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Dominance of an ~150-Year Cycle of Sand-Supply Change in Late
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Outcrops of buried soils on lake-plains and glacial headlands
along Lake Michigan’s eastern shore suggest that periodic dune-
building has occurred there after relatively long (=100 yr) periods
of low sand supply. We located, described, and radiocarbon dated
75 such buried soils that crop out in 32 coastal dune fields beside
the lake. We assume that peaks in probability distributions of
calibrated “C ages obtained from wood, charcoal, and other or-
ganic matter from buried A horizons approximate the time of soil
burial by dunes. Plotted against a late Holocene lake-level curve
for Lake Michigan, these peaks are closely associated with many
~150-yr lake highstands previously inferred from beach ridge
studies. Intervening periods of lower lake levels and relative sand
starvation apparently permitted forestation and soil development
at the sites we studied. While late Holocene lake-level change led
to development and preservation of prominent foredunes along
the southern and southwestern shores of Lake Michigan, the mod-
ern dune landscape of the eastern shore is dominated by perched
dunes formed during ~150-yr lake highstands over the past 1500
Yr.  © 2000 University of Washington.
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INTRODUCTION

Setting and History of Investigation

islature, 1976; McEacheret al.,1994), understanding of their
geomorphic history is increasingly relevant to management a
conservation.

During the early and mid-1900s, interdisciplinary researc
on Great Lakes dunes focused variously on geographic setti
history, and processes driving change (Cowles, 1899; Full
1918; Stevenson, 1930; Dow, 1937; Calver, 1946; Olso
1958b,c,d). Some of these studies qualitatively describe t
origin of prominent foredunes~5 m thick), formed by land-
ward transport of sand from beaches over several deca
(Olson, 1958d), but do not define the origin of larger (up t
50 m thick) dunes along the shore. Large perched dunes in
lee of high coastal bluffs are linked to sand nourishment frol
bluff faces (Dow, 1937), but the origin of other large dunes th:
mantle topographically lower lake plains is obscure.

During the mid-1970s and early 1980s, attention shifte
away from dunes and toward the history of lake-level chang
the dominant control on shoreline behavior (Hands, 198:
Through radiocarbon dating, a series of studies established t
climatological control of lake level is superimposed upon cor
trol by isostatic rebound and erosion of outlets (Hough, 196
Fraseret al., 1975; Larsen, 1985; Fraset al., 1990). Studies
of beach ridge sequences later combined analyses of coa
sediments witH*C dating to quantify the magnitude and timing
of past lake-level change (Thompson, 1992; Dott and Micke
§PN 1995; Thompson and Baedke, 1995, 1997, 1999; Bae

Along the eastern shore of Lake Michigan, a combination
strong southwesterly winds, high wave fetch, and abund

sand substrate has produced large coastal dunes on moragialch Ridges and the Quantification of Lake-Level History
headlands, outwash terraces, and lake plain deposits at various

elevations (Dorr and Eschman, 1970; Hands, 1970; Farrand3®ach ridges have formed along Lake Michigan as leve
and Bell, 1982; Fig. 1). Because these dunes are now intdpe briefly and then fall (Thompson and Baedke, 1995). S
spersed with major population centers and include valualdences of beach ridges may be built and preserved in p

public lands and unique biological resources (Michigan Leéected coastal indentations, in areas of positive net _sedim1
supply, or both. Thompson and Baedke (1997) used vibraco

Supplementary data for this article are available on the journal homepd§@M 256 beach ridges and radiocarbon dates from selec
(http://www.academicpress.com/qr). interridge swales within five multiridge sequences to constru

aq,ﬂd Thompson, 2000).
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FIG. 1. Settings of 32 sampling localities along the eastern shore of Lake Michigan. Large-scale map shows settings of exhumed paleosols from sit
Photo P1 and section A-~Aypify settings of study sites on glacial headlands; photo P2 and sectioh tpiBy settings of study sites on lake plain edges.
Geology generalized from Farrand and Bell (1982), Snyder (1985), and Walbom (1999). MI, Michigan; ONT, Ontario; WI, Wisconsin.

four late Holocene hydrographs of Lake Michigan. Thederm on emergent beach ridges when water levels rece
hydrographs imply late Holocene “quasi-periodic” lake leveDlson (1958b,c,d) observed foredune development along Le
change with two distinct periods and magnitudes. Individudichigan’s southern shore over several decades and shov
beach ridges form or-30-yr return periods during lake levelthat vegetation promotes foredune construction by alterir
changes of-0.5 m, and groupings of four to six ridges form orsurface roughness. Olson’s (1958d) model linking foredur
~150-yr return periods during lake level changes~df.5 m. growth to low lake levels over decades has been validated
Using data from all five ridge sequences, Thompson aagt-photo sequences along portions of Lake Michigan’s easte
Baedke (1999), and Baedke and Thompson (2000), then pfoichter, 1995) and southern shore (Hunégral., 1990) and
duced rebound-adjusted composite hydrographs portrayiggplied to studies of beach ridges along the southwestern sh
levels of Lakes Michigan and Huron (observed at the Pqutraseret al., 1975, 1990). Due to its elegance and the lack
Huron outlet) over the past 4750 cal yr. an alternative of similar stature, Olson’s model remains tt
dominant paradigm for coastal eolian activity. However, th
model has been broadly applied, beyond its intended phy
How can recent work on lake-level history be used to clarifggraphic context, to imply explanation of all major changes i
the relationships between lake-level change and durendward sand flux along Lake Michigan (e.g., Dorr and E:
building? While the development of beach ridges is not directshman, 1970; Buckler, 1979).
associated with dune building, eolian caps (foredunes) oftenOlson’s foredune model does not describe dune behav

Dune Behavior Revisited: Foredunes and Perched Dunes
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FIG. 2. Inferred late Holocene levels of Lake Michigan (Thompson and Baedke, 1999; Baedke and Thompson, 2000) compared with peaks in pre
of inferred dune-building based on 64 calibrated radiocarbon ages from exhumed dune paleosols. Gray bars show how composite peaks in infédiad dur
(graph F) compare with the inferred lake levels. Graphs A—E show ages grouped by material type (A—C) and geomorphic setting (D, E); graph F seows
data combined.

along the entire shore, nor does it address sand supply flualune model. Radiocarbon dating of buried soils in perche
ations over hundreds of years. The presence of buried soilsdimes on lake-facing bluffs (Anderton and Loope, 1995) alor
dunefields widely spaced along Lake Michigan’s eastern shdrake Superior also suggests periods of stability separated b
(Loope et al., 1995; Arbogast and Loope, 1999) providesentury or more.

evidence that some periods of dune building have alternatedAnderton and Loope (1995) proposed that perched dun
with periods of stability sufficiently long$100 yr) to permit along the southeastern shore of Lake Superior are nourist
forest development (Olson, 1958a), periods much longer thapisodically when adjacent lake-facing bluffs are undermine
the multidecade intervals afforded by Olson’s (1958d) forend collapse during rising lake levels, thereby providing se
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iment for landward eolian transport. This “perched-dundjetween 4750 and 110 cal yr B.P. and were included in tl
mechanism of sand-supply change contrasts with Olson’s sstatistical analysis.

gestion that dunes are built by landward deflation of sand fromA key assumption of our approach is th4€C ages from
low-relief beaches during low lake levels (Olson, 1958d). THeuried A horizons approximate the timing of vegetation dea
perched-dune model has not been systematically tested ethee to rapid sand accumulation. How valid is this assumptic
where in the Great Lakes basin. How well do these two moddts materials that are typically associated with paleoso
explain variations in sand supply to the large dunes that occufyood, charcoal, soil organic matter)? Dating of in-place sten
a variety of geomorphic surfaces along the eastern shoreoofsoil wood fragments would be the most reliable becau:
Lake Michigan? these fragments represent a direct link with a living fore:

This paper has two closely related purposes. First, we téBirkeland, 1974). Charcoal is one step removed in time fro
the hypothesis that-150-yr highstands of Lake Michiganthe living forest; its durability also presents the problem c
(Thompson and Baedke, 1997, 1999; Baedke and Thompspessible “recycling” of the same fragments across sevel
2000) caused soil burial events (i.e., dune building) on mepisodes of vegetation death (i.e., forest fires) prior to buri:
raines, outwash plains, and lake plains along the Lake’s eastéinally, the dating of soil organic matter represents an ul
shore throughout the late Holocene. Second, we attemptkiwown time lag between the death of twigs, leaves, and otf
reconcile and integrate the foredune and perched-dune modiéier on the soil surface, their incorporation into soils, an
of eolian sedimentation in the context of our data. burial by advancing dunes.

In an effort to test the consistency of inferred signal from ot
samples, we compared probability peaks of calibrated ac
among the three types of material collected (wood, charco
soil organic matter; Figs. 2A-2C). To test our dune-buildin

We searched active dunefields (Hands, 1970; Buckler, 19%f)othesis, we also compared peaks of probability of tt
on high-standing morainal headlands and outwash terraces @fifing of soil burial (i.e., dune building) on glacial headland
on truncated lake-plains closer to present lake level betwegflg. 2D), on truncated lake plains (Fig. 2E), and on a
the Mackinac Straits and Michigan’s border with Indiana. Weurfaces (Fig. 2F) with a composite hydrograph derived fro

located 75 buried soils among 32 localities (Fig. 1). Individugolocene lake-level data (Fig. 2; Thompson and Baedke, 19¢
soil profiles were described using standard techniques, notBgedke and Thompson, 2000).

field texture, color, thickness, and boundary characteristics
(Schoenebergeast al., 1998). The thickness of eolian sediment RESULTS AND DISCUSSION
between soil horizons was measured using a hand level and o
meter tape. Samples of charcoal, wood, and soil organic maffne Building Events vs Late Holocene Lake Levels
were collected from the soils fot’C dating (available as The patterns of probability distribution of calibrated age
supplementary data). that we use as surrogates for the timing of dune-buildir

To help compare these data with published lake-level hgppear to correlate well across types of material dated (Fi
drographs, we used the 1998 INTCAL data (Stuie¢ral., 2A-2C), supporting the assumption that the various materi
1998) and the OxCal program (version 3.3; Bronk Ramsefprmed close to the time of vegetation death. The pattern
1995, 1998) to convert'C ages to calibrated (approximatelyprobability distribution also correlates well across differing
calendric) ages and to sum probability distribution of calibrategtomorphic surfaces (Fig. 2D, 2E) supporting the hypothe:
ages within the range of available lake-level data (Thomps¢mat the perched dune model (Marsh and Marsh, 1987; And
and Baedke, 1997, 1999; Baedke and Thompson, 2000). Tbr and Loope, 1995) can be applied to the entire eastern sh
lake-level hydrographs contain errors froiC dating (e.g., of Lake Michigan, above the beach. Most peaks of relati
Olsson, 1986), stratigraphic interpretation (e.g., Larsen, 199gjpbability of inferred dune-building lie near hydrograph peak
and calibration (Stuvier and Reimer, 1993). Our summation séparated by 100-200 cal yr (Thompson and Baedke, 19
“C ages from dune paleosols represents a proxy estimateBaedke and Thompson, 2000; Fig. 2). The hypothesis that 1
late Holocene dune building that contains uncertainty for sirbuilding of perched dunes along the eastern shore of La
ilar reasons as do the lake-level data. However, because bidilbhigan is correlated with~150-yr lake-level peaks is sup-
entities are based on many data points gathered in a consisgented (Fig. 2F). The wide extent of the buried-soil signals
manner at many sites (Pilcher, 1993), they probably hadene-building suggests that the dune landscape of the eas
enough precision and accuracy to show how coastal durg®re of Lake Michigan is primarily a product 6f150-yr lake
responded to past lake-level change. highstands.

Of 75 *C ages, 7 dated “modern” or less than 100 yr
B.P. and 4 extended back in time beyond the range of tN@
composite lake hydrographs (Thompson and Baedke, 1999t is likely that much evidence of dune building corresponc
Baedke and Thompson, 2000). Sixty-four calibrated ages feih with earlier lake-level history lies beneath heavily foreste

METHODS

riability and Uncertainty in the Signal of Dune-Building
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landscapes, was destroyed by bluff recession, or was buriadved during~150-yr dune-building episodes (10.1 m=
deeply by later episodes of dune building. Thus, our sarh4, on glacial headlands and 8.5 m,= 12, on truncated
pling of surface outcrops may obscure the true distributidake terraces).
of burial events relative to time and geomorphic setting. The observed correlation of dune-building events on glaci
Although a signal linking dune building with lake-levelheadlands (Fig. 1, sites 17—20, photo P1, sectioiAwith
peaks separated by a century or longer seems apparent50-yr lake highstands (Fig. 4A) might be expected given tt
synchrony of events along a given suite of surfaces is ratming of similar events along other portions of the upper Gre
(Fig. 3). This variability suggests that dunes respond takes shore (Anderton and Loope, 1995; Lo@peal., 1995;
lake-level change, storm events, and changes in littoratbogast and Loope, 1999). Unexpected, however, is tl
sediment supply in a complex manner. ~150-yr period for soil-burial events on the truncated edges
Uncertainties of carbon residence time in soils has limiteéte low-lying Platte lake plain (Fig. 1, sites 14-16, photo P:
the utility of “C dates of soil organic matter to date episodes s&ction B-B). How can similar periodicities of forestation and
sand movement in some studies (Gilet-Bletral.,1980; Geyh forest burial (i.e., dune-building) on glacial headlands (Fic
and Roeschmann, 1983; Matthews and Dresser, 1983). Hal) and on truncated lake plains (Fig. 4C) be explainec
ever, the late Holocene environment of the upper Great Lalk®sried soils data from sites 14—-20 (Fig. 1), in concert with da
coast appears minimally vulnerable to these difficulties. THrem a beach-ridge study within the Platte lake plain (Thomy
time required for forestation of a stable sand surfac&q0— son and Baedke, 1997), can be used to answer this question
150 yr; Olson, 1958a) and return periods of soil burial appetr develop a general hypothesis on the late Holocene inter:
to have a similar order of magnitude. Brief periods of sotion of the foredune and perched dune models along the east
development after forestation may thus explain the similaritishore of Lake Michigan.
in *C age among wood, charcoal, and soil organic matter
(Figs. 2A-2C). Perched Dunes and Foredunes on and Adjacent to the Pla
Lake Plain

Testing Dune Paradigms
Between 3500 and 1100 cal yr B.P., lake-level chan

Our buried soil data show that the modern dune landscagy®ve the construction of a large sequence of beach ridc
along the eastern shore is young. While large coastal duneéshin Platte Bay—a deep, sheltered indentation of the Lal
along the upper Great Lakes are commonly interpreted llschigan shoreline (Fig. 1, detail; Fig. 4B). Foredunes c
Nipissing in age {-5500-5000 cal yr B.P.; Dorr and Eschmarnyarying thickness capped many of these ridges during Io
1970; Buckler, 1979), the dune landscapes we sampled ke phases (Fig. 4B, scenes 3 and 5; Thompson a
primarily products of post-Nipissing events (see also Snyd&aedke, 1997). Positive net sediment-supply and the &
1985; Arbogast and Loope, 1999). Seventy-five to 80% of tlsence of eroding wave action within the indentation permi
sand volume emplaced at sites 12-25 lies above buried stdd the preservation of the signals of both multidecac
dated at 1500 cal yr B.P. or younger. lake-level change (0f~0.5 m, forming individual beach

Although the origin of parabolic “blowouts” along fore-ridges; Fig. 4B) and multicentury lake-level change (o
dune ridges has been attributed to human disturbance and-tb.5 m; forming groups of 3—6 beach ridges; Thompso
wave runup during stochastic storm events, th&50-yr and Baedke, 1997). The lakeward building of the beac
timing of overlap of beach ridge sequences by paraboliige sequence ultimately filled the sheltered indentation
dunes at sites 14—16 and 23-25 (Fig. 1) suggests that m&igtte Bay (Fig. 1, photo P2, section'-B—lake plain
blowout events are related te 150-yr lake-level change. deposits) about 1100 cal yr. B.P., when the beach ridq
Dune-building events recorded at Aral Dunes (Fig. 3, siequence ceased to form. Our data from sites 14-16 (Fig.
16) may mirror formation of undated parabolic dunes recshow that, during subsequentl50 lake-level peaks, the
ognized on strand plains by others (Stevenson, 1930; Olstakeward edge of the beach-ridge sequence was trunca
1958d; Thompson, 1992; Lichter, 1995; Thompson arn(@ig. 1, section B-B; Fig. 3, site 16; Fig. 4C, scene 1), a
Baedke, 1997). lake-facing bluff was formed, and perched dunes develop

How much sand is moved during150-yr and~30-yr in the lee of the bluff, burying forests that had invaded th
cycles of lake-level change along the eastern shore of Lalkedward portion of the sequence. Deposits associated w
Michigan? The thickness of dunes that cap beach ridges 680-yr lake-level change were routinely removed or rea
the protected Platte lake plain (location of sites 14-16, Figanged by wave action after 1100 cal yr B.P. because the s
1), and which formed during~30-yr return periods, is no longer afforded protection from direct wave actior
highly variable but probably much less than the average 0.8-hompson and Baedke, 1997); thus, regular beach ridg
to 2-m heights of the ridges (Thompson and Baedke, 199@nd foredune caps were no longer preserved. Each til
Average depths of soil burial for 26 paleosols from this ardaake Michigan rises to a-150-yr high (Fig. 4C, scenes 3
(Fig. 1, sites 12-25) provide a rough index of sand volumand 5), any beach-edge sand deposits are destroyed, perc
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FIG. 3. Stratigraphic sections showing relationships among paleosol outcrops along a topographic profile between sites 16 and 19 (Fig. 1).
generalized from Farrand and Bell (1982), Snyder (1985), and Walbom (1999). 0.m., organic matter.

dunes are activated along bluff crests and forests are aga)nThe record of three iterations ofthis or a similar proces
buried. A decline of lake levels from 150 yr peaks starves is present in stacked buried soils at Aral (Fig. 3, site 16); r
perched dunes, which then become forested (Fig. 4C, scdmach-ridge sequences are present.
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FIG. 4. Mechanisms of sand supply change for various geomorphic surfaces, magnitudes of lake level change, and return periods. (A) Glacial h
(after Anderton and Loope, 1995). (B) Late Holocene lake plain@0tyr return period). (C) Truncated late Holocene lake plain$50-yr return period).
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TABLE 1
A Comparison of Processes and Products Implied by the Foredune (Olson, 1958d) and Perched-Dune (Marsh and Marsh, 1987;
Anderton and Loope, 1995) Models for Dune Behavior as Observed along the Shore of Lake Michigan

Model: Foredune Perched dune

Location, setting of prominent dunes Southern, southwestern shore; massive accumulati@astern shore, exposed to wave action in lee of stron
of littoral sand drift during late Holocene effective winds and high fetch; sand starved
Types of dunes produced Thick foredunes in broad, roughly linear belts Large perched dunes; blowout dunes, parabolic
Sand source Beaches Upper portions of lake-facing bluffs cut into glacial
headlands, lake plains, established dunes

Dune building relative to lake level Dunes build as lake levels fall Dunes build as lake levels rise
Attitude; orientation of sand source Near horizontal; parallel to shore High-angle to near-vertical; variable, irregular
Landscape position Lakeward of bluff of winter beach Above, in lee of, bluff of winter beach of truncated

lake plains, glacial headlands
Periodicity of dune building ~30 Yr ~150 Yr

Elevation above lake A few meters Many meters

®Wide beach formed after late fall storms and before development of coastal ice.

Signals of Dune-Building along the Southern and stands, separated by one to several centuries. The history
Southwestern vs Eastern Shores of Lake Michigan dune-building can be directly related to lake level histories :
revealed in beach ridge studies (Thompson and Baedke, 19

How can dominance of & 150-yr signal in the building of 1999: Baedke and Thompson, 2000; Fig. 2). Processes me

perched dunes along Lake Michigan’s eastern shore be recg{nr-] change in sand suooly 6R150-vr returmn periods are
ciled with the apparent dominance of foredune developmen{ g ge | upply y urn peri

and the relative rarity of buried soils in dunefields along thSIm!Iar across Iake—facmg bluffs of varying origin bu_t are
tinct from those operating on enlarged beaches, during ¢

’ I d
Lake's southern and southwestern shores (Olson, 195 eﬂje phases. While landward sand flux is influenced by bo

Fraseret al., 1975, 1990)? For_most of the late Holocene, thﬁi%h and low lake phases (Table 1), landforms produced |
eastern shore has been continually attacked by wave aCtl'c()) lake phases lie near lake level and are quickly destroy

driven by consistent southwesterly winds and long fetch an . .
y y 9 ong the eastern shore. Dunes built durings0-yr lake-level

has received insufficient littoral sand drift to protect beac%eaks atop lake-facing bluffs are remote from direct wa
ridges and foredunes formed during low lake phases. Beafly P ing biu : wan

; : ] action and thus are not readily destroyed. They dominate t
ridge sequences (with attendant thin foredunes) preserve SIG 1o dune landscape. Despite the commonly held noti
nals of both~30- and~150-yr lake-level fluctuation only in u pe. bl y :

rotected indentations (e Platte lake plain, Sturgeon Btgat most dunes along Michigan’s east coast formed during t
P . 9 paimn, g X tglacial peak in lake level5500-5000 cal yr B.P. (the
embayment; Thompson and Baedke, 1997). The southern 2 o
L . Ipissing transgression; Hough, 1963), our data suggest tl
southwestern shores of Lake Michigan, in contrast, have re- I
. . . . most of the modern dune landscape originated later. The ¢
ceived massive sand drift from both coasts during thousands o

years of late Holocene lake-level change (Chrzastowski aﬁﬁrent contrast in dune-building processes relative to lake le

Thompson, 1992). These deposits resulted in shore progragg-ng different portions of Lake Michigan's shore is probabl

tion and in the preservation of a beach-ridge recore-80-yr ue to differences in each factors as littoral sand supply, winc

as well as~150-yr lake-level change, even along the open Ialiaend waves (Table 1).

(Thompson, 1992; Thompson and Baedke, 1997). Large accu-

mulations of sediment along the southern and southwestern ACKNOWLEDGMENTS
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