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Overview of talk

•  Review of the patterned-ground forms and 
processes: Polygenetic origin of small patterned 
ground features

•  The North American Arctic Transect
•  Preliminary results

•  2005 Expedition to Ellef Ringnes Island





To better 
understand the 
complex linkages 
between 
processes of 
patterned-ground 
formation, 
biogeochemical 
cycles, vegetation, 
disturbance, and 
climate across the 
full Arctic summer 
temperature 
gradient in order 
to better predict 
Arctic ecosystem 
responses to 
climate change.

Biocomplexity Grid at Green Cabin, Banks Island, Canada, 2003


Small patterned-ground ecosystems: central goal



Why focus on small patterned-ground features?

•  Many processes involved in the 
formation of patterned-ground 
landscapes are not understood.

•  The role of frost heave, contraction 
cracking, and cryoturbation with 
respect to biogeochemical cycling, 
carbon sequestration and a whole 
host of ecosystem processes is poorly 
known. 

•  Patterned-ground systems offer 
repeating assemblages of disturbed 
and undisturbed patches of vegetation 
across the entire arctic climate 
gradient that are an ideal natural 
system to study the response of 
disturbed and undisturbed tundra to 
climate change. 



Subzone C, Howe Island, AK. 
Photo; D.A. Walker

Project initially focused on “frost boils”

•  Caused principally by differential 
frost heave (Peterson and Krantz 
2003). 

•  Also called: 
•  Non-sorted circles (Washburn 1980) 
•  ‘Frost medalllions’ (Russian term), 
•  ‘Mud boils’ (Zoltai and Tarnocai 1981)
•  ‘Frost boils’ (van Everdingen 1998)
•  ‘Frost scars’ (Everett 1966)
•  ‘Spotted tundra’ (pyatnistye tundry, 
(Dostoyalov and Kudravstev 1967).



Some patterned-
ground forms caused 

by differential frost 
heave 

•  Frost-heave non-sorted circles
•  Earth hummocks 



Earth hummock, Mould Bay, Canada.
Photos: D.A. Walker Non-sorted circles, Franklin Bluffs, AK, Subzone D. 

Non-sorted circles, Howe Island, AK, Subzone E. 



Ice lenses drive frost heave 

•  Numerous closely spaced lenses form 
as the soil freezes downward from the 
surface. 

•  The increased volume caused by the 
ice lenses results in  heave.

Ice lenses



Differential frost heave: a 
function of the number of and 

size of ice-lenses

Inter- 
circle

Non- 
sorted
circle

20 cm organic mat
•  Deep organic layer of inter-
circle areas insulates the soil 
reducing the active-layer 
thickness and hence the 
number of lenses and the 
amount of heave. 

•   Cryostatic suction may pull 
water from the inter-circle 
areas to increase the amount 
of heave within the circle. 



Differential Frost Heave (DFH) model of self-organization in 
non-sorted circles (Peterson and Krantz 1998)

Figure 8. Soil movement as a result of differential frost heave within a

frost boil, as predicted by the DFH model (Peterson and Krantz, 1998).

Arrows indicate direction of soil movement, with a net soil migration to

the boil surface.

•  DFH is a physically based model that provides 
considerable insight to the self-organization of 
small frost-heave features.
 
•  Heat preferentially escapes from the surface at 
high points (bumps) in the surface. These high 
points then becomes sites of increased ice-lens 
development, and more heave. 

•  The spacing of the surface bumps are 
controlled by mechanical properties of the  
soil (e.g., texture, active layer thickness).

•  Theoretically, the heave features should be 
more closely spaced in shallowly thawed soils.

•  Vegetation and/or snow cover can affect the 
amount of heave and the spacing of heave 
features by changing the soil surface 
temperature and the active layer thickness.



Small contraction crack polygons are the dominant  patterned 
ground features in the High Arctic

•  Small non-sorted 
polygons 
(Washburn 
1980).

•   
•  Occur on most 

sandy to clayey 
soils in the High 
Arctic (Subzones 
A, B, C). 

•  Can be caused 
by either 
desiccation 
cracking or 
seasonal frost 
cracking 
(Washburn 
1980).

Mould Bay, Prince Patrick Island,  
Elevation, Belt A.

Green Cabin, Banks Island,  
Bioclimate Subzone C.

Howe Island, northern Alaska,  
southern Bioclimate Subzone C.

Mould Bay, Zonal site, Subzone B

Photos: D.A. Walker



 Cracking patterns occur at several scales

Permafrost crack nonsorted polygons (ice-
wedge polygons), Kupar;uk R., Alaska

Very small polygons within small non-sorted polygons, 
Mould Bay.

Small non-sorted polygons, Green Cabin.



Sorted vs. non-sorted forms

•  Non-sorted forms occur in fine-grained 
soils

•  Sorted forms occur in rocky soils 
(Kessler and Werner, 2003, Science 
299: 380-383)

Large non-sorted circles in wet soils, Green Cabin.

Rocky soils: sorted circles,  
Mould Bay, Elevation Belt A



Modification of small polygons to form turf 
hummocks

•  Erosion and eolian 
deposition modify 
the basic forms 
resulting in turf 
hummocks (Broll and 
Tarnocai 2003).

Turf hummocks on slopes with Dryas 
integrifolia and Cassiope tetragona,  
Green Cabin. Photo: D.A. Walker



In general:

•  Small circular forms and hummocks are caused by differential 
frost heave:
–  Non-sorted circles
–  Earth hummocks

•  Polygonal forms are caused by cracking (thermal or 
desiccation):
–  Low-centered polygons (large forms where thermal contraction 

cracking penetrates deep into the permafrost)
–  Small non-sorted polygons (contraction cracking confined to zone 

of seasonal thaw)

•  Both differential heave and cracking can occur at a variety of 
scales forming complex landscape patterns.

•  The forms can be modified by a wide variety of processes 
including sorting (sorted forms), erosion and eolian deposition 
(turf hummocks, high-centered polygons), down-slope soil 
movement (stripes).



In the High Arctic contraction cracking interacts 
with differential frost heave

Photo by Anja KadeHowe Island, AK

Scale
2 m



Non-sorted circles

Photo by Anja KadeHowe Island, AK

Frost-heave 
non-sorted 

circles
(90-200 cm) 

Scale
2 m



Small non-sorted polygons

Photo by Anja KadeHowe Island, AK

Small Non-
sorted  

polygons
(35-50 cm)

Scale
2 m



Larger non-sorted polgons

Photo by Anja KadeHowe Island, AK

Larger
Non-sorted 

polygons 
(200-300 

cm)
Scale
2 m



Organization of non-sorted circles and forms

Large non-sorted polygon 
200 cm



Small non-sorted polygon 
35 cm

Non-sorted circle 
90 cm



Photo: Anja Kade



Even larger non-sorted polygons

Large non-sorted permafrost crack polygons (20-30 m diameter) Howe Island 
Photo: D.A. Walker



Role of soil texture 

Rocky soils: sorted circles,  
Mould Bay, Elevation Belt A

Clayey soils: earth hummocks,
Inuvik, NWT, N; Boreal Forest

Silty soils: sorted circles without earth hummocks  
Prudhoe Bay, AK, Subzone D

Sandy soils: no circles nor hummocks  
Atkasuk, AK, Subzone D



The role of vegetation

•  Effects of plant cover on the 
thermal properties of the 
system.

•  Stabilization of cryoturbation 
and needle-ice effects.

•  Nitrogen and carbon inputs 
to the soil.

•  How does temperature 
influence the effects of 
vegetation.



Dalton Highway (7 locations)

Isachsen

Green Cabin

Mould Bay

Satellite Bay

Biocomplexity Sites within the Arctic Bioclimate Subzone

Inuvik

A
B

C
D

E

Arctic Bioclimate Subzones
s



Subzone A

Isachsen, Ellef Ringnes Island, mean July temperature, 3˚ C, SWI=4



Subzone B

Mould Bay, Prince Patrick  Island, mean July temperature, 4˚ C, SWI=5



Subzone C

Howe Island, Ak and Green Cabin, Banks Island, mean July temperature, 8˚ C, SWI=16



Subzone D

Ambarchik, Russia, Franklin Bluffs, AK, mean July temperature, 10˚ C, SWI=27



Tuktuyaktuk, NWT, Happy Valley, AK, mean July temperature, 12˚ C, SWI=30

Subzone E



Northern Boreal subzone

Inuvik, NWT, mean July temperature, 14˚ C, SWI=36



Modified from Chernov and Matveyeva 1997 

Bioclimate subzones
A D ECB

Role of vegetation succession on non-sorted 
polygons, non-sorted circles, and earth hummocks 



Polygenetic origins of small patterned-ground forms

Cracking Small  
nonsorted  
polygons

Large 
nonsorted 

polygons and 
incipient earth 

hummocks

Non-sorted 
circles  



Erosion + 
deposition

Earth hummocks  

Featureless

Time
Disturbance

Vegetation succession

Warmer climate

Contraction  Cracking
Differential  
Frost Heave 



Clay:

Silt:

Sand:

Soil  
Texture

Vegetation 
succession  

and stablization 


Recracking 
and 

enhancement
Stablized 

inactive non-
sorted circles



Featureless



Frost-boil grids

Subzone A: 

         Satellite Bay, Canada - 1 

         Isachsen, Canada - 3 

Subzone B: 

         Mould Bay, Canada - 2  

Subzone C: 

Howe Island, Alaska - 1 

West Dock, Alaska - 1 

Green Cabin, Canada - 3 

Subzone D: 

Deadhorse, Alaska - 1 

Franklin Bluffs, Alaska - 3 

Sagwon MNT, Alaska- 2 

Ambarchik, Russian - 1 

Subzone E: 

Sagwon MAT, Alaska - 1 

Happy Valley, Alaska - 3 

Kurishka, Russia - 1 

Northern Boreal Forest 

Inuvik -1 

TOTAL  24 
 

  

 

 

 

Happy Valley Grid 



Vegetated inter-circle 
area 

Sparsely vegetated circle 

 Courtesy of C. Tarnocai 

The Non-sorted Circle System



Soil
Ice �

Lenses

Vegetation

Inter-circle area

Conceptual Model of the Non-sorted Circle System

The arrows indicates interactions and feedbacks between elements (non-
sorted circles and inter-circle areas), and between components of each 
element (ice lenses, soils, and vegetation). 

Soil
Ice �

Lenses

Vegetation

Non-sorted Circle



Small patterned ground features: Complexity 
Questions

•  Self organization.
–  How do frost-heave features form?
–  How do frost-heave features organize themselves in concert 

with the vegetation?
•  Complex adaptive systems.  

–  How do frost-heave and associated ecosystems change 
along the arctic climate gradient? 

–  How does the vegetation affect the microclimate, ground 
ice, disturbance, soils, and invertebrate populations of frost-
heave features along the Arctic climate gradient?

•  Scaling issues. 
–  What are the emergent properties of frost-heave systems at 

different scales?
–  How do frost-heave features affect trace gas fluxes, 

hydrological systems, and patterns of animalls at amall and  
large spatial scales? 



Components of Biocomplexity Project
•  Climate and Permafrost:

–  Monitoring and modeling: (Vlad Romanovsky, Dimitri Nicolsky, 
Ronnie Daanen)

–  Differential frost-heave model:  (Bill Krantz, Rorik Peterson,)

•  Soils:
–  Soil descriptions, analysis, cryptogamic crusts: (Chien-Lu Ping, 

Gary Michaelson
–   Charles Tarnocai)

•  Vegetation: 
–  Classification, Mapping: (Skip Walker, Anja Kade, Corinne 

Vonlanthen, Martha Raynolds)
–  Modelling, Nitrogen mineralization, Remote Sensing: (Howie 

Epstein, Alexia Kelley)
–  Guests (Fred Daniels, Nadya Matveyeva)

•  Education:
–  Arctic Field  Ecology Course (Bill Gould, Grizelle Gonzalez)
–  Invertebrate studies (Grizelle and students, guest: Olga 

Markarova)
–  Vegetation studies (Bill and Students)



Schedule of talks

•  July 19: Skip Walker and Anja Kade: Overview of Biocomplexity 
Project and vegetation component

•  July 20: Charles Tarnocai: Geology and soils of the Isachsen 
area, hummocks of Mould Bay and Green Cabin

•  July 21: Chien-Lu Ping and Gary Michaelson: Soils and 
cryptogamic crusts

•  July 22: Vlad Romanovsky: Climate and permafrost studies
•  July 23: Howie Epstein and Alexia Kelley: Nitrogen cycling and 

remote sensing
•  July 24: Bill Gould, Grizelle Gonzalez: Education component 
•  July 24: Nadya Matveyeva and Olga Markova: Russian High 

Arctic
•  July 25: Fred Daniels: Greenland arctic plant studies
•  July 26: Howie Epstein and Skip Walker: Wrap up, summary of 

results for March worklshop, plans for data reports, 
publications



Vegetation component



Martha Raynolds

Anja Kade

Vegetation mapping and analysis 
of �
of active-layer/heave/vegetation 
relationships



Vegetation on frost boils"


Bill Steere collecting Bryum wrightii on a frost 
boil at Prudhoe Bay

July, 1971.

 Matveyeva - Maps of frost 
boils on the Taimyr 
Peninsula, Russia

Vertical and horizontal 
structure of frost-boil plant 
communities"


Unique plant species 
and growth form 

assemblages"




Subzone C

Subzone D

Subzone E

Howe Island

Deadhorse Franklin Bluffs Sagwon MNT

Frost boil, with thin organic layer (<3cm) small

Frost boil, bare soil or bare soil mixed with
       cryptogamic crust
        mosses and Dryas
Frost boil, with thick organic layer (>3cm)
        and pleurocarpus mosses

Frost-boil ring, Eriophorum vaginatum tussocks
Frost-boil hummock, well vegetated

Dry inter-boil withcryptogamic crust
Inter-boil with moist nonacidic tundra

Inter-boil with moist acidic tundra
Wet depressionSagwon MAT Happy Valley
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Vegetation Maps of 
Frost Boils, Alaska 

Transect

Trends with temperature:

•   Less bare soil
•   Thicker organic 

layers in the inter-
boil areas

•   More extensive 
vegetation mats




Reconnaissance survey: 2005



Christopher Shale: Lower Cretaceous








Earth hummocks also caused by differential frost 
heave

Incipient earth hummocks in large non-
sorted seasonal frost-crack polygons, 

Subzone C, Green Cabin

Earth hummocks, Subzone B, Mould Bay

Earth hummock, Subzone E, Happy Valley

Earth hummocks, northern boreal forest,  
Inuvik, NWT

Earth hummocks, Mould Bay 



Desiccation 
cracking:

•  Washburn 
(1980) and 
Tricart (1967) 
attributed 
most fine-
scale (<1-m 
diameter 
polygons) to 
desiccation 
cracking.

Seasonal frost 
cracking:

•  Ubiquitous on 
most High 
Arctic 
surfaces.

•  All soil 
textures. 

•  Deeper 
cracking.

•  Experiments 
and models 
are needed to 
determine 
conditions for 
seasonal frost 
cracking.

Desiccation cracks.  
Dinosaur Provincial Park, Alberta. 


Desiccation cracks.  
Mould Bay.

Green Cabin, polygon removed from soil.Green Cabin, small non-sorted polygons

Desiccation cracking vs. seasonal frost cracking



Review of small patterned ground 
terminology (Washburn 1980)

Earth hummocks: mounds with a core of mineral soil, usually 1-2 
m in diameter (or larger) and up to 0.75 m tall.


Non-sorted circles: Circular patterned ground features without a 

border of stones, usually with barren or sparsely vegetated 
central area 0.5 to 3 m in diameter. 


Small non-sorted polygons: Small polygonal featuers (<1 m 

diameter) lacking a border of stones, usually on flat surfaces, 
often delimited by cracks. (Washburn distinguishes seasonal 
frost-crack non-sorted polygons


Turf hummocks: Small mounds, 10-20 cm high and 15-50 cm in 

diameter, commonly occurring on slopes.




Biocomplexity project studied these forms

Earth hummocks

Small non-sorted polygons

Non-sorted circles

Turf hummocks



Subzone A: 
•  Cracking within the active layer by a combination of desiccation and 
seasonal frost cracking causes small non-sorted  polygons. 

Subzone B: 
•  Differential heave causes aggregation of small polygons into large  
polygons. 
•  Vegetation favors deeper troughs between polygons.  

A B

Subzones A-B



Subzones C-D: 
•  Strong contrast between vegetated troughs and unvegetated  
areas. 
•  Strong differential frost heave, leading to earth hummocks in 
some soils.
•  Development of non-sorted circles in the centers of the 
polygons. 
•  Colonization of centers of mounds and non-sorted circles occurs 
in Subzone D.

A DCB

Subzones C and D



Subzone E: 
•  Complete cover of vegetation and formation of earth hummocks. 
•  Redisturbance of small patches are quickly re-colonized by vegetation. 

A D ECB

Subzone E



A B EC D Forest
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A B EC D Forest
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Vegetation 

Strength of influence of cracking, differential heave and 
vegetation succession on small patterned ground forms along 

the arctic climate gradient



Polygenetic origin of observed small patterned-
ground forms on zonal sites

•  Patterned ground forms (sensu Washburn 1980)
–  Earth hummocks 
–  Non-sorted circles 
–  Large non-sorted polygons
–  Small non-sorted polygons 
–  Turf hummocks

•  Interacting factors
–  Soil texture
–  Seasonal frost cracking
–  Differential frost heave
–  Vegetation succession and stabilization
–  Climate S

N

S





Volcanic diabase: Cenozoic or Mesozoic











