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ABSTRACT

Air temperature is rising in high altitudes and latitudes. Accompanying this is a rise 

in permafrost temperatures. As permafrost temperatures increase, the active layer 

becomes unstable, leading to the formation of thermokarst features (the melting of 

permafrost and collapse of overlying soil strata) and active-layer detachment (ALD) 

failures (shallow, translational landslides). We are working with the Arctic Network of 

the National Park Service studying the occurrence and distribution of ALDs and 

thermokarst failure features in the Noatak River watershed, Alaska.

ALDs and thermokarst failure features remove the tundra vegetation mat and expose 

mineral soil. Increased solar energy inputs, resulting from exposing mineral soil, allows 

deeper thaw to develop inside failure features compared to the surrounding hillslope 

(about 107 cm versus 86 cm, on average). By exposing mineral soil, failure features 

create a sediment and nutrient source in headwater tundra watersheds. The total 

suspended sediment (TSS) concentration of water flowing through a feature is three 

orders of magnitude greater than the hillslope above the feature. This increase in 

sediment is sufficient to raise the TSS concentrations in first-order receiving streams by 

two orders of magnitude; which may have detrimental downstream effects on stream 

ecology. Similarly, the presence of failure features is both a source of geochemical 

constituents and a location of active biogeochemical cycling. Thus their presence results 

in geochemical changes in water chemistry. Although the affected water contribution is 

small, the accumulation of many failure features will likely have a combined effect 

downstream. It appears that a new wave of failure features are initiating at elevations 

above 500 m. This is a likely response to regional warming. If this is the case, the status 

of arctic landscapes could change rapidly.
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CHAPTER 1

1.1 Introduction

Air temperatures across the globe are increasing (Serreze et al., 2000), and in 

response, permafrost temperatures are increasing. In particular, the average air 

temperature along the Qinghai-Tibetan Highway has increased by 1°C per decade from 

1996 through 2006, with winter air temperatures increasing by 1.3°C per decade (Wu and 

Zhang, 2008). In the permafrost along the Qinghai-Tibetan Highway, ground 

temperatures (at a depth of 6.0 m) have increased by an average of 0.43°C per decade 

through the same time period (Wu and Zhang, 2008). Air temperature along an East- 

Siberian transect has increased by an average of 0.29°C per decade, and ground 

temperatures there (at a depth of 1.6 m) have increased by 0.26°C per decade from 1956 

through 1990 (Romanovsky et al., 2007). In Alaska, air temperature has increased by up 

to 1°C per decade from the 1960’s through the 1990’s (Serreze et al., 2000). Records 

from borehole temperature data loggers across Alaska show an increase in permafrost 

temperatures since the late 1970’s of 0.3-1 °C south of the Yukon River, 3-4°C in the 

vicinity of the Arctic Coastal Plain, and 1-2°C in the Brooks Range and foothills 

(Osterkamp, 2006).

One likely response of air and permafrost temperature increase in the Arctic is 

increased permafrost thawing (Osterkamp and Romanovsky, 1999; Osterkamp, 2005). 

Thawing and degradation of permafrost can result in various geomorphic changes across 

landscapes, such as generation of thermokarst failure features (melting of ice-rich 

permafrost leading to the collapse of the overlying soil strata), as have been observed 

throughout northern and central Alaska (Jorgenson and Osterkamp, 2005) and active- 

layer detachment (ALD) failure features (shallow, translational landslides) seen 

throughout the North American Arctic (Lewkowicz, 2007).

A second potential response of permafrost degradation in the Arctic is a partial or 

complete alteration of the ecosystems through changes in nutrient availability.
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temperature, and moisture content of the soil, or changes in hydrologie function of 

landscapes (Serreze et al., 2000; Wahren et al., 2005; and Schuur et al., 2007).

1.2 Background

Jorgenson and Osterkamp (2005) described the primary modes of permafrost 

degradation and the development of thermokarst terrain. Of these modes, many develop 

on essentially flat, or low relief, surfaces:

• Thermokarst lakes develop above a layer of permafrost that acts as an aquitard 

and keeps the water from draining beneath the lake.

• Thermokarst basins develop once a thermokarst lake is breached and drained by a 

stream channel.

• Thaw sinks develop if the permafrost beneath a thermokarst lake, allowing water 

to drain into the underlying sediment. Two studies have documented decreases in 

overall acreage covered by arctic lakes in Alaska (near the settlement of Council) 

and in Siberia (Yoshikawa and Hinzman, 2003; and Smith et al., 2005). This is 

occurring in a spatially distributed pattern suggesting a continuum: initial 

permafrost warming is leading to the development of thermokarst lake expansion 

which is leading to the draining of lakes as further permafrost degradation 

completely melts the underlying permafrost; this may be viewed as a diffuse lake 

drainage “front” (Smith et al., 2005).

• Glacial thermokarst and kettle lakes develop on ice-cored moraines.

• Collapse-scar fens  develop as long, linear depressions associated with the 

degradation of thick-layered ice in silty abandoned floodplains and are initiated 

by lateral degradation.

• Collapse-scar bogs develop as circular depressions associated with ice-rich fine

grained soils from abandoned floodplains and degrade laterally.

• Thermokarst pits also develop on ice-rich abandoned floodplain deposits; 

however degradation is primarily vertical as the active layer extends.
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•  Polygonal thermokarst mounds are associated with ice wedges and abundant in 

northern Alaska.

• Irregular thermokarst mounds occur across many landscapes where the soil is ice- 

poor and are often identified by characteristic leaning of trees along the rims of 

the mounds (causing “drunken forests”).

• Sinkholes and pipes are restricted to discontinuous permafrost zones where 

groundwater flow thaws massive ice leading to rapid, sometimes catastrophic, 

collapse of the overlying soil.

•  Collapsed pingos develop by the rapid thawing of massive ice in the cores of 

earth-covered ice mounds called pingos.

• Thermo-erosional niches develop along the banks of rivers and lakeshores and 

degrade as undercut bluffs crack off, enabling thermo-erosional niches to retreat 

rapidly.

Additionally, Jorgenson and Osterkamp (2005) described thermokarst features that 

develop on gently sloping hillsides:

• Thermokarst gullies and water tracks occur where surface water flows have 

deepened the active layer, rarely resulting in exposed mineral soil or substantial 

changes in vegetation.

• Retrogressive thaw slumps develop by slumping at a head wall leading to 

increased thawing, often located along riverbanks or lakeshores. Jorgenson and 

Osterkamp (2005) classified ALD failures as subset of thaw slumps.

The mode of formation of ALDs is not very different than landslides that occur in 

non-permafrost landscapes, in the sense that either external causes result in an increase of 

shearing stress or internal changes result in a decrease in shearing resistance, ultimately 

resulting in the movement of material along a recognizable shear surface (Hansen, 1984). 

Harris (1987) discussed a continuum of mudflows (drier and slower) through debris flows 

(wetter and faster) with failures generally initiated by unusually heavy rainfall resulting 

in excess pore pressure and reduced effective stress. Harris (1987) emphasized mud- 

debris-flow similarities with ALDs by pointing out morphologic parallels: flow tracks 

being ribbon-like failures with debris flow lobes at the base and being flanked by levees 

of material up to several meters wide. Of the external and internal changes that can
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trigger a landslide, noted by Hansen (1984), external changes in the water regime 

(increased precipitation) and internal freezing and thawing are of particular importance in 

permafrost landscapes. In periglacial regions, many slopes experience a characteristic, 

slow (0.5 -  10.0 cm per year) mass movement of soil (solifluction) (Harris, 1987). 

Solifluction occurs annually under normal conditions and is characterized by the ‘slow, 

downslope movement of saturated, nonfrozen earth material behaving apparently as a 

viscous mass, over a surface of frozen material’ (Brown and Kupsch, 1974). On 

hillslopes experiencing solifluction movement, heavy rainfall or unusually rapid thawing 

of permafrost can lead to localized, ‘rapid’ (compared to solifluction movement) 

movement of ALDs (Harris, 1987). ALD failure features result from excess water, 

originating, for example, from the melting of a snow pack higher on the slope 

(Mathewson and Mayer-Cole, 1984), from exceptionally warm summer temperatures, or 

from fire (Lewkowicz and Harris, 2005a). These conditions lead to increased thawing of 

the surface of ice-rich permafrost, leading to super-saturation of soils at the base of the 

active layer and the subsequent flow of thawed material (Mathewson and Mayer-Cole, 

1984; Jorgenson and Osterkamp, 2005; Lewkowicz and Harris, 2005a; Lewkowicz and 

Harris, 2005b; and Lewkowicz, 2007).

The complex hydrology in permafrost watersheds affects nutrient and sediment 

transport. The presence of permafrost limits the potential for infiltration storage by a 

hillslope, resulting in high runoff/precipitation ratios (hydrologie response factors) in the 

Arctic where snowmelt runoff can account for approximately 70% of the annual runoff 

(McNamara et al., 1998). Because of this, these hillslopes remain hydrologically 

disconnected through much of the year, with most of the nutrients and other elements 

flushed from small headwater catchments originating mainly in the near-stream riparian 

zones (Stieglitz et ah, 2003). Hillslope failure features of all types in the Arctic play a 

potentially crucial role in sediment and nutrient delivery to headwater streams (Bowden 

et a l,  2008). They create a persistent geomorphic feature in the landscape that acts as a 

dynamic link to downslope stream and riparian disturbances and may affect stream 

channels far downslope (Miller and Burnett, 2007).

Changes in nutrient availability affect the surface vegetation communities, and an 

altered community can have effects on soil temperature. From snow-fence studies in
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both arctic and alpine settings. Walker et al. (1999) observed that the presence of 

accumulated snow leads to higher average and more spatially and temporally consistent 

soil temperatures. Similarly, Sturm et al. (2001a) found that by decreasing the near

ground wind speed, shrubs increase the snow-holding capacity of tundra landscapes. 

Deeper snow acts as an insulator, decreasing the freezing degree indices of underlying 

soils during the winter. Temperature measurements at the snow-ground interface 

confirmed large (up to 10°C), persistent (60 or more days) differences in winter soil 

temperature between shrub and non-shrub areas (Sturm et al., 2001a). Even low shrub 

density may cause such changes to soil thermal regimes.

Changes in soil thermal regimes can affect hillslope and watershed hydrology, which 

can affect watershed ecology. In the ice-rich lowlands on the Tanana Flats, Alaska, 

Jorgenson et al. (2001) found that alterations from precipitation- to groundwater-driven 

wetlands and increased organic-matter buildup lead to a complete alteration from tree- 

and shrub- dominated forest to herb- and sedge-dominated fens. Epstein et al. (2004) 

suggested it may take 20 years for the changing plant community dynamics to become 

apparent after a change to the system. Repeat photography shows that shrub expansion is 

occurring across Alaska (Sturm et al., 2001b), possibly suggesting the Arctic landscape is 

already in the process of adjusting to warmer conditions.

1.3 Investigation

Our team is a group of collaborating researchers and professors from the Department 

of Geology and Geological Engineering at Colorado School of Mines, the Civil and 

Environmental Engineering Department at the Pennsylvania State University, the 

Rubenstein School of Environmental and Natural Resources at the University of 

Vermont, and the Institute of Arctic Biology at the University of Alaska, Fairbanks. We 

are working with the Arctic Network (ARCN) of the National Park Service, studying the 

occurrence and distribution of ALDs and thermokarst failure features in the Noatak River 

watershed, Alaska which, up to this point, have been poorly documented due to their 

remote locations and a lack of reliable, regional-scale detection techniques.
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The Noatak River watershed is a relatively undisturbed area, internationally 

recognized as a UNESCO Biosphere Reserve. It drains the southern side of the Brooks 

Range and foothills at a latitude of approximately 68°N. The vegetation is dominated by 

low mat tundra with patches of boreal forest cover. Our area of field investigation 

centered on the confluence of the tributary Kelly River with the Noatak River, 

approximately 2/3 of the way from the head of the Noatak River to its mouth at the 

Chukchi Sea (Figure 1). Aerial surveys of the landscape were conducted by plane and 

then later by helicopter. We conducted detailed characterization at several sites during 

each day of a limited field campaign during July and August of 2007.

Kelly River

Kelly River 
, : ______

Noatak River <5,

Figure 1.1. Satellite image of 2007 field location and surrounding area.

We expect that the presence of thermokarst- and ALD terrain will change surface 

energy balance, leading to deeper thaw depths underneath erosion features, increase the 

suspended sediment load in the headwaters of arctic watersheds, and alter the nutrient
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delivery from the hillslopes. We also expect to find a correlation of failure features with 

the landscape, and a contribution of water originating from the melting of permafrost. To 

test these, we measured feature topographic attributes, thaw depths, and collected and 

analyzed water samples for suspended sediment, nutrients, and oxygen isotopes.

Analysis of field data is organized into two sections: geomorphic characteristics and 

water chemistry. The second chapter includes analysis of failure feature geomorphology: 

size, shape, aspect and elevation, and analysis of thaw depth measurements. We expected 

that failure features, with exposed mineral soil therefore enhanced solar heating, would 

develop greatyer thaw depths than the surrounding hillslope. It should be noted that the 

thaw depths measured represent a snapshot of one region of the Arctic at the time of 

measurement (not just a snapshot in time, but also a very small snapshot of area) and as 

such do not represent the full extent of the active layer at that location. The third chapter 

includes analysis of water chemistry: suspended sediment load, changes in water 

chemistry as water flows through failure features, and changes in the environmental 

stable isotope of water, lsO, due to permafrost thaw. We expected that failure features, by 

removing the vegetation mat and exposing overland flow to mineral soil and permafrost 

ice, would alter the suspended sediment and nutrient contributions in arctic headwater 

streams. Our fieldwork focused on open tundra slopes in a continuous permafrost zone 

and as such may best explain responses in similar locations.

The Arctic landscape has evolved in response to periodic retreat and advance of ice 

ages. Through these changes, ice sheets eliminate pre-existing surface terrain features 

such as thermokarst features and ALDs. Therefore, any permafrost failure features 

currently seen within the Arctic have a maximum age of less than 10,000 years following 

the Holocene warming. As warming has not been linear over the last 10,000 years, it is 

likely that changes in the arctic landscape are responses to short duration temperature 

changes rather than the general, accumulated warming experienced in the Arctic since the 

end of the last ice age.
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CHAPTER 2: GEOMORPHIC CHARACTERIZATION

2.1 Introduction

The degree of permafrost degradation across the Arctic is highly variable, with failure 

features of one type or another occurring across all arctic landscapes. In the Noatak 

River watershed near the confluence with the Kelly River, retrogressive thaw slumps and 

ALD features were found during our 2007 field campaign. A comparison of failure 

feature topographic measurements (length, width, and shape) and hillslope characteristics 

(aspect, lithology, and elevation) should give insight to failure formation and progression. 

Failure features alter absorption of solar energy by exposing mineral soil and changing 

the albedo of the hillslope locally (albedo of bare soil is 0.17 while green grass is 0.25 

[Markvart and Castaner, 2003]).

Due to the fact that south facing slopes receive more energy input, we expect to find a 

correlation of failure feature with landscape aspect. Due to the local, increased solar 

energy absorption created by exposing mineral soil, we expect deeper thaw depths to 

develop inside failure features compared to the surrounding hillslope.

2.2 Methods

Out of a conservative count of 200 thermokarst- and ALD- features in the area, we 

surveyed outlines of twenty-four features. Survey outlines were obtained by walking the 

perimeter of the failure features with a roving Trimble GeoXT global positioning system 

unit. Roving survey data were recorded with Terrasync software, recording latitude, 

longitude, and elevation data at 1-second intervals. Due to topographic constraints, Wide 

Area Augmentation System (WAAS) was available only in some locations, resulting in 

sub-meter accuracy. In locations where WAAS augmentation was not available, the 

accuracy was approximately 3-5 meters. Survey data obtained in the field were imported 

into ArcGIS 9.2 and used to estimate feature length, width, area, aspect, and elevation for 

an analysis of feature topography characteristics.
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Due to time constraints only thirteen of these features were chosen for more detailed 

characterization. Features were selected to cover a broad range of sizes, elevations, and 

apparent age. At each of the 13 failure features chosen, two to four transects were 

established for data collection. Transects (Figure 2.1) were established with a tape 

measure stretched perpendicular to the downslope axis of the feature; one across the 

slope above the feature referred to as transect A, and (except for the thaw slumps) two or 

more spaced along the length of the feature referred to as transects B, C, and D. The two 

“starter” ALD features -  identified as features 581 and 582 -  were too short to include C 

or D transects. For the B, C, and D transects, care was taken to ensure that an 

approximately equal number of points fell inside and outside the feature, and that the 

points outside the feature were evenly distributed on either side of the feature. Along 

each transect, relative elevation and thaw depth measurements were collected at regularly 

spaced points. Relative elevations were obtained using an XYZ laser range finder. Thaw 

depths were measured using an Active Layer Probe (ALP) that was manually pushed into 

the ground until permafrost was reached (Figure 2.2). In the case where a rock was 

encountered, the vicinity of the point was probed up to three times, in an attempt to reach 

permafrost. In the case where the thaw depth was greater than the ALP, the length of the 

ALP (132 cm) was used as a minimum depth. We analyzed thaw depth and relative 

elevation measurements obtained in the field. The extent of the thaw depth in the 

hillslopes surrounding failure features was compared to the thaw depth within the failure 

features to determine if there was a difference.
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-Transects

Head wall

Run-out or
Toe

Figure 2.1. Location of transects along an erosion feature. Red indicates locations
inside a feature; blue indicates locations outside of a feature.

Figure 2.2. The active layer probe (ALP). The ALP is manually pushed into the 
tundra to permafrost.

11 COLORADO NUNES
GOLDEN, CO 80401



2.3 Results

During our field investigation in the southern Brooks Range foothills, we found both 

ALDs (occurring on open slopes along water tracks) and retrogressive thaw slumps 

(occurring along lakesides and on open slopes).

We identified two categories of ALD features: currently active features, which were 

generally long, ribbon-like features; and starter features, which were generally small and 

occurred on solifluction slopes, commonly in the vicinity of currently active features. 

Active ALD features had headwall scarps, long ribbon-like paths of flow, often with 

blocks of debris pushed up at the lateral edges to create levees (Figure 2.3), and either a 

run-out of material spilling onto the tundra or a lobe of material that was mounded up at 

the toe of the feature. Starter ALD features looked like large solifluction lobes that had 

stretched to the point where a headwall scarp was forming, mineral soil was exposed to 

some degree, and material was mounded up in a lobe at the foot (Figure 2.4), but differed 

from active features in that the debris had not yet moved far from the headwall scarp 

source. The lithology at the ALD features generally consisted of decomposing 

grey/black shale, fine-grained sandstone, or interbeded shale and sandstone. During 

aerial reconnaissance, no features were identified in ultra-mafic or carbonate lithologies, 

as defined by state soil maps.
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Overturned blocks /
o f tundra ^ùgÉtjà

Figure 2.3. Blocks of debris. As material moves downhill, blocks are pushed along 
the lateral edges of forming levees, seen in feature 568.

M ounding

Stretching

Figure 2.4. Mounding and stretching of material at starter ALD feature 575.
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Three lakeside retrogressive thaw slumps (referred to as features 578, 579, and 580) 

(Figure 2.5) and one hillside retrogressive thaw slump (referred to as feature 567) (Figure 

2.6) were surveyed. They have been grouped as “thaw slump” for much of this thesis. 

The three lakeside thaw slumps occurred along the banks of two different lakes located 

on old floodplains of the Noatak River. The lithology around the lakes consisted 

primarily of fine sediment, as expected in a river floodplain. The hillside thaw slump 

occurred at the toe of a slope where the angle changed from steep to essentially flat. The 

lithology at this location consisted mainly of decomposing grey/black shale.

Feature 580 Feature 579

Figure 2.5. Feature 579 and 580; lakeside thaw slumps. Feature 580 appeared to be 
an older feature that 579 was cutting through. The headwall of 579 was a 3.7 m wall of 
permafrost ice. The photo on the left was taken from the helicopter looking southwest 
towards the features. The photo on the right was taken from the northern side of the 
feature looking south into the feature.
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Headwall o f  
Feature 567

Figure 2.6. Feature 567, a hillside thaw slump. The relief of this feature was much 
less than that of the other thaw slumps observed in this study.

The ALD features (Figure 2.7) were widely scattered throughout the landscape. 

Feature 560 appeared to be an older currently active ALD with vegetation re-establishing 

on the mineral soil. Features 561 and 562 also appeared to be older, currently active 

ALDs, with smaller amounts of vegetation found in the feature. Feature 563 was found 

in the vicinity of 562 and was a starter feature. Features 564 and 565 were located in 

close proximity to one another and were both currently active. Feature 569 had 

permafrost ice exposed, was very fluid and appeared to be very young (Figure 2.8). 

Surrounding feature 569 were starter features 570, 571, and 572. Feature 573 had 

warmer temperatures than those measured at any other feature, was very muddy, and was 

surrounded by starter features 574, 575, 576, and 577. Features 581 and 582 were 

located adjacent to one another and were both starter features. Located on the hillslope 

near these were starter features 583 and 584.
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ALU failure feature 
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field campaign,

* ' X  •
-

Figure 2.7. An ALD feature. This photo, taken during the 2006 
further east in the Brooks Range), shows the active layer, which 
rumpled pile of tundra matt at the bottom of the photo.

ield campaign (area 
has detached as a
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Figure 2.8. Feature 569. The fluid mud and exposed permafrost ice suggests that this 
feature is very young.

ALD features have relatively large LAV ratios (compared to thaw slumps) ranging 

from a low of 1.6 at a starter feature to a high of 30.0 for feature 568, with an average of 

7.9 (Figure 2.9 and Table 2.1). There is a positive relationship between the LAV ratio and 

area of ALD features, indicating that these features grow mainly through erosion at the 

headwall. We did, however, observe some indication that the run-out created an 

environment of renewed failure: feature 569 appeared to consist of multiple ALD 

features, which had caused each other and were linked together (Figure 2.10). Currently 

active ALD failure features were generally long and narrow (high LAV ratios) (Figures 

2.9, 2.10, and Table 2.1). Starter ALD features were generally short (resulting in low 

LAV ratios) (Figures 2.9, 2.10, and Table 2.1).
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Figure 2.9. Feature LAV ratio versus area. The lakeside thaw slumps and hillside
thaw slumps form a group in which the length to width ratio stays constant as the features 
expand in size. The ALD features have a positive relationship between LAV ratio and 
area.
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Table 2.1. Topographie aspects of failure features. Length and width values were 
measured from shape files in ArcGIS, from these the LAV ratio was calculated. 
Perimeter and area values were calculated by Trimble Pathfinder Office software with the 
exception of features 561 and 562 for which the area was calculated from length and 
width measurements.

Feature Type L
(m)

W
(m)

LAV Perimeter
(km)

II Aspect Elevation
(m)

560 ALD 170 51 3.4 - - 135 SE -

561 ALD 236 26 9.0 - 0.619 175 S 315
562 ALD 264 35 7.5 - 0.924 180 s -

563 ALD 102 25 4.1 - - 170 SE -

564 ALD 212 25 8.7 0.618 0.492 45 NE 165
565 ALD 140 13 10.5 0.363 0.204 45 NE 165
567 Thaw Slump 66 26 2.5 0.184 0.166 45 NE 373
568 ALD 484 16 30.0 1.108 0.865 180 S 711
569 ALD 567 36 15.8 1.374 2.209 275 W 659
570 ALD starter 61 22 2.8 0.157 0.117 320 NW 659
571 ALD starter 183 33 5.5 0.429 0.632 320 NW 659
572 ALD starter 117 27 4.4 0.290 0.325 220 sw 659
573 ALD 875 34 25.4 2.240 3.293 230 sw 513
574 ALD starter 48 30 1.6 0.148 0.148 230 sw 513
575 ALD starter 178 27 6.6 0.437 0.518 230 sw 513
576 ALD starter 99 21 4.8 0.250 0.241 230 sw 513
577 ALD starter 89 20 4.6 0.210 0.155 230 sw 513
578 Thaw Slump 50 27 1.9 0.145 0.125 45 NE 147
579 Thaw Slump 57 65 0.9 0.215 0.283 45 NE 147
580 Thaw Slump 100 45 2.2 0.346 0.473 45 NE 147
581 ALD starter 60 16 3.8 0.147 0.096 170 SSE 521
582 ALD starter 46 16 2.8 0.121 0.072 170 SSE 521
583 ALD starter 72 25 2.9 0.190 0.167 180 S 521
584 ALD starter 75 24 3.1 0.218 0.214 170 SSE 521
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Figure 2.10. GIS shape file of ALD features 569, 570, 571, and 572a. Feature 569 is 
currently active and shows the long, narrow nature of these ALD features. Note the 
sinuous nature of 569. This feature appeared to be a series of ALD features that had 
affected surrounding hillslope conditions, which had in turn initiated new failure features, 
creating a snake like shape to the resulting, conglomerated feature. The other features are 
all starter ALD features.

The four retrogressive thaw slump features were small, with areas of less than 0.5 

km2, and had length-to-width (LAV) ratios of 2.5 or less (Figure 2.9 and Table 2.1). The 

low LAV ratios indicate the more or less round nature of these types of features (Figure 

2.11), a factor that remained constant with feature size and that indicates these features 

spread into the permafrost along the sides and headwall as they grow.
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Figure 2.11. GIS shape files of thaw slump features 579 and 580. Note the squatty, 
round nature of feature 579.

Currently active ALD failure features occurred over a wide range of elevations (165 -  

711m)  (Table 2.1, and Figure 2.12). Starter ALD features occurred on saturated 

hillslopes at elevations above 500 m (Table 2.1, and Figure 2.12). The three lakeside 

thaw slumps all occurred at approximately the same elevation (147 m) while the hillside 

thaw slump occurred at an elevation of approximately 373 m (Table 2.1, and Figure 

2 . 12).
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Figure 2.12. Comparison of feature elevation and LAV ratio. In this chart the ALD 
features are broken into two categories: starter (young) features and established features. 
The starter features, which are relatively small in area, form a distinctive cluster with 
elevations above 500 m; this may be a result of our sampling regime. The thaw slump 
features also form a distinctive cluster, with three of the features along the banks of two 
separate lakes and the forth feature at a higher elevation along the base of a slope.

The majority of ALD features (15 out of 20) occurred on south-facing slopes, 

although features were found on slopes of all aspects (Table 2.1, and Figure 2.13). The 

thaw slump features all had a northeast aspect (Table 2.1, and Figure 2.13).
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Figure 2.13. Comparison of feature aspect and LAV ratio. Although most features 

(15 out of 20) occur on southern facing slope, there are some on slopes facing north. 
North-facing aspect corresponds to 0°, and south-facing aspect corresponds to 180°.

For our thaw depth measurements we established transects at 13 features; seven

active ALDs, two starter ALDs, one hillslope thaw slump, and three lakeside thaw

slumps. As our focus was hillslope features, we present data from 10 features here, the

nine ALD features and the one hillside thaw slump. From transect géomorphologie 

surveys we have constructed cross-section schematics to illustrate the depth of material 

removed from the slope and spatial patterns of depth of thaw (Figure 2.14). In the case 

where a rock was encountered, we have no valid thaw depth data. In the case where the 

thaw depth was greater than the ALP, the length of the ALP (132 cm) was used as 

minimum depth. Cumulatively, transect A data indicates that thaw depths located in 

water tracks were, on average, 2 cm greater than thaw depths on the surrounding 

hillslopes. Thaw depths from inside features averaged 108 cm for 106 non-rock data 

points and thaw depths from outside features averaged 86 cm for 201 non-rock data 

points (Table 2.2). Thus, thaw depths within features were greater, on average, by 22 cm 

than outside thaw depths (Figure 2.15). This difference in thaw depths is an order of
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magnitude greater than the difference due solely to the presence of water tracks. Two 

exceptions include feature 567, which was a hillside thaw slump, and feature 569, which 

had exposed permafrost affecting the inside thaw depths significantly. In addition, we 

found that thaw depths from inside features (0 -  >132 cm) had more variation than thaw 

depths from outside features (53 - >132 cm) (Figure 2.15).

0,5 Feature 573 Fdges

-0.5

-2.5

4520 25 30 35

Horizontal Distance Along Transect (m)

40 50

Permafrost * Rock •  Thaw Depth > 132 cm

Figure 2.14. Cross section of ALD feature 573. Note the 2 m depth of the feature.
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Table 2.2. Average inside and outside thaw depths for each transect. Locations 
where a rock was encountered have been removed from this data set. The active-layer 
probe was 132 cm long.___________________________________________________________

Average Thaw Depths

Feature Transect
Outside Feature Inside Feature
Thaw Depth 

(cm)
n Thaw Depth 

(cm)
n

561 A - - - -

561 B 82 9 80 5
561 C 83 8 122 6
562 A 103 11 - -

562 B 94 3 115 6
562 C 86 3 113 3
564 A 55 20 - -

564 B 67 7 128 8
564 C 66 7 98 2
565 A 79 12 - -

565 B 79 7 98 3
565 C 77 3 132 2
567 A 132 5 - -

567 B 132 4 115 3
567 C 118 4 132 6
568 A 72 11 - -

568 B 55 10 132 2
568 C 53 12 79 4
568 D 54 9 72 8
569 A 106 2 - -

569 B 112 3 84 10
569 C 76 1 65 11
573 A 126 12 - -

573 B 109 8 112 8
573 C 96 7 115 10
581 A 89 9 - -

581 B 118 7 130 9
582 A 81 10 - -

582 B 128 6 125 8
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Figure 2.15. Thaw depth bar graph. Thaw depths inside features (red) are greater 
than those outside features (blue). The two exceptions are hillside seep thaw slump 
feature 567 and ALD feature 569, which was apparently a very new ALD failure feature 
in which permafrost was exposed.

To statistically confirm that inside thaw depths are greater than the outside thaw 

depths, a large sample Z-test between the means of the thaw depths inside and outside 

ALD features was conducted. For the comparisons, we considered only non-rock depth 

data. Additionally, any data point where the thaw depth was greater than 132 cm, the 

length of our active layer probe, was treated as a depth of 132 cm. From the Z-test we 

calculated a z-statistic of -5.28, resulting in a p-value that is less than 0.0002. Therefore 

we are at least 99% certain that the data set from points inside features versus outside 

features are statistically deeper. Using 132 cm as a minimum thaw depth results in an 

average that is smaller than the actual thaw depth. Also, since most of the 132 cm 

minimum points fell inside features, our argument is strengthened.
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2.4 Discussion

Active ALD failure features were found at elevations ranging from approximately 

165 - 711 m. They appeared to range in age from older features (feature 260) to features 

that appeared to have become active very recently -  possibly initiating in 2007 (feature 

269). Without direct observation of failure initiation it is difficult to date ALD features. 

Observation of plant re-establishment on the exposed mineral surface gives some 

indication of age. In cases where chunks of tundra mat containing shrubs were ‘rafted’ 

down the feature, it may be possible to determine a maximum age of the failure, 

presumably after the shrub had grown. Superposition of material or subsequent re

erosion of deposited material can indicate relative age, if two features are located in 

proximity to one-another (as in the case of features 564 and 565). Relative age of failure 

features can be determined though repeat photography observations; Bowden et al.

(2008) identified failure features in high-resolution aerial photographs taken during the 

late 1970s and early 1980s and observed the same failure features in 1999 through 2006 

in the region around Toolik Lake, on the North Slope of Alaska. They determined that at 

least 68% (23 of 34) of features observed in 1999 through 2006 were new since -1980. 

From their observations, it is apparent that there is a recent increase in failure features, 

although it is difficult to determine exact ages. It is also difficult to determine how long 

features remain active, with some features active since about 1980 (Bowden et al., 2008).

These ranges in elevation and apparent age indicate that ALDs have been occurring in 

the Alaskan arctic in the climate conditions of the recent past. The observation of the 

majority of ALD starter features at elevations above 500 m and occurring in clusters on 

hillslopes of all aspects is significant, and may be an indication of a new wave of 

hillslope failure as the Arctic warms. If this is the case, it may be that the Arctic is at a 

stability cusp and extensive changes to broader arctic landscapes could be forthcoming.

Jorgenson and Osterkamp (2005) explain that the presence of a water track should 

result in a deepening of the thaw below the track. Thaw depth data from our 2007 field 

campaign in the lower third of the Noatak River watershed indicates that thaw depths are 

20 cm greater inside ALD failure features compared to outside features. This difference 

in thaw depth is an order of magnitude greater than the difference in thaw depth due to
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the presence of a water track. The propagation of the thaw depth into the permafrost 

increases the surface area of permafrost ice, which should result in more rapid melting of 

the permafrost. As failure features increase the thaw depth by an order of magnitude 

greater than a water track, the rate of dissection of the permafrost should increase with 

the presence of failure features.
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CHAPTER 3: WATER CHEMISTRY

3.1 Introduction

Watersheds in regions underlain by continuous permafrost remain hydrologically 

disconnected throughout much of the year. Because of the vegetation mat, most of the 

water flowing over hillslopes is not in contact with mineral soil that is bound in 

permafrost. Therefore, most of the nutrients and elements flushed from small headwater 

catchments originate in the near-stream riparian zones. By removing the vegetation mat 

and exposing overland flow to mineral soil and permafrost ice, failure features become a 

source of nutrients and sediment. We expect to see changes in nutrient and sediment 

loads in arctic headwater streams due to the presence of failure features. We expect 

overland flow on the open tundra slopes (water tracks) to have an oxygen isotopic 

signature similar to that of local meteoric water. As that water flows through failure 

features, a larger percentage of the water will come from melting permafrost, changing 

the oxygen isotope signature of the water samples to be more similar to that of the 

permafrost ice.

3.2 Methods

In order to determine the effects of a failure feature on suspended sediment load and 

nutrient content in arctic headwater watersheds, water samples were collected from 

above, within and below failure features for comparison wherever possible (Figure 3.1). 

Six failure features occurred on hillslopes with an actively flowing water track above the 

feature. Samples from these waters allowed for estimating the potential impact of these 

features on stream water chemistry. Below three features, water tracks flowed into 

receiving streams (within a reasonable proximity of the feature; reasonable in this case 

relating to shrub density, group visibility, and the presence of bears). From these we 

compared water from above the confluence with water flowing through the failure 

features. At these locations, additional water samples were collected above and below
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the confluence of the water track and the receiving stream (Figure 3.1) in order to 

determine the effect of a failure feature on a first-order headwater stream.

W ater Track

Water sample collected above 
feature or above junction o f water

track and receiving stream.

Water samples 
collected within 

feature (averaged if 
more than one sample 

located within) or 
below junction of 

water track and 
receiving stream.

Receiving
Stream

Figure 3.1. Schematic of water sampling locations at a given hillslope failure feature.

Measurements of temperature, pH, dissolved oxygen (DO), and conductivity were 

taken in the field using a handheld WTW 3400i meter. Each sample was filtered through 

a 4 pm glass filter with a suction pump in the field. For total suspended sediment (TSS) 

concentration, we attempted to filter 1 L of water for each sample. However, some 

samples contained very high loads of suspended sediment such that filtration was not 

practical. For these samples, we agitated the sample before filtering smaller volumes (we 

were only able to filter 50 mL for one sample from within feature 569 and for two 

samples from within feature 573). The filters were dried in the field as permitted by the 

weather and carried back to the lab where they were dried in an oven at 100°F for at least 

24 hours.

In the lab, dissolved major ions (chloride, bromide, sulfate, sodium, magnesium, 

potassium, calcium, silica, nitrite, and nitrate), and ammonium, were analysed on a 

Dionex DX-320 Ion Chromatograph. Total dissolved nitrogen (TDN), total dissolved
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phospahte (TDP), and dissolved organic carbon (DOC) were determined using a 

Shimadzu TOC-500 analyzer plumbed to an Antek 7050 nitric oxide chemoluminescent 

detector. The dissolved organic nitrogen (DON) was calculated as the difference 

between TDN and dissolved inorganic nitrogen (DIN). For each constituent, the percent 

change due to the presence of failure features was calculated.

At each water sampling location, samples were also collected for analysis of stable 

isotopes if water. Additional isotope samples were collected during each of three 

separate rain events at the Kelly River base camp, twice from the Noatak River, once 

from the Kelly River, from numerous small streams, springs and lakes, and from two 

locations where permafrost ice was exposed by failure features. Samples were brought 

back to the lab where oxygen isotope ratios were measured. Samples were collected by 

syringe and placed in 2 mL glass vials with sealed caps. Water samples were shipped 

back to CSM refrigerated (unfrozen). Samples were then analyzed in the CSM Stable 

Isotope Laboratory using an IsoPrime mass spectrometer (GV Instruments Ltd) for 

oxygen-18 ( lsO) isotopes. Oxygen was analyzed by CO2 equilibration using standard 

dual-inlet techniques. External precision, measured by repeated analysis of laboratory 

working standards and replication of sample subsets was better than 0.05 ô lsO, 

respectively. Data are reported as a per mil difference from the VSMOW international 

reference.

3.3 Results

From 11 of the 13 features chosen for detailed characterization, water samples were 

collected (two features were dry). Total suspended sediment concentrations from the 

samples were collected by filtration and all the suspended sediment concentrations were 

compared. Samples from water flowing in tracks above features had an average TSS 

concentration of 13 mg/L whereas samples collected from water flowing through features 

had an average of 30,500 mg/L; a remarkable 237,000% increase in suspended sediment 

concentration (Figure 3.2 and Table 3.1). Samples from receiving streams above the 

junction had an average TSS concentration of 7 mg/L while samples from below the
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junction had an average of 2,500 mg/L; a 36,000% increase in suspended sediment 

concentration (Figure 3.2).
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Figure 3.2. Total suspended sediment (TSS). Average TSS concentration from the 
water track above features is three orders of magnitude smaller than within features. 
Average TSS concentration from above confluence of the first order receiving streams 
and water tracks is two orders of magnitude smaller than below the confluence.

Table 3.1. Suspended sediment concentration for each feature sampled.
Features Above

(mg/L)
Average 
from within 
(mg/L)

% change Receiving
Streams

Above
(mg/L)

Below
(mg/L)

% change

561 - 43 - 564 RS 2 35 1,600%
562 1 881 88,000% 569 RS 2 4,242 202,000%
564 - 6,669 - 573 RS 17 3,352 20,000%
565 - 4,449 -

568 0 138 88,000%
569 23 209,161 898,000%
573 7 35,875 532,000%
581 4 666 14,000%
582 42 17,127 41,000%
Average 13 30,555 237,000% 7 2,543 36,000%
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The median chloride concentration from water tracks changed from 1.13 

above failure features (except feature 581 which was not analyzed for chloride above the 

feature), to 8.99 pM within features (z-test results in a p-value of 0.0455), resulting in a 

696% increase in chloride concentration as water flows through failure features (Figure

3.3 and Table Appendix A). The median chloride concentration of the first order 

receiving streams changed from 3.98 pM above the confluence to 5.00 pM below the 

confluence, resulting in no statistically significant change in chloride concentration in 

first order streams due to failure features on the hillslopes (Figure 3.3 and Appendix B). 

Patterns of dissolved chloride concentration in receiving streams was variable, as the 

receiving stream below feature 569 showed a 17% decrease in chloride concentration 

whereas the other locations indicated an increase.

14

12

10

A within below

A
S

#
A

562 5(,X 509 573 5X1

Location

582 564 569 573
Receiving Receiving Receiving

Stream Stream Stream

Figure 3.3. Chart of chloride change. Sample from above feature 581 was not 
analyzed for chloride. With the exception of 569RS, chloride concentration increased 
through features.

The median bromide concentration from water tracks changed from 0.01 pM above 

failure features (except feature 581 which was not analyzed for bromide above the
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feature), to 0.19 |iM within features, however the difference is not statistically significant 

(Figure 3.4 and Appendix A). The median bromide concentration of the first order 

receiving streams changed from 0.06 pM above the confluence to 0.22 pM below the 

confluence (z-test results in a p-value of 0.0455), resulting in a 272% increase in bromide 

concentration in first order streams, at least partly due to failure features on the hillslopes 

(Figure 3.4 and Appendix B). The only exception to the increase in bromide 

concentration was seen in the feature 568, which showed an 81% decrease in bromide 

concentration.
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Figure 3.4. Chart of bromide change. Sample from above feature 581 was not 
analyzed for bromide. With the exception of 568, chloride concentration increased 
through features.

The median sulfate concentration from water tracks changed from 220 pM above 

failure features (except feature 581 which was not analyzed for sulfate above the feature), 

to 433 pM within features, however the difference is not statistically significant (Figure

3.5 and Appendix A). The median sulfate concentration of the first order receiving 

streams changed from 724 pM above the confluence to 613 pM below the confluence.
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resulting in no change in sulfate concentration in first order streams due to failure 

features on the hillslopes (Figure 3.5 and Appendix B). This may be due to other 

chemical reactions occurring during hillslope transport of sulfate-rich waters leaving the 

end of the failure feature. The sulfate changes through features were highly variable with 

three out of six features and two out of three receiving streams having negative changes 

in sulfate concentrations.
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Figure 3.5. Chart of sulfate change. Sample from above feature 581 was not 
analyzed for sulfate.

The median sodium concentration from water tracks changed from 37.5 pM above 

failure features, to 116.5 pM within features, however the difference is not statistically 

significant (Figure 3.6 and Appendix A). The percent change from features 569, 573 and 

582 was much greater than that of the other features. This may be due to a release of 

sodium that had been locked in the permafrost as ice was exposed at features 569 and 

582, and feature 573 was wet and muddy. The median sodium concentration of the first 

order receiving streams changed from 56.8 pM above the confluence to 78.9 pM below

35



the confluence, however the difference is not statistically significant (Figure 3.6 and 

Appendix B).
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Figure 3.6. Chart of sodium change.

The median magnesium concentration from water tracks changed from 1,580 |iM 

above failure features, to 1,470 pM within features, resulting in no change in magnesium 

concentration in water tracks due to failure features on the hillslopes (Figure 3.7 and 

Appendix A). At feature 573 the magnesium concentration increased, this may be due to 

the unusually high water temperature within that feature. The magnesium concentration 

above and within feature 581 was much higher than those of other features. The median 

magnesium concentration of the first order receiving streams changed from 1,050 pM 

above the confluence to 1,110 pM below the confluence, resulting in no change in 

magnesium concentration in first order streams due to failure features on the hillslopes 

(Figure 3.7 and Appendix B).
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Figure 3.7. Chart of magnesium change.

The median dissolved potassium concentration from water tracks changed from 0.00 

pM above failure features, to 0.60 pM within features, resulting in no statistically 

significant change in phosphate concentration in water tracks due to failure features on 

the hillslopes (Figure 3.8 and Appendix A). Features 569 and 582 experienced the 

greatest increase in phosphate concentration, which may be due to permafrost ice being 

exposed in these two features. The median phosphate concentration of the first order 

receiving streams changed from 0.70 pM above the confluence to 0.50 pM below the 

confluence, resulting in no change in phosphate concentration in first order streams due 

to failure features on the hillslopes (Figure 3.8 and Appendix B). The concentration 

change in the receiving streams was inconsistent with patterns observed elsewhere, as 

stream background concentrations were higher, on average, than on the open hillslopes.
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Figure 3.8. Chart of potassium change.

The median dissolved calcium concentration from water tracks changed from 883 pM 

above failure features, to 828 pM within features, resulting in no change in calcium 

concentration in water tracks due to failure features on the hillslopes (Figure 3.9 and 

Appendix A). The exception was in feature 573, which showed a 30% increase in 

calcium concentration. The median calcium concentration of the first order receiving 

streams changed from 913 pM above the confluence to 873 pM below the confluence, 

resulting in no change in calcium concentration in first order streams due to failure 

features on the hillslopes (Figure 3.9 and Appendix B).
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Figure 3.9. Chart of calcium change.

The median dissolved silica concentration from water tracks changed from 29.6 piM 

above failure features, to 34.9 (iM within features, resulting in no change in silica 

concentration in water tracks due to failure features on the hillslopes (Figure 3.10 and 

Appendix A). This was not consistent among features; features 568 and 581 experienced 

no change in silica concentration, while features 562 and 573 decreased in concentration. 

The median silica concentration of the first order receiving streams changed from 36.2 

pM above the confluence to 47.5 pM below the confluence, resulting in no change in 

silica concentration in first order streams due to failure features on the hillslopes (Figure 

3.10 and Appendix B). The silica concentration was much higher than the other streams 

both above and below the confluence with the receiving stream at feature 564.
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Figure 3.10. Chart of silica change.

The median nitrite concentration from water tracks remained consistent at 0.03 

above failure features to 0.11 gM within features (except feature 581 which was not 

analyzed for nitrite above the feature), however the difference is not statistically 

significant (Figure 3.11 and Appendix A). Although the average nitrite concentrations 

remained consistent, features 562, 568, 569 and 573 all experienced an increase in 

concentration that was offset by the decrease experienced at feature 582. The median 

nitrite concentration of the first order receiving streams changed from 0.11 pM above the 

confluence to 0.20 pM below the confluence (z-test results in a p-value of 0.0455), 

resulting in 504% increase in nitrite concentration in first order streams due to failure 

features on the hillslopes (Figure 3.1 1 and Appendix B).
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Figure 3.11. Chart of nitrite change. Sample from above feature 581 was not
analyzed for nitrite.

The median nitrate concentration from water tracks changed from 0.05 gM above 

failure features, to 2.35 gM within features, resulting in no statistically significant change 

in nitrate concentration in water tracks due to failure features on the hillslopes (Figure 

3.12 and Appemdix A). Most features experienced a small concentration increase, 

however the large increase experienced at feature 568 strongly affected the high increase 

seen in the averages. The median nitrate concentration of first order receiving streams 

changed from 0.20 pM above the confluence to 1.80 pM below the confluence, resulting 

in no statistically significant change in nitrate concentration in first order streams due to 

failure features on the hillslopes (Figure 3.12 and Appendix B). All receiving streams 

experienced an increase with that of feature 564 much larger than those of the others..
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Figure 3.12. Chart of nitrate change. Sample from above feature 581 was not 
analyzed for nitrate.

The median ammonium concentration from water tracks changed from 0.00 pM 

above failure features, to 0.78 pM within features, resulting in no statistically significant 

change in ammonium concentration in water tracks due to failure features on the 

hillslopes (Figure 3.13 and Appendix A). Feature 573 experienced the largest increase in 

concentration perhaps the microbiologie community of this feature was different. The 

median ammonium concentration of the first order receiving streams changed from 1.50 

pM above the confluence to 0.00 pM below the confluence, however the difference is not 

statistically significant (Figure 3.13 and Appendix B). The large increase experienced at 

receiving stream 573 was not experienced at 564, which decreased, or at 569, which 

experienced no change.
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Figure 3.13. Chart of ammonium change.

The median total dissolved potassium (TDP) concentration from water tracks changed 

from 0.19 pM above failure features, to 0.64 pM within features, resulting in no change 

in TDP concentration in water tracks due to failure features on the hillslopes (Figure 3.14 

and Appendix A). The concentration decrease was experienced in features 568 and 581. 

All other features experienced a small increase in concentration. The median TDP 

concentration of the first order receiving streams changed from 0.07 pM above the 

confluence to 0.16 pM below the confluence, resulting in no change in TDP 

concentration in first order streams due to failure features on the hillslopes (Figure 3.14 

and Appendix B).
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Figure 3.14. Chart of total dissolved potassium (TDP) change.

The median dissolved organic carbon (DOC) concentration from water tracks 

changed from 371 pM above failure features, to 558 pM within features, however the 

difference is not statistically significant (Figure 3.15 and Appendix A). The median 

DOC concentration of the first order receiving streams changed from 534 pM above the 

confluence to 583 pM below the confluence, resulting in no change in DOC 

concentration in first order streams due to failure features on the hillslopes (Figure 3.15 

and Appendix B). All features and receiving streams experienced concentration 

increases, however feature 582 and the receiving stream at feature 564 experienced a 

larger increase in DOC concentration.
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Figure 3.15. Chart of dissolved organic carbon (DOC) change.

The median dissolved organic nitrogen (DON) concentration from water tracks 

changed from 14.9 \iM  above failure features (except feature 581 which was not analyzed 

for DON above the feature), to 21.1 pM within features, however the difference is not 

statistically significant (Figure 3.16 and Appendix A). The median DON concentration 

of the first order receiving streams changed from 17.8 pM above the confluence to 27.1 

pM below the confluence, however the difference is not statistically significant (Figure 

3.16 and Appendix B).
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Figure 3.16. Chart of dissolved organic nitrogen (DON) change.

The median temperature from water tracks changed from 12.1 °C above failure 

features, to 12.0 °C within features, resulting in no change in temperature in water tracks 

due to failure features on the hillslopes (Figure 3.17 and Appendix A). Feature 573 

experienced a 24% temperature decrease while features 569 and 582 experienced the 

smallest percent change. Features 569 and 582 both have exposed permafrost ice and 

feature 573 was muddy. The median temperature of the first order receiving streams 

changed from 11.1 °C above the confluence to 12.2 °C below the confluence, resulting in 

no change in temperature in first order streams due to failure features on the hillslopes 

(Figure 3.17 and Appendix B). The temperature above and below the confluence at 

feature 564 was about 3 degrees cooler than at the other receiving streams. Surface 

energy balance appears to be more important in changing water temperature than the 

contribution or influence of permafrost ice.
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Figure 3.17. Chart of temperature change.

The median pH from water tracks changed from 8.12 above failure features, to 8.11 

within features, resulting in no change in pH in water tracks due to failure features on the 

hillslopes (Figure 3.18 and Appendix A). The median pH of the first order receiving 

streams changed from 8.00 above the confluence to 8.08 below the confluence, resulting 

in no change in pH in first order streams due to failure features on the hillslopes (Figure 

3.18 and Appendix B). The pH change was highly variable with increases experienced at 

features 562, 581 and all receiving streams, and decreases at features 569, 573, and 582.

47



8.5

8.4

8.3

A w beluv. e
A

8.2
A
S

I A
8.1

8.0

---------------------
A

#
e A

e
*

7.9

7.8
A

7.7
$

~~xr~ *

502 568 569 573 58! 

Location

582 564 
Receiv tng 

Stream

569
Receiving

Stream

573
Receiving

Stream

Figure 3.18. Chart of pH change.

The median dissolved oxygen saturation (DOS) from water tracks changed from 

96.4% above failure features, to 93.5% within features, resulting in no change in DOS in 

water tracks due to failure features on the hillslopes (Figure 3.19 and Appendix A). The 

median DOS of the first order receiving streams changed from 109% above the 

confluence to 108% below the confluence, however the difference is not statistically 

significant (Figure 3.19 and Appendix B). The DOS change was highly variable. 

Although the DOS above features was consistent at approximately 9%, features 569 and 

582 both experienced a relatively large decrease in saturation, features 562 and 581 

experienced no change, and features 568 and 573 experienced an increase in saturation. 

Receiving stream 569 was not measured for DOS. The receiving stream at features 564 

and 573 both had higher DOS than those of the failure features and water tracks. This is 

likely due to differences in stream flow and overland flow.

48



ICS

105

too

90

85

► abtjv c
I H ithsil hckiw

#

<0

75

70 562 56S 569 581

Location

582 564 569 573
Receiving Receiving Receiving 

Stream Stream Stream

Figure 3.19. Chart of dissolved oxygen saturation (DOS) change.

The median conductivity from water tracks changed from 418 ^iS/cm above failure 

features, to 337 piS/cm within features, however the difference is not statistically 

significant (Figure 3.20 and Appendix A). The median conductivity of the first order 

receiving streams changed from 345 pS/cm above the confluence to 350 pS/cm below 

the confluence, resulting in no change in conductivity in first order streams due to failure 

features on the hillslopes (Figure 3.20 and Appendix B). This decrease in conductivity is 

exactly the opposite of what we expected with the observation of increased suspended 

sediment concentrations. The decrease was consistent among all features and receiving 

streams.

49



600

500

350

250

200

150

569 573 564 569 573
Receiving Receiving Receiving

Stream Stream StreamLocution

Figure 3.20. Chart of conductivity change.

The constituent change seen in through features was not always consistent across 

features (Table 3.2). This is likely due to local differences in lithology and geochemistry 

between feature locations.
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Table 3.2. Summary of average constituent change through features. Where the 
changes was consistent through all features the Consistent column is marked with **, 
where there was no consistent change across features the Consistent column is marked 
with /, otherwise the change was nearly consistent across features._____________________

Constituent Above
(average)

Within
(average)

% Change Consistent

Chloride (gM) 1.81 8.00 341% **
Bromide (gM) 0.10 0.18 79%
Sulfate (gM) 264 514 95% /
Sodium (gM) 38.7 140.2 2639b **
Magnesium (gM) 1,630 1,500 -8%
Phosphate (gM) 0.22 3.01 1,290%
Calcium (gM) 986 847 -14%
Silica (gM) 31.9 34.6 8%
Ammonium (gM) 0.57 2.78 47% /
TON (gM) 14.3 26.9 88% **
TDP (gM) 2.00 0.72 -64% /
DOC (gM) 400 587 47% **
DON (gM) 14.7 22 50%
Temperature (°C) 11.7 11.7 1%
pH 8.09 8.03 -5% /
DOS (%) 95.3 88.5 -7%
Conductivity (gS/cm) 418 342 -18% **

The constituent change seen in receiving streams was not always consistent (Table 

3.3). This is likely due to local differences in lithology and geochemistry between 

receiving stream headwaters.
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Table 3.3. Summary of average constituent change in receiving streams. Where the 
changes was consistent in all streams the Consistent column is marked with **, where 
there was no consistent change in streams the Consistent column is marked with /, 
otherwise the change was nearly consistent in streams._______________ ________________

Constituent Above
(average)

Below
(average)

% Change Consistent

Chloride (pM) 3.63 7.01 93%
Bromide (pM) 0.06 0.18 197%
Sulfate (pM) 905 847 -6%
Sodium (pM) 65.0 84.3 30%
Magnesium (pM) 1,050 1,050 0% /
Phosphate (pM) 1.20 0.73 -399% /
Calcium (pM) 971 990 2% /
Silica (pM) 50.0 58.0 16%
Ammonium (pM) 1.20 1.60 13% /
TDN (pM) 19.8 28.4 43% **
TDP (pM) 0.19 0.15 -239b
DOC (pM) 579 654 13% **
DON (pM) 19.7 25.1 28% **
Temperature (°C) 10.4 10.9 5% /
pH 7.91 8.01 1% **
DOS (%) 109 108 -1% /
Conductivity
(pS/cm)

348 337 -3% /

We expected that there would be a consistent difference in isotopic signature from 

feature to feature when comparing samples from the water track above the feature to 

samples within the feature. We thought the isotopic signature from the track above the 

features would be similar to that of meteoric precipitation, and that the signature would 

become closer to that of the ice as melted permafrost composed a larger proportion of the 

water flowing through the feature. Based on location, it is appears logical to assume that 

permafrost from old floodplains (where all the lakes and lake-side thaw slumps were 

located) may have a different age/source than permafrost located under the gently rolling 

hillslopes of the foothills (where all the ALDs were located).

An examination of the isotope data reveals the heaviest water of all our samples is 

from the lake where feature 578 is located. The lake water has a 0180  of -10.6 % c.  The 

lightest water is the ice exposed by the headwall of thaw slump feature 578 with a ô 180  

o f -21.6 %o (Figure 3.21 and Table 3.4). Samples taken from within the thaw slump have 

an isotopic signature ranging between a Ôl80  of -18.9 % c  and -15.9 %c, which fall
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between the end members of the lake and the ice. For the lake-side thaw slumps it 

appears that the isotopically light permafrost ice is contributing to water found in the 

thaw slump features, with a heavy water signature found in the lakes.

Of the isotope samples collected during the three rain events at the Kelly River base 

camp, the average ô 180  is -13.7 %<? (Figure 3.21, Table 3.4, and Appendix C). From 

permafrost ice collected at feature 582 the § l80  is -16.2 % c  (Figure 3.21, Table 3.4, and 

Appendix C). A comparison of the hillslope features with the ice sample collected in 

feature 582 indicates that most of the hillslopes above the features had a ô180  closer to 

that of the ice, and the water got heavier as the water flowed through the features. This 

may be explained as follows: melting permafrost compromises a (large) percent of the 

water flowing in and over the hillslopes. Rain falling on the surface gets channeled, and 

therefore contributes a larger percent of the water track channel moving downslope; thus 

creating heavier water in the features compared to that found in the track above the 

feature. This was also true for the receiving stream for ALD 564 (Figure 3.21, Table 3.4, 

and Appendix C). The exceptions are ALD 573, in which the water remained constant 

isotopically; ALD 582 that got lighter and in which permafrost ice was exposed to the 

surface; and the receiving stream for ALD 569, a feature that also had ice exposed, which 

may explain why the water at this location became lighter (Figure 3.21 and Table 3.4).
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Table 3.4 Isotope Ôl80  change due to failure features. Data reported in permille, 
relative to VS MOW.

562 568 569 573 581 582 564 RS 569 RS
Above
feature

-16.9 15.9 -15.5 14.7 -14.7 14.3 -16.0 -15.2

Within
feature or
below
junction

15.3 15.8 -14.9 14.7 -14.4 15.1 -14.0 -15.3

Average Rain: -13.7
Ice from ALD 582: -16.2
Average of Ice from Thaw Slump 578: -21.6
Noatak and Kelly river range: -16.5 through -18.2
Lake water that Thaw Slump 578 is located next to: -10.6
Thaw Slump 578 water: -15.2
ALD range: -12.6 through -16.8
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3.4 Discussion

The TSS concentration from below the ALD failure features is more than three orders 

of magnitude higher than just above the features. This sediment concentration was 

sufficient to raise the TSS of the receiving streams by more than two orders of magnitude 

(Figure 3.3). To put this in perspective, over a time span of 2-3 years in the Toolik River 

watershed (north of the Brooks Range) a single failure feature delivered an estimated 

2,200 m3 of sediment, or 18 times more sediment than would be delivered by the entire 

Kuparuk River over the same time span. This represents a load sufficient to cover a river 

5 to 10 m wide and 20-40 km long with a 1 cm thick layer of sediment (Bowden et al., 

2008). The ecological consequences of such an increase in sediment remains to be seen, 

but it is likely that the addition of such a large amount of sediment would have a 

smothering effect on the benthic zone of the stream.

Chemical changes observed in water as it flows through failure features have the 

potential to alter the biogeochemical cycling of the watershed. Some constituents 

changed drastically in concentration due to the presence of a failure feature. Limiting 

nutrient nitrogen experienced an increase in concentration. Ecologically this may affect 

down-gradient waters and soils by increasing primary productivity. The increase in total 

suspended sediment and in the limiting nutrient phosphate may have a down-gradient 

effect of decreasing primary productivity. Increases in temperature and decreases in 

dissolved oxygen may also have a negative effect on primary productivity down-gradient. 

Although the water affected composes a small percentage of the watershed, the 

cumulative effects from a small number of features could have large consequences.

The stable isotope data indicate that a large percentage of the water flowing down the 

hillslopes derives from melting permafrost and that the water is actually diluted with rain 

as it flows through failure features. This result is exactly the opposite of what we 

expected. It may be that most of the water flowing over the hillslopes in the Arctic 

derives from seasonal melting of the active layer, with only a small portion of the 

overland flow coming from rain. It is extremely difficult to measure the discharge 

contribution due to the melting of the active layer and permafrost, in part because much 

of this discharge flows through the soil rather than as overland flow. Combined with the
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sensitive nature of the location, our ability to measure discharge in the field is very 

limited. Regardless, the influence of these features is observed in the receiving streams, 

and is apparent when examining changes in suspended sediment concentration, and in 

water chemistry.
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CHAPTER 4: CONCLUSION

4.1 Overall Implications

ALD failure features in the Arctic result in the breaching and downslope 

transportation of the vegetation mat, locally affecting the surface energy balance, leading 

to the deepening of the thaw depth and dissection of hillslopes. It appears that the 

occurrence of failure features is increasing and that the Arctic may be at a stability cusp, 

with more feature initiation imminent if climate warming continues. Because failures 

provide a source for nutrients and sediment, they may lead to large changes in landscape 

and aquatic ecology, geomorphology, and processing of energy and nutrients in the 

Arctic. Although failure features are a natural part of the Arctic, the ‘lifespan’ of such 

features is not known. We created a conceptual model of failure feature formation and 

evolution to help explore their potential function in the arctic landscape.

4.2 Concept Model

Our conceptual model consists of a positive feedback loop that creates a progressively 

increasing thaw depth after an ALD failure occurs (Figures 4.1 and 4.2). We focus on the 

evolution of these disturbance features. The conceptual model includes three basic steps 

that we derived in the field and expounds upon possible directions that the system could 

evolve.
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A. Prior to permafrost dctradatton B. Failure occurs.
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eroded

D. Erosion continues and there is fuithcr E. Root strength may stabilize the erosion
incising of the permafrost. feature.

Figure 4.1. Conceptual model of geomorphic response to ALD failure. A) Active- 
layer is relatively uniform across the landscape. B) ALD failure occurs; thawed soil and 
vegetation root mat slides along the top of the permafrost. C) A new active-layer 
develops within the failure feature. A combination of lower albedo, lack of insulating 
plant cover during the summer, addition of insulating snow cover during the winter, and 
new hillslope hydrology combine in a positive feedback loop to create a thicker thaw 
depth within the feature than outside of the feature. D) If there continues to be increased 
warming from year to year there may be further advancement of the thaw depth and 
continued erosion leading to gullies. E) If plant re-colonization occurs, and shrubs in 
particular are established, root strength may stabilize the erosion feature.
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Figure 4.2. Concept model time progression. In the concept model stage A, the 

hillslope is initially stable (tia) and becomes unstable (t2) until it reaches a tipping point 
and an ALD failure is triggered (stage B). Differences in energy absorption inside versus 
outside the failure feature lead to deeper thaw depths, enhanced erosion, and progressive 
dissection of the permafrost within the feature during tg (stage C and D). Eventually 
plants will start to propagate within the feature (L) until it is stabilized (stage E), leading 
back to a stable hillslope (Lb). The relative spans for these time stages is unknown, 
although the authors speculate that as the arctic climate continues to warm t2 will shrink 
(hillslopes are becoming more unstable), t2 may stretch, and t4 may either shrink or 
stretch depending on if new climate conditions favor plants more than the erosive forces 
acting upon them.

Initially, there is a relatively uniform active-layer across the hillslope. Thaw 

processes and energy balance of the hillslope are relatively uniform, and the hillslope is 

stable (Figure 4.1 A and Figure 4.2 tia). Due to increased energy, input (because surface 

albedo has decreased) the thaw depth extends into what had previously been frozen, and 

the hillslope starts to become unstable (Figure 4.2 t2) with areas of hillslope that stretch 

and others that mound (Figure 2.11), although failure has not yet occurred.

A translational landslide is triggered along the upper boundary of the permafrost, 

removing the overlying active layer (Figure 4.1B and Figure 4.2 end of t2). The trigger is 

likely due to an excess of pore pressures within an incompetent layer, perhaps from an
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excess of water originating from the melting of a snow pack higher on the slope as 

suggested by Mathewson and Mayer-Cole (1984), perhaps from an exceptionally warm 

summer or from fire (Lewkowicz and Harris, 2005). Regardless of the mode, it appears 

that these features occur as a result of thaw depth extending below the root depth, 

creating a thicker than previous layer of fluid-rich soil that overcomes the relative slope 

stability that had been provided by the vegetation roots.

The detachment failure removes the vegetation mat and exposes mineral soil (Figure 

4.1C, Figure 4.2 tg, and Figure 4.3); once the vegetation is removed it can no longer act as 

a thermal insulator or shade source and the summer ground temperature increases will 

increase. Once the mineral soil is exposed its darker color (which has a lower albedo; the 

albedo for bare soil is 0.17 while green grass is 0.25 [Markvart and Castaner, 2003]) can 

absorb more solar radiation. In effect, these combine to create an enhanced thaw depth 

within the failure zone during the summer months. Additionally, during the winter, extra 

snow can accumulate within the failure zone, insulating the ground underneath and 

creating warmer winter temperatures in the soil within this zone (similar to the winter soil 

temperature increase due to the presence of extra snow that was trapped by shrubs as 

demonstrated in Sturm et al., 2001). During the following summer thaw season, the soil 

temperature starts at a warmer temperature than the soil outside of the feature, so that it 

absorbs more energy during the summer. Hence the thaw depth front progressively 

pushes further and further into the permafrost.
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Helicopter

Figure 4.3. View looking down the length of ALD failure 568. Notice the exposed 
mineral soil and lack of continuous vegetation within the feature.

At this point the failure feature continues to erode (Figure 4. ID and Figure 4.2 tg), 

and the permafrost continues to be dissected, although they do not continue to erode 

indefinitely. Lewkowicz and Harris (2005b) found that the majority of the ALD failure 

features observed in continuous permafrost regions stabilized rapidly whereas features 

found in discontinuous permafrost regions were subject to ongoing instability, lasting
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multiple years. Roots, particularly from shrubs, could enhance stabilization (Figure 4. IE 

and Figure 4.2 t4), until eventually the features are completely stable (Figure 4.5 t,b).

From aerial surveys conducted during our investigation, many linear, shrub-vegetated 

features were identified, these appear to be old ALD failure features in which shrubs, 

mainly willows, were able to establish and compete with the low mat tundra vegetation, 

resulting in what we believe are stabilized, shrub-fill former failure features across the 

landscape (Figure 4.4). If conditions allow, shrubs may stabilize the arctic hillslopes.

Active features

564 and 565

/  \
.....

A shrub-root stabilized 
old feature?

•'S.
'-S. -ÏN

Noatak River

>'

.

Small stream heading 
towards the Noatak River

Figure 4.4. Possible evidence of root stabilization of an old ALD. This linear, shrub 
filled feature was located on the same slope as two currently active ALD erosion features.

The increased presence of shrubs within old ALD failure features may lead to 

increased snow accumulation (Sturm et al. 2001a). If this happens, soil temperatures 

within features may become more hospitable to vegetation, leading to changes in 

terrestrial vegetation and ecology. The open slope tundra landscape may become more 

incised with small stream networks and the hydrology may change towards those of more 

temperate climates.
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APPENDIX C: 
OXYGEN ISOTOPE DATA

Sample
location

Feature
561 562 564 565 568 569 573 581 582

A NS -16.8 NS NS -15.9 -15.5 -14.7 -14.7 -14.3
B -16.6 -16.8 -15.7 -15.3 -16.0 -15.0 -14.7 -14.4 -15.1
C -16.6 -12.6 -15.8 -15.1 -15.8 -14.9 ND ND ND
D -16.5 -16.5 ND ND -15.8 -14.7 ND ND ND
RSU ND ND -14.0 ND ND -15.3 ND ND ND
RSD ND ND -16.0 ND ND -15.2 -14.9 ND ND
Rain (average of 3 storms) -13.7
Ice (from feature 582) -16.2

ô180  data reported in %c, relative to VSMOW.
RSU = receiving stream, upstream of junction 
RSD = receiving stream, downstream of junction 
ND = no data
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