 
granular argon at the time of degassing (22). 

These age spectra (especially 2A430) are 
similar to Turner's (29) theoretical diffusion 
curves for argon loss from a log-normal 
distribution of spheres (o = 0.6) and a 98% 
argon loss. In Turner's diffusional-loss mod- 
el, the apparent age of low-temperature 
portions of gas released during analysis cor- 
responds to the age of degassing (in our 
samples, the time of impact). The apparent 
age of the gas released in the last step 
approaches, although may not equal, the age 
of initial closure to argon difision (the age 
of our samples before impact). The shape of 
the age spectrum between initial and final 
gas release reflects the extent of degassing 
and the grain-size distribution in the sample. 
For samples that have a large amount of 
argon loss, the portion of the age spectrum 
that can represent the age of the resetting 
event, within the limits of analytical preci- 
sion, can equal or exceed 50%. 

Our samples have a small amount of 
extraneous argon in the low-temperature 
portion of their age spectra, thus complicat- 
ing our ability to measure precisely the age 
of the degassing event. Additionally, the 
best estimates of the initial age of our sample 
range from 934 to 641 Ma (based on a 40Ar 
closure temperature for maximum micro- 
cline similar to the fission track annealing 
temperature of apatite) and have an absolute 
minimum of 413 Ma for 2A430 (apparent 
age of last heating step). These factors, 
together with the presence of impurities and 
uncertainties concerning the effective grain 
size distribution (28) in these samples, make 
a critical comparison with a theoretical dif- 
fusional loss model somewhat difficult. We 
have nonetheless made such a comparison 
(30) (Fig. 2); the diffisional loss model 
cannot be used to predict the age of the 
degassing event because of the factors men- 
tioned above, and its value is instead qualita- 

0 50 100 

Percent 3 9 ~ r  released 

Flg. 1.  40Ar139Ar age spectrum diagrams of micro- 
cline samples (A) 2A200 and (8) 2A430 from 
core in central uplift of the MIS. 

tive. The experimental data departs from the 
theoretical diffusion curve in two tempera- 
ture ranges, 450" to 525°C and 950" to 
1050°C. The 450" to 525°C steps, as was 
mentioned above, contain extraneous argon, 
resulting in an increase in apparent age that 
is not supported by the potassium content 
of the sample. The apparent WCa ratio 
(Table 1) of the gas released in the 950" to 
1050°C range suggests that the high-tem- 
perature departure from the theoretical dif- 
fusion curve most likely results from the 
presence of albite in the sample. This inter- 
pretation is consistent with theoretical diffu- 
sion profiles of two component mixtures 
with differing activation energies for argon 
diffusion (31). This departure from the 
Turner diffusion model is small when com- 
pared with the overall fit. In both theoretical 
diffusion models, however, the gas released 
in the low-temperature portion of the age 
spectrum (which in 2A430 does have appar- 
ent KiCa ratios consistent with those of 
microcline) is expected to represent the age 
of the resetting event. A comparison be- 
tween our data and the diffusion models 
support our interpretation that this age 
spectrum was caused by a single episodic 
degassing of -95% of the radiogenic argon 
previously contained in the sample. 

The best estimate for the time of the 
Manson impact is the integrated age of the 
550" to 590°C steps of 2A430, which agree 
within the limits of analytical precision, at 
65.7 +- 1.0 Ma (see Table 1) and represent 
33% of the total 39ArK derived from the 

A -  

sample. Interpreting this age spectrum as a 
severe diffisive loss with a small amount of 
superimposed extraneous 40Ar implies that 
65.7 rt 1.0 Ma is a maximum age. Howev- 
er, it is unlikely that the age of impact is 
significantly younger because four contigu- 
ous steps (550" to 590°C) agree in age with 
one another within the limits of analytical 
precision, contain one third of the. 39Ar 

u 

0 Percent 3 9 ~ r  released 
100 

Fig. 2. Composite diagram of 40Ar-39Ar age 
spectrum of 2A430 and calculated theoretical 
diffusive loss curve, calculated for an initial age of 
934 Ma and a log-normal distribution of spheres 
that have u = 1.2. Models for lower possible 
initial ages suggest that u is larger in these cases. 
For further details see (30). 

released, and occur in that portion of the age 
spectrum pattern in which theoretical diffu- 
sion models suggest that the age should 
essentially be equal to that of the degassing 
event. The minimum in the age spectrum of 
2A200 (66.9 Ma) is supportive also of this 
interpretation. This sample may have in- 
curred a higher degree of degassing than 
2A430 as indicated by its younger high 
temperature and total gas 40Ar-39Ar ages. 
Even so, the minimum step age of this 
sample is likely to be contaminated by a 
small amount of extraneous 40Ar. 

Our 65.7 k 1.0 Ma age for the MIS is 
indistinguishable from recent estimates for 
the age of the K-T boundary that range 
from 65 to 66.0 Ma (32), as well as our own 
estimate of the K-T boundary age of 66.0 
Ma (33). The type and distribution of 
shocked mineral grains in the K-T boundary 
layer indicate that an impact in the western 
interior of North America is of high proba- 
bility, and the lithologic assembly at the 
MIS is consistent with that of the shocked 
minerals in the K-T boundary layer. On this 
basis we conclude that the MIS is a viable 
candidate for a K-T boundary impact site 
and that intensive study of the MIS and 
other impact structures that could be of K-T 
boundary age is warranted. 
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