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SUMMARY

A 4-m lidar digital elevation model
(DEM) provides sufficient resolution
to examine the impact of variable till
cover on the incision history of multi-
ple small (5 km?) catchments in eastern
Canada. The study site was selected
because it has homogeneous bedrock
geology that dips parallel to the land
surface, is tectonically stable, has
undergone common base level
changes, and has a common ice history,
with variable overburden thickness,
from thin cover in the west to thick
cover in the east. Basin morphometrics
were compated for similar-size basins
that have variable till cover thicknesses.
Basins with thicker till cover are wider
and show differences in hypsometries
compared to those where till cover is
thin. Two basins representing end
members of till thickness were meas-
ured for stream discharge and water
chemistry. Thick till (> 1 m) on the
eastern half of North Mountain
retards infiltration sufficiently to pro-
mote overland flow and accelerate inci-
sion relative to areas with thinner till.
Till thickness and continuity therefore
are expected to impede the achieve-
ment of steadiness and may also delay
stream power law relationships in larg-
er catchments until till cover has been
effectively eroded.

SOMMAIRE

Un modé¢le altimétrique numérique
(MAN) par lidar 4 m offre une résolu-
tion suffisante pour étudier I'impact
des divers dépots de till sur I'histoire de
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I'érosion linéaire de multiples petits (5
km?) bassins versants dans I'Est du
Canada. Le site d'étude a été choisi
parce que sa géologie est homogéne et
que son pendage est parallele a la sur-
face du sol, qu’il est tectoniquement
stable, qu’il a subi des changements
similaires du niveau de base d’érosion,
de méme qu’ une histoire glaciaire sim-
ilaire, avec une épaisseur de mort-ter-
rain variable, d’'une couverture mince a
l'ouest jusqu'a une couverture épaisse a
l'est. La morphométrie du bassin a été
comparée a celle de bassins de taille
semblable aux épaisseurs de till vari-
ables. Les bassins aux couvertures de
till plus épaisses sont plus larges et
montrent des différences hyp-
sométriques comparé a Ceux aux cou-
vertures minces. Deux bassins
représentant les termes extrémes de 1'é-
paisseur du till ont été mesurées quant
au débit du courant et a la chimie de
l'eau. Les till épais (>1 m) sur la
moitié est du mont Nord retardent 1'in-
filtration, ce qui favorise I'écoulement
en surface et accélérent ’érosion
linéaire par rapport aux zones cou-
vertes de couches de till plus minces.
On s’attend donc a ce que I'épaisseur
de la couche de till et sa continuité
agissent comme une entrave a la stabil-
ité et puissent aussi retarder les effets
de la loi de puissance de I'écoulement
dans les grands bassins récepteurs
jusqu'a ce que la couverture de till a été
effectivement érodée.

INTRODUCTION

Understanding the relationships
between stream incision and factors
related to fluvial erosion such as rock-
uplift, climate, base level changes, and
bedrock resistance to erosion (e.g. Seidl



et al. 1994; Gislason et al. 1996; Stock
and Montgomery 1999; Kirby and
Whipple 2001; Stock et al. 2005) is
important for the analysis of landscape
evolution (e.g. Pazzaglia 1993, 2003;
Kooi and Beaumont 1996; Dietrich et
al. 2003). The mechanics of river inci-
sion have been studied by Whipple et
al. (2000), Whipple and Tucker (2002)
and related to rock strength by Sklar
and Dietrich (2001). The availability of
high resolution (4 m) Light Detection
and Ranging (lidar) DEMs can facili-
tate quantitative analysis of incision
and basin morphometrics at sufficient-
ly small scales to allow the examination

of factors controlling stream evolution.

Fluvial processes in glaciated terrain
are complex because glaciers and
streams may sequentially occupy the
same valleys but each can uniquely
contribute to erosion, making the rela-
tive influence of glacial and fluvial
processes on valley size difficult to dis-
tinguish. In addition to glacial process-
es shaping the landscape glacial till
deposits can influence the permeability
of basin sediments and can affect
drainage characteristics, such as over
land flow and infiltration of precipita-
tion. Brocklehurst and Whipple (2002,
2004) and Montgomery (2002) use
morphometric analysis including hyp-
sometry and valley cross-sections to
differentiate large catchments affected
by alpine glacial processes from others
that were affected only by fluvial
processes. They concluded that
although glaciers widen and deepen
valleys, significant relief enhancements
are limited to large alpine glaciers.
Studies applying the stream power law
often use the contributing drainage
area as a surrogate parameter for
stream discharge, which in addition to
the local channel slope, controls the
stream’s ability to incise the underlying
bed (e.g. Stock and Montgomery 1999;
Snyder et al. 2000):
E = KA"S* (Eq. 1)
Where E is the erosion rate, K repre-
sents the bedrock erodibility factor, 4
is the contributing drainage area, and §
is the channel slope. The exponents 7
and # are typically derived empirically.
Few studies, however, examine the
local hydrological effects of surface
materials, such as glacial till cover, and

groundwater interaction on discharge
(Tague and Grant 2004). At the scale
of basin areas of tens of square kilo-
metres and larger, factors such as over-
burden thickness and the fracture den-
sity of bedrock can strongly influence
infiltration rates and affect peak annual
stream discharge.

Although the effect of DEM
resolution on measuring different
hydrologic and geomorphic properties
has been examined (e.g. Wolock and
Price 1994; Zhang and Montgomery
1994; Gao 1997; Zang et al. 1999;
Walker and Willgoose 1999), most of
these studies have focused on the dif-
ferent effects of grid cell size interpo-
lated from similar source data from
photogrammetry rather than advances
in data acquisition technologies such as
laser altimetry. In this study, the high-
resolution of the lidar (Light Detection
and Ranging) DEM allows detailed
analysis of basin morphometrics to
assess the local effects of variable
overburden thickness within a region.
Lidar is a remote sensing technique
used to derive precise elevation meas-
urements of the earth’s surface (Ritchie
1995; Flood and Gutelius 1997; Wehr
and Lohr 1999). It has been used in a
limited number of geoscience applica-
tions, including the analysis of river
networks (Kraus and Pfeifer 1998;
Gomes Pereira and Wicherson 1999;
Stock et al. 2005), the generation of
river floodplain cross-sections (Charl-
ton et al. 2003), the investigation of
landslides (McKean and Roering 2004),
and the mapping of tectonic fault
scarps (Harding and Berghoff 2000;
Haugerud et al. 2003), and bedrock
contacts (Webster et al. 2006a). Web-
ster et al. (20006a) used lidar data along
with field observations to revise the
bedrock geology and map three indi-
vidual volcanic flow units within the
North Mountain Basalt which were
then used to categorize stream incision
depths (Webster et al. 2006b).

In this study a high-resolution
(ca. 4 m) laser altimetry (lidar) DEM
was used to examine metrics of simi-
lar-size catchments that have been
modified by glaciation. The Fundy
Basin atea was selected for this study
because (i) the catchments are devel-
oped on three shallowly dipping vol-
canic flow units of the Jurassic North
Mountain Basalt (NMB), each of

which have uniform resistance to ero-
sion (Fig. 1), (i) the area is tectonically
inactive, (iii) the Bay of Fundy pro-
vides a uniform base level for all
streams, (iv) there is a clear distinction
in till cover thickness over the eastern
and western portions of the study area,
and (v) the age of deglaciation and
subsequent fluvial erosion is well docu-
mented and uniform throughout the
area. The local effects of the variable
till cover on basin morphology and the
interaction of surface and groundwater
on net discharge and stream power
were evaluated. This study benefited
from previous work related to validat-
ing the accuracy of the lidar DEM
(Webster 2005), and individual points
(Webster and Dias 20006), mapping the
basalt flow units (Webster et al. 20006a),
and relating the stream incision depth
to the basaltic flow units (Webster et
al. 2006b). The objectives of this paper
are to examine the morphology of sev-
eral drainage basins derived from a
high resolution lidar DEM to better
understand landscape evolution of a
section of North Mountain of the Bay
of Fundy area in Nova Scotia. The
effects of variable overburden thick-
ness, rock type and drainage character-
istics are evaluated with respect to
landscape evolution. Drill core data of
the NMB volcanic flow units were
examined and fracture density meas-
ured to test the influence of bedrock
fractures on erosion and drainage with-
in each drainage basin. In addition,
stream discharge and water chemistry
were measured in two basins of similar
size to determine the contribution of
overburden to stream discharge.

PHYSIOGRAPHY AND AGE OF THE
LANDSCAPE

The study area is situated along a 20-
km section of North Mountain, main-
land Nova Scotia, Canada, which com-
prises the eastern shore of the Bay of
Fundy, known for the world’s highest
semi-diurnal tides. The Mesozoic
Fundy Basin is predominantly under-
lain by Triassic sedimentary rocks (Blo-
midon and Wolfville Formations), con-
formably overlain by the Jurassic
North Mountain Basalt (NMB) to the
north and unconformably overlain by
Paleozoic rocks of the Meguma Ter-
rane to the south (Fig. 1). The NMB
dips gently to the northwest, forms the
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Figure 1. (a) Upper right study area location map (black rectangle). (b) Bedrock
geology map (after Keppie 2000) of the Fundy Basin (heavy black rectangle) with
lidar DEM location (heavy grey line). (c) Lidar DEM shaded relief model, azimuth
angle 315, elevation angle 45; 5 times vertical exaggeration with the distribution of
thick till blanket (IB) and thin till veneer (IT'V) (after Stea and Kennedy 1989).

southeast limb of a regional syncline
(Withjack et al. 1995), and is crosscut
by north to northeast-trending faults
and fractures that exhibit dextral dis-
placement (Olsen and Schlische 1990;
Schlische and Ackermann 1995). The
North Mountain Basalt consists of

three distinct flow units (Kontak 2002).

The lower flow unit (LFU) consists of
a thick (40-150 m) single, massive,
coarse-grained flow. The middle unit
(MFU) consists of multiple thin, fine-
to coarse-grained, highly amygdaloidal
flows (~3—15 m) with a cumulative
thickness of 170-200 m. This is over-

lain conformably by a massive, coarse-
grained upper flow unit (UFU) of vari-
able, but poortly constrained, thickness
(Kontak 2000; Pe-Piper 2000). The
LFU is locally fractured and exhibits
well-developed columnar jointing, A
conjugate joint pattern is visible at the
outcrop scale and on the shaded relief
models of this flow (Fig. 1). The MFU
is locally fractured and easily eroded
when exposed at the surface, whereas
the UFU has columnar joints that have
been sealed with secondary minerals.
The maximum relief of the
study area is 265 m (from sea level to

the top of the North Mountain). The
NMB dips approximately 6° to the
northwest (i.e. toward the Bay of
Fundy) and on a regional scale, the
land surface slopes at 3° to 5° in the
same direction. The region has a modi-
fied continental climate strongly influ-
enced by the adjacent Atlantic Ocean.
Based on meteorological records from
Environment Canada the annual mean
precipitation is 1127 mm/yr, of which
an average of 276 mm occurs as snow
and 910 mm as rain. The wettest
months are September and October
when the average rainfall is 97
mm/month and the average daily tem-
perature is 6.8°C (Environment Canada
2005). The average daily temperature
drops below zero in the month of
Decembert, reaches a minimum of
—5.6°C for the month of January, and
rises above zero in the month of April.
The land cover on the North Moun-
tain is influenced by varying thickness-
es of glacial till. Farmland (pastures
and hayfields) and mixed forest domi-
nate in the east where the till is thick-
est, whereas the land in the west is
dominated by mixed forest cover.
There are more roads and anthro-
pogenic influences in the east com-
pared to the west where only one
paved road occurs along the coast. The
topography of the coastline varies
between gently sloping bedrock plat-
forms and ca. 25 m cliffs that occur in
embayments.

The region was affected by
fluctuations in Late Wisconsinan ice
dynamics until ca. 12 ka (C yr) (Stea
and Mott 1998). The eatliest ice flows
were eastward and southeastward from
an Appalachian or Laurentide ice
source ca. 75-40 ka (Stea et al. 1998).
The Hartlen Till was deposited as a
result of the southeastward ice flow
and typically consists of 40% gravel,
40% sand and 20% silt and clay (Lewis
et al. 1998). The second major ice-flow
was southward and southwestward
from the Escuminac Ice Centre in the
Prince Edward Island (PEI) region
(Escuminac ice flow phase 2, ca. 22—-18
ka; Stea et al. 1998). The resulting
Lawrencetown Till (Stea et al. 1998) is
a reddish muddy unit that has higher
clay content than the underlying
Hartlen Till due to the incorporation
of Carboniferous red bed sediment
derived from Prince Edward Island,



Table 1. North Mountain basin metrics derived from lidar DEM in Rivertools™. Catchment type: TV — till veneer; TR — transi-
tion zone; TB — till blanket. Drainage density* calculated from the stream network on the 1:10 000 scale topographic map.

Drainage Density Drainage Density* Source Density

Catchment Area  Relief Stream  from DEM streams from mapped streams from DEM streams
Type (km?)  (km) Order km/km? km/km? streams/km’
Peck (TV) 4.52 0.067 9 293.71 1.65 20853.22
Phinneys (TV) 5.31 0.095 9 291.87 0.94 21906.91
Gaskill (TR) 7.81 0.085 9 292.30 1.38 19107.54
Hampton (TR) 2.03 0.049 8 295.86 2.9 21531.11
Chute (TR) 3.59 0.084 8 295.85 1.25 20472.35
Snow (TR) 4.11 0.095 9 294.91 1.12 19626.51
Poole (TR) 7.01 0.091 9 292.08 0.91 20016.68
Granville (TB) 4.23 0.053 9 293.01 1.39 22753.39
Sabeans (TB) 6.20 0.068 9 295.46 2.2 21405.68
Schoolhouse (TB) 3.63 0.056 9 291.89 1.42 23913.17
Starratt (TB) 7.66 0.077 9 293.07 1.34 20354.42

Figure 2. Labeled catchment basins (black lines) calculated from the lidar DEM for North Mountain. The blue lines denote the

main truck streams within the basins. The two red stars denote the location of stream discharge and water chemistry sensors in

Peck and Sabeans basins.

and typically consists of 20-30% grav-
el, 30-40% sand, and 30-50% silt and
clay (Lewis et al. 1998). Ice then
flowed northwestward and southward
from the Scotian Ice divide across the
axis of Nova Scotia at 18-15 ka (Stea
et al. 1998). In a few localities, the
Lawrencetown Till is overlain by a thin
(1-4 m) hybrid till related to this event,
known as the Beaver River Till, which
generally consists of 50% gravel, 40%
sand, and 10% silt and clay (Lewis et
al. 1998). Locally ice flowed from the
Scotian Divide northwestward over the
NMB into the Bay of Fundy. With the
late-glacial rise of relative sea level, ice
flow into the Bay of Fundy increased
to merge with southwestward ice
streams from New Brunswick at ca.

13-12.5 ka (Stea et al. 1998). The study
area was ice free by ca. 12 ka (Grant
1980).

The stratigraphy of the over-
burden in the study area is not well
known. However, where overburden is
present it is dominated by the
Lawrencetown Till. In some areas thin
post-glacial marine deposits mantle the
till. Isolated kame and delta deposits
also occur in the region. Soil develop-
ment is poor with ‘A horizon’ thick-
nesses generally less than 30 cm. Stea
and Kennedy (1998) describe the areas
of thin <1 m overburden as ‘scoured
bedrock’ or a “till veneer’ (TV), which
occur in the western catchments (Fig,
1), and the areas of thick > 1 m over-
burden as ‘till blanket’ (I'B), which

occur in the eastern catchments (Fig.
1). There is a transition zone between
these two end-members, where catch-
ments have a till veneer in their head-
waters and a till blanket in their outlets.
The drainages on the Fundy
side of NMB have evenly-spaced
mainstems (1.5 km), similar catchment
areas (ranging from 2 to 8 km*) and
dendritic drainage patterns with stream
densities ranging from 0.9 to 2.9
km/km? (Table 1; Fig. 2). The basins
have streams which range in maximum
stream order of 1 to 4 based on the
method proposed by Strahler (1952).
The basins with thicker till cover have
higher order streams defined on the
Nova Scotia Topographic Database
1:10 000-scale maps compared to the
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basins with thin till cover. The
streambeds are typically 80% bedrock
and 20% boulder-covered, and lack
aggregation fluvial deposits. Till is
present in the streambeds of some of
the basins in the till blanket area,
attesting to the youthfulness of these
catchments and to the inheritance of
some low relief, pre-glacial topography.
The long profiles of the streambeds
are ungraded and have several knick
zones.

METHODS

Lidar and DEM Analysis
Details of the lidar data specifications
and height validation results for this
study are described in Webster (2005).
Lidar data were acquired for the study
area with an average ground point
spacing of 2-3 m in open areas and
5-8 m in forested areas. Customized
automated Arc/Info™ GIS routines
for the validation of the lidar point
data are available in Webster and Dias
(2000). The height validation results
indicate that the original lidar ground
points and the derived DEM are, on
average, typically within 15 cm of
measured GPS heights and 95% of the
data are within 30 cm for open hard
surfaces (i.c. roads, parking lots). The
lidar ground points were used to con-
struct a ‘bald earth’ DEM at a 4 m res-
olution utilizing the ESRI suite of
ArcGIS™ v, 8 and 9 software. A com-
bination of Rivertools™ v. 3 and PCI
Geomatica™ v. 9 software was used to
extract the morphometric parameters
from the drainage basins (Fig. 2).
Catchment basins were calcu-
lated for the main streams draining
into the Bay of Fundy from the lidar
DEM based on outlet locations identi-
fied on 1:10 000 scale topographic
maps using Rivertools™. The resultant
basin metrics are presented in Table 1.
The standard D-8 algorithm (Jenson
and Domingue 1988; Costa-Cabral and
Burges 1994) was used to determine
down stream flow direction and sinks
(depressions within the DEM treated
as errors by the algorithm) are filled in
the DEM to allow continuous down
stream flow. At most resolutions, care
must be taken to consider that some
landscape metrics are fractal, such as
relief and slope (Anhert 1970; Van Der
Beek and Braun 1998; Zhang et al.

1999). For this study the emphasis is
on catchments with similar size so we
have not chosen a fixed-scale averaging
method—this allows us to examine the
streams with maximum DEM resolu-
tion. However, when dealing with
DEMS at high resolution, other con-
siderations must be made regarding
features such as sinks in the terrain
model that are common in typical
DEMs derived from photogrammetry.
Inspection of the drainage basin
boundaries and stream longitudinal
profiles indicates that most catchments
have sinks. Many of these sinks are
adjacent to the raised elevations of a
roadbed captured by the high resolu-
tion of the lidar DEM. As a culvert
could not be represented on the DEM,
a ‘notch’ was cut across the roadbed
and assigned an elevation of the near-
est downstream cell to improve the
accuracy of the flow direction algo-
rithm and to prevent excessive erro-
neous sink filling operations in deriving
the catchment basins and stream pro-
files. This modification improved accu-
racy of the flow direction algorithm,
prevented excessive erroneous sink-fill-
ing operations in deriving the catch-
ment basins and stream profiles, and
allowed the stream to ‘pass through the
roadbed.” The overall result is the gen-
eration of a more accurate flow accu-
mulation grid and basin boundary.
Eleven catchment basins
draining the NMB into the Bay of
Fundy were extracted from the DEM
using Rivertools™ (Fig. 2). Table 1
presents the morphometries of the
extracted basins including drainage
area, relief, maximum stream order
from Rivertools™ drainage density
from Rivertools™ and drainage density
based on the streams mapped on the
1:10 000-scale Nova Scotia Topograph-
ic Database map series. The drainage
density of the basins is similar, regard-
less of the stream order used in River-
tools™. Drainage densities calculated
from the 1:10 000 topographic map
stream networks showed more variabil-
ity (denoted as Drainage Density *
from mapped streams in Table 1).

Morphometric Analysis

Valley cross-sections, transverse to the
overall basin slope and extending from
the lateral drainage divides, were
extracted for each of the basins in

order to evaluate the incision depth
using a method similar to that
described in Montgomery (2002).
Montgomery (2002) used the area of
the cross-sections to calculate the inci-
sion depth and cross-section area
between the drainage divides. Valley
bottoms in the cross-sections were
aligned midway upstream of each basin
in order to facilitate a comparison in
valley shape between the two basin
end-members, the scoured bedrock
and till blanket basins (Fig. 3). Integrat-
ed valley cross-sections were used to
compute the volume of material
removed from each basin as described
in Mather et al. (2002). This approach
assumes each cross-sectional area is
representative of the erosion between
cross-sections and is used to summa-
rize the total volume of material erod-
ed.

The clevations associated with
the drainage divides were used to con-
struct a paleosurface of the NMB fol-
lowing a similar method to that
described by Brocklehurst and Whipple
(2002) and Montgomery and Lopez-
Blanco (2003). The drainage divides
that were calculated from the watet-
shed extraction process were overlaid
with the lidar DEM and elevations
extracted. These elevations ate
assumed to represent regions of mini-
mal erosion and were used to interpo-
late a surface that represents the paleo-
terrain prior to erosion of the drainage
basins. The lidar DEM was then sub-
tracted from this paleo-terrain surface
to form an erosion map in order to
quantify the incision depth and volume
of material removed by glacial-fluvial
processes and the patterns of erosion
for each basin. The area associated
with each erosion depth range was cal-
culated for each basin. The NMB flow
units (Webster et al. 2006a, b) were
used to calculate the percentage of
each unit per basin and the associated
erosion depth per flow unit per basin
and are presented in Table 2.

Bedrock Resistance to Erosion

Sklar and Deitrich (2001) tested the
strength of various rock types to ero-
sion and related it to river incision into
bedrock. In this study, the resistance of
basaltic flow units to erosion by abra-
sion and plucking was tested. Litholog-
ical resistance to erosion by abrasion
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Figure 3. Mid-basin cross-sections of catchments from west to east on North
Mountain with variable amounts of till cover. Cross-sections for the approximate
midpoint of each basin are labeled: 1 — Peck, 2 — Gaskill, 3— Sabeans, 4 — Phinneys,

5 — Poole, and 6 — Starratt.

was tested in laboratory experiments
on basalt flow unit samples using a
shatterbox that consists of a cylindrical
container that holds a central disk and
an outer ring. Samples were crushed
and sieved to between 2 and 5 mm in
diameter and placed in the shatterbox
which was agitated for times ranging
from 2—15 minutes for samples from
the MFU to 20 to 40 minutes for those
from the UFU and LFU based on their

resistance to abrasion. The samples

were weighed prior to agitation in the
shatterbox, then sieved and weighed
after a set time of agitation to measure
the change. The results of the shatter-
box experiments are presented in Table
3.

Potential erosion by plucking
was quantified by measuring the degree
of fracturing in the basalt. Lineaments
observed on the shaded relief lidar
DEM maps (e.g. Fig. 1) and aerial pho-

tos are large-scale fractures that do not

appear to control erosion in the
streambed. Consequently drill cores of
the MFU and LFU of the NMB were
used to quantify the fracture density at
a smaller scale and the distribution of
vesicles and zeolite-bearing amygdules.
Approximately 210 m of basalt were
recovered from drill hole GAV-77-3
located 20 km east of the study area
(Comeau 1978). The distinction
between individual flows was based on
the degree of oxidization of the flow
and the amount of vesicles and amyg-
dules of different sizes and charactetis-
tics (i.e. large or small, stratified or
bubble pipes). Magnetic susceptibility
and rock quality designation (RQD), an
engineering property that computes the
percentage of cumulative length of
core segments longer than 10 cm over
a 1 metre interval and the number of
fractures were measured for every
metre of core.

Surface and Groundwater
Interaction

The effect of glacial till cover on sur-
face water and groundwater interaction
and stream discharge was evaluated by
computing hydrographs and measuring
water chemistry parameters in two of
the catchments with contrasting thick-
nesses of till cover. These catchment
basins, which were selected because
they represent basin-type end-mem-
bers, scoured bedrock till veneer (TV)
and till blanket (TB), are of compara-
ble size (Table 1). Thus, they can be
used to test whether or not drainage
area is an approptiate surrogate meas-
ure for discharge in glaciated terrains.

Table 2. Basalt flow unit percentage per catchment, average stream incision depths for each flow unit per catchment, overall
average incision depth per catchment, and incision rate per catchment assuming a start time at 12 ka (thousands of years). TV —
till veneer, TR transition between till veneer and till blanket, TB — till blanket. Incision rate: kilometres (km) per millions of

years (Ma)

Catchment % Drainage Incision % Drainage Incision % Drainage Incision Average Maximum
area LFU depth area MFU depth area UFU depth incision incision

(m) LFU (m) MFU (m) UFU depth (m) rate (km/Ma)

Peck (TV) 384 15.2 39.3 35.7 224 16.8 234 2.0

Phinney (T'V) 62.5 35.4 17.4 38.8 20.1 11.3 28.5 2.4

Gaskill (TR) 54.0 35.2 27.4 54.2 18.6 31.8 42.3 3.5

Poole (TR) 68.4 27.1 30.5 52.2 1.2 44.6 3.7

Sabeans (TB) 45.5 25.8 211 43.5 33.1 16.6 324 2.7

Starratt (TB) 53.8 34.2 42.8 46.5 3.4 37.9 3.2

Average 28.8 45.2 19.1

incision

depth (m)

per flow unit
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Table 3. Shatterbox experiment results for the North Mountain Basalt flow units. Upper flow unit (UFU), middle flow unit
(MFU), lower flow unit (LFU), and weight percent (Wt %) of original sample for each sieve size in millimetres (mm). The time
cach sample was agitated in the shatterbox is reported in minutes (min).

Time (min) >2mm >lmm >0.5mm >0.25mm >0.125mm >0.0623mm <0.0623mm Sample Rock_type
5 58.06 12.10 5.78 4.49 4.80 6.40 8.37 PC48 UFU
10 66.87 8.65 5.17 4.39 4.32 4.43 6.17 AR5 UFU
20 0.00 0.00 0.00 8.58 25.32 30.30 35.80 AR5 UFU
2 63.65 10.20 5.50 4.90 4.84 4.87 6.04 BT17 MFU
5 53.60 14.45 0.68 5.43 5.34 5.74 8.76 BT17 MFU
10 53.20 14.91 6.58 5.22 7.63 3.76 8.70 BT17 MFU
15 0.00 0.00 0.00 9.43 62.68 6.67 21.22 BT17 MFU
2 31.80 21.25 10.76 7.77 7.39 7.08 13.95 PC49 MFU
3 6.56 06.62 9.90 14.35 14.91 17.29 30.38 PC49 MFU
5 54.69 14.67 6.59 4.90 4.60 4.83 9.71 PC52 LFU
10 3.55 6.17 10.44 15.35 12.95 23.07 28.47 PC52 LFU
15 73.19 7.75 4.24 3.61 4.44 2.86 3.92 AR3 LFU
25 71.57 8.57 4.44 3.84 3.68 3.74 4.15 AR3 LFU
40 55.42 12.24 7.43 6.48 6.28 6.71 5.44 AR3 LFU

The thin TV cover is represented by
the Peck Brook catchment and the
thick TB cover is represented by the
Sabeans Brook catchment (Fig. 2). The
streams in each catchment were meas-
ured to record hourly stream discharge
and water chemistry parameters from
April to July 2004. Pressure transducers
were placed in or near culverts to
record stream stage near the outlets of
Peck Brook and Sabeans Brook catch-
ments (locations shown by red stars in
Fig. 2). Manning’s equation was used to
calculate flow velocity and convert
stream stage to discharge for the two
channels (e.g. Rose 2004). Multimeters
were also deployed near the outlet of
these two basins to record water chem-
istry parameters, temperature, pH, spe-
cific conductance, dissolved oxygen,
and turbidity. Meteorological stations
were deployed throughout the
Annapolis Valley and on North Moun-
tain to measure meteorological events
which were correlated with the stream
data. The stream discharge, water
chemistry and meteorological condi-
tions were integrated and stream
hydrographs were constructed for the
two basins. The hydrographs were nor-
malized by basin drainage area as
reported in Tague and Grant (2004).

RESULTS

Lidar and DEM Analysis

The enhanced spatial resolution of
lidar and the ability to penetrate the
vegetation canopy allow subtle topo-

graphic features to be highlighted. The
colour shaded relief (CSR) DEM was
compared to the established surficial
geology boundaries and glacial striation
directions (see Stea and Kennedy 1998)
(Fig. 4a). The contrast in terrain rough-
ness from west to east on North
Mountain is visible on the DEM (Figs.
1, 4). The rough terrain in the western
region of North Mountain correlates
with glacially scoured bedrock, and the
smoother terrain in the eastern region
correlates well with surfaces covered by
the Lawrencetown Till (Stea and
Kennedy 1998) (Fig. 4a, b). Two previ-
ously unidentified glacial landforms are
evident on the valley floor based on
the CSR DEM (Fig. 4¢). These land-
forms represent a set of oval shaped
drumlins trending 155-355° and a set
of streamlined landforms trending
132-312°. Based on field verification,
the set of oval landforms in the west-
ern region, with a long axis trending
ca. 335° are composed of Lawrence-
town Till draped by a thin layer of gla-
cial marine lacustrine clay. The set of
streamlined landforms in the eastern
region, which has a long axis trend ca.
312° is also visible on the DEM maps
(Fig. 4) and are composed of
Lawrencetown Till. Streams on the
eastern flank of the North Mountain,
where there is till cover, have flow
directions of 312°, parallel to the
streamlined landforms in the valley
(Fig. 4).

Morphometric Analysis
Representative cross-sections of the
TV basins generally exhibit steep valley
sides with flat bottom valley floors,
whereas the till blanket (TB) basins
commonly have lower valley slopes and
wider valley bottoms (Fig. 3; see Table
1 for a complete list of basin names
and amount of overburden). The TV
basin valleys have broad gentle slopes
in their headwaters and narrow steep
valleys closer to their outlets where
they are incised into the more resistant
LFU. The TB basins have lower slopes
and wider valley bottoms along their
entire length (Fig. 3).

An erosion map highlights the
differences in morphometry between
the scoured bedrock and till blanket
basins and the flow units of the NMB
(Fig. 5). The TV basins have narrow
incised valleys along their entire length
and consist of only one main stream
reach. The TB basins occur in broader
valleys with larger tributaries. Table 1
shows the area and relief of each basin
along with the drainage density calcu-
lated from the DEM and from the 1:10
000-scale mapped streams denoted
with an * in the table. The drainage
density calculated from the lidar DEM
in Rivertools™ is similar for all basins
(Table 1). However, the drainage densi-
ty is lowest in the basins with thin till
cover when the mapped streams are
used (Drainage density *, Table 1).
This is consistent with the higher max-
imum stream order of mapped streams

(orders 3—4) of the basins which have
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Figure 4. Colour shaded relief DEM
maps (a and b) compared with surficial
geologic boundaries and glacial stria-
tions (black symbols from Stea and
Kennedy (1998) and white symbol stri-
ations from this study). (a) Standard
chromostereoscopic colour coding of
the DEM to enhance overall terrain
features and relief, shading azimuth
angle from 315° and zenith angle 45°
with a five times vertical exaggeration.
(b) Same colour ramp as above except
it is scaled from 0-100 m, then repeat-
ed in order to enhance the subtle
topographic features at lower eleva-
tions; shading azimuth angle changed
to 225° to enhance northwest-trending
glacial landforms. (c) Same image as
(b) with the landform trends highlight-
ed by double headed arrows. The field
of oval-shaped landforms trend
155-335°, and the streamlined land-
forms in the east trend 130-310°. The
terrain on both mountains east of the
heavy line is smoother than the terrain
to the west of the line. Surficial geolo-
gy map labels: RB - raised beach
deposits; GSB— glacially scoured
bedrock; LT — Lawrencetown Till; GM
— glaciomarine lacustrine deposits; BT
— Beaver River Till; KE — kame fields
and esker systems; CD — colluvial
deposits.

thicker till cover compared to those of
thin till (orders 1-2). The difference
between the drainage density derived
from the DEM and that from the
mapped stream network is related to
the fact that artificial and ephemeral
streams are constructed from the
DEM which are not represented on a
topographic map as streams. Table 2
highlights the areal percentage of the
basalt flow units for the three basin till
cover groups (T'V, TR, and TB) and
complements the spatial patterns
observed in Figure 5. The average inci-
sion depth for each basaltic flow unit
within each basin is also presented
along with the average incision depth
for each basaltic flow unit based on all
of the basins and for each entire basin
(Table 2). The average incision depth is
the least for the TV basins (Peck 23.4
m and Phinneys 28.5 m) in the west
and increases eastward. The maximum
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Figure 5. North Mountain drainage basin boundaries (black lines and labels) and erosion depth map with basalt flow unit
boundaries (white lines and labels: Lower Flow Unit — LFU, Middle Flow Unit — MFU, Upper Flow Unit - UFU). The western
basins have maximum incision depths of approximately 40 m and the central and eastern basins have maximum incision depths

approaching 80 m.

average incision depths are associated
with the basins within the transition
zone of till thickness (TR) for Gaskill
and Poole basins at 42.3 m and 44.6 m
respectively. The average incision
depths for the TB basins (Sabean 32.4
m and Starratt 37.9 m) falls between
the incision depths of the till veneer
and transition basins. The MFU lithol-
ogy has the deepest incisions depths
for all basins, regardless of till cover
thickness, with an average of 45.2 m.
The LFU has an average incisions
depth of 28.8 m for all of the basins
and is more resistant than the MFU.
The UFU does not occur in all the
basins; however it shows the lowest
average incision depth of 19.1 m.
Maximum incision rates have been cal-
culated for the catchments based on
the following assumptions: (1) fluvial
incision began after deglaciation,
reported to be at 12 ka & 220 yrs by
Stea and Mott (1998), and (2) the till
cover was originally flat. The rates are
maxima because the tills probably had
some relief and incision may have
started prior to this time. The rates
represent preferential erosion of till
relative to bedrock. These rates can
vary up to 12.4% based on the accura-
cy of the methods used to calculate
incision depth and the date of
deglaciation. The maximum incision
rate is highest in the catchments within
the transition zone at 3.7 and 3.5
km/Ma, followed by the catchments

covered by the thick till blanket at 3.2
— 2.7 km/Ma and lowest for the catch-
ments covered by a thin till veneer at
2.4 — 2 km/Ma (Table 2).

Statistics associated with the
erosion depth map (Fig. 5) include the
areal extent and the volume of material
removed for each catchment (Fig. 6).
The erosion depth map is the differ-
ence of the DEM with a paleo-surface
constructed from the elevations of the
drainage divides. The individual NMB
flow units have been overlaid to indi-
cate the differences in erosion related
to the variable resistance to erosion of
the flow units which is discussed in
more detail in the next section (Fig. 5).
The TV basin end-members (Peck and
Phinneys Brook catchments) show the
lowest area and volume of erosion
with the TR and TB basins showing
the highest area and volume of erosion
(Fig. 6). The most sediment removed is
from the Starratt Brook catchment,
which is covered by a thick till blanket
(Figs. 5, 6). The volume of sediment
removed for the rest of the catchments
follows a similar trend as the incision
depths (Fig. 5), with the catchments
within the transition zone having the
most sediment removed and the least
sediment removed in the thin till cover
catchments (Fig. 6).

Bedrock Resistance to Erosion
The bedrock resistance to erosion
influences the incision depth as can be

seen in Fig. 5. The average incision
depth is greatest for the Middle Flow
Unit at 45.2 m, followed by the Lower
Flow Unit at 28.8 m and the Upper
Flow Unit at 19.1 m (Fig. 5; Table 2).
There does not appear to be a pattern
relating incision depth and the amount
of overburden for the LFU (Table 2).
However, the MFU has the greatest
erosion depths in the basins with some
glacial till cover. The maximum erosion
depth in the MFU occurs in the transi-
tion catchments (TR) where till occurs
in the upper parts of the watershed,
followed by the catchments covered by
a till blanket (IB) and are lowest in the
thin till veneer (TV) catchments (Fig. 5;
Table 2). A similar pattern is observed
for the erosion of the UFU where ero-
sion depth is greatest in the TR catch-
ments, followed by the TB and lowest
in the TV catchments. It appears that
thick till cover in the upper section of
the watershed is important to possibly
provide tools for erosion downstream.
As indicated by experimental
results (Table 3), the MFU is much
more susceptible to erosion by abra-
sion than the UFU and LFU. For
example, after 10 min. of abrasion,
MFU sample BT17 had over 50% of
the sample greater than 2 mm in diam-
eter, whereas after 2 minutes of abra-
sion MFU sample PC49 only had 32%
of the sample greater than 2 mm
diameter (Table 3). The resistance of
the MFU is variable depending on the
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density of vesicles and amygdules. Drill
core analysis shows that the highly
vesicular and amygdaloidal MFU has a
higher rock quality designation (RQD)
than the LFU, indicating a higher per-
centage of rock segments longer than
10 em (Fig. 7). The UFU and LFU
broke down at similar rates and ate sig-
nificantly more resistant to abrasion
than the MFU. The LFU has a greater
number of fractures per metre than
the MFU and a lower RQD indicating
fewer segments greater than 10 cm in
length per metre. The UFU does not
occur in the drill core, however field
observations indicate that secondary
minerals have sealed fractures in this
unit and that erosion by plucking is
less prevalent in this unit than in the
MFU or LFU. The results of the
stream incision calculations for each
basin are consistent with the shatter-
box experiments which show the MFU
is the least resistant to erosion fol-
lowed by the UFL and LFU. The varia-
tion in stream incision depths appears
to be related to several characteristics
of the bedrock lithologies including
the resistance to abrasion, the frequen-
cy and spacing of fractures, and the
occurrence of bedding planes between
flows (Fig, 7). Based on field observa-
tions of plucking in the streambed, the

high fracture density of the LFU con-
trols erosion for this unit (Fig. 7). Ero-
sion of the MFU is controlled by frac-
tures and bedding planes associated
with thinner flows and its susceptibility
to abrasion that correlates with the
concentration of vesicles and zeolite-
filled amydgules as observed in the drill
core (Fig. 7).

Surface and Groundwater
Interaction

The normalized hydrographs of Peck
Brook (T'V) and Sabeans Brook (TB)
catchments indicate that discharge after
a rainfall event is much higher in the
Sabeans Brook catchment (e.g. 0.75
m’/km? sec on 4/23/2004) than in the
Peck Brook catchment (e.g. 0.05
m’/km? sec on 4/23/2004) (Fig. 8a).
The response time of the hydrographs
between the two catchments is similar.
However, the normalized discharge of
Sabeans Brook is greater than Peck
Brook and may be attributed to differ-
ent rates of evapotranspiration
between the catchments, because the
Peck Brook catchment has more forest
cover and less cleared agricultural land
than the Sabeans Brook catchment.
The water in Sabeans Brook is general-
ly more turbid after a rain than in Peck
Brook. However, after a significant rain

event the specific conductance in
Sabeans Brook decreases, whereas it
increases in Peck Brook (Fig. 8b).
Based on the hydrographs, Sabeans
Brook receives more overland flow
than Peck Brook after a rain. The
dominant hydrologic process of over-
land flow for Sabeans Brook catch-
ment and infiltration for Peck Brook
catchment is consistent with the water
chemistry data (Fig. 8b). The higher
turbidity in Sabeans Brook compared
to Peck Brook is likely the result of till
material washing into the stream. The
decrease in specific conductance of the
water in Sabeans Brook after a rain
event is considered to represent dilu-
tion, and the increase in Peck Brook is
representative of increased base flow
of water that has had a longer resi-
dence time in contact with the bedrock
(Hem 1985; Winter et al. 1998). The
dominant process of overland flow in
the Sabeans Brook catchment com-
pared to infiltration in the Peck Brook
catchment is attributed to the lower
permeability of the Lawrencetown Till
that covers the Sabeans Brook catch-
ment area.

DISCUSSION
The streamlined landforms in the val-
ley floor and the alignment of the
upper reaches of streams in the till
blanket (ITB) catchments are likely to
be a result of the Scotian ice phase,
which appears to have been the last ice
advance to affect this area (Stea and
Mott 1998). The streamlined land-
forms and distribution of till suggests
that an ice stream may have flowed
from South Mountain across the valley
into the Bay of Fundy (e.g. Stokes and
Clarke 2001). The larger catchments
are associated with thicker till cover
(Fig. 2; Table 1). The variation in sedi-
ment volume removed in these catch-
ments (Fig. 7) is consistent with the
variation in morphometric measure-
ments (Figs. 3, 5). The maximum
mapped stream order is lowest in the
basins with thin till and highest in the
transition zone and basins with thicker
till. This may be a combination of the
till being easier to erode and the influ-
ence of the ice stream to form topo-
graphic depressions that have been
used as preferential pathways for the
streams.

Others (Kirkbride and
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Figure 7. Plots of drill core logs of drill hole GAV77-3 for the North Mountain
Basalt. The heavy grey vertical line marks the contact between the Middle Flow
Unit (MFU) and Lower Flow Unit (LFU). (a) Magnetic susceptibility and the distri-
bution of oxidized basalt, vesicles and amygdules interpreted to represent flow
tops. The arrows denote individual flows within the MFU. The boundary between
the MFU and LFU occurs at depth 162 m. (b) Rock Quality Designator (RQD) %,
which is the cumulative percentage of the number of pieces of core that are larger
than 10 cm over a distance of 1 m. (c) Number of fractures per metre length of
core.

Matthews 1997; Li et al. 2001) have
examined valley cross-sections to show
differences in shape between glaciated
and non-glaciated valleys. In this study,
the glacial processes appear to have
over-deepened and widened the catch-
ments in the eastern region of the
study area where the till blanket is
thickest (Figs. 3, 5; Hallet et al. 1990).
Differences in basin morphology
appear to be in part related to the vari-
able till thickness and its influence on
surface and groundwater interaction,
which in turn has a strong effect on
stream power. The erosion depth map
shows the combined effect of variable
bedrock lithology on stream incision
and the effect of glacial till cover on
basin morphology (Fig. 5). This indi-
cates that the basins in the transition
zone and those with thick till cover are
more deeply incised than the scoured
bedrock catchments and the till blanket
catchments have the best developed
drainage systems (Figs. 5, 6). The till
blanket catchments have more tributar-
ies contributing to the main trunk
stream than the till veneer catchments
(Fig. 5; Table 1). These tributaries likely
form because overland flow is accentu-
ated in the thick till blanket catchments
due to high clay contents and associat-
ed low effective permeability of the
sediment. This is consistent with the
observed stream discharge and water
chemistry (Fig. 8). The variable resist-
ance to erosion of the basaltic flows
results in the MEFU unit having the
greatest incision depths (Table 2). This
is attributed to the highly fractured and
amygdaloidal character of this basaltic
flow as demonstrated in the abrasion
tests and analysis of the fractures in
the drill core (Table 3; Fig. 7). Several
boulders of resistant LFU basalt occur
in the stream beds of all basins. We
believe these boulders act as tools in
the abrasion of the stream bed basalts.
The occurrence of these tools in the
transition basins where till occurs in
the upper watershed and the glacial till
blanket basins promote erosion and
the MFU has the greatest erosion
depths for these catchments. The MFU
also has a density of fractures which
promotes erosion by plucking and con-
tributes to the deeper incision depths
for this unit. As a result, the MFU has
undergone the deepest incision which
is attributed to the high susceptibility
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Figure 8. Hydrographs and water chemistry plots of representative basins from
the till blanket (TB) area (Sabeans Brook catchment dark grey) and the scoured
bedrock till veneer (T'V) area (Peck Brook catchment light grey). (a) Hydrographs
of Sabeans Brook and Peck Brook basins, discharge m’/s normalized by basin
drainage area (km?) for the period of April 17 to May 31, 2004. Rainfall (mm) is
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per centimetre) and rainfall for Sabeans Brook and Peck Brook for the period of

September 24 to October 28, 2004.

of this unit to break down through
abrasion and plucking,

Pazzaglia et al. (1998) noted
that stream power can control the
shape of the stream longitudinal pro-
file and that discharge is influenced by
the drainage area and infiltration char-
acteristics of the basin. Many studies
have used drainage area as a surrogate

measure of stream discharge (Sklar and
Dietrich 1998; Snyder et al. 2000;
Kirby and Whipple 2001; Whipple and
Tucker 2002; Mather et al. 2002; Fin-
layson and Montgomery 2003; Stock et
al. 2005) in estimating stream power
(Equation 1). Montgomery (2002) used
drainage area as a normalizing parame-
ter to compare metrics of valleys

affected by variable degrees of glacia-
tion. Where basins are being com-
pared, the use of drainage area to esti-
mate discharge assumes that hydrologic
processes affecting discharge in those
basins are similar. Although this
assumption may be true at a regional
scale (1000 km?* and larger), the results
of this study indicate that there can be
significant variations in hydrologic
processes between basins within a
region (< 100 km?*) and that drainage
area may not accurately correlate to
discharge and consequently to stream
incision. Monitoring the hydrographs
and water chemistry of catchments
from two basins with contrasting
amounts of glacial till and land cover
demonstrate the strong influence that
till thickness and sedimentology has on
runoff and stream discharge. The dif-
ferences in the hydrographs are a result
of the amount and rate of delivery of
surface runoff for each catchment to
the stream. The till blanket catchments
promote surface runoff (overland
tflow) because of the low permeability
of the till, whereas the scoured
bedrock promotes infiltration and
delivers water more gradually to the
stream through base flow. This is con-
sistent with the findings of Tague and
Grant (2004) who observed that
hydrographs from basins in older
weathered volcanic rocks exhibiting
low intrinsic permeability were much
‘flashier’ than those with younger,
more permeable volcanic rocks in the
Cascades of Oregon.

The Lawrencetown Till has a
high silt and clay content (30-50%)
and low permeability (< 10 cm/sec)
making it suitable for liners in landfill
sites and other structures that require
low permeable material (Lewis et al.
1998). Although there are no direct
permeability measurements for the
basalt flow units that we are aware of,
the MFU and LFU are highly fractured
which would result in higher intrinsic
permeability’s (Fig. 7). Haan et al.
(1994) reported a range of hydraulic
conductivities for fractured basalt to be
between 10 and 10" (m/day) and gla-
cial till to be between 107 and 10°
(m/day) and clay between 107 and 10~
(m/day). Rose (2004) reported
hydraulic conductivities for fractured
bedrock to be between 10 and 10
(m/sec) and clay to be between 10"
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and 10 (m/sec).

Pump tests from water wells
within the basalt aquifer yield an aver-
age of 14.4 imperial gallons per minute
(10 wells) and are prone to surface
contamination where the till cover is
thin (D. Fanning, pers. comm. 2004).
These data further support our inter-
pretation that the low permeable till
blanket promotes surface runoff and
the scoured fractured bedrock permits
infiltration of precipitation. With
increased overland flow, more water
enters the stream more quickly after a
rain and increases the overall discharge
and stream power, thus enhancing the
stream’s ability to erode. This study
demonstrates that in glaciated terrains,
factors such as a till thickness and sedi-
mentology can affect the hydrologic
properties of a catchment and conse-
quently the morphology of the
drainage basin. The high degree of
variability in surface and groundwater
interaction that can occur within a rela-
tively small area can strongly influence
the nature of stream discharge. This
has important implications for water
quality and quantity in glaciated tet-
rains.

SUMMARY

Landscapes within the study area are
typical of those found in northeastern
North America that have been signifi-
cantly eroded. The terrain is also repre-
sentative of many areas in the world
that have been eroded by fluvial
process for millennia and during the
Quaternary by glacial processes. This
area is an ideal site to examine factors
controlling landscape evolution. The
catchments are all generally the same
size, are underlain by similar lithologies
with relatively simple structures, and
have experienced the same changes in
base level. This facilitates an examina-
tion of the effects of glacial till within
a region on moderate-scale catchments.
Studying the morphology of catch-
ments at this scale allows examination
of factors affecting hydrologic and
geomorphic processes that can be used
to scale up to larger basins.

Airborne terrestrial lidar has
been a valuable tool in the analysis of
these moderate-scale catchments and
stream morphology within a forested
region. In addition to basin morpholo-
gy, the ability of the laser system to

generate high-resolution precise terrain
heights in heavily vegetated terrains has
facilitated the identification of geologic
contacts within the basalt units and the
identification of new landforms inter-
preted to be related to late-stage ice
dynamics and fluctuations in sea-level.
The catchments with the thickest till
cover have had the most sediment
eroded from them and differ in their
morphology compared to the scoured
bedrock catchments. In addition, the
catchments in the till blanket area have
higher drainage densities and deeper
fluvial incision depths. We attribute
these differences in catchment mor-
phologies to reflect the influence of
glacial till on hydrologic and fluvial
process and the possible addition of
more tools in the streambed to pro-
mote erosion by abrasion. The till has
a significant effect on the surface and
groundwater interaction by promoting
overland flow and retarding infiltration.
The process of infiltration dominates
the scoured bedrock catchments during
precipitation where water is filtered
through fractures into the groundwater
table and released as base flow into the
stream as is evident from the hydro-
graphs and water chemistry. The MFU
and LFU are both highly fractured
with an average of 7 and 10 fractures
per metre, respectively, allowing infil-
tration in the thin till catchments. In
the catchments with thick till cover, the
increased overland flow results in high-
er discharge and stream power per unit
area compared to the thin till covered
catchments. This has important impli-
cations in glaciated terrains if the
drainage area is used as an approximate
measure of discharge as is commonly
the practice.

The results of this study are
widely applicable to other glaciated ter-
rains where vegetation cover obscures
the topography. The ability of lidar to
penetrate the vegetation canopy makes
it an ideal tool for determining catch-
ment morphologies in such areas.
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