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Abstract

The youngest dune belt along Lake Michigan’s southern coast evolved through
four stages. The first stage began during the Nipissing transgression, ~6.0 ka, and
culminated at the Nipissing high, ~4.5 ka. Rising lake levels eroded the lake mar-
gins and generated sediment that was transported to southern Lake Michigan, cre-
ating the Tolleston barrier beach. The second stage, beginning ~4.5 ka with a rapid
lake level fall and continuing to ~3.0 ka, represents a major episode of transgres-
sive parabolic dune field development. Large, simple parabolic dunes, with east-
erly apices (85-105° azimuth) suggestive of westerly wind formation, developed
in a sand belt ~1-2 km wide. The third stage, from ~3.0 to 1.0 ka, was character-
ized by strandplain progradation and transverse ridge development west of Miller,
Indiana, and dune stabilization creating the Holland Paleosol east of Miller. Spo-
radic blowout activity from strong westerly winds redistributed the sand within
the dune field, amalgamating simple dune forms into compound, rake-like, and
nested parabolic dunes. The fourth and youngest stage, beginning ~1.0 ka, repre-
sents blowout development in a southeasterly direction (120-135° azimuth), in-
dicating a wind direction shift to the northwest. Blowouts, whether developed in
transverse ridges or in the northern arms of parabolic dunes, occur closest to the
lake. The timing of this blowout initiation coincides with a rise in the level of Lake
Michigan. However, a more likely development and maintenance mechanism for
these dunes is increased storminess with strong northerly and northwesterly winds
during the cooler months of the year.
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Introduction

The Great Lakes” shorelines host some of the larg-
est freshwater coastal dune systems in the world (Pe-
terson and Dersch, 1981). Most of the southern Lake
Michigan coast (Figure 1) was progradational through-
out the Holocene (Chrzastowski and Thompson, 1992;
1994), receiving sediments transported predominantly
by the westward littoral drift from the erosion of east-
ern shores. A high sediment supply, low regional to-
pography, and a favorable location, with respect to
strong westerly and northerly winds, led to the for-
mation of a barrier beach in the western part of the
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Tolleston Beach and large parabolic dunes in the east-
ern part. The barrier beach, which consists of a strand-
plain of dune capped beach ridges, and the down drift
strandplain are known as the Tolleston Beach. These
features formed in association with the mid-Holocene
Nipissing lake level high (Hansel et al., 1985; Thomp-
son and Baedke, 1997; Thompson et al., 2011; Fisher
et al., 2012; Thompson et al., this volume). The bar-
rier beach totals ~80 kmz, measuring ~3 km wide on
its western end in the Gary- Miller, Indiana area (Fig-
ure 1B), and narrowing in an east to northeasterly di-
rection (azimuth 68°) to ~0.6 km wide at the Indiana-
Michigan border.
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Figure 1. (A) Location of the study area in North America. (B) Shaded relief map of the study area (modified from http:/ /eros.
usgs.gov/ imagegallery/collection.php?type=ned_states). Letters with arrows east of Michigan City point to the dune locations
shown in Figure 1C. F— foredune (transverse ridge); N —nested parabolic dune; R —rake-like parabolic dune. White rectangles
show the locations of Figures 3C, 4A, and 5A. (C) Contour lines from topographic maps of coastal dunes in the study area. Con-
tour interval is 3 m (10 ft). Black arrows show the dune forming wind directions.
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Figure 2. (A) Foredunes in the eastern portion of the Indi-
ana Dunes State Park. (B) Transverse ridge (~6 m high) and
swale in the Miller Woods area of the Indiana Dunes National
Lakeshore.

Cowles (1899) made the earliest coastal dune refer-
ences, relating foredune types (Figure 2) to the plant spe-
cies growing on them and noting that active dunes and
blowouts were shaped by northwesterly winds. Cressey
(1928) described foredunes in the central part of Indi-
ana’s coast, from Gary to western Beverly Shores (Figure
1B), and noted that some of the most striking features
were tongue-like blowouts, called “slides” by early set-
tlers. He also noted an ~2.5 kmz zone in the present-day
West Beach (Figure 3C) area of Indiana Dunes National
Lakeshore (IDNL) from which dunes were removed for
construction projects in Chicago (Cressey, 1928). Olson
(1958a, 1958b, 1958¢c) completed the most comprehen-
sive work on the dunes’ evolution, describing the role
of vegetation on eolian processes and foredune ridge
development in this region of Lake Michigan. The tim-
ing of coastal dune development and dune reactiva-
tion was estimated from the study of paleosols (Win-
kler, 1962; Gutschick and Gonsiewski, 1976, Arbogast et
al., 2004), and sedimentary structures (Thompson, 1989)
at Mount Baldy dune in the IDNL. The evolution of the
beach, spits, and beach ridges along the southern Lake
Michigan coast was summarized by Chrzastowski and
Thompson (1992; 1994), Thompson (1992), and Thomp-
son et al. (2004). More recent studies in the area’s coastal
dunes have examined the sand transport rates in ac-
tive blowouts (Olyphant and Bennett, 1994; Bennett and
Olyphant, 1998; Fraser et al., 1998; Yurk et al., this vol-
ume). This paper describes the types of coastal dunes
along southern Lake Michigan and reconstructs their
geomorphic history since the mid-Holocene.

Methods

U.S. Geological Survey (USGS) 7.5 min topographic
maps, aerial photographs, color orthoimagery, and
digital elevation models (DEMs) were used during
field work and in the lab to measure dune dimensions,
recognize specific dune types, trace dune crests, and
to determine the orientation of parabolic and blowout
dune axes.

Optically stimulated luminescence (OSL) samples
were collected by driving PVC pipe laterally into the
walls of pits dug 0.3-2.1 m deep into the dunes. OSL
analyses were conducted at the Department of Earth
and Atmospheric Sciences, University of Nebraska-Lin-
coln. OSL sample preparation was performed under
amber-light conditions. Samples were first wet sieved to
extract the 150-250 pm fraction, and then treated with
HCI to remove the carbonates and hydrogen peroxide
to remove organics. Quartz and feldspar grains were ex-
tracted by flotation in a 2.7 g cm-3s sodium polytungstate
solution, then soaked in a 48% HF treatment for 75 min,
followed by 30 min in a 47% HCI solution. The samples
were resieved and the <150 pm fraction discarded to re-
move the residual feldspar grains. The etched quartz
grains were mounted on the innermost 2 mm or 5 mm
of 1 cm aluminum disks using Silkospray.

Chemical analyses were performed using a high-
resolution gamma spectrometer. Dose-rates were cal-
culated using the methods of Aitken (1998) and Ad-
amiec and Aitken (1998). The cosmic contribution to
the dose-rate was determined following Prescott and
Hutton (1994). OSL analyses were performed on a
Riso Automated OSL Dating System Model TL/OSL-
DA- 15B/C, equipped with blue and infrared diodes,
using the single aliquot regenerative dose (SAR) tech-
nique (Murray and Wintle, 2000). Preheat and cutheat
temperatures were based on preheat plateau tests be-
tween 180° and 280 °C. Dose-recovery and thermal
transfer tests were also conducted (Murray and Win-
tle, 2003). Growth curves were examined to determine
whether the samples were below saturation (D/D. <2;
Wintle and Murray, 2006). Optical ages are based on a
minimum of 20 aliquots. However, more than 50 ali-
quots were used for the majority of samples. Individ-
ual aliquots were monitored for insufficient count-rate,
poor quality fits (i.e., large error in the equivalent dose,
De), poor recycling ratio, strong medium versus fast
component (Durcan and Duller, 2011), and detectable
feldspar. Aliquots deemed unacceptable using these
criteria were discarded from the data set prior to av-
eraging. Averaging was performed using the Central
Age Model (CAM) (Galbraith et al., 1999), unless the
D. distribution (asymmetrical distribution; decision ta-
ble of Bailey and Arnold, 2006), indicated that the Min-
imum Age Model (MAM) (Galbraith et al., 1999) was
more appropriate.

In order to more closely correlate '*C and OSL data,
radiocarbon ages were calibrated to calendar years
(with a 20 range) using the software CALIB REV 6.1.0
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Figure 3. (A) Aerial photograph of the Gary, Indiana, airport area taken on 12 September 1951. (B) Aerial photograph of Miller
Woods area taken on 12 September 1951. White dashed lines follow the trend of the transverse (beach) ridges. (C) Digital eleva-
tion model of the Miller-West Beach-Ogden Dunes area delineated in Figure 1B. Letters mark the different coastal dune types:
B —blowout; H—hairpin parabolic; L —lobate parabolic; N —nested parabolic; W —windrift.

(Stuiver and Reimer, 1993) with the IntCal04 calibration = dunes (Figure 1B) that transgressed on the Calumet-

curve (Reimer et al., 2004). level (189 m) shoreline, 10,730 cal yr B.P. (ISGS-1097) to
13,200 cal yr B.P. (ISGS-1218) (Hansel and Mickelson,
Results 1988). The most abundant, tallest, and youngest dune
belt, which is the subject of this study, developed in as-
Dune Geomorphology sociation with the Tolleston Beach (184.5 m) shoreline,

beginning with the Nipissing high (~4.5 ka) and con-

There are three eolian dune belts along Lake Mich-  tinuing through to the present time (Hansel and Mick-

igan’s southern margin. Farthest inland are the old-  elson, 1988; Thompson, 1992). This youngest dune belt

est and least preserved dunes that transgressed on the  has a great variety of foredunes, blowouts and para-

Glenwood-level (195 m) shoreline of glacial Lake Chi-  bolic dunes, which will be described following the dune

cago, dated between 11,380 cal yr B.P. (W-161) to 16,650  morphology classification scheme presented in Table 2
cal yr B.P. (ISGS-1570). North of these are younger  (modified after Pye, 1982, 1983; Hesp, 2002).
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The geomorphic history of the youngest dune belt
along the southern coast of Lake Michigan is revealed by
the OSL sand ages collected from: (1) the Mount Baldy
blowout (Table 1, OSL samples MB1-6); (2) a hairpin par-
abolic dune south of the Mount Baldy blowout (Table 1,
OSL samples IDNL#1, 2); (3) a windrift dune east of the
Kintzele Ditch (hereafter referred to as the Kintzele Ditch
dune) (Table 1, OSL samples IDNL #3 and KD #1-3); (4)
a windrift dune south of the IDNL parking lot at Kemil
Road (hereafter referred to as the Kemil Road dune) (Ta-
ble 1, OSL sample IDNL #7); (5) the Beach House blow-
out in the Indiana Dunes State Park (IDSP; Table 1, OSL
samples IDSP # 1-6); (6) a blowout in West Beach of
the IDNL (Table 1, OSL samples IDNL #4-6); and (7) a
nested parabolic dune in the Inland Marsh at the IDNL
(Table 1, OSL sample IDNL #8).

Foredunes

Foredunes are defined as shore-parallel dune ridges
that form above the backshore by eolian sand deposition
within vegetation (Hesp, 2002). There are four types of
foredunes along the backshore of southern Lake Michigan:
(a) incipient foredunes; (b) established foredunes; (c) trans-
verse ridges; and (d) anthropogenic foredunes (Table 2).

Incipient foredunes, also known as primary, shadow,
or embryo dunes (Pye, 1983), are new or developing
foredunes that form within pioneer plant communi-
ties (Hesp, 2002). Incipient foredunes along southern
Lake Michigan (Figure 2A) have a 1-3-m-high ramp-
like lakeward profile. Their inland side has a terrace-
like morphology, measuring ~30 m wide, and abuts an
established foredune or dune. A patchy cover of mar-
ram grass (Ammophila breviligulata) traps the sand and
promotes vertical and lateral foredune growth. Incipi-
ent foredunes along the backshore in the IDSP, western
Dune Acres, West Beach, Miller, and Gary, Indiana, ar-
eas (Figure 1B) developed since the late 1980s, follow-
ing the highest Lake Michigan levels in the last century.
These foredunes are prone to extensive erosion by late
fall and spring storms.

Established foredunes develop from incipient fore-
dunes. They are distinguished by their greater morpho-
logical complexity, height, width, age, and geographical
position (Hesp, 2002) and by the growth of intermediate
successional, typically woody, plant species on them. In
our study area, there are two or three established fore-
dune ridges (Figure 2A) farther inland from and parallel
to the incipient dunes. The transition from an incipient
to an established foredune is marked by a 2-3-m-high
ramp and a denser vegetative cover consisting of mar-
ram grass, sand reed grass (Calamovilfa longifolia), little
bluestem bunchgrass (Schizachyrium scoparium), sand
cherry (Prunus pumila), and small cottonwoods (Pop-
ulus deltoides) (Olson, 1958b). In the Gary and western
Dune Acres backshore (Figure 1B), there are three sets
of terrace-type (Hesp, 2002) established foredunes, 90-
120 m wide. There is little difference in the vegetation
cover on these foredunes, suggesting that they formed
within the last half century. Olson (1958c) noted that

late in the nineteenth century, after the high lake levels
of 1861, 1876, and 1886, many areas of the southern Lake
Michigan shore had no foredunes at all. There is a sin-
gle established, 10-30-m-wide foredune with the terrace
morphology in Miller, West Beach, the western Ogden
Dunes, central Dune Acres, the western IDSP, and west-
ern Beverly Shores (Figs. 1B and 4A).

The most complete set of foredunes is in the eastern
part of the IDSP. An incipient foredune, ~1 m tall and 20
m wide, lies next to an established terrace-type foredune,
~3 m tall and 30 m wide. Farthest inland is a 2-km-long,
60-m-wide, and 10-m-tall transverse ridge separated
from the parabolic dunes by a 10-15-m-wide swale (Figs.
2B and 5B). Vegetation on this transverse ridge includes
red dogwood (Cornus sericea), choke cherry (Prunus vir-
giniana), white pine (Pinus strobus), jack pine (Pinus bank-
siana), black oak (Quercus velutina), red oak (Quercus ru-
bra), and basswood (Tilia americana), similar to vegetation
on the parabolic dunes (Olson, 1958b).

There are three active and four recently healed blow-
outs cross-cutting this transverse ridge (Figure 5A). Ob-
servations of the sediments in the blowout dunes de-
veloped through this transverse ridge suggest that the
foredunes formed on the gravels and sandy gravels of
the Nipissing shoreline.

Originally, there were numerous transverse ridges
(Figure 3) separated by swales (Olson, 1958c; Thomp-
son, 1992) in the rapidly prograded Tolleston Beach area
west of Miller (Figure 1B). More than 150 transverse
ridges, 1.5-2.5 m high (Thompson, 1992) and up to 10
km long, ran parallel to the modern shoreline west of
Gary (Figure 3A). Most of these transverse ridges were
obliterated by industrial and municipal development
beginning in the early 1900s. A series of smaller trans-
verse ridges is best preserved east of the Gary Airport,
while taller transverse ridges (Figure 2B) are best pre-
served within the Miller Woods area of the IDNL.

Thompson (1992) described these landforms as
beach ridges. They consist of a core of foreshore depos-
its capped with eolian strata. The ridges formed in re-
sponse to quasi-periodic 30-yr lake level fluctuations
(Olson, 1958c; Thompson, 1992). Radiocarbon ages on
organic material collected from nineteen transverse
ridges varied from ~3000 cal yr B.P. (3 km away from
the modern shoreline) to ~500 cal yr B.P. (700 m away
from modern shoreline) (Thompson, 1992). Farther east,
in the Miller Woods area (Figure 3B), the 150 transverse
ridges coalesce into 50 transverse ridges, ranging from
3.7 to 6.1 m high (Thompson, 1992) and 2 to 5 km long
(Figure 3C). These transverse ridges formed in response
to meso-scale (0.8-0.9 m) lake level fluctuations with an
approximate ~150 year periodicity (Thompson, 1992).
These ridges also show a lakeward decrease in age
(Thompson, 1992), from ~3500 cal yr B.P., 1.8 km away
from the modern shoreline, to ~500 cal yr B.P. ~0.3 km
away from the modern shoreline.

Anthropogenic foredunes exist in the backshore of the
western Indiana coast, west of Gary (Figure 1B), where
few, if any, of the natural coastal landforms exist today.
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Figure 4. (A) Digital elevation model of the area delineated in Figure 1B. Letters mark the different coastal dune types: B—blow-
out; H—hairpin parabolic; N —nested parabolic; W —windrift. (B) Stoss side of the Mount Baldy blowout. The dark arrow points
to the Holland Paleosol and the white arrow points to the Entisol/clay layer. Black lines mark the orientation of eolian strata
above and below the Holland Paleosol. Dashed lines with arrows point in the dip direction of the eolian strata. Letters MB with
numbers 1 through 6 show the locations of the optically stimulated luminescence samples listed in Table 1. (C) The lee side of
Mount Baldy blowout is a long, wide precipitation ridge, advancing over the adjacent forest.

Table 2. Classification scheme for coastal dune forms along southern Lake Michigan

Coastal dune type

Brief description of dune geometry

Foredunes

(a) Incipient foredunes

(b) Established foredunes

(c) Transverse ridges
(beach ridges)
(d) Anthropogenic
foredunes

Transgresive dunes

(A) Blowouts
(a) Trough-shaped

(b) Saucer-shaped
(c) Precipitation ridges

(B) Parabolic dunes

Simple

(a) Lobate

(b) Hairpin

(c) Windrift
Compound

(a) Rake-like

(b) Nested

Shore-parallel dune ridges formed on top of the backshore by aeolian sand deposition.

Low (1-3 m) ridges with widths ranging from 1s-10s of meters, forming within pioneer plant communities
closest to the shore.

Taller (2-5 m) and broader (10s-100s m) ridges with denser vegetation, possibly including woody plants,
separated from the shore by incipient foredunes or by shore-facing erosional scars.

Narrow (1s-10s m) and tall (1s-10s m) forested ridges with steep (15-30°) slopes, often separated by a

swale from the parabolic dunes.

Man-made sand ridges parallel to the shore, built for protection from the waves and often planted with nonnative
vegetation.

Aeolian sand deposits formed by the downwind movement of sand transgressing a preexisting terrain.

Depressions formed by wind erosion on a preexisting sand deposit.

Narrow (1s-10s m) and elongated (10s-100s m) depressions in aeolian dunes with a 3:1 or higher length
to width ratio.

Depressions in aeolian dunes that often have a greater width (10s-100s) than length (10s m).

Transgressive dunes or saucer-shaped blowouts with laterally extensive slip faces which advance landward
over forested areas.

Bow-shaped dunes with trailing arms pointing upwind and fixed on their outer sides by vegetation.

Aeolian dunes with a simple parabolic form.

Bow-shaped aeolian dunes with an arm length to width ratio of 1 to 3.

Elongated, U-, or V-shaped dunes with a length to width ratio higher than 3.

Linear parallel or converging ridges with a breached nose (apex).

Aeolian dunes with multiple or complex parabolic forms.

Aeolian dunes which consist of three or four arms emanating from a common parabolic apex.

Two or more lobate or hairpin dunes coalesced together or within a larger parabolic dune.

Modified from Pye (1982; 1983); and Hesp (2002).
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Figure 5. (A) Digital elevation model of the area delineated in Figure 1B. Letters mark the different coastal dune types: B—blow-
out; H—hairpin parabolic; N —nested parabolic; R —rake-like parabolic; T — transverse ridge; W — windrift. The white circle shows
the area with the tallest dunes along the southern shore of Lake Michigan discussed in this paper. The white rectangle shows the
location of the Beach House blowout shown in Figure 5B. (B) A view from the southern crest of the Beach House blowout. Letters
IDSP with numbers 1 through 6 show the locations of the optically stimulated luminescence samples listed in Table 1.

There are also anthropogenic foredunes adjacent to the
seawall in eastern Ogden Dunes, to the bulkheads in east-
ern Dune Acres, to the revetment in Beverly Shores, and
along the entire length of the backshore from Michigan
City to the Michigan border (Figure 1B). Similar to other
densely populated coastal areas (Nordstrom, 1994), fore-
dunes are often eliminated to facilitate shorefront con-
struction and then are subsequently rebuilt to provide
protection from the waves. However, the reconstructed
foredunes are usually smaller than the original foredunes
and built lakeward of their former equilibrium location.

Transgressive Dunes
Transgressive dunes are eolian sand deposits formed
by the downwind movement of sand advancing or trans-

gressing over an existing terrain (Hesp and Thom,
1990). In a humid coastal region, there is a strong con-
trast between moving sand and the types of surfaces
being transgressed. Buried soils, peat, or stumps ex-
posed on deflated windward slopes indicate dune trans-
gression (Hesp and Thom, 1990). Transgressive dunes
along the southern shore of Lake Michigan are typi-
cally low perched dunes (Arbogast, 2009) as they lie on
former lake plains only a few meters above the present
lake level. Other transgressive dune forms in the study
area include two types of blowouts: trough and saucer
shaped, three types of simple parabolic dunes: lobate,
hairpin, and windrift, and two types of compound par-
abolic dunes: rake-like and nested (Table 2, Figure 1C;
Pye, 1982, 1983; Hesp, 2002).
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Blowouts

Blowout dunes are saucer-, cup-, or trough-shaped
depressions formed by wind erosion on a preexisting
sand deposit (Cooper, 1958; Hesp, 2002). Currently,
there are two dozen active blowouts and another two
dozen recently stabilized blowouts in the study area.
Mount Baldy dune (Figure 3) in the IDNL, ~2 km west
of Michigan City, Indiana, is the largest active blow-
out along the southern coast of Lake Michigan. Mount
Baldy is a saucer-shaped, 600-m-wide dune with a 250
m axis trending 135° azimuth. This blowout developed
by erosion of a compound, nested parabolic dune. Its
history was revealed by the pattern of the exposed Hol-
land Paleosol (Arbogast et al., 2004) and the easterly
(80-90° azimuth) dip direction of the grainflows and
pin stripe laminations below this paleosol (Figure 4B). A
change in the orientation of the grainflows (125-135° az-
imuth) above the Holland Paleosol (Figure 4B) suggests
a shift from the earlier westerly parabolic dune building
wind direction to a dominant northwesterly wind.

The development of coastal structures (piers at the
mouth of Trail Creek and a breakwater in front of
the harbor) in Michigan City prompted severe beach
erosion in this area. Consequently, the Mount Baldy
blowout advanced rapidly inland in response to the
decreased sediment supply on the lakeward side of
the dune. Previous studies (Wood and Davis, 1986;
Olyphant and Bennett, 1994; Bennett and Olyphant,
1998; Fraser et al., 1998) showed Mount Baldy ad-
vanced inland at an annual rate of 1-1.5 m. However,
our current studies (from 2007 to 2012) indicate an an-
nual advance up to 4-6 m. These rates are based on
the position of the base of the lee slope as measured
against the trunks of selected reference trees. This is
the highest rate of dune movement in the Great Lakes
region (Hansen et al., 2004, 2006, 2009; van Dijk, 2004).
Therefore, due to its rapid landward advance (Figure
4C) and the subsequent burial of the heavily forested
arm of another parabolic dune, Mount Baldy dune
could also be classified as an advancing precipitation
ridge (Cooper, 1958; Pye, 1983).

Big Blowout (Figure 5A) was the largest of all the
blowout dunes along southern Lake Michigan when it
was completely mobile. Its 700-m-long axis, trending in
a southeasterly direction (125° azimuth), extends over
the entire width of the Tolleston Beach dune belt in the
eastern IDSP. This saucer-shaped blowout attains a 450
m width and a 30 m height near its landward bound-
ary with the Great Marsh (Figure 5A). Most of Big Blow-
out is currently stabilized by marram grass, reed grass,
and scattered cottonwood trees. However, a few patches
of barren and active sand remain in the northern part of
the blowout.

Nearby, the Beach House blowout (Figure 5) is still
active and exhibits a bowl-like morphology. The land-
ward rim of the Beach House blowout is ~30 m high,
and its 300-m-long axis points in a southeasterly di-
rection (135° azimuth). Until recently, the width of the
blowout was ~250 m. However, the open portion of the

blowout currently measures ~40 m wide and 150 m long
as much of it is vegetated by marram, reed grass, and
scattered cottonwood trees. A remnant of the Nipiss-
ing phase beach, containing beach shingle gravel, is ex-
posed in the middle of the Beach House blowout.
Trough blowouts are more narrow and elongated
than saucer, bowl or cup forms. In the early 1900s, many
of these so-called “slides” (Cressey, 1928) were active.
However, only a few trough blowouts are currently mo-
bile along the southern coast of Lake Michigan as most
are vegetated with marram grass and various shrubs.
The three tallest dunes (48-52 m) along the southern
shore of Lake Michigan, Mount Holden, Mount Jack-
son, and Mount Tom (Figure 5A), are recently stabilized
trough blowouts with small patches of mobile sand.

Parabolic Dunes

Parabolic dunes have an open, bow-shaped form in
plan view. The dune’s “trailing arms” point upwind
and are fixed by vegetation. Conditions favoring para-
bolic dune development include a generally stabilized
surface over which the dunes migrate, a considerable
thickness of sand, and unidirectional winds (Pye, 1983).
Transgressive parabolic dunes are the most common
dunes along southern Lake Michigan. These dunes have
simple (lobate, hairpin, and windrift) parabolic dune
morphologies. But compound parabolic dunes with ei-
ther a rake-like or nested morphology are more com-
mon (Table 2, Pye, 1983; Kilibarda and Blockland, 2011).

Vegetation plays a key role in parabolic dune devel-
opment. Conditions that stimulate vegetation growth
over a migrating sand dune include an increase in pre-
cipitation or a reduction in wind strength. Plants first in-
vade locations with low rates of sand erosion or deposi-
tion, such as the arms and/or the crest. This vegetation
reduces the wind’s strength and traps the sand. Sand
accumulates mainly at the crest where the sand flux is
highest. This deposition kills the vegetation, thus lower-
ing the erosion or deposition rate at the crest again, and
a new vegetation growth cycle on the crest may begin.
As a result, the parabola’s apex moves forward, and the
arms are left behind, seemingly “stretching” the para-
bolic dune (Duran and Herrmann, 2006).

The fixation index, a dimensionless control parameter,
defined as a ratio between the sand erosion rate and the
vegetation growth rate (Durdn and Herrmann, 2006), de-
termines which type of parabolic dune will develop. Lo-
bate parabolic dunes develop at a fixation index of 0.16,
more elongated hairpin parabolic dunes at a fixation in-
dex of 0.22, and the most complex, nested parabolic
dunes develop at a fixation index of 0.27 (Duran and Her-
rmann, 2006). In other words, higher rates of erosion and
vegetation destruction create more complex parabolic
dune morphologies. Transgressive parabolic dunes along
the southern shore of Lake Michigan are now stabilized
by lush mesic forests consisting of black oak (Quercus ve-
lutina), red oak (Quercus rubra), basswood (Tilia ameri-
cana), white pine (Pinus strobus), jack pine (Pinus banksi-
ana), and cottonwood (Populus deltoides) (Olson, 1958c).
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The simplest parabolic dune form is the lobate dune
(Table 2). The arm length in lobate dunes is ~250 m,
while the arm width is ~50 m. The spacing between
these arms is ~150 m. The relative height of the lobate
dune increases from its windward arms (5- 10 m) to-
ward its parabolic apex (15-20 m). Lobate dunes are
found mostly in the western, upwind region of the dune
belt and on the landward edge of the dune field (Figure
3C). Hairpin parabolic dunes (Figs. 3C, 4A) develop due
to the extension of a lobate dune’s arms by the down-
wind migration of dune’s apex. The arms of several hair-
pin dunes in the western part of this dune field reach a
length of 500 m. The lobate and hairpin parabolic dune
apices point in an easterly direction (85-105° azimuth),
indicating dominant westerly winds during their devel-
opment (Figure 1B). OSL sample IDNL#1, collected 4 m
below the top of a hairpin dune (Figure 4A), yielded an
age of 2.70 + 0.15 ka (Table 1). A group of smaller (less
than 10 m in height), mostly lobate parabolic dunes, be-
tween Gary and Ogden Dunes, has a less ordered apex
orientation that varies from east to southeast. This sug-
gests both westerly and northwesterly wind directions
during their formation. These dunes are north of an ero-
sional disconformity, defined by Thompson et al. (2004)
as the post-Nipissing fall discontinuity between the Al-
goma-phase and older Nipissing beach ridges.

Windrift dunes (Figs. 3C, 4A, 5A) are linear ridges that
represent the remnant arms of hairpin parabolic dunes
whose transverse sections have blown away (Pye, 1982).
They are present on both the landward and lakeward
margins of the dune belt between Central Beach and
Mount Baldy (Figure 4A). Windrift dunes trend west-
east and range in length from 500 to 800 m. Two windrift
dunes west of Mount Baldy are the remaining arms of
parabolic dunes whose other arm eroded during the early
1900s development of Michigan City. The Kintzele Ditch
windrift dune is 3.9-4.2 ka old (Table 1, samples KD#2,
3). A similar OSL age of 3.92 ka (Table 1, sample IDNL#7)
was obtained from the Kemil Road windrift dune on the
inland edge of the dunefield (Figure 5A).

The most common dunes are compound parabolic
nested dunes (Figs. 3C, 4A, 5A) that represent the amal-
gamation of lobate and hairpin dunes. Often three, four
or five simple parabolic dunes will coalesce into com-
pound, nested parabolic dunes, 0.8-1.2 km long, 0.6-
0.8 km wide, and 20-30 m tall. Nested parabolic dunes
are most abundant in the central part of the study area
between the western Dune Acres and the Mount Baldy
blowout (Figure 1B). The ages of the nested parabolic
dunes vary from ~4.3 ka (OSL sample MB2 in Table 1) to
~1.9 ka (OSL sample MB3 in Table 1).

Rake-like compound parabolic dunes (Figure 1C)
consist of three or four arms emanating from a com-
mon parabola apex. The height of these dunes is gener-
ally less than 15 m. Rake-like parabolic dunes are found
north of Cowles Bog in the western Dune Acres (Figure
1B), southeast of the Beach House blowout in the IDSP
(Figure 5A), and east of Michigan City (Figure 1B). In all
these locations, the rake-like parabolic dunes have mi-
grated obliquely of the landward side of the Tolleston

Beach into the ~1-km-wide shore-parallel wetlands
known as the Great Marsh (Figure 1B). Both the nested
and rake-like parabolic dunes trend in an easterly direc-
tion (85-105° azimuth), indicating dominant westerly
winds during their development (Figure 1B).

Sedimentary Structures

Nearshore and Eolian Strata in the Early Tolleston Beach

Foredunes and windrift dunes, when eroded by
storms, and active blowouts provide the best views of
the lacustrine and eolian sedimentary structures pre-
served in the Tolleston Beach sediments. October
through April are the best months to study these struc-
tures here as the dune vegetation is dormant and strong
winds are common. Northerly and northwesterly winds
frequently exceed speeds of 15 m/s (54 km/h) (Yurk
et al., this volume) during this time and these strong
winds can deflate loose sand from the blowout surfaces,
exposing older eolian sedimentary structures. In addi-
tion, these winds generate the highest waves, up to 6.3
m high (Hubertz et al., 1991), which severely erode the
foredunes and dunes.

The Kintzele Ditch dune (Figure 4A) exhibits the most
complete sequence of lacustrine and eolian strata (Fig-
ure 6). This sequence can remain exposed for several
days after major storms. A dark-blue clay layer, ~1.5 m
thick, and containing carbonized plants, freshwater algae,
snails, clams, ostracods, and fish fossils (Gutschick and
Gonsiewski, 1976), lies at the base of this exposure. The
total length of the clay exposure in the last five years was
~100 m. During the high lake levels in the early 1970s
(Gutschick and Gonsiewski, 1976) and the mid-1980s
(Thompson, 1989), this clay layer could be traced along 3
km of the shoreline. A wood fragment from the top of the
clay layer had a radiocarbon age of 4860-5890 cal yr B.P.
(USGS-W3246) (Gutschick and Gonsiewski, 1976).

Above the clay lies a sequence of cross- and horizon-
tally bedded strata ~6 m thick. Thompson (1989) distin-
guished four depositional facies, washover, eolian, long-
shore trough, and bar based on the overall geometry,
sedimentary structures, and sediment textures within
these strata. These facies represent the Nipissing trans-
gression that peaked ~4.5 ka.

The eolian facies contains foresets of cross-bedded
strata up to 2.5 m thick, dipping steeply (25-30°) toward
the east-southeast (90-95° azimuth) (Thompson, 1989).
Fresh exposures of these eolian foresets can be traced
laterally for 30-35 m. OSL sample IDNL#3, collected
20 cm above the clay layer, had an age of 4.02 + 0.30 ka
(Table 1). A flat bounding surface, ~6 m above the clay
layer, separates the thick sets of eolian strata from the
nearshore sediments below them. The age of OSL sam-
ple KD#1 (Table 1), collected 76 cm below the bound-
ing surface, was 4.77 + 0.25 ka, while sample KD#2, col-
lected 87 cm above the bounding surface (Figure 6), had
an age of 4.41 + 0.21 ka.

Several paleosols can be found within the eolian
strata. There is a 5-cm-thick, organic-rich A horizon
from an Entisol ~3 m above the base of the eolian strata
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Figure 6. Exposure of the eroded windrift dune east of Kintzele Ditch (Figure 4A). The white stars with letters and numbers show
the stratigraphic positions of the optically stimulated luminescence samples collected at this site. The most complete exposure of
the Tolleston Beach stratigraphy in the study area is at this location.

(Figure 6). Another Entisol, with a thicker (10 cm) A ho-
rizon, lies approximately midway through the eolian se-
quence and above the previous Entisol at this exposure
(Figure 6). The age of OSL sample KD#3, collected be-
tween these two Entisols, was 3.87 + 0.19 ka.

Paleosols

There is one prominent Spodosol, the Holland Pa-
leosol (Arbogast et al., 2004), and multiple Entisols bur-
ied in the coastal dunes along southern Lake Michigan.
The best exposure of the Holland Paleosol is on the stoss
side of the Mount Baldy blowout (Figure 4B). The Hol-
land Paleosol profile is 135 ¢cm thick here, and consists
of a 7-15-cm-thick A and AE horizon (Figure 7A), be-
low which are a 10-cm-thick BE, and a 30-cm-thick Bs
horizon (Arbogast et al., 2004). The upper portion of the
A horizon is feathery, suggesting slow soil burial. Arbo-
gast et al. (2004) obtained radiocarbon ages on charcoal
collected from one of the underlying Entisols (calibrated
age of 2140-1930 years) and on three charcoal samples
from the Holland Paleosol (calibrated ages ranged from
420 years to modern). Three radiocarbon ages were also
obtained on charcoal collected from Mount Baldy’s
stoss side (Gutschick and Gonsiewski, 1976). The old-
est sample, collected near the dune’s base, ~50 cm above
a pedogenically altered clay layer (Figure 4B, white

arrow), had an age of 3480-4780 cal yr B.P. (USGS-
W3243). A charcoal sample from the Entisol 50 cm be-
low the Holland Paleosol yielded an age of 3000-4080
cal yr B.P. (USGS-W3242). The youngest age, 0- 640 cal
yr B.P. (USGS-W3241), was on a wood sample collected
from the Holland Paleosol.

We collected four sand samples for OSL age analy-
ses above and below the Holland Paleosol at this site.
OSL sample MB 5, collected 1 m below the Holland Pa-
leosol (Figure 4B), yielded an age of 4.00 + 0.25 ka. The
age of OSL sample MB 6, collected 12 cm above the Hol-
land Paleosol, was 0.06 £ 0.04 ka (Table 1). Farther east,
where the paleosol bends downward toward its lowest
elevation on the stoss side (Figure 4B), OSL sample MB
3, collected 90 cm below the Holland Paleosol, yielded
an age of 1.92 + 0.17 ka. The age of OSL sample MB 4,
collected 40 cm above the Holland Paleosol, was 0.93 +
0.19 ka (Table 1).

The Holland Paleosol is also exposed in the upper
part of the Beach House blowout (Figure 7C), ~8-10 m
below the crest. At this site, the A and AFE horizons are
6-14 cm thick, the BE horizon is 5 cm thick, and the Bs
horizon is ~25 cm thick. Eolian strata below this paleo-
sol (Figure 7C) dip gently (~10°) in an easterly direc-
tion (95° azimuth). OSL sample IDSP#6, collected 1.4
m below the paleosol, had an age of 3.54 + 0.15 ka. OSL
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Figure 7. Paleosols in coastal dunes along southern Lake Michigan. (A) Holland Paleosol (HP) and a thin Entisol (En) at the Mount
Baldy blowout near the MB 6 optically stimulated luminescence (OSL) sample location shown in Figure 4B. Climbing wind rip-
ples (cwr) are seasonal features found on the dune’s stoss side from May through October. These ripples are eroded by strong
winds during the stormier months of the year (October-April). Below the climbing wind ripples are steeply dipping (~20°) eo-
lian strata, including grainflows (gf). These grainflows have the coarsest sand of all the eolian strata. (B) Upper Entisol in the West
Beach area (Figure 3C) where OSL sample IDNL #4 was collected. Note the large stump in its growth position on the left. The ma-
chete handle is 15 cm long. (C) HP —Holland Paleosol and a thin Entisol (En) in the upper part of the Beach House blowout. (D)
Two weak Entisols (En) in the lower part of the Beach House blowout. (E) Lower Entisol in the West Beach area where OSL sam-
ple IDNL #5 was collected. The dashed white lines are drawn parallel to the lamination within the eolian strata. The white PVC

caps of the OSL tubes are 6.5 cm in diameter.

sample IDSP#4 (Figure 7C), collected 25 cm below the
paleosol, had an age of 1.36 + 0.11 ka. A thin (1-2 cm)
Entisol, ~20- 25 cm above the Holland Paleosol (Fig-
ure 7C), developed on a surface sloping 15° toward the
southeast (145°). OSL sample IDSP#5, collected between
the Holland Paleosol and this thin Entisol (Figure 7C),
had an age of 0.64 + 0.21 ka.

Two Entisols are found in the lower part of the Beach
House blowout along its eastern wall. The upper Entisol
(Figure 7D) is ~5 cm thick with relatively sharp bound-
aries, suggesting a short existence and rapid burial. OSL
sample IDSP#3, collected 6 cm above this upper Enti-
sol (Figure 7D), has an age of 4.22 £ 0.31 ka. The second
Entisol lies ~25 cm below the upper Entisol. This Enti-
sol is older, thinner (2-3 cm thick), and also has sharp
boundaries, indicating, again, a brief episode of soil

development and dune stability. The age of OSL sample
IDSP#2, collected between these two Entisols, was 4.33 +
0.30 ka. The age of OSL sample IDSP#1, collected 20 cm
below the older Entisol (Figure 7D), was 3.90 + 0.29 ka.
There are also two Entisols exposed on the east wall
of the blowout in the West Beach area (Figure 3C). The
younger Entisol (Figure 7B) lies ~6 m below the blowout
crest and contains a 15-21-cm-thick A horizon, and an
~30-cm-thick AC horizon with scattered pieces of char-
coal and dark organic matter. The age of OSL sample
IDNL#4, collected 10 cm above this Entisol, was 0.30 +
0.09 ka. The older Entisol lies ~4 m below the upper En-
tisol and consists of an ~15-20-cm-thick A horizon and
an ~35-cm-thick AC horizon (Figure 7E). The age of OSL
sample IDNL#6, collected 12 cm above the lower En-
tisol, was 0.37 £ 0.03 ka, while the age of OSL sample
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IDNL#5, collected 65 cm below the lower Entisol (Fig-
ure 7E), was 0.68 + 0.07 ka.

Combining the OSL sand ages with the *C ages on or-
ganic material from the paleosols (Gutschick and Gon-
siewski, 1976; Arbogast et al., 2004) and the transverse
ridges (Thompson, 1992) indicates that the formation of
the Tolleston Beach (~6- 4.5 ka) was followed by three ep-
isodes of dune development. Data from the Mount Baldy
blowout, the Kintzele Ditch and Kemil Road dunes, the
Beach House blowout, and the Inland Marsh dune sug-
gest that most of the parabolic dunes east of Ogden
Dunes and south of the erosional disconformity (Thomp-
son et al., 2004) developed in the first episode of dune
building between 4.5 and 3.0 ka. The second episode of
dune building (~3-1.0 ka) was marked by localized dune
remobilization at the Mount Baldy and Beach House
blowouts and the development of the Holland Paleosol
in other locations. OSL and *C ages at Mount Baldy, and
the Beach House and West Beach blowouts indicate the
youngest episode of dune building began ~1.0 ka. At this
time, a shift in the storm wind direction induced dune re-
activation, forming southeast facing blowouts.

Internal Sedimentary Structures within Coastal Dunes

The most diverse display of the dunes” internal sed-
imentary structures occurs after wind storms accompa-
nied with rain or snow. Low angle erosion of the wet
dune surface at the relatively flat crest of Mount Baldy
sometimes reveals the wood grain lamination (Loope
and Abegg, 2001) of inversely graded climbing wind
ripples (Figure 8A). Hunter’s work in the coastal dunes
of Oregon and the Gulf of Mexico (1977) defined these
subcritically climbing translatent strata as the most im-
portant criterion in distinguishing eolian from water-
laid strata. Climbing wind ripples at Mount Baldy con-
tain very fine, sand-sized, dark-colored, heavy mineral
grains at their base and coarser, fine to medium, sand-
sized quartz grains at their top.

Good exposures of pin stripe laminations (Fryberger
and Schenk, 1988) can also be seen at Mount Baldy (Fig-
ure 8B) in the late fall and winter, a day or two after
strong rainstorms. Pin stripe laminations represent con-
centrations of finer, silt- to very fine sand-sized particles
within coarser sand in eolian grainflows, grainfalls, and
climbing ripples strata (Fryberger and Schenk, 1988). Pin
stripe laminations within the Mount Baldy dune, as well
as within coastal dunes along the southeastern shore of
Lake Michigan (Hansen et al., 2011), are concentrations
of very finegrained sand and silt in the troughs of mi-
grating ripples or at the bases of grainflows. These finer
grained fractions in Lake Michigan dune sediments
are enriched in denser, darker minerals giving the pin-
stripes a dark color. Detailed measurements along five
traverses on Green Mountain Beach dune by Hansen
et al. (2011) indicated that the average spacing between
pin stripes varied from 11 to 26 cm, with a maximum
spacing of 100 cm. A total of 38 pin stripes across a 1.5
m length of the Mount Baldy dune (Figure 8B) suggests
an average spacing of ~4 cm, and a maximum spacing
of ~18 cm. Pin stripes that are more closely spaced and

even in thickness are associated with climbing wind rip-
ple strata, while pin stripes that are more widely spaced
and variable in thickness (thinning or pinching out lat-
erally) delineate grainflow strata. In very cold weather
when some moisture is retained within the dune, pin
stripe laminations freeze and stand out in relief (Fig-
ure 8C), while coarser-grained areas crumble and re-
main flat or concave. Most pin stripe laminations form
parallel to the lee slope. Therefore, their orientation can
be used to reconstruct the dune’s former geometry, mi-
gration pattern, and dominant wind direction during its
development (Hansen et al., 2011).

Moreover, concave up deformations in the pin stripe
laminations often represent vertebrate tracks (Figure
8D). These can be an important tool for the paleoecolog-
ical interpretation of ancient sedimentary environments
(Loope, 1986). Moist dune sand or clay-rich sand in in-
terdunal areas provides the best medium for preserv-
ing vertebrate tracks (Loope, 1986), although unbroken
downwarped pin stripe laminations made in dry sand
can also be preserved (Loope, 2006). The size and pat-
tern of the tracks shown in Figure 8D suggest that they
were made by a deer walking over a dry (upper track)
and a wet (lower track) dune surface.

Discussion

Based on the type and age of the landforms and sed-
imentary structures examined in this study, four ma-
jor episodes of beach and coastal dune development
(Figure 9) have occurred along southern Lake Michi-
gan since the mid-Holocene. The oldest episode formed
the early Tolleston Beach, beginning ~6.0 ka, with the
Nipissing transgression in Lake Michigan and culmi-
nating at the Nipissing high, ~4.5 ka (Thompson et al.,
2011; Fisher et al., 2012; Thompson et al., this volume).
The early Tolleston Beach formed as a mainland-at-
tached barrier bar with a lagoon behind it. The lagoon’s
waters were quiet, allowing sedimentation of dark-blue
clay. Landward migration of the barrier beach is re-
vealed by an onlapping sequence of intercalated wash-
over, eolian, and nearshore sediments which cover the
dark-blue clay (Thompson, 1989). The top of this trans-
gressive lacustrine sequence at the Kintzele dune ex-
posure (Figure 6) is ~6.5 m above the present lake level
and this level represents the peak of the Nipissing (184.5
m) in Lake Michigan (Hansel and Mickelson, 1988).

The second major episode of development created
the youngest belt of coastal dunes along southern Lake
Michigan. This episode began ~4.5 ka (Figure 9) dur-
ing the post-Nipissing 4 m fall in lake level (Baedke
and Thompson, 2000; Thompson et al., 2011). Much of
the sand in the modern Tolleston Dunes east of Ogden
Dunes was likely emplaced during this early dune de-
velopment between 4.5 and 3.0 ka. The timing of dune
growth and development here is correlative to the dune
development along the eastern and southeastern shores
of Lake Michigan (Arbogast and Loope, 1999; Han-
sen et al., 2004; Lepczyk and Arbogast, 2005; Hansen et
al., 2006, Hansen et al., 2010) and elsewhere across the
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Figure 8. Internal sedimentary structures in dunes along southern Lake Michigan. (A) A wet dune surface eroded at a very low
angle reveals the wood grain lamination of climbing wind ripples. The measuring tape is extended 20 cm. (B) Pin stripe lamina-
tions exposed at the midpoint of Mount Baldy’s stoss slope. Concave up and pinching out pin stripes (black arrows) are associ-
ated with eolian grainflows. Laterally extensive and even pin stripes (white arrows) are associated with eolian climbing trans-
latent strata. The measuring tape is extended 150 cm. (C) Because pin stripes retain moisture, they freeze in cold weather and
protrude at the dune’s surface (arrows), while the coarser quartz-rich laminae lose moisture and weather more easily. The cam-
era lens cap is 5 cm in diameter. (D) These distorted pin stripe laminations are interpreted as deer tracks in wet sand (black arrow)
and dry sand (white arrow). The measuring tape case is 10 cm long.
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Chronology of Tolleston Beach and coastal dune development

6.0-4.5 ka - Nipissing phase transgression and development of barrier bar.

- Clay layer at the base of Kintzele Ditch dune - 4860-5890 cal yr. BP (W3246) (Gutschick and
Gonsiewski, 1976).

- Lower 6 m of the Kintzele Ditch dune - OSL 4.02+0.30 ka (IDNL#3); OSL 4.77+0.25 ka (KD#1)

- Base of the Mount Baldy blowout - OSL 4.63+0.35 (MB1)

4.5-3.0 ka - Development of transgressive parabolic dunes and sand sheets.

- Mount Baldy blowout - OSL 4.60+0.29 ka (MB2); OSL 4.00+0.25 ka (MB5).

- Entisols at Mount Baldy blowout - 3480-4780 cal yr. BP (W3243); 3000-4080 cal yr. BP
(W3242) (Gutschick and Gonsiewski, 1976).

- Kintzele Ditch dune - OSL 4.41+0.21 ka (KD#2); OSL 3.87+0.19 ka (KD#3).

- Kemil Road dune - OSL 3.92+0.22 ka (IDNL#7).

- Beach House blowout - OSL 4.22+0.31 ka (IDSP#3); OSL 4.33+0.30 ka (IDSP#2);
OSL 3.90+0.29 ka (IDSP#1); OSL 3.54+0.15 ka (IDSP#6).

- Inland Marsh dune - OSL 3.61+0.42 ka (IDNL#8).

3.0-1.0 ka - Development of transverse ridges in Gary-Miller strandplain area.
Dune field stabilization (Holland Palleosol) with sporadic hairpin and compound

parabolic dunes development.

- Transverse ridges in Miller - Gary area - 500-3500 cal yr. BP (Thompson, 1992).

- Hairpin dune south of Mount Baldy blowout - OSL 2.70+0.15 ka (IDNL#1).

- Mount Baldy blowout - OSL 1.92+0.17 ka (MB3).

- Entisol at Mount Baldy blowout - 1930-2140 cal yr. BP (Beta-159506) (Arbogast et al., 2004).
- Beach House blowout - OSL 1.36+0.11 (IDSP#4).

1.0 ka-present - Shift in storm wind direction and blowout development

- Mount Baldy blowout - OSL 0.93+0.19 ka (MB4).

- Holland Paleosol at Mount Baldy - 0-420 cal yr. BP (Beta-159509) (Arbogast et al., 2004).

- Beach House blowout - OSL 0.64+0.21 ka (IDSP#5).

- West Beach blowout - OSL 0.68+0.07 ka (IDNL#5); OSL 0.37+0.03 ka (IDNL#6).
Post-settlement blowout activity < 0.25 ka

- Mount Baldy blowout - OSL 0.06+0.04 ka (MB6).

- Holland Paleosol at Mount Baldy blowout - 0-290 cal yr. BP (Beta-159508) and modern
(Beta-159504) (Arbogast et al., 2004); 0-640 cal yr. BP (W3241) (Gutschick and Gonsiewski 1976).

- Hairpin dune south of Mount Baldy blowout - OSL 0.12+0.02 ka (IDNL#2).

- West Beach blowout - OSL 0.30+0.09 ka (IDNL#4).

Figure 9. A model for dune development along southern Lake Michigan. Diagram 1 is modified from Thompson (1989). The 4C
ages were calibrated to calendar years (with a 20 range) using the software CALIB REV 6.1.0 (Stuiver and Reimer, 1993) with the

IntCal04 calibration curve (Reimer et al., 2004).

Tolleston Beach (Argyilan et al., this volume). The api-
ces of the large simple and compound parabolic dunes
suggest predominant westerly winds in their forma-
tion. Parabolic dunes along the eastern and southeast-
ern coast of Lake Michigan (Hansen et al., 2010) formed
by blowout initiation from linear, shore parallel dunes
and their eastward transgression inland. Soon after the

initial development began, there were two brief epi-
sodes of dune stabilization around 4.0 ka. These stabi-
lization periods are indicated by two Entisols present in
the lower part of the Beach House blowout. Two more
brief episodes of dune stability occurred ~4 ka and ~3.5
ka based on the ages of two Entisols in the lower part of
the Mount Baldy blowout.
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Parabolic dunes in the western part of the study area,
from Gary to Ogden Dunes, and north of the erosional
disconformity (Thompson et al., 2004) might be the re-
sult of somewhat different processes, however. Less or-
dered parabolic dune orientations in this area suggest
their possible initiation as random blowouts within the
extensive sand sheet of a rapidly prograding shoreline.

The third stage of dune evolution along Lake Mich-
igan’s southern coast (Figure 9) occurred between
3.0 and 1.0 ka. following the Algoma lake level high
(Baedke and Thompson, 2000). This stage was marked
by the creation of transverse ridges in the Miller-Gary
area and the development of the Holland Paleosol (Ar-
bogast et al., 2004) and its equivalent paleosols east of
the Miller area. The sediment supply to southern Lake
Michigan diminished due to the lake level decline.
Therefore, most of the sediment brought to the southern
tip of Lake Michigan was stored in prograding strand-
plains rather than added to transgressive parabolic
dunes. Transverse ridges developed along the prograd-
ing shoreline near Gary following the short-term (~31
year) highs in lake level. Concurrently in Miller, groups
of four to six ridges combined to form a single ridge
following longer term (~151 year) highs in lake level
(Thompson, 1992).

Beach progradation in the Gary-Miller area limited
the sediment supply to transgressive parabolic dunes
east of Miller where the Holland Paleosol began to form.
These dunes were episodically active during the Hol-
land Paleosol interlude. This is supported by a broad
range of OSL ages of sand below the Holland Paleosol
and *C ages on organic material from the Holland Pa-
leosol (Gutschick and Gonsiewski, 1976; Arbogast et
al., 2004). The OSL sand and C paleosol ages from the
parabolic dunes along southeastern Lake Michigan also
suggest sporadic dune activity during the Holland Pa-
leosol development (Arbogast et al., 2004; Hansen et al.,
2010). Additionally, a decrease in the number of sand
peaks in sediment cores from several lakes adjacent to
the coastal dunes (Fisher and Loope, 2005; Timmons
et al., 2007) also supports this sporadic dune mobility.
Most modern parabolic dunes along the southern and
southeastern shore of Lake Michigan are stable, with
thick soils and vegetation on their surfaces (Hansen et
al., 2010). However, next to them are active dunes grow-
ing in length and/or height and migrating downwind
at rates of a few meters per year. Post-Algoma lake level
fluctuations were generally less than 1 m in amplitude
(Baedke and Thompson, 2000) and were likely not as im-
portant in causing foredune erosion and blowout devel-
opment as strong storms. During the last several years
of below normal lake levels, we have witnessed strong
storms temporarily (a few hours to a few days) induc-
ing lake level rises that erode a tremendous amount
of the beach and dunes. As most of the large parabolic
dunes stabilized during the third stage, some contin-
ued evolving from lobate parabolic dunes into more
elongated hairpin forms. An example of this is a dune
south of Mount Baldy (Figure 4A). The reactivation and

downwind migration of some parabolic dunes likely
caused the amalgamation of simple, lobate, and hairpin
parabolic dunes into more complex, compound, nested
parabolic dunes. Many of these dunes achieved a height
of 25-35 m during this stage.

A rise in the lake level at ~1 ka (Baedke and Thomp-
son, 2000) marks the beginning of the fourth and lat-
est stage (Figure 9) in coastal dune development along
Lake Michigan’s southern coast. Higher lake levels
caused beach and foredune erosion and, subsequently,
provided a steady sand supply for coastal dune growth
(Loope and Arbogast, 2000). The higher lake levels
also induced a higher drift potential for winds. That is,
winds could blow from the water’s surface directly into
the dunes rather than blowing over an extensive back-
shore before reaching the dunes. For example, based on
our recent (from 2007 to 2012) monitoring of sand accre-
tion rates in this area, the wind drift potential and rates
of sand transport are an order of magnitude higher at
Mount Baldy dune, which has ~20-m-wide backshore
north of it, than at the blowout dune in the western
IDSP, which has an 80 m wide backshore.

This final episode of coastal dune evolution along
southern Lake Michigan is characterized by the devel-
opment of blowouts with axis orientations clearly dis-
cordant to that of the older parabolic dunes. This change
suggests a shift in the dominant wind direction from
the northwest. In most instances, blowouts developed
through linear or parabolic dunes closest to the lake,
except in the case of the Big Blowout which extended
over the entire dune belt. Several narrow trough blow-
outs climbed on the crests of the older parabolic dunes,
producing the three highest dunes, Mount Holden,
Mount Tom, and Mount Jackson, along southern Lake
Michigan. Several buried Entisols in the upper parts of
the dunes suggest that most of the blowout activity oc-
curred prior to anthropogenic disturbances associated
with European settlement. In addition, this activity cor-
relates well with dune activity along the eastern and
southeastern coast of Lake Michigan (Arbogast et al.,
2004; Hansen et al., 2010). Our ongoing studies of sand
transport rates in active blowouts (Yurk et al., this vol-
ume) indicate that the strongest winds in this region oc-
cur from late fall through early spring. Northwesterly
and northerly winds frequently blow in excess of 15 m/s
with a 350-400 km fetch during this time. A single storm
with winds of this strength is capable of eroding more
than 1 m of sand from a dune’s stoss side and depos-
iting up to 1.3 m of sand on its slip face. An increase in
the number of strong winter cyclones during the twen-
tieth century (Angel and Isard, 1998) could be responsi-
ble for the maintenance of modern active blowouts. The
initiation of a similar storm pattern ~1.0 ka may have
triggered the latest episode in dune development along
southern Lake Michigan. The coarsest sand within the
studied dunes along southern Lake Michigan was found
in grainflows that buried the Holland Paleosol at Mount
Baldy dune. This further suggests winter storm initia-
tion and maintenance of the modern blowouts.
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Conclusions

The youngest belt of coastal dunes along southern
Lake Michigan evolved through four stages. The first
major episode of dune development began at the end of
the Nipissing transgression, ~6.0 ka, and peaked at ~4.5
ka. Large amounts of sand eroded from the lake mar-
gins were transported to southern Lake Michigan where
a barrier bar, the early Tolleston Beach, developed. Dur-
ing and following the rapid post-Nipissing lake level
fall (~4.5-3.0 ka), the second major episode of dune de-
velopment occurred. Large quantities of exposed sand
were blown into transgressive parabolic dunes that ad-
vanced eastward along the barrier beach. The orien-
tation of these dune axes suggests dominant westerly
winds in their formation. The third stage in coastal dune
evolution, ~3.0-1.0 ka, was characterized by strandplain
progradation west of Miller and parabolic dune stabili-
zation east of Miller. Transverse ridges developed west
of Miller following short-term (~31 yr) and longer term
(~151 yr) highs in the lake level. East of Miller, the di-
minished sand supply caused stabilization of the par-
abolic dunes and the Holland Paleosol developed. Lo-
calized blowout activity, under strong westerly winds,
redistributed the sand within the dune field by chang-
ing lobate dunes into hairpin dunes and amalgamating
simple dunes into compound parabolic dunes. The final
episode in dune evolution began ~1.0 ka and is marked
by a shift to northwesterly dune building winds. Most
of the modern blowout activity occurs in the late fall
and winter season when storm winds are the strongest.

Acknowledgments - This research was supported by a Lake
Michigan Coastal Program Grant CZ # 004 to Z. Kilibarda
and a Louis Stokes Alliance for Minority Participation Grant
to Ryan Venturelli. We thank the National Park Service and
the Indiana Department of Natural Resources for the permits
to conduct research and to collect samples from the Indiana
Dunes National Lakeshore and the Indiana Dunes State Park.
We also thank Nolan Graves, Melissa and Richard Dorton
for their help in the field. An early version of this manuscript
greatly benefited from reviews by Todd Thompson, Karen
Havholm, and Harry Jol. Suzanne DeVries-Zimmerman’s
proofreading, formatting, and text editing is greatly appreci-
ated. Editors Timothy Fisher and Ed Hansen also provided in-
sightful suggestions and comments which significantly im-
proved the manuscript.

References

Adamiec, G., and Aitken, M., 1998, Dose-rate conversion fac-
tors: Update: Ancient TL, v. 16, p. 37-50.

Aitken, M.]., 1998, An Introduction to Optical Dating: Oxford,
UK, Oxford University Press, 267 p.

Angel, ].R., and Isard, S.A., 1998, The frequency and intensity
of Great Lakes cyclones: Journal of Climate, v. 11, p. 61-71,
doi:10.1175/1520 -0442(1998)011<0061: TFAIOG>2.0.CO;2.

Arbogast, A.F., 2009, Sand dunes, in Schaetzl, S.R., Darden,
J.T., and Brandt, D., eds., Michigan Geography and Geol-
ogy: Boston, Pearson Custom Publishing, p. 274-287.

Arbogast, A.F., and Loope, W.L., 1999, Maximum-limiting age
of Lake Michigan coastal dunes: Their correlation with Ho-
locene lake level history: Journal of Great Lakes Research,
v. 25, p. 372-382, doi:10.1016/ S0380-1330(99)70746-X.

Arbogast, A.F., Schaetzl, R.J., Hupy, J.P., and Hansen, E.C,,
2004, The Holland Paleosol: An informal pedostratigraphic
unit in the coastal dunes of southeastern Lake Michigan:
Canadian Journal of Earth Sciences, v. 41, p. 1385-1400,
do0i:10.1139/e04-071.

Argyilan, E.P.,, Lepper, K., and Thompson, T.A., 2014, this vol-
ume, Late Holocene coastal development along the south-
ern shore of Lake Michigan determined by strategic dating
of stabilized parabolic dunes and wetlands of the Tolleston
Beach, in Fisher, T.G., and Hansen, E.C., eds., Coastline and
Dune Evolution along the Great Lakes: Geological Society
of America Special Paper 508, doi:10.1130/2014.2508(03).

Baedke, S.J.,, and Thompson, T.A., 2000, A 4700 year re-
cord of lake level and isostasy for Lake Michigan: Jour-
nal of Great Lakes Research, v. 26, p. 416-426, doi:10.1016/
S0380-1330(00)70705-2.

Bailey, RM., and Arnold, LJ., 2006, Statistical modeling
of single grain quartz De distributions and an assess-
ment of procedures for estimating burial dose: Quater-
nary Science Reviews, v. 25, p. 2475-2502, doi:10.1016/j
.quascirev.2005.09.012.

Bennett, SSW., and Olyphant, G.A., 1998, Temporal and spa-
tial variability in rates of eolian transport determined from
automated sand traps: Indiana Dunes National Lakeshore,
U.S.A: Journal of Coastal Research, v. 14, p. 283-290.

Chrzastowski, M.J., and Thompson, T.A., 1992, Late Wiscon-
sinan and Holocene coastal evolution of the southern shore
of Lake Michigan, in Fletcher, C.H., III, and Wehmiller,
J.H., eds., Quaternary Coasts of the United States: Marine
and Lacustrine Systems, SEPM Special Publication No. 48,
p- 397-413.

Chrzastowski, M.]., and Thompson, T.A., 1994, Late Wiscon-
sinan and Holocene geologic history of the Illinois-Indiana
coast of Lake Michigan: Journal of Great Lakes Research, v.
20, p. 9-26, doi:10.1016/S0380 -1330(94)71129-1.

Cooper, W.S., 1958, The coastal sand dunes of Oregon and
Washington: Geological Society of America Memoir 72,
169 p.

Cowles, H.C., 1899, The ecological relationships of the vege-
tation on the sand dunes of Lake Michigan: Part I—Geo-
graphical relations of the dune floras: Chicago, Illinois, Bo-
tanical Gazette, v. 27, p. 95-117, 167-202, 281-308, 361-391.

Cressey, G., 1928, The Indiana sand dunes and shorelines of
Lake Michigan: The Geographic Society of Chicago Bulle-
tin, No. 8, Chicago, Illinois, University of Chicago Press, 80
p-

Duran, O., and Herrmann, H.]J., 2006, Vegetation against dune
mobility: Physical Review Letters, v. 97, p. 188001-188004,
doi:10.1103 / PhysRevLett .97.188001.

Durcan, J.A., and Duller, G.A.T.,, 2011, The fast ratio: A
rapid measure for testing the dominance of the fast com-
ponent in the initial OSL signal from quartz: Radia-
tion Measurements, v. 46, p. 1065-1072, doi:10.1016/j
.radmeas.2011.07.016.

Fisher, T.G., and Loope, W.L., 2005, Aeolian sand preserved
in Silver Lake: A reliable signal of Holocene high stands
of Lake Michigan: The Holocene, v. 15, p. 1072-1078,
doi:10.1191/0959683605h1879rr.



18 KiLiBARDA, VENTURELLI, & GOBLE IN GEOL. Soc. OF AM. SpeciAL PAPEr 508 (2014)

Fisher, T.G., Weyer, KA., Boudreau, A.M., Martin-Hayden,
J.M., Krantz, D.E., and Breckenridge, A., 2012, Constrain-
ing Holocene lake levels and coastal dune activity in the
Lake Michigan basin: Journal of Paleolimnology, v. 47, p.
373-390, d0i:10.1007 /510933-010-9460-2.

Fraser, G.S., Bennett, S.W., Olyphant, G.A., Bauch, N.J., Fergu-
son, V., Gellasch, C.A., Millard, C.L., Mueller, B., O’'Malley,
P.J., Way, N., and Woodfield, M.C., 1998, Windflow cir-
culation patterns in a coastal dune blowout, south coast
of Lake Michigan: Journal of Coastal Research, v. 14, p.
451-460.

Fryberger, S.G., and Schenk, C.J., 1988, Pin stripe lamina-
tion: A distinctive feature of modern and ancient eo-
lian sediments: Sedimentary Geology, v. 55, p. 1-15,
doi:10.1016/0037-0738(88)90087-5.

Galbraith, R.F.,, Roberts, R.G., Laslett, G.M., Yoshida, H.,
and Olley, JM. 1999, Optical dating of single and
multiple grains of quartz from Jinmium Rock Shel-
ter, Northern Australia: Part I, experimental design
and statistical models: Archaeometry, v. 41, p. 339-364,
doi:10.1111/j.1475-4754.1999 .tb00987 .x.

Gutschick, R.C., and Gonsiewski, J., 1976, Coastal Geology of
the Mt. Baldy area, Indiana Dunes National Lakeshore,
south end of Lake Michigan, in Wood, W.L., ed., Coastal
and Environmental Geology of Southeastern Lake Michi-
gan: Geological Society of America Field Trip Guidebook,
p- 40-90.

Hansel, A.K., and Mickelson, D.M., 1988, A reevaluation
of the timing and causes of high lake phases in the Lake
Michigan basin: Quaternary Research, v. 29, p. 113-128,
doi:10.1016/0033-5894(88)90055-5.

Hansel, A.K., Mickelson, D.M., Schneider, A.F., and Larsen,
C.E., 1985, Late Wisconsinan and Holocene history of the
Lake Michigan basin, in Karrow, P.F., and Calkin, P.E.,
eds., Quaternary Evolution of the Great Lakes: Geological
Association of Canada, Special Paper v. 30, p. 39-54.

Hansen, E.C., Arbogast, A., and Yurk, B., 2004, The history of
dune growth and migration along the southeastern shore
of Lake Michigan: A perspective from Green Mountain:
Michigan Academician, v. 35, p. 455-478.

Hansen, E.C., Arbogast, A.F., van Dijk, D., and Yurk, B., 2006,
Growth and migration of parabolic dunes along the south-
eastern coast of Lake Michigan: Journal of Coastal Re-
search, SI, v. 39, p. 209-214.

Hansen, E., DeVries-Zimmerman, S., van Dijk, D., and Yurk,
B., 2009, Patterns of wind flow and eolian deposition on a
parabolic dune on the southeastern shore of Lake Michi-
gan: Geomorphology, v. 105, p. 147-157, doi:10.1016/j.
geomorph.2007.12.012.

Hansen, E.C., Fisher, T.G., Arbogast, A.F., and Bateman, M.D.,
2010, Geomorphic history of low-perched, transgressive
dune complexes along the southeastern shore of Lake
Michigan: Aeolian Research, v. 1, p. 111-127, d0i:10.1016/].
aeolia.2009.08.001.

Hansen, E.C., Bodenbender, B.E., Johnson, B.G., Kito, K., Da-
vis, A.K., Havholm, K.G., and Peaslee, G.F., 2011, The ori-
gin of dark sand in eolian deposits along the southeastern
shore of Lake Michigan: The Journal of Geology, v. 119, p.
487-503, d0i:10.1086/661192.

Hesp, P., 2002, Foredunes and blowouts: initiation, geomor-

phology and dynamics: Geomorphology, v. 48, p. 245-268,
doi:10.1016/S0169-555X (02)00184-8.

Hesp, P.A., and Thom, B.G., 1990, Geomorphology and evolu-
tion of active transgressive dunefields, in Nordstrom, K.F.,
Psuty, N., and Carter, B., eds., Coastal Dunes: Form and
Process: New York, John Wiley and Sons, p. 253-288.

Hubertz, ].M., Driver, D.B., and Reinhard, R.D., 1991, Wind
waves on the Great Lakes: A 32 year hindcast: Journal of
Coastal Research, v. 7, p. 945-967.

Hunter, R.E., 1977, Basic types of stratification in small
eolian dunes: Sedimentology, v. 24, p. 361-387,
doi:10.1111/§.1365-3091.1977.tb00128.x.

Kilibarda, Z., and Blockland, J., 2011, Morphology and or-
igin of the Fair Oaks Dunes in NW Indiana, USA:
Geomorphology, v. 125, p. 305-318, doi:10.1016/j.
geomorph.2010.10.011.

Lepczyk, X.C., and Arbogast, A.F., 2005, Geomorphic his-
tory of dunes at Petoskey State Park, Petoskey, Mich-
igan: Journal of Coastal Research, v. 21, p. 231-241,
doi:10.2112/02-043.1.

Loope, D.B., 1986, Recognizing and utilizing verte-
brate tracks in cross-section: Palaios, v. 1, p. 141-151,
doi:10.2307/3514507.

Loope, D.B., 2006, Dry-season tracks in dinosaur-trig-
gered grainflows: Palaios, v. 21, p. 132-142, doi:10.2110/
palo.2005.p05-55.

Loope, D.B., and Abegg, F.E., 2001, Recognition and geologic
preservation of ancient carbonate eolianites: SEPM Special
Publication 71, p. 3-16.

Loope, W.L.,, and Arbogast, A.F., 2000, Dominance of an
~150-year cycle of sand-supply change in Late Holocene
dune-building along the eastern shore of Lake Michi-
gan: Quaternary Research, v. 54, p. 414-422, doi:10.1006/
qres.2000.2168.

Murray, A.S., and Wintle, A.G., 2000, Luminescence dating
of quartz using an improved single-aliquot regenerative-

dose protocol: Radiation Measurements, v. 32, p. 57-73,
doi:10.1016/S1350-4487(99)00253-X.

Murray, A.S., and Wintle, A.G., 2003, The single aliquot re-
generative dose protocol: Potential for improvements in
reliability: Radiation Measurements, v. 37, p. 377-381,
doi:10.1016/51350-4487(03)00053-2.

Nordstrom, K.F., 1994, Beaches and dunes of human-altered
coasts: Progress in Physical Geography, v. 18, p. 497-516,
doi:10.1177/030913339401800402.

Olson, ].S., 1958a, Lake Michigan dune development: 1. Wind-
velocity profiles: The Journal of Geology, v. 66, p. 254-263,
doi:10.1086/626503.

Olson, ].S., 1958b, Lake Michigan dune development: 2. Plants
as agents and tools in geomorphology: The Journal of Ge-
ology, v. 66, p. 345-351, d0i:10.1086/626522.

Olson, J.S., 1958¢, Lake Michigan dune development: 3. Lake-
level, beach and dune oscillations: The Journal of Geology,
V. 66, p. 473-483, doi:10.1086/626530.

Olyphant, G.A., and Bennett, SSW., 1994, Contemporary
and historical rates of eolian sand transport in the In-
diana Dunes area of southern Lake Michigan: Journal
of Great Lakes Research, v. 20, p. 153-162, doi:10.1016/
S0380-1330(94)71137-0.

Peterson, ].M., and Dersch, E., 1981, A guide to sand dune and
coastal ecosystem functional relationships: Michigan State
University Extension Bulletin E-1529, MICHU-SG-81-501,
18 p.



LATE HOLOCENE DUNE DEVELOPMENT ALONG SOUTHERN LAKE MICHIGAN 19

Prescott, J.R., and Hutton, ]J.T., 1994, Cosmic ray contribu-
tions to dose rates for luminescence and ESR dating: Large
depths and long-term time variations: Radiation Measure-
ments, v. 23, p. 497-500, doi:10.1016/1350 -4487(94)90086-8.

Pye, K., 1982, Morphological development of coastal dunes
in a humid tropical environment, Cape Bedford and Cape
Flattery, North Queensland: Geografiska Annaler, v. 64, p.
212-227.

Pye, K., 1983, Coastal dunes: Progress in Physical Geography,
v. 7, p. 531-557, d0i:10.1177/030913338300700403.

Reimer, P.J., Baillie, M.G.L., Bard, E., Bayliss, A., Beck, J.W.,
Bertrand, C.J.H., Blackwell, P.G., Buck, C.E., Burr, G.S.,
Cutler, K.B., Damon, P.E., Edwards, R.L., Fairbanks, R.G.,
Friedrich, M., Guilderson, T.P., Hogg, A.G., Hughen, K.A,,
Kromer, B., Mc-Cormac, F.G.,, Manning, S.W., Ramsey,
C.B., Reimer, R.W., Remmele, S., Southon, J.R., Stuiver, M.,
Talamo, S., Taylor, FW., van der Plicht, J., and Weyhen-
meyer, C.E., 2004, IntCal04 terrestrial radiocarbon age cali-
bration, 26-0 ka BP: Radiocarbon, v. 46, p. 1029-1058.

Stuiver, M., and Reimer, P.J., 1993, Extended 14C database and
revised CALIB 3.0 14C age calibration program: Radiocar-
bon, v. 35, p. 215-230.

Thompson, T.A., 1989, Anatomy of a transgression along the
southeastern shore of Lake Michigan: Journal of Coastal
Research, v. 5, p. 711-724.

Thompson, T.A., 1992, Beach-ridge development and lake-level
variation in southern Lake Michigan: Sedimentary Geol-
ogy, v. 80, p. 305-318, doi:10.1016/0037-0738(92)90048-V.

Thompson, T.A., and Baedke, S.J., 1997, Strand-plain evidence
for late Holocene lake-level variations in Lake Michigan:
Geological Society of America Bulletin, v. 109, p. 666-682,
doi:10.1130/0016-7606 (1997)109<0666:SPEFLH>2.3.CO;2.

Thompson, T.A., Baedke, S.J., and Johnston, J.W., 2004, Geo-
morphic expression of Late Holocene lake levels and pale-
owinds in the Upper Great Lakes: Michigan Academician,
v. 35, p. 355-371.

Thompson, T.A., Lepper, K., Endres, A., Johnston, JW.,
Baedke, S.J., Argyilan, E.P., Booth, R.K., and Wilcox, D.A.,
2011, Mid Holocene lake level and shoreline behavior dur-
ing the Nipissing phase of the upper Great Lakes at Al-
pena, Michigan, USA: Journal of Great Lakes Research, v.
37, p. 567-576.

Thompson, T.A., Johnston, ].W., and Lepper, K., 2014, this vol-
ume, The contemporary elevation of the peak Nipissing
phase at outlets of the upper Great Lakes, in Fisher, T.G.,
and Hansen, E.C., eds., Coastline and Dune Evolution
along the Great Lakes: Geological Society of America Spe-
cial Paper 508, doi:10.1130/2014.2508(02).

Timmons, E.A,, Fisher, T.G., Hansen, E.C., Eiasman, E., Daly,
T., and Kashgarian, M., 2007, Elucidating eolian dune
history from lacustrine sand records in the Lake Michi-
gan coastal zone, USA: The Holocene, v. 17, p. 789-801,
doi:10.1177/0959683607080520.

van Dijk, D., 2004, Contemporary geomorphic processes and
change on Lake Michigan coastal dunes: An example from
Hoffmaster State Park, Michigan: Michigan Academician,
v. 35, p. 425-453.

Winkler, EM., 1962, Radiocarbon age of postglacial clays
near Michigan City, Indiana: Science, v. 137, p. 528-529,
doi:10.1126/science.137.3529.528.

Wintle, A.G., and Murray, A.S., 2006, A review of quartz op-
tically stimulated luminescence characteristics and their
relevance in single-aliquot regeneration dating protocols:
Radiation Measurements, v. 41, p. 369-391, doi:10.1016/j.
radmeas.2005.11.001.

Wood, W.L., and Davis, S.E., 1986, Indiana Dunes National
Lakeshore Shoreline Situation Report: Purdue University,
Great Lakes Coastal Research Laboratory, 206 p.

Yurk, B., Hansen, E.C., DeVries-Zimmerman, S. Kilibarda,
Z., van Dijk, D., Bodenbender, B., Krehel, A., and Pen-
nings, T., 2014, this volume, The role of extratropical cy-
clones in shaping dunes along southern and southeast-
ern Lake Michigan, in Fisher, T.G., and Hansen, E.C,
eds., Coastline and Dune Evolution along the Great
Lakes: Geological Society of America Special Paper 508,
doi:10.1130/2014.2508(10).



	University of Nebraska - Lincoln
	DigitalCommons@University of Nebraska - Lincoln
	6-2014

	Late Holocene dune development and shift in dune-building winds along southern Lake Michigan
	Zoran Kilibarda
	Ryan Venturelli
	Ronald J. Goble

	Goble GSASP 2014 Late Holocene dune development--DC VERSION.indd

