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Geomorphology and initiation mechanisms 
of the 2020 Haines, Alaska landslide

Abstract  In early December 2020, an atmospheric river (AR) and 
rain-on-snow (ROS) event impacted the Haines, Alaska area, result-
ing in record-breaking rainfall and snowmelt that caused flooding 
and dozens of mass movement events. We consider the AR—a one-
in-500-year event—as the trigger for the devastating Beach Road 
Landslide (BRLS), which destroyed or damaged four residences and 
took the lives of two people. The BRLS started as a debris avalanche 
and transitioned into a debris flow, with a total approximate land-
slide volume of 187,100 m3. Geomorphic analysis using lidar data 
identified evidence of paleo-landslides and displaced masses of 
rock, one of which served as the source area for the BRLS. Signifi-
cant structural features in the weak ultramafic bedrock defined the 
head scarp area and formed the failure plane. This study illustrates 
the importance of identifying pre-existing landslide features and 
source areas likely to produce future landslides. As an increase in 
ROS events is projected for Southeast Alaska with warmer and wet-
ter winters, we recommend the development of an AR scale coupled 
with geological information for the region, to enhance warnings to 
residents in landslide-prone areas.

Keywords  Debris avalanche · Debris flow · Rain-on-snow · 
Landslide · Atmospheric river · Alaska

Introduction

In early December 2020, an atmospheric river (AR) hit Southeast 
Alaska, including the town of Haines. This AR event raised tempera-
tures well above freezing, and delivered record-breaking rainfall. 
Much of the snowpack melted, which increased runoff volume, 
resulting in flooding and landslides that washed out roads, dam-
aged utilities, and impacted homes. Although dozens of mass move-
ment events occurred during or shortly after a two-day period of 
intense precipitation, here we focus on a devastating landslide along 
Beach Road (Fig. 1) that destroyed three residences and severely 
damaged a fourth, and took the lives of two occupants. The Beach 
Road Landslide (BRLS) occurred in an area thought to be safe by 
residents and community planners (Godinez 2020). Thus, at the 
time of the landslide, there were no landslide mitigation measures 
in place along Beach Road.

We explore the significant precipitation and rapid snowmelt 
from heavy rain-on-snow (ROS) produced by the AR as a potential 
trigger for the December 2020 BRLS. It is easier to produce runoff 
from a new, “ripening” snowpack—snow that is isothermal at 0 °C 
and ready to change phase from a solid to a liquid (Guthrie et al. 
2010)—than from an older and colder snowpack. In ROS events, 
rain often falls on ripening snow, contributing to the overall runoff 

due to the storm (Brideau et al. 2012; Guthrie et al. 2010). Landslides 
triggered by ROS events have been studied in the western USA, 
Canada, Italy, and Japan (e.g., Ayalew et al. 2005; Brideau et al. 2012; 
Cacek 1989; Cardinali et al. 1999; Coe et al. 2016; Contreras et al. 
2009; DeGraff 2001; Evans 2002; Naudet et al. 2008; Wisher 1998). 
In nearly all of these cases, heavy rainfall and snowmelt increased 
pore water pressure, causing reactivation of previous landslides or 
triggering new landslides in pre-existing landslide areas. To the best 
of our knowledge, no published studies document ROS-induced 
landslides in Alaska, although there is precedent for such events. 
For example, an AR impacted Southeast Alaska in November 2005, 
setting the historic record for rainfall in Haines and resulting in $4 
million in damage throughout the region (Weather Bureau 2005). 
Although similar to the 2005 event, the December 2020 storm set 
new records and had more than twice the rainfall intensity, impact-
ing far more people and their property. It is critical to understand 
precipitation-induced landslides in Alaska, which is experiencing 
the early effects of a rapidly changing climate (e.g., Larsen et al. 
2008).

This paper seeks to answer the question, “Why did this devastat-
ing landslide occur here?” First, we summarize the extraordinary 
storm event of late 2020. We then present an analysis of the regional 
and local geology including soil properties and rock strength val-
ues, and detail a geomorphic analysis of the North Riley Ridge area 
(area of interest, AOI, in Fig. 2). Finally, we use multiple epochs of 
lidar data, including high-resolution lidar and imagery collected 
using un-crewed aerial systems (UAS) in 2021, to understand active 
slope processes in the BRLS area.

General study area

Haines is located in the northern part of Southeast Alaska, approxi-
mately 72 km from the US–Canada border at the south terminus of 
the Haines Highway (Fig. 2). The majority of the Haines community 
is located on a low-lying saddle between the Takshanuk Mountains 
to the northwest and the Chilkat Peninsula to the southeast. We 
focus our analysis on the AOI indicated in Fig. 2, which encom-
passes North Riley Ridge, Beach Road, and the 2020 BRLS.

Geological setting

Haines is located in the Wrangellia terrane (Brew and Ford 1994; 
Himmelberg and Loney 1995), which accreted to the North Ameri-
can continent during the Late Jurassic (Brew and Ford 1994). The 
area was covered by massive tholeiitic basalt flows and intruded 
by related gabbroic intrusive bodies during the Carnian Stage of 
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the Upper Triassic (Brew and Ford 1994; Plafker et al. 1989). In the 
North Riley Ridge area, Davis and Plafker (1985) mapped the bed-
rock as mid-Cretaceous undifferentiated ultramafic rocks (108 m.y. 
based on potassium-argon dating; MacKevett et al. 1974), which 
intruded into the Upper Triassic basalt that composes most of the 
Chilkat Peninsula to the south. The mineralogy of the ultramafic 
unit varies between pyroxenites and hornblendites with highly 
variable and often significant amounts of magnetite and/or biotite. 
Himmelberg and Loney (1995) identified the bedrock in this area 
as clinopyroxenite, with varying amounts of hornblende, olivine, 
biotite, and magnetite.

Strands of the Denali Fault System (DFS) run to the west and 
east of the Haines area trending NW–SE, with the Chilkat River 
segment to the west, and the Chilkoot Inlet and Lutak Inlet faults 
to the east (Fig. 2; Brew and Ford 1994; Wilson et al. 2015). Brew and 
Ford (1994) inferred approximately 150 km of right-lateral separa-
tion on the Chilkoot Inlet-Lutak Inlet fault splay, active from the 
middle Tertiary into the Quaternary. The Chilkat River segment 

of the DFS transitions into the Chatham Strait fault south of the 
Chilkat Peninsula. Brothers et al. (2018) indicate that the Chatham 
Strait fault has been inactive for at least the last 14,000 years, and 
suggest that active movement has transitioned to faults to the west 
of the project area. A similar analysis has not been done on the 
faults bordering the Chilkat Peninsula.

During the Last Glacial Maximum (LGM), this region was blan-
keted by glaciers that coalesced to form the Cordilleran Ice Sheet 
(CIS; Manley and Kaufman 2002; Carrara et al. 2007; Kaufman et al. 
2011), including a glacier that occupied Lynn Canal and scoured 
down to the bedrock surface (Brothers et al. 2018). The CIS began to 
retreat rapidly from the coastal areas between 17,000 and 15,000 yr 
BP (Lesnek et al. 2020). The removal of the glacial ice weight resulted 
in glacial isostatic adjustment (GIA) of the crust. Analysis of uplifted 
paleo-shorelines indicates that the area around Haines was ice free 
by 14,000 yr BP (Baichtal et al. 2021). By 10,870 yr BP, the first forests 
following deglaciation were established on the Chilkat Peninsula 
(Cwynar 1990).

Fig. 1   Beach Road Landslide (BRLS): (a) view from Nukdik Point 
approximately 2.3  km to the NW (the city of Haines is to the right 
out of the photograph); (b) image of the head scarp area taken on 
December 8, 2020 (red arrow points to crack and yellow arrow points 
to waterfall; image by E. Stevens); (c) looking up towards the head 

scarp from the pioneer road across the landslide body; (d) ultramafic 
boulder (~ 5  m in diameter) on lower landslide body; (e) example 
of landslide matrix; (f) smooth joint surface exposed in the west to 
the central portion of the head scarp. All photographs except for (b) 
were taken in June 2021
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The Haines area currently experiences GIA due to loss of the ice 
formed during the Little Ice Age (LIA) in the Glacier Bay area to 
the west. The area began to rise around 1,770 AD, or approximately 
250 years ago, with 4–4.5 m of uplift in the Haines area (Larsen et al.  
2005). Current rates determined using global positioning system 
(GPS) geodetic techniques are as high as 20 mm/yr, and uplift is 
expected to continue for another several hundred years (Motyka 
et al. 2007). This uplift rate corresponds to that suggested by Lemke  
and Yehle (1972), who used tidal records from the early to the mid-
twentieth century and determined a rate of 22.6 mm/yr. The retreat-
ing glaciers also left behind steep slopes that, around the project 
area, rise from sea level to ~ 354 m above sea level (asl) at slopes up 
to 88 degrees. Such slopes may be unstable due to oversteepening 
from glacial erosion and subsequent debuttressing from glacial ice 
(Evans and Clague 1999).

Climatic setting and December 2020 storm event

Southeast Alaska is well known for its wet weather. The renowned 
precipitation is due to frequent low-pressure systems collecting 
moisture as they travel across the North Pacific and end in the 
Gulf of Alaska (Baichtal et al. 2021; Kanan 2016). Haines is part 
of this maritime climate (Lemke and Yehle 1972; WRCC 2021). 
Records obtained from 2000 to 2019 from the Haines Downtown 
Cooperative Observer Program (COOP) station (AHNA2; N59.2381°, 
W135.4494°, 21.3 m) indicate average annual total precipitation 

and total snowfall amounts of approximately 160 cm and 464 cm, 
respectively (NWS 2021b). The mean annual temperature is 5.1 °C, 
with a record high of 31.7 °C and a record low of -24.4 °C (NWS 
2021b; see Online Resource 1 for more information). Figure 3a con-
tains a graphical summary of typical precipitation, snowfall, and 
snow depth.

As the 2020 AR moved into the Haines area on December 1, tem-
peratures rose above freezing and well above the typical maximum 
values for the time of year (see Online Resource 1), resulting in rain-
fall rather than snowfall and causing the existing snowpack to melt. 
Using the AHNA2 station data, the greater-than-average snowpack 
dropped from 40.6 cm to 12.7 cm over the storm event (Fig. 3b). 
We converted this loss of snow to liquid water—or its snow water 
equivalent (SWE)—resulting in an additional 2.8 cm of water near 
sea level contributing to runoff. In December 2020, there was no 
weather station located on or near North Riley Ridge; anecdotally, 
however, roughly 1 m of snow was present on the ridge crest, which 
mostly melted during the AR event and may have contributed up 
to 10 cm of additional water to runoff. More evidence that points to 
significant changes in the snowpack is available from the Ripinsky 
Ridge Weather station (RRWA2; N59.2596°, W135.4942°, 793 m) and 
from the Flower Mountain SNOTEL site (1285; N59.4°, W136.278°, 
765 m; see Fig. 2 for locations); data from these sites are contained 
in Fig. 3c and d, respectively. Approximately 150 cm of snow fell on 
Ripinsky Ridge over December 1 and 2, with two latter significant 
accumulations of 36 cm and 48 cm as additional storms moved 

Fig. 2   Location of Haines, Alaska within the Lynn Canal region. 
Red point in the Alaska map inset identifies project location rela-
tive to Alaska and Canada. DFS is the Denali Fault System. Base map 

imagery from SOA (2021) and ADNR (2021); fault data  modified from 
Wilson et al. (2015)
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through the area (Fig. 3c). At the Flower Mountain site (Fig. 3d), as 
temperatures climbed above 0 °C during the first 48 h of the AR 
event, the SWE increased by 14.7 cm with a loss of 40 cm of snow. 
This increase in SWE was from ROS and meltwater percolating 
through the snowpack. Due to this site’s higher elevation, the snow-
pack was not ripe enough for runoff to make it to the ground sur-
face. Closer to Haines, however, the ripening snowpack produced 
significant amounts of runoff through the duration of the event.

The rainfall produced by the 2020 AR was unprecedented in 
historic times. Figure 3e is a summary of both the average daily 
precipitation totals for November and December from 2000 to 2019, 
and daily precipitation totals just for 2020 for the AHNA2 station. 
On December 2, the precipitation received (16.8 cm) significantly 
exceeded the average value and broke the station’s all-time daily 
precipitation record. The Haines Airport station (PAHN; N59.2473°, 
W135.5294°, 14.9 m) recorded similar averages from 2000 to 2019 

Fig. 3   Precipitation for Haines, Alaska: (a) monthly average total 
precipitation, snow depth and snowfall from 2000 to 2019 and (b) 
snow depth for 2020 compared to average values for November 
and December for the Haines Downtown COOP Station (AHNA2); 
(c) snow depth for Ripinsky Ridge Weather Station (RRWA2); (d) air 
temperature, snow depth, and snow water equivalent (SWE) for 
Flower Mountain Station (SNTL 1285); (e) daily precipitation totals 

for 2020 compared to average values for November and December 
for AHNA2. For the Haines Airport Station (PAHN), (f) monthly aver-
age total precipitation from 2000 to 2019 and (g) daily precipita-
tion totals for 2020 compared to average values for November and 
December. Data from NWS (2021b), NWCC (2021), and MesoWest 
(2020)
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(Fig. 3f). Using precipitation frequency estimates available for 
this station (NWS 2021a; Perica et al. 2012), the large 2-day total 
from December 1–2 (26.1 cm; Fig. 3g) represents a 500-year return 
interval (RI). After a brief respite from precipitation on December 
3, moderate to heavy rain continued from December 4 to 7, as a 
series of weather fronts moved through the area. The longer dura-
tion (4–7 day) precipitation frequencies represented 50–200-year 
RI (NWS 2021a; Perica et al. 2012). It must be stressed that these RIs 
only account for the rainfall and not the runoff due to the melted 
snowpack; thus, the reported RIs are underestimates of the actual 
values (Brideau et al. 2012).

This tremendous amount of water manifested as increased 
groundwater pressures in the AOI, as demonstrated through anec-
dotal observations. For example, prior to the landslide on Decem-
ber 2, residents in a house near the BRLS discovered their toilet 
overflowing, presumably due to excess water pressure in the sep-
tic system. Additionally, an artesian well to the east of the land-
slide area that typically demonstrated a flow rate of 20–40 l min−1, 
increased to 75–110 l min−1 after the storm events. Aside from these 
anecdotal observations, there were no other data on the water table 
in the North Riley Ridge area at the time of the landslide.

Geomorphology analysis of the North Riley Ridge study area

We used the slope map and contours derived from 2014 lidar data 
(QSI 2014) to map lineaments; paleo-landslide (PLS) head scarps, 
runout extents, and source areas; and paleo-shorelines (Fig. 4). All 
features were visually identified based on linear or arcuate patterns, 
changes in roughness, and breaks in contour lines. We mapped 
paleo-shorelines by identifying horizontal bench-like features, 
delineated at each bench’s downhill slope break.

There are three major lineament sets in the study area, those 
running approximately NW–SE, N-S, and E-W (Fig. 4; see Online 
Resources 2 and 3 for additional information on average linea-
ment trends). Based on their long persistence through the AOI, 
the lineaments are possibly faults that have been geomorphically 
enhanced and widened by glacial erosion. Multiple head scarps 
of PLS are evident in the lidar based on their concave shapes and 
steep headwalls. We also interpret the possible runout of three large 
PLS (Fig. 4) based on change in surface roughness and contour line 
breaks; approximate subaerial extents are provided in Table 1. Each 
of the inferred PLS extents may represent one landslide or be the 
accumulation of multiple events. Although the PLS may have run 

Fig. 4   Geomorphic interpretation of the AOI, including lineaments, 
paleo-shorelines, and paleo-landslide (PLS) extents,  source areas, 
and head scarps. Dates of selected paleo-shorelines are provided. 

Map extents in UTM Z8. Base imagery is slope derived from 2014 
lidar (QSI 2014)
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over topographic highs possibly consisting of competent bedrock 
(as was the case for the BRLS), we have constrained the inferred 
PLS extents to valleys. In the 2014 lidar, we mapped landslide source 
areas (term modified from Hungr et al.’s (2001) “landslide source 
volume”) below several of the head scarps along North Riley Ridge, 
including below the head scarps for PLS 1 and 2 (Table 1). Each 
source area appears to be displaced material based on offset from 
the head scarp and the appearance of rotated blocks. It must be 
stressed, however, that the extents of both the PLS and the source 
areas are based on geomorphic interpretation and have not been 
confirmed with field investigations. There is precedent for large 
landslides occurring in Southeast Alaska following the LGM, as 
Baichtal et al. (2021) mapped landslides on the northeastern part 
of Chichagof Island (approximately 120 km south of the AOI) that 
both preceded and followed the maximum transgression associated 
with the LGM. Two other items of note visible in the 2014 lidar are 
a prominent crack extending to the east from the PLS 1 head scarp 
area, and a small pond near the ridge crest above the PLS 1 area 
(Fig. 4). In 2014, drainage from this pond flowed north, generally 
following a N-S trending lineament, and over the western portion 
of the PLS head scarp.

Paleo-shorelines are present throughout the greater Haines area, 
and prevalent in the eastern part of the AOI. These features form 
when the shore is exposed to wave action over a period of relative 
equilibrium. Recent work by Baichtal et al. (2021) and unpublished 
radiocarbon dates included here provide a correlation between the 
uplifted shoreline elevations and age. Online Resource 4 is a figure 
of radiocarbon dates of shell fragments and their corresponding 
elevations from the Haines area, as well as two approximations 
from Juneau, Alaska. The data also include shell fragments that were 
collected during the summer of 2021 in one of the borings made 
to install poles in the slide area to restore power to the Beach Road 
residents (see Fig. 4). Although there was no surface expression of 
a paleo-shoreline in this area preceding the 2020 BRLS, the type of 
shells and the sandy clayey matrix in which they were deposited 
suggest an intertidal environment; thus, their age is included in 
this analysis. These data indicate that ~ 110 m of uplift occurred 
within the AOI in approximately 4,000 years following the retreat 
of the valley glacier. These numbers point to an average uplift rate 
of ~ 27 mm/yr, similar to the rate of GIA that the Haines area is cur-
rently experiencing. Equation 1 is the inverse to the best-fit quad-
ratic equation to the data in Online Resource 4:

This equation does not account for depression and subsequent 
GIA due to the LIA glacial advance, which may have modified 
beach deposits within ~ 5 m of current sea level (Larsen et al. 2005). 
Additionally, the Haines area experiences significant tides, with a 
high tide line 6.4 m above mean lower low water (Baichtal et al. 
2021). As a result, wave action from the LIA or during subsequent 
rebound may have formed and/or modified any uplifted shorelines 
within ~ 10 m of mean sea level. Thus, we consider any uplifted 
shorelines with elevations between 0 and 10 m asl younger than 
250 years, when rapid uplift of the area began (Larsen et al. 2005). 
For the uplifted beach deposits higher than 10 m asl, we applied 
Eq. 1 to the paleo-shoreline shapefile in ArcMap to calculate their 
approximate ages (see selected ages in Fig. 4). In addition to paleo-
shorelines, a pronounced cliff beginning at 10 m asl, between 8 and 
18 m high, and with a slope as high as 75°, is present along the entire 
northern shoreline within the AOI. Two possible origins of the cliff 
are 1) rapid uplift associated with a seismic event or 2) erosion due 
to wave action. Based on the lack of activity on the Chatham Strait 
fault (south of the AOI) for at least the last 14,000 years (Brothers 
et al. 2018), the terrace is more likely due to erosive wave action 
associated with the LIA glacial advance and related transgression.

The presence of paleo-shorelines in the area allows us to esti-
mate the maximum age of PLS 3, which removed the surface expres-
sion of the paleo-shorelines from 60 to 21 m asl. The youngest of 
these is estimated to have formed 11,684 ± ~ 550 yr BP. The uplifted 
shorelines evident below the PLS 3 runout (not detailed in Fig. 4) 
provide a minimum age of 250 yr BP, making PLS 3 between 250 
and ~ 11,000 years old (Table 1). Although no paleo-shorelines lie 
immediately adjacent to PLS 2, uplifted shorelines below its distal 
extent provide a minimum age of 250 yr BP. We did not identify 
any uplifted shorelines between the distal extent of PLS 1 and mod-
ern sea level; thus, there is no age control for this event. It must 
be stressed that the absence of paleo-shorelines does not always 
indicate their removal by a PLS. Instead, the presence of paleo-
shorelines indicates areas where abundant source material was 
available for their formation.

December 2020 Beach Road Landslide (BRLS) event

The BRLS occurred at 1:17 pm on December 2 (Dryden, pers. comm., 
June 2021), as indicated by several people who heard the event. Resi-
dents recounted hearing a sound similar to a heavy explosion fol-
lowed by a rumbling or scraping sound that lasted about 20–30 s; 
this was the first event of the BRLS. One resident thought it was a 
plow truck with the blade set too low and digging into the pave-
ment. Topography muffled or reduced the sound depending on 
location, as some residents to the east and west of the slide along 
Beach Road did not hear it at all. Using Hungr et al.’s (2001) clas-
sification, the BRLS event began as a debris avalanche, and was 
soon after followed by a debris flow. The slide destroyed three resi-
dences in its path, sadly taking the lives of two residents. The slide 
flowed into the inlet causing a small wave that produced no damage. 
Although some of the debris from structures washed up on beaches 

(1)Cal yr BP = 9900 +

√

Elevation(m asl)∕
6.6×10−6

Table 1   Paleo-landslide (PLS) interpreted approximate runout 
extents and  source mass areas, as determined using 2014 lidar (QSI 
2014); and age constraints based on paleo-shoreline ages

PLS Runout 
extent
(× 103 m2)

Source mass
(× 103 m2)

Minimum 
age
(yr BP)

Maximum 
age
(yr BP)

PLS 1 76 20 –- –-

PLS 2 63 11.6 250 –-

PLS 3 127 Not  
identified

250 11,684 ± ~ 550
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within several miles of the area, the vast majority of the impacted 
structures was swept into the inlet and remains undetected below 
the deposited landslide debris. This event also impacted adjacent 
properties, shifting one structure off its foundation and damaging 
or demolishing smaller out-buildings. After the first major event 
occurred, a resident captured some subsequent slide movement  
on mobile phone video. By comparing static features (such as boul-
ders and trees) in the video to the June 2021 lidar data and high- 
resolution imagery, we approximated the movement velocity. After 
the initial debris avalanche event, the center of the debris flow 
traveled at 1.6 m s−1 (based on movement of a ~ 0.5-m-diameter 
rock relative to a static ~ 5-m-diameter boulder). Within a few min-
utes of the first event, a debris flood initiated along the east side of 
the landslide scar. Timing the movement of a tree transported in 
the flow, we estimate the debris flood’s velocity at 5.5 m s−1. Pho-
tographs of the landslide taken on December 8 captured a water-
fall flowing over and down the western portion of the head scarp, 
approximately where the drainage from the uphill pond enters the 
area (see yellow arrow in Fig. 1b).

BRLS analysis

Some of the authors and personnel from the Alaska Division of Geo-
logical & Geophysical Surveys (DGGS) mobilized to Haines imme-
diately following the landslide event in December 2020 to collect 
lidar data via a helicopter, and initial observations of the landslide 
body and head scarp area including structural measurements. In 
June 2021, the research team performed a reconnaissance of the area 
and collected 3D point cloud data using a Phoenix LiDAR Systems 
MiniRanger un-crewed laser scanner (ULS) and high-resolution 
imagery using a DJI Matrice 210 V2 RTK UAS. We deployed Leica 
GS18 Global Navigation Satellite System (GNSS) receivers for high-
accuracy georeferencing and post-processing. This resulted in data 
with a ground resolution of 0.1 m for the lidar and 0.03 m for the 
high-resolution imagery. DGGS personnel collected sonar data of 
the seafloor immediately adjacent to the BRLS using a SR-Surveyor 
M1.8 with Edgetech 2205 540 kHz bathy/1600 kHz sidescan trans-
ducers. The research team also collected soil and rock samples, 
structural measurements of the bedrock, and soil depth measure-
ments using a 1-m-long steel probe. Figure 4 contains locations of 
soil samples and depth measurements collected in the AOI, and 
Fig. 5a includes the locations of soil and rock samples.

Geometry, geology, and engineering properties

Based on interpretation of the June 2021 lidar data, the subaerial 
BRLS is approximately 687 m long and 170 m wide, covers 107,099 
m2, and has an overall slope angle of 20° but with local slope angles 
as high as 88° (Figs. 1a, c, 5a, b; see Online Resource 5 for longitu-
dinal and cross-sectional profiles of the slide area). The landslide 
scoured down to bedrock in several areas, and deposited debris 
along both flanks, including piles of trees, rocks, and some debris 
from structures. The landslide surface consists of large boulders 
(up to 7 m in diameter; Fig. 1d) as well as a moist, slightly organic, 
non-plastic matrix of sand with gravel (Fig. 1e; summary of soil 
data in Online Resource 6). Soil depths averaged ~ 45  cm (22 
measurements).

The rock component of the landslide body is representative 
of the bedrock outcrops present within and near the head scarp 
(Fig. 1f), along the lower right flank, and at the toe. The bedrock 
contains biotite, hornblende, and pyroxene crystals (0.5–3 cm), with 
a minor magnetite component; this is consistent with the biotite 
magnetite clinopyroxenite identification by Himmelberg and Loney 
(1995). For brevity, we will refer to this rock type as “ultramafic” 
(Fig. 1d). Hand samples easily separate along the biotite crystals. 
White diorite veins that intrude the ultramafic bedrock consist of 
quartz, plagioclase, hornblende, and biotite. Cobbles of diorite are 
also present within the landslide body, with a greater concentra-
tion to the east above the Beach Road alignment. We conducted 
point load strength index tests on diorite and ultramafic rock 
samples using a portable point load testing device (Wille Geotech-
nik); currently, we are limited to these strength data, as collecting 
samples for triaxial testing (for example) was beyond the scope of 
the initial reconnaissance response. A summary of the point load 
strength index results, as well as estimated uniaxial compressive 
strengths (UCS) calculated using a relationship proposed by Kohno 
and Maeda (2018), is provided in Online Resource 7. The resulting 
UCS values indicate that the ultramafic rock and diorite have low 
strength values based on the Unified Rock Classification System 
(Keaton and DeGraff 1996).

The bedrock within the head scarp area is generally highly frac-
tured and weathered. A smooth bedrock surface is present in the 
western portion of the head scarp (Fig. 1f) with an average orien-
tation of 292°/45° (strike [right-hand rule—RHR]/dip). Based on 
analysis of 159 structural measurements (see Fig. 5b for locations), 
the bedrock contains five major joint sets (JS) that have similar 
trends to the mapped lineament sets (LS) (see Online Resources 
3 and 8 for more information). For example, the two lineaments 
that cross the head of the BRLS (Fig. 5b) have trends of 113°/293° 
(northern) and 108°/288° (southern), corresponding to the aver-
age orientation of one JS and to the measurements of the planar 
bedrock surface exposed in the head scarp. A third prominent line-
ament forms the left (west) flank of the BRLS head and has a trend 
of 177°/357°, which is part of one LS and similar in orientation to 
another JS.

Change detection

We conducted a change detection analysis between 2014 and 
2021 lidar epochs. Assuming spatially uniform errors and using 
the square root of the sum of squares approach to calculate the 
error propagated into the DEM of difference (DoD) (Wheaton 
et al. 2010), the resulting minimum level of detection (minLoD) is 
0.047 m. Observations of the 2014 3D point cloud, however, revealed 
a low point density with only one or two points per m2 in areas of 
dense tree canopy. This resulted in apparent vertical differences in 
areas that were presumably stable. Thus, we chose a conservative 
approach, masking all differences to ± 0.5 m. We converted the DoD 
raster to ASCII format to quantify areas of vertical change and thus 
calculate the change in volume. Figure 5c contains the results of 
the 2014–2021 change detection, with approximately 134,300 m3 of 
material loss in the landslide head region. This area of significant 
volume loss corresponds well with the identified PLS source area 
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Fig. 5   Beach Road Landslide (BRLS): (a) 2021 optical imagery of slide 
extent, soil and rock sample locations, and profile locations; (b) geo-
logic features and hydrology; (c) change detection results from 2014 
to 2021 lidar epochs; (d) subaerial and submarine landslide extents 
(dark blue arrow points to submarine channel, and orange oval 

indicates area of boulder deposition). Panels (a)–(c) share the same 
extent, as indicated in (a); all panels are 1:6,500. Base imagery is slope 
derived from 2020 lidar (Daanen et  al. 2021) in (a)—(c), and 2021 
lidar in (c) and (d)
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from the 2014 lidar (see dashed black line in Fig. 5c). There was 
approximately 52,800 m3 of deposition throughout the landslide 
body including trees deposited along the flanks, with a total land-
slide volume of about 187,100 m3. The discrepancy between volume 
displaced and volume deposited indicates that the majority of the 
landslide debris (or roughly 81,500 m3) entered the inlet. Figure 5d 
is a combination of hillshades from the 2021 subaerial lidar data 
and the submarine sonar data. The E-W trending lines in the sonar 
data are artifacts of data collection and processing; thus, we use 
these data for qualitative purposes only. The dashed pink line indi-
cates the interpreted western extent of the debris flow path based on 
change in roughness. To the east, we interpret an area of boulders 
deposited by the BRLS (indicated by the orange oval). The east-
ern extent is not definable in the sonar data. Additionally, the inlet 
floor becomes much deeper to the north, making the full extent of 
the submarine deposit undefinable using these data. The dark blue 
arrow in Fig. 5d indicates a prominent submarine channel. This 
channel may represent the northern extent of the N-S trending line-
ament that forms the eastern portion of the head scarp.

The high-resolution of the 2021 lidar data and imagery allows 
a more thorough analysis of the areas of change. Online Resource 
9 contains examples of areas that may have gone unnoticed with 
lower-resolution data, including areas of bedrock scour and debris 
deposition during sluggish flow after the landslide event, a large 
boulder field, and the crack area uphill and to the east of the head 
scarp. Focusing on the crack area, the DoD indicates that the 
ground surface between the crack and the head scarp dropped up 
to 1.4 m. We mapped the main E-W trending crack as 48.5-m long 
in the 2014 lidar. The 2021 lidar data and field measurements indi-
cate that the length of this crack increased to 53.4 m. Additionally, 
in 2021 we mapped a second NE-SW trending crack that roughly 
paralleled the head scarp and was 82.4 m long.

Discussion and conclusions

Why did this landslide occur here? Landslides have a higher like-
lihood of occurring in areas of previous landslide activity (e.g., 
Highland and Bobrowsky 2008). The geomorphic analysis of the 
area indicates that much of the north side of Riley Ridge has expe-
rienced landslide events, as evident through paleo-head scarps 
and displaced masses of rock. The source material of the 2020 
BRLS was visible in lidar collected before the event. The geomor-
phic analysis also points to significant structural features in the 
bedrock that defined the head scarp area, indicating that the slide 
initiated as a planar failure along what is likely a fault plane paral-
leling the prominent E-W trending lineaments. The intersection 
of the N-S trending lineament (also likely a fault) with the failure 
plane provided the detachment necessary to form the source area. 
This N-S trending fault may form the left (west) flank of the BRLS 
and extend into the ocean, as indicated by the sonar data. The rock 
itself is weak and easily disintegrates. Once in motion, the moving 
rock mass quickly pulverized and incorporated additional water, 
becoming a debris flow. The velocities of subsequent movement 
after the first major event (i.e., 1.6 m s−1) and of the debris flood 
(i.e., 5.5 m s−1) determined from video analysis provide data points 
that can inform future debris flow studies, since velocities are typi-
cally back-calculated after the debris flow occurs (Prochaska et al. 
2008; Theule et al. 2018).

We consider the tremendous amount of water resulting from 
rainfall and snowmelt during the AR as the trigger of the BRLS. 
The pond near the crest of the ridge served as a reservoir, collecting 
rainfall and snowmelt to produce a concentrated flow through its 
outlet stream. Water draining from the pond flowed into the promi-
nent crack at the head scarp (and likely into a network of fractures 
in the head scarp area), increasing the pore water pressure and 
lowering the effective stress on the failure plane, thus facilitating 
the initial movement of the rock debris. In contrast, the watershed 
areas above PLS 2 and 3 do not have similar reservoirs. Additionally, 
we did not observe any cracks in the lidar above the paleo-head 
scarps for PLS 2 and 3, suggesting that more of the runoff during 
the 2020 AR event may have remained as surface flow. These fac-
tors may have contributed to why the PLS 1 area formed the BRLS, 
whereas PLS 2 and 3 did not form similar landslides.

This study illustrates the importance of mapping pre-existing 
landslide features on the landscape. Identifying areas such as the 
PLS source areas is critical, as these are likely to form future land-
slide events. In addition, understanding discontinuities within the 
bedrock and its strength properties can inform the likelihood of 
future landslide occurrence. More critical is the vertical displace-
ment in the mass of rock between the crack and the head scarp 
of the BRLS, and the lengthening of the crack system observed 
between 2014 and 2021. The removal of the PLS source area dur-
ing the 2020 BRLS effectively debuttressed this rock mass, making 
it especially vulnerable during future heavy precipitation events.

Lifelong residents of the Haines area indicated that winter 
storms are not new; however, the heavy rainfall instead of snow-
fall is unusual (Godinez 2020). Annual precipitation trends across 
Southeast Alaska from 1969 to 2018 demonstrate increases ranging 
from 4.7% to 15.1% (Thoman and Walsh 2019). Modeling future 
climate using the RCP8.5 emissions scenario, Lader et al. (2020) 
projected that Southeast Alaska will experience a temperature 
increase of 1°–3 °C depending on the season, with increased precipi-
tation in fall and winter. This points to warmer and wetter winters, 
with a potential increase in ROS events. Continued warming also is 
expected to increase the number of ARs that impact North Ameri-
ca’s west coast (Sharma and Déry 2020). ROS events typically occur 
in late autumn/early winter and are frequently associated with ARs, 
relating to an increase in flood risk and, in turn, landslides (Sharma 
and Déry 2020). With each AR, the risk of landslide activity in the 
affected area is renewed, particularly if soils are already saturated 
from prior rainfall events.

As the likelihood of extreme precipitation events increases, so 
should the instrumentation necessary to inform the risk of flooding 
or landslides. Instrumentation at multiple locations at high eleva-
tions reporting a full suite of meteorological, hydrological, and soil 
information is vital for thoroughly analyzing weather events. There-
fore, we recommend the development of an AR scale for Southeast 
Alaska, similar to what Ralph et al. (2019) developed for the west 
coast of the USA, but also coupled with geological information. 
Such a coupled system could enhance warnings to residents in 
landslide-prone areas when a strong AR or significant ROS event 
is on the horizon.

The high-resolution lidar and imagery of the BRLS produced 
in this study will serve as excellent post-landslide data from which 
subsequent epochs can be differenced. Future work may include 
how the bare landslide surface evolves with time, including the 
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establishment of vegetation, and how the landslide debris affected 
and transformed the beach environment. We recommend addi-
tional analysis of high-resolution lidar imagery throughout 
the Haines area and other areas of Southeast Alaska, where the 
dynamic geologic history produces beautiful scenery and lush for-
ests that hide the potential geohazards. Identifying areas of previ-
ous landslide activity and factors that contribute to landslide events 
are important steps in reducing landslide impacts on communities 
(Wisher 1998). The interpreted PLS source areas and extents identi-
fied in this study should be confirmed through field investigations, 
including subsurface explorations and tree coring, where practi-
cal. With the aid of the map produced from this study, we recom-
mend targeted sampling of the paleo-shorelines, and collecting 
and dating additional shell fragments to fine-tune the relationship 
between elevation and age. Particular attention should be paid to 
the uplifted shorelines between sea level and 10 m asl to establish 
any effects of GIA from the LIA in the area. Finally, we recommend 
investigation of the prominent cliff along the north shore of the 
AOI to determine the nature of its formation, as it may inform haz-
ard analysis of the Haines area.
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