Geochemistry of Forest Rings in Northern Ontario:

Identification of Ring Edge Processes in Peat and Soil

Kerstin M. Brauneder, B.Sc.

Under the supervision of:
Dr. Keiko Hattorit and Dr. Stewart Hamilton?

* Department of Earth Sciences, University of Ottawa, Ottawa, Ontario
2Ontario Geological Survey, Sudbury, Ontario

A thesis submitted to the Faculty of Graduate and Postdoctoral Studies
in partial fulfillment of the requirements for the degree of
M.Sc. in Earth Sciences, University of Ottawa

©Kerstin M. Brauneder, Ottawa, Canada, 2012



Abstract

C2NBad NAy3Ia FINB fINBHS FSIFddaNBa 02YY2y Ay
topographic depressions in carbonate mineral soil that are filled with peat. This thesis dasumen
RATFSNBYyOSa Ay LISIFG yR az2if OKSYAaldNR |fz2y3
which are centered on accumulations of ahd HS, respectively. Within the mineral soil, ring
edgesare characterized by strong negative anomalies in PRP and carbonate, as well as positive
anomaliesof Al, Fe and Miin the resultsof aqua regia and hydroxylamidgydrochloride digestions.
Within the peat, positive carbonate and pH anomalsre recorded. This antithetic relationship
suggess vertical mgration of carbonate species from clay to peat. An inverse relationshipsexist
between ORP, versus redox inferred from aqua regia. Strong ORP lowswicete oxidzed
products show highest concentrations. Thliinterpreted to reflect the proliferation bautotrophic

organisms occupying the strong redox gradient at the ring edge.

Keywords forest ring, reduced chimney 8, Clj oxidationreductionpotential (ORR)
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Résumé

Les anneaux forestiede la forét boréaleR Q h y §dntNi#is Zormationsirculdres causés parune

dépression topographiquéu sol carbonaté rempdi de tourbe.Cette thésedécrit leschangements

chimiques de la tourbe etdes solssousles anneawx éBeart  ShorndNortld > NB a LISOG A BSY

centrés sur des accumulatiors de CH, et H,S Le sol miréral au bord desanneaux présentales

anomalies négatives de pHJ2 (i Sy (i A Sréduckofe Eathbhaes et des anomalies positives

de Al, Fe et Mmobtenus par digestiosouseau régale eDKf 2 NKX&@ RNJ (S . IR ®&BeRNR E& f |

affiche des anoméies positives de carbonatet pH. Cette relation antithétique suggére une
YA INI G A 2 yespd&dibanatbete@re Rgileet tourbe. Une relation inverse existe entie
PORet les conditions redox déduiseR S & Y S & dzNB a DeRdd&slanameS rgafivésel
PORsurviennentou IS &  LINE R dzA (i sont Br€lchi& GeBigouirrairintiquer laprolifération
ROQ2NBFYAaYSa Fdzi20NRPLIKAIldzSa 200dzLdr yi €S F2NI

Mots-clés anneau forestier, cheminée réduite;$§ Cl potentief oXddréduction (POR)
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Introduction

1. Preamble

Forest rings are lightoloured circular imprints onhe boreal forest of northern Ontario and

northwestern Qiébec, rangng in diameter from 50 m to 1.6 knThey are visible on air photos,

satellite images and from aircraffigure 1). Over 2000 forest rings have been identified in northern

Ontario and Q&becin mapping efforts by the Ontario Geological Survey tiedGeological Survey

of Canada since 1999. Previous work on indivifhrakt ringsin Canaddnas established that:

1)

2)

3)

4)

Forest rings in northern Ontario are abundant above glaciomarine and maeidierents of
Quaternary ageand commonlyoccur over Phanerozoic bedrock (Veillette and Giroux, ;1999
Hamilton et al., 2004);

Forest rings are visible because gdoor tree growth or high tree mortality, spatially coinciding
with a topographiadepressionin carbonaterich soils that iscommonlyfilled with peat Giroux
et al. 2001);

Accumulations of reduced gases such & @fHamiltorand Hattori, 2008) and CHHamilton et
al. 2004) occurin the overburden beneatlh number offorest rings, andare releasednto the

groundwater and the overlying atmosphere

Forest rings are likely the surficial expression of reduced chimneys within carbonate terrain
developing over sources of reduced mateftdhmiltonand Hattori, 2009. In at least one case,
areduced chinneywas detectedover an HS accumulationbut other reduced material may

produce forest rings as well.

The Iat conclusion was drawn from the castudy of the Thorn Northring. Goundwatersat this

ringwere found to be characterized by an accumulatidi,S at thering center,as well as negative

inward oxidationreduction potential (ORP) anonie$ coupled with thegeneration of trace

amounts of Cllat the ring edge As a consequence, Hamiltamd Hattori (2008) suggested that

1



forest rings develop i process similar to reduced chimneys over mineral deposits. The model of
formation of reduced chimneys, explained in the literature revidmyolves electrochemical
processes resulting in a negative redox anomaly that influepétand carbonate speciatio. No
detailed studies have been completed to date documenting such changes in the shallow subsurface

of a forest ring.

2. Thesis objectives and structure

The objective of this thesis was to study geochemical data from two forest rings with an emphasis
on changes occurring in the shallow subsurface at the ring edges. To this end, soil and peat samples
were collected across a forest ring known to be centered on ga€t¢timulation in overburden (the
Bean Hamilton et al., 200d) and a second over an accumidat of HS in groundwater(Thorn

North; Hamilton and Hattori, 2008 First, the thesis provideanalyticaldata documenting changes

in redox and pH conditions, carbonate contgras well agsedox and pHsensitive species iaqua

regia and wealacidleachsolutions Secondly, a principal component analysis was conducted along
one of the transects at the Bean ring, in order to evaluate geochemical trends relatdue to
presence of the ringlrhe thesis discusses the data in light of the reduced chimney motah was
previously proposed to account for the formation of forest ringssequence of chemical reactions
occurring at the ring edge is proposed in order to explain the observed geochemical responses i

pH, ORP and carbonate contents



FIGURE 1: Aerial photographs of forest rings in northern Ontario. The annulus is visible due to
stunted tree growth, as well as growth of moisture-tolerant tree species, such as tamarack (coloured
in orange on Figure 1B). A) Location is near 565800E, 5482600N, UTM zone 17N and the rings are
approximately 150 m in diameter. B) Location is 292400E, 5551000N, UTM zone 17N and the ring is
approximately 550 m in diameter.

A.




Literature review

1. Vegetation and distribution of Forest Rings

Forest ringsare visible due to circulazones of low tree density, forming in standsbdéck spruce
(Picea mariana Thering edge (annulus) is visible as a ligbtoured zone of forest thas pimarily

an expression oftunted tree growththat is particularly visible in winter when the snaevered
understory contrasts with the darker surrounding foresh addition, the edge is commonly
highlighted by an increase in TamekdLarix laricingabundance, changing the colour of the forest
canopy (Figure 1B). During the fall, theange colour of the Tamarack contrasts sharply with the
unchangedgreen colour of the surroundindplack spruceThe core and thareassurroundingthe
forest rings are dommated by black spruce which thrive undermoderately to well-drained
conditions. The ring annudus a poorlyvegetated bogwith low relief. Although te thickness of the

annuluscanvary, it is typically 10m for the majority of rings

Forest rings werdirst reported in the 180s Dean, 195pwith the advent of aerial photography as

a surveying toolThe termforest ringwas first applied by the Ontario Geological Supieyorder to
RAFFSNEBYOGAFIGS GKS FSI GdzZNBa ¥ NRAGus @dwing MEa radidly 33 ¢ >
pattern, and to establista unique name for them. Previous designatiomsludedd OA NO dzf I NJ NXR
FSIE O @mEPA 49790 A y i OA N daig KNI LKA §QirdRagy a8 £2 @010 Riate,

the overall published litetare regarding forest rings is sparsé forest rings were studied in

Québec by Giroux et al. (2001) and 14 forest rings were examined by the Ontario Geological Survey
(Hamilton, 1999 Hamilton et al., 2004a Hamiltonand Hattori, 2008).In addition to Otario and
northwestern Quebec, 200n@s have been identified ofinticostiisland inCanada (Dubois, 1993),

and anecdotally in RussiMinnesota(USA),and Australia (Hamilton, personal communication).

Their abundancén northern Ontarids however unmatieed with over 2000 forest rings inventoried

to date within a study area of 150 000 Ryrstretching westwards from Timmins to Gettald, and

northwards from Timmins to thevestern edgeof the James Bayowlands(Hamilton et al., 2004a;

Veillette and Giroux1999). Within this area, thepatial and sizdistribution of forest ringappears

correlated toboth the regional bedrockandthe overburden geology. Rings are larger and tvdse

abundant abovePhanerozoic tharPrecambrian bedrock Rings are also stimes more likely to

4



occur over glaciomarine and marine deposits, rather than organic, glaciolacustrine and till deposits.
Rngs are least likely to occur over fluvial, glaciofluvial and bedrock depa@ditoough they

sometimes do

2. Forest ring formation

Early studies of the formation of rings

Early studiesuggesteda biological origin, where forest rings are caused by radial growth of giant
fungi within theBlack Spruceoot system (e.gMollard, 198Q. These conclusions were speculative,
based on thecircular morphology of forest rings, withoptoviding field evidence. Usik (1966) was
the first to favour a geological origin, interpreting forest rings as the surface expression of
dispersion halos, caused by the localized diffusion of elements abowes zoinmineralization.
Prospectors in Ontario have repeatedly observed these features and believed them to be the
surface expression dfuried kimberlites or othercircularfeatures of economic interege.g. Millar,

1973; Reed, 1980; Adams, 1998; Diatrelorations, 1999)The results of repeated drilling
several forest rings haveo farnot supportedthis possibility Other possible origins of forest rings

includerelict permafrost features, thermokarsind periglacial featuresiMollard, 1980.

Veilette and Giroux (1999) and Giroux et al. (20@l3credited the biologicadrigin of radial spruce
mortality by disprovinghe underlying assumption that the average tree ages near the ring edge are
graded, being low within the edge and increasing inwiirda point of stabilization. Stabilization
would have occurred at the distance covered by the fungi over the average lifespan of a black
spruce (250 years). Férmillaria spp., one of the species with the slowest known rate of radial
expansion (0.2m/yr)this would have amounted to a minimal zone of graded tree growth of 50m
inward of the ring edge. The dendrochonological work by@iret al. (2001) found no gradient in
the age of spruce across seven forest rings. Thus forest rings were demonstrated static
features, unless expanding at a rate much slower than 0.2 n@jnoux et al. (2001) also noted a
decrease in elevation of the mineral substrate at the ring edge upnip &inciding with changes in
forest productivity variables. These are a lovetal basal area of spruca,higher relative mortality

of spruce andh decreased height growth. The visible ring edge is therefore a poorly forested zone
with stunted tree growth. Discontinuous forest rings, where tree growth is not stunted over

portions of the ring edge, displajither no change in topography or a slight rise in topograph.%
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m). The depressions at the ring edge filled with peat andchavehigh soil moisture. Poor drainage,
known to inhibit nutrient uptake and photosynthesis oébk spruce, was therefore identified as the
cause for low productivity. Based on the spatial correlation between rings and calcareous substrate,
Veillette and Giroux(1999 hypothesized the depression at the ring edge to be caused by geologic
processes atlepth, rather than geomorphologic processes at the surface. The significant depth of
the depression and the occurrence of a thick infill of psaggestthat forest rings have been

stationary for long periods of time (Hamilton et al., 2004a).

The reduced chimney theory

A possible origirfor forest rings was discussed by Hamilt@md Hattori (2008), whgroposed that

at least one forest ring (the Thorn North ring)tiee surface expression of i@duced chimney.
Reduced chimneys form over a buried sourdenegative charge and maintain redegnsitive
species in a reduced state in the overlying overburden (Figure 2). Groundwaters within the Thorn
North ringwere indeed characterized blpw ORPvalues inside the ring\Negative redox conditions
also occured within the shallow subsurface, where positive spontaneous potential anomaties
detected. Hamilton and Hattori (2008) proposed the concept of redeinduced spontaneous
polarization to account for this correlation. This would resulbin electrical fi¢ds at the margins of

the ring and transport of ionic species within the electrical fielddlRed speciesvould migrate
upwardsand outwards to the edge of the reduced chimney through electrochemical dispersion
along the electrochemical gradieff€ameronet al. 2004). At the top and edges of the chimney,
oxidation of the reduced species, notably’Feabove the water tablés expected taresult in the
precipitation of Feoxyhydroxydes, production of ‘Hand dissolution of carbonates. This model
explairsthe development of geochemical dispersion halo above mineral deposits buried under thick
glacial sediments (Hamilton et al. 2004b, 2004c). Tracingdmx/pH sensitive geochemical
parameter across a reduced chimney and beneath the water table produces ar@deit negative)
response symmetrical with respect to the center of the reduced chimoesnmonly referred to as
GNI &6 NI |y 2 Y hedesultilydaBnmaéaticahape



FIGURE 2: Reduced chimney model (Cameron et al. 2004). The 14 forest rings investigated to date
were centered over reduced sources within overburden, although reduced sources in bedrock are
possible.
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The work by Hamilton et al. (2004a) suggests that methane accumulations acedisced source

for the majority of forest rigs in northern Ontario. Thetudy measured CHevels in shallow soil
and peat, and in thenearground air across 11 forest rings near Hearst in order to assess the
prevalence of methansourced rings. The selected rings occurred over different types of
overburden (till, glaciolaculstrine clay and organic terrain) and bedacémbrian andPaleozoic
limestone). In 9 out of 11 examined rings, average methane concentratiaiswere higher within

the ring, thanthe valuesoutside of the ring unless domant winds were blowing outwards. Values
outside of the ring ranged between 1.80 and 1.91 ppm, while values inside of the rings ranged
between 1.85 and 1.95 ppm. These results wereficmed by measuring the methanm the
mineral soilat a depth of 0.5 mRings displaying high atmospheric methane concentrations
displayed increases in concentratiofiem 10,000 to 40000 ppmfrom the background valukess
than 4000 ppm Concentrations across known or suspected-nwethane sourced rings, displayed

less varidility andalsoreached maximal concentrations o880 ppm.



3. Biogeochemistry of Al, Fe and Mn within soils

The edges of a reduced chimney aexpected to showhigh redox gradients from reducing
conditions inside of the chimney, to oxidizing conditionssaie. A high redox gradient environment
reflects the occurrence of electremansfer reactions which influence the distribution and mobility
of redox and aciébase elements. Both inorganic (abiotic) and microbial (biotic) reactions are
competing in the sib environment Bacterial metabolism relies on the availability of a carbon
source, an energy source, nutrients and an oxidized compound as electron acceptorabhsénee

of sunlight, biotic reactions in the subsurfacgain energy chemotrophially. Chemo-
organdheterotrophic organisms oxidize organic carbon, and chdithoautotrophic organisms
oxidizeinorganic species. This is coupled to the reductioarahorganic speciesacting agerminal
electron acceptor. Abiotic secondary reactions and minpratipitationdissolution reactions occur

simultaneously, influencing the distribution of adsorbed metals.

In thisstudy, Al, Fe and Mn were chosen to describe the chemical dynamissat and soiat the

ring edge. The biogeochemical cycles of Fe amddvke driven by redox processewhile the

solubility of Al in soil is pH dependeiithedescrption of soil biogeochemical processisbased on
Paul (2007and Konhauser (2007and therelationship betweenAl and soil acidity is based orTan

(2010)

Soil redox and Fe-Mn species

Iron is present in the ferric Fe(lll) form under oxidized conditions. Fe(lll) is stable underenitad

pH, where it precipitates as Fe(lll) (hydr)oxides. Abiotic oxidation mechanisms of ferrous ffpn (Fe
are very rapid in @robic environments at p# 5. Under anoxic conditions, abiotie oxidationmay

be coupledwith the activity of nitratereducers and phot@autotrophic bacteria. Btic Feoxidation
maytake place even when chemical oxidation iauourable such as at ko pH when the reaction

is catalyzed by acidophilic ®eidizers. Low levels of,@re required for aerobic bacteria, so they
can outcompete the rapid chemical oxygenation of Rdich iscommon at the oxieanoxic

interface

Iron is soluble age(ll) inthe form of F&" under reduced andacidic conditions, or as Eeunder

oxidizing conditions. Biotic reductiaf F€* occursunder anaerobic conditioni insufficient sulfate

8



and nitrate are present to allow sulfate and nitrate respiration. Iron is theeduasan electron
acceptorduring anaerobic respiration by fFeducing bacteria. Biotic reduction uses dominantly
dissimilatory pathways, where the electron used during the metabolic process is transferred to an
extracellular electron acceptor. BioticHFeduction is coupled to the oxidation of organic matter and

a wide range of organic compounds. Both biotic and abiotic reductive dissolution are accompanied

by the release of passively adsorbed elements, such as Co, Ni, V, Ba, REE and Al.

Reduced mangarse, Mn(ll), is soluble as Mfunder neutral to acidic pH conditionks oxidation
forms Mn (lll, IV)and precipitate a®xides (MnQ, Mn,O;, MNOMnN,0;), and oxyhydroxidepecies
(Mn(OH}Y). Precipitation due to chemical (abiotic) oxidation only occurgtat> 8, and if sulfide or
carbonate species are present favouring the formation of'and MACQ. Biotic Mnoxidation
dominates in acidic andeutral pH and is dominantly dissimilatory. The biotic formation of Mn
oxides can trigger secondary reactipaach as the coupling of Mmeduction with the oxidation of
As (1), N (lII) and Cr (I{Bost, 1999)These reactionproduce poorly crystalline layered Mn (1V)
minerals, which occuas coatings or fingrained aggregates. The resulting high surfaceaar

strongly influences the distribution of passively sorbed elements, such as heavy metals.

Soil acidity and Al

Aluminumis abundant in aluminosilicates and aluminum oxides of clay frexfidre solubility of Al
depends on soil acidity, rather tharedox conditions The release of Al from clayp pore waters
occurs with decreasingH. Biotic oxidative activifyas previously describedan be one of the main
sources of active acid production within soil. A drop in pH causes the formationrAtTIEy
complexes as the Al present within the octahedral layer of clay minerals is replaced by H
Aluminum ions are released from the HAClay complexthrough catiorexchange AF* does
however not stay in solution by itself, buends to formcomplexes with six # molecules into
aluminum hexahydronium The continued hydrolysis of this compound involves the formation of
several Ahydroxy compounds and release of protons)(Hhus the overall change in pH in soil is
dependent on the ability to replace and releaskevia exchange with'Hit the clay interface. Soil pH
remains stable despite the release of, lds long as exchangeable Al is present on the clay surface.
This buféring effect occurs at pH < 5.therefore acid soils are rich in soluble Al anehypdiroxy
compounds. At more neutral and basic pH, thas-hot readsorbed on the clay but neutralized and

precipitated as Al(OHl)



Study area

1. Climate and vegetation

Northern Ontario is located within the Abitibi plains e@mion, part of the boreashield dmate
zone and the boreal forest biome. The vegetation cover is dominated by black spruce, balsam fir
and tamarack growing on a thick horizon of well decomposed organic matter (féatyegion has

a continental climate, characterized by long cold winteshort warm summers and abundant
precipitation yearlong. Climatic records in Timmin@ntario) from 1971 to 2000 yield a mean
annual temperature 2 ¥ M doand xtbtal annual precipitation of 831.3 mm
(http://www.climate.weatheroffice.ec.gc.ca/climate_nornsdindex_e.htm). The mean summer
(JuneAugust) temperature and precipitation values over the 12DD0 period range at 14.5
xC/month and 87.8 mm/monthSampling was carried out in Timmins and Hearst (located 210 km
south-east of Timmins) in August 1999chduly ®00. August 1999 had an average temperature of
15 xC andtotal precipitationof 81.4 mm. July 2000 was a dry year with an average temperature of
16 xC and total precipitation of 45.4 mrithe area is located south of the permafrost and sporadic
permafrost boundary(Smith and Burgess, 200B)uring sampling, ice was however noted in peat on

two sites at the center of the Bean ring.

2. Location and general geology

The Thorn North ring is located 40 km northwest of Timmins, Ontario, in a-faoke doninated

forest (Figure 3). The bedrock geology is mapped as Archean mafic metavolcanic rocks of the
SuperiorProvince A drilling iritiative by the Ontario Geological Surviey2000encountered quartz
feldspar porphyry with minor (~1 vol.%) pyrite and cloglyrite near thecenter of the ring, and an
intensely sheared component of étsame lithology in a neighbouring hol€he orientation of the

shear zone is presned to be northsouth trendingbased onthe regional structure(Hamilton and
Hattori, 2008) The Quaternary geology in this area has been mapped and interpreted in detail by
Paulen andVicClenaghan (1998 he ring is located in an area with approximatelyn3@f glacial

drift cover. Most of the deposits were laid down durimgperiod of deglaciatin that began

10



approximately 9.4kA. A thick varved clayunit was deposited in the region following the
development ofthe proglacial lake Barlow and Ojibway starting at 9.6 kALake Ojibway is the
northward succession of lake Barlow and started forming RA9A brief 450 year long radvance

of glaciers began around 8.4 kA (Dyke, 2004). During this time the Cochrane till was formed during
overriding of the glaciolacustrine deposits. Esker deposits areligsly relicts from the glacial re
advance. The ear-shore sands on the Tho#dorth site formed in a brief period whdake Barlow
Ojibway prograded northward as the ice started receding agdielake started drainingt 7.6 kA
following the opening of an outletikely northward into the Tyrell seaReat deposits have been

forming in the area sincthat period

FIGURE 3: Location of the Bean and Thorn-North forest rings in northeastern Ontario (from
Brauneder et al. 2008).
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The Bean Ring is located within the James Bay Lowlands wWieeteedrock geology is mapped as
Devonian carbonate. Drilling by the Ontario Geological Survey in 1999 confirmed the presence of
thickly bedded norfossiliferous micritic limestone as bedrock, but the age could not determined.

The quaternary geology has tnbeen mapped in detail but the drilling initiative showed that the
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sediments consist largely of stony clay, carbordth (~35 vol.%) till of the Cochrane Formation,
intercalated with numerous sand lensekhe overburdens less than 30 m in thicknesBhe till

likely originated as glaciallyverridden glaciolacustrine clays. The Bean Ring is located outside and
within several kilometres of the southern limit of the Tyrell Sea incursion. Glacial sediments in this
part of the James Bay lowlands are thotugghbe 8.5 kA in age (Dyk2004).

3. Description of studied rings

The Bean and Thorn North forest ringsere selectedbecause otheir accessibility and préously
installed infrastructure, such as deep and shallow monitoring wells. The monitoring welisiqot
insight into the local hydrogeology and subsurface redorditions and the drill holes allowed

investigation of the stratigraphy

The Bean ring

The Bea ring has a diameter of 30 m and is situated on a black spruce dominated terrdiwo
orthogonal transects were established across the ring and named after their orientation: southwest
northeast (BESWNE) and southeasbrthwest (BESENW) (Figure 4Yhe ringis gently sloping
downward to the northwest, with an overall relief of 5 m across thierllong BESENW transect

An unusuablackspruce aureole occurs beyond the light coloured rim of timg. Aureolesbeyond

the edge of ringsire rare and have only been notéda few otherrings

The occurrence oi CHaccumulationin Quaternary sednents beneath the ring was determined in

a drilling program carried out by the Ontario Geological Survey in 1999 (Hamilton and Cranston,
2000; Hamilton et al. 2004g). 23 shallow monitoring wells were installed atn® depth within the
shallow overburderfFigure 5)CH gaswas escapingroundwaterfrom the shallow overburden but

not the bedrockat concentrationshigh enoughto be flammable (Hamilton et al. 2084 Carbon
isotopic compositionsindicate the CH, gas is biogenic and was formed at low temperatu
(Hamilton et al., 2004a). ©@same study suggested the Qdsides in sand lenses in the till because

no gas was noted in groundwater from bedro8everal rounds of water level measurement show
that the hydraulic head in the monitoring wsllwithin the shallow overburderis up to2 m above

ground surfaceindicating flowing artesian conditions across the ring. Artesian condiiioribe
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Quarternary sedimentare more pramounced with increasing depttPeat and soil are saturated

across the whole ring faat least part of the year.

FIGURE 4: Site map of the southeast-northwest (BE-SENW) and southwest-northeast (BE-SWNE) of
the Bean ring. Coordinates (m) are in UTM Zone 17N, NAD83. The ring is 430 m in diameter. Note
the wide black-spruce aureole surrounding the ring. The road to the right is an overgrown logging
road that intersects the Fushimi Lake Road located beyond the southeast corner of the air photo. The
site is approximately 40 km north of Highway 11. The photo is clipped from an Ontario Ministry of
Natural Resources air photo number 86-5003-09-62. The traces of the sample lines were added later

as a differentially corrected GPS track.
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FIGURE 5: Shallow and deep stratigraphy on the Southwest to Northeast (BE-SWNE) and Southeast
to Northwest (BE-SENW) sampling transects at the Bean ring. The thick vertical bars indicate the
position of the ring edges. The sudden topographic low just inside the SE ring edge is thought to be
an iceberg grounding. The piezometric surface was determined during the installation of 23 shallow
monitoring wells and a deep borehole drilled to bedrock at the site. Methane is present in vapour

phase at flammable concentrations in the 5 central wells, but not in the deep borehole.
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Thorn north

Thorn North(Figure 6) haa diameter 0660 m ands one of the best studied ringhie to itsroad-
accessibility.The glacial sdchentary stratigraphy (Figure)7has been previously described by
Hamiltonand Hattori (2008) The descriptions based on an extensive drilling prograarried out

by the Ontario Geological Surveyn 200Q during which54 shallow wells were installed in
Quaternary aged sediments and three boreholes were drilled to bedrock; one outside and two
inside of the ring. The shallow monitoring wells were insthile adepth of 8 musing hollowstem

augers.

H,S was noted in almost all of the shallow wells inside the ring. Drastically lower concentrations
occur in water from wells outside of the ring (Hamilton and Hattori, 2008). The Torth ring is
therefore centered on an accumulation of,8 in groundwater. Unlike GHdt the Bean ring, the
source of HS at Thorn North is likely in bedrodiater from two boreholeghat penetrate the
sheaed quartzfeldspar porphyryzoneidentified in bedrockhad concentratns of HS up to 2.25

and 11 mg/L, which are higher than in groundwater from galibrocks intersected in a borehole

located outside of the ring (Hamilton and Hattori, 2008)

The overburden at Thorn North is 30 m thick anddsmposed of glaciolacustie clay and clay till in
the west half of the ring, and fir® mediumsand in the eastern half of the ring. This change is due
to a 30km long southsoutheast trending esker underlying the eastern half of the ring. Three
transects have beenleared in theforest across the Thorn North ring and were namedter their
orientation: northsouth (TNNS), wesktast (TNWE) and southwestnortheast (TNSWNIE
Sampling took placalong theTNNS andTNWE transects. Th& N-NStransectis dominated by
glaciolacustne clay and pebbly clay till. A thin oxidized lacustrine sand unit occurs at the center of
the line, but was not sampled. The unit is thicker on TéWEtransect and accountsor the first

five sampleson the west end. The lacustrine sand unit thins tawards the east and is replaced by

a unit of glaciolacustrine clay. The apparent degoé®xidation of the clay unit varies from low
oxidation inside of the ringp high oxidation at the eastern end of tliensect A unit of fine esker
sandunderlies he clay ornits easternhalf and unsaturagd conditions in the sand restuit a perched

water table in the overlying clay
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TN-SNis a wet sampling linayith a shallow water table lyingetween0.02m and 0.2 m beneath
the ground surfaceMoisture conditons along TNVE are more variable, with thdepth of the
water table rangng between 0.02m and 1m. The water table is deepesangingbetween0.5m to
1 m in depth at the center and thavestern end of TNVE At these locations the uppermost layer

of peat and lacustrine sandre unsaturated and oxidized.

FIGURE 6: Site map of the north-south (TN-NS) and west-east (TN-WE) transects of the Thorn North
ring. Coordinates (m) are in UTM Zone 17N, NAD83. The ring is 560 m in diameter. The road to the
right is the Kamiskotia Lake Road, 21 km north of Kamiskotia Lake, northwest of Timmins, Ontario.
The center of the ring can be reached via the SWNE line intersecting with Kamiskotia road. The
photo is clipped from an Ontario Ministry of Natural Resources air photo number 91-4826-64-86. The
sample lines were added graphically along the trace of surveyed sample locations.
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FIGURE 7: Shallow stratigraphy on the south-north (TN-SN) and west-east (TN-WE) sampling lines
at the Thorn-North forest ring. The stratigraphy and piezometric surface was determined from 54

monitoring wells installed across the site screened between 8 and 9 m depth. The water table was

determined during the sampling program based on the position of standing water in the auger-holes

(figure modified after Hamilton and Hattori, 2008).
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Methodology

1. Sampling

The author visited the Bean and Thorn North in July 2008 and July 2009 in ord&arnune
environmental conditions at the foregsings, soil profiles at the ring edges atal replicae the
sampling methodologfor soil and peatHowever, the data included in this thesigre acquired by

soil and peasampling carried ouby the Ontario Geological SurvayAugust 1999 and July 2060

the Bean and in July 2000the Thorn Northring. The same sampling methodologyas used during
both years. Two orthogonal sampling lines were established along transects across rieach
(Figures 8 and)9 Thesample spacingvas reduced from 5@00 m in 1999to 2550 m in 200Q
During both years, sampdensityacross the presued ring edge was increaséd 5 m. The peat
thickness was first assessed by measuring the depth to clay with a standard split soil spoon. One soil
spoon length 30 cn) of mineral soil was collected beneath the paail interface.Peat samples
were collected within 30 cm of the clay sampling site, at the standard depth of 0.5 m using hand
held Dutch augers (Figures 10 and 11).

The top organic horizon is entirely composed of peat. Samples were classified based on visual
examinationand range from poorly humified to well humifiedoorly humified sampleare partially
decomposed, fibrous light to medium brown with well distinguishable stems and roots. Well
humified samplesre extensively decomposed, soft, and homogeneous dmdwn in colour.The
interface between organic and mineral horizon, was commonly markedabyoticeable
discoloration of thesampling unit, indicative of oxidation. Clay from the Bean site shanettling

or an orange/reddish colourMottling is a common occurree in regularly watelogged soils and

did therefore not occur under thick peat deposits. It is caused by a very localized alternation
between oxidized (brown) and reduced (grey) environments reflecting iron cycling bgxidizing
bacteria (Chorover, @5)These unitsNBE F SNNB R {2 28 XSG G.tSRy GfyFR £€d )
dzy Al é¢ 2y oOnKiguNdl0 an®lNIvéte distinguished from thdeeperuniform-grey clay

unit and sampled as a different horizon. Only data from samples in the underlyif@grugrey

unoxidized clay are used in the thesis.
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Field data for the collected peat and soil samples are reported in Appendix 1 for Bean and Appendix
2 for Thorn North. These include sampling depth, location along the transect, water depth at the

samplirg site, the surveyed topography and a short sample description.

FIGURE 8: Sample locations for the southeast-Northwest (BE-SENW) and southwest-Northeast (BE-
SWNE) transects across the Bean ring. Geo-positioning of the air photo is estimated to be accurate
to £10 m but was rubber-sheeted to a Landsat image of unknown accuracy. Actual ring-edge
locations (Table 1) were determined with the help of oblique air photos taken from a helicopter
orthogonally to the sample lines. Geo-positioning of the sample points is +1 m, although their

accuracy relative to one another is better than this. Photo and location are as per Figure 4.
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Figure 9: Sample locations for the north-south (TN-NS) and east-west (TN-EW) transects across the
Thorn-North ring. Geo-positioning of the air photo is estimated to be accurate to +5 m. Geo-

positioning of the sample points is £1 m, although their accuracy relative to one another is better than

this. Photo and location are as per Figure 5.
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