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ABSTRACT
Establishing regional landslide chronologies is necessary to advance from hazard recogni-

tion to risk assessment, and to understand the evolution of landslide-prone terrain. Despite 
recent advances in landslide mapping due to the availability of high-resolution lidar imagery, 
estimating the timing of slope failures remains a challenge. Here we present a new integrated 
approach to dating landslides on a regional scale by augmenting quantitative surface roughness 
analysis with radiocarbon dating and numerical landscape modeling. We calibrate a roughness-
age curve, which we use to date 25 deep-seated landslides in glacial sediment surrounding the 
catastrophic A.D. 2014 Oso landslide along the North Fork Stillaguamish River in Washington 
State (USA). Lidar bare-earth images show a high density of long-runout landslides in this re-
gion. Using our roughness-age curve, we estimate an average Holocene landslide frequency of 1 
every 140–500 yr, and show that the 2014 Oso landslide was the latest event in an active history 
of slope failures throughout the Holocene. With each landslide, substantial sediment is deliv-
ered to the North Fork Stillaguamish River, driving shifts in the active channel that ultimately 
affect the pattern of landslides across the valley. The high frequency of landslides in this area, 
where river incision and isostatic uplift rates have dropped dramatically since peaking soon 
after ice retreated from the region, shows that landscapes inundated by glacial sediment do not 
require dramatic changes in base level to remain highly unstable for tens of thousands of years.

INTRODUCTION
Our ability to perform rapid and precise 

geomorphometric analyses of landslides has 
increased dramatically in the past decade with 
new availability of high-resolution lidar eleva-
tion data (Roering et al., 2013). Despite much-
needed progress in remote landslide mapping, 
the challenges of dating landslides still limit 
our understanding of the causes of these mass 
movements, and hamper our ability to imple-
ment full statistical assessments of landslide 
hazard (Lang et al., 1999; Pánek, 2015). Haz-
ard assessments require knowledge of land-
slide probability within a given period of time 
(Morgan et al., 1992; Bell and Glade, 2004; 
Sterlacchini et al., 2007), yet finding the ap-
propriate dateable material across large areas 
can be difficult and cost prohibitive.

In this study we use radiocarbon dates to 
calibrate a surface roughness-age function that 
predicts how the surface roughness of landslide 
deposits decreases over time. We apply this new 
approach to the area surrounding the devastating 
A.D. 2014 Oso landslide, along the North Fork 
Stillaguamish River valley in western Washing-
ton State (USA) (Fig. 1). Much of the destruc-
tion caused by the Oso landslide was due to its 
mobility, quantified by a low height to runout-
length ratio (H:L) of 0.10 (Keaton et al., 2014; 
Iverson et al., 2015). Lidar bare-earth imagery 
reveals numerous deep-seated landslides of 
similar morphology surrounding the Oso fail-
ure site. Crosscutting relationships indicate that 
these landslides occurred over multiple genera-
tions (Haugerud, 2014), yet their absolute ages 

remain undetermined. Our analysis places new 
absolute ages on two large landslides and allows 
us to estimate the timing of failure for other 
landslides across the study area.

BACKGROUND
When the Cordilleran ice sheet advanced 

southward into the Puget Sound ~17,500 yr ago, 
it dammed rivers flowing west from the Cascade 
Mountains (Porter and Swanson, 1998), filling 
the North Fork Stillaguamish River (NFSR) val-
ley with 200 m of glacial sediment. Geologic 
mapping indicates that numerous landslides 
have occurred in this sediment (Dragovich et al., 
2003), which is characterized by low-permeabil-
ity glaciolacustrine clays overlain by sandy ad-
vance outwash, till, and gravelly recessional out-
wash (Keaton et al., 2014; Riemer et al., 2015). 
Similar stratigraphy is prevalent in the region and 
is well known to be landslide prone during and 
soon after high-intensity or long-duration precip-
itation (Chleborad, 2000; Coe et al., 2004).

Following ice retreat ~16.4 k.y. ago (Por-
ter and Swanson, 1998; Beechie et al., 2001), 
the NFSR began incising rapidly into these 
mechanically weak glacial deposits, creating 
the modern valley relief and setting the stage 
for long-standing slope instability in the area. 
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Figure 1. A: Lidar bare-earth imagery showing the Rowan landslide and 
the A.D. 2014 Oso landslide in the North Fork Stillaguamish River (R.) val-
ley (Washington State, USA); 14C samples are shown as numbered circles 
and the study area is shown as a black box in the inset map. B: Elevation 
profiles of the Rowan and 2014 Oso landslides.
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Incision rates slowed ~12.5 k.y. ago, when a 
lahar originating from Glacier Peak caused a 
significant area of the NFSR headwaters to be 
captured by the adjacent Sauk River (Beechie et 
al., 2001) (Fig. 1, inset map). Because large, un-
stable portions of relict glacial deposits remain 
in the valley, such as the Whitman Bench just 
north of the river (Fig. 1), the landscape is still 
rapidly evolving.

METHODS
In this study we combine a surface rough-

ness analysis with radiocarbon dates, then use 
results from a numerical landscape evolution 
model to establish a roughness-age function 
for the study site. We first mapped all landslide 
deposits on 0.9 m resolution lidar bare-earth 
imagery, and measured head-scarp dimen-
sions, deposit area, and H:L for each landslide 
to compare the style of past landslides (Table 
DR1 in the GSA Data Repository1). Remo-
bilizations of older landslide deposits were 
mapped as separate events (for landslide delin-
eation criteria, see the Data Repository).

We used radiocarbon dates of woody debris 
to obtain absolute ages for the Rowan landslide 
(Fig. 1, samples 1–6; this study) and Headache 
Creek landslide (Fig. 1, samples 8–10; Keaton 
et al., 2014). We also dated a terrace 4 m above 
the active river channel to assess the timing of 
river incision to near present-day base level. 
We use this terrace age as a maximum age con-
straint for landslides in the valley, because land-
slides overrun this terrace and are on the modern 
valley floor below (Fig. 1, sample 7).

Using these radiocarbon dates, we calibrate 
a surface roughness analysis to estimate the age 
of the undated landslides across the study area. 
Previous studies have used surface roughness as 
an age proxy for other depositional landforms, 
particularly alluvial fans (Matmon et al., 2006; 
Frankel and Dolan, 2007). Qualitative assess-
ments of landslide morphology have been used 
to estimate landslide timing (Bell et al., 2012), 
and surface roughness specifically has been used 
for automated mapping of landslides (Booth 
et al., 2009) and assessment of activity within 
landslide complexes (McKean and Roering, 
2004; Glenn et al., 2006). Here we calculate sur-
face roughness for each landslide deposit using 
the average standard deviation of slope (SDS) 
within a 15 × 15 m roving window (Berti et al., 
2013); this window size best captures the aver-

1 GSA Data Repository item 2016029, landslide 
mapping and delineation criteria, map of surface 
roughness within study area, landslide morphology 
data table, radiocarbon dating results, discussion of 
roughness-age calibration and description of land-
scape evolution model, and potential sources of er-
ror, is available online at www.geosociety.org /pubs 
/ft2016.htm, or on request from editing@geosociety 
.org or Documents Secretary, GSA, P.O. Box 9140, 
Boulder, CO 80301, USA.

age wavelength of the of landslide hummocks in 
the study area (Fig. DR1).

In order to apply measures of SDS as a 
landslide age proxy, we assume that rough ter-
rain features throughout the study area smooth 
through diffusion of sediment downslope at 
approximately the same rate due to the similar 
climate and lithology (Keaton et al., 2014). We 
also assume similar initial roughness for fresh 
landslide deposits; this is supported by the mor-
phological similarity between most landslides 
in the study area. Although there is some vari-
ability in landslide area and H:L ratio, we see 
no correlation between these variables and stan-
dard deviation of slope (Fig. DR3).

The average SDS values for landslides of 
known age are plotted against four absolute age 
constraints on landsliding: the 2014 Oso land-
slide, the Rowan landslide, the Headache Creek 
landslide, and a maximum landslide age con-
strained by the age of the river terrace 4 m above 
the modern floodplain (which we assign to the 
landslide deposit with the lowest SDS value; 
Fig. 1, sample 7). We also employ a numerical 
landscape evolution model, which calculates 
SDS of the Oso landslide deposit at each time 
step for 12 k.y., to determine the regression that 
best represents the data (for model description, 
see the Data Repository).

RESULTS

Landslide Mapping
We remotely mapped 25 individual land-

slide deposits within a 6-km-long section of the 
NFSR valley, similar to what was mapped by 
Haugerud (2014). H:L analysis reveals several 
past landslides with considerable mobility, with 
30% having H:L values of ≤0.20 (Table DR1). 
The largest landslide deposit in the valley, the 
Rowan landslide, covers nearly double the area 
of the 2014 Oso landslide (Fig. 1A) and ex-
hibits an H:L ratio of 0.10, equal to that of the 
Oso landslide (Keaton et al., 2014; Iverson et 
al., 2015). The longitudinal morphology of the 
Rowan deposit also closely resembles that of 
the Oso landslide, with a steep main head scarp, 
similar extensional faulted blocks in the main 
body of the deposit, and a distal section where 
hummocks likely traveled on a more fluidized 
basal layer (Fig. 1B).

14C Dating
Radiocarbon dates from six samples of wood 

entrained in the Rowan landslide deposit (Fig. 1, 
samples 1–6) yield ages between 694 and 300 
calendar (cal) 14C yr B.P., with an average age 
of 518 cal 14C yr B.P. (Table DR2). Radiocarbon 
dates from the three samples at Headache Creek 
landslide (Fig. 1, samples 8–10 in) yield ages 
between 6278 and 5757cal 14C yr B.P. (Table 
DR2). A tree trunk from within the fluvial ter-
race overrun by the Rowan landslide (Fig. 1, 

sample 7) dates to 11,978–11,406 cal 14C yr B.P. 
(Table DR2), which agrees well with previous 
dating of NFSR terraces (Beechie et al., 2001).

Calibrated Surface Roughness Dating
When SDS is plotted against absolute age 

of the dated landslide deposits, these data show 
that landslide surface roughness decays with 
time at a decreasing rate (Fig. 2). Results from 
the numerical landscape evolution model sug-
gest that the smoothing of landslide deposits 
over time is well fit by an exponential decay 
function (Fig. 2A; Fig. DR2). Fitting an expo-
nential curve to the four observed roughness-
age data points yields the following function: 
t = 3519500 × e–1.3976R, where t = estimated age 
(cal yr B.P.) and R = average SDS of landslide 
deposit (Fig. 2B). Using this function, we esti-
mate the age of each landslide in the study area, 
and bin landslides into the following four age 
classes: A, >5000 yr B.P.; B, 2000–5000 yr B.P.; 
C, 500–2000 yr B.P.; D, <500 yr B.P. (Fig. 3).

DISCUSSION AND CONCLUSIONS
Results from this study show that SDS cal-

culated from high-resolution elevation data can 
be a useful landslide dating tool. This technique 
enhances the value of a limited set of absolute 
dates by calibrating a surface roughness-age re-
lationship that can be applied more broadly in 
development of regional landslide chronologies. 
Although we apply this approach exclusively 
to landslides in glacial sediment, bedrock land-
slides are likely to smooth more slowly, but at an 
equally predictable rate. If so, this method may 
be universally applicable in landslide-prone re-
gions, so long as factors influencing initial land-
slide roughness are constant throughout the area 
being studied.

Using this approach, we show that the NFSR 
valley is a highly unstable postglacial landscape 
where the process of glacial sediment evacua-
tion is ongoing, facilitated primarily though 
long-runout landslides. An average landslide 
frequency calculated using the total number 
of landslides in the study area and assuming 
no landslides are older than 12,000 yr yields a 
value of 1 event per 500 yr. However, the high 
number of young landslides here suggests a 
preservation bias caused by older landslide de-
posits being overrun by younger slope failures, 
or remobilization of older landslide deposits 
(Pánek et al., 2013). When only the past 2000 yr 
are considered, the average landslide frequency 
is substantially higher, 1 event per 140 yr.

Although the Oso and Rowan landslides 
have the lowest measured H:L ratios, many 
landslides in the valley with higher H:L ratios 
have been substantially eroded by the NFSR 
(Fig. 3B), such that the present-day length of 
deposits is not representative of the true runout 
length. Many of these landslides, particularly 
the multiple class A landslides in the southeast 
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quadrant of the study area, have head scarp and 
deposit morphologies similar to those of the 
Oso and Rowan landslides, suggesting similar 
dynamics (Legros, 2002) and mobility (Fig. 3).

We suspect that mass-wasting events in the 
area are related to spatial patterns in NFSR ero-
sion, and that landslides, in turn, impart a strong 
control on river location. Much of the NFSR 
floodplain was likely covered when the Rowan 
landslide occurred, pinning the river against 
the south side of the valley (Fig. 3B). A fluvial 
erosional contact evident in lidar images at the 
toe of an older landslide adjacent to the Rowan 
landslide suggests that the NFSR was once lo-
cated on the north side of the valley, and was dis-
placed ~600 m to the south by the Rowan land-
slide (Fig. 3B). Although the 2014 Oso landslide 
displaced the NFSR by ~150 m, it was less vo-
luminous than the Rowan landslide (Iverson et 
al., 2015), and did not confine the river to the 
opposite side of the valley. This suggests that the 
lateral displacement of the river channel caused 
by a landslide is a product of both the mobility 
and volume of the landslide. When long-runout 
landslides of sufficient volume cover most of the 
valley floor, the river is forced to flow around 
the toe of the deposit, and fluvial erosion is con-
centrated where the channel is confined. We sus-
pect that landslides from one side of the valley 
repeatedly set up slope failures to occur on the 
opposite side, over time creating an alternating 
pattern of landsliding (Safran et al., 2011).

The evidence for postglacial instability 
throughout the Holocene indicates that the 
mechanically weak glacial stratigraphy found 
in this valley, which is typical of ice-sheet ad-
vances around the world, presents an ongoing 
landslide hazard that will continue until the 

removal of this material from the valley. These 
slope failures in glacial sediment represent a 
distinctly different geomorphic system than that 
of postglacial bedrock landscapes, where land-

slide frequency decreases with time after ice 
retreat (Cruden and Hu, 1993). While bedrock 
landslides may contribute to overall landscape 
stability by reducing glacially oversteepened 

Observed Roughness-Age Curve

Average SDS (Roughness) of Landslide Deposit
4 5 6 7 8

C
al

ib
ra

te
d 

R
ad

io
ca

rb
on

 A
ge

 (y
r B

.P
.)

0

2000

4000

6000

8000

10000

12000 Relict NFS River terrace
(3-4 m above present-day valley bottom)

Landslide of known age 

Best fit regression

95% confidence band 

Valley bottom terrace age

(t = 3519500 × e–1.3976R)

A B

Headache Creek 
Landslide 

Rowan Landslide
2014 Oso Landslide 

Modeled Roughness-Age Curve

Average SDS (Roughness) of Oso Landslide Deposit

M
od

el
ed

 A
ge

 (c
al

. y
r B

.P
.)

Best fit regression

Modeled landslide 
surface

(t = 163741 × e–.7049R)

4 5 6 7 8
0

2000

4000

6000

8000

10000

12000

1 Calibrated Carbon Age (YBP)

±
Estimated Landslide Age

Legend

<500 years
500 - 2000 years
2000 - 5000 years
>5000 years
500 1000

m

Remnant River Terrace

D
C
B
A

 W h i t m a n  B e n c h
Headache Creek 

Landslide

Rowan
Landslide

2014 Oso
Landslide

Nort
h Fork Stillaguamish River

588±64

382±82
674±21 624±59

410±91

430±96

6089±94
6149±130

5870±113

11692±286

48°17’N

48°16’N

121°52’W 121°51’W 121°50’W 121°49’W

1 2
3 4

5
6

7

98 10

River displaced 
>600m by landslide

Pre-Rowan 
Landslide

river position

B

A
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Figure 3. A: Lidar bare-earth imagery of the study area, showing all mapped landslides colored 
by estimated age. Landslides are binned into four age classes (7 class A, 3 class B, 10 class C, 
and 5 class D; see text) based on estimated age from the surface roughness-age regression. 
Predicted age classes agree well with crosscutting relationships between landslides. cal yr 
B.P.—years before present (present = 1950). B: Blow-up map showing inferred river position 
(dashed line) prior to the Rowan landslide (Washington State, USA) ca. 500 14C yr B.P., based 
on erosional contact on an older landslide deposit. The current river position (solid line) sug-
gests that the active channel was displaced at least 600 m when the Rowan landslide occurred.
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slopes, landslides in glacial sediment often do 
not require steep slopes to fail (Geertsema et al., 
2006), and perpetuate further landsliding by de-
buttressing adjacent material. Therefore, even in 
the absence of rapid uplift or incision, the pro-
cess of evacuating potentially unstable glacial 
sediment may result in persistent instability for 
tens of thousands of years after ice retreat, plac-
ing this process at the upper limit of estimations 
of paraglacial landscape relaxation time scales 
(Ballantyne, 2002). The longevity of landslide 
hazard in such regions accentuates the need for 
accurate and robust landslide chronologies. Our 
analysis shows that remote sensing data can be 
used to quantitatively estimate landslide age, 
and thereby assess landslide risk, when surface 
roughness is calibrated with even a limited set 
of absolute dates.
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