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Abstract: Quantifying the contribution of sediment delivered to rivers by landslides is needed to
assess a river’s sediment load in regions prone to mass wasting. Monitoring such events, however,
remains difficult. This study utilised six years of remotely sensed imagery (PlanetScope and RapidEye,
Imagery courtesy of Planet Labs, Inc., San Francisco, CA, USA), topographic surveys, and field
observation to examine a hydro-geologically controlled, retrogressive landslide near a tributary to
the Peace River, British Columbia. The slide has been active since 2014, delivering large amounts of
sediment to the Peace River, visible in a persistent plume. Here, we quantify the landslide’s sediment
contribution to the Peace River, assess the hydro-meteorological drivers of plume variability, and
test whether plume activity can be directly linked to landslide activity for monitoring purposes.
Our results show that the landslide on average delivered 165,000 tonnes of sediment per year, a
seven-fold increase of the tributary’s regular load and near half of the Peace River’s load at this
location. Due to continuous erosion of landslide material, sediment supply is steady and fuelled by
repeated failures. Using thresholding, the identification of ‘high’ plume activity was possible, which
positively correlated with the water level in a nearby reservoir, a proxy for the state of groundwater
in this region. We reason that ‘high’ plume activity is linked to increased groundwater pressure
because landslide activity is groundwater-controlled and failures fuel sediment delivery to the Peace
River. Using readily available imagery, it is thus possible to monitor the activity of this recurrent
landslide when field data are difficult to obtain.

Keywords: landslide monitoring; plume detection; PlanetScope; RapidEye; suspended sediment

1. Introduction

In regions of river drainage basins highly susceptible to landsliding, strong coupling
occurs between the fluvial system and adjacent hillslopes, resulting in the effective delivery
and evacuation of large volumes of landslide-derived sediment [1]. Sediment delivery
typically occurs episodically, induced by rainfall, snowmelt, earthquakes, or anthropogenic
alteration [2] and depends on the characteristics of the landslide, its location in respect
to the stream network, and the characteristics of the drainage network [3]. The episodic
nature of landsliding renders quantification of its contribution to a river’s sediment load
difficult and complicates upscaling of local processes for the study of regional landscape
evolution [4–6].

Approaches to quantifying sediment delivery by landslides to the river network vary
depending on trigger mechanisms identified. In the preparation of sediment budgets,
typically only hydroclimatic events are considered, which rely on associating the estimated
volume and frequency of past failures with measured precipitation events [7–9]. Other
studies have focused on coseismic landslides in steep, mountainous terrain [10,11], where
connectivity (and therefore delivery) to the river network is set by drainage density, seismic
characteristics, and substrate [3]. However, landslides caused by other trigger mechanisms
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and those experiencing multiple or slow failures are commonly overlooked. In Western
Canada, recurrent landslides in low-lying terrain that are primarily influenced by fluctua-
tions in groundwater are common [12]. Such landslides may be active for several years and
consistently remove sediment from the hillslopes, yet their influence on sediment delivery
to river networks has not been investigated.

For a single event, quantification of sediment delivery to the river network is usu-
ally performed through analysis of landslide volume (e.g., [13]), direct measurements
of suspended sediment concentration at river gauges (e.g., [10,11]), and field surveys of
changes in river morphology (e.g., [14]). In the absence of monitoring gauges and in situ
observations in remote regions, satellite-based remote sensing technology is utilised to map
landslides and identify terrain characteristics (e.g., [15]). The amount of sediment delivered
to the river network, however, is not directly quantified by these products. Satellite imagery
has previously been used to derive suspended sediment concentrations to study a river’s
response to flooding and other catchment disturbances (e.g., [16–19]). This method relies
on changes in the surface reflectance of water where sediment is present.

Here, we apply calibration to six years of imagery of a sediment-laden plume in the
Peace River, British Columbia, generated by a recurrent landslide directly linked to the
river network. We use this approach to quantify the variability of sediment delivered to the
river by the landslide, investigate whether plume variability is correlated with available
hydro-meteorological data, and test whether plume activity can be linked to landslide
failure activity for monitoring purposes.

2. Setting

The Peace River lowlands are known to be one of the most landslide-prone areas in
Western Canada, with large failures occurring in the Quaternary glaciolacustrine sediments
deposited within preglacial valleys [20]. These high-magnitude, low-frequency landslides
are well documented [21–24], and influence the Peace River sediment regime, through the
development of landslide dams, upstream channel gradient decrease, and affected stream
bed armouring [21]. Next to these large failures, recurrent, low-magnitude failures also
occur [13,24]. One of these landslides is the Brenot Creek landslide near Hudson’s Hope,
British Columbia, situated along a tributary of the Peace River.

Since its initiation in 2014, the Brenot Creek landslide has gained regional atten-
tion due to a spatially pervasive and persistent sediment plume in the Peace River; a
fluvial system of great ecological, cultural, and socio-economic importance in Western
Canada [25–27]. Stakeholders fear the adverse impacts associated with persistently high
suspended sediment concentrations, specifically the decrease in water quality and the trans-
port of sediment-associated contaminants, such as heavy metals [28,29]. Concentrations of
heavy metals (aluminium, arsenic, barium, cadmium, chromium, iron, lead, manganese,
and uranium) above the Canadian Water Quality Guidelines were measured at the Peace
River confluence immediately following the initial failure [30], upon which water advisories
were issued, which continue to remain in place.

The Brenot Creek landslide is located 12 km upstream of the Lynx Creek/Peace River
confluence along Brenot Creek, a tributary to Lynx Creek and the Peace River. Originating
in the Rocky Mountains, the Peace River is 1923 km long, flows northward to join the
Slave and Athabasca Rivers, before eventually draining into the Great Slave Lake and
the Arctic Ocean. Since its construction in 1968, the W.A.C. Bennett dam has regulated
the Peace River Flow. The dam is located 32 km upstream of the Lynx Creek/Peace
River confluence (Figure 1). Under unregulated conditions, peak flows (5510–8810 m3/s)
occurred in late spring and the lowest flows in winter (139–236 m3/s) (Water Office Canada
Station #07EF001). Since regulation, the Peace River usually exhibits low flows during the
months of May–July (270–650 m3/s) and the highest flows in winter (~1500 m3/s) (ECCC
Station #07EF001 [31,32]). The Peace River typically exhibits low amounts of suspended
sediment downstream of the W.A.C. Bennet dam (~380,000 tonnes/year) until it reaches
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the larger tributaries of Halfway River, Pine River, and Smoky River downstream of the
study site [33]. Concentrations are generally coupled to variations in discharge [34].

Remote Sens. 2021, 13, x FOR PEER REVIEW 3 of 18 
 

 

tributaries of Halfway River, Pine River, and Smoky River downstream of the study site 
[33]. Concentrations are generally coupled to variations in discharge [34]. 

 
Figure 1. Map of the study area, near Hudson’s Hope, British Columbia, Canada. The Brenot Creek 
Landslide occurs along Brenot Creek, 12 km upstream of the Lynx Creek/Peace River confluence. 
Plume study area is indicated by a red rectangle downstream of Hudson’s Hope with the Peace 
River flowing to the northeast; also shown are meteorological monitoring stations used in this study 
and water sampling locations. 

The climate of the study area is characterised as a continental subarctic climate with 
long, cold, and dry winters and short and mild summers. Average temperature ranges 
from −12.8 °C in January and 16.2 °C in July (WMO Station #71943). Yearly precipitation 
averages 444.7 mm, forty percent of which occurs as snowfall. Sixty percent of the total 
precipitation occurs from May to September (WMO Station #71943). 

The regional geology is predominantly soft sedimentary bedrock of shale and sand-
stones of the Fort St. John Group covered with glacial deposits [33,35–37]. Large glacial 
lakes existed in this area, resulting in thick preglacial deposits of glacial Lake Matthews 

Figure 1. Map of the study area, near Hudson’s Hope, British Columbia, Canada. The Brenot Creek
Landslide occurs along Brenot Creek, 12 km upstream of the Lynx Creek/Peace River confluence.
Plume study area is indicated by a red rectangle downstream of Hudson’s Hope with the Peace River
flowing to the northeast; also shown are meteorological monitoring stations used in this study and
water sampling locations.

The climate of the study area is characterised as a continental subarctic climate with
long, cold, and dry winters and short and mild summers. Average temperature ranges
from −12.8 ◦C in January and 16.2 ◦C in July (WMO Station #71943). Yearly precipitation
averages 444.7 mm, forty percent of which occurs as snowfall. Sixty percent of the total
precipitation occurs from May to September (WMO Station #71943).

The regional geology is predominantly soft sedimentary bedrock of shale and sand-
stones of the Fort St. John Group covered with glacial deposits [33,35–37]. Large glacial
lakes existed in this area, resulting in thick preglacial deposits of glacial Lake Matthews sed-
iments under the till and post-glacial deposits of glacial Lake Peace above the till [35,36,38].
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The layers of clay, silt, sand, and some larger cobbles are typically unconsolidated [37].
Given the surficial and bedrock geology, the area is susceptible to mass wasting events;
slides and flows are common in the Peace area [12,24,37]. A documented example is the
1973 Attachie landslide [39,40].

3. Methods

A threefold approach was chosen to quantify the spatial and temporal dynamics of sed-
iment delivery from the Brenot Creek Landslide to the Peace River system: (1) Development
and implementation of optical satellite remote-sensing methods to derive the spatial extent,
timing, and concentration of incoming landslide sediments into the Peace River; (2) in situ
water sampling and monitoring of the landslide, Brenot Creek, and Lynx Creek, to quantify
the dynamics of sediment transport through the tributary reaches; (3) statistical analysis
of the available proxies for hydrological and meteorological conditions and correlation to
temporal patterns in plume activity (derived from the remote sensing analysis) and known
slope failures (motion-triggered camera observations).

3.1. Remote Sensing Analysis of Sediment Plume
3.1.1. Calibration Data

In situ water sampling was conducted on 23 May 2018, on the Peace River at the
confluence with Lynx Creek to develop suspended sediment concentration calibrations
for remotely sensed imagery. Surface water samples (29 total) were collected downstream
of the confluence on Peace River both within and outside of the visible sediment plume.
The samples were collected in wide-mouth polyethylene sampling bottles and 500 mL
samples were filtered using vacuum filtration. This volume was chosen to accommodate
the range of concentrations expected for the plume and creek measurements. Sample filters
were dried at approximately 105 ◦C prior to measurement as per the procedure out-
lined in [41]. Dried samples were then weighted to the nearest 0.1 mg to determine
sediment concentration.

3.1.2. Optical Imagery Processing

Suitable RapidEye imagery with 5 m spatial resolution was acquired from September
2014 to November 2016 and PlanetScope imagery with 3 m spatial resolution was acquired
from January 2017 to May 2020 courtesy of Planet Labs, Inc. Conditions for retrieval
were cloud cover less than 20% and full coverage of the defined river extent (rectangle in
Figure 1). Imagery obtained within the same week was analysed only if the plume visually
differed in size and shape. With these specifications, 69 satellite images were used in the
analysis. Due to a high prevalence of snow and cloud cover, images from the months
November, December, and January were difficult to obtain.

Pre-processing of imagery included atmospheric correction (RapidEye only), image
normalisation, and sub-setting imagery to a constant extent for the comparison of plume
width and concentration within the area directly near the Lynx Creek and Peace River
confluence (rectangle in Figure 1). Atmospheric correction was applied via ATCOR in PCI’s
Geomatica for the purpose of deriving surface reflectance from total reflectance, accounting
for sun and sensor angles, adjacency effects, and atmospheric conditions. PlanetScope
imagery is received as a surface reflectance product radiometrically corrected using cali-
bration targets. All imagery was spectrally normalised against the 19 May 2018 image, the
closest suitable image to the date of field sampling, via relative normalisation of pseudo-
invariant features (PIFs). There was no precipitation between imagery date and sample
date; however, changes in hydrological conditions may have occurred and introduced
potential error. Relative normalisation is a common approach for similar studies of aquatic
remote sensing [42]. The PIFs used were clear deep water and exposed sand, which repre-
sent the spectral endmembers and are the most applicable for aquatic remote sensing [43].
The spectral signature of each PIF was extracted across all images and plotted against the
PIF spectra obtained from the 19 May 2018 imagery via linear regression. The R2 for all
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available bands (blue to NIR) in all images compared to the 19 May 2018 spectra fell within
the 0.90–0.99 range. The regression equations obtained were then applied to each spectral
band. The output of spectral normalisation is consistent reflectance values, which allows
for temporal image-to-image comparison.

3.1.3. Quantification of Suspended Sediment Concentration

Spectral signatures for each in situ water sample location were extracted from Plan-
etScope and RapidEye imagery. The spectral reflectance value (refVal) for red, red edge
(RapidEye only), and near-infrared (NIR) bands and sediment concentration (mg/L) from
all 29 Peace River water samples were used to produce a calibration linear regression. The
spectral composition was chosen based on known optical properties. Sediment scatters
and reflects NIR energy, whilst water strongly absorbs NIR energy [44]. Reflection in the
red spectrum stabilises due to saturation in high total suspended sediment conditions [44].
A multi-band approach was found to improve the performance of plume categorisation in
multiple preliminary trials compared to a single-band approach. The inclusion of the red
edge for RapidEye imagery also increased the equation performance.

The derived equations (Equation (1) for PlanetScope and (2) for RapidEye) were
then applied to each pixel across every image collected between 2014 and 2020 to esti-
mate sediment concentration based on the spectral reflectance of the satellite imagery.
The linear regressions using the spectra and water sample concentrations resulted in
a coefficient of determination (R2) of 0.59 and 0.52 for Equation (1) (Planetscope) and
Equation (2) (RapidEye), respectively.

Concentration = 0.2199 ∗ red refVal + NIR refVal
2

− 127.41 (1)

Concentration = 17.605 ∗ red refVal + NIR refVal + Red Edge refVal
3

− 70.17 (2)

This range of R2 values reflects, within the Peace River, a change in spectral reflectance
was not always matched with a change in concentration. Spectral reflectance in the water
column within red and NIR bands may also vary in the presence of organic material [45],
which was not assessed in this study. The suspended sediment concentration may have
also changed between the date of image acquisition (19 May 2018) and the date of water
sampling (23 May 2019). However, the R2 values for both PlanetScope and RapidEye are
within typical ranges (0.5 to 0.8) of values obtained in similar studies [44,46,47].

After the spectral pixels were converted into concentrations, for each image a sediment
concentration raster was exported to GIS. This was then classified to differentiate between
sediment and water, with eight levels of suspended sediment concentration. Binary classi-
fication (plume/no plume) was also conducted to produce plume vectors and calculate
plume extent. After classifications were complete, the plume extent, mean concentration,
and maximum and minimum concentrations were calculated to provide insight into the
temporal and spatial variance of the plume.

3.2. Field Observation of Slide Activity and Sediment Transport in Brenot Creek and Lynx Creek
3.2.1. Slide Mechanisms and Failure Activity

The landslide was visited on multiple occasions to qualitatively describe slide head-
wall characteristics, failure mechanisms, and landslide activity. Light Detection and Rang-
ing (LiDAR) data from August 2006 (Airborne Imaging Inc. commissioned by FLNRO-RD
using the Optech 3100 Lidar system) was compared against digital elevation models
(DEMs) derived from structure-from-motion (SfM) using images collected during drone
flights in October 2014, October 2015, and July 2017 to assess the volume of displaced
material during the initial failure as well as headwall characteristics. A motion-triggered
wildlife camera was installed facing the slide and provided imagery between August and
November 2016. The images were used to visually determine the date of large failure
events during this period.
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3.2.2. Sediment Transport in Brenot Creek and Lynx Creek

To understand the processes of sediment transport occurring prior to the delivery
of landslide sediment to the Peace River, eight transects were collected from Lynx and
Brenot Creeks on 22 & 24 May 2018 to determine channel width, depth, velocity, and
sediment concentration (Figure 1). Velocity was measured with a Sontek Flowtracker
flow meter. At three locations across the channel, equally spaced proportional to the
total channel width, velocity measurements were taken across creek transects at 20% and
80% of the water depth and only at 60% of the water depth when the water was shallow
(under 0.6 m) [48]. Pebbles, boulders, and shallow water in Brenot Creek locations near
the slide resulted in negative velocity measurements, due to turbulence, and failed to
calculate discharge and sediment load in the creek directly at the slide site. The sediment
concentration was determined by collecting eight additional water samples at the same
depth and location as the flow tracker and following the same filtering protocol as the
river plume filters [41]. Discharge was calculated using the channel depth, width, and
velocity. Where discharge was available, the suspended sediment load was calculated
through multiplication with the average sediment concentration from all samples collected
in that transect.

3.3. Analysis of Plume Activity in Hydro-Climatic Context
3.3.1. Hydro-Climatic Data

Hydrological and meteorological data from secondary sources were obtained to un-
derstand the factors influencing the pattern in sediment delivery from the Brenot Creek
Landslide to the Peace River. Daily data for temperature and precipitation were obtained
from the BC Ministry of Forests, Lands, Natural Resource Operations, and Rural Develop-
ment (FLNRO-RD) Wildfire Service weather station network, Station 132 (location shown
in Figure 1). Daily discharge for the Peace River at Hudson’s Hope was obtained from
Water Office Canada Station 07EF001 (location shown in Figure 1). The station was dis-
continued in 2019. Since discharge in the Peace River is regulated by the W.A.C. dam,
the amount of added water from the surrounding area, such as spring snowmelt, surface
flow, and groundwater infiltration, was assessed via measurements of the daily water
level of Williston Lake (W.A.C. reservoir, location shown in Figure 1). This value can also
inform groundwater conditions, as there is no publicly available data on groundwater in
the study area. This is substantiated through a report by BCOGRIS [32], which noted a
link between the Williston Lake water levels and the groundwater flow, postulating that
water follows the pre-glacial valley from the reservoir and flows on the silt/clay lacustrine
deposit. Williston Lake water level data were obtained from Water Office Canada Station
07EF003 (location shown in Figure 1).

3.3.2. Spearman’s and Kendall Correlation

Using these daily data, the following variables were then correlated against the
remotely sensed plume characteristics (mean plume concentration, plume area, the product
of concentration and area, and mean plume concentration grouped into low, moderate,
and high): discharge (m3/s), water level at Williston Reservoir (m), precipitation (mm),
temperature (◦C), and discharge (weekly average) (m3/s). To account for potential lags, the
plume characteristics were also correlated against metrics including the seven days prior
to the image acquisition date. This includes water level (weekly average) (m), precipitation
(weekly sum) (mm), and temperature (weekly range) (◦C). Given the discrete and stochastic
nature of the landslide activity and the irregular time interval of the satellite imagery, time
series analysis could not be accomplished. Instead, Spearman’s and Kendall correlations
were applied, using paired values by date. The application of these correlation tests was
selected based on the non-parametric nature, the application of the underlying assumptions
to our study design, as well as their frequent usage in hydro-climatic data analysis [49–51].
The environmental conditions and plume characteristics were also compared to known
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failure dates identified from the motion-triggered wildlife camera installed at Brenot
Creek Landslide.

4. Results
4.1. The Brenot Creek Landslide

The initial failure of the Brenot Creek Landslide occurred in early September 2014,
enlarging the zone of depletion from its pre-2014 state. The initial inspection revealed
that a historic landslide zone of depletion was reactivated, developing a fresh scarp in
pre- and post-glacial glaciolacustrine sands and silts (Figure 2a,c). The slide affected
an area of 9500 m2, with a 50-m-high head scarp exposing horizontally bedded glacial
sediment. Field observations of the slide over the study period from September 2014 to
May 2020 indicated that the landslide was intermittently failing throughout this period,
depositing silt and sand into Brenot Creek and the connected fluvial system. Based on
surface differencing of the available DEMs of the landslide site, approximately 540,000 m3

of sediment was evacuated from the scar area from 2014 to 2020 (Table 1). The initial failure
exposed the groundwater table at the base of the slope, in which an unnamed stream began
to flow, continuously saturating the colluvial sand and silt deposited by cliff collapse on
the landslide floor (Figure 2b). The continued flow of groundwater following the initial
failure is indicative of high pore-water pressure at the base of the slide and thus likely
contributed to the initial failure and the ongoing instability of the area. Toe erosion from
piping and seepage collapsed the cliff face, causing a retrogressive headward migration
of the scarp. Additional material then fell from the cliff, forming colluvial aprons. These
became saturated, flowed away from the scarp for a minor distance, and accumulated in
a thick deposit below the main scarp. With continued retrogressive backweathering and
oversteepening, episodic substantial cliff collapses of dry sand and silt continued to fall on
the original mass, and through undrained loading [52], resulting in another large rapid
flow. A cyclic failure dynamic persisted over the study period, which manifests in the
sporadic occurrence of landslide dams in Brenot Creek (Figure 2c), the filling of Lynx Creek
with thick sediment, and dissemination of sediment-laden water within the Peace River.
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Figure 2. Overview of the Brenot Creek Landslide. (a) Landslide scar in 2018, (b) Brenot Creek
downstream of the landslide in 2018, (c) aerial drone orthomosaic imagery of the landslide scar in
2015 showing temporary landslide dam, and (d) Lynx Creek in 2018. Woody debris and coarser
riverbed sediment can be found on bars along the channel.
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Table 1. Changes to landslide scar dimensions measured from DEMs of the study site (2006, 2014, 2015, 2017). The deficit
volume implies the minimum volume of sediment lost from the scarp area over the stated time period. This change does
not take into account the sediment accumulating in the bowl between major flushes resulting from large cliff collapses.

Survey Dates Compared Change in Width (m) Headwall Retreat (m) Sediment Lost from Landslide (m3)

2016 vs. 2014
(Initial Failure) 28 4 99,000

2014 vs. 2015 2 22 75,000

2015 vs. 2017 33 63 265,000

2017 to 2020 8 31 102,000 1

Net Change 71 120 541,000
1 Volume estimated from regression of dimension changes and volume change from previous years.

Along Brenot Creek and Lynx Creek, deposits of landslide material and uprooted
trees are found along the banks and in the form of in-channel deposits (Figure 2b). This
material is generally finer than the creek’s bed material, which consists of gravel and sand
mixtures (Figure 2d).

Visual inspection of the available (August–November, 2016) motion-triggered wildlife
camera showed nine visible events when large portions of the creek bed and surrounding
area were flooded with sediment from the slope. The events varied in size with smaller
failures often occurring 2–3 days prior to bigger events.

4.2. Temporal and Spatial Plume Dynamics

A total of 69 satellite images were analysed from September 2014 to May 2020. The
maximum plume extent within the analysis window occurred on 26 April 2017 (931,995 m2),
and the minimum on 5 December 2018 (no detectable plume) (Figure 3). On average, the
plume extent was 412,400 m2, although it illustrated a high level of spatial variability over
time, with a standard deviation of 248,977 m2. The highest average concentration occurred
on 8 February 2020, and the lowest occurred on 5 December 2018, when the plume was
not detectable (Figure 3). The mean concentration was 69 mg/L. Plume ‘magnitude’ (the
product of area and mean concentration) peaked on 26 April 2017 and was the lowest on
5 December 2018. It should be noted that plume concentration and plume area are only
weakly positively correlated.

The average plume concentration was further used to classify images into low, mod-
erate, and high plume activity: Low plume activity assumes the plume concentration is
between 0 and 30 mg/L, an upper limit that is roughly two times the background turbidity
observed directly upstream of the Lynx Creek confluence (an average suspended sedi-
ment concentration of 14.9 mg/L obtained from repeated measurement between 2010 and
2011 [53]). Moderate plume activity denotes concentrations between two to four times
the background suspended sediment concentration (30 mg/L to 120 mg/L) and high
plume activity exceeding four times the background suspended sediment concentration
(>120 mg/L). Low plume activity (below 30 mg/L) occurs in 20% of the imagery used,
moderate plume activity (30–120 mg/L) for 64% of the imagery used, and high plume activ-
ity (>120 mg/L) for 16% of the imagery used. Figure 4 illustrates the temporal distribution
of plume concentration and activity by month.

It is evident from remote-sensing analysis that the plume activity is stochastic, lacking
a significant seasonal or temporal trend. Overall, the months of June and July show
low–moderate plume activity with little variability, while high activity occurs during
January–May only (with the exception of the year 2019). This is also the period where
activity is the most varied throughout the years. Variability appears to increase slightly
after July, while overall concentrations remain moderate.



Remote Sens. 2021, 13, 4901 9 of 18Remote Sens. 2021, 13, x FOR PEER REVIEW 9 of 18 
 

 

 
Figure 3. Suspended sediment concentration (mg/L) during (a) maximum, (b) mean, and (c) minimum plume magnitude 
(the product of plume area and mean concentration). Imagery courtesy of Planet Labs, Inc. 

It is evident from remote-sensing analysis that the plume activity is stochastic, lack-
ing a significant seasonal or temporal trend. Overall, the months of June and July show 
low–moderate plume activity with little variability, while high activity occurs during Jan-
uary–May only (with the exception of the year 2019). This is also the period where activity 
is the most varied throughout the years. Variability appears to increase slightly after July, 
while overall concentrations remain moderate. 

 
Figure 4. Suspended sediment concentration in the Peace River plume (mg/L) by month from 2014 to 2020 obtained via 
satellite imagery analysis. Plume activity is indicated by colour shading (see text for explanation). 

  

Figure 3. Suspended sediment concentration (mg/L) during (a) maximum, (b) mean, and (c) minimum plume magnitude
(the product of plume area and mean concentration). Imagery courtesy of Planet Labs, Inc.

Remote Sens. 2021, 13, x FOR PEER REVIEW 9 of 18 
 

 

 
Figure 3. Suspended sediment concentration (mg/L) during (a) maximum, (b) mean, and (c) minimum plume magnitude 
(the product of plume area and mean concentration). Imagery courtesy of Planet Labs, Inc. 

It is evident from remote-sensing analysis that the plume activity is stochastic, lack-
ing a significant seasonal or temporal trend. Overall, the months of June and July show 
low–moderate plume activity with little variability, while high activity occurs during Jan-
uary–May only (with the exception of the year 2019). This is also the period where activity 
is the most varied throughout the years. Variability appears to increase slightly after July, 
while overall concentrations remain moderate. 

 
Figure 4. Suspended sediment concentration in the Peace River plume (mg/L) by month from 2014 to 2020 obtained via 
satellite imagery analysis. Plume activity is indicated by colour shading (see text for explanation). 

  

Figure 4. Suspended sediment concentration in the Peace River plume (mg/L) by month from 2014 to 2020 obtained via
satellite imagery analysis. Plume activity is indicated by colour shading (see text for explanation).

4.3. Brenot Creek and Lynx Creek Sediment

The average sediment concentration derived during water sampling on 22–24 May
2018 directly below the Brenot Creek Landslide was recorded at 16,276 mg/L, while directly
upstream of the slide the average concentration was 121 mg/L (Figure 5). The unnamed
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muddy creek leaving the slide towards Brenot Creek had a concentration of 151,615 mg/L.
Lynx Creek, prior to the confluence with Brenot Creek, had a concentration of 117 mg/L,
while Brenot Creek, just above the confluence with Lynx Creek, still had a concentra-
tion of 12,699 mg/L. After the confluence of the two creeks but prior to reaching the
Peace River, the sediment concentration of Lynx Creek was measured at 1470 mg/L
(Figure 5). Estimated sediment loads are available for Brenot and Lynx Creeks upstream of
the Brenot/Lynx confluence (1.96 kg/s and 0.05 kg/s, respectively), immediately down-
stream of the confluence (2.31 kg/s), and near the Lynx/Peace confluence (0.86 kg/s). For
reference, the mean plume concentration on 23 May 2018 during this period was calculated
at 34.28 mg/L with an extent of 477,792 m2. This falls in the moderate activity category.
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4.4. Hydrological and Meteorological Control on Plume Variability

The series of correlation analyses undertaken on the full dataset of imagery showed
only one significant correlation (>±0.5) of the hydrological or meteorological variables
included in this study (Figure 6). This correlation is between discharge and the plume area
and is moderately inversely correlated (−0.58 (Spearman’s (S)) to −0.42 (Kendall (K))).
This suggests that large discharges from the Peace River cause the incoming sediment-
laden water from the Lynx Creek tributary to be constrained to the western bank. When
plume data are grouped by low, moderate, and high concentration, ‘high’ plume activity
is moderately positively correlated to the reservoir water level of Williston Reservoir
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(0.55 (K), 0.67 (S)), and moderately positively correlated to the weekly average water level
of Williston Reservoir (0.64 (K), 0.78 (S)). ‘Low’ plume activity was moderately positively
correlated to temperature (0.45 (K), 0.56 (S)). It should be noted the confidence in these
correlations is lowered by the smaller sample sizes (N = 11 for high, N = 14 for low activity)
of grouped data. Furthermore, there appears to be no relationship between temperature or
precipitation events and failures captured in the period of observation from the motion-
triggered camera. Events occurred in the temperature ranges of −1 ◦C to 12 ◦C, both with
and without the occurrence of precipitation events.
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5. Linking Remotely Sensed Plume Concentrations to Landslide Activity

The magnitude and speed of sediment delivery from a landslide to the adjacent
fluvial system depend on the variability of the supply of sediment from the landslide
and the speed of sediment evacuation, and hence the overall connectivity within the
fluvial network [54,55]. Our observations suggest that sediment delivery from the Brenot
Creek Landslide to the Peace River is variable and only partially linked to the failure
activity at the slide itself. One reason for this is that due to the presence of a newly
formed stream exiting the failing slope of the Brenot Creek Landslide, the sediment supply
to the Peace River tributaries is ongoing and fuelled by the continued slow erosion of
material deposited during failure events at the foot slope. Supply may be interrupted only
due to the temporary formation of landslide dams during slope failure. While supply is
continuous, connectivity varies throughout the observation period and depends on the
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transport capacity and competency of Brenot Creek and Lynx Creek. In the following, we
distinguish three different levels of plume activity (low, moderate, and high) and link them
to sediment delivery mechanisms from the landslide to Peace River.

During periods of ‘low’ plume activity, low discharge of tributary streams reduces
the capacity of the system to evacuate sediments, causing little to no connectivity of
the landslide to the fluvial system. These conditions were observed during the winter
and summer months but were not found during transitional months (April/May and
September/October). Transport-limited conditions in the predominantly groundwater-
sourced Brenot Creek and Lynx Creek [32] may occur for several reasons: due to a landslide
dam blocking the creek, due to partial freeze-over under cold temperatures, and due to a
decrease in groundwater flow and/or increased evaporation under warmer temperatures.
The correlation analysis depicted a positive correlation between the plume concentration
and temperature under ‘low’ activity, indicating that the amount of sediment delivered
to the Peace River is higher (though overall ‘low’) during these periods in the summer
compared to the winter, likely due to the partial freeze-over. The absence of ‘low’-activity
periods in transitional months is likely due to the creeks never being transport-limited,
causing connectivity and plume activity to be at least ‘moderate’.

Periods of ‘moderate’ plume activity are marked by the consistent delivery of fine
sediments from the landslide to the Peace River resulting in ‘moderate’ plume concentra-
tions. These periods occurred most often and were observed throughout the year, with
plume concentrations (though ‘moderate’) being generally lower in June/July and Novem-
ber/December than during other months of the year. Fluctuations in tributary discharge
during these periods may be caused by local precipitation, increased evaporation, or vari-
ability in groundwater flow. No significant correlation was found between the hydrological
and meteorological variables and plume concentration during these periods, indicating
that none of them stand out as driving variables. Field observations at the landslide site
during one of these periods (May 2018) indicated no presence of landslide activity and
considerable erosion of the fine landslide sediments by the groundwater seepage from the
landslide face. Though supply is continuous, temporary storage and resuspension along
the tributary may further introduce variability in plume activity. Our limited observations
on sediment concentrations in the stream indicate sediment deposition along the tributaries
towards the Peace River, confirmed by deposits of finer, landslide-sourced sediment over
the coarser Brenot Creek and Lynx Creek gravel/sand mixture.

Periods of ‘high’ plume activity are not dictated solely by an increased fluvial transport
capacity, but rather by events of increased sediment supply due to slope failures or landslide
dam breakage. ‘High’-activity periods were observed predominately from January to May,
though events occur in August and September of 2019 as well. No ‘high’ activity was noted
during June/July and November/December in any of the years. The positive correlation
of Williston dam water levels (a proxy for changes in aquifer conditions [32]) to plume
concentrations at ‘high’ plume activity, could point to increased instability of the Brenot
Creek Landslide with increased pore water pressure due to changes in the hydraulic
head [56]. Increased groundwater flow would exacerbate the cyclical nature of the failure.
By proxy of failure mechanism, landslide activity increases both the fluvial transport
capacity, through the increased exposure of the aquifer, and the supply of fine sediments.
The failure activity causes regression of the slope face, therefore causing heightened seepage
of groundwater, acting as a built-in mechanism for delivery to the fluvial system. The
absence of ‘high’-activity periods detected during the months of June/July is likely a result
of lower groundwater levels, absence of failures, and reduced overall flow, the latter of
which also caused an overall lower delivery to the Peace River during ‘moderate’ periods.
‘High’-activity periods are also absent in November/December, which next to an overall
lack of data could be the result of frozen grounds and partially frozen creeks.

Linking landslide activity to plume dynamics for monitoring purposes is complex.
Using thresholding of average plume concentrations, as performed here, as a proxy for
monitoring recurrent failure of the landslide is possible. The thresholds chosen in this
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work warrant further validation via direct slope observation. Overall, 11 ‘high’-activity
events were identified over the years, some years saw no or only one event (2014, 2015,
2017, 2018), and some years were particularly active (2019 and 2020). It is clear, however,
that the Peace River is impacted throughout the year even when large catastrophic failures
are absent. High-resolution optical remote sensing of water bodies is a frequently used
monitoring technique for water quality applications [57,58]. Our research shows that the
expansion of such monitoring approaches to recurrent landslides is promising, though it
cannot succeed without knowledge of the landslide mechanics, the hydrological system,
and connectivity therein. The approach could be improved by direct measurement of
fluctuations in groundwater conditions and a longer motion-triggered camera observation
campaign to further our understanding of the failure mechanisms and the drivers of high
sediment plume activity.

6. Impact of the Recurrent Landslide on the Fluvial System

Over the six-year study period, no evidence (from remote sensing analysis and field ob-
servations) suggested the landslide was stabilising. Analysis of aerial imagery and LiDAR
data suggests headwall retreat and lateral retreat are persistent (Table 1). Additionally, the
number of occurrences of ‘high’ and ‘moderate’ plume activity was greater in 2019 and
2020 compared to 2015 and 2016, resulting in overall higher average plume concentrations
across all images (49 mg/L, 53 mg/L, 84 mg/L, and 102 mg/L for 2015, 2016, 2019, and
2020, respectively). The impact of this landslide on the fluvial system is thus long-lived.
The contributions of landslides are often overlooked in general sediment budgeting, despite
observations that sub-catchments with landslides covering 1% of the area can provide 65%
of the total sediment flux [1]. When landslides are considered, it is the contributions of
large-volume, low-frequency events that are taken into account [21,23,59]. Our observa-
tions show that the sediment contribution of recurrent low-magnitude, but high-frequency
landslides are significant; prior to the landslide, from 2000 to 2010, Lynx Creek had an
average yearly suspended sediment load of 23,400 tonnes/year [53]. Surface differencing of
DEMs collected from 2014 to 2020 showed, on average, 165,000 tonnes/year are delivered
from the Brenot Creek Landslide to the fluvial system, which will, over time, arrive at the
Peace River.

The additional sediment may cause aggregation and degradation along the course
of the Peace River, though no studies are available yet. It may change the composition
of the riverbed and alter the characteristics of bedforms, similar to previous observa-
tions of analogous events [60]. Such sedimentological changes adversely affect river
habitats [61]. In addition, the sediment delivered contains naturally occurring contami-
nants, which are dispersed through the fluvial system causing the degradation of water
quality. Water testing indicated contaminated levels exceeding the Canadian Water Qual-
ity Guidelines (drinking water and freshwater aquatic life) at sites directly downstream
of the Brenot Creek Landslide, the Lynx Creek confluence, and the Peace River conflu-
ence [30]. Even after stabilisation, contaminant levels may remain high for some time until
all deposits are eroded [62].

An examination of drone imagery flown in August 2006 around Lynx Creek and Brenot
Creek (Airborne Imaging Inc. commissioned by FLNRO-RD) shows geomorphological
evidence of older scars of rotational landslides in the area immediately surrounding the
Brenot Creek Landslide and a shift to complex earthflows in the north (Figure 7). Further
study is required to elucidate why this shift occurs and is out of the scope of this study.
This finding suggests that the impact of recurrent, low-magnitude landslides in this region
reaches far beyond the Brenot Creek Landslide, and the Peace River may have frequently
been affected by similar events in the past.
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7. Future of the Landslide and Plume

Further understanding of the precise details of the drivers of failure is necessary to
predict when the landslide will stabilise. The literature suggests that the onset of landslide
stabilisation and the beginning of system recovery will be dependent on the geological
nature of the area [60,63]. The Deforest Creek Slide, WA, analogous in regard to failure
mechanisms (retrogressive landslide with hydrogeological triggers), stabilised only when
the head escarpment made contact with a sandstone geological unit with greater stability
following eight years of activity [60]. Stabilisation could also occur when the landslide
becomes disconnected from the water table (naturally or through intervention), which
would consequently reduce the connectivity of the slide to the wider fluvial system [63,64].
It is expected that the Peace River plume would cease exhibiting high concentrations as
a result of stabilisation but continue exhibiting moderate plume concentrations until all
landslide-sourced material is evacuated.

8. Conclusions

This study utilised six years of remotely sensed imagery, topographic data, and field
observations to study the Brenot Creek Landslide and the spatio-temporal variability
of its landslide-generated sediment plume in the Peace River, British Columbia. Rapid
Eye and Planetscope spectral reflectance were calibrated towards suspended sediment
concentration using in situ water samples. Velocity, turbidity measurements, and water
samples were collected along the tributaries from the landslide to Peace River. Repeat
high-resolution DEMs from LiDAR and SfM imagery were collected. The results shed
light not only on the nature of the contribution of sediment to the Peace River by the low-
magnitude recurrent landslide, but also on the suitability of the remote sensing approach
for monitoring landslide activity. Our conclusions are as follows:

• The sediment plume is persistent, fluctuates in concentration throughout the year, and
shows no evidence of ceasing. At the same time, headwall retreat and the removal of
mass at the groundwater-controlled slide are ongoing.

• Surface differencing of DEMs yielded an upper estimate of sediment delivery to the
Peace River of 165,000 tonnes/year, significantly higher than the pure riverine load of
23,400 tonnes/year [60]. Topographic evidence of similar geomorphic features in the



Remote Sens. 2021, 13, 4901 15 of 18

nearby area suggests that low-magnitude, recurrent landslides play a significant role
in the sediment delivery of the Peace River catchment.

• The link between plume concentration and landslide activity is complex. The contin-
uous erosion of landslide deposits by the ever-flowing tributaries results in steady
delivery to the Peace River, resulting in plume sediment concentrations with temporal
variability throughout the year.

• Low plume concentrations occur in either the winter months, when the creeks are
partially frozen or in the summer months, possibly linked to a decrease in the
groundwater-sourced discharge.

• Moderate plume concentrations occur during all months of the year, though concen-
trations tend to be lower among the moderately ranging events in the summer.

• High plume concentration does not occur during the summer months and is positively
correlated to water level at a nearby reservoir—a proxy for overall groundwater
conditions at the site. We interpret this as evidence that high plume concentrations
may be linked to the failure of the groundwater-controlled landslide or the removal of
a large amount of material from the landslide site.

• Only high plume concentrations are therefore immediately linked to failure. Further
validation is required to determine whether our plume activity threshold (<120 mg/L)
is suitable. Using said threshold, monitoring of landslide activity in the coming years
via remote sensing is possible.

• Application of this concept to other recurrent landslides that are immediately linked
to a river network is possible when the hydro-climatic context is sufficiently known.
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