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Abstract

In landscapes recently impacted by continental glaciation, landslides may occur where
topographic relief has been generated by the drainage of glacial lakes and ensuing post-
glacial fluvial network development into unconsolidated glacially derived sediments and
exhumed bedrock. To investigate linkages among environmental variables, post-glacial
landscape development, and landslides, we created a landslide inventory of nearly 10,000
landslides in five regions of the formerly glaciated low-relief state of Minnesota, United
States. Multivariate logistic regression indicates the importance of slope angle, lithology,
and the development of stream valleys to landslide distribution. Areas underlain by fine-
grained glaciolacustrine and nearshore deposits that are incised by streams are particularly
prone to shallow (<1-2 m depth) landslides. Landslides also occur in a wide range of
glacial and fluvial deposits, and as rockfall in layered Paleozoic sedimentary rocks in
central and southern Minnesota and Precambrian igneous and sedimentary rocks in north-
eastern Minnesota. Although no more than 1-2% of the studied regions are susceptible
to landslides, they can pose risk to life and safety, damage infrastructure, and impact
water quality. The combination of recently generated low-relief steep slopes, extensive
unconsolidated sediments, and layered sedimentary bedrock make this formerly glaciated
landscape more susceptible to landslides than current national-scale models indicate.
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1 Introduction

During the Pleistocene, high latitude areas around the world were impacted by repeated
continental glaciation. Much of this area is low relief, but somewhat counter-intuitively,
now hosts extensive landslide activity and landforms. Glacial till, sand and gravel, fine-
grained glaciolacustrine sediments, and aeolian deposits form the near-surface stratigraphy
in these areas providing thick sequences of unconsolidated sediment in which landslides
may occur. In addition, many post-glacial landscapes have been impacted by incision result-
ing from drainage of proglacial lakes, and to a lesser extent, differential isostatic rebound
and drainage basin reorganization. The base level fall initiated by these events can lead to
ongoing incision of tributary stream networks, characterized by the headward erosion of
stream channels into adjacent areas, establishment of steep bluffs along stream valleys, and
deepening and widening of these valleys as channel networks develop (Cossart et al. 2013;
Gran et al. 2013; Breckenridge 2013; Faulkner et al. 2016; Wickert et al. 2019; Hilgendorf
et al. 2020). These processes combine to form areas with steep slopes and predominantly
weak substrates, particularly within river valleys and along lakeshores (Mickelson et al.
1977; Swenson et al. 2006; Kohv et al. 2009; Day et al. 2013; Gran et al. 2013; Cloutier et
al. 2016; Wartman et al. 2016; Perkins et al. 2017; Krueger et al. 2020).

We report on the occurrence of landslides in the state of Minnesota, United States, an
area greatly impacted by continental glaciation. We explain how the distribution and type of
landslides relate to glacial and post-glacial processes and present an analysis of the suscep-
tibility to future landslides. This work was motivated by recent landslides in Minnesota that
caused fatalities (e.g. Associated Press 2023), heavy precipitation and flooding events that
caused extensive landsliding (e.g. DeLong et al. 2022a, b), and, more generally, the need
to understand hazards associated with ongoing landslide activity. This is the first holistic
study of landslides in Minnesota and may serve as the basis for future site-specific hazard
characterization and mitigation. The fundamental data that underlie these analyses are in a
recently published landslide inventory of five regions of Minnesota (DeLong et al. 2021),
although we expand on those data with interpretations made from field observations here.
To generate the inventory, we used lidar-derived topographic data to map landslides accord-
ing to their morphology, researched historical reports of landslide activity, and performed
field investigations. We used the landslide inventory along with other available statewide
data such as the near-surface lithologies, slope, distance-to-stream, and depth-to-bedrock to
generate the landslide susceptibility analyses presented here.

Landslide hazard research efforts involving generation of landslide inventories and anal-
ysis of landslide susceptibility are common. Landslide inventories in the United States are
synthesized in Belair et al. (2022), procedures for generating landslide inventories from
lidar data are found in Burns and Madin (2009), and a review of the utility of landslide
inventories can be found in Guzzetti et al. (2012). Many reviews of landslide susceptibil-
ity analysis describe statistical, machine learning, and other quantitative and qualitative
methods (e.g. Reichenbach et al. 2018; Liu et al. 2023; Pathak et al. 2023). National-scale
susceptibility modeling for the United States is described in Mirus et al. (2024).

Previous work assessing landslide hazards in Minnesota is lacking. Mohseni et al. (2018)
report a proof-of-concept pilot study describing the use of statewide data for landslide sus-
ceptibility modeling in two counties. Several regional studies associated with the research
described here are among the first to look at the widespread occurrence of landslides for
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Minnesota (Jennings et al. 2016, 2020; Dean 2018; Kohout 2019; Richard 2020; DeLong
et al. 2022a, b). DeLong et al. (2021) is the first regional-scale landslide inventory to be
published for Minnesota. Shafer et al. (2024) present a similar study for the neighboring
low-relief areas in North Dakota.

Landslide inventories and susceptibility maps can help guide zoning, land use and infra-
structure development, assist with implementation of emergency management plans, and
educate the public regarding landslide hazards (Kirschbaum et al. 2010; Kirschbaum and
Stanley 2018; Mirus et al. 2020, 2024). Most research on landslides and landslide suscep-
tibility focuses on tectonically active and mountainous environments across the globe (e.g.
Korup et al. 2007; Reichenbach et al. 2018). However, landscapes with low and moderate
relief can be prone to significant landslide hazards, especially where steep slopes are formed
in unconsolidated sediments (Korup et al. 2007; Panek 2015; Geertsema et al. 2017; Shafer
et al. 2024). Susceptibility models at the national scale fail to capture all the details in many
of these high susceptibility zones (Mirus et al. 2020, 2024), highlighting a need for studies
like this that investigate the specific factors causing landslides in regions of low relief that
contain slopes steepened due to geologically recent changes in topographic base-level.

2 Study area

The State of Minnesota is located within the Central Lowlands and Superior Upland phys-
iographic provinces of the United States (U.S. Geological Survey 2023). The region was
glaciated multiple times during the Quaternary, creating a low-relief landscape with lim-
ited exposure of bedrock (Lusardi et al. 2019). The most recent glaciation buried or modi-
fied landscapes and drainage networks formed during pre-glacial and interglacial times,
although part of southeastern Minnesota remained ice free during the most recent Wis-
consinan glaciation (Johnson et al. 2016). The repeated glacial advances and retreats left a
mosaic of poorly consolidated sediments at the surface.

As ice melted, proglacial lakes formed, and then drained through spillways that carried
large meltwater floods downstream. Late- and post-glacial lake drainage and fluvial incision
created most of the topographic relief in the state and are the focus areas for landslides on
the most recently formed river and lakeshore slopes as they continue to evolve (e.g. Ander-
son et al. 2023). Other relief was formed in ice stagnation landscapes, on glacial deposi-
tional landforms, and in areas such as the Lake Superior basin where glaciers eroded more
deeply into the substrate. The largest of the proglacial lakes formed was glacial Lake Agas-
siz, which eventually overflowed and drained downslope carving a valley now occupied by
the Minnesota River and setting the course of the modern valley (Fig. 1). The formations of
the spillway lowered the base level to which post-glacial fluvial systems continue to respond
with incision migrating upstream over time through head-cutting and knickpoint migration
(Gran et al. 2013; Faulkner et al. 2016).

The study area consists of five landslide-prone regions in the northwestern, northeastern,
south-central, and southeastern parts of Minnesota (Fig. 1). Together, the mapped areas
comprise 41% of the state. The five regions were delineated based on apparent differences in
the character of the landscape. In detail, the boundaries between some regions were chosen
along county lines. This was done simply to facilitate division of labor and data among the
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Fig. 1 Study Area. The base map shows thickness of Quaternary deposits (Jirsa et al. 2011), with the area
mapped for each of the five regions delineated by shaded lines. Dashed blue lines indicate approximate
boundaries of former pro-glacial lakes present at the time of deglaciation, some of which are labeled on
the map. (adapted from Johnson et al. 2016). The modern Mississippi River and Minnesota River are
indicated in blue (MN DNR 2013a). Underlying map is exaggerated hillshade (z=30) (European Space
Agency 2021), and where Quaternary deposits are <5 m thick this hillshade map is depicted in light gray.
Light gray lines mark adjacent state boundaries
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research team in areas where the changes in landscape character was gradational (e.g. Min-
nesota River Region to Metro Region).
More detailed regional characterization follows here and in Table 1:

1. The Southeast Region has the greatest relief and thinnest sediment cover. Extensive
areas remained ice-free during the Wisconsinan glaciation (~100-11 ka years before
present). However, the entire region was glaciated during Illinoian or pre-Illinoian gla-
ciations (Jennings and Johnson 2011; Lusardi et al. 2019). The uplands generally cor-
respond with the elevation of flat-lying, erosion-resistant Cambrian and Ordovician
limestone and dolostone (Mossler 2008) that overlie more erodible shales and sand-
stones (Runkel 1996). These bedrock units are exposed along the river bluffs. The low-
relief uplands tend to be underlain by <3 m thick cover of glacial sediment (Lusardi et
al. 2019), and the loess thickens towards the Mississippi River (Mason et al. 1994). The
Mississippi River is the base level for tributaries, which have valley floors up to 1600 m
wide in the lowest reaches of the largest sub-watersheds.

2. The Metro Region is underlain by Upper Ordovician sedimentary bedrock, with low
overall relief and a highly variable glacial sediment cover (up to 180 m thick). It includes
portions of the Mississippi River and Minnesota River valleys up- and downstream of
their confluence in the Minneapolis-Saint Paul metropolitan area. Approximately 40 m
of relief exposes the glacial sediments and, where present, the flat-lying Upper Ordovi-
cian shale, limestone, and sandstone (Mossler 2008). The relief was originated by the
catastrophic overflow drainage from glacial Lake Agassiz through what is the mod-
ern Minnesota River valley. The knickpoints generated by that incision have migrated
upstream on the Mississippi and Minnesota rivers and their tributaries, generating much
of the relief in this region today.

3. The Minnesota River Region lies in south-central Minnesota and includes the Min-
nesota River and its tributaries. This region is underlain by Upper Cambrian and
Lower Ordovician sedimentary rocks, including an indurated, ledge-forming Cambrian
sandstone. A thick sequence of fine-grained, clast-poor, glacial diamicton overlies the
bedrock (Lusardi et al. 2011). Diamictons are interbedded with glacial outwash and
lacustrine sediments. The total thickness of the Quaternary sediment exceeds 150 m in
some areas (Jirsa et al. 2011). The Minnesota River occupies the valley created by the
drainage from glacial Lake Agassiz (Fig. 1) which incised up to 70 m through mostly
glacial sediment. Tributaries are still responding to that local base-level change via
knickpoint migration, headward erosion, and valley widening. Some knickpoints are
bedrock waterfalls and sit within 5—10 km of the Minnesota River. On other tributaries,

Table 1 Landslides characteristics by region and across the entire study area

Metric Southeast Metro Min- Red Lake All

nesota  River Superior Re-

River gions
Region area (km?) 13,000 5,200 22,400 29,300 16,600 86,500
Number of mapped landslides 738 537 3,365 2,648 2,446 9,734
Median area of each landslide 6,275 2,080 1,001 4,904 709 1,786
(m?) (IQR") (14,241) (3,757) (2,412) (11,427) (1,570) (4,792)
Medilan landslide slope - degrees 35 (8) 29 (7) 37(11)  14(7) 30 (8) 33 (11)
(IQR")

'IOR refers to the interquartile range calculated as the difference between the 75th and 25th quartile
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steep knickzones exist for tens of kilometers upstream from their confluence with the
mainstem Minnesota River (e.g. Gran et al. 2009; 2013).

4. The Red River Region in northwestern Minnesota lies within the watershed of the
north-flowing Red River of the North and the former bed of glacial Lake Agassiz. The
lake level dropped rapidly by ~9 ka, and the north-flowing Red River of the North
became established in the former lake plain, incising and exposing up to 15 m of clay-
rich lacustrine and nearshore sediments along its banks and those of its larger tributaries
(Brevik 1994). Only a subset of the Red River watershed was mapped in this study due
to time constraints.

5. The Lake Superior Region is in northeastern Minnesota along the north shore of the
modern Lake Superior where erosion-resistant igneous bedrock is overlain by gla-
cial deposits of varying thickness. Near the end of the last glaciation, the western end
of Lake Superior was covered by a large proglacial lake called glacial Lake Duluth
(Fig. 1), which had a water level up to 200 m higher than Lake Superior today (Breck-
enridge 2013). Glacial Lake Duluth left behind locally thick deposits of silt and clay,
particularly in the western end of the lake, and when lake level fell, base level dropped
for all of the tributaries draining into Lake Superior. On-going differential isostatic
rebound has led to modern lake level rise on the western end of Lake Superior, impact-
ing coastal erosion today (Breckenridge 2013).

3 Methods
3.1 Landslide inventory

DeLong et al. (2021) contains a landslide inventory dataset covering several landslide-prone
regions of Minnesota that were identified by lidar mapping, field observation, and research
into documented historical landslides (Fig. 1). Most of the landslides were identified and
mapped using derivatives of 1-meter-resolution digital elevation models (DEMs) made
from airborne lidar surveys (MN DNR 2009; 2011; 2012b; 2012c¢; 2012d; 2012e; 2013b)
following procedures modified from the Oregon Department of Geology and Mineral Indus-
tries (DOGAMI) protocol (Burns and Madin 2009). Lidar derivatives were calculated with
standard GIS tools and include shaded relief, slope (degrees), planform and profile curva-
ture, aspect, and red relief maps. Shaded-relief maps were made with artificial lighting from
both 45 and 315 degrees azimuth. Aerial and satellite imagery were used (Maxar 2012),
including repeat historical imagery available in Google Earth Pro (Google 2025). Historical
landslides were identified through the search of libraries and the web, newspaper archives,
government agency reports, and other documentation (as cited in DeLong et al. 2021). In
each region, the landslide inventory is considered complete as of 2021 within the delin-
eated boundaries of each region for landslides visible at the 1:4000 scale on lidar or remote
imagery.

Field checking of landslides was performed to confirm their presence and make inter-
pretations of landslide activity and characteristics, and to map smaller landslides not vis-
ible from remote-sensing data. Field checks were used to determine landslide classification,
estimate scarp height, determine materials and units involved in the failure, and make other
observations relevant to interpretations of landslide processes. Landslides not visible in
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lidar data nor observed directly in the field are not included in the inventory. These may
include small landslides, very shallow landslides that do not leave a visible topographic
form, and episodic landslides that occur in steep channels such as debris flows or other mass
movements that also may not leave a topographic indicator. Furthermore, some steep slopes
may be eroding via soil processes, rilling, sheetflow and other processes without clear evi-
dence of landslides and as such are not mapped as landslides.

Landslides were mapped with as much detail as the 1-meter resolution lidar products
allowed. Many mapped landslides were classified using Varnes (1978) classification by
material (debris, earth, rock) and movement type (fall, flow, slide (rotational or transla-
tional), topple, lateral spread, or complex) per protocols in Burns and Madin (2009). Scarp
areas and deposits were mapped as separate polygons, and internal scarps were mapped
as lines. In some cases, landslide deposits coalesce downslope of multiple scarp areas and
were therefore mapped as a single deposit. When possible, attributes were assigned to land-
slides including information regarding the age, geologic material, landslide classification,
and metrics such as slide area and average slope angle of the landslide area.

Slope angles were either surveyed in the field or measured from lidar elevations using
a 3x3 grid cell neighborhood calculation. Where practical, the slope angle of adjacent
unfailed areas were measured as a proxy for pre-failure slope angle. In most cases, the level
of uncertainty of interpretations made about each slide is also provided. All data and meta-
data are available in DeLong et al. (2021).

3.2 Susceptibility analysis

To create landslide susceptibility maps, we performed statistical analyses of the landslide
inventory with environmental variables representing potential causative factors includ-
ing slope, aspect, elevation, relief, depth to bedrock, soil erodibility, substrate, land cover,
and distance to streams. Susceptibility modeling was conducted first in the Lake Superior
Region (Richard 2020), one of the more heterogeneous regions in terms of the type and
thickness of glacial deposits and topographic relief. The Lake Superior Region was used as
a prototype, and the results were used to inform modeling across all five regions.

The four most common quantitative methods used for landslide susceptibility modeling
are logistic regression, neural networks, index-based models, and data overlay (Budimir
et al. 2015; Reichenbach et al. 2018), and there are promising emergent methods using
machine learning (Liu et al. 2023). We chose to use multivariate logistic regression because
it has been shown to be the most reliable in several comparative studies (Aleotti and Chow-
dhury 1999; Guzzetti et al. 1999, 2006; Lee and Sambath 2006; Mancini et al. 2010; Yilmaz
2010; Ozdemir and Altural 2013). In the Lake Superior Region, we applied a multivariate
logistic regression analysis, using a binary dependent variable — presence or absence of
landslides from the inventory — and independent environmental variables, both numerical
(e.g. slope) and categorical (e.g. lithology) (Richard 2020). From these results, we selected
four environmental variables that were shown to have statistical significance in terms of
predicting the presence or absence of landslides and were available across all study areas:
slope, depth to bedrock (Jirsa et al. 2011), distance to lakes and streams defined as second
order and greater (MN DNR 2012a; MN DNR 2013a), and lithology of the surficial unit as
represented in the statewide Quaternary geologic map of Minnesota (MGS 2019).
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To assess landslide susceptibility across all regions, we generated point data from our
landslide inventory representing presence and absence of landslides. To collect an equal
amount of “stable” (landslide not present) and “unstable” (landslide present) points, we
created irregular grids of varying point spacing across the regions. Unstable points were
gridded within the boundary of mapped landslide scarp polygons. In the case of the Red
River Region, unstable points were gridded within the boundary of both scarp and deposit
polygons from our inventory because landslides in this region were mapped almost entirely
as deposits rather than scarps. Areas outside of mapped landslide scarp polygons, but within
each region’s mapping extent, were gridded with stable points. Each point was assigned
values of the environmental variables of slope, distance to stream, depth to bedrock, and
surficial lithology.

R statistical software (R Core Team 2022) was used for multivariate logistic regression
analysis following methods in Richard (2020). Stable and unstable landslide point data were
divided into 80% training data and 20% test data following Bai et al. (2010) and Eeckhaut
et al. (2006). The logistic model can be expressed as

s )
where P is the conditional probability that a landslide is present (1) or absent (0), and z is
the linear logistic model

z = bo + bll’l + bgl‘z + ...+ bnmn (2)

where by is the model intercept and b; (i=1,2,3,...n) are coefficients for independent vari-
ables z; (i=1,2,3,...n) (Lee and Sambath 2006; Chen and Wang 2007; Nandi and Shakoor
2009; Bai et al. 2010; Trigilia et al. 2015).

We implemented multivariate logistic regression analysis using independent environ-
mental variables in a binary generalized linear model (glm) function for each separate
region. For a given region, its multivariate model was iterated 1000 times to optimize best-
fitting parameterization as identified by the Akaike Information Criterion (AIC). AIC works
by comparing all possible iterated models with variations of included independent predictor
variables. The lowest AIC value identifies the best fitting model from iterations using the
fewest number of independent predictor variables without overfitting or underfitting test
data (Akaike 1974). Once the model with optimal parameters was selected, accuracy was
analyzed by applying a confusion matrix to test data to evaluate how well predicted values
compared to real test values. Model accuracy is represented using values in the confusion
matrix as

(True Negative + T'rue Positive)

Accuracy % = x 100 3)

(Total of all matrix values)

where True Negative and True Positive are test values correctly predicted as stable and
unstable, respectively.

The selected best-fitting parametrization for the multivariate model in each region was
used to create its susceptibility map. Maps were created by weighting the four independent
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environmental variable rasters with best-fit coefficients for that region and calculating the
landslide susceptibility every square meter in the study area. We then classified the suscep-
tibility values as low (<0.5), moderate (0.5-0.6), higher (0.6—0.8), or highest (0.8-1.0) sus-
ceptibility according to natural breaks in the dataset using Jenks natural break classification.
The contrast between the low susceptibility class and the moderate, high, and very high is
stark — most low areas have values well below the 0.5 cutoff.

The input and output data for the susceptibility analysis had 1-meter spatial resolution,
which can lead to unrealistically high-resolution maps of susceptibility. To counter this,
susceptibility maps were filtered for short steep slopes unlikely to be a hazard; susceptible
areas with an elevation change of less than 10 m over a 60 m distance were removed from
the susceptibility results. However, in the Red River region where landslides commonly
occur on lower topographic slopes, only susceptible areas having less than 3 m of elevation
over a 60 m distance were removed. Lastly, a 10-m wide buffer was added to the mapped
susceptible areas to visually emphasize that future landslides may cause erosion and deposi-
tion that propagates outside the areas of mapped susceptibility. This has a similar effect as
mapping susceptibility at a coarser resolution than 1 m, as is common in most studies.

4 Results
4.1 Landslide inventory

Landslides are abundant in Minnesota: we mapped 9,734 landslides across the five regions
(Fig. 2) (DeLong et al. 2021). Field checking indicated that lidar mapping was effective
at identifying landslides. In the Lake Superior Region, for example, field checking of 702
landslides mapped remotely found that 685 (97.6%) were confirmed as landslides (Richard
2020). Within each region, landslides are not evenly distributed spatially (Fig. 2), and land-
slide density is concentrated in specific areas. When landslide density is calculated over 5
km? areas, it ranges from 0 to just over 10%, with higher landslide densities along river cor-
ridors (Fig. 3). The highest landslide densities were found along the Minnesota River valley
and in lower reaches of tributaries to the Minnesota River, along the Red River of the North
and its major tributaries, near the western tip of Lake Superior, and in upstream reaches of
river valleys in the Southeast Region.

The size of the area impacted by a given landslide varied widely, from the smallest (11
m?, in the Lake Superior Region) to the largest (245,608 m?, in the Red River Region)
mapped landslides. Landslide area reported here is the sum of the mapped headscarp and
deposit polygon areas. Many smaller landslides were omitted as they were not identifiable
in remote datasets. Median landslide areas for each region are evenly distributed across
the range from smallest (709 m?, Lake Superior Region) to largest (6,275 m?, Southeast
Region) (Table 1).

Median landslide areas of all regions are significantly different from each other
(P=<0.001), except in the Southeast and Red River regions, which have the highest medi-
ans and largest ranges and are not significantly different from each other (Fig. 4). All regions
have very large skewness in the distribution of landslide areas, which is why median and
IQR were used to describe the variance. Specifically, all regions have numerous outliers
with very large areas. Median slope angles fell into two distinct categories: the Red River
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region had a median landslide slope of 14° while the other 4 regional means were tightly
clumped between 29° (Metro Region) and 37° (Minnesota River Region) (Table 1; Fig. 5).

4.2 Susceptibility modeling and mapping
The overall low relief and low slope of Minnesota is apparent by the susceptibility results.
Four regions have only 1-2% of their areas calculated as moderate to high landslide suscep-

tibility. The Southeast Region, which has older, more well-developed and high-relief fluvial
valleys, has 8% of the study area with moderate to high landslide susceptibility (Online
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Fig.4 Mapped landslide area by
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Resource 1 Table S1). Logistic regression analyses identified the relative predictive power
of several independent environmental variables in each region (Table 2). When the multi-
variate logistic regression coefficients are used to generate maps of landslide susceptibility
(Hammer et al. 2025), a clear pattern emerges: the high susceptibility areas occur on steep
slopes in river valleys, or adjacent to streams and lakes (Fig. 6). There are also isolated,
often small areas of moderate to high landslide susceptibility where local slope is high
farther from lakes or streams. These may be hummocky glacial moraine, ice-contact fans,
eskers, bedrock outcrops, anthropogenic features, or other steep landforms. Landslide sus-
ceptibility data files are available in Hammer et al. (2025).

Steeper slopes consistently correspond with increased landslide susceptibility. Only small
fractions of the regions’ area had slopes greater than 10 degrees, ranging from 18% of the
area in the Southeast Region to 2% in the Red River Region. Above a slope of 10 degrees,
the logistic regression coefficient increases monotonically in all study regions (Table 2).
This indicates that while the steepest slopes are the most susceptible to landslides, landslides
may occur at lower slopes, as even slopes of 10—15 degrees have higher susceptibility than
those below 10 degrees.
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Fig.5 Slope of mapped landslides, 80
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In all areas except the Southeast Region, distance to stream or lake also provided a
relatively consistent indicator of landslide susceptibility in that landslide susceptibility
decreases with distance away from stream or lake. In the Southeast Region, susceptibility
gradually increases from 0 to 150 m from streams and lakes, reflecting the wider stream val-
leys, then begins to have an inverse relationship between distance and susceptibility beyond
150 m (see Fig. 7).

Depth to bedrock (or thickness of Quaternary sediment) does not have a consistent rela-
tionship with landslide susceptibility across all the regions. In the Southeast, Metro, and
Lake Superior regions, thicker sediment corresponds with increased landslide susceptibility,
but in the Minnesota River and Red River regions, landslide susceptibility decreases with
increased depth to bedrock (Table 2). These are the two regions with the thickest surficial
deposits, and the Red River Region had no bedrock exposed at all.
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Table 2 Results from the susceptibility analysis, showing relative predictive power of independent vari-
ables in each region. Predictive power, or the regression coefficient, values indicate the positive or negative
relationship between the dependent variable and independent variables. A greater, positive coefficient value
indicates that variable, when all other variables are held constant, represents an environmental factor more
likely associated with the presence of a landslide. The opposite is true of negative coefficient value

Southeast Metro Minnesota River Red River Lake Superior
independent Coeff. s P Area | Coefl. s v Area | Coeff.  std P Area | Coeff. Std P Area | Coefl. std P Ares
Variable error  value (%)’ error  value (%) error  value (%P | error _value (%) error valve (%)
(R intercept 556 014 <001 213 008 <001 101 008 <001 056 008 <001 362015 <001
Lithology
Diamicton 0 0 0 69 0 0 0 783 0 0 o 18 o0 0 0o s
Sand 024 () <001 4829 059 0.04 <001 1248 310 0.06 <001 2875 on 014 014 19.58
Clay - - - - 1221 17440 0% 005 032 010 <001 310 106 D007 <001 1764 235 009 <001 1154
siit 200 027 <01 213 008 006 017 1122 295 008 <001 642 02 021 028 657
' - - - | 431 048 @01 131 - - - - - - 542 032 <001 216
Bodrock 116 029 <001 016 317 062 <001 019 007 145 09 003
Grave: - - - -1501  116.83 030 008 -15.35 8262 085 0.08 985 850 091 002 -4.96 o0.70 <00 3.00
Loam
Boulders
Saprolith
Sediment - . - - 027 o 03 103
Slope (Degrees)
Slape (0-105° o 0 [ N4 [ [ o 92 60 ] 0 o 96.94 0 ] 0 97.7 [ 0 [ 917
Sloge (10-15) 374 011 <001 702 320 005 <001 477 364 007 <001 147 355 008 <001 167 384 010 <001 480
Slope (15-20) 552 041 <001 396 522 006 <001 159 492 010 <001 068 444 012 <001 042 558 011 <001 188
siope (20-25) 672 011 <001 285 674 008 <001 060 58 012 <0l 042 573 020 <001 011 703 012 <001 081
Slope (25-30) 754 011 <001 220 784 011 <001 026 639 013 <001 026 641 032 <001 004 850 016 <001 038
Slope (3090} 9.25 011 <0.01 156 949 0.16 <0.01 0.18 731 0.16 <0.01 0.23 7.24 0.44 <0.01 002 955 0.17 <0.01 038
Distance to
Streams-Lakes (m}
Distance (0-25)! 0 o o 518 o ) 0 15.09 0 0 0 619 0 0 o 774 o 0 0 713
Distance (25-50) 032 012 <0.01 123 083 0.07 <0.01 475 0.76 0.08 <001 259 025 0.06 <0.01 286 01s 0.16 035 277
Distance (50-100) 022 01l 004 649 195 007 <001 975 152 008 <01 506 -121 005 <001 577 079 015 <001 558
Distance (100-150 044 011 <001 657 270 008 <001 964 207 009 <001 494 253 006 <001 58 135 016 <D0l 554
Distance (150-250) 019 010 005 1310 -280 007 <001 1725 262 009 <001 953 349 006 <001 1155 -203 015 <001 109
Distance (250-500)  -090 010 <001 27.73 286 007 <001 2611 335 008 <001 2122 550 008 <001 2512 211 014 <001 2385
Distance (500-4,900) 0.89 0.10 <001 37.49 464 0.12 <0.01 17.41 384 0.08 <001 5046 7.82 0.16 <001 4114 -280 0.14 <0.01 4429
Depth to
Bedrock (m)
Depth (A-B)* 0 o o 1833 o0 ) o 1788 0 0 0 1219 o0 ) o 109 o 0 0o 2858
Depth {8-C)* 03s 005 <0m nix 0.24 0.08 <001 2032 028 0.06 <001 1749 004 0.06 052 137 014 0.08 014 269
Depth {C-0) 050 005 <001 27.8¢ 063 008 <001 2035 | 028 006 <001 1556 -039 006 <001 1288 030 010 <001 2815
Depth {D-EF 072 005 <001 2190 111 008 <001 1544 022 006 <001 1616 104 006 <001 1684 106 010 <001 1635
Depth {E-F)’ 194 0.08 <0.01 na 0.19 0.06 <001 1662 -2.17 0.06 <001 2235
Depth {F GJ* 122 008 <001 1479 070 006 <001 2198 298 007 <001 2561

"Caefficient of zero indicates this variabe was used a5 a ‘dummy variable’, which other variables will be compared against

*Percent area of each Independent variable in the susceptlbliity mapping region

? Depths A-B vary by each region’s mod), they are as follows: Southeast (0-2.04), Metro {0-29.0), Minnesata River (0-27.5), Red River {0-63.6), Lake Suparior (0122}

*Depths B-C vary by each region’s model, they are as follows: Southeast {2.04-14.0), Metro (29.0-43.6), Minnesota River (27.5-41.5), Red River (63.6-75.5), Lake Superior {1.22-21.9]
*Depths C D vary by each region's model, they are as follows: Southeast (14.0 31.7), Metro {43.6-59.4), Minnesota River (41.5.53.3), Red River (75.5-87), Lake Superior (21.9.45.5)

* Depths D-£ vary by each region’s model, they are as follows: Southeast (31.7-163), Metro (59.4-73.2), Minnesota River (53 3-65.5), Red River (87-100], Lake Superior (45.5-243)
?Depths E-F vry by e ion's model, they are as follows: Southeast (NA), Metro (73.2-86.6), Minnesota River (65.5-82.3), Red River (100-118), Lake Superior (NA]

*Depths F-G vary by each region’s model, they are as follows: Southeast {NA), Metro (86.6-190), Minnesota River (82.3-173), Red River (118-305), Lake Superior {NA)

A statewide, 1:500,000 scale map of surficial lithology from (MGS 2019) was used in the
susceptibility analysis. It is important to note that the lithology referred to here is lithology
mapped at the surface even though landslides may have occurred within deeper units. Some
lithology categories, such as gravel, bedrock, and fill, are uncommon in this study area, and
therefore tend to be statistically insignificant as indicated by high p-values (Table 2). The
relationship between primary surficial lithology units that do have statistical significance
and landslide susceptibility is not consistent between regions. In the Southeast Region, no
statistically significant relationship was found between any lithology and landslide presence
or absence, so we eliminated this variable from use in the final logistic regression equation
there. In the Metro Region, 95% of the area is mapped as diamicton or sand, in roughly
equal proportions, and they had similar landslide susceptibilities. In the Minnesota River
Region, nearly 73% of the area is covered by diamicton, and most of the rest of the region
is covered by sand or silt. Sand had a slightly higher susceptibility than silt or diamicton
in this region. In the Red River Region, 47% of the area is diamicton, 29% is sand, 18%
is clay, and 6% is silt. Sand and silt have higher susceptibility than clay, which in turn has
slightly higher susceptibility than diamicton. In the Lake Superior Region, 57% of the area
is covered by diamicton, 20% by sand, 12% by clay, and 7% by silt. Clay has the highest
susceptibility of these lithologies.

Susceptibility maps were evaluated for accuracy by determining the number of original
stable and unstable grid points that intersected areas mapped as susceptible. For all regions,
the accuracy of comparing the multivariate susceptibility model results to the original sta-
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Fig.6 Susceptibility map and inventory for portion of Minnesota River Region. See Fig. 1 for the location
of the study regions

ble and unstable grid sampling points (Eq. 4) resulted in accuracies between 92 and 97%
(Online Resource 1 Table S2).

4.3 Field observations and geologic context, by region

For each region of the study area, we describe our field observations and characteristics of
the topography, bedrock stratigraphy, and surficial geology in the context of landslide occur-
rence (Figs. 2 and 3; Table 1) and results of the susceptibility analyses (Table 2; Hammer
et al. 2025).

4.3.1 Southeast Region

The Southeast Region was not impacted by glaciers during the Wisconsinan glaciation, and
it contrasts sharply with the other four regions in terms of landscape form: valleys are wider,
relief is higher, and bedrock is closer to or at the surface (Fig. 7). Over 700 landslides were
mapped in the Southeast Region, with most occurring on the steep bluffs along the Missis-
sippi River and in upper reaches of the largest tributaries in the region, where landslides are
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Fig.7 Susceptibility map and landslide inventory for a portion of the Southeast Region. See Fig. 1 for the
location of the study regions

formed in bedrock and colluvium (Figs. 2, 3 and 7). About 10% of mapped landslides in this
region are rockfalls, the highest proportion in all five regions (DeLong et al. 2021). Rockfall
deposits were seen along roadcuts, at the base of steep bedrock cliffs, and near seeps and
springs. Small translational slides and earth and debris flows were seen primarily in tribu-
tary valleys. Those often involve upper layers of loess, thin glacial diamicton, or colluvium
on slopes that move over weak sandstone or shale bedrock (Dean 2018). Rotational slides
were also identified in places with loess overlying shallow bedrock.

The surficial geology of approximately 50% of the area is mapped as boulders and sedi-
ment: this is most commonly talus and colluvium on steep slopes. Most of the remainder
of the area is mapped as diamicton and sand: generally, Illinoian or older glacial tills on
uplands in the western part of the region and Quaternary alluvium on the valley floors (Jen-
nings et al. 2007). None of these lithologic classes had statistical significance and were not
used in the landslide susceptibility map of the region.

Higher depth to bedrock corresponds to higher landslide susceptibility in this region, as
does higher slope. In this region, distance to streams and lakes is less systematically useful
than in the other more recently glaciated areas: logistic regression coefficients increase until
150 m distance then decrease.

4.3.2 Metro Region
In the Metro Region, >500 landslides were mapped over an area of ~5,200 km?. The most

common types were shallow (generally less than 1-2 m depth) translational slides, large
(10s of meters or more across) rotational slides with multiple failure planes, and rockfalls. In
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the Mississippi River gorge, we observed rockfall deposits that came from jointed carbon-
ate units and near spring horizons although these were not easily distinguishable in the lidar
data because of the near-vertical nature of the slopes. Along river bluffs in the region there
are many small landslides. Away from major river valleys, shallow landslides are scattered
on steep slopes in glacial sediment, including diamicton along lake shorelines and areas of
focused overland flow.

Large rotational landslides are found along the bluffs flanking the Minnesota River val-
ley (Fig. 8). Well logs and borings (Lusardi et al. 2016) show that multiple layers of glacial
material were involved in these slides. The largest landslides have deposits that are either
missing or obscured by more recent alluvial deposits.

Slope is the main control on landslide occurrence, with the highest positive coefficients
in the multivariate model, even though over 92% of the area has slope less than 10 degrees,
and 97% of the area has slope less than 15 degrees. The most susceptible areas occur along
the bluffs of the Minnesota, Mississippi, and Saint Croix Rivers, and along the shores of
lakes in glacial topography (Hammer et al. 2025).

4.3.3 Minnesota River Region

In the Minnesota River Region, 3,365 landslides were mapped over an area of ~22,000 km?.
Most are translational or rotational slides, though many are classified less specifically as
“complex” slides interpreted to be partially composed of a translational or rotational com-
ponent, a flow component, and multiple overlapping scarps and deposits suggesting reacti-
vation over time. The zones of failure were predominantly clay-rich diamicton and sands.
Headscarps are commonly vertical to sub-vertical in clay-rich glacial sediments. Rockfall
deposits are present in layered Paleozoic sedimentary rocks where weaker rock layers
underlie more competent layers or where groundwater emerges at a stratigraphic contact.

L&

I Headscarps Slope %
Deposits 87

—— Internal Scarp Lines 0

Fig. 8 Large rotational slides found along the valley walls in the Minnesota River valley in the Metro
Region have younger ravines incising into them. The image on the left shows a slopeshade map with
mapped slide locations. Deposits are missing and potentially buried by valley fill. The image on the right
shows the texture of the slopeshade beneath the mapped slide locations. See Fig. 1 for the location of the
study regions
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Landslides in the Minnesota River valley occur on valley margins composed of diamic-
ton or bedrock and on risers of stream terraces found throughout the valley (Fig. 6). The
extensive tributary network in the Minnesota River Region has the highest landslide density
(Figs. 3 and 6), with abundant landslides on terrace risers and valley walls in the incised
lower reaches of tributary valleys.

Over 72% of the area in the Minnesota River Region is underlain by loam to clay-loam
diamicton at the surface and much of the rest is underlain by sand or silt (MGS 2019). No
significant differences exist between the apparent susceptibility of these lithologies. The
strongest control on landslide occurrence is slope, with the highest positive coefficients in
the susceptibility model, and the uplands in this area are particularly flat with nearly 97%
of the area having slope<10%. Most high susceptibility areas lie along river bluffs of the
Minnesota River and its tributaries (Fig. 6). No apparent trend is observed in the relation-
ship between landslide occurrence and depth to bedrock, which has a mean depth of 57 m.

4.3.4 Red River Region

In the Red River Region, 2,648 landslides were mapped over an area of >29,000 km?.
Most are found on the outside of meander bends of the incised Red River of the North and
its tributaries. The former lakebed is strikingly flat with nearly 98% of the region having
slopes less than 10 degrees. The former lakebed has been incised by rivers and streams, and
the laminated silt and illite- and smectite-rich glaciolacustrine clays (Johnson et al. 2016)
exposed along these stream valleys are prone to slope failure. Away from the glacial lake
plain, the region is underlain by diamicton, with increasingly hummocky topography east-
ward from the former lakebed. Landslides in the diamicton are similar to those found in the
Minnesota River Region.

Landslides in the paleo-lakebed are associated with the <10 m of relief created by stream
incision. Slow drainage by clay-rich slopes can lead to high pore-water pressures during
low flows, with many slopes moving during low summer and autumn river stages (Brooks
2003). Coherent slide blocks undergo a backward rotation and translation when underlying
weak clays fail at the base of streambanks (Schwert 2003). The resulting landslide morphol-
ogy mimics the “ridge and swale” morphology of depositional scroll bars within the valley
bottom, and these can grade into one another, complicating lidar-based mapping efforts.
Landslides occur on essentially every meander bend cutbank, often with multiple failure
surfaces (Fig. 9). Because nearly all outside meander bends are landslides, some of these are
among the largest landslide complexes mapped in this project. Many of the landslides are
vegetated, which may indicate that they are stable or slow-moving over decadal timescales,
but recent activity is a testament to the ability of landslide failures to propagate back beyond
the vegetated streambanks (e.g. DeLong et al. 2022b).

The primary lithology for nearly half (47%) the area is diamicton, and the rest is sand
(29%), silt (6%), and clay (18%) (MGS 2019). Sand, silt, and clay areas have slightly higher
susceptibility than diamicton. Steeper slope is associated with increased landslide suscep-
tibility. Shorter distance to lakes and streams is also associated with increased landslide
susceptibility. Increased depth to bedrock, which ranges up to 305 m, is associated with
decreased susceptibility, although bedrock is deeply buried throughout this region.
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Fig. 9 Landslide inventory (left) and susceptibility map (right) for a portion of the Red River of the
North, overlain over a slopeshade map. Note that the susceptibility mapping only occurred in the State
of Minnesota on the east side of the river. In this image, headscarps are too narrow to be easily identified
at this scale

4.3.5 Lake Superior Region

In the Lake Superior Region, 2,446 landslides were mapped over an area of >29,000 km?.
Most of these occur along the lakeshore and within a few kilometers of Lake Superior
along streams incised into bedrock and glacial sediment (Figs. 2 and 3). Landslides include
rockfalls in exposed bedrock and translational and rotational landslides in glacial diamicton,
glaciolacustrine, and nearshore sediments.

Depending on location, Lake Superior Region streams incise through glacial diamicton,
glaciolacustrine (near-shore and deltaic sequences), and underlying bedrock. The complex
paleo-shoreline and glaciolacustrine sediments deposited in an area occupied by glacial
Lake Duluth (Fig. 1), now comprising the lower Saint Louis and Nemadji River watersheds,
have heterogeneous and spatially discontinuous layers of clay, silt, and sand. These units
are.

particularly prone to landslides, which is evident both in the landslide inventory (see
Figs. 2 and 3) (DeLong et al. 2021), and in a study of landscape change resulting from a
single severe summer storm in 2012 (DeLong et al. 2022a, b). In this area, landslides were
so spatially dense that deposits often coalesced and aggraded the entire valley floor. Depth
to failure plane was generally less than one meter, similar to the rooting zone of forests,
and they manifest as steep translational slope failures and slumps that carried vegetation
downslope.

Along the north shore of Lake Superior, landslides occur in the short, steep stream val-
leys leading to the lake and along the shoreline itself where glacial deposits and bedrock
are subject to weathering and wave action. In this part of the region, nearly 20% of mapped
landslides are rockfalls. These generally occur on steep exposures of jointed volcanic, hyp-
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abyssal, and plutonic rocks along stream valleys, road cuts, and along lake and inland cliffs.
Talus from rockfalls are common at the base of larger cliffs in the region.

Most of the area is mapped as diamicton (57%), sand (29%), and clay (11%). The clay,
much of which was deposited by former glacial lakes, is the most susceptible lithology in
this region. As is the case in all regions, slope is a strong predictor of landslide activity.
Areas within 50 m of streams and lakes are most susceptible to landslides, and suscepti-
bility declines systematically with distance from streams and lakes. In the Lake Superior
Region, depth to bedrock is skewed towards lower values, and areas with higher depth to
bedrock, such as the glaciolacustrine and near-shore deposits southwest of Lake Superior,
have higher susceptibility.

5 Discussion

Although Minnesota has relatively little topographic relief and lies in a tectonically stable
location, it has a young, actively evolving landscape. Landslides are common, leading to
loss of life and property damage. However, detailed landslide inventories and susceptibility
models are rare in low-gradient landscapes like Minnesota’s. The current national landslide
inventory contains sparse data for low-gradient regions that experienced continental gla-
ciation (Belair et al. 2022), and efforts to produce landslide susceptibility maps at national
scales underestimate the extent of landslides in both Minnesota and North Dakota (Godt
et al. 2012; Mirus et al. 2020, 2024). Those broad susceptibility mapping efforts often rely
upon slope angle but also consider topographic relief, which can lead to the underprediction
of landslide occurrence in low-relief areas with relatively short but steep slopes formed in
weak unconsolidated materials. In addition, short, steep slopes may not be properly cap-
tured with more typically used 30-m gridded data (Woodard et al. 2023). Recent efforts to
remedy this problem include a preliminary landslide susceptibility map for Canada, which
indicates that some types of glacial sediments, especially glaciolacustrine and glaciomarine
deposits, as well as shorter distance to coasts, lakes, and streams in low-relief, glaciated
regions are important factors in increased landslide susceptibility (Dominguez-Cuesta and
Bobrowsky 20132013). Also, a recent effort in North Dakota highlights extensive landslid-
ing on steep slopes underlain by weak sediments and layered rocks (Shafer et al. 2024). The
current study builds on those efforts and provides guidance for developing susceptibility
maps in other post-glacial landscapes around the world.

The environmental variables used in our susceptibility model were chosen based on a
detailed investigation in northeastern Minnesota, and then applied to the other four regions
to generate susceptibility models fit to each region’s data. We used the variability in those
predictors to investigate differences in susceptibility drivers across the state. The predic-
tor variables that arose as most important are, in part, directly related to the glacial his-
tory of the region in three ways that we list here and then describe in more detail below.
First, the importance of distance to stream reflects that most of the landslides in the state
are associated with high slopes in and around river valleys. In this post-glacial landscape,
river incision is associated with changes in base level often driven by glacial lake drainage
events. Second, in regions with wide variations in depth to bedrock, landslide susceptibility
is higher in areas with greater depth to bedrock. Depth to bedrock is a measure of the thick-
ness of surficial deposits, and in Minnesota, most of those deposits are glacially derived.
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Lastly, landslides were often found to occur more commonly in specific lithologies, often
diamicton or fine-grained fluvial, lacustrine or nearshore deposits, or observed in layered
bedrock where weak layers underlie more resistant layers. Much of the surficial geology and
shallow stratigraphy is related to glacial processes.

Slope is the most important factor in determining landslide susceptibility in all five study
regions. The high slopes that drive landslides in Minnesota are often generated by glacial
lake drainage and the ensuing incision by tributary streams flowing into those spillway
valleys (e.g. Matsch et al. 1983; Gran et al. 2013; Faulkner et al. 2016; Hilgendorf et al.
2020). The drop in base level associated with these events rejuvenates the fluvial network,
with incision still propagating upstream on rivers like the tributaries of the Minnesota River
and rivers along the north shore of Lake Superior. Because of this, we also see a negative
relationship between landslides and distance to streams in most regions. When deep incision
occurs in a landscape underlain by erodible glacial sediments, knickpoint migration can be
rapid. Knickpoints have migrated 40—60 km on some of the major tributaries of the Min-
nesota River since incision of the main valley by glacial Lake Agassiz overflow (Gran et al.
2009, 2013), and the high density of landslides in these tributary valleys shows up clearly in
the landslide inventory (Fig. 3). The same relationship exists in the Lake Superior Region,
where post-glacial lake level fall in Lake Superior caused inflowing rivers to deeply incise
their channels. In the higher relief parts of the Lake Superior Region with thick glacial
sediments, landslides are abundant. Elsewhere, rivers are incising into competent igneous
bedrock, limiting the potential for landsliding. This may be why the environmental factor
‘distance to streams’ has a weaker relationship to landslide location in the Lake Superior
Region compared with the Metro, Minnesota River, and Red River regions. The only region
where distance to stream was inversely related to landslide susceptibility was the Southeast
Region, where drainages have deeply incised but wide tributary stream valleys such that
steep bluffs may sit farther from the active channel (Fig. 7).

Depth to bedrock is also an important factor influencing locations and types of landslides,
and in most of the study region, thicker surficial deposits are associated with higher land-
slide susceptibility. Exceptions are observed in the Minnesota River Region, which shows
little variability in susceptibility as a function of depth to bedrock, and in the Red River
Region, where no bedrock is exposed. These regions both have thicker surficial deposits
compared to the other regions, and glacial deposit thickness often exceeds the thickness of
exposed sediment in bluffs.

Glacial stratigraphy has been shown to be important in landslide behavior (Perkins et al.
2017). Glacial deposits often include units with high cohesion and low hydraulic conduc-
tivity (like glacial till or glaciolacustrine deposits) interbedded with noncohesive sand and
gravel with high hydraulic conductivities. Variability in cohesion impacts material behavior
and variability of hydraulic conductivity impacts groundwater flow. Studies have found that
even small contrasts in hydraulic conductivity can impact pore-pressure distribution and
hillslope stability (Rulon et al. 1985; Reid and Iverson 1992). These effects can be exacer-
bated in river bluffs as floodwaters decline and focused shallow groundwater flow leads to
failure of river bluffs (Simon et al. 2000; Fox and Wilson 2010; Perkins et al. 2017; Zhao et
al. 2022). In addition, clay-rich sediments are particularly prone to failure as was observed
in the Red River Region and elsewhere, with low-gradient slides often occurring in glacio-
lacustrine deposits (Giraud et al. 1991; Fletcher et al. 2002; Kohv et al. 2009; Badger and
D’Ignacio 2018). The location and thickness of layers with varying cohesion and hydraulic
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conductivity can lead to deeper failures in places, especially where large hydraulic gradients
exist and low conductivity layers outcrop near the base of slopes (Reid and Iverson 1992;
Perkins et al. 2017).

One of the criteria for the choice of data used here to generate susceptibility models is
that the dataset was available on a statewide basis. This limited our ability to incorporate
stratigraphy into the susceptibility model. Field observations showed that glacial stratigra-
phy can be an important factor in any specific hillslope’s susceptibility to landslides. The
Minnesota River and Metro regions are predominantly underlain by interbedded glacial
deposits, some of which have hydrologically restrictive layers that focus groundwater dis-
charge. In some localities, these layers were observed to be destabilizing to hillslopes. In the
western end of the Lake Superior Region, thick sequences of nearshore interbedded glacio-
lacustrine clays, silts, and fine sands have experienced abundant landslides. In fact, almost
75% of the mapped landslides in the Lake Superior Region were in the Saint Louis River
and Nemadji River watersheds on the western end of the region (Richard 2020; DeLong et
al. 2022a, b). Of those, at least 60% were in sediments mapped as glaciolacustrine. Con-
versely, in the northeast part of that region, landslides that formed in glacial till or clay often
lack the interbedded sands seen in the nearshore glacial lake sediments, leading to a lower
number of landslides per unit area (Fig. 3). Despite our observations that glacial stratigraphy
is important, no statewide database exists at the appropriate scale to incorporate into our
model, and therefore it could not be evaluated. Finer-scale “County Geologic Atlases” are
available in some locations and can provide more detailed information regarding the local
stratigraphy, local hydrologic conditions and other factors that would enhance landslide
hazard analysis (MGS 2024). This serves as a reminder that these regional analyses cannot
replace site-specific hazard assessments, and more focused field observations and measure-
ments would aid in localized mitigation strategies.

Exposed bedrock can be an important driver for the occurrence and type of landslide.
For example, landslides in the layered Paleozoic sedimentary rocks of the Southeast Region
occur where weaker rocks underlie more resistant rocks, sometimes exacerbated by ground-
water seepage causing weathering of the underlying rock. These rockfalls are difficult to
map using lidar, but they are observable in the field in many parts of the state. Regions
where bedrock outcrops at or near the surface, such as in the Southeast and Lake Superior
regions, rockfalls made up a larger percentage of mapped failures (10.4% and 5.4%, respec-
tively), although rockfalls were likely more common than represented in the inventory due
to the difficultly mapping these deposits remotely.

Human activities can exacerbate landslide susceptibility. In the Metro Region, for exam-
ple, slopes can be destabilized where stormwater runoff leads to concentrated flows and/or
construction of buildings increases loading on slopes. In the Minnesota River and Red River
regions, extensive land drainage has led to streams having higher peak discharges than they
had prior to ~ 150 years ago (Schottler et al. 2014). Because landslides in these regions are
predominantly along river corridors, floods and increased runoff can increase landslide fre-
quency when fluvial erosion during floods undermines nearby slopes.

Heavy rainfall is often the trigger for landslides in Minnesota (e.g. DeLong et al. 2022a,
b), and high-magnitude precipitation events were observed directly triggering landslides in
multiple instances during the study (e.g. Kohout 2019). Climate models for the state and
across the north-central United States project more and bigger storm events in the future
(Harding and Snyder 2014; Liess et al. 2022; NCEI 2023; Wilson et al. 2023). Increased
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precipitation may lead to an increase in landslide activity due to excess surface runoff,
saturation of near surface soils and sediment, and increased flood discharge (Gariano and
Guzzetti 2016). Future work modeling the mechanics of failure in these regions could lead
to prediction of triggering events, improving hazard mitigation efforts.

Because of the relatively coarse nature of the input environmental factor data used in
the susceptibility modeling done in this study, susceptibility models do not quantitatively
evaluate potentially important factors such as layered stratigraphy, local stormwater man-
agement, human modification of slopes, climate change, groundwater sapping, and stream
channel processes. For specific locations, it is important to note that additional factors may
be important to consider, and susceptibility maps cannot replace site-specific geotechnical
investigations.

6 Conclusions

In the low-relief landscape of Minnesota, nearly 10,000 newly mapped landslides under-
score the extensive nature of landslide hazards in formerly glaciated regions. Landslide
susceptibility was primarily controlled by local slope, with distance to streams and depth
to bedrock secondarily important. Field observations found that subsurface stratigraphy
was important, though not quantifiable at the scale of this analysis. The presence of high
slopes underlain by weak materials in Minnesota is directly attributable to glacial advances
that deposited a wide range of sediments, glacial meltwater carved channels that lowered
regional base level, and subsequent development of tributary stream networks incising into
the glacial sediments. The ongoing development of tributary networks maintains and gener-
ates steep slopes where landslides occur today.

As climate and land-use change, these hazards may increase. This study offers a broad
assessment of landslide hazards across Minnesota which provides new insight into landslide
occurrence and susceptibility in a region that is not accurately modeled by national and
international scale susceptibility modeling efforts (Godt et al. 2012; Stanley and Kirsch-
baum 2017; Mirus et al. 2020, 2024). This study uses data available across large regions,
and site-specific assessments may be warranted to further assess risk in areas of elevated
landslide susceptibility, especially to account for the complexities of layered glacial and
bedrock stratigraphy. Future research could incorporate our findings with stratigraphy and
cohesive strength of materials to create models for prediction and mitigation.
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