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Extensive coastal dunes occur in the Great Lakes region of North America, including northwestern Michigan
where some are perched on high (~100 m) bluffs. This study focuses on such a system at Arcadia Dunes and
is the first to systematically generate optical ages from stratigraphic sections containing buried soils. Dune
growth began ca. 4.5 ka during the Nipissing high lake stand and continued episodically thereafter, with pe-
riods of increased sand supply at ca. 3.5 ka and ca. 1.7 ka. The most volumetrically dominant phase of dune
growth began ca. 1.0 ka and continued intermittently for about 500 years. It may have begun due to the com-
bined effects of a high lake phase, potential changes in lake hydrodynamics with final isostatic separation of
Lake Superior from Lakes Michigan and Huron, and increased drought and hydrologic variability associated
with the Medieval Warm Period. Thus, this latest eolian phase likely reflects multiple processes associated
with Great Lakes water level and climate variability that may also explain older eolian depositional events.
Comparison of Arcadia ages and calendar corrected 14C ages from previous studies indicate broad chronolog-
ical agreement between events at all sites, although it appears that dune growth began later at Arcadia.

© 2012 University of Washington. Published by Elsevier Inc. All rights reserved.

Introduction

Previous research and geomorphic setting

Coastal dunes are common around the world (Carter et al., 1990)
and form through complex interactions related to sand supply, pre-
vailing winds, water level fluctuations, and climate change (Bauer and
Sherman, 1999). Although such dunes are usually associated with
marine environments (e.g., Gares and Nordstrom, 1995; Clemmensen
et al., 2001; Hesp, 2001; Walker et al., 2006; Martinho et al., 2010;
Short, 2010; Tamura et al., 2011), numerous coastal dunes occur in the
Great Lakes region of North America. Dunes along the eastern shore
of Lake Michigan (Fig. 1) contain the largest volume of sand due to
prevailing westerly winds, long fetch, and abundant sand supply
(Arbogast et al., 2009). South of Manistee, large (up to ~60-m-high)
dunes line the coast for many kilometers in transgressive complexes
that mantle pro-glacial lake plains lying a few meters above lake level
(Arbogast et al., 2002a; Hansen et al., 2002; Arbogast, 2009). In contrast,
dune fields in the northwestern part of Lower Michigan are usually
more isolated and thus distinct physical entities. Although some
dunes lie on surfaces that lie near lake level, the most spectacular

dune fields mantle coastal bluffs up to ~100 m high (e.g., Snyder,
1985; Loope and Arbogast, 2000).

The first study of bluff-top dunes was conducted by Dow (1937)
who assessed the formation of what he called perched dunes associated
with the Manistee Moraine. He proposed four hypothetical sources of
sand for these systems, including 1) eolian sand blown upslope from
littoral sources; 2) beach sand driven upslope by waves as lake level
rises toward the bluff base; 3) sand originating from glacial sediments
in bluff exposures; and 4) a complex interaction of the three. Dow
(1937) believed that sandy glacial sediment exposed in the bluff face
is the dominant source of eolian sand, with increased supply during
high lake levels when the coastline is unstable due to wave erosion.
Sand supply subsequently diminishes when lake levels fall.

Following Dow's (1937) seminal study, perched dunes in Michigan
were largely ignored for about 50 years, when renewed interest fo-
cused on systematic dating (14C) and associated geomorphic recon-
structions. The first such study was conducted by Snyder (1985) at
Sleeping Bear Dunes National Lakeshore (Fig. 1). Subsequently, Loope
and Arbogast (2000) assessed a series of dunes scattered along that
part of the coast, including the vicinity of Empire Bluffs. Research in
Upper Michigan has focused on bluff-top dunes along the southern
shore of Lake Superior at the Grand Sable dune field (Anderton and
Loope, 1995) and Nodaway Point (Arbogast, 2000). A critical discovery
is that these landscapes often contain several buried soils, which are
important chronostratigraphic markers because they represent inter-
vals of limited sand supply and dune stability. At each site, dunesmantle

Quaternary Research 77 (2012) 445–455

⁎ Corresponding author: Fax: +1 517 432 1671.
E-mail address: dunes@msu.edu (A.F. Arbogast).

0033-5894/$ – see front matter © 2012 University of Washington. Published by Elsevier Inc. All rights reserved.
doi:10.1016/j.yqres.2012.01.006

Contents lists available at SciVerse ScienceDirect

Quaternary Research

j ourna l homepage: www.e lsev ie r .com/ locate /yqres



Author's personal copy

a well-developed paleosol formed in the top of the underlying glacial
sediments (Snyder, 1985; Anderton and Loope, 1995; Arbogast, 2000;
Loope and Arbogast, 2000).

This basal paleosol apparently evolved during the early Holocene
when lake levels were significantly lower because the eastern out-
lets were topographically low due to sill downcutting (Superior
basin) and deglaciation of the isostatically depressed North Bay out-
let (Michigan/Huron basin). This period of low lake level is called
the Houghton stage and Chippewa stage in the Lake Superior and
Lake Michigan basins, respectively (Larson and Schaetzl, 2001). Lake
level remained low until the early part of the Nipissing transgression,
which began about 9 ka in the Lake Michigan basin due to outlet re-
bound. Lake level peaked (~183 masl) during the Nipissing high stand
at ca. 5 ka. Radiocarbon ages from the basal soils suggest that they
were buried by eolian sand about this time (Snyder, 1985; Anderton
and Loope, 1995; Loope and Arbogast, 2000). This age association may
reflect coastal instability during the latter part of the Nipissing trans-
gression, consistent with Dow's (1937) dominant mode of perched-
dune growth.

Several buried soils have been recognized within the dunes that
indicate variable sand supply in the late Holocene. At Sleeping Bear
a pair of buried A horizons yielded uncalibrated 14C ages of ca. 2800
and 700 14C yr BP (Snyder, 1985). At Grand Sable, a series of uncali-
brated 14C ages were obtained from buried soils that ranged from
ca. 4000 to 500 14C yr BP (Anderton and Loope, 1995). In the vicinity
of Empire Bluffs along Lake Michigan, four weakly developed buried
soils provided ages ranging from ca. 3100 to 60 14C yr BP (Loope
and Arbogast, 2000). Surprisingly, the bulk of eolian sand along the
coast of northwest Lower Michigan, approximately 75% by volume,
is b1500 years old (Loope and Arbogast, 2000).

Purpose of this study

Chronological constraint for eolian stratigraphic records of perched
dunefields inMichigan is currently provided exclusively byuncalibrated
14C ages derived from charcoal and wood in buried soils (Snyder, 1985;
Anderton and Loope, 1995; Loope and Arbogast, 2000). It is assumed
that these ages estimate the timing of soil burial, which may be erro-
neous given uncertainties associated with the residence time of or-
ganic residue (e.g., Bailey et al., 2001; Roberts and Plater, 2007)
and dating uncertainties. Fortunately, a viable geochronologic alter-
native is optical stimulated luminescence (OSL) dating which has

been used extensively in the past decade to reconstruct dune chro-
nologies (e.g., Forman et al., 2001; Arbogast et al., 2002a, 2002b;
Holmes et al., 2008; Forman et al., 2009).

In this study we systematically generate OSL ages for stratigraphic
sections of eolian sand intercalated with buried soils to better assess
linkages to lake level variability (e.g., Baedke and Thompson, 2000),
regional drought (Booth et al., 2006a) and lake hydrographic changes
(Johnston, et al., 2007). This history is compared with the previously
uncalibrated chronology of perched dunes in the region (Snyder,
1985; Anderton and Loope, 1995; Loope and Arbogast, 2000) through
systematic calendar correction of the original age data. As a result,
this study sheds light on regional environmental variables responsi-
ble for perched dune growth in the Great Lakes region and provides a
model for comparisons between OSL and uncalibrated radiocarbon
chronologies in dune systems around the world.

Study area

This study focuses on the Arcadia dune field, which is a perched
complex in northwest Lower Michigan (Fig. 1). The property is locat-
ed just north of the Manistee-Benzie County border and is part of the
Arcadia Dunes Conservation Area. Within this area, the dunes occur
within an approximately 300-ha area between highway M-22 and
the lakeshore (Fig. 2).

Most of the landforms surrounding the Arcadia Dunes were
constructed during the late Wisconsin glaciation of Lower Michigan.
The dunes are perched about 90 m above Lake Michigan on the
Manistee Moraine (Dow, 1937), which is generally associated with the
Greatlakean readvance of the Lake Michigan lobe about 14,000 years
ago (Evenson et al., 1976; Larson and Schaetzl, 2001). The moraine is
composed of sandy till and outwash contained within irregular ridges
perpendicular to the shoreline (Leverett and Taylor, 1915; Farrand and
Bell, 1982; Farrand, 1988; Blewett, 1990).

The Arcadia Dunes consist mostly of long ridges that run parallel
to the shoreline (Fig. 2). Dow (1937: p. 430) named the major lake-
ward ridge razorback, which in turn contains a large blowout (that
Dow called a windrift) extending inland about 400 m. The limbs of
this blowout are locally called Old Baldy. Several stable, densely vege-
tated dune ridges occur northwest of Old Baldy and extend north to
Herring Lake. Erosion of the dune ridges along the bluff has revealed
a sequence of pedostratigraphic units in eolian sand that were the
focus of this study.

The climate of the Mansitee-Benzie county area is classified as
humid continental, with warm summers and cold winters. Monthly
high temperatures at Manistee, (33 km south-southwest of the study
area) range between −5.2°C in January to 20.7°C in July, with a mean
of 8.1°C annually. Average annual precipitation is 78.5 cm and generally
distributed uniformly throughout the year. Much of this precipitation is
snowfall, which averages 234.2 cm/yr. Vegetation in the dune field
ranges from marram grass (Ammophila breviligulata) on partially stabi-
lized dunes to stands of American beech (Fagus grandifolia), sugar
maple (Acer saccharum) and northern red oak (Quercus rubra) on fully
stabilized dunes (Kroell, 2008).

Methods

Field methods

The stratigraphic and chronological relationships at Arcadia Dunes
were assessed with a variety of techniques. Three exposures (Fig. 3)
were identified for detailed analyses during field reconnaissance.
Two of these exposures are located directly above the bluff face and
are labeled Exposure 1 (southerly) and Exposure 2 (northerly). Expo-
sure 3 is located in the southeastern edge of the large blowout in the
dune field. Exposures 1 and 2 were subsequently described and mea-
sured with the aid of a homemade device designed for steep slopes.

Figure 1. Distribution of eolian sand in Michigan. Extensive areas of dunes line the
coasts of Lake Michigan, Lake Superior and Lake Huron. The highest concentration of
dunes occurs along Lake Michigan. Dune fields mentioned in this report are identified
(modified from Lepczyk and Arbogast, 2005).
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This apparatus required three people and consisted of a 3-m pole used
to form a right angle to a piece of measured string extended up the
slope. One person held the pole plumb (with the use of a level) while
another climbed upslope to measure the horizontal distance. The third
person insured that the string formed a right angle by visually checking
the string with a T-square affixed to the top of the pole. This technique
was used to establish stratigraphic boundaries and to calculate their
elevations above Lake Michigan. A USGS topographic map was used
to estimate the elevation of the third exposure.

In the process of surveying site stratigraphy, special care was
taken to identify and measure the elevation of outcropping buried
soils. Such paleosols were cleaned and described for horizonation,
thickness, and depth from the surface. A variety of samples were
extracted for OSL dating from unaltered sands in distinct pedostrati-
graphic units using PVC pipe (72 cm long) to prevent light exposure.
Each pipe was wrapped in electrical tape, driven into the cleaned face,
and then sealed with duct tape upon extraction. A large amount of the
surrounding sand was also collected to calculate the dose rate and
moisture content of the host deposits. In the case of very thick eolian
units, samples were collected from the upper and lower portions of
the deposit to provide bracketing ages.

Optical dating

In this study only medium-to-fine eolian sand associated with
primary dune bedforms was sampled for optical dating. Single Aliquot
Regeneration (SAR) protocols (Murray and Wintle, 2003) were used
to estimate the equivalent dose of the 100–150 μm quartz fraction for
up to 41 separate aliquots (Table 1). Each aliquot contains ~2000 to
5000 quartz grains and was adhered to approximately 1-cm-diameter
aluminum disc. This aliquot size was chosen to maximize light output
for the natural with excitation; smaller aliquots (e.g., 0.5 cm) often
yielded insufficient emissions. Eolian sands from coastal Michigan
are mineralogically mature with SiO2 content of >84%, and are
predominantly (>80%) well-sorted quartz grains. The quartz frac-
tion was isolated by density separations using the heavy liquid
Na–polytungstate, and a 40-minute immersion in HF was applied
to etch the outer ~10 μm of grains, which are affected by alpha ra-
diation (Mejdahl and Christiansen, 1994). Quartz grains were rinsed
finally in HCl to remove any insoluable fluorides. The purity of quartz
separate was evaluated by petrographic inspection and point count-
ing of a representative aliquot. Samples that showed>1% of non-quartz
minerals were retreated with HF and rechecked petrographically. The

Figure 2. Topographic map of the study area (red). Focus box is on the landform feature names given by Dow (1937). Contour interval: 5 m.
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purity of quartz separates was tested by exposing aliquots to infrared
excitation which preferentially excites feldspar minerals. Samples
measured showed weak emissions (b200 counts/second), at or close
to background counts with infrared excitation, and ratio of emissions
from blue to infrared excitation of >20, indicating a spectrally pure
quartz extract (cf. Duller et al., 2003).

Blue light excitation (90%power at 470±20 nm) fromanAutomated
Risø TL/OSL–DA–15 system (Bøtter-Jensen et al., 2000) was used for
SAR analyses. A Thorn EMI 9235 QA photomultiplier tube coupled
with three 3-mm-thick Hoya U-340 detection filters, transmitting
between 290 and 370 nm, measured photon emissions. Laboratory
irradiations used a calibrated 90Sr/90Y beta source coupled with
the Risø reader. All SAR emissions were integrated over the first
0.8 s of stimulation out of 50 s of measurement, with background
based on emissions for the last 40- to 50-second interval (Fig. 4a).
The luminescence emission for quartz sands showed a dominance
of a fast component (cf. Murray and Wintle, 2003) with >90% dim-
inution of luminescence after 4 seconds of excitation with blue light
(Fig. Fig. 4a).

A series of experiments was performed to evaluate the effect of
preheating at 180°, 200°, 220°, and 240°C on thermal transfer of the

regenerative signal prior to the application of SAR dating protocols
(c.f. Murray and Wintle, 2003). These experiments showed no preheat-
based sensitivity changes and a preheat temperature of 220°C was
used in SAR analyses. A test for dose reproducibility was also per-
formed following procedures of Murray and Wintle (2003) with
the initial and final regenerative dose of 2.23 Gy yielding concordant
luminescence response (at 1-sigma error) (Fig. 4a). Dose recovery
tests were performed on one represented sample (UIC2120) and
the ratio of the applied and recovered dose is 0.97±0.04 indicating
that the SAR protocols accurately recover an applied dose (Fig. 5).

At least 41 aliquots were measured for each equivalent dose
determination (Table 1). Equivalent dose distributions were log nor-
mal and unimodal (Fig. Fig. 4b) and thus, the central age model of
Galbraith et al. (1999) was utilized for final equivalent dose calculation.
Overdispersion values are between 15 and 30% for equivalent dose
determinations, reflecting precision beyond instrumental errors.
For each sample individual aliquots were eliminated from the final
distribution and age determination if the recycling ratio was not be-
tween 0.90 and 1.10.

A determination of the environmental dose rate is a needed to ren-
der an optical age. This dose rate is an estimate of sediment exposure

Figure 3. Aerial photograph of the study area showing the location of exposures where detailed descriptions and dating was conducted. “Old Baldy” is identified for reference.
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to ionizing radiation from U and Th decay series, 40K, and cosmic
sources during the burial period (Table 1). The U and Th content of
the dose rate samples, assuming secular equilibrium in the decay

series and 40K, were determined by inductively coupled plasma-
mass spectrometry analysed by Activation Laboratory LTD, Ontario,
Canada. The beta and gamma doses were adjusted according to grain
diameter to compensate for mass attenuation (Fain et al., 1999). A
small cosmic ray component between 0.18 and 0.02 mGy/yr, depend-
ing on depth of sediment, was included in the estimated dose rate
(Prescott and Hutton, 1994). A moisture content (by weight) of 5±
2% was assumed.

Results and discussion

Site stratigraphy and OSL Ages

This section discusses the chronostratigraphy at each of the study
exposures at Arcadia Dunes. These results are placed subsequently
within the context of paleoenvironmental records (e.g., Booth et al.,
2006a), the perched-dune model (Dow, 1937), reconstructed lake-
level fluctuations (e.g., Thompson and Baedke, 1999; Baedke and
Thompson, 2000), lake hydrodynamic changes (Johnston et al., 2007),
and other perched dune fields in Michigan (e.g., Snyder, 1985; Loope
and Arbogast, 2000).

Table 1
Single aliquot regeneration ages for the three exposures at the high-perched dunes at Arcadia Dunes in northwest Lower Michigan.

Laboratory # Aliquots Equivalent Dose U Th K Cosmic dose Dose rate SAR age

(Gy)a (ppm)b (ppm)b (%)b (Gy/ka)c (Gy/ka)d (ka)e

Exposure 1
UIC2128 32/40 0.96±0.10 0.9±0.1 3.1±0.1 1.99±0.02 0.18±0.02 2.36±0.11 0.410±0.040
UIC2124 32/40 1.87±0.19 0.8±0.1 2.0±0.1 1.97±0.02 0.06±0.01 1.91±0.10 0.970±0.010
UIC2121 39/40 3.34±0.40 0.5±0.1 1.7±0.1 1.82±0.02 0.04±0.01 1.89±0.10 1.765±0.190
UIC2119 40/40 6.56±0.66 0.7±0.1 2.1±0.1 1.72±0.02 0.04±0.01 1.88±0.10 3.495±0.335
UIC2118 40/40 10.15±0.70 0.9±0.1 2.9±0.1 2.75±0.02 0.02±0.01 2.88±0.14 3.530±0.300

Exposure 2
UIC2122 41/50 0.79±0.18 0.6±0.1 2.0±0.1 2.30±0.02 0.18±0.02 2.49±0.12 0.320±0.050
UIC2123 29/40 1.30±0.24 0.6±0.1 2.0±0.1 1.84±0.02 0.15±0.02 2.05±0.10 0.630±0.085
UIC2129 38/40 1.70±0.24 0.7±0.1 2.2±0.1 2.28±0.02 0.03±0.01 2.38±0.11 0.710±0.080
UIC2125 39/40 2.39±0.27 0.7±0.1 2.6±0.1 2.53±0.03 0.03±0.01 2.62±0.13 0.910±0.095
UIC2127 37/40 7.04±0.51 0.5±0.1 1.7±0.1 1.54±0.02 0.02±0.01 1.62±0.08 4.340±0.380
UIC2120 40/40 12.64±1.21 0.8±0.1 2.9±0.1 2.70±0.02 0.02±0.01 2.80±0.14 4.500±0.445

Exposure 3
UIC2126 37/40 9.94±0.94 0.6±0.1 1.9±0.1 2.26±0.02 0.17±0.02 2.44±0.12 4.070±0.380

aEquivalent dose determined by the single aliquot regenerative dose method under blue light excitation (470 nm) (Murray and Wintle, 2003) on the 150–250 μm quartz fraction.
Central age model of Galbraith et al. (1999) was used.
bU, Th and K values determined by ICP-MS, Activation Laboratory Ltd., Ontario.
cContains a cosmic rate dose rate component from Prescott and Hutton (1994).
dA long-term moisture content of 5±2% was assumed.
eAll errors are at one sigma include systematic and random components and ages are from reference year AD 2000. Analyses preformed by Luminescence Dating Research
laboratory, Dept. of Earth & Environmental Sciences, Univ. of Illinois-Chicago.

Figure 4. Luminescence data for the 100–150 micron quartz aliquots for sample
UIC2120 (A).Dose response curve showing Ln/Tn ratio and associated equivalent
dose. Inset figure shows typical natural luminescence shine down curve with expo-
sure to light from blue emitting diodes (470+/−20 nm). (B) Radial plot of equivalent
dose data for UIC2120; lines forming the wedge indicates two sigma limit.

Figure 5. Dose recovery test for UIC2120 with a ratio of 1.00 indicating 100% recovery
of dose. The average dose recovery for ten discs is 0.97±0.04, indicating that SAR pro-
tocols can accurately recover an applied dose.
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Exposure 1
Exposure 1 is located in the southern part of the study area (Fig. 3).

This exposure is about 130 m tall, extending from the beach to the
dune top where it reaches an elevation of 310 masl. The exposure
slope is approximately 61% (Fig. 6). The basal unit (Unit I) consists
of undifferentiated glacial sediment, consisting of mixed sand and
gravel, that extends from the beach to about 100 m above lake level
(Fig. 7). An Entisol is formed at the top of the glacial sediments. This
soil is trending towards a Spodosol and is covered by about 28 m of
eolian sand. An abrupt shift from coarse glacial sand and gravel to
fine, well-sorted eolian medium sand marks this contact. Contained
within the eolian sands are six pedostratigraphic units bounded by
paleosols. Formed in the lowermost 33 cm of the eolian sand are
two Entisols formed in Units II and III, respectively (Fig. 7). These
Entisols are buried by Unit IV, a relatively thick (11.8 m) deposit
of fine sand. Quartz grains from near the base (27.95 m) and top
(16.31 m) of this deposit yielded OSL ages of 3.495±0.335 ka (UIC
2119) and of 3.53±0.3 ka (UIC 2118), respectively. An Entisol with
spodic characteristics is formed in the uppermost part of Unit IV.

Unit V overlies Unit IV and consists of a thin (~1 m) unit of well-
sorted fine sand that returned an OSL age of 1.765±0.19 ka (UIC
2121) from quartz grains (14.86 m). A well-developed Entisol is
formed at the top of unit V. This soil is buried by 14 m of very well-
sorted fine sand (Unit VI) from which quartz grains near the base
(14.23 m) and top of unit (1.32 m) gave OSL ages of 0.970±0.1 ka
(UIC 2124) of 0.4±0.04 ka (UIC 2128), respectively. An Entisol
with spodic characteristics occurs at the uppermost part of Unit VI,
which is buried by 22 cm of fine sand that extends to the surface.

Exposure 2
Exposure 2 is located in the central part of the study area (Fig. 3)

approximately 600 m north-northeast of Exposure 1. This exposure

is about 115 m high, extending from the beach to the top of the
dune where it reaches an elevation of 295masl. The slope of Exposure
2 is approximately 56% (Fig. 6).

Exposure 2 contains eleven pedostratigraphic units (Fig. 8). The
basal unit (Unit I) consists of undifferentiated glacial sand and gravel
extending from the beach to a height of about 85 m above the lake. An
Entisol with spodic characteristics is formed at the top of the glacial
sediments. Overlying these sediments is about 26 m of eolian sand.
As at Exposure 1, the contact between the glacial and eolian deposits
is marked by an abrupt textural change.

Contained within the eolian sands are ten stratigraphic units that
are bounded by paleosols. The basal eolian unit (Unit II) consists of
about 7 cm of fine sand in which an Entisol has formed. This soil is
buried by Unit III, a 4.5 m thick deposit of fine sand. Quartz grains
from near the base (25.58 m) and top (21.67 m) of the deposit yielded
OSL ages of 4.5±0.445 ka (UIC 2120) and of 4.34±0.380 ka (UIC
2127), respectively. A well-developed Entisol, one trending toward
a Spodosol, is formed at the top the eolian unit.

A thin (~1 m) unit of fine sand (Unit IV) lies above the Entisol.
Quartz grains at a depth of 20.55 m gave an OSL age of 0.91±0.095 ka
(UIC 2125). Formed at the top of this unit is an Entisol that is, in
turn, buried by an 18-m-thick unit of fine sand (Unit V). Quartz grains
near the base (19.92 m) and top (2.6 m) of Unit V returned OSL ages
of 0.71±0.08 ka (UIC 2129) and of 0.63±0.085 ka (UIC 2123), re-
spectively. An Entisol is formed in the top of this unit.

Overlying Unit V is a sequence of seven closely spaced deposits
of eolian sand that are separated by very weakly developed soils
(Fig. 8). The series begins with three Entisols separated by thin
units of eolian sand, ranging from 9 to 30 cm thick. A 36-cm-thickFigure 6. Profile view and general stratigraphy of the two lake-facing bluff exposures.

Figure 7. Generalized stratigraphy of Exposure 1. Major eolian units and paleosols are
shown in relation to their associated soil profile. Generalized OSL sample locations are la-
beled with UIC sample number and associated age (in ka). Depth and elevation inmeters.
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deposit of fine sand overlies these soils, which yielded the OSL age
of 0.31±0.05 ka (UIC 2122) from quartz grains. Formed in this unit of
fine sand is an Entisol, which in turn is buried by two other thin units
of fine sand in which Entisols formed, including one at the modern
surface.

Exposure 3
Exposure 3 is located in the central part of the study area, approx-

imately 150 m inland of the bluff exposures (Fig. 3). This site is south-
east of the high ridge that contains Exposure 2 and is located within
the edge of the prominent blowout. The elevation at the top of Expo-
sure 3 is approximately 295 masl, which is similar as Exposure 2.

Exposure 3 contains five pedostratigraphic units formed in eolian
sand (Fig. 9). The basal unit is about 1.4 m thick and consists of fine
sand that gave an OSL age of 4.07±0.38 ka (UIC 2126) from quartz
grains at a depth of 1.75 m. Formed in the uppermost part of the unit
is an Entisol with spodic characteristics. Above this basal unit is a series
of thin eolian units ranging from 14 to 19 cm thick, in which Entisols
have formed, including the modern surface soil.

Geomorphic history of Arcadia dunes and regional comparisons

Stratigraphic analyses and associated OSL dating of pedostrati-
graphic units at Arcadia Dunes is the basis for inferring periods of
eolian activity in the late Holocene. These results indicate that the
lower ~75% of the bluff exposures are undifferentiated glacial sedi-
ments that were likely deposited during the Greatlakean readvance
ca. 14,000 ka (Larson and Schaetzl, 2001). This stratigraphic setting
was first noted by Dow (1937) and is consistent with relationships

at other perched dune systems in the region (Snyder, 1985; Anderton
and Loope, 1995; Loope and Arbogast, 2000).

Evidence indicates that the Arcadia landscape was stable for a pro-
longed period following glacial deposition, resulting in the development
of a soil with spodic characteristics. This period of stability has also
been recognized at other perched systems (Snyder, 1985; Anderton
and Loope, 1995; Loope and Arbogast, 2000). According to Snyder
(1985), this period of stability occurred during the Chippewa low
stage during the early Holocene when the active shorezone was far
away. Similar associations occur at Grand Sable (Anderton and Loope,
1995) and Nodaway (Arbogast, 2000) dune fields along the southern
shore of Lake Superior (Fig. 1).

Evidence indicates that mobilization of eolian sand began at
Arcadia Dunes ca. 4.5 ka during the Nipissing high stand (Fig. 10) and
buried the glacial sediments. The onset of this depositional interval is
marked by a thin (~7-cm-thick) deposit of eolian sand at Exposure 2
that contains a weakly developed Entisol. This soil was subsequently
buried by a 4.5-m-thick deposit (Unit III) of eolian sandwith bracketing
OSL ages of ca. 4.5 and 4.3 ka from the lower and upper parts of the
unit, respectively. These ages suggest a single depositional interval.
An age of ca. 4.07 ka, which overlaps within one sigma with the
basal ages at Exposure 2, was obtained from the blowout wall in
Exposure 3. Eolian sand probably began to accumulate at Exposure
1 at this time as well, which is suggested by the thin units of basal
eolian sand at this site. Initial growth of sand dunes during this
time has also been reported along much of Lake Michigan's south-
eastern shoreline where numerous OSL and calibrated 14C ages have
been obtained (e.g., Arbogast and Loope, 1999; Arbogast et al., 2002a;
Hansen et al., 2010).

Following the onset of dune growth at Arcadia, the next documen-
ted period of eolian activity was recognized at Exposure 1 in Unit IV at
ca. 3.5 ka. Dune construction at this time has also been observed
along the southeastern shore of Lake Michigan (e.g., Arbogast et al.,
2002a; Hansen et al., 2010). This timing appears to correlate with a
distinct regression in Lake Michigan (Fig. 10) that followed the
Nipissing high stand (Baedke and Thompson, 2000). On the other
hand, paleoecologic records from adjacent peatlands indicate

Figure 8. Generalized stratigraphy of Exposure 2. Major eolian units and paleosols are
shown in relation to their associated soil profile. Generalized OSL sample locations are la-
beled with UIC sample number and associated age (in ka). Depth and elevation inmeters.

Figure 9. Generalized stratigraphy of Exposure 3. Major eolian units and paleosols are
shown in relation to their associated soil profile. The OSL sample location is labeled
with UIC sample number and associated age (in ka). Depth and elevation in meters.
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variable, but mostly wet hydrologic conditions on decadal to cen-
tury timescales between ca. 3.9 and 3.0 ka (Booth et al., 2006a).
This hydrologic variability may translate to decadal to century lake
level variations, which may remain undetectable in the strandplain re-
cord of past lake level because of the century tomillennial temporal res-
olution and restricted sub-meter elevational sensitivity (cf. Baedke and
Thompson, 2000; Argyilan et al., 2005).

Following the period of dune growth at ca. 3.5 ka at Exposure 1,
the landscape at Arcadia stabilized sufficiently for a well-developed
Entisol with spodic characteristics to form. This soil apparently devel-
oped over a period of ca. 1700 years, as it was buried at ca. 1.76 ka by
Unit V during a period of rising lake level (Fig. 10). The overall lack of
dune growth at Arcadia during this time correlates reasonably well
with a distinct period of stability between about 2.5 and 1 ka in dunes
along the southeastern Lake Michigan shore, which resulted in forma-
tion of the prominent (A/E/Bs/C horizonation) Holland Paleosol in the
upper part of dunes (Arbogast and Packman, 2004). Based on OSL and
stratigraphic data from this study, it appears that the majority of eolian
sand at Arcadia Dunes was deposited in the past millennium. Eolian
sand deposition began ca. 1 ka at both Exposures 1 and 2 and continued
until about 0.5 ka, when the dunes largely stabilized.

This study raises questions about how the record of eolian sand
deposition at Arcadia Dunes compares to other perched dune fields
in the region where buried soils occur (Snyder, 1985; Anderton and
Loope, 1995; Loope and Arbogast, 2000). This comparison is compli-
cated by the fact that earlier chronologies are based entirely on unca-
librated 14C ages from organics in buried soils. To accurately test these
temporal relationships, it was first necessary to standardize the OSL
and 14C time scales. The 14C ages were first calibrated with CALIB
6.0 (Stuiver and Reimer, 1993) using the Reimer et al. (2009) calibra-
tion curve. Subsequently, 50 years were added to each age yielding a
uniform time scale based on AD 2000 for comparison of radiocarbon
and luminescence ages. This comparison is presented in Fig. 11 as a
series of probability density distributions (ages in 1σ).

The temporal comparison between dune fields (Fig. 11) reveals
several interesting trends that would otherwise be unseen if contrast-
ing (OSL and uncalibrated 14C) time scales were used. If such a com-
parison was made, as in Fig. 10 where uncalibrated 14C ages from
Sleeping Bear (Snyder, 1985) are included, it would appear that dune
growth began at each site at about the same time. Calibration of the
original 14C data (Fig. 11) instead reveals that dune growth actually
began ca. 1500 years earlier elsewhere in northwest Lower Michigan
and at Grand Sable than it did at Arcadia. This difference can possibly

Figure 10. Dates of eolian activity correlated to a Holocene lake-level curve for Lake Michigan (Modified from Baedke and Thompson, 2000) and periods of drought recon-
structed by Booth et al. (2006a). Age data from Sleeping Bear dunes (Snyder, 1985) are actually not calendar corrected, but are presented here to visualize the temporal cor-
relation if OSL ages and uncalibrated 14C ages are chronologically compared.

Figure 11. Comparison of Arcadia ages with calendar corrected data from perched dune
fields in the region. Upper two panels show the probability density distributions (Singhvi
et al., 2001) for radiocarbon-dated buried soils at Grand Sable dunes (Anderton and Loope,
1995) and northwest Lower Michigan (Snyder, 1985; Loope and Arbogast, 2000) and
lower panel depicts probability density function for luminescence ages for Arcadia
Dunes. All radiocarbon ages are calendar corrected (Stuiver and Reimer, 1993; Reimer et
al., 2009) and then 50 years added, yielding a uniform time scale for comparison of radio-
carbon and luminescence ages. Radiocarbon ages may predate eolian deposition by a few
decades to a few hundred years because buried A horizons of spodic-type soils are reser-
voirs for carbon associated with degradation of organic material (Wang et al., 1996). The
number, relative height of, and occurrence of peaks reflect mean values and associated
errors of age estimates. Peaks defined by one or two ages may not be significant. This
analysis indicates that there is broad chronologic consistency amongst recordswith eolian
depositional event(s) ca. between 3.5 and 5 ka, 1.0 and 0.8 ka and 0.5 and 0.3 ka. A broad
peak between 3.5 and 5.0 ka in the luminescence age plot may obscure multiple (2,3) eo-
lian events because of the limited precision.
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be explained by local variations in bluff position and composition
between sites during the later stages of the Nipissing transgression
and associated high stand. Or, conversely, eolian sand was supplied
to dunes at Sleeping Bear and Grand Sable by sand driven upslope
by waves as lake level rose toward the bluff base in the latter
stages of the transgression, whereas it came directly from the
bluff at Arcadia during the Nipissing high. Both methods of sand
transport were proposed by Dow (1937).

Another interesting pattern occurs in the time between ca. 5 and
3 ka. At Grand Sable and other sites in northwest Lower Michigan,
several distinct peaks in probability occur, whereas the distribution
is broad for this interval at Arcadia. This dichotomy may exist in
part because some of the ages at Arcadia bracket depositional inter-
vals, whereas those elsewhere are from distinct soil horizons. It is
also possible that peaks defined by one or two ages in the radiocarbon
distributions may not be significant and/or that details of the deposi-
tional history at Arcadia are obscured because of limited OSL preci-
sion. Nevertheless, it appears that the period of time between 5.0
and 3.5 ka was an interval of dune growth at all perched dune fields.

The most obvious agreement in the chronologies occurs at ca.
1.0 ka, when the most extensive episode of dune growth occurred
at Arcadia. Similar consistency between sites also occurs at ca. 0.8,
0.5, and 0.3 ka. This period of rapid dune growth is common along
the Lake Michigan shoreline (e.g., Loope and Arbogast, 2000; Van
Oort et al., 2001; Arbogast et al., 2002a; Hansen et al., 2002; Fisher
and Loope, 2005; Lepczyk and Arbogast, 2005; Hansen et al., 2010),
indicating that the supply of eolian sand was high along most of
coast at this time.

Why did the supply of eolian sand dramatically increase at 1 ka
after a lengthy hiatus? Past research on Lake Michigan coastal dunes
(e.g., Loope and Arbogast, 2000; Arbogast et al., 2002a; Hansen et al.,
2002; Fisher and Loope, 2005; Lepczyk and Arbogast, 2005; Hansen et
al., 2010) focused largely on the role that lake-level fluctuations
alone have had on eolian sand supply. It has been inferred that
dunes on high bluffs and lower lake terraces accrete during high
lake levels when wave erosion erodes and destabilizes coastal
faces, resulting in the mobilization of eolian sand (e.g., Loope and
Arbogast, 2000; Arbogast et al., 2002a). In this context, the onset
of dune growth at ca. 1 ka may have begun with a high lake phase
at about the same time (Argyilan et al., 2010).

Although the onset of renewed dune activation at 1 ka can be
temporally linked to a high lake phase, uncertainty remains why
this high lake stand resulted in extensive eolian deposition relative
to previous high stages, when far less eolian sand was mobilized. In
particular, the supply of eolian sand was significantly limited along
the Lake Michigan coast between about 2.5 and 1 ka when several
meter-scale lake-level fluctuations occurred, including a notable trans-
gression and regression (Baedke and Thompson, 2000). This dichotomy
suggests that the supply of eolian sand at Arcadia and other coastal sites
may be also governed by variables other than lake-level fluctuations.
One such factor may be the relationship of lakes Superior, Michigan
and Huron, which were contiguous prior to dynamic separation of
Lake Superior ca. 1.2 ka due to isostatic uplift (Johnston et al., 2007).
Thus, higher lake stands ca. 4.5 to 1.2 ka resulted in a larger contiguous
lake with greater volume and coastline to potentially dissipate
wave energy, particularly with storms. Following separation of
Lake Superior at ca. 1.2 ka, the coastal zone of an independent
Lake Michigan/Huron may have been more susceptible to wave ero-
sion; a documented effect in some Lake Superior standplains with
separation of Lake Superior from lakes Michigan and Huron (Johnston
et al., 2007).

Another potential factor in coastal dune reactivation is regional
drought, though the upper Great Lakes is a rather mesic environ-
ment. Also, the ubiquity of Spodosol-like soils in the stratigraphic re-
cord is evidence of persistent conifer coverage in the late Holocene.
Droughts in the Great Lakes can lead to a lowering in the water table

(cf. Booth et al., 2006a), heightened direct mortality in coniferous
forest and/or through insect infestation or fires. In this context,
extensive dune growth between 1 and 0.5 ka at Arcadia and elsewhere
occurred during a timewhen threemajor regional droughts were docu-
mented (Booth et al., 2006a). Similarly, a pair of droughts has also been
observed at about 1.8 ka (Booth et al., 2006a) that correlate with an ep-
isode of higher eolian sand supply at Arcadia.

Although correlation does not equal causation, coastal dune for-
mation between about 1 and 0.5 ka correlates with reactivation of
dune fields in the Great Plains (e.g., Sridhar et al., 2006; Hanson et
al., 2009, 2010), which has been attributed to an extensive mega-
drought during the Medieval Warm Period. This extended drought
is associated with a distinct shift in the oceanic-atmosphere circula-
tion in the Northern Hemisphere with persistent La Nina conditions
in the Equatorial Pacific Ocean and a positive North Atlantic Oscilla-
tion which dramatically reduces precipitation in to mid-continental
North America (e.g., Feng et al., 2008). In the Great Plains, dune
mobilization during drought periods is clearly attributed to reduced
vegetation and subsequent destabilization of dunes (e.g., Muhs and
Maat, 1993; Arbogast, 1996; Sridhar et al., 2006; Hanson et al., 2009,
2010).

Climate model simulations indicate an about 10 to 20% reduction
in precipitation in the Great Lakes area during the Medieval Warm
Period (Feng et al., 2008), but it is unclear the response of forest
biomes at Arcadia and other coastal dunes with such a reduction
in precipitation. Groundwater table reconstructions show a modest
drop during the Medieval Warm Period, significantly less than other
drought periods in the past ca. 5 ka (Booth et al., 2006a). Alternatively,
the rapid combination of both wet and dry extremes, particularly be-
tween about 1 and 0.5 ka (Booth et al., 2006a), may have caused dune
growth, with increasing sand supply during wet times that was blown
during subsequent dry spells. Thus, dune growth is related to lake-
level fluctuations, but is triggered by rapidly occurring and complex cli-
mate extremes (Feng et al., 2008). Prevailing westerly winds were also
apparently stronger during this interval of time (Booth et al., 2006b),
which may be a critical factor.

Conclusion

Pedostratigraphic analysis, coupled with systematic OSL dating,
identified numerous periods of landscape stability and eolian depo-
sition at Arcadia Dunes during the late Holocene. A well-developed
paleosol is formed in the uppermost part of underlying glacial de-
posits, which apparently reflects a period of landscape stability dur-
ing the Chippewa low lake stage and the early part of the Nipissing
transgression. Eolian sands subsequently buried this basal paleosol
ca. 4.5 ka during the Nipissing high stand. The next period of dune
growth occurred at ca. 3.5 ka during the post-Nipissing regression.
Although lake level was falling overall, the period of 3.9 to 3.0 ka is
characterized by decadal- to century-scale hydrologic variability, as
documented in adjacent peatlands (Booth et al., 2006a).

Growth of the Arcadia dunes continued in the late Holocene
with deposition at ca. 1.7 ka and between 1.0 ka and 0.5 ka. Most
sand deposition occurred within the last 1000 years, which may re-
flect a concomitant high lake phase (Argyilan et al., 2010) and a po-
tential change in lake hydrodynamics with final isostatic separation
of Lake Superior from lakes Michigan and Huron (Johnston et al.,
2007). Heightened sand availability may be also associated with
decadal-scale hydrologic variability associated with the Medieval
Warm Period (cf. Booth et al., 2006a), though this drought impacts
on mesic environments of the Great Lakes is not well documented
(e.g., Feng et al., 2008). Comparison of OSL age data from this
study and calendar corrected 14C ages from previous research indi-
cates that dune growth at Arcadia began after it did in other
perched dunes in the region. Otherwise, age comparisons indicate
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broad agreement in the chronology of eolian sand deposition be-
tween sites.
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