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The 2016 CGU J. Tuzo Wilson Medal: Gail M. Atkinson, Western University  

Nomination by Hadi Ghofrani, Western University (nomination presented by Dr. Karen 
Assatourians, Western University) 

I am pleased to nominate Professor Gail M. Atkinson for the J. Tuzo Wilson Medal. Dr. 
Assatourians and Professor Motazedian, both Members of the Canadian Geophysical Union, are 
co-nominators. This letter includes a brief summary of scientific contributions and is supported by 
four international referees, and six national referees. The referees are highly accomplished and 
published scientists with extensive experience on national and international committees.  

 

Dr. Gail Atkinson (centre) with Dr. Karen Assatourians and Dr. Claire Samson, President, CGU 



Synopsis  

Scholarship: Dr. Atkinson has published 174 articles in peer-reviewed national and international 
journals, (please consult her CV). Total citations are 3526 according to the Web of Knowledge 
Database (WKD) and 6500 according to the GoogleScholar Database (GSD) (see footnote for an 
explanation of the different statistics). Her two most quoted papers have 314 and 307 citations 
(WKD) and 538 and 584 according to the GSD. She has 11 (WKD) or 19 papers (GSD) with over 
100 citations. The WKD database indicates an h-factor of 37 whereas the GSD indicates an h-
factor of 43.  

Leadership: Dr. Atkinson is an engineering seismologist specializing in (i) engineering ground 
motion; (ii) earthquake source and attenuation processes; (iii) seismic hazard analysis; and (iv) 
seismological processes in eastern North America. Dr. Atkinson is, or has been:  

 Responsible for seismic hazard analyses for major engineering projects in Canada, the 
United States and overseas and is active on Canadian code committees developing seismic 
design regulations;   

 Project leader of the $10 million POLARIS project funded by Canadian Foundation for 
Innovation;   

 Director of Ottawa-Carleton Earthquake Engineering Research Centre, 2000-2004;   
 President, Seismological Society of America, 2001-2003;   
 Associate Editor, Bull. Seism. Soc. Am., Advisory Committee, Southern California 

Earthquake  Center (and NSF National Science Center), 2005-2013;   
 Chair (SCEC Advisory Council), 2014-2016;   
 Scientific Management Committee, MSERC Canadian Seismic Risk Network, 2008-2013; 

  
 President, Canadian Geophysical Union, 2011-2013.   

Honours and Awards:  

 NSERC/TransAlta/Nanometrics Industrial Research Chair in Hazards from Induced 
Seismicity, 2014-present; 

 Elected to the Royal Society of Canada, 2015;   
 NSERC Accelerator Award, 2007-2010 and 2012-2015;   
 Bayer Canada “Science for a Better Life” Award, for innovative work in Earthquake 

Protection,  2013;   
 Canada Research Chair (Tier 1) in Earthquake Ground Motions, Univ. of Western Ontario, 

2007- 2014;   

 Keynote Lecturer: 15th World Conf. Earthq. Eng., Lisbon, Portugal, Sept. 2012; Canadian 
 Nuclear Safety Comm. Conf. on Soul-Structure Interaction, Ottawa 2010; Australian 
National Earthquake Engineering Conference, 2006; World Conference on Earthquake 
Engineering, 2004; Canadian Geophysical Union Meeting, 2002; Geotechnical Society of 
Canada, 2000;   

 Benjamin Meaker Lecturer, Institute for Advance Studies, Bristol, U.K. 2001;   
 William B. Joyner Memorial Lecturer, 2007 (seismological Society of America/ 

Earthquake  Engineering Research Institute);   



 Premier’s Research Excellence Award, 2002-2007;   
 Jesuit Seismological Association Award for Contributions in Observational Seismology, 

eastern  Section of Seism. Soc. Am., 2003;   
 NSERC Women’s Faculty Award, 1995-2000.   

 

Acceptance by Gail M. Atkinson, Western University 

It is indeed an honour and a privilege to accept the J. Tuzo Wilson award from the Canadian 
Geophysical Union.  I draw a theme for my remarks from Tuzo Wilson himself, who once said:  
“Beneath all the wealth of detail in a geological map lies an elegant, orderly simplicity.”   I hope 
Tuzo would not mind if I take the liberty to transform this into a seismological quote:  Beneath all 
the wealth of detail in a seismogram lies an elegant, orderly simplicity.  In my career as a 
seismologist, I have tried to find the order and simplicity that must underlie every seismic signal, 
ultimately lending it the shape and amplitude that we observe.  As my career has been spent on the 
interface between seismology and engineering, my objectives in this regard have had a practical 
focus – I aim to characterize ground motions in a way that allows structures to be designed to 
withstand them.  Particular engineering challenges have tended to provide the inspiration for new 
directions along the way.   

I consider myself very fortunate to have been able to pursue such an interesting and rewarding 
career.  I am often asked how I came to be interested in seismology.  I must admit it was mostly 
through a series of lucky accidents, involving very little deliberation and even less wisdom.  I did 
not set out as a child to be a seismologist.  Though I do recall having some aspirations to be a mad 
scientist.  In particular, my first clearly recollected career goal, from about the age of 10, was to 
invent a special belt or backpack that would allow the wearer to fly through the air like a bird.  It 
is probably just as well that I never succeeded in this goal, otherwise the world today would likely 
be plagued by people trying to text and fly at the same time.   

By the end of high school, I had a more practical goal - to become a chemist!  But as a first year 
university student, I discovered that I did not like the formality of chemistry labs.  They seemed 
too much like cooking, but under adverse conditions involving overly-prescriptive recipes, lab 
coats, safety glasses, fume hoods and so on – whereas I prefer cooking with wine.  On the other 
hand, I found physics labs quite entertaining.  I also enrolled in first-year geology, not out of 
interest, but as a way of avoiding biology – I knew I did not like biology, because I did not like 
the biology teacher I had in high school.  From this combination of ill-formulated decisions, my 
career path in geophysics was firmly set.  My subsequent focus in engineering seismology was 
also prompted by a string of seemingly-random fortuitous circumstances that followed in the wake 
of looking for a part-time job to help finance my university studies and lifestyle habits.  In the 
interests of time I will spare you the details.  Suffice it to say that a few jobs, a few degrees and a 
few forks in the road later, I found myself a specialist in engineering seismology, not to mention a 
great admirer of stochastic processes.  Perhaps because of this experience, I tend to look at 
processes in both seismology and life through this lens.  Yes, we strive to understand the 
underlying system, which must have the orderly, deterministic simplicity that Tuzo Wilson so 
admired.  But this order is overlain by stochastic processes that obscure our vision of how the 
earth, or indeed the universe, works its magic.  These stochastic processes, though often frustrating, 
are strangely beautiful and have their own internal order. 



I have concluded that it is difficult to predict how things will turn out, and that what may initially
appear as a setback may turn out to be an advantage in disguise.    I have developed a healthy
respect for Plan B, and I believe that although much of the universe reveals itself through science,
there is also such a thing as good luck.

I have been especially lucky in my associations  with others. The most rewarding aspect of my
career has been collaborating with talented students and colleagues.  There are too many to name
– but among my former students, now my colleagues, I have been continuously inspired by Karen
Assatourians, Hadi Ghofrani, and Dariush Motazedian and each of whom has touched me with
their wisdom in a unique way. I have been enriched by interactions with academic colleagues at
both Carleton and Western Universities.  I also owe much to collaborations with my colleague
David Boore at the U.S. Geological Survey in Menlo Park – we have had such a long-standing
and fruitful collaboration that many American seismologists are firmly convinced that I am a
native Californian.   But finally, my greatest fortune was to marry that man over there.   My
husband, Glenn Greig, has been my love, my joy and my rock - and a trusted collaborator in the
great venture of raising two marvelous children, who are now charting their own semi-random
journeys through life.  One could ask for no greater fortune.

The 2016 CGU Young Scientist Award Winner: Scott Jasechko, University of Calgary

Nomnation by J.J.McDonnell, University of Saskatchewan (Nomination presented by Daniel
Peters)

It is a pleasure to present the CGU Young Scientist award to Dr. Scott Jasechko, University of
Calgary.  Scott  is  a  terrific  young Canadian  scholar  in  the  hydrological  sciences.  Despite  his
current  Assistant  Professor  rank and limited  years  since  his  PhD degree,  Scott  has  rocketed
forward to become a global leader in isotope hydrology. He has shaken the foundations of the
global hydrology community with his 2012 Nature paper on transpiration component of total ET
(for which, AGU awarded him the Horton Research Grant for best PhD proposal in hydrology).
That paper ushered in a fundamentally new way to come at the calculation of the global water
balance; a 2015 paper in Nature showing widespread occurrence of ecohydrological separation
whereby plants use water not seen in streamflow; a paper two weeks ago in Nature (Geoscience)
on global groundwater ages (featured prominently on CBC and other national news outlets), and
now, this week, the acceptance of yet another Nature (Geosciences) paper on global streamflow
and the role of young water. I know of few people in hydrology, at any career stage, making this
sort  of  impact.  Of  course,  these  high  profile  papers  are  in  addition  to  his  many  important
disciplinary papers focused mechanisms and processes to back-up his global scale assessments
(e.g. his WRR paper last year on the pronounced seasonality of groundwater recharge—stunning
work  and  itself  gaining  significant  citation).  All  this  work  maps  clearly  to  his  overarching
research question concerning the global hydrologic cycle.
 
His MSc advisor, John Gibson from the University of Victoria notes in his support letter that “the
impact  of  Scott’s  work  places  him among  the  leaders  in  his  field.  His  work  is  influential”.
William Schlesinger, James B. Duke Professor of Biogeochemistry (Emeritus) and member of the
US National Academy of Sciences and former President of the Ecological Society of America
states “The impact of Scott’s  work far exceeds that of other young scientists  and places him
among the leaders in his field. His work is influential”. Finally, Jim Kirchner, Professor at ETH
Zurich  and former  Director  of  WSL states  that  “Scott  is  one  of  the  most  promising  isotope
hydrologists of his generation.”

 



Others have recognized Scott’s research excellence. Only one year out of his PhD, he’s been
invited to the world’s top universities to give talks—Stanford; Rutgers, UC London, University of
Arizona and University of Washington. The upcoming AGU Chapman Conference on Tropical
Ecohydrology in  Cuenca,  Ecuador  will  feature  Scott  as  one  of  only 6 or  so  speakers  at  the
meeting.  This  is  remarkable  as  Scott’s  many  papers  focus  on  ice  age  water,  cold  regions
processes! Yet, his work cuts across all environments; all scales; all environmental disciplines.
Scott is practicing interdisciplinary science at the very highest level and these esteem indicators
certainly back this up.

Dr. Scott Jasechko (centre) with Dr. Daniel Peters and Dr. Claire Samson, CGU President

Remarkably, with all this success and attention, Scott remains incredibly humble and grounded.
He is a selfless giver of time to shortcourses (here in Saskatoon and in the Caribbean) where he
has  helped  countless  students  in  the  developing  world.  His  social  media  presence  is  aimed
squarely at poverty reduction through water research. His PhD advisor, Zackary Sharp notes in his
support letter that “(Scott) is truly passionate about water and humanity. He is in this line of work
because he cares about our planet and wants to help find solutions. He is keenly aware of water
shortages and unsafe drinking water and wants to combine his scientific expertise with policy in
order to make things better”.
 
In short,  Scott  Jasechko is  an exceptionally collegial,  self-effacing and simply delightful  and
inspiring  colleague.  Canada  can  celebrate  this  brain-gain  and  this  CGU  award  is  an  early
acknowledgement  of  his  tremendous  contribution  as  he  continues  to  propel  forward  at  the
University of Calgary. He is indeed, a rare Canadian who exhibits a rare level of accomplishment
in Canadian hydrology.
 



Acceptance by Scott Jasechko, University of Calgary

Thank you to Claire Samson and Gordon Young for your leadership  and care for this vital
organization and the community that it brings together. Thank you to Kristy Tiampo and all who
devoted their time to the CGU Awards Committee.

I  am deeply grateful  to  Jeffrey McDonnell,  Tom Edwards,  Peter  Fawcett,  John Gibson, Tom
Gleeson, Jim Kirchner and Zachary Sharp for your guidance and support. You challenged me and
showed me how to succeed. Thank you. I hope that I can create similar opportunities for others,
the same way that each of you has for me.

The CGU is vital to research and to discovery in Canada and internationally. This community is a
welcoming home of discovery for so many. It is an all-important platform for early career
scientists to present hard-earned results and to cheer on research completed by colleagues.

I am deeply grateful to receive this award. I look forward to doing my best to contributing to the
work ethic, support and camaraderie of the Canadian Geophysical Union community for years to
come.



The 2016 Stan Paterson Scholarship in Canadian Glaciology: Laura Thomson, Ottawa 
University 

 

 

 Laura Thomson with Dr. Claire Samson, CGU President 

 

 

  



Don Gray Scholarship in Canadian Hydrology: Igor Pavlovskii, University of Calgary 

 

 

 

 

 

 

 



CGU 2016 Best Student Paper Award Winners 

 

 

 CGU Best Student Paper (all fields of geophysics – oral 
presentation) 

Winner: Kelly Biagi, McMaster University 

Full paper below 

 

   

 

 Shell Outstanding Student Poster Paper 

Winner: Katelyn Lutes, University of Waterloo  

   

 

 D.M.Gray Award: Best Student Paper in Hydrology (oral 
presentation) 

Winner: Ryan Connon, Wilfrid Laurier University  

Full paper below 

   

 

 Chevron Canada Outstanding Student Paper in Seismology  

Winner: Mitch Grace, University of New Brunswick 

 

   



 

 Campbell Scientific Award for Best Student Poster in Hydrology 

Winner: Behrad Gharedaghloo, University of Waterloo 

Abstract below 

 

   

 

 Best Student Paper in Geodesy Award 

Winner: Ismael Foroughi, University of New Brunswick 

   

 

 Solid Earth Section Best Student Paper Award 

Winner: Andrew Gagnon-Nandram, Queens University 

 

   

 

 Biogeosciences Best Student Paper Award 

Winner: Kimberly Murray, University of Waterloo 

Abstract below 

 

 

 

 

 

 

 

  



CGU	Best	Student	Paper	(all	fields	of	geophysics	–	oral	presentation)	
Winner:	Ms	Kelly	Biagi,	McMaster	University	
	
Understanding	the	hydrochemical	evolution	and	patterns	of	a	constructed	wetland	in	
the	Athabasca	oil	sands	region,	Canada.	
Biagi,	K.1*,	Oswald,	C.2,	Carey,	S.	K.1	&	Nicholls,	E.1	
1School	of	Geography	and	Earth	Sciences,	McMaster	University.	2Department	of	Geography,	
Ryerson	University.	
*Corresponding	Author	‐	Phone:	905‐902‐6362,	Email:	biagikm@mcmaster.ca	
Abstract	

Bitumen	 extraction	 in	 the	 Athabasca	 oil	 sands	 causes	 significant	 landscape	
disturbance	of	wetland‐forest	ecosystems,	which	now	require	reclamation	as	required	by	
Albert	legislation.	Although	wetlands	dominated	the	pre‐disturbance	landscape,	reclamation	
has	largely	focused	on	upland‐forested	ecosystems.	Syncrude	Canada	Ltd.	has	constructed	a	
unique	52	hectare	upland‐wetland	system,	 the	Sandhill	Fen	Watershed	(SFW),	which	 is	a	
highly	managed	system.	A	pump/drain	system	was	installed	during	construction	to	provide	
freshwater	 and	 inhibit	 salinization	 from	 the	 underlying	 waste	 materials	 which	 are	
characterized	by	elevated	electrical	conductivity	(EC)	and	Na+	and	Cl‐	concentrations.	The	
objective	of	this	research	 is	to	understand	the	evolution	and	hydrochemical	responses	of	the	
SFW	three	years	post	construction	by	examining	variations	in	the	sources,	flow	pathways	and	
major	chemical	transformations	of	water	within	the	SFW.	EC,	major	ions	and	stable	isotopes	
were	collected	using	a	combination	of	high	frequency	and	discrete	surface	and	pore	water	
sampling	from	2013‐2015.	Results	indicate	that	the	high	activity	of	both	inflow	and	outflow	
pumps	 in	2013	kept	 the	overall	EC	relatively	 low,	with	most	wetland	sites	<1000	µS/cm.	
Most	water	classified	as	Ca‐HCO3	or	Ca‐SO4	 in	2013	with	Na+	concentrations	<250	mg/L.	
With	 limited	 pump	 activity	 in	 2014	 and	 2015,	 the	 overall	 EC	 and	 ion	 concentrations	
increased	 considerably	with	many	 sites	 in	 the	wetland	 exceeding	 1000	 µS/cm.	Although	
most	 sites	 classified	as	Ca‐SO4,	 the	most	notable	 change	was	 the	presence	of	 several	Na+	
“hotspots”	in	SFW,	where	water	classified	as	Na‐SO4	and	Na+	concentrations	reached	as	high	
as	 886	 mg/L.	 These	 results	 provide	 evidence	 of	 upward	 movement	 of	 Na+	 from	 the	
underlying	waste	materials	and	subsequent	seepage	into	these	“hotspots”	with	limited	pump	
activity.	 Pumps	 remained	 mostly	 inactive	 throughout	 2015	 and	 data	 show	 a	 continued	
increase	 in	EC	(850‐5500	µS/cm)	and	 ion	concentrations	where	Na+	 “hotspots”	are	more	
pronounced.		
Introduction	

The	Peace	River	Oil	Sands,	the	Athabasca	Oil	Sands	and	the	Cold	Lake	Oil	Sands	in	
Alberta,	Canada	make	up	some	of	the	world’s	largest	oil	sand	deposits	which	cover	~140,200	
km2	of	the	province.	Open‐pit	surface	mining	makes	up	the	majority	of	bitumen	extraction	
in	the	Athabasca	oil	sands	region	(AOSR)1,	which	has	resulted	in	significant	disturbance	and	
permanent	alteration	of	over	700	km2	of	Boreal	 forest	and	wetland	ecosystems,	as	 these	
landscape	 surfaces	 are	 completely	 removed.	 Although	 reclamation	 of	 these	 disturbed	
landscapes	 is	required	by	Alberta	 legislation,	much	of	 the	efforts	to	date	have	focused	on	
forested	 ecosystems	 even	 though	 peat‐forming	wetlands	 dominated	 the	 pre‐disturbance	
landscape.	Wetland‐peatland	 reclamation	 presents	many	 challenges	 as	 they	 are	 complex	
ecosystems	 that	 take	 thousands	 of	 years	 to	 develop	 naturally2,	 and	 in	 this	 region	 are	
susceptible	 to	 salinization3,4.	 Excessive	 salts	 are	ubiquitous	 in	 the	AOSR	as	 a	 result	 of	 1)	



natural	marine	shale	sediments	and	saline	aquifers	that	are	disturbed	and	incorporated	into	
reclamation	material5–7,	2)	the	use	of	caustic	hot	water	in	(NaOH)	in	bitumen	recovery,	and	
3)	the	addition	of	gypsum	(CaSO4)	to	decrease	the	volume	of	fine	tailings8,9,	all	of	which	form	
a	waste	material	referred	to	as	composite	tailings	(CT)	and	oil	sands	process	water	(OSPW),	
which	is	characterized	by	elevated	electrical	conductivity	(EC)	and	salts.	Most	of	the	concern	
surrounding	 the	CT	and	OSPW	 is	 the	high	concentrations	of	Na+	due	 to	 its	occurrence	 in	
reclamation	materials	and	consequent	negative	ecological	effects10.	

Wetland‐peatland	reclamation	in	the	AOSR	will	involve	the	complete	reconstruction	
of	these	systems	with	no	benchmarks	or	previous	knowledge	of	such	methods	in	this	region.	
Wetlands	have	been	identified	as	keystone	ecosystems	within	the	region	due	to	the	variety	
of	 ecosystem	 function	 they	 provide11	 such	 as	 water	 storage	 and	 transmission12,	 peat	
formation,	carbon	storage13,	nutrient	transport	and	biodiversity.	Not	only	will	constructed	
wetlands	have	to	mimic	these	 important	functions,	but	will	also	have	to	 limit	salinization	
from	the	underlying	waste	materials.	Syncrude	Canada	Limited	(SCL)	and	Suncor	Energy	are	
the	 first	 companies	 to	 attempt	 wetland‐peatland	 creation	 within	 the	 AOSR,	 which	 vary	
considerably	in	design14,15.	The	focus	of	this	study	is	on	the	Sandhill	Fen	Watershed	(SFW)	
constructed	by	SCL	and	aims	to	understand	the	evolution	and	hydrochemical	responses	of	
the	SFW	three	years	post	construction	by	examining	variations	in	the	sources,	flow	pathways	
and	major	chemical	transformations	of	water	within	the	SFW.	
Study	Site	

The	SFW,	located	~50	km	north	of	Fort	McMurray,	is	52	ha	and	comprises	of	a	17	ha	
lowland‐wetland	area	as	well	as	a	drier	upland	area	with	constructed	hummocks	(Figure	1).	
The	 SFW	 is	 underlain	 by	 35	m	 of	 CT,	 followed	by	10	m	of	tailings	sand	that	
acts	as	a	structural	cap,	followed	by	
0.5	m	of	clay	to	provide	mineral	soil	
and	 attenuate	 upward	migration	 of	
salts	from	the	CT	layer	and	lastly,	0.5	
m	of	peat	material	to	provide	organic	
soil,	both	of	which	were	only	placed	
in	the	 lowlands.	The	hummocks	are	
constructed	 of	 tailings	 sand	 and	
topped	 with	 0.1	 –	 0.5	 m	 of	
Pleistocene	 fluvial	 sand	 (Pf	 Sand).	
The	SFW	is	a	highly	managed	system	
and	 has	 four	 important	 engineered	
components	 that	 were	 installed	
largely	in	part	to	limit	salinization	
from	 the	 underlying	 waste15:	 the	
water	storage	pond	(WSP),	underdrains,	outlet	pond	(OP)	and	SUMP	(Figure	1).	In	addition	
to	precipitation,	freshwater	is	supplied	to	the	WSP	from	an	artificial	source	(Mildred	Lake	
Reservoir)	which	gradually	flows	east	towards	the	OP	where	surface	drainage	is	enhanced	
through	a	spillbox	and	weir	in	addition	to	the	underdrain	system	that	underlies	the	majority	
of	the	lowlands.	When	open,	the	underdrains	induce	a	downward	hydraulic	gradient	as	well	
as	 transport	 any	OSPW	 that	has	migrated	upward	 from	depth	 to	 the	SUMP	before	 it	 can	
interact	at	the	surface.	The	SUMP	collects	the	surface	and	near‐surface	water	as	well	as	the	
underdrain	water,	before	it	is	collectively	pumped	out	of	the	SFW15.		

Figure 1. Design of SFW. Dashed lines represent underdrains. 
Coloured dots represent surface & pore water sampling sites. 
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Methods	
Methodologically,	this	research	focused	on	distributed	and	high	frequency	sampling	

of	surface	and	near‐surface	water	within	the	SFW.	Distributed	sampling	included	biweekly	
surface	and	pore	water	samples	from	>20	locations	and	were	analyzed	for	major	chemical	
ions	as	well	as	stable	oxygen	and	hydrogen	isotopes.	Isotope	data	were	supplemented	with	
a	previously	developed	Local	Meteoric	Water	Line	for	SCL’s	Mildred	Lake	Base	Mine	as	well	
as	several	site‐side	source	waters16.	 In	addition,	continuous	measurements	of	water	 level	
and	EC	were	recorded	with	transducers	at	10	well	 locations	to	map	salinity	variability	 in	
response	 to	 environmental	 changes.	 The	 critical	 difference	 to	 highlight	 between	 the	
summers	of	2013,	2014	and	2015	is	the	variation	in	pump	activity.	In	2013,	SFW	was	highly	
managed	with	frequent	activity	of	the	inflow	and	outflow	pumps	and	open	underdrains.	In	
2014	and	2015	both	 the	 inflow	and	outflow	pumps	were	 largely	off	and	the	underdrains	
closed,	with	the	exception	of	a	single	~56hr	outflow	pumping	event	in	2015.	
Results	

Pumping	regimes	varied	substantially	over	 the	past	 three	years,	which	resulted	 in	
notable	differences	in	the	hydrochemistry	within	the	SFW.	The	SFW	was	highly	managed	in	
2013,	as	total	inflow	and	outflow	amounted	to	~809	mm	and	~883	mm,	respectively	which	

exceeds	the	annual	precipitation	by	almost	two‐
fold.	 Data	 indicate	 that	 the	 combination	 of	
freshwater	 input,	 outflow	 flushing	 and	 open	
underdrains	in	2013	kept	overall	EC	within	the	
SFW	 relatively	 low,	 with	 most	 lowland	 sites	
<1000	 μS/cm	 (Figure	 2).	 The	 uplands	 do	 not	
directly	benefit	 from	the	freshwater	input	and	
had	 a	 higher	 EC	 than	 the	 lowlands.	Major	 ion	
concentrations	 in	 general	were	 lower	 in	2013	
(Figure	3)	and	most	water	was	classified	as	Ca‐
HCO3	 or	 Ca‐SO4	 dominant.	 Na+	 and	 Cl‐	
concentrations	were	highest	exclusively	 in	the	
OP	and	SUMP	reaching	as	high	as	847	mg/L	and	
521	 mg/L	 respectively.	 With	 minimal	
management	in	2014	and	consequently	limited	
freshwater	 input	 (~14	 mm)	 and	 outflow	
flushing	 (~17	mm),	 the	 overall	 salinity	 of	 the	
SFW	 increased	 considerably	 and	 EC	 at	 most	
sites	 in	 lowlands	 exceeded	 1000	 μS/cm.	 Na+,	
Ca+2,	 Cl‐,	 and	 SO4‐2	 concentrations	 also	
increased	 at	 all	 sampling	 sites,	with	 generally	
higher	concentrations	in	the	uplands.	Most	sites	
still	 classified	 as	 Ca‐SO4‐dominant	 however,	
several	 Na+	 “hotspots”	 along	 the	 base	 of	 the	
southern	 hummocks	 (#2,	 7	 and	 8)	 emerged	
(Figure	 3),	 where	water	 samples	 classified	 as	
Na‐SO4	 dominant	 and	 had	 Na+	 and	 Cl‐	
concentrations	 as	 high	 as	 886	mg/L	 and	 672	
mg/L,	respectively.	Unlike	Na+	and	Cl‐,	Ca+2	and	

Figure 2. EC (µS/cm) patterns from 2013 - 2015. 



SO4‐2	 increased	 relatively	 consistently	
across	 the	 SFW	 with	 no	 “hotspots”	 of	
extreme	increase.	In	addition	to	the	high	
Na+	and	Cl‐	concentrations,	 isotope	data	
identified	 that	 water	 at	 the	 observed	
“hotspots”	 is	 sourced	 from	 the	
underlying	 CT	 and	 OSPW.	 Pumps	
remained	inactive	throughout	2015	with	
the	exception	of	a	single	~56	hr	outflow	
pumping	event	equating	to	~54	mm.	EC	
continued	 to	 increase	 in	 2015,	 where	
most	sites	in	the	lowlands	exceeded	2000	
µS/cm.	 Major	 ion	 concentrations	 also	
continued	 to	 increase	 throughout	 the	
SFW	 and	 “hotspots”	 remained	
pronounced	(Figure	3),	where	Na+	and	Cl‐	
concentrations	 reached	 as	 high	 as	 744	
mg/L	 and	 659mg/L	 respectively.	 The	
single	pumping	event	in	2015	resulted	in	
a	 slight	 EC	 decrease	 in	 the	 lowlands,	
while	 major	 ion	 concentrations	
remained	 relatively	 constant	 or	 slightly	
increased	throughout	the	lowlands.		
Discussion	

The	 CT	 and	 OSPW	 that	 underlie	
the	 SFW	 create	 a	 strong	 concentration	
and	 salinity	 gradient	 with	 surface	
materials,	 providing	 the	 means	 for	
significant	 upward	 diffusion	 of	 salts17.	
However,	with	the	combination	of	inflow	
supply	of	 freshwater,	open	underdrains	
and	frequent	activity	of	outflow	of	SUMP	

water	in	2013,	the	overall	salinity	was	minimized	as	evident	from	the	relatively	low	EC	and	
ion	concentrations	across	the	SFW.	This	high	degree	of	pump	activity	in	2013	resulted	in	a	
highly	variable	water	table,	EC	and	ion	concentrations	throughout	the	summer.	The	overall	
salinity	and	 ion	 concentrations	 increased	 in	2014	and	2015	as	a	 result	of	 reduced	pump	
activity	and	closure	of	the	underdrains,	which	eliminated	the	induced	downward	hydraulic	
gradient.	As	a	result,	the	SFW	was	not	consistently	flushed	which	enhanced	the	accumulation	
of	 ions	and	elevated	EC.	This	 limited	pump	activity	 in	2014	and	2015	 resulted	 in	 a	 slow	
decline	 of	 the	water	 table	 and	 a	 gradual	 increase	 in	 EC	 over	 the	 summer	which	 is	more	
similar	to	a	natural	wetland.	Ion	concentrations	also	continuously	increased	throughout	the	
summer	as	a	result	of	accumulation	and	evapo‐concentration3.	The	appearance	of	the	Na+	
“hotspots”	 in	2014	and	 continued	presence	 in	2015,	 along	with	 the	 isotope	data	provide	
evidence	 of	 upward	 transport	 of	 OSPW	 and	 subsequent	 seepage	 from	 the	 southern	
hummocks	with	a	decrease	in	pump	activity.	Overall,	OSPW	likely	diffuses	upwards	from	the	
CT	 layer	 that	 underlies	 the	 SFW,	 which	 is	 then	 transported	 via	 advection	 as	 it	 moves	

Figure 3. Major ion concentrations (mmol/L). Na+ 
“hotspots” outlined in black. 



horizontally	in	the	tailings	sand	cap	in	the	direction	of	groundwater	flow	(northeast).	Once	
this	water	reaches	the	southern	hummocks	where	the	clay	liner	is	absent,	it	seeps	through	
the	Pf	sand	at	the	base	of	the	hummocks	and	consequently	reaches	the	surface	where	salts	
are	 slowly	 transported	 via	 diffusion	 through	 the	 relatively	 stagnant	 surface	 waters.	
Additionally,	the	slightly	elevated	Na+	concentrations	in	the	lowlands	in	2014	and	2015	may	
be	a	result	of	some	slow	diffusion	of	OSPW	occurring	through	the	clay	layer	and	into	the	peat	
in	the	 lowlands,	as	the	 induced	downward	hydraulic	gradient	was	eliminated.	Although	a	
slight	decrease	in	EC	was	observed	in	the	lowlands	as	a	result	of	the	outflow	pumping	event	
in	 2015,	 the	 duration	 of	 the	 event	was	 insufficient	 to	 lower	 the	 EC	 across	 the	 SFW.	 Ion	
concentrations	were	also	expected	to	decrease	in	response	to	pumping	however,	it	was	not	
enough	to	flush	the	system	completely	and	a	slight	increase	in	Na+,	Ca+2,	Cl‐	and	SO4‐2	was	
observed	which	may	be	explained	by	advection	of	high	ion	concentrated	waters	from	other	
areas	such	as	boardwalk	1.	
Conclusions	

Current	mining	activities	may	continue	 for	many	decades	as	Alberta	has	over	170	
billion	barrels	of	proven	oil	reserves18,	and	will	 therefore	continue	to	produce	significant	
quantities	 of	 CT	 and	 OSPW	 which	 will	 underlie	 reclaimed	 landscapes	 as	 a	 method	 of	
containment	and	storage.	Improved	understanding	of	the	engineered	watersheds	within	the	
oil	 sands	 region	 requires	 quantification	 of	 how	 and	 where	 water	 and	 chemicals	 move	
throughout	 the	 constructed	 landscape	 particularly	 because	 of	 the	 potential	 for	
contamination	 from	 the	waste	materials	 that	underlie	 reclaimed	ecosystems,	particularly	
with	respect	to	Na+.	Variations	in	pump	activity	had	a	strong	control	and	influence	on	the	
hydrochemistry	and	source	waters.	With	limited	pump	activity,	“hotspots”	of	OSPW	emerge	
at	the	border	between	the	lowlands	and	the	hummocks	where	the	extent	of	the	clay	liner	
ends.	Continual	or	 increased	prevalence	of	high	Na+	may	be	detrimental	 to	 the	ecological	
success	and	may	require	more	extensive	pumping	to	limit	salinization.	In	addition	to	results	
presented	 here,	 continued	 hydrological	monitoring	 of	 the	 SFW	will	 provide	 the	 building	
blocks	for	future	wetland	construction	in	the	AOSR.			
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Abstract:	

The	presence	of	a	talik	(perennially	thawed	feature	in	a	permafrost	environment)	below	
the	 active	 layer	 (ground	 that	 freezes	 and	 thaws	 annually)	 has	 important	 hydrologic	 and	
thermal	implications	as	taliks	can	provide	an	active	flowpath	throughout	the	year.	As	taliks	
do	not	freeze	over	winter,	they	should	be	distinguished	separately	from	the	active	layer.	In	
areas	of	discontinuous	permafrost	where	taliks	are	prevalent,	measuring	end	of	season	thaw	
depth	should	not	be	considered	a	proxy	for	active	layer	thickness.	At	a	site	in	the	southern	
Northwest	 Territories,	 Canada,	 we	 measured	 active	 layer	 thickness	 and	 talik	 thickness	
across	an	ice‐cored	peat	plateau	in	2015	and	2016.	In	both	years	the	average	thickness	of	
the	active	layer	was	35	cm	and	41	cm	respectively,	whereas	talik	thickness	was	80	cm	and	
99	 cm.	 The	 talik	 extended	 the	 entire	 width	 of	 the	 plateau	 and	 provides	 a	 year‐round	
hydrological	connection	between	a	flat	bog	and	a	channel	fen.	The	presence	of	a	talik	will	
increase	the	rate	of	permafrost	thaw	as	it	allows	for	greater	advection	of	energy	through	this	
feature.	 As	 the	 active	 layer	 thaws	 in	 the	 spring,	 a	 two‐layered	 flow	 system	 develops	 as	
snowmelt	water	flows	over	the	frozen	portion	of	the	active	layer	of	plateaus	into	adjacent	
wetlands,	and	stored	water	from	the	plateau	is	also	routed	through	the	unfrozen,	saturated	
talik.	This	two‐layered	system	continues	until	the	entire	active	layer	thaws.	Flow	through	the	
talik	 is	 limited	 by	 the	 low	 hydraulic	 conductivity	 of	 deep	 peat	 (~	 3.5	m	 day‐1),	 but	 as	 it	
persists	throughout	the	year	it	amounts	to	~10%	of	total	runoff	from	the	plateau.		
Introduction:	

The	 active	 layer,	 defined	 as	 the	 ‘top	 layer	 of	 ground	 subject	 to	 annual	 thawing	 and	
freezing	in	areas	underlain	by	permafrost’	(ACGR,	1988),	is	conceptualized	as	the	layer	of	
soil	where	most	hydrological	processes	occur.	Runoff	typically	occurs	in	the	thawed	portion	
of	the	active	layer,	above	the	underlying	frozen	ground	(Carey	and	Woo,	1999;	Wright	et	al.,	
2008)	as	the	saturated	hydraulic	conductivity	of	unfrozen	soil	is	orders	of	magnitude	higher	
than	 frozen	 soil.	 As	 the	majority	 of	 hydrological	 processes	 occur	within	 the	 active	 layer,	
changes	in	active	layer	thickness	will	have	important	hydrological	consequences,	and	thus	
should	be	monitored	(see	Brown	et	al.,	2008).	

In	areas	of	ice‐rich	permafrost,	a	large	amount	of	energy	is	required	to	satisfy	latent	heat	
requirements	 to	 thaw	 the	 frozen	 active	 layer.	 Conversely,	 the	 ground	must	 also	 lose	 an	
equivalent	amount	of	energy	to	re‐freeze	the	active	layer	over	winter.	The	amount	of	energy	
the	 ground	 loses	 over‐winter	 is	 controlled	 primarily	 by	 the	 timing	 and	 magnitude	 of	
snowfall,	 as	 snow	 is	 a	 very	 effective	 thermal	 insulator	 (Williams	 and	 Smith,	 1989).	 The	
thickness	of	the	active	layer	is	thus	governed	by	whichever	process	(thawing	or	freezing)	is	
least	able	 to	penetrate	 the	ground.	 In	areas	of	 continuous	permafrost,	 seasonally	 thawed	
ground	typically	refreezes	entirely,	and	consequently,	the	maximum	thaw	depth	defines	the	



active	layer	thickness.	However,	in	areas	where	the	mean	annual	temperature	approaches	
0°C,	it	is	necessary	to	measure	both	freezing	and	thawing	depths	when	determining	active	
layer	thickness.	If	insufficient	energy	is	lost	over	winter	such	that	a	complete	refreezing	of	
the	active	layer	does	not	occur,	a	talik	forms	between	the	active	layer	and	the	underlying	
permafrost.	Depending	on	soil	moisture	conditions	and	water	table	location,	this	layer	may	
or	may	not	be	saturated.	A	series	of	consecutive	warm	summers	and/or	winters	may	allow	
the	talik	to	grow	to	a	thickness	such	that	complete	refreezing	of	the	soil	above	permafrost	
may	not	be	possible	over	one	winter.		

Accordingly,	we	caution	that	measurements	of	maximum	(i.e.	end	of	summer)	thaw	depth	
should	not	be	taken	as	the	active	layer	thickness.	The	Circumpolar	Active	Layer	Monitoring	
(CALM)	program	protocol	states	that	active	layer	thickness	can	be	measured	by	‘late‐season	
mechanical	probing’	of	the	ground	(Brown	et	al.,	2008,	p.	169).	This	incorrectly	assumes	that	
the	 entire	 depth	 of	 ground	 above	 permafrost	 completely	 refreezes	 over	 winter,	 an	
assumption	that	yields	errors	in	energy	balance	calculations,	particularly	concerning	phase	
changes.		This	assumption	also	incorrectly	implies	that	hydrological	processes	are	relatively	
dormant	for	a	period	of	time	when	the	ground	is	assumed	to	be	entirely	frozen	and	does	not	
account	for	the	possibility	of	a	talik.	Unfortunately,	the	freezing	depth	is	much	more	difficult	
to	measure	than	the	thaw	depth,	and	as	such	it	is	rarely	reported.		

When	S.W.	Muller	(1947)	first	presented	the	term	‘active	layer’,	he	also	proposed	that	the	
term	‘suprapermafrost	layer’	be	used	to	describe	the	‘combined	thickness	of	ground	above	
the	permafrost	consisting	of	the	active	layer	and	talik’	(Muller,	1947	p.	11).	We	recommend	
that	the	term	‘suprapermafrost	layer	thickness’	be	used	in	place	of	‘active	layer	thickness’	
when	depth	to	permafrost	table	measurements	are	taken	at	the	end	of	the	thaw	season,	but	
not	corroborated	with	measurements	of	the	maximum	penetration	of	the	freezing	front.	

Permafrost	 cored	 features	 such	 as	 peat	 plateaus	 are	 typically	 thought	 to	 inhibit	 the	
transmission	of	subsurface	water	beneath	the	thawed	portion	of	the	active	layer	due	to	the	
very	 low	 hydraulic	 conductivity	 of	 frozen,	 saturated	 peat.	 The	 current	 conceptual	
understanding	of	hillslope	runoff	from	these	plateaus	is	that	runoff	only	occurs	in	the	thawed	
portion	 of	 the	 active	 layer	 (Wright	 et	al.,	 2008).	 The	 presence	 of	 a	 talik	may	 provide	 an	
additional	 runoff	pathway	on	hillslopes	and	allow	 for	 the	 transmission	of	water	between	
wetlands	throughout	the	year.	The	objectives	of	this	study	are	two‐fold:	1)	to	document	the	
hydrological	function	of	a	perennially‐thawed	talik;	
and	2)	to	show	that	the	thickness	of	the	active	layer	
at	 our	 study	 site	 is	 governed	 by	 the	 depth	 of	 re‐
freeze	 over	 winter	 and	 not	 by	 the	 maximum	
summer	thaw	depth.	
Study	Site:	

The	 study	 was	 conducted	 at	 the	 Scotty	 Creek	
Research	Basin	(SCRB),	located	about	50	km	south	
of	Fort	Simpson,	NT	 (Figure	1a).	The	study	site	 is	
dominated	by	thick	peat	deposits	(>2	m)	overlying	
a	clay	rich	glacial	till	of	low	hydraulic	conductivity.	
Permafrost	 occupies	 ~40%	 of	 the	 basin	 and	
exclusively	takes	the	form	of	treed	peat	plateaus	
that	 rise	 about	 1m	 above	 surrounding	wetlands	
(ch	 annel	 fens	 and	 flat	 bogs).	 The	 associated	

Figure 1: (a) Location of SCRB; (b) planar view of 
study plateau. Modified from Wright et al. (2008) 



hydraulic	gradient	directs	runoff	from	the	plateaus	and	into	the	adjacent	wetlands	(Wright	
et	al.,	2008).	Channel	fens	transmit	water	to	the	basin	outlet	(Hayashi	et	al.,	2004),	while	flat	
bogs	can	either	act	as	storage	features	or	route	water	to	the	channel	fens	through	a	fill‐and‐
spill	process	dependent	on	antecedent	moisture	conditions	(Connon	et	al.,	2015).	Ongoing	
data	collection	has	been	occurring	since	1999	at	a	study	plateau.	The	plateau	is	flanked	by	a	
channel	fen	on	one	side	and	a	flat	bog	on	the	other	(Figure	1b).	Substantial	lateral	and	vertical	
thawing	 of	 permafrost	 at	 the	 study	 plateau	 has	 been	 observed	 since	 monitoring	 began	
(Figure	2).		
Methods:	

End	of	summer	(late	August)	measurements	of	permafrost	table	depth	have	been	taken	
at	 the	 study	 plateau	 since	 1999.	 These	measurements	 have	 been	 taken	 annually	 along	 a	
transect	at	1	m	intervals,	permitting	19	measurement	points	in	2014	and	2015.	This	allows	
for	 measurement	 of	 both	 lateral	 and	 vertical	 permafrost	 thaw.	 In	 2015,	 weekly	
measurements	of	the	depth	to	the	frost	table	(top	boundary	of	the	frozen	and	saturated	soil)	
were	taken	to	quantify	the	progression	of	thaw.	Typical	downward	progression	of	the	frost	
table	averages	about	0.5‐1	cm	day‐1.	When	a	sudden	increase	(i.e.	more	than	30	cm)	in	depth	
to	frost	table	was	observed	it	was	assumed	that	this	was	the	boundary	of	seasonal	re‐freeze	
and	that	the	measured	frost	table	was	now	below	a	talik.	In	2016,	end	of	winter	(early	April)	
measurements	of	maximum	re‐freeze	depth	were	taken	by	using	a	hand	ice	auger	to	drill	
through	the	frozen	soil	until	the	unfrozen	talik	was	reached.	The	boundary	between	frozen	
and	 unfrozen	 soil	 was	 clear	 and	 this	 depth	 was	measured	 and	 recorded	 as	 active	 layer	
thickness.		

Thermistors	and	water	content	meters	are	installed	at	10	cm	increments	in	the	soil	to	
quantify	temperature	and	liquid	water	content	at	different	depths.	Additionally,	in	2016,	the	
temperature	of	 the	 talik	was	 also	measured	using	a	handheld	digital	 thermometer.	Total	
pressure	transducers	were	installed	in	the	bog	and	fen	adjacent	to	the	plateau	to	calculate	a	
hydraulic	gradient	between	the	two	features.	The	hydraulic	conductivity	of	the	peat	in	the	
talik	is	assumed	to	be	3.5	m	day‐1	(Quinton	et	al.,	2008,	M.	Braverman	unpublished	data).	
Although	there	was	only	one	transect,	it	is	assumed	that	the	talik	thickness	calculated	on	the	
transect	 is	representative	of	 the	entire	75	m	 length	of	 the	plateau.	Total	 flux	 through	the	
plateau	 was	 then	 calculated	 using	
Darcy’s	law.		
Results:	

The	 average	 thaw	 depth	
measured	at	the	end	of	summer	was	
115	cm	in	2014	and	135	cm	in	2015,	
while	 for	 the	 same	 points,	 the	
average	refreeze	depth	was	35	cm	in	
2015	 and	 41	 cm	 in	 2016.	 In	 both	
years,	the	thaw	depth	was	~3	times	
greater	than	the	depth	of	re‐freeze,	
indicating	a	talik	with	a	thickness	of	
~1	m	(Fig.	2).	The	thickness	of	 the	
talik	 and	 has	 increased	 each	 year	
since	 measurements	 began,	 while	
the	 width	 of	 the	 plateau	 has	

Figure 2: Cross section of study plateau indicating thickness of the 
active layer in and underlying talik. Each dot indicates measurement 
location. Data shown is from 2014/2015. 



decreased	as	 the	permafrost	 core	
thaws	 laterally	 (Fig.	 3).	 Ground	
thaw,	 driven	 by	 the	 vertical	 heat	
flux	 from	 the	 ground	 surface,	 is	
augmented	by	advection	of	energy	
via	water	moving	 from	 the	 bog	 to	
the	 fen.	 Both	 continuous	 and	
discrete	 temperature	
measurements	 indicate	 that	 the	
talik	 is	 isothermal	 at	 ‐0.2°C,	 the	
freezing	 point	 depression	
measured	at	this	site	(Quinton	and	
Baltzer,	 2013).	 Liquid	 volumetric	
soil	 moisture	 at	 50	 cm	 depth	
(deepest	soil	moisture	sensor)	was	
0.8,	indicating	that	the	soil	was	fully	
saturated	 with	 liquid	 water	
throughout	winter.	The	total	flux	of	
water	draining	through	the	talik	and	
into	 the	 fen	 is	 47	 mm	 yr‐1,	
accounting	 for	 about	 10%	 of	 total	
average	runoff	(520	mm	yr‐1)	from	
the	plateau	(data	from	Quinton	and	
Baltzer,	2013).		

Given	the	thickness	of	the	talik,	
it	is	highly	unlikely	that	enough	energy	could	be	removed	from	the	suprapermafrost	layer	to	
freeze	it	entirely.	Given	current	climate	conditions	in	the	study	region,	once	a	talik	expands	
vertically	to	the	point	where	complete	refreezing	in	winter	is	no	longer	possible,	thaw	of	the	
underlying	permafrost	is	inevitable,	owing	to	the	presence	of	liquid	water	on	the	permafrost	
table	throughout	the	year.		
Discussion:	

Hillslope	runoff	from	a	permafrost	cored	peat	plateau	as	first	described	by	Wright	et	al.	
(2008)	indicates	that	runoff	is	restricted	to	the	thawed	portion	of	the	active	layer.	Combining	
the	results	of	the	current	study	with	that	of	Wright	et	al.	(2008)	suggests	a	two‐layered	runoff	
system	where	both	the	talik	and	thawed	portion	of	the	active	layer	convey	subsurface	runoff.	
Although	not	the	primary	runoff	mechanism,	flow	through	the	talik	should	not	be	excluded	
from	runoff	measurements.	Using	isotope	tracers,	Hayashi	et	al.	(2008)	found	that	less	than	
half	the	runoff	from	the	SCRB	was	derived	from	snowmelt	(event)	water.	Other	studies	(i.e.	
Gibson	et	al.,	1993;	Carey	et	al.,	2012)	using	 isotope	tracers	have	found	similar	results	 in	
discontinuous	 permafrost	 terrains.	 These	 studies	 found	 that	 ‘old’	 water	 dominated	 the	
hydrographs;	the	presence	of	taliks	would	provide	a	flowpath	allowing	for	this	old	water	to	
reach	the	drainage	network.	

Many	studies	(i.e.	Akerman	and	Johansson,	2008;	Xue	et	al.,	2008)	have	reported	a	trend	
of	a	thickening	active	layer	in	climates	where	the	mean	annual	temperature	is	close	to	0°C	
but	do	not	report	the	depth	of	refreeze.	It	is	important	that	researchers	do	not	incorrectly	
assume	 that	 the	 thaw	depth	measured	at	 the	end	of	 the	 thaw	period	 is	a	measure	of	 the	

Figure 3: (a) Cross section of study plateau showing lateral and 
vertical thaw since 2006; (b) Changes in plateau width and thaw 
depth since 1999



thickness	of	the	active	layer.	We	show	this	assumption	to	be	erroneous,	and	it	is	important	
to	distinguish	the	thickness	of	the	suprapermafrost	layer	and	the	thickness	of	the	active	layer	
if	the	suprapermafrost	layer	does	not	entirely	re‐freeze	over	winter.	Therefore,	researchers	
should	be	cognoscente	of	the	fact	that	end	of	season	thaw	depths	may	not	be	indicative	of	
active	layer	thickness	(Muller,	1947;	ACGR,	1988),	especially	in	areas	of	discontinuous	and	
sporadic	permafrost.	

We	 suggest	 that	 climate	 warming	 leads	 not	 to	 active	 layer	 thickening	 as	 commonly	
discussed	 in	 the	 literature,	 but	 to	 active	 layer	 thinning,	 considering	 that	 the	 largest	
temperature	increases	in	Canada’s	North	have	occurred	over	winter	(Vincent	et	al.,	2015).	A	
thinner	active	layer	would	allow	for	more	rapid	thawing	of	the	underlying	permafrost,	as	
thawing	of	the	active	layer	would	be	completed	earlier	in	the	season,	permitting	more	energy	
to	penetrate	through	to	the	permafrost.	These	processes	must	be	properly	conceptualized	
and	parameterized	in	order	to	better	understand	and	predict	the	response	of	such	systems	
to	climate	warming.	

Permafrost	thaw	is	very	rapid	in	the	zone	of	discontinuous	permafrost	(Kwong	and	Gan,	
1994;	Quinton	et	al.,	2011)	where	permafrost	is	thin	(<10m),	relatively	warm	(>‐1.5°C),	and	
subject	to	both	lateral	and	vertical	thaw.	Permafrost	thaw	changes	the	routing	and	storage	
of	water	within	a	basin	(St.	 Jacques	and	Sauchyn,	2009;	Connon	et	al.,	2014).	 If	a	 thinner	
active	layer	facilitates	more	rapid	permafrost	thaw,	the	coupled	hydrological	changes	will	
also	occur	more	rapidly	than	expected.	It	is	important	to	identify	the	point	at	which	thinning	
of	the	active	layer	may	be	expected,	as	this	would	indicate	a	threshold	at	which	permafrost	
thaw	will	become	more	rapid.		
Conclusions:	

In	 permafrost	 regions	where	 taliks	 have	 developed,	 active	 layer	 thickness	 should	 be	
measured	by	the	maximum	extent	of	the	freezing	front,	not	by	the	thaw	depth	at	the	end	of	
summer.	In	these	areas,	a	thinning	of	the	active	layer	is	predicted	in	response	to	a	warming	
climate.	We	propose	 that	 the	 term	 ‘suprapermafrost	 layer’	 originally	 suggested	by	Muller	
(1947)	be	reincorporated	into	the	current	nomenclature	to	refer	to	the	end	of	summer	thaw	
depths	when	re‐freeze	depths	are	not	known.	The	presence	of	a	talik	provides	an	additional	
flowpath	that	can	transport	water	to	the	drainage	network	year‐round.	Taliks	also	allow	for	
lateral	advection	of	energy,	providing	an	additional	energy	source	that	may	thaw	underlying	
permafrost,	and	as	such	should	be	documented	and	included	in	runoff	measurements	and	
models	to	accurately	represent	the	system.		
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ABSTRACT	
Peat	soils	have	complex	pore	structures	that	contain	open,	dead‐end	pores	and	pores	that	
are	 closed	 or	 partially	 closed.	 This	 distinct	 physical	 property	 influences	 the	 hydraulic	
properties	(i.e.,	flow	and	transport)	in	peat.	Despite	widespread	interest	in	micro‐pore	scale	
modeling	of	fluid	flow	and	solute	transport	in	different	types	of	porous	media,	there	are	no	
similar	 studies	 on	 organic	 soils	 such	 as	 peat.	 In	 this	 study,	 we	 extracted	 pore	 network	
structures	using	the	pore	space	information	obtained	from	3D	X‐ray	computed	tomography	
(CT)	images	of	peat	soil.	The	pore	network	information	was	used	to	simulate	the	hydraulic	
conductivity	 and	 solute	 transport	 properties	 of	 peat	 using	 a	 pore‐network	 modeling	
approach.	Horizontal	and	vertical	hydraulic	conductivity	of	peat	and	 the	anisotropy	ratio	
were	calculated.	Numerical	results	showed	that	peat	hydraulic	conductivity	drops	50	folds	
from	2	to	11	cm	depth,	comparable	to	results	of	previous	studies	conducted	on	the	same	
peat.	 Solute	 transport	 simulations	were	done	on	 the	 same	networks	using	different	pore	
velocities.	Dispersivity	was	estimated	to	be	~3mm,	comparable	measured	values	in	similar	
peat	types.	Single	phase	flow	and	solute	transport	results	indicate	that	our	micro‐scale	pore	
characterization	of	peat	using	pore	network	modeling	is	realistic.	This	approach	provides	a	
tool	to	better	understand	how	hydraulic	conductivity	and	solute	transport	of	peat	soils	are	
controlled	by	its	pore	size	distribution	and	network	structure.	

INTRODUCTION	
Pore	scale	numerical	simulations	of	water	saturated	flow	have	been	done	in	several	studies	
in	 ordered	 and	 disordered	 lattices	 representing	 media	 including	 sandstones,	 carbonate	
rocks,	etc.	(Bakke	&	Øren,	1997).	However	this	has	not	been	done	on	organic	soils	such	as	
peat.	Pore	network	solute	transport	numerical	simulations	have	also	been	successfully	done	
on	 ordered	 lattices	 representing	uniform	pore	 spaces	 such	 as	Berea	 sand	or	 glass	 beads	
(Bijeljic	et	al.,	2004;	Raoof	&	Hassanizadeh,	2013).	However,	no	solute	transport	numerical	
simulation	has	been	done	using	irregular	shaped	and	disordered	lattices.	X‐ray	CT	imaging	
techniques	 used	 to	 characterize	 the	 pore	 network	 of	 poorly	 decomposed	 Sphagnum	
dominated	peat	 (Quinton	 et	 al.,	 2009;	Rezanezhad	 et	 al.,	 2009;	Rezanezhad	 et	 al.,	 2010),	
showed	 the	 reduction	 of	 hydraulic	 conductivity	 with	 depth	 was	 related	 to	 pore‐size	
distribution.	 In	 this	 study,	 the	 same	 3D	 CT	 X‐ray	 images	 of	 peat	 were	 used	 to	 extract	
disordered	 lattices	 for	 flow	 and	 solute	 transport	 studies.	 The	 objective	 is	 to	 develop	 a	
numerical	 simulation	 model	 of	 flow	 and	 solute	 transport	 on	 the	 extracted	 lattices,	 to	
determine	the	variations	of	flow	and	solute	transport	properties	with	depth.	This	approach	
can	answer	questions	not	easily	determined	using	experimental	methods	to	measure	flow	



and	transport	parameters.	For	example,	it	realistically	represents	the	adsorption	of	solute	
onto	peat	pore	surface,	as	well	as	its	absorption	into	inactive	pores	and	dead	end	spaces;	
estimates	 of	 dispersivity	 based	 on	 experimental	measurements	 lumps	 these.	 This	model	
provides	a	base	for	further	understanding	complex	processes	governing	flow	and	transport	
in	peat,	such	as	how	and	why	hydraulic	conductivity	changes	due	to	peat	decomposition	or	
due	to	accumulation	of	biomass	in	pore	spaces.	
METHODOLOGY	
Seven	3D	cubes	with	a	dimension	of	1cm	a	side	were	cut	from	digitized	micro	CT	data	(Figure	
1‐left);	from	increasing	depths	ranging	from	2	to	11	cm.	The	equivalent	pore	network	lattice	
(Figure	1‐middle)	of	 the	pore	spacewas	extracted	for	each	cube	using	a	well‐known	pore	
network	extraction	code	(Dong	&	Blunt,	2009).	The	code	uses	micro	CT	data	and	reports	the	
spatial	distribution	of	pores,	throats,	their	connectivity,	shape,	size,	length,	hydraulic	radius	
and	 volume.	 Saturated	 water	 flow	 through	 each	 network	 was	 then	 simulated	 in	 both	
horizontal	and	vertical	directions,	resulting	in	estimates	of	horizontal	(Kh)	and	vertical	(Kv)	
hydraulic	 conductivities.	 To	 do	 this,	 the	 pore	 pressure	 was	 obtained	 by	 solving	 mass	
conservation	 at	 every	 pore	 within	 the	 network.	 A	 simplified	 form	 of	 the	 Navier‐Stokes	
equation	 correlates	 pressure	 gradient	 and	 the	 flow	 rate	 in	 individual	 throats	 located	
between	two	pores.	Knowing	the	flow	rate	and	cube	dimension,	the	hydraulic	conductivity	
of	peat	was	calculated	(see	Valvatne	&	Blunt,	2004	for	details).	The	pore/throat	shape	and	
dimension	information,	along	with	the	calculated	flow	rate	data	were	then	used	to	simulate	
unsteady‐state	solute	transport	through	the	peat	pore	network,	for	four	selected	depths.	A	
numerical	solution	scheme	(Qin	&	Hassanizadeh,	2015)	was	used	to	solve	solute	transport	
equations	and	to	obtain	the	spatial	and	temporal	variations	of	solute	concentration	within	
the	network	(Figure	1‐right).	Concentration	of	solute	at	the	out‐flowing	stream	is	recorded	
as	 the	solute	breakthrough	curve.	The	breakthrough	data	were	matched	using	the	Ogata‐
Banks	exact	solution,	and	the	corresponding	dispersion	value	was	determined	through	curve	
matching	(Figure	2‐left).	The	solute	transport	simulation	was	done	at	three	different	flow	
rates	and	Peclet	numbers	to	obtain	the	variation	of	dispersion	with	pore	velocity.	Finally	the	
dispersivity	 value,	 which	 is	 a	 property	 of	 the	 porous	 medium,	 was	 calculated	 by	 linear	
regression	of	dispersion	against	pore‐water	velocity	(Figure	2‐right).	

	
Figure	1:	Left:	1x1x1cm	micro	CT	imaging	data	for	2	cm	depth	peat	 ‐dark	color	and	
white	color,	respectively,	represent	matrix	and	pore	space.	Middle:	equivalent	pore‐
throat	 network	 obtained	 using	 network	 extraction	 code	 ‐	 black	 circles	 represent	
pores	 and	 blue	 cylinders	 are	 throats.	Right:	 C/C0	 in	 individual	 pores	 after	 1	 pore	
volume	of	injection.	

	



	

Figure	2:	Left:	Numerical	solution	and	exact	solution	of	solute	transport	through	the	
pore	network	extracted	for	2cm	deep	peat;	Right:	Variation	of	dispersion	with	pore	
velocity	and	obtained	dispersivity	value	for	the	same	network.	

RESULTS	AND	DISCUSSION	
Hydraulic	conductivity	was	determined	to	decrease	from	8.7	x	10‐3	to	1.6	x	10‐4	m/s	between	
2‐	11	cm	depth	(Table	1).	This	50‐fold	reduction	in	the	hydraulic	conductivity	is	consistent	
with	laboratory	observations	of	the	same	peat	(Rezanezhad	et	al.,	2010;	Quinton	et	al.,	2008).	
Kv	 and	Kh	 values	were	 similar,	 suggesting	peat	was	anisotropic.	Dispersivity	was	~3	mm	
(Figure	2),	similar	to	values	obtained	experimentally	on	Sphagnum	dominated	peat	(Hoag	&	
Price,	1997).	
Table	1:	Variation	of	Kh,	Kv	and	dispersivity	values	versus	depth	

Depth		 2	cm	 3	cm	 5	cm	 6	cm	 9	cm	 10	cm	 11	cm	
Kh	(m/s)	 8.69E‐03	 7.77E‐03	 2.71E‐03 3.38E‐03 1.95E‐03 5.61E‐04	 1.58E‐04
Kv	(m/s)	 8.31E‐03	 7.17E‐03	 3.05E‐03 3.90E‐03 1.89E‐03 5.39E‐04	 1.46E‐04
Dispersivity	(m)	2.79E‐03	 ‐	 3.66E‐03 ‐	 2.08E‐03 2.07E‐03	 ‐	

CONCLUSION	
Modeled	peat	hydraulic	conductivity	declined	with	increasing	depth	similar	to	experimental	
observations	(Rezanezhad	et	al.	2009).	Dispersivity	was	calculated	to	be	~3mm,	comparable	
to	values	reported	in	a	previous	solute	transport	study	in	Sphagnum‐dominated	peat.	Our	
study	illustrates	how	the	pore	size	distribution	and	pore	network	structure	of	peat	controls	
hydraulic	conductivity	and	solute	transport.	This	approach	will	be	used	to	better	understand	
how	 changes	 to	 the	 pore	 network	 geometry	 caused	 by	 decomposition	 or	 clogging	 with	
mobile	particulates	affect	flow	and	transport.	
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Lake	 on	 the	Mountain,	 located	 in	 Prince	Edward	County,	Ontario,	 has	 been	 a	mystery	 to	
researchers	and	locals	alike	for	decades.	The	35	m	deep	lake	is	located	precipitously	close	to	
the	edge	of	a	62	m	high	cliff	overlooking	the	Bay	of	Quinte.	How	the	lake	has	existed	at	this	
elevation	without	draining	into	the	bay	below	is	not	known,	nor	is	it	completely	understood	
how	the	lake	was	originally	formed.	The	accepted	hypothesis	is	that	it	was	formed	by	a	large	
Quaternary	 sinkhole	 collapse,	 though	 significant	 evidence	 to	 support	 this	 claim	does	 not	
exist.	The	lake	is	emplaced	in	Ordovician	carbonates,	which	would	make	a	sinkhole	collapse	
a	plausible	explanation.	
The	objective	of	 this	project	 is	 to	provide	validation	to	support	a	hypothesis	of	 the	 lake’s	
formation,	through	the	collection	and	analysis	of	geophysical	survey	data,	as	well	as	water	
temperature	and	conductivity	measurements.		
An	 electromagnetic	 survey	 using	 a	 Max‐Min	 and	 EM‐31	 horizontal	 loop	 system	 was	
undertaken	in	order	to	identify	groundwater	inflow	channels.	This	survey	showed	no	lateral	
anomalies	in	the	conductivity	profile,	which	may	indicate	that	these	inflow	channels	are	not	
present.	In	addition,	the	temperature	and	conductivity	measurements	of	the	water	column	
indicate	that	the	lake	is	very	strongly	stratified	in	temperature	and	in	chemistry	at	a	depth	
of	approximately	7	m.	Though	not	unexpected	 for	a	 lake	of	 this	size	and	shape,	 this	does	
suggest	that	there	is	not	a	significant	groundwater	flux	occurring	at	depth	in	the	lake.	
	A	Ground	Penetrating	Radar	(GPR)	survey	was	performed	from	the	frozen	lake	surface	using	
a	MALA	ProEx	100	MHz	instrument.	An	acoustic	survey	was	also	performed	from	a	canoe	
platform,	 using	 a	 Knudsen	 Pinger	 Echosounder.	 The	 GPR	 and	 acoustic	 surveys	 were	
performed	in	order	to	acquire	a	more	detailed	bathymetric	image	of	the	lake	bottom	surface,	
in	 addition	 to	 imaging	 the	 thickness	 and	 stratification	 of	 sediment	 layers.	 The	 acoustic	
profiles	of	the	lake	bottom	bedrock	identified	several	vertical	structures	that	appear	to	be	
solutionally	 enlarged	 fractures,	which	 are	 typical	 bedrock	 features	 that	 occur	 in	 epikarst	
environments.	The	acoustic	data	also	shows	that	the	deep	lake	basin	is	elongated	and	linear,	
and	strikes	parallel	to	a	set	of	normal	faults	present	in	the	area.	This	indicates	that	the	lake	
may	be	situated	over	a	fault	zone,	which	would	have	provided	fractures	to	accelerate	karst	
development.	
The	identification	of	epikarst	bedrock	features,	as	well	as	a	possible	fault	zone	under	Lake	
on	 the	Mountain	 support	 the	hypothesis	 that	 the	 lake	was	 formed	 from	a	 karst	 sinkhole	
collapse.	
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Abstract	
Recently,	fen	construction	projects	on	post‐open	pit	mines	in	northeastern	Alberta	have	been	
attempted	as	a	reclamation	strategy	to	reintroduce	peatlands	into	the	region	where	industry	
disturbs	a	substantial	amount	of	wetland	ecosystems.	In	this	study	methane	(CH4)	flux	and	
controls	 on	 flux	 from	 a	 constructed	 fen	 and	 two	 natural	 reference	 sites	 in	 northeastern	
Alberta	were	considered	in	an	effort	to	better	understand	functionality	of	the	constructed	
fen.	Methane	release	was	found	to	be	lower	at	the	constructed	fen	compared	to	the	reference	
poor	fen,	but	similar	to	the	reference	saline	fen.	Further	analysis	also	revealed	similarities	in	
environmental	 variables	 measured	 between	 the	 constructed	 and	 saline	 fen.	 Statistical	
results	 suggest	 that	 a	 thorough	 understanding	 of	 biogeochemistry,	 peat	 properties,	
hydrology,	 and	 vegetation	 is	 necessary	 to	 understand	 CH4	 flux	 at	 the	 recently	 reclaimed	
constructed	fen	compared	to	natural	reference	sites.	A	clear	statement	of	reclamation	goals	
is	 required	 to	 understand	how	CH4	 emissions	 from	 constructed	 fen	 ecosystems	 relate	 to	
reclamation	success.		
Introduction	

Open	pit	mining	activities	associated	with	the	extraction	of	oil	sand	ore	is	a	common	
land‐use	in	the	Athabasca	Oil	Sands	deposit	around	Fort	McMurray,	Alberta.	Mining	in	this	
area	disturbs	landscapes	which	were	predominantly	peatlands	(Vitt	et	al.,	1996).	The	Alberta	
Government	requires	reclamation	of	a	portion	of	mined	landscapes	to	wetland	ecosystems	
with	 “equivalent	 capability”	 of	 pre‐disturbed	 land	 (OSWWG,	 2000).	 As	 peatlands	 act	 to	
sequester	 carbon	 and	 have	 a	 high	 capacity	 to	 store	water,	 it	 is	 advantageous	 to	 restore	
disturbed	 areas	 to	 peatlands	where	 possible	 (Price	 et	 al.,	 2010).	 Fens	 are	 the	 dominant	
peatland	type	near	Fort	McMurray	and	recently	the	construction	of	fen	peatlands	on	post‐
open	pit	mined	landscapes	have	been	attempted	(Daly	et	al.,	2012).	It	has	been	predicted	
that	the	functionality	of	constructed	fen	systems	may	not	align	with	natural	sites,	given	that	
fen	 creation	 results	 in	 unique	 hydrology	 and	 water	 chemistry	 conditions,	 causing	 the	
eventual	development	of	novel	ecosystems	 (Nwaishi	et	al.,	2015).	Ongoing	monitoring	 to	
understand	how	these	potential	novel	systems	function	should	consider	carbon	dynamics,	
comparing	results	to	natural	reference	ecosystems.		

Although	natural	peatlands	act	to	sequester	carbon	through	the	flux	of	carbon	dioxide	
(CO2)	 overall,	 the	 incomplete	 decomposition	 of	 organic	matter	 in	waterlogged	 soils	 over	
thousands	of	years	results	in	a	loss	of	the	greenhouse	gas	methane	(CH4)	from	undisturbed	
peatlands	to	the	atmosphere	in	the	order	of	30	Tg	(1	Tg	=	1012	g)	CH4	annually	(Frolking	et	
al.,	 2011).	 Controls	 on	 CH4	dynamics	 from	 peatlands	 include	 vegetation	 type,	 vegetation	
productivity,	water	table	depth,	soil	temperature,	and	peat	geochemistry	(Lai,	2009).		



Information	on	the	controls	on	CH4	flux	at	a	constructed	fen	compared	to	reference	
ecosystems	 is	 beneficial	 to	 understand	 functionality	 of	 the	 reclaimed	 fen	 and	 to	 make	
recommendations	 to	 future	projects.	 The	primary	objective	of	 this	 study	 is	 to	 determine	
controls	 on	 CH4	 flux	 over	 a	 growing	 season	 from	 similar	 vegetation	 treatments	 at	 a	
constructed	fen	and	two	reference	fens	in	northeastern	Alberta	with	a	focus	on	two	vascular	
species	planted	at	the	constructed	fen	(Carex	aquatilis	and	Juncus	balticus)	and	including	a	
consideration	of	moss	presence.		
Study	Sites		 		

The	 study	was	 conducted	 at	 three	 different	 study	
sites	located	within	30	km	of	Fort	McMurray,	Alberta	(Fig	
1).	The	constructed	fen	(CF)	site,	which	was	completed	in	
2013,	was	a	~3	ha	fen	within	a	32	ha	watershed.	It	included	
an	 upland	 area	 made	 up	 of	 tailings	 sands	 with	 high	
hydraulic	conductivity	(Price	et	al.,	2010).	Two	meters	of	
donor	peat	was	placed	on	a	layer	of	petroleum	coke	at	the	
base	 of	 the	 slopes.	 Donor	 peat	 was	 collected	 from	 a	
dewatered	peatland	and	stored	for	two	years	before	being	
transported	 to	 the	 reclamation	 site	 for	 construction	
(Nwaishi	et	al.,	2015).	Vegetation	was	planted	on	the	site	
with	 a	 randomized	 split‐plot	 vegetation	 design	 to	 test	
vegetation	establishment	(A.	Borkenhagen,	unpublished).	
Specifically,	for	this	study	seedling	plantation	(Cooper	and	
Macdonald,	 2001)	 of	 two	 vascular	 species,	 moss	 layer	
transfer	 (Rochefort	 and	 Campeau,	 2002),	 and	 bare	 control	 areas	 were	 considered.	
Treatments	at	the	CF	included	four	replicates	of	plots	across	the	site	in	each	treatment:	1)	
Carex	aquatilis,	2)	Juncus	balticus,	3)	Carex	aquatilis	and	moss,	4)	Juncus	balticus	and	moss,	
5)	bare,	and	6)	moss.	Two	natural	reference	sites	were	also	considered	for	this	study.	One	
reference	site	was	a	saline	fen	(SF)	influenced	by	saline	groundwater	(Wells	and	Price,	2015).	
At	SF	 treatments	 included	 four	replicates	each	 in	areas	dominated	by	 Juncus	balticus	and	
bare	areas.	A	final	study	site	was	a	poor	fen	(PF)	surrounded	by	upland	coniferous	forests	
and	dominated	by	a	Sphagnum	carpet.	At	this	site	four	replicates	of	both	moss,	and	Carex	
aquatilis	and	moss	treatments	were	considered.	
Methods	

Flux	measurements	were	made	10	times	from	May	16‐September	3,	2015	using	the	
closed	 chamber	method	 (Alm	et	 al.,	 2007).	Briefly,	 CH4	 flux	was	measured	using	 opaque	
chambers	(0.108	m3)	placed	on	metal	collars,	with	gas	samples	(20mL)	extracted	four	times	
over	 a	 35‐minute	 interval	 and	 subsequently	 analyzed	 via	 gas	 chromatography.	 Flux	was	
determined	 from	 the	 linear	 change	 in	 concentration	 over	 time.	 Measurements	 of	 gross	
ecosystem	productivity	(GEP)	were	made	using	a	clear	chamber	connected	to	an	infrared	gas	
analyzer	 in	 full	 light	 conditions	 (photosynthetically	 active	 radiation	>1000	µmol	m‐2	 s‐1).	
Water	 table	 depth	 (WT)	was	measured	with	 ~1	m	 PVC	 standpipe	 adjacent	 to	 each	 plot	
(diameter	 0.05	 m).	 Soil	 temperature	 at	 0.10	 m	 depth	 (Temp10)	 was	 measured	 with	 a	
thermocouple	probe	inserted	into	the	peat.	To	better	understand	redox	reactive	ions	in	pore	
water,	 plant	 root	 simulator	 (PRS)TM	probes	 (Western	Ag	 Innovations	 Inc.,	 Saskatoon,	 SK)	
were	buried	at	0.20	m	depth	adjacent	to	each	plot	for	14	days.	PRS	probes	included	a	10	cm2	
resin	membrane	which	measured	ion	supply	in	soil	solution.	Finally,	aboveground	biomass	

Fig 1. Study site locations near Fort 
McMurray, Alberta. Source: Google Earth 



was	 sampled	 using	 a	 0.2	 x	 0.6	m	 quadrat	 placed	 adjacent	 to	 the	 flux	 sampling	 plots.	 All	
biomass	in	the	quadrat	was	cut	at	the	soil	surface	and	transported	to	the	laboratory	where	
it	was	dried	at	60˚C	for	72	hours	and	weighed.	

To	determine	differences	in	CH4	flux	between	sites	and	treatments	across	the	growing	
season	a	one‐way	ANOVA	with	repeated	measures	that	accounted	for	date	was	used,	with	a	
pairwise	t‐test	with	adjusted	p‐values	using	the	holm	method.	Principle	component	analysis	
(PCA)	 was	 applied	 to	 seasonal	 average	 CH4	 flux	 and	 environmental	 data	 to	 understand	
variance	in	data	across	sites.	To	understand	controls	on	CH4	flux,	Pearson	correlation	and	
multiple	linear	regression	analysis	were	applied	to	seasonal	average	flux	and	environmental	
data.	 Environmental	 controls	 included	 in	 analysis	were	WT,	 Temp10,	 GEP,	 aboveground	
biomass,	and	redox	reactive	 ions	sulfur	 (S),	ammonium	(NH4),	 iron	(Fe),	and	manganese	
(Mn).	 Data	 were	 log	 transformed	 to	 meet	 normality	 and	 variance	 conditions,	 and	 a	
significance	of	α=0.05	was	used.	The	statistical	program	R	3.2.4.	(R	Core	Team,	2016)	was	
used	for	all	statistical	analysis.		
Results	
Growing	season	CH4	flux	from	the	PF	(23.9	mg	CH4	m‐2	d‐1)	was	significantly	higher	compared	
to	 the	 SF	 (4.4	 mg	 CH4	 m‐2	 d‐1)	 and	 CF	 (4.0	 mg	 CH4	 m‐2	 d‐1;	 F9,241=2.6,	 p=0.007;	 Fig	 2).	
Considering	seasonal	averages	at	all	treatments	in	the	study,	Juncus	balticus	plots	at	the	CF	
had	significantly	higher	CH4	flux	compared	to	bare	plots	at	the	CF,	and	the	two	treatments	at	
the	PF,	Carex	aquatilis	and	moss	and	moss	only,	had	significantly	higher	flux	compared	to	all	
other	treatments	(F2,33=28.5,	p<0.001;	Fig	2).			

	
Fig	2.	Methane	flux	at	the	constructed	fen	(CF),	poor	fen	(PF),	and	saline	fen	(SF;	left).	
Methane	flux	at	treatments	CF	bare	(CFB),	CF	Carex	(CFC),	CF	Carex	+	moss	(CFCM),	CF	
Juncus	(CFJ),	CF	Juncus	+	moss	(CFJM),	CF	moss	(CFM),	PF	Carex	+	moss	(PFCM),	PF	
moss	 (PFM),	 SF	 bare	 (SFB),	 and	 SF	 Juncus	 (SFJ;	 right).	 Letters	 indicate	 significant	
differences	between	sites	and	treatments.			
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Eigenvalues	 from	 the	 PCA	 analysis	 revealed	 the	 first	 three	 principal	 components	 to	 be	
important	 (eigenvalues	 >1),	 and	 explain	 73.3%	 of	 the	 data	 variance	 (Fig	 3).	 The	 PCA	
indicated	 strong	 clustering	 based	 on	 sites,	 with	 PF	 plots	 grouped	 along	 PC1.	 Pearson	
correlation	 between	 average	 seasonal	 environmental	 variables	 across	 all	 three	 sites	
revealed	S,	NH4,	and	Fe	to	be	significantly	correlated	to	CH4	flux	(Table	1),	consistent	with	
the	PCA	results	which	found	Fe	and	NH4	to	be	highly	correlated	to	PC1	(Fig	3).	Multiple	linear	
regression	with	the	highest	coefficient	of	determination	included	WT,	S	(log	transformed),	
Fe	 (log	 transformed),	 NH4	 (log	 transformed),	 biomass,	 and	 Temp10	 as	 independent	
variables	(F6,33	=	4.2,	p=0.039,	R2	(adj)	=	0.73).	This	regression	also	included	treatment	(CF	
bare,	PF	moss,	etc.)	as	an	interactive	term	with	variables	S	(log	transformed)	and	NH4	(log	
transformed).							

	

Discussion	
Average	 2015	 CH4	 flux	 values	

from	the	CF	and	SF	sites	in	this	study	
were	 substantially	 lower	 than	 values	
reported	 from	 other	 fen	 sites	 in	 the	
region,	while	the	value	from	the	PF	was	
in	a	similar	range.	For	instance,	Long	et	al.	(2010)	reported	average	emissions	of	32	mg	CH4	
m‐2	d‐1	over	a	growing	season	in	Alberta	using	eddy	covariance.	Lower	CH4	emissions	from	
both	CF	and	SF	were	expected,	associated	with	a	pre‐existing	knowledge	of	high	sulphate	
values	 at	 both	 sites	 (Wells,	 2015).	 Sulphate	 is	 known	 to	 inhibit	 CH4	 flux,	 as	 it	 is	 the	 last	
terminal	 electron	 acceptor	 to	 be	 energetically	 favoured	 in	 competition	 for	 substrates	
necessary	for	CH4	production	(Bridgham	et	al.,	2013).	

No	prominent	treatment	effect	was	revealed	from	CH4	fluxes	between	the	CF	and	SF	
(Fig	2).	Only	the	CF	bare	plots	were	found	to	have	significantly	lower	flux	compared	to	the	
CF	Juncus	balticus	plots.	This	likely	indicates	that	the	Juncus	balticus	plants	were	wicking	CH4	
to	the	atmosphere	through	aerenchymous	tissues	(Whalen,	2005).	Ström	et	al.	(2005)	found	
a	species‐specific	effect	of	vascular	plants	on	CH4	emissions,	where	Juncus	species	emitted	
less	 CH4	 compared	 to	 Carex	 species.	 While	 no	 evidence	 of	 differences	 in	 CH4	 emissions	
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Fig 3. Principle component analysis of seasonal average 
methane flux and environmental controls (water table depth 
(WT), temperature at 10cm below surface (temp10), gross 
ecosystem productivity (GEP), aboveground vegetation 
biomass (Biomass), soil water iron (Fe), ammonium (NH4), 
manganese (Mn), and sulfur (S)) measured at the 
constructed fen (CF), poor fen (PF), and saline fen (SF). 

Table 1. Pearson correlation between seasonal average 
environmental variable and log CH4 flux across the constructed fen, 
poor fen, and saline fen. Refer to Fig 3 for descriptions of variables.  
Variable  Correlation  p-value 

WT   -0.037   0.818  
Temp10             -0.250   0.120 
GEP   0.030   0.854 
Biomass             -0.188   0.245 
logS             -0.624   <0.001 
logNH4   0.635   <0.001 
logFe   0.419   0.007 
logMn   0.209   0.195 
Bold indicates a significant results p<0.05 
S, NH4, Fe, and Mn were log transformed 



between	vascular	species	were	found	in	the	present	study,	low	flux	values	at	both	CF	and	SF	
made	it	challenging	to	parse	apart	a	vegetation	influence	on	the	flux.	

The	PCA	results	revealed	variance	between	sites	in	CH4	and	environmental	variables	
measured,	with	plots	 from	CF	and	SF	clustering	closer	together	compared	to	the	PF.	This	
indicates	that,	at	this	early	stage	post‐reclamation,	the	CF	is	functioning	more	similarly	from	
a	 biogeochemistry	 stance	 to	 a	 saline	 natural	 site	 compared	 to	 a	 poor	 fen.	 The	 Pearson	
Correlation	and	multiple	linear	regression	results	highlighted	the	importance	of	the	redox	
reactive	ions	in	explaining	CH4	flux	(Table	1).	The	PF	had	higher	NH4	and	Fe	values	compared	
to	the	other	sites	(results	not	shown).	Positive	correlation	between	CH4	and	both	NH4	and	
Fe	(Table	1)	indicated	that	biogeochemistry	at	the	PF	was	more	conducive	to	CH4	production	
compared	to	the	other	sites	(Bridgham,	2013).	Results	from	the	regression	analysis,	which	
included	six	environmental	controls	on	CH4	flux,	suggests	that	explaining	CH4	emissions	from	
a	reclaimed	fen	requires	in‐depth	knowledge	of	plot‐scale	ecohydrological	conditions.					
Conclusions	

In	 this	 study	 differences	 in	 CH4	 flux	 and	 environmental	 variables,	 particularly	
biogeochemistry,	were	found	between	a	constructed	fen	and	poor	fen	in	the	area,	indicating	
constructed	 fens	 do	 not	 function	 similar	 to	 poor	 fens	 dominant	 in	 the	 area	 shortly	 after	
reclamation.	However,	similarities	in	flux	and	controls	were	found	between	a	constructed	
fen	 and	 a	 saline	 fen	 in	 the	 area.	As	 CH4	 is	 a	 strong	 greenhouse	 gas,	 low	CH4	 flux	 from	a	
constructed	fen	may	actually	be	seen	as	beneficial	in	future	fen	creation	projects	by	reducing	
greenhouse	 gas	 emissions,	 despite	 apparent	 differences	 in	 functionality	 between	
constructed	 fens	 and	 poor	 fens.	 Ultimately	 clear	 statement	 of	 reclamation	 goals	 (e.g.,	
greenhouse	gas	sink	vs.	similar	biogeochemical	function	as	natural	fens)	will	be	required	to	
determine	how	CH4	flux	and	its	controls	relate	to	the	success	of	constructed	fen	projects,	
particularly	over	the	long‐term.		
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