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Abstract

Debris flows constitute an important transport mechanism in mountain
headwaters, which results in a topographic signature that is significantly different
from that of fluvial valleys. This signature is readily visible in drainage
area-slope diagrams, where fluvial reaches follow a power law distribution
described by the equation S=KA™, where S is channel slope, 4 drainage area and
K and n are constants. On the other hand, headwater channels with evidences of
debris-flow activity clearly depart from this trend. This paper provides additional
evidences for this phenomenon with data from a headwater basin on the northern
slope of the Cantabrian Cordillera (Spain), where channels with evidences of
debris-flow activity significantly depart from the power law function defined by
reaches where fluvial processes are dominant; the transition between these two
domains is analogous to those described in other humid, mountainous regions.
Identification of dominant processes in headwater channels is based on field
recognition of debris flow evidences. This paper also explores the implications
of this topographic signature for the analysis of debris flow hazard at a regional
scale. A significant percentage of the drainage network in the study area is
characterized by the morphometric attributes of debris flow dominated channels.
As a result, numerous infrastructures are potentially affected by this process,
mainly roads and buildings. Additionally, the analysis suggests that some
settlements may also be threatened by debris flows. This work shows that a
morphometric analysis based on the drainage area-slope relation may be a useful
criterion for a preliminary identification of channels where debris flows are
likely to occur.
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1 Introduction

Debris flows pose a serious hazard to human lives and infrastructures in
mountain regions throughout the world, where they constitute the main threat to
human settlements (Hewitt [1]). The first step in debris flow hazard analysis is
the recognition of potentially hazardous sites, which is usually achieved
combining several techniques, including geomorphic observations (e.g. levees,
oversized boulders, matrix-supported facies), interpretation of remote sensing
images and analysis of historical events (Jakob [2]).

Topographic factors exert a major control on debris flow occurrence, and
therefore identification of debris flow prone areas usually incorporates
topographic thresholds that define the range of conditions within which debris
flows are likely to occur. For instances, VanDine [3] noted that debris flow prone
channels in the Canadian Cordillera are characterized by relatively small
drainage basins (0.4 to 7.0 km”) and gradients usually greater than 10°. However,
it is widely recognized that morphometric characteristics of debris flow prone
channels can be very variable, depending mainly on sediment composition,
particle size, water content and volume of mobilized debris. Topographic
information has also been employed as a criterion for the identification of debris
flow prone fans, as opposed to fans where fluvial processes prevail. Recent work
in mountain regions suggests that morphometric differences between debris flow
and fluvially dominated fans are consistent at regional scales, implying that they
may be a valid criterion for hazard identification (e.g. de Scally and Owens [4];
Crosta and Frattini [5]; Wilford ef al. [6]).

The topographic signature of debris flow dominated channels has also been
recently explored in the context of the stream-power river incision model, which
states that, under steady state conditions, channel slope can be expressed as a
power function of contributing area (e.g. Whipple and Tucker [7]):

S=KA™" (D

where S is channel slope, 4 is contributing area and K and n are empirical
coefficients. This model is often represented in a logarithmic area-slope diagram,
where data follow a linear distribution. However, relatively steep channels depart
from this trend, as has been shown in different regions. This observation was
first interpreted by Seidl and Dietrich [13] in the Oregon Coast Range as a
topographic signature of debris flow dominated channels. Montgomery and
Foufoula-Georgiou [15] found the same pattern in drainage basins of the
Western United States and also concluded that the inflection in the drainage area-
slope relation reflects a morphometric threshold between fluvially and debris
flow dominated channels, (fig. 1). Further research in different mountain regions
reported similar trends in drainage area-slope plots (e.g. Ijjasz-Vasquez and Bras
[8]), and provided field evidence of the dominance of debris flows in headwater
channels (e.g. Stock and Dietrich [9]; Stock ef al. [10]; Brardinoni and Hassan
[11]). Accordingly, area-slope diagrams have been extensively used to define the
morphometric extent of process domains, which are defined as regions where
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sediment transfer is controlled by one dominant geomorphic process (e.g.
Montgomery and Foufoula-Georgiou [15]; Stock and Dietrich [9]; Brardinoni
and Hassan [11]).
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Figure 1: Extent of process domains in a logarithmic area-slope diagram

(after Montgomery and Foufoula-Georgiou [15]).

2 Study area

This study presents additional topographic and field evidences of the topographic
signature of debris flow dominated channels (henceforth referred to as colluvial
channels, as opposed to fluvial or alluvial channels, according to Montgomery
and Buffington [12]), with data from the Cantabrian Cordillera, Spain. It also
explores the potential application of this topographic signature as a criterion for
the recognition of debris flow prone channels at a regional scale and examines its
use for hazard analysis.

The study area is located on the northern slope of the Cantabrian Cordillera, a
mountain range running parallel to the Gulf of Biscay coast, (fig. 2). Bedrock is a
relatively homogeneous, Cambrian-Ordovician sequence composed mainly of
quartzite, with intercalations of sandstone and slate. The geological structure is
the result of the Variscan Ogoreny, and is dominated by relatively high dip
angles (32-88°) and a prevailing NE-SW strike.

From a climatic point of view, the study area is characterized by moderate
temperatures and relatively abundant rainfall, with monthly precipitation ranging
from 100 to 140 mm. The modern landscape results from the combination of
fluvial incision and gravity-driven slope processes, although some valley heads
still preserve glacial forms related to the Wiirm glaciation, in the southern
margin of the study area. The relief is relatively steep, with an average slope of
31° and elevations ranging from 560 to more than 1500 m. Bedrock lithology and
structure exert an important control on the development of the drainage network,
since it determines the orientation of high-order valleys and principal ridges.
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Colluvial deposits are abundant throughout the study area, resulting in channels
being incised on loose and relatively coarse sediment.

Debris flows constitute a common transport mechanism in headwater
channels of the Cantabrian Cordillera, although little is known about their
geomorphic significance in terms of frequency, magnitude and denudation rates.
The record of historical debris flows in the Cantabrian Cordillera is limited, and
refers almost exclusively to events that caused significant damage to roads and
settlements. Interestingly, these destructive events have not always taken place
on debris fans, but also along relatively gentle reaches of headwater channels.
Systematic identification of these reaches is usually more difficult than that of
debris flow prone fans, as they have no distinctive topographic features.
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Figure 2: Situation of the study area (inset). The map shows the drainage
network and the location of channel reaches that have been
classified in the field according to the dominant geomorphic
processes.

3 Methodology

Data collection for this study included air photo interpretation, GIS-based
topographic analysis and field surveys at selected locations. Identification and
delineation of headwater channels was performed through interpretation of aerial
photographs and digital topography (at 1:15,000 and 1:5,000 scales,
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respectively). Channels were manually digitized, and prolonged upslope until
channel heads, which were defined as points where topographic convergence is
considerably reduced (Stock and Dietrich [9]), in transition to open slopes. Since
this criterion was found to be ambiguous in some places, delineation of channels
was also based on the recognition of channel-like features on aerial photographs,
such as unweathered bedrock and lack of vegetation.

Area-slope data were extracted from topographic maps in a GIS environment,
as described elsewhere (e.g. Stock and Dietrich [9]; Brardinoni and Hassan [11]).
First, the drainage network was clipped into segments defined by consecutive
contour lines, and slope was calculated for each one of them as the ratio between
vertical drop (5 m) and segment length. Then, a 10 m digital elevation model
was computed for the whole area; it included not only elevation data derived
from topographic maps, but also the channel network, in order to capture more
accurately its geometry. Finally, an accumulated flow model was derived from
this DEM, and it was used to define the contributing area of each channel
segment.

Field surveys included identification of debris flow evidences along
headwater channels and additional observations, such as description of active
geomorphic processes. Fieldwork focused on 18 channels with fan deposits at
their confluences, since debris flow evidences are more likely to be preserved in
them. On the other hand, recognition of fluvial activity was based on the
presence of alluvial plains, terraces and relatively sorted channel beds.
Additionally, channel slopes were measured at selected reaches by means of a
hand-clinometer, in order to assess accuracy of data derived from topographic
maps.

Classification of dominant transport processes was based on field evidences
and available cartographic information, allowing for the definition of a lower
morphometric threshold for colluvial channels. This threshold was extrapolated
to the entire study area in order to estimate the importance and extent of debris
flow dominated channels. Finally, this information was combined with a
cartographic database of roads and settlements, in order to make a preliminary
assessment of the potential risk associated to debris flows in the area.

4 Results

High-order channels (third to fifth order) usually run parallel to the dominant
strike and are associated to clearly defined valleys, whereas low-order channels
are developed on swales and often follow structural discontinuities, such as
faults and joints. Slope-area data are summarized in fig. 3, showing a pattern
described in other humid, mountain areas (e.g. Seidl and Dietrich [13];
Montgomery and Foufoula-Georgiou [15]; Stock and Dietrich [9]).

Alluvial plains and terraces, which characterise the fluvial domain (e.g. Stock
and Dietrich [9]), are present along channels that follow the power-law
distribution, whereas channels with evidences of debris flows clearly depart from
this trend. The majority of fluvial reaches plot within the alluvial domain defined
by Montgomery and Foufoula-Georgiou [15] (fig. 3), although there are some

WIT Transactions on Ecology and the Environment, Vol 90, © 2006 WIT Press
www.witpress.com, ISSN 1743-3541 (on-line)



306 Monitoring, Simulation, Prevention and Remediation of Dense and Debris Flows

exceptions related to entrenched channels with anomalously high gradients.
Similarly, debris flow dominated channels tend to be situated in the colluvial
domain; reaches with unusual low gradients are generally on debris fans and
surficial deposits.

The inflection between the colluvial and alluvial domains in the area-slope
space is often described as a transitional zone where process domains overlap
each other (Stock and Dietrich [9]; Brummer and Montgomery [14]; Benda et al.
[16]). This transition zone is also observed in the study area as a broad inflection
region defined by slopes between 0.1 and 0.7 (5.7 to 35.0°), and contributing
areas ranging from 1 to 10 km®.

0 r * oo °® >

10 oge 9.:' .:- 4 Lo s

AL

debris-flow R &%
dominated channglse

e L]
3 = e S ey e R R e — — — — — |
£ | T alluvial
w E C ]
4 10 ~ _ channels
9 T~ s
n T @ 8
@
unchannelled S g A ggo o
valleys ~ _ 098 & o
~ _ P g .
10° -
10° 10" 10' 10°
Area (km?)
e Debris-flow dominated channels Total dataset
o Fluvial channels ——Threshold for debris-flow
dominated channels
Figure 3: Area-slope plot of the study area. Open and solid circles represent

channel reaches classified in the field as alluvial or colluvial
channels, respectively, whereas grey points represent the entire
dataset extracted from topography. The solid line indicates the
lower threshold for colluvial channels deduced from the
distribution of debris flow evidences in the area-slope space.
Shaded lines represent the boundaries for process domains
originally defined by Montgomery and Foufoula-Georgiou [15].

Previous morphometric research in headwaters concluded that channel slope
data extracted from topographic maps may significantly depart from field data
(e.g. Stock and Dietrich [9]; Brardinoni and Hassan [11]). Comparison between
field and digitized slopes in the study area shows that data extracted from
topographic maps differ from real values (fig. 4), although RMS Residuals Error
(0.0329) is close to the error estimated for the hand clinometer. Deviation from
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field data is comparatively high for fluvial channels with large contributing
basins, but it does not significantly modify the area-slope plot for channels with
contributing areas smaller than 10 km”. Given that this research focuses on
headwater channels, data derived from topography are considered to be accurate
enough for the discrimination of process domains in the study area.

If the colluvial-alluvial boundary defined in fig. 3 is applied to the entire
study area, it turns out that 64% of the drainage network lies within the debris
flow dominated domain (fig. 5). Channels situated above this threshold are first
and second-order channels with relatively high gradients. Therefore, they are
morphologically very similar to those that had been previously defined in the
field as colluvial channels. On the other hand, the area below this threshold
contains alluvial channels with well developed valleys and moderate slopes.

Overlay of colluvial channels and infrastructures shows that 6 roads and one
settlement are intersected by debris flow dominated channels (fig. 5). These sites
are located along the boundaries of alluvial plains and valley slopes, which have
been privileged areas for rural development in the area.
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Figure 4:  Comparison between field and digitized slopes in 35 reaches. Solid
lines are defined by the ratios between field and digitized slopes.

5 Discussion

Distribution of area-slope data of headwater channels in the study area supports
the hypothesis that geomorphic dynamics in headwater channels differ from
fluvial channels, presumably due to debris flows being the dominant erosion and
transport mechanism in upland channels. Given that colluvial and alluvial
channels plot on fairly distinctive areas in the area-slope graph, it seems
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reasonable to use this distribution as a criterion for the identification of channels
where debris flows are likely to cause significant damage. Montgomery and
Foufoula-Georgiou [15] proposed a slope-constant threshold that separates the
alluvial domain from the region where debris flow dominated channels plot in
the area-slope space, (fig. 1). However, as discussed above, colluvial channels
may have gradient values that are lower than those of the alluvial domain,
whereas some alluvial channels plot close to the average gradient of debris flow
dominated channels (fig. 3). Consequently, it seems that the identification of
debris flow dominated channels in the study area should be based on both area
and slope values. Adopting a conservative hazard criterion, the threshold for the
identification of debris flow prone channels ought to contain all the channel
reaches with evidences of debris flow activity (fig. 3).
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Figure 5:  Identification of debris flow prone channels based on the
morphometric threshold of fig. 3. Several roads and one settlement
are intersected by these channels, thus being potentially threatened
by debris flows.

Identification of colluvial channels based on a morphometric criterion reveals
that 64% of the drainage network in the study area is dominated by debris flows.
Although this figure is significantly lower than that obtained by Montgomery
and Foufoula-Georgiou [15] in the Oregon Coast Range (approximately 90%), it
still encompasses a considerable fraction of the relief, implying that debris flows
considerably contribute to the development of the regional landscape.

Given that nearly all the channels in the study area are dissected on colluvial
deposits, sediment availability is usually high, and therefore debris flows are
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considered to be a significant threat along channels lying in the colluvial domain.
According to this interpretation, roads and settlements intersected by colluvial
channels are interpreted to be at risk, even though there are not reliable records
of debris flow events at these locations. It is worth noting that only two of these
sites are associated to debris fans; the rest of the channels affecting
infrastructures do not build identifiable fans due to lack of space, thus being
overlooked by conventional debris flow hazard assessments based on the
recognition of debris fans.

6 Conclusions

This study has shown how the topographic signature of debris flow dominated
channels may constitute a valid criterion for the recognition of debris flow
hazard in headwater channels. Although the transition zone between debris flow
and fluvially dominated channels in the area-slope space is rather imprecise, field
data provide consistent criteria for the discrimination of headwater channels
where gravity-driven flows are likely to occur. On the other hand, it becomes
clear that geomorphic evidences of active processes must be incorporated into
morphometric assessments of debris flow hazard, since there is a significant
overlapping between colluvial and fluvial channels in the area-slope space. From
a management perspective, debris flow hazard recognition based on the stream-
power model may be a useful tool for the identification of potentially hazardous
sites, especially where fan deposits are absent.
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