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Abstract. Our combined interpretation of new, high-resolution seismic reflection data and 
reprocessed, but previously published, industrial Vibroseis data indicates that the Manson Impact 
Structure, Iowa, has an apparent crater diameter of 35 kin, an annular trough diameter of around 
21 km, a shallow floor (0.6-0.7 kin), and a central uplift that has a minimum diameter of 7.5 kin. 
The two reflection lines are coincidentally located along an east-west radial transect and are 
consmined by shallow drill information. Results from the two data sets are correlative; both data 
sets were instnunental to the final interpretation due to the trade-offbetween resolution and 
depth of energy penetration. Based on the combined interpretation, structural uplift of the central 
peak is estimated to be around 2.8 kin. Onlapping seismic sequences are present at the eastern 
edge of the central uplift. These seismic packages, observed only in the high-resolution line, are 
interpreted to represent impact breccia or debris material that was shed from the central peak or 
dynamically transported from outside of the crater. 

Introduction 

Although unequivocal identification of planar deformation 
features found at the Manson Impact Structure (MIS), Iowa, has 
been documented by other researchers [Short, 1966; Hattung 
and Anderson, 1989; Hattung et aL, 1990; Anderson and 
Hartung, 1992; Anderson et al., 1993; Short and Gold, 1993], 
structural and stratigraphic details of the MIS are difficult to 
discern due to the presence of 30- to 100-m-thick Pleistocene till 
that covers the area. The current structural model, based on 
Vibroseis data and drill information, closely resembles 
configurations of general impact models [Anderson and 
Hartung, 1992]. The primary objective here is to present and 
interpret colocated seismic reflection lines in order to 
substantiate and expand the structural model by Anderson and 
Hartung [1992]. 

Two seismic reflection 'data sets were used in this study 
(Figure 1); a 17-km-long high-resolution line that images 
features in the depth range of 40 m to over 1000 m (0.05 to 0.75 
s two-way travel time), and a 22-kin, east-west Vibroseis line 
that targets reflectors in the depth ranges from around 400 m to 
greater than 15,000 m (around 0.3 to 6 s two-way travel time). 
The shallow reflection data tie drill data that were acquired to 
characterize the Manson Impact event [Anderson et al., 1993] 
with the deeper-targeted Vibroseis data. Specific goals of the 
high-resolution reflection research are to resolve, in greater 
detail, the structure and stratigraphy of the central uplift, annular 
trough, and terrace terrane, to locate the presence (or absence) of 
shallow faults and fault zones, and to identify the internal 
geometry of debris flows within the impact structure. The 
Vibroseis data target gross structural features, such as the 
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presence of a central uplift, deep structural trends, and the 
lateral extent of the apparent crater. Although the Vibroseis line 
has been previously interpreted [Sharpton and Grieve, 1990; 
Anderson and Hartung, 1992], we reprocessed the data to 
improve the frequency content and coherency of shallow 
reflectors and to ensure that the two data sets had been 

processed similarly. 
Seismic reflection surveys have been used previously to 

characterize other craters of impact origin, such as. the Dumas 
[$awatzky, 1976], Ries [Pohl et al., 1977], Siljan [Juhlin and 
Pedersen, 1987], Montagnais [Jansa et al., 1989], Chicxulub 
[Hildebrand and Boynton, 1990], Harthey and Viewfield 
structures [Sawatzky, 1975, 1990], Avack Structure [Kirschnet et 
al., 1992], and the Chesapeake Bay crater [Poag et al., 1994]. 

This research was conducted as part of a multiagency 
research initiative that was organized in 1991 to examine the 
MIS in detail and determine its relation to the K/T boundary. 
The multiyear, multidiscipline research program was 
coordinated by the U.S. Geological Survey and the Iowa 
Department of Natural Resources Geological Survey Bureau. 
The collaborative results confirm that Manson is an impact 
structure based on its circular shape, its central uplift, and the 
presence of shocked quartz and other minerals [Koerbel and 
Anderson, 1995]. The seismic reflection data presented herein 
were interpreted with this knowledge. 

Research at the Manson Impact Site 
A geologically anomalous area located in northwest Iowa, 

now known as the MIS, was first identified in the 191 Os when 
the presence of a "granite-like rock" was identified at unusually 
shallow depths. Drill core analyses in the 1950s [Hoppin and 
Dryden, 1958; Dryden, 1955] confn'med the presence of the 
shallow Precambrian crystalline basement and indicated that the 
MIS was cryptovolcanic in origin. A cryptovolcardc origin was 
questioned, however, when Short [1966] recognized shock 
metamorphic features in core samples. 
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Figure I. Index map showing the approximate location of the 
two seismic lines and the major structural components of the 
Manson Impact Structure (MIS). The two seismic lines are 
located along the same road. 

Research at the MIS accelerated in the late 1980s when the 

age of the structure was tentatively dated, using radiometric 
stud/es of shocked microcline, as contemporaneous with the end 
of the Cretaceous period [Kunk et al., 1987 1989]. Subsequent 
radiometric dating by Izett et al. [1993], who used 40Ar/39Ar 
techniques to date sanidine clasts, indicated that the impact 
occurred prior to the K-T boundary by about 9 m. This later 
MIS impact date is 73.8 +_ 0.3 Ma, which implies that the bolide 
struck the Maason area when it was covered by the shallow 
interior Cretaceous seaway [Izett et al., 1993]. 

As part of the joint research effort, 12 research holes were 
drilled into the crater during 1991 and 1992, which produced 
over 1200 m of recovered core. Two cores were drilled into the 

terraced rim, four were drilled in the annular trough, and six 
were drilled in the central peak. Prior to these new wells, drill 
data were limited to two cores within the central peak region. 
Lithologic description of the new cores is discussed by Anderson 
et al. [1992, 1993], and geochemical analysis is discussed by 
Koeberl et al. [1993], Blum et al. [1993], and Hattung et al. 
[1992]. Petrographic studies of core material from the IvllS have 
revealed a variety of impact-induced shock features and include 
extensive planar deformation features in quartz, K-feldspars, 
plagioclase, and kinking in biotite [Short and Gold, 1993; 
Hartung et al., 1990]. Two drill cores, M-3 and M-4, have 
identified the occurrence of inverted stratigraphy within the 
terrace terrane [Anderson et al., 1993]. 

Hartung et al. [1990] presented a general structural model for 
the MIS based on water well cuttings, gravity and magnetic dam, 
and seismic refraction iafo•ation. This structural 

interpretation was later modified and strengthened by Vibroseis 
reflection data [Anderson and Hattung, 1992]. The proposed 
stmcttaal models of the MIS, however, were questioned by 
Officer et al. [1992], who disputes an impact origin for the MIS 

based in part on the "orderly sequence of Cretaceous shales 
underlain by Paleozoic limestone" that surrounds the IvllS. 

Local Geology and Seismic Targets 

The MIS is located in west central Iowa where a sequence of 
Cenozoic, Mesozoic, Paleozoic, and Middle Proterozoi½ 
sedimentary rocks overlie a crystalline basement of Proterozoic 
metamorphic and plutonic rocks [Hattung et al., I990; 
Anderson, 1992]. The geologic description of this area is 
discussed by Hartung et al. [1990], Anderson [1983, 1992], 
Anderson and Hartung [ 1992], and Ruhe [ 1969]. As such, we 
briefly review their conclusion in order to highlight seismic 
markers within the MIS area. 

The basement complex consists of intrusive grmte, 
gametiferous gneiss, and diabase dikes [Hoppin and Dryden, 
1958; Anderson, 1992]. Overlying the basement crystalline 
rocks is an eastward thickening wedge of Proterozoic clastic 
strata associated with the Midcontinent Rift System [Anderson, 
1992]. The lithologic boundary between the Proterozoic clastics 
and crystalline rocks is an excellent seismic reflector and serves 
as a geophysical marker throughout much of Iowa and Minnesota 
[Chandler et al., 1989]. 

Overlying the Proterozoic clastic strata are Paleozoic-aged 
units dominated by marine carbonates, shales, siltstones, and 
sandstones [Hattung et al., 1990]. The Paleozoic sequence, 
which reaches a regional maximum thickness of 750 m, is highly 
reflective [Chandler et al., 1989; Anderson and Hartung, 1992]. 

Mesozoic strata deposited in this region occur only as locally 
preserved outliers [Hattung et al., 1990]. Post crater deposition 
of Tertiary marine and fluvial sediments is not well known due 
to erosion [Anderson and Hartung, 1992]. Glacial till, deposited 
during the Pleistocene, completely obscures bedrock geology in 
the Manson area [Ruhe, 1969]. The unconformable contact 
between the tills and bedrock produces an identifiable reflection 
in this area [Keiswetter et al., 1994]. 

Seismic Reflection Data 

Vibroseis data were acquired by Amoco Production Research 
Company in 1985, and the high-resolution reflection data by the 
University of Kansas in 199 I. Acquisition parmeters for the 
two lines are shown in Table I. Data quality varies, but 
identifiable reflection events, diffractions, faults, and other 
seismic modes are present on most of the unprocessed common 
shot gathers (Figure 2). 

The reflection data were processed into common-depth-point 
(CDP) format using conventional techniques (see the appendix). 

Table 1. Acquisition Parmeters 

High-Resolution Vibroseis 

Location Manson, Iowa Manson, Iowa 
Source 5 O-caliber riff e vibrators 

Receivers three 40-Hz geophones unknown 
Seismograph EG&G [240 I-X] unknown 
Number of channels 48 96 

Record length 0.75 s 6 s 
Sample interval 0.5 ms 2 ms 
Source spacing 10 m 33.5 m 
Receiver stations 5 m 33.5 m 
in-line offset 20 m 100.5 m 

Shooting geometry end on split spread 
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Minor differences exist, however, between the processing 
techniques used for the high-resolution data and for the 
Vibroseis data, due in part to the different bandwidths of the 
•ta. High-resolution reflection data require detailed velocity 
and spectral analysis and extra care during first-break and 
s•rgical muting operations. Dip-moveout corrections were 
applied before stacking on both lines to enhance the imaging of 
dipping reflectors and to increase precision during velocity 

analysis. Both data sets were migrated after stacking to enhance 
coherency of the reflectors and to collapse diffractions. 

Interpretation of Seismic Data 
The MIS can be subdivided into four zones, each 

characterized by distinct structural characteristics, based on the 
seismic data. The zones, referred to here as the (1) central 
uplif• (2) annular trough, (3) terrace terrane, and (4) 
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o 
West 

B 

East 

2 

Figure 2. Selected field files (a) of the high-resolution reflection data and (b) the Vibroseis data. 
A/though the data quality varied along each line, identifiable reflection, diffractions, and other seismic 
modes can be easily identified on the unprocessed field files. See Table 1 for acquisition parameters. 
These data have been frequency filtered and automatic gain control (AGC) scaled for viewing purposes. 
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Figure 3a. Common-depth-point stacked section of the uaiaterpreted Vibroseis data_ Interpreted structural 
elements are indicated by the solid flags. 
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Figure 3b. CDP stacked section of interpreted Vibroseis data. The square stippled rectangle indicates the 
portion of the crater targeted by the high-resolution seismic-reflection data. See text for discussion. 
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Figure 4a. Common-depth-point (CDP) stacked section of the high-resolution seismic reflection data and 
associated interpretations. The line is divided for display purposes into six sections, from west to east, such 
that this section is the western end of the line, and the section in Figure 4f is the eastern end (compare 
Figures 1 and 3). The boundaries of the structural elements, also shown in Figure 3, are marked by flags. 
The stippled portion is enlarged and shown in Figure 5. See text [or discussion. 

tradeformed strata, are similar to those described for general 
impact models [e.g., Melosh, 1989] and ancillary terrestrial 
craters [Pohl et al., 1977; duhlin and Pedersen, 1987; dansa et 
al., 1989]. 

Common-depth-point stacked sections of the two seismic 
lines are shown hi Figures 3 and 4. To clarify and simplify 
discussion of the seismic data, the industrial Vibroseis line is 
herein referred to as "line 1" (Figure 3), and the high-resolution 
line as "line 2" (Figure 4). 

Central Uplift 

The crystalline central uplift of the MIS is composed 
primarily of gneiss and has been identified in drill core at depths 
as shallow as 30 m [Anderson et al., 1993]. The interface 
between the crystalline rocks and the overlying impact breccia 
results in a ringy, high-amplitude reflection on line 2 (Figures 4a 
and 5) but it is not imaged by the lower-resolution line 1 
(located between markers A and B in Figure 3). The minimum 
diameter of the central peak is estimated to be over 7 km. This 

estimate is based on the combination of high-resolution seismic 
data and drill information, since the seismic data do not extend 
across the entire central uplift. Additional drilling or 
geophysical data that establish the western edge of the central 
peak are required to improve this estimate. 

Annular Trough 

The annular trough, located between markers B and C in 
Figures 3a, 3b, 4a, 4b, and 4c, refers to the region between the 
edge of the central uplift and the terrace terrane. Although the 

. 

annular trough is seismically transparent on the Vibroseis line 
(Figure 3), stratigraphic details within the impact breccia are 
observed hi the high-resolution reflection data (Figures 4a-4c). 
At other ir•.,pact sites imaged by co.nventional •eismic surveys, 
the annular trough is also reported as being seismically 
transparent [Pohl et al., 1977; Juhlin and Pedersen, 1987]. 

We interpret the wavy, som.ewhat chaotic reflection 
signatures above 400 ms two-way ffavel time in line 2 (Figures 
4a-4c) to represent impact breccia and debris flow units that 
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Figure 4b. Continuation of CDP-processed, high-resolution seismic reflection line. See Figure 4a caption 
for additional details. 
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Figure 4c Continuation of CDP:processed, high-resolution seismic reflection line. See Figure 4a caption 
for additional details. 

were dynamically deposited after impact. A general decrease in 
the reflectivity at two-way travel times between 350 ms to 400 
ms may represent highly fractured crater floor material (most 
likely Proterozoic clastic deposits). This unconstrained and 
unconfirmed interpretation suggests that approximately 600 m to 
700 m of impact breccia and debris flow matehal overlie the 
crater floor. 

Prominent sigrnoidal features, similar to onlapping 
sedimentary sequences, are observed near the central peak on 
the high-resolution line (Figures 4a and 5). These sigmoidal 
features may represent matehal that has been eroded or slumped 
off the central peak. Conversely, these features could result 
from debris flows that have transported from outside of the 
crater. The acoustic impedence contrast producing' the 
reflections is not known. The transporting mechanism could be 
have been acoustic fluidization [Melosh, 1983], gravity [Grieve 
et al., 1981], frictional heating [Dence et al., 1977], or a 
combination of these. Alternatively, a tsunami-like wave could 
have t•ansported debris matehal from outside the crater if, as 
•uggested by Izett et al. [1993], the Manson impact occurred 
during the time that this area was covered by the Cretaceous 
sea.way. If impact-induced waves did not directly transport the 

debris flows, the presence of water during crater modification 
may have still significantly enhanced horizontal transport, 
[Melosh, 1982]. 

Terrace Terrane 

The terrace terrane is located between markers C and D on 
lines 1 and 2 (Figures 3 and 4d-4f). Within this zone, individual 
blocks composed of relatively coherent stratigraphic sequences 
are bound by normal faults. 

A prominent subsurface feature is observed approximately 7 
km west of the apparent crater's edge (Figures 3, 4d, and 6). 
This 1.5-'krn-long structure is interpreged to be composed 
primarily of Paleozoic strata based on a seismic amplitude and 
frequency comparison with undeformed Paleozoic strata outside 
of the crater. Indications of normal faulting and laterally varying 
stratigraphy are present within this feature (Figure 6). 
Structural deformation extends to depths of more than 1.4 krn 
(700 ms two-way travel time; Figure 3). 

The outer edge of the terrace terrane is identified seismically 
by an increase in two-way travel time of the Paleozoic reflections 
and a general decrease in the signal-to-noise level in comparison 
to the undeformed strata. Within the terrace terrane, reflections 
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Figure 4d. Continuation of CDP-processed, high-resolution seismic reflection line. The stippled portion is 
enlarged and shown in Figure 6. See Figure 4a caption for details. 
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Figure 4e. Continuation of CDP-processed, high-resolution seismic reflection line. See Figure 4a caption 
for additional details. 
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from the Paleozoic section serve as markers and identify 
coherent blocks of material. The size of these blocks along the 
line, as imaged by line 2, is typically less than 200 m in length 
[Keiswetter et at., 1995]. 

Overturned layers of highly deformed but identifiable 
stratigraphic sequences are reported in terrestrial impact 
structures [Cooper, 1977; OffieM and Pohn, 1977; Roddy, 1977] 
and explosion craters [Short, 1965; Roddy, 1976] and are 
identified in the M4 well at the MIS [Anderson et at., 1992, 
1993]. The high-resolution seismic response of the inverted 
geology, as identified in the M4 well, is characterized by 
laterally limited but highly reflective events (Figure 4e). 
Although the eastern' limit of the overturned sequence, between 
the M-3 and M-4 boreholes, is identifiable, the western end is 
difficult to discern from these seismic data. Based on general 
impact models and on our interpretation of the high-resolution 
data, we believe that the western limit of overturned strata 

coincides with the location of the prominent Paleozoic block 
located east of marker C (Figure 6). This interpretation is 
unconstrained. 

The 'reflector that identifies the top of the Proterozoic 
crystalline basement dips to the east approximately 4 degrees 
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F•ure 4f. Cont•tion of CDP-processed, •gh-resolution 
•is•c reflection l•e. See Fig•e 4a caption for additional 
derails. 

within the terrace terrane. The amplitude, frequency content, 
and coherency of this event is slightly lower within the terrace 
terrane than in the undeformed region (discussed below). 

Undeformed Strata 

Regionally flat-lying Paleozoic units are highly reflective in 
this area [Chandler et al., 1989], have been identified in 
borehole data located approximately 55 km to the southwest 
[Witzke, 1990], and are imaged along the eastern end of lines 1 
and 2 between markers D and E (Figures 3 and 4f). The 
Paleozoic units, which are identified by reflection amplitude and 
coherency, occur between depths of 50 m to 800 m (60 ms to 
500 ms two-way travel time). Stratigraphic variations within the 
Paleozoic strata are observed in line 2. 

The contact between the Paleozoic sedimentary rocks and the 
underlying Proterozoic elastics is identified by a general 
decrease in reflector amplitude and coherency in line 1 (Figure 
3). The Proterozoic elastics, which are characterized by low- 
amplitude subp•allel reflectors, attain a maximin thickness of 
approximately 2.4 km along the seismic line. 

A positive, high-amplitude reflection event identifies the 
interface between the Proterozoic elastics and the underlying 
Proterozoic crystalline rocks (line 1, Figure 3). Beneath this 
boundary, the seismic signature is characterized by subparallel- 
to-wavy, moderate-amplitude events. We observe no laterally 
coherent seismic reflection events present within the crystalline 
basement complex. 

Discussion 

Complex impact craters are stmcturally characterized by an 
uplifted central region, consisting of a central peak, concentric 
rings, or both, by an annular trough, and by a normally faulted 
rim area [e.g., Melosh, 1989; Grieve and Pesohen, 1992]. All of 
the features, with the exception of concentric rings, are 
interpreted in seismic reflection data acquired at Manson. 
Contrary to the conclusions of Officer et al. [1992], these 
seismic data indicate that the geology at Manson is not 
"orderly". 

Amount of Structural Uplift 

An empirical relationship between the amount of structural 
uplift (SU) and the apparent diameter (Da) for terrestrial 
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Figure 5. Multichannel high-resolution CDP-stacked data along the edge of the central uplift. Although 
the annular trough is seisrrdcally transparent on the Vibroseis line (Figure 3), stratigraphic details are 
observed in the high-resolution reflection data (Figure 5a). We interpret the sigmoidal seismic signatures 
(Figure 5b) to either represent impact breccia that slumped off the central uplift or debris flows'that were 
hor•zontal!y transported from outside of the crater. 
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Figure 6. CDP-stacked high-resolution section of the western edge of the terrace terrane; (a) processed 
section, (b) interpretation (compare Figure 3b). Indications of normal faulting and laterally varying 
stratigraphy is observed within the Paleozoic strata. 
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Figure 7. Comparison of the frequency-versus-amplitude 
spectra between the CDP-stacked high-resolution seismic data 
•nd the Vibroseis dam. These spectra are averaged over the 
•tem 1.6 km of the line (Figures 1, 3, and 4). The high- 
resolution data contain frequencies of up to approximately 150 
• whereas the Vibroseis sweeps were limited to frequencies 
upto 50 Hz. 

complex craters is SU=0.06 Da'.' [Grieve et al., 1981]. Using 
our interpreted apparent diameter of 35 km, which is identical to 
the estimate of Anderson and Hartung [1992], this relationship 
predicts approximately 3.0 km of uplift. The seismic data 
indicate a minimum of approximately 2.8 km of uplift. This 
estimate is made by calculating the difference between the 
drilling-confumed depth of crystalline rock at the central uplift 
and a linear extrapolation of the interpreted, crystalline-rock 
interface depth. The agreement between the two estimates is 
uausually good considering potential errors in seismic velocity 
m•lysis and associated inaccuracies in the time-to-depth 
conversion. 

Estimates of the kinetic energy at impact and impactor 
diameter for the MIS are discussed by Roddy et al. [1993]. 

Resolution Comparison 

The frequency bandwidth of line 2 is noticeably different than 
the bandwidth of the Vibroseis data (Figure 7). The high- 

resolution data contain frequencies of up to approximately 150 
I-h whereas the Vibroseis sweeps were limited to frequencies up 
to 50 Hz. A portion of data from the undisturbed zone illustrates 
the resolution differences between lines 1 and 2 and 

demonstrates how the data sets compliment each other (Figure 
8). The reflection event at 240 ms, eastern portion of Figure 8, 
is the first coherent seismic signal observed in the Vibroseis data 
and consists of a single positive peak. Data from line 2, in 
contrast, clearly show coherent seismic events as early as 80 ms 
two-way travel time, as well as laterally varying stratigraphy 
within the Paleozoic units. 

Stratigraphy Adjacent to the Central Uplift 

Seismic reflection data have aided the analysis of the 
Montagnais Structure, Nova Scotia, Canada. The Montagnais 
Structure is 45 km in diameter and 2.7 km deep and possesses a 
central uplift with a peak pit [Jansa et al., 1989]. A thick 
section of melt rock and impact breccia, known to be present 
through drilling, is interpreted by Jansa et al. [1989] to cap the 
central uplift. Jansa et al. [1989] suggest that the breccia cap 
material is preserved due perhaps to decreased erosion, since the 
Montagnais impact occurred in the ocean. If this argument is 
valid, the presence of clastic wedges surrounding the central 
uplift at Manson may represent late stage clastic deposition of 
matehal from the central uplift into the Cretaceous seaway. 

Crater Model 

The seismic reflection method has successfully imaged crater- 
like structures at the MIS site and allowed the development of a 
general crater model. A possible sequence of events leading to 
the present configuration of the 1VIIS is presented in Figure 9 and 
is based upon our interpretation of the seismic data, previous 
work by Anderson and Hartung [1992], and general impact 
models. The generalized preimpact stratigraphy is shown in 
Figure 9a. Upon impact the Mesozoic and Paleozoic sediments 
at ground zero were vaporized, melted, or ejected from the crater 
(Figure 9b). The impact-induced accelerations displaced 
portions of the Proterozoic clastic rocks downward and outward 
as the transient crater increased to its maximum size. During 
transient crater growth, a sequence of Paleozoic strata was 
stratigraphically overturned and dynamically deposited along 
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Figure 9. Possible sequence of events leading to the present-day structural configuration of the Manson 
Impact Structure; (a) preimpact geology, (b) maximum transient crater growth, and (c) present-day 
configuration. The stippled rectangle in Figure 9c is the portion of the crater imaged by the high-resolution 
reflection data (a line drawing interpretation is shown in Figure 10). 

margins of the h'ansient crater. Subsequent crater modifications 
included the slumping of large and small blocks into the 
transient crater and the formation of a centralized uplift, 
consisting of Proterozoic clastic and brecciated crystalline rock 
(Figure 9c). As the crater floor began to rise, debris flows and 
finpact breccia filled the transient crater. Clastic wedges that 
flank the central uplift, imaged by the high-resolution data, 
represent impact breccia that either slumped off the central 

uplift or was horizontally transported over I0 km horizontally. 
The flow of Proterozoic crystalline material toward the center of 
the crater enhanced normal faulting and deformation within the 
terrace terrane. The extent of postcrater deposition of Tertiao 
marine and fluvial sediments is not well 'known due to erosion 
[Anderson and liartung, 1992]. The crater was subsequentl) 
covered by 40 m of glacial till during the Pleistocene [Ruhe, 
1969]. 
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reflection data. The depths indicated are approximate due to changes in the velocity function along the line. 
Many of the small-scale features observed in the high-resolution data (Figures 4a-4f) are too small to be 
included at this scale. 

The interpretation of structures observed on the high- 
resolution line (reflectors less than 1.2 km in depth) is 
schematically illustrated in Figure 10. The major structural 
trends interpreted in the high-resolution reflection data 
strengthen and enhance interpretations of the Vibroseis data. At 
the scale shown in Figure 10, only the events that are traceable 
over hundreds of feet can be represented. 

Conclusions 

Analysis of Vibroseis and high-resolution seismic reflection 
data over the Manson Impact Structure, Iowa, indicates that the 
subsurface structures closely resemble general impact models 
and other known terrestrial impact craters. Individual 
interpretations of the MIS Vibroseis and high-resolution seismic 
data are complementary. This is due, in part, to the trade off 
between resolution and depth-of-energy penetration. The 
Vibroseis data successfully image the gross structural features, 
such as the presence of a central uplift, the approximate 
boundaries of the apparent crater, and the normal-faulted terrace 
terrane. The high-resolution data target small-scale features 
within the upper 1000 m of the MIS and allow drill core 
information to be extrapolated away from the well bore. Our 
structural interpretations strengthen and support previous MIS 
models [Anderson and Hattung, 1992]. 

The MIS central uplift is estimated to have a minimum 
diameter of over 7 km and to have undergone at least 2.8 'km of 
uplift. The annular trough that surrounds the central peak is 
estimated to be 0.6 to 0.7 'km deep. Sigrnoidal seismic 
signatures that flank the central uplift are interpreted to 
represent impact breccia and debris flow material that either 
slmnped off the central peak or was horizontally transported 
from outside the crater. The occurrence of clastic wedges at the 
edge of the central uplift and the shallow crater floor may 
support the hypothesis that the impact occurred in the 
Cretaceous seaway. Assuming radial symmetry, the interpreted 
annular trough diameter is 21 'kin. The boundary between the 
annular trough and the terrace terrane is identified by a distinct 
change in reflection character and the presence of a prominent 
subsurface block of Paleozoic strata. The terrace terrane is 
characterized by a series of normally faulted blocks. 

Stratigraphically overturned strata that are identified in drill data 
are seismically characterized by a highly reflective but somewhat 
chaotic signature. The edge of the apparent crater is identified 
by a series of normal faults, an increase in depth of the Paleozoic 
reflectors, and a decrease in the signal-to-noise ratio. Coherent, 
undeformed strata are imaged outside of the apparent crater. 
Assuming radial symmetry, the diameter of the MIS is 
interpreted to be 35 km. 

Appendix: Processing Flow 

Data format conversion, geometry application, automatic gain 
control scale, FK filter, frequency filter (time varying), velocity 
analysis, normal moveout, dip-moveout (Kirchhoff), normal 
moveout (inverse), trace edit, first arrival mute, surgical mute, 
elevation corrections, common-depth-point sort, velocity 
analysis, CDP stack, and migration. 
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