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1.0 Introduction

During the 2022024 field and research period, project aites remairned on a necost extension
to the initial 5year ESRF project. During the 2023 field season, the research team was ablesibthe
Bogg Creek watershed field site. Access was not possible during the 2 previous years but during spring
2022, the airborne dectromagnetic geophysical survey (AEM) was flowar the field site, with initial
resultsbeingpresented in the 2022 Annual Repoftie focusluring the past year includetimain areas,
three of which were new initiatives and two were continuiingm previous yearsThe firstof the new
activities involved the collection of shallow soil cores at several locations to further characterize
subsurface soil conddns and permafrost water conternd mineralogy. In concert with the soil coring,
soil gas emigans were collected with surface flux chambers and soil gas probes with the specific intent
to analyze the carbon composition and age of soil lgagingthe ground surface at several locations
within the study areaThe secondew activity was related tadhe application of terrestriaElectrical
Resistivity Tomography (ERT), Ground Conductivity Meter (GCM), and Ground Penetrating Radar (GPR)
a series of targeted locations within the watershed ar€mgoing work included advancing the
interpretation of the AEM survey data with new software and ground truth data and coimtinu
development and application of numerical modeling tools for simulating fréfeae processes within the
discontinuous permafrost landscap&he nodelingwork continues to explor¢he influence of transient
groundwater flow phenomena on surface water systemasnd form change and ecologynd has been
extended to accommodate solute fate arehactivetransport during permafrost thaw.

The work remains focused within tiBogg Creek watehed, near Norman Wells in the Central Mackenzie
Valley (CMV)NWT. Tree graduatestudents, Ms. Jiagi Weng (PhD. Waterlog (modeling) Mr. Oliver
ConwayWhite (PhD, U. Waterloo) (geophysics) and Mr. Hugo Crites (PhD, U of Qttavkenn fate and
transport)have been working on the main components of the project and their work over the course of
the past year forms a considerable part of the Yéannual report.Cenovus Energy continues tapport

the researchactivities andMr. Chris Salewichhemained asour maincollaborator from Cenays during

Year 7. Mr. Salewich has recently left Cenovus and new contacts are being established for subsequent
collaborative work. Progress on the project and a proposal for a Phase 2 of the @s@aogram was
presented to the ESRB virtually on November 21, 2023 and a project update was presented to Cenovus
personnel on March 15, 2024.

The project continue to receive additional technical, financial andn-kind support from research
colleaguesat Wilfrid Laurier University (WLU) ar@enovus Leveragedfinancial andin-kind support
continuesto be provided througlour on-goingparticipation in theGlobal Water Futures (GWF) program
and specifially the Northern Water Futureproject headed by Dr.ehn Baltzer at WLUThis report
provides a summary of the research results obtained during Yedong with a summary of relevant
presentations and publications.

2.0 Airborne Geophysical Survey

The airborne electromagnetic geophysical survey (A&M)ey completed in May 2022 remains a source

of continued evaluation and interpretation. In depth analysis of the survey results using various data
modeling and processing approaches continues to provide new insight. The work presented here,
completed duing the Year 7 period is largely the work of PhD student Mr. Oliver Cevindtg.



2.1 Hydrogeologic control on permafrost revealed by airborne frequedoynain electromagnetics

The interaction of permafrost with geology and hydrology in the Bogg CGeegérshed was
evaluated using an airborne frequenrdgmain electromagnetic (FDEM) survey together with borehole
derived ice observation§Hgure 1. The airborne FDEM survey was completed using the Red¥lve6
system and consisted of 1091 line kilometers with 70 m spacing. The survey was completed as two blocks
one in the southeast which covers the road and a section of the Mackenzie Riven&am the northwest
which incorporates a diverse assortment of lakes and streams. The survey was flown over three days in
May 2022. Inverted resistivity modelgere assessed to map permafrost distributitmoth laterally and
vertically, within this discontinuous permafrost region in both unconsolidated sediments and bedrock
(Hgure 2. Resistivity results were interpreted using permafrospths and considered in relation to
landscape features from regional satellite images and geological maps. A summary of these
interpretations is provided below.
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Figurel. a) Topographic map of study area showing key site featimaading extent of Bogg Creek
Watershed, surface waterbodies, monitoring well locations, access road, and FDEM survey lines. b) Digital
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Elevation Model of study site shows elevation decreasing from the southwest to the Mackenzie River in
the northwest (Brter et al., 2023). ¢) Surficial geology of the study area is dominated byothgiltrich

diamicts and sand and gravel colluvial and alluvial sediments (modified from C6té et al., 2013). d) Bedrock
geology of the study area consists of predominagtigles (Imperial and Slater River formations) and
sandstones (Little Bear Formation) (modified from Fallas et al., 2013; Fallas and McNaughton, 2013).
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Figure2. Selected depth slices through inverted resistivity model. Thempgpeslice reveals the highest
resistivities, with the most resistive unit (blue) becomes increasingly discontinuous with depth. High
resistivity persists downward in both the northeast around the Mackenzie River and the southwest portion
of the study areaWhite dashed line highlights orthogonal lake system which is hypothesized to be
controlled by the underlying structural geology of the area.

2.2 Geologic controls on permafrost distribution

Resistivity results for depths from 2 to 20 m are shown witlppeal distribution of coarse grained alluvial,
fine grained lacustrine, and poorly sorted diamictons, with organic peat deposits concentrated in lower
topographic areagFgure 3. The lateral variability at 2 mbgs shows tresistivity ranges of frozen
unconsolidated sediments (<5 ohm to >1000 ohrmm), with most of the area having resistivity values
that would be greater than typical sedimeragnges expected for unfrozen saturated materials (i.e., >250
ohm-m) (Herring et al., 2023). It has been suggested that permafrost may be most extensive-in finer
grained sediments (e.g., Holloway and Lewkowicz, 2020), a trend only partially observed there wi
permafrost coverage seen to be greatest in both coaessd finegrained sediments. Distribution of
organic soils and landcover may play a greater role in permafrost distribution than direct sediment
texture.



Adjacent to the Mackenzie River, a high s&sity zone (>300 ohan) extends towards the bottom of the
resistivity model(Fgure 4. Given the extremely high resistivity of this anoynedbmpared to what would

be expected for an unfrozen shale (i.e., Imperial Formation), it is anticipated that this represents a region
of frozen bedrock. Moving southwest away from the river, this resistive anomaly thins rapidly. The
resistivity change imferred as a decrease in permafrost thickness. The bottom of this resistive anomaly
is anticipated to represent the base of the permafrost, which varies from approximately O to 20 m. At the
southwest edge of the study area, a distinct increase in re#isiy observed within the bedrock, with
resistivity values >600 ohim which is corroborated with the base of the permafrost observed at-88N

(Hgure 4.
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Figure3. Inverted resistivity depth slices over surficial geology. Permafrost is inferred to occur in all major
surficial sediment units and is seen to be relatively variable. However, permafrost is infercedrtonost
consistently in the alluvial sediments and the lacustrine sediments based on the higher resistivities
observed in these areas. The diamicton unit generally displays a thinner inferred permafrost layer. High
resistivity zones discussed in thettase indicated by A and B.
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Figured. Inferred base of permafrost along selectigght lines Higher resistivities, inferred as permafrost,
occur as a largely continuous layer along most of the transects. Most discontinugegsedin this frozen

region occur directly over surface water bodies. Near the Mackenzie River along L20030, and in the
southwest of L20290, high resistivity anomalies are observed to extend towards the bottom of the model
and are inferred as areas of thier permafrost. High resistivity zones discussed in the text are indicated
by A and B. (bedrock geology modified from Fallas et al., 2013; Fallas and McNaughton, 2013).

2.3 Hydrogeological influence on permafrost distribution

Discontinuities within the penafrost are observed to be predominantly associated with surface water
bodies(Hgure 2 and % with low resistivities extending to surface (red) beneath some of these features
associated with thawing of permafrost. Many thawed regions below lakes appear to extendiyentire
through the unconsolidated sediments and into the bedrock, indicating a through talik. Within the centre
of the study area, a chain of orthogonal lakes occurs in a line parallel to the hinge of a syncline that defines
the bedrock structure in the areéHgure 4). Given the low permeability of the shale matrix, it is
hypothesized that groundwater flow would be primarily through bedrock treeg and joints, vertically
connecting deeper groundwater and surface water and forming through taliks in this area. This contrasts
with the southwest and northeast portions of the study area where deeply frozen bedrock may impede

groundwater connection W surface.



Despite the absence of permafrost beneath larger waterbodies, the resistivity model reveals increased
resistivity immediately adjacent to some lakes (e.g., L1010Bguare 4. These resistive zones may
indicate permafrost thickening or increased sediment ice content adjacent to through talik regions. This
observation suggests a relatively isolated impact on permafrost thaw frafacgiwater bodies. It is
hypothesized that the presence of frozen sediments directly around lakes, as opposed to a uniform
thawed region extending directly outwards from the lake, may indicate that vertical groundwater
exchange (either recharge or dischaJ has a greater influence on permafrost thaw than changes in
thermal regime caused by a lack of vegetation or solar warming of the water. This observation of
permafrost continuity surrounding waterbodies could, have important implications for the hygloab
system in these environments.

The Mackenzie River is surrounded by anomalously high resistivities (e.g., L26@@80ar), indicaing
extensive ice content both around, and potentially beneath, sections of the river. An important
implication of this observation would be that groundwater discharge into the Mackenzie River in these
frozen areas could be lower or more isolated than etpd from regional hydrogeological
conceptualizations of the area.

2.4 Permafrost delineation in complex terrains

Detailed understanding of northern watersheds is challenging in discontinuous permafrost zones due to
the limited availability of highesoluion spatial data on permafrost distribution. In these areas,
permafrost may vary from noeexistent to tens or hundreds of metres thick over relatively small lateral
distances making these data crucial for informing modelling studies. The airborne FDiENjtec
presented allows watershedide distribution of permafrost in both unconsolidated sediments and
bedrock to be resolved. Of note, the AEM survey method allowed identification of permafrost base depth,
a parameter that is otherwise difficult or impdkke to assess in discontinuous permafrost regions using
conventional methods (e.g., boreholes and surfaesed geophysics). Insights of permafrost distribution
within bedrock environments are lacking in the literature, making such measurements valoable f
assessing the connection between permafrost, bedrock structures, and northern hydrogeology. The
efficiency of AEM data acquisition and interpretation opens the possibility of regular monitoring to gain
more insight into permafrost changes with time. ABMveys offer potential for informing hydrological
models required to assess changes in northern watersheds in changing climatic conditions.

3.0 Summary of 2023 Surface Geophysical Fieldwork

Surface geophysical surveys using Electrical Resistimitography (ERT), Ground Conductivity
Meter (GCM), and Ground Penetrating Radar (GPR), were conducted at three sites along the Husky access
road to investigate permafrost presence and characteristics in relation to different landscape features
(Fgure 9. Surveys were completed between July22) 2024. Key observations include rapid degradation
of permafrost in areas cleared @egetation, and the complex association of permafrost and surface
hydrological features in the area. Preliminary results and interpretations for each method are summarized
below.
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Figureb. Surface geophysical surveys were completed at three siteg (waitgles) within the Bogg Creek
watershed. ERT was completed at all three sites while GPR and GCM data was completed at Sites 1 and 3
only.

3.1 Electrical resistivity survey

ERT surveys were complete using a Syscal Pro Switch (Iris Instruments, (ilaaos) with a 96
electrode multicore cable at all three locations. A dipdipole array was selected for its strength in
resolving vertical changes in subsurface resistivity. The array configuration also allows multiple
measurement and reading sets te ltompleted simultaneously, allowing efficient data acquisition.
Surveys were collected using either 1 m or 5 m electrode spacing, yielding depths of investigation of
approximately 20 m and 100 m, respectively. -Brecessing of apparent resistivity measarents
involved data merging and removal of erroneous potentials. Resistivity inversions were completed using
RES2DINV (Geotomo Software, Malaysia), which uses the@augsn leastsquares method and a
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robust inversion schemefhorm). Due to the markeithcrease in resistivity associated with the transition
of unfrozen to frozen sediments, permafrost distribution could be interpreted.

9 Site 1¢ Drill Pad Clearing

Two perpendicular lines crossing at the centre of the of the drill pad were completed theirtugh
resolution 1 m electrode spacirfggure6a). Inverted resistivity shows a sharp decrease in resistivity going
from the forested area into the clearing. This resistivity contrast is interpreted as a transition from frozen
to unfrozen soils and is corroborated with data from permafrost probe data collected along the two
transects. A highly resistive anomaly was alsceoled underlying the lowelying area to the southwest

of the road. This area contains a wetland and small stream, suggesting permafrost control on surficial
hydrology, with frozen ground potentially impeding infiltration in some ar&sd photos are swn in
Figure8.

i Site 2¢ Between Lakes

A 1 km line running along the side of the access road was completed using a 5 m electrode(Bgacing

6b). The line parallels the road and follows a section of the AEM flightline. The line runs between two lakes
which are connected by a wetland area and small stream. Inverted resistivity results show increased
resistivity between thes lakes, with both an increase in absolute resistivity as well as thickening of the
resistive layer compared to the areas further away from the lakes. This may suggest an increase in
permafrost extent adjacent to some waterbodies, indicating talik zonesnding waterbodies have
relatively limited lateral extent. As at Site 1, permafrost may control surface water connectivity, potential
acting as an impermeable boundary between lakes as well as controlling wetland develosiedcht.
photo of survey linés shown in Figur®.

9 Site 3¢ Historic Seismic Line Cut

A single 100 m line extending perpendicular to a seismic line was completed using thiedailytion 1

m electrode spacin@Fgure6c). As observed at Site 1, inverted resistivity results show a sharp decrease

in resistivity going from the forest into the seismic line where vegetation was previously cleared. Here,

theft 26 NBaAaGAGAGE T2yS LWSINE (2 SEGSYR 020K @SN
area. The cause of this permafrost degradation pattern will be the study of future study through additional
geophysical data collection at seismic liméglifferent ages and vegetation types, as well as modelling

studies.



Figure6. Inverted resistivity models at the three sites. Surveys at sites 1 and 3 were completed with 1 m
electrode spacing while the survey at site 2 was completed with 5 m elecpatings. Warm colours
(reds and yellow) represent areas of lower resistivity interpreted as having minimal ground ice content
while colour colours (green and blue) are interpreted as areas of permafrost. Permafrost appears to
sharply degrade in previolySorested areas that were cleared (a and c¢). Permafrost is interpreted between
lakes (b) as well as below wetland areas (southeast of road in a).

3.2 Ground Conductivity Meter EM 384

An EM 3& (Geonics, Ontario, Canada) ground conductivity meterwgasl to investigate the shallow
surface at Sites 1 (Drill Pad) and 2 (Seismic Line Cut). The£ld &8 electromagnetic induction method

that utilizes 4 coil frequencies, each of which are most sensitive to conductivity changes at different
depths. Reaithgs from the different coils are inverted to determine a conductivity model of the upper ~2
m of the subsurface. Here, conductivity was converted to its inverse unit of resistivity for comparison with
the ERT transects. Preliminary inversions of the EM 88ta were completed using Aarhus Workbench
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