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STRATEGIC AND CRITICAL MINERALS IN THE MIDCONTINENT REGION, UNITED STATES

Petrography and Correlation of
Precambrian Clastic Sedimentary Rocks
Associated with the Midcontinent Rift System

By Pieter Berendsen! and Andrzej Barczuk?

Abstract

Rocks from exposures in the Lake Superior region and
from core and cuttings of exploration drill holes in Iowa,
Nebraska, and Kansas were analyzed to correlate the sub-
surface clastic sedimentary rocks in the southern extension
of the Midcontinent Rift System with rocks of the estab-
lished Keweenawan stratigraphy in the Lake Superior
region. Petrographic properties and heavy minerals were
used to characterize the various formations. Rocks similar
in character to those of the Oronto Group and the Bayfield
Group are recognized in the subsurface in Iowa, Nebraska,
and Kansas. For comparative purposes, additional analy-
ses were made on surface samples collected throughout
the Lake Superior region.

INTRODUCTION

During the past five years cooperative studies by the
Kansas Geological Survey and the U.S. Geological Survey
(USGS) as part of the USGS Midcontinent Strategic and
Critical Minerals Project (MSCM) have significantly con-
tributed to our understanding of the stratigraphy and struc-
ture of the Precambrian rocks associated with the Mid-
continent Rift System, especially in that part of the rift
where Phanerozoic rocks overlie the Precambrian. The
approximately 1,000-mi (1,500-km)-long arm of the Mid-
continent Rift System, stretching from the northern end of
Lake Superior southwestward into south-central Kansas,
can be divided into three segments that are left-laterally

IKansas Geological Survey, University of Kansas, Lawrence, KS
66047.
2Department of Geology, University of Warsaw, Warsaw, Poland.

offset with respect to each other. The initial extensional
phase of rifting, beginning about 1,100 Ma, was accom-
panied by emplacement of sizable mafic intrusive bodies
and subsequent voluminous outpouring of mafic volcanic
rock. In the ensuing stages of rift development, initially
coarse and immature sediments, followed by increasingly
finer and more mature sediments, collected in the basins
that developed along the trend of the rift. The coarser
sediments contained a large percentage of debris derived
from mafic volcanic rocks in the center of the rift, and the
younger, predominantly fluviatile sediments were domi-
nated by material from the rift shoulders.

This study contributes information on the petrology
and mineralogy of subsurface Precambrian sedimentary
rocks encountered in drill holes in Minnesota, Iowa,
Nebraska, and Kansas. New data from surface samples
collected as part of this study, together with published
information on volcaniclastic and clastic rocks in the out-
crop area, allow for a comparison and initial correlation
between the subsurface stratigraphy of the rift and the
exposed stratigraphic sequence in the Great Lakes region.

METHODOLOGY

During the first phase of this MSCM project 23 out-
crops of the major post-volcanic clastic sedimentary rocks
in Minnesota, Wisconsin, and Michigan were examined,
sampled, and described with the aid of a binocular micro-
scope (R.R. Anderson, Iowa Geological Survey; R.M.
McKay, P.Berendsen; A. Barczuk; G.B. Morey; P.
McSwiggin; and M.P. Carlson, written commun., 1987). In
addition, representative samples of well cuttings were col-
lected from a selected number of drill holes penetrating the
pre-Paleozoic sedimentary section in Minnesota, Iowa,
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Nebraska, and Kansas, and the rocks were described. As a
result, a total of 130 thin sections were prepared: 65 of
rocks from surface exposures, 45 from drill-hole cuttings,
and 20 from drill core. Of these, 50 thin sections were
point counted and 30 were stained to estimate porosity.
Twenty-seven samples were disaggregated, and the heavy
minerals were separated in bromoform. The heavy-
mineral separates were in turn point counted. Some sam-
ples were analyzed by X-ray diffraction where necessary,
especially clay-rich samples.

GENERALIZED STRATIGRAPHY

The generalized stratigraphic relationships of the rocks
associated with the Midcontinent Rift System are shown in
figure E1. Recent papers by Dickas (1986), and a number
of papers in Wold and Hinze (1982), and references
included therein, provide details about the stratigraphy and
the difficulties of correlation even within the outcrop belt
in the Great Lakes region. The initial opening of the rift at
about 1,100 Ma was accompanied by voluminous-outpour-
ings of predominantly mafic volcanic rocks. The rift basin
was subsequently filled with immature sediments that ini-
tially contained large quantities of the nearby volcanic
rocks, followed by increasingly more mature sediments.
The sediments may be divided into an older volcaniclastic
sequence represented by the Oronto Group and Solor
Church Formation, and a younger clastic sequence repre-
sented by the Bayfield Group, the Fond du Lac Formation,
and the Hinckley Sandstone. The “Red Clastic series”
(Lugn, 1934) in Nebraska and the Rice Series (Baars, in
press) in Kansas collectively include all the post-volcanic
undivided sedimentary rocks.

PETROGRAPHIC STUDY OF
SURFACE SAMPLES

Oronto Group

Oronto Group rocks, made up of three petrologically
distinct formations interpreted to have been deposited
soon after cessation of rift volcanism, are exposed from
north-central Wisconsin northeastward throughout the
Keweenaw Peninsula in Michigan, and on Isle Royale in
Lake Superior.

Copper Harbor Conglomerate

The Copper Harbor Conglomerate (Daniels, 1982) is a
distinct rock type easily recognized by its mineralogical
immaturity, high content of various kinds of volcanic rock
fragments, high content of altered microcline, lack of
micas, and the occurrence of zeolites.
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This formation is as thick as 6,900 ft (2,100 m); it
thickens and fines to the northwest towards the axis of the
rift (Daniels, 1982). It also fines upward into a medium-
to coarse-grained volcanic sandstone (Daniels, 1982). A
clast-supported conglomerate facies is common in the
lower part of the formation, indicating deposition in a pro-
grading alluvial-fan complex. The environment of deposi-
tion changed upward into a shallow-water fluvial regime
in which the volcanic sandstone was deposited.

Two sites on the north shore of the Keweenaw Penin-
sula were examined, both areas that typify the Copper
Harbor Conglomerate (fig. E2): one near Eagle River
(locality 18, fig. E2) and the other at Copper Harbor (local-
ity 19, fig. E2), Mich. The rocks there are very coatse
grained, conglomeratic volcanic sandstone (samples 18a
and 18b) and very coarse grained, sandy volcanic conglom-
erate (sample 19). The sandy cement in sample 18a is
composed of calcite (9.4 percent), iron minerals (2.8 per-
cent), aleuritic quartz (2.0 percent), and zeolites (2.0 per-
cent; table 1). Sample 19 has a similar sandy matrix in
which iron minerals (25.6 percent) and zeolites (7.2 per-
cent) predominate. Quartz, most of it showing abraded
secondary overgrowths, makes up from 2.6 to 5.4 percent
of the rock by volume. Feldspar (5.7-12.6 percent) con-
sists of slightly to intensely altered microcline and associ-
ated minor plagioclase (albite), orthoclase, and perthite.
Chlorite and other phyllosilicates are rare.

Volcanic rocks make up most of the rock fragments
(43.0-54.6 percent). In samples 18a and 18b altered rhyo-
lite, basalt, and diabase are prominent. In sample 19 tra-
chyte having fluidal texture and containing potassium
feldspar fragments predominate; basalt and diabase are
minor constituents. Some andesite fragments are present,
and sample 19 shows a large clast of lithoclastic tuff that
contains voids filled with zeolites. Sedimentary rock frag-
ments (2.2 percent) of chert, shale, ferruginous mudstone,
and sandstone, and metamorphic fragments of quartzite,
various types of schist, quartz ferruginous rock, and cata-
clasite are the most common. The heavy minerals are
mostly opaque, but include small amounts of apatite,
zircon, epidote, rutile, and sillimanite (table E2).

Nonesuch Shale

The Nonesuch Shale underlies the Freda Sandstone and
crops out from just south of Ashland, Wis., northeastward
to near Calumet on the Keweenaw Peninsula in Michigan,
more or less parallel to the Lake Superior shoreline. Shale
constitutes only a small part of the formation, the bulk of
the rock consisting of siltstone and very fine grained sand-
stone.

We examined and collected Nonesuch Shale samples at
Potato River Falls, near Gurney, Wis. (locality 16, fig. E2),
and at Silver City (locality 24, fig. E2) and in Porcupine
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Apatite and pyrochlore are considered to be epigenetic.
Detrital gamet, zircon, and rutile are rare (table E2). The
composition compares well with results reported by others,
including Daniels (1982). A considerable variation in the
lateral composition of the sandstone is expected as a result
of local variation in sediment sources.

The contact of the Freda Sandstone with the underlying
Nonesuch Shale is gradational and marked by an increase
in the state of oxidation, grain size, and bedding thickness
(Daniels, 1982). The upper contact with rocks of the
overlying Jacobsville Sandstone or the Bayfield Group is
nowhere exposed. The Freda Sandstone increases in
thickness in a southerly direction from about 1,500 ft (455
m) on the northern Keweenaw Peninsula to about 4,000 ft
(1,215 m) in Wisconsin. In general, the rocks may be
characterized as a fining-upward sequence containing
minor conglomeratic units in the lower part of the forma-
tion and some siltstone units throughout. A fluvial origin
for the deposition of the Freda Sandstone is favored by
Daniels (1982), but lacustrine, flood plain, tidal flat, or a
combination of these have been proposed by earlier
authors (Hamblin, 1961a,b; Noble, 1965; Hite, 1968).

Bayfield Group

The Bayfield Group consists mainly of fluviatile and
minor lacustrine sandstones that are exposed along the
Wisconsin shore of Lake Superior. Rocks considered to
be of equivalent age in Minnesota and Michigan have
been referred to by different names and will be discussed

separately.

Orienta Sandstone

Buff to red feldspathic to arkosic sandstone makes up
the bulk of the Orienta Sandstone (Morey and Ojakangas,
1982). The average composition is 85 percent quartz, 11
percent feldspar, and 4 percent labile rock fragments
(Myers, 1971). The Orienta Sandstone is mineralogically
immature and has a high content of microcline and meta-
morphic rock fragments. It contains muddy-clayey intra-
clasts and pyroclastic materials, deformed minerals, and
recrystallized quartz.

Samples were collected along the Iron River near Port
Wing (locality 12), in Amnicon Falls State Park (locality
29), and in Pattison Falls State Park (locality 30), all in
Wisconsin (fig. E2). They show the sandstone to be a
fine- to coarse-grained, angular to rounded subarkose and
in some places very coarse grained to conglomeratic sub-
litharenite (fig. E3), similar in composition to that
recorded by Morey and Ojakangas (1982). Recrystallized,
deformed, and corroded quartz grains make up from 46 to
62 percent of the rock. In the coarser grained rocks the
quartz grains are generally well rounded, as opposed to the
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poorly rounded grains in the finer grained rocks. Some of
the quartz grains show signs of a possible pyroclastic ori-
gin, such as corroded embayments, increased elongation,
and inclusion of devitrified glass. Some quartz grains
contain abundant rutile needles. Other quartz grains may
have been recycled several times, the grain edges being
abraded and recrystallized each time. Feldspar, which
makes up from 9 to 14 percent of the rock, is mainly unal-
tered microcline and minor amounts of altered microcline,
perthite, and orthoclase (table E1).

Rock fragments, which make up from 4 to 11 percent
of the sandstone, are similar to those found in the Fond du
Lac Formation (table E1). Metamorphic rock fragments
consisting mainly of quartzite, cataclasite, quartz-mica-,
quartz-sericite-, quartz-chlorite-, and quartz-graphite schist
are the most common. Sample 12a, from near Port Wing,
Wis., contains a large percentage of muddy-clayey intra-
clasts, whereas sample 29a, from Amnicon State Park,
Wis., is enriched in volcanic fragments of basalt clasts that
possess felsitic and micro-ophitic textures and diabase
clasts of ophitic, granophyric, and graphic textures.

In the Iron River, Wis., samples, highly deformed mica
and chlorite make up the bulk of the heavy minerals (table
E2). In the other samples, opaque and semi-opaque min-
erals predominate. Zircon, tourmaline, gamet, and horn-
blende are common constituents. Some of the apatite and
epidote grains are authigenic.

Devils Island Sandstone

The Devils Island Sandstone is a thinly bedded, well-
sorted, white to buff quartzose sandstone (Morey and Oja-
kangas, 1982) characterized by subangular to well-
rounded, medium-sized quartz grains (Tyler and others,
1940). Dickas (1986) considers it to be an almost pure
orthoquartzite. The sample collected for this study at
Siskiwit Falls (locality 11, fig. E2), near Cornucopia,
Wis., on the west side of the Bayfield Peninsula, is a well-
sorted, fine- to-medium grained, well-rounded quartz aren-
ite in which quartz makes up about 95 percent of the
major rock-forming components. This is similar to values
published by Morey and Ojakangas (1982). Quartz grains
are recrystallized and have abraded secondary over-
growths. Rock fragments (table E1) consist of chert,
quartzite, and schist. Muscovite is the predominant heavy
mineral (75 percent). Opaque and semi-opaque minerals
make up about 14 percent. Tourmaline is more abundant
than zircon (table E2).

Chequamegon Sandstone

The Chequamegon Sandstone is massive to thick
bedded (10-15 ft, or 3-5 m), red, brown, or gray-and-
white-mottled arkosic to feldspathic sandstone, containing



Table E2. Heavy-mineral composition of volcaniclastic and clastic sedimentary rocks associated with the Midcontinent Rift System (outcrop samples).

[Values in percent by volume of heavy minerals. Ss, sandstone; Fm, formation; Cgl, conglomerate; ---, not detected]
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Figure E3. Petrographic composition of Precambrian sedimentary rocks of the northern part of the
Midcontinent Rift System (diagram after Pettijohn and others, 1972), Q, quartz; F, feldspar; R, rock

fragments.

minor interbedded red shale and some conglomerate
(Morey and Ojakangas, 1982; Tyler and others, 1940).
The unit is fairly mature, containing an average of 83 per-
cent quartz, 14 percent feldspar, and 3 percent labile rock
fragments (Myers, 1971). For this study, samples were
collected from two localities near Washburn, Wis., on the
east side of the Bayfield Peninsula (localities 10 and 13,
fig. E2). One of the samples (table E1) contains about 20
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percent labile constituents, but the other constituents fall
within the range of reported values (fig. E3). Rock frag-
ments are rare in the subarkoses (0.8 percent in sample
10b), but are common in the sublitharenitic phases of the
unit (as much as 15.8 percent in sample 13). The frag-
ments consist primarily of metamorphic rock (fig. E4), but
also include quartzite, cataclasite, quartz-graphite-, quartz-
sericite-, and quartz-muscovite schist; quartz-ferruginous



rocks (iron-formation?), and minor, slightly metamor-
phosed quartz-sericite mudstone. Volcanic rock fragments
consist of altered basalt having an ophitic and micro-
ophitic texture. Only a few fragments of rhyolite and dia-
base, which has an unusual granophyric texture, are
present. Sedimentary rock fragments consist mainly of
chert and agate.

The heavy-mineral fraction in the subarkosic samples
consists of resistant minerals, such as zircon and opaque
minerals, and lesser amounts of tourmaline, epidote, and
hornblende. The sublitharenitic sample contains mostly
opaque minerals, but other heavy minerals similar to those
found in the subarkoses are present. The heavy-mineral
composition of four samples from the same formation
from near Bayfield, Wis. (about 12 mi (18 km) north of
Washburn) collected and analyzed by Tyler and others
(1940) is mainly ilmenite (67-80 percent), leucoxene (10—
20 percent), and zircon (4-11 percent), and lesser amounts
of tourmaline, anatase, apatite, and rutile.

Bayfield Group Equivalent Rocks

Sandstone units that are believed to correlate with for-
mations exposed in Wisconsin have different names in
the outcrop area in Minnesota. Nondeposition or erosion
of rocks equivalent to the Chequamegon Sandstone of
Wisconsin is the reason that these rocks apparently do not
occur in Minnesota (Morey and Ojakangas, 1982).

Sandstone units in Michigan to the east and south of
the Keweenaw fault (fig. E2) were assigned to the
Jacobsville Sandstone by Lane and Seaman (1907). Most
workers consider the unit to correlate with the Bayfield
Group because of studies of the heavy-mineral suite by
Tyler and others (1940), similarities of the sediment, min-
eral, and clay matrix to the Fond du Lac Formation as
noted by Kalliokoski (1982), and analyses of paleomag-
netic pole positions (Roy and Robertson, 1978) suggesting
that the unit is younger than the Freda Sandstone.

Fond du Lac Formation

The Fond du Lac Formation is characterized by lentic-
ular beds of very fine grained to coarse-grained, poorly
sorted arkosic sandstone and siltstone interbedded with
locally thick units of shale and mudstone (Morey, 1967,
1972). Conglomerate is scattered throughout the forma-
tion.

Sandstone in the Fond du Lac Formation is character-
ized by its low rank of maturity, the high content of feld-
spar and rock fragments, muddy-clayey intraclasts,
deformed mica flakes, quartz grains recrystallized in pre-
ferred directions, complex composition of the cement, and
relatively high content of authigenic minerals.

This rock unit was examined and sampled at Fond du
Lac Park (locality 7), at Jay Cook State Park (locality 8),
and along Mission Creek (locality 6), all in the Duluth
area, Minnesota (fig. E2). At Jay Cook State Park a 60-ft
(18-m)-thick conglomeratic horizon is present above an
angular unconformity with the underlying Penokean-age
(Early Proterozoic) Thomson Formation of the Animikie
Group. Clasts of milky-white vein quartz, as much as 6 in.
(15 cm) in diameter predominate, but clasts composed of
chert, quartzite, graywacke, and slate, some of it derived
from the underlying Thomson Formation, are also present.
The rocks sampled as part of this study consist of fine- to
medium-grained subarkose, lithic arkose, coarse-grained to
very coarse grained conglomeratic sublitharenite, and basal
conglomerate. Our data plot on a triangular Q-F-R dia-
gram (fig. E3) in a cluster in the fields assigned to these
rock types and compare well with data reported by Morey
and Ojakangas (1982). The framework mineralogy ranges
from 38 to 53 percent for quartz, from 9 to 19 percent for
feldspar, and from 8 to 14 percent for rock fragments (table
El). With the exception of quartz, these values are similar
to those reported by Morey and Ojakangas (1982) on the
basis of earlier studies of surface and subsurface samples in
Minnesota. They report an average of 77 percent quartz in
the framework. Quartz grains are well rounded in the
coarse-grained and conglomeratic sandstone. They are
poorly rounded and angular in the fine- to medium-grained
sandstone. Only a few quartz grains have abraded, thin
secondary overgrowth rims. The feldspars consist mostly
of unaltered microcline, together with orthoclase and per-
thite. No plagioclase has been found in any of the samples.
Rock fragments are mostly of metamorphic origin and con-
sist of quartz-mica and quartz-sericite schist, fine-grained
quartzite, and quartz-ferruginous rock; the latter may have
been derived from iron-formation. Chert and clay intra-
clasts make up the bulk of the sedimentary rock fragments.
Basaltic, diabasic, and devitrified volcanic rock fragments
are minor components. Only a few fragments of granitic or
gneissic rocks were identified. Phyllosilicates (2.9-3.7
percent by volume), nearly all of which are strongly
deformed, consist mostly of secondary chlorite, with minor
muscovite, and both fresh and altered biotite. The heavy-
mineral fraction is mostly semi-opaque and opaque miner-
als (table E2). Other heavy minerals are zircon, tourma-
line, garnet, epidote, hornblende, and apatite, part of which
are authigenic.

Hinckley Sandstone

In outcrop the formation is a thick- to massive-bedded,
fine- to coarse-grained, pale-red to light-pinkish-gray or
brownish-gray quartzose sandstone (Morey and Ojakangas,
1982). The rocks are well exposed in a number of localities
along the Kettle River in eastern Minnesota. Outcrops of
Hinckley Sandstone were examined and sampled at
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Figure E4. Petrographic composition of Precambrian sedimentary rocks of the northern part of the Midcontinent
Rift System based on the composition of their constituent rock fragments (diagram after Pettijohn and others, 1972).

Hinckley (locality 3a), and in a roadcut near Askov (local-  and feldspar grains are noticeably more abundant at this
ity 3b), all in Minnesota (fig. E2). At the last location the location than at other places, where the rock is a more
basal Hinckley Sandstone, exposed along a creek at the city ~ mature quartz arenite, the quartz averaging about 96 per-
park, is a fine- to medium-grained quartz arenite in which  cent of the framework grains (Tryhorn and Ojakangas,
the quartz grains are rounded to angular. Rock fragments 1972). Feldspar and rock fragments generally constitute
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Schuette #1 (fig. ES), is located on the rift shoulder and
penetrates younger rocks equivalent to the Bayfield
Group, possibly the Orienta Sandstone.

Core samples were collected from the Lonsdale #65-1
drill hole in Rice County (fig. E5) from the following
depths: 900, 918, 934, 947, 1,279, 1,310, 2,507, 2,524,
and 2,774 ft. Detailed petrographic analyses were per-
formed on samples from the 918- and the 1,310-ft depths
(table E1).

At 918 ft the rock is a fine- to medium-grained,
weakly cemented, clayey subarkose having a bimodal
grain-size distribution. Fine-grained, angular quartz is
associated with the clayey matrix, and medium-grained
quartz grains occur in the very porous primary matrix.
Feldspar (mainly euhedral), authigenic microcline, and a
small amount of altered muscovite are also present. Rock
fragments consisting of quartzite, gneiss, and some chert
make up less than 1.0 percent. Heavy minerals such as
zircon, tourmaline, and epidote are present. Thin sections
of the rocks at 900 and 934 ft show them to be quartz
arenite, richer in quartz than the rock described above.
The rock at 947 ft is a ferruginous shale interbedded or
intermixed with mudstone, which is enriched in detrital
quartz and altered potassium feldspar.

The rock at 1,310 ft is a very fine grained, laminated,
crossbedded lithic arkose. It is poorly cemented with
porous clay. Angular quartz having secondary over-
growths is the principal mineral. Unaltered microcline
and minor kaolinized plagioclase make up as much as
17.2 percent of the rock by volume. Metamorphic rocks
(quartz-mica and quartz-chlorite schist) and lesser amounts
of sedimentary and volcanic rocks are the major frag-
ments. The rock contains altered biotite and muscovite as
well as detrital or authigenic chlorite. Heavy minerals are
rare. Authigenic epidote predominates over zircon, tour-
maline, and garnet (table E3).

The rock at 1,279 ft is a dark-green, green, and red
shale containing irregular intercalations of mudstone,
which may be classified as very fine grained arkose and
arkosic wacke containing altered feldspar (as much as 20
percent), and as much as 20 percent muscovite and chlo-
rite. The three samples from below 2,500 ft are shale,
mudstone, and siltstone. The rock is as much as 30 per-
cent quartz, and potassium feldspar and plagioclase make
up as much as 10 percent. The heavy-mineral fraction
commonly contains opaque minerals, zircon, tourmaline,
rutile, sphene, and epidote.

Our analysis indicates that the Keweenawan clastic
unit in the Lonsdale #65-1 drill hole decreases in maturity
with depth. The petrological composition of the rocks
tentatively suggests to us that they are similar to those of
the Oronto Group in Wisconsin and Michigan. Morey
(1977) assigned the rocks penetrated by the drill hole to
the stratigraphically equivalent Solor Church Formation
and designated these rocks as the type locality. Morey

(1977) suggested that the rocks were deposited in an
alluvial-plain-lacustrine environment. Seismic evidence
indicates that an additional 1,300 ft (395 m) of older
Keweenawan rocks are present at this location (Mooney
and others, 1970). Some constituents of the heavy-
mineral suite (especially epidote) and the occurrence of
shale in the section may also indicate a similarity to the
Solor Church Formation. On the basis of the total amount
of quartz and the absence of plagioclase feldspar, we think
that the rocks above about 1,200 ft may belong in the
Bayfield Group.

The Fond du Lac Formation overlying the Solor
Church Formation (fig. E1) was examined in the Schuette
#1 drill hole, in Waseca County. A heavy-mineral con-
centrate was prepared from a sample from 2,305.0 ft deep.
The rock is a dark-red subarkose containing abundant
small white spots (kaolinite), similar to equivalent-age
rocks that crop out farther north in the basin west of the
horst. The composition of the heavy-mineral concentrate,
including the small amount of epidote and larger concen-
trations of tourmaline and zircon, suggests that the rock
unit may indeed be the correlative of the older rocks in the
Bayfield Group, possibly the Orienta Sandstone (table E3).
Sedimentary structures described by Morey (1977) indi-
cate that the rocks were deposited in a fluvial, shallow-
water, deltaic environment.

lowa

Keweenawan clastic rocks, informally referred to as
“red clastics,” were penetrated in five holes drilled prior to
1987. The Amoco M.G. Eischeid #1 (Eischeid #1) drill
hole, completed in 1987 and located in the Defiance Basin
west of the Iowa horst (fig. ES), is the only drill hole that
penetrated the complete Keweenawan “red clastic”
sequence (Witzke, 1990). Witzke (1990) was able to cor-
relate the informally named upper “red clastic” sequence
with rocks of the Bayfield Group and the lower “red clas-
tic” sequence with rocks of the Oronto Group.

For our study, core from two drill holes (B. Lehman #1
and McCallum #A-1) in the Shenandoah Basin, east of
the Iowa horst, and cuttings from the Fitzgerald #1 drill
hole on top of the Iowa horst, in the southwestern part of
the state (fig. ES), were analyzed. Rocks of the Cambrian
Mount Simon Sandstone (Witzke, 1990) and of the upper
part of the Bayfield Group (Chequamegon Sandstone)
were penetrated by the drill holes. The Mount Simon
Sandstone, the basal Cambrian sandstone present in east-
ern Iowa, may be more than 1,000 ft thick in the basins
east of the Iowa horst (Witzke, 1990). These rocks may
be difficult to distinguish from the sandstone in the upper
part of the Chequamegon Sandstone and equivalent rocks
elsewhere along the rift. On top of the Iowa horst, the
Mount Simon Sandstone is generally less than 100 ft thick
(Witzke, 1990).
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Table E3. Heavy-mineral composition of core and cuttings from drill holes in Minnesota, lowa, and Kansas.

[Values in percent by volume of heavy minerals. ---, not detected]
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In the B. Lehman #1 drill hole in Dallas County, Pre-
cambrian rocks from 2,924 to 2,964 ft were cored. The
contact between the Cambrian Mount Simon Sandstone
and the Precambrian “red clastics” was picked at 2,924 ft
(R.R. Anderson, Iowa Geological Survey; R.M. McKay;
P. Berendsen; A. Barczuk; G.B. Morey; P. McSwiggin;
and M.P. Carlson, written commun., 1987). Thin sections
were prepared from samples from depths of 2,922, 2,927,
2,947, and 2,956.5 ft. The first three samples are fine- to
coarse-grained, pootly sorted subarkose, some intermixed
with varicolored mudstone and conglomeratic sandstone.
The quartz content of the rock varies from 20.0 to 70.0
percent, and it is commonly recrystallized (table E1).
Altered feldspar (as much as 20.0 percent) consists of
microcline and perthite, and minor orthoclase. Mica and
chlorite (as much as 5.0 percent) is present at 2,947 ft.
The red and greenish siltstone at 2,956.5 ft contains as
much as 30.0 percent muscovite, biotite, and detrital chlo-
rite. In addition to opaque and semi-opaque minerals, zir-
con, apatite, epidote, tourmaline, and glauconite are
present in the samples (table E3). The petrographic and
heavy-mineral composition indicate that these rocks are
similar to those in the lower part of the Bayfield Group,
possibly the Orienta Sandstone.

The McCallum #A~1 drill hole is located 2 mi (3.2 km)
northeast of the B. Lehman #1 drill hole in Dallas County.
The contact between the Upper Cambrian Mount Simon
Sandstone and the Keweenawan “red clastics” was picked
at 3,009.3 ft (R.R. Anderson, Iowa Geological Survey;
R.M. McKay; P. Berendsen; A. Barczuk; G.B. Morey; P.
McSwiggin; and M.P. Carlson, written commun., 1987).
Thin sections of samples from depths of 2,967, 2,990,
3,008.5, 3,012.5, and 3,014 ft were studied. The first three
samples are from the Mount Simon Sandstone and are
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fine- to coarse-grained subarkose to arkose, in some places
conglomeratic. Quartz, most of it recrystallized, predomi-
nates, whereas microcline and orthoclase are subordinate
(as much as 10 percent; table E1). The sample from 2,967
ft contains only a few zircon and tourmaline grains. The
rock at 3,012.5 ft is a medium-grained subarkose very sim-
ilar to that at 3,008.5 ft, above the angular unconformity in
the Mount Simon Sandstone.

The contact between the Mount Simon Sandstone and
the Chequamegon Sandstone is interpreted to be at about
3,013 ft. The underlying Chequamegon Sandstone at
3,014 ft is a fine-grained subarkose to arkose, mixed with
minor subarkosic wacke or mudstone. Phyllosilicates,
preferentially concentrated along bedding planes, make up
as much as 10 percent. Zircon, tourmaline, epidote, and
rutile grains are important constituents (table E3). The
amount of feldspar, phyllosilicates, and fragments of meta-
morphic and sedimentary rocks also suggests a similarity
to the Chequamegon Sandstone.

We examined two samples of cuttings from a depth of
2,595-2,605 ft in the Fitzgerald #1 drill hole, located on
top of the Iowa horst in Mills County (fig. ES), southwest-
emn Iowa. The rock is a fine- to coarse-grained arkose
cemented with clay. Microcline, orthoclase, and a few
grains of albite make up as much as 20 percent of the
rock.

In the lower 5 ft of the drill hole, basalt having a micro-
ophitic or insertal texture and minor basaltic tuffs and tuf-
fites are present. The volcanic rocks have a high content
of opaque minerals (as much as 5 percent). The clastic
sedimentary rocks were reported to constitute the lower
part of the Mount Simon Sandstone directly overlying the
Keweenawan volcanics (R.R. Anderson, Iowa Geological
Survey; RM. McKay; P. Berendsen; A. Barczuk; G.B.



Morey; P. McSwiggin; and M.P. Carlson, written com-
mun., 1987). Our preliminary analysis of the cuttings indi-
cates that the sedimentary rocks are similar to the
Chequamegon Sandstone.

Sedimentary rocks showing petrographic characteristics
similar to those of the Oronto Group were not encountered
in any of the samples studied, even in the cuttings from
the Fitzgerald #1 drill hole on top of the Iowa horst. The
McCallum #A-1 and the B. Lehman #1 are located in the
Thurman-Redfield tectonic zone separating the Iowa horst
from the Shenandoah Basin to the east. Because of possi-
ble complex structural relationships, the preserved
Keweenawan sequence in the two holes may differ
slightly. Because we did not study the petrography of the
Mount Simon Sandstone, the contact with the equivalent
underlying rocks of the Bayfield Group is difficult to
interpret and should be considered tentative.

Nebraska

The basal Paleozoic rocks in Nebraska are sandstone
that in the past has been referred to as the “Dresbach Sand-
stone” (Upper Cambrian), but more recently as the “Mount
Simon Formation” in “Correlation Of Stratigraphic Units
of North America” (COSUNA) correlation charts. Pre-
cambrian clastic sedimentary rocks associated with the
Midcontinent Rift System are collectively referred to as the
“red clastics.” Some attempts have been made to subdi-
vide the sequence on the basis of the primary rock type
present and the color of the rock. Differentiation between
Paleozoic basal sandstone and underlying Precambrian
sedimentary rocks is to a large degree based on the degree
of rounding and frosting of quartz grains and the scarcity
of other mineral grains.

Cuttings from four drill holes were examined. Three of
the holes (Koutney #1, Ihde #1, and Sullivan #1) are
located in the basin northwest of the central horst in
Nebraska (fig. E5). The fourth hole (Schroeder (Amerada)
#1) is located on top of the southwestern extension of the
Iowa horst close to the Iowa border (fig. ES).

We examined samples from depths of 1,690-1,700,
1,730-1,740, 1,790-1,800, 1,890-1,895, 2,260-2,270,
2,300-2,310, 2,570-2,580, and 2,650-2,660 ft in the Kout-
ney #1 drill hole, in Saunders County (fig. E5).

The rocks above 2,300 ft are characteristic of the lower
Paleozoic rocks in the area, consisting of lithic arkose,
clean quartz sandstone, dolomite, and oolitic ironstone in
the lower part of the section. The cuttings below 2,300 ft
are quartz arenite resembling rocks of the Hinckley Sand-
stone. Illitic and calcareous shale and some dolomite and
limestone also are present in the cuttings and probably are
cavings from higher up in the section.

Cuttings from a depth of 1,570-1,575 ft in the
Schroeder (Amerada) #1 drill hole, in Cass County (fig.

ES5), were examined. The rock is a fine-grained arkose
cemented with calcite. Quartz of probable volcanic origin
makes up the bulk of the rock, but a considerable amount
of feldspar consisting of microcline, altered plagioclase,
orthoclase, and a few authigenic albite crystals, are also
present. Minor volcanic rock fragments consist of basalt,
altered volcanic glass, and tuff. Abundant heavy minerals
include epidote and opaque minerals, together with minor
rutile, zircon, and hornblende. The petrographic and
heavy-mineral composition of the cuttings resembles those
of the lower part of the Bayfield Group or upper part of
the Oronto Group.

Cuttings from a depth of 2,830 ft in the Ihde #1 drill
hole, in Seward County (fig. ES), consist of sandstone, red
hematitic shale, and a few fragments of granite-gneiss,
typical of rocks of the Rice Series in Kansas.

Cuttings from a depth of 2,310-2,319 ft in the Sullivan
#1 drill hole, in Lancaster County (fig. ES), consist of
orange to pink, partially kaolinized feldspar and medium-
to coarse-grained, well-rounded quartz grains. They are
typical of a rock referred to in Kansas as “granite wash,” a
term used to describe mostly arkosic debris directly over-
lying Precambrian basement rocks. These rocks are ero-
sional detritus derived from the predominantly granitic
basement and are not restricted to the area of the rift, but
occur throughout the state. The granite wash ranges in
age from Precambrian to Middle Pennsylvanian and may
be as much as several hundred feet thick.

Kansas

Cuttings from 15 drill holes (fig. E6) were examined
and described. Tentative correlations with established
stratigraphic units in the Great Lakes region were made on
the basis of composition of most of the cuttings in the
samples (fig. E7).

Most Precambrian and, possibly, some Lower Cam-
brian sedimentary rocks in central and eastern Kansas
have been assigned to the Rice Series. On the basis of
examination of drill-hole cuttings and minor core samples
from a large number of drill holes, we have found the
rocks are mostly oxidized, fine- to coarse-grained arkose
and subarkose, siltstone, and conglomerate. Medium- to
dark-gray, partly calcareous siltstone and shale, interbed-
ded with limestone, also are part of the sequence. Under-
lying the clastic rocks are middle Keweenawan mafic
volcanic rocks.

Poorly cemented, fine- to medium-grained, varicolored
sandstone (quartz arenite) makes up most of the section in
the upper part of the Livingood #1 drill hole (Dickinson
County; figs. E6 and E7). The quartz grains in this sand-
stone are poorly rounded. Microcline, orthoclase, and per-
thite, altered to varying degrees, and minor mica are
present. Some mudstone or shale is locally interbedded.
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! CLASTIC ROCKS VOLCANICLASTIC ROCKS
Drill Drill hole location,
hole (sec., township, BAYFIELD GROUP AND JACOBSVILLE SS ORONTO GROUP AND VOLCANIC
name and range) SOLOR CHURCH FM ROCKS
county Granite | Mount Simon Ss, |Devils Island Ss, | Orienta Ss, Freda Ss | Nonesuch | Copper Harbor
wash | Chequamegon Ss| Hinckley Ss |Fond du Lac Fm Shale Conglomerate
Livingood #1 | Sec.13,T.13S., R. 2 E, 3,260 3,900 4,865
Dickinson
Finn #1 Sec. 4, Jéfs hsa'hR 7E. 2245 3800 3.900
Ireland #1 Sec.8,T.55, R.7E. 2295 2,360
Marshall
Beach #1 Sec.3,T.4S.,R.8E. 1,454 2,164
Marshall
Blaney #1 Sec.3,T.5S., R 7E. 2420 2,570
Marshall
Neal #1 Sec.5,T.4S. R. 8E. 1623 1715
Marshall
Wood #1 Sec.1,T.75.,R.3E. 3,162 3,255
(Crawford) Clay
Sedlacek #1 | Sec.31,T.4S. R.8E. 1,920 2,264
Marshall
1,780 2,305
1 Sec.34,T.2S,R.8E. ) \
Sugge i “ Marshall < — >
Meyers #1 | sec.19,T.35, R 11E 207 750
(Seneca) Nemaha
Fagerberg #1 | Sec.31,T.65. R.8E. 2114 | 2150
Pottawatomie
Sherman #1 | Sec.13,T.5S, R.3E. 3<_‘140 _>3'245
Washington
Weakley #1 | Sec.26, T.5S. R.7E. M
Marshall
Kratchovil #1 | Sec.30,T.5S,R.7E. 2500 2,526
Marshall >
Winkler #1 Sec.8,T.6S. R.6E. 2,585 2,728
Riley

Figure E7. Preliminary stratigraphic correlation of drill-hole cuttings from Kansas with established stratigraphy in the northern
part of the Midcontinent Rift System. Numbers at the end of arrows indicate the depth penetrated into the Precambrian; other
numbers are approximate depths of contacts. Ss, sandstone; Fm, formation.

These rocks are assigned to the Rice Series in Kansas.
Petrographically, they are similar to sedimentary rocks of
the Bayfield Group or the Jacobsville Sandstone (figs. E1l
and E7) and may be equivalent to the Chequamegon Sand-
stone or the lower part of the Mount Simon Sandstone.

Similar rocks occur in the Blaney #1, Sedlacek #I1,
Weakley #1, Ireland #1, Beach #1, and Neal #1 drill holes
and in the upper part of the Suggett #1 drill hole, all in
Marshall County (figs. E6 and E7). The cuttings from the
Fagerberg #1 drill hole (Pottawatomie County) indicate
that the rocks may belong to the lower part of the Bayfield
Group (fig. E7). The rocks in the upper part of the Meyers
#1 drill hole (Nemaha County), above the granite base-
ment, are most likely granite wash (fig. E7).

Cuttings below about 3,800 ft in the Livingood #1 drill
hole are similar to rocks of the Bayfield Group or the
Jacobsville Sandstone and are tentatively correlated with
rocks of the Hinckley Sandstone and the Fond du Lac For-
mation (figs. E1 and E7).
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The cuttings at 3,800 ft in the Finn #1 drill hole (Mar-
shall County), the Sherman #1 drill hole (Washington
County), and the Wood #1 drill hole (Clay County) contain
significant amounts (more than 20 percent) of volcanic
rock fragments, suggesting that they may be equivalent to
rocks in the upper part of the Oronto Group (figs. E1 and
E7). The cuttings from about 2,500 ft in the Kratchovil #1
drill hole (Marshall County), which are of poor quality,
may be derived from volcanic rocks or from fragments of
volcanic rock in a clastic sedimentary rock.

MODAL ANALYSIS

There are major petrographic differences between the
older volcaniclastic sedimentary rocks (Bayfield Group)
and the younger arkosic rocks (Oronto Group). The psam-
mitic volcaniclastic sedimentary rocks are exclusively lith-
arenite and lithic arkose, whereas the arkosic rocks are



mainly subarkose. According to the classification scheme
of Pettijohn and others (1972), the clastic rocks plot in the
quartz-rich sector of the triangular diagram (fig. E3), and
most fall in the left, or arkosic, part of the sector. Rocks
of the Fond du Lac Formation tend to be transitional
between arkosic and volcaniclastic sedimentary rocks and
plot in intermediate positions on the triangular diagram.
In addition, they are also slightly enriched in volcanic and
sedimentary rock fragments (fig. E4).

Classifying the rocks according to the composition of
the rock fragments shows trends similar to those of the
petrographic classification (fig. E4). The volcaniclastic
sedimentary rocks are mostly volcanic arenite, whereas the
arkosic rocks containing metamorphic fragments are clas-
sified as phylarenite (only rocks that contain more than 5
percent rock fragments were included). The Nonesuch
Shale is an exception. The points plotted on the triangular
diagram (fig. E4) reveal the pelitic to aleuritic character of
the Nonesuch Shale. The fine-grained volcanic rock frag-
ments in the shale have already been kaolinized, zeoli-
tized, and chloritized, and this accounts for a large
proportion of the cement and the chlorite content. In addi-
tion, both quartz and iron in these rocks are mainly of
volcanic origin.

Metamorphic rock fragments are important components
of the arkosic rocks examined. Their texture and compo-
sition are such that they are resistant to weathering. Plu-
tonic rocks are generally coarser grained and weather
easily, and consequently they contribute more to the min-
eral fraction of the newly formed rocks.

The characteristic features of the quartz and the com-
position of the feldspar grains in the upper part of the
arkosic sequence suggest that the amount of material
derived from older volcanic and volcaniclastic rocks
diminished upward. Quartz grains are well rounded in the
coarse-grained sandstone and poorly rounded to angular in
the finer fractions. Quartz grains commonly show evi-
dence of secondary overgrowths and one or more abrasion
rims, indicative of several cycles of sedimentation. Quartz
of possible volcanic origin, showing corroded bays, inclu-
sions of devitrified glass and needles of rutile, occurs
mostly in the volcaniclastic rocks. They are also charac-
terized by their low quartz content, ranging from 2.6 to
12.4 percent (except sample 16a, which contains 27.3 per-
cent quartz). The quartz content of the arkosic rocks is
markedly higher, ranging from 37.8 to 71.3 percent. The
quartz content is, to a large extent, determined by the
provenance of the rock. The lower quartz content is
mainly compensated for by a higher content of pelitic and
aleuritic material.

Plagioclase (as much as 5.0 percent) occurs only in the
volcaniclastic sedimentary rocks, except for one sample of
Jacobsville Sandstone (sample 22a). The feldspar content
of the upper Keweenawan sedimentary rocks ranges from
5.7 to 21.3 percent, averaging about 10-15 percent. Only

two samples contain less than 5.0 percent feldspar (table
El). Microcline, orthoclase, and perthite are the predomi-
nant feldspars in the clastic rocks.

Opaque iron-rich aggregates of magmatic or metamor-
phic origin are important components of volcaniclastic sed-
imentary rocks, whereas clayey and muddy intraclasts are
more common in ferruginous arkosic rocks. The elevated
amount of metamorphic ferruginous rock fragments in the
Jacobsville Sandstone may be derived from nearby iron-
formation.

Except for the Nonesuch Shale, the amount of phyllo-
silicates is generally higher in the arkosic rocks. Second-
ary metasomatic alteration and, to a certain extent, the
depositional environment contribute to the enrichment of
the Nonesuch Shale in phyllosilicates, especially chlorite.
Cement in the majority of samples consists mainly of iron
oxides and clay (table E1). Quartz and carbonate are the
predominant cement in a few samples. Zeolite is an
important cement-forming mineral in the Nonesuch Shale
and is as high as 13.2 percent (sample 16a; table El,
under “other cement”). These variations are believed to
be controlled primarily by the depositional environment.

The phosphorite and glauconite content of all Precam-
brian rocks is low (less than 0.5 percent), as opposed to
that of the Lower Cambrian rocks studied. The porosity
increases with maturity of the rocks and reaches a maxi-
mum in quartz arenite of the Hinckley Sandstone and the
Devils Island Sandstone.

HEAVY-MINERAL ANALYSIS

There is a noticeable difference in the heavy-mineral
composition of volcaniclastic sedimentary rocks of the
Oronto Group as compared to the increasingly more arko-
sic rocks of the Bayfield Group. The older volcaniclastic
sedimentary rocks, such as the Freda Sandstone and the
Nonesuch Shale, contain as much as 3 percent (by vol-
ume) heavy minerals, most of which are opaque and semi-
opaque ferroan metamorphic minerals, iron titanium
oxides, and some sulfides, as well as a small amount of
mostly authigenic epidote. The epidote group of minerals
consists of pistacite, normal epidote, and clinozoisite.
Small amounts of garnet, zircon, and rutile are present, but
tourmaline is absent.

On the basis of studies by Tyler and others (1940), and
also reported by Dickas (1986), we know that the ratio of
combined tourmaline and zircon to epidote in the Bayfield
Group is the reverse of that in the Freda and Nonesuch
assemblages. We found the same pattern in our studies
(table E2) and used this information as a discriminating
factor in correlating subsurface samples with known
stratigraphy.

In the younger arkosic rocks of the Bayfield Group, the
combined amounts of zircon, tourmaline, garnet, rutile, and
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hornblende, with few exceptions, make up a larger fraction
of the heavy-mineral suite than in the more mature and
older rocks of the Oronto Group. FElevated amounts of
partly authigenic apatite occur in the transitional rocks of
the Orienta Sandstone and the Fond du Lac Formation.
Inconsistencies in the expected makeup of the heavy-
mineral fraction in some of the rocks may be attributable
to differences in the local environment of deposition. The
amount of opaque and semi-opaque minerals in the heavy-
mineral fraction varies from 3 to 90 percent, and in most
cases exceeds 40 percent.

The heavy-mineral composition of the drill core sam-
ples is characterized by generally elevated amounts of zir-
con and tourmaline (table E3) and low contents of epidote
(except for sample LO-6), which is similar to the heavy-
mineral composition of the upper clastic rocks. The apatite
content is characteristic of rocks of the Orienta Sandstone
and the Fond du Lac Formation.

DISCUSSION

Until recently, when two deep oil exploration wells
were drilled into the buried southern extension of the rift in
Iowa and Kansas, most of our knowledge about the history
and development of the rift was derived from studies in the
outcrop belt in Minnesota, Wisconsin, and Michigan. The
1,281-Ma age of the gabbro (Van Schmus and others,
1990) below the sedimentary section in the Eischeid #1
drill hole in Carroll County, Iowa, is evidence (Van
Schmus and others, 1990) that the complete Keweenawan
sedimentary sequence was penetrated at that location.
Stratigraphic (Witzke, 1990) and petrologic (Ludvigson
and others, 1990) studies of the Keweenawan section in the
basin west of the Iowa horst, enabled Witzke (1990) to
tentatively correlate rocks of the Oronto and Bayfield
Groups with those in the Eischeid #1 well. The gabbro in
the Texaco Poersch #1 drill hole, in Washington County,
Kansas, was dated at 1,097.5 Ma (Van Schmus and others,
1990). The important inference is that rifting was initiated
at the same time as in the Lake Superior region. Thus,
even though the rift in Kansas is physically separated from
the rift farther north, stratigraphic correlations may be
made between the rocks in Kansas and those in Nebraska,
Iowa, and Minnesota.

The initial opening of the rift (graben formation) at
about 1,100 Ma was characterized by the eruption of large
volumes of mafic volcanic rock and shallow mafic intru-
sive rocks over a time span of about 100 million years
(McSwiggen and others, 1987; Behrendt and others,
1988; Chandler and others, 1989). After cessation of the
main phase of volcanic activity, during which time the
area apparently remained above sea level, the central gra-
ben began to fill with coarse volcaniclastic rocks and
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coarse interflow conglomerate. This sequence was over-
lain by rocks of the Copper Harbor Conglomerate, repre-
senting a prograding alluvial-fan complex (Daniels, 1982).
The overlying Nonesuch Shale was deposited in a rift-
flanking lacustrine environment, probably caused by dis-
ruption and damming of existing drainages (Daniels,
1982).

The clastic sedimentary succession overlying the volca-
nic rocks was divided into the Oronto (lower) and the
Bayfield (upper) Groups (Thwaites, 1912), each of which
exhibits distinct characteristics (fig. E1). We refer to the
older Oronto Group as a volcaniclastic sequence because
the rocks contain abundant debris derived from the under-
lying volcanics. In addition, Dickas (1986) mentioned an
upward and distal decrease in grain size. Elmore and
Daniels (1980) viewed the depositional environment of the
Oronto Group as a transgressive-regressive alluvial-fan,
lacustrine, and fluvial system, which Morey and Ojakan-
gas (1982) considered characteristic of an extensional
regime.

During the evolution of the rift, contributions from
rocks exposed in the nearby highlands east and west of the
graben increased (Merk and Jersa, 1982). The rocks of
the younger Bayfield Group are compositionally more
mature. The heavy-mineral suite of the group as a whole
is different from that of the underlying Oronto Group.
Individual formations such as the Orienta Sandstone and
the Fond du Lac Formation contain large amounts (as
much as 12.1 percent) of authigenic apatite. Plagioclase is
a less common mineral constituent; orthoclase and micro-
cline feldspar instead became prominent. Metamorphic
fragments predominate over volcanic fragments.

The rift is characterized by an axial horst flanked by
clastic-filled basins (Anderson, 1990; Dickas, 1986).
Axial basins are known to occur in Minnesota, Iowa, and
Nebraska. Anderson (1990) mentioned that late-fill rift
sediments are locally preserved in the axial basins
(Anderson, 1990).

Geologic studies by Morey and Ojakangas (1982) and
gravity and magnetic modeling by McSwiggen and others
(1987) suggest that some of the axial basins contain older
and denser sedimentary rocks of the Oronto Group, which
are as much as several miles thick. If this is true, then the
central horst must have developed after deposition of the
Solor Church Formation—-Oronto Group, but not necessar-
ily before deposition of the Bayfield Group.

Rift-related faults were periodically reactivated
throughout geologic time (Berendsen and others, 1990),
resulting in extensive erosion from topographic highs and
preservation of the sedimentary section in downdropped
blocks along the axial trace of the rift. High-angle normal
and reverse faults and overthrusting juxtaposed rocks of
different lithologies and ages. Woelk and Hinze (1991)
interpreted seismic data to show a major reverse fault in



the stratigraphic succession in the Texaco Poersch #1 deep
drill hole into the Precambrian in Washington County,
Kansas (Berendsen and others, 1988). In this drill hole a
4,600-ft-thick unit of primarily basalt and gabbro (1,097.5
Ma) overlies a 3,900-ft-thick package of presumably
younger, primarily arkosic rocks.
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SELECTED SERIES OF U.S. GEOLOGICAL SURVEY PUBLICATIONS

Periodicals

Earthquakes & Volcanoes (issued bimonthly).
Preliminary Determination of Epicenters (issued monthly).

Technical Books and Reports

Professional Papers are mainly comprehensive scientific reports
of wide and lasting interest and importance to professional scientists and
engineers. Included are reports on the results of resource studies and of
topographic, hydrologic, and geologic investigations. They also include
collections of related papers addressing different aspects of a single sci-
entific topic.

Bulletins contain significant data and interpretations that are of
lasting scientific interest but are generally more limited in scope or geo-
graphic coverage than Professional Papers. They include the results of
resource studies and of geologic and topographic investigations; as well
as collections of short papers related to a specific topic.

Water-Supply Papers are comprehensive reports that present sig-
nificant interpretive results of hydrologic investigations of wide interest
to professional geologists, hydrologists, and engineers. The series covers
investigations in all phases of hydrology, including hydrology, availabil-
ity of water, quality of water, and use of water.

Circulars present administrative information or important scientif-
ic information of wide popular interest in a format designed for distribu-
tion at no cost to the public. Information is usually of short-term interest.

Water-Resources Investigations Reports are papers of an inter-
pretive nature made available to the public outside the formal USGS pub-
lications serics. Copies are reproduced on request unlike formal USGS
publications, and they are also available for public inspection at deposi-
tories indicated in USGS catalogs.

Open-File Reports include unpublished manuscript reports, maps,
and other material that are made available for public consultation at de-
positories. They are a nonpermanent form of publication that maybe cit-
ed in other publications as sources of information.

Maps

Geologic Quadrangle Maps are multicolor geologic maps on to-
pographic bases in 7 1/2- or 15-minute quadrangle formats (scales main-
ly 1:24,000 or 1:62,500) showing bedrock, surficial, or engineering
geology. Maps generally include brief texts; some maps include structure
and columnar sections only.

Geophysical Investigations Maps are on topographic or planimet-
ric bases at various scales, they show results of surveys using geophysi-
cal techniques, such as gravity, magnetic, seismic, or radioactivity, which
reflect subsurface structures that are of economic or geologic signifi-
cance. Many maps include correlations with the geology.

Miscellaneous Investigations Series Maps are on planimetric or
topographic bases of regular and irregular areas at various scales; they
present a wide variety of format and subject matter. The series also in-
cludes 7 1/2-minute quadrangle photogeologic maps on planimetric
bases which show geology as interpreted from aerial photographs, The
series also includes maps of Mars and the Moon.

Coal Investigations Maps are geologic maps on topographic or
planimetric bases at various scales showing bedrock or surficial geology,
stratigraphy, and structural relations in certain coal-resource areas.

Oil and Gas Investigations Charts show stratigraphic informa-
tion for certain oil and gas fields and other areas having petroleum poten-
tial.

Miscellaneous Field Studies Maps are multicolor or black-and-
white maps on topographic or planimetric bases on quadrangle or irreg-
ular areas at various scales. Pre-1971 maps show bedrock geology in re-
lation to specific mining or mineral-deposit problems; post-1971 maps
are primarily black-and-white maps on various subjects such as environ-
mental studies or wilderness mineral investigations.

Hydrologic Investigations A tlases are multicolored or black-and-
white maps on topographic or planimetric bases presenting a wide range
of geohydrologic data of both regular and irregular areas; the principal
scale is 1:24,000, and regional studies are at 1:250,000 scale or smaller.

Catalogs

Permanent catalogs, as well as some others, giving comprehensive
listings of U.S. Geological Survey publications are available under the
conditions indicated below from USGS Map Distribution, Box 25286,
Building 810, Denver Federal Center, Denver, CO 80225. (See latest
Price and Availability List.)

“Publications of the Geological Survey, 1879-1961” may be pur-
chased by mail and over the counter in paperback book form and as a set
microfiche.

“Publications of the Geological Survey, 1962-1970” may be pur-
chased by mail and over the counter in paperback book form and as a set
of microfiche.

“Publications of the U.S. Geological Survey, 1971-1981” may be
purchased by mail and over the counter in paperback book form (two
volumes, publications listing and index) and as a set of microfiche.

Supplements for 1982, 1983, 1984, 1985, 1986, and for subse-
quent years since the last permanent catalog may be purchased by mail
and over the counter in paperback book form.

State catalogs, “List of U.S. Geological Survey Geologic and Wa-
ter-Supply Reports and Maps For (State),” may be purchased by mail and
over the counter in paperback booklet form only.

“Price and Availability List of U.S. Geological Survey Publica-
tions,” issued annually, is available free of charge in paperback booklet
form only.

Selected copies of a monthly catalog “New Publications of the
U.S. Geological Survey” is available free of charge by mail or may be
obtained over the counter in paperback booklet form only. Those wishing
a free subscription to the monthly catalog “New Publications of the U.S.
Geological Survey” should write to the U.S. Geological Survey, 582 Na-
tional Center, Reston, VA 22092.

Note.~Prices of Government publications listed in older catalogs,
announcements, and publications may be incorrect. Therefore, the prices
charged may differ from the prices in catalogs, announcements, and pub-
lications.






