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FROST ACTION AND VEGETATION PATTERNS ON 
SEWARD PENINSULA, ALASKA 

By D. M. ~ O P K T N G  and R. S. SIOAFOQB 

ABSTRACT 

Cottongrass tt~ssocks, frost scnrs, peat rings, twswk rings ~ n d  gmnp~, and 
tner~wk-blwh-h~at  polygons In the lmnruk Lake awn, Sewnrd Peninsuln, Aln~ka, 
are prodl~cts of the interaction of congelitnrbntion (frost churning) and r~getn- 
tlon deveIopment. These cryopedologic feature8 are found on poorly dr~tined 
areas on sumdts,  slope8 of less than lo', and lowlands where mITty nl ln~rnl  soil  
is prewnt Mnenth a cover of pe8t ox tnrf less than 3 feet thick. P ~ r ~ n n l a l t y  
frozen grour~d 1~ prePent a t  depths of 3 feet or less. 

The tuasclvIr 114 a ball-like tufted plant form chamcterhtlc of certain grfism3ea 
and ~icdge~ found In swamps areas. Diffemtittl frost bertvfng incwam the 
height of ~ U W O C ~ R  of cottongra~s ( E r - i o p h o ~ m  v~ginatt lm s ~ b s p .  ~pissunt ) by 
liftrng tlre plnnt above the soil snriaw during tbe antnmn frepxjng qrle. Frost 
WHTR Iire Area# of hnw R R E F  reanIting fm~n disrnption of rbe vwefafiw corer hy 
local Interne i ~ o s t  hearing. 

Peat ringa, tuwnrk ringe, and tnmmk paups consist of wetntion PnttPms 
assoclalecf rrtth w l d ~ l y  ~ p f l ~ e d  mounds of mineral soil projiwting throngh other- 
wise contmwus lagcra of p n t  or tnrf. Tnmk-birch-heath polygons cnt l~ iut  of 
closely spnced monntls of mineral soil separated by channels filled witti pent. 
The peat r ing ,  ~DK-OCB rings. t ~ i ~ i r ~ p k  gronp, and vegetation pol~gons repreaent 
stages in !?m~ral clerelopmt~ntal serie~, nll of which &Rrt with frost !cars ILA the 
initial form. The finnl f ~ e t n m  of these developmental series are the result of 
mntpTlturbation, A p r m s  wl~lch I$  effective chiefly dnring the f ~ l l  freeslng cycle 
and which is rnodifial by the (lc~sloprnent of vegetation. 

A11 of the cryopMologIc f ~ f t t u r ~  prnbrtbly have been present In the awn dnring 
and since the l a x  gInclntlol~ orr S ~ w b r d  Peninsula. Changes in climnte probably 
hare k e n  reflecld l ~ y  ('bnnEes In the locnl distribution of the feature& 

The concept of a "cllmnx" n-grtntion must be ~nodlffed when applied to tundra 
vegetation. Dl~tnrhnre of thc substrnttim recurs repeatedly, and nil stagea 
in the plant succension exlat on anstnble ~urfnces. The vegetation in area8 at 
iroat warn, peat rlnu~,  tussock rllrm and Ereuw, and vegetation polygons repre- 
sents an equlllbrinm asw~lrblnp n t l j l ~ ~ t ~ d  to thp r l l m a t ~  in which It exiats, but 
diflera from a "clirnax" nnnernl)lng~~ In that baire nreas and arens covered by 
pioneer planta are Intfmately mixrll among areas covered by assemblage8 wprp 
senting the highest stage In the nncl-eanion. 

Fossi1 tnsmk-blrcb-he~tl~ polyzons mny eventoally be rewgnkd in northern 
United Bhtes  and E11n-q~. Thdr PrPwnce lvO1lld Indicate the probable former 
presence of perennially frozen glaund, nnd the forrnpr depth of summer thaw 
could be inferred from tbe v~rtlr.aI dimensions of thp pl~.gnns. 

Recognition on aerial photographs of the c ~ o T ) e d o l ~ i c  fentures described above 
~ 1 1 1  ~ ~ ~ 1 s t  In the Interpretation n i  terrain conditions. 

51 
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INTRODUCTION 

Intensive frost action in areas of perennially fromn gronnd pro- 
duws microrelief features in soil, some of wlzich have been grouped 
under the term ''structtire soil?' The interrelationship between devd- 
oping vegetation nnd intensive frost action produces patterns in the 
distribution of plants cornparable to some of those formed in soil. 
Detailed studies of t,llese features nnd patterns are essential to an 
understanding of the nature and intensity of geomorphic and biolog-i- 
cal processes that shrtpe the Inndsmpe of tundra regions. Many of 
the srnrtll-scale features are describzd and ilIustrated by Griggs (1934), 
Polunin (1934, 19351, Porsild (19381, Rttup (1941, 1947)' and Sharp 
(1942). Troll ( 1844) summarizes most of the prevloz~s liter~ture. 

During tho summers of 1947,1048, rand 1949 the writers conducted 
areal gornorphic and botanical studies on Seward Peninsula, Alaska. 
The studies were part af the perm~frost program of the United States 
Ge010giC~l Survey ~ n d  were intended to lend to a better understand- 
ing of perennially frozen ground and of the geomorphic processes 
cliarncteristic of high latitudes, The featurn described in this paper 
mere statdied in detniI in the Imuruk L a h  rtrea (fig. 18) but were 
observed in many other plnces on Seward Peninsula. 

Seward Peninsula is subject to a rigorous, subamtic climate, in 
which ponlorphic proces.$e43 associated with frost action and peren- 
nittlly frozen ground are dominant and geomorphic p r c m s ~ ~  charm- 
teristic, of more temperata regions are inconspicuous and of minor 
importance. Congel i f rnction ~ n d  rxmgeliturbation (Bryan, 1946, pp. 
826,633) am by far the dominant pracesses in the shaping and reduc- 
tion of slopes in the Irnncnlc Lnke area. Frost churning prevents the 
development of n "nomnl" soil profile. The instability of the soil and 
the presence of f frozen ground throughont the, summer exclude many 
plant species from the region. ~ f i e c t  the farm of those that are present, 
and h ~ v e  far-reaching d e c t s  upon the development of plant eommu- 
nities (Griggs, 1934; Polunin, 1934, 1935; Pol-sild, 1938; Rsup, 1941, 
1947; Sigafoos, 1049). 

Tlie present paper discusses cottonpss tussocks, frost S C I ~ ~ S ,  peat 
ringst tussock rings, and tussock-birch-henth polygons. All of these 
features rew~lt from tlie interaction of congeliturbrttion and the growth 
and devslopment of vegetation. Frost scars ("spot medaIlions7' of 
&hsva, 1944; "mud circles" of Wnshbnrn, 1941, p. 99) and tussocks 
("niggerheads" of hlnskan parlance) am well known to travelers on 

the tundra ~ n d  are not limited to arctic and subarctie regions. Frost 
scars and tussocks have been oberved iby the writars at low altitudes 
in northern New England. Previous descriptions of peat rings, tus- 
sock rings, and tussoclr-hirch-heath polygons have not came to the 
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attention of the miters. It is believed, however, thnt variations of 
these features are widespread ia tnndrrt regions, and i t  is suggested 
thnt "f ossil~hxarnples eventually may be recomizecl in tempopate 
regions adjacent to the soutli~rn rnnrgiris of the ice sh& of Pleisto- 
cene age. 

D E F r n I O N s  

Several of the botanical terms user1 in this pnper mny be unfnrnilinr 
to some of our readem, and othrrs have not been clearly d ~ f i n d  in 
previous papers. The writem! ugage of these terms is give11 helow. 

LLHeath,'' in the strict sense, wfets to membem of the family Erica- 
ceae, but the writers use the tevm to menn nn assemblage of plnnts 
that includes Ledurn p a l w t r ~  subsp. decwmbema, Vaccinircm ur?iqin,o- 
sum,, V. vitk-idaaa sukp. niintu, nntl Emtpetrmnz nigruqn. 

"Peat" is a depwit of partly decompow~d plant, parts. 
"Sod" is Q tight, interworm mnt of rllixoines (llorizontal undcc- 

ground stems) or stolons ( horjzn~~tttl above-ground stems) from which 
jointad aerial stems (culms) of grnsses or grnsslike plnnt,s arise. Tho 
mat form a nearly uniform vcffetation blanket. 

"Turf" includes low mgetntion other than sd of both open and 
closed stands of plnnts. 

Processes grouped under the general term "frost actionH are domi- 
nant factors in the davelopment of soil nnci vegetr~tion and in the ~lznp- 
ing of the landscape in tlls rigorons clirnnte that prevails on %ward 
Peninsula. Bryan (1946) ritt ompted to clarify tho terminology 
of processes associl~tod with intensive frost action. Because tho 
processes are discussed nt length in this pnpr, it seems desirable to 
define more clearly their scop and interrelationships according to 
thc usage of the writers (fig. 157). 

'LCryopedologic pme~ses" include all pmcesscs involving intensive 
frmt action or perellnially frozen pound. "Pergalntion" and 
'bdeper~lation" (the fonn~tion and decay of perennially frozcn 
ground, Bryan, 1949, p. f 01) rind thc cracking of the si~rfnce of the 
frozen ground awing to sl~rlden large temlwrntarc fluct.11a tjons b~lom 
freezing are examples of cryopedologic pm-. Microrelief fea- 
tures that mult  f rorn cryoperlologic ~hmce~w, including "strz~cture 
mils,'' can be termed ibcryop~dologic st~rfece featur~s." 

"Intensi~e frost action" 'is rt gcn~rrtl term designating ~ 1 1  geomorpl~ic 
processes dependent upon rcpertted cycles of frtsexi~~g and thawing. 
Two broad categories of prwesscs, "conge l i f~ t ion"  nntl "mngpli- 
tnrbation," are recognized under intensive f rod nction. Conpl i fr~e-  
tion can be defined cls fmst splitting (Bryan, 1946, pp. 626-627). Con- 
geliturbation, as ild by the writers, includes all pnwmws bp which 
repeated cycles of freezing and thawing result in churning or stirring 
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CRYOPEDOLOGIC PROCESSES w 
INTENSIVE FROST ACTION G? 

FmtJBe: 17.-Scopc arld interrelationuhlps of certda cryopedologlc processes. 

of the soil, with or without net down-slope movement. The soil is 
churned in place on horizontal surfnces by small differential move- 
ments mnlting from frost heaving (vertical expnnsio~~ ) , frost tl~rmst- 
ing (horizontal expansion) (Ed&, 1916, p. $6), snil subsidence dur- 
ing thawing. The soil is moved down slope by creep resulting from 
these processes and by viscous flow if the n~oisture content is sufficiently 
high. AdditionaI categories of "inknsive frost action" could be sug 
gested, but they lie beyond the scope of this discussion. 

The study was made in connection with the program of the Alaska 
Tarrain and Permafrost Section of the United States Geological 
Survey and was financedin part by the Engineer Intelligence Division, 
Office of the Chief of Engineers, United States Amy, 

Special appreciation is expressed to A. T. Ferndd, J. F. Seitz, 
W. B. Quay, Mary D. Sigafoos, and Joan P. Hopkins for their 
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assistance in conducting the ficld work and for their interest ~ n d  con- 
tributions offered during the formulation of the ideas. Grateful 
ackrlowledgment is made to W. S. Benninghoff, R. F. Black, Kirk 
Rrynn, L. L. Ray, and H. M. Rnup, and tn the writem' associates in the 
Alaska Termin and Permafrost Section for their suggestions ant1 
criticisms. 

OEOLOQIC AND GEOGRAPHIC ENVIRONMENT 

LOCATION 

Semard Peninsula is in northwestern Alsskk between the Bering 
Sea and the Arctic Ocean (fig. 18). The featurm discussed in this 
paper were studied dong a transect extending  cross the peninsula 
from Nome on the soutl~west to Deering and Cfindle on the northeast. 
Most of the worlr was conwntrated near the center of the peninsula 
in the Irnumk Lake arm. Irnwn~k Lake lies nt latitude 6ti035' N. 
and longitude 183"10° W., 109 miles northeast of Nome and 60 miles 
~011th of the Arctic Circle. 

Year-round weather ohrvations are lacking in the h u n k  Lake 
nrea, A weather station was maintained by the 11th Weather Sqund- 
ron at Lava Lake, near the western rn~rgin of the area, from April 
through Xovember 1945, and fragmentary weather records werc coI- 
lected by the C;eoIogical Surrey during the summers of 194"ind 
1948, The follawing remarks nre based l~poni these records and upon 
Weather Burenu data for Candle, Slrishmn~vf, and Council, Alaska 
(U. S. Weather Bureau, 1943). 
The climate is rigorous and continental, characterized by cool sum- 

mers and very cold winters (fig. 19). The mean annual temperature 
is probably about 20" F. The absolute maximum temperature recorded 
at Candle prior to 1943 is 85' ; the absolute minimum is -60". Sub- 
freezing temperrrtures predominate from early October to mid-May, 
although mcasienal t h ~ ~ ~ s  probnbly can be expected during most of 
the winter months. Nocturnal frosts are common during all of the 
summer months. Menn iliurnal temperature fll~duntions rmge in 
amplitude from 1 3 O  during October to  23" during June. The mean 
annual precipitation is probably hetween 7 and 8 inches, of which 
about 25 percent falls as snow. More than 50 percent of the, annual 
precipitation occurs during well-defined rainy season extending 
from July through September. 

M7inhrs are cold and rather dry. Clear weather predominates, but 
intense storms, acmmpaniecl by high winds and precipitation, are 
frequent. The sun rises above the horizon only a short distance and 

001812-31-2 



FIGWRU 18,Index map of Seward Penlnsuln. Alaska, sbowtng locotlon of Imaruk Lake nren m d  distrlbutlon of forested 
Ilrea6. 
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far only a few hours each day during early winter; consequently, 
diurnal iluctuations in krn'pemtrtre due to solar warming are small. 
Longer dnys and a higher sun during late winter are reflected by 
diurnal ff uctuations of 15" to 30°, but the maximum daily temperatures 
remain well below freezing. Diurnal fluctuations are marked through- 
out the winter, however, by sharp fluctuatioi~s ~ecompanging the 
passage of cyclonic storms. Winter thaws generally am confined to 
stormy periods. Storms me less frguent during April, May, and 
June, artd diurnal temperature fluctuations due to solar warming 
become conspicuous, Thawing temperatures are common at noon 
during late April and onrly May, und by late May temperatures 
remain above frezing tJhruudlont most of the day. 

Summers are cool tlnd moist. Low ceilings nnd short nights reduce 
tlie nrhplituds of diurnal temp~rnture fluct,untions, especially during 
July and August. Sevonty percent of the annual precipitation is con- 
centrated in the period from Mny through September, find muell of 
it falls as drizzIe or as lig11t showers. Few cIaj*s pa= without at least 
a trace of precipitation. Moderate temperatures and prevailing high 
humidities inhibit surface evaporation; consequently, the summer 
climate is wet despi tc  tho low total minf alL 

Killing frosk,~ occur in middle or late August, and by early Septem- 
ber frosts mcur nearly every ni~ht..  After early October freezing tern- 
peratures predominate. Even during September and October the 
duration and intensity of subfreezing ternperntures is related more 
clo-ly to cyclonic conditions than to diurnal-nocturnal ff uctuuations. 

The Imuruk Lake area is a broadly mlling upland ranging from 
500 to 1,000 feet in altitude. The most conspicuous relief features 
are M a t e d  hills, 300 to 800 feet high, characteried by broad, dome- 
shaped summits nnd smooth, gentle slopes rarely exceeding 10°. The 
hills are separated by undulating lowlands with a relief of 100 to 300 
feet; distances from divides to the axes of ndjacent strertm valleys 
commonly nre 1 to 3 miles. 

Drainage is poor throughout most of the region. An integrated 
drainage pattern is lacking over lnrge awns, nnd lakes, ponds, and 
swamps am ~bundant. Luxuriant vegetation, low evaporation, and 
the presence of perennially frozen ground nt shallow depths inhibit 
surface runoff and subsurface drninnge and mnintain moist conditions 
in siIty soils on even relatively steep slopes. 

Most of the lowland arens are dmined by small, sluggish, widely 
spaced watercourses. Drainage lines are completely lacking on some 
slopes, and extremely wet conditions prevail over the entire surface. 



More commonly, however, the slopes nre drnined by sets of long, 
shallow, ~ubparallel a ~ a l e s  separated by broadly convex interfluves 
on which swampy ground is lacking. Commonly, 3 ta 20 s~vales join 
abruptly near the foot of the s l o p  in a rwged candelabralike pattern. 
Some swales head in swampy oval indentntions on the upper s l o p ;  
others merge with the swampy ground at  the hill summits. Definite 
channels containing r11nni11g wtter generally nre Irlcking in the maim ; 
instead, the floors are swanlpy anti choked with vegetation. 

Most of the Irnuruk h l r e  area is ~~nder la in  by bnsnlt and andesitc 
lava flows of Quaternary age. Pre-Quaternnry bedrock consists of 
granite, marble, and schist (Mofit, 1905). Terraces composed of 
unconsolidatecl sediments are pr~sent along the shorn of Imuruk Lake 
nnd in tlre valleys of some of the larger streams. 
No part of the Imuruk Lakc nrea has been gl:~~ci~tecF, but smaFI 

glaciers were present to the south in the Bendeleben Mo~lntains. At 
least two distinct glttci~l adval~ces are recorded. 

The existing soils of the Irnuruk Lake ares originated in climate 
similar to or more rigorons than the prewnt one. Congelifrnction 
(frost riving, Bryan, 1946, ppp. 62G-627) is the dominant procws of 
rock weathering in such a climate and ultimately produces, under ideal 
conditions, a well-sorted silty soil mntaining few large rocks and very 
few particles in the clay-size range (Taber, 1945, pp. 14-49-1450 ; Troll, 
3944, pp. 573475 ; Hopkins, 1949, p. 121). The degree to which this 
end is approached depends upon the age of the soil, the topography and 
drainage of the site, and the texture and mineral composition of t.he 
pam'ent rock. 

Bare bedrock or coarse rubble of pre-Quaternary age is exposed 
throughout the area of the lava flows of Qnaternary age sand on the 
upper slopes of hilIs underlain by marble or granite. The lower slopes 
of panite hi119 consist generally of sandy soil with abundant rocks. 
Areas underlain by =hist or by older Quaternary fl om and the lower 
slopes of hills underlain by marble generally bear a mantle of uniform 
silty soil 5 to 20 f e t  thick. Partides betmwn 0.01. and 0.1 millimeter 
in size make up 70 to 95 percent of these soils. 

A mantle of pmt of variable thickness is p m n t  on almost a11 sur- 
Aces where bedrock is covered by siIty soil. Luxuriant vegetation, 
poor drainage* nnd low evaporation fnvor the accumuZation of p a t ,  
not only on lowlands but also on hilltops and on slopes of less thm 
10". The peat mantle is 5 to 20 feet thick in swampy lowlands and 
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s w a b  and 1.5 to 3.0 feet thick on wet summits and wet slopes. Even 
in the "drier" site a discontinuous layer of pent or turf as much as 1.5 
feet thick mantles the silty mineral sail. 

Peat in the Imuruk Lake area is coarsely fibrous and little decom- 
posed. It consists of recognizable fragments of willows, sedgw, 
and mosses in a sooty matrix of black finely comminuted orgnnic 
matter. Living roots and stern are an important constituent of the 
peat within O inches of the surface. In some of the wetter sites the 
bfnck peat is  overlain by a reddish peatlike mat of living mosses 0.5 
to 1.5 feet thick. 
Rock and sandy soils generally are dry and well-drained on hori- 

zontal surfaces as we11 as on slopes. Subsurface drainage is good, be- 
cunse perennially froplen ground ljes  EL^ depths exceeding 3 feet in these 
materials. 

The moisture content of silty soils varies, but even the "driest" mil9 
are extremely wet oompnred with soils having a similar texture in 
't,emperate regions. S~irface runoff is impeded by the vegetation ; sur- 
face drtlinago i i~ ret,nrded by the impermeability of the soils and bp tlm 
pr-ence of perennially Yrozen p u n d  at shallow depths. LIV evap- 
oration and the meltbig of frozen p u n d  helps to maintain the high 
moisture content. T h e ' w e t k t  soils mill not stand in the walls o f  
excavat.ions, and artificial: holes q~~icklp fill by flowage from the walls. 
Drier soils mi31 stand in tho walls of.excrsvations; but, when  sample^ 
of t h e  "dry" soils are atickecl and hung to dry, muter drains from 
them. , ,  

Am1 variations in soil moisture in silty soils depend upon the depth 
of thaw, t h e . d e p e  of slope at the site, the pmition of the site in rela- 
t iQ~ to drainage lines, and tho character of the parent material. In 
general, the moisture content varies inversely with the dept,h of thaw 
and the degree of slope. SoiIs on slopes where definite drainage lines 
are lacking are much wetter than the intorfluvial soils on slopes with 
well-defined males. Soils derivd from marble am generally wetter 
than soils derived from other rock. 

Pent is cornplgtely saturated wit,I~ moisture in almost all. areas,. me 
p a t  is coarse, open-textured, and more permeable than silty rninemE 
mil, and in somo of the features d ~ x r i h e d  below ground-water cireula- 
tion above the fmt  table is concentrated in the peat. 

PERE-Y FROZEN OROUND A m  FROST AClPIOR 

Perennially frozen p u n d  is p m n t  thro~rghont northern Seward 
Peninsula, except new IEttk~s, large streams; and wnrm springs. Drill- 
hole data and comparisons with other arew indicate that frozen ground 
extendstodepthsmngingfm50toatleast300feet. Thechiiacter 
of the perennially frozen zone is  described by Hopkins (1949, pp. 
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181-122). The surface layem thaw dnring the summer to depths 
ranging from 1 to 10 feet, depending upon the character of the soil, 
the vegetative cover, topography, exposure, and drain* conditions. 
The  plati ion ships between thew factors rand depth of thaw are de- 
scribed in greater detail in the discussion of the individual cry~** 
logic features. 

F m t  Scnrs, peat rings, tussock rings nnrl groups, and tussock-bid- 
henth polygons in the Irnuruk L~kc! area nre underlain by perennidy 
frozen p u n d  and are formed by frmt heaving, frmt thrusting, and 
creep in t h  ripper layers of the soil tvhich nre subject ta annud cycles 
of freezing and thawing. 

Frost he~ving and frost thrusting result from volume increase in 
masses of soil due to the se,pp~tion of masses of clear ice durixig 
freezing. Taher (1930) bas s l l o ~ ~ ~ l  tlrnt when silty sails are subjected 
to subfreezing temperatures in tbr! presence of abundant moisture they 
absorb a quantity of water p n t l y  in excess of the natursl porosity of 
the unfrozen material, The exceM water is present as segregations of 
clear ice, which commoi~ly comprise 50 to 80 percent of the volume of 
the frozen materi J (Taber, 1843, pp. 1517-1518). The water farming 
these clear ice mgregntiona call he derived from any nearby source and 
is drnm upward or laterally to the growing ice crystals through capil- 
lary interspaces, in the soil. 

I f  clear ice lenm formed in equal abundance in all of the lnrttsrinls 
a t  the surface, froa3t heaving ~vould consist of a uniform dilaiion of 
the entire surface. The surface of the tundra is characteri~ad, how- 
ever, by A rnt~ltitude of smnll-scale inhornogeneities, which result in 
large local differences, in the intensity of frost heaving. Amlong the 
principal cttuws of differet~tial frost heaving are vvariatians i r k  the 
thicknesses of peat and mineral soil, in the character of tho vegetation 
cover, in the srno~u~t of moisture present, and in tlre amount of snow 
cover during t,he critical autumn freezing period. 

The intensity of frost heaving varies iliversety mft l~  the t h i c h ~ s  of 
peat or turf covering the mineral soil. Two factors are involved in this 
relationship : (1) Ice lenses form more xbnnda~~tly in silty minerd soil 
than in pent, prohbly because water is drnwn less r~nclily through the 
Inrge openlnp that predominate in the peat and because the tough, 
fibrous structure of the peat resists disruption by pawing ice crystals 
and (2) silt is a much better heat condwtar tlian pent or turf. Summer 
thaw penetrates much deeper into bare mineral soil than into peat, and 
severe rurt~~mn fmsts produce several inches of frozen ground in bare 
RreaR, rhererts only the suherial portions of vascular plants are fromn 
in dry turf a few inches away. Thick met mats of living sphagnum 
are poorer insulntom than dead pat ,  and frost penetrates into them 
nlmost; ne rapidly as into mineral soil. At Some, following severnl 
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days with minimum temperatures of 10° to 2?'.5° P., ice an inch thick 
formed on open puddIes. At the same time the ground froze t~ n 
depth of more thnn 6 inches in bme soil, 3 to 5 inches in Eking sphag- 
num, I to 4 inchw in wet prrt ,  and 0 ta 2 inches in dry peat and turf. 

If the entire soil snrface frsezes at a uniform rate, then, according to 
Tahr (1 943, p. 1523), the segregation of ice lenses is favored by slow 
freezing. When the rate of freezing varies widely within a. radius of a 
,fern feet, however, ice l enw are formed most abz~ndantly in the mate- 
rial that freezes first, because water is &awn later~lly to growing ice 
lenses in the freezing soil from adjoining unfrozen areas. Thus, arms 
of bare soil or areas covered by only a thin mantle of peat will freeze 
r~pidly and will expand at the expense of areas nearby that freeze mare 
slowly b e c ~ u c ~  they rtra mantled by u thick layer of peat (fig. 28, A, B )  . 

Frost heaving in bnm areas or aretw covered with isolated plants 
is more intense than in amas covered with dense vegetation. The 
tightly interlocked  root,^ and stems form a dense mat of vegetation 
that resists expansion st the aarfnce nncl nn insulating blanket that 
retards freezing of the underlying soil. 

Iliffemnces in snow cover during e ~ r l y  fall play an importmt role 
in differential frost heaving. Intense wjntEs are effective close to the 
ground surface in exposed plnees ; nn early snowfnll f oIlowed by high 
winds results in a pnttcrn of drifts and hare pntches. Distribution 
of drifts is debmined in part by the vegetntion; drifts awumulnte in 
willow thickets and in lml areas of tall plants in the cottonpss 
tussock-birch-heath community. Snow-covered areas are insulated 
from the cold air, while freezing temperaturn penetrate rapidly into 
nearby snow-free spots. Intense dilation of the snow-free areas and 
relative stability in the snow-covered wens can be expected. 

E f  other conditions are unifnm, the surface layer sf the wettest 
spots can be expected to  distend more than dryer spots nenrby, hecauso 
a large supply of cater is available for the formation of clear ice 
lense~;. Frost heaving and other cryapdologic processes proxed with 
maximum intensity in areas adjacent to persistent snow banks, became 
abundant meltwater is  present during the fall freezing cycle. 

Repeated freeze-thaw cycles in soils on slopes result in net down- 
slope movement. T m  components, creep and viscous flow, contribute 
to tiria movement. Creep results from the expansion of the soil normal 
to the slope during freezing followed by vertical subsidence during 
tllawing. Viscous flow OCCIITS in thawed soils that contain excessive 
water owing to the thawing of ice lenses. In many localities addi- 
tional water is provided by seepages or by melting snow banks. It is 
commonly impossible to distinguish between dawn-slope movements 
due to creep and t h m  due to flow. 
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C O K Q ~ U I C B A ~ O l U  AND EMSTBBlLlTY OF THE BOIL SURFACE 

Cryopedolo~c p m s ~ s  a3wt to some degrw all parts of the aoil 
surface lqers. Each winter tlze surface is subject to genernl upward 
expansion tlimugl~out moist areas underlain by peat or silty mineral 
sail. The dilation is not uniform, however, and differential f ~ o s t  
heaving is a general phenomenon, not an exceptional one. Smrcll 
mounds and hnrnrnock~ nre raised where differential heaving is slight, 
and the turf is broken w h ~ r e  it is intense. Slight differential heaving 
is favored by th iclt turf, intcnso heaving by thin turf. 

The cl~nrncter of the aoi1 is cletermined and modified by cryope- 
dologic processes. The parent rock is  reduced to smal l -pde sizes 
by congelifraction opernting over a long period of time. That part 
of the resulting silty soil that lies above t,he frost table is cl~urned by 
congeliturb~tion. In the caursc of Tong-continued cycles of freezing 
and thaming, soil pnrticles n t the surfttce are moved to a considernble 
depth within the zone of nnnual thaw, and new particles that lie 
within this zone are brorrght to the surfnm and exposed to subaerial 
weathering processes. Peat and dead plants are churned 'beneath the 
surface and increase the amount of organic matter in the soil. In cut 
banks of streams the zone subject to nnn~ial thawing can readily be 
distinguished from the underlying p~rmninlly frozen mil by ~ o l o r  
and structure. 

On horizontal snrfaces perennially fmzen soil is light blue-gray and 
more or less structurele~ in the Im~rruk Lake aren. The annually 
thawed zone is yellow-gray when drietl and cl~aracterized by con- 
torted stre~ks of reddish limonite-stained silts nncl dark grayish-brown 
amorphous organic mablial. TThere the parent material consists of 
water-laid silt, stratification is completely destroyed in the zone sub- 
ject to annual thawing. 

Intensive congelit~~rbation limits the vegetation to specios adrtpted 
to existence upon an unskable snbstratum. The pioneer plants are 
t11m able to survive intell* disturbance, Cancept~ of LLpioneer'' 
nnd "climax" communities lose mnch of their significance, however, in 
we2 tantlrrt, because even the late stages in the succession must be 
~egarded as existing in unstable equilibrium wit11 an environment 
subject to sarlden, severe cl~ange. Bare amas are colonized by pioneers, 
followed by species Inter in the succession; however? these later species 
eventually are destroyed when local intern congeIiturbation erenw 
.a new bare area find the cycle is repeated. 

Tlla Imuruk Lake rtrea lips beyond the nrctic timber line within 
the tundrn region (Griggs. 10:M; Rnnp, 1941; Palmer and Rouse, 

004812-61-a 
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1945). Spruce occurs 30 to 50 miles south and east of Imuruk Lake, 
and isolated stands of small cottonwood (Popdm t a c d a e c a )  
tress m u r  in the dissected upland at; t he  north ~ n d  southwest margins 
of the area, The vegetation of the Imunlk Lake area consists of 
dwarf shrubs, sedges, grasses, other herbaceous plants, and mosses on 
the uplands with large, shrubby willows confined, for the most part, 
ta watercourses. Alder thiclrek are scattered an steeper better- 
drained slopes. 

The Jar@ number of vegetation types in the tundra makes their 
classification difficult, but tha broad categories suggested by Midden- 
dorf in 1864 stmd as the most usefuI distinctions yot proposed. In 
the Siberian arctic, he recognixed dry or high tundra and wet or low 
tundra. On the Seward Peninsula, dry tundra is characterized by 
the predominance of low matted woody plants and grasses, which 
are the tallest planta, reaching 6 to 10 inches in height. It is confined 
to areas in which the soil is relatively dry and well-drained and of 
smdy or mcky texture. Wet tundra is characterized by the predomi- 
nnnca of ~lpecj es of the Cyperaceae family, mmostl~ species of the genera 
Em'ophomrn and Camx, rtnd is confined to areas in which the, soil is 
mot, poorly drained, and composed largely of silt and peat. It is in 
this wet tundra that an organization and pattern of the vegetation 
can he distinguished. The patterns ohenred in the two following 
vegetation types are discussed in later sections. 

Tussock-birch-heath vegetation is dominant un fairly well drained 
slopes and uplands away from the drainage lines. The following 
species are found in this community. The nomenclature used folIews 
that of Hdltan (1941-1948). 

Primary species : Etiophoruh vaginaturn subsp. spismm, 
, * 

.'Retda nuna ~ u h p .  e d h ,  Empetmm higmm, Ledzcm 
- , r pdwatw su bq. d e d l e w ,  T'aeknivm 'u?igiwmmz, nnd 

1'. u i t h - a ~ a  subsp, mhud. 
Secondary specks : A r c t a g r ~ ~ t i s  Tatifolia, Poa amtica, 

Carex bigelmmi,  Caws &gene, and Rubua ehamae- 
mxmw7. 

The E&phortcm w o w s  only as tussocks, G to 15 inches in diameter 
and 2 to 12 inches high. 'She tussocks are more or leas evenly spaced 
at intervals of a few inches to 2 feet and are rooted in the mineral soil. 
Wmdy shrubs grow in the moss peat and Sphagnwm mossm in the 
spaces sumomding the tussocks. The  oil is silty and moist, and 
depths to the perennially frozen ground range from I5 to 36 inches. 

'Edophorrrm, va&lnotulrt snbsp. eplaturrr ia one nl wvetal fipcclen of thla pmus that forms 
toEaoc8e but Ls the only one Irfentlfl*?d by the wrlbem In the Imuruk Lnke area. In later 
BeetIonr It lrr r e f e r 4  to an cottongmar8 nnd tu~socks Unl~Rl otherwlec noted. To svold 
mniosion, Edophnmm angtlattjollum, nlao wmmnnly lrnown nu cottongrnae. is r~ferrerl 
t o  bg lttl Lath name. 
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The f o m  and distribution of the plants in this community, as xffected 
by congeliturbation, is discussed latm. The birch and heath shrubs 
tend to  p w  with the accumulation of Sphgmecm moss peat; the 
apexes continue to elongate while the lower portions of the planh 
become buried and subsequently die. The birch and heath shrubs are 
not rooted in the mineral soil, but adrentitious m t s  extend into the 
moss pent from the dense tangle of branches and stans, forming a 
tight mat, The sten~s also p w  around the tussocks that are asdjn- 
cent to the birch-heath camm~~nity, so that thk tight mat is firmly 
a n c h o ~ d  to the mineral soil. A mat of this type cannot be removed 
without tearing it unless the stenls are cut around a small wtion. 

A sedge md occ~~rs  in poorly drained sites where water occurs at the 
surface snd its lateral movement is slow. Such places are found on 
broad hill summits and gentle slopes, in drainage lines, and nround 
the margins of rnmy punds. The fallowing list of species bas been 
compiled from khwe habitats. 

Primary spcciw : &7u:ophnmm angufiti#o&wwz, and Carex 
aqwtilh. 

Secondary species : Eriophowm ~ ~ h u c h z e r i ,  SC~VUA 
ceapido8ua, Caren ratundata, 0. m m b r a m e a ,  and 
Ealiar c f . $agslJawgt~. 

T h e  sod an interwoven mass: G to 10 inches thick, of rhizomes 
(underground horizontal stcms) of Carele aquatilis firmly rooted in a 
thick layer of fibrous pent. The peat consists of an accumnlation of 
dead parts of Curex, L;nmophorum, nr~d mosses. This type of sod is 
extremely tenacious, and only \\.it11 dificulty can it be cut with a 
shov~l. Because of its tmgh structure, the sod rertcts to pressurn rts a 
tightrlayered m ~ 4 s  rather thnn as an inert blanket or rrs discrete plants. 
It modifies and restrains the forces of congelit~~rbation. 'The pent 
mantIe rrtnges in thickness fro111 3. to 10 feet but is intempted locally 
by aress of bnrc soil. Depths to  pewnninEEy frozcn ground range from 
15 to 40 inches, depending u p n  the thickness of the peat, drainage 
conditions, and texture of the unrlerlping soil. 

Willow and birch thickets also are prominent in tho Inlurr& Lake 
area. Willow (Salix p?chra) thickets 4 to 10 feet high occur in the 
lower reaches of the swnles dmin jag l~idler slopes, on steep lake banks, 
m d  on flood plains of the lnrger stre~ms. Depth to perennially frozen 
ground is more than 6 feet, nlid frozen ground may be absent locally 
under A d  l~lains. Def nite channels of running wabr are present 
~mder the wiIlows in the swales; these chnnnels are among the few 
sites where erosion by running wntcr is occurring in the Imuruk Lake 
area. Thickets of birch ( R e t ~ i b  nana subsp. e d l h )  mcur an the bet- 
ter-drained, higher parts of steep banks and well-drained slopes. 
Depth to perennially frozen ground in these thickets is not known to 
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the writers but it is probabIy mare than 6 feet, or comparable to that 
under the willow thickets. 

These plant communities are clear-cut and can be defined in space 
and correlated with factors in the enviro~iment. The three factors 
mmt closely correlated with the distribution of the communities are 
drainage conditions, depth to pemnnially frozen ground, and the in- 
tensity and character of congeliturbation. These in turn am deter- 
mined, in part, by topography, type of soil, and the character nf t,he 
vegetation. Each type of vegetation, however, is found locally within 
the area dominated by another type. 

CRYOPEDOLOGIC FEATURES 

Frost scars, peat rings, tussock rings, tussock groups, and tussock- 
birch-heath poIygons are; characteristic features of certain widespread 
environments in northern Seward Peninsula and elsewhere in tundra 
regions in Alaska. These features represent stages in several develop- 
mentd series, in each of which the frost scar is the initial form. The 
i~lterrelatiodips between different features are discussed under the 
heading 'LConclusions.l' 

Peat rings, tussock rings and groups, nnd tussock-birch-heath 
polygons are best developed in areas underlain by silty mineral soil 
mantled with p a t  less t h m  3 feet thick. Frost scars are found on all 
types of soil, but the description presented here applies chiefly to frost 
scars in silty mineral soiI. 

The dewriptiom of individual features are based upon the writers' 
observations in northern Seward Peninsula. Similar features in 
other parts of Alaska differ considerably in certain details. Discus- 
eion of soma of these variations, however, lie beyond the scope of this 
paper. 

ZROST WARS 

Tundra vegehtion is rarely complete and unbroken. SmalI patches 
of bare soil are characteristic md conspicuous features scattered 
through the vegetation. As frost action is a major factor in the forma- 
tion of these bare patches, the name 'Cfmst scar" is proposed. The 
&'spot medallions" of Sochava (1944) and the "mud spots" of Wash- 
hum (1947, p. 99) are types of frost scars. 

n o s t  scars in various environments range from a few inches to 
several tens of feet in maximum diameter. In areas of mdge aod or 
cottongram tussmk-birch-heath vegetation the frost scam are larger 
than intertl~ssoek areas and mnge from 1.5 ta 10 feet in diameter. 
Some of the scars are irregular, and others are circular or oval. They 
are conspicuously convex from late autumn through spring and are 
flat during middle and l a t ~  summer. A network of small cracks (mini- 
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zture eellenboden, Troll, 1944, p. 619) resembling drying cracks 
p e r a l l y  is present on the surf ace of the larger scars. Moisture condi- 
tions vary widely, but the soil of the frost scars generally appears 
drier during the summer months than the surrounding turf or peat. 
The bare soil thnws more rapidly nnd to greater depth during summer 
than the adjoining turf and peat, so that the larger frost scars fire 
underlain by depressions in the frost table (fig. 28, C ) .  Conversely, 
during at least the early part of the autumn freezing cycle the bare 
poi1 freezes more rapidly than soil hrtving a partial or complete cover 
of turf or peat. 

Bare areas in the tundra originate in a variety of ways, Burrowing 
~nammals can destroy the stems and roots of plants and probably are 
effective in initiating a break in the  turf, which can be enlarged by 
eangeliturbation. Close grazing by reindeer is an important fachr 
in breaking turf in some localities (Palmer and Rouse, 1945, p. 26). 
From the air, reindeer corrals near Teller, Alaska, can be distinguished 
from the surrounding tundra by t.l~e presence of closely spaced frost 
scars h the corrals as contrasted with their absence or relative scarcity 
in adjoining ungrazed tundra. Cottongrzlss tussocks overturned by 
frost heaving are found lmnlly ; the area can become the nucleus of a 
growing frost scar. I n  areas mantled with a continuous layer of pettt 
or turf, the surface cover can be broken during the autumn freezing 
cycle by intense dilation of the underlying mineral soil in agots where 
the peat, is relatively thin (fig. 28, A, B ) ,  in exceptionally wet spots, or 
in spots swept bare of snow by the wind following an early snowfall. 
Elton (1927, p 171) obserred small patches of fresh soil where "the 
plant-covered surface layer had been rent, giving the appearance of 
three sIits meeting in a central point." 

Once formed, frost scam tend t,o be self-perpetuating. Because bare 
soil thaws to a greater depth than soil covered with peat or plants, 
a thicker zone is available in whic l~  clear ice can form during the 
autumn freezing cycle. This condition is au,amented by the tendency 
for bare soil to freeze muell more rapidly then turf- or pat-cowred 
soil. The supply of moisture available at depth for the formation of 
ice lenses is limited by the irost table, which lies 18 to 40 inches below 
the surface. During rapid freezing of the soil in the frost scar, water 
is drawn laterally to the growing ice crystals from the unfrozen soil 
and peat under adjoining tl~rf-covered areas. Thus, some of the water 
which might otherwise have contribnteci to the formation of clear ice 
lenses beneath the vegetated areas augment, instead, the dilation of the 
bare areas. 

During the first stages of freezing, expansion of the soil is relieved 
by uparching of the surface. The drying cracklike miniature zellen- 
boden probably are dilation cracks, which result from continued 



68 COh'TRIBUTTQh'S TO GENERAL GEOLOGY, 3 950 

arching and expansion after freezing has progressed deep enough to 
create a, rigid cover over the war (fig. SR, G). Upward di1a;tion is 
greatly hindered, however, after a hard crust af frazen soil severaI 
inch- thick has formed at  the surface of the bare patch, and most of 
the later eq~ansien is relieved by lat~rnl thrusting into the adjacent 
unfrozen layer of peat. 

&spite continuing: frost heaving, many frmt scars eventually be- 
came partly or completeIy colonized by vegetation. The interaction of 
vegetative growth with continuing congeliturbation results in the evo- 
lution of new forms. In wet areas mantled with a considerable thick- 
ness of pent, the frost scars ~volve into pent rings. tussock rings, or 
tussock groups. In drier areas dominntecl by cottongrass-birch-l~eath 
vegetation, they develop into tussock-birch-henth polggona In sandy 
or rocky soils fmst scars evolve into still other forms, tha diacuasion of 
which is oukside the scope of this papr. In certain environments the 
scars are colonized by structureless tundra indistingnishabls from the 
sui~ounding vegetation. 

Colonization of the sears j s  accomplished by the seeding of new 
plants within the bare patches tlnd by encroachment of runners of old 
plants from the margins. These two methods of colonization proceed 
at different rates in various environments. Species that miprnte into 
a bare area are limited to those in the sarro~~nding plant popuf~tjon 
(Gleason, 19171, so thst the rate of stabilization ip, in turn, dependent 
upon the adjacent qwcies. Snme of these, however, mRy not be nMe 
to survive in the new habitat until a tiwed bed" hi13 Seen prepared for 
their migration. In n sedge marsh, for cx~mplc, dispemal by swd 
seemingly is most effective in plant m i p t i o n ,  end obs~mations indi- 
cnte that the soil must be somewhat stabilized by En'ophowm a q w -  
tifobiwm before Carice8 become established. l?. ~ n w t i f  nlizrm jnvari- 
ably is the first plant found on otherwise bare soil in this environment. 
In areas dominated b:~ cotton~a~-birch-heatl~ vcptntion, m i p -  
tion of pl~nts  occurs by seed dispersal and germination, md by vege- 
tative growth of sterns and rhizomes. Cottongrass tussocks become 
eslablished on new sites only by gemination of seed and only on soils 
where the intensiw of congc6trarbration has been reduced by the 
p w t h  of other species or by the presence of small, thin fragments 
of pat. Bimh and hertth, in this habitat, grow only in moss or moss 
peat ; it is necessary, therefore, that species of Sphagnum, CdZieqon, 
and R y p m  become established prior to invasion by birch and heath, 
These mosses grow only in moist areas, such as the RpRces between 
cottongrass tusmks. Considerable development of the tussoclrs, 
therefore, is necessary before migration of the mosm can begin. Birch 
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find heath, which migate mostly by gwwtlh of stems, follow when 
peat has accumulated beneath the mosses. It can be wen t h ~ t  the rnte 
of stabilization of a frost scar will lx faster if the vegetation develop- 
ment from bare sail to the "mature" stage is accomplished in a few 
steps, as in tAhe sequence E~iophrn ,m,  anguxtifolium through Cams spp. 
Jn some environments new frost scars R1-e formed before sufficient time 
bas elapsed to permit the matnration of vegetation tl~at requires many 
steps. 
In other types of environments frost wnrg occur in areas dominated 

by Dpyas. Here, encroachment l ~ y  runners nt the margin of the war 
b m e s  an important factor in ~tubilizat~ion. 

Growtl~ of new plants at the center of a frost scar is inhibited by 
mewed dilation of the scar daring the nutumzi frwzing cycle nnd by 
tho formation of miniature mllenhden, which are cnpable of break- 
ing the roots of young plants. Seed le ice ("kammeis" or "pipkrake" 
of various authors) is the chief agent hind~rjng encroachment of vege- 
tation at the margins of the war. Ice needles form beneatkthe thin 
marginal turf daring sharp nocturnal frosts and uproot and overturn 
the advancing vegetation. The frost scar cnn be enlarged mder favor- 
able conditions by this proccsq. 

It can be seen from the foregoing statements that colonization of 
the scaw is a slow process, wllicli is hindered by continued oongeli tur- 
hation within the scars. Shifts in the brlIance. uf plant p w t h  versus 
congeliturbation result in net ~clvnnccs or net 1-3 in the progress of 
colonixation. Predominance of one process OVPT the other appeatr, to 
he n cyclic "good yenr-bad year'' phenomenon in same localities. On 
the Arctic coastnl pIain of  Alaska observations over a perid of sevcrd 
years inclicnte that during some yeam many frost-formed and wind- 
formed acnrs nre in the process of stabilization by vegetation, but d ~ v -  
ing other years most of the scars appeal- active nnnd rnnny now scrim are 
formed (Black, R. F., personal communication). In many areas on 
the Semnrrl Peninsula, 'Iiowever, newly formed frost scars, older wdl- 
developed frost scars, and old. nearly stabilized frost scam can be 
found within a few hundred feet of one another. 

Variations from year to year i l l  the number and shnrpnass of diurnnl 
freeze-thaw cycl~s  probably arp reflcctetl by pneral regional powth 
or decay of frost scars. During years wher~ short-period freezing 
cycles are numerous and sharp, repeated cycles of needIe-ice growth 
should resl~lt in p e n 1  disruption of marginnl vegetnt,ion, with a net 
growth of many scars. In years of f ~ w  noctl~rnnl frosts and mild 
temperatures, the rnwginal veptntion probably mnkes a net gain on 
most bare-soil areas. The f~vurnbi~itfr of the growing season is nn- 
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other important factor governing encroachment of vegetation upon 
the scam. Drying winds are important in inhibiting colenization 
of frost scrtrs in northern Alaska (Black, T(, F., personal comrnuni- 
cra t ion). 

The distribution of snow cover in time and space also is important 
T'lw flat surfaces of tlie frost scars lie somewhat below the level of the 
surrounding v~getntion during early autumn. If an early snowfall 
precedes tha freczing of tlre soil, snow is l i  kelp to accumulate tta greater 
depths on the surfnces of the frost scrtl-s than on the surrounding 
vegetation. Such nn occurrence retards the freezing of the soil in 
the scar and should reduce the &mount of dilntion of the center, Later 
short-period cycles of freezing nnd thnwing in the nir mould be less 
effective henwth the snow cover, and thus disruption of marginal 
vegetation by needle ice would be rtt a minimum. If the first snowfall 
is delayed untiI fmezing tempertlture.~ have lasted long enough for 
dilation of bho scars to take place, the snow will collect in the vegetated 
areas, aild disruption of mnrginal and mrface vegctntion on the scars 
will be increased. 
In summary, colonizntion of frost scars by vegetation appeam 

favored by an early sndden freeze-up wit11 few pr~vious nocturnal 
frosts and by an early snowfall, especinlly if it n c c r m  before finnl 
freeze-up. 

TUSSOCKS 

The tusmk is a tufted plant form characteristic of ccrtain grasses 
and sedges p w i n g  in areas in which congeliturbation is active. It 
colrsists of R ball-like mass of living nnd dead plant parts that stands 
as n small mound or hummmk above the ground surface in areas where 
the water table and silty mineral soil are close to the surface. Tussocks 
nre II cllar~cteristic plant form in tundrn regions, but they R I ~  am 
common in swamps at  least as far  south as Bidtimore, Mil. {Black, R. 
F., pmonnl carnmunicrttion ) . The important role of oongeli turba- 
tion in the origin of tussocks near Boston, Mass., mill be discussed in 
n f r ~ t l ~ r e  publication, 

Mnny tussocks are formed by the jnteraction of pl~nt  growth and 
diffemntial fmst heaving in wet mineral soil. Although several spe- 
cies occur in tussock form, the developmental processes described bdom 
pertain to Eriophomum, vaginaturn subsp. ala;l:smm, the cottongrass 
tussock or "niggerhead" of tho ~Ilaskrtn layman. Cottongm~s tus- 
sock "earth hurnmwks" ( "prtlsen'? or "torf hugeInn of German 
writers) described by Sllnrp (1942, pp. 297-2991 are formed in a 
similar manner, but the tussocks are quite different. 

The tussock is a single plant,; its l e ~ v e q  culms (jointed stems), and 
roots give it chamcterist ic form. Sinall ymr-old tussoch consist of 
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Fianm 21.-Vertical mtion through young tottongrass tusaoek. Ma& of height of 
tussock eanslats of rwta In mound of  mineral soll. 
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F t a u ~ g  22.-C11lill haw8 of ) :r i~pkor~rn Cflf)lrrntrr!n siil+nlr. e p l a n ~ ~ t  n ~ d  rtolonw of C. 
runlrcol~m vnr. lmmtlbrb. A .  Thlrkenetl c~ i lm ltnne unct ul~rlgtlt culmr of  r. ca!tinalum 
auhp. apisawm. Narrow part of culnl la Ilic nnniinl ~ m w t h  that ~ I P R  *fit-11 yenr. The 
tllickened pnrt below repw~>nts  grolrlll I ImE is ywrennlnl, anal Worn It grow roots and 
lllrrl~bt ruims. B, Rtolons and 11prInht culmr of E .  r~m*.mlern vnr. Fparstlrtl~. FIorl- 
z u n t ~ l  branch la &toIan that grew In onc ycRr; uprlgl~t culrlln grow tmnr~ dlutrtl ends or 
~tuluiis. G,  Drawlng or thlck~ned culm hnse anti lil~rtdit culln* of  A. 

As the number of new stems incre~ses at  the center aP the tussock, old 
stems are crowdcd aside and die, I~arillg a mass of dend rhizomes ant1 
leaf bases fringing the sides. The soot zone consists of a tightly 
packed mass of contorted Iiviilg and cled alu~nal roots. Individual 



~~ootu, which are; long and slender, cpLn be t~xced  to their p i n t  of 
nttaclment on the rhizome. 

Tlie height cf the mound of minernl soil nt the bnse of the tussocks 
appenrs to rnry directly n-itlr the height of the tussock (fig. 23). Nin- 
ern1 soil probably occurs higher within the zone of roots than coulr? be 
detected by field observation. 

The Itrrger tussocks are spaced nt int~rvals of rt few inches t o  2 feet 

n Roots 

Mineral soil and roots 

FIGURE 23.-RvE~tl~nmhlp ahown In 12 cotton~ana tassocka between h e l ~ h t  and dlameter 
oC r m c k  nnd heipbt of minetnl soil monnd at boae. Totel Ienath of each bar repre- 
sents helght of n l n ~ l r  tunnock ; diameter 01 t i lea& la uhosn by po~ir ion of hat on herb 
wntul Ifn?. StlpplPd prt ion  of bar represents height of mineral sol1 mound at  bane of 
tllsmn-k: hlack prrion represent8 height of roots extending above 8011 mound. 
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and are surrounded by a thick inat of mosses (species of Sphagnum, 
CaZZiergon, and Hypnuna) or by low areas in which vegetation of 
equivalent size is lacliing (fig. 24). I f  thick mats of moss are lacking, 
the soil surrounding the tussoclis is bare or is covered with humus and 
low mosses forming a laper less than an inch thick. 

The culms, wllicll are the only parts that can increase the height 
of the plant by gro.wth, form only a snlall fraction of the height of the 
tussock. The height. therefore, is due to soine cause otlier than the 
growth of the culms. Two hypotheses alight explain this height: 
The culms started a t  the level at ~vhich they are found and the sur- 
rounding soil was removed by erosion or the culms started a t  a lower 
level and were pusl~ed upward to their present position by frost action. 

I n  a few exceptional localities the relief of the tussocks has been 
increased by rill erosion in the intertussock areas. These tussoclrs are 
exceptionally high and stand 30 to 36 inches above the surrounding 
soil. Rill markings between tlie tussocks aiid small silt fans farther 
down the slope testify to soil removal by running water. Most tussocks, 
however, do not owe their lleigllt to soil erosion, for  rill markings and 
stratified sediments are lacking. The possibility of soil removal by 
creep or viscous flow of the soil also can be disregarded, because the 
tussockg commonly occyr in soil areas completely epclosed by peat. No 
o~ztlet exists through yrhich the soil could have been remcved. Most 
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tussocks appear to I~ave been pushed to their present height by vertical 
h e a ~ n g  beneath the plnnts. 

During the autumn freezing cycle, the sides of the tussocks rind the 
Sphagnum mosses and mineral soil surrounding the tussoclrs freeze 
more rapidly than the matted culm bases. The writers have observed 
that the culm bases were still unfrozen after the mosses had frozen t o  
a depth of 4 inches and the mineral soil and sides of the tussocks harl 
frozen 1 to 2 inches. Lower moisture content and better insulation due 
to the presence of dexd air spnces account for the slow rate of freezing 
of the cuIms and roots. The freezing mineral soil between the tussocks 
expands and moves laterally into the thawed zone beneath the tussock, 
forcing it upward (fig. 28, G ) .  Repeated cycles of frost thrusting 
from the intertussock areas raise a mound of mineral soil beneath the 
tussock and force the proximal portions of the roots vertically out 
of the mil. 

Tussocks involving species other than Eriophomm .uagi.naFum 
subsp. ~p&issum are formed by other processes in addition t o  con- 
geliturbation. Tussocks of the sedge, Capex aquatalb, are. present 
but uncommon in the Imuruk Lake aren. hfuch of the height of these 
tussocks is dae to the growth of culms, but frost heaving is R con- 
tributing factor. Tussoclcs of Ou7am~lgrosfis spp., occurring in Mnss- 
nchusetts and on the Sewnrd Peninsula are dne EargeIy to the growth 
of culms but can stxi-t 011 tussocks of other species formed rind en- 
larged by conpliturbation in the manner previously described. Frost 
heaving is responsible for nluch of the height of tussocks of Cares 
spp. found in marshes near Concord, Mms. 

PEAT RINGS 

Peat rings are low ridges of peat surromiding circultkr or ova1 
patches of mineral soil (figs. 26 and 26). The rings are found 
on poorly drained uplands and on long smootl~ wet slopes of 10" 
or less. They are most common on south~~estward-, southward-, or 
southeastward-facing slopes. Areas where peat rings occur are 
mantled by 1 to 3 feet of peat overlying mineral soil, OH which is 
growing a tight sedge sod. Water stands about the lower parts 
of the plants and in all minor depressio~ls. 

On nearly horizontal surfaces the rings are more or less circular 
and are 4 to 12 feet in diameter. The centers of some rings in the 
Imuruk Lake area are bnre hut more commanIy support, a sparse and 
broken cover of vegetation. Isolated fragments of peat and torn 
sedge sod ( C a ~ m  a p u t i l b )  are scattered over the surface. Seedlings 
of Eriophorzcn~ cmgustifoliwm, E. v a g i m r M  subsp. s?dasunz, and 
S c i ~ p m  empitoaw grcn- in the wetter arene. On the sligl~tly drier 
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Frcnaz ?6.-P1:kn nilrl CWR R N : ~ ~ O I I  Of pent ring. 
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Ohliclu~ aerial photograph rhowing: disl r i l ) i~r io~r of peat ril~gs nlr slol,es of a shallow vallq-. Toral rl.1ic.f i. a b o ~ ~ t  100 feet. Lielit 
C ~ I I I C Y  fro111 t h ~  \vest Ilrlt). 
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a&tm subsp, ~phmwz are rooM in the minerd soil at the inner 
margin of the ridge. 

In cross section the ring# corlsist of locnl mounds of mineral soil 
through nn 0 t h ~ r w i ~ e  continuorls layer of peat tt foot Or 

more thick (fig. 25). On Semarcl Peninsula the marginal ridgo gen- 
eralIp consists of pmt, but some rings examined by the writers con- 
sisted of rt ridge of rninernl soil nbout n foot high, capped on the 
o u t ~ r  slope by n layer of pent a foot thick. The pent of the ridges 
is jnt.n~ded hy involutions of mineral soil from the centers. Roots 
of sedge and stems and mots of the other species present arc inter- 
woven wjt,h the pent in the ridges. The. roots of cott,ongrass ~ U S S O C ~  

extend throl~gh the thin margin81 pent into the minpral soil. During 
middle nnd Intt! summer the frost txble nnrler the soil m o ~ ~ n d  is a 
hasinlike dopression 1 t o  2 feet deep, wher~ns ~lnrtcr the peat ridge 
t,hcre js n ridge in the frmk tnble a few inches high. 

Moisture conditions in the soil centem of pent r inp ::my widely 
from time to time and from place to plnce during the sumrncr. During 
the spring thaw and the late summer rniny wnson the cent~rs consist 
of fluid, saturated ~ilt. Dusinp summer (Fry periods the centers 
wmnin saturnted in some arms ; in otllcm the ccntem are moist, hut 
not saltorated, and will stand in vertical wnlls for p,everal dnys in 
artificial excavations. The peat surrounding the rings, however, i s  
saturntd, and water draining from it quiclrly fills an excnvation. 
On gent.le slopes the p e ~ t  ridges are slightly ~ l o n p t e  (fig. 27), t,he 

down-dope axis reaching 20 to 100 feet on slopas of 7" to 10". CSlos~l y 
spaced rings on these slopes commonly nro nrr~nged in trains extend- 
ing d o m  slope (pl. 2 ) .  The mil centers of elongate rings aro less 
conspic~~ou~sly convex thrtn thme of circular rinp. The mil center 
lie, 6 t o  12 inches blow the gcnernl ]eve1 of the slope at the up-slope 
end of the ring md a few inchps nhve the g~neml level nt the lower 
end. The marginal pebt r i d g ~  is highest at the down-slope end of the 
ring, where it acts ns R dnm, holding in the mineral mil. At the 
up-slope end, the ridge pnermlly is rnissinr, and in some localities 
narrow p l l i m  6 t o  18 inches deep extend 5 to 20 fwt up slope from the 
he~ds  of rings. 

Elongnte peat ~mings differ from 'solifloctien loban (Wnshbun~, 
1947, pp. W-92) in several r~spects. The lobes Iack a rnnrginrcl p~at  
ridge, and typical lobes Rre larger in d l  dimensio~ls than peat rings. 
Solifludjon lobes generally consist of unsorted silt. sand. and parel  
with many roch  mom t,hnn 6 inches in diameter ; the soil in pent rings 
axrtmind by the writem consisted of silt with a, little snnd and a fern 
pebbles but contained no rock fragments more than 3 inches in longest 
dimension. Foms transitional between soliflaction lobes nnd elon- 
gate peat rings probably exist. 
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F~GWRE 25.-Plan and crnrra rwetlon of elongate p t  ring. 

Elongate rings with completely bsrc soil centers were observed 
in only one locality. Mnre commonly, tllq elongate r i n p  bear a 
nearly complete cover of sedge (CQTPX apwati7b) and cottongrass 
( E ~ o p h o m r n  c&ngurrfifaJi~ima) and a few herbnceolln flowering plants. 
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Peat r ings wiginate as host scars in swampy areas covered by a 
layer of peat nnd a tight, nearly homogeneous sod, the combined thick- 
new of which is approximately equal to the depth of nnnurtl thaw. 
Intense frost heaving disrupts the sod cover and forces mineral soil 
lo the surface in scattered areas where summer thaw extends below 
the peat into t h e  mineral soil (fig.. 28, A 3 .  The scnrs are few in num- 
ber and widely spaced in the marsh because of the relatively great 
thickness of the peat corer R I I ~  because of the great strength of the 
6brous sod when frozen. 011ce the surfnee cover is breached nnd the 
mineral soil is heaved to the surface, differential frost heaving reaches 
maximu~n intensity in the bare-soil nrexs. Extreme dilation of the 
scars upon freezing is favored by the presence of abundnrlt moisture 
in the adjoining swamp, while dilation in the inter-ring meas is at a 
minimum because summer thaw does not extend through the peat into 
the; mineral soil. 

Frost thrlrsting from khe soiI centers during later freezing cycles 
pushes aside the surrounding peat and sod and warps it into a circular 
ridge surrounding the mar (fig. 28, D ) .  As the frozen layer thickens 
beneath the bare area, involutions of mineral soiI are thrust into the 
lower parks of the marginal peat (fig. 28, E ) .  Outward displacement 
of the peat at depth is prevented by the presence of an inconlpressible 
ridge of frozen ground; pnrt of the displaced peat must be moved, 
themfore, toward the center of the scnr at depth through still unfrozen 
soil. The increment of mowment during each freezing cycle is very 
small, and a p a t  many cycles must be required to produce n ring 
as well-developed as the one show11 in figure 25. 

Part of the relief of the marginal ridges results from the accumu- 
lation of paat after the ridge is formed. The dense tangle of 
living roots enmeshed in the peat protexts the ridge from later destruc- 
tion by congeliturbation. 

Elongate peat rings originate as frost scars on swampy slopes 
where the combined thickness of peat and sod is approximately equal 
to the depth of thaw. During the early stagw of development viscous 
flow in the saturated soil centers and creep due to  dilation and sub- 
sidence of the: centers are effective in dongating the frost scars. Dur- 
ing the raising of the marginal pent ridges differential frost thrusting 
also elongates the soil writers. Frost thrusting is m a t  effective down 
slope and relatively ineffective upslope. As a result, the peat ridges 
are raised highest at the, down-slope ends of the rings and commonly 
are missing at the up-slope ends. After n well-developed peat ridge 
has been formed, down-slope movement in the soil centers is retarded 
by the peat itself and by the presence of shallow frozen ground within 
the ridge. Creep and viscous flow reduce the slope of the soil area, 
within the peat ridge to a lower angle than that of the inter-ring 
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F~onan 2S.-Dlah?lrmmatic aketchm n h o w i n ~  erolatlon of a mat ring. Stage A, Un u w -  
ally warm Kummer. In most area8 depth of tlrnw d m  mat extend below base of peat, 
but mlnemi soil I s  tbaaetl In 11 few ~ t m a  ahme pcat le exceptionally thfn. Stage B, 
hk autuma, wme M r .  Thawed mltlrrA1 moll expunds upon tree~hg and breaks over- 
Ifing thin cowr of pent, initiating a Irort near. Striae C, Early autumn, sereral yearn 
later. Frmt war has been cnlurgsl hf ahovlnc a.;ide of p n t  at mnsglns o t  h r e  soil 
area. Surface of mar Pxpanrlq U~RWRPII &R LIUP~EW I m p r n  of soil bwrw and expand. 
Diktion cracks Imlnlature =ellenhoden) are formed. Rtape D, Late autumn. sereraI 
FPan later. After surface layem of ~ 0 1 1  hnve frozen. a hard *over of frozen sot1 resist* 
further uparchin%. Continuecl e x p a ~ ~ ~ l n n  rmultjna from freeting of deeper layers of 
soil in relieved by hteral  thruntlny. Rldge of  prat 1~ raised around hare sol1 center. 
Stage fl, Late a u t l m ,  ocvernl genr# lnepr. R l r l ~ ~  UP perenatally frozen ground beneath 
the peat rldge and thlck lnsrr of mn~nnnllg fmxen ~ r o n n d  i n  pent s t  the surfare p w  
vent further wldenlnr: of the bare a o l l  nrcn bg I n t ~ r ~ l  thtusting. InBtqad, lateral expan- 
don of soil center rewrtn in  intrllmlun of mnrsen of ail1 lalo peat of the rIdeea, forcing 
arome of the peat to move in the fippodtr dlrrctlon along the surface of the frozen 
ground beneath the front scnr. Rtrgr F, Slimmer, eev~rral year@ later. Seedlings of 
cottongrass take root at inner 6dgc or D P A ~  tldm. Biam O, Bnrly autumn, game ~ m r .  
Bare soil haa f r n e ~ n  lo a depth of w~crnl  Inches, hut aoit hneath tussmka is s t i l l  
thaw&. Lateral expanalon forcon IWPP.IIIK loll Llenenth t l i smka,  Ilearing them upward. 
Peat ridge no longpr affwted hy Intern1 thrustlnn from soil center. 
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TUSSOCK RINGS AND TUSSOCK GROITFS 

t ~ t t r t ,  s111wp. . S ~ ; X . ~ J I I I I  ~ t ~ r r o t ~ ~ i t l i n ~  :Q lo~v 11~~111i(l r > f  silty 111ii1vr:11 coil. 
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slightly ~bove  the generat level of the marsh. A network of mini- 
ature zellenboden invariably is present on the surface of the soil. 

The low, relati~ely broad mound of mineral soil is surrounded by 
a ring of tussocks which flow on the inner margin of a low, incon- 
spicuous ridge of p a t .  Tho p a t  ridge stands 4 to 8 inches t ~ h v e  
the general level, of the surrounding marsh but only slightly above the 
soil at the center of the ring. Species of Sphag7~wm mow grom on 
the ridge and con~ltit~lte part of its heigl~t. The ring of tussocks is 
1 to 2 feet wide and stands 8 to 12 inches ~bove the marsh and 4 to 6 
inches above the soil center. Dwarf birch and heath grow in the 
Sphaqawlll and arolintl the outsicie of the ring and around the indi- 
vidual tussocks. 
In cross section the t u ~ w c k  rings are similar to peat rings. They 

occur on local mounds of siIty mineral soil extending to the surface 
tllltough the otherwiw continuous mantle of peat. The soil centers 
am urrderlnin 'by n 1-foot to 2-foot depression in the frost t,abIe, as 
in tlw p a t  rings. Fingerlike projections of silt extend into the peat 
nt the margins, and contorted stringers of peat are strung out through 
the silt bencatll the central part of the rings. 

Recently initiated tussock rings were observed in 1948 on a broad 
hill summit in the Imuruk Lake area from which tho vegetation had 
heen cleared in 1945 with a bulldozer. All of the vegetation, as well ns 
6 to 12 inches of pcat and mineral soil, was removed during the  clear- 
jng* Tht? hill summit apparently mas rather well drained and sup- 
ported a dense cover of tussock-birch-heat11 vegetation before clearing. 
Accelerated thaw foIlowed removal of the originnl vegetation. The 
nrea bcume poorly drained, and in 1048 therr: were several smalI 
ponds. 

Frost scars, peat rings, or tussock r i n p  were present before the arm 
was Jearod, and the surface of tl~a mil centers hncl undergone only 
slight modification 3 years latcr. Tractor tracks left  in 1945 were 
still visible .on the soil centers in. 1M8. Kern zellenboden had formed, 
adapting th4r pattern jn pnrt to the rectilinear indentations left by 
the cleats of the trmtor treads. Young tussock rings mere form in^, and 
vegetation had begun to colonize the centers. 

The rings consisted of widely spnced young tufts of cottongrass 
that wem less than 1 year old when o k r v d .  The centers of most 
of the rings were bare, but n fcw supported small stands of Edophomm 
angzcstifoZium. P e ~ t  surrounded the rings and extended to the bare 
eoil in the spaces betwoen t u f h  of cottonpass. The age of the tufts 
was substantiated hy the fact, that no dead leaves were present rtt the 
base of the sterns. Moreover, the plants h ~ d  not developd the typical 
tussock fom,  ~ n d  the stems rested on the mineral soil. 
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The ringlike pattern of the tussocks in the cleared area is due to the 
growth of tussoch on a frost scar formed by congeliturbation. At 
first it was thought that the tufts had been pushed or moved from 
random distribution on the centers of the scars, to their marginal 
positions by frost he~ving somewhat in the manner that large stones 
migrate to the margins of stone polygons. The well-psesaved tractor 
tracks and the undisturbed roots of the plants indicate, however, that 
the surface of the rings llns not been sufficiently rlisturbed by frost to 
tau* such a migration. Instead, conditions for the p w t h  of Edo- 
phorwm~ waginaturn, subsp. s p i s m  are more favorable at the margins 
af the rings than at the centers. Drying winds, formation of needle 
ice, and heaving of seedlings from the soil am effective in preventing 
young plants from becoming established in the centers of the rings. 
,It the margins, however, She small amount of p e ~ t  on the surface 
may instll~te the soil sufficiently to inhibit frost action and may lessen 
the water loss from the soil, so that seedlings can develop into mature 
tussocks. 

D~velopment of tussock rings an frost scars or pent rings in areas 
undisturbed by human activities probably proceeds in sirnilur fashion. 
,4t the inside edge of the peat ring where thin peat overlie3 the bare 
soil, a seed bed exists similar to that in the "tbrtifieihl'? frost scar de- 
scribed above. Sc~tterecZ small tussocb ]lave been observed on this 
inner rn~rgin in some rings; with the growtll of more cotton grass 
plant% a complete ring of tussocks will be formed (fig. 28, F) . 

Once a complete circIa of tussocks llas developtd, autumn fmst 
thrusting ceases to affect the peat ridges, because n zone of thawed 
soil beneath the young tussocks intervenes between the ridge and the 
soil center. Instead, frost thrusting forces soil from 'the freezing 
centers into the thawed areas beneath the tumocks, and the tussocks are 
heaved upward (fig 28, G ) .  Repeated cycles of heaving eventually 
raise the tuwocks higher than the adjoining peat ridge, and a typicaI 
tussock ring is formed. Few tilted or overturnerl plants are seen, 
whicll indicates that the tusmcks themselves- am not, moved outward 
but only upward. Outward movement would not be expected, because 
the compct tufted part of the tussock stands entirely above the soil, 
nnd the thrusting gees on revera1 inches below the soil surface. 

Certain tussock rings are two tussocb wide, and in those rings the 
outer tussocks a m  higher than the inner ones. The ''two-storied" rings 
represent a later stage in the internct.ion of congditurbation and plant 
growth. After a complete ring has developed, or perhaps while it is 
still developing, additional s ~ e d l i n p  start on the mineral soil just 
inside the older rings. The relief between the two rings is maintained, 
because both rings are forced upward by frost thrusting and heaving 
continued over several years. 
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Isolated circlllitr groups of tussocks are present in some sedge 
ninrshes and seem to be related to tllssock rings. All characteristics of 
site and soil are similar in both features, and the tussock groups differ 
from tussock r i n g  only in the nature of the vegetative cover of the 
soil centers. In the tussock p u p s  the centers are entimly covered 
with tussocks, ml~erens in the tussock rings the centers arc bare or 
covered with Briophncm angwtifalium. 

The development of two banks of tussocks in some sites nnd of 
cjrculnr clusters of tussocks in others suggests the mcch~njsm by 
which some tussock rings become colonized by Eriophomm aaginatwn 
snbsp. ~pisir~dm, and by which the intensity of mngeliturbation is re- 
duced within the soil centers. The bare centers of some rings may 
become covered with tussocks by inward advance. The addition of 
successive rows of tussocks at the inner edge of the rings eventually 
may result in covering tho surface of the low mound of mine+al soil. 
Emh new row of tusmcka reduces the central ares subject to early 
freezing (fig. 28, G). .As tho bnre soil aren becomes smnller, frost 
thrusting at the margins b~cornrs less intense, and with the additian 
of the final tussocks at the cenkr, congeli turl~ntion reaches a minimum. 
Even in this comparatively sltnhEe stotc, however, congelittrrbation is 
more active benesth the tussocks thnn fn the adjacent areas covered 
with e, thick peat layer. 

Tussock rings with centers initirrlly covered with EriophoM 
angwtifolium may become covered with tuwocks by the growth of 
see,dlinp in random distribr~tion throughout the centem. Scattered 
cottongrass tussocks are found among the fl. m g w t i f o l i m  in some 
rings; with continued growth and development of the tussocks. E. 
an yuatif olium eventually could be replacerl. It should be emphasized 
thnt not all peat and tuswck rings pass through the seqllences out- 
lined nbove. On some sites, peat or tussock rings n~rrounding areas 
of i?. angzcatifoliwm or bare soil appear to represent the vegetation of 
the feature in equilibrium with the present climate. Even when the 
cover of cottonpass tussocks is complete;, mnplitarbation is more 
intense in the mineral soil thnn in the adjojriing p a t .  During a 
severe winter isolated t u s ~ k s  can be overturned and new frost scam 
fnibiated on the site of the old peat rings. 

Tussock-birch-heath polygons in the Imuruk Lake men consist of 
dwarf, shrubby, woody plants growing in rt network of peat-filled 
channels. The channels enclose areas of mineral soil covered by 
closely spuced cottongrass t t l ~ ~ ~ n c h .  The tops of most of the t,ussoclrs 
are lwel with tlre pest in the: chmnels, so that the features have no 
obvious relief. During the summer the pattern in the vegetation and 
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soil is striking from the air (pl. 3) but is not immediately ob~ious to  
tho casual observer on the ground. I n  autumn, however, the cont,rast 
between the roms of red birch and heat11 and the intervening areas of 
yellow-green cottongrass becomes striking. 

Tussock-birch-h~ath polygons occur on sites that are better drained 
than t,I~ose on which peat rings, tussock rings, and tusmk groups nre 
fountl. The polygons occur on relatively dry uplartds and on mod- 
arately moll drainod interfluves on slopes. On slopes of less than 8* 
the polygons ara equidimensional and range in diameter from 7 to 16 
feet. On slopes of 4' to 5' the nets become elongate, and the down- 
slope axes are as much as 100 feet in length. On still steeper slopes 
the peat-filled channels extending ncross the slope disappear com- 
pletely, and the pattern consists of continuous alternating stripes of 
Kwh-heath and c o t h n g r n ~  tussocks extending down slope. Tuwock- 
hirch-lieat h nets commonly are: present throughout broad dome-shtcped 
hilIs with a thick mantle of soil. The lineation of the elongate jioly- 
gons resemblles a flow pattern in aerial photographs (pl. 3).  The 
direction a11t-l degree of maximum slope on any pnrt of the hill can 
be estimated from the pnttern of the polygons. 
h cross section the polygons consist of closely spaced dome-shaped 

mom~ds in the mineral mil. each underlain by a discrete basin in the 
frost table (fig- 330). Thick layers of peat are present in the gullies 
between the domes in the mineral soil and are underlain by ridges in 
the frost tnbEe that commonly rise high enough to intersect the base 
of the prtt.  Thus each p o l y p  is a closed r ~ l l  of mineral soil, rtt 

least until lnte August or early September, when the entire partition 
of peat may bmome thawd. InvoI~~tions of mineral soil extend into 
the peat, and stringers nf peat extend into the mineral soil along the 
haw of the  annudly thawed zone. 

The mil centers ara composed of blne-pay md reddish-brown silty 
mil (fig. 30). The reddish-brown soil is found in tl, well-defined zone 
an i n d l  or less thick ben~ath the hurnic materials at  the surface and 
adjacent to the peat nt the margins and in a poorly defined, ragged 
mne a foot or more thick extending along the frost table st the base 
of the soil center. The bnsal 7ane consists of mixcd and involuted 
nraases of reddish-brown soil, blue-gray soil, humir, material, and peat. 
Stringers of reddish-brown soil extend upward into the blue-grtly 
soil, rvhicl~ composes the remainder of the center. Tho reddish-brown 
color is most intense in the surface zone, in the xone adjacent to t.he 
marginal pent, and at depth in zones adjamnt to masses of peat and 
living and dead cottongrass roots. 
fn the absence of chemical analyses the writers a m m e  that iron 

is present in the blue-gray soil as FeO and in the reddish-brown soil 
ns Fe,O,. An alternative possibility n-ould be that iron is present as 
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Frcon~: 30.-Cross sectton through n tussoek-birc11-heath polygon. 
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Fe,Ol in both soil types but that most of the iron Has been leached 
from the blue-pay soiI and redeposited in the reddish-brown soil. 
Reddish hurnic acids also may contribute to the pigmentation. Zn any 
case, the close association o f  the reddish color of soil with living and 
clead vegetation suggest8 a genetic relationship. The writers believe 
that the reddish color of tlw soil originates adjacent to masses of or- 
ganic matter, rand that congeliturbation later mixes the reddish soil 
wit11 the surrounding blue-gray soil. 

Tussock-birch-heath polygons prob~bly originate and develop much 
tussoclr rings do. The mounds of mineral soil represent fro& scars 

that have been colonized ~ n d  partly stabilized by cottongras tus- 
socks, and the peat in the surrounding channels represents the rem- 
rlanta of a once fairly continllous thin layer of turf, which now consti- 
tutes rt favorable site for the growth of birch, llertth, and SpJsa.g?tum. 

In most areas the polggonaE or striped pattern in cottongrass-bid- 
heath vegetation appears to be very old and in equilibrium with the 
present environment, The pol y p n s  cannot h regarded as '"Lnadire," 
hawever, because from time to time the pattern is altered in detail by 
the development of new frost scars, which later hmme colonized by 
vegetation and once mom b n k o  an integral part of the reticulate 
pathrn The f a t u r n  are in equilibrium, nevertheless, h a u s e  both 
the initittl and the h a 1  pattern in this developmental sequence is the 
tussock-birch-heath polygon. In most areas the polygonal pattern 
originated in the paslt in response to small environmental changes, 

It is p i b l e  that new polygons can originate in areas of struc- 
turelm cuttangrass-birch-heath vegetation growing on fairly well 
drained sIopes covered with a nearly continuous mantle of turf. 
Where this takes place, polygon development is believed to involvo 
the foIIowing sqnence of events. Scattered froat scars disrupt the 
thin turf cover. In the early stages the scars are closely spaced but 
not mtinuous. The isdated frost scars acquire rings of cottangrass 
tumks about their margins much as the tussock rings described above 
do. By growth of additional tussocks around the inner margin of 
the rings t h ~  surface of the frost scar becomes covered. E~iophonm 
arqmtifolium invades rnmy of the centem. The insdating effect of 
the plants and dead leaves and the stabilizing effect of the roots les- 
sens the intensity of congeliturbation. This plant cover then is in- 
vaded by E. vagi.nrr,tuna subsp. 8 @ ~ ,  and a cluster of tussmks is 
formed. 
In the meantime new frost scars form in areas between the original 

scars. When the scsrs h o m e  closely spaced, drainage is concentnt.l;ed 
in tha network of marginal channels. Peat shoved from the centers of 
the scars fills many of the channels, and on the peat, S p h g n m  mosses 
grow, adding to the thickness of the peat and forming a habiht in 



FROST ACTTOT O N  SEWARD PE~Nn'lhfSULA 93 

vhich dwarf birch and heaths can porn. T h e  internal stnlctnre of 
the peat in the- birch-heat,h areas indicates that the peat ~ i d p s  owe 
tlreir relief rrlmost entirely to differential peat acn~rnuf ation. The 
invoIutions in the p a t  ridges reflect lateral thrusting from the mil 
centers, but the effect of tlie thrusting seems to be to fold the peat 
dmper into the sail rather thm to raise i t  above the surfnce. 

The distribution of decomposed fragments of peat in the mineral 
soil of the polygons along the bnse of the annually thawed luyer 
and upward ~ t ,  the center (fig. SO) suggests R sort of convective cir- 
culation of material within individual polygons. A similar pattern 
was noted within p e ~ t  rings nnd tussock rings (fig. 28, B ) .  For the 
origin of stone p l y p n s ,  TAW (1925) and Gripp and Simon (1933, 
1934a, 1934b) pmpmed n theory of convection currents in a suspen- 
sion of soil in water at ternpertttures near the freezing point. The 
Low-Gripp theory is generally digcwdited by geo1ogir;ts for tt varietj 
of reasons (Sharp, 1042, pp. 286-287) and can reudilp Ix ruled out 
here because of the undistri2)utecl stnte of the tussocks and because the 
soil centers of the tusscwk-birrh-hettth polygons alwais are relatively 
dry ~ n d  well-drained. The tlistribntion of the peat in the mineral 
soil suggests, however, thst rnaterittl is moved from the peat ridges 
nt the margins, along the frost table, to the centers of the polygons, 
and ~t the centers, from the: frost table townrd the surface. 

The movement of peat townrd thc c~ntem of tlie polygons probably 
represents a reactive movement in reaponw to the intrusion of minoral 
mil into the peat-filled channels. After several autumn frosts a thick 
surface layer of frozen ground is present tlvouphout the soil centers 
pxcept berrenth the tussocks. The surrounding peat consists of a 
ripid, frozen surface layer, strengthened and anchored to the adjoin- 
inpmineral soil be a dense tangle of stems and roots of birch and heath, 
and an underlying layer of thawed peat. As freezing progresses 
do\vnward the mineral soil expands laterally jnto the peat; the chan- 
nels ttm compressed by lateral thrusting from the freezing soil centers 
on both sides, and p ~ r t  of the peat is squeezed outward md downward 
into the thawed ground underlying the soil areas. Heaving of the 
peat between the two rnonnrls is not accomplislied because the rigid 
layer of frozen p a t ,  reinforced by living stems, i s  sufficiently strong 
to resists upward rnovem~nt. With repeateil cycles of  thrusting the 
peat mows by small annual increments to the center of tlla soil meas. 
Each increment of movement, must be accompanied by a slight up- 
nrchipg of the surface of the mound. The upward projecting stringem 
probably originate after tlre peat has become widely distributed 
beneath the soil centers. During the early part of the freezing cycle, 
while cottongrass is being heaved, peat becomes involved in lipward 
movements in the zones beneath the tussocks. . 
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On slopes the development of the polygons is affected by the down- 
slope movement of soil, elongate polygons being formed on gentle 
slopes and stripes on steeper slopes. Fmst thrusting and creep due 
to dilation and subsidence are the chief b&rs in down-slope move- 
ment. The obF1~matio1l~ of the writem indicate that the moistrire 
present is illsufficient to permit viscous Row in tussock-birch-heath 
polygons or   tripes during summer and aut~~mn. Meltwater from 
snow furnishes adequnte rnoisturo during early spring, but only a 
thin layer of sail i~ nffeeted during that period because of the shallow 
depth of thnw, which ranges from 1 te 6 inches at that time of year. 

AGE OF THE FEATURES 

The cryopedologic features described a,bove are active at the 
present time, rind the discussion of their o~igin 48 rtctu~lly a discussion 
of their perpetuation. New frost scars form and old frost wars nrc 
stabilized, but the total n~rmhr thnt am present in a given site re- 
rnnins about the same as long as environmental condit,ions do not 
chnnge. Local changes in drainage conditions related to lateral shifts 
in the positions of major streams on their flood plnina or to the farma- 
tion or destnlction by thaw lakm (Hopkins, 1940) are reflected by smd1 
changes in the distribution of fmst, scnrs, peat rings, tusswk rings, 
and t,ussock-birch-heath polygons. In general, however, the di s- 
tribution of these features.has remained nearly eonststant as long as 
the present d i r n ~ t e  has prevailed. Small chnngcs in the clirnnte prob- 
ably have Yesulted in the initiation of new nreas, variations in the 
degree of activity in some pmxisting meas, and the destruction of 
other preexisting areas. Greater changes in tbe climate may hmve re- 
sulted in the complete eliminntian of some of the fenturn. 

There i s  evidence of major climrttic fluctuntions within Quaternary 
time in many parts of Sewnrd PeninsuIb At least two stages of 
gladation can be distinguisheri in the Ki~lwaik and B~ndelehen XEoun- 
tains. The youngor stnge iis subdivided tentntively into severat sub- 
s t a p .  Present knowledge in Alask~  is inadequate for an attempt to 
correlate the glacial st,tttgtts on Sewnrcl Peninsuh with the chronolofies 
established elsewhore, but tho n g  of the younger glaciation is thought 
to be about the same as that of the Wisconsin gl~ciation in the TJnited 
Statev. The climate of Seward Peninsula was warmer than at present 
during some parts of Quaternary time. Spruce and birch logs and 
bones of extinct rnarnmnls are found together in deposits of Quaternary 
age as much as 50 miles west of the present timber line. 

Widespread stabilized rubble fields, stone polygons, and stone stripes 
testify to the existence of a pmt climate even more rigorous than the 
p m n t  in the Imuruk Lake area. Most of them features axe be- 

* lieved to have been active during the younger glaciation and during 
earlier cold p e r i d .  
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Evidence concerning the character of C'post.glacial" climates is 
scanty. Low terraces and beach line9 at Imuruk L ~ k e  nncl severs1 
~maller lakes suggest the following: Imke levels lower than the present 
levels (suba~rial peat is found seo~raI feet beIow the pr~sent lake level 
in s o m ~  terraces) ; a slow riw in writer IcveIs to an elevation 3 to 7 
feet above the present lalw levels; and a slow drop to the present level. 
The flr~ctnations in take levels may have tnken pltlce in response to 
fluctuations in the balance of precipitntion, nmnff, R I I ~  evnporation. 
I f  this is true, the low Inke levels represent n ~b~riocl warmer than 
the, present during which the rate of evnporntion wns high relative to 
precipitntion and surface rt~noff. and the later high h k e  levels repre- 
sent a period slightly colder than the present during which the evaporn- 
tion rate was low. Lowering of the lakw to their present l e v ~ l ~  ~vould 
have taken place in response to a gradual warming of the climate 
with a consequent ri~le in the rate of evapornt,ion relative to precipita- 
tion and runoff. Bones of extinct mammals are ~Issent in the low 
terraces, although they are abundant in older higher terraces: l~mce, 
the sequence of events outlined above is believed to have taken place 
nftm the extinction of those rnnmmals and after the last Ioct~l 
glaciation. 

Other evidence supports the view that recently the climate has been 
growing warmer on Seward Peninsula. Small actively pnt*ing p1-  
lies in rwma swales mppt  t b ~ t  in favorable lmalities soil rnov~m~nts 
due t o  conplitnrbation have been retarled or h ~ v e  ceased, nnd tha t  
stream erosion hns become important. Areas of alder are expanding 
in the region nnrthmsk of Tmuruk Lake. The mea of spruce is ex- 
panding on the Fox Riv~r .  sonthwest of Council, ancl spruce is growing 
~igoronsly on all favorable sites in t ha t  area. 

Under ortlinnrg conditions later congelitt~rbation rapidly clestroys 
evidence of p ~ t  generations of frost sears, peak rings, tussock rings, 
and t~issock-birchheat11 polygons ; consequently, speculatiolis on the 
past distribution of these features is. at best, an intelligent guess. 
Present knowledge does permit speculation upon the effects o f  past 
climates upon depth d thaw and drainage conditions in various 
-sites, however, and tho resulting distribution of cryopedologic features 
. can be inferred. 

All four features? as well as most of the same plmt species, prob~bly 
have been present in the I~llurult Lake area throughollt postplncial 
time m d  perhaps throughout the period of the last glacintion on 
Seward Peninsula. The distribution, abundance, and degree of activ- 
ity of the features probably has varied, however. with mrying climate. 

' "Fost~aclal*' l a  uecd berp In nn Inforlnnl renue to Indlcate the period of t h e  which 
ha* t?IaPSed since the younmr ~ t ~ r l n t l n n  on Xcward Peninsr$la. 
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STAGE C 
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E l o m  p o t  rimp 

Flonrl: 31,Dherammatic aketclk?~ 1Iluutratlng the effects of change In climate n w n  the 
dietrlbntion of cryopedolojrtr haturcs. Btngr A, Dlstribufion st the preernt tlrnf. Peat 
nlovnds are largely conflotd ta low.1yln~: nwarnpy areas mantled by a thlck laser r j f  
p a t .  Feat rinm are Dw~pnt  on poorly drnlnpd uplands and summita. TIIPRDF~-~!K~- 
heath polsgons are present on ~ H ~ h t l y  tlralnwl ~ u m t t s  and a lop~s .  Lnrm nlllolna 
nnd birch s b r n h  are mnRnPI1 tn  wales conta in in~  aell+def[ned strearnu. Stare R,  
blntrlbntlon of f e a t o m  tf the cllmnte were warmer than the preacnt t h e .  Drnjnnge 
in much better trpcallse ptlmmct thaw entenda to greater depthri r~nd l~ccanae ~ u l l l c s  
are inti& into m a l e s  and dralnn~e lines. Birch and wluow shrubs covrr drt~tnaga 
roursea nnd lower parts of mIoprr. \'eptntion mbgons nre restrtctPrl to ~ r l y  dralnrd 
silmmltg, and pent rtngs .nre almaat mrnpl~tety eliminated, l tnfe C, I)lstrlbutIorh i f  
the climate were coldrr thnn n t  present. Drabam i s  milch ooorer k n u n ~  summer 
thaw extende to R h ~ l l o ~ e r  depth And b n s e  definite stream channels are lack lo^ in  
swalea and drulnage IineR. I'ent nlounds are present on poorly drained lowlnntls and 
summits. Veartnt!on polypon8 are r-trlcted to steeper ~ r c e v t l o n a l l ~  weII drait~erl 
slapm (not shown). Idirpe willow Rnd birch shrubs n w  t e - t r l c t ~ l  ro the Rood plains 
of major strenms {not uhown). 

During the alti thermal period ("postglaci a1 optimum," Antevs, 
19481, tlie depth of summer thaw was grcates and drainage 
Setter thnn r t t  present nt  nearly all sites. Frost &ion was less intense 
t h g h o u t  mist of the areas but mere intense in cer t~ in  sites. Deper- 
gelation causcd the summer frost titbIe to retreat into the underlying 
minernl soil in areas mantled by savemI feet of peat. Peat rings prob- 
ably were eliminated from,rn& of their present sites nnd may have 
disappeared from the region (fig. 31, B )  . , , 
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Frmt scrim become more closely spaced on areas mantled by n 
thinner layer of peat, xnd tussock-birch-heath polygons developeil 
where pent rings or tussock rings had existed before. Slopes at 
present covered with vegetation polpgons or stripes may have become 
so well-drained that conplilturbation ceased, and cryopedoEogic fen- 
ttlres were entirely lacking or completely strtbilized. The vegetation 
on these sites probably was dominated by birch rtnd miIlaw s h ~ b s  
similar to the wgetntion now growing on steep hnnks and exception- 
ally well drained slops. 

During the follon~ing cold cycle the depth of thaw was notably 
shallower than at present, nnd the drainage mas poorer in most sites 
(fig. 31, C ) .  Congeliturbntion and congdifmction wmre more nctlvlr 
throughout most of the area but less intense in certain sites. In 
areas mantled by 2 to 3 feet of pent., the frost table ram aboo~ the 
base of the peat and no new f r o s t  scars could be initiated, nlthnugl~ 
preexisting peat rings and tussock rings in these areas probably con- 
tinued ta be active. A sha?lower depth of thaw produced candi- 
tions that f~vo-d the growth of sedpo sod on areas that Elad been 
covered with tussock-birch-heath polygons; p a t  rings and tussock 
rings may h ~ r e  been the only cryopedologic feature3 pmmt on these 
surfam. 'I'egetntion polygons probably could exist on only a few 
of the most favorabIe, best-drained surfacm. 

The distribution of active cryopedologic features approached the 
prewnt pxt.fern with renewed warm- of the climate. New frost 
scars formed in areas mantled with 2 to 3 feet of peat. Cottongrass 
tussocks colonized the surfam of p a t  and tumwk rings on areas 
mantled with a thinner lapr of peat (fig. 31, A).  Continued vigorous 
conpIiturbation on these surfaces rpsdted in the fomatio~l of new 
closely spaced frost scars, which later wera colonized by tussocks. 
Eventually the sedge sod was destroyed, and the present polygons be- 
came domin~nt on the sites on wliicll they are found today. 

Frost scars, peat rings, tussack rings, tummk groups, and tumck- 
'birch-heath polygons are charrret~ristic features in areas where silty 
mineral soil is present beneath rr mantle of pent or turf less than 3 feet 
thick. The* features npresent stages in several developmental series, 
all of which start with the frost scar as the initihl forin. Each feature 
represents the equilibrit~rn feature for certain environments and s u p  
ports the vegetation which is in equilibrium with thnt ~n~ironment. 

Closel~ spaced frost scars in r~lativeIy wdl drained wreas where the 
soil i s  mantled by a thin, discontinuous layer of peat or turf evolve 
into tussock-birth-henth polygons. A different developmental series 
is encountered in poorly drained areas where the peat mantle is ap- 
proximateIy equal in thickness to the depth of annual thaw. Here, 
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frost wars are initiated only a t  the widely separated points wl~ere 
summer thaw extends thm~gh the peat into the underlying minernl 
soil, Such fmt scars evolve into peat rings, and in certain marshes the 
p e ~ t  rings evolve furtlrer into tussock rilips. I l ~ e  tuswck rings in a 
few sites ultimately become completely colonize~l by cottongrass, and 
t.u.ssock groups nre formed. In many marshes, however, tussock rings 
or peat rings appear to represent the ultimate, equilibrium forms, with 
wh ic 21 t.he developmental sequence ends. 

Frost mnrs initiated in ~ O C K ~  soils evolve into forms that lie beyond 
the scope of this discussion. If rocks tire sufficiently abundant, segre- 
gation of coarse and fine material forms stone polygons or with the 
growth of veget~tioil on slopes forn~u turf-banked terraces. 

Frost ecam are lacking in nrens mantled by a layer of peat thnt is 
thicker than the depth of annual thaw. Frost heaving in these arens 
occurs entirely within the p a t  and results in the formation of pent 
rnonnrls of irregulnr shape. 

It j~ ~ppare~lt  that eve11 the most liberal concept of "clirnnx vegetn- 
tion" (Gain, 1947, p. 198) must lx modified when applied to much of 
the vt?p?at,ntion jn regions of intensive frost action (Sigafoos, 1949). 
Di~t~urbttnce of the substratnm is an environmental factor that e n -  
e r ~ l l y  j ~ l  disregnrded in theoretical discnssions of the derelopment of 
vegctnbion into climax oornmunit,ies. In temprate regions most plant 
succe~qion proceeds upon an essentially stnble substratum, and rlis- 
tarbances am rare jn the t i m ~  q v i n r I  to nttsin the climax regeta- 
tion. Repeated diritl~rbance of the substratum is nn important environ- 
mental factor, however, in most plant communities in tunclm regions. 
Plnnt succession on fmst scars proceeds upon a substratum thrrt rarely 
becomes completdy immobile, and the succesicm map be arrested at 
any point hy continued mild hewing, or it may be interrupted by re- 
newed lleaving sufficiently violent to crente rr new bare spot. The final 
st REP in the sticx~sion oti nmny frost w ~ r s  consists of complete cover 
of eottonpss tnssoch. but wen this final stage exists on ta m~biIe 
surface the instability of wl~ich contributes to the exclusion 02 possibIe 
later successional stages. The vemtation in areas of frost scnrs, peat 
rings, tussock rings, and tn~wek-birch-Benth polypns can be regarded 
ns an cquilibriurn nwmblage adjusted to the environment in which it 
exists but di fTem from a climnx rassembIam becw~se amns of bare soil 
and areas being actively colonizerl by pior& plants always constitute 
important elements in It he vc.petat.ion, interspemed among larger 
srew covered by vegetation which represents the highest stage in the 
succession. 

Palmer and &nse (1M5) believe t,hat n plant cover consisting 
predominantly uf lichens is n Inter tlevelopment,al &ge in areas char- 
ncterized at present by tumwk-biwlr-lienth vegetation. They s h t o  
that reindeer are effective in destroying the lichen-dominated vegeta- 
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tion, which then is replaced by cottonpass tusmks. If the tusock 
vegetation is protewtl from g r n x i n ~ ,  however, it will be repIacerl 
again by lichens, according to Palmer and Rouse. W e  h a w  seen 
polygons of birch and heath within a lichpn-dominated vegetation, 
but the area in which these polygons were found mas better clrainwl 
than most areas in which tussock-birch-heath vegetation is present. 
Therefore, it is b e l i e d  that continued congeIiturbation prevents 
t~ssock-birch-heath polygons from evolving into lichen-dominated 
vegetntion, and thus the polygons can be; regarded as the equilibrium 
feature covered by the equilibrium vegetation in most areas in which 
&Fie polygons are found. During of warmer climate, when 
better-drained mils were more widespread, lichen-dominated vege- 
tation probably accumd within areus where tussock-bircI1-heat11 
polygons now exist. Lichen-dominntad vsgettttion m q  have been 
nn intermediate stage in the development of willow-birch-heath shrub 
vegetation on bethr-drained ~ l o i l ~  nnd probnhly persisted on a few 
sites througl~out the warm period. 

Some of the cryapedologic features dewribed in tlus paper even- 
tually may ba mcognjzed in  fossil" form in northern United States 
or Europe. Pat rings and vept,rttion polygons are the featurn most 
likely to bo preserved in recognjznble ancl distinctive forms; even 
these are likely to bc recognizetl only where exposed in e m s  &ion. 
Chances of pmemntion would be best if the fent~rres were buried 
beneath a mantle of loess or alluvium. Some of the "involut.ions" and 
"plications" described by previous authors may represent ancient 
peat rings or hmk-birch-heath polygons. In "fossil" f o m  peat 
rings would consist: of isolated stubby r.olumns of silt in a layer of 
peat, Tussock-birch-heath plyfpns would consist of a crudely polyg- 
o n ~ l  network of pent mas% surrounding strrblry columns of mineral 
soil. They could be distingnisheri frvm ancient ice wedge polygons 
("Taimyr polygons'?) by their s~nnll  vertical nnd horizontal dimen- 
sions. Ice m e d p  polygons general1 y are 25 to 100 feet in diameter 
(LefhgweU, 1019, pp. 205-2191, although polygons ns small as 15 
feet in diameter are not rillcommon (Dlack, R. F., personnl communi- 
cation). Tussock-birch-heath polygona genertllly nre less than 15 
feet in diameter. Ice wedges of ice wedge polygons generdly have 
R ~erticaI extent in excess of 5 feet. Structureless masses of peat, soil, 
or till occupy the former sites of the ice wedps ,  and these also gen- 
erally have vertical dimensions in excess of 5 feet (Schafer, 1949, pp. 
166169; Horberg, 1949, pp. 132-134). The peat masses of tussock- 
birch-heath polygons, on the other hand, mnge from I ta 3 feet in 
vertical dimension. 

The peat rings, tussock rings, and tussock-birch-heath polygons 
dudied by the writers were found in areas where perennially frozen 
ground lies rtt shallow depth; the presence of perennially fmzen 
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ground appears to be nn essentjnl factor in their origin. It can be 
nesurned that ''fossil" forms of tllese ferttures indicate the former 
prewnce of perennially froze11 ground. In modern rings and poly- 
gons, perennially fmzen ground lies a few EncIl~s above the base of 
the peat at the margins of the soil m~terr;. Stringem and lenses of 
humic material are concentrated a t  the bme of the annually thnwed 
zone within the mil centers. The vertical position of these fettturee in 
fossil rings nnd polygons should afford n reliable measuse of tlit. 
former depth of summer thaw. 

Recognition of the cryopedologic features descrihed here is useful 
ta the photointerpreter in predicting trafficability and foundation 
problems. Pent r i n p ,  tussock rings, tussock p u p s ,  and tussock- 
birch-heath polygons cnn be recognized on aerial photographs wit11 
a scale of 1: 10,000 or larger. Peat rings, tussock r i n p ,  and tussock 
p ~ t p s  generally cannot be distinguished from one another on these 
photographs, but them tliree features can be distinguished from 
tussoclz-birch-heath polygons or stripes. The presence of any of 
these features i~idicntea the probable presence of fine-pnined soil 
in which perenninlly frozen ground is present nt shallow depth. 
The thickness of peat at the surface and the moisture collditior~s of 
the surface can be es t im~ted  if the polygons can be distinguishad 
from the rings. Maximum r l e p  of slope can be estimated froin 
the degree of elongation of the fmtures. 
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