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Foreword

| am pleased to be releasing this 2016 Summary of Activities volume of the Canada-Nunavut Geoscience Office (CNGO).
Thismarksthefifth year for the volume'srel ease, although only the second year for me, as Chief Geologist, to bereleasing
it. | amvery proud of, and grateful to, all of the hard-working CNGO professionals, and the other researchersand collabora-
torswho contribute in so many waysto help us understand various aspects of Nunavut's geology. | have heard from many
mineral industry and government stakeholders that this volume is always well received.

The Canada-Nunavut Geoscience Office was established in 1999 and is a partnership between Natural Resources Canada,
Earth Sciences Sector (NRCan-ESS); Indigenous and Northern Affairs Canada (INAC); and the Government of Nunavut,
Economic Development and Transportation (GN-EDT). Nunavut Tunngavik Incorporated (NTI) isan ex-officio member
of theoffice. The CNGO isco-managed and co-funded by thethree partners; operational direction and activitiesareassisted
by aManagement Board consisting of representativesfrom NRCan, INAC, GN-EDT, NTI and the Chief Geologist. Thisof-
fice al'so has a Technical Advisory Committee that meets at least annually to discuss research and strategic ideas for the
office.

The CNGO consists of six full-time professional swith expertise in Precambrian, Paleozoic and Quaternary geology, GIS
and cartography, and online datadissemination. The mandate of the officeisto provide Nunavut with accessible geoscience
information and expertiseto support 1) responsibleresource expl oration and devel opment, 2) responsibleinfrastructurede-
velopment, 3) geoscience capacity building, 4) geoscience education and training, and 5) geoscience awareness and
outreach.

The papersin each annual volume document findings and results from avariety of research conducted by the CNGO with
and by our partnersand other collaboratorsinthe past year. We have successfully disseminated these datain atimely manner
and, starting with last year’'s volume, before the end of the calendar year in which the activities took place.

Collectively, this high-quality research increases the level of geological knowledge in Nunavut and ensures that the new
geoscienceinformationisaccessiblefor making land-usedecisionsinthefuture. Additionally, thisinformationallowseval -
uationsof resource potential for avariety of commodities, including diamondsand other gemstones, base and preci ous met-
als, industrial minerals, carving stone and aggregates. These activities also aim to assist northerners by providing
geoscience training to college and university students.

The officefinished atwo-year geoscience program (2014—2016) this past spring and recently received approval for an addi-
tional two years of programming (2016—2018) that will focus on activitiesto support responsible exploration and devel op-
ment of natural resources, allow responsible infrastructure development to occur and be protected, and disseminate
geoscience data and information.

The 12 papersin this2016 volume are grouped under four topics—* Regional Geoscience’, ‘ Geosciencefor Infrastructure’,
‘Carving Stone’ and ‘ Outreach’ —that all support the mandate of the office. All papers are available for download, free of
charge, at www.cngo.ca. In 2013, the CNGO introduced a new publication series, the ‘ Geoscience Data Series’, that dis-
seminates digital data such as analytical datasets, point data, polygon and metadata files. Data that support the research
work and papers in this volume continue to be released through this additional avenue.

For the‘ Regional Geoscience' research, six papersfocus on targeted bedrock mapping, surficial geology studies, sediment
and water sampling, and other thematic studies. Thefirst paper deal swith continuing research on microfossils (conodonts)
within carbonate xenolithsfound in the Chidliak kimberlites. Thisresearch isproviding additional datato help understand
the emplacement processes and cooling history of the kimberlites. The second paper, surficial geological mapping in the
SylviaGrinnell Lakearea, reportsontheanalysesof samplesof till, stream sediments, |ake sediments, streamwater and | ake
water for determining the surficial landformsand history for this area. Papersthreeto five report findings from the Tehery
L ake-Wager Bay mapping project in central Nunavut. Geological mapping discussed in the third paper focuses on charac-
terizing therock unitsand featuresin this area; several new discoverieswere madethat will help resolveits enigmatic geo-
logical history. The fourth paper discusses the use of gravity and magnetic datato identify shallow crustal structures, and
preliminary results from athematic study of the postglacial marine limit are discussed in the fifth paper. The final paper of
this section reports on acontinuing study in Frobisher Bay to map the regional seafloor geoscience. Understanding the sea-
bed geol ogy, geohazardsin theareaand the geol ogical processes affecting the seafl oor will aidin futuredevelopment inthis
region.
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Inrecognition of climate change and warming conditionsoccurring inthe North, the* Geosciencefor Infrastructure’ section
hasfour papersthat discussavariety of these effectsand conditions. The first two papers discuss permafrost in the Rankin
Inlet areaof central Nunavut, and thelatter two document preliminary findingsin the Niaqunguk River (commonly referred
to unofficially asthe Apex river) watershed. Thefirst paper on permafrost reports on the recording of observations and se-
lection of sites for permafrost and ground-temperature monitoring stations. A workshop held in February of thisyear in
Rankin Inletisreported uponinthe second paper. Thisworkshopinvolved understanding permafrost conditionsthroughin-
tegration of local and traditional observations with geoscience data. The third paper presents preliminary findings about
snow hydrology inthe Niagqunguk River watershed. Thiswork isconducted through the* Partnership for Integrated Hydro-
logical and Water Quality Monitoring, Research and Training’ . Research for the fourth paper in this section took amethod-
ological approach to understanding groundwater movement by characterizing flow paths and water sources during the ac-
tive-layer thaw period. The research for these latter two papers was conducted in the Niaqunguk River watershed, ariver
that could be a supplemental source of potable water for Iqaluit and Apex.

Stone that is suitable for carving has been the focus of recent targeted work in Nunavut to determine the characteristics
(quality and quantity) of the stone for Nunavut's artists. In 2016, ateam of geologistsfrom the Qikgitani Inuit Association
andthe CNGO, and ageology student fromthe University of Manitobavisited four carving stonesitesintheBelcher Islands
to survey the landscape, map out the carving stone deposits and try to understand how the carving stone was formed.

Thefinal paper in thisvolume discusses an initiativethat took place outside the Haml et of Taloyaok this past summer. A pi-
lot program for acommunity field school was conducted in preparation for bedrock mapping by the Geological Survey of
Canadaand the CNGO in 2017 and 2018. Thisfield school provided northernerswith opportunitiesto see how geological
dataarecollected inthefield and how these datacan assi st with future decision-making in amanner that doesnot necessarily
impose a significant impact on the environment.

| hope everyone who reads these papers enjoys|earning about the variety of high-quality research conducted by thisoffice,
and our partners and collaborators.
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Préface

Il mefait plaisir d annoncer lapublication del’ édition 2016 du Sommaire des activités du Bureau géoscientifique Canada-
Nunavut. Il y amaintenant cing ans quele Bureau publie ce volumebien que, dansmon cas, il ne s agisse que delaseconde
année pour lagquelle je suis responsable de sa parution atitre de géologue en chef. Je suis extrémement fiére de tous les
professionnels consciencieux qui oauvrent au sein du Bureau, ainsi que de tous les autres collaborateurs et chercheurs qui
contribuent dediversesfaconsal’ acquisition de connai ssancesau sujet delagéol ogie qui caractérisele Nunavut, et jelesen
remercie. J a appris de la part de nombreux intervenants des secteurs de I’ industrie minérale et du gouvernement a quel
point ce volume est toujours bien accueilli.

L e Bureau géosci entifique Canada-Nunavut, fondéen 1999, est lefruit d’ une collaboration entre e Secteur des Sciencesde
la Terre relevant de Ressources naturelles Canada, les Affaires autochtones et du Nord Canada et le ministére du
Dével oppement économique et des Transports relevant du Gouvernement du Nunavut. La société Nunavut Tunngavik In-
corporated est un membre d’ office du Bureau, lequel est géré et subventionnéalafois par lestrois partenaires. Un Conseil
de gestion constitué de représentants de tous ces organismes, aussi bien gouvernementaux que privé, et du géologue en chef
procure son soutien aux travaux et aladirection opérationnelle du Bureau, lequel dispose en outre d’ un Comité consultatif
technique dont les membres se rencontrent au moins une fois I’an en vue de discuter des orientations stratégiques et en
matiere de recherche.

L e Bureau compte actuellement six empl oyés professionnel sapl ein tempsdont | es connai ssances spéciali sées portent sur la
géologie du Précambrien, du Paléozoique et du Quaternaire, ainsi que sur la cartographie et les systémes d' information
géographique, et ladiffusion de données géoscientifiquesen ligne. Le Bureau apour mandat defournir del’information et
des connai ssances spéci alisées en géosciences au Nunavut en vue de promouvoir 1) lapoursuite detravaux d’ exploration et
de mise en valeur responsables desressources, 2) le dével oppement responsable desinfrastructures, 3) lerenforcement des
capacités géoscientifiques, 4) I’ éducation et les possibilités de formation dans le domaine des sciences de la Terre et 5) la
mise en place de programmes de sensibilisation du public en matiére de géosciences.

Lesarticles paraissant dans les volumes annuel s présentent |es constatations et les résultats liés aux recherches menées par
le Bureau dansdiversdomaines, ainsi que provenant detravaux réalisés au cours de cette année par nos partenaires et autres
collaborateurs, ou conjointement avec cesderniers. Nous avonsréussi adiffuser ces données en temps opportun et, depuis
I’ édition de I’ an passé, cela méme avant lafin de I’ année civile au cours de laquelle se sont déroul és ces travaux.

Ces travaux de recherche de haute qualité forment un tout qui vient s gjouter a la base de connaissances au sujet de la
géologie du Nunavut, tout en assurant I accés ade nouvealix renseignements de nature géosci entifique susceptibles d’ aider
alaprise de décisions en matiere d’ utilisation desterres al’ avenir. En outre, grace a ces renseignements, il est possible de
procéder a des évaluations de la présence possible de ressources correspondant a toute une gamme d’ éléments utiles,
notamment | es diamants et autres gemmes, les métaux communs et précieux, lesminéraux industriels, lapierreascul pter et
les agrégats. Ces travaux ont également pour objet d aider les habitants du Nord en offrant aux étudiants des niveaux
collégial et universitaire une occasion d acquérir une formation en sciences de la Terre.

Un programme geéoscientifique de deux ans (2014-2016) prenait fin au printemps et le Bureau recevait peu apres
I" approbation de le poursuivre pour un autre deux ans (2016-2018); les travaux porteront sur I’ exploration et la mise en
valeur responsablesdesressourcesnaturelles, lamiseen placeresponsableet laprotection de projetsde dével oppement des
infrastructures et ladiffusion de I’ information et de données géoscientifiques.

Laprésente édition du volume regroupe un total de 12 articles répartis en fonction des sujets suivants, qui tous concordent
aveclemandat du Bureau : « Etudes géoscientifiquesrégional es », « Etudes géoscientifiquesliéesal’ infrastructure », « Pi-
erre a sculpter » et « Sensibilisation du public ». Tous les articles sont publiés (en anglais seulement, accompagnés de
résumés en frangais) sur Internet et peuvent étre téléchargés sansfrais depuislewww.cngo.ca. Le Bureau alancé en 2013
une nouvelle série, laSérie des données géoscientifiques, qui permet ladiffusion d’ ensembles de données numériquestels
lesensemblesde donnéesanal ytiques, polygonal es ou ponctuel les et | esfichi ers de métadonnées. L es données appuyant les
travaux derecherche entrepriset décritsdansles articles présentés dansle volume sont ainsi également misesen circulation
par le biais de cette autre série.

Danslasection portant sur lestravaux entreprisdans|e cadre des « Etudes géoscientifiquesrégionales », six articlesfont état
de projets ciblés de cartographie du substratum rocheux, d’ études de la géologie de surface, d échantillonnage des
sédimentset del’ eau, et d’ autres études de nature thématique. Le premier articletraite de lapoursuite de recherches sur les
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microfossiles (conodontes) que renferment les xénolites carbonatés au sein des kimberlites de Chidliak. Ces travaux
fournissent des données complémentairesqui aident amieux comprendreles processusresponsablesdelamiseen placedes
kimberlites ainsi que I’ histoire de leur refroidissement. Le second article porte sur des travaux de cartographie de la
géologie de surface dans la région du lac Sylvia Grinnell et présente les résultats d' analyses d' échantillons de till, de
sédimentsfluviatileset lacustres, et d’ eau deruisseau et delacsen vued' établir I histoire delarégion et desaccidentsdeter-
rain qui s'y trouvent. Lestroisarticles qui suivent font état de résultats acquis dans|e cadre du projet de cartographie dela
région du lac Tehery et de la baie Wager, qui se situe au centre du Nunavut. Les travaux de cartographie géologique
présentés dans le troisiéme article mettent I’ accent sur I’identification des unités rocheuses et des caractéristiques de la
région et les nouvelles découvertes qui ont été faites aideront arésoudre |’ énigme entourant ses origines géologiques. Le
quatriéme article souligne comment le recours aux données gravimétriques et magnétiques apermis d’ identifier des struc-
tures peu profondesdelacrolteterrestre, alorsquelespremiersrésultats provenant d’ une étude thématique delalimite ma-
rinepostglaciaireest le sujet du cinquiemearticle. Ledernier article paraissant dans cette section fait état d’ une étude qui se
poursuit danslabaie Frobisher envued’y dresser lacarte des él éments géosci entifiques caractéri sant | e plancher océanique.
Unemeilleure compréhension delagéologiedufond del’ océan, des géorisgues danslarégion et des processus géol ogiques
ayant une incidence sur le plancher océanique contribuera grandement a la mise en valeur future de larégion.

En reconnai ssance des changements climati ques et des conditions de réchauffement qui se manifestent dans|‘ ensembledu
Nord, lasection ayant trait aux « Etudes géoscientifiquesliéesal’ infrastructure» regroupe quatrearticles dans|esquel ssont
présentés quel que uns de ceseffets et de cesconditions. Lesdeux premiersportent sur le pergélisol aux alentoursde Rankin
Inlet, une région située au centre du Nunavut, et les deux derniers font état de résultats préliminaires provenant de
recherches entreprises dans le bassin hydrographique de lariviére Niagunguk (communément appel ée de facon officieuse
lariviére Apex). Le premier article portant sur le pergélisol note le résultat d’ observations et de la sélection de sites se
prétant ala mise en place de stations de surveillance du pergélisol et de latempérature au sol. Un atelier qui aeu lieu en
février aRankin Inlet est le sujet du second article. L’ atelier avait pour objet d’ acquérir une meilleure compréhension des
processus régissant |e pergélisol en combinant les observations|ocales et traditionnelles aux données géoscientifiques. Le
troisiémearticlefait état derésultats préliminairesdécoulant d’ une étude hydrologiqueliéealaneigeréalisée danslebassin
hydrographique de lariviere Niagunguk. Ces travaux ont pu étre réalisés grace a un partenariat poursuivant des études
intégréesde suivi, derecherche et deformation en matiered’ hydrologie et delaqualité del’ eau. L esrecherchesentreprises
dansle cadre du quatriéme article de cette section se sont penchées sur lacirculation del’ eau souterraine et, ayant recours a
une approche méthodol ogique, ont tenté de caractériser les voies empruntées par cette derniére et d'identifier les sources
d’ eau au coursdelasaison de dégel delacoucheactive. Lesrecherchesafférant acesdeux derniersarticlesont étéréalisées
dans le bassin hydrographique de lariviére Niagunguk, soit lariviére qui a été désignée atitre de source complémentaire
d’ eau potable pour les collectivités d’ galuit et d’ Apex.

La pierre se prétant a la sculpture a récemment fait I’ objet de travaux ciblés au Nunavut afin d’en déterminer les
caractéristiques (qualité et quantité) al’ intention des artistes du Nunavut. En 2016, une équipe formée de géologues de la
Qikgitani Inuit Association et du Bureau, accompagnée par un étudiant en géologie de I’ Université du Manitoba, avisité
quatre emplacements de pierre ascul pter danslesilesBelcher afin d'y étudier le paysage, de dresser lacarte des gisements
de pierre a sculpter et de tenter de mieux comprendre les processus al’ origine de laformation de la pierre.

Ledernier article du volumetraite d’ une initiative qui aeu lieu al’ extérieur du hameau de Taloyaok au coursdel’ été. Un
programme expérimental d'école de terrain communautaire s est déroulé en guise de préparation des campagnes de
cartographie du substratum rocheux prévues par la Commission géologique du Canadaet e Bureau en 2017 et 2018. Cette
écoledeterrain apermisaux habitantsdu Nord d’ apprécier eux-mémes|es méthodes utiliséesafin derecueillir desdonnées
géologiquessur leterrain et devoir exactement comment cesderniérespeuvent servir adesprisesdedécisionsal’ avenir qui
se feront sans nécessairement avoir d’incidence néfaste sur |’ environnement.

J ose espérer que tous et chacun découvriront et apprécieront en lisant ces articles a quel point est variée larecherche de
haute qualité entreprise aussi bien par le Bureau, que par ses partenaires et collaborateurs.
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Conodonts and their colour alteration index values from carbonate
xenoliths in four kimberlites on Hall Peninsula, Baffin Island, Nunavut

S. Zhang* and J. Pell?

! Canada-Nunavut Geoscience Office, Iqaluit, Nunavut, shunxin.zhang@canada.ca

ZPeregrine Diamonds Ltd., Vancouver, British Columbia

This work is part of the Hall Peninsula Integrated Geoscience Program (HPIGP), led by the Canada-Nunavut Geoscience Office (CNGO)
in collaboration with the Government of Nunavut, Indigenous and Northern Affairs Canada, Dalhousie University, University of Alberta,
Université Laval, University of Manitoba, University of Ottawa, University of Saskatchewan, University of New Brunswick, Nunavut Arc-
tic College and the Geological Survey of Canada. It is supported logistically by several local, Inuit-owned businesses and the Polar
Continental Shelf Program. The focus is on bedrock and surficial geology mapping (1:100 000 scale). In addition, a range of thematic stud-
ies is being conducted, including Archean and Paleoproterozoic tectonics, geochronology, landscape uplift and exhumation,
microdiamonds, sedimentary rock xenoliths and permafrost. The goal is to increase the level of geological knowledge and better evaluate
the natural resource potential in this frontier area.

Zhang, S. and Pell, J. 2016: Conodontsand their colour alteration index valuesfrom carbonate xenolithsin four kimberliteson Hall Penin-
sula, Baffin I1sland, Nunavut; in Summary of Activities 2016, Canada-Nunavut Geoscience Office, p. 1-12.

Abstract

Hall Peninsula, located on southeastern Baffin Island, Nunavut, is host to the newly discovered Chidliak kimberlite prov-
ince. Theregion isunderlain by Precambrian basement and the original Paleozoic cover has been removed by erosion. The
earlier presence of Paleozoic carbonate strataisindicated by the presence of carbonate xenoliths—many of which contain
numerous conodont microfossils—in the Chidliak kimberlites. The present study is a continuation of work done on cono-
dontsrecovered from Hall Peninsulakimberlitesand their colour aterationindex (CAI) values. Thispaper summarizesthe
resultsrecovered from 12 drillholesin 4 kimberlites, including 10 new drillholesin 3 of the 11 kimberlites previously stud-
ied and 2 drillholesin akimberlite that have not been previously reported on. Of the 59 collected samples, 43 contain cono-
donts, from which nearly 600 identifiable conodont specimens have been recovered with conodont CAl values ranging
from 4 to 8. These provide additional data to understating the kimberlite emplacement processes and cooling history.

Résumé

Lapéninsule Hall, située au sud de’ile de Baffin, au Nunavut, renferme la province de kimberlites de Chidliak, qui vient
tout récemment d’ étre découverte. Larégion repose sur du socle précambrien dont lacouverture paléozoiqueoriginaleaété
complétement enlevée par I'érosion. Des xénolites de calcaire, seuls témoins de la présence antérieure de couches
carbonatées pal éozoiques, renferment de nombreux microfossiles (conodontes). La présente étude poursuit des travaux
portant sur des conodontes provenant d’ échantillons de kimberlitesrecueillis danslapéninsule Hall et examinelesvaleurs
del’indice d atération de lacouleur (IAC) qui les caractérisent. Le rapport résume les résultats acquis des douze trous de
forage creusés dans quatre unités de kimberlites, notamment dix nouveaux trous forés dans trois des onze unités de
kimberlite déja étudiées et deux autres forés dans une unité de kimberlites qui N’ a pas encore fait I’ objet d' études. Des 59
échantillonsrecueillis, 43 renfermaient desconodontes, parmi lesquel spresque 600 spécimensde conodontesidentifiables,
dont I'l AC varie de 4 a8, ont pu étre récupérés. Ces spécimens fournissent des renseignements supplémentaires, grace
auxquelsil est possible de mieux comprendreles processusenjeulorsdelamiseen placedeskimberliteset |’ histoiredeleur
refroidissement.

Introduction Sound on the northeast (Figure 1). More than 70

kimberlites have been found since the first kimberlite dis-
TheChidliak kimberlite provincecoversa40by 70kmarea  covery in 2008. As a byproduct of the exploration pro-
on Hall Peninsula, southeastern Baffin Island, Nunavut, be- grams, anumber of carbonate xenoliths have been foundin
tween Frobisher Bay on the southwest and Cumberland many of the kimberlite pipesontheHall Peninsula. In addi-

This publication is also available, free of charge, as colour digital files in Adobe Acrobat™ PDF format from the Canada-Nunavut
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tion, many of the xenolithsyield very well preserved Late
Ordovician—Early Silurian conodont microfossils (Zhang
and Pell, 2013, 2014). These aredirect evidencethat Paleo-
zoic rocks were present on Hall Peninsula at the time of
kimberlite emplacement (Late Jurassic and Early Creta-
ceous). The Paleozoic strata were subsequently eroded
away between the time of emplacement of the kimberlites
and the present (Zhang and Pell, 2013, 2014).

In previous studies (Zhang and Pell, 2013, 2014), atotal of
109 carbonate xenolith samples were collected from 19
drillholesin 11 of the Chidliak kimberlites (CH-06, CH-07,
CH-17, CH-28, CH-31, CH-33, CH-44, CH-45, CH-56,
CH-55 and CH-58). More than 1300 conodont specimens
wererecovered from 76 conodont-bearing carbonate xeno-

lith samples, in which 32 species representing 23 genera

were recognized (Zhang and Pell, 2014). These conodonts

have awide range of colour alteration index (CAI) values,
from 1.5 to 8 (Zhang and Pell, 2014). Based on these data,

Zhang and Pell (2014)

e reconstructed the Paleozoic stratigraphy on Hall Peninsula
by means of the discovered conodont species,

e egtimated the totd thickness of the Paleozoic strata that
have been eroded from Hall Peninsulaby using theknown
stratigraphic datafrom other areasaround the FoxeBasin;

e estimated the erosion rate on Hall Peninsula; and

e provided unique information about the effects of thermal
alteration of conodonts by the kimberlitesin the Chidliak
kimberlite province.
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Figure 1: Simplified geological map of the Foxe Basin and vicinity (modified from Wheeler et al., 1997), showing the location of Chidliak pro-

ject area (red polygon).
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Furthermore, Pell et al. (2015) used the conodont CAl val-
uesto build thermal modelsfor cooling of the Chidliak kim-
berlite pipes and synchronous heating of conodont-bearing
xenoliths.

This paper will present new conodont data collected from
12 drillholesin 4 kimberlites (CH-06, CH-07, CH-44, CH-
46) in 2012 and 2014, in addition to thosein Zhang and Pell
(2013, 2014), and focus on the conodont CAI values and
their implication on the heating of conodont-bearing xeno-
liths within the kimberlites.

Geological setting

Based on early work and a reconnai ssance geochronology
study (Scott, 1996), Hall Peninsula was divided into three
major crustal entities (Scott, 1996, 1999; St-Onge et al.,
2006), which, from west to east, are the Cumberland
Batholith, a belt of Paleoproterozoic metasedimentary
rocks and agneissic terrane now termed the Hall Peninsula
block (Figure 2; Whalen et a ., 2010). Thistectonic frame-
work had been maintained during the remapping of the
southern part of the peninsula in 2012 (Machado et al.,
2013), and northern part of the peninsula, including the
Chidliak region, in2013 (Steenkamp and St-Onge, 2014).

The Hall Peninsula block (Figure 2) comprises Archean
orthogneissic and supracrustal rocks with a ca. 2.92—

2.80 Ga age, and possibly younger clastic rocks that have
been tectonically reworked to some degree (Scott, 1999).
The block hosts 74 kimberlites discovered on Hall Penin-
sula between 2008 and 2015. Thisregion is referred to as
the Chidliak diamond district. A total of 44 of the kimber-
lites have been dated as Late Jurassic—Early Cretaceous
(156.7-139.1 Ma; Heaman et al., 2012). Both steeply dip-
ping sheet-like and larger pipe-like kimberlite bodies have
been discovered at Chidliak (Pell et al., 2013). The pipe-
like bodies commonly contain clastic sedimentary and car-
bonate xenoliths derived from the pal eosurface and incor-
porated into an open vent structure.

At present, Hall Peninsula lacks Phanerozoic sedimentary
cover except for unconsolidated glacial deposits. The clos-
est outcrops of Paleozoic strata on southwestern Baffin Is-
land are approximately 150-280 km west of the Chidliak
kimberlite province (Figure 1; Trettin, 1975; Sanford and
Grand, 1990, 1998, 2000; Zhang, 2012). Further to the
northwest of the Chidliak kimberlite province, the Paleo-
zoic sedimentary rocks are also exposed on the Brodeur
Peninsula, Baffin Island (Nentwich and Jones, 1989),
northeastern Melville Peninsula (Sanford, 1977; Zhang,
2013) and several small islandsin the central Foxe Basin; a
nearly complete Paleozoic sedimentary record was recov-
ered in drillcore on the Rowley Island (Figure 1; Trettin,
1975). These Paleozoic sedimentary rocks were deposited
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et Thrust fault, interpreted

Rae craton and margin

I:l Cumberland Batholith
(1.865-1.845 Ga)
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Figure 2: Simplified regional geological map of southern Baffin Island (after St-Onge et al., 2006; Whalen et al., 2010), showing the sample

area (red rectangle).
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in the Foxe Basin; they were present on Hall Peninsulabe-
fore the Late Jurassic—Early Cretaceous when the kimber-
lites were emplaced. The Paleozoic Foxe Basin also in-
cluded present-day, Phanerozoic-barren Hall Peninsula
These are evidenced by the conodonts discovered from the
carbonate xenoliths preserved in the kimberlites on Hall
Peninsula (Zhang and Pell, 2013, 2014).

New carbonate xenolith samples and
conodonts

Following Zhang and Pell (2013, 2014), atotal of 59 addi-
tional carbonate xenolith samples were collected from 12
drillholesin 4 kimberlites (CH-06, CH-07, CH-46 and CH-
44; Figure 3, Table 1). Most of the samplesfrom drillholes
of CH-06 (Table 2), CH-07 (Table 3) and CH-46 (Table 4)
are from continuous cores through large carbonate blocks
covering arelatively long time interval. Examplesinclude
the carbonate xenolithsin CH-46: axenolith fromdrillhole
CHI-105-DD01is17.52minacorelengthof 71.3-88.82m
(Figure 4a), and a xenalith from drillhole CHI-105-DD02
is9.05 minacorelength of 52.6-61.65 m (Figure 4b). Se-
lect portions of the cores from these two drillholes were
sampled for processing conodonts (see Table 4 for details).
All samples from drillholes in CH-44 (Table 5) represent
relatively short intervals of the drillcores, similar to those
shown in Figure 4c and d.

Of 59 samples collected and processed, 43 contained cono-
donts. Nearly 600 identifiable conodont specimensand nu-

W68°

We7° W66° W65° W64°

N63°30"

N62°30"

merous broken elementswere recovered from the 43 cono-
dont-bearing carbonate xenolith samples. Twelve species
representing ten generawere identified (see Tables 2-5for
details). They are Aphelognathus cf. A. divergens Sweet,
Belodina confluens Sweet, Culumbodina penna Sweet,
Drepanoistodus suberectus (Branson and Mehl), Pseudo-
belodina adentata Sweet, Panderodus unicostatus
(Branson and Mehl), P. liratus Nowlan and Barnes, P.
breviusculous Barnes, Periodon grandis (Ethington),
Plectodina tenuis (Branson and Mehl), Protopanderodus
liripipus (Branson and Mehl) and Walliserodus curvatus
(Branson and Branson). These species have been reported
previously from Upper Ordovician outcropsin Foxe Basin
areaby McCracken (2000) and Zhang (2013) and from car-
bonate xenoliths on Hall Peninsula by Zhang and Pell
(2014). The conodontsrecovered from carbonate xenoliths
by the present study have CAl values ranging between 4
and 8 (Figure 5, Tables 2-5), which is substantially nar-
rower than those (1.5-8) reported by Zhang and Pell (2014)
and Pell et d. (2015).

In the Foxe Basin area, the Upper Ordovician strataare di-
vided into Frobisher Bay, Amadjuak, Akpatok and Foster
Bay formations. The conodont species recovered from 12
drillholes mentioned earlier are common in the Amadjuak
Formation in the Foxe Basin area (McCracken, 2000;
Zhang, 2013); however, neither any typical conodont spe-
ciesthat are specifically restricted to the Upper Ordovician
Frobisher Bay, Akpatok and Foster Bay formationsand Si-
lurian strata, nor any species other than those reported by

W63°

Figure 3:a) Location of four kimberlites highlighted by red rectangle on a Google Maps™ base (Google, 2013); b) enlargement of the area

highlighted by the red square in a).
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Zhang and Pell (2014), have been found from the 12
drillholes reported herein. The new material from the 12
drillholes, therefore, doesnot provide any new information
to emend the Upper Ordovician and lower Silurian strati-
graphicframework on Hall Peninsulaestablished by Zhang
and Pell (2014).

It is worth stating that two samples, SZ14-050-02 and
SZ14-050-06, from drillhole CHI-050-14-DD25 at depths
of 114.05-115 m and 119-120 min kimberlite CH-06 (Ta-
ble 2), respectively, contain one specimen of Neo-
gondolella sp. (Figure 6b) and one specimen of Neo-
spathodus sp. (Figure 6d). These conodonts are of late
Permian and Early Triassic age. Regionally, there has been
no report of marine upper Permian and Lower Triassic de-

posits in the Foxe Basin area. Whether these conodonts
wereoriginally from samples SZ14-050-02 and SZ14-050-
06, or resulted from laboratory contamination, needs more
investigation. The possibility of laboratory contamination
isdiscussed later in this paper.

Conodont CAI values and thermal history
implication

Conodonts are phosphatic marine microfossils of the Cam-
brian—Triassic; unmetamorphosed conodont elements are
transparent, apatitic and contain trace amounts of organic
matter that colour them. The conodont colours can be
changed with an increase in metamorphic temperature.
Eight conodont colours have been recorded, both in the

Table 1: Carbonate xenolith samples collected from 12 drillholes in 4 kimberlite bodies in the

Chidliak project area.

No. of No. of

Kimberlite Drillole ~ SamPling depth - ted productive COnodont
(m) data
samples samples

CHI-050-14-DD25 113.6-140.1 10 6

CH-06 CHI-050-14-DD26  169.1-169.25 1 0 Table 2
CHI-050-14-DD27 69.2-76.2 2 2
CHI-050-14-DD28 87.15-99.5 3 1

CH-07 CHI-251-14-DD19  81.65-128.13 7 7 Table 3
CHI-251-14-DD23  156.25-156.5 1 0

CH-46 CHI-105-14-D01 72.5-88.05 11 1 Table 4
CHI-105-14-D02 54.2-69.5 7 6
CHI-258-12-DD09 203.95-220.6 8 7

CH-44 CHI-258-12-DD10 5.78-10.06 3 1 Table 5
CHI-258-12-DD11 63.95-71.82 2 0
CHI-258-12-DD12  28.9-179.22 4 2

Total 12 59 43

Table 2: Conodont elements recovered from four drillholes in kimberlite CH-06 and their colour alteration index (CAl) values.

. CHI-050- CHI-050-14-

Drillhole CHI-050-14-DD25 14-DD26 DD27 CHI-050-14-DD28
5 & 8 3 8 85 8 5§ & ¢ ¢ 2 ¥ 2 0
> > Q Q Q = = =3 o = = =3 Q =) Q =)

Sample 8 8 s 8 & 8§ 8 ] 8 8 8 8 ] 8 8 8
e e s 3+ 3 3 3 I I 3 3 s 0 3 32 e
- - Ny Ny Ny - - Ny - - - Ny N - Ny -
o o R R % R )

Sample mass (g) 2010 2159 2269 2520 2456 2264 1777 2205 1700 1742 601 1916 1181 752 2042 1875

Undissolved sample mass (g) 890 596 511 703 540 337 499 832 506 726 0 798 278 203 858 732
8 v © o < o ~ b & ~ o~ ~ 8 ©

g - © ) o o . . S ! - ; - ) ]
Ty s g3 88 7 o8I 8 3 v 5 3 08

Depth (m) O T - L L ST T - B S
e & T - £ - & 2 28 g 8 e 5 oz 8

CAl ? 4-5,65 6-65 6 6 2-3 2 7 ? ? ? 7-8 6.5 ? 6.5 ?

Age ? ? L.O.(?) ? ? LO.(?) ? ? ? L.O. LO.(?) ? LO.(?) *?

Species

Aphelognathus cf.

) 1

A .divergens

Panderodus unicostatus 3 1 2 1 2 5 1 1

broken ramiform element 1 1

Neogondolella sp. 1

Neospathodus sp. 1

Note: 1) * and ** represent barren samples and possible contaminated samples, respectively; 2) L.O.: Late Ordovician.
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field and laboratory (Epstein et al., 1977; Rejebian et al.,
1987), which were numbered 1-8, or called conodont col-
our alteration index (CAl) 1-8. The conodont CAl values
of 1-5 and 6-8 are measures of organic metamorphism to
calibrate and substantiate conodont colour alteration in the
temperature range of 50 to >300°C in regional metamor-
phic events (Epstein et al., 1977) and of >300 to >600°C in
contact metamorphic events(Rejebianet al., 1987), respec-
tively. Carbonate xenoliths within kimberlites were sub-
jected to contact metamorphism for relatively short times
(10°-10° hours); on this basis, CAl values 1-8 are indica-
tive of temperature range of <225 to >780°C in a recent
study conducted by Pell et al. (2015).

All conodonts from present-day outcrops of the Upper Or-
dovician and Silurian stratain Hudson Bay and Foxe Basin
areashave CAl 1(Zhang, 2011, 2013), and someconodonts
from deeper parts of the wells in Hudson Bay may have
CAI 1.5 (Zhang and Barnes, 2007). The conodont elements
recovered from 19 drillholes among 11 Chidliak
kimberlites have CAl valuesranging from 1.5 to 8 (Zhang
and Pell, 2014; Pell et al., 2015). The observations made by
Pell etal. (2015) werethat CAl valuesof <4 arefoundin xe-
noliths exclusively in volcaniclastic kimberlites (VK);
those of 4—7in xenolithsfrom VK in VK-only andin mixed
infill pipes; and those of 6-8 from apparent coherent
kimberlites (ACK).

Kimberlite CH-46

Kimberlite CH-46 hasasurfaceareaof <1 haandisinfilled
with VK, or strictly speaking, pyroclastic kimberlite (PK).
No datafrom CH-46 had been included in previous studies
(Zhang and Pell, 2014; Pell et al., 2015). A total of 17 car-
bonate xenolith samples were collected from the two
closely spaced drillholes, CHI-105-14-DD01 and CHI-
105-14-DDO02 inkimberlite CH-46 (Figure 3b). Theformer
and the latter yielded an almost continuous carbonate core
from 71.3 to 88.82 m and from 52.6 to 61.65 m, respect-
ively.

A similar large carbonate block (8.6 m long core [80.40—
89 m] from drillhole CHI-050-11-DD16) had previously
been collected, but only two samplesfromit yielded cono-
donts with the same CAIl value (6.5-7; Zhang and Pell,
2014; Pell et al., 2015), which did not provide enough data
for observing CAl valuevariation withinakimberlite body.
The conodontsfromthetwo drillholesof kimberlite CH-46
studied herein exhibit asimilar pattern of CAl valuevaria-
tion. The conodonts from middle part of the core have
lower CAl values (4 or 4-5) than either end (6-6.5 or 6.5~
7),and thehighest CAl value of 7 isrecorded at, or near, the
base of each xenolith core, at 85.85-88.05 m in CHI-105-
14-DD01 and 66.98-67.27 m in CHI-105-14-DD02 (Ta-
ble4). Thesetwo coreswere probably fromoneor two very

Table 3: Conodont elements recovered from two drillholes in kimberlite CH-07 and their colour

alteration index (CAl) values.

Drillhole

CHI-251-14-DD19

CHI-251-14-DD23

Sample

SZ14-251-01
S$714-251-02

SZ14-251-03

SZ14-251-04
SZ14-251-05
SZ14-251-06
SZ14-251-07

Sample mass (g)

1182 2338 2470 2199 2244 1796 2554

~ | 156.25-156.5 |3 £|S214-251-08

Undissolved sample mass (g) 376 1372 811 430 541 516 530
0 [To] To} 0 2]
2 g & B 8 B O
36 8 8 8 88
Depth (m) § g' gl é g § ﬁ
T ¢ g & d d
CAl 45 5 6 6 6 6 6-6.5
Age Late Ordovician
Species
Belodina confluens 1 1
Culumbodina penna 1 2
Drepanoistodus suberectus 1 2
Pseudobelodina adentata 1
Panderodus unicostatus 1 2 3 4 10 33
Panderodus liratus 1
Panderodus breviusculous 2 1 2
Plectodina tenuis 2 5 9 6 "
broken ramiform element 1 a few a lot

Note: * indicates barren sample.
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Table 4: Conodont elements recovered from two drillholes in kimberlite CH-46 and their colour alteration index (CAl) values.

Drillhole CHI-105-14-DD01 CHI-105-14-DD02
- N [se] < Yo} (<] ~ [ee} [} o -~ [9V] o < [fe] [(e] ’l‘\
o o o o o o o o o — -~ ~— -~ ~— ~— — iy
O O O O O ) O O O O 1o) O O O O to) D
o o o o o o o o o o o o o o o o o
Sample T T T T Y Y T ST ST T T T .% %% %% ¥
g @3 ¥ 3@y ¥y ¥ T ¥ I T I I =
N N N N N N N N N N N N N N ‘r\_]
7] w w w w w w w w w w w w w [2] w %)
Sample mass (g) 2168 2032 2162 2022 1954 2001 1786 2184 2084 2140 1956 2053 2061 1808 1996 1237 1859
Undissolved sample mass (g) 1061 923 964 865 749 918 723 953 911 839 780 863 705 495 809 94 532

P 2 %2 e p o 8 g B g 8 5ok g b o

Depth (m) b T TR L 8 % o2 9 L % % % % I g 9
8 T 9 N~ o o w S 0§ o @8 ¢ = - o § 2
N R e NN o208 ¥ 08 2 ¥ 8 o g g 8

CAl 56 5 56 56 45 45 56 56 56 7 657 56 56 4 56 7 ?

Age Late Ordovician ?

Species

Belodina confluens 2 2 1 2 1

Culumbodina penna 1

Drepanoistodus suberectus 1 1 3 1 1 3 1

Pseudobelodina adentata 1

Panderodus unicostatus 7 8 30 16 14 18 27 20 15 14 12 20 14 13 13 6

Panderodus liratus 1

Panderodus breviusculous 1

Periodon grandis 1

Plectodina tenuis 1 1

Protopanderodus liripipus 2

Walliserodus curvatus 1

Note: * represents barren sample.

large carbonate masses (the one from CHI-105-14-DD01
was greater than 15 m long in one dimension), which was/
were enclosed by kimberlite CH-46. The centre of the car-
bonate mass was not affected by the heat from the kimber-
lite as much as the edges; the temperature in the centre of
the carbonate mass could be 365-610°C, and that near the
edge of the carbonate mass could be as high as 850°C,
based on Pell et al. (2015). Such pattern of CAl valuevaria-
tionin the two drillholesin kimberlite CH-46 was not pre-
viously observed and modelled by Pell et al. (2015); there-
fore, how the heat from kimberlitetravelled and diminished
in such huge carbonate xenolithswill be the topic of future
studies.

Kimberlites CH-06, CH-07 and CH-44

The carbonate xenoliths and conodonts from kimberlites
CH-06, CH-07 and CH-44 (drillholes of CHI-050-11, CHI-
251-11 and CHI-258-11) were reported by Zhang and Pell
(2014) and Pell et al. (2015). The conodont elementsrecov-
ered from xenolithsfrom CH-07, amixed infill pipe, domi-
nated by VK, have CAI values ranging from 4 to 6, while
those from CH-06 and CH-44, which have apparent coher-
ent kimberlite (ACK) infill, vary from6.5to 7 and 6.5t0 8,
respectively. Most of the conodonts collected from the xe-
noliths in the additional 10 drillholes in the 3 kimberlites
studied herein have similar CAl values (Tables 2-5, Fig-
ure5) tothosereported by Zhang and Pell (2014) and Pell et
al. (2015), but differ in some aspects.
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Figure 4: Examples of carbonate xenolith cores: a) continuous
carbonate xenolith cores from drillhole CHI105-14-DDO01 in
kimberlite CH-46, b) continuous carbonate xenolith cores from
drillhole CHI105-14-DDO02 in kimberlite CH-46, c) relatively small
carbonate xenolith samples from drillhole CHI-050-14-DD25 in
kimberlite CH-06, d) relatively small carbonate xenolith samples
from drillhole CHI-251-14-DD19 in kimberlite CH-07.



Kimberlite CH-06

Kimberlite CH-06 isal ha, mixed infill pipe dominated by
ACK, with lesser PK and coherent kimberlite (CK;
Nowicki et al., 2016). A conodont CAl of 8 was recorded
from sample SZ14-050-12 (Figure 5f) at a depth of 69.2—
69.7 min drillhole CHI-050-14-DD27. Thisis the highest
CAI value encountered at Chidliak and is higher than the
maximum CAI value of 7 previously reported by Zhang
and Pell (2014) and Pell et al. (2015). This sample may be
the closest to recording the actual emplacement tempera-
ture of the kimberlite.

Sample SZ14-050-02 from depth of 114.05-115 m in
drillhole CHI-050-DD25 contains both a broken unidenti-
fiable ramiform element (Figure 6a) and a Pa element of
Neogondolella sp. from the late Permian—Early Triassic
(Figure6b). Theformer hasaCAl valueof 6.5and thelatter
hasavalue of 4-5. The CAl valuesof 4 and 6.5 areindica-
tive of temperatures between 365 and 775°C (Pell et al.,
2015). Thetwo conodont elements have CAl values of 6.5
and 4-5, but are derived from a <1 minterval of core. It
seems unlikely that the conodont elements could have had
such large differences in thermal history. Thus, the speci-
men of Neogondolella sp. (Figure 6b), which has an an-
omalously low CAI value of 4-5 and an anomal ous age of

late Permian—Early Triassic, may result from contamination
in the lab.

Sample SZ14-050-06 from 119 to 120 min drillhole CHI-
050-DD25 from kimberlite CH-6 contains both a com-
pressiform element of Panderodus unicostatus (Figure 6¢)
of Ordovician—Silurian age and a Pa element of Neospath-
odus sp. (Figure 6d) of Early Triassic age, which both have
aconodont CAl value of 2-3. Most of the condont-bearing
samples collected from CH-6, both in this and previous
studies, yield conodontswith CAl values of 67, except for
SZ14-050-02, asdiscussed previously. Pell et al. (2015) re-
ported that the conodont CAl values of <4 arefound in xe-
noliths exclusively in VK, but CH-06 is ACK; therefore,
the conodonts with such low CAI valuesin kimberlite CH-
06 are also most likely caused by contamination in the lab,
especially the unusual age of Neospathodus sp. (Figure 6d)
intheregion. The compressiform element of P. unicostatus
(Figure 6¢) of Ordovician—Silurian age, a common cono-
dontin theregion, doesnot, however, support the argument
of lab contamination from the aspect of age, so its origin
remains uncertain.

Kimberlite CH-07

Kimberlite CH-07 hasasurface area of approximately 1 ha
and isinfilled by amix of VK (dominantly PK) and lesser

Table 5: Conodont elements recovered from four drillholes in kimberlite CH-44 and their colour alteration index (CAl) values.

Drillhole CHI-258-12-DD09 CHBZI;?;Z' CHI':;;?:'"' CHI-258-12-DD12
5 98 3 8 8 558 8 bEh b ¥bo oo
333555333333 33% 3%
R EER
Sample mass (g) 1093 2437 1698 1243 2863 674 6338 454 243.5 946 467 371 594 916 309 690 2762
Undissolved sample mass (g) 748 84 0 51 1200 64 645 27 15 25 0 71 0 435 63 30 238
8§ 8 2 o 8 2 8 o © 8 g - . 3 O
S 8 8 5§ £ § £ 8§ 2 9eg 2 g3 ¢
Depth (m) 2 393 % Y 2L L ETLLTOTTYYS I
o @ < y @ @ I3Y ; ~ ;2o ™~ ; w  ©
s 8 8 2 S T ¢ & w ® 929 s g &3 g O
8 2 & & & & g8 T8 0~ © =
CAl 65 6 6 6 56 6-65 6 ? 65-7 ? ? ? 7 6-6.5
Age Late Ordovician ? LO. ? ? L.O.
Species
Belodina confluens 1 1 8 3 1
Drepanoistodus suberectus 2 4
Panderodus unicostatus 5 3 5 8 1 36 1 66 1
Panderodus liratus 3 1
Panderodus breviusculous 1 1 1
Periodon grandis 11 4
Plectodina tenuis 2
Protopanderodus liripipus 1 1 2
Pseudobelodina adentata 1
broken ramiform element 3

Note: 1) * represents barren samples; 2) L.O.: Late Ordovician.
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ACK and CK (Nowicki et al., 2016). Seven carbonate xe-
nolith sampleswere collected from VK at depths of 81.65—
128.13minvertical drillhole CHI-251-14-DD19 (Table 3).
The conodont CAl values from 81.65 to 128.13 m gradu-
ally increased from 4 to 6.5 with increasing depth, convert-
ing the temperature range from 365 (10° hours)—610°C
(10° hours) to 650 (10° hours)—775°C (10° hours; Pell etdl .,
2015). Although the conodont CAl values aredirectly pro-
portional to the buried depth in regional metamorphism
(Harris, 1981), such asmall depth differencewill not cause
any obvious changes in conodont colours. Such a steady
changein conodont CAl values could be dueto thetemper-
ature difference in different parts of the kimberlite, which

Figure 5: Conodont elements with different colour alteration index
(CAl) values recovered from carbonate xenoliths from 12 drillholes
in 4 Chidliak kimberlite pipes: a) asymmetric graciliform element of
Panderodus unicostatus (CAl = 4) from sample SZ14-251-01,
GSC139098; b) asymmetric graciliform element of P. unicostatus
(CAl = 5) from sample SZ14-251-02, GSC139099; c) arcuatiform
element of P. unicostatus (CAl = 7) from sample SZ14-105-16,
GSC139100; d) subtriangular element of Culumbodina penna
(CAI=6.5) from sample SZ14-251-07, GSC139101; e) oistodiform
element of Drepanoistodus suberectus (CAl = 7) from sample
SZ14-105-10, GSC139102; f) compressiform element of P.
unicostatus (CAl = 8) from sample SZ14-050-12, GSC139103
(black and white bars = 0.25 mm). lllustrated specimens are de-
posited in the National Type Collection of Invertebrate and Plant
Fossil, the Geological Survey of Canada, Ottawa; GSC139098—
139103 are curation numbers. See Sansom et al. (1994) for de-
scriptive terms of Panderodus species and Lindstrém (1971) for
that of Drepanoistodus species.
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could result from processes such as the pipe cooling faster
near the surface, and slower with increasing depth; hetero-
geneous temperature distributions in pipe filling deposits;
and latent heating of the pyroclastic depositsfrom below, or
some combination thereof.

Kimberlite CH-44

Kimberlite CH-44 has a surface area of approximately
0.5 ha and has ACK-dominated infill in the upper 160 m
and PK at depth (Nowicki et al., 2016). Zhang and Pell
(2014) and Pell et al. (2015) reported five carbonate xeno-
lith samples from four drillholes in kimberlite CH-44, and
the conodonts collected from the five samples have CAl
valuesranging from6to 7-8, temperaturestypical of ACK.

For thisstudy, atotal of 17 carbonate xenolith sampleswere
collected from 4 drillholes in kimberlite CH-44, among
which 10 samples contained conodonts. The conodont ele-
mentsfromthe 10 sampleshave CAl valuesranging from5
to 7, indicating that these carbonate xenoliths were heated
less(70-100°C) by the kimberlite than those described pre-

d)

Figure 6: Conodont elements with unusual colours and ages from
drillhole CHI-050-14-DD25, kimberlite CH-06: a) broken unidentifi-
able ramiform element (CAl = 6.5) from sample SZ14-050-02,
drillhole CHI-050-14-DD25, kimberlite CH-06, GSC139104; b) Pa
element of Neogondolella sp. (CAl = 4-5) from sample SZ14-050-
02, drillhole CHI-050-14-DD25, kimberlite CH-06, GSC139105; c)
compressiform element of Panderodus unicostatus (CAl = 2-3)
from sample SZ14-050-06, drillhole CHI-050-14-DD25, kimberlite
CH-06, GSC139106; d) Pa element of Neospathodus sp. (CAl = 2—
3) from sample SZ14-050-06, drillhole CHI-050-14-DD25,
kimberlite CH-06, GSC139107 (black bars = 0.25 mm; shorter bar
for a, and longer bar for b, ¢ and d). lllustrated specimens are de-
posited in the National Type Collection of Invertebrate and Plant
Fossil, the Geological Survey of Canada, Ottawa; GSC139104—
139107 are curation numbers.



viously; however, 7 out of 17 samples, including all 3 sam-
plesfromdrillhole CHI-258-12-DD11, are barren of cono-
donts. This could be because the samples did not contain
conodonts originally, but could also be because of the high
kimberlite emplacement temperatures destroyed the cono-
donts completely. This possibility is suggested because
kimberlite CH-44 is dominated by ACK infill.

Economic and applied considerations

The Paleozoic carbonate xenolithsin the Chidliak kimber-
lite pipes provide direct evidence for the Paleozoic strata
that were eroded from Hall Peninsula (Zhang and Pell,
2013, 2014). They aso further the understanding of the
kimberlites' emplacement history (Pell et al., 2015). The
conodonts recovered from carbonate xenoliths in kimber-
lites CH-06, CH-07, CH-44 and CH-46 have CAl vaues
ranging from 4 to 8, which provide new insight to kimber-
lite emplacement process and postemplacement cooling
history of these bodies. Thus, the conodonts recovered
from carbonate xenolithsand the conodont CA valuespro-
vide a reliable and inexpensive tool in reconstructing the
previously eroded Paleozoic stratigraphy and estimating
the minimum temperature of emplacement of the various
types of pipefills.
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Abstract

The SylviaGrinnell Lake areaproject isacollaborative activity between the Canada-Nunavut Geoscience Office, the Geo-
logical Survey of Canada (Geo-mapping for Energy and Minerals program), the Nunavut Research I nstitute and Carleton
University. The study areais located north of Iqaluit, and covers 16 000 km? over NTS map areas 25N, 26C and F. The
surficial geology resultswill assist the search for and devel opment of future natural resources, and provide useful input for
infrastructure and environmental studies. Samplesof till, stream sediment, lake sediment, stream water and |akewater were
collected during the summer of 2015 and then submitted for mineralogical, geochemical and sedimentological analyses.
Oneof the notabl e findingswasthe presence of scheelite (CaWO,) and cassiterite (SnO,) grainsintill and stream sediment,
mineralstypically related with felsicintrusiverocks. The potential for other commoditiesis modest to negligible, compared
withresultsfrom el sewherein the south Baffin | sland area. Thiswork also found that water microbial quality isvery goodin
the study area. The pH values in surface waters measured between 5.0 and 8.0, averaging 6.4.

Résumé

Larégion dulac SylviaGrinnell fait I’ objet d’ un projet de nature collaborative impliquant |e Bureau géoscientifique Can-
ada-Nunavut, la Commission géologique du Canada (programme de géocartographie de |’ énergie et des minéraux), le
Nunavut Research Institute et |’ Université Carleton. La zone d’ étude est située au nord d’ | gal uit et couvre 16 000 km? des
régions cartographiques 25N, 26C et F du SNRC. L esrésultats destravaux géologiques de surfaceréalisésdevraient d’ une
part contribuer arendreplusfacileleprocessusd’ exploration et demiseen valeur deressourcesnaturellesfutureset, d’ autre
part fournir les données nécessaires ala poursuite d’ études sur lesinfrastructures et I’ environnement. Des échantillons de
till, de sédiments fluviatiles et lacustres et d'eau de lac et de ruisseau ont été recueillis au cours de I’ été 2015 en vue
d’analyses minéralogiques, géochimiques et sédimentologiques. La présence de grains de scheelite (CawO,) et de
cassitérite (SnO,) dansletill et les sédiments fluviatiles, soit des minéraux habituellement associés aux roches felsiques
intrusives, constituel’ un desrésultats d' analyse les plusintéressants obtenus. La probabilité que d’ autres substances utiles
soient présentesvariedefaible anégligeable, du moinslorsque comparéeacelle associ ée aux résultatsobtenusailleursdans
larégion sud de I'ile de Baffin. Les travaux ont également permis d’ établir que la qualité microbienne de |’ eau s avére
excellentedanslazoned' étude. Lavaleur du pH del’ eau superficiellevarieentre5.0 et 8.0, lamoyenne sesituant 26.4.

Introduction and Mineralsprogram), the Nunavut Research | nstitute and

Carleton University. The Canada-Nunavut Geoscience Of-
The SylviaGrinnell Lakeareaprojectisacollaborativeac-  fice (CNGO) has a mandate to provide geoscience know!-
tivity between the Canada-Nunavut Geoscience Office, the  edge to promote responsible resource exploration and de-
Geological Survey of Canada (Geo-mapping for Energy ~ velopment and responsible infrastructure development in

This publication is also available, free of charge, as colour digital files in Adobe Acrobat™ PDF format from the Canada-Nunavut
Geoscience Office website: http.//cngo.ca/summary-of-activities/2016/.
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the territory; this includes gathering baseline information
about the geochemistry and mineralogy of surficial sedi-
ments. This baseline datawill potentialy help to lower the
financia risks of finding new mineral prospects by the ex-
ploration industry. Mineral exploration, geotechnical and
aggregate resource studies require accurate surficial geol-
ogy maps and glaciodynamic interpretations. The collec-
tion of baselineinformation about the geochemistry of soils
and water isuseful, particularly for environmental studies.
Samples of till, stream and |ake sediment, and stream and
lake water were collected in 2015; this paper presents geo-
chemical, mineral ogical and sedimentol ogical datafroman
areawhere little or no previous public data exists.

The study area is located north of Iqgaluit, and covers
16 000 km? over NTSmap areas 25N, 26C and F (Figure 1).
Currently, the publicly availablesurficial geology mapping
is limited to a national-scale map (1:5 000 000, Fulton,
1995) and detailed mapping of the NTS 25N map area
(21:100 000, Hodgson, 2005). Thegeneral surficial geology
and some of the methodologies are presented in Tremblay
et al. (2015).

Regional setting

The study areais located on Baffin Island between exten-
sive lowlands to the west, the Meta Incognita plateau and
Frobisher Bay to the south, theHall Peninsulaplateau tothe
east and arugged low-lying area, located west of Cumber-
land Sound, to the north. Within the study area, the Sylvia
Grinnell River valley extends southeast at ~100-200 m
above sealevel (agl), with step-like ridges rising up to the
plateaus toward the southwest (Meta Incognita plateau, up
to 500-600 m asl; Hodgson, 2005) and north (McKeand
River plateau, adjacent to Hall Peninsula plateau, up to
700madl). Theplateausaredissected by deepriver valleys,
and locally display a well-formed, subdendritic drainage
pattern. The study area lies within the continuous perma-
frost zone and local vegetation istypical of the low-arctic
tundra (see Tremblay et al., 2015, for detailed descriptions
of topography, previous works and glacial geomorphol-

ogy).
Glacial geology

The geomorphological indicators of glacial erosion are
summarized into three glaciodynamic zones in the study
area(Figure 1), indicative of the amount of glacial activity
(erosion and transport) that took place during the Quater-
nary period. In warm-based areas, glacial scouring isim-
portant, as evident from the presence of numerous small
lakesand glacially eroded outcrops. Theintermediate cold-
based zones are interpreted to be areas where glacial ero-
sion gradually became more marked as evidenced by more
lakes and bedrock outcrops, and the sparse appearance of
streamlined outcrops and macroforms. In the cold-based
zones, the existence of amix of thick nonglacial regolith,
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felsenmeer and till would suggest littleor no sliding to have
occurred at the glacier bed. Coverage by cold-based ice
sheets during the Quaternary is indicated by locally abun-
dant glaciofluvial channelsand occasional glacial erratics.
Thedynamic character of theformer ice sheet (cold- versus
warm-based) can help to understand and outline the nature
of glacial transport. On Hall Peninsula, cosmogenic sam-
ples (Ross et al., 2015) and mineralogical data (Leblanc-
Dumas et al., 2015) emphasi ze the distinction between till
and glacially eroded terrain, and regolith and till mixed
with regolith in less glacially eroded terrain (Tremblay et
al., 2015).

The glacial ice-flow history of the study area evolved in
two main phases (for details of the glacial history see
Tremblay et al., 2015). Ice-flow phase 1 involved two im-
portant glacial ice outletsthat existed during thelast glacia
maximum (LGM) in Baffin Bay, Frobisher Bay (conver-
gent ice flow to the southeast) and Cumberland Sound
(northwest ice flow). During phase 2, as the Hudson Strait
ice stream gradually developed and the ice front retreated
into Hudson Strait, the west Baffin Island ice flow became
increasingly warm-based and westward i ce flow devel oped
toward Foxe Basin. In Frobisher Bay, theice front receded
to the Frobisher Bay moraineposition ca. 9.0ka'*C (Blake,
1966), and iceflow switched from aconvergent patternto a
divergent pattern. Proglacial lakes were formed astheice
front retreated against the topographic slope, and complete
deglaciation of thestudy areaoccurred ca. 5.5 ka**C (Prest,
1969).

Bedrock geology

The bedrock geology of the study area (Weller et a., 2015)
is made up of mainly granitoid rocks associated with the
middle Paleoproterozoic Cumberland Batholith, which
containsscreensand enclavesof metasedimentary rocksin-
cluding quartzite, pelite, marbleand greywacke (L ake Har-
bour and Piling groups affinities). Weller et al. (2015) men-
tion the presence of sulphide-bearing gossans and layered
mafic-ultramafic sills that may host sulphide mineraliza-
tion. The area has been affected by amphibolite-grade
metamorphism and def ormation associated with the Trans-
Hudson Orogen. Diabase dykes (1-20 m thick) of Meso-
proterozoic to Neoproterozoic age are mapped in the north-
ern part of the study area. In the southwestern part of the
study area, Paleozoic carbonate rocks (limestone, dolo-
mitic limestone and organic-rich black shale) overlie the
Pal eoproterozoic (Zhang, 2012), and are bounded by either
fault zones or unconformities between Ordovician and
eroded Pal eoproterozoic rocks.

A simplified compilation of geological mapsby St-Onge et
al. (1999, 2016a—d) ispresentedin Figure 2. Inthe southern
part of study area, the visible inconsistency of geological
unitsin Figure 2 is due to mapping scal e discrepancies be-
tween the original maps. The *Granite’ unit is principally
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composed of monzogranite to granodiorite, with orthopy-
roxene, hornblende, clinopyroxene, biotite and magnetite.
The *Granite with biotite’ unit is principally composed of
monzogranite with biotite, hornblende, magnetite and
orthopyroxene. The* Granite with metasedimentary layers
unit is dominated by monzogranite with biotite, garnet,
orthopyroxene and abundant inclusions of metasedimen-
tary rock. The ‘Metasedimentary rocks’ unit is principally
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composed of Lake Harbour Group rocks that contain
metasedimentary rocks (quartzite, psammite, semipelite,
pelite [with garnet, sillimanite and biotite], orthoquartzite,
marble and calcsilicate rocks) and various igneous rocks
(principally garnet-biotite monzogranite, and metal euco-
diorite, metagabbro, amphibolite and mafic-ultramafic
sills). Diabase dykes and Ordovician carbonate rocks are
also present in the area.

Methodology

For the Sylvia Grinnell Lake area survey, samples were
collected from multiple surficial media (till, stream sedi-
ment, lake sediment, stream water and surface lake water
[Table 1]). Certified reference material samples, field du-
plicate samples and laboratory sample splitswere inserted
into the sampl e populations prior to submission for chemi-
cal analysesfor the purpose of monitoring, evaluating and
ensuring data quality. This survey methodology is similar
toUtting et al.’s(2008) mixed mediasurvey inthenorthern
Baffin Island region, where till and stream-sediment
heavy mineral samples were collected in warm-based and
cold-based glaciodynamic zones, respectively. In general,
stream sediment and water samplesare preferred sampling
media when conducting regional drainage geochemical
surveys in areas with a regular network of developed
streams (Prior et a., 2009). Stream sediment and water
samples collected as part of this study followed the Geo-
logical Survey of Canada's (GSC) former National Geo-
chemical Reconnaissance (NGR) program’s standards for
sample collection and analytical techniques (Friske and
Hornbrook, 1991). These standards are used to ensure con-
sistent and reliableresultsregardlessof thearea, date of the
survey or the analytical laboratory used. Field equipment
used and samples collected at atypical bulk stream sedi-
ment and water siteareillustrated in Tremblay et al. (2015,
Figure5). Complete georeferenced resultsare presented in
Tremblay et al. (2016)°.

Till and stream silt geochemistry and
sedimentology

Sixty-three till geochemistry samples (~2 kg) were col-
lected, predominantly in the warm-based glaciodynamic
zone, where glacial erosion, transport and depositional
processes were most intense (Figure 1). Till samples were
processed at the GSC Sedimentology L aboratory (Ottawa,
Ontario). Seven stream silt samples were also collected,
dried and sieved to obtain the <177 um fraction and ana-
lyzed by the same methods (except grain-size analysis) as
the till samples. A portion of the <2 mm sized matrix of

SCNGO Geoscience Data Series GDS2016-001, containing the
data or other information sources used to compile this report, is
available online to download free of charge at http://cngo.ca/
summary-of-activities/2016/.
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Table 1: Number of samples analyzed, per type of material sampled in Sylvia Grinnell Lake area,

Baffin Island, Nunavut.

Sample type

Stream

Tl sediment

Analysis

Stream
silt

Lake
sediment

Lake
water

Stream

Total
water

Grain size

Munsell colour

Carbon content and LOI
Carbonate content
Geochemistry

Heavy mineral fraction
Microbial water quality
Water geochemistry

63
63

0

63
63
61

o O O o

N
N

0

o NN NN

0
16
14
14
16

0

63
86
21
84
86
135
14
93

14

76 17

Abbreviation: LOI, loss-on-ignition.

each till sample was wet-sieved to 63 pum for geochemical
analysis. Another <2 mm sized portion was sent for grain-
sizeanalysis(except for stream silt samples), inorganic car-
bon content and loss-on-ignition (LOI; except for till sam-
ples), Munsell colour and carbonate content analysis.
Lastly, a portion was also saved for archival purposes. The
till sample grain-size distribution (sand, silt and clay; Fig-
ure 2) was determined by use of alaser particle size ana-
lyzer (LECO Corporation’s Lecotrac LT-100) in conjunc-
tion with sieving or digital image analysis instrumentation
(Retsch Technology GmbH’s CAMSIZER®) on the
<63 umfraction (seeGirard et al., 2004, for detailsonlabo-
ratory protocols). The grain size of fractions between
63 umand 2 mm was determined by wet sieving. Inorganic
carbon content and L Ol was measured with the LECO Cor-
poration’s LECO® CR412 carbon moisture analyzer.
Munsell colour determination was done using X-Rite, In-
corporated’s SP64 portabl e sphere spectrophotometer. Car-
bonate content was analyzed by titration with UIC Inc.’s
CM5015 CO, Coulometer with CM5230 Acidification
Module on the <63 um fraction, on a (maximum) 2 g sam-
ple.

A split of the <63 um fraction was sent to Bureau Veritas
Minerals (Vancouver, British Columbia) for geochemical
analysis (see McClenaghan et al., 2013, for laboratory pro-
tocols). A 30 g split was digested with aquaregiaand ana-
lyzed by inductively coupled plasma—mass spectrometry
(ICP-MYS) for 65 elements, including gold, base metals,
platinum and rare-earth elements. Another 2 g split wasdi-
gested with lithium metaborate/lithium tetraborate fusion
and then analyzed by inductively coupled plasma—emis-
sion spectrometry (ICP-ES) for 11 major elements and 7
trace elements. Analytical accuracy and precision were
monitored by including GSC CANMET-certified stan-
dards (TILL-2 and TILL-4) in the sample suites. Quality
control samples were inserted into the sample suite at Bu-
reau Veritas Minerals, including laboratory duplicates of
samples, blanks, reference standards and analytical dupli-
cates.
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Heavy mineral fraction of till and stream
sediments

Sixty-onebulk till samples(11 kg averagetotal weight) and
74 bulk stream sediment samples (14 kg average total
weight) were collected to provide information on heavy
mineral concentrates (HMC), including kimberlite-indica-
tor minerals (KIMs), base-metal sulphides, platinum, gold,
gemstones and other minerals of interest. Till sampleswere
collected with ashovel frommudboilsbetween 0 and 40 cm
from the surface. Bulk stream sediment samples were wet-
sieved onsiteto obtain ~14 kg of <2 mmsized material from
relatively high-energy, gravel-rich sites.

Samples were sent to Overburden Drilling Management
Limited (Nepean, Ontario) for heavy mineral analyses. A
standard pre-analysistreatment was applied to all samples,
which included initial sieving of pebbles (>2 mm; the 4—
8 mmfraction wereseparated for lithol ogical counting) and
pre-concentration of heavy minerals on a shaking table.
Thegold grainsand metallicindicator mineralsfromapan-
ning concentrate were counted, described and replaced into
the same fraction. The heavy mineral pre-concentrate was
then submitted for heavy liquid separation (methylene io-
dide, specific gravity of 3.2) and ferromagnetic separation.
The>0.25 mm fraction of nonferromagnetic heavy mineral
concentrate (NFHM C) was examined by binocular micro-
scope for the identification of various distinctive mineral
species, namely KIMs and metamorphic massive-sul-
phide—indicator minerals (MMSIMs), which notably in-
cludegahnite, red rutile, pyrite, chal copyrite and arsenopy-
rite (Averill, 2001). The mineralogical picking was
performed on three different size fractions (0.25-0.5 mm,
0.5-1 mm, 1-2 mm) of NFHMC. Scheelite counts were
confirmed by ultraviolet (UV) lamping of 1.0-2.0 mm,
0.5-1.0 mm and nonparamagnetic (>1.0 A) 0.25-0.5 mm
fractions. Following further preparation, binocular identi-
fications of MMSIMs and KIMs were undertaken and
supported in some cases by scanning electron microscope
(SEM) analysis.

17



Four GSC internal blanks (from Bathurst granite grus stan-
dard) were inserted for quality control and quality assur-
ance (sample numbers 025N_2015 1001BS,
026C_2015_1021BS, 026C_2015_1041BS,
026F 2015 1074BS; see Plouffe et al., 2013, for labora-
tory protocols). The four blanks returned expected results,
withnoKIMs, nogold grainsand no MM SIMs, withtheex-
ception of trace amounts of goethite. For various minerals
of interest, results for bulk stream sediment sample
026C_2015_ 1020 versus duplicate 026C_2015_ 1024
show 0 versus 4 pyrite grains, 6 versus 14 coloured spinel
grains, trace versus 1% sillimanite, 70 versus 40%
orthopyroxene, 7 versus 9 scheelite grains, O versus 20 cas-
siteritegrains, 2 versus 4% monazite; the sample and dupli-
cate returned identical resultson KIMs (0 grains), goethite
(trace) and apatite (trace).

Lake sediment geochemistry and sedimentology

Inareasof low to moderatetopographic relief and abundant
lakes, stream networks are typically poorly developed and
generally do not provide a suitable sampling media for a
broad regional drainage geochemical survey. However,
centre-lake sediment and water samples do provide a suit-
able medium for regional and higher-density geochemical
surveys. Due to the exceptionally cold summer conditions
of July 2016, many lakes were frozen and prevented com-
plete sampling, and only 16 lakes, with a surface area of
smaller than 5 km?, weresampled. A torpedo-likegrab sam-
pler, routinely used by GSC (seeFigure6in Tremblay et al.,
2015), was used to sample organic-rich lake sediment
(gyttja). After sampling, sediment samples were dried to
completion (at <40°C) and sieved to obtain the <177 um
fraction, which was analyzed by 1) agua-regia digestion
followed by ICP-MS for 65 elements, and 2) lithium
metaborate/lithium tetraborate fusion followed by ICP-ES
for 11 major elementsand 7 trace elements. Sedimentol og-
ical analyses (Munsell colour, LOI, carbon and carbonate
content; see previous ‘Till geochemistry and sedimentol-
ogy’ section) were also performed on the lake sediment
samples.

Water geochemistry

Stream and | ake water samples were collected at 93 sites at
surface (~0.5 m depth). Prior to filling, bottles were triple-
rinsed—both in the field and during filtering. Within 24
hours of collection, field samples were passed through a
0.45 um filter into two separate sets of bottles at the Nuna-
vut Research Institute (NRI) laboratory. Following this,
one set of sampleswas acidified with 0.5 ml of 8 molar ul-
tra-pure nitric acid at the GSC. Chlorine and pH datawere
determined from the non-acidified set. Trace-element geo-
chemistry analysesusing ICP-MSand | CP-ESwere under-
taken at the GSC's Inorganic Geochemistry Research Lab-
oratory (Ottawa, Ontario). Results are available but being
checkedfor validity and will bepublishedinfuturepapers.
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Alkalinity measurementsweredoneat the GSC’sInorganic
Geochemistry Research Laboratory (Ottawa, Ontario) us-
ing MANTECH Inc.’s PC-Titrate™ system with Titra
Sip™ module. Thetotal alkalinity was measured by poten-
tiometric titration with 0.02 molar sulphuric acid; the soft-
ware determined the volume of acid required to reach the
bicarbonate equivalence point. Alkalinity results are re-
ported as equivalents of CaCOgz in ppm. The pH and con-
ductivity measurements were made using a Fisher Scien-
tific™ accumet™ AR50 dual channel pH/ion/conductivity
meter with temperature compensation. The pH measure-
ments were made using Fisher Scientific™ accumet™ lig-
uid-filled polymer body combination electrodes with dou-
ble junction Ag/AgCI reference (and calibration was done
with pH 4.00, 7.00 and 10.00 buffers). Conductivity mea-
surements were done using Fisher Scientific™ accumet™
four-cell conductivity probes with automatic temperature
compensation (ATC), with a 1.0 cm cell constant for sam-
plesin the 10—2000 microsiemens (LS) per cm range and a
10.0 cm™ cell constant for samples in the 1000—
200 000 pS-cm™ range. Commercial conductivity stan-
dards were used for calibration.

Microbial stream water quality indicators

Concentrations of total coliform and Escherichia coli
(E. coli, asubset of coliforms) were measured in samples of
stream surface waters taken at 14 sites visited in the 2015
field season. A samplewastaken at each site and duplicates
were sampled at 11 sites. These results will extend the
Nunavut Research Institute microbial water quality indica-
torsstudy already in placearound I galuit (Niagunguk River
[commonly known as Apex river] watershed). Total
coliform and E. coli concentrations are used worldwide as
indicators of the basic microbial quality of surface waters.
The bacteria can be detected rapidly, accurately and with
relatively minimal cost and effort. For this project, samples
were collected in sterile 120 mL plastic bottles containing a
minor quantity of sodium thiosulphate. Collection bottles
were handled with clean, nitrile, |ab glovesto avoid sample
contamination. At each site, sampleswere collected by dip-
ping the sample bottles into the water, just below the sur-
face of the stream sampled. Care was taken to collect sam-
plesat asimilar depth in an effort to control for variability
inthevertical distribution of coliformsinthewater column.
Following collection, sample bottles were tightly closed
and kept as cool as possiblefor their return to the Nunavut
Research Institute lab in [galuit.

Upon delivery to the lab, water samples were immediately
inoculated with powdered Colilert® reagent (kit from
IDEXX Laboratories, Inc.) and incubated for 24 hours at
35°C in heat-sealed disposable 97-well Quanti-Trays®, as
per manufacturer’sinstructions. Total coliform levelswere
then quantified by enumerating colour changeinindividual
wellsof theincubated trays, and E. coli levelswere quanti-

Canada-Nunavut Geoscience Office



fied based on ultraviolet-fluorescence of the wells. These
well countswerethen converted to total organism numbers
(with 95% confidence) by reference to the most-probable
number charts provided by the manufacturer. The data are
reported as most probable number (MPN) of colony-
forming units of bacterial cells per 100 ml sample.

Results

Field observationsof ice-flow indicators (striae) werecom-
piled and theresultswerereportedin Tremblay et al. (2015,
Figure 2). Figure 1 indicatesice-flow direction and glacio-
dynamic zonation necessary for theinterpretation of glacial
provenance in surficial sediments. The hydrography of
river systems (on all figures) allows the interpretation of
stream sediment provenance.

Thefollowing sectionwill focusontill (number of samples
[n] =63) and bulk stream sediment samples(n=74), aswell
as water samples (n = 93). Geochemistry of |ake sediment
(n=16) and streamsilt samples(n=7) will beinterpretedin
future publications, aswell as general Munsell colour, car-
bon/LOI and carbonate content results. In this paper, all
HMC results are reported as normalized to 10 kg (table
feed) samples of till and stream sediment.

Till and stream sediment characteristics

Grain-sizeresultsfromtill inthe<2 mmfraction (Figure 2)
indicate 65% sand (50-70% range; 0.063—-2 mm), 30% silt
(10-50% range; 0.004—0.063 mm) and 5% clay (1-20%
range; <0.004 mm). Larger clay fractions are found near
Ordovician limestoneoutcrops (limestoneiseasily crushed
to silt-size grains compared with granite) and near the
McKeand River plateau (in proximity tointermediate cold-
based to cold-based zones, where regolith might be found,
seel eblanc-Dumaset al ., 2015). Grain-sizeinformation on
the surficial sediments provides geotechnical data, useful
in assessing potential ground stability linked with perma-
frost.

Gold grains results show a maximum of six gold grainsin
one sample and 42 gold grainstotal from 25 samples (Fig-
ure 3a). Thegrainsaremostly reworked grains (77%), 20%
are reshaped and 3% pristine. The till matrix indicates
0.99 ppb average Au, with a maximum of 9.3 ppb (Fig-
ure 3b). Highest gold grain counts and the highest Au val-
ues (>1.6 ppb) occur in the vicinity of the Sylvia Grinnell
River valley. Generally, gold grainsin surficial sediments
were less abundant in the study arearelativeto Hall Penin-
sulato the east (Tremblay and Leblanc-Dumas, 2015).

Results of pyrite grain analysis show a maximum of 370
grains at one site and much lower values at 14 other sites
(<20 grainsbut generally between one and fivegrains, Fig-
ure 4a). Sulphur concentrations in till matrix indicate a
maximum of 8 ppm, and 11 samples are over 0.02% (see
Tremblay et al., 2016). Thehighest pyritegrain countswere
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found close to carbonate rock outcrops. This might be ac-
countableto lower dissolution rates of pyrite in carbonate-
richtill relative to carbonate-poor till; or, alternatively, Or-
dovician carbonate sequences might initialy contain py-
rite-rich layers. Relatively pyrite-rich biotite granite (+tmeta-
sedimentary rocks) in the vicinity of Sylvia Grinnell River
valley might also account for higher sulphide grain counts
in the area.

Chalcopyrite grains are contained in four samples, with a
maximum of four grainsin onesample (Figure4a). Till ma-
trix averages 28 ppm Cu, with amaximum of 198 ppm, and
five samples are over 90 ppm (Figure 3b). The highest Cu
vauesinthetill matrix (>61 ppm) areobservedinthevicin-
ity of Sylvia Grinnell River valley and near the metased-
imentary outcropsinthenortheastern part of the study area.
The average Zn value is 78 ppm, with a maximum of
505 ppm, and five samples are over 115 ppm (Tremblay et
a., 2016). Gahnite grains, common indicators of the pres-
ence of massive sulphides, are present at three sitesin the
northeastern part of study area (Figure 5a). Chalcopyrite
and gahnite grains were more abundant on Hall Peninsula
(Tremblay and Leblanc-Dumas, 2015).

Scheelite (CaWQ,) grain countsindicate amaximum of 19
grainsat onesite, and atotal of 143 grainswerepicked from
the 47 sites (Figure 5a). Concentrations of W in thetill ma-
trix reach amaximum of 1.6 ppm at onesite, with five addi-
tional sites having concentrations over 0.7 ppm (Fig-
ure 5b). Scheelite grains and the highest W values in till
matrix are located in the vicinity of the Sylvia Grinnell
River valley and slightly to the north.

Cassiterite (SnO,) grain counts indicate a maximum of 26
grainsat onesite, and atotal of 67 grainswere picked from
thefour sites. The concentration of Snintill matrix showsa
maximum of 1.8 ppm at one site, and four siteshave values
over 1.3 ppm. Cassiterite grains are located in a pocket
50 km north of Sylvia Grinnell River. The Sn geochemical
valuesarefairly constant all around the study area, and not
closely correlated with cassiterite, however, few till matrix
geochemistry resultswerereturned fromtheareawherethe
cassiterite grains were found. Also, it is worth noting that
duplicates show poor reproducibility of cassiteritegrainre-
sults (see ‘Heavy mineral fraction of till’ methodology
section).

Molybdenite grainswerefound at 13 sites, with two grains
maximum from each site (Figure 5a). Arsenopyrite grains
arepresent at three sites, with ahighest count of threegrains
(Figure5a). Till-matrix geochemical valuesof Moindicate
amaximum of 5.1 ppm at one site, with five samples over
2.2 ppm (Tremblay et al., 2016). Ruby and sapphirine
grains (one each) were found in the study area (Figure 5a);
they are generally less abundant than on Hall Peninsula
(Tremblay and L eblanc-Dumas, 2015).
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Forsterite grains (n = 262) were found at 24 sites, with a
maximum of 105 grains at one site (Figure 4b). Forsterite
grains are widespread in the study area, and are especially
common in the McKeand River stream sediment samples
and in the vicinity of biotite-rich granite. The widespread
distribution of forsterite on the plateau, and the absence of
other KIMs, suggest that these forsterite are probably not
linked with point-source, localized kimberlite rock out-
crops in the study area. The origin of forsterite grains in
study areaisunknown, andispossibly linked with nonkim-
berlitic intrusive rocks.

Water characteristics

Alkalinity of stream and lake waters show a maximum of
60 ppm, and five samples exceed 20 ppm (Figure 6a).
Higher values are found in the vicinity of Sylvia Grinnell
River valley (often >2.7 ppm) compared with the rest of
study area.

The pH values in surface waters ranged between 5.0 and
8.0, averaging 6.4, withfivesamples>7.5, and five samples
<5.4 (Figure 6a). The highest values were measured in the
vicinity of Sylvia Grinnell River valley (frequently >6.5).
The values of pH and akalinity are fairly well correlated
(logarithmic regression, R°=0.72) and apparently result
fromamix of apoleof pH of 5-6.5 and alkalinity of 1 ppm,
with a pole of pH of 8-8.5 and akalinity of 60 ppm. The
values of pH and alkalinity seem comparable between
stream and lakewater, based on afew close sampleslocated
north of Frobisher Bay. Conductivity and alkalinity are
highly correlated (linear regression, R?=0.99, see Tremblay
et a., 2016). Glacial transport (see Figure 1) of carbonate
material from Ordovician carbonate outcrops and possibly
fromminor Lake Harbour Group marbl e outcrops, and sub-
sequent leaching of the carbonate material into the ground-
water, can explain the distribution of relatively high alka-
linity and pH water samples in the vicinity of the Sylvia
Grinnell River valley. High carbonate content in till matri-
cesand carbonate pebblesintill arefound in some samples
in the Sylvia Grinnell River valley (see Tremblay et al.,
2016); however, it appearsthat the threshol d of detection of
carbonate content and carbonate pebblesinttill is consider-
ably higher than alkalinity and pH in water.

Total coliform in stream water results average 15 most
probable number (MPN) per 100 ml, with a maximum of
80 MPN per 100 ml and aminimum of 0.5 MPN per 100 ml
(Figure 6b). Values are lowest in the most elevated part of
the plateaus (<8.6 MPN per 100 ml). No E. Coli were re-
ported in the water samples. Generally, water microbial
quality is very good in the study area.

Economic considerations

The results and interpretation of this surficial geological
mapping and sampling program can be used for mineral ex-
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ploration, development of natural resourcesand infrastruc-
ture, and as an aid to environmental geochemical studiesin
the study area—around Nunavut’s capital city. In this re-
gion, where no important economical mineral site has his-
torically been discovered, geochemistry and heavy miner-
als in surficial sediments were analyzed for different
surficial sediment mineral exploration indicators. Minor
mineral exploration potential exists for commodities re-
lated to felsicintrusiverocks, including W and Sn (up to 19
scheelite and 26 cassiterite grains per 10 kg were found in
heavy mineral samples). Analysis of the geochemica and
mineralogical datafrom the surficial sediment samplesre-
veals minor or insignificant potential regional mineral
prospect for diamonds, base metals (copper, nickel, zinc),
molybdenum, gold (upto six grainsper 10 kgwerefoundin
heavy mineral samples), other preciousmetals(silver, plat-
inum, palladium), rare-earth elements and gemstones (one
ruby and one sapphirine were found in heavy mineral sam-
ples). Environmental and geotechnical studieswill benefit
from new baseline data on till, stream silt, lake sediment
and water (alkalinity, pH and coliforms). Thesurficial map-
ping will provideimportant baseline datafor futuremineral
exploration and possibledevelopmentinthearea, aswell as
for infrastructure studies (permafrost conditions, granular
aggregate sources).
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Sealing division are thanked for sharing summer student
M. Kendall with the CNGO during summer 2015. This pa-
per was enhanced by discussions with D. Mate (Polar
Knowledge Canada), S. Zhang (CNGO), M. Lamothe
(Université du Québec a Montréal), R. Paulen (GSC),
L. Ham and C. Gilbert (CNGO). The authors thank
M. McCurdy (GSC) for reviewing this paper.
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Overview of bedrock mapping in the northern and western parts of the
Tehery Lake-Wager Bay area, western Hudson Bay, Nunavut

H.M. Steenkamp®, N. Wodicka?, O.M. Weller? and J. Kendrick®

! Canada-Nunavut Geoscience Office, Iqaluit, Nunavut, holly.steenkamp@canada.ca
’Natural Resources Canada, Geological Survey of Canada, Ottawa, Ontario
’Memorial University, St. John's, Newfoundland

This work is part of the Tehery-Wager geoscience mapping activity of Natural Resources Canada’s (NRCan) Geo-mapping for Energy and
Minerals (GEM) program Rae activity, a multidisciplinary and collaborative effort being led by the Geological Survey of Canada and the
Canada-Nunavut Geoscience Office (CNGO), with participants from Canadian universities (Dalhousie University, Université du Québec
a Montréal, Université Laval and University of New Brunswick). The focus is on targeted bedrock and surficial geology mapping, stream-
water and stream- sediment sampling, and other thematic studies, which collectively will increase the level of geological knowledge in this
frontier area and allow evaluation of the potential for a variety of commodities, including diamonds and other gemstones, base and pre-
cious metals, industrial minerals, carving stone and aggregates. This activity also aims to assist northerners by providing geoscience
training to college students, and by ensuring that the new geoscience information is accessible for making land-use decisions in the future.

Steenkamp, H.M., Wodicka, N., Weller, O.M. and Kendrick, J. 2016: Overview of bedrock mapping in the northern and western parts of
the Tehery Lake-\Wager Bay area, western Hudson Bay, Nunavut; in Summary of Activities 2016, Canada-Nunavut Geoscience Office,
p. 27-40.

Abstract

Bedrock-geol ogy mapping was conducted in the summer of 2016 in the Tehery L ake-\Wager Bay area on the northwestern
coast of Hudson Bay, Nunavut, as part of amultiyear, multidisciplinary mapping campaign led by the Geol ogical Survey of
Canada, through Phase 2 of the Geo-mapping for Energy and Minerals program (GEM-2), and the Canada-Nunavut
Geoscience Office. Fieldwork resulted in the identification and spatial constraint of rock unitsin the northern and western
parts of the study area, which were sampled for geochemical, geochronological and petrographic analysis, aswell asto as-
sess their economic potential. Mapping has revealed the presence of a large granulite-facies metamorphic domain in the
southern part of the study area; the possibility of two different supracrustal rock sequences; thewestern continuationsof the
Chesterfield fault zone and Wager shear zone; and generally high, but locally variable, peak metamorphic conditionsacross
the study area. Further analytical work isrequired to fully characterize rock units, compare and correlate them with other
well-studied units, and determine the geological history and economic potential of the Tehery Lake-Wager Bay area.

Résumé

L a cartographie géologique du substratum rocheux danslarégion de Tehery Lake—\Wager Bay sur la cote nord-ouest dela
baie d'Hudson, au Nunavut, a été menée a I’ é&é 2016 dans le cadre d’une campagne de cartographie pluriannuelle et
pluridisciplinaire dirigée par la Commission géologique du Canada (programme de géocartographie de I’ énergie et des
minéraux) et e Bureau géoscientifique Canada-Nunavut. Les travaux de terrain dans les parties nord et ouest de la zone
d étude ont permis I'identification et la contrainte spatiale d unités lithologiques qui ont été échantillonnées en vue
d’ analyses géochimiques, géochronologiques et pétrographiques, ainsi que pour évaluer leur potentiel économique. La
cartographie a révélé la présence d'un domaine métamorphique au faciés des granulites dans la partie sud de la zone
d’ étude, laprésence possible de deux séquences différentes deroches supracrustales, le prolongement verslenord-est dela
zone defaille de Chesterfield et vers |’ ouest de la zone de cisaillement de Wager et des conditions de pic métamorphique
généralement élevées mais localement variables dans la zone d'étude. Des travaux analytiques supplémentaires sont
nécessaires pour mieux caractériser les unités lithologiques, les comparer et les corréler avec d’ autres lithologies bien
connues et déterminer |’ histoire géologique et le potentiel économique de larégion de Tehery Lake-Wager Bay.

This publication is also available, free of charge, as colour digital files in Adobe Acrobat™ PDF format from the Canada-Nunavut
Geoscience Office website: http.//cngo.ca/summary-of-activities/2016/.
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Introduction

The Tehery Lake-Wager Bay area, located on the north-
western coast of Hudson Bay (Figure 1), is known to host
kimberlite intrusions (Pell and Strickland, 2004), anoma-
lous base- and precious-metal concentrations in till and
stream sediments (Jefferson et al., 1991; Day et a., 2013;
McMartin et a., 2013), major shear zones (Henderson and
Broome, 1990; Panagapko et al., 2003) and significant
belts of supracrustal rocks, and yet the region is character-
ized by limited and outdated geoscience information. A
multiyear activity being conducted by the Canada-Nunavut
Geoscience Office and the Geological Survey of Canada
through the second phase of the Geo-mapping for Energy
and Minerals (GEM) program aims to fill in these funda-
mental geoscience-knowledge gaps (e.g., Lawley et al.,
2015; Steenkamp et al., 2015; Wodickaet al., 2015, 2016;
this study). The new geoscience information gathered
through this activity will specifically support 1) the cre-
ation of modern bedrock and surficial-geology maps
(1:100 000 Canada Geoscience Maps) for all or parts of
eight National Topographic System map areas (NTS 46E,
D, 56A, B, C, F, G, H); 2) the establishment of the geologi-
cal history for the area through identifying, characterizing
and analyzing individual rock units and their spatial, tem-
poral and structural relationships (seeaso Tschirhart et al.,
2016); 3) therefinement of glacial and postglacial histories,
and re-evaluations of the dispersal and wesathering of sur-
ficial depositsin the area (see also Byatt et a., 2015; Mc-
Martin et al., 2015, 2016; Randour et al., 2016); and 4) the
identification of locations and rock unitsthat may have po-
tential for economic materials, such as base and precious
metals, gemstones, carving stone, industrial minerals and

aggregates.

This paper summarizes the initial bedrock-geology find-
ings from the 2016 field season. Presented here are asim-
plified bedrock-geology map of the entire study area (Fig-
ure2); lithological, structural and metamorphic descriptions
based on field observations of the dominant rock units
mapped in the northern and western parts of the study area;
and a discussion of the implications of this new mapping
and the potential for economic resources in this area.

Regional geological background

Bedrock geology in the Tehery Lake-\Wager Bay areawas
initially mapped at reconnaissance scale (1:1 000 000) by
the Geological Survey of Canada (GSC) in the 1950s
(Wright, 1955, 1967; Lord and Wright, 1967) and 1960s
(Heywood, 19673, b). The study areacomprisesArcheanto
Proterozoic orthogneiss, paragneiss and plutonic rocks be-
longing to the Rae Province. Thisregionislocated north of
the Snowbird Tectonic Zone, asignificant geophysical lin-
eament that separates the composite Rae-Chesterfield and
Hearne cratonic blocks, and records Neoarchean and Pal eo-
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Figure 1: Tehery Lake-Wager Bay study area (outlined in red),
northwestern Hudson Bay, in relation to Ukkusiksalik National Park
(outlined in green) and Inuit-owned lands (orange polygons). Red
stars indicate the locations of the 2016 FPB camp and 2015 Loril-
lard camp.
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proterozoic tectonic events (e.g., Hanmer et al., 1995;
Berman, 2007; Martel et a., 2008), the latter of which be-
ing acomponent intheinitial assembly of Laurentiaat 2.0—
1.7 Ga (Hoffman, 1988).

The northern part of the study area includes the Wager
shear zone, a major, dominantly dextral, strike-slip fault
that coincides with a prominent aeromagnetic anomaly ex-
tending westward from Wager Bay (Broome, 1990;
Henderson and Broome, 1990). Parts of the shear zone
were previously mapped along Wager Bay prior to estab-
lishment of the Ukkusiksalik National Park (Henderson et
al., 1991; Jefferson et al., 1991), and the most recent defor-
mation along the shear zonewasdated at <1808 +2 Ma(Hen-
derson and Roddick, 1990). The Chesterfield fault zoneis
another significant structure in the northern part of the
study areathat was previously defined based on a cuspate,
folded aeromagnetic anomaly (Panagapko et al., 2003). Itis
thought to separate amphibolite-facies rocks to the north
from amphibolite- to granulite-facies rocks to the south
(Schau, 1983).

Panels of supracrustal rocks exist north of the Chesterfield
fault zone, and south of, within and north of the Wager
shear zone (Henderson et a., 1991; Jefferson et a., 1991;
Panagapko et al., 2003). The structural relationships of
these panel swith respect to the basement orthogneiss, their
depositional age and their lithostratigraphic correlations
with other known and described supracrustal rock pack-
ages in the Rae Province have yet to be determined. The
northern part of the study area also hosts three kimberlite

Canada-Nunavut Geoscience Office
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occurrences (Figure 2, white diamonds) within the Nanuq
property currently held by Peregrine DiamondsL td., which
were discovered largely through till and stream-sediment
sampling, and a high-resolution aeromagnetic survey over
the property (Pell and Strickland, 2004).

Thewest-central part of the study areawas previously map-
ped as mainly undifferentiated Archean orthogneiss (Hey-
wood, 19673, b; Lord and Wright, 1967). Several small, cir-
cular aeromagnetic anomalies in this area were targeted
during reconnai ssance mapping in 2012 as part of the Geo-
mapping Frontiers' project, conducted within the first
GEM program. Most anomalies were identified as ultra-
mafic plugs (Figure 2), likely correlative with Proterozoic
ultrapotassic rocks of the Christopher Island formation
(Peterson et al., 2002).

The southwestern corner of the study area is just north of
the Uvauk complex, which comprises granulite-facies an-
orthosite—gabbrointrusiverocks(Millset al., 2007) similar
tothe Daly Bay complex to the east (Gordon and Heywood,
1987; Gordon, 1988; Hanmer and Williams, 2001) and the
Kramanituar complex to the west (Sanborn-Barrie et al.,
2001). These complexes, which occur along an east-west
trend onthenorthern side of Chesterfield Inlet, record high-
pressure granulite-facies metamorphism and deformation
at ca. 1.9 Gathat is likely related to the collision of the
Hearneand Rae cratons along the Snowbird Tectonic Zone,
but they also contain evidence of Archean tectonic events
(Sanborn-Barrie et al., 2001; Mills et al., 2007).

Field observations

Helicopter-supported fieldwork took place between
June 27 and July 29, and was based out of FPB camp (Fig-
ure 2), atemporary camp built adjacent to the Nanuq prop-
erty of Peregrine Diamonds Ltd. on the upper Lorillard
River. Bedrock-geology mapping, which focused on the
northern and western parts of the study area, consisted of
daily set-outs of 3—4 teams that traversed 2—12 km routes.
Targeted helicopter stops were also planned at sites with
anomal ous aeromagnetic signatures, with interesting rocks
based on archival information, or where few bedrock out-
crops are exposed amongst the surficial till. Bedrock sam-
ples, structural measurements, digital photographs, and
textural and mineralogical observationswere collected at a
total of 463 stations. Themain features of map unitspresent
in the northern and western parts of the study area are
described in the following subsections.

Archean basement rocks

Much of the northern and western parts of the study areais
underlain by biotitethornblendettitanitetepidote grano-
diorite to tonalite gneiss (Figure 2, tan map unit) that in-
cludes pods, lenses or discontinuous layers of diorite, gab-
bro, pyroxenite and mafic rocks representing volcanic
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rocksand/or dykes (e.g., Lawley et al., 2015; Steenkamp et
al., 2015). The gneiss is mostly medium grained and dis-
playsamoderately to strongly devel oped compositional lay-
ering. It typically contains millimetre- to centimetre-scale
biotitexhornblende granitic veinsthat aretransposed paral -
lel tothegneissic fabric (Figure4a). In general, theserocks
resemble much of what exists in the eastern and central
parts of the study area (Steenkamp et al., 2015; Wodicka et
al., 2015), although more pervasive migmatitic texturesare
present south of the Chesterfield fault zone.

Rocks with compositions ranging closer to monzogranite
or monzonite are also present in the northern and western
parts of the study area. In the northwest corner of the area,
although outcrop islimited owing to intense glacial weath-
ering and frost heave associated with the Keewatin Ice Di-
vide (e.g., McMartin et a., 2016), deformed K-feldspar—
phyric monzogranite may correlate with ca. 2.6 Ga Snow
Island suite plutonic rocks found in the east-central part of
the area (Steenkamp et a., 2015; Wodicka et al., 2015).
However, the poor exposure and complex aeromagnetic
signatures (i.e., northern part of NTS 56C; Figure 3) over
much of the area make it difficult to separate the monzo-
granite to monzonite rocksinto map units distinct from the
widely abundant granodiorite to tonalite gneiss.

Three samples of granodioriteto tonalite gneissfrom with-
inthe study areawere described and dated at ca. 2.7 Ga, and
afoliated biotite monzonite at ca. 2.58 Ga (Figure 2), by
van Breemen et al. (2007). However, thevariability in com-
position and texturesin the orthognei ssic rocks suggest that
there may be other older and/or younger plutonic phasesin
the study area than what has already been dated.

Supracrustal rocks

Themajority of supracrustal rocksmapped during the 2016
field season arenorth of the Chesterfield fault zone. At least
two different supracrustal sequences are proposed, based
ondifferencesinlithol ogical assemblages, degreeof partial
melting and aeromagnetic signatures. One sequence is
characterized by distinct, relative magnetic-low features
between the Chesterfield fault zone and Wager shear zone,
and north of the Wager shear zone (Figure 2, green map
unit; Figure 3; seealso Tschirhart et al., 2016), and contains
thick units of siliceous metasedimentary rocks. The se-
guence includes sillimanitetmuscovite quartzite interlay-
ered with biotitetgarnet+sillimanite psammite, semipelite
and minor pelite, with discrete biotitetgarnet mafic layers
of probablevolcanicorigin, all of which arelocally injected
with 2—15 cm thick monzogranitic veinsthat are oblique or
paralel to layering. The white-weathering quartzite (Fig-
ure 4b) istypically found at the base of the sequenceand is
up to 400 mthick, but also occursas 1-15 mthick layersin-
tercalated with the other metasedimentary rocks. Interlay-
ered psammite, semipelite and pelite vary in thickness and
abundance. Sillimanite mats defineamineral foliation, and

Canada-Nunavut Geoscience Office
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Figure 4: Field photographs of rocks in the Tehery Lake—-Wager Bay area: a) grey, biotite-bearing granodiorite with injections of white
monzogranite that have been transposed parallel to foliation and folded; b) thick section of white-weathering, sillimanite+muscovite quartz-
ite in the southwestern nose of a large fold structure in the northwestern part of the study area (NTS area 56F); c) leucosome layers and bio-
tite define a foliation in garnet+biotite+sillimanite pelite north of the Wager shear zone; d) well-layered mafic rocks of probable volcanic ori-
gin in the nose of the large fold structure in the northwestern part of the study area; e) migmatitic texture in biotite+sillimanite+
leucosomezgarnet semipelite mapped within one of the brown supracrustal panels north of the Chesterfield fault zone (hammer for scale is
40 cm long); f) red garnet porphyroblasts in a massive mafic rock that surrounds a large ultramafic body located just south of the Chester-
field fault zone.
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individual crystals define alineation parallel to the hinges
of large-scale folds. Where present, garnet porphyroblasts
are 2-10 mm in diameter and wrapped by biotite and sil-
l[imanite (also where present), which definethefoliationin
these rocks (Figure 4c). The mafic volcanic rocks, which
appear to belimited to one or two discretelayersupto 25m
thick (Figure 4d), contain aligned biotite and hornblende,
and thin (2-10 mm) quartz-rich layersthat together definea
well-developed foliation.

The other supracrustal sequence was mapped as discontin-
uous panelsnorth of the Chesterfield fault (Figure 2, brown
map unit). Rocks in this sequence have mostly low mag-
netic signatureswith discrete high bands (Figure 3) and con-
tain more varied rock types that resemble the majority of
the supracrustal rocksin the central and eastern parts of the
study area (Steenkamp et al., 2015; Wodicka et al., 2015,
2016). Rock types include biotitetgarnet psammite—
semipelite, garnet+biotitetsillimanitetcordierite pelite,
iron formation, garnet-bearing mafic rocks and ultramafic
rocks in pods and boudins. The psammite-semipelite is
highly recrystallized, with granular, coarse plagioclase and
quartz grains, aligned biotite that defines a mineral folia-
tion, and garnet porphyroblaststhat aretypically <5 mmin
diameter. It also contains up to 15 vol. % granitic leuco-
some present as lenses and discontinuous layers (Fig-
ure 4€). Minor peliteistypically associated with the more
mafic rocks and contains abundant leucosome layers that
define a foliation. The pelite contains garnet porphyro-
blastsupto 2 cmin diameter, aligned biotiteand sillimanite
that defineamineral foliation, and local idioblastic cordier-
iteinleucosomelayers. Theiron formation layersare up to
2 m thick and made up of thinly laminated magnetite and
quartz bandswith rare coarse-grained garnet and grunerite.
The mafic rocks are relatively massive, with garnet por-
phyroblastsup to 1 cmin diameter (Figure 4f) that are typi-
cally rimmed by plagioclase. The mafic rocksaregenerally
associated with ultramafic rocks, including large pods and
boudins of pyroxenite or peridotite. These rocks are rela-
tively rare compared with the other units described in this
sequence; however, they are very prominent, as they
weather positively and have adark brown to golden brown
weathered surface. One peridotite locality north of the
Chesterfield fault zone at the western edge of NTS area56G
containsorthopyroxene up to 4 cmlong, clinopyroxene, ol-
ivine, magnetite and garnet.

Granulite-facies domains

Distinct domains containing granulite-facies plutonic,
gneissic and minor supracrustal rockswere mapped in both
the northernmost and southernmost parts of the study area,
and are associated with strong magnetic-high signatures
(Figure 3). In the northern domain, granulite-grade meta-
morphism is interpreted based on the local presence of
orthopyroxene in granodioritic orthogneiss, as well asin-
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creased |leucosome volumes and migmatitic texturesin oth-
erwise typical orthogneiss and supracrustal rocks. These
rocksare cut by relatively undeformed, medium- to coarse-
grained, monzodiorite to monzogranite plutonic rocks
(Figure 2; purple map unit) that contain about 5% biotite,
1% magnetite and rare amphibole, and have distinctive
grey, translucent plagioclase grains with white, opaque
rims (Figure 5a).

In the southern granulite-facies domain, referred to as the
Kummel Lake domain (Wodickaet al., 2016; Figure 2, teal
and yellow map units), most orthogneiss and supracrustal
rocks have a pervasive, waxy, greenish-brown hue, typical
of granulite-facies rocks. Granodioritic to monzogranitic
orthogneiss contains the assemblage biotitexhornblendet
orthopyroxenetmagnetite (Figure 5b). A few metagabbro
localitieswere documented, including acoarse-grained cu-
mulate gabbro and aleucogabbro. Supracrustal rocks (Fig-
ure 2; yellow map unit), including minor garnet+clinopy-
roxene mafic rocks and garnet+biotite pelite, are charac-
terized by magnetic-low anomalies (Figure 3) and are
lithologically similar to those present to the south of the
Chesterfield fault zone (brown map unit described above;
see also Steenkamp et al., 2015; Wodicka et al., 2015,
2016). An undeformed, biotite+magnetitetamphibole
monzodiorite to monzogranite plutonic phase, similar to
that observed in the northern granulite zone, has also been
injected through much of thisarea, cutting theregional fab-
rics.

Paleoproterozoic monzogranite and ultrapotassic
intrusions

Several large plutonic bodies of mostly undeformed, coarse-
grained, biotitexmagnetite monzogranite (Figure 2, orange
map unit; Figure 5¢) were mapped in the northern part of
the study area, and one smaller body wasidentified north of
the Kummel Lake granulite domain. The plutons generally
have a weak foliation around their margins, defined by
aligned biotite, and contain xenoliths of orthogneiss, K-
feldspar—phyric monzogranite and quartzite. A large mag-
netic anomaly north of the Wager shear zone (Figures 2
and 3; NTS area 56G) is also associated with similar bio-
titetmagnetite monzogranite. The core of the plutonic
body isundeformed and contains K -fel dspar megacrystsup
to3cminsize. Theedge of the pluton hasafiner grain size
and shows some foliation development defined by aligned
biotite grains and deformed feldspar crystals.

Coarse-grained to pegmatitic syenogranite dykes and sill
complexes intrude much of the study area, cutting most
other rock units and deformational fabrics. These dykes
and sills are associated with minor magnetic anomaliesin
areas dominated by Archean granodioriteto tonalite rocks,
and form topographic highs owing to their competent na-
ture. It is believed that these late dykes and sills, and the
large plutonic bodies, belong to the 1845-1795 MaHudson
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Figure 5: Field photographs of rocks in the Tehery Lake—Wager Bay area: a) white-weathering biotitethornblende monzodiorite spatially
associated with the Wager shear zone; plagioclase has grey cores and white rims; b) large, brown orthopyroxene grain in granodiorite
gneiss found along the Wager shear zone near Wager Bay; c) homogeneous, undeformed biotite monzogranite north of the Chesterfield
fault zone; d) weathered surface of lamprophyre, showing olivine and pyroxene phenocrysts; e) blocky, brown-weathering, southeast-
trending diabasic dyke cutting through Archean basement orthogneiss in the northwestern corner of the study area (looking southeast);
f) deformed K-feldspar porphyroclasts in monzogranite consistently found along the northern side of the Chesterfield fault zone.
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plutonic suite (Peterson et al., 2002; van Breemen et al.,
2005).

Scattered localities with ultrapotassic rocks (Figure 2, dark
green unit), including biotite+clinopyroxene syenite, phlog-
opite clinopyroxenite and biotite+clinopyroxene+olivine
lamprophyre (Figure 5d), were documented south of the
Wager shear zone and Chesterfield fault zone. These rocks
generally correspond to small, circular magnetic-high
anomalies, appearing to be plug or stock intrusions. In
some places, the ultrapotassic rocksare spatially associated
with Hudson plutonic rocks and similarly cut through the
older orthogneiss and supracrustal rocks, suggesting that
they may be contemporaneouswith the emplacement of the
Hudson suite.

Mafic dyke swarms

A seriesof diabasic dykes (Figure 2, thick bluelines) isevi-
dent in the aeromagnetic-survey data as continuous, south-
east-trending magnetic-high anomalies (Figure 3). They
cut all rock types and structural elements, with the excep-
tion of relatively younger brittlefaults. Thedykesareupto
50 mwide, weather dark brown and fractureto form adis-
tinctive blocky pattern (Figure 5€). They typically have a
porphyritic texture, with medium-grained, white-weather-
ing plagioclase phenocrysts set in adark, fine-grained ma-
trix. Based on their orientation, composition, textures and
field relationships, these dykes are likely associated with
the ca. 1267 Ma MacKenzie dyke swarm (LeCheminant
and Heaman, 1989). In the west-central and southwestern
partsof the study area, asecond set of diabasic dykestrends
roughly east-west. These dykes range in thickness from
10 cm to 1.5 m but do not have associated aeromagnetic
anomalies, possibly because the aeromagnetic-survey lines
were also oriented east-west, effectively hiding the dykes'
signatures, or they are simply too thin to resolve, given the
scale of the survey.

Regional structure, metamorphism and
deformation

Thestate of strain, orientation of regional fabricsand grade
of metamorphism vary considerably across the northern
and western parts of the study area. In the west-central part
of thearea, south of the Chesterfield fault zone, themain fo-
liation (Sy) in the Archean orthogneissic rocks strikes
northeast or southwest and dips 25-65°, with mineral and
stretching lineations that plunge primarily to the northeast
at shallow angles. The foliation is axia planar to domi-
nantly northeast-trending macroscopic foldsand is defined
mainly by the alignment of biotitexthornblende. The pres-
ence of migmatitic textures but continued stability of bio-
tite and absence of orthopyroxene indicate that upper am-
phibolite—facies conditions prevailed during thisdeformation
event. Evidencefor an earlier deformation event comesfrom
the local preservation (e.g., in the hinge zones of major
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folds) of afoliation oriented at ahigh angleto the dominant
S, foliation.

The S, fabricsinthe Kummel L akedomain strikenortheast
or southwest but generally dip more steeply (50-80°) to the
southeast or northwest than in the orthogneissic rocks out-
side the domain. Also, macroscopic northeast-trending
foldsin the Kummel Lake domain are much better defined
than in the neighbouring rocks to the north (Figure 3). As
noted in the previous section, the Kummel Lake domain
preserves the greatest evidence for granulite-facies peak
metamorphism, where orthogneiss contains coarse-grai ned
orthopyroxene, foggy blue quartz and plagioclase with a
waxy greenish-brown hue. Pelitic to semipelitic supracrus-
tal rocks, containing the assemblage garnet+biotitetsillim-
anite, also display a waxy greenish-brown hue and have
10-30 cmwidelayersof granitic leucosomethat werelike-
ly produced through biotite-dehydration reactions. Fine-
grained biotite and garnet porphyroblastsupto 5 mmindi-
ameter are concentrated in folded melanosome that defines
the S, fabric. Thesefeaturessuggest that themain deforma-
tion fabric and granulite-facies conditions in the Kummel
Lake domain were concomitant. Locally, garnet and
orthopyroxene porphyroblasts are individually rimmed by
biotite, indicating minor retrogression.

The Chesterfield fault zoneis characterized by strongly de-
formed to mylonitic rocks (Figure 5f) that preserve both
dextral and sinistral shear-sense indicators. Foliations
within and adjacent to the fault zone dip mainly at steep an-
gles to the north-northwest; however, there is a zone ap-
proximately 1 km wide where fabrics dip moderately to
steeply to the south-southeast. The highly strained rocks
contain well-developed stretching lineations that plunge
shallowly to the east-northeast or west. Fabrics in the
gneissicrocksto thenorth and south appear to bereoriented
closeto the fault zone, but the fault zoneitself isfolded, as
suggested by its curved form (Figures 2, 3). Supracrustal
rocks along the fault zone generally preserve amphibolite-
facies peak mineral assemblages, such as biotite+garnet+
sillimanitetleucosometrmuscovite in pelite and garnet+
hornblendexclinopyroxenein mafic rocks. Evidenceof ret-
rogression includes biotite and plagioclase rims on garnet
porphyroblastsin pelitic and mafic rocks, respectively, in-
dicative of lower to moderate amphibolite-facies condi-
tions. Theseretrogradetexturesare more abundant in rocks
along thewestern part of the Chesterfield fault, whilerocks
along the eastern part of the fault typically show no or
minimal retrogression.

Between the Chesterfield fault zone and Wager shear zone,
thefoliation fabricsin plutonic and supracrustal rocksvary
widely due, in large part, to two phases of folding: an early
phase of northeast-trending folds and a later phase of up-
right, northwest- and southeast-trending folds (Figures
2, 3). Thesemacroscopic foldsare broadly similar in orien-
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tation and scale to those documented in the southeastern
part of the study area (Wodickaet a., 2015). However, as
the Wager shear zoneisapproached from the south, all fab-
rics are reoriented parallel to this major structure (see also
Henderson and Broome, 1990). Pelitic rocks between the
two fault zones contain metamorphic mineral assemblages
ranging from muscovite+sillimanite+biotite+garnet to bio-
titetgarnet+sillimanite+leucosome. Similarly, mafic rocks
within this area contain either biotite+hornblende or a
higher grade peak assemblage of clinopyroxenet+garnet+
hornblende. This could indicate that peak metamorphic
conditions varied throughout this area from lower-amphi-
bolite to upper-amphibolite facies, or that the two supra-
crustal packages preservedistinct mineral assemblagesand
thus metamorphic histories. In mafic rocks, garnet por-
phyroblastsare partially to fully pseudomorphed to plagio-
clasetbiotiterhornblende, indicating decompression to
lower amphibolite—facies conditions.

Most planar fabrics along the Wager shear zone strike east-
erly or westerly and have moderate to steep dips (55-85°),
whereaslinear featuresare primarily subhorizontal. Highly
strained to mylonitized orthogneisswithin the shear zoneis
locally deformed by broad to isoclinal folds, causing reori-
entation of lineations. Plutonic rockswithin and adjacent to
the Wager shear zone contain either biotitethornblendet
epidoteassemblagesor granulite-faciesassemblages, asout-
lined in the previous section. Discontinuous panels of sup-
racrustal rocks contain garnet+biotite+sillimanite+leuco-
some in pelite. Garnet porphyroblasts show some recrys-
tallization of biotiteand plagioclaseat their rimsthat defines
strain shadows. Thesefeatures suggest acomplex interplay
between deformation and metamorphism along the shear
Zone.

Discussion and future work

Targeted bedrock mapping and thematic scientific research
inthe Tehery Lake-Wager Bay study areahasled to redefi-
nition and definition of previously known and unknown
rock units, respectively. First, the southwestern part of the
study area, characterized by the Kummel Lake granulite
domain (Figure 2, teal and yellow map units), isthought to
beonly apart of amuch larger, high-pressure, granulite-fa-
cies metamorphosed areathat would include the Daly Bay,
Uvauk and Kramanituar complexes (Gordon, 1988; Han-
mer and Williams, 2001; Sanborn-Barrieet a., 2001; Mills
et al., 2007). Geochronology and petrography are required
to define the timing of protolith formation and the timing,
duration and conditions of peak and retrograde metamor-
phism within the Kummel Lake domain, which in turn will
be compared with interpreted histories from the better
studied, high-pressure, granulite-grade mafic—anorthosite
complexes.
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Second, mapping suggests the presence of two distinct
supracrustal sequences across the study area: the supra-
crustal packages either contain an assortment of rock types
(pelite, psammite, quartzite, mafic and ultramafic rocks,
iron formation, calcsilicate and/or carbonate rocks; Fig-
ure 2, brown map unit) or are dominated by siliceousrocks
(quartzite, psammite, semipelite, pelite) with minor mafic
rocks (Figure 2, green map unit). The latter, silica-domi-
nated supracrustal sequence is tentatively interpreted as
correlative with the lower succession of the Paleopro-
terozoic Ketyet River group documented north of Baker
Lake, Nunavut (Rainbird et al., 2010), as previously sug-
gested by Panagapko et al. (2003) and Ferderber et al.
(2013). Theformer, morelithologically varied supracrustal
package is similar to the description of the Paliak belt that
was mapped near Wager Bay (Jefferson et al., 1991). In
both cases, the supracrustal rock sequences in the Tehery
Lake-Wager Bay area require detrital geochronology and
geochemistry to fingerprint the rock units and enable their
comparisonwith other, better studied sequencesoutsidethe
study area.

Third, the Chesterfield fault zone, previously defined based
on aeromagnetic-anomaly dataand metamorphic contrasts,
is now better delineated on the basis of the distribution of
highly deformed to mylonitic rocks. While most fabrics
measured near the Chesterfield fault zonedip tothenorth, a
1 km wide zone contains south-dipping fabrics. This pro-
vides field evidence that is consistent with Spratt et al.
(2014), who interpreted a south-dipping fault based on
magnetotel luric data, and recent geophysical datacollected
by Tschirhart et a. (2016). The deformed rocks record at
least two major deformational events: one that created the
porphyroclastic and lineated textures, and a second that
folded and reoriented these fabrics. In-depth structural
analysis, petrography and geochronology will be under-
taken to fully understand the relative timing and structural
relationships of the contrasting fabrics and porphyroclastic
textures along and adjacent to the Chesterfield fault zone.

Fourth, mapping has established that the Wager shear zone
continues far inland from Wager Bay, as suspected from
aeromagnetic-survey data. Similar to the Chesterfield fault
zone, rockswithin the Wager shear zone appear to record at
least two phases of deformation: a high-strain phase that
created the mylonitic fabrics and strong lineations, and a
second phase that broadly folded and reoriented those
structures. It is unclear whether these phases of deforma-
tion are related to separate events or were created through
progressive deformation during a single event. Addition-
ally, the Wager shear zone has been intruded by younger,
dominantly undeformed monzodioriteto diorite, which has
obliterated large partsof the shear zone. Inthewesternmost
part of the study area, the shear zone may continue to the
southwest to become the Quoich River fault (Figures 2, 3;
Schau, 1983; Panagapko et al., 2003), or extend to the
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northwest outside the study areatoward the Amer mylonite
zone (e.g., Broome, 1990). Many samples were collected
for geochronol ogy and petrography to constrain thetiming,
duration and kinematics of deformational eventswithinthe
Wager shear zone.

Finally, peak metamorphic assemblages are variable across
the study area. Detailed petrography and thermodynamic
modelling of metamorphic mineral assemblages in pelitic
and mafic supracrustal rocks are underway to 1) test
whether the two proposed supracrustal sequences record
different metamorphic histories, and 2) determine whether
the major fault zones are responsible for the juxtaposition
of rocks with distinct metamorphic grades.

Economic considerations

Supracrustal panels in the Tehery Lake-Wager Bay area
contain rock typesthat have potential for economic miner-
alization. For example, gossanous layers were found asso-
ciated with garnet amphibolite and semipelitein the Ketyet
River—like supracrustal rocks, whereasiron formation and
ultramafic rocks are concentrated in the supracrustal pack-
age that has more variable lithological assemblages. One
particular panel of the latter supracrustal package is adja-
cent to where till and stream-sediment samples containing
anomalous concentrations of Au, Cu, Bi and Ag were dis-
covered in 2012 (Day et al., 2013; McMartin et a., 2013).
Rock, till and stream-sediment samples were collected
from all localities with economic potential to analyze for
base and precious-metal concentrations (this study; McMar-
tinet al., 2016).

The Archean basement has previously been explored for its
kimberlite potential in the northern part of the study area
(Pell and Strickland, 2004). Giventhevast expansesof sim-
ilar Archean crust el sewherewithinthestudy area, therere-
mains potential for existence of other kimberlite occur-
rences.
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Shallow crustal structure of the Tehery Lake-Wager Bay area, western
Hudson Bay, Nunavut, from potential-field datasets

V.L. Tschirhart!, N. Wodicka? and H.M. Steenkamp®

"Natural Resources Canada, Geological Survey of Canada, Ottawa, Ontario, victoria.tschirhart@canada.ca
’Natural Resources Canada, Geological Survey of Canada, Ottawa, Ontario

3 Canada-Nunavut Geoscience Office, Igaluit, Nunavut

This work is part of the Tehery-Wager geoscience mapping activity of Natural Resources Canada’s (NRCan) Geo-mapping for Energy and
Minerals (GEM) program Rae activity, a multidisciplinary and collaborative effort being led by the Geological Survey of Canada and the
Canada-Nunavut Geoscience Office (CNGO), with participants from Canadian universities (Dalhousie University, Université du Québec
a Montréal, Université Laval and University of New Brunswick). The focus is on targeted bedrock and surficial geology mapping, stream-
water and stream- sediment sampling, and other thematic studies, which collectively will increase the level of geological knowledge in this
frontier area and allow evaluation of the potential for a variety of commodities, including diamonds and other gemstones, base and pre-
cious metals, industrial minerals, carving stone and aggregates. This activity also aims to assist northerners by providing geoscience
training to college students, and by ensuring that the new geoscience information is accessible for making land-use decisions in the future.

Tschirhart, V.L., Wodicka, N. and Steenkamp, H.M. 2016: Shallow crustal structure of the Tehery Lake-\Wager Bay area, western Hudson
Bay, Nunavut, from potential-field datasets; in Summary of Activities 2016, Canada-Nunavut Geoscience Office, p. 41-50.

Abstract

The Tehery-Wager geoscience mapping activity is a multiyear initiative conducted by the Geological Survey of Canada
(GSC) and Canada-Nunavut Geoscience Office (CNGO) under the second phase of the Geo-M apping for Energy and Min-
erals (GEM-2) program. The second of two field seasonsincluded two ground gravity transectsthat complement the exist-
ing aeromagneti c coverage by providing information on the subsurface geology, and highlight the structureand geometry of
the Wager shear zone (WSZ) and Chesterfield fault zone (CFZ). Preliminary processing of gravity datareveal s discontinu-
ities in the observed gravity field correlative with these major structures and mapped lithological units. On both gravity
transects, the CFZ correspondsto aprominent gravity low and magnetictextural discontinuities. Contrasting potential -field
signaturesassociated with two distinct supracrustal assemblages offer additional insight for remote discrimination. Associ-
ations between gravity and magnetic anomalies, physical rock properties and mineral occurrences have the potential to
constrain the regional distribution of economically significant horizons.

Résumé

Les travaux de cartographie géoscientifique Tehery—Wager sont une initiative pluriannelle menée conjointement par la
Commission géologique du Canada et le Bureau géoscientifique Canada-Nunavut dans le cadre du second volet du
programme de géocartographie de I’ énergie et des minéraux. Au cours de la deuxiéme des deux campagnes de terrain
prévues, deux transects de levé gravimétrique au sol ont étéréalisés; ilsviennent s' ajouter alacouverture aéromagnétique
déjadisponibleet fournissent desrensel gnements au sujet delagéol ogie de subsurface, tout en mettant en évidencelastruc-
ture et les relations géométriques de la zone de cisaillement de Wager et la zone de faille de Chesterfield. Le traitement
préliminaire des données du champ gravimétrique observé révéle la présence de discontinuités qui correspondent a ces
structures importantes et aux unités lithologiques cartographiées. L’ examen des deux transects gravimétriques a permis
d’établir que la zone de cisaillement correspond a un creux gravimétrique visible ainsi qu’ a des discontinuités texturales
liéesadesanomaliesmagnétiques. L’ identification de signaturesdu champ potentiel contrastantes|iéesadeux assemblages
supracrustaux différents fournit d’autres indications venant en aide a la discrimination des structures a distance.
L’ établissement de liens entre la pesanteur et |es anomalies magnétiques, | es propriétés physiques desroches et les venues
minérales peuvent aider a circonscrire al’ échelle régionale la répartition des horizons d’importance économique.

This publication is also available, free of charge, as colour digital files in Adobe Acrobat™ PDF format from the Canada-Nunavut
Geoscience Office website: http.//cngo.ca/summary-of-activities/2016/.
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Introduction

Following reconnaissancework in 2012 to eval uate the po-
tential for future mapping campaigns, the Tehery Lake—
Wager Bay area was chosen for investigation during the
second phase of the Geo-Mapping for Energy and Minerals
(GEM-2 Rae project). The current mapping activity is part
of amultiyear initiativeinvolving the Geological Survey of
Canada (GSC) and the Canada-Nunavut Geoscience Office
(CNGO) to increase the level of geoscience knowledgein
the area (e.g., McMartin et a., 2015, 2016; Steenkamp et
al., 2015, 2016; Wodickaet al., 2015, 2016). To support the
bedrock mapping and compilation efforts, two high-resolu-
tion ground gravity transects were conducted within the
study areain conjunction with geological mapping and rock
sampling. Gravity iseasily measured in thefield and can be
used asaproxy to identify density contrastsin the underly-
ing rocks, whereby an increase in the density of the under-
lying rock resultsin an increase in the observed gravity. In
this manner, these data provide a noninvasive means of in-
vestigating the subsurface distribution of rock packages
and alow the interpreter to define shallow crustal struc-
tures by modelling gravity signatures.

Thepurposeof thispaper isto describetheacquisition, pro-
cessing, analysisand preliminary interpretations of gravity
data newly collected across two profiles transecting major
crustal structuresin the Tehery Lake-Wager Bay area. The
study area is located in the Kivallig Region of Nunavut,
covering all or parts of eight National Topographic System
(NTS) 1:250 000 scale map areas (46D, E, 56A, B, C, D, F,
G, H; Figure 1). Helicopter-supported gravity transects
were acquired in July 2016 out of the FPB camp. Each day,
8-11 km long segments of the two gravity transects were
flown, along which geological observations and samples
for rock-property measurements were collected. Future
analysis to characterize the density of selected lithological
unitsisplanned and will constrain the forward geophysical
modelling in conjunction with magnetic-susceptibility
datasets.

Regional background

The Tehery Lake-Wager Bay study area (Figure 1) islo-
cated in the south-central Rae craton and is underlain pre-
dominantly by Archeantonaliteto granodiorite orthogneiss
(Steenkampet a., 2015, 2016; Wodickaet al ., 2015, 2016).
Panels of folded Archean and/or Paleoproterozoic supra-
crustal rocks overlie the Archean gneissic basement. At
least two main packages of supracrustal rocks are recog-
nized in the study area (Figure 1): Paliak-like rocks and
Ketyet River—like rocks. Supracrustal panels containing
variable proportions of quartzite, psammite, semipelitic to
pelitic gneiss, garnetite, iron formation, amphibolite, mafic
gneiss, calcsilicate, rare marble and ultramafic bodies may
correlate with the Paliak belt, exposed along the western
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shore of Wager Bay (Jefferson et al., 1991). Supracrustal
panels characterized by thick quartzite units interlayered
with psammite, semipelite, pelite and amphibolite share
many similarities with the Paleoproterozoic Ketyet River
group (Rainbird et al., 2010; Steenkamp et al., 2016;
Wodickaet al., 2016). Together these rocks were reworked
during the Trans-Hudson orogeny (ca. 1.86 Ga; van
Breemenetal., 2007) andintruded by 1.83 GaHudson suite
monzogranite plutons and contemporaneous ultrapotassic
intrusions of the Martell syenite.

The northern part of the study area includes the Wager
shear zone (WSZ), a 2-5 km wide dextral mylonite zone
that parallels the southern shore of Wager Bay (Figure 1;
Henderson and Broome, 1990; Panagapko et al., 2003;
Steenkamp et al., 2016; Wodickaet al., 2016). TheWSZ is
associated with linear 200800 nT magnetic anomalies
(Figure 2A) and a collocated regional gravity lineament
(Figure 2B), both of which extend morethan 100 kmto the
west toward the Amer mylonite zone (AMZ; Broome,
1990). Broome (1990) attributed the positive magnetic
anomaly of the W SZ to abundant magnetite concentrations,
possibly formed during granulite-grade metamorphism,
with superimposed | ocal variationsin magnetite concentra-
tions. The linear gravity anomaly may be due to dense
granulite-facies rocks at depth (Broome, 1990). The 1—
3kmwide Chesterfieldfault zone (CFZ), alsolocated inthe
northern part of the study area, isinterpreted by Panagapko
et al. (2003) as the northeastern extension of amajor shear
zone that separates the Ketyet River group from higher
grade gneiss to the south. Subtle magnetic textural con-
trasts are associated with the CFZ (Figure 2A); however,
theregional gravity resolution (Figure 2B) does not permit
discrimination of the fault zone.

Geophysical-data collection

During the 2016 field season, ground gravity measure-
ments were taken at 235 stations along two transectsin the
Tehery Lake-Wager Bay map area (Figures 2A, B). Pro-
file 1 is approximately 62 km long, oriented north-north-
west—south-southeast, and profile2is 16 kmlong, oriented
north—south. Profile 1 transectstheWSZ and CFZ, whereas
profile 2 transects only the CFZ.

Gravity at each station was measured with a Scintrex CG-5
AutoGrav™ meter and stations were spaced 300400 m
apart. A local base at FPB camp was tied to base station
93212011 in Baker Lake, Nunavut, and the FPB base was
used for daily loop closure. The vertical and horizontal lo-
cations of each station were cal culated by differential GPS
using a Hemisphere S320™ GPS. The GPS data were
postprocessed using the Canadian Spatial Reference Sys-
tem Precise Point Positioning (CSRS-PPP) online applica-
tion. For the most part, preliminary processing results have
an elevation accuracy of better than 15 cm. Several errone-
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ous elevation estimates (0.20-0.40 m) impact profile 2;
however, they are expected to beresolved through differen-
tial postprocessing required for advanced forward model-
ling. The absolute ground gravity data were further cor-
rected for latitude, instrument drift and Earth’s tides, and
Free Air and Bouguer correctionswere applied (Figure 3).
The data were reduced to sea level using a Bouguer slab
density of 2.67 g/cm®. No terrain correctionswere made, as
the topography of the areaiis fairly flat.

A regional gravity database for the study area, comprising
ground gravity measurements spaced 12—15 km apart, was
gridded to 3km using minimum curvature (Figure2B). The
large station spacing of theregional grid only permits reso-
[ution of features greater than 25 km, limiting its resolving
power for shallow crustal features. To investigate such
structures, values interpolated from the regional gravity
grid were subtracted from the detailed profilesto calculate
theresidual signal. Theresidual Bouguer datawereusedin
subsequent modelling and interpretation using GeoSoft®
GM-SY S gravity and magnetic modelling software.

Magnetic data

The Tehery Lake modern aeromagnetic survey (Coyle and
Kiss, 2012) was acquired along east-west flight lines
spaced 400 m apart and flown along a smooth draped sur-
face at a height of 150 m. The Tehery Lake survey was
merged with regional aeromagnetic data (805 m spacing)
available through the Canadian Geoscience Data Reposi-
tory (http://gdr.agg.nrcan.gc.cal), to create a comprehen-
sive aeromagnetic map of the study area (Figure 2A). The
compilation grid was reduced to pole, and derivative prod-
ucts, including thefirst vertical derivative, tilt and horizon-
tal gradient, were calculated. Derivative products help to
delineate magnetic-lithological units by identifying mag-
netization contrasts, (i.e., ‘ source edges') and provide sup-
plementary information for differentiating lithological
unitsduring forward modelling. Reduced-to-pole magnetic
profileswereextracted along profiles1and 2 (Figures4, 5).

Preliminary interpretation and discussion
Profile 1

Previousinterpretations of the crustal structure underlying
the study area are restricted to regional magnetotelluric

(MT) studies by Spratt et al. (2014). They delineated the
CFZ asshallow dipping to the south with afaint crustal MT
response over their northwest—southeast transect (Spratt et
al., 2014, profile 1), no MT response on their north—south
transect (Spratt et al., 2014, profile 2), and no response
crossing the WSZ on either transect. Profile 1 from the
present study (Figure 4) displays the residual Bouguer
gravity (bottom panel) and magnetic (middle panel) anom-
aliesagainst geology (top panel). Coincident positivegrav-
ity and magnetic anomalies (Figure4, anomaly H1) support
the interpretation by Broome (1990), who suggested a
dense, magnetic granulite body located beneath the surface
north of theWSZ. At surface, theanomaliesbroadly corres-
pond to extensive magnetite-bearing monzogranite with
tonalitic and metasedimentary inclusions, all believed to
have been subjected to granulite-facies conditions (Fig-
ure 1; Patterson and LeCheminant, 1985; Steenkamp et al.,
2016; Wodicka et a., 2016). The CFZ corresponds to the
most notable gravity low (L 1) on the profile and islocated
on the northern flanks of coincident gravity (H2) and mag-
netic (H2) highs. It displays a shallower gradient to the
south, suggesting a southward-dipping structure, in agree-
ment with the interpretation of Spratt et al. (2014). How-
ever, this contrasts with the variable dips measured along
the CFZ at surface (Wodickaet a., 2016). A mapped panel
of undifferentiated Paliak-like supracrustal rocks north of
the CFZ is associated with subtle magnetic highs (H3, H4)
and corresponds to a broad (~7 km) gravity high (H3).
These gravity and magnetic signatures suggest that this
supracrustal panel is slightly wider than currently mapped
(Figure 4, dashed lines). Two panels of Paliak-like supra-
crustal rocks, >1 kmwide, correspond to two-station coin-
cident gravity and magnetic highs (H5, H6). Although their
gravity and magnetic responses on the profiles are not as
anomalous, the K etyet River—like supracrustal rockscorre-
spond to aslight magnetic low (L 2) and amoderate gravity
high (M1) with a northward downslope.

Profile 2

Transecting the CFZ, profile 2 (Figure 5) is oriented over
undifferentiated Archean tonalite to granodiorite ortho-
gneiss (Figure 1). The range of gravity anomalies for pro-
file 2 is not very large (~1.5 mGal), indicating that the
orthogneiss has a significant degree of homogeneity. The

Ground gravity data
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Figure 3: Reduced ground gravity data along profile 1.
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vertical lines indicating potential limits of geological units and major structures, and colours as in Figure 1; black line in the
middle panel denotes magnetic field data; black dots in the bottom panel denote residual Bouguer gravity data. Labels as

discussed in text.

relatively subtlechangeslikely relateto compositional var-
iationsin the Archean basement. Previousregional geol og-
ical mapsfor the Tehery L ake-\Wager Bay area(e.g., Pana-
gapko et al., 2003) positioned the CFZ farther north
(Figure 5, CFZ-03), where it is situated on a gravity high.
Mapping conducted during the2016 field seasonledtoare-
assessment of the location of the CFZ (Figure 5, CFZ-16),
based on the distribution of highly strained rocks. The new
position adjacent to gravity anomaly L3 suggests a change
in density across some kind of geological contact or struc-
ture, inthiscasethe CFZ. It isal so consistent with the posi-

South

tion of the CFZ in the gravity signature in profile 1 (Fig-
ure 4, L1), where the fault zone islocated at a gravity low
with an amplitude of ~1.5 mGal. South of CFZ-16, the
gravity anomalies are gently sloping to the south.

Discussion

Onboth profiles, the CFZ ison (Figure4, L1) or adjacent to
(Figure 5, L3) a gravity low. Wodicka et al. (2016) noted
that the CFZ comprises strongly deformed rocks that have
subsequently been cut by undeformed coarse-grained
monzogranite. Undeformed monzogranite is less dense

North
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Figure 5: Profile 2 — Top panel shows plan-view geology from Wodicka et al. (2016), the dashed vertical lines indicating the potential limits
ofthe CFZ and colours as in Figure 1; black line in the middle panel denotes magnetic field data; black dots in the bottom panel denote resid-

ual Bouguer gravity data. Labels as discussed in text.
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than foliated and deformed Archean gneissic rocks and
Paleoproterozoic supracrustal rocks; however, these bod-
iesare small at surface and may not be sufficient in volume
to produce such gravity lows. The source of the CFZ grav-
ity anomaly is expected to be resolved by rock-property
measurements (provided there are sufficient representative
samples) that could identify what lithological unit (if pres-
ent) could generate such an anomaly, or determine if the
gravity low cannot be correlated to anything at surface.

North of theWSZ (Figure4), the (H1) magnetic and gravity
anomalies are interpreted to represent granulite-facies
rocks (e.g., Broome, 1990; Steenkamp et al., 2016;
Wodickaet al., 2016). Potential field anomalies of similar
amplitude and wavelength have been modelled by
Tschirhart et al. (2016) along the AMZ ~1.5 km below the
surface and continuing on beneath the Thelon Basin sedi-
mentary cover. Similar magnetic highsare present over the
length of the AMZ and WSZ, suggesting that analogous
dense bodies are located at depth. The nature of the dense
magnetic bodies along the AMZ is so far unknown.

Profile 1 highlights the different geophysical responses of
the Ketyet River—ike versus Paliak-like supracrustal belts.
The Paliak-like panels have distinct positive gravity and
magnetic anomalies associated with them, whereas the
Ketyet River—like panel is a magnetic low and moderate
gravity high (Figure 4). The Paliak-like panels host more
diverse and dense rock types (e.g., iron formation,
garnetite), perhaps contributing to their more pronounced
geophysical response. Density and magneti c-susceptibility
measurements of representative samples aim to further
constrain the characteristics of each belt to enableeasier in-
terpretation of their presence in the airborne-survey data.

Future studies and economic considerations

In the absence of constraints, geophysical signatures are
non-unique, and an infinite number of geological solutions
can replicate the observed geophysical response. Detailed
forward modelling of gravity and magnetic data will in-
clude physical rock-property values(e.g., density and mag-
netic susceptibility), along with potential remanently mag-
netized rock unitsand structural measurementsto constrain
the geological modelling solution. Remanence may be
present wherethe measured dip of rock bodies can berepli-
cated by the gravity data but not the magnetic data, which
introduces additional complications to the modelling pro-
cess. Furthermore, awidedistribution of rock-property val-
ues will help to geophysically characterize selected rock
units for a comprehensive understanding of the contribu-
tion of individual geological units to the observed gravity
and magnetic response, and will assist in regional-mapping
efforts.

Withinthestudy area, large-scalestructuresare prospective
for arange of economic mineral deposits. Asan example, a
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Paliak-like supracrustal panel in the immediate hanging-
wall of the CFZ isadjacent to anomal ous concentrations of
Ag, Cu, Bi and Auin surfacetill (circled black crossin Fig-
urel; McMartinet al., 2013). A better understanding of the
nature and geometry of the CFZ will allow discrimination
of its potential to focus base- and/or precious-metal miner-
alization. North of the western segment of the CFZ (Fig-
ure 1), alarge synformal structure hosting Ketyet River—
like rocks contains several gossanous horizons near folded
basement-cover contacts; these horizons are currently be-
ing investigated for their economic prospectivity (McMar-
tin et al., 2016; Steenkamp et al., 2016; Wodicka et al.,
2016).

Conclusions

The second field season of the Tehery-Wager mapping ac-
tivity included the acquisition of ground-gravity data to
map variations in the density of the underlying rock units.
Based on the preliminary analysis of the gravity observa-
tions and aeromagnetic data, information related to the ge-
ometry of shallow crustal structuresisapparent in the geo-
physical signatures (Figures4, 5). However, in the absence
of physical rock-property constraints, the preliminary in-
terpretations are quite restricted. The WSZ and CFZ flank
gravity highsaccompanied by coincident magnetic anoma-
lies. The CFZ isaccompanied by agravity low on both pro-
files. Subtle magnetic and gravity anomalies correspond to
mapped panels of supracrustal rocks and highlight distinct
differencesin the geophysical characteristics of the Ketyet
River—like versus Paliak-like supracrustal rocks; the latter
apparently have higher magnetization and density, asindi-
cated in the potential-field profiles. It is expected that the
geometry of the structures and rock units at depth along
these various profiles can be defined in future iterations of
this work, following the inclusion of rock-property infor-
mation as an important constraint.
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This work is part of the Tehery-Wager geoscience mapping activity of Natural Resources Canada’s (NRCan) Geo-mapping for Energy and
Minerals (GEM) program Rae project, a multidisciplinary and collaborative effort being led by the Geological Survey of Canada and the
Canada-Nunavut Geoscience Office (CNGO), with participants from Canadian universities (Dalhousie University, Université du Québec
a Montréal, Université Laval and University of New Brunswick). The focus is on targeted bedrock and surficial geology mapping, stream-
water and stream- sediment sampling, and other thematic studies, which collectively will increase the level of geological knowledge in this
frontier area and allow evaluation of the potential for a variety of commodities, including diamonds and other gemstones, base and pre-
cious metals, industrial minerals, carving stone and aggregates. This activity also aims to assist northerners by providing geoscience
training to college students, and by ensuring that the new geoscience information is accessible for making land-use decisions in the future.

Randour, 1., McMartin, I. and Roy, M. 2016: Study of the postglacial marinelimit between Wager Bay and Chesterfield Inlet, western Hud-
son Bay, Nunavut; in Summary of Activities 2016, Canada-Nunavut Geoscience Office, p. 51-60.

Abstract

This paper presents preliminary resultsof athematic study on the postglacial marinelimit between Wager Bay and Chester-
field Inlet, mainland Nunavut (partsof NTS46 and 56). The study is part of the surficial geology component of the Tehery-
Wager geoscience mapping activity for the Geo-mapping for Energy and Minerals (GEM-2) Rae project arealed by the
Geological Survey of Canada and the Canada-Nunavut Geoscience Office. The results presented here are compiled from
field observations collected in 2015 and 2016.

The geomorphic features used to delineate the postglacial marinelimit are derived from distinct raised marine depositsand
trimline settings, including boulder beaches, marine terraces, glaciomarine deltas, wave-cut notches in till uplands and
wave-washed till surfaces exposing bedrock below. Preliminary mapping and detailed measurement of the maximum ma-
rine stand indicatethat the limit increases southeastward from 113 to 127 m halfway along Wager Bay (NTS56H),to 140 m
west of Roes Welcome Sound (NTS 46E and 56A) and stays relatively constant at 139-152 m inland toward Tehery Lake
(NTS56B and 56C). Marine shellssuitablefor radiocarbon (**C) dating arerelatively rarein the study area; therefore, bed-
rock was sampled from wave-washed rock surfacesfor cosmogenic nuclide exposure dating at targeted sites along the ma-
rine limit to constrain the timing of marine invasion south of Wager Bay.

Résumé

Cet article présente lesrésultats préliminaires d’ une étude sur lalimite marine postglaciaire entrelabaie Wager et Chester-
field Inlet (partiesdesfeuillets 46 et 56 du SNRC), au Nunavut. Cette étude s'inscrit danslacomposante de géol ogie de sur-
face del’initiative de cartographie géoscientifique entreprise dans la région Tehery-Wager dans e cadre du projet Rae du
programmede géocartographiedel’ énergie et desminéraux (GEM-2) dirigé par |aCommission géologiquedu Canadaet le
Bureau géoscientifique Canada-Nunavut. Les résultats présentés proviennent d’ observations de terrain faites en 2015 et
2016.

L esélémentsgéomorphol ogiquesdélimitant I’ invasion marine postglaciaire sont représentés par des dépdts marinsperchés
et des signes d’ épaulements, tels que les plages de blocs, lesterrasses marines, les deltas glaciomarins, les surcreusements
par I’ action des vagues dans | es buttes de till et les surfaces de roc lessivées. La cartographie préliminaire et les mesures
détaill éesindiquent quelaposition maximal e occupée par lamer augmentede 113 a127 mau milieu delabaie Wager (56H)
jusqu’a 140 m al’ ouest du détroit de Roes Welcome (46E et 56A du SNRC). Dans |’ arriére-pays, la limite marine reste

This publication is also available, free of charge, as colour digital files in Adobe Acrobat™ PDF format from the Canada-Nunavut
Geoscience Office website: http.//cngo.ca/summary-of-activities/2016/.
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relativement constante, variant entre 139 et 152 m en direction du lac Tehery (56B et 56C du SNRC). Afin de déterminer
aussi précisément que possible le moment auquel eu lieu I'invasion marine dans la région au sud de la baie Wager, des
échantillons ont été recueillis alalimite marine. Les coquillages marins pouvant servir aladatation **C sont relativement
rares dansla zone d' étude. Par conséquent, des échantillons de socle prélevés de surfaces rocheuses délavées par I’ action
des vagues seront analysés au moyen de la méthode de datation par durée d’exposition utilisant des nucléides

cosmogeéniques.

Introduction

Surficial geology studies and targeted surface sediment
sampling were initiated in 2015 south of Wager Bay (Fig-
ure 1) as part of a geoscience mapping activity led by the
Geological Survey of Canada (GSC) and the Canada-
Nunavut Geoscience Office (CNGO) under the GEM-2
Program (seeMcMartin et al., 20153, 20163, b). One of the
objectivesof the surficial component isto provideaglacial
and postglacial history framework required for interpreting
the nature and transport history of surficial sediments. To-
gether with bedrock studies (Steenkamp et al., 2015, 2016;
Tschirhart et al., 2016; Wodicka et al., 2015, 2016), the
work will increase the level of geoscience knowledge,
which is needed to help northern communities make in-
formed decisions about their lands, the economy and
society.

One of the striking features of the Quaternary geology in
the study area is the postglacial marine inundation by the
Tyrrell Sea, as shown on the Glacial Map of Canada
(1:5 000 000; Prest et al., 1968). At present, the maximum
extent of themarineinvasionislargely based on reconnais-
sance-scale mapping with limited ground observations in
the study area. Determining more precisely the maximum
limit and timing of marine inundation is important for re-
construction of postglacial rebound and crustal deforma-
tion, glacial retreat patternsand chronology, and to evaluate
the effects of marine processeson sediment composition and
redistribution for surface exploration using glacial sedi-
ments. Recent mapping south of Brown Lakein NTS 56G
(Dredge and McMartin, 2005a, b, 2007), and GEM-1 pre-
liminary mapping initiatives along Roes Welcome Sound
inNTS46D and 56A (Dredgeet al., 2013a—), provided the
framework to reconstruct the marine limit for the entire
area south of Wager Bay. For this study, detailed field ob-
servations and elevation measurements of the marine limit
were collected along the southern shores of Wager Bay in
NTS 56H, and remapping of the marine limit was com-
pleted using al recent and previous maps, as well as new
targeted data over the entire region.

To constrain the timing of marineinvasion along the north-
western coast of Hudson Bay and to obtain minimum
deglaciation agesfor the outer part of Chesterfield Inlet and
Wager Bay, geochronol ogical sampleswerecollectedinthe
study area. Two marine shell samplescollectedin NTS56B
were submitted for radiocarbon (**C) dating and six bed-
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rock samples from wave-washed surfacesimmediately be-
low themarinelimit were collected for cosmogenic nuclide
surface exposuredating. Presumably, thislatter method has
never been used to date a marine limit and this approach
may help avoid inaccuraciesrelated to the marinereservoir
effects, which can skew **C dating of shell samples(i.e., Mc-
Neely et al., 2006; Ascough et al., 2009). In addition, till
samples were collected from frost boils above and below
the marine limit as part of adetailed study to document the
effects of marine reworking and winnowing on the geo-
chemical composition of till in periglacial environments.
This paper provides a summary of the postglacial marine
limit mapping, and elevation, chronological and compos-
itional datasets collected during the 2015 and 2016 field
seasons.

Location and physiography

The study arealies south of Wager Bay and north of Ches-
terfield Inlet, in central mainland Nunavut, between lati-
tudes 64—66°N and longitudes 87—-93°W (Figures 1, 2) It
coverstwo complete 1:250 000 NTS map areas (56A, 56B)
and parts of four more (46E, 46D, 56C, 56H).
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Figure 1: Location of the Tehery-Wager geoscience mapping ac-
tivity study area (outlined in red) on the western side of Hudson
Bay, Nunavut.
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Figure 2: Digital elevation model of the Tehery-Wager geoscience mapping activity study area, derived from Canada digital elevation data
(GeoBase®, 2016), based on 1:50 000 National Topographic Data Base digital files showing the postglacial marine limitin the region. Eleva-
tion measurements taken in the field and corrected with stationary unit data are indicated in metres. Numbers in parentheses are the
noncorrected measurements (see text). The extent of marine limit shown as a dashed line is from Dredge and McMartin (2005b) in NTS 56G
and from McMatrtin et al. (2015b) north of Wager Bay. Locations of samples collected for cosmogenic nuclide surface exposure dating at, or
slightly below, the marine limit are also shown. Marine shell samples with radiocarbon ages are samples 15 MOB 108 and 110 from this pa-
per, GSC 289 from Craig (1965) and GSC 6839 and 6841 from Dredge and McMartin (2005b).

Elevationswithin the areavary from sealevel up to 610 m.
The area consists of amixture of coastal lowlands and dis-
sected plateaus. Steep rocky hills rise abruptly from the
southern shore of Wager Bay. Two hydrographic basins
drain the areatoward Hudson Bay: the Wager Bay basinin
the extreme north and the Lorillard River basin, which is
the dominant drainage basin of the area.

Surficial geological setting and previous
work

The study areawas covered by Keewatin Sector ice of the
Laurentide Ice Sheet during the Late Wisconsinan glaci-
ation (e.g., Dyke and Prest, 1987a). Ice flowed radially
from the Keewatin Ice Divide positioned in the uplands,
south of Wager Bay, during the last glaciation (i.e.,
Aylsworth and Shilts, 1989a, b; McMartin and Dredge,
2005).

Numerous streamlined landforms and glacial striationsin-
dicate a predominant ice-flow direction toward the south-
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southeast and southeast from the ice divide. However, the
pattern of glacial retreat ismore complex, asshown by rela-
tionships between streamlined forms, striations, eskers,
subglacial meltwater corridors and proglacial meltwater
channels(seeMcMartinetal., 20153, 2016b). Accordingto
Dyke (2004), deglaciation of the area occurred between
7700 and 6000 **C yr. BP. During the last glaciation, the
weight of the ice sheet depressed the terrestrial crust with
respect to today’s topographic configuration. Throughout
deglaciation, the massive release of meltwater associated
with the melting of the ice mass caused asignificant risein
sealevel, which occurred morerapidly than the glacial iso-
static adjustment of the land (postglacial rebound). Conse-
guently, astheice marginretreated inland toward the north-
west, the marine waters inundated the isostatically
depressed coast of Hudson Bay. The marine limit is the
highest elevation reached by the postglacia sea and thus
marksthe frontier between submerged lands and those that
were never inundated.
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The timing of the marine invasion is poorly understood in
the study area. Prior to this study, only one *C date of
~6600*Cyr. BPon marineshellsfromasiteat an elevation
of 126 m was available between Wager Bay and Chester-
field Inlet (GSC-289: corrected age of 6600 +170 *C yr.
BP; Craig, 1965). Marine shellswerefound north of Wager
Bay (Figure2) at two sites, in small deltasstanding at an el-
evation of approximately 60 m, well below the postglacial
marinelimit (Dredgeand McMartin, 2005b). The corrected
ages for these marine fossils range between 5540 +60 **C
yr. BP (GSC-6839) and 5690 +80 “C yr. BP (GSC-6841).
McMartin et al. (2015b) suggested that, northeast of Wager
Bay, along the shores of Roes Welcome Sound, theice had
disappeared from Aiviliup tariunga (formerly Repulse
Bay) and the northern part of Roes Welcome Sound by
~7000 *C yr. BP.

Methodology
Marine limit mapping

The marine limit was compiled using acombination of dif-
ferent features from existing surficial geology maps

Unmodified till veneer
and bedrock

b)

(Aylsworth, 1990a—b; Aylsworth et a ., 1990; Dredgeet al .,
2013a—c) and detailed mapping in progress within
NTS56H south and 46E south. Wherethe marinelimit was
not developed and/or identified in previous map areas, €le-
vation measurements from the mapped trimlines were ex-
trapolated from 1:50 000 topographic contour maps (10 m)
and/or directly measured in the field (NTS 56B and 56C).
In NTS 56H south, the marine limit was mapped using ae-
rial photographs, a digital elevation model (derived from
Canadian digital elevation databased on 1:50 000 National
Topographic Data Base digital files), topographic contours
(1:50 000) and satelliteimagery (SPOT 4 and 5, and Land-
sat 7 composite, bands 742). In NTS46E south, mappingin
progresswas compl eted using aerial photographsand topo-
graphic contours (1:50 000). The marinelimit wasthen ap-
proximately traced using these elevation measurements
and interpreted positions.

Different types of geomorphic evidence exist for identify-
ing the maximum extent of the marine invasion. The most
common featuresinclude boul der beaches, perched marine
deltas, wave-cut notches in till, wave-washed rock sur-
faces, raised marineterracesand till remnants on small top-

Unmodified till veneer

Wave-cut notch
Wave-washed
bedrock

Unmodified till veneer

Boulder beach

& i i

Figure 3: Different features that mark the marine limit (shown with dashed white line) in the Wager Bay—Chesterfield Inlet study area: a)
perched boulder beaches along Wager Bay in NTS 56H; b) wave-cut notch in till veneer and wave-washed, exposed bedrock along Wager
Bay; bedrock sample collected in 2015 field season for surface exposure dating using cosmogenic nuclides is shown at the front of the pho-
tograph; c) perched boulder beaches and wave-washed bedrock surfaces along Wager Bay in NTS 56H; d) limit between boulder beaches
and unmodified till veneer.
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Marine delta

Figure 4: Relationship between marine features in SPOT 4 and 5 satellite imagery, and field observations (dashed white line is the marine
limit) in the Wager Bay—Chesterfield Inlet study area: a) texture of marine delta is smoother than the surrounding bedrock; b) view from a he-
licopter of flat-topped marine delta shown in 4a; c) photograph of boulder beaches in NTS 56H (helicopter for scale); d) boulder beaches
have a smoother texture and lighter tone than the bedrock on SPOT 4 and 5 imagery.

ographic highs with nearshore-sediment assemblages be-
low andintact till above (Figure3a—d). INnNTS56H, mainly
raised boulder beaches and perched deltas were observed:
they show atypical pale grey colour on the airphoto and a
less well defined texture than bedrock (Figure 4a—d). Ma-
rine limit features represent a time when the marine level
was relatively stable for a given period of time.

Elevation measurements

During the 2016 field season, several sites were visited
along the coast of Wager Bay to record detailed postglacial
marine-limit measurements. These sites were selected
based on aerial photographs, satelliteimagery (SPOT 4 and
5) and the central location of a nearby National Topo-
graphic Data Base bench mark. Six sites were measured at
the highest points of selected marine features, mainly
boulder beaches.

In order to obtain the highest precision for the detailed mea-
surements, acombination of stationary and mobile devices
was used (see Roy et al., 2015). A Track-1t™ barometric
data logger was placed for the day on a geodesic survey
marker (bench mark) with aknown elevation near the coast
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(stationary unit). Several other mobile deviceswere used at
ground-truthing points and calibrated two times aday with
the stationary bench mark point. To improve the measures
used for calibration, all the instruments, including the data
logger, wereset rel atively closeto each other, within amax-
imum distance of 20 km, and a day with stable (high-pres-
sure) weather was preferentially chosen for the measure-
ments.

The stationary unit datawere used to correct the pressure’s
daily changes, which are related to the elevation as ex-
pressed by the ideal gas law. These changes can be large
enough to makeimportant differencesin theelevation mea-
surements. Data were remotely collected in terms of pres-
sure and temperature and recorded at fixed intervals of
30 seconds during the entire day.

The mobile unitsincluded two GPS devices (Garmin GPS-
12™ and Oregon® 650t) and one altimeter barometer
(Suunto model Escape 203). Elevation data at the selected
marine-limit sites were recorded from each mobile unit at
intervalsof 1 minuteduring aperiod of 5 minutes. An aver-
ageof thethreedevicereadingswasfirst donefor each min-
ute. Thefive averages were then corrected if necessary us-
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ing the stationary unit records. This adjustment was done
by adding or subtracting the difference recorded on the sta-
tionary unit from the averages at each recorded time. The
corrected datawere then averaged to obtain thefinal eleva-
tion at each site. Elevationswere recorded to a precision of
~1 m. Moving inland, more than 15 measurements were
collectedinboth NTS56B and 56C. Dueto timeconstraints
associated with field logistics, these measurements were
collected using the Garmin GPS-12™ and are considered
to be accurate to within 5 m.

Geochronology

Marine shells were collected at two sitesin 2015 near the
Connery River northeast of Chesterfield Inlet (McMartin et
al., 2015a). The shells were sampled from the surface of
frost boilsdevelopedin till mixed with marine sediments at
120 and 80 m above sea level. Single shells of Hiatella
arctica from each of thetwo siteswereanalyzed for “C age
determinations at the André E. Lalonde Accelerator Mass
Spectrometry Laboratory at the University of Ottawa. Ma-
rine shells were not found during the 2016 field season.

-

N mmm o -

In 2015, bedrock from wave-washed surfaces defining
trimlines with unmodified till at the marine limit was sam-
pled (McMartin et al., 2015a) for surface exposure dating
using cosmogenic nuclides (Dunai and Lifton, 2014; lvy-
Ochs and Briner, 2014). The rock samples were collected
using a gas-powered rock saw and a chisel. The *°Be ages
will be obtained from quartz grains using standard proce-
dures. Accordingly, bedrock types sampled for this study
wererich in quartz, coming from the Hudson suite granite,
tonalite to granodiorite orthogneiss and pegmatite intru-
sions. Two samples were taken directly along Wager Bay,
in NTS 56H, and four others were taken further inland, in
NTS56B (Figure 2).

Frost boil sampling

In order to assess the influence of marine processes on till
composition, two siteswere selected along the marinelimit
in 2016, onein NTS 56B and onein NTS 56C (Figure 2).
The sampling sites were chosen for their well-defined ma-
rine limit as identified on airphotos, the presence of thick
till above and below the trimline and continuous bedrock

Figure 5: Detailed sampling of frost boils in NTS 56C at sites 16MOB177 and 178 (dashed white line indicates the marine limit) in the Wager
Bay—Chesterfield Inlet study area: a) white dot represents the sampled frost boil (16MOB177) above the marine limitin part c; blue dot re-
fers to sampled frost boil (16MOB178) under the marine limit shown in part e; b) SPOT satellite image of the same ‘till island’ ~230 m wide; c)
frost boil-sample site number 16MOB177; d) view inside the frost boil after the sampling at site 16MOB178; the samples were collected
from avertical profile at 10—15 cm intervals creating a stratified appearance in the hole wall; ) frost boil-sample site number 16 MOB178.
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unitsalong thetrimline (Figure5a, b). Thefinal selection of
the frost boils was done onsite.

At each site, the vertical profiles of paired frost boilswere
sampled at 10-15 cm intervals down to 95 cm maximum
depth; one site was located immediately below the marine
limit and the other directly above (Figure 5¢c—€). An addi-
tional large till sample was collected at depth from each
holefor precious-metal—grains and indicator-mineral anal-
yses. Fivesmall field duplicate sampleswere also collected
near each frost boil at approximately 40 cm depth to mea-
sure the local variability. Geochemical and textural analy-
seswill be performed on the samplesto assess how the tex-
ture and geochemical composition vary with depth and
between sites above and below the marine limit. Till geo-
chemical analytical procedures will follow the protocols
used at the Geological Survey of Canada (see Spiritoet al.,
2011; McMartin et al., 2016b).

Preliminary results

The postglacial limit of marine inundation was mapped,
characterized and measured across the study area (Fig-
ure 2). Detailed elevation measurements on the highest
boulder beaches about halfway aong the southern shores
of Wager Bay vary from113t0 127 masl. Theobserved ma-
rinelimit liesat 95 m west of Brown Lake and at 110 min
the inner part of Wager Bay (Dredge and McMartin,
2005b). In the outer, eastern part of the bay within
NTS 46E, the elevation of the interpreted marine limit
ranges between 120 and 140 m (estimated from 10 m con-
tours). Regionally, the new compilation indicates that the
marine limit decreases inland along both shores of Wager
Bay (thisstudy; McMartin et al. 2015b). Thegeneral inland
decrease in the marine-limit elevation suggests that the
outer (eastern) part of Wager Bay was deglaciated earlier
than the inner (western) part of the Bay. Marine water was
prevented from inundating lower lands around Wager Bay
by the presence of glacial ice remnantsinland and over the
western part of the bay.

The limit of the maximum marine stand stays relatively
constant at 139-152 m between Roes Welcome Sound
(NTS46E and 56A) and the Armit and Tehery lakes areas
(NTS56B and 56C). The newly defined marinelimitisrel-
atively similar to the one presented on the Glacial Map of
Canada(Prest et al., 1968). Within the centre of Wager Bay,
the elevation remains similar; however, near the boundary
between NTS 56H and 46E, the Glacial Map indicates an
elevation of 300feet (92 m), much lower than the new mea-
surement of 114 m. On the western side of NTS 46D, the
Glacial Map shows an elevation at 490 feet (149 m),
whereas Dredge et al. (2013a) mapped the extent of the
marine inundation at a maximum of 140 m.

Thelocation of the marine limit shows that the Tyrrell Sea
once occupied a vast area along Hudson Bay, particularly
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over the coastal lowlands north of Chesterfield Inlet and
along Roes Welcome Sound, and a restricted fringe area
along the southern abrupt shoresof Wager Bay. Thecharac-
ter of the marine depositsvariesfrom mainly erosivefacies
(wave-washed bedrock surfaces and wave-cut notches)
along Wager Bay to reworked/depositional facies in the
lowlands. Reworked and mixed till with marine sediments
are present in areas where the topography is smoother and
of lower relief, and where there is greater abundance of
glacial/glaciofluvial sediment cover.

The chronology of the local ice retreat remains poorly
known in the study area, in part due to the lack of marine
shellsavailablefor *C dating. Radiocarbon analysis of the
two marine shell samples collected in 2015 provided cor-
rected ages of 6252 +47 **C yr. BP (UOC-1674) and 6373
+43 ¥C yr. BP (UOC-1675), using the marine-reservoir
correction of 630 years suggested for this area of Hudson
Bay (zone 6: Foxe Basin; see McNeely et al., 2006). How-
ever, the marine-reservoir effect is poorly defined in the
study areawith the closest sitewith pre-bomb marine mate-
rial available for testing located at Naujaat (formerly Re-
pulse Bay), 250 km to the northeast (i.e., McNeely et al.,
2006). Surface exposure dating of wave-washed bedrock
surfaces offers a promising avenue. Five samples were se-
lected for cosmogeni c nuclide surface exposure dating and
results will help constrain the timing of deglaciation and
marineinundation. Variationsin the elevation of themarine
limit will be studied further with respect to local deglacial
patterns and the new chronological constraints.

Economic considerations

The determination of the marine limit will help separate
first order glacial sediments, which are deposited directly
by glacial ice, from second order sediments, which are re-
worked, in this case by marine processes. First order sedi-
ments, such astill, are commonly used in drift prospecting
surveys, whereas the complex transport history of the sec-
ond order sediments makes them more difficult to use for
interpreting provenance and mineralized bedrock sources
(i.e., McMartin and Campbell, 2009).

The detailed profile sampling in frost boils above and be-
low the marine limit will help assess the impact of marine
invasion on till composition in soils affected by cryoturba-
tion. Texture and geochemical composition may be af-
fected by the winnowing and reworking effects of marine
waves and currents, and/or diluted by the incorporation of
fine-grained marine sediments. The vertical profile sam-
pling at detailed intervals will help measure the variations
as a function of depth, an important factor to consider in
surface mineral explorationin northern Canada, where sys-
tematic till sampling in frost boils is an exploration tech-
nigue commonly used to find many commodities of econ-
omic value.
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Abstract

The seabed of Frobisher Bay exhibits a complex topography reflecting the predominance of exposed bedrock. Superim-
posed on the bedrock arelandforms created by the flow of grounded ice during thelast glacial period. Asthisiceretreated,
glaciomarine sediment was deposited in bedrock troughs and was subsequently overlain by postglacial mud. Areas of the
seafloor wereimpacted by icebergs at the retreating ice margin and by the modern iceberg flux. Slopefailuresin the seabed
sediments are numerous.

Résumé

Latopographie complexe du plancher océanique delabaie Frobisher est caractérisée par |aprésence prépondérante de sub-
stratum rocheux exposé. Des formes de terrain superposées au substratum ont été créées par |’ écoulement de la glace
échouée au coursdelaplusrécente époqueglaciaire. A mesure quelaglacereculait, des sédiments glaciomarinsont é&émis
en place dans des auges creusées dans le substratum, puis recouverts par des boues postglaciaires. Certaines étendues de
plancher océanique portent latrace d’icebergs qui setrouvaient aproximité delamarge glaciaire en recul ainsi que du pas-
sage de nombreux icebergs contemporains. De nombreuses ruptures de pente ont eu lieu dansles sédiments sur |e plancher
océanique.

Introduction Multibeam sonar

Frobisher Bay, Nunavut, amacrotidal inlet of theLabrador  ag part of the ArcticNet program, the CCGS Amundsen

Seain southeastern Baffin Island, is230 kmlong and varies
in width from 40 km at its southeastern extremity to 20 km
atitsnorthwest end (Figure 1a). Potential competing indus-
trial uses of ocean space in Frobisher Bay, coupled with
concern for habitat protection, hasled to the Canada-Nuna-
vut Geoscience Office and the Geological Survey of Can-
ada, in partnership with Memorial University’s Marine
Habitat Mapping Group, ArcticNet, and the Government of
Nunavut, to undertake aregional seafloor geoscience map-
ping program. The aim of this work is to provide new
knowledge of the seabed geol ogy, geohazards and geol ogi-
cal processes to underpin and manage future development
intheregion (Mate et al., 2015).

surveyed several adjoining swathes along transit lines
within Frobisher Bay in 2006, 2007 and 2008 (Bartlett et
al., 2006; Hughes Clarke et al., 2015). The vessel was
equipped with a Kongsberg Maritime (formerly Simrad,
Inc.) EM 302 multibeam sonar system operating at a fre-
guency of 30 kHz. Annually from 2012 to 2015, the RV
Nuliajuk, operated by the Nunavut Department of Environ-
ment, conducted a series of surveys to complement the
CCGS Amundsen survey coverage (Brucker et a., 2013;
Muggah et al., 2013; Hughes Clarke and Renoud, 2014,
HughesClarkeetal., 2015). TheRV Nuliajuk wasequipped
with aKongsberg Maritime EM 2040C system operating at
afrequency of 200 kHz withadepthrange of upto 300 m.

This publication is also available, free of charge, as colour digital files in Adobe Acrobat™ PDF format from the Canada-Nunavut
Geoscience Office website: http.//cngo.ca/summary-of-activities/2016/.
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Seabed morphology

Thisregion is topographically complex, as a result of

¢ the strong southeast-trending bedrock structural grain;

e superimposed landforms created by fast-flowing
grounded ice, trending at a slight angle to the structural
grain;

e glacial landformstransverseto the structural grain, cre-
ated at former ice margins,

e adrapeof glaciomarine sedimentsdeposited by meltwa-
ter plumes following ice retreat;

e areas of seafloor impacted by intensive iceberg flux
soon after deglaciation;

e areas of seafloor impacted by modern icebergs;

e deposits of postglacial mud and

e submarine slope failures.

Threeof thesefeaturesarehighlightedin Figure 1b, cand d.

Bedrock

Thestrong structural grainislikely imparted by rocksof the
Cumberland Batholith (Steenkamp and St-Onge, 2014; St-
Ongeet al., 2015) that trend south-southeast (Figure 1a, b).
Near the head of the bay, the bedrock ridges are shallow to
<30 m in places, whereas the troughs attain maximum
depths of approximately 260 m. Islandsinthe map areaare
separated by narrow troughs. At the southern end of the
map area, bedrock topography demonstrates less of the
south-southeast structural grain, perhaps indicative of the
LakeHarbour Group (Machado et al., 2013). The channels
in the south deepen to more than 600 m. Bedrock outcrops
are rare on the ridged terrain because a veneer of glacio-
marine mud is present.

Streamlined glacial landforms

Flow-parallel glacial landformsare created by moulding of
deformablematerial underneath fast-flowing groundedice.
The glacial landforms occur primarily in the north of the

P
<

Figure 1: a) Seabed topographic image of Frobisher Bay based on
multibeam sonar mapping. Grid cell size is 10 m. The water depth
colour bar is hypsometrically optimized for the water depth range in
the image. Locations of parts b, ¢ and d are shown by labelled
boxes; b) the south coast of Frobisher Bay is characterized by
fjords carved by glacial ice flowing through restricted valleys to the
northeast (pink arrow), normal to the southeast-trending bedrock
structural grain that is clearly defined in the bathymetric data (A);
evidence of the direction of ice movement includes medial mo-
raines (B) and eskers (C); the floor of these fjords is at approxi-
mately 200 m water depth, perched 500 m above the seafloor of
Frobisher Bay (D); ice flowing out of the fjords fed the dominant
southeastern ice flow within the bay (blue arrow); c) seafloor sedi-
ments in outer Frobisher Bay exhibit linear to curvilinear depres-
sions tens of metres in width and kilometres in length; wallow pits
are indicated by (P); d) this image shows that the uppermost
(postglacial) unit has failed in places, creating mass transport
landforms (A); the headwall escarpments (white arrows) are sev-
eral metres high; some slides appear fresh whereas others exhibit
subdued relief and their depositional lobes are buried (B; image
courtesy of the Ocean Mapping Group, University of New Bruns-
wick).
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bay, where they are commonly <1 km long and 5 m high,
with astreamlined appearance, and are oriented toward the
northwest, that is, they cut across the structural grain. Far-
ther south they are longer (commonly 1.5 km), and follow
the structural grain. They tend to have bedrock outcrops at
the upstream end and taper to the southeast, in the form of
crag and tail features. The pattern of the streamlined land-
forms in the north suggests that there was convergence of
grounded ice into a fast flow directed down the bay to the
southeast. Where ice flowed northeast from fjords to join
theregional southeast flow, medial morainesand eskersare
evident (Figure 1b).

Submarine moraines

Submarine moraines are deposits of ice-contact sediment,
likely glacial diamicton, formed at ice margins. Two types
arepresent: relatively long and wide moraines, and De Geer
moraines. Thefirst type extendstransverseto the structural
grain and ice-flow direction. They do not extend acrossthe
entire width of the bay, however, and exist as series of seg-
mentsthat are 1.5-6 kmlong and 30-50 m high, character-
ized by high backscatter strength. They occur either assim-
ple ridges or as ridges with transverse streamlined ridges
extending upstream from the former ice margin, aong the
former ice-flow direction. These transverse moraines
formed when grounded i ceretreating up thebay halted. The
De Geer moraines consist of groups of short ridges of gla-
cial diamicton <1 kminlength, with heights of 2-10 m. De
Geer moraines may indicate an incremental, perhaps an-
nual, retreat of groundedicein anorth-northwesterly direc-
tion.

Glaciomarine sediment

Unconsolidated sediment overlies bedrock and glacial land-
formsin Frobisher Bay. Stratigraphically lowestisadraped
veneer of glaciomarine sediment (likely gravelly sandy
mud) derived from meltwater plumes during ice retreat. In
troughs, the glaciomarine unit is overlain by postglacial
mud.

Postglacial mud and pockmarks

Postglacial mud overlies the glaciomarine sediment and is
mainly confined to the south-southeast—trending troughs. It
is characterized by a smooth seafloor with little or no relief
and high backscatter strength. Thisunit isderived fromthe
reworking of glacial sedimentsand, to alesser degree, from
fluvial input. Large numbers of pockmarks are found in
several concentrations in the northwestern part of Fro-
bisher Bay. Pockmarks average 150 min diameter and 2 m
in depth. They result from the release of fluids—possibly
methane—generated in the postglacial sediments.

Iceberg-impacted terrain

| ceberg-impacted terrain occurs as two classes. In thefirst
class, intensive iceberg pitting is present in the northwest
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portion of Frobisher Bay down to depths of approximately
80 m. The pits have a degraded appearance and relief of
several metres. This population of iceberg pits likely
formed by icebergs originating at the grounded ice margin
asit retreated northward. The second class of iceberg im-
pacts occur in the southeastern part of the bay, are fewer in
number, fresh-looking, and occur down to 200 m depth.
They are mostly pits, although several long iceberg
ploughmarks are present (Figure 1c). These ploughmarks
wereformed by the action of the keels of icebergsdragging
through the seabed. Their crosscutting relationships indi-
catetherelative agesof the ploughmarks. Oneiceberg left a
record of abrupt changes in drift direction, associated in
places with wallow pits (indicated by Pin Figure 1c). This
pattern is evidence of repeated groundings of the keel and
subsequent drift of the iceberg in response to the driving
forces of currents and wind; this process forms an ice-keel
turbate (usually reworked glaciomarine sediment that isre-
worked by the ploughing action of ice keels, and in which
the original stratigraphy is disrupted), which is colonized
by benthic speciesafter disruption. Itislikely that thisclass
of featureis aresult of the modern iceberg flux.

Submarine landslides

Anunusual feature of the seafloor ininner Frobisher Bay is
the large number of submarine landslides (Deering et al.,
2015). The slides have emanated from the western margin
of the bay and from aridge to the east, and have flowed in
different directions into the intervening basin. They are
commonly present on the slopes of the north-northwest—
oriented ridges, and are distributed throughout the inner
bay, although they aremore prevalent onthewest side (Fig-
ure 1d). A typical slide comprises a steep failure headwall
and alow-relief, fan-shaped depositional 1obe, commonly
with compression ridges normal to the former flow direc-
tions. The failure surfaces may be the top of the glacio-
marine sediments, and the failed material isthe postglacial
unit. Although many slides have afresh appearance, others
are subdued, with depositional lobes mantled by post-
glacial mud. In places, only the erosional chutes are found
and depositional zonesare completely buried. These obser-
vations suggest that failure has been occurring throughout
the postglacial period, i.e., since ca. 7 ka BP.

Economic considerations

Seabed mapping isaglobally recognized scientific best prac-
tice for providing information on which to base decisions
about the multiple, potentially competing, uses of ocean
space (Todd and Shaw, 2009; Heap and Harris, 2011; Baker
and Harris, 2012, Barrieet al., 2014). Prudent management
of Frobisher Bay ocean space would consider seabed geol -
ogy and geohazards in the formulation of development
plans that affect its ecosystem and exploitation of its re-
sources. Developmentsin Frobisher Bay may include new
port facilities, fibre-optic cable routes and local fisheries.
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Climate change and warming conditions are occurring in the north. Any decisions concerning land-use planning, infrastructure develop-
ment or community sustainability are hindered by limited publicly available geoscience information in remote regions. Between 2014 and
2018, CNGO s leading a geoscience compilation project in the Kivalliq Region, along the western coast of Hudson Bay from the Manitoba
border to Rankin Inlet (NTS map areas S5D—F, K, L). The objective is to compile all existing aggregate, mineral potential, surficial geol-
ogy, land cover and permafrost data for this area. Although permafrost and ground ice are important features of the landscape along the
western coast of Hudson Bay, there have been few measurements of ground temperature and permafrost studies in the Kivalliq Region of
Nunavut. Part of the research activity will involve the development of methods for regional characterization of permafrost conditions by in-
tegrating observations from different sources across different scales, from site-based data to remotely sensed data.

Oldenborger, GA., Bellehumeur-Génier, O., Tremblay, T., Camels, F. and LeBlanc, A.-M. 2016: Permafrost studiesin the Rankin Inlet
and Ennadai Lake areas, southern Nunavut; in Summary of Activities 2016, Canada-Nunavut Geoscience Office, p. 67—74.

Abstract

Thewestern coast of Hudson Bay in the Kivalliq Region of Nunavut is undergoing significant infrastructure devel opment
associated with natural resources and community sustainability. Permafrost and ground ice are important features of this
landscape and they can significantly affect land-based infrastructure. Scientific planning operations and fieldwork have
been conducted in the Hamlet of Rankin Inlet and over the Kivallig Region of Nunavut asthe preliminary stagein astudy to
provide permafrost information and an understanding of permafrost conditions for this area. Recent fieldwork involved
geomorphological observations, examination of surficial geological materials and site selection for establishment of per-
mafrost and ground temperature monitoring stations. Initial sitesin Rankin Inlet and at Ennadai Lake were instrumented
with ground temperature and moisture sensors. Additional sitelocations have been chosen to represent avariety of condi-
tions, including devel oped and undevel oped land and different geological settings. Field observationswill be used for anal-
ysisof satellite-based mapping of ground movement and landscape classification, with amajor objective of thework being
the development of methodsfor regional permafrost characterization and understanding geological controls on permafrost
conditions.

Résumé

Lacoteouest delabaied Hudson danslarégion du Kivallig, au Nunavut, subit d’importantes transformations au niveau de
sesinfrastructures en lien avec I’ expl oitation des ressources naturelles et en vue d’ assurer la durabilité des communautés.
Lepergélisol etlaglace desol sont desé émentsimportants du paysage qui peuvent avoir uneincidence considérablesur les
infrastructuresterrestres. Laplanification d’ opérations de recherche scientifique et destravaux deterrain aRankin Inlet et
dans la région du Kivallig, au Nunavut, ont été entrepris atitre de phase préliminaire d’ un projet de recherche visant a
fournir del’information sur lepergélisol et lesconditionsqui le caractérisent danslarégion. L estachesaccompliesau cours
des plus récents travaux de terrain impliquaient laréalisation d’ observations géomorphol ogiques, I’ examen de matériaux
géologiques de surface et la sélection de sites en vue de I'installation de stations de surveillance du pergélisol et de la
températureau sol. L espremierssites équipés de capteursdetempérature et d’ humiditédu sol ont étéinstallésaRankin Inlet
et aulac Ennadai. L’ emplacement de sites supplémentaires s’ est fait en fonction delaprésence d’ une variété de conditions,
notamment laprésence de terrains mis en valeur et non mis en valeur ou celle de différents contextes géol ogiques. Les ob-
servations de terrain serviront aux fins d’ analyse des travaux de cartographie des mouvements de terrain au moyen de la
télédétection satellitaire et de classification du paysage. L' objectif principal des recherches est de mettre au point des

This publication is also available, free of charge, as colour digital files in Adobe Acrobat™ PDF format from the Canada-Nunavut
Geoscience Office website: http.//cngo.ca/summary-of-activities/2016/.
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méthodes permettant de caractériser le pergélisol al’ échelle régionale et de mieux comprendre I’ incidence des controles

géologiques sur les conditions régissant e pergélisol.

Introduction

Thewestern coast of Hudson Bay in the Kivalliq Region of
Nunavut is undergoing significant infrastructure devel op-
ment associated with natural resources and community
sustainability. Establishment of a road or power corridor
between Manitoba and the Kivalliq Region has been under
consideration for several years (Nishi-Khon/SNC-Lavalin
Limited, 2007, 2010; Varga, 2014; Rogers, 2015). Perma-
frost and ground iceareimportant featuresof thislandscape
and they can significantly affect ground stability and infra-
structure. Knowledge of permafrost conditionsis required
to characterize climate changeimpacts, reducerisksand aid
in adaptation solutions for the region. However, there is
limited historical or contemporary permafrost data along
the western coast of Hudson Bay (Smith and Burgess,
2000). Although ground temperature data are often col-
lected aspart of natural resourceprojects, suchasat Agnico
Eagle Mines Limited’s Meadowbank mine and advanced-
stage Meliadine gold project, these data are often site spe-
cificand limited in recording period, or are not publicly ac-
cessible beyond datarel eased in environmental assessment
reports (e.g., Smith et al., 2013). Without fundamental
knowledge of past and current permafrost conditions, any
response of permafrost or landscape change to climate
warming is difficult to establish.

A collaborativeactivity between the Canada-Nunavut Geo-
science Office and the Geological Survey of Canada has
been initiated to provide, in part, geoscience information
on permafrost and landscape conditions for infrastructure
and community development along the western coast of
Hudson Bay (Tremblay et a., 2015; LeBlanc et a., 2016;
Oldenborger et al., 2016; Short et al., 2016). Objectives of
this activity include 1) collection of valuable baseline ter-
rain and permafrost information in the Kivalliq Region of
Nunavut, such as surficial geology, land cover, periglacial
landforms and ground temperature; 2) development of
methodsfor regional characterization of permafrost condi-
tions by integrating observations from different sources
across different scales, from site-based data to remotely
sensed data; and 3) understanding permafrost conditions,
the relationship to surficial geology and the potential re-
sponsetoinfrastructure devel opment and climatewarming.
Scientific planning operations and fieldwork have been
conducted in Rankin Inlet and over the Kivalliq Region as
thepreliminary stage of research activity. Recent fieldwork
involved geomorphological observations, examination of
surficial geological materials and site selection for perma-
frost and ground temperature monitoring stations. Initial
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sites at Rankin Inlet and Ennadai Lake were instrumented
with ground temperature and moisture sensors. Additional
site locations have been chosen to represent a variety of
conditions, including devel oped and undevel oped land and
different geological settings. Thefull suite of activitieswill
include sediment sampling, permafrost coring, and mea-
surements of ground temperature, water content and
ground movement.

Site-based observationswill be used for thermal modelling
and the analysis of geophysical and satellite data, which
will be used for mapping ground movement and landscape
classification. Better understanding of terrain conditions,
ground ice occurrence, thaw susceptibility and the pro-
cesses affecting permafrost will contribute to improved
prediction and management of the impacts of permafrost
degradation on infrastructure and community welfare in
the region.

Study area

Permafrost underliesalmost half of Canada’slandmassand
all of Nunavut (Heginbottomet al ., 1995). Rankin Inlet and
thewestern coast of Hudson Bay are within the continuous
permafrost zone where 90-100% of the land areais under-
lain by permafrost (Figure 1). Only the most southwestern
portion of theKivalliq Regionisin the extensive discontin-
uous permafrost zone (Figure 1). Permafrost thickness in
theRankin Inlet region hasbeen estimated to be 200-300m
and active layer thickness may vary from 0.3—4 m depend-
ing on local ground conditions (Brown, 1978; Smith and
Burgess, 2002; Genivar Inc., 2014). Mean annual ground
temperature (MAGT) has been reported as—6.4 to —7.9°C
from 4 to 14 m depth (Brown, 1978). Periglacial features,
such as ice-wedge polygons and mudboils, have been
mapped as part of the surficial geology (McMartin, 2002).
Littleinformation existson groundice occurrenceinthere-
gion, although it is likely spatially variable and related to
surficial geology and hydrology (e.g., Judge et al., 1991;
LeBlanc et al., 2015).

Mean annual air temperaturefor 19812014, cal culated us-
ing Environment Canada climate station data, is —10.3°C
for Rankin Inlet (Environment Canada, 2015). During the
sametime period, mean annual air temperature hasrisen by
2.2°C. Similar trends are recorded for Arviat, Chesterfield
Inlet and Whal e Cove climate stationsindicating aregional
warming trend (e.g., Tremblay et al., 2015).

Canada-Nunavut Geoscience Office
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of Rankin Inlet were established after
considering the field observations
(Figure2; Table 1) and after in-person
consultation with representatives
from the Hamlet of Rankin Inlet, the
Government of Nunavut and the
Kivallig Inuit Association. Com-
ments were sought from the commu-
nity, but none have been received to
this date beyond those received at
previous engagement events (e.g.,
Oldenborger et al., 2016).
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Two ground temperature monitoring
sites (R101, RI02) were chosen to re-
cord thethermal regime of the Rankin
Inlet area both for devel oped and un-
developed land-use scenarios. Both
sites are on marine-washed till, sev-
eral metres thick, adjacent to littoral
sedimentsconsisting mostly of coarse
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Figure 1: Map of ground temperature monitoring boreholes in the Canadian Permafrost

Monitoring Network (black dots, updated from Smith et al., 2010). The

been inactive since 2008. Purple is the continuous permafrost zone; blue is the discontinu-
ous permafrost zone (extensive and sporadic; after Heginbottom et al.

Site locations

Field observations were initiated with a general survey of
the landscape, taking into consideration available surficial
geological mapping (McMartin, 2002) and land-cover
mapping (Tremblay etal ., 2015). Sitevisitswere planned to
cover arepresentative suite of surficial geological unitsand
land-cover types. Site locations for ground temperature
boreholes and permafrost monitoring stationsin theregion

80°W

brown sand raised beaches (McMar-
tin, 2002). Washed till and marine
sediments are considered to be repre-
sentative of large portions of the
western coast of Hudson Bay. Sites
were chosen to avoid any unusual
snow drifting. These boreholes are
planned as air-track drillholes that will be completed to
bedrock (or 15 m depth). Multi-thermistor cables con-
nected to autonomous data loggers will be deployed in
these holes and maintained for future generations.
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, 1995).

In addition to permanent ground temperature monitoring
borehole sites, five sites were selected for installation of
shallow permafrost monitoring stations with permafrost
coring and measurements of ground temperature, ground

heave, thaw depth and moisture con-
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tent (RI03-07). At these sites, sen-
sors will be installed using a combi-
nation of shallow permafrost coring,
water-jet drilling and hand digging of
soil pits. Sites were chosen to repre-
sent different scenarios of surficial
geology to allow investigations of
geological controls on permafrost
conditions. Sites include a raised
beach ridge characterized by large-
scale, ice-wedge troughs (RI03), un-
differentiated till and nearshore ma-
rine sediments characterized by
hummocky ground (RI104), nearshore
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Figure 2: Site locations for permanent ground temperature monitoring stations (R101, RI02)
and shallow permafrost monitoring stations (R103—07), Rankin Inlet area, southern Nunavut.
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- marine sediments with a well-devel-
oped ice-wedge polygon network
(RIO5), littoral and offshore marine
sediments (RI06) and transitional till/

546

69



Table 1: Anticipated suite of observations for monitoring sites, Rankin

Inlet and Ennadai Lake areas, southern Nunavut.

Site  Surficial Deep Shallow Coring Ground Ground Thaw Moisture
geology' temperature heave depth content

RIO1 Mr/T.M X X

RI02 Mr/T.M X X

RIO3 Mr X X X* X X X!

RI04 TM X X X X X X

RI05 Mn X X X X X X

RIO6  AM/Mn X X X X X X

RIO7 Mr X X X X X X

ELO1  GL/Ab X X

Surficial geology according to the Geological Survey of Canada Surficial Data Model (Cocking et

al., 2015).

“Installed 2016.

Abbreviations: A, alluvial sediments - undifferentiated; Ab, alluvial sediments - blanket; GL,

glaciolacustrine sediments - undifferentiated; M, marine sediments - undifferentiated; Mn, marine

sediments - littoral and nearshore; Mr, marine sediments - beach; T, glacial sediments -
undifferentiated.

nearshore sediments with mudboils (RI07). During sitere-
connaissance, sediment samples were acquired for grain
sizeand porewater salinity analyses, and landscape/vegeta-
tion observations were recorded for verification and
training of satellite-based land-cover mapping methods
(Tremblay et al., 2015).

Raised beach

Of thefivesites selected for shallow permafrost monitoring
stations, site RIO3 was chosen for the initial installation
(Figure 3). Site RI03 is on araised beach with large-scale
ice-wedge troughs that do not connect into a closed poly-
gon network. Thesiteisdry inthe summer and thetopogra-
phy slopes gently downhill to an adjacent valley with
glaciofluvial fill. Excavation to the thaw depth revealed a
thin organic layer, over medium brown eolian sand, over a
littoral marine deposit consisting of well-sorted pebbly
brown sand with coarse sand layersand shell fragments be-
low 110 cm depth. Thermistors and dielectric (moisture
content) sensors were installed side-by-side at the same
depths in the excavated pit (Figure 4). Sensors were con-
nected to dataloggers on the surface for continuous moni-
toring. The current sensors will be complemented by
permafrost coring and other investigations.

Ennadai Lake

In addition to Rankin Inlet, thereisan interest in extending
permafrost and landscape characterization to the larger
Kivallig Region. To this end, ground surface observations
(from low-level flight) were made from Baker Lake to
Ennadai Lake (along the Kazan River) and from Ennadai
Laketo Rankin Inlet for further verification and training of
satellite-based land-cover mapping methods over a larger
area (Tremblay et al., 2015). A ground temperature moni-
toring borehole wasinstalled at Ennadai Lake to represent
the vast inland region of Nunavut, which is lacking in
ground temperature data (Figure 1).
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Figure 3: Rankin Inlet site RIO3, Rankin Inlet area, southern
Nunavut: a) aerial photograph of raised beach ridge with ice-
wedge troughs; b) temperature (RI03T1) and dielectric
(RI03D1) sensors installed in a pit excavated to thaw depth;
c) filled and restored pit with data loggers (connected to sen-
sors) at ground surface.

Site selection at Ennadai L akewaslimited to thevicinity of
an outpost camp, which is regularly inspected by the Gov-
ernment of Nunavut (Figure5). Thesitefallswithin the ex-
tensive discontinuous permafrost zone (Figure 1). Recon-
naissance observations indicated three genera types of
surficial geology in theimmediate area: fine-grained clay/
silt regions with thaw depths of <70 cm, coarser-grained
sandy areas with thaw depths of >150 cm, and peatlands
with peat mounds (palsabogs and peat plateaus) with thaw

Canada-Nunavut Geoscience Office
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Figure 4: Schematic illustration of the sedimentary section
and instrumentation at site RI03, Rankin Inlet area, southern
Nunavut (NAD83, UTM Zone 15N, 533198E, 6970943N).
Temperature (R103T1-4, Onset® Computer Corporation
TMC6-HD) and dielectric (R103D1-4, Decagon Devices, Inc.
EC-5) sensors were installed from the surface to the thaw
depth, and are connected to data loggers (Onset® HOBO®
U12-008 and Decagon Devices, Inc. Em50) on the surface.

depthsof <70 cm (Figure6). Theclay/silt depositsareinter-
preted to be glaciolacustrine in nature and associated with
the Ennadai glacial lake on the western side of the
Keewatin |ce Divide, whereas the sandy deposits areinter-
preted to be alluvium adjacent to esker sand and gravel
(Lee, 1959; Aylsworth, 1986). Permafrost may be absentin
thicker outwash material of the esker proper.

Thefine-grained sedimentsweresel ected asatarget for wa-
ter-jet drilling of a ground temperature monitoring bore-
holeat theforest’sedge (Figure6). A holewascompleted to
approximately 275 cm at which point, coarse-grained ma-
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Figure 5: Location of permanent ground temperature monitoring borehole at
site ELO1 near Ennadai Lake, Kivalliq Region, southern Nunavut.

terial (pebbly sand, interpreted as glaciofluvial) precluded
further drilling. A prebuilt thermistor cable was housed in
PV C casing and installed in the hole (Figure 7). The casing
was filled with silicone oil and the thermistor cable was
connected to a data logger at the surface for continuous
monitoring.

Economic considerations

The western coast of Hudson Bay is a region where land-
based infrastructure projects could significantly impact the
local economy and community welfare. Four coastal com-
munities are located in the region that would be served by
the proposed Manitoba—Nunavut road or energy corridor.
Permafrost studies provide important knowledge on land-
scape conditions and ground ice occurrence that may help
mitigate risk associated with thaw-sensitive substrate and
infrastructure instability. Installation of permanent ground
temperature monitoring boreholes that will provide pub-
licly available data will aid the Hamlet of Rankin Inlet in
land-use planning both now and in the future. Extension of
studies to geophysical- and satellite-based mapping will
support methods of regional characterization of permafrost
conditions in conjunction with site-specific geotechnical
studies to provide geoscience knowledge in support of
climate change preparedness and adaptation activities in
Canada.

Conclusions

Scientific planning and fieldwork were conducted in
Rankin Inlet and over theKivalliq Region—theinitial stage
of collecting baselineterrain and permafrost informationin
data-poor areas of Nunavut. Fieldwork involved examina
tion of surficial geological materials, site selection for per-
mafrost and ground temperature monitoring stations and
installation of initial permafrost monitoring equipment.
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Figure 6: a) Ennadai Lake site ELO1 located on glaciolacustrine
clayey silt deposits adjacent to a region of peatland with frost
mounds (yellow dashed line) and sandy alluvial deposits with
deeper thaw depth (white dashed line), Kivallig Region, southern
Nunavut. b) Ground temperature monitoring borehole at site ELO1.
c) Multi-thermistor cable connected to data logger at ground sur-
face.

Ground temperature and moisture content sensorswerein-
stalled to 1.25 m depth inthe activelayer near Rankin Inlet,
and amulti-thermistor cable was installed to 2.75 m depth
in permafrost near Ennadai Lake.

Additional siteswere chosen to represent avariety of con-
ditions, including devel oped and undevel oped land and dif-

72

Depth

Data logger (cm)
~ |—g,—_>[|]5 ELO1T1
Peat 8115 ELO1T2
30

[145 ELO1T3
60

Thaw depth
(01-Sep-16) [175 ELO1T4

[1125 ELO1T5

Glaciolacustrine

clayey silt
[1175 ELO1T6
[1225 ELO1T7
260
Glaciofluvial
pebbly sand 0275 ELO1T8

Figure 7: Schematic illustration of the sedimentary section esti-
mated from water-jet drilling, and thermistor depths (ELO1T1-8)
for ground temperature monitoring borehole at site EL0O1, Kivalliq
Region, southern Nunavut (NAD83, UTM Zone 15N, 351850E,
6739125N). The eight-thermistor cable (YSI Inc. 44033) was in-
stalled in polyvinyl chloride (PVC) casing and is connected to a
datalogger (RBRconcerto) at ground surface. Thaw depth was ob-
tained by probing.

ferent geological settingstypical of the Rankin Inlet region.
These siteswill be established in the coming field seasons.
The full suite of observations will include sediment sam-
pling, permafrost coring, and measuring ground tempera-
ture, thaw depth, water content and ground heave. Results
will beused for thermal modelling and analysisof geophys-
ical and satellite data for mapping of ground movement,
landscape classification and understanding regional per-
mafrost conditions.
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Understanding permafrost conditions through integration of local and
traditional observations with geoscience data in the vicinity of Rankin
Inlet, western Hudson Bay, Nunavut

A.-M. LeBlanc!, O. Bellehumeur-Génier?, G.A. Oldenborger? and T. Tremblay®

"Natural Resources Canada, Geological Survey of Canada, Ottawa, Ontario, anne-marie.leblanc@canada.ca
’Natural Resources Canada, Geological Survey of Canada, Ottawa, Ontario

 Canada-Nunavut Geoscience Office, Igaluit, Nunavut

Climate change and warming conditions are occurring in the north. Any decisions concerning land-use planning, infrastructure develop-
ment or community sustainability are hindered by limited publicly available geoscience information in remote regions. Between 2014 and
2018, CNGOis leading a geoscience compilation project in the Kivalliq Region, along the western coast of Hudson Bay from the Manitoba
border to Rankin Inlet (NTS map areas 55D—F, K, L). The objective is to compile all existing aggregate, mineral potential, surficial geol-
0gy, land cover and permafrost data for this area. Although permafrost and ground ice are important features of the landscape along the
western coast of Hudson Bay, there have been few measurements of ground temperature and permafrost studies in the Kivalliq Region of
Nunavut. Part of the research activity will involve the development of methods for regional characterization of permafrost conditions by
integrating observations from different sources across different scales, from site-based data to remotely sensed data.

LeBlanc, A.-M., Bellehumeur-Génier, O., Oldenborger, GA. and Tremblay, T. 2016: Understanding permafrost conditions through inte-
gration of local and traditional observationswith geoscience datain the vicinity of Rankin Inlet, western Hudson Bay, Nunavut; in Sum-
mary of Activities 2016, Canada-Nunavut Geoscience Office, p. 75-88.

Abstract

Thispaper isafollow-up to amapping workshop held in Rankin Inlet in February 2016 that focused on collecting local and
traditional observationson permafrostintheregion. A field campaign washeldin August 2016tovisit areasof interest iden-
tified by the workshop participants. Using a multidisciplinary approach, the workshop and field observations were com-
bined with existing geoscience datato characterize permafrost inthearea. Visitsto observation sitesestablished at thework-
shop led to the validation of the occurrence of a number of permafrost-related features or phenomenon that provide
important insight into ground conditions and therel ationship to the surficial geology of the area. Geoscience data presented
in this paper include DINSAR satellite imagery, historic water levelsand climate records. The analysis carried out showed
that surficial geology unitsof undifferentiated till and marine sediments along with nearshore marine sediments exhibit the
greatest degree of subsidence based on the DINSAR mapping results and thus present a higher potential for containing
ground ice. It was determined that all water bodies experience surface area variability, but large (>14000 m?) and small
(>3500 m?) water bodies exhibit the most numerous occurrences of lake growth.

Résumé

Leprésent rapport découle d’ un exercice de cartographie qui aeu lieu aRankin Inlet en février 2016, visant acompiler des
observations de savoir traditionnel et local relatives au pergélisol danslarégion. Une campagne de terrain, tenue en aolt
2016, avait pour objectif de visiter les sites correspondant aux observations des participants. Le recours a une approche
multidisciplinaire combinant des données géoscientifiquesaux donnéesrecueilliessur leterrain et pendant |’ atelier afait en
sortequelescaractéristiquespropresau pergélisol delarégionont pu étreétablies. Lesvisitesaux sitesidentifiéspar lespar-
ticipants de |’ atelier ont permis de valider la présence de multiples caractéristiques de terrain et phénomenes liés au
pergélisol. Ces constatations ont fourni d’importantes informations sur les conditions du sol et lelien avec la géologie de
surface dans larégion. Les données géoscientifiques présentées dans ce rapport incluent des analyses d’ imagerie satellite
DInSAR, de changements dans la superficie des étendues d’ eaux et de données climatiques. Les résultats démontrent que
lesunités de géologie de surface constituéesdetill non différencié et de sédiments marins et cell es constituées de sediments
marins littoraux sont les plus susceptibles au tassement, ainsi que le démontrent les cartes établies a |’ aide des données
DINnSAR, et pourrait potentiellement renfermer delaglacedanslesol. Lasuperficie detoutes|es étenduesd’ eaux analysées

This publication is also available, free of charge, as colour digital files in Adobe Acrobat™ PDF format from the Canada-Nunavut
Geoscience Office website: http.//cngo.ca/summary-of-activities/2016/.
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fait preuve d'un certain degré de variabilité, mais les plus grands (>14000 m?) et plus petits (>3500 m?) plans d’ eau

présentent le plus souvent une tendance a la hausse.

Introduction

Knowledge of ground temperature and permafrost condi-
tionsislimited for thewestern coast of Hudson Bay and the
Kivallig Region of Nunavut (Smith and Burgess, 2000). In-
frastructure and community development will require an
investment in geoscience information on permafrost to en-
sure sustainability in the face of climate warming. This pa-
per is afollow-up to a mapping workshop held in Rankin
Inletin February 2016 that focused on collecting local and
traditional observations on permafrost in the region
(Oldenborger et al., 2016). The majority of landscape ob-
servations from the workshop were related to water, slope
movement, erosion, ground ice and vegetation. Therewere
observations of water-level changesinrivers, lakes, ponds
and streams identified at every mapping session. Subsi-
dence, water pooling and building damage were observed
in devel oped areas of the hamlet. Although there arerecog-
nizablesignsthat thelandscapeischanging every year, spe-
cific changes were most often identified as occurring
within the last 5-10 years. Thistime frame coincides with
increased land use and devel opment, including the length-
ening and maintenance of access trails.

A field campaign was held in August 2016 to visit areas of
interest identified by the workshop participants. Workshop
and field observations were combined with additional
geoscience data, including surficial geology, DINSAR im-
agery, satellite images, airphotos, historic water levelsand
climate records. Analysis of the integrated data allowed
limited interpretation of permafrost conditions and a num-
ber of land associations to be made with terrain-associated
elements, such as surficial geology, hydrology and topog-

raphy.
Study site

Thestudy areaislocatedintheKivallig Region of Nunavut,
inthevicinity of Rankin Inlet (Figure 1). Thewestern coast
of Hudson Bay lies in the continuous permafrost zone,
where 90-100% of the ground surface is underlain by per-
mafrost (Heginbottom et al., 1995). In this region, active-
layer thickness is highly variable, ranging from 3 to
400 cm, and permafrost is estimated to be 300-500 m thick
(Brown, 1963, 1978; Smith et a., 2005a). Permafrost in the
study area often contains high salinity levels ranging from
3.5t0 30 ppt, which canincreasetheunfrozen water content
and thereby decrease the strength of the underlying perma-
frost (Hivon and Sego, 1993, 1995). The presence of closed
and open taliks in the Rankin Inlet area is expected under
small yet deep lakes as well as under large and deep lakes,
respectively (Golder Associates Ltd., 2014).
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The average mean annual air temperature (MAAT) record-
ed at Rankin Inlet Airport from 1982 to 2012 was —10.3°C
(Environment Canada, 2015). During the sametimeperiod,
MAAT increased by 2°C at an averagerate of 0.068°Clyear,
demonstrating a progressive warming of the climate in the
region. The trend in climate warming observed along the
western coast of Hudson Bay is similar to that recorded at
Arviat, Chesterfield Inlet, Baker Lake and Whale Cove
weather stations (Environment Canada, 2015). The land-
scape is dominated by tundra vegetation, with a winter
snow cover innatural terrainthat islimited to 25-45 cmand
generally windblown (Brown, 1978; Smith et al., 20053;
Throopetal., 2012). |ce-rich permafrost and ground iceare
commonly found in marine sediments that have been de-
posited in low-lying areas. At those locations, numerous
periglacial features, such asice-wedge polygons, patterned
ground and mud boils can befound (McMartin, 2002). Re-
cent studies have projected changesto permafrost distribu-
tionin Hudson Bay dueto increasesinthe MAAT and loss
of searice cover (Gagnon and Gough, 20053, b; Zhang,
2013; Tam, 2014).

Methodology
Local and traditional observations

Observations of changes to permafrost features and land-
scape were collected at a participatory mapping workshop
held in Rankin Inlet in February 2016. Details of the map-
ping sessions, data compilation and locations of the obser-
vations can be found in Oldenborger et a. (2016). For the
purpose of this paper, results of the workshop were sorted
into five categories of observations: water-level changes,
ground movement and/or ground ice, slope movement,
vegetation, and other observations.

To investigate and study the observations made by work-
shop participants, site visits were performed in August
2016 for al sitesthat were accessible by foot or ashort al-
terrain vehicle (ATV) ride. At each site, theareawas evalu-
ated in an attempt to match the specific local and/or tradi-
tional observation from the workshop with the evidence
presented by the surficial geology, permafrost conditions
and processes, or landscape change in the vicinity of the
original observation.

Geoscience data
Surficial geology

The surficial geology of the region was mapped by Ayls-
worth et a., (1981) at ascale of 1:250 000 for the western
coast of Hudson Bay and by McMartin (2002) at a scale of
1:50 000 for the Rankin Inlet area. Both these maps, re-
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Figure 1: Main area of interest in the Kivallig Region of Nunavut, covering both the locations of the workshop observations and the zones
selected for water-level change analyses. Inset map displays the permafrost zones (after Heginbottom et al., 1995); base map courtesy of
the United States Geological Survey (United States Geological Survey, 2016).

cently updated to conform to Surficial Data Model v. 2.1
(Geological Survey of Canada, in press a, b) following the
legend from Cocking et al., (2015), were used for thisstudy
(Table 1). Landforms, such as retrogressive thaw slumps,
solifluction lobes, ice-wedge polygons, palsa-like features
and hummocky ground, identified by McMartin (2002)
and, to alesser extent, by Aylsworth et al. (1981), wereused
for the purpose of comparing themto thelocal observations
made by the workshop participants.

The surficial geology of each workshop observation site
was identified by matching observation areas and the
surficial maps and visually cross-referencing them. Often,
more than one type of surficial geology unit occurred
within the observation area. In these cases, the surficial ge-
ology waslisted in order of importance. In some cases, ob-
servation sitesfell outside of the area covered by available
detailed or regional surficial maps.

DInSAR

Seasonal surface displacement for the area of Rankin Inlet
wasderived using differential interferometric synthetic ap-
erture radar (DINSAR) data collected in the summer of
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2015 (Short et a., 2016), On the DINSAR map, locations
where displacement was within the expected range of error
(£1.0 cm) represented stable ground; subsidencein the or-
der of 1.0to 14.0 cm generally represented downward dis-
placement. Other possible causes of apparent downward
displacement could be downward movement of a surficial
aquifer or sediment erosion. A surface uplift of 1-5 cmrep-
resented upward displacement and accounted for only
0.3% of thetotal coverage of the DINSAR map. Areasof no
data resulted from a loss of interferometric signa coher-
ence, which istypically caused by the presence of water, a
significant ground-surface disturbance or arelatively smooth
surface.

Local observation areas, DINSAR results and surficial ge-
ology integrated in a GIS were displayed simultaneously
for assessment. Local displacement values derived from
DINnSAR data were extracted for each observation site. In
some cases, observation sites fell outside of the area cov-
ered by the DINSAR satellite imagery. Displacement was
assessed in conjunction with surficial geology and the ex-
pected behaviour of material types (Short et a., 2016).
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Table 1: Surficial geology units found in the Kivallig Region of
Nunavut and their descriptions (from Cocking et al., 2015).

Surficial 4
1 Description
geology units

T Till undifferentiated
T.M Undifferentiated till and marine sediments
Tb Till blanket

Tv Till veneer

Tr Ridged moraine

Th Hummocky fill

M Marine sediments undifferentiated
Mr Beach sediments

Md Deltaic sediments

Mi Intertidal sediments

Mn Nearshore sediments

A Alluvial sediments undifferentiated
AM Undifferentiated alluvial and marine sediments
GF Glaciofluvial sediments
GF2 Subaqueous outwash fan sediments
GFh Hummocky sediments
GFc Ice-contact sediments

O Organic

R Bedrock undifferentiated

R2 Igneous bedrock, plutonic

"Surficial geology units and description from Cocking et al. (2015)

Lake-size analysis

L ake-size comparison was performed in aGl Susing histor-
ical airphotosand satelliteimagery in combination with cli-
mate data. Two areas of interest were sel ected based on the
likelihood that thermokarst would be present (as indicated
by the surficial geology, geomorphological evidence and
lake density), the airphoto spatial and/or temporal cover-
age, and the satellite imagery spatial coverage. Thermo-
karst results from the combination of processes that alter
the landscape following the melting of ground ice, which
can causelakeexpansion or lakedrainage (van Everdingen,
2005; Kokelj and Jorgenson, 2013). The two main areas of
interest were located within and west of the Igalugaarjuup

NunangaTerritorial Park (Figure 1), and were chosen prior
to the community mapping exercise.

Airphotos were orthorectified on National Topographic
System maps prior to analysis with aroot-mean—square er-
ror varying between 0.4 m and 3 m. The airphotos used in
these analyses were taken in July and August 1954, 1965,
1969, 1975, 1986 and 1992. The satellite images, taken in
June and July, consisted of a WorldView-2 image from
2014 and Digital GlobeInc. imagery from 2005 availablein
Google Earth Pro™. Lakeshore limitswere digitized man-
ually for each year for which data were available, with an
estimated human error factor of +10 m? from the actual
shoreline, resulting in estimation errors that are likely on
the order of tens of square metres. For small regions, man-
ual interpretation and mapping of water bodies on time se-
ries of rectified aerial photographs and recent high-resolu-
tion imagery have proven to be more reliable than semi-
automatic remote-sensing techniques (Kokelj and Jorgen-
son, 2013).

Compiled results were then assessed against a control year
(1954) and the differences calculated. These were then
rounded to the nearest 10 m? to account for human error and
to be expressed as a percentage for ease of comparison.
Lakeswere divided into three categories according to their
size: large (>14000 m?), medium (>3000 m?) and small
(<3000 m?).

Climate analysis

A climate database was created from meteorological data
collected from 1981, when therecord began, to 2014 (Envi-
ronment Canada, 2015), to assess whether lake-size differ-
ences were due to seasonal precipitation trends or to
thermokarst expansion. For airphoto and satellite images
taken after 1981, the average total precipitation was calcu-
lated for the two months prior to the date the image was
taken to assess precipitation anomalies for these specific
times. Thevaluesfor snow depth dayswere also calculated
to compare snow-cover behaviour (Table 2).

Table 2: Summary of climate data for 1986, 1992, 2005 and 2014 recorded at the Environment Canada (Environment

Canada, 2015) weather station in Rankin Inlet, Nunavut.

Historical average Total Total Total Total
Photo - IR Snow depth . N 5
total precipitation precipitation , rainfall snowfall precipitation Conditions
date 1 2 days (cm/d) n 4 4
(mm) (mm) (mm) (cm) (mm)
09/08/1986 52 58 6492 186 185 356 wet
24/07/1992 61 19 9101 140 127 265 wet
29/08/2005 91 54 6157 155 305 460 dry
21/06/2014 40 22 7916 152 92 244 dry

1Represents the average of the total precipitation for the two months prior to the date the photo was taken from 1981 to 2015

2Represents the total precipitation for the two months prior to the date the photo was taken

Snow depth days values for the winter season preceding the picture date (hydrological year: October to August)

“Calendar year annual value for the date the photo was taken

°Assumed groundwater conditions for the picture varying from dry to wet

78

Canada-Nunavut Geoscience Office



Results
Water-level changes

Of the 56 workshop observation locations identified, 17
were related to water-level changes (Figure 2a), and more
precisely to low water levels occurring within the last 5—
10years(Table3). Lakesassociated with thistype of obser-
vation are commonly found on undifferentiated till and ma-
rine sediments (T.M; Table 1; Cocking et al., 2015) and
glaciofluvial sediments (GFc, GFh, GF2), whereas rivers
flow over aluvial sediments(A). Lessthan half of these ob-
servation sitesoverlap with DINSAR-derived val ues of sur-
face displacement at theriver or lakeshore; resultsvary be-
tween stable terrain and downward displacements of up to
10 cm. Stable terrain is associated with GFc, GFh, GF2,
marine beach sediments(Mr) and T.M, when bedrock (R) is
found inthe vicinity. Highest displacements are associated
with T.M, and occasionally marine nearshore sediments
(Mn) and GFh with GFh.T. The origin of DINSAR-identi-
fied displacement closeto awater body isdifficult to assess
due to surface aquifer movement and sediment erosion,
which cause signal incoherence in the DInSAR results.

Asindicated in Table 3, among the observations of low wa-
ter levels, three were associated with large lakes (Nipissak
[11%, Qamanaarjuk [aso known as Little Meliadine; 21—
22] and Meliadine[25]) and five with small lakes or ponds
(Sandy lake [13] and ponds west of it [14], Sanderling Is-
land [35], aswell as east and southwest of Rankin Inlet [41
and 54]). Analysis of low water levels excluded |akes af-
fected by human activity, such as Williamson lake (10; see
Table 3) and other lakes that were drained for construction
purposes.

Lake-size analysis with respect to meteorological data
showed that there was no obvious continuous trend from
1954 to 2014 with the exception of large lakes (Figure 3).
Small and medium lakes showed more variability than
largelakes, although small lakes peaked in 1986 and there-
after remained higher than the control year. In contrast,
workshop observationsnoted that small and largelakeshad
decreased in size (low water levels) over the last ten years.
Except for 1975, there was a general trend toward an in-
crease in large lake size from 1954 to 2014. However, the
number of large lakes considered in the analysis was
smaller compared to that of medium and small lakes.

Nipissak Lake (11; see Table 3), which isthe potable-water
reserve for Rankin Inlet, was not included in the lake-size
analysis, but results by Budkewitsch et al. (2011) updated
to 2014 using Digital Globe Inc. WorldView imagery indi-
cate that the surface of the lake has decreased by 18% be-
tween 2005 and 2014, whereas it was stable between 1972

‘Numbers in brackets refer to the location of observations in
Oldenborger et al. (2016).
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and 2005. First Landing lake, northwest of Nipissak Lake,
hasremained moreor lessthe same between 1972 and 2009
with a dlight increase (2%) in surface size between 2005
and 2009, followed by a decrease of 1% in 2014 (Budke-
witsch et al., 2011). Climate data suggest that the condi-
tionswererelatively wet in the summers of 1986 and 1992,
and relatively dry in summer 2005 and spring 2014
(Table 2).

Ground movement and ground ice

Subsidence, ground ice and muddy conditions accounted
for 16 of the observations(Table4; Figures2b—€). Themost
common surficial unit on which these observations were
found was T.M. This unit was often associated with the
highest displacement values in the observation areas. Re-
maining observations were associated with surficial units
such as Mn and till blanket (Tb), which also exhibit high
displacement. One observation of ground movement
(Rankin Inlet area 8; Table 4) was associated with Mr,
which aretypically stable. Within the Hamlet of Rankin In-
let, more than half of the observation areas occurred in re-
gionsidentified as stable by the DINSAR data. This appar-
ent lack of association between observed ground
movement and DINSAR displacement values may be re-
lated to modification of surface conditions by addition of
fill material (e.g., roads and gravel pads), which resultsin
higher stability compared to natural conditionsin typically
unstable terrain (Short et a., 2016).

Observations of ice-wedge polygons collected at thework-
shop were associated with marine nearshore sediments
(Mn) and, to alesser extent, with Mr, undifferentiated till
(T), T.M and Th. | ce-wedge polygons were al so mapped by
McMartin (2002) at the same two areas as those identified
by workshop participants (Table 4). Other observations of
ground ice by workshop participants were notably associ-
ated with glaciofluvial sediments (GF). In addition to Mn,
McMartin (2002) identified Mr, glaciofluvial sediments
(GF), organic cover (O) and T.M as supporting ice-wedge
polygons. On sitevisits, no ground icewasidentified at the
locationsidentified by the participants, but landforms such
as palsas and erosion of river banks and/or at |akeshores
were observed.

Slope movement

Landslides (slope movement; Figures 2f—h), identified by
participants are presented in Table 5, although many obser-
vationsfell outside of the mapped area (7 of the 11 observa-
tions) and DINSAR coverage (10 of the 11 observations).
Two of the three landslidesidentified by participants were
mapped by McMartin (2002) as gelifluction lobes occur-
ringin T and in T.M, and gelifluction lobes were observed
during field visits on various types of surficial units. The
third landslidein the Rankin Inlet area(16) occurred within
A. Inactive active-layer detachment scars were also ob-
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Table 3: Observations of water-level changes by participants in the Rankin Inlet workshop, and associated geoscience data.

L1 . Surficial 3
Locations Observations 2 DInSAR results
geology
Josephine River (1) Low water level causing fish death n/a n/a
Josephine River (2) Low water level; river bank erosion n/a n/a

Rankin Inlet area 6 (5) Historical lakes within the Hamlet limits;

drained prior to infrastructure construction

T.M, Mn, A.M Between stable and displacements of -6 cm

Rankin Inlet, Williamson Lake size reduced T.M Eastern side of the lake is mostly stable (in T.M
lake area (10) with bedrock outcrop in the vicinity), western side
of the lake has displacements between -2.5 and
-7 cm (in T.M)
Nipissak Lake (11) Low water levels in recent years T.M, GFh.T, Surrounding areas of the lake are stable stable (in
Mr GFh.T and Mr) or have displacements of up to
-10 cm (in T.M and GFh.T)
Sandy lake (13) Low water levels in Sandy lake, especially GFc n/a, but should be stable according to close
during the last five years; past shorelines displacement values in GFc
exposed; adjacent esker stable
Rankin Inlet, Sandy lake Ponds west of Sandy lake are drying out Mn, T.M, Displacements between -1 to -10 cm (highest
area (14) GF2, Tv  displacements at the contact of Mn and T.M)
Qamanaarjuk® (21) Increased exposure of island; water level GFc n/a
decrease
Qamanaarjuk? (22) River coursing earlier in spring GFh n/a
Meliadine Lake (25) Low water level n/a n/a
Diana River (27) Low water level in the last five years; A Tr n/a
adjacent creek now dry
Diana River (30) low water level in recent years; still areas A T.M Surrounding areas of the river fall between stable
of strong current and deep water and displacements of -10 cm
Barrier Islands (33) Low seawater level; more land exposed in TM R n/a
the last ten years
Sanderling Island (35) Low water level in ponds; dryer conditions Mi, GFc, n/a
in last 30 years; mud cracks Mr
(East) Rankin Inlet (41) Lakeshore erosion, shrinking ponds, n/a n/a
increased snow thickness, change of
predominant wind to the northeast
Southwest of Rankin Inlet  Low water level Tb, Mr, A®> n/a
(54)
Southwest of Rankin Inlet  Low water level in ponds; dryer conditions n/a n/a
(55) in last ten years

"Numbers in parentheses refer to the location of observations in Oldenborer et al. (2016)

2Geological Survey of Canada (in press a)

*Short et al. (2016); negative values correspond to downward displacements
“Also known as Little Meliadine lake

5Geological Survey of Canada (in press b)

Abbreviation: n/a, not available

served at locations identified by the participants (Fig-
ures 2g, h).

Vegetation

Two types of observationsrelated to vegetation were noted
by workshop participants (Table 6): vegetation has

«

Figure 2: Field photographs from various workshop observation
sites near Rankin Inlet and lgaluit: a) possible pond expansion
through active thermokarst processes on marine sediments; b)
shifting of pile structure at the Taparti Centre in the hamlet; c) ice-
wedge polygon network; d) frost blister in the Niaqunguk River wa-
tershed near Igaluit; €) ponding water and erosion of an ATV track;
f) gelifluction lobes on the side of an esker; g) active-layer detach-
ment scar with regrown vegetation near Qamanaarjuk (also known
as Little Meliadine lake); h) active-layer detachment scar with
regrown vegetation near the Char River.

Summary of Activities 2016

changed from green to brown (decrease in vegetation
productivity) and willow height hasincreased (increasein
vegetation productivity). The change in vegetation colour
east of Rankin Inlet (37) spansawiderangeof surficial ge-
ology units; the northern sector is dominated by T.M,
whereas the southern sector ismainly Mr and R. At thelo-
cation of increased willow height west of Rankin Inlet (51),
thesurficial geology isalso variable, but consistsmainly of
till and bedrock units (T.R). In both areas, the highest dis-
placements are often associated with T.M and Mn, whereas
stable terrain includes Mr and R units.

Other observations

Half of the observationsin the ‘ other’ category wasrelated
to water bodies: flooding, water temperature and winter
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Figure 3: Percentage change in surface area from 1954 to 2014 for a) large, b)
medium and c) small lakes. The number below the data point represents sample
size. Wet and dry annotations refer to analysis in Table 2 of climate data recorded
at the weather station at Rankin Inlet, southern Nunavut.

conditions(Table 7). First Landing lake (12), an alternative
potable-water source for Rankin Inlet, covers primarily
T.M, wheress rivers (Meliadine [17-18], Diana [28-29]
and Char [32]) flow mainly over A. Other observationsre-
ported include the presence of the water table near the sur-
face in the aggregate quarry, warming of a historical food
cache, road damage by flooding and perennial snow (Ta
ble 7). Surficial geology at these locations is variable.
Available displacement data over the region show that sta-
bleterrainisoften associated with R and Mr and higher dis-
placements with T.M and Mn, which correlation is com-
monly observed between surficial geology and displacement.

Discussion

Shoreline changes may be due to anthropogenic alteration
of water levelsor drainage patterns, changesin the precipi-
tation regime or active thermokarst processes. Based on
lake-sizeanalysis, largelakes displayed the clearest pattern
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of expansion from 1954 to 2014. Medium lakes showed
variability withageneral low water level inthelast decade.
Small lakes showed oscillations of water levelswith ahigh
plateauinthelate 1980s, followed by arapid dropinthelast
decade. The latter two patterns agreed with local observa-
tionsof low water levelsin the recent past and the recogni-
tionthat changesareannual (Oldenborger etal., 2016). The
variation of small and medium lake areas according to
whether theyear waswet or dry suggested that their dynam-
ics may be driven by precipitation conditions over the last
decade. Low water levelscould also haveresulted from ex-
ternal factors, such asmelting of ice-wedge networksinthe
surrounding ground and the formation of drainage path-
ways (Kokelj and Jorgenson, 2013).Theincreasein surface
areaobserved for thelargelakeswasinconsi stent with both
local observationsand the climatic trend of dry conditions.
Thismay be areflection of the small number of large lakes
included intheanalysis, alower sensitivity of largelakesto
annual precipitation events and/or a bias on the part of on-
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the-ground observers to notice changes in smaller lakes.
The shoreline error introduced by manual digitization also
has a greater effect on the analysis of small lakes in
comparison to large lakes and could influence the results.

Anthropogenic effectsareimportant in the case of Nipissak
Lake, for which the volume reductions prior to 2014 were
attributed to inefficient water use and increased water de-

mand from agrowing community (FSC Architectsand En-
gineers, 2010; Budkewitsch et al., 2011). In contrast,
nearby First Landing lakewas more or less stable, showing
only a slight increase in surface size in recent years
(Budkewitsch et al., 2011). Some large lakes such as
Nipissak, First Landing and Qamanaarjuk (also known as
Little Meliadine) are deep enough (6.9, 17.6 and <8 m, re-

Table 4: Observations of ground movement and ground ice by participants in the Rankin Inlet workshop.

L . Surficial 5
Locations Observations 2 DInSAR results
geology
Rankin Inlet area 5 (3) Buildings need levelling to adjust to T.M, Mr  Most of the buildings are in an area that falls between
ground movement stable and displacements of up to -2.5 cm (in Mr,
T.M). Small areas of displacements between -2.5 and
-4 cm under buildings (in T.M)
Rankin Inlet area 6 (4) Ground movement causing the T.M, Mn, Mr, Most of the area falls between stable and -1 to -2 cm
houses to shift shortly after AM (in Mr, T.M, Mn), but some areas have displacements
construction (during the last five up to -6 cm (in T.M and Mn) and up to -8 cm (in A.M,
years) undeveloped area)
Rankin Inlet (cemetery) Subsidence of graves in the Mi Most of the cemetery is stable, small areas of
(6) cemetary in the last 10-15 years displacements between -1 and -2.5 cm
Rankin Inlet (8) Shifting of residential pile structure Mr Half of the area is stable, the second half is showing
displacement between -2.5 and -6 cm (some
infrastructures are located in this area)
Rankin Inlet (9) Ground movement causing damage TMR Most of the area is stable (in R, T.M), small areas of
to municipal pipe system displacements between -1 to -4 cm (in T.M)
Iqalugaarjuup Nunanga Numerous ice-wedge polygons; Mn Most of the displacements between -4 to -10 cm with
Territorial Park (15) stable some areas showing less than -4 cm. One particular
polygon has displacements between -6 and -10 cm at
its centre. Cohence lost in the general area
Qamanaarjuk* (19) Exposed visible ice in the ground TM, Tb, T,R n/a
Qamanaarjuk* (20) Ground ice exposed along creeks M, T n/a
Qamanaarjuk® (24) Relocation of ATV trail from northern  Th, T.M, Th, n/a
to southern side of the lake due to GFh
muddy conditions in the last 10-15
years
Barrier Islands (34) Exposed visible ice R n/a
(East) Rankin Inlet (38) The land has become muddy during n/a n/a
recent years
(East) Rankin Inlet (39) Exposed visible ice in mounds T.M, Mr, Mi, n/a
surrounded by sediment Mn, R, R.Mr,
AM
(Northeast) Rankin Increased difficulty travelling n/a n/a
Inlet (47) overland by ATV
Caribou valley and Ice-wedge polygons; change in T.M, Mr, Mn, Area falls between stable (in Mr) and displacements
west of Rankin Inlet drainage following construction of Tb up to -8 cm (in Mn, Tb, T.M). Ice-wedge polygons are
(50) access trail located in Mn with some areas with displacement of
-8 cm
(Southwest) Rankin Ground subsidence along ATV trail;,  Mr, Tb, GFc The northern site falls between stable (in Mr, GFc¢)
Inlet (52) furrows filled with rocks need to be re- (north) and and displacements up to -4 cm (in Tb). Data n/a for
filled as rocks sink T.M, AM the southern site
(south)
Southwest of Rankin Exposed visible ice with soil cover, R, Tb, GFc, n/a
Inlet (56) feature dimensions are roughly 1.8 m g A T/°

by 2.4 m by 0.6 m high

"Numbers in parenthesis refer to the location of observations in Oldenborer et al. (2016)

2Geological Survey of Canada (in press a)

3Short et al. (2016) / negative values correspond to downward displacements

*Also known as Little Meliadine lake
5Geological Survey of Canada (in press b)
Abbreviation: n/a, not available
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Table 5: Observations of slope movement by participants in the Rankin Inlet workshop.

.1 . Surficial 3
Locations Observations 2 DInSAR results
geology
Rankin Inlet area (esker) Landslide A Displacements between
(16) -1and -4 cm
Qamanaarjuk® (23) Landslide; mud T n/a
Meliadine Lake area (26) Landslide n/a n/a
Thompson Island (36) Landslide; wet gentle slope n/a n/a
(East) Rankin Inlet (42) Landslide n/a n/a
(East) Rankin Inlet (43) Lanslide; exposed visible ice n/a n/a
(East) Rankin Inlet (44) Landslide n/a n/a
(East) Rankin Inlet (45) Landslide; muddy area n/a n/a
(East) Rankin Inlet (46) Slope movement ™M n/a
(Northeast) Rankin Inlet Landslide, muddy area and n/a n/a
(49) ice-wedge polygons
Southwest of Rankin Inlet Landslide Tb, GFc, n/a
(53) Mr, A®

"Numbers in parenthesis refer to the location of observations in Oldenborer et al. (2016)

2Geological Survey of Canada (in press a)

3Short et al. (2016) / negative values correspond to downward displacements

“Also known as Little Meliadine lake
°Geological Survey of Canada (in press b)

Abbreviation: n/a, not available

spectively; Budkewitsch et al., 2011) to maintain taliksthat
can contribute to lateral lake expansion (Jorgenson et al.,
2010) and subsequently to lake drainage (Smith at al.,
2005b). Field observations along | akeshores suggested that
pond and/or lake expansion does exist in the vicinity of
Rankin Inlet but is most likely a rare phenomenon
(Figure 2a).

Many observations of low water levels are also located on
the coast or onislands along the coast. Relative sealevel is
fallingintheregion at arate of approximately 6.4 mm/year
dueto crustal uplift that is outpacing sea-level rise (Allard
etal., 2014). A falling relative sealevel combined with ac-
tive beach-production processes could account for obser-
vationsof low water levelscloseto theseaandinriversand
connecting ponds.

Open water throughout the winter along with bubbles pres-
ent at thelake surface have been reported by workshop par-
ticipantsat First Landing lake, which hasamaximum depth
of 17.6 m (Budkewitsch et a., 2011). In particular situa-
tions, methane emissions (bubbles) from an unfrozen lake
bottom to the surface can prevent ice formation (e.g.,
Boereboom et al., 2012); however, methane emissions are
typically released from |lake sediments containing asignifi-
cant amount of organic material. First Landing lakeis sur-
rounded by T.M, which could contain asmall amount of or-
ganic material at itssurface, but thismight not be sufficient
to explain the open water and bubbles in winter time.

Ground subsidence observations could be linked to active-
layer thickening and thaw settlement due to the recent cli-
mate warming. Although the DINSAR results only refer to
datafrom one summer, they can be used to infer permafrost

Table 6: Observations of vegetation change by participants in the Rankin Inlet workshop.

Locations’ Observations

Surficial geology?

DInSAR results®

(East) Rankin Inlet (37) The summer vegetation has

brown making it harder to
predict change of season

0.3m in the pastto 1.2 m
currently

T.M, Tv, Mr, Mn, Mi, R,
changed colour from greento R.Mr, Th, A.M (western
sector); data n/a for the

eastern sector
(West) Rankin Inlet (51) Increase in willow height from T.M, R, Tv, R.Mr, R.T,
Tb, A.M, Mr

For most of the area n/a. The small portion
with data (western sector) falls between
stable (in Mr, Tv, and some areas of T.M)
and displacements of -9 cm (in Mn)
Area falls between stable (in R, R.MR, Mr)
and displacements up to -8 cm (in T.M, Tb,
R.T, Tv, A M)

"Numbers in parenthesis refer to the location of observations in Oldenborer et al. (2016)

2Geological Survey of Canada (in press a)

3Short et al. (2016) / negative values correspond to downward displacements

Abbreviation: n/a, not available
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Table 7: Other observations by participants in the Rankin Inlet workshop.

Surficial

) DINnSAR results®
geology

Locations’ Observations

Rankin Inlet (quarry) Aggregate quarry: coarse gravel  Mr, R.Mr, R, Tv Most of the area is stable (in R, R.Mr and Mr) with

(7) underlain by fine sand; water table 2 an area of displacement between -2.5 and -6 cm
m below ground surface, level with (in Tv)
top of sand
First Landing lake The lake is not totally frozen during T.M (also Area falls between stable (in R, Mr and Mi) and
(12) winter and there are bubbles surrounded by displacements up to -10 cm (in T.M and Mn)
present at the lake surface inthe  Mi, Mn, Mr, R)
open water
Meliadine River (17) Unusal ice build-up on the river A, Md, T.M, Data n/a for the northern part of the Meliadine
during winter months that raised the GFf2, Tv River. On the shore and islands of the river,
surface up to 3.7 m; occurred only southern part and Meladine River mouth,
twice in the last 30 years, both times displacements are mostly beetween -2.5 and -6
in the last 5 years cm with localized areas of -9 and -10 cm
Meliadine River (18) Warmer water temperature A, Md, T.M, For the northern part of the Meliadine River. On
GFf2, Tv the shore and islands of the river, southern part
and Meladine River mouth, displacements are
mostly beetween -2.5 and -6 cm with localized
areas of -9 and -10 cm
Diana River (28) At least one event of flowing water A, Tr, T.M, Mn, n/a
on top of river ice in winter months Tb
that flooded an important area
adjacent to the river
Diana River (29) Historical food-cache site not cold A, Tr, Tb, T.M n/a
enough since the last 7-8 years
Rankin Inlet area - Access road to Diane river washed T.M, Mr The access road is mostly stable with some areas
Diana River access away during summer 2015 of displacements between -1 and -7 cm. In
road (31) surrounding terrain, falls between stable (in Mr)
and displacements up to -8 cm (in T.M)
Char River (32) Bridge damaged by flooding A, Mn, Mr, Most of the area surrounding the river is stable.
GFh, Mi Some areas have displacements between
-1 and -7 cm (in A)
(East) Rankin Inlet Perennial snow T.M, Mr, Mi, n/a
(40) Mn, R, R.Mr,
AM
(Northeast) Rankin Shrinking of perennial snow patch n/a n/a

Inlet (48)

"Numbers in parenthesis refer to the location of observations in Oldenborer et al. (2016)

2Geological Survey of Canada (in press a)

®Short et al. (2016) / negative values correspond to downward displacements

Abbreviation: n/a, not available

conditions when combined with information on the
surficial geology and the ground conditions; they therefore
constitute an effective tool inidentifying potential ice-rich
and thaw-sensitive terrain (Short et al., 2014). However,
ground movement can also be the result of frost heave, es-
pecialy when dealing with piles and municipal pipes, yet
problematic infrastructures observed during field visits
were not associated with high DINSAR displacement
values (Figure 2b).

Besidesice-wedge polygons (Figure 2c), no other observa-
tions of ground ice were made during sitevisits. The work-
shop observations of ground ice were located at creeks or
lakes and the workshop descriptions were consistent with
frost blisters (Figure 2d). Frost blisters are not perennial
features and this might explain why no ground ice was en-
countered during field visits. Erosion and water ponding
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along ATV trackswasobserved in thefield associated with
asurficial layer of fine-grained (marine) sediment in low-
lying areas (Figure 2e). Theamount of traffic onthosetrails
isunknown, but the general degradation of the path and the
surficial material might suggest a disturbance of the active
layer causing deeper summer thaw.

Slope movements observed during the site visits were at-
tributed to active-layer detachments, gelifluction lobesand
frost-creep slopes (Figure 2f—h). The active-layer detach-
ment scars were identified downslope of an esker in fine-
grained sediment underlain by till or by ariver bank adja-
cent to the esker, on low-lying slopes. They are now cov-
ered by vegetation and are evidence of past disturbancein
the active-layer thickness and drainage (Figure 2g, h).
Gelifluction and frost-creep slopes were observed on a
largevariety of surficial units, fromtillsto marine deposits,
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and are probably still active. The active-layer detachment
scars could also be the product of athermal disequilibrium
at the surface of the permafrost that might have caused
deeper thaw of the activelayer. Therefore, it ispossiblethat
these events were triggered in a similar time period that
might have coincided with the onset of climate warmingin
the eastern Arctic.

An increase in tundra greenness (increase in vegetation
productivity) in Canada’s high-latitude regions and Alaska
has been observed for the last three decades (1984—2012)
using remote-sensing data (Ju and Masek, 2016). However,
tundra ‘browning’ (decrease in vegetation productivity)
hasbeen reported for the past 2—4 yearsthroughout the Arc-
tic (Epstein et al., 2015). This recent observation seemsto
corroborate the workshop observations regarding change
invegetation col our. Remote-sensing datashow that thede-
crease in seasonal greenness (browning) is greatest in the
far northern Canadian Arctic Archipelago and isless pro-
nounced in the Rankin Inlet area (Epstein et al., 2015).
However, localized greening was also observed by work-
shop participants (increase of willow height), although no
precise time frame for this greening has been determined
(Table 6). Willow height could be associated with long-
termtundragreening prior to 2011 or it could indicateadis-
parity between local field observations and satellite re-
mote-sensing data(Epsteinet al., 2015). Ingeneral, vegeta-
tion change shown on remote-sensing products can result
from climatic or nonclimatic related factors, such as
changesin open water in the summer, summer air tempera-
ture, snow cover, freeze-thaw events or impacts from
wildfires, drained lakes and industrial infrastructure (Ep-
steinetal., 2015). Topography, glacial history and soil con-
ditions have also been reported as environmental factors
that need to be taken into account when considering the
issue of greenness change (Ju and Masek, 2016).

Economic considerations

Permafrost isanimportant factor ininfrastructure devel op-
ment, planning and maintenance in Canada’'s North. Few
permafrost maps and monitoring stations cover the study
area. Therefore, the development of a collective under-
standing of permafrost characteristics and past and present
dynamics for the vicinity of Rankin Inlet is important for
decision makersand local inhabitants. An all-weather road
that would connect the four coastal communities of the
Kivallig Region to the national road system in Manitoba
has been proposed and a better knowledge of ground-ice
content proxies along the western coast of Hudson Bay
would be of great importance for the development of such
infrastructure. Better knowledge of permafrost characteris-
ticsin the region would aso provide vital information re-
garding future behaviour of the ground in the context of a
warming climate, which will enable local communities to
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prepare resilience plans for infrastructure and prevent
possible ground hazards.

Conclusions

Themajority of thesitesidentified by theworkshop partici-
pantsin the vicinity of Rankin Inlet were visited in August
2016. During those visits, thermokarst ponds, gelifluction
lobes, frost-creep slopes, shifting of pilestructuresin urban
areas, increased wetness on ATV tracks and active-layer
detachment scars were identified. No active or recent per-
mafrost related landslides were observed and the active-
layer detachment scars were the only evidence of slope
movement identified. This could attest to a period of high
activity intheareathat might have disturbed thethermal re-
gime of permafrost and affected an ice-rich layer near the
frost table; however, further investigation isrequired to as-
sessthetiming of events. None of the participants’ ground-
ice observations were noted during the field visits, but the
environmental settings at the locations displayed afavour-
ableenvironment for thedevel opment of iceblisters, which
are anonperennial ice-rich feature.

Thejuxtaposition of geoscience dataand traditional and/or
local knowledge has proven useful ininitiating permafrost
studiesintheareaof Rankin Inlet. Regardless of thetype of
observations, the study revealed that surficial units of T.M
and Mn are of particular interest for permafrost character-
ization dueto their wide distribution in theregion, their re-
curring association with workshop observations of ground
ice and ground movement, and their association with high
DInSAR displacement values. Lakesin the study areahave
shown oscillationsinthesizeof their surfacearea, probably
linked to precipitations patterns. Although, the lake-size
analyses revealed an increasing trend in small and large
lakesthat is asynchronous with the recent yearly precipita-
tion patterns, thistrend might coincide with the start of cli-
matewarming intheeastern Arcticinthe 1990s. Further in-
vestigation will be required to validate many of the
hypotheses put forth herein and to clearly establish links
between local and traditional observations and permafrost
conditions.
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Preliminary findings on snow accumulation in the Niaqunguk River
watershed near Iqgaluit, Baffin Island, Nunavut
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'Department of Geography and Environmental Studies, Carleton University, Ottawa, Ontario, keegan.smith@carleton.ca

This work is part of the Carleton University—led Partnership for Integrated Hydrological and Water Quality Monitoring, Research and
Training in the Niaqunguk River Watershed, Iqaluit, Nunavut, a Polar Knowledge Canada—supported integrated collaboration with
Nunavut Research Institute, Université du Québec a Montréal, Queen's University and Nunavut Arctic College. The research is also sup-
ported through an ArcticNet initiative, Water Security and Quality in a Changing Arctic. The shared objective of these programs is to im-
prove knowledge in the area of arctic snow hydrology and its cascading influences on freshwater resource supply and aquatic ecosystems
in the Niaqunguk River watershed, and is being developed for long-term sustainability and capacity building with local residents.

Smith, K.A. 2016: Preliminary findings on snow accumulation in the Niagunguk River watershed near Igaluit, Baffin 1sland, Nunavut; in
Summary of Activities 2016, Canada-Nunavut Geoscience Office, p. 89-104.

Abstract

Snow isthe predominant input to arctic hydrological systems, and the spring melt isthe most hydrologically important time
of the year. Predicting timing and volume of meltwater arrival istherefore of great importance to hydrological modelling
and water management and requiresthe estimation of the snow water equivalent storagein thelandscape at thetime of melt.
Estimation is complicated by redistribution of snow by wind and by alack of spatially distributed measurements. In this
study, extensive field surveys of snow water equivalent were conducted to characterize the snow distribution in the
Niagunguk River (commonly known as Apex river) watershed, near Igaluit, Nunavut. The mean snow water equivalent
storage was 24 +3 cm (number of samples = 193) for the whole watershed in 2016. Segmenting this sample by terrain type
showed shallow accumulation on the ridges and broad valley floors, which form most of the landscape, and deep driftson
mainly steep slopes. Aspart of thisproject, ameteorol ogical tower was established north of 1gal uit to monitor basic weather
variablesthrough thewinter. In 2017, thistower will be equipped with an open-path eddy covariance system for direct mea-
surement of thelatent heat flux. Thiswork contributesto the hydrol ogical characterization of the Niagqunguk River, identi-
fied by the City of 1galuit as a secondary water supply. Ongoing work will focus on incorporation of micrometeorological
observationsfor full water balance accounting within the watershed, including sublimation and evaporation rates over the
spring snowmelt period. Thiswill make fundamental contributionsto the understanding of snow and landscape hydrology
in southern Baffin Island.

Résumé

L aneige est lacomposante prédominante des systémes hydrologiques de I’ Arctique et [afonte au moment du dégel printa-
nier, lapériodelaplusimportante del’ année au senshydrologique. I est donc trésimportant de pouvoir prévoir aussi bienle
volume que le moment ou I’ eau de fonte se manifesteraaux fins de modélisation hydrologique et de gestion des ressources
hydriques; pour ce faire, il s'agit d'estimer la capacité de stockage d’ équivalent eau-neige du paysage au moment de la
fonte. Cette évaluation est rendue d’ autant plus difficile que la neige est remaniée par le vent et que trop peu de mesures
réparties spatialement sont disponibles. Dans |e cadre de |a présente étude, des levés de grande envergure ont été réalisés
danslebassin hydrographiquedelariviére Niagunguk (communément appelée Apex), presd’ Igaluit, au Nunavut, afind’y
caractériser la répartition de la neige. La moyenne de stockage d’ équivalent eau-neige pour I’ensemble du bassin
hydrographique était de 24 +3 cm (nombre d’ échantillons = 193) en 2016. En segmentant I’ échantillon en fonction du type
deterrain, il est possible de voir de faibles accumulations de neige sur les crétes et les fonds de vallée plus larges, ce qui
constitue la majorité du paysage, mais aussi d’ épaisses congéeres sur les pentes escarpées. Une étape du projet a vu
I"installation d’ une tour météorologique au nord d' I galuit, laguelle a pour fonction de suivre les variables climatiques au
coursdel’ hiver. Cettetour seraéquipéeen 2017 d' un systéme de covariance desturbulences en circuit ouvert permettant la
mesure directe du flux de chaleur latente. Ces travaux contribuent ainsi a la caractérisation hydrologique de lariviere
Niagunguk, quelavilled' Igaluit adésignéatitre de source d’ eau complémentaire. Destravaux en coursverront aincorpor-

This publication is also available, free of charge, as colour digital files in Adobe Acrobat™ PDF format from the Canada-Nunavut
Geoscience Office website: http.//cngo.ca/summary-of-activities/2016/.
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er les observations de nature micrométéorol ogiques de fagon aobtenir un portrait exact du bilan hydrique au sein du bassin
hydrographi que, tenant comptedestaux d’ évaporation et de sublimation au coursdelapériodedefontelorsdu dégel printa-
nier. Il s'agit d' une contribution fondamentale a I’ état des connaissances portant sur I'interaction de la neige et de

I"hydrologie du paysage dans le sud de I'ile de Baffin.

Introduction
Arctic hydrology in brief

Arcticriversshow extreme seasonality in their flow behav-
iour, relative to similar watercourses in the south, and ex-
hibit strongly nival (snowmelt-dominated) flow regimes,
with peak discharges during snowmelt and reduced sum-
mer/autumn base flows. Smaller rivers may dry up or
freeze-up completely in winter, whereas large rivers (e.g.,
Sylvia Grinnell River on southern Baffin Island) flow un-
der theicethrough the winter (Williams and Smith, 1989).
This strong seasonality is coupled to arctic atmospheric
conditions—water is stored as ice and snow for months
during the long, cold winters and the prolonged cold leads
to the formation of permafrost in the subsurface.

The presence of permafrost givesarcticriverstheir * flashy’
characteristics, aspermafrost actsasalargely impermeable
aquitard, preventing connection of surface water to deep
groundwater. Thetop of the permafrost tableal so presentsa
limit to infiltrating water. Since the active layer thickens
through the summer, infiltration capacity increases as the
warm season continues, and percolation to an increasingly
lower water tablereducestheresponsivenessof riverstoin-
puts (Dingman, 1973; Church, 1974). Rivers underlain by
continuous permafrost show higher peaks and lower base
flowsrelative to those underlain by discontinuous or spor-
adic permafrost (Newbury, 1974).

Theactivelayer isstill frozen at the time of snowmelt, pre-
venting infiltration of meltwater. This causesarapidinitial
response in streamflow. As snowmelt continues and
patches of bare ground open, active layer thaw begins, al-
lowing someinfiltration and gently moderating the stream-
flow response. However, this also decreases ground albe-
do, increasing absorbance of shortwave radiation and
resulting in increased melt energy (Woo, 2012). Thus, pre-
dicting the quantity and timing of peak dischargein an arc-
tic river is a complex function of the meteorological vari-
ables affecting the melt rate, the responsiveness of the
watershed to meltwater inputs and, most importantly, the
antecedent water storage in snow at the end of winter. Un-
fortunately, snow water storage in the landscape is a diffi-
cult variable to quantify because of the spatial variability
resulting from redistribution by wind, and the inability of
standard measuring techniques to accurately represent it.

90

Snow distribution

Snow’slow density and high aerodynamic resistance allow
it to be entrained by wind during snowfall events, so snow
distribution on the ground isinitially determined by differ-
ential accumulation at snowfall. McKay and Gray (1981)
observed that this processis determined by terrain charac-
teristics and vegetation at 0.1-10 km scales, and by ob-
structions on the ground at smaller scales. Although thisis
generally true, open landscapes with limited vegetation,
such as the Canadian Prairies or eastern Arctic, tend to be
more strongly affected by redistribution of snow after fall-
ing (Pomeroy et al., 2002), with either interception at the
surface or sublimation being the ultimate fate of entrained
particles.

Snow transport by wind is described in detail by Pomeroy
and Gray (1995). Three mechanisms prevail: creep, salta-
tion and turbulent suspension. Creep is the movement of
particles, which aretoo heavy to belifted en masse, by roll-
ing action—commonly seen in the Arctic as advancing
snow dunes. Creep typically occurs over poorly consoli-
dated snow cover during periods of light winds, but is not
typically the dominant transport mechanism.

When wind speeds exceed athreshold velocity (which var-
ies, dependent mainly on the roughness of the snow surface
and the strength of bonds between surface snow particles),
saltation begins; particles are dislodged from the snow sur-
face and move abruptly upward, then they are carried adis-
tance downwind and re-impact the surface, dislodging
other particles. Saltation isthe dominant mode of transport
in many cases, with most mass moving within afew centi-
metres of the snow surface.

If saltation can continue long enough, small particles may
move from the upper saltating layer into turbulent suspen-
sion, moving at ahorizontal velocity approximating that of
the air. Dueto their large exposed surface area, suspended
particlesare proneto an extremely high rate of sublimation
during periods of available energy, for example, on clear
sunny days (Pomeroy, 1988). Thissublimationreturnstheir
water equivalent to the atmosphere. In the western Arctic,
wind transport has been found to result in snow accumul a-
tions ranging from 54 to 419% of measured snowfall
(Pomeroy et al., 1999).

A variety of measurement techniques exist for monitoring

snow (Pomeroy and Gray, 1995; Lundberg et al., 2008),
with point measurements ranging in simplicity from moni-
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toring snow accumulation around astick, to catching snow-
fall in arecording gauge, to monitoring the attenuation of
passive gammaradiation from the ground to measure snow
water equivalent (SWE). Areal measurements also vary
widely in approach, with ground-based measurements
(such as snow courses), ground-penetrating radar and air-
borne- or satellite-based remote sensing. Work by Budke-
witsch et al. (2011, 2012) indicates some promiseintheuse
of RADARSAT-2 data for snow depth monitoring near
Clyde River, Nunavut, but satellite results arerarely appli-
cableat thesmall watershed scal e. Each technique hasasso-
ciated advantages and challenges, which are outside the
scope of this work. Choice of technique is usually deter-
mined by budget, |abour-intensiveness and repeatability of
measurement.

Environment and Climate Change Canadamonitorsweath-
er variables at the climate station situated at Igal uit Interna-
tional Airport. At thislocation, point-based measurements
aremade of snow depth on the ground and asnowfall gauge
isused to make point-based measurements of precipitation.
Snow accumul ation measurements are only representative
of the terrain type that they are situated in, with exposed
sites potentially losing upward of 50% of snow to wind ac-
tion (Pomeroy and Li, 2000). Similarly, snowfall gaugesre-
quire careful shielding and wind-bias compensation to re-
ducethe effect of wind, aswind undercatch ratesashigh as
75% have been reported for arctic tundra by Liston and
Sturm (2004). Both snow measurements are conducted in a
wind-exposed valley at |galuit airport, where the problems
associated with their measurements are greatest.

Ground-based, spatially extensivefield measurementsmay
comprise one of the best estimates for end-of-winter snow
accumulation and are commonly used for ground-truthing
remote-sensing data during short-term research projects
(e.0., Reeset al., 2013). Inlong-term monitoring, they have
typically been avoided because they are very labour inten-
sive. Their usein this project is made possible through the
partnership between Carleton University (CU), Nunavut
Research Institute (NRI) and Nunavut Arctic College
(NAC). The college provided local student support and
other logistical resourcesallowing the study areato be cov-
ered at areasonably dense sample spacing over arelatively
short period. One anticipated outcome of thiswork isan ef-
ficient sampling approach that will minimizethefieldwork
required for future surveys.

Regional setting

This study is being carried out in the Niagunguk River
(commonly known as Apex river) watershed (NRW), a
small (58 km?) watershed, originating in the hills north of
Igaluit and draining into Frobisher Bay at the nearby neigh-
bourhood of Apex (Figure 1). Theriver's flow regime is
nival, with asignificant discharge peak during spring melt.
The base-flow period through summer and fall isgenerally
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low flow, but exhibits occasional largerainfall peaks (such
as the late July 2016 rainfall and flooding event [Zerehi,
2016]). There is no flow during the winter (Environment
and Climate Change Canada, 2016a).

The watershed is situated in the continuous permafrost
zone, on the Precambrian shield. The topography ranges
fromrugged to rolling hillsarranged in parallel ridgesrun-
ning to the northwest. The surficial material is primarily
thinglacial till with granite/granitoid rock outcrops (Black-
adar, 1967; St-Ongeet al., 1999; Hodgson, 2005; Allard et
al., 2012; Tremblay et al., 2015). Frequent boulder fields
and isolated glaciofluvial or lacustrine deposits (Squires,
1984) are also evident. Vegetation is extremely low lying
and consistsof tundragrasses, dwarf shrubsand forbs, con-
sidered typical for theregion. Thislow vegetation provides
very littleinterception to blowing snow, unlikearctic shrub
tundra or taiga landscapes.

Annual precipitation is 404 mm, with 57% received as
snow, mostly from October to May (though precipitation
type has not been reported at the Igaluit airport climate sta-
tion since 1997), with 97% of daily snow accumulation
rates below 9.5 mm, though extreme daily snowfalls up to
32 cm have been recorded in the 1981-2010 climate nor-
mals (Environment and Climate Change Canada, 2016a).
Rainfall predominatesfrom Juneto September, when aver-
age daily air temperatures rise above 0°C.

Prevailing winds are funneled northwest or southeast be-
tween the mountainous areas of the Hall and Meta Incog-
nitapeninsulas(to the north and south, respectively), which
ischanneled in the NRW by the northwest-trending ridges
that dominate the topography. Average annual wind speeds
are 15.7 km-h%, though winter storms can bring gusts well
over 100 km-h™ (Environment and Climate Change Can-
ada, 2016a). These stormsoriginate primarily over Hudson
Bay to the south, over the Arctic Ocean to the northwest, or
from the eastern seaboard of North America(Gascon et al.,
2010). Frequent blowing snow events during these storms
pose considerable logistical challenges and hazards for
eastern Arctic communities (Gordon et al., 2010), and re-
distribute snow from exposed to sheltered areas. This re-
sults in substantial snow depth variability before spring
melt (Figure 2a), which contributesto the development of a
patchy snow cover during melt (Figure 2b).

Review of Niaqunguk River hydrological studies

Past scientific interest in the NRW has been limited. A Wa-
ter Survey of Canadagauge hasbeen recording stage (water
level) near theriver’s mouth at Apex since 1973 (Environ-
ment and Climate Change Canada, 2016b, record gap from
1997 to 2006), and a geochemical characterization of the
watershed was conducted by Obradovic and Sklash (1986)
and repeated by Kjikjerkovska (2016), but little other hy-
drological information is available. In recent years, there
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Figure 1: Locations of snow survey points from the spring of 2015 and 2016 and the Carleton University/Nunavut Research Institute meteo-
rological tower, Niaqunguk River watershed, southern Baffin Island, Nunavut. Snow water equivalent (SWE) measured in the field in 2015
and 2016 corresponds to the maximum snow accumulation on the ground for that snow year, just before the onset of spring melt. The digital
elevation model (derived from WorldView-1 stereo optical data) for this map was provided by Canada Centre for Remote Sensing, Natural
Resources Canada (NRCan). Shoreline and watercourse shapefiles were drawn from NRCan'’s CanVec dataset (Natural Resources Can-
ada, 2015). Map created using ArcGIS 10.4 (Esri, 2016).
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Figure 2: Different areas of the Niaqunguk River watershed, southern Baffin Island,
Nunavut, showing a) the relatively continuous snow cover before melt, April 17, 2015,
compared to b) the patchy snow cover during melt, June 12, 2015. Note in photo 2a that
many exposed ridges have been completely scoured of snow by winter winds.

has been renewed interest in the Niaqunguk River as a sec-
ondary water supply for the rapidly growing City of Igaluit
(Simsand Allard, 2014) to augment the current supply from
Lake Geraldine (Golder and Associates Ltd., 2014). The
City of Iqgaluit classified the watershed as a protected area
(FoTenn Consultants Inc., 2010), and several subsequent
studies on the hydrology of the NRW have been conducted
to support source water planning efforts.

Snowmelt is the largest contributor to the annual stream-
flow of the Niagunguk River, delivered in a short-lived
pulse during spring melt. The continuous permafrost un-
derlying the NRW prevents significant annual infiltration,
and the shallow frost tablein the active layer during spring
melt further limits snowmelt infiltration. Recent work by
Thiel (2016) identified partial overland flow along the soil—
vegetation interface during snowmelt, determined using
the concentration and composition of dissolved organic
carbon (DOC). The DOC concentration decreased after
peak discharge, simultaneous with acompositional change
away from adominance of humic compoundsderived from
vegetative material. The associated increasing dominance
of protein-like molecules, typically generated in the water
by microbial action, suggests a switch from surface to
subsurface pathways after peak discharge, and an increas-
ing importance of lake water or groundwater to the total
stream discharge.

During the summer base-flow period, an increase in spe-
cific conductance (Obradovic and Sklash, 1986; Chiasson-
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Poirier, 2016) and total dissolved solids
(Rusk, 2016) indicate increased ground-
water contributions. Since the isotopic
signals of lake water and groundwater
were not well resolved in the two isotope
studies conducted in NRW to date (Ob-
radovic and Sklash, 1986; Kjikjerkovska,
2016), the exact contribution of 1ake wa-
ter to annual streamflow is not known.
Richardson and Shirley (in press) deter-
mined that thorough mixing of snowmelt
and soil water occurred beforestreamsen-
tered lakesin the NRW, but the mixing be-
tween this streamflow and the lake water
column was limited. This suggests that
stored |ake water does not become an im-
portant component of river flow until
after snowmelt has concluded.

Despite the recognition by past research-
ersof theimportance of snowmelt for pro-
viding peak discharge and comprising the
largest overall source of water to the
NRW annually, there have been no sys-
tematic snow cover observations re-
ported, and no effort to quantify the end-
of-winter snow water storage at a landscape scale. Im-
provements to precipitation measurement by Environment
and Climate Change Canada at the Igaluit airport
‘supersite’ (Mariani et a., 2016) will allow for increased
confidence in estimates of snowfall depths, but must be
matched by field data, dueto the strong wind-driven redis-
tribution typical to arctic tundra. Thisredistribution results
in aspatially heterogeneous snow cover, complicating pre-
diction of water storageand melt dynamicsfrom point mea-
surements.

The work described here partners researchers from Carle-
ton University with staff and students from the NRI and
NAC Environmental Technology Program (ETP) tofill this
gap in hydrological knowledge. A community-based water
quality monitoring campaign has been conducted by the
NRI inthe NRW since 2009 (Shirley, 2014) and long-term
monitoring work at Tasiluk Lake (commonly known as
Crazy lake) has been conducted by ETP studentsfor over a
decade (Dyck, 2007). During the project described in this
paper, the ETP students learned snow hydrology monitor-
ing techniques and applied them whileworking in thefield
with theauthor. The students are exceptionally knowledge-
able of the complex terrain in the NRW, well trained in en-
vironmental science, with particular focus on local condi-
tions, and skilled snowmobile operators; these attributes
make them an essential part of data collection for this pro-
ject, especially in more remote areas of the watershed. A
sustainable program of annual snow surveyingisin devel-
opment, which will engage future cohorts of ETP students
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and enhance capacity for field data collection to monitor
trends in the end-of-winter snowpack.

Methodology
Snow surveying

Extensive snow surveys were conducted in the NRW in
April-May of 2015 and 2016 (see Figure 1 for sampling lo-
cations) by CU researchers, NRI staff and ETP students
(Figure 3). Travel in the field was by snowmobile, with
sampling stops at predetermined locations. At each loca-
tion, a SWE sample was taken using a Geo Scientific Ltd.
Federal snow sampler and weighed onasling scale, provid-
ing a measurement of snow depth and density. When the
cores were weighed, they were sheltered from the wind as
much as possible to prevent jittering of the scale, which
could cause erroneous readings. Calibration of the snow

Figure 3: Nunavut Arctic College Environmental Technology Program student S. No-
ble-Nowdluk weighs a snow water equivalent (SWE) core during the 2016 snow survey,

Niaqunguk River watershed, southern Baffin Island, Nunavut.

scaleintheNRI lab at theend of the 2016 season confirmed
that the scal€’s readings were linear along its measurement
range (R? = 0.999). Several supporting depth measure-
mentsweretaken at random |ocationswithin 2—3 m of each
core using a Snowmetrics depth probe, to characterize the
site-scalevariability in snow depth. Thisvariability wasex-
pressed intermsof both astandard deviation (SD) and aco-
efficient of variation (CV, a unitless standardization of SD
divided by mean).

The sampling strategy differed between the two years.
Since2015wasan exploratory analysis, locationswerevis-
ited systematically (every 1 km) along seven transects run-
ning northwest-southeast inthe NRW. Two additional areas
were surveyed at amuch closer spacing (30-100 m), witha
SWE core being measured at approximately one out of five
sampling sites; only depth was measured at the remainder
of the sitesto savetime. These areaswere
lake catchments, one situated to the north
of the NRW and the other in the southern
end of the NRW (see Figure 1). Vario-
graphy of the closely spaced samplesin-
dicated an autocorrelation range of ap-
proximately 80 m, giving a minimum
range between future samples (Figure 4;
variography was performed using the R
spatial statistics package geoR [Ribeiro
and Diggle, 2001]).

The 2016 sampling strategy wasmodified
accordingly. A terrain-based model pre-
dicting snow accumulation wascreated in
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Figure 4: Variogram from the 2015 data, indicating the 80 m autocorrelation range identified in the snow survey-
ing work, Niaqunguk River watershed, southern Baffin Island, Nunavut.
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2015-2016, and used to stratify the NRW by terrain unit.
Six transects were planned, again running northwest-
southeast to take advantage of faster travel timealong river
valley floors. Points were then randomly generated along
these transects, with a minimum spacing of 100 m, strati-
fied by theterrain unitsidentified inthemodel. Opportunis-
tic random sampling, stratified by terrain unit, was con-
ducted during the last days of surveying, to maximize
survey coverage before the melt.

Carleton University/Nunavut Research Institute
meteorological tower

To facilitate measurement and modelling of the snowpack
energy balance, and to provide local weather monitoring
data for the lower Niagunguk River watershed, an auto-
mated meteorol ogical tower wasset upwiththehelp of ETP
students (Figure 5) at latitude 63.752°N, longitude
68.437°W, in April 2015 (see Figure 1 for location).

The meteorol ogical tower was augmented in October 2015
with the addition of automated melt collectors (Figure 6a,
b), and in spring 2016 with solar panels, additional sensors
and communication devices (Figure 7a, b). In its present
configuration, the tower averages meteorological data on
15 minintervals, takes a high-resolution photograph of the
nearby valley daily, and transmits all dataand photographs
via cellular modem weekly.

The tower will provide winter wind data to drive blowing
snow models, and to drive energy balance models by col-
lecting air temperature, humidity, wind speed (and direc-
tion) and net radiativedatathrough theyear. Rainfall datais
also collected from May through October. In 2017, the
tower will be upgraded with an open-path eddy covariance
system to measure the latent heat fluxes of snow sublima-
tion and water evaporation. A summary of the measure-

Figure 5: Nunavut Arctic College Environmental Technology Pro-
gram students A. Pedersen and P. Aqgag taking measurements at
the Carleton University/Nunavut Research Institute meteorologi-
cal tower in April 2015, Niagunguk River watershed, southern
Baffin Island, Nunavut.
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ments currently taken at the tower, including the sensors
used, their instrumental accuracies and the measurement
periods throughout the year, are presented in Table 1.

Aside from installation and maintenance of the meteoro-
logical equipment, the author also monitored melt in snow
pits during the spring of both 2015 and 2016. These data
will be used to validate the snow ablation model being de-
veloped. During thiswork in May 2016, two new snowfalls
occurred, allowing density sampling of the newly fallen
snow.
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Figure 6: Carleton University/Nunavut Research Institute auto-
mated snowmelt collector, Niaqunguk River watershed, southern
Baffin Island, Nunavut: a) schematic view of collector and b) photo
of collector, taken in October 2016. Instruments are 1) basal
thermocouples, 2) ablation stake with mounted thermocouple ar-
ray and 3) drain heater with control system.
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Snow distribution: spatial and statistical analysis

Terrain analysis was conducted in System for Automated
Geoscientific Analyses (SAGA), an open-source, Cross-
platform GIS application designed for geoscientific analy-
ses(Conradetal., 2015). A variety of terrain variableswere

a)

Figure 7: Carleton University/Nunavut Research Institute meteorological tower, Nia-
qunguk River watershed, southern Baffin Island, Nunavut: a) schematic view of tower
and b) photo of tower, taken in July 2016. Instruments are 1) R.M. Young Company
Model 05103 wind monitor, 2) Vaisala HMP35C temperature and relative humidity
probe, 3) Rotronic Instrument Corp. HC2-S3-L temperature and humidity probe,
4) Campbell Scientific Canada CC5MPX digital camera, 5) Kipp & Zonen USA Inc. NR
Lite net radiometer, 6) Sierra Wireless® AirLink® Raven RV50 4G LTE gateway with cel-
lular modem antenna, 7) weatherproof enclosure containing the Campbell Scientific Inc.
CR1000 measurement and control data logger, 8) Geo Scientific Limited Jarek tipping

bucket rain gauge.
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computed from a digital elevation model (DEM; derived
from WorldView-1 stereo optical dataand provided by the
Canada Centre for Remote Sensing, Natural Resources
Canada) in an effort to determine which terrain variables
were correlated to snow accumulation. Dueto the complex
interplay of terrain and wind in determining snow distribu-
tion, no single variable provided a relationship robust
enough for reliable prediction of snow accumulation.

An dternative approach was tested using k-means cluster-
ing (Forgy, 1965; MacQueen, 1967) to delineate terrain
units. Thetechnique of k-meansclusteringisoneof thefun-
damental methods of data classification by automated ma-
chinelearning, where amultivariate dataset is divided into
unique, definitivegroupings (called clusters) based on sim-
ilar values in the independent variables. Terrain clusters
weredefined based on hillslope gradient, aspect, curvature,
atopographic openness index and a normalized height in-
dex. Theinitial result wasfour terrain clusters, which corre-
sponded roughly to hilltops/ridges, valley floors, hill mid-
slopes and hill toe-slopes.

The SWE data was then segmented by terrain cluster and
differences between clusters were tested using a one-way
analysis of variance (ANOVA), which indicated that the
two slopeclasseswere sufficiently similar towarrant merg-
ingtheminto asingleclass. Thedistribu-
tion of the resulting three terrain classes
in the NRW is shown in Figure 8. The
ANOVA testsfor differencein meansbe-
tween multiple groups using an F-test,
and as such is an extension of the classic
two-group t-test (Fisher, 1970). Even
though thetest indicateswhether adiffer-
ence exists, a post-hoc test isrequired to
determine the statistical nature of each
difference. A Tukey test allows for pair-
wisecomparison of group means, withan
associated confidence (Tukey, 1949).
Statistical analyses were performed us-
ing the R statistical programming lan-
guage (R Development Core Team,
2013).

Results

Snow accumulation differed substan-
tially between the two years (Table 2).
The full-survey mean watershed SWE
for 2015 was 14 +1 cm (number of sam-
ples [n] = 152), with a mean watershed
snow density of 330+14 kg-m (n=152),
and mean watershed snow depth of
39+4cm(n=392). Thefull-survey mean
watershed SWE for 2016 was 24 +3 cm
(n =193), with a mean watershed snow
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Table 1: Parameters measured at the Carleton University/Nunavut Research Institute meteorological tower,
Niagunguk River watershed, southern Baffin Island, Nunavut. All parameters are scanned every 5 s and averaged
over 15 min, unless otherwise specified.

Parameter

Instrument

Accuracy

Measurement period

Wind speed (m's™) and
direction (°) at 2 m height

Air temperature (°C) and
relative humidity (%) at
1.5 m height

Air temperature (°C)
and relative humidity (%)
at 2.5 m height

Net radiation (W-m?)
Rainfall (mm)

Barometric pressure
(kPa)

Snowpack temperature
(°C)

Model 05103 wind monitor™2

HMP35C temperature and relat
humidity probe® with
Model 41003-2 10-plate
radiation shield?

H2C-S3-L temperature

and humidity probe* with
Model 41003-2 10-plate

radiation shield?
NR Lite net radiometer®
Jarek tipping bucket
(0.5 mm tip)®

HOBO® water level logger
(Model U20-001-04)"

Type “E” thermocouples (wire®

referenced to Model 109
temperature probe®

Speed: 0.3 m's™
Direction: +3°

ive Ta: £0.4°C

RH: 2% if RH <90%

+3% if RH >90%
Ta #0.1°C
RH: +0.8%
+30 W-m™?
+2% at 25.4 mm-h”

+0.3% FS
(i.e., £0.435 kPa)

), +1.38°C (theoretical)

+0.158°C (observed)

Full year

May to October

May to end of snowmelt
(typically mid-June)

Snowmelt (mm)

Landscape image

(noon) lens defroster®

Jarek tipping bucket (1 mm tip)®
CC5MPXWD digital camera with

+2% at 25.4 mm-h™

2592 by 1944 pixels October to May, daily

"Wind monitor’s lower wind speed threshold is 1.0 m-s™. Wind speed is reported as a 15 min average, along with a 15 min
minimum and maximum (gust). Wind direction is reported as a 15 min vector average, with a standard deviation provided.

“R.M. Young Company
%Vaisala

“Rotronic Instrument Corp.
°Kipp & Zonen USA Inc.

®Geo Scientific Limited
"Onset® Computer Corporation
8dba Omega Environmental
“Campbell Scientific Canada

Abbreviations: FS, full scale; Pa, pascal; RH, relative humidity; T,, air temperature; W, watt.

density of 460 +16 kg-m™ (n = 193), and mean watershed
snow depth of 57 +8 cm (n = 193). The supporting site
depth measurements also differed substantially; the 2015
datahad amean site SD of 20 cm, whereasthemean site CV
was 0.46. In comparison, 2016 showed less site-scale vari-
ability, with amean site SD of 11 cm and amean site CV of
0.35. New snowfallsobserved in May 2016 had densitiesof

174 kg-m™ on May 21 and 67 kg-m™ on May 22.

The terrain model applied to the 2016 data showed clear
differences between the snow accumulations within the
threeterrain unitsidentified (Figure9; Table 3). Thesample
populations of SWE on each terrain unit were found to be
significantly different by one-way ANOVA (F-test score =
25.21, significance value [p] = 1.9 x 10™%) with a subse-
guent Tukey post-hoc multiple comparisons test, which
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confirmed that each of the three clusterswas distinct (all p
values <0.005). Ridges accumulated the least, with amean
SWE storage of 11 +£3 cm, whereas valley floors stored
27 £5 cm mean SWE on average, which is similar to the
overall mean value. Each of these terrain units comprises
approximately 40% of the landscape. Drifts mainly oc-
curred on slopes, with a mean SWE of 39 £8 cm, though
this unit occupied only approximately 20% of the land-
scape. With landscape weighting, it was determined that
concentrated sampling in drift zones on slopes and on val-
ley floors would help reduce the overall error in the SWE
estimate derived from the 2016 survey.

Discussion

The 2016 survey showed a near-doubling of snow water
storage relative to 2015, despite snow accumulation only
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increasing by 50% on average. Obser-
vations by the author were that wind-
swept areas appeared similar in the two
years, but that drift areas in 2016 were
deeper and denser dueto increased wind
compaction andicelayer presence. This
was exemplified particularly well in
gullies, where similar depositional pat-
ternswere apparent between both years,
but larger drift features were found in
2016 (Figure 10a, b).

Consultation with community members
madeit clear that 2016 was a deep snow
year, with an uncharacteristically high
frequency of late-season blizzards.
These blizzards are clearly evident in
the Igaluit airport weather record and
caused almost half of the end-of-winter
snow accumulation (Figure 11). These
blizzards led to the formation of multi-
pleice layersin the snowpack in 2016,
which increased the overall density and
hardness of the pack. Unfortunately,
this created challenges for sampling in
some locations as the Federal snow
sampler could only be pushed into the
snowpack if significant force was used.
Thisis undesirable for several reasons:
1) it is labour intensive, 2) it puts high
stress on the sampling equipment, risk-
ing damage, and 3) it reduces accuracy
by compacting snow insidethe core bar-
rel. At several locations, multiple cores
were taken until one was acquired with-
out applying large amounts of force,
whereas some locations were aban-
doned entirely due to heavy ice layer
formation. Becausesuchicelayerswere
most often encountered at deep drift
sites, this introduces bias to any un-
stratified SWE estimates, favouring
shallower locations. This provides fur-
ther justification for the stratification
approach taken here, though it also
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Figure 8: Distribution of the three terrain clusters in the Niaqunguk River watershed,
southern Baffin Island, Nunavut. Snow accumulation was found to be greatest on the
slopes class (white) and lowest on the ridges class (black).

Table 2: Summary statistics for the 2015 and 2016 snow surveys, Niaqunguk River watershed,
southern Baffin Island, Nunavut. Site depth refers to the supporting depth measurements taken
within 2-3 m of each snow water equivalent (SWE) core.

Year

Mean SWE Mean density Mean depth Site depth Site depth

(cm) (kg'm™®) (cm) SD (cm) cv
2015 (SWE n=152,
depth n=392) 14 +1 330 +14 39 +4 20 0.46
2016 (n=193) 24 +3 460 +16 57 +8 11 0.35

Abbreviations: CV, coefficient of variation; n, number of samples; SD, standard deviation.
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Table 3: Summary statistics for the 2016 clustered data, indicating the snow storage depth
and areal coverage of each terrain unit identified within the Niaqunguk River watershed,
southern Baffin Island, Nunavut. Compare the cluster results to the full-survey mean in

within 5 m of the same point could cap-
ture both the shallow ridgetop accumu-
lation and the edge of the deep leeslope

Table 2. .
accumulation.
Terrain unit Mean SWE Landscape area  Contribution to overall error

(cm) (%) (%) Terrain clustering showed intuitive,
Ridges 1143 41.4 27 physically oriented relationships to
Valley floors 27 £5 39.2 41 snow accumulation. Higher exposed
Slopes 3948 19.4 32 areas on ridges and hilltops accumu-
Overall 2345 100 - lated the least snow, as these areas are

Abbreviation: SWE, snow water equivalent

Snow water equivalent (cm)
0
1

=

T T I

Ridges Valley floors Slopes

Figure 9: Boxplots showing the 2016 clustered data for the
Niagunguk River watershed, southern Baffin Island, Nunavut).
Notches indicate the 95% confidence interval around the median
value.

underscores the importance of operator experience and
training in performing snow surveys.

The supporting measurements suggested that site-scale
(<2-3m) variability in snow depth washigher in 2015 than
2016. This may be due to the smoothing effect of a deeper
snowfall, which has the potential to overcome small-scale
accumulation formsthat occur in rough terrain (Figure 12).
Theseformswerecommonly observed during the 2015 sur-
veys, but were generally less prevalent in 2016. This may
also beasampling artefact, however, asthe sampling proto-
col was less strict regarding the distance for support mea-
surementsin 2015. A larger footprint has greater potential
to pick up on terrain-driven mesoscale variability, rather
than the intended roughness-driven microscale variability
(McKay and Gray, 1981). For example, supporting depth
measurements taken within 2 m of aridge peak will likely
show similar shallow depths, whereas measurementstaken
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prone to scouring by wind. Steeper

slopes accumulated the greatest
amount of snow, which is commonly observed in arctic
landscapes. This may correspond to deposition on lee
slopes of hills or on the sides of narrow gullies and stream
valleys, which tend to accumulate large drifts (Figure 10a,
b). Further work will be needed to refinetheserel ationships
and apply them to additional years of snow survey data.

Thesnowfall densitiesobservedin May 2016 differed from
one snowfall event to another, likely resulting from differ-
ent meteorological conditions, which altered crystal
morphologies and liquid water content. Typical densities
for North American winter snowfall range from 50—
100 kg-m™ (Pomeroy and Gray, 1995). On May 21, 2016,
the measured snowfall density of 174 kg-m™ was surpris-
ingly high. It was associated with amean air temperature of
—0.6°C (close to the freezing point) suggesting a potential
for high liquid content, resulting in an increased overall
density. Crystal morphology consisted mainly of platesand
needles, formswhich have few delicate processes and thus
settle quickly on the ground (McClung and Schaerer,
2006). Comparatively, on May 22, 2016, a density mea-
surement of 67 kg-m corresponds more closely to the
rangereported by Pomeroy and Gray (1995). The snow that
day was composed mainly of stellar dendrites and plates
(low density crystals corresponding to the classic snow-
flake). This snow compacts over a longer period on the
ground as delicate processes are broken during settling.
Mean temperature on that day was —1.8°C, suggesting a
moderateliquid water content in thesnow. Anecdotally, the
snowfall felt drier on the skin that day.

Further work

Work is ongoing to fine-tune the terrain-based snow accu-
mulation model, and to compare those results to results
from ablowing snow model driven by datafrom [galuit air-
port and the CU/NRI meteorological tower. Improved
models will help to develop more accurate sampling
schemes, to maximize accuracy and efficiency in the field.
Efforts continue through this partnership project to build
the capacity at NRI and NAC to monitor snow hydrology,
with sustained interest in the project from anumber of stu-
dents and recent ETP graduates. Training studentsin sam-
pling techniques can benefit other research projects, bothin
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Figure 10: The same location in the Niagunguk River watershed (southern Baffin Is-
land, Nunavut) in @) April 2015 and b) April 2016 (taken at different angles). Note the
large drift blocking the entrance to the gully in 2016, which was not present to a signifi-
cant extent in 2015.

the NRW (e.g., NRI microbial monitoring campaign
[Shirley, 2014]) and further &field in the territory.

Work is also being conducted to prepare a snow ablation
model to quantify spring sublimation and evaporative loss.
Thiswill be enhanced by the addition of an open-path eddy
covariance system to the CU/NRI meteorological tower in
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2017. This sophisticated equipment al-
lows for direct measurement of the
movements of water vapour in the near-
surface boundary layer at high frequency,
and should significantly improve the un-
derstanding of surface—atmospheric ex-
changes during snowmelt. This, in turn,
will improve modelling of fluxesof water
and atmospheric contaminants in the
arctic environment (Richardson and
Shirley, in press).

Economic considerations

Thisjoint work between Carleton Univer-
sity, Nunavut Research Institute and the
Nunavut Arctic College Environmental
Technology Program has generated use-
ful knowledge on spatial distribution of
snow water equivalent, as well as an on-
going meteorological record, within the
Niagunguk River watershed. The results
can beemployedinhydrological analyses
and modelling, supporting hydrological
and geochemical studies in the area. As
theNiagunguk River hasbeenidentified asasecondary wa-
ter supply for the City of Igaluit, municipal engineers have
an interest in continuing field research efforts to monitor
and predict annual water resource availability. The results
of this study can inform the planning of such efforts. As
baseline data on snow distribution and hydrology are lim-
ited inthe eastern Arctic, thiswork represents an important
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Figure 11: Snowfall water equivalent (measured as total precipitation, dark grey bars) and snow accumulation depth
on the ground (blue area) measured at Igaluit International Airport (southern Baffin Island, Nunavut) for the 2015—
2016 snow year. Note the large number of precipitation events in March and April 2016, with a near-doubling of snow
accumulation in April. High storm-wind speeds may have prevented accumulation during many of the events in March,
and these winds, together with rapid densification of snow crystals through settling, likely account for the rapid drop in

snow depth on the ground after each accumulation event.
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Figure 12: Snow features, called sastrugi or ugalurait (in Inuktitut),
form from snow accumulation and erosion downwind of sharp sur-
face nonconformities (in this case, boulders at a rough site in a val-
ley bottom, near Igaluit, southern Baffin Island, Nunavut). These
forms can strongly influence site-scale snow depth variability, but
can be smoothed out by deeper snow accumulations. Because
they indicate the direction of the prevailing wind, ugalurait are tradi-
tionally used as navigation aids on the land (R. Qitsualik, pers.
comm., 2016).

contribution to the scientific record. Several ETP students
gained valuable training and employment as research
technicians in support of the project.
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ing Research Council of Canada, Indigenous and Northern
Affairs Canada s Northern Contaminants Program, Arctic-
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Methodological approach to characterize flow paths and water sources
during the active-layer thaw period, Niagunguk River watershed,
Igaluit, Baffin Island, Nunavut
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This work is part of the Carleton University—led Partnership for Integrated Hydrological and Water Quality Monitoring, Research and
Training in the Niaqunguk River Watershed, Iqaluit, Nunavut, a Polar Knowledge Canada—supported integrated collaboration with
Nunavut Research Institute, Université du Québec a Montréal, Queen s University and Nunavut Arctic College. The research is also sup-
ported through an ArcticNet initiative, Water Security and Quality in a Changing Arctic. The shared objective of these programs is to im-
prove knowledge in the area of arctic snow hydrology and its cascading influences on freshwater resource supply and aquatic ecosystems
in the Niaqunguk River watershed, and is being developed for long-term sustainability and capacity building with local residents.

Chiasson-Poirier, G, Franssen, J., Fortier, D., Prince, A., Tremblay, T., Lafreniére, M., Shirley, J. and Lamoureux, S. 2016: Methodol ogi-
cal approach to characterize flow paths and water sources during the active-layer thaw period, Niagunguk River watershed, Igaluit, Baffin
Island, Nunavut; in Summary of Activities 2016, Canada-Nunavut Geoscience Office, p. 105-120.

Abstract

Inits2010 General Plan, the City of Igaluit identified the Niagunguk River asasupplemental potable-water source. Knowl-
edge about subsurface flows, one of the major sources of water for rivers during the baseflow period, is still limited in per-
mafrost environments. Groundwater flow paths and their connections with surface water remain difficult to predict dueto
the dynamic state of the active layer in the surrounding alluvial plain and under theriver bed. This paper presentsadetailed
methodology that aims to address the gap in knowledge about the interaction between subsurface flow and active-layer
thaw. During the 2016 summer thaw period, water levelswere continuously recorded in 28 piezometersinstalled across a
hillslope-stream toposequence. By carefully analyzing piezometer water levelsinresponsetorainfall inputs, it waspossible
toidentify preferential routing and storage of water acrossthe hillslope, and to determine how the hydrol ogical dynamics of
the study site responded to, or were associated with, the spatial-variable evolution of the frost-table topography. To deter-
mine the proportion of different water sources contributing to flows, a total of 148 water samples were collected from
groundwater wells, streamflow, |ake water and rainfall for chemical analysis(i.e., electrical conductivity, stableisotopesin
water and dissolved organic carbon). End-member mixing analysiswill be used to confirm the proportion of groundwater
and other sources (e.g., precipitation, surface runoff) contributing to streamflow. Theresults of thisresearch will be used to
assess the relative importance of subsurface flow to Arctic river systems and to determine how anticipated climate-related
changes are likely to impact these systems.

Résumé

Dansson Plan général qui aparu en 2010, lacommunautéd’ Iqaluit désignait lariviére Niagunguk en tant que sourced’ eau
potable complémentaire. L’ état des connaissances au sujet de I’ écoulement souterrain de |’ eau, soit une des principales
sources d’ eau pour lesriviéres pendant |a période de débit de base, est faible en ce qui atrait aux milieux touchés par le
pergélisol. Lesvoiesd’ écoulement del’ eau souterraine et leursrapportsavec |’ eau superficielle sont difficilesaprévoir en
raison delanaturedynamiquedelacoucheactivedanslaplainealluvialeenvironnante et souslelit delariviéere. Laprésente
étude décrit en détail les méthodes utilisées en vue de combler leslacunes au niveau del’ état des connaissances au sujet de
I'interaction entrel’ écoulement souterrain et le dégel delacoucheactive. Au coursdelapériode dedégel del’ été 2016, les

This publication is also available, free of charge, as colour digital files in Adobe Acrobat™ PDF format from the Canada-Nunavut
Geoscience Office website: http.//cngo.ca/summary-of-activities/2016/.
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niveaux d’ eau ont été enregistrés en continu au moyen d’ un réseau de 28 piézomeétres installé atravers une toposéguence
située dansun ruisseau sur une pente de colline. Une anal yse détaillée des niveaux d' eau enregi strés suite aux précipitations
apermisd’identifier lavoie empruntée de préférencepar |’ eau et les aires de stockage lelong delapente, ainsi quelafagon
dont ladynamiquedel’ hydrologie delarégion al’ étude réagissait, ou tout au moins était associée, al’ évolution delavari-
able spatialedelatopographiedelatable degel-dégel. Afin dedéfinir laproportion des sourcesd’ eau distinctes contribuant
a I’ écoulement, 148 échantillons ont été recueillis provenant de puits d’eau souterraine, de ruisseaux, de lacs et de
précipitations aux fins d'analyses chimiques (conductance spécifique, isotopes stables en solution aqueuse et carbone
organique dissous). Le recours al’ analyse de mélange de membres extrémes permettra de confirmer la proportion d’ eau
provenant de sources souterrainesou d' autres sources (par ex. lesprécipitationset I’ écoulement superficiel) qui contribuea
I" écoulement fluvial. Les résultats acquis permettront en outre d' évaluer I'importance relative de I’ écoulement de I’ eau
souterraine dansles systémesfluviaux arctiques et de déterminer dans quelle mesure les changements prévusliés au climat

sont susceptibles d’ avoir une incidence sur ces systémes.

Introduction

Surface waters are abundant in the Arctic landscape, but
transportation constraintsand critical low flow during sum-
mer complicate the management of water resources (White
etal., 2007). Inresponseto popul ation growth and theinad-
equacy of the current water source (Lake Geraldine), the
City of Igaluit has identified the Niagunguk (commonly
known as Apex) River as a supplementary water source
(City of Iqgaluit, 2010). In 2015, an extensive period of low
flow (<1 m*s), from the end of July to the end of August,
underlined the need to better understand the water sources
and flow dynamics at work in the Niagunguk River water-
shed to ensure sustai nable management of theriver. Thisre-
search project, which involved Queen’s University, Carle-
ton University, the Université deMontréal and the Nunavut
Research Institute, aims to improve understanding of both
the quality and quantity of water in the Niagqunguk River
watershed.

In the context of awarming climate, it has been suggested
that groundwater pathways and contributions to surface
water will increase dueto permafrost degradation (Connon
etal., 2014). However, groundwater fluxesand their contri-
bution to surfacewater remain difficult to predict dueto un-
certaintiesabout thetemporal variation of thaw depths(i.e.,
frost-table depths). As the frost table in Arctic environ-
mentsactsasanimpermeableboundary, frost-tabledepthis
akey factor influencing how water isrouted from hillslope
recharge areas to lakes and streams (Semenova et al.,
2013). Although studies using sophisticated instruments
and elaborate field-research design have been conducted to
understand the role of bedrock topography on groundwater
flow in southern watersheds (Rodhe and Siebert, 2011; van
Meerveld, 2015), relatively little research on Arctic
groundwater dynamics has taken place during the first de-
cade of the 2000s (Woo et a., 2008). Furthermore, most of
the recent research investigating shallow groundwater-
flow processesin permafrost environments has been model
based and the results of that research need to be confirmed
by field-based inquiry (Bring et al, 2016). A few studies
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(e.g., Quinton and Marsh, 1998; Carey and Woo, 2002)
have demonstrated that microtopography, the ground
freeze-thaw cycle, and the properties of soil and surficial
depositscan significantly influence subsurface drainageon
Arctic hillslopes. Others have addressed the relationship
between water storage and variable active-layer thawing
(Quinton et al., 2005; Wright et al., 2009). Improved
knowledge of active-layer dynamicsis key to a better un-
derstanding of hydrological processes at work in perma-
frost landscapes (Bring et a., 2016). In apioneering study,
Woo and Steer (1983) examined thevariation of subsurface
flow patterns and active-layer thaw depths on two
hillslopes near Resolute, Nunavut. The authors observed a
change in runoff flow patterns due to an increase in the ac-
tive-layer thawing depth, and thus water-storage capacity,
which highlighted the need for abetter understanding of the
i nteracti on between thesetwo processes. No subsequent field-
based study seemsto have employed asimilar methodology
toinvestigatetherelationship between subsurfaceflow pat-
terns and active-layer thawing dynamics. Characterizing
the relationship between these two subsurface processesis
essential to acquiring the fundamental knowledge needed
to develop model sthat can predict active-layer thawing dy-
namics. Approaches that combine detailed spatiotemporal
characterization of subsurface flow patterns with chemical
analysisto track variable water sourceswill lead to abetter
understanding of flow-path development and hydrol ogical
connectivity during the active-layer thawing period (Woo
etal., 2008). Thisknowledgeisessential to predict theway
in which climate change and alterations to permafrost will
impact the hydrology of Arctic rivers.

As part of this research, instruments were installed on a
hillslope-stream toposequence, where subsurface flow is
constrained by the presence of thefrost table; thisstreamis
a tributary of the Niagunguk River. The purpose of the
study was to provide a detailed characterization of the pat-
ternsof water flow and storage at thissiteduring the active-
layer thaw period in order to assess how different thaw
depths and soil characteristicsinfluence hydrological con-
nectivity across the hillslope-stream toposequence and to
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investigate the influence of hydrological processes on the
evolution of frost-table depths during the summer thawing
period. This knowledge will help to determine the relative
importance of subsurface-flow contribution to Arctic river
systems and the impacts of climate-related changes. Four
specific research objectives were identified

e track the flow and storage of suprapermafrost ground-
water across and within a hillslope consisting of
glaciofluvial and organic deposits during the active-
layer thawing period;

e characterize the physical processes governing the rout-
ing of shallow groundwater and the influence of this
subsurface flow on active-layer development;

e assesstherelativeimportance of different water sources
(rain, groundwater, lake, overland flow) contributing to
the flow of atributary stream at the foot of the studied
hillslope; and

e theorize on the role of distinct hydrogeomorphic fea-
tures in controlling surface and subsurface runoff into
the Niaqunguk River watershed.

Study site

TheNiagunguk River isafourth-order stream located north-
east of the City of Igaluit (latitude 63°45'N, longitude
68°33' W) and draining an areaof 58 km?. Thehydrological
network comprises three main tributaries with afourth-or-
der segment downstream of their confluence. Elevations
range between sealevel at theriver outlet in the neighbour-
hood of Apex and 360 m at the headwaters. Thetopography
of the watershed is characterized by longitudinal bedrock
hillstrending northwest that have been smoothed by glacial
erosion. An end moraine forms the eastern border of the
watershed and awide variety of Quaternary deposits (e.g.,
till blanket and veneer, glaciofluvial deposits, boulder
fields) are found throughout the watershed (Hodgson,
2005). Figure lashowsthedistribution of surficial deposits
in the southern half of the watershed (T. Tremblay, unpub-
lished data, 2016), which is situated in the continuous per-
mafrost zone where the active layer is on average 1.35 m
thick under natural ground. Streamflow season typically
begins in May and ends in October. Based on data from
1973 to 2010, total mean precipitation for the months of
July and Augustis52 and 70 mm, respectively, whereasthe
mean annual total is 404 mm, with snow accounting for
57% (Environment Canada, 2016). Total precipitation for
the months of October 2015 to September 2016 was
495 mm and mean precipitation for July and August was
132 and 57 mm, respectively. The 2016 thawing season be-
gan on April 26 and the thawing index on September 31
was 703 degree-days C.

The field study was undertaken predominantly in a sub-
watershed (0.41 km?) centrally located within the Niaqun-
guk River watershed, approximately 6 km north of the City
of Igaluit. Figure 1b shows the topography and hydrologi-
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cal network of the subwatershed, aswell as the location of
the piezometer installation, the water sample sites and the
flow- or water-level-monitoring stations. The stream
draining this subwatershed discharges into the middle
branch of the Niaqunguk River. Thissiteislocated outside
of theareacovered by the 1:15 000 surficial geology map of
Igaluit (Allard et al., 2012) and adetailed surficial geology
map (T. Tremblay, unpublished data, 2016) of the study
site. The most recently published surficial geology map of
thisarea (Hodgson, 2003) isasmall-scale map (1:100 000)
that identifiestill blanket as the only surficial deposit type
withinthissubwatershed. A larger scalemap of thesurficial
geology of the area will be presented in this study. This
study site was chosen because the surficial geology of this
subwatershed is representative of the surficial geology of
the Niaqunguk watershed. To characterize subsurface
flow-path dynamics at this site over the thawing season, a
network of piezometers was installed at the foot of a con-
vergent (bowl-shaped) hillslope. Thehillslopeisalmost en-
tirely (~90%) covered by organic material of varying thick-
ness, with turf hummocks found predominantly in the
upslope area (often covering boulder deposits). Turf hum-
mocks consist of an accumulation of organic material cov-
ered by living vegetation (van Everdingen, 1998). Thesize
of the turf hummocks within the hillslope study site varies
from small (<20 cm wide by <20 cm high) to large (~1 m
wide by ~50 cm high).

Methodology
Water-table monitoring

A total of 38 piezometers were installed in the hillslope
study site on July 8, 2016 (Figure 2a); they were placed
from the foot of the hillslope (at the streambank) to 60 m
upslope and were distributed across an area ~30 m wide.
Water levels were recorded continuously in 28 piezome-
ters; manual water level measurement were conducted in 5
piezometers and 5 piezometers were used for water sam-
pling. During piezometer installation, terrain featureswere
taken into account such that piezometers were not placed
directly in turf hummocks, in which it was assumed that
groundwater could not be stored due to the high hydraulic
conductivity of the organic material (peat; Quinton et al.,
2008). The piezometer installation was designed to help
characterize the groundwater-flow direction in the mineral
deposits below the surface organic layer. Where the water
tablecomesin contact with the surface organiclayer (which
has a higher hydraulic conductivity), flow patterns may
change and be concentrated in overland flow channels or
preferential flow paths between turf hummocks, which are
more influenced by local surface topography than by the
characteristics of the underlying mineral deposits. How-
ever, spot water-level measurementswere conducted under
14 turf hummocks seven times throughout the summer to
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Figure 1: Location of the study area in the Niaqunguk River watershed, showing a) the surficial geology of the southern
portion of the watershed (T. Tremblay, unpublished data, 2016); b) the topography and hydrological network surround-
ing the hillslope study site, and the location of the different measurement and sampling sites.
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Figure 2: Schematic illustration of the studied hillslope in the Niaqunguk River watershed, showing a) the location of the 38 piezometers,
thermistor and frost-table measurements; b) the triangulated irregular network (TIN) used for analysis of the surface topography, the
groundwater levels and the frost-table depths; surface topography (1 m) is derived from a Topo to Raster tool for ArcGIS 10.2 (Esri, 2013) in-
terpolation of 1000 elevation values measured using a total station. The sampling method was based on the characterization of slope break

and microtopography (i.e., turf hummocks, boulder).

verify that the water tablewas not locally influenced by the
microtopography of the turf hummocks.

Piezometers were constructed of schedule 80 polyvinyl
chloride (PVC) tubing (3.7 cmin diameter) cut to lengths of
1lor1.5m. A solid PV Cdrive point wasfitted to the bottom
of each PV C tube. Each piezometer had a screen length of
14 cm at the bottom end of the tube and 20 holesof 1 cmin
diameter were pierced through the walls of the tube. A
Nitex® nylon 50 um mesh was fitted to the interior of the
screened section to prevent theinfiltration of fine sediment
into the piezometer.

A small hand auger was used to install the piezometers,
which would be advanced weekly with a hammer to the
depth of the frost table until they penetrated no further.
Each time the piezometers were repositioned, the vertical
hydraulic head directly above the frost table and the depth
of the activelayer were measured. Therelatively high den-
sity of piezometers across the downslope portion of thein-
strumented hillslope (one piezometer per 16 m?) and across
the entire hillslope (one piezometer per 34 m?) iscompara-
ble to previous studies that investigated variation of
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groundwater-flow directions on hillslopes (Rodhe and
Siebert, 2011; van Meerveld, 2015). The piezometerswere
installed in such away asto help determinetheinfluence of
surficial and frost-table microtopography on groundwater-
flow patternsat the hillslope scale. Thetriangle surfacetool
of the ArcGIS 3D Analyst module (Esri, 2010) was used to
generate atriangulated irregular network (TIN) to interpret
the water level s between three adjacent piezometers and to
derive flow directions based on the slope surfaces of the
triangles. Figure 2b shows the TIN triangles formed be-
tween piezometers.

Groundwater levels in 28 piezometers were measured at
20 minintervals using vented-pressure sensorsinstalled at
the bottom of each piezometer. Readings from each pres-
sure sensor were recorded using either a CR1000 or CR10
datalogger manufactured by Campbell Scientific. Addi-
tionally, the water level in each piezometer was routinely
measured with an electronic water-level dipper with amea-
surement accuracy of 1 mm (Figure 3).

The water-level sensors were built using a model
MPXV5100GC6U 1 cm micropressure transducer manu-
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factured by NXPthat wasfitted withthree 22-gaugecopper ~ was vented to atmosphere to establish the difference be-
wires to route the power supply and allow communication  tween air and water pressure at the sensor. The venting
with the dataloggers. The pressure transducers were each  tubes were connected to desiccant reservoirs to prevent
fitted with aflexible tube 3.2 mm (1/8 in.) in diameter that ~ condensation within the vent tube that would negatively
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Figure 3: a) Schematic illustration of a groundwater-level measurement setup, in which is shown the venting tube (1), the desiccant reser-
voir (2), the pressure sensor (3), the copper cable (4), the data logger (5), and the piezometer (6). b) Graphs representing the relation be-
tween water level-outputted voltage, voltage—temperature and water level-temperature, respectively, and c) an example of the multiple-
regression model used to predict water level.
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impact sensor function. The laboratory tested accuracy of
the sensors at 25°C was +3 mm of water level over arange
of 0to 0.7 m.

The relation between the voltage output of the sensor and
the water pressure at the sensor, and the relationship be-
tween the water pressure and the water level in the piez-
ometer are both linear. A linear relationship also exists be-
tween the air temperature and the cable resistivity.
Outputted voltage from the pressure transducer istempera-
ture compensated, but the rel ationship between air temper-
ature and cableresistivity needsto be accounted for to con-
vert the voltage recorded by the loggers to an accurate
measure of water level within the piezometer. To associate
agivenwater level inthe piezometer to agiven voltage out-
put of the sensor, approximately 20 water-level measure-
mentswere recorded with the electronic water-level dipper
in each piezometer and a multiple-regression analysis was
performed to account for voltage and temperature as
descriptive variables to derived water level. The resulting
equationis

h=a+(b;*V)+(by* 1)

where & isthe water level, Vis the voltage recorded at the
logger, Tistheair temperatureand a, b; and b, represent the
constant factors acquired from the regression for every
Sensor.

To evaluate the horizontal hydraulic conductivity over the
hillslope, falling-head tests were performed in each
piezometer on August 21, 2016. Water levels during the
tests were recorded every 10 seconds for the first three
hours and every 20 minutes thereafter, if the water level
hadn’t reached theinitial level within the first three hours.
These measurementswill be used to examine the influence
of surface and frost-table topography, and the physical
properties of the subsurface (i.e., soil type, hydraulic con-
ductivity) on subsurface flow patterns, as well asto exam-
ine how subsurface flow patterns may have evolved during
the active-layer thaw period.

Active-layer depth and deposits properties

Various techniques were used to establish frost-table
depths acrossthe hillslope during the active-layer thaw pe-
riod. The depth of the frost table was measured using a
graduated metal rod that was pushed into the soil until it
would penetrate no further. Thaw depths were also mea-
sured at each piezometer throughout the summer. Figure 2a
illustratesfrost-table—depth measurement stations (n = 29).
To complement these measurements, additional stations
were located in the centre of the TIN triangles (i.e., points
roughly equidistant fromthe nearest three piezometers). As
the instrumented hillslope is characterized by heteroge-
neous organic cover, frost-table measurements were also
madein turf hummocksor dry organic deposits (n=15), ar-
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eas with thin organic material cover (n = 8) and inter-hum-
mock preferential flow paths (n = 21). These additional
measurement points provided insight into the influence of
these surface features on thawing depths.

Thermistors were installed 5 cm below the surface of turf
hummocks (n = 7) and bare ground inter-hummock flow
paths (n = 8) to assess the influence of air-heat conduction
on the thawing depthsin areaswith different surficial char-
acteristics. By comparing the probed thaw depths to tem-
perature-modelled thaw depths at thermistor locations, the
influence of air temperature and flow accumulation on the
extent of the active-layer thawing can aso be compared.
Soil temperature and frost-depth probe measurements at
thermistor locations were undertaken from July 20 to
August 26.

Using a handheld concrete core drill, five soil cores were
extracted at depths below the frost table on August 3. Two
of these coring siteswerelocated in turf hummocks and the
remaining three, in inter-hummock channels. The coring
was conducted adjacent to the hillslope study area (Fig-
ure 1b) so asnot to interfere with the routing of flow in the
study site. However, saturation conditions, vegetation, de-
positsand slopesat the coring | ocationswere comparableto
the adjacent locations on the instrumented hillslope.

Overland flow, stream discharge and
meteorological measurements

To establish the relative contribution of surface and
subsurface flow from the instrumented hillslope to the
stream in the study site and the rel ative contribution of the
streamto the Niagunguk River, the discharge or water level
at five locations in the subwatershed area was monitored
(Figure 1b). A v-notch weir wasinstalled in the stream down-
stream of the hillslope and gauging sites were established
on the main channel of the Niaqunguk River upstream and
downstream of the confluence with the tributary stream
draining the subwatershed (Figure 1b). At each of these
sites, water level sweremonitored continuously from July 4
to August 26. Using data loggers manufactured by Onset
(model HOBO® U20), Global Water (model WL 16) and
Solinst Canada Ltd., water levels were recorded every
15 minutes in the lake situated 100 m upstream of the in-
strumented hillslope (Figure 1b). During the final two
weeks of the study period (August 14-26), a second v-
notch weir wasinstalled at thefoot of the hillslopeto quan-
tify overland flow.

Other data collected included rainfall data measured using
a tipping-bucket rain gauge (Figure 1a) located ~3 km
south of the instrumented hillslope (M. Richardson and
K. Smith, unpublished data, 2016) and meteorological data
(e.g., daily precipitation, temperature; Environment and
Climate Change Canada, 2016) available from the Igaluit
Airport meteorological station operated by Environment
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Canada. The air temperature and relative light intensity at
the instrumented hillslope were measured and logged at
20 min interval s using an Onset HOBO® temperature data
logger placed in a vented radiation shield, and an Onset
HOBO® Pendant temperature/light data logger placed
horizontally on araised platform.

River, stream, lake and groundwater sampling

From July 7 to August 26, water sampleswere collected for
chemical analysis at ten locations in the study area (Fig-
ure 1b). On the hillslope, five groundwater sampling
iezometerswereinstalled ininter-hummock channels(n=
3) and in hummaocks (n = 2), and pushed downward to the
depth of frost table throughout the summer. Water in the
piezometers was sampled using a bailer sampler. An
instream sampling location was situated immediately
downstream of the hillslope. Water samples were also col-
lected in the Niaqunguk River at both the upstream and
downstream gauging sites and from the lake identified as
Lake 1 located along the subwatershed stream just up-
stream of thehillslope. Samplesof overland flow at thefoot
of the hillslope were also collected during the last two
weeksof August, when the overland-flow contributionwas
monitored at the second v-notch weir. These samples will
be analyzed for electrical conductivity, stable isotopes
(&"%0 and &°H) and dissol ved organic carbon. End-member
mixing analysiswill be used to determine the proportion of
each different water source (e.g., precipitation, runoff and
groundwater) contributing to flow to each location in the
study site during the thaw season.

Deposit delineation

Terrain surveys were conducted to characterize the spatial
distribution of surficial depositsand hydrogeomorphic ter-
rain featureswithin the subwatershed study site and at vari-
ous locations throughout the southern half of the
Niagunguk River watershed. In the area shown on Fig-
ure 1a, field mapping with ahandheld GPS device was used
to verify the delineation of detailed surficial geology units
northeast of Igaluit derived from high-definition satellite
images and DEM interpretation (T. Tremblay, unpublished
data, 2016). Pedonswere used to characterizethe stratigra-
phy and grain-size characteristics of the deposits. These
vertical sectionswere also used to confirm the accuracy of
frost-table depth measurements obtained with probing in-
struments. Within the subwatershed study site, specific at-
tention was given to delineating the surface-water network
and locating the interface between different deposit types.
Deposit delineation is essential as it will not only provide
information on the spatial organization of the deposit units
within the watershed but also help in assessing the struc-
tural hydrological connectivity, which will show how
different contiguous deposit types can be linked together
and affect the course of water in the watershed.
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Subwatershed-scale flow-accumulation modelling

To investigate surface-water flow paths within the sub-
watershed, aflow-accumulation model based on aDEM at
1 mresolution was generated using the Arc Hydro toolsfor
ArcGIS 10.2 (Djokic et al., 2011). The DEM was derived
fromWorldView-1 satelliteimagery (Shortetal., 2013). To
generate the flow-direction model, the deterministic eight-
node (D8) algorithm was used, based on DEM grid-eleva-
tion values ranging from 150 to 240 min the subwatershed
area. This grid was then used to produce the surface-flow
accumulation network. A first iteration of the model was
based only on topography, followed by a second run of the
model that involved a1l mlowering of the spatial resolution
of the DEM elevation values to account for the well-
drained boulder deposits. This second iteration of the
model was undertaken to better reflect the hydrological
influence of the well-drained boulder fields within the
study area.

Results and discussion
Evolution of groundwater flow

Theinstrumented hillslope was snow freefor the entire pe-
riod of the study, although there was snow on therelatively
steep north-facing slope located on the streambank oppo-
sitethehillslopestudy site. Therewereeight rainfall events
during the study period; total precipitation for each event
ranged from 1.2 to 80.5 mm. Thetotal amount of precipita-
tion during the month of July was 132 mm, greater than
twicethe mean monthly rainfall/precipitationfor July asre-
corded over thelast 20 yearsat Igaluit Airport (5 km south-
east of the study site; Environment and Climate Change
Canada, 2016). Up to 80% of the hillslope remained satu-
rated during the last two weeks of July and during rainfall
events, overland flow wasobservedinthe central portion of
the hillslope. During a rain-free period that occurred be-
tween July 28 and August 10, no overland flow was ob-
served. A heavy rainfall event toward the end of August
resaturated the hillslope and overland flow was also ob-
served at approximately the same location where it had
been observed earlier in the season.

The hillslope piezometer network equipped with pressure
transducers specifically designed by the authors for this
study provided a continuous record of water levelsin 23
piezometers over the course of the study period (July 8 to
August 26, 2016). Preliminary analysisindicatesthat water
levelsinthe piezometersranged from 3to 105 cm abovethe
frost table, which representsasaturation of 1to 100% of the
fractional active-layer thickness. Positive hydraulic-head
values relative to ground surface were also observed at
multiple locations across the hillslope during the summer.
Based only on the spot water-level measurements (n = 20)
collected from the piezometerslocated on the hillslope, the
highest average hydraulic head (+2.9 cm) occurred on
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July 23, one day after the most important rainfall event
(80 mm) of the summer. Thelowest average hydraulic head
(-6.9 cm) on the hillslope was observed on August 5, no
doubt due to the fact that only very small rainfall events
(<1 mm) occurred between July 27 and August 5. Aninter-
polation of the relative elevations of the water-level mea-
surements in the piezometers compared to the ground sur-
face of the hillslope shows that on July 23 (Figure 4a)
positive hydraulic-head values were present on almost all
the hillslope, except small areas mid-slope and downslope
(see paler shades of blue). Hydraulic head values on Au-
gust 5 (Figure 4b) were significantly lower and were nega-
tive or below ground surface (bgs) in all the piezometers.
On July 23, higher gradients were observed in piezometers
4,6, 10, 11 and 19, which werelocated close to an overland
flow that formed in the middle of the hillslope during im-
portant rainfall events (>30 mm) on July 13-18 and 2122,
and on August 22-25. Hydraulic heads observed on Au-
gust 5 suggest that subsurface flow was concentrated in the
middle of the hillslope, where higher relative water levels
were observed.

Piezometer water levelsin response to rainfall inputs will
beanalyzedindetail to determinenot only if therewaspref-
erential routing and storage of water across the hillslope,
but also how the hydrological dynamicsof the study sitere-
sponded to, or were associated with, the spatial-variable

Hydraulic head (July 23)
(relative to ground surface)

evolution of the frost-table (i.e., frost-table topography) at
this site (see below). Of the 38 piezometers installed, 28
were equipped with pressure transducers, of which 23
(80%) remained functional throughout the entire study pe-
riod. Giventherelatively modest cost (~$40) of the compo-
nents required to build the sensor relative to that of acom-
parable, commercially availablewater-level sensor (~$500),
amodified version will be used in subsequent studies. Sen-
sor failurewasattributed toinadequate sealing of the sensor
housing and malfunction was due to water penetration; fu-
ture versions will be constructed using a higher quality
sealant. In addition, pairing the sensorswith wireless tech-
nology to eliminate some of the drawbacks (e.g., tempera-
tureinfluence onwireresistivity, placement constraintsdue
to wirelengths) associated with direct wiring of the sensors
to adatalogger could prove useful.

Active-layer, deposits and subsurface-flow
relations

Measurements of frost-table depth made throughout the
study period reveal ed that the extent of frost-tablelowering
varied substantially acrossthe hillslope. The median frost-
table depth on July 8, 2016 was 37 cm (range of 24 to
53 cm) bgs, whereas the median frost-table depth on Au-
gust 24, 2016 was 81 cm (range of 54 to 126 cm) bgs. A
model of frost-tabletopography derived fromtheinterpola-
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Figure 4: Interpolation using ArcGIS 10.2 (Esri, 2013) of the hydraulic head relative to ground surface, based on punctual water-level mea-
surements taken in the Niagunguk River watershed study-site piezometers (33) on a) July 23 and b) August 5.
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tion of the depth to frost-table measurements at the
piezometer locations using the Topo to Raster tool for
ArcGIS10.2 for these two datesis shown on Figure 5aand
b. Frost-table topography was generally more subdued at
thebeginning of thestudy period (early thaw period) then at
theend of August, when it iscloseto maximum thaw depth
(Quinton et al., 2005). For both dates, the observationsin-
dicate that the active layer was deeper on the western side
and the upper portion of the hillslope; an accentuated deep-
ening was observed in these locations by late August. The
active layer also remained shallower in two isolated areas
downslope and upslope throughout the study period. The
western side of the hillslope, where the deepest thawing
wasobserved (August 24), was al so associated to lower hy-
draulic head than the middle and eastern part of the
hillslope (Figure 4a, b). The upper part of the deepest ac-
tive-layer area corresponded to the origin of the overland
flow path on the hillslope, where it was centrally located
and extended continuously to the foot of the slope and into
the stream. The relatively small downslope areawhere the
activelayer remained shallow was characterized by the ac-
cumulation of organic material, which could possibly make
the overland-flow path divert toward the east from the mid-
dle of the hillslope at this height.

;! . Frost-table depth
July 8
e High: 0
- Low :-115
Stream
: 0 5
S T

Cores samples collected under an inter-hummock channel
downslope (active-layer depth of 93 cm), ahummock mid-
slope (active-layer depth of 82 cm), an inter-hummock
channel mid-slope (activelayer depth of 77 cm) and ahum-
mock upslope (active-layer depth of 62 cm) on August 25
revealed that the surficial layer of the soil contained ahigh
proportion (90%) of organic matter and vegetation. Core
samples further reveal ed that organic matter accumulation
under hummocks was much thicker (15-18 cm) compared
to inter-hummock areas of the hillslope (2—-3 cm). Beneath
the surface organic cover, within themineral deposit, apro-
gressive decreasein the amount of organic material content
wasobserved, transitioning to amineral deposit with minor
organic debris close to the frost table. Core analysis re-
vealed that the subsurface of the hillslopeismainly charac-
terized by fine-grained sand to silt.

Preliminary analysis of the samples recovered from the
area adjacent to the studied hillslope suggests that an ice-
rich transient layer is not present below the hillslope active
layer; core characteristics are summarized in Table 1. Vi-
sual analysisof the coresshowed that grain sizevariesfrom
coarse-grained sand to silt, but appearsto be predominantly
fine-grained sand. At thetime of coring, frozen organic de-

Frost-table depth
August 24

= Low : -115

Stream

Figure 5: Interpolation using ArcGIS 10.2 (Esri, 2013) of the frost-table depths based only on the measured thawing depths at the
Niagunguk River watershed piezometer locations on a) July 8 and b) August 24.
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Table 1: Characteristics of the cores of frozen material sampled under turf hummocks and
the inter-hummock channel adjacent to the studied hillslope in the Niaqunguk River

watershed.

Active-layer Coring depth Total coring Gravimetric ice
Core  Surface type depth (cm) (cm) depth (cm) content (%g/g)
1.1.1 29 0.23
14.2 Inter-hummock 56 7 113.5 0.18
1.2 21.5 0.23
2.1 18 0.15
29 Hummock 69 19 106 022
3.1 Inter-hummock 63 15 95 0.17
4.1 Inter-hummock 69 14 96 0.18
5.1 18 0.32
5.2.1 Hummock 57 9.5 98.5 0.22
522 14 0.21

posits were only observed under the turf hummock (core
no. 5), between 57 and 84.5 cm bgs; other coresmainly con-
sisted of mineral deposits. Gravimetricice-content analysis
showed that the proportion of ice-content in the cores was
consistent with porosity values of fine-grained sand (i.e.,
0.25-0.50; Sliger, 2015).

Subwatershed surface-water flow

The flow-accumulation model presented in Figure 6a is
based on the topographic flow-direction D8 agorithm of
the Arc Hydro tool (Djokic et a., 2011) appliedtoal m
DEM (Shortetal., 2013). Themodel confirmed that surface
flow pathsin thewatershed are driven by factors other than
surface topography. The first iteration of the model based

only on the surficial topography directed the flow to the
lower cell of the neighborhood (n = 8). This model identi-
fied asouthwestern drift of theflow pathsat the outl et of the
Lake 1 located in the middle portion of the watershed,
which doesn't correspond to the observed and mapped tra-
jectory of the flow. Thislack of accuracy can be attributed
to the well-drained boulder field at the lake outlet; because
the abundant pore space offersahigh-velocity flow path for
the water, the elevation values of this unit cannot be used
for hydrological modelling (Figure 6a). The second itera-
tion of themodel, whichinvolved aslight lowering (1 m) of
the DEM pixel elevation values associated with well-
drained boulder areas, better reflected thereal trajectory of
channelized surface-water flows from the previously iden-
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Figure 6: Map of the hillslope study site in the Niaqunguk River watershed, showing a) the flow-accumulation models based on topography
only and taking into account the influence of surficial deposits; b) the surficial geological deposit types within the subwatershed. The num-
ber 1 was assigned to the lake upstream of the monitored hillslope. Abbreviation: Gfc, glaciofluvial deposit in contact with ice.
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tified lake outlet that flow toward the northwest. More in-
vestigations are required to better characterize the depth of
boulder-field units that have little or no matrix material to
provide a better estimation of the actual elevation values
that should be used in a topography-based hydrological
model. The flow-accumulation area identified in the sec-
ond model also showsthat flow accumulations correspond
to the second category of boulder-field units (boulders, or-
ganic material and hummocks), which is subject to reduced
flow velocity compared to well-drained boulder areas (Fig-
ure 6a). Advanced characterization of the surficial geologi-
cal unitsbased on their hydrological characteristics should
allow for a much better understanding of the influence of
these units on hydrological processes within the Niaqun-
guk River watershed.

Deposit characterization

Ninedifferent surficial geological deposit typeswereiden-
tified within the study site subwatershed (Figure 6b). The
dominant deposit types within the subwatershed were till
blanket (1-10 m thick; 38%), glaciofluvial sediments
(22%) and boulders covered with organic material and a
few turf hummaocks (11%). The most recent surficial geol-
ogy map of theareaidentified thisareaas 100% till blanket
(Hodgson, 2003). The northwestern part of the subwater-
shed is dominated by glaciofluvial deposits consisting of
sand and gravel, and morphologically similar to the
perched deltasidentified el sewhereinthe Niaqunguk River
watershed (e.g., Hodgson, 2005). A thick deposit of till
mantles the eastern portion (0.24 km?) of the watershed.
This deposit is associated with a terminal moraine identi-
fied in Hodgson (2005) and Allard et a. (2012), and which
delineates the entire eastern extremity of the Niagunguk
River watershed. Till veneer <1 m thick is present over a
rolling bedrock ridge in the southern portion of the
subwatershed. The instrumented hillslope is located in a
boulder field covered with organic deposits and turf
hummocks, and situated within aglaciofluvial deposit unit
(Figure 6b).

Inareaswithrelatively moderateto high gradients (5-10°),
the boulder depositsare generally well drained (Figure 7a).
Although vegetation can be seen, no accumulation of or-
ganic matter fills the void spaces between boulders, thus
leaving abundant interconnected pore spaces (i.e., prefer-
ential flow paths). Well-drained boulder deposits can be
distinguished from glaciofluvial or till units by the absence
of finer matrix material between the boulders. The other
class of boulder field (i.e., boulders with organic deposits
and hummocks) is associated with lower slope gradients,
pore spaces that contain mineral and organic material, and
is an important flow-accumulation area. The presence of
bouldersisevident but thereisal so an accumulation of min-
eral and organic material between or over theboulders. The
presence of turf hummocks and saturated organic matter
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are other features that often characterize this unit (Fig-
ure 7a).

Deposit characterization and importance of
further investigation

The presence of permafrost significantly influences the
routing and storage of water by reducing the infiltration
rate and soil water-storage capacity, and by altering the sur-
face and subsurface drainage patterns during the summer-
time flow period (Connon et al., 2014). Differential thaw
depths within the active layer can be expected throughout
the Niagunguk River watershed duein part to the mosaic of
distinct surficial geology deposit types that coversthe wa-
tershed. Ground truthing of the detailed surficial geology
mapping conducted during the 2015-2016 field season
(T. Tremblay, unpublished data, 2016) generally confirmed
the delineation of deposit types based on high-definition
satellite images and DEM-derived interpretation (Fig-
ure 7b).

Field observationsindicated that the glaciofluvial deposits
within the study site with relatively small flow-accumula-
tion areas are often characterized by dry surficial condi-
tionswith a deeper active layer than deposits covered with
thick organic material or vegetation. Till isadominant unit
inthewatershed and, in areaswherethetill cover isshallow
(till veneer), water storageislikely to be limited; however,
overland flow should be an important source of water dur-
ing heavy rainfall events(Figure 7b). Wherethick till cover
ispresent, subsurface flow should be concentrated in water
tracks, which formin placeswith significant upsl ope accu-
mulation areas (Figure 7a). Deeper thaw below water
tracksislikely to enhance flow-accumulation processes, as
shown by the higher wetness conditions that prevail in
water tracks compared to adjacent areas (McNamaraet al.,
1998).

In low-lying areas of the watershed, where flows are con-
centrated, accumulations of organic deposits were often
found (Figure 7a). These deposits exercise a distinct con-
trol on subsurfaceflows. Theslow rate of decompositionin
the Arcticleadsto an accumul ation and acompaction of the
organic matter at the interface with the mineral layer; con-
sequently, the hydraulic conductivity exponentially de-
creases with depth (Quinton, 2008). Previous studiesindi-
cated that when the water table comes in contact with the
surficial layer (e.g., -0.1 m bgs) of an organic deposit,
subsurface-flow velocities can be significant (10-1000 m/d;
Carey and Woo, 2002). These deposits, which can contain
an ice-rich transient layer between the permafrost and the
active layer, are likely to be characterized by a shallower
active layer that limits subsurface flow to the surficial or-
ganic layer (Figure 7b). Where thisice-rich transient layer
forms, the ice must melt before the thawing front can ad-
vanceto alower depth and thusthe latent heat consumed in
this process is dependent on the amount of ground ice
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Figure 7: Examples in the Niaqunguk River watershed of a) delineation and characterization of surficial deposit types and b) ad-
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(Woo, 2012). As previously suggested, glaciofluvial boul-
der fields are likely to have an important influence on the
patterns and rates of groundwater discharge into surface
waters.

Economic considerations

Preliminary resultsof thisstudy highlight theimportance of
developing an improved understanding of the role of
surficial geology deposit types and hydrogeomorphic unit
types (e.g., hummocky organic cover, water track) in con-
trolling surface and subsurface runoff in the Niaqunguk
River watershed. The lack of high-resolution surficial de-
posit maps for this arealimits the ability to understand hy-
drological dynamicsat thewatershed scale. Thistypeof de-
tailed knowledge is necessary to assess the relative
importance of subsurface flows into Arctic river systems
and to determine how climate-related changes are likely to
impact these systems. As part of an ongoing collaborative
research project investigating the environmental controls
on runoff into the Niaqunguk River, this research should
also contribute to improved decision making regarding the
use of the Niagunguk River asapotential source of potable
water for the City of Igaluit.

Conclusions

This study presented a detailed methodological approach
for characterizing hillslope-scale hydrological dynamics
during the active-layer thaw season. It involved the contin-
uous measurement of groundwater levels using an instru-
mented piezometer network in combination with routine
monitoring of the active-layer depths across the instru-
mented-hillslope study site. This type of approach has
seemingly never been implemented at this spatiotemporal
resolution in an Arctic environment. The resulting high-
resolution mapping of surficial deposits conducted at the
subwatershed scal e highlights the need for detailed knowl-
edge about the hydrogeomorphic and hydrogeological
characteristics of the landscape to better understand how
water is routed from hillslope recharge areas to the
Niagunguk River and its tributaries.
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Abstract

Soft stone suitablefor carving isahighly sought-after resource in Nunavut. The Qikigtani Inuit Association (QIA) hasde-
veloped a program to assess carving stone reserves, site accessibility, and quarry safety, management and development in
their jurisdiction. A team of geologistsfrom the QI A, Canada-Nunavut Geoscience Office and University of Manitobavis-
ited four carving stone sites on the Bel cher I slandsto conduct land surveying, geol ogical mapping and petrogenetic eval ua-
tions of the rock being extracted as raw carving stone by local quarriers and carvers.

Thecarving stone at these sitesisinterpreted to comprise dolostone in sedimentary strata of the Costello and McL eary for-
mations that have been intruded by diabasic to gabbroic rocks of the Haig suite and are locally contact metamorphosed.
Within these areas, the dolostone beds are metamorphosed to asofter, more easily carved rock, likely dueto the growth of
fine-grained talc and other metamorphic minerals. Other locations in the Belcher Islands where dolomitic sedimentary
strata are cut by Haig intrusive rocks also have the potential to host undiscovered carving stone reserves.

Résumé

Lapierretendre se prétant alascul pture est uneressourcefort recherchéeau Nunavut. LaQikigtani Inuit Association (QIA)
amis en place un programme d’ évaluation des réserves de pierre a sculpter, d’ accessibilité aux sites et de pratiques de
sécurité, de gestion et de mise en valeur des carriéres au sein de leur territoire. Une équipe formée de géologuesissusdela
QIA, du Bureau géoscientifique Canada-Nunavut et del’ Université du Manitobaavisité quatre emplacements de pierre a
sculpter danslesilesBelcher afind'y mener destravaux delevé, de cartographie géologique et d’ évaluation pétrogénétique
de laroche extraite sous forme de pierre a sculpter al’ état brut par les exploitants de carriéres et les scul pteurs.

L es géologues décrivent lapierre ascul pter aces endroits comme étant de la dolomie gisant dans des strates sédimentaires
desformations de Costello et de McL eary, lesquelles sont pénétrées par des roches de lasuite de Haig dont lacomposition
varie de diabasique a gabbroique et qui ont subi par endroits |es effets du métamorphisme de contact. A ces endroits, les
couches de dolomie ont été métamorphisées et sont formées de roches plus tendres, et ainsi plus faciles a sculpter; ce
phénomene est attribuable ala croissance detalc agrain fin et d’ autres minéraux métamorphiques. D’ autres endroits dans
les Tles Belcher ou des roches intrusives de la suite de Haig recoupent les couches sédimentaires formées de dolomie
pourraient également receler des réserves encore non découvertes de pierre a sculpter.

Introduction viding asupply of raw stoneto agrowingindustry of artisan

carvers (Government of Canada, 1993). Under the guid-
Soft stone suitable for decorative carving is a resource of ance of the Government of Nunavut’s Department of Eco-
special significance in Nunavut. Under Section 19 of the  nomic Development and Transportation (EDT), an inter-
Nunavut Land Claims Agreement, an almost unrestricted ~ governmental document called Ukkusiksaqtarvik, The
accessto carving stoneisguaranteed for Inuit peoples, pro- ~ Place Where We Find Stone: Carving Stone Action Plan

This publication is also available, free of charge, as colour digital files in Adobe Acrobat™ PDF format from the Canada-Nunavut
Geoscience Office website: http.//cngo.ca/summary-of-activities/2016/.
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(Nunavut Department of Economic Development and
Transportation, 2007) was created. This document high-
lights the importance of carving stone as a commodity in
the territory, and encourages improvement for access to
quality carving stone across Nunavut by strengthening
traditional quarrying methods and facilitating intercom-
munity distribution.

The first step in Ukkusiksagtarvik was to identify, locate
and estimate resources at known, traditional and relatively
new carving stonelocalities. Thiswasaccomplished during
approximately five years of community consultation and
site visits by the EDT’s Nunavut Carving Stone Deposit
Evaluation Project (NCSDEP; Beauregard et al., 2013;
Beauregard and Ell, 2014, 2015). Although the NCSDEP
identified hundreds of potential sites across the territory
and concluded that sufficient good- to excellent-quality
carving stone existsto supply theterritory’s needs for hun-
dreds of years, the challenges associated with co-ordin-
ating the distribution of raw materials to communities and
carvers have yet to be addressed.

In recognition of the economic and cultural importance of
carving stone in Nunavut and the logistical challenges as-
sociated with implementation of the next steps of Ukkusik-
saqtarvik, the Qikigtani Inuit Association (QIA) launched
their own evaluation project in the summer of 2016. The
project targets the largest carving stone deposits on Inuit
Owned Landsin the Qikigtaaluk Region, and provides the
necessary expertiseto evaluate and assessresourcesat each
site. It builds on the results of the NCSDEP, implementing
its recommendations and addressing regional issues with
regardsto quarry devel opment and the economic feasibility
of community-led expansions. The project will include
quantifying the lifespan of sites based on surface and
subsurface deposits, and evaluating the work required to
make deposits accessible and free from dangers such as
rock falls, flooding or wall collapse. The conclusion of this
work will provide critical information for understanding
long-term resource availability in the region, which is nec-
essary for further implementation of the Ukkusiksaqtarvik,
and will ultimately enablelocal Inuit to utilize their resour-
cesin acommercialy viable and responsible manner.

Sitestargeted by the QI A for resource and devel opment as-
sessment require geological mapping and interpretation,
land surveying and site-accessibility evaluations. Geo-
physical surveys (i.e., magnetic-anomaly mapping), pros-
pecting and/or satellite-imagery analysis may also aid in
the full evaluation of resource viabhility at these sites. The
top-priority sites include Kangigsukutaag (Korok Inlet,
near Cape Dorset), Tatsituya and Tatsitui Tiniiniya (Aber-
deen Bay, near Kimmirut), Opingivik Island (near Pang-
nirtung), Qullisajaniavvik (near Sanikiluag) and the
Koonark deposit at Mary River (near Pond Inlet). Detailed
geological mapping has already been conducted at the
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Kangigsukutaaq (Steenkamp et al., 2014) and Opingivik
(Steenkamp et al., 2015) sites.

On September 11-14, the Canada-Nunavut Geoscience Of-
fice, the QI A and aresearch student from the University of
Manitoba visited four carving stone localities near Sanik-
iluaq (Figure 1a; Beauregard and Ell, 2015) to conduct de-
tailed geological mapping and further the QIA’s carving
stone resource assessment project. This paper provides a
detailed geological description and map for the Qullisg-
aniavvik carving stone site, herein referred to as the com-
munity quarry (CQ in Figure 1b), aswell as an abandoned
quarry site (Aqgituniavvik; AQ in Figure 1b) and two other
carving stoneoccurrencesnear Salty Bill Hill, referredto as
SBH1 and SBH2 (Figure 1b), on Tukarak Island. The au-
thors present a geological interpretation for the petrogen-
esis of soft, easily carved stone at these sites, and highlight
the geological elements required for future prospecting of
similar carving stone resources.

Geological background and site histories

The geology of the Belcher Islands was mapped at a
1:125 000 scale and described in detail by Jackson (2013).
The islands are underlain by the Proterozoic (ca. 1.96—
1.87 Ga) Belcher Group, comprising dominantly shallow-
marine carbonate and siliciclastic stratainterrupted by vol-
canic flows and associated volcaniclastic rocks. Jackson
(2013) summarized the depositional history of the Belcher
Group in three major stages:

1) Steady, dominantly carbonate sedimentation occurred
in astable continental -shelf environment during marine
transgression.

2) Abrupt emplacement of volcanic flows and minor asso-
ciated volcaniclastic and fluvial sedimentary rockswas
followed by areturn to marine sedimentation in a less
stable continental -shel f environment. Sedimentationin-
cluded local iron formation, greywacke, mudstone,
siltstone and carbonate rocks.

3) A second phase of abrupt volcanism included emplace-
ment of regionally extensive basalt flows and intrusion
of diabase—gabbro sillsin pre-existing strata. Volcanism
wasfollowed by athick succession of mostly deep-water
turbidites that shallowed upward into more proximal,
coarse-grained, nearshore-marineand terrestrial strata.

The Belcher Group wasregionally folded and weakly meta-
morphosed (sub-greenschist facies), likely dueto continen-
tal-collision events associated with the 1.85-1.83 Ga
Trans-Hudson orogeny (Hoffman, 1989; Corrigan et al.,
2009). Theislandsareincludedinthe Reindeer Zone, inthe
upper-plate Churchill Province north of the orogenic front.
The impact of the Trans-Hudson deformation is high-
lighted by the uniquely folded and interconnected geogra-
phy of the Belcher Islands.

Canada-Nunavut Geoscience Office



During the Pleistocene, the Belcher Islands were com-
pletely covered by ice, and they arestill rebounding at arate
of afew centimetres per year. It is likely that the islands
werecompletely inundated by the seawhen theiceretreated,
based on the presence of beach deposits atop the highest
hills on Tukarak Island (Jackson, 2013).

Thefour carving stone sites visited during this study (Fig-
ure 1b) were previously visited by Beauregard and Ell
(2015), who completed carving stone quality assessments
and preliminary resource-reserve calculations. The com-
munity quarry, established in the 1970s, provides good- to
excellent-quality, grey, dark green and black carving stone
that can be extracted as blocks up to 1 m across and 40 cm
thick and issoft enough to carve by hand. Thestoneistradi-
tionally quarried using the plugger-and-feather method,
and excavated with a hammer and chisel or pry bar before
being transported approximately 50 km by snowmobile or
motorboat to the hamlet of Sanikiluag. The community
guarry containsan estimated 30 000 tonnesof carving stone
reserves, making it the second largest deposit in Nunavut
(Beauregard and Ell, 2015).

The abandoned quarry yields adesirable light green stone,
yet this is viewed by traditional carvers as lower quality
than the stone from the community quarry. An areawithin
this site was abandoned in the late 1990s when rocks from
the outcrop above the quarry slid down to partially cover
the quarry access, raising concerns about the integrity of
the remaining overhanging outcrop. The abandoned quarry
site is estimated to have 1000 tonnes of carving stone re-
serves, as the desired horizon of carving stone continues
along strike to the north of the blocked quarry access
(Beauregard and Ell, 2015).

The two occurrences of carving stone near Salty Bill Hill
have not been traditionally quarried, asthey are farther in-
land and would require development of an ATV route to
transport stoneto the shore. However, they are estimated to
each hold <100 tonnes of good-quality carving stone
(Beauregard and Ell, 2015).

Field observations
Community quarry (Qullisajaniavvik)

The community quarry areais underlain by steeply west-
dipping sedimentary rocks of the Costello Formation that

Figure 1: a) Location of the Belcher Islands in eastern Hudson Bay
(Inuit-owned land in yellow) and location of study area (red box) in
relation to Sanikiluag. b) Geology of the study area (adapted after
Jackson, 2013) and locations of the community quarry (CQ), aban-
doned quarry (AQ) and carving stone occurrences near Salty Bill
Hill (SBH1 and SBH2), indicated by yellow stars. Thick black lines
represent minor faults. Thin, continuous black lines represent ob-
served geological contacts, and thin, dashed black lines represent
interpreted geological contacts. Abbreviations: Fm./fm., Forma-
tion/formation; I.m., lower member; m.m., middle member; u.m.,
upper member; und., undivided.
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areinjected by adiabasic to porphyritic gabbro of the Haig
intrusive suite (Figure 2). Along the tideline of the small
bay in the southern part of the map area, the basal member
of the Costello Formation is well exposed and contains
thinly laminated, dark grey shale. Thisis in conformable
contact with interbedded orange-weathering, fine-grained
dolostone and grey-weathering, thin (<4 cm) mudstone
(Figure 3a) that dominate the Costello Formation in this
area. Thedolostone exhibitswavy andlow-angle crosslam-
ination, and is medium grey on fresh surfaces. The mud-
stone exhibits low-relief, asymmetric ripple crosslam-
ination and is dark grey to black on fresh surfaces.
Dolostone beds are locally boudinaged, likely an effect of
dewatering processes operating during regional compact-
ion and diagenesis.

At the southern end of the map area, the Haig gabbro in-
trudes the Costello Formation parallel to bedding asasill.
The sill thickens to the north, near the active quarry sites,
and locally crosscuts the sedimentary bedding at oblique
angles. Theinterior parts of the Haig intrusion have a por-
phyritic texture, with individual phenocrysts and agglom-
erations of plagioclasein ablack aphanitic matrix. West of
theactivequarry area, wherethesill isthickest, plagioclase
grains appear to have dark cores (Figure 3b), which could
bedueto compositional zoning (suggesting two-stage crys-
tallization from compositionally different magmas) or bea
different mineral phase (possibly clinopyroxene) that acted
as nucleation sites for later plagioclase crystallization.

Alongtheintrusive contact, the gabbro has 10-20 cmthick,
aphanitic chilled margins that are regularly fractured per-
pendicular to the contact. The fractured margin segments
appear to be subsequently rotated 10-20°, possibly by con-
tinued internal flow of magma during injection. Locally,
the rotated margin segments of the gabbro have been
slightly offset. Where this occurs, the dolostone and
mudstone layers are ductilely deformed and appear to infill
the offset spaces (Figure 3c), suggesting that the displace-
ment may have occurred during later regional deformation.
The interlayered dolostone and mudstone of the Costello
Formation, both stratigraphically below and above the
Haig intrusion (to the east and west, respectively), is con-
tact metamorphosed adjacent to the contact surface. The
width of the contact aureole appears to correlate with the
thickness of the intrusion, ranging from 20-50 cm where
the sill is 3-5 m thick in the southern part of the map area,
up to 30 m in the community quarry areawhere the sill is
thickest.

The contact-metamorphosed dolostone and mudstone have
a bleached grey-white appearance on weathered surfaces

Figure 2: Geology of the community quarry area on Tukarak Is-
land, Belcher Islands. Abbreviations: Fm./fm., Formation/forma-
tion; meta., metamorphosed; unmeta., unmetamorphosed.
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Figure 3: Photographs from the community quarry area on Tukarak Island, Belcher Islands: a) contact between the lower, grey shale mem-
ber (exposed for 1.2 m above the waterline in the foreground) and predominant orange-weathering dolostone with mudstone interbeds of
the Costello Formation; b) porphyritic texture in the centre of the Haig intrusion west of the active quarry, showing plagioclase phenocrysts
with dark cores; c) fractured, rotated and displaced blocks of aphanitic gabbro along the chilled margin of the Haig sill, and contact-meta-
morphosed dolostone that has ductilely deformed around the Haig margin; d) white-grey weathering of contact-metamorphosed dolostone
adjacent to the black, glacially polished gabbro sill; clipboard, GPS and hammer for scale; e) thin black mudstone layer with regular z-folds
and concentrations of brown-weathering sulphides within the dolostone and close to the contact with the mudstone layer; f) view of the ac-
tive quarry looking northwest from within the contact aureole (grey polished outcrop in the foreground), showing a minor brittle fault (traced
by the white dashed line) that displaces the intrusive contact (yellow lines), and typical white calcite-quartz veins (left) in the contact-meta-
morphosed Costello Formation; small ladder for scale is approximately 1.2 m tall.
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(Figure 3d) and are light to medium grey on fresh surfaces.
Although agrain-size changeis not visibly apparent, fresh
surfaces of the contact-metamorphosed dol ostone exhibit a
sugary texture, as opposed to the flat, homogeneous fresh
face of an unmetamorphosed equivalent. The site where
most of the quarrying for soft stone has so far been doneis
where the contact-metamorphic aureole in the dolostone
and mudstoneisthebroadest in the map area. The sedimen-
tary rocks in this area likely experienced more consistent,
prolonged heating due to the large volume of gabbroic
magma stratigraphically above, resulting in localized
growth of fine-grained metamorphic minerals, possibly in-
cluding talc, serpentine, brucite, sericite or calcite. Due to
the fine-grained nature of these rocks, petrographic analy-
sisis underway to ascertain their precise mineral ogy.

A moderately to steeply northeast-dipping cleavage can be
observed where contact-metamorphosed beds are highly
frost fractured. Thisfabric is associated with small, north-
plunging z-folds that are most easily seen in the glacially
polished mudstone layers near the active quarry (Fig-
ure 3e). Locally, clusters of sulphide minerals concentrate
at the margin between dol ostone and mudstone layers, par-
ticularly where the mudstone has been folded. These fea-
tures likely developed during regional deformation of the
Belcher Group rocks associated with the Trans-Hudson
Orogen.

The Costello Formation and Haig intrusion both preserve
relatively late minor veining and brittle faulting. Veins are
common along the intrusive contact in pre-existing frac-
tures, cut vertically and horizontally through the contact-
metamorphosed sedimentary rocks (Figure 3f), and occur
as a narrow concentrated network that follows bedding in
the dolostone west of the intrusion and contact-metamor-
phic aureole. The veins typically contain varying propor-
tions of quartz and calcite, as well as local dolomite and
fine-grained talc. The quartz is massive and white in the
unmetamorphosed dolostone and occurs as isolated clus-
ters of crystals that are translucent to white, euhedral to
subhedral and surrounded by calcite in the contact-meta-
morphosed areas. In onelocality along theintrusive contact
margin, thin veins are rimmed by fine-grained talc crystals
and infilled by elongated quartz, both being oriented per-
pendicular to the vein walls and therefore suggesting that
crystallization was synchronous with progressive vein
opening.

Several late brittlefaults are present in the map area, based
on minor offsets in the intrusive contact margin and elon-
gate, aligned concentrationsof highly fractured gabbro that
ismore easily traced where the faults intersect the walls of
the quarry (Figure 3f). Displacement along any of these
faults was likely no more than 5 m in an oblique-slip mo-
tion, as indicated by moderately plunging slickensides of
recrystallized calcite and rare actinolite.
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Other carving stone sites

North of the community quarry, three other carving stone
localitieswere visited to evaluate their geological relation-
shipsand petrogenesis, aswell astheir potential for holding
additional carving stone reserves for the territory. These
sitesarethe abandoned quarry, whichwasused asacarving
stone source prior to increased use of the community
guarry, and two carving stone showings near Salty Bill Hill
(Figure 1b). Based on their locations, all three sites appear
to involve sedimentary rocks from the middle member of
the McLeary Formation that are closely associated with
Haig intrusions (Jackson, 2013).

The abandoned quarry site is located approximately 50 m
up asteep, grassy hill fromthetideline. Thelowest outcrop
exposure consists of steeply west-dipping, interbedded
dolostone and thinly laminated argillite. A 1.5-2 m thick,
pink and grey, crosshedded sandstone layer interrupts the
interbedded dolostone and argillite about 4 m up the out-
crop. The sedimentary rocks are intruded by athick Haig
sill approximately 6 m up from the sandstone bed. Similar
to the community quarry site, it appears as though the heat
fromtheintrusion has contact metamorphosed the outcrop-
ping sedimentary rocksbelow it, and possibly farther down
the stratigraphy. Common calcite- and quartz-bearing
veins, concentrated mostly in the dolostone and argillite,
are also similar to those seen at the community quarry. The
dolostoneis alight greenish grey and the argillite laminae
are buff, grey, dark grey and black.

Carving stonehasbeen harvested primarily from adiscrete,
3040 cm thick layer of contact-metamorphosed, light
green dolostonethat runsal ong the base of the outcrop. The
extraction of this particular layer hasresulted inan 8-10m
deep and 20 m long gap that dips down into the outcrop
(Figure4a). Rusted pry barsand other toolscan still beseen
at the bottom of the worked layer. Boulders of dolostone
havefallen over partsof thegap and, because of this, people
no longer attempt to quarry from within it. The desired
layer of dolostone continues along strike and reappears at
ground level farther to the north, where thereisample evi-
dence of past and recent carving stone harvesting (Fig-
ure 4b).

The two carving stone showings near Salty Bill Hill were
previously described by Beauregard and Ell (2014), and
were visited only briefly this year to conduct a follow-up
evaluation of the potential for new carving stone reserves.
Thefirst sitevisited, SBH1 (Figure 1b), comprisestwo rel-
atively small outcrops (measuring roughly 2 by 2 by 3 m
each; Figure4c) of laminated dol ostone adjacent to anorth-
trending, 4 m wide diabase dyke. The bedding appears to
fold with proximity to the dyke, and the outcrop becomes
less competent and more frost fractured with distance from
the dyke. These two outcrops are the only surface expo-
sures of potential carving stonein the vicinity of the dyke,
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Figure 4: Photographs from other carving stone localities on Tukarak Island, Belcher Islands: a) surface opening of the quarried dolostone
layer (about 30 cm wide at arrow) at the abandoned quarry site; b) the highly desired dolostone layer in photo (a) is well exposed north of the
abandoned quarry area along the same outcrop; samples from this site were collected where cuts had already been made with a gas-pow-
ered saw; c) one of the two exposures of contact-metamorphosed dolostone at SBH1, showing minor folding near the contact with the gab-
bro dyke just to the right of the image; hammer for scale is 30 cm long; d) euhedral sulphide crystals set in pale green dolostone at SBH1,;
e) well-exposed interbedded dolostone and silty dolostone that is broadly folded and lies below the contact (yellow dashed line) with a thick
Haig sill (the black rock in the background); spiral binding on the notebook is 22 cm long; f) thin beds of dolostone with a weakly developed
crenulation cleavage, traced by the white dashed lines.
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but there may be additional contact-metamorphosed stone
beneath the overburden along the dyke margins.

The contact-metamorphosed dolostone is light green to
pale grey and locally contains euhedral sulphide crystals
(Figure 4d). Calcite and quartz veins in the dolostone are
<1 cm wide and cut the bedding obliquely; in the diabase
dyke, they are up to 10 cm wide and also contain sulphide
minerals, together with minor malachite and azurite.

The second site visited, SBH2 (Figure 1b), consists of sev-
eral pavement-style outcrops of interbedded dol ostone and
silty dolostone directly below the base of a large, exten-
sively exposed Haig sill (Figure 4e€) that forms the top of
Salty Bill Hill. The dolostone bedding is 10-25 cm thick
and broadly folded. A locally developed, weak crenulation
cleavage (Figure 4f) is areflection of this outcrop’s posi-
tion at the hinge of the Tukarak antiform (Jackson, 2013).
Dolostonebedsarelight green onfresh surfacesandlocally
contain rare, euhedral sulphide minerals. The thin, silty
dolostone interbeds are light grey to white and contain
laminae with elongate mats of fine-grained talc.

Geological interpretations

The four carving stone sites visited during this study have
common geological relationshipsthat have allowed for the
genesis of soft, easily carved stone. Each site consists of
dolostone beds that have been contact metamorphosed by
the Haig intrusive complex. Dolostone within the contact
aureol es appearsto contain new metamorphic mineral sthat
soften the rock, making it easier to carve. One of many
metamorphic reactionsthat likely occurred in the sedimen-
tary rocks during theintrusion and cooling of the Haig sills
is

dolomite silica talc calcite

3 CaMg(C03)2 +4 SlOZ +H,0 —» Mggsi4010(OH)2 +3 CaCO; + CO,

wherethe silicamay have been sourced partly from thein-
trusion and partly from the original sedimentary rocks.

Also common to all sites is the relationship between the
thickness of the intrusive sill and the resultant thickness of
the contact aureole. As documented in the community
quarry map area, the extent of the contact-metamorphic au-
reolealso expandswheretheHaig sill thickens. At the other
sites, the tops of the Haig sills are partly eroded, but out-
cropsstill exposeathicknessof at least 50 min places. Also
notableisthat, where both atop and abottom contact aure-
ole can be observed (i.e., around the community quarry
map area), the aureole bel ow thesill tendsto bethicker than
that abovethesill. Itispossiblethat, after intrusion, thesills
may have acted as insulating layers while still progres-
sively cooling. Therefore, rocks below the intrusions may
have experienced prolonged heating, alowing more time
and energy for the growth of new metamorphic minerals.
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Given these observationsand interpretations, the petrogen-
esis of the soft, easily carved stone preferred by local carv-
ersrequired theintrusion of athick sill or dyke of gabbroic
Haig magmathrough dolostone beds in the Belcher Group
sedimentary strata, followed by persistent, slow cooling of
the host stratato allow for the growth of metamorphic min-
erals. Further prospecting for new carving stone deposits
should apply these geological elements and focus particu-
larly around the basal contact surfaces of sills.

Economic considerations

Therearenumerouslocationswherethekey geological ele-
ments identified above exist in the Belcher Islands. Thus,
the potential for finding new sitesthat contain good- to ex-
cellent-quality carving stone derived from contact-meta-
morphosed dolostone is considerable. In terms of access,
the Belcher Islands are uniquein Nunavut: theland isrela-
tively low-lying, nearly completely accessiblewithan ATV
or boat in the summer and fully accessible by snowmobile
in the winter, and bedrock outcrop is extensive. The com-
munity quarry and abandoned quarry sitesarevery closeto
tidewater, but the Salty Bill Hill siteswould require trans-
portation of harvested carving stone for a distance of 2—
4 km over uneven tundrato reach asection of the shoreline
that is accessible by boat.

Aside from carving stone resources, the Belcher Islands
have potential for base metals, such as copper and iron.
Many of the sedimentary formations naturally contain dis-
seminated metal's, and these appear to be concentrated and
recrystallized where associated with the Haig intrusive
rocks, and in calcite-quartz veins such asthose observed at
the SBH1 site.

Finally, the Belcher Islands host awide variety of Protero-
zoic sedimentary and volcanic igneousrocks, and preserve
many remarkable geological features such as pillow basalts,
vol caniclastic-flow deposits, stromatolitereefsand banded
iron formations, to name a few. Other examples of these
features from the same geological timeframe that are so
minimally deformed or metamorphosed are rare through-
out therest of theworld. The Belcher | slandscould proveto
be a significant location for future discoveries regarding
Earth’s geological history, and is an excellent location for
geotourism and geological field schools.
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Abstract

With a shared commitment to maximize the benefits of geoscience research to northerners, Natural Resources Canada,
through its Geo-mapping for Energy and Minerals (GEM) program, and the Canada-Nunavut Geoscience Office (CNGO)
partnered in a pilot community field-school initiative. Thislearning opportunity was offered at an early stage of the GEM
Boothia Peninsula—Somerset Island activity, for which bedrock mapping is planned in 2017 and 2018. The Taloyoak
Geoscience Field School was designed to stimulate and strengthen interest in geoscience by providing northerners an op-
portunity to gain a‘ hands-on’ sense of methods used to gather geological data, and avenueto learn how geoscience datacan
be accessed and used for planning and decision-making, in afamiliar setting. Materials and datafrom across Nunavut were
usedinthefield school, which engaged some 160 participants of all agesin geosciencetopicsof relevanceto thecommunity
anditsgeological setting. Thescientific perspectiveadded to theexisting local and traditional knowledge of landmarks, nat-
ural materials, topography and travelling routes, in away that illustrated how both perspectives can coexist agreeably.

Résumé

En raison de leur engagement commun visant a maximiser les avantages de larecherche géoscientifique pour lesrésidents
du Nord, Ressourcesnaturelles Canada, par |e biaisde son programme de géocartographiedel’ énergieet desminéraux, etle
Bureau géoscientifique Canada-Nunavut ont lancé une initiative communautaire pilote d' école de terrain. Cette occasion
d’ apprentissage a été offerte a un stade précoce de I’ activité menée dans la péninsule Boothia et I'Tle Somerset, activité
entreprise danslecadredu programme de géocartographie del’ énergieet desminéraux qui doit porter sur lacartographiedu
substratum rocheux en 2017 et 2018. L’ école de terrain géoscientifique Taloyoak a été congue dans|e but de stimuler et de
renforcer I intérét desrésidents du Nord au sujet dessciencesdelaTerre en leur permettant d’ avoir une expérience pratique
des méthodes utilisées en vue de recueillir des données géologiques, tout en leur offrant un lieu ou il leur est possible
d’apprendre dans un milieu qui leur est familier la fagon de procéder afin d’ accéder et d'utiliser les données
géoscientifiquesaux finsde planification et de prise de décisions. Desmatériaux et desdonnéesprovenant del’ ensembledu
Nunavut ont été utilisésal’ école deterrain ol se sont retrouvés quel que 160 participants de tout age qui se sont penchés sur
certains aspects des sciences de la Terre présentant un intérét au niveau de la communauté ou en raison de leur contexte
géologique. Laperspective scientifique est venues' gjouter aLx connaissances|ocal es et traditionnellestouchant lesrepéres
terrestres, lavégétation naturelle, latopographie et les parcours d’ une fagon qui apermis de démontrer concrétement com-
ment ces deux perspectives peuvent coexister agréablement.

This publication is also available, free of charge, as colour digital files in Adobe Acrobat™ PDF format from the Canada-Nunavut
Geoscience Office website: http.//cngo.ca/summary-of-activities/2016/.
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Introduction

The Geo-mapping for Energy and Minerals (GEM) pro-
gramislaying the foundation for sustainable economic de-
velopment in Canada's North through provision of modern
public geoscience that will form the basis of long-term de-
cision-making related to investment in responsible re-
source development. The GEM-2 activity ‘ Integrated Geo-
science of the Northwest Passage’ (Figure 1) will involve
bedrock mapping, supported by geophysical, geochronol-
ogical and geochemical datasets, and targeted surficial
studies across Boothia Peninsulaand Somerset Island. The
areais an underexplored frontier region where knowledge
stems from 1963 and 1986 mapping (Blackadar, 1967;
Frisch, 2011), without benefit of aeromagnetic constraints
or modern U-Pb geochronology. New mapping and value-
added datasets will 1) significantly upgrade the outdated
geoscienceframework of thisarea; 2) expand theimpact of
thefindingsfromthemainland GEM-2 Rae Thelon activity
(Daviset a., 2014; Berman et a., 2015a, b; Berman et al.,
2016); and 3) provide relevant data and knowledge to an

isolated region of Nunavut that, dueto global warming and
theresulting increasein shipping activity, will increasingly
be exposed to issues related to resource assessment and
economic development.

Planning and preparation

Planning related to a community field school wasiinitiated
in December 2015 through bilingual (English and
Inuktitut) introductory lettersfrom Natural Resources Can-
ada (NRCan) to the Hamlet of Taloyoak, Nunavut and the
Spence Bay Hunters and Trappers Association (HTA).
Swift, positive support for an experiential |earning oppor-
tunity focused on theland was communicated to NRCan by
a representative from the HTA, who shared the concept
with members of the HTA board at its January 2016 meet-
ing. NRCan staff were invited to Taloyoak in mid-March
2016 to deliver presentationsto theHamlet and HTA, tore-
spond to questions and concerns the HTA had in regard to
mining activities, and to seek community input on where
best to locate a temporary, low-impact, tent-based field
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Figure 1: Canada’s Far North, highlighting the GEM regions of interest (grey outlines). The area of the Boothia Peninsula—Somerset Island
activity ‘Integrated geoscience of the Northwest Passage’ (blue polygon) is located within the Rae region of interest. The Geoscience Field
School described in this paper was located 3.5 km north of Taloyoak (red star).
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school to ensure accessibility to as many interested resi-
dents as possible. The mid-March visit coincided with the
school Science Fair, providing an opportunity to announce
the concept of a summer geoscience field school to al sci-
ence students and many of their parents. A public meeting,
held on the evening of March 16, 2016, was used to intro-
duce the initiative, receive input and answer all related
guestions.

Support for theinitiative was communicated by the Haml et
during the visit in March 2016, and endorsement was pro-
vided by the HTA on May 16, 2016. Application to the
Nunavut Planning Commission was circulated and was de-
termined on June 8, 2016 to be exempt from further screen-
ing duetoitsnature and lack of concern regarding any neg-
ativeimpacts. Thispaved theway for aL etter of Agreement

Learn its history
through
geo-science

- o vl

=P - A 2 S

with the Haml et of Taloyoak to bedrafted asameansto hire
local personnel to assist in set-up and take-down of the
camp and to co-ordinate storage of equipment after thefield
school so that it would be availablefor use during mapping
in 2017 and 2018.

Staff from NRCan and CNGO arrived in Taloyoak on the
afternoon of August 2, 2016. During the next two dayswith
the support of the Hamlet, researchers posted bilingual bro-
churesand noticesaround town (Figure 2a, b), set up alow-
impact tent camp on an esker adjacent to German lake’
(Figure 2c), updated information on the Taloyoak Commu-
nity Facebook page and made arrangements for informa-

Unofficial place name

- S B .

Figure 2: Promoting an accessible community geoscience field school in Nunavut: a) brochures distributed at key establishments around
the Hamlet of Taloyoak, Nunavut; b) bilingual sign postings; c) setting of the low-impact, tent-based field school 3.5 km north of Taloyoak,
adjacent to a frequently travelled road leading to traditional hunting and fishing grounds near Middle Lake (Figure 5a).
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tion to be announced during noon-time community-radio
programming. A presentation at the school to teachers and
teaching assistants of grades 8 through 12 outlined the
scope and intent of the planned activity and itsrelevanceto
inspiring youth to realize postsecondary educational op-
portunitiesand thevariety of career opportunitiesrel ated to
scientific research in the Far North.

The Taloyoak Geoscience Field School held a full-day
open house on Friday August 5, hosting morethan 160 resi-
dents of all ages from Friday, August 5 to the morning of
Wednesday, August 10, 2016.

Materials

Mineral specimens from the Government of Nunavut's
Rocks and Minerals of Nunavut Teaching Kit, distributed to
all schools across Nunavut in 2009, formed the foundation
of the mineral-identification module (Figure 3a) and com-
plemented a Geological Survey of Canada mineral collec-
tion. Rock samples used for demonstration purposes origi-
nated from Nunavut, with specimens from Baffin Island,
the Committee Bay belt, the Thelon tectonic zone and
Southampton Island (Figure 3b). Aerial photographs of
distinctive landmarks near Taloyoak and Gjoa Haven were
used for stereoscopic viewing to maximize the impact on
participants to whom these landmarks would be familiar.
Newly acquired airborne geophysical datawere used to il-
lustrate one low-impact method of gaining insight into
Earth’sinterior.

Topics covered

Aspects of geoscience relevant to residents of Taloyoak
provided the foundation of the field school.

~2a g

Why and how we map rocks: the story they tell

Several different examples of northern maps were used to
illustrate how different types of information can be por-
trayed (Figure4a). Thegeol ogical bedrock map of Nunavut
(deKempetal., 2006) andlocally sourced rock samples, in-
cluding pink granite, green metavolcanic rocks and beige
carbonate rocks, demonstrated how colour on ageological
map isdesigned to correlate with rock type. Everyday uses
of ageological map, including locating gem-quality miner-
als (e.g., garnet) for jewellery making and locating fossil
localities for collecting and studying ancient life forms,
were discussed.

Theoretical knowledge of the Periodic Table of the Ele-
ments Was put to use to highlight how naturally occurring
elements combine to form minerals, and naturally occur-
ring mineralscombineto formrocks (Figure4b). Thevalue
of rocksas one of thefew recorders of eventsin the ancient
past was realized with the aid of samples from across
Nunavut (Figure 4c). These samples provide a record of
volcanism (pyroclastic breccia from Cumberland Penin-
sula), warm oceans (marble from Cape Dorset, Kimmirut)
and quiescent ocean basins (iron formation from the Mary
River mine, Baffin Island), not only before humans existed
but extending back in time some 2-3 hillion years.

Ancient ice sheets: why we care

Elements of geomorphology, glacial geology and cartogra-
phy were integrated through examination of local glacia
features, topographic maps, satelliteimages, airphotosand
surficial-geology maps (Dyke, 1984; Tremblay et al.,
2007). This enabled an understanding of the fluctuating
presence of large ice sheets during the last 2 million years

Browr weathering volcanic rock with fine-grained groundmass
and lots of air bubbles (vesicular).

This volcanic rock flowed from recent (55 million years ago!)
fissures related to opening of Baffin Bay and are found on the
eastern coast of Baffin Island and the western coast of Greenland
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Figure 3: Geological materials and data from Nunavut: a) investigating characteristics of minerals using the Government of Nunavut’s
Rocks and Minerals of Nunavut Identification Kit, b) plain-language descriptions of samples allowed self-directed, individual-paced learn-
ing.
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Figure 4: Rocks and minerals, the story they tell: a) recognizing the value of maps to convey different types of information; b) appreciating
the link between naturally occurring elements, combinations of elements (minerals) and combinations of minerals that form rocks; c) mar-
velling at events in Nunavut's ancient past as learned from its rock record.

(Quaternary Period), and participants easily envisaged the
effects of receding ice through identification of swarms of
highly elongate drumlins, or flutings, in the Taloyoak area.
Limestone erratics, underfoot at the field school site, illus-
trated how northeast-flowing ice transported Ordovician
carbonate rocks from the Rasmussen Basin across the
BoothiaPeninsula. These dispersed erratics provided arel-
evant example of how rocks and minerals from economic
deposits can be similarly dispersed, and traced ‘up ice’ to
their source. Thelocation of thefield school (Figure5a) on
an esker, deposited from meltwaters flowing beneath the
glacier during itsretreat, emphasized theimportance of an-
cient ice sheets as a source of sand and gravel, critical for
the construction of community roads and airstrips. The
presence of raised beaches (Figure 5), many of which were
notably rich in marine shells, served as a reminder of the
long history of sea-level change in this region.

Summary of Activities 2016

Geophysics: what it reveals

An overview of publicly available potential-field datasets
(gravity and magnetics), interpretation techniquesfor each
dataset and abrief overview of instrumentation (gravimeter
and magnetic-susceptibility meter) for conducting ground
surveys and follow-up fieldwork (Figure 6a) set the stage
for *hands-on’ geophysical methods. Participants enjoyed
using the magnetic-susceptibility meter to measure various
rock samples (Figure 6b) that could be correlated to mag-
netic-fieldimagesover their land. Given that the Aston Bay
HoldingsLtd. copper project on northwestern Somerset | s-
land, the closest exploration camp to Taloyoak, relies
heavily on gravity data for exploration, a demonstration
ground gravity survey was developed. This survey, over a
buried object, illustrated the value of gravity as alow-im-
pact method to locate and identify a buried object (Fig-
ure 6c).
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Figure 5: Glacial geology: a) site of the Taloyoak Geoscience Field School on an esker, pitted by kettle lakes (formed by large ‘cubes’ of gla-
cial ice that became entrained in the esker sediment and subsequently melted) and transected by raised beaches marking marine retreat
following deglaciation, provided a natural classroom for integrated glacial studies; b) roadcut exposing marine littoral sediments; c) exami-
nation of marine littoral sediments composed of fine sand alternating with layers of ancient plant remains (macrorest layers).
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Figure 6: Geophysics, what it reveals: a) overview of datasets and methods; b) measuring magnetic susceptibility on
various samples; c) processed data for a simple gravity survey over a buried object.
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Mapping in a digital age (GIS)

Field-school participants were introduced to the geo-
graphic-information system (GIS), designed to capture,
store, manipulate, analyze, manage and present all types of
spatial or geographic data, and were provided with an over-
view of what a GI S specialist does in both office and field
settings. ‘ Hands-on’ exploration of aprogram file contain-
ing multiple digital datasets (shapefiles and satellite imag-
ery) using ArcGIS was accomplished in groups of three
participantswho ‘ explored’ a Gl Sfile of the Taloyoak area
for approximately 20-30 minutes. Guidance in selecting
features and using basic tools in ArcGIS, such as pan,
zoom, measure, identify and find, encouraged participants
tolocatethe homesof friendsand family, and to quantify fa-
miliar objects, such astheairstrip and Northern store. In ad-
dition, various datasets were introduced through an exer-
cise that challenged each GIS team to locate the smallest
object visible on the WorldView satellite imagery, and to
compare the imagery to the CanVec topographic vectors.

Scratch cooking and nutrition

Two key concepts regarding cooking and nutrition werein-
tegrated into a kitchen module offered by the field school.
Theimportance of shifting from highly processed foodsto
more nutritious, ‘from-scratch’ cooking was instilled
through simple lunches and snacks that combined locally
available groceries to produce delicious, yet nutritious
lunchesand snacksoffered to participantseach day. Partici-
pants contributed to the preparation either by learning a
new recipe (Figure 7a) or by sharing atraditional one (Fig-
ure 7b, c). The second key concept was that of food man-
agement as a career option. Discussions and demonstra-
tions by Toronto-based chef and food activist Joshna
Maharaj on the various career paths opening up in the culi-

nary world added to theimportant role of cooking and meal
services centred around northern research and industry
camps. Country foods, including arctic char and caribou
shoulder, were integrated into the field school meal plan
and became an important attraction.

Geocaching using GPS

A popular module offered at the field school involved a
hands-on introduction to geocaching (Figure 8a), a trea-
sure-hunting game played by entering co-ordinates into a
Global Positioning System (GPS) unit and navigating (Fig-
ure 8b) to that position to find a hidden container (cache).
Three course configurations, each approximately 3.7 km
long, included six caches that held mineral specimens for
participants to find and keep. Responsible land-use prac-
tices were reinforced through a bonus challenge issued to
collect garbage encountered on the route (Figure 8c), with
prizes awarded to teamswho not only navigated the course
successfully but left the environment cleaner than they
encountered it.

Key outcomes

The 2016 Taloyoak Geoscience Field School successfully
engaged residents in aspects of geology relevant to their
community. It allowed dialogue over a sustained period of
timein afield setting proximal to Taloyoak, thereby maxi-
mizing accessibility for all. It facilitated understanding of
the gap in geological knowledge created by out-of-date
datasets such as geology maps, and became an important
forum for discussing fieldwork planned inthe areaover the
courseof the BoothiaPeninsula—Somerset | sland activity.

The tent-style setting provided a hospitable and receptive
destination for residents of all ages (Figure 9) to come to-

Figure 7: Scratch cooking and nutrition: a) preparation of scallion cornbread, an alternative to cake; b) sharing a bannock recipe; c) enjoy-
ing a lesson in geology over a nutritious lunch.

Summary of Activities 2016
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route cleaner than it was.

gether to learn and appreciate aspects of their land that pre-
viously were unfamiliar to them. The respect and commit-
ment demonstrated by the NRCan and CNGO staff
throughout the planning and execution of this initiative
strengthened support for, and trust of, GEM-2 operations,
providing astronger foundation on which to advance activ-
ities related to updating geoscience knowledge across this
region.

Thegeophysicsmodul e effectively communicated thelow-
impact way in which various geophysical surveys can re-
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Figure 8: Geocaching using GPS: a) establishing bearings for the group; b) heading to the first cache; c) leaving the

veal aspects of Earth’s interior, while minimizing the hu-
man footprint on the land. Presentation of aeromagnetic
data garnered appreciation by participants of the type and
significance of information acquired by the distinctive-
looking aircraft and helicoptersthat many residents had no-
ticed over their community. The importance of data man-
agement in thisdigital age brought an increased awareness
of career opportunitiesin thisfield.

The scientific perspective communicated in all aspects of
the field school added to the existing local and traditional

Canada-Nunavut Geoscience Office
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knowledge of landmarks, natural materials, topography
andtravelling routes, inaway that illustrated how both per-
spectives can coexist. This particularly excited youth who
understood that following a career path in geoscience need
not exclude traditional learning and living on the land.

Economic considerations

Several participants at the Taloyoak Geoscience Field
School had taken the Government of Nunavut’s Prospect-
ing Course, most recently offered in July 2016, and wel-
comed the opportunity to refresh theknowledge gained and
to examine a different suite of samples from across
Nunavut. Those interested in geoscience were encouraged
to register in future prospecting courses. The application of
varioustopicscovered at thefield school (e.g., geophysics,
glacial geology) to mineral exploration helped illustrate
that many aspects of mineral exploration do not necessarily
impose a significant impact on the environment. In addi-
tion, participants cameto realize that the useful ness of bed-
rock and surficial mappingisnot solely directed toward ex-
ploration for economic resources, but that these mapping
activitiesarecritical to understanding the evolution of are-
gionintermsof geological eventsandicehistory. Recogni-
tion that we all use metals and minerals to establish infra-
structure, for transportation and for technology highlighted
the balance between responsible economic sustainability
and land use.
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