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Abstract We report on a unique, new dataset: 49
spits that formed in the various phases of Glacial Lake
Algonquin in the northern Great Lakes region,
between approximately 13,200 and 11,500 years BP.
The spits, which are now subaerially exposed well
above the level of the current Great Lakes, trail off
from former Lake Algonquin islands and headlands.
Several exceed 10 km in length. Steep, eroded head-
lands coupled with their coarse-textured sediments,
suggest that spit development was driven by large
waves and strong longshore currents. The lake’s
islands and exposed headlands are usually strongly
eroded on their eastern margins. Additionally, spits
within ~150-200 km of the former ice margin, and
especially the very large spits in northern Michigan,
trail to the west, particularly the WNW and SW. Some
small spits that lie farther south trail to the east, and
others, within confined bays, better reflect the
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localized littoral circulation systems. Together, these
features provide on-the-ground evidence for persis-
tent, easterly, summertime winds in the late Pleis-
tocene in the northern Great Lakes region, supporting
paleoclimate models that show southeasterly to east-
erly air flows, originating from a glacial anticyclone
above the Laurentide Ice Sheet. Our research suggests
that strong, anticyclonically driven, easterly winds
were a key part of the regional circulation within
~150-200 km of the southern ice margin, while
acknowledging that winds may have been more
dominantly westerly at locations farther south. The
latter conclusion reconciles with the record of loess
transport and dune formation on westerly winds during
this (and earlier) time periods in the south-central
Great Lakes region and the Great Plains of North
America.

Keywords Glacial Lake Algonquin - Relict spits -
Glacial anticyclone - Paleoclimate - Erosional
headlands - Isthmi, Isostatic rebound

Introduction

Despite the general agreement among models of
paleoclimate data (COHMAP 1988; Bartlein et al.
1998; Kutzbach et al. 1998), global and hemispheric
circulation patterns during the late Pleistocene and
early Holocene continue to be debated. The debate
may be the result of the coarse spatial resolution of
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these models, or the general lack of ground truth data
with which these models could be verified, modified,
or refuted. Fortunately, some landforms and sedi-
ments, e.g., dunes and their bedforms, spatial patterns
of loess deposits, spit orientations, ventifacts, and
delta sedimentology, can provide important proxy data
for paleoclimate, and especially paleowinds. Using
these data, paleoclimate models can be evaluated more
precisely.

Our goal is to map and provide morphologic data on
spits formed in Glacial Lake Algonquin (GLA), and to
use these data to inform paleoclimate models. GLA
mostly maintained high levels in the Lake Michigan-
Huron basin of the Great Lakes during its Kirkfield
Algonquin to Main Algonquin phases between about
13,200 and 12,500 years BP (Eschman and Karrow
1985; Hansel et al. 1985). Some spits were likely also
formed in the Post Algonquin lake phases between
about 12,500 and 11,500 years BP.

Note that, in this paper, ages are reported in
calibrated, calendar years before present (AD 1950)
(BP); original radiocarbon dates are reported as '*C
BP. Radiocarbon calibrations follow Stuiver and
Reimer (1993) and Reimer et al. (2013).

General background on Glacial Lake Algonquin

GLA formed as the ice margin of the Laurentide Ice
Sheet withdrew northward, exposing the northern
basins of the Laurentian Great Lakes (Karrow et al.
1975; Eschman and Karrow 1985). Records of high
stages of GLA are well preserved as relict coastal
features, mainly wave-cut bluffs.

Lake levels in GLA (Kirkfield Algonquin phase)
were controlled initially by eastward drainage at a
mid-lake position over sills of the Kirkfield—Fenelon
Falls outlet (Fig. 1). During the next, or Main,
Algonquin phase, ongoing isostatic uplift and basin
tilt had eventually shifted lake drainage to southern
outlets at Port Huron, Michigan, and possibly
Chicago, Illinois. Soon thereafter, between approxi-
mately 12,500 and 11,500 years BP, lower shorelines
of the Post Algonquin phases were formed as the lake
level dropped. This drainage occurred in a stepwise
manner, as a series of lower outlets became exposed in
the northeastern part of the lake (Harrison 1972;
Eschman and Karrow 1985; Larson and Schaetzl
2001; Schaetzl et al. 2002; Karrow 2004; Heath and
Karrow 2007). Later, high lake stands associated with
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the early Holocene Mattawa phases (Lewis and
Anderson 2012) and the mid-Holocene Nipissing
Great Lakes were unable to inundate any of the GLA
spits studied here, partly due to isostatic rebound of the
land surface (Larsen 1985; Lewis and Anderson
2012), allowing them to persist as subaerial features.
Most early work on this lake focused on shorelines
and bluffs, rather than spits, because the main research
thrust was on identifying lake levels and outlets
(Goldthwait 1910; Stanley 1936; 1937; Deane 1950;
Cronin 1984); few interpretations of directions of
longshore drift or paleoclimate were offered in these
publications. Contemporary, detailed, data on topog-
raphy and bathymetry, coupled with GIS software,
have allowed researchers to more easily identify
landforms such as spits and other coastal features,
and to also quantify their extents and dimensions. Spits
provide excellent proxy information for paleowinds
and longshore drift because they form slowly and
integrate wind-driven waves and sediment transport
over long periods of time (Krist and Schaetzl 2001;
Jewell 2007). In this paper, we map 49 spits in GLA
and evaluate the morphologic data they present, to
shed light on modeled paleoclimate data for the late
Pleistocene wind regimes of the Great Lakes region.

Background on paleoclimate

The concept of a glacial anticyclone with its clockwise
atmospheric rotation was introduced by Hobbs (1943)
and made more widely known by Bryson and Wend-
land (1967). Based on dune orientations in Saskatch-
ewan, Canada, the anticyclone model found on-the-
ground, geomorphic support (David 1981). Subse-
quent simulations from atmospheric general circula-
tion models corroborated and clarified the concept,
making it a viable source of potentially strong, easterly
winds near the ice sheet’s southern margin that may
have persisted until as late as 9000 years BP in the
Midwest United States (COHMAP 1988). Bromwich
et al. (2004) described well-defined anticyclonic, ice
sheet drainage (katabatic) winds, and the anticyclone
as being well established over the Laurentide Ice Sheet
during January, with mean near-surface wind speeds
>14 m s~' (>50 km h™") along the ice sheet margin.

Questions remain about the strength, persistence,
seasonality and geographic extent of the winds near
and beyond the retreating ice margin, especially in
summer when seasonal ice cover would have been
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Fig. 1 Map of Glacial Lake Algonquin north of 43.5° latitude.
Different water planes, associated with lower lake stages, are
shown in progressively darker shades of blue. Brown areas were
dry land at even the highest lake stage. Current topography
shows through as a hillshade. The Kirkfield to Main Algonquin
phases drained eastward from about 13,200 to 12,500 years BP
by the Kirkfield—Fenelon Falls outlet shown at the eastern edge
of the map. The isobase through this outlet trended west-
northwest (290°). Lake waters transgressed their shorelines

minimal. At 12,000 years BP, the general circulation
model of Bartlein et al. (1998) suggested a glacial
anticyclone mainly in July, but Bromwich et al. (2004)
argued that the anticyclone south of Hudson Bay in
July at the Laurentide Glacial Maximum was “poorly
defined.” Indeed, most models have the glacial
anticyclone as stronger in winter. Atmospheric general
circulation models also vary in their predictions of
persistent easterly flow versus a less pronounced and
more seasonally variable easterly flow, with westerly
flow returning in the winter. Mason et al. (2011)
contended that the modeled anticyclonic winds
occurred mainly over the ice sheet, with northeasterly
to northerly winds at its southern margin.

Although geomorphic data have the potential to
resolve these questions, they have at times been
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south of this isobase as regional glacioisostatic uplift tilted the
lake basin southward, while north of the isobase uplift tilted the
basin upward and the lake regressed from the landscape where it
had been uncovered by ice. Later phases of the Post Algonquin
series of lakes drained by a set a progressively lower outlets in
the North Bay region between about 12,500 and 11,500 years
BP. The southerly position of the ice margin for 11,500 years BP
in the west reflects the post-Main Algonquin Marquette
readvance of ice in the Lake Superior basin. (Color figure online)

somewhat contradictory (Voelker et al. 2015). For
example, evidence from Midwestern US loess and
dune deposits point to westerly and northwesterly
winds at the time of GLA or slightly before (Muhs and
Bettis 2000; Mason et al. 2011; Schaetzl et al. 2014;
Arbogast et al. 2015), making it difficult to reconcile
the modeled glacial anticyclone, which Muhs and
Bettis (2000) agree was a robust feature of the
paleoclimate at full-glacial time, with the geomorphic
record. Muhs and Bettis (2000) pointed to loess
thicknesses that decrease over short distances to the
west of the major Midwestern rivers as evidence for
only infrequent and weak easterly winds at these
latitudes. They reconciled the anticyclone with the
loess record by suggesting loess transport on infre-
quent but strong winds from the NW, intermixed with
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weaker winds from the NE, possibly derived from the
glacial anticyclone. Importantly, they rejected the
notion that the easterly winds from the anticyclone
were restricted to a narrow band near the ice margin,
with westerly winds farther out. It is worth noting that
most of the loess data come from sites that are
hundreds of km south of the ice margin at the time of
deposition, allowing for the possibility that easterly
winds could have dominated, or at least been more
prevalent, nearer the ice (Krist and Schaetzl 2001;
Luehmann et al. 2013; Schaetzl and Attig 2013).
Work on sand dune orientations in the central Great
Lakes region for the period 14,000-10,000 years BP
provide additional data for westerly winds at a
distance from the ice margin, during the latest
Pleistocene. Dunes in central Lower Michigan—only
about 200-250 km south of the ice margin—suggest
that westerly and northwesterly winds were dominant
here between 13,000 and 10,000 years BP (Arbogast
et al. 2015). Dunes in central Wisconsin, slightly
farther from the ice margin, were also formed on
westerly winds. These dunes formed between 14,000
and 10,000 years BP (Rawling et al. 2008).
Alternatively, a considerable body of geomorphic
data appears to support the existence of easterly winds
in areas near the ice margin, probably driven by an
anticyclonic circulation pattern that developed on it. In
general, these winds usually are associated with, or
strengthened by, katabatic processes. For example,
dunes in western Canada, within about 200 km of the
former ice margin, formed on southeasterly winds,
while farther away from the ice northwesterly winds
were dominant (Fisher 1996; Wolfe et al. 2004). Dunes
on the Algonquin plain in Ontario appear to have
formed on northeasterly winds, although the exact age
of these dunes is unclear (To et al. 2015). Nonetheless,
dunes on younger surfaces in the same region are
oriented such that they likely formed on northwesterly
winds. Dune orientations in other locations in eastern
Canada indicate that anticyclonic winds near the ice
margin were replaced by winds from the NW as the
margin retreated (Filion 1987; David 1988). On the
Columbia Plateau from 35,000 to 15,000 years BP,
Sweeney et al. (2004) concluded that the modeled
easterly wind anomaly did exist there as well, but
mainly as weakened westerlies. Thorson and Schile
(1995) reported that ventifact-bearing cover sands,
lacustrine spits, and fluted bedrock outcrops formed in
southern New England, prior to 12,400 years BP, were
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due to a strong, summertime, anticyclonic circulation,
strengthened by katabatic outflow. They argued that
these winds were in existence for up to 150 km from
the ice margin. Other work on soils and landforms
within 200-300 km of the former ice margin in New
Jersey supports strong, cold, easterly and northeasterly
winds in the immediate postglacial period (French and
Demitroff 2001). Together, these studies suggest that
easterly winds during at least the early stages of GLA
were a major part of the paleocirculation, but may have
been restricted to a narrow (<200 km wide) band near
the ice margin.

Finally, we report on two, more localized, precursors
to this study. Krist and Schaetzl (2001) studied six
Algonquin-aged spits in northern Lower Michigan, all
within & 175 km of the former ice margin. These spits
trail to the NW, from headlands and islands in the lake,
suggesting that they formed due to high waves and
currents driven by strong, easterly winds in summer
coming from the anticyclone. Steep bluffs on the eastern
and southeastern margins of the headlands and islands
indicate pronounced erosion. In the vicinity of these
spits, the northerly flowing Black River drained nearby
uplands and debauched into GLA, forming a large,
sandy delta. Sediment patterns within the delta, and a
small spit near its head, both indicate strong waves and
currents, driven by easterly winds (Vader et al. 2012).

The geomorphic data appear to be convincing—a
glacial anticyclone did exist and where it did, it was
strong enough to form large spits and dunes, and to
erode whole flanks of islands. Key to this argument—
most of these landforms were formed in only a few
centuries, as explained in following sections. This
point speaks to the potential strength of the winds
during the late Pleistocene in the study area, especially
given that most of these lacustrine features could only
have formed in the summer when the lake and
subaerial surfaces were unfrozen.

There is much that we still do not know about the
glacial anticyclone. Did strong easterly winds derive
from it, or was the easterly wind anomaly depicted in
atmospheric general circulation models simply a weak-
ening of the westerlies? What was the extent of its
influence beyond the ice margin? In answer to these
questions, we observe that data remain absent from key
areas along the former ice margin, particularly east and
west of the northern Lower Michigan spits. In our study,
we expand upon the Krist and Schaetzl (2001) data set
and in so doing, address these scientific deficiencies.
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Study area, including a history of Glacial Lake
Algonquin

Our study area spans northern Lower Michigan, the
eastern Upper Peninsula of Michigan, and parts of
southern and western Ontario (Fig. 1), where, between
13,200 and 11,500 years BP all three phases of Glacial
Lake Algonquin inundated parts of what are now the
Lake Michigan, Lake Huron including Georgian Bay,
and southeastern Lake Superior basins. Due to
isostatic depression, the lake spilled considerable
distances onto the surrounding uplands. During the
Post Algonquin phase, as lower outlets were succes-
sively uncovered during ice recession, lake levels
dropped in discrete stages, until a very low outlet was
uncovered near North Bay, Ontario (Harrison 1972;
Karrow 2004; Drzyzga et al. 2012; Fig. 1). Thus, spits
that formed in the lake, and wave-cut bluffs that
developed on its margins, often have stepped or
terraced edges, reflecting the incremental drops in lake
level (Schaetzl et al. 2002). Opening of the North Bay
outlet and the presumed dry climate at this time
allowed the water plane to drop between 109 and
188 m (depending on the basin) to extremely low
levels, even forming isolated basins of interior
drainage (Edwards et al. 1996; Rea et al. 1994a, b;
Lewis et al. 2005, 2008a, b). Subsequent isostatic
rebound of the outlets did not raise the water levels to
the previous levels of Main Lake Algonquin or the
higher levels of the Post Algonquin phase studied here
(Larson and Schaetzl 2001). Thus, the coastal Algo-
nquin landforms in our study remain today as excellent
geomorphic indicators of the littoral system during
this time.

Glacial Lake Algonquin is not well dated, although
the ages of several of its phases are well established in
a relative sense. The earliest (Kirkfield) Algonquin
phase in the Lake Michigan and Lake Huron-Georgian
Bay basins came into existence about 11,300 '“C BP
(13,200 years BP), when the retreating ice opened
straits between these basins and exposed the Kirk-
field—Fenelon Falls outlet to the east, into the Trent
River valley and then on to the Ontario basin
(Eschman and Karrow 1985; Karrow et al. 1995).
Discharge continued via this route until drainage was
(possibly) shared with southern outlets at Port Huron,
Michigan, and Chicago, Illinois. These southern
outlets came into play because of differential uplift
of the Kirkfield—Fenelon Falls outlet, during the Main

Lake Algonquin phase, which occurred at about
10,500 '“C BP (12,500 years BP) (Karrow et al.
1975; Karrow 1986; Anderson 1979). After this time,
outlets opened in the North Bay region of Ontario,
initiating the Post Algonquin series of lake phases
(Eschman and Karrow 1985). Studies of small,
isolated basins, associated with Main Algonquin
coastal features farther north in the Lake Algonquin
region, have generally confirmed the Main Algonquin
age determinations (Futyma and Miller 1986; Futyma
pers. comm. 1988).

Except where it bordered the retreating ice sheet,
the maximum geographic extent of GLA is well
constrained because the Main Algonquin shoreline is a
clearly expressed coastal feature. It was first named by
Spencer (1889) and extensively surveyed by Goldth-
wait (1907, 1910) and others to the north (Taylor 1895;
Leverett and Taylor 1915; Cowan 1985; Karrow 1987,
Schaetzl et al. 2002; Drzyzga 2007; Drzyzga et al.
2012; Blewett et al. 2014). Owing to glacial isostatic
adjustment, the Main Algonquin shoreline now rises
from 184 m above sea level in the southern Huron
basin to about 310 m at Sault Ste. Marie, Ontario, and
on the northeastern sector of Manitoulin Island,
Ontario (Cowan 1985; Heath and Karrow 2007).

As the ice margin continued to retreat, a series of
outlets opened in the North Bay, Ontario area, between
northern Georgian Bay and the Ottawa River valley
(Chapman 1954; Harrison 1972; Ford and Geddes
1986). Flow through these outlets dropped lake waters
step-wise, as recorded in nine, progressively lower,
Post-Algonquin phases, formally recognized by Stan-
ley (1936), Deane (1950), and Hough (1958). This
stepwise drop ended around 10,000 '‘C BP
(11,500 years BP), when the lake drained through
the North Bay outlet (Karrow et al. 1975). Some of the
Post-Algonquin shorelines occur as far north as the
Sudbury (Ontario) Basin, about 75 km north of
Georgian Bay (Heath and Karrow 2007) and in the
North Bay area (Karrow 2004). Thus, the entire series
of lake levels from Main Algonquin (ca. 12,500 years
BP) to the lowest of the Post-Algonquin lakes
(approximately 11,500 years BP) was formed and
abandoned in about 1000 years, and the average
existence of any one phase of the nine recognized
GLA levels was on the order of a century. At present,
however, no precise dates or durations have been
reported for any of the individual, post-Algonquin lake
phases.
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Materials and methods

Spits were first mapped and visualized in ArcGIS 10.1
(ESRI, Redlands, CA) and later corroborated in the
field, following the methods of Jewell (2007). In the
GIS, we overlaid flooded, partially transparent, water
surfaces, representing the various stages of Lake
Algonquin, onto a hillshaded, digital elevation model
(DEM) that had been adjusted for post-Algonquin
isostatic rebound. Contemporary DEM data were
obtained from the 30-m resolution National Elevation
Dataset (Gesch et al. 2009) and the 1:50,000-scale
Canadian Digital Elevation Data (CDED 2010).
CDED data were resampled to a 30-m resolution
because the original resolution varies from 0.75 to 3
arcsec.

We created a DEM depicting the late Pleistocene
landscape by subtracting an isostatic response surface
from the DEM of the modern landscape. The response
surface was constructed by using a digital version of
the rebound isolines depicted in Lewis et al. (2005).
Using positional and elevation data collected along the
Lake Algonquin shoreline (Drzyzga et al. 2012;
Finamore 1985; Kaszycki 1985), we adjusted and
added supplemental isolines to the original data
provided by Lewis et al. (2005). We then linearly
interpolated a 30-m surface from the isolines using the
Contour Gridder extension for ESRI’s ArcView 3.x
(Stuckens 2004), thereby ensuring that the final
surface is smooth and not stepped. This surface was
taken to represent the amount of isostatic rebound that
has occurred since the demise of Main Lake Algo-
nquin at about 12,500 years BP. Elevations on the
rebound-adjusted DEM were also broken into classes
to mimic the upper levels of the Post Algonquin phase
below Main Algonquin, which also facilitated the
identification of spits (Fig. 1).

Although the location of the ice margin at the time
of GLA is only generally known, we assumed that a
relatively early stage of GLA coincided with the
formation of the Munising moraine in the eastern
Upper Peninsula of Michigan before the ice retreated
(Blewett et al. 2014; Fig. 1). Thus, when we mapped
the extent of the lake, we allowed it to expand into the
eastern and southern Lake Superior basin at the Main
Lake Algonquin phase (Dyke et al. 2003).

Morphologic, sedimentologic, and textural data
were used to identify potential spits in the field.
Morphologic data included hooks on the distal ends of
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spits (Ollerhead and Davidson-Arnott 1995), stepped
and terraced edges, and evidence of erosion on the
headland, opposite the spit. Where possible, we also
examined spit stratigraphy, to check for imbrication,
stratification, and on the ends of the spits, foreset
bedding (Fig. 2). Likely spits were checked for soil
and sediment texture using the GIS database, or in the
field, to insure that they were composed of sorted
sands and gravels, or in the case of some of the Ontario
spits, shingle gravels, following Jewell (2007). Our
approach was conservative; spits that were not obvious
were excluded from further consideration, including
two small spits from the original work of Krist and
Schaetzl (2001), which at the time were viewed as
questionable.

All spits that were visible from the GIS data and
were confirmed in the field were then mapped, and
their major morphological characteristics tabulated.

Results

Figure 1 shows most of the extent of Main Glacial
Lake Algonquin and its associated lake stages. Our
lake stage DEMs and levels nearly match those of
Drzyzga et al. (2012), but with a wider extent. This
figure also provides our best approximations of three
ice marginal retreat locations that were present
during GLA, using information from Dyke et al.
(2003). These margin locations support the conclu-
sion that the ice margin was at the Munising
Moraine in Michigan’s eastern Upper Peninsula
during the early high lake stages, before receding
farther north into the southeastern Lake Superior
basin and then advancing late in the Post Algonquin
period (Marquette advance) (Fig. 1; Farrand and
Drexler 1985; Blewett and Rieck 1987; Dyke et al.
2003; Blewett et al. 2014). Farrand and Drexler
(1985) placed the ice margin during Main Lake
Algonquin about 80 km north of Sault Ste. Marie,
Ontario. However, precise ice marginal locations
east of the Munising Moraine are unclear, because
the ice margin was probably subaqueous.

We identified 49 prominent spits that formed in
various phases of GLA (Figs. 1, 3, 4; Table 1), all of
which presumably formed in less than 1000 years. We
believe that, with improved elevation data in the
future, e.g., LIDAR surfaces, considerably more spits
could be documented.
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Fig. 2 Photos of spit
sediments and
sedimentology. See Table 1
and Fig. 1 for locations.

a Looking to the south at
foreset beds near the end of
the large Ardtrea Island
South spit, Ontario. b,

¢ Looking to the north at
weakly sorted sediment
within the Auchinean spit on
the Bruce Peninsula,
Ontario, but showing
rounded and imbricated
limestone clasts. d Looking
to the south at well-sorted
and rounded sands and
gravels in the Ocqueoc spit,
northern Lower Michigan.
This site is 7.4 km from the
nearest headland, pointing
to the strength of the
currents that must have
formed this feature. Tape
scale in cms
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_aRiggsville Island
South Spit (22)

Fig. 3 Maps of five representative areas where spits are
particularly well formed. As in Fig. 1, the different water
planes, associated with lower lake stages, are shown in

Discussion

Paleoclimate data for this region and time period,
which roughly coincides with the cold Younger Dryas
period (12,900-11,700 years BP), generally indicate
near glacial conditions. Both terrestrial and aquatic
molluscan fauna from, or related to, Algonquin-age
sediments indicate low summer air temperatures, and
that lake surface waters were <3.6 °C. These cold
conditions are generally attributed to the proglacial
nature of Lake Algonquin (Miller et al. 1985).

Much of what is known is based on extrapolations
of bioclimate relationships from sites considerably
farther south or southeast of our study area, and much
farther from the ice margin (Shane and Anderson
1993; Gonzales et al. 2009; Voelker et al. 2015).
However, interpretation of two sites within the study
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‘"\,,;;;Riggsville Island North Spit (18)

Modern Lake Huron

Owens Island South
PN Spit (26)
2 Ocqueoc Spit (29)
Black River T

Modern
Lake Huron

Raﬁ’nes Spit (45)
e
Elmyview Spit (46))

"4

progressively darker shades of blue. Brown areas were dry
land at even the highest lake stage. Note that several of these
spits have hooks that trail to the west. (Color figure online)

area can help understand the study area’s paleocli-
mate. First, Karrow et al. (1995) used a site near
Clarksburg, Ontario, southwest of Georgian Bay,
about mid-way between sites 35 and 42 (Fig. 1), to
provide paleoclimate data for this period. They
excavated a gravel beach bar of GLA to expose a lens
of buried plant debris. This site is the northernmost
and most deeply buried Lake Algonquin fossil site in
Ontario. Plant macrofossil, pollen, mollusc, and
ostracode data from this site served as bioclimatic
indicators for the beginning period of Glacial Lake
Algonquin, and indicated that the climate was colder
than present by several degrees. A second site exists in
northern Lower Michigan, <2 km south of the Main
Algonquin shoreline (Schaetzl et al. 2013b). Here,
pollen recovered from organic materials that were
buried by sandy alluvium between 10,900 and
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Spit Orientations
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Fig. 4 Rose showing comparative spit lengths (n = 49), split
into groups of 5° of compass orientation. Line lengths represent
cumulative spit lengths where the “number of occurrences” is
>1. Spit lengths were measured as the straight line distance
from the head to the end of the spit, even if it had a curved end

10,300 years BP provide paleobotanical data for the
millennium of post-GLA time. Pollen and plant
macrofossil analyses suggested that, by this time, a
tundra—boreal parkland had been established at the
site. Earlier in time, when GLA was present in this area
and when the spits were forming, the climate was
almost certainly colder.

Thus, there is every reason to believe that the GLA
region generally remained under a cold, glacial
climate during its existence, as also shown in a climate
reconstruction for southern Ontario using geochemical
isotopic data (Edwards et al. 1996), rather than having
warmed to interglacial conditions (Voelker et al.
2015). We therefore believe that GLA was likely
frozen, at least partially, for much of the year.

Spit ages, or timespans of formation

Determining the precise ages of the spits was not the
purpose of this study. Most spits are dateable by
luminescence techniques (Ollerhead and Davidson-
Arnott 1995), but these methods might only be able
to provide a broad timespan for formation. We can,
nonetheless, infer approximate chronological infor-
mation by using constraints provided by the few
radiocarbon dates available, viewed in conjunction

with known information about glacial rebound.
Relative lake level on the rebound isobase trending
290° through the Kirkfield-Fenelon Falls outlet
(Fig. 1) would have been stable with respect to the
surrounding land surface throughout the span of the
Kirkfield Algonquin to Main Algonquin lake phases.
Thus, coastal or other features that may have formed
near the outlet isobase in association with the lake
likely developed during the full span of this period,
i.e., between 13,200 and 12,500 years BP, or over
an approximate 700 year timespan. Sites offset from
the outlet isobase would have experienced vertical
water level movement relative to the local land
surfaces, which would have shortened this time
window. Lake levels would have transgressed the
land surface southwest of the outlet isobase, and
regressed from the land surface northeast of the
isobase.

Paleocoastal features associated with Glacial Lake
Algonquin are commonly found 2 m above or below
the known and inferred Algonquin water planes
(Stanley 1936; Deane 1950), suggesting that they
formed during a specific lake phase or were formed
during timespans when the relative water level
changes were £2 m. By dating estuarine and lagoon
sediment sequences, Karrow et al. (1975) and
Eschman and Karrow (1985) found that a 10 m rise
of lake level 115 km southwest of the outlet isobase
near Kincardine Ontario (Fig. 1) had resulted from
uplift of the Kirkfield—Fenelon Falls outlet over its
700 year lifespan. Applying this 10 m rise at a
distance of 115 km from the outlet isobase implies
that a 4 m rise would have occurred within about
115 x 4/10 = 46 km of the outlet isobase. Thus, any
coastal features within a few tens of kms of the isobase
would likely have developed over a maximum times-
pan of approximately 700 years. At Kincardine,
Ontario, 115 km from the outlet isobase (Fig. 1), the
last 4 mrise in which Main Algonquin coastal features
might have formed would have occurred in 700 x 4/
10 = 280 years. Proportionally greater rises of lake
level would have occurred at more distant sites from
the outlet isobase. For example, relative lake level at
sites 180 km south-southeast of the outlet isobase
would have risen approximately 10 x 180/
115 = 15.7 m in 700 years, and the last 4 m of lake
rise during which the Main Algonquin shore features
might have developed would have occurred in about
700 x 4/15.7 = 178 years. Thus, spits or other
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Table 1 .S(.)me of the major Number Name Approximate Length Lat (N) Long (W)

chara}cterlstlcs of the ) (see Fig. 1) orientation (km)

Gl.ac1a1 Lake Algonquin (head to end)

spits
1 Cedarville SwW 4.0 45°32' 87°22
2 Ephraim SSE 0.3 45°8' 87°10
3 Ellison Bay SSE 0.3 45°15' 87°4
4 Kinsey SSW 0.4 45°10/ 87°3/
5 Hedgehog SSW 0.4 45°17 87°1'
6 Delta Island N. W 2.4 46°0' 86°27
7 Delta Island S. SW 229 45°53' 86°25'
8 S. Manitou Island SwW 0.7 45°2/ 86°6’
9 Leland SE 1.3 45°1’ 85°45'
10 Camp Six SwW 6.3 46°23' 85°34/
11 Sage River SSW 2.1 46°14 85°17
12 Big Spring S 2.9 46°31/ 85°16'
13 Hendricks SW 14.0 46°6/ 85°10/
14 Wycamp SW 1.2 45°40/ 84°56/
15 Betchler SSW 8.5 46°17 84°54/
16 Moran NW 0.4 45°53' 84°49'
17 Pellston Island N 1.0 45°34/ 84°44'
18 Riggsville Island N. NW 20.5 45°41 84041
19 Munro SwW 0.7 45°37 84°41
20 Mackinac Island SwW 0.9 45°51’ 84°37
21 Minch W 1.7 45°36 84°35'
22 Riggsville Island S. WSW 4.3 45°33/ 84°34'
23 Rockview NNE 35 46°5’' 84°24/
24 Owens Island N. NW 22.8 45°34/ 84°20/
25 Black River Delta WNW 1.2 45°24/ 84°19’
26 Owens Island S. SwW 2.4 45°28' 84°13/
27 Rainy NW 0.7 45°25' 84°10/
28 North Allis WSW 1.3 45°23' 84°9
29 Ocqueoc WNW 8.8 45°27 84°2/
30 Rogers City N 1.3 45°23' 83°48'
31 Lake Augusta WNW 2.8 45°19 83°39
32 Kerston NNW 14.2 45°3' 83°34/
33 Aulerich SwW 26.1 44°18’ 83°25'
34 Greenbush SSW 11.3 44°32' 83°21'
35 West Bay SSW 0.5 45°48' 82°8'
36 Pottawatomi NNE 0.3 44°33’ 80°57'
37 Auchinean SSW 2.9 44°37' 80°57
38 Cedar Point SSW 1.6 44°46' 80°7
39 Copeland SSE 2.0 44°44’ 79°59'
40 Penetanguishene NE 2.0 44°45' 79°56
41 Wyevale SE 4.2 44°40/ 79°55'
42 Phelpston SE 0.4 44°32' 79°48'
43 Utopia SSE 1.7 44°20/ 79°47
44 Raines SW 1.3 44°16 79°30
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Table 1 continued Number Name Approximate Length Lat (N) Long (W)

(see Fig. 1) orientation (km)

(head to end)

45 Elmview SW 1.1 44°14' 79°29'

46 Maplewood SSW 35 44°30' 79°26'
Spits are numbered, starting 47 Ardtrea Island S. S 0.6 44°39’ 79°26'
with the spits farthest west, 48 Ardtrea Island N. NW 1.5 44°42' 79°25'
progressing to those farthest 49 Ardtrea Island NW N 1.6 44042 79°24'

east

coastal features associated with Main Lake Algonquin
in this study can be assumed to have formed over
timespans of roughly 200-700 years, depending on
their proximity to the outlet isobase. This difference in
duration is a function of glacial isostatic adjustment
and may have been altered by other factors, such as
variation in water and sediment supply, or by ice
movements. As derived earlier in the ‘Background’
section, the inferred mean duration for any Post
Algonquin lake was about 100 years.

Spits as indicators of paleoclimate

Spit orientations are usually assumed to be excellent
proxies for the direction of littoral currents, wave
action, and hence, maximum wind energy (Jewell
2007). Most spits (indeed, all spits less than
~ 150-200 km of the presumed ice margin) generally
trail off to the W, indicative of formation by easterly
winds that generated west-flowing longshore drift
(Krist and Schaetzl 2001; Vader et al. 2012; Fig. 4).
Spits, including many of the longest ones, are gener-
ally oriented to the WNW, W, WSW or SW (Fig. 4).
Sediment availability and shoreline orientation may
have also contributed to the apparent modality
(grouping) of spit orientations in Fig. 4. Only a few
spits trail to the eastern sections of the quadrant, and
the ones that do are quite short. No spits trail due east,
or even close to due east (Fig. 4).

Several isthmi that occur in the eastern Upper
Peninsula of Michigan, as narrow connections
between islands, generally have SE-to-NW orienta-
tions (Fig. 4). Spits on N-S oriented coastlines, e.g.,
along the eastern coast of Michigan’s Lower Penin-
sula, in the Upper Peninsula near present-day Green
Bay, and on Delta Island and other N-S oriented
islands in the Upper Peninsula, trail to the south but
they, too, eventually hook to the west (Figs. 3, 5).

Of the 49 spits, only two small ones, distant from
the outlet isobase with minimal exposure to Lake
Algonquin wave action, trail to the east: one (South
Manitou Island spit) on South Manitou Island in
present-day Lake Michigan, and one (Leland spit) just
to its east, on the Leelanau Peninsula, on the west coast
of the Lower Peninsula (Fig. 1; Table 1). The Leland
spit trails off an island that lies just west of the large,
N-S oriented peninsula. Both of these spits are
~ 150 km from the nearest presumed ice margin.
Although small, they may indicate a weakened
influence of easterly winds in the lee of the landmass
of the Lower Peninsula. Weakened easterly flow
would be consistent with data from loess deposits and
sand dune orientations in the midcontinent and
middle-southern Great Lakes region (Arbogast et al.
2015).

Together, these data support the conclusion that
most of the longshore drift in GLA was flowing
westerly, and that this drift was driven by generally
easterly winds.

Theoretically, spits can form from sediment
derived from (1) erosion of nearby headlands, (2)
rivers that discharge into the water body, and/or (3)
landward movement of inner shelf deposits. We
discounted fluvial systems as major sediment sources
for the spits, because most of the GLA spits are not
found in association with river mouths. And although
we cannot discount shelf deposits as a source for some
of the spit sediment, we argue that the majority of the
spit sediment was derived by erosion of headlands or
islands, and then transported generally to the west or
northwest on longshore drift. Supporting this conclu-
sion is the observation that almost all of the GLA spits
occur in association with islands or headlands. And in
most cases, these islands and headlands have steep
bluffs on their eastern sides, but lack steep bluffs
elsewhere (Fig. 5). This finding suggests that the
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Fig. 5 Large scale map of some of the large spits in northern
Lower Michigan. The map is flooded both to the Main level of
Lake Algonquin, as well as to a lower stage. Modern contour
lines are shown in order to help visualize spit morphologies.
Contrast the steep, nearly straight, (presumably severely)
eroded, eastern margins of Riggsville and Hebron Islands with

bluffs have been eroded, probably by strong wave
action, and that the erosive action has mainly been
concentrated on the eastern margins of landmasses
that projected out, into the lake. Also, this finding is
consistent with the paraglacial coast model for
glaciated coasts (Forbes 2005) which suggests rapid
reworking of easily remobilized sediment after
deglaciation in a cold climate when stabilization of
backshore bluffs by vegetation would have been
minimal, and that slopes intersected by the water
plane would have been readily eroded. Islands that
would have been protected from such easterly winds
and waves, such as the one connected to the Leland
spit, just off the NW coast of the northern Lower
Peninsula of Michigan, show little evidence of erosion
on their eastern margins.

Many of the sediments in northern Michigan and
southern Ontario are sandy and gravelly (Schaetzl
et al. 2013a) and hence, more easily erodible and
suitable for spit formation than many bedrock areas or
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5 km

the jagged, minimally eroded, eastern margin of Levering Island
and the western margin of Riggsvile Island. Note the SE-NW
isthmus between Riggsville and Hebron Islands, and the
prominent, westward hooking end to the Riggsville Island
North Spit, as mentioned in the text

deposits of clayey lacustrine sediment would have
been. The coarse textured sediment rendered many
islands and headlands susceptible to erosion, facilitat-
ing sediment production for the littoral system. A key
factor in spit growth, in general, is the ample supply of
sediment, coupled with a shallow platform within
which the spit can grow; both these conditions were
met for most of the GLA spits in northern Michigan.
Thus, the GLA spits developed and elongated rapidly
as sands and gravels were eroded from headlands and
deposited by longshore drift in (oftentimes) shallow,
down-drift, protected areas (Fig. 5). In Ontario, more
headlands are formed on bedrock, which limited the
potential for erosion and hence, spit formation. Thus,
spits here are considerably smaller and fewer in
number (Table 1). Even here, however, the spits trail
mainly to the west.

The GLA spits are especially long, prominent and
well formed in the northern Lower Peninsula of
Michigan, presumably because of (1) erodible sandy
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sediment, (2) persistent easterly winds across (in
places) very long fetches, resulting in strong and
reliable longshore drift across (3) fairly shallow
nearshore platforms (Krist and Schaetzl 2001).

Other smaller, but still westerly-trailing spits occur
in areas that may have been sheltered from the
strongest easterly winds: (1) areas adjoining the
mainland of the northern Lower Peninsula, where
islands and protruding headlands created lower-en-
ergy lagoons (Vader et al. 2012; Figs. 3, 5), (2) on the
western (lee) sides of islands throughout the lake,
especially in Michigan’s Upper Peninsula, and (3) on
the south sides of islands that have larger spits trailing
off to the NW, e.g., Owens Island and Delta Island
(Figs. 1, 3). The latter situation suggests that, assum-
ing offshore platforms are shallow and conducive to
spit formation—winds from the E and SE were more
common, and stronger, than winds from the N and NE.
Shorelines in Ontario, on the far eastern margin of
GLA, as well as on the western side of the Lower
Peninsula of Michigan, are nearly devoid of spits,
again suggesting a wind regime dominated by easterly
flow; these coastlines would have been areas of mainly
offshore winds, which would have minimized coastal
erosion and thus, starved the littoral system of
sediment.

As first reported by Krist and Schaetzl (2001) and as
documented in Table 1, the immense size of some of
these spits is noteworthy and relevant to the paleocli-
mate of the late Pleistocene in this region. In the
northern Lower Peninsula, the Riggsville Island and
Owens Island spits are nearly 21 and 22 km long,
respectively (Figs. 1, 3, 5; Table 1). The nearby
Ocqueoc spit is almost 9 km long, and the spit that
trails southwesterly from Delta Island exceeds 22 km
in length (Figs. 1, 3; Table 1). Betchler Spit on the
eastern flank of Hulbert Island (Fig. 1) is 8.5 km long.
In the far eastern Upper Peninsula is a 3-km long, SE—
NW trending isthmus, connecting two bedrock-cored
islands, the easternmost island is the headland of the
Rockview Spit (Figs. 1, 3; Table 1).

Equally impressive is the internal sedimentology of
the spits, often with classic-type foreset beds and
coarse, rounded, imbricated flagstone fragments com-
mon to many spits, where exposed (Fig. 2). Many of
the large spits also contain abundant (sometimes large)
gravels, which would have required high energy and
persistent longshore drift to transport great distances
(Krist and Schaetzl 2001; Jewell 2007). Most of the

spits in northern Lower Michigan are, in many places,
quite gravelly (Krist and Schaetzl 2001). In both
Ontario and Michigan, several large gravel pit oper-
ations are mining former spit sediment, attesting to
their gravelly sedimentology and resource value as
aggregate. In at least one location on the Bruce
Peninsula, the shingle-gravel sedimentology resem-
bles storm beds (Fig.2) and appears to suggest
“frequent, more intense summer storms ..., stoked
by strong katabatic winds blowing down the terminus
of the Laurentide Ice Sheet” as suggested on page 543
in Pascucci et al. (2008). Further work on these spits
may help identify new and important sources of
construction aggregate. The data presented in Fig. 1
and Table 1 provide an excellent starting point for
entrepreneurs in the aggregate industry to begin
exploratory work.

Together, the spits point to paleoenvironmental
conditions of high wave energy and strong longshore
drift, which could have only resulted from strong and
persistent easterly winds. Observations of modern
(Fig. 6) systems confirm that littoral zone current and
waves can transport sand and gravel considerable
distances; what delays or confounds spit growth are
short pulses of waves from other directions. Thus, the
spits here argue for persistent easterly winds, especially
when the nearshore water was ice-free, i.e., mostly in
summer. Therefore, the spits are mainly a proxy for
summertime circulation patterns, although there is little
reason to believe that any anticyclonic winds in the
region would have been weaker in the winter.

We suggest that the strong winds over the lake were
derived from the glacial anticyclone, as likely assisted
by katabatic forcings (Schaetzl and Attig 2013). The
presence of so many spits along GLA coasts also
indicates that climatic conditions had ameliorated
sufficiently by this time to allow for ice-free condi-
tions on the lake, for at least several months annually.
Because all of the spits reported here formed within a
timespan of less than 1000 years, the rate of formation
was impressively rapid, sometimes exceeding one to
two km of spit length accretion per century (Table 1).

As Bartlein et al. (1998) explained, strong temper-
ature gradients that would have existed at the southern
margin of the ice sheet may have helped spawn deep
cyclonic storms passing over the lake. Such storms are
well-known generators of strong westerly winds in
their wake. Indeed, such winds would have been
espoused as key transport vectors for loess in the
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Fig. 6 A summary model of the possible paleoclimate conditions associated with Glacial Lake Algonquin, showing spit and ice margin

locations

Midwestern United States (Muhs and Bettis 2000) and
as the formative mechanism for spits in Paleolake
Bonneville in Utah (Jewell 2007). However, westerly
winds following even storms such as these, passing
through the northern reaches of GLA, were apparently
unable to transport as much sediment as the strong and
presumably dominant easterly flows coming off the
anticyclone.

Conclusions

We report on 49 spits, many of which are very large
and most of which are tied to severely eroded
headlands, in Glacial Lake Algonquin. Many of the
largest spits formed near the outlet isobase in the
Kirkfield to Main Algonquin phase, which existed for
about 700 years, from 13,200 to 12,500 years BP.
Other spits with lifespans of only one or a few
centuries formed at sites distant from the outlet
isobase, or in the Post Algonquin lake phases between
about 12,500 and 11,500 years BP.

@ Springer

These landforms point to strong, persistent (and
likely, seasonal) longshore currents and waves in the
lake. The paleoclimate proxy data provided by the spits
point to frequent easterly winds and even stormy
conditions during the late Pleistocene summers. Such
winds may have persisted throughout the year, although
the lake would have been frozen in winter and thus, the
spits reflect mainly summertime wind flow.

These winds probably continued into the earliest
Holocene. The longest spits are oriented to the W and
NW, indicating that the strongest and most persistent
winds were from the E and SE. The growth of the long
spits that formed to the NW of islands and headlands in
present-day Michigan was assisted by erodible, sandy
bluff sediment, susceptible to summertime wave
erosion, and littoral transport across shallow plat-
forms, all aided by long fetches of easterly winds.
Alternatively, bedrock islands in Ontario have no, or
only small, spits, lacking such favorable conditions for
spit formation.

Our work confirms that the easterly wind anomaly
at the southern margins of ice sheets in paleoclimate
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models is not simply a weakening of the westerlies,
but represents strong, likely persistent easterly winds,
almost certainly derived from a glacial anticyclone
centered above the Laurentide Ice Sheet. Farther
south, other paleoclimate proxy data, e.g., sand dune
orientations, point to the weakening of these easterlies
and the increasing dominance of westerly flow
(Fig. 6), which is consistent with data from loess
deposits of the midcontinent.
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