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ABSTRACT -

S A study was made of the petrology of a Variet? of uﬁdefgroun& ice
 types in §ermafros£ on thes Tuktovaktuk Peniﬁsﬁla‘and ?eily island;
‘Mackenzie Delta, N}W.T. Ice bodiss.of a ;onsiderabie raﬁge of ages occur,

including sbma deformad in the Wisconsin‘glatiation;'also permafrost and
‘ige is growing gg initio beneath recentlybdrained lgke bottoms. .The
v-spectrum éf ice body size is aléq‘wide, extending from pore-sized parti—

.-cles to bads 25 m thick.

-~ The major objectivé éf the study'was an uhderstéﬁdiﬁg'of»the’growth‘
and defofmatibn of sﬁch ice‘bodies from a peﬁroloéic‘viewpoint._‘Thus
several bodies of known, recent, ageiwere aﬁalyzed in»ofder to gﬁumefate
.featufes typical of growth. This was possible for icing mounds, tension
crécks.anﬁ‘actiQe iayer ice wﬁich grew in wiﬁtéf 1973-74. Growth condi~
tions were inferred in térms of ﬁater supply; freezing direCﬁions and
rates, solute:rejéctibn (bubble fofmation);and crystal'size, shape,“

lattice and dimansional orientation.

On tha basis of this knowledge of growth features, older and larger
ice bodies were studied, and post-solidification characteristics were
analyzed. Somz near-surface ice gave evidence of thermomigration of

‘bubbles, but the major changes in fabric were due to thermally and mach-

(=N

anically induced stresses. In th=z case of wadgs ice, progressive changes
in crystal size, shape, lattice and dimensional orientation wsre recognized

from the centre to the boundary of the wadge, due to recrystallization

and grain growth associated with wadze development.



ii

Segregated ice was studied in pingos and an involuted hill, A
pingo core with steeplv~-dipping beds showed little evidence of flow while a
broader pingo with a greater pors ice content had undergone some flow in

the segre

N

ated ice lavars. A range of fabrics was found in the involuted
o o)

4o

hill, optic axis orientations becoming increasingly concentrated normal
to compositional layering while dimensional orientations tended towards
parallelism with the layering in anticlines in the ice. The influence of
bubbles on deformation is pointed out in that larger crystals occur in
clear ice and thus have greater intracrystalline slip than in bubbly ice.
Where a wadge penetrated such a fold, the fabric changed along the fold

limb in a manner symmetrically related to the wedge.

Additionally, several near-surface ices were studied and showed
evidence of multiple growth periods, and multiple freezing directions,
indicating that the ice grew in enclosed water in frozen material. Thus
the complexity of freezing and melting histories may be recognized petro-

graphically while it is not readily apparent in the fiald.
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. -Chapter i>
" INTRODUCTION

Be:mafrpst is é femperaturefcondition of'soil an& rockimatérialé-Whére
these materials have been maintained below 0°C for alminimum_of»gwo years.
Two broad zones of permaffoét are.recognized,.(a).qontinuous, (b)_&isc§ptin- B
uous. (a) In the cdntinﬁousvzéne permafrost is pfeéeﬁﬁ everywheré beneath
the éurfaée, except below largé'waﬁer bédiés;ivA_témperatufe of.45°b exists'étv
the southern boﬁndéry, at the dépgh of zero annual amplitude,(abouﬁ‘ls m) and.
permafrost'may reach 1000 m in thicknéss, under Baffin Island for'e#ample.:_
(b) In the diSCOﬁtinuous zone éefmafrostvmay.be 1oca11y-absent§ Qhefe‘pfeseﬁt;

it is thinner than in the continuous zone, and variable in thickness.

From the temperature conditions it is evident that water in permafrostf
ﬁay be in the solid form, but this 'is not necessarily the case as substantial
 amounts of liquid water may be adsorbed on clays (Williams 1967), and also

saline permafrost. has been reported.

Where groﬁﬁd ice occurs it may be in one of'a.widé.range §f forms; B
coatings on sediment par;icles,'pore cement, indiyidual grains, veins, infils
in cracks;'or massive beds. In-the continuous permafrdst éone-éll types.may o

- be activeiy growing;'whereas in the discontinuous zoné ice bodies are gen-
erdlly smaller and inacti&e. lIn éartiéular, iée wédges arevinactive in the
'discontinuous zone (Browﬁ and Péwé 1973). Ice may grow and me1t annuaiiy in_.
ﬁhe seasonally freezing and thawing léyer, or activeLlaygf;Aabove éermafrost.-‘
Thus some forms are transient. In the thick céntinﬁous permafr6st>2one,
permafrost aggradatién and associated groﬁnd ice'growth ié beingvmdniﬁofed‘

(Mackay 1973a) beneath recently drained‘lakevbottoms ad jacent to ve:yvold



permafrost and contained ice. -.Some of ‘these old bodies have been deformed
by Wisconsin ice sheets (Mackay, Rampton and Fyles 1972)." Thus ice bodies

in permafrost are of widely ranging ages and histories.

The.ﬁe;mafpost literétﬁfe'Basvabundant‘refetencés_ﬁo_surficial‘fofms
uhderlain by:ice, for example}a'range of ice-cored moundsvhas been fecognized
’(Frenéh lé?l); " However, there has been.lessjadvance in understanding mech;
anisms of groﬁﬁh and deformaﬁion of ground ice.  Some aépects of the pétfology
of ice wedges (Black 1953; Corfe 1962a) and beds (Corte 1962a; Mackay‘Andv_l
'Sﬁager 1966&) inéludiﬁg ice in ;ubmarine:pérﬁafrqsi (Mack;y 1972a).ha§e been
stuaied, but no.cémprehensive ﬁheory of growth and subseguent hisﬁofy-of

such ice bodies from a petrologic viewpoint is at hand.

Valuable‘contribuﬁiéns to our kﬁowledge of a fange of ground ice‘tYpes
Have coﬁe fromvpapérs by Mackay (1966i 1971, 197355. -Heét ﬁdnductipﬁ theory
~ has been appliéd.ﬁo the fréeéihg.of massive ice bodies,“and.ﬁhe resuits
._testea by détaiiéd“figldVméasufement of piﬁgo'growph (Mackay 1973a). :The
crackiﬂg patferns_of ice Qe&ges haVe.beéﬁ.s;udied aﬁ'se&éral sites over a?
‘period of‘yeérs-(Mackay 1974a) . .Aléo a discussioﬁ has been §§e$ented of.fhe
developmenﬁ of reticulate ice véinsiin fine—gfaine& materiais (Mackay l974b,

1975¢c).

The above work has been based largely on observations of exposed ice.
bodies and ice grown under known conditions.- Such exposures and monitoring
are rare and criteria for recognizing ice type and growth and deformation

history from limited samples are needed.

In the past 13 years there have been two international conferences on

permafrost; which included papers on ground ice. The First International



Conferénce'on Permafrost was held in'i963 and the proceedings were ﬁuﬁliéhed_‘
in 19665 which contained little‘reference to the_petrology.of'ground ice
although it was mentioned as an aid iniicé Classifi;atibn.-:The moderator's
report of that cbnféreﬁca inclﬁdéd‘thé fqllowing statémeqts,COncefﬁing ‘

ground ice (p. 550):

Shumskii and Vtiurin present a classification based on genetic
principles. Unfortunately the origins of many ground ice masses
are not yet well enough known to place them in such a classifica-
tion. There is an immediate need for more detailed knowledge of
the physical properties and structural peculiarities of the various
types of massive ground ice... At present two types of massive
‘ground ice can be distinguished: (1) Pingo ice - characterized
by translucent, large-size, simple shaped crystals and by the
occasional scarcity or more often the complete absence of internal -
" structures. (2) Ice-wedge ice - consisting of small size crystals
and showing a distinct vertical to inclined foliation. A consid-
erable amount of mineral and organic material is aligned with the
foliation. ' ' o - ' '

So far all other varieties of massive ground ice must be lumped
together with only the certainty that there are more types to be
distinguished when more complete descriptions and quantitative

data are available.  The possible Taber ice is in this group. =

The thick tabular sheets of ground ice characterized by horizontal
layering with frequent dirty ice layers reported from the Mackenzie
Delta, northeast Greenland, and various places in Siberia may be
another distinct: type. ' :

. In presenting suggestions for future research on massive ground ice, it
was stated that (p. 551):
;}.Perhaps the greatest present need in the study of massive ground
ice is for quantitative information on the ice bodies and the ice .
itself... Information should also be collected on bubble size,

shape, and distribution... A furthet concentrated application of
petrofabrics to all types of massive ground ice is needed.

The above stacements were made in 1963, but by the time the Second

=i

nternationdl Conference on Permafrost took place in Yakutsk im 1973, little

. such work had been carried out. In a review paper on the origin, .composition



and structure of.perennial‘frozen ground and ground ice, Mackay. and Black
(1973) referred to the inclusion characteristics of ices, buf the only mention
of c-axis distributions was based on the early work of Black (1954). Thus
it appeared that no new studies on the petrology of ground ice had been - -
carried out in North America in the years 1963-1973. - Again the recommenda-
tion was made (Mackay and Black 1973, p. 190) that:

A descriptive classification and'unified terminology of all ground

ice types and of related morphologic forms should be adopted

before the Third International Permafrost. Conference meets.

. This summarized the state of ground ice petrology at that time. In
1974, the Ad Hoc Study Group on Permafrost of the Committee on Pblar_Research,
NRC-NAS, produced a survey of 'Priorities for Basic Research on Permafrost."
This included the following statement:

Specific studies of the.petrology, geochemistry, and physical
characteristics of ground ice are rare and grossly insufficient
to provide the understanding necessary for detecting, delimiting,
and identifying ground ice by indirect means such as airborne '
and satellite sensors and geophysical techniques. In fact, ground
ice as it. appears in cores has not been sufficiently studied to
permit identification as to origin or to compare its chemistry,
except rarely, with that of adjoining waters (pp. 31-32).
In addition it was pointed out that crystal characteristics are important .
in determining rheological properties of ice bodies and permafrost. From a
terminological point of view it was stated that for ground ice:
No generally unified terminology exists, since each discipline

and country uses its own with only certain words common to many.
A standardized terminology should be developed (p. 31).

‘In terms of classifications of ground ice, the committee concluded that:

xist(s) for specific
1ly accepted descriptive

jas
w.
i~ (D



morphometric classification, nor a genetic classification. These

should be developed and accompanied by a standardized system of

symbols for field mapping and laboratory studies. Such a task

can best be implemented by a cooperative international effort -

(p. 31). ' ' ' ‘

A brief review of classifications is ‘given in Chapter 21of'thisfthesis,u
. the point being made here is that the need for studies of the structure'and

petrology of ground ice has been recognized, but very few papers‘have been

produced in North America.

The major‘objective>§f thié:study‘is an understanding of the gro&ﬁh ’
.and déformational characteristicébof.iCe bbdies'in permafrost; in terms éf
ice growth, betroldgic and petrofabric techniéues are'employed td determine .
the mode of water.supply to the freezingvfrbnt,.fhe growth directioné and
growth rates, and mechanism of inclusion incofporation and its inflgence on
.crystal characteristics. '?ost—freeéihg phenomena are invéétigaﬁed froﬁ a
-petrologic vie&point: '-;hermanigration, flow and fracﬁure. No field

measurements of flow and fracture are attempted.



BA¢YGROUND TO THE PRESENI STUDY -

Permafrost in the outer Mackenzie Delta - Tuktoyaktuk Peninsula Area

The modern Mackenzie Delta is generally a low, flat area, but on

the distal boundary are islands of Pleistocene age reaching 50 m in

- altitude, due to glacier ice thrusting (Mackay 1971). Tuktoyaktuk Pen-

insula, of Pleistocene age, is pradominantly low-lying but with abundant
positive relief features in the formvof_involuted hills, and pingos which

may reach up to 50 m,

. The principal étudy area lies on the coast of the Beaufort Sea

within a 30 km radius of Tuktoyaktuk, and a secondary area includes Pelly
. oo ‘ _ .

Island, one of the outer islands beyond the modern Delta (Fig. 1). The

Pleistocene coastal plain in the Tuktoyaktuk area has been classified as

"Undifferentiated coastlands' by Mackay (1963, p. 137). Parts of the

coast are receding rapnidly, especially where abundant ground ice occurs.

The entire area is in continuous permafrost which may exceed 370 m (Jessop .

1970) but locally dépressions or through taliks in the permafrost occur

below extensive water bodigs which do not freeze to the bottom in winter.

Drainage of such lakes provides conditionms for permafrost aggradation.

Examples have been monitored and dascribed by Mackay (1973a). Ian one case

coastal recession caused lake drainage, permafrost and then pingo growth.

Thus old permafrost and contained ground ice is being degraded and removed

Fh

rmafrest and ground ice grow nearby.
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However, varia

" Thermal Characteristics

Detailed temperature data for the area are becoming available. The .
mean annual soil surface temperature is taken as -8 C. (Mackay 1974c).

n surface temperature are important in that thermal

i

ions

(m3

tension and compression. occur annually, sometimes tensions are sufficient

" to cause fracture and the growth of ice wedges. ‘Additionally the creep .

behaviour of ice 1s temperature dependent, and thermal gradients may cause

thermomigration. .

Ground Ice Types

Several ice types have been observed in the area; these have been

enumerated by Mackay (1972b, p. 4):"0pen cavity ice,‘Wedge'ice, véin,ice,

tension crack ice, closed cavity ice, epigenetic segregated ice, aggrada-

“tional ice, sill ice, pingo ice and pore ice. These ice types have been

studied by inspection of élump faces, pfobing of ice wedges, and drill-hole

analysis.

From exposures and drill-hole records .it is evident that ice underlies

all major topographic highs. Thus ice is important in the geomorphic evo-

lution of the area. However, exposures also show that there is no simple

relation between surface form and the presence of ice at depth; for example

large ice wedges may have né surface expression in ﬁﬁe form.of‘;roughs,

and ébundaﬁt ice ﬁay underlie 1ow—lying areaé.(Rampton aﬁd Walcott 1974).
Alsé,_mesoscopic features of ice bodiés in'chéncé exposures ‘may not readily
indicate the growth‘or defpﬁmation ﬁeéhanis;s wnich havé.éperated. Few

workers have employed standard patrologic techniques on ground ice; these

methods are applied here to aid in understanding ice in permafrost.



,‘_\

Several classifications of underground ice types have been prepared
(Shumskii and Vtiﬁrin 1966; Vtiurina and Vtiurin 1970; Mackay 1972c¢c). The
classifications are based on such factors as place of development, origin
of water, phase composition and modification of water (Vtiurina and Vtiurin
1970) or origin of water prior to free;ing, principal transfer process and
ground ice forms (Mackay 1972¢). The petrology of the resulting ice wés not
included in such classifications; the present study will attempt to .show

the value of the approach.

Previous Ground Ice Petrolozv Studies

The pioneers in this field ware Shumskii in the U.S.S.R. and Black

in Alaska, who carried out their field work in the late 1940s. Black's

work on ice wedges was published in 1963; more extensive results are avail-

able in his Ph.D. thesis (Black 1933) and an unpublished manuscript (1954).
A wide range of ice types was studied by Shumskii whose research was trans-

lated into English in 1964.

The only later work outside the U.S.S.R. has been that of Corte
(1962a), based on Greanland studies, Maller (1963) and soma Japanase
reports. Extensive work has been continued in Russia and Vtiurina and
Vtiurin (1970) have summarizad recent results. The proceadiangs of;the
First and Second International Coanferences on Permafrost contain referencé

to ground ice petrologv. Some of the major results of these studies are

discussed below,

Shumskii (19543 grouped undarground ice types undar the heading of
"congelation ice,' inzluding pereanial vein ice (wedge ice), segregation
ze and injsciion ifze. The prinary (growth) texture of wedgz ice was
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tefmed ”allotriﬁmorphib-granulét” or.ﬁhypidiomﬁrphic-granular”;salso in-
active), Qf'”fossil” wedgés'&ere obsérved.- The texture of éegregation ice
was describea by Shué“kii (1964, p. 222) as ”hypidiomdrphic—grénular” and
”allotrimorphic;grénulér“ with‘crfstals being elongétedvparallel ﬁo the -
ﬁreezing direction, and nofmal fo the laye;ing; air iﬁ;lusionsvwere also
6b§erveaz and it was pbinted'out ﬁhat‘there is a range of fofms from pére
ice to segregated iﬁe. '“Injection,icéf'was considered by Shumskiivto be
important‘in piqgo growth. However? ”injectidﬁ” i;e‘téxtures and petroj"
.fabrics.were not aﬁalyzed in'detail,vbut studies showed Vefy large graiﬁs
withvrandom.lattice oriéptations.‘ These data and the iqclgsion patterns-

were taken to indicate the freezing of large masses of intruded water.

The'tﬁree ground ice types of wedgevice, segregaﬁion ice éndvinjéction
ice were discussed byVShumskii;‘on the other hand, Black (1953) st@died
only ice wédges,_but.in‘greéter detail. His field’areas were near Fair-
banks and Bafrow, Alaska.  Blackvdefined some of the main‘fabrics to be‘ .
expected in sﬁrfacg ana'bgried wédges, and demonstrated tﬁat contraction
"andbexpansion'of the'groﬁnd caused‘flow.and fracture of ice in wedges.
Deformation fabrics weré found to be sﬁﬁerimposed on growth fabrics; the
origin of séme fabrics was not understood. Black pointed éut the preéence
of ihcluéion “foliations" sﬁbparailel to the wedge sides, éont;ining
yeftically oriented inclusion;; _Crystal'size ranged from b.l i} ﬁo iQO mﬁ;
shapes were equidimensionai,vprismatic or‘ifregular; and boundéries.
straight:fo sutured. Seﬁen‘types of c-axis distribution vere rgcbgnized;
the‘threé most widespread being (1) vertical;-(é\ normal to the wgdge'axis
and horizontai, (3) normal to thz wadge axis andiinélined'to_one of both
éiaeé. tBlgck.recognized thg importance pf temperatufe.gradienté; the

s

lateral stress system, and basal glide in fabric development.
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Cbrte (1962a) inveStLgéted four.pétternediground types at Thule,

. Greéﬁlénd, and made correlatidﬁs amdng surface pattern, grain size and’
Struéture‘quthe,aCtiVé layer, aﬁd ty?e and distribuﬁion of grOund.ice
for the patterns iqvestigated. »Fabfic_aﬁalysis_was performed on four
grognd ice types: '- ice wedgeé, relict icé; ice mass-énd icé lens, and 
on cantac;s.df ice wédges'with'rélict,and massvice; and fabric'crite;ia

were found to be helpful in distinguishing ice types.

Vitiurina and Vtiufin (i970) sgmmarized Russian Wdrk'on ground iﬁe-

. development. They included diécﬁssion of the growth of poré ice, lens ice;
injection ice, wedge ice and the burial of surface ice such as néleds and
glacier'ice.‘ Liﬁtle‘reference was made to petrologic aspects of the ice:
types; no petrofabric diagrams were presented, but crystal shape received

some consideration.

Mﬁller (19635 studied some,crystal'characteriétics of pingo ice in
the'Tuktoyaktuk érea; and compared this ice w;th wedgg and glacier ice.
'Crysfal size was measured ;nd rubbings displayed crystal shape and'con-.
tained bubbles.:vThe’bubbles Qere'uﬂusuai in that.théy were ﬁagallel in a
given crystal,_but noﬁ in adjaéent crystélé. As no c;;xis measﬁrements
were maae in that étudy, the planes.of bubbles éould.not.be'reléﬁed'to'
crystal structure; hbwevar'it seams likelyvthat’they were in the bagai
pléne. Crysﬁal size was _:>1O mm mean diaméter or ﬁingovice, and <6 mm
fér wedge ice. As ﬁointed out by Miller crystal sﬁapeé aiffered markedly.

from those in glacler ice, either active or stagnant..

Some petrofabric’ahalysis,of a segregated ice body wasvcafried out by
Mackay and Stager (1946a); Mackav (1972b, p. 21) described a thin sectiom of .

ice from a drill core from below the Beaufort Sea.
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Terminology

The few papers concerned with the petrology of ground ice have no

Iy

consistent terminology for fabric properties. Black (1953, p. 64) dis-

- cusses the application of igneous and metamorphic rock terms in ice wedges,

and pointé oﬁt that this should.hot'be attempted as many.such termsiare'
geﬁetié in connotation, Eléewhere Black (1953, p. 43) lists terms for
types ofvdiﬁensional liﬁeation'éf crystals: holbéfystalline, anhedral.
(zenomorphic), éﬁbhédral (hypautdmérphic), éuhedrai (automor?hié),‘équi—

dimensional and elongated.

In contrast, Corte .(1962a) did“ndt employ such textural terminology,

1 1"

but used the terms 'irregular" and "elongate'" for crystal shape. - Shumskii
(1964) developed 2 more complex nomenclature (Table 1), and also gave a
series of terms for frozen soil texture which is discussed in a later

section.

Considering deformation textures, we find that Black (1953) discussed
the transformation of growth "fabrics' by ground expansion in the summer

causing horizontal stresses. ' Previous cracks with air bubbles and hoar

infils become shear planes whereas cracks with clear ice are strong and

shear takes place adjacent to them. Initial hoar crystals are recrystal-

‘lized and reoriented. Black pointed out the importance of temperature and

—tto

stress in determining the response of crystals (p. 76):

Rapid flow or shear at low temperatures seems to produce small’
‘rectangular grains, but at high temperatures large sutured
grains seem to resul ' . R

... optic axis 1

ineations... seem to be due to the response of
individuial crystals to shear, in which crystals rotate to
permit gliding on the basal planes... ’ :

'



TERM
Euhecdral

Allotriomorphic-

granular

Hypidiomorphic-

Tpranular

Prismatic-

sranalar

Intersartal

Poikilitic

Cataclastic

PAGE - CRYSTAL CHARACTERISTICS » ' ICE TYPES

131 Crystals bounded by regular faces.
171 " Isometric, anheadral, random Extruded ice; Perennial vein ice..

C-axes.

171 Columnar, in a zone of geometric Extruded ice; Perennial vein ice;
selection; also called crystalline . segregation ice. '

granular; intermediate between
-allotriomorphic-granular and
prismatic-granular. =

160 Parallel-fibrous oriented growth; Vein ice, naleds, scprecated ice . and

“also called Panidiomorphic- - -~ possibly injected ice...

granalbar,

178-9 °~  Rejected impurities arranged on’ Coungelation ice.
grain boundaries (term also
employed for frozen ground
texture). - o
175,179 Crystals containing insoluble "+ Congelation ice.
‘o solid impurities or fine air ’

inclusions.

203,349 Large primary crystals remain - Perennial vein ice.
' ’ among fine crushed granules. ‘ :

Table I. Shumskii's textural terminqlogy.
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Corte (1962a, p.v38)'sum1'rizéd his results on wedge ice as:

The smaller grains are thosz formed recently in a thermal
- contraction crack, while those at. each side (of the wadge)
are older grains formed by recrystallization from small ones.

Soil texture

‘Interrelationships between ice and sediment have been considered

by Shumskii (1964) and Linell and Kaplar (1966). Shumskii distinguished

textures of frozen ground from ice textures: (1) intersertal - refers to

the in situ freezing of water without migration -~ ice grains f£ill the pores

and are usualiy'smaller than the skeletal particles (Shumskii 1964, p. 214);
(2) poikilitic (p. 215) ‘describes skeletal parﬁicles included in. the large

crystals of the ice cement which has grown along the pores.

Linell and Kaplar (1966) produced a classification system of frozen
soils, and gave some descriptions on the basis of ice content, ice distribu-

tion and ice type ranging from ice coatings on particles to lenses.

From the above discussion it is evident that more work is.needed on

the growth and deformation of ground ice with varying inclusion contents.

Since the publication of the above studies much experimental work on ice

has been performed, which is reviewed in the next section.

Ice Growth: A Review

(a) Introduction

d round ic

It is obvious that u

5
1Y
4

o

r; bodies have grown under widely

varying conditions of temperaturs, soil type, water supply, and time.

Petrologic data on solidificaticn features of such ice ave lacking. The

intention in this section is to review work on the growth of ice in lakes
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and under experimental conditigns. ;Consideration.is glven firstly to bulk
grbwth of ice fromvpuré'water; gecopdly to_the redistribution of SOluteé
at an‘adyancing ice-water interfacé; and thirdly to the rejéctién of sdlid
particle; at the intérfaée;‘ The third caée‘ié the closeét'approéeh’avail-
ablé-in the literatufe,-to ice growth iﬁva porous medium. ‘iﬁithebpresent'
study Qe afe éoncernéd with suéh 5ptically recognizable factors-as graiﬁ
éize;'grain:shape,.dimensiénal ofientatioﬁ3,substfucture and crystallo-l'
graphic orientation relativé.to the growth direction; these factofs are
.importantvin the inférenée.of gréwth directions, aﬁd'also detefminevthe

mechanical and other properties of a given ice body.

.(b). The Freezing of Bﬁlk Watér

| Studies of lake ice and ice grown‘in‘thé iaboraﬁofyv(Perey and
Pounder 1958) have éhown that polyérystalliné aggfegates display at léast"
two texturglly distinct.zdnes: (a) a zone of compétitive growth a;'the
cooling surface'(lake—air-ihterface or laboratory cellvwali); aﬁd'(b)va
zéne of elongaﬁed cfystals.aligned'parallelbfo the heat‘flow diréctioﬁ.

A similar banding occurs in ther méterials; éuch as metal castings; In
the éase'of ice the textura1~zonatioq is aécbmﬁanied by an iﬁcrease in
lattice preferred orientaﬁion in tﬁe colﬁmnaﬁ zbne. vNumérous workeré have
investigated crystal orientaﬁions.in lake ice and preferred orientations
were'usuélly found,>a1thqugh the‘oriéntations réported by different-authors,
and in some cases the orientations in diffgrent péfts.of the séme water |
body variedifrom éféKiS horizontal to c¢-axis vertical, to random. Miéﬁel
and Ramseisr (1971) found vertical, raﬁdoﬁ ana Hdrizontal_preferred
orvientations, 5ut verﬁical.columnar crystalé:hédvhorQZOntal c-axeé.A Lab-~

oratory controlled studies were also inconclusive (Perey and Pounder 19538;



Pounder l963;lﬁafr;son.aﬁd Tilier 1963) but a general tendency-waé“féund

for c-axes normal to_thé.growth'directibn.- Several theories have been
proposed to explain thea appearéh:e of preferred orienﬁafions. Most thebries-
explain some éxperimenﬁal.ani'fiéld'resulté,_Bﬁt not'all; Ketéham and

Hobbs (1967) studied ﬁhe gfgwtﬁ of two thousand grain pairs.ind‘established
that'the'cgnditiéjs for one grain.(A) té éﬁ,roach upcn the éther_(B) are
that: (1) B must.have its c-dxis tilted towards thg line formed By.the
interéectién of the grain.boundafy befWeen Aiana‘B and the i;é-wétef.inter?
face called "Line L", (2) the projection on the ice-liquid interfacé of the -

c-axis of B must be perpendicular to line L.

The major points to be extracted here are that in ice grown. from the

aQ

melt the initial growth is in a zone of randomly oriented crystals from
‘which develops a zone of columnar crystals elonzated parallel to the hsat

flow or freezing direction, but with c-axis orientations normal to that

®

directioﬁf Tﬁus ii thes fésﬁlts can be applied to ice_growth in'perma-
frost:we héve'useful ;riteria for determiniﬁg growth directions. Howaver;
uader néturally occurring conditions, i;é growth doés not usdally ozcur

in pure(bulk water; and water suoply is normally arawn through a porous

medium. Thus we must consider these factors and their influence on growth.

conditions.

@]

-
I8

)

us solutions is more complex than f

uQ

€ the redistribution of solutes that ozcurs durin

except in unusual circum-

1)

-

stances, has impurity concentratiods far lowsr than in sea ic
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Solid solubility in ice is véry.loﬁ (Glen‘l974):and as ice érystals
grow theré is rejection of soiute at'fhe'interface into ﬁhe liqui&;. Since
fedistribution is.piimarily by diffusion, concentration-grédients'are
established in the liquid with the highest sélute'concentratioﬁs aE £he
interface. Conﬁéquently an initiaily planar inté;faeé becomes unstable
to changés in shape. Aﬁy_ice projéctiong'into the zone of lower solute
teﬁd to grow aﬁd intérdendritic s?#ces are rich in solute, thusAirfegular-
ities appear on the.columnar érystals. Although much of‘the solute content
is_rejected at the intefface,'somé incorporaiion occurs at zones of'dis—’
ordér such. as grain-boundafies and laﬁtice.defects. In the case.ofrin-
soluble fofeign.particies, dislocations are nucléated when_particleé aré'
grown into the Crystal.IVWhere ﬁhe crystal grows around thevimpurity, the.
.dislocatiéns.are propagated into the g:owingfcrystal. When dendritic |
growth océurs, thenintérdendr'te spacés éventuallybélose,lbften with é
tmisorientation, and jdininO'oécurs:by.dislocations. Other meéhanis@s.of
dislocati§n forﬁation, and theirvmechanical significance are discﬁssed

'1ater.

An.iﬁportaht type of solute in water in the:field sitﬁation is that
which formsbbubblesvon fréeiihg. . The présenée ofigés bubbles in_ﬁaSsivei
ground ice bodies has beén pointéd out by Mackay (1971),.in ice.leﬁses by
Gold (1957) and Pehnér.(196l) but ho detailad discussibn.of their chafactér-

istics has been given.

Bubbles may be characterized by their size, shape, orientation,

v

layering and changes in those properties. But firstly we must consider

the nucleation of bubbles; this is approached through standard models of

1

solute rejection at an advancing solid-liquid interface (Pohl 1954). The
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distribution coefficient for air in the ice-water system is taken as .01,

thus a strongz concentration is establishead ahead of the interface in an

air saturated liquid. MNucleation may occur on particles, but in experi-

ot
e}
o)

mental studies, Maa (1967) and Bari and Hallett (1974, p. 508) showad

that wetted particles did not produce this gffect. Such would always be
the case in thes field situation; there nucleation probably occurs at points

of high solute conzentration. After nucleation, slow growth gives large
spherical bubbles; intermediate growth gives a cylindrical shape parallel

to the growth direction; in rapid freezing, bubbles are entrapped by ad-

vancing crystal so a small spherical form is retainead (Chalmars .1959).

(]

w}
o

Very rapid freazing gives insufficient time for bubble growth. The shapes

are from_theory; in'practicé differing shapes may occur élose together,
as depicted by Vasconcellos and 5eéch (1975 ». 83, Fig. 3),“whose é&ntrolled
experiménts were pefforméd.od ths water-ice-C0, system. In the field the
situation 1is more cOmpléx, water supply througn soil may vary, raEeS of

heat extraction may vary, and freezing may be multidirecticnal for example

‘in the active layer.

(d) Substructute.
- Substructure is here definad as optically recognizable variations in

lattice properties within a given crystal. Usually this is confined to -

differences in lattice orientation,
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of several degrees.

Substructures may be producéd_during'érow;h'by mechanically,
thermally, 6r=compositionélly iﬁéuged streéses. Thefmai gradients,
especiaily noh—uniform_g;adients, can produce stresses_ﬁhicﬁ will gen;
erate diélocatidns. As discﬁssedAabove compositionai changes_dccgr_withb
_Qariatidns in freezing rate. Tﬁe fesultéht”flucﬁuatibns in'lattice |
cénstant caﬁ produce dislo¢ations. The concentfation of dislocations is
of fﬁndamental importance:to thé'deformation oﬁ ice crystals in post-

solidification stress systems.

(e) Laboratory Growth of Ice in Seaimenté'

The_growth of ice in porous media, espécially soilé, Has.been ih-.
vestigated for over 45Iygars.  Early studies of soil freezing and asso-
~ciated ‘ice growth wérevca?fied out by Taberx(l930) and Beskow (1935).
Taber pointed'out fﬂat.several factors wére‘iﬁvol§ed in icé segregationé
sizé and shapa of>soil parficles, availability of water, Sizé‘and §ercen-
tage cof Voids,_rate‘of cooling, aﬁd‘resistance to hea&ing; A majorv
contributibn was Taber's demonstration (p. 308) that growing ice crystals

are in contact with a water film adsorbed on mineral particles, and water

flows through the film to nourish the growing crystals.

The résults of Taber and Beskow were supported by the work of Cotte
(1962b) .. The base of a water-filled box was subjected to freezing temper-

atures while the top was maintainsd above 0°C. Some particles placed on

]

.

the ice surface rosz with the growing ice, indicating the presence of a

water layer between the ice and soil particles. Such a process is anal-

83

gous to freeze-back from the top of permafrost. If the experimental
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system is.inverted, the mechanism of ice lens growth is represented. .In
the case where a range of particle sizes is present, sorting occurs, the

ice excluding those particles which can migrate through the pores.

Higashi (1958) perférmed experimental studies of ffost heaving,
‘and reiated ice segregation tfpesvto heaviqg.-vHe classified thre§ types
~of ice segregatiénrr (g) ice filament layer, (b) ;irloin-type freeéing,
() coqcreté-type freezing. Types (a) and (5)3 with higﬁ ice content,
occurred under'condi&ions»of’siowifreezing boundary.penet:ation. ’Céncréte“
fregiing (c) didvﬁot'show any degree of ice segregatibn ;nd'occurred qﬁder‘

fast freezing conditions.

P@nnerb(l96l) grew icé lenses in soil with Carefuiiy contfoiléd
environment of temperatufe, pressure and water_supply, and found that the
structure of the lenses was not asvunifofmias anticipated. Ice‘gréins were -
élongatedvin the directioﬁ»of heat floﬁ,»but qptic aﬁis O£ientation in
adjacent‘crystals was often:markedly.differénta. Aiso; cryétal 6rientation
was usually differeﬁt abo&e and below ﬁhe soil occludéd in the icé lens.
This.was'probabiy_éfresult of hon-@nidirectional heat fl@w aroﬁﬁd the -
contained soil. Pennér's-sample was‘festrictéd to only a'few graiﬁs, 50

no statistical analysis could be applied.

Unpublished work by Kaplar and Goodby at CRREL (Kaplar, personal
communication, 1974) produced results similar to those of Penner, but with

a stronger concentration of optic axes parallel to the heat flow directiom.

Rejection of Insoluble Particles at the Freezing Interface

—~~ .
La3]
s

‘The supply of water to ice bodies such as lenses is through a pordus
PPLS : ap _

medium of sand or clay. Thus the ice-water interface is more complicated
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-than in the ffeezing of bulk water. Mackay (1973a) has pointed éﬁt ghe

ma jor distinction bet&een pore_ice and segfegated ice,:whiéh Both form in_;
porous média;' Invaddition, expgrimental studies (Uhimann.gg al. 1964;
Hoekstra and Miller 1967) héve Begn performed on thé'intéraction between
insqlubie Suspeﬁded_pa;ticles and the solid-liqﬁid interfaée, Theéé are
bfieflyvreviewed. Uhlménn et §£.C1964) usga ice-water and other transéarent
materials at varyiﬁg éreezing rates, and.varioﬁs suspensions, inclﬁding
silt, with irregularfshaped partiéles,size fanging from 1 microq to several
hundred microﬁs. At low growth velbcities; particles Qefevrejected at the
intefface,‘and puéhed'for séveral centimetres. With closely spaéed pér-
ticleé, as in soil, the procéss conéinued, impiﬁging particles being éushed
togethér. (In the field there is a limit to the space available for
rejécted particles}} With increas;ng freeéing ?ate, é critical vélocity
was found at-which the‘particles ceasea fé'be fejectéd and wefe iﬁcorporated
‘into the interface. .Thére was, however, a dependeﬁCe'on particle size.

The critical velocity for particlas less thah liuj in diaﬁeter was indé;'

pendent of size, whereas for larger particles, the larger the size the

lower the critical velocity for trapping.

Hoekstra'and'Miller (1967) performea expefimenﬁs on the iée;water_
partiéle system, employing‘Eyrex—glass_s@héres and soft-élass cylinders
as foreign particles; _With éﬁ Up#érdfmoving freezing'interface5_tﬁe
.&ritical velocity was_inversely.p;oportidnal to theléaréicle'radius. fhéy‘
‘élsovfound that adding NaCl to ﬁhe water caused reductions in the critical

velocity.

Uhlmann et ‘al (196%4) and Hoskstra and Miller (1967) interpret the

rejection of particles as being due to an imbalance of surface tansion
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forces bétween the particie, water and ice} In'order to satisfy ;he

energy requirements and kesp the particle ahead of the iﬁterface,Tiiquia'
'replenished>thé ice behind thé particleé. It was argued’tﬁat the particle-~
intérface sepafation decreased with increased freezing rate, aﬁd tﬁe
_critical velocity correspoﬁded to the poipt at which further decréase of.
particle-interfape separation would lower the chemical potential bf the
system, réndering fhe pushing configﬁration unstable and allowing incor-‘
poration of the partiéle{ -Groqves‘or depfessions‘on the interface tended
ﬁo ;rap thé pafticles'at léwer growth rates. Thus it'is to be‘expected

that grain boundaries would trap 'solid particles,

Ketéham and Hobbs (l967)>de5cribed aﬁ experiment whereby.a»piece 6f .
fine copper wire ﬁas placéd'in a sample of polycrystalline ice and'obsgr—“
Avatidns were made of the ice surface ésvit'grew into the water. It was
fdund that grain Boundaries méved away from the vicinity of the Wire,
which was éscribed>to.the wire.fofming a more efficienﬁ heat sink tﬁan‘thé
ice, thus.causing the grains adjatént to the wire to protrude further inté
the water than the surrounding grains. vSuch Variaﬁions in tempefaturé.
~across the iée interfacé due to inclusioﬁs Would be expected to affect

‘relative crystal growth.

'(g) _Conclusion

Few studies have been performed on the petrélogy of undérground ice;
however, the resuiﬁs of the more destailed stﬁdiesbof.ice gfdwth in 1§bora_
toties:and surface ice ty?es ﬁsea) lake, river} may be applied'ﬁo perma-

rowth in bulk water has shown that:

0o

frost conditions. Review of ice
freezing directions may be inferred in terms of zomation of crystal size

and shape, bubble zonss and bubble élongation direction. Bubble type
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depends on freezing rate, as well ‘as the amount of dissolved air in the

eneral principles may be

water. In naturally occurring field situations frezazing rates and. solute
contents are usually unknown, thus rigorous application of theory is

uQ

he

(n3

s water supply is gensrally

-
i

impossible, but where bulk water freezes
Under permafrost conditio
medium. From the review of rejection of insoluble par-

ex?ected to hold.
. 3
ticles at an ice-water interface,'iﬁ is appafent‘that preferential rejeﬁtion
iid interface.advanca, all

thnrough a perm2abl
cur but during rap

of fine—grained'particlesrméf oc
vparticles may be engulféd; ‘Thus érudevestiméﬁeé of freezing‘ra;e may be
gained f;om sedimenﬁ content, although thié_aigo deﬁénds On:water~aVaila—
biliﬁy; Additionélly'during freezing, dislocations are incorporéted in the
crystal growth.méchanism, and also at inclusions. Arrays of dislocations
ére of fundamental importance in deformation.procésseé.. It appears that the

major differences in ice grown in sadiment from ice grown in bulk water are

crystal size, dislocation content and sediment incorporation which all influ-

ence flow characteristics.,

Post-Freezing Phenomena

from freezing are subject to several

Introduction
resulting
induced phenomena, which st be recognized.

(a)
features

Some of the

thermally and mechanically

(b) The;mcmxggitggg 3
For the ﬁonent let us consider the thermal field and its
Io permafrost cenditions ihe upper 10 to 20 il Jf.ear:h materials a bj
50‘appr;ciéble aﬁn;al temparature variatioas. The resulting tenpératuve»
e to thermomigration of inclusions. For exaﬁplé,
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Stehle (l967)lahd Kheisiﬁ and Cherepanov (i969).bave feported bubble migra-
tion and the breakﬁp of.cylindrical bubbles into strings of spherical bubbles

in lake ice. Iﬁ addition_thg migration of saline iﬁclusions in ice has been
observed. The migration of such droﬁlets:was observed in experiments by
Harrison (19655 ;s follows: - (a).droplet elongation in the migfation direc- .
tion,‘(b) diagohal,migratioﬁ —-:due to migration parallel to the c-axis rather
tﬁan in the‘heat‘flow direction. It is evident that while a vertical temper-
gture gradient ﬁrevails in permaffésé, migration might occur paréllel to c-axes.

Thus thermomigration is a problem to be considered in ice petrology.

(c¢) -~ The Deformation of Ice

(i)v Introduction
' Under natural permafrost coﬁditions icé bodies are squect to various
stréss fields, e.g. thermally inducgd stresses associated with annual expan;
sion and contraction of the‘uppér ground layers; adaitionaliy some massive
.ice bodies have thick cores (Mackay 1973b) which have Suffered'diffeféﬁtial

uplift and may be expected to creep.

-Thus a rgview is made of the deformation mechanisms. in ice,
based on laboratory and glécief studies; emphasié being'given'to petro-
graphic and petréfabric features. The moét common experimental technique
in the'stuay of‘ﬁhe deformation of ice has involved exefting compressive,
tensile, or torsional ét:essés'on a c&lindrical sample of pélyqrystalline
ice; Frequently the experiments have been directed toward a quantitative'
énalysis of tﬁe'flow, but often the fesults.are interpretéd in terms_of

intracrystalline and intercrystalline sliding, etc. Some workers have
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prepared ﬁhin sectiens from the initial and deformed.icé”in order to examine
chdnges 1in crygtal‘$ize,'éhape, Orﬁehtation, substructure, and to relate
these changes to.the Stréss field;v By thié method bulk %elationsﬁipsvare
-obtaine&, but detailed knowladge of individual cryStais is not always avail-

able. Similarly, studies on glacier samples have been pzrformed, but in

these cases the stress and strain'fields are poorly known, thus interpreta-
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tion of fabric diagrams is " In the present study no field measure-

: ’—J‘

~ments of strain were possible, but gross estimates are available from the

1 ki 1
b ¢

theoretical work of Lachenbruch

—

1962) and comparison with glacier studies.

(ii) D2formation mechanisms in ice

The major work in this field has been by Gold (1953, 1972), and by
Kamb (1972) who performed lonz-term, high—temperatﬁre‘(-5°c to OAC) experi-

ments on polycrystallina ice, and presented photomicrographs and patrofabric

w

" diagrams represzntative of ssveral stages of the flow. . Earlier Steinemann

(195%) and Shumskii (1958) deformed aund annezaled polycrystéllihe ice, and

' analyzed the recrystallization.-

Kamb (1972) studied pztrofabric and textural changes during flow,

and showed that grain size and shape changed from 0.5 - 0.9 mam equant,

straigat sided

g

O

rains to coarser

[618]

cxing shapes by a grain

e increase was enhanced nearer the

I

bdgndaty migration machanism.  The si
melting point. S;rain shadows; frejuent -at all tem eratures,'were thougnt
€o indicéte Riﬁking during transiacioﬁ gliding qﬁ ;he basal plane;’_fhe_
i;itial‘petrofabric pattern of the ice was a@proximatély :andém? but orien-
tations becane strongiy praferred during'recr¥s;allizatipn. wo maxima

daveloped in simple shear, the stronger maximum Heing normal to the st
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plane and the sacond inclined at abudt 20° to'the direction of shear.

Shumskii (1953) found a similar pattern im a shear experiment and arnued
\ = 2 &

that the maJor maximum. ﬂprls latively hﬂstfalﬁud grains grown during
deformation, but Kamd (1972) found no such distinction.
An important re 1: of Kamb's work was to show tha dependence of

pe;fofabriCS'on shear -stress, by compari;g petquab;ics of two.sampleé
deformed to.the same total sheér strain but at different stresses. He went
.on to discuss the‘relationship of grain size and sﬁape to>flow. xThe increase
 in grain boundary irrégularity would be exyectéd to decrgaSé the role of
grain boundary sliding, and:grain::qafsening’éhouldviﬁc:ease the créep rate.
Intraérystalllne plastic flow caused SErain'shadon, but'these.did not in-
crease with f‘otaﬂ stra1n indicating that undistorted crvs;alllna material

was generated during recrystallizatioh. It wa;_;ound tn“t-tne shape Lhanaes
occu:red muich mdre.rapidlf than petrofaﬁric éhénges, also‘téxture is temper;
ature-sensitive ig thét the higner the teméeratﬁrg tﬁe coarée: the grain size.

Conversely, petrofabrics show no such sensitivity.

If an at;empt'is made to relate textﬁral changésvtb strésé,_there is.
the problem of temperature dependence, and tha_wide range‘ofvtémperatures
employed by diffe;edt Qorkers. ’Bﬁt it is.appare;t frbm!Kamb's.(l972) &ork
that grain boundary ﬁigration occurs over_a‘wide raggg_éf stfesSes, including
those below l.kg cm”?. Altbough.palygonization ans

primary 1ecrysta111 ation’

ware reported by Shumskii (1958} and Gold (1953) the two processes

et

i re not

2)

'alsthvu' shed patrologically, nor ware the stressas given. Kamb's (19

'\I

helpful in that lattice orientations were measured, which showed



(d) " The Influence of Tmourities on Deformatica

(i) Introduction

Tce bodies in permafrost may coatain inclusions in the so0lid, liquid
or gaseous states. Therefore as some deformation mechanisms depend on
uninterrupted movement of boundariss and dislocations, foreign atoms or

ect the deformation process.

iy

gross defects will af

(ii) Solid Inclusions

-The in:lusions which are of primary interest in theystudy of the
petrolozy of uhdergroﬁni ice_afe éediment particles,‘rather‘than solid“
solutions, as only optical methods wafe'employed.iﬁ the preséqt field study.
Several workers havévstudiéd the creepvof frozen'soilé_and ice contéining

dispersed sand (Goughnoutr and Andersland 1968; Hooke st al 1972 Ladanyi 1972)

but no thin section analyses were performed. Thus the relationship of inclu-

sions to grain characteristics is unknown.

The 2ffect of immdbile sa2cond phases on zrain boundary motiom is de-

O

‘termined by the boundary type and position on the boundary. High boundary
curvature indicates the possibility of more rapid movement, and thus the
inclusion will have little effect, whéreas pinning of boundaries of lower

curvature is 1likelv, The influence of second phasas at crystal triple points

has not been considered in the literature.

2 influence of suzh bubbles on deformation.




+1so, the experimental work on the effect of bubdbles on the deformation of

~ice is far from conclusive,

It is interesting to compare the results of Stéinemann (1958), Kamb

3

(1972) and Kuon and Jonmas (1973) in. terms of the influence of air bubbles

on recrystallization and grain growth. Kamb {1972, p. 233) has pointed out

Since the changes in texture and fabric here in specimens

containing abundant air bubblas ware comparable to the

changas observed by Steinemann (1958) in air-frees samples,

it follows that the air bubbles do not substantially -

inhibit ths processas of recrystallization and grain growth.
On the othar hand, Kuoa and Jonas (1973) found a distinct influence of.
the air bubbles in retarding grain boundary motion, and thus influencing
the grain growth process. The results of Kuon and Jonas (1973) are in
agreement with other results in the materials science literature (Gleiter"

and Chalmers 1968) and in the absence of more detailed work on ice, are

sccepted here.

-‘(é) The Fracture of Ice

(i) Introduction
- Fracture occuvrs when the lattice loses cohesion. Fracture in columnar

zfained ice undar compressive stress has been reviewed comprehensively by

Cold (1972) but he did mot treat the thermal contraction mechanism which is
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liscuss=2d the crystallographic dependence of



The temperature of the upper few metres .of permafrost varies sesa-

sonally. 1In particular, a stezp ;ertlcal temperature gradient becomes

sstablished in winter. Tharmal contraction is largely constrainad, and
tensile strains arise, which are a funztion of the temperature differance

between the ground surface and an "average' temperature, and the coefficient

of thermal contraction over that temperatura range. There may be, howaver,

a rapid dissipation of thermal strain with time.

(iii) Factors Influencing Fracture

rack patterns de veTOano undar thermal shock in ice plates ware shown
by Gold (i951) to be depeﬁdent on the crystallozraphic otienpation of the
ice with respecf to the shocked‘surface. A P¥ eferan ebwas found for the
aurface trace of cracks to bé parailei to the planes coataining 'a’ and:
c diréctio&s. Abrupt changes in.track directi&n in passing.froﬁ‘oﬁe grain

to the next ware obsetrved.

In the failure experiments of Gold (1972) and others the 1ce samples
have been fairly pure or at least ceaerated By comparison, permafrost

v has a high.bubble, sediment and solute content. Also ground’

11
O
o
[.._.x
;4..1

ice may have a wall-developed crystal sUbstf;cture and varying crystal size
and shape, coaipared with
ice bodies near the ground surface have complex cyclic stress histories and

=2y have baen subject to substantiel recr'afalllzaLloa with an effect on
b4 J : : ) |



(£)  Conmclusion
Mackay (1971, 1972b) has

1

which varions ground ice types

pointed out petrologzic criteria which may be applied to the

30

i
(&9

pointed out the wids range of conditions to

are s ha present review of post-

ubject. In th
considered the response of ice to the

1 gradients and mechanical loading, and

field situation.
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Chapter 3

TECHNIQUES

Introduction

The major objective of this study is an understanding of mechanisms
of growth and deformation of ice bodies in permafrost in relation to their
thermal, stress and geQmorphic environments. To this end a sampliﬁg plan

was established for exposed ice bodies such that stratigraphic and struc-

tural relations were known, and crystal and inclusion characteristics could

~be related to those'data._ Field and laboratory'techniques are discussed

separately.

- Field Technigues

Maps of physiographic-provinces were presented by Mackay (l963)'and.
of sediment distribution by Rampton (1972 a,b); the distribution of ice“
bodies in the field area has not been given and mapping is not attempted

here,

Sampling

Sampling was restrictea to those ice bodieé exposed og:éoastal
sectioné or .subject to easy drilling. As an ex#mﬁle, COngider the case
of an in&oluted nill, neat Tuktoyaktuk. Here a‘massive iée'corévhaé_been
exposed for many years. It is apparen; qn'l§35 aif photographs (air'photo -

#A 5023-87R). A sampling plan was devised’to investigate:

(1) the relationship among crystal and inclusion characteristics

and depth in core samples of relatively undeformed ice;



"(2) the relationship of crystal and inclusion characteristics to

fold symmetry where'dizferential uplift has occurred;

(3) the influence of wedge penetration in a fold.

'Additionaliy ¢Qre.sampleé #ere téken from a 6 m.deep piﬁ for compar-
ison with»saMpleé from.the cliff exposufes to inyestigafe the effect‘on.
1 texture'aﬁd petrofaBrics of 1oad.feleése and cﬁahged thérﬁal regime due
to coastal recession. Elsewhere.similar prin;iples wefe employed in order
to examine texture and petfofaﬁrics with refefencévto macroscopic symmetfy;

e.g. foliatioms in ice wedges.

For ﬁhe purposé of undérstanding post—soiidification changes.in é
given ice typé, bodies of known agé (iﬁe._those which.grew between the two
field seasons of 1973 and 1924) were compared ﬁith older bodiesf ~This was
possible for tensidn crack iée, where créck icé in'the.aétive léyer of
1973 was sampled in 1974. Also icing mounds which grew after freezeback

Vof the 1373 active laye; wére sampled by Dr. J.R. Mackay, this prov1ded
informatidn concerning solidificatiqn features and the response of.early‘

crystal‘layeré to heave. Active layer ice was also studied.

iln‘the case_of’ice groﬁn #n ffac£ures Ehe.only‘iéé df known age

_Was the tension crack iég, ientionéd_abové. No ekample.of'l975-1974 wedge
crack ice was.ogtainéd, althéugh recent thermal contraétion créck ice was

vfound and the progr ade fabrch of wedges ﬁeqetr ing sediment<andAmassive
ice were coﬁpared. Thus it was possible to comﬁaré ice growth in thé'two

: ma jor fracture types: teqsion cracks (mechan;cally ihduced)vand ice_wedée

cracks (thermally induced).
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Lake ice was-also studied in order to investigate the possibility of

buried lake ice being mistaken for ice grown in situ.

A SIPRE éoréf and é'chain~saw were emplofed»for sampling; this has
.bgen a s;andard method on other ice types,‘e.g. glaciers, sea ana lake ice.
It provided a fépid‘méans.of gbﬁaining.goodlcore lengths'of 75 mm diameter
-and was used with a ?ower unit when cold storage faéiiities'ﬁeré nearby.
Hand drilling was carried out.in‘an undefground pit and samples were stored

"there for transfer by helicopter to the laboratory.

Where coring was not poséible, as aro@nd folds on cliffs, a chain

saw was employed; this @ethodiwaé previouély used on ground ice byvéorte
(l962a)_and‘on glaciers by Colbeck and Evans (1973); As ice on ‘the cliffs
had suffered changeé in loading énd>thermal.conaitions dué to céastai
retreat,‘a channei was first cut int§ tﬂe ciiff aﬁd samples taken from the
back of the channel and locgl variétions in cryétalvand inclﬁsion character-
istics were éought, fdr'example Tyndall figures. Additiohaliy samples of
-éores from a man-méde pit were comparéd.wi£h cliff é#mples. Sawn.sampleé
wefe tranéferréd as.quickly,as.poséible,'usually <% hour, in freezer boxes

to cold storage at ~20° C.

ihe effect of .storage on crysta¥ charactefistics has;beeq studied by
~Carte (1961b) who showed that thin seéﬁions could Ee stored at -20°C for’
months without ma jor adjustment Qf:grain béun&aries. Kamb (1972) stored,
thin sections at'a'similar‘temperature, and Bari and Hallett (1974) sugj'
gested storage atvor bzlow -ZO°C to avoid changes_in bubble charactéris-
_Eics. In the present study most core andiﬁlock samples were‘anélyzéd
wiihin a few days of sampling, 5ut some were stofed at _<~20°C for abou;'

8-10 months. Thick ssctions -were prepared and sandwiched between glass



slides with a vaseline seal around the edge, to prevent sublimation, and.
stored with the samples; photographic slides taken before and after storage
showed no recognizable change. .  Thus it is concluded that stored samples

_are reasonably representative of the field situation.

.  Laboratory Techniques

Thin section preparation varied with the ice type, in terms of

inclusion content and crystal size.

In the case of clean, fine crystalline ice, a microtome was used, as

. described by Laﬁgway (1958) and Michel and Ramseier (1971).

For coarsely cfystalliné ice, a_mofe rapid method was empléyéd,

- namely fréezing a sméothed tﬁickly sawn sectién to a slide, then.thinniﬁg
.with a flat méﬁél platé; andfsand-_aﬁd émery-paper; This is standard
.practice in glacier studies, and Kreitner (1969) shbwed, in a sﬁudy of
aufeis, that‘smoothing of sections'with a wérm iron produced.nobéhénge in

crystal characteristics.

In some ices there wefe'bands of high>§ediment cdntenﬁ, and the
abovevtwo-methods were impractical. In éuch caseé gradﬁal thinning.was
poésible using emery paperband‘carborundum; sediment partiéles»were 
rgmoved with a point.' As found-by-Blaék (1953) and Cofte (l962a) the best

temperature for thin section preparation was about -10°C.

As the study was field-based, only optical methods were employed.
Thin section analysis and universal stage tecanique is standard, and no
‘discussion is given here. Iece crystal c-axes ware measured and in some

cases a-axis oriencations were found by etching, although this was not
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widely employed. Where posgiblé, at least 100 c;axés ware meésured ana.
plotted oa equal area, 1bwer'hemisphere projections. In géneral,'scatter.'
diagrams are given tdéather with compénent diagrams based on such crystal
characte;isticé.as'size, shaps, suSstfuctgre; in;luéion :o;tent and rela-

tionship to laverings. Most of the patterns show a high degres of pre-

o.

ferred orientation and,éontoufihg is not a1ways emﬁloyed; but'in order f
emphasize progressive chaﬁge; in fabric some diagrams Have.been contoured
by Kamb's (1959) method. The'ﬁetﬁod indicates the staﬁisticél significan;e
of orientation maxima. In the prasent work, contour intervals of 2 are
used, whefe oo is thzs standard deviation froi the expected denéiﬁy of a
uniform popula?ion.‘ In;lusion laverings, foiiations, eﬁc.,‘are in;luded

to show-symmétry relationships. Crystal diménsional oriéntations‘are

given in separate diagrams.,
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Chapter &4

' RESULTS

Permafrost conditions in ﬁhe field afea, the variety_of contained
ground ice Eypes and their relationships to surficial form‘have been pointéd
out. . It is thevintention in the present chaﬁter to discuss the growth and
deforma£ion‘of ice bodies iargeiy from a petrologic vieWpoint; Thus ice
bodiés of knOwn.ages (< 1 year) were analjzed in order to enumerate typ-
ical growﬁh features. Growth conditions are discusééd in terms of water -
supply, freezing directions and rétes,_solute fejection (bubblg formation)
-and crystél.size; shape and lattice and dimensional orientatipn.. With:this~-
knowledge as a‘foundation, coﬁsideration is given to older ice bodies, and
post-soiidification features are discussed in relation to deformation asso-

ciated with, for exampie, growing ice wedges.

A summary diagram, baéed on Mackay;s (i972b)kclassification of under- .
ground.icé is given iﬁ Appendix 1. The diagram is an attempt ét showing
interrelaﬁionships émong ice typés, surface form, and watef source and

transfer mechanisms. Extra‘categories.éré included tp indicate inclusidn,

textural.and'petrofabtic features signifying growth and later conditions.

Chapter Outline

Aﬁ examination of lake iéé in;ro&uces'the aiscussion of ice Eypes.
The ice grew durinngintér 1973-74 apd repré#ents grqwth in bulk waﬁér;
This is followed by consideration of sevaral topégréphic rises'of'varioﬁé
sizes, Unﬁerlain by ice:wiph differént‘inclusionicontents. Such'iée_bodies,
and aIso.frozen sediment, may be fréctured,‘ Thus ébaiscussion is giveﬁ of

mechanically- and thermally-induced fractures. This is followed by iaves-
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tigation of other ice types which differ in form and in relation to surface.

e

expression., The importance of miltiple growth and melt peariods are pointed.

'The possible existéncé'of é:variety of surface icés; which became
buried and preserved within permafrost, hgs'Been pointed out gMackay 1972a;
p. 5) although they are thought to be uncommon in North America. Iha case
aéainst a.buriéd origiﬁ of massivé,ice'bbdies has been given by‘ﬁackay (197l,u
1973b) in terms of ice body thickness, topographic position, strétigraphic‘
position,‘water qualiﬁy, ice fébfics*and bubble patterns.. It is to be

expected that small ice bodies may have originated from buried snow banks,

lake ice or sea ice where coasts are actively slumping. It is the intention

_in this section to examine non-buried lake ice, as an aid in distinguishing

such ice from underground ice grown in situ.

Field Characteristics

A site was chosen on a small shallow lake near Tuktoyaktuk. The

‘coring position was nszarshore but not liable to slumpinz. A core 0.68 m

long was obtained, including dark ice at the top and the contact with

sediment and organic mat

(w3
(L

er at the base,

The upper 0.08 = comprised dark ice.and the remainder had loag
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Bubble‘Characteristics

In the upper'O;OSvm'is a_high concentration éf ap?a;ently ;andoﬁly
scatteréd bubbles which are sphérical énd < 0.5 mm di;meter Eogétﬁér #ith
éome fine'Verticél bubbles. At 0.08 m deéth thé.bubble_pattern éhanges;
large; 15 mﬁ‘long, S'ﬁm diaﬁetér‘yeftiﬁaliy elongated bubbleé appeaf,
sdperiﬁposed on thg upper pattern. Additionélly there are vertical ﬁrains

of small (<1 mm) spherical bubbles séparated by 2-3 mn. This pattern

continues to the_basal contact with sediment.

Cryétal Characteristics
. Figuré 2 (ajf(e)vdémoﬁstrates the change in'érYStal éize and shape
with depth. The horizontal sections (Fig. é(a), (b);‘(cj) are at depths__A
vO;OlS m,>0.3:m and O.s-m.‘vin the upper secﬁion ;rystals are genérally_
relatively small,.6 ﬁm x»j mm; there is an incfease.in.size dbwnwarasrto
A30 mm XIZO.ﬁﬁ at 0.5 m.depth (in horizoﬁtal”sectioﬁs); Crystél éhape is
anhedral And serréted, giving én intérdigitaﬁiﬁg ButAnot'cbmplexly inter- .
" locking éatﬁern, as £ound by Raglev(l963){ Vertical sections show the .
:Vertiéal dimensional orieﬁtation.typical of the'freeéing.of bﬁlk water
(Fig. 2 (d),.(e)), fA marked zoné of‘wédging oﬁt‘of comﬁeting érystals
‘exists in the upper 100 mm, and at 200 mm dépthrgrystals hayé widenad to
> 10 mm and may éxcéedeOO mm in 1éng§h., Theré are no‘lateral'ifregulari-'
ties in chstai shape. This patterﬁ_conﬁinugs ¢ovtheAbése of the core, and
indi&idual crystals were traceables for byer 0.35 m. There is:no pronounced

substructure throughout.

- The relationship betwzen bubbles and crystal characteristics is such

- that in the upper zone of high bubble concentration, bubbles are both
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(a) Horizontal Section,
top of core.

10 mm

zrid

(b) Horizontal Section,
0.3 m depth.

Figure 2 Thin sections of lake ice.
ylarizers



(d) Vertical Section
0.02-0.12 m depth.

10 rid r—-d

T

Vo)

(e) Vertical Section
.32-0.42 m depth.

10 mm grid ——

Figure 2. (Continued)

Crossed



41

~intergranuiar and intragranular; at depth the larger eloagated bubbles are
frequently on vertical boundaries. At 0.5 =m elongate bubbles are not

cr

always vercical although

which indicates 1la control.

Latrice orientations are si
preferred orientation is avident

in spread about the horizontal w
plotted for the petrcfabric diag
‘concentra

of long c:ystals. The

“of lattice orientations.

Interpretation

ouns 2

ra parallel within individual crystals,
ystals,

hown in Figure 3. - A horizontal c-axis

througnout, but with a progressive decrease

ith depth. ‘The small number of c-axes

rams of deep ice is due to the small number

tion of c-axes represents 4 high selectivity

‘The ice is kaown to have grown over one winte:-(1973-74)._ The body

was not
visible at the time of sampling
, . _ TR S

crystal cha

a; Lyon

_evidence for oaly onz period and:

as a competitive zone of crystal.

downward increase in lateral siz

orientations.are horizoatal throu

P

réngevof variabi 1ty a nd the
‘ éit&erné are also indicative of
'intérruptlo“s’gf the growth, or
pare th;é ice with the icing
caused a modification of crystal

observed ‘during growth, nor were any major surface structuras

owing to presence of a small snow cover.

racteristics are typical of lake ice from

[\

nd Stoiber 1952; Ragle 1953)._’There.is’

[= 9

irection of growth; downward from the top,

1

growth oc:urs‘tnere;‘with a pfégressivé'

e of veftically eiongatéd.cryétalsf>;c~éxis
U hdicating baéal plane'growth; the
hﬁriidntalideéregSeSIWi:h'depth}-’Bﬁbbiélf

. There is no evidence for

vartical grgyth.
1a:ef fracture It is intéregtihg EGJ:Om-
ice, discuséed_elsewhe:é{ in Wﬁiéh‘héavé
:harsctéristicé_in_;he uppervice, and'a



- Figure 3.

{a),{b),(c) are from progressively deép vertical sections;
(d),(e),(£) are from progressively deep horizontal sectionms;
- (d) is from above (a);(e) is from-above (b);(f) 'is from above

;Diagrams in plane of samples

.



-.growth;

fracture became in -1
On such e

guished if the latte

slumping the overlyl
and later freezing
material which froze

criteria, in additio

should be.possible £
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Icing Mound Ice

‘icing mound.
permafrost) ar

-North

Introduction

An icing is a

~-the ground surface,
through frozen groun
water does ﬂot alway

1nto or betu=en sedlnant norLZOﬂs

eas (C

America, Few
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lled wi th ice of.differing;featurés from thé-primary

mound ice .and lake ice could be distin-

r beécame buried. Also lake icévis quite distinct

. from lems ice and wadge ice in terms.of inc luSlOdS crystal size and
shape, and liattice orient t ons. Further; if lake ice became buried by

ng material would be dissimilar in sedimentary features'
from non-glumped or otherwise undisturbed
in situ. - Thus on such'stratigraphic dnd petrologic

1973b),

o distinguish buried ice from ice grown underground.

maSS»of-fresh'water ice which has frozen at or near.

from Spring or river water. Where the water passas

d, the fore g mechanism is artesian pressure. The

s treach ‘the gr ound surFace 'some may spread laterally

thus uplifting the overburden to form an

h icings are fairly frequent in permafrost (and non-

arey 1973) they have not been studied in detail in

been repprcéd in. the fieIdfaréé_(Mackay 1975b)'

surficial nature, poss ible ;xtent geomnorphic form

moortant  to be'able to distinguish the ice.type'

grows by a different 1°Chd1LST. Cvada-Lou*

sag reoated ice Two such

=1974 -on the Tuktoyaktuk>peninsula
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- and provided an opportunity to inspect ice bodies of known age before

major post-solidification changes could occur.

. (a) Tuktovyaktuk Icing Mound

Field Characteristics

A sﬁall icing mound (3 m high).greVIOQerbfhe &in;er 1973;1974.
_on thé”_side of a pingo (Mackay 19_73a_, -Fic.'-l8,vP_i>1'_1go No. 13; _1.9'75b.)>
20 km eastwqf‘Tuktoyéktukr iTh¢ mouﬁd wasinat(present ih‘Augﬁst‘
1973, aﬁd.ﬁasvfirst dbserVea in:iulyvl974,'thus itsAmQXimuﬁ age.is.
known.: Drilliné'on ;he lake boftom has_shown #hat_artesian ﬁressures
héve'déveiopea in sub¥permafroSt,ground ﬁater By poré W;ter_ekﬁulsion
duringlpermaffost agg;adaﬁion in'Saﬁds (Mackay 1972b>. .Tﬁé icing
ﬁoﬁﬁd.grew:ffom wager mdving up a ténsion crack fr#m degth and.béing.
‘v:injeéted:iﬁto'ﬁhe active layef; :A ¢réék Was still §is§5lé,.With: |
_1watervflowiﬁg_ianuly 1574;éﬁdﬁfiow'coﬁtinued info iéte:Aﬁgust»1974,
andlﬁés'dbseryéd‘in Maf;h'aﬁd Aqgust 1§75 (ﬁaék;y, beréoﬁéi ;oﬁmunica4

'~ tion).

Tce Characteristics’

A 0.5 m thick éémplé.wasFtakgﬁ:(by_JfR. Macka?) from Ehe‘gpper
part of thé mdﬁnd; té inclﬁde:the contact With'ﬁhe'active layer;
.St%uctures'iﬁlthe éample were slight'lediﬂg Qf ﬁhe éoﬁpﬁsitidnal'
layeriné due ﬁo heaving;:and'a latér'fracture{ nge compoéitionai
lay;ring ﬁaé_de;eiminééibf Bubble ¢ontent (nolsediment'or_¢rganic:
'matief'béing-preéénﬁ);Qphé bubbles Qcéﬁr iﬁ_distiﬁct'bands pérallei_
to'thevmbhnd_su:facé.A Bubble_éizes_énd"shapes &éfe;un;fdrm Qithih

a given band, but varied from band to band (Fig. 5). A detailed



bubble stratigraphy is giwven in Figure 6. Near the contact with the.

rganic

natter, the ice had a milky dppearance due to the high coa-
7 . \ ‘

tent of very small air bubbles followsd below by a bubble-frea zone,.

thenfbubbles;,a pattern which cdntinuaditO'depth;,

Crystal Characteristics

Crystél sizé va:iésAdown;fﬁé;éémplé;x‘Aﬁjatént Eé the’organié
matter is a zone of small.éfystals‘indiéaiing é:chiil zéneikFié.'7(a))€"
'Whére'Bubblg_iéyering éppéarg, sméll.cfysﬁals.(éﬂo X l.O.mi) occur.b
beiow buBblés; _éeloﬁ this depth, gréin siie becomesfmore coﬁsisteﬁt; ;"'
;rystalsvﬁeiﬁg very:élongaﬁéd, Eiéo.mm aﬁd Wiaéﬁing‘£foﬁ.24mm to as
much as 8 mm.in.fhe»dépth range 80 mm.to'l60 mﬁ.. CrYStals.beEOme_':.
longer thén-tﬁe thin section (80 ﬁmjbgnd gveragé s.mm in'width;to'a}

" depth of 0.4 m, then widen to 10 to 15 mm at the base (Fig. 7(b)). .

nySﬁal shapé vifies"ﬁith depﬁh; In the~ﬁpp§?'zo;e; cfysfais..
'»aréranhédral,isome:h;ying slightly ser?a:éd bpﬁﬁda:ies.‘ Méﬁy Eef-_ 
.minate évfﬁpﬁii, bein? weégéd'oué by adjacent crystéis, _At tﬁe sﬁali :
bﬁbble bands, gfain_shape'becohes more interldckiﬁg{ .Beldw{ iﬁ the -
zone.ofbeiOanéeférystalé;_shapes afé aéhgdral,.gith éomé sérraﬁidns_'
ipvthe upper ﬁgrt.which bécdme ﬁofe gentl% Gurved‘at_depth.AifhéA
'-gently_cqrvad boundariésAcontiﬁgé‘to depth; Tﬁe'ﬁniyiﬁajér shépé
”chégges aré.é:;sgﬁeAbubblé.bénds, whefé'dne cry%t;i groﬁsiiaﬁégal;y'
at ths éxpense éf:its,neigthur; .ﬁ:. .  , ° .

.

!

‘

Substructura, in-th2 form of variation in extinctiod angle .

within 2 crystal, is confined to the upper part of the samale, which -
(froze most rapidiy. Also, it has suffered the most heaving and



igure 6.

Bubble Band Sequence
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Figure 7.

(a) Crystal characteristics
Upper part of mound,
10 mm grid. ——

Vertical section

(b) Crystal characteristics
Lower part of mound,
10 mm grid. —H
Vertical section
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- folding-of layers an 'grain‘boundaries are most irregular. Dimen-

. sional oriemtation is consistent throughout the body, being ortho-

gonal to the bubble banding, and parallel to the freezing direction.

"The relationship of bubbles to crystal characteristics is as
foliows:

B

{a) In the upper, milky zone, bubbles are frequently near grain

boundaries.

(b) Bﬁbbleéﬂaré'cohsisﬁénﬁ iﬁ éiée’ana shape witth giﬁéﬁ bénds_
‘ vth;§qghgu¢'the“séqfion{vnot'all are_assoéiatedvﬁith'a gfain bﬁﬁndary
positibn;l'Thuévé ﬁideépfea& nucleating eventbocéurred; regérdless of
_,pégture."Such gn”event ééuld Be supersaturatibn'5f gas at an-essén-
tially,planar'iﬁterfaqe.. Thus Eﬁbbles occur:iﬁfbéth intercryétailihe
and intracrystaliiﬁe positions.

_v(;) Further f%om;the_éhill zohe? the free;iﬁg'rate deéﬁeasé& and !‘.
,bubble ﬁuclea;ion.Qécgffeé_preferredly.at-grain béun@éries.; At’such.'
‘éiteé ﬁhare is in;reésed-gas cdnéént;atign in fhe:liQuidbwﬁéré’ﬁvo'
.ihterfaceé.éfé advéﬁcing.”.iilamént?iike bubbles lie_iﬁ_the Boﬁndaries,ﬁ
3theﬁ widan downwards into bulBous sHapés, as more gas is expelied'at

the rest of the interface. Gas moves aloag the concentration gradient,

rt

hus the bubbles beécome fewsr but larger. ~Some such bubbles have small
buibous zones on the filamants, or the filaments are detached, or are .-
T

in' 2 parts (Fig. 5).. Thesz features indicate local-variations in

o

suoply of gas to individual bubbles, which are surrounded by "normal™ -

bubbles, Similar bub>les have been observed ‘in experimental ice

growth (Carte 19%la). If more "abnormal” bubbles occurred, it might



" be indicative-of post-solidification break up (Kheisin and Cherepanov
1969), but this process seems less likely. The inverse form of-

bubble, with the filament at the base was never observed, so that we

‘have a useful 'way-up' indicator for freezing directionm.

(d) A local effect occurs where many crystals terminate at a
herizontal band of small bubbles and a larger numbar of crystals grow
below, indicating that crystals did not grow between bubbles, but

micleation occurred on the distal side of the band.

The usual pattern of type (c), above, returns below. 1t is
possible that bubble nucleation occurs within the liquid or at an
upward advancing'intérface if ice is also. growing upward due to

'freezing'at the base of the intrusion. Such bubbles could become -

1

detached and rise through the liquid to become attached to the upper

i -

interface. No samples were obtained rom the.base of the icing mound.

In the 1pt¢rmediate éone'wheré s0me bubbles-are:intfacrfstal- . .
line, formaf;én may havé.been enﬁancéd,byismali‘gaé buBbIesfin sus_
‘pension'préduCéd‘duriﬁgviurbulent fléw up.ﬁhe_fféctﬁre,.q: By
 §ubﬁicroscq§ic1foreign pérticles whichvha?e.differéﬁt‘surface energiesl
~and rToughnesses from cryscal éurfacéé._ Howaver,tgrowth is paréllel
to the basal plane, ;ﬁd.Knighé (l§71).found thaﬁ Qt,'the équilibriﬁm__

contact. angle, tends to zers for air bubbles inm water contacting the

“basal plane, so nucleation would be relatively easy.

It has been noted above that filament-like growth was sometimes

drical bubbles daveloped.
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This is 1nterpreeed as ind caELno a'tranSLent state in which bubble
;'diameter‘inc:eases but.conditionseare very eriﬁiéal‘ineeerms,of gas .-
_concentratien”ie the Watervana selidifieetidq ;atee .A.Change iﬁ |
 soiidifica;ion_rate.mayveause either a diemeter ihcfease or'a.grewth
stoppage. Whee_the:d;ameier incréases a éteadyfstate.may Beeateaiﬁe&;
which giveé.gyiindrieal'pebbles pa;allel eo the freeéingAdirection.
In.comparison‘Wiehjfhe eon-fepfoducib;iiey of_exeefiment31 bubbie
growth,'ie'is surprising that bubble characterisfics‘ere se‘constaht o
iﬁ_a‘given layer in the'ieing.mound. Vasconeellos:andiBeech (1975)
_diecussed the devélopment‘ef bubbles in tﬁe ice/water/COZ Sysﬁem end
\demonstraued that three adiacent bubblesvoreW" (a) for‘the‘mOSt.partrf“"
‘in the transient state, w1tnvthe diameter 1ncrea31ng;_(b) initially
transient, then sfeedf state (c) in’ steady state all the time;  Thqe-
.viﬁ~the saﬁe‘ceii. the soiidification'rate varied with positioﬁ;'

rate (a) <\raLe (b) <1raee (c) In coméafisoﬁ bubble bandsbie ehezv
icing mound lce dLsD1av 11Lt1e lateral varlablllty 1eebu5ble eiZe

and shape.

~ Petrofabric diagrams were prepared for a series of vertical -
samples (Fig..8). A strongly developed girdle is evident, showing
‘c-axes to be parallel to the compositional layering. This is charac-

" teristic of rapid ice growth into bulk water.

Cry sfals at the eontace of ice‘witﬁ organicbmatter ﬁefe‘not
‘measured due to tbe dlf ficulty of making thin sectlons of ice eon—
taining.solid inelusions aedethe¢Small.cryetal size typical of tﬁe
chill zone._.However; the;upéermost meaeured'cfyetais'sh0Q a ﬁider

'girdle (Fig. 8(b)) -than succeeding lqwer’sectiops (Fig;_S(c));‘”
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‘Figure 8.

‘Tuktovaktuk mound, .

Vertical Section. 80 crystals

Upper 20 crystals

Lower 20 crystals

70 fracture infil crystals
Liverpool Bay mound, = .
Vertical Section, 50 crystals.
Diagrams in plane of‘samplesb

c = compositional layering

"f = fracture surface
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‘This is to be expected on.the basis of selective growth of crystals

with basal planes paralléllto,the'freeziﬁg direction.- .

 Fracture Zone

| The»abové pétﬁern Was’disturséd iﬁ tﬁe:cent:e 5f thevéaméle,v
where ;he-bﬁbb;e 1ayé£ing was -interrupted by avééne of irfégulériyt
.’shaped bubbléé:of_éafious.si;es; This-zoﬁe’was ébliqﬁe to the ”£7 :
‘general layering'and‘veered paralie1-to fhat i;yering néér the ﬁbp

~ of the sample!v-The'upéér Sedﬁions show a tekture Similér.to.ﬁhat qf

. the previous series, but an .abrupt change occurs in .the fracture:

“zone (Fig,.9). Bubble shape'Varies cdnsiderably,}but with a genéral 

‘trend away from the surfacés of the fracture zone. Thread-like .

bubbles are short (2-3 mm), narrow (<1 mm), and interspersed with

spherical (1 mm) bubbles. .Crystal size varies'widely, from‘<i3 mn .

'f‘to‘:>25 ﬁm iong:aXis,,in contrast to ;he previous élonéate ﬁatterﬁ;
Crystélvshapes»aré'anhédral Qiﬁhlmuch ﬁore cohplex shapeé Ehan in
the béﬁded‘ice, haﬁing,sefratidﬁs, ;usps,‘aha.inﬁérgrdﬁfhé.: éub- .

 stfuéturé_(i.e} extinctioﬁ'yariatioh) is_th.develoPédz’bﬁt'a{cellu-
flar micipstructuré'parailei f6~basaljplgnes;_és in seé ice:bccgré._
iheré is‘é téndency toward a,diﬁeﬁsional d;iéntation'ﬁréndiﬁg into

‘ tﬁg.zpne (Fig. 9);: |

 .'A?eﬁrofabric.diagfams for the ébnéiafe shéwn:invFié; 8(d);'tbe 
contrast Qith F;g. S(a)‘being:eViéént:;,Thefe is.nélhorizon#aif

- girdle pattern, instead c-axes are more. dispersed relative to the



Figure 9.

Tuktoyaktuk icing mound,
Fracture infil crystals,
Vertical Section, 80 mm across.

Figure 10a.

Liverpool Bay icing mound,
Vertical Section, contact with
overlying soil. Note chill zone,
elongated crystals.

Section 80 mm square.

Figure 10b.

Liverpool Bay icing mound,
Lower, vertical section

10 mm grid. !




Interpretation.

The Lcing*mouna fésﬁlﬁed fﬁom‘watéf‘under artésian préséure at
depth m@ving up a;ténsion crack.and.inserting,ifself iﬁto:tﬁe éctive 
“layer on thé.éide of the piﬁgoAérbbabiy»in'laﬁé autuma orvéatly
:ﬁié,ef; The active iaYef-w;s é&ld,fana_coéious nuileaﬁion‘pfoducéd
ﬁg‘chill zbﬁe; ffoﬁiwhiéﬁngréw'Very élongaté Cr?stglé; "$1ternating
’bubbiy éﬁd bubble-ffee léyers_occur‘rééniétly, ﬁuﬁble shapé being
_‘consis;ent in.orientaéion,.éizé_;hd.shabé within iédividual”bands}
Fiiémgnts occuf on ﬁhe:upﬁer.ends of.eloﬁgate bubsxes, a useful.way—upi
cri;gfion; vC-axis'?fgferred oriéntation‘iélérthogbnai to.thé growth o
direction; 'As gro§tﬁ ¢onﬁinued;;updoming occurred,ffolding the upper
'1aYers.E_A‘latér fracturé becémé”iﬁfiiléd wi;h icngith markédly

. differing texture and petrofabrics.

. The textufe énd petrof;bricé.of“the fféétﬁre éoné arehintefpfeted
 aé'indiéating thé.f;acture of‘thé regular_pattgfn;and 1a;er iﬁfilling;.;'
Séme gréwth t;6k'place.in lattiﬁe continuity:witﬁ:preyiousiy exi#ting
‘]crystals;‘but ﬁﬁéleatioﬁ 6f.ﬁew trjstals aiédjddéufféd (Fig. 9). Tha
'élongaté.‘crystais afé oBlique to’the pa;tern:oﬁ_éhé_éu;rdﬁh&ing'ice;_f
and‘reflecﬁ mulﬁidireétibnal‘groﬁtﬁ'into a cavity.  Dimeﬁsional”oriénF
ta:ion.isulocaliy parallél ﬁ§ freééing‘dire¢tions.? A celiular sub-

structure in this ice suggests .a higher chemical coatent.

s

£ is interesting to comparé crystal growth in the main mass of
the mound with that in the fracture.  In the main mass crystals are. -

very elongate parallel to the freezing direction which changed very

radient varied around ths

o

little. In comparison the thermal
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fraCturejifThﬁs‘fof;é colﬁmnar grain té survivé aver any.greaﬁ
:diéﬁénce necessitates bohside;able curvature, due tbvthé~progressive”i
chaﬁgé_in.tbé_faVOuréérgrowﬁﬁ'dirécgion. As thevgrain's cr&s;alio-
 gr;phic'ofien§ation remains cbnstant, the Curvaturé-must be‘geﬁefated‘ﬁ
~by_1aterai brénching.‘»At éame stage this may become-ﬁofé difficult'j”
-than the iﬁi;iation &nd growth of a new gfain oriénted_mbfe suitably‘ 
fof:continued'gréwtﬂ; :Heﬁée the variation in iattice Qrientaﬁion'

in the petrofabric diagrams. -

The petrqlogy”of»sucﬁ mounds has not been discussed elsewhere -
in the literature. It is apparent that they differ markedly from ™
. segregated ice in the cases déscribed;' The mounds may be'temporary,"

"depending on the overburden thicknessvénd water supply.  

(b) Liverpool Bay Icing Mound

Field Characteristics

;- A second icin?-mbund.wés féupa by'br;:J.R..Mackay in iﬁly lé?éj_-  
It éc;uffed'on tHe éiaevof a'pingo.(Méckay_l973a; Fig;'l9,.?ingo'
No. .15)  Inear Livefpool .Bay; _Tuktqyaktuk_Péﬁi’néﬁla. The mound :vaasv'
2.3 m.hiéhf The méchanism'ofsgréwth.ié.ﬁgiieved to be the same as’
'phat of ﬁhe p:éyiousvexampie;‘Watér‘waslﬁubbling up in a pbol in
‘}july 1974 (ﬂackéy,“personélvcommuniéatiénj._jThe érowth period is
vknown Eo have bzen éuriﬁg or after'the fréeze-b;ckbgf Ehé‘active‘
layer in the winter 1953574; as'thg sité wés_éur?eyed in summér 1973;
and iéé growth took:place.at the.baée of»the active lgyer. 'A-sample
éf'the upéef.portioﬁ bf'the mound,iéﬁluding part bf the 6verburdeq

" was collected by_Dr.AJ.R;'Mﬂckéy,
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Ice Characteristics

"The contact with the overburden was abrupt but hot planar.

fie

2 init

P

VThis repreSénted.t al contact } i{e.ifhéfevﬁad been ﬁdf
meltﬁﬁhrough'of‘thé éctive layer ét the time=Of:Sampling.r There
wéré also some:thin <<15 mnj ice lense;_dp to‘SO @m.loﬁg in,thé'
dvérbu;dén; whiﬁh wéé hainlf 5rgaﬁig mattef with soma égdimeﬁt;
Inclusions of:thié'ﬁatefial occqrred:in the top 50 mm of the'iée;' .
in péfti@leé from i ﬁi to lO mh'in diametér, decfeaéing ih con;énﬁ
tratigﬁ’dowﬁwards...The‘§ery'few EuEbies.which Qccurfed in the toé
50 mm ténded‘tb.be smail t<_1.mm), Qpheri?al in_tréiné;>gr slightly
:élongéted. Belo& gﬁd'thfoughout Ehe_ﬁhoie sample was  a pattérn qf
.‘yery‘irregular sdB-ve:tiéallyvelongéted bubbles, éénerall§vélz5.ﬁm.
long, but .a few reached 75 am. No s;fuctgfgs‘suéh as‘fracﬁures.&ere

" observed.

‘A ‘series of vertical thin sections '‘was prepared. - The over-

‘burden at the contact has a2 low ice content, and the contact with

¢]

J<

‘the ice is abrupt and irregular at two scales, i.e. sinuous at hand ~ -
specimen scale (Fig. 10(2)) and at microscopic scale. Sediment
1

content in the ice tends to dacrease downward from the contact. . Tha

arksdly from that in the previously discussed
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vﬁo@nd,'theré being ho ﬁell devélopéd.laye?iﬁg. Thare ié a:genaral
iﬁé;eaSe in bubble concen£ra:ion dgwnwardsn  Few bubbies bccﬁflét
':the con;act,'aﬁd beloW'the:pattefn is gsseﬁtiallf random, vitﬁ
5lo;aily;higher cozcentrétions, jShapes'rénge from sphericall(é l.mﬁ)l
o eléngate iries

viar (8 mm loag, 3 wmmn wide) - these bubble charac-

teristics continue dowawards. A céllular_substructure-incréasés in
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© concertrationa with depth.in the form of a series of locally parallel
cells, which are probably zones of higher chemical conteat parallel

to the basal plane.

Differen:es'from thé ?ravious icing'mound continue in tex-
ﬁurai prbpertiés.' Gfaiﬁ siéé tanges'from‘*<l'm@ at.ﬁbe.contaQt,L'
(Fig. ‘1O(a)) throu°qian 1ncsrmpd1ate zonz (5 ém‘x'é mm)_ﬁo an
_elongate zone (>>63 mm 1on~ by 20 to 30 mm wide). ' This elongate
crystalvzopa extends‘ior ;no:hér 30 mm,'some ¢rystais:exceeding
SO mm iﬁ length (Fig. lO(b>);_ Smaller crystals (10 mm % 5 5m)

occur interspersad or im zroups among the larger.

Cr§s£a1 shape‘iévénhedfal tﬁroughout thé sample. 1ﬁ the
com?etitiye.growtﬁ Zéng at tﬁe.ovérburden dontaét,'bdundéfies Lack'
strong cﬁ?vatures.df'serfétionsrk”The zoné of'intermédiate crystéls
contains.bgth'§értical énd ﬁorizontai sarratipné Qﬂrelatéd to_'

)

inclusions. Thz e

oy

gat;dvérystals'have irféguiar_ﬁquﬁdaries
'_(FiO. 10(b)), viﬁtergrow£ﬁ'is demonstratea'by repeéition;of extinc-
tion angle ih_néarby crysiél_segme;ts‘and élso py serr;tions-ﬁhich'
are ﬁainly hbrizon:él; bu;_ﬁay have’Secondary p%omontbries.,‘ﬁihen~'
sional o;ientation in thes twp.sectioqs (FiO, 1D§;b)'is:markedlj

vartical, i.e. parallel to the freszing direction..

Substructure. in the form of differing ex“'nctlon banao oc:urs

in thz large ”o1unrar crys

m
: =
19}

, definad by ir:egular sub-boun dv ie
This type of substructure decreases with depth, to b2 rpplacad by a

celiular substructure, small pockets (£ 1 mm) parallel in 4 given
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crystal, indicative of saline inclusions. Superimposed on this is -

a tendency to varylnc extin ctlon pOSlthn.

\o relatlonshlp of btobles to crystal characterlstlcs exists
in tne uppet 1ce; neither sanerlcal not elongated‘bubbles be1ng
.pretorredly sited in crvet=ls or on.boundarles; .Farthet from the
’enntect, small elonoate bubbles are allgned on sdrooundarles'and
’boundaries, whiie large‘irregularlbubbles have‘no apparentbrelation-_ 

ship to texture. Sediment is mainly at or near to boundaries.

“Two hnrizental sections werevptebared.ffom the'top ot_the ice
'body, one, 1n the competltwveizone and the second 25 mm below.»_Cryetal..?
size cnanoed from 2 mm.x 1 mm-to 8 mm x 5 mm in thls dlstaneet
‘Crystal shape at thentop was anhedral with most boundarieS'being
eseentialiyjstraight bgttwitn miner.sertations.1ecally._ Tnis éhanged
‘belowlto mofe.eerrated, ee@nlex.shenee in’the‘lefger er§etals; In |
ethe.unper.Crystels, nonsubstructure.is_anparent;‘butvin thevlower>
sectien low.angle_tOundaries occnr,fmeeting.tonnnaties in‘seiration-.'
{gtooves.' Dimensionellorientation.ts newnere neil de§e1oped,‘iMoét>v
Vbubbiestoccut-nn grain beundariee, but'the'cqncentration decfeaees

downward, in the large crystal zone.

Petrofabrlc dlacrams were preoared only for the verttcal

"sections (Fig. (e)) ' The horizontal_girdle is characteristic of "
. . s f . . : :

rapid ice growth in bulk. water, rather than in'a porous medium.

Interpretation.
.The.oVerall form and the gross pattern of crystal size and

shape are similar in both icing mounds. In detail the second mound
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iacké é’well_develbped.bubbie_iaye; pattern,‘bubblé'éhépes are irreg--.
ular,'grain boupdaries‘have‘more'gefrations, an& the.églluiar sub-‘
étructure:is‘apparén; in the who1e bojf;{compared with its‘occarrence_
inrfracture.icé Qn1y iﬁ the previous méﬁpd} It éppearsvthét thé
:melt’hgd highér.ébldte”coﬁtent ﬁhiéh pféducedvthe ééfrated”pattern.
and cellula;~sébstfg§ture;v TﬁiS'aléé contfibu;ed to the complex

bubble shapes.

- Topographic Expression and Ice Characteristics
The icing mounds were not 6bsefved in the field by the author,
but detailed descfiptiqns'ware'supplied with the samﬁles.by Dr.

J.R. ﬂaékay (personal‘communication'l974, 1975).

_ From theée descriptions and those of other authors (Shumskii
: _1964) it is apparent that such mounds may range Widely.in‘lateral
extent and height. ‘Growth may continue as long as water is available;'

and fractures are common. The mounds thus resemble small pingos.

The ice dharaéteriétics'éﬁumeréted abeefdemoﬁstra&e ciearly
" the differencé‘fro@ pingo.ice (disCussed in éecfionIB-). ‘The,evi-
"den;e‘from’ite petrology isithat icing moﬁnd ice in the ébo&é”céses> 
vis ﬁypiéal.of_the;ffeezing of bulk water, father than of sgg:égated

ice.

Pingo Tce

Introduction

Although very limited in their spatial distribution, pingos are .

dominant gecmorphic features and have long attracted attention. Several -
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tﬁeorieé of originlhayé béén»pféposed (Po;sild.l938; Mﬁllefvl963; Sﬁumékii'
1§§4;‘Mackay_1962}_l9f2b,_l972e; 1973a,'197;b; M;¢kay anid Staggr;igéﬁb):

and a_detailédiunderstanﬁing'of.ﬁaﬁy aSSo;iated pheﬁomena'is now ;tihénd;
in_his-l952 paﬁer Mapkay éppl;ed neat toﬁduﬁtion ﬁh;éry to thejfréeZing
of:évlake Eésin i5.pérmafro$t with'Bqﬁndary con@itioﬁs.épplicable to the
'Mackgnzie Deita - juktgyaktuk ?enidSula.area:f Ih.addition,.theorf and
.1ab§ratorf:éXpefimeﬁtai knowledéé of ice_leﬁéiﬁg'cOﬁdition$ was employed
to.éxplaiﬁ ﬁhé“vériable ice conéeﬁts.ih egpésed pingo.cores.:FThis'initial : 
. theory of pingo growth ga;fbéén tgéted'Sy detéiled surveys of #ctiVely.F 
. groQing éingds,Aand Eas'béén ﬁodif;ed to.inéiuié'aftesian pfeésures at the e
base of;permafrosg, pulsatipg:growch; tension cra@k patterns and;a tenta-
tive link Betweén.growth-%ité énd“climaticjparémeéers (Mackay 19735;'1975b5;>
Despite these developments, there.has beehléo;concomitant gdvancefin_éqr:f
’unéerstaﬁdinglofithe>pé£roldgiéal aspects oﬁliée within the cpresbéf
,'pingos.;.As reviewed’previously,.éimo;t:no laborafory'controiled‘workbﬁasi
_been;ﬁé;férmed on ice'gfowth infSediment, ffom é{ﬁrystallograéhigjyiew-
'point.‘.iniparticulay tﬁe influences of pofé wéte;'p;éssure and in;lusions
héve ndﬁ been.investigateaL ii§.térmé'éf_fiéld:stﬁdy.ofiépéefigé;}n§ 
zfeﬁorté offﬁetrqlogié anaiygis.havé appeared sincé 1966;-iﬁﬁllef.(l963)-‘

L5

~compared pingos in Gresnland and the Mackesnzie Delta area and included

some discussion of crystal size and shape, but no petrofabric diagrams were.

. presented.

A field inspection of exposzd pingo ice in a cave on Richards Island
B . . N
was carried out by Mackav and Stager (1955b) who found that:
fres. Although crystal sizes varied .

less tnan ons-third of an inch across -
inches in-diameter, 8 inch2s being the.
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0:1 inch in diameter and 5 inches long, were sometimes found
- along intercrystal faces. An examination of many tens of ,
“bubbles, from several localities, showed a preference for two axial
orientations: the first was toward the pingo centre, the second
toward the outer base (p. 367). '
. Additiomnally an unspecified numbéfvof crystal optic axes was measured in
a sample from'qﬁe ice layer, and
... an estimated 80 per cent of the optic axes were horizontal
and lay parallel to the ice-clay contact; that is, the axes
pointed toward the geometric centre of the pingo (p. 367).
‘Thus it is apparent that in this case both the optic axes and elongate
bubbles were generally orthogonal to the adjacent sediment. bands, despite
the dip of the layering, and it seems reasonable to conclude that the

"linedtions represent the freezing direction.

.Sﬁumskii (1964) alsb’cOﬁsidered pingo iée, andvas'is“fdund glsewhere
in thé Russian 1itéfa£uré.(Sumghin i940)lhe referre&bfé injectién'éf watef
at'the freezihgffront.to ;ause rapid:freezing and uﬁlift..:Mackéy3(1973a,'.“
P. IOOO)V&iscounted:injectioﬁ icg:és.a major_féctor in piﬁgo grbwfh;bﬁt |
poinﬁéd éut that.it ﬁay occur temporarily. Thus ogé aspeét ofitﬁe.ﬁreseﬁﬁ
étudy_is_to determine the modé of growth.  in our discﬁééion'df icing"
mound i;e‘the'chéracﬁeristiés of ice groWn:ffom.waEer intfuded.beneath»éi1;
thin'o§erburden.hévé been ‘enumerated. Qwing.ﬁo';ﬁé 1ack'o£,iégbratory and’
fieldvdat§ on segrééétioh ice.some‘of thg following discussion,on gfowth'
1.§f pingo éorés_in‘térms of segregation of injection andﬁﬁhe.ihfiuénCe’of
heaving andvd§¢rbﬁfden praséufe 6ﬁ'gfowth7features_ﬁust‘be considered

' speCulative;
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“_In the presenc work .three plngoe were studled
»(a) a small plnoo,‘one of a sulte studled by Mackay (l973a Flc. 14;
. Pingo No,fll);‘ | . | | | | -
1,(b)aWhitefdsh;SQﬁmitiPingeé

- (e)_avholloWedeout”pingQ7in Tuktoyaktdkf

' {a) Pingo No. 11 (69 23'N, 133°30'W)

A drained iake near Tekteyaktuk contains three.iaroe grov}'in0 piﬁgesf
andfone smell.non—grewin p1n°0 (Yackay l973a F1°. 14 Pingo No.'ll). The)
smali plnao ceased to grow as it was centred near tﬁe edge of the forner
lake and permafrost aggradatlon cut off growth It thus prov1desvan
'example of early plnco orowth whlch has not been dlsturbed greatly by
‘later neavrng,.eltbough ceneral lake bottom.heave is occurran. Also.its

‘approximate age is known, so_post-solidification'ehanges can be dated.

Field Characteristics

-“‘The pingo_is.1,5 o high_with_a Qeli deveidpeddvegetation cover;’
Two Vertical eores Qere»remeved,.onelrrom'tﬁe.summit.andAone'from
‘the“side;'each core being‘aeodt 3.1 ﬁ leng}"lfz ﬁ,ef’ice;free-peat-
'.eoverlies o;sim of alternating eeat and ice”layere_gredingvintofa
Ipure ice ‘core witﬁ.a few ?eat inelusidnS'etfthe-top."Coerse_sediment‘

underlies the core.

‘Ice Characteristics
Ice layers within the peat are lens-shaped, the thickest are
20 mm and taper laterally. Ice-peat boundaries are irregular and

peat inclusions up to.3 mm occur within the ice (Fig. 11). Otherwise.
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the ice ié_cléar}eXcept for cylindrical bubbles and strings of
spherical bubbles, arranged Vertically with diameters up to 1 mm

énd iengths of 3 mm.

Crystal Characteristics

l._Individua1 cfystais:cfoSé‘the icezlayers;uana‘hgve gfowﬁ tobJ
'2 ém vérticaliy;éﬁd”Laterally."Peat“incluéioﬁsfaré’éontained in o
 singLé.cry§tal§; thus ﬁhglpeat didindt éncoufagé-further ¢rystai
“growth.  Elongate bﬁbbles §CCur both-i; éryétéls and on>5oundaries.
Gréin boundafies.aré geherally straight ﬁo_gently.curved, a;dfi’ 7
veftical_serrations'mark thejﬁedging.out éf a cf?stal byvitétqeigh-v

- bours. - No:pronbuncedvsubStructure occurs in the crystals.

Within_the‘iﬁe co;e,_pe;t inﬁldsions becOmé féwer.;nd smaller
with dépth.; Heré}.peéﬁ'affects_c;yst;i éhabe,bbouﬁdaries”tfgndiﬁg
hérizoﬁtéliy bgiqwlpeat pdckets,lbuf Ver£§caily'where peat is
_ absent, ‘which indicates selective gréwtﬁ'at theviﬁpuritﬁ, due tb',
idifferentiél‘ﬁéaﬁ_flow. :Bubbles bécur thQertical trgins, decreasing -

ddwnwards iﬁ sizewffom 2 mm; ‘They'océuf én Qrbélose to cfysfai

boundaries. .~

:Crystals‘aré yery_eioﬁgaged;.béiﬁgléreaﬁér”thaﬁ ISO'mmFIong‘
| and .widen dbwnwards &o 30-40 mm_widé.‘ Sh?pe.is'anhedral with curved -
fénd serraﬁéé'bounda;ieé. ’fhesé.Boundafieé haVe a géﬁerél §fén¢ oﬁ
vﬁhich arevsuperiméoséa.deﬁdritic shépes (FiQ.'l2). |

This_paﬁtern coﬁtinues fér O.S-m aééﬁh?'where crystalsiaré.
.St111 e1§ng3Ee;é5a nafrow, but ﬁofé complexly intergrown. ;Aispﬂsbme

grains display alternating extinction. _From'a depth of 2.3 to 2.8 m.
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‘the ice is”eééenfially inéldsiéﬁ-frée. "Crystals aré anhedrdi %ith
_boundary éhépes.fénging from simple curvatgfevt¢ higﬁly_Sepratéa.
.Thesé manf'séfratiqns_o;éur_qﬁ éach side of a_érystalvatva gi#en._
'.depth,vﬁﬁﬁ.becoﬁe'mOfe_frequent and'léss’pfonduﬁced_dowﬁwardé where
:sevéfai nystgls éré Qédged OQtT' Horiéontal'seétibns show éry%fals_; 
:td.be énhedr;liin‘tﬁaE plane alsé. Theée more regular'cryétals ;on;
tinue'downward'for O.Z‘m where ﬁdre cqﬁplex shapes'dccdf,.crYStals‘
are,intergrowﬁlﬁnd ébnﬁaiﬁ bands differing_in extinction anglelby
severai‘degreesf‘ Theée.reéult from branéhe$ of'a Crystﬁl growing‘,,

‘together along a misfit boundary.

The sécéna cofe; from the‘siaefof thé'ﬁingp; had the same
generai characﬁéri#tiéé:but.with séme.ﬁearly vértical.fractufes
bétween depthsvof'Z.OS and‘2.33 m. At:2;33fmvbécﬁrs a 20 mm-tﬁickv
béaf‘layer.‘ Tﬁé'loWer‘péat-ice iﬁterfacé is.grédafﬁonal; an&-_?
&ertical, diécontingéus train$ of péat f£agmen;s déscénd fdr‘lZO'mm:‘
.,1Bubblés ére féwg those'ﬁhich.do ocﬁuf ﬁre ﬁéinlj withip'the peaﬁ;
and at ;hé.bpﬁtom'of:thé iéé.core, where a maés-df fine bngles givesl
:thé ice ; ﬁilky éppea;ancé.

‘ Fractures are_%pproximatelyﬂvertiéal ;nd are>inaicé£ed'5y
v;fiatfened voids,-uhlike_any bubble (Fio; 13).§‘Invhori20ntai sections.
-tﬁé fractu;es_meet at:right angles; _There‘is no cﬁange i;lfractureé
‘at crystal boundaries bui two, fractufes 6ftén.meet'atv$uch a boﬁndéry,‘
In Vértical’secﬁions‘fractures are seen to be siﬁuous;'merge»and '
Eifufcate and to ;erminate upwarés or doﬁnwéfds._'Iheybdo not réach‘
to the ground surface and Ea%e_not béen Sﬁbject to léterdi.dffsgt
or new cf?stél growth;fhovevéf'a sméllvéTYStal'grows at aljunctio# of

two cracks (Fig, 13). .



Avchéngg in_texturéjqccufs“ét a hQriéontai peat:layer;‘>é§all:'_:
 9rystalé:occur ih'ﬁhe.peaf; bu£ léfgebcrystalscgrqw immédiateiy.at _ 
‘the lower peat-iée inﬁerface. Such'gfowtﬂ-bf léfge drystais ié_
uﬁlikely fo.be_ﬁeﬁ nuéléation, ah5 i5.the aﬁsénce of evidénceﬁof.
@eit-back of eariier.crysfals,_i; seems likely . that ﬁhese aré»hbri;v
zont;l éktensions of cf&stals«from 5ey0nd the ééat iajer_wﬁich igf
known~to‘be'lateréily“discontinuéﬁs.‘ Théée crystais:gfow'compefi—

' 'tivelyfand ét-tﬁé base Qf the core (3.06 m)ftheré.is ohlyjoﬁé ﬁryétél._:
:in a thin section;‘tihisjérystal has‘a wellbdeveiﬁﬁéd_édbstruc;uré.
éf'ﬁhe basé, aséociated with é:high bﬁbble contént.r The iﬁclusiods

have given rise to trains of dislocations, and alternating extinctiom. -

" .CryStaifdimenéionéllorienﬁatiéﬁ‘is ddminéntly vertical thfough-
 put, except in upper"iensés where'crfstalrlong axes aré’dontroliéd by‘
leﬁs shaée. C;axis orientations (Fig}:lﬁ)‘in_tﬁgéé iéqses”shdw a
ébnceﬁgration.in;thé hQrizonta1, and a diffﬁsé vértiéai.grouping._
(fig.'14(a>), ‘No:otﬁ¢f cr§stai charéctéris;icé éorrelagé with the
'differing laﬁtice oriéntétionsf In the i;e‘core (Fiﬁ; 14(b)-(f));'
_c;axesfteﬁd tQ 1ié'in:a hgriioﬁtai”plane, which ébntains paint .
.mgxima,.crystalé in'other brientati5né béing wedgéd out. >Thusvgro&th. 
“has been'mainly iﬁ the bQSal éléne. _Thisvpaptgrn is'iﬁﬁérrupted in
the'discontinuods peat 1ayers,‘whére_Sﬁali‘crygtgls shbw:ﬁofe dis%
‘_perééd>c;axeé,ibut the c~éxis horizontal patterﬁ is féﬁhd-immediately

" below the peaﬁy layer.wi

" Internretation

 The pingo began to grow between 1950 and 1957 (minimum date

. from willows, Mackay 1973a, ». 987) in'a "residual pond" in'a drained



FLgure 14 Pingo No. 11 :
(2) Vercwcal section, crystals in lenses in peat, core 1;

(b),(c),(d) successively deep vertical’ sections in core;
{e) Horizontal section, lower ice; S
(f) vertical section, crysLals in peaty layer, core 2.

Diagrams in plane‘of':amples

67
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the form of leuses within peat balow which
£t growth in bulk water. - The vertical . .
horizontal irregularities and horizontal c-axes -

growth. . There is no evidence for freezing upward

‘from the base of the. ice body, so in this case water was no:t. injacted

into ‘already frozen material, rather bulk water existed temporarily:

roat

-

Pinzo (69" 2

(b) Whitefish Sumit

( 3'N, 133°33'W).

During June 1973 this 16 m high coastal pingo was subject to wave

attack which exposed the ice core. Samples were taken as shown in Fig. 15:

a series in the upper:

ice layer and a second series approximately ver-

tically throuzh the core.  Slumping quickly buried the ice core.

Field Characteristics

=]
<

Tha

(a)

xposed stratigraphy comprised, from the top down:’
stoney clay, which is widespread in. the area

l972b)."This is structureless in terms bf'both

I

ional structures and features produced by

eticul

ate ice veins were ohbserved in 1973.

An ice wedge; I m long and SO‘mm wiﬁe atftﬁe shoulder,
penetrated tﬁe tQpJof the.bingo; |
(b)'Q.3S m of fiﬁe:sand_dispiays lamihationé 3w to 50 mﬁ”b
cthick, witﬁnpocketé of irdnStéiﬁed‘sahd;f
{e) ic2 core, 3 m thick;]'

n sand)

wr

-y
i

of unknown thickness.

T
¥

4



slumped materia

. Figure 156. Dimensional orientation, basal crystals, Whitefish
‘ Summit core. . : ’ L

Diagrams in vertical plane containing maximum dip of lavering

69
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. Ice Characteristics

“ The’puré ice pért of tLélﬁére'wés>3 m Ehick; andvﬁﬁdérlain by fine
sand containihg some. pore ice;.ilt is.éossible ;hat_a fﬁrther i;g'layer '
undefliéé the_pOre ice, Eut wag nét expéSed,_énavdrilling.wés;not attéﬁ?ﬁed
through_thé frbzén Sand; fHd&ever, the ste¢pné$s of thé.éémposi;;onal
layefihg and i;e-icyuéedimant con;éct.suggésts‘e#céss.igé gfq&th at-depth.ﬂ

The-ohly composLt;on;l4layefing_is determined Ej,ﬁuﬁble:ééntent,'
in terms bf‘the.preseﬁceior‘abSence‘of bﬁﬁﬁles_and’tﬁeir_$ize and shape.
Tﬁé'layers'ére approximately pérallél tqvthg upéef.éurgacé ofhthé_géré
lahd to>the inEerfacé with the.dﬁderlying sediment-rich icé. .Very’litFle.
_gediﬁent océurs in the‘népgflﬁéﬁdéd ice; . | .

.

Rubble Characteristics

' >Féw_Bubb1e$'9ccur in ﬁhé:#pper part.éfsthéigore;‘ Ihey;aré appar-
_eﬁtlyfraﬁdomly posi#ioned,‘and sphefical, i mmxin diaﬁetér'QF Siighéiy:
eionga;¢5 para11el to %he banding. 'Minéffffacturés aésoéiéted'with ;he'"
.upiift of‘ﬁhe core‘ha§e_their pOsitioné iddicated byvbubbies?énd}&qids in‘ 

" subvertical trainms.

Additionally a 90 mm zone of melt figures was observed in the ice’
- at ‘the slump surface, and parallel to that surface. The high concen-
tration of figures within crystals contrasted strongly with the adjacent

bubble-poor ice whére_the few bubbles were mainly oa crystal boundaries.

i
iy

Many figures were linked by intercrystalline threads, indicating a melting |
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,One-metér above the pore-ice bééiﬁvzones of highéf_bubble'contgnt;
A zone of iargg bubb;ei oVerliés a zone of small Bubbles, ;hevbounaary
' béing abrupt. Bubbies_in the uppér zone ére moré widé1y éeparate and
vary in_shape:. (1)  él6ngaté 5@55ies are'ofthogonél to thevbandiﬁg,
buﬁ.are:ndt simple cylinaers!' Uppernendsiare often poiﬁted;_in cqﬁtrast
-to phé lower ends. ﬂu}bqus and'inQerted'Uféhapes ara Commdn.r Theée elon— 
'géte.bgbbles rang; up.ﬁo 15 mn in iength;..Tﬁe reteﬁtiég of these'bubble.
-shapeé suggests that néustrong deformation:of.thetice.has ﬁiﬁen piace;
(ii)  spherical shapés are rare,socCur ih groupé, gnd are less.than 1 mmm
in'diaﬁeter; (iii) flattenédvfigures occﬁr} usuélly less than 2 um in
’vdiameter;. Thése-afe cqnfihed.to thébslump.surfaée; which suggests'tﬁey
are melt figures, alfhough siﬁi;ar.figures ware repor;ed’By Mﬁller (l963)
in deeper‘ice.'.éubble size in the}smali'bubble ZOAe is‘restricted.to‘ 

3 mm,'sphefical_bubbles do not exceed 1 mm diameter.

Closer to the contact with the sediment-rich ice, bubble size
generally decreases. Worm bubbles decrease to 5 mm.in length, 0.5 mm

diameter, spherical are ‘less than 0.3 mm.

‘Crystal Characteristics

'Crystal size 1is strongly-reléted to bubble content. As bubble

; L ) : : . . L R »
content increases with depth, so crystal size decreasas from 630 T 40 mm2

at the top of the core to 120 T 20 mmz at thé,base; Locally bubble bands -

o

‘o¢cur in. the upper ice, with associated small crystals. The general.
relationship of crystal size and bubble content and the presence of |

sediment-rich ice at depth indicates an increase in freezing rate with

.

pply.

epth, relative to rate of water su



Considering‘crystal shape, iﬁ is found ﬁhat small»crystéls tend
;owafd an equigranular éhape with no sﬁrohg curvatures Qf’émbaymenté,.
while large crystalé}arg more i:régular Withvdeep embayﬁéntsAand'muitiple
éurvatﬁresll Straight_compromiée boundarie; ére‘fa£e.7 Séfain'éhaﬁo&é
:occur thfoughout'the iée boéy, but iﬁ:iess thaﬁ 30% of.ﬁheicgystals._
Crystal diﬁensional-oriéntaéioh is 5£thogoﬁal-£o tﬁé}la&éfing at-the'basev.
of the.iée boay‘(F£g..l6) andibécomés more nearly.paréllél touthe layering

‘near the top.

'Bubbleuéositions‘relative té crystais are such thatvthe majorit?I
occur on crystal boundaries, althbdgh néar the siﬁmp»surface a zone of
mélt figures occurs paréllel-ﬁb that sﬁrface;‘the-included.figureé béing
parallel ig anvindividgal crystal;»‘This féaﬁure‘and ﬁhe‘étéSepcevofl 

threads linking some figures indicate a melting origin.

.Thé pfeferre3 dimensional orieﬁfatiqn'of glonéate Bubbles'at the
.basé df'the ice'body isAparallel £0 that of grysfalsT épd orthogonalftob‘
. the éompositianal.léyering.'\ThisAindicates thé heat flow directiomn
’during gfﬁwth; andlthat'no4cﬁange in:the patterns has occurred sinée _
“growth, i.e. no major:flow‘has oécurfed to producé:a crysfél‘dimenﬁional.
ofientation parallel:tobthe'layering, as'occurred‘in thé invdlﬁted hill

ice.

Many minor fractures are racognized in the ice core, these are both
intergranular and intragranular. No new crystal growth is present, but
voids occur which -are frequently flat and orthogonal to tha -fracture

_surface.

i
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- PetroLabrlc dlaorama F01 ;amoles around tqa top of the core.and
‘in a vertLﬁal serlea are shown Lﬁ.Flgdre l7(a) (o) Because‘of.grgét
variability, each thin seétioq is:given ;eparatelyi '(a)—(g) are ffoq{
" the upper léyef, (h);(j)-ffom‘l.S m deéth (h) (m) from 3 0 daptn énd
-(n); (o) from QQS:m.  The kendeﬁgy is for c-axis orientations to be ﬁo;e
.concentraged with'deptﬁviﬁto a gifdle.parallel to the ;oﬁéositional
layerlng.v The c- ;x1s pattern. is nut typlcai of se Oreoated ice Ln‘e\per-
1meﬁta11y srown lens;s (Penner 1901 Kaolér, pefso1al communLPatlon 1974)
of in o*n;r.laroe plngés (see Tﬁktoyaktuk Dlngo, next sectlon) or involuted
hlll ice. " The girdle. patter1s occur in the zoanes of bubbly" Lce.whwch
have smaller_bnt‘elongatevcrystals,_rathersthan columnar crystals as was

the case in icing mounds, and Pingo No, 1l.

Interpretation

.Thé compo§itional layerlha ﬁhroﬁghout tﬁe'ice body was parallei
to_fhe freezing.front at'the time of grthh. ryst#ls}aﬂd bubblés neér
‘the base of the ice core have;a éimensional'preferred'oriéntation'orthog4
ohal t6 thg'layering &hich,iﬁdicaﬁes,fﬁat no majér flow 5&3 oécu?red,

a conblusionfwhich;is'éﬁpported by the 1atti§e.ofientatioﬁs:which have
c—éxéé ?arallgl'to the iayering. _Highervﬁpithe iée.body thé.dimensiénal
orlnntntlo1§ are less well pronc;nﬂed and c-axes are more.dlséerSOd
which'cbntrastS-with'tEe involuﬁgd hill, where more gplift has occur:ed,
uand Easal‘pl§nes are'parailel-ﬁo the comgosi;ionél'iaYering;- Ia the

early growth stage, freeszing was slow, as lnilcated-by the .low bubble

L

coatent and large cryskal size. An increass in freezing rate is indicated

Jad

aree bubbles orthoszonal to tha banding -
> - S
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Figure 17 (cont'd)’
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Figure 17.

(a)-(g) sections in upper ice layer;

(h)-(j) sections from 1.5 m depth;
'-(k)-(mj secﬁions'irom 3.0 m depth; -
(n), (o) sections froh 4.5 m depth.

".-¢ = compositional layering’
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with.émaller'crystals ;hén.the Bﬁbble—ppor ice, then ice containing small.
bubbleé,:then ?dre iée.. Lé;tiée orientations érovide addit;bnal evi&ence,
thé lower icg‘conﬁaining'érystais wiﬁh g;axeé parélléi_;o thé baﬁ&ino;
: Such'aﬁ_increase in freezingvrateiéduld be produced‘by'uplift of the lake °

bottom and exposure to cold air temperatures.

(c) 'zgktoyaktuk'Pingo

fhis.is lower and broader tHan Whitefish Summiﬁ.Eingo; and appéaré‘“
oldgr, judging bj thé sdrroundiqg polngn pattefn. It,is.éhé of a gfoup
of thrée in‘the Tﬁktoyaktuk hamlet area. The pingp‘has béenvexcévated to‘
expose tﬁe core Which:comprises segregated ice and poré i;e; -The sﬁra~
tigraphy‘in'the core was discusséq by Rampton énd Maqkay (i??l)'and_is
summarized here. Pond silt cbntainé icerlenses aﬁd ﬁeat layefs; and is
 penetfated‘by ice wedges; Bélow fhe silt is.sandy gravel which overlies
the pingo core..'NQQhéfé_do wédgés péﬁetrété the bihgoiice,’which'comérises
alternating layers éf icé andvsandy‘ice; 'Ramp;on>aﬁd Maékay (19715 referf 
to normal faﬁlting-Whigh bccu;red during Qplift of thé‘pingo - similé£
faults have béen reportedviﬂ other pingos (Mack;y éﬁd Stégéf 1965b). ‘In
 Tuk£oyaktuk pingo the fault can Be tféced‘on gaéﬁ_face of'the'éellgr, éﬁd
the pinéovcore i§'dpthrdwn reiative to,the gfave1 ovefburdeh, 6n é fault.

o .
plane dipping ca. 70°.

Ice Characteristics

The core comtrasts greatly with that of Whitefish Summit Pingo.
Bubbles are very rare, and the compositional banding is datermined by -

sadiment contént (Eio.,18(a)a(b)). Clay pellets up to 4 mn in diameter



, Tuktoyaktuk Pingo.

istics

t and crystal character

e 18. Sedimen
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occur ‘in discontinuous ‘layers, more frequeatly sediment bands are of sand
grade which continue laterally for many metres, indicating the regularity
of thHe system. The bands are typically up to 10 mm thick, separated by

20-50 mm of sediment-poor ice. Thase layers are not planar but have local

irregularities with vertical symmetr lanes.
=] - . .

Crystal Characteristics
Crystal shape charactaristics were studied in vertical -and hor-

izontal sections, il.e. orthogonal and parallel to compositionmal layering,

and were fouﬁd to varvaith7crystal_size and position relative to sediment

bands. R

' _Large crystals are anhedral with sinuous mutual contacts; boundaries
with smaller crystals are strongly embayed, individual segments being
slightly curved or straight. Mutual boundaries of small crystals are

usually straight and zive polygonal shapes. ' The small_crystals'have no

proanounced substructure but embay large crystals alongz their sub-boundaries,

Near sedimant bands shapes of all grain sizes change such that boundaries

given section, from > 100 mm?

a

approach the bands ‘at right angles.
Crystal sizes are tabulated in Table 2, omitting crystals within
sediment bands. Averags sizes are fairly coasistent -throughout,. for
o T 2 g
rom 47 mm* to 79 mm*. Howaver thare

a within
nitude in sediment layers.

both section orientations, ran
a recognizable range in size
o wl L fod
further order of mag

exists &

cin 2 el e
to <10 mn~. Size falls
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Substructure is confined to larger grains which have been embaved
by small crystals lacking,substructurét This suggests the substructuré

the small crystals. Petrofabric analysis

‘developed beforé fofmétioﬁ of
shows that tge.sﬁall and large grains do not have'ﬁarkedly'differéﬁt
-lattice 6rientations, indi;atihg'tﬁat';he Sméll'grainsnma§fhave formed
by polygonization of large strained'grainst' |
Dimeﬁsional orientation diégrams do not éxhibit single maxiﬁﬁ

(Fig. 19). Vértical thin seétipns contain VerﬁiCal coﬁcentratidné in
‘qryétals away from sédiment bands and horizoﬁtal concentrations.édjacentv
to sediment{l'Horizontal sectiéné are dominated by'loﬁg.axes pafallel

to the strike.QEISédiment'bands.~ Thus sediment contenﬁ.plays a majo;"

role in determining dimensional orientation.

’Optié axis drientafioné are shbwn'in’Figures 20, 21; 'Figura.ZO
represents_séctions parailel'té‘the‘compositional_iaﬁerimg andiFiguré:Zl
_fépresénts'orthogonél séct;oné. 'Figufe ZO(aj aﬁd.(bj aré from adjacent.
thin seétions, (é):is 25 mm abdvé (b)jf'(a) shbws é more diffuse pattern
fhan_(b), but.there-ié éztendency toward a’conCentrétioﬁ appfoxiﬁately |
ofthqudal to the'iayering..‘Coﬁponent diagrémé-have been‘preparéd on
the basis of pfesence or absenée_of sub—bqundaries (Fig; ZO(é),(d)j énd
crystal size (Fig. 20(é);(f))ﬁ -Tﬁe>diagramé aré essentiaily similar,:
all are diffuse-singlé'gaxiia, but tha crystals with sub?bguﬁdariés'are
Tsiightly ﬁore concentrated than those'ﬁithquﬁ sub—Bound#ries‘ahd the.large':
- érjstals are legs,scaiteréd ﬁhan'thé'smali.. Sub?boundaries_inaigatei

‘basal plane slip and the small crystals represent break-up of larger

grains.



Figure 19.

(a)-(c) horizontal sections;
(d)-(£) vertical sections.

Cryotal SLze, IuktoyaktukIPingo’

Section'Orientation

Horizontal

.Crystal Size,

crystals . 53

crvstals = - 63
4 crySuals 79
cr tals Y
crvstals 55
cryvstals. 67

Crystal dimensional orientation, Tuktoyaktuk Pingo.-

2

31



. Figure 20.
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Figure 20 (c.ont 'd)
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‘Figure 20. Tﬁktoyaktuk Pingo.

(a),(b) horizontal sections

(c)

(d)
(e)
(£)
(2)

(h)

(1)
(3
(k)
(1)
(m)

'.(n).

crystals
crystals

without sub-boundaries
with sub-boundaries

large crystals
small crystals
horizontal section
small crystals

crystals
crystals
crystals

crystals

crystals

large crystals

without sub-boundaries

with sub-boundaries _ : o

with dimensional orientation normal to layerihg;
with dimensional orientation at 45. to layering

’

with dimensional orientation parallel to layering.

compositional layering



. Figure 21;
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Figure 21 (cont'd)
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Figﬁre 21 (cont'd)
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Figure 21. Tuktoyaktuk Pingo Petrofabrics.

.(a),(b),(c)ﬁ Vertical sections

(@

()

(£)
(g)
()
()
e
()
| [

"(m) |

()
()

(p)

| (@)

JOR

67

86
64

73

78

58

bb

72

33
31
37

24

59

73 drystals'with at least one straight side

crystals with no straight sides

crystals away from sediment bands
) - e : .

crystals adjacent to sediment bands

crystals
crystals

crystals

crystals

crystalé
crystals
cfyStals
cr&stals
crystals
éryétals

crystais

.with
witho
with:
.with
-with
withl
Qith
with
Wiﬁﬁ
with

with

orientation

C

sub;boundaries

ut éub-boundariés

longAaxeé greater than 10 mﬁ
long axes'lesé than 6“mm:
less than 6 sides

more than 6 sides

6 sides

Qdéldimensional orientation
90° diﬁénsional‘orientatioﬁ

0° dimensional orientation

other than 40°, 90°, 0" dimensional

= compositional layering

4
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aFiguré.QO(g) repreéentﬁIaﬁotherAsecEion approximaﬁely parallel
to the ;ompositionai'layeringf(sketchéd iﬁ Fig.llé), and Figuré.ZO(h)—
(n) ére Componéﬁt diaéfams.  Again there 0”curs a majof c- a%Ls coqcen;
tration orthogonal to the.lav ing, but with minor'maxima also. .In‘the
'com§0nent diagrams,’FigureLZO(k) indicates thét ﬂ*yétals w1tn sub- oﬁuqdarlea'
have.a étfonger_éoncéntraﬁibn'OV“wogonal to the layer1n0>than o*har cTys-

‘tals, WhlPh sugﬂebts tncse crystals are prerﬁrredly orlented for basal

glide.

Fiéufe 21(a>-(c)-fepresenﬁ a Vertiéal thin section; andvépmponent
.diagramé are shown iﬁ louro 21(d) (r) Tha general pattérn is~fof a.
"maximum at 60°vﬁo the 1ayering, coqtalned in a glrdle orthéconal to tne
layering. The qoﬁponént diag?ams show.no major,differenge; a1though the
éonqentration maxiﬁuﬁ is-mére pronounced in crystals Qiﬁﬁnsediment.in

hnlr.orain‘ooundax ies (fig. Zl(g)j éﬁd thé girdle ﬁétte:n is better
daveloped in othsr urvstals (Flc. 7l(f)) In3terﬁs of crysﬁai‘shépé,
Figure 21(d) shows crystals with at 1east;one st*alght Sldv; the pattern
does not differ Substantially ffom F;gure 21(e)_which répresgn;s crystals
having all sidéé curved. The relationship betwaeﬁ n#mﬁer'of sides in
crysﬁals and théir.c-akis_orientation was élso‘invesﬁig;ﬁed.‘.Tﬁe.reéulting
diagrams for n <6, n> 5 and nh=‘6, wheré:n = number of sides, are—sho&n in
Figure 21(0)—(£)).‘ Figure ZZ(a)Iand (b) represent cryétais in a vérticali
 sectioﬁ\édjacenﬁ to fhat of Figgre_Zl. The c{axis pattérn'différs‘sub;v”

" stantially from Figure 21, many c-axes peing close to the compositional

layering. This is also evident in Fi re 22( ) aqd \h) which reore;enu
vertical sections, Hers the compositional layering is locally variable

.

in thickness and orientation of which. an approximation is shown in the



Figure 22.
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. Figure 22. Tuktoyaktuk Pingo.. -

(a),(b) vertical sections

@

(d)

@

(£)
‘(g)'_
(h)

Cc =

59 Crystals with sub-boundaries

39 crystals without sub-boundaries

32 small crystals "

29 large crystals
vertical section, 76 crystals’

vertical section, 78 crystals

compositional layering
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figures. Thus there is considerable variability of optic axis orientations’
in adjaceht'sections, and patterns cannot_be_felated systématically-to

crenulations in compositional layerings.

Interpretation-

Tuktoyéktukypingo_éére is'éharacterized.ﬁyvaltefnating 1ay§rs of
-poreviée and ségregated‘ice; bubbles are #lmOSt completéiy abseﬁt. Thus
growth éonditions,differed sﬁbStantially froﬁ'tﬁose.of'Whitefish Suﬁmit.'
Pingo,iand Tuktoyaktuk Piﬁgo is é resﬁlt_df bdtﬁ segregaﬁed and»porelice'
vgfogth.‘ATﬁe layers of,pore ice are;up to 25 mm thickband ﬁhe_séoregéted
ice.layefs Teach 160 mm.._Layers'arevtraceable-latefaliy'for several:f

meters, and are fairly constant in thickness.

Deépite the ovérall symmetfy éf thetﬁesoééopic feétufes §f the core,
Vpetréfabrié.aiagrams'show'a range of pattérns from éingle'maxima.drthdgonal
té the l;yering.(Fié.’ZO(b)j to_girdles parallelfto the layeri#g'(Fig. 22
(g),(h)j, These véria;ions‘occur QQer short iateral énd vertical distanées;‘
often the»thin sectiops are from thé éame specimen; éo»thefe_i$ no.posf
sibility of mistake in the oriénta;ion'af.the“sectioﬁs.‘ Little heave has
océu#red'compared ﬁith'thevinvoluted hill and there is.no évidéﬁce of
'substaﬁtial-flow.in‘the body,AalﬁﬁougH Baséi plane slip aud deforﬁatioﬁ
_Eand'davelbpméntlhé&evo:curred; iﬁdiéatihg'thaf any fiow &aS Concenfrated_ 
in iée.léyers rather thén in pore iée.'-HdweQer,_Ehis aoeé nét eXplaiﬁ
'theglocél variability.in §etfofabrics;. In“termé of 6riginal giowth con-

' ditions,'thé.alter;ating segregated-aud‘pcﬁe #de'iayers ipdicatg.Variations.

in water supply and pore water pressure.’ .



Figure 23. Summéry_petrofabric diagrams,‘Tuktoyaktukv?ingo..-”

(a) Summary diagram of_Figures”20, 21.v"

i -"‘(b) Summary diagram of Figure 22(&);'(b),‘(g),:(h){‘”'f'
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Conclusion

- .

The three pingns discussed represent three different stages in -

‘Mackay's (1973a) classification. Pingo No. 11 is indicative of a teépo'

Arary; eérly growth stage_iﬁ'bulk watéy, andﬁdispiayé'soie similarity to’aﬁ.
icing mound. A-change in growth cbnditiéns was récogﬁized.in Whitefishv 
Summit Pinzo, relatedbtb Qplift of the lake‘bottom,_wi;h growth of segre-
gafed‘ite.' In Tuk;pyaktﬁk Pingo a further s;age_was shoWn.by alternating
'segreéated'and pore iceﬁ " In ad&ition to differences invsize, shape aﬁd
'inclusion pattérns in'fhe-three pingos, iﬁ was foﬁnd that'théré were
_related'crystal-éharactefistics,balthdugh nét all petrofabric'diagramé

could be explained;

Involuted Hill ice

‘Introduction

The term "involuted hill" was applied by Mackay - (1953, p. 138) to

extensive[ice—cored'hills with flat tops. _A notable feature is the pre-

sence of steep ridges which are frequently lateral, or cross the tops.

The hills are abundant near Tuktovaktuk,

[
ST -

The surface form of the hills has been discussed by Mackay (1963,
1973b) and a gravity profile of one such hill was presanted by Rampton
2 Vi : 2 T

and Walcott (1974), The internal structure has been recorded from coastal

and,inland slumps (Mackay'l973b;'RampEon and Mackay 1971) and a Geoiogical
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:Survey of Cénada.driiliﬁg p?ojecg (Scott, personal communicationv1974)Qv
Chafacteristically l;lO_m‘of stéhey clay con#aining a_réticulate_icé-vein.‘
syétém overlies an ice éores withjsaﬁd at depth. Observatioﬁsvof §e§gral.
hillé show that,suffaée{ridgéé‘ére underlain by riées in the ice core.
Generally :he ret;culate ice'veins aie;o:ﬁhogona1.and paraliel'to'éhé
‘upper Surfacé of the ﬁéssive ice,. Mécgay (19745):argues ﬁhaﬁvthe iée
veins'forhed.in the clay dﬁring downward freezing, and ;hé massiVé ice -
core grew by a.segfegatidn pfocegs-and'that sandvbelow.the core§ suppiied_
 the’water nécessary for cofe'grbwth. Tﬁe coras may reach 25 m ig thickness,>
but drilling in a number Qf hi11s.has shown'thihbdiscOntiﬁuous‘gfével,

sand and cléy layers.';in';his study.wa discuss only one hiii, 5 km south- -

west of Tuktoyaktuk.

The presence'of'éomPOSitiénal léyering in'thé'cOre_w;s'pointe&YOut
by Mackay (1963) to coasist of aiternating'layers of clear and bubbly ice,
.and.occasional.sediment-rich;ice; vThe layering.at the ;op is épproximately
parallel to the uppef,iée surface, and.becomes horizontal_at da?ﬁh. Ver--
tical fractures are ?resent in the méssive'ice,‘and some iéé wedges pene-

trate .through the stoney clay overburden into the core.

"jCoastai erosion_has'removed a major section Qf tha hill; total
retre;;.in thé perio& éince i935 air photogtapﬁy HasﬂbeenlngQO ﬁ. .This
retréat has.proﬁuced'steep ice Cliffs,-and-has added to the.éroey process.
.Sampléng was carriéd out étiéitaé where»creep Qas minimal: (aj an_f
értificial pit én £he landkérd side of the hill; (b)'éxposures ﬁway_from

cliffs.

The presenzé of anticlinal folds im the layering pf the ice core

has been pointed out; locally tnese folds ave penatrated by ice wedzes.
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" The sam§lihg plan wvas as fdllo%éé '(i)'by“coring ffbm“the-exposéd'ﬁop of .
the massive ice, Eii) By coring fﬁom a”pit, (iii) byisampiiﬁg round a fold :
:beneath a surface ridge, (iv) by éampling'alogg the limb'Q£~an anticline
‘.adjaceét to a-wédge.-_The_intgniion was to demonstrate (a)'aﬁy cﬁanges in
strﬁcturé, pétrofabrics and texcﬁfe through the hill, iddicétive'ongrbwth
mechanisms and'suésequenﬁ aeformation assoéiated with'heaye-énd gféyity’
'creep,'(bj‘the foiding mé§hanism beneath finvgiutiémé” (é) the influence

of wedge growthnon the petrofébfiés and ;exturé iﬁ suéh a fold,—(d) the
charadtefistics of'tﬁéfméliﬁoﬁtraction.cracks in massive‘ice;.and_éheir.

mode of infil.

(a)  Vertical ice corzs

Introduction

A_SiERE corer wéé_uéed.to_obtéin vertical.eores‘(i) at ﬁﬁe_tdp_of
thé hill, (ii) ét:gea-level. Tﬁus the profiies obtained:haQe‘a horizontal
offset; The coring sifés wera ;hbéén_near exposead cliffé»where little
;fbiding’was dbsérﬁéﬁ, thus the core is fhdughﬁ_to‘fepieseﬁt rélétively.
“undisturbed ice. Exéﬁsures oj.varidus parté bf‘the ﬁill &isplay the
reticuléte Véin:icé;system within'the stoney clay overburéep;-fhe veins
are.apprbximately-normal and'parallél ﬁo:the COnﬁact_Withbthé~undérlying
:ice,7 Those:nearly.oﬁthogédal to the contact doﬁiﬁate.
| IR | s

Ice Characteristics

A 3.8 m saction of the upper core is shown schematically in Figure

Bl

24, The alternating bubbly/non-bubbly lavering and sediment bands are

apparent. Bubbles within a2 given band vary in size and shape, ranging up
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Figure 24. Stratigraphy of invbluted hill icé'cdre.' Depths”in metres.

® 8°0 bubbles: . ..  *i

Figure 25.  Probable downward transitions from one ice'typé to the next:
o A = clear ice, .Bj = small bubbles, By = medium bubbles,
B3y = large bubbles, C = clay, D = sand. - - . "=
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£0 10'ﬁm.15Qg. .The iayers afé'éhown as horizoﬁtal, althouon a sl ighs
fdip Waé present?‘ift is’evrdént céat tﬁe'upper ice has been’subject to
conéider able uol fc, aﬁ:leést is m (the ﬁhickness of the ice cbre) énd
1oyally differential L311Ft (Fol ing). Additionally.iﬁ is to be expected
ithaﬁ some creep undef. rav1ty n,= occ u*red anﬁ varying thermai gradients
hévé,beén imposeﬁ. ‘fhuéﬁsome m@j fic;tioh'gf thé.o:igfnal‘growthifornﬁ
of the bubbles may'have o;cufreé..‘From:Figure-24 we sae that élongated
‘bubbles are'ofthogonal tp'thejcoﬁtaining-1ayeré>de$pite the.diﬁ 6f thdsé
layeré. Thus they'have hOC'been_fbtaéed Qarallel‘to the 1gyering, ér té

the fold axial- surface.

Sediment occurS»as clay pellets and thin sand'layefsg the two typszs
occur separately. These bands are much narrower and frequently less

extensive laterally (whe;e expo;:d) than the bubble bands.

"Banding Pattern . - .

The‘saquence of laye%ing in'térﬁs of bubﬁle'and'sediment content
is 1nveat10ated by recording tHe Lrnquency of tran31t1015 from one type
of 1ayer to the next and prepafinA a downwérd transition probablllty
matri%. Probable transitioné ére shown in.Figure_ZS, suggesting that
in some_case$ several possibilities are almost equaliy likely{ e.gﬂ from
_medium’bubbles_ﬁo e;ther cléér ice or lg#ge bubblés_of_clay, Qhereas iﬁ
‘other ;aéés one.t;anéitioﬁ is.mofe probable,.e.g;-cléy to élear'iée. Soﬁe
-iprébable squencés_arg_;iear:ice'tb clay to‘c1ear.ice,xclear.iée'to sma11;
bubbles o cléyvto‘:lear ice, gtc.' Inbfermélofiﬁreezing condiﬁions‘it
.is apparant thaﬁ.theie is né.Simplé pattern in iayerings aninzhﬁé no

Eay

recognizable pattern in sediment or gas -inclusion or rejection for the
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‘given samsle. Genarally ths inclusion of sediment indicates lower pore

‘water pressure.

Crvstal Characteristics

-3

hevcompoéitional layeringé.df cléa; ice, 5ubblj»ice ahd>sediﬁénE—
'ricﬁ ice each havelreia;éd crystal Sizes; :The'largestncryStals_oc;uflfn.
Lthe_cleaf Lcé; intermeaiaté éiées in;the.Bubgly.ice, and phe smallest

in the icy seaiment. ~Average sizes é;e giveg in T#bié 3vfor several

.depths.

‘Table III
Depth Cryétal”sizé ' Ice type
(m) - (z?) . o
o . sn . ' Clear ice
3 200 © . Clear ice
6 39 . . Bubbly ice
9 3 ";':-Sédiment—rich ice

12 . 93 - Clear ice

Crystal size in'inclusion.zones is,con#rollea by the‘diétaﬁcé beﬁween
inclasions (Fig. 26). This.pattern‘is :epeated thr&ughout the
thickness'of the ice and indicates the influéﬁ;e Of'inclusiéqé on.
.graiﬁ boﬁndary migraéion. Small incluéiqns are concenéraped onugréiﬁ

that drag

boundaries, indicatin

SRS

inz of inclusions has occurred.



. Influence of inclusions on crystal size;
) influence of sediment (sand), vertical se
d) influence of bubbles, vertical section, 1

ction,
0 mm grid.



_Crystai shépé is:rglatéd'fq_incluéion‘tyée;b.lnlthe_caseiofvcléar

ice there are no gﬁoss inclusions andfno'fetérdation of}grain‘growthA
has dccufred,'thus_;:ystaié;are:largé: anbeo'aL and oftnn therloy. 4 
Sérrations are‘rafe_ét_the_bougiaf;es of large_cryétalse_ratﬁar the
“irregular;;ies.are on a cenﬁ;meffé scéle.i,The smailér c;ystél size in
buBblyAice'is 1in&ed;£b'é;aiffér110 crystal éhane .infargrowtﬁs are ab—t
:sent; boundéfiés a:é ﬁorésgently ;urved except whete lquuodced by bubbles,
and in ﬁanv cases are épproxxma;nly stra1°qt Similarly'in:sediient—ri;h'
ice thg inclusions'a;fect.shapes;'crystal 31z°'lo sma1ler, boundaries

are eséégtiélly ;tréigﬁt:ffqm bne inclﬁsioﬁ to #he next. lZonesvare not
valways sépafated'by abrupt juﬁ:tiég%, frequenﬁly oﬁe zona merges into

the next.».waever, well defineq sediment or bﬁbble Eands‘décu? éﬁd ﬁﬁe»

‘shape change is abrupt.

Iﬁ>adaition §b OLalq boun;arv mlcratlon and tne 1ﬁI1u°nce of iﬁ—
.clgsions; theré are oth§f<factdrs :elated.to crystal éize and.shape.
Thesé‘érevthé pfesen:é of subfbouﬁdaries; éol.gonized éubgrains{ténd-ﬁew
:grainsvformed duflng rédryétailization.‘ SuéQbOQQdaries deiiﬁit ZOnés'of
..érystals withkslightly:differing 1atti§eioriéntéﬁiods‘and may thus lntef-'
'séct éryétal bouﬁdarigé}- | |

¢

In the low2r section of the core the la rge crys;als may nave sevaral
sub-boundaries whareas they are absent fr“m small grains. In the large
crystals the’sub-bound-ries are orthogonal to'the preferred dimensiounal

orlontﬂtL01 anj are oara11el.“o c-axes.

 Crysta l dimensional orientation is waill daveloped parallel to the

-3

compositional lavering in the upper part of_th7-“ore. he pattern becomes

L
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less pronounced with depth, but:is locally stroag where sediment bands
influence the pattern. Frequency distribution diagrams of dimensional
orientation for vertical sections parallel to the dip of tha layering

. are shown in Figure 27(a)-(e). o

:The relatiéﬁsﬁiploﬁ bubﬁles:toAtexture'also‘Varies‘ﬁiﬁh.depth;f:
At ﬁhe:tbélﬁﬁbbiés‘ére'preférred;y located oﬁ.béﬁﬁdariés,.although not
neéessﬁ?ily.at irregularitiés.'>Thé lérger.the_bubblé,the gréaéér the -
~effect on textﬁre. There‘appears'té beJa minimum.size.fof a bpbble.to
haQevéontroi, and mgni sméll bubbléé are contained within cryétals; -The
larger the bubble the greaﬁer its effect'oﬁ graiﬁ;boundary migration,
Béﬁndaries maf be‘tempbragili retafded by, then‘break.away f?om; or drag,’
' smali.bubbleS; Larger bubbles cause gréater irregularitiés in bouﬁdary _
shgpg..~Bbeles.ére less ffedden; on sub—bouhdafies, altﬁough.in fhe:,‘
flarger';rystéis;‘thé 1argér’bubbles:may'béiso situgted._»Bubbles tend to

be absent from ssdiment bands, as is the case under growth conditions.’

Sedimeﬁtvégcurs‘as 1ayérs-pf ciay'pélleté.gﬁd iéy éand; Thésé
layers are:of‘lessér'vertical'éndviatefal extent thah'fhevcieaf anaij
bubbl}_ban&s, bdt;bdgpending on théAéedimenﬁjtoﬁcentration, thé& have.a
mafkéd effect on tegtufe;'AThe zones of highér.sediheﬁt cohteﬁtuproVide'.
distinct teiturgl breaké;:the dyerlying ice} wheéher cieéf.df bubbly
(Fig}v26); contains rélati§élyilérge crystals whicﬁ.teriinate‘at the“
s;diment,“witﬁﬂgrain_boundaries:érthogonal to the layering. Cffétéls
in the é;dimeﬁﬁ bands:were'ﬁQt‘rea&Lly:obserQed_5y'the Ehin seétion fech—_

nigqus due to the difficulty of preparation of ssctions of dirty ice, butk
q : 3 - Pref S 5 |

D]

T

size is very limited.  Whzre it is not concentrated in bands, sand teands

to lie on grain boundaries, but not necessarily-.at irregularities in
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Figure'27. Crystal d1m015101al orlenuatlon,_
invold 2d hill. :

(a) (e) 'VertlcaT core
(£ ) (1) anticliné

(j):(p)_,anticline penetrated by wadge

~

All diagrams are vertlcal parallel to
dip of compOSLELonal layerlng
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those boundaries. .Clay pellets are less texturally controlled, and oftem

occur within crystals.

Where sediment baﬁgs are c1ear cut there are sharp changes in
crystal size, from small in the'sediment to very- large in the .inclusion

ffee'ice'(Fiég 256).

.Thé:feéérd of;1a;;iée;Q;ientatidns is inéompleté as pafts‘qf‘ﬁhe
_.Cbretwere lpst in transit. The évgilabléjregofd ié summariééd i;vFigure

: éS:v'It isAeyidént that éfroﬁg concén;ra£i5q§'o@éur at>séme depth;;»

v elSewhére-the'diégram$ aré more 3iffuse; bﬁt_ﬁhére'is‘an overallwteﬁdenc}
»fdr'craxes to be bfthogonal to tﬁe,layering. boncentrationé‘ére greatest
at the top of the éore Qhere”some fblding ﬁas'occurred; and ~also ip-
.sectiqns containing the stroqgést dlmen>101a1 Droferrﬁd orlentatlona
léarall el to the layeano;- ‘An exanple of the 1atter is wnere sedlment
fbandsvoccur, Figufe 28(3);fhere ﬁlow hés beeg Concentrated in the ice
withviess sediment inciuéioﬁs% %ith‘bdsél piages becéming'paralléi:to

the iayering;b Towérﬁs'ﬁhe base‘éf.ﬁhe éofe th; most”fécéntly grdwn ice
has ﬁore dl fuse dlSt 1buhidn’diagrams, buf';he‘major‘coﬁcentfatién:is _u
'evident in addition to minor'groupings and gifdlaé.  Figu?e 28(j5%showé_
‘the cHaracterlstlﬁs of crystals outSLdn the majof concentration in.

Figure 28(i). In.the upp : part oF the éeétibn.éﬁcﬁ ﬁryéﬁals a:evgfouped'
. rather tnan‘eveniy dist rlbuted in the lowér_paft.fhe érystals aré'smaller;:

separated and surroundad oy la rge r-crystals'with_c;axes'in the major

-t

~concentration. It is evident hat some crystals with c-axes outside the
mdximum are 1arge, but the majority are small and are probably beinz

consumed by LHelv nei ighbours.
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Figure 28 |

",'_:b_ .
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. Figure 28. Petrofabrics of ice core,

involuted hill.

- (aj-(g)'successively deep sectioas,
: . 0-14 m; ‘ : '

o (h); (1) horizontal and vertical = -
sections, depth 8 m. o
o ' (cont'd)

" ¢ = compositional layering.

' Figure»ZS'(cont'd) *;v"

© (3) vertical sec—J L
. tion indicat-
. ing crystals
outside the -

maximum.

s

- Crystals ...
...outside e /
S maximum,
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Structural Features: Fractures

Fractures occur throughout, and are typically approximately vertical,:

and pass through tha layering saquence; rarely is there any offsetting.

"Microscopic Features of Fractures

In thin_sectloq fréctures éppear as narrow‘planar featurés mafkéd
by flatcened‘gés in;luéipns,:aﬁd‘sedimenﬁ; ‘The gas inclusions occur on -
fractufe'éurfaces‘passing throug5‘bubbiy aﬁd bubble-free ice. 'Bubﬁles
adjacent to the fractures afeinot”aeformed mOrevthan othersQ-tThe_paths ofi
.the fraétures‘relaﬁive to texture are_sﬁch thaﬁ they afé both intérgran~= 
~ular aﬁd'intragranuiar;. Né'local daviaﬁions occur; ﬁdr has tﬁére been

"any new crystal growth on the fracture surfaces.

Interpretation '

It is_appérent.that while %he:e are contriéts ?n‘p?dperties from: -
layer to 1ayéf2in the vertical ice épre, there is no ma jor éh;ﬁge.with.'
 dé§th of chatécterisﬁics-of a giveﬂ iayer‘tyPe; C—axiévoﬁientatippsfare
'geﬁgfallyibrthogonal.to the“layering thﬁou}hoﬂt;,althbugh mbré’disperséd_'
'rpatéérns oc;urvig bubSle bands. Weak c;axis maxima orﬁﬁogonal to the"'>
.iayering are prbbably_pfodﬁcéd;5urihgvthe ffeezidg prbcess;'this ié Efue
:aiso ofjsdhe pingos.; waeVer'it'is evident tﬁat‘the ice Bas'been'upliféédl:
"by heavina,_and'thﬁt creep Qndér the Weight of‘ice-andnoyerbﬁrden héé
"occurred. The lattice ?reférred orientation has been accentuated éspec~'
‘ially in tha‘inclpsion‘free ice which now ccntains‘larger'crystéls,
2

Dimensional orientation is parallel to the layering, whereas in the growth

of ice in free water the orientation is parallel to the heat flow direction,
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a;nd:thus orthogonal to any Compo‘s‘itional 1'a>’erind;- :Al;so in the 1imitéd-'
work_on textures intsegfegated icé,icfjstals tended to be'columhar and-:-.
vorthogonai to tHe élané‘of the_ieﬁs.(Penner‘1951;.Kaplar,'ﬁefsbnal’com—
municatioﬁvl974); _Tgu$,gﬁe éattefn‘observaé her;_ihdicates flow»pafalléla_ 
to the_layeriné.7 Difféféntial-fiow"mayfhave>0cgufréd:on iéyérs_éfAdif—-

ferent inclusion content.

N

(b) ~Anticlines beneath "Involutions"

Introduction’

”Supefi@ppséd'oﬁlthe»Bfoad éaﬁtern of the'topogréphié highs are
ridges which may.be éeriphérél‘orbmay crossvtops.of hiils. Coastalftf
exposures reyéai tﬁé ﬁﬁderly?ng struéture £0 be'anticlineévih_the iée,:
ithé overburdgn being Eﬁinnésé ovef foid éﬁesﬁsﬁ‘wﬁich unddlate ichli&iﬁ
.‘ Some ridges‘conﬁain.ice Qedgés, with assdéiated surface troﬁghs,;buE .
_initially we'conside£ a.féld where wédgés are absent, thén.érééeed td ~
.invéstigate”ﬁﬁeiinfluénéé Qf.wedge groﬁth,oﬁ sucht;:fqld.i Thé éhéréc;'
teristic:banding determined.by BuBblézand sedimént contegt csntinues.inib
 the fpldé) With_little &ariation>in band_ﬁhiékneég béingvbbéerQed over
.folds; Iﬁicknéssés véry:from SQ praiti} td 1 m; Qith.écéésibﬁai diséontinuous

‘sediment layers 10 mm thick.

The sample sites (Fig. 30) for the fold comprisaed a vertical series.’
of samples through the axial plane, a. series around the fold closure on ',
a bubble-frez band, and samples of thz contacts 0f the discontinuous

sediment bands with adjacent ice..
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compositional -
| layering’

.axial plane:

"~ field position

" Figure 23. Crystal characteristics, anticline in involuted hill.
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. Figure 30. fAnticlina in involuted
B .hill. c-axes ‘

(a)-(e)- Seétions around fold. -
c =_compositioné1'layering'

Sample sitesl
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Figure 30 (cont'd} .
© (£)-(j) Sections on fold axié.]_.
ST " plane, involuted hill.
¢ o= compositional _layering

4
Y
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Tce Characteristics -

" The compositiogéi layeriﬁg is deﬁefminedlb§ bubbile andnsédimentA
content. vWiﬁhin ;'given béndVBuBblé’shape and sizélﬁafy,ﬁut with»a ganeral
increase in'sizé ddwnwarﬁs.  Ellipsbidal,_flatﬁened.aﬁd ifregulér deEIes
range up to'Q:mm; with‘long,axésvparaileling the dip of the baqding;
";éphérical\bubblésware ;mailer. "Wﬁefé sédiment Bandélbccur,‘bubﬂles.are
few; and thefé‘aré no'bﬁbbies for 30_mmvbéneath thé.sédiment;

Crystal Chéracteristicsl(Fig. 29)

.Bu5bles usuallyioccurionvgrain.Béundarieé,.thé_lafger,bneé eséec;.
-ially at'sﬁérp irreguiafifiés;in the_boundariés, drlless-frequeﬁtly:on
sub?boundaries; Smailef'bubbleé are‘féndgmly écattered iﬁirelation.to
teﬁtdre. 'C¥ystal.size Véries:with pos;tion.relative_to.séaimenf‘and Bubblelr
"_bands. vlp bands of'high.bﬁbblé content, crysfai 1ong:akes a&grage lO'mm;; 
and ranée up to 25'mﬁ€' Iﬁélﬁsibn-freeiépnéé_éontaiﬁ qry$tals ﬁp €o SOvmm‘  
long; withiﬁ:sediménﬁ'rich bands, maximﬁm>diﬁensioné are réstricﬁed»tof

<5 mm.

.  Cf§sta1 sﬁape'varies &ith‘crysﬁal'sizé_(Eig..29).;'iafger cr&stals
éré usually anhedral,-ir:egulir and inequigranular. Boundarieé‘afe'curved
to ¢uspate;'§ﬁ:ong émbayﬁentS»dc;urvﬁhere'graiq b0gndarigs and éub—gouhd—'
aries inferéeét..'Lafge.crysﬁals ma& be éﬁbayed‘bj'each cher‘of~éﬁall;if:
'5straiﬁ-f:eevcrystalé,_vStroﬁg bounda:y-curfatgreéjbthéf'than émbayments ;

occur at bubbles, indicating an. influence on grain boundary motion., - Small-

fual boundaries are straight. These are
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Strain shadows c@ur'rarely in-smali érygtals, But freqﬁeﬁﬁly iﬁ, 
iargef'cryétals,_and afe paralieL”to»the ;-axis-orientatiﬁn‘and orthogonal .
ﬁo the sediment or'bubble iayering. nystal dimensional ériéntation '

(Fig. 27) is genegallyvparallei to fhé cgmposiﬁionai'iayéring; especially' 

for larges crystals; smaller crystals are more nearly equidimensional.

Sedi@ent isxgenérélly of ﬁediﬁm-to find éégd grade;uoécurring‘in'
discrete, discontinqous'bands{’ Also.éome'is dispeféed in crystals and -
vbouﬁdaries, with no prefefred textural positioﬁ; Clay pelleﬁs are 05-
served_scattered in'layeré, thesa are irregﬁlér in shape, gnd up’td 3 mm
vaiaﬁéterf Déﬁsevsédiﬁenﬁ'bands‘cause textural chénges —.ice iﬁ éqéh
layers‘cbmprisesvsméll cryéﬁals,,}Zoqes:of small.cry5tals.occur below'suﬁh
sedimenﬁ'bénds; 'Whére-sediment grains.are more separate,jcrystaié from?.
above the léyer-penetrate.thrbughgvbut with.slight éhanges4iﬁ Simensional

s

orientation.

'Thg c-axes of,a_SefieQ of vertical samplesvfrOm ciéar and’bubbly.ice 
-over_a yertical distance of/4 @ in the_field, énﬁ'samples frpm fqid limbs
were analyzea. From.theée were_preparéd componéﬁt»d?;grams (Fig. 30),
vbééedﬂdn.ﬁextﬁrél chéractefisﬁi;é and relation to st?uctures; Ali diagréms”
are essenfiaily.identidai,_in_the form of axiél symmefrj,:thé éxié.beinglv |

orthogonal to the compositional banding, around the fold.

=
-
T
[t}
[}
o
B
[
o
|
I
|-A
o]
s

It is evident that anticlinal folds underlie zones of thinner over-

burden; but it is not clear how the thickaess pattern arose. The stoney-

clay material is widespread in the area and overlies most massive ice
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 bodies érilied so far.(ﬁACkay 1573b);: Raﬁpﬁpn (1972b)'ﬁa3'describea
the‘matefia1 as a_réwbrked ﬁill'wﬁich;has‘been subjéét:to slﬁmping énd_{.
bmudflow_activity, thusiléterai variatioﬁs in ﬁhiéknessjafe,to be.éxpectedgl
Addiﬁionally Maékay.(pefsoﬁal_coﬁmunica;iod 1975§,pointé out.fhaﬁ there i;
increasing e§idence.for'a several meﬁre déap'thaw injthé area;.Whiéh co@ldl‘
be respohgible fog‘rémo&ing matéiiai on hilisides. Thé reticulate'§éin
ide pattern ové:‘the méssi&e iﬁé showé 1i£tle-e§ide§cev§f creepj.bﬁt-dverff
iying material mﬁ? have.movédvdownélope. .Whatevéf‘its origin,'thé varia= .

tion in overburden thickness is related to the<upfolds'in the ice.

. The original compositional layerinz has not been greatly affected
"by the folding process; bed thickness in' the upper layers is greatest over
_the fold crest, but'lowér'dowﬁ the section bed thickness becomes more

tvuniform around the fold (Fig. 31). =

In-reiativély undeformedvice, bubbie elbngatioﬁ.is ﬁérallel-go'thef.
:téhﬁeraﬁuré grédientvduring growth, whéreas iﬁ thiS‘iCé_b§bbiés fend:
" toward paralleiism Qith‘the dip:5f theiléyering,‘”Assuﬁiﬁg the.Eﬁbbies“
. were originaiiy drthogpﬁal to fhe layering, differéntial‘fLOWZOCcurred
during folding. Also flac bubbles are ééséﬁciallyjpa;allel tb.the'fblia-'; 
tibn.* These flat bubBle ;ﬁ;faces afé parallel ﬁQ the basal plane of‘#he
cﬁﬁﬁaihingbcrystéis. A further iaxturéi féétute‘is the position_5f<
bubElés rela:ivé»to grain'bQundéries. Lérgé ;rysﬁais ware stfainéd'aﬁdtv:
.polygonization has'oc;ufréd,f Afditipnally.recrysﬁillizatidn ﬁas produced - -

a strong c-axis maximum fabric.
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Figure 31. Bed thickness Figure 32. Wedge penetrating anti-
around fold in Figure 29. cline in involuted hill. Note
upturning of banding of massive
ice.
Table IV

Crystal size in involuted hill ice
adjacent to wedge

Distance from wedge (m) Crystal size (mmz)
5.0 785
3.0 563
2.0 361
1.0 303
0:25 | 68

0y 1 26
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(e) nticline Penetrated by Ice Wedge

Thus f;r we hé?e‘cpnéidaredvrelativeiy uﬁdiéfurbéd éofevice, and-:
ice fold d by'difféfential ﬁplift; Wg nowﬂconsider_éuch a fold.éenetrated
by é wedge. ‘Tﬁe wgdge ha; érowﬁvwhere.ﬁhe clayvéverbﬁrden<is thin {l.S m).
The time of 1n1t1al créc <ing is u.k nown, but from the sizéVof the wedée
‘-(approximately-3 o across):it haé been grpwing fdr.a few tnougand years.
This is a roﬁgﬁ éétimate, as the pfobébility‘of cracking yaries»wiﬁh_wedgév
éiéé_(Mackay-l974a);’ Héwebér;'ﬁear this wadge tﬁére has Beeﬁ long-term'  
. peat accuﬂulatlon lqdléated by a vedae w1th at 1Dast 4 gro&th perlods
\Mackay 1974 Fig._18),‘.This site was: the depression'between‘two inyol-.
ution riagés; énd Qadgé,gioﬁth oCcurfed.duringAééat écéumulation. Thus
:.conditions suitable for wedgé orowtq Have orevalled fsr the tlme ta gen to
éccumﬁlate.at least 2 m of peat?'namely about 5000 years,f AltHOuvn borh
Qedges did ﬁofvneéessariiy;groﬁzatﬁﬁhe sé@e.time or:réte, the large; wédge
‘on the f;dgé may weillhave grown firét és'it.wé;_on é.ridgeu(btﬁerwisé the -
.éﬁailer.wedge would have.penétfa:edvﬁassivé:ige)}bthu; Ele;r_§f anw, and

subject to raold ”o'L' which a1d> ln the cracking procoss. .Recent frac- -

‘turing.was detected petrbgraphlcally‘_

- The compositional laverinz in the ice could be traced from lta
relatively undeformed state .up to the wadge contact, where‘it became
upturned and penstrated by cracks. sub-parallel to the wadge. As in

other exposuraes, the compositional layering was determined by bubble

and ‘sedimant content with_l rge budbles above but usually not immediately.

below s=2dimsnt bands.



118

The sampling plan for these structures was designed to trace any
textural and fabric chdnges with distance from the wedze, characteristics

of faults and joints, and any variatioas in wedge ice.

Banding Characteristics

_Bands of differiﬁg ;ompoéitibn-have'diffe;eht thickﬁesses; bﬁ;
'_all_bénds'are‘essentially parallel and unifofm'in;tﬁickness_én fold 
limbs. No méjbr‘thickening océufs:adjacent‘to'the wadge, but attitude
 ;haﬁges;1thé éharacﬁeristic thurning_beiﬁg shown in-fngre:32,,1A_$eriésv-..
"of fractﬁres bccurs'paréllel to the wedge bétwéen whiéa éégrégated ice_‘
. can'Stili ?é seen, Banding aiso-occﬁrs in the wedge, invthe'fofmiéf

"vertical to steeply dipping bubble foliatioms.

Ice Characteristics

‘As &as found‘elééwhére ih thé ice bddy}‘bﬁbbles‘pccur abéve‘

éediment bands_gugjvery‘réfély immediate1y;beloﬁ, ;Vé:ioﬁsvéizes and
shaﬁeé“gf.bubble 6ccuf wiﬁhin.thevbanas:bi(é) AEove ;edimeﬁf iayers thé
bUbblesvafe often flaﬁ, and in the.baéal plapé éf'thébéontéiningbgrystai;'
(b) séherical bubbles up to 1 mm'diaﬁete;'afé'gftén sufrqﬁnded_ﬁy_”satel- »
1iﬁe; bubbles 0.13_mﬁ in diameter; (c) elﬁng%te bu5blés 2~3.mm 1§ﬁg;:- »
’(d)_irreguiéf 5ubblés, es?écially'wbere ééﬁnectéd bybthreads:élong grain
:Bouﬁ&ariés.' Iﬁ_géneral,‘spherical Bubbleéjbccﬁf in>gfoups,_but elongate

and irregular bubbles show no zonation within ‘a given band."

At 0.25 m {rom the wedge the compositional layering is disturbed

by fractures associated with, and parallel to, the wedge. Fracture
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separation decreases to '10-20 wm adjacent .to the wedge and the fractures

Aare-up,to 15 mm wide. Iihe‘infils cbﬁprisé Eubbly icez buﬁ seéfegatéd ice
isiétill.evidént'bétw;en them.‘>Bubblés>in the.ftactu¥e zdnés'aré_ { O.Svmm;v
gepérally spheri¢al;.éﬁd very numerbus5 giving tﬁé icéVA‘éi§udy’a§peéraﬁce..
Layefing of buEEles_parallellto the fracture walls is éVident.»IWhere ﬁhe

fractures offset sediment bands, elongate bubbles uP-to 10 mm long trend fv

parallel to the fracture.

Despite the fracturing, the original layering is decipherable up

' to the wedge, and contrasts. with the wedge ice. . The wedge ice is charac-
terizaed by steeply dipping bands containing bubbles and some fine grained
‘sediment. The bubbles are (a) spherical, approximately 0.3 mm; (b) elong-

- ated, up to'4 mm, parallel to fractures; (c) irregular; 0.05 mm.

Crystal Characteristics

Crystal size in the segregated ice changes systematically with
distance from the wedge as shown in Table 4 and Figure 33. The reduction

in grain size is considered to be due to flow and polygonizatiom of larger

grains and growth of new grains oriented favourably to accommodate the .|

-
‘

stress exerted by the growing wedge. A similar variation in crystal size
was found by Corte (1952a)., Additionally there is a variation in size

related to sediment content; crystals within sediment bands are (0.5 mm

in diameter) while adjacent to Such bands crystals are 5 mm and increase

to 35 mm away from the sadiment.
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. Figure 33. Change in crystal size in massive ice adjacent to wadge.
o Vertical sections orthogonal to wedge. - (2) sample sites, -
"(b) sample 3,0 m from wedge ... continued. o
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ineqﬁigranular and interiqcking, wiﬁh curved,’gerrated'éﬁd,s§me£imes_
‘cuspate Eoundé}iesf The éegree ci irfegularify.decreaseé t6Wa:d‘ﬁhe

wedge; whileisoﬁe larger crystals retain some strongly_curVed sides; the
.shailer crystais_Have'étraight:mutuai boundaries; ,ThiS'Suggesﬁé-pglygon¥g 
.ization gave>risé.to a rgduétioﬁ in Crystal;size, and ﬁhat neW'crystéls
.grew. 'fracﬁures cfoss this“iéé.in‘an intergfanular and int:@granular

N : . S . ,

fashion and ﬁractufe»infils ¢ontras;'with the above pattefn; small crys?
tals‘<<5 2.mm>3form a.competitive-zone“at the fracture bﬁundaryz>f:om”whichi
.:.grow‘elongated crystals (- < 7.mm) drthégonél to the fracﬁure, wﬁile in |
thé centre éoma'crystals ére_paréilel ﬁq.the seam. Lécally,the geherally
ﬁ straight fracture sideszshowvstrong iffegularities and_it‘ié apparent thaﬁ
frécture crystalé héve invaded tﬁe éﬁrrounding segreéated ice; by'a_grain.

. boundary migration mechanism.

bBetweeﬁ fractures tﬁe segrégated ice cémprises straight;Sided
crystals, {fiS'mﬁldiaﬁeter.f The segregéted ice'conﬁainé offséts on which
ﬁo new crystal gro&ﬁh ha§ 5ccurred3 dffééts up.té'Slmﬁ haQe»been_ébserved.‘ 
Tﬁeradjaceﬁt:wedgevice differs‘inithat crystals are elongaté&sparallei to'

the bubble zones and reach 25 mm in length.

‘Ihe relationsﬁipﬂqf bubbiesAfQ,texture'is éuch that sphericél buﬁbies
lie on boundaries, oﬁ'sub—goundarieé and withinlcrystals. Flat buBbles 
oécuf only withinvcrystals,vindicatiﬁg:allattice.éoﬁtrdl; al§o; no bubbles

<i1 mmvwére-flat5'sé a minimum size #s'necéssary.‘ Sdme'local iffegu—.
_lafiﬁieé in boundaries a:é asSociaﬁed.Qith bubbleé.' In the fracfure.zoneé_

bubbles are 1 mm in diameter and spherical within boundaries of competi-
‘ .C8 ; . . , p _

w

tive growth crystals; nesar the central seam bubbles are elongated parallel

to the seam, and cross grain boundaries.

>
<
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Petréfabric‘diagrams weré~prépéfed‘fof:samplgs progreséively near
to the weagé.‘>A£V5;O 5 froﬁltheuweage a c-axis maximum_occﬁrs'orthogcnai‘
vto fhe ¢o§po§i;ibnél,layéring,WWAich'isvéimilar t§ that for the_féld wﬁichl hV
':Has suffered no wedge penetfatidn (section,(b)).,ﬁA£ 3Q0.m:ffoﬁ the.wedge,"

.a'sihgle maximﬁm lies ét appréximatély 6C° to £he_léyering'(Fig..34(aj);v‘
-an& becomes rotaéed inﬁo Ehe"layeriné»étfl.Oim from the_weagé (Fig. 34<c));v;
'1Thus”the c}axis Pattetns becoﬁe érogféssively‘ﬁo;e similaf to fhése of tﬁé
wedge; indicating_fﬁé infihence'bf wgdge.growth.: Although the compdsitidn-'
val layering ofAthe.segregatedfiée remains, ;hé_petrbfabrics are.suéh,ﬁhat_.
.thé:contained c:ystai#-réspond'to.the growtﬂ'streésvof thé wedge inbé

similar manner to the outer wedge crystals..

o Superimposed on this‘éatfern‘érg fractures in ﬁhich‘£He texture“is
similar-fovth#t of f%aétugéé'discﬁssed in séétionv(a), above,‘.Similarly‘_'
1the_lat§icé orienﬁaﬁioﬁs.(Fig} 34(e)-(h)) compare:with feéept fréchre‘~
infilsidiscuésed_élSewhéfe (bi‘lSS'ff.), iﬁdicating ﬁh?ﬁ péét—soiidifiéa-
tipn-éhéngés have beeﬁ_limite&, In addition.there.occpf olaer fraétures
whi;h have‘been deférﬁed‘and the contained crystais_haVeylaftiéé}orienta— 

‘tions nearer to the wadge pattern.

Figﬁre 35 gives grain fype,distributioné; i,e; histdgramé-of numbersu'v”
of sides to grains in thiﬁ sections from ﬁheICOre, folded ice apa folded”;
- icé with'ﬁedgé. ”Thér;'iévaﬁ‘bbv;ous'tendeﬁcy:fof grainé to héve S'to 6
-éideé in thev§ore ice‘and foided_icé.> Iﬁ the ice_adjacent t0~thé:wedée>”
a éhange‘is evident - graihs tend to be 6 t§,7 %ided?~éﬁd Ehere é:é.mbre
‘gfains with > iO sides;j ?h;s;may'be asséciated_with;the proéréssive' 
' fabtic éhange in that new crystal grbw;h’h;s occurred . on oid grain boundaries

~and that a previously single boundary has become multiple.



'“Figuré 34.’>Foid peﬁeprated by weégé,vlnyolutédvhiil.
- (&) |
(o)
'(C)1 
()

(0
)

(D
(k)

'"-(m)-
(a)-

(o)

L-{q)

‘Sample 3;O o from wadge

sample 2.0 m from wedge

sample 1.0 @m from wadge .

" sample adjacent to wedge
crystals in fracture near wedge

crystals in fracture near wedge -

x -20 cfystals in buBbly.ice_»

", 20 crystals in clear ice -
25 crystals at adzzs of fracture'
50 elongated crystals in recent fracture .

18 crystals in old fracture

% 10 small crystals in fracture

. 40 crystals in clear ice

% 23.crystals‘adja¢ent to sediment

. 37 crystals away from sediment.

50 small crystals

x 50 small crystals
. 50 large crystals
47 crystals betwesn two fractures -

196 crystals in fractures

109 crystals away from fracture.

¢ = compositional layering
£ = fracture
w.b. = wedge bounéary
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-~ Sample positions
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o Figﬁfe ,34:'(cont'd) , .
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Figire 35 (cont'd)
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Figure 35. Grain type distributions for thin settioas from core ic
- folded ice and folded ice venetrated by wedge, involuted hill.~
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-Crystalbciméﬁsiocal crientations arc’shcﬁnvin'figureb27.f TheamaXf.;if
.1mum moves fron paralle1ls tltc _?e.conposLt1ona1 layertncr ét.S 0 m from
vvthe wed0° (Fio; 27(3)) to anproxlﬂate paralleltsm with the Qedce contact
at that contact (Flg 27(n) (D)) } Inmthe'latter ccse_a secondary>maximuhv 
- . occurs otthogonal_to_the.first‘(F". 27(h),}§c)),vtépfcsehting the cblumﬁaf'
 cr§sta1s’in recent fractufés;'bEarl?Adiﬁenéidnal'otientationé:asscciated 

swithcgrowth'conditions'in the segregated ice have become obiiterated.

_Interpretation'

:Progreséi§é chéﬁgesvigfteﬁtu;él and petrofabricTchatécterictics
:‘Qith distance ftcm'thé Qedge are teccgnized.; Compatisons émong the:uhdéf
VJformed banded ice (a), folded baﬂded ice (b), and the present samo‘es.
1nd1ca*e the lnflueﬂcm QL the‘wque%, Many crystal featutes are cyﬂmet—

[

rically'related to the wedgs

Lattice orientations in the banded ice chahge’ffom patterns typical f '9
: jof'the_foldedvice without a wedze into patterns similar to wedge ice,
;along'a‘distance'of'S}O m, The sequence of fractures indicates the trans-
“formation of growth fabrics due to wedge growth.
Adjacent to the_vedge, crystal dimensional orientation changes from
paralleLLSm w1th the con:os'“i _al layering of the segregated ice to par-
‘allelism with tne wodoe.
‘Crystal size decreases towards the wedge, due to polygonization of

larger grains, and growth of new grains.
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.Comparrson of.the results of_sections‘(b) and (c) tndicaterthe
binfluence of Wedgebgrowth 5n»tnefice._ wé know'that the wedge_is:growing
b‘activeiyvas recent_crecks'nare oeen.recOgniied petrographicaily. Tnns.
the charecteristic'?rain‘sizes and shapes and preferred orientations have
been produced prrmarlly by syntectonrc plastlc deformatlon in the form of
'dislocation glide, polyg onization by dlslocatlon Cllmb‘ and recrystallvza- :
tion,  It is evident that‘recrystallization has.occurred, as»marked changes
| in crystallographlc orlentatlon ‘have occurred. TheseICOuld‘not‘be prbduced

solely by polygonlzatlon of early grains, as suboralns would hare their -
orientations close to those of the orlglnal. However, drslocatlon 011de
end climb are also occnrring.' The decrease in cryétal size-toward the
wedge is indicative of.polygoniiatton causrng'reduction‘OE the prrmary
'grains, and also the growth of‘new‘crystals,_i,e.:recrystallization;.to

give preferred dimensional orientations related to the wedge.

It is ev1dent that wedge gronth has led to the establlshment of
horlzontal compression in the frozen ground. | Lachenbruch (1962) dlscussed
the zone of stress rellef around a thermal contractlon crack after frac-
ture.. The horlzontal stress component normal‘to the crack wall vanishes
et the crack walls,.put'increases asymptotrcally_to the.precracklng Value

_at large horizontal_distance from the crack.

In the present,study we are also concerned w1th compre331on caused
by expansion'of permafrost in summer.- ths was not treated by Lachenbruch
" but it is to be expected that maximum stress will occur adjacent to the

- 'wedge, and stress will fall with distance from the wedge.
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The only previous ﬁehtion of.the influence.of a wedgerh_adjacentb
ioe,ﬁas by Corte (1962a) who.found that.the change in»fabric'ih the surround-
ing ice‘was confined to‘30 cm from a small ( ‘.l'm_wide) wedge. 1In the
preSeht;stﬁdyhmodifioation_of fahrichwas recorded up to 3 m frop a latge _
(3 ﬁ wide) wedge.'-CorteIdid hot’comment on any.upturnin0 adjaCeht to the
wedoe, but Pewe (1962) reported the effect up to 3 m from wedges. 1In
vaddltlon to the effect on the sutroundlnc materlal ice in a wedge‘is'>
itself defotmed. Blaok (léSB) argued that horizontal'compression produced
shear.planee adjacent:and paralielbto wedge sides. Thus it is difficult
to epeCify the stress fieid adjacent to the weoge.' If wa aesume uniaxiai
;‘compression; the theory of Kamb (1959) predlcts a c-axis maximum around
thepunique etress axis, although in experlmental work Kamb (1972) found an
ihcomplete small-circle girdle around the.compre331on aXlS,iln ice at Q°C.
Kamb (1972) also deformedﬁice ih_simple shear (-5° to_0°C);"which fecryse
tallized to give a two maximhﬁ fahrio;.one maximoﬁ at thevpoie of the'shear )
A plahe andathe other.at 20° fromhthe‘shear direction.' When aVCOmpressivee-p
1stress was superimposed acrossvthe shear.piane the two maxima:oombined“inr
a small—circle‘gir&ie-atoond’the compreesion.axié.etln the p:eSehtvstudy
| the'fabries were single maxima hut hot cehtredeon the'stfess_axis tassumingp
comptession.normai to_the‘wedoeAaxial piane). But'the maximum is parallel
to the maximum in tho wedce 1ce, and thus. parallel to the pole to - the Wedoe
‘boundary and'compositionai 1ayeting in the wedge.:AThus it may be that shear

has oecurred parallel:to the wedge boundary.



' from surface water. Thus there is no evidence for syntectonic crystal
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Tension Crack Ice

Introduction

- Tensioa crack ice grows in cracks resulting from mechdnical rupture

of the ground associated with the growth of segregated or intrusive ice

(Mackay l972b,‘p: 8) énd is best observed on pingos. Exﬁosure ﬁo,depth

of the cracks is rare, but probing shows some of them to be several metres

deep. Open'crécks have been observed frequently -in winter andvspring

when there is no surface water flow; and it has been argued. that infil is

growth as may occur in rock veins (Raybould 19753). However, tension
cracks mayv open year-round and in summer .infil might be more rapid, if

water is available.  Orack patterns are usually dominated by a master

- crack, with other cracks radiating from the pingo. The cracks are usually

vertical, and planar{ “Tension crack ice was collected from two sites:

(a) Pingo Number 9 (Mackay 1973a, Fig. 15), (b) Peninsula Point'Pingo,'

'neér-Tuktoyaktuk (Fig; 1).

The aims of the present -investigation were:

(i) to study one season's growth of tension crack ice;
(1i) to compare new growth with older .ice; to show changes over time;

(iii) to compare tension-crack ice with wedge ice.
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Number 9 Tension Crack

}v (a)

]
™
3
J9
@]

Field Characteristics.

This pinéo'is growing in a lake whi#h &taiﬁed shortly‘beforé LéSO,:
and ité g:bWth has_been §on£toredvsinée'l970} Ténsién cra;ks.aré e&ident
across tha'piﬁgo-(Mackay 19733,'Fig.-15).>.Bencﬂ marks on'eéch.side Of tha -
crack ware surveyed in Jﬁne 1973 and égain'in June 1974 and the mean anndal
vgrowth of tension crack ice was 100 mn (Mackay, personal.communication).'
There was no observable moyement in a direction‘pafallelvto the_crack._ Ice.
.samples ware removed‘frbm within the previous séason‘s‘active‘layer, Eefére
thaw-down'in'July 1974;'thus the,maximﬁm'aga of the ice is' known. .éracking.
pccurred-aftéf,co@plete freeze back}ofvthe<acqiye layer dufiﬁg winter
1973#74. _A ;rack way oéen yea;_round (Mackay;‘personal éommuﬁication
1975); thus it may have occurred‘any timé after fréezé Eack of the”active
layer and before‘épringfmalt. 4Wéter;has'not beeﬁ.knqwn to move up;the
© tension crack ffom depth, so'ﬁhé source is.ﬁhougﬁt to.Bé_;urface snéw mélt-
The ice gréw immediately.below the ground surface; on a fracture surface
in frozen soil. Thus nucleatiop was‘hot‘on 5ry$téls in the.frécture‘wali,

although such may have occurred at greater depth, where th

()

crack probably
propagated through earlier tension crack ice.
Thz lateral contacts betwesea the ice and adjacent'activevlay?r are

- abrupt, but locally irregular. Also some small pockets.of ice occur in

the active layer, parallel. to the crack, A prominant banding occurs in

(&)

the ice, datermined by bubble content (Fig. 35). Thase bands are parallel

to one another and to the plans of the crack, but with lesser irregularities

than the ice-soil contact. The crack was closed for most of its length, but

displaved local open zones which could be probed to'l metre..



Figure 36.

Figure 38. C
(a) Rhombic interface

(b) elliptical interface

Schematic (vertical
scale exaggarated).

(¢) curved crystal fibres in syntaxial
growth, after Durney and Ramsay
(1973).

|

incremental
dilation
across vein
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Ice Characteristics

Banding’was determinéd.solély_Sy gas‘contéht;'the lack of soil
incluéions‘sggéests the acti&a.layer Qé;_still ffozen du:ing malt—wétéf'
fiow._ Baﬁd type and fhickneés wéfe approiimateiy.symmetrical about the
é;ack centre. On each,éide §f the crack occurred 'a 10-20 mm thick zone

of maiﬁiy clear ice iﬁ‘§ontacE5with ﬁhe soil.>jAdjacen£vto_these ware

©1-2 mm 5ands>of-sﬁall sphericaiibﬁbblesa #he Eands béing plaﬁaf'and
continuousvlaterally andivefticaliy, but slightly‘Offset at rare'éédiment  '
inqlusioné. Next in $equencevcame 20-30 ﬁm bands of‘bﬁﬁbly ice, BubbleS
béing {1 mm and decreaéing'in concentration to&ards‘the cen£re of ;he_
érack.. Next there occurréd'abfupt changes ﬁé very Highvbubblévconﬁent, 

' again‘decreésing towafd‘the érack centre aétos;'bandsllO-IS mm thick,;

Narrow banas (&-5 mﬁ) repeated ;he concentration'pat;ern,“foilowed bybcléar

ice to the centre of thezcrack. in this body;_growth.oqéurfed aé a_vérf:

_tical interface, yet'itxis eVidéﬁ: that ﬁany bubbies hévé Béeﬁvretaihéd :
in.the‘ice, and dia nﬁt‘floét up;undér buoyancyf Ihis mayfbé_beéause the

ice gréw_rapidl?-ahd'surroﬁﬁded bubbles While‘theyvﬁere stiil>ﬁoo éﬁallb

td freé themselvesvfrom the interfacial ténsioﬁ; or becéuse.gfowth was

not taking place into a. "pool" of water, but in a thin film oa ths surface.’

_'It is interesting to cémpafé Bubbleé in #his ice witﬁ'tﬁose;in the
Tuktoyaktuk icing mound, thch'grew at apprbximately thé-Samé_time,V In;
the iciﬁg mound aASCeady @atef Sﬁpply.was availébiévand fteezing rate
.gfaduéliy fell, thusvlérge bubbles gré&é eloﬁgatedvin ?he freezing direé-
tion wﬁereas in'tﬁe_tension érack‘ice water sﬁpply;wasApfobably inier—

mitteat, and freezing was rapid so that only small bubbles grew.
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Crvstal Characteristics

‘Crystal‘size variéa ;crossithe cfack.. Adjacen&'to thé soil oéCurre&

a zone of small crystals, less than 0.1 mmz, from whicﬁ‘grew a zoaé:of
1arger dryétalé‘elongated Orthdgdnal to the banaing;v Soma feachad‘S m@.xv

2 mm and e;teniea info the first bubbiy baﬁd,‘WhLIQ most cLystals ternlnated
at the bahd.donﬁacﬁ; andﬂgave waf'to new crystal growth ( <O l mm ) with
1éfger cfystals extending from thetcompetiﬁive zone, Furthef_crysfals

grew from this zone,lreaphihg {10 mm'x'3 mi; some Wére-truncated,_bntv
-othars widened at>tﬁat surface. In a&dition to the widéning_of‘pfé-exiéting
éryStals ne& érystals'grew'.thla bélno the Duboly zone dLscussed above.
Crystals became more 8101"ated as bubole concent rat101 dac*easei a pattern
:._which-was repeated toward'the érack centre, the central‘;lear,zong comprisiﬁg

'large. crystals, 7 ma loag by 5 mm wide.

Crystal shape varied with sizé;‘ Iﬁ com@eiitive growth'zones,féhapes.

ware ganérally aﬁhedral; but some straigbt comprqmise boundariés océurred;

longated crystals ténded to be.gently chrved.réther.thaﬁ Sarratéd. ’Iﬂ;>.
many cases ths ouﬁer boundary of elqggatebcrystals was straight in horizon-_'
tal énd'§erticai sectioné,jthuéﬂpérallel ﬁo'the»crack. This reflec#s
variations in supply'of melt water.-kA temporary éeéSation of watef sﬁpply
was followed by 51101L ﬁe1t1n? on LEbUﬁpthH of flow : Rapid céoling'wéuld
give copious n;;léation at the ip;e;face,balthdugh loﬁallylgfowﬁh Wouidﬂ
occur in lattice ron-wﬁu ty with p n—exisﬁiﬁg cryétalé.. At the.cénﬁferof

the ice oJ,; there Wete_dapartures from the trend of dimensional orienta-

w

tion orthogonal to the plane of the crack. Local zones of curved crystal
dare shown in Figure 37. These indicate ﬁ41t1—e rectional crystal g“os th

- 2 sy

" into enclosead space, rathar. than cwrved growth du

[{

to in:remental dilation
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of the fracture. In tha latter c1rcunstance cur Jature would be as shown
in Figure 38(c), i.e. no conVerging pattern‘is'eviAent. ,Also'such curva--
ture requires displacement non-normal to the fracture walls. There is

no evidence for this from detailed bench mark surveys.

Y

It is 1nterest ng to consider the fofm 65 the‘ice—watér interface
duriné the latsgr part of.ffészing,.its eﬁfect on cfysﬁal chafaétefistics,
and on sﬁsceptibility :0 1ster cracking; From the above it is appafegt
that dus to slight-laterél>variations in srack‘widtﬁ soms parts impinged
:before others., Whers a psol of llquld was Teft it is aroued that tﬁs
interface adaanced as in Figure 38(a), rather than as the more round=d form
shown in Figure 38(b): In this instance‘(Eig. 38(a)) thsre is an almost
invariant d rection of maximum tnermal cradLenf at all p01n'5' thqs any'
grain favourably oriented for growth is aﬁle to growlat optimgm spésd and
Myadge out" less favoufably'orien:ed grains..:Iﬁ'coﬁttsss,'in'the-base_of
a-morevrousded intsrface.(Fig. 33(b)), the directioﬁssﬁ.éaximum thsrmai
gfadient changes continually andvsﬁus no 6ﬁe gfainvis favourébly oriented
'fsr a iqng.period, and more grains‘survivs to ﬁhe cenéré. Similar results
have bsen-found in‘metsls (Savage and Aronson 1966).>_Once-freszing is
éomplete?.there is a.generalldecrease in temparature bf»ﬁhé‘bbdy, and we

must consider the response to contraction of each part:  During the iafil

(i

of the tensiom crack, crystals grow from each sid and'reject solute which
piles up<betweeh'the‘two interfaces. - After impingement of the grains these
segregates may persist as grain boundary filmsybelow 0°C. Thus contraction

v

stresses may rise to high levels while the grain houndary contact area is

m

r

U]

small., Also, the larger the solidifying in size, the smaller tha area

of grain-boundary coatact for a given liquid content (Smith 1953).  Thus
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coarsar graiﬁed'seétions.aré mote suscepﬁible_to cdnt:actioﬁ 5racking,band
.especiélly Qhere thare isvavsteepﬁangle.df grain aﬁutmenﬁv(Fig;.BB(a)).' It
ié also noted that_in céé; ﬁetalsfit‘hasbbeeﬁ éﬁserved (Lées 1946);that
,fine-gréinéd matgrials.a;e far mdre résistant to cfackihg.than ébarser
matérials, due ﬁo'tﬁeir greéter:éﬁilityvtbyaééommodatevthé'Conﬁfactioni.
strgins}' Thgs from the_déé;ripti5nvdf crystal féatures it is clear why: v

certain areas of the infilled fracture may open before others.

‘Cptié axis orientatidnsliré'éhOWn in Figure 39(a). The overall
pattern is a girdle-préfefred orientation in a'plane parallel to ﬁhe_
baﬁding. Thus‘basal.élaneé are drth§gonal to bandiﬁg. Component diagrams
indicate that»small'crystais in'competitivevéones show @iffuse girdlé
pﬁtterhs (Fig.-39(b)j§ elongate cfystals show stronge;'girdie éonéengrations
.(Fig..39(c)j, fhus a stronger_preferred orientation-déveloped'as growth
procéeded; 1t is:notea”thaf iﬁ comparison, c-axss éf cfyétéls in‘véins
indicate grbwth ih‘optical contindity with wall crystalég’althéﬁgh é;axes

parallel to long axes are frequently found.

Interpretation

-"The pingo in which ﬁhe tension crack oécursAié.actively growiﬁg.andv
has been ﬁnder.observatidn for sevéfal years (Mackay 1973a).  TenSion
'Craéks are'recbgnizable oﬁ‘aif photpgraphs. As'part éf a sﬁudy of pingo
 growth; bénéh_marks have_béen;iﬁStailed bnithe pingo,iinciudiﬁé one oOn- .
_each'side of‘the cragk ét tha toé. .Detailed surveys sﬁdw_that é separétioﬁ
of 100 mm oscurred between June 1973 aﬁd 1974. Mo reiative.vertiﬁél or

lateral displacement of the benchnarks was recorded, The time of fracture-

is unknown, but was after complete freezs-back of the active layer.
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t.c. = tension crack plane’

- Figure 39. Tension Crack, Pingo No. 11.
" (a) Vertical section, orthogomal to crack, 100 crystals
(b) 20 cfystals adjacent to organic‘soil

P /.b
(c) 20 columnar crystals at crack centre.



It_ié.not known:whethef'fhé ﬁréck'openad iOD mn in one evant%'qr:
whethef'gfadual dpeningioccurréd after the‘iniﬁial fracture. ANeithat'fiéld
not petrologic data prOviﬁa suitéble:indiéators;» The ice.studied gre# o
in ﬁhe aéti&e_iayeﬁ; surface water;'probabLQ from show.meif,’draiﬁed inﬁo
the crack and froie with copious nucleation on the crack ﬁall.'.C;yétals
with c-axis_preferfed orientations in.a gifdlé'ﬁarallel ﬁo.tﬁe §lanavof_
ﬁﬁe:crack'grew from the chill'ZOne. 'Thése crystals also had a strong
dimensiqﬁai Qrient;tion értgogonal'to the'crack wéil; Thgs érystal éroﬁth

 occurred in the basal.plana,A By comparison with the icing mound ice, thch
alsb grew by a basal plane mecbaﬁism; the £ension-¢rack érysﬁals_ére.more
numerous, and smaller;_iAlso iﬁ the tension crack thére are>more 1éyers

of new_growth. ,Thisiindicates.yariations‘in suppnly of Watgr,  Supnly Qf.l
'sufface water to the crack may have been iﬁterrupﬁé& fiéquéntly._ If flow
ceaséd‘temporarily; thgn récdmmenéed; crystal.growtﬁ'couid occur (é)-in‘
jléttice;continuity with breviously existing‘crygtals,'(b) by new nucle;-‘ 
.tion,'(c) by growth on vapour,érystals.“Evidéncé forz(a) 0;curs‘in the
'discussion of textural criterié} (b) and fd).cénnétlﬁe distinguished.'
Wheré the crystals growing from éach sidé‘of the ;raqklméet;‘é'cehﬁral

éeam oc;ur$; yith‘local oéeﬁings. ‘Textural criteria may*Ee used to dis-
'btinguish Setwaenvopenings which néﬁer closad, and new afractures“} Loéally
there were fouﬁd lens-shaped zongS'in,whichIQ'yétals had dimeﬁsional 6fieﬁ-3'

_tations orthogonal to that opening, all arouad the edze. In some cases

it

crystals could be almost parallel to the crack, whereas if there had been
~closure and a new opening occurred, such curved crystalis would not naces-

‘sarily occur.
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(b) . Peninsula Point Pingo Tension Crack

Field Characteristics

Thls is a p1190 aear Tux;é aktdk (Fl | 1) Which-has been subjec: to
coéétai 5*08151, only nalr‘tné pingo remalqed in 1935 air. photo rapas but :
‘litﬁle further erosion has‘occurred since then.:tIt is thﬁught inikél§ 
'tﬁat fha pingo haé.béen gréwing recéntl§,7thﬁs the pingzo cbre and ténsion,
créck icé are old éompared With'?idgo No. 9 and this therefora pfévides'an'

_opportunity to look for modification of growth features in the ice.

No major‘{ce core‘has.béen obsarvéa:duriﬁg'the’period of-ekéosdre.ofl
the secﬁioﬁ althoﬁ05 2 m thick ice 1ajer§ have _been reported occéaloually.
In July 1973 slumquc exposed tension ﬂrack ice (Flg. 40) half way up the o
',pingo in sands; a contact of’;ensign cra@k i;e and core ice was not exposed.
' The Surrounding sands”atévfina»ﬁo medium gfained; sedlmen ar] strﬁc tures
~have noﬁ been'greatly diéturbed‘dﬁring freeZLng; plane beds contain.some
orgaﬁic mattef,:aﬁd.figpletmarké also occur. Ihese beds.a;e-ﬁot disturbéd:
adjacent to tﬁe~icé,~which:indicates a téq§ioﬁ-qrackrorigiﬁ without sub-
.sﬁantial léterél»sfress cauéed by growth and éummef.exﬁansion as occurs ia
ice wédges.. A_minéral étainedvlayer 75 mm wide 6ccﬁrsvadjécant touthe-ice-

on one 51&

Ice Characteristics

The ice body was approximataly 160 wm wide with an abrupt contact

]

‘with the surrouadinz sand, he compositional layering was determined by

gas content; sadiment content was low. The laverinz (Fie, 41) was quite
S. A b . . i (el . . ps

. -

-differsnt from that of Pinzo No. 9., Thare was no symmetry to the bandin
- 3 . ’ . > - L5



Figure 40.
Peninsula Point Tension Crack

Note absence of deformation
of bedding adjacent to ice.

cure 41. Bubble banding in tension crack. Note irregular shapes
in centre, small bubbles and some sediment on rigat.
Sample 110 am across.



there beinz three bands of differing widths and contained bubble types

parallel to the plans of the ice body.

Bubble Characteristics

(2) A 50 mm wide zone of ellipsoidal, elongate and irregular bubbdles
with a horizontal lineation, approximately orthogonal to the crack, and
2-5 mm loaz. They are not volumes of revolution and have thus suffered
post-solidification modification. Many curve upwards 20°- 30° adjacent
to zone (b);

(b) The central zone comprises 45 mm of very elongate bubbles with
a sharp bend (40°) near the junction with zcne (a) and pointed at the other
end. Thess bubbles are up to 18 mm long and are separated by more clear
ice than those in zon2 (a), but with a few small (2 mm) spherical bubbles

in trains, suggesting break-up of larger bubbles (Kheisin and Cherepanov

{¢) The junction between {b) and (c) is abrupt and contains a dusting
of sand. Zone (c) is whitish due to the high concentration of small
bubbles, and some larger, up Lo 3 mm. At the outer ice-sand contact are

some irregular, elonzated (4 mm) bubbles orthogonal to the contact.

Crvsral Characteristics

Crystal size varies throughout the ic2 body (Fig. 43) but shape is

1

lass variable; zon2s are considavred with raferenza to hubble zones:

]
rn

(a) Cryscals are 20 mm < 10 mn and anhedral, irregular in shape.
Elongate bubbles ars parallel to crvstal loaz ax2s and usually in grain

boundariess,



=
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Figure 42. Peninsula Point Pingo
Tension Crack.




(b) Crystals are 20 mm = 10 ae and elonzaced parallel to the bubbles,
i.e. at 39° to the horizoatal. 3hapes are anhadral ani irregular. Many
elonzate bubdles lie in zrain boundaries, o-hars cross boundaries and
chanzas shase at the boundary. Tapering bubhlzas always lie onrgrain
boundaries; conversaly small spherical bubbles are intragranular.

(¢} Crystal size is smaller :haﬁ zonas (a) and (b), genarally
15 mm x 5 wa, with sone 3 mm x 2 wa, Orientatioa is horizonical, and shapes
are very irregular and serrated. Sub-bouadaries occur with strain extinc-

tion. Larger bubbles tend to occur at grain boundaries.

Thus there is a strong relationship between crystal characteristics
and bubblas in all ice zones. Additionally zone (c¢) contains small amounts

of sediment which again ara concentrated oa zrain boundaries.

In comparing the crystal and inclusion characteristics of this ice
wich those of the previously discussed tensiona crack it is evident that the
primary growth features have been modified; competitive growtn zones have
disappeared, crystal shapes are coasidsrably modified and bubbles have

moved ralative to graln boundaries.

Parrofabric diagrams are given in Figure 42(a)-{(d), for vertical tain

iy

sactions orthogonal to the plane of the crack, The nattarn comprises a

7 Q

broad naximum in the plane of the ice body and at about %3° to the hori-

zonzal suonerimposed on a minor zivdle, Some crvstals in the eastern side

of tha boiry nave mors dispersad
have no apoarent difiarences Lron
callsd ihat In he fznsion crach

g
o
~
fia
-
©
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and represznted growth conditions whare basal planes were parallel to the

freazing direction.

iz tension crack ice discussed here is of considarably greater aga

than that in Pingo No. 9 and the pingo in which it is loczated has sufferad

[

long term coastal erosion. The sampling site has besn subject to varying
temperaturs gradients and stress systems as unloading occurred during ero-
sion. It is evident from crystal and bubble characteristics that original
sizes and shapes have been modified considerably. Bubble and crystal char-
acteristics would have been related symmetrically to the freezing direction
during initial growth, as has besn observed in several receatly grown ice

Lce); bubbles

[a N

bodies (e.g. Tension Crack Ice, Pinzo No. 9; Icing Moun
would be volumes of ravolution elongated in the freezing direction aad
columnar crystals would be parallsl to that dirsction. In the Peninsula
Point Pingo, bubbles have irregular shapes, the irregularities being re-
lated frequently to crystal grain boundaries; also bubblgs have broken up
into strings or groups. Such features are rzadily explainad in terms of
changing thermal conditions, but the optic axis distribution diagrams,

which are homogeneous for all parts of the body, are uanusual. The influence

of sediment on crvstal size is zvidant

on grain boundaries has retarded gzrain boundary migracionm in tne rizht hand

2

Tom A
nand sLoz,

mie

ad = A Figwnira vala-sy 3 o 1afFr
side of thz figure relative to tha leaf:



Thermal Contraction Cracks aad wedgz Ice

Introduction

Tca w~vzdze ice, formed by tne infilling of thermal contraction cracks,
is widespread in the Tuktoyaktuk and Pelly Island areas, as in other arctic
regions. Mackay (197%4a) has discussed cracking of wedge ice on Garry
Island, but there is no published work on ice wedge petrology in the area.
Elsewhere 3lack (19533, 1934, 1953) and Corte {1952a) have reported on the
form and crystal characrceristics of ice wedges in Alaska and Greenland,
respectively. In the Soviet Unicn, similar work has bDeen carried out by

Shumskii (1964). Cracking in Antarctica has been studied by Black (1973).

grow Erom winter thermal contraction cracks which become
infilled by hoar frost, snow and surface water. In his theoretical work
Lachenbruzh (1952) arguad that a rapid temperature drop superimposed on
ganerally low temperatures is rasponsible for cracking. Iiowever, Grechish-
chev (1970) considerad Lachenbruch's work as only a first approximation, as
it was based on a linzar depandence of thermal expansion and contraction

\

on tamperatura. Furtnesr, Grachisichev pointad out that the molsture content

in the soll has a considerable aifzct on thermal characteristics, Hs argued

chat thz wacar conceias of the accive layer decraases downward and so
chermal conduccivizy varies. Thus in the first nalf of the cold period
ceasion accurs in fhne Luwar opna-citrd of cha active laver whila tha top is
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In the present study, no measurements ware made of temperatures,

stressas, crack frequency or depc:

s

, 23 such would require a much longzar
period of scudy. Thz Pelly Island sitce, discussed below, is near Garry
Island whera Mackay (1974a) has made a lonz term study of ground tempera-

tures and cracking patteras in low and nigh centrad polygon wedgas.

Once fracture has occurred, some infilling proceeds by hoar crystal
srowth and snow melt before warming of the ground closes the cracks; it is
likely that only a minority of closure is due to infil by crystal growth
(Black 1953). Expansion of the ground in summer causes horizontal stress
on tha whole ice wedge. No quantitative estimate of thes stresses involved
has been found in the literature, although Black (19533, ». 72) states that
horizontal stresses are produced ",.., wzll above the limits of ... shsar of
ice." Also a rough estimate of horizoatal compression can be obtained from
Lachenbruch (1952, p. 23) as summer expansion approximates winter contrac-
tion. Thus stresses of several bars are cperative, and temperatures are

high, causing modification of growth features.

It is the purpose in this section to discuss petrologic aspects of
the mode of fracture in ground ice, fraccure infil, the relationship of

succeeding fractures to earliasr ones, the prograde fabric of a growing

]

wedzz, and the influsnce of a4 zrowing wadze wnere it penefrates massive ice.
(a) Fracsure propazacion in ralation o psrmatrost features
Sinzlz fracturss in sadimear are aifficiiz o find, aad thin sactlon

preparation poses many problams, tous individeal thermally induced frac-
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iavoluted 1ill near Tuktoyaktuk, the core of which has been exposad oy
coastal erosion. Some knowledgz of inclusion and crystal characteristics
of the massive ice 1is necessary in >rdar to undarstand fracture propagza-
tioa. A darailed discussion is ziven elsewnere (pp. 95-151) but a summary
is inciudad hare. The massive ice has i characteristically large grain
size, raanzing from 15 w12 in Subbly lavers co £ 609 mmz in bubble-fres
zones. DBubbles in the massive ice vicur in wide bands, range up £o 3 mm
in diameter and are located both on zrain boundaries and witaln crystals.

1 1

As such they rapresant major defect

wn

in the structure and might be ex-
pected to influence fracturing. Bubbles coatrol crystal size in the wmassive
ice, smaller crystals occurring in bubbly zones. Thus there exists a
greater grain boundary area, also grain boundaries by definition separate
material of differing lattice oriencations. Thesa grain boundaries ara
zones of acomic disordar, and frequently contain sediment and segragated

the 1 body

o
0
w

P

actors tend to alter the rasponssz o

[¢]

solutes. All thaese

Tha c-axes of tha massive ice crystals are aoproximately vertizal
and in the fracture plane, thus the basal planes are orthogonal to tha

z

fracture surface., Thus, prior to fracture, the massive ground ice has

markedliyv difrfarent crystal characteristics and bubble pattern from ice
b b, B

samples used in laboratory expariments on fracture,




Figure 44%.

Infilled fractures,
large crystals are
"massive ice," which
have been zut by
fractures.

10 mm grid.

Crossed polarizers

crystal
on both

, {b) no new
crystal growth
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major control, in contrast to the results of Gold (1961) oa thermal shock.
Howaver, bands of differing lattice orientation in crystals are approxi- ..

mately vertical and thus may have aided the fracture procass.

The transgranularbcracks éoﬁ;rést'with.tﬁose of Aanderson aﬁd'Veeks
(1953) for .a sea-iée.ﬁeai_which faiie& in téasion byvfraétﬁre along‘the
basal planes of crystgls. However,_in-seé'ice'the basil §léﬁeé afé also
the sifes of brine pockets which act as streés‘con;enﬁfatdrs.‘_Such'grpss
~liquid in¢1usions have not beén observed in groﬁﬁd'ice bgt gas.bubbles
'dccpr; these are not generally loCated'paralleilto basal_planas.' Ihe
influence of bﬁbbles is not-élear;‘as any bubBléS'iﬁ-the‘fracture pagh

are obliterated during later infil of cracks.

The speed of fracture propagation is unknown, but from the peatrologic
evidence it appears that fracture has been rapid, such that texture has

exerted little influence.’

(b)>' Infil of fracture

The exact ﬁid;ﬁs of fractures are gnknown; as some contr#ctionléf
the'crack§ may gécuf before_infil'(Black 1953) and somé £low has.bccurréd
prior to'sampling;'vHowever, an estimate caﬁ Be obtainédAfrom bubSle zones
parallel to the fracture éeam, and_from'bdundarieé bgtwéen original fréc?
tufed grains.and the infil ér?stalé.i'These édﬁés;are up'to 3.mm wida, As
is evidant.from Figure_ﬁ#,-ih soma cases £hé'”massivef iée crystals'haﬁe
grown across to the fracture seam; in oiher’casés, ajgroup’of new crystals

ceur.  Petrofabric

o)
¢l

grew, The question arises of why both these cases

diagrams of fractured crystals show that there is no significant difference



bztween crystals in tne two cases. An_indiv;duai ;rystalbwhich is{fraé-'
tured (Fig; 45(aj) may be subje;t to qﬁé‘oflseQeral grbwth_patterns% in
(b)AneQ growth occuﬁs:én neither side; in‘(c) new growth occurs on ome
side; in (d).new growth occurs én_bothﬂsides;-iﬁ.te) new érowth_oécufébon
parté of bqth sides. }ﬁhaﬁéve:‘the groWﬁh type;nfhé seam 1s ;entral;
nucleation aqd growth‘ratésvin'ail cases are appfoximately eqdaljlotherﬁise

offsets would occur in the seam.

The fraCtures are orieﬁted suchlthat'”mﬁssivé ice" cfﬁst;l Baéal
planes are approxlmately orthogonal to the crack aurfacé} .Thébesal piane
is the plane of most rapld growth of "ice (H1L110,l9585;.thus.nucleation'and
rgrowth of naw cbystais is rapid., Also the infil ctystais'ha§e a wider 
ranga of c-aﬁisrorientétions;.which has. had littie effect on thé infil
. process (Fig. 46).‘_Figﬁré-§6(a) repfesenﬁs avvéttical éettion'orthogonal
to a fracture showing é-éxés of massive ice crystals to Be'Ver?ical in the
-fracﬁufe Riane,'whiie-iﬁfillérystals_forﬁ a ve%ﬁical girdlé nq:mal_to ﬁhe
fractufe. Figurev46(b3,(¢) sﬁowAc~axes of massive ice crYétaié,in a 
horizontal séction, ananig; 46(4) indicatés that infil crystals gi&e a
vertical girale. A further vérﬁical seétibnvis'réprésentéd in Fig.'46(e)
 >ahd infil crysﬁalsbgive.a similér Qattern ﬁo EiO. 46(&); ‘The petrofabric
p;ﬁﬁern f§r these fréctﬂre'infil_crystal§ thus differs ma;kedly.frﬁdvthét
of thé'fecent.tensioﬁ éfack (Ficf 39) where a broad ?efticaljgirdlé'éaraliel
tq the éfack was found. Howévgf, it'is noted that in_fhé.ﬁenéién crack
'coéiojs»nucleation occurréd'bn the éoil, rathet,tﬁém on_fractﬁrg'ice_orb
héar, and éﬁch‘c ystals had a.mach lesé pre xer;éﬁ oriéﬁté;ion than the
coiumnar crystals whichudevelopgd'from theichillvzone.' iﬁ tﬁe ﬁase.of éhé
 £herma1 fracture é mp:ﬂAsmalieﬁ space for crystal grdwth»is availaﬁle?:and

a well developed columnar zone has not developed. The 1n+lubnce of hoar
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- Figure 46, Fractures.in "massive
' ice'.

(a) Vertical section orthogonal to .
‘ »VLack,x 18 massive ice crystals-
62 ;1?11 crystals.

(b),\c) Horlzontal sections ortho-
sonal to crack, massive ice
Lrystala. ' o

(d) 30 infil cryscals in sections
(0), ().

1(e)‘Vertical section‘orthogonal to

locally dipping fracture. '

£0 infil crystals..

fracture
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crystal growth on infil crystals is not known. It 1is interesting_to’note
that both temsion crack and thermal fracture infils differ frbm rock vein

infils where c-axes tend to be normal to the.vein.

.'The.infil téxture differs'markedly from the “maésive’ice;" nystal' -
- size is obviouély.limited.by»thé space available for growth, gnd'§rysta1
sﬁapé tends.tOward:bolumnar,'parallel'to the groﬁth'diréction, ana'brthog-'
 ona1 to the fracture éurfaéé, ﬁé wall developed zone of dompetitive gro&th
occurs., Mutﬁal boundéries afe straight or gently cufved,lloéally with sméll
gas bubbles. No iﬁtergrowths éccur at.thé gentral seam in‘the initigl :
growth périod. Sub-boundaries-wérg not observed in thé ﬁewly groWniinfi1 
crystals. SubsequéntAchéﬂgg§ in thié-overall ﬁattern aré diécussgd later. -
A smali.amount of ice growth'occﬁrs'on tﬁe surface of the ffééturéd mésSivé
ice beforévbubbles fbrm.' Thié indicate; a build Qp of &issol&ed‘gas at  :
.the‘éolid-liquid inteffgcéfin ﬁhevinitial fgeezing. The gubblés.accuf on
both sideé of thé ffaCEﬁ;e over lgfga aréas thué“in&icatiﬁg:é widaspread )

. event.

Black_(1953>_discgséedlthe_;esponsé}éf_frgctﬁré infils‘ﬁd éompressive. v
stress. Cracks_ﬁith-airlﬁubbleé and hoar iﬁfils becéme shear plaﬁes whereasA
éracksvwith,élear ice ware stroﬁgef.and shear toék élace-adjaéént to tham.
Similarly, tensile sﬁresses would be éxpected‘tofpréduée diffgring.responses
on different_fractﬁre infiié.j it_must be ramembeféd ?hat;ét”diffefent
depths tﬁe‘grpuﬁd is sdbject ﬁé diffgrent.strgss-%ystemé'ét ﬁhe'saﬁe'fimef
ihus fractures whicﬁ_ére'initiateé in a zone 6f:tensile sﬁress may'pfopa—‘

gate into compressed zonas (Lachembruch 1962).

. Whare a "stratigrapny'" of fractures was observed, it was seen that

small crystals in older fractures had embayed the ‘'massive ice' crystals.
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Thus the original fracture surface was no longer approximately planar,

representing the adjustment of crystals to tha stress system.

(e) Subseguent Fractures

it is e&ident from the abqye'discussion Ehét an infilléd fracture
presents markediy>diﬁférept texturé and peérofébfics fr&m the origiggl_
'massive.icé. The smaller infil crystals ﬁave é greater specific’grain
boundary_area, pértially'in a vértigal séam én thch are abundant:gas
bubbles. _Also a greatef fange'offc-axis o;ientationsvdccﬁfs, including
some. crystals with verﬁical.basal planes.‘ However, it is épparent”from
Figure 47 that Whgre»refrécturing-haé océurfed tﬁevcracké do not follow
the same plane. Sefies of_fraﬁtﬁrésnére'obSerVed (betweeﬁ.which‘méssive
ice_may stil1 belrecognizéd); some gross, aﬁd infother cases a crack may_iA.
'ﬁrend into é previous one.'»In"general ;here is no apparentAcontrol.by
‘earlier fractures, i.e. fhé.texture'gnd'presence'of central'seéms_of frac-
fures contéinihg bubbleé'had.li;tle:effect'on subseqﬁent f#éCtufes._>This‘
may be aue tglthé factof, pointed'out in the disdgssicn of Tensibn‘Crack
ice, that finér grained'jateriéis are more resistant'ﬁo:cfackingfthan
‘coarse grained &ue ko their‘gfeater abilit&bto‘acéommodate.contraction_

strains.

(d) The Prograde Fabric of Wadzes

A site on Pelly Island (Fig. 1) with large-scale wedzes was studied
in ordar to investigate changes in texture and petrofabrics across wedges,

-and the intersection of two wedgas..



igure 47. Parallel and coanvergi
contraction cracks in massive
section. 10 mm grid.

Crossed polarizers

n
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Field Characteristics .

_ ThéINéfthwestbcoastTOf Pelly‘Island.has évlow;iying area of polygon
fiaﬁs iﬁ laéustfiﬁe élays,‘pfesenﬁiy unda:'aétiVe coastal feéession._
Wedges are readily observed oun a 1o§ éliff,'a#d ﬁblfgon téo;gﬂs aﬁd ridges  
arg.weil develdped} Many,wedgeé are greater than Z:mvacrdss aﬁdvsome:are
oyer‘3'ml The4uppe£:éurfaceé;6f‘mést céastal wedgés ind surroﬁﬁding peat
and élay havé beeﬁ sﬁbject to’melﬁ down and periédsvof fresze-back. bTherm§-
.karst and thérmal eros?on'was greatest over énd adjacentvto wedges,.the'
hollows having,beeﬁ infiiled subseduently,by peat, tlay and ﬁond ice, In
one casé this left a'lérge'wedge'inAan”inactivé state,énd led to neijgdge

growth adjacent and approximately parallel to the first.

“Tha wedges have'thé chﬁracteristic fah-éhapéd foliation.(Blaék 1953)-/::
‘determined byvbubble apd sediment content, wiﬁh a general decrease:ih‘
E bubbles from the centrévoutwards. .Larga clay.iﬁclusions are fbund ét the
~.contact with surréundiﬁgbmaterial. In addition to the.fan-shéped fdlié;.

tions, oblique fractures cross the wedges_(Fig. 48).

.ASamples were taken from a la;ge wedge; 3.3 m.wide'wiﬁﬁ an overbﬁrdéﬁ.
‘_of'pe;t.énd clay 0.4-0.5 ﬁ deépQ. Melt-down_had dccuriea be1§W the present
acti&e layer (Fig. 49) aé indicated'by-a chemiéally'stained layer‘in'the
clay which adjoins the 1owe;'shdulaer df'thg wedgé. This is no£ a two-tier
wedg"e‘J but gfeafest ﬁelting occurred,aﬁvthe boﬁndary of ;he‘wedge,vabové
which'occgrs'a-ﬁody>of'pond'ice whi;h froz;_omniairéctiqﬁélly.(‘The:uppef
wedge.surfacé has a relief'of 0.1 m. Egposure of:ice'wés limited to_a'lm
depth of 1 to 1.5 m beléw the wedge top dué_to siumping, thué:nb samples
éould_bg femoved fr@m greateridepths.  Four Saﬁples weré.tékeﬁ acrossxthe

wadge from the centre to the boundary,
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\;Fan-shaped banding

 ://Obliqne fracture

Fngre 48.. . Bubble bands and oallque fractures in wedge.
(schematlc) ' '
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Figure 49. Melt-down adjacént to large wadge.
. A.L. = present active laye

1. = "pond ice"
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Tce Characteristics, wedce centre

Tﬁe'bubble foliation of-ﬁhe cenﬁral poftion bf the wedge presents a
complex pé:tern. It is_eviéent ﬁhat:cracking doés ﬁé:‘alwaYS dccuf cén- 
.trally, as later oSliqﬁe‘crécké:&fféet»earliéf foliétions‘(by a.few mm)._
-Bubbles,usualiy elongaﬁed Vefﬁiﬁallf, ayerage iO,ﬁm in length and %11;@m
_diameter; sone spherical_bubbles.(<<l'mij'ar§ interspérsed with ifregular
ones. Within'a“giQen folié;ion? bubble Shape.ié.fairly.éonstan;; these
foliacions Are <;3 mm‘wide_and separated by‘clearer ice. feat and sediment ,1'
inclusioﬁs are scattéredvalbng fhe traces..of old ffacturés; larger inclu-
'siops may have béen brOkeﬁ up énﬁ offset by subséqﬁent OBlique frac;ufes.
_Mofe recent fractures‘ha§é largef,_SuB-pIanaf cqncentrations,.’Incluéidns‘
'thﬁs occur as{; (a).indiﬁiduél fragments.of 1—2’¢m; {(b) planér zomes con-
tiﬁuoué lé;erally for 30 mm;'(é)_pods_eXtending 2;3 mm out frém thévfracturé
:'surfaces- ‘These inclusions provide no infdrmatidnvconcer#igg crack ﬁidths,:
as particlevﬁigration, and floQ of ice have_occurfed éincé the f%aétures
' were infilled. ‘Withiﬁ_a given fracture éhere is no apéaréﬁt_felatioﬁship
-betweeﬁ'sediment or organic matter aﬁd beb1é iﬁCiusions, i.e. the bubble

contents above and below.organic matter are similar.

Ice Characteristics, wedg2 boundarv

The ice at the Wedge boundary differs from that described above.

The fracture pattern is less complex, ths bubble foliations and the inter-

(]

_vening "clear bands'' are widar, reachinz up to 20 .mmm. Bubbles are mainly

vertically elongzated, 10 mm long, with fewer spharical bubbles than in the

" centre of the wedge. Thus, while the foliations have become rotated the

bubbles remain essentially vertical. The fractures sub-parallel to the
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wedge boundary have clay inclusioas up to 8 mm wide and are more continuous
. _ : . . ' s _ o
than those in the centre.of the wedge. Usually the fractures with high

_clay conteat have few bubbles. Later fractures are oblique to thz earlier

fractures and to thz wedge boundary, and have low sediment content.

Wedee Centre

.Bubbié Characteristics.- Maximum information was obtained from
vertical sections orthogopal to the trend éf the wedge.» Bﬁbbles occur in‘
mafkedly diffefént densitieé wiﬁﬁih individual_ban&s, which rangs iﬁ dipA
froml40” to vgrtiéal, but nbt.ail'ﬁands étrike pa:allél to the wédga.

‘Bubble'shapes are (a)'elonga;e;‘(b) spherical,»(c).irregular.

(a) Elongate bubbles are orienﬁed.;ppﬁoximately ver#ically,‘whétﬁér
Athe cdhtaining'foiidtion'is verﬁicai or oblique.‘ Individualgbubblés are
. <$ m@ léng'aﬁd < '0.5 mm diaheter, soma having‘skighticuséture, but.moét-
are regular_cylihders.
(b) Spherical buﬁbléélafef;él_mm in diameﬁer and occur iﬁdividually,.
in groups, or within bands of‘ﬁainly elaﬁggte bubbles.
| (c) irregﬁlarly shaped-bubbles afe simiiar in distribgtion.ﬁo,the
- spherical, but may reaéh 3”mﬁ in‘lengthf ‘
Organic mattgr ocp#rs maiﬁly in smail pocketé in discbntihuou§.trains

approximately parallel to'bubﬁié bands.

Crystal Characteristics.- <Crystal size varies markedly throughout
the section (Fig. 50), tne average size being 4 mm x 3 wm and the rangs from

<1l mm x <1 mm to 42 mm x 8 wmm, the latter being vertically elongated.

Crystals are anhedral with straight or slightly curved boundaries. Some -



10 mm grid. *—

Crossed polarizers
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s

éf the larger crystais:have more ifrégulér-boundaries dﬁe to‘the.preSence
.of small.cryétals~along their maﬁgins._ Tﬁére are differing texturai-ioﬁes,
areas where graiﬁs ﬁre equigranulér»with nﬁ'éompiex inﬁefgrow;hs:éonﬁrastf.
ing with are;s where gréins éré'ﬁarkedly dissimilar in shapé,]sizé and
%ubstruéturé._ Dimensionﬁl orientation (Fig; SS(a))Vis.predominantlyfver-'
tical Ehroughout, But ldéallyimoré strongly devélopéd,“énd some recent
,fréctdfe'infil_crystais_haVe horizdntal'axés.: Sphericai bﬁbbles.tend to
beIOn or mear crystal bbﬁnaaries_rather‘ﬁhan in the céntfes of crystalé-'
No ma jor Change'in shaée.of bdﬁbles occurs at grain boundaries. Eloﬁgated
bubbiésbfareiy.occur wifhih‘a‘éingle crystal5:most.cross boundafiéé or
terminate ﬁpwards aﬁ'goundaries‘. The:latter suggeétsrﬁhét migration_is
.‘conttblléd by the grain Boﬁndary. Most inclusioﬁs_ofxorganic‘matfer‘are )
at grain bpuﬁdarieé.“.A'pﬁotograph of one thin séction>i§ given in‘Fid..SO,
and a sketch of grains'for petrofabric analysiéAin Fi§5"51Q‘-Thévgeneral
petrofabric pattern fpr:thé‘sam§le is a Bréad sﬁbhoriZontalﬁgirdle (Fig.
,52(a),(b))g but lbcai concentratioﬁs exist,»iﬁdicating.fhe'ééﬁpiex'iﬁflueﬁée
of multiple‘fraéturesil'Crystal-gfowth in fréctures;is egpéctéd to'be
initially pro&ucti;e of a vefticél gifdle_ﬁormal to thé créck, uqless'.
-crystals_grow as.éxtensions_of cra;ked’crystals;:wﬁeré_arﬁorizontal gifdle
pattern would be expecteaﬂ  Su5séquent.periods'ofithermally.inducedvstress
cause flo& anavreorigntatioﬁ. Later fractures maf also interrupt.thav |
pattérﬁ. 'Component:petfofabric diagrams (Fig{’SZCc)—(lD havé been prepared : 
on thé’Basisvof,crystal size,‘numberﬁof sides-pef crystal‘and bubblex:
coﬁtent. There’aie no siénif@cantly'differEHt patterns fdr each set.of
-diagramé. Thus the broad -horizontal girdie is hdmogeneoué;throughoﬁt thé_‘

section. -
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(a),(b) 140 crystals, vertical section orthogomal to wedge axis,
at wedge centre, (c) 57 crystals with vertical dimeasional |
orientation, (d) 83 other crystals, (e) 40 cryscals with >6 .
sides, {f) 40 crystals with & sides, ... continued.’ o '
‘a.p. = axial plane of wedge

Figure 52.

Diagrams in plans of sections
Contours at .intervals 1, 2,4, 6, 8 o



Figure 52. (Coat'd) (g) 60 crystals with < 5 sides, (h) 24 crystals,

' >5 mm lonz axes, (i) 52 crystals 3-4 mm axes, (j) 58 crystals
&2 mm axes (k) 69 crystals containing bubdles (1) 71 crystals
without bubbles. . s : o :
Diagrams in plane of sections ‘a.p. = axial plane of wadge
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Wedge Boundary

The ﬁontact of the wédge with the‘surroﬁp&ing élay‘is irfeéﬁlar aﬁd:‘
elay blocks are'contaiﬁgﬁ witﬁiﬁ'the ice. :Thgée~bloéks'hévevro§nded,edges
and ére dissimilar ﬁo ;iaybin a lens ice-élaf-syétem. .The fracﬁure,pgttern. 
;s simpler than ét,the Wédge ééntre; most fractures trend pérallel to the
side'qf thé‘wedge‘and arg 6fteﬁftfaceablé'cﬁncinuously thrbdgh'theisection,
»althé&gh same are siightly offset by later, oBliqﬁe fréctures (Fig. 53).
Many_earlier:fracturesfhave 2-5 mm thick_sediment inciuéion 1ayers;’while “
others are less coﬁtiﬁuoﬁs. ‘Ihese early>ffact#resnhave fewer bubbleévﬁﬁt

more sediment than later fractures.

Bubble-Characteristiés.-  Bubbles in the blder fréctures'hafé been f
subject to more thermomigratioﬁ'and-fracturiﬁg. As the ybﬁngér fractures
>tena to éccur in ;he;cent?al portion, bubbles are better préserVed there
.ﬁhan.at the_sides;' Owing“to'thesé'cﬁangés, tBe'charaétéristic wedgé”
”fdiiatién“ is less easily traceable near the wedge bound;ry, especiaiiy
where clay inclusions, and less éoﬁmOnly.Qrganicﬂmattef, are‘présent. ;
ﬁhéfe bubbies}occur‘at ﬁhé sides, they are mbre ifregular than in.the wedgé:"
céntre: fsghericalvbﬁbblés are lesé abundant thah:at the-wedge_centfe;
VO.S nm in diameter, and tén& to éufrognd elqngate:bgbble zﬁneé. Thé§e.
probéﬁly represent:the>interattioﬁ bf bubgleé during wedge_growth.'_Uéually
,the gfeatest,irregﬁlariﬁyAéﬁpears‘on the sidé.of &he bubbie-néarest tbe
.ﬁedge'boundary.’_The-iater “foliagioﬁs” afe bubble-bands 3'td.5 mﬁ Widé
vcontaining mofe reghlar'vertically glgﬁgétea‘bubbies;.whagevér.ghé Qrign—:.'
~tation of the band. . . 2 

~

Crvstal Characteristics.- Crystal size varies throughout tha section,

[$14]

but 1s generally larger at the wedge boundary than in the wedges centre,



Figure 53. Junction of
wedge with clay. Note
bubble t ]
junction, and the obliqu
fracture.

10 mm grid.Vertical section
perpendicular to axis of wedge
Plane polarized light.

Figure 54. Vertical section,
wadge boundary, orthogonal

to wedge axis.

10 mm grid.

Crossed polarizers
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‘averaga size being 7 x 3 mm. Away from the edze of the wedge, crystals

reach 15 x 10 mm, but small crystal'éones'also occur (Fig. 54; also

_compare Fig. 50).

Crystal sha@é.is anhedral bﬁtAwith:thé smaller crysialé tending to
have some straightzsides. The ﬁost pronoun:éd'grain boundary irregulari- 
ties’age vartically upward_indentationé at:;he Sase of éfyéﬁals, associated
with bubbiesl Upward mig;ation:isvunlikely és’migrétign Wouli te%? t& be
downward for mostléflthe'yéar to the warmer régibn.. Grain.boundary
‘mig;atidn can occur iﬁ aﬁy diréction,‘thus:iﬁ is ﬁoré 1;kéiy that bﬁbbles
haVe'locally retarded ﬁhat ﬁrocess. Soﬁe df.the larger-grains (>-10lx;>'6 ﬁm)
.are cut by latér-foligtions, thus ah'increaseviﬁ qrystal gize occurfed
béfofe the'latest fractures;  S§me Bubble irregularities océurred afterv

‘tha latest fractures, but the time of fracturing is unknown.

,'Diménsional orientations (Fig. 55(b));éré generally vertica1 ot 
parallel -to the local_frécture; the oldér fractgfes domiﬁatiﬁg; but th£s’
patﬁern is compligatgd where ﬁew‘fractures»écggr.: Subétructu:e'o§Curé,‘
~mainly invthe_larger grains,vas slightly differing extinégion across

crystals, not as distinct bands.

‘There is thus an overall relationship of texture and foliation. 1In
" the zone of older fractures, small crystals are effectively bounded by
fractures. Later fractures cross these older grains. In comparison with

L §
i

ze centre, a nighar proportion of bubbles occurs

[a W

G

Ve

Q

sections from thea
within crystals, thus while bubble migration and grain baoundary adiustment

have occurred, bubbles have not all been trappzd on boundaries.



172

107,

208

vertical sections.

Figure 55. Dimensional orientation,

(a) Centre of wedge, section orthogonal to wedge axis;
(b) Boundary of wedgs, section orthogonal to wedge ax1s,
(c) Junction of two wedg:s. -

, ]Onnn.'

Figure 56. Sketch of grains for ‘petro ofabric analysis, shown in Fig. 57.
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Figure157.

(a) (o) 120 crystals, vertlcal
_section orthogonal to wadge

. axis, at wedge boundary;

(c) 438 crystals <:iO mmz'
(d) / ;2 crjstals .LO 20 xmuz,, |

(e) 30 br]stals j>?0 mm2

Diagrams in planas of sections
a.p. .= axial plane of wedge
w.b. = wedge boundary .
contour intervals 2, 4, 6,8,

10, 12, l4o
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Petrofabric diégfaﬁs'aré given.invFig. 57{ for the‘seétion ékeﬁched
-in Fig. 55. The pattern'is‘éeén immediate1§vto be'morévébdéentrateﬁ fhgn_
‘the previous case,_displayi#g a stfongbpoint concéntration p;thogdnal to
the'plane of.ﬁhe majbr foiiation, with é minor.girdle drthégohal‘to the
compritionél 1éyering,' The fabficihas thﬁs become :eq:iented iqto higher
symmetr}'thah'that of the wedge'éentre.i'CQﬁpqnenp'diagrams-wafe pfépared
oﬁ th; basis of crys;al éize, positibﬁ teiativé to‘fractﬁres, and &imen;
sional orientation.. The'threéraiagrams (Fig. 57(c)—(§)) aifﬁérentiat;ng
crystai size show that Crystals %:lO m@z.ténd,toward a girdlé pattérn thch
wa§ charactéristic ofjthe wedge_éenﬁre, Whiie'thé lgrger thé grains, fhe
nearer>the pattern épproaches a>point éoncentfation;"There is qb signi-b

ficant difference among diagrams based on dimensional orientation.

Horizoantal Sections

As a_éheck'on texturgl varia;ion achsg‘Ehé‘section,;hqrizonﬁai Ehin'_f
sgctionsﬂwéfé cbmparéd.  The ffée;ure pattern is moreAprdﬁounced in the
wedge' centre, mosﬁ fr;ctﬁres are pafailelfﬁoﬂthé Qedge.t#eﬁd;jbut some',f 
‘intersect. Bubble inﬁluéioné are most stfongly COncentrated in yo@ngef
fractures which Separate_zohesvof clearer ice andiof'réndomly‘scattéred'
“bubbles; few aiscrete bands occur near thevﬁedge_édge. .Organi¢ maﬁééf is
much 1ess‘common_than bubbiés1in tﬁe central{sgction -~ in:lﬁéions ;re'
restricted to Small.parts éf a few-fractureé; 6ccur:ing'in-;heAform'§f
s treaks anq bloﬁs;l At thévweége bcundaryq’organic maﬁtér:is‘in theJEOrm
of linear inciusiods only.’_AQeragé cr?stél‘size Varies‘from'an 2 Mm'iﬁ
the wedge centre to 6 x S'ﬁm iﬁ the outef'segtian."Crysﬁéi.shapé in ﬁhé

centre is ganerally subhedral, curved faces being on the side away from
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recent fractures. _ﬁbst-complex'shépes are found ﬁeaf tﬁose fractufes in
cryétals‘which have dimensional orientations‘dfthqgonal‘to}the cracks,
whereas those'furthar}away are mofe nearly equidimensional. _In.thé §ection
near th§ wedge~boundary;-shapes afe moStiy anhedral but with no coiplex

: intefgrowths or serrations. Major bcundar}‘irreéglari#ies are ésédciatéd
w@th_buﬁbles, indicating reléti&e ﬁubble-bogﬁdary migration. Substructure

is not

\

well developed in ény.section;‘it oécurs in 1arggf‘cr§stéls in the
‘wedge centre and more fréqgently at the #edge bdundafy. ihe only'pfefi
ferred dimensional orientatioﬁ ié.ortﬁogonal'fo'recent fractures; indicating'
space infiiiiﬁg; 1;ter.p§tiodsvof étrain modify.such a pattern.:VIn‘the
central section bubbles aﬁd:texture are reiated in ﬁwoiways; ,(a):recént
fractures aré_ma:ked by céﬁtinuous lines of bubbles in their éentres,
crystals from each side of tha’Wédge;meeting at the seam; and (b) away _L
 from recent fractureé;ibubbles tend to be in'gfaip.boundarieg,_probably.
;resulting froﬁ trappiﬁg.durihg reérysﬁallizatién. -Neér tﬁé wedg2 boundary,
>bubb1e.bénds are 1es§ distinct;'and ihe 1arger-gfai§s‘have-grown pé%t.
ﬁhe oldrbands,_bubbles occurring withid'cry$tals;and atvboundafieshi

Organic matter always occurs at boundaries.

Junction of Two Wedges

CIn addition t5‘the faﬁriés of single wedges,';'junction.qf two
orthagonaliy intersecting wedges was studied;n Nd‘majof differéncéQ‘from
single wadges were‘found. Crystal Sizeffénged_from 2 @m X l'mm.ﬁp_ZZ ma x
.8 am, avegaging 7 mﬁ % 5 mm. ‘No_prominent_baﬁding'vas distinguishgd-on'
tha basis of grain sizé,_éxcept whare a tecent,fractgre w;s.indi;ated~by‘ 
p,

a small-crystal zon=2. Shape is generally anhedral, although some crystals

LI T
i

have on2 of more straigat sides, and dimensional orieatation is vertical,



parallel. to bubble’foiiéﬁiéﬁ,féﬁd mbre pronouncéd tﬁan‘in'single wédges.
The petrofa‘b‘rAic‘ diagram (Fig. vsé) shows a broad horizontal _girdlé whi.ch
is broadér and weaker‘thén thé.ﬁattern in siqgle'Wedges, but containé-two
orthogbﬁal Maximé,unormél to thé'fwb_wedges.qurom the iimiéedxwork’dqnev
here if is‘not possiBléito sﬁggest relatibnshipsuof'inaividual maﬁima to

“each wedge.

Discussion of Wedge Ice

Thé nﬁmber of sampleé describéd héré'is liﬁited éom@éred with-the
. work of Black (1953), bﬁt ﬁithih a givep Wedge syétematic changes Werg 
‘recogn;ied. in a Singlé_wédge gfain_size ihcreésed outwara»from'tﬁe.:
:.centré.and.cfystais‘beéame“diméhsionally'érientéd paralléllto the cd@po-
 sitional layering; .Téwardénthe'sides of the.wedgé op£ic axis orieﬁtétions
form a strégg pbinfvmaiimuﬁ orthogonél to the»layering'due to :ecrysﬁél-.
'1izati§n._ Thé'lowér symmetry of the fabric diag;ams Qﬁ the wedge cenﬁre
is‘d#é fo the presenéé of'ﬁultiple‘oblique fractures_and aséociéﬁed,ﬁew 
crysta1 gr6wth; With increasing éiétanee‘f;ém'thevcéntre théfé is less-
disturbaﬁce and fabrics adjugt.té ﬁhe'impsséqAétréss Syétem, produciﬁg‘a.
Vstrong point:méximum.'iWhile fﬁe ﬁéjof stress is'hériéon;él,vﬁedges retain
- a wedge shape and.basal planeé of crystals.are'parallél to‘the buﬁble
1ayerihg. Towards-tﬁe wedge.boundary'thé_layers increase in dip, bﬁt»non—
 spﬁeriéal.beb1es withih'the'l;yé;s retain Qertiéai ofiéﬁﬁatioﬁs,‘due_in A:
part'to the éﬁrés; systém}gnd partiaily tb_thg verticél'tempeféturg-gfa?
diéntm ‘The sample frdé tﬁe.juﬁétion of,th wedges.shQWs tHe inflﬁen;e_of

both wedges.



Figure 58,

(a) (b) lOO crystals at Jun;tlon of two' o
-orrhooonal ice wedges. s .

Vertical section

- a.p. = axial planes of wadges

contour ‘intervals 2, 4, 6 ¢

177
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~ In comparison with Black's (1953) :eSults;.the'fabricsvfouhdnhere L

“are fairly simple. C-axis maxima are generally Orthogonal to'composirional'

l'ﬂ

‘layerings whereas Black und thls pattern plus a range of others." Howaver’
Black studied many more wedges.which'included wedgesjin various states of

activity, including buried-wedpeé Burlad wedoes had equlcranular eryatalsF

_(Black 1953, P 60) whlcn is evrdenee of craln Orowth

In the tneoretlral work of Lachenbruch (1962) and Grechlshchev (1970)
»the Qedges were con31dered to be falrly unlform; In the present study the |
,Avariability in eompoeitional and crystalgcharacreristice has been reeogf
‘ﬁized.' Cempositionai layers'differ.iﬁ.orieatatiqa tﬁroughout the ﬁeaée‘and'
the contained ices respend in‘different manners; LThe layers.are defined'bye
bubeles and other gross defecrs which act as stress. coueentrators.: Thus
theoretical modelsvof cracking-are:aot.rigorouely applicable. Adurflonally
rhe preseﬁce of'grain boundaries, which.areezonee:ef atomic disorder, may
influence crack propagation.f fhe\generai increaSe ig_grain size teward> -'
'tﬁe edge>ef rﬁe wadgze and”assoeiared.eﬂaage.ia optic axis?lineatrons_tOWarg
~a point cencentratiqh'orthqgonal.to'the_IOCal foliation ie.due ro Baeal
slip and érain growth:occurs in suitablyterieered crystals,‘while other.
crystals are coﬁsumed_in.rhe.beandary‘miérationImechanism;>.Inclusions may
affect‘tﬁe bdundarf'adjustmeﬁts,»aﬁd bubblee are subjeet to horizontal._.
stresees and avvertical:remperature graeredt Whicﬁ_prodeceé'rheirlﬁertieal

elongation,
Shumskii (19oq, p. 202) revorted that at tha upper end of wedgsas

... crystals axe colunnar. Ihe atrat Fl”atLOW beconea quite .
. indistinect ... ani ‘the nuﬂoer of mineral inclusions decreases .
~ considerably. o Co
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- This suggests that the upoer ice was pool ice, frozen infthe wedge trough.
-Such m151nterpretatlons are readLIy made in llont of the 1‘:act that thermal
erosion of ice wedges.may occur, as dlscus»ed by Wackay (l974d) Refrozen:
infils of such_channels haVerbeen observed; and,subsequent-fractures-cross

‘these infils (Mackay, personal communication 1975)}

'(e)-- The Influence of Wedee Growth on Hassive Ice

In'addition tohsiteslsuch'as Pelly}Island,.wheteHWedgecsystems have i
developed in sedlments and organlc matt ,‘Wedges'have also‘grown in”'
segreoated ice bodies. The 1atter type is 1ess frequent and characterlzed
by 1arger polygons.. As recent fractures ‘were ldentlfled petrooraphlcally;
the wedge appears to‘be growing, and thus actlvely streSSLng the surroundlng
ice. The COmDOblthHal 1ayer1ng of the masalve ice is deformed adjacent to.
. the wedge,'shown in Figure 32. Petrologlc analysis shows a decrease 1n-u

:grain size toﬁard thecwedge, and a chang tn petrofabrlce from that typ1ca1
~of Folded maSSLQe ice touard that or a wedge.: in addltlon tecent ftactures
- showed theirdcharacteristic features.- By.comparleon with folded 1ce whdch

did notvcontain a wedge,'the-influence'of the wedge is apparent.' :

(f) Comparison of Tension~Crack Ice and Wedge Ice -

. Wedge ice is_a result of the infil of fractures-prOduced by thermal -
contraction of the ground; whereas tension crack ice infils fractures pro-
duced by mechanlcal rupture of the Orou*xd aasoc1ated w1th the growth of

" excess ice at depth, as in the case of pingos. However tension crack

ice is also subject to thermally-induced strains.
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‘Wedgee eharactefistiCaliy'forh a: polygonal éeﬁtern‘(althoqgh,thehe L
fmay be no Surface'expression on siopes;“due to‘soil efeep)‘Whereae‘tension
cracks are best observed on plhgou; but nay extend on to adJacenL lake
Zflats, and have been traced for 2 km (Wackay 1973a p.'992, Fig.-lB)Qh'Thué"
-the two ice tyoes may ‘be dlstlngulshed frequently by surface expreSSLOn.
hWhere exoosure to depth occurs the relatlonshlp of the ice’ Dody to surround-
ing material.differs;_no uphurning occurs-at hhe tenSLQn crack bougdary
.(Fig..40), whereas sedihehﬁ end ice béhdinghare'deforhed adjacent tof..’

wedges (Fig. 32).

:Where such'ﬁare sections are not éhaiLable?‘the-éetroldgic character—':"
~istics of the‘ice afe:usefui;»however, nd_tensibn ereck ice'from the 1ake‘
'.flate was studied;IZIn edmperison Qith wedée:ice, one season's growth of:
_tehsion crack ice may.be much greater Cin this»étudy’iOQrmm) and has mul-
'tible bubble bendsaand cgystal layers . containing larger‘Crystale than wedgevhb
icé; Also latticevp;eferred orientations,arehmore.éonCehtrated in»the
girdle pattern; }In‘the cese'of.ﬁhe Qld‘tensioﬁ erack’ice there are again
‘mejor diséimilerities‘from wedge ice in_terhs.of bending, bubhies;hcrystal:

size, shape and orientation. . .



Reticulate Vein Tce

Introduction

Fine-grained sediments, sneh as glacial tLllS lﬁake and narine’clays'
and muaflow deposLts are of w‘despread ale ibution in.tne field erea!
Within such sediments, ‘retlculaee 1ce vains Heve bezan reCOOnlzed formlng
a threo-dlmenSLOnal pattern (Mackav '1974b). The veins tend to occur.in.
the.uppeL 10 m of exposures and are frequenely underleln by massive segre--
ganed ice.. The primafy veins may be either vertical or horizontal K
(Mackay l97bc) and range up to'5 m in lengtn and O 3min WLdCh._ 1¢é‘]'“"

" within the veins is often 1nc1u31on free

_Seyeral tneories of wvein gnowth.heve been nropbsed (Popey.i967;
Danilov 1969; Katasonov 1967‘ Wacxay l97+o 1975¢; McRoBerts and Nixon
1975). The theories ofz?opon Danllov and matasonov‘nave been dxscounted
by Mackay (1974b) who presented a»theory which explains the near snrface
pesition bf the vein sysfems.and ene‘lack of enees§ waner on thgw;»the'
.vertieal and'horizontal'orientations are_éne_to shfinkage.eracks.and the
‘water is deriyed from the a&jacent "frozen' ¢1;y biocks"after-downnera

penetration of the freezing froat.

'HﬂRooerts and leon (1975) gave a discussion of D Wackay s (L97+b)
ﬂpaper in terms of n]draullc fracturln ':In'v ply Mackay (1973c) pownted
‘Out éhat hotizeneal hydrau1nc fraecurlng was.unlikely, and that ver;1dal
' 3neins férﬁed byesuen awmechanism-could pfobably be distingnished by3fnrtne§

. study of ice vein patterns, ice petrofabrics and water chemistry.
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In this study reticulate vein ice was obtained from above the massive -
segregated core of an involuted hill. Emphasis is given to considerations
- of ice petrofabrics as an aid in understanding growti and post-solidifica-

tion features.

Field Characteristics

'The site choéen'fer sampling is an u@per,i acﬁiya'slsmp:face.in.a
écoastal exposure where seseral periods of‘slumping haVe dccurfed; A_Vafe :
'1able-th1ck1°ss of stoney clay (1 ~10 m) overlles a maSSlVE seoregated iceje
core. At thls site the retlculaee vein ice pattern is QOﬂlnated 5y vertxcal‘
Qeins (Fig. 59) which reach_O.ZS.m in thickness but are usually 10. to lOO omm
thick, and Videﬁbdownwaids.f.They are traeeable verticallf f&f several
ﬁetres,_ee'the top 6f the pfesentvslﬁmﬁ, end'fermiﬁate downwafds»in_massive
;segregatedslce, Frequently they Decome thlnner.Just.aDove the ice core.
.HorizontalAVeins also occur: bUL are less contlnuous,'the enclosed clay
) blocks.arelup to-l mx 0.3 mx 0.3 m. The‘topography of_the_hill and the
sﬁpper.sdrface of'the uﬁ5eflying ﬁassive segregated ice is>ﬁndulating. _The
veins are'perpendiceiar.end parellel to.the dpper massive.icesSurface;‘
: ' , o o

xeep;'where sligﬁt dowﬁsiope:cr. ‘has occurred Thus the system has

‘been subject to heaving during later massiva ice growth.

Ice Characteristics

The coseaCtrsf'tﬁe‘vein iee_and serroundisgbelay‘is irreéular,.ﬁut,
aﬁfupt; and,a minerel;film is observed‘between'iee'aﬁaveley; 'Inciusions.
occur in:the form sf:Eubbles>ané.small'clay‘bioeks; no structures are
epéafent;- Saﬁples were_ﬁakeh.from both_veftieei and hd;izontai &eins, and

thin sectioas parallel to and orthogonal to the vein trends are discussed.
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Figure 59. Reticulate ice vein
system. Vertical veins domi-
nate. Massive ice below.

Figure 60. Vertical sectioa, parallel
to vein plane. Grid 10 mm.'——

rossed polarizers
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(i) ~ Narrow Vertical Veins

Inclusion Characteristics

Vo

.‘Bubbles afe few, sphefical and:small (=<l'mm dlametér);brAelliﬁsoldél'
(3;4 mm‘1oﬁg), Eositibnslaréﬁappérenlly,ﬁdt-related to the Veinlﬁbundary_
of to clay inclﬁsionsl | |

The cl;§'blbcks_are l;feéulaf‘wilh-conéhoidaltfaeeé'similarnto ﬁhbse
reported for hofizontal.leﬁses.by Penner (1961),.and'rahgé inVSizé.upito
'BOvmm on a side.’ Nb pa?ﬁérntof thé blocks relatlvé £¢ the veinréfieﬁta-l

‘tion was recognized.

Crystal Characteristics

Cryétalféize ls lérge‘(Fig; 6d)vraﬁging fromlé'%'S‘mm.go'ZO x 30 ﬁm,‘
gn&_shapes7aré anhedrél, lﬁequigranﬁlar}' Bdundaries‘vafyﬁﬁidelyg-ln:a
given crystal, 2 or 3 SLdes may Be essentla 1y straight whlle the othnrs
are Very'higﬁly curvéd and interloc&ing; eopec1ally along ombayments.‘
These eﬁbay@entsldevélop éléng éug-boundarieé, which are wéll dévelopédl
“in many‘gfains. While many suS boundarlas are parallel in a olven ﬂ“ystal
o;ﬁers'radiate‘frpm‘a poin;, often an inclusion. Théfe is no well develoued

dimensional orientation.

’ Sédlment inéluéidns ha&e'an obvioug coﬁtrbl.on_ﬁéxture, Moétbpartif
',7 clés are;.;(a} onvbouﬁﬁérieévwheré'they:ﬁelpvté pinlboundéfy.mlgratioﬁ;

'(b) on sub- Doun*&rlas Whluh.rgbult lfon dislocation DroﬁJctloq at tﬁe
1u510q,‘or (c) at, tne “junction él sub- oo;ndarveé and bOJndarle; dhere
emBayment has been arreStgdff Loéally Ve;y.comgléx bgunQa?ies are associated
.llwlth.a grdup of‘inclusiéns.“Thé-few:bubbleé;a?e generally:on grélﬁ béuﬁdarf

1es.
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Figﬁfe 61 shows a thin section‘Vérticélly below ;hétlpfeviouély_dis~ 
cusséa; _Thié showsithé 1ocai Vafiability in cf?stal size. 1In éo@é cases 
it is apéarent that‘one.érysgal_héé“been sﬁbdiviﬁed by stféight sub-bound-

‘arigs; byAa équgonizétionvméchani;m. _Theéeléubicrysﬁéls‘haQe élosé

extinction positions.

©(ii) Wide Vertical Veins

Inclusion Characteristics

e Generally'the wider velns differ.in inclusiqn cﬁaracteriétics from
the.naf;OWIQeins; 'Bﬁbbles qccur inAthe cenﬁral';;ng, But ﬁot near.theA
" contact Qith the.élay. U;uaiiy thegbubbles are very finé, spherica1; and -
océur in grOups‘énd.netwﬁrks. Thavabsence ofvbu551es.in Eha ouéervgoﬁé_
- suggests siowﬂfreezing;'and réjectibn of‘soiuté,:as ié also seen in:the

‘mineral films on the clay blocks:

Clay’dccurs_as finely dispersed particles, and irregular blocks 10 mm

across, all away from the contact,

Crystal Characteristics

Crystal size and shape determine two‘zones; close-tq ;hé vein eﬁge
crystals ére elongate; > 10 mm x 5 mnm, ana in the centre éf'the Qein‘are
'large'crystalsf>‘30 mm ﬁ_}>20 . (Fi§i'62),_‘The aiéagate cryétals afei
‘anﬁedfal with'curved to éefratéd bOundarieévﬁifh Sefrations;nﬁrmai tq'tha.
dimensibnallérientatiog ﬁhiéh is ofthpgoﬁal'to‘the clay'gontaéf.g The;lérger_
éentral crystals are anhédral,‘bouﬁdariés aré'céfﬁed or have smail‘sefyﬁ-

tions. These crystals are more nearly equigranular andvmpre interlocking
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Figure 62. Vertical section
normal to vein plane. Note
horizoatal columnar crystals
oa left-hand side, adjacent’
to clay.

Grid 10 mm.Crossed polarizers
 EE———

Figure Sketch of grains for petrofabric analysis, Figure 03§a\
rains have c-axes outside the maximum Vertical section,

to vein plane.
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in nature. Substructure occurs in the central crystals but is rare in the

‘marginal, elongated crystals.

AISe thevrelationsﬁlp of crystals and inclusions &iffers in‘the tﬁor ;
zones.leost'Qf‘the Sedimenrnis lntracrystalline ln the eehtre of the Veln;
._but_intercrystalline in the_zoee'of'elsngatedlerystals;'lThe.networks_pf
Bubbles are not everywhere related to preseﬁr grain.boeﬁdaries; thevbabbles Fi-
kgenerally-lie vertically below the Boundaries,_suggestiag relativéadbwnward

motion of bubbles.

‘Perrofabric dlagrams are shown in Flgure-63(a)-(f)rfor samples.barallel
andvorthooonal te lens trends.‘ Flcure 63(a) (b) represent the c-axes of
crystals in thln sectlons parallel to vertlcal veins - (Flg. 60, 6l 64)

Here the optic axis pattern tends toward a maximum. orthoconal to the plane
jof the vein,'as found by Mackay (l974b, p. 231). Crystals;outside the
maximum are shown Ey.shadingbin figure'éé; they.aq not &iffer‘ia textural

‘characteristics, but often occur in groups.

vFigures 63(e)3(f)lare for crystals ihfsecﬁions 6rthbgohal toi;he lii
Veln rrend,‘(Fig. 65(a),(b)).;rFrsm the previous diagramsi a.herizoneal
'f.point’concentra;ion orthogonal'to the vein would pe expected. 'This”is.ﬁot :
the'case,_and ls partially explained‘by the facr ;har the-previoQS‘seeﬁions
were frqm.tﬁe Vein-eentre,_whereas:rhe.lateriseetions lgeledé'crystalS'at.
the edge of tae vein."Figure 63(d) sho&s_the:relative parternsafor_eentral
.and margiaal érystals of ?lgure 63<c); VThe.ceﬁtral crystals tend tq&ard a
hsrizba;al girdleland rﬁe marginal cryssals a>vertical‘girdle, Hskever; |
rhis:is based on a small ﬁumber of samples,baaé'is not repeated in:the
other saméles; especlally the.wiae.veins; ia faet.ih Figﬁre‘63(e) eﬁe

marginal crystals are on a horizontal girdle. Figure 63(£) comprises only
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. Figure 63. (a),(b) vertical sections, parallel plane of reticulate vein

' ' (40, 100 crystals), S o

(c) vertical section, normal to vein plane (42 crystals), ' v
(d) x 16 crystals in vein centre, o 26 crystals adjacent to clay,
(e),(f) vertical section normal.to vein, x crystals on boundary.

‘v..= veln plane’



o .._)///..
1,_,],\“] g ;

T'Figuré'BS(d),(b)." Vertical sections normal
‘to plane of wide veins. . Note textural
change on 'sides adjacent to clay

68T
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marglnal cr/stals (those ln Flg;_66) and tends to a vertlcal glrdle pattern.tv*“
This comolexlty of fabric dlagrams is related to several factors dlrectlons
:Of heat flow and water supply in the initial and.later'growth perlods,_and ‘
“adjustments during heave caused by theAgrowth oflthe underlying massive :

‘segregated ice. b

Intefpretation

Lehs.ice in clays hasvbeen discossedsby.Pehner ti96l); the ctystals
" were iarge and»extehded“ecross‘the'lens, 'This has also beenhobserved by the
'ofesent author in smeli'lenses in clay above-fuktoyahtokipingo‘core.:1In
these cases the ice bodies oefe‘perpehdiculet to the heat flow di;ections,
i.e. normal lens growth;‘ih'contrast to reticulate veinvgtoﬁth wherefoeins
occur paraiiel and perpendicular to the "freezing front.",;Also_ih the retic;:
ulate pattetn; lenses.are>moreLwide1y separeted.ahd the enclosed clay con- o
tains no sméliervlenses ehd”is oVer-consolidated; It is considered (Machay
1974b o. 235) that veins continue to‘grow on.thelr outer surfaces by water
vmlgratlon from the edjacent clay Dlocks, hell above the lower permafrost
surface. Cousidering the narrow veihs, central crystals hase their‘Cjexes.
-orthogohal to the veln‘trend .and are similar to crystals lnilenses %hereasf
marginal crystals,have their‘basal planeslorthogonal-to\the vein. Thus the
fcentfal crystals are'typicel of lens growth; the'ﬁarginel cr&stels differ_in
‘.crystal size, shape,‘diﬁensiodelcand lettiCe:orientatiohs; and feletionship'
to inciusions ahd may_representhdtstihct growthsconditions;A They'may'thus,‘
teptesent'the_latet stage of-gfowthﬁftom water ﬁigrating"from the aojecenttq
.ci;y}_aS,descfibed'by Mackay (1974b),':HoWeoet;,in the cesehof_the.wtder
;veihs crystal cheracteristics.diffet again. The centrel-cryStelslhaoe ther
features of ice;growth‘in bulk watef whiletthe mafgihal-crystals'are siﬁilat

~to those 'in the narrow veins.
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Figure 66. Columnar marginal crystals in vertical L
- section mormal to plans of wide vein. o
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" Active Laver ILce

Introdu:tioﬁ

The,actiVa-layér is the zone of materiaivaﬁbve éérmafrost wﬁiéﬁfﬁhaws ¥'
and freezeé annualiy; fWhilé:the»théwing oécgrs unidifecgidﬁally; ﬁéwn-‘. |
Waras, there is evideﬁéé_thaﬁ.freezé-back may occur both’ddwnwardsszom
.thg suffaée,Iénd.upwards'from.thg_top of permafrost. Detaiied tempé;ature
‘measurements by Lachénbfgéh“gé'gl.(l962) indicate the ;oiélexity.ofrthe
thermal'régimg of tﬁé ac;iQe.layer.aﬁd the‘muiti;directiéhal ﬁaturé of
”fréeéebaék; In‘ény gi&en afeé_£he active'layer tﬁiékngss’mé§ Qary consid-
erably with:soilAand Vege;ation type, as discgsse&_by.Mackg& (1975é);.
Furthér, chéﬁges in'active"layef chara;teriéticé can occur due to bhaﬁée
"_in‘ciimatié paraméters; surface ¢over,.or'by sedimén£ation;‘1Wheré éédimen;
;atioﬁ, séy, takes.pléce, fhe Easé‘of thg actiVe”layer, én§ ag§ included
iée,1becomeé.incorporated into'péfmafrost'aé'the péfmafrostbtable égéradéé

' during re-establishment of thermal equilibfium.

._it is the intentibn in this_sedtion to eﬁémine the éhéracteristics
of.ice grown ihvthé pre#ious_ééason;s thawea layer as An:aid'to under-
standing'the thérﬁal regiﬁefpf actife layers, énd-to eﬁuﬁeréte‘éoﬁe,féa—'
tures of ices so formed as.é basis‘for discussiop 6£ aggradaﬁionai iéé.

_"Icg iﬁ the active iayer is'discﬁssed ffomvtwq‘éites,:aﬁiéfea;éf,
tundfa polygﬁﬁé subjec£ £ch§astal fétreat; and avséqond site in'high

centred polygons near Tuktoyaktuk.
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(a) Ice in the Active Laver Adjacent to Wedges

Introduction

Extensive_marine,undetcuttingSOf'thé polygon area led to block
collapse along ice wedge boundaries .which exposed small ice bodies in the -
active layer of the.adjacent-organic—rich soil (Fig. 67),, This ice had

apparently grown since the previous. summer.

Field Characteristics

The ice*bodies were O.l‘m thick‘on_the exposures nearestbto.thej
wedge, end tapered aWay fron tbe.wedoe, under an overbutden‘of 0;25 @ of
organic soil the bodies extended for up to several metres parallel to the
trend of'the'wedoe.. Alternating 1-2 mm bubbly and non-bubbly layers were.
visible 'in the fleld local lrreoularltles occurred in the layers, but

elongate bubbles were generally orthogonal”to'the layering.

‘Section Parallel to Wedge Trend

Bubble Characteristics,- The contact of the ice with adjacent _“

organic metter is abrupt and few‘vegetational inclusions oceur; bubbles L
comprise the ﬁajot inclusion type. ln a verticel’thin‘section barallel to
the Wedg° the buobles occur genorally in sub borlzontal 1ayers ulthln wh*ch
’size and'shape are consistent, ‘but there also occur shorter (lO ZObmm)
.narréw (3—4'mm)'curved'(eonvex,upward).layers of;beat partitles end bubbles..
.ﬁrobably'tbe local accumuletlons of.fine peat'fragments;et:tbe'intetface‘;
caused variations‘in retes of ice.gtowtb and bubble.nueleAtlon end‘growth.

Elsewhere there occur elongate bubbles orthogonal to the layers, and also



Figure 67. Block slump on coast
exposing ice in the active
layer adjacent to wadges.
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. larger‘bubbieé‘at the lower part~of‘tﬁe body, adjacent ¢0 £hé organic
macter; -The above:pagté;n is”disrﬁpted és'shqﬁn'@n fig._68f A éeparation_
_of'lSImﬁ occurs_iﬁ'the.uppar'iayérs'which a%e-upturned-ldcélly;‘_The'
vertical.3djmm long disruption zone'éomprisgs'clea: ice sﬁfréundiﬁé_a-
centrai cofe:of.elongate;”ahd spharical 6ubble;, the éone does notfpene—
trate'to‘the'pase ofvtge:ice Eﬁt:terminatas centraily. This’paﬁiefﬁ.
Suggests.ffacture due to preésuré assb;iatédei;h‘mﬁlti-diréctionai ﬁreézing

in the active layer.

Crvstal Characteriétics.—v'Crystalrsizg'and shape, and diﬁenéional.
and.iattice oriéntatigns,ﬁary throughéut the boﬁy. _A;,the uppér‘and_lOWEr
boundaries of the iﬁe oé;u£.26nesqu small.ﬁryétﬁls,.which widen1a§éy from

:thoée_boundari;s.and.giQé-rise to Verticaliy”eléngateg dendritic crystéls'
>50 mm long x 5 mm &ide; ‘These Cryétals.display horiiqntal offseﬁsvat
bgbble‘and peatulayefs, Bmt.no,germihatiqﬁ'oécufs.» Novpfonoﬁncea:suﬁ—'
structure was observed. These:cfystal éhaféctériéfics.afe disturbéd at
'the disruption zone; cfystéiS'are shorter énd Vidaf,bbut'mainféin'é aén~l

~dritic shape.

Lattice orientations for 34 crystals are shown in Fig. 6% for crys-
tals in the main.mass, and disruption zomz. C-axes tend to be containad

in a broad horizontal girdle which suggests exteusion in the basal plane.

- A second vertical section parallel to the wadge, but'adjacent to the

soil, was analysed,.

Crystal Characteristics.- Crvstals differ in size and shape from~

those in tha previous section. -Although most have vertical dimensional
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"ofientétLOns; Horizontai'bouﬁdarieé afe fre@gent»(Fig; 7O>5énd often coin-
cide with:bubbletléyérsi_>Sub-bouﬁdaries.aretwéli-devélépéﬁ,vand eiemplifiéd o
iﬁ'the lafge upper crystai.- Here ﬁhé sub-Bodndafies are aésociatedlwith
bubble baﬁdé.  AbéVé éubeoundé;ies;.bﬁbbles éré.elongate up>to 6 mm,v 
-while in the sﬁb—bounaariés; Bﬁbbies are sﬁéllér:aﬁdlsuﬁ;spheriéalbQr

slightiy éléngaté in the Sub-boﬁndéry. Many élonggte bﬁbbiesmhaﬁe-si;ghtiy'
bulbous and flat ends. ‘The‘f‘lavt. end is often .obil-ique to ﬁ_b.e‘\bubblle. axis,

but parallel to. the basal plane in a givén‘crystal;

The éresence_of the cfystals with hofi;ontai.dimensiohal"orieﬁtations
: rémainS'to be expiéined. The 1attervsectibn‘waé.adjécent tofthe‘soil

whereas fhé previou$ section was not; thus the influence of qrystal‘growth'
at the.soil ice interfacé‘was ihvestiéaﬁed‘in a section orthdgdnél.té_thaﬁw

interface. -

Sample Adjacent to‘Soillforthogdnal to Soil—Ice Interface

Bubble Characteristics: In this sample the outer comntact of.

icelﬁith organic matter is.iﬁclﬁded,vand thé associated'bub§1¢ péttern o
".(fi§. 7la) diffefs frbmvthat'inbthe‘previous samples.l”Bubble ffain;f.z
orthogonal to thé.s§i1 cur§é ﬁpWafds into:hérizogtaiityQ. Most bubbles
arg>elongate parallel to fhe trainé; and range downwardé‘in size.from :

4 mm x 0.5 mm édjacent to the soil.

Crystal Characteristics: Crystal shape is related to bubble

" trends in that dimensional orientation- is parallél to the trains (Fig. 71b).
Crystal size is variable - small crystals occur. adjacent to the soil and

size increases away from the soil. There is no tendency for bubbles to
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Figure 70. Vertical
section, normal and adja-
cent to soil, active layer
ice, Note horizontally -
elongated crystals, compare
Fig. 71b for influesnce of
growth normal to- soil.

T —— e

subgrain boundaries

‘Figure 71. Vertical

section orthogonal to soil,

-active 1ayer ice. :
-{a) Bubble pattern,

- (b) Crystal pattern.

Figure 72,
Petrofabrics, crystals: -
'in Fig, 71b. ‘
. x crystals adjacent

} to soil. o
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'occur_préférentiélly On‘crfétal Bouﬁdariés§ sbmé horiionﬁal.éffsets‘of'
upward_grbwiné cfyétalé CCCurbatvbubble:iayers.in thevldwéf iée.  C—ékis
_6rienﬁation§ fp; 63_crystais are 'shown in Figufé 72.:;$hé;sampieAwas-
1imitéé-by tﬁe small.size,bf_the $peciméﬁ;'the_péttérﬁ'is a'bréad:conééht£a-
,ﬁibn, witﬁ éfystéls_adjacgnt to ééat being éentrally'situétéd, ihﬁs'the.’
crysfais Qith ﬁofizontai‘diﬁehsiénal ofieﬁ;atioﬁ in Figufe,?b afe exteﬁ_ .

‘sions of crystals which grew orthogonal to the soil.

'Samgles with Fractures

Introduction: In addition to the previous samples there are some -
which contain fractures.  Here we investigate the influence of bubble and

crystal characteristics on .fracturing.
The fractures were observed in the field, prior to sampling, and
thus are not due to sampling, or thermal shock”during handling. The frac- -

‘tures were open, and thus occurred under "dry" conditions.

. Bubble Characteristics: In common with other active layer bodies,
" there are alternating layers of high and low bubble cbntents, which are
horizontal and parallel away from the influence of the sdil.'_The contained

bubbles are spherical, or élongated normal ﬁo‘tﬁe 1ayers; _

" Certal.Charactefiéfggé::'A range of érystal éhapes éccurs,.éqd;:
the influence pf bubble.bands on éﬁape isifqund as béfqre; man§vcrys£als
termiﬁate‘;bruptly:ai horizontal.bubble'béndSQ ‘Figure 73 démonStraées-the

:iﬁfluence'qf_several'baﬁdslb'C—éﬁis 6fieﬁtatibns.afe,givéﬁ.iﬁ Figﬁré 74(a),
..(b); tﬁe Qverall.péttéfn isAaﬁ'incémplete horizoﬁtal girdle énd'a mindr

vertical point concentration. A further section (Fig. 74(c)) shows a broad
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" horizontal girdle also, this suggests basal plane growth in a plentiful

'water'éupply.

Fracturesr The above pattern of crystal grcwth is dlsturbed byha
2fracturés, of which‘thehsurfaces of separation_are parallel to buoble'
5_layers, but stepped locally (Fl h75)" Due to the close asSociation ofb'
bubble bands and crystal boundarres it is llmély that the fractures have7

prbpagated along the weak zones.

Interpretation .

"The ice bodieshgrewfin the'previocSZSeasoh's active layer,'and‘there-e"
-fore represent one wihter's'growth;‘any post;aolidificatioﬁ ﬁodification
has had_limited time'for‘developmenthlThe overall'inclusiohfpattern'is-
horizontal bubble bands and Vertically eloagate bcbbles,.reaoectively '
parallel and orthogohal to the freezino front,‘but aléo locally curved”
‘tralhs orthogonal tO.SOll Crystal dlmenelonal orlentatlon.ls essentlally'
vertical, .although controlled locally by horlzontal bubble bands. Lattice
orlentatlons are such that basal planes are vertlcal parallel to the
growth direction; although some are horizontal, in crystals which have‘-
horizohtal dimensional.orientations and occur;at bubble,hands, in&icating
‘lateral growth from the soil.’ Postfsolldification'featureelare.the frac—h
‘tures which are concentrated‘on bubble»bancs; ‘Ihelstreéavsyetem‘respohsiblev.I
'for the fractﬁree ié_not:clear, the'fractures are horiéohtal, in.cohtrast"
to vertical therhal contractlonjcracks.v‘lheJcoastal_blockbelumpihg.occurred_
.in‘early Juna 1973, thue fracthre may”have heehhooe'to Suddeh exposure'toji
_warm airctemperatures, but this is epeculatlve. ’Thére may aleohha§e~beeh._“

an influence of the collapsing blocks.
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(b) Tuktoyaktuk Site

Field Characteristics

‘An area of high éentrea pélygons ligs éone flats'sutréunding a creek‘
SOuth of Tuktoyaktuk. ‘During'égriy.Jﬁne 1974 sméll excavations wéfe made‘:
in the polygon area during a study of»wgdges and . polygons.. Small ic;
ibodies were found atfa.dépth.of_O.S i,_and reported to the.author. ‘Iﬁere
.was‘ankaﬁrupticontact betweeﬁ the>ice agd’the érganig'soil.above and below,

which was virtually ice-free.

Ice Characteristics

"The ice.bbdies generéily extended‘iaterallyAupvto.iZO_mm aqd ver-
tically for 80 mm;' Novsﬁfucﬁures, e.g. fractures, were apparent; few _ 
'  organic material inclusions oécurréds‘but_bubbles-Were abundant. ‘Tﬁe'i
included SOil‘waé Iargely close to thg-ice-sbii_c§nta¢t5 while.bpbblés,«

. formed curved, converging trains.

Bubble  Characteristics

The curved bubble trains»begin adjaéént'and orthégonal‘to-thé ice-‘
soillcoﬁtécts,:ﬁhich indicateé‘multiélé ffeeziné dirgc&iqns.’ In additibn,:.
‘:in some'ééses'a zonebéf Smali spheriéal bubbles lies paféliei.télthéFSOil,
from Which the trains originate-(Fig,_76(a));‘vAléové'few spherical bubblesV
are;inéorpérated into. the zone of bubble tréins.- The sphericél.bubblesvare
<.2 mm in diameter;'and eiongate‘bﬁbbles are gijvmm iong énd 1 mﬁ‘in

 diameter.
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Figure 76. Active 1ayer iée, Tuktoyaktuk, (a) bubble'patterﬁ;
' (b) -crystal pattertm. . - - e

vertical section
scale 10 mm



Crystal Characteristics-

g

Cryétéi size>varies?»raﬁving'from‘Z an x 3 mm in ifrggﬁlar:cffétals
adjacent to the peat,’to iO.mm'X:é”mm'in.elongété cfystals; .Tbe iafter,‘
érvstals have simply Shaped‘fénvrom;sc bouniarlés,'with occagiOnal serra-:
-~tions. The preferred dlmeﬁSlOQal orlentatLOQ of tn; elongatéd “ystals
ié orthogonal to the soil- Tha r°lac10nsnlp of bubBlea to te*cturc is suéh
that bﬁbbiévtrains.and‘cfyétal aimensioﬁal orieﬁta;iéns ;ré parallel and

layers of spherical bubbles ares confined to grain boundaries..

Interpretation

Thé‘aétive layer'posiﬁion aﬁd lack of ice in the surfoundiﬁg 3511

. suggest that water‘was‘confined dufingvdownward:fréeziﬁg ffomuthe_grouﬁd
surface ahd upward freezing froﬁ the top of pgrmafrost; Thé,two ffeezing
frontéumét énd confingd.thevwéter body.ﬁhiéﬁ fréze omnidirectional1y.3 The
‘bubbig t;éins.énd dimeqsioﬁai @rientation_bf eloﬁgaﬁe Crystaislindicate  
_Ithe‘chénge,in f;eeziﬁg directioniduring'p;ogreésive 391idifiéation intb
_énclosed water. it is likely that at the time of soiidification.a steeper
teﬁperéture gradient.exiéted-in.tﬁe‘uppef.pért 6f the‘active’iayéf.than
.'beléw,.as air témperétﬁres'were loﬁarvthén.ﬁhose in.fhe goi; Eelow.‘ Eﬁi-

- dence for thls is that downward growing crvatals have cut off the growth
' oL othar hrystals, as has béen foun in metal castlngs.where lererént
'temnerature gradlenus have beon nalutalnaa on dlffe;en' faces of a Solldl-
:f'WnO body Additidnally>bubb1¢ patternsidiﬁfer slightl}‘ih»the ewo zongsf'



“Ice Bodies with Multiple Freezing Histories

" Introduction

- In the ice bod#eé discussed 50 far’it is évident'that:one ma jor
‘growth peridd'has‘been'rosponsibla forlthe featufes obseﬁved (éxcept in.
wedge aﬁd tenéion-craék ice)° Hdwevef; it is“kﬁéwn thaﬁvthe ;fests.of'
-plngos gay rup ure‘a1d expose the ice core. to meftdown .Icevwedge_;ée in
troughs may be subgect té melting and tbermo&érst development alsoha
thigkeﬁing of the activerlayér,-by natufaluor artificial means,:may leéd‘
to thaw:of ice bodies. 1f, at avlater date, lower mean ﬁnﬁual-temﬁeratureé.
'brevail it ié to be eipecteq thét reffeezinglmayioécur,.QithJassoéiéted
'growth:of'ice bodies with different features fro31;he‘ptévious."Sedimanté- 
'tion, soll creep or;éeat*growth may-p;oducejsimilaf‘results;_ Thaw uncon- .
.fbrmitiés aﬁd subséquent reffeeziné,ha&e been reédgnized at Severalvsites-7j 
in the field area. »SQch conditioﬁs are’aiscﬁégéd fof_two sites:

(a) Tuktoyaktuk Coast, (b) Pelly Island.

,(a)-' Tuktoyaktuk Coast

Introduction

" This is a genéréily flat;lying é:ea about'2_ﬁ aboye bfesent sga'level..
.with a éomplex pattérn pf high>§entred ice?weﬂge pélygpns;_ It ié not kﬁownv
"thethér the wadgeas ére-preséntiy active. In addition_to %edgeé'there is
1ab4ndant ice in the foLﬂ of ho*xzoq;al aﬁd , plng 1ayersloutcr§pping in
coa§L31 evPosﬁr8>; CaUSLﬁ; rapld Loastnl réLreat. :It is,ghis retféaf thch;“-'

led to lake drainage and the growth of pinzos shown in Mackay'(1973a,vFig,15).



The polygon patterns but not the layers of ice are apparent from such
aerial photographs.

These layers are of varying'size, shape'and orientation,’rahging'from
thin seams to 1 m “hlck tabular blocks 3 min exfeat ;The Origin of these

bodies. is 1ot lmmedlately dlscernlble on the baSlS OL preVLOus dLSCuSSlOHS.

Field Characteristics

In June 1973 a storm caused rapld coastal retreat and exposure of

'many ice. bodies by collapse of large blocks of organlc soxl and ice

wedges (Fig 67)

Most ice bodies were at least O. 3 m below the present active layer
the local SOll havxng high organlc and ice contents lneludlno aocradatlonal
ice. Ice body size and shaoe varied from small 1enses'thf0ugh bodies'Q.S.m :
by o.; m, to laterally extensive sh ets over13 m710ngf"1nclosionshwere
malnly oubbles and 5011 fraoments both in norlzontal layers and vettlcal
to cur'vin*J trains. Some bodies aopeared to have frozen omn1d1tect10nally,»
some had truncated bubble bands whlch sua ‘ ed later melting and subsequent
refreezing. In‘addltlon some near surface boales‘occutred at the base of
‘the orevious season's aotive layer.‘ These three major“types of body ware

sampled for thin section analysis.

((i)_ Ice Bodies with Omnidirectional Bubble Trains

‘Introduction

Su n features suggest that a pool of water froze inwardly from all
directions. Thus a series of samples was taken to. include ice-soil con-~

' tacts and bubble trains from all parts of the body.
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Bodv No. 1 .

'Bubble Charaeteristies.u_‘Thlo ice typlcally has a h1°h contﬂnt of,;
»bubblea in layers and . groups,_l mm 41ametel bubbles occupylno up to LOA by
volume. Fractures dlsturb thls oeneral patteld.. For example a sample
'contalqlqovalterdetlnc clear and bubbly la]ers of bpaeflcal 1 nmvand elon-h
. gate 2.5 mm bubbles;contained a'frecture:su;face WLth'VOLds or’gasblnclu—:.
sions. Although tHe'bebﬁle la&ereemay dié at up to 40°,'bubbles arel
-eiéngate; vertically, sgggeetlng_modificatlon>of bubﬁle erientation:by
‘thermomigratlon in e veftical temperaturefgradlent., lnveemperieoe,'bubbleé 

in trains in active layer ice are parallel to- the trains (Fig. 71(a)).

,Cryetel Chafaeterisﬁics.fe Ih”a.horizontalvseetien:(Fig. 77) ae‘
l‘tﬁe’top of the body, large erystals'(leng-axeSVSQSO:ﬁmO oecﬁf_throﬁgheht
the Sectioﬁ; but in the fractﬁre-zohe, c;ystalé are smallef'(<32‘mm)}- Ihe
large crystalsvare.aﬁhedral}and eerongly eerratedu(S—QIﬁm.aﬁplitede):butf
not_aeeplykintergrowh;_whereas cryetals in;the fractﬁre afe aﬁhedral;
lapproxlmately equigr anular with:siﬁgly cetved'or sﬁreighﬁ'bOundaries:and'
no serrations. Lineege substrﬁctufe occurs in the lafger"greins;'bet not
witﬁln fracture’clyStals;':Nojpronounce& diiensiénal'orieeteﬁioﬁ oceers

iﬁ this plane. Lattlce drieﬁtatioﬁs are shown ie Flg.'78 for crysﬁels.in
the‘laverea ice and.ffecture. C-axes in the.layered ice afe eear Lne plnne
‘of the bubole layers, and in a po1nt cencentratlon. Cr]stals in the frac—

ture have grown with a less preferred orleqtat101 -at ?O to 05 o the
‘fracture pleneﬁ

A series of sections was prepared from a vertical face displaying
bubble -trains converging toward the centre of the bedy, indicating freezing"

from the peat oa all sides. Again bubbles are vertical im traims of all



Figure 78. Petrofabrics of
in Fig. 77. x = fracture crystal.

Figure 77. Horizontal
section, containing
vertical fracture, right
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' orientations, due to later temperature gradient effects. Peat forms
another inclusion type, trendinz inwards from the surrounding peat mass,

“and in separate inclusions.

 Crystal Characteristics. - Crystals are large and elongate, par- -

' allél to the bubbdle trains;lthﬁs dimensional‘bfientation'Qariés systematic-
‘~ §1ly'arou1d.ﬁhé icé‘body;:beiﬁg”e#érywhe;e.orthﬁgonal"tdvthe'ice—peaﬁ
éontact and‘cuIQing to»the centre of the Body (Fig. 79).ﬁ Grain boundary
serrations éfeborthogonal-to 1ong axes, indicétiﬁg'dandritic growth, and
grystals becamé narrower as fhey_converged'in_the.growth direction. Sub-
structure occurs in bands parallel tobﬁhe'elongation;:thésé often‘trend:
from'peat inéluéions, in.thé:gréyth directioné.suggesting.a sligﬁt‘litticé -
.offsét-Wﬁere_ﬁhebcrystal_Hés grown round therpeét.. Whére mﬁitiple bandé,
occur:radially ffom in;lugions, a form of-polygbﬁizétion'(Knight'1962b) hasi
bcéurred due_to-grOWth.étréssés.' Buﬁbles ocaur'in groupémnegr crysﬁél
~boundaries, and as single ﬁﬁbblés.on boﬁndaries;IINbvmajor changesIOCCur «
'ig'boundafies‘at tﬁe bﬁﬁbles,:deépite Other‘eﬁidenéevof therﬁomigrgtipn.

In the‘ceﬁtrél zéne; crysials 5e§éﬁg more;equiaxea, and.smaller. .F¢war. 
E peét inclusions occu; and.bubbleé are.close_ﬁo'gfain bouﬁdéfy ifrégulari:; 

,tieS;V:Lattice drientations forl37_crystalé‘aré shown inv?ig.JSO. In Ehé;

outer zone, c-axes are parallel to the elongation direction.

Interpretation ’

These ice bodies occur, in a low-lying area of large tundra polygons
and abundant organic matter. Presantly some thermokarst activity is

occurring adjacent to tha larger wedzes,
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From the otientatidnidf bubble:trains and the dimeheional orientatioh-’
Qﬁ elengate'crystels it is evident that;the ice‘body'greﬁ Omhiditectionally.
;Thus the surrounding material'waS'ih a frdten etate; it ds;thus argded that.
the body is'e froieh melt pohd.v The.cryStals in”the horizoatal seetioh'.
from the top ot the Dody have horlzontal’c -axes thrn frequently occurs ld
the'freezulc of bu1< water whereas at the curved margin. of the body crys-
tals have c-axes ortnoeonal to tne bodndary which Lndlrates 0towth normal
to the Dasal plane, which is less frequently ooserved although reported
'by Michel and Ramseier (1971) 1n 1ake lce.. There is mno chltlvzone‘of
competttlve otowtn eVLdent in the Vertlcal‘sectiens;_se_the-crystals’grew
~in lattice continuity with crystals in tne.peat.‘ quetd the centre Qf.the
'Lhody“lettice orientatioh“tends toward'that characterietie.of baeal plane -
gtowth. Some post-solidification modificationihas occurred inbthat bubblesa"
.afe not elongate; perallel to bubbie trains, but.in a Vettical direction;_
.indicatiﬁg ;hermoﬁigration in a ﬁetticalktemperatdre.gtadient..:The‘lineage.
substructure is presentionly'in pre;fractdre grains ahd is‘thus dué,to
freezing condltlons, probably the lncorporatlon of lnCluSlOnS, but it - may

[=T=Ael

have been exaccerated by stresses produced bv free21n° of conflned water.,

The crystel characteristics of this ice body are‘qdite distinct from
those of lens ice where growth is unidirectional. . In lenses bubble and

crystal dimensional orientation are not multi-directional.

From the air or'ground surface the_area appears typical‘of ice-ﬁedge

polygon flats. Tnere is no surFate expression of the- tnermokarst type ice,



210 -
Body No. 2 -
A second ice body has sxmllar gross characteristics, indicative of
_rreeZLng in a cav1ty w1th1n frozen oeacy materlal However, the'inclusion

content deLers from tne pfev10us case and lnfluences crystal characterls-

tics.

»Iﬁclusidn Characteristics.: Thnro'occu s a reductlon in peat con~--
centratien from dense in the top_left hand ce;ner through a zome of‘dis-
persed parﬁicles and oceasionai streaks,eto.cleaf at the{base; phise' |
cofrespdeds"to the ééduence: -'elongated end epherical Bubbles, sphefical

‘bubbles, bubble-free.

Cr?éfei Cheraeterietics.' Textﬁfe*is_again_reiated to inciuéion

eontent. “Grain size in the‘peaty'zene_aﬁerages>12‘mm2, eompefed'withi'.

544 mm2 in ﬁhe"peat—free'zone (Fig; 81). The former gralns are anhedral
aoprox1mate1y equlcranular and lack Serratiens aﬁd subseructure’ the 1atter*
.gralns are anhedral w1th multlple curved or serrated bouudarles and are’
elongate with_weli developed.substructuree ‘Varlatlon ofAdlmenSLOﬁel orien-
tatieh indicateSAprogression.of Ehe ffeezinéfiﬁtefface; In'the ﬁppef”‘ |
inclusion zone, peat is generally cbhfiﬁed’té grain bdundaries or diséereedp )
"pOCAets in crystals, w hereas'invthe'lower.peaty ZOne the.peaf incidsiens
7are eonceqt;ated on parallel llnes in vidLVLdual crystals appareﬁtly the'
:basal plenes;: The freeeing ineerfece‘advaneed downwards frem the'tepeand
‘impurities were rejected excgptvat grain bogjderies{’whereas iﬁ zrowth
V.from‘the.base, crystaié extendea in,the”basal_élane{ and iﬁelesione ﬁere
trapped{ ' |
.In.the‘absence'Qf'detaiied thermalldatavit-;s difficuib to ;emgere

downward and upward freezing. However, it,is to be expected that a steeper
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- Figure 81. Vertical section
normal to soil coatact. -Con-
verging crystal pattern. . Small
crystals in upper left are
‘within peat, Scale 10 .mm.

_lomnt
IS

periods. S
lower, curving trains,

‘Figure 83. Schematic diagram of multiple growth
~ - {a) Bubble pattern. DNote vertical bubbles in
‘ ~ and horizonatal truncation, o

o (b) Crystal pattern. Note competitive growth zone at ice-soil coatact
and above truncation zona. DNote also curved, elongate crystals,

parallel to lower bubble trains.
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thermal gradient would exist in the overlying material, and.thus‘influence”
freezing rate and the incorporation of inclusions.  This is true especially
in the case of buoyant inclusions which would 'be trapped at the top‘of the

cavity.

Lattice oriehtations for the crystals in_Figure 81 are shown in
. .Figure 82. A~ change in lattice orlentatlon with depth is recognlzed A
Droad horlzontal maximum (a) becomea more dlspersed Wlth depth (b) (c) A'

second sample shows a change in lattice orientation from a broad horizontal

girdle (d) to a 45° girdle.(e)=to appartial ?erticaljgirdle (£).

(ii) Truncated Bubble Patterns

Introduction

The above discussion described bodies which had not beenlsubjeetpto
‘great post—SOlidification changes. : Nearby occurs an ice body with different
mesoscoplc features. -The curved, radiatino bubble trains occur at the

lower edges of the Dody, but in the top centre- the pattern is dlsturbed

‘Tnclusion Characteristics.

hAt.the bese of the'ice,'bubbie trainskare normal:ﬁéhthe’eonteethwith
'pthe peet‘and inciude some peat fregmenté,:then.curve upwardS'etv45?

‘the horizohtal (Fi& 83(a)) Bubolee are anproglmately spherltal or»
ellrpsoxdal eTOnGate vertlcally Wlthln the tralns whlch cross 1nd1v1dual
crystals “while dlsoersed bubbles are. centalted malnly w1th1n'crystale.
bAbove this pattern includes groups 10/100 mm? of bubbles 1-2 mm in dieﬁeter.
f[A surface of truncatlon cen be traced laferallj and- is seen to.cut across

original bubble trains of several orientations. The surface contains peat>
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_Figure 82. Petrofabrics for crystals in vertical sections.
(a),(b),{c) represent Fig. 81, succeedingly de2p zones;:
o (d),(e),(£) second sample, similar to Fig. 81 :

o]



fragments, above which is a laterally extensive layer of small spherical
_bubbles, in marked contrast to the underlying ice. -Above, groups and
contained elongated bubbles are oriented differently from those in the ice

beneath the truncation zone, but orthogonal to that zone, indicating upward

ice -growth. - .

- Crystal Characteristics =

wé consider firstly.crystals helow the apparentﬂ”truncatioh ione“;
'then the effect of that zone, followed by crystals above tnat aon In
the lower ice crystals.increase in Size upwards reaching > 600 mm7 at
’the cutjoff. Crystal shape is anhedral WLth strongly serrated boundaries.
lDimenSionaI orientation is parallel to.the_bubble trains, and_serrations |
are orthogohalbtoocrystal-long axes, asiin_the previously discussed'ice

bodies (a).

- Crystal characteristics change at tne.truncation sone (Fig. 83(b)).
Crystal size is:6 mmz,-increasing upwards to'+5 mmz.: Crystal shape in
this competitive.growth_zone is 1ess complex:than in'the>under1yigg iee,,
.';many straight compromise bouhdaries:occur, and curvea boondaries'have
single_curvature, whichris typicalnof coﬁpetiti&e crystal growthr UpWaros

~a dimensional orientation develops parallel to bubble elongation;

. The reiationship'of.bhbbies-to crystai characteristics varieshwith
position. “In the 1ower ice, bubbles occur;ihhgroups withihrcrystais'rather
" than oh boundaries,.as»wasrfOundtin lake icerby'Swinzow (1965). A small ~
_amoﬁnt of ice growth,0ccurred_above the'truncatioh zone befOre;buhble>
nucleation; bubbles:were athfirst:essentiaily.randomly distriboted, asi'h
fouhd in competitive growthizohes'elsewhere kicing:moond:iCe,:tensioﬁ.crack‘

ice) then became prerer“edly SlLEd in lajer
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‘Latticé,orientatiohs ére éhown for £he lower ice.and upper ice in' 
: Figﬁre 84(5)-(d).>'Fioure 84(a)'in;ludes ctystéisrfrom‘tﬁe base éf the
1owefvice up to the truncation ZOné; an upﬁard iﬁéfease_iﬁ C—gxislpréferred
;6rientation bcﬁurs‘in_aésociatioh'wiﬁh‘an iﬁcféase iﬁ.cr§stal ;iﬁe.
'Figufe 84(b)4(d)’similarly sths.thé éﬁangé,iniq—axis'distfibufioniupwards

from the truncation zone.

Interpretation

lFrom‘fhe bubble patterns, crystal size,.shape; dimensionai'and‘
lattiéé orientatibqs, iﬁ is evident that iﬁitialiy gro&th'qf ice occurred
in a hoilow-within frozen;peat, #s‘iﬁ thé:?feviously'diécuSSéd bodies;
Later some melt-down occﬁrred,'aé is éeén from the trun;aﬁioh'of'bﬁbble
trains and the horizontal_layer‘ofjorgénicimatter and'gas'incluSiOns.  Aiso.[
a major change in cryétal’gharaétefistics‘océurs‘where.new upward cr&stal
growth took pléce.» Thg’tfuncation zoﬁelis‘hotlaitempoféry standstillrin 
growthAoftheiﬁody,Aéé,it tfuncites bubble trains of'seQeral ofiéptations.
and may be’tracéd lateraily into the adjacéhtvorganic mattéf..:Ffém‘field.
relationéhips it-éépéérs.tﬁat severél.melt-aoﬁn and fegrgwth eyenté

occurred in the area.

A secon&béuqh body.occurs nearby, displéying‘similaiyfeéturesw.lThe;
early'growthbhas been subject-to‘@élt-déwn;.1;rge_crjstals.terminatexj
abfuptly upwards at a.létetally exteﬁsive-bqulé layef'tbnﬁaipiﬁg‘ﬁegétaQ
tionél debrié. _Copiodsvcfyétal nﬁcleatibnbgcﬁurred ét‘this 1ayer;Afolioﬁed
by upwérd gfgwﬁh.. Tﬁgé the.preQiéﬁs moreidegailed_aescriptién'ié_not-Of a
vrare.occﬁrreﬁée;.field characteristiés_Suggest the groQtH hiétory'épplies
Eo many ﬁoaieé aIOng';he‘céaéﬁ; Howevér.the presenée ofaéucﬁ iéé'caﬁ nét

‘be readily inferred from surface exprassion.
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Figure 84. Petrofabrics;vcrystals-below and above truncation zone.

(a) crystals below truncation zone; symbols in sequence indicate -
distance from soil-ice contact; : ' s '

‘b c d) crystal zonas prograssivel upward from truncation zZone.
. > 2 y X p o " y Iy N *

Diagrams parallel to sections,
t = truncation zone -
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(iii) Ice at tha Base of the Active Layer -

Introduction

The ice bodies discussed in seéﬁions {a) én&.(b) were. overlain by'
véeveralfﬁe:res Qflorganic spil; but there also occur icéviajers immediately;m
‘at the base éf the active layér;' Thes§‘are>of pafticular inﬁefest‘éé
_ sligﬁt variations in actiﬁe layef thickﬁess'occur from Yeaf,ﬁo year énd:
thus thé.upper part'of-éuch'iée Qduld be expected tp réflect these &éria—;

tions.

Field Characteristics

" .The ice bddy.to‘be diécussed lies.ﬁear.those‘in'(a) and (b),‘ab0ve;
_Itvwés exposed ié.June 1573 and sampled'beforé aétive laye;ithaw reaéhed
~the top'éf the ice. ‘Méasurements in Augpst 1973 éhpwgd th#t 10951 active
layervdeptﬁ wa.s gréaﬁer4£han overburdén thicknéés.' | |

A

The ice was lensoid in shape, 0 to 0.5 m in thickness, with a flat
lower surface and convex upper surface, overlain by 0.3 m of organic soil
(Fig. 85). Similar material underlay theAicé, but with a higher ice con-

* tent than the overlying soil.

Ice Characteristics-

The upber Contact wés le$s>abrupt thaﬁ_the 1dwér,ﬁan5 vegetétiqnéi
»fragméﬁté, in&luding'roots, ware observeﬁ ﬁéar_ﬁhé:top,.as wéll aé cyline'
drical-bubbles'(Fic,_86).A ngbles at_the §op of the bbdy are‘cyligdrical
and‘trend normal-ﬁo tﬁe ﬁpper»su?facé.: Thesé»ext;nd 8vmm into thé,éample,“

Eelow:which_is a's ! thiék’bubble-free band;’above a surface con§éining

peat and roots. These roots lie on the surface, but below are orthogonal
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Figure 85. Lensoid ice body

exposed by block collapse. Figure 85. Schematic diagram of

Overburden thickness 0.3 m. . top of Fig. 85. Root shapes,
infilled bubbles and bubbles.

* 2D
f“'\ % 0o o+ OSS 51"*
——"Lstgg~..N - .“ . S

Figure 87. Detail of
bubble shapes in ice of

Fig. 85. Long side is
8 mm.

Figure 88. Bubble pattern
throughout lensoid body (Fig.
85). Note zones of elongate
and spherical bubbles at
base, above peat.
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‘to the surfabe. 'Thesevfeaturesvare interpreted as indicating meit;dowu of bw
the ice body to the peaty surraee, Fol1cwed b] upward refreEZLng. ,The'
'roors were orlclnelly orthogonal to the ground surface, and parallel to
the fre ezing dLrecfloq, thue orlenfatloq lslualntarned below the melt down

surface.

Bubble Characteristics

Beiow the melt eurface the'ouiy inclusioué'are‘bubblee, in groups
cbuteining.Z—B m loug individuale, 1 mn in diameter,:au&.soue dispersed
spherical bubbles, éQllmm diaﬁeter. vElongate bubble orientation'baries‘

bfrom_ortbogonal to the ground surface at tbe top, towardseﬁertical'at‘.
100 mm depth;f.The”detailed shapes of bubbies arevcogplex, elbngare bubbles
- have ‘bulbous ends aud local promontorles (Flg..87) Narrowyur wide pointsb
on 1nd1v1dua1 bubbles do not, correlate. with one another lndlcatlno varqug
freezing conditions or post4eolidrfication.changes. The former preseuce"
of bubblesiet the peaty Surface isneeenvby'infilled eylin&ricél poekebs of

peaty material (Fig. 86);

Further'doWn‘the'icefbbdy;nbubbles arereonfihed.ro e_eurvingbzbne
(Fig. 88).' Also at the contect or the‘iee eud underlying organic—rich
soil is a 10-20 mm horlzontal band of‘vertlcallj orien ted (<15 mm) bubbles
Cwith bulbuus ends‘above whrch is a zone of anerwcal bubbles (< 1 5 mm),

,(Fig. 88).

‘Crystal Characteristics

Crystuls dlap ay a range of sizes, shaoes and dlmensronal orientations
throughout the bodv.' In the thin;section paraliel tovthe'upper surface,

:crysbal size is locally dlfrlculf to estimate due to. the highly developed
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sub-boundaries.v'The~origiual'grOWth:boundarles}are taken to be serrated
compared With‘sub-boundaries;‘alsoItbe latter areﬁﬁhe sitesbofbembayment bl_.
'_at their'contacts with‘boundaries}' On this basis,_grain.size islzd.to-30'
mﬁllong by 5 to 10 mm vrdel' Within.thesevare.elougate subgrains,fusuallyl »
parallel to.the crystal long akes but;locally.sub-bouudaries converoe.v
Crystal shapes are hlchly serrated w1th serratlon amplltudes of-l 2 mm;

some are superlmposed on.stralght srdes. The bubbles show no preferred
positions on boundarles, nor-are sub- boundarlesvoenerally related to-
dbubbles.‘ Where bubbles are in boundaries there are‘distinctbchanges_ofl
curvature of bouudarles aud flattening of bubbles, away from such boundarles:'
‘bubbles are approx1mately spherlcal _ Bubble size ranges. from 0.1 mm to

0.5 mm. . The sub- boundarles are well developed not all are stralghtv but
fcurve'to'maintaln‘apbrbximately lZOf intersections with boundaries; _Crvs-_
tal characteristics in the vertlcal sectiobs.Vary vith depth. Iﬁythe
central ice, crystal Siée is very:large, <;90>ﬁm'x‘<<30 mm,.elbnoateA‘
_vertlcally, w1tb small crystals <<5 om- across at graln boundarles of.large
:_vcrystals, thus in vertlcal tralns, a further train crossesvrrom.the left
uhand side of Figure 89a, dlppln0 at 40° ? Lower thig pattern changes,tlarge
v(80 mm) - crystals have lono axes at 45° to those above Vagaiu_with small

( <5 Im) crystals‘in their boundarwes (rl 89(b)) These boundarles are
hlghly~lndented,'and internal‘strain bands'1ntersect the boundarles-at
indeutatiOns. _Tbese bands are 2- 3 mm wi de and mostly contlnuous acr03s the,
CIystal.Adln a hotrizontal section»thelinfluence of these,bands is ev1deut;
grain bOundaries-parallel toithe bauds are approkimately straight'whiled'
".boundarles trendlno normal are highly 1ndeuted 'llhe smallbcrystals tend
to be equ1d1mensronal wrth straight to ntly curved boundarres and no
substruCture. Bubbles are not present in, tho snall crystal zone, elsewhere

positions are apparently'random relative to grain boundaries.'



Figure 89. Vertical sections, lensoid body (Fig. 85).
(a) Large, vertical grains with sub-boundaries, crossed by and
separated by zones of small crystals. 10 mm grid. |
(b) Balow Fig. 89(a). Note horizontally elongated cryotals in basal

peaty zone., . 10 mm grid.—

Crossed polarizers: -

Figure 90, Petrofabrics of ice in Fig.}SS.

(a) Horizontal section, top of samnle, 60 rvstals.
(b) Veartical sections, 120 crystals, includiag banda of small
: ‘ )

crystals. . : 7 ,
x 18 horizontally elongated‘crystals at base.

S

Diagrams parallel to sections'




At the base of the‘ice body lies a zone'of.markedly'differeht

texture (Fig. 89(b)).- The crystals are very elongated.horizontally up to .

80 mm, and boundaries are difficult to define due to peat content.: -

Petrofabric dlacrams are glve1 in Flcure 90(a) (b) Flgure 90(a)

'reoresents the crystals in a. section parallel to the upper surface “which

o-*'ve a poiqt concentration.~ Floure 90(b) represents vertlcal sections in

which all crystals are contalned in a- p01n" concentratlon, except for the

" lower zone of norlzoqtally elonvated crystals which are- contalﬁed in a

‘minor horizontal girdle.

Interpretation

The .field, bubble and crystal Characteristics of‘the'body indicate’

' a,fairly complex history}A'Unfortuﬁately the lateral features of»the_body'

‘are not known, thus the origin of the lower zone of horizoatally elongate

crystals is not clear, although an abrupt change'from the overlying ice

is evident, in terms of shape and lattlce orlenAat101. fThe.geomorphic

-~ position of the body, namely in an area of ice wedge poly ons‘Subject to- -

thermokarst'activity (see (a)_and (b), above) andzcoastalprecession'means

that therﬁoxarst and thermal erosion (seaward water flow through wedge

. troughs) processes‘have.operated. Also Wackay (l972d) has shown that ice

lensing occurs in ridges adjacent to wedges. ThQS'a COmplex thaw and

freeze history may have taken place;' The upper root pattern is evidence

of a recent melt-down and refreezing cycle, but this doas not explain the.

major part of the body. There 1is ao'small crystal zone typical'of chill

,type grOWLh as discussed in the cases of tension "rack, icing mound and .

‘thernoﬁarst deoresaroz lnle ices. Had upward growth occurred from above

[Rv]

‘the zone of horizontally elongataed cryStals, a zone of competitive growth. .
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of growthoio lattice‘cootinuiﬁf QOuld be expected, but neithor are found.
Nor is there anvopper chill zoneé It appears that such‘a.ohill zone
occurred at_the‘fop'and was';emoved oy'downméltiog to ﬁoeiinclusion zone,
then quara‘f;eezing:in latticé coﬁtiouity oCCUrréd.. However, if the body -
- grew eséentially by doooward ffeezing, for;oxample<oater oeiog draon up
proore351ve1y into the polygon rim fLom the. adJacent deep oodoe troogn, '
the contact with- the low9r zone or horlzontally eloqoated.crystals mobt be.
explained. In ;ho absence.of,knowledge of_the_lateral extent of-the body,

‘ but knowing the pattern of wedges it is sgggested'that the-bodyvtaoefed
off'latérally) and the-growth direofion’was offset from the vertioal ao.
'depth as iodicéted_by.thgybubblo.ofientation (Fig. 88); This'conolusion
must.be consid;red speculétive, Bot thé'comploxityvof the history‘is,rgdogfv;

nized.

(b) Peily,Island

Field Characteristics

.

On:the northwest'ooaot of.Pelly_Iolaodjié'aolow.lyiog_afea of poiygoﬁi

:flats'compfising lacusﬁrine_cla&s With”é.well:deVeloped‘ioe;wedgé 5ystém.j
Many Wedggs are over.Z m across and some greater thao 3.m. Polygonélhéve'

iametérs_bf.up.to lQ,i with £imo feochingolim higﬁ and oeep troughs.:
‘Theséitroughs‘have béén éuoject:ﬁouthermal_efosion. Coastél exposores
ﬁlndlcate that' several perloﬂs or me1t doon ond freeze- back HaQo occurred
.and several wedges hava‘irregularvupper so:Lacés.v'Tnaw zones may be traced
into the odjécent sediménts 1nd1cated by sur facoa of iron stalnlnévAand.
idiffering Léns_struo_ures in Lhe clays. 'Within,the refrozen peat and clays

‘over the wedge margins are ''pond ice”]bodies'(FiC. 91) characterized on-



Figure 91. Field position
"pond'" ice over wedges,
Pelly Island.

Figure 93. Inclusion
pattern, "pond" ice,
vertical section normal
to side.

sections normal

t
Crossed polarizers

Figure 92. "Pond" ice body. Wedge

ice below.
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" melting surfacesbby etched out crvstal boundarles and bubble tralna."Iheee~
'patterns lndlcate multlple free21nc dlrectlonsA the ice type is thus readily
ﬂdlstlnoulshable in the field from 1ens ice or wedgellce. In soma-casee an
individual "pond 1ce” body‘nas been subject appareatly to laterrmeltlnc'and
opyard fetreeZin Both peat . and clay appear as inclusions w1th1n the ice.

A samole of- thlS 1ce was taken from the area shown in FLOure ‘92 and- hand

specimen characteristics are given in_terms of sediment'and bubble'content.

Ice Characteristics

_ Firstly the features normal to a side of the‘pond:are given, then

_those in a vertical plane parallel to the side.

(i) Features Normal to the Side - e - IR

he nature of the freezxnc process is best understood.from study of
a vertlcal eample orthooonal to the side of the body : No ftactures.were
observed in hand- sbeCLmen 1nolu310ns are dlscossed in terms of peat”
.sedlment -and bubbles. Peat and eedlment content is confand to. a small

’v_'dastlng of partlcles in ‘the top 70 to 30 mm, the zone of spherlcal bubbles.‘

.Bubble Characteristics

b

The bubble pattern comprises seven distinct zones:

(a) at_the‘top of the sample is a-lOfZO‘mm:deep'aohe oftsmall.(i< 1 mm
diameter) eoberical'to_ellipsoidal bubbles in a generally random pattern b.

with some locally higher concentcrations; .

(b) a narrow essentially bubble-free zone;

o
'

A A
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(c) a 40 mm deep band ¢résses'the sample sub—horizontélly, ccntaining
vertically elongated bubbles 10 mm long and <1 um in diameter. Some have
. variable thickness, including bulbous ends. These slongate bubbles may . '

occur in lozal groups or .interspersed with small (<1 mn) spherical bubbles;

(D) th: next 1ower band comprises trains of eléngate and spherical
vbubbles_curving down from band- (c) and away £rom Ehe.éide’of the pond, and -

iﬁ;o a lower narrow band of small sphericalubuBbies;(Fig. 93) ;. .

(e) Below oc;ursia series of trainS'ﬁréﬁdipg upwards.?ﬁ £he.mi:r0rf.'7
'image of,band'(d).  The trains are curved but_Cbntained.elongate.bubbies 
'_(5 mm) are more_neafly veftidélly ofiénted,'and iﬁtéfsﬁersed“with'sméll
'(l.hmo épherical énd ei1ipsoidal bubbiés. I;ain§ afé 30f59 mm 1oﬁg, V

separated by 20-50 mm of clear ice, and become narrower upwards;

(f) beneath the trains is a thin band oflbubbléfpdof iCe, then a
.horizbntal1discontinuous band'df slightly elonzated (3-5 mm)'vertical' 
bubbles, interspersed with some spherical'and irregularly shapedlbubbies;

indicative of melt;

() bel§W.is a.zone'of,lowvbgbblé éontent,igbntaining,batchegiéf.
‘spherical'énd irregular.bubbles'iﬁ a‘trend.similér‘td thétfin.zone (d)':
but formed during‘a'separate_ffeéziﬁg period.‘ Sediméﬁt occ';u:s:asbp,od's_j  ‘7
:and streaké'éboﬁe.ZOHe (f),_apd éarallel_fditrains‘inizqné.(e)‘;nd become

narrower upwards.,

Crystal Characteristics

i

Crystal size is discussed with reference to bubble zones (Fig. 94).
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(a), (b) andj(c) contain crystals ave;aging'3 mn x 2 mm, and ranging

up to-12'mn x 10 mm;

. (d) at the base of the zone of elongated bubbles begins a zone of
narrow elongated crystals > 30 ma x 6 mmn, which curve round into horizon-

tality in zone {e);

(e) crystals are sllchtly 1aroer tHa1 in zome (d). and the dlmenSLOnal'
orientation is a mirror image to that of zome (d) thus correspondlnG to the

bubble pattern.

(£),(g) and (h) contain larger crystals, upvto 50 mm long, <:10_mm_f

wide in a patternm shown in Figure 94.

Crysf#l shape‘variations‘cdrrelate with Bubble zdﬁes. Zones (a),
(b).and Kc) cbntain‘anhedrai'equigfénula£ crystalsbwith‘no,étrong_iﬁter—
growths or serrations. In zone (d), shape changes tovanhédral, sgrrated,
eloﬁgatédlérystals_Witﬁ é cﬁrved-dimensional.orientation. Wedging out of
crystals has occurred duringidownﬁard gfowth.1 Zones (e), (f) and (2
'containvanhedral; serfated elonéate'crystalQ:Withba radial.variation in

dimensional orientation, shown in Figure 94(b),(c).

SuBstructdre is cbﬁfinéd to'lafger cryst#ls. In zones (é), (b).aﬁd.v
(c) some iarge cryétals are’embaye&:by sﬁéllér yLystals the bogndary'v'..
segments at embayménts ate étféight. In tﬁejiqwer zones eldngate'crystaisb
contain éoﬁpiéx‘sﬁb-bouﬁdarieé; in patterﬁs pérallel aﬁd nbrmal toiloﬁg

axes.

"The broad relationship batween bubble pattern and texture is evident

from the above discussion and Figures 93, 94.
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Petrofabric diagr;ms for this series of saﬁples:aré.Showﬁ in.Figure
95.‘4nystals in.the uppar zonas (FiO. 95(aj) have éfaﬁéS'in a zoné péral-._.
lel to the'top_of'the body;v An interesting Aistribution:éf.c-aies éxists
in thé 1Qwer.éoﬁes, sﬁowﬁ iniFiguré 95(b>;f'The initial freezing>pattern'
was ffém all sides towafdé’a céétrai poinﬁ,ﬂthus as the freezingbinterface'
changed, so ﬁhe érystal dimensioéai orientitions.éhanged.' But the éryétals:

. were large and growth.cdhtinued in lattice éontiﬁuity'rather &hﬁnltequiring
furthér nucleation. After a period-of melt-down, refreezing occurred,‘again'
from all sides;_ Upwérd growth occurred on the aiféady e#isting lattice:
tsi;eé, thus thg lattice §riéﬁtétions arevmaintained. 7Downward gréwth occufj
réd as an extension of the ¢hill zoge, in ﬁhe form.of a coiuﬁnar éoﬁa.
Where the two zdnes approached, dimensional orien#atioﬁ changed tofremain‘
_orthogonal to the freeéing interface, but lattice con;inuity Qés maintained;
evén in horizoatal cryétals., ihusvﬁhé girdle of c-axes is expigined. Sub-:;
structures obéerved in.the larger crystals”are due éo'intérnal.strain7 The
enélosedvfreezing discussed above, and latér temperature fiuctuafionsvwhich
“would iead to_expansion and confractién, géﬁe rise to the sﬁall~anglé_bound-,

aries.

(ii) Sections Parallel to Side of Ice Body

‘Sedimentxbands are‘hot‘continuOus'thrbﬁghoﬁt the body,'but.taper~in;"
.Wafds ffom the contact Qith the surroundiﬁg clay, éfIWhich-they aré_composed.
Slight curvaﬁures.of tﬁé Eands reéult froﬁ variations in-the éhéﬁe 6f'the
freszing interface. Within the bands, sgdimént_occufs:as'small (<5 mﬁ)
"pods' and as parallel streaks, probaﬁl? on cgyétal baééi plaﬁes;- Charac_
tefistically'a'band hasvoas d?ffuse anavqna abrupt boundary? thea formet

being tne first to freeze, indicating laterally uniform freeziang conditions.



Figure

229

95.

' Petrofabrics of '"pond"
(a) upper zones, vertical

(b)

_ <c)

section normal to side;

lower zonzs, vertical
.section normal to:side;

upper zones, vertical

. sectioa parallel to side;

(d),(e) lower zones, vertical -

section parallel to sida

‘(converging crystals). -

. Diagrams parallel to sections.

c =

compositional layering

DR
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Bubble Characteristics»?

Bubble content is’variable.(FiO.'96):

(é) A high concentration of bubbles‘oécufs in the ice aboVé the top
. sediment band, ;omprisiné two types: (i) spherical,' <L 1 om diametéf,"
randomly positione& Qith.réspeéi tb eléngaté bﬁbbles and sediment,'  o
(2) elongate 1<§1'mi diameter, up'td'i3 mm long;_with Eulbdus endg,

oriented orthogonal to the sediment banding, and arranged in groups;

{(b) in the top sediment band is a much lower bubble concentration
‘than in zone (&), spherical and elongate bubbles occur where the sediment

content is lower; .

- (e) beiow the sedimeﬁt band is a bgbbleroor‘zonevgrading into more
bubbly'ice compriéing (1) e1oﬂgate bubbles which éccuf.singly or:wi§hin
-patches-ofAépheriéél and mainly éloée to ghe sedimeﬁt band, (2) Séhericall
.bubbles <1 mm'diameter»in a 20430 mm thick zoﬁe immédiately abévg ﬁhe
sediment, (3) curved trains,l70‘mm’long‘énd iO mm in diameter Which'cpntain_
spherical and ellipsoidal bubbles,‘tfend.upward from the $econd sedimentv‘<
band, (4) bubble groﬁps éécﬁr midway betweenisé&iment'bands aﬁd not.asso-‘v

ciated'with-a train;

" (d) in the upper part of second sediment band occur both spherical

and elongate bubbles, but none were observéd in the lower part; .

- (e) between the second and third sediment bandsvaré'few_bubbles, there

being occasional spherical and elongate bubbles above the sediment;

(f)‘ the lower sediment band is bubble-frae._
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Figure 96. Bubble and clay Figure 97. Vertical section, top
inclusion zones, vertical face of Fig. 96. Textural change
parallel to side of '"pond" ice. at clay inclusion zome.

10 mm grid L———
Crossed polarizers
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" Crystal Characterisitcs

Textures are discussed in reiagioﬁ ﬁd sediﬁent:aﬁd bubble banas._'
Withiﬁ:tﬁé.upper bubble and sediment baad afe:crystaIS'averégingIS:ﬁm X
4 mm, énd ranging.from’z mm X l'mmAto 15 mm x 8Aﬁm._'Be16Q this sediment‘
band are.iarger vérticélly eloﬁgéte crystals éVeragingE>_30‘mﬁbx iO‘mm,
and ranging'from 6_mm x 4'mﬁ to > 40 mm xAZO mm (Fig. 97). Lower thefe
occur much laréer cryétalé, up' to 48.mm‘x 30 mm But occasionally,afound
: 7_mm x 2 mm. There is a fﬁrthef change in graiﬁ size to more.equigranular
below the lower sediment band. Grain-shapé varies with.g:ain-éiie. -~ 1In
the sméll‘crystal zone crystals,a;e anhedral, boundaries aré straight or
~have simﬁle curvaﬁuré. There is a slight'dimensional §refefred orientation
_parallel to‘bubble elpngatidn.v The eldngaté crystals aré anhedrai with
well developed serrations and.embayments; again the dimansional orientation
“is orthogénal to the sediment.band; In ;ﬁe lower pérf'of_theiéample elonga;

tion is more complex.

Substructure is oﬁiy p§ofly developed ihifhe uppéf small'crystal zone
© but is strong in several of the eibngate_crystals} ffequeﬁtly‘péraliel to

E the.dimensiqnal orientation; a second rectangular éﬁbstructuré_oééurs lower
down. B '

N

There 1is ns'strong relationshié between bubbles and textﬁre{ dther
than parallelvdimgnsional oriéntation.j Iin the_caseuof elongéée bubblés;..
somé-péés across'¢rysta1 béundaries, othars tgrminaté1at bouﬁdaries; while"
spherical bubbles_are scattered randoﬁiy With'respect:td boundaries; An
exceptioﬁ to the above patﬁern‘océurs_whére é bubble train within otherwise
‘ .cIeaf-iée is coﬁtained within one iargg eiongaﬁg'Crystal.: The rélitions

‘  ship between sediment and texture is two-fold:


http://Characc.erisic.es
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(a) "pods" of sediment are not contained within crystals; .
"(b) "streaks'" of sediment tend to be vertical or locally orthogonal
to the trend of the band, but not related to crystal structure or grain

boundaries, as individual lines cross more than one crystal. .

It is not clear whether the sediment pattern is a function of a

complex interface shape during freezing, or later thermomigration. K

v C—a#;svorientations for.thé éample are given in Figurev95. S?all
‘crystals in therzones~(a),'(5)iand (c) give an approgimately.§erﬁical |
maximum which may occur duriﬁgfinitial downﬁard freezing (Michel aﬁd. 
Ramseier l971)_and a minor vértical'gifdle‘(Fig. 95(c)5.-“Thé crystals
inbthe‘girdle do not differ.ih‘other charactéristics7from the surrouﬁding.f
‘crystals; although some deviate from.the veréical dimensional orienfation.v
Crystals'in ;he_zone:of elongéte crystals are'éh¢wn‘i§ Figure 97 and tﬁeirv;
'c-axéé plotted in Figure 95(d)}  The_méximum déviétes frém.that‘inAFiguré"
95(c).3 Beléw, the patfernbis more cbﬁplex (Fig;:95(ej) due(td tﬁe cﬁange
in freezing dire;tién‘and dimensional orieﬁtétion, but froﬁ-cpﬁparison with
'aiagrams for the orthogonal series Qf sectionsiit'is seen that é—akes are
-~ orthogonal to the local fréezing‘direction,-apd thus the pétterniis effec-
pi&ely an extension‘of the c-axis hdrizontal.péttern fOtated fbr_the.loéal

freezing interface.

" Interpretation

From the field relations and inclusion, petrofabric and crystal
characteristics the history of the_icevbody can be described. After.'
considerable development of the wedge system a greater depth of.thaw,

~indicated by the surface of iron staining traceable laterally from wedges
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into the adjacent'sediment,ioccurred and differing lens structure.in the
clays. Additionally thermokarst and.tﬁermal efosioh_precesses have opera¥
ted over the Wedges; Refreezing occurred from above and belew, and above
the wedge pools of water froze te givevtheepatte;n shown in'zonesv(g)-(hj'
(FigT 96); A subsequent-melt;down removed the upper part of this ice And
caused changes iﬁ bubble shape and tﬁe.introduction of sedimentn(above'zoee:.
(£)). Refreezing again occurred siﬁultaneoaslyIfroﬁeebdve eﬁdvbelow siviag .
rise te the equigranular_chiil zene crystals-;n zone (a) ﬁo (c) and the
curving, convergieg bﬁbble tfains and.curved, elongate eryéteis‘oftzones
(d)‘and (e), those in (e) being extensionsuef cryétals in zoﬁe(f).‘ The

zone of_eompetitive'grew;h abeve ane (£) from ;he previqus f:eezing was.ei
removed by melt-dewn.'_Bubbles Qithin the trains in zones.(d)”and (ej'are
ﬁow elongate vert;cally havihg been subject to Ehermomigratioh in a vertical‘

temperature gradient.

'.Crystal'c-axis orientations change from vertical at the top to'more

nearly horizontal then change pattern due to the freezxng direction chanoe.

Relationship of Ice Type to Surface Form

Aerial photographs‘ef the area show the Well—developed éattern Qf 
ce wedge polyvons with assoc1ated rld Field examination .of the erea
__dlsclosed the presence of very deep treuchs over some wadges which obv10usly.
.did-not freeze each-winter._ Also it is evident that some thermal erosion
is oceurring laterally at the top of some trbughs, and censidereble over-
i hangs'ofvo:ganicvsoil are develeping,(Figﬁ 91).> However,_these'leeter
features are not always obvious from air photogfaphé;._Nor is the presence

of the ice bodias discussed above immediately evident from air photographs
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or surface field examination; their characteristics and distribution were
well displayed only on coastal sectioms. Thus, in sumnary, the ice type
had no specific surface expression, but is an excellent indicator of the
complex thermal history of the area. Similar proceasses of melt-down
adjacent to wedges are now occurring nearby. A further, more minor, point
to be extracted from the discussion is the importance of preparing thin

sections of several orientations.

Acgradational Ice

Introductioan

Aggradational ice is ice which grew at the base of an active layer
and becam= incorporated into parmafrost as rhe permafrost table rose. This
rise in the permafrost table may ba du2 to chinning of the active layer in
a climatic change or sedimentation on the ground surface. - A subsequent
change in surface coaditions could destroy such ice. As surface conditions
vary considerably in space and time it is to be anticipated that aggrada-

tional ice charactaeristics will be variable laterally.

We discuss agzradational ice from two sites: (1) an involuted hill

near Tukroyaktuk, (2) a construction site -at Tuktoyaktuk.

(a) Involuted Hill Site

Introduction

La a previous section (Involuted nill ice =~ foldad ice penatrated by

wedge) wa discussed a site where pzat had accumilated and an ice wedzz had
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- grown in a multiple fashioa (Mackay 1974a, p. 1379, Fig. 18). This is
evidence of a_rise.in the permafrost table, and we now discuss ice in the

adjacent soil.

Field Characteristics
'

Thg iﬁvoluted hiil on_pgé‘coast near.Iuktoyathk'is'typicalvbf all.
'suéh hiilé in tha area, in te}mé of.surficiai fofm,”and coastal recession
has exposed some of its internal féétures. It is'eVidént that several
metres of peat has acCumﬁiatedAig inter-ridga dgpression3~(Eig. 98),’and>
,that éome minor thawing activity has occurred'adjacenﬁ ta some of the.‘
larger ice Wedges]:'Here we diééuss ice:which ié; by definition, aggfada-'
itional, aﬁd thch has_no£'been disturbeﬁ by’largé‘scale tharmokarst activ-
ity. |

Mbst of tﬁe ice is in'a.dLSpersed; particulaﬁévférﬁ and unsdited;fpr
thin séction’prepﬁratién, but at Whét was érqbably a deéréssion‘in a'éne-
tiﬁé permafrqst tablé; thére oécufs a lensoid_icebﬁody whieﬁ.is éuitable

for analysis.

Ice Characteristics

The lower surface.of the.body is.undQ1ating andfthgfe is no ébrubt-f
bbunaary with the soil, rather theré is.a'gradation from peat. throuzh
iéytpéat to:peéty ice Eo'ice.; Within tﬁé ice Eody.proéer:éfe'bubbleitrains.
i_of Véryiﬁg orientation; these are truncatedvaqd~néw trains occur abbve

"(Fig. 99(a)). The upper ice-soil coatact is again not abrupt.

Bubhle Charactsristics

The budble pattern comprises the following zones:



Figure 98. Schematic diagram, peat accumulation and wedge

ice growth, involuted hill.
‘indicate old active layers. P = peat, M.I. = massive ice.

.

Figure 99a. Schematic diagram,
peat and bubble pattern,
aggradational ice. = ‘

Figure 9%b. Schematic diagram,

crystal pattern, agzradational n
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(i);. Lower Zonet ' This zone cemprisesrverticailf elongate and some
spherical bubbles which are‘éillmm.drameter,.ahd.lengths are < 4 mm.

There is no bverall‘reaularapatterh'in the.form.of layers'bf aigiven'e
‘bubble size or shape, rather there are erouhs of 1oca11y h10her concen-
tration, surrounded by spherlcal bubbles. Tth zone'has a,hlgh peat
concentration in particulate form which may have centrelled bubble growth,
' buthrf-any pattern of bubbles existed immediately after seiidification,‘it

has since been modified.

- (ii) Central zone: The pattern in zome (i) /is abruptly truncatedlln .a
- curved sdrface, which'is not a growth feature, ‘Within zone’ (11) 15 a
"éeries bfAdiscontinuoﬁs 1-2 mm layers containing bubbles trending away .
from the contact between zomes (i) and (ii);l Above;‘the‘ice‘becemes

clearer and is truncated approximately_horizontally.-’

' (iii) nger zone: ;Abore the truneation.ef zone (iij is afpattern'of

- elongate bubbles trendlno orthooenal to the truhcatlon zone and upper'
surface which is typlcal of omnidirectional freezrng as dlscussed else-
where.‘ Thevcontacts are abrupt and bubble shape is thln <:l wmm dlameter

and elongate, 3 mm.

Crystal Characteristics

The crystal size and shape characteristics are closely associated
. with bubble zone features, and are discussed in terms of those zomes

(Fig. 99(b)).

(i) Lower zone: This zone has a high ihclusion content in the form of.
peat and oubbles, and crystal size 1is genaraIWy 1-2 wm for equant crystals,

with some elongated crystals up to 5 wm. Cra11 bouwdarles are. uSually
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straight from one inclusion to’'the next, but some larger crystals are very -

irregular,

(ii) Central zone. Aﬁ thg 10Wer_edge.a mass of sﬁalllérystals grows up
from the truncation_of zéne-(i).- The discontinuous bubble layers havé é.

e markea effect on érystal form - crystals_tefmihatebat thése zones aﬁd neﬁj
gro&th occufs oﬁAthe épher side; Where no such bﬁbble layeré»océur elonga;'

ted crystals reach 30 mm long and 3 mm wide.

(iii) Uggér zoné. Crystal shape correspondéuto the bubblg'bagtern, ;f?stals.
bhave gro&n orthogonal to . both the-ﬁpper surface of zoﬁe (ii)'and the top of
the ice body. - in éome cases the lower cfystals‘are in latﬁice_conﬁinuity witﬁ .
those in ZOné (ii) but in geﬁeral new gfowﬁh has occurrédf éoﬁpeﬁiﬁive growtﬁ.
zoneébon all sides of the Body”give rise to elongate crystélé'up to 20 mm léng»
1which trend tdwérd the cenfre-of the body. nystals-in the upﬁe; pért are |
longer. | a | .
Lattiée orientatidnsvare’showﬁ in>Figﬁ£e 100; slightlybdiffering c-axis
batterhs;correépond t&vﬁhe séveral buEble and cryétal zqnes,lilnzthé'iéwer'A
_zoﬁe the éattern‘lacks preferred orientation (Fig. 100(a5) from'whichvdevelops.
a slight concehtration'in_zoﬁe (ii)i(Fig. iOO(b)). A t;ansitibn occurs in R
the uppér zone,»where a randgm.orieﬁtation for crystals aréﬁnd the edges .
(fig. 100(c)) becomes a weak girdle orthbgqnal to the dimenéional‘briéntation -
(Fig. 100(d)) in the‘elongate crystals. . The sa@plgs are too small fbr>:ig-

orous discussion, but Fig. 100(d) .corresponds to elongate crystals.

Interpretation

The,growth sequence of layers is zome (i), zone (ii), zone (iii).
Zone (i) represents a locally higher water content in the peat which gave

_rise to the transition from peat with a high interstitial ice content to
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(b)
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100. Petrofabrics for aggradational ice.-

lower zone

second zone

edze crystals, upper zone

elonzate crystals, upper zone.
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“peaty ice. The peatvénd bubbles_(whiéh, iﬁ addition>t§ dissélvea air, ﬁay"f
in;orporate gases:from reacﬁioné in the péat) ﬁay have_eﬁcoufaged cdpiéus

v nqcieation, and have a.stroﬁgvcoﬁtroi on;crystal size and shavpe, This ice:‘
body was later subject to.meltédéwn from above‘as is evidént}from the
irregular uppar.surfdée'of.zone (i) and the abfupt truncétiéﬁvof cryétal.
features. Zéng (ii) répiesents a new growtﬁ period'éé seeﬁ by the érénsi—
tion in crysﬁal and bubbie dimensionalborientation -’gfowthvis everywhere
ofthogoﬁai ;6 the ifregular.ﬁppér surface of zoné (i); fhis zone ié in-
_turn truncated but the.lowerbpart.of the zone became incdrporated into>
perzhafrostf A furthérztypevqf gfoﬁth occurred iﬁ.ZOna (iii).  Her§1thef
'bﬁbble pattern and‘c;ystél dimgﬁsional'and lattiCevérientatidns indiéate

. simultaneous growth vertically'ffom above,énd below, and;laterally.? Thié

.1attér*zone is at tﬁe base gf the present activg'layer and @éy bévquite
recent. - It is thus in‘a position'where distﬁrbanée.is iikely Qith a-élight
change in_surface-conditioﬁs; In tﬁé césg“oi such an:eveni‘zon?_(iii).

might be melted down and display the featuresvtypical of’éones (i) and (ii}.

(b) Tuktoyaktuk Site

Introduction

The Polar Continental'Shélﬁ Project has a bass in Tuktoyaktuk, which
was built.in 1955. This entailed the laying of a gravel pad on the existing
active layer, on which buildings were sited. Gradually permafrost agzraded

through the old active layer until equilibrium was re-established.

In June 1973, the Ma2tallurgy Division of the Department of Energy,
Mines and Resources dug small excavation pits into the gravel pad, for the

purpose of asrectinz a test compound. During these axcavations ice was



encountered in several forms:- particulate, and in small bodies; samples

of the latter ice type were supplied to the author.

Field Characteristics

The material of the "gravel pad" comprised a mixture of gravel, sand
and'organic matter (bulldozed from the nearby tundra). Ice samples were
removed from beneath 0.9 m of overburden, at which depth the ice formed

discontinuous layers, <75 mm thick and <300 mm diameter.

Ice Characteristics

Nd stfuctures.were evident in‘the ice'(some sﬁéll fractﬁres were
fpfobébly a résult.of-the digging ); Inclusions.oeﬁurfed in soiid and gaseous’
form; bubbles displayed a slight tendenvy to banding locallv paraiiel to-
the oand surface and orthogonal to bubble dlmen5101al orlentatlon, whlle
éediment-appeared £o be randomly positioned. Bubble: wera Oenerally cylin-
_.drical in:shépe,.<fl mm in_diame£er; <15 mm 1ong and vef;ically'orien;ed.

Sand grains and fragments of organic material were <O0.1 ma.

Crystal Characteristics

Crystal.size gﬁd shapea vary wiﬁh inclusion‘content. Sméil crystéls,
2-3 mm in‘diametef, wara found near the top»of‘the‘specimen, where a higher
sadiment conteunt occurred, and size'increasad £o 5-25 mm below?‘ Most
“crystai bpundarieé:were.stréight ot oﬁly élightly CUr§éd; an iandividual

rvstal aeqarally had 6 sides, 'bdth cbnveﬁ and coﬁcave boundariés; these

‘characte lstlrs are conplLuated 3] the DLeaenée of solLd and ga;eoa: ln;lu- 
sions.' Graln shape bepénes more complax in zones of high- lqcluSLon content,
with irregular bogndaries, also,suo-boundary development is closely.'

associated with inclusions.



Lattice orientations are given in Figure 101, which shows a high
. degree of preferred orientation, w1th a single maximum Darallel to the

direction of bubble'elongation,.

Interpretation

The eqdidiﬁensionel'cryetals are close to an equilibrium configura-
vtion;f Grain bouﬁdaries’are mutualiyAadjusted; probably“sﬁb-bounaaries
hare become boundaries; e%eept where interfered with_by inelusions:owing .
to the high content-of vertically. elonéated bubbiee. ‘C;axis orientations:i
are parallel to inferred heat flow" directlons, thus crystals ertended
parallel to the c-axis as found in the xperimencal Work of Kaplar (per-‘
sonal communication, 197+) Thelice is aggradationa15 in the sense that

the permafrost table has risen due to artlflClal sedimentation.



Figure 10L. Petrofabrics, aggradational ica,'Tuktoyak:uk.

_‘Plane of diagram horizontal,parallel to section: -
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Chapter 51‘

SUMMARY AND CONCLUSIONS

The*widesoreadddistrrbutron of‘groundvice along the.Aretic Coast -
and Mackenzie Valley'hsd‘been recognized previously; end ; classification
'of:ice types had been established in terms of water‘supply, trsnsferx
mechanisms and associated ground'ice formsr:'Tdis wss based onvlong-term
obseryatlons and precxse surveys of a range of orow1ng ices, but little
. petrofabric study. In the oresent study a fleld area was chosen near ;
Tuktoyaktuk in order to undertake both detalled fleld study of ice in good
:exposures and 1n bodles of known hlstory, and petrofabrlc analySLSAof those -
rces. Thus it was pOSSlble to compare ice of known age ( <:l year) w1th

older bodies and thus to_elucidate both growth features,and post-solidifi- N

cation changes.

Crystal and iuclusion tharacteristios typioal-of growth of ice in
dbulk water, as'reported.invlake ice and laboratory studres, were’foudd to
apply to SOmebiCe bodies. - Although previous field and laboratory Qorkv
on petrblogic aspects:of segregated ice andAoore,ice.growth‘has been.:

.limited, the results here are in agreement with earlier reports.. -

Modification of growth'faorics Was.recognized'in:several ice types,
for.example in ice wedges wherebprogressive_chsngesAin crystal features"
occurred. from the cehtre (recent.growth) to the wadge margin; also the
y_fsbrie of segregated_ice.adjscent to a'wedge.thenged'due to the growth =

of that wedge. -
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Thub each ice type has a partlcular texture related to its history;

_and petroloorc criteria are added to a modrfled ver31on of Wackay S (1972b)

ice elassification given in Appendix 1.

A brief summary of each ice type is. given below:

Lake ice comprised an upper-zene of small crystals'frbm'which'grew

. vertically elongate crystals, parallel to the heat flow direction,

with Optlc axes in a horrzontal glrdle.

. Icing mound ice comprised an upper chill zone of'small‘crystals,

‘adjacent to the soil, from which grew elongate crystals normal to the

upper shrfaee, with"optic aﬁes pormai'to the 1ong axes. »Bubble'bands
were parallel to the upper ice surface and contalned elonoate bubbles
normal to the bands. A later fracture infil comprlsed ice w1th dlffer-'.“
eﬁt crystal and inclaeion charaeteristics'related to the loeal thermal

gradient,

Ice from three prngos was studled and found to. drffer in all three.
A small plngo of known age dlsplayed crystal features typlcal of ice
growth.in bulk water and'is interpreted.as treezrng of a residual pond,

as freezing was unidirectional, rather than injection ice which would °

give evidence of multidirectional freezing.

A second pingo exhibitedfa.clear ice and bubbly ice core overlying‘

“pore ice. An increase in freezing rate during growth was indicated by

a change in inclusion content and crystal lattice orientation (optic '

axes normal to freezing direction)., This is attributed to uplift of .

the lake bottom and exposare to cold air temperatures.
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Iﬂ.the case of Tuktoyaktuk pingo there:isva.pattern of alferngcing
'layers'ofvsegregated ice'énd pbre‘ice;_in marked'contrést to the
preyibus coréé; A generailténdeﬁcy existsvfor optic axes to be mormal
to the cdmpositional 1a§ering; bﬁt mérkedlyldifferent paﬁterns’egist.'-

Some flow has occurred since cessation of growth.

- Involuted hill ice represents an extension of segregated ice growth,

".with considerable upward movement of the ice. An increase in c-axis

concentration orthogonal to the compositional layering and in.dimensiomal

. orientation parallel to the layering occurred.in anticlines in the ice.

Where an ice wedge-penetrated’such a fold the petrofabricfpattern
changed adjaéent to the'wedge,'and crystal size decreased toward the.

wedge, due to the'stress system associated with wedge growth{

Tension crack ice frbm two‘siteé'was_studied._ Crack icé which grew
in.fhe 1973—74'seéson had fresh growth‘featﬁres'mafkedly differeﬁt from ”V'
oﬁg season's we@ge ice‘grdwth.; Oldér tension crack ice, which hadibeenz
éubject to coastalvreceésion, and.thus unknown stress'an&-température

gradients, displayed features due to,pbstisolidificatioﬁ'modification.

i

'Thermal contraction crack and wedge ice from several sites was studied.

Individual thermally-induced cracks in segregated’(involuted‘hill) ice

. were investigated; little relationship’ to the fabric of the massive

ice was found, nor were subsequent fractures influenced greatly by

earlief_ones. Large'Wedges'on'Pelly Island showed the prograde fabric

- of growing wadges. Progressive increases .in crystal size, degree of

preferred dimensional orientation (parallel_to:compositional layering)

‘with distance from the wedge centre were recognized. The influence of
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a growing wedge on surrounding involuted hill ice was pointed out.

above (conclusion.No. 5);>

Reticulate vein ice was'examined at one site only, where vertical
veins dominated. Inclusion and crystal characteristics varied in each

sample. MNarrow veins contained medium sized crystals with c-axes

“normal to the vein. In large veins, central crystals were larger,.

without a strong preféerred c-axis' orientation, and surrounded by

elongate crystals, normal to the vein.

Active layer ice indicated multiple freezing directions.

Ice with multiple freezing histories was discussed from two sites.
Omnidirectional growth within frozen soil was observed in coastal
areas of ice-wedge polygdhs.' Crystals and bubble trains trend orthog-

onally from surrounding soil, while contained bubbles are vertical in

 response to a later vertical temperature gradient. In some cases later

- melting and refreezing was evident. The positiqn of such bodies sug-

gests that they originate from omnidirettional'freezing of pools or
channels produced by coastward flow of water.
Aggradational ice grew between two ridges of an involuted hill, and

in association with the upward growth of permafrost under a gravel

pad. 1In the former case upward growth followed by melt-down and sub-

‘sequent upward growth was recognized.”f

It is emphasized that any one criterion is insufficient for inter-

pretation of the history of a given ice body. For example the orientation

.of bubble long axes in the icing mound ice (Fig. 5) was parallel to the
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growth_direction as indicated by crystai:zonatioﬁ;_crystéi dimensional
iotientation; crystal c-axis oriéntatién_and the fofm of>¢he ﬁound, In
contrast, iﬁuolder,_nea;;sﬁrface ices which have be¢n égbjéct to melt-dbwn,
~and stroﬁg ?empgraturé gtadients (noﬁ-measuied)-Ehéﬁbubbles have dgveloped‘ ,
vertical dimensiogal orientations'(Fng 83(a)).despité the dip of -the

bubble fréin. However;JtheFBubBle trains, crystal.zonation and dihene:
_sional orientations énd shaée'of the ice-soil interface indicéte thé_
freezing directioﬁ,‘andbthe bubble orientation is interpreted as a reéult
of.ﬁhermomigration'in'a vertical temperaturé.gfa&ieﬁt; iAlso, in the case

of folded involuted hill ice; bubbles were.mo&ifiéd fiom.theif.ériginal
fdrm, but some understanding of tﬁé history of an individual body may be
gaiged from considefaéioﬁ of allvpetrofab:ié propertiés. This is true
especially where‘oﬁly iimited‘sampleé are availablé, from a core,lfor
examéle. In';he_preseﬁt Study.samples ﬁeré obﬁained £fom well exposed.ice
 bodies, or fram areas of which tﬁevgeomorphic histbry waé we1l knowﬁ;:
‘Elsewhere, exposﬁrekmay be iécking or:topogrgphic’expression may not

reflect éubsgrface iée form. .In such iﬁstances the petfofaﬁfiq.features
suﬁmariied here may be usedvas aids in claséifying an'ice sample, Eut #11  N

" available sedimentary and other-data'should be employed.

. Knowledge of crystal c-axis otrientations is important in the inter-
pretation of results of geophysical investigations on ground “ice. For

‘example, seismic wave velocity parallel to the c-axis is 200 m;s—l_faster

B

. than elsewhere, thus pradiction of fabrics would be helpful.
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Suggestions for further work

The aim of the present'study has been.ag underst#nding of.petfoloéicalv
_aspects.of_the growth énd def&rﬁatipn of ice bodies iﬁ_germafroét.v‘fhe
- results sﬁmmarized'aBéﬁé indicate that some progréés hés.Beén made~in that
a foundation has been established:on whiéh éé Eaéé.furfhér:field'aﬁd‘lab-'
oratory étﬁdy.-vin pafticulaf,‘petroiogic analy;is of ice’in lenses grown
.ﬁnder known conditioné 6f Eeat-flow and water supply should be attempted.1
Those pingqs énd other_ice boéies Qf‘which.thE'fecent growth'hiStoriés are -
well. known Vould provideAexcellent field éoﬁpafisons; In terﬁs of deforma-
‘tion, much could be gainéd from a kﬁowledge of stress distributions around.
. ‘wedges, and creép ratésbof the larger ice masées1 Detailed thermal data
f§r the‘uppér.1ayers»pf‘per§afroét aré availaﬁlé and-it is apparent tﬁat
contained ice bodies have égmplex, cyclic,»thermal sf;ain histories which
merit further study;: Our ﬁndersténding of the ihfldendeiéf inclusions on
the flow of ice is limited and more gxperiﬁaﬁtai work is ﬁg;eésary to aid

in field studies,
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~ Appendix 2
GLOSSARY

Anhedral_— Descriptive of‘crystals on which crystal faces are absent.

bAnneallng - Recovery and recrystalllzatlon due to heathg of deformed
materlal : '

Basal plane e;(OOOl) plane; normal to c-axis or optic axis, in ice crystal.

Chill zone - A boundary layer, adjacent to a cooling surface, of small,
-equigranular crystals with_random orientations.

Columnar crystals - Elonaate crystals alfgned parallel to theldirection’
of heat flow. S

- Defect - Imperfectlon in crystal 1att1cc, e.g. missing or extra atoms,
' impurities, dislocations. ' o

'Deformatlon ‘band - Deformatlon 1nduced cryscal layer dlfferlncr in orlentatlon;
from remalnder.-

Dendrites - Lattice‘controlled‘projections of‘crystals at advancing'interface.-

‘Dislocation - Linear lattice defect, produced durlng growth or under subse-
quent stress; important in delormatlon (see sllp)

'Dlslocatlon Cllmb - Movement of dlslocatlon out of its Sllp plane, de.g. BN
' over an’ obstacle. ' - ‘

lGraln boundary mlgratlon - Dlsplacen.nt of a Doundary perpendlcular to its .
tanoent plane.

Grain growth - Increase in grain size of polycrystalline aggregate at
‘ elevated temperature under a der’dO force of reductlon ln surface

‘energy.

Lineage structure Dlslocatlon arrays Darallel to-growth dlrectlon forned
dur1n0 growtn

:Polygonlzatlon - Formation of 1ow angle boundaries separatlda unstraLned
lattice’ seoments durlno recovery OL strained lattlce.

Recovery —.Removal of residual stresses‘of deformation.

-Recrystalllzatlon - N‘cleatlon of new, strain-free grains-in‘a'deformed
matrix, : R ' o

Slip - Sliding displacement of one part of a crystal relative to another by
‘ dislocation motion parallel to planes of high atomic density.

‘Subgrains - Lattice segments of a grain, sespara ted by low aqole boundarles.



