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Subsurface erosion features in the Avonlea Badlands

Subsurface erosion features in badlands revealed by high 
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The use of small unmanned aerial vehicles (UAVs) to collect high resolution orthophotography to analyze drainage connectivity 
was evaluated based on field studies conducted in partnership with the Spatial Information Management and Modeling Unit, 
Saskatchewan Ministry of Environment. Photographs were taken with a consumer-grade UAV with an integrated gimbal-mount-
ed digital camera and structure-from-motion (SfM) image processing software to reduce the data gap scale and satellite scale. 
SfM is a low-cost and photogrammetric technique which was used to create high-resolution digital elevation models (DEMs) 
from photosets. 
DEMs were used for quantifying different badland surfaces and for detailed recognition of geomorphic features related to 
erosion and accumulation. Results suggest that decimeter-scale accuracy can be achieved using SfM in areas with complex 
topography such as badlands. The altimetry reconstitution of different badland surfaces and drainages features were applied to 
calculated potential surface and subsurface erosion. Stream power index (SPI) was calculated for the original DEM and the pre-
processed depressionless DEM. Filling sinks removed depressions within the flow accumulation dataset and created a drainage 
network including the subsurface pipe network similar to reality. 
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Introduction

Complete knowledge of soil erosion processes is still lacking 
due to the inadequacy of current data in detecting the spatial and 
temporal variables associated with surface, and especially sub-
surface, erosion. Difficulties exist in the recognition, descrip-
tion, and quantification of soil erosion due in part to limited in-
formation on the magnitude and frequency of events that cause 
erosion and in part to the lack of cheap and reliable methods of 
erosion assessment (Boardman 2006). However, low-cost un-
manned aerial systems (UASs) and photogrammetry software 
have enabled researchers to generate more accurate digital el-
evation models (DEMs) to monitor erosion at different temporal 

and spatial scales (Watts et al. 2012; Fonstad et al. 2013). Re-
search reported here shows that UAVs can also capture partly 
invisible, subsurface processes.

The Avonlea Badlands is a typical badland characterized by 
high erosion rates, involving overland flow and pipe flow as the 
dominant processes (Figure 1) (Bryan and Yair 1982; Camp-
bell 1989; Faulkner et al. 2008). While it is known that badland 
morphology is often the result of surface and subsurface erosion 
and sedimentation processes, there is a lack of research about 
subsurface erosion compared to that of surface processes. The 
reasons are that they are less visible and more difficult to inves-
tigate (Campbell 1989; Faulkner 2013).
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Figure 1 
Location of study area

Aerial photographs taken by drones are useful tools for 
measuring and monitoring changes caused by erosion in a fast 
changing, heavily dissected badland landscape, as traditionally 
obtained photographs and DEMs are generally too coarse to 
provide sufficient detail. The available orthophotography of the 
study area collected by the Saskatchewan Government Imagery 
Collaborative has an approximate 60 cm pixel spatial resolution 
and the most commonly used DEM at a provincial level has a 
spatial resolution of 10 m (Figure 2).

The use of unmanned aerial vehicles (UAVs) to collect high 
resolution photography was evaluated based on field studies 
conducted in partnership with the Spatial Information Manage-
ment and Modeling Unit, Saskatchewan Ministry of Environ-
ment. A high-resolution topographic model was created to iden-
tify different badland surfaces and for detailed recognition of 
geomorphic features related to erosion and accumulation in the 
heavily dissected badlands landscape.

Limits of this technology in mapping and altimetry reconsti-
tution (DEM) of badland surfaces and drainages features were 
evaluated. DEMs were used to identify areas of surface and sub-
surface erosion in the landscape using the terrain attributes of 
slope, flow accumulation, and stream power index (SPI) (Galzki 
et al. 2011).

This study assesses the effects the original DEM and the 
preprocessed depressionless DEM have on SPI and what each 
reveals about the erosion potential in the study area. The method 
of using terrain attribute calculations to identify areas of accu-
mulated runoff was applied and evaluated for its effectiveness in 

identifying potential areas of high surface and subsurface ero-
sion by water in the Avonlea Badlands of Saskatchewan, Canada.

Figure 2 
Split screen view of the UAV acquired imagery compared to the 
best available orthoimage for the study area
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The study site of the Avonlea Badlands is located along Avon-
lea Creek, 60 km southwest of Regina, Saskatchewan (Figure 
1). The climate is semi-arid continental with wide variations in 
seasonal temperatures characterized by cold winter and hot sum-
mer months. The mean annual precipitation is 390 mm (Regina 
International Airport 1981–2010), of which about 30% typically 
falls as snow (Environment Canada 2017). The Avonlea Bad-
lands are cut into the Eastend Formation. The development of 
the badland was triggered by rapid post-Pleistocene incision of 
a meltwater channel in the marine and lagoonal sediments of the 
Upper Cretaceous (Christiansen 1961; Kent and Vigrass 1973). 
The Canadian prairies provide a natural setting for the evolution 
of badlands, especially where Cretaceous formations consisting 
of highly active clay minerals such as the various members of 
the smectite group are exposed (Bryan et al. 1984).

The Eastend Formation consists of an upper unit general-
ly with thick-bedded sandy strata forming a steep slope and a 
lower unit with a thin-bedded muddy strata capped by a benton-
itic layer. Bentonite contains swelling clay minerals which can 
absorb up to several times their weight in water. After drying, 

the bentonite shrinks and forms a typical popcorn surface with 
cracks. Most of these cracks and fissures close during wetting 
due to swelling and create nearly impermeable and relatively 
resistant surfaces (Bluemle 1996) (Figure 3). Sandstones are 
composed primarily of quartz and calcite sand grains with resis-
tant concretionary ironstone fragments. Slope drainage of steep 
sandstone and the upper mudrock is often routed through deep 
pipe networks (Kent and Vigrass 1973). Piping or tunnel erosion 
is described as a natural erosion process by which infiltrating 
water forms tubular subsurface drainage channels (Dunne 1990; 
Wilson 2011). The first visual signs are little sinkholes built up 
by subsurface erosion in the upper mudrock. Sometimes col-
lapses of pipe roofs take place in segments resulting in a line of 
holes and gullies on the surface (Bryan and Yair 1982; Campbell 
1989).

Seven badland surfaces can be identified. First, a vegetated 
stabilized uppermost prairie surface with short grass vegetation 
overlays a second upper steep slope surface of mud cemented 
sandstone (Figure 3a) with slope of 80° to 85°. The sandstone 
layer includes cross-bedded arkoses and muddy sandstones with 
thin shale or silt partly but densely rilled and piped (Figure 3b). 
Sandstone surfaces have a very thin weathering rind, frequently 

Study area

Figure 3 
3a Typical slope profile of the study area. 3b steep sandstone slope with rills. 3c upper mudrock slope with pipes shaft and collapsed 
pipes,. 3d bentonite slope partly covered by upper pediment. 3e lower mudrock with pipe shaft, 3f lower pediment.



Ulrike Hardenbiker and Brent Bitter

ISSN 1911-581438Prairie Perspectives: Geographical Essays 2017, 19: 35–42

Subsurface erosion features in the Avonlea Badlands

pitted due to raindrop impacts (Kent and Vigrass 1973). A third 
surface is developed in mudrock in the upper mid slope with a 
slope angle of 20° to 2°. This slope segment is characterized 
by a veneer of ironstone shards and collapsed pipes (30–60 cm 
diameter), and pipe shafts, tunnels and gullies (Figure 3c). In the 
study area most pipes follow the hydraulic gradient modified 
by lithological variations. Glacial tectonic joints, tension cracks, 
and desiccation cracks function as preferential flow paths.

The transition from the upper mudrock to the level bentonite 
surface is marked by an upper > 30 cm thick pediment cover-
ing parts the bentonite surface and forms the fourth surface. The 
fifth surface is a nearly level mid slope segment formed by a 
bentonitic mudstone with a typical popcorn surface and slope 
degree of -2° to 2° (Figure 3d). A sharp break between the lower 
mudrock slope (Figure 3e), the sixth surface, with a slope degree 
of 26° to 34° leads to the lower pediment, the seventh surface. 
The pediments are easily recognizable in the landscape because 
of their lighter colour (Figure 3f).

Material and methods

A small UAV, a DJI Phantom 2 Vision + Quadcopter, carrying 
a 14 megapixel (FC200) gimbaled camera was used to acquire 
detailed aerial photographs of the study area. Flights followed 
waypoint controlled transects at a spacing estimated to pro-
vide good overlap (approximately 80%) for orthophotography. 
Photographs were set to be taken every three seconds during 
the flight. The mission was completed at 30 m above the prai-
rie level. Photography was processed using Agisoft Photoscan 
Professional© (2014), an image-based 3D modeling program in 
which overlapping images are aligned and calibrated using com-
mon points found in the photographs. Further processing can 
be used to produce a terrain model and geometrically correct 
orthomosaic.

UAV-based photogrammetry was processed to create a 
dense point cloud and DEMs along with measured ground con-
trol points (GCPs). Fourteen GCPs were installed prior to the 
survey throughout the study area using a 15 cm metal survey 
spike set with the top of the spike head level with the surface 
and an air photography target was centred over the spike at each 
locate (Figure 4). The GCPs were measured at the centre of the 
target using a Trimble Geo7x global navigation satellite system 
with centimeter accuracy real time kinematic positioning en-
abled. The GCPs were used in post processing of the imagery for 
improved imagery and model placement. The three-dimensional 
position (X, Y, and Z) differential correction resulted in correct-
ed positions of all GCPs being in the 0 to 5cm range.

The accuracy of DEMs generated from UAV imagery light 
detection and ranging (LiDAR) is highly dependent on good 
ground control point placements and their measurements. San-
tise et al. (2014) modeled DEMs for several scenarios includ-
ing over 3500 GCPs for an area of approximately 500 x 500 
m and found that as few as nine carefully placed GCFs in an 
area of similar size to the current study area was sufficient. UAV 
obtained DEMs perform competitively in comparison to tradi-

tional LiDAR-based imagery for overland flow modeling, but 
offer the advantage of being easier to obtain more frequent and 
more affordable updates (Leitão et al. 2016).

Data processing

Multiview stereo was implemented by using the Agisoft Photo-
Scan (Agisoft LLC. 2014 ) to produce a dense point cloud using 
pixels of the supplied photographs. The data were used to gener-
ate a high resolution DEM with 0.4 m grid cell resolution. After 
calculating the primary attributes (aspect, slope, and flow accu-
mulation) directly from elevation data, the Stream Power Index 
(SPI) as secondary attribute was calculated from the primary at-
tributes using tools found in ArcGIS (Figure 4). Percent-based 
slope was calculated as rise divided by run multiplied by 100, 
and was used directly in the calculation of SPI.

The SPI is a measure of the erosive power of water flow. It 
is also the potential energy available to carry sediment (Moore 
et al. 1993; Conforti et al. 2011). In order to calculate the SPI, 
a flow accumulation raster from the digital elevation model was 
created. Flow accumulation into each cell is the count of all cells 
that flow into a downslope cell. SPI was calculated for both 
DEMs, the original DEM and the preprocessed depressionless 
DEM, using the Raster Calculator tool with the equation SPI 
= ln ((flow accumulation + 0.001) * ((slope / 100) + 0.001)). 
The z-limit is the difference between the depth of the pit and 
pour point. Slope, percent rise, flow direction, and flow accu-
mulation were calculated for both DEMs. SPI was calculated for 

Figure 4 
Location of the GCPs in the study area
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both DEMs using the Raster Calculator tool with the equation 
SPI (University of Minnesota 2012) (Figure 5). The addition of 
the 0.001 in the above equation helps to prevent 0 values. Thus, 
classifying flow accumulation with different cut-off values can 
help to better visualize the drainage network and identify areas 
which have the highest potential for surface erosion. After com-
parison with the field survey a cut-off point at 500 was chosen 
for both DEMs. A cut-off above 500 showed approximate loca-
tions where flow lines might be more likely to form on the land-
scape and contribute to the drainage network.

The flow accumulation raster creation has the option to ei-
ther fill or not fill depressions. Often these depressions are con-
sidered processing artifacts within the DEM due the resolution 
of the data or rounding of elevations to the nearest integer value 
(Arnold 2010). A DEM was produced by applying fill without 
specifying a z-limit (elevation) value (Figure 5d).

Results

The flow accumulations of both the depression-filled and non-
filled DEMs was compared with the aerial image of the bad-
lands and with a detailed geomorphic field map of the study area 
(Figure 5). The lowest SPI corresponds with the location of the 
bentonite surface, the prairie level and the pediments with level 
or very gentle slope. The highest SPI corresponds with the upper 
and lower mudrock slope.

The unfilled DEM SPI results show no connection between 
the different badland surfaces, indicating a unconnected surface 
slope drainage system (Figure 5c). In particular, the drainage 
system of the upper mudrock seems to be isolated from the 
drainage systems downslope because of a complex pipe and 
gully network developed in the sandstone and upper mudrock 
slope segments.

The field map (Figure 5a) shows many pipe shafts in the 
lower part of the upper mudrock slope, and small discontinuous 
gullies developed by collapse of pipe roofs (Figures 3c and 3e). 
The upslope sandstone and upper mudrock surfaces with flow 
lines converging to the pipe shafts and gully positions suggests 
a connection of the surface and subsurface drainage systems. 
While the first stages of piping erosion are invisible on the sur-
face, with the pipe roof collapse the subsurface erosion is clearly 
visible. Pipe enlargement continues through removal of material 
during heavy rains, causing sections of pipe roof to collapse, 
creating a linear sequence of small discontinuous gullies (Figure 
3c). These pipes greatly increase the movement of water down 
the slope when discrete sections of pipe begin to form and sub-
sequently link up, building a continuous pipe parallel to the sur-
face. The increase in the rate of both surface and subsurface flow 
enables widening and expansion of the pipes. At this stage, the 
development of piping erosion may significantly alter the hy-
drological and geomorphic slope systems. Hydrologically, pipes 
can act as an effective drainage system, with pipe networks en-
hancing drainage. The presence of pipes often increases the peak 
flow during storm and shortens the response time (Anderson and 
Burt 1990; Dunne 1990).

There is a spatial association between pipe shafts and nar-
row gullies and surface flow lines in the study area. Because 
of their size (diameter 30 to 80 cm) they were not detected as a 
single feature, but rather as a larger depression which leads to 
the termination of the flow during calculation of the SPI without 
depression fill DEM. For the study area, these breaks in the non-
filled flow accumulation indicate the location of pipes combined 
with small gully systems (Figure 5b). SPI, without depression 
fill, detected areas where subsurface erosion features such as 
pipes and small gullies were mapped and correctly identified as 
depressions which leads to the termination of flow lines (Figure 
5 c). The depression-filled DEM SPI connected the surface and 
the subsurface drainage system and created a realistic represen-
tation of the drainage network when compared to the field sur-
vey (Figure 5a and 5d).

 Discussion

Surface runoff simulations using the depression-filled and non-
filled DEMs differ substantially due to the typical hydrologic 
characteristics of badlands, where surface and subsurface flows 
occurs. For the study area, the application of high resolution 
DEM and geographic information system (GIS) technologies for 
assessing erosion, including the calculation of the terrain factors 
that control erosion, will be incomplete without including sub-
surface erosion. Subsurface erosion processes like piping are of-
ten a neglected process in badlands erosion studies because they 
are mostly invisible and difficult to research (Faulkner 2013).

The field survey (Figure 5a) documents a series of shafts 
associated with small gullies located on the lower slope of the 
upper mudrock at the end of surface flow lines. The topographic 
distribution of pipe-roof-collapse features (Figure 5a) suggests 
that the subsurface drainage system is connected to the surface 
drainage system in the study area. For the SPI calculated for the 
unfilled DEM (Figure 5c) flow lines end at the locations where 
pipes and small gullies were mapped. The drainage network of 
the upper slope, consisting of sandstone and upper mudrock, 
and the lower slope, consisting of bentonite, lower mudrock and 
lower pediment, are disconnected. The SPI calculated for the de-
pressionless DEM (Figure 5d) shows a drainage network similar 
to the field survey (Figure 5a).

Depression-filled flow accumulation is generally considered 
to be a more accurate representation of the surface drainage net-
work because depressions would fill with water and then over-
flow (Arnold 2010). However, in areas with subsurface erosion 
such as karst and badland environments they can document the 
location of sinkholes and collapsed pipes (Arnold 2010; Jacoby 
et al. 2011). Since the study area consists of badlands with a sub-
surface drainage networks, depressions or sinks are likely and 
it cannot be assumed that all depressions are errors. By filling 
the depressions of the DEM, surface and subsurface drainage 
marked by sinkholes and collapsed pipes were connected. By 
removing the depressions a drainage network connecting the 
surface and subsurface drainage networks was created, resulting 
in greater water accumulation downslope, and reflecting a more 
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Figure 5 
5a Geomorphic map of the study area. 5b 
Flow accumulations of both the depression-
filled (dotted line) and non-filled DEMs 
(solid line). 5c  SPI of the non-filled DEM.  
5d SPI of the depression-filled DEM.
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realistic erosion potential of the drainage network consisting of 
surface and subsurface parts. The results indicate that the sur-
face and subsurface drainage network in the study area are well 
connected and are responsible for the high erosion rates.

Conclusion

A high-resolution topographic model was created to identify dif-
ferent badland surfaces and drainages features. DEMs were used 
to identify areas of water erosion in a badland landscape using 
the terrain attributes of slope, flow accumulation, and stream 
power index (SPI). Areas of surface and subsurface erosion were 
identified in the unfilled DEM SPI verified by field data. The 
DEMs were not capable of detailed recognition of geomorphic 
features related to subsurface erosion such as pipe shafts and 
small gullies in the heavily dissected badlands landscape. In 
both the depression-filled and non-filled DEMs, flow accumu-
lation validity is verified by visual comparison. Two different 
SPI datasets were created; one representing erosion potential of 
a filled DEM and the other representing the erosion potential 
of an unfilled DEM. The SPI calculated with the unfilled DEM 
showed a poorly connected drainage network, which resulted in 
less water accumulation and low erosion potential. The field sur-
vey documented that most mapped pipes and small gullies func-
tion as drainage conduits for surface runoff in the study area. As 
a result the SPI calculated with the depressionless DEM created 
a drainage network similar to reality.

Application of the terrain attributes of slope, flow accumu-
lation, and SPI with fill was able to identify areas with a high 
potential for surface and subsurface erosion by water in the 
Avonlea Badlands of Saskatchewan, Canada. The results sug-
gest that identifying subsurface erosion processes could help to 
understand high erosion rates and sediment yield in badland en-
vironments.
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