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INTRODUCTION

by Greg A. Ludvigson and Brian J. Witzke

Historical Background

Cretaceous exposures visited during this field
trip are located within the historic region that
encompasses western lowa and eastern Nebraska
where the original concepts and definition of the
Dakota Formation were formulated. These rocks
were first described in the written literature as
exposures of “soft sandstone” along the bluffs of
the Missouri River near the Omaha Indian’s Black-
bird burial grounds in the 1804 journal of Captain
Clark, as recorded by the historic Lewis and Clark
Expedition of the American West (see Tester,
1931). Meek and Hayden (1862) named the “Da-
kota Group” after exposures of sandstone alternat-
ing with shale and lignite in the “hills back of the
town of Dakota [City]” in Dakota County, Ne-
braska (see circled type Dakota area, Fig. 1). In
Iowa, rock strata presently included in the Dakota
Formation were subdivided by White (1870), into
alower “Nishnabotany [sic] sandstone,” and upper
“Woodbury sandstones and shales.” White’s (1870)
early conception of the Dakota interval as being
comprised of two distinctly different
lithostratigraphic units was subsequently confirmed
and revived by hydrogeologic research drilling
studies in western Iowa (Ludvigson and Bunker,
1979; Whitley, 1980; Whitley and Brenner, 1981;
Witzke and Ludvigson, 1982; Munter et al., 1983;
Witzke etal., 1983; Witzke and Ludvigson, 1994).
A comprehensive summary of the historical back-
ground of stratigraphic studies in the type Dakota
region is presented by Witzke and Ludvigson
(1994).

The Nishnabotna Member of the Dakota For-
mation is the principle bedrock aquifer of western
Iowa (Munter et al., 1983; Hunt and Runkle, 1985;
Ludvigsonand Witzke, 1992; Hansenetal., 1992).
In many upland sites in the western part of the state,
this confined aquifer is the only available large-
capacity source of potable water supply. Chertand
quartz-pebble conglomerate facies of the

Nishnabotna are also developed as economic sand
and gravel deposits where the unit crops out in
southwest Iowa. Iron oxide-cemented ledges of
Nishnabotna sandstone have been used as local
building stones in southwest lowa and southeast
Nebraska, and massive ironstone deposits from
similar coarse-grained facies of the Windrow For-
mation were once mined as economic iron ores in
northeast lowa and southeast Minnesota. Mudrock
facies of the Dakota Formation are used for brick
manufacturing, with operating clay pits located in
Iowa, Minnesota, Nebraska, and Kansas.

Stratigraphic Nomenclature

Cretaceous stratigraphic units in Iowa include
in ascending order: (1) the Dakota Formation,
which includes the lower Nishnabotna Member
and upper Woodbury Member; (2) Graneros Shale,
(3) Greenhorn Limestone, and (4) Carlile Shale
(Fig. 2). Detailed description and discussion of
Woodbury and younger strata in the lowa area can
be found in Witzke and Ludvigson (1987, 1994),
Ludvigson et al. (1994), and Ravn and Witzke
(1994, 1995).

White (1870) first recognized that
“Nishnabotany [sic] sandstones” exposed in the
Nishnabotna and Raccoon River valleys of south-
west Iowa (see circled type Nishnabotna area, Fig.
1) occupied a stratigraphic position below that of
strata exposed in the Big Sioux River of Woodbury
County in northwest Iowa; the type Dakota area
(Fig. 1; see Witzke and Ludvigson, 1987, 1994).
Current conceptions of the Dakota Formation in
Iowa recognize these two major units: (1) a lower
Nishnabotna Member with sheet geometry that
chiefly consists of chert pebble conglomerates and
coarse-grained to fine-grained sandstone (83%
arenaceous units by volume) with lesser amounts
of noncalcareous kaolinitic mudrock and lignite,
and (2) an upper Woodbury Member that chiefly
consists of noncalcareous kaolinitic mudrocks,
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Figure 2. East-west subsurface cross-section of Cretaceous strata across northwestern lowa. Datum is mean sea
level. Upper Dakota strata of the Woodbury Member overstep the eastern edge of the lower Dakota Nishnabotna
Member. Well records on file at IDNR-Geological Survey Bureau. Figure from Witzke and Ludvigson (1994).

with lenticular very fine-grained sandstones and
lignites (Fig. 2; Witzke and Ludvigson, 1982;
Munter et al., 1983; Witzke et al., 1983, Witzke
and Ludvigson, 1994, Ravn and Witzke, 1994). In
northern Iowa, the Nishnabotna is geographically
confined to a major paleovalley system bounded
by paleohighlands of Precambrian rocks of the
Sioux Ridge to the northwest and a bounded to the
southeast by a paleoescarpment cut into southeast-
ward dipping Devonian and Mississippian carbon-
ates (figs. 1 and 2). Farther south, the Nishnabotna
laps the Devonian-Mississippian cuesta and rests

on Pennsylvanian strata where it extends into
southwestern Iowa (Fig. 1).

Regional stratigraphic investigations by Witzke
et al. (1983) showed that in eastern Nebraska, the
Nishnabotna passes westward (basinward) into
mudrock-dominated strata (Fig. 3).

Studies of the Dakota Formation
in Guthrie County

The best and most extensive exposures of the
Nishnabotna Member of the Dakota Formation
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occur in Guthrie County, Iowa, inthe valleys of the
Middle and South Raccoon rivers and their tribu-
taries (Fig. 4). The Middle Raccoon River occu-
pied an ice-marginal position adjacent to the Late
Wisconsinan Des Moines Lobe (Fig. 4), and
outwash gravels containing large erratic clasts
carried by Wisconsinan meltwater discharges are
evident along the valley. The relatively recent
(approx. 14 Ka) deep glaciofluvial incision of this
river valley resulted in extensive bedrock expo-
sure along the valley walls. St. John (in White,
1870) and Bain (1897) described a number of
stratigraphic sections of Nishnabotna strata and
underlying Pennsylvanian units which were mined
for coal in Guthrie County, particularly in the
Middle Raccoon River Valley between Panora and
Springbrook State Park (area now flooded by the
construction of the Lake Panorama reservoir).
Andrews (1958) investigated the mineralogy of
Cretaceous sands and gravels in Guthrie County.
Frye etal. (1964) investigated the clay mineralogy
of Nishnabotna mudstones, and showed that they
are dominantly kaolinitic, with lesser amounts of
illite and montmorillonite. More recent studies of
the stratigraphy and sedimentology of Nishnabotna
strata in Guthrie County (Witzke and Ludvigson,
1982), the type area in the Nishnabotna valley
(Witzke and Ludvigson, 1994), and new work in
the lower Platte River Valley (see circled area in
Fig. 1) and other localities in eastern Nebraska
provide the basis for an improved understanding of
the depositional history of the unit.



REGIONAL DAKOTA SEDIMENTATION

by B.J. Witzke, G.A. Ludvigson, R.L. Brenner, and R.M. Joeckel

A general overview of Dakota sedimentation in
Iowa and surrounding states is provided in previ-
ous papers (especially Witzke et al., 1983; Witzke
and Ludvigson, 1994). A review of these prior
interpretations, which are supplemented with im-
portant new information, will provide trip partici-
pants with some necessary background for placing
the Guthrie County Cretaceous exposures in a
broader regional context.

The lower Dakota Nishnabotna Member, a
sandstone-dominated interval, is the only Creta-
ceous lithostratigraphic unit in western lowa and
eastern Nebraska that contains significant coarse-
grained and pebbly sandstone lithologies.
Nishnabotna strata overlie an irregular eroded
surface of Precambrian and Paleozoic rocks (Figs.
2, 3) with up to 80 meters of local relief developed
in southwest-trending paleovalleys. The
Nishnabotna sandstones are overstepped eastward
in north-central Iowa by upper Dakota strata of the
Woodbury Member (Fig. 2) and are erosionally
beveled beneath Quaternary deposits across south-
western lowa.

The coarse sandstone-dominated strata of the
Nishnabotna Member extend westward into east-
ern Nebraska (Fig. 3). These more distal regions of
the coarse Nishnabotna facies incorporate propor-
tionately more mudrock than observed in western
Iowa. Farther westward and southwestward, the
coarse-grained Nishnabotna sandstone facies are
laterally replaced by a mudrock-dominated inter-
val in which coarse-grained and pebbly lithologies
are rare to absent. This regional facies transition
occurs in the subsurface of central Nebraska as
well as the outcrop belt of southeastern Nebraska,
where the interval in question has been variably
referred to the lower Terra Cotta Member of the
Dakota Formation and/or nearshore and nonma-
rine facies of the Kiowa Formation (Longford
Member). The stratigraphic relationships between
these various units have been difficult to resolve,
and Kiowa and lower Dakota strata have been

interpreted by different workers to be either 1)
lateral facies equivalents, or 2) separated by a
significant regional unconformity.

The gross lithofacies of these units constrain
some regional patterns for late Albian sedimenta-
tion in the eastern-margin area of the Western
Interior (Fig. SA). The interpretations presented
here are further discussed by Witzke et al. (1983)
and Witzke and Ludvigson (1994) who considered
Kiowa and lower Dakota strata to be partial facies
equivalents. The coarse-grained Nishnabotna fa-
cies are interpreted to represent deposits of an
aggrading alluvial plain comprised of westward-
and southwestward-flowing braided stream sys-
tems which drained the eastern landmass. This
regional aggradation is considered to be aresponse
to rising base levels associated with nearby trans-
gression of the Kiowa seaway, and it represents the
first regional depositional episode of the Creta-
ceous in the Iowa area.

Coarse-grained Nishnabotna facies persist up-
ward through the entire thickness of the
Nishnabotna Member in the northwestern Iowa
subsurface, closest to the edge of the eroding
source areas (Fig. 5A). However, upper
Nishnabotna strata are dominated by fine-grained
sandstones in more distal regions of southwestern
Iowa (including Guthrie County) and eastern Ne-
braska. This indicates decreasing stream compe-
tence in distal areas through time, which probably
resulted from declining stream gradients across
the coastal lowlands due to the combined effects of
regional aggradation (filling of accommodation
space) and rising base levels. The succeeding sea-
level lowstand (late late Albian) which separates
the large-scale Kiowa-Skull Creek and Greenhorn
marine cycles would be predicted to be associated
with a decline in fluvial base-levels producing
regional degradation and widespread paleosol de-
velopment (Witzke and Ludvigson, 1994).

Significant mudrock intervals occur within
lower Dakota strata along the western limits of
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pebbly conglomeratic Nishnabotna facies in east-
ern Nebraska (Fig. 6, Ash Grove, Maystrick),
although sandstone-dominated sequences persist
in this area (Fig. 6, Cullom) consisting of stacked
sequences of sandstone and conglomerate. These
latter occurrences are largely indistinguishable
from Nishnabotna sequences in southwestern lowa,
and may represent deposition in areas more closely
associated with a major trunk stream system.
Nearby mudrock-bearing Nishnabotna exposures
(Fig. 6), however, are significantly different from
anything seen in western lowa. Recent investiga-
tions (1994-1995) of these exposures have clari-
fied some long-standing questions concerning
lower Dakota correlations and also uncovered
evidence of interfingering relationships between
marine-related sediments (equivalent to the Kiowa
marine shales) and distal coarse-grained facies
within the Nishnabotna Member. This latter dis-
covery came as a bit of a surprise, as the eastward
depositional limits of typical Kiowa-Skull Creek
marine shales were known to occur over 200 km
west of the Lower Platte Valley sections (Fig. 6;
see Fig. 5A for approximate location of marine
shale margin).

The evidence for marine-related sedimentation
in the Lower Platte Valley area is twofold: 1)
occurrences of marine organic-walled microfos-
sils in the mudrock intervals, and 2) the discovery
of well-preserved tidal rhythmites (upper mudrock
unit at Ash Grove, Fig. 6; see Zawistoski et al.,
1996). The lower mudrock intervals at both Ash
Grove and the Maystrick Pit (Fig. 6) have pro-
duced marine dinoflagellates and acritarchs (see
later discussion on palynomorphs), and it must be
assumed that some nearshore marine or restricted-
marine waters were present at least temporarily in
the area during deposition. This may have oc-
curred in either of two ways: 1) marine transgres-
sion flooded some existing river channels produc-
ing estuarine systems and introducing marine or
restricted-marine organisms tothe area; or2) large-
scale storm surges episodically spread marine
waters across areas of the coastal lowlands. The
lower mudrock interval at both localities (Fig. 6)
was subsequently subjected to deep pedogenic
alteration, suggesting changes in local or regional

base levels and an episode of degradation and soil
development.

The upper mudstone/siltstone unit at Ash Grove
(Fig. 6; based on surface exposures and bedrock
coring) provides exceptional evidence that tidally-
influenced estuarine environments did, in fact,
penetrate a considerable distance up the shallow
river valleys contemporaneous with Nishnabotna
sedimentation. This interval records a second
aggradational event in the sequence that is also
likely represented by the upper section at the
Maystrick Pit (Fig. 6). The alternations of mud and
silt laminae in the interval provide evidence of
well-developed neap-spring tidal cycles that pre-
serve an approximate 3-year record of tidal sedi-
mentation, possibly diurnal (Zawistoski et al.,
1996). The presence of such sedimentary features
indicates that at least meso-tidal ranges (ibid.)
occurred a considerable distance up this
paleoestuary. Further evidence for marine-related
sedimentation is provided by occurrences of a
relatively diverse assemblage of marine dinoflagel-
lates and acritarchs (see later discussion). How-
ever, attempts to extract foraminifera from the
interval have been unsuccessful. The conglomer-
atic sandstone below the tidal unit at Ash Grove
preserves the depositional pinch-out of a lobate
gravel bar (Fig. 6), which is draped by the rhythmite
interval. Channel incision above the tidal se-
quence at Ash Grove indicates a subsequent low-
ering of base level.

Seaward from the distal margin of the
Nishnabotna Member, the lower Dakota sequence
is dominated by mudrocks with secondary sand-
stone. Lignites and carbonaceous shales are recog-
nized. Well-developed paleosols (Joeckel, 1987,
1992), including red-mottled strata bearing sider-
ite pellets and deep plinthic units, are common.
These mudrock-dominated facies have generally
been assigned to the lower Terra Cotta Member in
Nebraska. The eastward incursion of estuarine
facies into adjacent Nishnabotna facies indicates
that at least part of this mudrock-dominated facies
tract must include equivalents of the Kiowa For-
mation. Similar strata in Kansas have been in-
cluded in the Longford Member of the Kiowa
Formation and the lower portion of the Terra Cotta
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Member. The eastward stratigraphic relationships
of Longford and Terra Cotta units have been
largely conjectural until recently.

Mudrock-dominated facies of the Longford
and lower Terra Cotta were deposited across the
late Albian coastal lowlands bordering the Kiowa-
Skull Creek seaway. The transecting fluvial sys-
tems were less competent than in the eastern
Nishnabotna facies tract, probably forming lower-
gradient meanderbeltsystems; overbank mud depo-
sition was extensive across the broad floodbasins.
Nevertheless, coarse and pebbly sediments were
delivered to these coastal lowland settings, espe-
cially low in the depositional sequence, providing
some lithologic continuity with the adjacent
Nishnabotna facies tract. Thin pebbly conglomer-
atic units occur in this mudrock-dominated Albian
facies tract as far west as central Kansas (circled
area “L.R.” on Fig. 1), where rounded pebbles (1-
10 cm) of chert, vein quartz, and jasper, compa-
rable to the Nishnabotna gravels in lowa, are
recognized (Feldman, 1994).

In addition to the predominant nonmarine sedi-
mentation across this mudrock-dominated facies
tract (fluvial, pedogenic), marine-related deposi-
tion is also indicated. An exhaustive and detailed
sedimentary analysis of this facies tract has not
been completed in Nebraska, although the pres-
ence of marine indicators suggests that estuarine,
deltaic, and/or coastal wetland environments were
part of the regional depositional mosaic. Occur-
rences of marine palynomorphs in some mudrock
units of the area (including the Yankee Hill area
and Jefferson County, Fig. 1) provides further
marine-related linkages with estuarine facies of
the distal Nishnabotna facies tract.

A second episode of regional fluvial aggrada-
tion was associated with transgression of the Green-
horn marine cycle, which began in the latest Albian
and culminated in widespread marine transgres-
sion as far east as eastern Minnesota by the latest
Cenomanian and early Turonian (Witzke et al.,
1983). Depofacies tracts largely indistinguishable
from those described for the Kiowa-Skull Creek
cycle can be found in these younger units, but such
tracts occur at positions notably farther to the east
than found for the lower Dakota-Kiowa interval
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(Fig. 5B). This reflects the greater eastward extent
ofthe marine inundation associated with the Green-
hornmarine cycle. The broad mudrock-dominated
coastal-lowland facies tract corresponds essen-
tially to the upper Dakota Woodbury Member in
JIowa and Nebraska, and includes strata of the
upper Terra Cotta and Janssen members in south-
eastern Nebraska and Kansas.

Coarse-grained lithologies are generally ab-
sent across most of the Woodbury Member facies
tract. However, coarse and pebbly sandstones are
identified in the proximal areas where Woodbury
strata overstep the Nishnabotna edge to directly
overlie the eroded Paleozoic surface (Fig. 2). The
Cretaceous outcrop belt erosionally terminates
east of this coarsening transition, although a num-
ber of Cretaceous outliers in southeastern Minne-
sota, northeastern Iowa, western Wisconsin, and
western Illinois (Fig. 1) provide considerable evi-
dence of a coarse-grained and conglomeratic fa-
ciestractthatdeveloped eastward ofthe Woodbury
Member (Fig. 5B). Most of these outliers are
included in the Windrow Formation; the Baylis
Fm. in Illinois is probably equivalent.

Coarse-grained sandstones and iron-oxide-ce-
mented pebbly conglomerates of the Windrow
Formation (Ostrander, Iron Hill, East Bluff mem-
bers) are, for the most part, lithologically indistin-
guishable from facies seen in the Nishnabotna
Member of western lowa (Thwaites and Twenhofel,
1921; Andrews, 1958). Windrow sedimentation is
considered to be directly analogous with that of the
Nishnabotna, deposited in similar fluvial environ-
ments and sourced from the same eastern land-
mass. Further analogy with the distal Nishnabotna
facies of the Lower Platte Valley is seen in Goodhue
County, Minnesota (Fig. 1), where marine-related
mudrocks (with shark teeth and marine ichnofauna)
are associated with the Windrow conglomerates
(Witzke et al., 1983).






AGE AND CORRELATION OF THE NISHNABOTNA MEMBER

by B.J. Witzke, R.L. Ravn, G.A. Ludvigson, R.M. Joeckel, and R.L. Brenner

The age and regional correlation of the Dakota
Formation in western Iowa and eastern Nebraska,
particularly the basal portion represented by the
lower Nishnabotna Member, has been difficult to
determine due to lithostratigraphic uncertainties
and a paucity of biostratigraphic control. Upper-
most Dakota strata (top 10-15 m of Woodbury
Member) and the overlying “Graneros” Shale in
the type Dakota area contain late Cenomanian
marine mollusks and foraminifera, constraining
the upper limits of the formation in western lowa
(see summaries in Witzke and Ludvigson, 1994,
and Ravn and Witzke, 1995). Recent
palynostratigraphic studies (Ravn and Witzke,
1994, 1995) have identified abundant and diverse
palynofloras in nonmarine strata of the Woodbury
Member in western Iowa, and these indicate an
early to middle Cenomanian age for the lower and
middle portions of the member. As such, the
Nishnabotna Member is constrained to an age no
younger than early Cenomanian, and a late Albian
age is reasonably suggested (see earlier sugges-
tions of Whitley and Brenner, 1981; Ravn, 1981).

Previously established lithostratigraphic rela-
tionships between lower Dakota strata in its type
areaand the Newcastle/Muddy/Mowry formations
of eastern Wyoming generally supported an upper-
most Albian correlation for at least part of the
Nishnabotna Member (see summary by Witzke et
al., 1983). Biostratigraphically significant spores
(Plicatella  jansonii, Impardecispora
marylandensis) were subsequently recovered from
subsurface strata of the lower Nishnabotna Mem-
ber in northwestern Iowa by Ravn and Witzke
(1994, 1995), strongly supporting an upper Albian
correlation. Twenhofel (1924), Tester (1931), and
Witzke et al. (1983) had previously suggested that
lower Nishnabotna strata in Iowa should correlate
with marine strata of the Albian Kiowa Formation
in Kansas, but biostratigraphic verification of this
was not athand. Their interpretation differed from
that presented by Franks (1975, 1979), Bowe

13

(1972), Schoon (1971), Karl (1976) and others
who correlated lower Dakota strata in eastern
Nebraska and the type area to an entirely post-
Kiowa position. In the absence of firm biostrati-
graphic data, two basic options remained through
1994: 1) lower Nishnabotna strata correlate with
some portion of the Kiowa-Skull Creek marine
cycle inthe Western Interior, or 2) the Nishnabotna
isapost-Kiowa interval deposited during the latest
Albian and earliest Cenomanian (lower Green-
horn cycle). As discussed in the previous section,
the discovery of tidal-related deposits with marine
microfossils in lower Nishnabotna strata of eastern
Nebraska would seemingly make the first option
preferable.

Field studies progressed into the lower Platte
River Valley of eastern Nebraska (Fig. 1) during
1994 and 1995, and unoxidized mudrocks were
recognized interbedded with pebbly conglomer-
atic sandstones typical of the lower Nishnabotna
Member (see earlier discussion; Fig. 6). These
were sampled for palynomorphs, and a diverse
palynoflora was identified during 1995-1996 (see
Table 1). Allidentifications are by R.L. Ravn. The
assemblages are clearly older than anything that
was previously identified in Dakota strata of the
region, significantly expanding our understanding
of Dakota chronostratigraphic relationships. These
palynologic collections, in conjunction with other
published and unpublished collections from east-
ern Nebraska and western Iowa, enable a prelimi-
nary palynostratigraphic framework to be erected
for the entire Dakota Formation in the region. This
is summarized below, but further studies will un-
doubtedly expand and refine these general state-
ments. A Cenomanian framework was published
previously (Ravn and Witzke, 1994, 1995), al-
though important new collections have notably
expanded our knowledge of the palynostratigraphy
of both lower and upper Dakota units during the
time these publications were in press.



Dakota Palynostratigraphic Framework,
Iowa and Nebraska

To date, 167 genera and 321 species of Creta-
ceous palynotaxa have been recognized in Dakota
Formation samples from western Jowa and eastern
Nebraska (indeterminate taxa may increase this to
over 360 species). The great diversity makes this
region one of the world’s richest sources of
palynologic information yet known for the mid
Cretaceous. Abundant and well-preserved
palynomorph assemblages are routinely recovered
from unoxidized lignitic and mudrock units in the
formation. Although dark-gray carbonaceous units
are generally the most productive, other types of
mudrocks also commonly yield abundant
palynomorphs (including light- to medium-gray
silty mudstones/claystones and unoxidized do-
mains within pedogenically-modified red mud-
stones).

Upper Dakota strata have been extensively
sampled from surface exposures and subsurface
core and cuttings from the type Dakota area (Fig.
1) and elsewhere in northwestern Iowa (see Ravn
and Witzke, 1995; sample intervals 6 through 16,
Fig. 7). Recent supplemental upper Dakota samples
from Burt and Jefferson counties, Nebraska (Fig.
1), the Winnebago and Omaha Indian Reserva-
tions (Hamid, 1995), and new cores from Sergeant
Bluff, lowa, have expanded and refined the ranges
of many taxa (sample intervals 5 through 16, Fig.
7). Lower Dakota samples are largely derived
from southeastern Nebraska, including natural
outcrops, pit exposures, and cores from the Lower
Platte Valley, the area in and around Yankee Hill,
and Jefferson County (Fig. 1). Nishnabotna strata
were previously sampled from western lowa, and
these had earlier yielded limited but instructive
palynofloras (see above; also Ravn and Witzke,
1995). The Lower Platte Valley samples (see Fig.
6; sample intervals 1 and 2 on Fig. 7) were derived
from strata approaching the westward limits of the
coarse-grained and conglomeratic lower
Nishnabotna Member. Lower Dakota samples
from Yankee Hill and Jefferson County (sample
intervals 2 through 4, Fig. 7) are from strata gener-
ally assigned to the Terra Cotta Member (a Kansas
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term). These strata are from mudrock-dominated
facies distal to the coarse-grained channels of the
lower to upper Nishnabotna; coarse units persist
into this region, but sandstone bodies are subordi-
nate. Additional lower Dakota samples from
Guthrie County, Iowa (see Stop 5 discussion and
diagrams), were processed during late 1995 and
early 1996, but as of this writing the palynoflora
has not yet been fully identified; preliminary ob-
servations suggest relationships with the Lower
Platte Valley samples.

The diverse Dakota palynofloras are typically
dominated by spores of various pteridophytes
(ferns), lycophytes, and bryophytes. Pollen grains
from gymnosperms and angiosperms are generally
less abundant, but the diversity of these forms is
notable. The relative abundances of these higher-
level palynotaxa are almost inversely proportional
to that seen in the Dakota compression floras of the
region, where angiosperm leaves are overwhelm-
ingly dominant over fern and conifer foliage. This
seeming discrepancy is related in part to the lower
production of pollen from angiosperm taxa com-
pared with the greater volume of spore and pollen
rain from the ferns and gymnosperms. The paleo-
botanical affinities of the various palynomorphs
indicate that a rich flora inhabited the fluvial
floodbasins and coastal lowlands of the eastern-
margin area of the Western Interior.

Conifers grew in the lowland environments,
including pines and cypress-liketaxodiaceans. The
diversity of conifer pollen, however, is not re-
flected in the compression floras, and it may be that
much of the gymnosperm pollen rain was derived
from conifer forests in less saturated influve areas
and nearby regions of slightly higher elevation.
The conifer pollen rain suggests the presence of
pines, podocarps, taxodiaceans, sequoias, and
araucariaceans in the region. Additional gymno-
sperms include cycadophytes, gnetaleans (shrubs),
and various incertae sedis.

Angiosperm pollen shows an overall increase
in diversity and complexity upward through the
Dakota Formation. Compression floras also pro-
vide glimpses of the angiosperms that inhabited
the region (Ravn and Witzke, 1995), but the taxo-
nomic relationships of the fossil foliage and pollen
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Figure 7. Ranges of selected palynomorph taxa in the Dakota Formation of western Iowa (w I1A) and eastern
Nebraska (e NB), modified in part from Ravn and Witzke (1995) with significant additions and range extensions
derived from extensive unpublished data (identifications of R. Ravn). Agesin Ma (million years) interpreted from
Kauffmanetal. (1993). Arrows onrange bars indicate known range extensions at other North American localities.
Sample intervals 5 through 16 based largely on objective sequences from cores at Hawarden and Sargeant Bluff,
Iowa, and exposures in Thurston Co., Nebraska (Hamid, 1995); intervals 1 is section at Ash Grove, Nebraska (see
Fig. 6) and Guthrie Co., Iowa (Figs. 26, 27); intervals 2 through 4 are based on relative stratigraphic positions of
lower Dakota exposures in the Yankee Hill and Jefferson County study areas, southeastern Nebraska (see Fig. 1).
Tentative lithstratigraphic correlations with northern Kansas (n KS) are illustrated.

remain problematic. These early angiosperms
probably grew as shrubs, vines, and trees in the
lowland forests. Lower Dakota compression flo-
ras (see Stop 2) are dominated by large platinoid
(sycamore-like) angiosperm leaves with a few
additional forms present (simple to multi-lobed
and serrate forms). Middle Dakota angiosperm
compressions show an overall increase in diver-
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sity, including a variety of pinnate and platinoid
leaves; the appearance of simple unlobed magnoliid
leaftypes is noteworthy. Possible palm pollen also
appears (palm compressions are known from the
Dakota of Kansas). Upper Dakota strata in the
region yield additional angiosperm compressions,
typically dominated by simple to lobed magnoliid
types; a variety of additional taxa also occur (in-




Table 1. Palynomorphs from lower Nishnabotna Member, Ash Grove and Maystrick Pits, Nebraska; identifications

by Robert L. Ravn

BRYOPHYTA
Aequitriradites spinulosus
Contignisporites glebulentus
Couperisporites cf. complexus
C. tabulatus

Foraminisporis asymmetricus
F. wonthaggiensis
Stereigranisporis regius
Stereisporites antiquasporites
S. psilatus

S. sp. indet.

Triporoletes cenomanianus

T. laevigatus

T. radiatus

T. reticulatus

T. simplex

T sp. 1

LYCOPHYTA
Camarozonosporites ambigens
C. sp. (small)

Densoisporites circumundulatus
D. microrugulatus

D. velatus

Echinatisporis varispinosus

E. sp. indet.

Kraeuselisporites breviculus

K. hastilobatus
Lycopodiacidites canaliculatus
L. triangularis

L. sp. indet.

Retitriletes austroclavatidites

R. singhii

R. spp. indet.

Sestrosporites pseudoalveolatus
Staplinisporites caminus

PTEROPHYTA

Antulsporites distaverrucosus

A. sp. (invag. angles)

Balmeisporites holodictyus

Biretisporites potoniei

Cibotiumspora juncta

Cicatricosisporites apicanalis

C. aralicus

C. australiensis

C. claricanalis

C. goniodontos

C. cf. hughesii

C. mediostriatus

C. minutaestriatus

C. patapscoensis

C. potomacensis

C. psuedotripartitus

C. venustus

C. spp. indet.

Cingulatisporites cf.
levispeciosus

C.? sp. indet.

Concavissimisporites granulosus

C. punctatus

C. cf. variverrucatus

Converrucosisporites sp. indet.

Corniculatisporites sp. indet.

Costatoperforosporites foveolatus

Crybelosporites pannuceus

C. striatus

C. sp. indet.

Deltoidospora hallii

D. cf. maculosa

D. mesozoica

D. minor

Dictyophyllidites cf. harrisii

D. cf. impensus

D. incomptus

D. sp. indet.

Disaltriangulisporites irregularis

D. mutabilis

D. perplexus

Divisisporites? sp. indet.

Foveogleicheniidites cf.
confossus

Foveosporites labiosus

F. pantostiktos

F. senomanicus

F. subtriangularis

F. sp. indet.

Gleicheniidites senonicus

G. sp. (small, thick)

Granulatisporites michinus

G.? sp. indet.

Impardecispora apiverrucata

1. marylandensis

1. minor

L. purverulenta

1.7 sp. indet.

Interulobites? sp. indet.

Ischyosporites crassimacerius

L. disjunctus

I foveolatus

L pseudoreticulatus

I sp. indet.

Laevigatosporites gracilis

L. haardtii

L. sp. (large)

Leptolepidites sp. indet.

Lophotriletes babsae

Microfoveolatisporis sp. indet.

Microreticulatisporites sacalii

M.? sp. indet.

Neoraistrickia robusta

N. truncata

Nevesisporites simiscalaris

Nodosisporites stellantis

N. sp. indet.

Ornamentifera echinata

Osmundacidites wellmanii

Pilosisporites cf. notensis

P. trichopapillosus

P. spp. indet.

Plicatella cf. fucosa

P. jansonii

P. matesovae

P. potomacensis

P. cf. problematica

P. tricornitata

P. unica

P. sp. indet.

Polycingulatisporites reduncus

Psilatriletes radiatus

Punctatisporites couperi

P. globosus

P. sp. indet.

Reticulosporis elongatus

Rogalskaisporites cicatricosus
Scopusporis excavatus

S. lautus

S. sp. indet.

Stoverisporites lunaris
Taurocusporites segmentatus
Tigrisporites scurrandus

T. verrucatus

Tribosporites canadensis
Undulatisporites undulapolus
U.? sp. indet.
Verrucosisporites rotundus

V. sp. indet.

GYMNOSPERMAE
Abietineaepollenites sp. indet.
Balmeiopsis limbatus
Callialasporites dampieri
Cedripites canadensis
Corollina echinata

C. torosa

Cycadopites sp. indet.
Equisetosporites cf. concinnus
E. sp. indet.

Eucommiidites minor

E. troedssonii
Exesipollenites tumulus

E.? sp.

Jiaohepollis cf. flexuosus
Laricoidites magnus
Nicholsipollis mimas
Parvisaccites radiatus
Piceaepollenites sp. indet.
Pinuspollenites constrictus
Podocarpidites multesimus
P. sp. indet.
Pristinuspollenites inchoatus
P. sulcatus

P. sp. indet.
Rugubivesiculites reductus
R. rugosus

R. woodbinensis
Taxodiaceaepollenites hiatus
Thomsonisporites rasilis
Tsugaepollenites sp. indet.
Vitreisporites pallidus

indet. bisaccate pollen

ANGIOSPERMAE
Foveomonocolpites? sp. indet.
Fraxinoipollenites constrictus
F. venustus

Liliacidites doylei
Phimopollenites? sp. indet.
Quadricolpites reticulatus
Retimonocolpites dividuus

R. sp. indet.

Rousea sp. indet.

R.? sp. (strongly prolate)
Sabalpollenites scabrus
Tricolpites sp. indet.
Verrumonocolpites sp. indet.

MISCELLANEA OR
INCERTAE SEDIS
Ovoidites majusculus
O. parvus
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Schizosporis reticulatus
linear septate fungal hypha

MARINE PALYNOMORPHS
Hystrichodinium cf. pulchrum
Impletosphaeridium? sp. indet.
Leiosphaeridia sp. (large)
Lophosphaeridium? sp. indet.
Micrhystridium sp. indet.
Systematopphora? sp.
Veryhachium sp. indet.

indet. angular ?2dinocyst

indet. gonyaulacoid dinocyst
indet. skolochorate dinocyst spp.
indet. large leiosphere

indet. small leiosphere

indet. large alate, sparse spine

REWORKED
PENNSYLVANIAN SPORES
Auroraspora cf. solisorta

A. sp.

Calamospora cf. breviradiata
C. spp. indet.

Corbulispora cf.
reticulocingulum

Crassispora kosankei
Densosporites sp. indet
Emphanisporites sp. indet.
Endosporites globiformis
Florentinia pumicosus

F. cf. volans

Florinites mediapudens

F. visendus

Grandispora sp. indet.

" Lophotriletes sp. indet.

Lycospora pellucida

L. rotunda
Potonieisporites elegans
P. solidus
Punctatisporites sp. indet.
Triquitrites crassus

T. sculptilis

Wilsonites delicatus



cluding pinnate, serrate, and platinoid leaf forms).
The mid Cretaceous was a time of dramatic and
rapid botanical diversification, particularly within
the angiosperms. The dramatic diversification of
the flowering plants during this interval is one of
the most important episodes in the history of life on
earth. These great changes set the primary stage,
an inexorable motion if you will, for the subse-
quent co-evolution of the terrestrial biosphere. It
initiated a trend that ultimately produced the an-
giosperm-dominated landscape (and its associated
complex animal communities) that we see in the
modern world.

The mid Cretaceous plant communities of the
eastern-margin region, in addition to the gymno-
sperms and angiosperms, also included an under-
story or groundcover of many additional plants, as
indicated by the diverse palynofloras (and to a
lesser extent, the compression floras). These in-
clude mosses and liverworts (bryophytes), lyco-
pods and selaginellaceans (lycophytes), and fungi.
Additional palynomorphs were apparently pro-
duced by freshwater algae (chlorophytes) in wet-
land or ponded settings. A tremendous variety of
ferns and fern-like taxa must have thrived in the
region, as indicated by the abundance and diversity
of pterophyte spores (e.g., Table 1). These include
probable representatives of the osmundaceans,
schizaeaceans, gleicheniaceans, matoniacaeans,
marsiliaceans, polypodiaceans, and others. Some
of these probably grew as tree ferns or “trunked”
forms (including Zempskya, see Stop 2 discus-
sion).

A final group of palynomorphs recovered in
Dakota strata encompasses a variety of organic-
walled microfossils, primarily dinoflagellates and
acritarchs, which are indicative of marine or mar-
ginal-marine environments (e.g., see Table 1).
These forms are restricted to horizons or beds
within the lower Nishnabotna/lower Terra Cotta
members of eastern Nebraska and the middle to
upper Woodbury Member in Iowa and Nebraska
(Fig. 7). These occurrences provide evidence of
marginal marine environments or tidal influences
in the distal reaches of the Dakota fluvial and
fluvial-deltaic systems during two general phases
of regional marine transgression.
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A series of generalized palynostratigraphic units
(Fig. 7), when supplemented with first or last
appearance datums of key taxa, permit a higher
level of chronostratigraphic resolution in the non-
marine Dakota sequence than heretofore possible.
The palynomorph assemblages are comparable to
other well-known palynological sequences else-
where in North America. Lower Dakota strata
have not yet been as thoroughly sampled as the
upper Dakota, and it seems likely that further
biostratigraphic refinement may be possible within
the upper Albian interval. A preliminary summary
of general palynostratigraphic units (labeled units
1 through 4 on Fig. 7), in ascending order, follows.

1) Palynostratigraphic unit 1 (Fig. 7) is recog-
nized in lower Nishnabotna strata and correlative
lower Terra Cotta units in the region. It is charac-
terized by occurrences of palynomorph taxa not
known to range above the Albian Kiowa-Skull
Creek depositional cycle elsewhere in the Western
Interior, including Eucommidites minor,
Disaltriangulisporites  perplexus, and
Foveosporites labiosus (and probably
Cicatricosisporites goniodontos, C. patapscoensis,
Stoverisporites lunaris, and others). Numerous
other Albian indicators are present (e.g.,
Impardecispora marylandensis, Staplinisporites
caminus, Densoisporites velatus,
Disaltriangulisporites irregularis, D. mutabilis,
Quadricolpites reticulatus, others). Occurrences
of marine palynomorphs indicate marine influ-
ences in distal areas of the Nishnabotna fluvial
facies, likely marginal to the Kiowa-Skull Creek
seaway.

2) Palynostratigraphic unit 2 is characterized
by the highest occurrences of typical Albian
palynomorphs (e.g., Cedripites canadensis,
Vitreisporites pallidus, Podocarpidites
multiesimus, Impardecispora apiverrucata,
Triporoletes radiatus, Cicatricosisporites aralicus,
Plicatella jansonii, Exesipollenites tumulus, oth-
ers). Cenomanian indicators and marine
palynomorphs are absent. Unit 2, particularly the
lower portion, contains a palynoflora that shares
much in common with the Muddy Sandstone of
Wyoming, an upper Albian unit of the basal Green-
horn cycle (Ravn, 1995). The lowest occurrence of



Neoraistrickia robusta is shown on Figure 7 in
sample interval 3; recent collections indicate that
its range should be lowered to include sample
intervals 1 and 2.

3) Unit 3 is recognized in strata of the lower
Woodbury Member. The top is drawn at the last-
appearance datum of Neoraistrickia robusta (see
Ravn and Witzke, 1995). A number of character-
istic Cenomanian taxa make their appearance at or
near the base of the unit (e.g., Balmeisporites
glenelgensis, Foveosporites cenomanianus,
Petalosporites quadrangulus, Triporoletes
pluricellulus). Marine palynomorphs are absent in
unit 3.

4) Unit 4 is marked by a general upward in-
crease in angiosperm diversity and a general up-
ward loss of forms common in older Albian assem-
blages (e.g., Nicholsipollis mimas, Cycadopites
fragilis, Cicatricosisporites mediostriatus,
Impardecispora trioreticulosa, Cingutriletes
congruens). A number of angiosperm pollen taxa
make their first appearance in unit 4 (see Fig. 7),
including morphologically complex forms (e.g.,
Montipollis hallii). Some important spore taxa
also have their first appearances in unit 4, includ-
ing Cicatricosisporites crassiterminatus,
Dictyophyllidites impensus, Foveogleicheniidites
confossus, and Lycopodiacidites arcuatus. The
first-appearance datums of M. hallii and C.
crassiterminatus are used to subdivide unit 4 (see
Ravn and Witzke, 1995). Marine palynomorphs
are scattered at certain stratigraphic levels in unit
4, generally increasing in abundance upward; these
reflect marine influences in distal fluvial settings
duringregional transgression of the adjacent Green-
horn seaway.
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COARSE-GRAINED EASTERN FACIES

by B.J. Witzke and G.A. Ludvigson

Mid-Cretaceous coarse-grained fluvial facies
are widespread in the eastern-margin region of the
Western Interior, primarily known from strata of
the lower Dakota and Windrow formations. As
discussed in more detail by Witzke and Ludvigson
(1994), these coarse-grained sandstones and peb-
bly conglomerates were deposited in westward-
and southwestward-flowing stream systems that
drained the eastern landmass of North America.
These general transport directions are reflected in
Guthrie County by the orientations of trough axes
within the Nishnabotna sandstones, which show a
general northeast-southwest trend on average (Fig.
8). By contrast, planar and tabular foreset direc-
tions in Guthrie County show considerable disper-
sion (Witzke and Ludvigson, 1982), with eastward
and northward directions not uncommon. The
planar foreset directions bear no clear relationship
to the trough axes orientations and probably repre-
sent, in part, lateral accretion along the migrating
channel margins.

Composition and Source Areas

Coarse-grained eastern facies of the Dakota
and Windrow formationsare characterized by quart-
zose compositions, including quartzarenitic sand-
stones and quartz/chert pebble conglomerates. The
Nishnabotna sandstones of southwestern Iowa
average over 96% quartz, primarily first-cycle
quartz grains derived from Precambrian crystal-
line source areas (Witzke and Ludvigson, 1994).
The quartz fraction of silt- and sand-sized grains
includes a minor fraction of chert grains (generally
less than 2%) derived primarily from Paleozoic
sources. The Nishnabotna sandstones also include
minor amounts of feldspar, lithic grains, musco-
vite, and heavy minerals (leucoxene, zircon, tour-
maline, rutile, staurolite, others) (Witzke and
Ludvigson, 1994; Andrews, 1958). Quartz grains
which enclose accessory minerals, including
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rutilated quartz (Fig. 9E) and zircon in quartz (Fig.
10F), provide further evidence of derivation from
igneous and metamorphic sources.

The pebble/granule fraction of the conglomer-
atic units (commonly known as “peanut rock” or
“puddingstone”) are proportionately more chert-
rich than the sand-size fraction. Point-counts of
Nishnabotna conglomerates from southwestern
Iowa average over 33% chert (Witzke and
Ludvigson, 1994), and non-quantitative estima-
tions in Guthrie County suggest that the pebble
fraction of some lower Nishnabotna conglomer-
atesisover 70% chert. The chert granules, pebbles,
and cobbles are generally rounded and polished,
and, as discussed shortly, are primarily from Pa-
leozoic sources. The remaining pebble fraction is
dominated by polished clear to milky quartz clasts,
many with coarse-crystalline fabrics resembling
igneous vein quartz and pegmatitic quartz variet-
ies. Many of these quartz clasts show strained
extinction patterns indicating derivation from
metamorphosed or tectonized source regions (Fig.
9A); afew rare quartz grains show planar deforma-
tion features (Fig. 9B) suggestive of impact-re-
lated or high-pressure tectonic sources. Many
quartz granules/pebbles display tectonite fabrics
(e.g., Fig. 9C,D), further indicating origins from
eastern Precambrian shield or orogenic sources.
Additional quartzose grains include chalcedony
(Fig. 10B), quartzite (Fig. 9F), and jaspery cherts.
The quartzite grains resemble Baraboo-interval
(Proterozoic) quartzites from Minnesota and Wis-
consin. The jaspery cherts, commonly red or black
in color, are likely derived from metamorphic
terranes of the eastern subcontinent.

Mudrocks associated with the coarse-grained
units of the Dakota and Windrow formations are
mixtures of clay and quartz silt/sand. Many are
pedogenically modified to varying degrees, dis-
playing red mottlings/streaks, argillans, or ori-
ented clays (Fig. 10E). Associated clay clasts
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within the coarse sandstones represent rip-ups
from overbank and channel-margin muds; these
locally form a mud-rich pseudomatrix for some
Nishnabotna sandstones (Fig. 10D). The clay
minerals which comprise these mudrocks are domi-
nated by kaolinite with lesser illite (Frye et al.,
1964). As discussed by Witzke et al. (1983) and
Witzke and Ludvigson (1994), the dominant
sources of these kaolinitic muds were likely the
sub-Cretaceous kaolinitic regoliths developed on
deeply-weathered Precambrian shield areas in
Minnesota and Wisconsin (and likely Upper Michi-
gan and Ontario as well). Additional kaolinitic
regoliths were developed on weathered argilla-
ceous Paleozoic bedrock in the region.

The source strata for many of the chert clasts in
the Dakota and Windrow conglomerates can be
identified with a high degree of confidence based
on the recognition of various Paleozoic fossil
grains. The taxonomic identity of various silici-
fied fossils collected from these conglomerates
have been compiled or noted by a number of
geologists. Silicified Pennsylvanian fossils (bra-
chiopods, crinoid debris, fusulinids) are noted in
the lower Dakota conglomerates of western Iowa
and eastern Nebraska where Dakota strata overlie
Middle and Upper Pennsylvanian units, but Penn-
sylvanian fossils are absent to the east. The Guthrie
County conglomerates have produced notable col-
lections of Paleozoic fossils (Witzke and
Ludvigson, 1982; Bain, 1897); Silurian corals
numerically dominate these collections, but a va-
riety of Ordovician, Silurian, Devonian, and Penn-
sylvanian invertebrates are also recognized (see
list for Stop 1). Silicified Silurian corals and
Pennsylvanian brachiopods are also known from
the Lower Platte River Valley of eastern Nebraska
(Woodruff, 1906, p. 196; personal observations).
Silicified Paleozoic fossils are also recognized as
grains within coarse sandstones in the region (Fig.
10C).

Conglomeratic strata of the Windrow Forma-
tion in northeastern Iowa, southeastern Minne-
sota, and western Wisconsin have also produced
collections of silicified Paleozoic fossils, domi-
nated by Ordovician and Silurian forms (see sum-
mary in Thwaites and Twenhofel, 1921). The

21

fossils were recovered from basal Cretaceous strata
variably overlying Precambrian, Cambrian, or
Ordovician units. The common occurrence of
Silurian fossils is of particular note, as these could
not have been derived from local sub-Cretaceous
units but must have been transported into the
region. Silurian fossils in Windrow conglomer-
ates above the Precambrian quartzites at Devils
Lake (East Bluff, Fig. 1) and elsewhere in western
Wisconsin are of particular note, as the nearest
source for these would apparently be the Silurian
outcrop which rims the western margin of the
Michigan Basin at least 250 km to the east. The
common occurrence of Silurian fossils in the
Nishnabotna conglomerates of western Iowa and
eastern Nebraska indicates even longer distance
transport, as the nearest possible source for these
would be the Silurian outcrop belt of eastern Iowa,
northwestern Illinois, and southwestern Wiscon-
sin at least 350 to 600 km to the east.

To summarize, the suite of sediments identified
in the Cretaceous fluvial deposits of the lowa area
was sourced entirely from erosion of the eastern
subcontinent, the vast area of North America that
lay eastward from the margins of the Western
Interior seaway. As discussed above, the Dakota-
Windrow quartz pebbles were derived from crys-
talline bedrock terranes. The closest potential
source for these pebbles is the vast Precambrian
Shield (Canadian Shield) area of the Upper Great
Lakes region (Fig. 11), indicating transport dis-
tances of at least several hundred kilometers. In
addition to the quartz pebbles, a significant pro-
portion of the eastern detritus, including kaolinitic
clays and much of the first-cycle quartz sand, was
also likely sourced from crystalline terranes of the
Precambrian Shield. Deeply-weathered kaolinitic
regoliths of probable Cretaceous age are known
from the Precambrian shield area (Witzke et al.,
1983). The Precambrian Shield extends farther
into Ontario and Quebec, and, depending on the
size of the original drainage catchment, there is no
a priori reason why these regions may not also
have been potential source areas for the Dakota
sediments. A hypothetical lower Dakota drainage
network is illustrated transecting the Paleozoic
bedrock regions of the upper Midwest as well as
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Figure 9. Quartz morphologies seen in coarse-grained Nishnabotna and Windrow facies; photomicrographs,
cross-polarized light, 3.2 mm field of view unless noted. Localities: A,B,C (Loc. 38 of Witzke and Ludvigson,
1994), D (Goodhue Co., MN), E (Loc. 41 of ibid.), F (Loc. 39 of ibid.). A) Quartz granule displaying complex
strained extinction pattern under cross-polarized light. B) Quartz grain displaying parallel planar deformation
features; 1.3 mm field. C) Tectonite fabric in quartz granule, metamorphic fabric. D) Tectonite fabric in quartz
grain; other monocrystalline quartz grains. E) Rutilated quartz grain; 0.65 mm field. F) Quartzite granule
displaying consituent sand grains internally.
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Figure 10. Rock fabrics, Nishnabotna and Windrow facies; photomicrographs, cross-polarized light; 3.2 mm
field of view unless noted. Localities: A,E (Loc. 38 of Witzke and Ludvigson, 1994), B (Goodhue Co., MN), C.D
(D7 core, Loc. 16 of ibid.), F (Loc. 41 of ibid.). A) Paleozoic chert granules with miscellaneous quartz silt and
sand grains; 6.4 mm field. B) Chalcedony grain with radiating crystal fabrics, other miscellanceous quartz grains.
C) Medium to coarse sand grains, subangular to subrounded, primarily monocrystalline quartz, chert grains
include silicified bryozoan. D) Medium to coarse sand grains in argillaceous-silty pseudomatrix; 6.4 mm field.
E) Silty kaolinitic mudstone, displays oriented clays (sepic plasmic fabric); 0.65 field. F) Quartz grain with zircon
inclusion.
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large areas of the southern Precambrian Shield
(Fig. 11).

The only other potential source for the igneous
and metamorphic component of the eastern detri-
tus would be crystalline terranes within the Appa-
lachian orogen. Such an idea may seem far-
fetched at first, until one realizes that the Appala-
chians form the only geologically-realistic eastern
boundary to the westward-drainingmid-Cretaceous
catchment basins of the eastern subcontinent. No
tectonic events or glacial processes can be invoked
to create a mid-Cretaceous drainage divide be-
tween the central Appalachians and lowa. Any
water flowing off the west side of the central
Appalachians would presumably continue unabated
to the eastern margin of the Western Interior sea-
way. The subsequent evolution of the Mississippi
Embayment during the Late Cretaceous would
alter this general pattern, forming a southward
diversion to the westward-flowing streams.

Some geologic observations are pertinent to a
consideration of the central Appalachians as a
potential source of detritus for Dakota deposition.
First, mid-Cretaceous fluvial deposits of the
Tuscaloosa Formation in the southeastern United
States were likely deposited in a separate south-
eastward-flowing drainage headwatered in the
southern Appalachians. While the Tuscaloosa
systems are disjunct with those of the Dakota,
some sedimentary similarities are noteworthy.
Chert-rich gravels, coarse quartz sands, and kaoli-
nitic mudstones characterize the Tuscaloosa as far
west as southern Illinois and western Kentucky
and Tennessee (e.g., Willman and Frye, 1975).
Similar Appalachian-sourced sediments may have
been delivered to the Dakota fluvial systems. The
sub-Tuscaloosa surface preserves deeply-weath-
ered kaolinitic paleosols and local karstic bauxites
(Sigleo and Reinhardt, 1988). Second, remnants
of Cretaceous strata (lignites, sandstone, clay, iron
oxides) are fortuitously preserved above a deeply-
weathered sub-Cretaceous regolith (residuum)
within the folded and faulted central Appalachian
Mountains of southern Pennsylvania (Pierce, 1965)
and elsewhere. Evidence of deep weathering and
a thick regolith (30-75 m thick) in the central
Appalachians enhances the likelihood that signifi-
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cant quantities of sediment could have been eroded
from Appalachian sources and delivered to the
westward-draining Cretaceous river systems.

Inter-Regional Considerations
of Mid-Cretaceous Gravel Deposition

Eastern Subcontinent

Deposition of coarse-grained quartzose fluvial
sediments were remarkably widespread in North
America during the mid Cretaceous. Quartzose
gravelly strata are widely distributed around the
margins of the eastern subcontinent, particularly
along the western coastal lowlands which bor-
dered the Western Interior seaway. The following
mid-Cretaceous stratigraphic units contain quart-
zose gravels: 1) Tuscaloosa Formation
(Cenomanian) of the Gulf Coast and middle Mis-
sissippi Valley; 2) Baylis Formation
(?Cenomanian) of west-central Illinois; 3) lower
Dakota, Nishnabotna Member (upper Albian) of
western Iowa, eastern Nebraska, and extreme south-
western Minnesota; 4) Cheyenne Sandstone,
Longford Member of Kiowa Formation, and lower
Terra Cotta Member of Dakota Formation (upper
Albian), central Kansas and southern Nebraska; 5)
lower Trinity Group and Antlers Formation
(Albian) and Woodbine Formation (Cenomanian)
of southern Oklahoma and Arkansas; 6) Windrow
Formation and upper Dakota Formation
(Cenomanian\Turonian?) of northeastern Iowa,
southeastern Minnesota, and western Wisconsin;
7) Dakota, “Lakota,” and “Fall River” sandstones
(upper Albian) of eastern North and South Dakota;
8) Coleraine Formation (Cenomanian) of northern
Minnesota; 9) unnamed unit (upper Albian) of
western Ontario (Zippi and Bajc, 1990); and 10)
Mattagami Formation (upper Albian) of the James
Bay lowlands, eastern Ontario (Try et al., 1984).
Ouachita-sourced quartzose gravels are also known
from Lower Cretaceous (Neocomian) strata of
Arkansas.

These various stratigraphic units provide evi-
dence of coarse-grained fluvial deposition within
large-scale drainage basins which transected the
eastern subcontinent. Several generalized drain-
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Figure 11. Mid-Cretaceous paleogeographic reconstructions of the region encompassing the present-day United
States. State and province outlines are dashed; Iowa labeled. Hypothetical river drainages are schematically
depicted; major drainage divides are dotted. Shorelines are hachured; mountainousregions are shown by inverted-
Vs; Precambrian shield region with dashed pattern. Upper map shows an interpretation of maximum transgression
of the Kiowa-Skull Creek seaway during the Late Albian. The maximum known westward extent of eastern-
sourced Albian sandstones is shown by dashed line with arrows. General outcrop regions of Nishnabotna Member
(N), Windrow Formation (W), and Baylis Formation (B) are marked. Lower map shows an interpretation of
maximum extent of the Greenhorn seaway during the Early Turonian. Generalized shoreline position marking
minimum seaway extent for the Greenhorn cyclothem shown by dashed and dotted lines. Paleolatitudes (30°N)
interpolated from Scotese et al. (1988); Turonian map adapted from Witzke and Ludvigson (1994).
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ages are hypothesized (Fig. 11). First, southern
fluvial systems drained the southern Appalachians
and Ozark and Ouachita uplifts (represented by
stratigraphic units 1 and S listed above). Second,
central westward-flowingriver systems transected
much of the heartland of the eastern subcontinent,
draining a vastregion which spanned the Midwest-
ern Paleozoic basins, the southern Precambrian
Shield (Canadian Shield), and the central Appala-
chians (units 2, 3, 4, 6, and 7 above). Third,
northwest-flowing fluvial systems drained the
northern Canadian Shield and the cratonic basins
of eastern Canada (Moose River and Hudson Bay
basins)(units 8, 9, and 10 above).

Pebbles of vein-type quartz and other igneous
and metamorphic quartzose morphologies are rec-
ognized in the medial to distal reaches of these
three general drainage systems of the eastern sub-
continent. Occurrences of quartz pebble litholo-
gies in certain stratigraphic units are of particular
interest, as substantial transport distances need to
be invoked to derive them from geologically rea-
sonable source terranes. This is especially true for
vein-quartz pebbles in the Kiowa Formation of
central Kansas (Franks, 1975; Feldman, 1994) and
the Baylis Formation of western Illinois, as these
~ occurrences require transport distances of at least
600 to 1000 km. As previously noted, Silurian
chert pebbles in Nishnabotna strata of southeast-
ern Nebraska and southwestern lowarequire trans-
port distances of at least 350 to 600 km. As these
occurrences provide only minimum transport dis-
tances, it is likely that the river systems that trans-
ported these gravelly sediments extended even
greater distances across the interior of the eastern
subcontinent. River systems that extended 1000
km and more are not insignificant continental
drainages, and it is not unreasonable to suggest that
some of these large mid-Cretaceous trunk river
systems had flows comparable to (if not greater
than) some of the great eastern rivers of the present
day, including the Ohio and Tennessee. Consider-
ing the evidence for widespread humid conditions
(Ludvigson et al., 1992) and deep continental
weathering across the eastern subcontinent, as
well as the results of various climate models for the
mid-Cretaceous “greenhouse world” (Barron et

26

al., 1989) it is likely that an even greater discharge
was carried off the eastern subcontinent than com-
parable drainage systems of the modern eastern
United States and Canada. The implications of this
will be considered later.

The Western Cordilleran Subcontinent
and the Central Western Interior Basin

Lower and mid Cretaceous chert-rich quart-
zose fluvial gravels are also widespread along the
western margin of the Western Interior, where
Cretaceousriver systems drained the rising Cordil-
leran (Sevier) orogen. Such gravel units trend
from New Mexico northward to British Columbia,
and are thickest and best developed in areas juxta-
posed to the rising orogen and the developing
thrust sheets. Some upper Neocomian-Aptian
gravel units are known to have spread eastward
over 600 km from the orogenic belt into the central
regions of the foreland (or proto-foreland) basin.
These latter units are typified by lower Cloverly
strata in Wyoming and the Lytle Formation in
Colorado. The deposition of extensive gravelly
deposits has commonly been used to mark the
initiation of Sevier thrusting in the western sub-
continent, but their distribution has also been vex-
ing for some geologists. For example, Heller and
Paola (1989, p. 869) indicated a supposed “para-
dox™: “the gravels appear to indicate the initiation
of thrusting in the Sevier belt, yet their distribution
isunusual for thrust-derived foreland-basin depos-
its” [where coarse deposits are typically more
proximally located]. They (ibid., p 873-874) sug-
gested that “regional uplift is required to explain
the distribution of the gravel,” but that regional
east-dipping slopes “on the order of 1m/km” were
sufficient to transport the gravelly bedloads.

If the wide distribution of Cretaceous gravel
units poses theoretical problems for the tectoni-
cally-active Cordilleran subcontinent, how are we
to explain the equally remarkable deposition of
mid-Cretaceous gravels across the stable and low-
lying eastern subcontinent? While the eastward
transport of cherty gravels up to 600 km into
Wyoming may seem remarkable, it is important to
recall that gravel clasts were transported even



greater distances across the low-lying eastern sub-
continent without the benefit of a rising orogen to
increase regional stream gradients.

Cretaceous exposures in the central region of
the Western Interior Basin, including the flanks of
the Black Hills and Bighorn Mountains, have for
historic and physiographic reasons, been allied in
the minds of most geologists with sedimentary
sequences to the west. However, the initial fluvial
filling of the developing foreland basin, as marked
by Lower Cretaceous nonmarine sequences across
the Western Interior, must be evaluated with re-
spect to fluvial drainage networks and sediment
source areas. Two points are raised here concern-
ing the early phases of Cretaceous basin filling.

First, eastern-derived detrital sediments are
known to have spread as far west as central Wyo-
ming during the late Albian (see Fig. 11; summary
in Witzke and Ludvigson, 1994). Provenance
studies of the older upper Neocomian and Aptian-
lower Albian detrital sequences in the central
Western Interior Basin are generally insufficient
to define the precise distribution of eastern vs
western sediments across the basin, but some ob-
servations are intriguing. For example, these older
strata in the Black Hills of South Dakota (Lakota
Formation) have generally been inferred to be of
western origin. One type of gravel in the Lakota is
composed of a variety of polished chert, quartzite,
and common “white quartz” pebbles (Waagé, 1959,
p- 36); such gravel compositions are not typical of
the western Cloverly sections but are reminiscent
of'the chert-quartz gravels seen in the Nishnabotna
Member. Northeastward transport directions ap-
parently dominate across Wyoming, but westward
paleocurrent indicators are also evident in the
Lakota and Cloverly formations at localities in
central and eastern Wyoming (e.g., DeCelles and
Burden, 1992; Heller and Paola, 1989). An eastern
quartzose petrofacies of the Cloverly Formation in
Wyoming displays westward transport directions
and includes white-chert conglomerates (DeCelles
and Burden, 1992). Although DeCelles and Bur-
den (1992, p. 306) acknowledged that this “eastern
petrofacies” could “reflect input from cratonic
sources to the east,” they rejected this idea because
“no major source of chert grains . . . exists to the
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east.” We suggest that perhaps they didn’t go far
enough to the east and consider the same cratonic
chert sources that supplied detritus to the mid-
Cretaceous fluvial systems of Nebraska and Iowa.
MacKenzie and Poole (1962) had previously in-
cluded some upper Cloverly sandstones in the
Bighorn Mountains within their “eastern suite,”
which they derived from eastern cratonic and Pre-
cambrian shield sources. Are some of the Aptian
sediments in the central Western Interior Basin
from eastern sources? It seems a reasonable sug-
gestion, but further study is encouraged.

The second point raises theoretical consider-
ations about the Early Cretaceous physiography
and fluvial drainage systems that developed across
the subsiding Western Interior foreland basin prior
to Albian marine flooding. Subsidence inthe basin
was highly asymmetric. Maximum Cretaceous
subsidence occurred along the western margin of
the basin adjacent to the rising orogen, marking the
structural axis of the basin. Prior to large-scale
basin filling, the axial trend of the subsiding basin
would form a natural boundary which separated
eastward-draining (steeper) slopes on the west
side from westward-draining (gentler) slopes to
the east. These patterns of eastward and westward
continental slopes are largely inescapable from a
simple consideration of basinal geometry — a sig-
nificant part of the basin should have had westward
slopes during portions of the Early Cretaceous.
The associated fluvial systems would, thereby,
drain the eastern subcontinent, and eastern-de-
rived Neocomian or Aptian clastics might be ex-
pected a considerable distance westward in the
basin during the early phases of regional aggrada-
tion.

The mass of western-derived sediment began
infilling the western part of the basin during the
Neocomian. Once the supply of western sediment
began to exceed the creation of new accommoda-
tion space, depositional margins would begin to
shift eastward and western sediment could begin to
prograde into the central basin area. This phase
represents the “overfilled foreland basin” in which
“sediment derived from the thrust belt progrades
well beyond the cratonward limit of lithospheric
flexure” (DeCelles and Burden, 1992, p. 292).



Overfilling resulted in eastward progradation of
western clastics into the central basin by the Aptian,
although the eastward limits of this progradation
are not known with certainty. Eastern detritus is
recognized in the central basin area during the late
Albian, but the westward limits of this eastern
aggradation in not known with certainty for the
Aptian and early Albian. Subsequent deposition
across the basin is marked by a general eastward
migration of open-marine facies (central seaway)
during maximum transgressive phases of succes-
sive depositional cycles (Albian through Pale-
ocene). Such a trend may reflect an eastward
tectonic shift of the basinal axis and/or a progres-
sive increase in the relative rates of basinal filling
from western sources through time.

Paleohydrologic and Paleogeographic
Considerations

The transport and aggradation of coarse fluvial
sediments on the eastern subcontinent during the
mid Cretaceous has important paleohydrologic
implications. The coarsest traction load can help
constrain maximum flow velocities for a given
stream, which probably reflect episodic flood dis-
charge events. The transport of pebbles and small
cobbles, like those seen in the Nishnabotna grav-
els, requires notable stream velocities. Although
overly simplistic, the standard “Hjulstrom dia-
gram” indicates stream velocities ranging between
about 75 and 350 cm/sec to transportsuch a bedload,
providing some generalized constraints. Such
velocities are all the more remarkable considering
the overall low regional stream gradients that
probably characterized much ofthe low-lying east-
ern subcontinent.

Mid-Cretaceous stream gradients for the Iowa
area are difficult to precisely determine, but strati-
graphic configurations may constrain some esti-
mates. First, the slope of the modern-day sub-
Cretaceous surface may approximate Cretaceous
gradients if subsequent tectonic processes have
not significantly altered the slope configuration
(e.g., use elevation differences along a transect
like that shown for Figure 2). While such an
assumption is specifically false, the relative tec-
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tonic stability of the Iowa cratonic region may
make such estimates of general interest. Second,
the sub-Cretaceous surface can be “normalized” to
a regional Cretaceous datum; the broad regional
uniformity of Greenhorn (Turonian) deposition
makes this stratigraphic unit a good choice for a
regional datum (e.g., calculate sub-Cretaceous slope
with respect to Greenhorn datum on a stratigraphic
cross-section like that shown for Figure 3). Either
approach produced similar slopes for the western
Iowaregion, ranging between about 0.3 and 0.6 m/
km. This range is significantly less than Aptian
gradients inferred by Heller and Paola (1989) for
the western-sourced fluvial systems (consistent
with the asymmetric basin geometry).

Ifrelatively low stream gradients characterized
the eastern landmass, the transportation of signifi-
cant gravelly deposits by the Albian rivers takes on
even greater significance. Since both eastern- and
western-sourced rivers of the Aptian-Albian are
known to have carried gravelly bedloads distances
of at least 600 km, and since the western gradients
were probably greater than those of the east, it
logically follows that paleodischarge would nec-
essarily have been greater in the eastern rivers. Of
course, the relationship between paleovelocity and
paleodischarge is a complex one, and critical flow
conditions depend on a number of factors that are
difficult to constrain geologically, including chan-
nel depth/width and regional gradients (Maizels,
1983). Nevertheless, it seems reasonable to sug-
gest that the ability of the low-gradient eastern
rivers to entrain gravel clasts was primarily a
function of paleodischarge. As transgression of
the Kiowa seaway progressed during the late
Albian, base levels would rise in the Nishnabotna
fluvial systems thereby decreasing regional stream
gradients. This would lead to a decrease in stream
competency in the distal stream systems, progres-
sively stranding the coarse bedload in more proxi-
mal areas during regional fluvial aggradation.

As discussed above, the long-distance trans-
port of gravelly sediments by low-gradient Albian
rivers on the eastern subcontinent seems most
easily explainable if the rivers are considered to
have been large-scale high-discharge systems. We
envisage the Dakota fluvial environments of south-



western lowa to have been associated with a major
trunk river system (or systems) that extended 1500
km eastward, draining portions of the southern
Canadian Shield and likely extending to the central
Appalachians (Fig. 11).

The input of freshwater to the mid-Cretaceous
Western Interior seaway was clearly derived from
both eastern and western sources. The relative
contribution of river discharge from each side of
the Cretaceous seaway has, until recently, been
considered by most geologists to have been largely
dominated by the western influx. This collective
perception over the past several decades was ap-
parently based on the simple geologic observation
that the total volume of fluvial sediment influx
along the western side of the seaway clearly ex-
ceeded that from the east. However, the volume of
sediment influx is certainly not a proxy for
paleodischarge— the volume of sediment shed off
a rising orogen is hardly analogous with the sedi-
ment load derived from low-lying, and presumably
heavily vegetated, stable continental interiors. The
point here is that other factors need to be consid-
ered in an evaluation of the relative input of fresh-
water to the Kiowa-Skull Creek and Greenhorn
seaways. In general, the freshwater input should
more logically be related to two primary factors:
climate (especially precipitation/evaporation) and
catchment area.

The general climate of the eastern subcontinent
need not be belabored here, but it is pertinent to
note that general humid warm temperate to sub-
tropical conditions persisted across much of the
eastern subcontinent during the mid Cretaceous
(e.g., summary in Witzke and Ludvigson, 1994).
Deep-weathering profiles with kaolinitic to baux-
itic regoliths on the Precambrian Shield and the
Appalachian trend are of special note. There is a
complete absence of mid-Cretaceous arid
paleoclimatic indicators along the eastern margin
of the Western Interior basin. By contrast, calcar-
eous paleosols are known from the western-mar-
gin area (e.g., Mantzios and Vondra, 1987), sug-
gesting a drier climate or rain-shadow effects, in
part. As noted previously, the presence of exten-
sive eastern coarse-grained mid-Cretaceous flu-
vial systems further supports the idea of a humid
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eastern subcontinent with a significant net surplus
of freshwater draining to the Western Interior
seaway.

The fluvial drainage basins previously outlined
delineate generalized mid-Cretaceous freshwater
catchments of the eastern subcontinent. These
westward-draining catchments occupied several
million square kilometers of the eastern subconti-
nent during the late Albian (Fig. 11). The immen-
sity of this region, situated in a humid climatic
regime, underscores the potential significance the
eastern-margin region likely played in the delivery
of freshwater to the Western Interior seaway.
However, eastward-draining catchments of the
western Cordilleran subcontinent during the late
Albian sea-level highstand occupied a notably
smaller region (Fig. 11). The western drainage
divide would most likely have been located along
the axis of the rising orogen, probably near the
locus of eastward thrusting. This mountainous
divide and its associated high-altitude precipita-
tion (snow and rain) would lie only 200 to 600 km
west of the western margin of the Albian seaway
during highstand (Fig. 11). The relative sizes of
the eastern and western catchments leads to a
logical proposal: the eastern subcontinent deliv-
ered a greater influx of freshwater to the Western
Interior seaway than the western subcontinent.

While such a proposal may run counter to more
traditional Rocky Mountain perspectives, it may
provide an impetus for developing contrasting
models of water balance and circulation for the
Cretaceous Western Interior seaway. The signifi-
cant role of the eastern freshwater influx to the
mid-Cretaceous seaway was borne out by recent
supercomputer-based numerical climate modeling
(simulations) for the Turonian of North America
(Slingerland et al., in press). The results of their
model run provide significant food for thought for
students of the Western Interior Cretaceous —
freshwater runoff into the seaway included 1.9 x
10'2 m® of water per year from the west and 2.6 x
10" m*/yr from the east. The dominance of the
eastern freshwater influx indicated by Slingerland
et al. (in press) is conceptually important, and the
volume of freshwater influx to the seaway is
thought-provoking (“for perspective, the Missis-



sippi discharge is 0.58 x 10'2 m3/yr”).

We suggest that the relative proportion of east-
ern runoff into the seaway (58% of total) may be
even greater than indicated by Slingerland et al. for
the Albian and Cenomanian seaways. Even for the
Turonian, the North American drainage divides
used in their model run are generalized and may be
conservative with respect to the eastern influx.
Compared to our interpreted drainage divides for
the Turonian (Fig. 11), their modeled divides es-
sentially bisect each subcontinent. We favor a
more eastward position for both eastern and west-
ern subcontinental divides, which has the effect of
reducing the western catchment and further in-
creasing the eastern catchment.

The relative marine inundation of eastern and
western subcontinents during the Cretaceous was
proportionately different for maximum highstand
and lowstand episodes, primarily because of dif-
ferences in elevation and continental slope. The
low-relief western lowlands of the eastern subcon-
tinent were dramatically flooded during early
Turonian maximum marine transgression (at least
as far as southeastern Minnesota), but the eastern
shoreline apparently lay some 700 to 1000 km
westward during the preceding late Albian lowstand
(Fig. 11). Marginal to the Cordilleran uplands, the
western shoreface advanced only about 100 to 300
km between the late Albian lowstand and early
Turonian highstand (Fig. 11). These observations
lead to a logical deduction: the eastern subconti-
nent supplied proportionately more freshwater to
the Western Interior seaway during lowstands than
during highstands.

We agree with the Turonian paleogeography
used in Slingerland et al.”s model which portrays a
major eastward marine transgression into the
Hudson Bay Basin (the “Hudson Arm” of Witzke
and Ludvigson, 1994). Mid-Cretaceous (Aptian-
Cenomanian) units are now actually known from
the Hudson Bay Basin, including mention of “ma-
rine strata” (Sanford and Grant, 1990), so this arm
is not merely some hypothetical construct. The
Hudson Armrepresents the farthest eastward trans-
gression of the Western Interior seaway onto the
eastern subcontinent, possibly connecting with the
North Atlantic marine realm via east Greenland
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and the Hudson Strait (as proposed by Williams
and Stelck, 1975). During marine regression,
seaway withdrawal from the Hudson Arm would
increase the land area in this region by an even
greater proportion than elsewhere on the eastern
subcontinent.

We conclude this discussion in the hopes that
trip participants and other interested geologists
will gain a greater appreciation of the geologic
significance of the eastern-margin area of the Cre-
taceous Western Interior basin. We want to under-
score the important role this eastern region plays in
defining the water balance of the associated inte-
rior seaway, and, in particular, examine evidence
in the Nishnabotna Member for high-discharge
coarse-grained fluvial systems on the eastern sub-
continent. Asdiscussed above, it seems likely that
the eastern region supplied more water to the
Cretaceous seaway than the Cordilleran runoff.
When it comes to freshwater input, in other words,
the eastern margin “rules.” Itis hoped that this and
other eastern perspectives will influence and en-
hance a more comprehensive understanding of the
Western Interior Cretaceous as a whole.



DIAGENESIS OF IRON MINERALS IN THE DAKOTA FORMATION

by Greg A. Ludvigson, Luis A. Gonzalez, Brian J. Witzke, Robert L. Brenner, and Ron A. Metzger.

Within its outcrop belt, exposures of coarse-
grained facies of the Nishnabotna Member are
noteworthy for massive cementation by intergranu-
lar goethite cements with botryoidal fabrics as
seen in thin section. On outcrop, this cementation
occurs as meter- to decimeter-scale roll-front de-
posits with prominent liesegang banding. Such
diagenetic features record the penetration of oxi-
dizing groundwaters into sandstone aquifers that
previously had been saturated with reducing
groundwaters. Oxidation of dissolved ferrous iron
(Fe2") into insoluble ferric iron (Fe3*) leads to
precipitation of ferric oxide cements that record
the former positions of oxidation fronts that mi-
grated down the fluid flowpath away from the
recharge areas of oxidizing groundwaters. This
process is analogous to the formation of epigenetic
sandstone uranium deposits (Galloway, 1983).

When did these secondary deposits form? Does
liesegang banding in Nishnabotna sandstones
record the intrusion of oxidizing groundwaters
attending Neogene or Quaternary landscape evo-
lution and river incision in western Iowa, or alter-
natively, could these features be related to Creta-
ceous paleohydrologic processes? What can other
regional observations on the diagenesis of iron
minerals in the Dakota Formation tell us?

Where buried by younger Cretaceous units,
Nishnabotna sandstones cored from the subsur-
face of northwest Iowa have not been observed to
contain liesegang ferric oxide banding. Petro-
graphic studies of these rocks have shown that
early pore-filling siderite cements are common,
with later pyrite cements (Ludvigson et al., 1987,
Witzke and Ludvigson, 1994). If intergranular
pyrite and siderite cements had been present in
Nishnabotna sandstones before their exhumation
in the outcrop belt in western Iowa, the dissolution
of these reduced iron minerals in oxidizing weath-
ering environments might have provided a source
of dissolved iron that subsequently was precipi-
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tated in the liesegang banding.

Observations of massive ferric oxide impreg-
nations of stratigraphic contacts between sand-
stone and mudstone units in the Nishnabotna (as
seen at stop 2) are also paralleled by the observa-
tion of ferric oxide crusts armoring mudstone
intraclasts in the sandstones. How can these fea-
tures be interpreted? Probably the most instructive
observations come from the recently-exposed
Nishnabotna section at the Ash Grove Cement
Quarry at Louisville, Nebraska (Fig. 6). Massive
siderite cementation at the contact between the
lowermost conglomerate and the overlying mud-
stone (Fig. 6) is now rapidly weathering to form a
pseudomorphic ferric oxide impregnation of the
contact. The similarity in sedimentary contexts
suggests that analogous ferric oxide features (ce-
mentation of sandstone-mudstone contacts;
armoring of mudstone intraclasts) observed in the
Nishnabotna outcrop belt might have originated as
siderite cements.

Paleosols of the Dakota Formation

Probably some of the most significant observa-
tions on iron mineral diagenesis in the Dakota
Formation come from investigations of paleosols
in the unit. Red-mottled mudstone paleosols are
well-known from within the Dakota, from both
surface and subsurface investigations (Witzke et
al., 1983; Joeckel, 1987; 1991, 1992; Witzke and
Ludvigson, 1994), and record the early diagenetic
formation of pedogenic ferric oxides. Many of the
paleosols in the Dakota also contain sphaerosiderite
nodules, whose formation always precedes that of
ferric oxide minerals wherever they coexist
(Ludvigson et al., 1994b, 1995a, 1995b). Petro-
graphic and geochemical studies of sphaerosiderite
horizons in paleosols of the Dakota Formation are
helping to yield new insights into the stable isotope
paleohydrology of the Cretaceous Western Inte-



rior Basin. In addition, initial investigations of the
paleomagnetism of red-mottled paleosols in the
Dakota Formation are opening a new avenue of
inquiry that may eventually lead to an improved
understanding of iron mineral diagenesis and its
paleoenvironmental significance throughout the
unit.

Stable Isotope Paleohydrology
of the Cretaceous Western Interior Basin

Carbon and oxygen isotopic data from the
sedimentary fill in the Western Interior Basin have
been used by a number of workers to investigate
North American Cretaceous paleoclimatology and
paleohydrology (Arthur et al., 1985; Pratt, 1985;
Barron et al., 1985; Wright, 1987; Glancy et al.,
1993; Pratt et al., 1993; Kyser et al., 1993; Jewell,
1993; Ludvigsonetal., 1993; 1994a, 1994b; 1995a,
1995b; Dettman and Lohmann, 1994). All of the
early studies and many of the recent ones have
focused on marine records from the Western Inte-
rior Seaway to make inferences about continental
climate systems. However, recentresearch (Glancy
etal., 1993; Ludvigson et al., 1993; 1994a, 1994b;
1995a, 1995b; Dettman and Lohmann, 1994) ex-
plicitly focused on extracting records from biotic
and authigenic freshwater carbonates to improve
our understanding of continental paleoclimates.
These studies have shown that freshwater carbon-
ates from the Cordilleran landmass (i.e. the oro-
genic margin of the basin) have strongly depleted
8180 values (Fig. 12) generally less than -10 %o.
These data indicate dominance of freshwater
sources by runoff from high-altitude meltwaters.
Sampling of seasonal growth layers in nonmarine
unionid bivalves from Campanian through Paleo-
gene degosits in the Cordillera have shown peri-
odic 8180 oscillations of up to 8 %o, indicating
seasonal alternations between river flows domi-
nated by high altitude meltwater and base flows
from low altitude rainfall (Dettman and Lohmann,
1993, 1994).

Concretionary carbonates that formed in mete-
oric-marine mixing zone phreatic environments in
the Turonian Carlile Formation of northwestern
Iowa and southeastern South Dakota, have mete-
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oric 8180 end-member values of -6.75 %o, com-
pared fo marined! 80 end-member values of -2.35
%o (Ludvigson et al., 1994a). This marine-mete-
oric fluid shift of about 4 %o corresponds to mag-
nitudes that are typically expected in low to mid
latitude coastal settings (Dansgaard, 1964;
Yurtsever and Gat, 1981). This geochemical ob-
servation, when considered along with petrographic
observations of pervasive dissolution of aragonite
components prior to meteoric calcite cementation,
suggests that the Carlile Formation was penetrated
by dilute meteoric fluids, and indicates that humid
terrestrial environments were developed along the
eastern margin of the Western Interior seaway
during the Turonian (ibid.).

Representative mid-Cretaceous continental iso-
topic paleoclimate records free of orographic com-
plications are readily available from the cratonic
eastern margin of the Western Interior Basin (Fig.
12). Oxygen isotopic data from early meteoric
phreatic carbonates in terrestrial sequences can be
used to delineate shallow groundwaterfi1 80 com-
positions and paleotemperature trends through time
and space for the Albian-Turonian of the eastern
margin of the Western Interior Basin, which could
be used by paleoclimate modelers to validate ap-
plications of an emerging generation of general
circulation models (GCMs) that include hydro-
logical tracers (Charles et al., 1994; Hoffman,
1995; Hoffman and Heimann, 1994) to studies of
Cretaceous climate systems. Using fractionation
equations given by Carothers et al. (1988) for
siderite, and Friedman and O’Neil (1977) for cal-
cite, modeled mean annual fields for rainfall 5180
values and temperatures could be tested against the
paleogeographic distributions of empirical fresh-
water carbonate 8180 data for specific time inter-
vals, providing a feedback to GCM simulations.

Sphaerosiderite Paleohydrology:
A Climate History Archive
in the Dakota Formation

Investigations on secular variations in the car-
bon and oxygen isotopic compositions of mm-
scale sphaerosiderite nodules in the Dakota For-
mation are currently in progress. Given their
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Figure 12. Secular variation of Cretaceous freshwater carbonate 5180 values in the North American Western
Interior Basin. Note differences between published 5130 values of freshwater carbonates reported from the
Cordilleran landmass and published and unpublished 8180 values for freshwater carbonates from the eastern
landmass recently developed by the co-Pls. Siderite 180 values from the Dakota Formation are corrected for
phosphoric acid digestion at 73°C by the relation of Carothers et al. (1988), while other siderite values shown are
uncorrected. Cretaceous time scale is that of Kauffian and Caldwell (1993) after Obradovich (1993). Depleted
8180 values in the Cordillera are believed to reflect dominance of freshwater sources by meltwaters from
snowfields at high altitudes in the Sevier orogen. Data sources for Cordilleran freshwater carbonates are Bloch
(1990), Carpenter et al. (1988), Drummond et al. (1993), Fritz et al. (1971), Glancy et al. (1993), Machemer and
Hutcheon (1988), and Dettman and Lohmann (1994; and personal communication). Horizontal lines span the
range of 8180 values collected from single well-preserved aragonitic shells of nonmarine unionid bivalves, and
show the magnitudes of seasonal changes in riverine 180 recorded by fossil freshwater clams (David Dettman,
1995, personal communication). Data sources for eastern margin freshwater carbonates are Ludvigson et al.
(1994a, 1995b, and other unpublished data). From Ludvigson and Gonzalez (manuscript in preparation).

widespread stratigraphic and geographic distribu-
tion in mudstone facies of the Dakota Formation
(see S symbols in figs. 2 and 3), these authigenic
carbonate cements have great potential asan archive
for mid-Cretaceous paleoenvironmental informa-
tion. The studied sphaerosiderite nodules were
extracted from a 60 m interval of kaolinitic fluvial
mudstones punctuated by fluvial sandstones,
paleosols, and lignites in a group of closely-spaced
cores at Sergeant Bluff, Iowa, and one surface
exposure in Nebraska. Sphaerosiderite, a variety
of radial-spherulitic siderite (FeCO3), has been
shown to form in modern riparian wetland soils
(Stoops, 1983; Stoops and Eswaran 1985;
Landuydt, 1990). Ancient sphaerosiderite hori-
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zons typically occur in poorly-drained paleosols in
coal-bearing stratigraphic intervals, and probably
formed in phreatic environments below the posi-
tions of ancient water tables (Tucker, 1981;
Retallack, 1981; Leckie et al., 1989; Browne and
Kingston, 1993; Witzke and Ludvigson, 1994;
Ludvigson et al., 1994b, 1995a,b).
Sphaerosiderite nodules in the Dakota Forma-
tion occur in discrete horizons that are contained in
successions of multiple amalgamated paleosols
(Fig. 13). Where discrete paleosol profiles are
bounded by strata with primary sedimentary struc-
ture (e.g. interval from 142' to 145' in Fig. 13),
sphaerosiderite horizons are concentrated at the
base of the profile. Broken surfaces from the



Sergeant Bluff cores show that sphaerosiderite
nodules are arrayed along dark clay-filled horizon-
tal root traces. Dakota sphaerosiderites are largely
free of detrital inclusions, and comparison with
their modern analogues (Stoops, 1983) suggests
that sphaerosiderite crystallized as a void-filling
phreatic cement in open root channels.
Epifluorescence studies of polished thin sections
of Dakota Formation sphaerosiderites by laser
scanning confocal microscopy have shown that
each sphaerosiderite horizon is characterized by a
unique pattern of constructive concentric fluores-
cent zonation. The fluorescence zonation corre-
spondsto subtle concentrically-zoned color changes
as seen in reflected visible light. These results,
along with supporting light microscopic and
cathodoluminescence studies, have failed to dis-
close any other coexisting generations of diage-
netic carbonate. In light of geochemical relation-
ships discussed below, these observations indicate
that the concentric growth zonation in
sphaerosiderites of the Dakota Formation preserve
a primary record of changing pore fluid chemistry
in mid-Cretaceous coastal wetland soils.

Meteoric Siderite Lines

Carbon and oxygen isotopic data from discrete
sphaerosiderite horizons in the Dakota Formation
plotin two different types of trends. Horizons with
highly variable §1 3C values and relatively invari-
ant 8180 values (Fig. 14A) define linear trends
that are analogous to the meteoric calcite lines
found in limestones stabilized in meteoric phreatic
environments (Lohmann, 1988; Swartetal., 1993),
and which we define as meteoric siderite lines
(MSL). The pattern of concentric zonation has
been used to investigate spatial controls on the
stable isotopic composition of Dakota
sphaerosiderites. Concentric sampling has shown
a systematic isotopic zonation, with the interior
portions of sphaerosiderite nodules plotting at the
13C-depleted end member of meteoric siderite
lines (Fig. 3A), and the outer portions plotting at
the 13C-enriched end member. Extremely nega-
tive 813C values, including some lower than -50
%o in the Dakota Formation, are indicative of
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sphaerosiderite formation in a zone of anaerobic
oxidation of biogenic methane, possibly by iron-
reducing bacteria (Chapelle, 1993, p. 330). The
invariant siderite 8180 values defining the mete-
oric siderite lines are interpreted to record equilib-
rium siderite precipitation from shallow ground-
water at the mean annual temperature of the re-
spective wetland paleosol. Since early meteoric
phreatic diagenesis integrates the mean annual
oxygen isotopic composition of local precipitation
and the mean annual temperature (Hays and
Grossman, 1991; Swart et al., 1993), the 5180
values of MSLs in the Dakota Formation can
potentially be used to calculate paleotemperatures
and groundwater 8180 utilizing the siderite 180
fractionation equation of Carothers et al. (1988).
Estimated siderite paleotemperatures for the
two MSLs shown in Figure 14A are shown in
Figure 15. Significantly, at early diagenetic tem-
peratures (10°-30°C) the curves suggest ground-
water 8180 values that are reasonable for coastal
lowland rainfall at northern mid-latitudes
(Yurtsever and Gat, 1981). Furthermore, these
values overlap with those estimated for calcite
defining a meteoric calcite line of -7 %o reported
from the Turonian Carlile Formation by Ludvigson
et al. (1994a). These results indicate that a
geochemical record of early meteoric phreatic
diagenesis is preserved in mid-Cretaceous coastal
plain successions in the area around Sioux City,
lIowa. Given that the 8180 of meteoric water is
highly temperature dependent (e.g. Yurtsever and
Gat, 1981), the temporal changes between the two
MSLs (-4.69 %o for sphaerosiderite horizon
SCB4B-119.6; -2.86 %o for sphaerosiderite hori-
zon SCB4A-139; Figs. 14A, 15) are most likely
controlled by climatically-induced changes in the
isotopic composition of groundwater. These data
strongly suggest that a record of climatic change is
preserved in these authigenic carbonates.

Mixing Zone Sphaerosiderite

As noted by Ludvigson et al. (1995b), a differ-
ent type of isotopic trend is recognized in
sphaerosiderite horizons for which there is inde-
pendent micropaleontological, sedimentologic,
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Figure 13. Sedimentologic log of Sioux City Brick exploration core #4B from Sergeant Bluff, Jowa. Arrows
denote the position of major sphaerosiderite horizons within the succession, which mostly consists of discrete and
stacked amalgamated siliciclastic mudstone paleosols. A generalized legend to the right contains explanatory
material for a set of exploration cores drilled in 1993. Occurrences of the mid-Cretaceous palynomorph
Pilosisporites trichopapillosus are noted from carbonaceous intervals sampled from the core. Isotopic data and
paleohydrologic interpretations of sphaerosiderite horizon SCB4B-119.6 are shown in figures 14 and 15.
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Figure 14. Carbon and oxygen isotope plot of selected sphaerosiderite horizons sampled from the Dakota
Formation of western Iowa and eastern Nebraska. All 8130 values are corrected for siderite-phosphoric acid-
liberated CO, fractionation at 73°C after the relation of Carothers et al. (1988). Data are discussed in Ludvigson
etal. (1995b). A. Meteoric siderite lines (MSL) with invariant §!80 values from two Cenomanian sphaerosiderite
horizons sampled from exploration cores in the Dakota Formation at Sergeant Bluff, lowa. B. Albian-
Cenomanian sphaerosiderite horizons from Iowa and Nebraska interpreted to record mixing of meteoric and
modified-marine phreatic fluids, defined by positive covariant §!3C and 5180 trends.
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the calcite 130 fractionation equation of Friedman and O’Neil (1977). The shaded area shows that over the range
of early diagenetic temperatures (10°-30°C), the curves suggest groundwater8!80 values ranging between about
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(Yurtsever and Gat, 1981; Hoffman and Heimann, 1994).

petrographic, and geochemical evidence for ma-
rine influences on coastal plain sequences in the
Dakota. Horizons with positive covariant 813¢
and 8180 trends are shown from SCB7-48.6 and
the Camp Jefferson section (Fig. 14B).

The SCB7-48.6 sphaerosiderite horizon (Fig.
14B) is contained within the interval of the Middle
Cenomanian “Sergeant Bluff Lignites”, which
contain marine dinoflagellate cysts (Witzke and
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Ludvigson, 1994; Ravn and Witzke, 1994). Estua-
rine sandstones from this interval contain marine
burrowing fabrics and tidal bundling sequences
(Witzke and Ludvigson, 1994). Finally, thin sec-
tions show that pyrite inclusions are ubiquitous in
SCB7-48.6 sphaerosiderite nodules, indicating that
microbial sulfate reduction was coeval with sider-
ite formation in reducing soil pore waters. The
Camp Jefferson sphaerosiderite horizon (Fig. 14B)



was sampled from a Late Albian plinthic paleosol
(Joeckel, 1992) in the Terra Cotta Member of the
Dakota Formation (unit 6, locality 2 of Joeckel,
1987). Recent palynostratigraphic sampling of
gray claystones in lateral accretion sets immedi-
ately below the paleosol (units 1-3 of Joeckel,
1987) revealed the presence of marine dinoflagel-
late cysts and acritarchs, indicating marine influ-
ences during deposition. Small pyrite inclusions
are also present in these sphaerosiderite nodules,
indicating that anaerobic sulfate reduction was
concurrent with siderite formation.

The Camp Jefferson section appears to record
the paleohydrologic influence of the Late Albian
Kiowa-Skull Creek marine cycle (Cycle T5 of
Kauffman, 1977), while the SCB7-48.6 horizon
appears to record the paleohydrologic influence of
the Middle Cenomanian onset of the Greenhorn
marine cycle in the area (Cycle T¢ of Kauffman,
1977). Meteoric-marine fluid mixing processes in
coastal wetland paleosols of the fluvial-estuarine
environments of the Dakota Formation may have
been facilitated by tidal pumping (Ludvigson et
al., 1995b), or possibly by storm surges.

Sphaerosiderite horizons with positive covari-
ant 813C and 8180 trends (Fig. 14B) are inter-
preted to record fluid mixing between meteoric
phreatic and modified marine phreatic fluids. Iso-
topic data from the Camp Jefferson horizon (Fig.
14B) define a meteoric siderite line, but also show
a trend toward concurrent 813C and 180 enrich-
ment toward a modified marine phreatic end mem-
ber. A similar isotopic trend is shown for the
SCB7-48.6 horizon (Fig. 14B). In concentrically-
sampled nodules, the 13¢C and 18O-depleted end-
member compositions are obtained from the cen-
ters of the nodules, and the 13¢C and 180-enriched
end-member compositions from the periphery.

Electron microprobe transects of the full diam-
eters of sphaerosiderites with positive covariant
813C and 8180 trends show that these nodules
mostly consist of greater than 95 mole % FeCO3,
although at their periphery, Fe contents drop be-
low 80 mole % and Mg and Ca contents increase to
about 10 mole % each. Observations of concentric
elemental zoning in these sphaerosiderites suggest
that while FeCO3 end-member compositions in
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the interior growth zones are consistent with
Mozley’s (1989) criteria for siderite formed dur-
ing early meteoric diagenesis, the concurrent 180,
Mg, and Ca enrichments in the exterior growth
zones provide supporting evidence for fluid mix-
ing between meteoric and modified marine pore
waters. Results from the Camp Jefferson
sphaerosiderites (Fig. 3B) suggest that with ad-
equate sampling, the 8180 of meteoric siderite
lines can be determined from sphaerosiderite hori-
zons that formed in marine-influenced wetland
settings.



PRELIMINARY PALEOMAGNETIC STUDY OF PLINTHIC PALEOSOLS OF
THE DAKOTA FORMATION

by James E. Faulds, Greg A. Ludvigson, and Robert L. Brenner

Paleomagnetic studies of sedimentary rocks
within the stable interiors of cratons can be fruitful
for establishing the position of paleopoles (e.g.,
May et al., 1986; Globerman and Irving, 1988;
Diehl, 1991) and for estimating the age of diagen-
esis or alteration (e.g., Globerman and Irving,
1988). The upper Albian to Cenomanian Dakota
Formation of Nebraska and Iowa provides an ex-
cellent opportunity to better define the mid-Creta-
ceous paleomagnetic reference pole for North
America. Good exposures of sandstone and mud-
stone occur along entrenched drainages and within
operating clay pits in the region. Plinthic paleosols
in the mudstone facies have the greatest potential,
because diagenesis and the attendant formation of
magnetic carriers such as goethite and hematite
accompanied soil-forming processes immediately
after deposition (Joeckel, 1987;1991,1992). Here,
we report the findings of a preliminary paleomag-
netic study of the Terra Cotta Member of the
Dakota Formation in southeastern Nebraska (a
lateral equivalent of the Nishnabotna Member of
Iowa). Five paleomagnetic sites were collected,
including three sites from mudstone facies in the
Endicott Clay Products Pit near Fairbury, and two
sites from a sandstone lens near Steele City, all in
Jefferson County, Nebraska (Fig. 1).

Characteristic remanent magnetizations
(ChRM) were isolated using progressive alternat-
ing field (AF) and thermal demagnetization tech-
niques and principal component analysis (e.g.,
Kirschvink, 1980). Site and locality mean direc-
tions were calculated using Fisher (1953) statis-
tics. AF demagnetization with inductions ranging
up to 100 milli-Tesla (1,000 oersteds) failed to
remove any appreciable magnetization (< 10 %).
This suggests that titanomagnetite is not a major
carrier of the ChRM within either the sandstone or
mudstone. Nearly all samples demagnetized along
discrete linear paths when subjected to thermal
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demagnetization (Fig. 16a). Median destructive
unblocking temperatures (T,,) within the mud-
stone ranged from 400°C to 640°C. In all cases, the
magnetization was completely removed by 665°C.
This suggests that the primary magnetic carriers
are maghemite and hematite. Some of the hematite
may have been produced by the dehydration of
goethite. Any conversion of goethite to hematite
was not induced by the thermal demagnetization,
as evidenced by the consistency in orientation of
the ChRM within and between sites.

The ChRM has a northerly declination and
moderate positive inclination (D = 356.4°, 1 =
59.4°, ag5=5.59°, N/Ny= 5/5 sites) (Fig. 16b) and
is essentially identical for the sandstone and mud-
stone facies (Table 2). Four sites yield a ChRM of
normal polarity, whereas one sandstone site has a
dominant magnetization of reverse polarity (D =
166.9°, 1=-55.8°, N/Ny= 5/8). No tilt corrections »
are needed, because the units are flat-lying. Atthe
95% confidence interval, the group site mean
(reverse polarity site inverted) overlaps both the
100 Ma and 20 Ma expected directions (Fig 16c¢).

Although firm conclusions are precluded by
the small number of sites, these data imply that the
ChRM was acquired sometime after deposition.
This is most evident with the reverse polarity site,
because the suspected 100 Ma age of the unit falls
within a long period (~120 to 84 Ma) of normal
polarity (e.g., Helsley and Steiner, 1969; Irving
and Couillard, 1973). Several features of the
sandstone exposures, including variable amounts
of both cement and iron staining and proximity to
the modern weathering zone, suggest that signifi-
cant alteration post-dated deposition. Thus, the
ChRM within the sandstone may commonly rep-
resent a chemical remanent magnetization (CRM)
acquired well after deposition. Relatively high
porosity within the sandstone probably permitted
ready access of iron-bearing and/or oxidizing solu-
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Figure 16. Paleomagnetic data from the Dakota Formation. (a) Representative orthogonal demagnetization
diagram from a plinthic mudstone paleosol within the Terra Cotta Clay Member of the Dakota Formation
showing the progressive demagnetization behavior of a sample during thermal demagnetization. The endpoint
of the magnetization vector is projected onto the both the horizontal (solid circle) and vertical planes (open
circles) over a series of demagnetization steps. Peak temperatures are given in degrees Celsius. In this case, the
direction of the magnetization component (D = 338.00, I= 62.70) was isolated between 100 °C and 660 OC, with
amean angular deviation of 1.9°. (b) Equal-area projection of site mean magnetizations in the Dakota Formation,
southeastern Nebraska. Solid symbols are projections on the lower hemisphere; open symbols on the upper
hemisphere. The projected cones of 95 % confidence are also shown for each site. (c) Equal area stereoplot
comparing the group site mean of the Dakota Formation with the expected 100 Ma and 20 Ma reference
directions, which were derived from the paleomagnetic poles of Irving and Irving (1982). .
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Table 2. Paleomagnetic Data, Dakota Formation, Southeastern Nebraska.

Site Rock Type Declination  Inclination k Olos N/Np
DK1 sandstone 9.2 59.6 85.8 6.56 77
DK2 mudstone 0.7 60.4 82.3 6.14 8/8
DK3 mudstone 2.4 62.1 1799 4.1 717
DK4 mudstone 345.2 57.6 70.1 7.26 7/8
DK5 sandstone 166.9 -55.8 73.1 9.01 5/8
DK1-3 mudstone 355.7 60.3 2335 8.09 3/3
DK1-5 mudstone and 356.4 59.4 188.1 5.59 5/5
sandstone
20 Ma! - 358.0 53.3 149 3 -
100 Ma! - 334.3 59.6 597 10 --

1Expected directions derived from Irving and Irving (1982). K = estimate of precision (Fisher,
1953); 095 = semi-angle of cone at 95 % confidence level; N/Ny = number of samples (sites)
calculated for site mean/ number of samples (sites) measured.

tions and ultimately promoted acquisition of the
CRM. In contrast, the mudstone facies isrelatively
impermeable and was sampled from freshly ex-
posed strata in an operating clay pit that were far
removed from any post-Cretaceous weathering
phenomena. The preservation of abundant
palynomorphs within thin lignite beds in the mud-
stone succession at the Endicott pit further shows
that since they were buried, these strata have not
been subjected to alteration in oxidizing environ-
ments. However, the dehydration of primary goet-
hite to hematite (“burial reddening” of Retallack,
1991) may have produced a secondary magnetiza-
tion within the mudstone paleosols, possibly dur-
ing Tertiary time. It should be noted, however, that
the Albian paleomagnetic reference pole for North
America is not particularly well defined. It is
based primarily on 20 sites from 100 Ma intrusions
in Arkansas (Globerman and Irving, 1988). This
100 Ma reference pole is compatible though with
other mid to late Cretaceous reference poles (e.g.,
Irvingetal., 1993; Diehl, 1991; Shive and Frerichs,
1974). Many additional sites must be analyzed
within the Dakota Formation to determine whether
significant overprinting of magnetization occurred
during Tertiary time or if the Albian reference pole
should be slightly revised. Perhaps the most im-
portant finding of this preliminary study is that
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both the mudstone and sandstone facies of the
Dakota Formation carry a stable remanent magne-
tization that may provide important information
concerning the age and conditions of diagenesis.
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STOP 1: Chert-rich conglomerates of the lower Nishnabotna,
Guthrie County sand and gravel pit

Instructive exposures of coarse-grained lower
Nishnabotna fluvial facies are well displayed in
Jackson Township bordering the valley of the
South Raccoon River. Numerous pits, both active
and abandoned, have been opened in these coarse
deposits to quarry high-quality sand and gravel
aggregate, particularly the pebbly fraction of the
so-called “peanut gravels.” The Cretaceous strata
unconformably overlie Middle Pennsylvanian units
of the Marmaton Group in this area, with Pennsyl-
vanian shale and limestone exposures seen at lower
elevations in the nearby valley bottom edges.

We will examine one of these pits, the County
Pit (managed by the Guthrie County Engineer’s
Office). This was one of the stops visited on an
earlier field trip (Witzke and Ludvigson, 1982),
but operations since then have significantly ex-
panded the pit area laterally and deepened it to
expose a chert-rich conglomerate (unit 1) not pre-
viously seen. A generalized composite section is
illustrated in Figure 17, and some of the variation
documented earlier in the pit area by Witzke and
Ludvigson (1982) is shown in Figure 18 to provide
a feeling for lateral variability within the lower
Nishnabotna Member. Unit 1 (Fig. 17) lies at or
near the base of the Cretaceous section, probably
within a few feet of the Pennsylvanian surface.

The deepest excavations in the central area of
the pit operations expose about 2 m of the coarsest
facies yet identified in the Cretaceous of western
Iowa (unit 1, lower gravel). These beds are dis-
played in the face as tabular bodies of conglomer-
ate approximately 25 to 50 cm thick, some fining
upward into thin (5-10 cm) capping intervals of
medium-grained sandstone. Individual beds are
cross-stratified, displaying unidirectional south-
east-dipping foresets. Lateral tracing of the con-
glomerate beds reveals lateral beveling or trunca-
tion of bedforms by large-scale shallow trough
channels. The gravel fraction of these beds is
dominated by chert and quartz pebbles approxi-
mately 1 to 2 cm in diameter. However, much

43

larger clasts are scattered in the unit, including
Paleozoic chert cobbles up to 8-10 cm diameter
(some possibly to 18 cm). In addition, quartzite
and quartz tectonite clasts up to 8 cm have also
been identified.

Units 2 through 4 (Fig. 17) are well displayed in
the central and western regions of the pit. Unit 2
(1.8-2.1 m) is a pebbly coarse-grained sandstone,
conglomeratic in the lower meter; tabular cross-
sets (25 to 40 cm thick) all dip to the southeast.
Lateral tracing of beds indicates that the bedsets
form larger-scale shallow trough channels that are
tens of meters in lateral dimension. The unit shows
iron-oxide cementation in Liesegang patterns. Unit
3 (40-70 cm) is coarser-grained conglomerate with
clasts to 5 cm; its surface is cut in places by swale-
fillings of pale gray sandy kaolinitic mudstone (up
to 25 cm thick). The contact with overlying unit 4
displays 20 to 30 cm of relief in the central pit area.

The highest Dakota strata in the pitare included
in unit 4 (to 4.5 m thick). This interval is domi-
nantly a conglomeratic sandstone with chert and
quartz clasts averaging about 1 cm in diameter
(some to 2-5 cm; one 13-cm clast of fossiliferous
chert noted). The interval is irregularly cemented
by iron oxides in Liesegang patterns. Unit 4
primarily displays planar bedforms, with minor
clast imbrication observed in a few beds. Some
trough geometries are observed with lateral di-
mensions of 2 to 3 meters or more.

Excellent exposures of Nishnabotna strata are
also displayed in the east pit area. The central east
pit shows an erosional contact at the base of unit 4,
with at least 75 cm of relief on the underlying
surface (see also Fig. 18, southeast pit). Underly-
ing beds show alternations between coarse con-
glomeratic sandstone and medium-grained sand-
stone. The far east pit area is particularly interest-
ing, and displays complex channel and trough
geometries, primarily in the middle strata (prob-
ably units 2 and 3). Large-scale channel cut-outs
locally truncate up to 1.5 m of strata in this area.
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The larger channels display mudclast conglomer-
ates and scattered chert cobbles in their axial
portions.

Paleozoic Fossils
in the Cretaceous Gravels

Fossiliferous chert clasts within the Nishnabotna
“peanut gravels” of Guthrie County have been
investigated by St. John (in White, 1870), Calvin
and Bain (in Bain, 1897) and Witzke and Ludvigson
(1982). St. John (in White, 1870, p. 103) noted that
the Cretaceous gravels in the county contain
“pebbles of silicified corals, probably of Devonian
or Silurian age, among which Favosites and
Cyathophylloid forms were recognized.” Witzke
and Ludvigson’s (1982) investigation was under-
taken entirely in the County Pit (Stop 1); fossilif-
erous chert clasts and silicified fossils were high-
graded by surface collecting units 2 through 4. The
results of these investigations are summarized in
Table 3. The contained fossils, with two minor
exceptions, are of Paleozoic marine invertebrates,
especially solitary and tabulate corals and indeter-
minate brachiopod and crinoid fragments. Taxa
that can be recognized at generic or specific levels
are dominantly of Silurian forms, with a compo-
nent of Devonian and Upper Ordovician taxa. No
uniquely Mississippian or Pennsylvanian fossils
are identified, but conceivably may be represented
(possibly the crinoid stems). [Pennsylvanian fos-
sils, including fusulinids and brachiopods, are,
however, identified in the Nishnabotna gravels of
southwest Iowa and the lower Platte Valley, Ne-
braska.]

It can be concluded that the westward flowing
coarse-grained mid-Cretaceousriver systems trans-
ported silicified fossil grains from eroding sur-
faces of Upper Ordovician, Silurian, and Devo-
nian bedrock. The closest possible source region
for these grains presently lies in east-central lowa
and adjacent Wisconsin and Illinois extending
over 200 miles (320 km) to the east. For reasons
discussed earlier, and because the less-eroded
westward edges of the identified Paleozoic sources
would lay even farther east during the Cretaceous,
significant transport distances for much of the
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Paleozoic silicified pebbly material can be confi-
dently recognized. Even greater transport dis-
tances need to be invoked for the quartz grains and
pebbles, including igneous vein-type quartz, quartz
tectonite, jasper, and quartzite, which can only
logically have been sourced from Precambrian
shield areas to the northeast (Wisconsin, Minne-
sota, Upper Michigan, Ontario; see earlier).

Dinosaur Bone and Wood Fragments

Reworked Paleozoic fossil grains are the main
fossilsidentified in the Nishnabotna gravels. How-
ever, a small component of arguably Cretaceous
fossil material is also recognized, but these fossils
are rare. These include rounded pebbles of silici-
fied wood and bone (Table 3; 3 cm diameter
specimens). The petrified wood is probably gym-
nospermous, and displays coarse annual growth
rings. Similar wood hasnot been recognized in any
Paleozoic unit of the Iowa area, but it resembles
petrified wood seen in many Cretaceous nonma-
rine units of the Rocky Mountain region. In
addition, large pieces of similar petrified wood are
associated with Cretaceous Tempskya fossils in
coarse-grained basal Cretaceous sediments of
northernIowa (Floyd Co.; Ravn and Witzke, 1995).
The Guthrie County specimen was obviously trans-
ported, but it likely represents a reworked frag-
ment of Cretaceous wood.

No dinosaur fossil has yet been firmly identi-
fied from Cretaceous strata anywhere in the State
ofJowa. Nevertheless, dinosaur material has been
recognized nearby in Dakota Formation strata of
eastern Nebraska (large ornithopod bone, large
theropod tooth) and Kansas (nodosaurid)(Witzke,
1981). The Cretaceous fluvial sandstones of the
Dakota Formation in Iowa certainly have the po-
tential to yield dinosaur fossils, and it is hoped that
some diligent or exceptionally lucky collector will
one day produce an identifiable bone. The best we
can presently offer is a tantalizing rounded frag-
ment of apparent fossil bone (Fig. 19).

A silicified pebble that showed bone-like vas-
cular morphology was collected by the authors
from the County Pit in 1982. The resemblance to
bone was apparent from prior experiences collect-



Table 3. Silicified fossils identified in lower Nishnabotna gravels, Guthrie Co., lowa. Data primarily from Witzke
and Ludvigson (1982), County Pit, Stop 1; number of specimens collected and the known stratigraphic range in
the Iowa area of the various fossil types are noted. Supplemental collections of Bain (1897), as identified by Sam

Calvin, are denoted by asterisk (*).

CORALS
Alveolites sp. 1
“Amplexus” sp. 2
Arachnophyllum sp. 1
Astrocerium sp. 2
Astrocerium venustum(*) -

Favosites favosus(*) 4
Favosites niagarensis 15
Favosites spp. indet.(*) 7
Pleurodictyum sp. 1
Ptychophyllum expansum(*) -
“Streptelasma” sp.(*) 2

“Streptelasma” spongaxis(*) -
Striatopora sp. 6
Syringopora sp. 6
“Zaphrentis” sp. ’ 2
“Zaphrentis” stokesi(*)
indet. solitary corals? 48

Sil.-Dev.
Sil.-Miss.
Sil.
Sil.-Dev.
Sil.

Sil.

Sil.
Sil.-Dev.
Dev.

Sil.
Ord.-Dev.
Sil.
Sil.-Dev.
Sil.
Sil.-Miss.
Sil.
Ord.-Penn.

(?includes forms probably assignable to Ptychophyllum,
Enterolasma, “Cyathophyllum,” etc.)

BRACHIOPODS

“Atrypa” sp. 1

Eospirifer eudora(*) -

Lepidocyclus gigas 1

indet. rhynchonellid 1

indet strophomenids 2

indet. brachiopod frags 23
BRYOZOANS

?Rhinidictya sp. 2

fenestellid sp. 3

indet. bryozoans(*) 2
TRILOBITES

indet. thoracic segment 1
ECHINODERMS

large crinoid stem pieces 2

crinoid debris in chert X
PLANTS

petrified wood 1
VERTEBRATES

dinosaur bone fragment 1

Sil.-Dev.
Sil.

U. Ord.
Ord.-Penn.
Ord.-Penn.
Ord.-Penn.

Ord.-Sil.
Sil.-Penn.
Ord.-Penn.

Paleozoic

possibly Penn. types
Ord.-Penn.

probably Cretaceous (gymnospermous)

Cretaceous
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Figure 19. Photomicrographs of probable dinosaur bone fragment from Stop 1 (B and D) compared with known
Cretaceous dinosaur bone (A and C; Triceratops frill, Lance Fm., Weston Co., Wyoming). All illustrate dense
Haversian bone structure with a complex network of secondary osteons (vascular canals). The Guthrie County
sample (B and D) is silicified; some regions are darkened by iron mineral staining. A and B with 3.2 mm field
of view; C and D with 1.3 mm field; all taken under plane light.

ing fossil bone, including dinosaur material from
the Western Interior. A thin-section was prepared
from this specimen to establish its internal micro-
morphology. Interestingly, the specimen showed
definitive histologic structure for dense Haversian
bone (Fig. 19). Dense Haversian bone is formed by
the vascular remodeling of primary bone, espe-
cially in mature individuals of large-sized animals
(including humans). Ongoing processes of bone
resorption and remodeling by multiple generations
ofvascular networks (Haversian systems) produce
this distinctive type of bone (Ricqles, 1980). The
only vertebrates known to produce dense Haver-
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sian bone are mammals, birds, and dinosaurs (and
rarely a few reptile taxa).

The occurrence of a bone fragment in the
Nishnabotna gravels constrains it to an age no
younger than the mid-Cretaceous. No bone of this
morphology is known from any Paleozoic strata in
the region, but Haversian bone is recognized in
Jurassic and Cretaceous strata of the central United
States. What type of animal could potentially be
the source of this fragment? The dense Haversian
structure indicates either a mammal, bird, or dino-
saur. Further, how large would an animal need to
be to produce a fragment of dense bone 3 cm in



diameter? No Jurassic or Cretaceous mammal or
bird is known to have been large enough to yield
such a fragment. By a process of elimination and
deduction, thereby, we are left with identifying the
County Pit bone fragment as dinosaurian — a
dinosaur of unknown affinities to be sure, but a
dinosaur nonetheless, and the first recognized in
Iowa. The microstucture (histology) of the Guthrie
County fragment is closely comparable to known
dinosaur bone, as shown in Figure 19.
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STOP 2: Finer-grained Nishnabotna facies,
sandstone and mudstone; Bar-L Ranch exposure

The Bar-L Ranch along Highway 25 south of
Guthrie Center is nestled along a prominent north-
trending bedrock ridge which forms the west val-
ley wall of the South Raccoon River. We will visit
an interesting sandstone exposure up the hill slope
just beyond the old barn (which was built in 1849).
The Bar-L is a horse ranch that offers summer
activities and horseback experiences for boys and
girls, now in its 40th year. We wish to gratefully
acknowledge the generosity of Bill and Cindy
Bortell and the Bar-L Ranch in enabling access to
their property. Please be mindful of the horses,
gates, and fences.

The Bar-L sandstone exposure is considerably
finer grained than the sandstones seen at Stop 1,
and it probably occupies a slightly higher strati-
graphic position within the Nishnabotna Member.
Three general units are recognized (Fig. 20). The
exposure of the lower unit has been expanded from
that seen during the last field trip (Witzke and
Ludvigson, 1982), and up to 4 m may be repre-
sented. It is a fine- to medium-grained sandstone
with small-scale (10 to 40 cm amplitude) trough
crossbeds. It is a fairly well-sorted unit, but some
quartz and chert pebbles are present in the upper
part. Trough dimensions generally increase up-
ward, with troughs up to 3 m wide near the top. The
upper surface is truncated by overlying strata, with
up to 20 cm of erosional relief.

The middle unit locally exceeds 4 m in thick-
ness, but it is significantly thinned by incision of
the upper mudstone channel fill. The middle
sandstone unit is coarse and pebbly at the base,
with quartz and chert clasts up to 3 cm diameter.
Mudclasts (up to 5 cm) are common in the basal 5
to 25 cm. The basal conglomeratic interval grades
upward into medium- to coarse-grained and fine-
to medium-grained sandstones displaying planar
cross-stratification. The upper half of the middle
unit is primarily a fine-grained sandstone with
prominent trough crossbeds; some planar foresets
show a southerly dip. The unit is cut by a chan-
neled erosional surface with 2.6 m of relief dis-
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played over a horizontal distance of 15 m.

The upper channel-filling unit is a light gray
silty kaolinitic mudstone up to 4 m thick (Fig. 20).
The basal erosional surface is marked by a hard
iron-oxide-cemented ledge (probably secondary
after siderite). A thinsandstone lens with mudclasts
occurs within the mudstone unit. The upper mud-
stone unit contains scattered to abundant plant
debris and leaf compressions. This mudstone
probably represents a floodbasin overbank or palu-
dal deposit which infilled an abandoned channel.

The Bar-L section contains finer-grained flu-
vial sediments than seen in the basal Nishnabotna
Member (Stop 1), and changes in stream compe-
tence during regional fluvial aggradation is indi-
cated. The sequence shows alternating episodes of
fluvial sedimentation and channel incision, pro-
viding evidence of changes in local or regional
base levels and/or local channel migration. The
sub-mudstone erosional surface at the Bar-L sec-
tion records a base-level fall associated with inci-
sion of a channel sandstone body (middle unit),
followed by a base-level rise associated with sub-
sequent burial of this surface by a floodbasin
mudstone (upper unit). The upper mudstone was
probably deposited as overbank muds or an oxbow
lake/marsh fill some distance from the sand-trans-
porting channels of the main river trunk system.
The regional significance, if any, of the erosional
surfaces and fills seen in the Bar-L section is not
known. Nevertheless, a regional base-level fall is
predicted to have occurred in the eastern fluvial
systems coincident with the sequence boundary
that separates the Kiowa-Skull Creek and Green-
horn marine cycles in the Western Interior during
the late Albian (Witzke and Ludvigson, 1994).
This boundary would likely correlate to a position
somewhere near the middle part of the Nishnabotna
Member in Iowa and Nebraska, possibly spanning
the section at the Bar-L Ranch.
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Compression Floras
in the Nishnabotna Member

Plant fossils are relatively rare in the
Nishnabotna Member, but the early discovery of
“netted-vein” angiosperm leaves in Nishnabotna
strata of southwestern Iowa was significant in
suggesting a Cretaceous age (White, 1867, 1870;
Lonsdale, 1895; Udden, 1901). In Guthrie County,
St. John (in White, 1870, p. 104) observed “shaly
sandstone containing impressions of linear leaves”
along Beaver Creek (south of Montieth), and Bain
(1897) noted Cretaceous plant remains in sand-
stone near Glendon. The upper mudstone at the
Bar-L Ranch locality was recognized to contain a
compression flora in 1982, and a small collection
of netted-vein angiosperm leaf fragments was se-
cured at that time. An attempt was made to extract
palynomorphs from these mudrocks in 1983, but
the deposits are apparently too oxidized to be
productive. Matt Klare, then a Ph.D. paleobotany
student at the University of lowa, became inter-
ested in learning more about the Guthrie County
site, and he made some collecting forays to the Bar-
L Ranch in 1984. This collection presently resides
with J. T. Schabilion in the paleobotany collec-
tions of the Biology Department, University of
Iowa, and a few preliminary statements are made
here concerning its composition (see also Ravn
and Witzke, 1995, p. 104).

The collection is dominated by large
craspedodromous leaves and leaf fragments of
early platanoid (sycamore-like) angiosperms (Fig.
21 A-D); these have commonly been referred to the
form-genus “Platanus.” Additional angiosperm
fossils include indeterminate small leaf fragments
with serrate margins, simple and multi-lobed forms
resembling the primitive “Sterculia” and
“Sapindopsis, ” and a grape-sized fruit (Fig. 21 G).
A minor component of gymnosperms is identified,
primarily pine needles 1.5 to 5 cm long ( “Pinus, ”
“Abietites ). Twigs with small flat foliage or
scalelike leaves on cone branches are of probable
taxodiacean affinities (“Sequoia,”
“Glyptostrobus ). Small fern fronds and pinnules
are also recognized, including forms resembling
“Gleichenia” (Fig. 21 E,F), “Cladophlebis,”
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“Onychiopsis,” and “Asplenium.”

The compression flora at the Bar-L Ranch
provides a glimpse of one of the plant communities
that inhabited the broad floodbasins of the eastern
continental lowlands during the Late Albian. The
abundant palynofloras of the Nishnabotna Mem-
ber, discussed earlier, further demonstrate that
diverse assemblages of bryophytes, lycopsids,
ferns, gymnosperms, and angiosperms grew in the
region. The vegetated lowlands included conifer
forests of pines, podocarpaceans, and cypress-like
taxodiaceans (possibly in swamps). These were
mixed with an abundance of smaller trees, bushes,
and vines of early angiosperms. The vegetated
forest floor contained small lycopsids, mosses,
liverworts, and fungi. The exotic cycadophytes
were locally important. The understory and forest
breaks must have been carpeted with a rich and
diverse assemblage of ferns. Among the ferns,
some groups apparently developed trunk-like false
stems (Cyathaceae, Osmundaceae); the diagnostic
mid-Cretaceous “trunks” of Tempskya ferns are
identified from petrifactions elsewhere in lowa
(Fig. 21 H).



Figure 21. A portion of the compression flora recovered from Stop 2 (A-G). All are photo tracings. A, B, C,
D. Large platinoid angiosperm leaves; reconstructed margins are dashed; all x0.5. E, F. Fern frond and pinnule,
Gleichenia sp.; E (x3.5), F (x11). G. Angiosperm fructification (fruit), x1. (Note: photograph of specimens C
and G is found in Witzke and Ludvigson, 1994, p. 57). H. Tempskya sp.; transverse section through silicified
“false-trunk” of this distinctive fern “wood”; stems are surrounded by dense mass of small adventitious roots; this
is the first Tempskya known from the eastern side of the Western Interior; Floyd Co., lowa (Loc. FL in Ravn and
Witzke, 1995).
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STOP 3: Roadcut exposures of the Nishnabotna Member,
Dakota Formation along Iowa State Highway 25
and overview of Middle Raccoon River valley

This stop provides a look at sandstone from the
Nishnabotna Member, as well as the opportunity
to examine relationships between the stratigraphy
ofthe Nishnabotna and exposures within the Middle
Raccoon River Valley. The north-south Iowa
State Highway 25 here crosses an east-west seg-
ment of the river valley, and the highway right-of-
way was used for a 1982 drilling transect of the
landscape stratigraphy of the valley during a re-
gional investigation of the groundwater resources
of West-Central Iowa (Witzke and Ludvigson,
1982; Hunt and Runkle, 1985). Exposures in the
south valley wall at STOP 3 are part of an area of
extensive bedrock exposure that continues down-
stream to Springbrook State Park (Fig. 22). During
the drive to the next stop, please take note of the
many natural exposures of Dakota sandstones and
mudrocks in the north and south valley walls.

The 10 meter Nishnabotna roadcut section on
the east side of the highway is illustrated in Figure
23. Although the section has grown over consid-
erably since our original description (Witzke and
Ludvigson, 1982), a number of features still are
readily apparent. Tabular cross bedding occurs in
the lower part of the section, and large-scale iron-
cemented trough cross bedding can be seen at the
top of the section. While fine- to medium-grained
sandstones comprise most of this section, coarser
trough cross-bedded units at the top of the section
contain scattered quartz granules. The sedimen-
tary units at this section bear some resemblance to
those seen at the previous stop at the Bar-L Ranch.

What is the stratigraphic relationship between
these sandstones and the conglomeratic facies
visited at STOP 1? The drill hole transect along
Highway 25 addresses this question, in part. Fig-
ure 24 shows that: (1) conglomeratic facies occur
near the base of the Nishnabotna Member; below
the stratigraphic position at thisroadcutat STOP 3,
and (2) this roadcut section appears to be laterally
equivalent to a mudrock interval in the adjacent
drillhole WC-114, and (3) fluvial incision of the
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Middle Raccoon River cut below the base of the
Dakota Formation, although aggradation of Qua-
ternary alluvium buries the Cretaceous-Pennsyl-
vanian contact along the transect.

Observations at the first three stops have illus-
trated that while the Nishnabotna Member of the
Dakota Formation is dominated by coarse-grained
clastic material, minor mudstone facies do occur
with some frequency. Moreover, reduced mud-
stone units have been found to produce abundant
palynomorphs, which are yielding important new
insights into lateral relationships between coarse-
grained Nishnabotna fluvial facies and more
mudrock-dominated facies in basinward positions
farther to the west in Nebraska.
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Hwy. 25 exposure west of
Springbrook State Park
NW% NWk NW /4 sec. 5, T-80N, R-3IW,
Guthrie Co, lowa
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Figure 23. Generalized graphic section of Nishnabotna Member strata exposed along Highway 25 west of
Springbrook State Park, Stop 3. Symbols as in Figure 17. From Witzke and Ludvigson (1982).
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Figure 24. Drill transect across Middle Raccoon River Valley along Highway 25 west of Springbrook State Park.
Note position of Stop 3 (labeled Loc. 29C). Nisnabotna strata unconformably overlie Pennsylvanian shale and
are unconformably overlain or crosscut by Quaternary units. Grain size distributions (coarsest fraction present)
are shown for Pennsylvanian and Cretaceous units. Note lateral and vertical variations in grain size in the Dakota
sections. Samples are from rotary drill rig (1982 drilling, West-Central project drillholes WC-106, 107, 108, 114;
Hunt and Runkle, 1985). From Witzke and Ludvigson (1994; see also Witzke and Ludvigson, 1982).
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STOP 4: Lunch stop and natural exposures of Dakota Formation
in Springbrook State Park

As the field trip proceeds to the lunch stop in
Springbrook State Park, keep an eye out for natural
exposures of Dakota Formation along the valley
walls of the Middle Raccoon River Valley. The
lunch stop will be in the Picnic Area in Springbrook
State Park. The park was established in 1926 and
contains a number of buildings constructed by the
Civilian Conservation Corps in the 1930s. After
lunch, we will proceed to the Springbrook Conser-
vation Education Center for a short walk to visit a
natural exposure of the Dakota Formation in the
park. The Conservation Education Center was
established in 1970, and is used for K-12 teacher
workshops and school groups, with the aim of
furthering public appreciation of a wide range of
natural resource issues in lowa. A foottrail leading
northward from the Conservation Education Cen-
ter leads to the Trail Overlook exposure.

Springbrook State Park straddles the terminal
moraine of the late Wisconsinan Des Moines Lobe,
and is bordered to the northeast by comparatively
low-relief uplands underlain by the Wisconsinan
Dows Formation. At the terminus, superglacial
facies of the Morgan Member of the Dows Forma-
tion are juxtaposed with older terranes underlain
by loess and/or paleosols over pre-Illinoian glacial
tills. The park contains the confluence of two
steep-walled stream valleys which drained glacial
meltwaters from the Des Moines Lobe into the
Middle Raccoon River. The southward-draining
valley of Springbrook Creek has been dammed to
create arecreational lake, but the westward-drain-
ing valley has been largely left in its natural condi-
tion. Three natural exposures of the Nishnabotna
can be viewed in this valley of Springbrook Creek.

The Trail Overlook exposure (Fig. 25) forms a
prominent north-facing 10-meter escarpment along
the south valley wall. It consists of fine- to me-
dium-grained sandstones with trough cross-bed-
ding (largely obscured by weathering and vegeta-
tion). Mudclasts are scattered through the upper
part of the section. Note that the base of this
section (at approximately 1,100 feet above sea
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level) occurs above the top of the conglomerate
units encountered in the drill hole transect along
Iowa State Highway 25 (Fig. 24). At the eastern
section (E on Fig. 22), about 4 meters of fine- to
medium-grained sandstone with large-scale trough
crossbeds, and mudclasts up to 20 cm is exposed,
with the base of the section also at about 1,100 feet
above sea level.

The Campground exposure (Fig. 25) is located
on an east-facing cutbank of Springbrook Creek at
the far eastern end of the campground. The 3-
meter section consists of sandy conglomerate and
pebbly fine- to coarse-grained sandstone. Planar
cross beds, mudstone clasts, and liesegang iron
oxide cementation are noteworthy features. A thin
weathered mudstone is present at the top of the
section, overlain by colluvial deposits. Note that
the base of the section (at approximately 1,060 feet
above sea level) places this unit within the con-
glomeratic interval encountered in the drill hole
transect along Highway 25 (Fig. 24). Geologic
observations in Springbrook State Park indicate
thatthe lithostratigraphic succession of sandstones
over conglomerates identified along Highway 25
extends laterally for over two miles. Observations
atthe next stop further indicate that conglomerates
of the Nishnabotna consistently occupy a position
near the base of the unit.
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STOP S: Nishnabotna fluvial facies and sedimentary geometries,
Garst property sections, Middle Raccoon River

The beautiful stretch of river corridor border-
ing the Middle Raccoon River southeast of Coon
Rapids contains instructive and spectacularly-dis-
played exposures of Cretaceous strata. The best
exposures lie within a segment of land owned and
managed by the Garst family. The family has a
strong interest in lowa’s natural heritage, and this
magnificent piece of land is a tribute to the family’s
ongoing efforts concerning the protection of lowa’s
natural areas and wildlife habitat. Steve Garst,
general partner of the Garst Company, a farm
supply operation in Coon Rapids, was awarded the
Hagie Heritage Award, Iowa’s prime conservation
award, by the lowa Natural Heritage Foundation in
1995 for his commitment to the protection of
Iowa’s natural environment. Some trip partici-
pants may recall the historic visit of Soviet premier
Nikita Khrushchev to the Garst family farm
(Roswell Garst) near Coon Rapids in 1959.

Trip participants will park at the “River House”
immediately east of the bridge over the Middle
Raccoon River (Fig. 26). We will first proceed
across the bridge and follow the river downstream
a short distance to the prominent cutbank and bluff
exposure locally known as the “Whiterock” sec-
tion (Stop 5A; Fig. 26). The final stop of the day
will entail a hike upstream along the east bank of
the river (approximately 0.8 mile) to visit a dra-
matic exposure of Cretaceous sandstone (Stop 5B;
Fig. 26). The river corridor through the Garst
property displays sandstone-dominated sections
of the Nishnabotna Member in the valley walls.
These strata unconformably overlie Pennsylva-
nian mudstone- and shale-dominated units (coal-
bearing in part) of the Cherokee Group, which are
locally exposed in the lower portions of the valley.
Pre-Illinoian glacial tills and other Quaternary
deposits cap the upper bluffs.

We wish to thank the Garst family for their
interest and support in allowing access to these
important Cretaceous exposures, in particular Steve
and Mary Garst of Coon Rapids and their daughter
Liz Garst (Raccoon Valley State Bank).
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STOP 5A: Whiterock section

The “Whiterock™ cutbank and bluff exposure
provides the largest vertical section of lower Da-
kota strata known in Iowa (Fig. 27). Water-
saturated muds are common along the exposure
slope, and rubber boots may be desirable for the
access. Recent spalling and slumping of the lower
strata during and after the 1993 floods have freshly
exposed the basal Dakota beds and permitted a
detailed examination of complex sedimentary struc-
tures and channel geometries a short distance
above  the Pennsylvanian-Cretaceous
unconformity. At least 2.5 m of reliefis displayed
along this unconformity at Stop 5A, and elevations
at the base of the nearby creek section (Figs. 26,
27) indicate at least S m of relief in the immediate
area. Pennsylvanian mudstones (unit 1) are best
exposed in the easternmost area a short distance
above river level.

Exposure of units 2 through 5 (Fig. 27) is
particularly instructive, but close-up examination
may be hazardous. These units are displayed along
anactively retreating bluff face, and, depending on
the degree of water saturation, active spalling or
slumping could occur during the field trip visit.
These lower units display a complex mosaic of
mutually cross-cutting channels which formed via
channel migration and base-level changes during
regional aggradation of the lower Nishnabotna
fluvial systems above the eroded Paleozoic sur-
face.

A basal claystone and sandstone interval (unit
2), with a pebbly conglomeratic base, directly
overlies the Pennsylvanian mudstones. This unit
is overlain by pale siltstones (“whiterock™) of unit
3, which form prominent large-scale lenses of
laminated siltstone in the exposure face; plant
debris is common. The siltstone body displays an
erosionally beveled and sculpted upper surface
beneath complex cross-cutting channel-forms of
pebbly sandstone and conglomerate (unit 4). Unit
3 directly overlies Pennsylvanian mudstone in the
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Figure 26. Enlargement of topographic map (Coon Rapids South Quadrangle) showing locations of Stops 5A
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western area of the exposure, where it includes a
prominent lens of pebbly conglomeratic sandstone
that is laterally truncated beneath the upper pale
siltstone lens. Unit 4 includes a giant clast of
mudstone (4 m long) enclosed within a pebbly
sandstone near the west edge of the cutbank face.
The upper part of the exposed face (unit 5) includes
cross-stratified bedforms of coarse pebbly con-
glomeratic sandstone, in part forming resistant
bedsand ledges cemented by Liesegang patterns of
iron oxide minerals.

Above the main cutbank face, a recessive and
water-saturated slope partially exposes arelatively
thick interval (2.65 m) of soft kaolinitic mudstone
and claystone (unit 6, Fig. 27). Unlike Dakota
mudrock sections exposed elsewhere in Guthrie
County and southwestern Iowa, this mudrock in-
terval is not pervasively oxidized or pedogenically
mottled, and medium gray hues are recognized
(providing encouragement for palynologic sam-
pling). Unit 6 yielded palynomorphs in 1995, the
first recovered from the Nishnabotna outcrop belt
of Jowa. We hope to have an update on the
contained palynofloras at the time of the field trip,
but spore and pollen identifications were not com-
pleted as of this writing. A sandstone body appar-
ently cuts the mudstone unit in the western area of
the exposure.

Medium- to coarse-grained sandstones, pebbly
in part, continue above the mudstone unit, and
these display southwest-dipping trough crossbeds
(unit 7). The basal part of unit 8 is also coarse and
pebbly, but the overlying Cretaceous sandstone
strata are significantly finer grained and the scale
of the sedimentary structures is reduced. With few
exceptions, coarse conglomeratic sandstones char-
acterize the lower units, whereas fine-grained sand-
stones typify the upper strata throughout the
Nishnabotna outcrop belt of western Iowa. This
basic subdivision can be used to informally sepa-
rate upper and lower intervals within the
Nishnabotna Member (see Fig. 27), which further
constrains general patterns of regional fluvial aggra-
dation during the Late Albian.

Upper Nishnabotna strata (units 8-11) are ex-
posed in the forested slopes in the middle to upper
portions of the valley wall, but these strata are
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partially covered and lateral relationships are not
readily seen. Unit 8 is primarily a fine- to medium-
grained sandstone, and overlying units (9-11) are
well-sorted very fine- to fine-grained sandstone.
The purity and homogeneity of these upper sand-
stones makes recognition of sedimentary struc-
tures difficult, although small-scale trough
crossbeds and thin horizontal bedsets are evident.
The absence of coarse sand and quartz/chert pebbles
in the upper Nishnabotna is of particular note.
Compared to fluvial deposition of the lower strata,
a decrease in stream competence is indicated for
sedimentation of the upper fine-grained interval.
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Whiterock Section
NW SE NW sec. 24, T81N, R33W, Guthrie Co.
measured 10/18/1995, B. Witzke, G. Ludvigson

Lower Cretaceous
Dakota Formation
Nishnabotna Member

Unit 11.

Unit 10.

Unit 9.

Unit 8.

Unit 7.

Unit 6.

Unit 5.

Unit 4.

Unit 3.

Sandstone, vf-f; reactivation surfaces spaced 15-40 cm, mostly horizontal bedsets,
possible low-angle dip with troughs; scattered iron-oxide-cemented nodules; upper 1.5
m is sloped and weathered; Pleistocene till with erratic boulders above. Total thickness
4.1 m.

Sandstone, vf-f, in bedsets 15-35 cm, possibly troughs; lower 2.1 m forms ledge,
scattered clay intraclasts 1 m above base; upper 1.9 m is sloped and part covered. Total
thickness 4.0 m.

Sandstone, vf-f, possible small-scale trough crossbeds; unit is poorly exposed along
forested slope. Total thickness 4.65 m.

Sandstone, dominantly f-m; lower 25 cm is sandstone, coarse, with mudclasts and
pebbles near base; remainer of unit lacks pebbles and coarse grains, small-scale (10 cm
thick) trough crossbeds. Total thickness 2.5 m.

Sandstone, f-c, dominantly m, scattered pebbles; basal 15-20 cm is iron-oxide-cemented
with mudclasts to 1 cm; upper 1.1 m includes coarse to pebbly sand at base of
southwest-dipping trough crossbeds (about 50 cm thick). Total thickness 2.3 m.
Mudstone to claystone, light to medium gray, slightly silty; becomes lighter gray and
more oxidized upward, sharp base; mudstone is cut by sandstone channel in western
area of exposure; palyno-samples WR3, WR4. Total thickness 2.65 m.

Sandstone, f-c, granules, pebbly to conglomeratic, scattered to common mudclasts
(locally to 5 cm); part cemented by iron oxides into resistant ledges and Liesegang
patterns; interval consists of mutually cross-cutting bedforms 40 cm to 1.5 m thick,
internally with planar to low-angle cross-stratification, typically fining-upward
bedforms (locally to sandstone, f-m), mudclasts most common at bases; minor lens of
mudrock observed near top of unit; sharp contact above. Total thickness varies 2.5 to
3.6 m.

Sandstone, m-c, granules, pebbly to conglomeratic; includes mudclast conglomerate
(clasts to 5-10 cm); mutually cross-cutting channeled bedforms 40 to 100 cm thick; unit
4 locally truncated by unit 5; west edge of main cutbank section contains a giant
mudclast (4 m long x 15 cm thick) within the conglomeratic sandstone. Total thickness
varies from O to 1.5 m.

Siltstone-dominated unit, pale gray ("whiterock") to light gray, micaceous, laminated in
part, scattered to common fine plant debris, possible fern pinnules noted; siltstone
becomes coarser upward, becomes vf sandstone to siltstone in upper part, irregular
Liesegang oxidation patterns in part; basal 12 cm of siltstone is sandy with scattered
mudclasts (to 2 cm); siltstone is erosionally beveled and truncated by unit 4 sandstones,
upper siltstone surface with irregular complex erosional forms (part showing wave-like
sculpting); siltstone directly overlies unit 1 mudstones in western part of main cutbank
section, above unit 2 to east; a wedge of westward-thickening sandstone(to 1.0 m
thick), m-c, pebbly, mudclasts, splits the siltstone unit to the west and is erosionally
truncated by the upper siltstone interval (this sandstone wedge is, in turn, erosionally
beveled by unit 4 sandstone channels). Total thickness varies from 1.0 to 2.35 m.
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Unit 2. Dominated by mudstone to claystone, light medium gray (palynology sample WR?2);
basal 20 cm (below claystone) is sandstone, f, with scattered mudclasts and rare irregu-
lar chert pebbles (to 4 cm), unconformably overlies unit 1; unit is not identified in
western area of exposure, but apparently thickens eastward, where a sandstone body (to
over 1 m thick) is identified, sandstone, f-m, friable, scattered small mudclasts. Total
thickness varies, where measured, between 0 and 80 cm; probably thickens to about 1.5
m to east.

Middle Pennsylvanian
Desmoinesian Series
Cherokee Group
Unit 1. Mudstone, silty, medium gray, blocky, micaceous, scattered carbonaceous plant debris

(palynology sample WR1); unit becomes progressively more oxidized upsection; mud-
stone is part laminated with fine silt laminae; nodular siderite (5-20 cm) horizons noted
65 cm and 2.0 m above base; unit 1 progressively thickens to west, and is unconforma-
bly overlain by units 2 and 3; base of unit 1 begins at far northeast end of main cutbank
cliff, about 1 m above river level. Total measured thickness 3.5 m.
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STOP 5B: Garst-north section

Stop 5B is an exceptionally well-displayed and
laterally-extensive exposure of Nishnabotna strata
that occurs about a mile north of Stop 5A (Fig. 26).
This exposure in the east wall of the Middle
Raccoon River Valley was accentuated by road
grading along the lower bluff a short distance
abovethe Cretaceous-Pennsylvanian unconformity
(Fig. 28). The resultant exposure face of lower
strata portrays complex and mutually cross-cut-
ting sandstone bodies over a horizontal distance in
excess of 150 m (Fig. 29). The section is, in many
respects, comparable to that seen at Stop SA. The
accessible portion of the main exposure face, based
onrelative position and elevation, probably equates
with units 2 through 5 at Stop 5A, and the thickest
mudstones at each locality (middle mudstone on
Figure 28; unit 6 at Stop 5A) are likely correlatable.
The upper bluff section at Stop 5B, which is poorly
exposed in the wooded slope above the main
exposure face, is a fine-grained sandstone interval
comparable to the upper section at Stop SA.

The stratigraphic section begins along satu-
rated slopes of poorly-exposed Pennsylvanian shale
below the road level. The basal part of the
Nishnabotna Member is partially exposed above
these soft shales, and includes iron-oxide-cemented
ledges of coarse-grained and conglomeratic sand-
stone. By contrast, the exposure face above the
road level is particularly well exposed.

The north half of the exposure face is the best
portrayed and most instructive portion of Stop 5B.
The unit that begins at road-grade level in this area
is a planar-bedded to cross-stratified interval of
medium- to coarse-grained sandstone, variably
pebbly and conglomeratic. It displays regions of
iron-oxide cementation. Of particular note, lateral
changes in the direction and character of the cross-
stratification are displayed along the extent of the
exposure (Fig. 29). South-dipping crossbeds are
seen at the north end, north-dipping crossbeds at
the south end, and planar beds in the middle region.
The dipping strata (inclined heterolithic stratifica-
tion) are apparently lateral-accretion bedforms
related to point-bar deposition in migrating river
channels. Lateral accretion apparently occurred at
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different times on opposite sides of the channel,
with horizontal bedforms characteristic of the cen-
tral channel area.

The upper surface of this lower sandstone chan-
nel is erosionally beveled and crosscut by several
different rock units of varying grain size (Fig. 29).
A conglomeratic sandstone is identified at this
position near the northern limits of the exposure,
and a conglomerate lens (basal channel bedform)
is preserved a short distance to the south (area B in
Fig. 29). These coarse units and the underlying
interval are, in turn, crosscut by a slightly finer
grained sandstone channel (fine, medium, and
coarse-grained sandstone with scattered granules
and pebbles); this channel displays small-scale
trough crossbeds in places. The northern margin
of this channel sharply and steeply truncates the
conglomeratic unit (see enlargements A and B,
Fig. 29); abundant mudclasts are recognized near
this margin. This sandstone channel is cut by an
erosional surface southward; small swale-filling
lenses of mudstone are seen along this surface
(GR1,GR3 onFig.29)thatare, inturn truncated by
a massive sandstone channel.

A massive cliff-forming sandstone channel is
found above the noted mudstone lenses, as best
displayed in the central portion of the exposure
face. This fine- to medium-grained sandstone
shows a general decrease in average grain size over
that observed below; pebbles are locally seen near
the base of the channel. This large sandstone body
shows small-scale trough crossbeds, and south-
ward-dipping lateral accretion structures are seen
near its northern extremity. A laterally extensive
mudstone unit is seen in the upper part of the main
exposure face, above this sandstone body. This
mudstone is difficultto access. Fine-grained sand-
stones are exposed in the upper face and forested
slope above the mudstone.

The geometry of complex and mutually cross-
cutting fluvial facies in the lower Nishnabotna
Member is better portrayed at Stops SA and 5B
than at any other locality in western Iowa. Even
though the exposures are exceptionally good, the
fluvial processes that were responsible for creating
the displayed sedimentary structures and geom-
etries remain open to interpretation. In general, the



Garst - North
generalized section
NW NW NE SE and SW SW SE NE

sec. 14, T81N, R33W

upper slope
} (part covered)

Top of main exposure face

mudstone

river

Figure 28. Generalized graphic section of Garst-
North exposures, Stop 5B. Symbols as in Figure

17. Location of section shown on Figure 26.
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lower Nishnabotna sediments exhibit features sug-
gestive of braided fluvial deposition, including
coarse grain size, poor sorting,, rare mudstone, and
planar and horizontal stratification. The cross-
cutting channel geometries indicate ongoing mi-
gration/avulsion of channels or braid systems dur-
ing deposition. The finer-grained sandstone and
smaller-scale sedimentary structures (especially
trough crossbeds) of the upper Nishnabotna con-
trast markedly with the lower Nishnabotna, and
different fluvial environments are indicated. A
significant decrease in stream competency is indi-
cated, which probably reflects changes in base
level and a regional shift to distal braided and
proximal meanderbelt fluvial sedimentation
(Witzke and Ludvigson, 1994).

As the -field trip concludes, we hope that this
brief look at a small segment of the Cretaceous
outcrop belt in the lowa region will serve to stimu-
late further study and foster a greater appreciation
of the wealth of geologic information that can be
found along the eastern-margin the great Western
Interior Basin of North America. The ongoing
accumulation of geologic data from this eastern
region can serve to constrain and refine various
paleoclimatic and paleogeographic models of the
North American Western Interior, which, in turn,
is needed to advance our understanding of the
fascinating mid-Cretaceous “greenhouse world.”



‘A3o10ouAjed 10y sajdures suOISpNU JO UOLILIO] AIE GYD ‘LD ‘€YD ‘TYD "uondas pakeniod Jo uomisod sydeidnens [erouss 10§ g7
2In31,] 99§ *SLNOW0aF [SUULYD JO [1e13P 1032218 MOYS 0) padie[ua are (aansodxa uret Jo pus [}Iou Je pajasdelq) g pue  sealy "uonerdgdexs
[e1u0zLIoy 1ySI]s Smoys 20ey aansodxa ayy Jo Jyey Joddn oy} ‘suoj S[Fue-opIm oy} Aq P21eaId UOISSAIdUIOd [BIILSA 03 9NP INg ‘9[8IS [BIUOZLIOY S}
sorewrxoldde o[as [BOIISA SY], SSIPOQ SUOISPNLI PUB SUOISPUES JO SALNOW0aS SUIINo-sso1d [e1oudd 199[ja1 03 pagrdurns oresow-ojoyd jo
Suroex U0 paseq uordas (VOIS YUON-IsIED) g ¢ dois 18 ejens eujoqeuysIN JO 298] 31nsodxa JO UOIII9S SSOIO (INOS-YLIOU [BISUSD) 67 3AN31

A2 . 2L AT T A e e e
d=t=4=2 auojspnw Jaddn

LU TR

ajeys "uuad

spag-x Buiddip-

yyou

9oy ainsodxa
urew jo doy= =%

sjuswao apixo-uosy  F

uonEsynENS-55010 N\
sybnou} sjeos-jlews "~

Bueylano”

suoyspnw T —— H
’ —r . —— 0o
se|qqad/sa|nuesb Bueysano Bueyieno <.
zyenb "L . | -
sjse|o pnw © o
>N¥ auoj)spnw m M.ODOD

67






REFERENCES

Andrews, G.W., 1958, Windrow Formation of
Upper Mississippi Valley region, a sedimen-
tary and stratigraphic study: Journal of Geol-
ogy, v. 66, p. 597-624.

Arthur, M.A., Dean, W.E., Pollastro, R.M.,
Claypool, G.E., and Scholle, P.A., 1985, Com-
parative geochemical and mineralogical stud-
ies of two cyclic transgressive pelagic lime-
stone units, Cretaceous Western Interior Basin,
U.S., in Pratt, L.M., Kauffman, E.G., and Zelt,
F.B., eds., Fine-grained Deposits and Biofacies
of the Cretaceous Western Interior Seaway:
Evidence of Cyclic Sedimentary Processes:
Society of Economic Paleontologists and Min-
eralogists, Midyear Meeting Guidebook No. 4,
p. 16-27.

Bain, H.F., 1897, Geology of Guthrie County:
Iowa Geological Survey, Annual Report, v. 7,
p. 413-487.

Barron, E.J., Arthur, M.A., and Kauffman, E.G.,
1985, Cretaceous rhythmic bedding sequences:
a plausible link between orbital variations and
climate: Earth and Planetary Science Letters, v.
72, p. 327-340.

Barron, E.J., Hay, W.W_, and Thompson, S., 1989,
The hydrologic cycle: A major variable during
Earth history: Global and Planetary Change, v.
74, p. 470.

Bloch, J., 1990, Stable isotopic composition of
authigenic carbonates from the Albian Harmon
Member (Peace River Formation): Evidence of
early diagenetic processes: Bulletin of Cana-
dian Petroleum Geology, v. 38, p. 39-52.

Bowe, R.J., 1972, Depositional history of the Da-
kota Formation in eastern Nebraska: unpubl.
M.S. thesis, University of Nebraska, Lincoln,
84 p.

Browne, G.H., and Kingston, D.M., 1993, Early
diagenetic spherulitic siderites from Pennsyl-
vanian palaeosols in the Boss Point Formation,
Maritime Canada: Sedimentology, v. 40, p.
467-474.

Bunker, B.J., Witzke, B.J.,, Watney, W.L., and
Ludvigson, G.A., 1988, Phanerozoic history of

69

the central Midcontinent, United States, in Sloss,
L.L., ed., Sedimentary Cover — North Ameri-
can Craton, USA: Geological Society of
America, The Geology of North America, v. D-
2, p. 243-260.

Carothers, W.W., Adami, L.H., and Rosenbauer,
R.J., 1988, Experimental oxygen isotope rela-
tion between siderite-water and phosphoritic
acid liberated CO»-siderite: Geochimica et
Cosmochemica Acta, v. 52, p. 2445-2450.

Carpenter, S.J., Erickson, M.J., Lohmann, K.C,
and Owen, M.R., 1988, Diagenesis of fossilif-
erous concretions from the Upper Cretaceous
Fox Hills Formation, North Dakota: Journal of
Sedimentary Petrology, v. 59, p. 792-814.

Chapelle, F.H., 1993, Ground-Water Microbiol-
ogy and Geochemistry: John Wiley and Sons,
Inc., 424 p.

Charles, C.D., Rind, D., Jouzel, J., Koster, R.D.,
and Fairbanks, R.G., 1994, Glacial-interglacial
changes in moisture sources for Greenland:
Influences on the ice core record of climate:
Science, v. 263, p. 508-511.

Dansgaard, W., 1964, Stable isotopes in precipita-
tion: Tellus, v. 16, 436-468.

DeCelles, P.G., and Burden, E.T., 1992, Non-
marine sedimentation in the overfilled part of
the Jurassic-Cretaceous Cordilleran foreland
basin: Morrison and Cloverly Formations, cen-
tral Wyoming, USA: Basin Research, v. 4, p.
291-313.

Dettman, D.L., and Lohmann, K.C, 1993, Sea-
sonal change in Paleogene surface water1 80:
Fresh-water bivalves of Western North
America, in Swart, P. K., Lohmann, K. C.,
McKenzie, J., and Savin, S., eds., Climate
Change in Continental Isotopic Records: Ameri-
can Geophysical Union, Geophysical Mono-
graph 78, p. 153-163.

Dettman, D.L., and Lohmann, K.C, 1994, The
oxygen isotope composition of surface waters
in the Western Interior of North America,
Campanian through early Eocene: Geological.
Society of America, Abstracts with Programs,



v.26,no. 7, p. A94.

Diehl, J.F., 1991, The Elkhorn Mountains revis-
ited: New data from the Late Cretaceous paleo-
magnetic field of North America: Journal of
Geophysical Research, v. 96, p. 9887-9894.

Drummond, C.N., Wilkinson, B.H.,and Lohmann,
K.C, 1993, Rock-dominated diagenesis of lacus-
trine magnesian calcite micrite: Carbonates
and Evaporites, v. 8, no. 2, p. 214-223.

Feldman, H.R., 1994, Road log and field guide to
Dakota Aquifer strata in central Kansas: Kan-
sas Geological Survey, Open-file Report 94-
15,30 p.

Fisher, R.A., 1953, Dispersion on a sphere: Pro-
ceedings of the Royal Society of London, Se-
ries A, v. 217, p. 295-305.

Franks, P.C., 1975, The transgressive-regressive
sequence of the Cretaceous Cheyenne, Kiowa,
and Dakota formations of Kansas, in Caldwell,
W.G.E., ed.,, The Cretaceous System in the
Western Interior of North America: Geological
Association of Canada, Special Paper 13, p.
469-521.

Franks, P.C., 1979, Record of an Early Cretaceous
marine transgression — Longford Member,
Kiowa Formation: Kansas State Geological
Survey, Bulletin 219, 55 p. 2 pl.

Friedman, 1., and O’Neil, J.R., 1977, Compilation
of stable isotope fractionation factors of
geochemical interest: U.S. Geological Survey,
Professional Paper 440-KK, p. KK1-KK12.

Fritz, P., Binda, P.L., Folinsbee, F.E., and Krouse,
H.R., 1971, Isotopic composition of diagenetic
siderites from Cretaceous sediments in western
Canada: Journal of Sedimentary Petrology, v.
41, p. 282-288.

Frye, J.C., Willman, H.B., and Glass, H.D., 1964,
Cretaceous deposits and the Illinoian glacial
boundary in western Illinois: Illinois State Geo-
logical Survey, Circular 364, 28 p.

Galloway, W.E., 1983, Terrigenenous clastic depo-
sitional systems: applications to petroleum,
coal, and uranium exploration: Springer-Verlag,
New York, 423 p.

Glancy, T.J., Jr., Arthur, M.A., Barron, E.J., and
Kauffman, E.G., 1993, A paleoclimate model
for the North American Cretaceous

70

(Cenomanian-Turonian) epicontinental sea, in
Caldwell, W. G. E., and Kauffman, E. G, eds.,
Evolution of the Western Interior Basin:
Geological Association of Canada, Special
Paper 39, p. 219-241.

Globerman, B.R., and Irving, E., 1988, Mid-Creta-
ceous paleomagnetic reference field for North
America: Restudy of 100 Ma intrusive rocks
from Arkansas: Journal of Geophysical Re-
search, v. 93, p. 11,721-11,733.

Hamid, T.N., 1995, Stratigraphy and depositional
history of the mid-Cretaceous Dakota Forma-
tion along the bluffs of the Missouri River,
Thurston County, Nebraska: unpubl. M.S.
thesis, University of lowa, Iowa City, 156 p.

Hamilton, V., 1994, Sequence stratigraphy of Cre-
taceous Albian and Cenomanian strata in Kan-
sas, in Shurr, G.W., Ludvigson, G.A., and
Hammon, R.H., eds., Perspectives on the East-
ern Margin of the Cretaceous Western Interior
Basin: Geological Society of America, Special
Paper 287, p. 79-96.

Hansen, R.E., Thompson, C.A., and VanDorpe,
P.E., 1992, Availability and quality of water
from the alluvial, glacial-drift, and Dakota aqui-
fers and water use in southwest Iowa: U.S.
Geological Survey, Water-Resources Investi-
gations Report 91-4156, 187 p.

Hays, P.D., and Grossman, E.L., 1991, Oxygen
isotopes in meteoric calcite cements as indica-
tors of continental paleoclimate: Geology, v.
19, p. 441-444.

Heller, P.L., and Paola, C., 1989, The paradox of
Lower Cretaceous gravels and the initiation of
thrusting in the Sevier orogenic belt, United
States Western Interior: Geological Society of
America Bulletin, v. 101, p. 864-875.

Helsley, C.E., and Steiner, M.B., 1969, Evidence
for long intervals of normal polarity during the
Cretaceous period: Earth and Planetary Sci-
ence Letters, v. 5, p. 325-332. ’

Hoffman, G., 1995, Stabile Wasserisotope im
Allgemeinen Zirkulationsmodell ECHAM:
Max-Planck-Institut fiir Meteorologie,
Examensarbeit Nr. 27, 98 p.

Hoffman, G., and Heimann, M., 1994, Water iso-
tope modeling in the Asian monsoon region:



Max-Planck-Institute fiir Meteorology, Report
No. 154, p. 25 p.

Hunt, P.K.B., and Runkle, D.L., 1985, Ground-
water data for the alluvial, buried channel,
basal Pleistocene and Dakota aquifer in west-
central Iowa: U.S. Geological Survey, Open-
File Report 84-819, 168 p.

Irving, E., and Couillard, R.W., 1973, Cretaceous
normal polarity interval: Nature, v. 244, p. 10-
11.

Irving, E., and Irving, G.A., 1982, Apparent polar
wander paths: Carboniferous through Ceno-
zoic and the assembly of Gondwana: Geo-
physical Surveys, v. 5, p. 141-188.

Irving, E., Wynne, P.J., and Globerman, B.R.,
1993, Cretaceous paleolatitudes and overprints
of North Americancraton, in Caldwell, W.G.E.,
and Kauffman, E.G., eds., Evolution of the
Western Interior Basin: Geological Associa-
tion of Canada, Special Paper 39, p. 91-96.

Jewell, P.W., 1993, Water-column stability, resi-
dence times, and anoxia in the Cretaceous
North American seaway: Geology, v. 21, p.
579-582.

Joeckel, R.M., 1987, Paleogeomorphic signifi-
cance of two paleosols in the Dakota Formation
(Cretaceous), southeastern Nebraska: Univer-
sity of Wyoming Contributions to Geology, v.
25, no. 2, p. 95-102.

Joeckel, R.M., 1991, Deeply-developed plinthic
paleosols in the Dakota Formation (Albian?
Cenomanian), southeastern Nebraska: evidence
for warm, wet paleoclimate and regional geo-
morphic stability: Geological Society of
America, Abstracts with Programs, v.23,no. 5,
p. A409.

Joeckel, R.M., 1992, Albian-Cenomanian geo-
morphology and climate in southeastern Ne-
braska: Evidence from deep, plinthic paleosols
in the lower to middle Dakota Formation: Soci-
ety for Sedimentary Geology, Abstracts vol-
ume for Theme Meeting on the Mesozoic of the
Western Interior, Ft. Collins, CO, p. 35.

Karl, H.A., 1976, Depositional history of Dakota
formation (Cretaceous) sandstones, southeast-
ern Nebraska: Journal of Sedimentary Petrol-
ogy, v. 46, p. 124-131.

71

Kauffman, E.G., 1977, Geological and biological
review: Western Interior Cretaceous Basin, in
Kauffman, E.G., ed., Cretaceous Facies, Fau-
nas, and Paleoenvironments Across the West-
ern Interior Basin: Mountain Geologist, Rocky
Mountain Association of Geologists, v. 14, p.
76-99.

Kauffman, E.G., and Caldwell, W.G.E, 1993, The
Western Interior Basin in space and time, in
Caldwell, W.G.E., and Kauffman, E.G., eds.,
Evolution of the Western Interior Basin: Geo-
logical Association of Canada, Special Paper
39, p. 1-30.

Kauffman, E.G., Sageman, B.B., Kirkland, L.I.,
Elder, W.P., Harries, P.J., and Villamil, T.,
1993, Molluscan biostratigraphy of the Creta-
ceous Western Interior Basin, North America,
inCaldwell, W.G.E.,and Kauffman, E.G, eds.,
Evolution of the Western Interior Basin: Geo-
logical Association of Canada, Special Paper
39, p. 397-434.

Kirschvink, J.L., 1980, The least-squares line and
plane and the analysis of paleomagnetic data:
Geophysical Journal of the Royal Astronomi-
cal Society, v. 62, p. 699-718.

Kyser, T.K., Caldwell, W.G.E., Whittaker, S.G.,
and Cadrin, A.J., 1993, Paleoenvironment and
geochemistry of the northern portion of the
Western Interior Seaway during Cretaceous
time, inCaldwell, W.G.E., and Kauffman, E.G.,
eds., Evolution of the Western Interior Basin:
Geological Association of Canada, Special
Paper 39, p. 355-378.

Landuydt, C.J., 1990, Micromorphology of iron
minerals from bog ores of the Belgian Campine
area,in Douglas, L.A., ed.,Soil Micromorphol-
ogy: A Basic and Applied Science: Develop-
ments in Soil Science 19, Elsevier, Amsterdam,
p. 289-294.

Leckie, D.A., Fox, C., and Tarnocai, C., 1989,
Multiple paleosols of the Late Albian Boulder
Creek Formation, British Columbia, Canada:
Sedimentology, v. 36, p. 307-323.

Lohmann, K.C, 1988, Geochemical patterns of
meteoric diagenetic systems and their applica-
tion to studies of paleokarst,in James, N.P., and
Choquette, P.W., eds., Paleokarst, Springer-



Verlag, p. 58-80.

Lonsdale, E.H., 1895, Geology of Montgomery
County: Iowa Geological Survey, Annual Re-
port, v. 4, p. 384-451.

Ludvigson, G.A., and Bunker, B.J., 1979, Status of
hydrogeologic studies in northwest [owa: Iowa
Geological Survey, Open-File Report 12-79,
37 p.

Ludvigson, G.A., Brenner, R.L., and Dogan, A.U.,
1987, Preliminary evaluation of the provenance
and diagenetic environments of Dakota Forma-
tion sandstones in northwest Iowa: Geological
Society of America, Abstracts with Programs,
v. 19, no. 4, p. 231-232.

Ludvigson G.A., and Witzke, B.J., 1992, Creta-
ceous geology and the Dakota Aquifer of Iowa:
Iowa Groundwater Association Newsletter, v.
2, no. 2, p. 12-13.

Ludvigson, G.A., Witzke, B.J., Gonzalez, L.A.,
Joeckel, R.M., and Hammond, R.H., 1992,
Sedimentary evidence for mid-Cretaceous hu-
mid subtropical climates on the eastern margin
of the Western Interior Seaway, in Mesozoic of
the Western Interior: Society for Sedimentary
Geology (SEPM), 1992 Theme Meeting Ab-
stracts, Ft. Collins, Colorado, p. 42.

Ludvigson, G.A., Gonzalez, L.A., Witzke, B.J.,
and Hammond, R.H., 1993, Paleoclimatic in-
sights derived from carbonate cements in mid-
Cretaceous coastal paleoaquifers, North Ameri-
can Western Interior: Geological Society of
America, Abstracts with Programs, v. 25,n0. 7,
p- A330.

Ludvigson, G.A., Witzke, B.J., Gonzilez, L.A.,
Hammond, R.H., and Plocher, O.W., 1994a,
Sedimentology and carbonate geochemistry of
concretions from the Greenhorn marine cycle
(Cenomanian-Turonian), eastern margin of the
Western Interior Seaway, in Shurr, G.W.,
Ludvigson, G.A., and Hammond, R.H., eds.,
Perspectives on the Eastern Margin of the
Cretaceous Western Interior Basin: Geologi-
cal Society of America, Special Paper 287, p.
145-173.

Ludvigson, G.A., Witzke, B.J.,and Gonzalez,L.A.,
1994b, Stratigraphy, petrography, and geochem-
istry of sphaerosiderite in Cretaceous paleosols

72

from the Woodbury Member, Dakota Forma-
tion, N.W. Iowa: Geological Society of
America, Abstracts with Programs, v. 26, no. 5,
p. 51.

Ludvigson, G.A., Witzke, B.J., and Gonzélez, L
A., Brenner, R.L., Joeckel, R.M., Hammond,
R.M.,andRavn,R.L., 1995a, Toward an Albian-
Cenomanian sphaerosiderite chemostratigraphy
in the Dakota Formation of the type area, NW
Iowa and NE Nebraska: Geological Society of
America, Abstracts with Programs, v.27,no. 3,
p. 70.

Ludvigson, G.A., Gonzalez, L.A., Joeckel, R M.,
Witzke, B.J., Brenner, R.L., and Ravn, R.L,
1995b, Paleohydrology of sphaerosiderite in
Albian-Cenomanian paleosols of the Dakota
Formation, eastern margin of North American
Western Interior Basin: Geological Society of
America, Abstracts with Programs, v.27,n0. 6,
p- A63.

Machemer, S.D., and Hutcheon, I., 1988, Geochem-
istry of early carbonate cements in the Cardium
Formation, central Alberta: Journal of Sedi-
mentary Petrology, v. 58, p. 136-147.

MacKenzie, D.B., and Poole, D.M., 1962, Prov-
enance of Dakota Group sandstones of the
Western Interior, in Enyert, R.L., and Curry,
W.H., eds., Early Cretaceous Rocks of Wyo-
ming and Adjacent Areas: Wyoming Geologi-
cal Association, 1 7% Annual Field Conference,
p- 62-71.

Maizels, J.K., 1983, Palaeovelocity and
palaeodischarge determination for coarse gravel
deposits, in Gregory, K.J., ed., Background to
Palaeohydrology: John Wiley and Sons Ltd.,
p.101-135.

Mantzios, C.,and Vondra, C.F., 1987, The paleosols
of the nonmarine Lower Cretaceous Cloverly
Formation, Bighorn Basin, Wyoming: Geo-
logical Society of America, Abstracts with Pro-
grams, v. 19, no. 4, p. 232. ’

May, S.R., Butler, R.F., Shafiqullah, M., and
Damon, P.E., 1986, Paleomagnetism of Juras-
sic rocks in the Patagonia Mountains, south-
eastern Arizona: Implications for the North
American 170 Ma reference pole: Journal of
Geophysical Research,v.91,p. 11,545-11,555.



Meek, F.B., and Hayden, F.V., 1862, Descriptions
of Lower Silurian (Primordial), Jurassic, Cre-
taceous, and Tertiary fossils, collected in Ne-
braska by the exploring expedition under the
command of Capt. Wm. F. Reynolds, U.S.
Topo. Engineers, with some remarks on the
rocks from which the were obtained: Philadel-
phia Academy Natural Science Proceedings, v.
13, p.415-447.

Mozley, P.S., 1989, Relationship between deposi-
tional environment and elemental composition
of early diagenetic siderite: Geology, v. 17, p.
704-706.

Munter, J.A., Ludvigson, G.A., and Bunker, B.J.,
1983, Hydrogeology and Stratigraphy of the
Dakota Formation in Northwest Iowa: Iowa
Geol. Survey, Water Supply Bulletin No. 13,
55p.

Obradovich, J.D., 1993, A Cretaceous time scale,
in Caldwell, W. G. E., and Kauffman, E. G.,
eds., Evolution of the Western Interior Basin:
Geological Association of Canada, Special
Paper 39, p.379-396.

Pierce, K.L., 1965, Geomorphic significance of a
Cretaceous deposits in the Great Valley of
southern Pennsylvania: U.S. Geological Sur-
vey, Professional Paper 525C, p. 152-156.

Pratt, L.M., 1985, Isotopic studies of organic mat-
ter and carbonate in rocks of the Greenhorn
marine cycle, in Pratt, L.M., Kauffman, E.G.,
and Zelt, F.B., eds., Fine-grained Deposits and
Biofacies of the Cretaceous Western Interior
Seaway: Evidence of Cyclic Sedimentary Pro-
cesses: Society of Economic Paleontologists
and Mineralogists, Midyear Meeting Guide-
book No. 4, p. 38-48.

Pratt, L.M., Arthur, M.A., Dean, W.E., and Scholle,
P.A., 1993, Paleo-oceanographic cycles and
events during the Late Cretaceous in the West-
ern Interior Seaway of North America, in
Caldwell, W.G.E., and Kauffman, E.G., eds.,
Evolution of the Western Interior Basin: Geo-
logical Association of Canada, Special Paper
39, p. 333-353.

Ravn,R.L., 1981, Preliminary observations on the
palynology of upper Dakota lignites from north-
western lowa and northeastern Nebraska: lowa

73

Geological Survey, Guidebook Series No. 4, p.
123-127.

Ravn, R.L., 1995, Miospores from the Muddy
Sandstone (upper Albian), Wind River Basin,
Wyoming, USA: Palaeontographica Abt. B, v.
234, p. 41-91.

Ravn, R.L., and Witzke, B.J., 1994, The mid-
Cretaceous boundary in the Western Interior
Seaway, central United States: Implications of
palynostratigraphy from the type Dakota For-
mation, in Shurr, G.W., Ludvigson, G.A., and
Hammond, R.H., eds., Perspectives on the
Eastern Margin of the Cretaceous Western
Interior Basin: Geological Society of America,
Special Paper 287, p.111-128.

Ravn, R.L., and Witzke, B.J., 1995, The
palynostratigraphy of the Dakota Formation
(?ate Albian-Cenomanian) in its type area,
northwestern Iowa and northeastern Nebraska,
USA: Palaeontographica Abt. B, v.234, p. 93-
171.

Retallack, G.J., 1981, Fossil soils: indicators of
ancient terrestrial environments: in Niklas, K.
1., ed., Paleobotany, Paleoecology, and Evolu-
tion,v. 1, Praeger Publishers, New York, p. 55-
102.

Retallack, G.J., 1991, Untangling the effects of
burial alteration and ancient soil formation:
Annual Reviews of Earth and Planetary Sci-
ences, v. 19, p. 183-206.

Ricqlés, A.J. de, 1980, Tissue structures of dino-
saur bone: functional significance and possible
relation to dinosaur physiology, in Thomas,
R.D., and Olson, E.C., eds., 4 Cold Look at the
Warm-Blooded Dinosaurs: American Asso-
ciation for the Advancement of Science, Sym-
posium 28, Westview Press, Boulder, p. 103-
139.

Sanford, B.V., and Grant, A.C., 1990, New find-
ings relating to the stratigraphy and structure of
the Hudson platform: Geological Survey of
Canada, Paper 90-1D, p. 17-30.

Scotese, C.R., Gahagan, L.M., and Larson, R.L.,
1988, Plate reconstructions of the Cretaceous
and Cenozoic ocean basins: Tectonophysics,
v. 155, p. 27-48.

Setterholm, D.R., 1994, The Cretaceous rocks of



southwestern Minnesota: reconstructions of a
marine to nonmarine transition along the east-
ern margin of the Western Interior seaway, in
Shurr, G.W., Ludvigson, G.A., and Hammond,
R.H,, eds., Perspectives on the Eastern Margin
of the Cretaceous Western Interior Basin:
Geological Society of America, Special Paper
287, p. 97-110.

Shive, P.N., and Frerichs, W.E., 1974, Paleomag-
netism of the Niobrara Formation in Wyoming,
Colorado, and Kansas: Journal of Geophysical
Research, v. 79, p. 3001-3007.

Sigleo, W., and Reinhardt, J., 1988, Paleosols
from some Cretaceous environments in the
southeastern United States, in Reinhardt, J.,
and Sigleo, W.R., eds., Paleosols and Weather-
ing through Geologic Time: Principles and
Applications: Geological Society of America,
Special Paper 216, p. 123-142.

Slingerland,R., Kump, L.R., Arthur, M.A., Fawcett,
P.J., Sageman, B.B., and Barron, E.J., in press,
Estuarine circulation in the Turonian western
interior seaway of North America: Geological
Society of America Bulletin.

Stoops, G., 1983, SEM and light microscopic
observations of minerals in bog-ores of the
Belgian Campine: Geoderma, v. 30, p. 179-
186.

Stoops, G., and Eswaran, H., 1985, Morphological
characteristics of wet soils, in Wetland Soils:
Characterizations, Classification, and Utiliza-
tion: Proceedings of a workshop held under the
joint sponsorship of the International Rice Re-
search Institute, United States Department of
Agriculture, and Philippine Ministry of Agri-
culture, Manilla, Philippines, p. 177-189.

Swart, P.K., McKenzie, J.A., and Lohmann, K.C,
1993, Introduction, in Swart, P.K., Lohmann,
K.C., McKenzie, J., and Savin, S., eds., Cli-
mate Change in Continental Isotopic Records:
American Geophysical Union, Geophysical
Monograph 78, p. xi-xiii.

Tester, A.C., 1931, The Dakota Stage of the type
locality: lowa Geological Survey, Annual Re-
port, v. 35, p. 197-332.

Thwaites, F.T., and Twenhofel, W.H., 1921, Wind-
row Formation; an upland gravel formation of

74

the Driftless and adjacent areas of the Upper
Mississippi Valley: Bulletin Geological Soci-
ety of America, v. 32, p. 292-314.

Try, C.F., Long, D.G.F., and Winder, C.G., 1984,
Sedimentology of the Lower Cretaceous
Mattagami Formation, Moose River Basin,
James Bay lowlands, Ontario, Canada, in Stout,
D.F., and Glass, D.J., eds., The Mesozoic of
Middle North America: Canadian Society of
Petroleum Geologists, Memoir 9, p. 345-359.

Tucker, M.E., 1981, Sedimentary Petrology — An
Introduction: Blackwell Scientific Publications,
Geoscience Texts, v. 3, Oxford, U.K., 252 p.

Twenhofel, W.H., 1924, Geology and invertebrate
paleontology of the Comanchean and “Dakota”
formation of Kansas: Kansas State Geological
Survey, Bulletin 9, 135 p.

Udden, J.A., 1901, Geology of Pottawattamie
County: Iowa Geological Survey, Annual Re-
port, v. 11, p. 199-278.

Waagé, K.M., 1959, Stratigraphy of the Inyan
Kara Group in the Black Hills: U.S. Geological
Survey Bulletin, v. 1081-B, p. 11-87.

White, C.A., 1867, A sketch of the geology of
southwestern lowa: American Journal of Sci-
ence, v. 44, p. 23-31.

White, C.A., 1870, Report on the Geological Sur-
vey of the State of Iowa,: Mills and Co., Des
Moines, lowa, v. 1, 391 p., v. 2, 443 p.

Whitley, D.L., 1980, A Stratigraphic and Sedi-
mentologic Analysis of Cretaceous Rocks in
Northwest Iowa: Unpublished M.S. Thesis,
University of Iowa, Iowa City, 81 p.

Whitley D.L., and Brenner, R.L., 1981, Subsur-
face stratigraphic and sedimentologic analyses
of Cretaceous rocks in northwest lowa: Iowa
Geological Survey, Guidebook Series No. 4, p.
57-75.

Williams, G.D., and Stelck, C.R., 1975, Specula-
tion on the Cretaceous paleogeography of North
America, in Caldwell, W.G.E., ed., The Creta-
ceous System in the Western Interior of North
America: Geological Association of Canada,
Special Paper 13, p. 1-20.

Willman, H.B., and Frye, J.C., 1975, Mesozoic
Erathem, in Handbook of Illinois Stratigraphy:
Illinois State Geological Survey, Bulletin 95, p.



201-206.

Witzke, B.J., 1981, Cretaceous vertebrate fossils
of Iowa and nearby areas of Nebraska, South
Dakota, and Minnesota: Iowa Geological Sur-
vey, Guidebook Series No. 4, p. 105-122.

Witzke, B.J. and Ludvigson, G.A., 1982, Creta-
ceous stratigraphy and depositional systems in
Guthrie County, Iowa: Geological Society of
Iowa, Guidebook No 38, 46 p..

Witzke, B.J., and Ludvigson, G.A., 1987a, Upper
Dakota stratigraphy and deposition in the type
Dakota area, lowa-Nebraska: Geological Soci-
ety of America, Abstracts with Program, v. 19,
no. 4, p. 253.

Witzke, B.J., and Ludvigson, G.A., 1987b, Creta-
ceous exposures, Big Sioux River valley north
of Sioux City, owa: in Biggs, D.L., ed., North-
Central Section of the Geological Society of
America, Decade of North American Geology,
Centennial Field Guide: Geological Society of
America, v. 3, p. 97-102.

Witzke, B.J., and Ludvigson, G.A., 1994, The
Dakota Formation in Iowa and the type area, in
Shurr, G.W., Ludvigson, G.A., and Hammond,
R.H., eds., Perspectives on the Eastern Margin
of the Cretaceous Western Interior Basin: Geo-
logical Society of America, Special Paper 287,
p. 43-78.

Witzke, B.J., Ludvigson, G.A., Poppe, J.R., and
Ravn, R.L., 1983, Cretaceous paleogeography
along the eastern margin of the Western Inte-
rior seaway, lowa, southern Minnesota, and
eastern Nebraska and South Dakota, in
Reynolds, M.W., and E.D. Dolly, eds., Meso-
zoic Paleogeography of West-Central United
States: Rocky Mountain Section, Society of
Economic Paleontologicsts and Mineralogists,
Denver, CO, p. 225-252.

Woodruff, E.G., 1906, The geology of Cass County,
Nebraska: Nebraska Geological Survey, v. 2,
p- 2, p. 181-292.

Wright, E.K., 1987, Stratigraphic and
paleocirculation of the Late Cretaceous West-
ern Interior Seaway of North America: Geo-
logical Society of America Bulletin, v. 99, p.
480-490.

Yurtsever, Y., and Gat, J.R., 1981, Atmospheric

75

water: in Ford, J. R., and Gonfiantini, R., eds.,
Stable Isotope Hydrology. Deuterium and
Oxygen 18 in the Water Cycle: International
Atomic Energy Agency, Vienna, Tech. Report
Series No. 210, p. 103-142.

Zawistoski, A.N., Kvale, E.P., and Ludvigson,
G.A., 1996, Upper Albian (basal Dakota Fm.)
tidal rhythmites, eastern Nebraska: Geological
Society of America, Abstracts with Programs,
v.28.

Zippi, P.A., and Bajc, A.F., 1990, Recognition of
a Cretaceous outlier in northwestern Ontario:
Canadian Journal of Earth Science, v. 27, p.
306-311.









% Coon Rapids
X X

141

Jamaica

[///

Bagley

SSpringbrook
% State Park

. vGuthne P 6/[/

44 Center [ ," .

STOP 293\

Yale

Lake Panorama

Pennsylvanian outcrop

TRIP

'ROUTE

Iowa Department of Natural Resources
Energy and Geological Resources Division
Geological Survey Bureau
109 Trowbridge Hall
Iowa City, lowa 52242-1319
(319) 335-1575

Adair Casey ot~
V//7/, ILZZIZ?A N — /?77/ Stuart
m
/)] ——— 5™




	ACKNOWLEDMENTS
	INTRODUCTION
	Historical Background
	Stratigraphic Nomenclature
	Studies of the Dakota Formation in Guthrie County

	REGIONAL DAKOTA SEDIMENTATION
	AGE AND CORRELATION OF THE NISHNABOTNA MEMBER
	Dakota Palynostratigraphic Framework, Iowa and Nebraska

	COARSE-GRAINED EASTERN FACIES
	Composition and Source Areas
	Inter-Regional Considerations of Mid-Cretaceous Gravel Deposition
	Eastern Subcontinent
	The Western Cordilleran Subcontinent and the Central Western Interior Basin

	Paleohydrologic and Paleogeographic Considerations

	DIAGENESIS OF IRON MINERALS IN THE DAKOTA FORMATION
	Paleosols of the Dakota Formation
	Stable Isotope Paleohydrology of the Cretaceous Western Interior Basin
	Spaerosiderite Paleohydrology:  A Climate History Archive in the Dakota Formation
	Meteroric Siderite Lines
	Mixing Zone Sphaerosiderite


	PRELIMINARY PALEOMAGNETIC STUDY OF PLINTHIC PALEOSOLS OF THE DAKOTA FORMATION
	STOP 1:  Chert-rich conglomerates of the lower Nishnabotna, Guthrie County sand gravel pits
	Palezoic Fossils in the Cretaceous Gravels
	Dinosaur Bone and Wood Fragments

	STOP 2:  Finer-grained Nishnabotna facies, sandstone and mudstone; Bar-L Ranch exposure
	Compression Floras in the Nishnabotna Member

	STOP 3:  Roadcut exposures of the Nishnabotna Member, Dakota Formation along Iowa State Highway 25 and overview of Middle Rac
	STOP 4:  Lunch stop and natural exposures of Dakota Formation in Springbrook State Park
	STOP 5:  Nishnabotna fluvial facies and sedimentary geometries, Garst property sections, Middle Raccoon River
	STOP 5A:  Whiterock section
	STOP 5B:  Garst-north section

	REFERENCES

