. ) .. . ‘ Ve
CANADIAN THESES ON MICROFICHE ~

.

THESES CANADIENNES SUR MICROFICHE

’.

. * National Library of Canada
Collections Development Branch

Canadian Theses on
Microfiche Service

Ottawa, Canada
K1A ON4

sur microfiche

NOTICE

The. quality of this microfiche is heavily dependent
upon the quality of the original thesis submitted for
microfilming. Every effort has been made to ensure
_ the highest quality of reproduction possible.,

If pages are missing, contact the umversuty ‘which
granted the degree

Some pages may have mdlstmét!prmt especoally
if the original pages were typed with a poor typewriter
ribbon or if the university sent us a poor photocopy.

\

Prevnously copynghted matenals (journal artlcles
published tests, etc. ) are not filmed.

Reproductlon in full or in part of this film is gov-
erned by the Canadian Copyright Act, R.S.C. 1970,
c. C-30. Please read the authorization forms whuch
aocompany this thesis.

THIS DISSERTATION
HAS BEEN MICROFILMED
%’ EXACTLY AS RECEIVED

NL-339 (r. sz/im)‘

o -

- CON

I.S-B.N. ' | ) .

Bibliothéque natioriale du Canada (

. . . \
Direction du dévelcl)ppement des collections

Service des théses canadiennes

AVIS

La@ qualité de cette microfiche dépend grandement de
la qualité de la thése soumise au microfilmage. Nous
avons tout fait pour assurer une qualité supéneure
de reproduction.

S'il manque des pages, veuillez commumquer

"avec l'umversité qui a conféré le grade.

La qualité d‘impression de
laisser & désirer, surtout 'si les flages originales ont été
dactylographiées & 1’aide d'un rdban usé ou si I'univer-
sité nous a fait parvenir une ph tocopie de mauvaise
qualité. -

rtames pages. peut

Les documents qui font déja \'objet dun droit
d’auteur (articles de revue, examens publiés, etc.) ne
sont pas microfilmés. :

.La reproduction, méme partielle, de ce microfilm
est soumise & la Loi canadienne sur le droit d‘auteur,
SRC 1970, c. C-30. .Veuillez prendre connaissance des
formules d’autorisation qui accompagnent cette theése.

- LA THESE A ETE
MICROFILMEE TELLE QUE
NOUS‘L’AVO'NS RECUE

»

Cana a



T O-3/5-0510- 5

.* National/Library Bibliothéque nationale  °
T Mg/ Canada du Canada
Canadian Theses Division  Division des théses canadiennes’ ‘ . :
Ottawa, Canada -
SRECT - 53880 {
_ - / o :
IIMUSOION TO MICROFII.M AU'I’ORICATION DI MIOROFILMIR
\\ 7
° Pg_e print or type — Ecrire on iettres moulbee ou dactylographier
Full Name of Author — Nom complet de I'auteur
S‘\‘@han C. C)ﬁoc'uan
Date of Birth — Date de naissance Y ~Country of Birth — Lieu de naissance — r, .
4
Permanent Address — Résidence fixe ’
She
Re & :
o oMo 8.C. s ]

T}tle of Thesis — Titre de la thase

:Permoﬁml:

Pggrodatnen  omd Degrbéo&\oh

N o Sob- Bhrehe Peoddo.n&

¢

University — Université

R

oqoeom % Aot .

Degree for which thesis was presented — Grade pour lequet cette thase fut preeenté? o

. Mausol %SW

Year this degree conterred — Année d thenﬁon de ce grade

- g

Name of Supervnsor ~~ Nom du directeur de thése

Dr k’n.xv\o.n\-a.t Qoﬂ-ex

4

Permission is hereby granted to the NATIONAL LIBRARY OF
CANADA to microfiim this thes«s and to Iend or sell copies of
the film.

The author reserves other publication rights, and neither the
thesis nor extensive extracts from it may be printed or other-
wise reproduced without the author’s written permission.

3

L'autorisation est, par la p&eme. -acoordée a la BIBLIOTHE-
QUE NATIONALE DU CANADA de microfilmer cette thése et de
priter ou de vendre des exemplaires du film.

L auteur se réserve les autres droits de publication; ni la thase
longs extraits de celle-ci ne doivent-$treimprimés ou
‘_,J nt mproduits sans I'autorisation écrite de I'auteur.
3 .

Date .
Ocr - B\

\ 4

NL91 ('4/77)

-

PR EVEO= T



.

} < THE UNIVERSITY OF ALBERTA -

PERMAFROST AGGRADATION AND DEGRADATION

) IN & SUB-ARCTIC PEATLAND
by

@ STEPHEN C. CHATWIN

- _ A THESIS
SUBMITTED TO THE FACULTY OF GRADUATE STUDIES AND RESEARCH
'IN PARTIAL FULFILIMENT OF THE REQUIREMENTS FOR THE DEGREE

v

OF MASTER OF SCIENCE

IEPARTMENT OF GEOLOGY

EIMONTON, ALEERTA '
~ Fall, 1981



rid

THE UNIVERSITY OF ALBERTA
RELEASE FORM

* NAME OF AUTHOR —.....,,STEPHEN C. QHATWIN - - — —

TITLE OF THESIS mm‘mm“mm@mm“

IN A SUB-ARCTIC PEATLAND . N

~

TEGREE FOR WHICH THESIS WAS PRESENTED ......TASTER OF SCIENCE

YEAR mIS mm mn I.l..l.....l%??%lQl.....................'ll
'
Permission is hereby granted to The UNIVERSITY OF ALBERTA

LIBRARY to reproduce single copies of this thesis and to lend or
) . : {
“/f/f

sell such copies for private, schplarly\dr scientific research

purposes only,

w®e

The author reserves other publication rights, and neither
the thesis nor-fxtensive extracts'from it may be printed or

otherwise reproduced without the author's written permission.
(Si@ed) @.ll..l..........l.

] - . PERMANENT ADDRESS:
Site 'L' RR # 3

@00 000000000 c000 0000000000 OCOCSIROIINGBORDOTS
* i

NANATMO B.C. VSR 3

DATED _.ﬁd.“.‘:j‘&fz.‘..z......1981'



-~

o -:1{ R N R Y W) A e w0 Sraia ¢ e W) et el -
v

3

. THE_UNIVERSITY_OF ALBERTA

FACULTY OF GRADUATE STUDIES AND RESEARCH
' .

The ﬁndersigned*certify that they have read, ang‘recommgnd
to the Faculty of Graduate Studies and Research, for acceptance, a
thesis entitled Permafrost Aggradation and Degradationlin a
Sub-Arctic Peatland submitted by Stephen C. Chatwin in partial

P

fulfilment of the requirements for the degree of Master of Science.




ABSTRACT N *

A'deta.iled fleld laboratory investigation was mnde o{ a padsa
complex near Fort Simpso , Northwest Territoriee, in order to &3‘1‘0
terize and determine the arigin of the landform, Permafrost is d\lg\-
contimoue in the area, occurring ma.inly' in peatlands that have dev:\.
eloped over gla.cio-la.wetrine sediments. Regiona.lly ‘the development \
of permafrost has been relatively recent, probably not occurring before
3500 years Be_fore Present. Pa.leoclima.tic information, obtained by oxy-
gen 1sotope analysis of peat cellulose, indicates that past tempera.-
tires have not been an impedi\ment to perma.frgkst a.gmda.tion. There is
no evidence for temperatures wa.rmer".bha.n Present day velues over the
- past l0,000 yea.;:s. The a.tience of permafrost in the ea.rly Holocene is
a.'ttriﬁuted to the high water levels in the peatlands. Stratigraphic
investigations show the pea.tland has evolved through five d.istinct
ve_geta.tive Phases, each phase being a.ttrib.xtable to :lncreasingly effic-
ient peatland draina.;e It was not until water table divides formed

creating local om‘brotrophic conditions, that extensive S m bogs -
d.eveloped. As . watexr levelf in.the bogs dropped, possibly aided by a
period of intense dessication, 'l'.he unique thermal properties of Sphag-
mn led to pemfrost development, Isotopic evidence indicates there
has been continuous upward moisture nig:ration through the perma.frost
ever since its initial a.ggrada.tion.

Stratigraphic evidence indicates that perma.frost l}eca.me a.really
extensive, but not contimious, covoring it lea.st 5 kyg in .the study
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area. The greatest dev__elopment of segregated ice occurred along the

-~ former margins of the glacial lakes,vespecially in areas with slightly

- . R ", {
» elevated mineral soil. With climatic warming, beginning approximately

300 years B,P,, rapid thermal degradation Qf the permafrost occurred,
Qver the last 30 years, the areal extent of frozen ground has decrimsed

* by.a.p'pro:d.ma.tely 298, There is no evidence for cyclical aggradational-
deg-;aational periods,

L}

‘I‘h% Palsp .complex id not a frost heave feature, tut rather is a
relic thérmo-emsional landform. Melting of the segregated ice in the
mineral soil only accounts for approximately one-half of the observed
relief in a fep-pa.lsa. p;atla.nd.v The. remaining relief is due to normal
consolidation of the uplift:& peat as it thaws. The end result of a

melted palsa is a shallow circular pond.

k] . .
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CHAPTER 1: INTRODUCTION



1.1 Objectives

B
Iz

Permafrost is defined-ee earth materiale‘having a tempereture be-.
1ow 0° C. for two or more years.(Bmoun, 1963). Brown‘(1968)-hes de-
lineated various zones of“permafrosb in Canada on the basis of the
distribution and frequency of perenially'frozen ground, In the southern
part of the Discontinuous Zone, permafrost occnrs almost exclusively
in‘peatlands. |

The most common permafrost body in a subarctic peatland‘is the
palsa, a circular to élongate mound of peat and mineral Soil with a
Perenially frozen core. Individnal paleas are generally less than
l 100 meters ac¢ross and 1 to 7 neters in height (sjors, 1961; Forsgren,
1968), but may coalesce, forming a palsa complex greater than 1 kn < in
area.

2

fast research emphasis on palsas has been on their morphology and
plant ecology, with very little work on the internal structure, ground
ice charactefistics; or thermal and hydroiogical regimes, An assumption
often made in previous studies is that the gross peatland environment
was vexry similar in the past. Local edaphic factors were therefore '
assumed to be the controlling factors. This has naturally led to the

notion of localized and cyclical permafrost dynamics in peatlands.

The hypothesis of this thesis is that modern peatland environments
may be significantly different from those of the past because of region-

al changes in the climatic and hydrological regimes. To understand



»

permafrost dy'namioe, in subarctic pea.tla.nds, not only the modern
temin characteristics tut also the hie:t,ory of the pea.tla.nd environ-
ment mist be- eeta.blished. The physical a.nd chemica.l characteristics \
of the peat and ground ice may contain _1nfo_ma.tion on ;the peatland \

paleoenvironment.

The objectives of this thesie are:

l, To cha.ra.cterite the terrain of a palsa complex pea.tla.nd;

2. To investiga.te the genesis of the palsa complex within the context
of the evolution of the entire peatland;

3. To determine thevgole of regional climatic.fluctuations in perma-
frost genesis in the Upper Mackenzie Valley;

4, To determine whether the formation of palsds is a dynamit and cyclic
process or woether palsas are relic and erosive landforms;

5. To develop a conceptual model oi; permafrost aggradation and

degradation in a subarctic peatland.

)

1.2 Location of Study Site
The palsa complex is located a.ppro:d.ha.tely 40 km southeast of -~
Fort Simpson, N.W.T. about midway between the Mackenzie and Liaxd

Rivers (61° 28' N, 120° 55' E; Fig. 1).

The study site is locat?d on a large speckled bog (Reid 1977)

palsa complex that is a.ppro:d.ma.tely 2000 m by 250 m n slze. A
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representative section of the palsa complex, approximately 200 m by -
100 m was selectéd for detailed study. A sketch map of the site is

illustrated in figure 2.

1.3 Field Methods ©

" ~
. .
14 ®

The preservation of frozen cores ‘is essential if chemical and
isotopic analysis of the ground ice is planned. The winter\ drilling
prog.ra.m_-wa.s carried out with an all terrain vehicle moun;.ed drill,
similar to that described.by J. Velllette (1975), capable of obtaining
9 cm diameter core using a standard pérnafrost coring barrel. The
cores were sealed in plastic film then packed with snow in foam in-
sulated crates. The cores, shipped by air to Edmonton, were exposed
to above freezing tempera'mres for less than 8 hqurs a.r;d suffered no
deteriorati?n. The érill was also used to install seven pneumatic
groundwater piezometers and thi:ee thermistor ca.bies. Descriptions of

7

these systems are included in chapter twé. -

3

" Summer field work took place over two months during 1975 and 1976.
Frozen peat stratigraphy and permafrost depths were determined by
cor{.ng with a Hoffer probe. Unfrozen peat sa.mgles were ob'ﬁé.ined with

a standard 5 cm diameter piston corer. Permafrost configuration was
extrapolated between cores by iﬁea.ns of electroresistivity profiling.

Vegetation sampling was by a random point method developed by Braun-

‘ ., Blanquet (Kershaw, 1969). .

N



1.4 Previous Theories-of Palsa Development

The role of vegetation, especially mosses of the genus Sphagnum,
in creating ; micro-climate conducive to permafrost aggradation is
central to most theories of palsa formation. In North America, the
role of Black Spruce in establishing a local negative heat balance
has been emphasized (Sjors, 1963; Brown, 1968; Zoltal, 1971; and
' Zoltai and Tarnocai, 1975). By shading underlying peat from snow
accumulatioh, there is deeper penétration of the winter frost fronf.
As summer melting iskreduced by the insulative propeities of the peat
and the shading provided by the‘spruce, small ice lenses may remain
throughout the year. The coalescing of these frozen hummocks creates
a p;gt plafeau. The process is believed to initiate with a single
Black Spruce seedling growing on a small, individual, slightly raised
and drier hummock of Sphagrum, -

. . [ . »

In Fennoscandia and’Labrador;Ungava, ialsas are found north of
the tree line, apparently @evelopihg without the aid of Black Spruce.
Under treeless condiﬁions, wind erosion of the protective snow cover
on exposed palsa summits allows deeper propagation of the frﬁst front
(Salmi, 1970). While this theory explains the maintenance of the

feature, it does not explain the initiation,

, The presence of lichen comminities on palsas ‘has led to the hyp-
othesis that albedo is an important factor in maintaining a negative
heat balance. Lundqvist (1951) and Sjors (1961) have proposed that
" the high albedo of Sphagmum fuscum and Cladonia alpestrié is sufficient



-

~

in gprthemn regions to cause development ojf an ice core, Railton
(1973) in a heat balance study of a palsa in the Hudson Bay Lowland
. discovered no evidence for this and found variations in heat balance
f£rom evapotre.nspinﬁon to be of more 1mportance

A major controversy in palea formation ie whether the Ifomtion
of palsas is a cyalic process, as first advocated by Lundqvist (1951)
or whether pelsas are relic features, formed in a past périod of cli-
matic deterloration. Lundqvist's theory of cycliea.l aggradation and
degradation has been advanced in North America by Sjors (1963), Brown
(1968), Zoltal (1971), Zoltai and Tarnocai (1971 and 1975), Payette
and Samson (1976), Railton (1973), and Reid (1977). Zoltal and Tarn-
ocai (1975) have applied the tarms inciplent, young, mature and over-
mature to the developmental si:ages of palsas and peat plateaus. The
incipient'a.nd young peat plateaﬁe are considered to be an a.ggra.ding. -
stage. The mature plateau is in a state of equilibrium which upon
reaching the degrading stage is referred to as overmature., In con-
trast to this theory, Vorren (1972) and Sollid and Sorbel (1974)

support the idea that palsas are relc landscape features which are

out of phase wit.h present climatic conditions, and that the ground -

N

ice is protected only by.the insulating peat layer.

Further centroversy in palsa developmeht is _tha’t of a dynamic
versus an erosive origin; The dfnanic theorj, first postulated by
iupéqv;st (195;.), involves the progressive growth of a small Sphagrum
frost hummock o a mature palsa, Tt';e previously mentioned process in-
volving a Black Spruce initiat,ed m;ero-climate, is a Mc pfocess.

L -3
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This theory has received wide-spru.d support both in Europe and in

North America (Sjors, 1961; Zoltai, 1971; Zoltai and Tarnooal, 1975). *

A theory first suggested by Cajua.nder (1913) is that pa.lm might
~ be erosional. featurea in the process of degnding. The region where
present day palsas are found is thought to have once been covered by
a broad area of polygonal frogen éround. Climatic na.rming ‘has pro=

duced ground ice degradation and thermokarsting. Palsas are interp-

reted as eroslonal remnants of the once more extensive i)eimafrost.
More recently, Vorren (1972) has advocated an erosive origin for

palsas in the northern part of Norway

10
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CHAPTER 2: TERRAIN CHARACTERISTICS



2.1 Climate

The study site is within the Sub-Boreal Forest Climatic Zone
(Burns, 1973). Mean daily temperature at mr; Simpson, 40 km to the
north-west, is 4,1° C.; the mean July temperature is 16° C.; and a
mean temperature of -29° C. is recorded for January. The mumber of
freezing degree-days (beiow 32° F.) 1s 6300 and the rumber of thawing
degree-days (above 32° F.) is 3450. Precd.pita.tion averages .5 cm
of which 4O% falls as snow,

‘ ®

2,2 Glacial History and Geology

The area was invaded at least twicq from the east by Laurentide
Ice (Rutter e:t/ﬂ',‘iqzl&). The first advance is recorded by a grey-
black basal stony till with erratics found up to an elevation of
1500 m in the Mackensie Mquntains to the west. The second, 1ess'é;'.
advance believed to be Cla.sgica.l Wisconsin, deposited a light grey- '
brown stony till (Rutter eta al, 1973). /

 Retreat of the ice sheet was northeastward, damaing natural 3
~ drainage outlets and creating large glacial lakes along- the Memie
and Liard River Valleys. Glacial Lake McConnellwas the largest of
these lakes, remaining until at least 11,500 years B.Pl. (Rutter et al,.

1973). Large fluctuations in lake levels created well defined beach
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- The stydy site is docated appfb:d.mtely 250 meters north of one |
{ of tHe promine;t beach ridgﬁ& The beaches;'composed of fine to medium
grained sands with occasional gravel are up-to 6 m in height. To the
_ . north, is a bmoad silty claygglaciolacustrine pPlain capped uniformly
wlth organic deposi;s. Qccasional sand dunes provide the only relief.
fSurficial sediment is under&hin by Lower Cretaceous shales of the Ft.
St‘ John group and by Upper Devonian oryptocrystalline and clastic

1ime§$ones of the Dunvegan formation.

O

2.3 Landscape Position

The areal distribution of six peatland types is superimposed on

the surficial geology map of the area (Rutter, et al, 1973; Fig. 3).

-

"The peatland types are:
1. fen . ' cs
2. fen with scattered peat plateaus ‘

- 3¢ peat pla.teau
b, 'speCkled beg'

5. 'speckled bog' pelsa complex
6. collapse scars and ponds.\ _
They are subdivided on the basis of ground ice development, tut mapped

’»

by air photo 1dent1ficat10n of associated surface characteristics (see

' legend Flgure 3). B ’ . :

3

_There are definite physiographic-peatland type relationShips (sge
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BALSA COMA EX —— .
SEACH RIDGE ARt

Scale: 1:500000

Figure 3 : Diét;ibﬁtion of peatland types and associated beach deposits
h " in the Ft. .Simpson area. :

,-",
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Figure 3). Of particular interest is the association of the palsa com-
DPlexes, representing the greatest segregational ice development, wifh
the inner edges of former glacial lake margihs. The two areas of best
palsa development are the study area_et the southern edge of the lake

basin and near Antoine Lake at the western edge.

;’_\-) Collapse scars and non-oriented lakes'(peetland type C; Figure 3)
are intimately associated. with, often completeiy surrounding, the palsa
»complexes. The central areas of the lake basin containe lakes, un=-
frozen fens and scattered peat plateaus. The peripheral edges.of the
lake marglns are covered in shallow peat deposits and modern day sedge

fens. The permafrost in these areas is scattered and very shallow.

»The till uplands are either permafrost free in the well drained
sites or contain large 'speckled bog' peat plateghs in low lying de-

 pressional areas,

It must be emphasized that this is a very geceralized 2onation.
Iodifidual palsas cannot be identified at this scale of*ﬁapping; there-
~ fore f.hey may occur under certaﬁrx topogr’a.phica.l and hydrological con-
: ditions:in the more central parts-of the besin. Individual palsas have
Beeﬁ obeerved on ﬁhe till plains,-esﬁecialiy where there is abundanf

water. Palsa complexes greater than 100 m in diameter are, however,

restricted to the marglns of the formﬁr glacial lake.
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2..Mdrphologjr

The study site was selécted to represent all major geomorphic .
féatutés'of the pétmaffpét bddy.- Morpholqu; vegetation and groundv‘f
ice descriptions are app}icablé.to tﬁ; entire palsa'compiex. The open
fen surrounding the palsa is distingtly different however, and 15 de-

stribed separately.

The palsa complex is app:oximately_zdao m long. Its width at
the bmoadest'point is about 300 m but narrows to 100 m ét its eastern

end. The total area is about 4 hectares.

| ‘Sharp collapsing edges with an ayerége height of_2.5 meters, mark
the edge pf the palsa. The edges are discontinuous however; with more
gently sloping peat banks common.
» ‘_ o “

Three transects (Figure 2) were made to determine the surface

morphology, the active layer depths, the depths of peat and,

<

ground ice thickness. The transects are illustrated iﬁ#threé'éross-

"%

sections (Figureslu, '5'and 6).
Surface elevations range from 2.5 to 4,? meters. above fhe sur-
roundinglfén,‘averaging 3.0 meters. :There is considerable local re-
lief however, created mainly by interior thawed Sphagnum bogs and by
intéripr 'théfmokarst' sinkholes. The sinkholes have near vertical
banks and: show signs“of active collapse. The Sphagnum bogs have more

gently sloping banks ahd are ﬁsualiylless than 1 yeter below the sur-
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face of the frogzen peat.

Palsa heights appear, from the cross-sections, to correlate with
the total thickness of permafrost. Where permafrost is thicker, ground

elevations are higher.

Distinct marginal ridges are elevated approximately 0.5 to 1.0
meters above the interior regions of the palsa complex. The ridges

are discontinuous, usually associated with steep collapsing edges.

Section E-E' (Figure 4) contains an unfrozen unsaturated collapsed
bog. The peat stratigr¥iphy indicates a former saturated Sphagnum bog
that has drained due to melting of the adjacent, damming permafrost.

) 9

Thg surface élevation is locally depressed ta nearly that of the sur-

rounding fen. The feature is marked by sharp collapsed edgés on 3

sides and a 'hinge-like' connection on the fqurth side.

Active layer depths are strongly controlled by vegetation. Indiv-
idual palsa summits, which are sparsely treed, have the greatest active
layers, averaging 85 cm in late August. Active layers averége 55~60 cm
elsewhere, excépt in\areas of dense Black Spruce- feathermoss com=

munities where thefmqan deptn:is only 35 cm.

The surface of the paléﬁ comﬁlex'is extensively dissected by cracks
extending the full thickness of the active layer. Crack densities and
dimensions arelgreatest on palsa summits, especially near collapsing
edges where a strong oiientaﬁion rarallel to the edge is observed. The

moister regions_pf the palsa compléx, especially in the dense Black



TS
. =
Spruce~feathermoss commnities, are legs dissected tending tu have
cracks less than 7 cm in width compared to widths of over 70 cm on
palsa summits. The role of surface cracking on grouna ice degra-
dation is discussed in chapter four. -
. .

The unfrozen peatland surrounding the Palsa complex is an Open
sedge fen. The fen consists of small randomly oriented ponds,ga‘ten
greater than 3 m in depth, separated by floating mats of sedﬁ& ' The
fen a.rea.' an the beach ;ri_dge side (south side) of the palsa compPex
appears to hﬁve recenély been much drier, probablf a flat fen or
horizontal fen (Tarnocai, 1970 classificationj. The area once sup-

- ported a birch grove, however renewed.paludification, probtably due to
beaver dams, has reestablished the open fen. Aerial photography shows
the area has. been flooded since at least 1946, The thicknesé of peat
in the fen is léss than on thg palsa complex, averaging only 1.5

‘meters, compared to the 3.0 meter average on the palsas.

i .

Peat plateauS»arﬁ scattered throughout the fen. There is a great
variation in size, frou a maximm ¢f 1 hectare tu & minimum of only a
few tens of square meters, buthaveraging approximateli LOO square
meters., The surface elevation of fhe peat plafeaug is much-1e$s~than
the palsa complex, averaging 1 m above the éurrounding fen., Bahk edges
Jack a steep collapsing bank. Thermokarsting is evident however from

the numerous dead trees leaning toward the fen.

23
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2.5 Vegetation

Vegetation on the palsa complex and on surrounding fen vas sampled
using a random point sampie technique. Percent cover of each species
was visually estimated, then recorded on a five point scale modified
from Braun-Blanguet (Kershaw, 1969). The main peatland types with

their respective végetative commnities are detailed in Table 1.

?

2.6 Stratigraphy

The peat stratigraphy of the palsa -complex was determined by
macroscopic anélysis of 46 cores. Depth profiles along two transects
are illustrated in Figures 4 and 5. The classification of the peat
materials is similar to that used by Zoltai and Tarnocai (1975). The

peat types and their modern growth environments are summarized in
Table 2.

The peat stratd record a sequence of six proad vegetative com-
minities iﬂ the following order from the bottom of the core to the top:
1. detrital organic in a silt matrix
2. aquatic
3. brown moss-sedge fens

L, sedge-shrub commnities

5. Sphagmum bogs

6. Black Spruce-feathermoss-Cladonia communities.

Each of these commnities ihplies‘a different wetland environment.

24
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' Modern correlatives of the vegetation sequence implies an environmen'bal

transition through:

1. large deep lake
2. numerous shallow la.keej—a.nd ponds
3. 'open sedge fen |
4. sedge a.cd shrub fen or paludificated s,ﬁrub forest or fen ridge
gomplex Ce | |
5. ombrotrophic Sphagnum bogs
" .6. raised frozen peat plateau. R

Varie,tio  is found between cores however, implying that 10531

edaphic facfors have played a part in determining the local stratig-
. raphy., F r example, in some cores, the woody fen layer \is absent or
is succeeded by a brown.moss-sedge peat, The above scheme does, how-
. ever, portray the average environmental sequence.

. I |
The mineral soil stratigraphy reflects the proximal position ' of

the palsas in the forher gla.ciola.custrine basin. The contact between
peat and mineral soil is sharp. Typically, the undverlying sediment
| . is’a silty sand for the uppermost 3 to 1.0 m, grading to a unifcrm, €§

' ma.ssive, blue-grey silty clay. The gf:a.in s{ze distritution of a .
composite sample of the cla.y is 614% cla.y, 3& silt and l-l% sand. ‘
Occasional lenses of fine to medium g:r:a.ined sand randomly intersect
the silty clay. Large water ylelds were encountered when unfrozen~~ o~
) sa.nd lenses were drilled, indica.ting the lenses are fa.irly continuous.
Glacial tinl ua.e not encountered up to a d.epth of 11 meters. Nea.r‘oy
shot hole data indicate .approximately 15-20 m of glaciol'acuszhrin‘e clays
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overlie approximately 3 to 10 m of till.

2.7 Permafrost Configuration

The configuration of the permafrost body is illustrated in three
cross-sections (Figures 4, 5 and 6), The permafrost boundaries were
determined fhrough”interpretation of_ep electromagnetic resistivity
survep completed with a Geonics EM 31 instrument. The predicted
depth of permafrost correlates well with the depth measured in 44
boreholes. Boundaries befﬁeen frozen and unfrozen zones are sharp

and well defined,

b

2.8 Ground Thermal Regime
Permanent thermistor strings were installed to measure the
therhal'Structure of the palsa and the adjacent fen and collapse bog.
Random ground temperatures were also measured with a needle probe

‘.thermlstor. The ﬁéthod of thermistor construction is detailed in
X .

Appendix 1.
t” | | ' ‘m {
The vertical temperature profiles of the frozen palsa, to a

dep%h of 15 m, and th@fBdjacent unfrozen bog, 4o a depth of 9 m,

are illustrated in Fiéures 7 and 8 respectively. I?emperatures were
recorded in mid-March and late August, hence should reasenably rep-
' resent the anmual soil temperature variation (see Brown, 1966).
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PEAT 'BOG WITHIN PALSA COMPLEX.
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Thermal characte§istics of the palsa and unfrozen bog are:

Frozen Palsa Unfrozen Bog

1. Mean annual ﬁir temperature - -42°%c¢ : - 4.1° ¢
(obtained from Ft. Simpson) : -
2. Mean anmial surface temperature ; 2.1° ¢ +. .9° c
3. Temperatuie gradient e .18° ¢/m + ,05° C/m
. 4, Depth of annyal temperature 34 m 1.6 m

variztion

The mean annual surface temperature of the palsa is significantly
. colder than mineral soil surfaég temperafures at Ft. Simpson, of + 0.8
to + 1.6° C. (Burns, 1974). This is consistent with other studies in

peatlands (Williams, 1963).

The temperature gradient in the palsa is unusually steep compared
with other measurements made in the Ft., Simpson area (Judge, 1974).
The gia?ient %P sh;lloﬁ permafrost iﬁ very sensitive to changes in
mean kiﬁter temperatures because of the high thermal conductivity and
Sphagnum cover. Sphagnum promotes rapidAoutward'heat flow during
winter because its thermal conductivity when frozen is ten times that
* when dry and unfrozen (Jumikis, 1977). The recent ‘decline in mean
winter temperatures in the Ft, Simpson area over the past eight years
(Burns, 1974; Atmospheric Envirénment Service Records 1974~ 197?) has

- probably creqped the‘steep iemperature gradient observed in the palsa."‘
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2.9 Ground Ice Characteristics
. 2.91 Description ‘ : .

The frozenvpeat and mineral soil‘cont;iA‘a variety of ground
ice @ypes. ‘Fourteen cores, each 9 cm in diameter, were examined in |
the field, to determine ground ice variability across the palsa. The
permafrgst.was classified.as'pore ice, vein ice, reticulate vein ice,
or as jce lenses of & specified‘thickness.(Figure 9'). Lenses thicker .
tﬁan 8 cm are illustrated individually.

-y

. Pore ice is primarily ;estricted to the active layer. The active
layer is usuall& within .the unéaturated fibric Sphagnum horizpn, with
little moisture available for ice lens development., Crystal sizes,
avefaging 1 mm2 or less, were equidimensional throughbut the entire
active layer. ’In‘oné core, slightly larger crystals with small
spherical bubbles had developed within a forest peat layer. The small

crystals and small spherical btubbles represent rapid freezing in an
‘undersaturated medium (Gell, 1976). '

Moét of the peat column contains nUMerous, closely éﬁaced, friable
lenses less than 2 mm in fhickness. The lenses are oriented Parallel
to the 1nferred heat flow dlrectlon. Bubbles are numerous and appear
spherical. Water content averages 800% by weight and 46% by volume
vhich is approximately the same as the adjacent unfrozen Sphagnum bogs,

*> ' : '

The basal 0,5 m'pf peat often contalns numerous’ ;ce lenses up to

..10 cm in thlckness. Crystals are only sllghtly elongate, averaging 15

to 20 mm in length apd 15 mm in width. The basal peat is- conslderably .

o

‘;3



A

[owarfo~J-|

"SNIA 331 3nJIL3Y-

"MOIHL "WD 8¢
‘s3sN3T 3D

"MOIHL ‘WY §8~¢ -
‘S3ISN3T 391

"MOIHL WD €-1
- “3sN3V 30

MOIHL WO 1| NVHL SS37

‘S3ISNIT aNV  SNI3A 3Dt

31 3¥0d

GN3931

] B3

(A

[

11




O-N'mv
) SN BT 1 1

(s943w) HLd3Q

0 [7-] N~
A i

®
N

N
1

-0

¥ ?

I

lrl’l'ﬂl'l' R

, [::x

TIE

i SR NS =22

E9

XTI NN |
RN INOS NN NN

LTI

EEe?

-~

,:;:-,.‘.-;:::.';f:-j:&m,ifﬁf I

: unué;ﬂmmu —

Sty Wl'lh{l'..fj' R

|‘l’1'1‘|‘|’1'|‘1

.gﬁ:';'?.}:-'-'llll

SHHKHHER

i

EI IR’

RIS Te=2a2 s

AN : Ny o

HHHEHHE R B V5=
[v. U ¥ T LA L) R J T ¥
- N " <+ 0 © o~ @, @ Q

TRANSECTS  ACROSS

ICE PROFILES FROM TWO

* GROUND

FIGURE 9

COMPLEX .

PALSA

THE



more decomposed (H = 6; von Post Scale) than the upper portions of the
peat column., The greategﬂamchnts of colloidal sized particles and-

) slowlyvmoving freezing fronts have combined to encourage segregational
ice lensing. Ice lensing results from %hq_nucléation, growth and

- coalescence of ice crystéls in layers normal to the direction of heat
extraction in freezing soil (Gell, 1976). .Subtle variations of temp-
erature at the freezing plane are believed to Qgtermine whethér seg-
regational ice grows in the field situa.tionv (Mackay, 1974). This may
explain why lensing in the lowermost peat is highly variable, creating
~ lenses up to'lo cm in some cores but not creating any ienses in other

cores,
&

'A characteristic of most cores was a lafge ice 'lens at the peat -
mineral soil interface. The lens was up to 85 cp in thickness, typ-
ically contained peat inciusions at the top tut was clear for the Bottom
75 per cent. C?ystals were large, some up to 8 cmﬂlong and 2.5 cm wide,
with the c;axis strongly oriented in the vertical direction.’ Although
few were séen, bubbles were slightly élohgate parggiel to the c-axis.
These characteristics areAfypical of slow érystalvgrowth (@nderson énd
Morgenstgrn, 1973); |

| v

The minefai SOii is characterized by numerous discrete ice.lenses
separated by overconsolidated mineral soii containing reticulate icei
veins. In some*coreé, such as N9 and S56, the iée lensés*are spaced

’pearly eveﬂla»thiohghoﬁt the core. 1In other cores however, such as .
s78, §100. and E3, lenses are concentrﬁted.in_the upper portion of the
"core with reticulate vein ice dominatihg thg lower half of &he froz;n

35
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mineral soil. This is the exact opposite of what would be expected
with a continually slowing freezing front with depth (Mackay, 1974).
Similar rrofiles have been observed by ?ell (1976), in pingé ice, who
ascribed them td an increase of freezing rates due to pingo uplift
and exposure.of the surface to cold air temperatures. A simila;_
mechanism would account for the btasal reticulate vein ice in the palsa
cores, as couid a series of very cold winters with little snowfall.

. Many of the cores (S78, S56, S100a, E1l and N9) have a large ice
lens averaging .4m thick, tut up to .75 m thick, just above the btese of
the pérmafrost. This lens; typically thicker thaﬁ the other‘mineral

sdil lenses, is often bounded by long sections of reticulate vein ice.

Crystal structures in the segregational vein ice are well dévelopgd
with an assortment of sizes. Maximum observed crystal dimensions were
70 mm in length and 15 mm in width; c-akis‘orientatidﬁs.were all

_Parallel to the cére. Mécroscopic bubﬁles.were rare and slighgly elon-

gate where observed.,

o
" 2,92 Ionic Chemistry
% .
The major ion chemistry of the palsa ground ice can aid in
j;etermining the hydrologica} history of the site. Vertical variability

in conductivity of permafr0st cores may represent Deriods of thaw and
surface leaching (Q'Sullivén, 1963; Pewe and Sellman, 1972);:'while

horizontal variations may feflect differences in water sources (Brown,

-
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1963; Allen, 1976).

The hydrochemistry of eight potential water sources for the ground
ice was determined. In addition, six permafrost cores were a.pﬂyzed
for major ions, tH and conductivity. ' The mé.,jor cations: calcium, |
magnesium, sodium and potassium we_re analyzed by atomic absorption
spectroscopy. Chloride w:s determined by mercuric nitrate titration;
~ and bicarbonate by potentiomet}:ic titration with sulphuric acid. Sul-
phate 'iofx concentration was determined gravime't;;ically using a barium
chlorate reagent for the mineral soil ice and by difference for the
Peat ice. As a check on the validity of th‘e analysis, cation and la.n‘-
ion balances were calculat;d for each sample. In general, the baia.nce,
expfesse‘d as %&% was less than 2% for 80% of the
.samples and less than % for the remainder. Analytical results are‘ .
ta.bula.tedAin Appendix Two. - ’

The potential water soi..l:r;ces for the ground ice have quite distinct
chemistry (Table 3). Sphagmum bog water is very similar to that of
precipitav.tion;v' conductivity averages 40 mhos/cm and pH is approx- .
ima.tely 5.0, Water from the fen has a conductivity of 50 mhos/cm,
with a t of 7.9; calcium and bicarbonate are the major ions. \Deeper
mineral soil éroundxdfqr has moderately high conductivities (350~550
mhos/cm, and a fH of 7.4. Calcium, .ma'%nesi;um; and sodium are the

major cations; bicarbonate is the major anion,
\

L)

Hydrochemistry of the perma.fro‘st cores reflects the vaxrious source
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~

waters in some instances, tut is significantly enriched in other parts
of the core. The upper frozen peat portions of the cores are very low
in dissolved solids (Figures 10 to 13), similar to the modern Sphagmum
bogs. This indicates that at the time of freezing, the bogs w.ere

Probably ombrotrophic as their surfaces were raised above the regipna.l

water table, therefore receiving no mineralized groundwater,

’

]

The chemlstry of the lower frozen peat cbres is again similar to
modern fen water, except for a marked increase in the Sou«ion. As
modern peatland water and subpermafrost groundwater shows only trace
a.inount\s of SO,_‘_ ’ theﬂ origin of the SOLP ion is problematic. One possib-
- ility is the mineralization®of su]:pha.te which occurs during decompos-
ition of organic matter (Barrow, 1966 and ]_.961). .In non-decomposed
plant material, sulphur is preéent as ofganically bound sulphate.

With decompositiofx, available carbon is progressively utilized by soil
microbes until the carbon/sulphur ratio is about 50, after which sulphur
nineralization o . Barrow ((1961) also found a large increase in
;‘_:;_}organic sulphur vn.th drying of the organic matter. Freezing has been
shdwn to be a similar physicochemical process to drying; while ex-
Perigental evidence is lacking, it would seem reasona.bie to predict a.n
inorganic S0, increase during.f:eéze-tha.w cycles. - Tarnocai (1974) has
found such an increase in Ca' ' conten'l;, ‘of frozen organic soils which he
attritutes to the freezing process. The origin of thé sulphate ion in
the decomposed peat is further supported by comparison of the ground- -
water chemistry beneath a frozen palsa with that beneath a recently
collapsed palsa: beneath the frozen ralsa, sulphates average 0.5 epm,
while beneath the collapsed palsa, sulphates average 1.4 epm.
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The most striking feature of four of the cofes is the strong peak
in ca™ ana souz displayed at the peat-mineral soil boundary. Part of
this peak is probably due to the above freeze-thaw mechanism, however
' the extreme concentration is most likely the result of solute precip-
itation as gypsum (CaSOu). This precipitation would only occur during
a period of intense dessication. Gypsum b;ystals-have been so observed
by F.W. Schwartz ( personal coﬁmunication)'while drilling in dry lake
beds in central Saskatchewan. The timing of the dessication period,

“ btased on evidence from central Alﬁerta (May and Thomson, 1977), was

probably immediately post-élacial precéeding the tuild-up of peat.

2.93 Environmental Isotopes
Both stable and natural radiogenic isotopes ave well estab-

lished as hyd:ologic research tools. Recently, stable isotopes have |
also provided information on the thermal history (Michels and Fritz,
| 1978) and freezing mechanisms (Mackay aﬁd Lavkulich, 1974) of perma-.' -
. f&ost.ifln spite of onlj recent~é§plication, the potenfial use of iso-
topes in determining past temperatures was estabi;shed over zd‘years -~
ago by Weston (1955) and others. Water was found to undergo a maximum
2 % shift in its 018/ 016 ratio during f:eézing, thereby maintaining
a recard of its_qrigina} isotopic composition, which in turn is a -
function of the air temperature at the time of preéipitation (see
0'Neil, 1968 ), |

.

Natural radiogeniq isotopes -have also seen very limited use in



R\

permafrost research, being used in a tritium study by Forsgren (1964)
in Northern Sweden. Because of the»relatively short half-life of

tritium (12.26 years) its use as a dating isotope is restricted. It

" can, however, be employed as an indica?or of recent or old permafrost.

This 'is because of the enormous increaéé.in the natural tritium content
of meteoric water that has occurred since the detonation of nuclear
devices in the early 1950's. For example, precipitation at Ft. Smith,

N.W.T. reached a 'post-bomb maximum of 3616 TU in 1963, which has since

" decreased to about 200 TU. According to Simard (1977), -groundwater with

. concentrations greater than 20 TU has been contaminated by thermonuclear

tritium hence are of recent origin; water with conCenPrations less than
3 TU are said to be free tritium water introduced into the flow system
Prior ‘to the bomb testing period; tritium concentratlons ‘between 3 TU
and %9 TU indicate mlxing of. pOSt bomb and pr&“bomb preclpitation. .
Oxygen, deutérium, and tritium isotopic analyses were made on a
permafrost core from the palsas, as well as on several groundwatef
samples collected through piezometer. CondéﬁSatioo of tritium-rich
vapor onto the”ico corés was minimized by coring at temperatures less

than the temperature of the permafrost then quickly wrapping the frozen

core in air-tight polyv1ny1 and heavy pla.stlc. Such @recautions were

,not necessary for the stable 1sotopes. Samples were taken from both ice

lenses and fine reticulate vein ice. This necessitated separation of
soil and water by high speed centrifugation; fractionation effects

Gue to centrifugation are unknown, but are.mbst protebly negligible,



2.931 Tritium

' All tritium measnrements were made at the Weizmann Inst-
itute, using internal gas counting preceeded by electrolytic en;ich-
ment. The analytical results are listed in Table Four. ‘Tritium val=-
ues for the sub-permafrost groundwater and the ice lenses in the min-
.eral soil are essentially equal. The groundwater value of 7 9 TU in-
dicates that the water is a mixture of pre-1950 and pOst-l950 water.«\‘
This supports\the theory that the mineral soil groundwater receives'
minimal recharge from fen surface waters (see mrevious section); The
high tritium values for the uppermost frozen peat sample indicates in-
filtration by - modern precipitation. The depth of the inﬁhiiration ap-
- Pears to be limited to the upper 0.5 m of frozen peat on the basis of

oxygen -18 analysis.,

The magnitude oi'the tritium value of the ground ice in the min-
eral soil as well as the fact that it is nearly the same as the value
for the ‘sub=permafrost groundwater presents a paradox. Carbon-14 dating
of thé!balsa indicates an approximate age of 1500 years (see Chapter 3).
Tritium;yalues.for uncontaminated ground ice this age shogld-be less
than 2 TU, The magnitude of the g:oundaioe value exceéds the likely )
amount of contamination, ut this possibility certainly cannot be ex-
cluded. Recent ground ice melting followed by rapid reheav1ng so that
no additional peat is added to the palsa, may also cause anomolous
tritium values., Melting is not supported by peat stratig:aphic or thaw
consolidation—analysis, boweyer (see Chapter 5). A third eiplanation,
and one that also éccounts for the similarity of tritium values in the
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TABLE 4 .
ENVIRONMENTAL TRITIUM ANALYSIS
Sample Numfber = Depth (meters)  Tritium Value Location
FC-2 3.5, 7.9 £.0.3 .U, Peat-mineral soil
‘ interface
FC-3 6.5 6.4 70,4 T.U.,  Mineral soil ice
_ ' lenses
FC-4 10,0 64 om T, Sub-permafrost

groundwater
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X .
ice and groundaﬁger, is for some water exchange to have occurred between \
the frozen core and the groundwater. This explanation is supporfed by
the stable isotope data which is elaborated upon in the following

- section,

2.932 Stable Isotopes

il

Oxygen isotope ratios were determined by the carbon diox-
“ide equilibration technique of Epstein and Mayeda (1953). Deuterium
measurements were made by.reaeting the samples with uranium metal at

600 degrees Ceisius to preduce hydrogen gas (Bigeleisen, 1952), The
analytlﬁal results are listed in Table 5, as well as plotted as a depth

profile in Figure 14,

~ Prior to analyzing the stable’isotope profiles, it is necessary
.to determihe whether any isotopic enrichment had occurred prio: to
- freezing, Such enrichment can be caused by partial evaporation of the
water; The previous occurrence of evaporation can be detected by
measuring both oxygen and deuterium isctope values for the same.eam-
Ples, then comparing a plot of these values with the Meteoric Water
Line (Craig, 1961). A plot of & D vs. 185 values from the sam- .
."ples falls on ;he regression line: D =8 cflso +-5 (Figure 15).
This equation is the same as that found by Hage et al (1975) for weigh-
ted mean preclpltation from high latitude contineqtal areas., The slight
deviation from the meteoric vater line is believed due to near equili-
brium evaporation of Norfh Paeific_sea water ‘during the summer (Hage

et a1, 1975). The ground ice sa@ples are therefore representative of
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' the weighted local mean precipitation, and have not undergone isotopic

enrichment ‘due to evaporation. The relatively high 18O values for the

52

surface waters suggest, however, that high summer evaporation rates occur:

EMEmination of the stable isotope profile in Figure 14 reveals

three’ unique characteristics: ‘
1. the frozen peat and frozen mineral soil 18y values differ by
approximately 1.0%; this difference is'significant as the

analytical technique islgccurate to 0.2%,.

f2.‘_with1n each - grouﬁ‘r.-':~ eral soil; stable isotope values

3. the isotopic &mposition .; st "pﬁlmafrost groundwater is
approximately 1.5%. llghter than the frozen mineral soil.

~

It is unlikely that ground ice of different ages is accounting
for the different isotopic Tatios in the peat and mineral soil. A
previous period of permafrost degradation is not indicated by the
paleo-temperature determinatlons Oxygen 1sotope analysis of peat
cellulose,*Mdicates that the present day climate is the warmest
since the development of permafrost in this region (chapter 3)
Further, results from thaw consolidation tests of the froBen peat

{chapter 5) do not suggest a previous thaw period.

v

~

The difference in isotope ratios between the groundwater and
ice may be due to fractionation effects. Fractionation oceurs

* ~during the freezing o *water under equilibrium conditions
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(ie. from an infinitely large source of well mixed water); the ice

containing about 2 %« more 18O than the water from which it has frozen

(Weston, 1955; Arnason, 1969). Mackay and Lavkulich (1974) and Michels
and fritz (1978) have interpreted isotope differences between surface,

subsurface and frozen water

an aggrading permafrost site as

‘due to fractionation effects!

There is some evidence” however that fractionation may not have
occu;‘d during initial freezing of the palsa soi‘l,. bﬁt rather is the .
result of post freezing modification of the ice core.. The identigél
isotopic values for reticulate vein ice andAthe large ice lenﬁes ¥
suggests that freezing of incoming water at the frbst interface |
occurred very rapidly (Mackay,l974; McRoberts and Nixon, 1975) with
little chance for isotopic selection to occur. Neither is a Rayleigh
fraétionation model (Freidman et al, 1964) supported due to the homogen-
eous isotopic values throughout a singlé ice lens. A second possibility
is fqr post. - freeziné, "steady state", isotopic exchange to Eave

| occurred in the ﬁalsa. Consi&er an ice lens syétem with'unfrozen4_ :
pore water beneath- the lowestiice lens (figure 16). The isotope values
of the frozen soil and the unfrozen water are significantl& different, ‘
say -30 %.‘fér the water and -20%., for the ice. As the water freezes

- onto Epe bottom of the ice lens, water will also melt of'f* the top of the 'J

Il

lens due to temperature induced pressure gradients (Ershov, 1976;
Mageau, 1978). This process, called regelafion, is exactly that
outlined by Miller (1972,19?8) for pore ice movement in fyrozen soils.

I~
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In the above example, the water freezing at the bottom of the lens
will become isotopically enriched by 2 %, to become ~28 %. . Ice
melting)at the top of the lens will be -20 %.. The -28 %, ice
will slowly be moved up the ice lens. A similar process involving pore
ice regelation and an unfrozen water flux through films and ice~free
pores (Miller, 1975)_;"1 occur in‘the frozen soil above the lens.
The net.rﬂsult 15 & ¥ zen soil with near homogeneous isotope profiles -
« e i
iq the ice, underlain by unfrozen water wbich is depleted 2%. 18 o. Co A!
. v . _
In summary, stable isotopic analysis of the palsa cores has shown
that there was minimal evaporaticn of the soil, water prior o its
being permafrozen. This supports the conclusioh, nade in 2 later chapter, ’
- that paleotemperatﬁreelwere significantly cooler than present day temper- .
aturss. Separate grounduater flow ‘systeas for the peat and mineral soils . *j

wergbearlier deduced from the water chemistry This conclusion ‘was

suppor*ed by the isotope analys*s “Tritium datxng revealed’ an anon- ‘ .y—;f“f’
omously young age for %the ground ice as compared to the palsa,itseif,

sussest-hg some water exchange has taken place. Thie conclusion - i.

supported b& analysis of the stable isotope profiles, where a medel

it
~r s

Sispeabae, 7

#as proposed for regelation flow, #ith accompanying isotore exchange,
i ..W .

as water moves upwaxd in re nse to thermal gradients.



2.16 Hydrogeolog} of the Palsa Complex .

An inveotig.tionuua.e nade ;o_f the groundwater regime within the
palsa complex for two rea.soni. _First, to document _the pore pressures
imed.iately benoathg p&le&. Secondly, to detemine whether the col-

| lapee bogs and thermokarst sinkholes are underlain by permafrost at
depth or are local sources of grmndwatei' Techarge. Recharge may be
expected as water levels in the bogs are higher tha.ri the surrounding S “
fen (see Figure 4) with no apparent surface drainage.

For each collapse fea.hu:e studied piezometers were installed by
driving well points in the deepest part of the bog"or pond in order-to
eliminate two-dimdnsiona.l effects. Piezometers thb.t pierced the perma-

' frost wige installed during the winter drilling program. The saturated -
az‘ as‘a body of eta.nding water with no heﬁ’loss with depth.
Piezometer installa.tions were completed in the usual manner then
" charged ld.th a mix'b.lre of keroeene and methyl alcohol (unit weiglt\
equal to water) iti order to prevent freeéins. Hydraulic conductivities

) . ,:4"

werq.xﬁae&ermined by the Hvorslev (1949) water level response technique,

ﬂ:pn,
‘@ ersity of Alberta transducer piezometer’ (see McRoberts
R
tass % 4 for full description). Head mea.mrements are re-
d i ax {“ the level of the water surfec@of the surrounding
'x. yx ‘ . 3 »v.- .
pe expected in a diecontimmely frogen a.rea., no exceee o
":heads were recorded All piezometric nea.mremen,ts were

wimstent in shoting 2 decrease in flutd potentia.l ¥4th depth The

fw?
v oge (

. _g.r .



56
»
A
< “
head measurements and approximate isopotentials for onegof the collapse
bogs is iHustrated in Figure 17 . Thg decrease with depth indicates
that the collaI:Re features are not underlaln by permafrost; that wa.ter
is moving fron 'the raised bog, beneath th'pa.lsa., and discha.rging into
N
the axrnoundirlg fen. v
."' ) )
ST . CL e ¥
.Estimates of the volume of _grcundwater supplied by the raised ~ 1
. '.'.bogs can be determimed from Darcy's equa¥ton: !
* . . ‘ Q = kiaA
where Q isathe volume of flow ©
k is the permea.bility‘, which rangdd from 2.9 x 10 =7 cm/sec to
6,8 x 10” cm/uohi.vera.ging 5.5 x 10 7 cm/sec -
‘ .
iis the hydpaulic gradient- averaging .08 b
Ais the bog" a.rea; 300m ‘ ) ‘
The calculated recharge of 4 m.3/ year corresponds to a water *,:-
'y
_ thickness of 1.3 cm over the bo& ‘surface or roughly 5 % of the mean

2 a.rmua.l precipitation, Assuming a stea.dy water. ta.hle, eva.pora.tion mist
.~ nearly equa.l pz:ecipita.tion for th% ,closed bogs. Oxygen isotope a.na.l-

" ysis of bog surface vm.ters grhapter 4 ) confirms ’t'ze high evaporation PO

_/

rates. .

- . . A . '_]‘:"
.. )
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CHAPTER 3: PALEOCLIMATIC DETERMINATION
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2&} Introduction

Paleoclimatic information is vital in the determination of the
history of permafrost aggradation and degradation; While othe: '
elements of a regional ciimate Play a role in.ﬁermafrOst development,
temperature is acknowledged as the most important component (Brown,
1966). In the Arctic and Sub-Arctic reglons of North America, paleo-
temperaturee have been estimated from palynological studies, peat
, stratigraphy, and freshwater paleontology. All of these studies heve,~

) o .
relied on biological- response to infexryed climatic change. The de=~ ; AR
penﬂence of biological systems on many local edaphic factors:aﬁatt : s,

from climate is well aocuxented (Iverson, 1953) ‘the result being ‘(:f‘*
many of these studies have been contradictory and- yielded little iﬁy‘f' .

1tetive data.
B ’

- The determination of oxygen and deute;ium isotofe ratios‘in non=-
exchangeable plant cel}ulose has been reqently shown to reflect the
isotope ratio  of the water used by the plant‘in its'syngggeis of eel- .
-luiose (Epstein et al, 1976 Thompson and Gray, 1977). ﬁg;%;ous
studies (Epstein and Mayeda, 1953; Dansgaard, 1964; Friedman, 1964)'

have shown that D/H and 180/ 0 ratios in meteoric waters reflect
the temperateres at the sites of precipitation; the 1ower the temp-
erature, the smaller the isotopic ratio. The climatic significance of
DM ratios (Epstein and Yapp, 1976) and 180/ 0 ratios (Cray and -
Thompson, 197?) have subsequently been demonstrated for tree-ring
sequences from differebm climatic regimes. . It fo}lows -that the 1so-
topic variations in plant cellulose ‘may reffect tﬁe temperature of

’ -

N~ v
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precipitation at the growth site.

-In this chapter, oxygen isotope ratios of peat cellulose are used
to estimate pa.léotempemturq,s at the study site ovér the laét 10,006
. years, This information will be used in lateﬁeqisguséion of the his- °
tory of permafrost in Upper Ma.ckenzie_‘Va.\l;pa_rwpeafi;hds. o

.
o'

3.2 Previous Investigations of Holocene Pa.leoclima.te in N, W. Nérth

America ‘ %‘” ouy

sive review of paleoclimhtic investigations iﬁ-the

Arctic a.nd' Sub-Arctic regions of North America has been compiled by

Ritchie and Hare (1971). The reviewers found many of thé results,

especially that based on pBlI_I.en evid'ence, to be contradictory,wi&ile“ .
some workers suppoi:ted a mid-Holocene wa.rm period (Livingstoné, 1957;

Heusser, 1960); ﬂthe;’s hé.ve concluded :tha.t "'the climate has never

been significantly warmer than it is at the present"‘(-Co];iﬁvaux, 1967). -
Megafossil evidence was more definitive. Definite evidenc‘é of the . v
tundra-taiga boundary being significantly further north than at present,
| suggesting grea.ter mean summer tempera.tures, ‘has been found in the form
- of b.tr.’red wood and prsil beaver artifa.cts in the follow:mg areas:
,Sewa.rd I}sninmla. (McCulJ.ooh and Hopkins, 1966); Kenda.l Island (Ma.ckay,
1971); gut;ﬁymx Peninsula (Ritéhie and Hare, 1971), and in buried |
forest pa:teo&a at Kee " (Buyson et al, 1965). Nota.ble s’cud.ies

‘ ca.rr:Led 5:1_{'/*1 dp'cent years%nclude new results by Ritchie a.nd Ha.re ' ~

e e e T
(1971) ﬁ theus (1974) 'Ram?&on (19?1).( Zolta.i and Tarnocai (197 5);
. ~"; ‘\ \‘g
L ; . Y .'::e, -

. ata .
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C e, < [ 3 . o
( J md Delorme ot a1 (1977). ¥
Q ‘ B ;3 b ‘
v . ‘ -
¢ 'I'he pollen stra.tigr:a.phy of Kettle La.kes near ’I\.lktoyaktuk is

’interpreted!by Ritchie and Hare (1971) as indicative of mean summer
termpera.‘mres" a.ppro:d.ma.telj' 5°%¢, higher than at pres‘ent with the
' growing qea.son about ﬁ"da.ys longer, during the time interval 8500
years to 5500 years Before P:.’esent. .J.R_. Mackay (pers_onal commine-
ication) feels tha.t the large summer tenpera.mre increase at their
~site, may be.more apparent tha.n real, .During' this time interval sea
level was at least 15'm below present day levels (Mackay, 1963). Bath~-
y'metrlc contours off the Tuktoyaktuk peninsula indicate tha.t a rel- \
a.tive sea level lowering of 15 m*would res&lt in a coast line dis- |
Placed 50 kn to the north. By a.ssuming tempera.‘tm;e gra.dients sim:.la.r
to those e\sd.sting today, much of the mean 'summer temperature increase
‘-'postulated ﬁy Ritchie and Hare could be accounted for by the increased

distance from the Arctic Ocean.

N 4-' &

_Matthews (1974), in a pa.lynologica.l stydy ‘of colluviated sﬂtgr @‘l

near Fairbanks, Ala.ska. found evidence for arid steppe-tundra cond.i'tiogp
frori a.pproxmately 12 009 years B.P, until sometime between 9200 a.nd
7800 years B P, He postulated that Central Alaska possessed an arctic .
-climate similar to present da.y Northern Alaska during this time in-
terval. Alder fluttuations in the pollen record suggest that cllma.tic
warming followed leading to a.taiga vegeta.tion. '

- ~

"_ Ra.mpton (1971), has a.tte,mpted to qua.ntify his pollen record from
© %
the Sna.g-Klutla.n a.rea., Y'ukeh.y Territory. The former vegetatrve

. . e
L O

-
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commnity suggests both mean July temperatures and mean annual temp-
eraturee approximately 7° to 8° cooler thah Present values during the
time interval 13,500 to 10,000 years B,P. Mean July temperatures .and
mean anmial temperatures'of approximately 4.5° C. to 5.5° C..cooler
than preseht values were proposed for the time interval 10,000 yeare
to 8700 years B.P. The poilen evidence indicates similar vegetation
to the present day since 8700 pears B.P. The presence of fossil logs

above tree line- suggest that tempera res)may have fluctuated up to
1° ¢. above present day values between| 6000 years and 1220 years B.P,

- Tree ring studies indicate temperatures) during the last 200 years were

at least 1° cooler than present.
e e
Zoltai and Tarnocai (1975) and Zoltai and Pettapiece (1978) ‘have

used peat-permaiEpst relationships and dated organic ho;!zons in
- N

cryoturbated soils to suggest tha t“_‘ng the time interval 8000 years

to 4000 years B.P., permafrost was mich less yidespfead throughout the
Macken21e Valley., They believe that a climatic cooling some 3000 to
4000 yans B P, 1n1t1ated permafrost conditions, restricting peat

accumulation to unfrozen fens.

Moet“recently, Delorme.et al (1977) have used ostracod assembleges
to-infer climatic conditions in the Mackenzie Delta - Northwestern
- A,rctic‘Coa:t area during the time interval 14,410 to 6820 yea.rs B.P,
Manmmdtmm@mmsﬁupm+1£-&,wmuﬂﬂdymr&
. higher than present day values, ahd anmal precipitation from 55 to " e

~

234 mm greqter than the present day, were postulated. .
i S : ¢ :

A'%s | . v
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as well asﬂDelérme‘et al are not substantiated, Evidence for mean

w3 63

Mackay (1978), in response to the paper by Delorme et al, has
cited both the preservation of icy Pleistocene sediments a.nd the lower
pqrtions of relic ice wedges beneath a widespread thaw un_conformity
a.long‘tbe Arctic Coast as evidence that maximum pos.tgla.ci&l thaw was
onljr é. fé_w meters. The depth of thaw indicates some pos't-gia.cia.i
climatic wa.rming, however, mean annual temperature.nmst have remained

several degrees below o° c. during this time interval,
. -

A
a~ s

o8,
'In summary, there- is rea.sona.bly strong evidence for a post-glacial

period in North Western Arctic Canada when tree lines were further
north and the active layer was thicker _tha.n at the Present time. These = ¢

: , s . N !
changes were mo doubt due to-an increase in mean summer@mperawres. e

Temperature increases of the magnitude suggested by Ritchie and Hare, L

summer tenfpé:giatures substantially greater than ‘those_ of  the present

“day is not a.sicompgllipg for iniand sties as it is for arctic coastal

. ‘sites.

%

3.3 Methods of Analysis . . ‘8’
Frozen peat samples were-collected with a CRREL '(Co_ldv Regions |
Research and Engi‘ti?éring Laboratory - U.S. Army) tarrel coring device .
form site E 11 uitﬁin the frogzen palsa complex, '
| i
Cellulose was extra.cyed fro'm the peat samples ﬁsing a modifica.t‘ior'l.

of a method described by Theander (1954), which is illustrated by a



.‘wl . .
fiow chart in Figure,18 . The method yields a greyish-white to light

grey substance, An X-ray diffraction pattern of the substance reveals

strong peaks in the range characteristic of alpha-cellulose, Fonowiﬁg

extraction, a.p]groximtely 25 mg of vacuum dried sample is weighed into

a nickel boat, placed under vacuum, then combusted in a reaction’ves-

sel at 1150 ° ' C. for 1 hour (see Thompson and Gray, 1976). The reac-
tion produces a mixture of co, 002 and H2 gasses. The H, gas dif-

fuses through the walls of the reaction vessels, forcing the reaction

to completion. After combustion, the gasses are trapped in a silica

gel trap maintained at liquid nitrogen temperature. The CO fraction

is converted to CO2 and C by spaﬁ{ing between platimum electrodes. The

CO2 fractions are comblped a.nd the yields measured manometrically. The

peat samples a.vera.ged S]O to 9% of the theoretic¢al predictions, indi-
ca.ting trace amount of contaminant, All peat samples were run as rep-
liéa.tés- if replicate results did not agree, a third sa.mple »as run,
The Precision of the replicate analysis was better than * 4%. iso-
tope measurements were ma.de on a 90 sector, 25 cm double collecting

i‘tope ratio mass spectrometer.
3.4 Results ) '/‘)

.'Isotope measurements are expregsed as a J value (°/oo)_with re-
spect to Standard Mean Ocean IWa.terl (SMQW). The results are listed in

Table 6 .

o~

The isotopic Fesults are plotted with respect to depth in Figure

.

: \



FIGURE, 18

FLOW CHART FOR PEAT CELLULOSE EXTRACTION

Peat (air dry)

(soluble)

r

Yaxes, vesin,

" hydrocarbons

tannins, bitunens, .

(solu‘bio)

Starch, pectins
tannins

(solubls)

Benzene;Mathanol (2:1) Extraction,
6 hours .

Hot water (70° 2) 3 x 3 hours

.

]
Polysaccharides

Lignins oxidized

—

NaCl0,;:  CH,COOH; ,0 — 80° ¢,
3-5 hours
(insoluble) ‘ '

1 —

Holocelluloge +
complexed 'lignin

Hot water, m? c,
3 x J hours . .

Centrj.f&éod. d.oci.ht . dry

N , . L
. 1 )

Oxyger. Parr 3omb
10 AT™., 6 hours
(YaOH soak)

v

e Hot water, 45° C

I Ce";lul:se- l

Acetone Monse

10 % KOH, 20° C, 3 hours

65
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HEEEEEEeE e e e e e

a9
- Core E 3 -

- : 18 _ Standard
Sample Depth (m) Analysis mmber OSMOW deviation
3-1 .05 3 " 16.80 40
3-2 .20 2 17.02 4
3-3 .5 2 16.58 .39
34 .77 2 16.17 .10
3~5 1.00 2 16,66 .33
3-6  1.25 2 16.44 *,32
3-7 - 142 2 16,05 19
3-8 1.63 2 15,38 Lo
39 A\ 1.82 3 115.85 .15
310 2.12 .2 16,36 .35
311 2.3 3 16,88 ° T..20
2. 2.5 2 16.45 !
313 2,75 l - 15.55 2
314 3.15 2 15.70 .15
3-15 3.45 3 15.5% e
¢ &
. B ] v
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19 , together with a radio-carbon age depth profile and an illustra-
tion of the pea.t stratigraphy. A description of the pee.‘t' character-
istics and phytological components can be found in chapter 1, The

radiocarbon plot depicts corrected C-l4 ages as determined by thel

University of Waterloo Isotope Lab (Wat 400 to 405). In constructing

| the age-depth profile,. rates of peat accumlation were assumed linear

between: dated samples. Peat accumlation began 10,380 years B.P,,
terminating approximately 400 years B.P. Analysis of modern peat
forming plants at the study site has allowed extrapolation of the iso_-

-£Opé curve to the Present day.

A poss‘ible hiatus due to a: period ei‘ freezing t]hen uplii‘; or ﬁo
drying of th tland is found.a.*l'; a depth of 1.6 m. This level is
marked by yer of woody nanolignid peat, similar to the forest
peat layer found on the surface of modern palsas, The interval m
e.ppa.renﬁly short lived; a plot of the C-lhkage of the woody peat lies

_oniy siiglmtly off the J.in_e connecting pea.t aées on either side of the

layer (Figure 19 ). N

1

3.41 Effect of Different Plant Species

Prior to a.na.lysing the isotopic conposition of . tulk peat :

sa.mples, it was necessary to determine whsther individua.l peat-foning
plgnt species have similar oxygen isotope ratios. Sa.nples of 1iv1ng

plants, representing a.ll the major pea.t forming species, wez'e col-
1ected from the study site during the summer field season. The .

' oxy_gen isotopic composltlon of each of the species was determined; the

67
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tesilts are listed in Table? .
[}
‘ A
,'!1[;% A\ :.?:J

- " TABLE 7
& 'fﬁpﬁ.c -Compositionof Modern Peat Forming Plants
. ; .

. S : X ) | . .
’ ; t Specie i 18, ?0\{ o
s 3N —_— 02%o~ )

. . sphalm fuscun- " 18.65 %.
Sphagmun-recurvum ) '1851%.
~."‘f; nz?span;chapg o L 1@.37 %

‘ W‘aquatilis " B ' 13!;8 x..;a 4 T

Carex (various spp.) . =~ 187 % S

. - "Duckwoed ki e ' . o 16.39 %o = . .

Mixtage .. 1848 % e

b . 9"&\‘,,. Ve . a 1 Q

~ ; !
,,,,, IO ST
The results show that, within the limits of ana.lytica.l: error, all - &0,

: the a.mlyzedpﬁnt species have very sin:\.la.r oxygen isotopic values. | -
. reﬂecting the constant isotopic conposition of the uater in i!hich #
they grew. It is therefore not necessary to sepa.ra.te individual .

species from the pea.t; “Tulk pea.t sanples will give represen‘ba.tive ‘
\

g

results. . ‘ K | ‘ (}

?
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: 342 Effect of Humifipation on Isgdope Values - °

.q 1 ’ _“ L. ) 'u . o . \ . , ) l... A m
| 'Ihere is a posaibg.}ity of oxygen exchange between the C-O .

i bonds in the pea;t céllulose a.nd percola.ting bog wa.ters or with ba.cteria.

dnring deconposition. If such excha.nge did occur, tl;e result would be
to' proalce a.n homogenimtion of isotope va.lues‘ in ﬂtb pea.t Evidence
suggeats, however, tha.t such isotopq exchange is very unlikely; the.,

# ~
¢

C-O nolecuh.r dond in cellu‘lose being very strOng. o é

‘No oxygen emhange was deteoted in celluloee sa.mples that were -
.mfbjected to harsh oxidiging cond.itions (Gray and ﬂ'hompson, 1976;

'Epstein, Yapp, and Hall, 1976; this ﬂ\eq,'ss) or to high partial pres-
.. mfes of oxygen (this thesis). mrther, Yapp. ard Epstein (W) ‘
" found no evidance for isotope exchange ha.ving occum-ed in I'Od *ﬁ

hegw,been buried in wet soils for 11 800cyea.rs FttIn concluq,iﬁ ‘the. i
%dencé to date, does not supbort the proba.‘bility of iso;ope sexchall

0.’
?

- . . . . N > ’
‘ = _’_’;; o R
3 43 Tellpea:a:mre Effects e S .
| § Yol
g\ me effect of tenpera.tu.re -on the ﬁlﬁute isotope ymlues of
pla.nt cellulose is very complex. _vThe ‘tcnpemwre of a.ir mass vapor

'condenaation la.rgely determines the mtopic composition a.t a specific

site ~but the degree of proportiona.lity is a function of the histoz/
of the air mass (Da.nsgaa.rd 1964; Friedman et al, 1964) . The effe, 1 '

- of evaporation a.nd emmtmspmtion, both tempcr’a.‘h;re dgpendent, cn

185 values in plant cellulose has been discussed by Epstein

inciea.sing
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. LY ; R I I : R
_ s@tdiee, fc.he tQpemwre cqﬁfficient for cellulo & ;. ranging

‘39

5 5 Pa.leoclima.tic Interpreta.tions »‘* :?"‘,.7_.;,3‘ 5
. ' o @

»

et ﬁ (19'7?) When compa.rins looalities that he.ve wida.y d.ifi‘erent
humiditi.es, this effect will e of impor'ta.nce. Gra.y and 'mompson .
(1975) however have ehown thiKt at 4 specific 1Qcality, where large
humidity changes over time are not uma.]_ly encountered excellent
a.g;reement +bah be found ﬁween Mean Annua.l Tempera.ture and 180 ( (cellu- -
loeeL In..peet Ega&humidity is always high, and effects due to

&
changeevof e

ii’a.tion r:tes ca.n pmbe.bly be neglected es- " -

“jﬁ‘h immemiping variations a.t a specific site. If enricm-_' Ny e

nerft'Mue to_evapotranspiration has occurred the effect“‘will be to
overestﬁmﬂ Annua.l Temperawres. F‘mctionation occurring

during cellulose synthesis may alsg~be tempera.tuxe depe ent (Epstein :::b T
A .

.13‘4 RO

et a.l, 1977; dre.y)l*ni ‘mbmpeon, 19?6) n! _'; i e\?ioyf%e;if’.e. sp:eciﬂé;

‘9"
between 1 a.nd 3 °/o¢ o/ c. (Libby a.nd Panda.lfi
Yepp, 1977; Gray .and Thgmpson. 19?6):.

. - . ' - a . .
e R . . .
'

era.tures are stronsly correla.teg with oxygen isotope ra.tios in pla.nt

‘ "-:‘c&glose. Befpre pa.leo-tempara.wre inte”i'pretati&s can fma.de of the

sa.mewaya.streeringsb

_iso,tope ﬂucmations however e. tempera.mre coefficient must be found

i -

P

for pee.t cellulose. Unfo tely. pea.t cdnnot be ca.litma. the o
e it ie imposei:ble to sepe.ra.te yearly

- et :

a.ccumla.tions. The tempera.ture coefficient for E‘dmonton Spruce, 1.3 /oo .

o/ c (Thompson and - Gﬁy. 1976), might be a.pplicable; however :

s

~X-
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-Sphagrum cellulose mad&ra.ctiona.te differently than spruce.
) ’_ 'i' v

A method of comp‘zq‘% Sma.ggm and %’ree ring tempera.ture coef-
. E

| 18
f,i,_qient ds to plot cof pla.nts from ya.rioue loca.tions
% (cellu%oee) °

versus the Mea.n Annual Tempehture at tha.t site. Sphagmum moss from

2 wﬁb va.riety of clima.tic 'ohes was g.x;a.lyzed then results plotted

a.ga.inst Mean Anmal Temperam:r:e (average of last 5 yea.rs) in Figure .&:4.‘ a-
3

"

For .some of the locations, S n sam les were a.va.ila.ble from more
N ’ ‘_&%. P
tha.n qne bog; the ra.nge of reSulte“‘h thej:?ocations is, plotted as

\\$ ‘.n O

& bar, < On the sanes gra.ph" gen 1sotppe
Y4 : DL

tellulose from va.rious si'bee are plotﬁd Aidhs ,&at&,‘g

. ‘; ' 5 tioned Edmonton T

eeofmod.ern treering R

'I'h'pmpson) This da.ta sét,gtncludes ﬂ:e 0
. gpruce "ai_!.nalyzed f:y ‘Gra.y a.nEl ?BUmPSO‘ i (1.95"‘76 Th% isobopic‘a’values frﬂ’ Y Ve
’ northeﬁwcont'inaﬁl Narth America. (E “ - Albem; North Ba.y, q, g Coia .
. 0"3"‘%’ 9 Sinpeon, WA.T.; 01&~c:=ow, Yukon-@d Cobermine, P
:‘ ) r:’w T.) a.re reason&bly"’defiggd by the .iinea.r relationshiml., 7 R
'f‘*w&n R 2 £1§o=05':1=+1990° S *

o
* The values foi' subtropical and troplca.l loca.litles (Houston, Tﬁ‘ia.s; ’ 3
& .
Ca.mptnos, Bra.zil) fa.L'I. significa.ntly Dbelok ?is l@e, .while values

frod & Pacific ma.rﬁ.nle arvea gQueen Cha.rlott Slands, B,.) £a1l above

" ey oo . . ’
tl-)% &fne‘ :' "_z’ A ’ K v: s - ’ co . § . ) s -
PR . . o e ' . . ) . : )
- e ' a - 1 « - * .
The tree ring isotope values respond in a simila.r manner; the . ’l '

: resression line is parallel to the peat line'tut displa.ced 2 °/oo
higher (F‘igure 20), The reason. for the displa.cement is not a.ppa.rent
but ma.y be due to a desr:ee of isotopic equillbra.tion of a.tmospheric

00 with the tree water pnor to pb.otoeynthesis a.nd the fixati.on of ,

.i

2

“
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CO2 into cellulose%}'r and Thompson, 1976).

In theory, this method should lead to a.’te‘mperamre coeffi‘cient..
for plant cellulose, Comparidon of Gfa.y a.ndeThompsor;s' tree ring
coefficient of 1.3 °/oo/ °C. with. the' value of 0.5 °/oo / ° C. from

. Figure 20 , clearly shows this is not the case. As previously dis-
cussed, ma.ny no.n-tempera.ture related factors can effect. isotopic’
fra.ctionation. .- These effect‘s become a.ppa.rent when comparing different

*
loca.llties, h hce 'also the scatter of the data. \pofnts, especially for

‘ amples. The graph does’show that peat ahd tree ring
otope ra.tios increase in parallel. as M¥an Anrual Tempem’cures in-

crea.se. While the need for:la. grea.t dea.l more work is a.cknowledged Use

of the tempera.ture coefficient for White Spruce (1.3 °/oo / %c.) should

, ‘lr’

approxima.te magnitude of tempe@re ﬂuo&a.tions during peat

A, ./, , !.‘ v.’ - ¢ .

P A -nim» e
B S ‘ ,,’ ) . '..;.“‘ .
Y ' . o Co PR “ L

The Oxygenwi.sotopé curve, from a.na.lysis of peéi core E ll (Figure'

,19)\; is cha.ra.cter:.zed by rela.tlvely little varia.tion -thro\xghout the

ft'ﬁi'

.profile. A compa.ra.tively cool cl:.ma.te is 1nd.ica.ted between a.pprox-

imately 10,000 years B.P. a.nd 7ooo years"@)P. This vas followed by a

\ Bl
warmiw between a.ppro&dmately 6000 years B. P, gmd 5000 years B F.

¥hile this ‘time in'&erva.l ~co'.v.'responds to that of the cla.ssical Hy'psi- ‘
- thermal, the 1sotope va.lues do notindica.te eag:ep‘hional warming. A~

cooling trend followed., réa.ching a minimm va.lue between approximately
- 4000 and 3000 yea.rs B.P.4 this was the lowest isotope value measured

i.g,the entire—speat column. . Interestingly, a cha.nge in }Jea.t type is
ng\ . 1;' "'v-'-' ‘yl &ﬁwem,’ Lo ]
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- -’, vjivv.;

e thermé.l gra.dient is slow to. x

‘e

e;lcountered ‘media.tely above this layer, from a Sphagrum peat to a
‘forest pea.t, suggeeting & brief period of pema.froet invaeion then .
co}bniza.tion by Black -Spruce. Isotope varia.tione are sna.ll in the
upper :l.P 5 meters.of core; a gradual ua.rming trend is indicated,

.\1

especﬁlly over the past 400 years. &

* ¢

| 4§ r."

Modern pea.t producing pla.nte in the Fort smﬁs'bn area have hi ‘

al Tempera.mres a.re the warmest that heve oocutm.n 3’13 past

'b

I : . .
G LINE. SO -
, .

. . < .
» N . .’

An independe t mettrod ofr c ecking theee temperah;re a.pproximations
, - . é

. At depth, the geo-

tempera.'hlre cha.nges;

,.“_

.hen(e_ per'hzrba.;ione in,*ﬁie gra.dient oa.n"'Sg ided- to calcula.te previous
3 e

grodnd surface temperatures (Judge, 19714-) A deep temperamre profile -

_from an oil explora.tory xv\ell, 200 km ea.st of Fort Simpson, is plotted

in Figure 21 (data’ from Judge, 1974) The well penetratés 355 m of.

Using the a.b‘ove tempem:b.].re ,eoefficient of l.3 °/oo/ Coy ..
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unfroéen unconeolida.ted ma.teria.l underla.in by 300 n of ghale and 113 m

- of ca.rbona.tes. The temperamre gra.dient is a.bnormally J.ow to a depf.h
‘of 66 m, which doés noi. correspond to any cha.nge in li'ﬁhologr, hence
s indicati've of recent clima.tic wa.rming
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Al

| mrming. at least 30 ‘of permafrost was Dresent (Figure 217.» Deg
“atfon of the permafrodlbuma: by botton melting due to the geothermal
heat flux. The rate of melting of tfxo ﬂ;emai‘ro‘at due to the geo- °

" thermal heat flux is ca.lcula.ted to be 1.0 to'g cn/ yeay, henbs

f_( 1
M )

L] .
» ‘(' -
qgupa.red to the present da‘mA&S T. of +.o A ’c., this i

3 n'ﬁa a.-'wa.ming of +3 2 C.o‘Prio! to the onset of surface - |

surfa.ce varming mst have commenced roughly 2000 to 3000 yea.rs B, If

A Mea.n Anrmal Tempera.ture approxima.tely 3 °c. cooler, 2500 yea.rs B P..
: a.grees well with the paleot.mpera.hm; predictions based on oxygen iso-

'v» .

' topes-£rom the- ‘peat eellu&mn SRS e e
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®

T § Introduction

' . :
‘ The-ovomwi pea._tla.nd is record v the peat stratigraphy. \
ey - terrela.tionships" of mineral soil to _ Yy, hydrologic regimes,

vegeta.tiqnal sequencu., bog processes and olimate crea.te distinct-
A

- peatland types; therefore, the peat is more than just a record of

pa.st pla.nf commnities. The work of Kulczynski (1949) and Heinselmam
® . . ‘@ .
(1963) is unique in examining past environmental cond.itidns, as de-

_ ~duced from the Peat stratigra.phy, for their role in creating the mod-
. \\ a

L

ern pea.tla.nd landsca.pe. This type of integra.ted study has’ not been

‘ carried out in discontinuously frazen pea.tla.nds. ‘ ~ "‘3, Y

4

' In this chapter, the cha.nge in physical environmenta.l conditions

in the Fort Simpson pea.tla.nd over the pa.st 10 QOO years is inferf‘ed

‘ from the pea.t stmtigra.phy.

o

. cords six ve eta.tive co - '
..,;.‘,-- 9 & . " ’ . ‘ . . {1‘" . - < “' ‘
,1. organic detrims in silt —oe L LT *" o
2. a.qua.tlc pla.nts " e oo
. . ﬁ‘ t
3. brown moss~sedge . o T .

. L, sedge-shmb—Bla.ck Spruce _ _ ,

. 5-' EEEM bOS . ,, - : . ¢ - | - .’ .
. ' RN - “&- R
-6, Bla,ck Spmce—CIa.dgg;,g-fea.thermoss- ’ :

Each of. these. comnunities implies a different weﬁla.nd environment .
L 4
Modern a.na.logies of these commnities a.llow reconst:mction of en=-«

(v

vironmentql conditions at the’ time of deposition. 7 Six ra.diocé.rbon
dates permit a 'chro ogica.l sequence “to be ouf.lined for the vegeta.tivei

‘e -
”

a.nd environmenta.l sucoessions. A ’ o

L3



' Lake McConnell occupied la.rge a.rea.e of thoMenzie Valley (Rutter.
1974). While the lake was ‘subject”to rmme:'bus ‘fluctuations creating

" . complex. ‘beach ridges around its ma.rgins. deep water oonditions per-

sisted until approximately 11,000 yea:bs B, P Pollen profiles ind.icate
Q

. w3

80

that during the a.pproximately 1000 year existenoe of the laicg, borea.'l. ’
forest vegetation occupied the poorly dra.ined poesihly discon “

uously’ f:ooze‘n, 51aoia1 soﬂs bordering the lake (S[‘ Ha.bgood persona.l J

commnica.tion) " Black Spruce was the ﬁomina.nt tree specibes,‘ being - v

pro'ba.bly the first to re-colonize the area. as it iﬁ S
poorly dxained soils. Orga.nic deposition in the :
slow but crea.t\d a re],atively ‘thick X :
ma.tri%—.- D _9 |
Dra.i”fﬁce -and eva.poration of Lake McConnell was not sudden but in-
: volved a 'prosres&ve lowering of base levels. Evenwaﬁhly, a ;L

‘ pla!in with many sha.llow 1a.kes and ponds rema:.ned. This phaje »‘h.s rel- ,,‘

o

atively short lived and resulted 1,n the discontimousQ.eposition Of‘ . .

/44

sha.llow orga.nic gyttja a.nd a.qv.‘;i&"’pea.t.

e [ ' T
. " = . €.
' ;. ~. ! Lo 2 N -

Tt is uncerta,in uhether the Lake plain completely dried up.’ A
dessica.tion period has been reported. in northern Alberta. (May and

.{.45
;Thomson,

-1977) fo‘r this time interva.l Furbher, nea.r %uxfa.ce la.ous-
e : rrts -are ove:né'onsolida.ted. (see seotion 34), a oha.ra.cter- ¢

icated soils (Wu, 197?) .,Also, calcium’ sulpha.te concen~’

‘l

»



: sedge peat layer sugg;sts that this cahznitx luted for sev&a.l thou- ‘

trations. were recorded at the top of the mineral soil (Chapter 1), a
cha.ractexisti.c:;ﬁ evaporated lake waters. Conflicting evidence is i

lack of a phyto response the*i:ollen diagrans from the a'rea.. 'If an
Arid interval ,cbi‘.ncic-l_ed» th the d:a.inage of La.ke McConnell. it was
protatly of short duration.

‘Fens quickly overspread.ffje mutrient rich lacustrine Flain and ‘
paludification of the landscape began. Fen commnities can fo
ca.pa.ble of holding back wa.ter hence causing significa.nt riSes in the -

> ater table (Heinselmn 1970) This event is dated by the basal la.yea:

of brown moss a.nd sedce fen peats 'rha.t nea;ly uniformly cover the form-

1 4

. er glacial 1ake ba.sin, ‘dated at a.ppro:d.nately 8500 yea.rs B.P. ﬂa.dio- x ',-

ca.rbon dated horizons and the uniform thickna% of the bmm Mogs- |

¢

sand yea.rs The area a.nound thela.melakes thenotthof the‘pa.l'sa

complex is a modefn a.na.logue of the treeless, ve:r.'y ggnt]y sloging. A Lo

[

minera. c fens tha.t occupied the site. e *r, VL

As the pea.t a.ccumla.ted, drier sites beqa.me aﬂilable. Shmbs
¢

“such as Sweet Ga.le, duarf , willow and ﬁo*a. lesser .extent h:ees

| like Bla.ok Spruce a.nd Tumﬁck inva.dbd the fens; in sox;le localities .. ;

0
yu‘

a shru'b fen or ca.n: resulted ‘The vegetative commnity was ﬂoristic;- e
ally richz the peat contains sedges,.. brown moseas, sh:mbs, wood ‘
. mosses a.nd possibly gra.sses. Spruce . is mch;xore abundint in the »f ” r
wooay fen pea.t -than that described by Zoltai and: Ta.rnoca.i (1973) from s

peat platea.us in the central Manzie Va.lley.. A " - B {t ' L

- e e N .

ns o . a o - ‘ . v

i

e
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Y. o

S - The thick Sphagnum peat la.yer found in all cores is ;c.estimony o

' a change from mitrient rich minera.trophic fens to nutrient poor - ombro- .

trophic bogs. Prior to, the m bloom, the fen surface had a very -
TV

: gentle unifom slope; the contﬁxua.l a.c.;cumla.tion of pea.t tending to °
- level out the P& tland surface. OmHl‘of.rophic cond.t*l;io‘n? developgd

ghen the poath.nd surface rose above the level of percolating, minerh.. ‘4..
%rich, grmndnter; hence creating a 160al ua.ter tatle divide,” The L

-4

" divide nay ha.ve been pa.rtly present in the orisin&l physiogra.phy, or

ua.s developed entirely by pea.t acamhtion, or was created by s‘trea.m

'ca.p'hu:e (Heins.'&m. 1970). 'lh‘c i-ﬁorta.nce of 1oca.1 water tsble d.iv-' "‘

l
*16@; kl the dm/e’opnent of J.a.rge M boss is a.lsa stressgd ‘uy

- B L - ’ . o N v ‘

7 ey (19490, O e L e e
o o e . @r Py e LY
L .o L 2

R 'I‘he lowering of regiomr wa.tar 'bables. poumy re:ma to ’che S

moré ;n‘ | tod a.raimge &m t.hat wa.s developing, i.nitia.ted pea.t-

¥
in lore tha.n one direction. Areas of elmted minenl

, -4

a

" edl m‘hb v s‘p&t ﬁmvid.ed the ai-at aTeas to davelop loca.l vater
table cuviaas. 'rne lake mrgmu &!-ea Vas pa.rticula.rly rimred hav="
'- ine an mesmr mibstratus’ toposnm (cmpcer . M quickly.

ne of ﬁ:o fdmer QJAciaJ& lake. Pea.t ;cmmlati ) contimﬁ unt;l.
' peh are

mtelyljoow.rsﬂ’r Woodreminsinthes"

. very scaree, indigating,a.,bog ¥ith pn.'l.y,sc_attere‘dj__‘ s,

. : . - . . -
[ RN DU | . : . . - s~

o . . . . - o oo

v The cha.nge ﬁ:om M pea.t to a nanolignid foreét pea.t‘la.ﬁts _
‘the raising' of the bog mzfaz:?uam the agg;ada.tion of pemt‘roet. ". L
o The lack of pema.frost developnant in. this a:r:ea prior toa apmoxi&tely -

. - -

..
F';



4000" years B.P. (Zoltal and Tarmocal, 1975; Zoltai and Pettapiece,
1978), in spite of sufficiently cool mean anmual temperatures (see
Chapter 3)1 was because of the lack of suitable sites. Permafrost
will not develop in pondedsfens due to the vast reservoir of latent
heat and high thermal transfer rates. By contrast, Sphagmm sites are
very conducive to permafrost aggradation b@cagse of tbeir unique ther-
mal qualities (Brown, 1966). The Picea-Ledum-Rubus-Cladonia community

S~
that followed permafrost development has remained to the Present day.

The unfrozen §Egggggg bogs contained within the palsa complex are
the result of bermafrost degradation,. Stra?%graphically, two §I§gﬁ§gﬂ
layers are divided by a thin horizon of forest peat (Figure 4); radio-
carbon dating of tﬁe forest peat from EOre E 11, at a depth of 1.3 m,
indicates initial freezing took place approximately 3500 years B.P,
(WAT 400). The areas around the fringes of ;.he bogs have receiltly re-
frozen, permafrost being re-established approximately 400 years B.P,
The marginal areas of the thaw bogs appear to be comparatively dynamic;
contimied climatic warming may result in another collapse, alterna-

tively cooling may fé-establish Permafrost along the bog edges.

The 'thermokarst' sinkholes by contrast, do not appear to be a re-
sult of permafrost degradation. Sinkholes differ from the unfrozen
bogs in-that they are contained ponds with virtually no §£§§5§5ﬁ and

very little aquatic vegetation (see Chapter 1 and Figure 4). The peat

83

stratigraphy of the sinkholes is greatly qifferent from the rest of\the )

palsa complex, consisting of 25 cm of moderately decomposed duckweed,

15 cm of gyttja, 25 cm of ponded fine grained detrital sands, and

’
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glaclolacustrine c_la.y. There .is *no evidence o! collapsed peat in the

~ center of the hole., Around the edges of the s_inkhole/however, large

lobes of semi-submerged Sphagmum peat are evident, as are act:;.voly .

collapsing walls. It is unlikely that decomposition rates have been

sufficient to yto‘ta.lly digest the collapsed peat. The stratigraphy

sugg;sts ﬁ*t some holes are prim.ry features and have been present

since the initial aggradation of ground ice. Recent peymafrost degra-

dation in the form of ;t&ll collapse has enlarged the area of the gond.s.

" In summary, the followiné sequence of landscapes have developed
in pea.tla.ndsb near Ft. Simpson: |
1. a large deep glacial lake :
2. a partially dessicated lake plain with numerous shallow ponds '
3. a paludificated fenland
4, ombrotrophic bogs, and

5. extensive permafrozen peatlands.



- CHAPTER 5: PERMAFROST AGGRADATION AND DEGRADATION
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h
5.1 Intreduction’

The .development of ground ice in peatlands is a complex process.
While cold air temperatures are a necessary criteria for permafrost
aggradation, paleotemperature analysis has shown thaf. it is not a
so}.ely sufficient control. The role of different vegetation commun-
ities in creating varidus soil ‘Eempera.‘bxree has been emphasized by.
numercus researchers (Williams, 1968; Brown, 1970). Similarly, th’e
role of surface water in modifying ground thermal regimes is well
acknowledged (Mackay, 197 2; lBrown, 1970). A l‘ess discussed aspect
‘ of th‘e role '-g'f _vegetationfn{ water, however, is the evolution of t[he
vegetative c;bm@ﬁities and the hydrological regimes with t:he.ir sub-
sequent effev;;:t.on ggound ice development. This evolution .13- dis-
cussed in: tﬁis chapter. An examination will also be made of the role
of the niinem,l soil morphology and stratigraphy in determining where

" in a watershed permafrost will develop.

The melting or degfa.da.‘;.ion of permafrost is equally complex as
its a.g.gmda.tiqn. Three components of the melt process: lateral melt-
ing, -surface wa.rning, and melting fron the bottom contrimte to g:round
ice demtion. The relative roles of each of these components is
" examined ;n the second sectlion of this chapter. The rate of lateral
melting is determined quantitatively from historical records. By ex-
trapolﬁtion of the “ rate o:t; lateral degradation, the former extent of

i)enaf na rost in tﬁe 'pea.tla.nd‘ 7'Vis.“ eéﬁﬁnﬁié&.

Both ground ice aggradation and degradation have created the



Present day palsa relidf., This fact has not been acknowledged in the
‘Iiterature. Only/ the role of "éégregated ground ice development in the
nineral soil has‘been cited as a contributor to palsa height. The last
seetion of this ce&pter shows that degradational processes are equally
important in creating the present day landscape.

[

5.2 Ground Ice Aggradation
5;21 Processes and Controls

5.211 Climatic Controls
Two climatic requirements for the presence of palsas are
a Mean Anmual Temperature colder than -1° 0, to -3° C. (Ruuhijarvi,
1960} and a winter precipitation less thih 30 cm (Lundqvist, 1962).
The present day climate at Fort Simpson is within these bounds, with a
Mean Anmal Temperature of ~4° C, and a winter precipitation averaging
15 cm, Holocene Mean Anmual Temperatures at Fort Simpson were also be-

low these 1limits, varying between -7° C. and -3° C. (see Chapter 3).

While it is problematic whether palsas are only being maintained
at the above temberhturee.or whetber new permafrost is actually aggrad- -
ing, it is etili unlikely that climate has been an impedimeet to perma-
frost development ovep.the past 8000 years. The question remains there-
- fore, of why extensive/$ermafrost did not develop until approximately
4000 years B.P. in spite of a sufficiently ceid climate? Clearly ed-

87



aphic factors such as peatland vegetation and hydrology have played a

Rey role.
5.212 Vegetational And Hydrological Controls

The influence of vegetation, in particular _Eggggg_ moss,
in creating ground thermal conditions suitable for permafrost aggrada-
tion has been well documented (Brown, 1963; Williams, 1968; Zoltai
and Tarnocai, 1975). The thermal conductivity of Sphagrum changes suf-
ficiently with moisture content or when frozen that the outwar@ trans-
fer of heat in the winter exceeds the inward heat trane}er in the sum-
mer, ¢hence creating a\negative heat budget. Because of this uniéue
thermal characteristic, permafrost will‘develop beneath Sphagnum at a

higher Mean Anmual Temperature than beneath mineral soil.

Nearly all paleas have a Sphagrum cover at the time of formation;
this is not the only prerequisite for permafrost aggradation however.
Palsas from the study area typically have a .8 meter cap of Sphagmunm,
representing approximately 1000 years of accumilation, before perma-
frost developed. Also, modern collapse bogs contained within the palsa
complex have a Sphagmm cover up to 1.5 meters in th}ckness, yet are
unfrozen. This dilemma may be due to the changing hydrology of the
bogs. If the bogs have very high water tables, the moss will be con-
tinually saturated. The thermal properties of the Sphagmum will not
seasonally change; a negative heat tudget will not develop. A domed
or raised bog surface, that allows partial drying of the upper peat

layers, is essential to permafrost development in the preseﬁepclimate.



#

Black Spruce may also play an important role in permafrost aggra-
dation in peatlands, Sgall permafrost lenses have been obserz;d be-
neath spruce seedlings that were'growing on isolated Sphagpum hummocks
in an otherwise unfrozen bog (Zoltai and Tarnocal, 1975). Shading from
the spruce creates a cogler micro-climate suitable for ground ice dev-
elopment. Zoltal and Tarnocal maintain that the small frozen hummocks
eventually coalesce to create a peat plateau. Further, the presence
of these frozen hummocks indicates that palsas are.presently,forming

(Zoltai and Tarnocai, 1975).

While a number of 'embryonic' palsas of the type degcribed were

observed near the study site, they appear to be temporary features.
One frost mound, first observed in August, 1976, was about 35 cm high,
had a_ basal diameter of 1.1m with ground ice to a depth'of 50 cm. Two
8 year old Black Spruce trees grew on the frost mounds. In September

> of the following year the mound was only 20 cm high, had a basal diam-
eter of 0.6 m with ground ice at a depth of 35 cm. Two éther frost
mounds, 6nly 20 to 25 cm high, with a basal diameter of'30 cm, in the
summer of 1976, had ;completely disappeared by September, 1977. In addi-'
tion, a ground ice lens h;d developed beneath a nearby seedling covered

hummock where the previous year there had been no permafrost.

Previous discussion on the observed thermal structure of the palsa
’ (Chapter 1) has demonstrated the sensitivity of the permaffost to small
dbanges in surface temperatures. Ruuhijarvi (1960), Wramner (1967,
1973) and.Sollid and Sorbel (1974) have also noted the temporary nature;

of small frost mounds in peatlands,



The strongest argument against the role of spruce in palsa dev-
eolopment is the lack of spruce on palsas in Scandinavia and Ungava. _

#
Here, palsas develop readily above the tree line.

In summary, the presence of large ombrotrophic Sphagmum bogs that
‘have sufficiently raised and dralned surfapes are necessary for éx-
tensive permafrost development in peatlands in the Ft. Simpson area.
The oﬁbrotrophic conditions are éreated by a reorganization of the
surfaée drainage, as was detalled in the previous chapter. The role;
of Black Spmuée is impo;tant in maintaining permafrost, tut probably

has littif to do with reglonal perhafrost aggradation.

-~

5.213 Influence of Mineral Soil Topography

The possible role of the mineral soil ﬁPpography in de-
termining prefgrential zones of'permafrost aggradation was first sug-
. gested by Thie (1974). In the Ft. Simpson area, the close association
between beach ridges and palsa complexes (see Chapter 1) suggests that
the initial mineral soil topography may affect the sites of segregated
ground ice development in the peatlands. The topography of the mineral
soil beneath a palsa can be re-created by tﬁawing a palsa core in in- .
crements under in situ overbﬁrden stresses. Any 'residual height' fol-
lowing thaw consolidation will theoretically’equal the reiief of the

P

mineral soil ﬁrior to freezing.

Methods for such tésts have recently been proven for a variety of
'soil types (Watson et al, 1973; Luscher and Afifi, 1973; Smith and

»
Morgenstern, 1972) and a comprehensive theory for thaw comsolidation



91
established (Morgenstern and Nixon, 1971; Nixon and Morgenstern, 1973).

The totai thaw consolidation, Eo, of a thawing soil is made up of
three* separate processes:
1. settlement due to-volume reduction associated with a phase change
of ice to water
2. consolidation.during the period of thaw
3.’ tonsolidation subsequent to thaw
The total thaw strain can be expressed:
E?=A°x+a°§§(P+X'x),Jx

total settlement

where E°
A = initial thaw,settlement parameter

a_ = coefficient of compressibility

lae]
"

surcharge load

X = depth to the thgﬂ front

X ' = submerged unit weight of thawed soil

(Lusher and Afifi, 1973)

Total thaw settlement can also Be correlated with some of the tulk
properties of the frozen soil. Speer et al (1973), in a study of
ground ice variability near Norman Wells, found an excellent correla-
tion between frozen tulk density and total thaw strain at a stress eq~
ual to the average stress encountered in situ. Following this method-
ology, 31 thaw consolidatjon tests were made on the frozen mineral soil
from core E 3 of the palsa. The results of the testing are tabulated
in Appendix 3. The testing methods were similar to those described by

Roggensack (1978); a brief summary of which can be found in Aiggndix k4,



Following consolidation, linear ana logarithmic relationships were
derived between settlement parameters such as’Eo, a. and Ao; and core
pﬁxsical parameters such as watar content (w), volumetric ice cdntent
(v), and frozen btulk density (¥ ¢)s (Figures22 to26). The most signif-
icant of these correlations are listed in Table 8 . The Eoz}{f Te-
lationship and E®: Ao + a relationship gizg the most accurate results;
both predicted settlements within 1.5 % of that measured.

The tulk densi?y relat&onship ﬁas used to predict settlement in. _
six other cores from the palsa (Appendix 3). Total thaw settlements
for each core are listed in Table 9 , as are the respective differences
in ele;ation between theApe;t-mineral s0il interface in the palsa and

" that in the fen.

In each of, the cores, a positive residual mineral soil relief was
detected. The magnitude of the relief, from .23 to .65 m represents
from 9% to 46X of the total fro;en mineral soil relief, well in excess
of the methodological error. The residual relief is approximately eq-
ual to the thickness of the sand layer usually encountered immediately
beneath the peat. Freezing of the sand layer will produce insignificant
heave compared to freezing of a silty clay layer. If the imitial soil
relgef beneath the palsa is largely provided by a sand hummock, then
th:.total heave in the mineral soil will decrease. with the relative
thickﬁess of sand layer that is present. A plot of total heave in the
mineral soil vs. initial mineral soil relief shows this to be the case

(Figure 27), with a very strong negative correlation between the two
iazameters.
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TABLE 9
TOTAL THAW SETTLEMENT OF THE MINERAL SOIL AND

OBSERVED FROZEN MINERAL SOIL RELIEF IN THE PALSA COMPLEX

) ) Residual mineral
Thaw settlsment Observed frozen soil soll relief after

Core (m) relief (m) thaw (m)
s100" ' 1.s5 1.95 ' + 40

S 101 1.58 1.93 + .35

s 78 : 1.05 1.52 + 47

S 110 0.93 1.49 \ at 56 -
E 3 2.54 2.76 ' + .23

E 11 0.77 1.42 + ,65
Thaw settlements based on: E° = - , 1036 Xf + 182,7

*
Thaw settlement directly measured in Permode



Further evidence of the hummocky mineral soil 1nterfa§e that under-
lies the palsa complex is the irregular mineral soil elevations meas- N
ured in the collapse bogs and sinkholes (Tahle 10), Differences of up
to 4 m exist between sites, tut the average d&{ferential relief is ap-

proximately .5 to 1.0 meters.

Changes in the soil consolidation properties due to freezing will
not significantly affect the‘above results.v Local overconsolidation
of the mineral soil can occur during freeze-thaw cycles due to negative
pore pressures generated during freezing (Smith, 1972; Nixon and Morg-
enstern, 1973). Indeed, residual stress determinations (Table 2, Ap-
pendix 3) on the thawed permafrost core show significant residual
stress in the massive silts, indicating local overconsolidation. Be-
cause of soil discontinuities'due to lensing however, the bulk soil
porosity of a soil after freezing and thawing often increases over the
original (Tsytovich, 1976) especially under low effective stresses.
These two processes, local ped overconsolidatioﬁ and an overall.bulk
dilatanc& due to lénsing, wbrk in opposite directions in determining
the final thaw settlement; but the most characteristic phenomenon will
be an increase in the tulk void ratio of the thawed soil (Tsytovich,
1976). Rates of settlement and pore fressures in the thawing soil
will consequently be affectéd, however changes in the total thaw set-

tlement due to these processes will be minimal.

In conciusion, the palsa complex has preferentially developed over
an area with a éiightly raised, irregulér, mineral soil surface.. This
mineral soil relief contributes from 10 to 25 ﬁLr cent of the ohserved

height.
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5.3 Ground Ice Degradation

Restricted to the discontinuous permafrost zone, a palsa is in
a delicate thermal balance with its phyaical environment. A shift in
this balance can produce ground ice degradation. Many degradational
Processes can be attributed to climatic change, but others are caused
by changes in edaphic factors. This section examines ground ice deg-
| radational processes operating on the palsa complex,,determines rates
\of permafrost degradation and attempts to determine the former extent

6{ permafrost in the area,

\ 5.31 i~ a2sses and Controls

\
A\

" 5.311 Surface Processes ]

‘ Surface cracking has been considered by some authors to
be the most important degradational process (Ruuhijarvi, 1960; Sven-
sson, 1962). The surface peat layer of the study palsa is very heav-
ily cracked. Crack dimesions run up to 6 m in_lengtﬁ, varying f:om a
few millimeters to 80 cm in width, Cracking is most extreme on tHe
paléa‘summits, on the steeper slopes, and particularly near the col-
lapsing edges where-there is a strong crack orientation parallel to

the edges.

The cracks are the result of a number of possible g?uses:

1. surface rupture due to differential heaving during ground ice ag-

gradation
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+ Partial infilling of the cracks with semi-decomposed vegetation, in
particular Ledum leaves, may partially offset their thermal influence.
Only in heavy rainstorms does convective heat increase the depth of
the crack relative to the activé‘la{er. This increase was always
observed to disappear within a few days of cessation of the rain.:
There is no evidence to suggest that the present day active layer is

L3

increasing.
5.312 Bottom Melting

Bottom me}ting of a palsa has been discussed in detail
in Chapter One. AIt was shown that a mean anmal surface temperature
at the study site greater than #0.75° C, would result in melting at °
the base of the pgrmafrost at a rate of approximately 1 cm/year. This
melting rate is‘entirely governed by the geothermal heat flux, tut can

varyfdepending on the local ice stratigraphy.
5.313 Lateral Erosion

Lateral erosioﬁ of the palsa complex occurs mainly
through thermal'degrédation of the palsa pe;imetef by ponded water.
The process is facilitated by the high thermal conducéiyity of.sat-
urated peat as compared to the di; Peat on the palsa summit as well

as by the high convective heat capacity of water.

Where the palsa sides are in direct contact with watef, the

e
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permafrost core is undermined, creating a steep erosional edge.
Undercutting of the peat bank is greatest at a depth of approximately
30 to 50 cm beneath the ﬁond surface, correspond}ng to the thickness
of the winter ice layer. The ice seasonally protecté part of the
palsa sides; below this layer the submerged permafrost is being
contimiously eroded. The result is a permafrost 'nose' near andﬂ
just above the watef table (Figure 4 ). Zoltal and Tarnocai (1971)
have also noted such features tut have considered them proof of ground

ice aggradétion instead of degradation.

Numerous surface cracks fofm parallel to the collapsing edge of °
the palsa, The cracking results in discrete peat blocks that slide
along thg permafrost surface whe; sufficlent undercutting has occurred.
Progressive. widening of the cracks toward the collapsing edge in-

dicates an accelerating creep rate towards the margin (Plate 2 ).

Lateral erosion may be accompanied by concurrent frost heave
along the palsa perimeter. Most palsa complexes and peat plateaus
have distinct ﬁut discontinuous marginal ridges; usually from .5 m to
1.0 m above the interior regions of the plateau. As ponded water is
available along most of the collapsing perimeter, water may be mig-
rating into the frozen soils along thermal gradienis, producing
'secondary heave' in the palsa soils. Further evidence for; and dis-

cussion of, secondary heave is in Chapter Six. o~

The palsa complex also erodes laterally from interiom sinkholes

» ’



2. thermal contraction of the surface layers, and

3., dessication cracking.

Cracks up té several meters in length, tut only a few mil-
limeters wide were observed, suggesting that cracking st#rts while
the peat is frozen. Clearing of the snow from a palsa summit dur-
ing the winter revealed that some qf the thin cracks were infilled
with ice. Thermal gradients due to cold penétratién in the cracks
may induce moisture migration‘towards the crack from the adjacent

peat. Crack enlargement due to subsequent ice wedging is con-

104

sidered a minor process however, and limited to the narrowest cracks. -

Dessication cracking may be a relatively more important process
on‘the steeper sloping palsa sides. Rainfall ﬁnd snowmelt quickly
run off the steep slopes with little water infiltfation, producing
a locally dessicated environment."The only vegetation growing on the
'slopgs is Ledum, which.grOWs within the yider cracks, presumabiy due

2

to the higher moisture availability.

Overall, surface melting is not éonsidered to be a major deg-
radational process at the study site. Dry Sphagmum peat has a
thermal conductivity as low as .05 Cal/m-hr,-°C (Jumikis, 1977),
providing excellent insulation from surface warming. Surface cracks,
while extensive, do not have a strong effect on the overali surface
insulation. The average depth to permafrost beneath the cracks does

not exceed the average sctive layer depth on other parts of the palsa.
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and collapse'bogs. The mechanism of erosiqn is similar to erosion
alond the outside perimeter, tut imwolves much slowertdegradation of
the ground ice without a significant collapsing edge. The bogs are
filled with Sphagrum, greatly reducing rates of water filtration and
hence heat transfer. Further, the near surface summer water temp~
eratures in the bog areas average only 1.59 C. compared to 5 to 7° C.
in the surrounding fens; the lower temperatures being due to a comb-
ination of the high evapotranspiration, high albedo, and low thermal

conductivity of the'§Eg§gggg moss.

Of the three degradafional processes, lateral erosion is by far
the most effective. This is borne out by the extraordimry rates of
lateral melting tha% have occurred over the past 30 years, as is dis-

cussed in the following sections.
5.32 Former Extent of Permafrost ' ®

The former extent of permafrost near the study site can be in-
ferred from the present day distritution of peatland types. As pre-
viously discussed (Chaper 1), the peatland type described as "open
sedge fen with abundant non-oriented ponds" preferentially occurs
in areas knoun.to have been formerly permafrozen. Cores taken from
this beatland type should therefore stratigraphically indicate the
former pfesence of a thick Sphagmum layer and possibly a Black Spruce
forest cover. These characteristics were indeed found in a core ob-

tained from a sedge fen 1.2 km north of the palsa complex.

¢



Chemical analysis was used te detect the Sphagmum because the
Plants were too decomposed to i%entify macroscopically, Major cation
differences occur in the veget&tion from each peatland type because
of their distinctive aquatic mitrient fegimea’(stanekiet al, 1977).
While decomposition processes will modify the peat chemistry, changing
particularly the carbon end nitrogen contents, cation differences are
still evident, hence providing a stratigraphic tool for peat differen-

tiation, .

Results from the chemical analysis are presented in Table 11.
Samples from modern peat-forming plants indicate that Ca iz the qpst
sensitive indicator for distinguishing peat types. Sphagmum mosses
and forest peat typically have Ca contents of 2 to 6 mg/gm while fens
average 10 to 22 mg/gm. The chemical differences are maintained in
spite of moderate decompoéition; proof of which is seen in the re-
sults from the analysis of the frozen palsa core., The peat in this
core is identifiable macroseopically; the stratigraphy of which cor-
relates well with Ca differences between the ombrotrophic and minera-
trophlc peats (Table 11), The peat core from the fenland sho’g a
shift from a high Ca surface peat to a low Ca peat at a depth of 40
to 70 cm, then a very high Ca lower peat. This is interpreted as a
~ basal fen peat, a middle Sphagmum peat folloied by a return to minera-
trophic fen conditions. A significant perlod of ombrotrophic coti-

ditions once existed at this site. i n =

The presence of Black Spruce fragmeﬁts in the peat also suggests

106
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a previously frozen peatland, as modern spruce are nearly always con-
fined to permafrozen areas in the peatland., Abundant pieces of wood
charcoal, léss than 2 mm in size, were observed along a horizon at a
depth of 43 cm in the peat core. This horizon is near the top of the
Sphagmum zone as defined by chemical analysis, suggesting that a

former Black Spruce forest may have been the source. D, Rennie

(personal communication) has also found identifiable pieces of Black

Spruce in a mumber of cores taken from the fen in this vicinity.

The former- presence of Sphagrum and Black Spruce comminities in
the "disoriented pond-sedge fen" peatland supports the hypothesis that
this peatland type is an indicator of previously permafrozen terrain,
As such, the study site was once part of a large permafrost body cov-
ering approximately 600 hectares. The present day palsa and peat
plateau are erosional remnants of the once more extensiv® 1$ndforﬁ;
Permafrost is not thought, however, to have been contimuous. Most of
the mineratrophic fens near the large lakes in the middle of the lake
.basin, to the north of the study site, do not displa& the characteris-

tic peatland type of previously frozen areas.
rd
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5.33 Rates of Ground Ice Degradafion.
"/ ,

Rates of permafrost degradation can Be_measured by comparing .
recent and older aerial photography. This approach has been used by
Thie (1974) in northern Manitoba, and by Reid (1977) in northern
Alberta. Aerial photography for the study site was available from 1948
(1:40,000 RCAF) and 1976 (1:25,000, Burnett Resources). Both the lin-
ear rate of retreat of the palsa complex margin and the rate of areal
degradation were ?easured. ¢

To measure changes in the areal extent of the permafrost, indiv~
[ 4
idual peat plateaus were traced onto 'Mylar' film, carefully cut out

with a dissecting scalpel, then welghed to an accuracy of 1 x 10-1'F gn.
Mylar film has extremely consistent density and thickness, permitting
conversion from weight to area; 'Palsas and peat pl#teaus greater than
200 m in dia;meter have degraded by 15 to 20% over the last 28 years.
Medium sized plateaus with a 1948 diameter of 50 f& 150 meters exper~
ienced considerably faster decay, losing an average of 44% of their
1948 area., Most permafrost islands having a diameter of less thanvbo n .
in. 1948 were no longer discernible in 1976 photogrgphy.

Rates of margin retreat were measured relative to a line perp-
| endicular to the 1976 palsa edge. A magnfying stereoscope, contain-
ing a tuilt in scale with gradations of 0.1 mm, was used for taking
measurements., The rate of edge retreat varied considerably around

é
the palsa: from 8 to 38 meters for palsas in excess of 200 meters;

from 21 to 43 meters for palsas of 50 to 150 meter diameter. No
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pa.rticula.i' aspect showed prefefenéi‘albnidl.ting.‘ .';he s‘gﬁze of thermo-

karst holes‘/and collapse bogs in the middle of the palsa complex was

relatively unchanged from 19148 to 19’;6 These rates of ‘edge col-

lapse are approximately 50% less than that mea,sured by Reid (1977)
.

near Zama Lake, Alberta and are appro:dmately the sa.me ,e.s that re-

- ported by Thie (1974) in northern Manitoba.,
\

N\ : .
On the basis of the former extent oiL ‘th_e permafrost, it appears
that rates of degradation have beeli greater than aggradation for
a considerable number of years. If the former size of the palsa

complex has degi‘a.ded at present day melting rates, then all the -

degradation may have occurred in the past 250 years.

5,4 The Effect on Palsa Relief

Palsas have‘ been traditionally viewed as ground ice a;ggra.da.tion_al
features; their height m‘ea.sufed, us;ng the surrounding fen as the
local base level. The relief is considered a result of segregational
ice development in the mineral soil. As segregated ice lensés 'aie
rarely observed in frozen peat, the peat thickness in the unfrozen fen

nd



oy

and on the frozen palsa are assumed identical, hence contribute little

to the palsa relief,

This section presents evidence that contradicts this aggrada-
tional theory of palsa developmentl Thg relative roles that degrada-'
tional and aggradational processes play in. the :esultant relief of the
Palsa complex is examined.

Various lines of evidence have shown that the area Eurrounding
the study site has recently thawed, A nearly continuous band of
frozen peatland may have once existed aiong the margins of the formér
glacial lake, as late as 400 years Befofe Present. With recent clim-
atic wa;ming, ground ice dégradation has occurred at.an extremely rap-
id rate; the modern palsa complex is a remnant of the former perma-
frost landform. The sgrrounding unfrozeq peatland is composed of both

the thaw consolidated peat and the thaw consolidated mineral soil.

Thaw gonsolidation tests, as detailed aboge, rec?rded an average
settlement of 1.3 meters in the mineral soil of the palsgs following
thaw. This settlement accounts for less fhan fifty percent of the
average 7.0 meter palsa height above the fen, As there is no evidence
for wildly fluctuating fen leﬁels, this conclusion clearly shows that
segregational ice in the mineral soil 1s not solely resﬁonSible for

palsa relief.

[y

To determine what was reéponsible for the remaining height, thaw

111
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consolidation tests were made on the frozen peat portion of cores
S.; and E 3. The consolidation methoas were identicai to that used
ﬂtthe frozen mineral soil. A total of 18 samples were tested; the
results are listed in Appendix 3. Empirical relationships betweeh the
thaw settlement and physical parameters such as moisture content and
tulk density were not as precise as thogzdfor the mineral soils
(Figures 28 tto 29); however, the simple relationship of total strain
- equal to the volumetric ice content of the frozen peat had a signif-
icantly high correlation (Figure 29). This relationship predicted the
total settlement of the thawed peat cores to within 6.0 % of that

measuréé (Thble 12)

\

| Applicetion of the thew settlement equation: EC = Vv + 4,5, to
the five other frozen peat cores shows that the total thaw settlement '
of the peat is slightly greater than the thaw settlement of the min-
- eral soils (Table 13). Further, it is interesting to note that the
moisture contents of the frozen peat are approximately equal to the
unfrozen peat in nearby bogs (Appepdix 3 ); a finding consistant with
‘other researchers results (Zoltai and Tarnocai, 1975; Reid st al, |
©1977). As there is no excess water, the main component of the thaw
consolidation equation (see Section 5.213) is that due to the normal
consolidation of the peat as it settles under its own weight. The
large amount of observed settlement is due to the fact that the peat
must have frozen whlle still in the unobnsolldated state. When melt-
ing finally occurs, the peat has ‘been uplifted above the fen surface,

hence is free to drain and consolidate. A combination of the thaw of >
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: ‘I’BLE 12 ,

EMPIRICAL RELATIONSHIPS PREDICTING THAW SETTLEMENT IN PEAT

CORRELATION (r)
1. E°=-.0162 Y. + 56.93 .02 A
2. %= 97 -7.97 m ¥ . .05
3. E° = 1,09 w, + 14,36 . . .81
OR o |
E® = V + 4,36 | ‘ .81

Y ; = frozen Wik density (Kg/ =)
w_ = volumetric water dbntent (%)

N
' = volumetric ice content (%)
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TABLE 13
THAW SETTLEMENT OF THE FROZEN PEAT CORES,
AND COMPARISON WITH MINERAL SOIL SETTLEMENT "

~

Frozen peat Peat thaw f Mineral soil thaw

" Core thickness (m) settlement (m) settlement (m)

S 100 3.35 1.79 1.55

S 101 3.37 1.89 1.8
s 78 . 3.26 2,46 . . 1.05
s 110 3.10 2.5 .93
E 3 . 3.2 1.71 2.5
E 1 4.30 2,74 77

Thaw settlements of the peat based on: E°.= V + k.5

*
Measured in Permode



segregated ice lenses in the mineral soll plus the normal consolida-

tion of the peat, is approximately equal to thé amount that the land

surface, now covered by the fen, has dropped bélow the former perma-
w.

frost surface. The permafrost that remains forms the palsa.complex;
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CHAPTER 6: CONCLUDING REMARKS
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6.1 Regional Permafrost Development in the Fort Simpson Peatlands
Permafrost distritution in the Fort Simpson area 'is very dis-
contimious. It is found sporadically{ to various depths, in treed
t111 uplands; however, the largest areal extent is within the large
glacial lacustrine basiﬁs. - Any conceptual model of permafrost dev-

_ elopment in this area must include the following facts:

1. The most extensive zones of segregated ground ice accumulation in
the Fort Simpson area, occﬁf parallel to the margins of the former
glacial lakes (Chapter 2).

2. These areas are underlain by a hummocky, stratified nineral soil,
slightly eleva?sgLEBove the surrounding 1acustr?ne plain (Chapter
5). |

3. Permafrost has developed relatively recently, approximately 2000

LY

years Before Present (Chapter 4).

.
Y

L4, This late development was in spite of relatively cold temperatures
throughout the Holocene (Chapter 3).

5. There is evidence for only one period of regional permafrost form-
ation; it does not appear to have been forming over the past few
hundred yeafs (Chapter 5). | .

6. Permafrost development was alwa&s preceded by an accumulation of.
Sphagmum moss; however, as mch as 1000 years of Sphagrum couid
accumlate befdre permafrost formed (Chapter 4). |

7. There is evidence for a period of aridity sometime'during the

Holocene (Chapter 2).
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While somewhat conjectural, the following scenario best fits
theiiindings of this thesis. During the wahing stages of Glacial
. Lake McConnell, lake levels fluctuated greatly, creating extensi;e
hummocky beach deposits and inlerfingered sandy and silty pro-
lacustrine sediments along its margins. When the 1aké finélly
drained, an extensive fenland developed over the lacustrine basin,
Witﬁ'the progreséive development of an integrated drainage systen,
fen water levels slowly dropped. Local water table divides developed
over the more elévated parts of the lake basin, especially near the

beach ridges. The water divides soon became ombrotrophic, leading

to the subsequent development of extensive Sphagmyg bogs.
Permafrost does not develop in saturated Sphagmum; it is only
dry Sphagnum that has the unique insulative properties that maintain

cold soil temperatures. A period of aridity’approximately 2000 yéars
B.P. may have caused sufficient drying of the Sphagrum to initiate
permafrost growth; alternativgly water levels could have contimed

to drop, eventually exposing ihe pro-lacustrine zone. The temperature
~ does not appear to have been.a factor, remaining relatively cold
throughout the Holocene. Eventual;y extensive permafrost develop-~
_ment occurred over the bogs. Evidence suggests that permafrost cov-
ered an area of at least 600 hectares around the study site. Perma-
frost was not cdgtinuous hbwever; as there is evidencé that the deep-
er parts of the lacustrine basin have never 5een‘permﬁfrozen.

While permafrost in the till uplands may be as deep as in the
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| palsa complex, by comparison there is very little segregated ground
ice. The unique stratigraphy of the pro-lacustrine environment, with
interfingering layers of sand and Silt, provides én adequate supply of
moisture to the freezing front, ensuring the growth of large ice
.lenses. Chemical and isotopic analysis‘of the ground ice'has shown ¢
that mineral soil groundwater, not the ponded fens, is the water
source for ice lens development, heﬁce demonstrating the importance of

groundwater flow in the sand lenses.

The groungiice stratigraphy has also been influenced by the evol-
ution of the peatland. A characteristic feature of nearly all cofes
is a large ice lens, up to 1.0 m thick at the peat-mineral soil inter-
face.‘\This thick lens may be partially the result of high concen-
trations of CaSO, at the top of the mineral soil, which was probably
deposited during a prior»dessication period (Chapter 2). It is well
known that solutes will depress the freezing point of a liquid, the .

' magnitude of which is‘proportional to the solute concentration (Hallet,
'1978). Experiments by R.D. Miller (personal communication, 1978) have
shown that while CaSO, concentrations of 100% by dry weiéht are very
effective in reducing frost heave, concentrations of 50% by dry weight
~ have virtually no effect on water intake rate., -The net effect of the

solute then is to _stall the advance of the freezing front by depres-

sing the freezi nt but without reducing the suction potential.
High suction pd ential ~a.:re ensured by the very decomposed gyttia,
with a larée internal ace érea, found immediately above the miner-
al soil. The pombined effect produced the very thick ice leﬂs at the -

interface.
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In.summary, the location of permafrost development, its ice
content, and ice stratigraphy, have all been influenced by prior geo-
logic, climatic, and hydrologic events within the glacial lacustrine
basins of the Fort Simpson area. The pro-lacustrine zone is part-

lcularly suitable for segregated ground ice development.

6.2 The Palsa Complex: A Relic Thgrmo-erosional Landform
¢
" Historical air photo evi-dence has proven that rapid areal pjrma- R

frost degradation is occurring around the study site. .Stratigraphic
chemical results indicate that large areas of the fenland presently
surrounding the modern palsa complex were once permafrozen. The
evidence is strong therefore that the present palsa complex - fenland
environment is thé degrading remnant of a once extensive permafrost
Iandscépea

Previous experimental results'and discussion have demonstrated
that segregated ice development in the mineral soil does not account '
-for the total palsa'relief (Chapter 5). Segregated ice development
in the mineral soil is thereforé not the sole‘cause of palsa develop-
ment. Rather, the thaw consolidation of the frozen peat accounts for
a major part of the observed height of a frozen palsa complex above
the surrounding unfrozen fen. Significantly,‘the main componehiggf
the thaw consolidation of the peat is that due t§ normal consolidation,
The peat had frozen in a buoyant, unconsolidated state but has thawed
while uplifted, hence consolidating under its own saturated weight

(Chapter 5).



Numerous cores from the f?n reveal an average peat thickness of
1.5 m, considerably lesg than that of the frozen peat. While some
of this difference can be ascribed to decgmpoaition,rconsolidation
is indicated by the ubiquitous presence of small ponds and lakes ovef
. the thawed zone (Flate 1).. Such a concentration of ponds is not
found elsewhere in the pgatlands. Svensson (1969) -has also remarked
‘that circular lakes often mark sites of fofﬁer palsas in Northern
Norway. The observation of a water moat around thawing pq}sas has
" also been made in mimerous case studies (Lundgvist, 1959; ‘Salmi,
1970; Svensson, 1969). With aggradational theories of palsa devel-
opment, the water m&ats havg been ascribed to depressions of the min-
eral soil by the increasing weight of the growing palsa (Svensson,
1969). By perceiving palsas as degrading landforms, the moats are

recognized'as features created by consolidation of the thawing peat.

A persistent theéory in palsa development is the notion of cyc-
lical ?ggradation and_degradation_of palsas. _There is no evidence,
in the Fort Simpson area, for mére than the present occurrence of
palsas. As discussed abqve, ground ice development is the net result
_of the unique evolution of the peatland. Permafrost appears to have
developed during a single interval approximately 2000. - 3000 years
B.P,, when there was the right combination of climate, hydrology and
vegetation. Over the past few hundred years‘it has been contimially
degrading. The present occurrence of tﬁe palsa complex is due only
to the insulative properties of the peat cover. Recognition of this
will necessitate a change in the classification of palsas. The terms

'young', 'mature', and 'overmature' (Zoltai and Tarnocai, 1975) are

[
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not applicable to this situation,

It is’ recognized that some palsas are in fact probably aggrad-
ational, This . would certainly appear to be the case for small
frozen mounds found in the middle of Sphagmum bogs or for the
'esker palsas' (Jahn, 1975) found along streams in Northern Europe.
Certainly, two types of classification are needed. On An areal
basis however, the de tional type of palsa is, in the author's
opinion, tﬁe st prei::t.

In summary, palsa complexes in the study area are erosional
remnants of a once much larger, thermally degraded, permafrost land-
form. The observed relief is due to thaw consolidation of both the
mineral soil and the. peat. There is no evidence for cyclical aggrad-

ation and degradation.

6.3 Open System Moisture Migration in Permafrost

Various lines of evidence presented in this thesis indicate that
-long term moisture migration through the frozen palsa soils may héve
occurred. This flux has taken place in spite of a relatively stable
frost front over the past few hundred years. First, tritium values
in the’ frozen soils are similar to those in the sub-permafrost ground-
water; their anomalously high @ues indicate .mindn'g of modern 'wate}c
with the older permafrost. Oxygen isotope values in the .perma.frost
' are best accounted for by a coh;:eptual model of regelation melting

with upward moisture transfer into the frozen soils. . Segregated ice
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'lenseQ are éoncentrated in the upper rart of the frozen mineral soil
with massive zoneg of réticulate vein ice in the lower core; -the op-
posite of what is normally expected in aggrading pernrfrost .(Mackay,
1974), but consistent with a model of post-freezmg, upward moisture
flux. A 51%516_ large ice lens is usua.lly found ime@ia.tgly above
the thawed zone in the.ice cores, suggesting a cont;ming moisture
supply. Finally, the morpholog;f of the pé.lsa. complex, with definite
mﬁ:xginal ridges elevated up to a meter above the rest of the palsa,
attests to the sustaining water flux from.the adjacent ponded fen.

- Recently, ‘la.bora.tory tests have proven that water migration
occurs in frozen soils due to temperature induced potential gradients

 (Hoekstra, 1966; Dirksen and Miller, 1966; Ershov et al, 1976; and

Mageau, 1978).- In a series of theoretical papers Miller (1972, 1978)
has advanced a strong concep't:ua.l argument that jc# fegelation is the
1imiting process in determmng rates of water flux through frozen

" solils conta.ining segz:ega.ted ice.

_ The palsa complex environment is precisely the conditions under
_which tl:;emo-migi:ation_'of water will most like;y"occur. The .soils are
a silty clay with potential unfrozen water ;:oﬁtents of approximately
30%; the groﬁnd temperatures are around - 1° C., a..nea.rly optimm -
 temperature for unfrozen water mobility (Hoekstra, 1966). The perma-
frost is silfficien;hly shallow that it is effected by seasonal temp-
érature changes and there is abundant viaf.er surrounding ;he permafrost

mdy o
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A semi-quantitative analysis can be made to determine whether
rates of thermally induced water movement are significant over geo-
logic time., Ice movement by the regelation process constitutes a vir-
tual transport of sensible heat in the direction opposite to the dir-
ection of ice movement (Miller, Loch and Bresler, 1975). The govern- N
ing equilibrium mass and heat transfer equation can be written (Miller,
1978):
-K 4T - =-K, dT =-e, Lv, (1)
u 3y = f. d i i _
where Ku = unfrozen soil condhct vity
Ok « R
Kf = frozen 3011 condn tivity
e, = ice density
dT _ . .
iz = thermal gradient in frozen soil
L = latent heat of fusion
v, = volumetric ice flux ' : R
solving for the volumetric ice flux: \
‘ T .
- ﬂ. - Q.E ’ )
vi = I_(% dz Kf dz ., O\ (2)
parameters from the palsa soils are: o~ o |
K, = 1.2 Cal/ m-hr % K. = 1.7 Cal/m-hr °C [ e
A} - |4
a'i, }; ) i * i
g—T = .05°%/m €= 910 ken/ m’ ‘t,

s
A

Substituting these values into (2) yields a volumetric ice flux of

approximately 1 x 1078 cm/sec or 0.3 c'm3/ yeai‘-cmz, a rate comparable

I3
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to that experimentally measured by Mageau (1978). Within the 1500
'year age of the palsa, this represents i total flux of 450 cm3/ cmz.
As there is an aver;ge thickness of 1.5 meters of segrega%ed ice in
the palsa, steady state processes could theofetica;;y result in a

redistribution of 30% of the mineral soil ground ice.

Many permafrost bodies date from at least the last glaciation,
Ground ice in.the arctic regions of Canada that escaped glaciation
bis considerably older. If the steady state regelation rates calcu-
lated above are Pepresentative values, then much of the natural
ground,ice mist be viewed as a dynamic body subject to continuing

mass transfer,
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6.4 Further Research ¢

In North America, the study of perm;frost in discontinuously froz-
en peaflands has ﬁot received the same attention as‘ﬁhe more sbectac-
ular arctic periglacial features. Many topics remain which require
further research. The study described in this thesis involved sev-
eral different field and laboratory programs, most of which need fur-

ther refinement or verification.

‘ Refinement in the use of isotopes from peat as paleoclimatic in-
dicators is perhaps the most poténtially rewarding avenue of research.
Acquisition of site~specific'thperature records would‘be invaluable
in deciphering the history of permafrost development. The ubiquity of.
Peat in the sub-arctic would allow regional correlations. If detalled
redords were obtainable, the potential fo? mathematically modeling
palsa dévelopment exists. Those topics needing most urgenf worﬁ, are: -
.l.'-an understandiﬁg of the.plant physiology. Changes ip the isotopic

content of Sphggﬁgm needs to be determined after growth in a con-
't:rolled"env:'.ronmen't..\,> . |
2. Further correlation of modern’ Sphagmum isctopes with respective
: meaﬁ and seasonal growth temperatures.

3. Further investigation into the role of microbial decomposition on

oxygen isotopes; possibly through the use of nitrogen isotopés.

There seems little further need for immediate work on regional

pPeatland development. Consistent patterns seem to exist throughout

temperate and sub-arctic North America. More productive research would
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be to analyze and date a serles of closely spaced cores across a fen-
palsa sequence, trying to determine local plant successions and the

role of vegetative and edaphic factors in permafrost development, -

Both the theory and testing of thaw/consolidation techniques are

well established and require little fur er laboratory work. The tech-

niques should be used to further test th¥|hypothesis that peat consol-
idation plays a major role in palsa development. Field tests would be
particularly useful, though would require considerable imagination to

implement,

The upward migration of water through frozen soils is an intrique-

'ing problem. While of academic interpst for its role in re@istribution

of ice in permafrost, the subject also has considerablg pfactical im-
_portance, The long term stability of cold-tempéfature pipelines could.
be affected by post-fre921ng frost heave. While the phenomenon has
been monltored in the laboratory, palsa 1nvest1gat10ns could verify its
" long term occurrence and behavior. Isotop;c techniques may be partic-.

3

ularly useful in this regard.
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APPENDIX 1: Thermistor Construction : ' .

B

The thermistprs were callibrated in the labat 5 °C. intervals

from -20 °C. to +20 °C. against a previocusly calibrated thermistor.

The thermistor leads were soldered at low temperatures.to copper
wires, sheathed in 1.5 mm 'Heat Shrink' rubber tubing, and then in-
serted into 3 mm copper tubing and packed in liquid fiberglass. The

. w. K
thermistor“hgad was allowed to protrude .5 mm out of the copper tube.

.. The tube was sheathed in 3 min Heat Shrink tubing, and the copper

wires soldered to PVC triple insulated dipole cable. éeveral layers

of self-vulcaniziné elegtrical tape were wrapped around the cable,
Finally, the entire‘therwistof-plus several centimeters of the cable

was dipped iﬁ 'Scothchkote' several times. : : x

~

The needle probg thermistor is initially prepared in a similar

way to the permane rmistors. The thermistor head is then in-

serted into a pointed, threaded brass rod, 12 cm in length. A rubber
insulated handle is screwed into the rod, the thermistor cable -

exiting at the other end of the handle. This device completely pro-

_ tects the thermistor head from moisture and shock. The pointed rod
. : : ) ' A :

S

can be inser@ed into the end of the large diameter core immediately
after removal from the ‘drill hole or can free fall to the bottom of
the hole. This allows more contimuous temperature logging, tut not

to the accuracy of permangnt thermistors. The needle probe thermistor

‘Wilhglsc fitted to a flexibtle steel rod which was inserted to various

depths in the unfrozen bog and fen.
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‘ Five permanent thermistors were installed in the frozeh palsa and
fbur in the unfrozen bog. The thermistor cables were securely taped
to the outside of the PVC pipe used for the installation of piezometers,
and lowered into the drill holes. Holes were back-filled and sealed

in the usual manner,
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Appendix 2 : Results of chemical analysis of grouhd'ice in

cores S78, E3, and E11,

o
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Appendix 3: A, Results of thaw consolidation tests on core
S100 ' '

B. Results of tests using empirical relationships
to predict total thaw settlement in organic

and mineral soils
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APPENDIX 4: Testing M‘e.thods. for Thaw Consolidation
(43 | . '

’ Methods of p[:epa.riﬁg samples for thaw consolidation tég”;ing and
the.apparatus and instrumentation used in the tests have been c.lescgfbed‘
by Roggensack (1978) in considerable detail, and will be only briefly
described here. , . . -

The permafrost :b'edometer or i)erque was the basic piece of e{;ﬁip-
ment (Figure Ajj. It is o_i‘ “the split barrel design to facilitate the
testing of und.ismrbed samples, 'I'ﬁe permode walls a.ré cc?nstructed of
low. therma.l conductivity PVC and lined with Teflon to eli“)a.te side
frionon. ‘De-aired sintered stainless steel porous stllies’ permitted
tf:':alnage through the top or botton of the sa.mple. The lower porous
stone was connected to a pressure transducer with a resolution of ).1l5
KN/n? and monitorea with a Budd Strain gauge. This #as used to monitor
pore uater Pressures dnring thaw a.nd for constant head. vgkmea.bility
tests. A line&rly variable displacement transducer (LVDI‘) measured

sa.n.ple settlements to an a.ccura.cy of better tha.n 2 x 10 d;xeters.

¢/ The soil sa.mple is turned on a lathi to a diameter of 064 m to

closely fit the pemode. Sanples are then milled to an average length
.07 m, inserted into a va.cugm-sreased mbber memprane and Placed in

.' load ¢a15 a.nd ‘na.se pede%ta.l prevent-

specinen and the 1oe.d.!ng‘ ca.b a.nd Ifase. The a.ppe.rams is dg-aired, rg-
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Thawing #as uncontrolled at room temperature and under undrained
conditions. After"cqulete thawing at a atress equa.l. to a.ppro;dmtely
one-third tﬁe oyei;bii‘den stress, the 'permode, still in the undralned
condition, ‘ ,“quéntia.lly loaded with vieighis u;p to the 6verh;1rdeﬁ
stress, Ma.:dnm'#ore pressures with each load increment were recorded.
'I'his techn:lq aﬂ.lows f-he dptermina.tion of the residnal stress of a

; Nixon and Horge{mtern, 1973) .The weights

_ were theny " z \ the undra.ined consolidl,j,ﬁ,on recordcl'. -'I'l’le

V""/o

'ed in ‘the usua.l

" reéorded. The coefficients '

A a.nd a, Werb deter,ined. using ﬂ}e 'kqﬂnique outlined by Luscher a.nd

Lo

L ALLP4 ’}973) Arpu, total overburden stress héd been zeached: 'Ehe san-
'ple vas, allﬁied‘%o consolida.te for 72 hours and the total’ tha.u consol-

w

idation, E° ’ recorded

el
4 o .« o
~

‘The overburden pressures were detefminog:' from the relationship

LA

. e = ‘ ." + . A oo
e ‘a’e.' L.I.Yp * xZYP * x3gs c
id\e:e : x = peisht of palsa{bove water table | ' _ ‘4!\
4 X, = depthof frosen pest beneath the.uatqr tabde ¥
‘X3 = depth of mineral soil benea.th ﬂle ter ta.ble to the thaw
-~ front v . 3
. yp . = thawed unit wei@t of pea.t | B { Lt
¥p' = sybmerged umit weight of peat . e
) Vs' = submerged wilt weight of nineral soil B
| y W

T Tu _. . bt : v
T X0 ST

the pemode .re-
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APPENDIX 5: Stefan's formula.

O

The simplest method for calculating frost penetration depth,

X, in a homogeneous soil is Stefan's formula:

' x",/zx‘
| _L

where:

K - coefficient of thermal cond.
dT - step temperature
t - time

-

L - latent heat of fusion

155
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APPENDIX 6: Testing Method® and Apparatus for Frost Heave
Characteristics of Palsa Soil

The exPerimenta.l e.ppa.ra.ms and methods used to obtain the basic
frost heave data is identical to that described by Hill and Morgen-
stern (1977) and very similar to that used by Penner and Ueda (1977).
Brj.efly, the test cell is a PVC lined, heavily insulated cha.mbef cap-
able of holdixig a pre-consolide.ted s6il sample 0.10 m in diameter a.r;d

up to .15 m in height. The sample is sheathed.in a thin rubber mem-
e

g -_.jhra.ng&o prevent side friction. Four thermocouples are imbedded in

Lo ”g.es,;éll wagls. Consollda.tlon and overburden pressures were" pronded

AN S

Mhanging weight loa.ding a.ppa.ratus mounted above the freezing cell

F‘reezﬁ.ng cold side temperatures were introduced at the upper plate by

a. circula.ting ethylene glycol bath. The lower plate was keépt at

) ;empera.'b.xres sllshtly above freeziné by a circulating water bath. ' The
“ freezing cell\wa.s kept in a const;nt temperature (+2 °C.) cold room to

'redqice thermal effects from the sides. The base of the sa.mple nad”

free access to de-ionized, de-aired ﬁa.ter with the water table main-

tained ‘af,,;t;he level of the base of the sample.

#d_/ 2

a - k\

After consohda.tion was complete, the pq:essure waE reduced to a
selected value and a freezmg tempera.mre 1mposed a.t the. f.op of the

specimen, Heaving was "open system" throughout the test

\

;\ N
» Tempera.tures at the top, base and sides of “the sa.mple, Yates of
vertical heave and rates of water 1ntake by the freezmg soil were é E

»
measured e\'re‘ry hour by a data acquisition system with printing and - .

plotting facilities. : N
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APPENDIX 7.: Frost Heave Characteristics of the Palsa Soils

The frost heave susceptibilitj of the soil is an extremel& impor-
tant characteristie of northern terrain, Tmis paramdter is of signif*r
icance to geomorphic process studies in that'if defines the upper lim-‘
its for the develormemt time of permafrost features and_ellows an”
assessment of the relative importance of the various environmental
parameters in the development of a cryogenic landscape. In this Ap-

k ' pendix, the frost heave characteristics of the palsa complex mine
Z' n¢11 are determined Results from.these tests are applied to the proz\jqr
l.f4§‘,rlem“%£ the rate of development of the gromnd ice profile in Chepter 5.

LY N - W,
\ . e 1y

‘ivq& .~

- Tﬁéxft’tlng method involves plac1ng a temperature gradient acrass
. e Ry ;’

xr*&‘ }, 8 “a.,fromn aw-under a specified overburden pressure. After stea.dy
RUSS S AT REag WP

state temperature conditions in the sample are achieved, the frost cell
is opened to drainage and frost heaving begins. The rate of heav1ng‘

of the soil is monitoaed under different ?c‘old side temﬁeraéures and
variome,qﬁprburden Pressures. The temperature gradient in the frozen
portion of the soil is approximately linear, hence the position of the

0 °C..isotherm is determined by the cold side temﬁerature (Figure A8-1).
- Two sets of tests were completed~ typical cumnlative heaving rates,
'wa$e"1ntake rates and temperatugp profiles fdr the tests are included f
1ﬁ"ppend1x 6. ‘The testing resulid‘have ‘been sunharlzed in Table A8-1

noal e

o ) : ) 2 *ﬂ’ . o e .
: " L
Durlng freezing of s01ls in the field the’ -oh of the free °
water table beneath the frost fmp‘gﬁ?ﬁﬁet a.cconhng gerthe suctiow -
] L, :\
R . S
* oL .,‘,’Sf :
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™ |
COLD SIDE COLD SIDE
TEMPERATURE (°C) - . TEMPERATURE (°C)
-4 -2 0 L -4 -2 0
T T\
“N\
AN : \
N 4 ,
\\
.\ Z=8lcm.
N -4 » ’
\/\Q } | | _
Z=25cm. . v .

. 1 Cr B v by h ,‘,‘.'01'3 e .
= o g -2 gt 0
PORE PRESSURE - PORE PRESSURE® | | Loy

(Pascals x 10°) - - ( Pascals x 10° ) ’
. ,

PORE PRESSURE" PROFILE
—_———— TEMPERMés\s PROFILE
AN 0°C  ISOTHERM

’
13
K

FIGURE A8-1 CHANGES' IN PORE PRESSURE GRADIENT
R WITH CHANGES IN COLD SIDE
| TEMPERATURE . |
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potential, the soil permeability and the rate of advance of the freez~
ing front (see McRoberts and NixoS 1973) In the frost permode how-
ever, a sfq%j.ona.ry freezing front hence quasi steady state condition,
‘are a.chieved in a few hours. Throughout the tests the water table is
held constant at the base of the sample, creating two water lpressure
boundary values: P = = suctio\n potential at the freezing front and

.P = atmospheric at the ?orous stone. The cold sidc temperature deter--
mines the steady state positio.n of the freezing i:;ont hence with sam-~.
ples of 1dent:|.cal ﬂxick%sp the distance, dX, o:ré;: which the hydraulic
Pressure d.:l..fference, dH, is dissipated is a function of the cold side
.tcmpero.mre .' Fi‘gurcA,Bl li‘llustra.t.es the situation for a cold side
teinpe;-a'tcre of 4 %, am of -1 o, from ‘l;est BB-1. It is clear that
the thickno'so ‘of soil through which the water mist flow to reach the |

~N

freezing front is;considera.bly greater (3.3 _X) for the 1 ° C. cold

- »
L4

- side temperature.

L3S
o
a .

M . Vo u ’ . 4 '
* " Suction pressuves’ generated at the freezing front can be calcu-

lated from.the data in Table A8-1 using Darcy's law: . .
et aH = Q dX o >

soil permea.bility (1.2 x 1078 cm/sec)

wher_e k
A= cross sectional area of soil sa.mple,

dax clista.nce between the frost front a.nd the porous stone

The suction p:r:essures are listed in Ta.ble A8-1, They are plotted as
a function of cold side temperature in Figure A8:2 and as a function
of the tempefamre gradient in ‘the frozen zone in Figure A83. The
plots are very similar in form. There appears to be ; limiting |

o

2



SUCTION AT FREEZING POINT
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suction potential at some temperature between 0 °C. and™Nl °C. &€
cold side tempei'a.mres belew -1 °C., suction potentials are nee.riy
constant. This conclusion agrees with those of Hill (1976) who -
also feund,a. limiting suction in freezing soils, At cold side
temperatures below =1 IOC., Dressure 'is' the domina.nt? variable in de-
termining heave rates. The relationship derived by Linnel and Kepler
(1959) between 1ln heave rate a.nfl overburden pressure is su.xpporﬁed ‘
(see Appeﬁdix 9). 1In the ﬁempei:ature range 0 ° to .5 °C., the temp-
erature varia.bl‘e 'is by far the most important variable. Small temp-
erature depressions at the freezing front or small cha.ngeevir; the
temperature gz"a.di;nt of the frost fringe (Miller, 1978) produce large
increases in the interfacial sucfgn potential in the vicinity of 0 %C.
Penner and Ueda (1977) and Penner tand W‘lton (1978) have ma.in-

tained that the hydraullc potential (d}{) is a direct i‘unction of the

: cold side temperature. Results presented above show that it is the

- hydraulic gradient, (aH/ax) and not hyd:@ulic Potential that is a

B function of cold s:.de temperature. Furfher discussion of %e ra.m-

1f1ca.tions of thls error in the frost hea.ve _theory develope? by

Penner et a.1 is beyond the scope of  this thems.

L]

In the palsa so:Lls, a maximm overburden pressure of 1 kg/ cmz

will occur. Appronmate suction potentials at the freezing front of
3 x 105 Pascalscccur at this pressure; this result was used in Chap-
ter 5 to a.ppro:dma.te the development time for the observed. g:round ice

in the palsa complex. . ' - :A



