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ABSTRACT

Anticosti Island, located in the Gulf of St. Lawrence in eastern Canada, is one of the few
places in the world where the Ordovician/Silurian boundary is well preserved and exposed.
Its relatively undeformed shallow-water carbonate sequence of approximately 900 m in
thickness is rich in fossils and is known to contain traces of hydrocarbons. The island has
been for decades the subject of several geological studies, but its stratigraphic succession was
never successfully mapped precisely because of its dense forest cover present over almost 95

% of its vast territory.

This study provides new mapping tools and techniques to support the geological
representation of the island stratigraphic succession. Airborne SAR (Synthetic Aperture
Radar) data acquired with the active radar system onboard of the former CCRS (Canada
Centre for Remote Sensing) Convair-580 aircraft, in single and fully polarimetric modes and
with different viewing geometry, were qualitatively and quantitatively evaluated by means of
image interpretation and polarimetric analysis for their mapping potential over the densely

forested study area.

The airborne SAR data, supported with ancillary geoscience data sets and derivative
topographic related products, have resulted in the availability of valuable and accurate terrain
information such as topographic variations associated with the gently inclined recessive and

resistant strata of the island succession. It also provided with information on the polarimetric



scattering mechanism of the vegetation cover overlying the surface deposits and bedrock

geology, suggesting a possible preferential distribution.

With almost 50 % of the Canadian territory covered by forest, radar remote sensing, as
demonstrated by this study, is a cost-effective tool to produce more accurate regional
structural and geological map in areas where traditional mapping campaigns failed due to the

presence of an extensive vegetation COver.



RESUME

L'ile d’ Anticosti, située dans le golfe du Saint-Laurent & I’est du Canada, est I'un des seuls
endroits au monde ot le contact Ordovicien/Silurien est aussi bien préservé et exposé. Cette
séquence d’environ 900 m d’épaisseur de carbonates d’eau peu profonde relativement peu
déformé est riche en fossile et est connue pour contenir des traces d’hydrocarbures. L'ile a
été le sujet d’études géologiques depuis plusieurs décennies, mais sa succession
stratigraphique n’a jamais été cartographiée précisément a cause de son dense couvert

forestier s’étalant sur prés de 95 % de son vaste territoire.

Cette étude procure de nouveaux outils et techniques de cartographie pour appuyer la
représentation géologique de la succession stratigraphique de I'ile. Des données RSO (Radar
a synthése d’ouverture) aéroportées acquises grice au system radar actif a bord de I"aéronef
Convair-580 anciennement du CCT (Centre canadien de télédétection), en modes
polarimétriques simple et multiple et avec visés géométriques variés, ont €té qualitativement
et quantitativement évaluées 2 partir d’interprétation d’image et d’analyse polarimétrique
pour leur potentiel de cartographie géologique au-dessus de la région d’étude a forte densité

forestiére.

Les données aéroportées RSO, appuyées par des ensembles de données géoscientifiques
auxiliaires et des produits topographiques dérivés, ont fourni des informations de terrain
précieuses et précises telles les variations topographiques associées aux strates résistantes et

récessives légérement inclinées de la succession de I'ile. Elles ont aussi fourni de



I’information sur le mécanisme de diffusion polarimétrique du couvert végétal sus-jacent les
dépots de surfaces et le substrat rocheux suggérant possiblement une distribution

préférentielle.

Avec tout prés de 50 % du territoire canadien couvert de foréts, la télédétection radar, comme
démontré par cette étude, est un outil rentable pour produire plus précisément des cartes
régionales géologiques et structurales en régions ol les campagnes de terrain traditionnelles

ont échoué 2 cause de la présence extensive du couvert végétal.
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1. Introduction

Remote sensing imagery taken from airborne and satellite platforms are valuable for
geological mapping, but since every sensor responds differently to the various terrain
parameters, their information content is not the same and requires to be interpreted and
analysed accordingly. Optical remote sensing images' are ideal to map lithological
variations from arid and semi-arid terrains, but over forested areas their effectiveness is often
reduced. The sensitivity of optical sensors to the high-frequency spatial details of vegetation
cover limits the underlying bedrock geology to be mapped accurately. Actually, most remote
sensing sensors are affected by the presence of vegetation and cannot provide direct
lithological information of forested terrains. In order to overcome that common problem, it
is important to select the appropriate system that enhanced the most the distinctive
topographic patterns associated with the lithological and structural geology despite the
vegetation cover. As it will be demonstrated in this study, the viewing geometry and
polarisation capability of side-looking Synthetic Aperture Radar (SAR) systems are believed
to be better suited for mapping topographic variations associated with the lithological and

structural geology of forested terrains.

' Optical remote sensing images are acquired by satellite or airborne sensors generating,
transmitting, and detecting electromagnetic radiation in the spectral range extending from
the long wave edge of the x-ray region to the short wave edge of the radio region including

the UV, visible, NIR, SWIR, FIR, and TIR bands.



[

1.1  Study Purpose and Objectives

The purpose of this study is to evaluate the potential of airborne SAR data to support
geological mapping of forested areas. To achieve that goal, airborne SAR data acquired,
calibrated, and pre-processed by the Canada Centre for Remote Sensing (CCRS) with the
Convair-580 side-looking radar system in wide and narrow swath configurations and in
single and fully polarimetric modes over Anticosti Island (Figure 1-1) will be visually

interpreted and quantitatively analysed.

Even though superb bedrock exposures can be found all along the coast of Anticosti Island,
within its riverbeds, and along its road network, previous field campaigns were largely
limited in mapping precisely its geology since almost 95 % of its territory is covered by a
dense boreal forest. The lack of ground control in inaccessible sectors has always resulted in
inaccurate geology maps, but it is believed that valuable terrain information over these areas
can be extracted from SAR data to improve the representation of the island stratigraphy. The
first objective of this study is to produce a more precise geology map of the island by
visually interpreting the single polarimetric wide-swath SAR data. The second objective is to
quantitatively analyse the fully polarimetric narrow-swath SAR data to identify any
preferential distribution of the vegetation cover with respect to the underlying surface
deposits and bedrock geology. The results of these two approaches will be used to determine
if SAR remote sensing with its flexible viewing geometry and polarisation capability can

assist geological mapping over densely forested terrains like Anticosti Island.
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The following section explains the problems encountered by the traditional mapping
campaigns conducted over Anticosti Island in the past and the need to evaluate the potential

of airborne SAR data in various swath configurations and polarimetric modes in this study.

1.2 Statement of Problems

1.2.1 New Stratigraphic Framework

The geology of the Anticosti Island has been the subject of numerous studies for more than a
century now. It all started with Richardson (1857) who looked and defined from coastal
sections the island stratigraphy and macro-paleontology. Many bio-stratigraphic studies
followed, but it is only in the early twentieth century that a formal stratigraphic definition
was given to the carbonate sequence of the island by Schuchert and Twenhofel (1910) and

then by Twenhofel (1914, 1919, and 1928).

For a couple of decades following Schuchert and Twenhofel contributions, little attention
was dedicated to its stratigraphy. A new phase of geological investigations reappeared in the
early sixties due to interest in the island oil and gas potential (Roliff, 1968). Bolton (1961,
1965, 1970, and 1972) for the Geological Survey of Canada was really the first one to initiate
litho-stratigraphic and bio-stratigraphic studies within the interior of the island since it
became more accessible due to the expansion of a road network for the logging activities.
Additional litho-stratigraphic, macro-paleontological and micro-paleontological observations

from newly discovered outcrops along roads and rivers, mostly in the northwestern part of



the island, allowed Bolton to redefine some of Twenhofel’s formations. The task was rather
difficult since the former formation contacts were lithologically indistinguishable due to their

definition based largely on bio-stratigraphy principles (Petryk, 1981a).

Right after the acquisition of the island in 1974 by the government of Québec, the Ministére
de I’Energie et des Ressources (MER) undertook an exhaustive geological program to map in
details the geology of Anticosti. Petryk (1979 and 1981a) was in charge of that mapping
campaign from which he revised the stratigraphic framework laid by Twenhofel (1914, 1919,
and 1928) and later redefined by Bolton (1961, 1965, 1970, and 1972). From his geological
interpretation, supported by field observations and air photo examinations, three map sheets
covering the whole island were produced at a scale of 1:100 000 by the MER (Petryk,
1981b). Figure 1-2 is a simplified version of the geology map of Petryk showing the six

stratigraphic formations of the island with their defined and inferred contacts.

The stratigraphic interpretation of Petryk (1981b) was up to recently the most referred to
even though several recent studies in paleontology (Brunton and Copper, 1994; Copper,
1989; Copper and Jisuo, 1995; Lespérance, 1985), stratigraphy (Barnes, 1988; Copper and
Long, 1989 and 1990; Long and Copper, 1987), chrono-stratigraphy (Barnes, 1989; Orth et
al., 1986), and sedimentology (Sami and Desrochers, 1992; Desrochers er al., 1998) had
significant improvements to recommend. Among all these studies, it is really Copper and

Long (1989) who proposed the most significant changes by the recognition of a new shaly



‘(21861) ¥K191d Aq pue(sy nsodnuy jo £301033 ay1 jo dew YRS :z-1 N3



00029 00,49

S | vANWA IEIES
uny 07 C 58
m | Avesima [Z2]|3 -
>
POLIBJU  cesssesess 3105039 B —
pauyap -——- - %
jorju09 oyydesbiens W H3IAIE NNO _M_ 3IN
-.00.6¢ 9 9 Qo\\ m 2:l0
33
O | yaLdnr 520
Jinej |euuoN % [s] w
3loomMHo [9]] °
[ <
........ g | oo [leg
S | SNOIvYWMHO4 |5 5|8

B .meQV
.mﬂomv .

00,29 .co..wvc




unit located between the Becscie and Gun River formations, named the Merrimack
Formation. From numerous field campaigns, they also succeeded to locate more precisely
some of the formation contacts mapped by Petryk (1981b) and also to identify new formation
members. Even with these latest modifications, nothing other than sketch maps with often-
sparse details were presented (Figure 1-3), leaving the outdated geology map of Petryk
(1981b) as the only one available today. For that reason, a need to produce a new geology

map of Anticosti Island with its latest stratigraphic framework was felt necessary.

1.2.2 Complexity of Stratigraphic Mapping

Bio-stratigraphic and chrono-stratigraphic principles (grouping faunal zones according to
evolution, variation, and extinction of species) based on close observations of outcrops are
required to define appropriately stratigraphic successions. Identifying formation and member
contacts within such succession requires, however, lithological observations that can result in
inaccurate geology maps when conducted over vast territories densely vegetated. This is the
case for Anticosti Island, since in addition to its vast territory (~8000 km®) covered by a
dense boreal forest and the lack of outcrops between its coast, rivers and few excavated
roads, there is lateral lithological variations and noticeable changes in facies within its
stratigraphic formations. Therefore, correlating the stratigraphic units across the island
inevitably requires the synoptic view and additional terrain information that SAR remote

sensing can provide.
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1.2.3 Limits of Traditional Photo-Interpretation

Air photos played a considerable role in understanding the geology of the island. Imperial
Oil Limited and Consolidated Paper Corporation were among the first ones to conduct
intensive geological interpretations based on air photos (Roliff, 1968). In 1975, over 400 air
photos at a scale of 1:40 000 were acquired by the Ministére des Terres et Foréts, Québec, to
support Petryk’s geological mapping campaign (Ministére des Terres et Foréts, 1975). The
same air photo database served in the automatic extraction of structural lineaments based on
digital image analysis carried on by Tanguay er al. (1988) and by Carboni (1988).
Geomorphologic studies dealing with the karst environment (COt€ er al., 1990; Paré, 2000),
the coastal platform (Nadeau et al., 1985), and the deglaciation of the island (Painchaud er

al., 1984) were also conducted using small-scale air photos.

Satellite optical images, such as Landsat-TM and SPOT-HRYV images, were also considered
for Anticosti Island, but mostly to map its surficial geology. Perras er al. (1985) have
successfully demonstrated that the classification of Landsat TM data can be used to separate
zones of strong and weak chlorophyll signatures and therefore discriminate vegetation from
bare rock surfaces. From similar land cover classifications, Dubois et al. (1990) produced
and published a 1:250 000 surface geology map (Figure 1-4) showing the various types of

surface deposits, geomorphologic, and karstic features present on the whole island.
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Unfortunately, the photo-interpretation of air photos and satellite optical images are not ideal
to map the bedrock geology of forested areas since their responses are strongly influenced by
the expression of the different surface albedo and therefore blinded by the highi-frequency
spatial details of the vegetation cover (Sabins, 1997). Also, the viewing geometry of most
optical systems along with the constant depression angle of the solar illumination can be
inadequate to enhance subtle topographic variations related to the bedrock geology.
Consequently, considerable mapping uncertainty can result from the interpretation of optical

remote sensing images over forested terrain.

1.3 Fundamentals and Potential of SAR Data

Neither satellite nor airbome SAR data were previously considered for mapping the
distribution of the carbonate rocks of the densely forested Anticosti Island even though they
have significant advantages over optical data. To appreciate these advantages, a description

of radar principles and potential is presented here.

In comparison to optical systems, radar systems are not dependent on the reflection of the
sunlight to image the surface of the earth. They are considered as active systems because
they produce their own source of energy in the microwave portion of the electromagnetic
spectrum. The microwave energy generated by radar systems is transmitted as pulses
towards the surface of the earth where it interacts in various ways with the ground elements

and then partially returns to the radar antenna mounted on an airborne or spaceborne platform



(Figure 1-5). The returning echoes are than recorded in a digital format for later processing

and analysis (Raney, 1998).

The fundamental parameters affecting the radar backscatter are those associated with the
radar system, the imaged terrain, and the inter-relationship existing between the system and
the terrain parameters (Lewis ez al., 1998). The most important system parameters affecting
the radar responses are 1) wavelength (or frequency), 2) incidence angle, 3) look direction, 4)
ground resolution, and 5) polarisation. Parameters related to the terrain characteristics are 1)
dielectric constant (soil moisture), 2) surface roughness, and 3) surface morphology and
composition. Examples of inter-related system and terrain parameters will be given while
describing each parameter individually in the following two sections. Despite their
complexity, understanding the function and the role of inter-related parameters along with
the individual system and terrain parameters are essential to properly interpret and analyse

SAR data.

1.3.1 System Parameters

In this present study, the Convair-580 SAR data (fully described in section 3.1 on Data
Description) were acquired over Anticosti Island in C-band wavelength mode. That C-band
wavelength is equivalent to 5.66 cm or 5.30 GHz of frequency and can image the surface of
the earth day or night and independently of the weather conditions. It turned out to be ideal

for Anticosti Island since cloud cover and fog can prevail for days over that particular region.
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Wavelength also plays an important role in defining the surface roughness, the penetration of
radar into multiple layers of vegetation and soil, as well as the azimuth resolution of the SAR
system (Lewis et al., 1998). In general, the longer the wavelength is, the rougher a surface
needs to be before it is recognised as rough, the deeper will be the radar penetration, and the
greater the separation distance between ground elements needs to be before they can be
resolved. With C-band wavelength, surfaces are considered rough when ground variations
exceed only a few centimetres and radar signal rapidly saturates within the forest canopy
reducing its penetration capability. The azimuth resolution of the C-band SAR data varies
accordingly to the viewing geometry and altitude of the platform. The appearance of the
surface elements on Anticosti Island is therefore largely dependent on the C-band wavelength

of the Convair-580 SAR system.

The incidence angle (complementary to the depression angle when the ground surface is
considered horizontal) is another important system parameter influencing the radar
backscatter, thus the appearance of terrain features on intensity images. It is defined as the
angle between the radar beam and a line perpendicular to the surface at the ground target.
Coupled with the look direction of the radar system along with the orientation and the slope
of the terrain features, the incidence angle determines if ground elements will produce radar
highlights or shadows. Radar highlights and shadows are essential for geological
interpretations since they can be used to measure dip-and-strike direction of inclined

bedding. As described by Sabins (1997) and as illustrated in Figure 1-6, beds dipping toward
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the radar antenna have highlights on the dipslopes and shadows on the antidip scarps whereas
the inverse configuration of highlights and shadows on dipslopes and antidip scarps also

happens for beds dipping away from the antenna.

The incidence angle of the SAR system on board of the Convair-580 aircraft can be as large
as 85° in the far range (shallow depression angle) and as small as 0° at the nadir in the near
range (steep depression angle). Such variation is possible because of the side-looking
capability of the Convair-580 radar system, which allows the acquisition of SAR data in
various swath geometries (Livingstone er al., 1987 and 1995). Steep depression angles used
over areas where pronounced terrain slopes exist can generate annoying geometric distortions
such as radar foreshortening and layover along with the degradation of the range resolution
(Blom er al., 1987). Shallow depression angles are therefore preferred in order to avoid
topographic distortions, but as a consequence the effect of radar shadow increases. Ideally,
the selection of incidence angles should provide a minimum of radar distortions, but with

sufficient radar highlights and shadows for proper geological interpretation.

Look-direction is another system parameter that can provide useful information for
geological interpretation. Terrain features, especially those of linear geometry such as faults,
joints, dykes, and scarp edges of inclined strata, can be enhanced or subdued depending on
their orientation and the radar look-direction. The selection of an appropriate look-direction
in accordance to the predcminant features orientation is thus important in order to gain

optimal illumination geometry valuable for geological mapping (Ford et al., 1998). For that
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particular reason, most flight lines covering Anticosti [sland were acquired with a look-
direction quasi perpendicular to the bedding planes in order to enhance with radar highlights
and shadows the topographic relief associated with the bedrock geology and therefore

facilitate the identification of the formation contacts.

Radar resolution is the system parameter that provides information on the size of the ground
surface (resolution cell) with which the radar signal interacts. It also defines the separation
distance required between ground elements so they can be resolved and displayed as
individual features on radar images (Lewis er al., 1998). Depending on the application,
resolving individual features with fine resolution can be essential. However, such resolution
over forested areas can prevent adequate geological interpretation. If individual trees were
resolved, the overall topographic expression of the terrain along with some geological
features would be hidden rather than enhanced due to the high-frequency spatial details
coming out of the vegetation cover. The azimuth and range resolutions of 10 m and 20 m
respectively (resampled to a common 15 m spatial resolution) of the C-band wide-swath
SAR data are ideal to overlook the vegetation details and enhance the low-frequency
topographic details associated to the bedrock geology underneath the vegetation cover.
Consequently, the surface of the vegetation canopy mimicking the underlying bedrock
topography is imaged as a whole and does not interfere in the geological interpretation.
Figure 1-7, modified after Sabins (1997), shows how SAR can enhance topographic details

associated with the structural geology of forested terrain.
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Another system parameter affecting the radar backscatter is polarisation. Active radar
systems have this capability of transmitting and receiving microwave energy in various
polarimetric planes, which can be defined by the elliptical components of the electric field
vector part of the electromagnetic radiation (Ulaby and Elachi, 1990; Boerner et al., 1998;
Zebker and Van Zyl, 1991). With amplitude and phase differences of the transmitted and the
received polarisation, it is possible to extract useful information on the scattering
mechanisms of the ground elements. For example, if the returning radar signal is seriously
depolarised in comparison to the transmitted radiation, it may suggest that multiple volume
scattering occurred within a heterogeneous cover. By pushing the polarimetric analysis, it
might also be possible to distinguish the various types of elements within that heterogeneous
cover. Such heterogeneous cover can be composed of multiple targets such as needles,
leaves, stalks, twigs, and branches of trees within forest canopy or bushes and grasses part of
the ground layer vegetation beneath the canopy. Specular reflection from smooth surfaces,
multiple scattering from rough surfaces, and multiple volume scattering from heterogeneous
vegetation or soil covers will result in various degrees of radar depolarisation that can be

used to discriminate ground targets (Leckie and Ranson, 1998; Wu and Sader, 1986).

The Convair-580 SAR system allows the acquisition of radar data in fully (HH, HV, VH, and
VV) or single-polarisation (HH, HV, VH or VV) modes for quantitative analysis. Fully
polarised data are acquired when the microwave energy is transmitted and received
simultaneously in all possible directions. The single polarimetric SAR data are, however,

acquired when the radar energy is transmitted in one polarisation direction and received in



co- (HH or VV) or cross-polarisation (HV or VH). The analysis of fully polarimetric SAR

data is far more complex than the interpretation of single polarimetric images because of the

additional phase component to consider.

Most geological studies assisted by SAR polarisation have been conducted in arid and semi-
arid environments (Blom et al., 1987; Evans et al., 1986 and 1988; Schaber er al., 1997) and
those conducted in regions of temperate climate were often inconclusive due to insufficient
results (Rheault ez al., 1998; Saint-Jean et al., 1999). A lot more work is required to fully
understand the use of polarimetry for geology in forested areas, especially since Evans er al.
(1986) have suggested that polarimetry has the potential to discriminate different geological
units based on geo-botany principles, where certain species of plants and trees are sensitive
to particular types of soil and rock. Perras et al. (1985) have also pointed out that the density
of a forest cover could vary accordingly to the surface material. Surface deposits can block
the joint and karst systems of bedrock, thus reducing the permeability of the soil and
increasing its humidity. Consequently, certain vegetation species will favour those
conditions while others will avoid them. Based on these statements, the fully polarimetric
SAR data will be analysed to distinguish any preferential distribution of the vegetation cover
with respect to the underlying surface deposits and bedrock geology and possibly determine

if it can be used to assist geological mapping.



1.3.2 Terrain Parameters

The dielectric constant of ground targets is the most important terrain parameter influencing
the radar backscatter. Moisture content of materials such as vegetation and soil controls the
dielectric property of the terrain by influencing the absorption and propagation of
electromagnetic radiation interacting with it. As moisture content increases, the dielectric
constant increases as well and produces a strong radar return, which is recorded as a bright
response on the intensity images. Furthermore, increasing the amount of moisture in ground
material reduces radar penetration beneath the surface and through the vegetation canopy.
The moisture content of the vegetation cover and the soil layer on Anticosti Island during
each SAR acquisition was relatively normal and since no differences in the dielectric
constant existed between the various terrain elements (with the exception of the water bodies
and the wetland areas), other terrain parameters should be considered in order to understand

the cause of the radar responses.

Surface roughness is the second most important terrain parameter influencing the backscatter
response of SAR data. As suggested by Morain (1976) and later redefined by Lewis er al.
(1998), surface roughness can be characterized based on three levels of scale: 1) micro-, 2)
meso-, and 3) macro-scale surface roughness. The micro-scale surface roughness occurs
within a resolution cell projected on the ground as defined by the radar system parameters.
The geometry and spatial arrangement of individual ground elements (such as coniferous

trees and their branches, twigs, and needles) within a resolution cell define the surface



irregularities from which the radar energy interacts with to produce the backscatter responses
recorded as image tones. It is not much the heterogeneity of the ground elements within a
resolution cell that will determines the intensity of the backscatter response, but the
magnitude of the surface irregularities generated by these ground elements. The micro-scale
surface roughness can be subdivided into three categories: 1) smooth (specular), 2)
intermediate (diffuse), and 3) rough surfaces (Figure 1-5). Smooth surfaces reflect almost
entirely the microwave radiation, resulting in a minimum of scattered echoes towards the
antenna and therefore as a dark image response. Intermediate surfaces reflect partially the
incident radiation and scatter the remainder of it, whereas rough surfaces diffuse all radiation
with a strong scattered component returning to the antenna. A bright radar response is
therefore recorded on the intensity images over these rough surfaces. Since micro-scale
roughness is wavelength and incidence angle dependent, different approaches were
developed to measure the physical limit between smooth and rough surfaces. The Rayleigh
criterion is probably the most common approach used in radar remote sensing to define
smooth surfaces from rough surfaces (Sabins, 1997). According to the Rayleigh criterion a
surface will be consider rough for C-band (5.66 cm) SAR energy when its micro-scale relief
exceeds 1.0 cm at 45° of incidence angle. Any changes of incidence angle or wavelength for
that same ground surface will modify the limit between what was previously considered

smooth and rough.

Meso-scale roughness is responsible for the textural appearance of intensity images (texture

being a spatial variation of tones). It is related to changes in surface elevation and variability



23

of slopes in relation to the radar resolution. It is the result of spatial heterogeneity of ground
elements on the order of a few resolution cells. Unlike the micro-scale surface roughness,
the meso-scale roughness does not influence directly the ground interaction of the radar
energy, but rather the appearance of the backscatter responses when adjacent resolution cells
are taken all together. The backscatter responses associated to the micro-scale and meso-
scale surface roughness in this study are not expected to vary much because of the similarity
of ground elements within a resolution cell and also between adjacent resolution cells due to

the dense and homogeneous forest cover of Anticosti Island.

Macro-scale roughness, however, is perfect for the geological interpretation of radar images
over forested areas because it is several times larger than the resolution cell of the radar
system and therefore more sensitive to regional topography. The backscatter responses
associated to the macro-scale surface roughness are somewhat independent to the forest
cover. Because regional topography could be accentuated by radar highlights and shadows,
macro-scale roughness can provide essential information on the topographic relief of a
region, which is often related to structural and lithological characteristics of the underlying

bedrock geology.

Finally, the last terrain parameters affecting radar backscatter is the surface morphology and
its composition. Surface morphology is not the same as surface roughness, but includes
terrain relief, slope, and the orientation of terrain features. On the other hand, the surface

composition describes the type of soil, the vegetation species, the density, and the spatial



arrangement (spacing and heterogeneity) of these materials. All these terrain characteristics
have significant impact on how the C-band SAR energy interacts with surface elements on

Anticosti Island.

1.3.3 SAR Mapping Potential

Selecting the proper system parameters in accordance to the various terrain parameters allow
extracting valuable terrain information from SAR data for geological mapping. The mapping
potential of C-band SAR data over the densely forested Anticosti Island is considerable even
though there is a minimum of radar interaction with its underlying bedrock geology. There is
certainly a rapid saturation of the radar signal within the forest canopy of the island, but its
relatively uniform height, controlled by the environmental dynamic of the boreal forest,
mimics the topographic relief and does not prevent side-looking SAR data to enhance with
highlight and shadow effects the subtle topographic features associated with its structural
geology. Mapping the island lithology is also possible based on these same principles since
the lithological contrast between the resistant and recessive units allowed weathering process
to erode in stair-stepped bedrock topography (cuesta morphology) its gently dipping
stratigraphy. The detection by SAR data of that particular morphology can be used to locate
and trace precisely the formation contacts associated to noticeable litho-facies changes, thus
to distinctive topographic marker beds. Consequently, the macro-scale topographic
sensitivity of the SAR data provides geologists with valuable topographic information for

geological mapping.



2. Description of the Study Area

2.1  Geographic Location and Physical Environment of Anticosti Island

Anticosti Island is located to the northeast of the Gulf of St. Lawrence (Figure 1-1). It is
precisely centred at latitude 49°30° North and longitude 63°00° West between the Gaspé
Peninsula and the North Shore of Québec. The island has a total surface of 7925 km?® with

dimensions at its longest and widest points of 222 km and 56 km respectively.

The relief of Anticosti is relatively flat, but can be better described by its rolling topography
closely related to its cuesta morphology nicely developed on both island exiremities. Its
maximum elevation is 306 m and corresponds to a gigantic cuesta front located near the
centre of the island. That area is also referred to as the central plateau and is surrounded by
lowlands rarely exceeding 150 m in altitude (Roberge, 1996). The central plateau, along with
its cuesta, is an important geomorphologic element on the island since it controls the aspect
of the various hydrographic basins prevailing in that sector. For example, rivers on the north
side of the central plateau flow to the north and tend to be shorter and deeper enclosed in the
bedrock compared to these flowing on its south slope, which are longer and less enclosed in
the bedrock. That relationship is also attributable to the fact that the northern rivers are
flowing in the opposite direction to the dip slope and cutting across the bedding planes
whereas the southern rivers are flowing in the same direction as the dip of the bedding

planes.
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The few brittle structures present in the bedrock geology have also influenced the aspect of
the island drainage since many river valleys almost parallel to each other are most likely
controlled by fault/joint systems. While some river patterns are dendritic, others have
developed a quasi-rectangular pattern controlled by these brittle structures. Several lakes are
present on the island and their shapes are often resulting from clusters of sinkholes. These
sinkholes are parts of a well-developed karst network resulting from chemical weathering of
the carbonate rocks accentuated by the presence of joints (fractures) in the bedrock (Coté et
al., 1990; Lauriol et al., 1985; Paré, 2000, Roberge, 1996). Within the surroundings of lakes,
there are often ombrotrophic bogs2 and minerotrophic fens® with extensive peat deposits.
Their greatest concentration is in the eastern end of the island as well as in the northeastern

corner of the Anticosti central plateau.

In terms of climate, the island belongs to a region of temperate and cold weather comparable
to the Maritimes. A usual summer on Anticosti Island is short, but relatively warm. It begins
in late May and ends in August, with maximum daily temperature in July at 15°C on average.
The winters are long, but not too cold. The snow starts to fall in October with an average of
300 mm throughout the season. The minimum daily temperatures are in January at -10°C on
average. The annual average temperature is about 2°C (Roberge, 1996). The island is often
surrounded by fog, which has been responsible in the past for many shipwrecks along its

treacherous coast (MacKay, 1979).

2 Peatland fed exclusively by precipitation and therefore acid and low in nutrients.

3 Peatland with the water-table usually at or a few centimetres above or below the surface.



2.2  Vegetation Cover

Coniferous trees dominate the dense boreal forest of Anticosti Island (Figure 2-1). The
balsam fir (Abies balsamea), the white spruce (Picea glauca), and the black spruce (Picea
mariana) are the predominant species and can be found in unmixed and dense forest stands
in the interior and along the northern coastal area of the island (Roberge, 1996). In mixed
stands, however, the paper birch (Betula papyrifera) is dominantly present with other tree
species such as the eastern larch (Larix laricina) in wetland areas, the trembling aspen
(Populus tremuloides), and the balsam poplar (Populus balsamifera) in burned sites and
clear-cut areas (Lavoie and Filion, 2001). The ground layer vegetation is composed of a
variety of herbaceous species that can be subdivided into two categories: 1) the wet
herbaceous vegetation, and 2) the dry herbaceous vegetation (Roberge, 1996). The wet
herbaceous vegetation is often associated to topographic depressions where minerotrophic
fens prevails as well as swamps, marshes, and lakes (Figure 2-2a). The dry herbaceous
vegetation, however, prefers ombrotrophic bogs where higher grounds exist, but can also be

found in areas of open forest (Figure 2-2b).

It was estimated that over 30 % of the Anticosti forest was significantly disturbed in the past
century by logging activities, fires, and insect outbreaks (Lavoie and Filion, 2001). Itis the
logging activities, however, that contributed the most in the past hundred years to the forest

perturbation. Fires and insect outbreaks are more sporadic, but when uncontrolled they can



Figure 2-1: Field pictures showing the boreal forest of coniferous
predominance present throughout the Anticosti territory:

(A) perspective view of the dense forest canopy where
no ground surface can be detected;

(B) forest canopy mimicking the cuesta morphology of
the island (in background);

(C) dense forest cover also present all around the coast.
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Figure 2-2: Field pictures showing the two types of herbaceous
vegetation present on Anticosti Island:

(A) wet herbaceous vegetation in minerotrophic fens
often associated with topographic depressions (due
to soft-weathering strata) located in front of cuesta
ridges (near Cap-de-la-Table);

(B) dry herbaceous vegetation in areas of ombrotrophic
bogs and open forest (northeast corer of the island
central plateau).
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be the most ravaging. For example, nearly 8 % of the forest cover in the north central part of
the island was destroyed by fire in 1955, without including the 1964 and 1983 fires that
ravaged important stretches of forest in other sectors. Four major insect outbreaks occurred
since 1925. The most important one was the hemlock looper (Lambdina fiscellaria) in 1971-
1973 that killed 1400 km® of mature balsam fir stands in the south central part of the island
(Lavoie and Filion, 2001). The white-tailed deer introduced in the island in the early century
is another source of forest perturbation to consider since severe balsam fir browsing
suppresses its regeneration permitting the white spruce to take over instead (Lavoie and
Filion, 2001). Figure 2-3, adapted from a 1:250 000 map produced in 1992 by the Ministére
des Foréts du Québec, Direction de la Cote-Nord, illustrates the extent of the principal forest

stands along with the most important perturbations.

On a regional scale, the climate is certainly the most important factor that determines the
distribution of vegetation cover, however, the natural and artificial perturbations along with
the surface deposits, the hydrology, and the topography are all important factors that can
influence local distribution. Understanding the terrain characteristics of Anticosti Island is
therefore essential to appreciate the vegetation distribution and consequently the SAR

responses.
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2.3  Surface Deposits

A relatively thin and discontinuous cover of Quaternary deposits is present above the
Anticosti strata especially in the central plateau (Figure 1-4 and Figure 2-4a). The thickest
superficial deposits can be found locally near the coastal areas or in river valleys below the
75 m of altitude (Painchaud et al., 1984; Roberge, 1996). The Quaternary deposits are
grouped into two major categories: 1) the glacial (Wisconsinian) deposits and 2) the post-
glacial (Holocene) deposits, both described in Table 2-1, which was modified after Dubois ez

al. (1990) and Roberge (1996).

The few accumulations of glacial deposits are not contributing to the island topography and
are barely masking its bedrock geology. The multiple Wisconsinian advances and retreats of
the Laurentide ice sheet that have reached the Anticosti Island (Gratton ez al., 1984 and 1986;
Painchaud er al., 1984; St-Pierre et al., 1987) have left almost no glacial deposits and fluvio-
glacial erosion traces. Only a thin basal till and some thicker fluvio-glacial drift associated to
constructional landforms such as morainic ridges, eskers, and kames are present locally

(Figure 2-4b).

As illustrated in Figure 1-4, the surface geology map of Dubois et al. (1990), the most
common Holocene deposits consist of organic materials (humus and peat) and of littoral

sediments. The littoral sediments are restricted to the coastal areas whereas the relatively



Figure 2-4: Field pictures showing the thin and discontinuous organic
soil and the glacial till resting on bedrock:

(A) thin organic layer resting directly on bedrock
fragments (picture taken in the Gun River
Formation near the western edge of Anticosti
central plateau);

(B) thin organic soil resting on think stratified
proglacial sediments near the Sainte-Marie moraine
in the northwestern part of the island.
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Table 2-1:

List of the most common Quaternary deposits present on
Anticosti Island. Modified after Dubois et al. (1990) and

Roberge (1996).
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| Unconsolidated Deposits

PRI TR

Y

Erses

i :§

PPN I
S

Organic Humus and peat moss of 1 to 2 m of thickness mostly
Deposits found in minerotrophic fens and ombrotrophic bogs.
Fluvial Gravely sand sediments of alluvial terraces exceeding
Deposits rarely 2 m in thickness deposited by watercourses.
Marine Deposits
Littoral A veneer of sandy gravels and pebbles up to 10 m in
Sediments thickness covering the pediment.
Deltaic Stratified sandy gravels of 30 m of thickness up to 75
Sediments m of altitude in major river valleys.
Not stratified clayey to sandy silts with few gravel lens
?S,iz:.'zzt;r that can reach up to 20 m of thickness and located near
the coast under 90 m of altltude
T R A 7 L2 S

e

_‘ Fluvioglacial Deposits

Proglacial Stratified sandy gravel sometimes fossiliferous in
Sediments outwash plains never exceeding 2 m in thickness.
Ice-contact Sandy limonitic gravels not stratified and of undefined
Sediments thickness forming eskers, kames, and morainic ridges.

2 Glacial Deposits

Glaciomarine
Sediments

Silts to clayey silts mixed with pebbly sands of 1 to 3
m of thickness mostly located in major valleys on the
south side of the island not exceeding 70 m of altitude.

Accretion Till

Poorly sorted unconsolidated silty to clayey glacial
sediments in veneer of 1m of thickness in average.




thin organic deposits are present throughout the island, with the exception of the central
plateau. The thickest organic deposits are located within topographic depressions between

cuesta ridges and are often associated to minerotrophic fens (Figure 2-2a).

These Wisconsinian and Holocene deposits along with their associated constructional
landforms have partly contributed to the radar responses acquired by the Convair-580 SAR
system over the Anticosti Island. Understanding their spatial distribution will facilitate the
image interpretation of the wide-swath SAR data and the quantitative analysis of the fully

polarimetric SAR data conducted in this study.

2.4 Geological Context

The Lower Paleozoic continental margin of Laurentia in eastern Canada consists of the
Québec Reentrant and the St. Lawrence Promontory (Figure 1-1). Aeromagnetic, gravity,
and seismic reflection surveys have demonstrated that this margin sit on highly deformed,
metamorphosed, and intruded Grenville Orogen rocks (Haworth and Maclntyre, 1977,
Haworth, 1978; Hayward et al., 2001; Séguin and Petryk, 1984). Along this margin Sloss’s
Sauk (Early Cambrian — Early Ordovician) and Tippecanoe (Middle Ordovician — Early
Devonian) sequences are nicely recorded in various platforms/shelves and deeper marine
settings. For the overall margin, the Sauk sequence is associated with the passive margin
development whereas the Tippecanoe Sequence consists of the Tippecanoe I (Middle to Late

Ordovician) and II (Early Silurian - Early Devonian) sub-sequence representing the
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Taconian — Acadian foreland basins. The Upper Ordovician and Lower Silurian Anticosti
succession is associated with a foreland basin (i.e. Tippecanoe succession) in the northeastern
part of the continental margin, called the Anticosti Basin, where hydrocarbon potential has
been suspected by Bertrand (1990), Nowlan and Barnes (1987), Roliff (1968), Sanford and

Grant (1990), Sandford, 1998, and Williams (1973).

Few tectonic events have structurally affected the sedimentary platform of Anticosti. There
has been the Precambrian basement uplift after the Acadian orogeny (Middle to Late
Devonian) followed by the intrusion of diabase dikes outcropping on the island during the
Jurassic Period (Bédard, 1992; Wanless and Stevens, 1971). The sedimentary platform was
gently tilted to the southwest as a result of the basement uplift, allowing deeper erosion of its
northern end to expose the metamorphic rocks of the Canadian Shield on the north shore of

Québec and to preserve its lower Paleozoic strata on Anticosti Island.

2.5 Stratigraphic Succession

The Lower Paleozoic stratigraphic succession exposed on Anticosti Island is composed of
approximately 900 m of Upper Ordovician (late Ashgill: from ca. 442 Ma to 439 Ma) and
Lower Silurian (Llandovery: from ca. 439 Ma to 430 Ma) fossiliferous carbonate rocks
(Copper and Jisuo, 1995; Desrochers et al., 1998). The overall succession consists of
shallow marine lime carbonates interbedded by minor calcareous shales, siliciclastic

siltstones and sandstones being more common in the eastern part (Petryk, 1981a). It is the
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most complete and exposed sequence in the world where no lithological break can be
recognised at the Ordovician/Silurian boundary. That Ordovician/Silurian boundary was even
considered by the Commission on Stratigraphic Classification of the International Union of
Geological Sciences to represent a world stratotype (Barnes and McCraken, 1981; Barnes,

1988 and 1989; Lespérance, 198S5; Petryk, 1981a).

Figure 2-5 and Table 2-2 were adapted after Copper and Jisuo (1995), Long and Copper
(1994) and various discussions with Drs. D. Long and P. Copper4 (personal communication,
1999 and 2001). They illustrate and provide a description of the stratigraphic subdivisions of
the island succession as well as showing their thickness and relative weathering
characteristics (recessive versus resistant units) according to the latest stratigraphic
framework. The weathering profile of the composite section was subjectively generated

based on the lithological properties of every member within each stratigraphic formation.

In the following section, each stratigraphic formation and their respective members are
described according to the latest stratigraphic framework of Long and Copper (1994). The
readers are referred to Long and Copper (1994) for additional information on the formations
and their internal members and to Barnes (1989), Bolton (1970 and 1972), Copper (1981),
Copper and Jisuo (1995), Copper and Long (1990), Desrochers er al. (1998), Duffield and

Legault (1981), Fahraeus and Barnes (1981), Lespérance (1985), McCracken and Bames

* Department of Earth Sciences, Laurentian University, Sudbury, Ontario.



Figure 2-5: Stratigraphic section of Anticosti Island adapted after
Copper and Jisuo (1995) and Long and Copper (1994).
Members in italic are informal.
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Table 2-2:

Description of the seven stratigraphic formations part of
the island succession. Modified after Copper and Jisuo
(1995), and Copper and Long (1994). Members in italic
are informal.
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(1981), Riva and Petryk (1981), and Twenhofel (1914 and 1928) for details on the formations

bio- and chrono-stratigraphy.

2.5.1 Vauréal Formation (Upper Ordovician)

The actual thickness of the exposed Vauréal Formation is somewhat variable, but seems to
range between 275 to 350 m, which makes it the thickest formation on the island. It consists
of interbedded micrites, calcarenite rudites, and calcareous mudstones. Six members were
recognised within that formation including from base to top the Lavache, Tower, Homard,

Battery, Mill Bay, and Schmitt Creek members.

The lithology of these six members is very similar, especially for the Lavache, Tower,
Homard, and Battery members. Their variation comes mostly from the interbedded
siliciclastic content whereas the difference in the carbonate content is from the depositional
texture (muddy versus coarser grained). These variations are, however, significant enough for
the bedrock topography to be influenced by differential weathering and developed a stair-
stepped morphology. The more massive sandstone beds, such as these encountered in the
Mill Bay Member, are relatively more resistant than the laminated calcareous mudstone and
muddy limestone beds of the Schmitt Creek Member, which can explain the presence of the

resistant bulge below the lip of the Vauréal falls (Long and Copper, 1994).
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2.5.2 Ellis Bay Formation (Upper Ordovician)

The Ellis Bay Formation consists of approximately 52 to 72 m of alternating argillaceous
(relatively recessive) and less argillaceous (relatively resistant) units. It is lithologically the
most variable formation on the island. Its easternmost strata are dominated by abundant
mixed of micrites and carbonate-siliciclastic sandstones that are wedging up to the other end
of the island to strata dominated by micritic limestones interbedded with calcareous

mudstones.

Five members were recognised in the Ellis Bay Formation, which are in ascending order the
Grindstone, Velleda, Prinsta, Lousy Cove, and Laframboise members. The Velleda, Lousy
Cove, and Laframboise members are relatively more resistant than the Grindstone and
Prinsta members because of the presence of coarse sandstone units or patches of small coral

reefs (bioherms).

The lowermost Grindstone Member is slightly more resistant to weathering than the Schmitt
Creek Member of the Vauréal Formation resulting in a minimum of topographic contrast
between the two units. It consists of laminated thin beds of fine sandstones and calcareous
mudstones to the east and laminated thin-bedded micrites interbedded with calcarenites with
abundant bioturbation to the west. The uppermost Laframboise Member ranges between 0.5
and 8.0 m in thickness and consists of thin basal oncolitic «platform bed» as defined by

Petryk (1981a). That oncolite rich bed is present throughout the island along with local
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bioherms, which makes it a good stratigraphic marker. The top of the coral reef bed actually
corresponds to the location of the Ordovician/Silurian boundary within the Anticosti
succession (Barnes, 1988; Cocks and Copper, 1981; Copper, 1981 and 1989; Copper and
Long, 1989; Long and Copper, 1994; Petryk, 1987). It is relatively more resistant than the
underlying Lousy Cove Member within the Ellis Bay Formation or the basal Fox Point

Member of the upper Becscie Formation.

2.5.3 Becscie Formation (Lower Silurian)

The first Lower Silurian formation on Anticosti Island overlying the Ordovician/Silurian
boundary is the Becscie Formation. It consists of approximately 130m of limestone (mainly
micrite and calcarenite) interbedded with minor shales. Two members have been recognised
in the formation, which are the Fox Point and the Chabot members. The Fox Point Member
is dominated by thin-bedded sets of micrite separated by thin siliciclastic rich carbonate
mudstones. The weathering resistant Chabot Member is the thickest of the two members and
is characterized by very fossiliferous grainstone and intraformational conglomerate units.

(Copper and Jisuo,1995; Copeland and Bolton, 1975).

2.5.4 Merrimack Formation (Lower Silurian)

The 30 m thick Merrimack Formation consists of recessive weathering calcareous

mudstones, with minor micrites and calcarenites. It is the thinner formation on the island with
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no internal members due to its relatively homogeneous lithology. It is poorly exposed
because of its soft weathering characteristic, but its topographic expression makes it easier to

distinguish between the relatively more resistant strata of the adjacent formations.

2.5.5 Gun River Formation (Lower Silurian)

The Gun River Formation is up to 130 m thick and consists of rhythmic thin to thick
calcarenite/rudite packstone to grainstone. Four members can be found in the Gun River
Formation, which are the Lachute, Innommée, Sandtop, and Macgilvray members. The
lowermost Lachute Member is composed of relatively hard-weathering, thin-bedded micrites
with mudstone partings. Following the Lachute Member is the soft-weathering, thus poorly
exposed, Innommée Member of less than 10 m of laminated calcareous mudstone. Finally,
the uppermost Sandtop and Macgilvray members are relatively more resistant than their
counterparts due to the presence of thicker beds of massive calcarenite/rudite with only thin

sets of calcareous shales.

2.5.6 Jupiter Formation (Lower Silurian)

The Jupiter Formation has a total thickness of 167 m and consists of calcareous mudstone,
micrite, grainstone and minor intraformational conglomerate. It has been divided into six
members by Copper and Long (1990), including the Goéland, East Point, Richardson,

Cybele, Ferrum and Pavillon Members. The lowermost Goéland Member consists of soft-



weathering, calcareous mudstones and lesser interbedded micritic limestone and bioclastic
grainstones. The East Point Member consists of basal calcarenite overlain by a massive
lenticular biohermal unit. Lithologically, it is the more resistant unit within the Jupiter
Formation. The Richardson Member is the less resistant unit with its argillaceous limestones
and few micrite and calcarenite units. The Cybéle Member resembles that of the Gun River
Formation as well as the upper Ferrum Member where no dominant limestone lithology
prevails. Finally, at the top of the Jupiter Formation lies the Pavillon Member, which consists
of recessive calcareous mudstone and interbedded micrite with discontinuous lenses of

calcarenite.

2.5.7 Chicotte Formation (Lower Silurian)

The Chicotte Formation, exposed along the south-central and south-eastern coasts of
Anticosti Island, consists predominantly of 90 m of massive to wavy, thick bedded, crinoidal
grainstone. Three informal members were suggested by Brunton and Copper (1994)
including the Brisantes, Gallote, and Babineau members, but with no particular lithological
definitions. The Chicotte Formation is lithologically the most resistant of the whole island
succession and its identification in the field is the easiest since abundant crinoid fragments
representing over 80 % of its rock volume can be find everywhere. Clusters of coral reefs are
also common in the formation and can reach up to 25 m in thickness and 250 m in diameter.
At least two horizons of coral reefs were already recognised in the Chicotte Formation with a

third one under investigation (Desrochers et al., 1998).
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2.6 Structural Geology

The monoclinal structure of the island is the result of a very gentle south-southwest dip (0.5°
to 3°) associated with the sedimentary platform of Anticosti Island (Petryk, 1981b). This
gentle dip is also responsible for the parallelism of the formation contacts, which are more or
less trending in the same NW-SE direction as the longitudinal axis of the island. Only minor
deformation structures such as normal faults, fractures (or joints), and local folds have been
reported and mapped (Bolton, 1972; Desrochers et al., 1997; Petryk, 1981b). Linear
topographic features, such as elongated river valleys developed in a rectangular or

parallelism pattern, are the result of those structural elements.

One of the most remarkable structural features on Anticosti Island is the diabase intrusion of
Jurassic age originally recognised by Bédard, (1992), Bolton (1970), Larochelle (1971),
Long and Copper (1994), Petryk (1981b), and Wanless and Stevens (1971) to cut only the
Vauréal Formation (Figure 1-2). It is now known to cut at least five of the seven
stratigraphic formations with the exception of the Jupiter and Chicotte formations for a
distance no less than 40 km (Desrochers er al., 1997). The two dykes, part of that intrusion,

are outcropping only at the Puyjalon CIiff along the north central coast of the island.
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3. Methodology

Two different approaches were considered in this study to evaluate the potential of the
airborne C-band SAR data for mapping more precisely the geology of the densely forested
Anticosti Island. The first approach consists of identifying and tracing every formation
contact of the island succession by visually interpreting the intensity image derived from
wide-swath, single polarimetric SAR data. The second approach consists of quantitatively
discriminating the lithological formations of the island using fully polarimetric SAR data.
Such discrimination is possible by considering the influence terrain characteristics have on
the preferential distribution of vegetation and therefore on its polarimetric appearance. Both

approaches are further described in sections 3.3 and 3.4 following the data description.

3.1 Airborne SAR Data Description

The airborne SAR data of Anticosti Island were acquired during three distinct flight missions
with the SAR system on board of the Convair-580 aircraft (Figure 3-1a). The Convair-580
SAR system (Figure 3-1b and 3-l1c) was originally developed by the CCRS, Natural
Resources Canada, who maintained and operated it until 1996 (Livingstone et al., 1987 and
1995). Since then, the Emergencies Science Division of Environment Canada owns,
maintains, and operates the system. CCRS is, however, contributing in the maintenance and

participate in its operation when needed.



Figure 3-1: Convair-580 aircraft and its SAR antennas (Livingstone
et al., 1995):

(A) picture of the Convair-580 aircraft showing the
main C/X —SAR antenna radome mounted below its
fuselage to the rear;

(B) illustration of the two antenna radomes part of the
dual mode SAR system of the Convair-580;

(C) close-up of the rear end of the Convair-580 aircraft
showing both SAR antennas with their protective
radome removed;

(D) polarimetric active radar calibrator (PARC) and
trihedral comner reflector (CR) devices used to
calibrate radar signal.
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The acquisition of the various SAR flight lines over Anticosti Island would have been

impossible without the valuable financial and logistic support provided by CCRS.

3.1.1 SAR Data Acquisition

The first SAR acquisition over Anticosti Island took place in the fall of 1991 during a radar
mission conducted by CCRS in the Atlantic region. Even though no specific pre-flight
planning was prepared for Anticosti, the SAR acquisition turned out to be successful and the
data of high quality. Only one flight line parallel to the longitudinal axis of the island and
with a NNE look-direction was acquired in a wide-swath configuration and in a single
polarisation (HH) mode as illustrated in Figure 3.2a and listed in Table 3-1. It is on these
particular SAR data converted into an intensity image that the geological interpretation was

conducted.

Five new flight lines with a special narrow-swath configuration (Figure 3.2b) were acquired
in November 1998 and April 2000 in a fully polarimetric mode (HH, HV, VH, and VV) in
addition to the wide-swath data. Table 3-1 lists the characteristics of these new flight lines
whereas Figure 3-3 shows their distribution with respect to the 1991 acquisition. They were
all considered for the polarimetric analysis, but due to constraints only the 1998 L4P3 flight

line was used.



Figure 3-2: The two most common operating geometries for land
applications with the Convair-580 SAR system (taken
from Livingstone et al., 1995):

(A) wide-swath mode providing low resolution
(20 m x 10 m) imagery with shallow incidence
angles varying from 44° to 85° to maximize the area
of coverage (63 km);

(B) special narrow-swath mode providing high
resolution (6 m x 6 m) imagery with steeper
incidence angles ranging from 36° te 67° in the near
range ideal for fully polarimetric SAR acquisitions.
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3.1.2 Signal Calibration and Data Pre-Processing

Signal calibration and data pre-processing are both essential to extract reliable polarimetric
parameters from the fully polarimetric SAR data and were done in this study by CCRS
before the delivery of the data. As described by Hawkins et al. (1999a and 1999b), the
calibration of the radar signal involved calibrating the amplitude and the phase information
and the registration of the four polarised channels (HH, HV, VH, and VV) in the range and
the azimuth directions. External polarimetric active radar calibrators (PARCs) and passive
trihedral comner reflectors (CRs) deployed across the imaging swath during the acquisition
were required to achieve proper signal calibration (Figure 3-1d). The CRs provide
calibration results for the amplitude and phase components of the co-polarized channels (HH
and VV) whereas the PARCs provide equal backscatter in all polarisations, thus allowing as
well the calibration of the cross-polarised channels (HV and VH). Only the 1998 fully
polarimetric flight lines were completely calibrated using CRs and PARCs (Hawkins and

Murnaghan, 1998).

The radiometric calibration error of the 1998 fully polarimetric SAR data was estimated to be
less than 1.0 dB for all polarisations within + 20° of the antenna boresight angle at 28°
(Figure 3-2b) and the phase calibration accuracy for all polarisations was estimated to be less
than 10° (Hawkins et al., 1999a). These calibration errors are more than acceptable when

compared to similar polarimetric data sets also acquired by the Convair-580 SAR system and
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calibrated by the CCRS. The other flight lines acquired for this study were not fully

calibrated and pre-processed since they were not considered for the polarimetric analysis.

Once calibrated, the fully polarimetric SAR data were pre-processed using the CCRS
PolGASP processor (Hawkins er al., 2002). The PolGASP processor allows data stripping,
motion processing, gain normalization, channel registration, motion compensation, and
azimuth correlation. All those steps are needed in order to eliminate any signal errors (noise)
generated internally by the imaging system itself or by external perturbations of the platform.
Any uncorrected signal errors may result in false magnitude and phase information. The
transformation of the magnitude and phase information into a scattering matrix (also called
the Stoke matrix) from which the polarimetric parameters are derived was also performed

during the PolGASP pre-processing of the data.

3.1.3 Radiometric and Geometric Corrections

In this study, radiometric correction involves the enhancement of the intensity image
generated from the magnitude information of the 1991 wide-swath SAR image whereas
geometric correction consists of projecting the same SAR image onto a regular, two-
dimensional cartesian grid. Both corrections were required to facilitate the image
interpretation and to map in their respective ground location the various geological elements

of Anticosti Island. The 1998 fully polarimetric SAR data were not radiometrically and
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geometrically corrected since the polarimetric analysis was preferably done on the calibrated

and pre-processed data alone.

Several applications within the remote sensing visualisation and analysis package developed
by PCI Geomatics (PCI 6.2, 1998) were used in order to perform the radiometric and
geometric corrections of the 1991 SAR data. The various steps along with the corresponding
PCI applications used to extract, visualise, enhance and geocode the wide-swath SAR data
are summarised in the flow charts of Figure 3-4, and the details on how these two corrections
were performed are provided in Appendix A. It should be noted here that the geometric
correction involved the projection of the intensity image to a 25 m spatial resolution on a
UTM (Universial Transversal Mercator) co-ordinate system by means of GCPs (Ground
Control Points) and a polynomial function. The positional error obtained with the geometric
correction of the intensity image falls in the order of 29.9 m (or 2.0 pixel) in Easting and 37.8

m (or 2.5 lines) in Northing.

3.2 Ancillary Data Description

The utility of the various ancillary geoscience data sets in this study was to perform the
radiometric and geometric corrections of the intensity image, but also to support the image
interpretation and the polarimetric analysis of the SAR data. Four geoscience data sets were
considered important, including: 1) the three 1:100 000 geology map sheets of Petryk

(1981b), 2) the 1:250 000 superficial geology map of Dubois et al. (1990), 3) a modified
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version of the third decennial vegetation inventory conducted by the Ministére des
Ressources Naturelles du Québec, and 4) topographic data sets available from 1:50 000 NTS

and NTDB maps covering the entire island.

The digitised version of the 1:100 000 geology map of Petryk (1981b), along with the latest
stratigraphic framework of Long and Copper (1994), was used to assist the image

interpretation and to perform a geological comparison with the results obtained in this study.

The surface geology map of Dubois et al. (1990) and the third decennial vegetation inventory
conducted by the Ministére des Ressources Naturelles du Québec were both indispensable in
the extraction of polarimetric parameters part of the quantitative analysis of the fully
polarimetric SAR data. The partial coverage of the vegetation inventory database provided
by Produit Forestier Anticosti (PFA), a logging company exploiting the forest of the island,
is presented in Figure 3-5 along with a description of the various field attributes available in

that GIS structured database.

The 1:50 000 National Topographic System (NTS) and National Topographic Database
(NTDB) maps covering the entire island were used to geocode the wide-swath SAR image
and to extract a Digital Elevation Model (DEM) representing the island elevation. Since both
sources of topographic data have a horizontal accuracy of + 50 m, it could be assumed that
the resulting DEM and its derivative products fall in the same order of accuracy. Appendix B

gives the details on how the DEM was generated whereas Figure 3-6 is a small-scale



Figure 3-5: Partial coverage of the GIS structured third decennial
vegetation inventory conducted by the Ministére des
Ressources Naturelles du Québec along with a
description of the its field attributes.
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representation of the DEM where each grey-scale image pixel represents an elevation value
in meters. The DEM was of great value in this study since topographic related products were
derived from it to assist the image interpretation. It was also used to enhance even more the
radiometry of the SAR image prior to its interpretation. The following section describes the
derivative products and their integration with the wide-swath SAR image for improving its

radiometry.

3.2.1 Derivative Products and Data Integration

Three derivative products were extracted from the 1:50 000 DEM. The first product is a
shaded relief image accentuating with highlight and shadow effects the topographic relief of
Anticosti Island (Figure 3-7). It was generated using the PCI applications (PCI 6.2, 1998).
Each image pixel of the shaded relief represents the amount of «light» reflected from a
surface and a point light source positioned at an azimuth angle of 200° and an elevation angle
of 15° from the horizontal. Such configuration was selected to coincide as much as possible
with the look-direction of the wide-swath SAR data and create a constructional topographic
effect when integrating both data sets. The fusion of the two data sets was done using an
arithmetic function where 25 % of the shaded relief values were multiplied to the intensity
values of the SAR data. The result is a shaded relief SAR image with a significant
radiometric improvement, as demonstrated in Figure 3-8, for which the radar responses of the
terrain elements were preserved. A 1:250 000 scale map of the SAR image enhanced with

the shaded relief was inserted in the map pocket (Map-Image 1) at the end of this manuscript.
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Figure 3-8: Comparison of two sub-scenes taken before (A & B) and
after (A’ & B’) the radiometric enhancement by the
integration of the shaded relief with the wide-swath SAR
image:

(A) sub-scene taken over the Chicotte Formation
for which the arrow points out a coral reef horizon
significantly enhanced in A’;

(B) sub-scene taken in the northwestern part of the
island showing the well-developed cuesta
morphology and a morainic ridge (arrow) nicely
highlighted in B’;
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It is on a similar image product that the image interpretation of the island geology was

conducted.

The second set of products derived from the DEM is grey-scale images containing the slope
and the aspect (orientation) angles characterizing the island’s topographic relief. These
products were also generated using PCI applications (PCI 6.2, 1998). The slope and aspect
derivative products were not integrated to the SAR data, but were used separately as a source
of complementary information to locate and trace more precisely the lithological contacts
between the island formations. They allowed adjusting the interpreted contacts where the
point of rupture between the dipslope and the antidip scarps of the bedding plane is likely

associated to the lithological changes between formations.

The last derivative product is a 3D chromo-stereoscopic image produced with PCI
applications (PCI 6.2, 1998) by integrating the DEM with the shaded relief SAR image as
described in Toutin and Rivard (1995) and Toutin (1997). A 3D chromo-stereoscopic image
is simply a tool in this study to qualitatively perceive depth of the SAR data based on the
principle of colour vision in order to better appreciate the existing relationship between the
litho-stratigraphic units and the topographic relief of the island as well as locating and tracing
more precisely the formation contacts. Figure 3-9 is a small-scale representation of the

chromo-stereoscopic SAR image.
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3.3 Image Interpretation

The image interpretation methodology consisted of identifying radar clues such as tones,
textures, shapes, sizes, shadows, highlights, and patterns present in the shaded relief SAR
image in order to locate and trace the formation contacts and map the structural geology of
the island. A good understanding of the radar fundamentals, thus the significance of the
acquired radar responses with respect to the terrain characteristics, particularly with the

island cuesta morphology associated to the bedrock geology, was essential.

The image interpretation, based on the stratigraphic framework proposed by Petryk (1981b)
and later revised by Long and Copper (1994), was first conducted on a paper copy of the
shaded relief SAR image. Topographic markers associated to all formation boundaries were
first located in the field during the three weeks of ground truth investigations conducted in
1999 and then identified on the SAR image. Tracing their precise location from one end of
the island to the other was sometimes difficult, especially in areas of subtle topography, and

required the extrapolation of the contacts based on expert knowledge and field observations.

Once the preliminary interpretation was completed, it was digitised in order to integrate it
with the various ancillary geoscience data sets. The derivative products extracted from the
DEM, aided by discussions with Long and Copper (1999 and 2001) allowed adjusting
digitally the interpretation with a higher degree of precision. It was then used to produce a

new geology map as presented in section 4.
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3.4 Fully Polarimetric SAR Data Analysis

The quantitative analysis of the fully polarimetric SAR data was done on the 1998 [4P3
flight line over a restricted study area located in the northwestern end of Anticosti Island as
illustrated in Figure 3-10. It covers the Vauréal and the Ellis Bay formations where ground

controls exist and where vegetation and surface geology data are available (Figure 3-11).

The polarimetric analysis was conducted using the Polarimetric Workstation (PW) software
developed by Touzi and Charbonneau (2002), which runs under the MATLAB® application.

The PW software allows the extraction of the co- and cross-polarisation responses, the
pedestal height, the backscatter coefficient (6°), as well as many others advanced
polarimetric parameters such as the Cloude’s entropy/anisotropy/alpha (H/A/a) parameters,
the phase correlation, and the extrema of the completely-polarised and completely-
unpolarised wave components. Since a lot of research is still required to fully understand the
true meaning of all these polarimetric parameters, only the co- and cross-polarisation
responses, the pedestal height, and the backscatter coefficient (°), thus the basic parameters,

were considered in this study.

Understanding the meaning of these basic parameters before extracting them for analysis is
essential. Therefore, the utility of the co- and cross-polarisation responses is to characterize,
in terms of orientation () and ellipticity (%) angles, the polarised signal at linear, circular,

and elliptically configurations. In other words, the co- and cross-polarisation responses are
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indicators of the scattering mechanisms dominating the ground targets. The pedestal height is
a normalized measure of the importance of the radar unpolarised scattering component,
whereas the backscatter coefficient (6°) is a normalized measure of the radar return from a
distributed target, which is defined as per unit area on the ground (Boerner et al., 1998).
With these three polarimetric parameters in hand, enough information exits in order to define
the ground targets and perhaps distinguish in this study any preferential distribution of the

vegetation cover with respect to the underlying surface and bedrock geology.

The systematic extraction of the polarimetric parameters was conducted on 5 to 10 samples
of radar responses within the balsam fir, white spruce, and black spruce forest stands
overlying locally glacial till or thin organic soil on the Vauréal or the Ellis Bay strata. Cross-
referencing the vegetation inventory with the surface geology map and the newly interpreted
geology of the island allowed collecting these scattering samples. A schematic overview of
the methodology used to select the various bedrock, soil, and vegetation scattering samples in
order to extract the polarimetric parameters of the fully polarimetric SAR data is presented in

Figure 3-12.
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4. Presentation of Results

This section presents the results of the two approaches used to improve the geological
mapping of Anticosti Island. The geology map derived from the shaded relief SAR image
interpretation supported by derivative products will be first presented. The contribution of
the SAR image enhanced by the shaded relief to gain more precision in the geological
mapping of the island will be illustrated by means of comparisons between the newly
interpreted formation contacts and those digitised from the geology map of Petryk (1981b).
The presentation of the structural geology derived from the lineament interpretation of the
SAR image will follow. Finally, the resulting polarimetric parameters extracted from the
fully polarimetric SAR data will be analysed in order to understand their potential in

mapping the island geology.

4.1 Improved Geology Map

Appended to this manuscript (see map pocket) is a map-image printed at a scale of 1:250 000
illustrating the improved geology of Anticosti Island while respecting the latest stratigraphic
framework proposed by Long and Copper (1994). The new formation boundaries and the
most important structural lineaments were overlaid in ArcMap®, along with the hydrology,
the road network, the contour lines, and other thematic elements derived from the NTDB, on
top of the SAR image enhanced by the shaded relief. A simplified version of that new

geology map is presented in Figure 4-1.
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The new geology map reflects more precisely the actual stratigraphy of the island in many
ways. The addition of the Merrimack Formation is one of them, but several other examples
demonstrating the mapping improvement will be hereafter presented by comparing the newly

interpreted geology to the one previously proposed by Petryk (1981b).

4.1.1 Contact Uncertainty

Before comparing the two sets of formation contacts, it is important to understand the level
of confidence to which they were distinctively mapped. As listed in Table 4-1 and calculated
using ArcGIS® tools, less than 5% of Petryk’s contacts were mapped as certain while the
remaining contacts were either mapped as expected (54 %) or as presumed (41 %). It also
shows the percentage of certain, expected, and presumed contacts for each of his formations.
The percentage of contacts mapped as certain is surprisingly low even in areas where
geological controls were available from accessible outcrops. Figure 4-2, which is a subset of
the scanned and digitized versions of Petryk’s geology map, illustrates how accessible
outcrops did not necessarily increase the contact certainty. The uninterrupted and gradational
aspect of the island stratigraphy is partly responsible for that uncertainty, but the lack of

lateral ground control along the formation boundaries had also something to do with it.

The new interpreted contacts were mapped more precisely than what Petryk was able to

propose because of the additional mapping control provided by the SAR image and the



Table 4-1:

Percentage of Petryk’s basal contacts mapped as certain,
probable, and suggested (Petryk, 1981b). Percentages are
not available (NA) for the Vauréal and Merrimack basal
contacts since they are either not exposed or were
unrecognised.
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Vauréal NA NA NA NA
(not exposed)
Ellis Bay 0.0 % 59.0 % 41.0 % 322.9 km
Becscie 0.0 % 73.6 % 274 % 383.1 km
Merrimack NA NA NA NA
(not recognised)

Gun River 6.4 % 48.4 % 45.2 % 243.1 km
Jupiter 0.0 % 29.3 % 71.7 % 260.0 km
Chicotte 29.1 % 50.1 % 20.8 % 142.5 km

All Formations 4.2 % 54.3 % 41.5 % 1351.5 km
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derivative products (Figure 4-3). The SAR image was very useful in extrapolating laterally
the formation contacts in areas of few ground controls. Field observations along with
personal communications with Long and Copper (1999 and 2001) allowed validating the
higher level of precision to which the new contacts were mapped. Even though it was
impossible to quantify the precision gained, the percentage of certain contacts was estimated
to exceed the 5 % offered by Petryk. It is only in inaccessible areas with no topographic

markers and no radar clues that the newly interpreted contacts were mapped as uncertain.

To illustrate the increase of confidence gained from the new interpretation, the two versions
of the Ellis Bay and Becscie basal contacts were plotted on a SAR sub scene (Figure 4-3)
centred on Lake Faure located in the northwestern end of Anticosti Island. The newly
interpreted contact of the Ellis Bay Formation is following thoroughly the same topographic
feature enhanced by the highlights and shadows of the SAR data. The same approach was
used to trace the Becscie contact and all the other formation contacts of the island succession.
However, Petryk’s contacts display no obvious correlation between his interpretation and the

topographic expression of the island strata.

4.1.2 Accuracy Assessment

It is essential to demonstrate how well the digitised contacts of Petryk overlay the rectified
SAR image in order to appreciate the comparison between both interpretations. Knowing the

different sources of positional errors (Table 4-2) and their spatial distribution, thus the
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Table 4-2:

List of the different sources of cartographic errors and
their inherited and calculated positional accuracy
essential to know in order to compare interpretations.
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e

Ged

SR

(1) nta ACY
1 29.9 m in Easting
Geometric correction NA (~2.0 pixel)
of SAR data + 37.8 m in Northing
(~2.5 lines)
NTS paper maps
(with insignificant 1:50 000 50 m
paper distortion)
NTDB digital maps .
(and extracted DEM) 1:50 000 £50m
Paper distortion . 100 m
(geology map of Petryk, 1981b) 1:100 000 (1 mm)
Scale precision . 50 m
(geology map of Petryk, 1981b) 1:100 000 (1/2 mm)
Geology map registration on NA +50 m
digitising tablet (1/2 mm)
1+ 1/2 mm
Digitising tablet accuracy NA (ort50mona
1:100 000 map scale)
Overall accuracy of the digitised NA 130 m
geology map o_f Petryk (1981b) (or 5 pixel on SAR image)
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accuracy of both sets of contacts, will allow understanding the precision gained from

mapping the island geology using SAR data.

The accuracy of the newly interpreted geology depends on the positional error of the SAR
image, but also on the meticulousness and the level of confidence to which the visual
interpretation was conducted. The positional error of the SAR image is in the range of 29.9 m
(or 2.0 pixel) in Easting and of 37.8 m (or 2.5 lines) in Northing as calculated during the
geometric correction of the data (Appendix A). It is, however, safer to define the positional
error of the newly interpreted contacts to the least accurate source of data used to rectify the
SAR image. Therefore, the + S0 m accuracy of the NTS map sheets, which is equivalent to
the accuracy of the NTDB used to generate the DEM and the derivative products, better

represents the positional error of the interpreted contacts.

The digitised contacts, for their part, are not perfect and do not always reflect exactly what
appears on Petryk’s maps. The physiological differences between the paper and digital
versions are partly caused by involuntary and inevitable agitation of the operator's hand
during the digitising process, but also from various sources of random and systematic errors.
Random errors are the most difficult and sometimes impossible to calculate. Paper distortion
is one of them and Was partly responsible for the planimetric irregularities observed on
Petryk’s maps. It was arbitrarily estimated, based on the condition of Petryk’s map sheets, to
be no more than 1 mm or + 100 m on a 1:100 000 map scale. The precision to which these

map sheets can be read is another source of random error to consider and is usually half the
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smallest map unit or in this particular case + 50 m. The map registration on the digitising
tablet has also resulted in a random error falling in the range of £ 50 m. The only systematic
error to be considered here is the one coming from the precision of the digitising tablet. As
provided by the manufacturer, the accuracy of the Altek-AC30 digitising tablet is £ 0.5 mm,
which translates to = 50 m on Petryk’s map sheets. The overall accuracy of the digitised
contacts is the result of these independent random and systematic errors combined together.
It was calculated by summing the squares of each of these error components and then by
taking the square root of that sum. The overall accuracy was therefore calculated to be + 130
m, which is the equivalent of + 5 pixel on the rectified SAR image. The + 50 m positional
error of the SAR image on which Petryk’s contacts were overlaid for comparison purposes
was not used in the above calculation since it affects equally both sets of contacts and

therefore cancels out.

4.1.3 Geological Comparison

Buffer zones and analytical tools in ArcGIS® allowed calculating how much of the new
contacts fall inside the error interval of the digitised contacts. Both sets of contacts are
comparable 23 % of the time, but with the new interpretation respecting more precisely the
topographic expression of the island strata. The remaining 77 % of the interpreted contacts
are either the result of a completely different interpretation or simply a better fit to the

topography falling outside the calculated error interval as illustrated in Figure 4-4. Table 4-3
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Table 4-3:

Percentage of overlapping contacts between the new and
former interpretations. No percentage is available (NVA)
for the Vauréal and Merrimack formation contacts
because they are either not exposed or previously
unrecognised.
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Vauréal NA NA NA
(not exposed)
Ellis Bay 255.8 km 61.9 km 24.2 %
Becscie 344.5 km 128.7 km 374 %
Merrimack
(not originally NA NA NA
recognised)

Gun River 292.1 km 54.3 km 18.6 %
Jupiter 228.2 km 22,0 km 9.6 %
Chicotte 329.0 km 67.1 km 20.4 %

All Formations 1449.6 km 334.0 km 23.0 %




lists the percentage of contact for each formation comparable to Petryk’s interpretation.
Obviously, the Vauréal basal contact was not compared since it is not even exposed on the
island, the same with the Merrimack contact since it was added only recently to the

stratigraphic framework defining the island succession.

The topographic marker associated to the basal contact of the Ellis Bay Formation in the
northwestern part of the island was easily identified on the intensity image due to the effect
of radar highlights and shadows. The topographic contrast between the uppermost recessive
Schmitt Creek Member of the Vauréal Formation and the more resistant Grindstone Member
at the base of the Ellis Bay Formation allowed locating and tracing precisely the stratigraphic
contact between the two units. Slope angles extracted from the DEM were also used to better
locate the formation contact. As illustrated in Figure 4-5, areas of shallow slope angles are
associated with dipslopes of dipping beds whereas areas of steep slope angles are part of
antidip scarps. The slope rupture between the dipslopes and the antidip scarps at the base of
the topographic marker is where the recessive Schmitt Creek beds alternate with the
relatively more resistant Grindstone strata and where the Ellis Bay contact was precisely

mapped.

The recognition of the Ellis Bay basal contact in the north central and northeastern parts of
the island between the Riviére-a-1'Huile and the Riviére-aux-Saumons was not obvious due

to topographic inconsistency related to the marker beds.



Figure 4-5: Ellis Bay basal contact interpretation (green line) near
Lac Simonne in the northwestern part of Anticosti Island:

(A) topographic SAR expression of the relatively more
weathering resistant Ellis Bay basal members in
comparison to the uppermost Vauréal units;

(B) contact adjustment in accordance to the slope angles
image derived from the DEM.
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Field observations and expert knowledge were essential to support the SAR interpretation in
that particular region. It is also in that area that the most dissimilarity between the two sets
of contacts was noticed. The new contact is, however, more reliable mainly in the

surrounding of Riviére Vauréal where the former contact was simply mapped as presumed.

The Becscie basal contact, also corresponding to the Ordovician/Silurian boundary, is the
formation contact that most matches Petryk’s interpretation; 37.4 % of the time (Table 4-3).
Like the Ellis Bay basal contact, its recognition in the north central part of the island was
somewhat ambiguous, but it was nicely located in the northwestern and northeastern sectors
of Anticosti. At Cap-de-la-Table, in the northeast, it was pegged to Petryk’s contact where
accessible coastal outcrops confirmed its position. Inland, however, the two sets of contacts
were interpreted differently as illustrated in Figure 4-6. The new contact is more reliable
since it follows nicely the escarpment produced by the resistant oncelite bed of the
Laframboise Member within the Ellis Bay Formation and by the lowermost strata of the
Becscie Formation. The topographic depression at the base of the escarpment is the result of
the soft weathering Lousy Cove Member underlying the oncolite bed located near the top of
the escarpment. It is based on the recognition of the topographic depression followed by the
escarpment that the precise location of the contact was mapped. The SAR interpretation was
validated at a number of sites along the newly developed road going east from Rivi€re-aux-

Saumons to Cap-de-la-Table where it intersects several times the contact (Figure 4-6).
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It is fortunate that the Ordovician/Silurian boundary corresponds closely to the basal contact
of the Becscie Formation; otherwise it would have been impossible to identify its existence
by means of radar-mapping techniques alone. It should be noted here that such boundaries
are defined on the basis of fossil content (biostratigraphy principles), but also on the ages of
rocks where known stratigraphic units of worldwide extent can be related to geologic time
(chronostratigraphy principles). SAR data are therefore unsuitable for such identifications
since it cannot provide any information on fossil content, nor on the absolute age of the

various stratigraphic units.

The Merrimack type section located along the eastern coast of Anticosti Island between
Pointe Merrimack and Baie Innommée, as presented by Copper and Long (1989), was used
to identify on the SAR image the topographic marker associated with its basal contact
(Figure 4-7a). That topographic marker is the result of the soft weathering calcareous shales
of the Merrimack Formation resting upon the resistant beds of the upper Chabot Member of
the Becscie Formation. Unfortunately, it fades out rapidly inland to barely reappears to the
west of the central plateau where the last calcareous shales of the formation outcrop at the
mouth of Riviére-aux-Cailloux. Extrapolating the contact from one coast to the other with
almost no topographic evidence and limited ground control required a great deal of
assumptions based on different clues provided by the SAR image. For example, in the
northeastern corner of the central plateau within the vicinity of Lake Wickenden and to the

south of Riviére-aux-Saumons, the density of lakes and wetland areas appearing on the SAR



Figure 4-7: Topographic expression of the Merrimack (green) and
Gun River (red) basal contacts on the wide-swath SAR
image:

(A) SAR sub-scene showing the newly interpreted basal
contacts of the two formations near Baie Innommée
where the lowermost Lachute Member of the Gun
River Formation is easily detectable;

(B) SAR sub-scene taken in the northeastern corner of
the Anticosti central plateau showing the subtle
topographic expression of the soft-weathering
Merrimack Formation, but from which the density
of lakes and their shape were used as radar clues to
trace the basal contacts of both formations.

87



Index Map

Anticosti Island

Py Q—‘ .7-“

EX .

" ~.., - Lachute
Membgr;

"4

L™

Index Map

0w



88

image within the topographic depression associated with the soft weathering Merrimack

Formation allowed locating its basal contact (Figure 4-7b).

The basal contact of the Gun River Formation concords 18.6 % of the time with Petryk’s
interpretation (Table 4-3). Once again, the mapping improvement is noticeable in areas
where the topographic marker associated to the relatively more resistant Lachute Member
was recognised on the SAR image (Figure 4-7a). However, in areas of subtle topography
and where no ground control exits, the contact of the Gun River Formation was presumed to
follow more or less in parallel the contact of the underlying Merrimack strata. That
assumption was based on the fact that the Merrimack Formation is relatively thin (< 40 m)
and that these two formations are conformable. It should be noted here that the basal contact
of the Gun River did not changed much stratigraphically with the addition of the Merrimack
Formation since the calcareous shales of the latest formation belonged originally to the

Becscie Formation (Copper and Long, 1989).

Among all contacts, it is the Jupiter basal contact that shows the most differences with
Petryk’s interpretation since Copper and Long (1990) identified it 40 m lower in the island
succession than where it was originally recognised. This could explain why 71.7 % of the
former Jupiter contact was mapped as suggested only (Table 4-1). The only similarity
between the two interpretations lies in the identification of the gigantic cuesta front within

the central plateau as part of the formation contact.
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Finally, the contact of the Chicotte Formation was the easiest one to identify in the field due
to the abrupt change in lithology caused by the presence of abundant crinoid fragments.
Unfortunately, that characteristic does not translate into any particular SAR response such as
a distinct radar texture. The major improvement associated to the Chicotte contact comes
mostly from the identification of an additional coral reef horizon within the formation that
was uncertain until recently. The hard-weathering properties of these coral reefs influenced
locally the topographic relief of the island, thus allowing their possible recognition on the
SAR image and the derivative products. Figure 4-8a shows the new extent of the Chicotte
Formation plotted on a SAR sub scene whereas Figure 4-8b points out the topographic

expression of the new coral reef horizon.

By evaluating the mapping uncertainty and the positional error of the two sets of contacts,
and by comparing them using specific examples, it was demonstrated that the SAR

interpretation increased the precision to which the formation contacts were mapped.

4.1.4 Structural Interpretation

Only the most important structural lineaments interpreted from the SAR image were
integrated into the new geology map presented earlier. This is including the full extent of the
Jurassic dyke system originally recognised as two distinct vertical diabase intrusions locally

outcropping near the Puyjalon Cliff on the north shore. It also includes lineaments



Figure 4-8A: SAR interpretation of the basal contact of the Chicotte
Formation.

Figure 4-8B: SAR expression of the weathering resistant coral reef
horizons (arrows) part of the Chicotte Formation.

90



A

Index Map

aorw
R A

~m

Anticosti Island

—— —

coral reef horizon




91

interpreted as presumed minor normal faults with limited lateral extent and fractures of NNW
and NE predominance, which have partly controlled the drainage network on Anticosti
Island. Folds, like the ones identified on the geology map of Petryk, were not represented on
the new map since the visual interpretation of the SAR image did not allow their recognition.
Their occurrence is probably the result of deposition or compaction rather than the effect of a

ductile deformation as originally presumed.

High-resolution aeromagnetic data would have been ideal to map in details the subsurface
extent of the diabase intrusion; however, such geophysics information was not available here.
Despite that limitation, the SAR image turned out to be quite useful in mapping the surface
expression of the intrusion for a distance of approximately 40 km inland (Figure 4-9). The
recognition of the dyke extension was possible because of a topographic depression
associated to it (Figure 4-10a). It resulted from a combination of processes including the
chemical weathering of the subsurface diabase rocks and the deformation of the enclosing
carbonate rocks. Through dissolution, oxidation, and hydrolysis processes, the unstable
ferromagnesian silicate parts of the diabase rocks were dissolved and altered by carbonic
acid. The acid is the result of groundwater picking up the carbon dioxide from decaying
organic matter within the thin layer of soil undemneath the vegetation cover of Anticosti
Island. It reaches the diabase by infiltrating the overlying carbonate rocks that were locally
deformed by the increase of pressure and temperature during the dyke intrusion. Figure 4-

10b shows two rock samples taken within the Vauréal Formation along the trans-Anticosti



Figure 4-9A: Topographic expression of the diabase dyke intrusion
running from Puyjalon CIliff to the southeast sector of
Lake Wikenden.

Figure 4-9B: SAR interpretation of the diabase dyke intrusion.
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road crossing over the dyke intrusion southeast of the Puyjalon CIliff where the structural
fabric left by the deformation can be nicely recognised. The combination of the carbonate
rock deformation and the diabase dissolution and alteration has therefore resulted in a zone of
weakness. With differential erosion, a topographic depression detectable on the SAR image
was produced along the dyke system (Figure 4-9). This is another good example showing the

potential of SAR data to improve the geology in forested areas like Anticosti Island.

4.2 Results of the Fully Polarimetric SAR Data Analysis

This section presents the results obtained from the analysis of the fully polarimetric SAR data
acquired in 1998 over the northwestern part of Anticosti Island. These results were not used
to produce the new geology map of the island, but instead to evaluate the mapping potential

of SAR polarisation over densely forested areas.

The co- and cross-polarisation responses, the pedestal height, and the backscatter coefficients
(6°) at linear and circular polarisations were considered sufficient to investigate any existing
relationships between the preferential distribution of the three most important forest stands
over two different types of soil covering both Vauréal and Ellis Bay formations. Combining
these three forest stands with the two types of soil, and the two stratigraphic formations
allowed defining 12 different categories of scattering elements (Figure 3-12) from which 5 to
10 polarimetric samples per category were collected. Unfortunately, no samples were found

within the category consisting of white spruce stand growing on thin organic soil over the
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bedrock of the Ellis Bay Formation (Appendix C), and as a consequence, it was not used for
comparison purposes. The extracted polarimetric information for the 11 remaining classes is

hereafter described.

4.2.1 Co- and Cross-Polarimetric Responses and Pedestal Heights

The extracted co- and cross-polarisation responses for each radar sample are provided in 3D
polarisation plots. These plots characterize the SAR responses at linear, circular, and
elliptically polarised configurations. They sit on a pedestal where its normalized height is a
measure of the importance of the radar unpolarised scattering component. The shape of the
plots is controlled by the maximum and minimum values of the co- and cross-polarisations in
every possible orientation () and ellipticity () angles. It is an indicator of the scattering

mechanisms dominating the target response.

The mean value of the maximum and minimum co- and cross-polarisations along with the
pedestal heights and the incidence angles for each category are listed in Table 4-4. Their
analysis and interpretation are hereafter supported with typical 3D plots. Since it was
impossible to synthesise the calculated mean values into new 3D plots, only the most
representative plots for each category were selected (Figures 4-11a, b, c, and d). The original
statistics of every extracted polarimetric sample within each scattering category can be found

in Appendix C.
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As illustrated in table 4-4 and in the associated 3D plots, all polarimetric responses are
linearly polarised with a stronger component in HH (y = 0° or 180°) than in VV (y= 90°).
Consequently, the saddle shape similarity between the co-polarisation plots suggests a
comparable scattering mechanism for all coniferous species independently of the type of soils
and the stratigraphy. The architecture of the coniferous trees is not that different from one
another since it is the horizontal predominance of the twigs and branches that influenced the
most the radar energy. The vertical component of the polarimetric responses occurred only
when the radar signal was able to reach the trunk of the trees. The linearity of the
polarisation responses suggests that almost no significant depolarisation of the radar signal
occurred. Among the typical 3D plots, it is the minimum cross-polarisation that shows the
more variables in orientation angles () between the 11 categories (Table 4-4) suggesting a

greater sensitivity of that component to the selected targets.

The pedestal heights on which the 3D plots sit are also similar between the 11 sampled
categories. On average, the pedestal heights of the three coniferous species are identical
independently of the type of soils and the stratigraphy. The only difference comes from the
co- and the cross-polarisations with mean normalized pedestal heights of 0.31 and 0.22
respectively. Such pedestal heights suggest that 31 % of the co-polarisation response and
22 % of the cross-polarisation response are in fact unpolarised. It also confirms that surface
scattering within the upper part of the forest canopy contributed the most to the polarimetric
responses than volume scattering. The short wavelength of the C-band SAR data, thus the

limited radar penetration through the forest canopy, is responsible for that.
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4.2.2 Backscatter Coefficient (6°)

The mean backscatter coefficients (6°) at linear and circular polarisations for the 11
categories are illustrated in Figure 4-12. As it can be seen, the HH, VV, and RL polarisations
are similar with less than 2.0 dB in ¢° variations. On average, they have the strongest
returned signals at -12.4 dB in the Vauréal Formation and at -10.0 dB in the Ellis Bay
Formation. Once again, that strong signal return in HH and VV is the result of the
predominating horizontal twigs and branches of the coniferous trees supported by a vertical
trunk. The RL cross-circular polarisation is also sensitive to the scattering architecture of the
coniferous trees. The RR and LL co-circular polarisations are identical with less than 0.5 dB
of 6° variations. Their signal is 4 to 5 dB weaker than the RL cross-circular polarisation.
This difference is suggesting that double bounce effect representative of the volume
scattering is less significant than the predominating single bounce effect of the surface
scattering. The HV polarisation, for its part, shows the lowest 6° with an average of -19.6

dB in the Vauréal Formation and -17.0 dB in the Ellis Bay Formation.

Independently of the type of polarisation and of the stratigraphic formation, the black spruce
growing directly on a thin organic soil (bedrock) shows a subtle, but stronger backscatter
coefficient than the two other coniferous species growing on organic soil or on glacial till.
Even the same black spruce growing on glacial till does not show such strong backscatter

coefficient. It can be therefore presumed that the type of soil on which the black spruce is
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growing has something to do with its spatial distribution and consequently influenced its
scattering mechanisms. It is certainly not the result of a polarimetric error since several
samples in each category were used to calculate the mean 6° and since the same backscatter
profile appears in both formations. Further investigations are, however, required in order to

determine if forest perturbations of natural or artificial causes could be responsible for such

o° variation.

One last, but very important observation is the ¢° difference of 2.0 to 3.0 dB between the
Ellis Bay and Vauréal formations. This could suggest a preferential distribution of the
coniferous trees with respect to bedrock geology, however, it is impossible at this point to
determine if it is really the case. One thing for sure is that the incidence angle of the SAR
data contributed partially to that backscatter offset. The parallelism of the northwest trending
formations with the flight direction of the L4P3 fully polarimetric SAR data resulted in an
inadequate configuration where the Ellis Bay basal contact fell quite pretty close to the limit
between the near range and the far range of the radar swath. Therefore, all polarimetric
samples within the Vauréal Formation were taken between 63° to 69° of incidence angles
whereas these taken in the Ellis Bay Formation were ranging between 52° and 62° (Table 4-

4).
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4.2.3 Polarimetric Recommendations

The absence of a strong polarimetric discrimination among the various selected categories
was expected since the three forest stands of coniferous trees have a similar scattering
mechanism as well as the two carbonate formations that are lithologically similar. To
overcome that lack of variability, fully polarimetric SAR data acquired in multi-frequency
mode (X-, C-, and L-band for example) would have probably allowed a greaicr
discrimination of the vegetation cover, the type of soil, and the bedrock geology on Anticosti
Island. Since such multi-frequency data sets were not available for this study, the only
possible way to determine the source of 2.0 to 3.0 dB variations between the ¢° of the
Vauréal and the Ellis Bay formations would be to analyze the fully polarimetric SAR data
acquired perpendicularly to the formation contacts. With such configuration, radar samples
taken in different formations could have the same incidence angle since the swath range
would vary in the direction as the orientation of bedding planes. Advanced polarimetric
parameters along with more detailed vegetation and surface geology maps including
information on the topographic relief, the hydrology, and the natural and artificial forest
perturbations of the island, should all be considered to better evaluate the potential of fully

polarimetric SAR data for mapping the geology of the forested Anticosti [sland.
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5. Conclusions

The use of airbome C-band SAR data acquired in a wide-swath configuration and in a single
polarisation (HH) mode was proven valuable for the first approach of this study to support
the geological mapping of the densely forested Anticosti Island. The distinctive cuesta
morphology associated with the weathering resistant and recessive gently dipping strata of
the island was nicely enhanced with the radar highlight and shadow effects provided by the
side-looking capability of the Convair-580 SAR system and its sensitivity to the low
frequency details defined by the macro-scale surface roughness of the island topography.
Furthermore, the dense and homogeneous boreal forest covering almost 95 % of the Anticosti
territory did not prevent the C-band SAR system from imaging the terrain characteristics,
even though rapid saturation occurred in the forest canopy. This is due to the relatively
uniform tree height of the forest stands mimicking closely the underlying bedrock
topography. Therefore, locating and tracing the formation contacts along with the structural
geology, including the full inland extent of the diabase dyke, was possible based on the radar
principles and using the appropriate system configuration with respect to the terrain

characteristics.

The accuracy at which the new stratigraphic mapping was achieved in this study was not
quantified because of the qualitative approach of the wide-swath SAR image interpretation;
however, it was proven by means of expert knowledge and field validations to be more

consistent than what traditional mapping campaigns failed to achieve. The close relationship
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between the new formation contacts and the topographic expression of the dipping strata also
supports this argument of higher mapping accuracy using radar image interpretation

techniques.

Similar interpretation techniques can be used to conduct geological mapping over densely
forested regions of different geological setting as long as the underlying bedrock geology has
some control on the topographic expression of the terrain and that adequate SAR system
parameters are selected accordingly (more specifically those defining the system viewing
geometry). SAR can be even more valuable in regions where a lack of topographic
information exists, since DEM can be generated from radargrammetric techniques using

stereoscopic SAR images.

The second approach of this study, even though only experimental, was inconclusive. The
lack of results in the polarimetric analysis of the fully polarimetric SAR data did not allowed
to identify any preferential distribution of the vegetation cover with respect to the underlying
surface deposits and bedrock geology of Anticosti Island. However, the backscatter variation
of 2.0 to 3.0 dB between the Vauréal and the Ellis Bay polarimetric samples, independently
of the type of coniferous trees and soils, is significant enough to continue the research in that
domain. In the future, it would be preferable to use fully polarimetric flight lines acquired
perpendicularly to the formation contacts and in multi-frequency polarisation mode in order

to eliminate the incidence angle effect and to increase radar penetration.
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APPENDICES

Appendix A: Details on the radiometric and geometric corrections

The image quality of the 1991 SAR data was exceptional. No radar antenna pattern in the
cross-track direction of the image and no inherited radiometric artefacts due to the radar
system itself were found suggesting a good reliability of the Convair-580 SAR facility during
data acquisition. Only a 3x3 low-pass spatial filter developed especially for radar data, the
Gamma map filter (Lopes et al, 1993), was applied on the data to attenuate the weak
presence of high-frequency noise (speckle). A linear contrast enhancement was also
performed on the intensity image as part of its radiometric correction in order to expand the
original grey-scale values of the data to a greater dynamic range and therefore facilitate the

image interpretation.

In order to locate and trace the formation contacts and map the various structural elements
present on Anticosti Island with respect to their actual ground location, the intensity image
had to be projected onto a regular, two-dimensional cartesian grid. This is part of the
geometric correction, called an image-to-map rectification (Jensen, 1996), which involves the
planimetric transformation of the image geometry. Because of the side looking viewing
configuration of the Convair-580 SAR system, radar data are acquired in a slant-range
geometry, but transformed almost in real-time during acquisition to a ground-range geometry

(Livingstone et al., 1995). It is these ground-range data that were provided for this study and



geometrically rectified. The geometric correction was performed using a simple polynomial
rectification assuming the wide-swath SAR data had a minimum of terrain distortions due to

the shallow incidence angle used during its acquisition.

National Topographic System (NTS) map sheets at a scale of 1:50 000 were the principal
source of planimetric information to geometrically rectify the intensity image. Ground
control points (GCPs), which are points on the surface of the Earth where both image
coordinates (measured in row/lines and columns/pixel) and map coordinates (measured in
meters in Northing and Easting) can be identified, were collected most entirely from those
NTS maps. GPS (Global Positioning System) readings, collected with a hand-held Magellan-
320 receiver during the 1999 field campaign on Anticosti Island, were also used to rectify the
1991 SAR data. River junctions, road intersections, bridges, buildings and other man made
structures such as fire towers and radio antennas were the prime targets to collect the GPS
readings since they could be recognised on the intensity image. The positional accuracy of
the GPS readings was estimated to range from 25 to 50 m, similar to what the 1:50 000 NTS

maps are providing.

As illustrated in Figure A-1, a total of 84 GCPs with the best spatial distribution possible
were selected from the NTS maps and the GPS readings. A mathematical relationship
between the image coordinates and the map coordinates was therefore computed from these
84 GCPs to make the SAR image fit the geometry of the NTS maps (Table A-1). To define

the best mathematical relationship between the image and the map projection, a fifth order
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polynomial function was chosen after evaluating the root-mean-square error (RMSE) of the
GCPs. The selection of such high order polynomial function was possible because of the
important number of collected GCPs, but also because of their ideal spatial distribution
throughout the entire wide-swath SAR data. The obtained RMSE for that specific
polynomial function was 29.9 m (or 2.0 pixel) in Easting and 37.8 m (or 2.5 lines) in
Northing. These errors are also presented in Figure A-2 under a residual plot and in Table A-

2 as the result of the individual positional error for each coordinate of the collected GCPs.

The geometric correction of the intensity image was performed by resampling the 15 m
ground resolution data to a 25 m pixel spacing image file using the Nearest-Neighbour
interpolation method of GCPWorks (PCI 6.2, 1998). It allowed the original grey-scale value
of each pixel to be preserved during the projection even though the spatial resolution was
transformed. The 25 m of pixel spacing of the projected image correspond to the positional
accuracy of most geosciences data sets available in this study and its cartographic projection
to a UTM (Universal Transverse Mercator) co-ordinate system with a 1983 North American

Datum (NADS3) as listed in Table A-3.
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GCP Set 2 GCP's Set 1 GCP's Residual Distance
No. =----(UTM 20 U B008) ~== -—===-- (PIXEL)---= === wvecec-- (PIXEL) -~====~~
-84 ( 433217.2, 5521112.6)( 2988.6, 3023.2)( -0.48, -8.80) 8.81
-15¢( 430780.3, 5524648.5) ( 3138.7, 2752.5)( -0.71, ~8.45) 8.48
37 (¢ 515043.5, 5445836.9) ( 537.9, 10810.6) ( 3.14, 4.34) 5.36
4 572800.2, 5454277.5)( 2460.5, 14346.5)( -3.77, 3.34) 5.04
S4( 571151.9, 5464678.3)( 3046.6, 13908.8) ( 1.81, 4.69) 5.03
T71( 506876.3, 5466181.1)( 1537.5, 9623.6)( -4.82, -0.82) 4.89
65 ( 479314.0, 5516749.2)( 3877.0, 6201.0)( 1.20, 4.35) 4.52
32¢( 484249.3, 5459907.2) ( 606.3, 8331.3)(¢( -3.72, -2.23) 4.34
14 ( 408238.8, 5525178.0)( 2612.0, 1277.0)( 0.29, 4.26) 4.27
18¢( 426775.6, 5512098.0)( 2292.0, 2890.9)( -0.54, -4.11) 4.14
40( 535775.6, 5447173.4)( 1130.7, 12129.5)( 4.10, -0.49) 4.13
17( 432353.3, 5517459.6)( 2750.4, 3086.7)( 0.54, -4.06) 4.10
S1( 584632.8, 5452058.0)( 2625.4, 15189.2)( 0.71, -4.04) 4.10
T 458000.2, 5473680.3) ( 783.5, 6172.1) (¢ 2.62, 3.08) 4.04
52 ( 584401.8, 5459930.1)( 3088.0, 14924.8)( -1.59, -3.64) 3.97
58 ( 567291.4, 5452621.3)( 2226.7, 14035.8)( -2.66, 2.89) 3.93
48 ( 596232.1, 5441828.3)( 2303.1, 16285.9)( 1.36, 3.63) 3.87
53¢ 572583.4, 5461330.4)( 2879.0, 14108.5)¢( -1.09, 3.71) 3.87
12¢ 392970.2, 5525307.3)( 2243.8, 274.8) ( 1.55, -3.49) 3.82
73( 558380.5, 5454242.8)( 2108.2, 13391.8)¢( 2.52, -2.86) 3.81
6( 548547.8, 5480542.4)( 3430.4, 11912.9)( -2.27, 3.03) 3.78
16¢( 432191.7, 5505403.0)( 2030.0, 3459.0)¢( 1.55, -3.36) 3.70
82 ( 410030.5, 5§525290.7)( 2663.0, 1389.5)(¢( 0.27, 3.69) 3.70
39¢ 539287.3, 5455848.9)( 1732.2, 12084.3){ 2.89, -2.26) 3.67
36 ( 511024.2, 5455511.5)( 1007.0, 10235.5) ¢ -3.27, -0.29) 3.29
11¢( 401645.8, 5518593.4)( 2056.5, 1053.3)( -1.63, 2.83) 3.26
34( 494087.6, 5452981.3) ( 444.7, 9200.1)( 3.19, -0.41) 3.21
35¢( 497285.5, 5467285.0)( 1368.7, 8955.2)( -1.99, -2.52) 3.21
56 ( 557100.4, 5473361.8)( 3217.6, 126939.8)( 2.15, -2.31) 3.15
64 ( 499166.7, 5510828.1)( 4015.6, 7687.9)( -0.76, -3.02) 3.12
76 ( 483295.5, 5496862.3)( 2789.2, 7093.1)(¢( 2.84, -1.27) 3.11
23¢( 445974.5, 5522512.1)( 3388.5, 3821.2)( -1.33, -2.80) 3.10
55 ( 562081.4, 5463757.4)( 2767.7, 13335.3)( 2.91, -0.64) 2.98
68 ( 510791.6, 5490461.4)( 3089.4, 9106.5)( 2.09, -1.82) 2.78
44 ( 558473.5, 5436342.1)( 1041.5, 13969.0)( -2.48, 0.63) 2.56
28( 456265.2, 5488237.9)( 1604.1, 5592.6) ¢ 1.38, 2.09) 2.51
49 ( 589000.2, 5438012.5)( 1898.0, 15925.0) ( 1.77, -1.75) 2.50
63 ( 507527.0, 5504395.7)( 3837.3, 8446.1)( -2.28, -0.94) 2.47
30¢( 464218.0, 5469013.3) ( 657.7, 6724.2)( 0.73, -2.32) 2.44
29( 469498.5, 5479623.8)( 1418.0, 6733.5)( 0.49, -2.29) 2.34
2¢( 455195.9, 5506346.4)( 2655.0, 4945.4)( 0.68, 2.24) 2.34
83( 411674.0, 5528805.0)( 2912.6, 1385.4)( 0.06, 2.31) 2.31
21¢ 420657.1, 5527715.3)( 3069.2, 2001.1)( -1.52, -1.72) 2.30
72 521765.0, 5479232.8)( 2689.0, 10181.5)( -0.14, 2.26) 2.27
81 ( 459523.1, 5499754.4)( 2370.2, 5439.3)( 1.45, 1.61) 2.17
57( 540329.7, 5488183.1)( 3686.6, 11122.6)( 0.81, -1.98) 2.13
70( 485792.7, 5479242.2)( 1795.9, 7820.1)( -2.00, -0.59) 2.08
S 538163.2, 5469782.1)( 2529.7, 11568.7)( -2.05, 0.01) 2.05
47 ( 577581.0, 5445589.3)( 2064.0, 14932.0)( -0.82, -1.87) 2.04
66 ( 485516.0, 5507132.1)( 3454.2, 6913.9)( -0.85, 1.82) 2.01
26 ( 466077.1, 5517680.0)( 3599.6, 5297.6)( -1.99, 0.30) 2.01
31¢ 476584.2, 5471530.1)( 1109.4, 7459.6)( -1.97, -0.22) 1.98
78 ¢( 454596.9, 5520368.7)( 3477.7, 4456.4)( 1.31, -1.42) 1.94
75 ¢( 496930.8, 5499345.2)( 3275.5, 7912.4)( 1.89, 0.26) 1.90
69 ( 511210.2, 5479336.0) ( 2434.7, 9492.7)( 1.21, 1.42) 1.87




Table A-2: Continued...

60( 548760.6, 5460405.5) ( 2235.8, 12564.0)( 0.89, -1.57) 1.81
10¢( 499960.9, 5473856.9) ( 1826.4, 8924.5)( -1.72, -0.54) 1.80
27( 470684.9, 5506957.1)( 3075.8, 5944.1)( 0.30, 1.78) 1.80
24 ( 454270.9, 5506409.1)( 2634.7, 4882.0)( -0.42, 1.62) 1.67
33¢( 493363.9, 5455669.2) ( 582.4, 9069.2)( -0.84, 1.41) 1.64
67 ( 473737.8, 5497264.4)( 2572.8, 6454.1)( -0.12, 1.62) 1.62
25 444324 .6, 5499695.3)( 1988.8, 4441.8)(¢ -0.04, 1.47) 1.47
79¢( 446637 .4, 5491428.1)( 1553.9, 4857.0)( -0.68, 1.25) 1.42
45¢( 566142.2, 5438446.1)( 1357.0, 14407.9)(¢ -1.10, 0.85) 1.40

1( 420616.9, 5521467.4)( 2697.5, 2195.1)( 0.00, -1.26) 1.26
20¢ 412292.8, 5513787.7)( 2034.2, 1895.2)( -1.19, 0.24) 1.21
50¢ 589625.6, 5447709.5) ( 2488.8, 15659.1) (¢ -0.05, -1.18) 1.18
13¢ 398468.3, 5530095.7)( 2662.6, 484.2) ( 0.47, -1.06) 1.16
19¢ 410375.4, 5511673.4)( 1861.7, 1836.6)( -1.08, -0.21) 1.10
62( 522318.4, 5493030.3)( 3527.3, 9783.3)( -0.30, -1.03) 1.07
41( 545692.7, 5439472.3) ( 914.5, 13026.0)¢( 0.27, -0.97) 1.00
80¢ 468372.9, 5492893.1)( 2180.0, 6239.5)( 0.64, 0.72) 0.97
61( 533215.3, 5477132.3)( 2847.5, 11010.6)( -0.39, 0.87) 0.95
74( 533039.9, 5463147.5)( 2009.4, 11444.5)( 0.11, 0.94) 0.95

3¢ 492723.9, 5486845.5) ( 2423.2, 8034.0)( 0.45, -0.74) 0.87
77¢ 444681.7, 5511470.3)( 2699.0, 4088.5)( 0.20, -0.80) 0.82
59¢ 558178.0, 5460605.8) ( 2480.6, 13178.9)( 0.62, -0.20) 0.65
46( 581557.0, 5437721.9)( 1694.8, 15445.3)( -0.50, -0.32) 0.59
38¢( 522647.9, 5462595.9)( 1719.8, 10776.7)( 0.54, -0.12) 0.55

8( 594193.6, 5439312.3)( 2101.2, 16227.9)( -0.48, 0.21) 0.52
22( 421394.1, 5528015.7) ( 3107.3, 2041.4)( 0.45, -0.12) 0.47
43( 548173.3, 5444844.2)( 1294.1, 13020.7)( -0.36, 0.15) 0.39
42( 546277.6, 5442541.9)( 1111.1, 12968.3)( 0.18, -0.14) 0.23

9( 526068.9, 5447036.2) ( 878.7, 11494.7) ( 0.17, -0.13) 0.22

Residual (in PIXEL) RMS=( 1.99, 2.52) 3.21
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Appendix B: DEM Generation

The 18 digital maps provided separately for the entire island were merged together in order
to get only one vector layer containing the contour lines (Figure B-1). Merging the maps
together along with reconstructing the topology of the data was achieved using ArcView3.2 in
complementary with the Arcinfo7.0 software. Once the merging was completed, edge
matching between adjacent maps was evaluated as well as the consistency of the data. The
vector layer representing the contour lines was imported in the OrthoEngine software of PCI
Geomatics where the VDEMINT algorithm was used to interpolate the elevation at each
DEM pixel from equal-distance points between the source elevation values (PCI 6.2, 1998).
A finite differential method was also used during the process to interactively smooth the
interpolated elevation values. The grid size (or pixel spacing) of the DEM was set to 25 m to
meet the planimetric precision of the NTDB and to match the one of the geocoded SAR

image.
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Appendix C: Statistics of every extracted polarimetric responses

The basic polarimetric parameters, including the linear and circular co- and cross-polarisation
responses, the pedestal height, and the backscatter coefficient (6°), were extracted with the
PW software from 5 to 10 scattering samples taken within the 12 distinguished categories of
vegetation, surface deposit, and bedrock geology. Table C-1 summarised the polarimetric
statistics of every extracted scattering samples taken within the Vauréal Formation whereas

Table C-2 gives these statistics for the Ellis Bay Formation.



les within the Vauréal

Formation, independently of the surface deposits and forest stands. The typical

ing samp
3D plots were generated from the polarimetric samples highlighted in grey.

f every extracted scatter

tatistics o

rimetric s

Pola

.

Table C-1

95

67.1

36 . 44855

80353

-19.37

-12.54

Vauréal Thin ernic Soit White Spruce | sd-vi-pb-1

- Vauréal TﬁnOlpni:Soil - WhiteSpruce | sé-vi-pb-2 105 67.7 128, 41615 70872 -11.52 | -19.73 | -1284 | -1653
Vauréal Thin Organic Soil White Spruce | s4-vl-pb-3 100 672 53 . 39095 24020 -11.30 { -1936 | -12.56 | -16.39
Vauréal Thin Organic Soil White Spruce | sd4-vi-pb-4 108 67.3 69 . 32650 468452 -11.63 -19.94 | -13.01 | -16.82
Vauréal Thin Organic Soil White Spruce | s4-vi-pb-5 108 67.5 99 . 29395 121211 -11.69 | -2004 | -13.08 | -16.87
Vauréal Thin Organic Soil White Spruce | s4-vl-pb-6 12 68.6 287 .33250 122909 -11.58 | -19.97 | -13.14 | -16.73
Vauréal Thin Organic Soil |~ White Spruce | sd-vi-pb-7 7 69.1 383 .26575 139385 -11.82 | -20.17 | -13.32 | -l16.84
Vauréal Ghacial Till White Spruce | s4-vi-pb-8 12 684 247, 12620 680484 -1168 | -20.16 | -1327 | -16.78
Vauréal Thin Organic Soil White Spruce | s4-vi-pb-9 82 62.7 1471 . 4055 150935 -10.83 | -I1B.53 | -11.20 { ~15.48
Vauréal Glacial Till White Spruce | sd-vi-pb-10 92 65.1 1780 ., 40995 265352 -10.85 | -i8.61 -11.48 | -15.52
Vauréal Thin Organic Soil White Spruce | s4-vi-pb-11 95 65.9 1894 , 32075 690559 -11.04 -19.15 -12.19 -16.04
Vauréal Glacial Till Black Spruce | sd-vl-pn-l 87 68.9 349 . 19665 133216 170 | -2008 | -1341 | -16.87
Vauréal: Giacial Till Black Spruce | s4-vi-pn-2 106 692 415, 14155 46433 <1192 | -2056 | -13.19 | -17.10
Vauréal Thin Organic Soil Black Spruce | s4-vl-pn-3 81 61.9 1391 . 27865 34683 -9.95 -17.76 | -1046 | -14.70
Vauréal Littoral Sediments Black Spruce s4-vi-pn-4 19 533 691 . 16375 94195 9.2 -17.10 -10.42 -13.56
Vauréal | Thick Organic Soil Balsam Fir s4-vl-sa-1 9t 67.7 130.47135 92563 1157 | -1995 | -1297 | -16.82
Vauréal Thin Organic Soil Baisam Fir s4-vl-sa-2 110 68.6 291 . 40895 89231 -12.55 -21.08 -14.10 -17.88
Vauréal Thin Organic Soil Baisam Fir s4-vl-sa-3 100 683 235.361S5 279883 -12.24 -20.64 -13.72 -17.48
Vauréal Thin Organic Soil Balsam Fir s4-vi-sa-4 113 '68.8 326 .27870 101954 -12.04 -20.73 -13.52 -17.50
Vauréal Thin Organtc Sol Balsam Fir s4-vi-5a-5 98 67.3 65 . 23035 178190 -11.58 | -20.01 -13.03 | -16.82
Vauréal Glacial Till Balsam Fir sd-vl-sa-6 106 679 158 . 15280 74565 -11.63 -20.01 -13.16 -16.80
Vauréal Glacial Till Balsam Fir s4-vl-sa-7 92 63.0 1507 , 2250 69442 -10.77 -18.14 -10.84 -15.07
Vauréal Glacial Till Balsam Fir s4-vi-sa-8 90 63.8. 1601 , 34455 251458 -il.01 -18.52 1119 -15.53
Vauréal Thin Organic Soil Baisam Fir s4-vi-sa-9 7 61.7 1365 . 18240 74820 -10.51 -18.29 -10.89 -15.31
Vauréal Glacial Till White Spruce st-vl-pb-1 76 60.2 1208 . 13720 139439 -10.11 -17.93 -10.87 -14.78
Vauréal Thin Organic Soil White Spruce sl-vi-pb-2 95 66.2 1935, 5380 321102 -11.48 -19.74 -12.87 -16.46
Vauréal Thin Organic Soil White Spruce | si-vi-pb-3 70 63.3 1548 . 2330 82781 <1099 | -i838 | -1200 | -1530
Vauréal Thin Organic Soil White Spruce | si-vi-pb-4 100 65.9 1883 . 10900 107505 -10.76 -18.94 -12.21 -15.63
Vauréal Thin Organic Soil White Spruce | si-vi-pb-§ 85 65.5 1830 . 43210 125524 -11.05 -19.07 | -12.35 | -15.75
Vauréal Thin Organic Soil White Spruce | sl-vlpb-6 102 64.7 1714, 39620 95204 -11.05 -19.03 -12.13 -15.70
Vauréal Thin Organic Soil White Spruce | sl-vi-pb-7 L6 654 1820, 28345 241663 -11.24 -19.12 -12.11 -16.01
Vauréal Thin Organic Soil White Spruce | sl-vi-pb-8 18 614 1336, 31535 195636 -10.71 -18.12 -11.24 -15.08
Vauréal Thin Organic Soil White Spruce | si-vl-pb-9 9 68.4 24.‘1 . 13535 45142 -11.85 22034 | -13.60 | -17.01
Vauréal Thin Organic Sotl White Spruce | sl-vl-pb-10 80 679 167 .9445 59236 -1149 | -1990 | -13.18 | -i16.46
Vauréal Gtacal Till White Spruce | sl-vl-pb-12 106 704, 667 . 26355 57522 -1272 | <2140 | <1474 ] -17.80
Vauréal Gilacial Till White Spruce | si-vi-pb-13 103 704 666 , 29555 87302 <1224 | 22079 | 418 | <1721
Vauréal | Thin Olpmc Soil Black Spruce | sl-vl-pn-i 90 619 1385, 1795 124929 -1061 | -18.60 | -11.39 | -IS45
Vauréal Thin Organic Soil Black Spruce st-vi-pn-2 9 6l1.1 1297 . 16355 16408 -10.53 -18.09 -7 -14.91
Vauréal | Thick Organic Soil Black Spruce | sl-vi-pn-3 61 65.5 1824, 2845 11959 -11.31 -19.24 | -i2.65 | -15.97
Vauréal Thin Ovgamc Soil Black Spruce | sl-vl-pn-3 9 61.2 1314, 8085 24556 -1030 | -18.31 -i1.20 | -15.27
Vauréal Thin Organic Soit Black Spruce | st-vl-pn-§ 121 66.5 1971 . 27580 29837 A8 | -19.08 | -12.73 | -1594
Vauréal Thin Organic Soil Black Spruce sl-vl-pn-6 107 64.5 1692 . 36195 35341 -11.01 -18.95 -11.94 -15.91
Vauréal | Thick Organic Soil Black Spruce | sl-vi-pn-8 91 69.5 474, 33925 18184 1187 | -2003 | -13.76 | -16.60
Vauréal Thin Organic Soul Balsam Fir si-vi-sa-1 106 64.0 1629 . 60518 7925 -11.59 -19.33 -i2.13 -16.13
Vauréal Thin Organic Soil Balsam Fir sl-vi-sa-2 104 63.4 1560 . 7780 176073 -11.03 -18.69 | -11.52 | -15.58
Vauréal Thin Organic Soil Balsam Fir sl-vi-sa-3 7 60.7 1258 . 3285 195563 -1068 | -18.62 | -11.32 | -15.57
Vauréal Thin Organic Soil Balsam Fir sl-vl-sa-4 90 62.9 1495 . 42560 97569 -10.94 -18.65 | -11.65 | -15.65
Vauréal | Thin Organic Soil Balsam Fir sl-vi-sa-$ tot 65.8 1877 , 40895 62438 -11.67 | -19.86 | -1294 | -16.68
Vauréal Thin Organic Soil Balsam Fir sl-vl-sa-6 104 61.7 1361 .37610 156333 -10.91 -1853 | -1125 | -15.52
Vauréal Thin Organic Sot! Balsam Fir sl-vl-sa-7 86 59.5 1146 . 41310 27778 <1052 | -18.33 | -11.30 | -15.27
Vauréal Thin Organic Soil Balsam Fir sl-vl-sa-8 19 66.5 1977 , 29840 51691 -11.99 -20.27 -13.26 -18.99
Vauréal | Thick Organic Soil Baisam Fir sl-vi-sa-9 il 58.0 1017, 38270 25570 999 -17.63 | 1110 | -14.63
Vauréal Thin Organic Soil Balsam Fir sl-vl-sa-11 76 69.3 426 . 39805 327874 21249 | -21.06 | -1445 | -17.51
Vauréal Glacial Till Bllﬂm Fir slovhea-12' 108 69.0 377,29780 46367 <1231 | -20.64 | -1403 | -17.34
Vauréal Glacial Till Balsam Fir si-vl-sa-13 107 68.2 224 . 34485 64218 -1285 | -21.34 | -1460 | -i8.08
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41615 | 70872 | -1152 § -1973 | 1286 | -1653 | -1304 | -1652 | 179 [ 65 40 030 4 - 41 7 1 021
. 39095 24020 -11.30 -19.36 -11.56 -16.39 -12.76 -16.22 (1} ¥E] -4l 0.30 45 -43 LS -2 0.21
. 32650 468452 -11.63 -19.94 -13.01 -16.82 -13.14 -16.74 0 71 41 0.29 134 42 97 -1 0.21
. 29395 121211 -11.69 -20.04 -13.08 -16.87 -13.20 -16.83 0 [i] KA 4] 0.29 134 42 2 0 0.21
. 33250 122909 -11.55 -19.97 -13.14 -16.73 -13.19 -16.66 179 0 69 -40 .28 45 -42 Q 1] .21
, 26575 139385 -11.82 -20.17 -13.32 -16.84 -13.47 -16.78 1] 0 65 -39 0.29 45 -40 i (] 0.21
112620 | 680484 | -t168 | 2016 | -1327 | -1678 | -1337 | -67:2 0 0 -66 -39 028 45 40 1 0 021
| . 3055 150935 -10.83 -18.53 -11.20 -15.48 -11.88 -15.45 179 0 66 43 0.34 138 “ 9 0 022
) . 40995 265352 -10.85 -18.61 -11.48 -15.52 -12.04 -15.56 176 0 113 43 0.33 1.37 43 170 -1 0.22
L. 32075 690559 -11.04 -19.15 -12.19 -16.04 -12.45 -16.05 I 0 74 41 0.31 47 43 6 0 .24
. 19665 133216 -11.70 -20.08 -13.41 -16.87 -13.41 -16.79 ] 0 70 -39 0.28 46 -$1 97 -1 .21
14155 | 46433 | 192 | <2056 | 1379} 1m0 | <1373 | 4743 | im7 -1 37 026 45 -39 8s 1 020
. 27865 34683 -9.95 -17.76 -10.46 -14.70 -11.06 -14.66 177 0 81 4 0.33 [} 45 s 0 0.21
. 16375 94195 922 -17.10 -19.42 -13.56 -10.89 -i3.72 177 -1 121 39 0.33 45 -39 1 0 0.23
.47135 92563 -11.57 -19.95 -12.97 -16.82 -13.08 -16.73 | 0 69 -0 0.28 45 -2 0 0 0.20
. 40895 89231 -12.55 -21.08 -14.10 -17.88 -14.14 -17.73 179 0 67 40 0.27 45 -1 1 0 0.20
. 36155 279883 -12.24 -20.64 -13.72 -17.48 -13.81 -t7.37 1] 0 7 40 -0.28 46 42 93 0 0.21
.27870 101954 -12.04 -20.73 -13.52 -17.50 -13.57 -17.38 178 [} 66 -0 0.27 134 42 ] | 0.19
. 23038 178190 -11.58 -20.01 -13.03 -16.82 -13.11 -16.82 0 0 70 40 .28 45 42 8 1 0.20
. 15280 74565 -11.63 -20.01 -13.16 -16.80 -13.21 -16.85 0 0 13 10 .28 46 31 to6 -2 0.21
7, 2250 69442 -10.77 -18.14 -10.84 -15.07 -il.74 -14.99 169 0 72 -44 0.37 0 -45 0 .23
. 34455 251458 -11.01 -18.52 -11.19 -15.53 -11.97 -15.50 177 0 83 -4 Q.JS ] 45 »n 0 022
. 18240 74820 -10.51 -18.29 -10.89 -15.31 -11.53 -15.27 167 0 76 44 0.33 o -5 137 0 0.21
. 13720 139439 -10.11 -17.93 -10.87 -14.78 -11.39 -14.80 175 -1 61 <41 0.33 47 -42 1 0 0.2
S . 5380 321102 -11.48 -19.74 -12.87 -16.46 -13.07 -16.42 179 0 66 -40 0.30 46 -4l 90 0 0.21
X . 2330 82781 -10.99 -18.38 -12.00 -15.30 -12.51 -15.25 | 0 69 41 036 137 42 12 I 0.26
. 10900 107505 -10.76 -1894 -12.21 -15.63 -12.40 -15.65 1 0 68 -39 0.30 37 41 2 0 .22
. 43210 125524 -11.05 -19.07 -12.35 -l5.7§ -12.64 -15.86 179 ] 114 40 0.31 46 -1 0 0 0.22
. 39620 95204 -11.08 -19.03 -12.13 -15.70 -12.54 -15.81 i 0 119 40 0.32 136 41 [} 0 022
. 28345 241663 -11.24 -19.12 -12.11 -16.01 -12.57 -1597 179 0 65 <41 0.32 48 42 91 0 022
. 31538 195636 -10.71 -18.12 -11.24 -15.08 -11.93 -15.01 175 0 65 -43 0.36 7 -43 90 1} 0.24
. 13535 45142 -11.85 -20.34 -13.60 -17.01 -13.60 -16.92 179 0 64 -38 0.27 135 40 17§ -1 0.21
L9445 59336 -11.49 -19.90 -13.18 -16.46 -13.29 -16.36 0 ] 63 -38 0.28 45 -39 5 | 0.21

. 26355 57522 -12.72 -21.40 -14.74 -17.80 -14.70 -17.64 179 0 65 -37 .27 45 -39 Q0 0 0.21
. 29555 87302 -12.24 -20.79 -14.18 -17.21 -14.19 -17.15 0 0 64 -37 0'.18 45 -38 90 0 0.21
L1795 | 124929 | -1061 | 1860 | -1.39 | -1545 | -10.86 | -1546 | 176 -1 65 41 0.32 48 43 3 0 0.21

. 16355 16408 -10.53 -18.09 -11.17 -1491 -11.78 -15.09 178 0 14 42 0.34 45 -43 21 2 0.23
1. 2845 11959 -11.31 -19.24 -12.65 -15.97 -12.96 -15.92 l7§ o4 -39 0.32 136 40 168 -2 0.23
} . BOBS 24556 -10.30 -18.31 -11.20 -15.27 -11.62 -15.04 175 -t 63 41 0.30 47 42 175 -1 0.21
. 27580 29837 -11.18 -19.08 -12.73 -15.94 -12.86 -15.97 ] -1 72 -39 0.31 52 -4 22 2 .23

. 36195 35341 -11.01 -18.95 -10.94 -15.91 -12.35 -15.75 175 -1 63 -40 0.31 48 -42 75 2 0.22

. 33925 i8IR4 -11.87 -20.03 -13.76 -16.60 -13.81 -16.62 | 0 66 -37 0.29 47 -39 12 2 0.23
. 60518 1925 -11.59 -19.33 -12.13 -16.13 -12.79 -16.15 1 1] 124 42 0.34 46 42 99 -1 0.22
). 7780 176073 -11.03 -18.69 -11.82 -15.58 -12.17 -15.64 174 -1 122 43 034 48 43 91 (1] 0.22
. 3285 195563 -10.68 -18.62 -11.32 -15.57 -11.84 -15.53 173 -1 63 -2 0.32 47 -43 15 1 0.21
. 42560 97569 -10.94 -18.65 -11.65 -15.65 -12.17 -15.58 171 0 63 -42 0.33 45 <43 21 i 0.22
40895 | 62438 | -11.67 | -19.86 | -1294 | -1668 | -13.14 | -1675 | 179 0 11§ 40 029 137 4 28 3 021
. 37610 156333 -1091 -18.53 -11.25 -15.52 -11.94 -15.50 171 0 6l 43 0.34 46 44 25 ] 0.22
.41310 27778 -10.52 -18.33 -11.30 -15.27 -11.79 -15.23 177 0 64 -42 0.33 47 43 197 -1 0.22
29840 51691 -11.99 -20.27 -13.26 -18.99 -12.16 -26.43 2 1] 69 41 0.29 134 42 10 1 021

. 18270 25570 999 -17.63 -11.10 -14.63 -11.47 -14.54 174 -1 65 40 0.33 135 42 .147 -3 0.23
. 39805 327374 -12.49 -21.06 -14.45 -17.51 -14.30 -17.54 0 0 e 37 27 136 39 91 0 0.21
29780 | 46367 | -1231 | 2064 | -1403 | -1734 | -1405 | <1736 | 179 0 1us 38 0.28 4 40 1 2 021
: 34485 64218 -12.85 -21.34 -14.60 -i8.08 -14.55 -18.11 179 [1] 66 -38 0.27 46 -40 13 2 0.20







Polarimetric statistics of every extracted scattering samples within the Ellis Bay
Formation, independently of the surface deposits and forest stands. The typical
3D plots were generated from the polarimetric samples highlighted in grey.

Table C-2

Ellis Bay Glacial Till White Spruce | sd4-eb-pb-1 82 58.0 1022 . 29275 103880 982 -17.56 -10.50
| Gt pey |  GlacafTiE_ | White Speuce. [W€ 60 | 498 | 48,4905 | 20896 | 35 | -ig26 | 905
Ellis Bay Littoral Sediments White Spruce | s4-eb-pb-3 45 476 396. 16720 63421 8.17 -15.86 9.15
Ellis Bay Glacial Till Black Spruce | s4-eb-pn-1 80 56.3 . 8862565 62343 9.76 -17.37 ’ -10.52
.El_lis Bay Thick Owic Soi_l Black Spruc; s4-cb-pn-2 60 44.3 264 . 3415 66674 -7.23 -15.31 -8.66
 ElisBey.| GiacETiE | BlackSpruce | sbebped} o8 s82 | 1036,26975| 185366 | 995 | -17.57 | -1052
EllisBay | Glacial Till | Black Spruce | s<bpnd | 105 | 550 | 797.25375 | siee0 | .15 | -1683 | -10.15
Ellis Bay Glacial Till Black Spruce | s4-eb-pn-5 100 58.2 1037 . 20025 38759 -10.11 -17.95 -10.90
Ellis Bay | Thick Organic Soil Black Spruce | s4-cb-pn-6 45 45.0 289, 15290 48887 -7.65 -15.80 9.04
Ellis Bay | Thick Organic Sotl Black Spruce | s4-eb-pn-7 85 522 623, 21380 76738 -8.75 -16.42 -9.70
Ellis Bay Glacial Till Black Spruce | sd4-eb-pn-8 78 1 55.5 830, 39015 21872 -9.59 -17.43 -10.33
Ellis Bay Glacial Till Balsam Fir s4-¢b-sa-1 80 ’ 46.0 330 . 580 80899 -7.88 -15.93 -8.90
Ellis Bay | Thick Organic Soil Balsam Fir s4-cb-sa-2 58 372 44,1435 71024 -5.96 -14.18 -7.40
Ellis Bay | Thick Organic Soil Balsam Fir sd-eb-sa-3 89 55.6 840 , 44805 45668 -9.56 -17.57 -10.32
Ellis Bay | Thick Organic Soil Balsam Fir sd-cb-sa4 76 _ 584 1050 , 40500 43587 978 -17.46 -10.57
Eilis Bay | - Glacial Till Balsam Fir s4-eb-sa-5 95 60.4 1229, 33175 38743 -10.00 -17.89 -10.41
Ellis Bay Gilacial Till - Balsam Fir sd-¢b-sa-6 85 56.6 914, 32705 193104 999 -17.93 -10.67
Ellis Bay | Thick Organic Soil Balsam Fir i 54.-¢b-58-7 106 56.7 921.24115 52412 993 -17.85 -10.76
EllisBay |  Glacial Till BalsamFir | sdcbm8| 75 | .533 |eo1,18140 ] nmzm | 902 | 1702 | G102
Ellis Bay ] Thick Organic Soil Balsam Fir sd-¢b-sa-9 45 46.8 361 . 15005 44036 -8.59 -16.37 -9.60
Ellis Bay Gilacial Till Balsam Fir sd-eb-sa-10 105 60.7 1263, 22625 32318 -10.56 -18.29 -10.67
Ellis Bay Glacial Tih White Spruce | sl-eb-pb-1 91 54.8 783 . 9485 16386 -8.91 -16.85 -10.34
Ellis Bay Glacial Till White Spruce | sl-eb-pb-2 85 56.6 . 907 . 18635 32788 -9.38 -17.19 -10.34
Ellis Bay Gilacial Till White Spruce | sl-eb-pb-3 104 58.0 1020, 6120 36670 -10.09 -18.02 -11.31
Ellis Bay Glacial Till Black Spruce | sl-eb-pn-1 76 © 521 620 . 12675 23117 -8.64 -16.50 991
Ellis Bay Glacial Till Black Spruce | si-eb-pn-2 85 524 634, 10140 12652 - -8.56 -15.67 -9.86
Ellis Bay | ThinOvganic Soil | BlackSpruce | slebpo3| 110 | 5207 | 615,26205 | ws12 | 848 | 21633 | 967
Ellis Bay Glacial Till Balsam Fir sl-eb-sa-! 88 559 861, 16345 91172 -9.55 -17.34 -10.45
Ellis Bay Glacial Till Balsam Fir si-¢b-sa-2 73 499 500, 14795 74487 -8.12 -15.82 -8.99
Ellis Bay Glacial Till Balsam Fir sl-eb-sa-3 93 55.9 861 . 6025 106716 -10.08 -18.12 -11.03
Ellis Bay Glacial Till Balsam Fir sl-eb-sa4 80 52.2 624 4115 34877 -8.81 -16.88 -10.17
Ellis Bay Thin Organic Soil Balsam Fir sl-eb-sa-§ 89 49.5 483 , 40585 127290 -8.46 -16.39 -9.39
Ellis Bay | ThinOrganicSoil | BalsamFir | slebsa6| 102 | 526 | 64s,40ms | 3z | ous | <1737 | -104s
Eilis Bay | Thin Organic Soil Balsam Fir sl-eb-sa-7 103 529 666 , 32675 82772 -8.39 -16.19 9.75
Ellis Bay | Thin Organic Soil Balsam Fir sl-eb-sa-8 100 50.6 539, 29560 15317 -8.90 -16.67 -9.68
Ellis Bay { Thin Organic Soil Balsam Fir sl-eb-sa-9 109 56.0 863 , 27995 9169 -10.61 -18.19 -11.72







103880 | 982 | -17.56 | -10.50 | -1459 [ -11.01 | -1454 | 179 80 43 0.33 0 45 2% 0 022
2989 | g5 | sios | 90s fozss | osr faesif o | o st | 3 [ o3 | 4 [ 36 | & 1 021
63421 8.17 | -158 | 9.15 | -11.83 | -1006 | -12.03 173 3 5 -33 0.34 45 34 0 0 0.02
62343 976 | -1737 | -1052 § -1422 | -1ni0 | -1821 0 0 58 41 0.35 2 42 105 2 0.23
66674 723 | <1531 | 866 | -1048 | 986 | -10.55 | 178 - 51 -28 031 4 29 2 2 0.
18536 | 995 | a7t F oz foast [ iz | a2 | 16 o 101 43 035 3 | a4 10t 0 03
51669 9.15 -16.83 -10.15 -13.65 -10.58 -13.80 173 -l 1 42 0.33 136 42 100 -1 0.24
38759 -10.11 -17.95 -10.90 -14.90 -11.37 -14.87 170 0 65 42 0.32 40 44 88 (1} 0.22
48887 -7.65 -15.80 -9.04 -10.84 -10.29 -10.98 177 -1 127 29 0.30 “ -29 92 2 0.22
76738 -8.75 -16.42 -9.70 -12.98 -10.30 -13.06 179 0 123 39 0.34 135 39 5 1 0.24
27872 -9.59 -17.43 -10.33 -14.14 -10.94 -14.10 0 1 53 41 0.34 40 41 94 -1 0.22
80899 -7.88 -15.93 -8.90 -11.44 9.96 -11.63 175 -2 128 32 6.32 134 32 91 -1 0.21
71024 -5.96 -14.18 -7.40 -793 -10.23 -193 0 0 50 -19 0.30 135 20 91 -1 022
45668 -9.56 -17.57 -10.32 -14.33 -10.83 -14.42 177 0 119 41 0.32 45 -2 82 | 0.21
43587 -9.78 -17.46 -10.57 -14.36 -11.07 -14.45 177 0 104 43 034 43 43 109 -1 0.23
38743 -10.00 -17.89 -10.41 -14.91 -11.0T | -14.80 175 0 74 -“ 0.32 0 45 I 0 0.20
193104 999 -17.93 -10.67 -14.77 -11.20 -14.79 175 - V] i 42 0.32 39 43 5 ! 0.21
52412 -9.93 -17.85 -10.76 -14.73 -11.21 -14.77 175 0 l08. 2 0.32 46 43 100 -1 0.2
unz | 902 | 702 | 10az | 367 | 1054 | ;1369 | 176 -t 58 39 031 45 40 8s 1 o2
44036 -8.59 -16.37 9.60 -11.97 -1 0.(_')6 -12.32 172 4 129 33 0.33 45 -32 13 6 0.23
33318 -10.56 -18.29 -10.67 -15.23 -11.44 -15.26 142 0 50 4 0.33 0 45 17 [ 0.20
16386 -891 -16.85 -10.34 -13.50 -10.67 -13.34 178 0 60 -37 0.31 45 -38 0 0 0.23
32788 9.38 -17.19 -10.34 -14.12 -10.73 -14.18 179 0 115 41 0.32 4§ 42 41 3 0.22
36670 -16.09 -18.02 -11.31 -14.80 -11.57 -15.04 176 -1 110 41 0.31 46 42 [§21 -2 022
23117 -8.64 -16.50 991 -13.00 -10.31 -13.26 t77 -1 120 38 0.31 ° 4 -38 23 5 023
12652 -8.56 ‘ -15.67 -9.86 -12.22 -10.52 -12.26 178 -1 58 -35 0.38 136 37 19 5 0.28
13812 848 | -1633 | 967 | -13.00 { -1005 | -13.12 | 178 | -1 122 39 0.32 4 -39 160 4 023
T2 9.55 | -1734 | -1045 | <1421 | -1093 | <1403 | 179 0 58 40 0.33 133 41 121 -4 0.22
14487 812 | -1582 | 899 | 21 [ 976 | -1224 | 174 2 52 -35 0.33 135 36 1s 7 0.23
106716 -10.08 -18.12 -11.03 -14.89 -11.45 -14.89 173 -1 55 -39 031 42 40 159 -3 0.21
34877 -8.81 -16.88 -10.17 -13.31 -10.60 -13.2¢ 179 0 57 -36 0.31 45 -37 86 1 0.22
127290 -8.46 -16.39 -9.39 -12.55 -10.15 -12.61 0 0 128 35 0.32 45 -35 102 4 022
32378 915 | 737 | 1045 | -1374 | -082 | 1393 | 174 - 120 37 029 2] 38 178 0 021
82772 -8.39 -16.19 -9.75 -12.77 -10.15 -12.76 178 0 58 -37 032 45 -38 107 -4 0.24
153171 | 890 | -1667 [ 968 | -13.16 | -1037 | <1333 | 176 | 52 37 033 135 37 125 -7 022
9169 1061 | -18.49 | -11.72 | <1401 | <1213 | 1528 | 174 -1 115 40 0.32 4 40 44 5 0.23
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