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ABSTRACT
The Laurentide Ice Sheet (LIS) represents the single largest contributor to global sea level 

during the late Pleistocene glacial-interglacial cycle. Fluctuations of global sea level prior 
to the Last Glacial Maximum (LGM; 26–19 ka) are well documented, but the terrestrial 
extent of the LIS prior to the LGM is uncertain. In central Wisconsin, United States, three 
north-south–trending end moraines of the LIS are preserved. The two eastward moraines are 
constrained to the LGM through radiocarbon and surface exposure dating methods, while 
the westward moraine is constrained only by relative dating techniques and is estimated to 
be up to >125 ka. Here, we report surface exposure ages from this westward moraine (the 
Arnott moraine) and demonstrate that the LIS reached an equivalent extent to its LGM 
position at ca. 35 ka, during Marine Isotope Stage (MIS) 3. These new age constraints for 
the Arnott moraine are significantly younger than prior estimates, which were based on sedi-
ment weathering and low-relief moraine morphology. To address this dichotomy between the 
relatively young exposure dates and the low relief, we applied a landscape diffusion model to 
the Arnott moraine and found that during permafrost conditions, intense erosion can act to 
efficiently and quickly smooth the moraine surface. This study connects the LIS as a potential 
source for sea-level lowering during MIS 3 while simultaneously demonstrating the inherent 
uncertainty associated with relative dating techniques if nonlinear erosional conditions are 
not accounted for in periglacial terrains.

INTRODUCTION
Recent work has suggested that the 

Laurentide Ice Sheet (LIS) had a reduced 
configuration during marine isotope stage (MIS) 
3 (ca. 57–29 ka) and underwent rapid expansion 
to its Last Glacial Maximum (LGM) position, 
ca. 26 ka (Dalton et al., 2016; Pico et al., 2017, 
2018; Carlson et al., 2018; Dalton et al., 2019; 
McMartin et al., 2019). Proxies of global ice 
volume and sea level for this period vary, with 
reconstructions of global sea level ranging from 
100 to 40 m below present for the time period ca. 
50–35 ka (Siddall et al., 2008; Pico et al., 2018). 
Robust evidence exists for fluctuations of the 
LIS volume throughout MIS 3, such as Heinrich 
events (Clark et al., 2007), yet the MIS 3 extent 
of the southern LIS margin is poorly constrained 
(Dyke et al., 2002; Dalton et al., 2019). Here, we 

present evidence for an advance of the LIS into 
Wisconsin, United States (43°N), during MIS 3 
to nearly the identical southern extent as during 
the LGM (Fig. 1). The timing of ice advance 
into central Wisconsin during MIS 3 hitherto 
remained enigmatic because of a dearth of 
chronological controls and a reliance on relative 
age estimates (Weidman, 1907; Clayton, 1986; 
Colgan, 1999; Attig et al., 2011).

Destruction of direct geomorphic or 
sedimentologic evidence for the LIS extent prior 
to the LGM was likely due to the advancement of 
ice during MIS 2. However, records of pre-LGM 
ice extent do exist in North America, including 
deposition of the Roxana Silt (Illinois) from 55 
to 35 ka (Clark et al., 1993; Curry and Pavich, 
1996; Forman and Pierson, 2002), meltwater 
input recorded in the Gulf of Mexico from 45 to 
28 ka (Hill et al., 2006), and interbedded wood 
between lacustrine sediment and till in central 

Wisconsin at 39.1 ± 0.4 ka (Carlson et al., 2018). 
The rapid growth of ice volume during MIS 3 
has been previously inferred from far-field sea-
level indicators (Clark et al., 2009), but it has yet 
to be assessed for the Green Bay Lobe (GBL) 
of the LIS (Fig. 1A).

Global sea-level reconstructions have been 
used to infer ice volume during MIS 3, and the 
LIS is considered to have been a primary driver 
of late Pleistocene sea-level change (Clark et al., 
2009). During the final lowering in global sea 
level preceding the LGM at 40–30 ka, isotopic 
measurements from planktic and benthic 
foraminifera suggest that the LIS was ~30%–
40% smaller (Siddall et al., 2003; Lisiecki 
and Raymo, 2005; Spratt and Lisiecki, 2016), 
whereas glacial isostatic adjustment (GIA) 
analysis suggests that the LIS had a reduced 
ice volume of ~30%–50% during MIS 3 as 
compared to the MIS 2 (Pico et al., 2016, 2017). 
Because sea-level reconstructions represent 
an integrated signal of ice-volume changes, a 
terrestrial record of LIS extent during MIS 3 
can refine specific ice-sheet contributions to the 
global sea-level budgets prior to MIS 2.

ARNOTT MORAINE
The advance and the retreat of the LIS have 

shaped the surficial geology of Wisconsin, with 
390 km of nearly continuous moraines deposited 
by the GBL (Fig. 1A). In some locations, two 
stable positions of the ice margin are preserved, 
the Hancock moraine, marking the maximum 
ice-sheet position during the LGM (ca. 26 ka), 
and the Almond moraine, marking a stable 
deglacial ice-sheet position (e.g., Attig et al., 
2011). In central Wisconsin, a third moraine 
segment exists, the Arnott moraine, which has 
been assigned a broad range of ages from early 
to late Pleistocene (Weidman, 1907, 1913; 
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Thwaites, 1927, 1943; Clayton, 1986; Colgan, 
1999; Attig et al., 2011).

The Arnott moraine (44.36°N, 89.47°W) can 
be distinguished from the Hancock and Almond 
moraines by its position on the landscape and 
relief. It is 24 km long and is located ~4 and 
~6 km to the west of the Hancock and Almond 
moraines, respectively (Fig. 1B). Its mean 
elevation and surface slope, respectively, are 
~15–25 m and 3° lower than the Hancock and 
Almond moraines (Figs. 2A and 2B). Other 
features that differentiate the Arnott moraine 
from the Hancock and Almond moraines 
are its flat central ridge and highly dissected 
flanks. The moraine itself is composed of the 
Keene Member till of the Holy Hill Formation, 
distinguishable from surrounding till units 
by higher amounts of oxidation and leaching 
(Clayton, 1986).

The age of the Arnott moraine has remained 
enigmatic since it was first described by 
Weidman (1907), and later by Thwaites (1927, 
1943). Its westward position on the landscape, 
lower relief, and high leaching content of the till 
support the interpretation of the Arnott moraine 
being older than the neighboring Hancock and 
Almond moraines. Yet, the interpreted time 
needed to degrade, smooth, and weather the 
moraine surface varies, contributing to the wide 
range of age estimates, which are predominantly 
greater than 125 ka (Weidman, 1907; Thwaites, 

1927, 1943; Clayton, 1986; Syverson and 
Colgan, 2004; Attig et al., 2011). Because the 
moraine is covered with quartz-bearing erratic 
boulders, it is ideal for the application of 10Be 
surface exposure dating.

10Be EXPOSURE DATES
To address the timing of moraine deposition 

and LIS retreat from the Arnott moraine, we 
applied surface exposure dating using 10Be. 
The horizontal upper surfaces of quartz-bearing 
boulders situated along the flat crest of the 
moraine were sampled for analysis. Sixteen 
(16) 10Be dates from the Arnott moraine provide 
an age for the retreat of the GBL following 
moraine emplacement (Fig. 1B). See the GSA 
Data Repository1 for boulder photos, laboratory 
processes for 10Be extraction, and exposure age 
calculations.

Our 10Be ages from the Arnott moraine range 
from 82.0 to 24.3 ka (n = 16), with analytical 
uncertainties ranging from 1% to 3%, and 
production rate uncertainties ranging from 6% 
to 7% (Table DR1 in the Data Repository). 
Applying a χ2 test to statistically evaluate the 
distribution of the exposure ages, the three oldest 

ages were identified as outliers. The remaining 
exposure ages have a mean moraine age of 
35.8 ± 2.0 ka (standard error, n = 13).

Postdepositional processes could erode the 
moraine surface and exhume boulders that could 
create apparent 10Be dates that are younger than 
the moraine itself (Heyman et al., 2011). The 
probability distribution function from surface 
exposure ages on moraines has been used as an 
indicator of either inheritance of cosmogenic 
nuclides or boulder exhumation (Applegate 
et al., 2010). Because the 10Be dates from the 
Arnott moraine display a normal distribution 
(Fig. DR1 in the Data Repository), we interpret 
the mean age and uncertainty to best represent 
the age of moraine abandonment and glacial 
retreat, similar to other researchers (e.g., Ullman 
et al., 2015).

LANDSCAPE DIFFUSION MODELING
Using a landscape diffusion model, 

we examined the role of past permafrost 
conditions to explain the marked difference in 
relief between the modern Arnott and Almond 
moraines. Accelerated erosion during periods 
of permafrost could explain the mismatch 
between the interpreted >125 ka age estimate 
of the Arnott moraine based on low surface relief 
and high leaching content of the till (Weidman, 
1907; Clayton, 1986) and the age of 35.8 ± 
2.0 ka based on our 10Be exposure dates. When 
compared with radioisotopic dating methods, 
relative dating of moraines has been shown to 
both over- and underestimate moraine deposition 
age (Dahms, 2004; Marcott et al., 2019).

Past permafrost conditions in Wisconsin 
are constrained to 33–14 ka from 14C dates of 
permafrost features such as ice-wedge casts, as 
well as dated material estimating boreal forest 
emergence (Clayton et al., 2001). Additionally, 
based on glacier-bed conditions inferred from 
the composition and the distribution of glacial 
landforms, the LIS advanced over a landscape 
containing permafrost (Attig et al., 1989; Zoet 
et al., 2019).

To test the effect of variable erosion rates on 
moraine degradation, we applied a landscape 
diffusion model to a high-resolution (0.6 m) 
digital elevation model of the Almond moraine 
(Wisconsin Department of Natural Resources, 
2016). The Almond moraine was selected for 
modeling because it is an analogue for the relief 
when the Arnott moraine was initially deposited. 
We simulated weathering conditions over a 
period of 33 k.y., under both permafrost and 
nonpermafrost conditions: permafrost conditions 
for the initial 19 k.y., and nonpermafrost 
conditions for the subsequent 14 k.y. Our 
model forward calculated landscape diffusion 
by calculating the volumetric flux of soil in two 
dimensions (m2 yr–1) and solving numerically 
with a finite-difference approximation to 
simulate the erosion (Fernandes and Dietrich, 
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Figure 1. Geographic and glacial geologic setting of current study, central Wisconsin, USA. 
A: 10-km-resolution hillshade digital elevation model (DEM) of central North America (World 
Geodetic System 84 coordinate system) delineating Laurentide Ice Sheet (LIS) maximum extent 
during Last Glacial Maximum (LGM; 26–19 ka); position within North America is shown in inset 
map. Ice-sheet lobes: JL—James lobe, DL—Des Moines lobe, CL—Chippewa lobe, GBL—Green 
Bay lobe, LML—Lake Michigan lobe. Pink box indicates study area (not to scale). Solid dots 
indicate studies referenced in text: purple—Dalton et al. (2016), blue—Carlson et al. (2018), 
pink—Kerr et al. (2017). B: Study area with 0.6-m-resolution hillshade DEM base map created 
from lidar data (North America Datum 1983 coordinate system; Wisconsin Department of Natural 
Resources, 2016). Moraines are outlined in black and labeled. Locations of boulders with 10Be 
ages are shown with white circles, and exposure ages are listed with analytical uncertainty 
in thousands of years. Ages determined as outliers of mean moraine age are indicated in 
italicized gray print. Elevation profile of transect A-A′ is shown in Figure 2A.

1GSA Data Repository item 2019172, detailed 
laboratory methods and boulder photos, Table DR1, 
and Figures DR1–DR3, is available online at http:// 
www .geosociety .org /datarepository /2019/, or on 
request from editing@ geosociety .org.
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1997). For permafrost conditions, we applied 
a diffusion coefficient of 3.9 × 10–2 m2 yr–1, 
determined from empirical measurements of 
landscape diffusion under modern permafrost 
conditions in Arctic Alaska (Abolt et al., 2017). 
For nonpermafrost conditions, we used a value 
of 1 × 10–3 m2 yr–1, which has been used to 
approximate regolith transport and moraine 
degradation in nonpermafrost conditions 
(Putkonen et al., 2008).

After 19 k.y. of simulated erosion under 
permafrost conditions, followed by 14 k.y. 
of simulated erosion under nonpermafrost 
conditions, the mean slope of the Almond 
moraine decreased from 6.5° in the modern 
elevation data to 3.1° (Fig. 2C), which has a 
similar distribution and mean to that of the 
modern Arnott moraine (pink line in Fig. 2C). 
The model was also run for 33 k.y. while applying 
only the nonpermafrost coefficient, resulting 

in a decrease of the mean slope from 6.5° to 
5.0° (Fig. DR3), suggesting that nonpermafrost 
erosional conditions alone are insufficient to 
smooth the relief of the Almond moraine to that 
of the modern Arnott moraine. Our modeling 
results demonstrate that accelerated erosion 
during permafrost conditions combined with 
nonpermafrost erosion can explain both the 
diffuse Arnott moraine morphology and our 
relatively young surface exposure ages.

DISCUSSION AND CONCLUSION
Combining evidence from 10Be dates and 

landscape diffusion modeling, we propose 
that the Arnott moraine was deposited under 
nonpermafrost conditions at ca. 35 ka and 
then exposed to increased weathering under 
permafrost conditions from 33 to 14 ka. The 
proglacial position occupied by the Arnott 
moraine, proximal to the maximum LIS extent 
during the local LGM, allowed for accelerated 
erosion to occur. The differing glacial 
environments, periglacial versus ice marginal, 
explains the disparity in relief between the 
modern Arnott and Almond moraines. Interstitial 
ice within the Hancock and Almond moraines 
persisted long after the ice sheet had retreated, 
insolated by overlying sediment, and created the 
distinctive hummocky topography today that is 
characteristic of glacial terrains in Wisconsin 
(Attig and Rawling, 2018).

We present evidence for past periods of 
accelerated erosion caused by permafrost in an 
area that does not have permafrost today. We 
show that erosion during a period of permafrost 
can smooth slopes and degrade a landform 
sufficiently such that relative dating techniques 
produce an age much older than is acquired 
from isotopic dating methods. This research 
has implications for the accuracy of relative 
dating techniques on periglacial landforms 
where past periods of permafrost were present, 
and it serves as a cautionary tale when applying 
relative dating techniques in periglacial terrains 
for determining glacial chronologies (Burke and 
Birkeland, 1979), weathering rates (Taylor and 
Blum, 1995), or any other time- or rate-based 
application.

Our new 10Be dates from the Arnott moraine 
in central Wisconsin record the presence of the 
GBL of the LIS during MIS 3, which adds to the 
growing fingerprint of ice-sheet activity over the 
midcontinent of North America during this time. 
Correlations between the Arnott moraine and 
other pre-LGM till formations have been made, 
but they are grounded in stratigraphy and lack 
geochronologic constraints (Clayton and Moran, 
1982). The deposition of the Arnott moraine 
during MIS 3 corroborates 14C ages from the 
neighboring Lake Michigan lobe (Fig. 1A), 
which bracket the timing of the LIS advance 
between 39.1 ± 0.4 ka and 30.4 ± 0.9 ka(Carlson 
et al., 2018). West of the GBL, 14C ages from the 

Des Moines lobe constrain an advance to have 
occurred between ca. 41 and 29 cal kyr B.P. 
(Fig. 1A; Kerr et al., 2017; Muhs et al., 2018). 
Farther north, geochronologic control exists for 
the Missinaibi Formation, a nonglacial deposit 
in the Hudson Bay Lowlands, which brackets 
an ice advance to ca. 42–35 ka (Fig. 1A; Dalton 
et al., 2016, 2019).

We provide evidence for an advance of 
the LIS into central Wisconsin (43°N) prior 
to moraine deposition at ca. 35 ka. However, 
the climate forcing that drove this MIS 3 
advance of the LIS remains elusive (Fig. 3). 
Northern Hemisphere summer insolation was 
relatively stable at 44°N and higher than today 
(Laskar et al., 2004), suggesting that internal 
feedback mechanisms could have contributed 
to cooler climate that allowed ice-sheet growth. 
Atmospheric CO2 declined on multimillennial 
time scales over MIS 3 (Ahn and Brook, 2008), 
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creating a colder climate that may have favored 
an advance of the GBL.

Changes in LIS volume were the primary 
drivers of global mean sea level during the late 
Pleistocene (Clark et al., 2009). At the time of 
the abandonment of the Arnott moraine, 35 ka, 
reconstructions of global sea level range from 
97 to 40 m below present (Pico et al., 2016, 
2017; Spratt and Lisiecki, 2016), and the LIS is 
calculated to have had a volume ~35% of that 
achieved during the LGM (Pico et al., 2018). 
However, our moraine record from central 
Wisconsin indicates that the LIS reached a nearly 
identical position during MIS 3 as during the 
LGM. While no single lobe of the LIS provides 
definitive evidence of large-scale expansion of 
the entire margin of the LIS, it could signify, as 
others have noted (Carlson et al., 2018; Dalton 
et al., 2019), a rapid expansion of the ice sheet 
prior to full LGM conditions. Alternatively, 
the LIS could have experienced a lower basal 
resistance to ice flow during the permafrost-
free conditions that preceded the local LGM, 
allowing the ice sheet to extend farther while 
sustaining a lower volume than during the LGM.
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