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ABSTRACT. Internal architecture and ages of 71 beach ridges in the Tahquamenon Bay embayment
along the southeastern shore of Lake Superior on the Upper Peninsula of Michigan were studied to gen-
erate a late Holocene relative lake-level curve. Establishing a long-term framework is important to exam-
ine the context of historic events and help predict potential future changes critical for effective water
resource management. Ridges in the embayment formed between about 4,200 and 2,100 calendar years
before 1950 (cal. yrs. B.P.) and were created and preserved every 28 ± 4.8 years on average. Groups of
three to six beach ridges coupled with inflections in the lake-level curve indicate a history of lake levels
fluctuations and outlet changes. A rapid lake-level drop (approximately 4 m) from about 4,100 to 3,800
cal. yrs. B.P. was associated with a fall from the Nipissing II high-water-level phase. A change from a
gradual fall to a slight rise was associated with an outlet change from Port Huron, Michigan/Sarnia,
Ontario to Sault Ste. Marie, Michigan/Ontario. A complete outlet change occurred after the Algoma
high-water-level phase (ca. 2,400 cal. yrs. B.P.). Preliminary rates of vertical ground movement calcu-
lated from the strandplain are much greater than rates calculated from historical and geologic data.
High rates of vertical ground movement could have caused tectonism in the Whitefish Bay area, modify-
ing the strandplain during the past 2,400 years. A tectonic event at or near the Sault outlet also may have
been a factor in the outlet change from Port Huron/Sarnia to Sault Ste. Marie.
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INTRODUCTION

Lake Superior is the largest by volume of the
Great Lakes of North America; by area, it is the
largest freshwater lake in the world and is a part of
the largest fresh surface-water system in the world
(Cohen 1998). It provides water for consumption,
transportation, power, and recreation and borders
two nations, Canada and the United States. Docu-
menting the magnitude and frequency of past Great
Lakes water-level fluctuations is critical to optimize
water resource management, to help understand
past climate change, and to predict potential future
changes in lake levels. Although lake-level gauges
provide short-term records of water-level fluctua-
tions for the past 150 years, it is difficult to estab-
lish the importance of these fluctuations without a
framework of long-term fluctuations. Records of
lake-level fluctuations spanning the last several
millennia can be extracted from the sedimentary de-
posits preserved in ancient shorelines.

Researchers have studied late Holocene shoreline
features preserved along the coastline of Lake Su-
perior for more than a century (Lawson 1893), but
no one has developed a detailed continuous
chronology of events that can be used to establish
the physical limits and timing of paleo lake-level
fluctuations. Most previous research focused on
three different water-level phases of ancestral Lake
Superior: Nipissing, Algoma, and Sault. These
high-water phases are best preserved in shoreline
features found along the northern part of the Lake
Superior basin where relatively large isostatic re-
bound rates have elevated the features far above
lake level and separated different lake-phase fea-
tures. Stanley (1932) documented these phases on
the eastern side of Lake Superior, Farrand (1960) on
the northern and western side of Lake Superior, and
Cowan (1978, 1985) near the outlet for Lake Supe-
rior in the Sault Ste. Marie area. These studies infer
past lake levels from geomorphic evidence, but lack
detail between major lake phases. Work by Larsen
(1994) at Whitefish Point, Michigan, partially
adopted the sedimentological approach of Thomp-
son (1992) to interpret lake level from a chronose-
quence of beach ridges, but Larsen focused his
studies on isostatic rebound and used an age model
different from that used here. Further work by
Larsen (1999a, b, c) and Larsen et al. (1999) filled
in parts of the late Holocene water-level record by
constraining the timing and elevation of past lake-
level low-stands and attempting to determine the
time when the outlet at Sault Ste. Marie began reg-

ulating water levels in the Lake Superior basin. De-
spite these recent efforts and studies by Johnston et
al. (2000a, b; 2001a, b; 2002a, b) and Thompson et
al. (2002), more sedimentological studies are
needed to accurately define long-term patterns of
lake- level variability (e.g., Baedke and Thompson
2000).

This paper summarizes a study of beach ridges in
the Tahquamenon Bay embayment along the south-
eastern coast of Lake Superior in the Upper Penin-
sula of Michigan updating and expanding upon
previous work by Johnston et al. (2001a). We chose
this site because it contains many well-defined
ridges separated by well-developed wetlands and is
easily accessible. Tahquamenon Bay is important
because it is located near the outlet of Lake Superior
and may have experienced a similar rate of vertical
ground movement (isostatic uplift) as the outlet.
Data from this site will help define past vertical
ground movement, lake-level fluctuations, and outlet
constraints crucial to interpreting the lake’s history.

Our purpose is to produce a relative lake-level
curve for the embayment. We used methods that
were consistent with those outlined by Thompson et
al. (1991) and Thompson (1992), where researchers
used foreshore elevations to approximate the eleva-
tion of the lake at the time each beach ridge
formed; they also used radiocarbon dates to develop
an age model to approximate the age of each beach
ridge. Similar data sets from around the lake are
useful in removing vertical ground movement from
each site’s relative curve to produce a combined
high-resolution curve for the entire lake (cf. Baedke
and Thompson 2000). The resulting record helps to
determine the physical limits and timing of lake-
level variation, long-term patterns of shoreline be-
havior, vertical ground movement, and paleoclimate
change over the past several thousand years. We be-
lieve this study will provide a geologic framework
for other research in the Lake Superior basin, in-
cluding ongoing ecological (e.g., Keough et al.
1999, Kowalski and Wilcox 1999), geomorphologi-
cal (e.g., Loope and Arbogast 2000, Arbogast et al.
2002), paleoecological (e.g., Booth et al. 2002,
Jackson and Booth 2002), pedological (e.g., Barrett
2001), regulatory (e.g., International Joint Commis-
sion 2002), and sedimentological (e.g., Fuks and
Wilkinson 1998, Nichols 2002) studies.

STUDY SITE

The study area is located in northwest Chippewa
County, Michigan, between 46°279300 and
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46°299300. north latitude and 84°579300 and
85°029300 west longitude (Fig. 1A). It is approxi-
mately 35 km south of Whitefish Point, Michigan,
42 km northeast of Newberry, Michigan, and 50 km
west of the outlet for Lake Superior at Sault Ste.
Marie, Michigan. This northward-opening embay-

ment extends approximately 6 km east-west and 2.5
km north-south (Fig. 1B). The limit of the embay-
ment is marked by an elevated bedrock headland to
the east and an elevated bedrock and/or till surface
to the south and west. The approximate edge of the
embayment follows a 198.1-m (650-ft) elevation

FIG. 1. Map showing the Tahquamenon Bay study area. (A) Map of Lake Superior showing the location
of Tahquamenon Bay. (B) Map of the Tahquamenon Bay embayment. The lakeward side of 71 beach
ridges were cored to determine the elevation of the lake when each beach ridge formed. Lines indicate
beach-ridge crests and dots indicate core locations.
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contour on the U.S. Geological Survey McNearny
Lake and Piatt Lake quadrangles and is about 14.6
m above the average elevation of Lake Superior
(183.5 m, 602 ft). A bluff 10- to 15-m-high forms
the southeastern and eastern margin of the embay-
ment, and a 6-m bluff forms the western margin.
The southwestern margin of the basin extends ap-
proximately 1 km further inland than the adjacent
margins and forms an elevated platform that slopes
to the northeast into the embayment.

Several nearshore bars, paralleling the modern
coastline, are on a platform that extends 300 m off-
shore and lies under less than 2 m of water. Further
offshore, the embayment is a part of a larger plat-
form (< 9 m deep) that extends lakeward to a line
near Paradise, Michigan, to Salt Point, Michigan.
This platform opens up into Whitefish Bay (< 90 m
deep). The Tahquamenon River flows into Lake Su-
perior about 9 km north of the Tahquamenon Bay
embayment, and a submerged spit at the mouth of
the river extends southward to about 3 km north of
the study site. The southward-projecting spit sug-
gests that the Tahquamenon River is a source of
sediment to the embayment and distributes it south-
ward. The extension of a sand spit at the mouth of
Naomikong Creek, which drains the embayment as
observed in the 1975 USGS Emerson quadrangle
and 1997 Michigan Department of Natural Re-
sources (MDNR) air photographs (scale 1:15,840),
indicates that littoral transport is currently toward
the east along the coast in the study area. 

The Tahquamenon Bay embayment contains ap-
proximately 80 beach ridges separated by wetland-
filled swales. The most well-defined ridges are in
the eastern part of the embayment (Fig. 1B). Dense
vegetation in the most landward part of the strand-
plain limits access and makes it difficult to define
ridges and swales from air photos. The 13 ridges
adjacent to Lake Superior are oriented east-west, as
is the modern shoreline (Fig. 1B). The relief be-
tween ridge crests and adjacent swales is less than 1
m, and most of the swales between ridges are dry or
contain discontinuous wetlands. In the middle of
the strandplain ridge-crest orientations are 15° from
the modern shoreline and follow a ESE to WNW
direction (Fig. 1B). These ridges generally have
greater relief than the lakeward ridges, with an av-
erage of about 3 m. Most of the swales in this group
are continuous across the central part of the embay-
ment. Ridge-crest orientations of the ten most land-
ward ridges vary from east-west to WSW-ENE
(Fig. 1B). These ridges are on an elevated platform
and have less than 1 m of relief. Swales in this last

set commonly are ponded and contain little organic
matter; standing water in some of these swales may
be related to nearby beaver dams in Naomikong
Creek.

Groups of three to six ridges separated by wider
than average wetlands are evident in air pho-
tographs and in changes in relief. These groups are
defined by a systematic rise and fall in elevation be-
tween wider-than-average wetlands, and they are
less common in the most lakeward and landward
ridges.

METHODS

During the summer of 1999, we collected 71
cores vibracored through 80 beach ridges along
four transects roughly perpendicular to the modern
shoreline (Fig. 1B) using a land-based vibracorer
(Thompson et al. 1991). The lakeward sides of all
accessible beach ridges were cored to minimize the
amount of recovered dune sand and to ensure that
penetration was deep enough to recover basal fore-
shore sediments. We cored several of the vibracore
holes twice to penetrate clay beneath the nearshore
sequence. The clay acted as a plug in the end of the
aluminum tubes and prevented loss of the basal sed-
iments. Most cores contained the entire vertical
nearshore sequence. We recorded core orientations
before cores were removed from the ground so the
orientation of the sedimentary structures were
maintained. Core elevations were surveyed and cal-
ibrated to the International Great Lakes Datum
1985 (IGLD85) (Coordinating Committee on Great
Lakes Basic Hydraulic and Hydrologic Data 1995)
using the National Oceanic and Atmospheric Ad-
ministration (NOAA) Point Iroquois, Michigan,
gauging station. Core sites were located using dif-
ferentially corrected Global Positioning System
(GPS) and 1997 MDNR air photographs (scale
1:15,840). Using a stereo zoom transfer scope, we
then transferred beach-ridge crests and core loca-
tions to the USGS McNearney Lake and Piatt Lake
71⁄2 minute quadrangles to determine distance land-
ward from the modern shoreline to each beach
ridge.

We surveyed an onshore/offshore-oriented profile
250 m in length across the modern shoreline, and
retrieved sediment samples from each recorded ele-
vation (Fig. 1B). The profile extended from the top
of the first dune ridge landward from the modern
shoreline, into the lake, and across two nearshore
bars and two troughs. Theses data allowed us to ob-
serve modern sediment and bedform distributions
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that should be reflected vertically in beach-ridges
cores as changes in grain size and sedimentary
structures.

In the laboratory, vibracores were split in half,
described, sampled, photographed, and glued to
strips of masonite using Rub-R-Mold™ latex. The
latex strips enhance the visibility of sedimentary
structures and create a permanent physical record of
the core. We sieved 1,300 grain-size samples using
1/2-phi intervals, and calculated statistical parame-
ters (mean, standard deviation, and skewness) for
each sample by the mathematical method of mo-
ments. The coarsest one-percentile (C1%) was de-
termined from cumulative grain-size distributions.
Statistical parameters were plotted per core to iden-
tify grain-size variations with depth. We compared
visual descriptions, grain-size data, photographs,
and latex strips to distinguish nearshore and on-
shore facies, specifically the upper and lower con-
tacts of foreshore deposits.

To constrain the ages of the ridges, we used a
combination of conventional and accelerator mass
spectroscopy (AMS) to radiocarbon-date the basal
wetland sediments (Table 1). Samples consisted of
peat collected from the deepest point in the swales
along the same transects as the beach-ridge cores.
We collected samples for AMS radiocarbon dating
using a wide-diameter (10.2 cm) piston corer
(Wright et al. 1984) and for conventional dating by
hand-augering 7.5-cm-diameter aluminum tubes
through the peat profile. We sampled only wetlands
that were laterally continuous, which contained at
least 0.5 to 1.0 m of peat; about a third of the wet-
lands were cored. A single sample was collected
from the lakeward set of swales and none from the
landward set as those areas lacked a suitable thick-
ness of peat. For conventional radiocarbon dating,
we removed one basal peat sample, approximately
3 cm thick, from each core. For AMS radiocarbon
dating, terrestrial plant macrofossils (needles,
seeds) or macroscopic charcoal fragments spanning
the lowest 1 cm of peat were used. Geochron Labo-
ratories (Cambridge, Massachusetts) performed
conventional radiocarbon dating of bulk sediment.
AMS dating of macrofossils and macroscopic char-
coal fragments was prepared at the Institute of Arc-
tic and Alpine Research (INSTAAR) (Boulder,
Colorado) and analyzed at the National Ocean Sci-
ences Accelerator Mass Spectrometry Facility
(NOSAMS) (Woods Hole, Massachusetts). All ra-
diocarbon dates were adjusted for variations in at-
mospheric 14C through time and we calibrated them
to calendar years before 1950 using the University

of Washington’s Quaternary Isotope Lab Radiocar-
bon Calibration Program, CALIB version 4.3 (Stu-
iver and Reimer 1993, Stuiver et al. 1998) (Table
1).

RESULTS AND DISCUSSION

Facies Model

Horizontal trends in sediment facies across the
modern shoreline compare well with vertical trends
in beach-ridge cores and help to interpret the an-
cient record preserved in beach ridges. Grain size
and sedimentary structures define three different fa-
cies (dune, foreshore, and upper shoreface) in both
modern and ancient sediments. Dune, foreshore,
and upper shoreface sediments all show certain
characteristics that distinguish them from each
other in both the modern and ancient sediments.
The contact between the foreshore and upper
shoreface is of great importance because it best ap-
proximates the average elevation of the lake
(Thompson 1992). We describe modern and ancient
characteristics in two separate sections to avoid
confusion.

Modern Facies

The modern topographic shore profile comprises
three different sedimentary and geomorphic parts:
1) the dune in the onshore zone and in the nearshore
zone, 2) the foreshore, and 3) the upper shoreface.
The foreshore extends from where waves break to
the maximum run up on the beach face. The dune
(also called the foredune) extends landward from
the foreshore, and the upper shoreface extends lake-
ward from the foreshore. The plunge point occurs at
the still water line and is at the contact between the
foreshore and upper shoreface.

Elevations decrease lakeward, with the largest
fall occurring in the landward part of the profile be-
tween the foredune and the water line (plunge
point). The profile in this area decreases about 1.2
m over 10 m and contains several scarps. No bed-
forms were present, and the foreshore had no well-
defined cusps. From the plunge point lakeward, the
profile decreases another 0.6 m across a 35-m-wide
sand bar and into a trough in the upper shoreface.
From there lakeward, the profile is relatively flat
and varies only about 0.2 m over a second
nearshore bar and trough. The surface of the upper
shoreface was rippled along the entire profile at the
time of the survey.

Most samples along the profile are medium-
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TABLE 1. Radiocarbon dates collected from the base of swales between beach ridges in the Tahqua-
menon Bay embayment.

Distance Calibrate
Ridge landward Lab Date yr
number a (m)b Material dated number c reported 14C yr B.P. d B.P. d 

14 374.0 Peat GX-25952 9/30/1999 2,470 ± 80 2,644 
15 408.0 Peat GX-25953 9/30/1999 2,000 ± 120 1,936 
16 442.0 Peat GX-25954 9/30/1999 2,450 ± 70 2,481 
17 482.8 Peat GX-25955 9/30/1999 2,640 ± 120 2,753 
18 523.6 Peat GX-25956 9/30/1999 2,810 ± 70 2,908 
23 714.0 Peat GX-25957 9/30/1999 2,890 ± 120 2,996 
24 795.6 Peat GX-25958 9/30/1999 3,110 ± 80 3,350 
29 945.2 Peat GX-25959 9/30/1999 2,950 ± 80 3,128 
37 1,135.6 Peat GX-25960 9/30/1999 2,770 ± 120 2,853 
38 1,190.0 Peat GX-25961 9/30/1999 3,160 ± 130 3,378 
40 1,244.4 Peat GX-25962 9/30/1999 2,990 ± 130 3,184 
41 1,258.0 Peat GX-25963 9/30/1999 3,170 ± 80 3,381 
45 1,380.4 Peat GX-25964 9/30/1999 3,090 ± 80 3,279 
46 1,428.0 Peat GX-25965 9/30/1999 2,880 ± 80 2,979 
48 1,468.8 Peat GX-25966 9/30/1999 3,730 ± 80 4,088 
51 1,543.6 Peat GX-25967 9/30/1999 2,840 ± 100 2,949 
52 1,577.6 Peat GX-25968 9/30/1999 3,160 ± 130 3,378 
54 1,625.2 Peat GX-25969 9/30/1999 3,230 ± 130 3,465 
55 1,659.2 Peat GX-25970 9/30/1999 3,090 ± 60 3,279 
56 1,686.4 Peat GX-25971 9/30/1999 3,320 ± 130 3,564 
59 1,774.8 Peat GX-25972 9/30/1999 2,890 ± 80 2,996 
61 1,808.8 Peat GX-25973 9/30/1999 3,530 ± 100 3,786 

Betula sp. (seeds), Larix 
8 163.2 laricina (needles) and NSRL-11678 31/10/2000 1,580 ± 35 1,493 

Pinus strobus (needles) 

Larix laricina (needles) 
17 482.8 and Pinus strobus NSRL-11556 16/10/2000 2,180 ± 35 2,273 

(needles) 

23 714.0 Larix laricina (needles) NSRL-11557 16/10/2000 3,110 ± 35 3,350 

Larix laricina (needles) 
37 1,135.6 and Pinus strobus NSRL-11558 16/10/2000 2,570 ± 50 2,740 

(needles) 

Larix laricina (needles) 
42 1,292.0 and Pinus strobus NSRL-11680 31/10/2000 2,990 ± 40 3,184 

(needles) 

43 1,326.0 Macroscopic charcoal fragments NSRL-11559 16/10/2000 3,570 ± 45 3,844 

51 1,543.6 Macroscopic charcoal fragments NSRL-11560 16/10/2000 3,750 ± 35 4,125 

Larix laricina (needles) 
61 1,808.8 and Pinus strobus NSRL-11561 16/10/2000 3,840 ± 35 4,240 

(needles) 
aRidge number assigned to each beach ridge identified in the embayment, starting from the modern shoreline increasing
in number landward. 
bDistance landward of the beach ridge crest from the modern shoreline.  
cLab numbers GX correspond to conventional analysis reported from Geochron Laboratories (Cambridge, Massachu-
setts) and NSRL correspond to accelerator mass spectroscopy (AMS) analysis reported from INSTAAR (Boulder, Col-
orado).
dAges were calibrated to calendar years before 1950 using the University of Washington’s Quaternary Isotope Lab Ra-
diocarbon Calibration Program, CALIB version 4.3 (Stuiver and Reimer 1993, Stuiver et al. 1998).
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grained sand, with a slight increase in mean grain
size across the foreshore (swash zone) (Fig. 2). The
coarsest part of the foreshore occurs at the plunge
point. Lakeward from the plunge point, grain size
decreases 0.5-phi across the bar. In all, the mean
size of foreshore sediments are coarser than adja-
cent dune and upper shoreface sediments, with the
coarsest mean grain size occurring at the plunge
point.

Coarsest one-percentile trends change from
coarse-grained sand in the dune, medium-grained
sand to granules in the foreshore, and coarse- to
very coarse grained sand in the upper shoreface
(Fig. 2). The coarsest C1% values occur at the
plunge point and on the lakeward slope of the bar.
Although the foreshore has the widest range in
C1%, most of the foreshore sand was coarser than
adjacent dune and upper shoreface sediment.

Sorting trends change from very well sorted in
the dune, well sorted in the foreshore (moderately
sorted at the plunge point), and well sorted to mod-

erately sorted in the upper shoreface (Fig. 2).
Within the upper shoreface, C1% and mean grain
size is finer and more poorly sorted with increasing
distance offshore.

Skewness changes from more strongly fine
skewed (more positively skewed) in the dune, to
strongly fine skewed to strongly coarse skewed in
the foreshore, to less strongly fine skewed (more
negatively skewed) in the upper shoreface (Fig. 2).
Dune and upper shoreface sediments contain more
fine grains; foreshore sediments contain more
coarse grains.

Ancient Facies

Data from the modern topographic profile indi-
cate that the most discriminating statistical parame-
ters of the three facies are mean grain size, sorting,
and C1% (Fig. 2). Therefore, we use these statisti-
cal parameters in conjunction with sedimentary
structures to identify three sedimentary facies in

FIG. 2. Graph of onshore/nearshore topography and grain-size trends perpendicular to the modern
shoreline at Tahquamenon Bay, Michigan. The profile extends across the modern beach and plunge point
(land/water interface) and into the nearshore. The modern shoreline is eroding, producing a steep topo-
graphic profile on the landward part of the profile. Abbreviations along the second y-axis describe the
grade of sediment (granular gravel to very coarse, coarse-, medium-, fine-, and very fine grained sands to
coarse-grained silt).
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cores (dune, foreshore, and upper shoreface) (Fig.
3). 

In cores, foreshore sediments are coarser grained,
more poorly sorted, more fine skewed, and have
coarser C1% than dune and upper shoreface sedi-
ments. Dune deposits are more poorly sorted, more
fine skewed, and have a coarser C1% than upper
shoreface deposits. Dune sands are also finer
grained in mean and C1% and more coarse skewed
than foreshore deposits. Upper shoreface sediment
is finer grained, more poorly sorted, more coarse
skewed, and has a finer C1% than foreshore and
upper shoreface sediments.

In cores, dune sediments are commonly struc-
tureless or contain high-angle landward-dipping
laminae, whereas foreshore sediments typically
contain parallel, horizontal to lakeward-dipping,
subhorizontal laminae; upper shoreface sediments
are rippled and contain micro-trough cross-stratifi-
cation.

Facies Synthesis

Facies relationships derived from grain size and
sedimentary structures are similar in cores and
across the modern beach. Dune sediments are com-

FIG. 3. Schematic diagram illustrating facies grain-size characteristics in core 951
with respect to depth and typical sedimentary structures in all cores. See Figure 2 for
grain-size abbreviations.
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monly structureless, consist of more fine grains,
and are better sorted than foreshore and upper
shoreface sediments. This is mainly owing to wind
transportation, because wind is efficient at trans-
porting only a small range of fine grains and, there-
fore, structures are less apparent (Hunter 1977,
Allen 1985, Komar 1998).

Foreshore sediments commonly contain parallel,
horizontal to low-angle lakeward-dipping laminae,
consist of abundant coarse grains, and are relatively
well sorted to poorly sorted. These characteristics
primarily result from oscillation and transportation
by water in the nearshore zone; coarse grains are
driven onshore and the few fine grains are win-
nowed out by offshore return flows (Fox et al.
1966, Fraser et al. 1991, Komar 1998). Wind also
removes fine grains from the edge of the nearshore
zone in the foreshore and transports them onshore
into the dune (Komar 1998). The coarsest and most
poorly sorted sand is deposited where the waves
break at the plunge point in the foreshore, at the
water line (Fraser et al. 1991). It is important to rec-
ognize this facies in core because it records the ap-
proximate elevation of the lake (Thompson 1992).

Upper shoreface sediments commonly contain
ripples and micro-trough cross-stratification, organ-
ics, fine grains, and are relatively well sorted. This
is mainly owing to nearshore processes where
coarse and fine-grained sediments are driven on-
shore but only fine-grained sediment is returned
offshore (Komar 1998). Ripples and micro-troughs
are developed by onshore-offshore and alongshore
currents in the nearshore zone (Greenwood and
Davidson-Arnott 1979, Reineck and Singh 1980,
Fraser et al. 1991).

Cross-strandplain Facies Relationships

A cross section of the entire strandplain shows
that contact elevations for each pair of facies gener-
ally decrease lakeward (Fig. 4), except in the lake-
ward and landward sets of beach ridges (Fig. 1). A
platform of foreshore elevations occurs in the most
landward part of the strandplain above the rest.
Constant to slightly rising foreshore elevations
occur in the lakeward part of the strandplain closer
than 250 m from shore. The top and bottom con-
tacts of the foreshore do not parallel each other
across the entire strandplain. Basal foreshore eleva-
tions decrease about 12 m from the landward to
lakeward part of the strandplain, with the largest
decrease occurring in the most landward part, drop-
ping at least 4 m from 2.1 to 1.8 km from the shore

(Fig. 4). Basal foreshore elevations indicate that
relative lake levels ranged from a maximum eleva-
tion of 195.12 m to a minimum elevation of 182.86
m above sea level (IGLD85) in the Tahquamenon
Bay area.

Foreshore elevations rise and fall in groups of
three to six beach ridges (Fig. 4). This trend is simi-
lar to ground elevation changes described previ-
ously. As we will discuss later, such groupings are
more readily apparent in the residual curve where
vertical ground movement is removed. Although
the trends are similar between contacts, basal fore-
shore elevations best approximate the elevation of
the lake when the beach ridges formed.

The sand/clay contact forms the pre-depositional
surface underneath the strandplain. The slope of the
clay surface decreases lakeward but is almost five
times steeper between 2,000 m and 1,800 m than its
slope farther lakeward (Fig. 4). The clay surface
also forms a slightly lakeward-dipping platform be-
tween 900 m and 1,300 m. The sharp sand/clay con-
tact and coarse sand to gravel commonly found
above this contact in core suggests that this surface
is erosional. The age or thickness of the clay is un-
known, but it was most likely deposited offshore
during a previous lake stage and subsequently
eroded before progradation and beach-ridge deposi-
tion. Between the basal foreshore contact and the
clay surface are upper shoreface deposits that accu-
mulated subaqueously. The lower limit of the
shoreface corresponds to the depth of average fair
weather wave base (Reineck and Singh 1980).
Upper shoreface sediment thicknesses range from 0
along the steeply sloping clay surface to as much as
1.94 m. The upper clay surface trends are roughly
parallel to basal foreshore trends, except in the most
lakeward set where basal foreshore elevations rise
slightly and clay upper surface elevations fall, and
in the most landward part of the curve where they
join.

Age Model

We collected 30 peat samples from the base of 25
swales along the Tahquamenon Bay vibracore tran-
sects (Table 1). All 30 samples (22 conventional
and 8 AMS radiocarbon) were used to estimate the
ages of beach ridges (Fig. 5). Calibrated conven-
tional and AMS ages generally show a similar
trend, decreasing in age toward the modern shore-
line. This lakeward decline illustrates the prograda-
tional nature of the shoreline. Although the
conventional samples were not AMS dated, two



10 Johnston et al.

basal peat samples from five common wetlands
were analyzed using the two dating methods. We
used two different collection techniques to sample
basal peat at various locations within the same wet-
land. All of the conventional ages except one varied
from the AMS ages by 100 to 500 calendar years
(older and younger). One AMS age was about
1,200 calendar years older than a conventional age
in samples from the same wetland. However, this
may be a result of dating a macroscopic charcoal
fragment that was transported from older deposits.
Conventional ages should be younger than AMS
ages; they are an average age representing a larger
amount of sample and may be contaminated by
modern rootlets. Although it is expected that the
AMS ages more accurately reflect the date of peat

inception in the swales, there does not appear to be
a consistent relationship between AMS and conven-
tional ages across the strandplain.

This disparity between ages poses a problem for
manipulation and interpretation. Individual ages
cannot be treated as “absolute” because of apparent
age reversals that are inconsistent with strandplain
development and a progradational system. Fitting
complex functions to the data also creates apparent
time reversals and apparent periods when no time
has elapsed, which cannot be explained in this sys-
tem. Further, these ages may reflect only the mini-
mum ages of the deposits in the associated beach
ridges. For this study, we used least-squares regres-
sion through all 30 calibrated ages versus distance
from the modern shoreline to create an age model

FIG. 4. Graph of the elevation of upper and lower limits of foreshore sediments versus distance land-
ward from the modern shoreline. The middle line represents the boundary between foreshore and upper
shoreface deposits and approximates the elevation of the lake during beach-ridge formation. The upper-
most line represents the boundary between dune and foreshore deposits and is used in conjunction with
the middle boundary to calculate foreshore thickness. The lowermost line corresponds to the contact
between upper shoreface sediment and the predepositional surface composed of clay.
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that statistically approximates the age of each beach
ridge (Thompson 1992, Thompson and Baedke
1997). This best-fit line was used because of the
variability between dates (r2 = 0.60) (Fig. 5) and it
allows us to estimate ages for ridges that were not
dated. 

The ages of ridges in the landward set of beach
ridges were extrapolated from the age model, as we
did not collect data in this area. Age estimates cor-
related to a well-defined Nipissing II geomorphic
feature (explained more fully in the next section).
We also extrapolated the age of the lakeward set be-
cause it was within the range of variability for all
ages collected; we have no other data to suggest
otherwise. Janzen’s (1968) archaeological work at
the Naomikong Point site on a peninsula (about 1.5
km to the northeast of the Tahquamenon Bay em-
bayment) uncovered material from a Middle Wood-
land culture (approximately 2,200 to 1,600 cal. yrs.

B.P.). This age corresponds to our age model. We
are currently investigating age dating with optically
stimulated luminescence to help refine the age
model.

In our model, the regression line intersects the
modern shoreline (0 meters in Fig. 5) at about 2,100
cal. yrs. B.P. This suggests that beach ridges did not
form or were not preserved during the last few mil-
lennia in the Tahquamenon Bay embayment, as-
suming continuous deposition between the middle
and lakeward sets. Based on the regression and as-
suming continuous deposition, the oldest preserved
shoreline is about 4,200 cal. yrs. B.P. The inverse of
the slope of the regression line in the distance-ver-
sus-age plot indicates that the average long-term
progradation rate was about 1.10 m/yr. To deter-
mine the average time it takes to create a beach
ridge, we calculated a regression between the cali-
brated ages and numbers assigned sequentially to

FIG. 5. Graph of calibrated ages versus distance from the modern shoreline. The regression line was
used to calculate approximate ages for each beach ridge in the Tahquamenon Bay embayment.
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each beach ridge (cf. Thompson and Baedke 1997).
The slope of the regression indicates that a beach
ridge was created and preserved approximately
every 28 ± 4.8 years, which leads us to believe that
groups of beach ridges were created and preserved
approximately every 140 years.

Relative Lake-level Variation

We combined upper and lower foreshore eleva-
tions with age estimates from the model to create a
relative lake-level curve for Tahquamenon Bay
(Fig. 6A). Beach ridges at Tahquamenon Bay pro-
vide information on relative lake-level fluctuations
from about 4,200 to 2,100 cal. yrs. B.P., assuming
continuous deposition between the lakeward, mid-
dle, and landward sets. Basal foreshore elevations
indicate that relative lake-levels ranged from about
195.12 m to 182.86 m above sea level (IGLD85).
The oldest part of the curve records a lake-level
high about 4,100 cal. yrs. B.P. This high lake level
corresponds to the Nipissing II high-water level
phase when water in all three basins (Lake Supe-
rior, Lake Michigan, and Huron) were confluent
and the lake drained through the Port Huron/Sarnia
and Chicago outlets (Hough 1958; Farrand 1969;
Lewis 1969, 1970; Larsen 1985, 1994). Hough
(1958) reported the Nipissing II phase as ending
about 3,700 cal. yrs. B.P., Lewis (1969) as occur-
ring from about 5,400 to 4,000 cal. yrs. B.P. (4,700
to 3,700 14C yrs. B.P.), Larsen (1985, 1994) as end-
ing about 4,200 cal. yrs. B.P. (3,800 14C yrs B.P.),
and Baedke and Thompson (2000) as ending be-
tween 4,500 and 3,400 cal. yrs. B.P. And so the
general consensus on the end of the Nipissing II
phase is about 4,000 years ago, but its actual timing
is still debated because of the variability associated
with sample types, collection and laboratory meth-
ods, calibration, modeling and interpretation proce-
dures, and the different interpretations of sediment
types and vertical ground movement. Multiple sedi-
mentological analyses of more complete records
will help to better define this time period. The end
of the Nipissing II phase currently is best con-
strained by the record of Thompson and Baedke
(1997) from a strandplain in Manistique, Michigan,
because it, to date, contains the most complete data
in a continuous sequence. The record from Tahqua-
menon Bay also encompasses this time period and
helps to correlate between basins.

A rapid relative lake-level drop of at least 4 m,
recorded in the most landward part of the Tahqua-
menon Bay strandplain, is similar in magnitude to

the drop recorded by Thompson and Baedke (1997)
and suggests commonality between basins. The
Nipissing II phase is placed about 200 to 300 calen-
dar years later in the Tahquamenon Bay curve than
in Thompson and Baedke’s (1997) Manistique
curve. The rapid drop in lake level is defined by
more ridges at Manistique than at Tahquamenon
Bay. Adding additional ridges at Tahquamenon Bay
to account for those not formed or preserved or age
model errors may account for differences between
sites. At some time during this rapid relative lake-
level drop, the Nipissing II phase ended and the
Chicago outlet closed (Baedke and Thompson
2000). The end of the Nipissing high water-level
phase and the closing of the Chicago outlet may be
related to erosion at the Port Huron/Sarnia outlet
and/or large loss of water from the lake (Baedke
and Thompson 2000).

A gradual relative lake-level lowering of approx-
imately 7 m from about 3,800 to 2,400 cal. yrs. B.P.
occurs in the middle part of the Tahquamenon Bay
strandplain (Fig. 6A). This gradual lowering is sim-
ilar to strandplain trends recorded by Thompson
and Baedke (1997) in Lake Michigan. A compari-
son of the Tahquamenon Bay data to both the Lake
Michigan record and the calculated record for the
Port Huron/Sarnia outlet (Baedke and Thompson
2000) indicates that the Tahquamenon Bay embay-
ment experienced more vertical ground movement
than the outlet regulating water level in the Lake
Superior basin. During this time, lake levels were
common in all three basins (Lake Superior, Lake
Michigan, and Huron basins), and the lake drained
through the Port Huron/Sarnia outlet (Farrand and
Drexler 1985). Long-term deviations of up to 1 m
during the gradual lowering in relative lake level
defines the Algoma high-water-level phase. Water-
level fluctuations should become more apparent
when multiple data sets from around Lake Superior
are completed and compared with the Tahquamenon
Bay record so that ground movement can be re-
moved (e.g., Baedke and Thompson 2000).

Between about 2,300 and 2,100 cal. yrs. B.P.,
gradual relative lake-level rise of about 0.3 m oc-
curs in the most lakeward part of the Tahquamenon
Bay strandplain (Fig. 6A). This slight rise indicates
that the Tahquamenon Bay embayment experienced
similar or slightly less vertical ground movement
than the outlet regulating lake levels in the Lake
Superior basin at that time. The change in relative
water levels from a fall to a rise suggests that the
location of the outlet regulating water levels in the
Lake Superior basin changed from Port Huron/Sar-
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FIG. 6. Graph of (A) foreshore (top and base) elevation trends, (B) foreshore thickness, and (C) mean
grain size of nearshore (foreshore and upper shoreface) and onshore (dune) facies per core versus cal-
endar years before 1950 across the entire Tahquamenon Bay strandplain. Basal foreshore elevations in
(A) indicate the relative elevation of the lake through time. (Note: Basal foreshore elevations in (A) are
relative lake-level elevations only with respect to Tahquamenon Bay because vertical ground movement
is not removed.)
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nia to Sault Ste. Marie. The Tahquamenon Bay
record suggests that the outlet change occurred after
the Algoma high-water-level lake phase after about
2,400 cal. yrs. B.P. Farrand (1960) called the phase
after the Algoma the Sault phase and corresponds to
the time when Lake Superior stood at a separate
level than Lakes Michigan and Huron.

Farrand (1962) intersected an exponential uplift
curve for the Sault outlet and a linear curve repre-
senting downcutting at the Port Huron/Sarnia outlet
on an age-versus-elevation plot. The intersection,
he reasoned, was the time when the Sault outlet re-
bounded above Lakes Michigan and Huron. He cal-
culated that the change in outlets occurred at about
2,200 radiocarbon yrs. B.P. Larsen (1994) worked
on a strandplain on Whitefish Point, Michigan and
reported that the change in outlets occurred at about
2,100 cal. yrs. B.P. Incomplete records, different
types of data, varying methods, and errors associ-
ated with age models may account for the various
age estimates for outlet change. The most likely lo-
cations for a time gap in the Tahquamenon Bay
record are between sets (lakeward, middle, land-
ward) of beach ridges, where beach ridges did not
form or were created and subsequently eroded. Re-
orientation beach-ridge crests observed in air pho-
tographs, abrupt grain-size changes in cores, and
reduced accumulation rates or a hiatus recognized
in peat cores support the presence of a time gap.
However, the lack of ages in lakeward and land-
ward sets do not allow for the confirmation of time
gaps in the Tahquamenon strandplain.

Larsen (1999a,b,c) and Larsen et al. (1999) re-
searched submerged features below current lake
level along the southern shore of Lake Superior and
interpreted lake-level fluctuations after the outlets
changed; this work may be useful in understanding
the youngest part of the Tahquamenon Bay record
after vertical ground movement is removed.

Our data record short-term relative lake-level
fluctuations in the Tahquamenon Bay strandplain
on the order of decades to centuries. The age model
indicates that water levels rose and fell about every
28 years to form an individual beach ridge, and
groups of beach ridges suggest that longer-term
fluctuations occurred about every 140 years. Simi-
lar quasi-periodic fluctuations in Lake Michigan
(Thompson and Baedke 1997) suggest that water
levels fluctuated with a similar periodicity in both
the Lake Superior and Lake Michigan basins. Simi-
lar water-level fluctuations in both basins are ex-
pected if they experienced similar rates of
preservation, because the lakes were confluent dur-

ing most of the period recorded in the Tahqua-
menon Bay strandplain.

Cross-strandplain Variations in Foreshore
Thickness and Mean Grain Size

Cross-strandplain variations in foreshore thick-
ness and mean grain-size provide insight into past
changes in wave and wind climates, and sediment
supply and transportation. Foreshore thicknesses
range from 0.3 to 1.5 m, averaging 0.8 m at
Tahquamenon Bay (Fig. 6B). A direct correlation
between foreshore thickness and wave climate has
not been formulated, but Howard and Reineck
(1981) suggest that increased foreshore thickness is
related to increased wave energy or average wave
height. Because wind duration, speed, and fetch
governs wave generation (Komar 1998), foreshore
thickness may reveal past predominant wind char-
acteristics. Foreshore thicknesses generally are
greater during the Nipissing and Algoma phases
than during the Sault phase in the Tahquamenon
Bay record (Figs. 6A and 6B). We expect this rela-
tionship because the size of the water bodies was
much greater during the Nipissing and Algoma
phases (Hough 1958). This increased size would
have increased the available fetch and the nearshore
water depth, increasing wave height; however, a
predominant wind direction, velocity, duration
change or a combination of these may also have
played an important role in affecting foreshore
thickness. A slight rise in foreshore thickness about
3,800 to 3,300 cal. yrs. B.P., an abrupt rise around
3,300 cal. yrs. B.P., and a decrease about 3,300 to
2,400 cal. yrs. B.P. indicate variations in paleo-
wave and wind climates or both during the Algoma
phase. As water levels rose or stabilized, foreshore
thickness generally increased. Short-term variations
in foreshore thickness are similar in duration to
short-term variations in relative lake level. This
suggests that wave and wind climates may have
fluctuated every 140 years. The range in magnitude
of short-term variations in foreshore thickness and
relative lake level decreased after the Sault outlet
began to regulate water levels in the Lake Superior
basin. This dampening may be related to a de-
creased size of the lake and changes in the predomi-
nant wind direction.

Mean grain size ranges from 0.7 phi (coarse
sand) to 2.2 phi (fine sand) in the Tahquamenon
Bay strandplain (Fig. 6C). This relatively small
range in grain size may reflect a single source or
numerous homogeneous sources of sediment. The
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most likely source of sand is the medium to fine-
grained friable sandstone of the Munising Forma-
tion, which outcrops up-drift along the coastline
and along the Tahquamenon River (Hamblin 1958).
The only long-term mean grain-size change in all
three facies across the strandplain is between the
middle and lakeward set. Results from one of the
very few grain-size studies across the nearshore in a
nearly tideless setting were reported by Fox et al.
(1966) in Lake Michigan, and suggest that mean
grain size closely reflects the energy level of the
wave processes. The coarse grain-size shift after
2,400 cal. yrs. B.P. at Tahquamenon Bay, therefore,
may be related to an increase in the energy level of
the wave processes; however, foreshore thickness,
an indicator of wave climate, contradicts this and
remains fairly constant and relatively low during
this period. Alternatively, the abrupt change corre-
sponds to the relative water-level change from a fall
to a slight rise the middle to lakeward set and may
be related to changes in the source of sediment and
the distance/direction of transport after the change
in outlets regulating water levels in the Lake Supe-
rior basin. The only major long-term change in
mean grain size within facies occurs between 2,900
and 2,400 cal. yrs. B.P., where the foreshore sedi-
ment gradually fines while the dune and upper
shoreface sediment remains relatively constant.
This change corresponds to a decreasing foreshore
thickness and a relative lake-level lowering near the
end of the Algoma phase and may suggest an asso-
ciation between long-term mean grain size, fore-
shore thickness, and water level. Short-term
changes in mean grain size are similar in magnitude
to short-term changes in foreshore thickness and
water-level elevations.

Vertical Ground Movement

A linear best-fit line was run through the middle
set of the age-versus-basal-foreshore-elevation plot
(Fig. 6) to determine a preliminary rate of vertical
ground movement for the Tahquamenon Bay em-
bayment. The regression was run only through the
middle set because it is the longest part of the
record where only one outlet regulated water levels
in the Lake Superior basin. The best-fit line slope
suggests that the Tahquamenon Bay strandplain re-
bounded at a rate of 51 ± 1.3 cm/century between
3,800 and 2,400 cal. yrs. B.P. This is almost double
the rates calculated from historical and geologic
data. The rate of linear isostatic rebound calculated
from historic water-level-gauge data is between

about 18 and 30 cm/century relative to the Port
Huron/Sarnia outlet (Coordinating Committee on
Great Lakes Basic Hydraulic and Hydrologic Data
[CCBHD] 1977, 2001). Linear rates calculated from
late Holocene geologic data reported by Baedke
and Thompson (2000) at several sites in the Lake
Michigan basin, by Larsen (1994) at a site in the
Lake Superior basin, and by Lewis (1970) at a site
in the Huron basin compare well with the range in
rebound reported from historical gauge data. All of
these studies used a linear age model because a
best-fit line of each of their data sets suggests a lin-
ear relationship of rebound through time, not an ex-
ponential relationship.

The over-steepening at Tahquamenon Bay may
be the result of age-model errors or incorrect eleva-
tion data. Elevation data were checked on topo-
graphic maps and in the field and we found no
errors. There is the possibility of age-model error
because of the variability observed in the radiocar-
bon dates. Although we collected a large number of
dates, it was difficult to fully ascertain age-model
errors because of the numerous variables and uncer-
tainties involved. We are investigating using opti-
cally stimulated luminescence for age dating to
resolve these problems. We are also studying other
strandplains of beach ridges along Lake Superior to
compare to the Tahquamenon Bay data set.

Tectonics near the Sault Ste. Marie area may be
an alternative explanation for the over-steepening.
There are many faults in this area extending from
the province of Ontario into Lake Superior (Giblin
et al. 1976; Ontario Geological Survey 1991; Man-
son and Halls 1994, 1997; Manson 1996), but they
are not mapped in eastern upper Michigan near the
Tahquamenon Bay embayment. Several factors sup-
port fairly recent tectonism in the Sault Ste. Marie
area: isostatic rebound, earth adjustments after loss
of large volumes of water in the Lake Superior
basin after the Nipissing and/or Algoma high water-
level phases, Michigan structural basin subsidence,
Superior province (Canadian Shield) adjustment,
and midcontinent rift-related adjustments. More re-
search is needed to resolve these issues.

Future of the Tahquamenon Bay Embayment

The large supply of sand from the north (Tahqua-
menon River and coastal reworking) and the shal-
low-water platform defining Tahquamenon Bay are
ideal for beach-ridge development and preservation.
Because the Tahquamenon Bay embayment (as de-
fined in this study) lacks sediment accommodation
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space, it is likely that future beach ridges will form
along the shore of Tahquamenon Bay, which en-
compasses the Tahquamenon Bay embayment. The
presence of scarps on the modern beach, the possi-
bility that Whitefish Point and beach structures (jet-
ties and groins) may capture littoral sediment, and a
long-term rising lake level because of vertical
ground movement at the lake outlet, however, all
are conditions unfavorable to beach-ridge develop-
ment and preservation. As long-term relative water
levels rise in the future, the Tahquamenon Bay em-
bayment will again be inundated and the youngest
part of the strandplain record may eventually erode.
Human activities as well as tectonic events could
modify this long-term trend.

CONCLUSION

We have created a relative lake-level curve for
Tahquamenon Bay, Michigan, by systematically vi-
bracoring the lakeward margin of beach ridges;
using data from the cores, we obtained paleo lake-
level elevations and radiocarbon dates of basal wet-
land sediments between beach ridges to determine
ages. The resulting curve indicates that beach
ridges in the Tahquamenon Bay embayment
recorded lake levels from about 4,200 to 2,100 cal.
yrs. B.P., assuming continuous deposition across
the entire strandplain. During this time, relative
lake levels dropped rapidly (approximately 4 m)
from 4,100 to 3,800 cal. yrs. B.P., lowered gradu-
ally (approximately 7 m) from 3,800 to 2,400 cal.
yrs. B.P., and remained fairly constant from 2,300
to 2,100 cal. yrs. B.P. The rapid drop from 4,100 to
3,800 cal. yrs. B.P. is associated with a drop in
water level at the end of the Nipissing II high-
water-level phase; the change from a gradual fall in
the middle set to a fairly constant slope in the lake-
ward set is associated with an outlet change from
Port Huron/Sarnia to Sault Ste. Marie. Data from
the Tahquamenon Bay embayment strandplain sug-
gest that this outlet change occurred after about
2,400 cal. yrs. B.P. Mean grain-size coarsening
after the outlet change suggests that the source of
sediment or distance/direction of transport changed
as relative water levels started rising.

A line of best fit through the Tahquamenon rela-
tive lake-level curve shows that the strandplain is
over-steepened with respect to estimated rates of
vertical ground movement from historical gauge
and geologic data. This over-steepening may indi-
cate an error in the age model or elevation data.
More strandplains around Lake Superior are being

studied and age-dating sand within beach ridges is
being investigated to check for errors. One mecha-
nism for over-steepening of the curve involves tec-
tonism. Tectonism may have modified the
Tahquamenon Bay strandplain after about 2,400
cal. yrs. B.P. Tectonism in the Sault area could be
related to isostatic rebound, adjustments after the
Nipissing and/or Algoma high-water-level phases,
Michigan structural basin subsidence, Superior
Province (Canadian Shield) adjustment, and/or mid-
continent rift-related adjustments. A tectonic event
in the Sault area may have also been a factor in the
outlet change from Port Huron/Sarnia to Sault Ste.
Marie, important because the outlet regulating
water levels in Lake Superior. This possibility in
the past few millennia raises concern about future
events in the area.

In the past, sand eroded from the Munising For-
mation and transported by the Tahquamenon River
and littoral currents around Whitefish Point pro-
vided a positive rate of sediment supply to Tahqua-
menon Bay and it continues today. However, a
long-term rising lake level, caused by vertical
ground movement at the lake’s outlet at Sault Ste.
Marie, has not favored beach-ridge development
and preservation from about 2,400 cal. yrs. B.P. to
the present.

A short-term quasi-periodic lake-level fluctuation
with a period of about 28 years was instrumental in
the formation of beach ridges in the Tahquamenon
Bay embayment. Foreshore elevations rise and fall
in groups of three to six beach ridges in each set of
ridges observed; we interpret these to represent
quasi-periodic fluctuations of longer duration (ca.
140 yrs.). Changes in mean grain size and foreshore
thickness follow these longer duration fluctuations
and are related to paleo wave and wind climates.
Superimposed on these shorter-duration fluctua-
tions are differential vertical ground movements,
outflow location changes or restrictions, and Lake
Superior hydrodynamics.

Long-term records of Great Lakes water-level
variability are critical to understanding the potential
future magnitude and frequency of water-level fluc-
tuations. Long-term records of water-level variabil-
ity and vertical ground movement also provide a
geologic and climatic framework for paleoecologi-
cal studies, so that past wetland and terrestrial re-
sponses to these changes can be investigated (e.g.,
Booth et al. 2002, Jackson and Booth 2002). The
compilation of multiple sedimentological records of
past lake-level variability (Thompson and Baedke
1997, Baedke and Thompson 2000), and the direct
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comparison of these records to independent paleo-
climate records from the region (e.g., Booth and
Jackson 2003) should provide insight into the rela-
tive importance of the mechanisms driving lake-
level variability (e.g.,  differential ground
movement, outlet switching and erosion, climate
variability) at centennial to a millennial timescales.
Understanding these mechanisms is critical to fu-
ture management of the Great Lakes water re-
source.
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