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ABSTRACT

The Decorah structure, recently discov-
ered in northeastern Iowa, now appears as
an almost entirely subsurface, deeply eroded
circular basin 5.6 km in diameter and ~200 m
deep, that truncates a near-horizontal series
of Upper Cambrian to Lower Ordovician
platform sediments. Initial analysis of geo-
logical and well-drilling data indicated char-
acteristics suggestive of meteorite impact:
a circular outline, a shallow basin shape,
discordance with the surrounding geology,
and a filling of anomalous sediments: (1) the
organic-rich Winneshiek Shale, which hosts
a distinctive fossil Lagerstiitte, (2) an under-
lying breccia composed of fragments from
the surrounding lithologies, and (3) a poorly
known series of sediments that includes shale
and possible breccia. Quartz grains in drill
samples of the breccia unit contain abundant
distinctive shock-deformation features in
~1% of the individual quartz grains, chiefly
planar fractures (cleavage) and planar defor-
mation features (PDFs). These features pro-
vide convincing evidence that the Decorah
structure originated by meteorite impact,
and current models of meteorite crater for-
mation indicate that it formed as a complex
impact crater originally ~6 km in diameter.
The subsurface characteristics of the lower
portion of the structure are not well known;
in particular, there is no evidence for the ex-
istence of a central uplift, a feature generally
observed in impact structures of comparable
size. The current estimated age of the Deco-
rah structure (460—483 Ma) suggests that it
may be associated with a group of Middle
Ordovician impact craters (a terrestrial ‘im-

ffrenchb@si.edu, huaibao-liu@uiowa.edu, derek
.briggs @yale.edu, brian-witzke @uiowa.edu.
*Corresponding author: rjmckayic @ gmail.com.

GSA Bulletin;

pact spike”) triggered by collisions in the as-
teroid belt at ca. 470 Ma.

INTRODUCTION

During the past few decades, impacts of large
extraterrestrial objects onto the Earth’s surface
have become recognized and generally accepted
as an important geological process (Grieve,
1991, 1997, 1998, 2001; French, 1998, 2004;
Lowman, 2002; Jourdan and Reimold, 2012;
Osinski and Pierazzo, 2013). It has also been
recognized that these rare but highly energetic
events can produce major and often widespread
geological effects, including the near-instanta-
neous formation of large geological structures,
the generation of large igneous bodies, the
creation of economic mineral and petroleum
deposits, the deposition of regional and even
global ejecta layers, and (in at least one case)
the production of a major biological extinction
(at the Cretaceous-Paleogene boundary, 66 Ma;
Schulte et al., 2010).

This recognition of terrestrial impact craters
and their effects has been based mainly on dis-
tinctive and permanent petrographic and geo-
chemical effects produced in target rocks and
minerals by the extreme and highly transient
conditions of pressure, temperature, stress, and
strain generated by the intense shock waves
uniquely created by hypervelocity impact events
(French and Short, 1968; French, 1998; French
and Koeberl, 2010; Koeberl, 2014). In practice,
one of the most widespread and widely used cri-
teria for the identification of shock waves and
meteorite impact structures has been the multi-
ple sets of narrow, closely spaced lamellae (pla-
nar deformation features [PDFs]) developed in
quartz (see papers in French and Short [1968];
also Stoffler and Langenhorst, 1994; Grieve et
al., 1996; Ferriere et al., 2009), although a small
number of other criteria (e.g., megascopic shat-
ter cones and unique geochemical signatures of

the impacting projectile) can also provide un-
ambiguous identifications of impact structures
(Tagle and Hecht, 2006; French and Koeberl,
2010; Koeberl, 2014).

Since the 1960s, the number of established
terrestrial meteorite structures has increased
steadily at a rate of a few new structures per year
(Grieve, 1998), chiefly because the recognition
of these shock-metamorphic features (generally
shatter cones and PDFs in quartz) has made it
possible to identify impact structures that are
old, poorly exposed, deeply eroded, buried, or
even subjected to post-impact metamorphism.
At present, more than 190 preserved impact
structures have been definitely identified (Earth
Impact Database, 2016), and model calculations
suggest that at least several hundred preserved
impact structures remain to be discovered on the
land areas of the earth (Trefil and Raup, 1990;
Grieve, 1991; Stewart, 2011; Hergarten and
Kenkmann, 2015).

This growing population of recognized im-
pact structures, and the increasing diversity and
complexity displayed by individual structures,
have made it possible for current research ef-
forts to expand beyond the simple identification
of new structures and to explore more general
impact-related problems: the mechanics and
complexities of large crater formation, the na-
ture of impact-produced rock deformation, the
establishment of new criteria for impact events,
the effects of the target geologic setting on im-
pact crater development, and the wider geologi-
cal and environmental consequences of impact
events, However, despite the large number of
presently known impact structures and the so-
phisticated state of current impact research, the
field continues to evolve rapidly and unpredict-
ably, and the identification of new impact struc-
tures remains an essential source of new data
and of new and often unexpected questions.

In this paper, we describe the geology and
origin of the Decorah structure, now present
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as a small, isolated circular basin (diameter
~5.6 km) in virtually undeformed Upper Cam-
brian and Lower Ordovician cratonic strata in
northeastern Iowa (Liu et al., 2009; McKay
et al., 2010, 2011). This structure, recognized
during the investigation of a new Konservat-
Lagerstitte, the Winneshiek Lagerstitte (Liu
et al., 2006, 2007a), is almost entirely sub-
surface, appearing as an area of localized and
anomalous sedimentary strata and structural
deformation. The basin contains strata unlike
those of the surrounding Cambrian through
Ordovician rocks (McKay et al., 2010, 2011;
Witzke et al., 2011; Wolter et al., 2011). At
present, two distinct lithologies are well rec-
ognized in the upper portion of the basin-
filling sediments: (1) the Winneshiek Shale
(Wolter et al., 2011), a greenish-gray to black
shale, and (2) an underlying polymict brec-
cia apparently derived from local lithologies
(McKay et al., 2010, 2011). A third series of
rock types, shale, and possible sandstone brec-
cia, are poorly known from the deeper por-
tions of the basin. The areal extent of the basin
is presently defined by the known distribution
of the Winneshiek Shale, the uppermost basin-
fill unit.

In particular, we report here the results of
petrographic and petrofabric examinations of
quartz grains from small samples of the sub-
surface polymict breccia underlying the Win-
neshiek Shale. We provide evidence that mi-
croscopic deformation features in the quartz
grains are shock-produced planar fractures
(PFs) and PDFs, establishing that the Decorah
structure was formed by an extraterrestrial im-
pact. We use hereafter the name “Decorah im-
pact structure,” after the city of Decorah, which
overlies 40% of the structure. The name was
originally introduced by Kass et al. (2013a,
2013Db), following their initial analysis of air-
borne geophysical survey data collected for the
study of Precambrian basement geology in a
coincident but much larger study area.

Although generally similar to many known
impact structures of comparable size, the Dec-
orah structure reveals some unusual character-
istics: (1) it is one of only a small number of
impact structures developed entirely in a target
of layered sediments, with apparently no in-
volvement of the underlying crystalline base-
ment; (2) it displays no evidence of a central
uplift, a structural feature generally present in
impact structures of comparable size; and (3) it
has apparently undergone post-impact erosion
of ~300-500 m of originally overlying pre-
impact sediments, together with such original
impact-produced features as an uplifted crater
rim and an ejecta layer that surrounded the
original structure.
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GEOLOGY OF THE DECORAH
STRUCTURE

Regional Geology, Target Rocks, and Age

The Decorah structure is located in Win-
neshiek County, northeastern Iowa (Fig. 1); its
center is located at latitude 43°18” 49” and lon-
gitude 91°46719”. The structure lies within the
Paleozoic Plateau landform region of Iowa, an
area of relatively high topographic relief and
thin Quaternary deposits lying upon Paleozoic
bedrock (Prior, 1991). The upper surface of the
structure, currently best defined by the mostly
subsurface distribution of the Winneshiek
Shale, spans a circular area of ~24.8 km?2 About
10.1 km? of the structure underlies the town of
Decorah. The bedrock-entrenched Upper Iowa

River meanders across the southern half of the
structure where, on average, 20 m of Quaternary
alluvium overlies bedrock. The depth to the top
of structure varies from O m at the river level
outcrop of the Winneshiek Shale near the struc-
ture’s eastern edge to 111 m along the north-
western margin on the upland above the
river valley.

Paleozoic bedrock in the region is a gently
tilted sequence of Upper Cambrian through
Upper Ordovician cratonic sedimentary strata
(Table 1), chiefly quartzose and fine-grained
feldspathic arenites, carbonate rocks, and lesser
shale (Witzke and McKay, 1987; Witzke and
Glenister, 1987; McKay, 1988, 1993; Lud-
vigson and Bunker, 2005; Runkel et al., 1998,
2007, 2008; Wolter et al., 2011). The maximum
thickness of Paleozoic strata is estimated from
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Figure 1. Location map showing the Decorah impact structure in Winneshiek
County, northeastern Iowa. Inset maps show details of the 385 km? study area, the
Decorah impact structure, the incorporated limits of the city of Decorah, Iowa, the
Upper Iowa River, and the U.S. Geological Survey 7.5 min Decorah and Freeport

quadrangles.
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TABLE 1. STRATIGRAPHY OF PALEOZOIC UNITS IN THE VICINITY OF THE DECORAH IMPACT STRUCTURE

System Group/formation Thickness Lithology
(m)
Upper Ordovician Maquoketa Formation 35 Limestone and shale
Galena Group
Dubuque Formation 10 Limestone and minor shale
Wise Lake Formation 21 Limestone, dolomitic, bioturbated
Dunleith Formation 42 Limestone, dolomitic, cherty
Decorah Formation 13-14 Shale and limestone, two K-bentonites
Platteville Formation 8 Limestone
Glenwood Shale 3 Shale and minor siltstone
Middle Ordovician St. Peter Sandstone 17-31 Fine- to medium-grained quartzose sandstone
Lower Ordovician Major unconformity
Prairie du Chien Group
Shakopee Formation* 19-42 Dolomite, sandy dolomite, and fine- to coarse-
grained quartzose sandstone
Unconformity
Oneota Formation* 59-62  Dolomite, cherty
Upper Cambrian Unconformity
Jordan Sandstone* 28-31 Very-fine to coarse-grained feldspathic to quartzose
sandstone
St. Lawrence Formation* 37 Dolomite and dolomitic siltstone, glauconitic
Lone Rock Formation* 43 Very fine- to fine-grained feldspathic sandstone,
shale, minor dolomite, glauconitic
Wonewoc Formation 40-44 Fine- to coarse-grained quartzose sandstone
Eau Claire Formation 41-50 Very fine-to fine-grained feldspathic sandstone and
shale, minor dolomite, glauconitic
Mt. Simon Formation 140-180" Fine- to very coarse-grained quartzose sandstone,

minor shale

Note: Thickness values derived from measured sections and well data in lowa Geological Survey files and

publications cited in text.

*Unit is absent from the area within the Decorah impact structure, and is replaced by the Winneshiek Shale

and sub-Winneshiek breccia, sandstone and shale.
fEstimated.

drill hole information to be 620 m. Formations
dip uniformly to the southwest at an average
of 7.2 m/km (<0.5°), a subdued structural atti-
tude typical of the region. Compared to much
of Iowa, bedrock exposures, especially along
valley walls, are common, but Quaternary col-
luvium, loess, and patchy glacial till up to a few
meters thick mantle large portions of the valley
walls and uplands.

The Paleozoic strata are underlain by a Pre-
cambrian (Mesoproterozoic) mafic to ultramafic
complex thought to intrude Yavapai province
(1.8-1.72 Ga) metagabbro and felsic plutons
(Drenth et al., 2015). This basement complex is
estimated to be present at depths of 490-620 m
below the land surface.

Paleozoic formations in the region have pri-
marily been dated using biostratigraphy, but ra-
diometric age dates from three K-bentonites in
the overlying Galena Group (Kolata et al., 1996)
provide additional age constraints on the struc-
ture. Of the three bentonites, the most accurately
dated is the Millbrig K-bentonite, 1 m above
the base of the Decorah Formation and ~37 m
above the top of the Winneshiek Shale. ““Ar/*Ar
single crystal laser fusion experiments on sani-

dine phenocrysts from the Millbrig yielded ages
of 454-449 Ma (Chetel et al., 2004, 2005; Smith
et al., 2011), a Late Ordovician age straddling
the Sandbian—Katian stage boundary (Cohen
et al., 2013). This figure provides a minimum
absolute age for the Decorah structure, but con-
odonts from both the crater-filling Winneshiek
Shale, and the overlying crater-capping St. Pe-
ter Sandstone, are likely middle-late Darriwil-
ian (Liu et al., 2017), indicating a minimum
age of 460—465 Ma for the Decorah structure.
A maximum age is provided by distinctive con-
odont faunas from the Shakopee Formation, the
youngest rock unit currently preserved that is
disturbed by the structure. These faunas, part
of the North American Midcontinent Province
fauna (NAMP), contain elements of Ibexian
fauna D (Smith and Clark, 1996), and are rep-
resentative of the middle Tremadocian. Thus
the Decorah structure was formed between the
middle Tremadocian and the middle Darriwil-
ian, 460483 Ma (Cohen et al., 2013). (A re-
cently published study [Bergstrom et al., 2018]
has used 8"*C,,, chemostratigraphy to estimate
the age of the Winneshiek Shale and the Deco-
rah impact structure as 464-467 Ma, values
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that are consistent with the other estimates
given here.)

General Features of the Decorah Structure

The approximate areal extent of the Deco-
rah structure is defined chiefly by the occur-
rence of the unusual Winneshiek Shale (Liu et
al., 2006), which is the uppermost basin-filling
unit. Occurrences of the shale, identified in one
small surface outcrop, water-well drill-cut-
tings, drillers’ logs, and drill cores (McKay et
al., 2010, 2011) define a roughly circular area
with a diameter of ~5.6 km (Fig. 2). More than
478 study area well records and 85 outcrops
were examined in support of this delineation.
Of those records, 35 encounter Winneshiek
Shale and 23 sub-Winneshiek breccia. Subse-
quent airborne transient electromagnetic data
identified and mapped the Winneshiek Shale
as a circular conductor aligned nearly per-
fectly with the distribution mapped from the
drill hole and outcrop data (Kass et al., 2013a,
2013b). The structure truncates the Cambrian
Lone Rock, St. Lawrence, and Jordan forma-
tions, and the Ordovician Oneota and Shako-
pee formations (Fig. 3 and Table 1). The basin,
and the rocks that fill it, are almost completely
in the subsurface. About 94% (23.4 km?) of the
structure is disconformably overlain by the St.
Peter Sandstone, and ~6% (1.49 km?) is uncon-
formably overlain by Quaternary alluvium of
the Upper Iowa River. The uppermost basin fill
(Winneshiek Shale) and deformed pre-impact
target rocks are exposed at the present land
surface in two separate small outcrops totaling
less than 20 m?.

The distribution of Winneshiek Shale (Fig. 2),
and the singular occurrence of deformed sedi-
mentary rocks, define a roughly circular struc-
ture. Data from well cuttings and drill core
samples indicate that this structure is a basin
~210 m in maximum depth, filled completely by
a series of unique local lithologies not found in
the surrounding sedimentary succession. Data
on the substructure of the central portion of the
basin are currently confined to a single set of
well cuttings (Fig. 3: Well 53572). This infor-
mation is not sufficient to determine the exact
nature of the floor of the structure, the location
of the boundary between breccia and underly-
ing bedrock, or the degree of deformation and
displacement of the pre-basin sedimentary bed-
rock units. In particular, there is no indication as
to whether or not the Decorah impact structure
exhibits a central uplift of the subcrater rocks,
a feature typical for impact structures of com-
parable size (e.g., Grieve, 1991; Grieve and
Pilkington, 1996). (See discussion below under
“Apparent Absence of a Central Uplift”).
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Figure 2. Map showing the locations and types of geologic data (well boreholes, outcrops, subcrop, etc.) used to
define the distribution of the Winneshiek Shale. This unit occurs only within a circle ~5.6 km in diameter, labeled
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neshiek Shale is present at the bedrock surface but overlain by Quaternary alluvium, i.e., in the southeast quad-
rant of the structure.
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The Decorah structure is expressed by features
of its internal stratigraphy (Figs. 3 and 4): (1) an
absence of units within the normal stratigraphy
of the area (Lone Rock through Shakopee forma-
tions); (2) indications of deformation and down-
dropping of the normal sedimentary section;
(3) the circular distribution, at the top of the ba-

French et al.

sin, of the Winneshiek Shale, a distinctive green-
ish-gray to black shale which contains a striking
fossil Lagerstitte and is unknown outside the
structure; and (4) the presence of an unusual and
thick breccia unit, composed of large and small
fragments of several units in the normal stratigra-
phy, underlying the Winneshiek Shale.
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Surface Exposures and Access to
Subsurface Crater-Fill Units

Surface exposures of the units involved in the
Decorah structure are limited to one small river-
bank exposure of the Winneshiek Shale and one
demonstrably deformed and brecciated outcrop
of Shakopee Formation. Both exposures occur
along the Upper Iowa River at low elevations
near the up-dip eastern side of the structure. The
Winneshiek Shale exposure is the locality where
the Winneshiek fauna has been collected (Liu,
et al., 2006, 2007a, 2007b, 2009, 2013, 2017,
Lamsdell et al. 2015a, 2015b; Nowak et al.,
2017, 2018; Briggs et al., 2016; Hawkins et al.,
2018). The H2 core (Figs. 5 and 6) was drilled
at this locality above the outcrop.

A single exposure of deformed and brecci-
ated Shakopee dolomite (Fig. 7) was discovered
on the grounds of the Oneota Country Club after
the basin boundary was mapped. This Shakopee
outcrop is located ~50 m east of the bound-
ary, which in this area is buried beneath Upper
Iowa River alluvium. The outcrop apparently
represents pre-impact target rock just outside
the crater boundary, and the dolomite exhibits
dips that are steep and irregular; values >10°
and possibly up to 55° were noted, in contrast
to the dips of <1° that are normal in the region.
The outcrop also shows significant deformation
(Fig. 7) compared to exposures of the same unit
further outside the basin: general and pervasive
closely spaced fracturing, multiple subparal-
lel fracture sets, local in-place autobrecciation,
possible tight overturned folding, and possible
faulting and displacement. No exotic breccias
(e.g., intrusive polymict breccia dikes) were ob-
served. Shatter cones, which are features diag-
nostic of meteorite impact (French and Koeberl,
2010, p. 129) and are often well developed in
fine-grained carbonate target rocks, were also
not found.

Twenty-three of the 35 drill records that en-
counter Winneshiek Shale are deep enough to
indicate the presence of sub-Winneshiek brec-
cia, but only 18 of those include satisfactory
samples of both Winneshiek Shale and sub-
Winneshiek breccia. Of those 18 holes, two
were cored; the other 16 were drilled as water
wells, and drill-cutting chips were routinely col-
lected and saved as samples. Four of the water
wells are interpreted to penetrate the entire ba-
sin fill; three of these are located near the basin
margin (Wells 124, 5885, and 25454) and one
near the basin center (Well 53572); the remain-
ing holes penetrate the sub-Winneshiek breccia
from 16 to 108 m. All well numbers have been
assigned by the Iowa Geological Survey, and all
collected samples are permanently stored in the
Rock Library.


https://www.iihr.uiowa.edu/igs/geosam/home
https://www.iihr.uiowa.edu/igs/geosam/home
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Figure 5. Graphic core log of the H2 core
located 0.32 km inside the mapped eastern
basin edge (see Fig. 2), and drilled above the
only known outcrop of Winneshiek Shale.
The core makes a full penetration of the
Winneshiek Shale and a partial penetration
of the sub-Winneshiek breccia. The upper
portion of the breccia grades upward from
breccia into very coarse sandstone, then
into finer sandstone with shale interbeds,
and finally into the fossiliferous Winneshiek
Shale. The contact between the breccia and
the overlying Winneshiek shale is placed at
a depth of ~18.5 m, at the first appearance
of shale; this coincides with the presence of
minor burrow traces. The overlying discon-
formable contact between the Winneshiek
Shale and the St. Peter Sandstone (Ss.), at
~2 m depth, is very sharp and displays a
truncated and oxidized weathered appear-
ance. A concentration of heavy minerals
dominated by ilmenite and zircon, i.e., a
heavy mineral lag deposit, was recovered
at this contact from the adjacent excavated
outcrop. TD—total depth.

>
>

The basin fill (Figs. 3, 4, 5, and 6) includes
two units of particular significance. A lower (un-
named) breccia unit (Figs. 5 and 6) is composed
of large and small, poorly sorted fragments of
locally derived carbonates and sandstones; this
unit may be partly or completely formed by
sedimentary processes, It includes numerous
rounded single quartz grains <2 mm in size, of
which approximately <1% contain planar mi-
crostructures (both PFs and PDFs) produced by
shock waves and described below. The overly-
ing, clearly sedimentary, Winneshiek Shale var-
ies from ~17-27 m in thickness across the basin,
contains the unusual Lagerstitte deposit (Liu et
al., 2006), and is itself overlain disconformably
by the Ordovician St. Peter Sandstone and Qua-
ternary alluvium.

Crater-Fill Units: The Crater-Fill Breccia

A presently unnamed and complicated series
of possible sediments and/or breccias, so far ac-
cessible only from drill cores and drill cuttings,
underlies the Winneshiek Shale and apparently
fills the remainder of the basin down to a ten-
tatively identified floor of Paleozoic sedimen-
tary bedrock (Figs. 3 and 4). Because the few
available coherent samples, obtained from two
drill cores, show a highly fragmental and poorly
sorted texture (see discussion of Sample H2-1-2,
below), this unit is provisionally referred to as
“crater-fill breccia,” without considering the de-
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tails of its origin and deposition. The maximum
thickness of this unit is estimated to be 184 m.
This value, however, is based on cross-section
constructions, which are highly dependent on
only four wells with apparent full penetration
of the unit (Fig. 3). In addition, only one of the
full-penetration holes (Well 53572; Fig. 4) is lo-
cated near the structure’s center; the others are
proximal to the basin edge.

Studies of drill hole cuttings indicate that
the crater-fill breccia is complex and lithologi-
cally variable (Fig. 4). Three units can be dis-
tinguished below the Winneshiek Shale in these

Geological Society of America Bulletin

Figure 6. Macroscopic view of a segment
of the H2 core (depth 33.23-33.38 m) from
which sample H2-1-2 was cut at a depth of
33.36 m. The sample is a matrix-supported
breccia containing larger (cm-sized) angu-
lar to subangular clasts that range in color
from light gray to medium gray. These
larger clasts are dominantly dolomite with
lesser sandstone; white clasts are chert. The
matrix is a mixture of mm- to sub-mm-sized
quartz grains, lesser amounts of feldspar
and glauconite grains, and dolomite grains
ranging in size from silt to sand.

cuttings, particularly from Well 53572. From
top to bottom, they are: (1) a series of lithologi-
cally variable breccias containing sandstone,
dolomite, and minor shale (thickness ~84 m);
(2) red-brown to gray-green shale (~24 m); and
(3) sandstone breccia and loose sand (~52 m).
The diversity of inferred rock types, and par-
ticularly the occurrence of a shale layer between
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Figure 7. Exposure of abnormally fractured and deformed Shakopee dolomite, located just outside the SE rim of the Decorah
structure (see Fig. 2). View is to north; outcrop face trends approximately east-west. Mapped crater boundary is about 50 m to
west (left). This outcrop, the only known surface exposure of visibly deformed pre-impact target rocks close to the structure,
shows intense fracturing and deformation that are inconsistent with the typically undeformed character of the same bedrock
further away from the structure. At least three sets of closely spaced subparallel fractures are visible, displaying shallow dips to
the left, right, and forward (toward the observer). The V-shaped structure, immediately to the left of the geologist’s right hand,
may be a recumbent fold whose axial plane dips to the left. The central portion of this structure is a monomict breccia.

two breccia units, suggests a basin-filling history
that is complex and prolonged, perhaps reflect-
ing the post-impact sedimentary complexities
that occur in impact structures formed in marine
targets involving a significant depth of overlying
water (e.g., Ormo and Lindstrom, 2000; Dypvik
and Jansa, 2003).

The most informative samples of the breccia
unit come from partial penetrations of the up-
per 16-26 m of the breccia in two cores within
the structure, 62035 (CS1) and 80238 (H2) (see
Figs. 3 and 5); all other breccia samples are rep-
resented by drill cuttings. The breccia is com-
posed of angular to subangular clasts of dolo-
mite, sandstone, chert, and less shale in a matrix
of very fine to coarse sand-sized dolomite and
quartz, with subordinate grains of feldspar and
glauconite. Clasts, in particular dolomite clasts,

range up to 25 cm in length; Figure 6 shows a
representative core sample of breccia that con-
tains smaller clasts.

In addition to the two cores, 16 logged wells
yielded relatively reliable drill cuttings of sub-
Winneshiek material. Prior to the recovery of
the first core (H2), we suspected that several
sub-Winneshiek drill cuttings sample sets repre-
sented penetration of breccia or conglomeratic
strata (due to the unusual mix of rock and grain
types), with occasionally observed fine matrix
coating on what appeared to be small (<1 cm)
clasts in a few samples. Uncertainty about the
actual rock fabric prevailed, however, until we
were able to directly observe the breccia fabric
in core samples. This observational uncertainty
must have also puzzled earlier geological sur-
vey well loggers, because historic logs, dating
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between 1939 and the early 1990s, noted an ab-
normal mix of rock and grain types, as well as
apparently abnormal formational thicknesses,
even though the loggers applied normal strati-
graphic calls to the logs. Upon retrieval of the
two cores, which verified the presence of brec-
cia below the shale, we reinterpreted all the his-
toric logs and reexamined some of those sample
sets. However, uncertainty concerning several
aspects of both the older and more recent cut-
tings samples remains, most notably the exact
point of contact between the crater-fill breccia
and the crater wall and floor (or down-dropped
blocks) in several of the wells.

Despite the inherent problems in the interpre-
tation of drill cuttings, it is clear that the crater-
fill breccia is lithologically variable horizontally
as well as vertically. Examination of fragment
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types in several sets of well cuttings revealed a
radial cross-basin variation in the breccia unit:
carbonate lithologies (dolomite) dominate near
the basin rim and siliciclastic (sandstone) frag-
ments toward the center (Fig. 8). However, the
present data are not adequate to reveal whether
this variation reflects processes in the primary
impact (e.g., deeper excavation in the center,
removing more deeply buried Cambrian sand-
stones) or subsequent depositional effects (het-
erogeneities in the source areas or sedimentary
sorting mechanisms).

Crater-Fill Units: The Winneshiek Shale

The Winneshiek Shale was originally de-
scribed as “a greenish brown to dark-gray finely
laminated sandy shale with a significant organic
carbon and pyrite content” (Liu et al., 2006,
p- 969). In outcrop and core samples, it is a se-
ries of alternating sub-mm- to mm-thick silty to
sandy shale laminae suggestive of prolonged de-
position in a quiet-water environment.

The Winneshiek Shale is fully penetrated
by 20 drill holes and ranges in thickness from
17 to 27 m. The most reliable shale thickness
data come from the two cores CS1 and H2
(62035 and 80238) and a water well (53572),
which yielded a natural gamma and cuttings log
(Fig. 4). Shale thickness in the cores, which are
located 0.6 and 0.3 km from the basin edge and
2.2 and 2.5 km from the basin center (Figs. 3
and 18B), ranges from 17 to 18 m. Shale thick-
ness in Well 53572, which is 0.35 km from the
basin center, is 26 m as measured from con-
sideration of both drill cuttings and a natural
gamma log (Fig. 4). All subsurface and airborne
electromagnetic data (Kass et al., 2013a, 2013b)
suggest that the Winneshiek Shale is the upper-
most basin-fill unit across the entire structure.

SAMPLE COLLECTION,
PREPARATION, AND STUDY
METHODS

In typical impact structures, the diagnostic
indicators of impact-produced shock metamor-
phism tend to be located in specific regions
within the structure, particularly in units of
crater-fill breccias that are deposited in the cra-
ter immediately after excavation of the origi-
nal bowl-shaped cavity (see e.g., Dence, 1968;
Grieve, 1987; French, 1998, Chs. 3, 5). Such
units, and the shock-metamorphosed fragments
they contain, have been critical in providing
convincing evidence for the impact origin of
suspected structures, often through samples ob-
tained by drilling (Dence, 1968; Dence et al.,
1968; Grieve, 1987). At the Decorah structure,
access to these crater-fill units is severely lim-
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Figure 8. Graph showing lithologic variation of rock types in drill
cuttings from the Decorah impact structure crater-fill breccias
and related units as a function of radial distance within the cra-
ter. Data from 16 rotary churn-drill holes and 2 cores (e.g., Figs. 3
and 18) located at various radial distances within the structure
(X-axis) are presented as the percentage of carbonate lithologies in
fragments (Y-axis) as a function of distance (in m) outward from
the center of the structure. The data show a pronounced change
in the lithologies obtained across the crater: carbonate lithologies
appear more abundant (70-100%) in the breccia units near the
crater rim, while siliciclastic lithologies dominate closer to the cra-

ter center (60-90+%).

ited by the complete lack of crater-fill breccia
exposures, and samples of these critical litholo-
gies (i.e., the polymict breccias beneath the
Winneshiek Shale) could be obtained only from
drill holes that encountered the breccia (Figs. 3,
4, and 5).

In our study, this limitation is offset by the fact
that the identification of diagnostic shock effects
(especially PFs and PDFs in quartz) can be suc-
cessfully carried out on small samples and even
on individual mineral grains (e.g., Stoffler and
Langenhorst, 1994; Grieve et al., 1996; Mon-
tanari and Koeberl, 2000). The samples studied
were obtained from two drill holes on the south-
east periphery of the structure that penetrated
the polymict breccia underlying the Winneshiek
Shale: a rotary drill hole (52450) and a shorter
core-drill hole (H2). (See Fig. 18B for locations.)

Two samples, one from each hole, were se-
lected for detailed study. (In the descriptions
below, we follow earlier writers [Stoffler and
Langenhorst, 1994; French et al., 2004; French
and Koeberl, 2010] in using the nongenetic
term planar microstructures [PMs] for all pla-
nar or quasi-planar deformation features in
quartz, while planar fractures [PFs] and planar
deformation features [PDFs] are more strictly
defined and regarded as unique and diagnostic
shock-wave products that identify meteorite im-
pact events.)

1. Sample H2-1-2, a 2.5 by 4.0 cm specimen
from a 5-cm-diameter drill core, comes from a
depth of 33.36 m in the H2 core (Figs. 5 and
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6) and was examined in a standard petrographic
thin section (Fig. 9). The sample depth is ~15 m
below the top of the breccia.

2. The other sample, from Well 52450, was
obtained from a rotary drill hole cuttings sam-
ple composed dominantly of dolomite, single
quartz grains, minor feldspar, and other miner-
als (Fig. 10). Sample depth was an interval of
cuttings from 80.8 to 82.3 m, ~8 m below the
top of the breccia unit. The quartz grains were
generally loose, matrix free, and rounded to bro-
ken and angular in shape; the original content of
deformed grains showing planar microdeforma-
tions (PFs and/or PDFs) was visually estimated
to be <1% by number. This sample was washed
in tap water and oven dried at 70 °C; individual
grains in the range of 0.5-1.5 mm in size were
then handpicked under a binocular microscope
in reflected light at magnifications of less than
40x. Grains with highly developed sets of pla-
nar microstructures (PFs and PDFs) appeared
white, opaque, and fractured in reflected light
(Fig. 10) as a result of internal reflections. These
white, opaque grains were handpicked to pro-
duce a concentrate in which the percentage of
quartz grains with PFs and/or PDFs was in-
creased from <1% to >75%. The concentrated
grains were incorporated into an epoxy plug
2.0 cm in diameter, cemented to a thin section,
and ground and polished to a standard thickness
of ~0.03 mm for petrographic studies.

Petrographic thin sections from both sam-
ples were examined on a standard polarizing
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Figure 9. Microscopic views of a thin sec-
tion of the breccia underlying the Win-
neshiek Shale in the basin of the Decorah
impact structure. (Core Hole H2, Sample
H2-1-2, depth 33.2-33.3 m; plane-polar-
ized light.) (A) Wide-field view of the unit,
which consists of diverse, poorly sorted rock
and mineral clasts, typically a few tenths
of a mm to a few cm in size, enclosed in a
matrix of finer clasts and carbonate mate-
rial. Gray clasts are carbonate rock frag-
ments; smaller white clasts are individual
quartz grains, usually single. The diversity
of rock types in this unit includes (typical
examples indicated by numbered arrows):
(1) microcrystalline carbonate rock, with
typical grain sizes of 50-150 pm, containing
oval structures resembling oolites or possi-
bly microfossils (white circular areas in the
clast are holes in the thin section); (2) micro-
crystalline carbonate rock, composed of
granular carbonate (dolomite?) crystals
typically 100-300 um in size; (3) very fine
microcrystalline carbonate rock composed
of crystals typically 10-50 pm in size, ac-
companied by fine dark opaque material
(organics?); (4) (in white-outlined box)
multiple individual quartz grains contain-
ing shock-produced planar microstructures
(PMs); two grains (#4, white arrows) have
well-developed PMs and display a pale to
dark yellowish color producing a so-called
“toasted” appearance. (B) Enlarged view
of area enclosed in box (inset) of (A), show-
ing three large individual quartz grains
(white arrows; center and upper center) in
a matrix of small carbonate rock fragments,
single quartz grains, and finer material. The
three indicated quartz grains show multiple
sets of PMs interpreted as shock-produced
planar fractures (PFs). In contrast to the
lower, larger grain (lowest arrow), which
appears transparent (white) in thin section,
the upper two grains (upper arrows) display
a pale to dark yellowish color giving them a
“toasted” appearance.
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Figure 10. Binocular microscopic views
of two quartz grain types (unshocked and
shock-deformed) representative of grains
found in cuttings sample from Well W52450,
depth 80.8-82.3 m. Individual grains were
handpicked from the sample under binocu-
lar microscope examination. (A) A typical
smooth, rounded, and translucent quartz
grain characteristic of the majority of
quartz found in the coarser-grained Cam-
brian and Ordovician sandstones of the
study area. Scale bar = 1 mm. (B) A white,
opaque quartz grain exhibiting parallel sets
of widely spaced fractures. Grains exhib-
iting this appearance are distinguishable
from the more abundant translucent grains
(A) and were concentrated by handpicking
for thin sectioning and petrographic exami-
nation. Scale bar = 1 mm.

microscope (flat-stage) and then transferred to a
4-axis Leitz Universal stage (U-stage) for mea-
surement of the polar angles (LAc) between
the quartz c-axis and the poles to the various
PF and PDF planes, using standard methods
(e.g., Robertson et al., 1968; Engelhardt and
Bertsch, 1969; Stoffler and Langenhorst, 1994;
Grieve et al., 1996; Montanari and Koeberl,

2000, p. 295-300; French et al., 2004; Ferriere
et al., 2009). Both samples provided sufficient
quartz grains to produce a statistically robust
number (> ~100) of polar angle measurements
and their angular distributions (Robertson et al.,
1968; Ferriere et al., 2009). Only observable
PMs were recorded; no correction was made for
possible unobservable PMs lying in the “zone
of inaccessibility”” outside the range of possible
U-stage rotations (see, e.g., Engelhardt and
Bertsch, 1969; Stoffler and Langenhorst, 1994;
Ferriere et al., 2009).

Polar angle measurements were initially plot-
ted by hand to produce a standard histogram of
the number of measurements versus their angu-
lar distribution (Robertson et al., 1968; Alexo-
poulos et al., 1988; Stoffler and Langenhorst,
1994; Grieve et al., 1996). The individual ori-
entation measurements were then replotted on a
Waulff (stereographic) stereonet with the quartz
c-axis rotated to vertical, producing a so-called
“rectified” or “spike” plot. For each measured
grain, this plot was then overlain with a stereo-
graphic template of quartz orientations in order
to assign specific Miller index {hkil} values to
the individual planes (for details, see Engelhardt
and Bertsch, 1969; Stoffler and Langenhorst,
1994; Grieve et al., 1996; Montanari and Koe-
berl, 2000, p. 295-300).

All plotting and {hkil} determination mea-
surements were done by hand; although several
automated methods are now available (e.g.,
Huber et al., 2011; Losiak et al., 2016), they
have not been tested on large populations of
measured PFs and PDFs, and we therefore did
not apply them in this study. We used the older
stereographic template (Engelhardt and Bertsch,
1969) containing 10 quartz {hkil} forms, rather
than the recently proposed version containing
15 forms (introduced by Ferriere et al., 2009,
Table 1). Using the older template does not re-
sult in any serious differences in the orientation
patterns obtained (see discussions in Ferriere et
al., 2009), and has the advantage of making it
possible to compare our petrofabric results di-
rectly with those of earlier studies on other im-
pact structures (e.g., French et al., 1974, 2004).

RESULTS
Sample Petrography

Sample H2-1-2

This sample is a fine, poorly sorted, possi-
bly sedimentary, polymict breccia composed
chiefly of a variety of fragments of carbonate
and sandstone rocks and individual mineral
fragments (Fig. 9A). The lithology is structure-
less, and individual fragments show apparently
random sorting and orientation. Percentages of
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different rock and mineral components (visu-
ally estimated) vary significantly with location
in the thin section. Rock and mineral fragments
>1 mm in size (and mostly as large as 5-10 mm)
are typically angular and blocky and make up
~50% of the sample. Most of these fragments
consist of various microcrystalline carbonate
lithologies with grain sizes ranging from fine-
(50-100 pm) to medium-grained (0.1-0.4 mm).
All the carbonate appears to be dolomite, with
no calcite present. Some carbonate fragments
contain occasional thin layers of small (0.1-
0.5 mm) rounded quartz grains. A few typical
carbonate fabrics, such as oolitic to peloidal,
are evident in the dolomite clasts; such textures
are found in both the Oneota and Shakopee
formations.

Single quartz grains 0.2-2 mm in size con-
stitute ~25% of any given field of view, and a
few exotic grains and fragments are present:
microcrystalline chert, shale, crystalline quartz-
rich and quartz-feldspar metamorphic(?) rocks,
and fine-grained quartz-feldspar (volcanic?)
rocks with lath-like feldspars forming appar-
ently microgranophyric textures. The single
mineral grains are overwhelmingly quartz, with
very rare feldspar and glauconite. The feldspar
grains are fine- to very fine-grained and usually
have a rounded grain core with angular feldspar
overgrowths, a texture typical for very fine- to
fine-grained feldspathic sandstones in the Up-
per Cambrian of the Mississippi Valley region
(Odom, 1975). Matrix materials (rock and min-
eral fragments <1 mm), including single quartz
grains, constitute ~50% of the unit, and the in-
dividual rock and mineral fragments (=1 mm),
chiefly carbonate rocks, chert and individual
quartz grains, occur in a fine microcrystalline
carbonate cement (~5%).

The breccia consists almost entirely of rock
and mineral fragments derived from local sand-
stone and carbonate strata that enclose the Dec-
orah structure, together with a small percentage
of granitic and volcanic(?) lithologies probably
derived originally from the underlying Precam-
brian crystalline basement. The rarity of these
latter fragments (<1%) in the breccia suggests
that they were not derived from direct excava-
tion of the basement but were present as isolated
pre-impact clasts in the younger sediments (e.g.,
the Cambrian sandstones) that were excavated
by the impact (see Table 1).

Individual quartz grains constitute ~25%—
50% of the matrix material and up to 25% of
the overall sample, although estimated percent-
ages vary significantly (from 10 to 25%) with
location in the thin section. The quartz grains
are generally single individuals, spheroidal to
ellipsoidal in shape, and generally rounded to
subrounded (Fig. 9B), although small grains
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Figure 11. Shock-produced planar microstructures (“P1 features” or planar fractures ([PFs]), developed in individual quartz grains from
crater-fill breccia unit of the Decorah impact structure. (A) Irregular, partly rounded individual quartz grain from the breccia unit un-
derlying the Winneshiek Shale, showing three sets of shock-produced PFs: a prominent set parallel to the base (0001) and subordinate sets
parallel to the {1121} and {1122} planes. The lower boundary of the grain shows a steplike character produced by the spalling of quartz
fragments along the fracture sets, indicating that the separation planes are indeed open fractures. (Core Hole H2, Sample H2-1-2, depth
~33.2-33.3 m; Grain #4,1; plane-polarized light.) (B) Well-rounded single quartz grain showing three well-developed sets of shock-produced
PFs parallel to the base (0001) and to the {1122} and {1012} planes. Small darker patches along the grain margin (white arrows) are actu-
ally small areas where P2 features (planar deformation features [PDFs]) are developed. (From sorted grain mount prepared from drill
cuttings, Well “Leon Steinlage” W-52450, depth ~80.8-82.3 m; Grain #11,1; plane-polarized light.) (C) Well-rounded single quartz grain
showing three sets of shock-produced PFs parallel to distinct {1011} planes in the crystal. (A fourth set of apparent PFs is also observed
but could not be indexed [“N/I”’ = not indexed]). Small, slightly darker, patches along the grain margin (arrows) are actually small areas
where P2 features (PDFs) are locally developed. (From sorted grain mount prepared from drill cuttings, Hole “Leon Steinlage” W-52450,
depth ~80.8-82.3 m; Grain #20,1; plane-polarized light.) (D) Large well-rounded quartz grain, with a partly angular rim, from the crater-
fill breccia unit underlying the Winneshiek Shale. The grain shows three sets of well-developed shock-produced PFs parallel to the {1010}
and {1011} planes; a fourth set of possible PFs (“[N/I]”) could not be indexed. (Core Hole H2, Sample H2-1-2, depth 33.2-33.3 m; Grain
#227,1; plane-polarized light.)
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(<0.1 mm) may be angular, possibly because
they are fragments derived from larger grains.
These quartz grains could be sourced from any
quartzose sandstone units in the sedimentary
section, e.g., the Ordovician basal Shakopee, or
the Cambrian Jordan formations (see Table 1). If
the impact process excavated sedimentary rock
units deeper than the Lone Rock, the coarser
quartz grains could also have been derived from
the Wonewoc or Mt. Simon formations.

Sample W-52450

The handpicked quartz grains in this sample
are typically 0.5-1.5 mm in size, spheroidal to
ellipsoidal in shape, and well-rounded to sub-
rounded. Out of 96 total grains, 93 were quartz
and 3 were carbonate. Out of the 93 quartz
grains, 73 (78%) contained measurable sets of
planar microstructures (both PFs and PDFs).
The remaining 20 quartz grains were not mea-
sureable for several reasons: extreme marginal
cracking during preparation (16), polycrystallin-
ity and small individual grain sizes (3), and ap-
parent absence of any planar microstructures (1).

Deformation of Quartz Grains

In the thin section of sample H2-1-2, the ma-
jority of quartz grains show no unusual deforma-
tion and display only features characteristic of
normal metamorphism (for descriptions, see, e.g.,
Spry, 1969; Vernon, 2004; French and Koeberl,
2010, and references therein). Most of the quartz
grains are undeformed or only slightly deformed;
extinction under crossed polarizers is generally
sharp (<5°), occasionally slightly undulose (5—
10°), and rarely strongly undulose (>10°). In rare
cases, deformation bands or segmented extinc-
tion in adjacent areas are evident, but no multiple
small domains (“mosaic extinction”) were ob-
served. Typical metamorphic deformation lamel-
lae (Bohm lamellae or MDLs) were observed in
only a few grains. The sample of rotary cuttings
(sample W-52450) is similar; most of the individ-
ual quartz grains show similar features and lack
any unusual deformation effects.

Significant percentages of quartz grains in
both samples show single or multiple parallel
sets of planar microstructures (PMs) in various
orientations. Such features occur in <1% of the
grains in sample H2-1-2 (Fig. 9B) and >75% of
the individual handpicked grains from sample
‘W-52450. The observed PMs are of several dif-
ferent types; some represent the results of nor-
mal crystallization and metamorphism; others
are due to shock deformation (for discussions,
see, e.g., French and Koeberl, 2010, p. 133-
141). For convenience in detection, measure-
ment, data reduction, and interpretation, we first
classify PMs into two nongenetic categories, P1

and P2, an informal terminology used in study-
ing similar shocked sedimentary rocks from
the Rock Elm structure, Wisconsin (French et
al., 2004). P1 features are larger, darker, more
widely spaced, and more continuous across a
larger fraction (typically >50%) of an individual
grain; they are interpreted as shock-produced
open fractures (cleavage), identical to the fea-
tures designated as planar fractures (PFs)
(Stoffler and Langenhorst, 1994). P2 features
designate shorter, narrower, and more closely
spaced closed structures that may have a variety
of characteristics and origins: healed fractures,
subsidiary fractures in feather-fracture features
(French et al., 2004; Poelchau and Kenkmann,
2011), and genuine shock-produced planar de-
formation features (PDFs) (Stoffler and Lan-
genhorst, 1994; Grieve et al., 1996).

P1 Features

P1 features (or PFs) are the dominant PMs
observed in shocked quartz grains from the
Decorah structure (Fig. 11). They form multiple
sets of diversely oriented planes within single
host quartz grains, and they occur in virtually
all grains that show any shock-produced PMs.
Typically, 1-5 distinct sets of P1 planes are
present in individual grains, and larger numbers
(=8) are occasionally present. In both Decorah

samples, most grains with P1 features exhibit 2,
3, or 4 distinct sets. Values for sample H2-1-2
are: 2 (25%), 3 (36%), and 4 (11%). Individual
P1 planes are generally dark, uniformly planar,
between 1 and 2.5 um thick, and spaced at dis-
tances of 1025 pm. Mutual offsets along inter-
secting sets of planes have not been observed.
Fracturing and spalling of the host quartz grains
has occasionally occurred along the planes of P1
features, forming sharp, step-like grain bound-
aries in which the “steps” are continuous with,
or parallel to, specific P1 features in the grain
(Fig. 12). Within other grains, the development
of small rhombic blocks, parallel to existing P1
features, is evident. These observations indicate
that the P1 features are themselves discrete open
fractures within the quartz grain, along which
subgrain fragments have easily separated. The
dark color of individual P1 planes may be pro-
duced by a filling of exotic material (e.g., clay
minerals) within the fractures, although no spe-
cific birefringent materials were observed (see
French et al., 2004, p. 205).

P2 Features

P2 features in Decorah quartz grains are gen-
erally light-colored and form small, isolated
areas typically <100 pum in size, commonly
located at the corners, or along the edges, of

Figure 12. Irregular quartz grain showing two poorly developed sets of shock-
produced planar fractures (PFs) parallel to {1011}. The upper edge of the grain
shows a pronounced steplike boundary produced by spallation of the marginal parts
of the quartz grain along the PFs (see also Fig. 11A). (From sorted grain mount pre-
pared from drill cuttings, Hole “Leon Steinlage” W-52450, depth ~80.8-82.3 m; Grain
#32,1; plane-polarized light.)
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Figure 13. (A) Well-rounded quartz grain showing two sets of shock-produced planar fractures (PFs) parallel to {1011} and a third unin-
dexed set of less developed PFs ([“N/I’’]). Darker marginal patch at the top of grain (white box) is a small area where P2 Features (planar
deformation features [PDFs]) are locally developed (see Fig. 13B). (From sorted grain mount prepared from drill cuttings, Hole “Leon
Steinlage” W-52450, depth ~80.8-82.3 m; Grain #64,1; plane-polarized light.) (B) Enlarged view of area shown in Figure 13A, showing
details of darker patch along grain margin. Dark area is seen to be composed of two intersecting sets of thin, optically distinct, sets of P2
features (PDFs), oriented parallel to the distinctive, shock-produced {1013} direction. (From sorted grain mount prepared from drill cut-
tings, Hole “Leon Steinlage” W-52450, depth ~80.8-82.3 m; Grain #64,2; plane-polarized light.) (C) Partly rounded to angular quartz grain
from the crater-fill breccia unit underlying the Winneshiek Shale, showing good development of two sets of shock-produced P1 Features
(PFs) (N-S and NW-SE orientations in photo; actual orientations could not be determined because the grain was not accessible on the U-
stage.) In the lower left area of the grain (white outline box and Fig. 13D) P2 features (PDFs) are extensively developed in the areas between
the PFs. (Core Hole H2, Sample H2-1-2, depth ~33.2-33.3 m; Grain #155,1; plane-polarized light.) (D) Enlarged view of area of grain (box)
shown in Figure 13C. Parallel PFs trend WNW-ESE. PDFs, which trend NNW-SSE and appear as shorter, closely spaced narrow planes in
the quartz between the PF's (especially at the lower left center of the picture), show the close spacing and optically distinct appearance from
the host quartz that is typical for PDFs. (Actual orientations could not be determined because the grain was not accessible on the U-stage.)
(Core Hole H2, Sample H2-1-2, depth ~33.2-33.3 m; Grain #155,2; plane-polarized light.)
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quartz grains, and more rarely within the grains
themselves (Fig. 13). Where present, P2 fea-
tures generally form multiple sets, typically 2—4
per grain. Individual planes are sharply planar,
clear, closely spaced, and locally continuous,
and their visibility appears to be enhanced by
refractive-index differences (“Becke line ef-
fects”) between the planes and the host quartz.
The close spacing and optical effects associated
with P2 features make measurements difficult,
but typical widths appear to be 0.5-1 ym, with
spacings of 1.5-2 um. In the handpicked grains
from sample W-52450, P2 features occur in
~60% of the 77 measured grains that also show
P1 features. In both samples, P2 features were
found alone in only one quartz grain.

The characteristics of P2 features in the
Decorah samples (multiplicity, narrowness,
close spacing, and possible refractive index ef-
fects) are virtually identical to those of shock-
produced PDFs (e.g., Alexopoulos et al., 1988;
Stoffler and Langenhorst, 1994; Grieve et al.,
1996; Ferriere et al., 2009), and the orientation
patterns obtained from U-stage measurements
(described below) support that interpretation.
The Decorah P2 features differ from those in
deformed quartz from the Rock Elm structure,
Wisconsin (French et al., 2004), where P2 fea-
tures are typically short, planar to subplanar, and
inclusion-decorated, resembling healed frac-
tures. The Rock Elm P2 features are commonly

associated with P1 features (planar fractures)
forming distinctive feather features that have
been suggested as diagnostic for low-pressure
shock waves in impact structures (French et
al., 2004; Poelchau and Kenkmann, 2011). Al-
though feather features are common in the Rock
Elm rocks (French et al., 2004), they were only
rarely observed in quartz grains from our Deco-
rah samples (for an example, see Fig. 14), where
individual sets of both P1 and P2 features are the
most common deformation features.

In contrast to the mild deformation observed
in the majority of quartz grains from our Deco-
rah samples (see above), grains containing P1
and P2 features are significantly deformed
themselves. In cross-polarized light, extinction
is highly undulose to irregular, often forming a
variable mosaic pattern. Such extreme deforma-
tion and extinction effects appear restricted to
grains that display obvious P1 and P2 features.
Rare quartz grains with P1 and P2 features also
show a pale-yellow to medium yellow-brown
color (“toasting”) in transmitted light in thin
section, an effect attributed (Whitehead et al.,
2002) to the presence of small fluid inclusions
associated with shock-produced PDFs. This
“toasting” effect is observed only in a small
fraction of grains with P1 and P2 features. The
grain darkening produced by the presence of
P1 features, combined with the color effects of
“toasting” (where present), allow these shock-

deformed grains to be quickly distinguished in
thin section from the more abundant clear and
undeformed grains (Figs. 9A and 9B).

Orientation Patterns of Planar
Microstructures (P1 and P2 Features)

The measurement of planar microstructure
(PM) orientations in quartz-bearing samples
from suspected impact structures, and the dem-
onstration that such orientations are uniquely
different from those produced by non-impact
processes, have been critical to the recognition of
terrestrial impact structures for several decades
(see papers in French and Short, 1968; Stoffler
and Langenhorst, 1994; Grieve et al., 1996; Fer-
riere et al., 2009; French and Koeberl, 2010).

To obtain PM orientation data for the Decorah
structure, we measured suites of quartz grains
containing >100 PMs in both of our Decorah
samples (sample H2-1-2: 122 planes/28 grains
and sample W-52450: 376 planes/77 grains)
(Table 2). Histogram plots of frequency versus
polar angle were constructed separately for P1
features, P2 features, and total (P1 + P2) features
(Figs. 15A, 15C, and 15E, and 16A, 16C, and
16E). In addition, rectified (“spike”) plots were
determined for the same populations (Figs. 15B,
15D, and 15F, and 16B, 16D, and 16F).

P1 features (PFs) are well expressed in quartz
grains in both samples, with multiple sets ob-

Figure 14. (A) Highly rounded elliptical quartz grain showing three sets of planar fractures (PFs) parallel to the (0001), {1011}, and {1122}
planes. A few of the individual fractures show, e.g., in upper right and lower center parts of the grain (white arrows and white outline box), the
development of distinctive feather features, in which short parallel planar microstructures (PMs) develop at an angle to the fracture with one
end based on the fracture itself. (See enlarged view [inset, white outline box] in Fig. 14B.) (From sorted grain mount prepared from drill cuttings,
Hole “Leon Steinlage” W-52450, depth ~80.8-82.3 m; Grain #88,1; plane-polarized light.) (B) Enlarged view of area shown in box in Figure 14A,
showing development of short, closely spaced feather features along longer, more widely spaced planar fractures (PFs) parallel to the (0001) and
{1011} planes. The shorter, more closely spaced feather features themselves are oriented parallel to the {1120} and {1122} planes. (From sorted
grain mount prepared from drill cuttings, Hole “Leon Steinlage” W-52450, depth ~80.8—-82.3 m; Grain #88-2, plane-polarized light.)
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TABLE 2. PLANAR MICRODEFORMATION FEATURES IN QUARTZ: DECORAH STRUCTURE, IOWA

Symbol* {hkil}t Polar angle P1 P2 P1 + P2
values ©) no. (%) no. (%) no. (%)
Sample H2-1-2 (Core Sample)
c (0001) 0.0 1 15 3 6 14 1
® (1073} 23.0 6 5 10 9 7
n (1072} 32.4 1 3 3
€ (1122} 477 10 14 6 12 16 13
r/z (1071} 51.7 16 23 8 16 24 20
s (1121 65.6 3 4 4 8 7 6
p (2131) 73.7 4 6 1 2 5 4
X (5161} 82.0 5 7 2 4 7 6
m (1070} 90.0 1 1 5 10 6 5
a (1120} 90.0 0 0 0 0 0 0
Not Indexed 16 23 14 27 30 25
Total 71 100 51 101 122 100
No. of Planes (P) 71 51 122
No. of Grains (G) 28 28 28
P/G ratio 25 1.8 4.4
Sample W-52450 (Grain Mount), Total Planar Microstructures
c (0001) 0.0 41 15 9 9 50 13
® {1073} 23.0 7 3 13 13 20
n (1072} 32.4 8 3 6 6 14
13 (1122} 477 33 12 8 8 41 11
r/z (1071} 51.7 106 39 18 17 124 33
s (1121 65.6 7 3 4 4 1 3
p (2131) 73.7 13 5 3 3 16 4
X (5161} 82.0 12 4 8 8 20 5
m (1070} 90.0 12 4 8 8 20 5
a (1120} 90.0 0 0 0 0 0 0
Not Indexed 33 12 27 26 60 16
Total 272 100 104 102 376 99
No. of Planes (P) 272 104 376
No. of Grains (G) 77 77 77
P/G ratio 3.5 14 4.9

Note: Samples are stored in the collections of the lowa Geological Survey, IHR—Hydroscience &

Engineering, University of lowa, lowa City, lowa, 52242.

*Crystallographic plane.
*Miller-Bravais Index.

served in <1% of the grains in a given sample.
The P1 orientations show fabrics typical for PFs
in shocked sedimentary rocks at numerous im-
pact structures (French et al., 1974, 2004; Grieve
et al., 1996). This pattern is characterized by
strong concentrations of planes parallel to the po-
lar angles of 0°, 48°-52°, and 90°, corresponding
to the planes c(0001), {1122}, (1,z){ 1011}, and
a{1120} (Figs. 15A, 15B, 16A, and 16B). The
three largest peaks of the measured P1 features in
W-52450 correspond to the planes (1,z){1011}
(39%), c(0001) (15%), and {1122} (12%). The
“not indexed”” (N/I) values for the different pop-
ulations in both samples H2-1-2 and W-52450
(11%-23%) are comparable to those measured
from established impact structures (<10%—20%:
Grieve et al., 1996; Ferriere et al., 2009).

P2 features in the Decorah samples are in-
terpreted as definite PDFs (see above). Their

orientations patterns (Figs. 15C, 15D, 16C, and
16D) show significant peaks at polar angles of
0°, 48°, 52°, and 90°, similar to those shown by
the P1 features (see above). In addition, the P2
orientations show significant peaks at angles of
23° and 32°, corresponding to the well-known
®{1013} and n{1012} planes that are typi-
cal of shock-metamorphosed crystalline rocks
(Robertson et al., 1968; Grieve et al., 1996).
The P2 orientations in Decorah samples show
more and smaller peaks than those for the Pl
planes. The three largest peaks for all P2 sam-
ples in W-52450 correspond to (r,z){1011}
(17%), {1013} (13%), and c(0001) (9%). The
significant presence of orientations parallel to
®{1013} and n{1012} is consistent with the
interpretation of P2 features as PDFs.

In the Decorah samples, both P1 and P2
features show strong concentrations at specific
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polar angles, particularly ~0°, ~50°, and ~90°.
Such concentrations are typical for the fabrics
produced by shock metamorphism, and the
Decorah plots are closely similar to plots from
two other established impact structures: the BP
site, Libya (French et al., 1974) and Rock Elm,
Wisconsin (French et al., 2004) (Fig. 17).

The “not indexed” values for P2 features
(21%-35%) are higher than those for P1 fea-
tures (11%-23%). This situation may reflect a
lower degree of measurement precision, which
would in turn produce a lower precision of
{hkil} assignments. Possible explanations in-
clude: (1) the designation as P2 features of
multiple features with different origins, e.g.,
true PDFs, rarer feather-fracture features, and
other small unidentified deformations; (2) the
difficulty of measuring even true PDFs because
of their generally vague, restricted, and patchy
character in the quartz grains studied.

Despite these difficulties, orientation fabrics
for the Decorah samples (Figs. 15, 16, and 17)
are closely comparable to those determined for
shocked quartz at established impact structures,
and the data presented here constitute solid evi-
dence for the action of shock waves on these
samples and, therefore, for the origin of the
Decorah structure by meteorite impact.

DISCUSSION

Planar Microstructures: Orientation
Diagrams, Statistical Evaluation, and
Occurrence

Use of Traditional Plotting and Data-
Reduction Methods

Until recently, PM orientation diagrams have
been plotted and evaluated by hand, and the use
of such plots to identify shock environments
and meteorite impact structures has been done
largely by inspection and qualitative compari-
son, relying on: (1) the uniqueness of shock-
produced orientation fabrics; (2) their similari-
ties to orientation patterns from experimentally
shocked samples or from established impact
structures; and (3) the clear differences between
the orientations of shock-produced PMs and
those produced by non-shock geological pro-
cesses (see, e.g., French and Short, 1968; Engel-
hardt and Bertsch, 1969; Alexopoulos et al.,
1988; Stoffler and Langenhorst, 1994; Grieve
et al., 1996; Ferriere et al., 2009; French and
Koeberl, 2010). More recently, attempts have
been made to develop rapid and accurate com-
puterized methods to replace the hand-plotting
of orientation histograms and the use of a hand-
manipulated stereonet to determine the {hkil}
values of individual PM sets (Huber et al., 2011;
Losiak et al., 2016). At the same time, a related
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Figure 15. Graphs of orientations of planar microstructures in quartz grains from crater-fill breccia unit filling the Decorah structure
(Sample H2-1-2; depth interval 33.2-33.3 m; see Fig. 9). Histogram plots show frequencies of different angles between quartz c-axis
and pole to plane for P1 features (cleavage, fractures: A, B), P2 features (possible planar deformation features [PDFs] and other fea-
tures: C, D), and total features (P1 + P2) (E, F). Two types of histograms are shown: (1) unmodified frequency data for polar angles
(A, C,E), and (2) “rectified” or “spike” plots (B, D, F) derived from a c-axis-vertical orientation and allowing identification of {hkil}
Miller index values for specific planes (for details, see Grieve et al., 1996; Ferriére et al., 2009). Note, in both types of plots, the strong
concentrations of planes corresponding to specific orientations, e.g., (0001) (0°), {1013} (23°), {1122} (48°), and {1011} (52°). Such con-
centrations are typical and diagnostic for shock-produced deformation features in quartz grains from established impact structures.

development has been the design and use of a
new stereonet template containing 15 {hkil}
forms (Ferriere et al., 2009) to replace the tra-
ditional and established version (Engelhardt and
Bertsch, 1969) containing only 10 forms.
Computerized data-reduction for PM orien-
tation measurements is a highly desirable goal;
such methods would produce major savings in
time, significant improvements in overall accu-
racy and confidence, and the ability to measure
and process more and larger batches of PM ori-
entation data in shorter periods of time. How-
ever, in this paper, we have used the established
methods (hand-plotting and the 10-form stere-
onet) for the Decorah samples for several rea-
sons beyond the obvious ones of convenience
and familiarity: (1) the computer methods have
not yet been tested and evaluated by comparing
large batches of real data on both known and

suspect impact structures, and it is possible that
significant modifications may still be required;
and (2) the old-style orientations can be com-
pared directly, both visually or with simple sta-
tistical analysis, with similar plots determined
for impact structures over several decades
(Grieve et al., 1996) (see Fig. 17).

Detailed statistical comparisons between the
“old” and “new” methods of PM plotting and
evaluation have yet to be made, but it is unlikely
that our use of the “old” system will compro-
mise our conclusions. The five new {hkil} forms
in the “new” stereonet (Ferriere et al., 2009) in-
volve only a small percentage of the planes mea-
sured in a typical sample; for example, only a
small fraction of w{1013} planes in the “old”
system would be shifted to the “new” {1014}
plane (see Ferriere et al., 2009, p. 934), and this
is unlikely to result in major differences in {hkil }
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assignments between the “old” and “new” stere-
onets. Orientation diagrams will appear similar
regardless of which stereonet is used, and the
identifying characteristics of shock-produced
orientations, i.e., extreme concentrations at
specific {hkil} planes, will be evident in either
stereonet. If more planes can be indexed with
the “new” stereonet, the percentage of “not in-
dexed” (“N/I”) planes will be reduced (Ferriere
et al., 2009, p. 934). Until the “old” and “new”
plotting systems are rigorously compared, how-
ever, there is no objective basis for determining
which one is a more reliable indicator of shock-
produced PM orientation fabrics in samples
from suspected impact structures.

Ambiguities in {hkil} Assignments
A significant, although not serious, problem
with either system of plotting and data reduc-
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Decorah, IA. Sample W-52450 grain mount, Grain Numbers 3-93
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Figure 16. Graphs of orientations of planar microstructures in shocked individual quartz grains separated from the microbreccia
unit filling the Decorah structure (Sample W-54250; depth interval 80.8-82.3 m.). Histogram plots show frequencies of different
angles between quartz c-axis and pole to plane for P1 features (cleavage, fractures: A, B), P2 features (possible planar deformation
features [PDFs] and other features: C, D), and total features (P1 + P2) (E, F). Two types of histograms are shown: (1) unmodified
frequency data for polar angles (A, C, E), and (2) “rectified” or “spike” plots (B, D, F) derived from a c-axis-vertical orientation and
allowing identification of {hkil} Miller index values for specific planes (for details, see Grieve et al., 1996; Ferriére et al., 2009). Note,
in both types of plots, the strong concentrations of planes corresponding to specific orientations, e.g., (0001) (0°), {1013} (23°), {1122}
(48°), and {1011} (52°). Such concentrations are typical and diagnostic for shock-produced deformation features in quartz grains

from established impact structures.

tion is a small number of ambiguities in as-
signing exact {hkil} values to certain closely
spaced PM sets, because the accuracy of indi-
vidual orientation measurements is generally
not better than + 5° (e.g., Grieve et al., 1996;
Ferriere et al., 2009). In both Decorah samples,
a significant number of grains (e.g., ~10% in
sample W-52450), which displayed planes at
polar angles of 45-55°, produced different but
equally good {hkil} matches with the template,
regardless of whether these planes were arbi-
trarily assigned to the forms £{1122} (48°) or
to 1/z{1011} (52°). A smaller number of simi-
lar ambiguities were noted with other forms.
Choices between these possibilities were made
arbitrarily, usually by choosing alternate possi-
bilities in alternate grains. However, the number
of grains at issue is relatively small (only a few
grains in each measurement group), and regard-

less of how such assignments are made, the dif-
ferent choices produce only small changes in the
percentages of the particular planes involved.
The overall appearance of the orientation pat-
tern does not change significantly, and the major
shock-produced characteristics are preserved.

Rarity of “Feather Features” at Decorah

The P2 features at Decorah differ from those
at the similar Rock Elm, Wisconsin impact
structure (French et al., 2004). At Rock Elm, the
features designated as P2 are generally small,
healed, quasi-planar fractures, many of which
are connected at one end to larger P1 features
to form common and distinctive feather fea-
tures, which are believed to form at relatively
low shock pressures (~7-10 GPa) (French et
al., 2004; Poelchau and Kenkmann, 2011). At
Decorah, most P2 features appear to be genu-
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ine PDFs (Fig. 13), which indicate higher shock
pressures (>10 GPa; Stoffler and Langenhorst,
1994), while feather features were very rarely
observed (e.g., Fig. 14). The difference in ap-
parent shock levels in samples from the two lo-
calities could be explained in at least three ways:
(1) the difference is a random artifact of the
small number of Decorah samples examined;
(2) the Rock Elm samples were collected from
in-place bedrock located below the final crater
floor, where relatively lower shock pressures
would be expected (Dence, 1968; Robertson,
1975; Robertson and Grieve, 1977); and (3) the
Decorah samples consist of rock fragments and
individual quartz grains collected from a prob-
able unit of crater-fill breccia composed of ma-
terial derived from various locations above the
original crater floor. Some of the Decorah mate-
rial was probably exposed to higher pressures
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Figure 17. Graphs of orientations of planar microstructures (P1 + P2 features) in
samples from the Decorah structure, Iowa (W-52450 [Fig. 17A] and H2-1-2 [Fig. 17B])
compared with similar plots for quartz grains in samples from established impact
structures, the BP site (Libya) (Fig. 17C) (French et al., 1974, Figure 4, plot 1) and
Rock Elm, Wisconsin (Fig. 17D) (French and Cordua, 1999, Fig. 3; French et al., 2004,
Fig. 4A). (The BP and Rock Elm plots differ slightly from the original publications
because they have been constructed by replotting the original data onto the same
templates as the Decorah plots.) All plots show the same development of high concen-
trations of planes corresponding to specific orientations, e.g., (0001) (0°), {1013} (23°),
{1122} (48°), and {1011} (52°), which are typical and diagnostic for shock-produced
deformation features in quartz grains from established impact structures.

closer to the impact point, producing numerous
grains with definite PDFs and relatively fewer
grains with feather features.

Geological Structure and Comparisons to
Other Impact Structures

Apparent Absence of a Central Uplift

Our preliminary interpretation of the Decorah
structure (Figs. 3 and 18) exhibits several fea-
tures characteristic of small, deeply eroded mete-
orite impact structures (e.g., French et al., 2004;
French and Koeberl, 2010; Kenkmann et al.,
2013, 2014, 2017): a generally circular outline,
a shallow-basin shape, and a local sequence of
anomalous sediments and/or breccias that trun-
cate and replace the original regional stratigra-
phy. The presence of diagnostic shock-produced
PFs and PDFs in quartz grains from the crater-

fill breccia establishes a strong and convincing
similarity between the Decorah structure and
numerous other structures generally regarded as
the products of meteorite impact events.
However, critical geological information
about the structure remains poorly known. Sur-
face exposures are rare and limited to slightly
deformed rim rocks and to the uppermost part
of the post-impact crater-fill sediments (Win-
neshiek Shale). Several drill holes provide cut-
tings samples of the subsurface units (Figs. 3
and 18), but only one basin-centric hole (53572)
apparently penetrates the complete thickness of
crater breccia and enters the bedrock beneath
(Figs. 3, 4, and 18). The two drill holes (52450
and H2) that provided the critical samples for
the discovery and analysis of shock-metamor-
phic features in quartz both bottom in the brec-
cia layer and provide no information about the
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crater floor or the sedimentary bedrock units be-
low it. The subsurface character of the Decorah
structure is therefore uncertain, and no ground-
based geophysical surveys, including gravity
and seismic methods, have yet been done. The
airborne gravity gradient data (Kass, et al.,
2013a, 2013b) clearly demarcate an area of low
density consistent with the center of the impact
structure, and further modeling with this data
set may clarify the depth and three-dimensional
configuration of the structure.

Our preliminary interpretation of the Deco-
rah structure (Figs. 3 and 18) shows some sig-
nificant differences from impact structures of
comparable size formed in similar sedimen-
tary targets. The presently preserved Decorah
structure apparently lacks a preserved circular,
uplifted rim, a condition that may reflect deep
erosion of the original structure before depo-
sition of the overlying post-crater sediments.
A more striking anomaly is the apparent ab-
sence of any structural uplift of the subcrater
rocks (Wonewoc, Eau Claire, and Mt. Simon
formations) in the center of the structure. This
tentative interpretation is based only on the
evaluation of cuttings from the single well-hole
(53572) that apparently penetrated the crater-
fill units and entered into the underlying sedi-
mentary rocks, which appear to be located at
approximately the same level as the equivalent
units outside the structure (Fig. 3).

The apparent absence of any central uplift in
the Decorah structure is surprising. Such uplifts
have long been regarded as an integral part of
the formation of large (diameter >~2 km) im-
pact craters (Dence, 1965; Grieve et al., 1977,
Melosh, 1989, Ch. 8), and central uplifts have
been identified in nearly all known impact cra-
ters in this size range (Grieve and Pilkington,
1996; Kenkmann et al., 2013, 2017), although
a few exceptions may exist (Lindstrom et al.,
2005; King et al., 2006; Darlington et al., 2016).

Current cratering models (e.g., Grieve,
1991; Grieve and Pesonen, 1992; Grieve and
Pilkington, 1996; Melosh and Ivanov, 1999;
Kenkmann et al., 2014) suggest that an impact
structure of this size (initial diameter ~6 km)
in sedimentary rocks would normally develop
as a complex structure, consisting of a central
uplift of underlying target rocks surrounded by
an annular depression (commonly filled with
impact breccias and overlying sediments), and
an outer rim. In such a complex structure, the
maximum stratigraphic uplift of subcrater rocks
in the central uplift is ~0.1D, where D is the fi-
nal crater diameter. This model implies that a
central uplift with a maximum stratigraphic up-
lift of ~600 m should have been produced when
the Decorah structure formed, but the current
limited stratigraphic and drill-core information
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Figure 18. (A) Schematic geological cross section of the Decorah impact structure and pre-impact target stratigraphy, based on drilling re-
sults and limited surface exposures (modified from McKay et al., 2011). Vertical exaggeration 10x; datum level set at top of the post-impact
St. Peter Sandstone. The section trends parallel to regional strike and has been constructed by projecting stratigraphy determined from mul-
tiple wells onto a vertical plane passing in a NW-SE direction through the inferred center of the structure (see Fig. 18B). For simplicity, this
reconstruction arbitrarily assumes that the Decorah structure has the general shape of a normal complex crater containing a central uplift of
the original crater floor (see Kenkmann et al., 2013, and references therein), although the nature of the subcrater floor and presence of such
a central uplift have not been established (see discussion in text: “Apparent Absence of a Central Uplift”). In this cross-section, the Decorah
structure is expressed by the presence of an anomalous series of complex and poorly characterized crater-fill units (possible breccias, sand-
stones, and other sediments, including the uppermost Winneshiek Shale) that fill the preserved lower part of the original crater basin (area
within the closed line C,—A,-C,—C,) (dark solid line and long dashes) and which interrupt and crosscut the earlier stratigraphic units
(St. Lawrence-Lone Rock through Shakopee formations). For comparisons between the original and final impact structures, this figure also
includes graphical elements of the impact and the resulting crater, assuming that the structure formed as a typical complex crater after the
vertical impact of a projectile ~300-400 m in diameter at a velocity of ~15-20 km/sec. At the time of the impact, the original surface (line
S,-T,-IP-T,-S,) and the impact point (IP) were located ~300 m above the present surface. (The intervening sediments were eroded after the
impact and before deposition of the St. Peter Sandstone.) Excavation and downward displacement of the target rocks by the initial impact
formed a deep, paraboloidal transient crater (Dence, 1968; Grieve et al., 1977; Melosh, 1989, Ch. 6) ~4 km in surface diameter and 1.3 km
deep, bounded by the line T,—A -T, (short dashes). The upper part of the transient crater was excavated to a depth of ~600 m from the origi-
nal surface, and an underlying displaced zone extended to a total depth of ~1.3 km from the surface, or deep into the crystalline basement.
The point A, originally near the bottom of the upper excavated zone, was driven downward to point A, (Continued on following page.)
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Figure 18 (continued). In the immediately
subsequent modification stage of crater for-
mation, the lower part of the transient cavity
rebounded upwards, carrying point A, up to
A, and forming a typical central uplift (Kenk-
mann et al., 2013), while the peripheral parts
of the transient crater collapsed inward,
enlarging the crater diameter from ~4 km
to ~6 km. Deposition of the crater-fill sedi-
ments into the resulting basin began at this
time and continued for a long period after
structural movements of the crater itself had
ceased. Line C,-C, marks the upper bound-
ary of the crater-fill sediments below the St.
Peter Sandstone. (B) Plan-view map showing
ground locations of wells whose stratigraphic
results have been projected onto a NW-SE—-
trending vertical plane to produce the cross
section shown in Figure 18A. Circle approxi-
mates the present preserved exposure of the
crater-filling Winneshiek Shale and provides
an estimate for the current diameter of the
present preserved structure, ~5.6 km. Cross
indicates the inferred center of the structure.

(Figs. 3 and 18) does not indicate the presence
of even a small central uplift, let alone one of
this magnitude.

It is unlikely that the absence of a central
uplift at Decorah can be explained by post-
impact erosion. The central uplifts of more
deeply eroded impact structures are generally
less prominent and display less stratigraphic
uplift than their original maximum, but many
complex structures similar to Decorah in size
(diameters of 5-7 km) and erosional history
preserve stratigraphic uplifts of at least 200—

300 m (e.g., Grieve and Pilkington, 1996; Kenk-
mann et al., 2014, 2017). The nearby Rock Elm
structure, for example, is similar to Decorah in
diameter, target rocks, age, and deep erosional
level, and still preserves a visible central strati-
graphic uplift of at least 200-300 m (French
et al., 2004, p. 204).

Current studies of cratering mechanics sug-
gest several possibilities, involving the nature
of the impact event or the properties of the tar-
get, that might explain the absence of a central
uplift at Decorah: (a) an unusually low impact
angle (<15° from the horizontal; see Pierazzo
and Melosh, 2000; Stickle and Schultz, 2012);
(b) a marine impact, involving a target of soft,
possibly water-filled, sediments covered by a
significant thickness of water (see Ormé6 and
Lindstrom, 2000; Dypvik and Jansa, 2003;
Davison and Collins, 2007; Darlington et al.,
2016); and/or (c) immediate major erosion of
the newly formed crater (and any original cen-
tral uplift) by intense post-impact resurge cur-
rents (see von Dalwigk and Ormd, 2001; Glims-
dal et al., 2007).

The existence (or absence) of a central uplift
at Decorah is a major issue, not only for the fu-
ture study of Decorah itself, but for our current
understanding of the exact process by which a
large number of similar structures have formed.
Resolving this problem will probably require
extensive local geophysical investigations in-
volving gravity, magnetics, and active seismic
methods, ideally supplemented by core drilling
through the entire section of crater fill and into
the disturbed subcrater rocks.

Post-Impact Erosion of the Decorah Structure
The currently preserved Decorah structure
(see Figs. 3 and 18) shows virtually no relief
under its cover of discomformable St. Peter
Sandstone. In particular, there is no indication
of a preserved uplifted crater rim or of a thick
layer of ejecta surrounding the original crater
(Melosh, 1989, Ch. 8; Kenkmann et al., 2013).
As a result, neither the thickness of post-Sha-
kopee, pre-impact sediments, nor the vertical
height of the impact point above the present
surface (which are approximately the same) can
be closely estimated, but the information about
the present state of the structure can be used to
make estimates about the amount of post-impact
erosion of the crater and its surroundings.
Current cratering models (Melosh, 1989, Ch.
8; Kenkmann et al., 2013) suggest that removal
of the original crater rim and ejecta layer re-
quired the erosion of a layer ~300-500 m thick
before the eroded structure was covered by
the St. Peter Sandstone. By comparison, at the
nearby Rock Elm structure there are indications
that >300 m of now-eroded sediments younger
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than the Prairie du Chien group were present
at the time of impact and were subsequently
eroded (French et al., 2004, p. 214, and refer-
ences therein). However, in the Decorah area,
such younger pre-impact sediments must have
been <300 m thick, or the remaining part of the
present bowl-shaped impact structure would not
have been preserved. This deep post-impact ero-
sion of the Decorah structure, which represents
a hiatus of perhaps 15-20 m.y. (Bunker et al.,
1988), developed the major unconformity that
now separates the youngest preserved pre-im-
pact rocks (Shakopee Formation) from the old-
est post-impact rocks (St. Peter Sandstone).

CONCLUSIONS

1. A circular, largely subsurface, basin-shaped
feature ~5.6 km in diameter, which displays
anomalous geology, has been identified near
Decorah, in northeastern Iowa. The surround-
ing regional geology consists of a uniform sec-
tion, several hundred m thick, of virtually unde-
formed cratonic sediments (chiefly sandstones
and carbonates) ranging in age from Upper
Cambrian to Upper Ordovician and overlying a
basement of Mesoproterozoic crystalline rocks.

2. This circular feature (designated here the
“Decorah impact structure”) is expressed at the
surface by the presence of an unusual shale unit
(the Winneshiek Shale) that is restricted to the
circular area and has not been found elsewhere
in the region. This unit contains a striking La-
gerstitte with a variety of well-preserved fossils
(Liu et al., 2006, 2017).

3. Surface exposures of the Decorah struc-
ture are few, and its subsurface structure is in-
adequately defined, chiefly from examination of
water-well drill-hole cuttings, two short cores,
and two small surface exposures. The data avail-
able outline an apparently basin-shaped fea-
ture that extends from the surface to depths of
~200-300 m, truncating units from the Lower
Ordovician Shakopee Formation to the Upper
Cambrian St. Lawrence-Lone Rock—Wonewoc
formations. The basin and its sedimentary fill
are overlain disconformably by the Middle Or-
dovician St. Peter Sandstone. The structure ap-
parently does not penetrate the underlying Me-
soproterozoic crystalline basement rocks.

4. The Decorah structure shows several char-
acteristics that are consistent with formation by
meteorite impact: a generally circular outline, a
shallow-basin shape, anomalous cross-cutting
relations to geological units outside the struc-
ture, and a filling of anomalous sediments not
present in the regional stratigraphy. However, it
lacks evidence for such typical impact features
as an uplifted crater rim and a layer of ejecta
surrounding the structure.



5. Studies of available drill cuttings and drill
core samples indicate that the basin of the Deco-
rah structure is completely filled by a series of
sediments, established breccias, and inferred
breccias ~200 m thick that are not observed in
the sedimentary sequence outside the structure.
Several stratigraphically distinct units can be
distinguished on the basis of geophysical stud-
ies and drill hole cuttings. One upper unit (thick-
ness ~100 m?) is an unusual, poorly sorted, pos-
sibly sedimentary, polymict crater-fill breccia
composed of fragments of target rock litholo-
gies penetrated by the structure. This unit is
overlain by the thinner (<27 m), fine-grained,
and finely laminated Winneshiek Shale. Avail-
able data suggest that additional lithologies, and
a more complex stratigraphy, may also be pres-
ent in these basin-fill materials.

6. Two samples of the unusual crater-fill brec-
cia, examined by petrographic and petrofabric
(Universal Stage) methods, contain significant
amounts of single rounded quartz grains, almost
certainly derived from underlying Cambrian
quartz arenites. A small percentage of these
grains (<1%) display multiple sets of parallel
planar microstructures of identical appearance
and crystallographic orientation (relative to
the quartz c-axis) to shock-produced features
observed in rocks from established meteorite
impact structures: planar fractures (cleavage)
(“P1 features”) and planar deformation features
(PDFs) (“P2 features”). Individual grains typi-
cally display as many as 1-5 sets of PFs and 2—4
sets of PDFs, both of which are oriented par-
allel to specific crystallographic planes in the
host quartz, most commonly (0001), {1122},
and {1011} (for PFs) and {1011}, {1013}, and
(0001) (for PDFs).

7. Numerous studies by other workers have
shown that these planar microstructures are
unique and diagnostic shock-metamorphic
features, produced by impact-generated shock
waves with pressures in the range >5-10 GPa
(for PFs) and 10—~20 GPa (for PDFs). They
provide convincing evidence that the Decorah
structure is a meteorite impact structure. No im-
pact-related products of higher-pressure shock
waves (e.g., shock-produced glasses, impact
melts) have yet been identified. The identifi-
cation of the Decorah structure as a meteorite
impact feature demonstrates again the potential
of petrographic and petrofabric studies, even
on small or geologically limited samples, to es-
tablish the impact origin of structures that are
deeply eroded or largely inaccessible.

8. On the basis of its current diameter, we
suggest that the original Decorah structure was
a complex impact crater with an original diam-
eter of ~6 km. However, unlike virtually all im-
pact structures of comparable size, the Decorah
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structure currently shows no evidence for the
presence of a structural central uplift, an anom-
aly which probably cannot be resolved without
more geological and geophysical studies.

9. Based on impact cratering models, we
estimate that the original impact point was
located in younger, now-eroded sediments
~300-500 m above the present surface. A simi-
lar amount of erosion has therefore occurred
post-impact, removing any original upraised
crater rim or any ejecta layer that surrounded
the original structure. This period of deep
erosion, which may have lasted as long as
10-20 m.y., ended with the disconformable
deposition of the St. Peter Sandstone over the
structure and the surrounding region.

10. The age of the Decorah structure has been
estimated from a combination of biostratigraphic
and radiometric ages as 460—480 Ma, and a re-
cent chemostratigraphic study of 6"°C,, (Berg-
strom et al., 2018) provided a narrower estimate
of 464-467 Ma. We therefore suggest, with
Bergstrom et al. (2018), that the Decorah struc-
ture may be another member of a growing group
of impact structures that apparently represent a
“spike” of increased delivery of large and small
extraterrestrial bodies to earth during the Middle
Ordovician (Schmitz et al., 2001, 2008; Alw-
mark et al., 2012) following the breakup of the
L-chondrite meteorite parent body in the Aster-
oid Belt at 470 Ma (Korochantseva et al., 2007).
We suggest that this hypothesis may be tested by
obtaining more precise age dates for the Decorah
structure (e.g., by the recovery and analysis of
shocked zircons [Cavosie et al., 2010]) or by the
recovery of diagnostic extraterrestrial chromite
grains from the basin-filling units (Alwmark and
Schmitz, 2007; Alwmark et al., 2012).

11. Despite the confident establishment of
the origin of the Decorah impact structure,
major questions about its characteristics,
formation, and history remain. These include:
the nature of the subsurface stratigraphy and
structure; the presence or absence of an ex-
pected central uplift; the precise age of the
impact event; the post-impact environment in
which the crater-fill breccia and Winneshiek
Shale were deposited; the elapsed time (if any)
between the end of deposition of the crater-
fill breccia and the start of deposition of the
Winneshiek Shale; the relative roles of impact
processes and post-impact preservation in cre-
ating the large and unusual Winneshiek Lager-
stitte now preserved within the structure; pos-
sible connections between the Decorah event
and other mid-Ordovician impact events, and
the subsequent geological and biological his-
tory of the structure and its surroundings.

12. The information now available about the
Decorah structure provides a solid base from
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which to plan and execute more sophisticated
investigations. The highest priorities for fur-
ther studies involve the detailed exploration of
the structure, its deformed rocks, and its crater-
filling units to determine precisely: the present
limits of the structure (e.g., diameter, depth, na-
ture of the crater floor); the structural deforma-
tion of the deformed target rocks in and around
the crater; the lithologies and stratigraphy of
the crater-fill materials; and the recognition of
other impact-produced lithologies possibly pre-
served in the structure. Special attention should
be given to the Winneshiek Shale: its stratigra-
phy, its depositional environment, its relations to
other impact-produced lithologies in the struc-
ture, and the timing of its deposition relative to
formation of the structure. These explorations
will require cooperative multidisciplinary inves-
tigations involving the detailed examination of
available cuttings and core samples, further core
drilling through the crater fill and into the sub-
crater rocks, and a range of geophysical studies,
especially using gravity, magnetic, and active
seismic methods.

13. Further studies of the Decorah structure
have the potential to provide specific informa-
tion on major questions of meteorite impact
mechanics, impact crater formation, the effects
of impact on the geological environment, and
the geological history of the surrounding re-
gion. Although many impact structures of com-
parable size have already been identified, the
Decorah structure is particularly important as
an unusual example of a possible complex im-
pact structure apparently formed and enclosed
entirely in layered sedimentary target rocks, and
further studies of Decorah will help illuminate
the specific details of such structures and of how
they form. In addition, the presence of a striking
fossil Lagerstitte within the crater provides an
opportunity to study, on a small scale and over
a local region, the possible relations between a
meteorite impact event and the preservation of
local fauna. Finally, further study of the Deco-
rah structure will contribute to understanding its
possible relationship to the proposed “spike” of
meteorite impact events in the Middle Ordovi-
cian and will help illuminate the more general
connections between the process of meteorite
impact and the geological and biological history
of the Earth.
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