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ABSTRACT

The Late Proterozoic - Early Paleozoic arenites of southeastern Minnesota -
southwestern Wisconsin are all mature, quartzose arenites. The Late Proterozoic Hinckley
Sandstone was deposited as a rift fill sandstone. With the transgression of the Sauk Sea during
Cambrian time, the continent was flooded. In southeastern Minnesota, the sea entered the
Hollandale embayment. During this time of transgression and regressions, the quartzose
Cambrian Mt. Simon Sandstone, Eau Claire Formation, Galesville Sandstone, Ironton Sandstone,
Franconia Formation, Jordan Sandstone, and the New Richmond Sandstone of the Shakopee
Formation were deposited. Following a major regression at the end « Shakopee time, the sea re-
entered the continent. The Tippecanoe transgression was responsible for the widespread
deposition of the St. Peter Sandstone during Middle Ordovician time.

All of the arenites of this study are quartzose in nature and highly mature. Almost 95
percent of all the framework grains consist of monocrystalline quartz; potassium feldspar and
plagioclase are minor components. Two units, the Eau Claire Formation and the Franconia
Formation, contain significantly higher amounts of feldspar, generally 11 to 15 percent. These two
guartzose feldspathic units are in general finer grained than the other more quartzose units, an
observation noted earlier by other workers.

Other detrital minerals include polycrystalline quartz and multicycle monocrystalline
guartz. A decrease in the amount of polycrystalline quartz stratigraphically upward in the column
suggests that this unstable mineral portion was eliminated by abrasion.

Multicycle quartz grains with abraded quartz overgrowths are present in all nine of the
units. The presence of an abraded quartz overgrowth indicates that the grain was once
previously cemented by quartz, and that through erosional processes, the grain was removed
from its original environment of deposition and incorporated into a stratigraphically younger unit.
The grain, with the original overgrowth intact, is then recemented with quartz, resulting in a
euhedral overgrowth enclosing the abraded one.

The amount of unaltered and altered feldspar types can also be used to support the
recycling of the quartzose arenites. Peaks of unaltered feldspar occur during Eau Claire and
Franconia time, indicating that influxes of fresh sediment may have occurred during these times.
Further evidence of the recycling of the quartzose arenites in relation to the feldspar
concentrations can be found in the Ironton Sandstone, in which unaltered feldspar of Eau Claire
time was reworked and recycled to the point that during Ironton time, the amount of altered
feldspar surpassed the amount of unaltered feldspar.

A high mineralogical maturity in the arenites is also evidenced by the heavy mineral
concentrations. All of the units contain similar heavy mineral concentrations, consisting mainly of
rounded zircon, tourmaline, rutile, and garnet. As further evidence of the recycling of the arenites,
all nine units also contain tourmaline grains with abraded overgrowths. Abraded tourmaline
overgrowths form in the same manner that quartz overgrowths do, and are indicative of recycling.

In summary, it has long been speculated that the Late Proterozoic - Early Paleozoic
guartz arenites are multicycle in origin because of the presence of clean quartz sand (e.g. Matsch
and Ojakangas, 1982, p. 65; Dott and Batten, 1982, p. 283; Dott and Prothero, 1994, p. 236 ).
This study now provides petrographic evidence that erosional processes during the Late
Cambrian - Early Ordovician marine transgressions and regressions played a substantial role in
the creation of these quartz arenites, thereby recycling grains from older exposed units within the
Hollandale embayment.
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CHAPTERI

INTRODUCTION

Late Cambrian seas flooded the north-central United States, transgressing northward in
the Hollandale embayment, a broad lowland. The seas were confined to an area bordered by the
Transcontinental arch to the north and west, by the Wisconsin dome to the northeast, and by the
Wisconsin arch to the east (Figure 1). This vegetationless cratonic surface was weathered and
eroded for the nearly half a billion years before Cambrian sedimentation began (Doft and
Prothero, 1994, p. 236). Wind and rivers had distributed the Cambrian quartz-rich sands in
w’idespread sheets and the Sauk transgression caused marine reworking of much of that sand
(Dott and Prothero, 1994, p. 238). As the Late Cambrian seas transgressed and regressed, a
sequence of quartzose arenites (Figure 2) was deposited upon a wide variety of Precambrian
basement rocks.

Quartz arenites can be defined as sandstones containing 95 percent or more detrital
quartz grains (Pettijohn, et al., 1987, p. 176), typically resulting from extensive periods of sediment
reworking or recycling. Suttner (1981) determined that first cycle quartz arenites are produced
through a specific and complex combination of extreme conditions consisting of a tropical climate,
low relief, and slow sedimentation rates. Rarely are these conditions met, and therefore Suttner
(1981) determined that a majority of quartz arenites are multicycle in origin. Pettijohn et al;
(1987, p. 184 ) also noted that the presence of abraded overgrowths is indicative of a multicycle
origin.

Also, it is not uncommon for multicycle quartz arenites to be associated with transitional
sandstone types such as sub-lithic or sub-feldspathic arenites. Quartz arenites are usually
viewed as “cleaned-up” sandstones, commonly showing a decrease in feldspar or rock fragments
in stratigraphically younger units. It is this evolutionary progression that implies quartz arenites

are multicycle sands (Pettijohn et al., 1987, p.178).
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The Lower Paleozoic quartzose arenites (defined as quartz-rich arenites with a smali,
variable amount of feldspar present) of this study have undergone a significant amount of
reworking and possible recycling in a marine environment, indicative of transgressing and
regressing shorelines. During these transgressions and regressions, it is hypothesized that the
guartzose arenites of the Hollandale embayment underwent a great deal of recycling.

Several hypotheses may exist to explain the possible role of recycling in the production of these

quartzose arenites. These include:

1) The stratigraphically older units were recycled to produce the stratigraphically younger
units (Figure 2). An example of this hypothesis would be the recycling of the Hinckley Sandstone

to produce a fraction of the Mt. Simon Sandstone.

2) The recycling occurred within each unit, and not from stratigraphically older units. This
hypothesis is dependent upon the role of quartz cementation. An example of this hypothesis

would be the recycling of the basal Mt. Simon to produce the upper Mt. Simon.

3) No recycling occurred. The abraded quartz overgrowths are actually products of possible

dissolution rather than recycling.

By petrographically examining the quartzose arenites of the Late Proterozoic-Early Paleozoic
stratigraphic column, evidence for the possible recycling of the quartzose arenites may be found
in the presence of abraded quartz overgrowths, a decrease in polycrystalline quartz grains, and a

decrease in feldspar content.



Purpose of the study:

Specific objectives of this study are to:
a) Integrate petrographic observations from nine drill cores and outcrop samples from
southeastern Minnesota - southwestern Wisconsin to determine the recycling history of the
sediments of the Late Proterozoic-Early Paleozoic quartz arenites.
b) Specifically determine and examine the presence, mineralogy, and abundance of quartz
types in the quartz arenites to help determine mineralogical maturity by using consistent
operational definitions for all units.
) Determine the presence, mineralogy, and abundance of feldspar types in quartz arenites
to help determine mineralogical maturity.
d) Examine the heavy mineral suites to help determine the mineralogical maturity of the
quartz arenites.
e) Classify the various quartz arenites as first cycle or multicycle.

This study did not involve intensive stratigraphic or field studies of the Late Proterozoic-
Early Paleozoic quartz arenites because several researchers have studied many of the arenites in
detail. These researchers will be referred to where appropriate.

Location of the study area:

The Late Proterozoic-Early Paleozoic arenites are exposed in southeastern Minnesota
and southwestern Wisconsin. All of the units included in this study were visited in the field and the
visited outcrop locations are marked on Figure 3. Samples are from nine drill holes throughout
the southeastern part of the state (Figure 3). Drill hole locations, ground elevations, depths, and
units sampled are presented in the following pages, and Figure 4 shows a correlation of

stratigraphy described in the drill holes.
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Fig. 3: Location map of study area.
Drill Hole Abbreviations:

O = Pan Ocean Oil, Ltd. SQ-9 W = Minnegasco SCH-1
Ho = Northern Natural Gas Hollandale 1-A (H1A) P = New Jersey Zinc B-1
L= N.N.G. Lonsdale 65-1 (LH) H = N.N.G. Hampton 65-1(DH)

V = N.N.G. Vermillion 66-2(V66) S = University of Minnesota AC-1, BC-1




Drill Hole Data:

DH= Drill hole L= Location
GE= Ground elevation D= Depth

DH= Northern Natural Gas Hollandale 1-A (H1A)

L= SE1/4, SE1/4, SW1/4, sec. 7, T. 103N., R. 19W.

C= Freeborn
GE= 1202 ft.
D= 1905 ft.

C= County

U= Units sampled

U= Mt. Simon, Eau Claire, Galesville, Ironton, Franconia, St. Peter

DH= New Jersey Zinc B-1

L= NW1/4, SW 1/4, sec. 25, T. 104N., R. 32W.
C= Fillmore

.GE= 800 ft.

D =1124it.

U= Mt. Simon, Eau Claire, Galesville, Franconia

DH= Pan Ocean Oil, Ltd. SQ-9

L= SE1/4, SW 1/4, sec. 1, T. 104N_, R. 32W.
C= Martin

GE= 1185 ft.

D =703 ft.

U= Mt. Simon

DH= Minnegasco SCH-1

L= NW1/4, NE 1/4, sec. 6, T. 108N., R. 22W.
C=Waseca

GE= 1118 ft.

D = 2080 ft.

U= Mt. Simon



DH= University of Minnesota AC-1

L= SE1/4, SW1/4, sec. 21, T. 113N., R. 23W,

C= Ramsey

GE=950 ft.

D=982.1ft.

U= Mt. Simon, Eau Claire, Galesville, Franconia, St. Peter

DH= University of Minnesota BC-1

L= SE1/4, SW 1/4, sec. 21, T. 113N., R. 23W.
C= Ramsey

GE= 950 ft.

D =982.1 ft.

U= Galesville, Ironton

DH= N.N.G. Hampton 65-1(DH)

L= NW 1/4, NW 1/4, sec. 4, T. 113N., R. 18W.
C= Dakota

GE= 980 ft.

D=1374ft.

U= Mt. Simon, Galesville

DH= N.N.G. Vermillion 66-2(V66)

L= SW 1/4, SW 1/4, sec. 8, T. 114N., R. 18W.
C= Dakota

GE= 920 ft.

D=1115 1t

U= Mt. Simon, Eau Claire, Galesville

DH= N.N.G. Lonsdale 65-1 (LH)

L=SW 1/4, SW 1/4, sec. 14, T. 112N., R. 21W.
C= Rice

GE= 1100 ft.

D =2843 t.

U= Mt. Simon, Eau Claire, Galesville
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*M~thods of study:

A total of 90 random samples were collected at the Minnesota Department of Natural
Resources, Division of Minerals core library, Hibbing, Minnesota; the Minnesota Geological
Survey, University of Minnesota Core Repository, Minneapolis, Minnesota; and several outcrop
locations. A total of 137 thin sections from the Late Proterozoic Hinckley Sandstone, the Upper
Cambrian Mt. Simon Formation, Eau Claire Sandstone, Galesville Sandstone, Ironton Sandstone,
and Jordan Sandstone, and the Ordovician New Richmond Member of the Shakopee Formation
and the St. Peter Sandstone were examined for mineralogical maturity using a petrographic
microscope. Sixty-four of the 137 thin sections came from previous work: 9 from Uribe (1994), 7
from Squillace (1979), 15 from the Minnesota Geological Survey, § from Tryhorn and QOjakangas
(1972), and 28 from Churchill (in prep.).

To distinguish orthoclase from untwinned plagioclase and dusky quartz, the thin sections
were stained for potassium with sodium cobaltnitrite. The thin sections were also impregnated
with blue epoxy to show pore space. Six random traverses of one hundred equally spaced points
were counted, for a total of 600 points per thin section.

Thirty-four of the 90 random samples were prepared for heavy mineral analysis using
tetrabromoethane (Density = 2.9 g/cm?). When available, 300 non-opaque heavy minerals were
identified and counted for each sample using the petrographic microscope.

Previous work:

Potter and Pryor (1961) compiled an extensive report on the possible dispersal centers of
Paleozoic sediments. They provide evidence through integrated studies of
petrography, stratigraphy, and paleocurrent indicators to suggest that the early Paleozoic arenites
were recycled to produce the stratigraphically higher units. They concluded that the pre-
Mississippian sandstones of the Upper Mississippi Valley and adjacent areas all had the same

original source, the Precambrian rocks of the Lake Superior region.
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Most of the units involved in this investigation have been studied extensively, but prior to
this, no author examined all of the units using consistent operational definitions. Austin (1972),
Mossler (1987), and Runkel (1994) give the most detailed descriptions of the Paleozoic units
involved in this study.

Ojakangas (1963) completed a sedimentological study of the Upper Cambrian Lamotte
Sandstone of Missouri, the basal Cambrian unit in that region. The Lamotte Sandstone is
lithologically similar to the Mt. Simon Sandstone, but is diachronous, having been deposited
earlier as the initial Late Cambrian sea transgressed northward. He concluded that there was
evidence for a muiticycle origin for the Lamotte.

Uribe (1994) did a petrographic and diagenetic study of the Upper Cambrian Mt. Simon
Sandstone of southeastern Minnesota. Churchill (in prep.) studied the Upper Cambrian Mt. Simon
Sandstone, Eau Claire Formation, and Galesville Sandstone. He examined the texture,
mineralogy, and maturity of these units. Distefano (1973) focused on the mineralogy and
petrology of the Eau Claire Formation. Andrew (1965) studied the Ironton Sandstone, focusing on
grain size and heavy minerals. Pride (1966) did a grain size analysis and heavy mineral study of
the New Richmond Member of the Shakopee Formation. Squillace (1979) also studied the
geology of the Lower Ordovician New Richmond Member of the Shakopee Formation, focusing on
paleocurrent analysis, grain size analysis, and petrography; he concluded that the New
Richmond was multicycle in origin due to the presence of abraded quartz overgrowths. Parham

(1970) examined the petrography of the St. Peter Sandstone.
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CHAPTERII
REGIONAL GEC' ™Y

Precambrian basement framework:

In Potter and Pryor's (1961) study of the dispersal centers of Paleozoic sediments of this
region and adjacent regions, they concluded that the southerly direction of sediment movement
and the slope of the craton persisted through the Paleozoic to the present. They suggested that
uniformity over such a long period of time and over such an extensive region reflects tectonic
control by the basement rocks of the craton. It is this tectonic control that explains the existence
of persistent paleoslopes, of recycling, and of the location and orientation of major clastic deposits
derived from distant tectonic lands.

The Late Proterozoic-Early Paleozoic arenites of the northern Midcontinent region were
deposited upon Archean and Proterozoic igneous, sedimentary, and metamorphic rocks, thus
establishing a major unconformity recognized throughout the Midcontinent region. The sediments
were deposited on a craton on which there were active intracratonic basins as well as scattered
arches and domes (Ostrom, 1970). During Late Cambrian and Early and Middle Ordovician time,
the existing highlands in the Upper Mississippi Valley were the Transcontinental arch, the
Wisconsin dome, and the Wisconsin arch (Figure 1). As the major marine transgression flooded
the continent, it entered the Hollandale embayment. The embayment is bordered by these
highlands: the Transcontinental arch to the north and west, the Wisconsin arch to the northeast,
and the Wisconsin dome to the east. The Transcontinental arch is composed of a variety of
igneous and metamorphic rocks while the Wisconsin dome and the Wisconsin arch are
composed of granite and undifferentiated igneous and metamorphic rocks (Ostrom, 1981).
Structural geology of the study area:

Precambrian:

Several episodes of deformation have affected the Precambrian rocks in this region, the
latest of these being the Midcontinent rifting that occurred during Keweenawan time, 1.1 billion
years ago. The Midcontinent Rift System extends from Lake Superior to northern and eastern
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Kansas, and forms a midcontinent gravity high because of the large gravity anomaly that extends
along the same trend.

With the rifting and extrusion of the mafic volcanics, formation of the Lake Superior
Syncline started (Craddock, 1972). The syncline continued to subside during Late Keweenawan
time with thousands of feet of sediment being deposited. Undergoing a period of compressive
deformation, axial horsts were then uplifted relative to the adjacent blocks, allowing for the
possible simuitaneous subsidence of the flanking basins.

The St. Croix horst in southeastern Minnesota is the most prominent Precambrian
structural feature of southeastern Minnesota, and the relationship between the sedimentary units
of the Late Proterozoic - Early Paleozoic is both complex and largely dependent upon the present
geometry of the St. Croix horst (Figure 5) (Craddock, 1972). A second horst exists near the lowa
border where the midcontinent gravity high is well-developed and is described by Craddock
(1972).

The Belle Plaine fault separates the two horsts and is defined by Sloan and Danes (1962)
on the basis of well data and gravity measurements. Chase and Gilmore (1973) concluded that
the Belle Plaine fault is a left-lateral transform fault which developed during the Keweenawan

rifting.
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Paleozoic:

In southeastern Minnesota - southwestern Wisconsin, rocks of the Hollandale embayment
overlie the older horsts and faults. The Hollandale embayment exists as a depression that is in
part located over the underlying Keweenawan Midcontinent Rift system.

When the structure contour lines on top of the Mt. Simon Sandstone and the Eau Claire
Formation (Figures 6 and 7) are compared with their respective isopach contour lines (Figures 8
and 9), there is little correlation between the two (Churchill, in prep.). This indicates that the
embayment was not a governing feature during Dresbachian time and had limited effect on the
sedimentation (Churchill, in prep.).

Clear definition of the Hollandale embayment and the other smaller structural features of
the study area was not present until Early Ordovician time (Austin, 1972). The distribution of the
Red Unit of the Eau Claire Formation defined the presence of the Hollandale embayment in Early
Ordovician time (Austin, 1972). The Red Unit of the Eau Claire Formation occurs along the
western edge of the embayment and as the basal unit near the center of the embayment (Austin,
1972). The absence of the Red Unit on the Wisconsin arch indicates that the Transcontinental
arch was a highland to the west, contributing sediment into the early embayment (Austin, 1972).

The Dresbachian and younger rocks that were deposited within the embayment are
mostly flat-lying units deposited in the transgressing and regressing sea. However, the attitudes
of these units may have been affected by smaller structural features which are believed to be a

continuation of Precambrian structural activity associated with the rift system (Bunker, 1988).
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The Twin Cities basin is a structural basin located in the northern section of the
Hollandale embayment and overlies the southern end of the St. Croix horst (Austin, 1972).
Sedimentation in the Twin Cities basin was limited during Early Ordovician time, as evidenced by
the isopach contours of the Prairie du Chien Group (Figure 10). The Precambrian fault zones that
had initially formed the St. Croix horst now were responsible for the formation of the subsiding
basin. The possible isostatic readjustment of the Midcontinent Rift System may have reactivated
these fault zones, forming a series of en-enchelon anticlines that helped to define the edges of the
basin (Miller, 1970, in Austin, 1972). The basin is bordered to the southwest by the upthrown
northeast block of the Belle Plaine fault, while the northern margin is formed by onlap onto the
Precambrian sedimentary rocks (Mossler, 1992).

During Paleozoic time, isostatic adjustments along Precambrian faults to the east and
‘south of the Twin Cities basin produced the Hudson-Afton anticline and the Vermillion anticline
(Austin, 1972). Movement within the Vermillion anticline appears to have been continuous
throughout Mt. Simon to Jordan time, ending prior to the Early Ordovician (Austin, 1972).

Austin (1972) stated that the effect that the Red Wing - Rochester anticline had on the
sedimentation of the Paleozoic is unclear, and that it is most likely a post-Ordovician feature

caused by downwarping of the underlying units during subsidence of the Hollandale embayment.

Lithostratigraphy and depositional environments:

Hinckley Sandstone:

The uppermost Late Proterozoic unit in the Midcontinent Rift is the Hinckley Sandstone of
Minnesota, which correlates with the Devils Island Sandstone of the Bayfield Group in Wisconsin
and consists of pale-brown to light-gray, medium- to coarse-grained quartz sand (Morey and
Ojakangas, 1982). The grains are moderately to well-rounded and the degree of sorting and
cementation is variable. The mineralogical and textural maturity of the Hinckley Sandstone is

indicative of a high-energy environment, and the presence of multicycle quartz
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grains suggests recycling of the underlying Fond du Lac formation (Tryhorn and Ojakangas,
1972). In east-central Minnesota, the Hinckley Sandstone has a maximum thickness of 500 feet.
However, it thins progressively southward and is about 150 feet thick near Minneapolis-St. Paul

(Morey, 1972).

Mt. Simon Sandstone:

The Mt. Simon Sandstone consists of medium- to coarse-grained feldspathic sandstone
with minor interbeds of shale, fine-grained quartz sandstone, and conglomeratic sandstone. The
degree of rounding is grain-size dependent; as the Mt. Simon is moderately to well-sorted and the
grains are primarily rounded to well-rounded in the medium- to coarse-grained fraction, and
subrounded to angular in the fine-grained fraction (<0.125 mm) (Uribe, 1994).

Mossler (1992) interpreted the depositional environments of the Mt. Simon Sandstone as
follows:

-Basal conglomerate: Braided fluvial deposit

-Lower Mt. Simon Sandstone (medium- to coarse-grained sandstone): Braid
plain, braid delta, and littoral deposits.

-Middle Mt. Simon Sandstone (fine- to medium-grained sandstone and shale
beds): Distal braid delta deposits.

-Upper Mt. Simon Sandstone: Sand shoals and tidal flat deposits.

The Mt. Simon Sandstone extends laterally into Wisconsin, lowa, {llinois, and the lower
peninsula of Michigan. It can be traced as far south as Tennessee, where it has been dated as
Early Cambrian in age . In Wisconsin, the Mt. Simon Sandstone is considered to be Late

Cambrian. The difference in age is attributed to transgression during deposition (Ostrom, 1966).
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Eau Claire Formation:

The Eau Claire Formation has been informally divided into 6 units representing different
lithofacies (Mossler, 1992), as follows:

-Basal red unit: red-colored quartzose sandstone and shale with abundant

brachiopods.

-Dolostone unit; Pale-olive-gray dolostone with pale-red shale partings; overlies the red
unit in Faribault and Jackson Counties.

-Sand-shale unit; In areas where the basal red unit and dolostone unit are missing, this
unit forms the base of the Eau Claire, typified by thin alternating layers of shale
and finely laminated sandstone.

-Greensand unit: Light-olive-gray highly glauconitic silty sandstone with some gray-
green shale.

-Shaly unit: Siltstone with interbeds of slightly glauconitic sandstone and gray-green
shale.

-Sandy unit: Fine-grained, slightly glauconitic, quartzose sandstone with interbeds of
shale.

The Eau Claire Formation was once believed to have been deposited seaward of the
littoral environment, in a shelf environment similar to the Northwest Gulf of Mexico (Ostrom,
1966). However, Byers and Huber (1976) have interpreted the Eau Claire Formation to represent
a tidal flat environment based on the presence of fine-grained sediments and abundant fossils.
Mossler (1992) supported this interpretation and has identified the depositional environments of
the Eau Claire Formation as follows:

-Basal red unit: tidal flat deposit.

-Dolostone unit: shallow subtidal origin.

-Sand-shale unit: mixed sand/mud tidal flat.

-Greensand unit: shallow marine sandstone.
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-Shaly unit: lagoonal sediment with smaller amounts of tidal flat sediment.

-Sandy unit: tidal flat.

Galesville Sandstone:

The Galesville Sandstone consists of a light gray to white, moderately well-sorted
quartzose sandstone. It is medium- to coarse-grained, with interbeds of fine-grained quartzose
sand at its base (Austin, 1972). Austin (1972) noted that in the Hollandale embayment, where the
entire Galesville-Ironton succession is present, the bottom part of the Galesville is regressive and
the upper part is transgressive. Mossler (1992) interpreted the sediments of the Galesville
Formation as foreshore, shoreface, and tidal channel deposits, indicative of a marine
transgression. Austin (1972) had similar interpretations for sediments deposited away from the
center of the embayment, such as those deposited along the Wisconsin arch (Austin, 1972). The

Galesville rests disconformably on the Eau Claire Formation in western Wisconsin (Austin, 1972).

Ironton Sandstone:

Austin (1972) noted that the entire Galesville - Ironton succession is present in the center
of the Hollandale embayment. The Ironton and Galesville derived sediment of similar grain size
from the same source (Austin, 1972). The Ironton Sandstone is generally composed of medium-
to coarse-grained, light-gray to white quartzose sand. It is moderately well- to poorly-sorted and
can be slightly glauconitic. Generally, the formation is burrow mottled and poorly bedded,
although cross-bedding can be found at some localities. The quartz-rich Ironton sand is classified
as a lower energy sandstone, lying directly on the higher energy Galesville (Austin, 1972). The
Ironton is less weli-sorted than the Galesville and commonly contains silt (Austin, 1972).

A sharp contact may exist at the Galesville - Ironton boundary. This may be due to a
change in current activity or the possible rejuvenation of Precambrian structures during Cambrian

time (Austin, 1972). Movement along Precambrian faults may also be responsible for the
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unconformity between the Galesville and Ironton that was previously noted by Berg (1954) and

Berg et al (1956).

Franconia Sandstone:
The Franconia Sandstone consists of four members originally named by Berg (1954);
Mossler (1992) noted the presence of a fifth member, the Davis Member.
-Birkmose Member (basal). Green-gray, highly glauconitic feldspathic
sandstone.
-Davis Member; Dolostone unit that resembles the Davis Formation of Missouri,
a unit that extends into lowa and possibly lllinois.
-Tomah Member: Light brown-gray feldspathic siltstone interbedded with thin
beds of green-gray shale.
-Reno Member: Light gray to green-gray feldspathic sandstone with minor
interbeds of shale and siltstone.
-Mazomanie Member: Intertongues with the Reno Member; yellow-gray
sandstone similar to the Tomah Member, no shale interbeds present.
Austin (1972) noted that the Tomah Member is the dominant unit near the center of the Hollandale
embayment and suggested that the more glauconitic members are located in the more shoreward
and basinward accumulations. The distribution of the Tomah Member allows the development of
the embayment to be defined by the distribution patterns of the members of the Franconia

Formation.
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Jordan Sandstone:
The Jordan Sandstone consists of three members:
-Basal Norwalk Member: White to light-gray to gray-orange feldspathic sandstone,
containing some thin gray-green shale partings. It is confined to the fringes of
the Hollandale embayment (Austin, 1972).
-Van Oser Member: Tan to gray-orange, fine- to coarse-grained, supermature quartzose
sandstone. Itis the thickest, most resistant unit of the Jordan, and is the only
member of the Jordan present in the Twin Cities basin (Austin, 1972).
-Coon Valley Member: Buff to tan, medium-grained quartzose sandstone with minor
amounts of dolostone and fine-grained feldspathic sandstone (Mossler, 1992).
Mossler (1992) reported that the Coon Valley Member is gradational with the
overlying Oneota Dolomite and Austin (1972) noted that the east-west trend in
sedimentation is similar to that of the underlying St. Lawrence Formation,
indicating that the Hollandale embayment opened seaward to the west and
southwest during deposition of the sediments of the Trempealeauan Stage.
Runkel (1994) recently interpreted the Jordan lithofacies as representing a regressive
sequence deposited as part of a shoreline system that prograded across the Hollandale

embayment.

New Richmond (Sandstone) Member of the Shakopee Formation:
The New Richmond Sandstone consists of two lithofacies that were informally named by
Austin (1971):
Prairie Island facies: Gray-orange to yellow-brown quartzose sandstone and
sandy dolostone containing ripple marks and cross-beds (Squillace,

1979).
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Root Valley facies: White to light gray quartzose sandstone with well-developed
cross-bedding (Austin, 1972).
According to Austin (1972), the New Richmond thins to the west and north from extreme
southeastern Minnesota. He interpreted the New Richmond to represent a remnant of the east-
west trend in sedimentation of the underlying Trempealeauan Stage in the Lower Ordovician

(Austin, 1972).

St. Peter Sandstone:

The St. Peter consists of white to light-gray, fine- to medium-grained, well-sorted
quartzose sandstone. It is poorly cemented and typically massive. A noticeable unconformity
exists between the St. Peter and the underlying Shakopee Formation, indicating a significant
break in sediment deposition (Mossler, 1992).

The St. Peter was deposited during a Middie Ordovician transgression (Mazzullo, 1988).
He suggested that changes in the grain size of the St. Peter are due to the repetitive smaller

transgressions and regressions of the Middle Ordovician sea.
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CHAPTER |

THIN SECTION PETROGRAPHY

A total of 137 thin sections from drill cores and outcrop samples of the nine arenites
studied were examined for mineralogical maturity using a petrographic microscope. Sixty-four of
the 137 thin sections came from previous work: 9 from Uribe (1994), 7 from Squillace (1979), 15
from the Minnesota Geological Survey, 5 from Tryhorn and Ojakangas (1972), and 28 from
Churchill (in prep.). Six random traverses (perpendicular to the bedding) of one hundred equally
spaced points were counted for a total of 600 points per thin section. Most of the thin sections
were prepared with blue epoxy to aid in the identification of pore spaces, and were also stained
for potassium feldspar (using sodium cobaltnitrite).

Table 1 shows the modal analyses of the arenites chosen for this study.

Operational definitions:

The following are descriptions of the rock-forming minerals in the Late Proterozoic-Early

Paleozoic arenites as seen in thin section. The abbreviations for each constituent are used in

Table 1.

Framework grains:

Common quartz (CQTZ): Single crystals with straight to slightly undulose extinction (<5°

on conventional flat stage) (Plate 1-A). Inclusions of needle-shaped rutile are common. Zircon,

tourmaline, and apatite inclusions are rare.

Polycrystalline quartz (PQTZ): Aggregates of several crystals (Plate 1-B). A vast majority

of grains included in this category have mostly straight contacts between crystals (i.e.,
recrystallized metamorphic quartz), although a few grains consist of slightly sutured elongate

crystals (i.e., stretched metamorphic quartz).
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Vein quartz (VQTZ). Unit grains that show abundant fluid inclusions, either randomly or

in planes. Under one polar, vein quartz grains have a cloudy appearance (Plate 1-C). Vein

quartz grains are scarce throughout the stratigraphic column.

Multicycle guartz (RQTZ). Grains included in this category have apparent subrounded to

rounded quartz overgrowths beneath younger overgrowths (Plate 2A-I).

Plagioclase (UA PLAG, A PLAG): Both altered (A) and unaltered (UA) varieties of all

feldspar types were counted. Unstained feldspar grains (i.e. did not stain with sodium

colbaltnitrite) and grains showing albite twinning were counted as plagioclase (Plate 1D).

Potassium Feldspar (UA ORTH, A ORTH): Stained feldspar grains with no twinning were

counted as orthoclase (Piate 1E).

Microcline (UA MICRO, A MIC™"* Stained grains that show apparent cross-hatching

were counted as microcline (Plate 1F).

Detrital Core (DETR CORE): Feldspar grains which are surrounded by an authigenic
feldspar overgrowth were counted as detrit: cores. No effort was made to count the core type
under its specific category (i.e. if the core was altered plagioclase, it was counted as a detrital

core, not as an altered plagioclase grain) (Plate 1G).

Plutonic rock fragments (PRF): Grains counted as plutonic rock fragments are grains

comprised of coarse quariz and feldspar (Plate 1H).
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Muscov*~' Muscovite (MUSC) is present in trace amounts. The muscovite grains are
typically elongate and large and are more common in finer-grained samples with a clayey matrix

(Plate 3A).

Glauconite (GLAUC): Green to dark-green pellets (up to 0.4mm in size) showing an

internal aggregate structure of randomly oriented micron-sized crystals (Plate 3B).

Matrix:

Matrix is defined herein as all detrital particles less than 62.5 microns (0.0625mm) in
diameter (Plate 3C). Also considered as matrix are clayey layers and lenses (<2 mm thick) and
discontinuous patches or remnants compacted after burial; however, silt grains were not
considered as matrix, but rather as mineral fragments. Matrix is common in some samples (as
much as 72.1 percent), although the amount of matrix was not considered when the rocks were
classified. A majority of the matrix is most likely potassium-rich clay (illitic?) as suggested by the

yellow colbaltnitrite staining.

Cement:
Quartz (QTZ): Quartz overgrowths are considered to be quartz cement (Plate 3D). In
many samples, quartz cement is considered to be present along the boundaries between adjacent

quartz grains, although it is not easily seen as overgrowths.

Feldspar (FELD): Feldspar cement was counted as those authigenic (?) overgrowths that
cemented 2 or more grains together (Plate 3E). In most samples, feldspar cement was
considered to be present along the boundaries between adjacent feldspar grains, although it was

difficult to see a defined overgrowth. The overgrowths on detrital cores make up most of the

feldspar cement.
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Pettijohn, et al., 1987, p. 145). The feldspar content of these sandstones ranges between 5 and

25 percent detrital feldspar. The two sandstone types contain very few rock fragments.
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CHAPTER VI

DISCUSS'~*1: EVIDENCE FOR RECYCLING, LATE PROTEROZOIC - EARLY PALEOZOIC
QUARTZ ARENITES

The principle objective of this chapter is to provide and discuss the petrographic evidence
for the recycling of Late Proterozoic - Early Paleozoic quartzose arenites. Five main lines of
evidence will be discussed: the presence of abraded quartz overgrowths, a decrease in
polycrystalline quartz, the presence and abundance of feldspar, the relationship between

polycrystalline quartz and feldspar, and the role of the heavy mineral suite.

Evidence: Abraded quartz overgrowths

All of the nine units contained grains with abraded overgrowths (see Plate 2). However,
the overgrowths are not present in large quantities. It is evident that larger quantities of recycled
quartz grains are present in the lower portion that the upper part of the stratigraphic column
(Figure 16). Due to the amount of repeated abrasion that occurred through erosional processes
and the fragile nature of the quartz overgrowths, the amount of abraded overgrowths generally

decreases upward in the column.

Evidence: Decrease in polycrystalline quartz

In addition to the presence of abraded quartz overgrowths, an increasing maturity of the
sediment can be seen in the overall reduction of less stable minerals, mainly polycrystalline quartz
as well as feldspar. The overall distribution of polycrystalline quartz in the nine units of this study
show a general trend of decreasing polycrystalline quartz upward in the stratigraphic column

(Figure 17).

Evidence: Presence and abundance ~* feldspar
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The amount of feldspar present in the quartzose arenites involved in this study is variable,

ranging from 0-38% total feldspar (see Table 1).
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Fig. 16: Distribution of multicycle quartz (the bars indicate one standard deviation).
71

—e— Percent Muiticycle Quartz




Distribution of Polycrystalline
Quartz

©
&
St. Peter P
£
8
) 7]
New Richmgnd ra
5
>
g
Jordan —
c
]
2
0]
Franconig o
- t
: |
2 Ironton
Galesvillﬁ ’
Eau Claire
Mt. Simon
Hinckles, o o o o © © © © o o o
B & O o u 6 ¥ o o S wmw o
S 6 6 = = & &N ® o < <+ 0
Percent
Polycrystalline
Quartz
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The amount of total feldspar present in most units, excluding the Eau Claire Formation
and the Franconia Formation, is minimal, with approximately 3 percent present. However, there is
no overall trend upwards through the sequences, but peaks of feldspar occur in the Eau Claire
and the Franconia Formations (Figure 18).

During petrographic analysis, both unaltered and altered feldspar were counted. The
distribution of unaltered feldspar vs. altered feldspar can be seen in Figure 19.

Evidence for the recycling of the quartzose arenites may also be interpreted through the
distribution of unaltered feldspar vs. altered feldspar. In seven of the nine studied rock units, the
amount of unaltered feldspar is less than or approximately 3% (Figure 19). However, in two units,
the Eau Claire Formation and the Franconia Formation, the amount of unaltered feldspar
increases sharply. Itis possible that this sharp increase is due to an influx of fresh sediment from
the Transcontinental arch/Wisconsin dome.

The amount of altered feldspar varies from 0-3% (Figure 19). Evidence for the recycling
of the quartzose arenites by the redistribution of feldspar can be seen in the Ironton Sandstone.
During Eau Claire time, the amount of unaitered feldspar peaks. Possibly through recycling, the
amount of unaltered feldspar decreases in Galesville time, while the amount of altered feldspar
increases. By Ironton time, so much possible recycling and reworking of the sediment has
occurred that the amount of altered feldspar slightly surpasses the amount of unaltered feldspar.

A similar situation can be seen with the influx of fresh sediment during Franconia time, but
it is not nearly as pronounced as that of the Eau Claire time. The notable difference is that the
amount of altered feldspar does not surpass the amount of unaltered feldspar with the Franconia
feldspar peak. However, the distribution of unaltered and altered feldspar mimic each other,

which may indicate that some reworking of the feldspar was occurring.
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Evidence: Relationship between polycrystalline quartz and feldspar

There is an inverse relationship between polycrystalline quartz and unaltered feldspar
(Figure 20). This seems to be the exact opposite of the hypothesis. However, polycrystalline
quartz is derived from mainly metamorphic regions, such as the metasedimentary rock, schist-rich
migmatite, and paragneisses that are present in northern Minnesota (Drew, 1993). If an influx of
fresh sediment occurred during both Eau Claire and Franconia time, producing the peaks of
unaltered feldspar in Figure 19, it can then be postulated that the fresh sediment was not derived
from mainly metamorphic sources. As stated earlier, the paleocurrent direction was mainly to the
south and southwest (Figure 15), and Austin (1972) indicated that the paleocurrent direction may
have varied over time as a result of uplift and degradation of various sections of the
Transcontinental arch-Wisconsin dome positive area as well as the development of structures that
affected sedimentation in the Paleozoic seas. it is possible that the fresh sediment brought in
during Eau Claire and Franconia time, both polycrystalline quartz and feldspar, was derived from

a metamorphic source.

Evidence: Heavy mineral suite

Evidence for the recycling of the nine quartzosé arenites is further supported by the heavy
mineral analysis. Multicycle tourmaline grains are present in all nine formations (see Plate 5).
These grains have abraded overgrowths, suggesting that the grains received tourmaline
overgrowths in an older arenite, were removed from that setting, and were then reworked and
recycled into a younger arenite. However, the number of tourmaline grains containing abraded
overgrowths is very small.

Also noteworthy is that all of the units contain similar heavy mineral assemblages (Figure
21). All nine units contain significant amounts of subrounded green-brown tourmaline, unzoned
round and subround zircon grains, as well as colorless and pink round and subround garnet

grains. This indicates that although fresh sediment may have been brought into the Hollandale
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Recycling of the units:

The following discussion examines possible evidence for recycling in each of the nine
quartz arenites. For illustrative purposes, comparisons are made between a quartz arenite
formation and the arenite formation that stratigraphically underlies it. However, one must realize
that each stratigraphically older unit is a potential source for the recycling of the sediment (Figure

13).

Recycling to produce the Mt. Simon Sandstone:

The Mt. Simon Sandstone overlies many units of Precambrian age, primarily rift-fill
sediments such as the Solor Church Formation, the Fond du Lac Formation, and the Hinckley
Sandstone (Figure 21). Along the axis of the Hollandale embayment, the Mt. Simon overlies the
Hinckley Sandstone. However, the Hinckley sand that directly underlies the Mt. Simon would not
have served as a source for the recycling; only the Hinckley sand that was not covered by the
transgressing sea would have been available for recycling.

The Hinckley and Mt. Simon Sandstones are both quartz arenites, and serve as the
starting point for comparison of recycling of this study. The Fond du Lac and the Solor Church
Formations were not studied herein because they are not quartz arenites. The Fond du Lac is
arkosic and the Solor Church contains abundant rock fragments (Morey and Ojakangas, 1982).
As a general comparison, the Late Proterozoic Hinckley Sandstone is well-cemented with quartz,
whereas the Cambrian Mt. Simon Sandstone is friable.

The differences in detrital quartz composition between the two sandstones are minimal.
The noticeable difference in quartz types is the increase in polycrystalline quartz in the Mt. Simon.
If the Hinckley Sandstone was recycled to produce the Mt. Simon Sandstone, one would expect
the amount of polycrystalline quartz to decrease. However, this slight increase can be explained
by some sediment directly derived from the underlying Precambrian basement rock and not only

from the Hinckley Sandstone.
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proves to be true, one would most likely expect the amount of polycrystalline quartz to increase in
Eau Claire time along with the amounts of unaltered feldspar and rock fragments, as all of these
minerals are unstable.

The amount of unaltered detrital feldspar sharply increases from the Mt. Simon to the Eau
Claire. This supports the hypothesis of an influx of sediment. Also notable is the increase in the
amount of altered feldspar and authigenic feldspar. Because the Eau Claire was deposited in a
tidal flat environment (Byers and Huber, 1976), the possibility of reworking unstable minerals
increases, so one would expect more altered feldspar in the Eau Claire Formation than in the Mt.

Simon Sandstone.

Recycling to produce the Galesville Sandstone:

There is little variation in the amount of common and polycrystalline quartz present in the
Galesville Sandstone in comparison to the underlying Eau Claire Formation. The only notable
difference is in the increased amount of multicycle quartz present in the Galesville. With a
renewed transgression, sediment from the underlying arenites may have been moved shoreward,
producing a higher amount of multicycle quartz in the Galesville.

The Galesville Sandstone has a lower feldspar percentage than the underlying Eau Claire
Formation. If recycling of the Eau Claire Formation occurred to produce the Galesville Sandstone,
one would expect that feldspar percentages would decrease, and to some extent, they do. The
amount of unaltered feldspar decreases . This is perhaps due to the fact that sediment supply
was lower during the second progradation than the first progradation (Mossler, 1992). As further
evidence of recycling, the amount of altered feldspar increases in the Galesville, thereby

indicating reworking of the greater percentage of unaltered feldspar in the Eau Claire Formation.

Recycling to produce the Ironton Sandstone:

82




The overall percentage of total quartz increases with the deposition of the [ronton
Sandstone (average = 98.4 percent) when compared to the underlying Galesville Sandstone
(average = 93.4 percent). This might be surprising, as Austin (1972) noted that the sediment was
not sorted as effectively in Ironton time as it was during Galesville. However, an increase in the
percentage of polycrystalline quartz would be an expected result of lower energy bottom currents
as evidenced by the Ironton’s environment of deposition. The ability to mechanically abrade
polycrystalline quartz grains would decrease in a lower energy environment. Also worth noting is
the increase in the amount of muiticycle quartz present. Perhaps the lower energy currents and
the decrease in wave activity allowed for enhanced preservation of the delicate quartz
overgrowths.

There is little feldspar present in the Ironton Sandstone. Unaltered feldspar is present
only in trace amounts, while altered feldspar has decreased. This may be due to the continued
recycling of the influx of sediment that was brought into the Hollandale embayment during Eau
Claire time. During Galesville time, the amount of unaltered feldspar decreased, while the amount
of altered feldspar increased. Finally, during Ironton time, enough recycling had occurred so that
the amount of altered feldspar surpassed the amount of unaltered feldspar.

The amount of matrix present is also greater in the Ironton Sandstone (average = 19.1
percent) as compared to the Galesville Sandstone (average = 7.2). This further supports Austin's

(1972) theory of a lower energy environment of deposition.

Recycling to produce the Franconia Formation:

The sediment of the Franconia Formation was derived from a different source than that of
the Ironton Sandstone. Northwestern Wisconsin and possibly northeastern Minnesota served as
the source of clastic material during Franconia time (Austin, 1972). The absence of the
Mazomanie Member on the western edge of the Hollandale embayment suggests that the section

of the Transcontinental arch located in western and central Minnesota did not confribute sediment
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to the basin (Austin, 1972). The Franconia was also deposited during a marine transgression
(Austin, 1969). If northwestern Wisconsin and northeastern Minnesota served as the sources of
clastic material, perhaps sediment input from rivers added to the overall decrease in common
quartz percentages and the overall increase in feldspar percentages.

Evidence for the recycling of underlying quartzose arenites to produce the Franconia
Formation is weak. Total quartz percentages in the Franconia Formation are much lower (average
= 84.5 percent) in comparison to the immediately underlying Ironton Sandstone (average = 98.4
percent). However, one also needs to remember that it is not only the Ironton sediment that is
available to produce the Franconia, but rather all of the underlying arenites as well as the likely
contribution of a influx of fresh sediment.

Direct petrographic evidence for the recycling of the feldspar of the underlying arenites to
produce the Franconia Formation is also lacking. If the feldspar was recycled, one would expect
the unaltered feldspar percentage to be even lower, and it is not (average = 10.6 percent). ltis
possible that this increase of unaltered feldspar is due to an influx of sediment being derived from
the different source areas. Northwestern Wisconsin and possibly northeastern Minnesota served
as the origin of clastic material during Franconia time. The missing Mazomanie Member at the
western edge of the Hollandale embayment implies that the section of the Transcontinental arch

located in western and central Minnesota did not add sediment to the basin (Austin, 1972).

Recycling to produce the Jordan Sandstone:

Runkel (1994) interpreted the Jordan lithofacies to represent a regressive sequence
deposited as part of a shoreline system that prograded across the Hollandale embayment, with
the lower Jordan being a feldspathic sandstone and the upper Jordan being a quartzose
sandstone. During this marine regression, it is likely that the sediments deposited during the
Franconian transgression were allowed ample time to be reworked and recycled into the lower

Jordan. In upper Jordan time, more abrasion eliminated the feldspars (supporting Runkel's
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classification). Why are there polycrystalline quartz grains present in the Jordan Sandstone
(average = 1.1 percent)? If indeed Runkel’s interpretation of the environment of deposition of the
Jordan is accurate, it is possible that addition of polycrystalline quartz grains occurred with a river
influx as the shoreline prograded. Again, the amount of multicycle quartz grains present has
decreased, and that seems logically due to the fragility of the overgrowths.

The overali lack of both altered and unaltered feldspar in the upper Jordan provides direct
evidence that the Franconia sands were recycled, eliminating the feldspar. Relative to the
underlying Franconia Formation, a minimal amount of unalitered feldspar is present (average = 1.3

percent), whereas the Franconia contains 10.6 percent.

Recycling to produce the New Richmond (Sandstone) Member of the Shakopee Formation:
Evidence for the recycling of the underlying quariz arenites to produce the New Richmond
(Sandstone) Member of the Shakopee Formation is minimal. The amount of multicycle quartz
decreases slightly, due possibly to the fragility of the quartz overgrowths.
Surprisingly, though, the amount of feldspar also increases with the New Richmond
Sandstone (average = 3.2 percent), with an average of 2.4 percent consisting of unaltered
feldspar. Perhaps a larger portion of the recycled sediment that was contributed to the New

Richmond was derived from the Franconia Formation.

Recycling to produce the St. Peter Sandstone:

The St. Peter Sandstone serves as a classic example of a clean quartz arenite.
However, it is not possible that the thin New Richmond Sandstone could have served as the sole
sediment contributor for the production of the St. Peter Sandstone. Where did the sediment come
from? Is it a first cycle quartz arenite produced from sediments derived from the Wisconsin dome
and Transcontinental arch? According to Suttner et al's (1981) specified conditions necessary to

produce a first cycle quartz arenite (Suttner (1981) determined that first cycle quartz arenites are
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feldspar of Eau Claire time was reworked and recycled to the point that during Ironton time, the
amount of altered feldspar surpassed the amount of unaltered feldspar.

4) Quantitative heavy mineral analyses indicate that subrounded to rounded garnet,
zircon, tourmaline, and rutile are the most abundant detrital non-opaque heavy minerals present in
the nine quartzose arenites. Also present in minor quantities are apatite, pyroxene, epidote,
staurolite and anatase. The most common opaque minerals present are magnetite, pyrite, and
hematite.

5) All nine of the units included in this study contain tourmaline grains with abraded
overgrowths; their presence also indicates that the arenites are multicycle in origin.

6) Because of the high concentration of garnet present in all nine of the arenites, a
ZTRG index is utilized (modified from the ZTR index of Hubert, 1962). The ZTRG index is the
total percentage of zircon, tourmaline, rutile, and garnet among the non-opaque, non-micaceous
detrital heavy mineral concentration in an arenite (Uribe, 1994).

7) It has long been speculated that the Late Proterozoic - Early Paleozoic quartz
arenites are multicycle in origin because of the presence of clean quartz sand (e.g. Matsch and
Ojakangas, 1982, p. 65; Dott and Batten, 1982, p. 283; Dott and Prothero, 1994, p. 236 ). The
surface of the craton was eroded for nearly 500 million years, and was certainly affected by rivers,
tides, winds, and glacial ice before being deposited in the epeiric sea (Dott and Batten, 1982, p.
283). This study now provides petrographic evidence that erosional processes during the Late
Cambrian - Early Ordovician marine transgressions and regressions played a substantial role in
the creation of these quartz arenites, thereby recycling grains from older exposed units within the

Hollandale embayment.
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